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1. Summary

Transcription and DNA replication are fundamental nuclear processes that control the expression
of genes and ensure the correct duplication of the genome, respectively. Tight regulation of these
molecular machines is of paramount importance as both dysregulated transcription and
replication are associated with numerous diseases including cancer. Importantly, both processes
require extensive remodeling of the underlying chromatin template to perform their function.
Transcription-replication conflicts (TRCs) are nuclear events during which transcription and
replication collide on the same DNA template during the S-phase of the cell cycle. Despite their
rare occurrence, TRCs are potent inducers of DNA damage, mutations, and genomic instability.
Given that transcription and replication extensively remodel chromatin during their progression on
the genome, one hypothesis suggests that TRC sites might be particularly vulnerable to chromatin
and epigenome alterations that could provoke genome instability. In this work, | engineered an
inducible TRC reporter system by genomically integrating an R-loop-prone sequence previously
used for conflict induction and characterized the dynamic changes of the local chromatin structure
inflicted by TRCs. Importantly, the new reporter system was not only able to induce chromosomal
TRCs with high efficiency but also induced drastic local replication impairments, which coincided
with an activation of the DNA damage response in a local but also global manner. TRC-inducing
cells were also particularly sensitive to inhibition of the Ataxia Telangiectasia and Rad3 related
(ATR), a crucial kinase of the replication stress response. Analyzing the impact of TRCs on
chromatin organization, | found a striking loss of nucleosome occupancy at the activated TRC
reporter that was highly dependent on the stability of the associated R-loops. Furthermore, |
investigated numerous histone modifications for an association with TRCs and found an increase
in H3K79 methylation specifically at the R-loop forming TRC site. Through inhibition of H3K79
methylation writer enzyme disruptor of telomeric silencing-1-like (DOT1L), | showed that H3K79
methylation is actively deposited at TRC sites. Further, lack of DOT1L activity resulted in reduced
transcriptional output and exacerbated DNA damage response, suggesting that deposition of this
modification is required for effective transcription recovery and resolution of TRCs. Beyond the
work on the reporter system, | characterized the potential of several oncogene overexpression
cell lines to induce TRCs and identified CDC25 and CDC6 overexpression as potent disruptors
of transcription-replication coordination. Ultimately, my work establishes a powerful new reporter
system and cancer model cell lines to study TRC biology, while also uncovering novel chromatin
dynamics at TRC sites and revealing a specific epigenetic modifier bookmarking TRCs, that are

relevant to cancer and other diseases.



2. Zusammenfassung

Transkription und DNA-Replikation sind fundamentale Prozesse im Nukleus der Zelle, welche
jeweils die Genexpression und korrekte Duplikation des Genoms kontrollieren. Eine strenge
Regulierung dieser Prozesse ist von grofdter Bedeutung, da sowohl gestérte Transkription als
auch gestorte Replikation mit zahlreichen Krankheiten einschliefdlich Krebs in Verbindung
gebracht werden. Beide Prozesse erfordern eine umfassende Umgestaltung des zugrunde
liegenden Chromatins, damit sie ihre Funktion erfillen kénnen. Transkriptions-Replikations-
Konflikte (TRC) sind nukleare Ereignisse, bei denen Transkription und Replikation wahrend der
S-Phase des Zellzyklus auf derselben DNA kollidieren. Trotz ihres seltenen Auftretens haben sich
TRCs als potente Ausldser von DNA-Schaden, Mutationen und genomischer Instabilitat erwiesen.
Da Transkription und Replikation das Chromatin wahrend ihres Fortschreitens auf dem Genom
umfassend umgestalten, legt eine Hypothese nahe, dass TRC-Stellen besonders anfallig fur
Chromatin- und Epigenomveranderungen sein konnten, die wiederum eine Instabilitat des
Genoms begunstigen kdnnten. In dieser Studie habe ich ein induzierbares TRC-Reportersystem
entwickelt, indem ich eine zuvor zur Konfliktinduktion verwendete R-Loop-anfallige Sequenz
genomisch integriert und die durch TRCs verursachten dynamischen Veranderungen der lokalen
Chromatinstruktur charakterisiert habe. Das neue Reportersystem induziert nicht nur
chromosomale TRCs mit hoher Effizienz, sondern erzeugt auch drastische lokale
Replikationsbeeintrachtigungen, die mit lokalen und globalen DNA-Schaden einhergingen. TRC-
induzierende Zellen reagierten au3erdem besonders empfindlich auf die Inhibierung von Ataxia
Telangiectasia and Rad3 related (ATR), einer entscheidenden Kinase in der Reaktion auf
Replikationsstress. Bei der Analyse der Auswirkungen von TRCs auf die Chromatinorganisation
stellte ich einen deutlichen Verlust in der Dichte von Nukleosomen am aktivierten TRC-Reporter
fest, der stark von der Stabilitdt der zugehdrigen R-Loops abhangig war. Dartber hinaus habe ich
zahlreiche Histon Modifikationen auf eine Assoziation mit TRCs untersucht und einen Anstieg der
H3K79-Methylierung speziell an den R-Loop-bildenden TRC-Stellen festgestellt. Durch
Hemmung des H3K79-Methylierungs-Writer-Enzyms Disruptor of Telomeric Silencing-1-like
(DOT1L) konnte ich zeigen, dass H3K79-Methylierung aktiv an TRC-Stellen positioniert wird.
Weiterhin flhrte das Fehlen von DOT1L-Aktivitat zu einer verringerten Transkriptionsleistung und
verstarkten DNA-Schaden, was darauf schlieRen lasst, dass die aktive Positionierung dieser
Histonmodifikation fir einen effektiven Neustart der Transkription und Auflésung von TRCs
erforderlich ist. Abgesehen von der Arbeit am Reportersystem habe ich das Potenzial zur

Auslésung von TRC in verschiedener Zelllinien mit Uberexpression von Onkogenen



charakterisiert. Dabei habe ich die Uberexpression von CDC25 und CDC6 als potente
Storfaktoren der Transkriptions-Replikations-Koordination identifiziert. Letztendlich etabliert
meine Arbeit ein leistungsstarkes neues Reportersystem und Krebszellen basierte Modelle zur
Untersuchung der TRC-Biologie, deckt neue Chromatindynamiken an TRC-Stellen auf und
charakterisiert eine spezifische epigenetische Modifikation, die TRCs markiert und fur Krebs und

andere Krankheiten relevant ist.



3. Introduction

3.1 Chromatin function and organization

Chromatin is a complex polymer of DNA, proteins, and associated RNAs located in the nucleus
of eukaryotic cells. Its primary function is to organize and compact the DNA, thereby allowing it to
fit within the confines of the nucleus while also playing a fundamental role in regulating gene
expression and DNA replication. The basic organization unit of chromatin is the nucleosome,
which consists of a segment of about 147 base pairs (bp) of DNA wound around an octameric
core of histone proteins (two molecules each of H2A, H2B, H3, and H4) (Fig. 1) (Luger et al.,
1997). Adjacent nucleosomes are linked to each other by small segments of 20-50 bp linker DNA,
which is frequently bound by histone H1 to stabilize the nucleosome core particle and enable the
formation of higher-order chromatin structures (Hergeth & Schneider, 2015; Thoma et al., 1979).
This "beads on a string" nucleosome configuration has been proposed to further organize in
compacted and fiber-like structures with a diameter of ~30 nm (Fig. 1) (Philip JJ Robinson &
Rhodes, 2006; Thoma et al., 1979). Nevertheless, the function, existence in vivo, and exact shape
of this higher-order chromatin fiber remains a matter of active research and debate (Maeshima et
al., 2019; Quénet et al., 2012). The action of chromatin architectural proteins such as CCCTC-
binding factor (CTCF) and cohesin complexes further enable the formation of chromatin loops
and topologically associated domains (TADs) (Fig. 1) (Beagan & Phillips-Cremins, 2020; Dixon
et al., 2012; Gabriele et al., 2022; Hongshan Zhang et al., 2023). TADs are megabase-scale
genomic regions whose DNA sequences preferentially contact each other (Beagan & Phillips-
Cremins, 2020; Dixon et al., 2012). They have been shown to regulate gene expression through
enhancer-promoter interaction or restriction and aid the compartmentalization of chromatin
(Beagan & Phillips-Cremins, 2020; Cavalheiro et al., 2021). Finally, individual chromosomes are
compartmentalized and occupy discrete territories within the nucleus (Misteli, 2020), thereby

providing the basic scaffold for nuclear organization (Fig. 1).

From a simplified point of view, chromatin can be functionally divided into two primary forms:
euchromatin and heterochromatin. Euchromatin, is generally less compacted, transcriptionally
active, early replicating, and located towards the center of the nucleus (Hildebrand & Dekker,
2020; Julienne et al., 2013; Lieberman-Aiden et al., 2009; Pope et al., 2014). Euchromatic regions
are typically gene-rich and contain many active genes required for cell homeostasis (Hildebrand
& Dekker, 2020). Moreover, the more open state of euchromatin further enables replication-

dependent and independent DNA repair processes (Lorat et al., 2012). Heterochromatin, on the
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other hand, is more densely packed, transcriptionally inactive, late-replicating, peripheral, and
associated with the nuclear lamina (Hildebrand & Dekker, 2020; Julienne et al., 2013; Pope et al.,
2014). Heterochromatin is frequently further subdivided into constitutive heterochromatin, a
permanently condensed state found for example at centromeres, telomeres, and other repetitive
sequences (Saksouk et al., 2015), and facultative heterochromatin, which can more easily switch
from an inactive to an active state upon adequate stimulation (Grewal, 2023). The maintenance
and balance between euchromatin and heterochromatin are fundamental for normal cellular

function and integrity (Mirabella et al., 2015).

The structure-function relationship of chromatin is regulated by numerous highly interdependent
processes, including histone modification (such as acetylation, methylation, ubiquitination, and
phosphorylation), the incorporation of histone variants, chromatin remodeling, and topological
rearrangements (Bannister & Kouzarides, 2011; Millan-Zambrano et al., 2022). These
modifications can either condense or decondense chromatin or alter its nuclear localization,
ultimately, influencing gene expression. In addition to its role in gene regulation, chromatin is also
involved in DNA repair and replication (Alabert et al., 2017; Alabert & Groth, 2012; Lorat et al.,
2012). During cell division, chromatin compaction ensures that the DNA is accurately replicated
and properly segregated into the two daughter cells (Schneider et al., 2022). Deregulation of
chromatin structure or function can lead to various diseases, including cancer, thereby highlighting
its critical role in numerous cellular processes such as transcription or DNA replication (Mirabella
et al., 2015).

Nucleosomes Chromatin loops Chromosomes

Tj
.
.

S

DNA Chromatin
double helix Chromatin fiber? domains / TADs Nucleus

et
It

Figure 1: The organization levels of DNA in the eukaryotic genome

The DNA double helix is wrapped around the nucleosome, which is made up of an octameric core histones.
Although debated, nucleosomes might organize into chromatin fibers, which fold into chromatin loops.
These loops can be further grouped into chromatin domains, also called TADs, which associate with each
other to form chromatin compartments. The DNA of each chromosome occupies a distinct chromosome
territory within the cell nucleus. Created in BioRender.com.



3.2 Transcription regulation and co-transcriptional secondary
structures

During the development and life of an organism, specific gene expression programs need to be
established and maintained in different cell types. This is achieved by the process of transcription,
where RNA polymerase enzymes synthesize RNA in a DNA-dependent manner. In eukaryotic
cells, three different RNA polymerases have been identified that transcribe different classes of
genes (Cramer, 2019; Roeder & Rutter, 1969; Sentenac, 1985). RNA polymerase | (RNAPI)
transcribes large ribosomal RNA precursors, RNA polymerase || (RNAPII) synthesizes messenger
RNAs (mRNAs) and several non-coding RNAs, and RNA polymerase Il (RNAPIII) produces
transfer RNAs (tRNAs) and small ribosomal RNAs (Sentenac, 1985). Besides their target genes,
the three RNA polymerase complexes differ in their regulation and associated cofactors (Cramer,
2019).

For the initiation of transcription, an RNA polymerase first needs to recognize the promoter of its
target gene. Efficient promoter recognition and binding requires the concerted action of an RNA
polymerase with the basal transcriptional machinery or general transcription factors and is aided
by numerous coactivators such as transcription factors as well as chromatin remodelers that open
up chromatin to create an environment permissive for transcription (Knezetic & Luse, 1986;
Lambert et al.,, 2018; Lorch & Kornberg, 2017; Utley et al., 1998; Zhu et al., 2018). Further
sequence features of promoters like CpG islands and TATA box elements contribute to promoter
recognition, activity, and transcriptional output (Deaton & Bird, 2011; Muller & Tora, 2014;
Schubeler, 2015). As RNAPII transcribes the vast majority of eukaryotic genes, transcription
initiation, elongation, and termination has been extensively characterized for this enzyme.
Transcription initiation begins with the formation of the pre-initiation complex (PIC) that includes
several general class Il initiation factors that bind upstream DNA sequences and aid in the correct
positioning of RNAPII at the promoter (He et al., 2016; Kostrewa et al., 2009; Louder et al., 2016;
Philip J. Robinson et al., 2016). The local chromatin context such as nucleosome positioning and
DNA topology have been suggested in aiding PIC establishment (Andersen et al., 2017; Levens
et al., 2016; Vermeulen et al., 2007). Particularly, a well-positioned +1 nucleosome downstream
of the PIC and an upstream -1 nucleosome demarcate a nucleosome-free region of around
200 bp and contribute to transcription regulation (Abril-Garrido et al., 2023; Jiang & Pugh, 2009).
Following recognition, the promoter will be opened via the action of TFIIH subunit XPB. XPB acts
as a DNA translocase that unwinds DNA and propels it into the active center of RNAPII (Grlinberg
et al., 2012; Holstege et al., 1996). RNAPII initiation is enabled by the action of the Mediator



complex, which stimulates the phosphorylation of the RNAPII C-terminal domain (CTD), a tail-like
extension of the largest RNAPII subunit RPB1. CTD phosphorylation on Serine 5 (Ser5P) and
Serine 7 (Ser7P) by TFIIH kinase subunit cyclin-dependent kinase 7 (CDK7) results in promoter
escape and transition into transcription elongation (Fig. 2) (Ebmeier et al., 2017; Eick & Geyer,
2013; Kornberg, 2005; Wong et al., 2014). Especially Ser5P was shown to reduce the affinity of
RNAPII to the Mediator complex and facilitate promoter escape (Singh et al., 2022; Velychko et
al., 2024). In metazoan cells transcription is also regulated at the elongation step. Frequently,
RNAPII engages in promoter-proximal pausing, during which RNAPII pauses ~50 bp downstream
of the transcription start site (TSS) (Core & Adelman, 2019; Eick & Bornkamm, 1986; Rougvie &
Lis, 1988; Strobl & Eick, 1992). Pausing is mediated by negative elongation factor (NELF) and
DRB sensitivity inducing factor (DSIF) (Bernecky et al., 2017; Vos, Farnung, Urlaub, et al., 2018;
Yamaguchi et al., 2013). RNAPII pausing is thought to act as an intermediate step to recruit
additional elongation factors to form a stable elongation complex (Vos, Farnung, Boehning, et al.,
2018). Positive elongation factor b (P-TEFb) subunit cyclin-dependent kinase 9 (CDK9)
phosphorylates NELF, DSIF, and the RNAPII CTD to release RNAPII from pausing into processive
elongation (Vos, Farnung, Boehning, et al., 2018; Yamada et al., 2006; Q. Zhou et al., 2012).
Actively elongating RNAPII is marked by Tyrosine 1 phosphorylation (Tyr1P), Serine 2
phosphorylation (Ser2P), and Threonine 4 phosphorylation (Thr4P), which are deposited by
numerous CTD kinases (Buratowski, 2009; Tellier et al., 2020). These marks accumulate
throughout the gene body but disappear towards transcription termination (Fig. 2). Whereas
Ser2P and Thr4P have been shown to recruit elongation factors for RNAPII processivity, Tyr1P
prevents binding of termination factors and is removed before termination occurs (Singh et al.,
2022). In contrast to initiation and elongation, the details of RNAPII termination are less well
understood since termination can occur at many stages of the transcription cycle (Proudfoot,
2016). Termination of a productive transcription cycle occurs at the polyadenylation signal (PAS)
(Huimin Zhang et al., 2015). Here a torpedo model of nucleolytic RNA degradation by
exonuclease XRN2 (Luo et al., 2006) and an allosteric switch model with protein phosphatase 1
(PP1)-dependent dephosphorylation of the CTD and RNA cleavage have been proposed (Parua
et al., 2018).



x52 CTD repeats

Tyr1P

Ser2P

Thr4P

Ser5P

Ser7P

1
1
1
1
1
. :
PIC TSS Early Productive PAS Termination
formation elongation elongation window

Figure 2: The phosphorylation state of the RNAPII CTD is regulated during transcription.

During the transcription cycle of human RNAPII and its progression through the transcribed gene, different
phosphorylation modifications are added or removed on the 52 heptad repeats of the CTD, thereby
promoting unique functions such as promoter escape, processive elongation, and termination.

The protective chromatin structure is necessarily disrupted during the transcription cycle,
providing a window of opportunity for secondary structures to form between transcribed RNA
molecules and DNA as well as on DNA alone. Thus, many of these non-canonical structures
described below arise frequently during transcription of all RNA polymerases. Strikingly, elevated
levels of these structures have been shown to cause DNA damage and constitute an endogenous
threat to genomic integrity (Garcia-Muse & Aguilera, 2019). For example, R-loops comprise
RNA:DNA hybrids that form co-transcriptionally when the transcribed RNA molecule invades
double-stranded DNA (dsDNA) behind the polymerase and hybridizes to the template strand
(Brickner et al., 2022; Garcia-Muse & Aguilera, 2019; Petermann et al., 2022). Coincidingly, the
non-template strand is displaced as single-stranded DNA (ssDNA) (Subin Kim et al., 2024).
Quantitative analysis of R-loops using imaging and sequencing techniques has demonstrated that
RNA:DNA hybrids occupy 5-10 % of the genome and reach sequence lengths reaching from less
than 60 bp up to several kilobases (Brickner et al., 2022; Chédin, 2016; Crossley et al., 2020,
2021; Ginno et al., 2012). Due to their transcriptional origin, R-loops are predominantly genic
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features but have also been found at enhancers, centromeres, telomers, and other repetitive
genomic regions (Q. Liu et al., 2021; Niehrs & Luke, 2020; Tan & Lan, 2020). Moreover, R-loop
formation is favored in regions with high GC-content and GC-skew, which describes a strong
strand asymmetry in the distribution of G and C residues (Castillo-Guzman & Chédin, 2021).
Importantly, the exposed ssDNA opposing the R-loop is susceptible to secondary structure
formation like G-quadruplexes (G4) and DNA damage (Subin Kim et al., 2024). Transcription with
simultaneous R-loop formation has been shown to slow the progression of RNA polymerases
(Belotserkovskii et al., 2020; Tous & Aguilera, 2007), thereby causing potential discoordination
with other genomic processes such as DNA replication (Huertas & Aguilera, 2003). Stable R-loop
formation frequently impairs the progression of replication forks, thereby inducing DNA replication
stress and genomic instability (Garcia-Muse & Aguilera, 2019; Hamperl et al., 2017).
Consequently, the cell employs numerous enzymes to remove R-loops. R-loop helicases such as
Aquarius (AQR) or Senataxin (SETX) can unwind hybrids (Hasanova et al., 2023; Skourti-Stathaki
et al., 2011; Yang et al., 2023), whereas the R-loop specific ribonucleases (RNases) RNase H1
and RNase H2 degrade the RNA part of the R-loop for removal (Hyjek et al., 2019; H. Zhao et al.,
2018). Despite being a threat to genomic integrity, R-loops also have physiological roles in
mediating class-switch recombination in B-cells (Yu et al., 2003), contributing to gene regulation
(Niehrs & Luke, 2020) and promoting DNA repair processes in transcribed regions as well as
telomeres (Marnef & Legube, 2021; Tan & Lan, 2020). Consequently, tight regulation of R-loop

transcription is essential to preserve nuclear function, gene regulation, and genomic integrity.

3.3 DNA replication and replication stress

The accurate duplication of the genetic information contained in the DNA double helix is essential
for the inheritance and maintenance of cell identity in an organism. DNA replication occurs during
all stages of life starting with the initial division of the fertilized egg, continuing throughout
development, and maintaining tissue integrity in adult life. The human genome consists of roughly
3 billion base pairs separated into 24 different chromosomes in males (Nurk et al., 2022). The
vast majority of cells contain two copies of the genome, amounting to a total of 6 billion base pairs
in a single cell. Considering that trillions of new cells are made in a human lifetime; accurate and
highly regulated duplication of the genome is required to maintain cell function and life. Failure to
preserve faithful DNA replication quickly leads to elevated mutation rates, frequently associated

with cancer and other diseases (Mertz et al., 2017).



DNA replication initiates at chromosomal positions called replication origins. Origins are
recognized by the origin recognition complex (ORC) (Bell et al., 1993; Foss et al., 1993). ORC
binds DNA in a ring-like fashion together with Cell Division Cycle 6 (CDC6), thereby bending the
DNA for further loading of the minichromosome maintenance complex (MCM2-7) that acts as the
replicative helicase (Feng et al., 2021). Via a number of intermediate steps, ORC, CDC6, and
Chromatin licensing and DNA replication factor 1 (CDT1) assist in loading the replicative MCM2-
7 double hexamer for bidirectional DNA replication (Remus et al., 2009; Weissmann et al., 2024).
Next, numerous firing factors enable the recruitment of CDC45 and GINS that can convert the
loaded MCM2-7 hexamers into the activated replicative helicase CMG (CDC45-MCM2-7-GINS)
(llves et al., 2010). DNA is synthesized in a continuous fashion by DNA polymerase € (POLE) on
the leading strand and in a discontinuous manner by DNA polymerase & (POLD) on the lagging
strand (Garg & Burgers, 2005; Nick McElhinny et al., 2008; Roske & Yeeles, 2024). Lagging strand
synthesis is aided by DNA polymerase a/primase synthesizing an RNA primer to initiate DNA
synthesis by POLD (Yuan et al., 2023). Discontinuous synthesis results in short (100-200 bp)
Okazaki fragments that are later matured by the concerted action of nucleases, DNA

polymerases, and ligases (H. Sun et al., 2023).

Unlike in simple eukaryotes such as Saccharomyces cerevisiae (yeast), human DNA replication
origins are not defined by a consensus sequence. Instead, a combination of sequence features
and local chromatin composition was proposed as the determinant of DNA replication initiation in
human cells (Hu & Stillman, 2023; Hyrien, 2016), thus leading to the definition of initiation zones
(Petryk et al., 2016). Furthermore, DNA replication occurs in a highly coordinated and defined
temporal manner, resulting in a replication timing program that organizes the genome into early-
or late-replicating regions (Fragkos et al., 2015; Hansen et al., 2010; Rhind & Gilbert, 2013).
Replication timing has been linked to 3D genome organization and shown to be cell type-specific
(Emerson et al., 2022; Marchal et al., 2019; Sima et al., 2019).

Interference with DNA replication by a number of cellular stresses is collectively termed replication
stress. DNA replication stress is defined by the slowing or stalling of replication forks and/or DNA
synthesis (Saxena & Zou, 2022; Zeman & Cimprich, 2013). Importantly, replication stress
threatens genome stability in normal and cancer cells and is considered a hallmark of cancer
(Hanahan & Weinberg, 2000, 2011). Major sources of replication stress are limited nucleotide
pools, unrepaired DNA lesions, DNA secondary structures, fragile sites, R-loops, and transcription
complexes (Saxena & Zou, 2022; Zeman & Cimprich, 2013). Additionally, the expression of

numerous oncogenes can cause replication stress by promoting increased unscheduled
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replication initiation, dysregulation of the replication checkpoint, and induction of fork reversal
(Kotsantis et al., 2016; Macheret & Halazonetis, 2018; Neelsen et al., 2013). To deal with
replication stress and maintain genomic integrity, cells have evolved a complex network of stress
response pathways to prevent, overcome, and tolerate replication impairments. A replication
stress response includes several interconnected responses at the replication fork including the
activation of the replication checkpoint (Recolin et al., 2014), fork remodeling (W. Liu et al., 2020),
and initiation of DNA repair (Oh & Myung, 2022) or tolerance pathways (Ashour &
Mosammaparast, 2021; Buoninfante et al., 2023). (Ashour & Mosammaparast, 2021; Buoninfante
et al., 2023). If replication stress is not adequately resolved, it can lead to replication fork collapse,
which results in DNA breaks that prevent proper duplication of the genome (Kondratick et al.,
2021). This can trigger further genomic instability processes in mitosis, such as micronuclei
formation, and anaphase bridges (Saxena & Zou, 2022), which are frequently observed during
the malignant transformation of cancer cells (Bignell et al., 2010; Hanahan & Weinberg, 2000,
2011)

Ataxia Telangiectasia and Rad3 related (ATR) and Ataxia Telangiectasia Mutated (ATM) are two
key kinases that play essential roles in the cellular response to DNA damage and replication
stress. ATR is primarily activated in response to stalled replication forks that frequently
accumulate ssDNA (Choi et al., 2010; Zou & Elledge, 2003). This ssDNA is rapidly coated by
Replication Protein A (RPA), which recruits ATR via its partner ATR-Interacting Protein (ATRIP)
(Cortez et al., 2001; Zou & Elledge, 2003). Alternatively, ATR can be activated via Ewing’s tumor-
associated antigen 1 (ETAA1) that binds RPA directly and contains an ATR-activating domain
(Haahr et al., 2016; Saldivar et al., 2018). Both pathways appear to be working in an independent
but complementary manner (Haahr et al., 2016). Upon activation, ATR phosphorylates several
downstream targets, most notably the checkpoint kinase 1 (CHK1) (Matsuoka et al., 2007). This
phosphorylation triggers a cascade of events aimed at stabilizing the replication fork, thus,
preventing its collapse (Toledo et al., 2013). Additionally, ATR activation leads to the inhibition of
origin firing, slowing down the overall replication process and providing time for the replication
checkpoint to overcome the stress (Moiseeva et al., 2019; Toledo et al., 2013). Crucially, ATR
function has been shown to not only impair the progression of a stalled fork locally but instead
extends to adjacent forks in larger chromatin domains (Collins et al., 2020; Mutreja et al., 2018).
In contrast, ATM is predominantly activated by DNA double-strand breaks (DSBs) (Falck et al.,
2005; Ji Hoon Lee & Paull, 2005). Upon detecting a DSB, ATM is rapidly activated through
autophosphorylation and consequently phosphorylates a wide range of target proteins, including
the checkpoint kinase CHK2 (Bakkenist & Kastan, 2003; Matsuoka et al., 2007). Activation of the
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ATM kinase ultimately halts the cell cycle at the G1/S and G2/M checkpoints (Kastan et al., 1992;
Khanna et al., 2001) and further regulates repair via homologous recombination (HR) or non-
homologous end joining (NHEJ) pathway choice (Britton et al., 2020; Chanut et al., 2016). Despite
their specialization, both kinases frequently crosstalk to enable an integrated DNA damage

response.

3.4 Transcription replication-conflicts

The genome serves as a template for a large number of nuclear processes such as transcription,
epigenetic regulation, DNA replication, and DNA repair. Many processes require intensive
crosstalk and cooperation with each other in order to maintain cellular function and integrity
(Garcia-Muse & Aguilera, 2016). Nevertheless, the co-occurrence of two machineries at the same
genomic location and time can lead to interference. One endogenous cause of replication stress
are TRCs, during which transcribing RNA polymerases collide with active replication forks on the
same DNA strand (Bermejo et al., 2012; Brewer, 1988; Garcia-Muse & Aguilera, 2016; Lalonde
et al., 2021). These conflicts have been shown to give rise to genomic instability (Helmrich et al.,
2011), mutations (Lang et al., 2017; Sankar et al., 2016), DNA breaks (Patel et al., 2023; St
Germain et al., 2022), and perturbed DNA replication (Groelly et al., 2022; Stoy et al., 2023),
highlighting the importance of tightly controlled transcription-replication coordination in all dividing
cells. TRCs can occur in two different forms depending on the relative orientation of transcription
and replication towards each other. Transcription and replication complexes moving towards each
other will result in head-on (HO) TRCs, whereas movement in the same direction will induce co-
directional (CD) TRCs (Fig. 3) (Hamperl et al., 2017). Importantly, HO-TRCs have been shown to
be the more deleterious type of TRCs in various model organisms due to their ability to induce
pausing and blockage of the replication fork, which in turn may lead to its collapse and the
formation of DNA breaks (Hamperl et al., 2017; Lang et al., 2017). In contrast, CD-TRCs are
considered less harmful and are more easily overcome by displacement of the RNA polymerase
(Briining & Marians, 2020; Bruno et al., 2024; Hamperl et al., 2017; Lang et al., 2017). Additionally,
HO conflicts are particularly susceptible to topological problems as both transcription and
replication accumulate positive supercoiling in their direction of movement, leading to a drastic
buildup of positive supercoiling at HO but not CD conflicts (Lang & Merrikh, 2021). Thus, the
removal of topological stress through topoisomerases is required to prevent genomic instability at
TRC sites (Lang & Merrikh, 2021; Y. Liu et al., 2021; Promonet et al., 2020). The more detrimental

role of HO-TRCs is further supported by an evolutionary-driven co-directional orientation bias of
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transcription and replication in bacteria and eukaryotes (Marsolier-Kergoat & Goldar, 2012; Petryk
et al., 2016; J. D. Wang et al., 2007). Efficiently firing replication origins frequently overlap with
TSSs of highly transcribed genes, thereby preventing HO-collisions (Marsolier-Kergoat & Goldar,
2012; Sequeira-Mendes et al., 2009). Moreover, evidence from plasmid-based TRC reporter
systems suggests that cells induce a conflict orientation-dependent DNA damage response.
Particularly, HO conflicts have been shown to induce the ATR signaling cascade, whereas CD-
TRCs rely on the activation of the ATM pathway (Hamperl et al., 2017). Consistent with results
from bacteria, the plasmid-based HO/CD constructs showed elevated R-loops levels in the HO
orientation, supporting a role for these structures in promoting TRC-induced genomic instability
(Garcia-Muse & Aguilera, 2019; Hamperl et al., 2017; Lang et al., 2017).

Head-ON TRC Co-directional TRC

e <

Transcription  Replication Transcription  Replication

Figure 3: TRCs can occur in head-on and co-directional orientation

Transcription and replication complexes moving towards each other cause head-on TRCs, whereas
movement in the same direction induces co-directional TRCs. Particularly, head-on conflicts favor the
formation of stable R-loops.

