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ABSTRACT

Uncoordinated clashes between replication forks
and transcription cause replication stress and
genome instability, which are hallmarks of cancer
and neurodegeneration. Here, we investigate the
outcomes of head-on replication-transcription colli-
sions, using as a model system budding yeast mu-
tants for the helicase Sen1, the ortholog of human
Senataxin. We found that RNA Polymerase Il accumu-
lates together with RNA:DNA hybrids at sites of head-
on collisions. The replication fork and RNA Poly-
merase Il are both arrested during the clash, leading
to DNA damage and, in the long run, the inhibition
of gene expression. The inactivation of RNA Poly-
merase |l elongation factors, such as the HMG-like
protein Spt2 and the DISF and PAF complexes, but
not alterations in chromatin structure, allows repli-
cation fork progression through transcribed regions.
Attenuation of RNA Polymerase Il elongation res-
cues RNA:DNA hybrid accumulation and DNA dam-
age sensitivity caused by the absence of Sen1, but
not of RNase H proteins, suggesting that such en-
zymes counteract toxic RNA:DNA hybrids at differ-
ent stages of the cell cycle with Sen1 mainly act-
ing in replication. We suggest that the main obsta-
cle to replication fork progression is the elongating
RNA Polymerase Il engaged in an R-loop, rather than
RNA:DNA hybrids per se or hybrid-associated chro-
matin modifications.
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INTRODUCTION

Replication stress is a source of endogenous DNA dam-
age in both cancers and neurodegenerative disorders (1,2).
Two features of replication stress include high frequency of
origin firing events and enhanced fork instability at natu-
ral replication barriers (1). DNA transcription is a major
cause of replication stress, especially in the case of head-
on replication-transcription collisions (3). The severity of
head-on collisions is linked to the accumulation of R-loops,
which are structures containing an RNA:DNA hybrid and a
displaced ssDNA (4-8). R-loops potentially hamper DNA
replication, leading to fork arrest and collapse, thus being
highly recombinogenic and mutagenic by nature (3,9). Sev-
eral factors, including the tumor suppressors BRCA1 and
BRCA2, limit R-loop accumulation and the consequent
DNA damage (10-14). The helicase Senataxin, a physical
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partner of BRCA1, and the nucleases RNase H are among
the best-characterized enzymes able to resolve RNA:DNA
hybrids (15,16). Senataxin dysfunctions lead to multiple
neurological disorders, including Ataxia (17), Amyotrophic
Lateral Sclerosis (18) and Spinal Muscular Atrophy (19,20),
placing this helicase as a paradigm to study the dangerous
implications of R-loops in both cancer and neurodegenera-
tion. Deficiency in Senataxin or its yeast orthologue Senl is
associated with a number of defects caused by the alteration
of R-loop homeostasis, including transcription termina-
tion failure, unscheduled gene silencing, high DNA damage
sensitivity, unfaithful recombination repair events, hyper-
resection at double-strand break and fork arrest at sites of
replication-transcription collisions (21-30). Despite induc-
ing DNA damage, R-loops are physiologically generated
co-transcriptionally within the genome, independently of
replication orientation (6,31). In fact, R-loops control gene
expression by modifying the chromatin structure at sites of
RNA Polymerase II (RNAPII) pausing, as promoter and
termination regions (32). The role of Senataxin/Senl in the
resolution of physiological R-loops at transcription termi-
nation sites is well established (16), while less clear is its role
in the prevention of RNA:DNA hybrid-driven DNA dam-
age. Moreover, little is known about the consequences of the
collision event on the transcription side.

In Senl-depleted cells, head-on highly transcribed
RNAPII genes accumulate R-loops (24,33) and form an
impenetrable barrier to replication fork (34). The activation
of dormant origins near the collision sites is a mechanism
to rescue stalled replication forks, while the protection
of replisome prevents the nuclease-mediated processing
of R-loops at the fork (34). It is currently unclear why
transcription poses such a strong impediment to fork
progression, considering that pervasive transcription is a
general feature of both prokaryotic and eukaryotic genomes
(35,36). Kuzminov proposed that is the RNAPII anchored
to the DNA by an R-loop rather than the R-loop itself
that arrests fork progression (37). An RNAPII unable to
initiate or sustain productive elongation, because paused,
arrested or backtracked, is indeed a source of R-loop-
dependent DNA breaks and/or replication-transcription
conflicts (12-14,38-40). R-loops have been also proposed
to interfere with replication indirectly, either through
the stabilization of DNA secondary structures (41,42) or
alterations in the chromatin. For example, R-loops induce
the formation of specific heterochromatic marks, such as
phosphorylation or methylation of H3, on residues S10
(43) or K9 (44,45) respectively, that could obstruct fork
progression. Increased levels of H3 acetylation, including
on residue K56, also lead to R-loop-dependent DNA
breaks (46,47). Finally, also the loss of heterochromatin
enhances replication-transcription collisions (48) through
unscheduled R-loop formation (49,50).

Here, we studied the impact of Sen1 inactivation on head-
on vs co-directional replication-transcription collisions by
placing the same highly expressed gene in opposite orien-
tations to fork progression in the yeast genome. We found
that head-on rather than co-directional collisions lead to R-
loop accumulation and DNA damage, hindering not only
replication but also transcription. To better characterize the
physical nature of the transcription barrier, we took advan-

tage of a genetic approach to identify suppressors of senl
mutants. Also using specific point mutants in the RNAPII
catalytic core, we showed that elongation attenuation, but
not alterations in chromatin structure, allowed replication
across transcription in sen/ mutants, preventing R-loop ac-
cumulation, the retention of inactive RNAPII on chromatin
and DNA damage. Together, our data suggest that elongat-
ing RNA Polymerase II is a major contributing factor to
transcription-induced replication stress.

