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SUMMARY

R-loops comprise an RNA/DNA hybrid and displaced
single-stranded DNA. They play important biological
roles and are implicated in pathology. Even so,
proteins recognizing these structures are largely un-
defined. Using affinity purification with the S9.6 anti-
body coupled to mass spectrometry, we defined the
RNA/DNA hybrid interactome in HeLa cells. This con-
sists of known R-loop-associated factors SRSF1,
FACT, and Top1, and yet uncharacterized interac-
tors, including helicases, RNA processing, DNA
repair, and chromatin factors. We validate specific
examples of these interactors and characterize their
involvement in R-loop biology. A top candidate DHX9
helicase promotes R-loop suppression and tran-
scriptional termination. DHX9 interacts with PARP1,
and both proteins prevent R-loop-associated DNA
damage. DHX9 and other interactome helicases are
overexpressed in cancer, linking R-loop-mediated
DNA damage and disease. Our RNA/DNA hybrid
interactome provides a powerful resource to study
R-loop biology in health and disease.

INTRODUCTION

R-loops consist of an RNA/DNA hybrid and a displaced non-

template DNA strand. These structures are thermodynamically

stable and can arise during transcription, where they contribute

to gene regulation at multiple levels (Ginno et al., 2012; Skourti-

Stathaki et al., 2011; Yang et al., 2014). They also are involved in

immunoglobulin class switch recombination, DNA replication,

and regulation of DNA and histone modifications (Aguilera and

Garcı́a-Muse, 2012; Skourti-Stathaki and Proudfoot, 2014).

Despite crucial biological processes associated with R-loops,

many aspects of R-loop biology remain unclear. Which factors

influence R-loop formation at different genomic locations?

How are R-loop levels precisely controlled to allow for their

beneficial functions while preventing detrimental effects from

dysregulated R-loops? Failure to correctly control R-loop levels
Ce
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results in increased DNA damage and genome instability (Agui-

lera and Garcı́a-Muse, 2012; Skourti-Stathaki and Proudfoot,

2014; Sollier and Cimprich, 2015) and aberrant transcriptional

termination (Skourti-Stathaki et al., 2011, 2014). Recent studies

have implicated R-loops in the pathology of human diseases

(Groh and Gromak, 2014). R-loops can form at expanded trinu-

cleotide DNA repeats, leading to heterochromatin formation

and transcriptional repression of genes associated with neuro-

logical disorders, including amyotrophic lateral sclerosis/fronto-

temporal dementia (ALS/FTD), Friedreich ataxia, and fragile X

syndrome (Colak et al., 2014; Groh et al., 2014; Haeusler et al.,

2014). A growing body of evidence also connects R-loops to pro-

cesses that are deregulated in cancer, including DNA repair,

replication, and gene expression of tumor-promoting genes

(Bhatia et al., 2014; Boque-Sastre et al., 2015; Hatchi et al.,

2015; Kotsantis et al., 2016; Schwab et al., 2015; Stork et al.,

2016; Yang et al., 2014).

Genetic screens have been used to identify factors that regu-

late R-loop levels in yeast (Chan et al., 2014; Stirling et al., 2012;

Wahba et al., 2011). However, these screens could not distin-

guish direct or indirect effects of these factors on R-loops, and

the molecular mechanisms linking these factors to R-loop

biology are still not understood fully. Human cells possess dedi-

cated enzymes that can directly bind and regulate R-loop levels,

including members of the RNase H family that specifically

degrade the RNA in R-loops (Cerritelli and Crouch, 2009) and

the helicase senataxin (SETX) that can unwind RNA/DNA hybrids

(Skourti-Stathaki et al., 2011). It is interesting that mutations in

RNase H and SETX lead to devastating neurological disorders,

further underlining the importance of maintaining the correct

R-loop balance in human cells (Groh et al., 2017; Groh and Gro-

mak, 2014). Considering the complexity of RNA-processing

reactions and the high abundance of non-coding RNA transcrip-

tion, R-loop formation is a likely consequence that will require the

availability of protein factors to directly control R-loop levels.

We used an unbiased approach to purify RNA/DNA hybrids

and identify their associated proteins by mass spectrometry

(MS) in human cells. This RNA/DNA hybrid interactome com-

prises 469 proteins, including helicases, RNA/DNA-binding

proteins, and factors implicated in DNA damage. More impor-

tant, we identify and validate factors previously implicated in

R-loop biology, including SRSF1 and Top1, as well as candidate
ll Reports 23, 1891–1905, May 8, 2018 ª 2018 The Author(s). 1891
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).

mailto:natalia.gromak@path.ox.ac.uk
https://doi.org/10.1016/j.celrep.2018.04.025
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2018.04.025&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Figure 1. Design of RNA/DNA Hybrid IP

Method in HeLa Cells

(A) RNA/DNA hybrid IP workflow in HeLa cells.

(B) RNA/DNA hybrid slot blot with S9.6 antibody.

(C) Top: silver stain of RNA/DNA hybrid IP. No

antibody and isotype-matched IgG2a antibody

were used as controls. Bottom: western blot of

RNA/DNA hybrid IP using indicated antibodies.

Arrows indicate hypophosphorylated (IIa) and

hyperphosphorylated (IIo) forms of Pol II. Triple

amounts of input and IP samples were loaded for

SETX.

(D) Top: silver stain of RNA/DNA hybrid IP following

benzonase treatment. Bottom: western blot of

RNA/DNA hybrid IP, probed with Top1 and H3

antibodies.

(E) Silver stain of RNA/DNA hybrid IP in the pres-

ence of RNA/DNA hybrid competitor.

(F) Western blot for Top1 of RNA/DNA hybrid IP

with indicated synthetic competitors.

(C–E) *, indicates the heavy chain of S9.6 and

IgG2a antibodies. **, indicates BSA, used to block

protein A dynabeads.

See also Figure S1.
RNA/DNA hybrid interactors DHX9, PARP1, SAFB2, WHSC1,

and DNA-PK. We demonstrate that a top candidate DHX9 heli-

case prevents R-loop accumulation in vivo and is required for

transcriptional termination. We also describe a role of DHX9 in

maintaining genome stability. DHX9 interacts with PARP1, and

the loss of these proteins leads to R-loop accumulation, which

triggers DNA damage. DHX9 and other RNA/DNA hybrid-inter-

acting helicases are overexpressed in cancers, highlighting their

potential role in the cancer transcriptional program. In conclu-

sion, our data show that the RNA/DNA hybrid interactome re-

veals new RNA/DNA hybrid-interacting proteins and provides a

link between fundamental aspects of R-loop biology and human

disease.
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RESULTS

Design and Validation of the RNA/
DNA Hybrid IP Method
To identify RNA/DNA hybrid-interacting

factors in an unbiased way, we developed

an affinity purification approach, using the

S9.6 antibody, which specifically recog-

nizes RNA/DNA hybrids with 0.6 nM affin-

ity (Boguslawski et al., 1986; Phillips et al.,

2013). Nuclear extracts were prepared

from HeLa cells and sonicated before

immunoprecipitation (IP) to minimize cop-

urification of unspecific proteins (Figures

1A and S1A). Non-crosslinked cells

were used because crosslinking reagents

could induce R-loops (Schwab et al.,

2015), preventing the identification of

bona fide R-loop interactors. IP using

the S9.6 antibody was carried out in the

presence of RNase A to reduce unspecific
RNA-mediated interactions and avoid S9.6 recognition of dou-

ble-stranded RNA (dsRNA) (Figure S1B). RNase A treatment

before IP did not affect RNA/DNA hybrid IP results, suggesting

that R-loops are not formed artificially during the extraction pro-

cedure (data not shown). We verified that the RNA/DNA hybrid IP

enriches for RNA/DNA hybrids using the RNA/DNA hybrid slot

blot, which quantitatively detects both endogenous and syn-

thetic RNA/DNA hybrids (Figures 1B and S1C). Silver staining

of immunoprecipitated RNA/DNA hybrid-interacting proteins

revealed a complex mixture of proteins, which differed from

the nuclear input material (Figure 1C) or IP carried out with anti-

body-recognizing cap-binding protein 80 (CBP80) (Figure S1D).

More important, little protein was detected in no antibody or
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matched isotype immunoglobulin G2 (IgG2) negative IP controls.

These results suggest that the RNA/DNA hybrid IP enriches a

unique set of interacting proteins.

To test possible cross-reactivity of the S9.6 antibody with pro-

teins, nuclear extracts were treated with benzonase, which de-

grades all forms of nucleic acids, including RNA/DNA hybrids,

without affecting proteins (Figure S1E). Benzonase caused a

loss of immunoprecipitated proteins (Figure 1D), confirming

that RNA/DNA hybrid IP proteins are associated with nucleic

acids recognized by the S9.6 antibody.

Next, we validated our IP procedure by testing copurification

of proteins already implicated in R-loop biology. In particular,

we detected the RNA/DNA helicase SETX, which resolves

R-loops at termination regions (Figure 1C, bottom) (Hatchi

et al., 2015; Skourti-Stathaki et al., 2011) and Top1 (El Hage

et al., 2010; Tuduri et al., 2009). In line with cotranscriptional

R-loop formation, RNA polymerase II (Pol II) also was detected.

As an integral part of chromatin, RNA/DNA hybrids interacted

with histone H3 but not with actin.

To verify that proteins identified in the RNA/DNA hybrid IP spe-

cifically bind RNA/DNA hybrids, we added synthetic 15–23 bp

competitors during the IP procedure. When 15-bp RNA/DNA

hybrid with 0.54 nM affinity for S9.6 antibody (Phillips et al.,

2013) was added, a significant competition was observed for

most concentrations, as demonstrated by a loss of copurified

proteins, including Top1 and H3 (Figures 1E and 1F and S1F).

In contrast, the addition of corresponding dsDNA, dsRNA, and

23 bp AU-rich dsRNA, which has low affinity for S9.6 in vitro (Phil-

lips et al., 2013), did not affect RNA/DNA hybrid IP efficiency (Fig-

ures 1F and S1F–S1H). Supporting the specificity of our method,

we did not detect the loss of proteins in the CBP80 IP in the pres-

ence of each competitor (Figure S1D).

In conclusion, even though a low affinity of S9.6 antibody with

dsRNA inmild buffer conditions has been reported (Phillips et al.,

2013), our stringent purification procedure and the use of RNase

A ensures that the RNA/DNA hybrid IP method exhibits high

specificity and efficiently enriches for proteins associated with

RNA/DNA hybrids.

