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1 Summary

hile the basic composition of the DNA double helix is known for decades, there is increasing evidence
W for the stable presence of modified DNA bases in the genome. It is also well known that the majority
of our genetic material consists of non-coding and repeat DNA which have important functions in genome
regulation, maintenance and organization. Importantly, to avert genome instability through the process of
(epi)genome duplication, the underlying processes are tightly regulated in space and time. Whereas many
studies correlate replication timing and chromatin landscapes of non-repeat DNA, repetitive regions are dif-
ficult to map and, thus, are commonly excluded in genome-wide assays. To overcome this drawback, we
developed a protocol to simultaneously visualize DNA replication (or DNA repair) and specific DNA repeat ele-
ments in individual and structurally intact 3-dimensional cell nuclei (Repli-FISH). Making use of this single cell
microscopy approach in human somatic cells, we find that the euchromatic Alu element (short interspersed
nuclear element (SINE)) is replicated early during the synthesis (S-) phase, while the pericentromeric satellite
Il is exclusively replicated in late S-phase. Long interspersed nuclear element 1 (LINE-1) replication, though,
is performed throughout S-phase. Together with available population genomics analyses, we demonstrate
that the majority of LINE-1 elements is duplicated according to their distinct histone modifications.

In contrast, pericentromeric heterochromatin (chromocenters) in mouse embryonic stem (mES) cells is
replicated during early/mid S-phase (stage Il). Similarly, minor satellite and p-arm telomeres are also dupli-
cated during this timeframe, as a consequence of a domino-like replication propagation. We find that this
shifted replication timing depends on an increased level of histone acetylation and a more open chromo-
center structure. Likewise, we unveil a synchronous replication of the Y chromosome at the end of S-phase,
independently of the pluripotency state of the cell. We additionally investigated the properties of the mES
cell replicon, i.e. the DNA replicated from one origin, and the number of active replication sites. By combining
genome-wide origin mapping, single-molecule analysis and super-resolution microscopy (3D-SIM), we demon-
strate that each replication focus visualized by 3D-SIM corresponds to an individual replicon. Moreover, up
to one quarter of the foci represent unidirectional forks. Furthermore, mES cell replicons are smaller than in
somatic cells, resulting from the activation of twice as many origins spaced at half the distance, highlighting
fundamental developmental differences in genome replication organization in pluripotent cells.

In the light of the dramatic effects of histone acetylation level changes on DNA replication, we investigated
the influence of cytosine modifications on nuclear processes. We, therefore, established cellular systems to
modulate the extent of cytosine variants. Those were based on changing the expression levels of modifica-
tion writer enzymes, as well as on transfection of modified nucleotides into cells. We find highest DNA duplex
stabilities for methylated DNA (5mC) in vitro and in vivo. This effect is reverted by all oxidized cytosine vari-
ants. Accordingly, we find enhanced transcription, replication and DNA unwinding rates in the presence of
the destabilizing 5-hydroxymethylcytosine (5hmC) and the absence of the stabilizing 5mC. We show that mES
cells deficient of 5mC pass more rapidly through S-phase stage Il and, consistently, have faster replication
forks. These observations are not the result of altered chromatin condensation, structure, accessibility or
histone marks and we conclude that the absence of 5mC enhances DNA unwinding and consequently DNA
replication. Thereby, modified cytosines may constitute a mechanism for local fine-tuning of DNA processes.

In summary, our data contribute to a better understanding of different levels of epigenetic regulation

involved in nuclear metabolic processes.







1 SUMMARY/ZUSAMMENFASSUNG

1 Zusammenfassung

ahrend die grundlegende Zusammensetzung der DNA-Doppelhelix seit Jahrzehnten bekannt ist, meh-
W ren sich die Hinweise auf das stabile Vorhandensein von modifizierten DNA Basen im Genom. Ebenso
ist bekannt, dass der GroRteil unseres genetischen Materials aus nicht-kodierender und sich wiederholender
DNA besteht, die wichtige Funktionen in der Regulierung, Erhaltung und Organisation des Genoms haben.
Zur Vermeidung von Genominstabilitat durch den Prozess der (Epi-)Genomverdopplung werden die zugrunde
liegenden Prozesse raumlich und zeitlich eng reguliert. Wahrend viele Studien den Replikationszeitpunkt
und die Chromatinlandschaften von nicht-repetitiver DNA analysieren, sind 'repeat’ Regionen schwer zu se-
guenzieren und zuzuordnen, und werden daher in genomweiten Studien haufig ausgeschlossen. Um diesen
Nachteil zu Gberwinden, haben wir ein Protokoll zur gleichzeitigen Visualisierung von spezifischen DNA Repeat-
Elementen und DNA Replikation (oder Reparatur) in einzelnen und strukturell intakten 3-dimensionalen Zellk-
ernen (Repli-FISH), entwickelt. Unter Verwendung dieses einzelzellmikroskopischen Ansatzes in menschlichen
somatischen Zellen zeigen wir, dass das euchromatische Alu-Element (short interspersed nuclear element
(SINE)) in der frihen Synthese (S-) Phase repliziert wird, wahrend der pericentromerische Satellit Il auss-
chlieBlich in der spaten S-Phase repliziert wird. Die Replikation des ’'long interspersed nuclear element’ 1
(LINE-1) wird jedoch wahrend der gesamten S-Phase durchgeflhrt. Der Zusammenschluss von Genomdaten
und unserer Einzelzellmikroskopie weist darauf hin, dass die meisten LINE-1 Elemente entsprechend ihrer
jeweiligen Histonmodifikationen dupliziert werden.

Im Gegensatz dazu wird das perizentromere Heterochromatin in embryonalen Stammzellen (mES) der
Maus wahrend der frihen/mittleren S-Phase (Stadium Il) repliziert. In ahnlicher Weise werden in diesem
Zeitraum auch Mikrosatelliten DNA und Telomere auf dem chromosomalen p-Arm dupliziert, was wir auf eine
domino-ahnliche Aktivierung von Replikationsurspringen zurickfihren. Wir zeigen, dass dieser versetzte Re-
plikationszeitpunkt von einem erhéhten Histonacetylierungsniveau und einer offeneren Chromocenterstruk-
tur abhangt. Ebenso beobachten wir eine synchrone Replikation des Y Chromosoms, die unabhangig vom
Pluripotenzzustand der Zelle das Ende der S-Phase markiert. Wir untersuchten zusatzlich die Eigenschaften
des mES-Zellreplikons, d.h. der DNA, die von einem Ursprung ausgehend repliziert wird, und die Anzahl der
aktiven Replikationsorte. Durch eine Kombination aus genomweiter Kartierung von Replikationsurspriingen,
Einzelmolekil- und hochauflésender Mikroskopie (3D-SIM) zeigen wir, dass jeder Replikationsfokus, der durch
3D-SIM visualisiert wird, einem einzelnen Replikon entspricht. Dartber hinaus stellen bis zu einem Viertel der
Foci unidirektionale Replikationsgabeln dar. Des Weiteren sind die Replikons von Stammzellen kleiner als die
in somatischen Zellen, was auf die Aktivierung von doppelt so vielen Replikationsurspriingen die in halber
Entfernung voneinander angeordnet sind, zurtickzufihren ist.

Angesichts der dramatischen Auswirkungen von Veranderungen der Histonacetylierunglevel auf die DNA-
Replikation untersuchten wir zusatzlich den Einfluss von Cytosin-Modifikationen auf metabolische Kernpro-
zesse. Wir etablierten daher zellulare Systeme zur Modulation der Menge an modifizierten Cytosinen. Diese
basieren auf der Veranderung der Expression von Enzymen, die die Modifikationen anlegen, sowie auf der
Transfektion von modifizierten Nukleotiden in Zellen. Wir messen die héchsten Duplex-Stabilitaten fur methy-
lierte DNA (5mC), in vitro und in vivo. Dieser Effekt wird von allen oxidierten Cytosin-Varianten aufgehoben.
Dementsprechend finden wir hohere Transkriptions-, Replikations- und DNA-Abwicklungsraten in Gegenwart

des destabilisierenden 5-Hydroxymethylcytosins (5hmC) und in Abwesenheit des stabilisierenden 5mC. Wir




zeigen, dass mES-Zellen, denen 5mC fehlt, das S-Phasen-Stadium Il schneller durchlaufen und folgerichtig
schnellere Replikationsgabeln aufweisen. Diese Beobachtungen sind nicht das Ergebnis einer veranderten
Chromatinkondensation, -struktur, -zuganglichkeit oder -histonlandschaft. Alles in allem kommen wir zu dem
Schluss, dass das Fehlen von 5mC die DNA Entwindung und folglich die DNA Replikation und Transkription
beschleunigt. Daher kénnten modifizierte Cytosine einen Mechanismus flir die lokale Feinabstimmung von
DNA-Prozessen darstellen.

Zusammenfassend tragen unsere Daten zu einem besseren Verstandnis der verschiedenen Ebenen der

epigenetischen Regulation bei, die an Kern-assoziierten Stoffwechselprozessen beteiligt sind.




2 PREFACE

2 Preface

T his dissertation is a compendium of one review article, one method paper and three research manuscripts

published in peer-reviewed journals:

Introduction: Rausch, C., Hastert, F. D. and Cardoso, M. C. (2019). DNA Modification Readers, Writers
and Their Interplay. ). Mol. Biol. 432: 1731-1746.

Chapter I: Weber, P.*, Rausch, C.*, Scholl, A. and Cardoso, M. C. (2019). Repli-FISH (Fluorescence in Situ
Hybridization): Application of 3D-(Immuno)-FISH for the Study of DNA Replication Timing of Genetic Repeat
Elements. OBM Genetics 3: 31.

Chapter II: Natale, F.*, Scholl, A*, Rapp, A.*, Yu, W., Rausch, C. and Cardoso, M. C. (2018). DNA Replica-
tion and Repair Kinetics of Alu, LINE-1 and Satellite Il Genomic Repetitive Elements. Epigenetics & Chromatin

11: 61.

Chapter IlI: Rausch, C.*, Weber, P.*, Prorok, P., Horl, D., Maiser, A., Lehmkuhl, A., Chagin, V. O., Casas-
Delucchi, C. S., Leonhardt, H. and Cardoso, M. C. (2020). Developmental Differences in Genome Replication

Program and Origin Activation. NAR 48(22): 12751-12777.

Chapter IV: Rausch, C., Zhang, P., Casas-Delucchi, C. S.*, DaiB, J. L.*, Engel, C., Coster, G., Hastert, F.
D., Weber, P. and Cardoso, M. C. (2021). Cytosine Base Modifications Regulate DNA Duplex Stability and
Metabolism. NAR, gkab509.

* equally contributing authors

To relate all chapters, this thesis starts with a general introduction with key aspects of the mammalian
genome and DNA replication, followed by a published review article on DNA Modification Readers, Writers and
Their Interplay. The results are presented as four individual chapters (chapter I-IV) composed of a method
paper (chapter 1) and three original research papers (chapters II-1V). At the end, conclusions of all results and
further perspectives are discussed. Individual author contributions for each publication are detailed in the

Appendix (8.2 List of Contributions) of this dissertation.







3 GENERAL INTRODUCTION

3 General Introduction

3.1 DNA as an Information Storage - The Mammalian Genome

ince the elucidation of the DNA double helix structure in the 1950s by Watson and Crick [1], which
S was considerably promoted by evidence from Rosalind Franklin’s DNA X-ray diffraction analyses, the
structure, composition and organization of DNA within the cell nucleus were further resolved, resulting in
a hierarchical folding model, from the nucleosome complex [2] up to 3-dimensional intra-nuclear chromatin
folding and mitotic chromosomes [3, 4].

Already in their 1953 breakthrough publication [1], Watson and Crick highlighted two fundamental char-
acteristics of the DNA molecule - the base sequence complementarity of the two strands and the double helix
conformation (Figure 3.1A). Additionally, their model further confirmed the central discovery of the correla-
tion between amounts of adenine and thymine, and cytosine and guanine by Erwin Chargaff [5]. Importantly,
their proposed structure allows for the DNA molecule to be replicated into two identical copies (see section
3.2 DNA Replication — Where, When and How). While the mere DNA base concatenation represents the linear
code defining RNA and protein sequences, the DNA molecule also harbors a more continuous structural code
based on DNA configuration, conformation, folding, flexibility and dynamics (see section 3.3 DNA Modification
Readers, Writers and their Interplay).

To allow packaging of the entire mammalian genome into the limited space of the nucleus, the genetic
material is not present as naked DNA in the nucleus but is thoroughly associated with a wide variety of DNA
binding proteins and RNA molecules. This DNA-RNA-protein complex is referred to as chromatin and adds
a second layer of heritable information to the DNA molecule. The most common DNA-associated proteins
found in the chromatin context are histones. Together with defined segments of DNA wrapped around his-
tone octamers, they form nucleosomes. The latter can be dynamically remodeled by either the incorporation
of histone variants or specific histone tail post-translational modification signatures. However, the DNA bases
themselves can also carry chemical modifications, thereby enlarging the genetic code (Figure 3.1B). It has
been long known that besides the four canonical DNA bases adenine (A), thymine (T), cytosine (C) and gua-
nine (G), chemically modified bases are found within the genome of almost all phyla ([6] and discussed in
more detail in section 3.3 DNA Modification Readers, Writers and their Interplay). Consequently, DNA can
store information at different levels and time scales. The DNA sequence itself permits long-term storage,
which is stable for many generations (‘genetics’). Intermediate-term storage is achieved by specific chro-
matin compositions (DNA bases, histone variants, histone modifications) and structures ('epigenetics’). This
system can be stably propagated to daughter cells, but simultaneously allows erasure or changes in short pe-
riods of time. Lastly, short-termed information storage includes highly dynamic and specific DNA-RNA-protein
interactions, allowing fast adaptations to changing environmental conditions. All in all, the assembly of DNA
into distinct chromatin conformations allows a continuous, dynamic and tight regulation of DNA metabolic

processes.




3.1 DNA as an Information Storage - The Mammalian Genome

A
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== cytosine
DNA double helix
B base modification
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non-coding RNAs
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Figure 3.1: From DNA bases to a hierarchical organization of chromatin. (A) The DNA polymer is composed
of the four canonical DNA bases adenine (A), thymine (T), guanine (G) and cytosine (C) forming A-T and C-G base pairs.
These base pairs are organized in a double helix structure. (B) To allow packaging of the complete genome into the
defined space of the nucleus, the DNA fiber needs to be compacted and is, therefore, tightly associated with DNA binding
proteins, resulting in a nucleobase-protein complex, the chromatin. In addition to this linear DNA code, several features
are known to add further information and regulatory components to DNA and chromatin. These features include chemical
modifications on the DNA bases, non-coding RNAs and specific chromatin marks, such as specific histone variants and hi-
stone tail post-translational modifications. All together, the synergy of these components allows nucleosome remodeling,
resulting in a tight regulation of DNA accessibility and gene expression. (C) At the basic folding degree, the DNA double
helix associates with histone octamers, forming nucleosomes. At the next level, the 10-nm chromatin fiber is organized
into loop structures (70 - 90 kb) formed by architectural proteins, such as CTCF and cohesin. The loop structure is further
compacted to topologically associated domains (TADs, 100 kb - 5 Mb) marked by high DNA contact frequencies within the
domain and sharp boundaries. The next level is composed of A/B compartments (500 kb - 7 Mb), which correlate with
active and inactive chromatin, respectively. Finally, chromatin forms entire chromosomes occupying distinct spaces in
the interphase nucleus termed chromosome territories. m: methyl, hm: hydroxymethyl, f: formyl, ca: carboxyl, sumo:

sumoylation, ac: acetylation, ub: ubiquitination, me: methylation, p: phosphorylation.




3 GENERAL INTRODUCTION

Compaction and compartmentalization of eukaryotic DNA within the nucleus is characterized by different
hierarchical levels (Figure 3.1C). The first level of compaction of the naked DNA double helix is the wrap-
ping around histone octamers, resulting in the formation of nucleosomes (Figure 3.1B). Chromatin is further
compacted via the establishment of loop structures, which arrange the DNA into functional units. In vivo
loop formation is mediated by several architectural (DNA binding) proteins, including the ring-shaped multi-
protein complex and molecular motor cohesin and the insulator protein CTCF [7-9]. Cohesin-mediated loop
extrusion can be blocked by chromatin-bound CTCF and, consequently, interphase loops are not consec-
utive but separated by parts of non-looped chromatin. This organization compartmentalizes the genome
into insulated domains, enabling distant regulatory elements to come into contact. Interestingly, the ChAHP
complex (CHD4, ADNP, HP1) was found to compete with a subset of CTCF binding sites, thereby prevent-
ing CTCF looping and locally modulating spatial chromatin organization [10]. Further organization of the
genome results in the formation of regulatory landscapes, known as topologically associated domains (TADs),
in which three-dimensional chromatin interactions are more frequent than with chromatin outside the given
TAD [11]. Additionally, TADs are postulated to represent stable units involved in replication timing definition
[12]. Higher-order arrangements of the genome result in the formation of chromatin compartments classified
as A compartment, mainly containing open and transcriptionally active chromatin, and B compartments with
compact and silenced chromatin [13]. Lastly, the individual eukaryotic chromosomes occupy distinct and
restricted locations in the nucleus, the so-called chromosome territories, which establish a basic component
of the nuclear architecture.

While the genetic material of all known organisms is composed of nucleic acids undergoing some sort of
compaction and organization, genome sizes vary remarkably among the different domains of life and even
within the domain of eukarya (Figure 3.2). This variation, however, is not related to organism complexity
[14] but rather to the content of non-protein coding DNA in the genomes [15]. Similarly, the complexity of
an organism and the number of protein-coding genes cannot be linked. Alike, correlations between genome
sizes and numbers of genes are difficult. Arabidopsis, for example, has one of the smallest genomes in the
plant world (~125 Mb), however, it encloses as many genes as the human genome, i.e. ~25000. At the ge-
nomic level, mobile transposable elements (discussed below) are potent mutagenic agents that can induce
large chromosomal rearrangements. Additionally, high mobility and the concomitant increase in their copy
number can induce genome expansion.

In contrast to bacteria, archaea and some eukaryotes, only a minority of the genomes of mice and hu-
mans consists of protein-coding sequences (1.4% and 1.2%, respectively), distributed on ~25000 genes. The
vast majority of their genomes, however, consists of non-coding and repetitive sequences (Figure 3.2). Yet,
also genomic regions classified as non-coding were shown to undergo pervasive transcription [16]. Addition-
ally, the preservation of the large non-coding fractions of the human genome during evolution, as well as
the high phylogenetic conservation of many of the non-coding DNA sequences between evolutionarily distant
vertebrates [17], emphasize functional importance within genome organization and likely also regulation.
This is in sharp contrast to the view of non-coding sequences as accumulation of residuals of dispensable
genes or selfishly replicating parasitic DNA [18, 19]. Although repeat sequences represent around half of the
mammalian genomes, the function of most of them, except for centromeres and telomeres, is not yet fully
understood. While the unique genomic coding sequences are undeniably of utmost importance, it becomes

increasingly clearer that the repetitive segments of the DNA are at the basis of regulatory networking and
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Figure 3.2: Evolution of genomes. Genome size and gene numbers vary tremendously within the different kingdoms
of life. However, no direct correlation between the two numbers can be derived. Genome size increases are mainly

ascribed to the evolutionary accumulation of non-protein coding and repeated DNA.

prolific genome formatting and, thus, essential for its function. Already the first drafts of the operon [20] and
replicon [21] models postulated protein-genome interactions depending on specific DNA recognition motifs
not found in coding sequences. Consequently, repeat sequences are no longer seen as 'junk’ or parasitic
DNA, but as an indispensable genomic component with functional significance. Repetitive DNA is by now
considered an important determinant of chromatin organization, nuclear architecture and epigenetic signa-
tures. Repeat elements are, for instance, involved in shaping distinct eu- and heterochromatin compartments
[22-26], determining nucleosome positioning [27], defining insulator and boundary elements [28] and DNA
methylation patterns (reviewed in [29, 30]). Transposable elements were recently even postulated to play a
potential role in early mammalian development (reviewed in [31]). Moreover, repetitive arrays are important
factors for DNA replication initiation, localization and movement. In bacteria and the yeast Saccharomyces
cerevisiae, origins of DNA replication (discussed in Where To Start DNA Replication? - Origin Definition) are

repeat arrays of defined DNA sequences [32, 33]. Furthermore, forming telomeres and centromeres is crucial
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for genome maintenance and correct transmission of the (epi)genetic information to new cell generations.
Given the vital importance of these nuclear structures for cell persistence, a robust system relying on redun-
dant repetitive components allows accurate performances in the absence of some individual units. However,
the stoichiometry between repeat DNA recognition motifs and their respective binding proteins is not to be
neglected. Similar to protein-protein interactions, protein-DNA interactions also underlie specific ratiometrics
and perturbations thereof influence chromatin organization and may result in phenotypic changes [34, 35].
As a consequence, the plethora of repeat elements’ abundance is flexible, but changes in array sizes and
their spatial distribution within the nucleus are not necessarily phenotypically neutral. Already in 1988, Ko-
renberg and Rykowski could observe the non-random distribution of repeat DNA along human chromosomes
and the concomitant chromosomal compartmentalization [36]. Additionally, chromosomes were shown to
be organized in a radial manner in the nucleus, with gene-rich chromatin in the center and gene-poor chro-
matin localized towards the nuclear periphery [37]. In line, nuclear matrix preparations were found to be
enriched for repeat DNA [38], suggesting that scaffold/matrix-associated regions (S/MAR) are predominantly
composed of repetitive DNA [39]. Furthermore, transposable repeat elements were found to be involved in
the establishment of chromatin domain boundaries, thereby contributing to the three-dimensional genome
conformation and organization [40, 41]. Repeat elements, hence, influence and define nuclear localization of
the DNA fiber and, concurrently, chromatin organization and architecture. Moreover, (repetitive) transposable
elements can affect DNA transcription, gene expression regulation, mRNA processing and even translation.
Indeed, transposable element exaptation events are commonly observed at new integration loci, resulting
in novel regulatory networks orchestrated by the promoter region of a transposable element, thereby also
possibly promoting cell adaptability. Likewise, enhancer and silencer abundance can probably be traced back
to these integration events. As genome parasites, mobile repeat DNA sequences rely on the host cell for gene
expression and, thus, have evolved cis-regulatory elements resembling endogenous host promoters. Integra-
tion and recombination events result in the frequent deletion of the element’s coding sequence whereas the
promoter region often persists in the host cell genome (reviewed in [42]). Mobile elements, therefore, repre-
sent a rich source for regulatory systems to the host cell, and indeed, chromatin immunoprecipitation (ChlIP)
assays revealed a multitude of transcription factors binding within the sequences of transposable elements
[43]. Additionally, transposable elements are at the basis of a multitude of non-coding regulatory RNA tran-
scripts (microRNAs (miRNAs) and long non-coding RNAs (IncRNASs)), involved in cis and trans gene expression
regulation [44, 45]. Likewise, eukaryotic polyadenylation (poly(A)) transcription termination signals are often
derived from transposable elements (reviewed in [46]). Interestingly, some of these elements were even
found to stimulate the translational expression of mRNA [47]. All in all, repetitive DNA elements accomplish
numerous and essential roles in genome functions and regulation, ranging from basic DNA transcription and
its regulation, over DNA restructuring and, concomitantly, chromatin and nuclear organization, to genome
maintenance and transmission to following generations. In this context, the view of 'junk’ or parasite DNA
becomes more and more outdated and (transposable) repetitive elements are by now seen as integral com-
ponents of the genome and its complex and multi-layered regulatory networks.

Several types of repetitive elements can be distinguished in the mammalian genome. On the one hand,
moderately repeated and mobile structures (transposable elements (TE)), such as long interspersed nuclear
elements (LINEs), short interspersed nuclear elements (SINEs), long terminal repeat (LTR) elements, endoge-

nous retroviruses (ERV), or DNA transposons are found, on the other hand, highly repetitive elements like
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satellite or telomeric repeats exist.

LINEs, SINEs and LTR/ERV elements are retrotransposed via an RNA intermediate. While LINEs are non-
LTR containing autonomous mobile genetic elements, SINE retrotransposition is non-autonomous and relies
on proteins from autonomous elements. While autonomous transposable elements possess genes for a host
independent DNA propagation, they rely on the host cell machinery to express said genes. In eukaryotes,
the only active member of the LINE family is LINE-1. In humans, the majority of LINE-1 elements are, how-
ever, retrotransposition deficient, due to mutations, 5’ truncations, or internal rearrangements [48]. LINE-1
elements have a total length of 6 kb and comprise a 5’ untranslated region (5 UTR) with promoter activity
in sense (DNA dependent RNA polymerase Il) and antisense direction, three open reading frames (ORFs) and
a 3’ untranslated region (3’ UTR) ending in a polyadenylation signal. While the first ORF (ORF1) encodes
for a RNA binding protein with chaperone activity (ORF1p) [49], ORF2 codes for a protein with endonuclease
and reverse transcriptase activities (ORF2p) [50]. The retrotransposition of LINE-1 elements depends on the
cytosolic binding of ORF1p and ORF2p to the LINE-1 RNA transcript and the formation of a ribonucleoprotein
particle (RNP). This RNP facilitates re-import of the LINE-1 RNA into the nucleus. Genomic LINE-1 insertion
relies on the ORF2p endonuclease and reverse transcriptase activity and is referred to as 'target primed re-
verse transcription’ (TPRT) [51].

One of the most common primate SINE retroelements are the human Alu and the rodent B/ID elements,
which belong to the 7SL RNA derived SINE1 family [52, 53]. Contrary to LINEs, Alu elements are composed of
a 280 bp consensus sequence and do not possess a 3’ transcription terminator sequence. Instead, they utilize
genomic poly-T stretches at various distances downstream of the Alu element to terminate transcription. This
mechanism implicates high 3’ sequence variations between individual elements. The Alu sequences do not
encode for any proteins, nonetheless, they contain an internal RNA polymerase Ill promoter that initiates their
transcription. Since SINEs are non-autonomous, they are believed to use LINE-1 derived proteins to perform
retrotransposition [54, 55].

Opposed to LINEs and SINEs, the LTR retrotransposon structure and replication mechanism resemble ex-
ogenous viruses and are characterized by the flanking LTR sequences which are involved in transcriptional
regulation. Accumulation of various mutations, however, abolished the production of infectious particles
from the proviral DNA (reviewed in [56]). Retrotransposition and integration are catalyzed by an integrase
enzyme, similarly to what is known for retroviruses [57]. Contrary, DNA transposons are commonly mobilized
by a 'cut-and-paste’ mechanism. Transposons are flanked by terminal inverted repeats that are recognized
and cleaved by the encoded transposase. The transposon-transposase complex translocates to a recognition
site and integration is mediated by the transposase. Interestingly, the genomic distribution of transposable
elements is mostly not random, and they exhibit integration preferences for specific genome and chromatin
features. Importantly, a balance between the ability for further propagation and non-deleterious effects for
the cell is indispensable to ensure 'host’ persistence [58].

Considering that these mobile genetic elements have the capability to seriously compromise the genome
organization and, thereby, function and integrity, multi-layered mechanisms of protection have evolved in
mammals. These include retrotransposition silencing via DNA methylation and histone modifications [59]
and (reverse) transcript editing by cytidine deaminase proteins (APOBEC) [60]. Additionally, a complex PIWI
(P-element induced wimpy testis) protein and piRNA dependent silencing mechanism was described [61].

The majority of transposable elements is, thus, assumed to be transcriptionally silenced. Since transposable
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elements constantly evolve to escape repression, the genomic safety mechanisms are also highly adaptive
and redundant. Nonetheless, a variety of examples of transposable elements’ promoters driving the expres-
sion of host genes are documented ([62] and discussed above), suggesting that transposable (regulatory)
elements are not as strongly and consistently silenced as assumed. Indeed, genome-wide mapping assays
have found a myriad of active and predominantly lineage-specific transposable elements derived transcrip-
tion factor binding sites.

In human and mouse genomes, highly repetitive satellite DNA is mainly, but not exclusively, found in
heterochromatic regions. Prominent members of the satellite family are human satellite Ill and mouse major
satellite DNA that are found in pericentromeric regions, while human a-satellite and mouse minor satellites
compose the centromeres [48, 63-68]. Mouse centromeric and pericentromeric DNA consists of highly con-
served tandem repeats with multiple copies of the repeat unit being organized in a head-to-tail manner.
Mouse minor satellite (MiSat) DNA is composed of 120 bp AT-rich repeats spanning approximately 600 kb of
the centromeres. In contrast, mouse major satellite (MaSat) DNA consists of 234 bp long repeats that span up
to 6 Mb and that are situated adjacent to the MiSat sequences [65]. In mouse cells, (peri)centromeric repeats
of the telocentric/acrocentric chromosomes form large clusters of DNA that are visible as so-called 'chromo-
centers’ in DNA counterstained cells. Both satellite repeat categories share several structural and epigenetic
signatures, like high levels of cytosine methylation and low histone acetylation levels, however, they also
present distinct individual features. While MiSat repeats are characterized by the centromere-specific his-
tone variant CENP-A [69], MaSat regions are bound by heterochromatin protein 1 isoforms (HP1) [70]. Taken
together, satellite DNA is proposed to play important roles in centromere function, chromosome pairing and
heterochromatin formation, organization and maintenance.

Telomeres are the eukaryotic linear chromosome ends which form large nucleoprotein complexes to pro-
tect them from DNA damage responses and chromosome end processing via repair pathways. Telomeres are
composed of non-coding, highly conserved, mostly double-stranded and repetitive TTAGGG hexanucleotide
tandem repeats that span 10-15 kb of chromosome ends in humans, and that are bound by the shelterin
complex [71, 72]. Within this complex, the nucleic acid forms G-quadruplex and T-loop structures [73, 74].
Telomeric DNA contains a single-stranded, 3’ G-rich strand that serves as a template for telomerase enzymes.
Telomerase is only active in some tissues, including embryonic stem cell populations and many cancer cell
lines [75, 76]. Together with the shelterin complex, the telomerase regulates telomere length [72].

In conclusion, DNA and the adopted chromatin structure and conformation represent different levels of a
complex data storage system. Higher eukaryotic genomes comprise surprisingly large amounts of repetitive
DNA with considerable structural diversity and astonishing functional importance, including nuclear metabolic

reactions, chromatin organization and nuclear architecture.
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3.2 DNA Replication - Where, When and How

mnis cellula e cellula - with his postulate from 1855, Rudolf Virchow introduced the fundamental biologi-
O cal principle that every cell derives from a pre-existing cell. This essential formulation of the cell theory
implies the need for cell divisions to allow cell persistence. Simple cell division, however, would lead to the
continuous dilution of the genetic material. Therefore, complete and error-free duplication of all (epi)genetic
information prior to the equal distribution to the daughter cells during cell division, is essential. Incomplete
or erroneous genome duplication, or over-replication can cause karyotype changes and mutations, leading
to genomic instability and, ultimately, to a variety of diseases and, eventually, to cell death. DNA replication
is, thus, a fundamental nuclear metabolic process to ensure cellular and organismic development and needs
intensive and vigorous regulation of each individual step.

Hence, DNA replication is highly conserved across all kingdoms of life. Together with their model of the
DNA double helix, Watson and Crick postulated already in 1953 a semiconservative DNA replication mech-
anism [1, 77]. The problem of the duplication of an antiparallel DNA double helix was solved by similar
mechanisms across phyla. The strand that is synthesized in the same direction as the replication machinery
is moving (leading strand), is replicated continuously, while the second strand (lagging strand) is replicated
in a discontinuous manner. The following sections will present an overview of the molecular mechanism of

mammalian DNA replication and its regulation in space, time and development.

3.2.1 Where To Start DNA Replication? - Origin Definition

ince the earliest studies on DNA replication, it was of great interest to define where DNA replication
S starts within the genome and how the exact duplication only once per cell cycle is achieved. In 1963,
the replicon model by Jacob et al. proposed a mechanism for the control of DNA replication initiation in bac-
teria [21]. The authors suggested that replication initiation relies on two major factors, a replicator and an
initiator. While the former is defined as (a) DNA sequence(s) that is/are necessary and sufficient to allow
DNA replication initiation, the latter represents the protein recognizing, binding and distorting/unwinding the
replicator sequence and recruiting further proteins involved in DNA replication. At the most basic definition,
the replicator is or comprises the origin of replication (ORI). The ORI is the DNA site where template DNA
unwinding allows the initiation of DNA synthesis (Figure 3.3A). The model additionally introduced that all DNA
replicated from one origin forms a replicon [21].

In a very simplistic view, DNA replication can be subdivided into two major steps. First, origins of repli-
cation throughout the genome are recognized and licensed by specific protein complexes and second, the
activation of a subset of these licensed origins results in the duplication of all genetic and accompanying
epigenetic information by the multi-protein DNA synthesis complex (replisome, reviewed in [78-80]).

Although several factors and mechanisms involved in DNA replication initiation are conserved among
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bacteria, archaea and eukaryotes, other aspects are highly divergent. One prominent characteristic of mam-
malian origins of replication is the lack of a clear sequence and signature defining the initiation sites. In most
bacteria and lower eukaryotes, replication origins are determined at the DNA sequence level. Replication of
the ~4.6 Mb circular chromosome of Escherichia coli, for example, starts at a unique origin of replication of
245 bp [32], termed oriC. The latter comprises multiple binding sites for the DNA replication initiation factor
DnaA, which binds a 9-mer consensus sequence. Upon assembly of the initiation complex at the oriC and
a local bend in the DNA, oriC is unwound. Finally, this initial DNA unwinding allows DnaB helicase binding
and formation of a pair of replisomes moving bidirectionally to replicate the entire chromosome [81-85].
Studies in the yeast Saccharomyces cerevisiae revealed similar DNA elements responsible for genome dupli-
cation. Autonomously replicating sequences (ARS) comprise one or several repeats of an 11-mer consensus
sequence with a high AT content and confer the ability for in vitro self-propagation to plasmids [33, 86].
While budding yeast is the only eukaryotic organism with defined origins of replication, recent studies have
shown that the whole chromatin composition, rather than the mere DNA sequence, promotes replication ori-
gin dependence [87, 88]. Origin of replication sites in mammalian cells are also considered to have a biased
distribution throughout the genome, at least in differentiated somatic cells. Characterization of ectopic repli-
cation from mammalian replicators revealed several ORI signatures, including G-quadruplexes, AT richness,
dinucleotide repeats, nucleotide distribution/asymmetry or matrix attachment regions. However, the few
studied mammalian replication origins all possess different features [89-96]. The first human origin of repli-
cation described in detail was the Lamin B2 origin, located upstream of the Lamin B2 gene [97]. Subsequent
work revealed the exact start site of DNA replication in this locus down to the nucleotide level [98]. Alike,
a defined replicator with sequence similarity to the yeast ARS was found for the c-myc origin [99-101]. The
dihydrofolate reductase (DHFR) gene in Chinese hamster cells, however, is characterized by a 55 kb initia-
tion zone where DNA replication can start [102-104]. In view of the more complex genome architecture of
higher eukaryotes, e.g. several large chromosomes with long non-coding segments and highly condensed
(peri)centromeric DNA regions, these metazoans may use different classes of origins of replication to en-
sure proper genome duplication. A general and uniform consensus sequence at the basis for DNA replication
initiation might not be compatible with the highly sophisticated genome structure and plasticity of multicel-
lular organisms. However, this sequence independence comes along with a certain randomness of origin
placement throughout the genome. Together with the requirement of a conglomerate of replication origins
to achieve replication of the large genomes, this implies the risk of unreplicated areas if two neighboring
origins of replication are too distant to allow replication of the inter-origin DNA stretch within the restricted
time-frame of S-phase. To counteract the deleterious effects of incomplete genome replication emanating
from large inter-origin distances, eukaryotes have evolved a sophisticated system of origin redundancy as

well as a complex and tight spatio-temporal regulation of genome replication discussed in detail below.

3.2.2 How To Start DNA Replication? - Origin Licensing and Activation

W hile it is still rather unclear where DNA replication starts within mammalian genomes, the molecular
mechanisms of origin licensing and activation are far better understood. DNA replication initiation is
a highly spatio-temporally regulated multi-step process. Interestingly, the decisions where DNA replication

potentially starts in the next cell cycle already take place far ahead of the actual synthesis phase (S-phase),
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A
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Figure 3.3: How to initiate genome duplication: overview of origin licensing and activation. (A) Contrary
to bacteria and lower eukaryotic organisms, mammalian origins of replication (ORI) are not defined by specific DNA se-
quences or epigenetic signatures. (B) Origin licensing in mammalian cells includes a multitude of different factors and a
tight temporal regulation. After ORC binding to the origin of replication, recruitment of CDC6 results in binding of the first
CDT1/MCM2-7 complex. Upon CDC6 and CDT1 release, a new CDC6 protein binds to the ORC/MCM assembly, initiating
the recruitment and binding of a second CDT1/MCM2-7 complex. ORC, CDT1 and CDC6 become dispensable for sub-
sequent origin activation. The two head-to-head organized MCM complexes represent the pre-replication complex, and
together with the encircled chromatin section, define a licensed origin of replication. (C) Origin activation is dependent on
phosphorylation events of the CDK and DDK kinases. Phosphorylated MCMs recruit essential replication factors, such as
CDC45, MCM10 and GINS (CMG complex). Conformational changes in the MCM rings impose a switch from dsDNA binding
to ssDNA binding. The MCM helicase complex starts dsDNA unwinding at the origin of replication, thereby enabling DNA

synthesis.

namely at the mitotic exit. As a consequence, metazoan pre-replication complex formation (pre-RC) occurs
in the absence of an intact nuclear membrane and under low CDK (S-phase specific cyclin-dependent ki-

nase) conditions. At the molecular level, pre-RC formation consists of the recognition of origins of replication
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throughout the genome which are subsequently bound by the origin recognition complex (ORC) at the end of
S-phase/beginning of G1 (Figure 3.3B). Characterization of the S. cerevisiae ORC revealed a hexameric pro-
tein complex (ORC1-6) and homologs were identified in several species, including mammals [105-107]. After
ORC binding, the AAA*-ATPase CDC6 (cell division control protein 6) is recruited by the complex during mito-
sis to G1 transition. ATP binding by several ORC subunits is essential for ORC/CDC6/DNA complex formation,
ultimately culminating in replication initiation (Figure 3.3B, [108-111]). Additionally, CDC6 was proposed to
modulate ORC chromatin binding and to promote origin DNA sequence specificity [111, 112]. Interestingly,
recruitment of ORC or CDC6 to DNA is sufficient to create an artificial origin of replication, recruiting pre-
replication complex proteins and initiating plasmid DNA replication in mammalian cells [113].

Next, the ORC/CDC6 recruits a complex comprising CDC10-dependent transcript 1 protein (CDT1) and
the mammalian minichromosome maintenance 2-7 (MCM2-7) core DNA helicase heterohexamer in an open-
ringed structure [114-118]. Subsequently, CDC6 and CDT1 are sequentially released from the ORC/CDC6/
CDT1/MCM2-7 complex via ATP hydrolysis, resulting in an intermediate ORC/MCM2-7 complex [119-122].
CDT1 release from the protein network promotes conformational changes in the MCM hexamer, inducing
the closure of the helicase ring around the DNA double helix [118]. Binding of a new CDC6 to ORC and
ORC/CDC6/MCM2-7 complex formation rapidly recruits a second MCM2-7 hexamer in a CDT1 dependent man-
ner, resulting in the formation of a symmetrical head-to-head double MCM hexamer encircling the DNA
[119, 123-125]. Formation of the double hexamer induces the release of CDC6 followed by simultane-
ous CDT1 and ORC disassembly from the complex and the closure of the second MCM2-7 ring around DNA
[118, 119]. This stable head-to-head MCM2-7 heteromeric complex with DNA allows DNA replication with bidi-
rectional forks emanating from one origin. Additionally, it represents the pre-replication complex and marks
origin licensing in eukaryotic cells (Figure 3.3B). Interestingly, it was shown that the loading of two MCM rings
necessitates the binding of two ORCs to two recognition sites [126]. A more recent study, however, revealed
that loading of an MCM double hexamer is dependent on the binding of ORC molecules to the opposite termini
of a single initial helicase ring, thereby initiating the loading of a second single MCM hexamer in the appro-
priate orientation for the formation of the MCM head-to-head conformation [127]. Generally, MCM loading to
replication start sites occurs in excess and is commonly referred to as the '"MCM paradox’ (reviewed in [128]).
This 'over licensing’ serves as a safety mechanism to counteract replicative stress. In case of replication fork
stalling, neighboring dormant origins can be activated to complete DNA replication, thereby avoiding genome
instability in rapidly changing environmental conditions [129-131]. These "backup’ replication origins need
to be licensed before the beginning of S-phase, since pre-replication complex assembly during S-phase bears
the risk of re-replication, perturbing genome integrity.

Upon S-phase entry, a subset of the licensed origins of replication throughout the genome becomes ac-
tivated. Origin activation is a highly manifold process involving the recruitment of a multitude of additional
factors to the inactive MCM complex and depends on DBF4-dependent CDC7 kinase (DDK) and S-phase spe-
cific cyclin-dependent kinase (CDK) mediated phosphorylation events [123, 132]. In metazoans, the CDK
phosphorylation-dependent origin firing is mediated by a complex composed of Treslin/MTBP/TopBP1 (MDM2
binding protein and Topoisomerase Il binding protein 1, respectively) [133]. In line, MTBP was recently pro-
posed to be an essential platform for origin firing control [134]. During DDK and CDK kinase activity driven
replisome assembly, the heterotetrameric GINS complex (SLD5, PSF1, PSF2 and PSF3), CDC45, MCM10 and
polymerases o and ¢ are loaded to the MCM2-7 helicase on the origin DNA (Figure 3.3C) [135-137]. CDC45,
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MCM2-7 and GINS form the CMG complex [136-140]. MCM10 binding induces structural changes of the
complex, eventually leading to origin firing [136, 137, 141-143]. During helicase activation, crucial MCM10
dependent reorganization of the MCM2-7 double hexamers results in the splitting into two independent MCM
complexes [144]. Subsequently, one DNA strand becomes extruded from each hexamer, resulting in two
CMG complexes surrounding single-stranded DNA (ssDNA) [145-147], allowing bidirectional DNA replication
(Figure 3.3C). The active CMG complex is highly effective in ATP-hydrolysis mediated 3’ to 5’ DNA unwinding
[138, 148]. The above-described mechanisms for origin firing are well known and characterized in budding
yeast. Interestingly, the minimal set of purified S. cerevisisae replisome components and co-factors allowing
in vitro DNA replication initiation was recently resolved [137].

Similar to the broad variety of origin types (delimited as for Lamin B2 or broad initiation zone as for DHFR),
also the firing efficiency of origins can differ widely. Three different classes of DNA replication origins can be
distinguished: flexible, dormant/inactive, or constitutive origins. The latter, the minority of eukaryotic origins,
are constantly used in any cell cycle and cell type. Dormant/inactive origins are used as backup origins in case
of replication stress, as discussed above. According to the Jesuit model, flexible origins occur in large clusters
and can be used stochastically in every cell. This concept also explains the low origin use/firing efficiency ob-
served in eukaryotes ('For many are called, but few are chosen’, Matthew 22:14, The Bible, [149]). A recent
study identified a class of origins, termed 'core origins’, that are at the basis of more than three-quarters of all
initiation events in different cell types. Although no specific consensus sequence could be deduced, a general
G-richness was characteristic for most of these initiation sites. Additionally, computational algorithms were

able to predict the position of the majority of these core origins in human and mouse genomes [150].

3.2.3 How To Replicate the DNA? - The Replisome And Leading versus Lagging Strand

s mentioned above, organisms with an antiparallel double-stranded genome replicate their genetic in-
A formation preferentially by bidirectional replication forks containing a continuously replicated leading
strand and a discontinuously replicated lagging strand. While essential replisome proteins are present on
both strands, others differ and have specific functions in leading and lagging strand synthesis (Figure 3.4).

Once the CMG helicase complex unwinds the dsDNA template, the resulting ssDNA strands are covered by
single-stranded DNA binding proteins (SSB) to avoid DNA reannealing and damage. In eukaryotes, ssDNA is
stabilized by the heterotrimeric replication-associated protein A (RPA), consisting of the three subunits RPA1,
RPA2 and RPA3 [135]. The actual eukaryotic DNA synthesis machinery comprises three polymerases that
propagate fork movement and DNA synthesis, including polymerase/primase alpha (pol «), polymerase delta
(pol 8) and polymerase epsilon (pol €). Polymerase/primase o is composed of four subunits and, contrary to the
replicative polymerases & and ¢, it is deficient in 3’ to 5’ proofreading. Instead, it has additional RNA primase
activity [151], which confers the unique feature of starting de novo DNA synthesis [152]. The polymerase
o enzyme generates small hybrid RNA/DNA primers. In detail, after several ribonucleotides, the RNA primer
switches from the RNA primase site into the DNA polymerase site and the short RNA primer is extended with
deoxynucleotides [153, 154]. After the primer synthesis, polymerase o is exchanged to polymerases & and
e. These replicative polymerases are composed of several subunits, the biggest being the actual DNA poly-
merase part. It is still under debate if the two polymerases divide labor at the replication fork. While many

studies in yeast show leading strand replication mainly by polymerase € and lagging strand DNA synthesis
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Figure 3.4: How to duplicate the genome: overview of the individual steps in DNA replication. Given the
antiparallel double-stranded DNA helix, a replication bubble contains two replication forks moving in opposite directions.
On both strands, DNA synthesis is initiated by the polymerase/primase o generating a short RNA/DNA hybrid primer.
Unwound ssDNA is immediately covered by single-stranded binding proteins (RPA). Upon PCNA loading, the primase is
replaced by polymerase € on the leading strand and by polymerase & on the lagging strand. While the leading strand is
replicated continuously, the lagging strand is replicated discontinuously. Once the polymerase 6 reaches the preceding
Okazaki fragment, strand displacement takes place and a short flap is generated. The latter is removed by FEN1 and the

remaining nick in the DNA is ligated by ligase 1.

mainly by polymerase 6 [155-158], an important role may also be assigned to polymerase 8 DNA synthesis
on leading strand synthesis [159, 160]. Nonetheless, and contrary to polymerase o, both polymerases work
in tight conjunction with the proliferating cell nuclear antigen (PCNA) to ensure high processivity (reviewed
in[161, 162]). Importantly, PCNA loading to the DNA segment primed by polymerase « effects the switch to
polymerase & or €. PCNA is a homotrimeric ring protein loaded onto chromatin by the clamp loader replication
factor C (RFC) and is generally seen as the loading platform for a multitude of replication-associated factors
[163-166]. Hence, PCNA is also a key protein in DNA repair processes (Figure 3.4) [167]. Similar to the key
replication initiation factors, the core budding yeast replisome components enabling in vitro leading and lag-
ging strand synthesis with purified proteins at in vivo replication rates were defined in a recent study [160].
DNA polymerases possess 5’ to 3’ synthesis activity. While this is perfectly applicable in a continuous
manner for replication of the leading strand by polymerase ¢, lagging strand duplication needs discontinu-
ous DNA synthesis. Already in 1968, the Okazakis proposed a model for the latter [168]. Similar to leading
strand replication, Okazaki fragments are primed by polymerase «. After PCNA loading, primer segments are
elongated by polymerase 8. Once polymerase & encounters the preceding Okazaki fragment, a short strand
displacement is initiated and the resulting 5’-flap is cut by the flap endonuclease 1 (FEN1). DNA-DNA nicks
are repaired by DNA ligase 1 [169]. Polymerase 5, FEN1 and ligase 1 are the core enzymes for Okazaki frag-
ment maturation (Figure 3.4). In view of the differences in leading and lagging strand replication machineries,
additional mechanisms to regulate and coordinate efficient replication of both strands are needed. Studies
in the T4 bacteriophage led to the proposal of the trombone model, where lagging strand DNA is bent back
on itself, in a way that the two polymerases can perform DNA synthesis coordinately [170]. DNA polymerase
alpha-binding protein CTF4 was proposed to be the eukaryotic replisome coordinator in such a trombone

model [171, 172]. However, yeast CTF4 knock-outs are viable, despite showing increased genome instability,
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suggesting the presence of more or other factors coordinating the replisome [173, 174]. Additionally, recent
cryo-EM studies of the S. cerevisiae CMG helicase bound to DNA revealed that the polymerase/primase o
and the polymerase ¢ are located at opposite sides of the GINS complex. These structures suggest that the
specific polymerase o positioning would allow immediate priming on the lagging strand that gets excluded
from the helicase core. On the other hand, polymerase ¢ arrangement would enable direct DNA synthesis on

the leading strand extruding from the CMG central channel [146].

3.2.4 Where and When To Replicate DNA? - DNA Replication in Time and Space

any DNA replication factors, features and mechanisms are conserved across numerous organisms, in-
M cluding yeast, flies, frogs and humans (reviewed in [80]). Although the initial origin licensing occurs
at hundreds and thousands of genetic loci, only a subset of these marked origins are sequentially activated
during S-phase. Early DNA replication studies showed that large chromosomal segments replicate at specific
times during S-phase [175]. Together, these findings reveal the existence of a distinct and conserved DNA
replication timing program that, in humans, correlates positively with transcriptional activity and gene density
[176]. Generally, gene-rich euchromatic genome regions replicate early in S-phase (early S-phase, Se) and AT-
rich, gene-poor heterochromatic regions are duplicated late during S-phase (late S-phase, S)). Altogether, this
highly regulated spatio-temporal order of origin activation suggests an important biological function of the
replication timing program. Indeed, the tight regulation of DNA replication over time ensures that the number
of active replication forks does not exceed the available rate-limiting factors, such as replisome components
and nucleotides [177]. Although this explains why not all origins fire at the same time, it does not elucidate
why the distinct order of origin firing is of importance. On the one hand, replication timing control was pro-
posed to regulate gene dosage regulation [178]. However, most genes underlie mechanisms reducing gene
expression two-fold after replication [179, 180]. On the other hand, the replication program may result in a
concentration of genomic variation in late replicating and generally gene-poor DNA. These genomic regions
were previously shown to display higher frequencies of point mutations, probably due to a downregulation
of DNA mismatch repair proteins during mid S-phase [181, 182]. Lastly, during DNA replication not only the
mere DNA sequence is replicated, but also all epigenetic features and chromatin structures need to be copied
to the daughter chromatin. Therefore, the highly regulated spatio-temporal replication program may be at
the basis for a robust maintenance of cell type-specific chromatin features and for allowing efficient change
of the latter during cell fate transition.

DNA replication timing profile studies (RT profiles) from large cell populations revealed distinct replication
domains of about 1.5 - 2.5 Mb [176, 183, 184]. They exhibit sharp boundaries between neighboring domains
with different replication timing and alter along individual chromosomes [184]. While RT-profiles can directly
be connected to the underlying DNA sequences, they have poor temporal resolution and do not provide in-
formation about the spatial DNA organization within the nucleus. Microscopic analyses, however, permit
detailed insights into the spatial (and temporal) organization of DNA replication. Incorporation and detection
of modified nucleotides or components of the replisome, allow in situ visualization of newly synthesized DNA
and sites of ongoing DNA replication in a three-dimensional cell nucleus. These sites are referred to as 'repli-
cation foci’ (RFi). Observation of S-phase progression revealed the existence of specific replication patterns

(Figure 3.5 up, [185-188]), representing the dynamic distribution of replication foci during genome duplica-
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Figure 3.5: Replication pattern in mouse somatic cells: visualization of the spatio-temporal organization
and progression of DNA replication. Schematic representation of the three main replication patterns observed in
mouse somatic cells. At the beginning of S-phase (early S-phase) replication signals are distributed throughout the nuclear
interior. During mid S-phase, replication foci are mainly seen at the nuclear and nucleolar periphery. The end of S-phase
(late S-phase) is characterized by highly condensed pericentromeric heterochromatin replication. Here, the replication
signals increase in size and colocalize with DAPI intense chromocenters. This spatio-temporal S-phase progression is
also addressed in the domino-like DNA replication model. According to this model, DNA replication is initiated by a
few stochastically activated origins in early S-phase (cyan). Conformingly to the next-in-line activation process, the
ongoing DNA synthesis triggers the activation of proximal origins (blue). As S-phase progresses, also origins located in

late replicating DNA get activated (cyan-green) resulting in the completion of genome duplication.

tion. In somatic cells, DNA replication follows the compaction state of the underlying chromatin and three
main replication patterns are generally distinguished. During early S-phase (Se), transcriptionally active and
gene-rich euchromatin is replicated, mid S-phase (Sy,) is characterized by facultative heterochromatin repli-
cation, and during late S-phase (S)) inactive and condensed constitutive heterochromatin is duplicated. In
situ, these three patterns exhibit specific three-dimensional distributions. In mouse somatic cells, early S-

phase is characterized by the distribution of replication foci throughout the nuclear interior while omitting
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the nucle(ol)ar periphery and condensed pericentromeric heterochromatin (seen as regions with intense DNA
counterstaining, (chromocenters)). Next, replication foci are seen at the nuclear and nucleolar border and in
female cells, a prominent accumulation of RFi determines replication of the inactive X (Xi). Lastly, replication
foci decrease in number while increasing in size and colocalize with DAPI intense constitutive heterochroma-
tin, i.e. chromocenters (Figure 3.5 up).

Interestingly, pulse-chase studies revealed that replication foci distribution remains stable over several
cell cycles, hinting towards a conserved chromatin organization regulating important nuclear processes, such
as DNA replication. Furthermore, this organization was proposed to rely on clusters of replicons, i.e. the
segment of DNA replicated by a pair of bidirectional replication forks emanating from one single origin of
replication [185]. Genome-wide replication timing analyses further confirmed the coordinated activation of
replication origin clusters over large chromosomal segments, as already proposed by single-molecule studies
[184, 185, 189]. Subsequently, two models explaining the organization of replication machineries and their
interaction with chromatin emerged. The first model involves replisomes being attached to a diffuse nucle-
oskeleton during S-phase. Electron microscopic studies of embedded Hela cells revealed fixed and granu-
lated structures, the replication factories. Achieving DNA duplication by these static replication machineries
involves continuous DNA reeling through the factories [190]. However, the existence of the underlying ma-
trix or scaffold is still debated. Additionally, fluorescence recovery after photobleaching (FRAP) experiments
unveiled the preferential de novo assembly of replisomes adjacent to pre-existing ones [163], suggesting
that replisomes do not persist as fixed and permanent machineries throughout S-phase. This contiguous ac-
tivation is at the basis for the second model, proposing that DNA is replicated in a domino-like manner which
determines the temporal order of origin firing. This initiation mode implies a self-propagating origin activation
process using the next-in-line principle which induces ORI activation spreading over a complete chromosome
until it becomes fully duplicated (Figure 3.5 down, [191-193]). In detail, the initial stochastic firing of a sub-
set of origin clusters [194], preferentially within an open chromatin conformation, leads to a chain reaction,
propagating origin firing to later origin clusters in relative spatial proximity. This origin initiation spreading is
consistent with the increase in origin activation efficiency as S-phase progresses [195, 196]. Indeed, repli-
cation initiation was shown to be inefficient in early S-phase, while relatively late origin firing efficiency was
significantly higher. This increased ability to initiate DNA replication correlates with, and probably depends
on, the higher probability of any chromosome segment to be in close proximity to actively replicating DNA
sites at later time points of S-phase. Consequently, origins located in highly condensed and late replicating
constitutive heterochromatin become accessible since more of the adjacent chromatin undergoes local de-
condensation and gets replicated. Accordingly, the next-in-line activation of replication sites correlates well
with their one-dimensional linear organization on chromosomes [197, 198].

Several regulators for DNA replication timing were identified, studying the defined functions of these
regulators is, however, challenging, due to robust maintenance systems for replication timing preservation.
Besides the well-known correlation of DNA transcription and early DNA replication [176, 184, 199], several
proteins like Rifl, G9a and Treslin were shown to regulate the replication timing in cells [200-202]. Consider-
ing the replication timing program correlation with chromatin compaction, additional prominent candidates
for the regulation of DNA replication are epigenetic marks. In humans, ORC binding sites were found to
correlate well with DNasel hypersensitive DNA segments. In accordance with the notion of DNA replication

initiation within chromatin with an open conformation, histone modifications typically found in active chro-
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matin, namely H3K27ac and H3K4m2, were found to be predictive ORC binding factors [203]. Albeit, H4K20
methylated histones and the involved writer enzymes were also suggested to play important roles in DNA
replication regulation [204-207]. Generally, the reversible addition of acetyl groups to histone tail residues
changes chromatin conformation to a less compact and more open structure. Histone acetylation is an impor-
tant regulator of DNA replication and is currently the best predictor for early replicating chromatin. Genome-
wide studies as well as single-cell microscopy analysis demonstrated that genomic loci with increased histone
acetylation levels and high accessibility tend to replicate early during S-phase and loss of histone acetylation
leads to replication timing switch to late S-phase [208? -214]. Yeast strains deficient for the histone deacety-
lase Rpd3p showed advanced replication timing of large parts of their genome and the increased levels of
histone acetylation resulted in an earlier firing of ORIs, especially of normally late initiating ORIs [214]. Sim-
ilarly, Casas-Delucchi et al. showed by a microscopic approach that global histone hyperacetylation leads to
the activation of a subset of ORIs within normally late replicating constitutive heterochromatin during early
S-phase in somatic mouse cells. Consequently, histone hypoacetylation is required to maintain late DNA repli-
cation timing [? ]. Moreover, studies on the $-globin genomic domain related histone acetylation and DNA
replication timing control in human cells [215]. Deacetylation inhibition of its genomic locus via trichostatin
A (TSA) treatment in Hela cells, advanced its replication timing [216], while targeting a histone deacetylase
to a B-globin transgene in erythroid cells, delayed DNA replication onset of the latter [217]. Likewise, TSA
treatment of human cells resulted in earlier replication of imprinted genes [209]. Additionally, the transcrip-
tionally silenced locus of monoallelically expressed genes replicated later than the active counterpart, and
the latter exhibited enrichment of H3 and H4 acetylation marks [212]. Generally, all epigenetic marks repre-
senting distinct features of eu- or heterochromatin, including DNA and histone modifications as well as higher

chromatin structures, are potential DNA replication timing regulators.

3.2.5 How To Organize DNA Replication? - DNA Replication and Chromatin (Loop) Organization

hromosomes are organized in loop structures within the nucleus throughout the cell cycle. Loops are
C known to compact the DNA polymer, to organize it in time and space and to be important for essential
nuclear processes such as DNA transcription [218], mitotic/meiotic chromosome compaction and functional
organization during the interphase (reviewed in [219]).

Early autoradiographic fiber studies showed that replicons are organized and activated in clusters. These
clusters are on average 1 Mb in size and consist of 2 to 9 individual replicons of 100 - 200 kb [185, 220]. DNA
halo experiments revealed a striking coincidence between replicon and chromatin loop sizes [221, 222]. Early
nucleotide labeling experiments revealed that these replicons become visible as replication foci in three-
dimensional interphase cell nuclei and contain at least 1 Mb of DNA [223]. Consequently, replication foci
represent the activated replicon clusters observed in single-molecule DNA fiber analyses (Figure 3.6). Hand
in hand with the development of microscopes with higher optical resolutions, the number of identified repli-
cation foci also increased dramatically (reviewed in [224]). Recent 3D structured illumination microscopy
(3D-SIM) and single-molecule DNA fiber analyses shed further light on the organization of replication foci in
human and mouse somatic cells [225]. 3D-SIM unveiled an average of 5000 replication nanofoci at any given
time during S-phase. This result further enhanced the fact that replication foci seen with conventional resolu-

tion microscopy (average of 1000 RFi) do not represent individual replicons, but clusters of 4-5 of these basic
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units of DNA replication (Figure 3.6). Further comparison between the numbers of nanofoci visualized by 3D-
SIM and the theoretical number of active replication sites derived from genome size, replication fork speed
and total S-phase duration, demonstrated that replication nanofoci represent individual replicons. Specific
chromatin clustering circumstances even allow the visualization of individual replication forks. Interestingly,
the replication foci size distribution was shown to be very similar, even after different nucleotide labeling
times [226]. This observation, together with the persistence of replication foci over several cell cycles, high-
lights an important connection between DNA replication and the underlying chromatin structure. Altogether,
the relation between loop and replicon sizes and the fixed size of replication foci suggest a crucial function of
loop structures in delimiting the DNA segment contained in a replicon, ultimately defining them as functional
units in the context of DNA replication (reviewed in [227]). Hence, DNA replication relies on a structural DNA
unit of about 70-90kb, representing one chromatin loop, and the bidirectional forks of one replicon label a
DNA segment with the length of a pair of loops, i.e. 160-180 kb. The latter values are equivalent to the
average inter-origin distances measured in mouse and human somatic cells, respectively [225]. Thus, chro-
matin (loop) organization is an important regulator of DNA-dependent processes. Besides allowing the tight
packaging of chromatin within the nucleus, chromatin loops enable long-range interactions of specific DNA
segments distant from each other along the linear DNA fiber, e.g. gene enhancer and promoter regions as
seen for the B-globin gene [228]. Cohesin was additionally found to be present at replication origins and to
even physically interact with the MCM2-7 complex. Coherently, cohesin knock-down perturbed chromatin
organization and, in turn, origin activation, replicon size and S-phase length [229]. Recent studies in cohesin
knock-down cells revealed bigger replication nanofoci, i.e. replicons, suggesting a disturbed and more re-

laxed chromatin conformation [230].

3.2.6 How to Duplicate More Than DNA? - DNA Replication and Epigenetics

igher organisms do not only face the challenge of duplicating their genetic sequence, but the addi-
H tional information arising from DNA modifications, histone composition and modifications and general
chromatin higher-order structure also needs to be replicated accurately. In view of this, DNA replication is
a double-edged sword, being, on the one hand, productive by synthesizing new DNA strands to enable cell
duplication, but, on the other hand, also disruptive, since it destroys the established chromatin composition
and structure to enable fork progression. To oppose deleterious effects emanating from this local chromatin
disassembly, epigenome replication is tightly coupled to DNA replication. Consequently, the replication ma-
chinery contains, in addition to DNA replication factors, proteins involved in chromatin duplication.

In comparison to other epigenetic marks, maintenance of the DNA methylome (5-methylcytosine, 5mC)
is quite well studied and understood. The cell cycle-dependent mechanisms of 5mC inheritance are relying
on the key factors DNA methyltransferase 1 (DNMT1) and its facilitating factor UHRF1 (ubiquitin-like with
plant homeodomain (PHD) and ring finger domains 1). DNMT1 methylates hemi-methylated DNA generated
upon DNA replication via a DNA base flipping mechanism [231, 232]. In a first step, hemi-methylated DNA is
recognized and bound by the UHRF1 SRA (SET and ring finger associated) domain, resulting in a conforma-
tional change that, in turn, allows tandem tudor domain (TTD) mediated H3K9m3 binding in close proximity of
the hemi-methylated DNA [233, 234]. Subsequent activation of the UHRF1 E3 ubiquitin ligase leads to mono-
ubiquitylation of two lysines in the H3 histone tail [235-237]. These marks are in turn bound by the TS domain
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Figure 3.6: Replicon and chromatin loop organization. Replicons are organized in clusters of ~1 Mb DNA with 2-9
replicons of 100 - 200 kb. To achieve chromatin packaging in the limited space of the cell nucleus, DNA needs to fold into
a compact conformation, including wrapping around histone octamers and organization into loop structures mediated by
cohesin (intra-chromatid) and CTCF. During S-phase, replicon clusters can be visualized as replication foci with standard
optical resolution microscopy. Using 3D-SIM, replication nanofoci can be attributed to individual replicons. DNA replication
relies on a structural unit representing a DNA loop of circa 70-90 kb, and two forks of a bidirectional replicon label a length
of DNA that corresponds to a pair of loops, i.e. 160-190 kb. In G2, the two sister chromatids are held together by cohesin

molecules (inter-chromatid).

of DNMT1 and found to be crucial for methyltransferase activity [235]. DNMT1 nuclear localization is strongly
cell cycle-dependent [238]. While in G1 the methylase is homogeneously distributed throughout the nucle-
oplasm, association with replication foci is observed during S-phase. In early S-phase, DNMT1 is targeted to
sites of active replication sites via the UHRF1 dependent dual mono-ubiquitylation of the PCNA-associated
factor 15 (PAF15) and localization at pericentromeric heterochromatin during late S-phase is more dependent
on the UHRF1 mediated dual mono-ubiquitylation of histone H3 interacting with the DNMT1 targeting se-
quence (TS) [235, 239-242]. During G2, DNMT1 persists and is reloaded at pericentromeric heterochromatin
DNA regions, possibly ensuring complete DNA re-methylation of these highly modified DNA segments in a
DNA replication-independent manner [243].

Contrary to the maintenance of 5mC, little is known about how the oxidized cytosine modifications 5-
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hydroxymethylcytosine, 5-formylcytosine and 5-carboxylcytosine (5hmC, 5fC and 5caC, respectively) are pre-
served over DNA replication. Although primordially seen as pure transient DNA demethylation intermediates,
there is growing evidence that 5hmC and 5fC can also act as stable epigenetic marks [244, 245]. Similar
to 5mC, 5hmC levels were found to be stable during the cell cycle and 5mC oxidation occurs on the newly
synthesized strands with a time delay. This is in agreement with the fact that 5hmC can only originate from
an existing 5mC base. However, the large time gap between 5mC generation and oxidation thereof to 5hmC
suggests a different 5ShmC maintenance mechanism in comparison to DNA methylation, and 5hmC genera-
tion probably does not immediately take place on the nascent DNA strand [244]. Yet, the exact mechanism
by which these oxidized bases are maintained after DNA replication remains elusive.

To allow compaction of DNA into highly condensed structures, DNA is associated with a core histone oc-
tamer consisting of two H2A-H2B and two H3-H4 histone dimers. Each histone core particle is wrapped with
147 bp of DNA, further stabilized by the linker histone H1 and individual nucleosomes are spaced by linker
DNA. To allow fork progression during DNA replication, nucleosomes are disassembled ahead of the replication
fork and chromatin composition and structure need to be reassembled once the DNA backbone is doubled.
Nascent chromatin contains parental histones that are recycled from dismantled nucleosomes and newly
compiled, naive nucleosomes. Globally, HelLa cells were shown to contain a 1:1 ratio of new versus recycled
histones, but these values may vary cell type and locus-specifically [246]. Importantly, new histones are
uniformly acetylated at lysines 5 and 12 of histone 4 (H4K5ac and H4K12ac, discussed in [247]). The distri-
bution of parental modified histones can be achieved in two ways. First, it was supposed that parental H3-H4
tetramers split and mix with new histones to guarantee post-translational modification (PTM) inheritance on
the template and new strands [248]. However, more recent work revealed the almost complete absence
of parental and new histone mixing in HeLa H3-H4 tetramers, arguing for the reuse of intact and modified
tetramers. PTMs would consequently be copied from neighboring modified histones [249]. In contrast, H3-H4
tetramers can assemble in any combination with new or recycled H2A-H2B dimers [250]. A recent study using
the reconstituted histone complex incorporation into chromatin of permeabilized cell method (RhIP) revealed
a striking correlation between histone incorporation and the chromatin state. While histone deposition in
active chromatin can be achieved in a replication-coupled as well as in a replication-independent way, hete-

rochromatic histone deposition mainly relies on DNA replication [251].

3.2.7 When and How To Reorganize DNA Replication? - DNA Replication and Development

s discussed before, single-origin initiation is a very flexible process allowing the adaptation to dynam-
A ically changing environmental conditions and the preservation of genome integrity. The non-static
nature of the complex process of DNA replication is best visualized during Xenopus and Drosophila embry-
onic development. Here, cell divisions occur within the range of minutes, requiring genome duplication in
extraordinarily short time frames. In differentiated cells, however, cell cycle and, importantly, also S-phase,
take several hours [252-255]. These striking changes in replication timing management come along with
massive rearrangements of the origin and replicon organization [256-258]. Early developmental stages of
these two organisms exhibit high origin activity, short inter-origin distances and, consequently, small repli-
cons. Of note, these cell cycles are achieved in the complete absence of transcription. The lack of gene

expression is compensated by maternally derived protein supplies [253, 259]. Interestingly, the larger inter-
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origin distances observed in differentiated cells can be reverted when DNA is conditioned in Xenopus egg
extracts. Coherently, loop sizes and ORC distribution are remodeled [260, 261]. Differential ORC binding in
various Drosophila cell types emphasizes the dynamic remodeling of DNA replication during cell lineage com-
mitment [262, 263]. Similar cell type and differentiation state-specific origin usage was also found in mouse
and human cells [264, 265]. Additionally, relations between DNA replication and active transcription were
postulated, hypothesizing that replication organization is associated with and influenced by the transcription
program characterizing cell differentiation. However, analysis of individual genetic loci also revealed that
such origin initiation does not necessarily and solely rely on transcription. In the mouse HoxB locus, several
active origins of replication were mapped in undifferentiated cells. Upon induction of cell differentiation and
HoxB transcription, all origins within this region get silenced, except for one which turns into the single dom-
inant origin of replication within the whole domain [266]. This observation in differentiated cells is in sharp
contrast to the genome-wide correlation of origin initiation in transcriptionally active DNA segments [267]
and emphasizes the importance of single-loci studies. Additionally, the early cleavage stages in Xenopus
and Drosophila embryos take place in the complete absence of DNA transcription, still, distinct replication
timing programs were identified. These attempts to establish a causality between DNA replication timing and
transcription highlight the fact that the two processes correlate probably only indirectly and are regulated by
similar, yet, separate mechanisms.

Although most of our knowledge of developmental-associated differences in DNA replication arises from
frogs and flies, it was shown that already 1-cell stage mouse embryos have a tight spatio-temporal regulation
of DNA replication [268]. Furthermore, during induced differentiation from embryonic stem cells to neural
progenitor cells, ~20% of the genome are affected by replication timing reorganization [184]. Thus, multicel-
lular organisms are able to dramatically reorganize their replication program and this flexibility is essential for
genome maintenance, proper cell differentiation and organism development. The strong interconnection be-
tween DNA replication and DNA transcription may allow easier ORI firing in transcribed DNA regions. Similarly,
it may introduce a segmentation of the genome into independent regions 'focussing’ mainly on replication or
transcription, thereby reducing encounters and collisions of these two essential genome metabolic processes,
thereby preserving genome stability. In line, flexible origin firing may allow adaptive transcription crucial for
cell differentiation.

The extensive reorganization of DNA replication programs during development comes hand in hand with
a broad chromatin restructuring. As described before, chromatin consists of a complex DNA-RNA-protein net-
work which adds a second layer of heritable information to the DNA molecule. While the main protein com-
ponents of chromatin are histones, many other proteins participate and interact with the DNA-RNA-histone
structures to establish and maintain the chromatin conformation. Among these are DNA base modification
writer enzymes, such as DNMT (5mC) and Ten-eleven translocation (TET, 5hmC, 5fC and 5caC) enzymes, and
DNA modification reader proteins, such as methyl-CpG binding domain (MBD) proteins. Their manifold inter-
actions and tight spatio-temporal regulation are essential for genome composition, integrity, architecture and
function. A detailed description of DNMT, TET and MBD proteins, as well as the interplay between DNA base
modifications, their readers and writers will be discussed in the following DNA Modification Readers, Writers

and their Interplay section.

27



3 GENERAL INTRODUCTION

3.3 DNA Modification Readers, Writers and Their Interplay

C. Rausch prepared figure 3 and wrote the manuscript (except for sections 3.1 - DNMT writer enzymes and
the 5mC mark written together with F. D. Hastert and section 4.1.3 - TET isoforms written by F. D. Hastert)

together with M. C. Cardoso.
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Abstracts

Genomic DNA is modified in a postreplicative manner and several modifications, the enzymes responsible for
their deposition as well as proteins that read these modifications, have been described. Here, we focus on the
impact of DNA modifications on the DNA helix and review the writers and readers of cytosine modifications
and how they interplay to shape genome composition, stability, and function.

© 2019 Elsevier Ltd. All rights reserved.

