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ABSTRACT

A large body of research supports that transcription plays a major role among the many sources
of replicative stress contributing to genome instability. It is therefore not surprising that the DNA
damage response has a role in the prevention of transcription-induced threatening events such as
the formation of DNA-RNA hybrids, as we have recently found through an siRNA screening. Three
major DDR pathways were defined to participate in the protection against DNA-RNA hybrids:
ATM/CHK2, ATR/CHK1 and Postreplication Repair (PRR). Based on these observations, we envision
different scenarios of DNA-RNA hybridization and their consequent DNA damage.

During malignant transformation, cells acquire
a specific set of features that transform a normal tissue
into a tumor [1]. Tumorigenesis, cancer evolution and
chemo-resistance are promoted by genetic instability,
which is mainly induced by replicative stress [2].
A critical source of replicative stress and genome
instability comes from the transcription process [3].
Seen as by-products of transcription, DNA-RNA
hybrids are formed more frequently than previously
foreseen, challenging replication fork progression and
eventually leading to double-strand breaks (DSBs),
which are among the most deleterious type of lesions
[4]. The DNA damage response (DDR) coordinates
DNA replication with damage sensing, repair and cell
cycle progression thus protecting genome integrity
during cell division. Accordingly, a large number of
observations indicate that the DDR acts as an intrinsic
barrier in the early phases of human tumorigenesis
[5,6]. The DDR is based on signal transduction cas-
cades in which apical kinases, such as ATR and ATM,
are activated upon DNA damage and the signal is
transferred to downstream kinases. Thus, the DDR
network covers from sensing the damage to regulating
the cellular processes involved in the repair of the
lesion [7]. Hence, the DDR relies on DNA damage
checkpoint (DDC) factors as well as on DNA damage
repair factors and regulators.

The ATM/CHK2 checkpoint pathway is acti-
vated upon DSBs. ATR, by contrast, is activated
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by RPA-coated ssDNA, thus responding to hyper-
resected DSBs and DNA lesions associated with
DNA replication. Its main effector kinase, CHK1,
triggers many cellular responses such as the pre-
vention of fork collapse and the regulation of
origin firing. Whereas DSB repair relies on two
main and well-characterized pathways (non-
homologous end joining - NHE] - and homolo-
gous recombination - HR-), lesions encountered
by DNA replication forks can be bypassed by
several mechanisms that are collectively known as
the DNA damage tolerance or Postreplication
repair (PRR) pathways [8]. These mechanisms
are mainly governed by the ubiquitylation state
of PCNA and can leave bulky lesions behind the
replication fork, leaving gaps in the leading or
lagging strand in the sister chromatids. Recently,
we have reported an increased DNA-RNA hybrid
accumulation and DNA-RNA hybrid-dependent
DNA damage in cells depleted of DDC and PRR
factors, suggesting a role for the DDR in the pre-
vention of DNA-RNA hybrid accumulation and its
associated DNA damage [9] (Figure 1). However,
not all of these DNA-RNA hybrids represent
a threat to replication fork progression. Based on
these results, we propose that DNA-RNA hybrids
may be formed by different manners throughout
the cell cycle with different consequences for repli-
cation and genome integrity.
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Figure 1. The effect of DDR depletion in DNA-RNA hybrid and its associated DNA damage and fork stalling.

lllustrative pictures depicting the effects of ATR/CHK1, ATM/CHK2 or PRR depletion on DNA-RNA hybrid accumulation in Hela cells
(immunofluorescence with S9.6 antibody), DNA damage (as determined by single cell electrophoresis assay) and replication fork
progression (as determined by DNA combing) and with or without RNase H overexpression (RNH). For DNA-RNA hybrid detection,
cells were fixed 72 hours after siRNA transfection and immunostained with the mouse 59.6 antibody (hybridoma cell line HB-8730)
and chicken a-mouse secondary antibody conjugated with Alexa fluor 594. For DNA damage, single-cell alkaline gel electrophoresis
was performed 72 hours after siRNA transfection with CometAssay kit (Trevigen) following manufacturer’s instructions. For
replication fork progression, DNA combing was performed 72 hours after siRNA transfection essentially as described [52] but after
sequential addition of iododeoxyuridine (IdU) and chlorodeoxyuridine (CldU) labels for 20 min each. Anti-ssDNA from Developmental
Studies Hybridoma Bank (DSHB) was used instead of the one described. ssDNA is shown in blue, I1dU tracks in red and CldU tracks in
green. In all panels, either pEGFP-C1 (RNH-) or pEGFP-M27 (RNH+) to overexpress RNase H (RNH) were used in addition to the
indicated siRNAs. All images were acquired with a Leica DM6000 microscope equipped with a DFC390 camera (Leica) at x63
magnification for $9.6 immunofluorescence, x10 magnification for single-cell alkaline gel electrophoresis and x40 for DNA combing.
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its DNA template is prevented by its rapid coating
and maturation into the messenger ribonucleopro-
tein particle (mRNP), as originally described in
yeast THO mutants [10]. Although there is not
yet an accurate estimation either of the frequency
at which DNA-RNA hybrids form at the different
genomic regions or of their stability once formed,
the fact that several mechanisms have evolved to
deal with them highlights not only their impor- 0
tance in th.reat«.ﬂ:nlng genome integrity bpt also the Untreated ATRi
heterogeneity in nature of such hybrids [4]. In

