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Interference Between DNA Replication and Transcription as a Cause of 
Genomic Instability 
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Abstract: Replication and transcription are key aspects of DNA metabolism that take place on the same template and 
potentially interfere with each other. Conflicts between these two activities include head-on or co-directional collisions 
between DNA and RNA polymerases, which can lead to the formation of DNA breaks and chromosome rearrangements. 
To avoid these deleterious consequences and prevent genomic instability, cells have evolved multiple mechanisms 
preventing replication forks from colliding with the transcription machinery. Yet, recent reports indicate that interference 
between replication and transcription is not limited to physical interactions between polymerases and that other 
cotranscriptional processes can interfere with DNA replication. These include DNA-RNA hybrids that assemble behind 
elongating RNA polymerases, impede fork progression and promote homologous recombination. Here, we discuss recent 
evidence indicating that R-loops represent a major source of genomic instability in all organisms, from bacteria to human, 
and are potentially implicated in cancer development.  
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INTRODUCTION 

 DNA replication and transcription are fundamental 
genetic processes that need to be tightly regulated and 
coordinated to preserve the integrity of the genome and to 
promote its faithful transmission to daughter cells. These 
processes involve large protein complexes progressing at 
high speed and for long distances along the chromosomes. 
Under normal growth conditions, the genome is most 
vulnerable during the S phase of the cell cycle. Indeed, the 
replication machinery must overcome obstacles such as 
abasic sites, secondary DNA structures or tightly-bound 
protein complexes, which can cause replication forks stalling 
[1, 2]. Arrested forks are fragile structures that are prone to 
recombination and chromosomal rearrangements [3, 4]. A 
large body of evidence from prokaryotes and eukaryotes 
indicates that encounters between DNA and RNA 
polymerases can also induce replication fork arrest [5, 6] and 
genomic instability [7-12]. Mechanisms that limit inter-
ference between DNA replication and transcription are 
therefore important for the maintenance and the faithful 
duplication of eukaryotic and prokaryotic genomes. In this 
review, we focus on the nature of this interference and its 
consequence upon genome integrity.  

INTERFERENCE BETWEEN REPLICATION AND 
TRANSCRIPTION IN BACTERIA 

 Many aspects of the organization of bacterial genomes 
are conserved and are important for cell survival. For 
instance, chromosomal rearrangements such as large  
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inversions can lead to impaired growth or cell death [13-16]. 
Almost 25 years ago, it has been proposed that one benefit of 
proper genomic organization may be the reduction of 
potential conflicts between replication and transcription by 
limiting frontal collisions between replisomes and RNA 
polymerases (RNAPs) [17-20]. Since the same DNA 
template is used for replication and transcription, collisions 
occur when polymerases move towards each other (head-on 
collision) or move in the same direction (co-directional 
collision). In bacteria, co-directional collision is a frequent 
event as replication forks move 12-30 times faster than 
transcription complexes [21-23]. Replisomes are therefore 
expected to overtake RNAPs moving in the same direction. 
Yet, co-directional collisions are less harmful than head-on 
collisions and can be resolved in two ways (Fig. 1). The 
replication complex can bump the RNAP off the DNA 
template, resulting in the premature abrogation of 
transcription. Alternatively, the replication fork can pass 
RNAP ternary complex without arresting transcription [24-
26]. In both cases, co-directional collisions have little or no 
effect on replication fork progression. In contrast, the 
replisome pauses when it encounters a RNAP moving in the 
opposite direction (Fig. 2). This view is supported by 
electron microscopy studies showing that replication forks 
progressing through a highly-transcribed rRNA operon are 
slower when they run against the direction of transcription 
[27]. Extensive analyses of frontal encounters between the 
DNA replication apparatus of bacteriophage T4 and RNAP 
ternary complex from E. coli also revealed that the replisome 
pauses for a few seconds after encountering the RNAP. This 
pause extends for up to several minutes in the absence of 
accessory helicase [8]. Other studies indicate that paused 
replisomes remain stable and eventually resume elongation 
after displacing RNAP from the DNA template [28, 29]. 
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 In Bacillus subtilis, most of the genes (75%) are co-
oriented with replication [30]. Using a genome-wide 
approach to monitor the effects of altering the co-orientation 
bias of transcription and replication on fork progression, 
Wang and colleagues have found that this co-orientation 
reduces adverse effects of transcription on DNA replication. 
They showed that in wild-type cells (75% co-orientation), 
replication proceeds without detectable interference with 
transcription. In contrast, replication elongation is impeded 
in the regions with reversed bias. The reduction in 
replication elongation is detected throughout the genome and 
is not limited to highly expressed genes, such as the rRNA 
operons [31]. Yet, the severity of replication impediment due 
to head-on collisions with transcription seems to correlate 
with the level of gene expression. Moreover, artificial 
reversion of ribosomal genes orientation induced a SOS 
response, genomic instability and cell death [32]. These data 
support the view that bacterial genomes have evolved to 
minimize head-on collision between replisome and 
transcription machinery. This co-directional organization of 
DNA replication and highly-expressed genes is conserved in 
all known bacteria [33].  

