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Nonscheduled R loops represent a major source of DNA damage and replication stress. Cells have different ways to
prevent R-loop accumulation. One mechanism relies on the conserved THO complex in association with cotran-
scriptional RNA processing factors including the RNA-dependent ATPase UAP56/DDX39B and histone modifiers
such as the SIN3 deacetylase in humans. We investigated the function of UAP56/DDX39B in R-loop removal. We
show that UAP56 depletion causes R-loop accumulation, R-loop-mediated genome instability, and replication fork
stalling. We demonstrate an RNA–DNA helicase activity in UAP56 and show that its overexpression suppresses R
loops and genome instability induced by depleting five different unrelated factors. UAP56/DDX39B localizes to
active chromatin and prevents the accumulation of RNA–DNA hybrids over the entire genome. We propose that, in
addition to its RNA processing role, UAP56/DDX39B is a key helicase required to eliminate harmful cotranscrip-
tional RNA structures that otherwise would block transcription and replication.
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R loops play a central role inmany physiological processes
like immunoglobulin class-switch recombination, mito-
chondrial DNA replication, telomere homeostasis or
even regulatory roles at some regions of the genome
(Ginno et al. 2012; Chan et al. 2014; Wahba et al. 2016),
but they are also an important source of genome instabil-
ity (Aguilera 2002; García-Muse and Aguilera 2019).
Cotranscriptional R loops constitute a major barrier for
replication fork (RF) progression leading to transcription-
replication conflicts that can result in DNA breaks and
subsequently to genome instability and chromosome fra-
gility (Hamperl et al. 2017; García-Rubio et al. 2018a). Ev-
idence indicating that R loops are a source of genome
instability was first provided in yeast cells lacking specific
RNA biogenesis and processing factors such as the THO
complex (Huertas and Aguilera 2003), a result supported
later on with the identification of other RNA biogenesis
factors that also contribute to prevent harmful R-loop ac-
cumulation (Paulsen et al. 2009).

Under wild-type conditions, RNA–DNA hybrids would
form sporadically all over the genome with a preference
for highly expressed genes, highGC skew genes or specific
DNA regions among others, but presumably at a low fre-
quency, although data about this parameter are not avail-
able yet. Strikingly, THO inactivation in yeast and human
cells causes R-loop accumulation and R-loop-dependent
genome instability that are accompanied by disturbances
in RF progression (Wellinger et al. 2006; Domínguez-Sán-
chez et al. 2011). Interestingly, the analysis of different
histone mutants in yeast demonstrated that R loops per
se do not necessarily compromise genome integrity, un-
less chromatin modifications occur (García-Pichardo
et al. 2017). In human cells, it has been previously shown
that THOC1 physically and functionally interacts with
the histone deacetylase SIN3 corepressor complex to pre-
vent R-loop accumulation (Salas-Armenteros et al. 2017).
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Different studies in human cells provided evidence for
the involvement of a number of other RNAprocessing fac-
tors in preventing R-loop accumulation, including SRSF1,
SETX/Sen1, or AQR (Li and Manley 2005; Paulsen et al.
2009; Skourti-Stathaki et al. 2011), consistent with the
model that a proper assembly of the messenger ribonu-
cleoprotein particle (mRNP) prevents the RNA from hy-
bridizing back with the template DNA (Santos-Pereira
and Aguilera 2015). However, RNA–DNA hybrids might
also be facilitated by changes in the DNA template such
as accumulation of an excess of local negative supercoil-
ing (Drolet 2006; Tuduri et al. 2009; El Hage et al. 2010)
or the occurrence of single-strand DNA breaks (SSBs) or
double-strand DNA breaks (DSBs) (Britton et al. 2014;
Ohle et al. 2016), whichwould release the topological con-
striction that would limit the capacity of rotation of the
DNA strand to hybridize with the nascent RNA during
transcription (Aguilera and Gómez-González 2017).
Apart from specific mRNP assembly factors, cells have

two other mechanisms to prevent harmful R-loop accu-
mulation. Onemechanism based on the action of nucleas-
es such as RNase H, which degrades the RNA moiety of
the RNA–DNA hybrid, or a number of RNA helicases
such as DDX19 or DXH9 that in vitro have RNA–DNA
unwinding activity (Hodroj et al. 2017; Cristini et al.
2018). The third mechanism would rely on DNA replica-
tion-associated repair as accredited by the observation
that BRCA1, BRCA2, Fanconi anemia factors, or the
FACT chromatin reorganizing complex involved in RF
progression help prevent R-loop accumulation and R-
loop-mediated instability at transcription-replication con-
flicts (Bhatia et al. 2014; Herrera-Moyano et al. 2014; Gar-
cía-Rubio et al. 2015; Hatchi et al. 2015).
The heteromeric human THO complex associates with

a number of RNA-binding proteins including the DEAD-
box RNA helicase UAP56/DDX39B (yeast Sub2) or the
mRNA export adaptor protein ALY/REF (yeast Yra1) in a
supramolecular structure termed TREX, which plays a
central role in the packaging and export of nascent
RNAs (Sträßer et al. 2002). However, UAP56/Sub2 is not
an integral part of THO (Chavez et al. 2000; Peña et al.
2012). In yeast it has been shown that Sub2 seems to
play a chaperone role in the process of assembly of the
mRNP (Saguez et al. 2013). Mutations of SUB2 lead to hy-
per-recombination phenotype, whereas Sub2 overexpres-
sion partially suppresses the growth-defect and hyper-
recombination associated to the hpr1Δ mutants of the
THO complex (Jimeno et al. 2002). In human cells,
UAP56 depletion leads to a strong genomic instability
phenotype (Domínguez-Sánchez et al. 2011).
Altogether, these findings suggest a double role of

UAP56/DDX39B in mRNP biogenesis/export and the
maintenance of genome integrity, but whether they are
unrelated or linked via a putative functional connection
with the human THO complex has not been established
yet. Herewe show that depletion ofUAP56 in human cells
not only leads to a strong genome instability, but this is
specifically dependent on transcription and R loops. After
showing that cells depleted of UAP56 significantly in-
crease R loops, we showed that UAP56 is recruited to

themajority of the transcribed DNA regions and its deple-
tion causes R-loop accumulation genome-wide. Impor-
tantly, we show that UAP56 has a strong in vitro RNA–

DNA helicase activity, more efficient than its dsRNA
helicase activity, and that overexpression of UAP56 in
cells depleted of unrelated factors such as DDX23,
SETX, AQR, THOC1, or FANCD2 suppressed their phe-
notypes of R-loop accumulation and genome instability.
Our study shows that UAP56/DDX39B is an essential R-
loop-unwinding factor required to prevent and eliminate
harmful RNA cotranscriptional structures that otherwise
would become a major source of RF blockage and genome
instability.