MATERIALS AND METHODS
Yeast strains and growth conditions

The strains used in this study are isogenic derivatives of
W303-14 RADS and listed in the Supplementary Table S1.
One-step PCR-targeting method was used to delete or mu-
tate yeast genes (51). The rpbl-N488 D mutant strain, orig-
inally isolated in a different genetic background (52), was
backcrossed three times to W303-14 RADS5 before being
used in our experiments. The PDCI gene, plus 830 and
320 bp upstream and downstream, respectively, was placed
in either head-on (HO) or co-directional (CD) orienta-
tion to the ARS607-dependent replication on the chromo-
some VI using the Delitto Perfetto approach (53) in strains
where the endogenous PDCI gene on the chromosome XII
was deleted. The conditional lethal strain GAL-URL-3H A-
SENI (senlYRL) has been previously described (24). In the
experiments conducted with the yeast strains carrying the
GAL-URL-3HA-SENI system, cells were grown overnight
in YPG (1% yeast extract, 2% bactopeptone, 2% galactose)
and, during a-factor treatment, transferred to YPD (1%
yeast extract, 2% bactopeptone, 2% glucose) to switch off
Senl protein. Under these conditions, the Senl protein is
depleted in 30 min (24). a-factor was used to a final concen-
tration of 2 pg/ml and other inhibitors at concentrations
indicated in the Figures.

IURL

Identification of genetic suppressors of sen mutants

The genome-wide screen used to identify suppressors of cell
lethality due to depletion of Sen1 protein was performed by
crossing a query strain carrying the GAL-URL-3HA-SEN1
system with a nearly complete nonessential gene deletion
library of Saccharomyces cerevisiae, according to the pro-
cedure described in (54). All the screening selection steps
were carried out on YPG, to express the query construct,
then senl YRL suppressors were identified for their capabil-
ity to grow in YPD, as validated in independent screenings,
and then confirmed in W303-14 RADS background.

Purification and 2D gel analysis of replication intermediates

Purification of DNA intermediates and 2D gel elec-
trophoresis procedure were carried out as described in (55)
using yeast strains synchronized in Gl-phase of the cell
cycle and released into 0.2 M hydroxyurea (HU). Briefly,
yeast cells were exposed to in vivo psoralen cross-linking and
replication intermediates were purified in the presence of
CTAB. 10 p.g of purified DNA were digested with different
restriction enzymes, depending on the fragments to be ana-
lyzed (further information available in figure legends). DNA



fragments were separated in the first dimension at 50 V for
20 h and in the second dimension at 180 V for 8 h. DNA in
the gel was denatured by NaOH treatment and transferred
overnight onto nylon membranes in 10x SSC buffer. Mem-
branes were hybridized with labeled DNA probes to detect
replication intermediates at the regions of interest. 2D gel
images were obtained using a GE Typhoon Trio™.

DNA:RNA immuno-precipitation analysis and quantitative
real-time PCR analysis

RNA:DNA hybrids were extracted and analyzed by im-
munoprecipitation (DRIP) using S9.6 antibodies followed
by quantitative real-time PCR (qPCR) analysis, as previ-
ously described (24). Briefly, 9 wg of purified DNA was
sheared by sonication to obtain 500 bp fragments, treated or
not with RNase H (New England Biolabs), and incubated
overnight with 7.5 pg of S9.6 monoclonal antibody bound
to magnetic protein G beads (Invitrogen). For each sam-
ple, I pl was taken as INPUT (1%). Input and immunopre-
cipitated samples were treated with protease K and RNase
A before purification with QIAquick PCR Purification Kit
(Qiagen). Treated samples were subjected to qPCR using
quantifast SYBR Green PCR Master Mix (Qiagen). Sam-
ples were run in Roche Light Cycler 480 Real-Time PCR
System. RNA:DNA hybrid enrichment was determined as
follows: 100 x 2(CT adjusted INPUT — CT IP S9.6). qPCR
reactions were performed in triplicate.

PDCI or SENI mRNA levels were measured by qPCR,
as follows: the RNA was extracted using Qiagen RNeasy
Kit and 1 pg of RNA was retro-transcribed with INVILO
kit (Invitrogen). qPCR was done in 20 wl reaction with gene
specific primers using 1 wl of cDNA diluted 1:20 using the
SYBR Green (quantifast SYBR Green PCR Master Mix,
Qiagen) and run in Roche Light Cycler 480 Real-Time PCR
System. qPCR was also performed for ACTI gene from
each cDNA sample. PDCI or SENI expression levels were
calculated as follows: 2~(CT test=CTcontrol) ' \yhere test refers
to the PDCI or SENI gene and control refers to ACT1. All
samples were run in triplicate for each independent experi-
ment.

Chromatin immuno-precipitation analysis

Standard Chromatin Immuno-Precipitation (ChIP) was
carried out as previously described in (24). Purified
‘ChIPed’ DNA was sheared to 500 bp by sonication and in-
cubated overnight with antibodies bound to magnetic pro-
tein G beads (Invitrogen). 4 pg of anti-y-H2AX (Cell sig-
naling), 10 pg anti-H3K56ac (Millipore), 5 pg of anti-Rpb3
(Biolegend), 4 pg of anti-H3K4me2 (Invitrogen), 5 g of
anti-CTD-Ser2 (Abcam) or 5 wg of anti-CTD-Ser5 (Ab-
cam) were used for ChIP. For each sample 5 pl was taken
as INPUT. Input and immunoprecipitated samples were
treated with protease K and RNase A before being puri-
fied with the QIAquick PCR Purification Kit (Qiagen) and
then subjected to qPCR using the SYBR Green (quantifast
SYBR Green PCR Master Mix, Qiagen). Samples were run
in Roche Light Cycler 480 Real-Time PCR System. DNA
enrichment was determined by quantitative PCR (qPCR)
as follows: 100 x 2(CT adjusted INPUT - CT IP). gPCR
reactions were performed in triplicate.
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Chromosome spreads analysis

Yeast chromosome spreads technique was performed as
described in (56) with minor modifications. Briefly, yeast
strains were grown in log phase in YPG and then shifted
for four hours in YPD to deplete Senl. Cells were con-
verted to spheroplasts and spread on glass slides in pres-
ence of SDS 20%. Slides were incubated with 0.25 p.g/ml of
S9.6 antibody diluted in 80 wl of blocking buffer, washed
for 15 min in PBS 1X and then incubated with the sec-
ondary Alexa Fluor 488 green antibody (ThermoFisher) di-
luted 1:1000 in blocking buffer. In vitro RNase H treatment
was achieved by incubating the slides, prior to antibody in-
cubations, for 30 min with 2 U of enzyme (NEB) diluted in
80 wl of blocking buffer. Indirect immunofluorescence (IF)
was performed using a Zeiss Axiolmager M2 microscope
with a 40x /NA 1.3 objective.

