Published online 20 October 2017

Nucleic Acids Research, 2018, Vol. 46, No. 3 1227-1239
doi: 10.1093/narlgkx945

Dormant origins and fork protection mechanisms
rescue sister forks arrested by transcription

Alessandra Brambati', Luca Zardoni'-2, Yathish Jagadheesh Achar?, Daniele Piccini?,
Lorenzo Galanti', Arianna Colosio', Marco Foiani®* and Giordano Liberi'-3"

1Istituto di Genetica Molecolare, CNR, Via Abbiategrasso 207, 27100 Pavia, Italy, 2Scuola Universitaria Superiore
IUSS, 27100 Pavia, Italy, 3IFOM Foundation, Via Adamello 16, 20139 Milan, Italy and “Universita degli Studi di

Milano, 20133 Milan, ltaly

Received August 29, 2017; Revised September 29, 2017; Editorial Decision October 02, 2017; Accepted October 03, 2017

ABSTRACT

The yeast RNA/DNA helicase Sen1, Senataxin in hu-
man, preserves the integrity of replication forks en-
countering transcription by removing RNA-DNA hy-
brids. Here we show that, in sen7 mutants, when a
replication fork clashes head-on with transcription
is arrested and, as a consequence, the progression
of the sister fork moving in the opposite direction
within the same replicon is also impaired. There-
fore, sister forks remain coupled when one of the
two forks is arrested by transcription, a fate different
from that experienced by forks encountering Double
Strand Breaks. We also show that dormant origins of
replication are activated to ensure DNA synthesis in
the proximity to the forks arrested by transcription.
Dormant origin firing is not inhibited by the replica-
tion checkpoint, rather dormant origins are fired if
they cannot be timely inactivated by passive repli-
cation. In sen1 mutants, the Mre11 and Mrc1-Ctf4
complexes protect the forks arrested by transcrip-
tion from processing mediated by the Exo1 nuclease.
Thus, a harmless head-on replication-transcription
clash resolution requires the fine-tuning of origin fir-
ing and coordination among Sen1, Exo1, Mre11 and
Mrc1-Ctf4 complexes.

INTRODUCTION

Perturbations of DNA synthesis lead to replication stress,
a pathologic condition that fuels genome instability in sev-
eral human diseases, including cancer (1). The activation of
oncogenes promotes replication stress (2,3) that has been
proposed to account for the formation of precancerous
DNA lesions in early tumorigenesis (1). Impaired replica-
tion fork progression and unscheduled replication origin ac-

tivation are both features of oncogene-induced replication
stress (4).

Several lines of evidence suggest that transcription can
affect fork progression and stability, thus contributing to
replication stress (5). In human cells, increased replication-
transcription conflicts have been observed upon Cyclin E
or RAS overexpression, providing a link between deregu-
lated transcription and oncogene-induced replication stress
(6,7). Moreover, transcription contributes to the expres-
sion of both ‘Common Fragile Sites’ (CFSs) and ‘Early
Replicating Fragile Sites’ (ERFSs), specific genomic regions
prone to rearrangements under oncogene-induced replica-
tion stress (8,9). Genome alterations at transcribed genes
have been also connected to perturbed replication in neu-
ral stem and progenitor cells, suggesting that transcription-
replication interference could also impact on neurogene-
sis and neural functions (10). The unscheduled accumula-
tion of single strand (ss) DNA and RNA-DNA hybrids to
form structures called R-loops is tightly connected to the
problem of transcription-induced replication stress and re-
combination (11). Key players in DNA damage response,
including the breast cancer proteins BRCA1 and BRCA2
(12-14), the Fanconi Anemia proteins (15,16), Nucleotide
Excision Repair endonucleases (17) and the RNA/DNA
helicase Senataxin (18,19), have been involved in limiting
R-loop accumulation and transcription-associated DNA
damage. Senataxin cooperates with BRCAI to prevent R-
loop-associated DNA damage (12) and its coding gene
SETX is itself a potential tumor suppressor (13,20). More-
over, SETX is mutated in the juvenile-onset neurological
disorders Ataxia with Oculomotor Apraxia type 2 and
Amyotrophic Lateral Sclerosis type 4 (21,22). Senl, the
yeast ortholog of Senataxin, counteracts the formation of
transcription-associated recombinogenic R-loops (23) act-
ing at the fork in head-on encounters with highly tran-
scribed RNA Polymerase IT (RNAPII) genes (24). Head-on
collisions between replication and transcription are more
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detrimental to fork integrity than the codirectional ones
(25). Recent evidence supports the notion that a key differ-
ence in the two types of collisions is that head-on encounters
stimulate R-loop accumulation (26,27).