agreement with their relevance as a source of  Figure 2. ATR inhibition causes enhanced DNA-RNA hybrid
DNA damage during replication, ATR depletion ~ accumulation.

iRNA 11 ATR inhibiti Relative S9.6 signal intensity per nucleus after nucleolus signal
by SiRN as well as R inhibition causes removal in Hela cells treated with the ATR inhibitor developed in

increased DNA-RNA  hybrid accumulation [9] previously reported chemical screen [53] at a 5 mM concentration
(Figures 1 and 2). We have recently reported that  during 2 hours. After fixation, cells were immunostained with the
a Signiﬁcant fraction of the fork stalling and DNA mouse S9.6 (hybridoma cell line HB-8730) and chicken a-mouse

. secondary antibody conjugated with Alexa fluor 594. More than 150
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CHK1 pathway is dependent on DNA-RNA ;<0001 (Mann-Whitney U test).

hybrids, as evidenced by the observation that over-
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Indeed, it has been estimated that 5% of the
human genome is covered with DNA-RNA
hybrids [11] and numerous reports have claimed
that replication fork progression can be hampered
by their presence [12-18], constituting one of the
best studied cases of transcription-replication con-
flicts [3,4]. Furthermore, DNA-RNA hybrids are
confronted by replication-associated repair factors
such as FACT [19] or the Fanconi anemia (FA)
pathway [20,21], also fished in our DDR screening
[9], reinforcing the idea of DNA-RNA hybrids
impeding fork progression.

Whereas it is possible that there are specific DDC
targets (such as RNA helicases) to deal with DNA-
RNA hybrid structures to prevent them to lead to
stable DNA damage, it is also plausible that
a general and unspecific function of the DDR
tackles them. For instance, the DDR might just aid
replication fork progression through DNA-RNA
hybrid-containing regions leading to their dissolu-
tion. In this regard, it has been proposed that the
passage of replication forks through co-
transcriptionally transcribed units can disassemble
DNA-RNA hybrids in yeast and human cells pre-
venting DNA damage [14,22], what could rely on
ATR/CHKI1. Of note, replicative helicases them-
selves can unwind DNA-RNA hybrids [23] but the
situation might change in vivo, where additional
factors or DDR regulation might be required.
Bizarrely, ATM, but not ATR activation, has been
detected in human cells after co-transcriptional
encounters with DNA-RNA hybrids, although the
reasons for such activation are unexplained [14]. In
agreement with DNA-RNA hybrids being
a substantial source of replication fork stalling,
spontaneous checkpoint activation was reported in
yeast cells accumulating DNA-RNA hybrids [24]
and ATR activation was observed after head-on
transcription-replication conflicts [14].

DNA-RNA hybrids at unrepaired DNA breaks

The state of the DNA itself can also restrain or
stimulate RNA invasion and this is evidenced by
the fact that DNA-RNA hybrid formation is
favored by negative supercoiling and by DNA
breakage. The latter likely helps DNA-RNA hybri-
dization through relieving the torsional stress
imposed by the annealing of the invading RNA
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[25]. Accordingly, the presence of DNA-RNA
hybrids at break sites was directly demonstrated
by DNA-RNA immunoprecipitation after in vivo
DSB induction in S. pombe [26] or human cells
[27,28]. In agreement with the role of mRNA coat-
ing and supercoiling in the prevention of DNA-
RNA hybridization, co-transcriptional DNA-RNA
hybrids have been reported in the absence of sev-
eral mRNP processing factors and in topoisome-
rase mutants [4]. Along this line, it is reasonable to
envision that DNA-RNA hybrids would also be
enriched if DNA break repair were prevented.
The loss of the ATM/CHK?2 kinase pathway likely
reflects this situation in which DNA breaks are not
efficiently handled by the cellular DNA repair
machineries and remain unrepaired [29] leading
to DNA-RNA hybrid accumulation [9].