3.4.1 Fragile sites are genomic TRC hotspots

While TRCs have the potential to threaten genome stability in any dividing cell, it is important to
note that in the majority of genomic locations, transcription and replication occur in a coordinated
manner, thereby preventing TRCs. Additionally, the DNA damage response signaling, TRC
resolution factors, and R-loop processing enzymes ensure that TRCs are rapidly overcome, and
genome integrity is maintained (Lalonde et al., 2021). Nevertheless, a small subset of genomic
regions, termed common fragile sites (CFSs) (Debatisse et al., 2012; Durkin & Glover, 2007; T.
W. Glover, 1981; Thomas W. Glover et al., 1984), remains particularly susceptible to replication
stress and TRC-driven instability (Helmrich et al., 2011). Breakages in these regions can lead to
chromosomal rearrangements, deletions, or amplifications, thereby contributing to cancer and

other diseases (Bignell et al., 2010; Hellman et al., 2002). Many tumor suppressor genes are

13



found in CFSs, making them vulnerable to oncogenic mutations (Bignell et al., 2010; S. Li & Wu,
2020). CFSs are cell type-specific, located in gene-rich regions, and exceptionally large, spanning
hundreds of kilobases to megabases (Durkin & Glover, 2007; S. Li & Wu, 2020). The enormous
length of CFS genes and their elevated propensity to form DNA secondary structures make them
difficult templates for both transcription and replication (Helmrich et al., 2011). In fact, transcription
of CFSs can require more than one cell cycle to be completed (Helmrich et al., 2011). This
inherently creates a problem for DNA replication since the underlying DNA sequence must be
faithfully replicated during S-phase to ensure that no genetic information is lost in daughter cells.
Consequently, CFSs are likely hotspots for TRCs and TRC-driven genomic instability (Helmrich
et al., 2011). Besides CFSs, also other types of fragile sites such as early replicating fragile sites
(ERFS) in mouse B-cells (Barlow et al., 2013; St Germain et al., 2022) and recurrent DNA break
clusters (RDCs) (Corazzi et al., 2024; Wei et al., 2016) have been described to underlie TRC-
dependent genomic instability. ERFSs in contrast to CFS are located in gene- and replication
origin-rich regions with high transcription levels and early replication timing (Barlow et al., 2013;
St Germain et al., 2022). While the exact mechanisms of ERFSs instability remain unclear, high
transcription and putative TRCs have been demonstrated as crucial contributors (Barlow et al.,
2013; St Germain et al., 2022). RDCs have been primarily described in the replication timing
transition regions of neuronal progenitor cells, in which sparse replication origins connect
unidirectional forks (Corazzi et al., 2024). RDCs show a particularly high density of R-loops and
enrichment for HO-TRC-driven DSBs (Corazzi et al., 2024), demonstrating that TRCs can

threaten genomic integrity in different genomic contexts and cell types.

3.4.2 Oncogenes as drivers of transcription-replication interference

Genome instability and epigenetic dysregulation are hallmarks of cancer and contribute to
tumorigenesis and malignant behavior of many tumors (Hanahan & Weinberg, 2000, 2011).
Cancer cells frequently show aberrant replication and transcription programs that could favor the
occurrence  of TRCs and genome destabilization. Additionally, oncogene-driven
hypertranscription has recently been connected to replication stress since unscheduled excessive
transcription could result in exacerbated discoordination with replication and high TRC levels
(Bowry et al., 2021). Evidence from numerous recent studies suggests that several commonly
amplified or overexpressed oncogenes can cause TRCs and genomic instability in different
cancer models. Particularly, inducible overexpression of oncogenes CCNE1 and MYC, two of the

most frequently amplified genes in human cancers (Beroukhim et al., 2010; Bignell et al., 2010;
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Zack et al., 2013), were shown to induce firing of novel replication origins within highly transcribed
genes in U-2-OS osteosarcoma cells (Fig. 4A) (Macheret & Halazonetis, 2018). These oncogene-
induced replication forks showed high levels of fork collapse and DSBs due to TRCs, supporting
the concept of TRCs as drivers of tumor progression. In contrast, neuronal MYC isoform MYCN
expression in neuroblastoma was shown to cooperate with the nuclear exosome to prevent DSBs
and maintain transcription elongation, thereby mitigating TRCs in these highly proliferating cells
(Papadopoulos et al., 2022). Studies using the overexpression of glycine to valine mutated HRAS
on amino acid 12 (HRASY"?) in human fibroblasts, further demonstrate that oncogene-perturbed
transcription dynamics can cause replication stress via hypertranscription and resulting TRCs
(Fig. 4B), thus driving genomic instability in cancer (Kotsantis et al., 2016). For other oncogenes
such as phosphatase CDC25A (Neelsen et al., 2013) or origin licensing factor CDC6 (Zampetidis
et al., 2021), S-phase and/or transcription-associated replication stress has been described but a
direct connection to TRCs has not been established (Fig. 4C). However, increased DNA DSBs at
TSSs imply TRCs as potentially essential contributors (Zampetidis et al., 2021). Collectively, many
oncogenes are involved or likely involved in transcription and replication deregulation that directly
or indirectly can lead to TRCs. Considering the complex dysregulation of several oncogenes and
tumor suppressor proteins in cancer, a more comprehensive and cancer-type-specific analysis

will be required to understand oncogenic TRC formation at a high level of detail.
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Figure 4: Current view on how oncogenes could drive TRC formation

A)

B)

C)

D)

In a normal cell transcribing RNAPII inactivates intragenic origins in G1-phase, thereby preventing their
firing in subsequent S-phase. Upon overexpression of oncogenes Cyclin E and MYC S-phase entry is
accelerated and RNAPII does not have sufficient time to clear intragenic origins. These cryptically firing
origins give rise to replication forks that clash with still ongoing transcription and create TRCs.
(Macheret & Halazonetis, 2018)

Overexpression of oncogenic HRASVY2 mutant leads to hypertranscription. This unscheduled
transcription is more prone to stalling and thereby favors R-loop formation and collisions with the
replisome, thereby giving rise to TRCs (Kotsantis et al., 2016)

CDC25A controls the S-phase and M-phase entry checkpoints and works upstream of Cyclin E. So far,
no direct evidence for TRCs has been shown upon overexpression. Nevertheless, increased CDC25A
levels favor fork stalling and reversal as well as DNA damage, processes frequently occurring at TRC
sites (Neelsen et al., 2013).

CDCE6 is crucial for the formation of the pre-replicative complex and can induce replication stress upon
overexpression. Elevated CDC6 levels were shown to cause DNA damage at TSS sites, implying an
induction of CD TRCs (Zampetidis et al., 2021).
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3.4.3 Model systems to study TRCs

The rare nature of TRCs depending on two pervasive nuclear machineries makes them a difficult
event to study. While previous work on fragile sites and oncogenic dysregulation of transcription
and replication strongly point towards TRCs as inducers of genomic instability (Groelly et al.,
2022; Hamperl et al., 2017; Helmrich et al., 2011; Kotsantis et al., 2016; Lang et al., 2017;
Macheret & Halazonetis, 2018), many questions including TRC frequency, duration, genomic
location, and local proteome remain unanswered. This problem is partially due to the limitation in
methodology to detect and quantify TRCs. Proximity ligation assay (PLA) with antibodies targeting
RNAPII and proliferation cell nuclear antigen (PCNA) has been established as a proxy for
visualization and quantification of TRC levels (Hamperl et al., 2017; Lalonde et al., 2021). It
remains the only currently available method for probing direct vicinity of transcription and
replication machineries implying TRCs. Furthermore, specific induction and characterization of
TRC-dependent molecular changes remain difficult since nearly all current methods to induce
TRCs in eukaryotic cells rely on drug treatments or aberrant pathway activation via oncogenes.
For example, short-term transcription elongation inhibition by 5,6-Dichloro-1-p-D-
ribofuranosylbenzimidazole (DRB), a CDK9 inhibitor, induces a spike of TRC levels within 30 min
(Shao et al., 2020), whereas long-term DRB treatment reduced TRC occurrence, thus highlighting
the complexity of TRC dynamics (Petropoulos et al., 2024). Similarly, elevated topological stress
imposed by topoisomerase inhibitors can provoke an elevated TRC burden (Lang & Merrikh,
2021; Y. Liu et al., 2021). Beyond the previously described action of several oncogenes (see
3.4.2), exposure of breast cancer cells to estrogen can induce transcriptional bursting of several
hundred target genes that impose a high R-loop burden (Stork et al., 2016), likely giving rise to
coinciding TRCs. Unfortunately, all these approaches are highly prone to induce genomic
disturbances and dysregulation independent of TRCs, making it impossible to directly link a given

downstream effect to TRCs or R-loops exclusively.

To overcome this limitation, researchers have constructed several model systems to more
precisely study TRCs and their consequences. While model systems are artificial by design and
might not fully recapitulate the endogenous cellular processes, they offer specific inducibility of
TRCs and R-loops and allow for mechanistic investigations. Initial studies took advantage of
prokaryotes, which usually harbor one circular chromosome replicated by a single origin of
replication, thus enabling the study of TRCs in a precise and localized manner. Insertion of
reporter genes such as lacZ or luxABCDE next to the replication origin in B. Subtilis, demonstrated

that conflicts in HO but not CD orientation can induce pervasive R-loop formation in a topological
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stress-dependent manner (Fig. 5A) (Lang et al., 2017; Lang & Merrikh, 2021). If the conflicts
cannot be resolved by RNase HIIl processing, they can lead to a persistent replication fork block
and coinciding mutagenesis (Lang et al., 2017). Independent work also in B. Subtilis leveraged
the fact that loss of function mutations in the thymidylate synthetase reporter gene thyP3 can be
used for selection via trimethoprim resistance (Fig. 5A) (Sankar et al., 2016). By chromosomal
integration of the thyP3 gene under an inducible promoter either in HO or CD direction, the
mutational consequences could be addressed. Both conflict types caused insertion and deletions
(indels) reflective of the collision location, at which transcription and replication first encountered
each other (Sankar et al., 2016). CD conflicts showed indels more towards the 5’ region of the
reporter genes, whereas HO mutations were distributed throughout the entire gene but also led

to particularly high mutation rates at the respective promoter residues.

Similar to the work in prokaryotes, researchers have taken advantage of constructs harboring two
repeats of a 0.6 kb internal fragment of the LEU2 gene positioned either in HO or CD orientation
in front of an early firing replication origin in yeast (Prado & Aguilera, 2005). Crucially, HO but not
CD conflicts could trigger genomic instability resulting in efficient recombination of the fragments
into a functional LEU2 gene (Fig.5B). This phenotype could be rescued by RNase H
overexpression, suggesting a HO-conflict dependent stabilization of R-loops as a central
contributor to recombination (Prado & Aguilera, 2005). In analogous approaches, a tetracycline-
regulated LYS2 reporter system (N. Kim et al., 2007) or a galactose-inducible LEU2 gene (Garcia-
Rubio et al., 2018) were inserted close to efficient origins on yeast chromosome Il either in HO
or CD direction. Resulting TRCs gave rise to -2 frameshift mutations, insertions, and deletions as
the result of DNA DSBs. Mutational phenotypes were generally more frequent in the HO conflict
setup (Garcia-Rubio et al., 2018; N. Kim et al., 2007). Finally, recent work established a single
live cell microscopy system allowing to track the transcription and replication behavior of a
reporter gene upon HO or CD collisions with the replisome (Tsirkas et al., 2022). While in this
system replisomes showed remarkable robustness in unperturbed cells, deletion of

topoisomerase | led to replisome stalling events, particularly for HO TRCs (Tsirkas et al., 2022).
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Figure 5: Model systems currently available to study transcription replication conflicts

A) In bacterial cells, reporter genes such as LacZ, thyP3, or luxABCDE were positioned in CD or HO
orientation towards the chromosomal replication origin (OriC) to induce TRCs and study their mutational
outcome. Although HO conflicts are more deleterious, both orientations cause R-loops and base
substitutions. Additionally, insertions and deletions (indels) are more frequent at CD-TRCs,
preferentially at the promoter region.

B) In yeast, LEU2 reporter constructs were engineered in the CD or HO orientation to an autonomous
replicating sequence (ARS) to study the recombinogenic outcome of TRCs. HO-TRCs displayed a
stronger R-loop-dependent induction of recombination and an increased frequency of indels, frameshift
mutations, and DNA damage.

C) In mammalian cells, plasmids containing the R-loop prone murine Antisense Of IGF2R Non-Protein
Coding RNA (mAIRN) gene in CD or HO orientation relative to the viral unidirectional replication origin
P/Epstein-Barr nuclear antigen 1 (oriP/EBNA1) were used to study TRCs and orientation dependent
behavior. HO-oriented TRCs were characterized by persistent R-loop formation and activation of the
ATR kinase, whereas CD-oriented TRCs displayed low levels of R-loop formation and showed
activation of the ATM kinase.
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In contrast to yeast, mammalian cells do not contain strictly defined replication origins but rather
initiate DNA replication within broad replication initiation zones (Aze & Maiorano, 2018; Petryk et
al., 2016). Moreover, a large excess of available replication origins allows for adaptive and
stochastic origin usage, creating replication patterns with limited predictability (Macheret &
Halazonetis, 2018; Petryk et al., 2016). Thus, direct positioning of an inducible reporter gene in
front of an efficient origin is not possible, which complicates the study of TRCs in mammalian
cells. To overcome this issue, researchers have designed plasmid systems to investigate TRCs
in mammalian cells. The respective constructs contain different doxycycline (DOX) inducible
transcription units, which are susceptible to R-loop formation like the promoter region of the
murine Antisense of IGF2R Non-Protein Coding RNA (mAIRN) gene (Ginno et al., 2012) or control
regions that do not form R-loops such as the enhanced cyan fluorescent protein (ECFP) gene
(Fig. 5C) (Hamperl et al., 2017). The plasmids also include a single unidirectional replication
origin (oriP/EBNA1) (Hamperl et al., 2017). This origin can recruit endogenous replication
complexes and is activated only once in S-phase (Hodin et al., 2013; Moriyama et al., 2012; Yates
et al., 2000). Cloning of the reporter gene constructs in different orientations towards the
unidirectional origin enables the specific induction of either HO or CD TRCs (Fig. 5C). Consistent
with previous results from prokaryotes and yeast, HO but not CD conflicts contributed to a
stabilization of R-loop levels (Hamperl et al., 2017). Interestingly, induced R-loop forming reporter
units in both orientations could cause genomic instability, albeit with different downstream
signaling. HO conflicts specifically provoked an ATR-dependent DNA damage response, whereas
CD conflicts predominantly activated the ATM kinase (Fig. 5C) (Hamperl et al., 2017). Although
the plasmid system offers a controlled approach for TRC induction in mammalian cells, it likely
does not capture the full complexity of TRCs in the endogenous genomic context. Particularly,
these short ~10 kb plasmids might not accurately mimic topological constraints or recapitulate the

native chromatin context including its highly complex regulatory dynamics.

Taken together, TRC model systems have been crucial contributors to the study of TRCs across
different species and have shaped our understanding of conflict occurrence, orientation, and
consequences. Importantly, all model systems are subject to specific limitations and the
respective results require careful evaluation and if possible independent validation. Especially,
with respect to understanding TRCs in highly complex and dynamic mammalian genomes,
additional approaches and model systems are urgently needed to comprehensively explore TRC

and R-loop biology.
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3.4.4 TRCs can impact the chromatin landscape

Transcription and replication are both nuclear processes that involve substantial chromatin
remodeling as they travel on the genome (Lalonde et al., 2021). Therefore, collisions between
both protein complexes are likely to disturb local chromatin organization, possibly leading to
genetic and epigenetic instability. Indeed, previous studies uncovered various roles of specific
histone modifications and chromatin proteins in mitigating TRCs and resolving R-loops. Early
studies in yeast identified histone H3 serine 10 phosphorylation (H3S10P) as a chromatin mark
essential for R-loop-induced chromatin compaction and signaling of genomic instability (Garcia-
Pichardo et al., 2017). Subsequent work in mammals uncovered that H3S10P accumulates in
large upstream domains (~1 megabase (Mb)) around HO-TRCs prone to forming R-loops
(Bayona-Feliu et al., 2023) (Fig. 6A). Additionally, H3 lysine 4 (H3K4) methylation has been
shown to act as a protective “speed bump”, which is deposited during transcription and slows
replication forks, thereby reducing the chance of TRCs under replication stress (Fig. 6B) (Chong
et al., 2020). Independently, a replication stress-triggered switch from H2AK119 crotonylation to
H2AK119 ubiquitylation (H2AK119cr to H2AK119ub) was found to release RNAPII from chromatin
and suppress transcription near stalled replication forks, thus decreasing TRC frequency, along
with associated R-loops and DSBs (Fig. 6C) (Hao et al., 2022).

Apart from histone modifications, numerous other chromatin proteins have been identified as key
players in TRC and R-loop resolution. The transcription activator BRG1 (BRG1) subunit of the
mammalian SWI/SNF chromatin remodeling complex cooperates with the Fanconi Anemia (FA)
pathway and thus resolves R-loop dependent TRCs (Fig. 6D) (Bayona-Feliu et al., 2021).
Moreover, recent work defined putative genomic TRC hotspot regions and correlated TRC-prone
genomic locations with public ENCODE ChlIP-Seq data, thereby identifying a role for chromatin
remodelers SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily
A member 5 (SMARCADS5), INO80 Complex ATPase Subunit (INO80), and Metastasis-associated
protein MTA2 (MTA2) in R-loop driven genomic instability (Bayona-Feliu et al., 2023).
Interestingly, the Integrator complex, predominantly known to act in transcription termination of
RNAPII, was shown to attenuate CD TRCs and genomic instability by removing stalled RNAPII
to preserve productive replication fork progression (Bhowmick et al., 2023). Independent of
transcription regulation, Integrator subunits also interact with the MCM2-7-helicase, suggesting
alternative functions of chromatin factors in transcription-replication coordination. Finally, MYCN-
dependent RNA exosome recruitment was demonstrated to be essential to avoid TRCs in MYCN-

driven neuroblastoma (Papadopoulos et al., 2022).
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Figure 6: Chromatin processes impacting TRC occurrence and resolution

A) Evidence from yeast and human cells suggest that H3S10P is deposited at HO TRCs and contributes
to R-loop driven compaction (Bayona-Feliu et al., 2023; Garcia-Pichardo et al., 2017).

B) In yeast, MLL1-deposited H3K4me3 was shown to act as a “speed bump” for the replisome, thereby
slowing it down and helping to avoid collisions with ongoing transcription (Chong et al., 2020).

C) A dynamic switch from H2AK119cr to H2AK119ub at reversed forks was demonstrated to attenuate
TRCs. Specifically, H2AK119ub deposition releases RNAPII from chromatin, thereby removing the
obstacle for the replisome (Hao et al., 2022).

D) In mammalian cells the SWI/SNF subunit BRG1 suppresses R-loop formation and remodels chromatin
at TRC sites creating a more open chromatin environment permissive to resolution and repair
processes (Bayona-Feliu et al., 2021).
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3.4.5 TRC prevention and resolution

To circumvent harmful effects driven by TRCs, cells must quickly sense and resolve the conflicts.
Numerous TRC resolution pathways working at different levels have been identified. Considering
the complexity of mammalian replisomes and DNA replication impairments as detrimental threats
to cell function, degradation and/or removal of RNA polymerases from chromatin appears as the
simplest solution to resolve TRCs (Fig. 7A). Indeed, several RNAPII removal pathways in the
context of DNA damage and TRCs have been described (Hobson et al., 2012; Wilson, Harreman,
& Svejstrup, 2013). Importantly, targeting the phosphorylation state of RNAPII can aid TRC
resolution. Recent work showed that the PP1 nuclear targeting subunit (PNUTS) together with
WD repeat-containing protein 82 (WDR82) reduces replication stress by removing Ser5P on the
RNAPII CTD, thereby promoting RNAP Il removal and preventing TRCs (Fig. 7A) (Landsverk et
al., 2020; Jeong Heon Lee et al., 2010). Moreover, RNAPII stalling at sites of DNA lesions has
been thoroughly studied in the context of transcription-coupled nucleotide excision repair (TC-
NER). TC-NER entails two sequential mono- and poly-ubiquitination steps, followed by removal
of the stalled RNAPII by proteasomal degradation (Fig. 7A), thus giving access to the underlying
DNA lesion (Hobson et al., 2012; Wilson, Harreman, & Svejstrup, 2013; Wilson, Harreman,
Taschner, et al., 2013). While it remains unclear if TC-NER can directly engage in TRC resolution,
it serves as a crucial pathway to remove trapped RNAPII from chromatin, thereby avoiding TRC
occurrence in S-phase. Beyond RNAPII degradation, two recent studies provide evidence that
RNAPII can be transiently disengaged from chromatin and retained in proximity of the replisome,
before reengaging onto chromatin shortly after replisome passage (Bruno et al.,, 2024
Fenstermaker et al., 2023). Although the loss of a RNA transcript is generally less consequential
than DNA replication stress, RNAPIlI removal as the only resolution pathway would lead to
constant transcription abortion at CFS genes that require more than one cell cycle to transcribe

(see 3.4.1), providing a rationale for the existence of multiple alternative pathways.

As mentioned above, R-loops frequently coincide with TRCs, increase their lifetime, and impair
both transcription and replication resumption. Consequently, efficient R-loop removal is an
important step in TRC resolution (Fig. 7A). The most well characterized R-loop processing factors
are the RNase H enzymes, RNase H1 and RNase H2 in eukaryotic cells. RNase H enzymes have
been characterized as specific endonucleases cleaving the RNA moiety in RNA:DNA hybrids
(Hyjek et al., 2019). Whereas RNase H1 primarily functions in the removal of R-loops, RNase H2
is involved in R-loop removal and ribonucleotide excision repair (Sparks et al., 2012; H. Zhao et

al., 2018). Loss of either RNase H1 or H2 are embryonic lethal in mice and mutations in RNase H2
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can lead to severe development defects such as the Aicardi-Goutiéres syndrome (Cristini et al.,
2022; Reijns et al., 2012). Recent work has also identified RNase H resistant R-loops throughout
the genome (Crossley et al., 2020), suggesting that RNase H action alone is insufficient for full R-
loop removal at a subset of genomic loci. Intriguingly, TC-NER machinery nucleases XPG and
XPF have also been demonstrated to recognize and cleave R-loops as non-canonical targets
(Sollier et al., 2014). Alternative to nucleolytic cleavage, R-loops can be removed via unwinding
through numerous RNA:DNA helicases including SETX, Bloom (BLM), AQR, and Fanconi anemia
complementation group M (FANCM) (Alzu et al., 2012; Chang et al., 2017; Silva et al., 2019; Yang
et al., 2023). Particularly, SETX and the yeast homolog Sen1 have been characterized to travel
with the replisome and act as an essential protein to avoid replication fork impairments by HO-
TRCs and dormant replication origin activation at R-loop prone loci (Aiello et al., 2022).
Furthermore, recent studies identified numerous DEAD-box RNA helicases as unwinders of
RNA:DNA hybrids including DHX9 (Ren et al., 2024), DDX1 (de Amorim et al., 2024), DDX5
(Mersaoui et al., 2019), DDX17 (Polenkowski et al., 2023), DDX18 (W. L. Lin et al., 2022), DDX19
(Hodroj et al., 2017), DDX21 (Song et al., 2017), DDX23 (Sridhara et al., 2017), DDX39B (Pérez-
Calero et al., 2020), DDX41 (Mosler et al., 2021), DDX43 (Talwar et al., 2017), and DDX47
(Marchena-Cruz et al., 2023). While these helicases have demonstrated to contain RNA:DNA
hybrid unwinding activity either in vitro or in vivo, the regulatory complexity and specificity of the
individual enzymes is not yet understood. With respect to TRC-specific R-loop processing, the
DNA interstrand crosslink repair Fanconi anemia group D2 protein (FANCD2) was shown to be
required for R-loop removal at CFSs (Madireddy et al., 2016). FANCD2 acts together with the
BLM helicase and the homologous recombination factor breast cancer type 2 susceptibility protein
(BRCAZ2) in an early response to CD-TRCs and R-loops (Shao et al., 2020). Although the exact
mechanism of FANCD2 action at TRCs still remains unclear, the interactions with BLM and
DDX47 strongly imply a function in R-loop removal that is further bridged to TRC resolution by the
ATR-dependency of their recruitment (Okamoto et al., 2019). Similar to FANCD2, PCNA unloader
ATPase family AAA domain-containing protein 5 (ATAD5) is needed to prevent replication fork
slow down and TRCs via the recruitment of DEAD-box helicases for R-loop resolution (Sangin
Kim et al., 2020). ATADS was also proposed to mitigate PCNA accumulation behind the fork to
reduce additional interference, thus emphasizing a tight regulatory interplay between R-loop
processing and replication fork remodeling (Sangin Kim et al., 2020). Collectively, the existence
of numerous independent and redundant R-loop processing pathways indicates that R-loop
removal, despite the physiological functions of R-loops in certain processes, is essential to

prevent transcription induced genomic instability and replication stress including TRCs.
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Figure 7: Overview of several TRC resolution pathways

A) The cell employs numerous pathways to remove or degrade RNAPII and remove associated R-loops
from chromatin, allowing the continuation of DNA synthesis.

B) In CD conflicts, the replisome can displace the RNAP and use the hybridized RNA as a primer to
reinitiate DNA replication.

C) When facing a transcription block, the replisome may skip the RNAP and reprime downstream.
Depending on the affected strand, PRIM1 primase or PRIMPOL1 polymerase are used for lagging or
leading strand blocks, respectively.

D) In the case of persistent RNAPII complexes, the replication fork can undergo fork reversal to stabilize
the fork and initiate repair mechanisms. Reversed forks were shown to undergo a cycle of fork cleavage
and re-ligation. This allows the passage of RNAPII and requires replisome reassembly downstream of
the conflict.

In case of severe replication fork impairments, RNA polymerase removal and R-loop processing
alone might not suffice to resolve a TRC, thus demanding replication fork remodeling pathways
to solve the conflict. Evidence, predominantly from TRC studies in Escherichia coli (E. coli),
suggests that the replisome can bypass the RNAP complex by repriming downstream of the
obstruction (Fig. 7C) (Brining & Marians, 2020; Gémez-Gonzalez & Aguilera, 2019). Repriming
requires either the newly made RNA to serve as a primer for replication restart, as demonstrated
for co-directional TRCs, or the synthesis of a new Okazaki fragment (Fig.7B) (Conti &
Smogorzewska, 2020; Gomez-Gonzalez & Aguilera, 2019). While the synthesis of a new Okazaki
fragment is a convenient solution based on the inherently discontinuous synthesis of the lagging
strand, leading strand repriming is more complex and needs a specialized DNA polymerase. In
human cells, the PRIMPOL enzyme contains primase and DNA polymerase activities to enable
leading strand skipping and repriming (Garcia-Gémez et al., 2013; Mourén et al., 2013).
Interestingly, PRIMPOL was shown to be actively recruited to stalled forks upon replication stress
and aid in repriming downstream of DNA secondary structures such as R-loop and G4, which are
frequently associated with TRCs (Straka et al., 2024; Svikovi¢ et al., 2019). For remodeling of the
replication fork, it has been demonstrated that the fork can be transiently cleaved and
subsequently re-ligated, allowing RNA polymerases to restart transcription and progress past the
replication fork (Fig. 7D). This multistep process depends on several key proteins, including the
ATP-dependent DNA helicases Q1 and Q5 (RECQ1 and RECQS5), the structure-specific
endonuclease subunit SLX4 (SLX4), the crossover junction endonucleases MUS81 and EME1
(MUS81/EME1), DNA repair protein RAD52 homolog (RAD52), DNA ligase IV, the DNA
polymerase & subunit POLD3, and the transcription elongation factor ELL for transcriptional

recovery (Chappidi et al., 2020). Finally, in many of these pathways, the replisome may undergo
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an intermediate remodeling process called fork reversal. This mechanism stabilizes and protects

the replication fork (Stoy et al., 2023), providing the cell with additional time to resolve the conflict.

3.5 Aims of this study

Aim 1: Establishment of a genomically integrated TRC reporter system and

characterization of TRC-induced chromatin changes

As described in the introduction, research on TRCs is currently limited by only very few methods
and cellular systems available to study the mechanisms of TRC resolution in vivo. Therefore, one
goal of this thesis was to develop a genomically integrated TRC reporter system, which would
enable me to specifically induce TRCs in the mammalian genome and analyze their downstream
consequences with unprecedented resolution. With a system like this at hand, it would be possible
to further expand on the limited understanding of TRCs and R-loops as disruptors of the chromatin
landscape. Consequently, the main objective of this study is to determine local and global
characteristics of TRC and R-loop-driven chromatin alterations with a special focus on

nucleosome dynamics, histone modifications, and DNA replication impairments.

Aim 2 Systematic comparison of distinct oncogene activation systems and their

consequences on TRC levels and genomic instability

As previously highlighted, oncogenes are potent disruptors of transcription and DNA replication
processes, thereby leading to elevated TRC levels in some cancer cell types. While certain
oncogenes have been directly implicated in TRC induction, the evidence for other cellular models
suggests a potential involvement. Nevertheless, a comprehensive analysis of different oncogenes
as inducers of TRCs with consistent methodology has not yet been conducted. Thus, another
goal of this work was to systematically characterize and compare the ability of different oncogenes

to induce TRCs and drive transcription-associated genomic instability.
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4. Results

4.1 RNA:DNA hybrids are resistant to nucleosome assembly and form
a nucleosome-depleted chromatin structure in vitro

As the impact of TRCs and R-loops on chromatin remains insufficiently understood, my first aim
was to address to what extent these conflicts and associated secondary structures might disrupt
nucleosome organization and thereby drive genome instability. Due to the high complexity of the
chromatin polymer and nucleosome organization in cells, | initially focused on an in vitro assay to
probe the interplay of R-loops and their potential for nucleosome assembly. To this end, an
RNA:DNA hybrid was reconstituted by in vitro transcription of the R-loop-prone mAIRN DNA
sequence and subsequent hybridization of the DNA strand with its complementary RNA.
Expectedly, the RNA:DNA intermediate exhibited reduced mobility in agarose gel electrophoresis,
which is likely a result of altered topology of the two strands. This shift could be rescued by
RNase H treatment, thereby confirming specific RNA:DNA hybrid reconstitution (Fig. 8A). To
address the capability of R-loops to incorporate nucleosomes, a competition assay for
nucleosome formation was performed between mAIRN dsDNA and mAIRN RNA:DNA hybrids
present in the same reaction tube. Increasing addition of the four core histone proteins resulted
in stable nucleosome formation for dsDNA as seen by reduced mobility in the gel. Strikingly,
RNA:DNA hybrids were unable to form nucleosomes despite increasing concentrations of
supplied histone proteins. Even at histone protein concentrations that induced precipitation of
dsDNA, the signal intensity of the mAIRN RNA:DNA hybrids remained constant, indicating no
nucleosome formation on the hybrids (Fig. 8B). Strikingly, the results suggest that mAIRN
RNA:DNA hybrids are incompatible with nucleosome formation in vitro. This observation might be
due to stronger rigidity of the RNA strand and a previously suggested intermediate state between
an A-DNA and B-DNA conformation for RNA:DNA hybrids (J. H. Liu et al., 2019).