Fork impairment triggers a checkpoint response that, in
turn, promotes fork integrity maintenance and it is thought
to represent the first line of defense against tumorigenesis
(1). Furthermore, in the case of fork failure, nearby dor-
mant origins can be activated to resume DNA replication.
Dormant origins are normally silent and serve as backups
under replication stress condition (28-32). While dormant
origins are locally activated in response to DNA damage,
the replication checkpoint inhibits new origin firing to pre-
vent the generation of further damaged forks (33,34). The
mechanism that regulates dormant origin firing is not en-
tirely understood (35).

A single replication origin generates two divergent sis-
ter forks that move with comparable speed (29). However,
asymmetric sister fork progression can be observed under
replication stress conditions (3,16,30), suggesting that when
a fork is impaired by DNA damage, the sister fork can pro-
ceed in the opposite direction within the same replicon.

Here we studied replicon dynamic in response to head-on
replication-transcription collisions occurring in the absence
of the RNA/DNA helicase Senl. We found that a replica-
tion fork clashing with transcription is arrested and, as a
consequence, the progression of the sister fork is also im-
paired. Forks impeded by transcription cannot inactivate
nearby dormant origins by passive replication. Dormant
origins are then fired and rescue replication in proximity to
the stalled forks. Forks clashing with transcription in sen/
mutants are stabilized by the Mrell-Rad50-Xrs2 (MRX)
complex (MRN in human) and the Mrcl-Tof1-Csm3-Ctf4
complex (Claspin-Tim1-Tipin-And1 in human), which pro-
tect arrested forks from resection mediated by Exol nucle-
ase.

MATERIALS AND METHODS
Yeast strains and growth conditions

All the yeast strains used in this study are isogenic deriva-
tives of W303-14 RADS and are listed in Supplementary
Table S1. Deletion strains were obtained by one-step poly-
merase chain reaction (PCR)-targeting method. The pro-
moter of PDCI gene, the ARS consensus sequence (ACS)
of ARS1211.5 or ARS1211 (www.cerevisiae.oridb.org) were
disrupted by Delitto Perfetto approach (36). The ACS of
ARS1210 was disrupted by one-step PCR. The conditional
senl mutant strain pGALI-URL-3HA-SENI has been pre-
viously described (24). An identical strategy has been em-
ployed to create the conditional exol mutant strain pGALI-
URL-3HA-EXOI used in combination with mrell mu-
tants in Figure 6. In all the experiments, yeast strains con-
taining the pGALI-URL-3HA-SEN] system and pGALI-
URL-3HA-EXOI and relative controls were grown in YPG
(galactose at 2% w/v) and during a-factor treatment trans-
ferred to YPD (glucose at 2% w/v) to switch off Senl and
Exol. In these conditions Senl or Exol proteins were de-
pleted in 30 min after galactose removal (24) (and data not
shown). a-factor and HU were used to a final concentration
of 2 wg/ml and 0.2M, respectively.

2D gel analysis of replication intermediates

Purification of DNA intermediates and 2D gel elec-
trophoresis analysis were carried out as previously de-
scribed (37). Briefly, samples of cells were harvested in the
presence of 1% sodium azide and subjected to in vivo pso-
ralen cross-linking. Replication intermediates were purified
in the presence of CTAB. A total of 10 wg of DNA was
digested with appropriated restriction enzymes and sepa-
rated in the first dimension at 50 V for 20 h. Electrophore-
sis in the second dimension was carried out at 180 V for 8
h. Gels were denaturated by NaOH treatment, transferred
overnight onto nylon membranes in 10x Saline-Sodium
Citrate (SSC) buffer and subjected to hybridization using
the appropriate probes to examine replication intermediates
at the genomic regions indicated in the figures. Nylon mem-
branes were exposed on GE Healthcare Exposure cassette
and images were scanned using GE Thypoon Trio™. 2D gel
signals in Supplementary Figure S3B were quantified using
ImageQuant 5.2 software (molecular dynamics). The levels
of paused forks were calculated as the percentage of the sig-
nal relatively to that of the monomer spot and expressed as
arbitrary units. Background correction was applied using
the ‘Object Average’ mode.

BrdU-IP-chip and BrdU-IP-qPCR

The BrdU-IP chip analysis was carried out as previously de-
scribed (24). Briefly, purified DNA was sheared to 500 bp
by sonication, denatured and mixed with anti-BrdU mon-
oclonal antibody (MBL M1-11-3). Antibody-bound frac-
tions (IP) and INPUT fractions were subsequently purified
and amplified by whole genome amplification kit (Sigma-
Aldrich WGA1-50RXN). A total of 5 pg of amplified DNA
was digested with DNasel to a mean size of 100 bp. DNA
was then purified and the fragments were end-labeled with
biotin-N6-ddATP23. Hybridization, washing, staining and
scanning were performed according to the manufacturer’s
instruction (Affymetrix).

