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Abstract 

Progressing transcription and replication machineries profoundly impact their underlying chromatin template. Consequently, transcription- 
replication conflict (TRC) sites are vulnerable to chromatin and epigenome alterations, provoking genome inst abilit y. Here, we engineered an 
inducible TRC reporter system using a genome-integrated R-loop-prone sequence and characterized the dynamic changes of the local chromatin 
str uct ure inflicted by TRCs, leading to reduced nucleosome occupancy and replication fork blockage. Strikingly, inducing a small number of TRCs 
on the genome results in a measurable global replication stress response. Furthermore, we find a TRC-dependent increase in H3K79 methylation 
specifically at the R-loop forming TRC site. Accordingly, inhibition of the H3K79 methyltransferase DOT1L leads to reduced transcriptional output 
and an exacerbated DNA damage response, suggesting that deposition of this mark is required for effective transcription recovery and resolution 
of TRCs. Our work shows the molecular dynamics and reveals a specific epigenetic modifier bookmarking TRC sites, relevant to cancer and 
other diseases. 
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NA replication is an essential cellular process ensuring the
orrect duplication of the genome in the S-phase of the cell
ycle. While replicating the genome, DNA replication forks
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DNA, genomic instability, and mutations, hallmarks of cancer
and aging [ 2 , 3 ]. One particularly frequent endogenous ob-
stacle is the presence of transcribing RNA polymerases. The
lack of coordination between transcription and replication
can lead to transcription-replication conflicts (TRCs), a haz-
ardous genomic event connected to fork stalling, DNA break-
age, and mutations [ 4–6 ]. TRCs can occur in two orientations:
head-on (HO) and co-directional (CD). Conflict orientation
determines distinct types of DNA damage responses [ 7 ]. Cru-
cially, HO TRCs have been demonstrated to elicit a more pro-
found impact on genome stability in bacteria [ 8 , 9 ], yeast [ 10 ,
11 ], and mammalian cells [ 7 ]. 

HO TRCs are closely linked to the formation of R-loops [ 7 ,
9 ]. R-loops are three-stranded nucleic acid structures in which
the template strand anneals with the nascently transcribed
RNA, thereby forming an RNA:DNA hybrid and an exposed
single-stranded non-template DNA strand. R-loops are preva-
lent structures in eukaryotic genomes and have physiologi-
cal roles such as facilitating immunoglobulin class switch re-
combination in B-cells, telomere maintenance, chromosome
segregation, and gene regulation. Nevertheless, they can also
be pathological for example by inducing fork stalling and
genome instability [ 4 , 12–14 ]. Evidence from episomal con-
structs in human cells shows that R-loops exacerbate physical
DNA breaks and DNA damage responses at TRC sites [ 7 ].
While R-loops are significant impediments to replication fork
progression, the precise mechanism of how they obstruct fork
progression at TRC sites is not fully understood. In HO orien-
tation, the RNA:DNA hybrid part of an R-loop is on the oppo-
site strand from the incoming replicative helicase and does not
block replication unless the displaced single-stranded DNA
(ssDNA) strand can form additional fork-blocking secondary
structures like G-quartets [ 15 ]. Alternatively, an R-loop in
combination with its associated RNA polymerase complex
could act as a direct roadblock to replication [ 16–18 ]. An-
other possibility is that RNA:DNA hybrids could interfere
with fork restart mechanisms behind stalled forks [ 19 , 20 ]. A
recent electron microscopy study and evidence from yeast sup-
port the existence of RNA:DNA hybrids behind the replica-
tion fork that interfere with the generation of replication pro-
tein A (RPA)-coated ssDNA and subsequent post-replicative
repair [ 21 , 22 ]. 

To prevent the harmful effects of TRCs, cells must rapidly
detect and resolve TRCs. Over the past decade, various TRC
resolution pathways have been identified. Evidence, primarily
from Esc heric hia coli , suggests that the replisome can bypass
the RNA polymerase (RNAP) complex by repriming down-
stream of the obstruction [ 23 , 24 ]. During repriming, either
the newly synthesized RNA can serve as a primer for replica-
tion restart, as demonstrated for CD TRCs, or a new Okazaki
fragment may be synthesized [ 23 , 25 ]. Another approach in-
volves the degradation and / or removal of RNAP from chro-
matin to enable the resumption of DNA replication. Pathways
such as RNAPII ubiquitination for degradation [ 26 , 27 ], as
well as the transient removal of RNAPII followed by repli-
some passage and transcription restart, have been described
[ 28 , 29 ]. Alternatively, the replication fork can be transiently
cleaved and subsequently re-ligated, allowing RNA poly-
merases to restart transcription and progress past the replica-
tion fork. This multistep process depends on several key pro-
teins, including the helicases RECQ1 and RECQ5, the scaf-
fold protein SLX4, the endonuclease MUS81 / EME1, RAD52,
DNA ligase IV, the DNA polymerase δ subunit POLD3, and
the transcription elongation factor ELL for transcriptional re- 
covery [ 16 ]. Finally, in many of these pathways, the replisome 
may undergo an intermediate remodeling process called fork 

reversal. This mechanism stabilizes and protects the replica- 
tion fork [ 21 ], providing the cell with additional time to re- 
solve conflict. 

Transcription and replication are both nuclear machiner- 
ies that require an extensive amount of chromatin remodel- 
ing while traveling on the genome. Consequently, collisions 
between both protein complexes are likely to disrupt local 
chromatin organization [ 5 ], potentially leading to genetic and 

epigenetic instability. Indeed, several studies have highlighted 

specific histone modifications and chromatin proteins as cru- 
cial mitigators of TRCs and R-loop resolution. Initial studies 
in yeast have uncovered histone H3 serine 10 phosphorylation 

(H3S10P) as a chromatin mark required for R-loop driven 

chromatin compaction and genomic instability signaling [ 30 ].
Consecutive work established that mammalian H3S10P ac- 
cumulates in large upstream ( ∼1 Mb) domains around R- 
loop prone HO-TRCs [ 31 ]. In addition, H3 lysine 4 (H3K4) 
methylation was characterized as a mitigator of TRCs by act- 
ing as a transcription-deposited “speed bump” to slow down 

replication forks, thereby preventing TRC occurrence upon 

replication stress [ 32 ]. Independently, a dynamic and repli- 
cation stress-dependent switch of H2AK119 crotonylation to 

H2AK119 ubiquitylation was shown to act as a mechanism to 

release RNA polymerase II (RNAPII) and suppress transcrip- 
tion in the vicinity of stalled replication forks. As a result, this 
reduces the occurrence of TRCs and associated R-loops and 

DNA double-strand breaks (DSBs) [ 33 ]. 
Besides histone modifications, several other chromatin pro- 

teins have been implicated in TRC resolution. In mammalian 

cells, the BRG1 subunit of the SWI / SNF chromatin remod- 
eling complex can resolve R-loop induced TRCs through a 
likely cooperative action with the Fanconi Anemia (FA) path- 
way [ 34 ]. Interestingly, the integrator complex, primarily as- 
sociated with transcription termination, was recently demon- 
strated to attenuate CD TRCs and associated genomic in- 
stability by removing stalled RNAPII to maintain replica- 
tion fork progression [ 35 ]. Intriguingly, integrator subunits 
interact with the MCM2-7-helicase independent of transcrip- 
tion, providing evidence for alternative functions of chro- 
matin factors in transcription-replication coordination. Fi- 
nally, MYCN-driven RNA exosome recruitment has been 

shown to be crucial to prevent TRCs in MYCN-dependent 
neuroblastoma [ 36 ]. 

Although a recent correlative study of genome-wide 
datasets defined a first network of chromatin factors such as 
SMARCA5, INO80, and MTA2 enriched at potential R-loop 

prone genomic TRC sites [ 31 ], a direct mechanistic and com- 
prehensive understanding of TRC-induced changes to the lo- 
cal chromatin structure is still missing. This gap in our knowl- 
edge is largely due to numerous methodological challenges 
in studying TRCs, including limited approaches for genome- 
wide TRC mapping [ 37 ], and the lack of appropriate model 
systems to study TRCs in the context of complex mammalian 

genomes [ 5 ]. Controlled approaches in bacteria [ 9 ] and yeast 
[ 11 , 38 ] allow for precise manipulation but frequently lack ap- 
plicability to more complex mammalian genomes. In previous 
work, we have established a plasmid-based TRC reporter sys- 
tem that has yielded crucial insight into HO and CD conflicts 
and their association with R-loops and DNA damage [ 7 ]. De- 
spite its previous utility in studying TRCs, the artificial nature 
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f the plasmid system and limited resemblance to endogenous
hromatin composition impair its capability to address TRC-
ependent chromatin biology. 
In the present study, we leverage the previously used R-

oop forming portion of the mouse AIRN (mAIRN) gene [ 39 ]
o create a genome-integrated, inducible R-loop-based human
RC reporter cell line. After demonstrating that our model
an successfully generate R-loops and TRCs, we show that
-loop-driven TRCs lead to replication impairment and a dis-

uption of nucleosome abundance in the vicinity of TRC sites.
n addition to this locally confined chromatin perturbation, we
ound that the induction of only a few TRCs at the integrated
eporter sites can provoke a global DNA damage response
nd Ataxia telangiectasia and Rad3 related (ATR)-signaling-
ependent proliferation defects. We profiled the transcrip-
ion and replication-dependent dynamics of multiple chro-
atin marks and found H3 lysine 79 (H3K79) di- and tri-
ethylation particularly enriched at the TRC reporter site
pon induction. Importantly, we demonstrate a similar enrich-
ent of this mark at TRC-prone and R-loop forming regions

n the native genomic context, potentially providing a new
arker for endogenous R-loop associated TRC detection in
uman genomes. Lastly, we show that inhibition of the H3K79
ethyltransferase DOT1L prevents methylation of H3K79 at
RC sites, hindering the productive resumption of RNAPII

ranscription, ultimately leading to persistent fork stalling and
xacerbated DNA damage. Altogether, these data indicate that
eplication-impeding R-loops and / or RNAPII complexes have
 direct impact on the epigenetic landscape at TRC sites and
stablish a link between TRC induction, chromatin changes,
eregulated replication, and DNA damage signaling, which
ay underlie the molecular basis of how TRCs impact the ge-
etic and epigenetic stability of our genome. 

aterials and methods 

ell culture 

EK293 Tet-ON and U-2 OS Tet-ON cells ( Supplementary 
able S2 ) were grown in Dulbecco’s Modified Eagle Medium
DMEM) (GIBCO) containing 10% fetal bovine serum (FBS),
 mM L-glutamine, and penicillin / streptomycin, in a 5% CO 2

nvironment at 37 

◦C. 

ntibodies and Reagents 

 detailed list of all antibodies ( Supplementary Table S3 ),
acterial strains ( Supplementary Table S4 ), chemicals and re-
ombinant proteins ( Supplementary Table S5 ), critical com-
ercial assays ( Supplementary Table S6 ), oligonucleotides

 Supplementary Table S7 ), and plasmids ( Supplementary 
able S8 ) used in this study can be found in the Supplementary
nformation. 

enomic integration of reporter sequence 

or the construction of the mAIRN sequence con-
aining Sleeping Beauty vector, the plasmid K192 pS-
tet_DNMT3A_P2A_dsRed2 was amplified by PCR using
rimers MT073_gib_bb_fwd and MT073_gib_bb_rev to
reate a linearized vector of the Sleeping Beauty backbone
ith added overlap sequences for Gibson Assembly. Simi-

arly, a fragment containing the mAIRN reporter sequence
ncluding its promoter and the SV40 poly-A signal was am-
lified from plasmid K069_pSH36_1xLEXA using primers
MT073_gib_ins_fwd and MT073_gib_ins_rev, thereby also
creating overlap sequences for Gibson Assembly. The mAIRN
fragment and the Sleeping Beauty vector backbone were
joined by Gibson Assembly using the Gibson Assembly
Cloning Kit (NEB, REF: E5510S) according to the manu-
facturer’s instructions. An identical strategy was employed
for the Enhanced Cyan Fluorescent Protein (ECFP) sequence
originating from plasmid K031_pSH26_1xLEXA. 

Approximately 200 000 U-2 OS cells per well were seeded
in a 6-well plate. A mix of 200 ng of the mAIRN reporter
sequence-containing sleeping beauty shuttle plasmid (K275)
and 1800 ng of the transposase expression plasmid (K191)
[ 40 ] was prepared in 100 μL of OptiMEM, while 3.5 μL of
Lipofectamine 2000 was diluted in 100 μL of OptiMEM. Both
solutions were incubated for 5 min at room temperature, then
mixed and incubated for another 20 min at room tempera-
ture. The cell culture medium was then replaced with 1.8 mL
of fresh DMEM, and the mix was gently added to the well
in a spiral pattern. The cells were grown for 24 h, then the
medium was changed to 2 mL of fresh DMEM containing 1
μg / mL Puromycin. The polyclonal cell population was diluted
to a concentration of 0.5 cells / 100 μL per well on multiple 96-
well plates. Hence, monoclonal cell lines were derived, grow-
ing from a single cell under 1 μg / mL Puromycin selection for
further characterization. 

Plasmid and siRNA transfections 

An appropriate number of cells were seeded into the respective
96-well, 6-well, or 15 cm plate to reach 40–60% confluency
at the day of transfection. Plasmid DNA and Lipofectamine
2000 were diluted in OptiMEM according to the manufac-
turer’s recommendations. Both solutions were incubated for 5
min at room temperature, then mixed and incubated for an-
other 20 min at room temperature. The cell culture medium
was replaced with fresh DMEM, and the mix was added drop-
wise to the cells. For transfections of siRNA, 5 nM siRNA and
Lipofectamine RNAiMAX were diluted in OptiMEM accord-
ing to the manufacturer’s recommendations. Both solutions
were incubated for 5 min at room temperature, then mixed
by vortexing, incubated for another 20 min at room tempera-
ture, and then added to the cells as described above. 