28



- - + RNase H DNA RNA:DNA
RNA - + +++ - ___——"1 Histones

Precipitates

Nucleosomes

mAIRN
RNA:DNA
DNA
mAIRN
RNA:DNA
DNA
1 2 3 1 2 3 4 5 6 7 8

Figure 8: RNA:DNA hybrid structures are incompatible with nucleosome formation in vitro

A) Native 6 % polyacrylamide gel showing the reconstituted RNA:DNA hybrids (lane 2) compared to
dsDNA alone (lane 1). RNA:DNA hybrids were treated with RNase H (5 U RNaseH, 30 min at 37 °C)
(lane 3).

B) Native 6 % polyacrylamide gel of the in vitro nucleosome assembly assay on mAIRN dsDNA alone
(lanes 1-3) versus mAIRN RNA:DNA hybrids in competition with mAIRN dsDNA (lanes 4-8) using
increasing amounts of histone octamers, as indicated. The positions of the DNA, RNA:DNA hybrid,
nucleosomes, and DNA-histone precipitates are marked on the right side of the gel picture.

To provide complementary evidence in an in vivo system, | took advantage of a previously
established episomal reporter system for R-loop and TRC induction in human cells (Hamperl et
al., 2017). This construct contains a doxycycline (DOX)-inducible (Tet-ON), R-loop-forming
mMAIRN transcription unit as well as the unidirectional origin of replication (oriP) from the Epstein-
Barr virus (EBV) (Hodin et al., 2013; Moriyama et al., 2012). Depending on the positioning of the
reporter unit towards oriP, either HO or CD TRCs can be created in an inducible manner.
Quantification of R-loop levels using DNA-RNA immunoprecipitation (DRIP) and quantitative PCR
(gPCR) readout indicated that HO TRC induction favors stable R-loop formation, whereas in CD
TRC orientation R-loop levels are reduced (Hamperl et al., 2017). Taking into consideration this
orientation-dependent bias of R-loop formation on the HO episomes, | next asked how this
difference would affect local nucleosome organization. Thus, Micrococcal nuclease (MNase)
digestion was performed followed by Southern Blot readout on HO and CD TRC episomes with
and without DOX-dependent transcriptional induction of the mAIRN reporter sequence. Without
transcriptional induction, both HO and CD episomes showed digestion products corresponding to
nucleosome monomers, dimers, and trimers, demonstrating that the plasmids are chromatinized
in cells (Fig. 9). Crucially, transcriptional induction on the HO plasmid but not on the CD construct

induced a drastic loss of nucleosome levels and/or positioning as indicated by reduced
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nucleosome band intensity and poorly defined banding pattern (Fig. 9). These findings suggest
that particularly HO TRCs but not CD TRCs interfere with nucleosome architecture at conflict
sites.
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Figure 9: MNase assay reveals that R-loops at HO TRC episomes reduce nucleosome
occupancy

Plasmids contain the mAIRN reporter sequence in either HO or CD orientation towards the unidirectional
origin of replication (oriP/EBNA1). Southern blot images of mAIRN HO or CD TRC plasmids following
treatment with 0 or 1 ug/ml DOX for 24 h. Samples were treated with increasing concentrations of MNase
(0, 2.5, 25, 100, or 250 gel units). Arrows show nucleosome monomers, dimers, and trimers. Quantification
of the Southern blot signal from nucleosome bands in arbitrary units (A.U.) for the 250 gel units MNase lane
is shown next to the blots.

To further validate these findings, an independent chromatin immunoprecipitation (ChIP) against
canonical histone H3 followed by gPCR analysis was performed. Confirming the MNase-assay

results, episomes with induced HO conflicts showed a loss of H3 levels, while CD conflicts did
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not disrupt H3 occupancy (Fig. 10A). As a control, | also analyzed RNAPII occupancy at the
reporter sequences using ChlP, which confirmed identical RNAPII recruitment to HO and CD
episomes upon DOX-dependent transcriptional induction (Fig. 10B). Moreover, unrelated
genomic locus ACTB as well as an intergenic control site did not show significantly altered H3 or
increased RNAPII levels upon DOX treatment. Collectively, the data from both in vitro and plasmid
reporter systems supports the concept that the increased stability of mMAIRN RNA:DNA hybrids at
HO TRCs can displace nucleosomes and thereby cause a local chromatin disruption, potentially

associated with elevated susceptibility to DNA damage.
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Figure 10: ChIP-gPCR analysis confirms that R-loops at HO TRC episomes reduce
nucleosome occupancy

A) ChIP-gPCR analysis for histone H3 at the mAIRN gene (n=4) or ACTB (n=4) and Intergenic control loci
(n=2) in HEK293 containing plasmids for either HO or CD TRC induction. Cells were treated with 0 or
1 ug/mL DOX for 24 h. Error bars show SD. Ordinary one-way analysis of variance (ANOVA) with
Tukey’s multiple comparison test.

B) Same as in A) for ChIP-qPCR analysis of RNAPII levels.
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4.2 Chromosomal integration of the R-loop forming mAIRN gene
increases cellular TRC levels

Although the plasmid-based reporter system has yielded novel insight into the relationship of R-
loop formation, TRC directionality, and chromatin disruption, it remains debatable to what extent
the episomes are chromatinized in a cell. Given this limitation and the inherent artificiality of
plasmid reporters, | sought to construct an advanced TRC reporter system that would be able to
more accurately reflect the dynamics of TRCs in the native chromatin environment. First, the
previously described mAIRN sequence together with its DOX-inducible promoter was cloned into
a Sleeping Beauty transposase vector. Sleeping Beauty transposase-based genomic integration
allowed us to integrate the reporter construct into the genome of the U-2 OS osteosarcoma cell
line (Fig. 11). Through this approach, multiple insertion sites at different locations are expected,
thus positioning the reporter sequence in diverse chromatin contexts. In contrast to the episomal
plasmid system (Hamperl et al., 2017), the unidirectional origin oriP was omitted from the
integration construct. This origin had previously been shown to be late replicating in a plasmid
context and thus, would likely not provide sufficient levels of replication initiation in a chromosomal
context necessary for TRC induction (Moriyama et al., 2012). Instead, endogenous origins with
early replication timing and high efficiency are expected to replicate the integration sequence
before oriP activation. This scenario is particularly likely as Sleeping Beauty transposase
preferentially targets genic and early replicating regions of the genome (Kowarz et al., 2015; G.
Liu et al., 2005). Despite the lack of oriP, | hypothesized that the transcriptional activation of the
strongly R-loop forming mAIRN sequence would result in profound stalling of transcription
complexes as previously described (Tous & Aguilera, 2007). These impaired RNAPII complexes
are a potent genomic obstacle, which in turn would give rise to collisions with incoming replication
forks and thus lead to TRCs (Fig. 11).
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Figure 11: Schematic showing the generation of the chromosomal TRC reporter cell lines
Genomic integration of the R-loop forming mAIRN sequence of the episomal reporter plasmids was
performed using Sleeping Beauty transposase. Inducible R-loop formation at the mAIRN locus with DOX

stalls RNAPII progression and creates a potent obstacle for collisions with replication forks.

Following the co-transfection of a U-2 OS Tet-ON cell line with the mAIRN integration plasmid and
a vector expressing Sleeping Beauty transposase, we generated monoclonal U-2 OS cell lines
containing the insertions in varying genomic positions. For initial characterization of the resulting
cell lines, we performed copy number analysis by qPCR on six clones that showed robust growth
under antibiotic selection, thus indicating successful integration events. The analyzed cell lines
harbored between one to five integrations (Fig. 12A). Interestingly, Clone#12 showed the highest
copy number and was further characterized by whole genome sequencing (WGS), which unveiled
five integrations across four chromosomes (Fig. 12B, Table $1). WGS results were confirmed for
an exemplary site on chromosome 10 using genotyping PCR followed by Sanger sequencing
(Fig. 12C, D). To test the functionality of our reporter cell line, | conducted RT-gPCR for analysis
of MAIRN gene expression. In contrast to the parental U-2 OS cell line without integrations,
MAIRN expression was induced 50 to 100-fold after 4 h and 24 h of DOX treatment, respectively
(Fig. 12E). Clone#12 was consequently chosen as the main working model for all following

experiments unless stated otherwise.
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Figure 12: Characterization of the Clone#12 chromosomal TRC reporter integrations

A) Copy number analysis of several monoclonal cell lines generated by Sleeping Beauty integration of the
mMAIRN reporter construct (n=2). Copy number compared to endogenous ACTB locus.

B) Circus plot visualization of the position of the five integration sites of the mAIRN reporter construct in
the monoclonal U-2 OS cell line Clone#12.

C) Agarose gel showing the genotyping PCR amplicon for the Chr 10 integration site using primers
mAIRN#1_REV and Intsite chr10 FWD2. Fragment size (bp) of DNA ladder shown for selected bands.

D) The exemplary site on Chr 10 was confirmed using Sanger sequencing using the PCR product from
C). The obtained sequencing read shows a short region with the beginning of the reporter sequence
and the neighboring genome of Chr 10.

E) RT-gPCR analysis of mAIRN RNA expression with primer pair mAIRN#1 in Clone#12 or parental U-
2 OS cells exposed to 0 or 1 uyg/mL DOX for 4 h or 24 h (n=3). Error bars indicate mean values with
standard deviations (SD). Welch ANOVA with Tukey’s multiple comparison test.

To test the functionality of our newly developed reporter system, | first aimed to verify whether
transcription induction of the R-loop prone gene would indeed cause elevated TRC levels in this
cell line. Here, | performed PLA with antibodies targeting the actively elongating form of RNAPII
(RNAPII Ser2P) and DNA clamp and replication processivity factor PCNA as a part of the
replication fork complex. Crucially, elevated numbers of TRC-PLA foci were detectable in S-phase
cells as soon as 4 h after DOX induction and showed significant increases after 8 h and 12 h of
DOX exposure (Fig. 13A). Extended treatment of 24 h induced a moderate decline in TRC-PLA
foci, likely a result of compensatory mechanisms being activated to alleviate the high TRC burden
(Fig. 13A). Comparably, Clone#1, another independent cell line generated with the Sleeping
Beauty approach but harboring the mAIRN reporter in different genomic locations (see Fig. 11A),
also contained a higher number of TRC upon 4 h DOX treatment (Fig. 13B). In contrast, parental
U-2 OS cells did not show a DOX-dependent increase of TRC-PLA foci (Fig. 13C), thereby
demonstrating that the TRC induction is indeed a specific result of the transcriptional activation of

the mAIRN reporter sequence.
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Figure 13: Induction of genomically integrated mAIRN reporters causes an increased TRC
burden

A) Representative images of TRC PLA assays in Clone#12 with RNAPII Ser2P and PCNA antibodies (Ctrl,
4 h, and 12 h time points). 5-Ethynyl-2'-deoxyuridine (EdU) click-it staining was performed to label S-
phase cells. Cells were treated with 0 or 1 ug/mL DOX for TRC induction for the indicated time points.
Scale bar 10 um. Quantification of TRC PLA foci number in S-phase cells (n=2, mean foci values per
biological replicate as colored dots). Bars indicate mean values with standard deviations (SD). Ordinary
one-way ANOVA with Tukey’s multiple comparison test.

B) Same TRC PLA readout as in A) for Clone#1 cells treated with DOX for 4 h. Quantification of TRC PLA
foci number in S-phase cells (n=3). Student’s t-test.

C) Same TRC PLA readout as in A) for parental U 2-OS cells treated with DOX for 4 h. Quantification of
TRC PLA foci number in S-phase cells (n=3). Student’s t-test.
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4.3 Chromosomal reporter-driven TRCs impose a local and global
replication stress response

Previous work has shown that TRCs can induce genome instability in mammalian cells (Chappidi
et al.,, 2020; Hamperl et al., 2017; Helmrich et al., 2011). Therefore, | wondered if the TRCs
created by our mAIRN-driven genomic reporter can generate replication stress and associated
DNA damage. Initially, | focused my investigations on FANCD2 as a marker of stalled and
damaged replication forks that had previously been connected to R-loops and TRCs (Bayona-
Feliu et al., 2021, 2023; Okamoto et al., 2019). Remarkably, ChIP-gPCR analysis for FANCD2
revealed significantly increased binding at the mAIRN reporter sequence upon DOX treatment for
TRC induction, thus providing direct evidence for locus-specific replication stress response
(Fig. 14A). Importantly, we also benchmarked FANCD2 ChIP by treatment with the DNA
polymerase inhibitor Aphidicolin (APH), which had previously been shown to increase FANCD2
levels at CFSs (Okamoto et al., 2018). Indeed, FANCD2 occupancy increased at two CFS genes
NRG3 and WWOX upon APH treatment (Fig. 14B). In contrast, DOX treatment did not alter
FANCD2 levels at CFS genes (Fig. 14B), thereby supporting a DOX-dependent replication stress

increase only at the TRC reporter sites.
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Figure 14: TRC induction at the mAIRN reporter increases occupancy of FANCD2

A) ChIP-gPCR analysis showing FANCD2 levels in asynchronous cells at the TRC reporter sequence
using the mAIRN#1 primer pair. Cells were treated 0 or 1 pg/mL DOX for 24 h (n=4). Error bars indicate
SD. Student’s T-test.

B) ChIP-gPCR analysis showing FANCD2 levels at CFS genes WWOX and NRG3. Cells were treated 0
or 1 uyg/mL DOX for 24 h (n24). For CFS analysis, cells were additionally treated with dimethyl sulfoxide
(DMSO) or 0.4 uM APH for 24 h. Ordinary one-way ANOVA with Tukey’s multiple comparison test.

36



To further validate whether this phenotype is driven by the R-loop formation at the mAIRN
sequence, | also constructed a control cell line containing a DOX-inducible ECFP sequence in
analogy to the original plasmid system (Hamperl et al., 2017). In contrast to mAIRN, ECFP
expression does not form R-loops and would be expected to induce little to no genomic instability.
Here, | selected a monoclonal ECFP cell line (Clone#2) with similar number of integration sites
and transcriptional inducibility, as demonstrated by copy number and expression analysis by
gPCR and RT-gPCR, respectively (Fig. 15A, B). In comparison to the mAIRN Clone#12 cell line
(Fig. 12A) the ECFP Clone#2 cells displayed a comparable number of 4-5 integration sites and
~850-fold increase in expression level upon DOX treatment, which is about 5 times higher than
in the mAIRN construct (~160-fold, see Fig. 12D). Crucially, this high level of ECFP expression
did not increase local FANCD2 occupancy as determined by FANCD2 ChIP in both cell lines
(Fig. 15C), demonstrating that the observed genomic instability phenotype is specific to the R-
loop forming mAIRN TRC reporter loci.

A B

Copy number ECFP ECFP expression FANCD2 ChIP

O

0.0057 0.1436
<0.0001
8 1000 —

800

[=-]
]

[=2]
1

600
400

N
1
N
1

200

ECFP/ACTB
.
1
Relative mRNA levels

Enrichment over Intergenic
f-9
1

0- 0-
2 6 22 Ctrl DOX
Cell line number # Clone 2 - ECFP#1

o
|

Ctrl DOX Ctrl DOX

Clone 12 Clone 2
mAIRN#2 ECFP#2

Figure 15: A reporter cell line with inducible ECFP expression does not increase FANCD2
occupancy upon +DOX induction

A) Copy number analysis of several monoclonal cell lines generated by Sleeping Beauty integration of the
ECFP reporter construct (n=1). The copy number of ECFP is compared to the endogenous ACTB locus
using specific primers amplifying the two genomic loci.

B) RT-gPCR analysis of ECFP RNA expression with primer pair ECFP#1 in Clone#2 cells exposed to 0 or
1 ug/mL DOX for 24 h (n=3).

C) ChIP-gPCR analysis showing FANCD2 levels in asynchronous cells at the TRC reporter sequence
using the mAIRN#2 (n24) and ECFP#2 (n=3) primer pairs. Error bars indicate mean values with SD.
Student’s T-test or Welch ANOVA with Tukey’s multiple comparison test.

Aiming to more comprehensively explore the replication stress phenotype, | conducted

immunofluorescence (IF) staining against FANCD2 combined with EdU-Click-it labeling for
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analysis of S-phase cells. Remarkably, the number of FANCD2 foci associated with chromatin
increased upon DOX induction in a time-dependent manner. The highest levels were observed
after 24 h of induction in the time course (Fig. 16). Elevated FANCD2 foci were detectable in both
S-phase and non-S-phase cells but showed at least twofold higher numbers in S-phase (Fig. 16),
suggesting that replication interference via TRCs in S-phase cells is the primary driver of the

observed phenotype.
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Figure 16: TRC reporter induction causes a global FANCD2 replication stress phenotype

Representative images of FANCD2 immunofluorescence staining (Ctrl, 4 h, and 24 h). EdU click-it staining
was performed for labeling of S-phase cells. Cells were exposed to 0 or 1 yg/mL DOX for TRC induction.
Scale bar 10 ym. Quantification of FANCD2 foci nhumber in S-phase and non-S-phase cells (n=3). Bars
indicate mean values with SD. Ordinary one-way ANOVA with Tukey’s multiple comparison test.

Considering the strong global FANCD2 response, | wondered if reporter induction would cause
global transcription deregulation of RNAPII that could be indirectly responsible for the observed
stress phenotype. Importantly, transcription levels determined by RNAPII Ser2P IF remained
unchanged (Fig. 17), underscoring that the replication stress response is unlikely a result of
globally altered transcription dynamics but rather a specific effect triggered by the induced mAIRN

TRC reporter sites.
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Figure 17: TRC reporter induction does not alter global transcription dynamics

Representative images of RNAPII Ser2P immunofluorescence staining on the same cells as in Fig. 16 (Ctrl,
4 h, and 24 h). EdU click-it staining was performed for labeling of S-phase cells. Cells were exposed to 0
or 1 yg/mL DOX for TRC induction. Scale bar 10 um (n=3). Measurement in absolute units (A.U.). Bars
indicate mean values with SD. Ordinary one-way ANOVA with Tukey’s multiple comparison test.

As a complementary approach, | used Western blot analysis of whole cell lysates to quantify
additional markers of the replication stress response (Fig. 18A). TRC induction with DOX led to
globally elevated levels of DNA damage markers histone H2AX phosphorylation (yH2AX) and
Serine 33 phosphorylated ssDNA binding protein RPA32 (RPA32pS33) when compared to the
nuclear loading control ORC2. Interestingly, yH2AX levels increased earlier in the time course
when compared to RPA32pS33, which is consistent with previous literature that RPA
phosphorylation is needed to initiate DNA repair and dissolves yH2AX foci, thereby positioning
RPA32pS33 downstream of H2AX phosphorylation (Anantha et al., 2007). Since yH2AX and
RPA32pS33 are targets of the ATR kinase in the DNA damage response (Anantha et al., 2007;
Toledo et al., 2013), | subsequentially exposed the cells to the specific ATR inhibitor VE-821
(ATRI). Importantly, increased ATR activity had previously been connected to DNA damage
inflicted by HO TRCs in mammalian cells (Hamperl et al., 2017), further supporting a potential
involvement in the observed global DNA damage response. Intriguingly, cells subjected to ATRIi
demonstrated sensitivity to TRC induction as seen by a significantly decreased fraction of S-
phase cells after 24 h of treatment with DOX. In contrast, cells exposed to TRC induction by DOX
alone (DMSO control) displayed an unaltered fraction of S-phase cells (Fig. 18B).
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Figure 18: TRC induction in reporter cells causes elevated yH2AX and RPA32pS33 levels
and delays S-phase in dependence on ATR activity

A) Representative Western blot analysis of DNA damage markers yH2AX and RPA32pS33 using cell
lysates from mAIRN reporter cells exposed to 0 or 1 ug/uL DOX for the indicated time points (0-72 h).
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Hydroxy urea (HU) treatment was used as a positive control for DNA damage induction. ORC2 served
as the loading control. Quantifications of yH2AX and RPA32pS33 signals normalized to ORC2 are
provided below.

B) Quantification of the fraction of cells in S-phase (n=6). Cells were treated with 0 or 1 ug/mL DOX for
4 h, 8 h, or 24 h. 10 uM ATR inhibitor VE-821 (ATRi) or DMSO were added respectively. Control (Ctrl)
cells were exposed to ATRi or DMSO for 24h.

To validate these results and more thoroughly characterize cell growth impairments, we
conducted proliferation analysis of cells challenged by DOX, ATRi inhibition or both combined
over 7 days. TRC induction via DOX alone resulted in a modest but significant growth reduction,
which was strongly exacerbated upon additional ATRi treatment with 1 uM VE-821 (Fig. 19A, B).
Importantly, DOX and ATRi showed a synergistic behavior in halting proliferation that cannot be
explained by just the individual effects of the treatments. Interestingly, the inhibition of the ATM
kinase (1 uM KU-60019), which has been shown to work in DNA double-strand break repair and
becomes activated upon CD TRCs in mammalian cells (Hamperl et al., 2017), also further
reduced cell proliferation in DOX-treated cells but did not demonstrate obvious synergistic
behavior as seen for ATRi (Fig. 19A, B). Higher doses of 10 uM ATRi or ATMi completely
abolished cell growth independent of DOX induction. Taken together, our results highlight that
TRC induction by the reporter system creates DNA damage and fork stalling that in turn cause
proliferation defects in an ATR- and ATM-dependent manner. Further, our data indicates that an
elevated TRC burden can be tolerated by the cells, but only if the DNA damage response remains

fully functional.
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Figure 19: ATR inhibition exacerbates TRC-induced cell proliferation impairments

A) Proliferation assay of TRC reporter cells upon treatment with 0 or 1 ug/mL DOX for a duration of 168 h
in 12 h intervals using Incucyte S3 Live-Cell Analysis System. Cells were additionally challenged with
1 or 10 yM ATRi with VE-821 or DMSO control treatment. Alternatively, cells were exposed to 1 or
10 uM ATMi with KU-60019 or DMSO control treatment. Data points represent the mean of three
replicates (n=3) with error bars indicating SD. Area under the curve (AUC) measurements for each
replicate were performed. Statistical analysis with Ordinary one-way ANOVA with Tukey’s multiple
comparison test was applied to the AUC measurements.

B) Corresponding crystal violet staining at the end of the time courses shown in (A).

4.4 R-loop mediated TRCs impair DNA replication fork progression

Since elevated FANCD2 levels have been connected to replication fork stalling events and have
simultaneously been shown in R-loop-associated genomic instability processes (Bayona-Feliu et
al., 2023; Okamoto et al., 2019; Shao et al., 2020), | wondered if the induction of R-loops and
TRC at the mAIRN reporter will result in impaired DNA synthesis. Here, | first chose to investigate
the interplay of DNA replication with TRCs and R-loops in a cell cycle-resolved manner, since
impairments might be dependent on the local replication timing program. To this end, | performed
a double thymidine block to synchronize the cells at the G1/S border and subsequently released

the cells into S-phase for a time course between 0-8 h. First, | confirmed successful cell
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synchronization by flow cytometry analysis using BrdU incorporation as a proxy for nascent DNA
synthesis. Asynchronous control conditions showed the expected distribution of around 50 % in
G1-phase, 45 % in S-phase, and 5 % in G2/M-phase (Fig. 20). Double thymidine block resulted
in 98 % of cells synchronized at the G1/S border and allowed for efficient release with 91 % of

cells being in S-phase after 4h.
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Figure 20: Flow cytometry analysis of asynchronous, arrested, and released cells

Flow cytometry analysis of asynchronous, double thymidine block arrested, and 4 h S-phase released cells.
BrdU incorporation was used to detect nascent DNA synthesis. Frames in the cell distribution graphs show
the gating applied for separation into G1, S, and G2/M cell populations. The percentage of cells in each cell
cycle phase is shown below (n=3).

Using this efficient synchronization strategy, | next analyzed R-loop levels in G1 synchronized and
4 h released S-phase cells using DRIP-gPCR readout. R-loop levels at the induced mAIRN
reporter site were about 2-fold increased in both G1 and S-phase conditions. Strikingly, a direct
comparison of G1 and S-phase conditions revealed a modest but significant increase in S-phase
cells when compared to G1 cells (Fig. 21A). As an important control, treating samples with E. coli
RNase H reduced DRIP signal close to baseline levels, indicating the specificity of our DRIP-
gPCR readout. Importantly, this effect was not the result of differences in transcriptional induction
strength as measured by RT-qPCR (Fig. 21B), thus arguing for a DNA replication and potentially
TRC-dependent stabilization of R-loops at the reporter sequences in S-phase cells. In contrast,
unrelated R-loop forming control locus RPL13A did not show inducibility by DOX treatment and

similar R-loop levels when comparing G1 arrested with S-phase released cells.
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Figure 21: mAIRN reporter induction results in stable R-loop formation

A) R-loop levels measured by DRIP-gPCR at the mAIRN reporter or RPL13A locus in G1 or 4 h released
S-phase cell treated with 0 or 1 ug/mL DOX using the mAIRN#2 primer pair. For RNase H control
conditions, isolated genomic DNA from cells was incubated with E. coli RNase H1 overnight to degrade
R-loops (n=3).

B) RT-gPCR analysis of mAIRN gene expression levels in G1 or 4 h released S-phase cell treated with 0
or 1 ug/mL DOX using the mAIRN#1 primer pair (n=4). Error bars indicate SD. Ordinary one-way
ANOVA with Tukey’s multiple comparison test.

To precisely analyze the impact of induced TRC and R-loops on DNA replication through different
stages of S-phase, | chose to perform a BrdU-seq experiment (J. Wang et al., 2021) at different
time points across S-phase. Following the arrest by a double thymidine block for cell
synchronization, cells were released in S-phase for a duration of 2h, 4 h, 6 h, and 8 h and
simultaneously exposed to DOX for TRC induction or respective control conditions. Additionally,
samples of G1/S cells were kept in the presence of thymidine as negative controls without
replication activity and therefore BrdU incorporation. 30 min before harvesting, cells were pulsed
with BrdU for labeling of nascent DNA (Fig. 22A). BrdU-containing DNA was then
immunoprecipitated from the resulting genomic DNA with a BrdU-specific antibody and further
processed into BrdU-seq libraries. On the global level, BrdU-seq data clustered according to the
experimental time point and displayed high levels of correlation between the biological replicates
(Fig. 22B). Further, early time points (2-4 h) showed higher similarity than late replicating regions

(6-8 h). G1 samples did not correlate, indicating an expected unspecific distribution of reads.
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Figure 22: BrdU-seq data is highly correlated and clusters according to S-phase
progression

A) Schematic depiction of the treatments in the BrdU-seq time course experiment. Cells were
synchronized at the G1/S border with double thymidine block. Cells were released into S-phase for
durations of 2 h, 4 h, 6 h or 8 h. Cells were pulsed with 25 uM BrdU for 30 min to label nascent DNA.
Upon release into S-phase, cells were treated with 0 or 1 ug/mL DOX. G1 control cells were
continuously cultured in thymidine-containing medium and treated with DOX for 8 h.

B) Heatmap displaying replicate correlation (Spearman’s R) of both BrdU-seq replicates for all time points
and treatment conditions. ‘'n” denotes the number of genomic bins with a size of 5 kb.

Before asking if R-loops and TRC could directly impair DNA replication fork progression at the
reporter sites, | first used the time resolved BrdU-seq data to define the replication timing of the
individual integration sites. As highlighted by an example region of ca. 10 Mb on chromosome 10,
the BrdU-seq data could successfully distinguish early-, mid-, and late-replicating regions of the
genome, as indicated by preferential BrdU incorporation at 2h-4h, 4h-6h, or 6h-8h after release
into S-phase, respectively (Fig. 23A). This genome-wide data allowed me to zoom into the

replication timing dynamics of the five reporter sites by quantification of the BrdU-seq signal in
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5 kb bins in a +/-100 kb region around the five integration sites (Fig. 23B). Intriguingly, the Chr 5,
Chr 9, and Chr 10 sites all showed the strongest enrichment of BrdU-seq signal at 2 h into S-
phase (Fig. 23B). Subsequent time points displayed little to no signal, defining these sites as
early replicating. In contrast, Chr 2 site 2 exhibited an early to mid-replication behavior with the
strongest signal at 2-4 h into S-phase. Chr 2 site 1 was the only late-replicating region with BrdU-
seq signal only appearing 6-8 h after release into S-phase. Collectively, the integration sites
exhibit a predominantly early S-phase replication timing, which is consistent with the reported
preferential targeting of open and active chromatin regions by Sleeping Beauty transposase (G.
Liu et al., 2005; Miskey et al., 2022), a chromatin state typically associated with early replication
timing (Rhind & Gilbert, 2013; P. A. Zhao et al., 2020).
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Figure 23: Replication timing analysis identifies the majority of integrated reporter sites in
early replicating domains of the genome

A) Genome browser snapshot of a representative 10 Mb region on chromosome 10 demonstrating that
BrdU-seq time course analysis can successfully track DNA replication timing and detect early, mid, and
late replicating domains.

B) Heatmap of BrdU-seq signal in +/-100 kb regions around the mAIRN integration sites with 5 kb bin size
in synchronized G1 cellsand 2 h, 4 h, 6 h, and 8 h released S-phase cells. BrdU-seq signal is displayed
as log2 normalized read counts relative to the mean of all samples. The signal of both biological
replicates is shown side by side (R1 and R2).
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DOX-treated versus control samples were highly similar when compared from a global
perspective, implying that transcriptional activation of the mAIRN reporter does not perturb DNA
replication fork progression on a genome-wide scale with the exception of one non-specific bin
(Fig. 24A). This is consistent with previous results where TRC induction in unchallenged cells did
not impair DNA replication within a single cell cycle (Fig. 18B). Instead, a drastic reduction of
BrdU-seq signal was observed in the DOX sample compared to the control sample, which
exclusively spanned the 5 kb genomic bin harboring the mAIRN reporter sites (Fig. 24B, C).
Crucially, this significant disruption of BrdU incorporation was only detectable at the 2 h release
time point that matches the previously defined replication timing of 4 out of the 5 integration
locations. Quantification of the BrdU-seq signal in the same +/-100 kb regions used for replication
timing analysis also revealed the mAIRN reporter as the only 5 kb bin with significantly reduced
BrdU incorporation at 2 h into S-phase (Fig. 24B).
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Figure 24: TRC induction at the mAIRN reporter induces drastic replication fork
impairments

A) MA plots showing differential regulation of BrdU-seq signal at the 2 h S-phase release time point
comparing DOX vs Ctrl conditions globally. 5 kb bin size. Significant bins are highlighted in red, and not
significantly changed bins are displayed in grey.