In contrast to what has been reproducibly
reported for DNA-RNA hybrids formed at non-
break sites, which challenge DNA replication [12-
18], hybrids accumulated at DNA breaks are not
inducing any further damage or replication pro-
blems [9] (Figure 1) and therefore may not con-
tribute to replicative stress. Other factors with
a defined role in DNA repair have been reported
to prevent the accumulation of DNA-RNA
hybrids. This is exemplified by BRCAI1 [30],
BRCA2 ([31] and other FA proteins, such as
FANCA, FANCD2 or FANCM [20,21]. However,
the possibility that DNA-RNA hybrid could be
removed during replication was suggested in
these cases given their function as replication-
associated repair factors (see [32] and references
therein). Indeed, FANCD2 aids replication
through fragile sites both by influencing dormant
origin firing and by ameliorating DNA-RNA
hybrid accumulation [33]. It is therefore possible
that in this case, hybrid removal is a consequence
of the facilitated replication fork progression
through the hybrid-containing region, rather than
such factors having a direct role in hybrid resolu-
tion. DNA-RNA hybrid accumulation has also
been reported in cells depleted for other factors
involved in DSB repair such as CtIP [34] or BLM
[35]. Identifying how much of the DNA-RNA
hybrid accumulation reported after the depletion
of all such factors is also due to the accumulation
of unrepaired DNA breaks represents an impor-
tant question for the future.
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DNA-RNA hybrids at postreplicative ssDNA
gaps

Our recent observation that PRR factors prevent
DNA-RNA hybrids from causing DNA damage
[9] suggests that ssDNA gaps facilitates the for-
mation of potentially harmful hybrids (Figure 3).
Notably, we did not detect any increase in repli-
cation fork asymmetry in cells defective in PRR
[9] (Figure 1), implying that DNA-RNA hybrids
at ssDNA gaps would cause DNA damage in
a replication-independent manner. The mechan-
ism for this replication-independent instability
induced by DNA-RNA hybrids remains to be
elucidated. One possibility is that these hybrids
are directly processed by nucleases, leading to
breaks, such as XPG, XPF and FEN1 [36,37].
However, we envision that, in the absence of
PRR, the RNA might somehow interfere with
gap filling and thus enhance the probability of
cells entering mitosis with under-replicated
DNA. Under-replication is a potential cause for

G1

DNA breaks, as it is believed for fragile sites that
are intrinsically difficult to replicate regions fre-
quently co-localizing with the sites for chromo-
some rearrangements observed in tumor cells
[38,39]. Remarkably, DNA-RNA hybrids contri-
bute to the fragility of common fragile sites [33]
and can also form in other regions of the gen-
ome that are intrinsically difficult to replicate,
such as the rDNA [40] or telomeres [41-44].
Furthermore, it has been already proposed that
DNA-RNA hybrids might be involved in the
origin of mitotic DNA repair synthesis,
a process that enables the completion of DNA
replication in mitosis (MiDAS) [45]. One pre-
diction from our model is that the DNA-RNA
hybrids formed in the absence of PRR would
require the action of RNases or DNA-RNA heli-
cases prior to gap filling. In accordance, it was
reported in yeast that a negative genetic interac-
tion exists between PRR factors and RNase
H leading to increased genetic instability, as
measured by the rates of gross chromosomal
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Figure 3. A model for DNA-RNA hybrids and their consequences for replication throughout the cell cycle.

Spontaneous DNA-RNA hybridization might be favored by different conditions at any moment of the cell cycle, including insufficient
RNA coating, negative supercoiling and DNA breaks or ssDNA gaps. This is counteracted by the action of multiple mechanisms
including DNA-RNA helicases. The ssDNA displaced by the DNA-RNA hybrid entails a major susceptibility to DNA damaging agents.
Moreover, DNA-RNA hybrids can be processed by nucleases leading to breakage all over the cell cycle. Upon encountering by the
replication forks, DNA-RNA hybrids could be tolerated by directly re-priming downstream of the lesion, leading to DNA-RNA hybrids
at un-replicated regions in S phase. Alternatively, DNA-RNA hybrids, as well as other types of lesions, can induce fork stalling and
eventually fork collapse in S phase. This would be prevented by the ATR/CHK1 DDC pathway. Stalled forks may trigger the formation
of postreplicative ssDNA gaps, which are a substrate for spontaneous RNA hybridization. In the absence of PRR, the extensive
accumulation of ssDNA gaps would obstacle further processing, possibly delaying the full completion of DNA synthesis and

prompting mitotic failures.



rearrangements [46]. Exploring the actual role of
DNA-RNA hybrids in mitotic failures and aber-
rations will surely shed light on this so far spec-
ulative model.