Transcription run-on assay by 5-bromo-UTP incorporation

Run-on experiments were performed as described in (57)
with minor modifications. Briefly, 100 ml of cells in expo-
nential phase of growth were synchronized in G1-phase of
the cell cycle and released into 0.2 M HU. Cells were perme-
abilized using 0.6% of Sarkosyl and then transcription run-
on reaction was performed in the presence of 0.75 mM of
ATP, CTP, GTP and 5-bromo-UTP (BrUTP) (Sigma). Puri-
fied total RNA was extracted using Qiagen R Neasy Kit (Qi-
agen), 1 ng of total RNA was retro-transcribed using poly-
dT primers with INVILO kit (Invitrogen) and used as con-
trol. Purified total RNA was incubated 2 h with 4 g of anti-
BrdU antibody (MBL) bound to magnetic protein G beads
(Invitrogen), 1 ng of immunoprecipitated RNA was retro-
transcribed using poly-dT primers with INVILO kit (Invit-
rogen) and analyzed by qPCR. qPCR was done in 20 pl
reaction with gene specific primers using 1 pl of cDNA di-
luted 1:20 using the SYBR Green (quantifast SYBR Green
PCR Master Mix, Qiagen) and run in Roche Light Cy-
cler 480 Real-Time PCR System. qPCR was also performed
for ACTI gene from each cDNA sample. Nascent RNA lev-
els were calculated as described in (58) using the ACq meth-
ods. All samples were run in triplicate for each independent
experiment.

RESULTS

Head-on, but not co-directional, replication-transcription
collisions lead to fork arrest, R-loop accumulation, DNA
damage and transcription inhibition in cells lacking Senl

We have previously shown that the inactivation of Senl im-
pairs fork progression at certain R-loop-prone highly tran-
scribed genes encountered in head-on orientation, but not
co-directionally (24). To provide direct evidence that Senl
has a specific role in preventing head-on collisions, we re-
positioned the highly expressed PDCI metabolic gene in the
two opposite orientations with respect to fork progression,
via a Delitto Perfetto strategy, in the proximity of the early
origin of replication ARS607 on Chromosome VI (Figure
1A). The endogenous copy of the PDCI gene was deleted
in these strains. We found, by qPCR, that the expression
of the manipulated copy was similar in the two opposite



12772 Nucleic Acids Research, 2021, Vol. 49, No. 22

A PDC1 ARS607

P B

Minutes after G1 release in 0.2 M HU
30 60 120 150 180 210

NN
AR

PDC1 ARS607

N N

Minutes after G1 release in 0.2 M HU
30 60 120 150 180 210

B o DRIP at PDC1 C  chiIP ony-H2AX at PDC1 after 150 minutes
’ *x x* release in 0.2 M HU
~ 03 m G1
s HU 51
D— 4 *kkk
-Ej‘ - qc) 4- *kkk
B 50.2] £ T
s ©
2 = 34
£ == C
< w
d o 2
Q 0.1 22
< L
g -
0.0l ol== r = 1
G1 90 120 150(G1 90 120 150|G1 90 120 150|G1 90 120 150 WTHO sent™ WTCD seniUr
WT HO | sent1Yf-t HO WT CD sen1Yft CD HO CD
D GLUCOSE GLUCOSE
+0.25mM NaN3
seni-1 HO PDC1
I I I XX 3 (KX KR HAWTCD NG
g8 sen1-1CD fermentation respiration

Figure 1. Head-on and co-directional replication-transcription conflicts in WT and sen! strains. (A) 2D gel analysis of replication intermediates at the
PDCI gene undergoing head-on (HO) (Left Panel) or co-directional (CD) (Right Panel) collisions with 4 RS607-dependent replication upon digestions
with Pstl (P)/BamHI (B) or Ndel (N), respectively. (B) RNA:DNA hybrid levels at PDC! gene analyzed by DRIP-qPCR. Data represent mean + SEM from
three independent experiments. ns, not significant; **P < 0.01 (two-way ANOVA). (C) ChIP-qPCR analysis at PDCI locus of H2A-S139 phosphorylated
(y-H2AX). Data represent mean = SEM from three independent experiments. ****P < 0.0001 (two-way ANOVA). (D) Serial dilutions of the indicated
yeast strains spotted on YPD plates with or without NaN3 grown at the semi-permissive temperature of 30°C for seni-1.

orientations and comparable with the expression level of
PDCI in its natural location on Chromosome XII (Sup-
plementary Figure S1A). We then analyzed fork progres-
sion and RNA:DNA hybrid accumulation at the engineered
replication-transcription conflicts, in both wild-type (WT)
and Senl-depleted cells, using 2D gel and DRIP-qPCR ap-
proaches, respectively. To deplete Senl, which is essential
for the cell growth, we took advantage of the previously
described conditional lethal strain GAL-URL-3HA-SENI
(hereafter indicated as senlYRE), in which the protein is
constitutively expressed in a galactose-containing medium

(YPG) and rapidly destabilized via the N-end rule pathway
in glucose-containing medium (YPD) (24). Yeast strains
were grown in YPG, synchronized in Gl-phase of the cell
cycle by a-factor treatment in YPD to deplete Senl and then
released into HU-containing media to enrich replication in-
termediates for the 2D gel analysis. PDC/ transcription had
no significant effects on hybrids accumulation in either ori-
entation in WT strains, while it slowed down the progres-
sion of forks clashing in the head-on setting, as indicated by
the presence of Y-shaped arcs at later time points (Figure
1A and B; Supplementary Figure S1B). In Senl-depleted



cells, forks encountering the PDCI gene in head-on orienta-
tion were greatly impaired, leading to a persistent accumu-
lation of replication intermediates that migrate in a big spot
on the Y-shaped arc (Figure 1A). Conversely, forks moving
across the PDCI gene co-directionally were only slightly
slowed down, as indicated by a transient accumulation of
replication intermediates along the Y-shaped arc (Figure
1A). The strong fork pausing in Senl-depleted cells bear-
ing the head-on oriented PDCI gene was also accompanied
by high levels of hybrids at PDC1, while they just slightly
increased when the gene was oriented co-directionally to
the fork movement (Figure 1B and Supplementary Figure
S1B).