Characterization of the RNA/DNA Hybrid Interactome
We then developed a proteomic pipeline based on label-free

quantitative MS to identify proteins associated with RNA/DNA

hybrids in HeLa cells. To achieve the highest specificity, we

compared protein enrichment in RNA/DNA hybrid IP to a control
Figure 2. Characterization of the RNA/DNA Hybrid Interactome

(A) Volcano plot displaying MS results of three biological replicates of RNA/DNA h

addition of 1.3 mM synthetic RNA/DNA hybrid competitor) are plotted against the

moderated t test. Proteins significantly enriched in RNA/DNA hybrid IP are in orang

with p > 0.01 are in gray. Dashed lines indicate the significance cutoffs (log2 enric

(B) Protein classes overrepresented in RNA/DNA hybrid interactome (corrected p

(C) Top: overlap between mRNA interactome and RNA/DNA hybrid interactome in

mRNA interactomes (I) and proteins unique to the RNA/DNA hybrid interactome

(D) The chromatin probability analysis of 7,635 HeLa proteins (HeLa proteome) a

(E) Enrichment for proteins known to bind both RNA and DNA in the RNA/DNA h

exact test).

(F) Validation of RNA/DNA hybrid interactors using western blot, probed with indic

corresponds to control IP with IgG2a antibody.

See also Figure S2.
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IP with S9.6 antibody in the presence of 1.3 mMRNA/DNA hybrid

competitor. In total, 846 proteins were identified with high repro-

ducibility (r > 0.77) in three biological replicates using MaxQuant

software (Figure S2A) (Cox and Mann, 2008). Next, by using a

moderated t test, we identified 469 candidate factors signifi-

cantly enriched in the RNA/DNA hybrid versus control IP (Smyth,

2004). These proteins represent the RNA/DNA hybrid interac-

tome (Figure 2A, orange data points). Analysis of our MS data

with an independent approach based on the normalized spectral

index (SIN) (Trudgian et al., 2011) found a strong correlation be-

tween the two methods (r = 0.796), confirming the robustness of

the analysis (Figures S2B and S2C). We subdivided the RNA/

DNA hybrid interactome into three classes according to their sta-

tistical significance: class I (top 25%), class II (next 50%), and

class III (bottom 25%) (Figure S2D). A representative list of iden-

tified proteins, encompassing a variety of cellular functions, is

provided in Table S2.

As expected, the RNA/DNA hybrid interactome almost exclu-

sively contained nuclear proteins (Figure S2E). However, we

observed no correlation between their cellular abundance (Gei-

ger et al., 2012) and enrichment in the RNA/DNA hybrid interac-

tome (Figure S2F), indicating that the RNA/DNA hybrid IP

enriches for a specific subset of the proteome. Indeed, protein

classes involved in RNAmetabolism, such as heterogeneous nu-

clear ribonucleoproteins (hnRNPs), SR proteins and splicing

factors, DNA-binding proteins (including Top1 and FACT), and

chromatin-associated proteins, were overrepresented (Fig-

ure 2B). Notably, we detected many helicases acting on RNA

(DDX5 and DHX9) or DNA (MCM3) and a high enrichment of

RNA/DNA-binding domains, including RNA recognition motif

(RRM); K homology (KH); double-stranded RNA-binding do-

mains (dsRBDs); and SAF-A/B, acinus, and PIAS (SAP) (Fig-

ure S2G). This suggests that the RNA/DNA hybrid IP detects

direct interactions rather than secondary interactions mediated

by protein-protein binding.

We also investigated whether the RNA/DNA hybrid interac-

tome exhibits additional characteristics. Comparison of the

RNA/DNA hybrid interactome to the HeLa mRNA interactome

(Castello et al., 2012) showed that despite an overlap between

the two datasets, a significant part of the RNA/DNA hybrid inter-

actome (187 proteins) is unique (Figure 2C, top). While proteins

common to both interactomes are enriched for RNA-related

functions, factors unique to the RNA/DNA hybrid interactome

are involved in DNA and chromatin biology (Figure 2C, bottom).
ybrid IP. Averaged log2 ratios between RNA/DNA hybrid IP and control IP (with

ir Benjamini-Hochberg-corrected �log10 p values across all replicates using a

e (p < 0.01) and constitute the RNA/DNA hybrid interactome. Proteins identified

hment > 2 and –log10 > 2).

< 0.05, Fisher’s exact test). Representative proteins are given in brackets.

HeLa cells. Bottom: common proteins enriched in both RNA/DNA hybrid and

(II). The x axis indicates statistical significance of overrepresentation.

nd RNA/DNA hybrid interactome.

ybrid interactome compared to the HeLa proteome (p < 1.6 3 10�28, Fisher’s

ated antibodies. Drosha, NPC, and Lamin B1 are negative controls. (�) IP lane
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Consequently, we also detected an overall enrichment for pro-

teins with high chromatin probability (Figure 2D) (Kustatscher

et al., 2014) and proteins capable of binding to both RNA and

DNA (Figure 2E) (Hudson and Ortlund, 2014) compared to the

HeLa proteome. More important, there was no correlation be-

tween protein abundance in the RNA/DNA hybrid interactome

and chromatin probability, demonstrating that our method en-

riches for a specific subset of proteins over the chromatin back-

ground (Figure S2H). It is interesting that the RNA/DNA hybrid

interactome also was enriched for factors mediating genome

stability (Paulsen et al., 2009) (Figure S2J), whereas other abun-

dant protein classes were depleted (Figure S2I). Finally, consis-

tent with the literature, we found a number of proteins already

implicated in R-loop biology in human cells, including Top1

(El Hage et al., 2010; Tuduri et al., 2009), SRSF1 (Li and Manley,

2005; Tuduri et al., 2009), FACT (Herrera-Moyano et al., 2014),

and some human counterparts of factors regulating R-loops

in yeast, including ALY/REF (yeast YRA1) (Gavaldá et al.,

2013) and DDX39B (yeast Sub2) (Gómez-González et al., 2011)

(Table S3).

RNA/DNA Hybrid Interactome Uncovers New
Candidates Involved in R-Loop Biology In Vivo

Next, we experimentally validated proteins identified in all three

classes of the RNA/DNA hybrid interactome by western blotting

(class I: DHX9, DDX5, WHSC1, SAFB2; class II: DDX1, XRN2,

DNA-PK, PARP1; class III: SRSF1) (Figure 2F). In particular, we

confirmed a number of proteins already implicated in R-loop

biology, including the 50-30 exonuclease XRN2, previously asso-

ciated with R-loop-mediated transcription termination (Skourti-

Stathaki et al., 2011) and SRSF1 (Li and Manley, 2005; Tuduri

et al., 2009). In addition, we validated candidates with previously

unreported function in R-loop metabolism in vivo, including

DHX9, DDX5, WHSC1, SAFB2, DNA-PK, and PARP1. We also

confirmed the absence of abundant nuclear proteins, including

Drosha, Lamin B1, and nuclear pore complex (NPC).

To confirm the specificity of these RNA/DNA hybrid interac-

tors, we performed a modified version of the RNA/DNA hybrid

IP with RNase H treatment (Figure 3A). The genomic DNA was

extracted from HeLa cells and enriched for RNA/DNA hybrids

with the S9.6 antibody. These genomic RNA/DNA hybrids were

then incubated with HeLa nuclear extracts, depleted for RNA/

DNA hybrids by treatment with a high concentration of RNase

A, followed by IP of RNA/DNA-binding proteins with the S9.6

antibody (Figures 3B and 3C and S3A). All new R-loop-interact-

ing candidates, including Top1, used as a positive control,

can bind genomic RNA/DNA hybrids (Figure 3C). In contrast,

treatment of the genomic DNAwith RNase H strongly decreased
Figure 3. Validation of New RNA/DNA Hybrid Interactome Candidates

(A) Workflow of RNA/DNA hybrid IP with RNase H digestion.

(B and C) HeLa genomic DNA input was either treated (+) or not (�) with RNase H b

DNA hybrids were incubated with nuclear extracts depleted for RNA/DNA hybrids

blot of RNA/DNA hybrid IP, probed with indicated antibodies (C).

(D–I) Genomic DNA from HeLa cells transfected with control (siCtrl) or indicated

siSAFB2 (G), siDNA-PK (H), siPARP1 (I) were used. Top: RNA/DNA hybrid slot blo

represent the means ± SEMs, n R 3.

See also Figure S3.
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the amount of copurified proteins, which correlated with the

decrease in the RNA/DNA hybrid signal on the slot blot (Figures

3B and 3C).

To further investigate the involvement of selected candidates

in R-loop biology, we performed slot blot analyses upon small

interfering RNA (siRNA)-mediated depletion of these candidates

(Figures S3C–3H). We observed that the knockdown of DHX9,

WHSC1, SAFB2, and DNA-PK decreases the global level of

RNA/DNA hybrids (Figures 3E–3H and S3B), whereas depletion

of PARP1 and Top1 triggers an increase (Figures 3D and 3I).

Moreover, the S9.6 signal was abolished by RNase H treatment,

indicating that it is specific to RNA/DNA hybrids (Figures 3D–3I).

Even though the mechanistic basis of the global R-loop changes

requires further investigation, these results demonstrate that the

RNA/DNA hybrid interactome uncovers new factors involved in

R-loop biology.

DHX9 Promotes Transcriptional Termination
Wedetected several helicases enriched in the RNA/DNA interac-

tome, suggesting that this protein class may play yet uncharac-

terized roles in R-loop biology. Therefore, we decided to further

investigate the R-loop-associated function of a top validated

candidate, DHX9. DHX9 has been shown to possess RNA/

DNA helicase activity in vitro (Chakraborty and Grosse, 2011).

To establish whether DHX9 associates with RNA/DNA hybrids

in vivo, we confirmed the specificity of this interaction biochem-

ically. RNA/DNA hybrid IP carried out with benzonase or RNase

H treatments significantly reduced DHX9-RNA/DNA hybrid inter-

action (Figures S4A and 3C). Cell treatment with the transcrip-

tional inhibitor actinomycin D also dramatically reduced DHX9-

RNA/DNA hybrid interaction, suggesting that this interaction is

transcription dependent (Figures 4A and 4B). Furthermore,

DXH9-RNA/DNA hybrid interaction was prevented by synthetic

RNA/DNA hybrid competitor but not by corresponding dsDNA,

dsRNA, and AU-rich dsRNA competitors (Figure S4B). RNA/

DNA hybrids also co-immunoprecipitated (coIP) with DHX9 but

not with tubulin or no antibody control IPs (Figures 4C and 4D).

