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ABSTRACT

Proteins with RNA-binding activity are increasingly
being implicated in DNA damage responses (DDR).
Additionally, DNA:RNA-hybrids are rapidly generated
around DNA double-strand breaks (DSBs), and are
essential for effective repair. Here, using a meta-
analysis of proteomic data, we identify novel DNA
repair proteins and characterise a novel role for
DDX17 in DNA repair. We found DDX17 to be re-
quired for both cell survival and DNA repair in re-
sponse to numerous agents that induce DSBs. Anal-
ysis of DSB repair factor recruitment to damage sites
suggested a role for DDX17 early in the DSB ubiqui-
tin cascade. Genome-wide mapping of R-loops re-
vealed that while DDX17 promotes the formation of
DNA:RNA-hybrids around DSB sites, this role is spe-
cific to loci that have low levels of pre-existing hy-
brids. We propose that DDX17 facilitates DSB re-
pair at loci that are inefficient at forming DNA:RNA-
hybrids by catalysing the formation of DSB-induced
hybrids, thereby allowing propagation of the damage
response.

INTRODUCTION

Accurate repair of DNA damage prevents the mutations
that are the driving force behind carcinogenesis. To main-
tain fidelity our cells have evolved a network of repair
pathways that detect and resolve the various forms of
DNA damage including: nucleotide adducts, inter-strand
crosslinks, collapsed replication forks and strand breaks (1).
Double-strand breaks (DSBs) are considered the most toxic
form of DNA damage due to their relatively high propen-
sity for causing mutations (2) and, mutations in multiple

DSB repair genes are associated with an increased cancer
risk (3,4).

The complex signal transduction in response to DSBs in-
volves three DDR kinases: ataxia telangiectasia mutated
(ATM), ataxia telangiectasia and rad3-related (ATR) and
DNA-dependent protein kinase (DNA-PK) (5,6). An early
and essentially universal marker of DSBs is the phos-
phorylation of Serine 129 of histone H2AX to form � -
H2AX which directly recruits phosphorylated MDC1 to
DNA breaks. The E3-ubiquitin ligase RNF8 then binds
to MDC1 and mono-ubiquitylates other factors, including
L3MBTL2 (7) and possibly the H1 linker histone, thereby
creating a marker that recruits the E3 ligase RNF168 (8,9).
RNF168 is currently thought to poly-ubiquitylate H1, con-
tributing to decompaction of chromatin, and to mono-
ubiquitylate H2A and H2AX at two positions; K13 and
K15 (9,10). These H2A ubiquitylations facilitate the re-
cruitment of 53BP1 and BRCA1 that determine pathway
choice, either non-homologous end-joining (NHEJ) or ho-
mologous recombination (HR), respectively. HR is a high-
fidelity replication-based process, whereas NHEJ involves
rapid processing and ligation of the broken DNA ends
that can be error prone. There is growing evidence that
the DDR signalling cascade is more complex as a number
of additional factors have been implicated, including addi-
tional ubiquitin ligases, such as HUWE1 (11), as well as
RNA binding proteins, such as DROSHA and WRAP53�
(12,13). Chromatin is not only a barrier to DNA repair but
also provides the substrate for post-translational modifica-
tions and chromatin remodelling enzymes required for or-
dered recruitment of both repair factors and the chromatin
remodelling enzymes essential for repair of and recovery
from DNA damage.

There is emerging evidence for RNA and RNA bind-
ing proteins functioning in the DSB response, including
DSB repair per se (14–16). A wide variety of RNA bind-
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ing proteins have already been characterised as DNA repair
genes including the splicing factor THRAP3 (17) and the
DEAD-box helicase Senataxin (18). In addition, both on-
going transcription and RNA itself have been implicated
in the damage response, with transcription inhibitors (19–
21) and RNase treatments (19,22) both being shown to sig-
nificantly impair the damage response. While DNA:RNA-
hybrids have been detected around active DSBs and shown
to be required for efficient repair (13,18,20,23), more re-
cently, RNA polymerase III has been shown to be recruited
to DSBs where it catalyses transcription templated from the
3′ ssDNA overhang produced upon resection (16). In addi-
tion, many RNA binding proteins have been identified that
promote their formation and resolution around break sites
(13,18,24,25). Defining the roles of RNA and RNA binding
proteins in the DDR is an emerging area requiring charac-
terisation.