Introduction

Epigenetic modifications of mammalian DNA are
crucial regulators of organismic development but
also in pathogenesis. The most abundant and most
studied mammalian DNA modification was
described by Rollin Hotchkiss in 1948, when he
identified, in addition to the four canonical DNA
bases, a fifth peak on a paper chromatogram from
thymus deoxyribonucleic acids. He termed this novel
mammalian DNA base “epicytosine” [1], unknow-
ingly anticipating the modern definition of epige-
netics and the additional layer of information that
epigenetic DNA/chromatin modifications add to the
genetic information of every cell. In the same study,
Hotchkiss suggested that “epicytosine” corre-
sponded to methylated cytosine. In 1972, a sixth
DNA base, named 5-hydroxymethylcytosine
(56hmC), was identified in different vertebrate tissues,
although this was likely the result of an experimental
artifact as in the same study 5-methylcytosine (5mC)
was not detected [2]. Hence, 5mC remained the only
noncanonical mammalian DNA base that was
studied to a larger extent for a long time and helped
explaining how different cellular phenotypes can
arise from the same nucleotide sequence. The
postreplicative covalent addition of a methyl group
to the fifth carbon atom of the cytosine pyrimidine
ring by the DNA methyltransferase (DNMT)
enzymes and oxidation thereof by the Ten-eleven-

0022-2836/© 2019 Elsevier Ltd. All rights reserved.

translocation (TET) enzymes diversify the genome
and shape the chromatin landscape (Fig. 1A). DNA
cytosine methylation is predominantly found in the
context of symmetric CpG dinucleotides and, in the
human genome, 70%—80% of all CpGs harbor
methylated cytosines [3,4]. This modification is
crucial in numerous cellular processes such as X-
chromosome inactivation and imprinting, gene
repression, control of cellular development and
differentiation, silencing of repetitive elements, and
genome stability maintenance [4—7]. Meanwhile,
two more cytosine variants, 5-formylcytosine (5fC)
and 5-carboxylcytosine (5caC), were identified as
oxidation products of 5hmC mediated by TET
enzymes [8] (Fig. 1A), shedding light into a possible
active DNA demethylation pathway [9]. However,
5hmC and 5fC were also identified as stable
epigenetic marks [10,11] and all cytosine modifica-
tions are recognized by specific reader proteins [12].
The (hydroxy)methylome is specifically read,
amongst others, by members of the methyl-CpG
binding domain (MBD) protein family (reviewed in
Ref. [13]).

Here, we review the effects of DNA base
modifications on DNA double helix structure and
the interplay between cytosine methylation readers
and modifiers. Although methylation of the nitrogen-
6 of deoxyadenosine (m6dA) has been recently
described in DNA from mammals [14,15] and linked
to nucleosomal positioning in Tetrahymena [16], it
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Fig. 1. Effects of epigenetic cytosine modifications. (A) DNA methyltransferases (DNMT) catalyze the addition of a
methyl group to the fifth carbon atom of the cytosine pyrimidine ring creating 5-methylcytosine (5mC). The methyl group is
oxidized by Ten-eleven-translocation (TET) proteins creating 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC),
and 5-carboxylcytosine (5caC) in an iterative manner. (B) Schematic representation of the effect that different epigenetic
cytosine modifications exert on the melting temperature (Tm; graphically depicted as a thermometer) of the DNA double

helix.

will be omitted from this review as its existence is still
under debate [17].

Effect of cytosine modifications on DNA
double helix structure and recognition
by proteins

The flexibility of the dynamic DNA double helix
system is a fundamental condition to allow tight
protein-DNA contacts, is sequence dependent, and
mainly determined by the stacking energy of base
steps, hydrogen bondings between base pairs, and
exocyclic functional groups pointing within the major
or minor groove [18]. Since DNA replication,
transcription, and repair all rely on unwinding of the
DNA double helix, the influence of base modifica-
tions on helix parameters might directly affect DNA
metabolic processes.

A variety of in vitro reports showed that, besides
the mere DNA base composition that influences the
melting temperature (T,,) of double-stranded DNA
(dsDNA) [19], also the addition of chemical moieties,
such as methyl or hydroxymethyl groups to DNA
bases can influence the mechano-physical proper-
ties of the DNA double helix. C5 cytosine methyla-
tion was early on described to increase the melting
temperature of an oligonucleotide carrying the
modification in comparison to an unmethylated
counterpart in a highly sequence-dependent manner
[20,21]. In the following years, these findings were
confirmed using UV spectroscopy, thermal melting
analysis, and mechanical strand separation experi-
ments and were also extended to the oxidative
methylcytosine derivatives. Generally, cytosine
methylation was reported to increase DNA melting

temperature, indicative of a stabilization effect on the
DNA double helix, whereas oxidation of the methyl
group decreases the T, reversing the methylation-
induced duplex stabilizing impact (Fig. 1B) [22—33].
5hmC was in some studies found to not only revert
the stabilizing influence of cytosine methylation, but
to even further destabilize the double helix, resulting
in a T,, lower than that of nonmodified cytosine (T:
5mC > C > 5hmC) [24,25,32].

The influence of cytosine modifications on DNA
structure is still highly debated. The general view,
however, is that the modified bases do not change
the global B-DNA conformation, although local
structural changes around the modification site
were measured in a sequence-dependent manner
[27,32,34—37]. Molecular dynamics and all-atom
Monte-Carlo simulations showed that cytosine
methylation changes the geometry of base pair
steps resulting in an increase of the local curvature
of the methylated DNA [34,37—40]. In addition,
methylated DNA stretches can show slid structures
that lead to local DNA distortions [22]; they are stiffer,
more torsionally rigid, and less flexible, since the
steric hindrance of the bulky methyl group within the
major groove counteracts DNA bending [37,41—43].
Moreover, cytosine methylation might lead to a slight
widening of the major groove and in turn a narrower
minor groove [44]. On the contrary, 5hmC and 5fC
containing DNA exhibit changes in base pair
geometry that result in an increased flexibility
[32,42], as well as alterations in the minor groove
geometry [45]. Wanunu et al. showed computation-
ally and experimentally that the increasing polarity of
the cytosine modification leads to a lowering of the
rigidity of the DNA stretch. In turn, the change from
hydrophobicity (5mC) to hydrophilicity (oxidized
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variants) of the DNA base modification can lead to a
less stable DNA duplex [32], thereby linking DNA
structural changes to DNA flexibility and rigidity, the
solvent shell state, and eventually double helix
stability.

The addition of a functional group to DNA bases
can also influence DNA structure by changing base
stacking and hydrogen bonding between base pairs.
Cytosine methylation enhances base stacking inter-
actions [22,28,30,34,46], due to a higher molecular
polarizability upon methyl substitution [47]. Interest-
ingly, base stacking abilities for 5hmC, 5fC, and
5caC were found to be similar [48]. Hydrogen
bondings between base pairs containing 5mC or
5hmC were found not to be influenced by cytosine
modifications [39,46,49]; however, there are reports
that 5fC and 5caC substantially affect H-bonding
interactions [34,50] and form intranucleobase hydro-
gen bonds between the oxygens of the ketone
groups and the exocyclic N4 amino group of the
cytosine [45,48].

These base modification—dependent changes in
the local structure of DNA were proposed to
represent a way to their selective recognition by
proteins. High-resolution DNase | cleavage profiles
and bisulfite sequencing data showed a significant
increase in DNase | cleavage adjacent to methylated
CpGs over unmethylated CpGs and this DNase
hypersensitivity was attributed to methylation-
induced minor groove narrowing [51]. The electron-
withdrawing effect of the formyl and carboxyl groups
and the concomitant weakening of the 5fC:G and
5caC:G base pairing was postulated to facilitate the
flipping out of the double helix of these modified
bases for recognition and excision by the thymine-
DNA glycosylase (TDG) during the DNA demethyla-
tion pathway [50]. Accordingly, minor groove altera-
tions in formylated and carboxylated DNA were
proposed to be specifically recognized by TDG,
resulting in its substrate specificity [26,45]. The
contradictory results found by others, however,
provide doubts to the 5fC-induced structural
changes of DNA being a weighty DNA recognition
platform for proteins, as the changes are rather
subtle and very local [35,45]. In general, (modified)
DNA readout can depend on base or shape readout.
Both can be influenced by modification of cytosines;
the addition of a bulky methyl group to the major
groove could facilitate or interfere with protein side
chain contacts [52], whereas the local structural
change in DNA upon base modification may allow or
inhibit protein recognition and binding [51]. Hence,
changes in DNA shape were also demonstrated to
play a role in enhancing DNA binding of the
transcription factor p53 [53].

The changes in groove geometry that come along
with cytosine methylation were related to alterations
in solvation dynamics and water densities compared
to unmodified DNA [32]. Conformingly and in view of

DNA shape variations as a mechanism for specific
protein recognition, MeCP2 was found to interact
and recognize specific water molecules within the
hydration shell of the major groove of methylated
DNA, rather than the methylated cytosine per se [54].
Additionally, the above-mentioned narrowing of the
minor grove observed in 5mC containing
DNA enhances the negative electrostatic potential.
The latter, in turn, can more efficiently attract basic
side chains of DNA binding proteins [44,51,55]. Of
note, the MBD domains of MeCP2, MBD1, and
MBD2 were found to identify the mCpG dinucleotide
via two conserved positively charged arginine rich
fingers [54,56,57], which might exploit the described
changes for binding site identification. Besides the
recognition/binding of mCpG dinucleotides via its
MBD domain, MeCP2 exhibits two conserved AT-
hooks that specifically recognize adjacent AT-runs
[58], which were also shown to have a tendency for
binding narrow minor grooves [55]. It is therefore
tempting to speculate about a possible DNA
shape—based recognition mechanism of 5mC that
relies on local changes of the DNA double helix
structure arising upon base modification.

DNMT writers, MBD readers, and TET
modifiers

DNMT writer enzymes and the 5mC mark

Methylation of cytosine in eukaryotic DNA relies on
the action of the members of the S-adenosyl-L-
methionine dependent DNA methyltransferase
family (DNMT), which are capable of introducing
new DNA methylation sites, as well as maintaining
the methylation state upon DNA replication during
the cell cycle. DNMT1, the first member of this family,
can be considered an epigenetic janitor, since it
methylates hemimethylated CpG sites that occur in
the course of DNA replication and repair [59—61].
DNMT3a and DNMT3b, in contrast, are de novo
methyltransferases; both show a strong affinity for
unmethylated DNA and establish the initial DNA
methylation patterns during embryogenesis and
gametogenesis. Both proteins are essential for
pluripotency repression during cell differentiation
and development, are highly expressed in ES and
germ cells, but are downregulated upon differentia-
tion and in general in somatic tissues [62—64]. While
DNMT3a was shown to play an important role in
setting parental imprints [63], DNMT3b was linked to
the correct methylation pattern of pericentric DNA
regions and, hence, chromosome structure [62]. The
physiological importance of DNMT1, DNMT3a, and
DNMT3b is underlined by the negative effects their
depletion has on organismic development and
survival, as well as their link to human diseases.

32



3.3 DNA Modification Readers, Writers and Their Interplay

1734

DNA Modification Readers and Writers

The majority of cytosines in the human genome
that reside within CpG dinucleotides are marked by a
methyl group [3,4], and, due to the mutagenic
potential of 5mC, a global CpG depletion is observed
[65—67]. However, the majority of the CpGs are
hypermethylated and found mostly in repetitive and
parasitic DNA elements, such as retrotransposons,
LINE1 (long interspersed nuclear elements), and Alu
elements [68,69], whose silencing depends on CpG
methylation. Recent studies showed that transcrip-
tional regulation via DNA methylation is context-
dependent, with methylation within promoter regions
generally correlated with gene repression, and gene
body methylation typically related to gene activation
[70—73]. In addition to CpG methylation, recent
sequencing-based studies demonstrated the pre-
sence of non-CpG methylation in pluripotent cells
and neurons [74—78]. Interestingly, the methyl-CpG
binding protein MeCP2 was recently shown to

recognize and bind methylated cytosines in non-
CpG contexts (MCAC) and to regulate the repres-
sion of long genes in the brain [56,79—-82].

MBD reader proteins

DNA methylation was early-on linked to transcrip-
tional repression amongst other mechanisms via the
binding of members of the MBD protein family
(Fig. 2A). The MBD (methyl-CpG binding domain)
protein family is one of the best studied protein
families capable of reading the genomic (hydroxy)
methylome and thereby mediating between cytosine
modifications, DNA and histone modifying enzyme
complexes, non-coding RNAs and distinct chromatin
states. The protein family comprises 11 members,
namely MeCP2, MBD1-6, SETDB1, SETDB2,
BAZ2A, and BAZ2B [83—88]. Besides the con-
served methyl-CpG binding domain (MBD) that all
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Fig. 2. Schematic representation of selected 5mC reader and modifier proteins. (A) Domain organization of
selected members of the mouse methyl-CpG binding domain proteins including MBD1, MBD2, MBD3, MBD4, MeCP2, and
a MBD1 isoform that lacks the third CXXC domain. The domains shown include the MBD (methyl-CpG binding domain),
CXXC (CXXC zinc finger domain), TRD (transcriptional repression domain), and NID (NCoR/SMRT interaction domain,
GR (glycine/arginine), E (glutamic acid). (B) Domain organizations of the long isoforms of mouse TET1, TET2, and TET3
and the short isoforms of TET1 and TET3. Shown are the N-terminal zinc finger domain (CXXC), the cysteine-rich domain
(CRD), and the double-stranded beta helix (DSBH), which is interrupted by a low complexity insert and harbors the Fe(ll)-
and 2-oxoglutarate binding sites. The respective chromosomal locations are given in brackets next to the names. Protein
length in amino acid (AA) and the predicted size in kilo Dalton (kDa) are given next to the structures. Protein domain graphs

were generated using DOG 1.0 [213].

33



3 GENERAL INTRODUCTION

DNA Modification Readers and Writers

1735

family members share, the domain composition of
MBD proteins is highly specific for each member,
conferring them distinct DNA and protein binding
specificities and functions. Hereafter, we will focus
on the best studied members of the family, MBD1-4
and MeCP2.

MeCP2

MeCP2 was the first protein described to selec-
tively bind symmetrically methylated CpG dinucleo-
tides [88], and its MBD domain was later used to
identify further MBD domain containing proteins [86].
Alternative splicing leads to two MeCP2 isoforms
(MeCP2 e1 and MeCP2 €e2) that differ in their N-
terminus [89] and are mainly considered to have
similar functions although they exhibit different
expression patterns in developing and postnatal
mice brain [90,91]. Both variants contain an N-
terminal MBD domain mediating specific binding of
methylated CpGs [45] and a transcriptional repres-
sion domain (TRD) involved in transcriptional silen-
cing [88,92]. MeCP2 DNA binding, however, is not
merely mediated via its MBD domain. Regions
outside this domain, including the TRD, the inter-
vening domain (ID), and the C-terminal domain
alpha, also contribute to the overall sequence
unspecific binding of DNA [93,94]. Additional to the
interactions with DNA, MeCP2 also harbors a
chromatin interaction surface that was found to
interact with histone H3 [95]. Besides the MeCP2-
DNA interactions, various protein-protein interac-
tions (reviewed in Ref. [13]), as for example,
complexes with histone deacetylase 2 (HDAC2)
and the transcriptional co-repressor SIN3A [96] as
well as homo- and hetero-interactions of MeCP2 and
MBD2 [97], were demonstrated and shown to
establish and keep a repressive heterochromatin
state in a dose-dependent manner [98]. MeCP2 is
highly expressed in the central nervous system,
especially in postmitotic neurons [99,100]. MeCP2
~ mice show a Rett syndrome like phenotype with
reduced brain and neuronal cell size [101,102].
Various deletions and mutations within the MeCP2
gene were found in Rett syndrome patients
(reviewed in Ref. [13]).

MBD1

MBD1 is the largest MBD protein family member
and has, due to its unique structure, particular
binding abilities and specific functions in gene
regulation. Besides its N-terminal MBD and C-
terminal TRD domains, MBD1 contains, isoform-
dependent, two or three CXXC zinc finger motifs
[85,103,104]. Yeast-2-hybrid and co-immunopreci-
pitation assays revealed interactions with a variety of
chromatin-associated proteins involved in histone
modification and replication dependent assembly,

DNA transcription and repair, polycomb repressive
complex and sumoylation [105—115]. The isoform
containing the first two CXXC motifs (CXXC1 and
CXXC2) [103] can bind methylated CpGs via its
MBD domain [116]. The presence of the third CXXC
domain (CXXC3), which is homologous to, among
others, the zinc finger of DNMT1, was shown to bind
unmethylated CpGs [103,117], and enables MBD1
to also bind to unmodified DNA [103,118]. This dual-
affinity to methylated and nonmodified DNA of the
isoform containing three zinc fingers
(MBD1a) enables MBD1 to regulate transcriptional
repression regardless of the modification state of the
DNA, whereas the isoform lacking the CXXC3
(MBD1b) can only repress expression of highly
methylated genes [103,119,120]. The third zinc
finger could thus facilitate MBD1 binding in genomes
with low DNA methylation, as in preimplantation
embryos or primordial germ cells (PGCs). Studies in
fibroblast cells showed that the CXXCS3 targets
nonmodified CpGs, that MBD1 can repress the
expression of non-methylated genes, that MBD1
harboring all three CXXC fingers can accumulate at
hypomethylated constitutive heterochromatin in
Dnmt1~'~ fibroblasts, and that the deletion of
CXXC3 drastically reduces localization at hetero-
chromatin in these cells [103,121]. This is in contrast
to a ChlP-seq study in mouse ES cells that showed
no binding of MBD1 to unmethylated DNA, despite
the presence of the CXXC3, and neither mutations of
the MBD domain nor loss of DNA methylation could
cause binding to nonmodified DNA [122]. This
discrepancy may be related to the fact that, in the
latter study, the long MBD1 isoform was over-
expressed ectopically and constitutively as a fusion
protein with BirA biotin ligase. Altogether these
findings point towards MBD1 acting in a cell type
specific mode and likely dependent on the level and/
or ratio of its isoforms. Although MBD1 is expressed
in a variety of tissues, high expression levels are
especially found in neuronal stem cells (NSCs) and
neurons. MBD1 plays an important role in the
maintenance of NSC integrity and stemness and
its deficiency in mice leads to accumulation of
undifferentiated NSCs and impairs the transition
into the neuronal lineage [123]. Mbd1 ~/~ mice are
viable and develop normally, but have decreased
adult neurogenesis and knockout neural stem cells
show less neuronal differentiation as well as
increased genomic instability [124].

MBD2

MBD2 and MBD3 are the only MBD protein family
members that share high sequence similarity also
outside the MBD domain, suggesting an ancestral
gene duplication [85,86]. MBD2 exists in three
isoforms, MBD2a, MBD2b, and MBD2c (also
referred to as MBD2t), which all contain the MBD
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domain. MBD2a and MBD2b arise from different
translational start sites and vary only in the inclusion
of an N-terminal glycine and arginine (GR) repeat in
MBD2a [85,125]. Both variants contain the C-
terminal TRD domain, which is essential for interac-
tions with corepressor complexes, such as the
nucleosome remodeling and histone deacetylase
(NuRD) or the SIN3A complex [126—129]. MBD2c
includes an alternative exon, which results in a
truncated protein lacking the TRD domain due to a
premature stop codon [85]. This isoform is solely
expressed in testes and ES cells and does not
interact with the NuRD complex, due to the lack of
the TRD domain [85,122,130]. Arginine methylation
within the GR motif by protein arginine methyltrans-
ferase 1 and 5 (PRMT1 and PRMT5) [131,132]
regulates MBD2-DNA and MBD2-HDAC repressor
complex formation and reduces the MBD2 transcrip-
tional repression action [132]. MBD2 '~ mice are
viable and fertile and, contrary to MecpZ*/* and
Mbd1~'~ mice, show only a mild phenotype,
including pup nurturing deficits and hypoactivity,
suggesting that the impact on brain function is
smaller than that of MBD1 or MeCP2 [133,134].
Alternative splicing and the resulting switch between
MBD2a and MBD2c is essential for self-renewal in
human pluripotent stem cells (hPSCs). While over-
expression of the long isoform MBD2a in hPSCs
interferes with pluripotency and promotes differentia-
tion, potentially through downregulating NANOG and
OCT4 expression via the NuRD complex, over-
expressing MBD2c, which shows no interaction with
the NuRD complex, does not influence hPSCs. Of
note, overexpressing MBD2c in combination with
reprogramming factors in fibroblasts enhanced
reprogramming and the formation of induced plur-
ipotent stem cells [130].

MBD3

MBD3 is the smallest member of the MBD protein
family, yet three isoforms are described. Besides the
N-terminal MBD domain, it contains a C-terminal
poly-glutamate stretch [85]. The major difference to
MBD2 is that MBD3 has two crucial amino acid
exchanges in its MBD domain, which impair the
binding of methylated DNA. Binding to 5hmC was
proposed, is however still debated
[12,122,135—138]. Similar to MBD2, MBD3 is also
part of the NuRD complex; however, biochemical
analyses showed that they are mutually exclusive
within the complex [131,139,140]. MBD3 deletion
leads to early embryonic lethality in mice [133] and
stem cells lacking MBD3 fail to differentiate and
show aberrant self-renewal, even in the absence of
leukemia inhibitory factor (LIF) [141,142]. MBD3
depletion in somatic cells together with expression of
the reprogramming factors OCT4, SOX2, KLF4, and
c-MYC enhanced reprogramming efficiency

[143,144], and accordingly MBD3 was proposed to
play an important role in pluripotency and lineage
commitment [137,145,146]. Nevertheless, opposing
results were found when neural and epiblast-derived
stem cells were used [147], indicating a context-
dependent influence of MBD3 on pluripotency.

MBDA4

MBD4 (also known as MED1) is associated with
specific functions due to its unique domain compo-
sition. Besides its N-terminal MBD domain, MBD4
contains a C-terminal glycosylase motif, unique
among MBD proteins [85]. The MBD enables MBD4
binding to methylated CpG as well as mCAC sites
for the human variant [56]; however, it was found to
also bind 5hmC in neural progenitor cells [12]. The
glycosylase domain of MBD4 is similar to the one
found in 3-methyladenine DNA glycosylase Il (AIkA)
[148], recognizes mCG/TG mismatches, and shows
enzymatic activity towards T/G or U/G mismatches
that occur via deamination of 5mC or cytosine,
respectively [125,149]. Base removal via MBD4
relies on several steps, including a base flipping
mechanism and, eventually, repair of the abasic site
via BER proteins [148,150,151]. MBD4 null mice
are viable and fertile, but they show increased
number of CpG to TpG transitions [152]. Although
MBD4 was shown to excise 5hmU in vitro and was
therefore implicated in DNA demethylation [153],
oxidation-dependent reactivation of methylated
reporter genes was only possible in the presence
of TDG but not MBD4 [154].

DNA methylation and binding of MBD
readers

In line with in vitro binding assays [85,88],
genome-wide mapping of MBD protein binding in
mouse ES and differentiated cells showed a general
linear dependence of binding and methylation
density for all MBDs except MBD3, as well as the
requirement of a functional MBD domain and
methylated CGs, CAs, and CACs [56,155]. For
some MBDs, additional sequence preference has
been reported, with high affinity binding of MeCP2
relying upon an A/T run adjacent to the mCpG [156]
and the MBD1 MBD shown to preferentially bind to
methylated CpGs within T"CGCA and TG™CGCA
sequences [157]. These prerequisites target MBD1/
2/4 and MeCP2 to methylated, regulatory, and
inactive regions of the genome and, conformingly,
de novo methylated CpG-rich regions gain MBD
binding during differentiation [122]. Still, substantial
binding to unmethylated CpG islands was found for
MBD2 and MBD4 [122] and DNA binding of MeCP2
was previously shown to not only rely on DNA

35



3 GENERAL INTRODUCTION

DNA Modification Readers and Writers

1737

methylation [93,155,158,159]. Sequence unspecific
and unmethylated DNA binding is described to be
mediated by the respective additional domains or
protein-protein interactions. An example for an
additional domain that confers unmethylated DNA
binding is the isoform-specific CXXC3 domain of
MBD1 as mentioned before [103]. MBD3 distribution
is highly controversial, as binding downstream of
CpG-rich and hydroxymethylated promoters, as well
as CpG density and (hydroxy)methylation indepen-
dent binding of regulatory regions were reported
[122,137]. Some studies also report binding of
MeCP2 as well as MBD4 to 5hmC [12,137,160],
but this conclusion has not been validated by other
studies [94,99,153].

Microscopic analysis in tissues and in cultured wild
type and DNMT deficient cells of the subnuclear
distribution of MBDs relative to DNA distribution,
compaction, and methylation unanimously reported
their enrichment at highly methylated and com-
pacted DNA, with the exception of MBDS3
[85,92,98,103,121,158]. These types of analyses
by their nature do not exclude tandem or other repeat
DNA sequences, which are though mostly non- or
under-represented in genomics studies.

TET modifiers and oxidized cytosine variants

Ten-eleven-translocation proteins, oxidative cyto-
sine variants, and DNA demethylation

The 5-methylcytosine mark was for long regarded
to be a relatively stable epigenetic mark, due to the
chemical nature of the C-C bond between the
pyrimidine C5 and the methyl group carbon. There-
fore, DNA demethylation was believed to occur via
replication-dependent dilution either upon inhibiting
DNA methyltransferases or in their complete
absence. This hypothesis, however, had to be
reviewed when a replication-independent demethy-
lation wave was found in mouse zygotes, where the
paternal genome was shown to experience an
almost complete loss of the methyl marks before
the first round of DNA replication [161,162]. Several
attempts to identify the methyl cytosine demethy-
lase were followed by intense debate and not
confirmed in other laboratories. A major break-
through in the field of active loss of DNA methylation
was achieved in 2009, when an additional modified
cytosine base, 5hmC, and the corresponding writer
enzymes were discovered [163,164]. Besides the
sixth base 5hmC, three human homologs of
trypanosomal 2-oxoglutarate- and iron(Il)-depen-
dent dioxygenases JBP1 and JBP2 were identified,
named TET1, TET2, and TET3 (Fig. 2B). The
acronym TET stands for “Ten-Eleven Transloca-
tion” and derives from a t(10;11)(q22;923) translo-
cation that generates a MLL-TET1 fusion protein,
which is found in acute myeloid leukemia [165,166].

TETs were shown to catalyze the oxidation reaction
from 5mC to 5hmC in cultured cells as well as in
vivo [164]. Subsequently, TET proteins were shown
to further oxidize 5hmC to 5fC and 5caC
[8,167,168]. After their discovery, TET proteins
were positioned in the context of active DNA
demethylation, assuming that the demethylation
reaction relies on the stepwise oxidation of 5mC to
5caC by TETs, followed by thymine DNA glycosy-
lase (TDG) or Nei-like 1 (NEIL1) glycosylase
mediated excision of 5fC or 5caC
[9,154,169—171]. The resulting abasic site is sub-
sequently targeted by base-excision repair (BER)
proteins, leading to the insertion of a nonmodified
cytosine [167,172]. TET enzymes and oxidative
cytosine variants are suggested to play an essential
role in major demethylation cascades during
embryonic development [162,173—-179] and
accordingly, the loss of functional TET and TDG
enzymes impairs mouse ES cell differentiation and
is embryonically lethal in mice [101,102]. Recent
reports, however, suggest that 5ShmC and 5fC can
also act as stable epigenetic marks, as opposed to
being mere DNA demethylation intermediates
[9—11,171]. Quantification of genomic cytosine
modifications revealed drastic differences in the
abundance of the different derivatives. Whereas
methylated cytosines account for ~4.5% of all
cytosines, 5hmC levels are ten-fold lower, with
0.45% of all cytosines in average in brain tissue and
0.39% in mouse embryonic stem (ES) cells
[8,168,180]. In mouse ES cells, 5fC levels are 10
to 100-fold lower than 5hmC levels, only 0.02% to
0.002% of all cytosines carry the formyl mark
[8,168] and 5caC is even less abundant, accounting
for only 0.0002% of all cytosines [8].

Genomic distribution of oxidative cytosine variants

Genome-wide studies in ES cells and brain tissues
found 5hmC to be enriched in euchromatic chroma-
tin regions and especially at/around transcriptional
start sites, promoters with moderate and low CpG
content and gene bodies, where the amount is
positively correlated to gene expression [181—185].
In ES cells, the oxidative mark is widespread but
predominantly found at developmentally regulated
bivalent genes that are polycomb repressive com-
plex 2 (PRC2) targets, near transcription factor
binding sites, at gene enhancers and CTCF binding
sites as well as DNAse | hypersensitive chromatin
[186—188]. In the brain, hydroxymethylated cyto-
sines are more enriched at poised enhancers than at
active enhancers [189]. Similar to 5hmC, 5fC is
found at promoters of actively transcribed genes,
H3K4me3 and RNA polymerase |l marked transcrip-
tional start sites, exons, and poised enhancers in ES
cells [190—192].
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TET isoforms

A structural feature that separates the three TET
proteins from one another and finetunes their
respective biological function in different develop-
mental stages and tissues is their N-terminal CXXC
domain. Although the zinc finger domains of TET1
and TET3 as well as the TET2 associated IDAX/
CXXC4 belong to the same subgroup of CXXC-
domains [193], they highly differ in their respective
binding affinities and substrates. TET2 lost its zinc
finger during evolution in a chromosomal inversion,
and it is now encoded by the genomically adjacent
IDAX/CXXC4, which negatively regulates TET2
expression and modulates its catalytic activity
[194]. TET1 and TETS, in contrast, kept their
respective zinc finger domains and the CXXC
domain of TET3 was shown to preferentially bind
5caC [195]. However, TET1 CXXC domain was
found to bind mostly nonmodified DNA [117], which
was implicated in the prevention of DNA methylation
spreading into unmethylated, euchromatic regions
[196]. While three different isoforms of TET2 and
also TET3 have been characterized to date
[195,197], an N-terminally truncated TET1 isoform,
which lacks the CXXC domain, was described
recently and attributed a role in mouse development,
but also in cancerogenesis [198,199].

Interplay of DNA methylation readers
and modifiers

Cytosine methylation writers, readers, and modi-
fiers need a tight spatio-temporal regulation to avoid
aberrant DNA methylation, a hallmark of numerous
human disorders. Deregulation of members of the
DNMT, MBD, or TET protein families and their
interplay can impair the genomic methylome, as
well as chromatin structure and organization, as
observed in patients suffering from the neurode-
generative HSANIE disorder (hereditary sensory
and autonomic neuropathy, mutations in the TS
domain of DNMT1), the Rett syndrome (MeCP2
mutations), or AML (acute myeloid leukemia, TET2
mutations/deletions) [98,200—202]. Shaping of
DNA modification patterns can be regulated by the
localization, activity, stability, interactome, sub-
strate preference, and cofactor availability of the
writer and modifier enzymes [168,203—209]. As
previously discussed, the distribution of DNA
modifications throughout the genome is not random
but tightly associated with highly specific genomic
regions and concomitantly presenting distinct pro-
tein recognition platforms. Consequently, the bind-
ing profile of cytosine modification reader proteins is
greatly influenced and defined by the genomic
landscape of the modifications and the latter is
proposed to shape the genomic location of the

readers. Indeed, the catalytic activity of TET
proteins was found to affect the binding of different
members of the MBD protein family [12]. However,
since MBD readers and TET modifiers share (at
least) one common substrate, the opposite role can
also be envisaged: recognition and binding of 5mC
(and/or 5hmC) by MBDs modulate the activity of
TET proteins and in turn the epigenetic makeup of
DNA, its physical properties, and hence DNA meta-
bolism. According to this model, the reader proteins
shape the DNA modification distribution via regula-
tion of the accessibility of the modified DNA bases
to modifier enzymes.

Hashimoto and coworkers found by in vitro
inhibition experiments that binding of methylated
DNA by MeCP2 inhibits TET1 activity, thereby
suggesting a potential mechanism for 5hmC level
regulation in vivo [153]. Another study suggested
that MeCP2 binding of 5mC itself was correlated with
lack of 5mC oxidation [210]. Recently, a more
indepth analysis on the interplay of 5mC, MBD,
and TET proteins interrogated whether and how
binding of MBD proteins to a methylated substrate
influences TET-mediated DNA demethylation. Inter-
estingly and in line with the respective substrate
preference, especially the binding of the MBD
protein family members MeCP2 and MBD2 was
found to protect 5mC from TET1 mediated oxidation.
Importantly, quantification of the TET1 level demon-
strated that it was similar to the physiological levels
and the same was the case for MeCP2 levels that
mimicked its concentration in neuronal cells. Hence,
the conditions used reflected the physiological
situation. This blocking of TET-mediated 5mC
oxidation was MBD protein concentration dependent
and relied both on MeCP2 and MBD2 binding 5mC
directly via their MBD or, in the case of MeCP2,
additionally by its binding to nonmodified DNA
(Fig. 3). Thus, protection of TET1-dependent 5mC
oxidation arose from direct blocking of access to the
DNA as well as 5mC.

To ensure genomic stability, minimize transcrip-
tional noise of noncoding genomic repeats (e.g.,
major satellite repeats, MaSat), and insertions of
mobile retrotransposons (e.g., long interspersed
nuclear elements, LINEs), cells developed a variety
of mechanisms to silence the expression of these
elements, the most important being cytosine methy-
lation. MBD protein—mediated blocking of 5mC
oxidation was shown to prevent the reactivation of
silenced repetitive elements such as major satellite
repeats or LINE elements, thereby maintaining
chromatin composition, as well as genome stability
[158,211]. Accordingly, chromocentric 5hmC levels
in the pons of a mouse model for Rett syndrome
(MeCP2Y") were significantly increased and in situ
RNA-FISH as well as quantitative PCR analyses
revealed higher levels of major satellite expression
compared to wildtype. This suggested that
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Fig. 3. Role of MBD proteins in modifying and protecting cytosine modifications. Graphical summary of the
specific DNA binding abilities of MBD proteins and their influence on the DNA base modifier TET1. Whereas MBD1 full-
length (fl) recruits TET1 to methylated cytosine thereby enhancing 5-hydroxymethylcytosine generation, MeCP2, MBD2,
and MBD1ACXXC3 bind 5-methylcytosine, blocking TET1 access and protecting 5-methylcytosine from oxidation.
C = cytosine, mC = 5-methylcytosine, hmC = 5-hydroxymethylcytosine.

unrestricted TET1 activity might increase repeat
element transcription in animal models of Rett
syndrome. Thus, these studies disclose the potential
of a pathophysiological pathway of TET enzymes in
Rett syndrome, as well as a role of MeCP2 and
MBD2 as guardians of the epigenome and in
genome stability.

In contrast to MeCP2 and MBD2, MBD3 and
MBD4 were not found to influence TET1-mediated
5hmC formation. On the other hand, MBD1 was
shown to enhance TET1, but not TET2 and TET3,
mediated 5mC oxidation. The underlying mechan-
ism relies on an MBD1-dependent increase of TET1
localization at highly methylated heterochromatin,
and this recruitment is favored by protein-protein
interactions between MBD1 and TET1 [121]. Inter-
estingly, the recruitment is cell-cycle stage indepen-
dent. Akin to the blocking effect observed upon
MeCP2 or MBD2 binding to 5mC, the MBD1-
dependent TET1 recruitment effect observed in low
TET1 overexpressing cells reflects physiological
situation comparable to mouse ES cells. Recruit-
ment and catalytic activity of TET1 at heterochro-
matin ultimately leads to the displacement of MBD1,
as 5hmC is a less favored binding substrate relative
to 5mC. Interestingly, MBD1-mediated enhance-
ment of TET1 localization at heterochromatin as
well as 5mC oxidation is MBD1 isoform dependent
(Fig. 2A). In contrast to the MBD1 isoform containing
all three CXXC domains (MBD1 fl or MBD1a), the
short isoform lacking the third zinc finger
(MBD1ACXXC3 or MBD1b) blocks TET1-mediated
5hmC formation, suggesting different biological
functions of the MBD1 isoforms (Fig. 3). This

CXXC3 dependency might indicate that the latter
targets MBD1 to CpG-dense regions via binding to
unmethylated CpGs, recruiting TET1 without simul-
taneously blocking its ability to oxidize methylated
DNA substrates [121].

Concluding remarks/Perspectives

Altogether these studies unveil new mechan-
isms of a time and dose-dependent cross-regula-
tion of cytosine modifications and their readers
and modifiers, relying on inhibiting each other's
binding. Until now, DNA modifications are gen-
erally seen as shapers of the reader's binding
profiles, and, hence, their genomic localization
[160,212]. Conversely, cytosine modification read-
ers do not only play important roles in translating
the modifications into distinct chromatin states,
thereby regulating transcription and conserving
genome integrity, but also in shaping the genomic
modification landscape by protecting from or
enhancing oxidation.
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4 Aims of the Study

rror-free replication of the genetic and epigenetic information once every cell cycle is indispensable for
E genome integrity and, eventually, cell survival and persistence. Although it is well known that human
and mouse genomes are, by far, not only composed of protein-coding DNA (1-2%), not much is known about
the non-coding (54-59%) and repetitive (40-44%) parts of the genome. While genome- (and population)
wide sequencing techniques exist, due to their nature, spatio-temporal resolution is reduced and/or indirectly
obtained and repeat sequences are dramatically underrepresented. Yet, remarkable genomic reorganiza-
tions and dynamic replication timing program changes that are also affecting these neglected genomic parts,
are observed during development of several species. We, therefore, developed a single cell microscopic
approach, allowing detailed analysis and correlation of DNA replication and repeat elements in 4D. We inves-
tigated replication timing of repeat elements such as major and minor satellites, telomeres, satellite Ill, Alu
and LINE-1 in mouse and human cells, respectively. To further understand how DNA replication is organized
and regulated in mice, we analyzed DNA replication in pluripotent and differentiated mouse embryonic stem
(mES) cells. Additionally, epigenetic DNA modifications are known to not only be mere DNA demethylation
intermediates, but to also act as stable epigenetic marks in the genome. We, therefore, investigated the
effect of cytosine base modifications on DNA metabolic processes, and, in particular, DNA replication. This

section highlights the main (overall) aims of this thesis.

In chapter I (Repli-FISH (Fluorescence in Situ Hybridization): Application of 3D- (Immuno)-FISH for the Study

of DNA Replication Timing of Genetic Repeat Elements) we:

e established a single cell microscopic approach to analyze the replication timing of specific DNA ele-

ments/sequences in structurally intact cell nuclei,

e developed a protocol consisting of the combined visualization of repetitive DNA sequences based on

fluorescence in situ hybridization and the (immuno)fluorescent detection of DNA replication (Repli-FISH),

e validated this method to analyze the replication timing of repeat elements in mouse and human cells.

Figure 4.1: Microscopic image assembly summarizing the method established in chapter I.
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In chapter 1l (DNA Replication and Repair Kinetics of Alu, LINE-1 and Satellite Il Genomic Repetitive Elements)

we investigated:

e the correlation between genome-wide replication timing of repetitive DNA elements with GC content,

gene density and chromatin state,

e the replication timing of interspersed and tandem repeats by a FISH based single cell microscopic anal-

ysis (Repli-FISH),

e the genome-wide and single cell repair kinetics of repetitive DNA elements and the correlation with

chromatin states.

In chapter Il (Developmental Differences in Genome Replication Program and Origin Activation) we studied:

e the spatio-temporal S-phase progression in undifferentiated and pluripotent mES cells and compared it

to the replication program in differentiated cells,
e the replication timing of specific (sub)chromosomal elements in mES cells (Repli-FISH),
e the correlation of replication timing and changes in histone modifications and chromatin state,

e origin activation and the molecular properties of the replicon in mES cells.
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Figure 4.2: Scheme summarizing the aims of chapters Il and Ill.

In chapter IV (Cytosine Base Modifications Regulate DNA Duplex Stability and Metabolism) we analyzed:
e how cytosine base modification levels can be manipulated in cells,

o DNA double helix stability in the presence of cytosine base modifications,
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e DNA transcription, replication and unwinding processivity rates in the presence of cytosine modifications

in vitro and in vivo,

e cell-cycle and S-phase distributions, spatio-temporal S-phase progression, replication fork speed and

histone modifications in mES cells depleted of all cytosine modifications.
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Figure 4.3: Scheme summarizing the aims of chapters Ill and IV.
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5 Result Chapters

5.1 CHAPTER I: Repli-FISH - Application of 3D-(Immuno)-FISH for the Study of

DNA Replication Timing of Genetic Repeat Elements

C. Rausch prepared all figures and tables and wrote the manuscript together with P. Weber and M. C. Cardoso.

C. Rausch performed all experiments except for figure 4A, 4B, 5A left, 5B left, 6, 8 and S4 and analyzed all

experiments together with P. Weber.
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Abstract

Background: Genetic repeat elements (interspersed or tandem repeats) have diverse
functions within cells and at different phases of the cell cycle. However, their investigation
at a genome-wide scale is challenging due to their repetitive nature. Here, we describe a
method to study the DNA replication kinetics of different repeat elements in single cells
throughout the S-phase of the cell cycle.

Methods: Mouse major satellite, minor satellite and telomere repeat elements as well as
human LINE-1 and Alu repeats were detected in fluorescence in situ hybridization (FISH)
assays using specific hybridization probes containing biotinylated, digoxigenin-conjugated or
fluorescently-labeled nucleotides. We combined their visualization with the detection of
cellular DNA replication signals at the single cell level.

Results: Specific hybridization of all probes to their intended target sequence and their
location on individual chromosomes were verified by microscopic analysis. DNA replication

© 2019 by the author. This is an open access article distributed under the

@ ® conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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was detected by labeling replisome components or nascent DNA synthesis by detecting
incorporated thymidine analogs. The different spatial distribution of replication signals
allowed us to classify the cells in different S-phase substages. We also measured changes in
genomic DNA content during the progression through S-phase. Using high-throughput/high-
content microscopic analysis, we then performed colocalization analysis of the degree of
overlap between DNA replication and DNA probe signals to determine the kinetics of DNA
replication of repeat elements in individual cells.

Conclusions: Application of these probes in 3-dimensionally preserved interphase nuclei
with the simultaneous detection of newly synthesized DNA or components of the replication
machinery allows determination of the replication kinetics of all elements during the
synthesis phase of the cell cycle in human cells as well as in embryonic and somatic mouse
cells.

Keywords
3D-FISH; Alu; DNA replication timing; EdU; LINE-1; PCNA; genetic repeat elements; satellite
DNA; single cell analysis; telomeres

1. Introduction

DNA replication is a fundamental cellular process that, like DNA transcription and repair,
requires tight control. Dysregulation of this process results in the introduction of mutations or
chromosomal aberrations that lead to multiple disorders, including cancer. Thus, elucidation of
the molecular mechanism responsible for the control of DNA replication dynamics is of great
importance.

Many studies have shown that different chromatin types are replicated at distinct times during
S-phase (reviewed in [1]). This is reflected by the changing spatial nuclear distribution of
replication signals (visualized by thymidine analog incorporation or labeled replication machinery
proteins) observed by light microscopy and termed replication patterns. Each pattern has been
shown to correspond to the duplication of a different chromatin type, i.e., euchromatin,
facultative and constitutive heterochromatin.

Recently established genome-wide replication timing protocols confirmed that the different
chromatin types initiate DNA replication within specific zones (replication domains) along the
genome [2]. It was further shown that a substantial proportion of the genome undergoes large-
scale chromatin reorganization during embryonic development [2].

Repetitive DNA elements account for more than half of the human genome and up to 40% of
the mouse genome (Figure 1C), whereas protein-coding sequences constitute only 1.2% and 1.4%
of the human and mouse genomes, respectively [3, 4]. In the human genome, repetitive and
transposable genetic elements include, among others, LINEs (long interspersed nuclear elements)
and SINEs (short interspersed nuclear elements). Both elements rely on reverse transcription of an
RNA intermediate for integration into new genomic locations [5].
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ACACATTCG TTG GAAACC GGCATT GTAGAA| | ACG TGAAATATG GCG AGG AAAACT GAA AAA
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TGA GGC AGG AGAATC GCT TGAACC CGG GAG
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CTG CAC TCC AGC CTG GGC GAC AGA GCG AGA
CTC CGT CTC AAAAAAAA
289 bp repeat 6 kb
C

Mouse genome composition Human genome composition

other: 0.3% gINE: 7.8%
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'
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/ DNA transposon: 3.7%
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~ remaining LINEs: 4.3%

LTR retrotransposon: 12%
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1
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Figure 1 Overview of the localization and sequence of mouse and human repetitive
elements. A: Schematic overview of an acrocentric mouse chromosome showing the
localization of telomeric, minor and major satellite DNA. B: Schematic overview of a
human chromosome showing the localization of Alu and LINE-1 elements. The
sequence information for telomeres, minor and major satellite and Alu elements
depict the consensus sequence of one repeat unit. Underlined sequence regions
represent primer binding sites for PCR amplification of FISH probes. Full-length LINE-1
elements are 6 kb in length and consist of a 5’ and a 3’ untranslated region (UTR) and
two open reading frames (ORF1 and ORF2). C: Pie charts showing the mouse (left) and
human (right) genome composition (Repeat Masker). Approximately half of the
genomes are composed of different classes of repetitive DNA elements.
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LINE-1 elements represent a family of autonomous and active retroelements that account for
approximately 17% of the human genome [3]. These elements are found in gene-poor and AT-rich
regions, which correspond to dark G-bands on Giemsa-stained metaphase chromosomes [6]. The
majority of LINE-1 elements are retrotransposition defective due to 5’ truncations,
rearrangements or mutations, resulting in 80-100 retrotransposition active LINE-1 elements out of
the half a million LINE-1 copies in the human genome [3, 7]. Full-length LINE-1 elements have a
total length of 6 kb and contain a 5’ untranslated region (UTR), three open reading frames (ORF)
and a 3’ UTR ending in a AATAAA polyadenylation signal. ORF1 and ORF2 encode the p40 protein
and a protein with endonuclease and reverse transcriptase activity that are necessary for
retrotransposition [8, 9].

Alu elements are part of the SINE family and represent the most abundant class of non-
autonomous retrotransposons. Alu elements cover approximately 11% of the human genome and
are predominantly found in gene-rich regions, which, in contrast to LINE-1 elements, correspond
to dark R-bands on metaphase chromosomes stained by reverse-Giemsa banding [3, 6]. Alu
elements are approximately 290 bp long and have a dimeric structure, consisting of two highly
similar left and right monomers separated by a linker sequence. The Alu element sequence does
not encode proteins, although the left monomer contains a promoter for RNA polymerase |l
dependent transcription [3, 10]. In trans retrotransposition is mediated by LINE-1-encoded
proteins [11, 12].

In mouse and human cells, telomeres are composed of non-coding, double-stranded TTAGGG
array repeats bound by the shelterin complex [13, 14]. The ends of linear chromosomes mirror
DNA damage breaks; however, their repair would lead to chromosome fusions. Shelterin prevents
telomere recognition, DNA damage responses and chromosome end processing via repair
pathways. Similar to telomerase, shelterin also serves to regulate telomere length [14].

In the mouse genome, centromeric and pericentromeric DNA is composed of highly conserved,
tandem repeats of DNA consisting of multiple copies of the repeat unit organized in a head-to-tail
manner and referred to as minor satellites (MiSat) and major satellites (MaSat) according to their
size. MiSats occupy approximately 600 kb of the terminal centromeric regions of all acrocentric
mouse chromosomes and are composed of 120-bp AT-rich repeat units [15]. The pericentric
MaSat DNA spans 6 Mb adjacent to the MiSat and consists of 234-bp repeats that form clusters in
mouse cells, visible as bright structures following DAPI counterstaining and referred to as
chromocenters [16].

Although historically referred to as “junk”, “parasitic” or “selfish” DNA due to the lack of a clear
function within the genome, repetitive elements are now believed to play a role in genome
organization during the cell cycle and throughout development as well as in disease conditions
[17-22]. Complete and error-free DNA duplication prior to mitosis is an absolute requirement for
the preservation of genome integrity and ultimately, the development and maintenance of an
organism. This applies not only to the protein-encoding part of the genome, but also holds true for
the repetitive elements that are interspersed throughout the genome [23]. However, due to their
repetitive nature, repetitive elements are difficult to investigate in genome-wide studies and,
hence, the spatio-temporal organization of the replication of repetitive DNA elements remains to
be fully elucidated.

Here, we present a protocol that combines fluorescence in situ hybridization (FISH) using
repeat-specific probes with the detection of DNA replication signals (Repli-FISH) and DNA content.
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This method can be applied to 3-dimensionally preserved cells and allows high-throughput
microscopic analysis at the single cell level.

2. Materials and Methods

A timeline of a typical Repli-FISH experiment is outlined in Figure 2A.

A
[ Probe Generation: 1-2 days ]
[ Cell Culture: 1 day before ]
Probe Precipitation & oo
g Cell Preparation: 1 day ' EdU incorporation & ClicklT :
|-} & T )
L or
[ Probe Hybridization: 0.5-2 days ]/ _________________________
; anti-PCNA staining |
777777777777777777777777 1
[ Washing & Detection: 1 day ]
L 7 [ Microscopy & Data Analysis ]
B
coverslip with cells cover with a metal FISH chamber
silicon ring FISH prob coverslip with cell-side microscope slide
on silicon wax probe ¢ down on FISH probe
—> > > >
microscope slide — e —

microscope slide

silicon ring
m— +coverslip
microscope slide

cavity fitting

silicon wax microscope slide

Figure 2 Representative timeline and setup of FISH experiments. A: Outline of the
timelines of a typical replication FISH (Repli-FISH) experiment, showing that the
combination of replication visualization and FISH can be performed over the course of
four days. B: Experimental setup of the FISH denaturation and hybridization. A silicon
wax mark is applied on a microscope slide and the coverslip is placed cell-side down on
the probe; a silicon ring is used for additional sealing. A second microscope slide is
then placed on top as a cover. For denaturation and hybridization, the entire apparatus
is placed in a tightly sealed metal chamber.

2.1 Cell Culture

Human Hela cervical carcinoma cells ([24], ATCC CCL-2) and mouse C2C12 myoblast cells ([25],
ATCC CRL-1772) as well as mouse embryonic fibroblast cells (MEF W8, [26]) were cultured at 37°C
under 5% CO, in high glucose Dulbecco’s modified Eagle’s medium (DMEM; Cat. No.: D6429,
Sigma—Aldrich Chemie GmbH, Steinheim, Germany) supplemented with 1 pM gentamicin (Cat.
No.: G1397, Sigma—Aldrich Chemie GmbH), 20 mM L-glutamine (Cat. No.: G7513, Sigma—Aldrich
Chemie GmbH) and fetal calf serum [FCS; 10% (HelLa and MEF W8) or 20% (C2C12)]. Cells were
passaged every two days.
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Murine embryonic stem cells (mESCs, J1, [27], ATCC SCRC-1010) were cultured in high glucose
DMEM (Cat. No.: D6429, Sigma—Aldrich Chemie GmbH) containing 16% FCS, 1x non-essential
amino acids (Cat. No.: M7145, Sigma—Aldrich Chemie GmbH), 1x penicillin/streptomycin (Cat. No.:
P4333, Sigma—Aldrich Chemie GmbH), 1x L-glutamine (Cat. No.: G7513, Sigma-Aldrich Chemie
GmbH), 0.1 mM beta-mercaptoethanol (Cat. No.: 4227, Carl Roth, Karlsruhe, Germany), PD
0325901 (0.1 uM; Cat. No.: Axon 1408, Axon Medchem BV, Groningen, The Netherlands), CHiR
99021 (0.3 puM; Cat. No.: Axon 1386, Axon Medchem BV) and LIF (1,000 U/ml; Cat. No.: ALX-201-
242, Enzo Life Sciences GmbH, Lorrach, Germany). Cell culture medium was changed every day
and cells were split every two days at a ratio of 1:8 —1:10.

For Repli-FISH experiments, cells were seeded on gelatin-coated glass coverslips (0.2% gelatin;
Cat. No.: G2500, Sigma—Aldrich Chemie GmbH).

2.2 Isolation of Genomic DNA

For the preparation of genomic DNA (gDNA), Hela or C2C12 cells were harvested by
centrifugation (10 min, 400 xg, 4°C) and incubated overnight at 50°C in TNES buffer (10 mM Tris
[pH 7.5], 400 mM NaCl, 10 mM EDTA, 0.6% SDS and 1 mg/ml proteinase K (Carl Roth)).
Subsequently, 0.6 mg/ml RNAse A (Qiagen, Hilden, Germany) was added and DNA was incubated
for 30 min at 37°C to remove RNA. NaCl (6 M) was added to the extracted gDNA at a final
concentration of 1.25 M. After centrifugation (15 min, 16,000 xg, room temperature), gDNA was
precipitated from the supernatant by the addition of ice-cold 100% ethanol and incubation at
-20°C for 1 h. The gDNA was pelleted by centrifugation (10 min, 16,000 xg, 4°C), washed with 70%
ethanol, dried at room temperature and dissolved in ddH-0.

2.3 Bio-16-dUTP Nucleotide Generation

Bio-16-dUTP labeling reactions contained 4.5 mM aminoallyl-dUTPs (5-(-3-aminoallyl)-2’-
deoxyuridine 5’-triphosphate, Cat. No: A 0410, Sigma-Aldrich Chemie GmbH), 44.5 mM
carbonate-bicarbonate buffer (0.2 M NaHCO; stock with 0.5 M NaCl titrated to pH 8.3 with 0.2 M
Na,CO3) with 0.5 M NaCl and 8.9 mM biotin-XX (6-((6-((biotinoyl)amino)hexanoyl)amino)hexanoic
acid, Cat. No: B-1606, Molecular Probes) in a total volume of 45 pl. Reactions were incubated for
3-4 hours at room temperature and stopped by the addition of 20 mM glycine (pH 8.0).
Subsequently, 20 mM Tris-HCI (pH 7.75) was added to stabilize the nucleotides [28].
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2.4 Probe Generation

Details of primers used for all PCR-based labeling reactions (except for the LINE-1 probe, which
was generated by nick-translation) are shown in Table 1.

Table 1 Primers used for FISH probe generation.

Primer name Sequence [5'-3’] Reference
Alu-F GGATTACAGGYRTGAGCCA* [29]
Alu-R RCCAYTGCACTCCAGCCTG* [29]
MaSat-F AAAATGAGAAACATCCACTTG [30]
MaSat-R CCATGATTTTCAGTTTTCTT [30]
MiSat-F CATGGAAAATGATAAAAACC [31]
MiSat-R CATCTAATATGTTCTACAGTGTG [31]
Telo-F TTAGGGTTAGGGTTAGGGTTAGGGTTAGGG [32]
Telo-R CCCTAACCCTAACCCTAACCCTAACCCTAA [32]

*With Y being either pyrimidine (C or T) and R being either purine (G or A)
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2.4.1 Alu-Specific Probe

Alu-specific probes were generated via a two-step PCR. First, Alu elements were amplified from
Hela cell genomic DNA using partially degenerate Alu-specific primers (Table 1 and Figure 1A),
followed by a PCR-based labeling with bio-16-dUTPs (Tables 2 and Tables 3). The product of the
labeling PCR was subsequently purified with the QIAQuick PCR purification kit (Qiagen) according
to the manufacturer’s instructions.

Table 2 Reaction setup for Alu-specific probe PCR.

PCR component Template PCR (final concentration) Labeling (final concentration)

PCR buffer 1x Taq buffer* 1x Taq buffer*
dATP/dGTP/dCTP 0.2 mM each** 0.2 mM each

dTTP 0.2 mM** 0.15 mM
Bio-16-dUTPs - 0.05 mM

Primer F/R 1 uM each 1 uM each
Polymerase 1-2 U Taq 1-2 U Taq

DNA template Human gDNA (150 ng) 1 ul 1:50 PCR product
Final volume To 50 pl with ddH,0 To 50 pl with ddH,0

*10x Taq buffer: 100 mM Tris/HCl pH 8.3, 500 mM KCl, 15 mM MgCl,.
** A dNTP mix containing all four nucleotides was used.

Table 3 PCR cycling conditions for Alu-specific probe amplification.

Cycle step Temperature Time Cycles
Initial denaturation 94°C 4 min 1

1. Denaturation 94°C 1 min

2. Annealing 57°C/65°C* 1 min 35

3. Extension 72°C 3min30s

Final extension 72°C 10 min 1

*Annealing at 57°C for the first amplification of Alu elements from gDNA (template
PCR)/annealing at 65°C for the subsequent labeling PCR.
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2.4.2 LINE-1-Specific Probe

LINE-1 probes were generated and labeled with bio-16-dUTPs by nick-translation of the pLRE3-
eGFP plasmid containing the LRE wild-type LINE-1 sequence ([33], a kind gift from John V. Moran,
University of Michigan Medical School, USA). Reactions contained 50 mM Tris-HCl pH 8, 5 mM
MgCl,, 0.5 mg/ml BSA, 10 mM beta-mercaptoethanol, 0.04 mM biotin-16-dUTPs or digoxigenin-
11-dUTPs, 0.05 mM dATP/dGTP/dCTP each, 0.32 U DNase | (D5025, Sigma—Aldrich Chemie GmbH),
10 U Klenow fragment (M0210, NEB, Ipswich, MA, USA), 1 ug pLRE3-eGFP plasmid DNA in a total
volume of 100 pL. Reactions were incubated for 90 min at 15°C and stopped by adding 5 ul 0.5 M
EDTA.

Alu- and LINE-1-specific probes were sheared with a Covaris $S220 device (Covaris Inc., Woburn,
MA, USA) to a final size of approximately 250 bp in microTUBES (520045, Covaris Inc.). Quality and
size were evaluated by 1% agarose gel electrophoresis.

2.4.3 Major and Minor Satellite Repeat-Specific Probes

Both major and minor satellite repeat-specific probes were generated via PCR amplification
using repeat-specific primers (Table 1 and Figure 1) and mouse genomic DNA from C2C12 mouse
myoblasts as the template (Tables 4 and Tables 5). Since this amplification results in probes of
varying lengths (detectable as a smear following agarose gel electrophoresis, see Figure 3),
samples need to be digested using DNase | (1:250 dilution in ddH,0 (stock: 2U/ul), 2 ul/reaction)
for a maximum of 30 min at room temperature. The reaction was stopped by the addition of 1 pul
0.5 M EDTA and probe quality and size were evaluated by 1% agarose gel electrophoresis (15 pl of
reaction mixture).
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Figure 3 Assessment of FISH probe quality. Agarose gel showing probes before and
after shearing. Amplification of repetitive DNA elements via PCR or nick-translation
leads to amplicons of different sizes (left); digestion with DNase | or mechanical
shearing decreases the length of the probes (right). M = marker.

Page 9/31

60



5.1 CHAPTER I: Repli-FISH - Application of 3D-(Immuno)-FISH for the Study of DNA Replication Timing of Genetic Repeat Elements

OBM Genetics 2019; 3(1), doi:10.21926/obm.genet.1901062

Table 4 Reaction mixture for major and minor satellite-specific probe PCR amplification.

PCR component

PCR (final concentration)

PCR buffer

dATP/dGTP/dCTP

Bio-16-dUTPs/dig-11-dUTPs**

Primer F/R
Polymerase
DNA template

Final volume

1x Taq buffer*
0.2 mM each
0.08 mM

0.2 uM

1-2 U Taq

1 pl mouse gDNA

To 100 pl with ddH,0

* 10x Taq buffer: 100 mM Tris/HCI pH 8.3, 500 mM KCl, 15 mM MgCl,.
** Digoxigenin-11-dUTPs alkali-labile (Cat. No: 11573152910, Sigma—Aldrich Chemie GmbH).

Table 5 PCR cycling conditions for major and minor satellite-specific probe amplification.

Cycle step Temperature Time Cycles
Initial denaturation 95°C 5 min 1

1. Denaturation 95°C 1 min

2. Annealing 56°C 1 min 40

3. Extension 72°C 2 min

Final extension 72°C 5 min 1

2.4.4 Telomere Repeat-Specific Probe

Probes specific for telomeric repeats were generated by a two-step PCR using previously
described self-annealing primers [32]. The first PCR reaction served to create elongated probe
fragments with regular dNTPs, while the second reaction included biotinylated or cyanine dye-
conjugated nucleotide analogues for efficient probe labeling (Table 6). For the initial amplification,
a high-fidelity polymerase was used (e.g. Q5 polymerase (NEB, Cat#: M0491)). For labeling with
bio-16-, Cy3- or Cy5-conjugated dUTPs in the subsequent PCR, however, Taq polymerase was
required since the Q5 polymerase does not incorporate dUTPs. Identical cycling conditions were

used in both reactions (Table 7).
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Table 6 Reaction mixture for telomere repeat-specific probe PCR amplification.

PCR component PCR (final concentration) Labeling (final concentration)
PCR buffer 1x Q5 buffer 1x Taq buffer*

MgCl, 0.5 mM -

dATP/dGTP/dCTP 0.2 mM each** 0.05 mM each

dTTP 0.2 mM** 0.01 mM

Bio-16-dUTPs/Cy3 or Cy5- - 0.1 mM/0.08 mM

dUTPs***

Primer F/R 0.2 uM each 0.2 uM each

Polymerase 1-2U 1-2 U Taq

Q5 DNA polymerase
DNA template - 1 ul of PCR product

Final volume To 50 pl with ddH,0 To 50 pl with ddH,0

* 10x Taq buffer: 100 mM Tris/HCI pH 8.3, 500 mM KCI, 15 mM MgCl,.

** A dNTP mix containing all four nucleotides was used.

*** Cy3-dUTP and Cy5-dUTP: GE Healthcare (Chicago, IL, USA) PA53022 and PA55022
respectively.

Table 7 PCR cycling conditions for telomere-specific probe amplification.

Cycle step Temperature Time Cycles
Initial denaturation 95°C 5 min 1

1. Denaturation 98°C 10s

2. Annealing 50°C 15s 40

3. Extension 72°C 20s

Final extension 72°C 2 min 1

2.5 Probe Precipitation and Fluorescence in Situ Hybridization (FISH)

NOTE: Co-detection of incorporated EdU must be performed prior to FISH (see Figure 2A and
refer to Section 2.6.2).
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2.5.1 Probe Precipitation

Probes were ethanol-precipitated with 0.15 M sodium-acetate and 50 pg/ml fish sperm DNA,
washed with 70% ethanol, air-dried and resuspended in hybridization solution containing
formamide (70% formamide, 2x SSC (30 mM Na-citrate, 300 mM NacCl), 10% dextran sulfate, pH 7)
for MaSat-, MiSat- and telomere-specific probes, and without formamide (10 mM Tris-HCI, 3 mM
MgCl,, 50 mM KCl, 10 ug/ml gelatin, 2x SSC, [34, 35]) for Alu- and LINE-1-specific probes. Probes
were denatured for 5 min at 80°C and immediately placed on ice.

2.5.2 Cell Preparation

For subsequent hybridization and detection of replication signals, cells were washed twice with
1x PBS and immediately fixed with 3.7% formaldehyde/PBS for 10—15 min. After washing (2—3x) in
PBS-T (0.02% Tween), cells were permeabilized in 0.5% Triton-X100/PBS for 10-15 min and
washed again with PBS-T. At this point, cells may be used directly for hybridization, or stored for a
few days in 1x PBS at 4°C.

For MaSat-, MiSat- and telomere-specific probe hybridization, cells were incubated for 15 min
in 0.1 M HCI, washed 3x with 1x PBS. Cells were then and equilibrated for 2 min in 2x SSC and
finally for 20 min in 50% formamide/2x SSC. For Alu and LINE-1 FISH, cells were equilibrated in
hybridization solution without formamide (see Section 2.5.1). All incubation steps were performed
at room temperature.

For metaphase spreads, asynchronously growing cells were treated with colcemid (0.1 pg/ml
final concentration) for 1 h, harvested by trypsinization and centrifuged at 500 xg for 5 min. After
carefully removing the supernatant, the cell pellet was resuspended in pre-warmed KCI solution
(0.075 M at 37°C) and incubated at 37°C for 5 min. To prevent clumping of the cells, the first
1-2 ml were added drop-wise and mixed well by flicking the tube. The rest of the solution was
added to give a total volume of approximately 8 ml. After a second centrifugation step, the pellet
was fixed by the initial drop-wise addition of freshly prepared fixative solution (methanol:acetic
acid, 3:1), which was then filled up to 10 ml. After incubation at 4°C for at least 20 min (overnight
incubation is preferred) the samples were again centrifuged and most of the supernatant was
removed by decanting. The cell pellet was then finally resuspended in the remaining fixative
solution by flicking. The chromosome preparations were made from 15—-20 pl drops on microscope
slides that were dipped into ddH,O0.

For the subsequent hybridization, the slides were air-dried overnight, rehydrated for 10 min in
ddH,0 and digested at 37°C for 10 min in 0.005% pepsin (P6887, Sigma—Aldrich Chemie GmbH) in
0.01 M HCI. The slides were then dehydrated in 70% and 100% ethanol (5 min each) and air-dried
overnight. Before hybridization, slides were equilibrated for 30 min in 50% formamide/2x SSC.

2.5.3 Hybridization

For hybridization of interphase cells, a circle/square the size of the glass coverslip carrying the
cells was drawn onto a regular microscope glass slide (Menzel-Glaser Superfrost, Thermo
Scientific, Cat. No: ABAAOOOO80##32E) using an ImmunoPen (Calbiochem, Cat. No.: 402176-1EA).
The hybridization solution containing the respective probe(s) was then applied to the center of
this mark and cells were applied face down onto the hybridization solution. The coverslip was
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additionally sealed with a silicon ring/square (self-made) and a second microscope slide was
applied on top. The whole apparatus was then transferred to a hybridization chamber and tightly
sealed (Figure 2B).

For hybridization of metaphase spreads, the area of the slide containing the spreads was
encircled using an ImmunoPen. The respective probe(s) were then applied, covered with a
coverslip to ensure even distribution of the probe and further sealed with a silicon square and a
second microscope slide.

The chamber was subsequently incubated at 80°C for 5 min in a water bath to denature both
the genomic DNA and probe. This was followed by incubation in a second water bath at 37°C for
24 h (MaSat, MiSat and telomeres) or overnight at 42°C (Alu and LINE-1).

2.5.4 Washing and Blocking

After hybridization, cells were carefully removed from the microscope slide and washed three
times for 5 min with 50% formamide/2x SSC pH 7 at 45°C followed by two washes for 5 min in 2x
SSC at 45°C. For the Alu- and LINE-1-specific probes, the washing steps were performed with 2x
SSC and 0.1x SSC without formamide. To block non-specific antibody binding sites, cells were
incubated for 30 min in 1% BSA/4x SSC at room temperature.

NOTE: For PCNA detection, immunodetection must be performed before continuing with the
probe detection (Section 2.6.1 and Figure 2).

2.5.5 Probe Detection

Probes were detected by incubation with a rabbit anti-digoxigenin antibody (1:500, Cat. No.:
700772, Thermo Fisher Scientific), a fluorescently-labeled anti-rabbit 1gG antibody or
fluorescently-tagged streptavidin diluted in 1% BSA/4x SSC, for 20 min at room temperature and
washed three times for 5 min with 0.05% Tween/4x SSC.

A post-fixation step with 1%—4% formaldehyde/PBS for 10 min further stabilized the resulting
antibody complexes.

DNA counterstaining was performed by incubating cells for 10 min at room temperature with
DAPI (10 pg/ml, 4',6-diamidin-2-phenylindol) and slides were mounted using Mowiol (Merck KGaA,
Cat. No.: 81381-250G).

2.6 Replication Staining
2.6.1 Staining of the Replisome Component PCNA.

Immunofluorescent detection of PCNA usually requires additional fixation with methanol. This
step ensures accessibility of the anti-PCNA antibody to the epitope, which is located at the
interface between the monomeric subunits of the homotrimeric PCNA ring-complex (Figure S1).
However, we noticed that this step could be omitted when the hybridization procedure has been
performed before.

To achieve good signals, antibody detection of PCNA must be performed after hybridization
and washing but before detection of the probe (Figure 2A). After blocking as described in Section
2.5.4, cells were incubated for 1-2 h at room temperature with an antibody specific for PCNA
(mouse anti-PCNA, mAb, DABCO, Cat#: M0879, 1/200) diluted in blocking buffer (1x PBS/0.02%
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Tween20/2% BSA). After washing (2-3x) in PBS-T (0.02% Tween20), detection with secondary
antibodies conjugated with fluorophores suitable for subsequent microscopic detection was
performed, before continuing with the probe detection (see Section 2.5.5).

2.6.2 EdU Labeling and Visualization of Replicated DNA

EdU labeling and detection must be carried out before cells are equilibrated in SSC and
hybridization is performed.

For detection and staining of active DNA synthesis sites, cells were incubated for 15 min with
10 uM EdU (5-ethynyl-2’-deoxyuridine, Thermo Fisher Scientific, Waltham, MA, USA), washed with
1x PBS and fixed with 3.7% formaldehyde/PBS for 10 min. After washing (3x) with PBS-T (0.02%
Tween20), cells were permeabilized with 0.5% Triton-X100/PBS for 15 min and pre-denatured with
0.1 M HClI for 15 min, followed by a second permeabilization step with 0.5% Triton-X100/PBS for
15 min.

EdU was detected using ClickIT chemistry (EdU Click-ROTI kit, Carl Roth, Karlsruhe, Germany)
according to the manufacturer's instruction. The 6-FAM and the 3-azido-7-hydroxycoumarin azides
were used in final dilutions of 1:1,000 and 1:200, respectively. Cells were post-fixed with 1%
formaldehyde/PBS for 10 min before proceeding with equilibration in SSC and hybridization
buffer, followed by FISH and probe detection (see sections 2.5.2-2.5.5).

2.7 Confocal Microscopy and Line-Profile Colocalization Analysis

Confocal z-stacks of Repli-FISH stained cells were acquired using the UltraVIEW VoX spinning
disc microscopy system (PerkinElmer Life Sciences, Waltham, MA, USA) equipped with an oil
immersion 60x Plan Apochromat NA 1.45 objective lens.

To measure and compare the overlap between the major satellite-specific FISH probe signals
and the replication signals (EdU), line intensity profile analysis was performed in the mid-focal
planes of individual nuclei from cells in different stages of the cell cycle (non-S versus early, mid
and late S-phase) using Imagel (https://imagej.nih.gov/ij/). The intensities of both signals were
measured along a line drawn manually through the nuclei and covering both euchromatic and
heterochromatic (chromocenters) portions within the cell nucleus. The intensity values of both
channels were subsequently plotted against the distance along the line.

2.8 High-Content/High-Throughput Imaging and Analysis

High-content/high-throughput imaging and analysis were performed with the Operetta High-
Content Imaging System (Perkin EImer, Part Number: HH12000000). Multiple fields-of-view (169 in
total) were acquired with an immersion free 60x high NA objective (NA 0.9) and automatic image
analysis was performed with the associated Harmony software (v3.5). The analysis pipeline
involved the initial automatic detection and segmentation of individual cell nuclei based on DAPI
counterstaining. Cells overlapping the edge of the image or otherwise deformed cell nuclei were
excluded from the analysis. Subsequently, segmentation of major satellite repeats within the
individual cell nuclei was performed based on the fluorescence signal of the hybridized MaSat-
specific probe. Based on this object segmentation, the fluorescence intensity of the replication
signal (PCNA in this case) was measured within all spots per individual cell nucleus. This allowed
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the comparison of overlapping signals at the different S-phase substages with each other and also
with non-S-phase cells (G1- and G2-phase) from the whole population. For this, the cells were
sorted according to the different cell cycle stages based on the PCNA patterns in ImageJ using a
custom written macro (available upon request). In addition, the DAPI intensity of each nucleus was
measured to compare DNA content within the different subpopulations. Boxplots were used to
plot (1) the increase in DNA content over the cell cycle (non-S-phase, early and late S-phase) and
(2) the accumulation of PCNA at chromocenters in cells at the different cell cycle stages using
RStudio (Version 0.99.893).
Harmony analysis pipeline:
1) Inputimage:
- Stack processing: Max. projection
- Flatfield correction: Basic
2) Find Nuclei (2):
- Channel: DAPI
- Method A
=> Qutput population: Nuclei
3) Find spots:
- Channel: Alexa 488
- Population: Nuclei
- Region: Nucleus
- Method: A
=> Qutput population: Alexa488 spots
4) Calculate morphological properties:
- Population: Nuclei
- Region: Nucleus
- Method: Standard
5) Select population (2):
- Population: Nuclei
- Method: Common filters
- Remove border objects
=> Qutput population: Nuclei inside [field-of-view]
6) Select population:
- Population: Nuclei inside
- Method: Filter by property
- Properties roundness: 0.8
- Properties area [umz] <300
- Properties area [um?] >60
=> Qutput population: Round nuclei inside (exclude deformed nuclei)
7) Calculate intensity properties (in whole nucleus and in spots):
- DAPI, MaSat, PCNA
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3. Results

Repetitive DNA elements are difficult to investigate using genomic approaches due to their
repetitive nature, which hinders their mapping to reference genomes. Here, we describe the use
of probes for five different genetic repeat elements in different species (mouse and human) and at
different developmental stages for the study of their DNA replication kinetics. The probes
presented here are commonly used in our laboratory and were generated via standard procedures
(PCR and nick-labeling) as described in Section 2 (Material and Methods). However, we also
emphasize the use of other probes that are suitable for the detection of specific DNA sequences
and that have been proven useful in cytogenetic studies, e.g. peptide nucleic acids (PNAs; [36]),
probes generated via primed in situ synthesis (PRINS; [37, 38]) or from bacterial artificial
chromosomes (BACs).