These experiments confirm that DHX9 interacts with RNA/DNA

hybrids in vivo.

We further examined the R-loop-associated biological func-

tions of DHX9 in vivo. In line with its potential function in

R-loop biology, endogenous DHX9 is predominantly localized

throughout the nucleus (Figure 4E), and it is enriched at pro-

moter-proximal regions of b-actin and g-actin genes, as demon-

strated by chromatin immunoprecipitation (ChIP) (Figures S4C

and S4D). Therefore, we examined the R-loop profile of the

b-actin and g-actin genes in DHX9-depleted cells, using DNA/

RNA immunoprecipitation (DIP) (Skourti-Stathaki et al., 2011).
efore enrichment for RNA/DNA hybrids with the S9.6 antibody. Genomic RNA/

with RNase A, followed by S9.6 IP. RNA/DNA hybrid slot blot (B) and western

siRNAs was treated with RNase H. siTop1 (D), siDHX9 #1 (E), siWHSC1 (F),

t. Bottom: quantification of S9.6 signal. Values are normalized to the siCtrl and



Figure 4. DHX9 Promotes Transcriptional Termination

(A and B) Western blot probed with DHX9 antibody (A) and RNA/DNA hybrid slot blot (B) of RNA/DNA hybrid IP from cells treated (+) or not (�) with actinomycin D.

(C and D) Western blot probed with DHX9 and tubulin antibodies (C) and RNA/DNA hybrid slot blot (D) of IPs carried out with DHX9 and tubulin antibodies.

(E) IF analysis of DHX9 (green). DAPI (blue) depicts nuclei. Scale bar, 10 mm.

(F) Western blot of HeLa protein extracts, treated with control, DHX9 #1, and SETX siRNAs and probed with indicated antibodies. hnRNPUL1 is a loading control.

(legend continued on next page)
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As a positive control, we also depleted SETX, which resolves

R-loops at the termination regions of the b-actin gene (Skourti-

Stathaki et al., 2011). R-loops are enriched over the promoter-

proximal and termination regions of the b-actin (in1, pause,

and 50 pause) (Skourti-Stathaki et al., 2011) and g-actin (in1, A)

genes (Figures 4G and 4H). R-loops were increased over the

termination regions of both genes in DHX9- and SETX-depleted

cells (Figures 4F–4H and S4E and S4F), and the DIP signal was

sensitive to RNase H treatment (Figure S5E). These data sug-

gested that similar to SETX, DXH9 promotes R-loop suppression

at termination regions.

Next, we investigated whether the function of DHX9 in R-loop

metabolism in poly(A)-proximal regions of b-actin and g-actin

genes can affect their transcriptional termination, as previously

shown for SETX (Skourti-Stathaki et al., 2011). Similar to SETX,

DHX9 depletion caused an increase in the amount of read-

through transcripts downstream of the poly(A) signal (Figure 4I)

and stabilization of Pol II over the transcription termination region

for both genes (Figure S4G). These data pointed toward a role for

DHX9 in R-loop suppression during transcriptional termination.

DHX9 Depletion Triggers R-Loop Accumulation in
Response to CPT
Defects in transcription termination resulting from SETX or XRN2

depletion have been associated with R-loop accumulation and

R-loop-driven genome instability (Hatchi et al., 2015; Morales

et al., 2016). Because DHX9-depleted cells exhibit a termination

defect (Figures 4H and 4I), we examined the potential role of

DHX9 in preventing R-loop-associated DNA damage. For these

studies, we used the Top1 inhibitor camptothecin (CPT), which is

known to promote R-loop accumulation and replication- and

transcription-associated DNA damage caused by unresolved

DNA supercoiling (Marinello et al., 2016; Sordet et al., 2009).

CPT treatment induced DNA damage, as indicated by the phos-

phorylation of histone variant H2AX (gH2AX) and R-loop accu-

mulation as measured by immunofluorescence (IF) with the

S9.6 antibody (Figures S5A and S5B).

Next, we examined the R-loop response following CPT treat-

ment on the b-actin gene (Figure 5A). CPT triggered a reduction

of R-loops over the prom and in1 regions, which correlated with

transcriptional downregulation detected by Pol II ChIP (Fig-

ure S5C). This is in line with previously reported effects of CPT

on Pol II transcription (Khobta et al., 2006). In contrast, CPT

enhanced R-loop formation over in3, in5, and 50 pause regions

(Figure 5A). This coincided with the induction of gH2AX (Fig-

ure S5D). It is interesting that R-loops were most dramatically

induced after 20 min, followed by a steady reduction, reaching

the basal level at �240 min. These striking kinetics suggest

that CPT-induced R-loops can be resolved efficiently by cellular

factors. Therefore, we investigated the response of DHX9 to
(G) Diagram of b-actin (left) and g-actin (right) genes depicting exons (black), UT

amplicons.

(H) DIP in HeLa cells, treated with control, DHX9 #1 and SETX siRNAs, on b-acti

(I) Read-through transcription analysis of b-actin (left) and g-actin (right) genes in

Values are normalized to b-actin in3 and g-actin in1.

(H–I) Bars, means ± SEMs, n R 3.

See also Figure S4.
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CPT-induced R-loop accumulation. ChIP analysis showed that

despite a transcriptional downregulation (Figure S5C), DHX9 is

enriched over the b-actin gene in response to CPT, and this bind-

ing is R-loop dependent because it is abolished by RNase H1

overexpression (Figures 5B and 5C). To test whether DHX9 is

involved in the suppression of CPT-induced R-loops, we as-

sessed R-loop levels in DHX9-depleted cells. In the absence of

DHX9, CPT led to a dramatic increase in R-loops over in3, in5,

and 50 pause b-actin regions (Figure 5D). RNase H treatment

confirmed that CPT-induced DIP peaks were specific (Fig-

ure S5E). Taken together, these results suggested that DHX9 is

recruited to the b-actin gene to suppress CPT-induced R-loops.

DHX9 has been identified in MS screens for PARP1 and poly

(ADP-ribos)ylation (PARylation) interactors (Gagné et al., 2012;

Isabelle et al., 2010).We identifiedPARP1 in theRNA/DNAhybrid

interactome by MS and validated its interaction with RNA/DNA

hybrids in vivo (Figures 2F and 3C). Furthermore, we observed

an increase in the global level of R-loops in PARP1-depleted cells

(Figure 3I). Next, we examined whether PARP1 is involved in

R-loop-driven DNA damage, similar to DHX9. CoIP experiments

showed that endogenous DHX9 and PARP1 proteins interact in

both untreated and CPT-treated cells (Figure 5E). Similar to

DHX9, PARP1 was recruited to the b-actin gene in response to

CPT (Figure 5F). Moreover, the CPT-induced R-loop signal was

increased over in5 and 30 end of the b-actin gene upon PARP

inhibition with Olaparib (10 and 0.1 mM) or PARP1 depletion (Fig-

ures 5G and S6A–S6C). However, PARP inhibition did not further

increase the R-loop signal on the in5 of the b-actin gene in DHX9-

depleted cells, suggesting that DHX9 and PARP1 act in the same

pathway to suppress CPT-induced R-loops (Figure S6D). Next,

we tested whether DHX9 and PARP1 are required for their recip-

rocal recruitment to chromatin in response to CPT. Depletion of

PARP1 did not compromise DHX9 recruitment to the b-actin

gene (Figure S6E). Similarly, PARP1 recruitment was not affected

upon DHX9 loss (Figure S6F). These results suggest that DHX9

and PARP1 promote the suppression of CPT-induced R-loops

independent of their reciprocal recruitment to chromatin.

DHX9 Prevents R-Loop-Dependent DNA Damage in
Response to CPT
An excess of R-loops promotes DNA damage and genome insta-

bility (Aguilera and Garcı́a-Muse, 2012; Skourti-Stathaki and

Proudfoot, 2014;Sollier andCimprich, 2015). Therefore,weexam-

inedwhetherR-loopaccumulation inDHX9-depletedcells caused

a global increase in R-loop-dependent DNA damage by analyzing

gH2AX signal by IF. In line with the increased accumulation of

R-loops (Figure 5D), DHX9-depleted cells showed a significant

increase in gH2AX signal following CPT treatment (Figure 6A).

Inhibition of transcription with 5,6-dichloro-1-b-D-ribofuranosyl-

benzimidazole (DRB) or cordycepin clearly reduced gH2AX
Rs (white), transcriptional start site (TSS), termination region (gray), and qPCR

n (left) and g-actin (right) genes. Values are normalized to in1.

HeLa cells treated with control, DHX9 #1, and SETX siRNAs, using RT-qPCR.



Figure 5. DHX9 Depletion Triggers R-Loop Accumulation in Response to CPT

(A, B, and F) Diagram of b-actin gene (A, top), DIP (A, bottom), DHX9 ChIP (B), and PARP1ChIP (F) in HeLa cells, treated with CPT for the indicated time, on b-actin

gene. Values are relative to in1 in the DMSO sample.

(C) DHX9 ChIP in HEK293T cells, transfected with FLAG (�RNase H1) or RNase H1 (+RNase H1) and treated with CPT for 60 min. Values are relative to

in1 �RNase H1 in the DMSO sample.

(legend continued on next page)
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induction, which is consistent with co-transcriptional formation of

R-loops (Figures 6A and S7A). Furthermore, overexpression of

RNase H1 significantly reduced the CPT-induced gH2AX signal

in DHX9-depleted cells (Figure 6B). Co-staining against RNase

H1 showed that cells overexpressing RNase H1 exhibited low

gH2AX levels, while non-expressing cells showed high gH2AX

signal (Figure S7B). Therefore, our data demonstrate that DHX9

prevents R-loop-associated DNA damage in response to CPT.

R-Loop Helicases and Cancer
The role of DHX9 in R-loop-associated DNA damage pointed

toward its potential involvement in human cancer because one

of cancer hallmarks is widespread genomic instability. In addi-

tion to DHX9, other DEAD/H helicases were enriched in the

RNA/DNA hybrid interactome (Figure 7A), suggesting a general

role for these helicases in R-loop processes. In agreement with

a possible role for these RNA/DNA hybrid-interacting helicases

in cancer, analysis of the COSMIC cancer dataset (Forbes

et al., 2015) revealed that these DEAD/H helicases are frequently

genetically amplified in cancer, similar to known oncogenes

SKP2 and MDM2 (Figure 7B). Moreover, most identified

helicases, including DHX9 and DDX5, showed mRNA overex-

pression in a range of cancers, based on the ONCOMINE

database (Rhodes et al., 2007) (Figure 7C). Therefore, R-loop-in-

teracting helicases may play a role in oncogenesis or cancer

development.