MNase assay 

Cells were grown in 6-well plates to 70–90% confluency (one
well per sample / condition). Wells were washed with 2 mL of
1 × PBS and trypsinized with 200 μL of 0.25 % trypsin. Cells
were incubated at 37 

◦C for 5 min and then resuspended in 0.5
mL of 1 × PBS. The cell suspension was transferred to micro-
centrifuge tubes. Wells were washed with an additional 0.5 mL
of 1x PBS, and the wash solution was combined with the cell
suspension. The combined suspension was centrifuged at 500
g for 5 min. The cell pellet was resuspended in 1 mL of MNase
lysis buffer (10 mM Tris-HCl pH 7.4, 10 mM NaCl, 3 mM
MgCl 2 , 0.5% NP-40, 0.15 mM spermine, 0.5 mM spermi-
dine) supplemented with 0.1mM phenylmethylsulfonyl fluo-
ride (PMSF). Following a 5 min incubation on ice, nuclei were
pelleted by centrifugation at 500 g for 5 min and washed with
fresh MNase lysis buffer containing 0.1mM PMSF. The nuclei
were again centrifuged at 500 g for 5 min and resuspended in
600 μL of MNase digestion buffer (10 mM Tris-HCl, pH 7.4,
15 mM NaCl, 60 mM KCl, 0.15 mM spermine, 0.5 mM sper-
midine, 1 mM CaCl 2 ). Aliquots of 100 μL of the nuclei prepa-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
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ration were transferred to separate microcentrifuge tubes con-
taining diluted MNase (0, 2.5, 25, 100, and 250 gel units).
Samples were incubated for 5 min at 30 

◦C. Subsequently, 100
μL of IRN (50 mM TRIS-HCl pH 8, 20 mM EDTA, 500 mM
NaCl) buffer, 7.5 μL of Proteinase K (10 mg / ml), and 20 μL of
10% sodium dodecyl sulphate (SDS) were added to each sam-
ple, followed by incubation overnight at 37 

◦C or for at least
2 h. Phenol / chloroform / isoamylalcohol (200 μL) was added
to each sample. The mixture was vortexed to achieve a ho-
mogenous suspension and then centrifuged for 5–10 min at
13 000 g. The upper (aqueous) phase was transferred to new
tubes. 1 μL RNase A (10mg / mL) was added to the tubes, and
the samples were incubated for 2 h at 37 

◦C. DNA extraction
was repeated with 200 μL of chloroform. Three volumes of
100% ethanol (p.a.) and 1 μL of glycogen (10 mg / mL) were
added to each sample. Following incubation at −20 

◦C for at
least 30 min, samples were centrifuged at 13 000 g for at least
30 min at 4 

◦C. The supernatant was removed, and the pel-
let was washed with 200 μL of 70 % ethanol. Samples were
centrifuged again for 10 min at 13 000 g and 4 

◦C. The pellet
was dried and resuspended in 25–30 μL of H 2 O or TE buffer.
Finally, 10–15 μL of each sample was analyzed on a 1.2 %
agarose gel. 

Southern blot 

After electrophoresis, the DNA fragments from the gel were
transferred onto a nylon membrane for subsequent hybridiza-
tion and detection with a probe. For denaturation and neutral-
ization, the gel was submerged and washed 2 × 15 min with a
denaturing solution (0.5 M NaOH, 1.5 M NaCl) to denature
the DNA, followed by 2 × 15 min neutralization incubation
with transfer buffer (1 M NH 4 OAc). During the gel incuba-
tions, a nylon membrane and Whatman paper were prepared
for the transfer. The membrane was soaked in water, and a
larger Whatman paper was soaked in transfer buffer (1 M
NH 4 OAc). For the Southern blot transfer assembly, a platform
was placed in a tray containing transfer buffer. A wet What-
man paper, free of air bubbles, was placed on the platform.
This paper served as a wick to draw the transfer buffer up-
wards through the gel. The gel was then carefully placed face-
down on the wet Whatman paper. A pre-wet nylon membrane
was positioned on top of the gel, ensuring no air bubbles were
trapped. Three additional Whatman paper sheets were placed
on the membrane, followed by a stack of paper towels and a
light weight (approximately 0.5 kg). The entire assembly was
left undisturbed overnight to allow complete transfer of the
DNA fragments. Transfer times varied depending on the frag-
ment size, with fragments up to 15 kb requiring ∼18 h. Fol-
lowing transfer, the membrane was UV crosslinked using the
Stratalinker autocrosslinking function to covalently bind the
DNA fragments, enhancing hybridization signals during sub-
sequent detection steps. The membrane could then be dried
and stored at room temperature for further analysis. DNA
probes for hybridization were generated using the RadPrime
DNA labeling system (Invitrogen, 18428–011) with incorpo-
ration of [ α−32P] dATP (Hartmann Analytik) according to
the instructions of the manufacturer. Membranes were prehy-
bridized for 1 h at hybridization temperature (65 

◦C) with 10–
15 ml of hybridization buffer (2 × SSC, 0.5 M sodium phos-
phate buffer pH 7.2, 7 % SDS). Following prehybridization,
the buffer was discarded and replaced with 15 ml of fresh pre-
warmed hybridization buffer. The probe, mixed with salmon
sperm DNA (final concentration 100 μg / ml) and boiled for 
5 min, was then added to the tube. Hybridization occurred 

overnight at 65 

◦C with gentle rotation in a hybridization oven.
Blots were washed once with 30 mL of 3 × SSC and 0.1 % 

SDS after hybridization. Stringency washes were performed at 
hybridization temperature with rotation, using three buffers 
in sequential order: 0.3 × SSC with 0.1 % SDS, 0.1 × SSC 

with 0.1% SDS, and lastly 0.1x SSC with 1.5% SDS. Each 

wash step was repeated twice for 15 min. Finally, blots were 
dried, stored at room temperature, exposed to phosphorimag- 
ing screens and read out using a Typhoon scanner. 

In vitro reconstitution of RNA:DNA hybrids 

A T7 promoter was amended to the mAIRN DNA sequence by 
PCR, using a primer including the extended T7 promoter se- 
quence (T AA T A C GA C TCA CT A T AG GGA GA). The PCR
fragment was purified by gel extraction and used for in vitro 

transcription of the mAIRN sequence. Preparative in vitro 

transcription reactions (1 mL reaction volume, 5 h at 37 

◦C) 
were prepared with 100 μg of recombinant T7 Polymerase, 2 

μg of PCR-template and 5 mM NTPs in the reaction buffer 
(30 mM Tris-HCl pH 8.0, 25 mM MgCl 2 , 2 μg Spermidin,
10 mM DTT, 0.01 % Triton X-100). RNAs were separated 

on denaturing polyacrylamide gels (8 %) and the RNA was 
excised from the gel. Gel elution from the fragmented gel slice 
was performed in 400 mM NaCl solution for 3 h at 4 

◦C. The 
supernatant was collected and purified by isopropanol pre- 
cipitation, dissolved, and quantified. RNA:DNA hybrids were 
reconstituted by mixing the fluorescently labeled PCR frag- 
ment with the purified RNA at a 1:2 ratio. The reaction was 
denatured (5 min at 95 

◦C) and slowly cooled down. Efficient 
assembly into RNA:DNA hybrids was verified by restriction 

enzyme and RNase H digestion. 

In vitro nucleosome formation assay 

In vitro nucleosome assembly by the slat dialysis method was 
performed as previously described [ 41 ]. Recombinant human 

histone octamers were mixed with the corresponding DNA 

and 100 ng / μL BSA in high salt buffer (10 mM Tris-HCl 
pH 7.6, 2 M NaCl, 1 mM EDTA, 1 mM 2-mercaptoethanol,
0.05% Igepal CA-630) and placed into small dialysis cham- 
bers. Dialysis chambers were placed into a beaker with 300 

mL of high salt buffer. Overnight, 3 L of low salt buffer (10 

mM Tris-HCl pH 7.6, 50 mM NaCl, 1 mM EDTA, 1 mM 2- 
mercaptoethanol, 0.05% Igepal CA-630) were pumped into 

the beaker containing the high salt buffer, thereby slowly re- 
ducing the NaCl concentration. Reconstituted nucleosomes 
were analyzed by gel electrophoresis, using 6% Polyacry- 
lamide (PAA) 0.4 × Tris-borate-EDTA (TBE) gels and visu- 
alized by ethidium bromide staining or fluorescence imaging. 

Cell proliferation assay and crystal violet staining 

U-2 OS cells were plated at 3000 cells per well in a 6-well 
plate. After 24 h, cells were treated with the respective drugs 
and placed in an Incucyte S3 Live-Cell Analysis System. Cell 
proliferation was analyzed for a total duration of seven days.
Obtained confluency measurements were normalized to the 
confluency at the 0 h measurement time point. 

For crystal violet staining, cells were washed with PBS and 

fixed with 4% paraformaldehyde in PBS for 15 min in the 
dark. Cells were stained with crystal violet solution for 20 min 

with gentle agitation. Stained cells were washed three times 
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ith PBS for 5 min with gentle agitation. The plates were
ried at room temperature prior to imaging with a commercial
amera. 

ell cycle synchronization (double thymidine block) 

-2 OS cells were seeded at a density of 1 million cells per
0 cm dish and cultured under the previously described con-
itions. The following day, the culture medium was changed
o fresh DMEM medium containing 2 mM of thymidine.
fter 18 h, the cells were washed with PBS and fresh
MEM medium without thymidine was added. Nine hours

ater, the medium was again replaced with fresh DMEM
edium containing 2 mM of thymidine. The cell arrest could

ither be released by adding fresh DMEM medium or con-
inued by switching to fresh DMEM medium with 2 mM of
hymidine. At the desired time point and cell cycle stage, cells
ere harvested using trypsinization and centrifugation. 

estern blot 

amples were analyzed using a NuPAGE 4 to 12 % Bis-Tris
ini Protein Gel (Thermo Fisher) with 15 wells. The gel was

ransferred to a polyvinylidene fluoride (PVDF) membrane
Millipore) and then blocked with 3% BSA in PBS. The pri-
ary antibody was added to the membrane and incubated

n 3% BSA at 4 

◦C overnight. Antibodies against GAPDH
1:1000), ORC2 (1:1000), yH2A.X (1:200), H3K79me2
1:2500) and H3K79me3 (1:2000) were used. The membrane
as washed twice with PBS-T (PBS with 0.05% Tween-20)

or 5 min each. The secondary antibody (1:10 000) was then
dded in 3% BSA in PBS and incubated for 1 h. After two
dditional washes with PBS-T for 5 min, the membrane was
eveloped on a ChemiDoc Touch Imaging System (BioRad)
sing the SuperSignal Kit (Thermo Fisher). 

low Cytometry 

he cells were subjected to a 30 min pulse-labeling with
5 μM 5-Bromo-2 

′ -deoxyuridine (BrdU) followed by a wash
ith PBS before being trypsinized and harvested. The sam-
les were fixed with ice-cold 70% ethanol, then permeabilized
ith 0.25 % Triton X-100 / PBS for 15 min on ice. To dena-

ure the DNA to single strands, the cells were incubated in 2
 HCl for 15 min at 25 

◦C and washed with 100 mM sodium
orate (pH 8.5). The cells were blocked in 1% BSA / PBS con-
aining 0.1% Tween-20 for 15 min, then incubated with a
rimary BrdU antibody (1:100; BD bioscience) for 2 h. Af-
er three washes with PBS, the cells were incubated with
lexaFluoro-488 secondary antibody (1:500; Invitrogen) for
 h and washed three times with PBS. Propidium iodide (0.01
g / mL) and RNase A (0.02 mg / mL) were added and the cells
ere analyzed on a FACSMelody device to determine DNA

ontent. The cell cycle profiles were determined using FlowJo
oftware. 

NA copy number analysis by qPCR 

bout 2–4 × 10 

5 cells per sample were harvested by
rypsinization and centrifugation. The cell pellet was resus-
ended in 100 μL of TE buffer, then the following reagents
or DNA extraction were added: 100 μL IRN buffer, 10 μL
0% SDS (final concentration: 0.5%), and 10 μL Proteinase
 (10 mg / mL, final concentration: 45 μg / mL). The mixture
as incubated at 37 

◦C for 2 h or overnight. Then, 200 μL phe-
nol:chloroform:isoamyl alcohol (25:24:1, v / v) was added, fol-
lowed by vortexing and centrifugation at 16 100 g for 5 min.
The upper aqueous phase ( ∼180 μL, containing DNA) was
transferred into a new 1.5 mL tube. Next, 5 μL RNase A
was added, and the mixture was incubated at 37 

◦C for 1
h. Finally, 200 μL chloroform was added, followed by vor-
texing and centrifugation at 16 100 g for 5 min to separate
the phases. The upper aqueous phase was transferred into
a fresh 1.5 mL microcentrifuge tube, DNA was precipitated
with ethanol, and the DNA pellet was resuspended in DNAse-
free water. The DNA was then mixed with iTaq SYBR Green
Supermix according to manufacturer’s instructions and ana-
lyzed by quantitative PCR (qPCR) on a Roche Light Cycler
480 Instrument II. 

