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Polymerase face-off: emerging concepts in
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Abstract

Transcription-replication conflicts (TRCs) arise when DNA repli-
cation forks encounter actively transcribing RNA polymerases,
creating a major threat to genome stability. These conflicts, which
can occur in different orientations, disrupt replication fork pro-
gression, impair transcriptional fidelity and reshape the chromatin
landscape. In this review, we discuss emerging conceptual insights
into how cells coordinate replication and transcription in space and
time to minimise such encounters, and we highlight the central role
of RNA polymerase Il dynamics in both preventing and resolving
TRCs. We further describe how TRCs engage a broad network of
genome maintenance pathways that regulate R-loops, stabilize
stalled forks and maintain chromatin integrity. Importantly, ele-
vated or mismanaged TRCs create vulnerabilities that many can-
cers exploit, positioning conflict-resolution mechanisms as
attractive therapeutic targets. Finally, we examine current chal-
lenges in detecting and analysing these transient, dynamic events
and underscore the need for improved imaging and sequencing
technologies to study the genome's molecular “traffic jams". A
deeper mechanistic understanding of TRCs will be crucial for har-
nessing them in precision oncology and clarifying their broader
roles in genome regulation.
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Introduction

The diploid human genome comprises over 6 billion base pairs and
approximately 40,000 protein-coding gene copies, representing two
alleles of the ~22,000 unique genes (Venter et al, 2001). All DNA
must be replicated once per cell cycle, whereas most genes are
transcribed multiple times. Moreover, as a result of pervasive
intergenic and non-coding transcription, nearly 85% of the genome
exhibits detectable transcriptional activity, albeit of different levels
at non-coding sequences and protein-coding genes (Hangauer et al,
2013). Replication and transcription must therefore be tightly
regulated DNA metabolic processes. Extensive evidence from both
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prokaryotes and eukaryotes shows that encounters between DNA
and RNA polymerases can cause replication fork arrest, transcrip-
tion stalling, DNA breaks, recombination intermediates and
mutations, ultimately threatening genome integrity (Garcia-Muse
and Aguilera, 2019). Consequently, mechanisms that limit inter-
ference between replication and transcription are essential for
faithful genome duplication and ensure transcriptional fidelity.

Because both processes polarity,
transcription-replication conflicts (TRCs) are classified based on
the orientation of RNA polymerase II (RNAPII) relative to the
replication fork (Hamperl et al, 2017; Hamperl and Cimprich,
2016). Head-on (HO) TRCs arise when transcription occurs on the
lagging-strand template, placing the replisome opposite the
transcription machinery and leading to a frontal collision (Fig.
1A). In contrast, co-directional (CD) TRCs occur when RNAPII
transcribes genes on the leading-strand template, moving in the
same direction as replication (Fig. 1B) (Garcia-Muse and Aguilera,
2019; Lalonde et al, 2021; Lin and Pasero, 2017; Uruci et al, 2021;
Yakoub and Luijsterburg, 2023). Although both configurations are
deleterious, HO collisions are more strongly associated with
genome instability (Corazzi et al, 2024; Hamperl et al, 2017; Paul
et al, 2013; Yakoub and Luijsterburg, 2023). Indeed, single-
molecule optical tweezer experiments using reconstituted eukar-
yotic machineries show that RNAPII acts as a polar roadblock
specifically in HO orientation, causing replisome stalling, RNAPII
backtracking, R-loop accumulation and elevated topological stress
(Kay et al, 2025).

To reduce HO-TRCs, bacterial genomes preferentially co-orient
highly transcribed and essential genes with replication forks (Atre
et al, 2024; Lang et al, 2017). This orientation minimizes situations
in which the replisome directly encounters an opposing transcrip-
tion complex: a configuration known to strongly destabilize
genome integrity. However, this protective strategy inevitably
increases the frequency of CD-TRCs, in which the replisome
follows behind RNA polymerase complexes on the same DNA
template. In eukaryotes, a similar logic applies. Replication origins
in human cells are frequently positioned at transcription start sites
(TSSs), making early encounters between the replisome and
RNAPII highly likely but predominantly co-directional (Chen
et al, 2019). This arrangement helps to limit the formation of
deleterious HO-TRCs. Although generally considered less harmful,
CD collisions can still impede replication, particularly at highly
transcribed loci or when co-transcriptional obstacles arise, such as
backtracked RNAPII complexes (Zatreanu et al, 2019), altered
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Figure 1. Orientation of transcription-replication conflicts (TRCs).

EMBO reports

(A) Head-on (HO) TRCs occur when the replication fork collides in a frontal orientation with RNAPII transcribing on the lagging-strand template. (B) Co-directional (CD)
TRCs arise when the replication fork collides in the same directionality with RNAPII transcribing on the leading-strand template. This type of collision can also occur when
the replication fork collides with an R-loop generated behind RNAPII. (C) Backtracking-dependent (BD) TRCs are complex collisions in which replication and transcription
move along the DNA template in the same direction, but due to RNAPII backtracking, the replisome encounters RNAPII in a frontal fashion leading to a CD-like collision but

with a HO-like barrier.

DNA supercoiling (Chedin and Benham, 2020; Hwang et al, 2025),
or the formation of secondary structures like G-quadruplexes
(Batra et al, 2025; Sato et al, 2025), and R-loops (Kay et al, 2025).

Importantly, the distinction between HO and CD configurations
is not always straightforward. Because CD-TRCs are far more
common, some conflicts initially classified as HO may instead
represent cases where a co-directional replisome encounters a
backtracked RNAPII, functionally mimicking an HO-like barrier, a
backtracking-dependent conflict (BD-TRC) (Fig. 1C). Recent work
has identified CD-specific pathways that mitigate these events
(Bhowmick et al, 2023; Kloeber et al, 2025; Uruci et al, 2026),
overturning earlier assumptions that CD-TRCs are benign (Lang
et al, 2017) or even beneficial (Brambati et al, 2018).

This review summarizes recent advances in our understanding
of TRCs, focusing on how these collisions destabilize genome
integrity. We discuss the molecular mechanisms involved in
conflict sensing and resolution, with particular emphasis on the
emerging transcription-centered role of RNAPII regulation and
dynamics and their effects on transcription and the underlying
chromatin. Finally, we highlight current challenges and advances in
studying TRCs, underscoring their pathological relevance in cancer.

Molecular mechanisms of conflict sensing
and resolution

Transcription-replication coordination

The widespread nature of transcription and replication requires
extensive spatial and temporal coordination of the two machineries
to prevent TRCs and maintain genome integrity (Fig. 2A). The inherent
bursting dynamics of transcription (Rodriguez et al, 2019) help mitigate
the risk of TRCs by introducing intermittent periods of reduced
transcriptional activity. Similarly, the preferential positioning of
replication origins upstream of active genes further limits head-on
collisions (Chen et al, 2019; Petryk et al, 2016; Promonet et al, 2020).
Despite these spatial and temporal safeguards, such mechanisms are
insufficient to fully prevent conflicts. Indeed, recent studies highlight
multi-layered “traffic management” at different genomic scales,
involving spatial confinement into distinct compartments, modulation
of elongation kinetics of the two machineries and, where necessary, the
timely stabilization and remodeling of replication forks and the
displacement of RNAPII from the DNA template. At collision sites, this
process is promoted by checkpoint signaling and chromatin remodel-
ing, mediated by Mecl/ATR-dependent checkpoint activation, the
INO80 chromatin remodeling complex, and the p97 segregase, which
collectively facilitate RNAPII removal (Poli et al, 2016).

An effective strategy for avoiding collisions is to impose a
temporal order on when replication and transcription are allowed
to occur. A recent example of this strategy was described for the
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rapid nuclear divisions of Drosophila embryos, where the onset of
transcription is delayed until replication has proceeded, allowing
RNAPII to transcribe behind advancing replication forks (Cho et al,
2022). Mechanistically, the co-activator Brd4 bookmarks sites of
active transcription on mitotic chromosomes and recruits the
replication activator Cdc7, thereby prioritizing replication initia-
tion and temporarily delaying the assembly of new Brd4
transcription hubs (Fig. 2B) (Cho and O’Farrell, 2025).

Cells also maintain spatial coordination of the two machineries.
This is partially enforced by the negative transcription regulator
NELF (specifically NELF-C), which plays a critical role in proper
transcription termination, preventing “read-through” RNAPII
transcription elongation into replication initiation zones (Fig. 2B)
(Nakayama et al, 2026). Live-cell microscopy in yeast shows a
reduction in transcription, kilobases ahead of the approaching
replisome, suggesting local coordination at individual loci
surrounding traveling forks (Tsirkas et al, 2022).

Nevertheless, a recent genome-wide approach showed that
replication and transcription machineries can sometimes co-exist
in close proximity, and in some instances, transcription can even
facilitate replication progression by reducing histone density (Rojas
et al, 2024). However, highly transcribed genes often exhibit
increased replication fork stalling and DNA damage, overlapping
with fragile regions and cancer-associated breakpoints (Rojas et al,
2024), indicating that TRCs are hotspots for replication stress and
genome instability.

To mitigate these risks, cells exhibit remarkable plasticity. Actively
transcribing RNA polymerases can push multiple MCM helicases from
licensed origins over long distances, even in the context of chromatin
(Scherr et al, 2022). This phenomenon, first demonstrated in vivo in
yeast (Gros et al, 2015), likely contributes to the deregulated firing of
intergenic origins observed in cancer cells upon oncogene-induced
shortening of G1 phase (Macheret and Halazonetis, 2018). This
mechanism provides a simple but powerful way to redistribute origins
of replication away from highly transcribed genes, thereby limiting
initiation within gene bodies. Transcription in the G1 phase may also
have a preventive role prior to S phase entry. Combined with spatial
and temporal coordination, this inherent mobility of replication
origins ensures successful chromosome duplication despite dense
molecular traffic on the DNA template.

R-loop prevention at trinucleotide repeat structures and
non-coding RNA loci

The principal hotspots for TRCs are genomic loci that are highly
expressed and therefore show high occupancy of R-loops and/or
RNAPII molecules. However, certain repetitive DNA elements
form additional secondary DNA and RNA structures, and cells
require specialized protein complexes to coordinate transcription
and replication on such more challenging DNA templates.
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Figure 2. Molecular mechanisms of TRC coordination and resolution.
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(A) Representative immunofluorescence image of human pluripotent stem cells labeled for elongating RNAPII (RNAPII-pS2, in green) and nascent DNA synthesis (EdU, in
magenta). The image illustrates the close spatial proximity between active transcription and replication domains during S phase, underscoring regions where transcription
and replication are well coordinated (B) or co-occurring (C, D). (B) Temporal (1) and spatial (2) organization of replication and transcription machineries allow the

avoidance of conflicts, by delaying or restricting transcription to prioritize replication. (C) RNA:DNA helicases such as DDX17 and DDX41 have a central role in R-loop
resolution to resolve TRCs. Working in concert with either SETX or specialized sequence-specific binding proteins (CGGBP1), they unwind the RNA:DNA hybrid. (D) (top)
Homologous recombination (HR) and Fanconi anemia (FA) factors are also recruited at difficult-to-replicate and R-loop-prone regions to protect replication forks from
breakage and to allow fork restart, while direct biochemical resolution of R-loops is needed for the resolution of the collision (bottom). When collisions cannot be avoided
or resolved, proteasome-dependent degradation of RNAPII is used to allow replisome bypass of the barrier. See review text for more information on the roles of the

depicted factors.
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At short CGG repeats, the CGG-binding protein 1 (CGGBP1)
acts as a sequence-specific safeguard by recruiting the RNA:DNA
helicases DDX41 and DHXI5 to unwind R-loops, preventing
RNAPII stalling and TRCs (Fig. 2C) (Ummethum et al, 2025).
Similarly, at CAG repeats, the THO complex (via Thp2) and the
TRAMP complex (via Trf4) work synergistically. THO prevents R-
loop-induced DNA fragility, whereas TRAMP degrades unpro-
cessed RNA to maintain RPA availability, thereby mitigating
replication stress (Brown et al, 2022).