DISCUSSION

In this study, we established and validated a specific affinity-

based MS approach with the S9.6 antibody to define a compre-

hensive RNA/DNA hybrid interactome in HeLa cells (Figures 1

and 2). The RNA/DNA hybrid interactome represents a unique

functional subset of the total HeLa proteome enriched for dual

DNA- and RNA-binding proteins and RNA-processing factors.

It comprises several proteinswith previously described functions

in R-loop biology, such as SRSF1, Top1, and FACT (Aguilera and

Garcı́a-Muse, 2012; Skourti-Stathaki and Proudfoot, 2014). The

RNA/DNA hybrid interactome also reveals several new classes

of in vivo RNA/DNA hybrid-binding proteins, including RNA-pro-

cessing factors, helicases, histone modifiers, and DNA repair

factors (Figure 2; Table S2), suggesting that these processes

are linked to R-loops. It should be noted that some expected

proteins, including SETX and RNase H1, were not identified by

MS. This could be because of limited MS sensitivity for low-

abundance proteins or their dynamic association with RNA/

DNA hybrids in vivo. We experimentally validated a number of

new candidates from the RNA/DNA hybrid interactome and

demonstrated their possible implication in R-loop biology (Fig-

ure 3). Although future work is required to determine the specific
(D) DIP in HeLa cells, transfected with control (shades of blue) or DHX9 #1 (shad

Values are relative to in1 for each siRNA. The p-value is calculated for the siDHX

(E) Western blot of IgG2a (negative control), PARP1, and DHX9 IPs in HeLa cells

(G) DIP in HeLa cells, treated with DMSO (shades of blue) or Olaparib (shades of g

to in1 for DMSO and Olaparib. The pvalue is calculated for the Olaparib + CPT v

(A–D, F, and G) Bars, means ± SEMs, n R 3.

See also Figures S5 and S6.
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function of these proteins in R-loop metabolism, these data

highlight the value of the RNA/DNA hybrid interactome in under-

standing R-loop biology.

In this article, we specifically focused on R-loop-associated

function of a top interactome candidate, helicase DHX9. Previ-

ous work demonstrated that DHX9 can resolve RNA/DNA

hybrids in vitro (Chakraborty and Grosse, 2011). We report

here that DHX9 interacts with RNA/DNA hybrids in vivo and it

promotes R-loop suppression and transcriptional termination

(Figure 4). Furthermore, DHX9 is important for maintaining

genomic stability in response to CPT by preventing R-loop accu-

mulation (Figures 5 and 6). However, it is not clear how DHX9

recognizes and suppresses physiological R-loops at transcrip-

tion termination regions and CPT-induced R-loops.

DHX9 is involved in various aspects of RNA metabolism (Lee

and Pelletier, 2016), and its depletion results in altered transcrip-

tion (Chen et al., 2014). This broad involvement in transcription

underlies the global decrease of R-loop levels detected by slot

blot and IF upon DHX9 depletion (Figure 3). The new character-

ized role of DHX9 in transcriptional termination accounts for

the specific R-loop accumulation at the termination regions of

b-actin and g-actin genes (Figure 4). In this respect, DHX9 be-

haves similarly to SETX (Skourti-Stathaki et al., 2011). DHX9

can regulate transcription either by binding directly to RNA (Liu

et al., 2013) and gene promoters (Myöhänen and Baylin, 2001)

or by mechanisms dependent on its nucleoside-triphosphatase

(NTPase)/helicase activity (Nakajima et al., 1997) and its ability

to coordinate protein-protein interactions (Anderson et al.,

1998). Indeed, DHX9 interacts with a large number of proteins

that function at the interface of transcription and DNA damage

response, including RNA Pol II, CBP, BRCA1 (Anderson et al.,

1998; Nakajima et al., 1997), SMN (Pellizzoni et al., 2001),

DDX5 (Hegele et al., 2012), topoisomerase IIa (Zhou et al.,

2003), and DNA-PK (Mischo et al., 2005). Therefore, DHX9 may

be recruited to the promoters of transcribed genes by different

mechanisms, and then, by interacting with Pol II, it can travel

along the gene suppressing the arising R-loops.

Endogenous DHX9 is found in the same complexes as PARP1,

another RNA/DNA hybrid interactor (Figure 5), which is in line

with data from MS screens for PARP1 and PARylation interac-

tors (Gagné et al., 2012; Isabelle et al., 2010). The loss of

DHX9 and PARP1 independently results in increased R-loop

accumulation following CPT treatment. An intriguing possibility

is that DHX9 and PARP1 could be in the same pathway to sup-

press CPT-induced R-loops. PARP1 is not required for DHX9

recruitment to chromatin, but it may regulate DHX9 helicase

activity in a similar way as it regulates the activity of the Werner

syndrome helicase (von Kobbe et al., 2004). Moreover, our data

show that following CPT treatment, PARP1 and DHX9 both are

recruited in the body and at the 30 end of the b-actin gene,
es of red) siRNA and treated with CPT for indicated time, on the b-actin gene.

9 versus the siCtrl sample.

treated with CPT and probed with indicated antibodies. Left: input, right: IP.

reen) before addition of CPT for 60 min, on the b-actin gene. Values are relative

ersus the DMSO + CPT samples.



Figure 6. DHX9 Prevents R-Loop-Associated DNA Damage in Response to CPT

(A) IF analysis of HeLa cells transfected with control or DHX9 #1 siRNA and treatedwith DRBbefore the addition of CPT for 60min and stained for gH2AX (red) and

DAPI (blue). Left: representative images. Bars, 10 mm. Right: gH2AX fluorescence intensity per nucleus from a representative experiment (R300 nuclei were

analyzed per condition). The horizontal red bars represent the means, and each dot is one nucleus.

(B) The same as in (A), but instead of DRB, cells were transfected with FLAG (�RNase H1) or RNase H1 plasmid.

***p < 0.001, ns, not significant (one-way ANOVA Tukey’s multiple comparisons test). See also Figure S7.
corresponding to R-loop peaks and the surrounding chromatin.

The local increased concentration of R-loop-processing factors

around the CPT-induced R-loops could be a way for the cells to
deal with pathological R-loops, representing a threat to genome

stability. However, PARP1 is known to play key roles in the repair

of CPT-induced DNA lesions (Cristini et al., 2016; Das et al.,
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Figure 7. RNA/DNA Hybrid Interactome Helicases Are Amplified in Human Cancers

(A) Enrichment of DEAD and DEAH/RHA helicases in the RNA/DNA hybrid interactome.

(B) Gain (red) and loss (blue) of RNA/DNA hybrid-interacting DEAD/H helicases in cancer. The y axis shows the percentage of the total tested cancer samples

based on copy number variations (COSMIC database).

(C) Transcriptional expression changes of RNA/DNA hybrid-interacting DEAD/H helicases in cancer. The y axis shows the number of cancer studies (ONCOMINE

database).

(D) Model showing the role of the RNA/DNA hybrid interactome and the top candidate DHX9 in regulating R-loop balance in health and disease.
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2014) and in other DNA repair pathways (Tallis et al., 2014).

Therefore, following CPT treatment, PARP1 also could be re-

cruited to the b-actin gene because of its function in DNA repair,

independent of R-loop induction. This may explain the lack of

exact co-localization between DHX9, PARP1, and CPT-induced

R-loop peaks over the b-actin gene.

In addition to a potential model of cooperation between

PARP1 and DHX9 in processing R-loops, different non-exclu-

sive mechanisms could exist. First, PARP1 has many interac-

tors that could process R-loops (Isabelle et al., 2010). Second,

PARylation itself triggers the recruitment of RNA-processing

factors such as FUS, TAF15, EWSF1, and SAFA to DNA dam-

age (Britton et al., 2014). These factors are known R-loop

suppressors (Aguilera and Garcı́a-Muse, 2012; Skourti-Sta-

thaki and Proudfoot, 2014). Finally, R-loop accumulation could

be a consequence of impaired DNA damage repair. Indeed,

R-loops have been described at DNA breaks (Britton et al.,

2014; Cohen et al., 2018). Our data suggest a potential

role of PARP1 in controlling R-loop balance, but given the

complexity of this scenario, further studies are required to un-

derstand the mechanistic details underlying PARP1 function in

R-loop metabolism.

Recently, it has been demonstrated that increased global tran-

scription in response to oncogenes or hormones is a character-

istic of cancer (Kotsantis et al., 2016; Stork et al., 2016). This

transcriptional burst is accompanied by the accumulation of

R-loops, which directly contributes to replication stress and

genomic instability (Aguilera and Garcı́a-Muse, 2012; Skourti-

Stathaki and Proudfoot, 2014; Sollier andCimprich, 2015). These

findings suggest that an increased R-loop level could be a

common feature of cancer cells. We found that multiple mem-

bers of the DEAD/H helicase family, including DHX9, are strongly

enriched in the RNA/DNA hybrid interactome and they are

frequently deregulated in a range of cancers (Figure 7). These

helicases may be required to support a higher transcriptional

and RNA metabolic activity of cancer cells because of their

role in transcription, RNA processing, and export. However,

DHX9 and other DEAD/H helicases also may be upregulated in

cancer to prevent R-loop accumulation or to promote the restart

of replication forks stalled by the excess of R-loops. Future

work will determine whether these helicases play a role in onco-

genesis, tumor progression, or drug resistance by promoting

R-loop processing.