INTERFERENCE BETWEEN REPLICATION AND 
TRANSCRIPTION IN EUKARYOTES 

 Interference between replication and transcription has 
been extensively studied in the budding yeast 
Saccharomyces cerevisiae [5, 34]. One of the best-
characterized examples of conflicts between RNA and DNA 
polymerases is found at ribosomal RNA genes array 
(rDNA). This locus contains ~ 150 copies of 35S rRNA 
genes that are transcribed by RNA polymerase I throughout 
the cell cycle [35]. Each rDNA unit contains a replication 
origin, but only 20% of these origins are used every cell 
cycle [19, 36]. Active origins are located downstream of 
active 35S genes and form clusters of 3 to 5 adjacent units, 
separated by each other with large domains devoid of active 
origins [37, 38]. Replication of the rDNA array represents a 
real challenge for replisomes proceeding opposite to the 
direction of transcription. Using bidimensional agarose gel 
electro-phoresis, the Fangman and Huberman laboratories 
have shown that a polar replication fork barrier (RFB) 
located downstream of 35S genes arrests forks progressing 
opposite to the direction of RNA pol I transcription [19, 36]. 
Replication fork arrest at the rDNA depends on Fob1, a non-

Fig. (1). Model for co-directional collision between transcription and replication machineries. (A) Co-directional progression of replication 
and transcription machineries. (+) and (-) signs indicate the formation of positive and negative DNA supercoiling ahead and behind 
polymerase complexes, respectively. This event is extremely frequent in prokaryotes due to the fact that the replisome is much faster than 
RNA polymerases (RNAP), but does not significantly affect fork progression. Two models account for the bypass of transcription complexes 
by replication forks. (B) The replisome displaces the RNAP from the DNA template and uses the RNA transcript as a primer to continue 
leading-strand synthesis [24]. (C) The replisome bypasses RNAP without arresting transcription [29].  
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essential and poorly-characterized protein interacting with 
RFBs [39, 40]. Surprisingly, deletion of the FOB1 gene does 
not increase head-on collisions between DNA and RNA 
polymerases in normal growth conditions. Indeed, collisions 
are only detected if the number of rDNA units is reduced to 
20 copies in order to increase the rate of transcription at 
individual genes [41]. These data argue against the view that 
the primary role of RFBs is to prevent interference between 
replication and transcription at the 3’ end of 35S genes. 
 A large body of evidence indicates that fork arrest at 
RFBs induces DSBs, promotes homologous recombination 
at the rDNA array and determines the replicative lifespan of 
S. cerevisiae [42-46]. RFB-dependent recombination is 
stimulated by Fob1 and repressed by the histone deacetylase 
Sir2, another key determinant of replicative lifespan in 
budding yeast [42, 47-50]. It is generally believed that 
unequal sister chromatid recombination in the rDNA is 
essential to maintain the length and the homogeneity of the 
array [1, 51]. The mechanisms through which Fob1 and Sir2 
modulate rDNA recombination are not fully understood, but 
involve alterations of sister-chromatid cohesion at arrested 
forks [52, 53]. Altogether, these data suggest that the rDNA 
RFB evolved from a simple structure preventing head-on 
collisions between polymerases to a more complex system 
ensuring the maintenance and the homeostasis of the rDNA 
array. Interestingly, replication fork arrest at RFBs does not 
activate a checkpoint response, presumably because the 
amount of ssDNA exposed at RFB-arrested forks is limited 
to a few nucleotides [54]. Replication fork barriers are also 
present at human and mouse rRNA genes [55, 56]. Unlike in 
S. cerevisiae, the human rDNA array contains rRNA gene 
palindromes that are particularly difficult to replicate and 
induce genomic instability in cancer cell lines [57]. 
 Besides rRNA genes, polar replication pause sites have 
also been reported at tRNA genes in budding yeast [11, 58]. 
As for rDNA RFBs, tRNA genes only arrest replication forks 
when they oppose the direction of transcription. Fork 
pausing is not detected in conditional mutants defective for 
transcription initiation, suggesting that fork arrest and 
transcriptional activity are mechanistically linked [11]. 
Interestingly, a recent report shows that the DNA replication 
checkpoint down-regulates transcription at tRNA genes 
through the dephosphorylation of the transcriptional 
repressor Maf1 [59]. It is tempting to speculate that 
replication/transcription interference at tRNA genes activates 
a checkpoint that relieves fork arrest by inhibiting 
transcription at tRNA genes. Further experiments are 
required to address this possibility. 
 Experimental evidence indicates that RNA polymerase II 
can also induce a replication fork pause upon ‘head-on’ 
collision with oncoming replication forks, whereas co-
directional transcription has little effect on fork progression 
[60]. Using a microarray-based approach, Azvolinsky et al.
have recently shown that highly-transcribed genes are 
enriched in DNA polymerase in exponentially-growing cells 
[61], indicating that replication forks slow down when they 
frequently encounter RNAPs. DNA pol enrichment is 
independent of gene orientation in this assay, which argues 
against the view that fork pausing is mostly caused by frontal 
collisions. However, it is worth mentioning that unlike 
bacteria, eukaryotes initiate replication from multiple and 