For BrdU-IP-qPCR experiment, BrdU was added to final
concentration of 200 pg/ml. DNA was extracted with Qia-
gen genomic DNA isolation kit, sheared to 500 bp by son-
ication and then denatured. A total of 10 wg of DNA were
mixed overnight at 4°C with 2 g of anti-BrdU monoclonal
antibody bound to magnetic protein G beads (Invitrogen).
For each sample 1 pl was taken as INPUT (2%). Input and
immunoprecipitated samples were treated with protease K
and RNase A before being isolated with the QIAamp DNA
Mini Kit (Qiagen) and then subjected to qPCR using the
SYBR Green technique (SYBR Green PCR Master Mix,
Applied Biosystems). Samples were run in Roche Light Cy-
cler 480 Real-Time PCR System. The DNA primers are
listed in Supplemental Table S2. Incorporation of BrdU was
determined as follows:

100 x 2(CT adjusted INPUT — CT IP BrdU). CT values
indicate the cycle at which the exponential amplified prod-
uct passes a threshold. Each reaction was performed in trip-
licate. The standard deviations were calculated on the basis
of at least three independent experiments.
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qPCR

PDCI expression levels were measured by quantitative real-
time PCR. The RNA was extracted using Qiagen RNeasy
Kit. One microgram of RNA was retro-transcribed with
INVILO kit (Invitrogen). qRT-PCR was done in 20 pl reac-
tion with gene specific primers using 1 ul of cDNA diluted
1:20 using the SYBR Green Master Mix, Applied Biosys-
tems, and run in Roche Light Cycler 480 Real-Time PCR
System. qRT-PCR was also performed for ACT1 gene from
each cDNA sample.

PDCI expression level was calculated as follows:
2~ (CT test-CT control) " ywhere test refers to the PDCI gene and
control refers to ACTI. All samples were run in triplicate
for each independent experiment. The standard devia-
tions were calculated on the basis of three independent
experiments.

DRIP experiments

RNA-DNA hybrids immuneprecipitation was performed
as previously described (24). Briefly, purified genomic ma-
terial (QIAGEN Genomic DNA kit), corresponding to 9
g of the DNA fraction, was precipitated with sodium ac-
etate and absolute ethanol and re-suspended in 50 pl of
bidistilled water. For each sample 1 pl was taken as INPUT
(2%). Then 400 pl of FA1 buffer was added (0.1% sodium
dodecyl sulphate (SDS), 1% Triton X-100, 10 mM HEPES
pH 7.5, 0.1% sodium deoxycholate, 275 mM NaCl). RNA-
DNA hybrids were precipitated with 7.5 pg of S9.6 anti-
body bound to magnetic protein G beads (Invitrogen) for 90
min at 4°C. Beads were washed as previously described. In-
put and immunoprecipitate samples were treated with pro-
tease K and RNase A before DNA isolation with the QI-
Aamp DNA Mini Kit (Qiagen), then subjected to qPCR
using the SYBR Green technique (SYBR Green PCR Mas-
ter Mix, Applied Biosystems) and run in Roche Light Cy-
cler 480 Real-Time PCR System. The DNA primers were
the same used to test PDCI levels. In Figure 4B, genomic
material was incubated overnight at 37°C with or without
RNase H (New England Biolabs) and then immunoprecip-
itated using S9.6 antibody.

Enrichment of RNA-DNA hybrids was determined as
follows: 100 x 2(CT adjusted INPUT — CT IP S.6). Each re-
action was performed in triplicate. The standard deviations
are calculated on the basis of at least three independent ex-
periments.

Genetic methods and other techniques

Genetic analyses were performed using standard proce-
dures for mating, diploid selection, sporulation and tetrad
dissection. For western blot analysis, protein extracts were
prepared by TCA precipitation;. SDS/polyacrylamide gel
electrophoresis and western blotting were performed using
anti-Rad53 EL7 antibodies as previously described (24).
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RESULTS

Head-on replication-transcription collisions in Sen1-depleted
cells impair sister forks progression and trigger local dormant
origin firing

We investigated the dynamic of replication forks colliding
with transcription in the absence of Senl. We have pre-
viously shown that Senl counteracts the accumulation of
RNA-DNA hybrids that are formed when forks collide
head-on with highly transcribed RNAPII genes (24). Here
we focused our analysis on a genomic /ocus containing the
highly expressed metabolic gene PDC1, which is closely lo-
cated to the early origin of replication ARSI1211 (Figure
1A). Another feature associated with the PDCI locus is
the presence of the two dormant origins ARS1271.5 and
ARS1210, which are situated, respectively, 12.1 Kb on the
right and 8.3 Kb on the left of ARS1211 (Figure 1A). Other
active origins closest to ARSI1211 are located at 75 Kb on
the left and 57 Kb on the right, an inter-origin distance that
is above the average in budding yeast (38). Thus, the pres-
ence of those dormant origins could be crucial in this DNA
region where a high interference between replication and
transcription may cause fork impairment.