In conclusion, our study provides the first proteomic charac-

terization of factors interacting with RNA/DNA hybrids in vivo,

offering a new perspective on cellular R-loop functions, including

transcriptional termination and maintenance of genome stability

(Figure 7D). Thus, the RNA/DNA hybrid interactome constitutes

a powerful resource to study R-loop biology in health and

disease.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfections, and Drug Treatments

HeLa and HEK293T cells were grown as described (Skourti-Stathaki et al.,

2011). Cells were treated with 5 mg/mL actinomycin D for 6 hr, 10 mM CPT

for the indicated time, 100 mM DRB for 3 hr, 50 mM cordycepin for 4 hr, and

10 mM or 0.1 mM Olaparib for 1 hr. Cell transfections are described in Supple-

mental Experimental Procedures.
ChIP and DIP Analysis

ChIP with 2–5 mg of the indicated antibodies was carried out as described

(Groh et al., 2014). DIP analysis with the S9.6 antibody (Boguslawski

et al., 1986) was described by Groh et al. (2014) and Skourti-Stathaki

et al. (2011). RNase H digestion with 1.5 U RNase H (M0297, NEB) per

microgram genomic DNA for 2.5 hr at 37�C was carried out before IP. The

amount of immunoprecipitated material at a particular gene region was

calculated as the percentage of input after subtracting the background

signal (no antibody control). Where stated, the values were normalized to

the indicated probes.
RNA/DNA Hybrid IP

Non-crosslinked HeLa cells were lysed in 85 mM KCl, 5 mM PIPES (pH

8.0), and 0.5% NP-40 for 10 min on ice. Pelleted nuclei were resuspended

in RSB buffer (10 mM Tris-HCl pH 7.5, 200 mM NaCl, 2.5 mM MgCl2) with

0.2% sodium deoxycholate [NaDOC], 0.1% SDS, 0.05% sodium lauroyl

sarcosinate [Na sarkosyl] and 0.5% Triton X-100, and extracts were soni-

cated for 10 min (Diagenode Bioruptor). Extracts were then diluted 1:4 in

RSB with 0.5% Triton X-100 (RSB + T) and subjected to IP with the S9.6

antibody, bound to protein A dynabeads (Invitrogen), and preblocked

with 0.5% BSA/PBS for 2 hr. CBP80 and IgG2a antibodies were used as

control. RNase A (PureLink, Invitrogen) was added during IP at 0.1 ng

RNase A per microgram genomic DNA. Beads were washed 4x with

RSB + T; 2x with RSB; and eluted either in 2x LDS (Invitrogen), 100 mM

DTT for 10 min at 70�C (for SDS-PAGE), or 1% SDS and 0.1 M NaHCO3

for 30 min at room temperature (for RNA/DNA hybrid slot blot). Where indi-

cated, nuclear extracts were treated with 1 U/mL benzonase (Sigma) for

30 min at 37�C before IP. Sequences and preparation of double-stranded

competitors were described by Phillips et al. (2013) and Rigby et al. (2014).

For MS analysis, eluted samples were processed by filter-aided sample

preparation (FASP) with trypsin (Wi�sniewski et al., 2009). Table S1 provides

the list of proteins that make up the RNA/DNA interactome.
Statistical Analysis

Unless otherwise stated, values represent themeans ±SEMs based on at least

three independent experiments. Asterisks indicate statistical significance

(*p < 0.05; **p < 0.01; ***p < 0.001), based on unpaired, two-tailed Student’s

t test. Correlations were calculated using Pearson’s correlation coefficient (r).
DATA AND SOFTWARE AVAILABILITY

The accession number for the RNA/DNA interactome reported in this paper is

PRIDE: PXD002960 (http://www.ebi.ac.uk/pride/archive/login).
SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and three tables and can be found with this article online at

https://doi.org/10.1016/j.celrep.2018.04.025.
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Figure S1. Design and validation of RNA/DNA hybrid IP method. Related to Figure 1 
A.  Agarose gel analysis of DNA fragment sizes from RNA/DNA hybrid IP samples, sonicated for 5, 10 and 15 min. 

DNA size markers are shown to the left of the gel. 
B.  Agarose gel analysis of RNA trimming by RNase A during RNA/DNA hybrid IP. 5 µg of purified genomic DNA, 

prepared according to the RNA/DNA hybrid IP protocol, was treated with RNase A for 2h at 37°C. Control 
samples (Ctrl 1 and Ctrl 2) were not treated with RNase A. The migration of genomic DNA and ribosomal RNA 
(18S and 28S rRNA) is indicated on the right of the gel. 

C.  S9.6 antibody specifically recognises endogenous and synthetic RNA/DNA hybrids at a wide range of 
concentrations. Slot blot analysis with S9.6 antibody. Different amounts of endogenous and synthetic RNA/DNA 
hybrids were loaded on the slot blot. 300 ng of indicated synthetic single-stranded oligonucleotides were used as 
negative controls (right top panel).  

D.  Silver-stain of CBP80 IP with nucleic acid competitors added at 1.3 uM.  
E.  RNA/DNA hybrid slot blot after benzonase treatment.  
F.  Western blot of RNA/DNA hybrid IP samples in the presence of indicated competitors added at 3.9-0.013 uM. 

Western blot was probed with histone H3 (top panel) and actin (bottom panel) antibodies.  
G-H.  Silver-stain of RNA/DNA hybrid IP with dsRNA (G) and dsDNA (H) competitors.  
 
Asterisk (*) indicates the heavy chain from the S9.6 and IgG2a antibodies. Band labelled (**) in ‘No Ab’ lane 
corresponds to BSA, used to block protein A Dynabeads. 
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Figure S2. RNA/DNA hybrid interactome analysis. Related to Figure 2 
A.  RNA/DNA hybrid IP is highly reproducible. The panel shows the correlation between log2 enrichment RNA/DNA 

hybrid IP / Control IP of proteins quantified in three independent biological replicates of RNA/DNA hybrid IP by 
mass spectrometry.  

B.  Volcano plot displaying mass spectrometry results of three biological replicates of RNA/DNA hybrid IP 
experiments, using normalised spectral indexes (SIN) quantification method, as implemented in the SINQ software 
(Trudgian et al., 2011). Averaged log2 ratios between RNA/DNA hybrid IP and control IP, carried out in the 
presence of 1.3 uM synthetic RNA/DNA hybrid, are plotted against their Benjamini-Hochberg corrected -log10 p-
values calculated across all three biological replicates using a moderated t-test. Proteins (n=338) significantly 
enriched in R-loop IP/Control are plotted in orange. Dashed lines indicate the significance cutoffs (log2 enrichment 
> 2 and –log10 > 2). 

C.  Correlation between protein enrichment in RNA/DNA hybrid IP/Control IP of proteins quantified by MaxQuant 
method and SIN method. 

D.  Classification of proteins identified in RNA/DNA hybrid IP mass spectrometry on the basis on moderated t-test of 
three biological replicates with p-value corrected according to Benjamini-Hochberg. 469 Proteins enriched in 
RNA/DNA hybrid IP (corrected p-value <0.01) represented the ‘RNA/DNA hybrid interactome’. The RNA/DNA 
hybrid interactome was further subdivided into three classes according to the corrected p-values: top 25% (class I), 
middle 50% (class II), and bottom 25% (class III). 379 proteins were identified but not enriched (grey). 

E.  Cellular compartment analysis of RNA/DNA hybrid interactome (p < 0.01). Asterisks (***) indicate highly 
significant enrichment of the depicted compartments in RNA/DNA hybrid IP as determined by Fisher’s exact test 
(Benjamini-Hochberg corrected p-values of 2x10-127, 1x10-69, 8x10-113, respectively). 

F.  Relative protein abundance in RNA/DNA hybrid interactome as compared to the total cellular protein abundance in 
HeLa cells (Geiger et al., 2012). Log2 enrichment RNA/DNA hybrid IP/Control IP of proteins in RNA/DNA hybrid 
interactome (x-axis) is plotted against their corresponding Log2 abundance in the total HeLa proteome (y-axis). 

G.  Protein domains overrepresented in RNA/DNA hybrid IP. Analysis of enrichment of Pfam InterPro Domains in 
RNA/DNA hybrid interactome using ‘Enrichr’ software (Chen et al., 2013). Top thirteen significantly 
overrepresented protein domains as determined by Fisher’s exact test are shown and ranked according to their 
Benjamini-Hochberg corrected p-value. 

H.  Relative protein abundance in RNA/DNA hybrid interactome compared to chromatin probability (Kustatscher et 
al., 2014). Log2 enrichment RNA/DNA hybrid IP/Control IP of proteins in RNA/DNA hybrid interactome (x-axis) 
is plotted against their corresponding chromatin probability (y-axis). 

I-J.  Enrichment analysis of abundant protein families (I) and factors mediating genome stability (Paulsen et al., 2009)  
(J) in the RNA/DNA hybrid interactome.  
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A.  RNA/DNA hybrid slot blot of HeLa genomic DNA from nuclear extracts treated with 0.1 mg/ml RNase A for 1 h 

at 37°C and probed with S9.6 antibody. 
B.  RNA/DNA hybrid slot blot of genomic DNA from HeLa cells transfected with control (siCtrl) or the indicated 
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C-H.  Western blot of whole cell extracts from HeLa cells transfected with control (siCtrl) or indicated siRNAs  
          sequences. Blots were probed with the indicated antibodies. Tubulin and Top1 were used as loading controls. 
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Figure S4. DHX9 binds R-loops in vivo and promotes transcription termination. Related to Figure 4 
A.  Western blot of RNA/DNA hybrids IP samples. Nuclear extracts were treated with benzonase (1 U/ul) for 30 min 

prior to IP with S9.6 antibody. Western blot was probed with DHX9 antibody.  
B.  Western blot of DHX9 in RNA/DNA hybrid IP in presence of the indicated synthetic competitors.  
C.  Diagram of β-actin (left panel) and γ-actin (right panel) genes. Exons are black, UTRs are white, TSS is 

transcriptional start site. qPCR amplicons are shown below the diagram. Grey box denotes a termination region. 
D.  DHX9 ChIP in HeLa cells on β-actin (left panel) and γ-actin (right panel) genes. Values are % of Input.  
E.  DIP in HeLa cells, transfected with control (siCtrl), DHX9 #1 and SETX siRNAs, on β-actin (left panel) and γ-

actin (right panel) genes. Values are percentage of input from Figure 4H. 
F.  DIP in HeLa cells, transfected with the indicated siRNAs targeting DHX9 or with a control sequence (siCtrl), on 

β-actin (left panel) and γ-actin (right panel) genes. Values are relative to in1. 
G.  Pol II ChIP in HeLa cells, transfected with control (siCtrl), DHX9 #1 and SETX siRNAs, on β-actin (left panel) 

and γ-actin (right panel) genes. Values are normalized to β-actin in 3 and γ-actin in 1, respectively. 
Bars in D-G represent the average values from at least three independent experiments +/- SEM with * p<0.05, 
**p<0.01, *** p<0.001 (unpaired, two-tailed Student’s t test). 
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Figure S5. DNA damage and R-loop induction upon CPT treatment. Related to Figure 5 
A.  Western blot of total HeLa extracts, treated with DMSO or CPT for the indicated times, probed with indicated 

antibodies. Actin was used as loading control. 
B.  IF analysis of R-loops using S9.6 antibody (green) in Hela cells transfected with DHX9 #1 or control siRNA and 

treated with DMSO or CPT for 5 min. DAPI (blue) depicts the nuclei. Cells were treated (+) or left untreated (-) 
with RNase H prior to S9.6 staining. Top panel: representative images. Bar: 10 um. Bottom panel: S9.6 intensity 
per nucleus. More than 100 nuclei were analyzed per condition (n=3, apart from RNase H conditions that are 
n=2). The box represents the 25-75 percentile range with the median plotted as horizontal bar; the whiskers are 
set to 10-90 percentile range. Dots outside the whiskers represent nuclei that are not in the 10-90 percentile 
range. *** p<0.001, ****, p<0.0001 (One-way ANOVA test). 