B) MA plots showing differential regulation of BrdU-seq signal at the 2 h S-phase release time point
comparing DOX vs Ctrl conditions in the +/- 100 kb regions around the integration sites shown in
Fig. 23B. 5 kb bin size. Significant bins are highlighted in red, and not significantly changed bins are
displayed in grey.

C) Representative genome browser snapshot of averaged BrdU-seq signal across all mAIRN reporter
integrations at the 2 h S-phase time point in 0 or 1 ug/mL DOX treated cells.

In contrast, no major differences could be seen for the 4 h, 6 h, and 8 h samples (Fig. 25).
Interestingly, although insignificant, slightly elevated BrdU-signal could be detected for the 4 h
time point, suggesting a delayed and potentially compensatory DNA synthesis at the mAIRN
reporter following the previously incomplete replication at 2 h (Fig. 24B, C). In summary, our data
demonstrates that TRCs driven by mAIRN R-loop formation can lead to direct and strong DNA
replication fork impediments that could cause the earlier identified DNA damage, fork stalling, and

growth phenotypes.
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Figure 25: TRC induction at the mAIRN reporter does not affect BrdU incorporation in mid-
to-late S-phase

MA plots showing the differential regulation of BrdU-seq signal at the 4 h, 6 h, and 8 h S-phase release time
points comparing DOX vs Ctrl conditions in the +/- 100 kb regions around the integration sites. Bin size
5 kb. Significant bins are highlighted in red, and not significantly changed bins are displayed in grey.
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4.5 TRC induction disrupts the local chromatin structure on integrated
R-loop reporter sites

Having discovered that reporter system-driven TRCs can lead to replication impairments and DNA
damage, | next asked whether this local interference could also disrupt the underlying chromatin
template. Analogous to the approach for the plasmid TRC reporters, my initial goal was to
characterize the behavior of RNAPII and histone H3 levels, allowing me to obtain insight into the
dynamics of gene ftranscription and nucleosome occupancy upon TRC induction. For this
purpose, | conducted ChIP-gPCR in synchronized cells 4 h after S-phase release with antibodies
targeting RNAPII Ser2P and histone H3. As anticipated, RNAPII Ser2P occupancy was strongly
increased at the mAIRN reporter site upon the addition of DOX, thus confirming successful
RNAPII recruitment consistent with transcriptional activation (Fig. 26A). Remarkably, activated
reporter transcription led to a strong reduction of nucleosome occupancy as indicated by
significantly decreased H3 enrichment at the mAIRN loci (Fig. 26B). DOX treatment did not alter
RNAPII Ser2P at the highly transcribed housekeeping ACTB gene, nor affected histone H3
occupancy at the non-transcribed, nucleosome-dense NRXN2 gene (Fig. 26A, B), serving as

specificity controls for the DOX treatment.
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Figure 26: TRC and R-loop induction at the mAIRN reporter reduce nucleosome occupancy

A) ChIP-gPCR analysis depicting RNAPII Ser2P at the reporter site (MAIRN#1 primers) or ACTB control
locus in synchronized S-phase cells 4 h after release from double thymidine block. Cells were treated
with 0 or 1 ug/mL DOX for 4 h (n=3). Error bars indicate SD. Welch’s t-test.

B) Same as in A) for ChIP-gPCR of histone H3 at the mAIRN#1 or NRXN2 sites.

Next, | wondered if the observed H3 loss is a specific result of R-loop formation, as suggested by

the previously obtained in vitro data (Fig. 8B), or occurs in a non-R-loop dependent way, for
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example as a by-product of the strong transcriptional activation and RNAPII load at the mAIRN
sequence. To this end, | attempted to rescue the depletion of nucleosomes by overexpression of
human FLAG-tagged RNase H1, an enzyme responsible for the degradation of R-loops and an
accepted approach to confirm R-loop dependency of a phenotype (Hyjek et al., 2019; H. Zhao et
al., 2018). In addition to H3 levels, | also quantified FANCD2 levels by ChIP-gPCR upon
RNase H1 overexpression, as FANCD2 had been shown to be recruited to R-loop sites (Liang et
al., 2019). Despite Western blot analysis showing highly efficient overexpression of RNase H1
after 24 h of transfection (Fig. 27A), RNase H1 could neither rescue the loss of H3 nor the

previously observed increase of FANCD2 (Fig. 27B, C).
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Figure 27: Loss of nucleosome occupancy and FANCD2 recruitment cannot be rescued by
RNase H1 overexpression

A) Representative Western blot images displaying RNase H1-FLAG signal in Clone#12 upon
overexpression of RNase H1 or an empty vector plasmid for 24 h. ORC2 serves as a loading control.

B) ChIP-gPCR data of FANCD2 in Clone#12 cells at the mAIRN#1 locus upon overexpression of RNase
H1 (RNH) or an empty vector plasmid for 24 h. Cells were treated with 0 or 1 ug/mL DOX 24 h (n=3).
Error bars show SD. Ordinary one-way ANOVA with Tukey’s multiple comparison test.

C) Same as in B) for ChIP-gPCR data for histone H3.

While this result was initially unexpected, particularly strong R-loops resistant to processing by
RNase H1 had been described before (Crossley et al., 2020). Given the artificially strong and
stable nature of the induced mAIRN R-loops, limited degradation efficiency by RNaseH1 could be
a possible explanation for the lack of rescue. Alternatively, the nucleosome loss or FANCD2
accumulation at induced mAIRN sites could also be R-loop independent. To discriminate between
these two possibilities, | took advantage of the matching non-R-loop forming ECFP control cell

line as an independent and complementary approach (Fig. 28A). Strikingly, H3 levels were not
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significantly decreased at the induced ECFP gene or the unrelated NRXNZ2 control locus
(Fig. 28B), providing evidence that the nucleosome loss at the mAIRN reporter is likely a
consequence of its strong R-loop formation. Furthermore, this data is agreement with the
previously observed inability of DOX-induced ECFP cells to create a local DNA damage response
in FANCD2 ChIP-gPCR (Fig. 15C), suggesting that both DNA damage response and nucleosome

loss induction require an R-loop forming sequence.
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Figure 28: Nucleosome loss occurs at R-loop forming mAIRN sites but not at ECFP control
sites

A) ChlIP-gPCR analysis of Histone H3 levels in Clone#12 and Clone#2 cells at the mAIRN#2 and ECFP#2
loci. Cells were exposed to 0 or 1 ug/mL DOX for 24 h (n=3). Error bars indicate SD. Student’s test.
B) Same as in A) for the NRXN2 control region.

To obtain a more global overview of the transcriptional and nucleosome changes upon DOX
induction, the ChIP-gPCR samples were subsequently used for preparation of Next Generation
Sequencing (NGS) libraries to perform ChlP-seq analysis. Averaging the obtained ChIP-Seq
signal across the five mAIRN integration sites demonstrated that the transcription activation and
nucleosome depletion phenotypes are not restricted to the mAIRN sequence itself but rather
extend throughout the entire reporter construct of 5 kb (Fig. 29A). As this analysis depicts the
average signal of all five integration sites due to their identical sequence, | wondered if differential
behavior could be detected in the close vicinity of each integration site. To this end, | analyzed
RNAPII Ser2P and histone H3 ChIP-seq data in 100 bp bins -/+ 5kb upstream and downstream
of the reporter sites. Surprisingly, RNAPII Ser2P signal did not remain confined to the integrated

sequence but frequently extended beyond its genomic location with heterogenous extend
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(Fig. 29B). For example, Chr 2 site 1 displays increased levels of RNAPII Ser2P upon DOX
treatment, which extended into the upstream intronic sequence of the MRPS9-AS2 gene for

several thousand base pairs (Fig. 29C).
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Figure 29: RNAPII Ser2P levels are increased in genomic bins neighboring the induced
reporter sites

A) Representative genome browser snapshot of RNAPII Ser2P and histone H3 signal along the full mAIRN
reporter construct in DOX treated or untreated conditions in synchronized S-phase cells.

B) Heatmap showing log2 fold change of RNAPII Ser2P signal upon DOX treatment over control in a +/-
5 kb region surrounding the integration site locations (the 5 kb bin containing the mAIRN reporter itself
is not included), 100 bp bin size.

C) Representative genome browser snapshot displaying RNAPII Ser2P and histone H3 signal at the
MRPS9-AS2 locus which contains the Chr 2 site 1 integration site (orange bar) in the same conditions
as in A). Sequencing libraries were derived from samples shown in Fig. 26A and 26B.
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To test whether elevated RNAPII Ser2P occupancy would result in gene expression changes, |
performed RT-gPCR analysis. Interestingly, MRPS9-ASZ2 as a gene in direct vicinity to the mAIRN
reporter was 50-fold upregulated upon DOX treatment (Fig. 30A). In contrast, neighboring genes
of the Chr 2 site 2 (CERS6 and STK9) or Chr 10 site (FAM25A and GLUD1) located further away
from the integration site were not affected in their expression (Fig. 30A). Due to the predominantly
unidirectional extension of the RNAPII Ser2P signal beyond the reporter sites, this is most likely
the result of readthrough transcription that is determined by the orientation of the integrated Tet-
ON promoter controlling mAIRN transcription. While all integration sites showed varying degrees
of readthrough transcription (Fig.29B, C, and Fig. 30B), the Chr9 site did not exhibit
transcription outside the reporter (Fig.30 C).

Reporter induction did not induce any global deregulation of transcription apart from the affected
genomic bins in direct vicinity of the integration sites (Fig. 31A). Most importantly, these
neighboring genomic bins (the reporter site of 5 kb is excluded from the visualization) displaying
RNAPII readthrough were unaltered in their H3 occupancy (Fig. 31B, C). This data suggests that
the H3 loss phenotype cannot be explained by high levels of RNAPII occupancy and transcription
but is rather specifically driven by the R-loop and TRC formation of the mAIRN reporter. Global
histone H3 levels remained unchanged (Fig. 31B). In summary, these findings demonstrate that
R-loop-driven TRCs can cause a reduction of local nucleosome occupancy, thus disturbing the
local chromatin environment and increasing its vulnerability to DNA breakage and genomic

destabilization.
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Figure 30: Readthrough transcription of the activated reporter affects the surrounding
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A) RT-gPCR quantification of expression levels of genes containing or neighboring different reporter
integration sites. Synchronized G1 or 4 h released S-phase cells were treated with 0 or 1 uyg/mL DOX

B)

C)

for 4 h (n=3). Error bars show SD. Ordinary one-way ANOVA with Tukey’s multiple comparison test.

Representative genome browser snapshot of a 20 kb region surrounding the Chr 9 integration site
region (orange bar) showing RNAPII Ser2P and histone H3 occupancy in DOX-treated or untreated

conditions in synchronized S-phase cells.

Same as in B) for a 40 kb region around the integration site on Chr 10, which also contains the FAM25A

and GLUD1 genes.
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Figure 31: Loss of nucleosome occupancy remains confined to the R-loop reporter
sequence and does not occur genome-wide

A) MA plots showing differential regulation of global RNAPII Ser2P ChIP signal, 1 kb bins. Significantly
changed mAIRN bins are highlighted in red, not significantly affected bins are displayed in grey.

B) MA plot of histone H3 ChIP signal in the same parameters as in A).

C) Heatmap illustrating the log2 fold change of histone H3 levels upon DOX treatment over control in a +/-
5 kb region surrounding the integration site locations, 100 bp bin size.

4.6 H3K79 methylation is a TRC-enriched histone modification at the R-
loop reporter and genome-wide

Beyond the increase in chromatin accessibility resulting from nucleosome eviction, | wondered if
TRC and R-loop induction could impact other chromatin features. As several papers have
reported altered levels of histone posttranslational modifications (PTMs) such as H3K4
methylation (H3K4me), H3S10 phosphorylation (H3S10P), and H2AK119ub at TRCs in different
model systems (Bayona-Feliu et al., 2023; Chong et al., 2020; Hao et al., 2022), | decided to

comprehensively analyze histone PTMs in mAIRN reporter cells using these previously identified
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marks as a candidate list for ChIP-qPCR experiments. Importantly, for each PTM, | included a
side-by-side histone H3 ChIP from the identical nuclear lysate, thus allowing me to account for
the loss of histone H3 occupancy at the induced mAIRN reporter and perform normalization to H3
levels accordingly (Fig. 32A). Interestingly, the loss of histone H3 was already noticeable upon
4 h of DOX treatment in arrested G1 cells and further decreased upon release of cells into S-
phase with simultaneous DOX exposure. This observation was consistent for several tested
primer pairs along the reporter sequence (Fig. 32B, C), suggesting that active DNA replication
could further reduce nucleosome occupancy, an effect likely resulting from enhanced R-loop
stabilization by TRCs in S-phase (see Fig. 21A and discussion). No differential H3 occupancy
was observed at the unrelated NRXN2 control site, suggesting that this effect is specific to the
mMAIRN TRC reporter (Fig. 32D).
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Figure 32: Loss of nucleosome occupancy is exacerbated at the reporter in S-phase cells

A) Cartoon of the ChIP workflow used for screening TRC-dependent histone modifications. For each
tested modification, a matched ChIP of canonical histone H3 from identical nuclear lysates was
conducted, allowing for subsequent H3 normalization.

B) Schematic representation of the mAIRN locus of the integrated reporter construct and control region
near NRXN2 exon 5. Locations of the tested primer pairs (TSS, mAIRN#1, mAIRN#2, and NRXN2) in
subsequent ChIP experiments are indicated as black bars.

C) Histone H3 ChIP in G1 or 4 h released S-phase cell treated with 0 or 1 ug/mL DOX for 4 h. H3 levels
were quantified at the reporter sequence with primers at TSS, mAIRN#1, and mAIRN#2 or the NRXN2
control locus (n=3). Error bars indicate SD. Ordinary one-way ANOVA with Tukey’s multiple comparison
test.

D) Same as in C) for the NRXN2 locus.

H3K4 trimethylation (H3K4me3) is frequently deposited at transcription start sites and shows a
decreasing 5 to 3’ gradient throughout the gene body. H3K4 methylation was recently
characterized as a mitigator of TRCs by acting as a “speed bump” to decelerate active replication
forks (Chong et al., 2020). Consistently, | found a DOX-dependent increase of H3K4me3 in S-
phase cells at primer locations mAIRN#1 and mAIRN#2 in the gene body of the mAIRN reporter,
but a region just upstream of the TSS or the unrelated NRXN2 locus remained unchanged.
(Fig. 33A). Moreover, recent work demonstrated that a dynamic switch from H2AK119cr to
H2AK119ub leads to transcriptional repression and eviction of RNAPII for TRC prevention (Hao
et al., 2022). In agreement, | found H2AK119ub to be enriched in DOX-treated S-phase cells
particularly at the TSS and 5’ region of the mAIRN reporter gene, whereas little to no differential
occupancy between the conditions could be detected towards the 3’ end and at the NRXN2 control
site (Fig. 33B). Lastly, the behavior of H3K79 di- and trimethylation (H3K79me2/3) upon TRC
induction was monitored at the mAIRN reporter. H3K79me2/3 was shown to be enriched at the
promoters and gene bodies of actively transcribed genes (Steger et al., 2008; Veloso et al., 2014)
but also to aid DNA replication at a subset of origins and prevent genomic instability through
recruitment of TP53-binding protein 1 (53BP1) (Fu et al., 2013; Huyen et al., 2004), making it an
interesting target to study in the context of TRCs. Strikingly, both H3K79me2 and H3K79me3 were
strongly enriched at all tested locations of the induced mAIRN TRC reporter and showed
particularly high levels in DOX-induced S-phase cells (Fig. 33C, D). In contrast, no changes were

seen at the NRXN2 control locus in all conditions tested. (Fig. 33C, D).
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Figure 33: H3K4me3, H2AK119ub, and H3K79 methylation are TRC-enriched chromatin
modifications at the R-loop reporter

A) H3 normalized H3K4me3 ChIP-gPCR in G1 or 4 h released S-phase cell treated with 0 or 1 ug/mL DOX
for 4 h. Occupancy levels of the respective histone modification were quantified at the reporter
sequence with primers at TSS, mAIRN#1, mAIRN#2, or the NRXN2 control site (n=3). Error bars
indicate SD. Ordinary one-way ANOVA with Tukey’s multiple comparison test.

B) Same as in A) for ChIP-gPCR of H2AK119ub.

C) Same as in A) for ChIP-gPCR of H3K79me?2.

D) Same as in A) for ChlIP-gPCR of H3K79me3.

To independently validate these findings, | chose to leverage a previously established
bioinformatic approach to test for the enrichment of different histone modifications at putative
genomic HO or CD TRC regions (Hamperl et al., 2017). In brief, putative genomic regions were
defined by overlapping DRIP-seq data for mapping of R-loops, Global run-on sequencing (GRO-
seq) data for quantifying the immediate transcriptional activity of a gene, and Okazaki fragment
sequencing (OK-seq) data for mapping of replication origins and fork directionality. By integrating
these three publicly available genomic datasets in HelLa cells, genome-wide TRC hotspots were
defined based on genomic regions, in which replication origins were residing within R-loop forming
genes that are actively transcribed in S-phase (Fig. 34A). Furthermore, transcribing RNA
polymerase at these hotspots have the chance to collide with bidirectionally progressing
replication forks either in HO or CD direction, allowing for the distinction between HO or CD-
oriented TRCs. After the identification of these putative TRC sites, publicly available ENCODE
ChiP-seq data were obtained for different histone modifications in HeLa cells and their profiles
overlayed over the TRC hotspot regions. H3K4me3, H3K27me3, and H3K36me3 displayed
symmetric distributions between HO and CD sides with varying enrichment levels (Fig. 34B-D).
In strong contrast, H3K79me2 and H3K79me3 showed a drastic asymmetry towards the HO
regions, implying that these modifications might be a marker of the more detrimental HO collisions
(Fig. 34E, F). H2AK119ub ChIP-Seq data were only publicly available in MCF7 breast cancer
cells and did not show meaningful enrichment of this modification over the HeLa TRC hotspot
regions, suggesting that the disparity between the two cell lines may cause this analysis to be

inconclusive (Fig. 34G).
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Figure 34: H3K79 methylation is enriched at genomic TRC and R-loop sites

A) Cartoon for the selection of genomic regions prone to HO versus CD collisions by the identification of
intragenic origins of replication within actively transcribed genes (Hamperl et al., Cell 2017).

B) Analysis of H3K4me3, C) H3K27me3, D) H3K36me3, E) H3K79me2; and F) H3K79me3 ChliP-seq
signal from HelLa cells at intragenic origins residing in actively transcribed genes. The analysis windows
surrounding the regions span 24 kb in size and are positioned at least 5 kb away from promoters and
terminators. Error bands show a 95 % confidence interval as determined by a bootstrap of the mean.

G) Same as in B-F) for H2AK119ub ChlP signal in MCF7 cells.

Building on this initial evidence of H3K79me2/3 as a potentially important player at TRC and R-
loop sites, | was curious whether a global correlation between the presence of R-loops and
H3K79me2/3 occupancy exists. Following peak calling on quantitative DRIP (qDRIP) data to
define R-loop prone genomic regions in HelLa cells, | split the genome into R-loop forming and
non-R-loop forming regions and quantified H3K79me2 and H3K79me3 signal in both groups.
Crucially, both H3K79me2 and H3K79me3 showed high signal in R-loop forming regions when
compared to the control set, further establishing a genome wide positive correlation between R-
loops and H3K79me2/3 (Fig. 35A), which could also be observed at the R-loop forming example
genes ACTB and RPL13A (Fig. 35B-C). Collectively, these findings demonstrate that the TRC
reporter system can recapitulate the behavioral dynamics of previously characterized TRC-related
histone PTMs like H3K4me3 and H2AK119 and further provides crucial evidence for H3K79

methylation as a modification relevant to TRC and R-loop biology.
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Figure 35: R-loop and H3K79 methylation overlap genome-wide

A) Box-plot comparing H3K79me2 and H3K79me3 ChlP signal at sites overlapping (+) or not overlapping
(-) with R-loops. Bin size 5 kb. 'n” indicates number of genomic bins.

B) Genome browser snapshot of a genomic example region with R-loop-prone ACTB locus from chr 7
showing overlapping gDRIP-seq, H3K79me2, and H3K79me3 ChIP-seq signal in HelLa cells.

C) Same as in B) for a similar region containing the R-loop forming RPL13A locus on chr 19.

4.7 Evaluation of the role of H3K79 methylation at TRC sites

Following the identification of H3K79 methylation as a strong candidate histone modification
involved in the regulation of TRCs and R-loops, | was eager to elucidate whether this histone
modification has any functional relevance at TRC sites. Importantly, DOT1L is the only known
histone methyltransferase capable of depositing H3K79me2/3 (Nguyen & Zhang, 2011).
Consequently, | inhibited DOT1L activity in the TRC reporter cell line using the small molecule
inhibitor EPZ-5676 (Pinometostat, DOT1Li), which has been previously shown to be highly
specific in reducing DOT1L activity (Daigle et al., 2013). Western blot analysis of cells treated with
5 uM DOT1Li for 72 h resulted in a global loss of about 40% of the H3K79me2 signal when
compared to loading controls GAPDH and ORC2. In contrast, an acute DOT1Li treatment of 8 h
was insufficient to alter H3K79me2 (Fig. 36). In agreement with existing literature that no active
H3K79 demethylase has been identified to date, these results demonstrate that the drug
treatment can successfully prevent the new deposition of the histone modification, but requires 2-

3 cell division to dilute the pre-existing mark from total chromatin (Kari et al., 2019).

8h DOT1Li
72h DOT1LI
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ORC2 ———
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Figure 36: Prolonged DOT1Li inhibition reduces global H3K79me2 levels

Representative Western blot of H3K79me2 levels in cells treated with 5 yM DOT 1L inhibition (EPZ-5676)
or DMSO for 8 h or 72 h. GAPDH and ORC2 serve as loading controls. Quantifications of H3K79me2 signal
intensities were normalized to ORC2 signal and are shown relative to the DMSO condition displayed below.
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For specific analysis of H3K79me2 signal at the mAIRN reporter site, | next performed H3
normalized H3K79me2 ChlIP. Expectedly, cells in DMSO conditions showed a clear DOX-
dependent increase of H3K79me2 levels at the mAIRN locus but not at the unrelated NRXN2 or
ACTB control sites (Fig. 37A). Crucially, both acute (8 h) and prolonged (72 h) treatment with
DOT1Li entirely abolished the previously observed increase of H3K79me2 upon DOX (Fig. 37A).
These results suggest a specific and DOX-dependent deposition of H3K79 methylation at the
mMAIRN reporter sequences via activated DOT1L. As the H3K79me2 ChIP-gPCR was conducted
with histone H3 normalization, | wondered if DOT1L activity could also affect nucleosome
occupancy and maybe promote the observed nucleosome loss at the TRC reporter site. Inhibition
of DOT1L for both 8 h and 72 h did not prevent or alleviate the nucleosome loss phenotype at the
mAIRN sites seen upon DOX induction (Fig. 37B), thus suggesting that the nucleosome loss

occurs independently of H3K79 methylation and DOT1L action.
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Figure 37: H3K79me2 is actively deposited at the induced TRC reporter sites

A) H3 normalized H3K79me2 ChIP-qPCR in cells treated with 5 uM DOT1L inhibition (EPZ-5676) for 8 h
and 72 h. Cells were also treated with 0 or 1 uyg/mL DOX. H3K79me2 levels were analyzed at the
MAIRN#1 or the NRXN2 and ACTB control sites (n=3). Error bars indicate SD. Ordinary one-way
ANOVA with Tukey’s multiple comparison test.

B) Corresponding histone H3 ChlIP for the mAIRN#1 and NRXN2 loci used for normalization in A).

To obtain more evidence for the role of DOT1L in TRC biology, | conducted PLA for RNAPII Ser2P
and PCNA to test whether DOT1Li can increase TRC frequency. Consistent with my previous
results, a short 4 h DOX treatment did not cause changes in overall TRC PLA levels in DMSO
conditions (Fig. 38). In contrast, DOT1Li for 72 h reduced global TRC burden in the basal state
without TRC reporter activation. This is most likely the result of globally impaired transcription
elongation and thus lowered levels of RNAPII Ser2P on chromatin, a phenotype previously
reported for DOT1Li (Steger et al., 2008; Wu et al., 2021). Strikingly, combined treatment of 72 h
DOT1Li and 4 h DOX induction caused an increase of TRC PLA foci number (Fig. 38), implying
that DOT1L activity is required for proper transcription-replication coordination and helps the cell

to overcome acutely induced TRCs in our model reporter cell line.
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Figure 38: Combined DOT1L and DOX treatment exacerbates TRC levels in mAIRN reporter
cells

Quantification of TRC PLA foci (RNAPII Ser2P and PCNA antibodies) in S-phase cells. Cells were treated
with DMSO or DOT1Li for 72 h. Cells were also treated with 0 or 1 ug/mL DOX for 4 h (n=3). Bars indicate
mean values with SD. Unpaired t-tests.

These data suggest that DOT1L is specifically recruited to the integrated reporter sites upon TRC
induction. To gain more mechanistic insights into how this recruitment can occur specifically at
the reporter sites, | considered the possibility that DOT1L might be passively recruited by

continuous association with either the transcription or replication machinery. To test this, |
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performed PLA assays using primary antibodies against DOT1L and the replication fork
component PCNA. Interestingly, a robust number of 4-5 DOT1L-PCNA PLA foci could be detected
particularly in EdU-positive S-phase cells, suggesting that DOT1L can associate with a specific
fraction of active replication forks (Fig. 39A, B). The specificity of this PLA combination was
verified via siRNA knockdown of DOT1L for 72 h (siDOT1L). 72 h siDOT1L treatment reduced
DOT1L protein levels by 50 % compared to a non-targeting siRNA control (siCtrl) and strongly
reduced the H3K79me2 signal by 80 % (Fig. 39C). Correspondingly, the number of DOT1L-PCNA
PLA foci in siDOT1L conditions was significantly reduced when compared to siCtrl cells
(Fig. 39 D). Moreover, single antibody controls for PCNA and DOT1L showed little to no
detectable foci, indicating a low background signal (Fig. 39D). Most interestingly, TRC induction
by DOX demonstrated a reduction of DOT1L-PCNA interaction (Fig. 39A, B), thereby indicating
that DOT1L dissociates from active replication forks upon TRC induction. These data support the
notion that DOT1L may be released from the replisome and therefore engage with replicating or

post-replicative chromatin to deposit H3K79me2/me3.
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Figure 39: DOT1L dissociates from the replisome upon TRC induction

A) Representative images of PLA assay with DOT1L and PCNA antibodies. EdU click-it staining was
performed to label S-phase cells. Cells were treated with 0 or 1 ug/mL DOX for TRC induction. Scale
bar 10 ym.

B) Quantification of B) in EdU positive and negative cells (n=3). Error bars indicate SD. Ordinary one-way
ANOVA with Tukey’s multiple comparison test.

C) Representative Western Blot showing DOT1L and H3K79me2 signal upon knockdown of DOT1L
(siDOT1L) for 24 h, 48 h, and 72 h compared to non-targeting siRNA control (Ctrl). GAPDH loading
control. Quantification of GAPDH normalized DOT1L and H3K79me2 signal relative to the respective
siCtrl treatment is shown below.

D) Quantification of PLA foci (DOT1L and PCNA antibodies) in EdU+ or EdU- cells. Cells were treated with
siCtrl or siDOT1L (n=4). Single antibody controls for PCNA and DOT1L show the level of background
signal (n=3). Bars indicate mean values with standard deviations (SD). Unpaired t-test.

Given the proposed role of H3K79me2/3 in aiding transcription elongation, | was wondering if
DOT1L might act to rescue or restart transcription at TRC sites. This hypothesis is in agreement
with two recent studies, providing evidence for rapid reengagement and transcription restart of
RNAPII complexes on post-replicative chromatin (Bruno et al., 2024; Fenstermaker et al., 2023).
For initial support of this hypothesis, | reanalyzed available ChlP-seq data of RNAPII, H3K79me2,
and DOT1L from a leukemia cell line and overlapped their enrichment with the previously defined
genomic HO and CD TRC regions (see Fig. 34). Consistent with the data from HelLa cells,
H3K79me2 again was strongly enriched at HO TRC sites (Fig. 40A). Strikingly, RNAPIl and
DOT1L followed a very similar pattern and showed a slight enrichment at the HO side of the plots,
suggesting that DOT1L activity is likely required for efficient transcription elongation at such HO
TRC regions (Fig. 40B, C).
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Figure 40: RNAPII and DOT1l are enriched at genome-wide TRC sites marked by H3K79me2

Analysis of H3K79me2 (A), DOT1L (B), and RNAPII ChIP signal (C) from MOLM13 cells at intragenic
replication origins within active genes previously defined in HelLa cells. The analysis windows surrounding
the regions span 24 kb in size and are positioned at least 5 kb away from promoters and terminators. Error
bands show a 95 % confidence interval as determined by a bootstrap of the mean.
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To further experimentally verify the role of DOT1L in RNAPII transcription at TRC sites, | tested
the transcriptional output of the reporter gene upon DOT1Li. Crucially, acute local H3K79me2/3
depletion at the reporter site by 8 h DOT1Li significantly reduced the transcriptional output of the
induced mAIRN gene as observed by RT-gPCR (Fig. 41A). Unrelated housekeeping genes
PUM1 and ALAS1 were instead not affected (Fig. 41A). In further support, treatment of the
reporter cells with a structurally distinct DOT1L inhibitor (EPZ004777) showed an identical small
but significant decrease in mAIRN ftranscription output after a short 8 h DOT1Li treatment
(Fig. 41B). Additionally, | also tested the effects of RNAi-mediated depletion of DOT1L on mAIRN
transcription activity as an alternative to chemical inhibition. Despite only an approximately
reduction of DOT1L levels by 50 % and H3K79me2 levels by 80 % following 72 h of knockdown
(Fig. 39C), | could still observe a consistent significant reduction of mAIRN transcription levels
upon DOX treatment (Fig. 41C). Unrelated housekeeping genes PUM1 and ALAS1 remained
largely unaffected (Fig. 41B, C). Collectively, these data provide compelling evidence that DOT1L
enzyme activity is required to maintain the full transcriptional potential of the mAIRN reporter gene

upon TRC induction.