Using the 2D gel method (39), we monitored the
ARSI1211 right forks approaching head-on the PDCI gene
and the replication status of both right and left dormant ori-
gins. Wild-type (WT) strain and cells depleted for Senl by
means of carbon source-dependent conditional system (24)
(hereafter indicated as sen/ mutants) were released from G1
into S-phase of the cell cycle in the presence of 0.2M hy-
droxyurea (HU). HU-treatment triggers the Mec1-Rad53-
dependent checkpoint (40) and facilitates 2D gel analysis
of replication intermediates by slowing down fork progres-
sion. Consistent with our previous findings, sen/ mutants
showed a peculiar 2D gel profile when replication inter-
mediates were analyzed at the ARSI211-PDCI locus (Fig-
ure 1A) (24). These replication intermediates are sensitive
to ssDNA nucleases treatment and correlate with the ac-
cumulation of both S-phase specific RNA-DNA hybrids
and ssDNA-RPA nucleofilaments (24). Hence, these 2D
gel structures represent replication forks paused by RNA-
DNA hybrids and/or R-loops. Moreover, senl mutants, but
not WT cells, fired both right and left dormant origins, as
indicated by the appearance of bubble-shaped intermediates
(Figure 1A).

We asked whether the activation of both dormant ori-
gins in sen/ mutants was caused by the sole replication-
transcription conflict at the PDCI gene. We indeed found
that a mutation in the promoter of the PDCI gene, which
prevents its transcription, abolished the accumulation of
paused intermediates at the ARS1211-PDCI locus and the
firing of both left and right dormant origins in sen/ mu-
tants (Figure 1A and Supplementary Figure S1A). Other
dormant/late origins on Chromosome XII surrounding
the region of replication-transcription conflict were not
activated in sen/ mutant, as indicated by BrdU-IP-chip
genome-wide analysis (Figure 1B). Conversely, as previ-
ously shown, checkpoint-deficient rad53 kinase mutants
triggered the firing of dormant and late origins at a genome-
wide level (33,34,41) (Figure 1B). We noted that Rad53 was
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Minutes after G1 release in HU

(210

Figure 1. Head-on replication-transcription collisions trigger local dormant origin firing in sen/ mutants. (A) WT (GF8), senl (GF455) and senl carry-
ing a deletion of the PDCI promoter (GH612, senl no PDCI transcription) were synchronized in G1 and released into 0.2M HU. Genomic DNA was
digested with EcoRI (E), SphI (S) or Ndel (N) to monitor replication intermediates by 2D gel analysis at ARS1210, ARS1211-PDCI or ARSI1211.5 locus,
respectively. Asterisks indicate replication initiation events. A schematic representation of 2D gel replication intermediates and sen!/ specific structures (in
green) is shown on the right. (B) BrdU-IP-chip analysis was carried out on WT (GH132), senl (GH344) and rad53K227 A (GH100) cells treated with 0.2M
HU for 90 min. Orange peaks indicate active origins on a representative region of Chromosome XII containing the ARS1211-PDCI locus. Position of
replication origins is also shown at the top. (C) Rad53 phosphorylation was monitored by western blotting in WT and sen/ strains treated as in panel A.
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active at similar levels in both WT and sen/ HU-treated cells
(Figure 1C). Moreover, in sen! mutants, dormant origins
were activated also in unperturbed conditions, that is, when
fork speed was reduced by lowering the temperature to 16°C
instead of using the replication inhibitor HU (Supplemen-
tary Figure S1B).

We conclude that, in sen/ mutants, head-on clashes be-
tween the ARS1211 rightward moving forks and PDCI
transcription trigger the activation of the most proximal
dormant origins placed on the opposite sides of the conflict
region (Figure 1D). Dormant origin firing in sen/ mutants
is a local event, it occurs despite Rad53 checkpoint activa-
tion and it is not influenced by HU-treatment.

It is possible that forks arising from the dormant ori-
gin ARS1211.5 and moving leftward toward the region of
replication-transcription conflict may contribute to rescue
the replication of the PDCI locus, especially if the right
forks originating from the early origin undergo an irre-
versible arrest. To test this hypothesis, the ACS element of
ARS1211.5 was deleted to prevent right dormant origin ac-
tivation. Formation of the sen/ structures and fork progres-
sion at the ARS1211 region were then monitored by 2D gel
analysis. WT cells, sen!/ mutants and sen! mutants carry-
ing the inactive right dormant origin (sen/ ARSI211.5A)
were released from G1 into HU. In WT and sen/ strains, the
early origin ARS1211 was activated within 30 min from G1-
release, as indicated by the formation of the bubble-shaped
intermediates (Figure 2A). Paused forks were detected at
the PDCI locus in both senl and senl mutated for the
right dormant origin (Figure 2A and Supplementary Figure
S2A). Therefore, the accumulation of the sen/ paused forks
is not influenced by forks approaching from the right dor-
mant origin, while it depends on PDCI transcription (Fig-
ure 1A). In senl mutants the right dormant origin was fired
at ~90 min after G1 release, following the accumulation of
the 2D gels structures at the PDCI gene (Figure 2A). Y-
shaped intermediates are observed at the ARS1211.5 locus
before origin firing. Given that ARSI211 is the closest ac-
tive origin in the proximity of this locus (Figure 1A), one
possibility is that a fraction of forks coming from the early
origin is able to bypass the transcription block imposed by
PDCI expression and passively replicates ARS1211.5 (Fig-
ure 2A). Furthermore, differently from WT cells, in sen/
ARSI211.5A mutants, the relative levels of replication in-
termediates at the ARS1211.5 locus did not increase with
time (Figure 2A). This suggests that the majority of the
ARSI1211 forks approaching head-on PDCI transcription
failed to proceed across adjacent regions. We conclude that,
once the early origin ARS1211 has been activated, the ma-
jority of the forks encountering head-on PDCI transcrip-
tion are arrested in the absence of Senl. Then, the unre-
solved replication-transcription conflict at PDCI triggers
the firing of the nearest dormant origin on the right to res-
cue the blocked forks.

