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In brief

Marchena-Cruz et al. present a functional
assay identifying 59 factors that protect
against harmful R loops and are known to
be involved in different cellular
processes, including RNA metabolism
and chromatin function. They study two
of these factors, DDX47 and MeCP2, and
conclude that R loops accumulate upon
dysfunction of unrelated processes.
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SUMMARY

Unscheduled R loops can be a source of genome instability, a hallmark of cancer cells. Although targeted
proteomic approaches and cellular analysis of specific mutants have uncovered factors potentially involved
in R-loop homeostasis, we report a more open screening of factors whose depletion causes R loops based on
the ability of activation-induced cytidine deaminase (AID) to target R loops. Immunofluorescence analysis of
vYH2AX caused by small interfering RNAs (siRNAs) covering 3,205 protein-coding genes identifies 59 potential
candidates, from which 13 are analyzed further and show a significant increase of R loops. Such candidates
are enriched in factors involved in chromatin, transcription, and RNA biogenesis and other processes. A more
focused study shows that the DDX47 helicase is an R-loop resolvase, whereas the MeCP2 methyl-CpG-bind-
ing protein uncovers alink between DNA methylation and R loops. Thus, our results suggest that a plethora of

gene dysfunctions can alter cell physiology via affecting R-loop homeostasis by different mechanisms.

INTRODUCTION

R loops are byproducts resulting from the co-transcriptional hy-
bridization of the nascent RNA with the DNA template. They are
dynamic structures that form potentially all over the transcribed
genome.' R loops participate in different biological processes
such as immunoglobulin class-switching recombination, mito-
chondrial replication, transcription termination, gene regulation,
and telomere stability.”™ Apart from these specific physiological
roles, R loops are an important source of genome instability
because of their ability to halt replication or the action of nucle-
ases on the single-stranded DNA (ssDNA) displaced by the
DNA-RNA hybrid.>® The recent connection between the accu-
mulation of R loops and human diseases, such as neurodegen-
erative pathologies, autoimmunity, or cancer, highlights the
relevance of the study of R-loop homeostasis.”""

Cells have evolved factors and mechanisms to prevent or
resolve harmful R loops. During transcription, R-loop formation
is prevented by different RNA-binding and processing factors,
including the THO complex,'? SRSF1,"® and other factors,'*'®
supporting a model by which those mRNAs suboptimally assem-
bled on ribonucleoprotein complexes (MRNPs) would have a
better chance to rehybridize back with the DNA template from
which they were copied.'” However, if formed, R loops can be
removed by the conserved ribonuclease RNase H, which specif-
ically degrades the RNA moiety of the DNA-RNA hybrids, or by
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DNA-RNA helicases. Depletion of SETX, AQR, PIF1, BLM, and
members of the DExD/H family of RNA helicases, such as
UAP56/DDX39B, DDX1, DDX5, DHX9, DDX19, DDX21, or
DDX23, have been shown to lead to R-loop accumulation,?
even though there is no evidence for direct DNA-RNA hybrid un-
winding for all of them in cells.

In addition, DNA replication-associated factors such as
BRCA1 and BRCA2 and Fanconi anemia factors prevent
R-loop accumulation, R-loop-mediated genome instability, and
transcription-replication conflicts.'®*?> Chromatin is also
emerging as another key player in R-loop dynamics, as sup-
ported by the role of chromatin remodeling or modification fac-
tors preventing R-loop-mediated genome instability, such as
those involved in histone acetylation/deacetylation,'®?*?* the
histone chaperones or remodelers FACT, ATRX, INO80, and
SWI/SNF.?°72° |n addition, a set of histone modifications of var-
ied physiological relevance has been shown to correlate with
R-loop-enriched sites.**°

Given the impact of R loops on cell homeostasis and genome
integrity, different screenings have been performed to identify
genes related to R-loop metabolism. Some are based on the
detection of hybrid-induced DNA damage or chromosomal
instability, as determined by yH2AX foci, gross chromosomal re-
arrangements (GCRs), or Rad52 foci in yeast and human
cells.*152* Other studies are based directly either on immuno-
detection of R loops'®*® or by pull-down coupled to mass
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spectrometry with purified DNA-RNA hybrids or with the anti-
DNA-RNA hybrid antibody $9.6.°°%% As a result, different factors
related to DNA-RNA hybrids, including different RNA-binding
proteins (RBPs), RNA processing, chromatin modification, and
DNA damage response (DDR) factors have been identified. How-
ever, functional evidence for a physiological role on R-loop ho-
meostasis in cells has not always been provided. Thus, further
studies to achieve a deeper knowledge on R-loop metabolism
and its impact on genome integrity are needed.

Taking advantage of the ability of the activation-induced cyti-
dine deaminase (AID) to act on the displaced ssDNA of R loops,
we designed a strategy to identify factors involved in R-loop ho-
meostasis that might have escaped previous detection. We
developed a sensitive immunofluorescence (IF) assay in cells
overexpressing the human cytidine deaminase AID that specif-
ically targets the ssDNA of R loops, causing DNA breaks detect-
able by YH2AX,*>“° to search for genes that, upon depletion,
lead to an R-loop-dependent increase of DNA breaks. A similar
strategy was successfully carried out in our laboratory in a
screening of Saccharomyces cerevisiae to identify histone muta-
tions associated with R loops.®" Screening of a library of small
interfering RNAs (siRNAs) against 3,205 different potentially
druggable target factors identified genes involved in transcrip-
tion, RNA processing, translation, chromatin modification, and
others, which supports the notion that the origin and resolution
of R loops are heterogeneous. We focused here on DDX47, a
DEAD-box RNA helicase, and MeCP2, a DNA-binding protein,
as two factors counteracting R-loop accumulation by different
mechanisms, with the first potentially acting directly on the
hybrid and the second acting via an epigenetic process related
to DNA methylation.

RESULTS

Search of human factors counteracting R loops
susceptible to AlID-mediated DNA breaks

To identify factors involved in R-loop homeostasis, we devel-
oped a sensitive system for R-loop detection based on the ability
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of AID to target ssDNA and lead to DNA damage (Figure 1A). We
generated stable U20S cell lines carrying the human AID gene
fused to a chimeric tet promoter regulated by doxycycline
(DOX) (U20S-TR-AID-cells). Among all the clones obtained,
one that expressed the highest levels of AID, as determined by
western blot and IF upon DOX addition, was selected for further
studies (Figures 1B and S1A). We validated the system by assay-
ing whether AID increased DNA damage in cells depleted of
FANCD2, known to accumulate high R-loop levels.'®?° As can
be seen, siFANCD2 cells, and to a lesser extent siControl cells,
showed a significant increase of the number of yH2AX foci/cell
upon AID induction (+DOX) compared with non-induced condi-
tions (—DOX) (Figure 1C). This increase in yH2AX foci of
siFANCD?2 cells was reduced by overexpression of RNase H1
(RNH1), confirming that it was mediated by DNA-RNA hybrids
(Figure S1B). The system was further validated in 96-well
plates by automated high-throughput microscopy using the
ImageX-Express equipment (Molecular Devices) with R-loop-
accumulating siFANCD2 and siTHOC1 cells,*® thus establishing
the conditions for the siRNA library screening (Figure S1C).

A collection of 4,796 selected siRNAs targeting 3,205 human
genes involved in different processes, including apoptosis, nu-
cleic acid binding, RNA or DNA metabolism, autophagy, and
various other nuclear pathways that are potential targets of ther-
apeutic drugs (Dharmacon-ON TARGET Plus-Druggable
genome siRNA library) were analyzed for yH2AX foci in induced
versus non-induced conditions. The percentage of cells with >5
or >10 yH2AX foci were determined by duplicate in 96-well
plates with and without AID induction (see STAR Methods for de-
tails). As a result, 156 candidate genes whose depletion led to
>1.2-fold higher levels of yH2AX foci upon AID expression
compared with AID™ cells and siControls were selected
(Table S1). Of those, 46 candidate genes were validated in a sec-
ond round of IF (Figure 1D; Table S2). In parallel, yH2AX intensity
was determined as a marker for replicative stress and used as an
alternative method to identify candidate genes. 21 genes
showed an increase of yH2AX intensity upon AID induction
(Table S3), 8 of which had also been selected as positive for

Figure 1. A method for screening for factors controlling R-loop homeostasis

(A) Schematic illustration of the AID-based principle for detecting factors involved in R-loop metabolism. A U20S-TR-AID stable cell line carrying a tetracycline-
regulated AID gene cassette is used as a tool. Upon induction of AID expression, deamination of cytosines on the displaced ssDNA of an R loop leads to an
increase in DNA double-strand breaks (DSBs). Comparison of yH2AX foci in siRNA-depleted cells before and after expression of AID allows detection of siRNAs
altering R-loop levels.

(B) Quantification of nuclear AID immunofluorescence signal (right panel) and protein levels by western blot (left panel) in the selected U20S-TR-AID stable clone
in the absence or presence of doxycycline for 24 h. n = 3.