Finally, | asked if the presence of H3K79 methylation is required to mitigate DNA damage at TRC
sites and thus performed FANCD2 ChIP-gPCR after TRC induction with and without DOT1Li
treatment. Crucially, FANCD2 levels were further increased upon 8 h DOT1L inhibition at the
induced mAIRN reporter but not the NRXN2 control locus (Fig. 42), indicating that the DNA
damage inflicted at the TRC site is exacerbated without active H3K79 methylation deposition by
DOT1L. In summary, these findings establish DOT1L as the crucial writer of H3K79me2/3 at the
TRC reporter sites and suggest an active methylation deposition upon conflict induction. DOT1L
is likely recruited to TRCs in a replisome dependent manner via PCNA interaction. Finally, DOT1L
activity is crucial for maintenance of active transcription and prevention of excessive DNA damage
at TRC sites.
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Figure 41: Interfering with DOT1L activity reduces the transcriptional output of the mAIRN

reporter gene

A) RT-gPCR analysis of RNA levels using primer pairs mAIRN#1, ALAS1, and PUM1 in cells treated with
5 uM DOT1L inhibition (EPZ-5676) or DMSO control treatment. Moreover, 0 or 1 ug/mL DOX were
added for 4 h (n=3). Error bars indicate SD. Ordinary one-way ANOVA with Tukey’s multiple comparison
test.

B) RT-gPCR analysis of RNA levels using primer pairs mAIRN#2, ALAS1 and PUM1 in cells treated with
5 uM DOT1L inhibition (EPZ000477) or DMSO control treatment. Moreover, 0 or 1 ug/mL DOX were
added for 4 h (n=3). Error bars indicate SD. Student’s t-test.

C) RT-gPCR analysis of RNA levels at mAIRN#2, ALAS1, and PUM1 in cells treated with siCtrl or siDOT1L
for 72 h. Additionally, O or 1 yg/mL DOX were added for 4 h (n=3). Error bars indicate SD. Student’s t-
test.
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Figure 42: Loss of DOT1L activity exacerbates fork stalling and DNA damage at the TRC
reporter sites

FANCD2 ChIP-gPCR analysis with primer pairs mAIRN#1 or NRXN2 in cells treated with 5 yM DOT1L
inhibition (EPZ-5676) or DMSO control. In addition, cells were exposed to 0 or 1 ug/mL DOX for 24 h (n=3).
Error bars indicate SD. Ordinary one-way ANOVA with Tukey’s multiple comparison test.
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4.8 Addressing the potential of oncogenes to induce TRCs

Evidence from numerous recent studies suggests that several commonly amplified or
overexpressed oncogenes can cause TRC-driven genomic instability in various cancer cell
models (Kotsantis et al., 2016; Macheret & Halazonetis, 2018). Nevertheless, a systematic and
comprehensive side-by-side analysis of the overexpression effect of multiple oncogenes on TRC
biology with consistent methodology has not yet been performed. To this end, | chose to determine
the potential of the oncogenes Cyclin E, CDC25A, and CDC6 to induce TRCs and associated

genomic instability.

4.8.1 Overexpression of Cyclin E in U 2-OS cells fails to reproducibly elevate TRC
levels

The gene CCNE1 encoding Cyclin E is among the most frequently amplified genes in human
cancers (Beroukhim et al., 2010; Bignell et al., 2010; Zack et al., 2013). Overexpression of
Cyclin E was shown to induce firing of novel replication origins within highly transcribed genes in
U-2 OS osteosarcoma cells (Macheret & Halazonetis, 2018). These oncogene-induced
replication initiation events were suggested to lead to collisions with ongoing transcription, thereby
giving rise to an elevated TRC burden and DNA damage (Macheret & Halazonetis, 2018; Neelsen
et al., 2013). While the original work proposed an occurrence of TRCs based on overlapping EU-
seq and EdU-seq profiles as well as DRB-sensitivity of the DNA damage (Macheret & Halazonetis,
2018), direct experimental validation of an increased TRC burden has not been conducted.
Consequently, | chose to address this gap in our understanding using a PLA-based readout. To
begin, | tested the ability of U-2 OS Cyclin E Tet-OFF cells (Santoni-Rugiu et al., 2000) to induce
Cyclin E expression upon removal of tetracycline by western blot analysis. Cyclin E was
moderately (1.6-fold) overexpressed within 8 h and maintained high protein levels throughout the
time course up to 72 h (Fig. 43A). Next, | performed PLA against RNAPII Ser2P and PCNA
following Cyclin E overexpression. As novel origin firing was reported to be occurring within only
a few hours after overexpression (Macheret & Halazonetis, 2018), | chose to test the number of
TRC-PLA foci throughout a time course of 4 h, 8h, and 24 h. Unexpectedly, Cyclin E
overexpression could not increase the burden of TRC PLA foci at any of the observed timepoints
(Fig. 43B, C). Interestingly, further analysis of EdU-signal in S-phase cells as a marker of
replication efficiency showed strong albeit not significant reduction after 4 h and 8 h (Fig. 43D).
In summary, these pilot experiments could not verify overexpressed Cyclin E as an efficient
inducer of TRCs. This could be in part due the limited (1.6-fold) overexpression efficiency and a

certain level of leakiness of the Tet-OFF system. Consequently, | did not further pursue the
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investigation of Cyclin E in the TRC context but rather focused on the two other model systems

overexpressing CDC25A and CDC6, respectively.
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Figure 43: Cyclin E overexpression fails to increase global TRC levels in U-2 OS cells

A) Representative Western Blot images showing Cyclin E levels upon Cyclin E overexpression by removal
of tetracycline from the culturing medium for 8 h, 24 h, 48 h, and 72 h compared to the control condition
(Ctrl) without overexpression. Histone H3 serves as a loading control. Quantification of Cyclin E signal
normalized to H3 is provided below.

B) Representative images of TRC PLA assay with RNAPII Ser2P and PCNA antibodies (Ctrl and 4 h time
points). EdU click-it staining was performed to label S-phase cells. Cyclin E expression was induced by
the removal of tetracycline from the culturing medium. Scale bar 10 ym.

C) Quantification of TRC PLA foci number in S-phase (EdU+) and non-S-phase cells (EdU-) from B) as
well as additional time points (n=3). Bars indicate mean values with SD. Ordinary one-way ANOVA with
Tukey’s multiple comparison test.

D) Quantification of mean EdU signal intensity in S-phase cells from B) as well as additional time points
(n=3). Bars indicate mean values with SD. Ordinary one-way ANOVA with Tukey’s multiple comparison
test.

70



4.8.2 Overexpression of CDC25A in U 2-OS cells causes TRCs and associated
genomic instability

The dual specific-phosphatase CDC25A has been shown to remove inhibitory phosphorylation on
Cyclin E/CDK2 and Cyclin B/CDK1 complexes, thereby promoting S-phase and M-phase entry,
respectively (Donzelli & Draetta, 2003). Moreover, activation of the DNA damage response has
been demonstrated to converge on CDC25A. Phosphorylation of CDC25A via CHK1 or CHK2
induces proteasomal degradation of CDC25A, thereby blocking S-phase entry and DNA
replication (Donzelli & Draetta, 2003; Mailand et al., 2000). Importantly, overexpression of
CDC25A enables it to bypass this mechanism, resulting in elevated DNA damage and fork stalling
(Mailand et al., 2000; Neelsen et al., 2013). Given its role in DNA damage and convergence with
the Cyclin E pathway (Donzelli & Draetta, 2003), | wondered if CDC25A overexpression could
give rise to an elevated TRC burden. In analogy to the experiments for Cyclin E, | verified a
successful overexpression in U-2 OS CDC25A Tet-OFF cells (Mailand et al., 2000) upon
tetracycline removal. Interestingly, short overexpression for 8 h showcased an induction of 6.3-
fold, followed by a moderate reduction across the time course of 24 h, 48 h, and 72 h (Fig. 44A).
Strikingly, CDC25A significantly increased global TRC PLA foci levels in S-phase cells after 4 h
overexpression (Fig. 44B, C). In contrast, subsequent time points at 8 h or 24 h did not show this
phenotype as the TRC-PLA levels dropped back to similar levels as in the control samples without
CDC25A overexpression, suggesting that CDC25A overexpression triggers an acute but rather
transient response to increased TRC levels. Interestingly, quantifying the EdU-signal in S-phase
cells as a marker of replication efficiency was not affected after 4 h of CDC25A overexpression
but showed a moderate although non-significant decline at the later 8 h and 24 h timepoints,
implying that the TRC response might translate into replication impairments in a sequential
manner (Fig. 44D).
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Figure 44: CDC25A overexpression shows an acute but transient increase of global TRC
levels in U-2 OS cells

A)

B)

Q)

D)

Representative Western Blot images showing CDC25A levels upon Cyclin E overexpression for 8 h,
24 h, 48 h, and 72 h by removal of tetracycline from the culturing medium compared to a control
condition (Ctrl) without overexpression. Histone H3 serves as a loading control. Quantification of the
CDC25A signal normalized to H3 is provided below.

Representative images of TRC PLA assay with RNAPII Ser2P and PCNA antibodies (Ctrl and 4 h time
points). EdU click-it staining was performed to label S-phase cells. CDC25A expression was induced
by the removal of tetracycline from the culturing medium. Scale bar 10 ym.

Quantification of TRC PLA foci number in S-phase (EdU+) and non-S-phase cells (EdU-) from B) as
well as additional time points (n=3). Bars indicate mean values with SD. Ordinary one-way ANOVA with
multiple comparison test.

Quantification of mean EdU signal intensity in S-phase cells from B) as well as additional time points
(n=3). Bars indicate mean values with SD. Ordinary one-way ANOVA with Tukey’s multiple comparison
test.

Next, | wanted to test if the increased TRC burden imposed by CDC25A would lead to elevated

DNA damage and genomic instability. To this end, | conducted IF staining against the DNA

damage marker yH2AX. Crucially, the yH2AX foci number and intensity were unchanged after 4 h

of CDC25A overexpression, the time point with elevated TRC burden but significantly increased

at the 8 h time point (Fig. 45A-C), suggesting a delayed DNA damage response consistent with
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reduced EdU signal at this time point (Fig. 44D). Interestingly, yH2AX foci number reached back
to baseline levels after 24 h of CDC25A overexpression, indicating that the cells were able to
overcome or compensate the acute spike in TRC levels at 4 h and associated DNA damage at
8 h over the course of one cell cycle. In summary, these results identified the CDC25A
overexpression model system in U-2 OS cells as a potent inducer of TRCs and genomic instability.
Short overexpression resulted in the highest protein and TRC levels, implying that CDC25A
overexpression rapidly induces discoordination between transcription and replication. Finally,
elevating CDC25A levels lead to genomic instability as seen by increased yH2AX signal, which
occurred slightly delayed in comparison to the spike in TRC-PLA foci. Further research will be
required to understand the molecular mechanisms of how exactly CDC25A induces TRCs and
DNA damage.

A SiR-DNA EdU yH2AX SiR-DNA/yH2AX

w

yH2AX IF - Foci count C yH2AX IF - Mean intensity
0.0229 0.0412

= 807 | 2000 |

-
[1)]
[=]
o
1

1000

¢ 500
=
- . = A

Number of yH2A X foci
B
o
1

yH2A X intensity [A.U.]

2 LT e e e

I I I T I I 0

T T T T T T T T T T
Ctrl 4h 8h 24h Ctrl 4h 8h 24h Ctrl 4h 8h 24h Ctrl 4h 8h 24h

EdU+ | . EdU- | , Edu+ . EdU- |

Figure 45: CDC25A overexpression increases DNA damage

A) Representative images of IF staining of yH2AX (Ctrl and 24 h time points). EdU click-it staining was
performed to label S-phase cells. CDC25A expression was induced by the removal of tetracycline from
the culturing medium. Scale bar 10 uym.
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B) Quantification of yH2AX foci number in S-phase cells (EdU+) from B) as well as additional time points
(n=2). Bars indicate mean values with SD. Ordinary one-way ANOVA with Tukey’s multiple comparison
test.

C) Same as in B) for yH2AX mean intensity in absolute units (A.U.).

4.8.3 Overexpression of CDC6 in Human Bronchial Epithelial Cells (HBEC) causes
TRCs and associated genomic instability

CDCE6 is an essential regulator of DNA replication in human cells primarily known for its function
in the assembly of the pre-replicative complex at replication origins (Borlado & Méndez, 2008;
Feng et al., 2021; Weissmann et al., 2024) (also see introduction). Additionally, CDC6 plays an
important role in the regulation of the S-phase and M-phase checkpoints (Borlado & Méndez,
2008). CDC6 has been demonstrated to have proto-oncogenic function (Borlado & Méndez, 2008;
Komseli et al., 2018). Particularly, a recently established model of human bronchial epithelial cells
(HBEC) overexpressing CDC6 was demonstrated to undergo a short period of hyperreplication,
which was accompanied by high levels of genomic instability (Komseli et al., 2018; Zampetidis et
al., 2021). Subsequently, cells rapidly succumb to oncogene-induced replicative senescence.
Following prolonged overexpression of CDCD6 of around 30-40 days, a subpopulation of cells
was shown to escape from senescence, undergo a malignant oncogenic transformation, and
display epithelial-mesenchymal transition phenotypes (Komseli et al., 2018; Zampetidis et al.,
2021). Interestingly, the initially observed DNA damage during the hyperreplication phase was
predominantly located in TSS regions, suggesting that TRCs could be a highly relevant contributor
(Zampetidis et al., 2021).

To test the function of oncogenic CDC6 activity in HBECs, | first overexpressed CDC6 by the
addition of DOX for 8 h, 24 h, 48 h, and 72 h and quantified its protein levels by western blot.
CDC6 was clearly overexpressed at all observed time points (Fig. 46A). The strongest inducibility
of CDC6 expression was seen after 8 h showing an induction of approximately 26-fold, which was
followed by a gradual decline through the time course. Next, | conducted quantification of TRC
PLA foci following 4 h, 8 h, and 24 h of CDC6 overexpression. Interestingly, the 4 h and 8 h time
points both showed a moderate reduction of TRC PLA foci (Fig. 46C). In contrast, a strong
increase of the TRC burden was observed after 24 h (Fig. 46B, C), suggesting that at least one
cell division cycle is required to manifest the effects of CDC6 overexpression on transcription-
replication coordination. Analysis of EdU signal as a marker of DNA replication activity also
showed a drastic reduction after 24 h of CDC6 overexpression consistent with the expected

induction of senescence (Fig. 46D). As the highest numbers of TRCs could be counted only after

74



24 h of CDC6 overexpression, | wondered if this TRC burden would increase further in a
prolonged time course over the course of two or three additional cell cycles. Consequently, |
performed TRC PLA following 24 h, 48 h, and 72 h of CDC6 overexpression. While the 24 h time
point showed results highly similar to the previous time course analysis (Fig. 46C, E), the TRC
burden increased even further in a time-dependent manner at 48 h and 72 h (Fig. 46E). This data
suggests that cells resisting the induction of replicative senescence the longest, become highly

susceptible to TRCs.

To test whether this subpopulation of cells highly prone to TRC induction also shows a
concomitant increase in DNA damage, | performed IF staining against yH2AX. yH2AX foci number
gradually increased in S-phase cells with the highest level at 48 h, providing evidence that TRC-
prone cells experience high levels of replication stress, DNA damage, and genomic
instability(Fig. 47A, B). Interestingly, this change was not reflected in the overall yH2AX intensity,
suggesting that the level of DNA damage signaling at individual foci might be limited. Finally, |
also wanted to confirm the high yH2AX levels by complementary Western blot analysis. To this
end, | repeated the time course of CDC6 overexpression up to 48 h and analyzed the yH2AX
signal in whole cell lysates. Interestingly, | only observed an increased yH2AX signal after 8 h of
CDC6 overexpression and no further induction at 24 h and 48 h (Fig. 47C). One potential
explanation for this discrepancy could be that the Western blot analysis included all cells
independent of their cell cycle stage, whereas the IF analysis distinguished S-phase and non-S-
phase cells. In the IF analysis the latter population showed much reduced yH2AX signal
(Fig. 47B). Thus, the effect seen in S-phase cells is likely masked by non-S-phase cells that
dominate the population as a result of senescence induction at the later timepoints. As part of this
experiment, | also analyzed the levels of total RNAPII and RNAPII Ser2P by Western blot and
found a strong increase in both levels at 8 h upon CDC6 overexpression. Subsequent time points
displayed a decrease of both RNAPII and RNAPII Ser2P levels compared to 8 h but still remained
above the baseline state (Fig.47C). This initial spike of RNAPII levels might result in a
hypertranscription phenotype that could explain the subsequent induction of TRCs seen in the
PLA data.
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Figure 46: CDC6 overexpression increases global TRC levels in HBECs during the
transition to senescence

A) Representative Western Blot images showing CDC6 levels upon CDC6 overexpression induced by the
addition of DOX for 8 h, 24 h, 48 h, and 72h compared to a control condition (Ctrl) without
overexpression. GAPDH serves as a loading control. Quantification of CDC6 signal normalized to
GAPDH is provided below.
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B)

9]

D)

E)

Representative images of TRC PLA assay with RNAPII Ser2P and PCNA antibodies (Ctrl and 24 h time
points). EdU click-it staining was performed to label S-phase cells. CDC6 expression was induced by
the addition of DOX. Scale bar 10 um.
Quantification of TRC PLA foci number in S-phase (EdU+) and non-S-phase cells (EdU-) from B) as
well as additional time points (n=3). Bars indicate mean values with SD. Ordinary one-way ANOVA with
Tukey’s multiple comparison test.
Quantification of mean EdU signal intensity in S-phase cells from B) as well as additional time points
(n=3). Bars indicate mean values with SD. Ordinary one-way ANOVA with Tukey’s multiple comparison
test.
Same as in C) for cells overexpressing CDC6 for 24 h, 48 h, and 72 h (n=3)
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Figure 47: CDC6 overexpression in HBECs increases DNA damage and RNAPII levels

A)

B)

Q)

Representative images of IF staining of yH2AX (Ctrl and 24 h time points). EdU click-it staining was
performed to label S-phase cells. CDC6 expression was induced by the addition of DOX. Scale bar
10 um.

Quantification of yH2AX foci number in S-phase cells (EdU+) and non-S-phase cells (EdU-) from A) as
well as additional time points (n=3). Bars indicate mean values with SD. Ordinary one-way ANOVA with
Tukey’s multiple comparison test.

Same as in B) for yH2AX mean intensity in absolute units (A.U.).
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D) Representative Western Blot images showing RNAPII Ser2P, RNAPII, CDCG6, and yH2AX levels upon
overexpression of CDC6 for 8 h, 24 h, and 48 h compared to a control condition without overexpression.
Histone H3 serves as the loading control. Quantifications of RNAPII Ser2P, RNAPII, CDC6, and yH2AX
signals relative to H3 are provided below the respective bands.

Taken together, | have demonstrated that different oncogenes have varying capabilities to induce
TRCs and associated genomic instability. Surprisingly, Cyclin E overexpression that was
previously connected to TRC induction did not demonstrate an elevated TRC burden based on
the TRC PLA assay. Instead, CDC25A and CDC6 overexpression induced TRCs and DNA
damage, albeit with vastly different extend and timing, highlighting the demand for more

comprehensive and systematic analysis when studying oncogene-driven TRCs.
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5. Discussion

In this work, a novel system to robustly induce TRCs in human cancer cells at defined
chromosomal sites was developed and used to analyze the impact of TRCs on the local chromatin
environment. Strikingly, | observed a TRC-driven loss of nucleosome occupancy at the reporter
sites that coincided with local R-loop formation and DNA replication fork impairment. As a result,
| detected site-specific induction of DNA damage marked by FANCD2 but also a global DNA
damage response as seen by the increased number of FANCD2 foci and yH2AX signal

throughout the whole nucleus in these cells.
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Figure 48: Model for the functional role of H3K79 methylation at TRC sites

A) Cells not transcribing the mAIRN reporter (OFF) can replicate normally without disruption of chromatin
organization.

B) Upon transcriptional activation, the mAIRN reporter (ON) creates R-loops and impairs replication fork
progression. The resulting HO or CD TRCs with an associated R-loop cause a local reduction of
nucleosome occupancy. At the same time, DOT1L dissociates from the replication machinery and
deposits H3K79me2/3.

C) H3K79me2/3 aids efficient transcription recovery at the mAIRN reporter site. Figure from (Werner et
al., 2025)

Moreover, screening of potential TRC-associated histone modifications confirmed the enrichment
of chromatin marks previously connected to TRCs but also identified H3K79 methylation as a
novel and important histone modification at TRC sites (Fig. 48). Perturbing the deposition of
H3K79me2/3 by DOT1L inhibition led to an exacerbated DNA damage response and impaired
efficient transcription progression at the reporter site. Collectively, my work provides mechanistic
insight into how TRCs and associated R-loops threaten the local chromatin landscape through
disrupted nucleosome occupancy and DNA replication impairments, while also defining

H3K79me2/3 as a crucial histone modification at chromosomal TRC sites.

5.1 Persistent R-loop formation at TRC sites is incompatible with
nucleosome incorporation on the DNA

In this work, multiple different approaches and model systems have shown that R-loop formation
on the mAIRN reporter sequence is incompatible with nucleosome incorporation on the resulting
three-stranded nucleic acid structure. First, in vitro data showed that reconstituted mAIRN
RNA:DNA hybrids are resistant to nucleosome formation when competing with dsDNA (Fig. 8B).
Second, HO-TRC but not CD-TRC plasmids were subject to a profound loss of nucleosome
occupancy seen in both MNase and histone H3 ChIP-qPCR assays (Fig. 9, 10A). Importantly, it
was shown that only HO-TRC plasmids are capable of stable R-loop formation at the mAIRN
locus, implying that high R-loop stability might underlie this defect in nucleosome incorporation
(Hamperl et al., 2017). Third, the activated chromosomal mAIRN reporter was subject to
significant H3 loss. While this phenotype occurred in both G1 and S-phase cells, it was
significantly more pronounced in S-phase cells correlating with their higher R-loop burden
(Fig.26B, 32C). These lines of evidence suggest that TRCs, and especially more detrimental HO-
TRCs, can lead to the formation of stable R-loops that disrupt nucleosome organization.

Importantly, nucleosome depletion was exclusively observed at the R-loop forming TRC reporter
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sites but not at adjacent genomic regions that show readthrough transcription with similar levels
as the mAIRN reporter itself (Fig. 29B, 31C), thereby demonstrating that the phenotype is not a

cause of transcription activation but additionally requires an R-loop prone sequence.

Notably, overexpression of human RNase H1 was not able to rescue the histone H3 loss and
FANCD2 accumulation phenotypes at the mAIRN loci (Fig. 27C). Although these results
contradict the known function of RNase H1 as a bona fide R-loop removing enzyme (Hyjek et al.,
2019; H. Zhao et al., 2018), | do not attribute the observations to a lack of R-loop dependency but
rather to technical limitations of reporter activation and RNase H1 overexpression that prevented
successful R-loop removal. In my experimental design, RNase H1 was overexpressed for a period
of 24 h, during which the transcription of the mAIRN reporter was continuously activated by DOX
treatment to induce R-loop formation. In contrast to treatment with exogenous E. coli RNase H
(Fig. 21A), endogenously overexpressed human RNase H1 may not efficiently remove or
degrade the exceptionally stable R-loops on the mAIRN sequence. Thus, reporter activation
would lead to the persistent formation of R-loops and create a steady-state equilibrium, in which
RNase H1 removes the R-loop but its turnover remains insufficient to efficiently counteract the
continuous DOX-induced R-loop formation. Indeed, experiments from collaborators in the Vincent
Vanoosthuyse lab showed that RNase H overexpression cannot reduce R-loop levels at the
mAIRN reporter cell line (data not shown). Additionally, the mAIRN sequence contains a very high
GC-skew, a feature that correlates with R-loop formation but has also been found in RNase H-
resistant R-loops (Crossley et al., 2020). Finally, the mAIRN locus was also shown to induce
distinct but yet-to-be-defined other DNA secondary structures on the template strand in an
RNase H-independent manner in vitro . These DNA secondary structures could contribute to the
replication fork stalling and nucleosome depletion phenotypes. To distinguish these possibilities
in future experiments, point mutations that were previously described to impair the formation of
these DNA secondary structures, but not R-loop formation at the mAIRN sequence could be
introduced into the reporter. Finally, the construction of TRC and R-loop reporter systems with
various R-loop-prone sequences would enable a more comprehensive and comparative
analysis.As an independent approach to RNase H overexpression, we leveraged a reporter cell
line overexpressing a chromosomally integrated ECFP sequence with highly comparable copy
number and transcriptional output as the mAIRN reporter cell line (Fig. 15A, B). Importantly, the
ECFP sequence does not permit R-loop formation (Hamperl et al., 2017). ECFP activation did not
result in H3 loss or DNA damage accumulation (Fig. 15C, 28A), providing independent evidence
that the observed phenotypes are likely a cause of R-loops at the mAIRN TRC reporter loci. My

observations are consistent with early observations describing that RNA presence in double-
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helical DNA prevents its interaction with histone proteins (Dunn & Griffith, 1980). Furthermore,
previous structural characterization of R-loops had shown that RNA:DNA hybrids adopt an
intermediate conformation between A-DNA and B-DNA (J. H. Liu et al., 2019). The resulting
atypical secondary structure is less flexible and thereby prevented from wrapping around the
histone octamer, providing a possible explanation for the nucleosome loss. In analogy to the
exposure of ssDNA in the non-template strand at R-loops (Garcia-Muse & Aguilera, 2019),
reduced protection of the DNA through nucleosome loss and thereby elevated accessibility could
offer another layer of explanation as to why R-loop and TRC regions are more prone to DNA
damage (Brambilla et al.,, 2020). In summary, my work establishes a closely connected
relationship between TRCs, R-loop formation, and chromatin disruption, while also emphasizing
the need for proper R-loop resolution and removal to maintain genomic and epigenomic integrity.
In future work, genome-wide R-loop stabilization approaches, such as RNase H1/2 inactivation
or topoisomerase inhibition (P. Lin et al., 2023; Y. Liu et al., 2020), will be crucial to extrapolate
our findings from the reporter system to a global genome-scale, thereby offering a chance for

unprecedented insights into TRC, R-loop, and chromatin biology.

5.2 Genomic integration of an inducible mAIRN R-loop sequence allows
locus-specific TRC analysis

Previous studies in prokaryotic and eukaryotic model systems have characterized TRCs as
dangerous genomic events giving rise to mutations and DNA damage, thereby threatening
genome integrity (Garcia-Rubio et al., 2018; Hamperl et al., 2017; Lang et al., 2017; Prado &
Aguilera, 2005; Sankar et al., 2016). Despite many efforts, TRCs remain a particularly difficult
genomic event to study given their stochastic occurrence and dependence on two highly complex
nuclear machineries. Hence, researchers have commonly employed plasmid-based reporter
systems to model the dynamics of TRCs in bacteria, yeast, and mammalian cells (Hamperl et al.,
2017; Lang et al., 2017; Prado & Aguilera, 2005). Additionally, these studies are complemented
by correlative approaches, in which drug treatments (Shao et al., 2020) or oncogene
overexpression are used to generate DNA damage that is then correlated to co-occurring TRCs
(Kotsantis et al., 2016; Macheret & Halazonetis, 2018). Despite their value in helping to
understand numerous TRC-associated processes, plasmid reporter systems may not capture the
full complexity and dynamics of TRC induction and resolution on the genome. Particularly,
chromatin-related processes that are highly relevant for the control of both transcription and

replication in complex mammalian genomes cannot be accurately modeled with plasmids. On the
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contrary, global TRC induction approaches rely on disrupting cellular processes on a global scale
such as topoisomerase depletion or oncogenes helping to bypass the G1/S cell cycle checkpoints
(Kotsantis et al., 2016; Macheret & Halazonetis, 2018; Promonet et al., 2020). These global
disruptions induce TRCs with varying efficiencies but are unavoidably accompanied by unspecific
responses and side effects, making it impossible to link cellular responses such as DNA damage
to TRCs exclusively. In summary, these problems prevent true mechanistic insight into how TRCs

affect chromatin and get resolved.

To overcome these limitations, this work constructed a chromosomal TRC reporter system by
genomic integration of the strongly R-loop forming mAIRN sequence that had been used in the
human TRC plasmid reporters before (Fig. 11). In contrast to the plasmid system (Fig. 9), | chose
not to integrate the unidirectional origin of replication oriP/EBNA due to its late and inefficient
replication activity in human cells (Carroll et al., 1991; J. Zhou et al.,, 2009). Endogenous
replication origins would likely be activated before oriP, thereby already replicating the integrated
sequence and obscuring the orientational information compared to plasmid reporters. R-loop
formation has been shown to slow down RNAPII progression (Tous & Aguilera, 2007). Thus, |
speculated that stable R-loop formation on the mAIRN sequence would impede RNAPII
progression sufficiently to create a potent obstacle for incoming replication forks, ultimately
resulting in a TRC. For chromosomal integration of the mAIRN reporter sequence, | chose the
Sleeping Beauty transposase due to its ability to generate integrations at multiple random
locations (Izsvak & lvics, 2004; Kowarz et al., 2015). Sleeping Beauty transposase integrates
sequences into the genome with a bias to euchromatic and actively transcribed regions (G. Liu et
al., 2005; Miskey et al., 2022), which are likely the sites that predominantly encounter TRCs.
Subsequent analysis allowed me to detect the signal from an average of five integration sites in
the monoclonal mAIRN Clone#12 cell line (Fig. 12A, B), providing robustness and reducing
locus-specific biases. While the current TRC reporter system remains agnostic to TRC orientation,
site-specific single integration via CRISPR/Cas9 could position the reporter in a specific
orientation next to a replication initiation zone that shows highly robust replication fork
directionality (Bayona-Feliu et al., 2023; Petryk et al., 2016), thus inducing HO or CD TRC
selectively. Taken together, the chromosomal TRC reporter cells offer a controlled environment
for TRC induction residing in endogenous chromatin and thereby serving as a powerful tool for
future mechanistic investigations of TRCs and their interplay with R-loops, mutational burden, and

(epi)genome stability.
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5.3 H3K79 methylation is deposited at TRC sites and provides a
chromatin environment for effective transcription recovery

Numerous histone modifications including H3K4me3 and H2AK119ub have been recently
proposed to play a role in TRC biology (Chong et al., 2020; Hao et al., 2022). By investigating
multiple candidates to identify TRC-associated histone modifications, | could confirm enrichment
of both H3K4me3 and H2AK119ub at our reporter sites (Fig. 33A, B). This suggests that the
reporter system can successfully recapitulate the chromatin dynamics previously observed at
endogenous TRC sites. Most interestingly, | also detected a specific enrichment of H3K79me2
and H3K79me3 upon TRC induction at the reporter as well as genomic regions prone to R-loop
forming HO-TRCs (Fig. 33C, D and 34E, F). H3K79me2/3 is deposited by DOT1L, the only
known writer enzyme for this modification in mammalian cells (Daigle et al., 2013; Nguyen &
Zhang, 2011). H3K79me2/3 has primarily been described in the context of RNAPII transcription
serving as a mark of RNAPII elongation complexes consistent with its location in the gene body
of actively transcribed genes (Steger et al.,, 2008; Wu et al.,, 2021). Nevertheless, the exact
function of the modification in transcription regulation remains unknown. Furthermore,
H3K79me2/3 has been linked to the DNA damage response with H3K79me3 serving as a binding
platform for the Tudor domain of 53BP1 (Huyen et al., 2004), thereby aiding in the response and
repair of DNA double-strand breaks (DSBs). Recent work has also identified Menin as a reader
of H3K79me2 (J. Lin et al., 2023). Menin binding was proposed to be involved in transcriptional
activation through binding to H3K79me2 at potential intragenic enhancers (J. Lin et al., 2023).
Beyond its putative role in transcription regulation, Menin was previously shown to interact with
FANCD2, a marker of fork stalling and DNA damage (Jin et al., 2003), thereby linking the functions
of H3K79me2/3 in transcription and DNA damage control. Finally, H3K79me2/3 was shown to
interact with PCNA, implying a role in DNA replication fork progression (Kang et al., 2020). Taken
together, H3K79me2/3 appears as a prime candidate for a TRC-associated chromatin mark
bringing transcription and replication control to prevent and/or overcome TRCs. Crucially, our
study shows that H3K79me2 is actively deposited at TRC sites (Fig. 37A), suggesting a dynamic
behavior of the modification and its writer DOT1L at TRC sites. This response might be distinct
from globally deposited H3K79me2/3 that serves as a processivity signal for transcription
activation and elongation. Notably, acute inhibition of DOT1L reduces the RNA output of the
mAIRN reporter gene (Fig. 41) and results in increased fork stalling and DNA damage (Fig. 42).