Beyond triplet repeats, ZC3H4, a component of the Restrictor
complex, maintains stability at non-coding RNA (ncRNA) loci by
suppressing hyper-transcription bursts. By restricting ncRNA produc-
tion, ZC3H4 prevents the formation of R-loops and TRCs that can
otherwise drive DNA damage and senescence (Frey et al, 2025).
Collectively, these mechanisms demonstrate that preventing R-loop-
mediated replication blockage requires a combination of sequence-
specific binding, active helicase recruitment and global RNA surveillance.

R-loop helicases Sen1/SETX and other DEAD-
box helicases

One of the key regulators of conflicts in yeast is the conserved
helicase Senl, which removes stalled RNAPII at TRC sites (Aiello
et al, 2022). In this context, Senl and its human homolog Senataxin
(SETX) have dual functions in facilitating transcription termination
(discussed in Section 3.3) and resolving RNA:DNA hybrids during
S-phase to prevent TRCs. For the latter function, Senl/SETX was
shown to directly interact with active replication forks and remove
RNA:DNA hybrids in the path of the replisome to prevent fork
stalling and nascent DNA degradation (Fig. 2C) (Rao et al, 2024).
Other DEAD-box helicases cooperate with SETX and complement
this pathway. DDX17 associates with R-loops and works alongside
SETX within the MUS81-LIG4-ELL cleavage and ligation pathway
(Boleslavska et al, 2022). In this context, DDX17 unwinds the
R-loop to allow MUS81-dependent fork cleavage and subsequent
restart (Fig. 2C) (Rao et al, 2024). Interestingly, while R-loops are
often genotoxic, R-loop formation at stalled forks has been
suggested to contribute to the protection of nascent DNA from
DNA2-mediated degradation (Song et al, 2025). However, in an
alternative model, the R-loops at stalled forks facilitate DNA2-
mediated DNA resection and allow proper fork restart (Xu et al,
2025). In line with this model, post-replicative R-loops have also
been implicated in impairing fork restart in RNase H2-deficient
contexts (Heuze et al, 2023).

The importance of these helicases is also highlighted in
oncogenic contexts. For instance, SETX is essential for managing
replication stress induced by the MYC oncogene. Loss of SETX
upon MYC activation causes selective DNA damage at TRC-prone
regions, creating a genetic vulnerability that may open new
therapeutic options in cancer therapy (Sberna et al, 2025).
Collectively, these helicases ensure that R-loops are either
prevented or resolved to maintain replication fork progression
and promote genome stability.

Recruitment of homologous recombination and Fanconi
anemia factors to TRC sites

Several studies suggest that maintaining genome integrity at TRC
sites requires the coordinated recruitment of homologous

© The Author(s)
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recombination (HR) and Fanconi anemia (FA) pathway factors.
Genomic regions replicated and transcribed in early S phase are
particularly vulnerable to TRCs and rely on the key HR
recombinase RAD51 to suppress replication fork breakage and
protect these high-traffic loci from cancer-associated rearrange-
ments (Bhowmick et al, 2022). Consistently, RAD52, an indis-
pensable partner for RAD51 loading, was recently shown to interact
with the transcription machinery and facilitate R-loop dissolution
at TRC sites (Jalan et al, 2024). Similarly, BRCA2 acts as a critical
suppressor of HO-TRCs by recruiting RNase H2 to resolve toxic
R-loops (Goehring et al, 2024). When BRCA?2 is deficient, under-
replicated DNA persists into mitosis, triggering mitotic DNA
synthesis (MiDAS) at sites that represent hotspots for rearrange-
ments in breast tumors (Groelly et al, 2022).

When primary resolution mechanisms, such as helicase SETX or
HR factors, fail, the FA pathway serves as a vital backup,
particularly in rapidly proliferating cells like primordial germ cells
(PGCs) (Yang et al, 2022). In this context, core FA components
such as FAAP100 and FANCE are required to resolve co-
transcriptional R-loops and protect replication forks. Loss of these
factors leads to FA pathway inactivation, TRC accumulation and
p53-mediated depletion of primordial germ cells (Xu et al, 2023b;
Zhou et al, 2023). Mechanistically, the recruitment of FA factors is
mediated by the E3 ubiquitin ligase RAD18, which facilitates the
localization of FANCD?2 to difficult-to-replicate, R-loop-prone sites
(Fig. 2D) (Wells et al, 2022). In SETX-deficient cells, FANCD2
promotes the resolution of under-replicated DNA in mitosis via
ERCCI-XPF and MUS81 endonucleases, ensuring successful
chromosome segregation (Said et al, 2022). Collectively, these
pathways prevent the conversion of TRCs into double-strand
breaks (DSBs), safeguarding against chromothripsis and the
complex genomic rearrangements characteristic of advanced
cancers (Techer and Pasero, 2025).

Sensing and resolution factors and pathways

Beyond these primary DNA repair pathways, several diverse
sensing and resolution pathways have been discovered that ensure
genome stability during TRCs. The CUL3X™!® E3 ligase complex
acts as a molecular sensor that detects CD-TRCs. By bridging the
replisome and transcription machinery, it recruits CUL3 to
ubiquitylate and remove the TFIIS-like elongation factor TCEA2,
effectively remodeling RNAPII to allow replisome bypass (Fig. 2D)
(Kloeber et al, 2025). Similarly, the TRAIP E3 ubiquitin ligase is
essential during S phase to prevent DNA damage at TSSs, acting as
a safeguard against early S phase collisions (Fig. 2D) (Scaramuzza
et al, 2023).

Ubiquitin-mediated regulation is further supported by factors
such as UBE2T, which ubiquitylates the FANCD2-FANCI com-
plex. This activation is vital for resolving R-loops in large genes and
promoting mitotic DNA synthesis (Yu et al, 2023). Additionally,
WRNIP1 utilizes its ubiquitin-binding zinc finger domain to
localize to R-loops and transcription complexes, facilitating
replication restart after transcription-induced stalling (Fig. 2D)
(Valenzisi et al, 2024). resolution,
EXD2 serves as a specialized R-loop resolvase. Recruited by
PARPI1-synthesized PAR polymers and stabilized by acetylation,
EXD2 preferentially degrades the RNA strand within hybrids (Fig.
2D) (Li et al, 2025). Together, these pathways illustrate a

For direct biochemical
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sophisticated network of ubiquitylation, enzymatic remodeling and
direct RNA degradation that prevents the pathological persistence
of TRC-induced R-loops and associated genomic instability.

The role of RNA polymerase Il dynamics
in mitigating TRCs

Regulating transcription initiation and
proximal-pause sites

Although regulation of replication origins and co-directional
transcription is essential, control of bidirectional transcription at
promoters also has a significant impact on TRCs, as antisense
transcription can encounter the replisome head-on. After two pre-
initiation complexes (PICs) are assembled in opposite orientations
around promoters, the multicomponent Integrator complex has a
critical role in selecting the orientation for transcription through its
INTS11-dependent cleavage function (Eaton et al, 2024; Yang et al,
2024a). This “decision” can be driven by multiple factors. One is
the uneven distribution of Ul snRNA-binding sites, which are
more common in coding regions than in promoter upstream
transcripts (PROMPTSs). The absence of Ul snRNA-binding sites at
PROMPTs drives termination of antisense transcription (Eaton
et al, 2024; Lykke-Andersen et al, 2021; Yang et al, 2024a). In
addition, CDK9 activity, presumably through SPT5 phosphoryla-
tion, leads to INTS11 dissociation, favoring genic transcription in
the sense direction (Cortazar et al, 2019; Eaton et al, 2024; Fianu
et al, 2021). Interestingly, single-cell full-length nascent RNA
sequencing suggests that antisense and genic, sense transcription of
the same gene rarely co-occur in the same cell (Ma et al, 2025).

Following initiation of sense transcription, RNAPII frequently
pauses at promoter-proximal sites as a regulatory checkpoint before
productive elongation (Zhu et al, 2025). Recent studies have
focused on the regulation of these sites, as their dysregulation could
lead to increased TRCs (Fig. 3A). Integrator, and in particular
INTSI1, is recruited globally to paused RNAPII at promoter-
proximal sites as a mechanism to prevent the release of paused
RNAPII into faulty elongation (Lykke-Andersen et al, 2021; Stein
et al, 2022), a mechanism that is antagonized by nascent RNA
methylation (N6-methyladenosine (m6A)) driven by the METTL3/
METTLI14 complex to regulate gene expression (Xu et al, 2022).

A recent study using genome-wide approaches and rapid,
selective inhibition of CDK7 suggests that this kinase is responsible
for establishing pausing at promoter-proximal sites (Fig. 3B)
(Velychko et al, 2024). Upon timely CDK?7 inhibition, initiation
factors and the Mediator co-activator complex remain associated
with RNAPII, skipping the pause at the +1 nucleotide. This still
allows promoter escape of RNAPII with Mediator and initiation
factors attached, which compete with elongation factors and lead to
an initially slow elongation rate. Upon downstream phosphoryla-
tion of RNAPIT’s CTD, cells enter normal elongation, although cell
proliferation is altered (Velychko et al, 2024). These results are in
line with recent structural studies of RNAPII elongation complexes
(Chen et al, 2021; Garg et al, 2023; Vos et al, 2018).

In addition, a novel pathway has been described through the
identification of ARMC5, a CUL3 adapter. The CUL3ARMS
complex, through its interaction with CDK9, mediates a non-
canonical p97/VCP-dependent degradation of promoter-
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proximally paused RNAPII lacking the elongation factor SPTS5,
resulting in early transcription termination (Fig. 3B) (Aoi et al,
2025). This pathway, driven by RPBI1 ubiquitylation of the
phosphorylated CTD-serine 5 to induce degradation, is also
triggered by defects or absence of capping enzymes and Integrator
(Blears et al, 2024). CUL3*"M appears to function in parallel with
Integrator, since loss of CUL3** and of the phosphatase function
of Integrator (INTS6 and INTS8) leads to uncontrolled release of
incompetent RNAPII into elongation, culminating in RNAPII
pausing within gene bodies and generating incomplete, poor-
quality transcripts (Blears et al, 2024; Cacioppo et al, 2024). It is
intriguing to speculate about a possible role of CUL3*R™MS jn
avoiding CD-TRCs, although more studies are required.