In order to confirm their specificity, we performed metaphase FISH with all DNA probes. Figure
4A shows the results for human Alu- and LINE-1-specific probes and their distribution along DAPI-
counterstained chromosomes as measured by line-profile colocalization analysis (Figure 4A). Alu
elements are abundant in GC-rich regions, whereas LINE-1 elements are predominantly found in
AT-rich (GC-poor) regions. We found the distribution of Alu elements correlated negatively with
the DAPI staining, which preferantially binds AT-rich regions of the DNA, wheras LINE-1 and DAPI
signals correlated positively. Furthermore, double hybridization of mitotic chromosomes with
biotin-labeled Alu- and digoxigenin-labeled LINE-1-specific probes showed mutually exclusive
binding of the two elements (Figure 4A & Figure 4B), emphasizing their existence in distinct
regions of the genome (Figure 1B).

The localization and specificity of the mouse probes against MaSat, MiSat and telomeres were
evaluated by triple-color DNA FISH on chromosome preparations. For this, the probes were
labeled via PCR using dUTPs conjugated to either digoxigenin-11, biotin-16- or Cy5. The results are
summarized in Figure 4C. The telomere probe was found to hybridize specifically to the ends of
chromatids, resulting in four signals per chromosome. Major satelite probes displayed only one
large signal on each chromosome overlapping with DAPl-intense pericentromeric segments. In
contrast, the minor satellite probe hybridization resulted in two distinct spots per chromosome;
one per chromatid. In accordance with their chromosomal distribution, the centromeric (MiSat)
and pericentromeric (MaSat) DNA signals were found in close proximity. Due to the acrocentric
organization of mouse chromosomes (Figure 1A), a similar distribution was observed for proximal
telomeres and minor satellite DNA. The clustering of pericentromeric and centromeric
heterochromatin as well as the organization of chromosomal ends was also visualized by the
simultaneous hybridization of all probes to interphase cells as shown in Figure S2. In summary,
these data clearly confirmed the specificity of each probe for its intended target structure.
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Figure 4 Validation of FISH probe specificity by hybridization to metaphase
chromosome preparations. A: Whole metaphase spreads from Hela cells were
hybridized with human Alu-specific (upper row) and human LINE-1-specific (lower row)
FISH probes. Chromosomes were counterstained with DAPI. Color line profiles
represent the expected overlap between Alu with GC-rich (gene-rich) and LINE-1 with
AT-rich (gene-poor) regions, which are differentially stained by DAPI. Scale bar: 5 um.
B: A metaphase spread hybridized to both human Alu-specific (red) and human LINE-1-
specific (cyan) probes simultaneously reflects their widespread distribution along eu-
and heterochromatic DNA segments (left). The two probes hybridize to mutually
exclusive segments along chromosomes as represented by line-profile analysis of a
single representative chromosome (right). Scale bar: 5 um. C: Triple-color FISH
combining major satellite-, minor satellite- and telomere-specific probes, each labeled
with a different nucleotide analog and hybridized to metaphase chromosome
preparations from diploid mouse cells. All probes bind specifically to the chromosomal
regions in which the target sequences are organized (see also enlarged insets in each
image), i.e. chromosome ends (telomeres, magenta), DAPI-dense pericentromeric
regions (MaSat, red) and centromeric regions (MiSat, green). Scale bar: 10 um.
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In both mouse ESC and myoblast interphase nuclei, major satellite DNA was detected as large
spots co-localizing with DAPI-intense regions (Figure 5A, upper row). In contrast, minor satellite
signals were found in close proximity to the major satellite clusters, forming several distinct spots
at their periphery, as expected from their physical location on individual chromosomes (Figure 5A,
middle row and Figure 1A). Telomere-specific FISH signals were detected throughout the nucleus,
with some localizing adjacent to pericentric heterochromatin (Figure 5A, lower row) due to the
acrocentric nature of mouse chromosomes (see Figure 1A).
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Figure 5 Overview of the localization of MaSat, MiSat and telomeres in murine
interphase cells. A: MaSat-, MiSat- and telomere-specific FISH was performed on
interphase cells of mouse embryonic stem cells (mESC, left) and mouse myoblasts
(right). DNA was visualized by DAPI counterstaining. B: DNA replication was visualized
by PCNA co-staining or EdU incorporation and detection. Scale bar: 5 um.
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As interphase chromosomes distribute throughout the nuclear volume, signals for both LINE-1
and Alu interspersed repeats were found throughout the nuclei of human cells, albeit excluded
from the nucleoli (Figure 6A). This reflects the fact that both classes of elements cover a large
proportion of the genome (e.g. approximately 11% for Alu repeats [39]) as represented by the
distribution of LINE-1 and Alu elements on metaphase chromosomes (Figure 1B, Figure 1C and
Figure 4B). Notably, the correlation of LINE-1 signals with heterochromatin was stronger than the
correlation of Alu signals as judged by the distribution of the DNA and replication signals (note
that chromocenters do not form in human cells) (Figure 6A and Figure B). A detailed analysis of the
distribution of Alu and LINE-1 signals throughout S-phase as well as their replication timing are
reported in [40]. In brief, it was shown that Alu elements are replicated during early S-phase,
whereas LINE-1 elements are replicated throughout S-phase.

Next, we evaluated the DNA replication kinetics of Alu and LINE-1 elements. We were able to
show that both signals, either PCNA or EdU, facilitated discrimination between replicating and
non-S-phase cells within an asynchronous cell population (Figure 5B, Figure 6A & Figure 6B). While
replicating cells are characterized by the dynamic focal accumulation of the respective signal
throughout S-phase, cells in either the G1- or G2-phase of the cell cycle can be identified by the
lack of such a pattern. Due to the different types of replication markers used in our approach, non-
S-phase cells co-stained for PCNA showed a diffuse nuclear signal representing the unbound
nuclear pool of the protein (Figure 5B, left panel, [41-44]). In contrast, cells in which nascent DNA
is marked by the incorporation of the thymidine analog EdU, were only labeled during S-phase and
no signals were detected in the G1 and G2 phases (Figure 5B, right panel). Notably, the nuclear
localization of the different repetitive elements did not change within the nucleus of S-phase cells,
to which the analysis was restricted as can be seen by comparison of the FISH signal distribution in
cells at the different stages of S-phase (Figure 5B). Taken together, our results showed that all
probes used in this study were highly specific for their intended target sequence (Figure 4),
resulting in clear signals with high signal-to-noise ratio when hybridized to interphase nuclei.
Furthermore, both nascent DNA as well as replication factors were co-visualized successfully
(Figure 5 & Figure 6).
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Figure 6 Overview showing the localization of Alu and LINE-1 elements in human
interphase cells. A: Hela interphase cells showing the nuclear distribution of Alu- and
LINE-1-specific FISH signals. DNA was visualized by DAPI counterstaining. Alu- and LINE-
1-specific FISH signals visualized in combination with EdU in S-phase cells. B: The same

probes were observed in cells that are not in S-phase for comparison of their
respective distribution in the cell nucleus. Scale bar: 5 um.
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Colocalization analysis (e.g., color line-profile analysis) of the overlapping FISH and replication
signals serve as a measure of ongoing DNA replication during the substages of S-phase and, thus,
indicate replication timing. Figure 7 shows the outcome of such representative measurements
performed on mouse myoblast cells hybridized with the MaSat-specific probe. Again, non-S-phase
and replicating cells can be discriminated by the absence or presence of the EdU signal,
respectively. Furthermore, the replication of euchromatin (early S), as well as facultative (mid-S)
and constitutive heterochromatin (late S), are represented by the changing EdU patterns. The
overlap between FISH and replication signals along the analysis path (white arrow) were strongest
at late S-phase, which is in complete accordance with previous reports [45, 46]. Figure S3 shows
the results from a similar analysis performed with cells hybridized to either MiSat- or telomere-
specific probes. Here, we found minor satellite DNA replicated asynchronously throughout S-
phase, indicated by the overlap of the MiSat FISH signal and replication foci (EdU) shown by line-
profile analysis and similar to the results published by [47]. Furthermore, telomeres were also
found to replicate throughout the course of S-phase, which is in accordance with previous findings
[48-50].
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Figure 7 MaSat probe localization in mouse myoblast cells at different S-phase
substages. Cells were classified as non-S-phase, early, mid and late replication substage
according to their EdU pattern. Colocalization of MaSat FISH (magenta) and replication
(green) was analyzed via a color line-profile (black arrows). Scale bar: 5 pm.

These results were also validated and extended by high-content/high-throughput imaging and
analysis of asynchronous cell populations (Figure 8). Here, suitable cells were automatically
identified based on DNA counterstaining with DAPI (Figure 8A, left). The progression through S-
phase was reflected not only by the replication signal pattern, but also by the increase in genomic
DNA content over time as measured by the increasing DAPI intensity from cells at the different S-
phase substages (Figure 8A, right). The broader signal distribution of non-S-phase cells can be
explained by the fact that cells from both G1- and G2-phases of the cell cycle were grouped in this
fraction. Cells were classified as non-S-phase cells and cells at either early or late S-phase based on
the replication signal distribution (Figure 8B, left). The latter showed a similar increase in the
replication signal overlap (PCNA) with major satellite repeats at late S-phase (Figure 8B, right),
thus, supporting the previous results of individual cell measurements (Figure 7).
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Figure 8 High-content/high-throughput Repli-FISH analysis of asynchronous cell
populations. MEF W8 cells hybridized with a major satellite-specific probe and co-
stained for PCNA were imaged with a high-content imaging system (Operetta High-
content Imaging System, Perkin Elmer, 60x 0.9 NA air objective). A: Image analysis was
performed with the Harmony software. Automatic segmentation of cell nuclei was
performed based on DNA counterstaining with DAPI (left, green circles). Cells out of
focus or on the edge of the image were excluded from the analysis (left, red circles).
Increasing DNA content during S-phase is represented by the increase in total DAPI
intensity measured in cells at early or late S-phase compared to non-S-phase cells
(right). B: Cells were classified by the PCNA signal distribution and sorted into non-S-
phase cells (left, gray circles) and cells at either early (left, purple circles) or late S-
phase (left, green circles). Comparison of the mean PCNA intensity within all major
satellite spots per cell nucleus showed a clear increase toward late S-phase (right,
green boxplot), allowing discrimination from the other classes in the population and
confirmed the results of individual cell measurements shown in Figure 7.
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4. Discussion

Modern next-generation sequencing methods have become increasingly cost and time-
efficient. However, available software is still challenged by the correct mapping of repetitive
elements both in resequencing and de novo assembly projects. This can be partially explained by
the read-length that is now achievable (50-150 bp by next-generation sequencing compared to
800-900 bp obtained by Sanger sequencing), which is substantially shorter than the length of
most repeats covering the genome. This results in reads that map to multiple locations within the
genome (multi-reads) in resequencing experiments or gaps in de novo genome assemblies [39].

At the same time, several methods have been developed that combine the isolation of nascent
DNA from replicating cells with subsequent deep-sequencing (Repli-seq) of the underlying DNA
sequence [51]. This method can be used to study the replication timing from cell populations on a
genome-wide scale and further offers the ability to relate the sequence information to underlying
DNA and chromatin modifications, providing correlative information on the mechanism by which
DNA replication is regulated.

Due to the length of time required to sufficiently label and precipitate hundreds of kilobases of
labeled DNA (>60 min), these methods have a rather poor temporal resolution. Because of cell
population averaging, the analysis focuses mainly on early versus late replicating cells, thereby
masking intermediate replication states. Thus, given the fast underlying kinetics and potential
variability of the replication process in individual cells, not all questions can be addressed with
such methods. In addition, this method is problematic in the alignment of repetitive elements to a
reference sequence as described previously.

Although described specifically for different repetitive elements in mouse and human cell lines,
the Repli-FISH method can be easily extended using other probes, such as satellite repeat
elements [40], rDNA repeat loci [52] or individual genes, e.g. via labeled bacterial artificial
chromosomes (BACs) with sequence complementarity to specific genes [53]. In addition, the
hybridization procedure can be combined with the detection of other signals of interest, including
specific proteins and histone or DNA modifications.

Finally, individual cells can be analyzed either in 3-dimensions at the single cell level or using
high-throughput/high-content microscopy techniques and at all levels of microscopical resolution
(wide-field, confocal and super-resolution). Of note, the procedure described in this report
preserves nuclear integrity (Figure S4), similar to other FISH procedures that include, for example,
repeated freezing and thawing in liquid nitrogen [28].

In summary, the Repli-FISH method described here is an efficient and complementary approach
to the study of replication kinetics of a broad range of DNA sequences that are otherwise difficult
to map and study with the currently available next-generation sequencing methods.
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Additional Materials

1. Figure S1: The epitope for the monoclonal anti-PCNA antibody (PC10) maps to the interface
of the PCNA monomers.
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Figure S1 The epitope for the monoclonal anti-PCNA antibody (PC10) maps to the
interface of the PCNA monomers. The epitope of the PC10 anti-PCNA monoclonal
antibody [54] spans amino acids 111-125 (A, red stretch, see [55]), which are located
right at the interface between neighboring monomers within the homotrimeric PCNA
ring-complex (B and C, PDB: 1AXC). Due to this, immunodetection of PCNA requires
partial denaturation of the complex, e.g. via alcohol (post-) fixation or, as is the case
during the in situ hybridization procedure, by heat-induced denaturation.
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2. Figure S2: Triple-color FISH combined with replication staining.

Figure S2 Triple-color FISH combined with replication staining. Telomere- (red), MaSat-
(magenta) and MiSat-specific (green) FISH probes were simultaneously hybridized to
interphase cells and detected in combination with EdU, the latter marking sites of
nascent DNA (cyan, upper row). Like the results presented in Figure 4, this confirms
that multiple probes can be detected and studied simultaneously within the same cell
nucleus. Scale bar: 10 um.
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3. Figure S3: Localization of MiSat- and telomere-specific probes in mouse myoblast cells at
different S-phase substages.
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Figure S3 Localization of MiSat- and telomere-specific probes in mouse myoblast cells
at different S-phase substages. As in Figure 7, cells were categorized based on the
nuclear distribution of the EdU signal into non-S-phase or early, mid and late
replicating cells. The colocalization between MiSat FISH (A) and telomere FISH (B)

signals with EdU (green) was evaluated by line profile analysis along the white arrows
in each cell nucleus. Scale bar: 5 um.
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4. Figure S4: Effect of the hybridization procedure on nuclear integrity.
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Figure S4 Effect of the hybridization procedure on nuclear integrity. Comparison of
mouse embryonic fibroblast cells used in in situ hybridization experiments (+ FISH) and
unhybridized control samples (- FISH) shows that the hybridization procedure, as
described here, only slightly affects the nuclear volume of the cells. N = number of cells
from one (+ FISH) and two (- FISH) biological replicates. Boxplots represent the median
(bold horizontal line), first and third quantiles (lower and upper boundaries of the box),
lower and upper whiskers (vertical lines extending the box boundaries) as well as
outliers (black dots).
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C. Rausch performed the line profile and Pearson’s correlation analyses of the double metaphase FISH for Alu

and L1 and prepared the corresponding figure part of Supplementary Figure S3a.
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Abstract

Background: Preservation of genome integrity by complete, error-free DNA duplication prior to cell division and by
correct DNA damage repair is paramount for the development and maintenance of an organism. This holds true not
only for protein-encoding genes, but also it applies to repetitive DNA elements, which make up more than half of the
human genome. Here, we focused on the replication and repair kinetics of interspersed and tandem repetitive DNA

elements.

later time points.

FISH, LINE, Phosphorylated H2AX, Satellites

Results: We integrated genomic population level data with a single cell immunofluorescence in situ hybridization
approach to simultaneously label replication/repair and repetitive DNA elements. We found that: (1) the euchromatic
Alu element was replicated during early S-phase; (2) LINE-1, which is associated with AT-rich genomic regions, was
replicated throughout S-phase, with the majority being replicated according to their particular histone marks; (3)
satellite Ill, which constitutes pericentromeric heterochromatin, was replicated exclusively during the mid-to-late
S-phase. As for the DNA double-strand break repair process, we observed that Alu elements followed the global
genome repair kinetics, while LINE-1 elements repaired at a slower rate. Finally, satellite lll repeats were repaired at

Conclusions: We conclude that the histone modifications in the specific repeat element predominantly determine
its replication and repair timing. Thus, Alu elements, which are characterized by euchromatic chromatin features, are
repaired and replicated the earliest, followed by LINE-1 elements, including more variegated eu/heterochromatic
features and, lastly, satellite tandem repeats, which are homogeneously characterized by heterochromatic features
and extend over megabase-long genomic regions. Altogether, this work reemphasizes the need for complementary
approaches to achieve an integrated and comprehensive investigation of genomic processes.

Keywords: Alu, ChiP-Seq, DNA repair, DNA repetitive elements, DNA replication, Genome-wide analysis, Immuno-

Background

Preservation of genome integrity by complete, error-free
DNA duplication prior to cell division and by correct
DNA damage repair is paramount for the development
and maintenance of an organism. This holds true not
only for the protein-encoding genes, but also applies for

*Correspondence: cardoso@bio.tu-darmstadt.de

*Francesco Natale, Annina Scholl, Alexander Rapp: Co-first authors.
! Department of Biology, Technische Universitat Darmstadt,

64287 Darmstadt, Germany

Full list of author information is available at the end of the article

the repetitive DNA elements [1]. More than half of the
human genome is made up of repetitive DNA elements.
This fraction is remarkably large when compared to
the~1.2% protein coding DNA [2]. In mouse, the pro-
portion is similar, with repetitive DNA elements and
coding regions making up to 40% and 1.4% of the murine
genome, respectively [3].

Long interspersed nuclear elements (LINEs), short
interspersed nuclear elements (SINEs) and LTR ret-
rotransposons are transposable DNA elements. These
elements insert into new genomic locations by reverse
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transcription of an RNA intermediate. LINEs are found
in all vertebrate species. The LINE-1 (L1) family of trans-
posable elements represents the only group of autono-
mous non-LTR retrotransposons in the human genome
[4]. Functional L1 elements encode a consensus sequence
of about 6 kbp, including two open reading frames encod-
ing for proteins that are necessary for the retrotransposi-
tion [5-8]. L1 retrotransposition requires transcription of
L1 RNA, its transport to the cytoplasm, and translation
of its two open reading frames. Both L1-encoded proteins
(ORF1p and ORF2p) are thought to preferentially associ-
ate with their own encoding RNA and form a ribonucleo-
protein complex, which is a proposed retrotransposition
intermediate [9]. The latter must then access the nucleus,
where the L1 endonuclease cleaves the genomic DNA at
a degenerate consensus sequence. The resulting free 3’
hydroxyl residue is subsequently used by the L1 reverse
transcriptase as a primer to copy the L1 sequence in situ.
Such process is termed “target-primed reverse transcrip-
tion” [10]. Finally, the resulting L1 cDNA is joined to the
target DNA. L1 elements alone make up about 17% of the
human genome, and they are preferentially found at AT-
rich and gene poor regions, corresponding to G-bands
and DAPI-bright bands of metaphase chromosomes
[2, 11]. However, the vast majority (>99%) of L1s are,
on average, 1400 bp long and inactive because of point
mutations, truncations and other rearrangements; it is
estimated that the average diploid human genome con-
tains about 100 retrotransposition-competent L1s [10].
Alu repetitive DNA elements are among the most
abundant SINEs. They are about 280 bp long and are
specific to primates. Similar SINEs can be found in other
organisms, like B1 elements in rodents [12]. Alu elements
do not encode proteins but contain a RNA polymer-
ase III promoter [2], and it was demonstrated that they
use Ll-encoded proteins for their retrotransposition in
trans [13, 14]. There exist more than 10° Alu elements in
the human genome covering approximately 11% of the
genomic DNA, and they are preferentially distributed
in gene-rich genomic regions corresponding to R-bands
in metaphase chromosomes [11]. Therefore, based on
their genomic distribution, L1 and Alu elements repre-
sent chromatin compartments with opposing features.
Furthermore, L1 and, potentially, Alu activity represents
a potential threat for the integrity and stability of the
genome, in both dividing and nondividing cells. By direct
insertion of the transposable element into or close to a
gene, L1 might interfere with gene activity, disrupting
exons or influencing splicing [4]. Furthermore, because of
their abundance, their sequences may be used in homolo-
gous recombination (HR) in a non-allelic fashion, leading
to insertions or deletions in the damaged region [15, 16].
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Indeed, insertions of L1 elements have been reported in
tumor suppressor genes in several cancer types [17-19].

Satellite DNA elements consist of very large arrays of
tandemly repeating, non-coding DNA. They are the main
component of functional centromeres and form the main
component of constitutive heterochromatin. Human
satellite III and murine major satellite are examples of
pericentromeric heterochromatin, while human alpha
satellite and mouse minor satellite can be found in cen-
tromeres [20—24]. Mouse major satellite reaches up to
8 Mbp and is made up of 234 bp-long AT-rich units. It
is found in pericentromeric regions of all chromosomes,
except for the Y chromosome. In interphase nuclei, major
satellite DNA can be found at bright DAPI-stained DNA
regions. The latter consist of clusters of heterochromatic
regions from several chromosomes and are known as
“chromocenters” [3, 20]. Human satellite III consists of
a 5-bp-long unit and its presence was shown in seven
autosomes (chromosomes 1, 9, 13, 14, 15, 21 and 22)
and the Y chromosome [21]. Despite their epigenetic
state, pericentromeric satellites (e.g., satellite III) have
been shown to be transcriptionally active in response of
various stressors (UV-C, genotoxic chemicals, osmotic
imbalance, oxidative stress and hypoxia). Transcription
of these elements not only can stabilize pericentromeric
regions, but also it can promote recovery from stress by
activating alternative splicing and, thus, modulating criti-
cal stress response genes [25—-27]. Finally, a large number
of repetitive DNA elements can exist in at least two con-
formations: a right-handed B form (the most abundant)
with canonical Watson—Crick base pairing and non-B
conformations, possibly transiently formed at specific
sequence motifs. The latter may arise from supercoil den-
sity, partly generated by transcription or protein binding,
and are involved in genome susceptibility to DNA dam-
age [28].

Overall, the DNA duplication and repair of repeti-
tive DNA elements before cell division are paramount
to genome integrity. However, the spatio-temporal
organization of DNA duplication and repair of repeti-
tive elements is yet to be fully elucidated. In this study,
we investigated the DNA replication timing and DNA
double-strand break repair kinetics of different repetitive
DNA elements. We integrated publicly available genomic
data (ChIP-Seq, Repli-Seq and other repetitive and non-B
DNA sequences) with a combined immunofluorescence
in situ hybridization (FISH) analysis to visualize DNA
replication or DNA damage response (DDR) sites in the
context of repetitive DNA elements. Our results reem-
phasize the need for complementary approaches to
achieve an integrated and comprehensive investigation of
any genomic process.
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Results

Genome-wide replication timing of repetitive DNA
elements correlates with GC content, gene density

and chromatin state

First, we asked whether the replication timing of repeti-
tive DNA elements may depend on the genomic distribu-
tion and, thus, the chromatin state of such elements. To
characterize such relation, we retrieved publicly available
genomic data of 12 different human repetitive elements,
covering all different types: direct, inverted, mirror, tan-
dem (microsatellite/SSRs), low complexity (AT and GC)
and interspersed elements. The latter were dissected fur-
ther into SINEs (Alu and MIR), LINEs (L1 and L2) and
LTR/DNA transposons (MER) without further subdivi-
sion into subfamilies (Table 1; [29, 30]). These classifica-
tions utilize the reference genome assembly and are not
ploidy-adjusted.

DNA sequence composition is one of the genomic
features dictating the distribution of repetitive DNA
elements in the genome. Hence, we started with com-
puting the abundance of the 12 different repetitive DNA
elements (i.e., their number) in 10 kbp genomic inter-
vals, which is the genomic resolution we adopted in this
study (example tracks are given in Additional file 1: Fig.
S1). Then, we calculated the genome-wide Spearman’s
rho correlation coefficient between each repetitive DNA
element abundance and different GC (or AT) content.
Alu, GC low complexity, MIR and, to a minor extent,
direct repeats were positively correlated with GC con-
tent, whereas AT low complexity and L1 were negatively
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correlated to GC content (Fig. 1a, left column). Repeti-
tive DNA elements showing positive correlation with
GC content also showed a gradually decreasing correla-
tion (or an anti-correlation) with decreasing GC content
(Fig. 1a). The inverted case was observed for those repeti-
tive DNA elements showing a negative correlation with
GC content, instead. Little to no correlation with GC
content was observed for microsatellites/SSRs and mir-
ror repeats (Fig. 1a).

Next, we investigated the relation between the above-
mentioned repetitive elements and diverse histone
modifications retrieved from publicly available data-
bases (HeLa S3 cells, [ENCODE tier 2]). We computed
the genome-wide Spearman’s rho correlation coefficient
between each DNA repetitive element and each given
histone modification. Repetitive DNA elements scor-
ing an (anti-)correlation with GC content also scored
a strong (anti-)correlation with the majority of the his-
tone modifications we tested. For example, Alu elements
were abundant on genomic locations whose chromatin
was decorated by typical active promoter (H3K4me3/2,
H3K9ac, H3K27ac) or gene body (H3K36me3,
H3K79me2) modifications. Conversely, Alu elements
were scarce on genomic regions whose chromatin was
marked by H3K9me3 (Fig. 1b). Overall, Alu abundance
positively correlated with genic regions (Fig. 1b, right
column). L1 elements showed the opposite behavior with
an anti-correlation to most euchromatic marks and genic
elements and a weak positive correlation to H3K9me3.

Table 1 Overview of human repetitive and non-B DNA elements

DNA sequence element

Type of sequence

Data source [29, 30]

Alu sequence Short interspersed nuclear element RepeatMasker
MIR Short interspersed nuclear element RepeatMasker
LINE1 Long interspersed nuclear element RepeatMasker
LINE2 Long interspersed nuclear element RepeatMasker
MER LTRs/DNA transposons RepeatMasker
AT low complexity repeats RepeatMasker
GC low complexity repeats RepeatMasker
Simple sequence repeats (SSRs) Tandem repeats RepeatMasker
G-Quadruplex forming repeats non-B DNA structure RepeatMasker

Z-DNA motif
Inverted repeats
Cruciform motif
Direct repeats
Slipped motif
Mirror repeats
Triplex motif
A-Phased motif
Microsatellite

non-B DNA structure
Repetitive DNA element
non-B DNA structure
Repetitive DNA element
non-B DNA structure
Repetitive DNA element
non-B DNA structure
non-B DNA structure
Tandem repeats

Non-B DataBase
Non-B DataBase
Non-B DataBase
Non-B DataBase
Non-B DataBase
Non-B DataBase
Non-B DataBase
Non-B DataBase
RepeatMasker
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This observation may have implications in the DDR and
is discussed below.

Finally, we correlated the abundance of the above-men-
tioned repetitive DNA elements with the stages of the
S-phase of the cell cycle obtained by publicly available
Repli-Seq experiments from HeLa S3 cells (ENCODE,
tier 2) [31]. The Spearman’s correlation coefficient com-
puted between Repli-Seq data and the above-mentioned
repetitive DNA elements indicated that Alu elements
were abundant on chromatin regions whose DNA was
duplicated in the early G1b and S1 stages, but poorly rep-
resented in those regions duplicated in the S3, S4 and G2
late stages (Fig. 1c). Interestingly, despite showing a nega-
tive correlation with transcription-permissive histone
modifications, L1 showed little to no correlation to any
S-phase replication substage with L1 DNA being dupli-
cated throughout S-phase with only a slight increase in
mid and late S-phase (Fig. 1c).

We then asked whether the chromatin landscape
played a role in the DNA replication of L1 elements and,
specifically, in genomic regions where L1 elements are
abundant. To this end, we segmented the genome into
L1-rich (containing more than 10 L1 elements per 10
kpb interval) and L1-poor (no L1 elements), and then we
computed the correlation coefficients between histone
marks and replication substages. All transcription-per-
missive histone modifications showed a positive corre-
lation with early S-phase (G1b and S1), independent of
the abundance of L1 elements (Fig. 1d). This indicates
that chromatin regions decorated with transcription-
permissive marks were replicated during the early stage
of S-phase. For these regions, we observed a transition
phase during the mid-stage of S-phase, wherein the
positive correlation shifted toward a negative correla-
tion (Fig. 1d, S2 and S3), the latter persisting through the
late substages of S-phase (Fig. 1d, S3 and S4). Hetero-
chromatin-associated histone modifications (H3K27me3
and H3K9me3) showed a marked difference between
L1-poor and Ll-rich genomic regions, instead. Specifi-
cally, the latter presented reduced correlations through-
out the cell cycle, suggesting an independent DNA
replication mechanism throughout S-phase, once DNA
replication commenced. Genomic regions devoid of L1
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elements presented a pattern similar to that we observed
for the whole genome, with H3K27me3/H3K9me3-deco-
rated chromatin being replicated in the late stage of the
S-phase.

To test the generality of our observations, we analyzed
two additional cell lines: the lymphoblastoid GM12878
cells and the hepatocellular carcinoma HepG2. Similar to
our observations in HeLa cells, an identical temporal pat-
tern was observed for transcription-permissive histone
modifications (Additional file 1: Fig. S2). Heterochroma-
tin-associated histone modifications presented marked
cell-specific differences, instead. Specifically, HepG2 cells
presented a late replication of H3K9me3-decorated chro-
matin (Additional file 1: Fig. S2c). The latter was repli-
cated much earlier in GM 12878 cells, instead (Additional
file 1: Fig. S2b). Further, L1 abundance seemed to have a
cell-specific impact on the correlation between hetero-
chromatin-associated histone modifications and repli-
cation timing: while we observed a difference between
L1-poor and L1-rich genomic regions in GM12878 cells,
no difference was observed in HepG2 cells. For the for-
mer, it was the absence of L1 elements that led to a
decrease in the correlation coefficient throughout the
S-substages.

Taken together, these observations reveal that the his-
tone modifications predominantly dictate the replication
timing. Yet, the presence of L1 elements—and possibly
their transcriptional context—locally perturbs the repli-
cation program.

FISH-based replication timing assessment of interspersed
and tandem repeats

Despite their high throughput and the high attainable
read depth, it proves challenging to quantitatively assess
highly repetitive DNA regions such as (peri-)centromeric
chromatin by next-generation sequencing approaches.
Sequences at the boundary of a given highly repetitive
DNA region can be mapped by utilizing the non-repeti-
tive (and, thus, mappable) adjacent sequences. However,
peri- and centromeric regions, covering up to 15% of the
genome, are harder to be probed by sequencing methods,
especially for quantitative analyses. Therefore, to assess
the DNA duplication prior to cell division of (peri-)

(See figure on next page.)

regions

Fig. 1 Genomic features of repetitive DNA elements. Spearman’s rho correlation matrix. The number of each repetitive DNA element copies, or the
amount of a given genomic feature is counted in each 10 kb genomic interval. The correlation coefficient is calculated for comparison of repetitive
DNA elements with GC content (a), histone modifications (from Hela, ENCODE tier 2) or genic regions (b) and replication timing from Repli-Seq
data (Hela, ENCODE tier 2) [31] (c). Data are from >290,000 genomic intervals. For each correlation, P<2.2 x 1070, In a, Topo(...): from left to

right, topoisomerase | consensus sequences at decreasing GC content. Highlighted Alu and L1 repetitive elements are arbitrarily chosen to define
chromatin compartments with opposing chromatin features, and are further investigated in FISH experiments. d Correlation matrix of histone
modifications and replication timing in Hela cells, for L1-rich (> 10 counts per genomic interval) L1-poor (> 1 count per genomic element) genomic
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centromeric chromatin, we established an immuno-
FISH-based method. Together with (peri-)centromeric
chromatin, we also probed Alu and L1 repetitive DNA
elements, as they recapitulate chromatin compartments
with opposing functional features (e.g., euchromatin
versus heterochromatin) (Fig. 1b). Specifically, we inves-
tigated whether the repetitive DNA elements showed
a temporal replication similar to that of the chroma-
tin compartment they are mainly associated with. To
address this question, we combined FISH, with probes
for the repetitive DNA elements, with the detection of
incorporated thymidine analogues to dissect the S-phase
stages. Different chromatin types are replicated at differ-
ent stages of the S-phase, which are identifiable by their
spatial patterns [32]. Thus, we incubated unsynchronized
HeLa (and C2C12) cells with 10 uM EdU for 15 min to
label the replicating DNA, and then probed Alu, L1 and
satellite III (and major satellite) elements with specific
DNA probes.

First, we validated the specificity of the hybridization
probes on mitotic chromosomes. As mentioned before,
Alu elements are predominantly found in GC-rich
regions and, thus, R-bands, whereas L1 are more abun-
dant in GC-poor regions (or AT-rich). To counterstain
the DNA, we employed DAPI, which preferentially binds
to AT-rich DNA sequences. We simultaneously hybrid-
ized a biotin-labeled Alu probe and a digoxigenin labeled
L1 probe on HeLa metaphases. Alu and L1 were indeed
found to negatively correlate in color line profiles and
Pearson’s correlation analysis showed anti-correlation of
Alu and L1 with a p value of —0.23 (Additional file 1: Fig.
S3a). In addition, we probed human satellite III DNA,
which forms constitutive heterochromatin with a probe
specific for satellite III sequences found on chromosome
1. According to previous spectral karyotype analysis of
HeLa cells [33], about four copies of satellite III per cell
are expected. We observed more than four hybridization
signals, indicating that other satellite III (or satellite II)
sequences (most likely on chromosomes 9 and 16) were
probed under our experimental conditions (Additional
file 1: Fig. S3a). As a control, we also probed murine
major satellite DNA in C2C12 myoblast cells. Each telo-
centric mouse chromosome possesses a major satellite
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DNA sequence, which was efficiently labeled by the
probe (Additional file 1: Fig. S3a).

To investigate the replication timing of the above-men-
tioned repetitive elements in interphase, we measured
the degree of colocalization by means of the H coeffi-
cient (H,oemicient) @S Well as the Pearson’s correlation coef-
ficient (p) [34]. The greater the H ,cgicient iS (> 1), the more
the two signals colocalize. H_, gicien: Values lower than 1
indicates the two signals are randomly distributed. For
example, L1 FISH signal (AT-rich) was more correlated
with the DAPI signal than Alu FISH signal in interphase
nuclei, and, thus, it showed a greater H_, gicien: (Addi-
tional file 1: Fig. S3b). The Pearson’s coefficient ranges
between —1 (anti-correlated signals) to +1 (correlated
signals).

The EdU pulse labeling allowed us to identify three dif-
ferent substages of the S-phase [35]: the early S-phase
presented nuclear EdU foci distributed throughout the
nuclear interior; the mid S-phase mainly showed foci
at the peri-nuclear and peri-nucleolar regions; the late
S-phase exhibited distinct nuclear spots corresponding
to highly compacted chromatin (i.e., heterochromatin) in
HeLa cells (Fig. 2a). We validated the S-phase classifica-
tion using fluorescence staining of incorporated EdU by
measuring the total genomic DNA content of the staged
cells and comparing with the DNA content of the EAU
negative cells in the population. The latter were further
subdivided into G1 and G2 based on their nuclear vol-
ume and DAPI content. We observed a steadily increase
in the DNA content of the S-phase staged cells from
early via mid-to-late S-phase cells, with all three popula-
tions exhibiting a larger DNA content than G1 cells and a
smaller compared to G2 cells (Additional file 1: Fig. S3c).
After probe hybridization, cells were imaged, decon-
volved and staged according to their S-phase pattern. To
measure the colocalization of the EAU and FISH signals,
first a nuclear mask was generated based on the DAPI
(DNA) channel. Then, to remove background signal, a
local mean filter was applied to the channels to be com-
pared. Finally, the Pearson’s and H_,.gien: Were calculated
for each z-plane (Additional file 1: Fig. S4a).

Similar to the genomic data, Alu DNA duplication
prior to cell division was strongly associated to the early
substage of the S-phase and anti-correlated to the late

(See figure on next page.)

Fig. 2 Replication timing of repetitive DNA elements analyzed by FISH and S-phase substages classification. a Schematics of the experiment.
Hela cells were pulse-labeled with EdU for 15 min to allow the classification of different substages of the S-phase of the cell cycle (early, mid and
late). Cells are then fixed, the probe is hybridized and microscopy is performed. b (left) Representative confocal and deconvolved micrographs
of Hela cells depicting the DAPI, Alu elements and EdU as inverted gray channels, at the three different S-phase substages. Merge is shown in
pseudo-colors. Scale bar: 5 um. (right) Colocalization analysis of FISH and EdU signal at the three different S-phase substages via H yefricent aNd
Pearson’s correlation coefficient as indicated. Error bars show the standard error of the mean. Data are from three independent experiments. n
combined total number of cells analyzed. sd standard deviation. ¢, d Represent the same as in b for L1 and satellite Ill, respectively
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S-phase (Fig. 2b). L1 DNA replication was associated
with all the substages of the S-phase (Fig. 2¢). Satellite III
DNA duplication showed weak anti-correlation with the
early S-phase and strong positive correlation with mid
and late S-phase, instead (Fig. 2d). We obtained simi-
lar results when we probed the major satellite elements
in C2C12 mouse cells, whereby the highest colocaliza-
tion was detected during late S-phase (Additional file 1:
Fig. S5; [36]). Both, H and Pearson’s, coefficients showed
similar outcomes. Overall, we observed an euchroma-
tin-to-heterochromatin temporal trend, which can be
recapitulated by Alu/L1 and satellite III elements. The
outcome of the immuno-FISH analysis strongly supports
the genomic data on Alu replication kinetics and, to a
lesser extent, also the L1 element genomic data, which
we demonstrated to be associated with early and late
replicating loci in the genome and be rather dictated by
the chromatin modifications they are embedded in. In
addition, it extends the investigation to satellites, thus
highlighting the importance of performing such com-
bined analysis integrating the benefits of both sequencing
and hybridization methodologies to achieve a complete
genomic coverage.

Repair of repetitive DNA elements follows

an euchromatin-to-heterochromatin spatio-temporal
trend

DNA replication is one of the major causes of endog-
enous DNA double-strand breaks (DSBs) at collapsed
replication forks. Repair and resolution of these lesions is
paramount for an error-free cell division. Because DNA
replication is temporally and spatially organized [32,
37], we next investigated whether the DNA repair of the
above-mentioned repetitive DNA elements followed the
same trend we observed for the replication.

To evaluate the cellular DNA damage response (DDR)
after exposure to ionizing radiation (IR), we assessed the
genomic distribution of histone H2AX phosphorylation
(YH2AX) by ChIP-Seq at early (0.5 h), mid (3 h) and late
(24 h) time points in HeLa cells. Similarly to the analy-
sis of the previously described histone modifications, we
computed YH2AX abundance in 10 kbp genomic inter-
vals. Then, we calculated the Spearman’s correlation
coefficient between yH2AX abundance and the number
of the above-mentioned repetitive DNA elements per
genomic interval. The outcome of this analysis indicated
that yH2AX was enriched within genomic sequences in
which Alu, GC low complexity repeats and direct repeats
were abundant (Fig. 3a) at early time points after irradia-
tion. Conversely, AT low complexity repeats and L1 ele-
ments presented a lower yH2AX signal (Fig. 3a). This
trend was inverted at 24 h post-IR for most of the probed
repetitive elements. Also, the abundance of the substrate
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histone (H2AX) was not relevant for the outcome of the
analysis, as only minor differences were observed by
comparing input DNA-normalized and H2AX-normal-
ized data (Additional file 1: Fig. S6). Sample genomic
loci with tracks showing the repetitive elements and
the yH2AX density over the time of the DNA damage
response are shown in Additional file 1: Fig. S7.

A large number of repetitive DNA elements can exist
in at least two conformations: B and non-B forms. These
structures—especially the latter—are involved in genome
susceptibility to DNA damage [28]. To investigate which
non-B DNA structure was more likely to be formed by
a given repetitive DNA element, we first retrieved the
genomic distribution of six non-B DNA motifs (cru-
ciform, slipped, triplex, G-quadruplex, Z-DNA and
A-phased) from “non-B DB” (https://nonb-abcc.ncifc
rf.gov/)—a database for integrated annotation and analy-
sis of non-B DNA forming motifs—and, next, we com-
puted the number of such structures in 10 kbp genomic
intervals. Then, we calculated the Spearman’s correla-
tion coefficient between the non-B forms and the previ-
ously investigated repetitive DNA elements (Additional
file 1: Fig. S8). Microsatellites were strongly associated
with Z-DNA and slipped motifs, while inverted repeats
showed no correlation with triplex and Z-DNA motifs,
but were highly correlated with cruciform motifs (Addi-
tional file 1: Fig. S8).

Interestingly, A-phased motifs—formed at A-rich
tracts and involved in helix bending and transcription
regulation [38, 39]—showed a complex relation with
interspersed repetitive DNA elements: Alu and L1 ele-
ments were positively correlated with A-phased motifs,
yet their respective cognates, MIR and L2, showed a neg-
ative correlation (Additional file 1: Fig S8).

Next, we correlated the abundance of yH2AX with the
retrieved non-B DNA motifs, over time. In the absence
of IR, the endogenous yH2AX signal was slightly corre-
lated with G-quadruplex motifs (Fig. 3b). The latter pre-
sented the highest yH2AX levels directly after irradiation
(Fig. 3b). Cruciform motifs, which are mainly formed
by inverted and direct repeats and are associated with
H3K9me3, presented low yH2AX signal, compared to
G-quadruplex. Slipped motifs, which are also found in
inverted repeats-rich genomic regions, presented no cor-
relation with yH2AX, instead. This divergent behavior
highlights the complexity of the genomic compartmen-
talization and collocates slipped motifs in regions of
chromatin responding to DNA DSB signaling at earlier
stages of DDR.

We observed yet another divergent behavior pertaining
to the Alu and L1 elements. Both elements are positively
associated to A-phased motifs, yet the latter are nega-
tively correlated with yH2AX (Fig. 3b). This observation
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Fig. 3 Genome-wide DNA repair kinetics of non-B and repetitive DNA elements. a Spearman’s rho correlation matrix between repetitive a and
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c (top) Pie-charts showing the distribution of read counts for Alu, LINEs, satellites and LTR repetitive DNA elements, before and after (0.5, 3 and
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given repetitive element and at a given time point was normalized over the corresponding number of reads before IR (for details see Materials and
methods section). The respective GC content of the repeat is indicated (whole human genome GC content is 43%)

Spearman’s rho
0.4

may underline a specific regulation of DDR in A-phased-
rich regions.

To measure the total yH2AX signal mapped to Alu,
LINEs, satellites and LTRs repetitive elements in an unbi-
ased fashion, we made use of the raw sequence data, as
these elements are not filtered for unique mappability.
First, we mapped the quality-filtered raw reads to the cor-
responding repetitive elements as annotated in Repeat-
Masker. Then, the number of reads in each class was
normalized to the total number of repetitive elements
reads, containing only signatures of a single repetitive

element type, so that the resulting fraction represents the
genome-wide yH2AX coverage in a given repetitive ele-
ment, which we deemed “metarepetitive element.” The
analysis of the metarepetitive elements revealed that
the Alu signature increased by about 7% at 0.5 h post-IR
(47%), with a concomitant decrease in the LINEs (—4%)
and satellites (—5%) signatures, compared to the unir-
radiated control (Fig. 3c). Conversely, 24 h post-IR the
Alu signature decreased to 31%, whereas the satellites
signature increased from 15 to 29% (compared to 0.5 h
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post-IR). The read counts containing LTR signature
mainly remained unvaried (Fig. 3c).

FISH-based repair timing assessment of interspersed

and tandem repeats

We, then, investigated the DDR in repetitive elements
by means of immuno-FISH, as we did for replication.
Because H2AX distribution can affect, per se, the spread-
ing of YH2AX, we first performed a correlation analysis
between the H2AX histone distribution and the Alu, L1
or satellite III DNA repetitive elements using the H_. .
fcient and the Pearson’s coefficient. HeLa cells were fixed
and immunostained for H2AX, and then incubated with
Alu/L1/satellite III probes for the hybridization. The
analysis was then performed as previously described
(Additional file 1: Fig. S4b). While Alu and L1 showed a
clear positive correlation with H2AX histone distribu-
tion, satellite III signal showed no correlation with H2AX
distribution (Additional file 1: Fig. S9). This is in line with
the outcome of the genomic data.

Next, we investigated yH2AX response and its associa-
tion with Alu, L1 or satellite IIl DNA repetitive elements.
The cells were irradiated with 2 Gy X-rays and incubated
for 0.5, 3 or 24 h post-IR, to recapitulate the early, mid
and late stages of DDR (Fig. 4a). Cells were fixed at the
indicated times and immunostained for yH2AX followed
by hybridization with Alu/L1/satellite III probes. The
analysis was performed as previously described, with the
exception that the first image mask was built from the
YH2AX signal (Additional file 1: Fig. S2b). This allowed
us to directly compare the repetitive element and the
YH2AX fluorescent signals. The focal yH2AX pattern was
segmented, and the fraction of each repetitive element
within the segmented YH2AX space was calculated for all
time points. This was done by taking the sum of repetitive
element intensity values within the segmented YH2AX
focal structures divided by the total nuclear intensity of
the repetitive element. Data were further normalized to
the median of the 0.5 h time point to represent the fold
change in the damaged regions and in view of the strong
differences in YH2AX levels at the different time points.
In the absence of IR, YH2AX signal was low and not suf-
ficient to efficiently run the analysis, and, therefore, it was
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omitted. Images of unirradiated cells are shown in Addi-
tional file 1: Fig. S10.

The highest fraction of damaged DNA is expected at
0.5 h post-IR, with a decrease over the time, as the dam-
age is repaired and YH2AX signature is removed. This
behavior was observed for all the repetitive elements
investigated. The total fraction of Alu or L1 in YH2AX
foci was highest upon exposure to IR (0.5 h) (Fig. 4b, c)
and decreased to about 50% at 3 h post-IR. 24 h post-IR,
the repetitive element fraction in YH2AX foci was about
14-39% of the original (0.5 h post-IR) (Fig. 4b, c). For sat-
ellite III DNA, we observed a delayed kinetics, whereby
the fraction at 3 and 24 h post-IR was about 65% and 23%,
respectively (Fig. 4d, filled boxes). Because satellite DNA
elements present a focal structure, we also segmented
the satellite regions and determined the fraction of total
YH2AX signal within the segmented regions (Fig. 4d,
empty boxes). As Alu and L1 spread over the whole
genome/nucleus and thus do not allow efficient segmen-
tation, this reciprocal analysis was not performed. In sat-
ellites, the fraction of yH2AX remained unvaried up to
3 h post-IR and decreased to 55% at 24 h. Visual inspec-
tion of the images revealed that in many cells, the satellite
III regions contain only a few yH2AX foci (with partial
overlap due to DNA decondensation) or, vice versa, the
majority of YH2AX foci contained only a few satellite III
regions with partial overlap. We obtained similar results
when we probed the major satellite in C2C12 mouse cells
(Additional file 1: Fig. S11a, b).

Discussion
Taken together, repetitive elements appear to be well
integrated into chromatin and are preserved by DNA
replication and repair processes with the same fidelity
as the rest of the genome. All three repetitive elements
examined by immuno-FISH follow the general trend of
early replication and repair of euchromatin and later rep-
lication and repair of heterochromatin. Such observation
is consistent with the trend that euchromatin is repaired
faster than heterochromatin [40].

Previous studies employing genome-wide approaches
showed a correlation between early replicating regions
and enrichment for the interspersed Alu elements, while

(See figure on next page.)

segmented satellite lll regions

Fig. 4 DNA repair kinetics of repetitive DNA elements assessed by FISH. a Schematics of the experiment. Hela cells were sham-irradiated or
irradiated with 2 Gy X-rays and incubated for 0.5, 3 and 24 h. yH2AX immunofluorescence and probe hybridization were performed before confocal
micrographs acquisition and deconvolution. b (left) Representative confocal micrographs of Hel a cells depicting the DAPI, Alu elements and EdU
as inverted gray channels, at the three time points post-IR. Merge is shown in pseudo-colors. Scale bar: 5 um. (right) Relative change of Alu fraction
in YH2AX foci. Data are normalized to the median of the 0.5 h time point. Boxes represent median, 2nd and 3rd quartile. Whiskers indicate three
times the interquartile distance. Data are from three independent experiments. n combined total number of cells analyzed. sd standard deviation.
¢, d Represent the same as in b for LINE1 and satellite Ill, respectively. In d, the empty boxes represent the relative change of yH2AX intensity in
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mid and late replicating regions were enriched in L1 [41].
Our combined genomics and immuno-FISH analyses
further refines this conclusion in that L1 elements are
found to be enriched from early throughout mid S-phase
and, to a lesser degree, late S-phase. Recent findings indi-
cate that L1 elements can modulate replication timing of
mammalian chromosomes [42]. In fact, we also find that
the presence of L1 elements—and possibly their tran-
scriptional context—perturbs the replication program.
Furthermore, we extended the analysis to tandem satel-
lite repeats and showed that they are replicated in mid-
to-late S-phase. The megabase-long tandem satellite
repeats have been shown to contain replication initiation
sites allowing their replication, which would be challeng-
ing from single forks emanating from the flanking non-
repeated DNA regions [43]. As late replicating/repairing
(peri-)centromeric genomic regions are rich in tandem
repeats (in the order of hundreds of kilobases), these are
not well represented in genome-wide studies. This may
lead to a general lack of information on this last stage of
the replication/repair processes and, thus, mislabeling
as late replicating/repairing regions that are instead mid
replicating/repairing. Therefore, immuno-FISH data and
genome-wide studies complement each other.

Inverted repeats may form stem-loop structures that
are often acknowledged to mediate genome instability
through excision of the repeat-associated regions [44].
The same is the case for tandem repeats from satellites,
where this chromatin mark and condensed structure has
been proposed to play a role in avoiding spurious recom-
bination events as discussed below.

We found that tandem repeats diverged from the global
genome repair kinetics and were not repaired until late
time points and were replicated in late S-phase. The
minor overlap of YH2AX with pericentromeric satellite
DNA raised the question if the non-canonical histone
H2AX is at all located at these regions. Our correlation
analysis indicated that the H2AX signal was not corre-
lated with satellite III, leaving the question open. None-
theless, previous studies showed how yH2AX signal was
“bent” around the heterochromatic regions in human and
mouse cells upon irradiation with accelerated charged
particles [45], thus relocating the chromatin outside
of the original lesion site, toward the interface between
heterochromatin and euchromatin. This may explain
the low colocalization of YH2AX and satellite DNA sig-
nals observed under our experimental conditions. Due to
their abundance, satellites may be erroneously utilized as
repair templates during homologous recombination. The
relocation of the damaged DNA outside of condensed
heterochromatin has been proposed to avoid the utiliza-
tion of the wrong chromosome as a template [46].
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Altogether, the present study reemphasizes the need
for complementary approaches (such as ChIP-Seq and
immuno-FISH) to achieve an integrated and comprehen-
sive investigation of any genomic processes.

Conclusions

The aim of this work was to gain insight into how chro-
matin and its structural organization influences the
genome maintenance processes of DNA replication and
repair of repetitive elements. We employed an immuno-
FISH approach to simultaneously label replication/repair
and three different repetitive DNA elements. We were
able to show that (1) the euchromatic Alu element is rep-
licated during early S-phase; (2) L1, which is associated
with AT-rich genomic regions, is replicated through-
out S-phase, according to the repeat’s particular histone
marks; (3) satellite I1I, which constitutes pericentromeric
heterochromatin, is replicated exclusively at the mid-to-
late S-phase. These data are summarized in Fig. 5a, c. As
for the DNA repair process, we observe that Alu elements
are repaired similarly to the total DNA, as observed by
the concomitant decrease in the yH2AX signal in Alu
chromatin. Furthermore, this mirrors the global genome
repair kinetics (Fig. 5b white boxes). Differently, satel-
lite IIT and L1 elements showed slower repair kinetics, as
their yH2AX mark was retained longer (Fig. 5b, ¢). While
the YH2AX response in L1, Alu and satellite elements
follows the corresponding GC equivalent of the total
genome, this was not the case for LTR, indicating that
their yH2AX response may be further affected by other
factors.

Based on the repeat’s specific histone marks, we con-
clude that the histone modifications in the specific repeat
element predominantly determine its replication and
repair timing. Thus, Alu elements, which are character-
ized by euchromatic chromatin features, are repaired
and replicated the earliest, followed by LINE-1 elements,
including more variegated eu/heterochromatic features
and, lastly, satellite tandem repeats, which are homoge-
neously characterized by heterochromatic features and
extend over megabase-long genomic regions.

Methods

Cell culture and exposure to ionizing radiation

C2C12 mouse myoblasts (ATCC CRL-1772) and HeLa
cells (ATCC CCL-2) were grown at 37 °C and 5% CO,,
in Dulbecco’s modified Eagle’s medium supplemented
with 50 pg/mL gentamycin, 20 mM L-glutamine and 10
or 20% fetal calf serum for HeLa and C2C12, respectively.
For microscopy-based experiments, cells were grown on
glass coverslips. Irradiation was performed with an ISO-
VOLT Titan E X-ray machine (GE). Cells were exposed to
doses of 2-10 Gy (90 kV, 33.7 mA).
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Chromatin immunoprecipitation

HeLa cells were fixed with 1% formaldehyde for 10 min at
room temperature, and the crosslink was quenched with
125 mM glycine (5 min at room temperature). Nuclei
were isolated after mild lysis in hypotonic buffer (10 mM
HEPES pH 8, 1.5 mM MgCl,, 60 mM KCl) and 20 strokes
in a tight dounce homogenizer. Chromatin was sheared
in sonication buffer (0.5% SDS 10 mM EDTA, 50 mM
Tris—HCI pH 8.1). Fragmentation of chromatin was car-
ried out by ultrasound treatment (Bioruptor UCD200)
so that fragments of 200—300 bp length were obtained.
Chromatin from 1-2 x 10° cells was immunoprecipitated
with 3 pg mouse anti-yH2AX (Clone JBW301, Upstate)
or mouse anti-H2AX (Bethyl Laboratories, A300-83A)
antibody. Chromatin was then incubated overnight at
4 °C with protein G-coated magnetic beads (ChIP-IT
Express, Active Motif). The chromatin collected (ChIP
sample) was then reverse-crosslinked in the presence of
200 mM NacCl at 65 °C for at least five hours, followed
by RNase A (50 pg ml™!) treatment for 30 min at 37 °C
and proteinase K (100 pug ml™') treatment for 3 h at

50 °C. DNA elution was carried out in 1% SDS, 100 mM
NaHCO;, in a rotary shaker at room temperature for
15 min. Pure DNA was isolated using the Qiagen PCR
purification kit, and 15-30 ng of size-selected DNA frag-
ments (Qubit fluorometric quantification) were used to
produce ChIP-Seq libraries (Illumina ChIP-Seq DNA
sample Prep Kit). Input sample was essentially prepared
following the same protocol, but the immunoprecipita-
tion step was skipped.

Next-generation sequencing (NGS) and data analysis

YH2AX ChIP-Seq libraries were generated and pro-
cessed as described in [33]. The corresponding datasets
are from [33] and can be found at the Gene Expression
Omnibus database (GEO accession number: GSE60526).
Briefly, reads were mapped to the human genome (Uni-
versity of California, Santa Cruz (UCSC) hgl9 assembly,
based on the National Center for Biotechnology Infor-
mation (NCBI) build 37.1) by means of SOAP2 software
[47], allowing up to two mismatches for each 36 bp read.
Data for genomic features were retrieved from publicly
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available databases (UCSC/non-B DB) (Table 1). Acces-
sion numbers for histone modification ChIP-Seq data are
given in Table 2.

Data that were originally generated in the hgl8 assem-
bly were transposed to hgl9 using LiftOver (http://
genome.ucsc.edu/cgi-bin/hgLiftOver). Reads per kilo-
base per million reads (RPKM) [50] were calculated for
non-overlapping 10 kb genomic intervals for all sequence
tracks. Correlation with yH2AX, Repli-Seq data and
genomic features was performed by Spearman’s rho cor-
relation coefficient, with P<2.2 x 107¢ in all cases.

Since the majority of reads containing repetitive ele-
ments cannot be mapped uniquely, they are usually
underrepresented in NGS analysis. To measure the
total yH2AX signal mapped to Alu, LINEs, satellites and
LTRs repetitive elements in an unbiased fashion, first, we
mapped the quality filtered raw reads to human genome,

Table 2 ENCODE datasets used for histone modifications
and replication timing

Cell line Dataset Data source [48, 49]
Hela-S3 Repli-seq data GSM923449
Hela-S3 H3K4mel GSM798322
Hela-S3 H3K4me2 GSM733734
Hela-S3 H3K4me3 GSM73368
Hela-S3 H3K36me3 GSM733711
Hela-S3 H3K79me2 GSM733669
Hela-S3 H3K9ac GSM733756
Hela-S3 H3K27ac GSM733684
Hela-S3 H3K27me3 GSM733696
Hela-S3 H3K9me3 GSM1003480
GM12878 Repli-seq data GSM923451
GM12878 H3K4me1 GSM733772
GM12878 H3K4me2 GSM733769
GM12878 H3K4me3 GSM733708
GM12878 H3K36me3 GSM733679
GM12878 H3K79me2 GSM733736
GM12878 H3K%ac GSM733677
GM12878 H3K27ac GSM733771
GM12878 H3K27me3 GSM733758
GM12878 H3K9me3 GSM733664
HepG2 Repli-seq data GSM923446
HepG2 H3K4me1 GSM798321
HepG2 H3K4me2 GSM733693
HepG2 H3K4me3 GSM733737
HepG2 H3K36me3 GSM733685
HepG2 H3K79me2 GSM733641
HepG2 H3K9%ac GSM733638
HepG2 H3K27ac GSM733743
HepG2 H3K27me3 GSM733754
HepG2 H3K9me3 GSM1003519
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then the reads which uniquely mapped to the corre-
sponding repetitive elements as annotated in Repeat-
Masker were counted into the corresponding repetitive
elements. For the multiple mapped reads, if all mapped
genomic positions were annotated as the same class of
repetitive element, these reads were still counted into that
single repetitive element. If multiple mapped positions
were annotated as different type of repetitive elements,
these reads were discarded, instead. Finally, the number
of reads in each class was normalized to the total number
of repetitive elements reads, containing only signatures
of a single repetitive element type, so that the resulting
fraction represents the genome-wide YH2AX coverage
in a given repetitive element, which we deemed “metare-
petitive element” In ChIP-seq data analysis, which cov-
ers a minor proportion of the genome, the probability of
reading the same sequence twice is higher than in whole-
genome sequencing. Hence, de-duplication of PCR arti-
facts is less critical [51].

Probe generation for fluorescence in situ hybridization
(FISH)

Probes for Alu elements were generated by first amplify-
ing Alu elements from HeLa genomic DNA (gDNA) via
PCR using specific Alu primers (AluF: GGATTACAG
GYRTGAGCCA; AluR: RCCAYTGCACTCCAGCCT
G, [52]), followed by a labeling PCR with the same prim-
ers, biotin-labeled dUTP and the previous PCR product
(diluted 1:50 in ddH,0) as DNA template. The product of
the labeling PCR was then purified with QIAquick PCR
purification kit (Qiagen). Mouse major satellite (MaSat)
probes were generated by PCR using C2C12 gDNA and
specific MaSat primers (MaSatF: AAAATGAGAAAC
ATCCACTTG; MaSatR: CCATGATTTTCAGTTTTC
TT, [53]).

All PCRs and cycling conditions are listed in Tables 3
and 4.

Probes for L1 and for chromosome 1 specific satel-
lite III were generated by nick-translation of plasmids
containing the corresponding sequences: pLRE3-eGFP
([54] kind gift from John V. Moran) for LRE wild-type
L1 element and pUC 1.77 [55] for chromosome 1 sat-
ellite III. Both probes were labeled with biotin-labeled
dUTP via nick-translation. Conditions for nick-trans-
lation were as follows: 50 mM Tris—HCI pH 8, 5 mM
MgCl,, 0.5 mg/mL BSA, 10 mM beta-mercapto-eth-
anol, 0.04 mM dUTP-biotin or dUTP-digoxigenin,
0.05 mM dATP/dGTP/dCTP each, 0.32 U DNase
I (D5025, Sigma-Aldrich), 10 U Klenow fragment
(M0210, NEB), 1 pg plasmid DNA in a total volume of
100 pL. The reaction was incubated for 90 min at 15 °C
and stopped with 5 uL 0.5 M EDTA.
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Table 3 PCR conditions for the generation of FISH probes

PCRs Alu (template) Alu (labeling) MaSat

PCR buffer* 1 x 1% 1%

dATP/dGTP/dCTP 0.2 mM each 0.2 MM each 04 mM each

dTTP 02 mM 0.15mM -

dUTP-biotin - 0.05 mM 0.08 mM

primer F/R 1 UM each 1 UM each 0.2 UM each

Tag polymerase 1.5 L 1.5uL 1L

DNA template 100ng gDNA 1 L 1:50 PCR 100 ng gDNA
product

Final volume to 50 pL to 50 pL to 50 pL

*10x PCR buffer: 100 mM Tris-HCl pH 8.3, 500 mM KCl, 15 mM MgCl,

Table 4 PCR cycling conditions for the generation of FISH
probes

PCR cycling condition Alu MaSat

Initial denaturation 94 °C for 4 min 98 °C for 10 min
1. Denaturation 94 °Cfor 1 min 98 °C for 1 min
2. Annealing 57 °C/65 °Cfor 1 min* 56 °Cfor 1 min
3. Extension 72 °Cfor 3:30 min 72 °Cfor 2 min
No. of cycles steps 1.-3. 35 35

Final extension 72 °Cfor 10 min 72 °Cfor 5 min

*Temperature for template PCR/temperature for labeling PCR

All probes were sheared with a Covaris §220 (Cova-
ris Inc.) in microTUBEs (50-65 uL aliquots; 520,045,
Covaris Inc.) to a final size of ~ 250 bp. The amount of
probe required for FISH was then ethanol-precipitated
in the presence of sodium acetate, washed with 70%
ethanol, air-dried at room temperature, dissolved in
hybridization solution: (1) with formamide (50-70%
formamide, 2x SSC, 10% dextran sulfate, pH 7) for Alu
and LINE1 FISH on metaphase spreads; (2) without
formamide (10 mM Tris—HCIl, 3 mM MgCl,, 50 mM
KCI, 10 pg/mL gelatin, 2x SSC [56, 57] for satellite III
and MaSat FISH on metaphase spreads and for inter-
phase FISH. The amounts of probes were as follows:
250, 200 or 50 ng for L1, Alu and satellite III, respec-
tively. 5 uL PCR were used for MaSat. For all probes
(except the satellite III probe on interphase cells), 1 ug
fish sperm DNA was added. For metaphase or inter-
phase FISH, probes were dissolved in 30 and 15 pL
hybridization solution, respectively. Probes were then
denatured for five minutes at 80 °C.

Metaphase spreads preparation and FISH on metaphase
chromosomes

HeLa and C2C12 cells were treated with 0.1 pg/mL
colcemid for two hours. Cells were then harvested by
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trypsinization and first incubated for 20 min with 75 mM
KCl at room temperature. They were then fixed in drop-
wise added ice-cold methanol/acetic acid (3:1) for 30 min
on ice. The fixation step was repeated twice. For chromo-
some 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 met-
aphase FISH, the slides were rehydrated in ddH,O for
10 min, digested with 0.005% pepsin (165 U/mL, P6887,
Sigma-Aldrich) in 0.01 M HCI for 10 min at 37 °C, then
dehydrated in 70 and 100% ethanol for 5 min each.
Finally, the slides were air-dried overnight.

Equilibration of metaphase spreads was performed with
the respective hybridization solution (see above) at room
temperature for 30 min. The solution was removed, and
the probes were combined 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 at 37-42 °C overnight. Post-hybridization wash-
ing 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
the FISH probes detected with streptavidin Alexa Fluor
488 (S11223, Molecular Probes/Thermo Fisher Scientific,
1:800) or rabbit anti-digoxigenin (Cat#: 700772, Abfin-
ity, 1:500) and anti-rabbit IgG Cy5 (711-175-152, Jack-
son ImmunoResearch, 1:400) in 1% BSA/4 x SSC for
30 min. DNA counterstaining was performed with DAPI
(1 pg/mL) for 10 min and the coverslips were mounted in
Mowiol 4-88/2.5% DABCO.

Combination of replication staining (EdU Click reaction)

or immunofluorescence staining of yH2AX with FISH

Cells were pulse-labeled with 10 pM EdU for 15 min or
irradiated with 2 Gy X-rays. For replication staining, fixa-
tion with 3.7% formaldehyde/1 x PBS followed directly
after the pulse-labeling and for irradiated cells 0.5, 3 or
24 h post-IR. Cells were permeabilized and pre-dena-
tured with 0.5% Triton X-100 in 1x PBS for 15 min,
0.1 M HCl for 15 min and 0.5% Triton X-100/1 x PBS for
15 min.

EdU was detected with the EdU Click-594 ROTTI kit
(7776.1, Carl Roth), according to manufacturers’ instruc-
tions. The dye azide was used in a final dilution of 1:2000.

For immuno-staining of yH2AX, irradiated cells were
blocked with 1% BSA/1 x PBS for 30 min, incubated with
the primary antibody mouse anti-histone H2AX phos-
pho-Ser139 (clone JBW301, 05-636, Upstate/Millipore,
1:200) in 1% BSA/1 x PBS for 1 h and incubated with the
secondary antibody donkey anti-mouse I1gG Cy5 (715-
175-150, Jackson ImmunoResearch, 1:250) in 1% BSA in
1 x PBS for 1 h. Both stainings were post-fixed with 1%
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formaldehyde/1 x 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 five minutes and hybridized overnight at 42 °C.
Post-hybridization washing steps were done with 2 x
SSC and 0.1 x SSC at 42 °C. FISH probes were detected
with streptavidin Alexa Fluor 488 (S11223, Molecular
Probes/Thermo Fisher Scientific, 1:800) in BSA/4 x SSC
for 30 min. DNA counterstaining was performed with
DAPI (1 pg/mL) for 10 min and the coverslips mounted
in Mowiol 4-88/2.5% DABCO.

Microscopy

Confocal imaging was performed using a Perkin
Elmer VoX-1000 Spinning Disk microscope equipped
with a 60x/1.4 NA/oil CFI Apochromat TIRF objec-
tive, four laser lines (405, 488, 561 and 635 nm) and
a Hamamatsu EMCCD camera (C9100-50). The fol-
lowing filter sets were used: excitation: quad-bandpass
405/488/568/640 nm with the matching emission filters
for DAPI (445/30 nm), Alexa Fluor 488 (500-548 nm),
TRITC (526-623 nm) and Cy5 (664—750 nm). For higher
special resolution, images were acquired using a Leica
SP5 II laser scanning microscope using a 100 x 1.44 NA
HCX PL APO Objective with a pixel size of 86.6 nm and
a z-spacing of 125 nm for subsequent deconvolution.
For imaging the 405, 488, 561 and 633 nm laser line and
spectral detection windows of 425-465 nm (DAPI), 495—
558 nm (Alexa 488), 600-660 nm (Alexa 594) and 640—
705 nm (Cy5) were used. Images were then deconvolved
with wavelength specific point spread functions using
Image] and the Iterative Deconvolution 3D plugin [58].
In addition, a Zeiss Axiovert 200 with a 100 x/1.4 NA/
oil Plan-Apochromat objective was used to image meta-
phase spreads. Images were recorded using a Zeiss Axio-
cam mRM, and the following filters were used: DAPI; ex:
350/50 nm; bs: 400 nm; em: 460/50 nm and Alexa Fluor
488: ex: 482/18 nm; bs: 495 nm; 520/28 nm.

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 YH2AX
foci and satellite regions (Additional file 1: Fig. S2): “Find
object” (“nucleus”) using the DAPI channel (method
“automatic,’ minimum object size: 400 um?), fill holes in
object, dilate with two numbers of iterations, fill holes
in object. “Find object” (“repair foci”) using the Cy5
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channel, method “SD” (lower limit: set to “optimal value
for all cells within one condition,” minimum object size:
0.3 um®), remove noise from objects with fine filter, sepa-
rate touching objects (object size guide: 1 um, filter popu-
lation: volume > 0.3 um?), exclude “satellite” not touching
“nucleus”

Colocalization analysis for replication timing of repetitive
elements

To analyze at which S-phase stage any given repetitive
elements are replicated, the cells were categorized into
early, mid, or late replication patterns based on EdU sig-
nal [35]. The degree of colocalization was scored by the
Pearson’s correlation coefficient and the H_  .gcien: [34]-
First, a nuclear mask was derived from the DAPI chan-
nel using Image] (Gaussian blur with sigma=1). Then,
a local mean filter was applied (using the platform for
image analysis Priithon) to the channels that are to be
compared. This removes the background. Next, the H_
efficient aNd the Pearson’s coefficient r were calculated
for each plane. For the plots, a mid-nuclear section was
selected from each image as having the best signal qual-
ity. The method is schematically summarized in Addi-
tional file 1: Fig. S2.

Additional file

Additional file 1: Figure S1. Genomic DNA repetitive elements, DNA rep-
lication and histone modifications distributions. Figure S2. Genome-wide
correlation of DNA replication and histone modifications distributions in
multiple cell lines. Figure S3. FISH probes and correlation analysis valida-
tion. Figure S4. Image analysis flowchart. Figure S5. Replication timing
of murine major satellite DNA elements by FISH and S-phase sub-stages
classification. Figure $6. Genome-wide correlation of DNA repetitive
elements and histone yH2AX in Hela cells. Figure S7. Genomic repetitive
and non-B DNA elements, and yH2AX histone distributions. Figure S8.
Relation of repetitive DNA elements to non-B DNA elements. Figure S9.
Correlation of histone H2AX and repetitive DNA elements before and dur-
ing the DDR by FISH. Figure S10. Complete DNA repair kinetics of repeti-
tive DNA elements analyzed by FISH. Figure S11. DNA repair kinetics of
murine major satellite DNA elements analyzed by FISH.
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Figure S1. Genomic DNA repetitive elements, DNA replication and histone
modifications distributions. Exemplary genomic (top) Alu and LINE1, (mid) Repli-Seq and
(bottom) H3K9me3/ac distributions in 10 kbp intervals from HelLa cells. For Alu and LINE1
elements, the number of elements per interval is shown. All tracks were smoothed using a

moving average of 10 intervals.
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Figure S2
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Figure S2. Genome-wide correlation of DNA replication and histone modifications
distributions in multiple cell lines. Spearman’s rho correlation matrix between
replication stage (Repli-Seq) and histone modifications (ChlP-Seq) in uterine cervix
cancer (Hela, a), lymphoblastoid (GM12878, b) and hepatocarcinoma (HepG2, c) cell
lines. Comparison between LINE1-poor (<1 count per genomic interval, left), LINE1-rich
(>10 counts per genomic interval, middle) and whole-genome (right) are shown. For
whole-genome correlation, data are from >290,000 genomic intervals with P < 2.2 x 107°.
For LINE1-rich/poor correlation matrices, data are from >10,000 genomic intervals with P
<10°.
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Figure S3
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Figure S3: FISH probes and correlation analysis validation. (a) Double metaphase FISH
for Alu and L1 and metaphase FISH for satellite Ill (chromosome 1) in HelLa cells and major
satellite in C2C12 cells. Cell cultures were enriched for mitotic cells by colcemid treatment
and after metaphase preparation spread onto glass slides. FISH for Alu and L1 was
performed under stringent conditions (with formamide) whereas FISH for satellite Il and
major satellite was performed under non-stringent conditions (without formamide).
Arrowheads point to the hybridized regions of satellite 1ll FISH. Dashed frames are
magnified in the merged cropped images. Arrows in the merged images show the position
and direction of the line profiles (blue: DAPI; green and red: FISH). Pearson’s correlation

factor was calculated for 34 double hybridized chromosomes. Scale bar: 5 ym and 2 ym in
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full and cropped images, respectively. (b) Colocalization of DAPI with Alu and L1 elements
in HelLa cells. (left) Representative images of DAPI and Alu/L1 channels. Merged images
are shown in pseudo-colors. Scale bar: 5 um. (right) Colocalization analysis of FISH and
DAPI signal at the three different S-phase sub-stages using Hgoeficent @and Pearson’s
correlation coefficient as indicated. Error bars show the standard error of the mean. Data
are from three independent experiments. n: combined total number of cells analyzed. sd:
standard deviation. (c) Verification of S-phase classification using the integrated nuclear
DAPI intensity. Left: exemplary images of early, mid and late S-phase cells classified based
on immunofluorescence staining of replication patterns where EdU (active replication sites)
is depicted in red and DAPI (DNA) in blue. The total nuclear DAPI intensity of cells that were
thus classified into early, mid or late S-phase was measured and compared to EdU negative

cells with small nuclei (<500 um?®) (G1 cells) and large nuclei (>750 pm®) (G2 cells).
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Figure S4
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Figure S4: Image analysis flowchart. (a) Segmentation of DNA repetitive elements and

colocalization analysis. First, the DAPI channel is used to generate the nuclear mask (nuc).

The other channels are cropped to the “nuc mask” while maintaining the original intensity

values. All intensity values outside the “nuc mask” are set to zero. Colocalization factors are

then calculated from the filtered and masked images. (b) Segmentation of (y)H2AX signal.