The finding that the left dormant origin ARSI1210 was
also fired in sen/ mutants in response to PDCI transcrip-
tion (Figure 1A), raises the possibility that the progression
of the ARS1211 leftward moving fork was also prevented by
the replication-transcription conflict occurring at the PDCI
gene. To test this hypothesis, we inactivated the ARS1210
origin in WT and sen! strains and we then monitored the
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progression of the 4RS1211 forks by BrdU-IP followed by
gPCR analysis. Noteworthy, in an 4RSI1210A strain, the
closest active origin to ARS1211 on the left, ARS1209, is 75
kb away. This gave us the opportunity to follow in a large
time window the progression of the sole ARS1211 leftward
moving forks before the arrival of ARS1209 forks from the
opposite direction. WT and senl strains both carrying the
deleted dormant origin ARS1210 were released from Gl
into unperturbed S-phase at 16°C. At the time points indi-
cated in Figure 2B, DNA samples were subjected to BrdU-
IP-qPCR analysis to monitor nascent DNA strands at the
ARSI211 locus. BrdU was immunoprecipitated at similar
levels across ARS1211 in WT and sen/ mutants at 60-90
min from GI1 release indicating that this origin is activated
at the same time in the two strains in agreement with 2D
gel analysis results. At later time points, in sen/ mutants,
we found less BrdU incorporation in this region reflecting
that forks had been arrested by PDCI transcription. In all
the other DNA regions flanking the origin, we monitored
reduced levels of BrdU incorporation in sen/ mutants com-
pared to WT, with a greater difference in the region down-
stream of the PDCI gene. These results indicate that, in
senl mutants under unperturbed conditions, not only the
ARSI1211 rightward moving fork is arrested at the PDCI
gene, but also the progression of the sister fork is slowed
down.

We then decided to investigate the mechanism responsi-
ble for the activation of dormant origins in sen/ mutants in
response to replication-transcription collisions at the PDC1
gene. It is possible that both the left and right dormant
origins are fired in sen/ mutants because they cannot be
passively replicated and thus inactivated by the adjacent
ARSI1211 early replicating forks. Alternatively, the accumu-
lation of arrested forks at the PDCI gene may generate a ‘lo-
cal signal’ for dormant origin firing. To distinguish between
these two models, we inactivated the early origin ARS1211
and monitored, in HU-treated cells, the firing of nearby dor-
mant origins by 2D gel analysis. As shown in Figure 3, bub-
ble arc signals were observed at either left or right dormant
origins in the ARS1211 A strain but not in WT cells. Despite
the fact that stalled forks did not accumulate at the PDCI
locus and the checkpoint was activated by HU-treatment,
the firing of dormant origins was still triggered. Therefore,
our data indicate that dormant origins are fired because
they cannot be timely inactivated by ARS/211 fork pas-
sage. Notably, since in sen/ mutants the PDCI transcription
causes the activation of both left and right dormant origins,
the PDCI transcription must be the cause of the delayed
arrival of both ARS1211 sister forks (Figure 1A). This in-
dicates that PDCI transcription not only impairs the pro-
gression of the fork that it encounters head-on, but it also
prevents the progression of the sister fork moving in the op-
posite direction within the same replicon.

Mrell-dependent complex and Mrcl/Tofl/Ctf4 com-
ponents of the replication progression complex protect
transcription-arrested forks from Exol-dependent process-
ing

We found that, in sen/ mutants, arrested forks at the PDCI
gene were stable even after a prolonged HU-treatment (Sup-
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(B) to monitor replication intermediates by 2D gel analysis, respectively, at ARS1210, ARS1211-PDCI or ARSI1211.5 locus. Asterisks indicate replication
initiation events. (B) Schematic representation of replication origins activation in WT and ARS1211A mutants.