The roles of CDK7, CDK9 and CUL3*™¢ have not yet been
directly studied in relation to TRCs. By contrast, Integrator
specifically suppresses CD-TRCs at promoter-proximal sites,
thereby safeguarding genome stability. (Bhowmick et al, 2023).
Proteomics experiments identified Integrator in association with
both replication forks and RNAPII independently, supporting its
role in resolving conflicts, presumably through its INTS11-
dependent endonuclease activity. Integrator thus may prevent
deleterious consequences of CD-TRCs by removing RNAPII from
chromatin and resolving R-loops (Fig. 3B) (Bhowmick et al, 2023).

To further characterize regulation of TRCs at promoter-
proximal sites, a recent study used a combination of CRISPR
screens and genomics approaches, identifying CFAP20 as a novel
factor involved in a protective pathway. CFAP20 salvages arrested
RNAPII engaged with an R-loop at promoter-proximal sites,
thereby avoiding CD-TRCs with incoming replisomes (Uruci et al,
2026). Through a genetic interaction with the Mediator complex,
CFAP20 helps release a high flux of RNAPII that creates
transcriptional stress and induces R-loop accumulation, leading
to replication fork stalling in cis and fork speeding in trans. In
CFAP20-depleted cells, the roadblock for replisomes is not the
stalled RNAPII itself but RNAPII engaged with R-loops (Fig. 3B).
As CFAP20 is a small, non-enzymatic protein, it is unlikely to
directly coordinate CD-TRCs. Further investigation of the CFAP20
interactome is required to dissect other factors potentially involved.
Interestingly, the double loss of CFAP20 and Integrator showed an
additive phenotype, revealing that they represent distinct, parallel
mechanisms for CD-TRC prevention (Uruci et al, 2026).

Another mechanism of TRC and R-loop regulation through
Integrator is driven by the single-stranded DNA exposed during
R-loop formation at promoter-proximal sites, which is recognized
by SOSS, a heterotrimeric DNA damage and repair-sensing
complex that contains INTS3. This leads to recruitment of the
Integrator complex alongside the PP2A enzyme (Fig. 3B) (the
INTAC complex) (Zheng et al, 2020), followed by condensate
formation at promoter-associated R-loops that are processed by
exonucleases to maintain genome stability (Xu et al, 2023a). This
study adds a layer of complexity to promoter-proximal site
regulation, warranting future work on the biophysical properties
of these sites.

Regulating transcription elongation and
RNAPII backtracking

After efficient regulation at promoter-proximal sites, RNAPII
engages in elongation with the help of several elongation factors

© The Author(s)
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Figure 3. RNAPII dynamics in conflict regulation at different stages of transcription.

(A) At promoter-proximal regions, RNAPII initiates transcription at a relatively slow rate, constituting a potential obstacle for incoming replication forks and increasing the
likelihood of TRCs in these regions. (B) After promoter release, RNAPII pauses near promoter-proximal sites and must be processed to allow replisome passage. (1) If
RNAPII cannot be restarted and pushed into productive elongation, CUL3*“™" mediates p97/VCP-dependent degradation of RNAPII. (2) In contrast to the Mediator-
dependent high flux of RNAPII at promoter-proximal sites, CFAP20 rescues arrested RNAPII engaged in R-loops by promoting entry into the elongation phase. (3) If
RNAPII cannot be restarted and transcription is defective, the Integrator complex removes RNAPII together with the nascent transcript to prevent collisions. (C) Once
RNAPII enters the elongation phase, factors such as RECQL5 can act as negative elongation regulators, slowing transcription to reduce replication stress from incoming
forks. Proper regulation of RNAPII backtracking is also essential for restoring productive elongation and minimizing collisions.
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(van der Weegen et al, 2021; Wang et al, 2022; Zhang et al, 2025a;
Zhang et al, 2025b) to counteract obstacles to the elongation
process (Mohamed et al, 2022; Noe Gonzalez et al, 2021). Recent
structural and genetic studies have focused on the role of RECQL5
in regulating transcription elongation. RECQLS5 is a DNA helicase
previously identified as a regulator of transcription elongation and
genome stability (Saponaro et al, 2014; Urban et al, 2016). Recent
structural work highlights how RECQL5, through a direct
interaction with RNAPII via a newly identified a-helix, acts as a
brake on fast-elongating transcription, triggering recruitment of the
transcription-coupled repair (TCR) complex (Fig. 3C) (van den
Heuvel et al, 2021; van der Meer and Luijsterburg, 2025; van Sluis
et al, 2025) to probe for potential DNA damage (Florez Ariza et al,
2025; Zhang et al, 2025b). This is a regulatory mechanism that
restrains uncontrolled RNAPII elongation, which would otherwise
disrupt co-transcriptional processes such as splicing and compro-
mise genome stability. In line with this, RECQL5 has also been
studied in a transcription-independent role in restricting RAD51-
mediated excessive fork reversal at stalled forks to promote DNA
synthesis (Fig. 3C) (Nagraj et al, 2025), placing RECQLS5 as a key
player in TRC regulation (Urban et al, 2016).

Similar to RECQLS5, other factors directly bind elongating
RNAPII to regulate this process. WRNIPI, through HUWEI1-
dependent ubiquitylation, suppresses ATM activation during an
unperturbed cell cycle, thereby avoiding TRCs (Einig et al, 2023).
Additionally, CDK12 is recruited to sites of MYC-induced damaged
DNA via both PARP-dependent DNA damage response signaling
and the SPT5 subunit of elongating RNAPII, where it suppresses
transcription and thus prevents TRCs (Curti et al, 2024).

Another important regulatory event in transcription elongation
is RNAPII backtracking, in which the 3’ end of the nascent RNA
disengages from the active site, resulting in transcriptional pausing
and arrest (Cheung and Cramer, 2011; Nudler, 2012). The anti-
backtracking factor TFIIS cleaves the extruded RNA, resuming
proper elongation, avoiding accumulation of anterior R-loops and
maintaining spliceosome fidelity (Fig. 3C) (Zatreanu et al, 2019). A
recent study using a long-range cleavage sequencing method
(LORAX-seq) showed that RNAPII can backtrack by ~20
nucleotides, leading to persistent backtracking. Importantly, these
events do not occur randomly in the genome but show a clear
preference towards promoter regions and intron-exon junctions,
and are more frequent in genes involved in the cell cycle,
development and nucleosome assembly (Yang et al, 2024b). This
broadens the concept of TRCs, prompting future research to
consider the relationship between TRCs, the RNAPII state, and the
impacts on splicing. Accordingly, a recent study employing next-
generation sequencing showed how, after chromatin replication,
RNAPII can resume transcription on nascent DNA and collide with
the replication fork traveling ahead, impacting alternative splicing
patterns (Bruno et al, 2024).

Regulating transcription termination

Transcription termination is a tightly regulated, R-loop-mediated
process that ensures release of the nascent transcript and
polymerase recycling (Rodriguez-Molina et al, 2023; Xie et al,
2023). Recent studies have identified new factors involved in this
process. The RNA helicase DDX21, together with METTLS3,
promotes m6A deposition on nascent transcripts at R-loop-prone
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regions, particularly at termination sites, thereby facilitating
recruitment of the termination factor XRN2 (Hao et al, 2024).

A novel role in termination has also been uncovered for the
elongation factor and histone chaperone SPT6. Independent of its
canonical partner IWS1, SPT6 promotes transcription termination,
likely by recruiting the polyadenylation factor PCF11 and the
phosphatase PNUTS to RNAPII, as depletion of these factors leads
to transcriptional readthrough (Bejjani et al, 2025).

By contrast, the role of Senataxin (SETX) in transcription
termination has recently been re-evaluated. Acute SETX depletion
revealed no major effects on termination of protein-coding genes,
ncRNAs, PROMPTs or enhancer RNAs, challenging earlier models
in human and yeast systems (Han et al, 2025; Porrua and Libri,
2013; Skourti-Stathaki et al, 2011; Xie et al, 2022). Instead, TT-seq
and PRO-seq analyses suggest that SETX promotes early elongation
by limiting RNAPII pausing and backtracking, with R-loop
accumulation restricted to promoter-proximal regions rather than
occurring globally (Crossley et al, 2023; Hatchi et al, 2015).
Together, these findings highlight the need to reassess transcription
termination mechanisms to fully understand how their regulation
prevents TRCs at this critical step.

TRCs cause local and global
chromatin alterations

Both transcription and replication involve transient perturbation
and restoration of chromatin structure. When replication fork
progression and transcription are simultaneously obstructed by
TRCs, this can induce chromatin alterations at specific genomic
loci and drive epigenomic instability (Fig. 4A).

Recent studies highlight the interplay between chromatin and
TRCs and suggest that local chromatin modifications are critical for
stabilizing stalled replication forks and managing R-loop home-
ostasis, especially at TRC sites. For example, the methyl-CpG-
binding domain protein MBD1 and the chromatin factor PSIP1/
LEDGF recruit PARP1 to conflict sites. Loss of MBDI leads to
global R-loop accumulation, uncontrolled fork acceleration and
DNA2-mediated degradation of nascent DNA (Yu et al, 2024),
whereas PSIP1 depletion induces R-loop accumulation, transcrip-
tional arrest and DNA damage at gene promoters (Jayakumar et al,
2024). Similarly, the SIN3A histone deacetylase complex prevents
genomic instability by maintaining low levels of histone H3
acetylation at stalled forks (Fig. 4B). Without SIN3A, hyperacetyla-
tion leads to fork breakage and MREI11-dependent degradation
(Munoz et al, 2024). Stalling of RNAPII itself can trigger local
chromatin acetylation via p300, which relaxes chromatin and
promotes R-loop formation. This signaling cascade activates ATM,
which then further modulates chromatin by triggering p38MAPK/
MSK1-dependent phosphorylation of H3S10 and H2AX (Salas-
Armenteros et al, 2025).

The chromatin network further adapts through dynamic
switching of modifications. Upon replication stress, decrotonyla-
tion of H2AK119 by SIRT1 is a prerequisite for subsequent
ubiquitylation by BMI1. Accumulation of ubiquitylated H2AK119
at reversed forks triggers transcriptional repression and release of
RNAPII, effectively attenuating TRCs (Fig. 4B) (Hao et al, 2022).
Furthermore, R-loop-prone TRC sites were recently shown to drive
nucleosome eviction and a specific increase in H3K79 methylation
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Figure 4. Chromatin dynamics during TRCs.