C.  Pol II ChIP in HeLa cells, treated with DMSO or CPT for the indicated times, on β-actin gene. Values are 
relative to in1 amplicon in DMSO-treated samples.  

D.  γH2AX ChIP in HeLa cells, treated with DMSO or CPT for 60 min, on β-actin gene. γH2AX values are 
normalized to total H2AX signal for each amplicon. 

E.  DIP in HeLa cells, transfected with control (shades of blue) or DHX9 #1 (shades of red) siRNA and treated with 
DMSO or CPT for 20 min, on β-actin gene. HeLa genomic DNA was untreated (-) or treated (+) with RNase H 
prior to IP with S9.6 antibody. Values are relative to in1 for each siRNA. The p-value is calculated for each 
condition for + RNase H samples versus the - RNase H samples.   

Bars in C-E represent the average values from at least three independent experiments +/- SEM with 	
* p<0.05, ** p<0.01, *** p<0.001 (unpaired, two-tailed Student’s t test). 
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Figure S6. Effects of PARylation inhibition and PARP1 depletion on R-loops and DHX9. Related to Figure 5	
A.  Western blot of whole cells extracts from HeLa cells treated with DMSO or 10 uM Olaparib before the addition 

of DMSO or CPT for the indicated times. Blots were probed with anti-PAR antibody. Actin was used as loading 
control.  

B.  DIP analysis in HeLa cells, treated with DMSO (shades of blue) or 0.1 uM Olaparib (shades of green) before the 
addition of DMSO or CPT for 60 min, on β-actin gene. Values are relative to in1 for DMSO and Olaparib. The 
p-value is calculated for each amplicon for the Olaparib + CPT samples versus the DMSO + CPT samples.  	

C.  DIP analysis in HeLa cells, transfected with control (siCtrl, shades of blue) and PARP1 siRNAs (shades of 
green) and treated with DMSO or CPT for 60 min, on β-actin gene. Values are relative to in1 for each siRNA. 
The p-value is calculated for the siPARP1 versus the siCtrl sample. 

D.  DIP analysis in HeLa cells, transfected with siRNA targeting DHX9 (DHX9 #1) and treated with DMSO or 10 
uM Olaparib before the addition of DMSO or CPT for 60 min, on β-actin gene. Values are relative to in1 for 
DMSO and Olaparib. 

E.  DHX9 ChIP in HeLa cells, transfected with control (siCtrl, shades of blue) and PARP1 siRNAs (shades of 
green) and treated with DMSO or CPT for 60 min, on β-actin gene. Values are relative to in1 in siCtrl DMSO-
treated samples. 

F.  PARP1 ChIP in HeLa cells (using anti-PARP1 from Proteintech #22999-1-AP), transfected with control (siCtrl, 
shades of blue) and DHX9 #1 siRNAs (shades of red) and treated with DMSO or CPT for 60 min, on β-actin 
gene. Values are relative to in1 in siCtrl DMSO-treated samples. 

Bars in B-F represent the average values from at least three independent experiments +/- SEM with * p<0.05 
(unpaired, two-tailed Student’s t test). 
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Figure S7. CPT-induced DNA damage in DHX9-depleted cells is transcription-dependent and decreases with 
RNase H1 overexpression. Related to Figure 6	

A.  IF analysis of HeLa cells transfected with DHX9 #1 or control siRNA and treated with Cordycepin before the 
addition of DMSO or CPT for 60 min and stained for γH2AX (red) and DAPI (blue). Left panel: 
representative images. Bars: 10 um. Right panel: γH2AX fluorescence intensity per nucleus from a 
representative experiment (≥ 300 nuclei were analyzed per condition). The horizontal red bar represents the 
means and each dot one nucleus.  

B.  IF analysis of HeLa cells transfected with DHX9 #1 siRNA and treated with DMSO or CPT for 60 min and 
then co-stained for γH2AX (red), RNase H1 (green) and DAPI (blue). Arrows indicate RNase H1 transfected 
cells. Top panel: representative images. Bars: 10 um. Bottom panel: γH2AX fluorescence intensity per nucleus 
from one representative experiment. Fluorescence was calculated for the cells with (+) or without (-) RNase 
H1 overexpression (green staining) in each condition. The horizontal red bar represents the median value of 
fluorescence and each dot corresponds to one nucleus.  
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Table S1: Full protein list of RNA/DNA hybrid interactome. Related to Figure 2  
 
 
Table S2. Representative RNA/DNA hybrid interactors identified by MS. Related to Figure 2 

Gene Protein name Enrichment p-value Class 

Transcription 
DDX5 Probable ATP-dependent RNA 

helicase DDX5 
10.34 1.32E-06 I 

ZNF326 DBIRD complex subunit ZNF326 10.09 2.83E-06 I 
CTCF Transcriptional repressor CTCF 8.58 2.88E-06 I 
MED19 Mediator of RNA polymerase II 

transcription subunit 19 
6.35 8.20E-06 II 

TTF1 Transcription termination factor 1 8.33 8.67E-06 II 
Splicing and Processing 

SYNCRIP Heterogeneous nuclear 
ribonucleoprotein Q 

11.69 1.91E-06 I 

SNRPE Small nuclear ribonucleoprotein E 8.77 3.04E-06 I 
PRPF19 Pre-mRNA-processing factor 19 10.89 3.45E-06 I 
HNRNPA1 Heterogeneous nuclear 

ribonucleoprotein A1 
7.50 4.03E-06 II 

TRA2A Transformer-2 protein homolog alpha 9.88 4.97E-06 II 
SRPK1 SRSF protein kinase 1 7.07 1.10E-05 II 
U2AF1 Splicing factor U2AF 65 kDa subunit 6.33 1.38E-05 II 
SRSF9 Serine/arginine-rich splicing factor 9 7.51 2.60E-05 II 
SNRNP70 U1 small nuclear ribonucleoprotein 70 

kDa 
9.47 1.66E-04 II 

U2AF2 Splicing factor U2AF 65 kDa subunit 4.89 2.38E-04 III 
Epigenetic gene regulation 

WHSC1 Histone-lysine N-methyltransferase 
NSD2 

9.78 2.42E-06 I 

HP1BP3 Heterochromatin protein 1-binding 
protein 3 

10.27 3.04E-06 I 

HDAC2 Histone deacetylase 2 8.09 5.17E-06 II 
BAZ1B Tyrosine-protein kinase BAZ1B 8.97 5.97E-06 II 
MBD2 Methyl-CpG-binding domain protein 2 7.33 1.77E-05 II 
NAT10 N-acetyltransferase 10 9.15 3.42E-05 II 
KMT2A Histone-lysine N-methyltransferase 2A 6.17 3.82E-05 II 
CDYL Chromodomain Y-like protein 5.63 3.87E-05 II 
BRD7 Bromodomain-containing protein 7 6.73 6.04E-05 II 
CBX3 Chromobox protein homolog 3 7.80 8.06E-05 II 
RUVBL2 RuvB-like 2 5.40 1.58E-04 II 
DNMT1 DNA (cytosine-5)-methyltransferase 1 4.99 1.71E-04 II 
SUV39H1 Histone-lysine N-methyltransferase 

SUV39H1 
4.01 1.25E-03 III 

CBX5 Chromobox protein homolog 5 2.80 1.56E-03 III 
SMARCA5 SWI/SNF-related matrix-associated 

actin-dependent regulator of chromatin 
subfamily A member 5 

5.75 4.41E-03 III 

DNA replication and repair 
TOP2A DNA topoisomerase 2-alpha 7.82 7.76E-06 II 



	

PRKDC DNA-dependent protein kinase 
catalytic subunit 

7.30 1.94E-05 II 

PARP1 Poly [ADP-ribose] polymerase 1 6.47 3.42E-05 II 
PARP2 Poly [ADP-ribose] polymerase 2 5.92 9.60E-05 II 
PCNA Proliferating cell nuclear antigen 4.37 1.42E-04 II 
DDB1 DNA damage-binding protein 1 5.75 2.87E-04 III 
XAB2 XPA Binding Protein 2 5.13 3.71E-04 III 
MCM3 DNA replication licensing factor 

MCM3 
3.31 2.81E-03 III 

 
 
Table S3. RNA/DNA hybrid interactors identified by MS with known implication in R-loop biology in 
mammalian cells. Related to Figure 2 

Gene Protein name Enrichment p-value Class Notes Reference 

 
Transcription 

DHX9 ATP-dependent RNA 
helicase A 

12.85 1.11E-06 
 

I In vitro (Chakrabort
y and 
Grosse, 
2011) 

ILF3 Interleukin enhancer-binding 
factor 3 

11.59 1.82E-06 
 

I  (Nadel et al., 
2015) 

ILF2 Interleukin enhancer-binding 
factor 2 

11.78 2.27E-06 I  (Nadel et al., 
2015) 

XRN2 5-3 exoribonuclease 2 9.82 4.10E-06 II  (Morales et 
al., 2016) 

DDX1 ATP-dependent RNA 
helicase DDX1 

8.29 4.94E-06 II  (Li et al., 
2016; Li et 
al., 2008) 

SUPT16H FACT complex subunit 
SPT16 

6.23 2.12E-04 II  (Herrera-
Moyano et 
al., 2014) 

SNW1 SNW domain-containing 
protein 1 

8.26 2.39E-04 III  (Paulsen et 
al., 2009) 

SSRP1 FACT complex subunit 
SSRP1 

4.23 1.86E-03 III  (Herrera-
Moyano et 
al., 2014) 

 
RNA processing and export 

DDX21 Nucleolar RNA helicase 14.98 7.91E-07 
 

I  (Song et al., 
2017) 