plementary Figure S2B), suggesting that specific pathways
may stabilize forks arrested by transcription and/or coun-
teract abnormal fork transitions in S-phase. The MRX
complex and Mrcl-Tof1-Ctf4 components of the replica-
tion progression complex (RPC) are required for senl/—I
hypomorphic mutant viability (23,24). Hence, we thought
that those protein complexes could be ideal candidates for
a role in stabilizing transcription-arrested forks. Deletions
in the genes encoding Mrell or Mrcl-Tofl-Ctf4 com-
plexes were combined with the conditional sen/ strain and
the double mutants were analyzed by 2D gel technique to
monitor transcription-dependent replication intermediates
at ARSI1211-PDCI locus in HU. We found that the inacti-
vation of the MRX complex or RPC did not impair repli-
cation at PDCI gene, while it partially prevented the accu-
mulation of both paused forks and S-phase specific RNA-
DNA hybrids in sen/ mutants (Figure 4; Supplementary
Figure S3A and B). Previous studies have shown that Mrel 1
and Mrcl associate with replication forks, although they are
not needed for origin firing (41-43). Conversely, HU-treated
mrecl mutants display increased number of fired origins due
to their checkpoint defects (41). We found that in senl mrel
or senl mrcl double mutants the firing of ARSI211 origin
was not affected when PDCI transcription was prevented
(Supplementary Figure S3C). Moreover, neither mrel I nor
mrel mutations affected PDCI expression (Supplementary

Figure S3D). This suggests that the decreased accumulation
of arrested forks in senl mrel I or senl mrcl double mutants
cannot be ascribed to a reduced replication-transcription
conflict at the PDCI gene. Hence, we conclude that the
Mrell-and Mrcl-dependent complexes are required for the
accumulation of both stalled forks and RNA-DNA hybrids
at the PDCI locus in senl mutants.

Both MRX and RPC play multiple roles in the DNA
damage response (44). MRX is required for nuclease-
mediated Double Strand Break (DSB) ends processing in
homologous recombination (HR) and Mrcl is required to
amplify the replication checkpoint signal. We found that the
point mutant mrel I D56N, which eliminates Mrel1 nucle-
ase activity without compromising MRX complex integrity
(45), had no effect on the stability of sen/ forks arrested at
the PDCI gene and it was not lethal in combination with
senl—I hypomorphic mutant (Figure 4). Thus, the integrity
of MRX complex, rather than its nuclease activity, is crucial
to deal with the sen/ replication problems. Mrcl, together
with other RPC components, coordinates replisome activi-
ties and, in response to replication stress, is phosphorylated
by Mecl to initiate a robust Rad53-dependent checkpoint
response (40). To address whether the function of Mrcl at
forks in sen/ mutants was dependent on its role in repli-
cation or in checkpoint activation, we examined the sepa-
ration of function mrcl-AQ allele. The defective Mrc1-AQ
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protein still binds to replication forks but it is unable to ac-
tivate the checkpoint response (42). As shown in Figure 4,
senl—I mrcl-AQ mutants were viable and fork arrest was
still observed at the PDC1 gene. Thus, the essential function
of Mrcl in sen! mutants is not linked to its role in check-
point activation. Mrcl is also phosphorylated by the Hogl
kinase to regulate transcription-replication conflicts caused
by osmotic stress (46), even though we found that this mod-
ification was also not required for the stability of forks ar-
rested at the PDCI gene in senl mutants (Figure 4A).

Taken together, our data suggest a structural role for both
MRX and RPC to stabilize transcription-arrested forks and
to promote cell viability in sen/ mutants.

The disappearance of senl 2D gels structures when MRX
or RPC are inactivated may suggest that forks escape the
PDCI-dependent transcription block and move forward.
To test this hypothesis, we monitored fork progression in
WT, senl, senl mrell and senl mrcl strains carrying the
mutated right dormant origin. Differently from WT cells,
all mutant strains exhibited barely detectable Y-shaped
arcs in the chromosomal fragments downstream the PDC!
replication-transcription collision site (Figure 5A). There-
fore, ARS1211 forks approaching the PDCI gene were still
arrested by transcription in senl mrell or senl mrcl double
mutants. While forks arising from 4RS1211 could not by-
pass PDCI transcription in senl, senl mrell or senl mrcl
mutants, forks coming in the opposite direction from right
dormant origin could approach the PDCI locus (Figure
5B). Thus, Mrcl and Mrell are required to stabilize the
forks arrested by head-on collisions with PDC]I transcrip-
tion in sen/ mutants. Based on these results, we hypoth-
esized that, in senl mrcl or senl mrell mutants, stalled
forks could be prematurely processed in S-phase by spe-
cific nuclease-dependent pathways. Supporting this idea, we
found that the inactivation of Exol nuclease in senl mrcl
or senl mrell mutants restored a senl-like 2D gel profile
with partial accumulation of the arrested forks at the PDCI
gene (Figure 6). Exol inactivation did not interfere with the
accumulation of transcription-dependent structures at the
PDCI locus in senl single mutants (data not shown). More-
over, inactivation of RADS51, a central player in the HR-
dependent pathway, had no effect on the dynamic of senl/
structures accumulation in mrcl mutants (Figure 6).