ChIP-qPCR 

About 5 million cells per sample were harvested by trypsiniza-
tion. The resulting cell pellet was resuspended in 9.5 mL of
1% formaldehyde solution in PBS and agitated for 10 min.
The formaldehyde was neutralized by adding 0.5 mL of 2.5
mM glycine (pH 7) and incubated for an additional 5 min.
The cells were centrifuged at 453 g at 4 

◦C for 5 min and re-
suspended in 900 μL of PBS with protease and phosphatase
inhibitors (Thermo Scientific). The cell pellets were rapidly
frozen in liquid nitrogen and stored at −80 

◦C until use. Prepa-
ration of Pierce Protein G Magnetic Beads involved adding
50 μL of bead slurry to a new 1.5 mL tube containing PBS
on ice. The beads were then washed twice with IP dilution
buffer (20 mM TRIS-HCl pH 8, 2 mM EDTA, 150 mM NaCl,
1% Triton-X 100, 0.01% SDS) and stored at 4 

◦C until fur-
ther use. Cell pellets were resuspended in 0.5 mL of cell lysis
buffer (10 mM TRIS-HCl pH 8, 10 mM NaCl, 0.2% Igepal
CA-630) with protease and phosphatase inhibitors, and incu-
bated at 4 

◦C for 10 min. The nuclei were separated by spin-
ning at 1700 g for 5 min at 4 

◦C, then resuspended in 550
μL of nuclei lysis buffer (50 mM TRIS-HCl pH 8, 10 mM
EDTA, 1% SDS) with phosphatase and protease inhibitors,
and 550 μL of IP dilution buffer. The nuclei were sonicated to
a target size of 300 bp using the Covaris E220 sonicator (10
min sonication with 140 Peak Incident Power, 5% Duty Fac-
tor, 200 Bursts per Cycle) and the sonicated DNA spun at 16
000 g for 5 min at 4 

◦C. 10% of the volume was saved as in-
put sample (IN), and the rest was transferred to a new tube
containing prepared Pierce Protein G Magnetic Beads. The
tubes were incubated overnight with the antibody of interest
at 4 

◦C with agitation. Antibodies against RNAPII (8WG16)
(5 μg), Histone H3 (4 μg), FANCD2 (5 μg), RNAPII Ser2P
(10 μg), H3K4me3 (2 μg), H2AK119ub (2.5 μg), H3K79me2
(7.5 μg), and H3K79me3 (2 μg) were used in Chromatin im-
munoprecipitation (ChIP) experiments. The next day, multiple
washes were performed at 4 

◦C with agitation: one wash with
IP wash 1 buffer (20 mM Tris-HCl pH 8, 2 mM EDTA, 50
mM NaCl, 1% Triton-X100, 0.1% SDS), two washes with
high-salt buffer (20 mM Tris-HCl pH 8, 2 mM EDTA, 500
mM NaCl, 1% Triton-X 100, 0.1% SDS), one wash with IP
wash 2 buffer (10 mM Tris-HCl pH 8, 1 mM EDTA, 250 mM
LiCl, 1% NP-40, 1% deoxycholic acid), and two washes with
TE (10 mM TRIS-HCl pH 8, 2 mM EDTA). The beads were
resuspended in 47 μL of EB (50 mM TRIS-HCl pH 8, 10 mM
EDTA, 1% SDS) and 3 μL of Protease K (10 mg / mL) and incu-
bated at 56 

◦C for 20 min. The supernatant was collected, and
the process was repeated, with the supernatants being com-
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bined. Around 6 μL of Proteinase K (10 mg / mL) was added
to the IN samples and 100 μL of IRN buffer was added to
all samples, which were incubated at 65 

◦C overnight. DNA
fragments were purified by phenol / chloroform extraction fol-
lowed by ethanol precipitation and qPCR was performed as
described. 

DNA:RNA immunoprecipitation 

Cells were lysed in 1.6 mL TE buffer supplemented with
82 μL of 10% SDS and 10 μL of 10 mg / mL Proteinase K
and incubated at 37 

◦C overnight. DNA was isolated by phe-
nol:chloroform:isoamyl alcohol (25.24:1, v / v) extraction and
isopropanol precipitation. DNA was reconstituted in 130 μL
TE buffer, transferred to AFA microTube with Snap Cap and
sonicated for 4 min using a Covaris E220 sonicator (140 peak
incident power, 10% duty factor, 200 bursts per cycle). Soni-
cated DNA was quantified on a NanoDrop 2000c spectropho-
tometer. For RNase H-treated samples, 4 μg of DNA were
treated with RNase H overnight at 37 

◦C. For immunopre-
cipitation, 4 μg of DNA were bound to 6 μg of S9.6 anti-
body in 1X binding buffer (10 mM Na 3 PO 4 pH 7, 140 mM
NaCl, 0.05% Triton X-100) overnight at 4 

◦C. Protein A / G
agarose beads were added for 2 h. Bound beads were washed
three times in 1X binding buffer for 10 min at 4 

◦C. Elution
was performed in elution buffer (50 mM Tris-HCl pH 8, 10
mM EDTA, 0.5% SDS, Proteinase K) for 45 min at 55 

◦C with
agitation. 

Whole genome sequencing and identification of 
genomic integration sites (seq) 

Genomic DNA was isolated by phenol:chloroform:isoamyl al-
cohol (25.24:1, v / v) extraction and ethanol precipitation. Ge-
nomic DNA was sonicated on a Covaris E220 sonicator (140
peak incident power, 10% duty factor, 200 bursts per cycle) to
obtain DNA fragments of 200–300 bp size. Fragmented DNA
was subjected to DNA library preparation procedure (for de-
tails see section on library preparation and sequencing). For
integration site identification, libraries were sequenced to a
depth of 300 million reads per sample. 

BrdU-seq 

BrdU-seq was adapted from a previously published BrdU-seq
protocol [ 42 ]. For labeling of nascent DNA, cells were pulsed
with 50 μM BrdU for 30 min before harvesting. Cells were
lysed with 100 μL TE buffer, 100 μL IRN buffer, 0.5 % SDS,
and 10 μL Proteinase K (10 mg / mL) and incubated at 37 

◦C
with 500 rpm agitation for 90 min. Genomic DNA was iso-
lated by phenol:chloroform:isoamyl alcohol (25.24:1, v / v) ex-
traction and ethanol precipitation. Reconstituted DNA was
quantified by Qubit dsDNA BR kit (Thermo Scientific) on a
Qubit 4 Fluorometer (Thermo Scientific) according to man-
ufacturer’s instructions. 20 μg of genomic DNA in 130 μL
water were transferred to AFA microTubes with Snap Cap
and sonicated for 10 min using a Covaris E220 sonicator (140
Peak Incident Power, 10% Duty Factor, 200 Bursts per Cycle)
to obtain DNA fragments of 200–300 bp size. For BrdU im-
munoprecipitation, 10 μL Dynabeads Protein G were washed
three times with PBS-T 0.02% and then incubated with 2
μg anti-BrdU antibody at 4 

◦C overnight with gentle agita-
tion. Sonicated DNA was diluted to 200 μL total volume,
denatured at 100 

◦C for 10 min and chased on ice to obtain
ssDNA. 15 μL of denatured DNA were set aside as an in-
put control and mixed with 35 μL elution buffer (50 mM 

Tris-HCl pH 8.0, 10 mM EDTA, 1% SDS). 170 μL of de- 
natured DNA were mixed with 180 μL of 2X blocking so- 
lution (2% BSA, 2X PBS, 0.2 % Tween 20) and added to the 
previously conjugated beads for immunoprecipitation at 4 

◦C 

overnight with agitation. BrdU-labeled DNA bound to beads 
was washed twice with 1 mL of lysis buffer 1 (50 mM HEPES- 
KOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100,
0.1% Na-Deoxycholate). Next, samples were washed twice 
with 1 mL of lysis buffer 2 (50 mM HEPES-KOH pH 7.5,
500 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1 % Na- 
Deoxycholate), followed by two washes with 1 mL of wash 

buffer (10 mM Tris-HCl pH 8.0, 250 mM LiCl,1 mM EDTA,
0.5% Na-Deoxycholate, 0.5 % Igepal CA-630). All washes 
were performed for a duration of 5 min at 4 

◦C with gentle ag- 
itation. Beads were resuspended in 1 mL of TE and centrifuged 

for 3 min, 2000 rpm at 4 

◦C. BrdU labeled DNA was eluted us- 
ing 100 μL elution buffer with 0.5 mg / μL Proteinase K and 

incubated at 65 

◦C for 10 min at 400 rpm. Following a rep- 
etition of the previous elution step, eluates were pooled and 

incubated at 37 

◦C for 1 h. Input samples were supplemented 

with 150 μL TE buffer 0.5 mg / ml Proteinase K and incubated 

at 37 

◦C for 1 h. Both BrdU-labeled DNA and input DNA were 
purified by phenol:chloroform:isoamyl alcohol (25.24:1, v / v) 
extraction and ethanol precipitation and reconstituted in 30 

μL of water. Successful BrdU enrichment was verified by qPCR 

analysis. Second strand synthesis for library preparation was 
performed with RadPrime labeling kit (Thermo Scientific) ac- 
cording to the manufacturer’s instruction. Obtained dsDNA 

was purified using the GeneJET PCR Purification Kit (Thermo 

Scientific). 

Library preparation and sequencing 

DNA samples were quantified with Qubit dsDNA HS As- 
say Kit (Thermo Scientific). Library preparation for Whole 
Genome Sequencing, ChIP-seq and BrdU-seq samples was per- 
formed according to manufacturer’s instructions using the 
NEBNext Ultra II DNA Library Kit with Purification Beads 
(E7103S, E7103L) and NEBNext Multiplex Oligos for Illu- 
mina (E6440S). Libraries were pooled and sequenced on an Il- 
lumina NovaSeq 6000 machine with 150 bp paired-end reads 
at the Helmholtz Munich Genomics Core Facility. 

RT-qPCR 

About 2–4 × 10 

5 cells per sample were harvested by 
trypsinization and centrifugation. The cell pellet was resus- 
pended in 1 mL Trizol reagent and incubated at RT for 5 min.
Then, 200 μL chloroform was added, and the mixture was 
vortexed for 10 s before incubating again at RT for 2 min.
After centrifugation at 13 500 g at 4 

◦C for 10 min, the upper 
aqueous phase ( ∼550 μL, containing DNA / RNA) was trans- 
ferred into a new 1.5 mL tube. Next, 500 μL chloroform was 
added, vortexed for 10 s, and centrifuged at 13 500 g at 4 

◦C 

for 10 min. The upper aqueous phase ( ∼500 μL, containing 
DNA / RNA) was transferred into a new 1.5 mL tube. Then,
500 μL isopropanol was added, vortexed for 10 s, and in- 
cubated at RT for 10 min. After centrifugation at 12 000 g at 
4 

◦C for 10 min, the supernatant was removed, and 1 mL 75% 

ethanol was added. Finally, it was centrifuged at 7500 g at 4 

◦C 

for 15 min, and the pellet was allowed to air dry for a few 

minutes, then rehydrated in RNase-free water. Subsequently,
cDNA synthesis was performed using the RT-SuperScriptIII 
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it, following the manufacturer’s instructions (ThermoFisher;
at#18 080 051). qPCR was performed as described above. 

dU, immuno-, and DAPI staining 

ll steps were performed at room temperature unless oth-
rwise specified. Cells were seeded in a 96-well plate (Ibidi,
at#89 626) and treated with 10 μM EdU for 20 min be-

ore pre-extraction. Pre-extraction was done with CSK buffer
100 mM NaCl, 300 mM Sucrose, 3 mM MgCl 2 , 10 mM

OPS, 0.5 % Triton X-100) for 5 min, then cells were washed
ith PBS and fixed with 4% PFA in PBS for 15 min. Follow-

ng fixation, cells were washed with PBS, permeabilized with
.2% Triton-X in PBS for 4 min and washed with PBS again.
dU click-it reaction solution (100 mM Tris-HCl pH 8.5, 1
M CuSO 4 , 100 mM Ascorbic acid, 0.9 μg Alexa Fluor 488)
as added, and cells were incubated in the dark for 30 min.
ells were then washed with PBS and incubated in 3% BSA in
BS for 30 min. Primary antibody was applied in 3% BSA in
BS and the cells were incubated at 4 

◦C overnight. Antibodies
gainst FANCD2 (1:1000), and RNAPII RPB1 (H5) (1:2000)
ere used for immunofluorescence (IF) staining. The next day,

ells were washed with 3% BSA in PBS and the secondary
ntibody and 4 

′ ,6-diamidino-2-phenylindole (DAPI) (1:1000)
ere applied in 3% BSA in PBS. The plate was wrapped in

in foil to protect from light and incubated for 1 h. Cells were
hen washed with PBS and stored at 4 

◦C until needed. 

 roximity lig ation assays 

ll steps were done at room temperature unless stated oth-
rwise. Cells were seeded in 96-well plates, pre-extracted, and
xed as previously described. They were then incubated in 5%
SA in PBS for 45 min, followed by application of primary
ntibodies in the same solution. Antibodies against RNAPII
PB1 (H5) (1:2000), PCNA (1:2000), and DOT1L (1:1000)
ere used in PLA. Cells were kept at 4 

◦C overnight. The next
ay, cells were washed twice with PBS. Subsequently, Duolink
LUS (Sigma Aldrich) and MINUS (Sigma Aldrich) probes di-

uted with Duolink Antibody Diluent (1:10) were applied for
 h at 37 

◦C. The cells were washed twice with Wash buffer A
Sigma Aldrich) and the ligation solution (1x Duolink ligation
uffer, Ligase at 1:70 dilution) (Sigma Aldrich) was applied
or 30 min at 37 

◦C. After two additional washes with Wash
uffer A, the amplification solution (1x Amplification buffer,
olymerase at 1:140 dilution) (Sigma Aldrich) was added and
ells were incubated in the dark at 37 

◦C for 100 min. The cells
ere then washed twice with Wash buffer B (Sigma Aldrich)

nd stained with DAPI in 3% BSA in PBS for 1 h. Finally, cells
ere washed twice with PBS and stored at 4 

◦C until imaging.

icroscopy 

mages were acquired on a Nikon T2 inverted microscope
quipped with an Andor Dragonfly spinning disk, a 40X air
bjective, and an iXon Life 888 EMCCD camera. Per condi-
ion 67–81 positions were imaged for which a Z-stack of 7
mages across 10 μm was acquired. 

mage analysis 

 custom ImageJ [ 43 , 44 ] macro was used to identify DAPI
tained nuclei and perform multi-channel pixel-based mean
ntensity measurement and foci detection. In brief, the z-stack

n focus was identified based on maximum normalized vari-  
ance [ 45 ] in the DAPI channel. Following this, nuclei have
been identified using a custom trained StarDist neural network
model [ 46 , 47 ]. 