relatively inefficient origins [62]. Most eukaryotic genes are 
therefore replicated from both directions, which could 
explain why fork pausing is apparently independent of gene 
orientation at the genome-wide level. 
 Both transcription and replication have profound effects 
on DNA topology. During transcription, RNAP is prevented 
from rotating along the helical axis of the DNA template by 
processing factors present on nascent RNA. This leads to the 
accumulation of positive and negative DNA supercoiling 
ahead and behind the enzyme, respectively [63]. Since 
positive DNA supercoiling also accumulates in front of the 
replication fork [64], this torsional stress increases when 
RNA and DNA polymerases converge (Fig. 2A), which can 
have direct consequences on both processes [65-67]. In the 
case of DNA replication, positive DNA supercoiling can also 
lead to the arrest and/or the reversal of replication forks [4, 
12, 68, 69]. This represents a potential source of genomic 
instability, as discussed in the following sections. 
 It is not clear whether the collinear organization of 
replication and transcription is conserved in eukaryotic cells, 
as it is the case in bacteria. In budding yeast, a study carried 
out to determine the directions of transcription and 
replication in 137 ribosomal protein genes - which account 
for ~ 50% of the transcription by RNA polymerase II - 
revealed no significant correlation [70]. In human, 
computational predictions of origins of replication based on 
the nucleotide compositional skew of the genome suggested 
that a large fraction of highly-expressed genes are co-
oriented with replication fork progression [71]. However, 
this view has recently been challenged by the analysis of a 
large dataset of experimentally-determined replication 
origins in human cells, which failed to detect a significant 
gene orientation bias in the proximity of replication origins 
[72-74]. The recent release of the first complete datasets of 
replication origins in other multicellular organisms [75] will 
certainly help clarify this issue. 
 Another specificity of eukaryotic cells that contributes to 
limit replication/transcription interference is the spatial and 
temporal compartmentalization of the nucleus. Indeed, DNA 
replication, transcription, RNA maturation and export occur 
at distinct sites in the nucleus, which segregate into higher-
order domains and display a network-like appearance [76-
79]. These sites remain spatially distinct throughout the 
length of the S phase, only 3% of the replication foci 
overlapping with transcription sites in early S phase [79]. 
These data suggest that different replication and transcription 
domains are progressively activated and inactivated as the 
cell traverses S phase, following temporal programs of 
replication and transcription [80]. An attractive possibility is 
that higher eukaryotes have evolved this functional 
organization to restrain interference between replication and 
transcription and to maintain the integrity of their genome. 
Yet, reports presented below indicate that conflicts between 
replication and transcription occur anyhow in eukaryotic 
cells and promote genomic instability. 

FUNCTIONAL LINKS BETWEEN TRANSCRIPTION, 
REPLICATION AND RECOMBINATION 

 Homologous recombination (HR) is critical for the 
maintenance of genome integrity. Yet, uncontrolled HR is 
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also largely responsible for the chromosomalre arrangements 
detected in cancer cells [81]. The mechanisms that promote 
HR in normal growth conditions are poorly understood. A 
large body of evidence from both prokaryotes and 
eukaryotes indicates that transcription plays a central role in 
the induction of spontaneous genomic instability [7, 34, 82, 
83]. This phenomenon, termed transcription-associated 
recombination (TAR), is involved in developmentally-
regulated processes such as class switch recombination of 
immunoglobulin (Ig) genes [5, 84, 85]. Since stalled 
replication forks trigger HR [1, 3, 4], a likely possibility is 
that transcription promotes genomic instability by blocking 
replication forks [7, 34]. This is indeed the case in S. 
cerevisiae cells, head-on collision between the replisome and 
RNAP increasing both fork pausing and HR between direct 
repeats [5]. Importantly, HR does not increase in the absence 
of replication or when replisomes and RNAPs go in the same 
direction [60]. In line with these observations, HR is also 
associated with gene expression and DNA replication in 
mammalian cells [86]. Interestingly, TAR is associated with 
signatures of one-ended double-strand break recombination 
and not with classical two-ended DSB repair [87]. These 