Results

UAP56 prevents R-loop accumulation
and R-loop-mediated genome instability

As previously reported (Domínguez-Sánchez et al. 2011),
transient depletion of UAP56 inHeLa cells (Supplemental
Fig. S1A,B) leads to an accumulation of DNA breaks as de-
tected by single-cell electrophoresis (comet assay) and
γH2AX foci monitored by immunofluorescence (IF) in
comparison with siC control cells (Fig. 1A–C). To deter-
mine whether SSBs and DSBs are transcription-depen-
dent, we used 3′ deoxyadenosine (cordycepin), a specific
inhibitor of RNA chain elongation. Cordycepin fully sup-
pressed the increase in DNA breaks as detected by alka-
line and neutral comet assay (Fig 1A,B). We next assayed
whether this increase was also dependent on RNA–

DNA hybrids. For this purpose, we overexpressed RNase
H1 and found that γH2AX foci were significantly reduced
in siUAP56 cells (Fig. 1C), indicating that DNA damage
was R-loop-dependent. Consequently, we explored
whether this was due to an increased accumulation of R
loops. We first assayed R loops by IF using the S9.6 mono-
clonal antibody and observed a significant increase in the
S9.6 nuclear signal in siUAP56 cells (Fig. 1D). To confirm
this result and to discard dsRNA signal that the S9.6
might detect in IF experiments (Hartono et al. 2018; Silva
et al. 2018), we analyzed hybrid accumulation by DRIP-
qPCR in a set of genes (APOE, RPL13A, and EGR1) that
have been previously validated for this purpose (Salas-
Armenteros et al. 2017). RNA–DNA hybrids increased
in UAP56-depleted cells up to twofold above the siC con-
trol levels (Fig. 1E). Consistently, the RNA–DNA hybrid
signals were completely removed by in vitro RNase H
treatment as a confirmation of the specificity of the assay.
Importantly, this increase in RNA–DNA hybrids was not
due to an increase in transcription, since a decrease in
mRNA levels of those genes, detected by RT-qPCR, was
observed (Supplemental Fig. S1C), similar to previously
described phenotypes for cells depleted in mRNP assem-
bly factors like THO (Domínguez-Sánchez et al. 2011). Al-
together, the data indicate thatUAP56 depletion leads to a
significant increase of R loops and R-loop-mediated ge-
nome instability. Furthermore, accumulation of γH2AX
foci and S9.6 signal after UAP56 depletion was rescued
by transfection with a plasmid overexpressing UAP56,
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indicating that the DNA damage and R-loop accumula-
tion phenotypes of UAP56-depleted cells were due to
UAP56 silencing and not to off-target effects (Supplemen-
tal Fig. S1D,E).

UAP56 depletion causes R-loop-dependent replication
fork stalling

Given the accumulated evidence indicating that RF stall-
ing is a major cause of R-loop-dependent DNA damage
(Hamperl et al. 2017; Gómez-González and Aguilera
2019), next we determined the impact of UAP56 depletion
on replication in HeLa cells. Analysis of the ability of
UAP56-depleted cells to incorporate EdU in combination
with γH2AX staining by flow cytometry revealed a
decrease in the percentage of EdU-positive cells that is ac-
companied by an increase in the percentage of cells
blocked in S phase, suggesting replication defects (Fig.
2A). However, UAP56 depletion led to a significant in-

crease in the percentage of damaged cells in all phases of
the cell cycle, as determined by nuclear γH2AX intensity
(Fig. 2B). To specifically determine DSBswe examined the
number of γH2AX foci per cell using IF high-throughput
analysis after classifying cells according to cell cycle by
its DNA content. The validation of this methodology to
quantify cells in S phase by EdU incorporation and cells
in G2/M phase using H3S10P as a marker are shown in
Supplemental Figure S2A,B. γH2AX foci per cell were in-
creased from G1 to S and from S to G2 (Fig. 2C). However,
while the increase in γH2AX foci was not observed in G1
in UAP56-depleted cells, it was significant at S and G2/M
phases with respect to control cells. This suggests that
DSBs could be formed after RF collisions with R loops in
UAP56-depleted cells. Consequently, we analyzed
RNA–DNA hybrid accumulation by S9.6 IF intensity
throughout cell cycle phases after transient depletion of
UAP56. As previously reported (Barroso et al. 2019), a sig-
nificant increase from G1 to S and S to G2 phases was
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Figure 1. UAP56 prevents R-loop accumulation
and R-loop-mediated genome instability. (A) Rep-
resentative images and quantification of SSBs and
DSBs measured by alkaline single-cell gel electro-
phoresis (comet assay) in siC (control) and
siUAP56 transfected HeLa cells untreated or treat-
ed for 4 h with 50 µM cordycepin. More than 100
cells were counted in each experiment, fromwhich
a median value was obtained. Data are plotted as
mean of the medians + SEM (n =3). (∗) P <0.05, Stu-
dent’s t-test, two tailed. (B) Representative images
and quantification of DSBs measured by neutral
comet assay in siC (control) and siUAP56 trans-
fected HeLa cells untreated or treated for 4 h with
50 µMcordycepin.More than 100 cellswere count-
ed in each experiment, from which a median value
was obtained. Data are plotted as mean of the me-
dians + SEM (n=3). (∗) P< 0.05, Student’s t-test, two
tailed. (C ) Representative images and quantifica-
tion of γH2AX foci by IF in siC and siUAP56
HeLa cells transfected with pcDNA3 (−RNH1) or
pcDNA3-RNaseH1 (+RNH1) for RNaseH1 overex-
pression. Immunostaining with anti-γH2AX anti-
body (red), anti-RNase H1 antibody (green), and
DAPI (blue) are shown. The graph shows the quan-
tification of cells containingmore than five γH2AX
foci. More than 70 cells per condition were consid-
ered in each experiment. Data are plotted as mean
+SEM (n= 3). Scale bar, 25 μm. (∗) P<0.05, Stu-
dent’s t-test, two-tailed. (D) Representative images
and quantification of nuclear RNA–DNA hybrid
accumulation in UAP56-depleted HeLa cells.
Immunostaining with S9.6 monoclonal antibody
(red), anti-nucleolin antibody (green), and DAPI
(blue) in siC and siUAP56 transfected HeLa cells.
More than 100 cells per condition were counted
in each of the three experiments. The median of
the S9.6 signal intensity per nucleus after nucleolar
signal removal is shown (n=3). Scale bar, 10 μm.