Identifying EdU positive cells 

S-phase cells were identified based on their nuclear mean EdU
intensity. A threshold was set based on measured mean in-
tensity levels in cell nuclei and by comparison with measured
background level. Cells above a nuclear mean intensity of the
threshold were considered as EdU positive cells. 

Identification of insertion sites 

The human genome (version GRCh38 primary assembly) was
downloaded from the Ensembl database, and the sequence of
the reporter construct was concatenated to the genome fasta
file. Paired-end sequencing reads were aligned to the com-
bined genome by bwa (version 0.7.17) with the parameter
-B 3 [ 48 ]. Mapped reads were filtered by samtools (version
1.16.1) with the parameter -q 12 [ 49 ]. Structural variants were
called on the filtered reads and the combined genome file us-
ing tiddit (version 3.3.2) with the parameters –sv -p 1 -r 1
–min_contig 4500 [ 50 ]. Genomic positions detected by reads
split between the reporter and another chromosome were ex-
tracted from the variant call file (vcf). To exclude genomic po-
sitions that mapped internally to the reporter sequence, only
those positions were considered that are within 300 bp of the
reporter ends. Adjacent genomic positions with a maximum
distance of 200 bp were merged using bedtools merge (ver-
sion 2.31.0) with the parameter -d 200 [ 51 ] and the aver-
age of the start and end position of the merged region was
used as insertion site. The same processing steps were car-
ried out for the whole genome sequencing, the BrdU-seq, the
RNAPII and H3 ChIP-seq datasets. The final insertion sites
were identified as those genomic positions that were present
in at least two of the four datasets within a 200 bp window
( Supplementary Table S1 ). The latter step was carried out us-
ing rtracklayer (version 1.54.0) and GenomicRanges (version
1.46.1) [ 52 ] R packages (version 4.1.2). 

BrdU-seq analysis 

The combined genome with the reporter sequence was cre-
ated as described above. Paired-end reads were trimmed us-
ing trim_galore (version 0.6.10) [ 53 ] with the parameter –
quality 28 and mapped to the genome using bowtie2 (ver-
sion 2.5.1) with the parameters –end-to-end –very-sensitive
–no-unal –no-mixed –no-discordant –dovetail -I 10 -X 700
[ 54 ]. Aligned reads were filtered by samtools (version 1.17)
with the parameter -q 12 [ 49 ]. Duplicated reads were re-
moved using picard MarkDuplicates (version 3.0.0) with the
parameter -REMO VE_DUPLICA TES TRUE [ 55 ]. Genome
coverages were created using deeptools bamCoverage (ver-
sion 3.5.2) [ 56 ] with parameters –blackListFileName hg38-
blacklist.v2.bed –ignoreForNormalization MT –binSize 20 –
smoothLength 60 –extendReads –maxFragmentLength 700 –
normalizeUsing “CPM”. Blacklist regions were obtained from
the Boyle lab github repository [ 57 ]. Reads were counted
in 5 kb consecutive genomic bins using bedtools makewin-
dows (version 2.31.0) with the parameter -w 5000 and
deeptools multiBamSummary with parameters BED-file –
BED bins.bed –blackListFileName hg38-blacklist.v2.bed –
smartLabels –extendReads –centerReads –samFlagInclude 64
–outRawCounts. Only main chromosomes and the reporter

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
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sequence were included in the counting step. Differential anal-
ysis was performed by DESeq2 package (version 1.34.0) [ 58 ]
in R (version 4.1.2). For calculating normalization (size) fac-
tors all genomic bins were used by the default DESeq method.
Differential testing was carried out in two different ways ei-
ther globally for all genomic bins or in the proximity of the
insertion sites, i.e. only for those bins that are within 100 kb of
the insertion sites and for the reporter sequence. For the global
analysis genomic bins with more than five reads counted in
at least two out of all BrdU-seq samples were used whereas
for the insertion proximal analysis more than one read count
was required. Replicates were considered as batch variable
in the DESeq model. For further analyses, normalized counts
were log2 transformed after adding a pseudo-count of one
and batch correction was applied using the ComBat function
from the sva package (version 3.42.0) [ 59 ]. Global Spearman´s
correlation coefficients were calculated on log2 normalized
counts of all genomic bins. For heatmap visualization, log2
normalized counts were centered by the mean across samples
for each bin and were plotted by pheatmap (version 1.0.12). 

ChIP-seq analysis 

Genome and ChIP-seq (RNAPII Ser2P and H3) read process-
ing steps were carried out as described for BrdU-seq. In ad-
dition, coverages were averaged by deeptools bigwigAverage
–binSize 20 and the log2 ratio between treatment and control
was calculated by bigwigCompare –binSize 100 –fixedStep.
Insertion site centered matrices were created by deeptools
computeMatrix with parameters –referencePoint “center” –
binSize 100 –downstream 5000 –upstream 5000 and were vi-
sualized using deeptools plotHeatmap function. Differential
analysis was performed as for BrdU-seq, except, the bin size
was set to 1 kb and more than four read counts per bin were
required in at least half of the samples for the given ChIP
antibody. 

Public data analysis 

Public datasets were obtained from GEO with the ac-
cession numbers GSE134084 (DRIP-seq) [ 60 ], GSE29611
(H3K79me2 ChIP-seq) [ 61 ], and GSE110354 (H3K79me3
ChIP-seq) [ 62 ]. Genome and read processing steps were car-
ried out as described for BrdU-seq. In addition, peaks were
called on DNA:RNA immunoprecipitation (DRIP)-seq repli-
cates using macs2 (version 2.2.9.1) [ 63 ] with parameters –
gsize 3e9 –format BAMPE –nomodel –nolambda –broad –
broad-cutoff 1e-7 –pvalue 1e-7. Peaks overlapping blacklist
regions were filtered out using bedtools intersect with param-
eter -v. The intersect of the replicates were defined as final peak
set. ChIP-seq reads were counted similarly to BrdU-seq in 5 kb
consecutive genomic bins. Bins with more than one read in at
least half the samples were used. No batch correction was ap-
plied on the log2 normalized counts. Bins were grouped by the
overlap with the DRIP-seq peaks and log2 normalized counts
were visualized as box plots. 

For the analysis of ENCODE ChIP-Seq data in Fig. 5 H
and Supplementary S5 C–E, bigwig files were downloaded
from GenCode . Additional bigwig files for ChIP-seq data
on H3K79me2, RNAPII, and H3K79me2 in MOLM13 cells
(GSE185094 – Samples GSM5606327, GSM5606329, and
GSM5606331), H3K79me3 in HeLa cells (GSE116310 –
Samples GSM3227896 and GSM3227897), and H2AK119ub
in MCF7 cells (GSE201262 – Samples GSM6056895 and
GSM6056896) were downloaded from NCBI GEO. Histone 
modification patterns around HO and CD collision regions 
identified by [ 7 ] were investigated. DeepTools computeMatrix 

tool was employed to analyze enrichment within 12 kb up- 
stream and downstream of origins, using a 100 bp bin size.
To assess enrichment significance specific to HO versus CD re- 
gions, 2000 bootstrap replicates were performed, and signals 
were visualized with correspondent 95 % confidence intervals.

Quantification and statistical analyses 

Error bars on Figs 1 E and F, 2 C, E, F, H, J, K, and L, 3 B, 4 A
and B, 5 C–F, 6 B, D, F, and G, Supplementary Figs S1 A and B,
S2 C, E, G–L, N, and O, S3 A–C, S4 A, B, D, E, F, and G, S5 A,
S6 A, B, and G, S7 B–D, F, and H–L indicate the standard devi- 
ation (SD) of the biological replicates. All statistical details of 
the experiments can be found in the figure legends. All statis- 
tical comparisons were done using GraphPad Prism 10.0.2. 

Statistical analysis of the BrdU-Seq and ChIP-Seq sequenc- 
ing results in Figs 3 and 4 , Supplementary Figs S3 and S5 was 
performed as described in the ‘Materials and methods’ sec- 
tion (see BrdU-seq analysis and ChIP-seq analysis). Detailed 

information about software and algorithms used for sequenc- 
ing data including their sources and weblinks can be found in 

Supplementary Table S9 . 

Results 

RNA:DNA hybrids are resistant to chromatin 

assembly and form an open nucleosome-depleted 

chromatin structure 

In order to dissect the interplay between TRCs, R-loops, and 

nucleosome occupancy, we first reconstituted the R-loop 

prone mAIRN DNA sequence with its complementary RNA 

to form an RNA:DNA hybrid in vitro . As expected, the result- 
ing mAIRN RNA:DNA hybrid induced a topological change 
that reduces mobility in native agarose gel electrophoresis 
(Fig. 1 A). This shift was sensitive to RNase H treatment,
confirming successful RNA:DNA hybrid reconstitution (Fig.
1 A). In order to test the ability of this in vitro reconstituted 

RNA:DNA hybrid to form nucleosomes, we subjected the 
mAIRN hybrid as well as mAIRN double-stranded DNA (ds- 
DNA) to a competition assay to form nucleosomes with the 
four core histone proteins. In contrast to dsDNA, RNA:DNA 

hybrids were unable to form nucleosomes despite supplemen- 
tation of increasing amounts of histones, even though they 
consist of the same sequence as the dsDNA (Fig. 1 B). Even 

at high histone octamer concentrations that result in precip- 
itation of DNA, no binding of the histone octamers to the 
hybrid molecules was observed (Fig. 1 B). This striking result 
indicates that the intermediate RNA:DNA hybrid duplex con- 
formation is not compatible with nucleosome formation, po- 
tentially due to the stronger rigidity of the RNA strand than 

the DNA strand [ 64 ]. 
To investigate the interplay of R-loops and chromatin in 

vivo , we first took advantage of a previously established epi- 
somal system in human cells [ 7 ]. In brief, the constructs 
contain the doxycycline (DOX)-inducible (Tet-ON), R-loop- 
forming mAIRN transcription unit and the unidirectional 
origin of replication of the Epstein Bar virus (oriP) allow- 
ing for either HO or CD TRC induction (Fig. 1 C). Previous 
analysis of R-loop levels on the mAIRN HO / CD constructs 
by DRIP and qPCR showed that DNA replication in HO 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://ftp.ebi.ac.uk/pub/databases/ensembl/encode/integration_data_jan2011/byDataType/signal/jan2011/bigwig/
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
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Figure 1. R–loop str uct ures are incompatible with nucleosome formation in vitro and at an episomal HO-TRC reporter system in vivo . ( A ) Native 
polyacrylamide gel (6%) showing the reconstituted RNA:DNA hybrids (lane 2) compared to DNA alone (lane 1). Reconstituted RNA:DNA hybrids were 
treated with RNase H (5 U RNaseH, 30 min at 37 ◦C) to indicate the specificity of the observed size shift (lane 3). ( B ) Native polyacrylamide gel (6 %) of 
the in vitro nucleosome assembly reactions on mAIRN dsDNA (lanes 1–3) versus mAIRN RNA:DNA hybrids (lanes 4–8) using increasing amounts of 
histone octamers, as indicated. The positions of the DNA, RNA:DNA hybrid, nucleosomes and over-assembled DNA-histone precipitates are indicated. 
( C ) Schematic representation of the HO / CD TRC plasmid constructs. ( D ) Southern blot images of mAIRN HO / CD TRC plasmid constructs after 
treatment with 0 or 1 μg / ml DOX for 24 h. Samples were incubated with increasing concentration of MNase (0, 2.5, 25, 100, or 250 gel units of 
MNase). Arrows indicate nucleosome monomers and dimers. Quantification of Southern blot signal from nucleosome bands in arbitrary units (A.U.) for 
the 250 gel units MNase lane shown next to the blot. ( E ) ChIP-qPCR analysis for histone H3 at the mAIRN gene in HO and CD orientation treated with 0 
or 1 μg / mL D OX f or 24 h ( n = 4). Ordinary one-w a y ANO V A with Tuk e y’s multiple comparison test ( F ) ChIP-qPCR analysis for RNAPII at the mAIRN gene 
in HO and CD orientation treated with 0 or 1 μg / mL DOX for 24 h ( n = 4). Ordinary one-way ANO V A with Tukey’s multiple comparison test. 
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Figure 2. Chromosomal integration of an inducible R-loop forming gene increases cellular TRC levels and imposes a global replication stress response. 
( A ) Diagram showing the generation of the chromosomal TRC reporter cell lines based on the R-loop forming mAIRN sequence of the episomal reporter 
plasmids. Genomic integration was achieved using Sleeping Beauty transposase integration. Inducible R-loop formation with DOX stalls RNAPII 
progression and strongly increases the occurrence of TRC events. ( B ) Circus plot showing the position of the identified integration sites of the TRC 