DDX17 is another DEAD-box helicase known to exist as
two isoforms known, p72 and p82, that result from an al-
ternative translation start site. DDX17 has RNA helicase,
annealing and branch migration activity allowing it to re-
model complex RNA structures (26–30) and is known to
function in microRNA biogenesis (26,28,31,32), ribosomal
biogenesis (27,28,31) and splicing (27,28). DDX17 inter-
acts with the miRNA processors DROSHA and DGCR8
and remodels the 3′ flanking regions of pri-miRNAs to en-
hance miRNA processing. In mice, Ddx17−/− knockout re-
sults in early embryonic lethality due to impaired miRNA
and rRNA processing (33). Interestingly, a recent report has
shown a possible role for DDX17 in resolving or preventing
FUS-mediated DNA damage in neuronal cells (34), high-
lighting potential roles of DDX17 beyond canonical RNA
biogenesis functions.

Here, we use a meta-analysis of proteomic screens
to identify novel DNA repair proteins and highlight
DDX17 as a potential repair factor. Our investigations pro-
vide evidence that DDX17 is important for maintaining
genome stability via DSB repair, specifically via facilitat-
ing RNF168 recruitment and subsequent histone ubiqui-
tylation at DSBs. Consistent with these observations, cells
deficient for DDX17 function display impaired DSB re-
pair in both NHEJ and HR pathways resulting in DNA
damage accumulating to toxic levels. Additionally, we char-
acterised a requirement for DDX17 in promoting DSB-
induced DNA:RNA-hybrid formation. Interestingly, this
role is preferentially required around DNA breaks in loci
that are naturally deficient for DNA:RNA-hybrids. Our
data suggest that DDX17 specifically facilitates DSB repair
by promoting DSB-induced hybrid formation at regions of
the genome which are inefficient at forming hybrids.

MATERIALS AND METHODS

Cell culture

U2OS, A549, DIvA, HeLA and BJ-5ta cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM,
GibCo) supplemented with 10% Fetal bovine serum and
2 mM L-glutamine with DIvA cells also containing 1 �g/ml
puromycin. All cells were incubated at 37◦C with a 5%
CO2, humidified atmosphere. hTERT immortalized RPE-1

(ATCC) cells were cultured in DMEM-F12 media supple-
mented with 10% FBS (Gibco) and 1% PenStep. hTERT-
RPE1 cells were verified by STR analysis (Eurofins Ge-
nomics). U2OS, U2OS-derived (DIvA, EJ5, HR-U2OS)
and hTERT-RPE1 cell lines are female, while A549 and BJ-
5ta cell lines are male.

Transfection and drug treatments

For DIvA, A549 and BJ-5ta cells, Dharmafect 1 was used
at a final dilution of 1/1000 and siRNA targeting either
DDX17 (Thermo, s2062 for A549 cells, s20623 for all other
experiments), RAD54 () or an untargeted control (Horizon
Discovery, D-001810-01-05) were used at a final dilution of
20 nM. Cells were cultured for 24 h prior to transfection and
treated 48 h after transfection. siRNA and Dharmafect 1
(Horizon Discovery, T-2001-03) were first diluted separately
in Optimem to a volume of 5% the final desired medium
volume, and incubated for 5min at RT. siRNA and Dhar-
mafect 1 were then combined in 1:1 ratio and incubated
for 20 min at RT. The remaining 90% of the final volume
of medium was then added and the medium on the cells
was immediately replaced with this. For siRNA transfec-
tions in hTERT-RPE1, U2OS, HR-U2OS and HeLa cells
were transfected with Oligofectamine Reagent (LifeTech-
nologies) according to manufacturer’s instructions. Briefly,
1.2–1.5 × 105 cells were plated on a 35 mm cell culture
dish. After 24 h cells were transfected with 40pmol of neg-
ative control siRNA (Dharmacon) or siRNA targeting the
gene of interest. Cells were treated and harvested 48h post
transfection. ATMi (KU55933, SelleckChem) and DNA-
PKi (NU7026) were used at 10 uM unless otherwise stated.
Olaparib (AZD2281, SelleckChem) and ICRF-193 (I4659,
Sigma) were used at indicated doses. Irradiation was per-
formed using a Mainance Millenium Sample Irradiator
containing a Cs-137 sealed source.