(∗∗∗) P< 0.001, Mann-Whitney U-test, two-tailed. (E) DRIP-qPCR using the anti-RNA–DNA hybrids S9.6 monoclonal antibody in siC
and siUAP56 transfected HeLa cells in APOE, RPL13A, and EGR1 genes. Signal values normalized with respect to the siC control are
plotted as mean+SEM (n =3). (∗) P< 0.05, paired Student’s t-test, two tailed. Data information: Black stars denote significant increases,
whereas red stars denote significant decreases.
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observed in control cells (Fig. 2D). Instead, an increase of
S9.6 signal in UAP56-depleted cells versus control cells
was observed at all cell cycle stages. Importantly, howev-
er, the major increase in hybrids caused by UAP56-deple-
tion occurred in G1 cells, in which it was reached the
highest level (Fig. 2D; Supplemental Fig. S2C).
These results suggest that UAP56 controls hybrid ho-

meostasis all over the cell cycle but has a major impact
in G1 cells. Since the major accumulation of DNA dam-

age is, instead, observed in S–G2 cells wewonder whether
this was caused by replication fork (RF) stalling on hybrids
produced both in G1 and S cells. To assay RF stalling in
UAP56-deprived cells, we analyzed the levels of FANCD2
foci by IF, provided that Fanconi anemia factors accumu-
late at sites of putative RF blockages caused by R loops
(García-Rubio et al. 2015). A significant increase of
FANCD2 foci was observed in UAP56-depleted cells as
compared with the siC control (Fig. 2E). Importantly,
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Figure 2. UAP56 depletion causes R-loop-
dependent replication fork stalling.
(A) FACS analysis of HeLa cells depleted of
UAP56 (asynchronous culture). DNA syn-
thesis and cell cycle were evaluated with
EdU and DAPI staining, respectively. Per-
centage of cells in each phase of the cell cy-
cle is represented. Data are plotted as mean
and SD (n =3). (∗∗∗) P <0.005, Student’s
t-test, two-tailed. (B) Quantification of
DNA damage analysis by FACS in siUAP56
HeLa cells. Cells were separated based on
their EdU signal and DNA content (DAPI)
(gates coming from the top panel). DNA
damage was evaluated using an anti-
γH2AX antibody. Percentage of damaged
cells (γH2AX positive) in each phase of the
cell cycle is represented. Data are plotted
as mean and SD (n =3). (∗∗∗) P<0.005, Stu-
dent’s t-test, two-tailed. (C ) Quantification
of γH2AX foci by IF in siC control and
UAP56-depleted HeLa cells according to
cell cycle. The graph shows the number of
γH2AX foci per cell. More than 150 total
cells per condition were analyzed. The me-
dian values of each population are shown.
Boxes and whiskers indicate 10–90 percen-
tiles (n =3). (∗) P <0.05; (∗∗) P< 0.01; (∗∗∗∗) P
<0.000, Mann-Whitney U-test, two-tailed.
(D) Quantification of nuclear RNA–DNA
hybrid accumulation in UAP56-depleted
HeLa cells according to cell cycle. The me-
dian of the S9.6 signal intensity per nucleus
after nucleolar signal removal is shown.
More than 150 total cells per condition
were analyzed. Boxes and whiskers indicate
10–90 percentiles (n =3). (∗∗) P <0.01; (∗∗∗∗) P
<0.0001, Mann-WhitneyU-test, two-tailed)
(E) Representative images and quantifica-
tion of FANCD2 IF in siC and siUAP56
HeLa cells with or without RNase H1 over-
expression. The graph shows the quantifica-
tion of the percentage of cells containing
more than five FANCD2 foci. More than
130 total cells per condition were consid-
ered. Data are plotted as mean+SEM (n=
3). Scale bar, 25 μm. (∗) P <0.05, Student’s
t-test, two-tailed. (F ) Representative pic-
tures of DNA fibers labeled by IdU and

CIdU for singleDNAmolecule analysis. Profiles of RF velocity and asymmetry of siC and siUAP56 cells transfectedwith the empty vector
pcDNA3 or pcDNA3-RNaseH1 (+RNH1) for RNase H1 overexpression are shown. Median values are indicated. Boxes and whiskers in-
dicate 5–95 percentiles. For fork velocity, >90 tracks were considered. For fork asymmetry, from 30 to 100 measurements per condition
were considered. (∗) P<0.05; (∗∗) P<0.01, Mann-Whitney U-test, two-tailed. Data information: Black stars denote significant increases,
whereas red stars denote significant decreases.
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overexpression of RNase H1 in these cells drastically
reduced this increase of FANCD2 foci, suggesting that
R-loop accumulation in UAP56-depleted cells leads to
RF blockage that require the action of Fanconi anemia
for its processing.

To confirm this, we analyzed RF progression directly by
single-molecule DNA combing assays. The experiments
revealed a significantly slower RF progression in siUAP56
cells than in the siC control cells (Fig. 2F). This reduction
inRF velocitywas paralleled by an increase in the frequen-
cy of RF stalling as measured by RF asymmetry (Fig. 2F).
Importantly, overexpression of RNase H1 restored the
wild-type levels of fork velocity and asymmetry in
UAP56-depleted cells (Fig 2F). Therefore, our results indi-
cate that silencing of UAP56 promotes slower RF progres-
sion and RF stalling that are mediated by R loops, which
are the primary cause of the increased DNA damage. We
discarded that the recovery caused by RNase H1 overex-
pression was mediated by changes in the cell cycle, since
it does not induce major changes in cell cycle profile of
UAP56-depleted cells (Supplemental Fig. S3A).

Finally, even though our results suggest that R loops
caused by UAP56-depletion leads to DNA damage by in-
ducing replication fork stalling in S phase, we assayed
whether nuclease action on the displaced ssDNA strand
could also be an important source of damage, as suggested
previously (Sollier et al. 2014; Kim et al. 2019b). For this
we assayed the effect of the inactivation of XPG and
TOP2 by siXPG depletion and by treatment with the
TOP2 inhibitor dexrazoxane in siUAP56-depleted cells
(Supplemental Fig. S3B,C). Whereas TOP2 inactivation
even increased DNA damage, double XPG and UAP56
depletion caused a slight but nonsignificant decrease
when compared with siUAP56 cells. Therefore, neither
of those mechanisms seem to detectably contribute to
the generation of DNA breaks in UAP56-deficient cells.

