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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, I 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, I 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, I 

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), I 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, I 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.  
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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 grºÇter Bedeutung, da sowohl gestºrte Transkription als 

auch gestºrte Replikation mit zahlreichen Krankheiten einschlieÇlich Krebs in Verbindung 

gebracht werden. Beide Prozesse erfordern eine umfassende Umgestaltung des zugrunde 

liegenden Chromatins, damit sie ihre Funktion erf¿llen kºnnen. 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 Auslºser 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 f¿r 

Chromatin- und Epigenomverªnderungen sein kºnnten, die wiederum eine Instabilitªt des 

Genoms beg¿nstigen kºnnten. 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 auÇerdem 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 Stabilitªt der zugehºrigen R-Loops abhªngig war. Dar¿ber 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 f¿hrte das Fehlen von DOT1L-Aktivitªt zu einer verringerten Transkriptionsleistung und 

verstªrkten DNA-Schªden, was darauf schlieÇen lªsst, dass die aktive Positionierung dieser 

Histonmodifikation f¿r einen effektiven Neustart der Transkription und Auflºsung von TRCs 

erforderlich ist. Abgesehen von der Arbeit am Reportersystem habe ich das Potenzial zur 

Auslºsung von TRC in verschiedener Zelllinien mit ¦berexpression von Onkogenen 
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charakterisiert. Dabei habe ich die ¦berexpression 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 f¿r Krebs und 

andere Krankheiten relevant ist. 
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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; Qu®net 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; Mill§n-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). 

 

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. 
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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 I (RNAPI) 

transcribes large ribosomal RNA precursors, RNA polymerase II (RNAPII) synthesizes messenger 

RNAs (mRNAs) and several non-coding RNAs, and RNA polymerase III (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; M¿ller & Tora, 2014; 

Sch¿beler, 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 II 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 (Gr¿nberg 

et al., 2012; Holstege et al., 1996). RNAPII initiation is enabled by the action of the Mediator 
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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). 
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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 (Garc²a-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; Garc²a-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; Ch®din, 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 & Ch®din, 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 (Garc²a-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). 



ΝΜ 
 

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) 

(Ilves et al., 2010). DNA is synthesized in a continuous fashion by DNA polymerase Ů (POLE) on 

the leading strand and in a discontinuous manner by DNA polymerase ŭ (POLD) on the lagging 

strand (Garg & Burgers, 2005; Nick McElhinny et al., 2008; Roske & Yeeles, 2024). Lagging strand 

synthesis is aided by DNA polymerase Ŭ/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 Ewingôs 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 

(Garc²a-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; Garc²a-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 

(Br¿ning & 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 

(Garc²a-Muse & Aguilera, 2019; Hamperl et al., 2017; Lang et al., 2017). 

 

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 
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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 (HRASV12) 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) 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) 

B) Overexpression of oncogenic HRASV12 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) 

C) 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). 

D) CDC6 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). 



ΝΤ 
 

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-ɓ-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 HIII 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 5ô 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 (Garc²a-

Rubio et al., 2018) were inserted close to efficient origins on yeast chromosome III 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 (Garc²a-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 I 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 (Garc²a-

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 ñspeed bumpò, 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 ChIP-Seq data, thereby identifying a role for chromatin 

remodelers SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily 

A member 5 (SMARCA5), 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; Garc²a-Pichardo et al., 2017). 

B) In yeast, MLL1-deposited H3K4me3 was shown to act as a ñspeed bumpò 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 II 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, RNAPII 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-Gouti¯res 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 (P®rez-

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 

(BRCA2) 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). ATAD5 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) (Br¿ning & Marians, 2020; G·mez-Gonz§lez & 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; G·mez-Gonz§lez & 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 (Garc²a-G·mez et al., 2013; Mour·n 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; Ġvikoviĺ 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 RECQ5), 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 ŭ 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, I 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). 
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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 ÁC) 

(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, I 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 

mAIRN 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 

(qPCR) 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, I 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. 

 

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 Õg/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 qPCR 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, I also analyzed RNAPII occupancy at the 

reporter sequences using ChIP, 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 mAIRN RNA:DNA hybrids at 

HO TRCs can displace nucleosomes and thereby cause a local chromatin disruption, potentially 

associated with elevated susceptibility to DNA damage. 

 

Figure 10: ChIP-qPCR analysis confirms that R-loops at HO TRC episomes reduce 

nucleosome occupancy 

A) ChIP-qPCR 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 Õg/mL DOX for 24 h. Error bars show SD. Ordinary one-way analysis of variance (ANOVA) with 

Tukeyôs 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, I 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, I 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 S1). 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, I conducted RT-qPCR 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. 

 



ΟΠ 
 

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 

mAIRN 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-qPCR analysis of mAIRN RNA expression with primer pair mAIRN#1 in Clone#12 or parental U-

2 OS cells exposed to 0 or 1 Õg/mL DOX for 4 h or 24 h (n=3). Error bars indicate mean values with 

standard deviations (SD). Welch ANOVA with Tukeyôs multiple comparison test. 