(A) Topological stress, histone recycling and de novo histone synthesis are processes that generally slow both replication and transcription, thus they need to be tightly
regulated to avoid collisions. (B) At sites of TRCs, multiple chromatin factors contribute directly or indirectly to conflict resolution by evicting nucleosomes, catalyzing
histone modifications, remodeling surrounding chromatin, or facilitating R-loop/TRC resolution. (C) After TRCs are resolved, transcription recovers through re-

establishment of epigenetic marks deposited by chromatin modifiers such as DOTIL. However, cryptic transcription and the accumulation of post-replicative R-loops may
occur, requiring specialized regulatory pathways to re-establish the chromatin landscape and maintain transcriptional fidelity. See review text for more information on the

roles of the depicted factors.

at R-loop sites. This epigenetic mark, deposited by the methyl-
transferase DOT1L, is essential for resolving conflicts and restoring
transcriptional output to prevent global replication stress and DNA
damage (Fig. 4B) (Werner et al, 2025). Conversely, increased
turnover of the histone variant H2A.Z through upregulation of the
H2A.Z-specific chaperone ANP32E in triple-negative breast
cancers alters RNAPII processivity, leading to enhanced TRC
formation and activation of an ATR-dependent DNA damage
response, exposing a potential therapeutic vulnerability in this
aggressive breast cancer type (Lago et al, 2025).

© The Author(s)

Besides histone modifications and variants, several other
chromatin proteins have been implicated in TRC resolution. A
recent correlative study of genome-wide datasets defined a network
of chromatin factors enriched at potential R-loop-prone TRC sites,
including specialized remodelers such as SWI/SNF, INO80 and
BRG1 that may work independently or in concert to prevent TRCs
from evolving into permanent mutagenic hotspots (Fig. 4B)
(Bayona-Feliu et al, 2023). In addition, the chromatin remodeler
SMARCADI has recently been proposed to have a dual function as
a sensor of TRCs and R-loops, through its replisome-binding N-
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terminal domain, and as a resolver of conflicts via its catalytic
C-terminal domain (Fig. 4B) (Uruci et al, 2024).

Beyond conflict resolution, RNAPII plays a global role in
organizing chromatin post-replication. Although most histone
modifications are uncoupled from transcription, RNAPII is
required for the re-establishment of transcription-associated marks
such as H3K36me2 and H4K16ac on nascent DNA (Fig. 4C). More
importantly, RNAPII stabilizes the association of hundreds of
chromatin remodeling enzymes and DNA repair proteins with
newly replicated chromatin. Without active transcription following
passage of the replication fork, recruitment of these factors is
impaired, leaving nascent DNA vulnerable (Bandau et al, 2024).

Collectively, these findings illustrate that the chromatin land-
scape is both a target and a critical regulator of TRCs, with a
network of histone modifiers, chaperones and remodelers dynami-
cally orchestrating local and global epigenetic states to preserve fork
stability and prevent genomic instability.

Targeting TRCs as a therapeutic
vulnerability in cancers

Recent advances have reframed TRCs from unavoidable by-
products of genome metabolism into actionable therapeutic
vulnerabilities across many cancers. Notably, the synthetic lethality
of PARP inhibitors (PARPi) in HR-deficient tumors has been
linked to defective repair of TRC-induced DNA damage. Contrary
to the classical PARP-trapping model, PARPI, together with
TIMELESS and TIPIN, protects the replisome from TRCs during
early S phase (Petropoulos et al, 2024). Consistently, TRC-driven
R-loop accumulation sensitizes spliceosome-mutant leukemias to
PARP1 inhibition (Liu et al, 2024), and exacerbating these conflicts
may overcome PARPi resistance. For example, combining PARPi
with the HIF-1la inhibitor acriflavine hydrochloride increases R-
loop-mediated collisions and DSBs in ovarian cancer cells (Lin et al,
2025). In line with this, a synthetic lethal siRNA screen in BRCA1-
mutant cells identified transcription regulators, including MEPCE,
LARP7 and the PAF1 complex, as essential for suppressing R-loop
accumulation, TRCs and genome instability (Patel et al, 2023).
Together, these findings establish excessive TRCs as a vulnerability
in BRCA1-deficient cancers and highlight RNAPII elongation and
R-loop homeostasis as therapeutic targets.

Pan-cancer analyses of 6193 whole-genome-sequenced tumors
further implicate TRCs as drivers of distinct structural variation
signatures, particularly large tandem duplications linked to CDK12
loss (Yang et al, 2024c). In metastatic prostate and upper
gastrointestinal cancers, CDKI2 inactivation, frequently co-
occurring with TP53 mutations, promotes R-loop accumulation
and harmful transcription-replication collisions (Tien et al, 2024).

Beyond CDK12, RNAPII regulation by CDK9 is also critical.
The selective CDK9 inhibitor AZD4573 induces S phase TRCs and
catastrophic DNA damage, especially in breast cancer models, with
conflict resolution depending on the DEAD-box helicase DDX25
(Lee et al, 2025). These insights reveal clinically relevant
vulnerabilities, as CDKI12-deficient tumors show sensitivity to
ATR, CHKI1 or WEEI inhibition and exhibit synthetic lethality
with CDK13 loss. Accordingly, TRC-associated signatures may
serve as prognostic biomarkers and guide precision oncology
strategies.
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Several therapeutic approaches now directly target TRCs. The
PCNA inhibitor AOH1996 enhances interaction between PCNA
and the RNAPII subunit RPBI, trapping transcription complexes
on chromatin and inducing transcription-dependent DSBs (Gu
et al, 2023). In multiple myeloma, high immunoglobulin transcrip-
tion creates pronounced transcriptional stress, rendering malignant
plasma cells particularly sensitive to the G-quadruplex stabilizer
pyridostatin (Dutrieux et al, 2025). Similarly, extrachromosomal
DNA drives extreme oncogene transcription, generating wide-
spread TRCs and chronic replication stress that can be selectively
exploited for cancer treatment with the CHKI inhibitor BBI-2779
(Tang et al, 2024). Collectively, these studies position modulation
of TRC formation and resolution - via checkpoint inhibition,
G-quadruplex stabilization or PCNA targeting - as a promising
avenue for cancer-selective therapies.

Current methods and limitations
to detect TRCs

A major limitation in studying TRCs is the lack of specialized tools
to directly and unambiguously observe them (Zhu et al, 2025).
Proximity ligation assays (PLA) using antibodies against elongating
RNAPII-pS2 and PCNA are commonly used to quantify TRCs
(<40 nm proximity) across cell types or conditions (Ke et al, 2025;
Lalonde et al, 2024). However, because PLA relies on molecular
proximity, it cannot assess conflict severity, detect transient
encounters or capture TRCs with greater spatial separation between
the transcription and replication machineries.

R-loop mapping has also been widely used as an indirect proxy
to identify TRC sites, based on the assumption that their
accumulation reflects underlying TRCs. However, this inference is
complicated by the fact that R-loops can arise both as causes and
consequences of replication stress, or in contexts unrelated to
TRCs, and that a subset of detected signals may form ex vivo during
chromatin deproteinization procedures, thereby potentially inflat-
ing R-loop quantification (Belotserkovskii and Hanawalt, 2022),
reviewed in (Chedin et al, 2021; Crossley et al, 2019). In addition,
commonly used tools such as the antibody S9.6, when applied in
imaging-based techniques, require carefully controlled conditions
to avoid confounding cross-reactivity. Newer engineered tools,
including catalytically inactive RNaseH1-based probes and syn-
thetic affinity reagents, offer robust alternatives, as reviewed in
(Chedin et al, 2021; Crossley et al, 2019).

Recent advancements have shifted from indirect readouts
towards real-time visualization and single-molecule analysis. The
development of genetically encoded “mintbodies” allows tracking
of RNAPII-pS2 in living cells, revealing that elongating complexes
maintain spatial mobility distinct from DNA replication domains
(Uchino et al, 2022). Live-cell imaging has further enabled real-
time monitoring of replisome progression, uncovering a wave of
transcriptional repression that precedes the fork to mitigate
collisions (Tsirkas et al, 2022).

Direct visualization, however, remains technically demanding.
Electron microscopy (EM) has successfully identified post-
replicative RNA:DNA hybrids at HO-TRC sites (Fig. 4C) (Stoy
et al, 2023), and atomic force microscopy (AFM) has detected
direct interactions of proteins such as PARP1 and SMARCADI1
with R-loops (Laspata et al, 2023; Uruci et al, 2024). These methods
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are often labor-intensive and low-throughput. Single-molecule
DNA combing assays can enable simultaneous analysis of
replication fork progression and R-loop presence at individual
DNA molecules. However, their spatial resolution does not
distinguish R-loops located ahead of the replication fork from
post-replicative RNA:DNA hybrids behind it, limiting mechanistic
inference on whether these structures directly impede fork
progression (Ivanov et al, 2024). Despite these innovations, a
major limitation remains the difficulty of distinguishing TRC-
associated structures from normal intermediates, such as Okazaki
fragments.

While imaging and single-molecule techniques reveal the
dynamics and frequency of TRCs, they cannot map their precise
locations genome-wide. To address this, high-resolution sequen-
cing approaches have been developed to identify endogenous TRC
sites that remain invisible to imaging. TRIPn-seq identifies TRCs by
sequentially immunoprecipitating RNAPII phosphorylated on Ser5
(pS5) together with nascent DNA, revealing that conflicts are highly
enriched at TSSs and early-replicating regions characterized by
G-quadruplexes and R-loops (St Germain et al, 2022). Notably, the
use of an RNAPII pS5-specific antibody in this approach likely
contributes to the observed enrichment at TSS, where promoter-
proximal pausing and early elongation are predominant. Com-
plementary to this, modified CUT&Tag profiling of topoisomerases
has identified TOP3A as a potential sensor for both HO and CD-
TRCs, particularly within the 5 regions of genes (Zhang et al,
2024). Furthermore, engineering of enDR3 - a tandem fusion
protein based on RNase H3 - offers a high-affinity alternative to the
$9.6 antibody for capturing RNA:DNA hybrids that often form at
TRC sites either as a cause or as a consequence (Jedynak-Slyvka
et al, 2025).

Future single-molecule imaging approaches could further
advance TRC detection. The ChromStretch assay, previously used
to visualize chromatin composition and histone modifications at
individual replication forks (Cherdyntseva et al, 2025; Duzanic
et al, 2025; Gaggioli et al, 2023; Galloy et al, 2025), could be adapted
to co-detect RNAPII at forks alongside histone marks, enabling
analysis of chromatin dynamics during TRCs. Complementary
proteomics strategies could uncover novel pathways and inter-
actors. Proximity biotin-labeling offers a promising strategy to
detect TRCs. For example, the UltraID biotin ligase (Kubitz et al,
2022; van Schie et al, 2026), could be fused to transcription
elongation factors or RNAPII subunits to selectively detect HO or
CD-TRCs. An intriguing alternative is split-TurboID (Cho et al,
2020), which becomes active only when its two fragments
reconstitute upon close proximity. This approach would enable
pairing RNAPII subunits with PCNA or CMG subunits, thereby
labeling proteins involved in conflict resolution specifically when
the transcription and replication machineries approach one
another.

Concluding remarks and future perspectives

TRCs have emerged as central determinants of genome integrity
through their influence on RNAPII and nascent RNA, DNA repair
and chromatin architecture. Despite major advances in recent
years, our understanding of TRC dynamics remains incomplete
(Box 1). A key outstanding question is what precisely constitutes a
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Box 1 In need of answers...