We next wondered whether high levels of hybrids due to
head-on replication-transcription collisions upon Sen! in-
activation result in DNA damage and affect PDC! tran-
scription. As a readout of DNA damage accumulation,
we analysed the levels of H2A-S129 phosphorylation (y-
H2AX) (59) by ChIP-qPCR at PDCI in both orientations
in WT and Senl-depleted cells treated with HU. As shown
in Figure 1C, only senlYRL cells where PDCI underwent
head-on replication-transcription collisions showed high
levels of y-H2AX, compared to WT and co-directional ori-
entation.

In budding yeast, a facultative anaerobe organism, the
PDCI gene encodes for the main isoform of pyruvate decar-
boxylase, a key enzyme in alcoholic fermentation and whose
expression is essential under respiration-inhibitory condi-
tions (60). We combined the strains containing the engi-
neered head-on or co-directional replication-transcription
conflict at the PDCI gene with the thermosensitive senl-1
allele that carries the amino-acid substitution G1747D in
the helicase domain (61). We plated these mutant strains,
along with their corresponding WT versions, at the semi-
permissive temperature of 30°C for sen/-/ on medium con-
taining glucose, a fermentable sugar, and Sodium azide
(NaN3), an inhibitor of respiration. At 30°C, sen/-/ mu-
tants could proliferate, while experiencing a chronic par-
tial inactivation of Senl (Figure 1D). However, specifically
senl-1 strains carrying the head-on oriented PDCI gene
were unable to grow on plates containing NaN3 inhibitor
(Figure 1D), demonstrating that just here, in the long run,
the PDC] transcription was impaired.

Taken together, these data indicate that, in the absence of
Senl, replication forks are significantly impaired while en-
countering highly expressed genes in head-on orientation,
but not co-directionally, and that the fork arrest is accompa-
nied by abnormal RNA:DNA hybrid accumulation, DNA
damage and transcription hindrance.

A genomic screening to identify suppressors of senl mutants

Despite head-on highly transcribed genes are a strong bar-
rier to advancing fork without Senl, it is currently unclear
whether the impediment is due to the R-loop per se, the
transcribing RNA polymerase engaged in an R-loop or spe-
cific chromatin modifications. We approached this question
using a high-throughput screening to identify extragenic
suppressors of the Senl’s essential role in cell growth. We
crossed a query strain bearing the conditional lethal strain
senl VRL with a deletion mutant library of the non-essential
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S. cerevisiae genes (54) with the help of an automatized
robot station and we then selected double mutant strains
capable to grow in YPD, that is, in the absence of Senl.
Out of 14 senlYRE suppressors isolated in our screening
seven genes were confirmed in W303 background and thus
considered real hits (Figure 2A). senl YRE suppressor genes
include NAM7/NMD2/UPF3 of the Non-sense Mediated
Decay (NMD) pathway, TMA20/TMA22 that encode fac-
tors of the RNA translation machinery; WHI3 that encodes
an RNA binding protein; SPT2 that encodes a factor that
assists RNAPII transcription elongation throughout nucle-
osomes (Figure 2A).

Notably, the synthetic rescue of sen! VRl lethal phenotype
cannot be ascribed to the restoration of normal levels of
SENI mRNA that indeed remained low when measured by
gPCR in representative suppressors of each pathway (Sup-
plementary Figure S2A). Interestingly, the suppressors iso-
lated in our screening also rescued DINA damage sensitivity
of the thermosensitive senl-1 allele (Supplementary Figure
S2B).

Inactivation of the HMG-like factor Spt2 bypasses Senl re-
quirement during replication-transcription conflicts

We wondered if senl suppressors were able to bypass Senl
requirement at the fork during head-on conflicts with tran-
scription. We focused our analysis on representative genes
of each pathway isolated in our screening, namely NAM?7,
TMA20, WHI3 and SPT2 genes. We analyzed by the 2D gel
the replication intermediates of double mutant strains, con-
taining deletions of each of the above genes combined with
the senlYRL allele, along with WT and sen! YRL strains used
as controls. We performed 2D gel analysis at PDCI gene at
its natural position where it is close to the ARS1211 and is
a well-known hot-spot of head-on replication-transcription
collisions (24,34). We observed replication forks arrested
by transcription in all double mutants except for senl YRE
spt2 A, which showed a classic Y-shaped arc resembling the
2D gel pattern of the WT strain (Figure 2B). Thus, among
the senl suppressors, specifically spr2 A prevented the accu-
mulation of paused forks at PDCI locus in Senl-depleted
cells.

We next investigated whether the disappearance of
paused forks in Senl-depleted cells upon Spt2 inactiva-
tion indicated that forks indeed progressed across the
PDCI dependent barrier. Our previous analysis showed
that, in sen YRl mutants, the forks are terminally ar-
rested at the PDCI gene and thus the nearby dor-
mant origin ARSI211.5 fired to rescue the replication
of the locus (34). To assess whether replication forks
progress through the PDCI gene, we therefore monitored
the activation status of the dormant origin ARSI211.5
in WT, senlYRE. spt2A and senlVRE spt2 A strains. As
shown in Figure 3A, in WT cells, forks arising from the
early origin ARS1211 moved across PDCI transcribed
gene without impediments and then passively replicated
the ARSI211.5 dormant origin, generating a Y-shaped
arc. spt2 A mutants showed a 2D migration pattern similar
to WT cells, both at PDCI locus and at dormant origin-
containing fragment. Conversely, sen/ YRl mutants showed
the characteristic 2D gel signal associated with fork paus-
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ing at the PDCI locus and the consequent activation of the
dormant origin ARS1211.5, as indicated by the appearance
of a bubble-shaped arc. In senl VRE spt2 A double mutants,
Y-shaped arcs could be observed throughout the experi-
ment at PDCI locus, while barely detectable bubble signals
were found at dormant origin-containing fragment. Impor-
tantly, a Y-shaped arc was clearly observed together with
the bubble signal in senl YRL spt2 A mutants, indicating that
the dormant origin was also extensively passively replicated
by ARS1211-dependent forks.