(C) Immunofluorescence of YH2AX in siC and siFANCD2-transfected U20S-TR-AID cells (clone #8) in the absence (—DOX) or presence of AID (+DOX) as
indicated. Nuclei were stained with DAPI. AID was overexpressed from a CMV promoter, leading to its accumulation both in the nucleus and cytoplasm, which is
more evident in the latter because nuclear import is probably a rate-limiting step. Scale bars, 25 um. Quantification of the number of YH2AX foci per cell is shown.
Red lines in the plots indicate the median. n = 3. The statistical significance of the difference was calculated with Mann-Whitney U-test; *p < 0.05; ***p < 0.001 (B
and C). See also Figure S1.

(D) Candidate high-throughput identification. Analysis of YH2AX immunofluorescence data (first round: 3,205 siRNA in one replicate with a duplicate). The
percentages of cells with >5 or >10 yH2AX foci was used to calculate the indicated ratios, as represented in both axes. The dotted horizontal lines show the
cutoff (1.2) used to designate an siRNA as positive. Two ratios for each siRNA are represented by black and red dots (candidates with >10 yH2AX foci or >5
YH2AX foci, respectively) and gray dots (others).

(E) Networks of interacting proteins identified in the screening using GeneMANIA software. YH2AX foci candidates (gray circles), YH2AX intensity candidates (light
green circles), and candidates from both screenings (dark green circles). The candidates selected for further study are shown as highlighted circles.

(F) Graphic shows the reproducibility scores of the candidates. Representation of the 156 candidate genes selected for validation. The 46 confirmed hits for the
YH2AX foci and YH2AX intensity screenings are marked in red, the rest are plotted in black. Genes selected for further analysis are identified and highlighted in
boxes. See also Figure S1.
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YH2AX foci increase (Figure S1D; Table S3). Among the candi-
date genes was DHX9, encoding an RNA helicase that prevents
R-loop-associated DNA damage, previously found to be en-
riched in a DNA-RNA hybrid interactome,*® and TOPBP1, a pro-
tein required for DNA repair and checkpoint control, previously
identified in a screening for DDR factors involved in R-loop ho-
meostasis,>° further validating our screening assay.

To determine the spectrum of biological functions within the
selected candidates, we performed an analysis with protein
analysis through evolutionary relationships (PANTHER). The
analysis revealed a significant enrichment in functions involved
in transcription, RNA biogenesis, and cell cycle, consistent
with genes controlling R loops and transcription-associated
genome instability (Figure S1E). Among the final candidate
genes were chromatin-related factors, transcription and transla-
tion factors, RNA helicases, and factors involved in protein
degradation (Table S4). Finally, the screening identified cyto-
plasmic factors that were not linked previously to R loops, as
those involved in lipid metabolism, transporters, G-protein, and
signaling and metabolic pathways (Table S4), whose role in
R-loop homeostasis may be mediated by other factors.

A close analysis of the functions of all candidate genes and the
network map of their interactions generated with the GeneMANIA
plugin (Cytoscape v.3.8.0) (Figure 1E) reveals a close functional
relationship for most of the genes, a large fraction of which func-
tion in RNA metabolism. We selected a representative sample of
13 genes for further analysis, including candidates with high levels
of either YH2AX foci, YH2AX intensity, or both parameters simul-
taneously, with different reproducibility scores in the screening,
and whose function was preferentially nuclear (see STAR
Methods; Figure 1F; Table S4).These include genes encoding
chromatin-associated factors (MeCP2 and HDACS); RNA heli-
cases (DDX42, DDX47 and UPF1); proteasome subunits
(PSMC5 and PMSD7); and factors involved in transcription
(MYOG and PHOX2A), translation (EEF1D and EGLN1), and
RNA modification (RPUSD1). In addition, we included a lipid
biosynthesis factor (ALOX5) as a candidate with non-related func-
tions in nucleic acid metabolism and gene expression.

We next assayed directly R loops by $9.6 IF in U20S cells per-
forming the experiments in coverslips with a pool of two siRNAs
for each gene. Cells were also immunostained with the anti-nu-
cleolin antibody to exclude the nucleolar signal and specifically
measure the nucleoplasm signal, following standard protocols.*’
8 out of the 13 candidates showed a significant increase in S9.6
nuclear signal respect to control cells (siC) (Figure 2A). Then, we
determined R-loop levels by DNA-RNA immunoprecipitation
(DRIP) in two human genes (APOE and RPL13A) that have
been previously validated for hybrid detection.”>** Depletion
of 12 out of the 13 candidates increased the DRIP signal, with
respect to siC levels, in at least one of the studied genes (Fig-
ure 2B). In all cases, the DRIP signal was removed by in vitro
treatment with RNH, confirming that it was specific for DNA-
RNA hybrids. These results validate our screening as an alterna-
tive method for the identification of factors involved in R-loop
homeostasis. The different functions identified confirm the rele-
vance of cellular R-loop control that explains the vast variety of
molecular processes whose alteration may impact on R-loop
levels as a potential source of genome instability.
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DDX47 and MeCP2, two factors protecting cells from
R-loop accumulation

Next, we focused on 2 candidates that function on two different
nuclear processes for which a role in R-loop homeostasis is
poorly known. These were the methyl-CpG-binding protein 2
MeCP2, a factor with a function related to chromatin and tran-
scription”® that indeed gave highly reproducible results, and
the DEAD-box RNA helicase DDX47, a nucleolar RNA helicase.**

Previous analyses performed in U20S cells were extended to
another cell line and with specific siRNAs to confirm our results in
a different genetic background. We determined the R-loop levels
after siRNA depletion in HelLa cells by S9.6 IF and DRIP analysis
(Figures 3A, 3B, S2A, and S2B). A significant enrichment of the
nuclear signal by S9.6 IF was observed for both siMECP2 and
siDDX47 cells that was suppressed by in vitro RNH treatment
(Figure 3A). R loops were also confirmed by an RNH-sensitive in-
crease of DRIP signals in the standard human genes (APOE and
RPL13A) upon depletion of both factors, and in the case of
siDDX47 cells, hybrid accumulation was also observed in the
18S and 28S rDNA loci (Figure 3B).

Consistent with an action of DDX47 and MeCP2 on active
genes in which R loops are enriched, we found that both proteins
were recruited to these chromatin regions, as determined by
chromatin IP (ChIP) analysis (Figure 3C). Importantly, the high
DNA-RNA hybrid levels were not due to an increase in trans-
cription provided by the minor and different impact of the muta-
tions on the mRNA levels of the genes tested by gqRT-PCR
(Figure S2C).

Next, we analyzed DNA damage in HelLa siRNA-transfected
cells. A significant increase in YH2AX foci per cell was detected
in sSIMECP2 cells, whereas this increase was mild in siDDX47
cells (Figure S2D). Single-cell gel electrophoresis, however, re-
vealed that depletion of each protein increased DNA breaks,
which was partially suppressed by RNH1 overexpression in vivo
(Figure S2E). Altogether, the data confirm and validate that
DDX47 and MECP2 are genes involved in R-loop homeostasis
in both U20S and Hela cells.

Provided that MeCP2 is a multifunctional modulator of gene
expression that plays a role in transcription, RNA processing,
and heterochromatin,*® it is possible that dysfunction of this fac-
tor alters R-loop levels by altering more than one process. There-
fore, we focused the rest of our work on the DDX47 DEAD-box
helicase to get insight into the relevance of this helicase in
R-loop metabolism.

DDX47 depletion leads to transcription impairment and
transcription-replication conflicts in the nucleolus
DDX47 helicase localizes to the nucleolus, and evidence sug-
gests that it is associated with rRNA processing (Figure S3A).*
Given the R-loop accumulation and genome instability pheno-
types of siDDX47 cells, we decided to study further the possible
role of this helicase in the nucleolus. Interestingly, we observed
that siDDX47 cells showed a general reduction in total nucleolar
area defined by IF nucleolin staining (Figure 4A). Since the pri-
mary function of the nucleolus consists of rDNA transcription,
we considered the possibility that DDX47 silencing affected
RNA polymerase | (RNAPI) function. Analysis of RNAPI occu-
pancy at rDNA upon siDDX47 depletion by ChIP using primers
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Figure 2. DNA-RNA hybrid analysis upon depletion of selected candidates

(A) Representative images of U20S cells immunostained with S9.6 (red) and nucleolin (green) antibodies after transfection with at least two siRNAs of each
original pool (left panel). The median of S9.6 signal intensity per nucleus after nucleolar signal removal in U20S cells transfected with the indicated siRNAs is
shown (n = 3). Boxes and whiskers indicate 5th-95th percentiles. ***p < 0.001 (Mann-Whitney U-test, two-tailed). A.U., arbitrary units.