 

To test the functionality of our newly developed reporter system, I first aimed to verify whether 

transcription induction of the R-loop prone gene would indeed cause elevated TRC levels in this 

cell line. Here, I 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-2ǋ-deoxyuridine (EdU) click-it staining was performed to label S-

phase cells. Cells were treated with 0 or 1 Õg/mL DOX for TRC induction for the indicated time points. 

Scale bar 10 Õm. 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 Tukeyôs 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). Studentôs 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). Studentôs 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, I wondered if the TRCs 

created by our mAIRN-driven genomic reporter can generate replication stress and associated 

DNA damage. Initially, I 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-qPCR 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. 

 

Figure 14: TRC induction at the mAIRN reporter increases occupancy of FANCD2 

A) ChIP-qPCR analysis showing FANCD2 levels in asynchronous cells at the TRC reporter sequence 

using the mAIRN#1 primer pair. Cells were treated 0 or 1 Õg/mL DOX for 24 h (nÓ4). Error bars indicate 

SD. Studentôs T-test. 

B) ChIP-qPCR analysis showing FANCD2 levels at CFS genes WWOX and NRG3. Cells were treated 0 

or 1 Õg/mL DOX for 24 h (nÓ4). For CFS analysis, cells were additionally treated with dimethyl sulfoxide 

(DMSO) or 0.4 ÕM APH for 24 h. Ordinary one-way ANOVA with Tukeyôs multiple comparison test. 

  



ΟΤ 
 

To further validate whether this phenotype is driven by the R-loop formation at the mAIRN 

sequence, I 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, I 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 

qPCR and RT-qPCR, 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. 

 

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-qPCR analysis of ECFP RNA expression with primer pair ECFP#1 in Clone#2 cells exposed to 0 or 

1 Õg/mL DOX for 24 h (n=3). 

C) ChIP-qPCR analysis showing FANCD2 levels in asynchronous cells at the TRC reporter sequence 

using the mAIRN#2 (nÓ4) and ECFP#2 (n=3) primer pairs. Error bars indicate mean values with SD. 

Studentôs T-test or Welch ANOVA with Tukeyôs multiple comparison test. 

 

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

immunofluorescence (IF) staining against FANCD2 combined with EdU-Click-it labeling for 



ΟΥ 
 

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. 

 

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 Õg/mL DOX for TRC induction. 

Scale bar 10 Õm. Quantification of FANCD2 foci number in S-phase and non-S-phase cells (n=3). Bars 

indicate mean values with SD. Ordinary one-way ANOVA with Tukeyôs multiple comparison test. 

 

Considering the strong global FANCD2 response, I 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 Õg/mL DOX for TRC induction. Scale bar 10 Õm (n=3). Measurement in absolute units (A.U.). Bars 

indicate mean values with SD. Ordinary one-way ANOVA with Tukeyôs multiple comparison test. 

 

As a complementary approach, I 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 (ɔH2AX) and 

Serine 33 phosphorylated ssDNA binding protein RPA32 (RPA32pS33) when compared to the 

nuclear loading control ORC2. Interestingly, ɔH2AX 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 ɔH2AX foci, thereby positioning 

RPA32pS33 downstream of H2AX phosphorylation (Anantha et al., 2007). Since ɔH2AX and 

RPA32pS33 are targets of the ATR kinase in the DNA damage response (Anantha et al., 2007; 

Toledo et al., 2013), I 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 ATRi 

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). 

 

Figure 18: TRC induction in reporter cells causes elevated ɔH2AX and RPA32pS33 levels 

and delays S-phase in dependence on ATR activity 

A) Representative Western blot analysis of DNA damage markers ɔH2AX and RPA32pS33 using cell 

lysates from mAIRN reporter cells exposed to 0 or 1 Õg/ÕL 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 ɔH2AX 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 Õg/mL DOX for 

4 h, 8 h, or 24 h. 10 ÕM 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 ÕM 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 ÕM 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 ÕM 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 Õg/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 ÕM ATRi with VE-821 or DMSO control treatment. Alternatively, cells were exposed to 1 or 

10 ÕM 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 Tukeyôs 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), I wondered if the induction of R-loops and 

TRC at the mAIRN reporter will result in impaired DNA synthesis. Here, I 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, I 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, I 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.  

 

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, I next analyzed R-loop levels in G1 synchronized and 

4 h released S-phase cells using DRIP-qPCR 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-

qPCR 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-qPCR at the mAIRN reporter or RPL13A locus in G1 or 4 h released 

S-phase cell treated with 0 or 1 Õg/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 (nÓ3).  