We wondered if SPT2 deletion also suppressed the
RNA:DNA hybrids at PDCI locus in Senl-depleted cells.
As previously shown (24,34), senl VRE mutants accumulated
high levels of hybrids in S-phase at the PDC! gene, as mea-
sured by DRIP-qPCR analysis, when head-on replication-
transcription conflicts take place (Figure 3B and Supple-
mentary Figure S3). Conversely, RNA:DNA hybrids were
very low in senl YRl spt2 A double mutants, as in WT or
spt2 A single mutant controls (Figure 3B and Supplemen-
tary Figure S3). Notably, in these conditions, the decrease
of the R-loop levels was not due to a pre-existent reduction
in PDCI transcription, since transcript levels were indeed
not affected by SPT2 inactivation in either WT or senl VRC
strains, as measured by qPCR (Figure 3C). Taking together
these data suggests that, in the absence of Senl, the further
inactivation of Spt2 allows the forks to proceed across the
PDCI-dependent transcription barrier, preventing R-loop
formation at the same time. Importantly, in Senl-depleted
cells, we observed fork defects and accumulation of both
RNA:DNA hybrids and DNA damage at other highly tran-

scribed loci encountering replication in head-on orientation
(Supplementary Figure S4). These genes include HYP2,
GPM]1, TPIl and PDCS genes, the latter known to be ex-
pressed in cells deleted for PDCI (60). Moreover, such senl!
defects were all suppressed by SPT2 inactivation (Supple-
mentary Figure S4). Hence, Spt2 aggravates the obstacle
imposed by transcription to the forks advancing in head-on
orientation when Senl is absent.

We have previously demonstrated that the Repli-
cation Progression Complex (RPC), composed of
Mrcl/Tofl/Csm3/Ctf4, protects forks hindered by
transcription from Exol-mediated degradation in sen/ mu-
tants (34). Deletions of any component of the RPC
genes are synthetic lethal with sen/-1 allele (34). Thus,
we tested if Spt2 ablation also suppressed the synthetic
lethality between mutations in SEN/ and MRCI genes.
senl-1 spt2A double mutants were crossed with the mircl A
mutants to obtain different combinations of mutations
via meiosis. Representative tetrads of the 48 analyzed are
shown in Figure 3D. At the semi-permissive temperature
of 30°C, senl-1 spores exhibited a slow growth phenotype,
which was suppressed by spt2 A mutation, suggesting that
the interference between replication and transcription is
a major cause of the spontaneous cell lethality of senl-1
mutants. While senl-1 mrclA viable spores were never
recovered, those attributable to seni-1 spt2 A mrcl A geno-
type developed into visible colonies in 54% of cases (Figure
3D). Thus, at least partially, SPT2 inactivation suppresses
the cell lethality associated with senl-I mrcl double
mutants.
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mutations grown at the semi-permissive temperature of 30°C for senl-1.

In conclusion, SPT2 deletion in sen/ mutants reduces
replication-transcription conflicts globally, making the
RPC complex largely dispensable for the stabilization of the
forks.

Spt2 inactivation suppresses abnormal R-loop accumulation
in cells lacking Senl, but not RNase H enzymes

To corroborate the notion that spz2 mutants prevent
RNA:DNA hybrid accumulation genome-wide in sen/ mu-
tants, we analyzed hybrid levels on chromosome spreads
by indirect immunofluorescence (IF) using the S9.6 anti-
body in WT, senlYRE| senlURE spt2 A and spt2A strains.
In senlYRE mutants, we detected higher S9.6 fluorescence
intensity signals on chromosome spreads compared to WT
strain, which was significantly reduced upon the inactiva-
tion of Spt2 (Figure 4A and Supplementary Figure SSA
and S5C). We also analyzed in parallel yeast strains in-
activated for the RNHI and RNH201 genes encoding the
catalytic subunits of RNase H1 and H2 enzymes respec-
tively, which, together with Senl, are major anti-R-loop
factors. By IF, rnhl A rnh201 A double mutants displayed
higher levels of hybrids than WT that are not reduced upon
inactivation of Spt2 (Figure 4A and Supplementary Fig-

ure S5A and S5C). Moreover, while SP72 inactivation sup-
pressed the HU-sensitivity of senl-1 allele, it did not rescue
that of rnhl A rnh201 A double mutants (Figure 4B). WT
and rnhl A rnh201 A double mutant strains showed a simi-
lar 2D gel migration pattern of replication intermediates at
ARS1211-PDCI locus, which differs from senlYRL (Figure
4C). Thus, unlike in cells lacking Sen1, in those lacking the
RNase H enzymes, replication fork progression did not ap-
pear to be impeded by transcription.

Taken together these data indicate that Spt2 contributes
to genome-wide accumulation of RNA:DNA hybrids and
replication stress caused by the absence of Senl, but it does
not contribute to the same defects caused by the inactiva-
tion of RNase H enzymes. This suggests that hybrid-driven
DNA damage occurs by separable mechanisms in RNase
H- and Senl-deficient strains.

RNAPII elongation is a major obstacle during head-on
replication-transcription collisions in cells lacking Senl

Spt2 is a physical interactor of the RNAPII and assists
transcription elongation by modulating chromatin struc-
ture (62). Spt2 shares homology with the human High Mo-
bility Group B proteins (HMGB), a class of chromatin re-
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modeling factors that destabilizes nucleosomes and pro-
motes DNA accessibility to other proteins, including tran-
scription factors.