data support the view that recombination is initiated at 
stalled forks in these cells and not at chromosome breaks. 
 Functional links between TAR and replication fork 
stalling have been consolidated by the observation that 
inhibition of messenger ribonucleo protein particles (mRNP) 
biogenesis in yeast hpr1 mutants impairs transcription, 
replication fork progression and drastically increases TAR 
[5, 88]. Hpr1 belongs to THO/TREX, a conserved complex 
acting at the interface between transcription and mRNP 
metabolism [10, 89, 90]. In a recent study, the Aguilera lab 
has shown that Hpr1 associates with active genes throughout 
the yeast genome, with a gradual enrichment at the 3’-end of 
transcription units [91]. This association is particularly 
important for the transcription of long, highly-expressed and 
GC-rich genes. In hpr1 mutants, these genes show an 
increased recruitment of Rrm3, a specialized helicase 
implicated in the displacement of obstacles ahead of 
replication forks [58, 61]. Interestingly, overexpression of 
RNaseH1, an enzyme that degrades specifically RNA-DNA 
hybrids, reduces the recruitment of Rrm3 at these highly-
expressed genes [91]. These data suggest that the 
THO/TREX complex prevents the formation of DNA-RNA 

Fig. (2). Model for head-on collision between transcription and replication machineries. (A) Convergence of the two polymerase complexes 
along the template leads to the accumulation of positive DNA supercoiling (+). This topological constraint contributes to the interference 
between converging replication and transcription machineries [68]. (B) Head-on collision between DNA and RNA polymerases and/or 
accumulation of DNA supercoiling induces a pausing of the replication fork [4]. (C) Paused forks are fragile structures that can be converted 
into collapsed forks and induce HR upon disassembly of the replisome and/or fork reversion [3, 68].  
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hybrids during transcription by promoting the assembly of 
mRNPs on nascent RNAs. In hpr1 mutants, defective mRNP 
assembly would interfere with replication fork progression 
and would induce the recruitment of Rrm3 at paused forks. 
Other evidence supporting the view that RNA-DNA hybrids 
interfere with DNA replication is presented below. 

R-LOOPS AND THEIR EFFECT ON REPLICATION 
FORK PROGRESSION 

 Cotranscriptional R-loops form during transcription when 
the nascent RNA anneals to the template DNA strand, 
leaving the non-template strand unpaired (Fig. 3A). Studies 
in bacteria have shown that formation of RNA-DNA hybrids 
occurs preferentially at GC-rich regions and is favored by 
the accumulation of negatively supercoiled DNA behind the 
advancing RNA polymerase II [65]. Besides their 
involvement in class switch recombination of mammalian 
immunoglobulin genes [92, 93], a growing body of evidence 
indicates that R-loops affect the integrity of eukaryotic 
genomes by blocking replication forks. In yeast THO/TREX 
mutants, accumulation of R-loops behind elongating RNA 
polymerase II is the major cause of impaired transcription 
and increased recombination [94]. Interestingly, replication 
fork stalling is suppressed by the overexpression of RNase 
H, an enzyme that degrades R-loops [5]. Moreover, one 
particular mutant of THO/TREX complex increasing 
transcription defects but not R-loop formation, does not 
induce fork arrest and TAR [95]. Collectively, these data 
indicate that R-loops increase TAR in budding yeast by 
impeding replication fork progression.  
 A growing body of evidence indicates that similar TAR 
mechanisms operate in higher eukaryotes. In chicken DT40 
cells, depletion of the splicing factor ASF/SF2 induces the 
formation of RNA-DNA hybrids and increases genomic 
instability [96]. As in yeast THO/TREX mutants, genomic 
instability in ASF/SF2-deficient cells is suppressed by the 
over-expression of RNase H [96]. Other studies in 
mammalian cells indicate that TAR depends on DNA 
replication as it is only detected in S-phase cells [7]. This 
functional link is further strengthened by the recent 
observation that depletion of DNA Topoisomerase I (Top1) 
in mammalian cells induces replication fork stalling and 
spontaneous DNA damage at highly-expressed genes. Fork 
arrest in Top1-deficient cells is largely due to the 
accumulation of R-loops during transcription as replication 
impediments are largely suppressed by RNase H 
overexpression. Top1 displays a kinase activity that is 
implicated in the regulation of splicing factors of the SR 
family such as ASF/SF2 [97]. It is therefore likely that Top1 
prevents interference between replication and transcription 
not only by relaxing topological stress at converging RNA 
and DNA polymerases, but also by promoting the ASF/SF2-
dependent inhibition of R-loops formation [12]. 
Interestingly, several other mRNA-processing enzymes have 
recently been identified in a genome-wide screen for factors 
required to prevent spontaneous chromosome breaks [98]. 
Increased genomic instability and chromosome breaks were 
also reported in OMCG1-deficient mouse fibroblasts [99]. In 
both studies, chromosome breaks were at least partially 
suppressed by the overexpression of RNase H, supporting 