(B) Relative DRIP-gPCR signal values at APOE and RPL13A genes in U20S cells transfected with the indicated siRNAs and treated in vitro with RNase H prior to
immunoprecipitation where indicated. Data are plotted as mean + SEM (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001 (one-tailed paired t test).

spanning the rDNA region revealed a slight, but not statistically
significant, reduction of RNAPI from 5’ to 3’ (Figure 4B), so a pu-
tative impact on rDNA transcription, if any, would be minor.

To test whether transcription is impaired in siDDX47 cells, we
performed a time course 5 ethynyluridine (EU) incorporation
assay by IF. DDX47 depletion significantly reduced EU labeling

in the nucleolus, especially at short times of incubation (20 min),
and this reduction was observed at different times (Figure 4C). A
reduction of EU labeling in the nucleoplasm was also detected
but mainly at long incubation times, suggesting a lower impact
of DDX47 depletion, if any, on RNAPII transcription, based on
the assumption that a late effect suggests an indirect role.
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(A) Representative images of immunostaining with S9.6 (red) and anti-nucleolin (green) antibodies in HeLa cells upon DDX47 and MECP2 depletion. The median of
S9.6 signal intensity per nucleus after nucleolar signal removal in siC, siDDX47, and siMECP2 Hela cells and treated in vitro with RNase H where indicated are

shown. Boxes and whiskers indicate 5th-95th percentiles. n = 5. ***p < 0.001

(Mann-Whitney U test, two-tailed). A.U., arbitrary units.

(B) Relative DRIP-qPCR signal values at APOE, RPL13A, 18S, and 28S genes in Hel a cells transfected with the indicated siRNAs and treated in vitro with RNase H
prior to immunoprecipitation where indicated. Data are plotted as mean + SEM (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001 (one-tailed paired t test).

(C) ChIP analyses of DDX47 and MeCP2 proteins at APOE, RPL13, 18S, and 28S genes. Values represent the percentage of the precipitated DNA (IP) to input DNA
(INPUT) normalized with respect to the siC. Immunoprecipitation in siDDX47 and siMECP2 cells were included as control of specificity. Immunoglobulin G (IgG)
was used as negative control. Data are plotted as mean + SEM (n = 3). *p < 0.05 (one-tailed paired t test). See also Figure S2.

RNAPII transcription of the genes in the rDNA intergenic re-
gions has been shown to generate R loops that impact RNAPI
transcription.*® Consequently, we asked whether the impact of
DDX47 depletion on transcription and R-loop accumulation in

6 Cell Reports 42, 112148, March 28, 2023

the nucleolus could be caused by RNAPII-driven transcripts,
as is the case in the nucleoplasm. For this, we carried out EU la-
beling experiments and S9.6IF assays under conditions of
RNAPII inhibition. RNA synthesis was reduced in siDDX47 cells
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Figure 4. DDX47 depletion causes transcription impairment

(A) Representative images of immunostaining with anti-nucleolin (red) in HeLa cells upon DDX47 depletion. Quantification shows the median of nucleolar total areainHelLa
cells transfected with siC and siDDX47 from at least three biological repeats. Boxes and whiskers indicate minimum and maximum. *p < 0.05 (two-tailed paired t test).
(B) ChiIP analyses of RNAPI protein at 5' ETS, 18S, 28S, and IGS regions. Values represent the percentage of the precipitated DNA (IP) to input DNA (INPUT). IgG
was used as negative control. Data are plotted as mean + SEM (n = 4) (one-tailed paired t test).

(C) Representative immunofluorescence images of 5-ethynyluridine (EU) incorporation in HeLa cells transfected with siC and siDDX47 after 72 h. Anti-nucleolin
was used as a marker of nucleolus. Quantification of EU nucleolar (top panel) and EU nucleoplasm (bottom panel) incorporation signals in siC and siDDX47-
depleted cells. Data are plotted as mean + SEM (n = 3). *p < 0.05, **p < 0.001 (one-tailed paired t test).

(D) Proximity ligation assay (PLA) showing interactions of RNAPI and PCNA endogenous proteins. Red spots are indicative of a positive PLA signal. Negative
controls with only one of the antibodies are shown. DNA was stained with DAPI. The median of PLA signal intensity per nucleus in siC and siDDX47 is plotted.
n = 3. **p < 0.001 (Mann-Whitney U test, two-tailed).

(E) PLAs showing specific interactions of DDX47 and DNA-RNA hybrids (100 cells were scored). Data are representative of two independent experiments.
siDDX47 Hela cells were included as control of detection specificity. See also Figure S3F for negative controls. DNA was stained with DAPI. Other details as in (D).
See also Figure S3.
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treated with the inhibitor a-amanitin but to a lesser extent than in
siC cells, consistent with a role of DDX47 associated with RNAPI
transcription (Figure S3B) as expected from previous reports.**
Interestingly, depletion of DDX47 leads to an increase of R loops
in the nucleolus (Figure S3C) that was reduced upon RNAPII in-
hibition (Figure S3D) supporting the conclusion that DDX47 act
on R loops generated by both RNAPI and RNAPII transcription
in the nucleolus (Figure S3D).

Since R loops are a source of transcription-replication con-
flicts (TRCs),® we wondered whether TRCs were increased in
siDDX47 cells. For this, we carried out proximity ligation assay
(PLA) using antibodies against RNAPI and proliferating cell nu-
clear antigen (PCNA). A significant increase in PLA signal was
observed in DDX47-depleted cells as compared with siC
(Figure 4D), consistent with the harmfulness of the R loops pre-
vented or resolved by DDX47 and a role of TRCs in the R-loop-
mediated genome instability caused by siDDX47. Similar to
depletion of other factors preventing harmful R loops,?*“® this
replication problem is not sufficient to cause significant differ-
ences in cell-cycle progression of siDDX47 cells upon thymidine
synchronization (Figure S3E).

Next, we asked whether DDX47 acted directly at R loops. We
first determined if DDX47 associates in vivo with DNA-RNA hy-
brids in the cells by PLA. Using anti-DDX47 and S9.6 antibodies,
we observed a strong PLA signal, concluding an association of
DDX47 with DNA-RNA hybrids (Figures 4E and S3F). Altogether,
these results, together with the increase of R loops in siDDX47
cells, prompted us to explore further the activity of the protein.

DDX47 has DNA-RNA-unwinding activity

We analyzed whether the DEAD-box RNA helicase DDX47 pos-
sesses DNA-RNA-unwinding activity. We purified to homogene-
ity wild-type DDX47 and two mutant forms, DDX47-K74A and
DDX47-E175A, that inactivated the highly conserved motifs |
(ATP binding) and Il (ATP hydrolysis), respectively (Figures 5A
and S4A).*” We observed that DDX47 unwinds RNA duplexes
(double-strand RNAs [dsRNAs]) in a protein-concentration-
dependent manner, both blunt ended or with either a 5 or 3’
overhangs (Figures 5B, top panel, and S4B), consistent with its
role in RNA metabolism. Notably, we observed that DDX47 un-
winds DNA-RNA hybrids, whether blunt ended or with over-
hangs, in a protein-concentration- and ATP-dependent manner
(Figure 5B, bottom panel, and S4C). Importantly, data indicate
that DDX47 can unwind DNA-RNA hybrids more efficiently
than dsRNA since the percentage of unwound product was up
to 4-fold of that obtained for dsRNA under the same conditions
(Figure 5B). To confirm that this unwinding activity was intrinsic
of DDX47, we carried out the same experiments with DDX47-
K74A and DDX47-E175A mutants. As shown in Figure 5C, both
mutant proteins were able to unwind dsRNA but with a strongly
reduced efficiency compared with wild-type DDX47 (see also
Figure S4B). Importantly, these mutants were unable (or
impaired) to unwind blunt DNA-RNA hybrids (Figure 5C), even
though a remaining unwinding activity was observed in 5" over-
hang RNA-DNA hybrids (Figure S4C), which could be due to
thermal fluctuation of these substrates or leaky unwinding/bind-
ing activity mediated by these DDX47 mutants. Finally, we tested
the ability of DDX47 to unwind a half R loop based on a DNA-RNA
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hybrid with a 5 ssDNA flap at one end.”® Wild-type DDX47
clearly unwinds the structure, whereas the activity was reduced
in the DDX47-K74A and DDX47-E175A mutants (Figure 5D).
Therefore, our results indicate that DDX47 resolves DNA-RNA
hybrids and R-loop-mimicking structures in vitro.

DDX47 overexpression suppresses the high R-loop
accumulation in different mutant cell lines

A number of RNA helicases have been shown to have DNA-RNA
unwinding activity in vitro,” but this does not necessarily mean
that this is their main activity in cells. To study whether DDX47
could unwind DNA-RNA hybrids in the cell, we constructed plas-
mids carrying either the wild-type DDX47 or mutant forms
DDX47-K74A and DDX47-E175A tagged with FLAG under the
control of the strong promoter CMV. Cells transfected with these
plasmids overexpressed DDX47 as confirmed by IF and western
blots (Figures S5A and S5B). In this case, we used a different
pool of two siRNAs against the 3' UTR to ensure endogenous
DDX47 silencing, but not silencing of plasmid-driven DDX47
expression, and carried out S9.6 IF, confirming that this new
siRNA pool leads to similar R-loop accumulation as those previ-
ously used (Figures S5C-S5E). Then, we assayed whether over-
expression of wild-type DDX47 and helicase-dead mutants
could suppress the R-loop accumulation caused by DDX47
depletion. As expected, wild-type DDX47 overexpression sup-
pressed the nuclear DNA-RNA hybrid accumulation of DDX47
depletion, but overexpression of the two mutant forms also
reduced hybrids, although to a lesser extent (Figure 6A).