We wondered if the elongating RNAPII complex or spe-
cific chromatin marks associated with transcription elon-
gation acted as a barrier to fork progression in sen/ mu-
tants. For this purpose, we interrogated candidate genes,
which may have escaped from our genomic screening, for
the capability, once deleted, to suppress the cell lethality
due to the depletion of Senl protein (Figure 5A). We se-
lected genes that belong to the HMGB family, NHP64,
NHP6B, HMOI, and the transcription elongation genes
SPT4 and LEOI. We tested genes encoding histone H1 and
H3, HHOI and HHT1, respectively. Moreover, we analyzed
BREI, encoding the E3 ligase that promotes H2B-K 123
mono-ubiquitination, a modification that favors RNAPII
elongation at the early stage of transcription. Finally, we
tested SET1 and JHD?2 that, respectively, adds or removes

H3K4 methylation, a histone mark associated with active
transcription (63) and whose levels correlate inversely with
those of pathological RNA:DNA hybrids (45). A specific
function of Spt2, also conserved in human, is to promote
the recycling of H3/H4 tetramer in the wake of RNAPII
(64). Notably, in spz2 mutants, the impaired turnover of
‘old” histones at coding genes increases the levels of newly
synthetized H3 variant with acetylated K56 residue (64),
a modification associated with high levels of deleterious
R-loops in certain genetic contexts (47). In both WT and
sen] URL strains, in either Gl-phase or HU-treated cells,
the inactivation of spz2 indeed resulted in high levels of
H3K56 acetylation, as revealed by ChIP-qPCR analysis
(Supplementary Figure S6), although in spz2 mutants high
H3K56 acetylation did not correlate with hybrid accumula-
tion (Figure 3B). To analyze the contribution of this chro-
matin mark in sen/ suppression, we tested RT7T109 and
HST3/4, encoding the enzymes that write and erase the
H3K56 acetylation, respectively.

We combined deletions in each of the candidate genes
with the senlYRL strain and we tested the ability of dou-
ble mutants to grow on YPD on plates. As shown in Figure
SA, the deletion of SPT4, but not that of the other genes
tested, suppressed the cell lethality associated with the de-
pletion of Sen1. Next, we analyzed the same candidate gene
suppressors for their ability to prevent the accumulation of
paused forks at ARS1211-PDCI locus in senlYRE mutants
using the 2D gel method. The deletion of SPT4 or LEOI
in Senl-depleted cells generated a 2D gel pattern resem-
bling that of senl YR spt2 A (Figure 5B). In line with this,
spt4dA or leol A suppressed RNA:DNA hybrids detected
by IF in cells lacking Senl, as spt2A (Figure 5C and Sup-
plementary Figure S5B and S5C).

We conclude that the alteration in the chromatin struc-
ture due to ablation of histone/non-histone proteins or
the deregulation of the turnover of specific transcription-
associated chromatin marks do not affect the outcome of
collisions in sen/ mutants. Conversely, along with Spt2, the
ablation of Spt4, the interacting partner of Spt5 in DSIF
complex, or Leol, a component of PAF complex, all pro-
teins promoting RNAPII elongation, prevents fork arrest
and R-loop accumulation due to the conflict with transcrip-
tion in sen/ mutants.

Based on these results, we expected that the RNAPII was
retained on chromatin during the collision in Senl absence,
thus contributing to the replication fork barrier. To test our
hypothesis, we set up a ChIP-qPCR experiment to analyze
RNAPII binding at PDCI gene in WT and senl YR strains.
sen] YRL mutants combined with deletions in SPT2, SPT4
or LEOI genes were also analyzed in the same experimen-
tal conditions, together with a strain carrying a deletion
of the PDCI gene promoter (no PDCI transcription), as
a negative control for RNAPII loading (Figure 6A). Yeast
strains were synchronized in G1-phase of the cell cycle in
YPD and then released into S-phase in the presence of HU.
Samples were collected at 150 min in HU and the levels of
Rpb3, a subunit of the RNAPII, were measured by ChIP
-qPCR. Rpb3 was indeed found at PDCI gene and even at
higher levels in senl YRl mutants compared to WT strain,
while it returned to normal levels when SPT2, SPT4 or
LEOI were also deleted (Figure 6A). Notably, such Rpb3
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accumulation on chromatin in senl YRl mutants was not
observed in Gl-phase (Supplementary Figure S7A). How-
ever, we observed elevated levels of Rpb3 on chromatin
during S-phase in sen! VRE mutants and the suppression of
this phenotype by spz2 mutation at other highly transcribed
genes undergoing head-on collisions with replication (Sup-
plementary Figure S4D).

We next wondered whether the RNAPII accumulating
at PDCI in senl VR mutants was arrested by the advanc-
ing fork and thus incapable to sustain elongation. To test
this, we monitored by ChIP-qPCR the levels of RNAPII

phosphorylated within the carboxy terminal domain at ser-
ine 5 (CTD-Ser5P) or serine 2 (CTD-Ser2P) residues, which
are hallmarks of early transcription or active elongation,
respectively (65). The analysis was conducted on WT and
sen]URL strains arrested in either HU or Gl-phase, that
is, when replication-transcription collisions took place or
not, respectively. As shown in Figure 6B, while the levels of
CTD-Ser5P were similar in WT and senl VRE strains, those
of CTD-Ser2P were reduced in the absence of Senl, but
specifically in HU-treated cells. Taken together these data
suggest that, in the absence of Senl, RNAPII is elongation-
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proficient, but upon clashing with the fork it becomes un-
able to sustain transcription. To investigate more directly
this aspect, we set up a transcription run-on assay to an-
alyze nascent PDCI transcript by BrUTP incorporation
in S-phase of the cell cycle. WT, senl YR, senlVRE spt2
and no PDCI transcription strains were collected upon
HU-treatment and incubated with BrUTP to label nascent
RNA. Total PDCI transcript levels were similar in WT
and mutant strains, as also previously observed (Figure
3C), with the obvious exception of the strain not expressing
PDCI (Figure 6C). Consistent with the analysis of the dy-
namic of CTD-Ser5/2 phosphorylation, we recovered low
levels of nascent PDCI transcripts in Senl-depleted cells
than WT (Figure 6C), suggesting that RNAPII is arrested
upon unscheduled collisions with the fork. Such transcrip-
tion arrest in the absence of Senl was suppressed by spz2
mutation (Figure 6C). As a further proof that RNAPII was
in fact not transcribing after the collision with the fork in
senl VRL mutants, we tested by ChIP-qPCR the accumula-
tion of H3K4 di-methylated (H3K4me?2), a marker of active
transcription (63). As shown in Figure 6D, H3K4me? levels
decreased in HU-treated senlYRE mutants relative to WT,
while the inactivation of Spt2 partially rescued such senl-
dependent defect.