the view that multiple factors cooperate to prevent the 
formation of R-loops. 
 It is now well established that replication fork arrest 
activates the DNA replication response, a checkpoint 
pathway that is essential for the maintenance of paused forks 
[1, 4]. Since co-transcriptional R-loops impair replication 
fork progression, an important question is whether these 
structures also activate the DNA replication checkpoint. This 
issue has recently been addressed in yeast and murine cells 
[99, 100]. In yeast hpr1 mutants, the Mec1-Rad53 pathway 
is constitutively activated, supporting the view that R-loops-
mediated fork stalling activates the S-phase checkpoint. This 
pathway is also important for hpr1 mutants survival under 
replication stress [100]. In mouse embryonic fibroblasts, 
OMCG1 is a target of the ATR/ATM checkpoint kinases 
[99] and is essential for S phase progression [101]. OMCG1 
depletion induces genomic instability and checkpoint 
activation. These genomic alterations can be significantly 
relieved by the overexpression of RNaseH indeficient 
fibroblasts, suggesting that R-loops formation contributes to 
replication stress and checkpoint activation in these cells 
[99].  
 Despite the growing literature on R-loops and genomic 
instability, very little is known on the mechanism(s) by 
which these RNA/DNA hybrids form and interfere with 
replication forks. Indeed, the mapping of these structures is 
technically challenging and has been limited so far to a small 
number of loci in eukaryotic cells [96]. Moreover, 
biochemical characteristics such as the length and the 
stability of R-loops in the context of chromatin are unclear 
[102]. In principle, RNA-DNA hybrids could impede fork 
progression in three non-mutually exclusive ways (Fig. 3). 
R-loops could interfere with replication by (i) preventing 
DNA synthesis on the leading or the lagging strand, (ii)
preventing the displacement of the RNAP upon passage of 
the fork or (iii) promoting the accumulation of DNA lesions 
on the non-template ssDNA, which would in turn affect 
DNA synthesis [5]. In any case, RNA-DNA hybrids are 
expected to be particularly stable to resist the confronted 
replication machinery and its associated helicases. These 
structures could also interfere with DNA replication long 
after transcription has ceased. Two recent studies showing 
that the Sen1/Sentaxin helicase is involved in the resolution 
of R-loops in yeast and human cells will certainly be 
valuable to understand the metabolism of cotranscriptional 
RNA-DNA hybrids [103, 104]. Other candidates for the 
regulation of R-loops include the RecQ helicase RecQ5, 
which interacts directly with the C-terminal domain of RNA 
polymerase II and is important for the maintenance of 
genome integrity [105-107]. 

CONCLUSION AND PERSPECTIVES 

 Transcription and DNA replication need to be tightly 
regulated to ensure the preservation of genome integrity and 
to promote faithful genome transmission to daughter cells. 
Increasing evidence from prokaryotes and eukaryotes 
indicates that cotranscriptional R-loops interfere with 
replication fork progression and represent a major source of 
genomic instability. This finding has major implication for 
current models of oncogene-induced tumorigenesis. Indeed, 
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it is now well established that cells are exposed to chronic 
replication stress during the early stages of the cancer 
process [108]. However, the origin of this replication stress 
is currently unknown. Since deregulated oncogenes also 
affect patterns of gene expression, it is tempting to speculate 
that cotranscriptional R-loops contribute to the replication 
stress observed in oncogene-activated cells [109]. Further 
effort is needed to address this possibility, for instance 
through the development of novel genome-wide assay to 
detect RNA-DNA hybrids in the genome of pretumoral cells. 
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