HNRNPC Heterogeneous nuclear 
ribonucleoproteins C1/C2 

10.56 1.29E-06 
 

I  (Nadel et al., 
2015) 

SNRPD1 Small nuclear 
ribonucleoprotein Sm D1 

10.95 1.32E-06 I  (Paulsen et 
al., 2009) 

SNRPB Small nuclear 
ribonucleoprotein-associated 
proteins B 

9.33 1.87E-06 I  (Paulsen et 
al., 2009) 

HNRNPU Heterogeneous nuclear 
ribonucleoprotein U 

14.91 3.62E-06 II  (Britton et 
al., 2014) 



	

SNRPD3 Small nuclear 
ribonucleoprotein Sm D3 

8.42 3.88E-06 II  (Paulsen et 
al., 2009) 

SNRPA1 U2 small nuclear 
ribonucleoprotein A 

8.51 4.03E-06 II  (Paulsen et 
al., 2009) 

SNRNP40 U5 small nuclear 
ribonucleoprotein 40 kDa 
protein 

7.91 8.88E-06 II  (Tresini et 
al., 2015) 

FUS RNA-binding protein FUS 7.94 1.23E-05 II  (Hill et al., 
2016; Wang 
et al., 2015) 

TARDBP TAR DNA-binding protein 
43 

8.17 1.85E-05 II  (Hill et al., 
2016) 

PRPF8 Pre-mRNA-processing-
splicing factor 8 

10.44 2.10E-05 II  (Tresini et 
al., 2015) 

DDX23 Probable ATP-dependent 
RNA helicase DDX23 

6.97 2.11E-05 II  (Sridhara et 
al., 2017) 

TARBP2 RISC-loading complex 
subunit TARBP2 

5.69 3.24E-05 II In vitro (Vukovic et 
al., 2014) 

TAF15 TATA-binding protein-
associated factor 2N 

5.10 8.7E-05 II Direct 
function in 
R-loop 
biology is 
not 
determined 

(Britton et 
al., 2014) 

CRNKL1 Crooked neck-like protein 1 5.63 1.52E-04 II  (Paulsen et 
al., 2009) 

CDC40 Pre-mRNA-processing 
factor 17 

6.70 2.08E-04 II  (Paulsen et 
al., 2009) 

SRPK2 
 

SRSF protein kinase 2 6.08 2.58E-04 III  (Sridhara et 
al., 2017) 

SRSF3 Serine/arginine-rich splicing 
factor 3 

3.99 3.49E-04 III In vitro (Li and 
Manley, 
2005) 

SRSF2 Serine/arginine-rich splicing 
factor 2 

3.68 5.58E-04 III  (Chen et al., 
2018; Li and 
Manley, 
2005) 

SRSF1 Serine/arginine-rich splicing 
factor 1 

3.03 9.84E-04 III  (Li and 
Manley, 
2005; Tuduri 
et al., 2009)  

SF3B2 Splicing factor 3B subunit 2 5.20 2.69E-03 III  (Tresini et 
al., 2015) 

EIF4A Eukaryotic initiation factor 
4A 

6.31 2.99E-04 III In vitro (Du et al., 
2002) 

FIP1L1 
 

Pre-mRNA 3-end-
processing factor FIP1 

5.16 2.40E-04 III Direct 
function in 
R-loop 
biology is 
not 
determined 
in human 
cells 
 

(Stirling et 
al., 2012) 



DNA Topology 
TOP1 DNA topoisomerase 1 4.61 1.83E-04 II (Groh et al., 

2014; 
Marinello et 
al., 2016; 
Marinello et 
al., 2013; 
Sollier et al., 
2014; Sordet 
et al., 2009; 
Tuduri et al., 
2009) 

Replication 
MCM5 DNA replication licensing 

factor MCM5 
5.00 3.71E-04 III Murine B 

cell lines 
(Wiedemann 
et al., 2016) 

Mitosis 
BUB3 Mitotic checkpoint protein 

BUB3 
5.52 3.29E-04 III (Wan et al., 

2015) 
ZNF207 Zinc finger protein 207 4.71 4.14E-04 III (Wan et al., 

2015) 

Supplemental experimental procedures 

Oligonucleotide sequences  

Name Sequence (5’      3’) 
β-actin gene 
5’prom (F) CCA CCT GGG TAC ACA CAG TCT 
5’prom (R) TGT CCT TGT CAC CCT TTC TTG 
prom (F) CCG AAA GTT GCC TTT TAT GGC 
prom (R) CAA AGG CGA GGC TCT GTG C 
in1 (F) CGG GGT CTT TGT CTG AGC 
in1 (R) CAG TTA GCG CCC AAA GGA C 
in3(F) TAA CAC TGG CTC GTG TGA CAA 
in3(R) AAG TGC AAA GAA CAC GGC TAA 
in5(F) GGA GCT GTC ACA TCC AGG GTC 
in5(R) TGC TGA TCC ACA TCT GCT GG 
5’pause (F) TTA CCC AGA GTG CAG GTG TG 
5’pause (R) CCC CAA TAA GCA GGA ACA GA 
pause (F) GGG ACT ATT TGG GGG TGT CT 
pause (R) TCC CAT AGG TGA AGG CAA AG 
C (F) TGG GCC ACT TAA TCA TTC AAC 
C (R) CCT CAC TTC CAG ACT GAC AGC 
D (F) CAG TGG TGT GGT GTG ATC TTG 
D (R) GGC AAA ACC CTG TAT CTG TGA 



	

F (F) CCA TCA CGT CCA GCC TAT TT 
F (R) TGT GTG AGT CCA GGA GTT GG 
  
γ-actin  
prom (F) GGA AAG ATC GCC ATA TAT GGA C 
prom (R) TCA CCG GCA GAG AAA CGC GAC 
in1 (F) CCG CAG TGC AGA CTT CCG AG 
in1 (R) CGG GCG CGT CTG TAA CAC GG 
ex5(F) GTG ACA CAG CAT CAC TAA GG 
ex5 (R) ACA GCA CCG TGT TGG CGT 
A (F) TTC GTG GGC TGG TGA GAA AA 
A (R) CTC CAA CAC CCA AAC CCA CT 
B (F) GGG TCA AGG GAT CGT TCT G 
B (R) GCC TGG AGC TCA GTA AGC 
C (F) GAG GTT TGA GAC TGC AGT GAG 
C (R) CAG ACA TAA TTT TGT GGG GTT TG 
  
Synthetic competitors for RNA/DNA hybrid IP  
ssDNA (sense) CGG TGT GAA TCA GAC 
ssDNA (anti-sense) GTC TGA TTC ACA CCG 
ssRNA (sense) CGG UGU GAA UCA GAC 
ssRNA (anti-sense) GUC UGA UUC ACA CCG 
ds AU-rich RNA (sense) AAU UAC AUU GAU AGA AUU AUU AG 
ds AU-rich RNA (anti-sense) CUA AUA AUU CUA UCA AUG UAA UU 
  
siRNA sequences  All siRNAs are terminated by dTdT 
control siRNA (siGENOME non-targeting siRNA#1, 
GE Life Science) 

Sequence is licenced (D-001210-01)  

DHX9 #1 siRNA (Thermo Fisher)  5’-GAAGUGCAAGCGACUCUAG-3’ 

DHX9 #2 siRNA (Thermo Fisher) Sequence is licenced (s4019) 

DHX9 #3 siRNA (GE Life Science) Sequence is licenced (D-009950-01) 

SETX siRNA (Invitrogen) 5’- AUUUGACGACGGCUUCCACCCAUUG-3’ 
Top1 siRNA (Thermo Fisher) 5’-GGACUCCAUCAGAUACUAU-3’ 
WHSC1 siRNA (Thermo Fisher) 5’- AACGGCCAGAACAAGCUCUUA -3’ 
SAFB2 siRNA (Thermo Fisher) 5’-GAGUCAGGAUCGCAAGUCA-3’ 
DNA-PK siRNA (Thermo Fisher) 5’-GGGCGCUAAUCGUACUGAA-3’ 
PARP1 siRNA (Thermo Fisher) 5’- GAAAGUGUGUUCAACUAAU-3’ 
 

siRNA and plasmid transfections 
Transfection of plasmids and siRNAs was performed with Lipofectamine 2000 (Thermo Fisher Scientific) 

using the manufacturer’s instructions. HeLa cells were transfected for 24 h and HEK293T cells for 48 h with pFlag 
(Sigma Aldrich, E7398), RNaseH1-Flag or RNaseH1-no tag plasmid (Groh et al., 2014). RNA interference was 
performed with Lipofectamine 2000 (Thermo Fisher Scientific) using the manufacturer’s instructions. DHX9 and 
SETX siRNAs were transfected as described (Andersen et al., 2013). 
 



	

Mass Spectrometry analysis 
Peptides prepared using FASP were analysed on an Ultimate 3000 RSLCnano HPLC (Dionex, Camberley, 

UK) system run in direct injection mode coupled to a QExactive Orbitrap mass spectrometer (Thermo Electron, 
Hemel Hempstead, UK). Protein samples were resolved on a 25cm by 75 micron inner diameter picotip analytical 
column (New Objective, Woburn, MA, USA) which was packed in-house with ProntoSIL 120-3 C18 Ace-EPS 
phase, 3µm bead (Bischoff Chromatography, Germany). The system was operated at a flow-rate of 300nL min-1. A 
120 min gradient was used to separate the peptides. The mass spectrometer was operated in a ‘Top 20’ data-
dependent acquisition mode. Precursor scans were performed in the orbitrap at a resolving power of 70,000, from 
which the twenty most intense precursor ions were selected by the quadrupole and fragmented by HCD at a 
normalised collision energy of 30%. The quadrupole isolation window was set at 1.6 m/z.  Charge state +1 ions and 
undetermined charge state ions were rejected from selection for fragmentation. Dynamic exclusion was enabled for 
27s. Mass spectrometry data processing for all figures (except Figure S2B) was carried out using MaxQuant 1.5.0.35 
and Andromeda search engine (Cox and Mann, 2008; Cox et al., 2011). Enzyme specificity was set to trypsin/P, 
allowing a maximum of two missed cleavages. Cysteine carbamidomethylation was selected as fixed and protein N-
terminal acetylation and methionine oxidation as variable modifications. Initial mass tolerance of precursor ions was 
set to 50 ppm. Proteins and peptides were identified with FDR < 0.01 with a minimum peptide length of 7 amino 
acids. Protein identification required one unique peptide to the protein group. For protein quantification a minimum 
of two ratio counts were set and ‘match between runs’ function enabled. The initial 848 identified proteins were 
filtered for occurrence in at least three samples using Perseus 1.5.2.6. Common contaminants such as keratins and 
proteins of the large and small ribosomal subunits (RPL and RPS) were filtered out, due to their known contribution 
as contaminants and unresolved interactions in affinity purification procedures (Mellacheruvu et al., 2013).  