Taken together, our findings suggest that, in the absence
of Senl, elongating RNAPII and replication fork arrest
each other when clashing in head-on orientation. Attenu-
ation of elongation, by slowing down RNAPII progression,
prevents fork stalling and the concomitant accumulation
of RNA:DNA hybrids and DNA damage, which preclude
gene expression in the long run (Figure 1D).

To further support this model, we took advantage of a
point mutation allele that affects the RNAPII catalytic core
(rpb1-N488D), specifically impairing transcription elonga-
tion rate both in vivo and in vitro (52,66). As shown in Figure
6E, F and Supplementary Figure S7B, rpb1-N488D sup-
pressed both replication fork defects and RNA:DNA hy-
brid accumulation at the PDCI gene in Senl-depleted cells.
Thus, although the inhibition of RNAPII elongation causes
per se adelay in fork progression (67), it compensates for the
stronger R-loop-dependent replication pausing due to Senl
inactivation.

We also tested another mutant of the RNAPII core,
the rpbI-1 thermosensitive allele (68) that causes R-loop-
independent RNAPII retention on chromatin, slowing
down replication (67). Accordingly, we found that rpbl-1,
as rpb1-N488D, did not show per se RNA:DNA hybrid ac-
cumulation at PDCI, while it rescued both hybrids and the
strong fork pausing in sen! mutants (Figure 6E, F and Sup-
plementary Figure S7B). We conclude that a major imped-
iment to a fork advancing in a head-on orientation is the
RNAPII retained on chromatin with RNA:DNA hybrids.

DISCUSSION

In this study, we provide further evidence that highly tran-
scribed genes are a major impediment to a replication fork
encountered in head-on orientation in yeast cells lacking
Senl. We observed RNA:DNA hybrid hyper-accumulation
during this type of collisions in sen/ mutants and a minor
increase of these structures in co-directional clashes. These
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results are consistent with the previously described dynamic
of hybrid accumulation in sen/ mutants at some highly-
expressed genes (24) and genome-wide (33). While our find-
ings are not in contrast with the notion that R-loops tend to
accumulate in both types of collisions (6,31), they do sug-
gest that R-loops contribute to fork arrest only in head-on
clashes. We also found that, in sen/ mutants, fork impair-
ment and R-loop accumulation in head-on collisions lead to
DNA damage and transcription hindrance. In this regard,
we observed that not only RNAPII is arrested while clash-
ing with the fork, but also that gene expression is turned off
in the long run. One possibility is that R-loops might di-
rectly or indirectly damage the transcribing DNA template,
thus inducing transcription loss over time, even if we can-
not exclude that other mechanisms may contribute to gene
silencing. However, the stalling of both replication fork and
RNAPII, R-loop accumulation, DNA damage and the in-
hibition of gene expression are all correlated, likely conse-
quent, outcomes of head-on and not co-directional colli-
sions.

According to in vitro studies, Senl helicase binds to 5’
overhangs of either an RNA or DNA filament and, by
translocating in 5 to 3’ direction, efficiently dismantles
both RNA:DNA hybrids and DNA duplexes (69-71). Thus,
Sen1 could act at two levels in limiting R-loop accumulation
during head-on replication-transcription collisions: i) Senl
could chase the RNAPII by moving on RNA, thus prevent-
ing RNA:DNA hybrid formation behind the RNAPII, pro-
moting transcription termination (16); its physical interac-
tion with the Spt5/4 elongation factors travelling with the
RNAPII (72) could be instrumental for this role; ii) as a
component of the replisome (24,73), Senl could translo-
cate on ssDNA and remove an R-loop-engaged RNAPII,
possibly promoted by the excess of positive torsional stress
generated while replication and transcription converge (37)
(Figure 7A). Such topological constraints, acting as an ob-
stacle to RNAPII forward movement, could also induce its
backtracking (74), eventually triggering the formation of
stable RNA:DNA hybrids ahead of the RNAPII (38). Such
anterior R-loops, involving the 3’ end of nascent RNA,
could be targeted by Senl as it translocates on ssDNA (Fig-
ure 7A). While the displacement of paused/backtracked
RNAPII by Senl might quickly resume replication and
transcription, works in humans (75) and bacteria (76) sug-
gests that co-transcriptional R-loops can also trigger fork
reversal. The processing of reversed forks by recombina-
tion or a cycle of fork cleavage-religation is then required
to restart both replication and transcription. The removal
of RNAPII/R-loop by Senl/Senataxin could be crucial to
reactivate transcription also in this context. In both sce-
narios, while counteracting R-loop formation, Sen1 also re-
moves RNAPII from the DNA template. Indeed, our find-
ings indicate that RNAPII is an integral part of the tran-
scription barrier in sen/ mutants since it is retained on chro-
matin with RNA:DNA hybrids during the head-on col-
lision with the replication fork. Thus, R-loops alone are
not likely the obstacle to replication in sen/ mutants. The
finding that a mutation in the RNAPII core, rpbl-1, caus-
ing RNAPII retention on DNA in a RNA:DNA hybrid-
independent manner (67), suppresses fork pausing in senl,
infers that RNAPII alone is not a main replication barrier.
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Thus, we propose that a major impediment is the elongat-
ing RNAPII trapped to the DNA template via the forma-
tion of a stable R-loop (Figure 7B). In line with this, we
found that either a specific mutation in the RNAPII core
enzyme affecting elongation rate, rpbI-N488D, or the in-
activation of proteins that assist RNAPII elongation re-
lieves the head-on transcription-dependent fork barrier and
RNA:DNA hybrid accumulation in sen/ mutants. RNAPII
elongation factors include Spt2, Spt4, which together with
Spt5, forms the DSIF complex and Leol, a component of
the PAF complex. All these factors facilitate RNAPII elon-
gation through chromatin. While Spt2 was shown to be im-
portant for the proper reconstitution of chromatin behind
the transcribing RNAPII (64), structural studies in mam-
mals suggest that DSIF and PAF complexes may promote
DNA rewinding at the upstream edge of the transcription
bubble (77). Through different mechanisms, these factors
play a role in stabilising RNAPII on DNA template, con-
trolling the elongation processivity, defined as the ability of
the RNAPII to travel the entire length of the gene without
dissociating from DNA (78). Neither the inhibition of chro-
matin marks associated with elongation (H2B-K 123 mono-
ubiquitination, H3K4 methylation and H3K 56 acetylation)
nor the disruption of chromatin structure due to deple-
tion of histone or non-histone proteins, is sufficient per se
to relieve the transcription barrier in sen/ mutants. Since
RNAPII can be engaged in a nucleosome-free DNA tem-
plate, our data suggest that a stable RNAPII, regardless of
the chromatin context, is evidently a major obstacle to fork
progression in sen/ mutants.