UAP56 is an RNA–DNA helicase and R-loop resolvase

Given that UAP56 is a DEAD-box RNA dependent
ATPase (Shen et al. 2007), we wondered whether it pos-
sesses RNA–DNA unwinding activity that could explain
the strong R-loop accumulation of siUAP56 cells. For
this we purified to homogeneity UAP56 and twomutants,
UAP56-K95A and -E197A, that have been previously re-
ported to be deficient for the ATPase activity and, there-
fore, for its helicase activity (Fig. 3A; Supplemental Fig.
S4A; Shen et al. 2007). Using a blunt-ended RNA duplex
(dsRNA) of 13 base pairs, we observed that UAP56 could
unwind this substrate in a protein concentration-depen-
dent manner, consistent with previous results (Fig. 3B;
Shen et al. 2007). Similar resultswere obtained using other
dsRNA substrates with either a 5′ or 3′ overhang (Supple-
mental Fig. S4B). Next, we tested RNA–DNA hybrids
with blunt and 5′ or 3′ RNA overhang substrates. UAP56
could unwind all substrates in a protein concentration
and ATP-dependent manner (Fig 3B; Supplemental Fig.
S4C). In contrast, UAP56 was unable to unwind dsDNA
(Supplemental Fig. S4D). Importantly, the percentage of
unwound product with the RNA–DNA hybrids was up

to fourfold of that obtained for dsRNA (Fig. 3B). Therefore,
UAP56 is more adept at unwinding RNA–DNA hybrids
than dsRNA.Toconfirm themolecular identity of this un-
winding activity,weproved that neitherUAP56-K95Anor
UAP56-E197A could unwind dsRNA or RNA–DNA sub-
strates (Fig. 3C; Supplemental Fig. S4B,C). Finally, we test-
ed UAP56 with a 5′ RNA–DNA flap structure that
resembles a branch migratable R loop (Schwab et al.
2015). As shown in Figure 3D, UAP56, but not the
UAP56-K95A or UAP56-E197A mutant, could dissociate
the flap structure to yield a dsDNA product. Therefore,
our results indicate that UAP56 resolves RNA–DNA hy-
brids as well as R-loop-mimicking structures.

UAP56 overexpression rescues R-loop and R-loop-
mediated genome instability in a helicase-dependent
manner

In the last years a number of known RNA helicases like
DHX9 or DDX1 have been shown to have RNA–DNA un-
winding activity in vitro (Li et al. 2008; Chakraborty and
Grosse 2011), but evidence for this activity being relevant
in vivo is scarce or absent. According to the way of action
of DEAD-box RNA helicases (Yang et al. 2007) it may not
be surprising that any RNA helicase so far tested is able to
unwind in vitro the RNA strand, regardless of whether
paired with an RNA or a DNA strand. For this reason,
we assayed whether overexpression of WT and helicase-
dead mutants of UAP56 suppressed the R-loop accumula-
tion and R-loop-mediated genome instability of a number
of unrelated conditions, such as those created by depletion
of three RNA helicases DDX23, SETX, and AQR and two
different factors FANCD2 and THOC1, all of which accu-
mulate R loops by different mechanisms (Domínguez-
Sánchez et al. 2011; Skourti-Stathaki et al. 2011; Sollier
et al. 2014; García-Rubio et al. 2015; Sridhara et al.
2017). First, we confirmed the absence of any effect of
overexpressing UAP56 in cell cycle by FACS (Supplemen-
tal Fig. S5A). Then, we assayed DNA damage by γH2AX
foci and R-loop accumulation via IF. Depletion of all these
factors via siRNA led to an increase in γH2AX foci (Fig.
4A) and S9.6 signal (Fig. 4B), as expected. Notably, wild-
type UAP56 overexpression rescued not only RNA–

DNA hybrid accumulation but also the R-loop-dependent
genome instability associated with depletion of such fac-
tors (Fig. 4A,B). Next, we overexpressed the two UAP56
helicase-dead mutants UAP56-K95A and UAP56-E197A
in siTHOC1-depleted cells to assay whether the in vivo
ability to suppress R loops resided in the active sites.
The two mutant forms were unable to suppress the in-
creased levels of DNA damage, as detected by γH2AX
foci, or the high levels of R-loop accumulation in
THOC1-depleted cells (Fig. 5A,B) consistentwith the heli-
case activity being responsible for R-loop control. It is
worth noting that overexpression of the UAP56-K95A
mutant in UAP56-depleted cells partially reduced the
R-loop accumulation (Supplemental Fig. S5B). This could
be explained by reasons unrelated with the direct role of
UAP56 in R-loop resolution, but linked to the role of
UAP56 in prevention of R-loop formation. For example,
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the helicase dead-protein would stick to the nascent
RNA, thus reducing transcription and impeding it to hy-
bridize back with the DNA template. Thus, it may rescue
the RNA protection function of UAP56 but not the un-
winding activity of the protein. In this sense, it has been
previously shown that overexpression of another heli-
case-deadmutant (URH49), for instance, also rescues oth-
er phenotypes caused by siURH49 (Yoo and Chung 2011).
Altogether, our results indicate that UAP56 has the in
vivo ability to use its RNA–DNA helicase and R-loop-re-
solving activity to remove R loops regardless of the origin
of its accumulation.

Genome-wide chromatin-associated action of UAP56

SinceUAP56 interacts with a number of cotranscriptional
RNA-binding factors, such as THO and RNA export fac-
tors (Sträßer et al. 2002), we assayed whether it also func-
tioned in association with chromatin and chromatin
remodelers, as previously shown for THO (Salas-Armen-
teros et al. 2017). Provided that THO physically interacts
with the SIN3 histone deacetylase complex, we first test-
ed whether this was also the case for UAP56. Western
analysis showed that UAP56 coimmunoprecipitates
(co-IP) with the Sin3A component of SIN3 complex