The DAPI channel is used to segment the nucleus. Within the nucleus, H2AX fluorescence

was used or yH2AX foci were segmented (different colors refer to different objects). Objects

outside the nucleus are excluded. Sum intensity values from all channels are then

measured within the segmented focus/nucleus.
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Figure S5
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Figure S5: Replication timing of murine major satellite DNA elements by FISH and S-
phase sub-stages classification. (left) Representative confocal and deconvolved
micrographs of C2C12 cells depicting the DAPI, major satellite elements and EdU as
inverted grey channels, at the three different S-phase substages. Merge is shown in
pseudo-colors. Scale bar: 5 uym. (right) Colocalization analysis of FISH and EdU signal at
the three different S-phase substages by Hceeficent @and Pearson’s correlation coefficient as
indicated. Error bars show the standard error of the mean. Data are from three independent

experiments. n: combined total number of cells analyzed. sd: standard deviation.
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Figure S6
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Figure S6. Genome-wide correlation of DNA repetitive elements and histone yH2AX in

HeLa cells. (a) Spearman’s rho correlation matrices between DNA repetitive elements and

yH2AX abundance before and after ionizing radiation. The matrices have been produced by

normalizing the yH2AX ChIP sequencing abundance over the input (left) or the

corresponding non-phosphorylated H2AX histone (right). Data are from >290,000 genomic

intervals with P

< 22 x 107,

(b) Spearman’s rho correlation coefficients from data

normalized over H2AX as a function of their matched coefficient normalized over the input.

Normalization over H2AX or over input shows only minor differences (Pearson’s coefficient:

0.91).
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Figure S7
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Figure S7. Genomic repetitive and non-B DNA elements, and yH2AX histone
distributions. Exemplary genomic (top) Alu and LINE1, (mid) G-quadruplex and cruciform
motifs and (bottom) yH2AX distributions in 10 kbp intervals from HelLa cells. For the latter,
the histone modification abundance at 0.5, 3 and 24 hours post ionizing radiation is shown.
For Alu and LINE1 elements as well as for G-quadruplex and cruciform motifs, the number
of elements per interval is shown. All tracks were smoothed using a moving average of 10
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Figure S8
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Figure S8: Relation of repetitive DNA elements to non-B DNA elements. Spearman’s
rho correlation matrix. The number of each repetitive or non-B DNA element copies is
computed in each 10 kb genomic interval. The correlation coefficient is then calculated.
Data are from >290,000 genomic intervals. For each correlation, P < 2.2 x 107" Highlighted
Alu and L1 repetitive elements are arbitrarily chosen to define chromatin compartments with

opposing chromatin features, and are further investigated in FISH experiments.
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Figure S9
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Figure S9: Correlation of histone H2AX and repetitive DNA elements before and

during the DDR by FISH. (a) Schematics of the experiment. HelLa cells were sham-
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irradiated or irradiated with 2 Gy X-rays and incubated for 0.5, 3 and 24 hours. H2AX
immunofluorescence and probe hybridization were performed before confocal imaging. (b)
(left) Representative confocal micrographs of HelLa cells depicting the DAPI, Alu elements
and H2AX inverted grey channels, at the indicated times. Merge is shown in pseudo-colors.
Scale bar: 5 um. (right) Colocalization analysis of FISH and H2AX signals via Hcefficent and
Pearson’s correlation coefficient as indicated. Error bars show the standard error of the
mean. Data are from three independent experiments. n: combined total number of cells
analyzed. sd: standard deviation. (c) and (d) represent the same as in (b) for L1 and satellite

1, respectively.
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Figure S10
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Figure $S10. Complete DNA repair kinetics of repetitive DNA elements analyzed by
FISH. (a) Representative confocal images of HelLa cells depicting the DAPI, Alu elements
and YH2AX as inverted grey channels, before irradiation (top) and at the three time-points
post IR. Merge is also shown in pseudo-colors. Scale bar: 5 ym. (b) and (c) represent the

same as in (a) for L1 and satellite 1, respectively.
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Figure S11
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Figure S11: DNA repair kinetics of murine major satellite DNA elements analyzed by
FISH. (a) Representative confocal images of C2C12 mouse myoblast cells depicting the
DAPI, major satellite elements and yH2AX as inverted grey channels, before and at the
three time-points post IR. Merge is shown in pseudo-colors. Scale bar: 5 um. (b) (left)

Relative change of major satellite fraction in yYH2AX foci. (right) Relative change of yH2AX
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intensity in segmented major satellite regions. Data are normalized to the median of the 0.5
h time-point. Boxes represent median, 2" and 3™ quartile. Whiskers are three times the
interquartile distance. Data are from three independent experiments. n: combined total

number of cells analyzed. sd: standard deviation.
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5.3 CHAPTER lll: Developmental Differences in Genome Replication Program

and Origin Activation

C. Rausch prepared all figures and tables and wrote the manuscript together with M. C. Cardoso. C. Rausch
performed all experiments except for figures 3, 5B, 6, 7, S6, S11, S16 and S17. Experiments from figures 1,
2B-D, 5, S8C, S15 and S19 were performed in collaboration with P. Weber. C. Rausch analyzed all data except

from figures 1E, 7D-E, S12, S13, S20, S21 and S22.
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ABSTRACT

To ensure error-free duplication of all (epi)genetic
information once per cell cycle, DNA replication
follows a cell type and developmental stage spe-
cific spatio-temporal program. Here, we analyze
the spatio-temporal DNA replication progression
in (un)differentiated mouse embryonic stem (mES)
cells. Whereas telomeres replicate throughout S-
phase, we observe mid S-phase replication of
(peri)centromeric heterochromatin in mES cells,
which switches to late S-phase replication upon dif-
ferentiation. This replication timing reversal corre-
lates with and depends on an increase in conden-
sation and a decrease in acetylation of chromatin.
We further find synchronous duplication of the Y
chromosome, marking the end of S-phase, irrespec-
tively of the pluripotency state. Using a combination
of single-molecule and super-resolution microscopy,
we measure molecular properties of the mES cell
replicon, the number of replication foci active in
parallel and their spatial clustering. We conclude
that each replication nanofocus in mES cells cor-
responds to an individual replicon, with up to one
quarter representing unidirectional forks. Further-
more, with molecular combing and genome-wide ori-
gin mapping analyses, we find that mES cells activate
twice as many origins spaced at half the distance
than somatic cells. Altogether, our results highlight
fundamental developmental differences on progres-
sion of genome replication and origin activation in
pluripotent cells.

INTRODUCTION

DNA replication, together with DNA transcription and re-
pair, is a fundamental nuclear metabolic process. Complete
and error-free genome duplication once every cell cycle is
essential for genome integrity and maintenance. In eukary-
otic cells, DNA replication can be subdivided in two main
stages: recognition and subsequent licensing of origins of
replication (ORIs) at the transition from mitosis (M-phase)
to the gap 1 (G1) phase (1,2), and the activation of only
a subset of these origins at the beginning of the synthesis
(S) phase. The latter is eventually followed by the dupli-
cation of the (epi)genetic information by the multi-protein
DNA synthesis complex (replisome) (3,4). After the initial
unwinding of the DNA replication bubble at the origin of
replication, the replisome ensures the semi-conservative du-
plication of the underlying DNA template (reviewed in (5)).
Many features of DNA replication organization share high
similarities between different species, including yeast, fruit
flies, mice and humans (6-10), and homologues for the key
factors involved have been identified in most of these species
(3). Genome duplication follows a spatio-temporal program
generally correlating with transcriptional activity, specific
epigenetic marks and 3D genome architecture (11). Cyto-
logical methods relying on the detection of components of
the replisome or nascent DNA via incorporation of mod-
ified nucleotides, allow the in situ visualization of newly
synthesized DNA and sites of ongoing DNA replication
(replication foci (RF1)). These replication foci form distinct
spatial patterns, characterized by the dynamic intra-nuclear
distribution of the replication signals during S-phase pro-
gression (5-7,12-14). In metazoan cells, three main patterns
are observed, at early (I), mid (II) and late (III) S-phase,
corresponding to the replication of euchromatin, facultative
and constitutive heterochromatin, respectively (10,15,16).
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Fluorescence recovery after photobleaching (FRAP) exper-
iments showed the de novo assembly of replisomes adjacent
to previously activated sites (17), suggesting that, instead of
persisting as permanent factories throughout S-phase (18),
replisomes are activated in a ‘next in-line’ manner (domino
model). Hence, complete DNA replication depends on the
initial stochastic activation/spontaneous firing of a few ori-
gins with high firing probability within euchromatic regions
of each chromosome and the subsequent domino-like acti-
vation of adjacent origins with decreasing firing probability
during S-phase progression (19-22).

In early autoradiographic fiber studies of single DNA
molecules it was observed that replicons resulted from indi-
vidual initiation events at origins of replication, which are
organized and activated in clusters of, on average, | Mb in
size and consisting of 2-9 smaller replicons of 100-200 kb
(6,23,24). DNA halo analysis showed that these replicon
sizes are in good agreement with measured sizes of chro-
matin loops. Hence, loop structures, potentially mediated
by cohesins or functionally related proteins (25,26), repre-
sent the DNA element that defines replicons as functional
unit in the DNA replication context (reviewed in (27)).
Labeling cells with modified nucleotides revealed that the
replicon clusters observed on DNA fibers become visible as
the before-mentioned replication foci in interphase nuclei
(15). With higher optical resolution levels, the number of
replication foci measured in cells increased and each repli-
cation nanofocus in somatic mammalian cells was shown
to be equivalent to a replicon unit (28,29). Besides loop
structures, chromatin signatures and the associated changes
in chromatin structure and accessibility, influence licensing
and activation of origins of replication and, thus, replica-
tion timing programs in mammalian cells (30). In that re-
gard, major changes in DNA replication timing have been
correlated with changes in histone acetylation levels, as hi-
stone hyperacetylation was shown to advance origin firing
and DNA replication timing (31-34).

DNA replication studies in early developmental stages of
Drosophila and Xenopus embryos revealed very rapid cell di-
visions with no gap phases and short S-phase duration (35—
37). The latter is based on high origin activation levels, short
inter-origin distances and concomitant differences in repli-
con sizes (36-38). While early developing mouse cells do not
exhibit such fast cell division rates, they are characterized by
short gap phases and the (almost complete) absence of tran-
scription in the first zygotic cleavage stage (3,35-37,39-41).
Additionally, specific spatial replication patterns already ex-
ist at the one-cell stage in mouse embryos (42) and repli-
cation programs of differentiating cells undergo large rear-
rangements during lineage commitment (43,44).

Here, we analyzed the replication dynamics in pluripo-
tent mouse embryonic stem (mES) cells by characteriz-
ing the replication timing program and the replicon or-
ganization, and ultimately comparing it to known fea-
tures of mouse somatic cells. We demonstrate that mES
cells exhibit a distinct replication timing in comparison
to differentiated and somatic cells, marked by early/mid
replication of pericentromeric heterochromatin. We fur-
ther show that this changes during mES cell differentia-
tion when pericentromeric heterochromatin becomes late
replicating. This major change correlates with differences

in chromatin compaction and histone acetylation levels and
can be emulated by targeting histone deacetylases to peri-
centromeric heterochromatin. Analysis of the replication
timing of (sub)chromosomal elements, revealed in addition
a synchronous replication of the Y chromosome that con-
comitantly marks the end of S-phase in mES cells, as well
as in differentiated and somatic cells. Using a combination
of molecular and super-resolution imaging techniques, we
characterized the mES cell replicon, the essential functional
unit of DNA replication. We found by DNA combing and
genome-wide origin profiling data analyses that mES cells
activate more origins of replication compared to somatic
cells resulting in shorter inter-origin distances, which in turn
leads to smaller replicon sizes. Furthermore, in contrast to
human somatic cells, duplication of the mES cell genome re-
lies on a substantial amount of single (unidirectional) repli-
cation forks.

MATERIALS AND METHODS
Expression constructs

To generate the expression vector containing a fu-
sion protein of eGFP and human HDACI (peGFP-
hHDACI, pc2447), hHDAC1 was amplified from human
cDNA with the following primers containing BglIl and
Eco4711I restriction enzyme sites: fw: 5- AAAGATCTAG
CAAGATGGCGCAGACGCAG-3 and rev: 5-AAAG
CGCTGGGCCAACTTGACCTCCTCC-3. PCR ampli-
con and pCR2.1-TOPO vector (Thermo Fisher Scientific,
Walham, MA, USA) were double digested with BglII
and Eco47III and ligated. The final peGFP-hHDACI1 was
generated by double digesting pCR2.1-TOPO-hHDACI1
with Bglll and Xhol and hHDACT1 was inserted into the
Bglll/Sall digested backbone vector pEGFP-C1 (pc0592,
Clontech Laboratories, Mountain View, CA, USA). Sall
and Xhol form compatible ends that allow ligation. The
final plasmid eGFP-hHDAC]1 was verified by restriction
enzyme digest, sequencing and enzymatic activity was
analyzed via histone acetylation stainings (H4K5ac and
H4KS8ac, Figure 3B) in transfected cells.

All plasmid characteristics are summarized in Supple-
mentary Table S1.

Cell culture, differentiation and transfection

All cells used were mycoplasma free. J1 (45) and El14
(46) mouse embryonic stem cell lines were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) high glu-
cose (Cat. No.: D6429, Sigma-Aldrich Chemie GmbH,
Steinheim, Germany) supplemented with 15% fetal calf
serum (FCS), 1x non-essential amino acids (Cat. No.:
M7145, Sigma-Aldrich Chemie GmbH, Steinheim, Ger-
many), 1x penicillin/streptomycin (Pen/Strep) (Cat. No.:
P4333, Sigma-Aldrich Chemie GmbH, Steinheim, Ger-
many), 1x L-glutamine (Cat. No.: G7513, Sigma-Aldrich
Chemie GmbH, Steinheim, Germany), 0.1 mM beta-
mercaptoethanol (Cat. No.: 4227, Carl Roth, Karlsruhe,
Germany), 1000 U/ml recombinant mouse LIF (Millipore)
and 2i (1 M PD032591 and 3 uM CHIR99021 (Cat. Nos.:
1408 and 1386 respectively, Axon Medchem, Netherlands))
on gelatin-coated culture dishes (0.2% gelatin; Cat. No.:
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G2500, Sigma-Aldrich Chemie GmbH, Steinheim, Ger-
many). Culture medium was changed every day and cells
were split every 2 days.

Mouse embryonic fibroblasts (MEF W8 (47)) and
mouse myoblasts (C2C12 (48)) were cultured in DMEM
high glucose supplemented with 1x L-glutamine, | pM
gentamicin (Cat. No.: G1397, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany) and 10% and 20% FCS,
respectively.

Mouse primary fibroblasts were isolated from ear tissue
of adult mice (C57BL/6) sacrificed according to the ani-
mal care and use regulations (Government of Hesse, Ger-
many). The tissue was shaken at 37°C with 2 mg/ml collage-
nase NB8 (Serva Electrophoresis, Heidelberg, Germany) in
DMEM supplemented with 1 x Pen/Strep and vortexed re-
peatedly. Dissociated ear tissue was pipetted through a cell
strainer (Cat. No.: 352235, Corning, NY, USA), single cells
were plated on a gelatin-coated (0.2%) dish and cultivated
in DMEM supplemented with 10% FCS and 1 pM gentam-
icin at 37°C and 5% CO,.

Differentiation of naive pluripotent stem cells was per-
formed as previously described (49) with the exception that
the differentiation medium contained 10 wM retinoic acid
(Cat. No.: R2625, Sigma-Aldrich Chemie GmbH, Stein-
heim, Germany).

For live cell experiments, J1 mES cells were co-transfected
with plasmids encoding for mRFP-tagged hPCNA (50)
and MaSat-GFP (51) using AMAXA nucleofection (B016,
Amaxa Nucleofector II, Lonza Ltd., Basel, Switzerland)
and plated on gelatin-coated p35 dishes containing a glass
bottom that allowed for optical imaging.

For HDACT targeting to chromocenters, J1 mES cells
were co-transfected with plasmids encoding for GBP-
MaSat (52) and eGFP-hHDAC1 /eGFP-C1 using AMAXA
as described above. Twenty-four hours after transfection,
cells were pulse chased and EAU, PCNA and histone mod-
ifications were detected as described below.

All cell line and plasmid characteristics are summarized
in Supplementary Tables S1 and S2, respectively.

DNA replication labeling and (immuno)fluorescent visualiza-
tion

For immunostaining experiments, cells were grown on glass
coverslips coated with 0.2% gelatin.

To visualize and analyze progression of DNA replication,
cells were labeled with 10 wM 5-ethynyl-2’-deoxyuridine
(EdU) for 12 min, chased for varying times with medium
supplemented with 50 wM thymidine, fixed with 3.7%
formaldehyde/1x phosphate-buffered saline (PBS) (Cat.
No.: F8775, Sigma-Aldrich Chemie GmbH, Steinheim,
Germany) for 10 min and permeabilized with 0.5% Tri-
tonX100 in 1x PBS for 20 min. All washing steps were
performed with PBS-T (1x PBS/0.02% Tween-20). For de-
tection of PCNA, cells were further incubated for 5 min
in ice-cold methanol on ice for antigen retrieval. Block-
ing (1% bovine serum albumin, 0.5% fish skin gelatin and
0.02% Tween-20 in 1x PBS) was performed for 30 min
at room temperature. EQU was detected using the Click-
IT assay as described by the manufacturer (1:200 3-azido-
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7-hydroxycoumarin, 1:1000 6-carboxyfluorescin (6-FAM
azide) or 1:2000 5/6-Sulforhodamine azide; Cat. No.: 7811,
7806 and 7776 respectively, Carl Roth, Karlsruhe, Ger-
many). Primary mouse anti-PCNA and secondary don-
key anti-mouse I1gG conjugated with Cy3 were diluted in
blocking buffer and incubated for 1 h at room temperature.
DNA was counterstained with DAPI (4',6-diamidino-2-
phenylindole, 10 pg/ml, Cat. No.: D27802, Sigma-Aldrich
Chemie GmbH, Steinheim, Germany) for 10 min and sam-
ples were mounted in Mowiol4-88 (Cat. No.: 81381, Sigma-
Aldrich Chemie GmbH, Steinheim, Germany) contain-
ing 2.5% DABCO (1,4-diazabicyclo[2.2.2]octane, Cat. No.:
D27802, Sigma-Aldrich Chemie GmbH, Steinheim, Ger-
many).

To analyze replication foci in 3D super-resolution mi-
croscopy (3D-SIM), samples were prepared as described
(28,53). Briefly, cells were seeded on gelatin-coated high
precision coverslips (Cat. No.: LH22.1, Carl Roth, Karl-
sruhe, Germany), grown for 6-8 h to ensure attachment
but avoid 3D colony formation, and labeled with 100 wM
5-bromo-2’-deoxyuridine (BrdU) for 25 min followed by
a thymidine chase (50 wM) of 0, 30 or 60 min. Fixation
and prestaining treatments were performed as described
above. BrdU was detected with a rat anti-BrdU antibody
diluted in buffer consisting of a 1:1 mixture of blocking
and 2x DNase I reaction buffer (60 mM Tris/HCl pH
8.1, 0.66 mM MgCl,, 1| mM beta-mercaptoethanol) and 25
U/ml DNase I (Cat. No.: D5025, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany). Samples were incubated for
1 h at 37°C and DNase I digestion was stopped by wash-
ing with PBS-TE (PBS-T with | mM EDTA). PCNA de-
tection was done as described above. After secondary an-
tibody incubation with donkey anti-rat I1gG AlexaFluor
488 and donkey anti-mouse IgG AlexaFluor 594, samples
were mounted in Vectashield (Invitrogen, Carlsbad, CA,
USA).

All nucleotide and antibody characteristics are summa-
rized in Supplementary Tables S3 and S4, respectively.

Immunofluorescence

For pluripotency marker detection, cells were grown, fixed,
permeabilized and blocked as described for DNA replica-
tion visualization. Primary mouse anti-Oct3/4, rabbit anti-
Sox2 and secondary goat anti-rabbit IgG Alexa647 and
goat anti-mouse IgG Alexa647 were diluted in blocking
buffer and applied for 1 h at room temperature.

For histone modification analysis, cells were grown, EQU
labeled, fixed, permeabilized and blocked as described
above. EAU was detected as described by the manufac-
turer (1:1000 6-FAM azide). The following primary and sec-
ondary antibodies were diluted in blocking buffer: mouse
anti-H3K9ac, rabbit anti-H3K9m3, rabbit anti-H4K>5ac,
rabbit anti-H4K8ac, donkey anti-mouse IgG Cy3 and don-
key anti-rabbit IgG Cy3. Incubation was done for 1 h at
room temperature.

DNA counterstaining and mounting using Mowiol was
performed as described above.

All nucleotide and antibody characteristics are summa-
rized in Supplementary Tables S3 and S4, respectively.
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Major satellite (MaSat) polydactyl zinc finger (PZF) fixa-
tion

Since transfected MaSat-GFP (pc1803 and (51)) is not fix-
able with standard formaldehyde or methanol fixation pro-
tocols, we made use of a gradient fixation protocol com-
bined with a simultaneous mild permeabilization on ice.
Twenty-four hours after transfection with MaSat-GFP, J1
mES cells were put on ice and 3.7% formaldehyde/1 x PBS
with 0.1% Nonidet™ P 40 Substitute (Cat. No.: 74385,
Sigma-Aldrich Chemie GmbH, Steinheim, Germany) was
added to the medium to achieve a final concentration of
0.1% formaldehyde. After 10 min, formaldehyde concen-
tration was increased to 0.2% and incubated for 10 min.
This procedure was repeated 6 times (0.5%, 1%, 1.5%, 2%,
2.5%, 3% formaldehyde). Increasing formaldehyde concen-
tration to 1.5% was performed with a 0.1% Nonidet P 40
substitute containing formaldehyde stock solution. In a fi-
nal step, the medium/formaldehyde mixture was replaced
by 3.7% formaldehyde (10 min incubation) and exchanged
with PBS-T.

Molecular combing

Molecular combing experiments were performed using the
FiberPrep® kit (Cat.No.: EXTR-001, Genomic Vision,
Bagneux, France) and as described before (54). Briefly,
J1 mES cells were pulse labeled for 15 min with 10 pM
5-chloro-2'-deoxyuridine (CldU), washed twice with pre-
warmed PBS, labeled with 100 pM 5-iodo-2'-deoxyuridine
(IdU) for 15 min, washed extensively and chased for 1 h
with 50 pM thymidine. Cells were subsequently embedded
in low-melting point agarose, genomic DNA was isolated by
proteinase K (Cat. No.: 7528, Carl Roth, Karlsruhe, Ger-
many) digestion and single high molecular weight DNA
molecules were stretched on silanized glass coverslips (Cat.
No.: COV-002-RUO, Genomic Vision, Bagneux, France),
using the FiberComb®-Molecular Combing System (Cat.
No.: MCS-001, Genomic Vision, Bagneux, France) as de-
scribed by the manufacturer. Incorporated nucleotides and
single stranded DNA were detected using mouse anti-
BrdU/IdU, rat anti-BrdU/CIdU and mouse anti-single
stranded DNA (IgG2a) primary antibodies and goat anti-
mouse IgG Chromeo 546, donkey anti-rat IgG AlexaFluor
488 and goat anti-mouse IgG2a AlexaFluor 647 secondary
antibodies.

All nucleotide and antibody characteristics are summa-
rized in Supplementary Tables S3 and S4, respectively.

Probe generation, metaphase and (Repli-)FISH (fluorescence
in situ hybridization)

Probes against major satellites, minor satellites and telom-
eres were generated as described in (55).

The Y chromosome probe was generated via DOP-
PCR (degenerated oligonucleotide-primed-PCR). For tem-
plate stock generation, PCR reactions contained mouse
Y chromosome-specific template DNA (kind gift of Prof.
Dr. Diane Krause, Yale University School of Medicine),
2 uM 6AI primer (5-CCGACTCGAGNNNNNNTACA
CC-3'), 0.25 mM dNTPs and 2.5 U Taq polymerase in 1x
PCR buffer (10 mM Tris/HCI pH 8.3, 50 mM KCl and 1.5

mM MgCl,) and cycling conditions were set to (45" at 94°C,
45" at 15°C, 12/ at 37°C) x 1, (40" at 94°C, 45" at 37°C, 4 at
66°C) x5 and (40" at 94°C, 45" at 54°C, 4’ at 66°C) x24. Y
chromosome template DNA was labeled with biotinylated
nucleotides (55) in the following reaction: template stock
DNA was mixed with a nucleotide mixture containing un-
labeled nucleotides (0.2 mM each dATP, dCTP and dGTP
with 0.1 mM dTTP), biotinylated dUTPs (0.1 mM biotin-
16-dUTPs), 2 wM 6AI primer, 2.5 U Taq polymerase and
I1x PCR buffer. Cycles were set to (5" at 94°C) x1, (30" at
94°C, 30” at 54°C, 90" at 72°C) x35 and (5" at 72°C) x 1.

Metaphase FISH and co-visualization of DNA replica-
tion and DNA probes were performed as previously de-
scribed (55), using rabbit anti-digoxigenin, anti-rabbit IgG
Cy3 antibodies and Streptavidin Alexa488 or Streptavidin
Cy5 (1:500, Cat. No.: S11223 and SA1011, Thermo Fisher
Scientific, Waltham, MA, USA).

Triple FISH was performed by a combination of biotiny-
lated, Cy3 and CyS5 labeled probes.

To visualize MaSat repeat sequences in MaSat-GFP
transfected cells, cells were fixed using a gradient fixation
protocol described above and FISH was done as described
above. Since heating GFP expressing cells to 80°C dramat-
ically reduced GFP fluorescence, cells were stained with a
mouse anti-GFP antibody to re-visualize MaSat-GFP. Af-
ter probe annealing and washing, cells were first incubated
with the anti-GFP primary antibody followed by the sec-
ondary donkey anti-mouse Alexa488 antibody and Strepta-
vidin CyS5 incubation for 1 h in blocking buffer (1% bovine
serum albumin, 0.5% fish skin gelatin and 0.02% Tween-20
in 1x PBS).

All nucleotide and antibody characteristics are summa-
rized in Supplementary Tables S3 and S4, respectively.

Karyotype analysis

To prepare J1 mES cell metaphase spreads, cells were ar-
rested in mitosis by adding 0.02 pg/ml colcemid (Cat. No.:
10 295 892 001, Roche Diagnostics GmbH, Basel, Switzer-
land) for 1.5 h at 37°C. The supernatant and harvested cells
were pelleted by centrifugation for 5 min at 300 x g, cells
were resuspended in 10 ml pre-warmed hypotonic solution
(0.075 M KCl) and incubated for 6 min at 37°C. After cen-
trifugation for 5 min at 300 x g, cells were fixed by dropwise
addition of fixative solution (3:1 methanol:acetic acid) and
incubation for 45 min on ice. Etched microscope slides were
prepared by submerging the slides for 15-20 min in etch-
ing solution (0.1 N HCl in 95% ethanol) followed by clean-
ing steps in 95% EtOH and ddH,O (3 times each). Finally,
spreads were generated by dropping fixed cells onto etched
slides and air-drying. Individual metaphase spreads were
imaged by phase-contrast microscopy and analyzed man-
ually.

Doubling time and S-phase duration

For growth curve analysis, 2 x 103 J1 mES cells were seeded
as technical quadruplicates at day 0 and cell numbers were
counted with a Neubauer haemocytometer for four con-
secutive days. Population doubling times were derived with
logy(ny/ng)/t (h) (ny: cell number at day x, ng: cell number
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at day 0, #: hours after seeding). To determine the percent-
age of cells in every cell cycle and S-phase substage, asyn-
chronously growing J1 cell cultures were pulse labeled with
10 uM EdU for 12 min, fixed and EdU was detected as
described. Cells were manually grouped into S-phase sub-
stages (stage I to Y), non S-phase or mitosis, and percent-
ages were calculated. S-phase (substage) duration was de-
rived by multiplying the doubling time with the percentage
of cells in the respective phase.

Microscopy

All characteristics of the microscopy systems, including
lasers, filters and objectives used, are summarized in Sup-
plementary Table S5.

Molecular combing samples were imaged using a Zeiss
Axiovert 200 widefield microscope.

Confocal z-stacks of live cells were acquired using the
Ultra-View VoX spinning disk microscopy system. Time-
lapse microscopy was carried out in a closed live-cell mi-
croscopy chamber at 37°C, with 5% CO; and 60% humidity.
mRFP-PCNA and MaSat-GFP double transfected J1 mES
cells were imaged every 30 min for 24 h to follow cell cycle
progression.

Confocal z-stacks were acquired with a Leica TCS SP5
IT confocal laser scanning microscope or the spinning disk
microscope.

3D SIM images were acquired with a DeltaVision OMX
V3 system (56).

Image analysis

Image analysis was done wusing Image] (http:
/[rsb.info.nih.gov/ij/, v1.51s and earlier), Volocity 6.3
(Perkin  Elmer), ilastik (57) (https://www.ilastik.org,
v1.3.3post3) and Python with the scipy-stack and scikit-
image (58) (Anaconda distribution 2020.07).

Quantitative analysis of replication foci features. EdU la-
beled RFi in manually cropped confocal image stacks of
mES cells were segmented by supervised pixel classification
using ilastik (57). A subset of pixels was manually anno-
tated as belonging to the background or to a replication fo-
cus (RF) and used to train a random forest classifier on pixel
features to propagate the classification to the remaining pix-
els in all images. Similarly, a 3-class (background/nuclear
border/nuclear interior) classifier was created for genera-
tion of nuclear marks. To separate touching nuclei, the cen-
ter of each individual nucleus was manually labelled in the
cropped images. Using Python and scipy/scikit-image (58),
an instance segmentation was created via marker-controlled
watershed using these manual markers and the probability
of the ‘border’ class as the ridge image. For each crop, only
the nucleus with centroid closest to the image center was
used for the subsequent steps. The RFi mask was used to
generate features for each RF in the EAU channel. Touching
objects were separated by a watershed transform on the Eu-
clidean distance transform (EDT) of the mask. For feature
calculation, the stacks were scaled in z to achieve isotropic
resolution. For each object overlapping more than 50% with
the nuclear mask, a series of features were calculated (Sup-
plementary Figure S1). RF objects smaller than 200 px? (~1
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confocal PSF) were discarded. For each image, a single fea-
ture vector consisting of medians and standard deviation of
the RFi features (see Supplementary Figure S1 for complete
list of analyzed parameters), as well as the number of RFi
and the chase duration was created.

Further analysis was performed using scikit-learn. Miss-
ing features were filled with the mean value of that feature
in all images. The feature vectors were normalized to zero
mean and unit variance and visualized in a 2D embedding
via t-distributed stochastic neighbor embedding (-SNE).

The analysis pipeline is summarized in Supplementary
Figure S1 and the Python code for the pipeline is available
at https://doi.org/10.25534/tudatalib-220.

Replication signal and chromocenter colocalization analysis.
To determine the degree of colocalization of replication sig-
nals (EdU) and constitutive heterochromatin (chromocen-
ters) in differentiated mES cells, cells were grouped into
early, mid and late replicating cells (Se, Sy, and Sj) accord-
ing to their EAU pattern. Chromocenters were segmented
based on the DAPI signal, EAU signal intensities within the
segmented regions were measured and EdU intensities in
chromocenters were plotted for S., Sy, and Sj cells.

Histone modification analysis. To determine the histone
modification accumulation at chromocenters, cells were seg-
mented at single mid planes according to the DAPI chan-
nel and DAPI intensities were measured. S-phase cells
were identified based on the EdU signal and cells were
grouped into G1, S and G2 phases (intensity[DAPI]g;
< intensity[DAPI]s < intensity[DAPI]g,) (20). For subse-
quent histone modification analysis, only G1 phase cells
were considered. Within the DAPI channel, four circu-
lar regions of interest (ROI) were drawn inside DAPI in-
tense chromocenters at mid planes, and four ROIs out-
side chromocenters. Histone modification levels were mea-
sured inside the eight ROIs. The analysis pipeline is sum-
marized in Supplementary Figure S2. Mean intensity av-
erages were calculated for the four regions inside chromo-
centers (chromocenter) and accordingly for regions outside
chromocenters (nucleoplasm). Histone modification accu-
mulation at chromocenters was determined as a ratio of
chromocenter/nucleoplasm.

To determine histone modification changes after HDACI
targeting to chromocenters, histone acetylation levels were
measured in mid focal planes of individual transfected cell
nuclei. Background in the histone channel was subtracted
and fluorescence intensities were measured. Results are
plotted as a ratio to GFP control cells.

Chromocenter characteristic analysis. Images of DAPI
stained nuclei of (un)differentiated J1 mES cells and pri-
mary mouse ear fibroblasts were imported into Volocity
6.3 (Perkin Elmer). Pericentromeric heterochromatin (chro-
mocenters) were segmented based on fluorescence intensity
and the total number of chromocenters per cell as well as
the volume, the degree of compaction and the shape factor
of every chromocenter were calculated.

Repli-FISH analysis. To determine the replication timing
of specific (sub)chromosomal elements, 3D masks of in-
dividual cell nuclei were manually generated based on the
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DAPI counterstaining (single FISH) or the EdU staining
(triple FISH). FISH signals were segmented independently
after applying a Gaussian filter (sigma = 1) and subtracting
background (rolling ball algorithm with radius = 10). Sim-
ilarly, PCNA images were background corrected and basic
PCNA signal from non replicating cells (non S-phase cells)
was subtracted. The 3D nucleus mask was subsequently ap-
plied to the segmented FISH signals and the generated nu-
clear FISH ROIs were used to mask the PCNA signals.
PCNA intensities within the mask were measured and plot-
ted. The analysis pipeline is summarized in Supplementary
Figure S3.

To analyze if the replication timing of telomeres is depen-
dent on their 1D proximity to chromocenters, telomere sig-
nals (visualized by Repli-FISH in combination with PCNA)
in stage II S-phase cells were segmented and grouped
according to their location compared to chromocenters.
Telomeres located on the short arm of acrocentric mouse
chromosomes are in close 1D proximity of pericentromeric
heterochromatin (referred to as telomeres in chromocen-
ters), while telomeres capping the long arm of chromosomes
are more distant from major satellite repeats (referred to as
telomeres out of chromocenters). PCNA intensities within
the segmented telomere signals were measured and plotted.

Replication foci analysis.  Quantification of replication foci
within individual cell nuclei was mainly performed as de-
scribed in (28,53). In brief, 3D-SIM images were recon-
structed, exported from the DeltaVision software (soft-
WoRx 6.0 Beta 19, Applied Precision) and raw 3D-SIM im-
ages were converted to 16-bit images using a custom-written
FIJI (59) macro. Individual cell nuclei were segmented using
maximum intensity projections of the DAPI signal. Repli-
cation signals were segmented by auto-thresholding using
the Triangle method. The resulting binary images were used
to mask the original replication foci signals of interest and
to discriminate them from background (set to ‘0’). These
images and the corresponding DAPI images were imported
to the image analysis software Volocity 6.3 (Perkin Elmer)
and replication foci were quantified for individual nuclei.
First, nuclear masks were generated based on the DAPI im-
ages and defined as regions of interest (ROIs). Next, 3D-
SIM replication foci were detected by intensity excluding
only black pixels (i.e. background with intensity ‘0’), touch-
ing foci were separated (object size guide = 0 pwm?) and sig-
nals smaller than 0.0002 pwm?® were excluded from the final
counting as they represented unspecific background signal.
Only foci within the nuclear ROI were counted. A detailed
analysis pipeline is summarized in Supplementary Figure
S4.

Pseudo wide-field (pseudoWF or pWF) replication sig-
nals were generated from the same datasets (C2C12 and J1
mES cells labeled with BrdU). Generation of the pseudo
wide-field data was described in (60). For correlation anal-
ysis, the pseudoWF images were initially processed in Im-
ageJ to match the image dimension of the 3D-SIM data.
To achieve similar voxel sizes (40 x 40 x 125 nm), the im-
ages were scaled using a bicubic interpolation, doubling the
number of pixels in x and y. Next, pseudoWF images were
corrected for pixel shifts by translating the image stack —2
pixels in x and y. For segmentation of the pseudoWF repli-

cation signals, the histogram was normalized and a back-
ground subtraction was performed using a rolling ball al-
gorithm with radius = 10. Segmentation was performed
by auto-thresholding using the Otsu algorithm. 3D-SIM
replication signals were processed as described above. Fi-
nally, segmented and masked pseudoWF and 3D-SIM im-
age stacks were merged and used for foci counting in Voloc-
ity. Detection of pWF RFi was based on intensity as for
3D-SIM images, separation of touching objects was based
on object size (object size guide = 0.02 pm?®) and signals
smaller than 0.02 pm?® were excluded. Overlapping signals
used for nanoRFi counting within pWF RFi were filtered
by an additional compartmentalization step. The analysis
pipeline is summarized in Supplementary Figure S5.

DNA fiber analysis. For replication signal analysis from
molecular combing experiments, fluorescent DNA fiber
tracks were selected according to their pattern. Only lengths
of the second pulse (CldU) of progressing forks (CldU track
preceded by a clear IdU signal on fibers with a ssDNA sig-
nal up- and downstream of the marked tracks) were consid-
ered. Replication fork speed (RFS) was calculated as a ratio
of the track length (track length x 2000 due to the constant
stretching factor resulting in 1 pwm ~ 2000 nts) and the time
of nucleotide application. Inter-origin distance (IOD) was
calculated in kb as the product of the measured track length
and the conversion factor of 2 (1 pm ~ 2000 nts or 2 kb).
Bidirectional fork asymmetry was analyzed as the ratio of
the long track and the short track and percentage of uni-
directional forks was calculated by dividing the number of
unidirectional forks by the total number of analyzed forks
(uni- and bidirectional forks). A graphical summary of the
selection of the fiber tracks and the corresponding calcula-
tions are depicted in Figure 7A and Supplementary Figure
S6.

Genome-wide replication origin profiling

The GEO (Gene Expression Omnibus, https:
/lwww.ncbi.nlm.nih.gov/geo/)  samples GSM3602315,
GSM3602316 and GSM3602317 from the dataset

GSE126477 (61) and samples GSM2651111 and
GSM2651112 from the dataset GSE99740 (62) were
used for genome-wide replication origin profiling in mES
cells. The samples GSM2651107 and GSM2651108 from
the dataset GSE99740 (62) were used for genome-wide
replication origin profiling in MEF cells. The above-
mentioned datasets correspond to five replicates of origin
mapping in mES cells and two replicates in MEF cells
realized by sequencing of isolated small nascent DNA
strands (SNS-seq). The analysis was performed using
peaks reproducibly found in at least two replicates using
the multilntersectBed command in bedtools (63).

The GEO samples GSM3227970, GSM3227971 and
GSM3227972 from the dataset GSE116321 (64) were used
for genome-wide replication origin profiling in activated
mouse B cells using Okazaki fragment sequencing method
(OK-seq). The coordinates of OK-seq replication initia-
tion zones were kindly provided by Andre Nussenzweig
and Sridharan Sriram. The mm10 reference genome (http://
hgdownload.cse.ucsc.edu/goldenPath/mm10/bigZips/) was
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used in all data analysis. The operations on genomic inter-
vals were performed using bedtools (63).

The IODs were calculated between the middle point of
each replication origin zone identified and the distances be-
tween origins flanking chromosomal regions unmapped in
sequencing analyses (centromeres, etc.) were omitted from
the plots.

All genome-wide origin mapping datasets and samples
are summarized in Supplementary Table S6.

Data visualization and statistical analysis

Data visualization and statistical analysis (independent
two-group student’s z-tests and Mann—Whitney—Wilcoxon
tests) were performed with RStudio (v1.0.143-v1.1.447,
https://rstudio.com/).

Visualization of origin replication profiles was performed
with IGV (Integrative Genomics Viewer, version 2.8.6,
https:/software.broadinstitute.org/software/igv/).

Statistical values (number (#) of cells (N), mean, me-
dian, standard deviation (SD), standard error of the mean
(SEM), 95% confidence interval (CI) and P-values) are indi-
cated in the plots or summarized in Supplementary Tables.

Boxplots and violin plots represent the median (cen-
ter line) with the box depicting the 25-75 percentiles and
the lines the upper and lower whiskers with 1.5 times the
1QD (inter-quartile distance) (Supplementary Figure S7).
Barplots show averaged values and error bars the respective
standard deviation.

All cells analyzed (N numbers stated in Supplementary
Tables) showed the reported behavior of the representative
images shown in the respective figures.

RESULTS AND DISCUSSION

Characterization of the spatio-temporal DNA replication
patterns in mouse embryonic stem cells reveals differences to
somatic cells

Replication patterns are a direct visual representation of
the spatial organization and temporal order of DNA repli-
cation and, in somatic cells, have been shown to reflect
the chromatin organization level (10,15,16). DNA replica-
tion timing profiles (RT-profiles) from large cell popula-
tions (43,65-68) revealed distinct replication domains (1.5-
2.5 Mb), that exhibit sharp boundaries between neighbor-
ing domains with different replication timing, alternating
along individual chromosomes (43). While RT-profiles can
directly be linked to the underlying DNA sequence, they fall
short on temporal resolution and do not provide 3D spa-
tial information. Single cell microscopy analysis, however,
allows a specific 4D analysis of DNA replication. Impor-
tantly, it allows to map replication timing of DNA repeat
elements, which are largely not mappable by sequencing-
based approaches and constitute a very large portion of
mammalian genomes (69). To investigate and compare the
spatio-temporal organization of DNA replication (5) of
pluripotent cells, we first analyzed S-phase progression in
mouse mES cells by live cell imaging experiments. There-
fore, we transfected J1 mES cells with plasmids encoding
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for mRFP-PCNA and a GFP tagged polydactyl zinc fin-
ger protein specifically binding to major satellite sequences
(MaSat PZF) and imaged the cells every 30 min for 24
h (Figure 1A). To exclude artifacts introduced by trans-
fection and overexpression of fluorescently tagged PCNA,
we validated mRFP-PCNA localization during S-phase by
immunostaining with a PCNA specific antibody on trans-
fected mES cells (Supplementary Figure S8A). Addition-
ally, we validated binding of the MaSat PZF to major satel-
lite repeats. Due to its high mobility and fast binding ki-
netics, MaSat PZF is not fixable with standard formalde-
hyde or methanol fixation protocols. We, therefore, estab-
lished a gradient formaldehyde fixation protocol with si-
multaneous permeabilization, and performed fluorescence
in situ hybridization (FISH) with a probe specifically bind-
ing to MaSat repeats. MaSat-GFP colocalized with the ma-
jor satellite probe signal, as well as with DAPI intense nu-
clear regions (Supplementary Figure S8B). The live cell
microscopy approach provided a detailed spatio-temporal
analysis of S-phase progression in vivo and revealed visu-
ally distinguishable spatial replication patterns in mouse J1
mES cells (Figure 1A, Supplementary Figure S8C, Movies
1 and 2). At the beginning of S-phase, replication foci dis-
tributed homogeneously in the nuclear interior (stage I),
possibly reflecting duplication of the euchromatic portion
of the genome, as seen in somatic cells. Next, and differ-
ing from somatic cells, MaSat PZF-labeled and condensed
clusters of pericentromeric heterochromatin (chromocen-
ters, Figure 1B) were replicated (stage IT). Although this ob-
servation might be unexpected in view of the late replication
timing of heterochromatin in somatic cells, it has been previ-
ously shown that in Drosophila, satellite sequences became
increasingly heterochromatic and late replicating only with
successive differentiation at later developmental cycles (70).
After pericentromeric heterochromatin replication, dupli-
cation of chromatin located at the nuclear and nucleolar
borders was observed in mES cell (stage I11), which, in so-
matic cells, reflects duplication of facultative heterochro-
matin. Next, the cells displayed a pattern with a decreased
number of foci which however increased in size, suggest-
ing clustering of the underlying chromatin fiber. Replication
signals were mostly, but not exclusively, located at the nu-
clear periphery (stage I'V). The end of S-phase was marked
by a strong accumulation of replication signals within one
particular region of the mES cell nucleus (stage IV,). Addi-
tionally, we measured the duration of the individual S-phase
substages from the live cell microscopy. While early and mid
S-phase (stage I and II) lasted over 3.5 and 4.5 h, respec-
tively, the subsequent phases were relatively short, with av-
erage durations of ~1 h each (stage I11, IV and IV?, Supple-
mentary Figure S8D and Supplementary Table S7).

Next, we validated the observed S-phase progression
in mES cells by pulse-chase experiments. Asynchronously
growing mouse J1 mES cells were pulse labeled for 12
min with the nucleotide analog 5-ethynyl-2’-deoxyuridine
(EdU), washed to remove nucleotide excess, chased with
thymidine for different periods of time and fixed. Sub-
sequently, replication foci marked by the incorporated
EdU and the replisome component PCNA were (im-
muno)fluorescently detected (Figure 1C and Supplemen-
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Figure 1. DNA replication dynamics in mouse embryonic stem cells. (A) Experimental setup of a live cell experiment to determine the in vivo spatio-
temporal progression of DNA replication in J1 mES cells. Cells were transfected with plasmids encoding mRFP-PCNA (magenta) and GFP-tagged
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tary Table S11). EQU marked DNA replicated during the
nucleotide pulse, while the PCNA pattern corresponded to
the active replication sites at the time of fixation of the cells.
The different chase times resulted in different degrees of
replication foci separation and, with increasing chase times,
eventually also to transition from one S-phase pattern to the
next (Supplementary Figure 9A). To achieve visualization
of S-phase substage progression and, concomitantly, sepa-
ration of replication patterns of the different stages (Sup-
plementary Figure S9B), chase durations were changed ac-
cording to S-phase substage duration, as obtained from the
time lapse movies (Supplementary Figure S8D and Supple-
mentary Table S7). Live cell microscopy revealed substan-
tially longer durations of stage I and II compared to stage
IIT and IV (Supplementary Figures S8C, S8D and Supple-
mentary Table S7). Hence, to reflect stage to stage transi-
tions, chase times had to be adapted accordingly. To visual-
ize stage I to stage II transitions in a significant number of
S-phase cells, chase times had to be longer than to visualize
transitions from stage 11 to stage IV (Supplementary Fig-
ure S9B). This approach allowed us to get a spatio-temporal
resolution of DNA replication in fixed cells, underlining the
domino-like DNA replication model (Supplementary Fig-
ure 9C). As in the live-cell data, replication of the large het-
erochromatin clusters (stage IT), colocalizing with DAPI in-
tense nuclear regions (Figure 1D), took place after the early
S-phase stage I pattern and was followed by the nucle(ol)ar
periphery stage III replication pattern. All other features
described in the live cell experiments were also reproduced
with the pulse-chase approach in fixed cells.

Since mouse ES cells grow in very specific microenviron-
ments in cell culture, which include the presence of leukemia
inhibitory factor (LIF) and two inhibitors (2i, PD032591
and CHIR99021) to preserve pluripotency and self-renewal
capacities, as well as form 3D colonies, we tested the influ-
ence of this stem cell specific microenvironment on the tem-
poral organization of DNA replication. S-phase progres-
sion from stage I to stage I was observed for single mES
cells (Supplementary Figure S1I0A) and in cells grown in the
absence of the 2i (Supplementary Figure S10B), similar to
cells grown in 3D colonies in the presence of 2i and LIF. Ad-
ditionally, we analyzed the replication foci pattern distribu-
tion over time via the above mentioned pulse-chase exper-
iments in mouse E14 mES cells, and found similar spatio-
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temporal progression as observed for J1 cells (Supplemen-
tary Figure S11) indicating a conservation of S-phase char-
acteristics for mouse pluripotent cells.

In summary, the general characterization of the spatial
distribution of replication signals during S-phase progres-
sion in mouse embryonic stem cells by pulse-chase and live
cell experiments led to the identification and temporal clas-
sification of a sequence of replication patterns, which differ
from somatic cells (Figure 1E).

Quantitative features of mouse embryonic stem cell replica-
tion foci patterns

To characterize the different replication patterns observed
in live cell and pulse chase experiments (Figure 1E), we de-
termined quantitative features of the underlying replication
foci (RFi) within the different S-phase substages (I-IV»).
EdU labeled cells were classified according to their S-phase
pattern, replication signals were segmented, separated us-
ing a watershed algorithm and location, shape and intensity
features were determined (Figure 1E and Supplementary
Figure S12). In a 2D embedding via ¢-distributed stochastic
neighbor embedding (#-SNE) the RFi features did not form
clearly separated clusters, but temporally adjacent stages
lied next to each other in the embedding, hinting at a con-
tinuum in feature space from the beginning to the end of
replication (Supplementary Figure S13). Stage I of mES cell
S-phase was characterized by the combination of a signif-
icant increase in the distance of the RFi from the nuclear
border (Figure 1E and Supplementary Figure S12) and a
decrease in RFisolidity (‘rougher’). In contrast, stage IT was
marked by an increase in RFi numbers with a concomitant
increase in DAPI intensity. This is in agreement with our
findings that DAPI intense nuclear regions, i.e. chromocen-
ters, are replicated during this stage (Figure lA-D). More-
over, we determined specific characteristic features for stage
IV,. At the end of S-phase, the amount of RFi decreased
dramatically, whereas solidity, i.e. smoothness, increased.
As RFi volumes as well as other features in stages 111 and
IV showed no significant differences, we additionally cal-
culated the percentage of the nuclear periphery covered by
replication foci in these two stages. The size of the mask used
to segment the nuclear periphery was set to the diameter of
the RFi located at the nuclear border in stage III (Figure

polydactyl zinc finger protein (PZF) specifically binding to major satellite repeats (MaSat-GFP, green) fusion constructs to mark ongoing DNA replication
and pericentromeric heterochromatin (chromocenters), respectively. Imaging was performed for 24 h with 30 min intervals. Representative spinning disk
confocal images show the cell cycle progression of a representative mES cell and S-phase was further subdivided into five main replication patterns (I-1V>).
The arrowhead in the IV, stage marks a prominent accumulation of replication signals observed at the end of S-phase. (B) Schematic representation of
acrocentric mouse chromosome clustering in mES cell nuclei. At the chromosomal level, constitutive heterochromatin major satellite repeats (green) flank
the centromere (grey) and in interphase nuclei, pericentromeric DNA from different chromosomes clusters to chromocenters. (C) Experimental setup of a
pulse-chase experiment to determine the spatio-temporal progression of DNA replication in mouse J1 ES cells. Asynchronously growing mES cell cultures
were pulse labeled with the nucleotide analog EAU, followed by various thymidine chase periods (white arrows) and fixation. EdU, i.e. nascent DNA
during the first pulse labeling (cyan), and endogenous PCNA, i.e. ongoing replication at the time point of fixation (magenta), were (immuno)fluorescently
detected and allowed the identification and the temporal order classification of five main replication patterns in mouse J1 ES cells. Representative spinning
disk confocal images of G1 to S-phase, S-phase substage transitions (I-IV») and S-phase to G2 progression are shown. The arrowheads in the IV, stage
mark a prominent accumulation of replication signals observed at the end of S-phase. (D) Line profile analysis of PCNA fluorescence intensities within
one chromocenter in a stage IT cell. (E) Schematic summary of the five replication patterns observed in mES cells. Replication signals are shown in cyan,
pericentromeric heterochromatin in green and replicating chromocenters (stage II) are marked in dark cyan. Table summarizing the significant RFi features
of the five S-phase substages. Grey areas in stage III and IV S-phase schematic cells represent the nuclear periphery segmented to determine the percentage
of the latter covered with RFi. The width of this area (*) corresponds to the diameter of stage IIT peripheral RFi (0.44 £ 0.13 wm). All experiments were
done in at least three independent biological replicates. Detailed statistics are summarized in Supplementary Tables S7 and S11. Scale bars = 5 wm. Dotted
lines represent cell contours.
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1E). While almost half of the nuclear border exhibited RFi
in stage I1I cells, only 10% of the periphery contained RFiin
stage IV cells. Since these observations suggest a difference
in the clustering of the underlying chromatin, we retained
the S-phase substage division into five substages. Taken to-
gether, we identified several distinct location, shape and in-
tensity features of replication foci that characterize and dis-
tinguish mES cell S-phase substages.

Constitutive heterochromatin shifts its replication timing dur-
ing loss of pluripotency

In somatic cells, S-phase progression follows chromatin
compaction and is commonly subdivided into early (S.),
mid (Sp) and late (S;) when euchromatin, facultative and
constitutive heterochromatin, respectively, are replicated
(1,7,14). Since we observed replication of mES cell chromo-
centers within the first half of S-phase, we aimed to clarify if
and when during mES cell differentiation, replication tim-
ing of chromocenters switches to late replication. Therefore,
we differentiated mES cells in the absence of 2i and LIF and
in the presence of retinoic acid (RA) and performed pulse-
chase labeling from day 3 to day 7 of differentiation (Figure
2A). During differentiation, mES cell morphology changed
from round and compact 3D colonies (day 0) to more flat
and spread out cells growing in a monolayer (day 7, Fig-
ure 2B). Concomitantly, levels of the pluripotency markers
Oct4 and Sox2 decreased dramatically already after 3 days
of differentiation and were almost undetectable after day 7
of differentiation (Figure 2C and Supplementary Table S8).
All together, these results indicated loss of the stem cell phe-
notype and pluripotency markers that are associated with
exit from pluripotency and cellular differentiation.

At day 7 of differentiation, the beginning of S-phase was
marked by very few replication foci (very early S-phase, Sye),
followed by a homogeneous distribution of replication foci
throughout the nucleus (S,, Figure 2D). Interestingly, and
in contrast to undifferentiated mES cells (Figure 1), replica-
tion signals were next observed at the nucle(ol)ar periphery
(Sm). Importantly, replication of chromocenters took place
at the end of S-phase () and was followed by transition to
G2 phase. Colocalization analyses between DAPI intense
nuclear regions and EdU signals showed increased overlaps
of the two signals in cells showing a late S-phase pattern,
further confirming the switch to late replicating chromocen-
ters in differentiated mES cells (Figure 2E and Supplemen-
tary Table S8). In summary, the observed spatio-temporal
order of replication pattern in differentiated mES cells re-
flects the subdivision into S., S, and S; known from so-
matic cells (Figure 2F).

Replication timing of constitutive heterochromatin depends
on histone acetylation levels

Chromocenters are marked by the trimethylation of his-
tone H3 at lysine 9 (H3K9m3, (47)), by histone hypoacety-
lation (71), exhibit increased levels of DNA methylation
(72) and are bound by specific heterochromatin proteins
(73). Previous studies showed that cell types of a different
origin or developmental status have a different organiza-
tion of pericentromeric heterochromatin (74-76). In view

of this and since a more open chromatin state was pro-
posed to facilitate early replication onset, we characterized
pericentromeric heterochromatin clusters in DAPI stained
mES cells and compared them to chromocenters of differ-
entiated mES cells and primary mouse fibroblasts (Supple-
mentary Figure S14A and Supplementary Table S9). Av-
erage numbers of chromocenters doubled over cell differ-
entiation (Supplementary Figure S14B and Supplementary
Table S9), reflecting differences in clustering of the peri-
centromeric regions from multiple chromosomes. Coop-
eratively with the increase in chromocenter numbers, we
observed a decrease in the volume of individual chromo-
centers in differentiated cells (Supplementary Figure S14C
and Supplementary Table S9). In line with this, analysis
of the compaction state of the chromocenter clusters in
pluripotent cells showed a more decompacted chromatin
(Supplementary Figure S14D and Supplementary Table S9)
and a more irregular shape (Supplementary Figure S14E
and Supplementary Table S9). Accordingly, super-resolved
chromatin mobility assays demonstrated a more dynamic
chromatin and less defined domain structures in mES cells
(77). In addition, chromatin associated proteins were found
to be more mobile in pluripotent cells (78,79). It is consid-
ered that such an open conformation represents a necessary
prerequisite of pluripotent cells to remain responsive to the
changes that occur during differentiation (80). Addition-
ally, the differences in clustering of chromocenters reflect
the chromatin reorganization that occurs during differenti-
ation and development (73,81). The observed differences in
heterochromatin morphology, volume, clustering and com-
paction may provide a mechanistic basis for the observed
changes in the DNA replication program of mES cells.
However, a general decompaction at the scale measured via
DAPI staining of DNA may not be sufficient to promote
early replication of pericentromeric heterochromatin. Ad-
ditionally, maintenance of late replication timing of peri-
centromeric heterochromatin in somatic cells was shown
to depend on histone hypoacetylation (32). We, therefore,
compared histone acetylation levels of chromocenters in
(un)differentiated and primary mouse fibroblasts (Figure
2@G) and found higher H3K9ac and H4K8ac accumulation
at chromocenters in undifferentiated mES cells (Figure 2H
and Supplementary Table S8). Heterochromatin acetylation
levels decreased significantly during differentiation, con-
comitantly with the switch of replication timing of pericen-
tromeric heterochromatin from relatively early (stage II) to
late replication (S;). Since H3K9ac and H3K9m3, a marker
for constitutive heterochromatin, are found in a mutually
exclusive way in cells, we also analyzed accumulation of the
latter at chromocenters. In line with the increased acetyla-
tion levels, we found less H3K9m3 accumulation in pluripo-
tent stem cells and an increase in H3 lysine 9 trimethyla-
tion in differentiated cells (Figure 2H and Supplementary
Table S8). This result is in line with genome wide studies
as well as single cell microscopy analysis showing that hi-
stone acetylation is an important regulator of the replica-
tion timing of DNA. While genomic loci with increased hi-
stone acetylation levels and high accessibility tend to repli-
cate early during S-phase, loss of histone acetylation leads
to replication timing switch to late S-phase (32-34,82-89).
Taken together, mid S-phase replication of pericentromeric
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heterochromatin in pluripotent stem cells is changed to late
replication in differentiated mES cells and this switch in
replication timing is likely dependent on histone hypoacety-
lation and chromatin compaction occurring during cell dif-
ferentiation.

To validate the causality between the observed his-
tone hyperacetylation and early/mid replication of pericen-
tromeric heterochromatin in mES cells, we targeted a GFP
tagged histone deacetylase to chromocenters in mES cells
(90). Specific chromocentric targeting was achieved via co-
transfection of GFP tagged HDACI and a GFP binding
protein (GBP) tagged MaSat polydactyl zinc finger (PZF)
protein (GBP-MaSat). MaSat PZF specifically binds to ma-
jor satellite repeat DNA (chromocenters) and its GBP do-
main interacts with GFP-HDACI, thereby recruiting the
deacetylase to chromocenters (Figure 3A). As a control, we
targeted GFP to chromocenters. With this setup, we first
analyzed histone acetylation levels in transfected cells, and
found decreased H4KS5ac and H4K8ac levels in HDACI
targeted cells compared to control GFP cells (Figure 3B
and Supplementary Table S8). To analyze spatio-temporal
S-phase progression in transfected cells with altered chro-
mocentric histone acetylation levels, we performed pulse
chase experiments. Therefore, 24 h after double transfec-
tion, cells were labeled with EdU, chased for 2 h and fixed.
EdU and PCNA were (immuno)fluorescently detected and
DNA replication progression was investigated by pattern
order analysis as before. In GFP control targeted cells,
we observed spatio-temporal DNA replication progression
as previously described. Pericentromeric heterochromatin
was replicated before perinucle(ol)ar chromatin and finally
replication signals were observed as bigger replication foci
throughout the nucleus (stage II-stage IlI-stage IV). In
HDACIT targeted cells, however, we observed two popu-
lations of cells. First, we found cells following the classi-
cal mES cell replication progression where S-phase moves
from chromocenters to the perinucle(ol)ar border. Second,
cells showed replication of the perinucle(ol)ar chromatin
followed by replication signals in normally earlier repli-
cating chromocenters (stage ‘11" to stage ‘II’). This indi-
cates an at least partial delayed chromocenter replication
upon histone acetylation level decrease (Figure 3C-D and
Supplementary Table S8). Quantitative analysis revealed al-
most equal distributions between the two substage orders

in HDACI targeted cells, while control cells only showed
stage II to stage III transitions (Figure 3D and Supple-
mentary Table S8). Interestingly, after HDACI targeting we
observed massive rearrangements of pericentromeric het-
erochromatin. GFP control cells exhibited few but large
chromocenters, while 24 h of histone deacetylase targeting
resulted in an increased number of constitutive heterochro-
matin clusters with decreased size. Analyzing chromocenter
characteristics, we measured similar volumes and shape fac-
tors for control cells than in untransfected mES cells (Figure
3D-E, Supplementary Figure S14C, S14E and Supplemen-
tary Tables S8 and S9). HDACI targeted cells were subdi-
vided according to their S-phase progression pattern (II to
IIT or ‘IIT’ to ‘IT’). We detected significant changes in chro-
mocenter volumes in stage ‘III’ to ‘II” cells compared to
control and stage II to III cells. Additionally, shape factors
were also significantly different in targeted cells showing a
replication pattern switch (Figure 3E-F and Supplementary
Table S8). In conclusion, we show that a targeted histone
deacetylation of mES chromocenters leads to a switch in
replication timing of pericentromeric heterochromatin to
later in S-phase, mimicking our findings in differentiated
mES cells (Figure 2D).

Replication timing of (sub-)chromosomal elements in mouse
embryonic stem cells

In human and mouse genomes, only minor parts (1.2-1.4%,
respectively (91,92)) are protein-coding sequences, while the
major portion is composed of non-coding DNA, including
interspersed and tandem repeat sequences. There is grow-
ing evidence that the latter is more than junk’ DNA, since
it is thought to be involved in the establishment of distinct
eu- and heterochromatin compartments (93-95). Addition-
ally, genome function might not only be influenced by epi-
genetic factors, but also by the spatial organization of the
genome within the cell nucleus (96). Hence, we analyzed
the nuclear distribution and the replication timing of sev-
eral sub-chromosomal tandem repeat elements in mouse ES
cells. Due to their repetitive nature, repeat elements are nor-
mally under-represented in genome-wide sequencing stud-
ies. We, therefore, opted for a single cell microscopic ap-
proach, where we combined DNA replication visualization
and marking of three major chromosomal tandem repeats

containing medium. On day 0 of the differentiation, cells were seeded in 2i and LIF deficient medium containing retinoic acid. Cells were pulse labeled with
EdU, chased with thymidine for 2 h and fixed at day 0 and from day 3 to day 7 of the differentiation. (B) Overlay of phase contrast (Ph) and DAPI channels,
showing changes in cellular morphology during mES cell differentiation. (C) Immunofluorescent detection of the pluripotency markers Oct3/4 and Sox2
in (un)differentiated mES cells. Representative spinning disk confocal images of in situ stainings were imaged and the mean value of the fluorescence signal
was plotted as a ratio to the undifferentiated (day 0) cells. (D) Representative spinning disk confocal images of pulse chased mES cells revealed replication
timing switch to late replicating chromocenters at day 7 of differentiation. Very early (Sy¢) to early S-phase (Se), early to mid (Sy,), mid to late (S) and
late S-phase to G2 transitions are shown. (E) To analyze the replication timing switch of chromocenters in differentiated mES cells, the sum value of EAU
fluorescence signal within chromocenters (masked according to DAPI channel) were measured in spinning disk confocal images of cells (from D) within
early, mid and late S-phase for the EdU pulse. An increase in signal overlap of chromocenters and replication signal is observed during late S-phase in
differentiated mES cells. (F) Schematic summary and corresponding confocal images of the three main replication patterns observed in differentiated mES
cells. Replication signals are shown in cyan, pericentromeric heterochromatin in green (scheme) and replicating chromocenters (late) are marked in dark
cyan. (G-H) Experimental setup for the analysis of histone modification accumulation at pericentromeric heterochromatin. (Un)differentiated mES cells
and primary mouse ear fibroblasts were pulsed with EdU to identify S-phase cells and histone modifications were immunofluorescently detected. Regions
of interest (ROI) were manually drawn in G1 phase cells and histone modification levels were measured. Shown are the accumulations of H4K 8ac, H3K9ac
and H3K9m3 at chromocenters (ratio of mean histone modification values at chromocenters and mean histone modification values in the nucleoplasm
=+ StDev). Scale bars = 5 pm. *P < 0.05. All experiments were done in at least two independent biological replicates. All boxes and whiskers represent
25-75 percentiles and 1.5 times the IQD (inter-quartile distance), respectively and the center line depicts the median (Supplementary Figure S7). Detailed
statistics are summarized in Supplementary Table S8. Dotted lines represent cell contours.
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(Figure 4A and Supplementary Figure S15A) via FISH
(Repli-FISH, (55)).

To analyze the replication timing of the repeat elements,
we quantified the overlap of the replisome factor PCNA or
nascent DNA labeled by EAU with individually segmented
repeat sequence specific FISH signals within 3D mES cell
interphase nuclei. The specificity of the FISH probes for
(peri)centromeric DNA (major and minor satellites, respec-
tively) and telomeres was validated by their location on mi-
totic chromosomes (Supplementary Figure S15B and (55)).
Major satellite pericentromeric repeats were visualized as
large clusters of DNA, co-localizing with chromocenters,
marked by bright DAPI counterstaining, and mainly asso-
ciated with the nuclear periphery and nucleoli in the 3D
nucleus (Supplementary Figures S16A, S17A and Supple-
mentary Table S10). Strongest overlap with PCNA or EAU
was observed in S-phase stage II (Figure 4B, Supplemen-
tary Figures S16A, S15A, SISA-B and Supplementary Ta-
ble S10) in line with our results above from in vivo and
pulse-chase experiments (Figure 1). Minor satellite cen-
tromeric repeat signals were seen as small focal structures
located in close proximity to chromocenters (Figure 4B,
Supplementary Figures S16B, S17B, S18B-C and Supple-
mentary Table S10). Akin to major satellite repeats, cen-
tromeric DNA of mES cells was found to also replicate pref-
erentially in early/mid S-phase (stage II). Centromeres of
Drosophila as well as yeast, were found to replicate only
early in S-phase suggesting that early replication timing is a
conserved feature of centromeres (97,98). In mouse fibrob-
lasts, however, centromere replication was also reported to
occur throughout S-phase (99,100). Given their physical lo-
cation along chromosomes and their 3D organization in in-
terphase nuclei (Supplementary Figure SISA and (72)), it
is likely that centromeric regions are also less compacted
in mES cells so that partial overlap of the replication tim-
ing profiles of these two structures can be expected. Fur-
thermore, and as shown in somatic cells (99), centromeric
repeats likely replicate just before or after the directly ad-
jacent pericentromeric chromosomal domains. In the case
of telomeres, the FISH signals distributed as smaller indi-
vidual foci throughout the cell nucleus (Figure 4B, Supple-
mentary Figures S16C, S17C, S18A, S18C and Supplemen-
tary Table S10). Overlap of replication and telomere signals
was observed at all S-phase stages, with an increase during
stage II.

Although our previous observations (Figure 1A and C
and Supplementary Figure S11) suggest a difference in
chromatin clustering in S-phase stage III and TV, we could
not identify any specific tandem repeat sequence underly-
ing these stages. Since none of the RFi features quantita-
tively analyzed (Supplementary Figure S12) showed signif-
icant differences between these two stages, we consider this

part of S-phase as one substage and will refer to it, hereafter,
as stage III.

Since the J1 mES cells were derived from the inner cell
mass of a male blastocyst (45), we additionally analyzed
the replication timing of the Y chromosome (Supplemen-
tary Figure S15C). The strong accumulation of replication
signals observed in stage IV, of S-phase showed a significant
overlap with FISH signals specific for the Y chromosome
(Figure 4C, Supplementary Figures S16D, S17D, SISA-C
and Supplementary Table S10). We, therefore, consider S-
phase stage IV, as the male specific S-phase stage where the
Y chromosome is replicated and will refer to it, hereafter, as
stage Y.

Since we measured an increase in PCNA-telomere sig-
nal overlap in S-phase stage II cells, we analyzed if telom-
ere replication timing was dependent on their 1D prox-
imity to pericentromeric heterochromatin, which is repli-
cated during this stage of S-phase. We, therefore, segmented
telomeres in stage II S-phase cells, grouped them accord-
ing to their location with regards to chromocenters and
measured PCNA signal intensities within the segmented re-
gions. Telomeres on the short arm of acrocentric chromo-
somes (telomeres in chromocenters) showed higher PCNA
signals in stage II cells than telomeres capping the long
chromosomal arms (telomeres out of chromocenters, Fig-
ure 4D and Supplementary Table S10). This observation
underlines a potential domino-like replication where the ac-
tivation of origins of replication takes place in a next in-line
manner, thereby spreading from the (peri-)centromeric re-
peats towards the telomeres located on the short arm of the
chromosome (99). This is in line with earlier studies relating
the replication timing of telomeres to nuclear position, with
telomeres positioned towards the nuclear interior replicat-
ing earlier than the ones associated with the nuclear periph-
ery (101).

In summary, we characterized the replication timing of
the three main classes of tandem repeat sequences and of
the Y chromosome via a single cell microscopic approach.
(Peri)centromeric DNA was mainly replicated during stage
IT of S-phase, while telomeres were replicated over the com-
plete duration of S-phase. Replication of the Y chromosome
marked the end of S-phase and corresponded to the strong
accumulation of replication signals in stage Y (Figure 4E).

Synchronous replication of the Y chromosome marks the end
of S-phase in pluripotent and differentiated cells

The Repli-FISH method allowed us to determine that the
prominent structure that is replicated at the end of S-phase
in stage Y in male J1 mES cells is the Y chromosome (Fig-
ure 4C). In female cells, the inactive X chromosome (Xi)
replicates in a highly synchronous manner and, in contrast

(GBP) recruits the GFP-HDACI fusion protein to chromocenters via binding of the GBP to GFP. In the control experiments, only GFP was recruited to
chromocenters. (B) Histone acetylation (H4K 5ac and H4K8ac) levels in (HDACI) targeted and GFP control cells (mean + StDev). (C) 24 h after double
transfection of J1 mES cells, cells were pulse chased as described in Figure 1. Representative spinning disk confocal images from GFP control cells showing
S-phase substage transitions from stage II to III and from stage III to IV and from HDACTI targeted cells showing transitions form stage II to IIT and from
stage ‘III” to ‘II". Line profiles represent fluorescence intensities along the arrow marked in the images. CC = chromocenter, perinuc. = perinucle(ol)ar. (D)
Percentages of cells representing stage IT to IIT and stage ‘IIT" to ‘II” transitions in control and targeted cells (mean + StDev). (E-F) Chromocenter volume
(E) and chromocenter shape factor (F) in control cells and cells showing stage 11 to III and stage ‘III” to ‘II” transitions in HDACI targeted cells. *P < 0.05
and n.s. = non-significant. Detailed statistics are summarized in Supplementary Table S8. Scale bar = 5 pm.
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to the active homologue, within a short time interval dur-
ing early-mid S-phase (31). Similarly, we did not detect any
major replication signal at the Y chromosome in any of the
other four S-phase stages and, therefore, conclude that the
Y chromosome is synchronously replicated within this short
period of S-phase stage Y (Supplementary Figure S8D). To
further determine if this en bloc replication of the Y chro-
mosome at the end of S-phase is a characteristic of pluripo-
tent mES cells or a general feature of male cells, we an-
alyzed the PCNA and Y chromosome hybridization sig-
nal overlap in replicating male mouse embryonic fibrob-
lasts (MEF WS). In addition to the three well character-
ized S-phase patterns known from somatic cells (Se, Sy, and
S1), MEF cells showed a fourth pattern with a clear accu-
mulation of replication sites at the Y chromosome (Sup-
plementary Figure SI9A and Supplementary Table S10).
Pulse chase experiments in differentiated mES cells and
mouse embryonic fibroblasts showed a similar pattern after
chromocenter replication during late S-phase (S;) and be-
fore transition to G2 phase (Supplementary Figure S19B).
The Y chromosome of male cells, one of the smallest chro-
mosomes in mice (~92 Mb), is mostly studied in the con-
text of evolution, clinics and forensics (102) and mainly be-
lieved to consist of non-functional DNA (103). At the ge-
nomic level, the Y chromosome is marked by a very low
gene density (1.7 genes/Mb for mice, (74,104,105)) of which
only a fraction appears to be potentially protein coding in
humans and that are mostly required for testis develop-
ment and sex determination, or have a X encoded para-
log (105,106). Additionally, the Y chromosome is composed
of large heterochromatic DNA blocks (107,108). Therefore,
gene expression and transcriptional activity on the Y chro-
mosome are low and a connection between low gene den-
sity and transcriptional activity could explain the late repli-
cation timing of the male sex chromosome. Accordingly, a
correlation between gene expression and replication tim-
ing was demonstrated in Drosophila (109) and, similarly,
between replication timing, GC content, gene density and
transcriptional activity in human cells (68,110-112). Be-
sides this, the Y chromosome is frequently lost in most
male cell lines during prolonged cell culture and, thus, ne-
glected in most studies. Our microscopic data provide evi-
dence for a synchronous replication of the Y chromosome
marking the end of S-phase independently of the pluripo-
tency state as a general characteristic of mouse male cells.
Interestingly, mid S-phase replication of the silenced copy
of the X chromosome in somatic female cells, also occurs in
a synchronous manner (31), highlighting a common repli-

cation mode for transcriptionally inactive chromosomes.
This replication mechanism bears resemblance to obser-
vations in early Drosophila and Xenopus embryos, where
genome duplication is performed in extraordinarily short
time frames and in the complete absence of transcription
(35,113-116).