B) RT-qPCR analysis of mAIRN gene expression levels in G1 or 4 h released S-phase cell treated with 0 

or 1 Õg/mL DOX using the mAIRN#1 primer pair (n=4). Error bars indicate SD. Ordinary one-way 

ANOVA with Tukeyôs multiple comparison test. 

 

To precisely analyze the impact of induced TRC and R-loops on DNA replication through different 

stages of S-phase, I 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 2 h, 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 ÕM BrdU for 30 min to label nascent DNA. 

Upon release into S-phase, cells were treated with 0 or 1 Õg/mL DOX. G1 control cells were 

continuously cultured in thymidine-containing medium and treated with DOX for 8 h.  

B) Heatmap displaying replicate correlation (Spearmanôs R) of both BrdU-seq replicates for all time points 

and treatment conditions. ËnË 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, I 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). 

 

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 cells and 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 Õg/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.  

 

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, I 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 transcription and nucleosome occupancy upon TRC induction. For this 

purpose, I conducted ChIP-qPCR 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.  

 

Figure 26: TRC and R-loop induction at the mAIRN reporter reduce nucleosome occupancy 

A) ChIP-qPCR 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 Õg/mL DOX for 4 h (n=3). Error bars indicate SD. Welchôs t-test. 

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

 

Next, I 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, I 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, I also quantified FANCD2 levels by ChIP-qPCR 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).  

 

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-qPCR 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 Õg/mL DOX 24 h (n=3). 

Error bars show SD. Ordinary one-way ANOVA with Tukeyôs multiple comparison test. 

C) Same as in B) for ChIP-qPCR 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, I 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 NRXN2 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-qPCR (Fig. 15C), suggesting that both DNA damage response and nucleosome 

loss induction require an R-loop forming sequence. 

 

Figure 28: Nucleosome loss occurs at R-loop forming mAIRN sites but not at ECFP control 

sites 

A) ChIP-qPCR 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 Õg/mL DOX for 24 h (n=3). Error bars indicate SD. Studentôs 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-qPCR samples were subsequently used for preparation of Next Generation 

Sequencing (NGS) libraries to perform ChIP-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, I wondered if differential 

behavior could be detected in the close vicinity of each integration site. To this end, I 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). 

 

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, I 

performed RT-qPCR analysis. Interestingly, MRPS9-AS2 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 Chr 9 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 

genome in a site-specific manner 

A) RT-qPCR 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 Õg/mL DOX 

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

B) 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. 

C) 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, I 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), I decided to 

comprehensively analyze histone PTMs in mAIRN reporter cells using these previously identified 



ΡΡ 
 

marks as a candidate list for ChIP-qPCR experiments. Importantly, for each PTM, I 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 

mAIRN 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 Õg/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 Tukeyôs 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 5ô to 3ô gradient throughout the gene body. H3K4 methylation was recently 

characterized as a mitigator of TRCs by acting as a ñspeed bumpò to decelerate active replication 

forks (Chong et al., 2020). Consistently, I 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, I found H2AK119ub to be enriched in DOX-treated S-phase cells 

particularly at the TSS and 5ô region of the mAIRN reporter gene, whereas little to no differential 

occupancy between the conditions could be detected towards the 3ô 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-qPCR in G1 or 4 h released S-phase cell treated with 0 or 1 Õg/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 Tukeyôs multiple comparison test. 

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

C) Same as in A) for ChIP-qPCR of H3K79me2. 

D) Same as in A) for ChIP-qPCR of H3K79me3. 

 

To independently validate these findings, I 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 HeLa 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 ChIP-seq 

signal from HeLa 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 ChIP signal in MCF7 cells. 

 

Building on this initial evidence of H3K79me2/3 as a potentially important player at TRC and R-

loop sites, I 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 HeLa cells, I 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 ChIP signal at sites overlapping (+) or not overlapping 

(-) with R-loops. Bin size 5 kb. ËnË 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 qDRIP-seq, H3K79me2, and H3K79me3 ChIP-seq signal in HeLa 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, I 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, I 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 ÕM 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).  

 

Figure 36: Prolonged DOT1Li inhibition reduces global H3K79me2 levels 

Representative Western blot of H3K79me2 levels in cells treated with 5 ÕM DOT1L 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, I next performed H3 

normalized H3K79me2 ChIP. 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 

mAIRN reporter sequences via activated DOT1L. As the H3K79me2 ChIP-qPCR was conducted 

with histone H3 normalization, I 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 

!ύ H3 normalized H3K79me2 ChIP-qPCR in cells treated with 5 ÕM DOT1L inhibition (EPZ-5676) for 8 h 

and 72 h. Cells were also treated with 0 or 1 Õg/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 Tukeyôs multiple comparison test. 

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

 

To obtain more evidence for the role of DOT1L in TRC biology, I 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. 

 

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 Õg/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, I considered the possibility that DOT1L might be passively recruited by 

continuous association with either the transcription or replication machinery. To test this, I 
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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. 

 










































































































































