1. What defines a bona fide transcription-replication conflict (TRC)?
Experimental outlook: Development of live-cell, dual-labeling sys-
tems combining replisome components (e.g.,, PCNA or CMG) and
elongating RNAPII (e.g., RNAPII-pS2 mintbodies), coupled with
super-resolution imaging, could establish spatial and temporal
thresholds that define TRCs.

2. How are co-directional (CD) and head-on (HO) TRCs differentially

resolved?
Experimental outlook: Orientation-specific systems, such as engi-
neered reporter loci combined with proximity labeling (e.g., split-
TurbolD between RNAPII and replisome components), could identify
factors selectively recruited to CD- versus HO-TRCs.

3. Are HO and CD-TRCs the only possible collisions?

Experimental outlook: Long-read sequencing approaches (e.g.,
LORAX-seq) to study backtracked RNAPII and the possible
backtracked-dependent TRCs.

4. How does transcriptional state influence TRC formation and

resolution?
Experimental outlook: Integration of nascent transcription profiling
(e.g., TT-seq) with replication dynamics assays under controlled
perturbations of elongation and termination factors could resolve
stage-specific vulnerabilities.

5. What is the role of chromatin architecture in TRCs?

Experimental outlook: Single-molecule-adapted ChromStretch
assays combined with 3D genome mapping (e.g., Hi-C variants)
with TRC detection and chromatin modification profiling could
reveal how higher-order genome organization influences conflict
formation.

TRC. How can we distinguish a true conflict between the replisome
and RNAPII from the physiological proximity of these processes?
Currently, there is no consensus on how close the two machineries
must be to define a TRC event versus non-harmful transcription
and replication occurring in parallel.

Moreover, promoter-proximal sites, RNAPII backtracking and
transcription termination have all been shown to modulate TRCs,
but how the cell prioritizes which polymerase to remove and at
which stage of the transcription cycle remains unclear. This gap is
particularly notable given the replication-centric approaches that
many previous studies have relied upon, leaving the interplay with
replication forks in vivo largely unexplored.

The notion that only HO-TRCs are deleterious has been
challenged by the discovery of CD-specific pathways and the
evidence of evolutionary selection for CD-TRCs. Further studies
are needed to uncover pathways selective for different TRC types
and to explore how HO and CD-TRC resolution pathways interact.
In addition, the strict classification of HO versus CD conflicts based
solely on gene orientation may be oversimplified; HO-like effects
could arise when a backtracked, co-directional RNAPII encounters
an incoming replisome, offering a potential explanation for
contrasting observations regarding CD-TRC severity.

The chromatin environment appears to act both as a target and
a regulator of TRCs. Many questions remain regarding the
dynamics and spatiotemporal coordination among chromatin
remodeling, transcription pausing and elongation, R-loop accumu-
lation and fork progression. Investigating three-dimensional
chromatin reorganization during TRCs and the resulting epigenetic
plasticity could reveal cell-type-specific vulnerabilities to these
conflicts.

Technological limitations remain a significant bottleneck.
Developing methods for genome-wide mapping of TRCs at
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single-molecule resolution, for example, using emerging long-read
sequencing technologies, would greatly enhance our understanding
of TRC occurrence, their mutational consequences and their
contributions to human disease, particularly cancer. As clinical
strategies increasingly aim to target TRCs as a druggable
therapeutic axis, a deeper mechanistic understanding of TRCs,
including the interplay and potential redundancy of various
resolution pathways, will be essential to more accurately predict
which tumors are likely to respond to specific interventions.

Peer review information
A peer review file is available at https://doi.org/10.1038/544319-026-00800-w

References

Aiello U, Challal D, Wentzinger G, Lengronne A, Appanah R, Pasero P, Palancade
B, Libri D (2022) Sen1 is a key regulator of transcription-driven conflicts. Mol
Cell 82:2952-2966.2956

Aoi Y, Iravani L, Mroczek IC, Gold S, Howard BC, Shilatifard A (2025) SPT5
regulates RNA polymerase |l stability via Cullin 3-ARMC5 recognition. Sci Adv
T:eadt5885

Atre M, Joshi B, Babu J, Sawant S, Sharma S, Sankar TS (2024) Origin, evolution,
and maintenance of gene-strand bias in bacteria. Nucleic Acids Res
52:3493-3509

Bandau S, Alvarez V, Jiang H, Graff S, Sundaramoorthy R, Gierlinski M, Toman M,
Owen-Hughes T, Sidoli S, Lamond A et al (2024) RNA polymerase I
promotes the organization of chromatin following DNA replication. EMBO Rep
25:1387-1414

Batra S, Allwein B, Kumar C, Devbhandari S, Bruning JG, Bahng S, Lee CM,
Marians KJ, Hite RK, Remus D (2025) G-quadruplex-stalled eukaryotic
replisome structure reveals helical inchworm DNA translocation. Science
387:eadt1978

Bayona-Feliu A, Herrera-Moyano E, Badra-Fajardo N, Galvan-Femenia |, Soler-
Oliva ME, Aguilera A (2023) The chromatin network helps prevent cancer-
associated mutagenesis at transcription-replication conflicts. Nat Commun
14:6890

Bejjani F, Segeral E, Mosca K, Lecourieux A, Bakail M, Hamoudi M, Emiliani S
(2025) Overlapping and distinct functions of SPT6, PNUTS, and
PCF11 in regulating transcription termination. Nucleic Acids Res
53:gkaf179

Belotserkovskii BP, Hanawalt PC (2022) Mechanism for R-loop formation remote
from the transcription start site: topological issues and possible facilitation by
dissociation of RNA polymerase. DNA Repair 110:103275

Bhowmick R, Lerdrup M, Gadi SA, Rossetti GG, Singh M|, Liu Y, Halazonetis TD,
Hickson ID (2022) RAD51 protects human cells from transcription-replication
conflicts. Mol Cell 82:3366-3381.e3369

Bhowmick R, Mehta KPM, Lerdrup M, Cortez D (2023) Integrator facilitates
RNAPII removal to prevent transcription-replication collisions and genome
instability. Mol Cell 83:2357-2366.2358

Blears D, Lou J, Fong N, Mitter R, Sheridan RM, He D, Dirac-Svejstrup AB, Bentley
D, Svejstrup JQ (2024) Redundant pathways for removal of defective RNA
polymerase Il complexes at a promoter-proximal pause checkpoint. Mol Cell
84:4790-4807.e471

Boleslavska B, Oravetzova A, Shukla K, Nascakova Z, Ibini ON, Hasanova Z,
Andrs M, Kanagaraj R, Dobrovolna J, Janscak P (2022) DDX17 helicase
promotes resolution of R-loop-mediated transcription-replication conflicts in
human cells. Nucleic Acids Res 50:12274-12290

12 EMBO reports

Sidrit Uruci et al

Brambati A, Zardoni L, Achar YJ, Piccini D, Galanti L, Colosio A, Foiani M, Liberi G
(2018) Dormant origins and fork protection mechanisms rescue sister forks
arrested by transcription. Nucleic Acids Res 46:1227-1239

Brown RE, Su XA, Fair S, Wu K, Verra L, Jong R, Andrykovich K, Freudenreich CH
(2022) The RNA export and RNA decay complexes THO and TRAMP prevent
transcription-replication conflicts, DNA breaks, and CAG repeat contractions.
PLoS Biol 20:e3001940

Bruno F, Coronel-Guisado C, Gonzalez-Aguilera C (2024) Collisions of RNA
polymerases behind the replication fork promote alternative RNA splicing in
newly replicated chromatin. Mol Cell 84:221-233.e226

Cacioppo R, Gillis A, Shlamovitz I, Zeller A, Castiblanco D, Crisp A, Haworth B,
Arabiotorre A, Abyaneh P, Bao Y et al (2024) CRL3(ARMCS5) ubiquitin ligase
and Integrator phosphatase form parallel mechanisms to control early stages
of RNA Pol Il transcription. Mol Cell 84:4808-4823.e4813

Chedin F, Benham CJ (2020) Emerging roles for R-loop structures in the
management of topological stress. J Biol Chem 295:4684-4695

Chedin F, Hartono SR, Sanz LA, Vanoosthuyse V (2021) Best practices for the
visualization, mapping, and manipulation of R-loops. EMBO J 40:e106394

Chen X, Yin X, Li J, Wu Z, Qi Y, Wang X, Liu W, Xu Y (2021) Structures of the
human mediator and mediator-bound preinitiation complex. Science
372:eabg0635

Chen YH, Keegan S, Kahli M, Tonzi P, Fenyo D, Huang TT, Smith DJ (2019)
Transcription shapes DNA replication initiation and termination in human
cells. Nat Struct Mol Biol 26:67-77

Cherdyntseva V, Paulson J, Gonzalez-Acosta D, Ubieto-Capella P, Rodrigues M,
Aouami M, Adakli S, Gagne JP, Bakker C, Poirier GG et al (2025)
Nucleoplasmic Lamin A/C controls replication fork restart upon stress by
modulating local H3K9me3 and ADP-ribosylation levels. Nat Commun
16:11239

Cheung AC, Cramer P (2011) Structural basis of RNA polymerase Il backtracking,
arrest and reactivation. Nature 471:249-253

Cho CY, Kemp JP Jr, Duronio RJ, O'Farrell PH (2022) Coordinating transcription
and replication to mitigate their conflicts in early Drosophila embryos. Cell Rep
4111507

Cho CY, O'Farrell PH (2025) A mitotic bookmark coordinates transcription and
replication. Nucleic Acids Res 53:gkaf1429

Cho KF, Branon TC, Rajeev S, Svinkina T, Udeshi ND, Thoudam T, Kwak C, Rhee
HW, Lee IK, Carr SA et al (2020) Split-TurbolD enables contact-dependent
proximity labeling in cells. Proc Natl Acad Sci USA 117:12143-12154

Corazzi L, lonasz VS, Andrejev S, Wang LC, Vouzas A, Giaisi M, Di Muzio G, Ding
B, Marx AJM, Henkenjohann J et al (2024) Linear interaction between
replication and transcription shapes DNA break dynamics at recurrent DNA
break clusters. Nat Commun 15:3594

Cortazar MA, Sheridan RM, Erickson B, Fong N, Glover-Cutter K, Brannan K,
Bentley DL (2019) Control of RNA Pol Il speed by PNUTS-PP1 and Spt5
dephosphorylation facilitates termination by a “sitting duck torpedo”
mechanism. Mol Cell 76:896-908.e894

Crossley MP, Bocek M, Cimprich KA (2019) R-loops as cellular regulators and
genomic threats. Mol Cell 73:398-411

Crossley MP, Song C, Bocek MJ, Choi JH, Kousouros JN, Sathirachinda A, Lin C,
Brickner JR, Bai G, Lans H et al (2023) R-loop-derived cytoplasmic RNA-DNA
hybrids activate an immune response. Nature 613:187-194

Curti L, Rohban S, Bianchi N, Croci O, Andronache A, Barozzi S, Mattioli M, Ricci
F, Pastori E, Sberna S et al (2024) CDK12 controls transcription at damaged
genes and prevents MY C-induced transcription-replication conflicts. Nat
Commun 15:7100