To assay whether DDX47 unwinds any type of DNA-RNA hy-
brids in the cell, regardless of their origin, we assayed whether
overexpression of DDX47 suppressed R-loop accumulation
induced by loss of other unrelated proteins, such as depletion of
the DDX23 and SETX helicases or the Fanconi anemia repair fac-
tor FANCD2.'92%*8:49\We carried out overexpression experiments
in cells depleted of these selected factors as previously reported
for the cellular helicase activity of UAP56/DDX39B.*° S9.6 IF as-
says show that DDX47 suppressed the accumulation of DNA-
RNA hybrids induced by SETX depletion and, to a lesser extent,
induced by DDX23 and FANCD2 depletions (Figures 6B and
S5F). Then, we extended the analysis to cells depleted of
UAP56, a DEAD-box DNA-RNA helicase that localizes to active
chromatin and prevents DNA-RNA hybrids over the entire
genome.“® Notably, DDX47 overexpression did not suppress the
R loops induced by siUAP56 (Figure 6C). On the contrary,
UAP56 overexpression fully rescued the R-loop-accumulation
phenotype caused by siDDX47 (Figure 6C), consistent with the re-
ported general activity of UAP56/DDX39B as a DNA-RNA resol-
vase in human cells. These results support that DDX47 has
DNA-RNA-unwinding activity in cells that may not have a wide
range of action, in contrast to UAP56/DDX39B, whether due to
a more specific role of DDX47 on a subset of R loops or, likely,
a functional interaction between DDX47 and UAP56/DDX39B or
other factors that precludes its action in the absence of UAP56.

DISCUSSION

We have developed an approach based on the ability of AID to
target and cause DNA lesions at R loops to search for factors
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(B) Comparison between DDX47 dsRNA helicase and RNA-DNA helicase activity using same amount of dsRNA or DNA-RNA duplex with a serial dilution of
DDX47-wild-type (WT) protein. The graphic shows the percentage of unwound product respect to the DDX47 in a concentration-dependent manner. The results
were quantified and plotted as mean + SD (n = 3 technical replicates). HD, heat-denatured substrate.

(C) DDX47 RNA-RNA (top panel) and DNA-RNA (lower panel) unwinding activity. Assays were performed using a blunt-ended RNA (dsRNA) or DNA-RNA duplex,
respectively, as substrate with different amounts of DDX47-WT, DDX47-K74A, and DDX47-E175A.

(D) DDX47 unwinding activity of DNA-RNA flap structures mimicking R loops. DNA-RNA-unwinding assays with DDX47-WT, DDX47-K74A, and DDX47-E175A
using DNA-RNA flap structures. Graph shows the percentage of dsDNA product recovered after the reaction, and the results were quantified and plotted as
mean + SD (n = 2 technical replicates). Note that the spontaneous dissociation of the substrate was normalized to 0 for all reactions. See also Figure S4.

controlling R-loop homeostasis. An siRNA screening of 3,205
genes permitted us to identify 59 candidates that increased
AID-mediated DNA damage as determined by YH2AX intensity
or foci detected by high-throughput microscopy. Importantly,
R-loop accumulation was confirmed in the 13 selected candi-
dates by S9.6 IF or DRIP assays, validating this strategy as an
“in vivo” approach to identify factors controlling R-loop

homeostasis. With the latest estimate of protein-coding genes
of a human female genome (19,969),°° since we have covered
only 16.05% of such genes, we could extrapolate that a
screening covering all protein-coding genes would lead to a se-
lection of a maximum 369 candidates. Although this number is
certainly an overestimation, since the sample used in this study
is not random but rather based on a druggable set of genes from
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which we further focused on nuclear protein-coding genes, our
study reveals that harmful R loops can be enhanced by muta-
tions in a large group of genes, consistent with the increasing
number of these being reported by different labs in recent years.

Among the selected candidates, we identified RNA-related
nuclear proteins involved in transcription (MYOG, PHOX2A),
RNA metabolism (DDX42, DDX47, UPF1, RPUSD?1), or transla-
tion (EEF1D, EGLN1), consistent with the known role of mRNP
biogenesis factors in the prevention of R-loop accumulation.”
The same is the case for epigenetic factors (MeCP2, HDACS).
In addition, proteasome subunits (PSMC5 and PMSD7) were
found among the validated candidates, which might be ex-
plained by the reported role of the proteasome on transcription
elongation and RNA biogenesis.®" In this sense, it is worth noting
that other factors related to protein degradation were also iden-
tified in a DNA-RNA hybrid interactome generated by protein
pull-down.*® Altogether, our results confirm the large number
of heterogeneous factors and essential cellular processes that,
if dysfunctional, lead to a stress condition that would favor accu-
mulation of potentially harmful R loops. Our study reveals the
need for an in-depth analysis of factors whose depletion causes
DNA-RNA hybrid accumulation to define their mechanism of ac-
tion on R loops, whether or not direct. In this study, we focused
on MeCP2 and DDX47.

In agreement with the emerging role of chromatin in R-loop dy-
namics, chromatin-related factors such as the DNA-binding pro-
tein MeCP2 and the histone deacetylase HDAC8 were identified.
High R-loop levels in siHDACS cells could be due to a more open
hyper-acetylated chromatin, as previously shown for siSIN3
cells,?® but this needs further analysis. It is worth noting in this
sense that the chromatin factor chromatin accessibility complex
protein 1 (CHRAC1) (Table S4), which functions in nucleosome
positioning during transcription and replication,®” was also de-
tected among the 59 potential candidates. This would add to
the list of histone chaperones and chromatin remodelers previ-
ously shown to control R-loop homeostasis,”>?”*° strength-
ening the relevance of chromatin in R-loop occurrence and
accumulation.

MeCP2, one of the top candidates of the screening, is a
protein binding to methylated DNA that is highly expressed in
neurons,®®°* and mutations in the MECP2 gene cause Rett syn-
drome, a progressive neurologic developmental disorder.**:°°:5¢
This multifunctional protein modulates gene transcription, micro-
RNA (miRNA) biogenesis, and splicing® > and has recently
been shown to be involved in condensation of chromatin.®® It
was proposed that MeCP2 participates in transcriptional repres-
sion by its ability to bind to methylated DNA and co-repressor
complexes.*® Our observation that MeCP2 (Figures 3 and S2E)
protects cells from R-loop accumulation could be linked to its

¢ CellP’ress

ability to interact with DNA and transcriptional repressors®’ by
promoting a closed chromatin environment less prone to
R-loop formation. Indeed, partners of MeCP2 such as the his-
tone deacetylase complex Sin3A and the chromatin remodeler
ATRX have also been involved in R-loop prevention.?*?° Inter-
estingly, it has been recently shown that the RNA-binding activity
of ATRX can inhibit R-loop accumulation.®’ So, given the re-
ported interaction between MeCP2 and ATRX,? it could be
possible that such an interaction could be relevant in R-loop pre-
vention. Nevertheless, since MeCP2 binds RNA in vitro,?® a role
mediated by its ability to bind RNA cannot be discarded.

It is worth noticing the recent observation that the oxidation of
methylated DNA to 5hmC by ten-eleven translocation (TET) en-
zymes promotes R-loop accumulation.® This, together with
our identification of MeCP2 as a factor involved in R-loop ho-
meostasis, supports a functional link between DNA methylation
and R loops whose biological meaning would need to be inves-
tigated. In summary, our results define MeCP2 as a factor modu-
lating R loops. Further work will be needed to decipher the
molecular mechanism and the possible impact of R-loop accu-
mulation in Rett syndrome.