For additional validation of the RNA/DNA hybrid interactome, an independent mass spectrometry 
quantitation pipeline was used, which is based on MS/MS spectra rather than ion intensities. For this, data were 
converted from .RAW to .MGF using ProteoWizard (Chambers et al., 2012). Data were analysed using the Central 
Proteomics Facility Pipeline software (Trudgian et al., 2010). Peptide searches were performed using the 
InterProphet meta-search combining Mascot, X! Tandem with the k-score plugin, and OMSSA against concatenated 
target/decoy sequence databases. Proteins were identified with at least two peptide sequences, with at least one 
unique peptide, FDR<1%.  Relative label-free quantitation of proteins was carried out using the normalised spectral 
index implemented in the SINQ software (Trudgian et al., 2011).  

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the 
PRIDE partner repository (Vizcaino et al., 2013) with the dataset identifier PXD002960 
(www.ebi.ac.uk/pride/archive/login). Username: reviewer61059@ebi.ac.uk; Password: 3EpnlBv8.  
  
 
Bioinformatical analyses 

Statistical analysis of the mass spectrometry data from RNA/DNA hybrid IP is based on 3 independent 
biological replicates and was performed essentially as described elsewhere (Castello et al., 2012; Kwon et al., 2013). 
In short, intensity values were log2-transformed and missing values were imputed with random numbers from a 
normal distribution to simulate low abundance values below noise level in Perseus 1.5.2.6, as described (Raschle et 
al., 2015). Using the limma package in R/Bioconductor, a linear model was fitted to these data to calculate the log2 
enrichment between RNA/DNA hybrid IP and control samples. An empirical Bayes moderated t-test was used to 
calculate p-values (Smyth, 2004) . P-values were then corrected for multiple testing by Benjamini-Hochberg 
method. Proteins enriched in RNA/DNA hybrid IP compared to control were included in the “RNA/DNA hybrid 
Interactome” if their corrected p-values < 0.01. 

Cellular compartment analysis was based on GO term cellular component analysis. Fisher’s exact test was 
used to calculate statistical enrichment, using Benjamini-Hochberg correction for multiple testing. Proteins were 
classified into the groups ‘nucleus’, ‘nucleolus’, ‘nucleoplasm’ and ‘cytoplasm’, with the latter group consisting of 
proteins that are exclusively cytoplasmic. 

Overrepresentation analysis of protein classes was performed using the PANTHER database 
(www.pantherdb.org), version 10.0 (Mi et al., 2013). PANTHER protein classes overrepresented in the RNA/DNA 
hybrid IP were ranked according to their Benjamini-Hochberg-corrected p-values (p-value threshold 0.05) and the 
17 most-significant groups were manually curated for redundancy.  

Venn diagram representation of the overlap of RNA/DNA hybrid interactome with the HeLa mRNA 
interactome is based on (Castello et al., 2012). Two subgroups, proteins identified both in RNA/DNA hybrid 
interactome and HeLa interactome, and proteins exclusively identified in RNA/DNA hybrid interactome, were 
further examined for overrepresented protein classes using PANTHER, as described above. 



	

Chromatin probability assignment was based on previously published data (Kustatscher et al., 2014) by 
assigning Interphase Chromatin Probability (ICP) values to the proteins in the RNA/DNA hybrid interactome. As 
comparison, ICP values are shown for the whole list of 7635 HeLa proteins as provided in (Kustatscher et al., 2014).  

Genetic alterations of helicases identified in RNA/DNA hybrid interactome was carried out using the 
COSMIC database (cancer.sanger.ac.uk) (Forbes et al., 2015). In brief, total number of copy number variations 
(either gain or loss) were retrieved for each gene and expressed as percentage of total cancer samples annotated in 
the database, independently of the tissue. Data were plotted alongside two tumour suppressor genes and oncogenes. 
Differential mRNA expression analysis in cancer was performed using the ONCOMINE platform 
(www.oncomine.org) (Rhodes et al., 2007), with a p-value threshold of < 0.05 and a minimal fold-change of 2 
between cancer and matched control samples. Cancer case studies with significant alterations were grouped based 
on whether the gene was amongst the top 1%, top 5%, or top 10% of all altered genes. 
 
 
Antibodies 

The following antibodies were used for ChIP: DHX9 (Abcam, ab26271, Lot#GR83942 and #187365), 
γH2AX (Millipore, 07-164), H2AX (Millipore, 07-627), H3 (Abcam, ab1791), PARP1 (Abcam ab6079, Proteintech 
22999-1-AP) and Pol II (Santa Cruz, H-224). Antibodies used for IP, western blotting and IF: actin (Sigma, A2066), 
CBP80 (sc-48803, Santa Cruz), DDX5 (Bethyl, A300-523A), DDX1 (Proteintech, 11357-1-AP), DHX9 (Abcam, 
ab26271), DNA-PKcs (Abcam, ab1832), Drosha (Cell Signalling, D28B1), γH2AX (Millipore, 05-636), H3 
(Abcam, ab1791), IgG2a (M5409, Sigma), Lamin B1 (Abcam, ab16048), Nuclear Pore Complex (Abcam, ab24609), 
anti-PAR (Trevigen, 4336-BPC-100), PARP1 (Abcam ab32138), RNA Pol II (Abcam, ab817), RNase H1 
(Proteintech 156061-AP), SAFB2 (A301-113A-T), SETX (Bethyl, A301-105A), SRSF1 (LifeTechnologies, Clone 
96), Topoisomerase I (Abcam, ab109374), alpha-tubulin (Sigma, T5168), WHSC1 (Abcam, ab75359), XRN2 
(Proteintech, 11267-1-AP). 

 
 
RNA/DNA hybrid slot blot 

The slot blot was performed as described (Kotsantis et al., 2016; Sollier et al., 2014). RNase H sensitivity 
was carried out by incubation with 2 U of RNase H (NEB, M0297) per ug of genomic DNA for 2.5 h at 37 °C. 
Images were acquired with LAS-4000 (Fujifilm) (Figure 3) or by chemiluminescence using autoradiography in other 
figures. S9.6 signal was quantified using Image Studio Lite software (Li-COR Biosciences). 
 
 
Immunoprecipitation and protein analysis  

HeLa cells at 85% confluency were washed with PBS and lysed in RSB+T (10 mM TRIS pH 7.5, 200 mM 
NaCl, 2.5mM MgCl2, 0.5% Triton X-100) on ice, followed by brief sonication (Diagenode Bioruptor). After 
removal of insoluble material, 1 mg of extracts were incubated with 3 ug of antibodies overnight. Immuno-
complexes were captured with protein A dynabeads (Invitrogen), washed in RSB+T and eluted as described for 
RNA/DNA hybrid IP. 

To prepare whole cell extracts, cells were lysed in RIPA buffer or in 1% SDS and 10 mM Tris-HCl (pH 
7.4) buffer as described (Cristini et al., 2016), supplemented with protease inhibitor cocktail (Roche). Silver staining 
of SDS-PAGE gels was carried as in (Green and Sambrook, 2012). 
 
 
RNA/DNA hybrid IP with RNase H treatment 

Genomic DNA containing RNA/DNA hybrids was isolated as described before (Groh et al., 2014) and 
treated with 5.5 U of RNase H (NEB, M0297) per ug of DNA overnight at 37 °C. DNA was sonicated for 10 min 
(Diagenode Bioruptor) prior to RNase H treatment for IP and western blot analysis or left unsonicated for the slot 
blot. A fraction of the genomic DNA was stored as ‘genomic DNA Input’ for the slot blot. Genomic DNA (4 ug for 
western blot and 30 ug for the slot blot) was enriched for RNA/DNA hybrids by immuno-precipitation with S9.6 
antibody, bound to protein A dynabeads (Invitrogen), pre-blocked with 0.5% BSA/PBS, for 2 h at 4 °C. Beads were 
washed 3x with RSB+T and incubated for 2 h at 4 °C with diluted HeLa nuclear extracts containing 15 ug proteins, 
prepared as described for RNA/DNA hybrid IP and pre-treated with 0.1 mg/ml RNase A (PureLink, Invitrogen) for 
1 h at 37 °C to degrade all RNA/DNA hybrids (Figure S3A). Excess of RNase A was blocked by adding 200 U of 



	

RNasin (Promega) to IPs. 100 ul fraction of diluted and RNase A pre-treated extracts prior to IP was stored as 
‘Protein Input’ for western blot. Bead washes and elution were performed as described for RNA/DNA hybrid IP. 

 
 

Immunofluorescence microscopy (IF) 
For DHX9 IF, cells were fixed with 3% PFA, washed, permeabilised and blocked in PBS, 1% goat serum, 

0.5% triton X-100, followed by incubation with DHX9 antibody. γH2AX and RNase H1 IF were carried out as 
described (Cristini et al., 2016; Sordet et al., 2009). For S9.6 IF, cells were fixed with ice-cold methanol for 10 min 
at -20 °C, washed with PBS and permeabilized with Triton 0.1% for 10 min at RT. After PBS washes, slides were 
treated with 150 U/ml of RNase H (NEB, M0297) or left untreated for 36 h at 37 °C. After PBS washes, slides were 
blocked with 8% BSA before incubating with purified S9.6 antibody overnight at 4 °C. Slides were incubated with 
appropriate secondary antibodies, coupled to Alexa Fluor 488 or 594 (Invitrogen), and mounted using Vectashield 
with DAPI (Vector Laboratories). Images were acquired on an Axioplan 2e (Zeiss), on a confocal Olympus FV1200 
or on a confocal Zeiss 880 Airyscan. Fluorescence intensities were quantified with ImageJ (version 1.50g or 1.51k). 
 
 
RNA analysis 

Total RNA was harvested using TRIZOL reagent (Invitrogen) followed by DNase I treatment (Roche). 1-2 
µg of total RNA was reverse-transcribed using SuperScript Reverse Transcriptase III (Invitrogen) with random 
hexamers (Invitrogen) and analysed by quantitative PCR with QuantiTect SYBR green (Qiagen).  
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