Western blotting

Cells were harvested by lysing in 1.2× sample loading buffer
and sonicated with a Diagenode Biorupter for 5 min on high
to shear the DNA. Samples were run on either 6% or 10%
poly-acrylamide gels and transferred in tris-glycine trans-
fer buffer containing 20% methanol and 0.01% SDS onto
nitrocellulose membranes. Membranes were blocked using
5% BSA in TBST and primary antibody probing was done
overnight at 4◦C with 5% BSA in TBST. Antibodies and di-
lutions are listed in Supplementary Table S1. Membranes
were then washed for 10 min in TBST 3 times at RT and in-
cubated with secondary antibodies (Li-COR Biosciences)
at RT for 1 h at a dilution of 1/10 000. Membranes were
then washed for 10 min in TBST 3 times at RT and im-
aged with a Li-COR Odyssey. For U2OS and hTERT-RPE1
cells, cells were lysed in Lysis Buffer (150 mM NaCl, 50 mM
Tris–HCl, pH7.5, 10% glycerol, 0.5% NP-40, 1 mM MgCl2,
1/1000 Benzonase (Sigma), phosphatase (PPI) and protease
inhibitors (PI) for 45 min on ice. After pelleting the lysed
cells at 14 000 rpm for 15 min at 4◦C, total cell extracts
(TCE) were collected and the concentration was measured
using Bradford Reagent (Sigma). 25 ug of TCE was run on
a SDS-PAGE gel at 180 V. Proteins were transferred onto a
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nitrocellulose membrane for 70 min at 100 V on ice in ice-
cold transfer buffer. Membranes were blocked with TBS-T
(1× TBS + 0.1% Tween-20) containing 5% milk for 10 min
at RT prior to primary antibody incubation overnight. Af-
ter secondary AB incubation, lane were detected by chemi-
luminescence on a Vilbur FX6 imager.

Clonogenic survival assay

For U2OS or hTERT-RPE1 cell lines, cells were trypsinized
48h after siRNA transfection and counted. 500 cells were
plated onto a 60 mm dish. For IR sensitivity assays, cells
were allowed to adhere for 1 h prior to irradiation at indi-
cated doses (Mainance Millenium Sample Irradiator con-
taining a Cs-137 sealed source), while for Olaparib and
ICRF-193 treatments, cells were directly plated in media
containing the indicated dose for the duration of the ex-
periment. Cells were grown at 37◦C for 10–14 days until
colonies were an average of 1–2 mm in diameter. Colonies
were stained with DMMB (0.25% dimethylmethylene blue
in 50% methanol) and counted.