B

A C

D

Figure 3. UAP56 is an RNA–DNA helicase and R-loop resolvase. (A) Schematic representation of mutations in the helicase core of
UAP56 analyzed in this study. (B) RNA-unwinding assay using same amount of dsRNA or RNA–DNA duplex with a serial dilution of
UAP56-WT protein (micromolar). The positions of duplex substrate and unwound products are indicated at the left, where the stars
show the position of the radiolabel. Gels were dried and subject to phosphorimaging analysis. Graph shows the percentage of unwound
product respect to the UAP56 concentration-dependent manner. (HD) Heat-denatured substrate. (C ) RNA-unwinding assay with UAP56-
WT, UAP56-E197A, and UAP56-K95A using a dsRNA or a RNA–DNA duplex as a substrate. Other details as in B. (D) RNA–DNA un-
winding assay with UAP56-WT, UAP56-E197A, and UAP56-K95A using RNA–DNA flap structures mimicking R loops as substrates.
Other details as in B. Graph shows the percentage of dsDNA product recovered after the reaction. Concentrations of UAP56-WT of
0.3–0.4 μM exhibit almost 90% of dsDNA recovery (R-loop resolution).
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(Supplemental Fig. S6A). We confirmed in situ this coloc-
alization by proximity ligation assay (PLA). Importantly,
this physical proximity is detected only in the nucleus,
where both proteins are known to function (Supplemental
Fig. S6B). Next, we assayedwhether these factors work to-
gether in R-loop prevention. Interestingly, double deple-
tion of UAP56 and Sin3A conferred a significant
increase in R loops, determined by S9.6 IF assays, com-
pared with control cells, which is lower when compared
with cells depleted of each factor individually, suggesting
an epistatic relationship between UAP56 and SIN3 in R-
loop homeostasis (Supplemental Fig. S6C). The result is
consistent with the idea that UAP56 as THO, and likely
other RNA-binding factors participating in the assembly
of the nascent mRNP, form a high-order cotranscriptional
structure in the nucleus.

Next, we askedwhetherUAP56was present all over the
genome, as would be expected by a general cotranscrip-
tional RNA-binding and processing factor. For this, we
performed ChIP-seq and RNA-seq analysis in the K562
cell line and obtained reproducible results (Supplemental
Fig. S7A,B). This line is regularly used in genome-wide oc-
cupancy analysis of different transcription factors, sec-
ondary DNA structures, and chromatin modifications,
so that there is an increasing set of data to compare with
any genome-wide analysis (Sloan et al. 2016). We com-
pared UAP56 ChIP-seq results with transcription-related
data available at ENCODE and GEO databases. We

crossed data from different data sets such as the precision
nuclear run-on sequencing (PRO-seq), which maps active
RNAPIIs, RNAPII ChIP-seq, and RNAPII-S2P ChIP-seq,
which marks transcription elongation regions and our
RNA-seq data from siC control cells. The majority of
UAP56 clusters coincided with those from PRO-seq and
RNAPII ChIP-seq (Fig. 6A). These data are in concordance
with an UAP56 global cotranscriptional function all over
the transcribed genome. Indeed, UAP56 could be found as-
sociated with chromatin in the majority of RNAPII active
sites (97%), according to the overlap between UAP56
ChIP-seq and PRO-seq data (Fig. 6B). Furthermore, to ana-
lyze the distribution of UAP56 along the length of all
genes, we performed metagenomic analysis along all of
these gene bodies and their flanking regions. The binding
profile revealed that UAP56 peaks at promoter and termi-
nation regions. Inside the gene body, UAP56 is increased
in a gradient manner toward the 3′ end of genes (Fig.
6C). The presence of UAP56 at promoters coincided
with the mapping of nascent RNAs at these regions corre-
sponding to antisense RNA, as detected bymetaplot anal-
ysis of PRO-seq data (Supplemental Fig. S7C). These
findings support the physiological role of UAP56 in re-
moving cotranscriptional R loops and are consistent
with the reported genome-wide occupancy of the yeast
ortholog Sub2, where it is recruited in a continuous and
increasing manner toward the 3′ end of transcribed genes
(Gomez-Gonzalez et al. 2011). Thus, we can conclude that

B

A Figure 4. UAP56 overexpression rescues R-
loop and R-loop-mediated genome instabili-
ty. (A) Representative images and detection
of γH2AX foci by IF in the indicated HeLa-
depleted cells transfected with pFlag
(−UAP56) or pFlag-UAP56 (+UAP56) over-
expressing UAP56. Immunostaining with
anti-γH2AX antibody (green), anti-Flag anti-
body (red) to detect UAP56 overexpression,
andDAPI (blue) are shown. The graph shows
the percentage of cells containingmore than
five γH2AX foci. More than 50 cells per con-
dition were considered in each experiment.
Data are plotted asmean+ SEM (n≥5). Scale
bar, 25 μm. (∗) P<0.05, Student’s t-test, two-
tailed. (B) Representative images and quanti-
fication of S9.6 immunofluorescence signal
in the indicated HeLa-depleted cells trans-
fected with the empty vector pFlag
(−UAP56) or pFlag-UAP56 (+UAP56) for
UAP56 overexpression. Immunostaining
shows S9.6 monoclonal antibody (red) and
DAPI (blue). More than 100 cells per condi-
tion were counted in each experiment. The
graph shows the median of the S9.6 signal
intensity per nucleus (n =3). Scale bar, 10
μm. (∗) P<0.05; (∗∗∗) P <0.001, Mann-Whit-
ney U-test, two-tailed. Data information:
Black stars denote significant increases,
whereas red stars denote significant
decreases.
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UAP56 is a helicase that is present in active chromatin all
over the genome (Fig. 6A,B).

Genome-wide accumulation of RNA–DNA hybrids in
UAP56-depleted cells

Next, we investigated the global impact of UAP56 deple-
tion on R-loop accumulation by determining the RNA–

DNA hybrid distribution along the entire genome in
UAP56-depleted cells. We performed DRIPc-seq (DRIP
followed by cDNA conversion coupled to high-through-
put sequencing) in siC (control) and siUAP56 silenced
K562 cells. This technique allows reproducible high-reso-
lution and strand-specific R-loop detection genome-wide
(Sanz et al. 2016). First, we confirmed that our S9.6 immu-
noprecipitation experiments specifically recover RNA–