reporter construct in the monoclonal U-2 OS cell line clone#12. If not otherwise stated, clone#12 cells were used for all analyses throughout this study. 
Five integration sites on four chromosomes (Chr 2 site 1, Chr 2 site 2, Chr 5 site, Chr 9 site, and Chr 10 site) were found using whole genome 
sequencing f ollo w ed b y TIDDI T algorithm based str uct ural v ariant calling. ( C ) R T-qPCR analy sis of mAIRN RNA e xpression using primer pair mAIRN#1 in 
cells treated with 0 or 1 μg / mL D OX f or 4 or 24 h ( n = 3). Error bars indicate mean values with SDs. Welch ANO V A with Dunnett T3 comparison test ( D ) 
R epresentativ e images of TRC PLA assay with RNAPII Ser2P and PCNA antibodies (Ctrl, 4 and 12 h time points). EdU click-it staining was performed to 
label S-phase cells. Cells were treated with 0 or 1 μg / mL D OX f or TR C induction. Scale bar 10 μm. ( E ) Quantification of TRC PLA foci number in S-phase 
cells from (D) as well as additional time points ( n = 2, mean foci values per replicate as colored dots). Bars indicate mean values with SDs. Ordinary 
one-w a y ANO V A with Tuk e y’s multiple comparison test. ( F ) ChIP-qPCR analy sis sho wing FANCD2 le v els in asynchronous cells at the TR C reporter 
sequence using the mAIRN#1 primer pair. Cells were treated with 0 or 1 μg / mL DOX for 24 h ( n = 4). Error bars indicate SD. Unpaired t-test. ( G ) 
R epresentativ e images of FANCD2 IF staining (Ctrl, 4 and 24 h time points). Additional EdU click-it staining was performed to label S-phase cells. Cells 
were treated with 0 or 1 μg / mL DOX for TRC induction. Scale bar 10 μm. ( H ) Quantification of FANCD2 foci number in S-phase cells from (G) as well as 
additional time points ( n = 3). Bars indicate mean values with SDs. Ordinary one-way ANO V A with Tukey’s multiple comparison test ( I ) Representative 
Western blot analysis of DNA damage marker yH2AX using cell lysates from reporter cells treated with 0 or 1 μg / μL DOX for the indicated time points 
(0–72 h). 5mM Hy dro xy urea (HU) was used as a positive control for DNA damage induction. ORC2 was used as loading control. Quantifications of 
yH2AX signal relative to the control condition shown below. ( J ) Quantification of fraction of S-phase cells based on EdU click-it staining in cells treated 
with 0 or 1 μg / mL DOX for 4, 8, or 24 h. 10 μM ATR inhibitor VE-821 (ATRi) or DMSO were additionally added as indicated. Control (Ctrl) cells were 
treated with ATRi or DMSO for 24h ( n = 6). Bars indicate mean values with SD. Ordinary one-way ANO V A with Tukey’s multiple comparison test. ( K ) 
P roliferation assa y tracking the gro wth of TR C reporter cells upon treatment with 0 or 1 μg / mL D OX f or a duration of 1 68 h in 1 2 h intervals using 
Incucyte S3 Live-Cell Analysis System. Cells were additionally challenged with 1 or 10 μM VE-821 (ATRi) 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 ANO V A with Tukey’s multiple comparison test was performed on the AUC measurements. ( L ) 
P roliferation assa y identical to (K). Cells w ere additionally challenged with 1 or 1 0 μM KU-600 19 (A TMi) or DMSO control treatment. 
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Figure 3. R-loop mediated TRCs slow or block DNA replication fork progression. ( A ) Treatment scheme of the BrdU-seq time course experiment. Cells 
w ere synchroniz ed at the G1 / S border using double th ymidine block. Cells w ere released into S-phase f or 2, 4, 6, or 8 h to allow S-phase progression. 30 
minutes before harvesting, cells were pulsed with 25 μM BrdU for labeling of nascent DNA. Upon release, cells were treated with 0 or 1 μg / mL DOX. 
G1 cells were kept in thymidine conditions and treated with 0 or 1 μg / mL DOX for 8 h. ( B ) DRIP-qPCR analysis showing R-loop levels at the reporter 
sequence in G1 or 4 h released S-phase cells treated with 0 or 1 μg / mL DOX using the mAIRN#2 primer pair. For RNase H conditions, isolated genomic 
DNA from cells was treated with E. coli RNase H1 overnight to degrade R-loops ( n ≥ 3). Error bars indicate SD. Ordinary one-way ANO V A with Tukey’s 
multiple comparison test. ( C ) Genome browser snapshot of a representative region on chromosome 10 indicating that BrdU-seq time course analysis 
tracks DNA replication progression and identifies early and late replicating domains. ( D ) Heatmap of BrdU-seq signal in ± 100 kb regions (5 kb bin size) 
around the integration sites in synchronized G1 cells and 2, 4, 6, and 8 h released S-phase cells. BrdU-seq signal is shown as log2 normalized read 
counts relative to the mean of all samples. Signal of both biological replicates is shown next to each other (R1 and R2). ( E ) Genome browser snapshot of 
BrdU-seq signal at the integrated mAIRN reporter construct at the 2 h S-phase time point in 0 or 1 μg / mL DOX treated cells, data shown from one of 
three biological replicates. ( F ) MA plot 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 (D), in 5 kb bins. Significant and non-significant bins are highlighted accordingly. 
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orientation promotes R-loop formation, whereas R-loop lev-
els are reduced in CD orientation [ 7 ]. Based on this difference
in R-loop levels on the mAIRN HO and CD constructs, we
tested how the specific enrichment of these secondary struc-
tures upon HO collision with the replication fork affects the
chromatin of the episomal constructs. To this end, we per-
formed limited Micrococcal nuclease (MNase) digestion and
Southern blot analysis to determine nucleosome occupancy
of the mAIRN HO and CD transcription units with and
without DOX-induced transcriptional activation (Fig. 1 D). In
the absence of DOX, both mAIRN HO and CD constructs
gave products corresponding to nucleosome monomers and
dimers, suggesting that both plasmids are chromatinized in
cells (Fig. 1 D). Strikingly, DOX treatment induced specific loss
of nucleosomes on the mAIRN HO construct, but not on the
CD construct (Fig. 1 D). This suggests that HO conflicts lead
to nucleosome-depleted regions at the collision site. To further
corroborate these results, we performed ChIP against canon-
ical histone H3. Consistent with the MNase analysis, we ob-
served specific reduction of H3 on the mAIRN sequence upon
transcriptional activation of the HO construct (Fig. 1 E). In
agreement with the MNase assay, CD episomes retain his-
tone H3, arguing for no changes in histone occupancy at the
reporter sequence (Fig. 1 E). As controls, we also performed
ChIP against total RNAPII and observed similar recruitment
of RNAPII on both HO and CD episomes upon DOX in-
duction (Fig. 1 F), confirming similar levels of RNAPII load-
ing on both constructs. Importantly, an unrelated highly ex-
pressed genomic control locus ACTB and an intergenic region
showed neither a DOX-dependent increase in RNAPII levels
( Supplementary Fig. S1 A), nor displayed any changes in H3
levels upon DOX treatment ( Supplementary Fig. S1 B). Taken
together, our data supports the idea that mAIRN RNA:DNA
hybrids and especially stable mAIRN RNA:DNA hybrids in-
duced by HO TRCs can displace nucleosomes leading to a
local chromatin disruption, thereby creating a potential sus-
ceptibility to DNA damage. 

Chromosomal integration of an inducible R-loop 

forming gene increases cellular TRC levels and 

imposes a global replication stress response 

Although the episomal reporter system shows clear TRC
orientation-dependent disruption of chromatin, it is debatable
to what extent the episomes are sufficiently chromatinized to
reflect the dynamics of TRCs in the native chromatin con-
text. Therefore, we next sought to develop a TRC reporter
system stably integrated into the genome to address TRC-
driven chromatin disruption. To this end, we cloned the pre-
viously used mAIRN sequence along with its DOX-inducible
promoter into a Sleeping Beauty transposase vector [ 40 , 65 ],
allowing us to insert the sequence into the genome of U-2 os-
teosarcoma (U-2 OS) cells (Fig. 2 A). Such random genomic
integration with Sleeping Beauty also enables the simultane-
ous study of multiple insertions at different locations and un-
der diverse chromatin contexts. For the construction of the
model system, we exclusively focused on the R-loop forming
mAIRN sequence, since the corresponding unidirectional ori-
gin oriP had been shown to be late replicating in mammalian
cells [ 66 , 67 ] and would likely not be able to initiate repli-
cation at a rate needed for efficient TRC induction. Despite
this, we expected that upon induction of the Tet-ON promoter
with DOX, the mAIRN-driven formation of stable R-loops
in complex with stalled RNAPII would create a potent ge- 
nomic obstacle, thereby strongly increasing the chance for col- 
lisions with approaching endogenous replication forks leading 
to TRCs (Fig. 2 A). 

We generated several monoclonal U-2 OS cell lines with 

insertions in different genomic locations. Six of the resulting 
clones were tested for copy number by qPCR ( Supplementary 
Fig. S2 A), from which several clones were subjected to whole 
genome sequencing to precisely identify the genomic locations 
of the mAIRN integration sites. As an example, one of the 
clones (clone #12) showed five integration sites across four dif- 
ferent chromosomes (Fig. 2 B), some of which we also verified 

by genotyping PCR and Sanger sequencing ( Supplementary 
Fig. S2 B). In contrast to the parental cell line, RT-qPCR analy- 
sis in clone #12 showed 50–100-fold transcriptional induction 

of the mAIRN reporter sequence after 4 and 24 h DOX treat- 
ment, respectively (Fig. 2 C, Supplementary Fig. S2 C). Unless 
stated otherwise, we chose the clone #12 stable cell line as the 
predominant working model for all subsequent experiments. 

We first wondered if the R-loop-driven reporter sequence 
can indeed successfully induce TRCs. To this end, we con- 
ducted proximity ligation assay (PLA) as a proxy for TRC for- 
mation, using antibodies against actively elongating RNAPII 
(RNAPII Ser2P) and PCNA as a component of the replication 

fork [ 7 ]. Strikingly, reporter activation with DOX strongly in- 
creased the level of TRC-PLA foci in S-phase cells when com- 
pared to the basal state (Fig. 2 D). Elevated TRC-PLA foci lev- 
els were visible as early as 4 h upon DOX induction and fur- 
ther increased significantly after 8 and 12 h of induction (Fig.
2 E). Prolonged DOX exposure up to 24 h resulted in a mod- 
erate decrease in TRC-PLA foci, indicating potential compen- 
satory mechanisms. Similar to this clone, another character- 
ized cell line containing the identical mAIRN reporter at dis- 
tinct genomic locations also demonstrated a higher TRC bur- 
den upon DOX induction ( Supplementary Fig. S2 D and E).
In contrast, the parental U-2 OS cells without mAIRN inser- 
tions did not show a DOX-dependent increase of TRC-PLA 

foci ( Supplementary Fig. S2 F and G), supporting the notion 

that TRC induction is specific to the integrated mAIRN se- 
quence independent of the particular clonal genomic context.

Previous studies have demonstrated that TRCs can cause 
genomic instability in mammalian cells [ 7 , 34 , 68 , 69 ]. Con- 
sequently, we wondered if TRCs generated on the mAIRN- 
driven genomic reporter can induce replication stress and 

DNA damage. FANCD2, a marker of stalled and damaged 

replication forks has previously been connected to R-loop 

and TRC induction [ 70–72 ]. Thus, we analyzed the enrich- 
ment of FANCD2 at mAIRN loci by ChIP-qPCR. Importantly,
we benchmarked the specificity of our FANCD2 ChIP with 

aphidicolin (APH) treatment, which showed an increase of 
FANCD2 levels at the common fragile site (CFS) loci NRG3 

and WW O X as previously reported ( Supplementary Fig. S2 H) 
[ 73 ]. Remarkably, DOX treatment for TRC induction signifi- 
cantly increased FANCD2 binding at the mAIRN reporter se- 
quence (Fig. 2 F), thereby providing direct evidence for a TRC 

locus-driven replication stress phenotype. DOX treatment did 

not affect FANCD2 levels at CFS genes ( Supplementary Fig. 
S2 H), thus indicating reporter site specificity. Furthermore,
to test whether this phenotype is dependent on R-loop for- 
mation at mAIRN, we also created a control cell line that 
contains a DOX-inducible ECFP sequence instead of mAIRN 

in analogy to the original episomal TRC system [ 7 ]. Im- 
portantly, the selected monoclonal ECFP cell line (clone #2) 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
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howed a comparable number of integration sites and DOX-
ependent transcriptional activation to exclude confounding
ifferences in transcription levels or integration site copy num-
ers ( Supplementary Fig. S2 I and J). In contrast to mAIRN,
ANCD2 levels were not significantly affected in the ECFP
ene upon DOX induction ( Supplementary Fig. S2 K), provid-
ng independent evidence that the observed phenotype is spe-
ific to the R-loop forming mAIRN TRC reporter loci. 

To further explore this replication stress phenotype, we per-
ormed IF staining for FANCD2 combined with EdU-Click-it
abeling for detection of S-phase cells. Strikingly, the number
f chromatin-bound FANCD2 foci were globally increased
pon R-loop driven TRC induction across the experimental
ime course with highest levels at 24 h induction time (Fig.
 G and H). Furthermore, FANCD2 levels increased in both
-phase and non-S-phase cells (Fig. 2 H, Supplementary Fig.
2 L). Although non S-phase FANCD2 foci could stem from
ost-replicative DNA repair or synthesis spots that could not
e resolved within the same S-phase and persisted into G2 / M
r G1-phase as recently described for MiDAS [ 74 ] and G-
iDS [ 42 ], we focused on S-phase FANCD2 foci as these

re more likely associated with DNA damage upon TRC in-
uction. Importantly, global RNAPII Ser2P levels were un-
hanged over the same time course and independent of cell cy-
le state ( Supplementary Fig. S2 M and N). Western blot anal-
sis confirmed a global induction of phosphorylated H2A.X
 γH2AX) as replication stress marker compared to the nu-
lear loading control ORC2 (Fig. 2 I), showing a global repli-
ation stress response upon TRC induction with DOX in our
RC reporter cell line. As γH2A.X is a substrate of the ATR
NA damage response kinase previously connected to TRCs

 7 , 36 ], we next challenged cells with a specific ATR inhibitor
A TRi). Strikingly, A TRi-treated cells showed sensitivity to
RC induction as indicated by a significant decrease in the

raction of S-phase cells after 24 h of TRC induction with
OX, whereas control cells without ATRi (DMSO) main-

ained their number of S-phase cells and overall EdU incor-
oration levels (Fig. 2 J, Supplementary Fig. S2 O). To cor-
oborate these results, we analyzed the proliferation of our
RC reporter cell line after DOX induction in combination
ith ATRi (Fig. 2 K, Supplementary Fig. S2 P) or ATMi (Fig.
 L, Supplementary Fig. S2 Q). DOX treatment alone showed
 modest but significant defect in cell proliferation, which
as strongly exacerbated in combination with 1 μM ATRi

nd to a lesser extent with ATMi treatment. Taken together,
hese results show that TRC induction causes ATR- and ATM-
ependent proliferation defects. Moreover, our data indicate
hat cells can tolerate such increased TRC burden in principle,
ut only if the DNA damage response is fully functional. 