Cell cycle and S-phase stage kinetics in mouse embryonic
stem cells

Embryonic stem cells have the unique characteristics to
replicate indefinitely in cell culture while maintaining their
self-renewal capacity and to differentiate into cells of all
three germ layers. Their cell cycle also differs significantly
from somatic cell types (117) and upon differentiation, cell
cycle dynamics undergo massive reorganization (118-120).
To study DNA replication kinetics in mouse J1 ES cells, we
analyzed total S-phase and S-phase substage lengths, as well
as the population doubling time in asynchronously grow-
ing J1 mES cells. Cell cycle distribution was analyzed by
counting S-phase and non S-phase cells (G1, G2 or mitotic
cells) in EAU pulsed cell populations. On average, around
77% of J1 mES cells were in S-phase at any given time,
while 23% were not actively replicating DNA (Figure 5SA
and Supplementary Table S11). Furthermore, around 31%
of S-phase cells were in stage 11, replicating pericentromeric
heterochromatin, while 25% showed the stage I pattern. The
other stages were represented by 20% of the cells. Cell prolif-
eration rates were calculated over five consecutive days and
J1 mES cells exhibited a doubling time of around 14 h (Fig-
ure 5B), which is in agreement with doubling times mea-
sured for other mouse ES cell lines (121). Together with the
percentage of cells in S-phase (Figure SA and Supplemen-
tary Table S11), an average S-phase duration of almost 11 h
was calculated (Figure 5B). Similarly, S-phase substage du-
rations were derived (Figure 5C). During almost two-thirds
of S-phase length, mES cells were present in stage I or II,
replicating euchromatic and constitutive heterochromatin.
Stage III and Y accounted for only 1/3 of S-phase length.
These results are comparable to the S-phase substage du-
rations we measured via live cell microscopy (Supplemen-
tary Figure S8D). All in all, J1 mES cells exhibit a similar
S-phase duration to somatic cells, however, their doubling
time is significantly shorter (28,120). This observation is in
line with previous reports that stem cells have shorter gap
phases and are devoid of a G1-S transition regulation (118).
Strikingly, although mES cells exhibit a different temporal
organization of DNA replication, around 72% of S-phase

are shown in green. (B) Tandem repeat elements were co-visualized with EAU (labeling of nascent DNA, grey) in mES cell interphase nuclei by triple
FISH hybridization. Cells were classified into S-phase stages I to IVy according to their EAU pattern, mean EdU intensities within the marked elements
were measured as described in Supplementary Figure S3 and plotted. Mean values are indicated below each plot. (C) Analysis of Y chromosome FISH in
combination with PCNA staining was performed as in (B). (D) Analysis of telomere replication timing in J1 mES cells co-stained for PCNA and telomeres.
Chromocenters of S-phase stage II cells were segmented according to the DAPI staining, and sum values of PCNA fluorescent intensity were measured
within segmented telomeres located in close proximity to chromocenters (light grey arrows, ‘telomeres in chromocenters’) and within telomeres located on
the long arm of the chromosome (not in proximity of chromocenters, dark grey arrow heads, ‘telomeres out of chromocenters’). Replication of chromocen-
ter near telomeres within S-phase stage II hints towards a domino-like replication model with a sequential order of replication of adjacent chromosomal
regions (MaSat/MiSat to telomeres on the short chromosome arm). (E) Summary of the replication timing of tandem repeat elements and the Y chro-
mosome in mES cells. (Peri)centromeric DNA regions (MaSat and MiSat) are mainly replicated within the first half of S-phase (stage II), telomeres are
replicated throughout S-phase and the Y chromosome marks the end of S-phase (stage Y). Dotted lines represent cell contours. Boxplots are as in Figure
2 and Supplementary Figure S7. Scale bar = 5 pm. Detailed statistics are summarized in Supplementary Table S10. * P < 0.05 (calculated among each

elements against the respective stage I value (B) or against stage Y in C).
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Figure 5. Cell cycle characteristics of mouse embryonic stem cells. (A) The cell cycle distribution within an asynchronous mES cell population was analyzed
by labeling the cells with EAU and counting the number of S-phase cells (EAU positive). Around 77% of the cells are in S-phase and additionally, the
percentage of cells within S-phase substages (I-Y) is detailed. (B) Growth curve analysis over 5 days revealed a population doubling time of around 14
h for mouse J1 ES cells. Together with the percentage of replicating cells from (A), an approximate S-phase duration for mES cells of about 10.9 h was
calculated. (C) From the fraction of cells within every S-phase substage (I-Y, A) and the total S-phase duration (B), approximate durations of the individual
substages were calculated (mean £ StDev). All experiments were done in at least three independent biological replicates. Detailed statistics are summarized

in Supplementary Table S11.

are necessary to replicate active euchromatic chromatin and
silenced constitutive heterochromatin (stage I and IT), which
is similar to the time mouse myoblasts and embryonic fi-
broblasts spend in S, and S; (20)

Superresolved replication nanofoci in mouse embryonic stem
cells are activated in spatial clusters similar to somatic cells
in number but larger in volume

Advanced optical microscopy techniques allow imaging be-
yond the resolution limit inherent to light microscopy. By
using multicolor 3D structured illumination microscopy
(3D-SIM), it was recently shown that individual replication
foci are resolved down to single replicons and, to some ex-
tent, even to individual replication forks (28). Chromatin
organization and chromosomal interactions are known to
change during embryonic stem cell differentiation (122).
Moreover, differences in the organization of the underly-
ing chromatin fiber, e.g. a more open chromatin conforma-
tion, may have an impact on the organization and activa-
tion of replication origins, and, in turn, on the regulation of
replication timing of different chromatin classes. We there-
fore analyzed replication foci at the different S-phase sub-
stages in mouse ES and mouse myoblast (C2C12) cells im-
aged with 3D-SIM (nano replication foci or nanoRFi). To
quantify the number of super-resolved nanoRFi, mES cells
were labeled with 5-bromo-2’-deoxyuridine (BrdU), the nu-
cleotide analog was immunofluorescently detected and S-
phase cells were imaged. Replication foci were thresholded,
masked and counted as described (53). Comparable num-
bers of nano replication foci for cells from the first three
S-phase substages were obtained, with on average 3320 +
60 (mean + SEM) nanoRFi at any given time during S-
phase (Figure 6A, B and Supplementary Table S12). Since
the number of nano replication foci dropped dramatically
at the end of S-phase (stage Y: 1881 + 214), we excluded
this stage from all subsequent calculations. A similar trend
was found in the number of RFi measured from confocal
microscopy images (Supplementary Figure S12). NanoRFi
measurements in somatic cells revealed a decreased number
of super-resolved foci in late S-phase cells, when highly com-
pacted constitutive heterochromatin is replicated (28). In-
terestingly, we detected comparable numbers of nanoRFi in

mES stage I1 S-phase cells and all other S-phase stages. This
discrepancy could be explained by the more decompacted
heterochromatin in mES cells (Supplementary Figure S14),
facilitating individual foci segmentation. Additionally, this
result supports the idea that differences in chromatin orga-
nization influence DNA replication (78,79,123).

Since origins of replication are proposed to be located
at loop anchors (26) and based on the hypothesis that a
different chromatin compaction and (loop) organization in
mES cells could result in a spatially different organization
of nano replication foci and replicons, we compared the
numbers of nanoRFi in a given volume within the cell nu-
cleus of mouse myoblast and embryonic stem cells. The 3D-
SIM system simultaneously allows the generation of recon-
structed super-resolved 3D image sets and the correspond-
ing (pseudo)wide-field (pWF) images (Figure 6C). This al-
lowed us a direct comparison of the total number of RFi
per cell from different imaging resolution conditions from
the same cells. We, therefore, segmented 3D-SIM nanoRFi
and pWF RFi from early and stage I C2C12 and mES cells,
respectively, and calculated the population ratio of RFi.
The two cell types showed a similar ratio indicating that
every RFiimaged at conventional light microscopy resolu-
tion corresponds on average to 5.9 and 6.5 super-resolved
nanoRFi for C2C12 and mES cells, respectively (Figure
6D and Supplementary Table S12). In addition to the ra-
tiometric approach, we correlatively analyzed the connec-
tion of pWF and nanoRFi by determining the number of
super-resolved RFi per underlying pWF focus in both cell
types. Hence, we first aimed to determine the amount of
clustered (> 1 nanoRFi per pWF) versus single (exactly 1
nanoRFi per pWF) nanoRFi within the given volume of
the pseudo-widefield focus. Interestingly, in both cell lines,
around 72-73% of the nanoR Fi formed clusters, while 26—
27% of the pWF contained only one nanoRFi. While the
above mentioned ratiometric approach includes all detected
and segmented pWF, independent of the number of under-
lying nanoRFi, the correlative analysis takes into consid-
eration only pWF foci containing more than one nanoRFi
(clustered nanoR Fi). These pWF replication foci comprised
clusters of on average 3.82 and 4.02 nanoRFi for C2C12
and mES cells, respectively (Figure 6D and Supplementary
Table S12). Notably, stem cell pWF RFi are significantly
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Figure 6. 3D quantification and analysis of replication foci throughout S-phase in mouse embryonic stem cells. (A) Mid sections and maximum intensity
z-projections (z-max) of 3D structured illumination microscopy (3D-SIM) images of mouse ES cells representative of the first three S-phase patterns (I-I11)
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larger than myoblast pWF foci while no difference in size
of nanoRFi could be detected, suggesting that they cor-
respond to conserved (elementary) structural units of the
mammalian genome (28) (Figure 6E and F and Supple-
mentary Table S12). In summary, the observed difference
of mES cell replicons from those of mouse myoblast cells,
suggests that the underlying chromatin and loop organiza-
tion is different in mES cells (122,124) and that this differ-
ence is reflected in the organization and dynamics of DNA
replication (78,79,123). Chromatin loop structures are con-
sidered distinct units in the complex hierarchy of genome
organization within the cell nucleus. At this level, individual
loops may harbor the DNA elements that act as templates
or regulators in different molecular processes (reviewed in
(27)). The most prominent examples are enhancer elements
and promoters of genes that coordinate and regulate tran-
scription via long ranging cis-interactions (94,125,126). No-
tably, in somatic cells, measured sizes for chromatin loops,
replication forks and also nano-repair foci are highly consis-
tent and rely on the same structural DNA unit of about 90
kb (28,60,127). Coherently, a replicon consisting of bidirec-
tional replication forks, duplicates a DNA segment the size
of a pair of loops, i.e. around 180 kb (28). Thus, differences
in loop conformation and (local) chromatin density are po-
tent features that can modulate interactions between genetic
elements that are required for DNA-dependent metabolic
processes such as DNA replication. In this regard, it is ap-
pealing to propose that if replication origins are defined by
loop anchoring sites, then organization of replicons will be
directly linked to loop structures.

Molecular characteristics of the replicon in mouse embryonic
stem cells reveal increased numbers of activated origin and
unidirectional forks

Complete genome duplication once per cell cycle and in
the restricted time frame of S-phase depends on two deter-
minants: (i) the number and distribution of initiation sites
(i.e. replication origins) along the genome (inter-origin dis-
tance) and (ii) the processivity rate (nucleotides/time) of
replication forks (replication fork speed) emanating from
these sites. With regard to the differences in the spatio-
temporal replication dynamics of mouse ES cells described
above and in view of the highly dynamic spacing of adjacent
origins within replicon clusters in Xenopus and Drosophila
development (36,37,113), we aimed to clarify if mES cells
exhibit further replication related differences/adaptations
compared to somatic cells. To analyze the molecular char-

Nucleic Acids Research, 2020, Vol. 48, No. 22 12769

acteristics of replicons in mES cells, i.e. the replication
fork (elongation) speed (RFS) and the inter-origin distance
(IOD), we consecutively labeled asynchronous J1 mES cell
populations with two halogenated thymidine analogs, [dU
and CIdU and performed molecular combing assays with
isolated high molecular weight DNA that led to uniformly
stretched DNA fibres (1 wm ~ 2 kb, Figure 7A). The repli-
cation fork speed obtained in mES cells of 1.67 £+ 0.02
kb/min (mean + SEM, Figure 7B) is within the range of
fork rates measured by the same single molecule DNA fiber
analysis for other cell lines (28,128). This suggests that repli-
cation fork speeds are similar between pluripotent and so-
matic cells. On the other hand, the average inter origin dis-
tance of ~90 kb (Figure 7C) is smaller in mES cells com-
pared to mouse myoblasts and human cells (28). This re-
sult indicates that the organization of replicons or repli-
con clusters is different between mouse pluripotent and
somatic cells. Although the observed differences in 10D
lengths between mES and differentiated somatic cells are
not as dramatic as those occurring during development of
Xenopus embryos, they suggest that the modulation of inter-
origin distances, and concomitantly the resulting replicon
sizes, represent a mechanism that is similar between the two
species and highlights further developmental differences of
the replication timing program of murine ES cells. Of note,
while the first cell divisions in the Xenopus zygote occur in
the absence of DNA transcription, transcription initiation
is observed in the pronuclei of the zygote and at the two-cell
stage during mouse development (35-37,39,41,129).

To get a deeper insight in the distribution of genome-
wide replication initiation events, we compared the results
of our microscopic analysis with the available datasets of
sequencing-based genome-wide origin mapping in mES
cells (61,62), mouse embryonic fibroblast (MEF) cells (62)
and activated mouse B cells (64). This reflects the origin dis-
tribution in three different stages of differentiation, from
stem cells through differentiated but still reprogrammable
MEF cells, to a terminally differentiated B cell line. The
origin mapping in mES and MEF cells was realized us-
ing short-nascent-strand (SNS-seq) isolation and sequenc-
ing (130) and origins in B cells were mapped by Okazaki
fragment sequencing (OK-seq) (131). The genome-wide ori-
gin mapping was realized using asynchronous cell popula-
tions that permit cumulative mapping of all replication ori-
gins independently of their timing of firing. A total number
of 78 238 and 71 257 DNA replication origins were identi-
fied in two independent datasets using mES cells (61,62). In
MEF, 34 196 DNA replication origins were identified, i.c.,

are shown. (B) Numbers (mean + SEM) of nano replication foci (nanoRFi) quantified as described in Supplementary Figure S4 are plotted separately
for each of the three S-phase patterns. N indicates the number of cells analyzed. (C) At lower optical resolution, replication signals appear as larger foci
(pseudo wide-field (pWF) foci). These can be resolved to a number of smaller foci when imaged by super-resolution microscopy. Shown are representative
pWF (upper row) and the respective 3D SIM images (lower row) of the cell nucleus of a mouse myoblast, the unsegmented (middle column) and segmented
(right column) BrdU replication signals. The pWF replication foci were segmented as described in Supplementary Figure S5 and used to demarcate a
distinct volume of DNA in which the number of nano replication foci (nanoRFi) was quantified (magnified inset). nanoRFi are considered as ‘clustered’
if one pWF focus contains more than one nanoRFi. (D) Results of cluster analysis of nanoRFi within the distinct volume of a pWF replication focus
are shown. RFi ratios from super-resolution versus pseudo-widefield microscopy (barplot + Stdev) and analysis of the number of clustered nanoRFi in
individually segmented pWF foci (boxplot) in early S-phase mouse ES and myoblast (C2C12) cells are shown. Percentages of single and clustered nanoRFi
are depicted. (E-F) Volumes of the segmented pWF (E) and 3D-SIM (F) nano replication foci (nanoRFi) are shown. Detailed statistics are summarized
in Supplementary Table S12. Boxplots are as in Figure 2. * P < 0.05 and n.s. = non-significant. Black dots within violin/box plots represent mean values.
Scale bar = 5 and 2.5 pm for main graphs and magnified regions, respectively. Brightness and contrast of 3D-SIM images were adjusted for every image

depicted. Dotted lines represent cell contours.
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Figure 7. DNA replication fiber and genome size analysis in mouse embryonic stem cells. (A) Schematic outline of the experimental setup for DNA fiber
analysis. mES cells were sequentially labeled with IdU and CIdU for 15 min, harvested and embedded in agarose. After a proteinase K digestion step,
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two times less origins than in mES cells. The two times lower Table 1. mES cell replicon characteristics

number of origins led to a two times larger inter-origin dis-

N s g N Experimental data Mean £ SEM
tance in MEF cells in comparison to the mES cells (Figure
7D and Supplementary Figure S20). We determined aver- RF'S, 1000 nts per min 1.67 £ 0.02
age IODs of 33.6 and 69.93 kb for mES and MEF cells, re- Genome sz(zl?Glg; 1000 Mb 5?336356**
spectively (Figure 7E and Supplementary Table S13). Inter- Active RFi at any given po’int during S-phase 3320 £ 20
estingly, the IOD calculated for the somatic chromosomes Total S-phase duration, minutes 654 +21
was two times smaller than for the X chromosome (62 in Single forks, % 12.81 +8.6
mES and 82 kb in MEF) (Supplementary Figure S21A-C).
This suggests a different spatial origin activation on the two 3

Calculations Mean

parental homologue chromosomes leading to an apparently
smaller IOD calculation than the IOD measured for a sin-
gle stretched DNA molecule in the combing experiments.

Time to replicate the genome with one fork, 51 796-64 870

(GS/RFS), hours

The decrease in origin number and increase in the IOD be- Rer(’gcsa/tif;Sf(/’glf;gglevzgaft’f;g)nel’ 47525951
came even more prominent in the te?rr_nmally differentiated Replicons active in parallel, (active forks/2) 2376-2976
B cell line activating around 9000 origins. The SNS-seq and Replicons per RF, (calculated replicons active 0.72-0.9
OK-seq differ in the origin-mapping precision, the SNS-seq in parallel/counted RFi)

Calculated % of single forks 10-28

method offers a very good mapping resolution and identi-
fies all possible initiation sites (ISs). With an average peak

RFS, replication fork speed; nts, nucleotides; IOD, inter-origin distance;

size of 0.5 kb in the datasets analyzed (Supplementary Fig-
ure S22A and Supplementary Table S13), most of the ISs are
situated in close proximity and represent alternative origin
firing patterns within a cell population. The OK-seq iden-

GS, genome size (based on published genome data); RF, replication focus;
RFij, replication foci; SEM, standard error of the mean; * GS according to
mouse reference genome (GRCm38); ** GS according to flow cytometry
measurements.

tifies large initiation zones (IZs) with an average resolution
of 22 kb (Supplementary Figure S22A) without distinguish-
ing single initiation sites. To equalize the resolution of the
two methods for comparison purposes, all SNS-seq initia-
tion sites were clustered in the distance of the average res-
olution of OK-seq origin mapping (22 kb). As a result of
this operation, all origins found in mES and MEF cells were
clustered in 33 765 and 23 862 border 1Zs, situated at an av-
erage distance of 70.8 and 100.2 kb, respectively. In con-
trast the 9000 IZs identified in the activated B cells were
spaced at the distance of 288 kb (Supplementary Figures
S20 and S22B). This result suggests a gradual decrease in
origin firing and increase in origin spacing during differenti-
ation and supports our finding of smaller inter-origin spac-
ing in mES cells compared to somatic cells obtained from
single molecule DNA combing data.

Next, we analyzed the portion of single/unidirectional
forks (replication forks without counterpart/opposite di-
rection fork) per total forks present in mES cells and ob-
served that around 13% of all forks migrate away from the
origin of replication in only one direction (Figure 7F and
Supplementary Figure S6). The presence of unidirectional

forks has also been found in sequencing-based genome-
wide origin mapping techniques in human cells. In the latter,
genome duplication relies on 4.1% to 7.3% of unidirectional
forks (131). We obtained similar numbers upon extracting
the amount of unidirectional forks from the DNA combing
analysis datasets of Chagin ez al. (28), where we measured
5.5 £ 1.3% of forks travelling in only one direction from
the origin of replication. In addition, we also analyzed the
(a)symmetry of bidirectional forks and found that the two
forks proceeding in opposite directions from the same ori-
gin mostly travel at similar rates (Figure 7G). This suggests
that the replication forks of mES cells do not experience a
high level of stalling events due to exogenous or endoge-
nous factors, albeit mES cells are transcriptionally hyper-
active (132).

In view of the above mentioned essential parameters for
genome duplication once every cell cycle, the karyotype and
the resulting genome size of a cell line is important for
the determination of replicon characteristics. Most estab-
lished cell lines used for in vivo studies have initially been
transformed in order to immortalize them and to revive

agarose was digested and high molecular weight naked DNA was stretched on silanized glass coverslips. Nucleotide analogs and single stranded DNA
(ssDNA) were immunofluorescently detected. (B-E) The length of fluorescent tracks of the second pulse (CldU) were measured (1 pwm ~ 2000 nucleotides,
Supplementary Figure S6) and the mean replication fork speed (RFS, (B)), inter-origin distance (IOD, (C)), percentage of unidirectional forks (F) and
asymmetry of bidirectional forks (G) were calculated as indicated in (A). Additionally, the percentages of forks within a given range of RFS are indicated
in (B). For comparison of the RFS of the ‘left” and ‘right’ fork of a bidirectional fork, RFS values were plotted in a scatterplot. The solid grey line represents
the linear relation x = y and dotted lines represent thresholds allowing for a 35% (& StDev calculated for the asymmetry factor) difference between lengths
of the two forks. (D) Visual representation of origin mapping in two arbitrarily selected regions (mouse (Mus musculus, mm10) chromosomes 9 and 11).
SNS-seq origin profiles and identified origins in mES and MEF cells are shown. OK-seq origin profiles in activated (act.) B cells, called peaks along with the
middle point of each peak are represented. Replication profile scale is indicated in the upper left corner. The comparison between identified and clustered
origin peaks is shown in Supplementary Figure S20. (E) IOD distributions based on the genome-wide origin maps in mES cells and mouse embryonic
fibroblast (MEF) are shown (SNS-seq). The sequencing datasets used for the analysis include two independent replicates of origin mapping for each
condition. (H) Ploidy of J1 mES cells was determined via karyotype analysis of metaphase spreads. For genome size calculation, the sizes of individual
mouse chromosomes (19 autosomes + X and Y chromosomes) were retrieved from the Genome Reference Consortium database. Additionally, genome
sizes measured by flow cytometry are indicated. Boxplots/violinplots are as in Figure 2 and Supplementary Figure S7. Statistical details are depicted in the
plots or summarized in Supplementary Table S13. All experiments were done in at least two independent biological replicates. Black dots within box/violin
plots represent mean values. ¥ P < 0.05. Scale bar = 5 pm.
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Figure 8. Graphical summary of the cellular and molecular DNA replication characteristics in mouse embryonic stem cells. At the cellular level, DNA
replication is visible as distinct replication foci with a dynamic spatio-temporal organization. In mES cells, three different replication patterns are observed
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their replicative potential. Such procedures, however, often
introduce undesired genetic aberrations which are known
to drastically influence the ploidy of the transformed cell
line. Embryonic stem cells, on the other hand, are derived
from the inner cell mass (ICM) of the blastocyst and are,
by nature, capable of sustaining their proliferative state
in culture. Moreover, they have been described to main-
tain a stable diploid karyotype (133). Nonetheless, we per-
formed karyotype analysis of J1 embryonic stem cells from
metaphase chromosome preparations and calculated the
approximate genome size taking advantage of published
genome data available from the Genome Reference Consor-
tium (92) for haploid mouse genomes. Manual counting of
>100 metaphase spreads confirmed a diploid karyotype of
the mouse J1 cell line, consisting of 40 acrocentric chromo-
somes (Figure 7H and Supplementary Table S13). To derive
the total genome size, we used the mouse genome assem-
bly GRCm38.p6 mm10 that provides sequencing derived
sizes for each chromosome of a haploid mouse genome.
Based on this, we calculated a male diploid genome size
for mES cells of 5.182 Gb (Figure 7H). Since genome-wide
sequencing approaches are affected by unmappable repet-
itive sequences, this likely is an underestimate of the ac-
tual genome size. Indeed, using data from flow cytometry
based approaches we obtained diploid mouse genome sizes
of 6.03-6.5 Gb (134,135).

Model for genome replication in embryonic stem versus so-
matic cells

Using the above mentioned characteristics of mES cell
DNA replication and molecular parameters of the associ-
ated replicons (i.e. genome size, S-phase duration, number
of nanoRFi, IOD and RFS, see Table 1), we analyzed the
relationship between replicons and replication foci in mES.
The total number of replicons, reflecting the number of ori-
gins activated during S-phase, is given by the genome size
divided by the average inter origin distance obtained from
DNA fiber experiments. This calculation resulted in a to-
tal of 57 700-72 300 origins activated during the S-phase
of mES cells, depending on how the genome size was es-
timated. These values are comparable to the number of
replication origins obtained by genome-wide origin map-
ping techniques (see above and (61,62)). Since IOD mea-
surements may be more affected by the sample quality and
the length of DNA fibers obtained during the DNA isola-
tion and combing procedure (128), we additionally focused
on RFS to determine the number of active replication foci at
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any given time and to compare it with the actual numbers
of foci active in parallel obtained from our 3D-SIM data.
The genome size divided by the average speed of a replica-
tion fork represents the time required to synthesize the en-
tire genome if only one fork would be active for the entire
length of S-phase. Dividing this time by the actual measured
S-phase duration, thus effectively represents the number of
all active replication forks required at any given time during
S-phase. These calculations showed that ~4750-5950 forks
or half as many bidirectional replicons (~2380-2980) are re-
quired to act in parallel in mES cells (Table 1). Comparing
the nanoRFi active in parallel counted in 3D-SIM images
to the theoretically ‘needed” RFi active at any given time
during S-phase, resulted in a ratio of 0.72-0.9 (2376/3320—
2976/3320 RFi), indicating that mES cells activate more
replicons than ‘needed’ for genome duplication within the
timeframe of S-phase.

The difference in predicted and measured active replica-
tion foci can be explained by a higher frequency of nanoRFi
that contain single replication forks and could be resolved
by 3D-SIM. The latter would involve the presence of 10—
28% of unidirectional forks in mES cells to make up for
the difference in calculated versus counted RFi. Indeed, we
measured a substantial number of unidirectional replication
forks in mES cells using DNA combing amounting to 13%
of the total forks detected (Figure 7F). On the other hand,
the combination of a less compacted chromatin in mES
cells (Supplementary Figure S14) and the resolving power
of the 3D-SIM system allows to visualize more individual
replication forks in mouse ES cells. Another possibility that
could affect the spatial positioning of replication forks or
replicons is a different chromatin loop organization in mES
cells at sites of ongoing DNA replication, e.g. by subdivi-
sion into multiple smaller loops. Hence, we may also detect
more individual forks, increasing the number of observed
nano replication foci. The differences in heterochromatin
compaction in embryonic stem cells (Supplementary Figure
S14) are representative of a chromatin organization that is
generally more open than that of differentiated cells (78,98).
This, in turn, could affect the organization of the DNA fiber,
i.e., into chromatin loops. In support of this, it was reported
using chromosome conformation capture carbon copy (5C)
that the organization of TADs (topologically associated do-
mains) into multiple sub-megabase sized domains (i.e. sub-
TAD domains located within TADs) is found in several de-
velopmentally regulated genetic loci in mouse ES and neu-
ronal progenitor (NP) cells. Interestingly, in mES cells, a se-
ries of on average 100 kb sized loops connects the Sox2 gene

during the ~11 h of S-phase (time progression arrow not scaled). (Sub)chromosomal elements were found to replicate at specific time points during genome
duplication. While telomeres located at the long arm of the chromosome replicate throughout S-phase, the ones capping the q arms show significant increase
in replication during S-phase stage II. In contrast to somatic mouse cells, (peri)centromeric DNA (marked in green) replicates during mid S-phase (stage
II). The Y chromosome is replicated synchronously at the end of S-phase (stage Y) in pluripotent as well as in differentiated cells. Replication timing
of pericentromeric DNA switches from early/mid to late S-phase upon mES cell differentiation, which correlates with chromocenter compaction and
decreased histone acetylation. At the molecular level, mES cell replicons are characterized by short inter-origin distances of about 90 kb. Replication forks
progress at 1.7 nucleotides per minute to replicate the 5.2 Gb mouse genome in about 11 h. Replication is initiated from around 3320 replication foci (RFi),
although theoretically ~2380 bidirectional mES cells are sufficient for genome duplication within the timeframe of S-phase. Hence, from the 3320 sites
observed, 28% correspond to single forks and the remaining to bidirectional forks. This is within the range of (13%) single forks observed in DNA fiber
analysis. A characteristic arising from the molecular parameters of DNA replication in mouse pluripotent cells are smaller replicon sizes in mES cells
relative to somatic cells. Along a given segment of chromosomal DNA carrying multiple licensed origins of replication, mES cells initiate DNA replication
from double the number of origins compared to somatic cells. This results in more but smaller replicons and concomitantly smaller inter-origin distances

(~90 kb in mES cell and 160-190 kb in mouse/human somatic cells).
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with a presumed downstream enhancer element marked by
specific histone modifications. Akin to the loss of these epi-
genetic marks upon differentiation to NP cells, looping in-
teractions were no longer detected in the latter, suggesting a
mES cell specific loop organization (136) with loop sizes re-
flecting replicon sizes that we determined in this study (~90
kb).

In summary, we analyzed the spatio-temporal dynamics
of DNA replication progression in (un)differentiated mouse
embryonic stem (mES) cells and compared it with somatic
cells. We find a developmental switch in the replication or-
der of main chromosomal domains that is dependent on
histone acetylation level (Figure 8). Furthermore, we mea-
sured and compared the molecular properties of the mES
cell replicon, including the number of replication foci active
in parallel and their spatial clustering in mES cells versus
somatic cells. We conclude that each replication nanofocus
in mES cells corresponds to an individual replicon, with ap-
proximately one tenth to one quarter representing unidirec-
tional forks. Furthermore, we find that mES cells activate
twice as many origins spaced at half the distance than so-
matic cells. Altogether, our results highlight fundamental
developmental differences on progression of genome repli-
cation and origin activation in pluripotent cells.
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Supplementary Table 1: Cell line characteristics.

Name Species Type Genotype Reference
J1 wt Mus musculus embryonic stem cell wildtype (1)
E14 wt Mus musculus embryonic stem cell wildtype (2)
Cc2C12 Mus musculus myoblast wildtype (3)
MEF W8 Mus musculus embryonic fibroblast wildtype (4)
Primary fibroblast Mus musculus primary ear fibroblast* wildtype -

* from adult C57BL/6 mice.

Supplementary Table 2: Plasmid characteristics.

Name pc number* Fluorophore Gene species Promoter Reference
pmRFP-PCNA 1054 mRFP Homo sapiens CMV (5)
pMaSat-GFP 1803 GFP - CMV (6)
pGBP-MaSat 2469 - - CMV (7)
peGFP-HDAC1 2447 eGFP Homo sapiens CMV This study
PeGFP-CH 592 eGFP Aequorea victoria | CMV Mo e A

* pc: plasmid collection.
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Name Application Detection Cat# Company
Biotin-16-dUTP Labeling of FISH* probes Streptavidin - Self made (8)
. . . ) Sigma-Aldrich, St
Dig-11-dUTP Labeling of FISH probes Antibody detection 11573152910 Louis, MO, USA
) GE Healthcare,
Cy3-dUTP Labeling of FISH probes - PA53022 Chicago, IL, USA
) GE Healthcare,
Cy5-dUTP Labeling of FISH probes - PA55022 Chicago, IL, USA
Thermo Fisher
dATP, d;-;:-",:)dCTP & Generation of FISH probes - 10297018 Scientific, Waltham,
MA, USA
, - . . Thermo Fisher
5'ethy”y"2Ej'S°"y“”d'”e La?::”gh‘:;;asece”;[:n'iﬁ t'S" ClickIT chemistry E10415 Scientific, Waltham,
(EdU) pulse ( ) experi MA, USA
5-bromo-2'-deoxyuridine Labeling of nascent DNA in . . Sigma-Aldrich, St
(BrdU) pulse (chase) experiments Antibody detection B5002 Louis, MO, USA
- Labeling of nascent DNA in Sigma-Aldrich, St
Thymidine pulse (chase) experiments™** ) 79250 Louis, MO, USA
) , . Labeling of nascent DNA in ) )
S-iodo-2 Elczelj))xyurldlne molecular QNA combing Antibody detection 17125 Sljglrﬂ:’_?/:grjcg’sit
experiments
, . Labeling of nascent DNA in . )
5-ch|oro-(20-|(iijzo)xyurld|ne molecular QNA combing Antibody detection C6891 SI_ISLT:,-?/:E’;,ICS Sit
experiments
* fluorescence in situ hybridization, ** added only during chase period in pulse chase experiments.
3
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Supplementary Table 4: Primary and secondary antibody characteristics.

Reactivity Host Dilution Application Cat# Company
anti-PCNA (PC- Mouse 1100 IE* MO879 Dako, Hamburg,
10) Germany
. BD Bioscience,
?:g;ngg‘;' Mouse 1:1000 IF 611203 San Jose, CA,
USA
anti-H3K9ac . Active Motif, La
(1B10) Mouse 1:500 IF 61251 Hulpe, Belgium
) Becton Dickinson,
a”t"BBT;J’ 1du Mouse 1:200 C“é'::g,cn“'a:; 347580 Franklin
(B44) "9 Lakes, NJ, USA
. Millipore,
anti-ssDNA (16- Mouse 1:200 Molecular MAB3034 Burlington, MA,
19, 1IgG2a) combing IF
USA
anti-Sox2 . . Abcam,
(EPR3131) Rabbit 1:200 IF ab92494 Cambridge, UK
. . . Upstate, Lake
anti-H4K8ac Rabbit 1:100 IF 06-760 Placid, N, USA
anti-H3K9m3 Rabbit 1:200 IF 39161 GO, 2
Hulpe, Belgium
. Epitomics,
anti-HaKbac Rabbit 1:500 IF 1808 Burlingame, CA,
(EP1000Y) USA
Thermo Fisher
anti-digoxigenin ) . FISH** probe Scientific,
Rabbit 1:500 detection 700772 Waltham, MA,
USA
BioRad
anti-BrdU/CldU IF/Molecular -
(BU1/75 (ICR1)) Rat 1:100/1:200 combing IF OBT0030CX Puchheim,
Germany
anti-GFP (7.1 & Mouse 1:500 FISH IF 11814460001 | Roche. Penzberg,
13.1) Germany
anti-mouse IF (fluorescent The Jackson
Alexad8s Donkey 1:300 seconda 715-545-150 Laboratory, Bar
X V) Harbor, ME, USA
. The Jackson
a”t"mg“;e lgG Donkey 1:300 'FSSL“OOr:jzcem 715-165-151 Laboratory, Bar
y ) Harbor, ME, USA
Molecular
anti-mouse IgG ) combing IF Active Motif, La
Chromeo 546 Goat 1:200 (fluorescent 15033 Hulpe, Belgium
secondary)
. The Jackson
anti-mouse 1gG Donkey 1:500 IF (fluorescent 715-585-151 Laboratory, Bar

AlexaFluor 594

secondary)

Harbor, ME, USA
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Reactivity Host Dilution Application Cat# Company
) Molecular Probes
anti-mouse 1gG Goat 1:300 IF (fluorescent A-32728 Inc., Eugene, OR,
Alexa647 secondary)
USA
anti-mouse IgG2a c“élrc:s;u'a::: Fisher Scientific
9 Goat 1:200 9 A-21241 GmbH, Hampton,
AlexaFluor 647 (fluorescent
NH, USA
secondary)
anti-rabbit 1aG IF (fluorescent The Jackson
Cv3 9 Donkey 1:300 secondary)/FISH 711-165-152 Laboratory, Bar
¥ probe detection Harbor, ME, USA
. . Molecular Probes
anti-rabbit IgG Goat 1:300 IF (fluorescent A-21245 e, BuaEie, R
Alexa647 secondary)
USA
anti-rat IgG IZ(/)“r/rI\ClJ)Iiicu:lir The Jackson
9 Donkey 1:500/1:200 9 712-545-153 Laboratory, Bar
AlexaFluor 488 (fluorescent
Harbor, ME, USA
secondary)

* IF: immunofluorescence, ** fluorescence in situ hybridization.
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Supplementary Table 5: Imaging systems characteristics.

Microscope/ Filters (ex. & em. Objectives/ Detection Incubation o
Lasers/lamps Application
Company [nm])* lenses system system
Ultra-View VoX ) closed live-cell
- . solid state i )
spinning disk on ) 405/488/568/640** - . . microscopy time-lapse
. diode lasers oil immersion cooled 14-bit .
an inverted 405: 415-475 chamber (ACU | microscopy
. ) (405 nm, 60x Plan- Hamamatsu®
Nikon Ti-E 488: 505-549 control, & confocal z-
. 488 nm, Apochromat C9100-50
microscope/ 561 nm 561: 580-650 (NA 1.45) EMCCD Olympus) for stack
PerkinElmer Life ! 640: 664—754 ' time-lapse imaging
. 640 nm) .
Sciences, UK microscopy
488: 473-491 &
L 506-534 oil immersion
A)‘(’:ggg'tegé o HBO100 561: 550-580 & 63x Plan- 12-bit Tg:gﬂar
[Zeiss. German mercury lamp 590-650 Apochromat AxioCam mRM ima ing
’ y 640: 590-650 & (1.4 NA) 9ing
663-738
405 nm diode HCX PL APO
488 nm 63x/1.4-0.6
Leica SP5 Argon, oil lambda . confocal z-
/Wetzlar, 561 nm AOSB?H:’;am blue & 2 g‘é?egz:'d - stack
Germany DPSS, P HCX PL APO imaging
633 nm HeNe 100x / 1.44 oil
gas Corr CS
- 100x 1.4 oil .
Dg:\t:)\(/ '3';/” 405,488and |  405: 401-447, immersion Casg:/lo('fc':fm -
GE. Chicago. IL 593 nm diode 488: 500-550, objective cameras - imaain
’ ey L5 lasers 594: 603-627 UPlanSApo . 9ing
USA (Photometrics)
(Olympus)
* ex.: excitation & em.: emission, ** dichroic specification, *** WD: working distance.
6
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Supplementary Table 6: Genome-wide replication origin profiling information.

Dataset

Sample

Cells

Sequencing method

Webpage

Reference

GSE126477

GSM3602315

GSM3602316

GSM3602317

mES

Small nascent DNA
strand sequencing
(SNS-seq)

https://www.ncbi.nlm.nih.gov
/geol/query/acc.cgi?acc=GSE
126477

https://www.ncbi.nlm.nih.gov
/geol/query/acc.cgi?acc=GS
M3602315

https://www.ncbi.nlm.nih.gov
/geol/query/acc.cgi?acc=GS
M3602316

https://www.ncbi.nlm.nih.gov
/geol/query/acc.cgi?acc=GS
M3602317

©

GSE99740

GSM2651111

GSM2651112

mES

Small nascent DNA
strand sequencing
(SNS-seq)

https://www.ncbi.nlm.nih.gov
/geo/query/acc.cgi?acc=GSE
99740

https://www.ncbi.nlm.nih.gov
/geol/query/acc.cgi?acc=GS
M2651111

https://www.ncbi.nlm.nih.gov
/geol/query/acc.cgi?acc=GS
M2651112

(10)

GSE99740

GSM2651107

GSM2651108

MEF

Small nascent DNA
strand sequencing
(SNS-seq)

https://www.ncbi.nlm.nih.gov
/geol/query/acc.cgi?acc=GSE
99740

https://www.ncbi.nlm.nih.gov
/geol/query/acc.cgi?acc=GS
M2651107

https://www.ncbi.nlm.nih.gov
/geol/query/acc.cgi?acc=GS
M2651108

(10)

GSE116321

GSM3227970

GSM3227971

GSM3227972

activated
mouse B
cells

Okazaki fragment
sequencing (OK-seq)

https://www.ncbi.nlm.nih.gov
/geol/query/acc.cgi?acc=GSE
116321

https://www.ncbi.nlm.nih.gov
/geol/query/acc.cgi?acc=GS
M3227970

https://www.ncbi.nlm.nih.gov
/geol/query/acc.cgi?acc=GS
M3227971

https://www.ncbi.nlm.nih.gov
/geol/query/acc.cgi?acc=GS
M3227972

(11)
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Supplementary Table 7: Statistic parameters for Figure 1A, S8D and S12.

Figure Stage N Mean Median SD SEM Cl P-value
15 3.6 - 0.6 - - -
Il 23 4.6 - 0.9 - - -
Live cell (1A
1] 13 1.5 - 0.4 - - -
& S8D)
v 16 1.1 - 0.2 - - -
IV, 18 1.0 - 0.1 - - -
32 0.55 0.55 0.13 0.02 0.001 -
Il 32 0.35 0.35 0.08 0.01 0.001 8.2e-10
RFi distance 1] 29 0.3 0.3 0.1 0.02 0.001 4e-12
from nuclear
border (S12)
\Y 24 0.28 0.28 0.07 0.02 0.001 3.4e-13
IV, 27 0.33 0.28 0.1 0.02 0.001 1.8e-09
32 0.65 0.66 0.01 0.002 0.0001 -/5.2e-13
Il 32 0.66 0.66 0.01 0.003 0.0002 0.49/7.3e-13
1] 29 0.67 0.67 0.02 0.004 0.0003 0.002/4.6e-10
RFi solidity
(S12)
v 24 0.69 0.69 0.02 0.005 0.0003 8.5e-08/1.9e-05
IV, 27 0.73 0.73 0.03 0.006 0.0004 5.2e-13/-
32 232 213 92.12 16.28 1.03 0.091/8.0e-10
Il 32 278 273 123.2 21.78 1.38 -/3.7e-10
1] 29 212 202 100.85 18.73 1.18 0.024/5.0e-07
RFi numbers
(S12)
\Y 24 188 194 87.4 17.84 1.13 0.002/1.4e-05
IV, 27 83 77 59.57 11.46 0.73 3.7e-10/-
8
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Figure Stage N Mean Median SD SEM Cl P-value
32 0.34 0.33 0.05 0.01 0.0005 0.013
Il 32 0.37 0.37 0.05 0.01 0.0005 -
norm. DAPI
intensity in 1] 29 0.34 0.34 0.06 0.01 0.0007 0.012
RFi (812)
\Y 24 0.32 0.32 0.06 0.01 0.0007 0.002
IV, 27 0.36 0.35 0.07 0.01 0.0008 0.47
9
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Supplementary Table 8: Statistic parameters for Figure 2 and 3.

Figure Dac)zllts;:gel N Mean Median SD SEM Cl P-value
0 107 1.41 1 1.19 0.115 0.0072 -
Oct3/4 (2C) 3 117 0.2 0.2 0.07 0.007 0.0004 < 2.16e-16
7 102 0.14 0.14 0.05 0.005 0.0003 < 2.16e-16
0 37 1.01 1 0.11 0.02 0.0011 -
Sox2 (2C) 3 33 0.54 0.53 0.02 0.004 0.0002 <2.16e-16
7 38 0.53 0.53 0.03 0.005 0.00003 | <2.16e-16
early 12 480301 342456 45857 3309 2078 -
EdU (2E) mid 16 685792 422070 68445 3392 2129 0.002417
late 13 847384 551027 106878 11329 7124 1.74e-05
undiff. mMESC 24 0.74 0.74 0.18 0.028 0.055 -
H3K9ac (2H) diff. mESC 28 0.61 0.64 0.09 0.017 0.034 0.00054
primary 25 0.51 0.48 0.11 0.021 0.042 2.23e-07
undiff. mESC 20 1.93 1.99 0.36 0.081 0.159 -
H3K9m3 (2H) diff. mESC 25 2.33 212 0.74 0.149 0.292 0.1221
primary 19 2.77 2.52 0.64 0.147 0.288 1.627e-05
undiff. mESC 26 0.86 0.78 0.16 0.032 0.062 -
H4K8ac (2H) diff. mESC 26 0.63 0.64 0.11 0.021 0.043 0.000995
primary 17 0.5 0.48 0.08 0.018 0.036 5.864e-06
control 28 1 - 0.25 - - -
H4K5ac (3B)
HDAC1 34 0.4 - 0.16 - - < 2.16e-16
control 21 1 - 0.25 - - -
H4K8ac (3B)
HDAC1 28 0.2 - 0.04 - - < 2.16e-16
10
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Figure L REe N Mean Median SD SEM Cl P-value
celltype
control 28 100 - 1.14 - - -
I to Il (3D)
HDAC1 16 51.6 - 9.3 - - -
control 0 0 - 0 - - -
I’ to ‘I’ (3D)
HDAC1 15 48.4 - 7.4 - - -
control 13 14.13 6.24 17.82 2.09 0.13 -
Chromocenter | 5, 40 11 10 10.31 6.86 15.07 1.53 0.1 0.14
volume (3E)
HDAC1 "Il to I’ 9 5.88 4.36 6.43 0.6 0.04 0.0003
control 13 0.54 0.56 0.12 0.01 0.001 -
Chromocenter | .01 )46 11 10 0.6 0.61 0.07 0.01 0.0004 9.4e-10
shape (3F)
HDAC1 "Il to I’ 9 0.66 0.67 0.07 0.01 0.0004 6.3e-12
11
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Supplementary Table 9: Statistic parameters for Figure S14.

Figure Celltype N Mean Median SD SEM Cl P-value
undiff. mMESC 28 11.15 10.00 5.54 1.24 0.080 -
Number of
chromocenters diff. mESC 28 22.00 20.50 7.70 1.72 0.110 1.17e-05
(S14B)
primary 31 23.35 22.00 9.76 2.18 0.140 3.42e-05
undiff. mMESC 28 6.88 4.80 9.38 0.63 0.04 -
Chromocenter | .o oo 28 3.50 2.05 4.13 0.20 0.01 5.25e-07
volume (S14C)
primary 31 3.60 2.07 4.68 0.22 0.01 1.31e-06
undiff. mMESC 28 0.04 0.037 0.02 0.0012 0.00007 -
Chromocenter
compaction diff. mESC 28 0.05 0.05 0.04 0.0015 0.00009 <2.16e-16
(S14D)
primary 31 0.06 0.051 0.03 0.0013 0.00008 <2.16e-16
undiff. mMESC 28 0.48 0.47 0.10 0.006 0.004 -
Chromocenter
shape factor diff. mESC 28 0.56 0.56 0.08 0.004 0.002 <2.16e-16
(S14E)
primary 31 0.58 0.58 0.07 0.003 0.002 <2.16e-16
12
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Supplementary Table 10: Statistic parameters for Figure 4, S16, S18 and S19.

Figure Stage N Mean Median SD SEM Cl P-value
27.26/ 25.97/ 4.4/ 1.27/ 0.08/
12 29.22/ 27.5/ 5.15/ 1.49/ 0.1/ -
34.39 33.94 4.47 1.29 .08
43.13/ 41.37/ 5.16/ 1.56/ 0.1/ 1.5e-07/
1 11 38.03/ 39.05/ 5.14/ 1.55/ 0.1/ 0.0005/
38.44 40.39 5.37 1.62 0.1 0.06
. 21.59/ 20.79/ 6.14/ 1.77/ 0.11/ 0.02/
tgziiurg"s's(zg) 1 12 26.36/ 26.46/ 5.47/ 1.58/ 0.1/ 0.2/
27.21 28.3 5.81 1.68 0.11 0.003
14.97/ 15.01/ 4.11/ 1.3/ 0.08/ 1.5e-06/
[\ 10 17.25/ 17.6/ 3.63/ 1.15/ 0.07/ 3.6e-06/
21.05 20.69 4.99 1.58 0.1 3.4e-06
9.3/ 8.41/ 3.04/ 0.96/ 0.06/ 5.7e-10/
Y 10 10.87/ 9.49/ 4.35/ 1.38/ 0.09/ 1.6e-08/
11.26 9.75 3.8 1.2 0.08 2.8e-11
13 273.67 208.8 265.82 23.97 1.51 4.8e-12
1 13 278.99 185.16 265.11 36.08 2.27 3.6e-12
Y chromosome
(4C & S16D) Il 8 302.93 158.63 357.69 103.26 6.62 2.2e-11
[\ 8 323.07 53.94 537.48 155.16 9.95 6.6e-9
Y 10 2049.87 2077.22 849.74 157.79 9.98 -
in 14 4014 2951 3725 235 14.73 -
Telomeres in vs
out (4D)
out 14 2172 1429 2231 111 6.97 6.77e-12
19 234.39 175.48 225.9 14.9 0.94 -
1 19 896.88 857.6 492.27 36.79 2.3 < 2.16e-16
MaSat (S16A) Il 5 229.56 173.97 216.2 27.24 1.72 0.8766
IV 6 82.89 43.93 106.67 11.37 0.72 1.51e-14
Y 6 79.33 63.19 70.1 12.59 0.8 6.07e-13
13
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Figure Stage N Mean Median SD SEM Cl P-value
13 15.87 13.67 12.48 0.83 0.052 ;
I 16 28.13 24,22 20.79 1.51 0072 | <2.16e-16
Misat (S16B) m 13 7.1 431 7.69 0.45 0028 | <2.16e-16
W 10 3.41 222 4.04 0.27 0017 | <2.16e-16
Y 5 3.21 126 5.28 0.54 0034 | <2.16e-16
14 28.4 25.63 17.33 0.72 0.045 ;
I 11 33.8 25.64 28.02 1.27 0.080 0.00023
Telomeres M 10 29,53 25.74 20.65 1.11 0.070 0.392
(S16C) : : : : : :
W 11 18.07 12.94 16.99 1.03 0.065 1.32¢-15
% 10 11.07 6.7 14.15 1.03 0.064 | <2.16e-16
21.4/ 22.05/ 243/ 0.86/ 0.06/
8 24.19/ 23.85/ 2.33/ 0.82/ 0.05/ ;
27.4 27.95 2.96 1.05 0.07
2531/ 24,59/ 517/ 1.83/ 012/ 0.08/
I 8 44.54/ 44.92/ 243/ 0.86/ 0.06/ 9.1e-11/
32,56 31.97 3.44 1.22 0.08 0.006
YiMaSat/ 23.01/ 22,58/ 5.23/ 1.85/ 012/ 0.45/
telomeres M 8 21.22/ 22.41/ 5.43/ 1.92/ 012/ 0.19/
(S18A) 21.79 23.41 5.58 1.97 0.11 0.03
229/ 23.36/ 357/ 1.26/ 0.08/ 0.34/
IV 8 13.23/ 13.29/ 2.82/ 1.0/ 0.06/ 96-07/
16.93 16.25 485 1.71 0.11 0.0002
50.67/ 50.05/ 5.92/ 1.7/ 013/ 3.66-08/
% 9 7.22/ 6.88/ 1.32/ 0.44/ 0.03/ 1.96-09/
9.13 9.53 2.42 0.81 0.05 2.26-09
14
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Figure Stage N Mean Median SD SEM Cl P-value
18.93/ 16.46/ 10.43/ 3.48/ 0.23/
9 26.99/ 24.95/ 3.88/ 1.29/ 0.08/ -
25.97 25.84 4.73 1.58 0.1
20.3/ 18.61/ 8.87/ 2.67/ 0.17/ 0.76/
1] 11 48.37/ 48.39/ 7.18/ 2.16/ 0.14/ 2.7e-07/
41.08 42.05 6.74 2.03 0.13 1.6e-05
20.03/ 17.17/ 8.51/ 2.84/ 0.18/ 0.8/
Mi;:vtk:::gB) I 9 20.49/ 19.2/ 5.32/ 1.77/ 0.09/ 0.01/
21.45 22.14 3.75 1.25 0.12 0.04
31.32/ 33.16/ 5.595/ 1.88/ 0.12/ 0.008/
\ 10 19.17 19.29/ 4.52/ 1.43/ 0.09/ 0.0008/
21.46 20.96 6.06 1.92 0.12 0.09
51.04/ 53.52/ 9.45/ 3.15/ 0.2/ 4.2e-06/
Y 9 10.27/ 11.07/ 4.43/ 1.48/ 0.1/ 2.7e-07/
10.68 10.87 6.23 2.08 0.13 3.2e-05
21.26/ 20.22/ 2.97/ 0.99/ 0.06/
9 21.13/ 20.73/ 3.54/ 1.18/ 0.08/ -
26.72 25.67 3.57 1.19 0.08
23.14/ 23.45/ 4.49/ 1.59/ 0.1/ 0.33/
1] 8 38.49/ 38.96/ 3.28/ 1.16/ 0.08/ 2.7e-08/
34.38 34.41 1.76 0.62 0.04 0.0001
. 22.87/ 22.41/ 2.96/ 1.12/ 0.07/ 0.3/
teYIIoMnI'lii:;ls Il 7 26.79/ 26.39/ 2.72/ 1.02/ 0.07/ 0.003/
(S18C) 26.45 27.51 2.8 1.06 0.07 0.9
24.01/ 23.92/ 6.17/ 2.06/ 0.13/ 0.3/
\Y, 9 20.32/ 20.78/ 2.12/ 0.71/ 0.05/ 0.7/
19.27 19.34 1.8 0.6 0.04 0.0001
51.91/ 50.75/ 5.73/ 1.81/ 0.12/ 7e-10/
Y 10 14.27/ 12.64/ 3.61/ 1.14/ 0.07/ 0.0006/
13.29 12.47 2.63 0.83 0.05 1.7e-07
early 50 285.24 125.95 413.16 58.43 3.68 <2.16e-16
mid 10 401.8 284.74 399.81 126.43 8.15 1.7e-07
Y chromosome
MEF W8 (S19A)
late 55 413.38 345.17 236.73 31.92 2.01 <2.16e-16
Y 83 1581.58 1323.29 1013.69 111.22 7.00 -
15
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Rausch, Weber et al.

Stage N Mean SD
I 368 247 0.6
I 458 30.7 0.85
1 239 15.5 0.5
Y 91 6.1 0.1
non S 356 22.9 0.8
Supplementary Table 12: Statistic parameters for Figure 6.
Figure Substage N Mean Median SD SEM Cl P-value
| 24 3182 3160 557 114 7.2 -
I 28 3567 3398 542 102 6.5 -
# RFi (6B)
1] 36 3217 3248 526 88 55 -
Y 7 1881 1607 831 314 314 -
C2C12 16 5.99 - 0.42 0.11 0.23 -
nanoRFi/pWF RFi
(6D)
mES cell 30 6.5 - 0.39 0.12 0.26 0.0034
C2C12 16 3.82 3 2.3 0.021 0.0014 -
Clustered nanoRFi
per pWF (6D)
mES cell 30 4.01 3 26 0.027 0.0017 2.52e-08
C2C12 16 103.9 824 88.4 0.87 0.0054 -
Volume pWF RFi
(6E)
mES cell 30 121.6 71.6 115.6 1.07 0.0067 < 2.16e-16
C2C12 16 12.4 9 115.1 0.0046 0.0009 -
Volume nanoRFi (6F)
mES cell 30 13.3 9.6 114.2 0.0049 0.0003 0.75

16
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Supplementary Table 13: Statistic parameters for Figure 7, Supplementary Figure S21 and S22.

Figure N Mean Median SD SEM Cl P-value
mESC (7E) 71111 33.62 21.02 44.88 0.17 0.011 -
MEF (7E) 34159 69.93 44.96 85.21 0.46 0.029 < 2.16e-16
J1 karyotype (7H) 143 37.18 39 3.98 0.33 0.02 -
mESC (X chr) (S21A) 2645 62.23 37.17 188.49 3.67 0.23 -
MEF (X chr) (S21A) 1998 82.36 49.2 235.93 5.28 0.33 0.0017
mESC (autos.) (S21A) 71111 33.62 21.02 44.88 0.17 0.011 -
MEF (autos.) (S21A) 34159 69.93 44.96 85.21 0.46 0.029 < 2.16e-16
mESC (S22A) 71257 709.18 596 327.15 1.23 0.077 -
MEF (S22A) 34198 621.86 569 209.75 1.13 0.071 -
act. B cells (S22A) 8897 21415.53 17000 13618.36 144.38 9.054 -
mESC (S22B) 33746 70.85 58.89 54.52 0.3 0.019 -
MEF (S22B) 23843 100.19 75.07 90.57 0.59 0.037 < 2.16e-16
act. B cells (S22B) 8878 266.21 129 583.6 6.19 0.0388 < 2.16e-16
17
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SUPPLEMENTARY FIGURES

segmentation of crowded nuclei
(3D)

DAPI confocal stacks
(cropped)

Rausch, Weber et al.

segmentation of RFi
(3D)

EdU confocal stacks

ilastik

> include a subset of the images into a “Pixel classification” project
> select all features (features with 0<=1 calculated in 3D, larger o in 2D)

same steps as in DAPI segmentation

> only two classes: background & RF

> export simple segmentation

or: export probabilites and threshold at 0.5

Python with numpy, scipy, scikit-image, pandas

> manually annotate some pixels as background, nuclear border, nuclear interior
> train the default random forest classifer and apply to the rest of the images
> export probabilities for all 3 classes as TIFF or HDF5

> manually annotate one region
in each nucleus
> export labels

N - '

1
v |
. . . !
> assign unique label to each manually annotated region \
> grow them via Marker-guided watershed transform

with “nuclear border” probability as the boundary image B ——————

> keep only the centermost object

> separate touching objects via watershed transform
| using extrema of the Euclidean Distance Transform (EDT)
| as seeds and the inverse EDT as the ridge image

1 \4

| ) > remove segmented objects with
- I g |

\ I
I
I
I
I
I
I
\ 4 1
'

overlap < 50% with nuclear mask
> zoom raw images and nucleus & RFi masks in z for isotropic resolution of 57 nm (cubic interpolation)
> calculate EDT of nuclear mask

o~

> calculate features for each object in RF segmentation (region properties):

shape features: solidity, extent

location features: distance to nuclear border (mean of nuclear EDT under RF),

distance to nearest neighbor RF, mean distances to 3 nearest RFi and 5 nearest RFi

intensity features: mean DAPI & EdU intensity in the object &

mean normalized DAPI & EdU intensity (normalized to 5% and 99% quantile within nuclear mask)

file focus_id feature 1 feature 2 ...
53_2.5h_IT 1 0.63 23.2
53_2.5h_IT 2 0.47 34.1

54_2.5h_II 1

\4

> exclude objects smaller than 200 px® (~1 confocal PSF)
> aggregate all measurements for a file:
RFi count, median of each feature of individual RF, standard deviation of each individual feature

file num_foci feature 1 med feature 1_std feature 2 med ...
53_2.5h_II 342 0.55 0.12 28.6
54_2.5h_II 254

> save as CSV for do lysis/vi: ization

Supplementary Figure S1 — Analysis pipeline of replication foci (RFi) features. To extract
quantitative features of RFi, DAPI stained nuclei and EdU labeled RFi were segmented in confocal
stacks of mES cells. The central nucleus as well as RFi were segmented using supervised pixel
classification (ilastik) and watershed transform (Python with scipy/scikit-image). Several features were
calculated for each RF and used to create an aggregate feature vector for each image. A detailed
analysis pipeline is described in the Materials and Methods section.
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select mid slice for DAPI and
histone modification channel

mid slice

G1 G2
(single genome) (double genome)

S-phase
(genome duplication)

select G1 phase cells
according
to DAPI signal intensity

counts

Y

integrated DAPI signal (DNA content)

v

duplicate middle plane:
image > Duplicate
select “OK”

ImageJ

draw ROIs

with duplicated image:

DAPI channel:
select 4 circular ROIs INSIDE
chromocenters
select 4 circular ROIs OUTSIDE
chromocenters

-> every ROI to the ROl manager

with duplicated image:
histone channel:

import the 8 ROIs

> measure intensity

measure histone modification
levels in chromocenters and
in nucleoplasm

Supplementary Figure S2 — Analysis pipeline of histone modification levels. To determine the
histone modification levels at chromocenters, DAPI intensities of all cells were measured at middle
planes and cells were grouped into G1, S and G2 phases, accordingly. Four circular regions of interest
(ROI) were drawn in middle plane G1 phase cells inside DAPI intense stained chromocenters.
Similarly, four circular ROIs were drawn outside of chromocenters and intensity levels within these
ROls were measured in the histone modification channel. A detailed analysis pipeline is described in
the Materials and Methods section.
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open multi-channel and
multi-sliced image in
ImagedJ & create
nuclear masks

z-stacks

with DAPI images:

(1) draw manual ROls around individual
nuclei in several planes & add to ROI
Manager

mark ROlIs > ‘right-click’ > Interpolate
ROIs

File > New > Image (with same dimension
& slices and black background)

create binary image from all ROls:
‘right-click’ on ROl Manager > Fill

3D Projection 3D Projection

‘ (2) segment FISH signals ‘

ImageJ

| create 3D nucleus ROIs |  [EBEZEE

(3) use Plugins > 3D >

3D Manager > ‘Add Image’ (create 3D RO/
of binary image from (1))

(4) apply 3D ROI to segmented FISH
signals from (2)

apply 3D nucleus ROI to
FISH signals

3D Projection

(5) open second 3D Manager > ‘Add
Image’to import ROIs for FISH signals
from within the 3D ROI from (3)

Note: some 3D FISH ROIs might be deleted
manually due to overlap with neighbouring cells

apply 3D FISH ROls to
PCNA channel

(6) apply 3D FISH ROlIs from (5) to PCNA
channel

‘ measure PCNA intensities ‘

Supplementary Figure S3 — Analysis pipeline of Repli-FISH analysis. To determine the replication
timing of specific (sub)chromosomal elements, 3D masks of individual cell nuclei were manually
generated based on the DAPI channel. FISH signals were segmented. The 3D nucleus mask was
applied to the segmented FISH signals and the generated nuclear FISH ROls were used to mask the
PCNA signals and PCNA intensities within the mask were measured. A detailed analysis pipeline is
described in the Materials and Methods section.
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ImageJ

Volocity

convert 3D-SIM raw
images to 16-bit images

duplicate stack:

Image > Duplicate
Select “Duplicate Stack”
Select “OK”

segment replication foci via
auto-thresholding using
the Triangle method

with duplicated image:

Image > Adjust > Autothreshold

choose “Triangle Method”

select “Ignore black”

select “ White objects on black background”
select “Stack”

select “Use stack histogram”

select “OK”

mask the original replication
foci

mask the original image:

choose Process > Image Calculator
Image1: Choose thresholded image
specify method: “Min”

Image2: Choose original image
select “Create New Window”

select “OK”

— save resulting masked image

import DAPI and masked
replication images to Volocity

select newly generated folders
generate stack > Tools > Make volumes
set pixel sizes > Edit > Properties

create nucleus mask with
DAPI image &
segment replication foci

with DAPI image:

choose “Measurements”

> Find objects

> Close

> Fill holes in objects

> Exclude objects by size (200 um?)
> Make ROI from populations

with replication foci image:

choose “Measurements”

> Find objects using intensity

> Select wheel > choose “Lower” 1

> Separate touching objects (0 um?)

> Exclude objects by size (0.0002 um?)
> Exclude not touching RO

count replication foci within
nucleus (DAPI mask)

Glo

z-stacks

Rausch, Weber et al.

Supplementary Figure S4 — Analysis pipeline of 3D structured illumination microscopy (3D-
SIM) resolved nano replication foci counting. For counting of nano replication foci (nanoRFi) in 3D-
SIM images, analysis was done using ImagedJ and the PerkinElmer Volocity software. Raw image files
were converted to 16-bit images, individual cell nuclei were segmented based on the DAPI channel,
replication signals were thresholded and the binary images were used to mask the original replication
foci signals. DAPI and masked replication foci images were imported to Volocity to quantify replication
foci for individual nuclei by creating nuclear masks and corresponding ROls (regions of interest) were
based on the DAPI images. Next, 3D-SIM replication foci were detected by intensity and only foci
within the nuclear ROl were counted. A detailed analysis pipeline is described in the Materials and
Methods section.
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3D-SIM

pseudo wide-field (pWF)

convert pWF raw images to
match dimensions of 3D-SIM
images

z-stacks
z-stacks

match image dimensions (40x40x125 nm):
> double pixel numbers via a
bicubic interpolation
> pixel shift correction via translation of -2
pixels in x and y:

> Image

> Transform

> Translate

segment pWF replication foci
via auto-thresholding using
the Otsu method

duplicate stack

segment duplicated image:

> Process > Enhance contrast > Saturated
Pixels = 0% & check “Normalize histogram”
> Process > Subtract background

(rolling ball algorithm with radius = 10)

> Image > Adjust > Autothreshold

choose “Otsu Method”

select “Ignore black”

select “Ignore white”

select “Stack”

select “Use stack histogram”

select “OK”

mask the original image:

> Image Calculator:

Image1: Choose thresholded image
specify method: “Min”

Image2: Choose original image

select “Create New Window”

select “OK”

3D-SIM images were processed
as described for nanoRFi
analysis

ImageJ

— save resulting masked image l

import masked pWF and
3D-SIM images to Volocity

select newly generated folders
generate stack > Tools > Make volumes
set pixel sizes > Edit > Properties

3D-SIM images were processed
as described for nanoRFi
analysis

with pWF RFi image:

choose “Measurements”

> Find objects using intensity

> Select wheel > choose “Lower” 1

> Separate touching objects (0.02 ym®)
> Exclude objects by size (0.02 um?)

merge pwF and 3D-SIM images:
choose “Actions”

> Create

> Image sequence from selection

Volocity

analyze overlapping RF foci:

in “Measurements” tab

> Intersect:
Intersect: nanoRFi (3D-SIM)
With: pWF RFi

> Compartimentalize

analyze overlap of nanoRFi
and pWF RF

Supplementary Figure S5 — Analysis pipeline of nano replication foci per pseudo-widefield
replication focus quantification. For counting nano replication foci (nanoRFi) per pseudo-widefield
(PWF) replication focus, analysis was done using ImagedJ and the PerkinElmer Volocity software.
Dimensions of pWF replication raw images were matched to the image dimension of the 3D-SIM data
(40 x 40 x 125 nm). Individual cell nuclei were segmented based on the DAPI channel, histograms of
replication signals were normalized, background was subtracted, signals were thresholded and the
binary images were used to mask the original replication foci signals. 3D-SIM replication signals were
processed as described in Supplementary Figure S4. Segmented and masked pseudoWF and 3D-
SIM image stacks were imported to Volocity and merged. Detection of pWF RFi was based on
intensity as for 3D-SIM images and the number of nanoRFi contained in one pWF RF were counted.
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Supplementary Figure S6 — Analysis of the mouse embryonic stem cell replicon by DNA fiber
assays. (A) Classification of typical DNA fiber signals obtained from molecular combing experiments.
Replication fork speed is calculated from measurements of green replication signals (arrows) flanking
red tracks that mark initiation events during the first pulse labeling period (origins of replication marked
by black arrowheads). Merging forks within clusters of origins and termination events are discarded
(marked with X). Fork asymmetry can be assessed by calculating the ratio of left/right replication forks,
emanating from an origin of replication. Replication signals spreading in only one direction are
considered as unidirectional replication forks. (B) Representative examples of replication signals from
DNA combing experiments. Labeling is according to the classification described in (A). The inter-origin
distance (I0OD) is the distance between neighboring initiation sites within a cluster, identified based on
the first nucleotide label (IdU, red).
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Supplementary Figure S7 — Statistics representation using violin plots. Statistical analyses were
represented by violin plots, a variation of boxplots with a kernel density plot on each side. Similar to a
boxplot, boxes and whiskers represent 25-75 percentiles and 1.5 times the IQD (inter-quartile
distance), respectively and the center line depicts the median. Additionally, violin plots represent the
probability density of the data at different values.
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Supplementary Figure S8 — Live-cell analysis of DNA replication dynamics in mouse embryonic
stem cells. (A) J1 mES cells were transfected with mRFP-PCNA and stained with a PCNA specific
antibody. Representative confocal images of the anti-PCNA staining (grey) in an mRFP-PCNA
(magenta) transfected and an untransfected cell are shown. (B) MaSat-GFP polydactyl zinc finger
(PZF) transfected cells were fixed using a formaldehyde gradient with simultaneous permeabilization
and major satellite repeat sequences were visualized by fluorescence in situ hybridization (FISH) with
a MaSat specific probe (green). Representative confocal images are shown. (C) mES cells were co-
transfected with plasmids encoding fusion constructs of mMRFP-PCNA (magenta) and GFP-tagged
polydactyl zinc finger protein binding to major satellite sequences (MaSat-GFP, green) to follow S-
phase progression and to mark pericentromeric heterochromatin (chromocenters), respectively, and
imaging was performed for 24 hours with 30 minutes intervals. Spinning disk confocal images of a
representative cell progressing through S-phase (stage | to 1V;) and G2 phase. (D) Approximate
durations of the individual substages (mean * StDev) were calculated from at least 15 cells
(Supplementary Table 7) from different live cell experiments. The arrowheads in the IV, stage mark a
prominent accumulation of replication signals observed at the end of S-phase. Scale bar =5 uym.
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Supplementary Figure S9 — Description of the pulse chase experiments. (A) Experimental setup
of a pulse-chase experiment to determine the spatio-temporal progression of DNA replication in mES
cells. Asynchronously growing mES cell cultures were pulse labeled with the nucleotide analog EdU,
followed by various thymidine chase periods (white arrows) and fixation. Subsequently, replication foci
marked by the incorporated EdU, i.e. nascent DNA during the first pulse labeling (cyan), and the
replisome component PCNA, i.e. ongoing replication at the time point of fixation (magenta), were
(immuno)fluorescently detected (Figure 1C). The different chase times resulted in different degrees of
replication foci separation and, with increasing chase times, eventually also to transition from one S-
phase pattern to the next. Representative confocal images of EdU pulsed cells followed by different
chase times before fixation, are shown. (B) Schematic overview of the S-phase progression with
different chase durations. Durations of the different S-phase stages are indicated on the left. Chase
durations in the fixed cell approach were changed according to S-phase substage duration. While
shorter chase times (< 2 hours/ 2.5 hours for stage | - Il and Il - lll, respectively and < 0.75 hours for
stage Il - IV and IV - IV, transitions) do not visualize substage transitions in a substantial amount of
cells, increasing chase times reveals changes in S-phase patterns. This approach allowed us to get a
spatio-temporal resolution of DNA replication in fixed cells. (C) Schematic representation and
representative confocal images of a pulse-chase-pulse-chase experiment, underlining the domino-like
DNA replication model. Scale bars =5 um.
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Supplementary Figure S10 — DNA replication dynamics of mouse embryonic cells in different
microenvironments. (A) J1 mES cells were pulse chased as described in Figure 1, 6 hours (single
cells) or 24 hours (colonies) after seeding, EAU and PCNA were (immuno)fluorescently detected and
S-phase progression was analyzed. Representative confocal images of cells passing from stage | to
stage Il are depicted for single cells and cells grown in colonies. (B) J1 mouse ES cells were grown for
15 days in medium containing only LIF or 2i and LIF and pulse chased 24 hours after seeding.
Confocal images of S-phase progression from stage | to stage Il are depicted as above. Scale bars =

5 um.
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Supplementary Figure S11 — DNA replication dynamics in mouse E14 embryonic stem cells.
The experimental pulse chase setup (described in Figure 1), allowed the identification and temporal
order of five main replication patterns in mouse E14 ES cells. Representative spinning disk confocal
images of transitions from G1 to S-phase, S-phase substage transitions and S-phase to G2
progression are shown. The arrowheads in the IV, stage mark a prominent accumulation of replication
signals observed at the end of S-phase. White arrows represent chase periods. Scale bar = 5 uym.
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Supplementary Figure $S12 — Characteristics of replication foci in the five S-phase substages of
mouse embryonic stem cells. Replication foci (RFi) distance from the nuclear border, RFi solidity,
RFi numbers and normalized DAPI intensities within RFi are plotted for the five different mES cell S-
phase stages. Cyan marked boxplots represent features that differ significantly from one stage to the
other. All boxplots are as in Figure 2 and Supplementary Figure S7. Detailed statistics are summarized
in Supplementary Table 7.
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Supplementary Figure $13 — t-distributed stochastic neighbor embedding (t-SNE) analysis and
replication foci (RFi) characteristics distributions. (A) t-SNE embedding was used to visualize the
high-dimensional RFi characteristics. Each high-dimensional object was modeled by a 2 dimensional
point. Similar objects are modeled by nearby points and dissimilar objects are modeled by distant
points. Six variants of t-SNE representations are shown. Multinomial logistic regression of the S-phase
stage from the image features reached >70% accuracy. When also allowing for one-off errors (e.g.
stage | classified as Il), the accuracy was over >90% (accuracy determined in 5-fold cross-validation).
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Supplementary Figure S14 — Characteristics of pericentromeric DNA clusters (chromocenters)
in (un)differentiated mouse embryonic stem cells and mouse myoblast cells. (A) Representative
cell nuclei from undifferentiated J1 mES cells (cyan), differentiated J1 mES cells (blue) and primary
mouse ear cells (magenta). Average numbers of chromocenters per cell (B), volumes of
chromocenters (C), chromocenter compaction (coefficient of variation of DAPI (StDev/mean, (D)) and
chromocenter shape factor (E) show the different organization of pericentromeric heterochromatin in
mouse somatic and pluripotent mES cells. In (D), condensed chromatin is characterized by high DAPI
intensities. Thus, cell nuclei containing condensed chromatin show a higher DAPI standard deviation
than cells containing decondensed chromatin, which is characterized by low DAPI standard deviations.
Normalized DAPI standard deviation values, as a proxy for DNA decondensation levels, are plotted.
All boxplots are as in Figure 2 and Supplementary Figure S7. Detailed statistics are summarized in
Supplementary Table 9. Scale bar =5 ym. * P < 0.05.
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Supplementary Figure S15 — Validation of FISH probes for (sub)-chromosomal elements. (A)
Schematic overview of the chromosomal location and sequence motifs of the analyzed major and
minor satellites (MaSat (cyan) and MiSat (magenta)) and telomere (green) repeat elements in mouse
cells. (B) Triple-color FISH combining probes labeled with different nucleotide analogs, specific for
major satellites (cyan), minor satellites (magenta) and telomeres (green) hybridized to metaphase
chromosome preparations from diploid mouse cells. Insets show a magnification of one chromosome
and arrows show specific probe binding. (C) Schematic overview of the mouse Y chromosome and the
primer sequence used for probe generation (left). Hybridization of the Y chromosome specific probe to
mouse metaphase spreads. Inset shows specific probe annealing to one chromosome (right). Scale

bar = 10 ym and 1 ym for main graphs and magnified regions, respectively.
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Supplementary Figure
S$16 — Replication timing
of (sub-)chromosomal
structures in mouse
embryonic stem cells.
Tandem repeat elements
(magenta, major satellites
(MaSat, (A)), minor
satellites (MiSat, (B)) and
telomeres (C)) and the Y
chromosome (D) were co-
visualized with  PCNA
(grey) via Repli-FISH in
mES interphase cells.
Cells were classified into
S-phase stages | to Y
according to their PCNA
pattern, mean PCNA
intensities  within  the
marked elements were
measured as described in
Supplementary Figure S3
and plotted. Red boxes
represent mean * 95%
confidence intervals and
mean values are
indicated below each plot.
DAPI (grey) and
hybridization signals
(magenta) are shown as a
merge. Dotted lines
represent cell contours.
Detailed statistics are
summarized in
Supplementary Table 10.
Scale bar =5 um.
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Supplementary Figure
S$17 - 3-dimensional
nuclear distribution of

(sub-)chromosomal
structures in mouse
embryonic stem cells.
Tandem repeat elements
(magenta, major
satellites (MaSat, (A)),
minor satellites (MiSat,
(B)) and telomeres (C))
and the Y chromosome
(D) were co-visualized
with  PCNA (grey, left
column) or DAPI (grey,
right column). Mid z slice
from stage Il cells (A-C)
or stage Y (D) depicted
in Supplementary Figure
S16 are shown.
Additionally 2  slices
above and two slices
below the mid slice are
represented to show the
distribution of the marked
elements within the mES
cell nucleus. Scale bar =
5 um.
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Supplementary Figure S18 — Replication timing of subchromosomal structures and the Y
chromosome in mouse embryonic stem cells. EAU (DNA replication) and the Y chromosome were
co-visualized with major satellite repeats and telomeres (A), with major and minor satellite repeats (B)
and with minor satellite repeats and telomeres (C) in mES cell interphase nuclei. Cells were classified
into S-phase stages | to Y according to their EdU pattern, mean EdU intensities within the marked
elements were measured as described in Supplementary Figure S3 and plotted. Detailed statistics are
summarized in Supplementary Table 10. Scale bar = 5 ym. * P < 0.05 (calculated among the same
element against the respective stage | value).