DNA hybrids by performing DRIP-seq in K562 cells
with and without RNase H treatment. DRIP-seq signal
was highly RNase H-sensitive; that is, strongly reduced
in RNase H-treated DRIP-seq (Supplemental Fig. S7D).
These results were validated by DRIP-qPCR in different
loci and by regression analysis of the genome-wide data
(Supplemental Fig. S7E,F). OurDRIPc-seq analysis, a tech-
nique exhibiting superior accuracy to that of DRIP-seq,
less background and strand specificity, showed also high

sensitiveness to RNase H treatment. Regression analysis
of DRIP-seq and DRIPc-seq data of untreated and RNase
H-treated cells gave comparable results (Supplemental
Fig. S7F–H), establishing that the immunoprecipitated
material corresponded to RNA–DNA hybrids and the se-
quences obtained mapped faithfully to DNA–RNA hy-
brids, regardless of whether the DNA or the RNA strand
was used for sequencing. Indeed, bothDRIP andDRIPc ex-
periments gave similar profiles (Supplemental Fig. S7D),
supporting the reliability and reproducibility of the
experiments.
TheR-loop peak distribution analysis is shown for a rep-

resentative genomic region in Figure 7A. In siUAP56 cells,
R loops were observed at 73,473 reproducible peaks upon
UAP56 depletion. In 31,909 the signal was significantly
higher (R-loop gain) and in 42,383 was either similar or
slightly lower (R-loop no gain) than that of the siC control
(Supplemental Fig. S8A). The R-loop gain peaks included
peaks undetected in siC controls (de novo R loops) and
peaks with a signal significantly increased over the con-
trol (increased R loops) (Supplemental Fig. S8B). Consis-
tently, metaplot analysis of those peaks revealed an
increased DRIPc-seq signal in siUAP56 cells when com-
pared with the control, being higher in the case of in-
creased R-loop peaks. Both kinds of R-loop gain peaks

B

A Figure 5. UAP56 overexpression rescues R-loop and
R-loop-mediated genome instability in a helicase-de-
pendent manner. (A) Representative images and
detection of γH2AX foci by IF in siC and siTHOC1
HeLa cells transfected with pFlag (−UAP56), pFlag-
UAP56 (+UAP56) for UAP56 overexpression, and
with pFlag-UAP56-K95A (+UAP56-K95A) and
pFlag-UAP56-E197A (+UAP56-E197A) for helicase-
dead UAP56 overexpression. Other details as in Fig-
ure 4A.More than 70 cells per conditionwere consid-
ered in each experiment. Data are plotted as mean+
SEM (n=4). Scale bar, 25 μm. (∗) P<0.05, Student’s
t-test, two-tailed. (B) Representative images and
quantification of S9.6 immunofluorescence signal
siC and siTHOC1 HeLa cells transfected with pFlag
(−UAP56), pFlag-UAP56 (+UAP56) for UAP56 over-
expression, pFlag-UAP56-K95A (+UAP56-K95A) and
pFlag-UAP56-E197A (+UAP56-E197A) for helicase-
dead UAP56 overexpression. More than 100 cells
per condition were counted in each experiment.
The graph shows the median of the S9.6 signal inten-
sity per nucleus (n≥ 3). Other details as in Figure
4B. Scale bar, 10 μm. (∗∗∗) P <0.001, Mann-Whitney
U-test, two-tailed. Data information: Black stars
denote significant increases, whereas red stars denote
significant decreases.
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covered similar genomic features, detectable mainly at
protein-coding gene bodies and ncRNAs (Supplemental
Fig. S8C,D). Interestingly, R-loop gain genes were signifi-
cantly longer than the median of the genome and ex-
pressed at higher levels when compared with R-loop no
gain genes (Supplemental Fig. S8E,F), consistent with
the idea that longer and highly expressed genes are more
prone to R-loop accumulation.

Gene metaplot analysis of DRIPc signals along the en-
tire genome shows that R loops are found at promoter re-
gions that correspond to antisense RNA and throughout
the gene body and transcription termination regions
(Fig. 7B). The results are in consonance with previous
studies in normal K562 cells (Sanz et al. 2016). Important-
ly, DRIPc-seq results and conclusions were validated by
DRIP-qPCR at representative test loci (Supplemental
Fig. S9A) and regression analysis (Supplemental Fig. S9B,
C). In addition, we show that the increase in R-loop signal
is not caused by higher transcription levels as can be seen
globally by RNA-seq and at specific loci (Supplemental
Fig. S9D,E).

Finally, the comparative analysis of DRIPc-seq data of
siUAP56 cells with ChIP-seq data of the normal K562
cells highlights that the vast majority (94.7%) of genes in-
creasing R loops upon UAP56 depletion coincide with
genes where UAP56 is present (Fig. 7C), a conclusion con-
firmed by the significant enrichment of UAP56 in K562

normal cells at genes that accumulate R loops in
UAP56-depleted cells (Supplemental Fig. S9F). Therefore,
our results support a global role in R-loop protection
caused by UAP56 as well as a global action of this protein
during transcription of RNAPII genes.

Discussion

Here we show that UAP56/DDX39B, a conserved RNA-
dependent ATPase involved in RNA splicing and export,
is an RNA–DNA helicase crucial to prevent the accumu-
lation of unscheduled R loops during transcription, suchR
loops being an important source of DNA breaks promoted
by R-loop-mediated transcription-replication conflicts.
Overexpression of UAP56 in different genetic back-
grounds that accumulate high R-loop levels suppresses
them and the R-loop-mediated genome instability, con-
firming the relevance of its RNA–DNA unwinding activ-
ity in vivo. This activity is able to remove R loops
accumulated as a consequence of the inactivation of
RNA helicases such as DDX23, SETX, or AQR, the
FANCD2 Fanconi anemia repair factor or the mRNP bio-
genesis factor THOC1, indicating that the ability of
UAP56/DDX39B to eliminate hybrids is additional to its
role in mRNA processing and export. These conclusions
are supported by the fact that helicase-dead mutant

B

A

C

Figure 6. Genome-wide chromatin-associated action of UAP56. (A) Representative screenshot of a genomic region in which UAP56
ChIP-seq (green), PRO-seq (light blue), RNAPII ChIP-seq (red), RNAPII-S5P ChIP-seq (orange), and RNA-seq (magenta) in K562 cells is
shown. (B) Venn diagram showing the overlap between protein-coding genes transcribed in K562 cells detected by PRO-seq (light purple)
and UAP56 chromatin-bound protein-coding genes detected by ChIP-seq (green). P <0.001, hypergeometric test. (C ) Metaplot analysis of
the distribution of the UAP56 ChIP-seq signal (IP-Input) along a model gene body.
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Figure 7. Genome-wide accumulation of RNA–DNA hybrids in UAP56-depleted cells. (A) Representative screenshot of different geno-
mic regions showing theDRIPc-seq signal profiles for siC (blue) and siUAP56 (red) (n=2). (B) Distribution of antisense and senseDRIPc-seq
signal (mean coverage) along a gene metaplot for siC control and siUAP56 cells over Watson (left) and Crick strand (right). (C ) Venn di-
agram showing the overlap between R-loop gain genes (red) and genes to which UAP56 binds in normal K562 cells detected by ChIP-
seq (gray). P< 0.001, hypergeometric test. (D) Model to explain the role of UAP56 in R-loop resolution during transcription. In the model,
THOcontributes to the proper assembly of themRNPand talks to the Sin3Ahistone deacetylase complex to presumably transiently close
the chromatin. The RNA–RNA and RNA–DNA helicase UAP56/DDX39B, apart from its role in RNA processing, ensures that unsched-
uled hybrids formed behind the transcription machinery are removed cotranscriptionally, thus potentially releasing the intact nascent
RNA molecule for further processing and export.
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proteins are unable to unwindRNA–DNAhybrids in vitro
and failed to recover R-loop accumulation and genome in-
stability as efficiently as UAP56-WT does in such genetic
background.