-loop mediated TRCs slow or block DNA 

eplication fork progression 

s elevated FANCD2 levels indicate an increase in replication
ork stalling events, we wondered whether induced TRCs and
-loops directly impair DNA synthesis rates at the mAIRN

eporter sites. To this end, we performed a double thymi-
ine block to synchronize cells at the G1 / S border and sub-
equently removed thymidine to release cells into S-phase for
ifferent time points from 0 to 8 h in the absence or presence
f DOX (Fig. 3 A). We confirmed successful cell synchroniza-
ion by analyzing the incorporation of the nucleotide analog
rdU as a proxy for DNA synthesis by flow cytometry and
found more than 98% of cells arrested in G1 / S and successful
S-phase release with more than 91% of cells released after 4
h of thymidine removal ( Supplementary Fig. S3 A). 

Using this cell cycle synchronization strategy, we first ana-
lyzed R-loop levels at the mAIRN reporter sites using DRIP-
qPCR in G1 / S arrested and 4 h S-phase-released cells. R-loop
levels were about 2-fold significantly increased following tran-
scriptional induction of the reporter sequence with DOX in
both G1 and S-phase cells and could be reduced to near base-
line state by in vitro treatment with E. coli RNase H, confirm-
ing DRIP specificity (Fig. 3 B). As an important control, unre-
lated R-loop-prone loci such as RPL13A were unaffected by
reporter induction with DOX treatment ( Supplementary Fig.
S3 B). Strikingly, S-phase cells exhibited higher R-loop levels
when compared to G1-phase cells, despite highly similar lev-
els of transcription induction ( Supplementary Fig. S3 C). This
replication-dependent stabilization of R-loops might arise due
to co-occurring TRCs in S-phase cells. 

To characterize the effect of induced TRCs and R-loops on
DNA replication across different S-phase stages, cells were
subjected to a BrdU pulse 30 min before sample collection for
each time point following the release from the double thymi-
dine block. BrdU-labeled DNA was pulled down and sub-
jected to BrdU-Seq. On the global level, the BrdU-Seq data
showed very high correlation between individual replicates
and clustered according to the different time points of S-phase
release ( Supplementary Fig. S3 D). Using this time-resolved
BrdU-Seq data, we then asked if R-loops and coinciding TRCs
would impair replication fork progression at the reporter se-
quence and / or surrounding genomic regions close to the inte-
gration sites. As shown for an example 10 Mb region on Chr
10 (Fig. 3 C), our experimental setup can reproducibly distin-
guish early, mid, and late replicating regions of the genome.
Quantification of the BrdU-seq signal in a ± 100 kb window
around the integration sites allowed us to define the replica-
tion timing for each of the five integration sites. Interestingly,
Chr 5, Chr 9, and Chr 10 sites were all located in early repli-
cating regions with the strongest BrdU-seq signal at 2 h into
S-phase and little to no replication activity at later time points
(Fig. 3 D). Chr 2 site 1 exhibits a mid to late replication tim-
ing starting replication around 6 h after release. Chr 2 site 2
exhibits early to mid S-phase replication around 2–4 h after re-
lease. Control versus DOX-treated cells also highly correlated
in all time points tested, suggesting that mAIRN transcription
induction had no effect on the global DNA replication land-
scape of the cells ( Supplementary Fig. S3 D). Instead, we ob-
served a strong reduction of BrdU-seq signal exclusively at the
mAIRN reporter site (Fig. 3 E and F, Supplementary Fig. S3 E
and F). Significant local disruption of BrdU incorporation was
only observable at the 2 h time point, coinciding with the ex-
pected replication timing of four out of five integration sites.
We additionally quantified the reduction of BrdU-seq signal
using the same ±100 kb window around the sites as in Fig.
3 D. Similarly, the ∼5 kb reporter sequence remained the only
significantly changed genomic bin with reduced BrdU incor-
poration at the 2 h time point (Fig. 3 F). Strikingly, there was no
difference in BrdU incorporation at the subsequent 4, 6, and
8 h release time points ( Supplementary Fig. S3 G–I), although
slightly elevated BrdU-seq signal at the induced reporter se-
quence at 4h might indicate compensatory DNA synthesis at
mAIRN to complete the gap in DNA synthesis at 2 h. Col-
lectively, our data suggest that induced TRC and mAIRN R-
loop formation can directly cause strong local DNA replica-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
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tion fork impediments likely causative of the observed fork
stalling, DNA damage, and proliferation phenotypes. 

TRC induction disrupts local chromatin structure on
integrated R-loop reporter sites 

Since the reporter system-driven TRCs can cause replication
impairments and DNA damage, we next wondered if this lo-
cal interference would coincide with or cause alterations in the
underlying chromatin template. In analogy to our episomal re-
porter system, we first sought to understand the dynamics of
RNAPII and nucleosomes upon reporter gene activation. To
this end, we performed ChIP-qPCR against RNAPII Ser2P and
histone H3 in synchronized cells after 4 h S-phase release. As
expected, RNAPII Ser2P levels were strongly increased upon
DOX treatment confirming successful transcriptional activa-
tion of the mAIRN locus (Fig. 4 A). Strikingly, transcription
induction reduced nucleosome occupancy at the mAIRN se-
quence as indicated by a pronounced reduction of histone H3
enrichment at mAIRN loci (Fig. 4 B). DOX treatment did not
affect RNAPII Ser2P and histone H3 levels at unrelated con-
trol loci in mAIRN cells ( Supplementary Fig. S4 A and B). To
further test whether the observed H3 loss is specific to R-loop
formation, we attempted to rescue the nucleosome depletion
and accumulation of FANCD2 by overexpression of human
FLAG-tagged RNase H1 in mAIRN cells. Although Western
blot analysis showed high levels of RNase H1 overexpression
24 h after transfection ( Supplementary Fig. S4 C), the results
show that RNase H1 overexpression was unable to rescue
both phenotypes at induced mAIRN loci ( Supplementary Fig.
S4 D, Supplementary Fig. S4 E). 

We do not attribute this negative result to a lack of R-loop
dependency of these effects, but rather to technical limitations
that our RNase H1 overexpression construct was unable to
efficiently degrade and / or remove the particularly strong and
stable mAIRN R-loops (see ‘Discussion’). However, to demon-
strate R-loop specificity by a complementary approach, we
took advantage of the control cell line with non-R-loop form-
ing ECFP sequences ( Supplementary Fig. S2 I and J). In con-
trast to mAIRN cells, H3 levels were not significantly affected
in the ECFP gene or unrelated control locus upon DOX induc-
tion ( Supplementary Fig. S4 F and G), providing independent
evidence that the observed phenotype is specific to the R-loop
forming mAIRN TRC reporter loci. 

Subsequent ChIP-seq analysis of the average signal across
the five integration sites in mAIRN cells revealed that the
transcriptional activation and histone reduction are not con-
fined to the mAIRN sequence but extend throughout the
complete ∼5 kb reporter construct (Fig. 4 C). As this anal-
ysis necessarily averages the RNAPII Ser2P and H3 signals
across all five integration sites, we next wondered how ac-
tivation of the individual reporter loci affects the neighbor-
ing chromatin directly upstream and downstream of the in-
tegration sites. Interestingly, RNAPII Ser2P recruitment upon
DOX does not remain confined to the reporter for most in-
tegration sites. For example, Chr 2 site 1 shows elevated
RNAPII Ser2P levels extending several thousand base pairs
into the upstream intronic sequence of the MRPS9-AS2 gene
(Fig. 4 D). Consistently, RT-qPCR analysis showed ∼50-fold
DOX-induced transcriptional activation of this intronic se-
quence ( Supplementary Fig. S5 A), whereas neighboring genes
of Chr 2 site 2 and Chr 10 sites located further upstream or
downstream of the readthrough transcription regions did not
display gene expression changes ( Supplementary Fig. S5 A).
As this DOX response was predominantly observed in one 
direction of the integration site, this is likely the result of 
readthrough transcription depending on the orientation of the 
integrated Tet-ON promoter driving mAIRN expression. Sim- 
ilar directional extension of RNAPII occupancy was observed 

for the other integration sites except for the site in Chr 9,
where no RNAPII Ser2P induction was detected outside of 
the reporter sequence (Fig. 4 E). DOX treatment did not in- 
duce global changes of RNAPII Ser2P levels except for ge- 
nomic bins in the direct neighborhood of the integration sites 
( Supplementary Fig. S5 B). Crucially, these adjacent regions 
(the actual ∼5kb integration sites are excluded from this vi- 
sualization) exhibiting RNAPII readthrough transcription did 

not show a reduction of H3 (Fig. 4 D and F), suggesting that 
the H3 loss phenotype is specific to the mAIRN reporter driv- 
ing R-loop formation and TRC induction and cannot just be 
explained by transcription-induced changes in RNAPII occu- 
pancy. Again, DOX treatment did not alter H3 levels glob- 
ally ( Supplementary Fig. S5 C–E). Collectively, our data show 

that R-loop-driven TRCs can locally reduce nucleosome occu- 
pancy, thereby disrupting the protective function of chromatin 

and increasing the susceptibility to DNA breaks and genome 
instability. 

H3K79 methylation is a TRC-enriched chromatin 

modification at the R-loop reporter and 

genome-wide 

Apart from the increased chromatin accessibility due to nucle- 
osome eviction, we also investigated whether TRC induction 

has an impact on the local histone post-translational modifi- 
cation (PTM) state of the R-loop forming reporter gene chro- 
matin. Several histone PTMs including H3K4 methylation,
H3S10 phosphorylation, and H2AK119 ubiquitination have 
previously been linked to TRC biology in different cellular 
contexts and model systems [ 31–33 , 75 ], providing us with 

a list of candidate histone PTMs that we profiled by ChIP- 
qPCR after TRC induction in our reporter cell line. Impor- 
tantly, we included for each modification tested, a side-by- 
side H3 ChIP from the same cell lysate to account for the ob- 
served nucleosome loss upon transcription activation of the 
mAIRN reporter (Fig. 5 A). As expected, H3 reduction was 
clearly observed in G1-arrested cells after 4 h of DOX induc- 
tion along multiple primer pair locations of the reporter se- 
quence and further decreased upon release for 4 h into S-phase 
in the presence of DOX (Fig. 5 B, Supplementary Fig. S6 A,
TSS, mAIRN#1, mAIRN#2). This effect was not observed at 
the unrelated control NRXN2 gene (Fig. 5 B, Supplementary 
Fig. S6 B, NRXN2). H3K4 trimethylation (H3K4me3) marks 
transcription start sites with a 5 

′ to 3 

′ gradient of decreas- 
ing H3K4 methylation into the gene body and has been 

recently shown to mitigate TRCs by decelerating ongoing 
replication [ 32 ]. Consistently, we observed an S-phase DOX- 
dependent increase in H3K4me3 levels at two primer loca- 
tions in the mAIRN reporter gene body (Fig. 5 C, mAIRN#1 

and mAIRN#2), but not upstream at the TSS or the control 
NRXN2 gene (Fig. 5 C, TSS and NRXN2). Furthermore, it 
was recently shown that dynamic switching of crotonylation 

to ubiquitination of H2A at lysine 119 (H2AK119ub) leads to 

the release of RNAPII and repression of TRCs [ 33 ]. In agree- 
ment, H2AK119ub levels increased upon TRC induction in 

S-phase cells at the mAIRN reporter gene, most notable at 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
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https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
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https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
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Figure 4. TRC induction disrupts local chromatin structure on individual integration sites. ( A ) ChIP-qPCR analysis showing RNAPII Ser2P levels at the 
reporter site (mAIRN#1 primers) in synchronized S-phase cells 4 h after release from double thymidine block. Cells were treated with 0 or 1 μg / mL DOX 
for 4 h ( n = 3). Error bars indicate SD. Welch’s t-test ( B ) ChIP-qPCR analysis showing histone H3 levels at the reporter site (mAIRN#1 primers) in the 
same conditions as (A). ( C ) R epresentativ e genome browser snapshot showing RNAPII Ser2P and histone H3 occupancy across the entire reporter 
construct in DOX treated or untreated conditions in synchronized S-phase cells. Sequencing libraries were derived from samples shown in (A) and 
(B). ( D ) R epresentativ e genome browser snapshot showing RNAPII Ser2P and histone H3 occupancy at the MRPS9-AS2 locus which contains the Chr 2 
site 1 integration site (exact position highlighted with a bar) in DOX treated or untreated conditions in synchronized S-phase cells. Sequencing libraries 
w ere deriv ed from samples sho wn in (A) and (B). ( E ) Heatmap sho wing log2 f old change of RNAPII Ser2P signal upon D OX treatment o v er control in 
a ± 5 kb region around the integration site locations, 100 bp bin size. ( F ) Heatmap showing log2 fold change of histone H3 signal upon DOX treatment 
o v er control in a ± 5 kb region around the integration site locations, 100 bp bin size. 
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Figure 5. H3K79 methylation is a TRC-enriched chromatin modification at the R-loop reporter and genome-wide. ( A ) Schematic representation of the 
ChIP w orkflo w used f or screening TR C-dependent histone modifications including canonical histone H3 normalization. ( B ) Schematic representation of 
the mAIRN region of the integrated reporter construct and control region near NRXN2 e x on 5. Locations of the tested primer pairs (TSS, mAIRN#1, 
mAIRN#2, NRXN2) in subsequent ChIP experiments are highlighted with bars above. ( C ) H3 normalized H3K4me3 ChIP in G1 or 4 h released S-phase 
cells treated with 0 or 1 μg / mL DOX. H3K4me3 levels were tested 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-w a y ANO V A with Tuk e y’s multiple comparison test. ( D ) H3 normaliz ed H2AK119ub ChIP in the 
same conditions as (C). ( E ) H3 normalized H3K79me2 ChIP in the same conditions as (C). ( F ) H3 normalized H3K79me3 ChIP in the same conditions as 
(C). ( G ) Cartoon for the selection of genomic regions biased toward HO versus CD collisions by the identification of intragenic origins of replication 
within actively transcribed genes [7]. ( H ) Analysis of H3K79me2 ChIP signal from HeLa cells at intragenic origins within actively transcribed genes. The 
analy sis windo ws around the regions are 24 kb in siz e and e x cluded from the analy sis if positioned within 5 kb from promoters and terminators. 
H3K79me2 signal accumulates at HO side of origins in gene bodies compared to the CD side. Error bands represent a 95% confidence interval as 
determined by a bootstrap of the mean. 
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Figure 6. Evaluation of the role of H3K79 methylation at TRC sites. ( A ) Representative Western blot of H3K79me2 upon 5 μM DOT1L inhibition 
(EPZ-5676) or DMSO control treatment for 8 or 72 h. GAPDH and ORC2 loading controls. Quantifications of H3K79me2 signal relative to the DMSO 

condition shown below. ( B ) H3 normalized H3K79me2 ChIP in cells treated with 5 μM DOT1L inhibition (EPZ-5676) for 8 and 72 h as well as 0 or 1 
μg / mL DOX. H3K79me2 levels were tested at the mAIRN#1 or the NRXN2 control site ( n = 3). Error bars indicate SD. Ordinary one-way ANO V A with 
Tuk e y’s multiple comparison test. ( C ) R epresentativ e images of PLA assay with DOT1L and PCNA antibodies. EdU Click-it staining was performed to 
label S-phase cells. Cells were treated with 0 or 1 μg / mL DOX for TRC induction. Scale bar 10 μm. ( D ) Quantification of (C) in EdU positive and negative 
cells ( n = 3). Error bars indicate SD. Ordinary one-w a y ANO V A with Tuk e y’s multiple comparison test. ( E ) Analy sis of D OT1L and RNAPII ChIP signal from 