38

184



5.3 CHAPTER Ill: Developmental Differences in Genome Replication Program and Origin Activation

A

T

<

o

Q

£

[]

[7]

]

£

(<]

L

[3]

>

Se Sm SI SY

% ; * * * .

< X 4000
&> “, 7
Sy . 2250 2000
© g ° %oe S =
o) X g ° ra)
28| el . b N
B

5

£

©

C

S

b

E

©

o

=

[T

w

=

Rausch, Weber et al.

Figure S19 — Y chromosome
replication marks the end of
S-phase independently of the
cell potency state. (A)
Replication timing analysis of
the Y chromosome in mouse
embryonic fibroblasts (MEF) via
Repli-FISH. PCNA quantification
within hybridization signals and
representation are as in Figure
4. (B) Pulse chase experiment
in male (un)differentiated mouse
J1 ES cells and mouse
embryonic  fibroblasts (MEF
W8). Representative spinning
disk  confocal images of
transitions from stage lll/late to
stage Y and from stage Y to G2
are shown for all three cell lines.
Arrowheads mark the Y
chromosome. Boxplots are as in
Figure 2 and Supplementary
Figure S7. Scale bar = 5 uym.
Detailed statistics are
summarized in Supplementary
Table 10. * P < 0.05 (calculated
against Sy).
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Supplementary Figure S20 — Origin profiling in mouse embryonic stem cells, mouse embryonic
fibroblasts and mouse activated B cells. Graphical representation of origin profiling in mES, MEF
and mouse activated B cells (act. B cells) in all replicates analyzed are shown. mES and MEF origins
clustered at the distance of 22 kb (performed for equalization of origin mapping resolution in the SNS-
seq and the OK-seq methods) as well as the middle point of clustered origins are indicated. The OK-
seq profiles in the B cell line in 3 replicates are represented in the following rows as well as origins
localization and their middle point. The replication profile scale is indicated in the upper left corner.
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Supplementary Figure S21 - Origin distribution on the chromosome X and autosomal
chromosomes. (A) The comparison of |IOD calculated for the mES and MEF cell lines on autosomes
and the chromosome X using the SNS-seq origin mapping data. (B) Schematic representation of
origin distribution on the chromosome X and 2 parental copies of autosomal chromosomes. (C)
Graphical representation of origin profiling in mES and MEF cells on a somatic chromosome
(chromosome 12) and an arbitrary chosen region on the chromosome X. Two independent replicates
of origin profiling and the localization of origins reproducibly identified in the two replicates are shown.
The replication profile scale is indicated in the upper left corner. Detailed statistics are summarized in
Supplementary Table 13. * P < 0.05.
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Supplementary Figure S22 — Origin mapping resolution in genome-wide techniques and origin
clustering. (A) Origin mapping resolutions measured as an average origin peak width in SNS-seq and
OK-seq methods are shown. (B) For comparison purposes the differences in methods resolution were
equalized by merging the neighboring origins detected in SNS-seq in the distance of the average peak
size in OK-seq analysis (22 kb). The IODs calculated for clustered origins in mES and MEF cell lines
as well as origins identified in activated B cells (act. B cells) are shown. Detailed statistics are
summarized in Supplementary Table 13. * P < 0.05.

Movies 1 & 2 - Time lapse movie of cell cycle progression in a mouse embryonic stem cell.
mES cells were transfected with mRFP-PCNA and MaSat-GFP (polydactyl zinc finger protein with
specific binding to major satellite repeats) and time lapse confocal microscopy was performed 24
hours post-transfection. z-stacks were acquired at 30 minutes intervals. Chromocenters (green) and
DNA replication (magenta) are shown as merged images and time intervals are shown on the upper
left. Depicted mES cell progresses from S-phase stage | to mitosis (movie 1) and from S-phase stage |
to G2 (movie 2). Scale bar =5 ym.
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ABSTRACT

DNA base modifications diversify the genome and
are essential players in development. Yet, their influ-
ence on DNA physical properties and the ensuing ef-
fects on genome metabolism are poorly understood.
Here, we focus on the interplay of cytosine modifica-
tions and DNA processes. We show by a combination
of in vitro reactions with well-defined protein com-
positions and conditions, and in vivo experiments
within the complex networks of the cell that cyto-
sine methylation stabilizes the DNA helix, increas-
ing its melting temperature and reducing DNA he-
licase and RNA/DNA polymerase speed. Oxidation
of methylated cytosine, however, reverts the duplex
stabilizing and genome metabolic effects to the level
of unmodified cytosine. We detect this effect with
DNA replication and transcription proteins originat-
ing from different species, ranging from prokaryotic
and viral to the eukaryotic yeast and mammalian pro-
teins. Accordingly, lack of cytosine methylation in-
creases replication fork speed by enhancing DNA he-
licase unwinding speed in cells. We further validate
that this cannot simply be explained by altered global
DNA decondensation, changes in histone marks or
chromatin structure and accessibility. We propose
that the variegated deposition of cytosine modifica-
tions along the genome regulates DNA helix stability,
thereby providing an elementary mechanism for local
fine-tuning of DNA metabolism.

INTRODUCTION

It has long been known that besides the four canonical
DNA bases, adenine (A), thymine (T), cytosine (C) and gua-
nine (G), chemically modified variants are found within the
genome of almost all phyla (1). The predominant DNA
modification within the mammalian genome is cytosine
methylation, consisting of the addition of a methyl group
to the C5 of the cytosine ring [5-methylcytosine (SmC)
(2)], and catalyzed by DNA methyltransferases (Dnmts)
(3,4). In mammals, cytosine methylation is involved in nu-
merous cellular processes, such as X-chromosome inacti-
vation and imprinting, silencing of gene expression, con-
trol of cell development and differentiation (5-7). The
impact of DNA methylation on gene expression and ul-
timately cellular differentiation stresses the need for a
tight regulation of d5SmC levels. Oxidation of d5mC to
5-hydroxymethylcytosine (d5ShmC) (8) and the identifica-
tion of the responsible enzymes, the ten-eleven Transloca-
tion protein family (Tetl, Tet2 and Tet3) (9), established a
long sought active DNA demethylation pathway dependent
on thymine-DNA glycosylase (TDG) and base excision re-
pair (BER) (10-12). Tet proteins catalyze the oxidation of
SmC to 5hmC in a 2-oxoglutarate-, iron(II)- and oxygen-
dependent manner and were shown to further oxidize ShmC
to 5-formyleytosine (5fC) and 5-carboxylcytosine (ScaC)
(13) in DNA.. Subsequent studies could identify factors that
specifically recognize and bind modified cytosine bases (epi-
genetic readers) (14), thereby regulating chromatin struc-
ture, DNA accessibility and gene expression (15,16).
Generally, cytosine base modifications are thought to not
influence the global canonical B-DNA structure, although
local changes around the modification site can arise [re-
viewed in (17)]. Recent reports, however, show that chem-

*To whom correspondence should be addressed. Tel: +49 6151 16 21882; Fax: +49 6151 16 21880; Email: cardoso@bio.tu-darmstadt.de
Correspondence may also be addressed to Peng Zhang. Tel: +86 85180988028; Fax: +86 85180988028; Email: pengl2zhang@outlook.com
"The authors wish it to be known that, in their opinion, they should be regarded as contributing equally.

Present address: Florian D. Hastert, Paul-Ehrlich-Institut, Bundesinstitut fiir Impfstoffe und biomedizinische Arzneimittel, 63225 Langen, Germany.

© The Author(s) 2021. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

194



5.4 CHAPTER IV: Cytosine Base Modifications Regulate DNA Duplex Stability and Metabolism

2 Nucleic Acids Research, 2021

ically modified bases can directly affect primary DNA dou-
ble helix structure and conformation in vitro (18), as well
as flexibility (19) and thermostability (20). Yet, the influ-
ence of base modifications on DNA structure and stability
is still highly debated (21,22). These chemical modifications
of DNA bases do not alter the Watson—Crick base pairing
per se; they, however, add a chemical functionality within
the DNA double helix, changing the hydrophobicity of the
major groove, introducing steric hindrance and changing
base pair stacking, structure and mechanical properties of
the DNA double helix (18,22-27). Interestingly, the size and
especially the hydrophobicity of the modifications influence
fluctuations and rotary motions within the base pairs and
are essential determinants of the solvation state of the DNA
stretch and consequently of its rigidity and stability (28).

Since an alteration in DNA stability and shape would be
predicted to have major consequences for global genome
processes, we investigated the effects of cytosine modifica-
tions on DNA double helix stability and DNA-related enzy-
matic processes in vitro and in vivo. We therefore analyzed,
on the one hand, DNA melting temperature in vitro and, on
the other hand, manipulated genomic DNA base modifica-
tion levels in vivo. To this end, we altered expression levels
of modification writer proteins (Dnmts and Tets) and trans-
fected cells with modified nucleotides. Overall, methylated
cytosines resulted in higher melting temperatures, slower
helicase-mediated DNA unwinding and decreased rates of
DNA replication and transcription. In contrast, its oxida-
tion product dShmC reverted this negative effect and led to
lower melting temperatures, and overall higher DNA un-
winding, and replication and transcription rates. We addi-
tionally show that the loss of DNA modifications in mouse
embryonic stem cells altered S-phase progression, due to
faster replication fork speed in the absence of dSmC. These
results imply that, in addition to previously described ef-
fects of DNA modifications on chromatin structure, their
effect on the stability of the DNA duplex per se creates an
additional way by which DNA base modifications can influ-
ence genomic processes, thereby (locally) fine-tuning DNA
accessibility and enzymatic activity.

MATERIALS AND METHODS
Plasmids

Mammalian expression constructs encoding a mcherry-
tagged fusion of the catalytic domain of mouse Tetl
(Tet1CD) and the mcherry tag alone were previously de-
scribed (15). GFP-tagged human RPA34 (29) and RFP-
tagged human proliferating cell nuclear antigen (PCNA)
(30) or miRFP670-tagged human PCNA were used to study
replication protein A (RPA) accumulation and to identify S-
phase stages, respectively. The expression vector containing
a monomeric near-infrared (miRFP670) PCNA fusion was
generated by amplifying miRFP670 from the pmiRFP670-
N1 [Addgene plasmid # 79887 and (31)] vector with primers
containing Agel and BsrGI sites (Supplementary Table
S1). The fragment was inserted into Agel/BsrGI-digested
mRFP-hPCNA (30). The resulting plasmid was verified by
restriction enzyme and DNA sequencing analyses. The cor-
rect subcellular localization was validated by microscopi-

cal analysis and the expected protein was detected by west-
ern blotting analysis upon expression into mammalian cells
(Supplementary Figure S1). Supplementary Figure S2 and
Supplementary Table S2 summarize the characteristics of
fusion proteins and expression constructs.

To generate the plasmid containing the yeast ARS306
origin of replication (pGC504), two oligonucleotides
(GC497 and GC498, Supplementary Table S1) were an-
nealed and ligated into pZN3 (32) digested with BamHI and
Pstl.

Cells, culture, transfection, inhibitor treatment and

nucleoside /nucleotide incorporation

All cells used were tested for mycoplasma and deemed free
of contamination. C2C12 mouse myoblast cells (33), mouse
embryonic fibroblasts (MEFs) W8 (34) and PM [p53~/~
and Dnmtl~/~, (35)] and HEK 293 human embryonic kid-
ney (36) cells were grown in Dulbecco’s modified Eagle
Medium (high glucose, DMEM, Sigma-Aldrich, St Louis,
MO, USA) supplemented with 20% (C2C12), 15% (MEF
PM) or 10% (MEF W8 and HEK 293) fetal bovine serum,
I x glutamine (cat# G7513, Sigma-Aldrich, St Louis, MO,
USA) and 1 M gentamicin (cat# G1397, Sigma-Aldrich,
St Louis, MO, USA) in a humidified atmosphere with 5%
CO, at 37°C. J1 wt and TKO (Dnmt1~/~, Dnmt3a~/~ and
Dnmt3b~/~) mouse embryonic stem cells were cultured un-
der feeder-free conditions on gelatin-coated culture dishes
(0.2% gelatin in ddH,O) in DMEM (high glucose) sup-
plemented with 16% fetal bovine serum, 1x nonessential
amino acids (cat# M7145, Sigma-Aldrich, St Louis, MO,
USA), 1Ix penicillin/streptomycin (cat# P4333, Sigma-
Aldrich, St Louis, MO, USA), 2 mM L-glutamine, 0.1 mM
B-mercaptoethanol (cat# 4227, Carl Roth, Karlsruhe, Ger-
many), 1000 U/ml LIF (cat# ESG1107, Merck, Kenil-
worth, NJ, USA), 1 pM PD0325901 and 3 pM CHIR99021
(Axon Medchem BV, Reston, VA, USA). Supplementary
Table S3 summarizes the cell line characteristics.

Transfections of C2C12 and MEF mouse cells with ex-
pression plasmids were performed using AMAXA nucleo-
fection (AMAXA Nucleofector II. Lonza, Basel, Switzer-
land) as described previously (37). Modified nucleotides
(dCTP, d5mCTP and d5hmCTP) were added at a fi-
nal concentration of 0.2 mM and Cy3-dUTP at a final
concentration of 0.02 mM to the transfection mix (cells
resuspended in 5 mM KCI, 15 mM MgCl,, 120 mM
Na,HPO4/NaH,POy, pH 7.2, and 50 mM mannitol). Cells
were analyzed 24 h after transfection. Nucleotide charac-
teristics are summarized in Supplementary Table S4.

Cells used for immunofluorescence were grown on glass
coverslips. For time-lapse microscopy, cells were plated in -
Slide eight-well slides (Ibidi GmbH, Planegg/Martinsried,
Germany).

Trichostatin A (TSA, cat# T8552, Sigma-Aldrich, St
Louis, MO, USA) treatment was performed with a final
concentration of 20 nM for 72 h changing with fresh TSA
containing medium every day, as described in (38).

EdU (5-ethynyl-2’-deoxyuridine) and EU (5-ethynyl-
uridine) labeling and the subsequent detection of nascent
DNA/RNA are described below.
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Growth curve analysis, doubling time, cell cycle distribution
and progression

For growth curve analysis, 2 x 10° J1 wt and TKO cells
were seeded as technical quadruplicates at day 0, and cell
numbers were counted with a Neubauer hemocytometer for
four consecutive days. Population doubling times were de-
rived with log2(n,/ng)/t[h] (ny: cell number at day x, ny:
cell number at day 0, 7: hours after seeding). To determine
the percentage of cells in every cell cycle and S-phase sub-
stage, asynchronously growing J1 wt and TKO cell cultures
were pulse labeled with 10 wM EdU for 12 min, fixed and
EdU was detected as described below. Cells were manually
grouped into the S-phase substages (stages I to Y, (39)),
non S-phase or mitosis, and percentages were calculated. S-
phase (substage) duration was derived by multiplying the
doubling time with the percentage of cells in the respective
phase. To compare the spatio-temporal progression through
S-phase, J1 wt and TKO cells were pulse labeled for 12 min
with 10 M EdU, washed twice and chased for 2 h with
50 M thymidine (cat# T-1895, Sigma-Aldrich, St Louis,
MO, USA). Fixation, permeabilization and MeOH treat-
ment were done as described for immunofluorescence. EAU
was detected prior to PCNA detection with mouse anti-
PCNA and donkey anti-mouse IgG Cy3. All antibody char-
acteristics are summarized in Supplementary Table S5.

Immunofluorescence

C2C12, MEF W8 and PM and JI wt and TKO cells
were fixed in 3.7% formaldehyde for 10 min and per-
meabilized for 20 min in 0.5% Triton X-100. For de-
tection of SmC, 5ShmC, BrdU, H3 acetylation and his-
tone modifications, cells were incubated for 5 min in ice-
cold methanol. RNaseA treatment (10 wg/ml in 1x PBS
[phosphate-buffered saline]) was performed for 30 min at
37°C and was followed by blocking in 0.2% fish skin gelatin
(Sigma-Aldrich, St Louis, MO, USA) in 1x PBS. 5SmC,
ShmC and BrdU were detected using mouse anti-5SmC an-
tibody, rabbit anti-ShmC antibody and rabbit anti-BrdU
in conjunction with 25 U/ml DNasel (Sigma-Aldrich, St
Louis, MO, USA) for 60 min at 37°C in digestion/staining
buffer (2% BSA, 30 mM Tris/HCI pH 8, 0.33 mM MgCl,,
0.5 mM B-mercaptoethanol). The following primary anti-
histone antibodies were diluted in 1% BSA/PBS (bovine
serum albumin in 1x phosphate-buffered saline) and incu-
bated for 1 h at room temperature: rabbit anti-H3 acetyl,
mouse anti-H3K9ac, rabbit anti-H3K18ac, rabbit anti-
H3K56ac, rabbit anti-H4K8ac, rabbit anti-H4K 16ac, rab-
bit anti-H3K9m3 and rabbit anti-H4K20m3. To stop DNa-
sel digestion, cells were washed with PBS containing 1 mM
EDTA and 0.02% Tween-20. Following incubation with
the secondary antibodies goat anti-rabbit IgG Chromeo
488, donkey anti-rabbit IgG Cy3, donkey anti-rabbit IgG
Cy5, goat anti-mouse IgG Chromeo 488 or donkey anti-
mouse IgG Cy3 for 60 min at room temperature, cells were
washed with PBS containing 0.02% Tween-20. DNA was
counterstained with 4,6-diamidino-2-phenylindole (DAPI,
1 wg/ml, cat# D9542, Sigma-Aldrich, St Louis, MO, USA)
for 10 min, and cells were mounted in Mowiol 4-88
(cat# 81381, Sigma-Aldrich, St Louis, MO, USA) with
2.5% DABCO antifade (1,4-diazabicyclo[2.2.2]octan, cat#
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D27802, Sigma-Aldrich, St Louis, MO, USA). All antibody
characteristics are summarized in Supplementary Table S5.

Fluorescence in situ hybridization (FISH)

For the detection of major satellite DNA repeats, probes
were amplified and labeled from mouse myoblast C2C12
genomic DNA by PCR (primer sequences in Supplemen-
tary Table S1) using self-made biotin dUTPs and Taq poly-
merase as described in (40). Probes were ethanol precip-
itated in the presence of 0.13 M sodium acetate and 50
pg/ml fish sperm DNA, resuspended in hybridization so-
lution (70% formamide, 2x SSC [saline sodium citrate] and
10% dextran sulfate, pH 7), denatured at 80°C for 5 min and
immediately put on ice. Cells were fixed for 10 min in 3.7%
formaldehyde in 1 x PBS, washed and subsequently perme-
abilized two times with 0.5% Triton X-100 for 15 min, equi-
librated for 3 min in 2x SSC followed by 30 min in 50%
formamide/2x SSC. After combining probes and cells in
a metal chamber, denaturation was performed at the indi-
cated temperatures with continuous temperature monitor-
ing for 5 min in a water bath followed by overnight an-
nealing at 37°C. Post-hybridization washing was performed
with 2x SSC; blocking and antibody dilution were done
with 1% BSA/4x SSC. To detect mcherry positive cells af-
ter FISH denaturation, rat anti-RFP antibody and donkey
anti-rat IgG Cy3 (Supplementary Table S5) were used. Bi-
otin was detected with Alexa488 conjugated streptavidin
(1:800, cat# S11223, Invitrogen, PA49RF Paisley, UK) for 1
h at room temperature. DNA was counterstained and cells
were mounted as described for immunofluorescence.

EdU/EU labeling and visualization of nascent DNA /RNA

To analyze DNA replication, cells were labeled with 10 pM
EdU (Supplementary Table S4) for 10, 20 or 30 min. To an-
alyze DNA transcription, cells were labeled with 1 mM EU
(Supplementary Table S4) for 25, 45, 60 or 120 min. Cells
were fixed 10 min in 3.7% formaldehyde. EQU and EU were
detected using the Click-IT assay (Thermo Fisher Scientific,
Waltham, MA, USA) with 6-FAM azide (1:1000) accord-
ing to the manufacturer’s instructions. DNA was counter-
stained and cells were mounted as described for immunoflu-
orescence.

DNA preparation

All oligonucleotide, primer, plasmid and nucleotide char-
acteristics are summarized in Supplementary Tables S1, S2
and S4, respectively. PCR products used in HRM, dot blot,
DNA/RNA polymerization and exonuclease assays were
purified by gel electrophoresis followed by silica column pu-
rification using the QIAquick PCR Purification Kit (Qia-
gen, Hilden, Germany). Template purification for soluble
in vitro replication assays with yeast proteins was performed
using phenol/chloroform (described below).

Genomic DNA (gDNA) for FISH probe generation was
prepared as previously described (40).

DNA  oligonucleotide  annealing. DNA oligonu-
cleotides (20-mer) for high-resolution melting temperature
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(HRM) analysis were purchased from IBA Lifescience
(Goettingen, Germany) and IDT (Integrated DNA Tech-
nologies, Skokie, II, USA). Oligonucleotide sequences
are summarized in Supplementary Table S1. To prepare
double-stranded DNA oligonucleotides, upper and lower
oligos were mixed at equal molar amounts in NEBuffer 2
(50 mM NacCl, 10 mM Tris/HCI, 10 mM MgCl,, 1 mM
dithiothreitol (DTT); NEB, Ipswich, MA, USA), dena-
tured at 95°C for 2 min and annealed by slowly cooling
down to room temperature.

PCR fragments for HRM, DNA polymerization and ex-
onuclease assays. PCR fragments for HRM analysis were
amplified using Q5 polymerase (cat# M0491, NEB, Ip-
swich, MA, USA) and dCTP, d5SmCTP, dShmCTP, d5fCTP
or d5caCTP from a plasmid containing the MINX se-
quence ((41), Supplementary Table S2) with MINX specific
primers or from human HEK gDNA with LINE1 promoter
primers. Cycles were set to 98°C for 2 min, 40x (98°C for 15
s, 62.5°C for 305, 72°C for 40 s), 72°C for 2 min. To amplify
d5fC- and d5caC-containing products, the following cycle
conditions were used: 98°C for 1 min, 45x (98°C for 10 s,
65.2°C for 30 s, 72°C for 40 s), 72°C for 2 min.

PCR fragments for DNA polymerization and exonucle-
ase assays were amplified as described above and using
dCTP, d5SmCTP or d5ShmCTP and Q5 polymerase.

DNA templates for in vitro DNA replication assays. DNA
templates (3 kb) for soluble DNA replication assays with
eukaryotic replisome components were generated using
Q5 polymerase and dCTP, d5SmCTP or d5ShmCTP from
a plasmid containing the yeast ARS306 origin (pGC504
ARS306) with specific pGC504 primers. Primers were de-
signed in a way to generate amplicons with centrally ar-
ranged ARS306. Additionally, to generate amplicons with
different levels of cytosine modifications, reactions contain-
ing 100% (100%) Cmodif and 0% C), 50% (50“ 0 Cmodif and
50% C) or 12.5% (12.5% Cioair and 87.5% C) d5mCTP
or dShmCTP were set up. Cycles were set to 98°C for 2
min, 40x (98°C for 20 s, 68.4°C for 30 s, 72°C for 100 s),
72°C for 10 min. All reactions were checked on agarose
gels (0.3 pg/ml ethidium bromide), DNA was extracted
from the reactions using phenol/chloroform/isoamyl alco-
hol (cat# 3215, Carl Roth, Karlsruhe, Germany and cat#
A1935, AppliChem, Darmstadt, Germany) and ethanol
precipitated in the presence of 0.3 M sodium acetate.

DNA templates for in vitro DNA transcription assays. PCR
fragments for T7 RNA polymerization reactions were am-
plified using dCTP, dSmCTP or dShmCTP, MINX plasmid
as template and Q5 polymerase. For the generation of the
T7 transcription assays, the forward primer binds the T7
promoter region, therefore, the resulting T7 promoter re-
gion amplicon contained unmodified cytosines on the for-
ward strand, allowing T7 RNA polymerase-mediated tran-
scription.

PCR fragments for tailed template elongation with eu-
karyotic RNA polymerase were amplified using dCTP or
100% d5SmCTP or dShmCTP, MINX plasmid as template
and QS5 polymerase. Nb.Bsml nicking site containing for-

ward primer and the corresponding reverse primer are listed
in Supplementary Table S1.

PCR efficiency and yield assays

PCR efficiency and yield assays contained MINX or LINE1
primers and MINX plasmid or HEK gDNA as template,
respectively, dATP, dTTP, dGTP and dCTP, dSmCTP or
dShmCTP and the indicated polymerases. DNA denatur-
ing was performed at the indicated temperatures. Agarose
gels were stained with 0.3 pg/ml ethidium bromide (EtBr,
cat# 2218, Carl Roth, Karlsruhe, Germany) in 1 x TAE (tris
acetic acid buffer, 40 mM Tris, | mM EDTA, 20 mM glacial
acetic acid) for 10 min, destained for 5 min in ddH,O and
imaged using a AI600 imager (Supplementary Table S6).

Dot and western blot analysis

Dot blot analysis of modified PCR fragments was per-
formed as described (15). For PCR fragment analysis, 20,
50, 75 or 150 ng of DNA was spotted on a nitrocellulose
membrane. To confirm (equal) DNA loading, the mem-
brane was stained for 2 min in 0.2% methylene blue (cat#
M9140, Sigma-Aldrich, St Louis, MO, USA) in 0.3 M
sodium acetate, pH 5.2, followed by destaining in ddH,O.
On a separate membrane, the modifications were detected
with primary mouse anti-5SmC, rabbit anti-ShmC, rabbit
anti-5fC and rabbit anti-5caC antibodies, respectively, and
secondary sheep anti-mouse IgG HRP (horseradish perox-
idase) conjugated or goat anti-rabbit [gG HRP conjugated
antibodies.

To analyze the miRFP-hPCNA (pc3385) fusion protein,
(transfected) HEK293 cells were lysed in 4x SDS load-
ing buffer (200 mM Tris/HCI pH 6.8, 400 mM DTT, 8%
SDS, 0.4% bromophenol blue and 40% glycerol), and whole
protein lysates were analyzed by SDS-PAGE and blotted
on a nitrocellulose membrane (GE Healthcare, Chicago, 11,
USA). PCNA was detected using a mouse anti-PCNA pri-
mary antibody and a sheep anti-mouse IgG HRP conju-
gated secondary antibody. Visualization of immunoreactive
bands was achieved by ECL plus Western Blot detection
reagent (GE Healthcare, Munich, Germany).

Membranes were imaged with the CCD camera of an
AI600 imager (Supplementary Table S6) and antibody char-
acteristics are summarized in Supplementary Table S5.

In vitro DNA and RNA polymerization and DNA exonucle-
ase assay with prokaryotic and phage enzymes

DNA polymerization assays using prokaryotic enzymes.
DNA polymerization reactions contained LINE1 PCR am-
plicons containing dC, d5mC or d5hmC, respectively, as
DNA template, LINEI forward and reverse primers (Sup-
plementary Table S1) and dATP, dTTP, dGTP and dCTP
(Supplementary Table S4), respectively, and were incubated
for 3 min at 99°C to denature the dsDNA template. Primer
annealing was done for 1 min at 85°C. Reactions were
cooled down to 37°C, and 0 U, 0.0016 U, 0.008 U, 0.04 U,
0.2 U or 1 U of Klenow polymerase (cat# M0210, NEB,
Ipswich, MA, USA) was added and incubated for 20 min
to allow DNA polymerization. Products were analyzed on
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a 2% agarose gel; band intensities were measured (readout
for DNA polymerization rate) and plotted.

DNA exonuclease assays. DNA exonuclease reactions
contained MINX PCR amplicons with dC, d5mC or
dShmC, respectively, as DNA template and 0 U, 0.03125
U, 0.0625 U, 0.125 U, 0.25 U or 0.5 U of T4 DNA poly-
merase (cat# M0203, NEB, Ipswich, MA, USA) was added
and incubated for 7 min at room temperature. Exonuclease
activity was analyzed on a 2% agarose gel, and band intensi-
ties were measured (readout for DNA exonuclease rate) and
plotted.

All agarose gels were imaged using an AI600 imager
(Supplementary Table S6), integrated band intensities were
measured using Imagel] (https://imagej.nih.gov/ij/), and
background was subtracted and plotted as a ratio to the
control (DNA without enzyme).

RNA polymerization assays using phage enzymes. To gen-
erate single-stranded DNA (ssDNA) templates for in vitro
transcription reactions (IVT), 5" phosphorylated (forward
strand, Supplementary Table S1) PCR amplicons were di-
gested with N\ exonuclease (cat# EN0561, Thermo Fisher,
Waltham, MA, USA). The ssDNA generated was puri-
fied by ethanol precipitation as described in (40) and in
the presence of 80 wg glycogen (cat# 10901393001, Sigma
Aldrich, St Louis, MO, USA). To obtain a double-stranded
(dsDNA) T7 promoter region, a forward oligonucleotide
containing the T7 promoter (Supplementary Table S1) was
annealed to the ssDNA fragments. Therefore, equimolar
amounts of ssDNA and oligonucleotide were mixed, heated
for 3 min at 95°C and slowly cooled down to room temper-
ature to allow annealing.

For RNA polymerization assays via T7 run-off IVT,
PCR amplicons containing dC, d5mC or d5hmC respec-
tively (dsDNA or ssDNA) DNA template, ATP, UTP, GTP
and CTP (Supplementary Table S4), T7 RNA polymerase
(cat# MO0251, NEB, Ipswich, MA, USA) and 0.5x SYBR
Green II (cat# S-7564, Thermo Fisher, Waltham, MA,
USA) were used. Cycling reactions were performed in a
StepOnePlus™ Real-Time PCR machine (Applied Biosys-
tems), SYBR Green II intensities were measured every 30 s
for 450 min and plotted using RStudio (version 1.1.447).

Soluble in vitro DNA replication assays with purified eukary-
otic replisome components

DNA replication assays with yeast replication proteins were
performed at 30°C and as described in (42) with the fol-
lowing changes: MCM loading and phosphorylation were
performed (5 pl per lane) in a buffer containing 25 mM
HEPES-KOH (pH 7.6), 100 mM potassium glutamate,
10 mM magnesium acetate, 100 wg/ml BSA, 2 mM DTT,
0.01% NP-40-S, 5 mM ATP, 45 nM Cdc6, 20 nM origin
recognition complex (ORC), 75 nM Cdt1-Mcm2-7, 50 nM
DBF4 dependent kinase (DDK) and 5 nM linear DNA tem-
plate (described above). After 20 min incubation, the reac-
tion volume was increased 2-fold by the addition of pre-
equilibrated buffer to give a final replication reaction buffer
of 25 mM HEPES-KOH (pH 7.6), 100 mM potassium glu-
tamate, 10 mM magnesium acetate, 100 wg/ml BSA, 1 mM
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DTT, 0.01% NP40-S, 3 mM ATP, 22.5 nM Cdc6, 10 nM
ORC, 37.5 nM Cdtl-Mcm2-7, 25 nM DDK, 2.5 nM linear
DNA template, 200 pM CTP, GTP and UTP, 30 uM dCTP,
dGTP, dATP and dTTP and 33 nM «**P-dATP. Replication
was initiated by adding a master mix of proteins to achieve
final concentrations of 20 nM S1d3/7, 20 nM S1d2, 30 nM
Dpbl1, 100 nM GINS, 40 nM Cdc45, 20 nM Pol g, 10 nM
Mcml10, 40 nM RPA, 10 nM S-CDK, 40 nM Pol «, 25
nM Csm3/Tof1, 25 nM Mrcl, 30 nM RFC, 40 nM PCNA
and 5 nM Pol 8. Nucleotide characteristics are summarized
in Supplementary Table S4. The replication reaction was
stopped after 15 min by the addition of 100 mM EDTA,
separated on 0.8% alkaline agarose gels as described in (43)
and signals detected using a Typhoon FLA-9500 (Supple-
mentary Table S6).

In vitro tailed template transcription (RNA polymerization)
assays with purified eukaryotic DNA-dependent RNA poly-
merase |

Tailed template PCR products (described above) were puri-
fied using the QIAquick PCR purification kit (cat# 28104,
Qiagen, Hilden, Germany). Purified templates were cut
with the nicking endonuclease Nb.Bsml (cat# R0706S,
NEB, Ipswich, MA, USA) at 65°C for 2 h. The reaction
was inactivated at 80°C for 20 min. After 10 min, a 10-
fold molar excess of competitor oligo (Supplementary Ta-
ble S1) was added and then cooled down slowly to an-
neal with the cleaved-off single-stranded fragment to ob-
tain a 3’-overhang on the template. The DNA was ethanol-
precipitated, dried and resuspended in water to reach a con-
centration of 125 nM.

Saccharomyces cerevisiae DNA-dependent RNA poly-
merase (Pol) I was purified as described (44,45). The poly-
merization assay is based on previously published pro-
tocols (46). Per transcription reaction 0.25 pmol Pol I,
0.125 pmol template (described above), 50 pmol GpC din-
ucleotide and HEPES (pH 7.8; end concentration 50 mM)
were mixed. Five transcription reactions (final volume 25
wl) were treated as one and started by adding the equal
amount of 2x transcription buffer (40 mM HEPES, pH 7.8,
10 mM MgCl,, 5 mM EGTA, 0.05 mM EDTA, 2.5 mM
DTT, 0.2 mM ATP, 0.2 mM UTP, 0.2 mM GTP, 0.0l mM
CTP supplemented with 5 wCi of «*?P-CTP per transcrip-
tion reaction (0.0025 mM)). After 30, 60, 90, 120 and 600 s,
10 wl were removed and the reaction was stopped by adding
the equal amount of 2x RNA loading dye (8 M urea, 2x
TBE, 0.03% bromophenol blue, 0.03% xylene cyanol, 10
mM EDTA, 10 mM EGTA). The samples were heated to
95°C for 5 min, briefly centrifuged and applied to urea-
PAGE (6% polyacrylamide gel containing 7 M urea in 1 x
TBE). The gel was dried for 30 min at 80°C in a vacuum
dryer. Radiolabeled transcripts were detected by phosphor
imaging (Supplementary Table S6). Nucleotide characteris-
tics are summarized in Supplementary Table S4.

High-resolution melting analysis (HRM)

To determine the melting temperature of 20-mer oligonu-
cleotide containing single cytosine modifications and fully
modified (except primer sites) PCR fragments, Platinum(®)
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SYBR® Green qPCR SuperMix-UDG w/ROX (cat#
11744100, Thermo Fisher, Waltham, MA, USA; UDG:
uracil DNA glycosylase, ROX: 6-carboxyl-X-rhodamine)
was diluted 1:1 with ddH,0, UDG was activated at 50°C for
2 min and added to 5 pmol of DNA samples. HRM temper-
ature analysis was performed using a StepOnePlus™ Real-
Time PCR machine (Applied Biosystems). Cycling condi-
tions were set to 90°C for 30 s, then temperature was de-
creased to 50°C with a decreasing rate of 2%, followed by
a temperature increase to 90°C with 0.1°C steps. Data nor-
malization and plotting was performed using RStudio (ver-
sion 1.1.447) and as described previously (47).

Micrococcal nuclease (MNase) chromatin accessibility anal-
ysis

A total of 1 x 107 cells were harvested and cell pellets were
resuspended in hypotonic lysis buffer (10 mM Tris, pH 7.5,
10 mM NaCl, 3 mM MgCl, and 0.5% NP-40) for 5 min
on ice. Cell nuclei were pelleted (5 min, 120 x g), washed
once in digestion buffer (50 mM Tris pH 8, 5 mM CaCl,)
and resuspended in digestion buffer. MNase (cat# EN0181,
Thermo Fisher Scientific, Waltham, MA, USA) was diluted
in MNase storage buffer (20 mM Tris pH 7.6, 50 mM NacCl,
50% glycerol), and 0 U, 0.1 U, 0.5 U, 0.75 U, 1 U and 3
U were added to the nuclei in a final volume of 100 wl.
Reactions were incubated for 5 min at 37°C, stopped by
the addition of stopping buffer (20 mM EDTA, 0.4% SDS,
0.5 mg/ml proteinase K) and incubated at 50°C overnight.
DNA was recovered by adding 0.1 volumes of 3 M NaCl
and 2 volumes of 100% ethanol and storage at —20° for 1
h. After centrifugation (15 min, 15 000 x g) and washing
with 70% ethanol, the DNA pellet was air-dried and re-
suspended in 50 wl ddH,O. Equal amounts of DNA were
loaded on a 1.5% agarose gel and run for 45 min at 100 V.
Gels were stained with EtBr in 1 x TAE as described above
and imaged using a AI600 imager (Supplementary Table
S6). Integrated intensities of monomeric DNA and total
DNA in each lane were measured with ImageJ and plotted
asa DNAmononmer/DNAtotal ratio.

Replication labeling and molecular combing

Molecular combing experiments were performed using the
FiberPrep®)-DNA Extraction Kit (cat# EXTR-001, Ge-
nomic Vision, Bagneux, France) and as described by the
manufacturer. In brief, wild-type J1 and knockout TKO
mouse embryonic stem cells cells were first labeled for
15 min with 10 wM 5-i0do-2'-deoxyuridine (IdU, Supple-
mentary Table S4), washed twice with pre-warmed PBS,
labeled for 15 min with 100 wM 5-chloro-2’-deoxyuridine
(CldU, Supplementary Table S4) and chased for 1 h with
50 wM thymidine (Supplementary Table S4). Cells were
harvested by trypsinization and embedded in low melt-
ing point agarose (NuSieveGTG agarose, Biozym Scien-
tific GmbH, Hessisch Oldendorf, Germany), genomic DNA
was isolated by proteinase K digestion at a final concen-
tration of 0.2 mg/ml, and single DNA molecules were
stretched on vinylsilane-coated glass coverslips (cat# COV-
002-RUO, Genomic Vision, Bagneux, France), using the

FiberComb®)-Molecular Combing System (cat# MCS-
001, Genomic Vision, Bagneux, France) as described by the
manufacturer.

Incorporated IdU and CldU nucleotides were im-
munofluorescently detected using mouse anti-BrdU/IdU
and goat anti-mouse IgG Chromeo 546 before detecting
CldU with rat anti-BrdU and donkey anti-rat IgG Alex-
aFluor 488. ssDNA was detected using mouse anti-ssDNA
and goat anti-mouse [gG2a AlexaFluor 647. Samples were
mounted with Vectashield antifade mounting medium (Vec-
torlabs, Burlingame, CA, USA). Antibody characteristics
are summarized in Supplementary Table S5.

Time-lapse microscopy

All characteristics of the microscopy systems, including
lasers, filters and objectives used, are summarized in Sup-
plementary Table S6.

To analyze RPA accumulation as a proxy for DNA heli-
case activity in cells, confocal z-stacks of live cells were ac-
quired using the Ultra-View VoX spinning disk microscopy
system. Time-lapse microscopy was carried out in a closed
live-cell microscopy chamber at 37°C with 5% CO, and
60% humidity. Somatic cells were grouped into early, mid
and late S-phase cells according to their RPA and PCNA
replication pattern (Supplementary Figure S1 and (48)). So-
matic early S-phase cells are characterized by a homoge-
neous distribution of replication foci throughout the nu-
cleus while in mid S-phase cells, replication signals are pre-
dominantly found around the nuclear and nucleolar border.
In late S-phase cells, replication signals decrease in number
while increasing in size and are co-localizing with highly
condensed constitutive heterochromatin clusters (chromo-
centers). To analyze RPA accumulation in embryonic stem
cells, only S-phase cells replicating chromocenters (stage 11
(39), Supplementary Figure S3) were taken into consider-
ation. Cells were imaged once prior to adding aphidicolin
(cat# A0781, Sigma Aldrich, St Louis, MO, USA) to a fi-
nal concentration of 50 pg/ml (150 wM) or DMSO (cat#
41639, Sigma Aldrich, St Louis, MO, USA) as a control
and subsequently imaged every 5 min for 30 min (long inter-
vals) or every 10 s for 12 min (short intervals). To ensure the
complete inhibition of the DNA polymerase by the aphidi-
colin, cells were incubated with 10 wM BrdU (Supplemen-
tary Table S4) for 10 min directly after imaging and fixed
in 3.7% formaldehyde, and BrdU was detected as described
above.

High content screening, wide-field and confocal microscopy

All characteristics of the microscopy systems, including
lasers, filters and objectives used, are summarized in Sup-
plementary Table S6.

DAPI, 6-FAM, Alexa Fluor 488, mcherry and Cy3 sig-
nals were imaged using high content screening microscopy
with 20x or 40x long working distance objectives.

Confocal z-stacks of fixed cells were acquired using the
Ultra-View VoX spinning disk microscopy system.

Molecular combing samples were imaged using a Zeiss
Axiovert 200 widefield microscope.
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Image analysis, statistical analysis and graphical representa-
tion

Z-stacks and montages of confocal microscopy images were
created using ImagelJ (https://imagej.nih.gov/ij/).

Full gel and blot images are depicted in Supplementary
Figures S6 and S7.

High content screening microscopy analysis.  For high con-
tent screening microscopy, image analysis was performed
with the Harmony Software (PerkinElmer Life Sciences).
Briefly, cell nuclei were segmented in the DAPI channel,
creating DAPI masks that were used to segment the GFP
and mcherry channels. For chromocenter segmentation,
DAPI intense pericentric heterochromatin spots were de-
tected (spot intensity > threshold) in the DAPI channel
and the resulting mask was used to segment the GFP and
mcherry channels. Cells touching the image border were ex-
cluded from the analysis. The analysis was further restricted
to cells with a roundness coefficient > 0.8 and a nuclear
area between 60 and 300 wm?. Lastly, intensity values for
all three channels in the whole nucleus and in the chromo-
centers (Supplementary Figure S4) were measured and plot-
ted with RStudio (version 1.1.447, https://rstudio.com/).
Based on previous findings showing that the Tetl levels of
low TetlCD-expressing cells and mouse embryonic stem
cells (mESC) are equivalent (49), the group with low Tetl-
expressing cells (fluorescence intensity 0—1000, group 1) was
divided in three subgroups reflecting endogenous and physi-
ological Tet1 expression levels (fluorescence intensity, group
a: 0-100, group b: 100-500, group c: 500-1000), and the av-
erage intensity of single cells was plotted (Figure 2A). High
Tet1 CD-expressing cells were also divided in three groups
(2: 1000-2000, 3: 2000-3000 and 4: >3000).

RPA accumulation analysis. To analyze the focal RPA ac-
cumulation upon aphidicolin/DMSO treatment, cell nuclei
were segmented using the Volocity software (Version 6.3,
Perkin Elmer), GFP-RPA intensities were measured and the
coefficient of variation (cy = o/, with o = standard devia-
tion and p = mean), as a proxy for helicase speed/activity
was calculated for all time-points (Supplementary Figure
S5). All values were normalized to the pretreatment ¢y =
cv(tpyx)/cev(tpo) with tpy: any given time point imaged, ¢p:
pretreatment time point) and plotted using RStudio (ver-
sion 1.1.447).

Slopes of the RPA accumulation curves were calculated
as a ratio of the rise (difference of the y-coordinates) over
the run (difference of the x-coordinates) of the respective
linear regression line of the average RPA accumulation
curves. To avoid taking plateau phases of RPA accumula-
tion into consideration, slope calculations were restricted
to the first 20 min of drug treatment (0-20 min).

DNA fiber analysis. Replication signals were measured us-
ing Imagel, and replication fork speed (RFS) was calcu-
lated as a ratio of the track length (I wm corresponds to
2 kb) and the time of nucleoside application. Fluorescent
DNA fiber tracks were selected according to their pattern
and only lengths of the second pulse (CldU) of progress-
ing forks (CldU track preceded by a clear IdU signal) were
considered.
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DNA and RNA polymerization quantification. To quantify
DNA polymerization in radioactive yeast replication reac-
tions, the complete signal below the 3 kb end-labeling band
was measured, background was corrected and for each tem-
plate the respective -DDK signal was subtracted from the
+DDK reaction. All values were normalized to the dC con-
trol template.

To quantify RNA polymerization in radioactive yeast
transcription reactions, the signal intensity of the full-length
transcript was determined for each reaction, using Quan-
tityOne (4.6.6 Basic, Bio-Rad, Hercules, CA, USA). The
background intensity was subtracted from each signal and
then divided by the signal intensity of the full-length tran-
script generated from the unmodified dC template after 10
min (normalized signal intensity). The normalized signal in-
tensities of 12 repeats performed with different Pol I purifi-
cations, different template preparations and different o*?P-
CTP batches were plotted using RStudio (version 1.1.447).

Statistical analysis. Independent two-group Student’s z-
tests and Mann—Whitney—Wilcoxon tests were performed
using RStudio (version 1.1.447). Statistical significance is
indicated in the plots and detailed values for statistics [num-
ber of cells (n), median, mean, standard deviation (StDev),
95% confidence interval (95% CI) and P-values] are summa-
rized in Supplementary Table S7 (main figures) and Supple-
mentary Table S8 (supplementary figures).

Graphical representation. Boxplots and violin plots repre-
sent the median (center line) with the box depicting the 25—
75 percentiles, and the dotted lines represent the upper and
lower whiskers with 1.5 times the IQD (interquartile dis-
tance). Bar and line plots show normalized averaged val-
ues, and error bars show the respective standard deviation.
HRM curves show the normalized average derivative of the
technical replicates of one biological replicate over the tem-
perature increase. Line intensity profile plots represent the
fluorescence intensities along the distance of the selected ar-
row segment.

RESULTS
DNA base modifications affect DNA helix stability in vitro

There is evidence that DNA base modifications by them-
selves might affect the DNA primary structure (18,24,50)
and consequently may influence global genome processes,
such as DNA replication, transcription and repair. In a first
step, we investigated the stability of the double-stranded
DNA helix in vitro. To that end, we performed poly-
merase chain reactions (PCR) using different DNA poly-
merases and modified base containing nucleotides. The
replication of double-stranded DNA in vitro consists of
three major steps: double-stranded DNA denaturation,
primer annealing and primer elongation, where, in mam-
mals, only the four canonical DNA bases are incorpo-
rated into newly synthetized DNA. All naturally occurring
base modifications in mammalian DNA are generated post-
replicatively by specific enzymes (3,4,9,13,51). To ensure
that the DNA polymerase used in our in vitro experiments
did not recognize incorporated modified nucleotides as mis-
match and, consequently, removed the modified nucleotide
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via 3’ to 5 exonuclease activity, we first analyzed the syn-
thesis efficiency of the 3—5 exo™ Taq polymerase. There-
fore, PCR reactions containing modified cytosine triphos-
phates were performed. All reactions contained deoxy-
adenosine (dATP), deoxy-thymidine (dTTP) and deoxy-
guanosine (dGTP) triphosphates and either deoxy-cytidine
(dCTP), deoxy-5-methylcytidine (d5SmCTP) or deoxy-5-
hydroxymethylcytidine (dShmCTP) triphosphates. Cycling
conditions included denaturing steps at 94°C, as using
higher denaturing temperatures decreased Taq polymerase
activity/stability and consequently also PCR product yield
(Supplementary Figure S8A). PCR reactions containing
the standard dNTP mix (dATP, dTTP, dGTP and dCTP)
resulted in one specific amplicon of 375 bp. Replacing
dCTP with d5SmCTP did not yield a PCR amplification
product (Figure 1A, left), although Taq polymerase is able
to incorporate dSmCTPs at higher denaturing tempera-
tures (Supplementary Figure S8B). Several bacterial and
archaeal polymerases have been shown to efficiently inte-
grate dSmCTP (52), and family A polymerases like Taq and
Klenow polymerase were shown to have similar incorpo-
ration rates for cytosines with small C5 substitutions and
unmodified cytosine (53). These results demonstrate that
the observed difference in PCR product amount between
dCTP and d5mCTP containing reactions is not due to al-
tered (modified) nucleotide affinity of the DNA polymerase
(54). The use of d5ShmCTP, Taq polymerase and denatura-
tion at 94°C, however, resulted in a PCR product (Figure
1A, left). An amplification fragment was also obtained us-
ing d5SmCTPs when the Taq polymerase (3'—5" exo™) was
replaced by Q5 polymerase (3'— 5" exo™), and the denatur-
ing temperature in the cycling conditions was increased to
98°C (Figure 1A, right), which did not impair the activity
of Q5 (Supplementary Figure S8A). Moreover, amplifica-
tion using the Q5 polymerase at 98°C resulted in different
yields of amplicon DNA depending on the cytosine mod-
ification (Supplementary Figure S8C and Supplementary
Table S8). All modified nucleotides were also stably inte-
grated in the PCR products as tested by slot blot analy-
sis with antibodies specific to the respective base modifica-
tions (Supplementary Figure S8§D). Altogether, these data
suggest that cytosine modifications might themselves affect
the denaturing temperature of the DNA. To directly test
this, we measured the thermal double-stranded DNA sta-
bility using our established high-resolution melting (HRM)
temperature assay (47). We first analyzed modified 375 bp
long human LINEI1 promoter PCR fragments (15) con-
taining 222 cytosines (191 cytosines not included in the
primer binding sites, i.e., modified) with 22 CpGs. We mea-
sured the highest melting temperatures for methylated PCR
fragments followed by unmodified cytosine and dShmC-
containing amplicons (Figure 1B). d5caC-containing DNA
fragments showed similar results to dShmC, whereas d5fC
showed the lowest melting temperatures (Supplementary
Figure S8E and Supplementary Table S8). Similar results
were obtained for HRM analysis of the 377 bp long MINX
amplicon, containing 201 cytosines and 46 CpGs (188 cy-
tosines and 42 CpGs not included in the primer regions)
(Supplementary Figure S8F and Supplementary Table S8).
Next, we analyzed the melting temperature of 20 bp DNA
oligonucleotides containing a single central (modified) CpG

(salt corrected melting temperature of 64.2°C). We also
measured a significantly lower melting temperature for the
ShmCpG containing oligonucleotide in comparison to the
SmCpG containing one (Figure 1C). Furthermore, an even
lower melting temperature for the SfCpG oligonucleotide
was observed (Supplementary Figure S8G), which is in ac-
cordance with our previous PCR amplicon HRM analysis.
These results indicate that DNA modifications affect DNA
double helix thermal stability iz vitro in the way that methy-
lated cytosines stabilize the DNA double helix, whereas
dShmC, d5caC and especially d5fC negatively influence
DNA duplex stability. Our results (7,[d5hmC] < Ti,[dC]
< Tn[d5mC]) are in line with previous studies analyzing
melting temperature of longer oligonucleotides with several
modifications (20). However, 10mer duplexes showed low-
est melting temperatures for unmodified DNA (55).

Modified cytosine levels can be manipulated in cells

In cells, levels of DNA base modifications can be manipu-
lated by either changing the expression levels of the respec-
tive writer and/or modifier enzymes or introducing mod-
ified bases into the cell nucleus that will subsequently be
incorporated into newly synthesized DNA. In mammalian
cells, methylated cytosines are substrates of Tet dioxyge-
nases ((9,13,51), Figure 1D and Supplementary Figure
S8G). To increase d5ShmC levels in DNA, mouse myoblast
cells were transfected with the mcherry-tagged catalytic do-
main of Tetl (Tet1CD), and ShmC levels were quantified
24 h later using a ShmC specific antibody. As shown before,
further oxidized forms of dSmC have similarly helix desta-
bilizing effects to dShmC (Figure 1B and C, Supplemen-
tary Figures SSE-G and (20,25,26,55)) and, thus, would
have similar effects on DNA strand separation. Previous
studies showed that the Tetl protein levels in low overex-
pressing cells are comparable to the endogenous Tetl level
in mES cells (49). We, therefore, restricted our analyses to
these cells, as they represent a physiological relevant sys-
tem. In these low Tet1 CD-overexpressing cells, dShmC lev-
els significantly increased proportionally to Tet1CD pro-
tein levels, while the mcherry tag alone did not alter the
dShmC levels (Figure 2A and Supplementary Table S7).
Importantly, contrary to Tetl full-length (Tet1fl), Tet1CD
lacks the large N-terminal regulatory domain, including the
CXXC zinc finger. This allows Tet1CD binding not only to
unmethylated but also to hypermethylated CGlIs, thereby
inducing significant global genomic d5SmC oxidation. Ad-
ditionally, TetlCD catalytic activity is not biased to spe-
cific genomic regions and can act randomly throughout the
methylated genome (56). Consequently, highly methylated
pericentromeric heterochromatin (chromocenters) are tar-
geted by TetlCD and showed increased d5ShmC levels in
transfected cells (Figure 2A).

Since overexpression of Tet1CD leads to significantly in-
creased levels of Tetl protein in the cell nucleus and on
chromatin, we selected a different additional approach to
enhance the levels of modified cytosine bases in genomic
DNA, relying on deoxynucleotide triphosphates (dNTPs)
incorporation upon cell electroporation. Genomic d5SmC
and dShmC levels significantly increased 24 h after cell
transfection. Additionally, cell transfection with dCTP did
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Figure 1. Effect of cytosine modifications on DNA double helix stability in vitro. (A) Agarose gel electrophoretic analysis of LINE1 PCR amplification
products obtained with Taq polymerase, denaturing at 94°C and using dCTP, dSmCTP or dShmCTP (left). Agarose gel electrophoretic analysis of LINE1
PCR amplification products obtained with Taq or Q5 polymerase, denaturing at 94 or 98°C and using d5SmCTP (right). Complete PCR conditions are
indicated. M stands for DNA size markers. (B and C) High-resolution melting temperature (HRM) analysis of LINE1 PCR fragments containing dC, d5SmC
or d5hmC, respectively, (B) and of 20 bp oligonucleotides containing one central (modified) CpG dinucleotide (CpG, SmCpG or ShmCpG) (C). Shown
are the corresponding derivatives of the normalized mean SYBR green fluorescence intensity values of technical replicates over increasing temperature.
Independent experiments were repeated in duplicates with three (B) or four (C) technical replicates, respectively, and one representative result is depicted.
(D) Cytosine-guanine base pairings and (hydroxy)methylated cytosine bases with the respective writer enzymes are depicted. P-values were determined by

Student’s ¢-test; *P < 0.05 and ***P < 0.001.

not change dSmC or dShmC levels. Co-transfection of
dCTP, d5SmCTP or dShmCTP and Cy3-labeled dUTPs
(Cy3-dUTP) resulted in d5mC and dShmC increase in Cy3
positive cells (Figure 2B and C; Supplementary Table S7).
The aforementioned approaches lead to an increase of the
respective cytosine bases; hence, we also opted for loss of
function experiments with concomitant lowering of the cy-
tosine modification. Therefore, we chose Dnmtl~/~ mouse
embryonic fibroblasts (MEF PM) and Dnmt triple knock-
out (TKO) mouse embryonic stem (ES) cells that are de-
pleted of all cytosine base modifications (Figure 2D and E
and (35,57)).

In summary, with the above strategies we can efficiently
up and down modulate cytosine modification levels in cells
by interfering with levels of Tetl and Dnmts (Supplemen-
tary Figure S9A and B) or by introducing modified cytosine
bases into the cells (Supplementary Figure S9C).

DNA base modifications affect double helix stability in cells

The next step was to analyze the DNA thermal stabil-
ity differences in the above-mentioned cellular systems.
We, therefore, made use of genomic DNA denaturation
in cells via heat treatment followed by fluorescence in situ
hybridization (FISH). We employed a DNA probe spe-
cific for pericentromeric heterochromatic major satellite
DNA (MaSat, chromocenters), which contains high levels
of d5mC (38,58). We first tested the temperature range in
which in situ denaturation of the genomic DNA and, sub-
sequently, annealing of the probe were possible. We, there-
fore, generated MaSat probes via PCR including biotin-
conjugated dUTPs, combined them with fixed and per-
meabilized C2C12 mouse myoblast cells, denatured DNA
at different temperatures (60, 70 and 80°C) and annealed
the probe at 37°C. The highest MaSat signals were ob-
tained at the optimal denaturing temperature of 80°C and
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Figure 2. Manipulation of modified cytosine levels in cells. (A) Experimental setup to determine dShmC levels in mch-Tet1CD overexpressing cells and
representation of the cell grouping and binning approach applied. Only cells with Tetl expression levels corresponding to group 1 (fluorescence intensity
50-1000, low Tetl expressing cells) were analyzed and further subdivided in three subgroups (fluorescent intensities group a: 50-100, group b: 100-500
and group c: 500-1000) during plotting. Relative ShmC sum fluorescence intensities in C2C12 cells, 24 h after transfection are shown. (B and C) Relative
SmC and 5ShmC sum intensities within the whole (Cy3 positive) C2C12 nucleus 24 h after transfection with dCTP, dSmCTP, dShmCTP or ddH,0 (B)
or co-transfection with Cy3-dUTPs (C) as indicated. (D and E) Schematic representation of the genotype and cytosine modification state in MEF W8
(wild-type) and MEF PM (p53~/~ & Dnmtl~/~) cells (D) and in J1 mouse ES (wild-type) and J1 TKO (Dnmt1~/~, Dnmt3a~/~ and Dnmt3b~/~) ES cells
(E) and representative spinning disk confocal images of immunofluorescent detection of 5SmC in wt and KO cells. Independent experiments were done in
duplicates (B-E) or in triplicates (A) and P (determined by Student’s z-test) and n-values are summarized in Supplementary Table S7. All fluorescent signals
are plotted as a ratio to the values of the respective control cells. All boxes and whiskers represent 25-75 percentiles and 1.5 times the IQD (interquartile
distance), respectively, and the center line depicts the median. Dotted lines represent nuclear contours; A.U.: arbitrary units; scale bar = 5 pm; * P < 0.05,
##% P < 0.001 and n.s.: non-significant.
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MaSat signal decreased with decreasing denaturing tem-
peratures (Supplementary Figure SI0A and Supplementary
Table S8). Nuclear and chromocentric MaSat FISH sig-
nal intensity increased significantly in TetlCD but not in
mcherry transfected cells when DNA was denatured at 60°C
(Figure 3A, Supplementary Figure SI0B and Supplemen-
tary Tables S7 and S8). Similar results were observed when
DNA was denatured at 65 and 70°C (Supplementary Figure
S10B and Supplementary Table S8).

To validate that our findings are not C2C12 mouse my-
oblast specific, we performed the FISH based assay also
in TetlCD transfected mouse embryonic fibroblast (MEF
W8) cells, which yielded the same outcome of increased
MaSat signal at low denaturation temperatures (65, 70 and
75°C) in Tet1CD transfected cells (Supplementary Figure
S11A-C and Supplementary Table S8).

Previous studies found that cells enriched for dShmC
showed large and decondensed nuclei as well as decom-
pacted heterochromatin (8,59,60). Since a more decon-
densed constitutive heterochromatin results in a more ho-
mogeneous DAPI staining throughout the nucleus and, in
turn, to lower DAPI standard deviations, we measured the
latter as a proxy for DNA decondensation. Indeed, in-
creased levels of Tet]CD led to chromocenter decondensa-
tion (Supplementary Figure S10C and Supplementary Ta-
ble S8). Therefore, we investigated whether the latter FISH
results were due to Tet1 CD induced chromatin decondensa-
tion facilitating DNA denaturation. Hence, we treated cells
with trichostatin A (TSA), a potent histone deacetylase in-
hibitor. After 72 h of treatment, a significant increase in hi-
stone H3 acetylation and concomitantly chromatin decon-
densation was measured, which is in agreement with previ-
ous studies (38). dShmC levels per se were not affected by
TSA treatment and, importantly, TSA-treated cells did not
show increased MaSat probe signal (Supplementary Figure
S10D and Supplementary Table S8), indicating that chro-
matin decondensation does not facilitate thermal DNA de-
naturation.

To further rule out that we are measuring effects due to
changes in overall chromatin structure, composition and
accessibility as a consequence of TetlCD overexpression,
we performed the denaturation assays in cells transfected
with nucleotides. In comparison to control-treated cells, in-
creased dSmC levels led to significantly lower MaSat sig-
nals, whereas increased genomic d5ShmC content increased
the amount of probe annealing (Figure 3B and Supplemen-
tary Table S7).

Lastly, we performed the denaturation assays in the
Dnmt loss of function systems (MEF PM and J1 TKO),
where we observed a significant increase in MaSat probe
signals (Figure 3C and D; Supplementary Table S7). This
result is consistent with methylated DNA double helix being
more stable than DNA containing unmodified cytosines.

Altogether these results indicate that modified cytosines
influence DNA double helix stability, both negatively and
positively. Methylated cytosines render the double helix
more stable and, therefore, DNA denaturation needs more
energy, i.e., higher temperatures, whereas the presence of
dShmC leads to an easier strand separation, due to a less
stable DNA helix. Since global genome processes, such as
DNA replication, transcription and repair, all require un-
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winding of the DNA double helix, alterations of DNA base-
pairing stability could fundamentally influence these pro-
cesses. We, therefore, aimed to analyze the impact of cyto-
sine base modifications on RNA and DNA polymerization,
as well as on DNA unwinding by helicase enzymes.

DNA base modifications affect DNA transcription

One of the major DNA metabolic processes within the cell
nucleus is DNA transcription. As this ubiquitous process
also depends on DNA double helix unwinding and the sub-
sequent RNA polymerization by a DNA-dependent RNA
polymerase, we addressed the effect of modified cytosines
on RNA polymerase activity in vitro. We, therefore, per-
formed an in vitro transcription assay using in vitro modified
DNA templates containing an unmodified T7 promoter to
avoid gene silencing in dSmC containing templates (61-65),
followed by a MINX sequence and purified T7 RNA poly-
merase. The transcription activity of T7 RNA polymerase
was detected in real-time with unmodified, methylated and
hydroxy-methylated templates (Figure 4A). Importantly,
high structural, functional and enzymatic similarities were
reported among organisms for RNA polymerases I and 11
(66,67). We found that methylated templates resulted in sig-
nificantly lower transcript amounts compared to unmod-
ified or hydroxymethylated templates (Figure 4A). Since
RNA polymerase elongation effects could be a concern in
the in vitro transcription (IVT) assays, we performed sim-
ilar experiments on (un)modified single-stranded (ssDNA)
templates containing a double-stranded (dsDNA) T7 pro-
moter region. Similarly to the dsDNA templates, we ob-
served SYBR Green II fluorescence for the ssDNA tem-
plates, although the overall signal intensity, i.e. the over-
all amount of RNA transcripts, was lower than for dsDNA
templates (Supplementary Figure S12A). Additionally, we
measured no significant difference in template elongation
between the unmodified and 5SmdC- or ShmdC-containing
substrates. This is in agreement with previous studies reveal-
ing similar GTP incorporation rates opposite of dC, d5SmC
and d5ShmC (68,69). We, therefore, conclude that the differ-
ences in transcription measured with the dsDNA template
are due to changes in DNA strand separation, i.e. DNA
melting, and not due to differences in elongation rates.

To further extend the in vitro transcription assays to eu-
karyotic enzymes, we analyzed Saccharomyces cerevisiae
DNA-dependent RNA polymerase I (Pol I) transcription
on (un)modified templates. The majority of the RNA pro-
duced in cells is produced by RNA polymerase I and, hence,
this enzyme better represents the measurements in vivo (see
below). To allow nonspecific RNA polymerase initiation,
we generated templates containing a 3’-overhang (3'-tailed
templates) based on the nicking enzyme Nb.BsmlI (46). Slot
blot analyses with antibodies specifically recognizing SmC
and ShmC, respectively, confirmed the modification of the
templates (Supplementary Figure S13A). In vitro transcrip-
tion assays contained endogenous 14-subunit S. cerevisiae
Pol I (44), and synthesized RNA was visualized and quanti-
fied by detecting the incorporated radiolabeled nucleotides,
as a proxy for DNA transcription (Supplementary Figure
S13A). We observed a clear increase of RNA products with
increasing incubation time. The use of similar amounts of
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Figure 3. Effect of cytosine modifications on DNA double helix stability in vivo. (A) Major satellite (MaSat) DNA probes were used for fluorescence
in situ hybridization (FISH) on transfected C2C12 mouse myoblast cells with genomic DNA denaturation performed at 60°C. Representative spinning
disk confocal microscopy images with MaSat probe hybridization detection and DNA counterstaining are shown. Relative quantifications of the nuclear
MaSat sum intensity are shown. (B) Relative major satellite DNA FISH sum intensities within the whole C2C12 nucleus of Cy3 positive cells at 65 or 70°C
denaturation temperature 24 h after co-transfection with dCTP, dSmCTP, dShmCTP and Cy3-dUTP as indicated. (C and D) Relative major satellite DNA
FISH sum fluorescent intensities in MEF W8 and MEF PM nuclei (C) and in J1 wt and J1 TKO nuclei (D) at 60, 65 and 70°C denaturation; scale bars:
5 pm. Independent experiments were done twice (C and D) or in triplicates (A) and P (determined by Student’s z-test) and n-values (number of cells) are
summarized in Supplementary Table S7. All boxes and whiskers are as in Figure 2. Dotted lines represent the nuclear or chromocenter contours. A.U.:
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Figure 4. Effect of cytosine modifications on RNA polymerase activity. (A) Experimental setup for in vitro T7 run-off transcription. Template DNA con-
tained 100% cytosine (dC), methylcytosine (d5SmC) or hydroxymethylcytosine (dShmC) and T7 promoter sequence was unmodified. Normalized mean
SYBR green II intensities (+ standard deviation), i.e., the amount of RNA transcripts, over time are shown. (B) Schematic representation of the experi-
mental setup for in vivo ribonucleotide incorporation analysis. Cells were incubated with 1 mM EU 24 h after transfection with the constructs as indicated,
EU was detected and the normalized nuclear EU sum intensities are plotted. (C) Schematic representation of the experimental setup for in vivo ribonu-
cleotide incorporation analysis in dCTP, dSmCTP or dShmCTP transfected cells. Cells were incubated with 1 mM EU 24 h after transfection with the
nucleotides as indicated, EU was detected and the normalized nuclear EU sum intensities are plotted. Independent experiments were done twice (A and
C) or in triplicates (B). All boxes and whiskers are as in Figure 2 and P and n-values are summarized in Supplementary Table S7; ** P < 0.005 and *** P

< 0.001.

methylated templates, however, resulted in a clear trend in-
dicating partial inhibition of transcription compared to un-
modified templates. In contrast, dShmC-containing DNA
templates showed a reversion of transcription impairment
and synthesized RNA amounts were similar to the dC
containing control template (Supplementary Figure S13A).
The fact that these effects can be detected even using bud-
ding yeast RNA polymerase, which in the natural environ-
ment of a yeast cell does not face modified DNA, denotes
a high degree of evolutionary conservation of the enzymes

involved in genome metabolism. Whereas the effect of mC-
containing templates on Pol I transcription is subtle, a pre-
vious study showed that DNA methylation contributes to
Pol I inhibition in vivo (70). Furthermore, Pol I transcrip-
tion can overcome stronger opposing forces than Pol II in
vitro (71), rationalizing the scale of the effects observed.
Next, we investigated the influence of cytosine base mod-
ifications on RNA polymerases and transcription rates in
vivo. To this end, we incubated cells for various periods of
time with EU (5-ethynyl-uridine), an uridine derivative that
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is incorporated into nascent RNA and can be detected via
Click chemistry. The results showed a time dependent in-
crease of EU signal (labeled RNA). Additionally, Tetl1 CD-
transfected cells showed significantly higher EU levels than
mcherry expressing cells, for all analyzed time points (Fig-
ure 4B and Supplementary Table S7). Since the nucleoli
are subnuclear compartments where rDNA transcription
by DNA dependent RNA polymerase I takes place, we ad-
ditionally analyzed the EU levels in these specialized nu-
clear regions. Similar to whole nuclear EU results, we found
elevated RNA levels in Tet]CD transfected cells (Supple-
mentary Figure S12B and Supplementary Table S8). To re-
late these in vivo observations to the in vitro transcription
assays, we also measured EU intensities in high Tet1CD ex-
pressing cells. Interestingly, and in accordance with the sin-
gle enzyme reactions, we see similar levels of RNA in con-
trol and cells with high dShmC levels (Supplementary Fig-
ure S13B).

We note, however, that the increased transcription in cells
with high dShmC levels may, in addition to the helix desta-
bilizing effect, be due to the release of transcriptional inhi-
bition by cytosine methylation and associated reader pro-
teins (72). To bypass potential effects caused by ectopically
overexpressing genes, we analyzed DNA transcription in
nucleotide transfected cells. Nuclear EU levels decreased
upon incorporation of dSmCTP into the genomic DNA,
whereas the transcription rate increased upon elevating ge-
nomic d5hmC levels (Figure 4C and Supplementary Ta-
ble S7). These results are in agreement with previous re-
ports showing that DNA methylation inhibits transcrip-
tion, whereas transcription is re-initiated upon oxidation of
the d5mC. Moreover, this is also consistent with our find-
ings that DNA metabolic processes are slowed upon DNA
methylation due to helix stability increase whereas oxida-
tion of dSmC to dShmC results in a less stable DNA duplex
facilitating DNA unwinding and subsequent DNA/RNA
polymerization reactions.

Altogether these in vitro and in vivo data indicate that
DNA transcription rates decrease in the presence of stabiliz-
ing d5SmC with d5ShmC reverting this inhibition and leading
to increased synthesis of RNA.