Moreover, H3K79me2/3 marks were enriched at sites of R-loop formation genome-wide (Fig. 35),
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implying a role of the chromatin mark in transcription maintenance or recovery at genomic sites
prone to R-loop formation, replication fork stalling, and DNA damage.

While my work uncovered H3K79me2/3 as a crucial histone modification being deposited at R-
loop forming TRC sites, it remains unclear how exactly DOT1L is initially recruited to TRC sites.
My PLA data showing an interaction of DOT1L with PCNA points towards DOT1L as a protein
associated or potentially traveling with the replication fork (Fig. 39). Following TRC occurrence,
DOT1L may either have increased residence time on the chromatin in proximity of the TRC site
due to the stalling of the replication fork or alternatively, fork stalling may introduce a
conformational change and remodel the fork that allows displacement of DOT1L from the
replisome and deposition of H3K79me2/3 (Fig. 37 and 39). While my results suggests replication-
dependent recruitment of DOT1L, recent structural studies have identified the transcription-linked
ubiquitination of histone H2B at lysine 120 (H2BK120ub) as a recruitment platform for DOT1L
(Valencia-Sanchez et al., 2019). Furthermore, H2BK120ub writer RNF20/40 E3 ubiquitin-protein
ligase complex (RNF20/40) has been shown to play crucial roles in the DNA damage repair (So
et al.,, 2019) and H3K79me2/3 levels are reduced upon their depletion (E. Wang et al., 2013).
Consequently, a transcription and DNA damage-based pathway via RNF20/40 and H2BK120ub
could serve as a second and complementary axis of DOT1L recruitment and H3K79me2/3
deposition at sites of transcription-dependent DNA damage such as TRCs. Converging pathways
would offer additional robustness for the cell to ensure TRC-dependent DNA damage is repaired
appropriately. Independent of the preceding signaling, Menin as a reader of H3K79me2/3 could
then recruit FANCD2 to sites of transcription and replication-dependent DNA damage (J. Lin et
al., 2023), stalling replication forks to enable proper repair and transcription recovery.
Nevertheless, this putative pathway is in conflict with the observed increased FANCD2
recruitment upon DOT1Li (Fig. 42), demanding for more time-resolved analysis. Future research
will be needed to clarify the exact molecular mechanisms and pathways of H3K79me2/3
regulation at TRC sites. Collectively, my study sheds light on a novel role of H3K79me2/3 in TRC
biology, which likely acts as a platform to recruit repair factors and enable TRC resolution by
aiding the restart of transcription after collisions between transcription and replication machineries
(Fig. 48).
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5.4 TRCs impair DNA replication fork progression and sensitize the
cells to ATR kinase inhibition

TRCs and R-loops have been demonstrated to act as obstacles to DNA replication fork
progression, thereby inducing replication stress in different model systems (Stoy et al., 2023;
Tsirkas et al., 2022). Importantly, the chromosomal TRC reporter system allowed me to show local
TRC-dependent replication fork progression impairments on endogenous mammalian chromatin
(Fig. 24). Stalled DNA replication at the induced TRC sites precisely matched the expected
replication timing of the superordinate replication domain (Fig. 23B). In contrast, no replication
impairments outside of the TRC reporter could be detected (Fig. 24A). Based on these findings,
| conclude that TRCs are no global disruptors of the replication timing program but rather induce
highly localized delays of replication fork progression. As most of the integration sites are located
in early replication domains (Fig. 23B), the replication delay was strongest at the earliest 2 h S-
phase time point (Fig. 24B, C). Interestingly, slightly elevated replication signal at the subsequent
4 h and 6 h time points suggests that the conflicts can eventually be overcome, and the sequence
is replicated (Fig. 25). This delay of DNA replication to a later cell cycle stage is reminiscent of
recently described sites of G2/M DNA synthesis (G-MiDS) (J. Wang et al., 2021). G-MiDS are
highly transcribed throughout S-phase and require the removal of RNAPII in G2/M-phase to
complete DNA replication, particularly at their TSS regions. Notably, however, G-MiDS sites are
significantly smaller, up to several hundred base pairs in size, and do not exhibit any detectable
levels of DNA damage (J. Wang et al., 2021). In contrast, the TRC reporter sites are larger
(approximately 5 kb) (Table S1), appear to be resolved during S-phase (Fig. 24 and 25), and
induce local and global DNA damage (Fig. 14 and 16), implying that they act as more potent
disruptors of the replication program compared to the natural occurring G-MiDS. While sharing
similarities with respect to locally delayed DNA replication, the underlying resolution mechanisms
at induced TRCs appear to be fundamentally different from G-MiDS as they involve the activation
of the DNA damage checkpoints. However, in future work, it will be important to place TRC
reporters into late replicating domains to address whether TRC-induced replication delays can

also lead to incomplete DNA synthesis in G2/M-phase.

In agreement with the identified local replication delay, | found that persistent DOX treatment
across multiple cell divisions leads to mild cell growth impairment (Fig. 19). Strikingly, this
proliferation defect was strongly exacerbated upon treatment with an ATR inhibitor, highlighting
the crucial role of the ATR kinase in the TRC response (Fig. 19). A previous study had connected

activated ATR signaling to the more detrimental HO conflicts, whereas CD conflicts responded by
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activation of the ATM kinase (Hamperl et al., 2017). In contrast to ATR, ATM inhibition did not
show a synergistic reduction of cell proliferation when combined with TRC induction (Fig. 19).
Based on these findings, it is tempting to speculate that particularly HO-TRCs give rise to
replication delays and act as the main drivers of the ATR inhibition-dependent sensitivity in the
reporter cells. Importantly, several ATR inhibitors have shown promising outcomes as anti-cancer
drugs in clinical trials (Salguero et al., 2023). Thus, a stratification of patients based on the TRC
burden of their tumors could further improve the efficiency of ATR inhibitor treatment in cancer

therapy.

5.5 Oncogenic TRCs are associated with genomic instability and cell
state transitions

Previous studies have shown that overexpression of numerous oncogenes can increase the TRC
burden in human cells. Particularly, inducible overexpression of oncogenes CCNE1 and MYC was
shown to induce firing of novel replication origins within highly transcribed genes in U-2 OS
osteosarcoma cells (Macheret & Halazonetis, 2018). These oncogene-induced replication
initiation events were shown to result in higher TRC levels and associated genomic instability. For
the oncogenic phosphatase CDC25A (Neelsen et al., 2013) and proto-oncogene CDC6
(Zampetidis et al., 2021), S-phase or transcription-associated replication stress have been
described but a direct connection to TRCs has not yet been established. In this work, | have
performed a side-by-side comparison of overexpression of the oncogenes Cyclin E, CDC25A,

and CDCE6 to confirm/determine their potential to induce TRCs and associated DNA damage.

Using the identical U-2 OS Cyclin E overexpression model system that has previously been
described to give rise to TRCs at cryptically activated intragenic origins (Macheret & Halazonetis,
2018; Neelsen et al., 2013), | could confirm successful Cyclin E overexpression (Fig. 43A).
However, Cyclin E overexpression was clearly less efficient compared to the other oncogenes.
Strikingly and in contrast to published findings, Cyclin E overexpression was unable to increase
the number of TRC PLA foci across numerous tested time points (Fig. 43B, C). Nevertheless,
Cyclin E overexpression resulted in impaired DNA replication (Fig. 43D), suggesting that the firing
of intragenic origins causes replication stress. Importantly, the original study never quantified the
TRC burden by PLA but showed that fork collapse at oncogene-induced intragenic origins
correlated with high transcription levels and was rescued by transcription inhibition with DRB
(Macheret & Halazonetis, 2018). While these genomic data strongly point towards transcription-

dependent replication stress, the conclusion is based on corelative evidence rather than direct
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quantification of TRC levels. The PLA-based analysis of TRC remains the only currently available
technique to directly visualize and quantify TRCs, as it detects events in which actively elongating
RNAPII (RNAPII Ser2P) and replication fork component PCNA are within approximately 40 nm
distance (Hegazy et al., 2020). Interestingly, an independent study used Cyclin E overexpression
in synchronized RPE-1 cells could demonstrate increased levels of RNAPII-PCNA TRC PLA foci
(Bhowmick et al., 2023). The differences to my observations could result from the use of a different
cell line background and the application of cell synchronization. Despite their immortalization with
p53 knockout and human telomerase reverse transcriptase (hnTERT) overexpression, RPE-1 cells
are considered as a non-transformed alternative to cancer cell lines (Bodnar et al., 1998; Scott et
al.,, 2020). Given their more stable genome, Cyclin E overexpression might exert more
pronounced effects on transcription-replication coordination. Furthermore, the authors applied cell
synchronization via nocodazole and thymidine treatments (Bhowmick et al., 2023), which induce
moderate replication stress independent of Cyclin E overexpression (Halicka et al., 2017). Taken
together, my results cannot confirm Cyclin E overexpression as an inducer of TRCs in a U-2 OS
cell line model but rather suggest that additional research will be needed to clarify the role of
Cyclin E in TRC biology.

The dual specific-phosphatase CDC25A has been demonstrated to remove inhibitory
phosphorylation on Cyclin E/CDK2 and Cyclin B/[CDK1 complexes, thereby inducing S-phase and
M-phase entry, respectively (Donzelli & Draetta, 2003). As CDC25A and Cyclin E functions
converge on the S-phase checkpoint, | tested the effect of CDC25A overexpression on cellular
TRC levels in an identical U-2 OS model cell line. Strikingly, acute overexpression for 4 h induced
a strong increase of TRC PLA foci, uncovering CDC25A as potent inducer of TRCs (Fig. 44A-C).
Coincidingly, reduced DNA replication efficiency and elevated yH2AX foci number were observed
after 8 h, suggesting a delayed DNA damage response (Fig. 44D and 45A, B). My data is
consistent with previous work suggesting that CDC25A overexpression can promote fork stalling
and reversal in the context of DNA damage (Donzelli & Draetta, 2003; Neelsen et al., 2013). While
my work has uncovered CDC25A overexpression as a potent approach to increase the TRC
burden in cells, it remains unclear why CDC25A but not its downstream target Cyclin E could
induce this phenotype. In addition to the S-phase checkpoint, CDC25A also controls M-phase
entry (Mailand et al., 2000, 2002). However, no increased TRC or DNA damage burden could be
detected in non-S-phase cells, suggesting that control of S-phase entry is primarily responsible
for the phenotypes. Whether CDC25A overexpression also results in cryptic firing on intragenic

origins, has not been addressed. To understand the molecular mechanisms driving CDC25A-
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dependent increases in TRC burden, further research will be required. In summary, | identified

CDC25A overexpression as a novel and potent approach to induce TRCs.

A recently established model of human bronchial epithelial cells (HBEC) overexpressing CDC6
was shown to undergo a short period of hyperreplication, which was accompanied by high levels
of genomic instability (Komseli et al., 2018; Zampetidis et al., 2021). Overexpressing cells rapidly
succumbed to oncogene-induced replicative senescence, from which a subpopulation escaped
after 30-40 days by undergoing malignant oncogenic transformation. Interestingly, the initially
observed DNA damage during the hyperreplication phase was predominantly located at TSS
regions, indicating that TRCs could drive genome instability upon CDC6 overexpression
(Zampetidis et al., 2021). Crucially, CDC6 overexpression induced a drastic increase in TRC PLA
foci after 24 h, whereas acute overexpression of 4 h and 8 h did not alter TRC levels (Fig. 46A-
C). This behavior suggests that TRC induction via CDC6 overexpression requires completion of
at least one cell cycle and is likely fundamentally different from the processes driving TRC
induction in the context of CDC25A. Subsequent extended time course analysis revealed even
higher TRC PLA foci numbers following 48 h and 72 h of overexpression (Fig. 46E). Importantly,
extended overexpression also led to strong reduction of EdU incorporation, in agreement with the
onset of senescence (Fig. 46D). High TRC burden at 24 h and 48 h also coincided with an
elevated number of yH2AX foci indicative of DNA damage (Fig. 47A, B). Finally, | also tested
transcriptional changes after CDC6 overexpression by determining RNAPII levels and CTD
phosphorylation changes and found that acute overexpression drastically increases total RNAPII
and RNAPII Ser2P levels (Fig.47C). This data suggests a global upregulation of RNAPII
expression at early time points, a phenomenon similar to a recently described increase in RNAPII
levels in aged mouse livers (Gyenis et al., 2023). Importantly, increased RNAPII levels in aged
mouse livers did not increase overall transcription output but coincided with reduced RNA
synthesis. Complementary work also suggested that RNAPII elongation speeds increase during
aging, consistent with increased RNAPII Ser2P signal (Debés et al., 2023). Interestingly, the 8 h
overexpression time point also showed the highest level of yH2AX signal in the western blot
readout (Fig. 47C). This high level of DNA damage matches the period of highest RNAPII levels,
implying transcription-dependent genomic instability. In contrast, no increase in TRC PLA foci was
observed at 8 h of overexpression (Fig. 46C). However, recent work suggests that RNAPI| stalling
and enrichment on chromatin in aged mouse liver cells occurs due to preceding endogenous DNA
lesions that block transcription progression (Gyenis et al., 2023). Based on current evidence it
remains unclear whether this observation is identical to the early DNA damage in the HBEC CDC6

model system. Here, further research is needed. A possible way to reconcile these observations
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is that initial DNA damage causes RNAPII complexes to be trapped on chromatin, increasing their
residence time. Upon start of a new cell cycle, overexpressed CDCG also leads to aberrant DNA
replication that favors collisions with still trapped RNAPII, thereby giving rise to TRCs in a delayed
manner. Arising TRCs could then induce a second wave of genome destabilization. Taken
together, | established that CDC6 overexpression in HBEC cells is a potent model system to

induce TRCs and study their contribution to genomic instability in senescence and aging.

5.6 Outlook and future directions

In my work | have established a chromosomal TRC reporter system that allows me to create
conflicts directly on the genome of human cancer cells. While | have used this system to address
TRC-dependent chromatin alterations with respect to nucleosome occupancy and histone
modifications, it is applicable to many questions related to TRC biology. Particularly, the timing of
nearly all TRC-related events in the cell remains insufficiently explored. Precise time course
analysis of TRC induction with the reporter system would allow for a better understanding of when
a TRC occurs, if it translates into DNA damage, when the DNA damage response occurs, and
when the conflict has eventually been resolved. So far, researchers have addressed individual
aspects of this cascade, yet a holistic view and understanding are urgently needed. With respect
to my own research, | have only explored the chromatin dynamics of TRCs and R-loops with
single time points in synchronized S-phase cells. Time-resolved analysis of nucleosome or
histone PTM dynamics has the potential to uncover various unexpected findings at TRC sites,
thereby providing significant insight into TRC occurrence and resolution. Especially with respect
to the newly identified deposition of H3K79me2/3 as a TRC associated histone PTM, future
research will be required to characterize additional upstream and downstream events, thus
building a potential biological pathway. Current evidence points towards RNF20/40 and
H2BK120ub as crucial mediators of H3K79me2/3 deposition (Fig. 49A), whereas Menin, 53BP1,
and FANCD2 are likely involved in the ensuing DNA damage response activation (Fig. 49B).
Additionally, | have demonstrated that H3K79me2/3 is required for efficient transcriptional output
at the mAIRN TRC reporter. Two recent independent studies have suggested modes of RNAPII
recovery or restart at genomic TRC sites (Bruno et al., 2024; Fenstermaker et al., 2023).
Nevertheless, the underlying molecular mechanisms will need to be clarified. Given the direct
control over TRC formation and transcription dynamics, | expect the mAIRN TRC reporter system
to be perfectly suited to characterize this process. Apart from the current mAIRN reporter system

in U-2 OS cells, future evolutions of the same system have the potential to aid researchers to
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better understand R-loops and TRCs. Instead of a Sleeping Beauty based integration, it would be
possible to perform site-specific integration by CRISPR/Cas9 genome editing. Thus, reports
placed in front of replication origins in different orientations would allow one to study the effect of
HO and CD TRCs specifically. Finally, it will be possible to introduce an R-loop/TRC inducing
cassette into different cell lines of interest to study the contribution of conflicts to various biological

processes such as development, aging, and cancer.

RNF20/40 deposits H2BK120ub
TRC

mAIRN ON — ’4—

R-loop

H2BK120ub recruits DOT1L that deposits H3K79me2/3

H3K79me2/3 is read by Menin that recruits FANCD2

TRC

mAIRN ON i ’4—

R-loop

H3K79me2/3 recruits 53BP1

Figure 49: Putative pathways upstream and downstream of H3K79me2/3 deposition at
TRCs

A) RNF20/40 might sense DNA damage at TRCs and deposit H2BK120ub which was previously shown
to recruit DOT1L for deposition of H3K79me2/3.

B) H3K79me2/3 then recruits 53BP1 for damage repair. Independently, H3K79me2/3 is read by Menin
that has been shown to recruit FANCD2.

Beyond the scope of my study and future applications of the reporter system, the current findings

will enable researchers to more comprehensively understand TRC biology. Thereby it will be
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possible to extrapolate numerous findings from model systems to endogenous TRC sites, helping

to define a molecular signature of these conflicts. This signature will be particularly important to

address the persistent limitations in genome-wide mapping of TRCs, allowing researchers to test

and benchmark future TRC mapping technologies. Finally, it will be crucial to extrapolate these

findings into disease-related contexts such as cancer. My work together with the efforts of many

colleagues has started to shed light on how oncogenes can cause TRCs and TRC-driven genomic

instability. Future studies could translate this knowledge on TRC biology into the clinics, enabling

the stratification of patient tumors based on TRC-burden, and thereby offering more precise and

effective treatment options.

6. Materials and Methods

6.1 Materials

6.1.1 Experimental model systems

REAGENT or RESOURCE SOURCE IDENTIFIER
U-2 OS Tet-ON Takara Clontech | Michael Kirsch;
Cat# 630919
HEK293 Tet-ON Takara Clontech | Cat# 631182
6.1.2 Antibodies
Antibody Name SOURCE IDENTIFIER
DYKDDDDK (FLAG) Tag Polyclonal Thermo Fisher Cat#PA1-984B,
Antibody Scientific RRID:AB_347227
Goat Anti-mouse IgG (H+L), Horseradish Invitrogen Cat#G21040;
peroxidase conjugate RRID:AB 2536527
Goat Anti-Rabbit IgG (H+L), Horseradish Invitrogen Cat#G21234;
peroxidase conjugate RRID:AB_2536530
Monoclonal mouse IgG anti DNA-RNA- Merck Cat#MABE1095;
hybrid (S9.6) RRID:AB_2861387
Monoclonal mouse IgG anti GAPDH (6C5) Merck Cat#CB1001-500UG;

RRID:AB_2107426

polymerase Il RPB1 (H5)

Monoclonal mouse IgG Anti-RNA Merck Millipore Cat# 05-623;
polymerase |l, clone CTD4H8 RRID:AB_ 309852
Monoclonal mouse IgG Cyclin E1 (HE12) Cell signaling Cat#4129;
RRID:AB_2071200
Monoclonal mouse IgG1 anti BrdU (B44) BD bioscience Cat#347580,
RRID:AB 400326
Monoclonal mouse IgM anti RNA BioLegend Cat#920204;

RRID:AB_2616695
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Plus 647 labeled

Monoclonal rabbit anti Ubiquityl-Histone Cell Signaling Cat#8240S;

H2AK119ub (D27C4) Technology RRID:AB_10891618

Monoclonal rabbit IgG anti DOT1L (D1W42Z) | Cell Signaling Cat#77087;
Technology RRID:AB_2799889

Monoclonal rabbit IgG anti yH2A.X (Ser139) | Cell Signaling Cat#9718S;

(20E3) Technology RRID:AB 2118009

Mouse monoclonal anti-RNA Polymerase Il Merck Cat#05-952; RRID:

CTD Antibody (8WG16) AB 11213782

Polyclonal goat anti mouse 1gG Alexa Fluor | Invitrogen Cat#A-32723,

Plus 488 labeled RRID:AB_2633275

Polyclonal goat anti mouse IgG Alexa Fluor | Invitrogen Cat#A-11032;

Plus 594 labeled RRID:AB 2534091

Polyclonal goat anti mouse 1gG Alexa Fluor | Invitrogen Cat#A-32728;

Plus 647 labeled RRID:AB_2866490

Polyclonal goat anti rabbit IgG Alexa Fluor Invitrogen Cat#A-11008;

Plus 488 labeled RRID:AB 143165

Polyclonal goat anti rabbit IgG Alexa Fluor Invitrogen Cat#A-11037;

Plus 594 labeled RRID:AB_2534095

Polyclonal goat anti rabbit IgG Alexa Fluor Invitrogen Cat#A-21245;

RRID:AB_2535813

Polyclonal IgG CDC6

Thermo Fisher

Cat#PAS5-77901;

Scientific RRID:AB 2735620
Polyclonal rabbit anti Histone H3 Abcam Cat#ab1791;
RRID:AB 302613
Polyclonal rabbit anti Histone H3K4me3 Abcam Cat#ab8580;
RRID:AB 306649
Polyclonal rabbit anti Histone H3K79me2 Active Motif Cat#39143;
RRID:AB 2561018
Polyclonal rabbit anti Histone H3K79me3 Abcam Cat#ab195500;
RRID:AB 2888917
Polyclonal rabbit anti human FANCD2 NovusBio Cat#NB100-182;

RRID:AB_10002867

Polyclonal rabbit IgG anti ORC2

Thermo Fisher

Cat#PAS5-67313;

(Ser33)

laboratories Inc.

Scientific RRID:AB_2663245

Polyclonal rabbit IgG anti PCNA Abcam Cat#ab18197,;

RRID:AB_444313
Polyclonal rabbit IgG CDC25A Cell signaling Cat#3652S;

RRID:AB_2275795
Polyclonal RNA polymerase Il CTD repeat Abcam Cat#ab5095;
YSPTSPS (phospho S2) RRID:AB_304749
Rabbit polyclonal IgG anti human pRPA32 Bethyl Cat#A300-246A,;

RRID:AB_526488

6.1.3 Bacterial Strains

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Escherichia coli DH5alpha

Thermo Fisher Scientific

Cat#18265017
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6.1.4 Chemicals and recombinant proteins

[a-32P] dATP Hartmann Analytik Cat#SCP-203
0.25 % Trypsin-EDTA (1x) Gibco Cat# 25200-072
jify(?rfc’;‘]'lz':i‘gez(gm{ lindole Sigma Aldrich Cat# 32670
5-Bromo-2'-Deoxy-Uridine (BrdU) Sigma Aldrich Cat#B5002-1G
5-Ethynyl-2'-deoxyuridine (EdU) Carl Roth Cat#7845.3
AlexaFluor 488 azide ThermoFisher Scientific | Cat# A10266
AlexaFluor 594 azide ThermoFisher Scientific | Cat# A10270
Ampure XP beads Beckman Coulter Cat#A63880

Aphidicolin (APH) Santa Cruz Cat#SC-201535
Ascorbic acid Sigma-Aldrich Cat#A7506-100G
BSA Fraction V Sigma-Aldrich Cat#10735078001
Deoxycholic acid Santa Cruz Cat#sc-214865A
DNase | New England Biolabs Cat# M0303S
Doxycycline hydrochloride (DOX) Sigma-Aldrich Cat#D3447
Dulbecco's Modified Eagle Medium .

(DMEM) Gibco Cat# 41966-029
I(DPuBItée)cco s phosphate-buffered saline Gibco Catt 14190-094
E. coliRNase H New England Biolabs Cat#M0297S
EPZ 004777 Tocris Cat#5567
EPZ-5676 (DOT1L inhibitor) BPS Bioscience Cat#27625

Fetal bovine serum for cell culture

(tetracycline-free) (FBS tet-) Takara Cat# 631106
Glycogen Thermo Fisher Scientific | Cat#AM9510
Halt Prptease and Phosphatase Inhibitor Thermo Fisher Scientific | Cat# 78446
Cocktail (100x)

Halt Protease-Inhibitor-Cocktail (100x) Thermo Fisher Scientific | Cat#78429

Hydroxyurea (HU)

Biomol

Cat#H9120.10

Igepal CA-630 Sigma-Aldrich Cat#13021-100ML
KU-60019 (ATM inhibitor) Sigma Aldrich Cat#SML1416-5MG
Lipofectamine 3000 Thermo Fisher Scientific | Cat#L3000001
MNase New England Biolabs Cat#M0247S

OmniPur Phenol:Chloroform:lsoamyl

(25:24:1; viv)

Alcohol, 25:24:1 Millipore Cat#6805-100ML
Opti-MEM [ (1X) + GlutaMAX - Gibco Cat# 51985-034
Penicillin-Streptomycin-Glutamin (100x) Gibco Catt 10378.016
(PSG)

phenol:chlorophorm:isoamyl alcohol Invitrogen Cattt 16593-031

Pierce Protein G Magnetic Beats

Thermo Fisher Scientific

Cat# 88847
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Propidiumiodid Invitrogen Cat# P3566
Protein A/G agarose Thermo Fisher Scientific | Cat#20421
Proteinase K SERVA Cat#33756
Puromycin Sigma Aldrich Cat#P9620-10ML
RNase A Thermo Fisher Scientific | Cat#EN0531
SiR-DNA Tebu-bio Cat#SCO007
Thymidine Sigma-Aldrich Cat#T19250-5G
Triton X-100 Sigma-Aldrich Cat#X100-100ML
TRIzol Invitrogen Cat#15596-026
Trizol reagent Invitrogen Cat# 15596018
Tween-20 Kraft Cat#21440.2000
VE-821 (ATR inhibitor) Biomol Cat#Cay17587-5
6.1.5 Critical commercial assays
REAGENT or RESOURCE SOURCE IDENTIFIER
Duolink detection reagents Sigma Aldrich Cat#DU092013
(ligation/amplification) - FarRed
Duolink detection reagents Sigma Aldrich Cat# DUO92014
(ligation/amplification)- Green
Duolink /In Situ PLA Probe Anti-Mouse Sigma-Aldrich Cat#DU092004
MINUS
Duolink /n Situ PLA Probe Anti-Mouse Sigma Aldrich Cat#DU092001
PLUS
Duolink In Situ PLA Probe Anti-Rabbit Sigma Aldrich Cat#DU092005
MINUS
Duolink /n Situ PLA Probe Anti-Rabbit Sigma Aldrich Cat#DU092002

PLUS

Gibson Assembly Cloning Kit

New England Biolabs

Cat# E5510S

Invitrogen™ Click-iT™ EdU Cell Invitrogen Cat#C10337
Proliferation Kit for Imaging, Alexa Fluor

488 dye

Invitrogen™ Click-iT™ EdU Cell Invitrogen Cat#C10339
Proliferation Kit for Imaging, Alexa Fluor

594 dye

iTaq Universal SYBR Green Supermix Bio-Rad; REF Cat#1725121
NEBNext Ultra || DNA Library Kit with New England Biolabs Cat#E7103S
Purification Beads

Proteinase K SERVA Cat#33756
Qubit 1X dsDNA HS Kit Thermo Fisher Scientific | Cat#Q33230
RadPrime DNA labeling Kit Thermo Fisher Scientific | Cat#18428011

SuperScript lll First-Strand Synthesis
System

Thermo Fisher Scientific

Cat#18080-051
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SuperSignal™ West Pico PLUS Thermo Fisher Scientific | Cat#34580
Chemiluminescent Substrate
6.1.6 Oligonucleotides

PRIMER | SOURCE | SEQUENCE 5'-3' APPLICATION
ACTB This study | CGGGGTCTTTGTCTGAGC ChIP-gPCR, Copy number
FWD analysis
ACTB This study | CAGTTAGCGCCCAAAGGAC | ChIP-gPCR, Copy number
REV analysis
ACTB RT- | This study | CCTGGCACCCAGCACAAT RT-gPCR
gqPCR
ACTB RT- | This study [ GGGCCGGACTCGTCATACT | RT-gPCR
gPCR
ACTB#in3 | (Skourti- TAACACTGGCTCGTGTGACA | ChIP-gPCR
FWD Stathakiet | A

al., 2014)
ACTB#in3 | (Skourti- AAGTGCAAAGAACACGGCT | ChIP-gPCR
REV Stathaki et | AA

al., 2014)
ALAS1 (Dong et GGCAGCACAGATGAATCAG | RT-gPCR
FWD al.,, 2022) | A
ALAS1 (Dong et CCTCCATCGGTTTTCACACT | RT-gPCR
REV al., 2022)
CERS6 This study [ AAGCTGGGAGATCGTTGGA | RT-gPCR
FWD C
CERS6 This study [ CATCCTTGGACACCTTGCCT | RT-gPCR
REV
ECFP#1 This study | ACGTAAACGGCCACAAGTT | ChiIP-gPCR, RT-gPCR, Copy
FWD C number analysis
ECFP#1 This study [ AAGTCGTGCTGCTTCATGTG | ChIP-gPCR, RT-qPCR, Copy
REV number analysis
ECFP#2 This study | TGGTTTGTCCAAACTCATCA | ChIP-gPCR, RT-gPCR, Copy
FWD A number analysis
FAM25A | This study | ATCCTAGTTCACCACTGTCT | RT-qPCR
FWD GC
FAM25A | This study | CTTCCACGGCATGAATGGC | RT-gPCR
REV TC
FHIT This study [ GCACCTGATGTTAAGCCGG | BrdU-IP
FWD A
FHIT REV | This study | CTGCCCGACGAGAAACAAG | BrdU-IP