The action of UAP56 is extended all over the genome
and not restricted to specific regions or to a subset of genes
according to function or structure. UAP56 is located in the
majority of the transcribed regions of genes from 5′ to 3′

regions (Fig. 6). This is consistent with the expected func-
tion of UAP56 in mRNP biogenesis and export, which are
intimately linked to transcription. Our proximity ligation
assay and co-IP analysis showing colocalization and epi-
static interaction between UAP56/DDX39B and the his-
tone deacetylase complex SIN3, the same as previously
shown for THOC1 (Salas-Armenteros et al. 2017), togeth-
er with UAP56 ChIP-seq data suggest a crosstalk of
UAP56 with chromatin during transcription. Important-
ly, the vast majority of these hybrid-prone genes in the ab-
sence of UAP56 coincides with those genes in which
UAP56 is chromatin-bound in K562 cells, confirming
the protective role of UAP56 against the cotranscriptional
accumulation of nonscheduled R loops genome-wide. In-
terestingly, this protective role is more evident at longer
and highly transcribed genes, consistent with the idea
that these genes are more prone to R-loop accumulation
(García-Muse and Aguilera 2019).

This whole body of results lights up a scenario in which
during transcription, a specific number of proteins are re-
cruited to active chromatin in the form of a multiprotein
structure necessary for processing and exporting the na-
scent RNA, but at the same time protecting it from form-
ing RNA–DNA hybrids. The latter function would be
provided by UAP56/DDX39B, which would act cotran-
scriptionally unwinding unscheduled RNA–DNAhybrids
(Fig. 7D). As we and others have shown, a major mecha-
nism by which hybrids lead to genome instability is by
blocking the progression of the replication fork. Consis-
tently, we show in this study that UAP56/DDX39B deple-
tion causes replication fork stalling as determined by
DNA combing (Fig. 2F). Interestingly, the increase in
R-loop accumulation after UAP56 depletion is observed
at all stages of the cell cycle, consistent with a general
role of this factor in R-loop prevention, with the largest in-
crease observed in G1 (Fig. 2D). Instead, even though cells
with DNA damage after UAP56 depletion accumulate at
all stages of the cell cycle (Fig. 2B), DNA breaks are prefer-
entially increased in S and G2 cells as determined by the
number of γH2AX foci per cell (Fig. 2C). This, together
with the increase in RF stalling as determined by
FANCD2 foci and DNA combing and the lack of any re-
duction in damage produced by inactivation of XPG and
TOP2, two nucleases previously suggested to mediate R-
loop-mediated damage (Sollier et al. 2014; Kim et al.
2019b), indicated that R loops accumulated upon deple-
tion of UAP56 lead to DNA damage by promoting tran-
scription-replication conflicts.

In recent years different reports have provided evidence
for an in vitro RNA–DNA unwinding activity of an in-
creasing number of known RNA helicases. These include
Senataxin (Sen1/SETX), the RNA helicases Dbp2/DDX5,

DHX9, Dbp5/DDX19, DDX21, DDX23, AQR, Mph1/
FANCM, or DDX1 (Sollier et al. 2014; Hatchi et al.
2015; Schwab et al. 2015; Li et al. 2016; Hodroj et al.
2017; Song et al. 2017; Sridhara et al. 2017; Cristini et al.
2018; Mersaoui et al. 2019). IF studies have revealed that
silencing of the corresponding genes causes an increase
in S9.6 signal. However, a comparative in vitro analysis
of RNA–RNA versus RNA–DNA unwinding or a demon-
stration of the in vivo RNA–DNA unwinding activity is
lacking. Because RNA helicases of the DEAD-box family
could act efficiently on short RNA duplexes or even
RNA–DNA heteroduplexes (Linder and Jankowsky
2011) and considering that these proteins generally work
during transcription in association with other RNA-bind-
ing proteins and processing factors, it is highly difficult to
separate its RNA–DNA unwinding activity from its po-
tential function as RNA chaperons. These considerations
would imply that different DDX proteinsmay not have re-
dundant RNA–DNAunwinding abilities. Thus, SETX has
been shown to localize and resolve R loops at termination
sites or double-strand breaks (Hatchi et al. 2015; Cohen
et al. 2018) and to be expressed in S–G2 phase of the cell
cycle in yeast (Mischo et al. 2018). Alternatively, there
are other RNA helicases such as DDX21 or DDX23 that
seem to be recruited to RNAPII stalled at R loops to pro-
mote transcription elongation (Song et al. 2017; Sridhara
et al. 2017), while DDX19 is proposed to act on R loops
formed upon replication stress and DNA damage (Hodroj
et al. 2017). It would certainly be possible that each DDX
protein specifically works on a subset of R loops whether
located in different DNA regions or nuclear structures
(nucleolus, nuclear pore, away from pores) or whether
formed by failures of different nuclear processes (tran-
scription, splicing, or export), among other possibilities.
Since these proteins could act at a particular phase of
the cell cycle or could act preferentially at particular loca-
tions or RNA sequences or could interact differentially
with other mRNP components, we need further evidence
to consider them master cotranscriptional RNA–DNA
unwinding factors.