Taken together these results indicate that, through an
HR-independent mechanism, Exol nuclease resects senl/
forks arrested by transcription in the absence of MRX or
RPC.

DISCUSSION

Uncoordinated replication-transcription collisions, lead-
ing to pathological R-loop accumulation, are a major
source of intrinsic replication stress and genome instabil-
ity, which are hallmarks of cancer and other human dis-
eases (5). Cells have evolved different strategies to coordi-
nate replication with transcription and to remove RNA-
DNA hybrids/R-loops, one of which depends on the activ-
ity of the Senataxin/Sen1 RNA/DNA helicase. Senl acts at
head-on replication-transcription collisions (24), a type of
clashes particularly dangerous for genome integrity main-
tenance (5).
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Figure 5. Fork progression analysis across PDCI transcription. (A) WT
(GHS5S51), senl, senl mrell (GHS566) and senl mrcl cells (GHS86) carry-
ing the mutated right dormant origin (4ARS1211.5A) were synchronized in
G1 and released into 0.2M HU. Genomic DNA was digested with Pstl and
hybridized with probe B to monitor replication intermediates at the indi-
cated time points by 2D gel analysis in a fragment downstream the PDCI
gene. 2D gel analysis of intermediates at ARS1211-PDCI (probe A, Sphl)
and ARSI1211.5 (probe C, Bcll) loci is also shown at one representative
time point. (B) WT, senl, senl mrell and senl mrcl cells (non-mutated for
ARS1211.5) were treated as in panel A. Genomic DNA was digested with
EcoRI and hybridized with probe D to monitor replication intermediates
at the indicated time points by 2D gel analysis in a fragment downstream
the PDCI gene. 2D gel analysis of intermediates at ARS1211-PDCI (probe
A, Sphl) and ARSI211.5 (probe C, Bcll) loci is also shown at one repre-
sentative time point.
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In this study, we characterized the fork dynamic at an
early replicating and highly transcribed domain in budding
yeast that resembles a new class of human fragile sites called
ERFSs (8). We focused our study on a natural DNA region
that includes the highly expressed PDCI metabolic gene,
whose transcription encounters head-on the forks originat-
ing from the early origin ARS1211. The ARSI1211-PDCI
locus is flanked by two dormant origins, whose presence
reduces the inter-origin gap in a region that, not only is
poor of other active origins, but is also at high risk for fork
stalling due to transcription. Such feature allows us also to
investigate the impact of head-on replication-transcription
collisions on dormant origin firing.

We found that, in sen/ mutants, the replication fork en-
countering head-on PDCI transcription is arrested and this
impairs the progression of the sister fork in the same repli-
con. Forks arrested by transcription in sen/ mutants are res-
cued by two mechanisms: the first relays on the local activa-
tion of nearby dormant origins and the second on the joint
activities of Mrell- and Mrcl/Ctf4-dependent complexes
that counteract the Exol-mediated processing of arrested
forks (Figure 7).

In particular, the forks arising from the right dormant
origin encounter PDCI transcription codirectionally, that
is, in a less dangerous type of clash (Figure 7). In this way, R-
loops could be resolved at the topological level (5) or by the
replisome-associated helicase (26) and in any case without
the need for a specialized RNA/DNA helicase. It remains
to be investigated whether highly transcribed genes are fre-
quently located nearby dormant origins as in the case of the
PDCI gene. We note that other sites of head-on replication-
transcription conflicts that require Senl helicase for their
resolution are located in the proximity to other efficient
origins (24). The scheduled activation of these origins can
rescue the forks arrested by transcription without the need
for new origin firing. This could be a most common strat-
egy to complete replication in response to transcription in-
terference in budding yeast, which has a compact genome
with many efficient origins of replication. A defense mecha-

nism based on dormant origin activation against the delete-
rious consequences of replication-transcription clashes and
R-loop accumulation could be crucial in mammals. Recent
evidence indicates that inhibition of origin firing enhances
the formation of R-loops, which preferentially accumulate
in head-on replication-transcription collisions (26). R-loop
accumulation, increased transcription-replication interfer-
ence and new origin firing are all signatures of endoge-
nous replication stress (3,6,7) and the failure to activate dor-
mant origins in response to endogenous replication stress
increases DNA damage and cancer risk (47).

Other reports have shown that dormant origins are lo-
cally activated in response to fork failure (28-32) and the
replication checkpoint represses new origin firing (33,34).
Whether this is an active mechanism promoted by impaired
forks remains unclear (28,30). Here we showed that the local
firing of dormant origins is induced when the progression of
ARSI211 early replicating forks is prevented by transcrip-
tion in checkpoint-activated sen/ mutants. Moreover, dor-
mant origins are also fired when replication forks never start
at ARS1211 in checkpoint-activated WT cells. Thus, dor-
mant origin firing is not inhibited by the checkpoint and it
is not triggered by the accumulation of stalled forks. Our
results are consistent with the prediction that dormant ori-
gins behave like fully competent late origins, which never
have the opportunity to fire unless their passive replication
is prevented (28,48).