A

GLUD1 This study [ TGCAAGGGAGGTATCCGTT | RT-gPCR
FWD A
GLUD1 This study | CAAACGGCACATCAACCACT | RT-gPCR
REV
Int_site This study [ CCACCCACATCCTGCTGATT | Sanger sequencing
chr10

FWD
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Intergenic | This study | CCAGGTGGGTCTCGAACTT | ChIP-gPCR, DRIP

FWD C

Intergenic | This study | CAGGCTGGGCAACATACTG | ChIP-gPCR, DRIP

REV A

Intsite This study | ACATCCTGCTGATTTGCCCA Genotyping PCR

chr10

FWD2

M13 FWD | This study | GTAAAACGACGGCCAGT ChIP-gPCR, DRIP

M13 REV | This study | CAGGAAACAGCTATGAC ChIP-gPCR, DRIP

MAIRN#1 | This study | TAGAGGATTCCGCAAAGGA | BrdU-IP, ChIP-gPCR, DRIP, RT-
FWD A gPCR, Copy number analysis
MAIRN#1 | This study | TTCACCCTAGCGCTGAATCT | BrdU-IP, ChIP-gPCR, DRIP, RT-
REV gPCR, Copy number analysis
MAIRN#2 | This study | CGAGAGAGGCTAAGGGTGA | ChIP-gPCR, DRIP, RT-gPCR,
FWD A Copy number analysis
MAIRN#2/ | This study | ACATGGTCCTGCTGGAGTT | ChIP-gPCR, DRIP, RT-gPCR,
ECFP#2 C Copy number analysis, Southern
REV Blot, Genotyping PCR
MRSP9- | This study [ CGGCATCTCGTTAGCTCTGA | RT-gPCR

AS2

MRSP9- | This study | GCTTGTGAGCAACCCAAGA | RT-gPCR

AS2 FWD A

MTO73_gi | This study | AAGTAAAACCTAACAACAAC | Cloning

b_bb_ FW AATTGCATTCATTTTATGTTT

D CAGGT

MTO73_gi | This study | ACTAATATGGCGTCTAGATA | Cloning

b bb TE GCGGACCCC

V

MTO73_gi | This study | CTATCTAGACGCCATATTAG | Cloning

b_ins_ FW TCATTGGTTATATAGCATAA

D ATCAATATTGGCT

MTO73_gi | This study | ATTGTTGTTGTTAGGTTTTA | Cloning

b_ins_RE CTTGCTTTAAAAAACCTCCC

V AC

NRG3 This study | GAGGCCCAGGACACATAGA | ChIP-gPCR

FWD A

NRG3 This study [ GCAACAGGCTAACATGCAG | ChIP-gPCR

REV A

NRXN2 This study | CGCAAAGCCCAGTTGTTCT | ChIP-gPCR

FWD G

NRXN2 This study [ TTAAATTGGGGTTGCCGTGC | ChIP-gPCR

REV

oriP5’ This study | TCGCTGTTCCTTAGGACCCT | Southern Blot

REV

PUMA1 (Dong et CAGGCTGCCTACCAACTCAT | RT-gPCR

FWD al., 2022)

PUM1 (Dong et GTTCCCGAACCATCTCATTC | RT-gPCR

REV al., 2022)
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RPL13A This study | AGGTGCCTTGCTCACAGAG | DRIP

FWD T

RPL13A This study | GGTTGCATTGCCCTCATTAC | DRIP

REV

siPOOL 2 | siTOOLs Cat#t si-C002 siRNA KD

-negative | Biotech

control

siPOOL 2 | siTOOLs Cat#si-G020-84444 siRNA KD

-siDOT1L | Biotech

STK39 This study | AGGAGGTTATCGGCAGTGG | RT-gPCR

FWD A

STK39 This study | CTGGTCTGGCATTTTTCCAA | RT-gPCR

REV GT

TSS FWD | This study [ ATGTCGAGGTAGGCGTGTA | ChiP-gPCR
C

TSS REV | This study | TGAAGCCTCGGGTACCGAG | ChiP-gPCR
CTCGAATTC

WWOX This study | CAGCCAGCACTCCTTCTCAA | ChIP-gPCR

FWD

WWOX This study | CTCTGTGGAGAAGCCAAGC | ChIP-gPCR

REV A

6.1.7 Plasmids
PLASMID INSERT CONSTRUCTION/SOURCE

K016_pcDNAS3.1(+) AN1-27
RNAseH1-FLAG

(Hamperl et al., 2017)

K031_pSH26 1x LEXA

(Hamperl et al., 2017)

K069 _pSH36 1xLEXA

(Hamperl et al., 2017)

K072_pSH37 1xLEXA

(Hamperl et al., 2017)

K191_pSB100

Tomas Zikmund

K192_pSBtet DNMT3A_P2A_ds
Red2

Tomas Zikmund

K206_ pcDNA3.1(+)

(Hamperl et al., 2017)

K275 _pMTO03_sb_mAIRN_puroR

Tight-TRE
promoter mAIR
N-
reporter_SV40-
polyA

Tight-TRE promoter_mAIRN-
reporter_SV40-polyA insert was
amplified from KO69_pSH36 1x LEXA
with primers MT073_gib_ins_ FWD
and MTO073_gib_ins_REYV, Sleeping
Beauty backbone from
K192_pSBet DNMT3A_P2A-dsRed2
was amplified using primers
MTO73_gib_bb_FWD and
MTO73_gib_bb_REYV, insert and
backbone were joined using Gibson
assamebly

K276 _pMTO04_sb ECFP_puroR

Tight-TRE
promoter ECFP

Tight-TRE promoter_ECFP-
reporter SV40-polyA insert was
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-reporter_SV40- | amplified from K031_pSH26 1x LEXA
polyA with primers MTO73_gib_ins_FWD
and MT073_gib_ins_REV, Sleeping
Beauty backbone from
K192_pSBet DNMT3A_P2A-dsRed2
was amplified using primers
MTO073_gib_bb_FWD and
MTO073_gib_bb_REV, insert and
backbone were joined using Gibson
assamebly
6.1.8 Equipment

Device Manufacturer

2100 Bioanalyzer Agilent

BD FACSCanto BD Bioscience

Bioruptor UCD-200 Diagenode

Centrifuge 5424R Eppendorf

Centrifuge 5424 Eppendorf

Centrifuge 5810 R Eppendorf

ChemiDoc Touch Bio-Rad

E220 evolution Covaris

HX-2 Block heater Peqlab

Kern EMB precision balance Kern

Lab 850 pH meter S| Analytics

LightCycler 480 1l Roche

Mastercycler nexus Eppendorf

Mastercycler nexus gradient Eppendorf

ThermoMixer F1.5 Thermo Fisher Scientific

NanoDrop 2000c Thermo Fisher Scientific

Qubit 4 Fluorometer Invitrogen

Typhoon FLA 7000 GE Healthcare

UVP Crosslinker Analytic Jena

6.1.9 Software and algorithms

REAGENT or SOURCE WEB LINK

RESOURCE

ImageJ NIH https://imagej.net/ij/index.html

FlowJo (version 10) BD Bioscience

bwa (version 0.7.17) (H. Li & Durbin, | https://github.com/Ih3/bwa

2009
samtools (version (Dangzcek et al., | hitps://www.htslib.org/doc/samtools.html
1.16.1 and 1.17) 2021)
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tiddit (version 3.3.2)

(Lindstrand et

https://qgithub.com/SciLifeLab/TIDDIT/releases/t

al., 2017) ag/TIDDIT-3.3.2
bedtools (version (Quinlan & Hall, | https://github.com/arg5x/bedtools2/releases/tag/
2.31.0) 2010) v2.31.0

rtracklayer (version
1.54.0)

R Core Team

https://bioconductor.org/packages/3.18/bioc/htm
I/rtracklayer.html

GenomicRanges
(version 1.46.1)

(Lawrence et al.,
2013)

https://bioconductor.org/packages/release/bioc/
html/GenomicRanges.html

Rv4.1.2

R Core Team

https://www.r-project.org

trim_galore (version
0.6.10)

(Krueger et al.,
2023)

https://www.bioinformatics.babraham.ac.uk/proj
ects/trim galore/

bowtie2 (version 2.5.1)

(Danecek et al.,
2021)

https://bowtie-
bio.sourceforge.net/bowtie2/index.shtml

picard MarkDuplicates
(version 3.0.0)

Broad Institute

https://broadinstitute.qgithub.io/picard/

deeptools (version
3.5.2)

(Ramirez et al.,
2016)

https://deeptools.readthedocs.io/en/develop/ind
ex.html

1.0.12)

DESeq2 package (Love et al., https://github.com/thelovelab/DESeq2

(version 1.34.0) 2014)

sva package (version (Leek et al., https://bioconductor.org/packages/release/bioc/
3.42.0) 2012) html/sva.html

pheatmap (version Raivo Kolde https://CRAN.R-project.org/package=pheatmap

macs2 (version 2.2.9.1)

(Y. Zhang et al.,

https://pypi.org/project/MACS2/

2008)
Fusion (version 2.3) Andor Oxford https://andor.oxinst.com/downloads/view/fusion-
Instruments release-2.3

6.2 Methods

6.2.1 Cell lines and cell culture

HEK293 Tet-ON and U-2 OS Tet-ON cell lines (Table S2) were cultured in Dulbeccos Modified
Eagle Medium (DMEM) (GIBCO) containing 10 % Tet-approved fetal bovine serum (FBS), 2 mM
L-glutamine, and penicillin/streptomycin, in a 5 % CO, environment at 37°C. U-2 OS Cyclin E Tet-
OFF and U-20S CDC25A Tet-OFF cells were additionally supplemented with 4 pg/mL
tetracycline to suppress oncogene expression. HBEC cells were cultured in Keratinocyte SFM
(GIBCO) supplemented with 5 mg/L human recombinant Epidermal Growth Factor (rEGF) and
50 mg/L Bovine Pituitary Extract (BPE) (GIBCO).

HEK293 cells containing TRC reporter plasmids were constructed in previous work (Hamperl,
2017). U-2 OS Cyclin E Tet-OFF and U-2 OS CDC25A Tet-OFF cells were a kind gift from Prof.
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Dr. Massimo Lopes (University of Zurich). HBEC cells containing a CDC6 Tet-ON overexpression

cassette were kindly provided by Agyris Papantonis (University Medical Center Gottingen).

6.2.2 Antibodies and Reagents

A detailed list of all cell lines (6.1.1), antibodies (6.1.2), bacterial strains (6.1.3), chemicals and
recombinant proteins (6.1.4), critical commercial assays (6.1.5), oligonucleotides (6.1.6), and

plasmids (6.1.7) used is provided in the Materials section.

6.2.3 Construction of Sleeping Beauty plasmids and genomic integration of
reporter sequence

In the first step of the construction of mMAIRN sequence containing Sleeping Beauty vector
(plasmid K275), the plasmid K192 pSBtet. DNMT3A_P2A_dsRed2 was amplified by PCR using
primers MT073_gib_bb_fwd and MTO073_gib_bb_rev. The resulting linearized vector of the
Sleeping Beauty backbone was then used for Gibson assembly together with a fragment
harboring the Tet-On promoter, mAIRN reporter sequence, and the SV40 poly-A signal, which
was produced by PCR from plasmid K069 pSH36_ 1xLEXA using primers MT073_gib_ins_fwd
and MTO073_gib_ins_rev. The mAIRN fragment and the Sleeping Beauty vector backbone were
combined by Gibson Assembly utilizing the Gibson Assembly Cloning Kit (NEB, REF: E5510S)
according to the manufacturer's recommendations. An identical strategy was used for
constructing an ECFP containing Sleeping Beauty vector (plasmid K276). The ECFP sequence
originated from plasmid KO31_pSH26_1xLEXA and was amplified by PCR using identical primers

as for the mAIRN sequence integration.

200,000 U-2 OS cells per well were seeded in a 6-well plate. 200 ng of the mAIRN or ECFP
reporter sequence-containing sleeping beauty shuttle plasmid (K275 or K276) and 1800 ng of the
transposase expression plasmid (K191) (Matés et al., 2009) were diluted in 100 uL of OptiMEM,
while 3.5 uL of Lipofectamine 2000 were also diluted in 100 pL of OptiMEM. Both solutions were
kept for 5 min at room temperature, then mixed and incubated for another 20 min at room
temperature. The cell culture medium of each 6-well was then replaced with 1.8 mL of fresh
DMEM, before gently adding the mix to the cells in dropwise fashion. Following a growth period
of 24 h, the medium was changed to 2 mL of fresh DMEM containing 1 ug/mL Puromycin. After
selection for 10 days, the puromycin-resistant polyclonal cell population was diluted to a
concentration of 0.5 cells/100 uL per well on multiple 96-well plates. Hence, monoclonal cell lines

were derived, growing from a single cell under 1 pg/mL Puromycin selection. Clones were
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selected based on integration number and successful expression of the reporter gene, which were
determined using gPCR and RT-qPCR (see 6.2.13 and 6.2.19)

6.2.4 Plasmid and siRNA transfections

A suitable number of cells was seeded into the respective 96-well (5,000 cells), 6-well (200,000
cells) or 15 cm plate (1.5 Mio) to reach 40-60% confluency on the day of transfection. For
transfection of plasmids, the respective DNA and Lipofectamine 2000 were diluted in OptiMEM in
a ratio of 1:25. Both solutions were incubated for 5 min at room temperature, then combined and
incubated for an additional 20 min at room temperature. The cell culture medium was replaced
with fresh DMEM including FBS and antibiotics. Finally, the mix was added to the cells in a
dropwise manner. For transfections of siRNA, 5 nM siRNA and Lipofectamine RNAIMAX were
diluted in OptiMEM in ratios of 1:6.25 (siRNA) and 1:62.5 (RNAIMAX). Both solutions were
incubated for 5 min at room temperature, mixed by vortexing and then incubated for another

20 min at room temperature. The reaction mix was added to the cells as described above.

6.2.5 MNase Assay and DNA isolation

HEK293 cells were grown in 6-well plates to 70-90 % confluency (one well for each
sample/condition). For harvesting, the cells were rinsed with 2 mL of 1x PBS, trypsinized with
200 pL of 0.25 % trypsin, and incubated at 37°C for 5 min. Following resuspension in 0.5 mL of
1x PBS, the cell suspension was transferred to microcentrifuge tubes. The respective wells were
washed again with 0.5 mL of 1x PBS, which was added to the cell suspension. The combined
suspension was centrifuged at 500 g for 5 min. After discarding the supernatant, the cell pellet
was dissolved in 1 mL of MNase lysis buffer (10 mM Tris-HCI pH 7.4, 10 mM NaCl, 3 mM MgCla,
0.5 % NP-40, 0.15 mM spermine, 0.5 mM spermidine) containing PMSF and benzamidine. After
5 min incubation on ice, nuclei were collected by centrifugation at 500 g for 5 min and rinsed with
fresh MNase lysis buffer also supplemented with PMSF and benzamidine. The nuclei were again
centrifuged at 500 g for 5 min and resuspended in 600 pL of MNase digestion buffer (10 mM Tris-
HCI, pH 7.4, 15 mM NaCl, 60 mM KCI, 0.15 mM spermine, 0.5 mM spermidine, 1 mM CaCl,). The
nuclei preparation was split into aliquots of 100 uL by transferring it to separate microcentrifuge
tubes containing diluted MNase (0, 2.5, 25, 100, and 250 gel units). For MNase digestion, the
samples were incubated for 5 min at 30°C. Next, 100 yL of IRN (50 mM TRIS-HCI pH 8, 20 mM
EDTA, 500 mM NacCl) buffer, 7.5 yL of Proteinase K (10 mg/ml), and 20 yL of 10 % sodium
dodecyl sulfate (SDS) were added to each sample to stop the MNase reaction. The samples were
incubated overnight at 37°C. MNase-digested DNA was purified by phenol/chloroform extraction.

To this end, 200 pL phenol/chloroform/isoamylalcohol (25:24:1, v/v) were added to all samples.
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The mixture was thoroughly vortexed to obtain a homogenous suspension and afterwards
centrifuged for 10 min at 20,000 g. The upper (aqueous) phase was transferred to a new tube.
For removal of remaining RNA, 1 uL RNase A (10mg/mL) was added to the samples, followed by
an incubation for 2 h at 37°C. The DNA extraction was repeated using 200 uL of chloroform. DNA
precipitation was conducted by adding 2.5 volumes of 100 % ethanol and 1 pL of glycogen
(10 mg/mL) to each sample. After incubation at -20°C for at least 30 min, the DNA was
precipitated at 20,000 g for at least 30 min at 4°C. The supernatant was discarded, and the pellet
was rinsed with 200 pL 70 % ethanol. The samples were centrifuged again for 10 min at 20,000 g
at 4°C. The DNA pellet was dried for 15-20 min at RT and resuspended in 30 uL of H2O or TE

buffer. Finally, 10-15 pL of each sample were visualized on a 1.2 % agarose gel.

6.2.6 Southern Blot

Following agarose gel electrophoresis on a 1.2 % gel TBE gel for 2 h, the DNA fragments were
transferred from the gel onto a nylon membrane for subsequent hybridization and detection with
a Southern blot probe. To denature the DNA the gel was submerged in denaturing solution (0.5 M
NaOH, 1.5 M NaCl)for 2x 15 min, followed by 2x 15 min neutralization with transfer buffer (1 M
NH4OAc). During the gel incubations, a nylon membrane was soaked in water, and a large
Whatman paper was soaked in transfer buffer (1 M NHsOAc). For the assembly of the Southern
blot transfer, a platform was placed in a tray filled with transfer buffer. A fully wet Whatman paper
devoid of air bubbles was placed on the platform. This paper worked as a wick to draw the transfer
buffer from the reservoir upwards through the gel. Afterwards, the gel was carefully positioned
face-down on the wet Whatman paper. The pre-wet nylon membrane was placed on top of the
gel, while making certain no air bubbles were trapped. Finally, two more Whatman paper sheets
were placed on the membrane, followed by a stack of paper towels and a light weight
(approximately 0.5 kg), thus generating a suction force to draw the transfer buffer upwards.
Blotting was done overnight to allow complete transfer of the DNA fragments, as fragments up to
15 kb require approximately 18 h transfer time. Next, the membrane was crosslinked by UV
utilizing a UVP Crosslinker on automatic setting to covalently bind the DNA fragments to the
membrane, thereby improving hybridization signals during subsequent detection steps. The
membrane was dried and stored at room temperature for subsequent analysis. DNA probes for
hybridization were produced from PCR-amplified DNA fragments containing the mAIRN reporter
sequence using primers oriP 5' REV and mAIRN#2 REV and body-labeled with the RadPrime
DNA labeling system (Invitrogen, 18428-011) with the incorporation of [a—32P] dATP (Hartmann

Analytik) according to the manufacturer’'s recommendations. Membranes were prehybridized for
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1 h at 65°C with 10-15 mL of hybridization buffer (2x SSC, 0.5 M sodium phosphate buffer pH 7.2,
7 % SDS). After prehybridization, the buffer was discarded and replaced with 15 mL of fresh
prewarmed hybridization buffer. Before adding the DNA probe to the hybridization solution, it was
mixed with salmon sperm DNA (final concentration 100 pg/ml) and denatured for 5 min.
Hybridization was conducted overnight at 65 °C with gentle rotation in a hybridization oven. Blots
were rinsed once with 30 mL of 3x SSC and 0.1 % SDS after hybridization. Additional washes for
stringency were done at hybridization temperature with rotation, using three buffers in sequential
order: 0.3x SSC with 0.1 % SDS, 0.1x SSC with 0.1 % SDS, and lastly 0.1x SSC with 1.5 % SDS.
Each wash step was repeated twice for 15 min. Lastly, blots were dried, stored at room

temperature, placed on phosphorimaging screens and read out using a Typhoon scanner.

6.2.7 In vitro reconstitution of RNA:DNA hybrids

A T7 promoter was added to the mAIRN DNA sequence by PCR, using a primer including the
extended T7 promoter sequence (TAA TAC GAC TCA CTA TAG GGA GA). The corresponding
PCR fragment was purified by gel extraction and used for in vitro transcription of the mAIRN
sequence. Preparative in vitro transcription reactions (1 mL reaction volume, 5 h at 37 °C) were
set up with 100 ug of recombinant T7 Polymerase, 2 ug of PCR-template, and 5 mM NTPs in the
reaction buffer (30 mM Tris-HCI pH 8.0, 25 mM MgCl,, 2 ug Spermidin, 10 mM DTT, 0.01 % Triton
X-100). For RNA separation, the samples were run on denaturing polyacrylamide gels (8 %) and
the RNA was cut out from the gel. Elution from the gel fragment was conducted in 400 mM NaCl
solution for 3 h at 4°C. The resulting supernatant was collected and purified by isopropanol
precipitation, dissolved, and quantified. RNA:DNA hybrids were reconstituted by supplementing
the fluorescently labeled PCR fragment with the purified RNA at a 1:2 ratio. The mixture was
denatured (5 min at 95 °C) and slowly cooled down. Successful assembly of RNA:DNA hybrids
was confirmed via restriction enzyme and E. coli RNase H (NEB, Cat#M0297S) digestion.

6.2.8 In vitro nucleosome formation assay

In vitro nucleosome assembly through slat dialysis was done as described before (Maldonado et
al., 2019). In brief, recombinant human histone octamers were mixed with the respective DNA
and 100 ng/uL BSA in high salt buffer (10 mM Tris-HCI pH 7.6, 2 M NaCl, 1 mM EDTA, 1 mM 2-
mercaptoethanol, 0.05 % Igepal CA-630) and transferred into a small dialysis chamber. The
dialysis chambers were then placed into a beaker containing 300 mL high salt buffer. To slowly
reduce the NaCl concentration, 3 L of low salt buffer (10 mM Tris-HCI pH 7.6, 50 mM NaCl, 1 mM
EDTA, 1 mM 2-mercaptoethanol, 0.05 % Igepal CA-630) were pumped into the beaker overnight.
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The resulting reconstituted nucleosomes were characterized by gel electrophoresis using 6 %

PAA 0.4x TBE gels and visualized by ethidium bromide staining or fluorescence imaging.

6.2.9 Cell proliferation assay and Crystal Violet Staining

U-2 OS cells were seeded at 3,000 cells per well in a 6-well plate. Following 24 h of unperturbed
growth, cells were treated with the respective drugs and transferred to an Incucyte S3 Live-Cell
Analysis System. Cell proliferation was tracked for seven days. The obtained confluency
measurements for each timepoint were normalized to the confluency at the 0 h measurement

timepoint.

Crystal violet staining was conducted with cells at the endpoint of the proliferation assay. Cells
were rinsed with PBS and fixed with 4 % paraformaldehyde for 15 min in the dark. Next, the cells
were stained using crystal violet solution for 20 min with gentle agitation. To remove excess
staining, cells were washed three times with PBS for 5 min with gentle agitation. Finally, the plates

were dried at room temperature and imaged using a commercial camera.

6.2.10 Cell cycle synchronization by double thymidine block

U-2 OS cells were plated at 1 million cells per 10 cm dish and grown under standard culture
conditions (see 6.2.1). The following day, the culture medium was changed to fresh DMEM
medium supplemented with 2 mM thymidine. Following 18 h of thymidine block, the cells were
washed with PBS and cultured in fresh medium without thymidine. Nine hours later, the medium
was again exchanged to fresh medium containing 2 mM thymidine. After 17 h of thymidine block
duration, the cell cycle arrest could either be stopped by adding fresh medium, thereby releasing
cells into S-phase, or continued by switching to fresh medium with 2 mM of thymidine. At the time
point and cell cycle stage of interest, cell pellets were collected by trypsinization and centrifugation
(see 6.2.1).

6.2.11 Western blot

SDS-polyacrylamide gel electrophoresis (PAGE) was conducted using a 1.5mm NuPAGE 4 to
12 % Bis-Tris Mini Protein Gel (Thermo Fisher Scientific) with 15 wells run with 1X MES at 120 V
for 1.5 h. The size-separated proteins were transferred to a methanol-activated PVDF membrane
(Millipore) using a tank blot setup. Blotting was performed with transfer buffer (25 mM Tris, 192
mM glycine, 20% methanol) at 0.3 A for 3 h at 4°C. Next, the membranes were blocked with 3 %
BSA in PBS for at least 45 min. The primary antibody was added to the membrane and incubated
in 3 % BSA at 4°C overnight. Antibodies against GAPDH (1:10000), ORC2 (1:1000), RPA32 pS33
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(1:1000), yH2A.X (1:200), H3K79me2 (1:2500), H3K79me3 (1:2000), H3 (1:4000), DOT1L
(1:1000), Cyclin E (1:2000), CDC25A (1:1000), CDC6 (1:1000), RNAPII (1:1000), and RNAPII
Ser2P (1:1000) were used. The membrane was washed twice with PBS-T (PBS with 0.05 %
Tween-20) for 5 min each with slight agitation. The appropriate HRP-conjugated secondary
antibody (1:10000) was then applied in 3 % BSA in PBS for 1 h. Following two washes with PBS-
T for 5 min, the membrane was developed on a ChemiDoc Touch Imaging System (BioRad) using

the SuperSignal Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions.

6.2.12 Flow Cytometry

Approximately 2 million cells were treated with a 30 min pulse of 25 uM 5-Bromo-2'-deoxyuridine
(BrdU). Next, cells were harvested by washing with PBS, trypsinization, and centrifugation. The
samples were fixed with ice-cold 70 % ethanol and permeabilized with 0.25 % Triton X-100/PBS
for 15 min on ice. To generate ssDNA accessible to the anti-BrdU antibody, the cells were
denatured by incubation in 2 M HCI for 15 min at 25°C and washed with 100 mM sodium borate
(pH 8.5). After a blocking step in 1 % BSA/PBS containing 0.1 % Tween-20 for 15 min, the cells
were incubated with a primary BrdU antibody (1:100; BD bioscience) for 2 h at room temperature.
After three washes with PBS, the cells were incubated with AlexaFluoro-488 secondary antibody
(1:500; Invitrogen) for 1 h at room temperature and then washed three times with PBS. Propidium
iodide (0.01 mg/mL) and RNase A (0.02 mg/mL) were added to determine DNA content and
remove residual RNA, respectively. Finally, flow cytometry analysis was performed on a

FACSMelody device. The cell cycle profiles were analyzed with FlowJo software.

6.2.13 DNA copy number analysis by qPCR

About 2-4 x 10° cells per sample were harvested by trypsinization and pelleted by centrifugation.
The cell pellet was dissolved in 100 L of TE buffer, before adding the following reagents for DNA
extraction: 100 yL IRN buffer, 10 yL 10 % SDS (final concentration: 0.50 %), and 10 pL
Proteinase K (10 mg/mL, final concentration: 45 ug/mL). The mix was incubated at 37°C for at
least 2 h or overnight. Afterwards, 200 yL phenol:chloroform:isoamyl alcohol (25:24:1, v/v) were
added, the sample was vortexed, and centrifuged at 20,000 g for 5 min. The upper aqueous phase
of ca. 180 uL containing the DNA was transferred into a new 1.5 mL tube. Next, 5 uL RNase A
was added for RNA removal, and the sample was incubated at 37 °C for 1-2 h. Finally, 200 yL
chloroform was added, and the sample was again vortexed and centrifuged again at 20,000 g for
5 min to separate the phases. The upper aqueous phase was moved to a fresh 1.5 mL tube, DNA
was precipitated with 2.5 volumes of 100 % ethanol and 1 pL glycogen (10 mg/mL), and the DNA

pellet was resuspended in DNase-free water. The DNA was then mixed with iTag SYBR Green

106



Supermix according to manufacturer’s instructions and analyzed on a Roche Light Cycler 480
Instrument Il. The copy number of target regions of interest were determined by comparison to a
genomic control locus with known copy number like ACTB. All primers used for copy number

analysis are listed in 6.1.6 Oligonucleotides.