However, our results clearly show that UAP56/
DDX39B is able to efficiently remove R loops accumulat-
ed under different conditions in vivo. Given its genome-
wide distribution all over the vast majority of transcribed
DNA sequences in whichUAP56 is found associated with
chromatin, as detected by ChIP-seq, UAP56/DDX39B
emerges as the major RNA–DNA helicase removing un-
scheduled R loops formed during transcription. This has
a key physiological relevance, because RNA–DNA hy-
brids need to be cotranscriptionally removed not only to
avoid RF blockage and replication stress, but also to pre-
vent transcription elongation impairment and premature
transcription termination. It is unlikely that cells rely
on RNases H to eliminate occasional cotranscriptional
hybrids, because this would result in nascent RNA degra-
dation, highly costly to cells. Instead, a master transcrip-
tion-coupled RNA–RNA and DNA–RNA helicase such
as UAP56/DDX39B would release the nascent RNA
from the DNA giving it a second chance to be properly
coated into a full export-competent RNA-protein particle.
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We thus propose that in addition to its role as an RNApro-
cessing and mRNP biogenesis factor, UAP56/DDX39b
represents an essential transcription-associated R-loop-
unwinding factor that removes occasional hybrids that
otherwise would block transcription and replication, pro-
viding new insights into our understanding on how cells
prevent and eliminate harmful RNA cotranscriptional
structures.

Materials and methods

siRNA transfection

Transient transfection of siRNA (50 nM) was performed using
DharmaFECT 1 (Dharmacon) according to themanufacturer’s in-
structions. All assays were performed 72 h after siRNA transfec-
tion. Different siRNAs knockdown efficiency experiments are
depicted in Supplemental Figure S10.

Genome instability and replication assays

Immunofluorescence (IF), comet assay and DNA combing were
essentially performed as described previously (Domínguez-Sán-
chez et al. 2011; Barroso et al. 2019). For further details on IF,
see the Supplemental Material.

DNA:RNA immunoprecipitation (DRIP) assays

DRIP assays were performed by immunoprecipitating DNA–

RNA hybrids using the S9.6 antibody from gently extracted and
enzymatically digested DNA with the following cocktail of re-
striction enzymes: HindIII, EcoRI, XbaI, SspI, and BsrGI, treated
or not with RNase H (New England Biolabs) in vitro as described
(García-Rubio et al. 2018b). The relative abundance of DNA–

RNA hybrid immunoprecipitated in each region was normalized
to the input values and the siC control when needed (Salas-
Armenteros et al. 2017). qPCR primers are listed in the Supple-
mental Material. DRIP assays were performed 72 h after siRNA
transfection. All experiments were performed in triplicate unless
otherwise indicated; mean and SEM of results are provided.

Protein purification and nucleic acid unwinding assays

UAP56-WT, UAP56-K95A, and UAP56-E197A were purified us-
ing the same procedure as described (Shen et al. 2007), as well
as the RNA–RNA duplexes use for the helicase assays. RNA–

DNA hybrids without and with a 5′ or 3′ overhang and DNA–

DNAduplexwith a 5′ overhangwere prepared by annealing oligo-
nucleotides (with one of the oligonucleotides being labeled with
32P). The 5′ RNA–DNA flap structure that resembles a branch
migratable R-loop structure was constructed as described
(Schwab et al. 2015).

RNA-seq

RNAwas isolated from K562 cells with an RNeasy minikit (Qia-
gen). Then, total RNA-seq was performed after ribosomal RNA
depletion applying the TruSeq stranded total RNA library and se-
quenced on the platform NextSEq500 (Illumina).

ChIP-seq

K562 cells were cross-linked and processed for ChIP-seq essen-
tially as reported (Johnson et al. 2007). Immunoprecipitation

was performed using 10 μg of anti-UAP56 (Proteintech 14798-1-
AP) antibody.DNAwas purified and used to build the libraries us-
ing the ThruPLEX DNA-seq 6S kit (Rubicon Genomics) accord-
ing to manufacturer’s instructions and then sequenced on the
Illumina platform NextSEq500.

DRIP-seq

DRIP-seq was performed as previously described (Sanz and Ché-
din 2019). Basically, after the immunoprecipitation (DRIP) the
DNA was sonicated and checked on a 2100 Agilent Bioanalyzer.
Afterward, this DNA was used to build the libraries using the
ThruPLEX DNA-seq 6S kit (Rubicon Genomics) according to
manufacturer’s instructions and sequenced on an Illumina Next-
Seq500 platform.

DRIPc-seq

DRIPc-seq was performed essentially as described (Sanz and Ché-
din 2019). The resulting RNA was subjected to library construc-
tion using the TruSeq stranded total RNA protocol (Illumina)
from the fragmentation step.

DRIP-seq, DRIPc-seq, RNA-seq, and ChIP-seq read mapping, peak
calling, and annotation

Sequenced paired-ends reads were subjected to quality control
pipeline using the FASTQ Toolkit v.1.0.0 software (Illumina)
and thenmapped to the human reference genome hg38 canonical
female using Bowtie2/BWA (Li and Durbin 2009; Langmead and
Salzberg 2012) except for RNA-seq where HISAT2 (Kim et al.
2019a) was used. For DRIPc-seq, reads were separated into Wat-
son and Crick strand using SAMTools (Li et al. 2009).
Peak calling on DRIPc-seq was performed with MACS2 pack-

age (Zhang et al. 2008) using FDR<0.01, allowing broad region
detection with a 0.1 cutoff. Next, regions covered by peaks in
both replicates in both conditions were merged and fused when
<5-kb distance for comparative analysis using BEDtools (Quinlan
and Hall 2010). Then, the number of counts per peak was calcu-
lated using FeatureCounts and RPKM normalized. For analysis,
R-loop gain peaks were established selecting those peaks whose
DRIPc signal fold change was >1.25× in siUAP56 respect to the
siC control cells in both replicates. Afterward, peaks were anno-
tated to genes using ChIPseeker (Yu et al. 2015) and genes re-
trieved from Ensembl release 94 2018 (Zerbino et al. 2018). For
our purposes, only protein-coding genes were analyzed, consider-
ing promoter as −2 kb from TSS and downstream as +2 kb
from TTS.
For UAP56 ChIP-seq, peak calling was performed using

MACS2 package (Zhang et al. 2008). Peak annotation was per-
formed as described previously.
Coverage profiling of ChIP-seq, RNA-seq, DRIP-seq, and

DRIPc-seq signal was obtained using deepTools2 (Ramírez et al.
2016).
For RNA-seq, counts per peak were established using Feature-

Counts and RPKM-normalized.

Miscellanea

Human cells culture, plasmids, and primers are shown in the Sup-
plemental Material. ChIP-seq, RNA-seq, DRIP-seq, and DRIPc-
seq data from this study have been deposited to the Gene Expres-
sion Omnibus database under accession number GSE127979.
Published ENCODE and GEO data sets used in this study are as
follows: precision nuclear run-on sequencing (PRO-seq)
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(GSE104800), RNAPII ChIP-seq (ENCSR000BMR), and RNAPII-
S2P ChIP-seq (ENCSR000EGF).
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