A replication fork advancing in head-on orientation
across a highly transcribed DNA template will likely en-
counter the first RNAPII in the proximity of the 3’ end.
In senl mutants, elongating RNAPII cannot be efficiently
removed neither in transcription termination nor during
replication, resulting in an impenetrable barrier to the fork
moving in the head-on orientation (Figure 7B). Alternative
mechanisms could displace such barrier, including a fork
coming from the opposite direction (34) and/or checkpoint-
dependent pathways (79). The inhibition of elongation pro-
cessivity would reduce RNAPII stability on DNA template
due to its reduced ability to engage in a stable R-loop forma-
tion, thus resulting in a barrier easier to be displaced by the
replisome advancing in a head-on orientation, even without
the fork stabilizer RPC (Figure 7C).

Our findings are consistent with the observation that, in
thermosensitive sen/ mutants, transcription readthrough at
short noncoding RNAs is respectively suppressed or exac-
erbated by RNAPII point mutants that reduce or increase
the transcription elongation rate (80). The role of Senl in
transcription termination has been extensively studied on
non-polyadenylated RNA species, as part of the complex
with Nrd1l and Nab3 proteins (16,81), though R-loops ac-
cumulate also at coding genes, especially over polyA sites in
senl mutants (22,31,82). While Senl requirement in tran-
scription termination of mRNA is not currently well char-
acterized, multiple evidence suggests that Senl moves with
the replication forks and suppresses hyper-recombination
independently from the termination complex subunit Nrdl
(22,24,73,83). Thus, according to the current literature, R-
loop-dependent replication defects observed upon inacti-
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vation of Senl could arise from the sum of the transcrip-
tion termination defects and the absence of the Senl ac-
tivity at the fork. In a reconstituted bacterial DNA repli-
cation systems the stalled transcription elongation com-
plexes block replication forks (84), while replisomes easily
bypass R-loops alone on either lagging or leading DNA
strands (85). In vivo evidence suggests that R-loops that are
anchored to transcription elongation complexes strongly
impair replication in UV-irradiated E.coli mutants for the
RNase H enzymes (86). Moreover, faster transcription elon-
gation caused by the depletion of RECQLS in mammalian
cells increases transcription-associated genome instability
due to replication-transcription conflicts (87). Thus, not
only in sen/ mutants but more in general, RNAPII en-
gaged in elongation is a critical obstacle to fork progression,
because it is more tightly anchored to the DNA template
and/or inclined to undergo backtracking.

It has been reported that stimulation of RNAPII elon-
gation prevents R-loop formation and the associated DNA
damage, which seems at odds with our findings. For exam-
ple, in BRCA1 or BRCA2 mutated cells, mutations in the
anti-elongator NELF complex (12) or the overexpression
of PAF1 (13), respectively, suppress abnormal R-loop accu-
mulation in the proximity of the transcription start sites, by
favoring RNAPII elongation. However, we note that stimu-
lation or inhibition of RNAPII elongation should have the
same outcome at promoter proximal pausing sites or in sen/
mutants, that is, to prevent unscheduled RNAPII stalling
and R-loop accumulation. Thus, importantly, these studies
together with our findings, suggest that RNAPII elongation
either promotes or prevents R-loop accumulation, depend-
ing on the context. However, our data support the model
that RNAPII in elongation mode represents the major ob-
stacle for a converging replication fork.

We also found that, while Spt2 inactivation suppresses
RNA:DNA hybrid accumulation and replication stress in
senl mutants, it does not rescue the same defects in cells
lacking RNase H proteins, whose functions are essential
when Sen1 cannot be recruited at the forks (73). The genetic
separation of functions we describe here may suggest that
while Senl processes R-loops forming at the time of col-
lisions between replication and RNAPII-dependent tran-
scription, RNase H provides a backup for R-loop clearance
in S-phase. This is consistent with recent findings showing
that RNase H2 removes R-loops in a post-replicative stage
(88) and RNase H1 mainly processes R-loops accumulated
at high levels, such as in sen/ mutants (89).

In this study, we have also identified other suppressors of
Senl’s role in DNA damage, which differently from Spt2 or
Spt4, do not bypass the requirement of the helicase in the
removal of RNA:DNA hybrids in replication-transcription
collisions. Other senl suppressors are genes of the NMD
pathway, which controls the stability of diverse classes of
mRNA, including those containing premature stop codons
or short upstream (u) ORFs (90); the ribosome associated
Tma20/22 complex, MCT1/DENR in human, that con-
trols translation re-initiation of mRNA containing uORFs
(91); Whi3, a PolyQ protein that binds and inhibits the
translation of many mRNAs and is also prone to form ag-
gregates potentially toxic for the cells (92). One possibility
is that the inhibition of these pathways causes resilience to
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R-loop-driven DNA damage. Intriguingly, persistent DNA
damage inhibits the NMD pathway in non-cycling human
cells (93) and its inactivation in yeast increases DNA dam-
age resistance by potentiating homologous recombination
repair (94). The understanding of whether the inhibition of
these senl suppressor pathways converges to modulate the
same factors (for example both the NMD pathway and the
DENR-MCT1 complex act on mRNA containing uORFs)
and/or by-passes another Senl function not related to R-
loop metabolism will require further investigations.

It is interesting to note that most of the senl suppressors
identified in this study are conserved in humans. If the in-
activation of those genes also bypassed Senataxin functions
in DNA damage response, they could represent potential
druggable targets for the cure of Senataxin neurological dis-
orders. In this regard, it is interesting to note that the in-
hibition of Spt4 or Leol proteins in human and/or model
organisms were shown to prevent the deleterious conse-
quences of transcription across repetitive elements (95-97),
whose expansion is a cause of ALS and Huntington’s dis-
ease and is linked to aberrant R-loop accumulation (98).
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