On the other hand, a number of RNA helicases have been pre-
viously implicated in R-loop biology, including DHX9, which pre-
vents R-loop-associated DNA damage,*® and DDX42, which
binds G-quadruplex (G4) structures,®® both found in this study,
which validates further our screening assay. In addition, we iden-
tified other RNA helicases such as UPF1, involved in non-sense-
mediated mRNA decay,’®®” and the nucleolar DDX47. UPF1
was found as a candidate in the YH2AX intensity screening, sug-
gesting a role in replicative stress in agreement with the require-
ment of this helicase for S-phase progression and maintenance
of genome integrity.°® Our data suggest a role of this helicase in
the control of harmful R loops that could be behind the effects of
its depletion on replication. In any case, a recent work suggests
that UPF1 promotes the formation of telomeric repeat-contain-
ing RNA (TERRA) DNA-RNA hybrids to stimulate DNA resection
and repair at telomeric regions.®® It is thus possible that UPF1
plays a dual role in R-loop metabolism and genome integrity at
different genomic regions. A putative dual role in R-loop homeo-
stasis has indeed been reported for DDX1.5%7°

We show that DDX47 is an RNA helicase with a role resolving
DNA-RNA hybrids and thus preventing R-loop accumulation
able to trigger genome instability. DDX47 unwinds DNA-RNA hy-
brids and R-loop-like structures in vitro (Figure 5D), and its over-
expression in cells suppresses high R-loop levels induced by
different conditions (Figures 6A and 6B). Thus, we can conclude
that DDX47’s DNA-RNA-unwinding activity contributes to main-
tain low levels of harmful R loops in the cell. However, in contrast
to UAP56/DDX39B, a dsRNA and DNA-RNA helicase that works

or ATPase helicase-dead mutant DDX47 overexpression, respectively. Immunostaining shows hybrids by S9.6 monoclonal antibody (green) and nucleolin (red).
Nuclei were stained with DAPI. The graphic shows the median of S9.6 signal intensity in the nucleoplasm (n = 3). A.U., arbitrary units. **p < 0.001 (Mann-Whitney
U test, two-tailed). Black stars denote significant increases, whereas red stars denote significant decreases.

(B) DDX47 overexpression rescues R loop in cells. Representative images and quantification of S9.6 immunofluorescence signal in HelLa transfected cells with
SiSETX, siDDX23, or siFANCD2 and with the empty vector pFLAG (—DDX47) or pFLAG-DDX47 (+DDX47). n = 3. Other details as in (A).

(C) Comparison of UAP56 and DDX47 R-loop resolvase activities in vivo as determined by S9.6 immunofluorescence. Overexpression of DDX47 in siUAP56 cells
(right panel) and overexpression of UAP56 in siDDX47 cells (left panel) were tested. Representative images and quantification of S9.6 immunofluorescence
signals are shown. n = 3. Other details as in (A). *p < 0.05, **p < 0.001 (Mann-Whitney U test, two-tailed). See also Figure S5.

Cell Reports 42, 112148, March 28, 2023 11




¢ CellPress

together with the THO complex during transcription elongation
all over the genome,“® DDX47’s ability to resolve R loops in cells
is not general. DDX47 is not able to suppress the unresolved R
loops accumulated when UAP56 is absent in the cell, whereas,
on the contrary, UAP56 overexpression suppresses siDDX47-
induced R loops as well as all other R loops accumulated under
different conditions. In this sense, it is worth noting that
numerous RNA helicases had been reported to be involved in
R-loop dynamics,? a list that continues increasing.”?“%"""2 For
some of these helicases, it has been shown that they act at R
loops, as is the case for SETX and DHX9, shown to resolve R
loops accumulated at 3’ end regions and to contribute to tran-
scription termination®**®; PIF1, which controls R-loop accumu-
lation at tRNAs’®; DDX5, which resolves R loops generated in
the proximity of DSBs**""; or UAP56/DDX39B, a major co-tran-
scriptional R-loop resolvase acting over the entire genome.*°
Nevertheless, their mechanism of action and direct role in
R-loop resolution in cells remain to be proved in most other
cases.

DDX47 has DNA-RNA-unwinding activity in vitro, but as it may
happen with other RNA helicases, this does not imply that it func-
tions as a DNA-RNA-unwinding factor in cells.” The observation
that overexpression of ATP-binding and ATPase-dead mutant
DDX47 variants are still able to reduce hybrids in siDDX47 cells
(Figure 6A) supports the view that the in-vitro-detected helicase
activity is not the main mechanism by which DDX47 limits DNA-
RNA hybrid accumulation in cells. We believe that its putative
role in RNA metabolism as a dsRNA ATPase resolving either
RNA secondary structures or acting as an RNA chaperon, mainly
on rRNA, may contribute to prevent R-loop accumulation, as pro-
posed for other RNA-binding factors."” Our results confirm that
DDX47 is mainly a nucleolar protein. It is involved in nucleolus ho-
meostasis and rDNA transcription (Figure 4). Other nucleolar hel-
icases, like DDX21, a multifunctional enzyme that regulates both
RNAPI and RNAPII transcription, is also relevant for rRNA biogen-
esis and R-loop metabolism.”*"> DDX47 depletion increases
rDNA transcription-replication collision events in siDDX47 cells
(Figure 4D). which could be behind the R-loop-dependent
genome instability of siDDX47 cells. A recent study has proposed
that DDX47 is recruited by FANCD2 and has a role preventing
RNAPII TRCs.”® However, it would be necessary to determine
whether such an increase in collisions is suppressed by RNH1
and DDX47 overexpression. Our work would suggest that
DDX47 helps prevent R-loop accumulation as a source of such
conflicts rather than helping resolve them. In this sense, it is worth
noting that DDX47 is overexpressed in different tumor cells (http://
firebrowse.org/viewGene.html) and that changes in nucleolar
morphology and ribosome biosynthesis have been recognized
as hallmark features of many cancer cells.””

Our study is consistent with the heterogeneous origin of un-
scheduled R loops and factors whose depletion causes an accu-
mulation that potentially compromises genome integrity. DDX47
and MeCP2 are two examples functioning differently, one via
RNA metabolism and the other via epigenetics yet to be defined.
Thus, it seems that harmful R loops may accumulate under
different stresses caused by cellular deficiencies that directly
or indirectly impair gene expression, chromatin structure, or
DNA replication and repair. Further molecular studies are
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required to establish which factors are directly involved in un-
scheduled R-loop prevention and resolution.

Limitations of the study

Our model leaves several open questions and limitations that will
need to be addressed in the future. Thus, the molecular mecha-
nism by which MeCP2 prevents R-loop accumulation is unclear.
The possibility that MeCP2 interaction with histone modifiers and
chromatin remodelers is behind its R-loop-protecting role needs
to be addressed. On the other hand, although we show that
DDX47 efficiently resolves DNA-RNA hybrids in vitro and in cells,
we cannot exclude that its R-loop-protective role was also medi-
ated by a potential RNA chaperon role linked to its RNA-RNA-un-
winding activity, as may also be the case of other RNA helicases.
It will ultimately be necessary to generate stable deficient cell
lines to test the impact of specific DDX47 mutations.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Rabbit anti-B-Actin Sigma Cat# A2066;

RRID:AB_476693
Polyclonal antibody Rabbit anti-AID Abcam Cat# ab59361;

RRID:AB_940171
Polyclonal antibody Rabbit anti-DDX47 Sigma Cat# HPA014855; RRID:AB_1847567
Monoclonal antibody Mouse anti-DDX47 Santa Cruz Cat# sc-377333
Monoclonal antibody Mouse anti-FLAG Sigma Cat# F3165;

RRID: AB_259529
Polyclonal antibody Rabbit anti- FLAG Sigma Cat# F7425;

RRID: AB_439687
Polyclonal Goat Anti-FLAG Abcam Cat# ab1257;

RRID: AB_299216
Polyclonal antibody Rabbit anti-Fibrillarin Abcam Cat# ab5821;

RRID:AB_2105785
Monoclonal antibody anti-Histidine Sigma Cat# GE27-4710-01
Polyclonal antibody Rabbit anti-IgG Sigma Cat# M7023;

RRID: AB_260634
Mouse anti-IgG Sigma Cat# 18765;

RRID: AB_1163672
Polyclonal antibody Rabbit anti- MECP2 Abcam Cat# ab2828;

RRID: AB_2143853
Polyclonal antibody Rabbit Abcam Cat# ab195393;
anti-MECP2 ChIP Grade RRID: AB_2848209
Polyclonal antibody Abcam Cat# ab50279;
Rabbit anti- Nucleolin RRID: AB_881762
Polyclonal antibody Rabbit anti- PCNA Abcam Cat# ab18197;

RRID: AB_444313
Monoclonal antibody Mouse Biolegend Cat# 613402;
anti- Phospho Histone RRID: AB_315795
H2AX.X (Ser 139)
Monoclonal antibody Mouse Santa Cruz Cat#sc-48385;
anti-RNAPI (RPA194) RRID: AB_675814
Mouse anti-S9.6 Hybridoma cell ATCC Cat #

HB-8730; RRID:CVCL_G144
Polyclonal antibody Rabbit anti-UBF Behtyl Cat#A301-859A;

RRID: AB_1279493
Monoclonal antibody Mouse anti-Vinculin Sigma Cat#V9264 Sigma;

RRID: AB_10603627
Polyclonal Antibody Horseradish Sigma Cat#A0545;
peroxidase anti-Rabbit RRID: AB_257896
Polyclonal Antibody Horseradish Sigma A4416;
peroxidase anti-Mouse RRID: AB_258167
Polyclonal antibody PLA probe anti-Mouse Sigma Cat# DUO92004;