Dutrieux L, Ovejero S, Guillemin A, Zellagui ML, De Bruyne E, Muylaert C, Van
Hemelrijck L, Lin YL, Loughran E, Choquet A et al (2025) Targeting

© The Author(s)


https://doi.org/10.1038/s44319-026-00800-w

Sidrit Uruci et al

transcription-replication conflicts using G-quadruplexes stabilizers in multiple
myeloma. Blood Neoplasia 2:100072

Duzanic FD, Mohana-Natarajan V, Fisicaro S, Bakker C, Aouami M, Amaral G,
Lopes M, Taneja N, Penengo L (2025) H2BK120ub and its reader
RNF169 sequentially regulate replication fork remodeling and stability. EMBO J
44:6598-6625

Eaton JD, Board J, Davidson L, Estell C, West S (2024) Human promoter
directionality is determined by transcriptional initiation and the opposing
activities of INTST1 and CDK9. Elife 13:RP92764

Einig E, Jin C, Andrioletti V, Macek B, Popov N (2023) RNAPII-dependent ATM
signaling at collisions with replication forks. Nat Commun 14:5147

Fianu I, Chen Y, Dienemann C, Dybkov O, Linden A, Urlaub H, Cramer P (2021)
Structural basis of Integrator-mediated transcription regulation. Science
374:883-887

Florez Ariza AJ, Lue NZ, Grob P, Kaeser B, Fang J, Kassube SA, Nogales E (2025)
Structural insights into transcriptional regulation by the helicase RECQL5. Nat
Struct Mol Biol 32:1721-1730

Frey Y, Goehring L, Haj M, Rona G, Fijen C, Pagano M, Huang TT, Rothenberg E,
Ziv Y, Shiloh Y (2025) ZC3H4 safeguards genome integrity by preventing
transcription-replication conflicts at noncoding RNA loci. Sci Adv 11:eadt8346

Gaggioli V, Lo CSY, Reveron-Gomez N, Jasencakova Z, Domenech H, Nguyen H,
Sidoli S, Tvardovskiy A, Uruci S, Slotman JA et al (2023) Dynamic de novo
heterochromatin assembly and disassembly at replication forks ensures fork
stability. Nat Cell Biol 25:1017-1032

Galloy M, Blondeau A, Vion E, Kim D, Bakker CA, Gaggioli V, Thomas M, Lavoie
EG, Marois |, Delgado Monterroso AD et al (2025) Ubiquitination of the
histone variant mH2A1.2 prevents toxic RAD18 accumulation at a subset of
genomic loci upon replication stress. Mol Cell 85:3023-3040.e3010

Garcia-Muse T, Aguilera A (2019) R loops: from physiological to pathological
roles. Cell 179:604-618

Garg G, Dienemann C, Farnung L, Schwarz J, Linden A, Urlaub H, Cramer P
(2023) Structural insights into human co-transcriptional capping. Mol Cell
83:2464-2477.2465

Goehring L, Keegan S, Lahiri S, Xia W, Kong M, Jimenez-Sainz J, Gupta D, Drapkin
R, Jensen RB, Smith DJ et al (2024) Dormant origin firing promotes head-on
transcription-replication conflicts at transcription termination sites in
response to BRCA2 deficiency. Nat Commun 15:4716

Groelly FJ, Dagg RA, Petropoulos M, Rossetti GG, Prasad B, Panagopoulos A,
Paulsen T, Karamichali A, Jones SE, Ochs F et al (2022) Mitotic DNA
synthesis is caused by transcription-replication conflicts in BRCA2-deficient
cells. Mol Cell 82:3382-3397.e3387

Gros J, Kumar C, Lynch G, Yadav T, Whitehouse |, Remus D (2015) Post-licensing
specification of eukaryotic replication origins by facilitated Mcm2-7 sliding
along DNA. Mol Cell 60:797-807

Gu L, Li M, Li CM, Haratipour P, Lingeman R, Jossart J, Gutova M, Flores L, Hyde
C, Kenjic N et al (2023) Small molecule targeting of transcription-replication
conflict for selective chemotherapy. Cell Chem Biol 30:1235-1247.e1236

Hamperl S, Bocek MJ, Saldivar JC, Swigut T, Cimprich KA (2017) Transcription-
replication conflict orientation modulates R-loop levels and activates distinct
DNA damage responses. Cell 170:774-786.719

Hamperl S, Cimprich KA (2016) Conflict resolution in the genome: how
transcription and replication make it work. Cell 167:1455-1467

Han Z, Fu S, Johansen JV, Lopez Martinez D, Lou J, Boissiere T, He D, Blears D,
Olthof AM, Dirac-Svejstrup AB et al (2025) A role for human senataxin in
contending with pausing and backtracking during transcript elongation. Mol
Cell 85:4166-4182.e4110

Hangauer MJ, Vaughn IW, McManus MT (2013) Pervasive transcription of the
human genome produces thousands of previously unidentified long intergenic
noncoding RNAs. PLoS Genet 9:1003569

© The Author(s)

EMBO reports

Hao JD, Liu QL, Liu MX, Yang X, Wang LM, Su SY, Xiao W, Zhang MQ, Zhang YC,
Zhang L et al (2024) DDX21 mediates co-transcriptional RNA m(6)A
modification to promote transcription termination and genome stability. Mol
Cell 84:1711-1726.€1711

Hao S, Wang Y, Zhao Y, Gao W, Cui W, Li Y, Cui J, Liu Y, Lin L, Xu X et al (2022)
Dynamic switching of crotonylation to ubiquitination of H2A at lysine 119
attenuates transcription-replication conflicts caused by replication stress.
Nucleic Acids Res 50:9873-9892

Hatchi E, Skourti-Stathaki K, Ventz S, Pinello L, Yen A, Kamieniarz-Gdula K,
Dimitrov S, Pathania S, McKinney KM, Eaton ML et al (2015) BRCA1
recruitment to transcriptional pause sites is required for R-loop-driven DNA
damage repair. Mol Cell 57:636-647

Heuze J, Kemiha S, Barthe A, Vilarrubias AT, Aouadi E, Aiello U, Libri D, Lin YL,
Lengronne A, Poli J et al (2023) RNase H2 degrades toxic RNA:DNA hybrids
behind stalled forks to promote replication restart. EMBO J 42:e113104

Hwang J, Lee CY, Brahmachari S, Tripathi S, Paul T, Lee H, Craig A, Ha T, Myong
S (2025) DNA supercoiling-mediated G4/R-loop formation tunes
transcription by controlling the access of RNA polymerase. Nat Commun
16:3363

Ivanov MP, Zecchini H, Hamerlik P (2024) Simultaneous visualization of R-
Loops/RNA:DNA hybrids and replication forks in a dna combing assay. Genes
15:1161

Jalan M, Sharma A, Pei X, Weinhold N, Buechelmaier ES, Zhu Y, Ahmed-Seghir S,
Ratnakumar A, Di Bona M, McDermott N et al (2024) RAD52 resolves
transcription-replication conflicts to mitigate R-loop induced genome
instability. Nat Commun 15:7776

Jayakumar S, Patel M, Boulet F, Aziz H, Brooke GN, Tummala H, Pradeepa MM
(2024) PSIP1/LEDGF reduces R-loops at transcription sites to maintain
genome integrity. Nat Commun 15:361

Jedynak-Slyvka M, Kaczmarska Z, Graczyk D, Jurkiewicz A, Figiel M, Borowski LS,
Szczesny RJ, Nowotny M (2025) Genome-wide in vivo and ex vivo mapping of
R-loops using engineered N-terminal hybrid-binding domain of RNase H3
(enDR3). Nucleic Acids Res 53:gkaf792

Kay TM, Inman JT, Lubkowska L, Le TT, Qian J, Hall PM, Batra S, Remus D, Wang
D, Kashlev M et al (2025) RNA polymerase Il is a polar roadblock to a
progressing DNA fork. Nat Commun 16:8631

Kloeber JA, Chen B, Sun G, King CS, Wang Z, Wang L, Wu Z, Zhu S, Zhao F, Qin
H et al (2025) KCTD10 is a sensor for co-directional transcription-replication
conflicts. Nature 648:210-219

Ke L, Xie Q, Wang X, Gong Y, Li M (2025) Proximity ligation assay to study
oncogene-derived transcription-replication conflicts. J Vis Exp 215:e67537

Kubitz L, Bitsch S, Zhao X, Schmitt K, Deweid L, Roehrig A, Barazzone EC, Valerius
O, Kolmar H, Bethune J (2022) Engineering of ultralD, a compact and
hyperactive enzyme for proximity-dependent biotinylation in living cells.
Commun Biol 5:657-657

Lago S, Poli V, Fol L, Botteon M, Busi F, Turdo A, Gaggianesi M, Ciani Y, D'’Amato
G, Fagnocchi L et al (2025) ANP32E drives vulnerability to ATR inhibitors by
inducing R-loops-dependent transcription replication conflicts in triple
negative breast cancer. Nat Commun 16:4602

Lalonde M, Trauner M, Werner M, Hamperl S (2021) Consequences and
resolution of transcription-replication conflicts. Life 11:637

Lalonde M, Ummethum H, Trauner M, Ettinger A, Hamperl S (2024) An
automated image analysis pipeline to quantify the coordination and overlap of
transcription and replication activity in mammalian genomes. Methods Cell
Biol 182:199-219

Lang KS, Hall AN, Merrikh CN, Ragheb M, Tabakh H, Pollock AJ, Woodward JJ,
Dreifus JE, Merrikh H (2017) Replication-transcription conflicts generate
R-loops that orchestrate bacterial stress survival and pathogenesis. Cell
170:787-799.e718

EMBO reports 13



EMBO reports

Laspata N, Kaur P, Mersaoui SY, Muoio D, Liu ZS, Bannister MH, Nguyen HD,
Curry C, Pascal JM, Poirier GG et al (2023) PARP1 associates with R-loops to
promote their resolution and genome stability. Nucleic Acids Res
51:2215-2237

Lee M, Lee KH, Min A, Kim SH, Ham S, Hwang HM, Noh Y, Kim YJ, Lee DW, Koh
J et al (2025) Cyclin dependent kinase 9 inhibitor induces transcription-
replication conflicts and DNA damage accumulation in breast cancer. Cancer
Cell Int 25:282

Li Z, Liu Y, Liu Y, Zhang Y, Huen MSY, Lu H, Zhang Z, Zhou J, Fang D, Liu T et al
(2025) The PARP1-EXD2 axis orchestrates R-loop resolution to safeguard
genome stability. Nat Chem Biol 22:205-216

Lin YL, Pasero P (2017) Transcription-replication conflicts: orientation matters.
Cell 170:603-604

Lin Z, Gu J, Hu D, Zhang T, Xing Z, Wang L, Cheng X (2025) PCO25-211: HIF-
Talpha inhibitor ACF synergizes with PARP inhibitors through the exacerbation
of transcription-replication conflicts in ovarian cancer. J Natl Compr Canc
Netw 23