6.2.14 Chromatin Immunoprecipitation (ChiP)

Approximately 5 million cells per sample were washed with 1x PBS and harvested by
trypsinization. The cells were fixed in 9.5 mL of 1 % formaldehyde solution in PBS and agitated
for 10 min. The formaldehyde was neutralized by addition of 0.5 mL of 2.5 mM glycine and
incubation for an additional 5 min with agitation. The cells were pelleted at 450 g at 4 °C for 5 min
and resuspended in 900 uL of PBS containing a protease and phosphatase inhibitor cocktail
(Thermo Fisher Scientific, Cat#1861282). The cell pellets were quickly frozen in liquid nitrogen
and stored at -80 °C until further use. Pierce Protein G Magnetic Beads (Thermo Fisher Scientific,
Cat#88847 ) were prepared by adding 50 uL of bead slurry to a new 1.5 mL tube containing ice-
cold 0.02% PBS-T. Next, the beads were washed twice with 0.02% PBS-T, twice with IP dilution
buffer (20 mM TRIS-HCI pH 8, 2 mM EDTA, 150 mM NaCl, 1 % Triton-X 100, 0.01 % SDS) and
stored at 4 °C until further use. For cell lysis, cell pellets were resuspended in 0.5 mL of cell lysis
buffer (10 mM TRIS-HCI pH 8, 10 mM NaCl, 0.2 % Igepal CA-630) supplemented with protease
and phosphatase inhibitor cocktail, and incubated at 4°C for 10 min. The nuclei were separated
by centrifugation at 1700 g for 5 min at 4°C and then lysed in 550 uL of nuclei lysis buffer (50 mM
TRIS-HCI pH 8, 10 mM EDTA, 1 % SDS) with phosphatase and protease inhibitors (Thermo
Fisher Scientific, CAT#1861282), before adding 550 L of IP dilution buffer. Lysed nuclei were
sonicated to a target size of 200-300 bp using the Covaris E220 sonicator (10 min sonication with
140 Peak Incident Power, 5 % Duty Factor, 200 Bursts per Cycle). Unfragmented chromatin was
removed by centrifugation at 15,000 g for 5 min at 4 °C. 10 % of the total IP volume (100 uL) was
saved as input sample, and the remaining 900 pL were transferred to a new tube containing the
previously prepared magnetic beads. Chromatin fragments were incubated overnight with beads
and the antibody of interest at 4°C using gentle agitation. Antibodies (amount/sample) against
RNAPII (8WG16) (5 pg), Histone H3 (4 pg), FANCD2 (5 ug), RNAPII Ser2P (10 pg), H3K4me3
(2 pg), H2AK119ub (2.5 pg), H3K79me2 (7.5 ug), and H3K79me3 (2 pg) were used in ChIP and
ChlIP-seq experiments. On the following day, multiple washes of 5 min each were performed at
4°C with agitation: one wash with IP wash 1 buffer (20 mM Tris-HCI pH 8, 2 mM EDTA, 50 mM
NaCl, 1 % Triton-X100, 0.1 % SDS), two washes with high-salt buffer (20 mM Tris-HCI pH 8,
2 mM EDTA, 500 mM NaCl, 1 % Triton-X 100, 0.1 % SDS), one wash with IP wash 2 buffer
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(10 mM Tris-HCI pH 8, 1 mM EDTA, 250 mM LiCl, 1 % NP-40, 1 % deoxycholic acid), and two
washes with TE (10 mM TRIS-HCI pH 8, 2 mM EDTA). For elution of antibody bound chromatin
fragments, the beads were resuspended in 47 uL of EB (50 mM TRIS-HCI pH 8, 10 mM EDTA,
1 % SDS) and 3 L of Protease K (10 mg/mL) and incubated at 56 °C for 20 min. The supernatant
was collected, and the elution process was repeated, combining the respective supernatants.
Additionally, 6 pL of Proteinase K (10 mg/mL) were added to the IN samples for protein digestion.
For decrosslinking, 100 uL of IRN buffer was added to all samples and then incubated at 65 °C
overnight. DNA fragments were purified by phenol/chloroform extraction followed by ethanol
precipitation (see 6.2.5) and qPCR was performed as described previously (see 6.1.13). A
detailed list of all primers used in ChIP-gPCR is provided in 6.1.6 Oligonucleotides. The samples

of selected experiments were also subjected to library preparation for ChiP-seq-

6.2.15 DNA-RNA immunoprecipitation (DRIP)

Approximately 2 million cells were lysed in 1.6 mL TE buffer supplemented with 82 uL of 10%
SDS and 10 pL of 10 mg/mL Proteinase K and incubated at 37°C overnight. Isolation of DNA and
associated RNAs was performed by gentle phenol:chloroform:isoamyl alcohol (25:24:1, v/v)
extraction and isopropanol precipitation. Following precipitation, the aggregated DNA was gently
transferred to a new 1.5 mL tube using a cut 1 mL pipette tip, thereby avoiding disruptive
centrifugation. Next, the DNA was washed three times with 70 % ethanol. Isolated DNA was
resuspended in 130 uyL TE buffer and transferred to an AFA microTube with Snap Cap. The
samples were sonicated for 4 min using a Covaris E220 sonicator (140 Peak Incident Power,
10 % Duty Factor, 200 Bursts per Cycle) resulting in DNA fragments of around 300 bp. Sonicated
DNA was quantified on a NanoDrop 2000c spectrophotometer. In the case of RNase H-treatment,
which was conducted as a specificity control for RNA:DNA hybrid detection, 4 ug of DNA were
treated with 3 pL of 5000 U/uL E. coli RNase H (NEB, Cat#M0297S) overnight at 37°C. For each
sample, 10 % of the total DNA was set aside as an input control. For immunoprecipitation, 4 ug
of DNA were incubated with 6 pg of S9.6 antibody in 1X binding buffer (10 mM NasPO4 pH 7,
140 mM NaCl, 0.05% Triton X-100) overnight at 4°C with rotation. Next, Protein A/G agarose
beads (Thermo Fisher Scientific, Cat#20421) were added for 2 h to precipitate the RNA:DNA
hybrid-antibody complexes. The beads were rinsed three times in 1X binding buffer for 10 min at
4°C. Elution was conducted in elution buffer (50 mM Tris-HCI pH 8, 10 mM EDTA, 0.5 % SDS,
Proteinase K) for 45 min at 55°C with agitation. The eluates, including the beads, were subjected

to a single round of phenol-chloroform extraction for DNA purification (see 6.2.5 MNase and DNA
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isolation). RNA:DNA hybrid levels were quantified from input and eluate samples using qPCR

analysis (see 6.2.13). Primers for DRIP-gPCR are listed in 6.1.6 Oligonucleotides.

6.2.16 Whole genome sequencing and identification of genomic integration sites

Genomic DNA of U-2 OS Clone#12 cells was isolated by phenol:chloroform:isoamyl alcohol
(25:24:1, v/v) extraction and ethanol precipitation (see 6.2.5 MNase assay and DNA isolation).
The extracted genomic DNA was fragmented by sonication on a Covaris E220 sonicator (140
Peak Incident Power, 10% Duty Factor, 200 Bursts per Cycle) resulting in DNA fragments of 200-
300 bp size. The DNA fragments were used to prepare libraries for whole genome sequencing
(see 6.2.18 library preparation and sequencing). For integration site identification, libraries were

sequenced to a depth of 300 million reads (paired-end) per sample.

6.2.17 BrdU-seq

BrdU-seq was adapted from a previously published protocol (J. Wang et al., 2021). To label
nascent DNA, cells were treated with a 50 yM 5-bromo-2'-deoxyuridine (BrdU) pulse for 30 min
before harvesting. Cells were lysed in a mix of 100 yL TE buffer, 100 yL IRN buffer, 0.5 % SDS,
and 10 uL Proteinase K (10 mg/mL) and incubated at 37 °C with 500 rpm agitation for at least
90 min. Genomic DNA was isolated by phenol-chloroform extraction and ethanol precipitation
(see 6.2.5). Reconstituted DNA was quantified by Qubit dsDNA BR kit (Thermo Fisher Scientific)
on a Qubit 4 Fluorometer (Thermo Fisher Scientific) according to the manufacturer’s instructions.
20 pg of genomic DNA in 130 yL water were transferred to AFA microtubes with Snap Cap and
sonicated for 10 min using a Covaris E220 sonicator (140 Peak Incident Power, 10 % Duty Factor,
200 Bursts per Cycle) to create DNA fragments of 200-300 bp size. For immunoprecipitation of
BrdU-labeled DNA, 10 yL Dynabeads Protein G were rinsed three times with PBS-T 0.02 % and
afterwards incubated with 2 pg anti-BrdU antibody at 4°C overnight with agitation. The fragmented
DNA was diluted to reach a total volume of 200 uL, then denatured at 100°C for 10 min and
chased on ice to keep the DNA as ssDNA accessible to BrdU antibody binding. 15 pL of denatured
DNA were kept as an input control and combined with 35 uL elution buffer (50 mM Tris-HCI pH
8.0, 10 mM EDTA, 1 % SDS). Next, 170 uL of denatured DNA were mixed with 180 pL of 2X
blocking solution (2 % BSA, 2X PBS, 0.2 % Tween 20) and added to the previously prepared
beads for immunoprecipitation at 4°C overnight with agitation. On the following day, BrdU-labelled
DNA bound to beads was washed twice with 1 mL of lysis buffer 1 (50 mM HEPES-KOH pH 7.5,
140 mM NaCl, 1 mM EDTA, 1 % Triton X-100, 0.1 % Na-Deoxycholate). Subsequently, the
samples were rinsed twice with 1 mL of lysis buffer 2 (50 mM HEPES-KOH pH 7.5, 500 mM NaCl,
1 mM EDTA, 1 % Triton X-100, 0.1 % Na-Deoxycholate), followed by two washes with 1 mL of

109



wash buffer (10 mM Tris-HCI pH 8.0, 250 mM LiCl,1 mM EDTA, 0.5 % Na-Deoxycholate, 0.5 %
Igepal CA-630). All washes were conducted for a duration of 5 min at 4 °C with agitation. To
remove residual wash buffer components, beads were resuspended in 1 mL of TE and centrifuged
for 3 min, 400 g at 4 °C. For elution of BrdU labeled DNA, the beads were mixed with 100 yL
elution buffer containing 0.5 mg/uL Proteinase K and incubated at 65°C for 10 min shaking at
400 rpm. Following a repeat of the previous elution step, eluates of the respective samples were
combined and incubated at 37 °C for 1 h for further protein digestion. Input samples were
supplemented with 150 uL TE buffer containing 0.5 mg/ml Proteinase K and also incubated at
37 °C for 1 h. Both BrdU-labelled DNA and input DNA were purified by a single round of phenol-
chloroform extraction and ethanol precipitation and reconstituted in 30 pL of water (see 6.2.5).
Successful BrdU enrichment was verified by gPCR analysis (see 6.2.13) using primers mAIRN#1
FWD, mAIRN#1 REV, FHIT FWD, and FHIT REV (see 6.1.6). To reconstitute the dsDNA required
for library preparation, second strand synthesis was performed with the RadPrime labelling kit
according to the manufacturer’s instruction (Thermo Fisher Scientific). The obtained dsDNA was
purified using the GeneJET PCR Purification Kit (Thermo Fisher Scientific). Purified DNA was
subjected to library preparation (see 6.2.18).

6.2.18 Library Preparation and sequencing

First, DNA samples were quantified with Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific).
Depending on the available material, 1 ng to 1 uyg of DNA was used as starting material. The
library preparation for Whole Genome Sequencing, ChiP-seq, and BrdU-seq samples was
conducted according to the manufacturer’s instructions utilizing the NEBNext Ultra || DNA Library
Kit with Purification Beads (E7103S, E7103L) and NEBNext Multiplex Oligos for lllumina
(E6440S). Libraries were again quantified and checked for integrity using a Bioanalyzer High
Sensitivity DNA Analysis kit (Agilent 5067-4627). In case of remaining adapter or primer
contamination, a purification step using 1X AMPure XP Beads (Beckmann Coulter A63880) was
performed according to the manufacturer’s instructions. Libraries were pooled and sequenced on
an lllumina NovaSeq 6000 machine with 150 bp paired-end reads at the Helmholtz Munich

Genomics Core Facility.

6.2.19 RNA isolation and RT-qPCR

About 1 million cells per sample were harvested by trypsinization and pelleted by centrifugation.
The pellet was resuspended in 1 mL TRIzol reagent (Invitrogen) and incubated at RT for 5 min.
Next, 200 pL chloroform was added, following vortexing for 10 s and incubating again at RT for

2 min. Phase separation was achieved by centrifugation at 15,000 g at 4°C for 10 min. The upper

110



aqueous phase (ca. 550 L, containing nucleic acids) was moved to a new tube. Afterwards,
500 pL chloroform was added and the sample was vortexed for 10 seconds and centrifuged at
15,000 g at 4°C for 10 min. The upper aqueous phase was transferred to a new tube. For RNA
precipitation, 500 uL isopropanol was added, followed by vortexing for 10 s, and incubation at RT
for 10 min. After centrifugation at 15,000 g at 4 °C for 10 min, the supernatant was discarded. The
RNA pellet was washed with 1 mL 75 % ethanol, centrifuged at 15,000 g at 4°C for 5 min, and air
dried for 10-15 min. The RNA was reconstituted in 30 yL RNase-free water. RNA amounts were
quantified on a Nanodrop spectral photometer (Thermo Fisher Scientific). Equal amounts of RNA
ranging from 0.5-2 ug were used as the starting material for DNase digestion and cDNA synthesis.
DNA was removed by the addition of 1 yL DNase (2,000 units/mL, NEB M0303S) and incubation
at 37°C for 30 min. Subsequently, cDNA synthesis was performed using the RT-SuperScriptlll kit,
following the manufacturer's instructions (Thermo Fisher Scientific; Cat#18080051). qPCR
analysis was performed as described above (see 6.2.13). Gene expression levels were
normalized to housekeeping gene ACTB. Primers used in RT-gPCR analysis are listed in 6.1.6

Oligonucleotides.

6.2.20 Immunofluorescence (IF) and EdU-Click chemistry staining

For IF, approximately 5,000-20,000 cells were seeded in a 96-well plate (Ibidi, Cat#89626) and
grown for a minimum of 24 h. In case labeling of S-phase cells with EJU-Click chemistry was
desired, cells were treated with 10 uM EdU for 30 min. For specific analysis of chromatin-bound
proteins, pre-extraction to remove other cytoplasmic and nuclear components was applied. Pre-
extraction was conducted by incubating the cells in CSK buffer (100 mM NaCl, 300 mM Sucrose,
3 mM MgClz, 10 mM 3-(N-morpholino) propanesulfonic acid (MOPS), 0.5 % Triton X-100) for
5 min. Then cells were rinsed with PBS and fixed with 4 % PFA in PBS for 15 min in the dark.
After fixation, cells were washed with 150 ul PBS, permeabilized with 0.2 % Triton-X in PBS for
4 min, and washed with 150 yL PBS again. An EdU click-it reaction cocktail (100 mM Tris-HCI
pH 8.5, 1 mM CuSO4, 100 mM Ascorbic acid, 0.9 ug Alexa Fluor 488/595 azide (Thermo Fisher
Scientific, A10266 and A10270)) was freshly prepared and added to the cells for a 30 min
incubation period at room temperature in the dark. Cells were then washed with 150 yL PBS and
blocked in 100 pL 3 % BSA in PBS for at least 30 min. Primary antibodies were applied in 100 yL
3 % BSA in PBS and the cells were incubated at 4 °C overnight. For immunofluorescence
staining, antibodies against FANCD2 (1:1000), RPA32 pS33 (1:500), yH2AX (1:200), and RNAPII
RPB1 (H5) (1:2000) were used. On the following day, cells were washed twice with PBS for 5 min
and the appropriate fluorophore-conjugated secondary antibodies and DAPI (1:1000) or SiR-DNA
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(1:5000) were applied in 3 % BSA in PBS. The plate was wrapped in tin foil to protect it from light
and incubated for 1 h. Cells were then washed twice with PBS for 5 min and stored at 4 °C until

imaging.

6.2.21 Proximity Ligation Assay (PLA)

For PLA approximately 5,000-20,000 cells were seeded in a 96-well plate (Ibidi) and grown for a
minimum of 24 h. Cells were EdU treated, pre-extracted, fixed, and subjected to EdU-click
labeling as previously described (see 6.2.20 Immunofluorescence and EdU-Click chemistry
staining). Next, the cells were blocked in 5 % BSA in PBS for at least 45 min, followed by
application of primary antibodies in 5 % BSA at 4°C overnight. Antibodies against RNAPII RPB1
(H5) (1:2000), PCNA (PC10) (1:200), PCNA (1:2000), and DOT1L (1:200 and 1:1000) were used
in PLA. On the following day, cells were washed twice with PBS for 5 min. Afterwards, Duolink
PLUS (Sigma Aldrich, Cat#DU092001 and Cat#DU092002) and MINUS (Sigma Aldrich
Cat#DU092004 and Cat#DU092005) probes were 1:10 diluted in Duolink Antibody Diluent and
added for 1 h at 37°C. For the removal of residual probes, the cells were washed twice with PLA
Wash buffer A (Sigma Aldrich). The ligation solution (1x Duolink ligation buffer diluted in water,
Ligase at 1:70 dilution) (Sigma Aldrich) was applied for 30 min at 37°C. Following two additional
washes with PLA Wash buffer A, the amplification solution (1x Amplification buffer diluted in water,
Polymerase at 1:140 dilution) (Sigma Aldrich) was applied and cells were incubated at 37°C for
100 min in the dark. The cells were then rinsed twice with PLA Wash buffer B (Sigma Aldrich) for
10 min and stained with DAPI (1:1000) or SiR-DNA (1:5000) in PBS for 1 h. Finally, cells were
again washed twice with PBS for 5 min, protected from light, and stored at 4°C until microscopy

analysis.

6.2.22 Microscopy setup and image acquisition

Images were acquired on a Nikon T2 inverted microscope system equipped with an Andor
Dragonfly confocal spinning disk, a 40X air objective, and an iXon Life 888 EMCCD camera while
running the Fusion 2.2 software suite. Per condition 67-81 positions were imaged at which a Z-

stack of 7 images across 10 um was acquired.

6.2.23 Image Analysis

A custom ImageJ (Lalonde et al., 2023; Schindelin et al., 2012) macro was used to identify DAPI
or SiR-DNA stained nuclei and perform intensity measurements as well as blob detection. In
summary, the z-stack in focus was identified based on maximum normalized variance (Y. Sun et

al., 2004) in the DAPI/SiR-DNA channel. Afterwards, nuclei were detected using a custom trained
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neural network model, StarDist (Schmidt et al., 2018; Weigert et al., 2020). Depending on the
research question, different measurements of signal intensity and foci number were obtained.
Identification of cells in S-phase was performed based on their nuclear mean EdU intensity. A
fixed threshold for a given experiment was established by measurement of mean EdU intensity
levels in cell nuclei and comparison to the background signal. Cells with nuclear mean intensity
above this empirical threshold were considered as EdU-positive cells. Foci numbers from PLA
and IF stainings were quantified using the ImageJ Find Maxima function with prominence values

(commonly 700-900) adjusted to the respective staining and foci type.

6.2.24 Identification of reporter insertion sites

The human genome (version GRCh38 primary assembly) was obtained from the Ensembl
database, and the sequence of the reporter construct (plasmid K275) was concatenated with the
genome fasta file. Genome alignment of the paired-end sequencing reads to the combined
genome was conducted using bwa (version 0.7.17) with the parameter -B 3 (H. Li & Durbin, 2009).
Mapped reads were filtered via samtools (version 1.16.1) with the parameter -q 12 (Danecek et
al., 2021). Structural variants were identified on the filtered reads and the combined genome file
utilizing tiddit (version 3.3.2) with the parameters --sv -p 1 -r 1 --min_contig 4500 (Lindstrand et
al., 2017). The resulting genomic positions found by reads split between the reporter and another
chromosome were extracted from the variant call file (vcf). Positions that were mapped internally
to the reporter sequence were excluded as they might represent incomplete integration events.
Only those positions that are within 300 bp of the reporter ends were considered. ldentified
adjacent genomic positions with a maximum distance of 200 bp were merged using bedtools
merge (version 2.31.0) with the parameter -d 200 (Quinlan & Hall, 2010). Consequently, the
average of the start and end position of the merged region was used as the consensus insertion
site. These processing steps were carried out for the whole genome sequencing, the BrdU-seq,
and the RNAPII and H3 ChIP-seq datasets. The final insertion sites were defined as those
genomic positions that were present in at least two of the four datasets within a 200 bp window
(Appendix, Table S1). The latter step was conducted using rtracklayer (version 1.54.0) and

GenomicRanges (version 1.46.1) (Lawrence et al., 2013) R packages (version 4.1.2).

6.2.25 BrdU-seq analysis

Paired-end reads of BrdU-seq samples were trimmed using trim_galore (version 0.6.10) (Krueger
et al., 2023) with the parameter --quality 28 and mapped to the previously constructed genome
containing the reporter sites (see 6.2.24) using bowtie2 (version 2.5.1) with the parameters --end-

to-end --very-sensitive --no-unal --no-mixed --no-discordant --dovetail -1 10 -X 700 (Langmead &
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Salzberg, 2012). Following the alignment sequencing reads were filtered by samtools (version
1.17) with the parameter -q 12 (Danecek et al., 2021). For removal of duplicate reads, picard
MarkDuplicates (version 3.0.0) with the parameter -REMOVE_DUPLICATES TRUE (Broad
Institute, 2019) was used. Genome coverages were generated using deeptools bamCoverage
(version 3.5.2) (Ramirez et al., 2016) with parameters --blackListFileName hg38-blacklist.v2.bed
--ignoreForNormalization MT --binSize 20 --smoothLength 60 -—extendReads --
maxFragmentLength 700 --normalizeUsing "CPM". A curated list of blacklisted regions was
obtained from the Boyle Lab github repository (Amemiya et al., 2019). For analysis and
quantification, reads were counted in 5 kb consecutive genomic bins using bedtools
makewindows (version 2.31.0) with the parameter -w 5000 and deeptools multiBamSummary with
parameters BED-file --BED bins.bed --blackListFileName hg38-blacklist.v2.bed --smartLabels --
extendReads --centerReads --samFlaglnclude 64 --outRawCounts. Only the main chromosomes
as well as the reporter sequence were considered in the counting step. Differential analysis was
conducted by DESeq2 package (version 1.34.0) (Love et al., 2014) in R (version 4.1.2). For
calculating normalization (size) factors all genomic bins were used by the default DESeq method.
Differential testing was carried out by two different approaches, either globally for all genomic bins
or in a focused way in the proximity of the insertion sites i.e. only for those bins that are located
within 100 kb of the insertion sites and in the reporter sequence itself. For the global analysis,
genomic bins with more than 5 reads counted in at least two out of all BrdU-seq samples were
included, whereas for the insertion proximal analysis, more than one read count was required.
Biological replicates were considered as batch variable in the DESeq model. For subsequent
analyses, normalized counts were log2 transformed following the addition of a pseudo-count of
one and the application of batch correction using the ComBat function from the sva package
(version 3.42.0) (Leek et al., 2012). Global Spearman’s correlation coefficients were calculated
on log2 normalized counts of all genomic bins. For visualization of the BrdU-seq signal as
heatmaps, log2 normalized counts were centered by the mean across samples for each bin and

were visualized by pheatmap (version 1.0.12).

6.2.26 ChlIP-seq analysis

Genome and ChlIP-seq (RNAPII Ser2P and H3) read processing steps were carried out as
described for BrdU-seq (see 6.2.25). Additionally, coverages were averaged by deeptools
bigwigAverage --binSize 20 and the log2 ratio between treatment and control was calculated by
bigwigCompare --binSize 100 --fixedStep. Insertion site-centered matrices were created by

deeptools computeMatrix using parameters --referencePoint 'center' --binSize 100 --downstream
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5000 --upstream 5000 and were visualized with deeptools plotHeatmap function. Differential
analysis was done as for BrdU-seq, except for the bin size being set to 1 kb and more than 4 read

counts per bin being required in at least half of the samples for the respective ChIP antibody.

6.2.27 Public sequencing data analysis

Public datasets were downloaded from GEO with the accession numbers GSE134084 (DRIP-
seq) (Crossley et al., 2020), GSE29611 (H3K79me2 ChIP-seq) (Dunham et al., 2012) and
GSE110354 (H3K79me3 ChIP-seq) (Reveron-Gomez et al., 2018). Genome and reads were
processed as described for BrdU-seq (see 6.2.25). Additionally, peak calling on DRIP-seq
replicates was performed using macs2 (version 2.2.9.1) (Y. Zhang et al., 2008) with parameters -
-gsize 3e9 --format BAMPE --nomodel --nolambda --broad --broad-cutoff 1e-7 --pvalue 1e-7.
Peaks showing overlap with blacklist regions were filtered out using bedtools intersect with
parameter -v. The final peak set was defined as the intersect of the replicates. ChlP-seq reads
were counted analogously to BrdU-seq in 5 kb consecutive genomic bins. Importantly, only bins
with more than one read in at least half the samples were used. No batch correction was done on
the log2 normalized counts. Bins were grouped based on the overlap with the DRIP-seq peaks

and log2 normalized counts were visualized as box plots.

For the analysis of histone modification patterns in putative TRC regions, bigwig files from
ENCODE ChlP-seq data were obtained from GenCode
(https://ftp.ebi.ac.uk/pub/databases/ensembl/encode/integration_data_jan2011/byDataType/sign
al/jan2011/bigwig/). Additional bigwig files for ChlP-seq data on H3K79me2, RNAPII, and
H3K79me2 in MOLM13 cells (GSE185094 — Samples GSM5606327, GSM5606329, and
GSM5606331), H3K79me3 in HelLa cells (GSE116310 — Samples GSM3227896 and
GSM3227897), and H2AK119ub in MCF7 cells (GSE201262 — Samples GSM6056895 and
GSM6056896) were downloaded from NCBI GEO. Histone modification patterns around HO and
CD collision regions identified by (Hamperl et al., 2017) were analyzed. The DeepTools
computeMatrix tool was utilized to determine enrichment within 12 kb upstream and downstream
of replication origins, using a 100 bp bin size. To evaluate enrichment significance specific to HO
vs. CD regions, 2,000 bootstrap replicates were performed, and enrichment signals were

visualized with correspondent 95 % confidence intervals.

6.2.28 Quantification and statistical analyses

Error bars on Figures 10A-B, 12D, 13A-C, 14A-B, 15B-C,16, 17, 18B, 19A, 20, 21A-B, 26A-B,
27B-C, 28A-B, 30A, 32C-D, 33A-D, 37A-B, 38, 39B, 39D, 41A-C, 42, 43C-D, 44C-D, 45B, 46C-E
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and 47B indicate the standard deviation of the biological replicates. All statistical details of the
experiments can be found in the figure legends. All statistical comparisons were done using
GraphPad Prism 10.0.2.

Statistical analysis of the BrdU-Seq and ChIP-Seq sequencing results in Figures 24, 25, and 31
was performed as described in the Methods section (see BrdU-seq analysis and ChlP-seq
analysis). Detailed information about software and algorithms used for sequencing data including

their sources and weblinks can be found in 6.1.9 Software and algorithms.

6.2.29 Data and code availability

BrdU-Seq, ChlP-Seq, and Whole Genome Sequencing data are available on GEO with the
accession number GSE267494.

This study does not report any original code.
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8. Abbreviations

Abbreviati
on
53BP1
ANOVA
APH
AQR
ATADS
ATM
ATR
ATRIP
A.U.
AUC
BLM
bp
BPE
BRCA2
BrdU
BRG1
CD
CDC
CDK
CDK9
CFsS
ChiP
CHK1
CHK2
CMG
CTCF
CTD
CTD1
DAPI
DDX
DHX
DMEM
DMSO
DOT1L
DOX
DRB
DRIP
DSB

Meaning

TP53-binding protein 1

analysis of variance

Aphidicolin

Aquarius

ATPase family AAA domain-containing protein 5
Ataxia Telangiectasia Mutated

Ataxia Telangiectasia and Rad3 related
ATR-Interacting Protein

Absolute Units

Area under the curve

Bloom

base pairs

Bovine Pituitary Extract

Breast cancer type 2 susceptibility protein
Bromodeoxyuridine

transcription activator BRG1
co-directional

Cell Division Cycle (number)
cyclin-dependent kinase
cyclin-dependent kinase 9

common fragile site

chromatin immunoprecipitation
checkpoint kinase 1

checkpoint kinase 2
CDC45-MCM2-7-GINS

CCCTC-binding factor

C-terminal domain

Chromatin licensing and DNA replication factor 1
4',6-diamidino-2-phenylindole

DEAD-box helicase

DEAH-box helicase

Dulbecco's Modified Eagle Medium
dimethyl sulfoxide

disruptor of telomeric silencing-1-like
Doxycycline
5,6-Dichloro-1-B-D-ribofuranosylbenzimidazole
DNA-RNA immunoprecipitation

double strand breaks

143



dsDNA
DSIF

E. coli
EBNA1
ECFP

EdU

EME1
ERFS
ETAA1

FA
FANCD2
FANCM
FBS

G4
G-MiDS
GRO-seq
H2Ak119cr
H2AK119ub
H2BK120ub
H3K27me3
H3K36me3
H3K4me
H3K79me2
H3K79me3
H3S10P
HBEC

HO

HR

hTERT

IF

INO80
mAIRN

Mb

MCM
MNase
MOPS
MmRNA
MTA2
MUS81
NELF
NHEJ
ORC

ori

double-stranded DNA

DRB sensitivity inducing factor
Escherichia coli

Epstein-Barr nuclear antigen 1
enhanced cyan fluorescent protein
5-Ethynyl-2'-deoxyuridine

crossover junction endonucleases EME1
early replicating fragile sites

Ewing’s tumor-associated antigen 1
Fanconi Anemia

Fanconi anemia group D2 protein
Fanconi anemia complementation group M
fetal bovine serum

G-quadruplex

G2/M DNA synthesis

Global run-on sequencing

histone H2A lysine 119 ubiquitination
histone H2A lysine 119 crontonylation
histone H2B at lysine 120 ubiquitination
H3 lysine 27 trimethylation

H3 lysine 36 trimethylation

H3 lysine 4 trimethylation

H3 lysine 79 dimethylation

H3 lysine 79 trimethylation

H3 serine 10 phosphorylation

Human Bronchial Epithelial Cells
head-on

homologous recombination

Telomerase reverse transcriptase
Immunofluorescence

INO80 Complex ATPase Subunit
murine Antisense Of IGF2R Non-Protein Coding RNA
Megabase

minichromosome maintenance protein complex
Micrococcal nuclease
3-(N-morpholino)propanesulfonic acid
messenger RNA

Metastasis-associated protein MTA2
crossover junction endonucleases MUS81
negative elongation factor
non-homologous end joining

origin recognition complex

origin of replication
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PAGE
PAS

PBS
PCNA
PIC

PLA
PNUTS
POLD
POLE
PP1
P-TEFb
gDRIP
gPCR
RAD52
RDC
RECQ1
RECQ5
rEGF
RNAPI
RNAPII
RNAPIII
RNase
RNF20/40
RPA
RPA32pS3
3
RT-gPCR
SD

SDS
Ser2P
Ser5P
Ser7P
SETX
SLX4
SMARCAS5

ssDNA
TAD
TC-NER
Thr4P
TRC
tRNA
TSS

polyacrylamide gel electrophoresis
polyadenylation signal
phosphate-buffered saline
proliferation cell nuclear antigen
pre-initiation complex

Proximity Ligation Assay

PP1 nuclear targeting subunit

DNA polymerase &

DNA polymerase ¢

protein phosphatase 1

Positive elongation factor b
Quantitative DRIP

quantitative PCR

DNA repair protein RAD52 homolog
recurrent DNA break cluster
ATP-dependent DNA helicase Q1
ATP-dependent DNA helicase Q5
recombinant Epidermal Growth Factor
RNA polymerase |

RNA polymerase I

RNA polymerase IlI

Ribonuclease

RNF20/40 E3 ubiquitin-protein ligase complex
Replication Protein A

Serine 33 phosphorylated replication protein A 32 kDa subunit

reverse transcriptase-qPCR

standard deviation

sodium dodecyl sulfate

Serine 2 phosphorylation

Serine 5 phosphorylation

Serine 7 phosphorylation

Senataxin

structure-specific endonuclease subunit SLX4
SWI/SNF-related matrix-associated actin-dependent regulator of chromatin
subfamily A member 5

single stranded DNA

topologically associated domain
transcription-coupled nucleotide excision repair
Threonine 4 phosphorylation
transcription-replication conflict

transfer RNA

transcription start site
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TSS transcription start site

Tyr1P Tyrosine 1 phosphorylation
WDR82 WD repeat-containing protein 82
yH2AX histone H2AX phosphorylation
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9. Appendix

9.1 Table S1: Integration site positions

CHROMOSOME | START LOCATION | END LOCATION | NAME PHASE | STRAND
2 104941714 104941978 Chr2site1 |0
2 168374974 168375175 Chr2site2 | 0
5 134521192 134521451 Chr5site |0
9 137626501 137626702 Chr9site |0
10 87030690 87030891 Chr10site |0
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