RRID: AB_2713942
Polyclonal Antibody PLA probe anti-Rabbit Sigma Cat# DU0O92002;

Polyclonal Antibody Alexa
Fluor 488 Goat anti-Mouse
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RRID: AB_2810940

Cat# A11029;
RRID: AB_2534088
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Polyclonal Antibody Alexa Molecular Probes Cat# A21200;
Fluor 488 Chicken anti-Mouse RRID: AB_2535786
Alexa Fluor 594 Chicken anti-Mouse Molecular Probes Cat# A21201;
RRID: AB_141630
Alexa Fluor 647 Chicken anti-Mouse Molecular Probes Cat# A21463;
RRID: AB_1500641
Polyclonal Antibody Alexa Molecular Probes Cat# A11008;
Fluor 488 Goat anti-Rabbit RRID: AB_143165
Polyclonal Antibody Alexa Molecular Probes Cat# A31572;
Fluor 555 Donkey anti-Rabbit RRID: AB_162543
Alexa Fluor 568 Goat anti-Rabbit Molecular Probes Cat# A11011;
RRID: AB_143157
Alexa Fluor 647 Donkey anti-Goat Molecular Probes Cat# A21447;

RRID: AB_141844

Bacterial and Virus Strains

E. coli BL21:DE3 Rosetta cells Novagen Cat# 70954
Chemicals, peptides, and recombinant proteins

DDX47 This study N/A

DDX47 K74A This study N/A

DDX47 E175A This study N/A

Pierce Protease Inhibitor Tablets Thermo Scientific Cat# A32963

Phenyl-methylsulfonyl fluoride (PMSF)
Igepal CA-630
Isopropyl-b-D-thiogalactopyranoside (IPTG)

Fisher Scientific
Fisher Scientific
Fisher Scientific

Cat# ICN800263
Cat# ICN19859690
Cat# BP1620-10

Imidazole Sigma-Aldrich Cat# 56749-250G
Ni-NTA Agarose resin Qiagen Cat# 30230

SP Sepharose Fast Flow resin Cytiva Cat# 17-0729-10
Mono S column Cytiva Cat# 17516801
Superdex 200 Increase 10/300 GL column Cytiva Cat# 28990944
Doxycycline Sigma D9891
a-Amanitin Sigma A2263
Thymidine Sigma T9250

Propidium lodide Sigma P4170

Critical commercial assays

Duo-link in situ Red started Kit Sigma Cat# DU092101
(mouse-rabbit). Proximity ligation assay

Comet assay Trevigen Cat# 4250-050-K
Mutagenesis Q5 New England NEB Cat# E0554S
Click-iT RNA Imaging Kit Invitrogen Cat# C10329
Experimental models: Cell lines

U20S-TR-AID This study N/A

u20s ATCC N/A

Hela ECACC 93021013
Oligonucleotides

ON TARGET Plus-Druggable Dharmacon 77G-104655-05
genome siRNA library

siRNA and DNA oligonucleotides N/A N/A

are listed in Table S5

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

pCDNA3 (ten Asbroek et al.,2002)  N/A

pCDNA3-RNaseH1 (ten Asbroek et al.,2002)  N/A

pFLAG-CMV-6A Sigma E1900

pCMV-DDX47-FLAG Origene RC209448

pCMV-DDX47-K74A-FLAG This study N/A

pCMV-DDX47-E175A-FLAG This study N/A

pDONR221-DDX47-WT This study N/A

pDONR221-DDX47-K74A This study N/A

pDONR221-DDX47-E175A This study N/A

pET300 NT-His6- DDX47-WT This study N/A

pET300 NT-His6-DDX47-K74A This study N/A

pET300 NT-His6-DDX47-E175A This study N/A

Software and algorithms

MetaXpress software (version 4.0.0.24 Molecular ~ Molecular Probes https://www.moleculardevices.com/products/cellular-imaging-
Devices-granularity application) systems/acquisition-and-analysis-software/metaxpress
Prism software GraphPad https://www.graphpad.com/scientific-software/prism/
GeneMANIA prediction software N/A https://cytoscape.org/download.html

(Cytoscape v3.8.0)

TriTek CometScore Professional TriTek Corporation https://www.bioz.com/result/cometscore %20pro%
(version 1.0.1.60) 20software/product/TriTek%20Corp

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Andrés
Aguilera (aguilo@us.es).

Materials availability
Plasmids and cell lines generated in this study are available upon request from the lead contact without restrictions.

Data and code availability
o All raw data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell cultures
This study has been performed using U20S (ATCC) and HeLa (ECACC, 93021013) human cells as model systems.

Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; GIBCO, USA) supplemented with 10% heat-inactivated fetal
bovine serum (SIGMA Aldrich, Germany), 2 mM L-glutamine and 1% antibiotic-antimycotic (Biowest, France). U20S-TR-AID stable
cellline carrying a tetracycline-regulated AID gene cassette was cultured under the same conditions but supplemented with a special
Fetal Bovine Serum (FBS) South America, Tetracycline Free (S181T, Biowest). Cells were grown at 37°C and 5% CO..

For RNAPII inhibition, cells were treated with the inhibitor «-amanitin 50 pg/mL for 3 h (Sigma-A2263).

METHOD DETAILS
siRNAs, plasmids, and transfections
Transient transfection of siRNA was performed using DharmaFECT 1 (Dharmacon) or Lipofectamine 3000 (Invitrogene) according to

the manufacturer’s instructions. Lipofectamine 2000 and Lipofectamine 3000 (Invitrogen) was used for plasmid transfection. Assays
were performed 72 h after small interfering RNA (siRNA) transfection and 24 or 48 h after plasmid transfection.
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Plasmids used are listed in key resources table. pCMV-DDX47-FLAG (Origene) contains the full-length human DDX47-WT cDNA
cloned into the vector pCMV6-Entry with C-terminal Myc-DDK tag. DDX47 mutant forms were generated using the Q5 Site-Directed
Mutagenesis Kit (New England Biolabs) according manufacturer’'s recommendations (pCMV-DDX47-K74A-FLAG and pCMV-
DDX47-E175A-FLAG). DDX47 WT and DDX47 mutants were cloned into the vector pDONR221 for rapid cloning with Gateway tech-
nology and subsequently into bacterial expression vectors with T7 promoter and an N-terminal 6xHis tag for protein purification
(PET300 NT-His6- DDX47-WT; pET300 NT-His6- DDX47-K74A; pET300 NT-His6- DDX47- E175A). RNaseH1 expression was driven
using the plasmid pcDNA3-RNaseH1 containing the full-length RNase H1 cloned into pcDNA3."®

High-throughput siRNA screening methods

ON TARGET Plus-Druggable genome siRNA library (Dharmacon, 77G-104655-05) containing four-siRNA pools targeting human
genes considered potential targets for therapeutic drugs was used for the screening. 3205 out of 4796 siRNAs of the library were
analyzed (Table S1). siRNA library preparation, transfection and immunofluorescence protocol were carried out using Hamilton
Microlab Star.

siRNA library transfection

A reverse transfection protocol was followed by plating U20S-TR-AID cells onto pre-plated siRNA-transfection mixtures. siRNA
pools were reconstituted and diluted to 1M in 1x siRNA buffer (60 mM KCI, 6 mM HEPES-pH 7.5, 0.2 mM MgCl,). siRNA-transfection
mixtures were prepared mixing 47 puL of each siRNA pool (0.5 uM) in Opti-MEM, and 47 puL of the transfection reagent Lipofectamine
2000 (0.21 ul/well) in Opti-MEM, and then incubated for 20 min at room temperature to allow siRNA-lipofectamine complex forma-
tionto occur. For reverse transfection, U20S-TR-AID cells in optimal growth phase were previously prepared. A final concentration of
33.3 nM siRNA was used to transfect 6000 cells/well. 4 h after incubation, 50 pL/well of high-concentrate (3x) complete medium was
added to adjust the normal concentration of the medium. Two transfection-plates (duplicate-plates) were prepared. Positive control
FANCD?2 siRNA pool and the negative non-targeting control siRNA pool were included in each plate.