Liu ZS, Sinha S, Bannister M, Song A, Arriaga-Gomez E, McKeeken AJ, Bonner EA,
Hanson BK, Sarchi M, Takashima K et al (2024) R-loop accumulation in
spliceosome mutant leukemias confers sensitivity to PARP1 inhibition by
triggering transcription-replication conflicts. Cancer Res 84:577-597

Lykke-Andersen S, Zumer K, Molska ES, Rouviere JO, Wu G, Demel C, Schwalb B,
Schmid M, Cramer P, Jensen TH (2021) Integrator is a genome-wide
attenuator of non-productive transcription. Mol Cell 81:514-529.e516

Ma S, Hong Y, Chen J, Xu J, Shen X (2025) Single-cell nascent transcription
reveals sparse genome usage and plasticity. Cell 188:6873-6891.e6823

Macheret M, Halazonetis TD (2018) Intragenic origins due to short G1 phases
underlie oncogene-induced DNA replication stress. Nature 555:112-116

Mohamed AA, Vazquez Nunez R, Vos SM (2022) Structural advances in
transcription elongation. Curr Opin Struct Biol 75:102422

Munoz S, Barroso S, Badra-Fajardo N, Marqueta-Gracia JJ, Garcia-Rubio ML,
Ubieto-Capella P, Mendez J, Aguilera A (2024) SIN3A histone deacetylase
action counteracts MUS81 to promote stalled fork stability. Cell Rep 43:113778

Nagraj T, Sahoo S, Kadupatil S, Nagaraju G (2025) Distinct roles of RECQLS5 in
RAD51-mediated fork reversal and transcription elongation. Nucleic Acids Res
53:gkaf1019

Nakayama C, Fang Q, Daigaku Y, Aoi Y, Ito S, Takahashi M, Shimatani R,
Minamisawa T, Ozturk Y, Kimura H et al (2026) NELF prevents transcriptional
readthrough into DNA replication zones in cancer cells. EMBO Rep
27:1720-1758

Noe Gonzalez M, Blears D, Svejstrup JQ (2021) Causes and consequences of
RNA polymerase Il stalling during transcript elongation. Nat Rev Mol Cell Biol
22:3-21

Nudler E (2012) RNA polymerase backtracking in gene regulation and genome
instability. Cell 149:1438-1445

Patel PS, Algouneh A, Krishnan R, Reynolds JJ, Nixon KCJ, Hao J, Lee J, Feng Y,
Fozil C, Stanic M et al (2023) Excessive transcription-replication conflicts are
a vulnerability of BRCAT-mutant cancers. Nucleic Acids Res 51:4341-4362

Paul S, Million-Weaver S, Chattopadhyay S, Sokurenko E, Merrikh H (2013)
Accelerated gene evolution through replication-transcription conflicts. Nature
495:512-515

Petropoulos M, Karamichali A, Rossetti GG, Freudenmann A, lacovino LG,
Dionellis VS, Sotiriou SK, Halazonetis TD (2024) Transcription-replication
conflicts underlie sensitivity to PARP inhibitors. Nature 628:433-441

Petryk N, Kahli M, d'Aubenton-Carafa Y, Jaszczyszyn Y, Shen Y, Silvain M,
Thermes C, Chen CL, Hyrien O (2016) Replication landscape of the human
genome. Nat Commun 7:10208

Poli J, Gerhold CB, Tosi A, Hustedt N, Seeber A, Sack R, Herzog F, Pasero P,
Shimada K, Hopfner KP et al (2016) Mec1, INO8O0, and the PAF1 complex

14 EMBO reports

Sidrit Uruci et al

cooperate to limit transcription replication conflicts through RNAPII removal
during replication stress. Genes Dev 30:337-354

Porrua O, Libri D (2013) A bacterial-like mechanism for transcription termination
by the Senlp helicase in budding yeast. Nat Struct Mol Biol 20:884-891

Promonet A, Padioleau |, Liu Y, Sanz L, Biernacka A, Schmitz AL, Skrzypczak M,
Sarrazin A, Mettling C, Rowicka M et al (2020) Topoisomerase 1 prevents
replication stress at R-loop-enriched transcription termination sites. Nat
Commun 11:3940

Rao S, Andrs M, Shukla K, Isik E, Konig C, Schneider S, Bauer M, Rosano V, Prokes
J, Muller A et al (2024) Senataxin RNA/DNA helicase promotes replication
restart at co-transcriptional R-loops to prevent MUS81-dependent fork
degradation. Nucleic Acids Res 52:10355-10369

Rodriguez J, Ren G, Day CR, Zhao K, Chow CC, Larson DR (2019) Intrinsic
dynamics of a human gene reveal the basis of expression heterogeneity. Cell
176:213-226.€218

Rodriguez-Molina JB, West S, Passmore LA (2023) Knowing when to stop:
Transcription termination on protein-coding genes by eukaryotic RNAPII. Mol
Cell 83:404-415

Rojas P, Wang J, Guglielmi G, Sadurni MM, Pavlou L, Leung GHD, Rajagopal V,
Spill F, Saponaro M (2024) Genome-wide identification of replication fork
stalling/pausing sites and the interplay between RNA Pol Il transcription and
DNA replication progression. Genome Biol 25:126

Said M, Barra V, Balzano E, Talhaoui I, Pelliccia F, Giunta S, Naim V (2022)
FANCD2 promotes mitotic rescue from transcription-mediated replication
stress in SETX-deficient cancer cells. Commun Biol 5:1395

Salas-Armenteros |, Klunder M, Vermeulen W, Tresini M (2025) Crosstalk
between chromatin state and ATM signalling in DNA damage-induced
transcription stress. EMBO J 44:5564-5594

Saponaro M, Kantidakis T, Mitter R, Kelly GP, Heron M, Williams H, Soding J,
Stewart A, Svejstrup JQ (2014) RECQLS5 controls transcript elongation and
suppresses genome instability associated with transcription stress. Cell
157:1037-1049

Sato K, Lyu J, van den Berg J, Braat D, Cruz VM, Navarro Luzon C, Schimmel J,
Esteban-Jurado C, Alemany M, Dreyer J et al (2025) RNA transcripts regulate
G-quadruplex landscapes through G-loop formation. Science 388:1225-1231

Sberna S, Filipuzzi M, Bianchi N, Croci O, Fardella F, Soriani C, Rohban S,
Carnevali S, Albertini AA, Crosetto N et al (2025) Senataxin prevents
replicative stress induced by the Myc oncogene. Cell Death Dis 16:187

Scaramuzza S, Jones RM, Sadurni MM, Reynolds-Winczura A, Poovathumkadavil
D, Farrell A, Natsume T, Rojas P, Cuesta CF, Kanemaki MT et al (2023) TRAIP
resolves DNA replication-transcription conflicts during the S-phase of
unperturbed cells. Nat Commun 14:5071

Scherr MJ, Wahab SA, Remus D, Duderstadt KE (2022) Mobile origin-licensing
factors confer resistance to conflicts with RNA polymerase. Cell Rep 38:110531

Skourti-Stathaki K, Proudfoot NJ, Gromak N (2011) Human senataxin resolves
RNA/DNA hybrids formed at transcriptional pause sites to promote Xrn2-
dependent termination. Mol Cell 42:794-805

Song L, Xie H, Fan H, Zhang Y, Cheng Z, Chen J, Guo Y, Zhang S, Zhou X, Li Z
et al (2025) Dynamic control of RNA-DNA hybrid formation orchestrates
DNA2 activation at stalled forks by RNAPII and DDX39A. Mol Cell
85:506-522.e507

St Germain CP, Zhao H, Sinha V, Sanz LA, Chedin F, Barlow JH (2022) Genomic
patterns of transcription-replication interactions in mouse primary B cells.
Nucleic Acids Res 50:2051-2073

Stein CB, Field AR, Mimoso CA, Zhao C, Huang KL, Wagner EJ, Adelman K
(2022) Integrator endonuclease drives promoter-proximal termination at all
RNA polymerase lI-transcribed loci. Mol Cell 82:4232-4245.e4211

Stoy H, Zwicky K, Kuster D, Lang KS, Krietsch J, Crossley MP, Schmid JA,
Cimprich KA, Merrikh H, Lopes M (2023) Direct visualization of transcription-

© The Author(s)



Sidrit Uruci et al

replication conflicts reveals post-replicative DNA:RNA hybrids. Nat Struct Mol
Biol 30:348-359

Tang J, Weiser NE, Wang G, Chowdhry S, Curtis EJ, Zhao Y, Wong IT, Marinov
GK, Li R, Hanoian P et al (2024) Enhancing transcription-replication conflict
targets ecDNA-positive cancers. Nature 635:210-218

Techer H, Pasero P (2025) Transcription-replication conflicts and incomplete
replication as a cause of micronuclei-driven chromoanagenesis. Methods Mol
Biol 2968:415-440

Tien JC, Luo J, Chang Y, Zhang Y, Cheng Y, Wang X, Yang J, Mannan R,
Mahapatra S, Shah P et al (2024) CDK12 loss drives prostate cancer
progression, transcription-replication conflicts, and synthetic lethality with
paralog CDK13. Cell Rep Med 5:101758

Tsirkas |, Dovrat D, Thangaraj M, Brouwer |, Cohen A, Paleiov Z, Meijler MM,
Lenstra T, Aharoni A (2022) Transcription-replication coordination revealed
in single live cells. Nucleic Acids Res 50:2143-2156

Uchino S, Ito Y, Sato Y, Handa T, Ohkawa Y, Tokunaga M, Kimura H (2022) Live
imaging of transcription sites using an elongating RNA polymerase ll-specific
probe. J Cell Biol 221:¢202104134

Ummethum H, Murriello AC, Werner M, Marquez-Gomez E, Konig AC, Kruse E,
Lalonde M, Trauner M, Chanou A, Weibeta M et al (2025) The CGG triplet
repeat binding protein 1 counteracts R-loop induced transcription-replication
stress. EMBO Rep 26:4691-4722

Urban V, Dobrovolna J, Huhn D, Fryzelkova J, Bartek J, Janscak P (2016) RECQ5
helicase promotes resolution of conflicts between replication and transcription
in human cells. J Cell Biol 214:401-415

Uruci S, Boer DEC, Chrystal PW, Lalonde M, Panagopoulos A, Yakoub G, Kirdok I,
de Lint K, van der Woude M, Wendel TJ et al (2026) CFAP20 salvages
arrested RNAPII from the path of co-directional replisomes. Nature
650:1025-1034

Uruci S, Hoitsma NM, Solér-Oliva ME, Bayona-Feliu A, Gaggioli V, Garcia-Rubio
ML, Lo CSY, Bakker C, Marinello J, Manolika EM et al (2024) SMARCAD1
regulates R-loops at active replication forks linked to cancer mutation
hotspots. Preprint at bioRxiv https://doi.org/10.1101/2024.09.13.612941

Uruci S, Lo CSY, Wheeler D, Taneja N (2021) R-Loops and Its Chro-Mates: The
strange case of Dr. Jekyll and Mr. Hyde. Int J Mol Sci 22:8850