MOLM13 cells at intragenic origins within actively transcribed genes previously defined in HeLa cells. The analysis windows around the regions are 24 
kb in size and excluded from the analysis if positioned within 5 kb from promoters and terminators. DOT1L and RNAPII signal overlaps and accumulates 
at HO side of origins in gene bodies compared to the CD side. Error bands represent a 95% confidence interval as determined by a bootstrap of the 
mean. ( F ) RT-qPCR analysis of mAIRN RNA expression using primer pair mAIRN#1 in cells treated with 5 μM DOT1L inhibition (EPZ-5676) or DMSO 

control treatment. Additionally, 0 or 1 μg / mL DOX were added for 4 h ( n = 3). Error bars indicate mean values with SDs. Ordinary one-way ANO V A with 
Tuk e y’s multiple comparison test. ( G ) FANCD2 ChIP using primer pair mAIRN#1 or NRXN2 in cells treated with 5 μM DOT1L inhibition (EPZ-5676) or 
DMSO control treatment. Additionally, 0 or 1 μg / mL DOX were added for 24 h ( n = 3). Error bars indicate SDs. Ordinary one-way ANO V A with Tukey’s 
multiple comparison test. 
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the TSS and 5 

′ end of the gene (Fig. 5 D, TSS and mAIRN#1),
whereas less or no differential behavior between conditions
was observed at the mAIRN 3 

′ end and NRXN2 gene (Fig. 5 D,
mAIRN#2 and NRXN2). Finally, we also monitored the dy-
namic changes of H3K79 di- and trimethylation (H3K79me2,
me3) upon TRC induction at the mAIRN reporter. H3K79
methylation was not only suggested as an activating mark en-
riched at both promoters and gene bodies of actively tran-
scribed genes [ 76 ,77 ] but also important for effective DNA
damage repair [ 78 ,79 ]. Strikingly, our induced TRC reporter
gene accumulated both H3K79me2 (Fig. 5 E) and H3K79me3
(Fig. 5 F) across all tested mAIRN primer locations particularly
in S-phase released cells, whereas no change was observed at
the NRXN2 control locus. To further corroborate these re-
sults, we gathered ENCODE ChIP-seq data of multiple his-
tone modifications and overlapped their enrichment with ge-
nomic regions biased toward HO versus CD collisions as pre-
viously shown (Fig. 5 G and [ 7 ]). In contrast to H3K4me3,
H3K27me3, and H3K36me3 which showed a symmetric
distribution ( Supplementary Fig. S6 C–E), H3K79me2 and
H3K79me3 showed a significant enrichment at the HO region
compared to CD (Fig. 5 H, Supplementary Fig S6 F), suggest-
ing that this modification could specifically mark HO colli-
sion sites. Consistently, H3K79me2 and H3K79me3 ChIP-Seq
data showed a notable overlap with R-loop positive regions as
determined by qDRIP-Seq ( Supplementary Fig. S6 G and H).
Using the same approach, we also tested the distribution of
H2AK119ub over these TRC-prone regions but could not ob-
serve a meaningful enrichment of this histone mark over these
TRC-prone regions ( Supplementary Fig. S6 I). This may be at-
tributed to the fact that no publicly available H2AK119ub
ChIP-Seq dataset was available in HeLa cells, but only in
MCF7 breast cancer cells, thus making this analysis across
different cell lines less robust. Nevertheless, these findings sug-
gest that our TRC reporter cell line can successfully recapitu-
late the dynamic changes of previously identified TRC-related
chromatin modifications such as H3K4me3 and H2AK119ub
and supports the notion that H3K79 methylation is also a
modification relevant to TRC and R-loop biology. 

Evaluation of the role of H3K79 methylation at TRC 

sites 

The only known histone methyltransferase catalyzing H3K79
methylation is the disruptor of telomeric silencing-1-like
(DOT1L) [ 77 , 80 ]. To further investigate the function of
DOT1L-mediated H3K79 methylation deposition at TRC
sites, we aimed to inhibit DOT1L activity in our TRC reporter
cell line. For this, we took advantage of the small molecule in-
hibitor EPZ-5676 (Pinometostat, DOT1Li), which was previ-
ously shown to specifically inhibit DOT1L methyltransferase
activity [ 81 ]. Western blot analysis of global H3K79me3 lev-
els showed that 1 μM or 5 μM DOT1Li treatment resulted
in a global loss of H3K79me3 with prolonged (72 h) treat-
ment, but not after acute (8 h) inhibition treatment compared
to GAPDH or ORC2 as a nuclear loading control (Fig. 6 A,
Supplementary Fig. S7 A). This result suggests that the drug is
active and inhibits new H3K79 methylation deposition, but
it takes 2–3 cell doublings to dilute the pre-existing mark
from total chromatin, consistent with previous studies [ 78 ,
81 ]. Next, we assessed by ChIP-qPCR whether H3K79me2
deposition was also specifically impaired at the mAIRN gene
in our TRC reporter cell line. As expected, DMSO-treated cells
showed a clear DOX-dependent increase in H3K79me2 lev- 
els at mAIRN (Fig. 6 B), but not at unrelated NRXN2 (Fig.
6 B) or ACTB control genes ( Supplementary Fig. S6 B). Strik- 
ingly, both acute (8 h) and prolonged (72 h) DOT1Li treat- 
ment completely abolished the DOX-dependent increase of 
H3K79me2 (Fig. 6 B), suggesting that DOT1L is specifically 
activated to methylate H3K79 at our mAIRN integration sites 
upon DOX induction. To test the possibility whether DOT1L 

mediated H3K79 methylation could affect nucleosome stabil- 
ity and thus promote the observed nucleosome loss, we have 
tested the effect of DOT1L inhibition on H3 levels at the 
mAIRN reporter sequence. DOT1L inhibition for 8h as well 
as 72 h did not prevent or reduce the nucleosome loss phe- 
notype at the mAIRN sites upon DOX induction, suggesting 
that DOT1L mediated H3K79 methylation is not required for 
nucleosome eviction ( Supplementary Fig. S7 C). 

To obtain more evidence that DOT1L activity is connected 

to TRCs, we tested whether DOT1Li can exacerbate PLA foci 
number between RNAPIIpS2 and PCNA. Consistent with our 
previous data (Fig. 2 E), challenging cells with DOX induc- 
tion for 4 h had little impact on TRC levels in the presence of 
DOT1L activity . Interestingly , DOT1Li for 72 h reduced the 
overall TRC burden in the basal state without TRC induction,
which is likely the result of global transcription impairment 
and resulting reduced levels of RNAPIIpS2 on chromatin as 
previously reported [ 82 ]. Strikingly, upon 4 h of DOX induc- 
tion, addition of DOT1Li for 72 h led to an increase in TRC 

PLA foci, suggesting that DOT1L inhibition impairs the cel- 
lular T-R coordination and the ability to overcome conflicts 
( Supplementary Fig. S7 D). To obtain further functional in- 
sights, we considered the possibility that DOT1L may directly 
associate with active replication forks. Indeed, a significant 
number of PCNA-DOT1L PLA foci could be detected in EdU- 
positive S-phase cells. To confirm specificity of this PLA com- 
bination, we used siRNA-mediated knockdown of DOT1L 

( Supplementary Fig. S7 E) and observed significant reduction 

in PCNA-DOT1L-PLA foci specifically in S-phase cells com- 
pared to siControl cells ( Supplementary Fig. S7 F). Interest- 
ingly, DOX-dependent TRC induction resulted in a reduction 

of DOT1L-PCNA PLA foci in S-phase cells (Fig. 6 C and D),
suggesting that DOT1L can dissociate from ongoing replica- 
tion forks, thereby potentially acting on post-replicative chro- 
matin. Consistently, two recent studies showed that RNAPII 
complexes can quickly re-associate with active genes on 

post-replicative chromatin and rapidly resume transcription 

[ 28 ,29 ]. To test the possibility that DOT1L-mediated H3K79 

methylation activity is required for this transcriptional restart 
at TRC sites, we gathered available RNAPII, H3K79me2 and 

DOT1L ChIP-Seq data from a leukemia cell line and over- 
lapped their enrichment with HO and CD TRC sites [ 7 ] as 
shown in Fig. 5 H. H3K79me2 also specifically marked HO 

collision sites in this cell line as observed before in HeLa cells 
( Supplementary Fig. S7 G). Strikingly, RNAPII and DOT1L 

also showed a significant enrichment and overlap at HO col- 
lision sites (Fig. 6 E), implicating DOT1L activity in proficient 
RNAPII elongation at TRC sites. Consistently, 8 h DOT1Li 
treatment also significantly reduced transcriptional output 
from the mAIRN gene as observed by RT-qPCR (Fig. 6 F), but 
not at the unrelated PUM1 and ALAS1 housekeeping genes 
( Supplementary Fig. S7 H). To confirm specificity of these data 
to DOT1L activity, we repeated the experiment with a differ- 
ent, structurally distinct DOT1L inhibitor (EPZ004777) and 

found the same small but significant decrease in mAIRN tran- 
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criptional output as with EPZ-5676 after short-term (8 h)
OT1L inhibition ( Supplementary Fig. S7 I and J). In addition,
e tested the effect of RNAi-mediated depletion of DOT1L
n mAIRN transcription levels. Although, we only achieved
 ∼50% reduction of DOT1L and H3K79me2 levels after 72
 knockdown ( Supplementary Fig. S7 E), we observed consis-
ent with the chemical inhibition experiments a significant de-
rease in mAIRN transcriptional output upon DOX treatment
 Supplementary Fig. S7 K), but not at the unrelated PUM1
nd ALAS1 housekeeping genes ( Supplementary Fig. S7 L). To-
ether, this provides further evidence that the full transcrip-
ional potential of mAIRN after TRC induction is dependent
n DOT1L enzyme activity. 
Finally, we asked whether the presence of H3K79 methy-

ation has functional relevance and mitigates potential DNA
amage at our TRC sites. To this end, we performed FANCD2
hIP after TRC induction with and without 8 h DOT1Li

reatment and found that FANCD2 recruitment is further in-
reased upon DOT1L inhibition at the activated mAIRN re-
orter but not the NRXN2 control locus (Fig. 6 G), suggest-
ng that the DNA damage inflicted at the TRC site is exacer-
ated without active H3K79 methylation. Together, these data
upport a model (Fig. 7 ) where DOT1L activity is required
or TRC resolution by restoring transcriptional processivity of
he RNAPII complex, thereby preventing TRCs and elevated
NA damage. 

iscussion 

e have established a cell-based system to reliably induce
RCs at defined chromosomal sites and used it to charac-

erize the impact of TRCs on the underlying local chro-
atin landscape. Unexpectedly, we observed that TRCs lead

o a loss of nucleosome occupancy at the reporter sites that
s strongly correlated with local R-loop formation and im-
aired DNA replication fork progression. This results in locus-
pecific DNA damage as indicated by elevated FANCD2 oc-
upancy at the reporter, but also leads to a global DNA dam-
ge signaling response as indicated by elevated FANCD2 foci
ormation and γH2AX signal across the nucleus (Fig. 2 ). Fur-
hermore, screening of multiple TRC-associated histone mod-
fications confirmed the enrichment of previously identified
RC-related chromatin modifications and uncovered H3K79
ethylation as an important chromatin mark enriched at TRC

ites. Preventing deposition of new H3K79me2 / 3 at TRC sites
y inhibiting its methyltransferase DOT1L exacerbates the
NA damage response and prevents productive transcription

rom the conflict site (Fig. 7 ). Overall, our results provide
echanistic insight into how TRCs and associated R-loops

hreaten chromatin structure by disrupting nucleosome orga-
ization and DNA replication and define H3K79 methylation
s an important histone modification at chromosomal TRC
ites. 

table R-loop formation at TRC sites is 

ncompatible with nucleosome incorporation 

 consistent result from our multiple approaches and TRC
odel systems is that stable R-loop formation at the mAIRN

equence is incompatible with nucleosome assembly on the
hree-stranded nucleic acid structure. First, in vitro recon-
titution of mAIRN RNA:DNA hybrids demonstrates that
NA:DNA hybrids are resistant to nucleosome formation in

ompetition with dsDNA. Second, HO-TRC, but not the cor-
responding CD-TRC plasmids, display a substantial reduc-
tion of nucleosomes, as measured in independent MNase and
ChIP-qPCR assays (Fig. 1 D and E), consistent with our previ-
ous finding that only HO-TRCs form stable R-loops on the
plasmid reporter system [ 7 ]. Third, the chromosomally in-
tegrated mAIRN sequence is also prone to loss of nucleo-
somes upon transcription activation in both G1 and S-phase
cells (Fig. 4 B, Supplementary Fig. S6 A), indicating that R-loop
formation alone is sufficient to displace nucleosomes. Impor-
tantly, S-phase-released cells show a more pronounced nucle-
osome loss that correlates with a higher R-loop burden (Fig.
3 B), suggesting that TRC-stabilized R-loops have an enhanced
ability to disrupt nucleosome organization. It is also important
to note that nucleosome eviction could only be observed at the
R-loop mediated TRC reporter sites but not at neighboring
regions to the integration site that show clearly upregulated
transcription (Fig. 4 E and F), making a strong argument that
the disruption of nucleosomes is not a simple consequence of
transcription activation. In agreement, we could not observe
nucleosome eviction in a control cell line with integrated non-
R-loop forming ECFP sequences ( Supplementary Fig. S4 F and
G), providing independent evidence that the observed pheno-
type is specific to the R-loop forming mAIRN TRC reporter
loci. Together, we conclude that R-loop formation is a potent
driver of nucleosome disruption, thus leaving the underlying
genomic region in an open, accessible state. This is fully con-
sistent with the early observation that the presence of RNA
in a double-helical DNA is inhibiting its interaction with hi-
stone proteins [ 83 ]. Based on a subsequent structural charac-
terization of R-loops, RNA:DNA hybrids adopt an interme-
diate form between A-DNA and B-DNA [ 64 ]. This unusual
secondary structure shows less flexibility and is thus unlikely
to wrap efficiently around the histone octamers, providing a
plausible explanation for the observed nucleosome loss phe-
notypes. Similar to exposure of ssDNA in the non-template
strand [ 84 ], nucleosome depletion at R-loops could offer an-
other layer of explanation for R-loop and TRC-driven ge-
nomic instability since nucleosome-free genomic regions are
more prone to DNA damage [ 85 ,86 ]. 