AID induction

U20S-TR-AID is a stable cell line carrying a tetracycline-regulated AID gene cassette. Transcription was activated with doxycycline.
For AID induction, 24 h post-transfection U20S-TR-AID cells were treated or not with doxycycline (6 pg/mL) and 48 h later cells were
harvested.

vYH2AX immunofluorescence
72 h post-transfection, the reaction was stopped by manually tossing the media and fixing the cells with 4% formaldehyde in PBS for
10 min at RT. Cells were permeabilized with 70% ethanol for 5 min at —20°C, 5 min at 4°C and washed three times in PBS. The immu-
nofluorescence protocol was performed using Hamilton Microlab Star. The plates were blocked by adding 100 pL blocking solution
(3% BSA in PBS). After 1 h, the blocking solution was removed and 50 pL of anti-H2A.X Phospho (Ser 139) antibody (1:1000 in block-
ing solution; Biolegend 613,402) was added and plates were incubated at RT for 1 h. The plates were then washed three times. 50 uL
of the secondary antibody goat-anti-mouse antibody Alexa 488 conjugated (1:1000 in blocking solution; Molecular Probes, A11029)
was added, and the plates were incubated at RT for 1 h. The plates were then washed three times and 100 uL of Hoechst (AnaSpec
Inc. Cat# 83219) was added in each well to stain the nucleus.
Imaging
Data acquisition was performed with ImageXpress Micro Electron (Molecular Devices, 137,239) using a 40x objective. The entire
96-well plate (PerkinElImer) was scanned with a 20 nW 690 nm laser and set up for two channels of acquisition. YH2AX-Alexa-488
fluorescence was acquired using a 472/30 nm excitation filter, and Hoechst fluorescence was acquired using 377/50 nm excitation
filter. Randomly fields were acquired and analyzed (= 200 cells/well). H2AX foci were quantified by automated scoring using
MetaXpress software (version 4.0.0.24 Molecular Devices-granularity application).
yH2AX foci analyisis
MetaXpress was used in order to measure Granule Count that characterizes YH2AX foci associated to each siRNA and condition in
each well. The percentage of cells with >5 yH2AX foci before and after AID induction of each siRNA depletion was calculated. The
screening was performed in duplicate, and siRNAs whose depletion leads to an increase (> 1.2) in the percentage of cells with yYH2AX
foci after AID induction (siRNA + DOX), versus non-induced conditions (siRNA -DOX), that was higher (>1.2) to that observed in AID-
induced-control cells (siRNA + DOX versus siC + DOX) were selected as candidates. To take into account the variability of the data,
per-plate and per-date, each condition was always compared versus non-induced conditions and control cells located in the same
plate. The same procedure was performed to calculate the percentage of cells with > 10 yH2AX foci after AID induction. The Z score
and the reproducibility score were calculated to take into consideration when candidate selection.

Z-score= (%- p)/o.

% = percentage of cells with >5 yH2AX foci/percentage of cells with >10 yH2AX foci.

u = Mean of each plate.

o = Standard deviation of each plate.

Reproducibility = 2¥n
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n = Number of times that a candidate meets the criteria described above, taking into account 5 and 10 yH2AX foci analysis.

y = Number of times each gene is positive regardless of replicates taking into account both analysis.
v-H2AX intensity analysis
Analysis of the y-H2AX intensity were carried out for the candidates obtained in the first round. We used MetaXpress to measure the
Nucleus Average Intensity of each well. A decrease of the fluorescence intensity levels during the image capture along the plate was
observed. So, an adjusted intensity value for every well was calculated using a power regression where variable x is the order number
of the laser pathway. To select a positive candidate we calculated the intensity for each well and then we used this value for each
siRNA following the condition/criteria: siX (+AID) > 0 > siX (-AID). If the previous condition is accomplished the candidate is positive
in that plate.

Reproducibility = 2¥n

n = Number of times that a candidate meets the criteria described above

y = Number of times each gene is positive.

$9.6 immunofluorescence

Cells were cultured on glass coverslips and fixed in methanol (8 min at —20°C) and washed three times in PBS. When required, pre-
extraction prior fixation and RNase in vitro treatments were used. For RNase treatments cells were incubated in their respective com-
mercial buffers at 1x containing 40 U/mL RNase Ill (AM2290, Ambion) or 60 U/mL RNase H (M0297S, NEB), for 30 min at 37°C.cells.
Next, for S9.6 immunofluorescences, coverslips were blocked in 3% BSA in PBS for 5 h at 4°C and incubated with anti-S9.6 (Hybrid-
oma cell Line HB-8730, 1:500) and anti-nucleolin (ab50279, 1:1000) or anti-FLAG (ab1257, 1:1000) primary antibodies diluted in 3%
BSA in PBS o/n at 4°C, washed in PBS three times and incubated with the subsequent secondary antibodies conjugated with Alexa
Fluor diluted in 3% BSA in PBS (1:1000) for 1 h at RT in darkness. Washed twice for 5 min, DAPI staining and mounting as described
above. At least 100 cells from each experiment were scored.

DNA-RNA hybrid immunoprecipitation (DRIP-qPCR)

DRIP assays were performed by immunoprecipitating DNA-RNA hybrids using the S9.6 antibody from gently extracted and enzy-
matically digested DNA, treated or not with RNase H (New England Biolabs, USA) in vitro as described,'®**® with minor modifications.
After 72 h of siRNA transfection, pellet from a confluent 10-cm plate of cells was collected using accutase, washed in PBS and re-
suspended in 800 pL of 1XTE. Then, 20.75 uL SDS 20% and 2.5 pL proteinase K (20 mg/mL) were added and pellet was incubated at
37°C overnight. DNA was extracted gently with phenol-chloroform in phase lock tubes (VWR, USA). Precipitated DNA was spooled
on a glass rod, washed 2 times with 70% EtOH, resuspended gently in 1X TE and digested overnight with 50 U of Hindlll, EcoRl,
BsrGl, Xbal and Sspl. For the negative control, half of the DNA (16 ng) was treated with 5 uL RNase H overnight. In parallel, S9.6
antibody (3 pg/sample) was incubated overnight at 4°C with Dynabeads Protein A (Invitrogen) (30 puL/sample) in 1X binding buffer
(final volume: 60 pL/sample). 5 ng of the digested DNA, untreated or treated with RNase H, were bound to S9.6 antibody-dynabeads
complexes during 2 h at 4°C forimmunoprecipitation. Next, the beads were washed 3 times with 1X binding buffer. DNA was eluted in
180 pL elution buffer, treated 45 min with 7 uL proteinase K at 55°C and cleaned with the NucleoSpin Gel and PCR Clean-up
(Macherey-Nagel, USA). 1 ng of the digested DNA, untreated or treated with RNase H, was used for input DNA of each condition,
in which similar proteinase K treatment and purification were performed. Quantitative PCR (gPCR) of immunoprecipitated DNA
(IP) fragments and input DNA was performed on a 7500 Fast Real-Time PCR System (Applied Biosystems, Carlsbad,CA). Primers
used are listed in Table S5.

10X Binding buffer: 100 mM NaPO,4 pH 7.0, 1.4 M NaCl, 0.5% Triton X-100. Elution buffer: 50 mM Tris pH 8.0, 10 mM EDTA,
0.5% SDS.

DRIP quantification and normalization: Input and immunoprecipitated (IP) were eluted in 150 uL of 1X TE. 2 uL of input and IP were
used for gPCR. Changes in the abundance of DNA-RNA hybrids in each region were determined as the percentage of input recovered
for each immunoprecipitated sample using the Equation % input = 2[(CtINPUT - log2DF)— CtIP]x 100. Ct = threshold cycle; DF =
dilution factor.

Chromatin immunoprecipitation (ChIP)

ChIP assays were performed according to’® with some modifications. After 72 h of siRNA transfection, HeLa cells were crosslinked,
resuspended in cell lysis buffer 1, then centrifuged and nuclei lysis buffer 2 was added. Chromatin was sonicated on the maximum
intensity setting, with eight pulses of 30 s on and 30 s off in Bioruptor (Diagenode). For each immunoprecipitation, 30 ug of chromatin
were diluted with IP buffer. Chromatin was incubated overnight at 4°C with ChlP-grade antibodies. A negative control with IgG rabbit
or mouse antibody was used to calculate the background signal. Chromatin-antibody complexed were immunoprecipitated for 2 h
with 30 pL of Dynabeads Protein A (rabbit)/G (mouse) (Invitrogen) at 4°C. Input and immunoprecipitate (IP) were then un-crosslinked
and phenol-chloroform purified. Finally, DNA was resuspended in 50 pL of MQ H,O. Primer pairs used for amplification are listed in
Table S5. Samples were run in 7500 Fast Real-time PCR system (Applied Biosystem). Results were analyzed with 7500 System Soft-
ware V2.0.6. The amount of DNA was determined by Real-Time gPCR and was expressed as percentage of input. It was calculated
based on the standard DNA curve and the ampilification efficiency. Considering ampilification (AF) and dilution (DF) factor (AF“C ~ ©Y)
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DF, we calculate the absolute quantification of each sample. IP/Input ratios in the different regions were calculated and multiplied by
100. The IP signal of the IgG (negative control) was considered as background.

Single-cell gel electrophoresis

Alkaline single-cell gel electrophoresis or comet assays were performed as described.“® Single-cell alkaline gel electrophoresis was
performed with CometAssay Kit (Trevigen) following manufacturer’s instructions. Images were acquired with a Leica DM6000 micro-
scope equipped with a DFC390 camera (Leica). Comet tail moments were analyzed using Comet-score software (version 1.5). The
median of tail moment from at least independent three biological repeats were calculated and are shown in each case. More than 200
cells from each experiment were scored.