Interestingly, experiments in E. coli performed
with an engineered synthetic protein that traps
Holliday junctions have revealed that most sponta-
neous recombination events arise from the repair of
ssDNA gaps originated during DNA replication
rather than from the repair of DSBs [47]. This is
likely the case in other organisms, what points to
ssDNA gaps caused by replication as a major source
for tumorigenesis [48], and hence, opens the possi-
bility that DNA-RNA hybridization at such gaps has
a role in cancer origin. The initial lesions leading to
such ssDNA gaps could be different sorts of DNA
damage or replication stalling agents, among which
DNA-RNA hybrids themselves are included (Figure
3). Based on the fact that a significant amount of the
DNA damage and fork asymmetry observed upon
depletion of ATR/CHK1 proteins was reduced by
the overexpression of RNase H [9] (Figure 1), we
propose that DNA-RNA hybrids are a significant
sources of fork stalling that require the PRR machin-
ery and can ultimately lead to DNA-RNA hybridiza-
tion at the unrepaired ssDNA gaps (Figure 3).
Notwithstanding, our observation that DNA-RNA
hybrid accumulation rises along the cell cycle, with
$9.6 signal detection increasing from G1 to S and
from S to G2 at levels that would not be easily
explained by genome duplication and primers at
the Okazaki fragments [9], is in agreement with
DNA-RNA hybrids occurring or remaining at post-
replicative ssDNA gaps. In addition, it also suggests
that there is an additional source of DNA-RNA
hybrids in G2 beyond those formed during GI,
further arguing that other lesions causing fork stal-
ling can also contribute to the formation of postre-
plicative ssDNA gaps.

Moreover, it is currently known that DNA
lesions encountered by the replication fork can
be re-primed by PrimPol, a specific DNA primase
reinitiating downstream of lesions [49,50].
Interestingly, PrimPol depletion has been reported
to enhance DNA-RNA hybrid formation as shown
for repetitive sequences in chicken DT40 cells [51].
Thus, it would be interesting to address whether
re-priming after hybrid-containing regions would
leave ssDNA gaps behind the fork. In this case,
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ssDNA gaps would represent a scar of the original
DNA-RNA hybrid, and might as well require
proper PRR machinery for their timely dissolution
before mitosis.

Concluding remarks

Based on a large number of reports, our current
model envisages that DNA-RNA hybrids might
be formed by different reasons, including insuffi-
cient RNA coating, negative supercoiling and
DNA breaks or ssDNA gaps. Importantly, they
seem to represent a natural source of DNA
damage throughout the entire cell cycle, consti-
tuting a major cause of replicative stress and
genetic instability. The DDR, thus, seems to
work to efficiently prevent and minimize their
deleterious consequences throughout the entire
cell cycle (Figure 3). All over the cell cycle, the
ssDNA displaced by the DNA-RNA hybrid entails
a major susceptibility to metabolites, ROS, DNA
modifying enzymes such as AID or APOBEC, or
nucleases. In S phase, in addition to this damage,
DNA-RNA hybrids challenge replication fork
progression. At this stage, hybrid bypass might
directly lead to un-replicated regions containing
the DNA-RNA hybrid that would require further
hybrid removal and PRR. Alternatively, such con-
flicts with replication forks may trigger the for-
mation of ssDNA gaps or even collapse into
DSBs. RNA hybridization at ssDNA gaps in
S and G2 might obstacle further processing,
delaying the full completion of DNA synthesis
and leading to mitotic failures. Important ques-
tions that remain to be addressed include deter-
mining the abundance and stability of
spontaneous DNA-RNA hybrids genome-wide
along different stages of the cell cycle as well as
deepening into the likely distinct mechanisms by
which they end up imposing a threat to genome
stability at the different cell cycle stages. Future
experiments will likely help us acquire a neat
vision of the real contribution of DNA-RNA
hybrids in the total DNA damage that cells face
and their possible involvement in tumorigenesis.
Even though, the data support the conclusion that
unscheduled DNA-RNA hybrids form sporadi-
cally in eukaryotic cells, being a natural source
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of genome instability that is efficiently counter-
acted by the DDR machinery.
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