DNA base modifications affect DNA polymerase and exonu-
clease activities

Besides RNA synthesis, DNA polymerization during DNA
replication and repair is an essential nuclear process to
ensure complete and error-free genome duplication. We,
thus, aimed to investigate the effect of DNA base mod-
ifications on DNA polymerase activity. To test this, we
performed in vitro DNA replication assays using in vitro
modified DNA templates and in vitro purified Klenow
or Tag DNA polymerases. The function of DNA poly-
merases in DNA synthesis is conserved across species and
the basic reaction mechanism of DNA double helix open-
ing does not differ between prokaryotic and eukaryotic or-
ganisms (73,74). Modified dsDNA template, dNTPs and
primers were heated to denature DNA, cooled down to al-
low primer annealing and incubated at 37 or 72°C while
adding Klenow or Taq polymerase, respectively. Strand
displacement and DNA polymerization were analyzed by

agarose gel electrophoresis. The amount of DNA synthe-
sized, increased with increasing polymerase concentrations,
and d5mC modified templates resulted in less DNA am-
plification compared to dShmC and unmodified cytosine
(Figure 5A; Supplementary Figure S14A and Supplemen-
tary Tables S7 and S8). These results indicate that modified
cytosines influence the in vitro DNA polymerization rate
in a way that correlates with the helix stabilization effect
of the modified nucleotide present in the template DNA.
Similarly to RNA polymerases, several archaeal (KOD),
bacterial (Klenow exo~) and human (polymerase 8 and m)
DNA-dependent DNA polymerases were also shown to dis-
criminate barely, if any, between dGTP incorporation op-
posite unmodified and modified cytosines and very similar
dGTP incorporation rates were found for C, d5SmC, d5ShmC
and d5fC (75-78). Consequently, our results most proba-
bly reflect differing helix stability rather than different poly-
merase specificities or elongation effects.

To extend our in vitro enzymatic assay results to an eu-
karyotic system, we performed processive soluble replica-
tion reactions with the purified Saccharomyces cerevisiae
replisome components that are required for replication in
vitro as described in (42). Double-stranded 3 kb linear tem-
plate DNA contained an unmodified central ARS306 yeast
origin of replication sequence with two opposing ORC-
binding sites. This allows loading of an MCM helicase dou-
ble hexamer and gives rise to bidirectional replication. DNA
templates additionally contained 3’ and 5’ (un)modified se-
quences flanking the origin (Supplementary Figure S15A).
To further analyze the influence of different amounts of
modified cytosines and since 100% modified templates are
unlikely to appear at high frequencies in cells, we included
DNA templates containing various amounts of d5mC or
d5hmC. To this end, PCR reactions contained either 100%
(un)modified dCTPs, 50% modified and 50% dCTPs or
12.5% modified and 87.5% unmodified dCTPs (Supplemen-
tary Figure S15A). Indeed, the slot blot analysis revealed
a clear decrease in signal intensity correlating with the de-
crease in the amounts of modified nucleotides present in the
PCR reaction (Supplementary Figure S15A). In vitro repli-
cation assays contained replisome components enabling
leading and lagging strand synthesis at comparable rates
of in vivo replication (42), and synthesized DNA was vi-
sualized and quantified by detecting the incorporated ra-
diolabeled nucleotides, as a proxy for DNA synthesis rates
(Supplementary Figure S15A). While the yeast-based assay
is no longer a single enzyme experiment, the use of puri-
fied proteins, yet, allows a very defined molecular composi-
tion of the reaction. Similarly to our results obtained with
bacterial enzymes described above (Figure SA and Supple-
mentary Figure S14A), we observed less DNA replication
for methylated templates compared to unmodified or hy-
droxymethylated templates (Supplementary Figure S15A).
This effect was gradually reverted with decreasing dSmC
levels in the template DNA. Interestingly, replication of
100% d5ShmC-containing DNA was also lower, and reduc-
ing d5ShmC amounts in the templates led to DNA replica-
tion rates similar to the unmodified dC template. The re-
versal of the dShmC replication inhibition by decreasing
modified nucleotide amounts was more pronounced than
for the d5SmC samples. Although we also measured this ef-

207



5 RESULT CHAPTERS

Nucleic Acids Research, 2021 15

A primers (F+R) D
dSDNA @ 85°C, Kienow @ 37°C, . T4 DNA T4
dNTP 1 minute \ 20 minutes Klenow polymerase ™ -
= 7min, RT  Agarose gel
; Agarose gel — ww >
—> e > wy —> ]
@99°C, 355 —_—
3 minutes  iprimer annealing | | polymerization exonuclease
D —— | & exonuclease
= { )
- _— e C———
1.2
dsDNA [KIenoW I 145 | | 4sDNA T4 DNApolymerase. 105
] < <
— g 063
\ ECR. N 5 — e 0 23’
[} 29
dshmc ‘. - ':. ree —dC - d5mC _ --- dShmC 3'2 ) dohme m o’ —dC d5mC _ --- dShmC
10 08 06 04 02 00 05 04 03 02 01 00
Klenow [U] T4 DNA polymerase [U]
B h-Tet1CD/ +10 uM EdU ¢ measure EdU
0 *+men-Te ° fix measure EdU ° ) h
o0 mcherry ) At ClickiT signal in s 24h +10uM signal in
() > ®e DAPI ? Sephase cells °® —> EdU ——> S-phase cells
P 10min X (low
+dCTP/ Dap| transfected
cells
— — - + dShmCTP/ )
T * *
1 e
T : : T w ]
© [ [ N -
[ T o, — —_ |
o b 3 2 |
—_ ' : T o ! < < :
= Yot 't : 9 N4 @2 1
<o C o . 3 8 .
K] v ey W us 1
[ 1 0
: S SRS I S S0 1 NI
= T ' h | E=EIe ' - = '
5 ot T o - \ o 1
<4 | ' T = ' [
wl [ ' ' | ! (6] T
. I oy O ' gWw \
3 [ ' £ ! 4
2 T T Il ) ] 5} 1 £ 1
5] [ ! ' ko] ' % |
e |t T R B -
. 1 . —
B L T H L A IR =
_ = o & R AT 1 = 2
] T [ _:_ ot o yoo ! LIJ 0 | w4 __+__
L 144 PR L.+ Lot RN 2 O — )
o = 2 I
— e | — —d —d — : : :
Tet1CD mcherry Tet1CD mcherry Tet1CD mcherry ' + +
£
10 min 20 min 30 min dCTP d5mCTP dCTP d5hmCTP

Figure 5. Effect of cytosine modifications on DNA polymerase activities. (A and D) Experimental setup for in vitro polymerization (A) and in vitro exonu-
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fect in the single enzyme reactions (Figure 5A), the dif-
ference between dC and d5ShmC was much smaller than
in the multi-complex replisome experiment (Supplemen-
tary Figure S15A). As mentioned above for the yeast RNA
polymerase assay, the effects measured denote a high con-
servation of the enzymatic machinery involved in genome
metabolism across species even the ones, such as budding
yeast, with no natural DNA modifications.

We next tested the impact of cytosine modification on
mammalian DNA replication in vivo. As it is not feasible
to study DNA polymerization in living cells in the absence
of DNA unwinding by the DNA helicase complex, we ex-
tended our analysis to the whole replisome, thereby ana-
lyzing the effect of dShmC on the activity of the coupled
helicase and polymerase complex. We incubated C2C12
cells 24 h after transfection for defined time periods with
the thymidine analog EdU (5-ethynyl-2’-deoxyuridine) that
is incorporated into newly synthesized DNA and can be
detected via Click chemistry to visualize sites of ongoing
DNA replication. We found EdU levels to increase with
increasing labeling time (Figure 5B; Supplementary Fig-
ure S14B, Supplementary Tables S7 and S8). Low Tet1CD
transfected cells incorporated more EAU in comparison to
mcherry transfected cells during all three labeling times.
However, when analyzing high Tet1CD expressing cells, we
observed significantly decreasing levels of EdU incorpora-
tion (Supplementary Figure S15B and Supplementary Ta-
ble S8). This observation is similar to the trend observed
in the yeast in vitro replication experiments (Supplemen-
tary Figure SI5A). Previous studies showed that DNA de-
condensation upon TSA induced histone hyperacetylation
leads to slower DNA synthesis rates (38). Low TetlCD-
expressing cells showed DNA decondensation (Supplemen-
tary Figure S10C and Supplementary Table S8); however,
instead of lower EdU incorporation they showed higher
EdU incorporation rates (Figure 5B; Supplementary Fig-
ure S14B, Supplementary Tables S7 and S8). This indicates
that the increased dShmC levels and the accompanying less
stable DNA double helix rather than DNA decondensation
influence the speed of the replisome resulting in a higher
nucleotide incorporation rate.

As high DNA methylation levels are a hallmark of peri-
centric heterochromatin and simultaneously constitute a
Tetl oxidation substrate, we further analyzed EdU incor-
poration at major satellite repeats. In agreement with our
previous findings, we found higher incorporation of EAU in
Tet1 CD-transfected cells (Supplementary Figure S14B and
Supplementary Table S8).

Next, we increased modified cytosine levels in the
genomic DNA by dSmCTP or d5ShmCTP transfection.
Whereas d5SmCTP incorporation led to a significantly de-
creased EdU signal, dShmCTP resulted in higher EdU in-
corporation rates (Figure 5C and Supplementary Table S7).
This is consistent with the Tet1 overexpression data and the
decrease/increase of EAU incorporation reflects the DNA
helix stabilizing/destabilizing effect of d5SmC/d5ShmC, re-
spectively.

Lastly, we expanded the analysis to test whether and how
DNA base modifications in the template DNA affect other
enzymatic activities of DNA polymerases. Hence, we incu-
bated MINX PCR amplicons with T4 DNA polymerase.

In the absence of nucleotides, T4 DNA polymerase, similar
to other DNA polymerases, exhibits 3'— 5’ exonuclease ac-
tivity. Indeed, we observed decreasing DNA amounts with
increasing enzyme amounts for all three DNA templates.
Exonuclease activity was, however, reduced on methylated
templates (Figure 5D and Supplementary Table S7).
Taken together, these results show that DNA replication
is negatively influenced by methylcytosine, whereas the ox-
idized methylcytosine variants revert and increase DNA
polymerization speed in a dose-dependent manner.

DNA base modifications affect DNA helicase unwinding in
cells

A prerequisite for DNA replication is DNA double he-
lix unwinding by DNA helicases into two single strands
(79,80). We reasoned that changes in the mechanical stabil-
ity of the DNA double strand might influence helicase speed
and processivity and, thus, analyzed helicase unwinding in
vivo.

To test the influence of modified cytosine bases on the
helicase unwinding activity in vivo, we made use of a sys-
tem we developed before, based on the decoupling of the
replisome via a drug treatment (81). For this purpose, we
treated cells with the tetracyclic antibiotic aphidicolin that
reversibly inhibits eukaryotic DNA polymerases «, & and
€ (82-85). For DNA replication to take place, the DNA
double helix needs to be unwound by DNA helicases. The
single-stranded DNA generated (ssDNA) is immediately
covered with single-stranded DNA-binding proteins (RPA
complex) to avoid DNA damage and/or re-annealing of
the two DNA strands. The DNA synthesis complex, com-
prising DNA polymerases and PCNA (proliferating nu-
clear antigen), uses the ssDNA strands as template to syn-
thesize a complementary daughter strand, while simulta-
neously displacing RPA from the ssDNA (Figure 6A and
(80)). With the aphidicolin treatment, we specifically inhibit
the DNA polymerase without inhibiting the helicase activ-
ity (81). As previously published (81), the DNA polymerase
gets uncoupled from the DNA helicase, leading to a contin-
uous unwinding of the DNA double helix by the helicase,
while the DNA polymerization is stalled by aphidicolin. The
ssDNA generated is continually covered with the single-
stranded binding protein RPA. Due to the inhibition of the
DNA polymerase, RPA is not displaced from the DNA,
leading to an accumulation at DNA replication sites. Fur-
thermore, the polymerase inhibition via aphidicolin leads
to the disassembly of proteins involved in DNA replica-
tion elongation from replication sites (e.g., PCNA, Figure
6A and (81)). We made use of the uncoupling of helicase
and polymerase to analyze the effect of modified cytosine
bases and the concomitant change in double helix stabil-
ity on the helicase unwinding speed, by measuring the RPA
accumulation on ssDNA at DNA replication sites at de-
fined time points after aphidicolin addition. C2C12 mouse
myoblast cells were transiently transfected with expression
constructs coding for fluorescently marked proteins, namely
GFP-tagged RPA34 to determine the helicase unwinding
speed via RPA accumulation over time, miRFP670-tagged
PCNA to control for complete polymerase inhibition, in-
dicated by dissociation of PCNA from replication foci and
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Figure 6. Effect of cytosine modifications on DNA helicase activity in vivo. (A) In the absence of aphidicolin, the DNA double helix is unwound by
DNA helicases, ssDNA is covered with ssDNA binding proteins (RPA) and the DNA synthesis complex displaces RPA during DNA polymerization.
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mcherry-tagged Tet] CD or mcherry. Twenty-four hours af-
ter transfection, cells were subjected to live cell confocal
microscopy and only cells showing a clear S-phase pat-
tern in the GFP channel (RPA) and/or miRFP670 (PCNA)
channel were taken into consideration. As a pretreatment
control, z-stacks of the cells were acquired before adding
aphidicolin or DMSO and after the addition of aphidicolin
(DMSO for the controls), cells were imaged every 5 min
over a period of 30 min (Figure 6B). Already after 5 min of
drug treatment, a clear accumulation of RPA was observed
at sites of ongoing DNA replication (Figure 6B). Complete
inhibition of the polymerase by aphidicolin was, on the one
hand, verified by PCNA dissociation from replication foci
(Figure 6B) and, on the other hand, by incubating the cells
with the thymidine analog BrdU (bromodeoxyuridine) after
30 min of aphidicolin treatment, with no BrdU incorpora-
tion being detected (Supplementary Figure S16A). Control
cells that were treated with DMSO, neither showed RPA ac-
cumulation nor PCNA dissociation from the replisome and
incubation of the cells with BrdU showed replication foci
pattern colocalizing with the RPA signal (Supplementary
Figure S16A). Comparison of the RPA and PCNA signals
before and after DMSO treatment showed S-phase progres-
sion during the 30 min of imaging (Figure 6B). These results
demonstrate that we were able to completely block DNA
synthesis in S-phase C2C12 mouse myoblast cells by aphidi-
colin treatment.

To measure and analyze the RPA accumulation, the nu-
clei of S-phase cells were segmented, the GFP intensity in-
side each nucleus was measured for each time point (Supple-
mentary Figure S5), normalized to the GFP channel values
at time point 0 (pretreatment) and the coefficient of vari-
ation of the GFP-channel intensities was plotted for each
time point. In addition, we validated that the GFP-RPA lev-
els did not vary significantly between the mcherry-tagged
Tet1CD and mcherry expressing cells (Supplementary Fig-
ure S16B and Supplementary Table S8).

DNA replication during S-phase is organized in a dis-
tinct spatio-temporal manner that, in somatic cells, fol-
lows the chromatin compaction state, starting with replica-
tion of euchromatin (early S-phase), facultative heterochro-
matin (mid S-phase) and constitutive heterochromatin (late
S-phase) (Supplementary Figure S1C and reviewed in (80)).
The latter type of chromatin is mainly transcriptionally
inactive and marked by high levels of cytosine methyla-
tion, and, in mouse cells, forms prominent clusters visi-
ble as bright foci in DAPI counterstaining. Immunofluores-

cent detection of d5SmC and dShmC in mcherry-transfected
cells showed low 5ShmC levels, which is consistent with the
low Tet1-3 expression levels in C2C12 cells (86). SmC sig-
nals were mostly, but not exclusively, visible as clustered
and compact structures corresponding to chromocenters.
In Tetl CD-transfected cells, ShmC levels increased signifi-
cantly and correlated with SmC signals (Figure 2A and Sup-
plementary Figure S17A). Highest ShmC increases were ob-
served in the normally highly methylated constitutive hete-
rochromatic genomic regions. Additionally, colocalization
analyses via line intensity profiles and Pearson’s correla-
tion factors showed the strict dependency of ShmC on 5mC
(Supplementary Figure S17A). According to the genome-
wide analyses of Jin et al. (56), TetlCD catalytic activity
is not biased to specific methylated genomic regions and
can act throughout the genome. Hence, ShmC generation
and distribution ‘follow’ SmC genome-wide. Considering
the fundamental prerequisite of the presence of SmC to al-
low ShmC generation, hydroxymethylation is prominently
observed in pericentromeric heterochromatin (chromocen-
ters) of Tet1 CD-transfected cells.

In view of the abundant chromocentric ShmC levels in
Tet1CD-transfected cells, we analyzed RPA accumulation
in the helicase unwinding assays in late S-phase cells, i.e.
the time of S-phase when chromocenters are replicated, and
early/mid S-phase cells separately (Figure 6B). Correlation
analyses revealed RPA accumulation at these highly modi-
fied regions (Supplementary Figure S17B). To confirm the
presence of ShmC in pericentromeric heterochromatin in
GFP-RPA and mcherry-Tet1CD transfected cells treated
with aphidicolin/DMSO, we co-stained the latter for SmC
and 5ShmC and performed line profile colocalization anal-
yses (Supplementary Figure S17B). Late S-phase cells de-
picted clear GFP-RPA accumulation at SmC-stained ge-
nomic regions, a hallmark for pericentromeric heterochro-
matin. As previously published (81), aphidicolin treatment
led to the accumulation of GFP-RPA at sites of ongo-
ing DNA replication. Tet]l CD-transfected cells additionally
showed clear ShmC signals, which, due to the strict pre-
requisite of SmC for ShmC oxidation, overlap with the im-
munofluorescently detected SmC.

Detection and analysis of the helicase activity and speed
in replicating C2C12 cells showed a time-dependent accu-
mulation of RPA at replication sites of S-phase cells treated
with aphidicolin (Figure 6B; Supplementary Figure S16C,
Supplementary Tables S7 and S8). Cells transfected with
Tet1CD, however, showed a significantly higher amount of

Upon addition of aphidicolin, DNA polymerase, but not DNA helicase activity, is inhibited. This allows for continued RPA loading on the unwound
ssDNA and the lack of RPA displacement by the DNA polymerases, leading to RPA accumulation at DNA replication sites. (B) Live cell microscopy
setup for helicase activity measurements. Cells were triple transfected as indicated 24 h before imaging. RPA accumulation at replication foci, as a proxy
for helicase speed, was calculated as depicted and normalized to the respective pretreatment control. Representative spinning disk confocal time-lapse
microscopy images of aphidicolin/DMSO-treated cells over 30 min, showing RPA accumulation and PCNA dissociation from replication foci and the
progression of S-phase, respectively (left). Dashed boxes represent the selected magnified ROIs for line intensity profile analysis (arrows) before and 30 min
after aphidicolin/DMSO addition. Line intensity plots of PCNA (magenta) and RPA (green) through a replicating chromocenter before and 30 min after
aphidicolin/DMSO addition are shown. Graphs showing the normalized average RPA accumulation (¢, + standard deviation) over 30 min at 5 min
interval imaging for aphidicolin-treated cells and for 30 min imaging for DMSO-treated cells (bottom). Aphidicolin cells were grouped into early/mid
and late C2C12 S-phase cells. Slopes of the RPA accumulation curves were calculated for aphidicolin treated cells as a ratio of the rise (difference of the
y-coordinates) over the run (difference of the x-coordinates) of the respective linear regression line of the average RPA accumulation curves between 0
and 20 min of drug treatment. (C) J1 wt and TKO cells were double transfected as indicated 24 h before imaging stage II S-phase cells (chromocenter
replication). Imaging, analysis and representation were performed as described above; scale bars: 5 wm (whole nuclei images) and 2.5 pm (magnifications).
P and n-values are summarized in Supplementary Table S7; *P < 0.05, ***P < 0.001, n.s.: non-significant.
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RPA accumulation at replication sites than mcherry trans-
fected cells. Potential reduction of DNA helicase activity
as a consequence of aphidicolin addition would be similar
in both cases, thus, allowing us to conclude that the effects
observed are TetlCD activity dependent. Interestingly, in-
creased RPA accumulation in Tetl CD-expressing cells was
observed for early and mid S-phase substages; late S-phase
cells, however, showed a higher accumulation after 30 min
of drug treatment (Figure 6B).

As the main increase of RPA accumulation took place
during the first 10 min after aphidicolin addition, we specif-
ically analyzed the RPA accumulation during this period
by imaging the triple transfected cells at a higher frame rate
with one image every 10 s for 12 min. As expected, Tet1CD-
transfected cells showed a rapid and steady increase of
RPA accumulation, whereas a much slower RPA accumula-
tion was observed for the control cells (Supplementary Fig-
ure S16C). No RPA accumulation could be measured for
DMSO control-treated cells, although Tet1 CD-transfected
cells showed slightly higher RPA levels after 30 min (Fig-
ure 6B). Similar results of increased RPA accumulation in
Tet1CD transfected cells were obtained when the replisome
uncoupling was performed in triple transfected MEF W8
cells (Supplementary Figure S16D and E and Supplemen-
tary Table S8).

To further validate the effect of dSmC on the DNA
unwinding activity, we used the reverse cellular model
of loss of cytosine modification by deletion of all three
DNA methyltransferases (Dnmtl, Dnmt3a and Dnmt3b,
[TKO]) in ES cells or the maintenance DNA methyltrans-
ferase Dnmtl in fibroblasts. We, therefore, co-transfected
J1 wt and J1 TKO ES cells and MEF W8 (wild-type)
and MEF dnmt1=/~ (PM) fibroblasts with GFP-RPA and
RFP-PCNA expression constructs to identify S-phase cells.
Akin to the results we obtained with overexpression ex-
periments, we observed in wild-type and knockout cells
a time-dependent RPA accumulation, PCNA dissociation
from replication foci and the lack of BrdU incorporation
after aphidicolin addition. RPA accumulation was higher
in J1 TKO and MEF PM cells compared to wild-type
J1 and MEF WS cells. DMSO-treated cells showed nor-
mal S-phase progression, BrdU incorporation in newly
synthesized DNA as well as no significant RPA accu-
mulation (Figure 6C and Supplementary Figure S18A-
C). These results are in line with increased helicase un-
winding in dSmC-deficient cells, which is associated with
a decrease in helix stability and more efficient helicase
unwinding.

As Tetl overexpression as well as Dnmtl deletion could
deeply impact chromatin structure, which in turn might in-
fluence genomic processes like DNA unwinding prior to
DNA replication, we investigated potential changes in chro-
matin accessibility and nucleosome composition by micro-
coccal nuclease (MNase) digestion assay. We found that the
ratio of monomeric nucleosomal DNA to the total DNA
for each MNase concentration did not vary significantly
(Supplementary Figure S19A), indicating that nucleosome
positioning and number were not significantly influenced
by TetlCD overexpression. Similar results were obtained
for MEF W8 and MEF PM cells (Supplementary Figure
S19B).
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In summary, methylated DNA is unwound by helicases
slower than unmodified DNA, whereas oxidation of the
methyl group reverts this effect and even enhances helicase
unwinding, at least in part due to its DNA duplex destabi-
lizing effect. Accordingly, we show that the lack of methy-
lated cytosines and consequently the less stable DNA he-
lix, also increases the unwinding speed of DNA helicases in
vivo. This is in agreement with our previous results that the
addition of a methyl group to cytosine bases leads to a more
stable DNA helix and in turn higher energy and/or more
time is needed to separate the helix in two single-stranded
DNA strands.

Loss of DNA methylation affects S-phase progression and in-
creases replication fork speed in mouse embryonic stem cells

Since helicase-mediated DNA unwinding and DNA poly-
merization are the key enzymatic processes during genome
duplication and in view of our results described above, we
aimed to further clarify the effect of loss of DNA methyla-
tion on cell cycle and S-phase progression in general as well
as DNA replication at the molecular level. Loss of all three
DNA methyltransferases completely abolished dSmC lev-
els in J1 TKO cells (Figure 2E and Supplementary Figure
S9C). Doubling time and the percentage of cells present in
S-phase of J1 TKO was not different compared to wild-type
ES cells (Figure 7A and B; Supplementary Table S7). Im-
portantly, loss of d5SmC did not change the temporal order
of DNA replication patterns of ES cells ((39) and Supple-
mentary Figure S3). However, when we compared the fre-
quency of the different replication substages in J1 wt and
TKO cells, we observed a significant decrease of TKO cells
at stage II (Figure 7C and Supplementary Table S7), indicat-
ing that duplication of normally highly methylated pericen-
tromeric heterochromatin required less time in TKO than
in wild-type cells (39). In general, faster S-phase progression
can be achieved either by the activation of additional origins
of replication or by increasing the replication fork speed
(RFS). We, thus, measured RFS of J1 wt and J1 DNMT
TKO cells by molecular combing. ES cells lacking global
DNA methylation exhibited a significant increase in DNA
replication fork speed (Figure 7D and Supplementary Table
S7).

Previous studies in Dnmtl1-deficient fibroblasts showed
that the loss of DNA methylation was accompanied by
an increase in histone acetylation, chromatin decondensa-
tion and reduced replication fork speed (38). In ES cells,
however, no significant differences in histone acetylation or
methylation were observed between wild-type and knock-
out cells (Supplementary Figure S20, Supplementary Ta-
ble S8 and (57)), arguing against a possible effect of histone
modifications on the observed differences in RFS. Further-
more, in somatic cells increased histone acetylation resulted
in decreased fork speed, which is opposite to what we found
here. Allin all, in asynchronous J1 Dnmt TKO cell cultures,
we counted fewer stage II cells (~10%) and concomitantly
calculated a shorter stage II duration, indicating that Dnmt
TKO cells require less time for the duplication of pericen-
tromeric heterochromatin. Together with the difference in
replication fork speed (~10%), our results suggest that the
loss of DNA methylation results in faster replication fork
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Figure 7. Effect of loss of cytosine modifications in mouse embryonic stem cells on S-phase progression and replication fork speed. (A) Bar plot showing
the mean percentage of cells in S-phase in J1 wt and TKO ES cells. (B) Line plots showing the population doubling time of mouse J1 and TKO ES cells
over five consecutive days with the ensuing doubling times depicted. S-phase duration was derived from the doubling times and the percentage of S-phase
cells. (C) Bar plot showing the mean percentage of cells within the different cell cycle and S-phase substages (S-phase I - Y, G1/G2 (non S) and mitosis) and
the ensuing S-phase substage durations. (D) Schematic representation of the molecular combing technique. Violin plots showing the replication fork speed
(RFS) of J1 wt and TKO cells. Error bars represent the standard deviation, all boxes and whiskers are as in Figure 2 and independent experiments were
performed in quadruplicates (A—C) or in duplicates (D). P (determined by Mann—Whitney—Wilcoxon test) and n-values are summarized in Supplementary
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progression, specifically along DNA that is usually highly
methylated under wild-type conditions.

DISCUSSION

DNA base modifications greatly expand genome diversity
and provide additional mechanisms to regulate gene expres-
sion. Consequently, the tight regulation of their establish-
ment, maintenance and removal is essential for proper cell
survival and development. In mammalian cells, the most
extensively studied DNA modification is methylation of
cytosines by Dnmts (87). More recently, the Tet enzyme
family was found to oxidize d5mC (8,9) and the function
and regulation thereof are still poorly understood. Whereas
DNA methylation has been mainly linked to gene silencing
and chromatin remodeling (88), Tet-mediated oxidation of
d5mC is, on the one hand, a mechanism for active loss of
DNA methylation (10) and, on the other hand, the oxidized
derivatives of d5SmC are reported to be stably maintained
in the genome (89,90). Specific readers of all cytosine base
modifications have been reported (14,91) and their influence
on gene expression and chromatin regulation is the subject
of extensive investigations. Whether and how cytosine base
modifications can however directly influence the DNA dou-
ble helix and, as a consequence, fundamental genomic pro-
cesses such as DNA replication or transcription are far less
understood (reviewed in (17)).

Here, we show in vitro and in vivo that the presence of
methylated cytosines increases the melting temperature of
the DNA double helix, demonstrating that the addition of
the methyl group stabilizes the double helix structure. Incor-
poration of oxidized variants of dSmC, however, leads to
lower melting temperatures, hinting toward a helix desta-
bilizing effect of the hydroxy, formyl and carboxyl groups
(Figure 8). Previous in vitro studies showed increased se-
quence dependent duplex stability upon cytosine methy-
lation (20,25,50,55). Additionally, calculations of enthalpy
and entropy changes upon cytosine modifications also re-
flected the thermal stability effects measured (92). Analy-
sis of hydrogen bonding and base stacking interactions re-
inforced the idea of an increase in stability upon cytosine
methylation and a destabilizing effect arising from hydrox-
ymethyl, formyl and carboxyl groups (28,93,94). The influ-
ence on base stacking would to some extent also explain the
previously observed sequence dependency. While increasing
the size of the cytosine modification leads to less structural
fluctuation between base pairs and, thus, a more rigid and
stable structure, this can be counteracted by adding polar
groups as in hydroxymethylcytosine. This is explained by
the fact that the hydrophobic methyl group is less favorable
for interaction with water molecules, resulting in a higher
rigidity and, consequently, altogether in higher thermosta-
bility of 5SmC-G base pairs, whereas the more hydrophilic
and polar hydroxymethyl group has higher affinity for water
molecules, leading to higher fluctuations in ShmC-G base
pairs (28). Furthermore, electron-withdrawing abilities of
the formyl and carboxyl groups reduce hydrogen bonding
in 5fC-G and 5caC-G base pairs, destabilizing the DNA du-
plex (93). These in vitro and in silico data are in line with our
findings and provide a mechanistic explanation for our re-
sults.
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The local changes in DNA helix structure may also rep-
resent a specific recognition platform for reader proteins.
The weaker d5fC and d5caC pairing abilities could facili-
tate TDG base flipping during DNA demethylation (93). In
addition, it was shown that DNase I cleavage was enhanced
adjacent to methylated CpGs, presumably due to the mi-
nor groove narrowing effect exerted by the bulky methyl
group (95). DNA shape variations arising from the pres-
ence of methylated DNA bases augment the negative elec-
trostatic potential, which in turn can more effectively attract
basic side chains of DNA-binding proteins (95-97). Inter-
estingly, the chromatin remodeler proteins MeCP2, Mbd1
and Mbd2 identify SmCpGs via two conserved positively
charged, arginine-rich fingers (98-100), possibly exploit-
ing changes in helix structure and stability for binding site
recognition.

In our in vivo analyses, we made use of several differ-
ent approaches to manipulate cytosine modification levels
within cells (Supplementary Figure S9). To increase modi-
fied cytosine levels, on the one hand, we changed expression
levels of enzymes modifying cytosines (Dnmts and Tetl;
Supplementary Figure S9A and B). On the other hand,
we chose a nucleotide-based approach (Supplementary Fig-
ure S9C). Both approaches were performed in undifferenti-
ated C2C12 mouse myoblast cells, as these cells show low
endogenous Tetl-3 and Mbd expression (15,86,101). The
lack of the N-terminal CXXC DNA-binding motif in the
Tet1CD variant allowed us to achieve global, random and
unbiased methylcytosine oxidation. In contrast to Tet1 full-
length (Tetlfl), TetlCD has no preference for specific ge-
nomic regions and massive conversion of DNA methyla-
tion is observed in CpG islands (CGlIs), non-CGls, up-
stream, promoter, exon, intron, downstream and intergenic
DNA regions (56). To study the loss of cytosine modifica-
tions on DNA structure and subsequent genomic processes,
we used Dnmt1/Dnmt3a/Dnmt3b knockout mouse embry-
onic stem cells (57) and Dnmt1 knockout mouse embryonic
fibroblasts (35), both of which are depleted of cytosine mod-
ifications (Supplementary Figure S9B).

We show that DNA helicase, DNA exonuclease and
DNA-dependent DNA and RNA polymerase speed are reg-
ulated by the cytosine variants present in the DNA tem-
plates (Figure 8). In agreement with the duplex stabilizing
effect of cytosine methylation observed in our in vitro melt-
ing experiments, helicase and polymerase speeds were de-
creased with increasing d5SmC level in cells. Importantly,
DNA replication initiation is not dependent on the presence
of cytosine variants, as Dnmt knockout cells actively repli-
cate their genome within a similar time frame to the wild-
type cells. Hence, cytosine variants are unlikely to influ-
ence the amount of active replicons. In contrast, oxidation
of d5mC to d5hmC (and d5fC or d5caC) resulted in helix
destabilizing effects and increased in vivo helicase and poly-
merase speed/activity. Interestingly, this process is not de-
pendent on chromatin decondensation or global nucleoso-
mal remodeling effects. Oxidation of cytosine methylation
therefore de facto reverts DNA duplex stability without the
actual need for removal of the methyl group by DNA repair-
based processes. It is thus tempting to speculate that cyto-
sine modifications could locally regulate DNA unwinding,
DNA replication and gene expression by changing DNA
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Figure 8. Graphical summary of the effect of cytosine modifications on DNA double helix stability and metabolism. DNA methylation (blue) increases
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(red) results in decreased helix stability (1) and increased helicase (2) as well as DNA/RNA polymerase (3 and 4) speed.

(electro)mechanical properties. This is further corroborated
and expanded by our replication fork speed analysis in TKO
ES cells (Figure 7D). Importantly, the effect we measured
was greater in normally heavily methylated genomic regions
(Figures 6B and C, 7C; Supplementary Figure S17A). Since
we previously mapped the exact positions of methylated
CpGs in major satellite repeats and in view of the unbiased
and global cytosine oxidation of Tet1CD, this observation
underlines the decrease in DNA helix stability by the loss
of cytosine methylation. In contrast to results from somatic
cells (38), we did not observe changes in histone acetylation
upon Dnmt and concomitant dSmC depletion, indicating
that the increased fork speed was dependent on DNA helix
stability rather than on chromatin decondensation. In line
with this, it was shown that bacteriophage T7 DNA heli-
case unwinding rate is correlated to the local DNA sequence
and unzipping force (102). Genome-wide mapping of DNA
destabilizing oxidized cytosine modifications revealed en-
richment of dShmC and d5fC within gene bodies of actively
transcribed genes and within CpG islands in promoters of
actively transcribed genes (103,104). Cytosine methylation,
however, stabilizes the DNA helix and plays a role in tran-
scriptional repression and gene silencing (65). This is con-
sistent with our data that oxidation of d5SmC increased the
transcription rate in vitro and in vivo.

We now propose an additional role of DNA base modi-
fications in the regulation of genome processes by directly
modulating DNA double helix stability to impede (cyto-
sine methylation) or facilitate (methylation oxidation) ac-
cess and unwinding of double-stranded DNA. Hence, the

variegated modifications along the DNA molecule could
play a role in the specific regulations of its own local trans-
actions.
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SUPPLEMENTARY TABLES, FIGURES AND FIGURE LEGENDS

Supplementary Table 1: Oligonucleotide characteristics.

) ATC CAC CGG TCG CCA . )
Agel-miRFP-fw CCA TGG TA cloning this study
. AAA TGT ACA GGC TCT . .
BsrGIl-miRFP-rev CAA GCG CGG TGA T cloning this study
AAA ATG AGA AAC ATC .
MaSat-fw CAC TTG FISH probe generation (1)
CCATGATTT TCAGTT .
MaSat-rev TTCTT FISH probe generation (1)
ACT ACC ATC XGG ACC
CG-up AGA AG* HRM (2)
CTT CTG GTC XGG ATG
CG-down GTAGT* HRM 2)
MINX-fw CGG TAC CTAATA CGA PCR fragment, replication & @)
CTC ACT ATA GGG AGA IVT template generation
gy 5'Phospho-CGG TAC CTA 5’ phosphorylated IVT .
MINX-5'P-fw ATA CGA CTC ACT ATA template generation this study
MINX-rev GTG CCA AGC TTG CAT | PCR fragment & !VT template @
GC generation
ATC CCA CAC CTG GCT .
LINE1-fw CAG AGG G PCR fragment generation (3)
GTC AGG GGT CAG GGA .
LINE1-rev CCC ACT T PCR fragment generation (3)
GAT CCT TAATTA ACC
TCA GCT TGA CCATGA
GC497 CTC GAC TGC AAT CGC cloning this study
CCT CAG CGC GGC CGC
CTG CA
GGC GGC CGC GCT
GAG GGC GAT TGC AGT . .
GC498 CGA GTC ATG GTC AAG cloning this study
CTG AGG TTA ATT AAG
TTC TAA ACC ATT GCC yeast replication template .
pGC504-3kb-fw GCT TAC TC generation this study
CCG TAT CGT AGT TAT yeast replication template .
pGC504-3kb-rev CTA CAC GAC generation this study
ATC ACC TTA CCC TAT
. ACT TAC TCG CAT TCC yeast IVT template .
MINX-400bp-tailed-fw CGG TAC CTA ATA CGA generation this study
CTC ACT ATA
. GTG CCA AGC TTG CAT yeast IVT template .
MINX-400bp-tailed-rev GCC TGC generation this study
. . . CGA GTA AGT ATA GGG yeast IVT template
Competitor oligonucleotide TAA GGT GAT e (4)

* X: cytosine, 5-methyl, 5-hydroxymethyl, 5-formyl or 5-carboxyl cytosine.
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Supplementary Table 2: Plasmid characteristics.

mch-mTet1CD 2547 mcherry Mus musculus CAG (5)
mcherry 2387 mcherry Discosoma sp. CMV (5)
mRFP-hPCNA 1054 mRFP Homo sapiens CMV (6)
miRFP-hPCNA 3385 miRFP670 Homo sapiens CMV this study
GFP-hRPA34 624 GFP Homo sapiens CMV (7)
pUC18-MINX-M3 3902 - - T7 (8)
pGC504 ARS306 4625 - e ; this study

* pc number: plasmid collection number.

Supplementary Table 3: Cell line characteristics.

C2C12 Mus musculus myoblast wildtype 9)
MEF W8 Mus musculus embryonic fibroblast wildtype (10)
MEF PM Mus musculus embryonic fibroblast p53™ & Dnmt1™ (11)
HEK 293 Homo sapiens embryonic kidney wildtype (12)

J1 wt Mus musculus embryonic stem cell wildtype (13)

J1 TKO Mus musculus embryonic stem cell Dnmt1” & Dnmt3a™ & Dnmt3b™ (14)
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Supplementary Table 4: Nucleotide and nucleoside characteristics.

Biotin-16-dUTP

labeling of FISH probes

selfmade (1)

EdU (5-ethynyl-2'-

Thermo Fisher Scientific,

deoxyuridine) labeling of nascent DNA E10415 Waltham, MA, USA
BrdU (5-bromo-2’- . Sigma-Aldrich, St Louis, MO,
deoxyuridine) labeling of nascent DNA B5002 USA
L labeling of nascent DNA Sigma-Aldrich, St Louis, MO,
Unymielie (during chase time) ezt USA
, - ’ Thermo Fisher Scientific,
EU* (5-ethynyl-uridine) labeling of nascent RNA E10345 Waltham, MA, USA
L L Thermo Fisher Scientific,
dATP, dTTP & dGTP PCR & in vitro replication 10297018 Waltham, MA, USA
PCR, manipulation of C
modification level Thermo Fisher Scientific,
dacTP (transfection) & in vitro 10297018 Waltham, MA, USA
replication
PCR & manipulation of C
d5mCTP modification level NU-1125 Jena Bioscience, Jena, Germany
(transfection)
PCR & manipulation of C
d5hmCTP modification level NU-932 Jena Bioscience, Jena, Germany
(transfection)
d5fCTP PCR N-2064 Trilink, San Diego, CA, USA
d5caCTP PCR N-2063 Trilink, San Diego, CA, USA
a**P-dATP, 3000 Ci/mmol, in vitro yeast replication Hartmann Analytic,
: SRF-203H .
20 mCi/ml assay Braunschweig, Germany
~ labeling of nascent DNA GE Healthcare, Chicago, IL,
Cy3-duTP (transfection) PA53022 USA
in vitro T7 run-off ) L
ATP, UTP, CTP & GTP* transcription & in vitro 18109-017 Thermo Fishe! :Cl'fsnzf'c'
yeast replication ’ i
32, . .
a’“P-CTP*, 400 Ci/mmol, L - Hartmann Analytic,
10 mCi/ml in vitro transcription assay SRP-109 Braunschweig, Germany
5-iodo-2'-deoxyuridine (IdU) molecular DNA combing 17125 S|gma-AIdr|cS,S§t Ll e
5-chloro-2'-deoxyuridine molecular DNA combing C6891 Sigma-Aldrich, St Louis, MO,

(Cldu)

USA

* ribonucleotides for RNA synthesis.
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Supplementary Table 5: Primary and secondary antibody characteristics.

anti-PCNA (PC-10) mouse 1:100/1:1000 IF*/WB** M0879 Dako, Hamburg, Germany
anti-5mC (33D3) mouse | 1:150/1:1000 IF/Slot Blot 39649 e '\é‘;}giu"n? Al
anti-5shmC rabbit | 1:250/1:5000 IF/Slot Blot 39769 Active Motif, La Hulpe,
Belgium
600- Rockland
anti-BrdU rabbit 1:500 IF 401-C29 Immunochemicals Inc.,
Limerick, PA, USA
anti-H3 acetyl rabbit 1:200 IF 06599 | Upstate, L?JkgAP'ac'd' NY,
. X Active Motif, La Hulpe,
anti-H3K9ac (1B10) mouse 1:500 IF 61251 Belgium
anti-H3K18ac (EP959Y) rabbit 1:200 IF ab40888 Abcam, Cambridge, UK
; : X Cell Signaling Technology,
anti-H3K27ac rabbit 1:200 IF 4353 Danvers, MA, USA
anti-H3K56ac (EPR996Y) rabbit 1:100 IF ab76307 Abcam, Cambridge, UK
anti-HaK8ac rabbit 1:100 IF 06760 | UPstate Lake Placid, NY,
anti-H4K16ac rabbit 1:200 IF 39167 Active Hoth, La Hulpe,
elgium
. . X Active Motif, La Hulpe,
anti-H3K9m3 rabbit 1:200 IF 39161 Belgium
anti-H4K20m3 rabbit 1:500 IF ab9053 Abcam, Cambridge, UK
anti-RFP (5F8) rat 1:10 IF/FISH - (15)
anti-5fC rabbit 1:2000 Slot Blot 61223 Active Motif, La Hulpe,
Belgium
. . . Active Motif, La Hulpe,
anti-5caC rabbit 1:2000 Slot Blot 61225 Belgium
) . molecular Becton Dickinson, Franklin
anti-BrdU/IdU (B44) mouse 1:200 combing IF 347580 Lakes, NJ, USA
anti-BrdU/CIdU (BU1/75 . 1:200 molecular OBTO003 Biorad, Puchheim,
(ICR1)) i combing IF 0CX Germany
anti-ssDNA (16-19, mouse 1:200 molecular MAB303 Millipore, Burlington, MA,
1gG2a) ) combing IF 4 USA
anti-mouse IgG Chromeo . IF (fluorescent Active Motif, La Hulpe,
488 R L secondary) e Belgium
- . . IF (fluorescent 715- The Jackson Laboratory,
anti-rabbit IgG AMCA | donkey 1:00 secondary) | 155-151 Bar Harbor, ME, USA
anti-rabbit IgG Chromeo . IF (fluorescent Active Motif, La Hulpe,
488 el L secondary) e Belgium
) . IF (fluorescent 715- The Jackson Laboratory,
anti-mouse IgG Cy3 donkey 1:300 secondary) 165-151 Bar Harbor, ME, USA
IF/FISH
" 712- The Jackson Laboratory
anti-rat IgG Cy3 donkey 1:300 (fluorescent : ’
secondary) 165-153 Bar Harbor, ME, USA
. . . IF (fluorescent 711- The Jackson Laboratory,
anti-rabbit 19G Cy3 donkey 1:300 secondary) | 165-152 Bar Harbor, ME, USA
- . . IF (fluorescent 711- The Jackson Laboratory,
anti-rabbit IgG Cy5 donkey 1:300 secondary) | 175-152 | _ Bar Harbor, ME, USA
Slot blot .
anti-mouse 1gG HRP sheep 1:5000 (HRP*** conj. NA GE Healthcare, Chicago,
931V Il, USA
secondary)
. . . Slot blot (HRP Sigma-Aldrich, St Louis,
anti-rabbit IgG HRP goat 1:5000 conj. secondary) A0545 MO, USA
molecular
anti-mouse IgG Chromeo goat 1:200 combing IF 15033 Active MOtIf: La Hulpe,
546 (fluorescent Belgium
secondary)
molecular
anti-rat IgG AlexaFluor sele 1:200 combing IF 712- The Jackson Laboratory,
488 i : (fluorescent 545-153 Bar Harbor, ME, USA
secondary)
molecular
anti-mouse IgG2a . combing IF Fisher Scientific GmbH,
AlexaFluor 647 goat 1:200 (fluorescent A-21241 Hampton, NH, USA
secondary)

* IF: immunofluorescence, ** WB: western blot; *** HRP: horseradish peroxidase.
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Supplementary Table 6: Imaging system characteristics.

UItl;:;\;)\)/(iew closed live-
spinning call
; 405/488/568/ . microscopy I
diskona | sold state diode 640 ool | cooled 14-bit | chamber | ime-iabse
Nikon TLg | lasers (405 nm, | 405:415-475 | 'ZHEEON | Hamamatsu® (ACU & eonfocal 3.
microscone/ 488 nm, 561 nm, 488: 505-549 Apochromat C9100-50 control, stack
PerkinEInﬁer 640 nm) 561: 580650 {’N A 1.45) EMCCD Olympus) imaging
Life 640: 664-754 ’ for time-
Sciences lapse
’ microscopy
UK
Operetta
hlsgcr:_ ec:r::]ent Xenon fiber-optic 425; 13 (;5_0‘;280 20x or 40x
microscopy/ gt source: 300 | 4g8: 460400 | 2 (045 WA | 14 bit senoptik el e
: , - nm gy and 0. - screening
Perkll-riilmer continuous 521?%%05-2(8)0 NVA\\I)Dlg*rlg LR microscopy
Sciences, spectrum & 590-640
UK
488: 473-491
— & 506-534 oil
Widefield 561:550-580 | immersion 12-bit molecular
Axqurt 200 | HBO100 mercury & 63x Plan- AxioCam - combing
GE%?& lamp 590-650 Apochromat mRM imaging
Y 640: 590-650 (1.4 NA)
& 663-738
Amersham
Al600 large . . EtBr stained
imager/GE ; UV. ; EtBr: 312 & aperture Ll Pe!fu.er gel & HRP
Healthcare, | "ansilumination 585-625 0.85 e - stained blot
Chicago, Il, gnt: FUJINON™ P imaging
USA
TVIECA°_°” bi-alkali
hotomultiplier . .
9500/GE 635 nm (red LD P radioactive
Healthcare, laser) IPBP390 B tUbiSGEEi’:AT)’ ) gel imaging
Ch'aasg:' I, digitization
Personal
I:/Ir:zliegceurlar photomultiplier
tubes (PMT), radioactive
SB);(SJ::?/ s S © 16-bit ° gel imaging
Herollles, digitilization
CA, USA
*ex.: excitation & em.: emission, ** dichroic specification, *** WD: working distance.
6
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Supplementary Table 7: Plot statistics (main figures).

2A Tet1CD 1 3318 0.93 1.04 0.51 1.04 - 1.06 5.02E-05
Tet1CD 2 1142 1.33 1.92 1.47 1.83 -2.01 <2.2E-16
Tet1CD 3 128 2.61 3.21 1.3 2.98 - 3.44 <2.2E-16
mcherry 1 3292 1 1.1 0.54 1.08-1.12 0.652
mcherry 2 2809 1.04 1.28 0.97 1.24 -1.32 0.06399
mcherry 3 295 0.98 1.17 0.99 1.06 - 1.28 0.6548
untransf. 4460 1 1.07 0.66 1.05-1.09 -
2B dCTP 5mC 2710 1 1.19 0.35 0.98 - 1.1 -
d5mCTP 5mC 2274 3.3 3.13 0.41 2.98 - 3.01 0.045
dCTP 5hmC 2564 1 1.08 0.31 0.97 -1.0 -
d5hmCTP 5hmC 2283 3.09 3.25 0.5 3.0-32 0.039
dCTP 5mC 2710 1 1.06 0.29 0.99 - 1.1 -
ddH0 5mC 2566 0.99 1.04 0.38 0.9-1.1 0.351
dCTP 5hmC 2564 1 0.98 0.48 0.99 - 1.12 -
ddH,O 5hmC 2081 1.01 0.99 0.42 0.95-1 0.471
2C dCTP 5mC 1935 1 1.08 0.24 0.98 - 1.02 -
d5mCTP 5mC 2051 3.43 3.42 0.39 3.39-3.43 0.035
dCTP 5hmC 2146 1 1.2 0.21 1.01-1.21 -
d5hmCTP 5hmC 2314 3.17 3.09 0.41 3.3-3.41 0.014
3A Tet1CD 1 300 1.47 1.47 0.05 1.47 - 1.48 3.3E-06
Tet1CD 2 1477 1.81 2.02 1.53 1.94 - 2.09 <2.2E-16
Tet1CD 3 809 1.96 2.28 1.4 2.18-2.38 <2.2E-16
mcherry 1 190 1 1.11 0.45 1.04 - 1.17 -
mcherry 2 3134 1.04 1.29 4.24 1.15-1.44 0.251
mcherry 3 253 1.08 1.39 1.39 1.33-1.44 0.0857
3B dCTP 65°C 4783 1 1.08 0.52 1.07-1.1 -
d5mCTP 65°C 4443 0.74 0.94 0.7 0.92-0.96 0.000214
d5hmCTP 65°C 4401 1.18 1.24 0.4 1.23-1.26 <2.2E-16
dCTP 70°C 4329 1 1.1 0.72 1.09-1.13 -
d5mCTP 70°C 4140 0.62 0.96 1.32 0.92-1 <2.2E-16
d5hmCTP 70°C 3982 1.49 1.61 0.81 1.59 — 1.64 <2.2E-16
3C W8 60°C 2827 1 1.08 0.32 1.07 - 1.09 -
W8 65°C 3150 1.52 1.33 0.66 1.31-1.35 -
W8 70°C 2846 2.23 3.06 1.8 2.99-3.13 -
PM 60°C 3102 2.57 3.06 1.72 1.08 -1.1 8.70E-06
PM 65°C 4572 6.93 2.55 1.02 2.52-2.58 <2.2E-16
PM 70°C 4514 2.22 7.69 2.28 7.62-7.76 <2.2E-16
3D wt 60°C 27 1 1.12 1.2 1.06 - 1.08 -
TKO 60°C 36 1.35 1.28 0.9 1.11-1.15 0.06524
wt 65°C 22 1.44 1.43 0.8 0.87 -0.98 -
TKO 65°C 26 2.05 1.52 1.31 1.2-1.35 0.0000268
wt 70°C 23 1.55 2.08 1.4 1.26 —1.47 -
TKO 70°C 22 2.59 2.19 1.25 1.24 —1.31 <2.2E-16
4B Tet1CD 25 min 1 2768 1.08 1.26 0.59 1.24 -1.28 <2.2E-16
Tet1CD 25 min 2 1153 1.31 1.49 0.69 1.45-1.53 <2.2E-16
Tet1CD 25 min 3 293 1.34 1.51 0.66 1.43 - 1.58 <2.2E-16
mcherry 25 min 1 2283 1 1.09 0.38 1.07-1.1 -
mcherry 25 min 2 3687 1.06 1.19 0.53 1.17 -1.21 0.354
mcherry 25 min 3 1500 1.08 1.24 0.8 1.2-1.28 0.0215
Tet1CD 45 min 1 2680 1.47 1.68 0.75 1.65-1.7 <2.2E-16
Tet1CD 45 min 2 751 1.73 1.99 1.09 1.91-2.06 <2.2E-16
Tet1CD 45 min 3 147 1.68 1.95 0.86 1.81-2.09 1.32E-8
mcherry 45 min 1 2553 1.39 1.52 0.62 1.5-1.54 -
mcherry 45 min 2 2784 1.5 1.7 0.89 1.67-1.74 5.20E-09
mcherry 45 min 3 1314 1.54 1.73 0.84 1.71-1.8 0.0479
Tet1CD 60 min 1 2293 1.8 1.75 1.33 2.02-21 3.05E-11
Tet1CD 60 min 2 1343 2.24 2.06 1.68 2.49-2.64 <2.2E-16
Tet1CD 60 min 3 257 2.24 2.62 0.75 2.472-2.83 9.79E-10
mcherry 60 min 1 2835 1.8 1.96 0.86 1.93 - 1.99 -
mcherry 60 min 2 2795 1.94 2.14 0.87 2.11-2.18 0.145
mcherry 60 min 3 1635 1.96 217 0.85 213-2.21 0.0568
7
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Tet1CD 120 min 1 2007 2.59 2.93 1.43 2.87 -2.99 <2.2E-16
Tet1CD 120 min 2 1540 3.14 3.42 1.51 3.35-3.49 <2.2E-16
Tet1CD 120 min 3 348 3.15 3.41 1.52 3.25-3.57 <2.2E-16
mcherry 120 min 1 2527 2.35 2.58 1.02 2.54 -2.62 -
mcherry 120 min 2 2974 2.57 2.82 1.14 2.78 - 2.86 0.00743
mcherry 120 min 3 1682 2.56 2.85 1.15 2.79-29 0.000485
4C dCTP 3804 1 1.05 0.84 1.02-1.18 -
d5mCTP 2864 0.41 0.39 0.99 0.35-0.48 0.0032
dCTP 8619 1 1.2 0.54 0.9-1.31 -
d5hmCTP 9835 2.73 2.83 1.12 2.54 - 292 0.00042
5A° dcou 2 - 1 - - -
dC1U 2 - 1.36 - - -
d5mC 0o U 2 - 1 - - -
d5mC 1 U 2 - 1.18 - - 0.00195
d5hmC 0 U 2 - 1 - - -
d5hmC 1 U 2 - 0.95 - - 0.16
5B Tet1CD 10 min 1 4125 1.26 1.47 0.71 1.45-1.49 <2.2E-16
Tet1CD 10 min 2 808 1.5 1.81 1.25 1.72-1.9 <2.2E-16
Tet1CD 10 min 3 650 1.64 1.97 1.21 1.88-2.06 3.82E-06
mcherry 10 min 1 1950 1 1.21 0.58 1.18-1.24 -
mcherry 10 min 2 798 1.21 1.48 0.8 1.42-1.53 0.022
mcherry 10 min 3 127 1.15 1.4 0.7 1.28-1.52 0.323
Tet1CD 20 min 1 1258 2.27 2.46 1.25 2.39-2.53 <2.2E-16
Tet1CD 20 min 2 1444 24 2.75 1.62 2.67-2.83 <2.2E-16
Tet1CD 20 min 3 184 2.25 2.45 1.37 2.25-2.65 0.002118
mcherry 20 min 1 948 1.95 2.13 1.09 2.06-2.2 -
mcherry 20 min 2 441 1.94 2.41 1.49 2.27-2.55 0.0004385
mcherry 20 min 3 850 1.98 2.33 1.25 2.25-2.41 0.1832
Tet1CD 30 min 1 1308 3.61 3.77 1.96 3.66 - 3.88 <2.2E-16
Tet1CD 30 min 2 1479 3.65 3.86 2.31 3.74-3.98 2.65E-15
Tet1CD 30 min 3 155 3.58 3.81 2.36 3.44-4.18 0.0004385
mcherry 30 min 1 1216 3.32 3.35 2.01 3.24-3.46 -
mcherry 30 min 2 3657 3.47 3.98 2.75 3.89-4.07 0.0236
mcherry 30 min 3 578 3.55 4.08 2.92 3.84-4.32 5.32E-09
5C dCTP 8285 1 1.05 0.18 0.98 -1.1 -
d5mCTP 4861 0.45 0.38 0.36 0.35-0.48 0.024
dCTP 9921 1 1.1 0.25 1-1.02 -
d5hmCTP 4727 1.37 1.42 0.56 1.35-1.59 0.039
5D° dcou 2 - 1 - - -
dC1U 2 - 0.182 - - -
d5mC 0 U 2 - 1 - - -
d5mC 1 U 2 - 0.65 - - 0.315
d5hmC 0 U 2 - 1 - - -
d5hmC 1 U 2 - 0.08 - - 0.902
6B Tet1CD late 30 min 18 - 2.45 0.29 - -
mcherry late 30 min 18 - 2.02 0.12 - 0.0478
Tet1CD early/mid 30 min 5 - 1.51 0.1 - -
mcherry early/mid 30 min 7 - 1,32 0.07 - 0.0143
Tet1CD DMSO 30 min 21 - 1.06 0.04 - -
mcherry DMSO 30 min 18 - 0.99 0.05 - 0.173
6C J1 wt DMSO 13 - 0.98 0.02 - -
J1 TKO DMSO 11 - 1.03 0.03 - 0.25
J1 wt Aph 17 - 1.25 0.12 - -
J1 TKO Aph 20 - 1.61 0.21 - 0.0136
A J1wt 1512 - 0.74 0.02 - -
J1 TKO 1647 - 0.72 0.02 - 0.356
7C* Stage | wt 368 - 0.25 0.05 - -
Stage Il wt 458 - 0.31 0.07 - -
Stage Il wt 239 - 0.15 0.04 - -
Stage Y wt 91 - 0.06 0.02 - -
Mitosis wt 35 - 0.02 0.01 - -
8
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Non-S wt 321 - 0.21 0.08 - -
Stage | TKO 484 - 0.29 0.04 - 0.6502
Stage Il TKO 365 - 0.22 0.05 - 0.0126
Stage Ill TKO 326 - 0.17 0.05 - 0.6521
Stage Y TKO 90 - 0.05 0.02 - 0.8322
Mitosis TKO 30 - 0.02 0.01 - 0.7161
Non-S TKO 379 - 0.23 0.04 - 0.9102
7D J1 wt 731 1.59 1.67 0.57 0.38 - 0.84 -
J1 TKO 641 1.75 1.86 0.67 0.56 — 1.42 0.000268

? n: number of cells of all replicates (if not stated otherwise), StDev: standard deviation, 95% Cl: 95% confidence
interval, p-value: calculated as stated in figure legends and material and methods section.

® n numbers refer to independent PCRs analyzed and p-value is calculated against the band intensities of the dC
containing experiment.

° p-values are calculated for wt versus TKO in every stage.
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Supplementary Table 8: Plot statistics (supplementary figures).

dC

2 - 0.55-1.45 -
d5mC 2 - 0.46 0.14 -0.8-1.72 0.02641
d5hmC 2 - 1.35 0.37 -1.97 -4.67 0.03969
S8E” dC 3 - 87.93 0.74 86.09 - 89.77 -
d5mC 3 - 93.72 0.25 93.1-94.34 0.0014
d5hmC 3 - 86.56 0.26 85.91 - 87.21 0.046
d5fC 3 - 83.75 0.18 83.3-84.2 0.03121
d5caC 3 = 85.4 0.95 83.04 - 87.76 0.423
S8F° dC 3 - 85.7 0.68 83.86 - 87.54 -
d5mC 3 - 89.95 0.78 89.33-90.57 | 0.003652
d5hmC 3 - 83.44 0.9 82.79 - 84.09 0.04702
ds5fC 3 - 82.62 0.55 82.17 - 83.07 | 0.003151
d5caC 3 - 83.22 0.72 80.86 - 85.58 0.02314
S10A 60°C 114 1 1.33 0.61 1.22-1.44 -
70°C 113 4.81 4.89 0.77 4.75-5.03 8.24E-07
80°C 121 6.1 5.98 2.33 5.56 - 6.4 0.001492
S10B up Tet1CD 65°C 1 545 2.15 23 0.65 2.24 -2.35 <2.2E-16
Tet1CD 65°C 2 2601 2.54 2.88 1.3 2.83-2.93 <2.2E-16
Tet1CD 65°C 3 732 272 3.17 1.76 3.04-33 <2.2E-16
mcherry 65°C 1 353 1 1.09 0.6 1.02-1.15 -
mcherry 65°C 2 3080 1.08 1.23 0.68 1.2-1.25 0.417
mcherry 65°C 3 2145 1.16 1.38 1.42 1.32-1.44 0.415
Tet1CD 70°C 1 520 2.56 2.73 0.8 266-2.8 <2.2E-16
Tet1CD 70°C 2 2622 2.92 3.29 1.64 3.23-3.35 <2.2E-16
Tet1CD 70°C 3 693 3.1 3.65 2.32 3.48 -3.83 <2.2E-16
mcherry 70°C 1 1615 1.42 1.53 1.02 1.48 - 1.58 -
mcherry 70°C 2 2924 1.52 1.77 2.32 1.69 - 1.85 0.1144
mcherry 70°C 3 2770 1.61 1.87 2.15 1.79-1.95 0.0334
S10B Tet1CD 60°C 1 1002 1.68 2.01 1.05 1.94 -2.08 <2.2E-16
down Tet1CD 60°C 2 1189 1.69 1.92 1.62 1.83 - 2.01 <2.2E-16
Tet1CD 60°C 3 3347 1.75 2.72 2.16 2.65-2.79 <2.2E-16
mcherry 60°C 1 1043 1 1.19 0.63 1.15-1.23 =
mcherry 60°C 2 2197 0.97 1.29 1.75 1.22-1.36 0.708
mcherry 60°C 3 4203 1.06 1.4 1.99 1.34 - 1.46 0.2168
Tet1CD 65°C 1 2190 2.31 2.21 0.82 2.18-2.24 <2.2E-16
Tet1CD 65°C 2 2664 2.15 2.44 1.1 2.4-2.48 <2.2E-16
Tet1CD 65°C 3 3709 2.65 3.9 2.9 3.81-3.99 <2.2E-16
mcherry 65°C 1 1010 1.02 1.1 0.65 1.07 - 1.15 -
mcherry 65°C 2 2428 1.04 1.08 0.79 1.05 - 1.11 0.4578
mcherry 65°C 3 3104 1.01 1.28 0.97 1.25-1.31 0.05469
S10C Tet1CD 1 3318 0.48 0.41 0.14 0.41-0.42 <2.2E-16
Tet1CD 2 1142 0.5 0.45 0.17 0.44 - 0.46 <2.2E-16
Tet1CD 3 128 0.51 0.46 0.16 0.43-0.49 <2.2E-16
mcherry 1 3292 0.94 0.98 0.25 0.97 -0.99 0.857
mcherry 2 2809 0.97 1.04 0.35 1.03-1.05 0.7245
mcherry 3 295 0.98 1.09 0.39 1.05-1.13 0.685
untransf. 4460 1 1.03 0.33 1.02 - 1.04 -
S$10D acet. +TSA 2806 13.68 3.28 1.95 3.21-3.35 < 22E-16
acet. -TSA 2714 1 1.06 0.56 1.03-1.07 =
decond. +TSA 1342 0.39 0.42 0.32 0.4-0.44 <22E-16
decond. -TSA 2262 1 1.34 0.56 1.32-1.36 =
5hmC +TSA 1342 1.01 1.06 0.87 1.01-1.11 0.5034
5hmC -TSA 2262 1 1.03 0.63 1-1.06 =
60°C +TSA 2540 0.96 1.32 0.54 1.3-1.34 0.554
60°C -TSA 2351 1 1.56 0.36 1.65-1.57 -
65°C +TSA 1956 1.12 1.23 0.98 1.19-1.27 0.079
65°C -TSA 3976 1 1.54 1.02 1.561-1.57 -
70°C +TSA 1845 1.04 1.52 0.98 1.48 - 1.56 0.208
70°C -TSA 2630 1 1.21 0.65 1.19-1.23 -
S11A Tet1CD 1 1595 1.24 1.26 1.4 1.19-1.33 0.01553
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Tet1CD 2 1326 1.94 2.47 1.98 2.36 - 2.58 1.14E-06
Tet1CD 3 1550 3.54 4.47 1.6 4.39 - 4.55 1.03E-08
mcherry 1 3688 1.26 1.44 0.8 1.41-1.47 0.221
mcherry 2 1902 1.14 1.91 1.92 1.82-2 0.6627
mcherry 3 1610 1.18 1.9 0.78 1.86 - 1.94 0.83
untransf. 1950 1 1.22 11 1.17 -1.27 -
S11B 60°C 129 1 1 0.01 0.99-1 -
65°C 123 1.02 1.02 0.01 1.02 - 1.02 1.05E-07
70°C 115 1.05 1.06 0.03 1.05-1.07 1.13E-11
75°C 118 1.63 1.67 0.26 1.62-1.72 5.04E-10
80°C 128 3.26 3.56 1.35 3.32-38 6.89E-11
S11C Tet1CD 65°C 1116 1.38 1.32 0.03 1.31-1.32 2.74E-10
mcherry 65°C 2168 1 1 0.01 0.99 -1 -
Tet1CD 70°C 1218 1.51 1.39 0.05 1.38-139 5.35E-07
mcherry 70°C 2034 11 1.03 0.01 1.02-1.03 -
Tet1CD 75°C 1326 2.32 2.33 0.14 2.32-2.33 8.84E-06
mcherry 75°C 1929 1.36 1.19 0.12 1.18-1.19 -
Tet1CD 80°C 2105 2.62 2.38 0.43 2.36-24 0.005725
mcherry 80°C 2251 2.48 2.4 0.16 2.39-2.41 -
S12B Tet1CD 60 min 1 2293 1.03 1.15 0.53 1.13-1.17 <22E-16
Tet1CD 60 min 2 1343 1.26 1.4 0.69 1.36 — 1.44 <22E-16
Tet1CD 60 min 3 257 1.26 1.45 0.87 1.34 - 1.55 9.58E-11
mcherry 60 min 1 2835 1 1.08 0.4 1.06 - 1.09 -
mcgerry60 min 2 2795 1.08 1.17 0.46 1.16 - 1.19 0.0975
mcherry 60 min 3 1635 1.09 1.18 0.44 1.16-1.2 0.847
S13A° dC 30 sec 12 0.08 0.1 0.02 0.04 - 0.05 -
dC 60 sec 12 0.14 0.22 0.05 0.12-0.13 -
dC 90 sec 12 0.25 0.35 0.05 0.24 -0.25 -
dC 120 sec 12 0.4 0.47 0.05 0.38-0.4 -
dC 600 sec 12 1 1 0 09-1.0 -
d5mC 30 sec 12 0.06 0.05 0.02 0.05 - 0.06 n.s.
d5mC 60 sec 12 0.1 0.12 0.03 0.10-0.12 n.s.
d5mC 90 sec 12 0.22 0.23 0.03 0.21-0.22 n.s.
d5mC 120 sec 12 0.37 0.34 0.04 0.36 - 0.38 n.s.
d5mC 600 sec 12 0.87 0.81 0.08 0.8-0.82 n.s.
d5hmC 30 sec 12 0.06 0.03 0.03 0.06 - 0.07 n.s.
d5hmC 60 sec 12 0.15 0.14 0.02 0.14-0.15 n.s.
d5hmC 90 sec 12 0.28 0.27 0.03 0.27-0.29 n.s.
d5hmC 120 sec 12 0.41 0.39 0.04 0.41-0.42 n.s.
d5hmC 600 sec 12 0.97 0.92 0.08 0.96 - 0.98 n.s.
S13B Tet1CD 1a 5768 1.08 1.26 0.59 1.2-1.22 <22E-16
Tet1CD 1b 1153 1.31 1.49 0.68 1.24 - 1.31 < 2.2E-16
Tet1CD 1c 293 1.34 1.51 0.66 1.1-1.2 < 2.2E-16
Tet1CD 2 159 1.38 1.49 0.69 1.01-1.2 5.59E-12
Tet1CD 3 92 1.12 1.27 0.55 0.93-1.21 0.0017
Tet1CD 4 213 11 1.25 0.6 0.81-0.94 0.00011
mcherry 1a 9283 1 1.09 0.38 1.04 - 1.06 -
mcherry 1b 4687 1.06 1.19 0.53 1.03 - 1.06 0.89
mcherry 1c 1500 1.07 1.24 0.8 1.09-1.156 0.65
mcherry 2 1020 1.14 1.32 1.23 1.02-1.08 0.056
mcherry 3 £rE 1.07 1.17 1.06 1.04 - 1.22 0.36
mcherry 4 409 1.08 1.21 1.28 0.9-1.01 0.078
S14A° dcou 2 - 1 - - -
dC2U 2 - 1.49 - - -
d5mC O U 2 - 1 - - -
d5mC2U 2 - 0.9 - - 0.0121
d5hmC 0 U 2 - 1 - - -
d5hmC 2 U 2 - 1.38 - - 0.85
S14B Tet1CD 10 min 1 4125 1.26 1.32 0.65 1.3-1.34 <22E-16
Tet1CD 10 min 2 808 1.46 1.67 0.98 1.6-1.74 <22E-16
Tet1CD 10 min 3 650 1.52 1.83 0.87 1.76 -1.9 3.52E-06
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mcherry 10 min 1 1950 1 1.01 0.97-1.05

mcherry 10 min 2 798 1.21 1.08 1.01-1.15 0.022
mcherry 10 min 3 127 1.15 1.08 0.92-1.24 0.323
Tet1CD 20 min 1 1258 1.97 2.32 2.26-2.38 <2.2E-16
Tet1CD 20 min 2 1444 2.02 2.1 2.05-2.15 <2.2E-16
Tet1CD 20 min 3 184 2.01 2.08 1.94-222 0.002748
mcherry 20 min 1 948 1.87 2.03 1.96 - 2.1 -
mcherry 20 min 2 441 1.98 2.1 2-22 0.0397
mcherry 20 min 3 850 1.88 1.99 1.92 - 2.06 0.1531
Tet1CD 30 min 1 1308 3.01 3.42 3.32-3.52 <2.2E-16
Tet1CD 30 min 2 1479 3.02 3.28 3.19-3.37 8.47E-16
Tet1CD 30 min 3 155 3 3.18 2.95-3.41 0.01529
mcherry 30 min 1 1216 2.85 3.08 3.02-3.14 -
mcherry 30 min 2 3657 2.95 3.13 3.1-3.16 0.022
mcherry 30 min 3 578 2.98 3.37 3.28 - 3.46 0.03161
S15A dC 2 - 1 - - -
12.5% d5hmC 2 - 0.92 - -
50% d5hmC 2 - 0.81 - -
100% d5hmC 2 - 0.41 - -
12.5% d5mC 2 - 0.47 - -
50% d5mC 2 - 0.38 - -
100% d5mC 2 - 0.32 - -
S15B Tet1CD 1a 1258 117 1.21 0.55 1.99-1.23 <2.2E-16
Tet1CD 1b 1444 1.18 1.28 0.69 1.24 -1.31 <2.2E-16
Tet1CD 1c 184 1.11 1.48 0.59 1.06 - 1.24 0.0405
Tet1CD 2 93 1.1 1.1 0.6 0.98 - 1.22 0.458
Tet1CD 3 38 0.92 1.1 0.67 0.85-1.29 0.879
Tet1CD 4 67 0.77 0.88 0.47 0.76 - 0.99 0.0047
mcherry 1a 948 1 1.05 0.53 1.02 - 1.09 -
mcherry 1b 441 0.97 1.05 0.57 0.99-1.1 0.847
mcherry 1c 850 0.99 1.12 0.63 0.98-1.26 0.38
mcherry 2 58 0.99 1.05 0.48 0.93-1.18 0.96
mcherry 3 31 1.05 1.13 0.77 0.85-1.41 0.589
mcherry 4 44 0.94 0.96 0.55 0.79-1.12 0.087
S16B Tet1CD 35 0.98 0.98 0.03 0.97-0.99 0.341
mcherry 31 1 0.99 0.06 0.97 - 1.01 -
S16C Tet1CD 30 min 31 - 1.8 0.13 - -
mcherry 30 min 29 - 1.52 0.08 - 0.0489
Tet1CD 12 min 35 - 1.33 0.09 - -
mcherry 12 min 30 - 1.16 0.08 - < 2.2E-16
S16E MEF Tet1CD 30 min 11 - 1.71 0.09 - -
MEF mcherry 30 min 19 - 1.45 0.07 - 0.048
MEF Tet1CD DMSO 30 min 14 - 1.11 0.02 - -
MEF mcherry DMSO 30 min 10 - 1.12 0.02 - 0.0873
S17A Tet1CD 21 0.78 0.81 0.1 0.73-0.84 -
mcherry 18 0.25 0.23 0.08 0.2-0.3 2.76E-11
S18C MEF W8 30 min 26 - 2.38 0.13 - 0.0144
MEF PM 30 min 34 - 2.09 0.12 - -
MEF W8 DMSO 30 min 31 - 1.17 0.02 - 0.433
MEF PM DMSO 30 min 31 - 1.13 0.04 - -
S20A Nuclear H3K9ac J1 wt 29 - 52.38 8.29 - -
Nuclear H3K9ac J1 TKO 34 - 47.21 3.21 - 0.92
Chromocentric H3K9ac J1 wt 29 - 41.42 &3 - -
Chromocerjlflréc(;)H:BKQac J1 34 ) 47.9 8.57 _ 0.47
Nuclear H3K18ac J1 wt 31 - 52.62 9.79 - -
Nuclear H3K18ac J1 TKO 20 - 51.1 10.2 - 0.505
Chromocentric H3K18ac J1 wt 31 - 47.8 24 - -
Chromocen_tlf;goH3K1Sac J1 20 ) 51.8 4.35 ) 0.384
Nuclear H3K27ac J1 wt 47 - 37.03 5.71 - -
Nuclear H3K27ac J1 TKO 23 - 54.3 5.04 - 0.0967
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Chromocentric H3K27ac J1 wt 47 - 38.52 3.6 - -
Chromocentric H3K27ac J1 wt 23 - 49.02 6.8 - 0.073
Nuclear H3K56ac J1 wt 33 - 83.58 9.18 - -