We found that the left and right dormant origins are
both activated in response to unscheduled replication-
transcription collisions at the PDCI gene and both the
ARSI211 sister forks are slowed down in sen/ mutants.
Hence, we concluded that the conflict at the PDCI locus in-
terferes with the progression of both ARS1211 sister forks.
Thus, when one fork is arrested by PDCI transcription, the
sister fork moving in the opposite direction is also impaired
reflecting some degree of coupling of sister replisomes activ-
ities (Figure 7). Since the PDCI gene is located 1Kb away
from ARSI211, fork progression is aborted very early by
transcription in sen/ mutants. Although our data suggest a
coordination in sister forks progression at the beginning of
the DNA synthesis, they do not exclude that sister forks are
also coupled at later stages. Despite these different possibil-
ities, our findings suggest that a single head-on replication-
transcription clash can disrupt bi-directional replication.

The ‘double replisome’ model for DNA replication sug-
gests that the sister replisomes are associated into fixed
‘replication factories’, which synthesize the two halves of
a replicon in a coordinated fashion (49,50). Conflicting
evidence supporting (51-53) or disproving (30,54,55) this
model has been collected. In yeast, it has been shown that
when a replication fork is arrested by a DSB, the progression
of the sister fork is not impeded (30). Our findings are not at
odds with this observation, since we failed to observe DSBs
accumulation by Pulsed Field Gel Electrophoresis at the
PDCI locus in senl mutants (data not shown). It is conceiv-
able that a DSB disrupts replicon topology, which could be
instead maintained during a replication-transcription clash
and could be crucial to the association of the sister repli-
somes (Figure 7). Therefore, we conclude that the sister
replisomes are coupled or uncoupled under different con-
ditions of replication stress.
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details.

We showed that R-loops are stabilized during head-on
encounters with replication forks. Thus, while R-loops con-
tribute to arrest fork progression, they are not processed in
S-phase. As mentioned above, a more timely option could
be to resolve R-loops co-directionally in the absence of
Senl using a fork coming from a nearby origin. We show
that the stability of arrested forks and RNA-DNA hybrids
in sen! mutants is enhanced by the MRX complex and
the Mrcl/Tofl/Ctf4 components of RPC. These protein
complexes counteract the Exol-mediated processing of sen/
forks arrested by transcription. The role of Exol at senl/
forks in RPC or MRX mutants resembles that observed in
rad53 checkpoint-deficient mutants, where the nuclease pro-
motes the unscheduled resection of HU-stalled forks fol-
lowing replisome disassembly (56). Our data do not ex-
clude that Exol, a member of the conserved Rad2/XPG
nuclease family, processes RNA-DNA hybrids at the fork.
Rad2/XPG is a structure-specific DNA nuclease that has
been proposed to remove R-loops by cleavage (17), while

Exo1 could degrade RNA-DNA hybrids using its intrinsic
RNaseH activity (57). Mrcl, Ctf4, Tofl and Csm3 proteins
cooperate at the replisome to physically and functionally
link DNA polymerases with DNA helicase and their inac-
tivation impairs proper fork progression and replisome sta-
bility under replication stress conditions (44). The function
of these evolutionarily conserved replisome-associated fac-
tors appears crucial to promote fork progression through
hard-to-replicate sites (44). Here we found that these factors
are also crucial in head-on replication-transcription colli-
sions where they could play, in cooperation with the MRX
complex, a structural function in stabilizing the forks ar-
rested by transcription (Figure 7). MRX has been involved
in the processing of DSB ends and stalled forks (44). We
showed that, at transcription-arrested forks, MRX rather
counteracts Exol nucleolytic activity independently of its
function in the HR pathway. Thus, MRX activity here is
more consistent with a nuclease-independent structural role
implicating it in the maintenance of the fork integrity, per-
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haps by tethering sister chromatids together, as previously
proposed (43,58,59) (Figure 7).

Overall our results provide novel mechanistic insights
into how cells cope with the accumulation of danger-
ous R-loops during a head-on replication-transcription
collision. Our findings help to explain how replication-
dependent DNA lesions could accumulate in early tumori-
genesis in the absence of certain crucial fork-protection fac-
tors, such as Senataxin. It has been shown that fork pro-
tection mechanisms contribute to chemotherapy drug re-
sistance in BRCA-deficient tumor cells (60). We note that
our data suggest possible strategies used by tumor cells to
rescue fork-dependent defects and escape the checkpoint-
dependent barrier in cancer progression. Senataxin and the
MRN complex have been also implicated in neurological
disorders, which include certain severe hereditary forms
of Ataxia (21,22,61). Since replication-transcription colli-
sions are potential sources of chromosomal rearrangements
in neural stem/progenitor cells (10), our findings could
also have implications for the development of the diseases
caused by dysfunctions of Senataxin and/or the MRN com-
plex.
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