Valenzisi P, Marabitti V, Pichierri P, Franchitto A (2024) WRNIP1 prevents
transcription-associated genomic instability. Elife 12:RP89981

van den Heuvel D, van der Weegen Y, Boer DEC, Ogi T, Luijsterburg MS (2021)
Transcription-coupled DNA repair: from mechanism to human disorder.
Trends Cell Biol 31:359-371

van der Meer PJ, Luijsterburg MS (2025) The molecular basis of human
transcription-coupled DNA repair. Nat Cell Biol 27:1230-1239

van der Weegen Y, de Lint K, van den Heuvel D, Nakazawa Y, Mevissen TET, van
Schie JJM, San Martin Alonso M, Boer DEC, Gonzalez-Prieto R, Narayanan IV
et al (2021) ELOF1 is a transcription-coupled DNA repair factor that directs
RNA polymerase Il ubiquitylation. Nat Cell Biol 23:595-607

van Schie JJM, de Groot BAFJ, van den Heuvel D, Luijsterburg MS (2026) PAFI1C
restores transcription after DNA damage independently of promoting histone
mark deposition. EMBO Rep 27:234-251

van Sluis M, Gonzalo-Hansen C, Li Q, Lans H, Wang D, Marteijn JA (2025)
Mechanisms of transcription-coupled repair and DNA damage surveillance in
health and disease. Nat Rev Mol Cell Biol 27:234-251

Velychko T, Mohammad E, Ferrer-Vicens |, Parfentev |, Werner M, Studniarek C,
Schwalb B, Urlaub H, Murphy S, Cramer P et al (2024) CDK?7 kinase activity
promotes RNA polymerase Il promoter escape by facilitating initiation factor
release. Mol Cell 84:2287-2303.2210

Venter JC, Adams MD, Myers EW, Li PW, Mural RJ, Sutton GG, Smith HO,
Yandell M, Evans CA, Holt RA et al (2001) The sequence of the human
genome. Science 291:1304-1351

© The Author(s)

EMBO reports

Vos SM, Farnung L, Urlaub H, Cramer P (2018) Structure of paused transcription
complex Pol 1I-DSIF-NELF. Nature 560:601-606

Wang Z, Song A, Xu H, Hu S, Tao B, Peng L, Wang J, Li J, Yu J, Wang L et al
(2022) Coordinated regulation of RNA polymerase |l pausing and elongation
progression by PAF1. Sci Adv 8:eabm5504

Wells JP, Chang EY, Dinatto L, White J, Ryall S, Stirling PC (2022) RAD18
opposes transcription-associated genome instability through FANCD2
recruitment. PLoS Genet 18:¢1010309

Werner M, Trauner M, Schauer T, Ummethum H, Marquez-Gomez E, Lalonde M,
Lee CSK, Tsirkas |, Sajid A, Murriello AC et al (2025) Transcription-replication
conflicts drive R-loop-dependent nucleosome eviction and require DOTIL
activity for transcription recovery. Nucleic Acids Res 53:gkaf109

Xie J, Aiello U, Clement Y, Haidara N, Girbig M, Schmitzova J, Pena V, Muller
CW, Libri D, Porrua O (2022) An integrated model for termination of RNA
polymerase lll transcription. Sci Adv 8:eabm9875

Xie J, Libri D, Porrua O (2023) Mechanisms of eukaryotic transcription
termination at a glance. J Cell Sci 136:jcs259873

Xu C, Li C, Chen J, Xiong Y, Qiao Z, Fan P, Li C, Ma S, Liu J, Song A et al (2023a)
R-loop-dependent promoter-proximal termination ensures genome stability.
Nature 621:610-619

Xu W, He C, Kaye EG, Li J, Mu M, Nelson GM, Dong L, Wang J, Wu F, Shi YG et al
(2022) Dynamic control of chromatin-associated m(6)A methylation
regulates nascent RNA synthesis. Mol Cell 82:1156-1168.e1157

Xu W, Yang Y, Yu Y, Wen C, Zhao S, Cao L, Zhao S, Qin Y, Chen ZJ (2023b)
FAAP100 is required for the resolution of transcription-replication conflicts in
primordial germ cells. BMC Biol 21:174

Xu Z, Nie C, Liao J, Ma Y, Zhou XA, Li X, Li S, Lin H, Luo Y, Cheng K et al (2025)
DDX39A resolves replication fork-associated RNA-DNA hybrids to balance
fork protection and cleavage for genomic stability maintenance. Mol Cell
85:490-505e411

Yakoub G, Luijsterburg MS (2023) Transcription and replication: walking a
genomic tightrope hand-in-hand. Trends Biochem Sci 48:1012-1013

Yang J, Li J, Miao L, Gao X, Sun W, Linghu S, Ren G, Peng B, Chen S, Liu Z et al
(2024a) Transcription directionality is licensed by Integrator at active human
promoters. Nat Struct Mol Biol 31:1208-1221

Yang KB, Rasouly A, Epshtein V, Martinez C, Nguyen T, Shamovsky |, Nudler E
(2024b) Persistence of backtracking by human RNA polymerase Il. Mol Cell
84:897-909.e894

Yang Y, Badura ML, O'Leary PC, Delavan HM, Robinson TM, Egusa EA, Zhong X,
Swinderman JT, Li H, Zhang M et al (2024c) Transcription and DNA
replication collisions lead to large tandem duplications and expose targetable
therapeutic vulnerabilities in cancer. Nat Cancer 5:1885-1901

Yang Y, Xu W, Gao F, Wen C, Zhao S, Yu Y, Jiao W, Mi X, Qin Y, Chen ZJ et al
(2022) Transcription-replication conflicts in primordial germ cells necessitate
the Fanconi anemia pathway to safeguard genome stability. Proc Natl Acad
Sci USA 119:e2203208119

Yu G, Xiong Y, Xu Z, Zhang L, Zhou XA, Nie C, Li S, Wang W, Li X, Wang J
(2024) MBD1 protects replication fork stability by recruiting PARP1 and
controlling transcription-replication conflicts. Cancer Gene Ther 31:94-107

YuY, Xu W, Wen C, Zhao S, Li G, Liu R, Chen ZJ, Qin Y, Ma J, Yang Y et al
(2023) UBE2T resolves transcription-replication conflicts and protects
common fragile sites in primordial germ cells. Cell Mol Life Sci 80:92

Zatreanu D, Han Z, Mitter R, Tumini E, Williams H, Gregersen L, Dirac-Svejstrup
AB, Roma S, Stewart A, Aguilera A et al (2019) Elongation factor TFIIS
prevents transcription stress and r-loop accumulation to maintain genome
stability. Mol Cell 76:57-69e59

Zhang H, Sun Y, Saha S, Saha LK, Pongor LS, Dhall A, Pommier Y (2024)
Genome-wide mapping of topoisomerase binding sites suggests
topoisomerase 3alpha (TOP3A) as a reader of transcription-replication

EMBO reports 15


https://doi.org/10.1101/2024.09.13.612941

EMBO reports

conflicts (TRC). Preprint at bioRxiv https://doi.org/10.1101/2024.06.17.
599352

Zhang L, Batters C, Aibara S, Gordiyenko Y, Zumer K, Schmitzova J, Maier K,
Cramer P, Zhang S (2025a) Structure of a transcribing Pol 1I-DSIF-SPT6-U1
snRNP complex. Nat Commun 16:5823

Zhang L, Gordiyenko Y, Morgan T, Franco C, Tufegdzic Vidakovic A, Zhang S
(2025b) Structural basis of RECQL5-induced RNA polymerase Il transcription
braking and subsequent reactivation. Nat Struct Mol Biol 32:1731-1740

Zheng H, Qi Y, Hu S, Cao X, Xu C, Yin Z, Chen X, Li Y, Liu W, Li J et al (2020)
Identification of Integrator-PP2A complex (INTAC), an RNA polymerase I
phosphatase. Science 370:eabb5872

Zhou Z, Yin H, Suye S, Ren Z, Yan L, Shi L, Fu C (2023) Fance deficiency inhibits
primordial germ cell proliferation associated with transcription-replication
conflicts accumulate and DNA repair defects. J Ovarian Res 16:160

Zhu MY, Zhang YZ, Guo T, Ren J (2025) Nascent RNA at the crossroad of
transcription and replication. Trends Genet 41:1109-1130

Acknowledgements

We thank current members of the Luijsterburg and Hamperl labs, and we
apologize to all authors whose work could not be discussed due to space
limitations. We thank Paula J. van der Meer for graphical assistance. Work in
the Luijsterburg lab was supported by an ERC consolidator grant (101043815;
STOP-FIX-GO), while the Hamperl lab was supported by an ERC starting grant
(852798; ConflictResolution).

Author contributions

Sidrit Uruci: Conceptualization; Visualization; Writing—original draft; Writing
—review and editing. Maxime Lalonde: Conceptualization; Visualization;
Writing—original draft; Writing—review and editing. Martijn Luijsterburg:

16 EMBO reports

Sidrit Uruci et al

Conceptualization; Supervision; Funding acquisition; Visualization; Writing—
original draft; Writing—review and editing. Stephan Hamperl:
Conceptualization; Supervision; Funding acquisition; Visualization; Writing—
original draft; Writing—review and editing.

Disclosure and competing interests statement
The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attribution 4.0
International License, which permits use, sharing, adaptation, distribution and
reproduction in any medium or format, as long as you give appropriate credit to
the original author(s) and the source, provide a link to the Creative Commons
licence, and indicate if changes were made. The images or other third party
material in this article are included in the article's Creative Commons licence,
unless indicated otherwise in a credit line to the material. If material is not
included in the article’'s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. Creative Com-
mons Public Domain Dedication waiver http://creativecommons.org/public-
domain/zero/1.0/ applies to the data associated with this article, unless
otherwise stated in a credit line to the data, but does not extend to the graphical
or creative elements of illustrations, charts, or figures. This waiver removes legal
barriers to the re-use and mining of research data. According to standard
scholarly practice, it is recommended to provide appropriate citation and
attribution whenever technically possible.

© The Author(s) 2026

© The Author(s)


https://doi.org/10.1101/2024.06.17.599352
https://doi.org/10.1101/2024.06.17.599352
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/

	Polymerase face-off: emerging concepts in transcription-replication coordination
	Introduction
	Molecular mechanisms of conflict sensing and resolution
	Transcription-replication coordination
	R-loop prevention at trinucleotide repeat structures and non-coding RNA loci
	R-loop helicases Sen1/SETX and other DEAD-box helicases
	Recruitment of homologous recombination and Fanconi anemia factors to TRC sites
	Sensing and resolution factors and pathways

	The role of RNA polymerase II dynamics in mitigating TRCs
	Regulating transcription initiation and proximal-pause sites
	Regulating transcription elongation and RNAPII backtracking
	Regulating transcription termination

	TRCs cause local and global chromatin alterations
	Targeting TRCs as a therapeutic vulnerability in cancers
	Current methods and limitations to detect TRCs
	Concluding remarks and future perspectives
	References
	Acknowledgements
	Author contributions

	ACKNOWLEDGMENTS