In summary, our work establishes an intertwined relation-
ship between R-loop formation, TRCs, and chromatin disrup-
tion. It also underscores the importance of proper R-loop res-
olution and removal to maintain genome and epigenome in-
tegrity. Future investigations using global R-loop stabilization
approaches, such as RNase H1 / 2 inactivation, will provide
crucial insights into the genome-wide relationship between R-
loops, TRC occurrence and nucleosome organization. 

Genomic integration of an inducible mAIRN R-loop 

sequence allows locus-specific TRC analysis 

Previous work in numerous prokaryotic and eukaryotic model
systems has defined TRCs as a threat to genome integrity and
a cause of mutations [ 7 , 9 , 11 , 87 , 88 ]. Crucially, their stochas-
tic occurrence and dependence on two highly complex nuclear
processes make TRCs difficult to study. Hence, researchers
have frequently employed plasmid-based reporter systems in
bacteria, yeast, and human cells to study TRCs under con-
trolled conditions [ 7 , 9 , 11 ]. Such reporter systems are com-
plemented by correlative studies which rely on drug treat-
ments or oncogene activation to induce TRCs in a genome-
wide manner and then correlate co-occurring DNA damage
responses to TRCs [ 71 , 89 , 90 ]. Although useful, plasmid-
based reporter systems likely do not capture the full complex-
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Figure 7. Model for the functional role of H3K79 methylation at TRC sites to allow effective transcription recovery. ( A ) Cells not transcribing the mAIRN 

reporter (OFF) can replicate normally without disruption of chromatin organization. ( B ) Upon transcriptional activation of the mAIRN reporter (ON), the 
mAIRN reporter forms R-loops and interferes with replication fork progression. The resulting HO or CD TRC with an associated R-loop causes a local 
reduction of nucleosome occupancy. Simultaneously, DOT1L dissociates from the replication machinery and deposits H3K79me2 / 3. ( C ) H3K79me2 / 3 
helps to efficiently reco v er transcription at the mAIRN reporter site. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ity and dynamics of TRC induction and resolution on endoge-
nous chromatin, whereas global TRC induction approaches
are prone to systemic cellular responses and thus secondary
side-effects not related to individual TRC events. Altogether,
this prevents true mechanistic insights how TRCs impact chro-
matin structure. In the present study, we constructed a TRC
reporter system based on chromosomal integration of the R-
loop forming mAIRN sequence previously used in the human
plasmid reporters [ 7 ]. We chose not to integrate the unidirec-
tional oriP / EBNA1 replication origin due to late and ineffi-
cient replication activity of this origin in human cells. Con-
sequently, endogenous origins would likely replicate the in-
tegrated sequence before oriP could become active [ 66 , 67 ]
and remove the orientational advantage from the plasmid sys-
tem. R-loop formation has been shown to impair RNAPII
progression [ 91 ]. We speculated that R-loop-driven RNAPII
slowdown at mAIRN sequences would create obstacles for
incoming replication forks, thus inducing TRCs. Integration
of the reporter construct with Sleeping Beauty transposase at 
multiple random locations (Fig. 2 B) also has the advantage 
of detecting the averaged signals from different genomic envi- 
ronments and chromatin contexts, reducing potential locus- 
specific biases. Thus, our chromosomal reporter provides a 
controlled environment for TRC induction while simultane- 
ously residing in the endogenous chromatin and will thus serve 
as a useful tool for future mechanistic studies of TRCs and 

their relationships with R-loop biology, TRC-driven mutation 

burden, and (epi)genome instability. 

H3K79 methylation is deposited at TRC sites and 

provides a chromatin environment for effective 

transcription recovery 

Various histone modifications such as H3K4me3 and 

H2AK119ub have been recently connected with genomic TRC 

regions [ 32 , 33 ]. As we could also observe an enrichment of 
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hese histone PTMs in our TRC reporter cell line (Fig. 5 ), this
uggests that our approach can successfully recapitulate the
ynamic chromatin changes of endogenous TRC sites. Inter-
stingly, we also observed specific enrichment of H3K79me2
nd H3K79me3 at our TRC reporter site as well as other
enomic sites prone to R-loop forming HO collisions (Fig.
 H). H3K79me2 / 3 is deposited by DOT1L, the sole enzyme
esponsible for this modification in mammalian cells. While
nown to be associated with transcription elongation and
ound in various transcription elongation complexes [ 77 ],
he exact function of H3K79me2 / 3 in transcription regula-
ion remains unclear. Additionally, H3K79me2 / 3 has been
inked to DNA damage response, as the 53BP1 Tudor do-
ain binds H3K79me3 [ 92 ], which is crucial for responding

o double-strand DNA breaks. Furthermore, H3K79me2 / 3
nteracts with PCNA [ 79 ], suggesting a role in replication fork
longation. Considering these links to both transcription and
eplication processes, a connection with TRCs appears likely
ut has not been directly investigated. Indeed, our study shows
hat H3K79me2 is actively deposited at the induced TRC re-
orter (Fig. 6 B), suggesting a dynamic rather than a stable
odification in this context. This response might differ from

he global role of H3K79me2 / 3 in aiding RNAPII processivity
t active genes. Notably, inhibiting H3K79me2 / 3 deposition
t the TRC reporter leads to reduced mAIRN RNA output.
urthermore, high levels of H3K79me2 / 3 are found in genes
rone to forming R-loops ( Supplementary Fig. S6 F and G),
uggesting a potential role of this modification in maintaining
r restarting transcription at genes prone to R-loop dependent
eplication fork stalling. Recently, it was shown that RNAPII
ranscription recovery at TRC sites is mediated by the tran-
cription elongation factor ELL [ 16 ], and it will be very in-
eresting in future studies to dissect whether or not DOT1L
nd ELL collaborate in the same pathway. In conclusion, our
tudy sheds light on the role of H3K79me2 / 3 in TRCs and
ikely acts as a platform to facilitate TRC resolution by aiding
he restart of transcription after collisions between replication
nd transcription machineries. 

RCs impair DNA replication fork progression and 

ensitize the cells to ATR kinase inhibition 

RCs and R-loops have been shown to be obstacles to DNA
eplication fork progression in different model systems [ 21 ,
8 ]. The chromosomal reporter system enabled us to demon-
trate local TRC-driven DNA replication progression impair-
ents in endogenous mammalian chromatin. Crucially, im-
aired DNA replication at the induced TRCs occurred at the
xpected replication timing of the superordinate replication
omain (Fig. 3 D–F, Supplementary Fig. S3 F), showing that
RCs impair replication locally but cause no global DNA
eplication timing disruption ( Supplementary Fig. S3 E). As
he majority of reporter sites in the Clone#12 cell line re-
ide within early replicating regions of the genome (Fig. 3 D),
he observed replication delay at the TRC reporter genes was
trongest at the earliest 2 h S-phase time point (Fig. 3 E and
, Supplementary Fig. S3 F), but eventually replicated after 4
nd 6 h S-phase progression ( Supplementary Fig. S3 G). This
aucity of genome replication in a later stage of the cell cy-
le is reminiscent of the recently identified G2 / M DNA syn-
hesis (G-MiDS) sites that are highly transcribed TSS during
eplication and require RNAPII removal in G2 / M phase to
omplete DNA synthesis [ 42 ]. However, G-MiDS sites are
much smaller up to a few hundred basepairs and not asso-
ciated with increased DNA damage, which is in contrast to
our reporter sites that are much larger ( ∼ 5 kb), resolved ear-
lier during S-phase progression, and cause local and global
DNA damage phenotypes (Fig. 2 I and J). This suggests that
the TRC resolution at the mAIRN reporter during S-phase
is fundamentally different from G-MiDS and follows a path-
way detected by the DNA damage checkpoint. Consistently,
we show that persistent DOX induction over several cell divi-
sions causes a mild decrease in cell proliferation (Fig. 2 K and
L, Supplementary Fig. S2 P and Q). Crucially, this proliferation
defect is strongly exacerbated upon treatment with an ATR
kinase inhibitor, emphasizing the importance of ATR signal-
ing in the cellular TRC response. Our previous work on the
plasmid system has shown that HO conflicts induce ATR ac-
tivation, while CD conflicts induce A TM [ 7 ]. Curiously, A TM
kinase inhibition did not show strong synergistic effects with
TRC induction (Fig. 2 L, Supplementary Fig. S2 Q). Thus, it
is tempting to speculate that unresolved HO conflicts are the
main drivers of ATR inhibition-driven sensitivity in our TRC
reporter cells. ATR inhibitors have shown promising results
as anti-cancer drugs in clinical trials [ 93 ]. Thus, stratifying
patient samples with high or low TRC burden could thereby
sensitize and further improve the efficiency of ATR inhibitor
application in cancer treatment. 

mAIRN R-loop formation as a model system for 
TRC and replication stress induction in endogenous
chromatin 

Although cells inducing the non R-loop forming ECFP con-
trol gene did not display reduced nucleosome occupancy or
fork stalling phenotypes ( Supplementary Figs. S2 K, S4 F and
G), it is important to note that we were unable to rescue the
observed H3 loss and accumulation of FANCD2 at induced
mAIRN loci by overexpression of RNase H1 ( Supplementary 
Fig. S4 D and E), making the direct R-loop dependency of
these effects in our cell line a matter of debate. In our exper-
imental setup, we maintained the cells for 24 h in the pres-
ence of DOX allowing for continuous transcription / R-loop
formation and RNase H1 overexpression, which may result
in a higher turnover between R-loop formation and degrada-
tion but not suffice to substantially reduce their levels in the
cell population. In addition, the mAIRN sequence has a very
high GC-skew, a feature that is highly correlated with R-loop
formation but also a feature of previously reported RNaseH-
resistant R-loops [ 60 ] that are highly confined to regions with
high GC-skew . Finally , RNase H1 overexpression also resulted
in cell toxicity and cell death, complicating the interpretation
of our experiments as we cannot rule out whether the sur-
viving cells are the ones not expressing enough RNase H1
or whether they have been rewired to cope with an excess of
RNase H1 protein. 

Besides these more technical explanations why our RNase
H1 overexpression construct was unable to efficiently degrade
and / or remove the particularly strong and stable mAIRN R-
loops, an alternative hypothesis is that the replication stress
phenotype is caused by distinct non-R-loop DNA secondary
structures that have been previously described to form at
the mAIRN non-template strand in vitro in an RNase H-
resistant manner [ 94 ]. To distinguish between these two possi-
bilities, an interesting direction for the future will be to intro-
duce specific mutations in our integrated mAIRN copies that

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf109#supplementary-data
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were previously shown to prevent the formation of these ad-
ditional mAIRN secondary structures but not interfere with
RNA:DNA hybrid formation. 

Finally, it will be important to validate our findings at the
integrated mAIRN reporter sites at endogenous TRCs occur-
ring at R-loop prone loci. To this end, a recent study has ex-
plored the chromatin landscape of putative genomic TRC re-
gions in K562 cells by combining DRIPc-seq as marker of R-
loop prone sites with OK-seq to define replication fork di-
rectionality and FANCD2 ChIP-seq to identify sites of fork
stalling [ 31 ]. It is worth mentioning that overlapping these re-
gions with ENCODE ChIP-seq data showed that H3K79me2
represents one of the most enriched chromatin marks at such
putative genomic TRC sites [ 31 ], thereby independently vali-
dating one of the key results from our TRC reporter cell line.
Nevertheless, binarizing the genome in TRC and non-TRC re-
gions might be overly simplistic since genes are replicated at
most 80:20 in one direction versus the other and transcrip-
tion initiation occurs in bursts that fluctuate between an ON
and OFF state in a stochastic manner. Therefore, it is impossi-
ble from such bulk and correlative analyses of TRC-associated
markers to unequivocally conclude that a TRC is indeed oc-
curring in an individual genomic locus of an individual cell.
To address this, novel methodology will need to be developed
by the community to directly and experimentally map TRCs.
We consider the development of the TRC reporter cell line de-
scribed in this study here as a first step toward this goal. 
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