EU labeling

Click-iT RNA Imaging Kit (C10329, Invitrogen) was used to assay the newly transcribed RNA in vivo during active synthesis through
EU incorporation following manufacturer’s instructions. First, HeLa cells were seeded in 6-well plates and transfected with siRNA.
After 72 h siRNA transfection, HelLa cells were incubated with the modified uridine analogue EU (5-ethynyluridine) at the final con-
centration of 1 mM (C10329, Invitrogen). A range of EU incubations from 20 min to 120 min, with an intermediate point at 60 min
was tested. In cells treated with a-amanitin EU was added in the last 20 min. Then, samples were fixed, permeabilized and Click-
iT reaction performed according to the manufacturer’s guidelines. Finally, nuclei were stained with DAPI and mounted in ProLong
Gold AntiFade reagent (Thermo). Images were acquired with a Leica DM6000 microscope equipped with a DFC390 camera (Leica)
at 63X magnification and LAS AF software software (Leica). Random images were acquired with a 63x objective, and EU intensity was
scored using the MetaMorph software.

Proximity ligation assay (PLA)

PLA was performed as in previous reports with reagents from Duolink In Situ Red Starter Kit (Sigma) in accordance with the man-
ufacturer’s instructions. First, cells were fixed, permeabilized and incubated with primary antibodies diluted in PBS-3%BSA over-
night at 4°C (see key resources table). Then, secondary antibody binding, ligation and amplification reactions were performed
with Duolink in situ PLA probe anti-rabbit PLUS and Duolink in situ PLA probe anti-mouse MINUS. Finally, nuclei were stained
with DAPI and mounted in ProLong Gold AntiFade reagent (Thermo). For negative controls, everything was performed identically,
except that only one of the primary antibodies was added. Images were acquired with a Leica DM6000 microscope equipped
with a DFC390 camera (Leica) at 63X magnification and LAS AF software (Leica). PLA foci number per cell was scored using the
MetaMorph software.

23,80

Microscopy image acquisition and data analysis
A Leica DM6000 microscope equipped with a DFC390 camera (Leica) and the LAS AF software (Leica) were used for fluorescence
microscopy images and data acquisition, respectively. Software used for image analysis are listed in key resource table.

Expression and purification of wild type and mutant DDX47

The cDNAs that encode wild type, K74A and E175A variants of DDX47 were introduced into the pET300-NT Destination vector to add
an N-terminal Hisg tag to these proteins. The resulting DDX47 expression plasmids (see pET300 NT-His6-DDX47 vectors in key
resource table) were introduced into E. coli BL21:DES3 Rosetta cells, which were grown at 37°C to ODggg = 0.8, and protein expression
was induced by the addition of 0.2 mM IPTG and incubation at 16°C for 16 h. Cells were harvested by centrifugation and all the sub-
sequent steps were carried out at 0-4°C. For lysate preparation, a cell pellet (14 g, from 4 L of culture) was suspended in 100 mL K
buffer (20 mM KH,PO,, pH 7.4, 10% glycerol, 0.5 mM EDTA, 0.01% Igepal, 1 mM DTT) with 500 mM KCI, 1 mM PMSF and 1 tablet of
Pierce Protease Inhibitor (Thermo Scientific), and then subject to sonication (six 30 s pulses). The crude cell lysate was clarified by
ultracentrifugation (100,000xg for 45 min) and diluted with 2 volumes (~200 mL) of K buffer. The diluted lysate was loaded onto a
chromatography column (Bio-Rad) filled with 10 mL SP Sepharose resin (Cytiva), which was equilibrated with 50 mL of K buffer
plus 150 mM KCI. A 140 mL linear gradient from 150 to 850 mM KClI in K buffer was applied to elute DDX47, and the peak fractions
(~400 mM KCI) were pooled and incubated with 2.5 mL of Nickel-NTA resin (Qiagen) for 1 h. The resin was washed once with 50 mL K
buffer containing 1000 mM KCI, once with 25 mL K buffer containing 300 mM KCl and 1 mM each of ATP and MgCl,, three times with
50 mL K buffer containing 300 mM KCIl and 10 mM imidazole, before being treated with K buffer with 300 mM KCI and 200 mM imid-
azole to elute DDX47. The eluate (8 mL) was diluted with 2.5 volumes of K buffer and loaded onto a 1 mL Mono S column (Cytiva). The
column was washed with 10 mL K buffer containing 150 mM KCI and then developed with a 25-mL gradient from 150 to 800 mM KCI.
DDX47 protein eluted at ~400 mM KCI, and the peak fractions were pooled and concentrated to 0.5 mL and further fractionated in a
24 mL Superdex 200 column (Cytiva) in K buffer with 300 mM KCI. The peak fractions were collected and concentrated to 3 mg/mL
(Amicon 10K concentrator, Millipore) and stored in small aliquots at —80°C. The yield of highly purified DDX47 was ~1 mg. The
DDX47 mutant (K74A or E175A) was purified using the same procedure with a similar yield.
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Nucleic acid unwinding assays

RNA-RNA duplexes without or with a 5 or 3’ overhang were prepared as described.®’ DNA-RNA hybrids without or with a 5’ or 3’
overhang were prepared by annealing oligonucleotides (with one of the oligonucleotides being labeled with 32P) listed in
Table S5. In the unwinding reaction, DDX47 (wild type or mutant at the indicated concentration) was incubated with 10 nM substrate
in reaction buffer (35 mM Tris-Cl, pH 7.5, 1 mM DTT, 3 mM ATP, 2 mM MgCl,, 60 mM KCI), and 200 nM of “trap” RNA or DNA (the
oligonucleotide that was labeled in the substrate) at 30°C for 30 min (for the RNA-RNA substrates) or 28°C for 10 min (for the DNA-
RNA substrates). For direct comparison (Figure 5B), DDX47 (0.025-4.0 uM) was incubated with 10 nM substrate (RNA-RNA duplex or
DNA-RNA duplex) in the same reaction buffer supplemented with 200 nM of “trap” RNA or DNA both at 28°C for 15 min. Reaction
mixtures were then immediately deproteinized by treatment with SDS (0.1%) and proteinase K (0.5 mg/mL) for 6 min at 28°C and then
resolved in 15% polyacrylamide gels in TAE buffer (40 mM Tris, 20 mM Acetate acid and 1 mM EDTA) at 4°C. Gels were dried and
subject to phosphorimaging analysis.

The half R-loop structure based on a DNA-RNA hybrid with a 5’ ssDNA flap at one end was constructed as described.?® DDX47
(wild type or mutant at the indicated concentration) was incubated with the substrate in reaction buffer (25 mM Tris-Cl, pH 7.5, 1 mM
DTT, 100 pg/mL BSA, 2 mM ATP, 2 mM MgCl,, 60 mM KCI) at 30°C for 20 min. Reaction mixtures were deproteinized before being
resolved in 7% polyacrylamide gels in TAE buffer at 4°C and analyzed, as above.

Flow cytometry

For evaluating cell cycle progression, cells were synchronized by treating them with 2mM thymidine for 16 h. Cells were collected,
fixed in 70% ethanol (—20°C, >1hour), washed (x3) in PBS and stained (overnight, 4°C) with 50ug/mL propidium iodide (SIGMA) in the
presence of 10ug/mL RNase A (Qiagen). Data were acquired in BD FACSCalibur cell analyzer.

Miscellanea

Western-blot were performed using standard procedures. Relative gPCRs were used to determine the relative mRNA levels in
human cells. cDNA was obtained from total RNA extracted using RNeasy Mini Kit (Qiagen) (1 ng) by reverse transcription using
QuantiTect Reverse transcription (Qiagen). mRNA expression values were normalized to mRNA expression of the Hypoxanthine
PhosphoRibosylTransferase (HPRT) or Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) housekeeping genes. Primers used
are listed in Table S5.

QUANTIFICATION AND STATISTICAL ANALYSIS

For DRIP and ChIP assay statistical analysis, Student’s t-test one tailed was applied for comparisons of two independent groups. In
Immunofluorescence, single-cell electrophoresis assays and PLA assays, statistical significant differences were assessed with
nonparametric Mann-Whitney U-test two tailed. For nucleolar total area per nucleus and EU labelling experiments, Student’s
t-test two tailed were used to ensure statistical significant differences. Data were analyzed with EXCEL (Microsoft) or GraphPad
Prism software. The statistical test used in each experiment is mentioned in the figure legend. In general, a p-value <0.05 was consid-
ered as statistically significant (***p < 0.001; **p < 0.01; *p < 0.05). Specific replicate numbers (n) for each experiment can be found in
the corresponding figure legends. In all figures, means are plotted and SEM is represented as error bars.

Gene set enrichment and gene interaction analysis
Gene Ontology (GO) analyses of enriched biological processes for putative R-loop forming factors were performed using PANTHER
(p-value calculated using Fischer’s exact test).

GeneMANIA plugin for Cytoscape v3.8.0 was used to build a network of known interactions, both physical and genetic, shared
protein domains and co-localization.
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