Nuclear H3K56ac J1 TKO 21 - 87.87 1.67 - 0.97
Chromocentric H3K56ac J1 wt 33 - 85.73 13.39 - -
Chromocen_trr}lz:oH3K56ac J1 21 ) 83.01 14.25 _ 0.835
Nuclear H4K8ac J1 wt 28 - 48.66 12.14 - -
Nuclear H4K8ac J1 TKO 22 - 52.25 8.93 - 0.523
Chromocentric H4K8ac J1 wt 28 - 51.2 9.04 - -
Chromocer_llflllc(:)H4K8ac J1 22 : 57.8 6.07 _ 0.368
Nuclear H4K16ac J1 wt 26 - 49.97 8.14 - -
Nuclear H4K16ac J1 TKO 23 - 38.19 10.76 - 0.832
Chromocentric H4K16ac J1 wt 26 - 63.8 8.34 - -
Chromocen_tlfllfoH4K1 6ac J1 23 ) 57.8 4.63 _ 0,551
S20B Nuclear H3K9m3 J1 wt 30 - 49.08 11.01 - -
Nuclear H3K9m3 J1 TKO 26 - 38.82 7.19 - 0.16
Chromocentric H3K9m3 J1 wt 30 - 80.46 8.82 - -
Chromocen_lt_rchoHSKQmS J1 26 ) 65.32 5.97 ) 0.132
Nuclear H4K20m3 J1 wt 34 - 19.83 4.83 - -
Nuclear H4K20m3 J1 TKO 29 - 21.65 7.33 - 0.622
Chromocentr:;tH4K20m3 J1 34 ) 38.00 7.95 ) B
ChromocentTrilon4K20m3 J1 29 ) 33.36 0.64 ) 0.403

? n: number of cells of all replicates (if not stated otherwise), StDev: standard deviation, 95% Cl: 95% confidence
interval, p-value: calculated as stated in figure legends and material and methods section.

n numbers refer to independent PCRs analyzed and p-value is calculated against the band intensities of the dC
containing experiment.
¢ 2 way ANOVA statistical analysis did not reveal any significant difference (n.s.) between dC, d5mC and d5hmC.
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Supplementary Figure 1 — Characterization of the pmiRFP-PCNA plasmid. (A) miRFP
was cloned into the RFP-hPCNA plasmid (pc1054) as described in the materials and
methods section, to generate the miRFP-hPCNA plasmid (pc3385). The gene expression in
mammalian cells is driven by a CMV promoter. Plasmid map shows all important vector
components, including the restriction sites used for cloning (Agel & BsrGl) and control digest
(Pvul) of the recombinant plasmid. (B) Control digest of the miRFP-hPCNA construct using
Pvul results in two bands of 4225 bp and 2042 bp, respectively. M stands for DNA size
marker. (C) The subcellular localization of the miRFP-hPCNA construct was validated by
microscopical analysis in transfected C2C12 mouse myoblast cells. The miRFP-hPCNA
fusion protein showed the early, mid and late S-phase pattern described for somatic cells.
Seary is characterized by a homogeneous distribution of replication throughout the nucleus, in
Snmig replication signals are observed at the nucle(ol)ar periphery and Sy is marked by fewer
but larger replication signals co-localizing with DAPI intense stained chromocenters. Labeling
transfected cells with EdU resulted in a co-localization of the detection of nascent DNA (EdU)
and the marked replisome component (miRFP-PCNA). (D) The expected miRFP-hPCNA
fusion protein was detected via western blotting using a PCNA specific antibody. HEK293
cells were transfected with pc3385, lysed in loading dye and whole cell lysates were analyzed
by SDS-PAGE gel electrophoresis followed by blotting onto a nitrocellulose membrane.
Detection with anti-PCNA antibody showed bands at the size of the miRFP-hPCNA fusion
protein (65 kDa) and the untagged endogenous PCNA (29 kDa), whereas the untransfected
control cells (-pc3385) only showed signal for the endogenous PCNA. Scale bar = 5 ym. pc
numbers refer to the plasmid collection numbers.
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Supplementary Figure 2 — Schematic illustration of the relevant protein domains
encoded in the plasmids used. Amino acid coordinates are indicated below every structure.
pc numbers refer to the plasmid collection numbers. Respective publications are indicated.
Plasmid construction details are described in the materials and methods part for the plasmids

not published before. m: mouse, h: human, NLS: nuclear localization signal.
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Supplementary Figure 3 — Effect of loss of global DNA methylation on the spatio-
temporal progression of DNA replication in ES cells. J1 wt and TKO ES cells were pulse
labeled with EdU and fixed after a chase period of 2 hours. (Immuno)fluorescent detection of
the nucleotide analogue and endogenous PCNA allowed the analysis of the spatio-temporal
progression of S-phase in fixed cells. Representative confocal images of the transitions from
G1 to stage I, S-phase substage progressions and progression from stage Y to G2 are
shown. Scale bar =5 pym.
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Supplementary Figure 4 — High content screening microscopy analysis pipeline.
Analysis of high content screening microscopy images was done using the PerkinElmer
Harmony software. Nuclei and chromocenters (HC spots) were found and masked based on
the DAPI input images. DAPI masks were used to segment 488 nm and 594 nm channel
images. Morphology properties of segmented nuclei were calculated (roundness, area, ...
border objects were removed from the analysis and objects were further selected according
to their size and roundness. Intensities of the DAPI, 488 and 594 channels were calculated

for whole nuclei, chromocenter spots or nucleoli.
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Supplementary Figure 5 — Live cell RPA accumulation analysis pipeline. Analysis of live
cell microscopy images was done using the PerkinEImer Volocity software. Cells of interest
were cropped in all images/timepoints. Cells were masked based on the GFP or miRFP
signal. Objects smaller than 200 pm3 were excluded and holes within the mask were filled.
Signal intensities were measured in pretreatment and for all timepoints of treated cells.
Measurements were grouped, saved and exported as csv files for further analysis and plotting
as described in the Material and Methods section.
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Supplementary Figure 6 — Full gel images used for the analysis of the Klenow (Figure
5A) and T4 polymerase assays (Figure 5D). The two independent replicates are shown.
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Supplementary Figure 7 — Full gel images used for polymerase efficiency assays
(Supplementary Figure 8A), PCR yield assays (Supplementary Figure 8C), slot blot
analysis of modified PCR fragments (Supplementary Figure 8D), in vitro yeast RNA
polymerization assays (Supplementary Figure 13A), Taq polymerase assays
(Supplementary Figure 14A) and in vitro yeast replication assays (Supplementary
Figure 15A). The independent replicates of the assays are shown if applicable. Crossed out
parts of gels and blots were not used in the manuscript.
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Supplementary Figure 8 — Effect of cytosine modifications on DNA double helix
stability in vitro. (A) Agarose gel electrophoretic analysis of MINX PCR amplification
efficiency obtained with Tag and Q5 polymerase with dCTP and using denaturing
temperatures of 94°C and 98°C. (B) Agarose gel electrophoretic analysis of MINX PCR
amplification products generated with Taq polymerase, denaturing temperatures between
93°C and 98°C and using dCTP, d5mCTP or d5hmCTP. (C) Agarose gel electrophoretic
analysis of MINX PCR amplification product yields obtained with Q5 polymerase and using
dCTP, d5mCTP or d5ShmCTP and normalized quantification of PCR band intensities. (D) Slot
blot analysis of dC, d5mC, d5hmC, d5fC and d5caC PCR amplicons. 20 ng of DNA were
loaded and membranes were stained with methylene blue as a loading control (DNA).
Membranes were incubated with anti-5mC, anti-5hmC, anti-5fC and anti-5caC antibodies,
respectively and detected with an HRP conjugated secondary antibody. Exposure times and
image contrast were adjusted for every antibody. (E-F), Melting temperature of LINE1 PCR
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amplicons (E) and MINX PCR amplicons (F) containing 100% dC, d5mC, d5hmC, d5fC or
d5caC, respectively (except primer sites), as determined by high resolution melting (HRM)
temperature analysis. (G) Modified cytosine bases with the respective writer enzymes are
depicted. High resolution melting temperature (HRM) analysis of 20 bp oligonucleotides
containing one central (modified) CpG dinucleotide (CpG, 5fCpG or 5caCpG). Independent
experiments were repeated in triplicates with four technical replicates (E, F and G), error bars
represent standard deviation and p and n-values are summarized in Supplementary Table 8.
Complete PCR conditions are indicated. M stands for DNA size markers. All quantifications of
band intensities are depicted as a ratio to the respective controls. Full gels and blots are
shown in Supplementary Figure 7. * p < 0.05.
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Supplementary Figure S9 — Graphical summary of the strategies and outcomes for
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structure. pc numbers refer to the plasmid collection numbers. (A) Overexpressing constructs
with mcherry tagged Tet1 catalytic domain lead to increased 5hmC levels. (B) Genomic
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all DNA cytosine modifications. (C) Transfection of cells with methylated or
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Supplementary Figure 10 — Effect of cytosine modifications on genomic DNA double
helix stability in vivo. (A) Experimental setup to determine the optimal denaturing
temperatures for major satellite DNA FISH assays. Relative major satellite DNA FISH sum
intensities of C2C12 cells denatured at 60°C, 70°C or 80°C and representative spinning disk
confocal images for every denaturing temperature are shown. (B) Relative major satellite
DNA FISH sum intensities on transfected C2C12 mouse myoblast cells are plotted. DNA
denaturation was done at 60°C, 65°C and 70°C, respectively. MaSat signal intensities were
measured in the whole nucleus (defined by DAPI counterstaining, up) and in pericentric
heterochromatin (chromocenters, down). (C) On a histogram, condensed chromatin is
characterized by high DAPI intensities. Thus, cell nuclei containing condensed chromatin
show a higher DAPI standard deviation than cells containing decondensed chromatin, which
is characterized by low DAPI standard deviations. Normalized DAPI standard deviation
values, as a proxy for DNA decondensation levels, 24 hours post transfection of C2C12 cells
are plotted. (D) Relative histone H3 acetylation sum intensities, DNA decondensation, 5hmC
and major satellite DNA FISH sum intensities in C2C12 cells after 72 hours of TSA treatment.
Independent experiments were done in duplicates (A) or in triplicates (B, C and D). All
fluorescent signals are plotted as a ratio to the values of the respective control cells. All boxes
and whiskers represent 25-75 percentiles and 1.5 times the IQD (interquartile distance),
respectively and the center line depicts the median. p and n-values are summarized in
Supplementary Table 8. Scale bar = 5 ym. *** p < 0.001, n.s.: non-significant and CC:
chromocenters.
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Supplementary Figure 11 — Effect of cytosine modifications on DNA double helix
stability in mouse embryonic fibroblasts in vitro. (A) Relative 5hmC sum intensities in
MEF cells, 24 hours after transfection and representative spinning disk confocal images for
every transfection condition are shown. (B) Relative major satellite DNA FISH sum intensity
signals of MEF cells with denaturing temperatures of 60°C, 65°C, 70°C, 75°C and 80°C and
representative spinning disk confocal images for every denaturing temperature are depicted.
(C) Relative nuclear major satellite DNA FISH sum intensities transfected mouse embryonic
fibroblast cells with DNA denaturation at 65°C, 70°C, 75°C and 80°C, respectively are plotted.
Representative spinning disk confocal images at 65°C and 70°C are shown. Independent
experiments were done in triplicates. Dotted lines represent nuclear and chromocenter
contours. All boxes and whiskers are as in Supplementary Figure 10 and p and n-values are
summarized in Supplementary Table 8. Scale bar =5 ym. * p < 0.05 and *** p < 0.001.
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Supplementary Figure 12 — Effect of cytosine modifications on RNA polymerase
activity in vivo. (A) Experimental setup for in vitro T7 run-off transcription on double-
stranded (dsDNA) and single-stranded (ssDNA). To generate ssDNA templates, dsDNA PCR
amplicons with a 5’ phosphorylated forward strand were digested with A exonuclease. To
allow polymerase binding, ssDNA templates contained a dsDNA T7 promoter region.
Template DNA contained 100% cytosine (dC), methylcytosine (d5mC) or
hydroxymethylcytosine (d5hmC) and T7 promoter sequence was unmodified. Normalized
mean SYBR green |l intensities (+ standard deviation), i.e., the amount of RNA transcripts,
over time are shown. (B) Schematic representation of the experimental setup for in vivo
ribonucleotide incorporation analysis. Transfected cells were incubated with 1 mM EU
24 hours post transfection, EU was detected and nucleolar EU sum intensities are plotted.
Representative spinning disk confocal images of every transfection condition are depicted.
Independent experiments were done in ftriplicates. All boxes and whiskers are as in
Supplementary Figure 10 and p and n-values are summarized in Supplementary Table 8.
Scale bar =5 ym. *** p < 0.001.
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Supplementary Figure 13 — Effect of cytosine modifications on eukaryotic RNA
polymerase activity. (A) Experimental setup and biochemical validation of the template
generation for in vitro polymerization assays. Template DNA contained 100% cytosine (dC) or
methylcytosine (d5mC) or hydroxymethylcytosine (d5hmC), respectively (except primer sites).
Exemplary agarose gel images and slot blot analysis of dC, d5mC and d5hmC levels are
shown. Experimental setup for RNA polymerization assay using purified S. cerevisiae
Polymerase | (Pol I). DNA templates were digested with the nicking enzyme Nb.Bsml to
generate templates with a 3’ overhang. Equal DNA amounts after nicking and DNA cleanups
are confirmed by native PAGE gel analysis. An exemplary urea-PAGE gel image is shown.
Background subtracted and normalized (to dC) full length run-off transcript intensities (400
bp, marked by *) as a proxy for RNA polymerization are shown. (B) Schematic representation
of the experimental setup for in vivo ribonucleotide incorporation analysis and representation
of the cell grouping and binning approach applied. Cells were divided into four main groups,
depending on their Tet1CD/mcherry expression levels (group 1: low expressing cells and
groups 2-4: high expressing cells). Cells with Tet1 expression levels corresponding to group 1
(fluorescence intensity 50-1000, low Tet1 expressing cells) were further subdivided in three
subgroups (fluorescent intensities group 1a: 50-100, group 1b: 100-500 and group 1c: 500-
1000) during plotting. Cells were incubated with 1 mM EU 24 hours after transfection, EU was
detected and nuclear EU sum intensities are plotted. Data from groups 1a-1a are the same as
plotted in Figure 4B. Independent experiments were done with two DNA replicates, two
different polymerase batches and in 12 replicates (A) or in triplicates (B) and all boxes and
whiskers are as in Supplementary Figure 10. p and n-values are summarized in
Supplementary Table 8. Full gels are shown in Supplementary Figure 7. * p < 0.05, ** p <
0.005 and *** p < 0.001.
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Supplementary Figure 14 — Effect of cytosine modifications on DNA polymerase
activity. (A) Experimental setup for in vitro Taq polymerization assay. Template DNA
contained 100% cytosine (dC), methylcytosine (d5mC) or hydroxymethylcytosine (d5hmC)
(except primer sites). Exemplary gel images for Tag polymerase assay and sum band
intensity quantification as a proxy for DNA polymerization, normalized to the DNA input (0 U
enzyme) are shown. (B) Schematic representation of the experimental setup for in vivo
nucleotide incorporation analysis. Cells were incubated with 10 yM EdU 24 hours after
transfection, EdU was detected and nuclear EJU sum intensities of S-phase cells are plotted.
Independent experiments were done twice (A) or in triplicates (B) and all boxes and whiskers
are as in Supplementary Figure 10. p and n-values are summarized in Supplementary Table
8. Full gels are shown in Supplementary Figure 7. *** p < 0.001.

32

250



5.4 CHAPTER IV: Cytosine Base Modifications Regulate DNA Duplex Stability and Metabolism

Rausch et al.
A
PCR vilh dA, dG, dT + dc d5ShmC dsmC
H 100% dC / dSmC / d5hmC OR - e—
= 50% dSmC / d5hinC + 50% dC OR dsDNA D o2 ol
§ 125% d5mC | dhmC + 87.5% dC AT %Ce N P \QQ VP \G“
s triphosphates m%fum DDK: Siigic W gl # S ¥ SCeUML KD
14
2 ARS308 o
= ¥, ok + Cdch g
2 5N ORI P 3 +ORC g':
2 pALLLLLLLLL UL g @ +/- DDK L66
3022bp Npay £ + Cdt1-Mcm2-7 Laa
e +ATP
S N . . - o b 2a
+200 uM CTP, GTP, UTP B 50

% C oy 100 50 12.5
[kb]M C d5mC dShmC d5SmC d5hmC d5mC dShmC

+ 30 yM OCTP, dGTF, GATF, dTTP ‘
+ 33 nM a"P-<JATP

4 - -
i 1 +RPA )56
f e | Loso
= 2= - I = ST + Dpb1t + Pola
b1 Aok + CemarTor
s + M
2 % Coos 100 50 12.5 +Cdots Red
= C  d5mCd5hmC  dSmCd5hmC d5mC d5hmC £ Rold +PCNA 5 *end-labeling
f-3 +Mem10 e
£ » - | Yy “Pod 57T
E DNA |© | 8 | ) &l .2
ko | | T2
anti- 15 min @ 20°C 3
E smcL| @[ | @ [ | |€ [] & g
2 | anti- ;. = quench w. 100 MM EDTA g
® [ShmC | x
a
a o
\‘L‘. & \:p \,Lh sl \(p
d5hmC d6mC
B
+m -Tel D/
. ® meh-Tet1 CD P (i #:4011M EdY _fix measure nuclear Edl
L) mcherry o 20min  ClicklT |
o _— .. — anl signal in
S-phase cells
S ——————————
e
overexpressed Tet1 level . —
{ 3 -
T —— fluor =
back- 50 1000 2000 3000 Intansity T '
aound ¢ 2 3 4 group 0]l ! . - $
= ; ~ | P ' : '
| h
‘ low expressing cells = R - ! }
-> endogenous mESC level » LA ¥ )
v 2 o - . Ly b
Pk o ' ' '
Subdlwswiﬂ E i [ VoY oy W
e Q‘ fiuor T ' 5 A A
50 1000 intensty S0 100 500 1000 = : A : N : L :
group a b c 5 “"_’_ VoY $ i b
°
E}
o
e

vy '
'

+

05 10
A&
:
.
+ - S - - - -

P

U

'
' '

' '

' '

' '

' A X
ok * +

' '

' '
50 1000 4000 jheoc = =
bl 5t group 1atlbic 2 3 4 1latb1c 2 3

'S

low exp g cells  high exp g cells o - R
(groups 1a, 1b & 1¢) (groups 2-4) Tet1CD mcherry

20 min

Supplementary Figure 15 — Effect of various amounts of cytosine modifications on
eukaryotic DNA polymerase activity. (A) Experimental setup and biochemical validation of
the template generation for in vitro polymerization assays. Template DNA contained 100%
cytosine (dC) or 100%, 50% or 12.5% methylcytosine (d5mC) or hydroxymethylcytosine
(d5hmC), respectively (except primer sites). The 3 kb templates also contained a centrally
arranged yeast ARS306 origin of replication. Exemplary agarose gel images and slot blot
analysis of dC, d5mC and d5hmC levels for every nucleotide composition are shown.
Experimental setup for soluble replication assay using purified S. cerevisiae replisome
components. Exemplary alkaline agarose gel images are shown and DDK subtracted and
normalized replicated DNA signal intensities (< 3 kb end-labeling band (labeled with *),
normalized to dC) as a proxy for DNA polymerization are shown. (B) Schematic
representation of the experimental setup for in vivo nucleotide incorporation analysis and
representation of the cell grouping and binning approach applied. Cells were divided into four
main groups, depending on their Tet1CD/mcherry expression levels (group 1: low expressing
cells and groups 2-4: high expressing cells). Cells with Tet1 expression levels corresponding
to group 1 (fluorescence intensity 50-1000, low Tet1 expressing cells) were further subdivided
in three subgroups (fluorescent intensities group 1a: 50-100, group 1b: 100-500 and group
1c: 500-1000) during plotting. Cells were incubated with 10 yM EdU 24 hours after
transfection, EdU was detected and nuclear EdU sum intensities of S-phase cells are plotted.
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Data from groups 1a-1a are the same as plotted in Figure 5B. Independent experiments were
done twice (A) or in triplicates (B) and all boxes and whiskers are as in Supplementary Figure
10. p and n-values are summarized in Supplementary Table 8. Full gels are shown in
Supplementary Figure 7. * p < 0.05, ** p < 0.005 and *** p < 0.001.

34

252



5.4 CHAPTER IV: Cytosine Base Modifications Regulate DNA Duplex Stability and Metabolism

Rausch et al.

A RPA34 BrdU

— RPA n.s.
— BrdU

100 200

DMSO
fluo. int. [A.U.]

0

rel. distance

C2C12

fluo. int. [A.U.]
100 200
; I
[P
gx
rel. RPA levels [A.U.]
090 095 1.00 1.05 1.10
;
1}
|
I
i
|

E

Aphidicolin

Tet1CD mcherry
rel. distance 55

C2C12
c b MEF W8
DMSO Aphidicolin
— | -*- Tet1CD APH P P
> -+ Tet1CD
2 1.8{ o
< meherry 4+ — 1.4{  mcherry 3
- S <
s - << &
=X -7 o= -
g 4 @s ' o
5 /P 28, 22
314 52
2 e 3 7 3
&1 ) slope (min 0 - 20) 4 11 / o
g [ TetiCD_ 003 ] 1007
© [mohery_0017] 0 200 400 600
21.0 i [meherry 0.017] time [sec] )
0 1 5 10 15 20 25 30 E
time [min]
E [min] _before 1 5 10 15 20 25 30
1.8 < = )
J pzd 5 - o ,..‘._ o
> 2 O "o 'S o, g ' - «
16 - . B -
7 3 [s p -
— <£| weis s .-.!_ .‘n_ S o 3
- o . 2 w B = ¢ } fr L =,

relative RPA accumulation [A.U.]
S

<
12 D ODPDDIDDD
. £ L
25[ 8| A : ;
F =]
: §[3 . 3
1.0 22
0 1 5 10 15 20 25 30 g
time [min]
g MEF W8
-+~ MEF Tet1CD MEF Tet1CD, DMSO 8< [TEich: [monery
—— MEF mcherry MEF mcherry, DMSO “ £ :_0,-0,22,,: 0.015

Supplementary Figure 16 — Effect of cytosine modifications on DNA helicase activity in
vivo. (A) Representative spinning disk confocal images showing the localization of GFP-RPA
and the (lack of) BrdU incorporation in late C2C12 S-phase cells after DMSO or aphidicolin
treatment. Dashed boxes represent the selected magnified ROIs for line intensity profile
analysis (arrows). Line intensity plots of BrdU (magenta) and RPA (green) through a
replicating chromocenter in late C2C12 S-phase cells before and 30 minutes after
aphidicolin/DMSO addition are shown. (B) Relative GFP-RPA sum intensities 24 hours after
C2C12 triple transfection, showing no significant difference of RPA levels within the different
transfection conditions. (C) Graphs showing the normalized average RPA accumulation (c,
standard deviation) over 30 minutes at 5 minutes interval imaging (left) and over 12 minutes
at 10 seconds interval (right) for aphidicolin treated C2C12 S-phase cells, respectively (as in
Figure 6B). Slopes of the RPA accumulation were calculated as in Figure 6B. (D)
Representative spinning disk confocal images of BrdU incorporation in aphidicolin and DMSO
treated MEF W8 cells. (E) Analysis, representation and slopes of RPA accumulation for triple
transfected MEF W8 cells are as in (B). Representative spinning disk confocal images of
time-lapse microscopy upon aphidicolin treatment of showing RPA and PCNA localization in
aphidicolin and DMSO treated MEF cells. Scale bars = 5 ym (whole nuclei images) and 2.5
gm (magnifications). All boxes and whiskers are as in Supplementary Figure 10 and p and n-
values are summarized in Supplementary Table 8. * p < 0.05 and n.s.: non-significant.
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Supplementary Figure 17 — Colocalization analyses of cytosine modifications and DNA
replication in mcherry-Tet1CD/mcherry transfected cells. (A) 24 hours after mcherry-
Tet1CD/mcherry transfection, cells were fixed and co-stained for 5mC (grey) and 5hmC
(magenta). Line profile analyses and Pearson’s correlation factors (mean * StDev) of 5mC
and 5hmC are shown. Line profiles are measured along the white arrow depicted in the
images. (B) 24 hours after mcherry-Tet1CD/mcherry and GFP-RPA double transfection, cells
were treated for 30 minutes with aphidicolin or DMSO, fixed and co-stained for 5mC and
5hmC. Line profile analyses of late S-phase for 5mC (grey), 5hmC (magenta) and GFP-RPA
(green) are shown for each condition. Line profiles are measured along the white arrow
depicted in the images. Black arrows in the plots highlight regions of high GFP-RPA and 5mC
and/or 5hmC colocalization. Scale bar = 5 ym (whole nuclei) and 2.5 pym (magnifications).
Dotted lines represent nuclei contours. eu.: euchromatin, het.: heterochromatin and *** p <
0.001.
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Supplementary Figure 18 — Effect of loss of cytosine methylation on DNA helicase
activity in vivo. (A) Representative spinning disk confocal images showing the localization of
GFP-RPA and the (lack of) BrdU incorporation in stage Il J1 ES cells after aphidicolin/DMSO
treatment. Dashed boxes represent the selected magnified ROIs for line intensity profile
analysis (white arrows). Line intensity plots of BrdU and RPA are as described in Figure 6B.
(B) Representative spinning disk confocal time-lapse microscopy images of aphidicolin and
DMSO treated J1 cells as in Figure 6B. Dashed boxes represent the selected magnified ROIs
for line intensity profile analysis (arrows) before and 30 minutes after aphidicolin/DMSO
addition. (C) MEF W8 and MEF PM cells were co-transfected with GFP-RPA and RFP-PCNA
24 hours before imaging and imaging and analysis of RPA accumulation and slopes of double
transfected MEF cells as in Figure 6B. Representative spinning disk confocal images before
and after 30 minutes of aphidicolin/DMSO treatment showing RPA localization and BrdU
incorporation after 30 minutes of aphidicolin/DMSO treatment are shown. Dashed lines
represent nuclear contours. Scale bars = 5 um. All boxes and whiskers are as in
Supplementary Figure 10. p and n-values are summarized in Supplementary Table 8. * p <
0.05 and n.s.: non-significant.
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Supplementary Figure 19 — Effect of cytosine modifications on chromatin structure. (A-
B) Experimental setup for micrococcal nuclease (MNAse) assay in mch-Tet1CD or mcherry
transfected C2C12 myoblast cells (A) and for MEF W8 and MEF PM cells (B). Agarose gel
electrophoretic analysis showing MNase digest of mch-Tet1CD and mcherry transfected cells
(A) and of MEF W8 and MEF PM cells (B) and quantification of sum mononucleosomal DNA
band intensities normalized to the DNA input (0 U MNase). Shown is one representative gel,
experiments were done with two independently isolated sets of genomic DNA. n.s.: non-

significant.
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Supplementary Figure 20 — Effect of loss of global DNA methylation on histone
modifications in ES cells. (A-B) Mouse J1 and TKO ES cells were pulse labelled with EdU,
fixed and EdU was detected in combination with histone modifications. The nuclear and
chromocentric levels of histone acetylation (A, H3K9ac, H3K18ac, H3K27ac, H3K56ac,
H4K8ac and H4K16ac) and methylation (B, H3K9m3 and H4K20m3) were measured in non-
replicating (EdU negative) cells. Error bars represent standard deviation. Independent
experiments were done in duplicates. p and n-values are summarized in Supplementary
Table 8. n.s.: non-significant.
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6 General Conclusions and Perspectives

6.1 Replication of the Mammalian Genome - Repeat Elements

6.1.1 DNA Repeat Elements Are Well Integrated Into the Mammalian Genome

n chapter | of this thesis, we developed a protocol to analyze replication of DNA repeat elements in time and
I space in structurally intact 3D cell nuclei (Repli-FISH). While genome-wide sequencing studies of nascent
DNA can identify the exact underlying DNA sequence that is replicated, the resolution in time and space
is limited. Although the rapidly evolving technical methods enable single-cell profiling by now [269], most
studies are based on population-wide analyses, thereby possibly averaging and/or out-diluting single-cell
heterogeneity. Additionally, repeat elements are commonly excluded from genome-wide studies, since their
repetitive nature makes them difficult to map [270]. Our protocol combines fluorescence in situ hybridiza-
tion (FISH) and visualization of DNA replication (Repli-FISH), either by detecting nascent DNA via nucleotide
analogs or by analyzing replisome components via immunofluorescence. Additionally, applying different
chase durations between pulse labeling and fixation results in different degrees of replication foci separation
and, with increasing chase times, eventually also to transition from one S-phase pattern to the next. Hence,
this approach of varying chase times even allows the visualization of a temporal resolution of S-phase pro-
gression in fixed cells. The development of sensitive microscopy filters allows the spectral separation of mul-
tiple fluorochromes, thereby enabling the detection of several replication signals and repeat elements/DNA
sequences (multi-color FISH) per sample. Additionally, the FISH pretreatment procedures preserve the struc-
tural integrity of the cells and nuclei without the need of several cycles of freezing and thawing in liquid
nitrogen [271]. Hence, the spatial arrangements of different repeat elements and DNA replication signals can
be analyzed at different optical resolutions, ranging from wide-field to confocal and even to super-resolution.
Similarly, detailed analysis on the spatio-temporal interrelationships can be performed on single nuclei, how-
ever, population studies and high-throughput investigations are also feasible.

Complete and error-free replication of all (epi)genetic material is of prodigious importance for cells to pre-
serve genome integrity and stability. This holds true not only for the small protein-coding part of the genome
but also applies to the non-coding and repetitive fractions of the genome. Opposed to some lower eukary-
otes, the majority of the mouse and human genomes consists of non-coding and repetitive DNA. For long,
two contradictory hypotheses concerning the raison d’'étre of these elements in the genome persisted. On
one side, repetitive DNA was seen as parasitic and selfishly replicating 'junk’ DNA with no distinct function in
the nuclear metabolism [18, 19]. On the other side, distinct functions in genome organization and mainte-
nance were attributed to repeat elements. The latter are nowadays believed to be involved in the formation
of distinctive eu- and heterochromatin compartments [22-26]. In chapters |, Il and lll, we, therefore, made

use of the Repli-FISH protocol to analyze the replication timing of LINE-1, Alu and satellite Il in human cervix
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carcinoma (HeLa) cells (chapter Il) and of major and minor satellites, as well as telomeres in mouse somatic
(C2C12 & MEF, chapter I) and pluripotent cells (J1 mES cells, chapter Ill).

In chapter Il, we comprehensively analyzed and connected the replication timing, the double-strand break
repair kinetics and the underlying chromatin marks of repetitive DNA elements. In addition, we integrated
publicly available genomics data (Chip-Seq and Repli-Seq) and our combination of single-cell FISH and DNA
replication/repair correlations. Interestingly, and arguing against the 'junk’ DNA theory, repetitive elements
appear to be efficiently integrated into the human genome and are duplicated and repaired by the cell’s DNA
replication and repair machineries. Yet, the accuracy of this maintenance seems to strongly depend on the
chromatin type the repeat elements are embedded in. Indeed, mutation frequency analyses revealed that
late replicating and generally non-coding DNA displays higher frequencies of point mutations, probably due
to a downregulation of DNA mismatch repair proteins during mid S-phase [181, 182, 272]. Nevertheless, we
found a dependence on the chromatin state and its structural organization and the timing of repeat element
maintenance by DNA replication and repair. While the euchromatic human Alu element was replicated early
in S-phase and repaired fast after DNA damage induction, the heterochromatic satellite Ill repeat elements
were duplicated late in S-phase and repaired more slowly (Figure 6.1). Coherently, these observations are
also reflected in previous studies, showing earlier replication and faster repair of euchromatin compared to
heterochromatic DNA [176, 273, 274]. LINE-1, which was previously shown to correlate with late replicat-
ing regions in genome-wide studies [176], was replicated throughout S-phase in our single-cell based study.
Integration of genome-wide Hela chromatin landscape data revealed that LINE-1 elements are generally
replicated according to their particular histone marks. This finding underlines the importance of combining

genome-wide sequencing and single-cell microscopy analyses (Figure 6.1).

6.1.2 mES Cells Are Characterized by a Distinct Replication Program

imilarly to the replication timing analysis of repeat elements in human Hela cells, we investigated when
S during S-phase minor and major satellite repeats and telomeres are replicated in mouse embryonic
stem (mES) cells (chapter Ill). We demonstrate that replication of major and minor satellite repeats in mES
cells is temporally closely connected, reflecting their close spatial proximity on the linear chromosome. In-
terestingly, centromeres were proposed to play a role in regulation of the activation time of cis-neighboring
replication origins in yeast [275]. Our single-cell microscopic analysis showed telomere replication throughout
S-phase, with a prevalence in early/mid S-phase. Importantly, telomeres capping the short arm of the mouse
acrocentric/telocentric chromosomes were preferentially replicated in conjunction with (peri)centromeric re-
peats. These observations are in strong favor of a domino-like replication propagation. In this next-in-line
model, replication initiation within a replicon cluster at the beginning of S-phase creates replication bubbles
subsequently leading to the firing of origins of replication in neighboring replicon clusters, thereby spreading
replication onset in cis and trans along the genome [192]. Although we did not specifically address a corre-
lation between the 3-dimensional nuclear localization and the replication timing of telomeres, such relation-
ships were previously observed [276]. Interestingly, yeast normal-length telomeres were shown to replicate
during late S-phase, while DNA replication of shortened telomeres initiated already early in S-phase. The
latter correlated with high telomerase activity and, consequently, a subsequent increase in telomere length

[277]. The predominant early/mid replication of telomeres in mES cells may, therefore, represent a similar

261



6 GENERAL CONCLUSIONS AND PERSPECTIVES

@ SINE satellite 111
LINE-1

chromosome
level

human
somatic

S-phase [h] ear| mid ate

major satellite

________________________________ minor satellite

telomere

mouse
somatic

major satellite

minor satellite

telomere

L2
@
S
3
o
E.Q

£

@

chromatin P

loops minor  major satellite/ SINE LINE1
2 satellite satellite Il
‘beads on
a string’ (‘/
mESC & replicon 1 replicon 2 replicon 3 replicon 4 replicon 5 W c
5%
DNA level 3%
Q ©
55
25
bidirectional forks: 87% unidirectional forks: 13%
RFS: 1670 nts/min inter-origin distance: 90 kb
mESC somatic
[ eartyimia ) | [ late S
0]
<
o
8
. £ 5 chromocenter replication
Z 8 timing
£5
5 histone acetylation *
chromocenter compaction +
DNA double : ;
i U G 5
helix level H_ M ﬁ
H/c B VP \ H
i |5mC — i
. N i DNA double
N g - H- helix
replication Ny o
vl i\) transcription i ﬁ :
unwinding

AT

replication

!

transcription

HunnanananQ

Y “67
oxC N Nesnenn H_H/ H
|50xC

Figure 6.1: Scheme summarizing the main conclusions from chapters I-IV. We show, by a variety of methods,

different levels of epigenetic regulation of essential nuclear metabolic processes, ranging from the DNA double helix level

up to higher order chromatin structures.
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"time buffer’ for telomerase activity [278]. Due to the pluripotent nature of mES cells and their ability to gen-
erate cells of all three germ layers, intact and long telomeres are essential for successful cell differentiation
and organism development. The early onset of chromosome end replication would, consequently, provide
enough time to allow telomere length extension/maintenance by the telomerase enzyme at the embryonic
stage, thereby guaranteeing sufficient and conscientious end-capping.

Strikingly, (peri)centromeric heterochromatin was replicated during early/mid S-phase in mES cells, which
is in sharp contrast to the late replication timing commonly observed in somatic cells. However, a compara-
ble replication timing shift of the compact satellite DNA structures was observed in early Drosophila embryos
coming along with extremely fast replication. Once satellite replication got delayed, the complete S-phase
duration was prolonged. This transition came along with heterochromatin restructuring, resulting in 'mature’
chromocenters, and required active DNA transcription [279]. Likewise, we examined chromocenter features
of mES cells and compared them to differentiated cells. Although DAPI-intense and compact pericentromeric
clusters could clearly be distinguished in pluripotent mouse cells, detailed analysis showed significant struc-
tural differences to chromocenters in differentiated cells. While the latter were characterized by a high num-
ber of regularly shaped and compacted chromocenters of smaller size, pluripotent stem cells were defined
by less but bigger, irregularly shaped and decondensed pericentromeric heterochromatin clusters. Similarly
to our observations, previous electron spectroscopic imaging (ESI) studies of mES cells revealed lower hete-
rochromatin packaging densities coming along with poorly delimited chromocenter boundaries. The reduced
chromocenter compartmentalization was further defined by a high prevalence of 10-nm chromatin fibers in
heterochromatin. Interestingly, the authors also predominantly found this basic 'beads-on-a-string’ structure
in heterochromatic DNA of mouse embryonic fibroblasts (MEF), spleen lymphocytes and liver cells [280-283].
Although these findings challenge the conventional chromatin packaging model based on the further folding
of the 10-nm chromatin fiber to the 30-nm fiber, they support the evidence that the basic structural chromatin
unit of the 30-nm fiber was, until now, exclusively observed in vitro or in very specialized cells, like the Patiria
miniata (starfish) sperm [284, 285]. Additional evidence from X-ray scattering, cryo-electron tomography and
stochastic optical reconstruction microscopy (STORM) emphasize the lack of the 30-nm fiber in the nucleus
and reinforce the fact that, in vivo, chromatin adopts irregular shapes that resemble liquid droplets [286]. In
line with our findings of a more open mES cell chromatin, fluorescence recovery after photobleaching (FRAP)
experiments showed an increased fraction of soluble or loosely bound chromatin architectural proteins such
as HP1, the linker histone H1 and core histones H2B and H3 in mES cells [287]. This "breathing’ conformation
generates a very active chromatin and allows fast exchange of structural proteins, thereby enabling rapid
global reorganization upon differentiation onset. Consequently, the open and mobile chromatin architecture
is supposed to be a hallmark of pluripotent cells. It would, therefore, be interesting to further analyze and
define the different structure, organization and proteome of mES cell pericentromeric heterochromatin. To
analyze potential differences in the mES cell chromocenter protein composition, mass-spectrometry based
approaches could be envisaged. We already adapted a protocol to isolate chromocenter fractions from dif-
ferent tissues [288]. This technique could be further modified to compare chromocenter composition of
pluripotent and differentiated cells, and possibly also specific knock-out cells with their wildtype counterpart.

Previous reports have shown a clear relationship between histone acetylation and chromatin decom-
paction [? ]. Accordingly, we also measured chromocentric histone acetylation levels and found significant

increases in acetylated H3 and H4 lysines compared to differentiated cells. This different chromatin compo-
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sition and organization and the concomitant more open structure may be at the basis for providing better
access to a plethora of proteins, including origin activation factors. Similarly, global DNA transcription is
highly upregulated in mES cells, and especially normally silenced repeat elements show higher transcript
amounts [289]. Akin, histone hypoacetylation and maintenance of late replication timing were tightly linked
in previous studies [209, 212, 214? -216]. Consistently our histone deacetylase HDAC1 targeting to chromo-
centers resulted in a replication timing shift of the latter to late S-phase (Figure 6.1). However, how exactly
and at which step of DNA replication (origin licensing versus origin firing) histone acetylation regulates early
onset of mES cell chromocenter replication needs to be further unveiled. Interestingly, TICRR/Treslin was
recently found to interact with acetyl-histone binding proteins, thereby revealing a potential mechanism to
regulate DNA replication timing [202]. Additionally, future work will be necessary to clearly define individual
chromatin classes [290] in mES cells by distinct epigenetic marks and to correlate these with the 'unusual’

DNA replication progression presented in chapter lIl.

6.1.3 Replication of the Y Chromosome Marks the End of S-Phase

ext, we identified the Y chromosome as a specific hallmark for the end of S-phase. Independently of
N the pluripotency state of the male cell, Y chromosome replication was followed by transition to the G2
phase. Interestingly, the sex chromosome was replicated synchronously and in a relatively short period of
time, similarly to the inactivated X (Xi) in female cells [291]. The Y chromosome is marked by a very low gene
density (1.7 genes/Mb for mice, [292-294]), of which most show testis-specific expression or have an X en-
coded paralog [293, 295]. Additionally, the Y chromosome is composed of large heterochromatic DNA blocks
and gene expression and transcriptional activity are low [296, 297]. A connection between low gene den-
sity and transcriptional activity could indeed explain the late replication timing of the male sex chromosome,
since a correlation between gene expression and replication timing was already demonstrated in Drosophila
[199]. Similarly, a relation between replication timing, GC content, gene density and transcriptional activity
was revealed in human cells [176, 298-300]. However, akin to early assumptions that the seemingly ’late’
replication timing of the Xi in female cells [301-304] is an important factor to maintain the silenced state
of the Xi [304], the late replication of the Y may also be essential to keep it in a transcriptional inert state.
Additionally, the synchronous Y chromosome replication, i.e. the simultaneous firing of origins of replication,
bears resemblance to observations made for the replication of the female Xi [291]. Moreover, the highly coor-
dinated replication of the Y chromosome is similar to observations in early Drosophila and Xenopus embryos
[252, 254], where replication also takes place in the absence of DNA transcription. Interestingly, in female
somatic cells, the pericentromeric heterochromatin region of the Xi is not replicated together with the bulk
of the inactive chromosome [291]. If the same phenomenon holds true for the Y chromosome is still open. If
so, unveiling the underlying mechanism distinguishing between silenced heterochromatic and bulk inactive
chromatin would shed light on different replication organizations in silenced parts of the genome. Thereover,
early replicating and indispensable housekeeping genes are more conserved than cell-type specific genes
that get replicated later during S-phase [305, 306]. Considering the high testis specificity of most Y chro-
mosome encoded genes [293, 295], late Y replication fits into this general observation. There is evidence
that duplication clusters, resulting from gene amplification and recombination events, occur more frequently

in the late replicating genome fraction [307, 308]. The late replication timing of the mouse Y chromosome
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may, therefore, also be reflected in the massive amounts of amplified DNA sequences present within the
male-specific region of the Y chromosome (MSY, [309]). Thus, late replicating DNA tends to have increased
genetic variability and instability, in line with theories of a small and degenerated 'junk DNA" chromosome
(reviewed in [310]). Future experiments determining specific features of Xi and Y chromosome replication, for
example, replication foci number and inter-origin distance, would further underline and highlight a potential
universal replication program for inactive chromosomes. In addition, detailed investigations are needed to
dismantle the mechanism by which the late replication timing is determined and conserved for a complete
chromosome. Promising candidates may be specific epigenetic signatures, as well as the replication timing
regulatory factor 1 (RIF1), which is a known genome-wide regulator of DNA replication timing (reviewed in
[311]). Importantly, synchronous replication of the transcriptionally silenced Xi was shown to heavily rely on
hypoacetylation [291]. Similarly, specific chromatin features responsible for the synchronous late origin firing

on the Y chromosomes need to be further unveiled.
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6.2 Replication of the Mammalian Genome - Origin Activation and Fork Speed

6.2.1 Origin Activation in Pluripotent Mouse Cells Differs From That in Somatic Cells

ramatic differences in replication organization were shown in Drosophila and Xenopus early embryonic
D development, where genome duplication is performed in extraordinarily short time frames and the
complete absence of transcription [252, 254]. Our data presented in chapter lll provides evidence that a
similar mechanism exists in early stages of mouse embryo development. However, in contrast to Xenopus
and Drosophila, transcription is not completely absent in the early stages of mouse embryonic development.
Instead, transcriptional initiation is already observed in the pronuclei of the zygote and at the 2-cell stage in
mice [312, 313]. Nonetheless, we showed by a combination of super-resolution microscopy and DNA combing
that mES cell genome replication relies on more activated origins of replication than actually 'needed’. To
further dissect whether this observation is based on a different origin licensing or solely on the subsequent
origin activation, future work could compare the levels of essential replisome components and regulators
between pluripotent and differentiated cells. For example, the amounts of chromatin-bound MCMs and phos-
phorylated MCMs, as an indication for licensed and activated origins, respectively, could be further dissected.
In line, analysis of checkpoint kinase 1 (CHK1) levels might shed light on the observed increased origin firing
in mES cells. Potential low CHK1 levels may, via a network of several kinase-dependent processes, lead to in-
creased ORC activation events and also influence activation timing of origins [314-316]. Similarly, increased
levels of the CDK and DDK kinases or essential initiation factors such as CDC45 may result in more activated
origins. Since the J1 mES cells used in this study possess 40 chromosomes, such experiments should be per-
formed in diploid somatic cells. Furthermore, the sequences of activated origins from pluripotent cells could
be compared to those from differentiated cells. This approach could reveal the potential existence of a set of
‘constitutive’ origins that are used throughout development.

We additionally found mES cell DNA replication to rely on smaller replicons resulting from shorter inter-
origin distances (IOD) (Figure 6.1). To further validate these DNA fiber results, we determined IODs and,
consequently, replicon sizes by genome-wide sequencing data and observed very similar tendencies. Sur-
prisingly, we could determine a clear dependence of replicon size and inter-origin distance on the develop-
mental stage of the cells. While pluripotent and undifferentiated cells were characterized by small replicons
and short inter-origin distances, the latter increased in embryonic fibroblasts, to achieve largest values in
terminally differentiated activated B-cells. Since replicons and chromatin loops are by now considered to be
tightly connected DNA elements (reviewed in [227]), it would be interesting to measure mES cell chromatin
loop sizes, for example, by using the DNA halo technique, and to directly correlate those to the replicon
sizes determined in this study. Furthermore, by comparing origin distribution on the male X chromosome
to origin organization on autosomes, we found a differential origin activation on the two parental autosomal
chromosome homologes. This observation implicates shorter inter-origin distances determined by genome-

wide sequencing techniques than observed on 1D stretched single DNA molecules. Lastly, we found that
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around 13% of the present replication forks in the mES cell genome are unidirectional/single forks. This is
in sharp contrast to amounts of single forks seen in somatic cells (5.5% and [317]). The higher amount of
single forks in mES cells, may, on one side, be explained by the transcriptional hyperactivity of stem cells
[289], resulting in an increased level of replication-transcription collisions and, thus, fork stalling and dis-
assembly. Given the transcriptional hyperactivity, adapting DNA replication to unidirectional forks traveling
in the same direction as RNA synthesis could reduce the risk of fork collision and stalling, thereby ensur-
ing transcription and genome integrity and, hence, stability. Interestingly, highly transcribed ribosomal DNA
(rDNA) is replicated by a substantial amount of unidirectional forks [318]. Alike, a high level of single forks
was detected in Drosophila testes, a tissue also characterized by high transcriptional activity [319]. On the
other side, however, this characteristic may represent a distinct feature of pluripotent cells underlying a yet
unknown regulation mechanism. Moreover, pluripotent cells were shown to have more and, consequently,
smaller replication domains. This domain organization allows a more discordant replication of contiguous
chromosome segments. Neighboring domains with different replication timing are separated by timing tran-
sition regions (TTR). Interestingly, the latter were found to preferentially be replicated by unidirectional forks
[184, 320]. Due to the higher number of replication domains in stem cells, the number of TTRs may increase
and, subsequently, also the number of unidirectional forks to replicate these genome segments. As a result
of the lack of 'backup’ dormant origins, genomic regions whose replication rely on an individual fork may
designate regions particularly exposed to DNA damage. Indeed, several TTRs were found to be unstable and
assigned to cancer-related genes [321]. Lastly, MTBP, the metazoan Sld7 orthologe, was recently found to
represent an important regulation platform for origin firing [133]. In view of a potential role of MTBP in the
assembly of a symmetric replisome and/or in keeping the two parts of the replisome together until the origin
is initiated [134], it may be interesting to compare MTBP levels in mES cells and differentiated cells. In line,
analyzing the amount of unidirectional forks present in MTBP knock-out cells would clarify its role in replisome

assembly.

6.2.2 Loss of DNA Methylation Enhances Replication Fork Speed

n view of the dramatic changes of pericentromeric heterochromatin replication timing upon interfering with
I histone modification levels (chapter Ill), we also analyzed the effect of the loss of cytosine modifications
in MES cells on the spatio-temporal DNA replication progression (chapter IV). Although cytosine methylation
is of outstanding importance for embryonic development, regulation of gene expression and cell differentia-
tion, it does not directly influence DNA replication timing in ES cells, since we did not observe spatio-temporal
reorganizations of replication patterns during S-phase progression in DNMT triple knock-out (TKO) cells. In-
terestingly, we and others did not observe global changes in histone acetylation marks and previous studies
also confirmed intact HP1 binding to unmethylated chromocenters in TKO cells [322]. Although we did not
analyze TKO chromatin organization and structure in detail, Micrococcal nuclease (MNase) digestion of ge-
nomic DNA from mouse embryonic fibroblasts deficient for DNMT1 (MEF p53 7 and dnmtl”") showed similar
global nucleosome distributions than the corresponding wildtype cells (MEF W8). Of note, subtle and more
local changes may not be resolved by this low resolution method and can, therefore, not completely be ex-
cluded. To get deeper insights into the role of DNA methylation and chromatin organization, more detailed

analyses of the distribution and amount of chromatin classes [290] and correlating histone modifications
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should be performed on DNMT knock-out cells. Indeed, electron spectroscopic imaging (ESI) unveiled that,
while DNA methylation is dispensable for chromatin restructuring during differentiation, it is a prerequisite for
compacting heterochromatic DNA during differentiation, as J1 TKO epiblast stem cells (EpiSCs) showed even
more dispersed chromocenters as wildtype stem cells [283]. While we did not observe a switch in replica-
tion patterns in TKO cells, a clear difference in the distribution of cells between the different S-phase stages
became visible. Significantly fewer cells were present in S-phase stage Il, suggesting that pericentromeric
heterochromatin replication is faster in these cells. Faster DNA replication can be achieved in two ways. First,
more licensed origins can be activated, and/or, second, replication fork speed can be increased. Hence, we
measured the latter by single-molecule DNA fiber analysis. Interestingly, TKO cells have an average repli-
cation fork speed that is 10% faster than in wildtype cells. This difference is also approximately reflected in
the variation of chromocenter replication time in wildtype and TKO cells. We, therefore, conclude that loss
of DNA methylation enhances the replication fork speed. Nonetheless, subsequent studies should perform
detailed analyses of the number of replication foci in wildtype and DNMT and TET TKO cells, to further unveil

the influence of cytosine base modifications on origin activation.
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6.3 Cytosine Modifications in the Mammalian Genome - DNA Duplex Stability

and Metabolism

6.3.1 Cytosine Modifications Change the DNA Duplex Stability

ince we did not observe any global changes in histone modification levels and chromatin organization,
S we focussed on the effect of cytosine modifications on the DNA double helix per se. As 5hmC and 5fC
can also persist as stable epigenetic marks in the genome [244, 245], it is important to know how they in-
fluence the basic structure of the DNA duplex itself. Generally, cytosine base modifications are thought not
to influence the global canonical B-DNA structure, but local changes around the modification site can arise.
They also do not alter the Watson-Crick base pairing in itself, but they, with their C5 modification, introduce
a functional group into the double helix. These functional groups on the C5 point towards the major groove
of the DNA and change the hydrophobicity, introduce steric hindrance and alter base pair stacking, structure
and mechanical properties of the DNA double helix [323]. Since the existing literature is contradictory on the
effect of cytosine modifications in DNA double helix stability [323-327], we analyzed the latter with our estab-
lished high resolution melting temperature protocol [328]. While we observed highest melting temperatures,
i.e. highest DNA stability, for methylated DNA, all oxidized variants reverted this stabilization effect and had
even lower melting temperatures than unmodified cytosines. Since these were purely in vitro experiments,
the next step was to establish in vivo models to study effects of cytosine modifications on DNA metabolic
processes. Therefore, we established several methods based on cytosine modification ’loss of function” and
‘gain of function’ systems. On the one hand, by knocking-out the essential cytosine methylation writer en-
zymes, we generate cell models characterized by the absence of cytosine variants (Dnmt knock-out cells). On
the other hand, we increase 5mC and 5hmC levels by transfecting modified deoxy-nucleoside triphosphates
(dNTPs), which are phosphorylated and can directly be incorporated into genomic DNA by the cellular DNA
polymerases. Lastly, we increase oxidized cytosine variations and, concomitantly decrease 5mC levels, by
overexpressing the catalytic domain of Tetl (Tet1lCD). This Tetl variant lacks the large N-terminal regulatory
domain, including the CXXC zinc finger. Unlike full-length Tetl, Tet1CD overexpression can induce significant
genome-wide DNA demethylation. Tetlfl is guided towards hypomethylated DNA via its N-terminal CXXC DNA
binding motif, thereby mainly preventing 5mC spreading into CpG islands. The absence of this zinc finger
domain in the TetlCD variant allows the binding to unmethylated but also hypermethylated CGls, thereby
inducing significant global 5mC conversion. In line, the genome-wide analyses of Jin et al. [329] confirmed
that TetlCD catalytic activity is not biased to specific methylated genomic regions and can act throughout
the genome.
To further study the effect of cytosine modifications on DNA helix stability in cells, we established a pro-
tocol based on heat denaturation of genomic DNA at different temperatures, similar to fluorescence in situ
hybridization (FISH). We found similar trends to our in vitro observations in all our established cellular sys-

tems. All in all, in vitro and in vivo experiments showed a more stable DNA duplex in the presence of 5mC,
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while the oxidized cytosine modifications 5hmC, 5fC and 5caC destabilized the double helix.

How exactly cytosine modifications change the DNA geometry and duplex stability, howeuver, is still under
debate (discussed in detail in section 3.3 DNA Modification Readers and Writers and Their Interplay). Briefly,
cytosine methylation introduces a bulky methyl group in the DNA major groove, thereby reducing DNA bend-
ing ability, increasing DNA rigidity and resulting in a wider major and a more narrow minor groove [330, 331].
Oxidation of 5mC to cytosine hydroxymethylation introduces a more polar side group. The higher affinity
for water molecules increases fluctuations in the 5hmC:G base pair [332], rendering it less stable and, in
turn, less energy and/or time is needed for breaking the hydrogen bonds. Similarly, the formyl and carboxyl
groups of 5fC and 5caC, respectively, were found to possess electron-withdrawing abilities [333], weakening
the DNA duplex at 5fC:G and 5caC:G base pairs. These changes in DNA structure may influence the working

mechanism of essential DNA metabolic enzymes.

6.3.2 Cytosine Modifications Influence DNA Transcription, Replication and Unwinding Rates

ince an alteration in DNA stability would be predicted to have major consequences for global genome
S processes, we investigated the effects of cytosine modifications on DNA replication and DNA transcrip-
tion. Our in vitro phage transcription (IVT) and bacterial polymerization assays showed significantly reduced
transcript and amplicon amounts when the template DNA (except promoter regions for IVT) contained 5mC.
To rule out that the observed effects in the IVT experiments were due to differences in elongation rate, i.e.
incorporation rate of nucleotides opposite of modified cytosines, we additionally compared efficiencies of
T7 RNA polymerase on double-stranded (ds) and single-stranded (ss) DNA [334]. To still guarantee T7 poly-
merase promoter recognition, we used ssDNA fragments containing a dsDNA T7 promoter region and a ssDNA
transcription sequence. We observed no significant difference in template elongation between the unmod-
ified, methylated and hydroxymethylated substrates. This is in agreement with previous studies revealing
similar rGTP incorporation rates opposite of modified and unmodified cytosines [335]. To extend our in vitro
enzymatic assay results to a eukaryotic system, we performed RNA polymerization assays and processive
soluble replication reactions with purified Saccharomyces cerevisiae DNA-dependent RNA polymerase | (Pol
I) and replisome components that are required for replication in vitro, respectively. Both yeast-based in vitro
systems are well established [160, 336] and exact template features ensuring RNA and DNA polymerization,
respectively, are known. For RNA polymerization by budding yeast Pol |, we used 3’ tailed templates that allow
nonspecific initiation by RNA polymerases. This implies that no additional transcription factors are needed to
initiate RNA polymerization. Moreover, it only recently became possible to purify active DNA-dependent RNA
human polymerases [337]. Therefore, reference conditions for human Pol | transcription analysis on dsDNA
templates are not yet established. Similarly, and contrary to mammalian DNA replication origins, the origin
sequences of S. cerevisiae (autonomously replicating sequence, ARS) are known. This is in sharp contrast
to mammalian origins, whose prominent characteristic is the lack of a clear sequence and signature defin-
ing the initiation sites. In addition, in budding yeast, the proteins essential for origin firing and for effective
and processive DNA replication synthesis were defined [137, 160]. Moreover, although most/all homologs
of yeast replication factors were identified in mammals, an in vitro replication assay based on individually
purified components is not yet established. Nonetheless, in vitro replication can be performed with mam-

malian cell extracts using Epstein-Barr or SV40 viral-derived systems [338]. While the yeast-based assay is
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no longer a single enzyme experiment, the use of purified proteins allows a very defined composition of the
reaction, which is impossible when using cell/nuclear extracts. Interestingly, we observed very similar trends
in the yeast RNA and DNA polymerization assays as with the phage and bacterial enzymes. These results
are astonishing insofar as budding yeast enzymes are not encountering DNA modification in their natural
environment [339]. Hence, this demonstrates a high degree of evolutionary conservation of the enzymes
involved in genome metabolism. In line with our in vitro results, we see increased 5’-ethynyl uridine (EU)
and 5’-ethynyl-2’-deoxyuridine (EdU) levels in d5ShmCTP transfected cells. Similarly, we observed increased
transcription and polymerization levels in Tet1CD overexpressing cells in vivo, where we achieved 5mC loss
by Tet1CD mediated oxidation. We, therefore, conclude an at least partial influence of DNA helix stability on
DNA dependent RNA and DNA polymerases, however, without completely excluding effects from Tetl medi-
ated changes in the global transcriptome.

Since both processes rely on opening the DNA double helix by breaking the hydrogen bonds between
pairing DNA bases, it is likely that more stable DNA base interactions and, in turn, a more stable DNA helix,
would require more energy and/or time for DNA strand separation. Our DNA melting temperature analyses
and FISH-based assays described above show exactly this more stable DNA helix upon cytosine methylation
(5mC). This effect is reverted by its oxidized forms (5hmC, 5fC and 5caC). To further focus on the helicase
enzyme responsible for DNA strand separation during DNA replication, we uncoupled the replisome by a drug-
based method [340]. Aphidicolin specifically inhibits DNA polymerases while not interfering with the helicase
activity. As a helicase speed readout, we used the accumulation of fluorescently tagged single-stranded DNA
binding protein (GFP-RPA34). TetlCD overexpressing cells, as well as cells deficient for all cytosine modifi-
cations (MEF p53 7 and dnmtl”" and ]J1 TKO) showed increased RPA accumulation levels in comparison to
control cells. This effect was particularly strong in normally highly methylated regions, i.e. chromocenters
[? 1. This result strongly suggests increased helicase unwinding speeds due to 5mC loss and a concomitant
decrease in DNA helix stability, resulting in easier and faster base pair breaking and strand separation. In
view of the above results in Dnmt TKO mES cells, we additionally conclude that the reduced DNA stability
facilitates DNA unwinding/replication, resulting in a faster completion of S-phase stage Il. In vitro helicase

unwinding assays on modified DNA templates would further enhance our in vivo observations.

6.3.3 Cytosine Modifications Modulate DNA Metabolic Processes by Changing the DNA Stability

ur study reveals, by in vitro and in vivo assays, important effects of cytosine modifications at the very
O basic level of the DNA helix itself, thereby influencing numerous ubiquitous DNA related processes
(Figure 6.1). Although the enzymes from different species used in this study may not be compared per se,
the mere physical event of opening the double helix to allow DNA or RNA polymerization is an essential step
in all organisms. Our observations from different experimental setups using proteins from different species
are in strong favor of a dependency of the DNA opening process on the modification state of the underly-
ing DNA. We propose that such an elementary mechanism will act in addition to the multiple other ones
described before, representing a possible new contribution of modified bases to enable local fine-tuning of
nuclear metabolic processes. A compelling idea arising from the changes in modified DNA helix stability is the
presence of modified bases reducing duplex stability at origins of replication. In bacteria adenine methylation

(m6A) at GATC sites regulates DNA replication initiation [341, 342], possibly via its DNA duplex destabilizing
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effect [324]. The presence and function of m6A in mammalian genomes is, however, still debated [343-346].
In line with this idea is a recent study showing 5hmC enrichment at mammalian origins of replication and
its implication in replication-licensing factor recruitment [347]. Immunofluorescent detection of base modifi-
cations on nucleotide labeled single-molecule DNA fibers may provide further insights into this assumption.
Similarly, comparing the replication fork speeds in modified versus unmodified DNA regions would be an ad-
ditional pivot of our model of base modifications as local regulators of nuclear mechanisms. In this respect,
the identification and sequencing of the first mammalian origins (very early origins) to fire by nascent DNA
seqguencing in single-cells may allow further investigations on the chromatin landscape these sequences are

embedded in.

6.3.4 Cytosine Modifications and Their Readers and Writers Regulate Genome Stability

esides the here-above discussed influences on DNA double helix stability and the ensuing effects on

B ubiquitous and essential nuclear processes, cytosine modifications are known to greatly influence the
genomic distribution of their readers, and, accordingly, gene expression patterns. Recent findings, however,
highlight that the opposite point of view is also possible; reader proteins define the DNA modification place-
ment by regulating the accessibility of the modified DNA bases to their respective modifier enzymes. Indeed
the MBD protein family members MeCP2, MBD2 and MBD1b were shown to hinder the Tetl mediated 5mC
oxidation to 5hmC by blocking the access to the DNA and the methylated base (guardians of the epigenome,
[35, 348]). In line, unrestricted access of TET1 to pericentromeric heterochromatin (MeCP2 knock-out cells)
and, in turn, elevated 5hmC levels, increased transcriptional noise from major satellite repeats [35]. Simi-
lar observations were made for LINE-1 retrotransposition activation [349]. However, the opposite case was
observed for MBD1a, which, via direct interactions with TETL, recruits the dioxygenase to highly methylated
pericentromeric heterochromatin [348]. Taken together, these studies demonstrate that complex time and
dose-dependent cross-regulations of cytosine modifications and their readers and modifiers exist. Cytosine
modifications, therefore, represent an essential epigenetic tool for the cell to translate the modifications into
distinct chromatin states, thereby fine-tuning essential nuclear processes. Additionally, this tool can act at
distinct levels of the chromatin, ranging from the DNA double helix stability to higher-order chromatin states
and is inherently regulated by the tight interplay of DNA modifications and modification readers and writers.
In summary, several levels of epigenetic regulation, ranging from the DNA double helix properties, over
the distinct interplay of DNA modification readers and writers, to higher-order chromatin and loop structures,
are tightly linked and interconnected to coordinate complex nuclear processes, to maintain genome integrity

and stability and, eventually, to ensure organism development and persistence.
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8.1 Abbreviations

A

aa

Aph

AML
ARS

ATP
BAZ2A/B
BER

bp

BrdU

C

CcC

CDK
cDNA
CTCF
Cal
ChlP-Seq
Cl

Cldu
c-Myc
CTD
CXXC
Cy3

Cy5

DAPI
d5caC
d5fC
d5hmC
d5mC
d5caCTP
d5fCTP
d5hmCTP
d5mCTP
dATP
dCTP
dGTP
DDK

Adenine

Amino acid

Aphidicolin

Acute myeloid leukemia

Autonomously replicating sequence
Adenosine triphosphate

Bromodomain Adjacent To Zinc Finger Domain 2A/B
Base excision repair

Base pair(s)

5-Bromo-2’-deoxyuridine

Cytosine

Chromocenter

Cyclin-dependent kinase

Complementary DNA

CCCTC-Binding Factor

CpG island

Chromatin immunoprecipitation followed by DNA sequencing
Confidence interval

5-Chloro-2’-deoxyuridine

Cellular myelocytomatosis

C-terminal domain

Cysteine/X/X/cysteine zinc finger motif
Cyanine 3

Cyanine 5

4’,6-diamidino-2-phenylindole
2’-Deoxy-5-carboxyl-cytosine
2’-Deoxy-5-formyl-cytosine
2’-Deoxy-5-hydroxymethyl-cytosine
2’-Deoxy-5-methyl-cytosine
2’-Deoxy-5-carboxyl-cytosine 5’-triphosphate
2’-Deoxy-5-formyl-cytosine 5’-triphosphate
2’-Deoxy-5-hydroxymethyl-cytosine 5’-triphosphate
2’-Deoxy-5-methyl-cytosine 5’-triphosphate
2’-Deoxyadenosine 5’-triphosphate
2’'-Deoxycytosine 5’-triphosphate
2’-Deoxyguanosine 5’-triphosphate

Dbf4-dependent kinase
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8.1 Abbreviations

DDR DNA damage response

DMEM Dulbecco’s modified eagle medium
DMSO Dimethylsulfoxid

DNA Deoxyribonucleic acid

Dnmt DNA methyltransferase

dNTP Deoxyribonucleoside 5’-triphosphate
DSB Double-strand break

DSBH Double-stranded beta helix

DTT Dithiothreitol

dTTP 2’-Deoxythymidine 5'-triphosphate
duTP 2’-Deoxyuridine 5’-triphosphate
EDT Euclidian distance transform

EDTA Ethylenediaminetetraacetic acid
EdU 5-Ethynyl-2’-deoxyuridine

ES cell Embryonic stem cell

ESI Electron spectroscopic Imaging

EU 5-Ethynyl-uridine

exo” Exonuclease deficient

FACS Fluroescence activated cell sorting
FBS Fetal bovine serum

Fe Iron

FISH Fluorescence in situ hybridization
FRAP Fluorescence recovery after photobleaching
YH2AX Phosphorylation of histone H2AX
G-phase Gap phase

G Guanine

Gb Gigabase pair(s)

GBP GFP binding protein

gDNA Genomic DNA

GFP Green fluorescent protein

Gy Gray

H3K9ac Acetylation of histone 3 at lysine 9
H3K9me3 Tri-methylation of histone 3 at lysine 9
H4K5ac Acetylation of histone 4 at lysine 5
H4K8ac Acetylation of histone 4 at lysine 8
H4K12ac Acetylation of histone 4 at lysine 12
HDAC Histone deacetylase

HEK Human embryonic kidney

HRM High-resolution melting temperature analysis
HRP Horseradish peroxidase

ID Intervening domain
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Kif4

KO

L1 & LINE1
LIF

LTR

M

mo6A
MaSat
Mb
MBD
Mbd1-6
MBP
mch
MCM helicase
mCpG
Mecp2
mES cells
MEF
MiSat
miRFP
mNSC
mRFP
MLL
MTase
nanoRFi
NCoR
NLS

nt

NTD
NuRD
Oct4
Ok-seq

5-iodo-2’-deoxyuridine

Inhibition of the Dvl and Axin complex
Inter-origin distance

lonizing irradiation

Initiation site

In vitro transcription

Initiation zone

Kilo dalton

Kilobase pair(s)

Kruppel-like factor 4

Knock-out

Long interspersed nuclear element 1
Leukemia inhibitory factor

Long terminal repeat

Marker

N6-methyladenine

Major Satellite

Megabase pair(s)

Methyl-CpG binding domain

Methyl-CpG binding domain proteins 1-6

Methyl-CpG binding protein

mcherry

Minichromosome maintenance helicase
Methylated CpG dinucleotide
Methyl-CpG binding protein 2

Mouse embryonic stem cells

Mouse embryonic fibroblasts

Minor Satellite

Monomeric near infrared fluorescent protein

Mouse neuronal stem cells
Monomeric red fluorescent protein
Mixed lineage leukemia
Methyltransferase

Nano replication foci

Nuclear receptor corepressor

Nuclear localization signal
Nucleotides

N-terminal domain

Nucleosome Remodeling Deacetylase
Octamer-binding transcription factor 4

Okazaki fragment sequencing
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8.1 Abbreviations

ORF Open reading frame

ORI Origin of replication

p53 Tumor suppressor protein of 53 kDa
PBS Phosphate buffered saline

PBST PBS containing Tween

Pen/Strep Penicilin/Streptavidin

Ph Phase contrast

PCNA Proliferating cell nuclear antigen
PCR Polymerase chain reaction

PEI Polyethylenimine

PTM Post-translational modification

pWF Pseudo widefield

PZF Polydactyl zinc finger

RA Retinoic Acid

rDNA Ribosomal DNA

Repli-FISH Combination of DNA replication detection (Repli) and fluorescence in situ hybridization (FISH)
RF Replication focus

RFi Replication foci

RFS Replication fork speed

Repli-Seq Replicated DNA sequencing

RNA Ribonucleic acid

ROI Region of interest

RPA Replication protein A

RTT Rett syndrome

Se Early S-phase

S. cerevisiae  Saccharomyces cerevisiae

SEM Standard error of the mean

S Late S-phase

Sm Mid S-phase

SNS-seq Short-nascent-strand sequencing
S-phase Synthesis phase

SINE Short interspersed nuclear element
Sox?2 SRY (sex determining region Y)-box 2
SSB Single stranded binding protein
SSC Saline-sodium citrate

StDev Standard deviation

Sve Very early S-phase

Sy Male specific S-phase substage of Y chromosome replication
T Thymine

TAD Topologically associated domain
TDG Thymine DNA glycosylase
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TET
TET1CD
TKO
Tm
TPRT
TRD
TS
TSA
Uhrfl
UTR

wt

2i
3D-SIM
5caC
5fC
5hmC
5hmU
5mC
6-FAM

Ten eleven translocation

Tetl catalytic domain

Triple knock-out

Melting temperature

Targeted primed reverse transcription
Transcriptional repression domain

Targeting sequence

Trichostatin A

Ubiquitin-like with plant homeodomain and ring finger domains 1
Untranslated region

Wild type

2 Inhibitors (Gsk33 and MEK inhibitors)
3-Dimensional structured illumination microscopy
5-Carboxylcytosine

5-Formylcytosine

5-Hydroxymethylcytosine

5-Hydroxymethyluracil

5-Methylcytosine

6-Carboxyfluorescein
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8.2 List of Contributions

8.2.1 DNA Modification Readers and Writers and Their Interplay

C.R. prepared figure 3 and wrote the text for sections 1 (Introduction), 2 (Effect of cytosine modifications on
DNA double helix structure and recognition by proteins), 3 (DNMT writers, MBD readers, and TET modifiers),
3.1 (DNMT writer enzymes and the 5mC mark), 3.2 (MBD reader proteins), 3.2.1 (MecP2), 3.2.2 (Mbd1l), 3.2.3
(Mbd2), 3.2.4 (Mbd3), 3.2.5 (Mbd4), 4 (DNA methylation and binding of MBD readers), 4.1 (TET modifiers and
oxidized cytosine variants), 4.1.1 (Ten-eleven-translocation proteins, oxidative cytosine variants, and DNA
demethylation), 4.1.2 (Genomic distribution of oxidative cytosine variants), 5 (Interplay of DNA methylation
readers and modifiers) and 6 (Concluding remarks/Perspectives). F.H. prepared figures 1 and 2 and text
sections 3.1 (DNMT writer enzymes and the 5mC mark) and 4.1.3 (TET isoforms). M.C.C. conceived and

supervised the project and wrote the manuscript.

8.2.2 Repli-FISH: Application of 3D-(Immuno)-FISH for the Study of DNA Replication Timing of

Genetic Repeat Elements

C.R. performed experiments for figures 4C, 5, 7, S2 and S3, analyzed data in figures 4A-C, 5, 6, 7, S2 and
S3, prepared figures and wrote the manuscript. PW. performed experiments for figures 4C, 5, 8, S2 and S4,
analyzed data in figures 4C, 5, 6, 8, S2 and S4, prepared figures and wrote the manuscript. A.S. performed

experiments for figures 4A-B and 6. M.C.C. conceived and supervised the project and wrote the manuscript.

8.2.3 DNA Replication and Repair Kinetics of Alu, LINE-1 and Satellite Ill Genomic Repetitive

Elements

C.R. contributed to data analysis in figure S3a. F.N. performed the ChIP-Seq experiment, genomic data analy-
sis and wrote the manuscript. A.R. performed the ChIP-Seq experiment, genomic data analysis, image analy-
sis and wrote the manuscript. A.S. performed and analyzed FISH experiments and wrote the manuscript. W.Y.
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