Neutral comet assay

Cells were treated with siRNA 48 h prior to IR (3 Gy,
Mainance Millenium Sample Irradiator containing a Cs-
137 sealed source) and harvested at indicated timepoints.
Neutral comet assays were carried out according to manu-
facturer’s guidelines (Trevigen). Briefly, cells were harvested
and combined with LMAgarose (Trevigen) at a final con-
centration of 1 × 105 cells/ml and loaded onto polylysine
slides. The agarose plugs were allowed to solidify at 4◦C
for 1 h before being immersed in lysis buffer (Trevigen)
overnight at 4◦C. Slides were then equilibrated in cold elec-
trophoresis buffer (100 mM Tris pH9.0, 300 mM NaAz) for
30 min prior to electrophoresis for 1 h at 24 V. The DNA was
precipitated for 30 min at RT in DNA precipitation buffer
(1 M NH4Ac in EtOH) and washed with 70% EtOH for
a further 30 min. Slides were allowed to dry overnight at
37◦C prior to staining with SYBR green (Roche, S7563).
Images were acquired on a DeltaVision integrated micro-
scope system using the Applied Precision SoftWoRx acqui-
sition software mounted on an IX71 Olympus microscope
with a 10× air objective (Imsol). All images were taken as
single slices using a CoolSNAP HQ2 ICX-285 CCD cam-
era. Comet analysis was performed using the CometScore
software from Tritek Corporation.

Metaphase spreads

Cells were treated with 2 Gy IR (Xstrahl RS320) and al-
lowed to recover for 48 h. Cells were then captured in
metaphase by treating with 200 ng/ml colcemid (Sigma,
D7385) for 2 h and were then harvested by trypsinisation as
well as their growth medium. Cells were pelleted and resus-
pended in 10 ml 75 mM potassium chloride and allowed to
swell by incubating at 37◦C for 30 min. 5 ml of ice-cold fixa-
tive (75% methanol, 25% acetic acid) was then slowly added.
Cells were then twice pelleted, resuspended in 10 ml fixative
and incubated on ice for 2 min. Cells were pelleted and re-
suspended in 4 ml of fixative, then dropped onto glass slides

from a height of 15–20 cm using a p200 pipette. Slides were
then steamed over a water bath for 10 s and allowed to dry
overnight. The slides were then stained by immersing them
in water containing 0.1 �g/ml DAPI and then washed by
re-immersing in water and again allowed to dry overnight
before coverslips were mounted with Vectashield anti-fade
mounting medium (Vector Laboratories, H-1000). Spreads
were imaged using a Carl Zeiss LSM 710 confocal micro-
scope and counted manually in ImageJ.

Cell-cycle assay

For cell cycle analysis, HeLa cells were transfected with
siRNA as described above. 48 h post-transfection, cells were
trypinised and run through a 40 um cell strainer. Cells were
then pelleted at 300 × g for 5min in a swing-out rotor cen-
trifuge, washed once with PBS and resuspended in PBS.
Cells were then counted and 5 × 105 cells were used for Flow
cytometry analysis. The remaining cells were used to check
the extent of siRNA depletion. 5 × 105 cells were then pel-
leted at 300 × g and resuspended in 300 ul PBS. Under vor-
tex, 700 ul 100% ice-cold ethanol was added to fix the cells
dropwise. Fixed cells were then stored at –20◦C for 24 h.
Cells were then pelleted at 400 × g and the supernatant was
decanted. Cells were then briefly vortexed and washed twice
with PBS. Cells were then stained with 500 ul PBS contain-
ing 250 ug/ml propidium iodide and 40 ug/ml RNaseA)
and incubated in the dark for 30 min before analysis on a
BD FACS CantoII using BD-FACS DIVA software. Cell
populations were gated to exclude doublets and debris and
all single cells were then analysed for their PI content.

Immunofluorescence

Cells were cultured on glass coverslips and either treated
with IR, for U2OS, A549 and RPE-1 cells, or with 300nM
hydroxytamoxifen (Sigma, H6278) for 4 h, for DIvA cells.
Cells were washed once in PBS and then pre-extracted at RT
for 3 min in CSK buffer (100 mM NaCl, 300 mM sucrose,
3 mM MgCl2, 10 mM PIPES pH 7.0, 50 mM NaF, 5 mM
sodium orthovanadate, 10 mM �-glycerol phosphate and
0.7% Triton X-100). Cells were then washed once in CSK
buffer, once in PBS and then fixed using 4% paraformalde-
hyde in PBS for 20 min at RT. Cells were then washed
once in PBS, once in TBST and then blocked with TBST
containing 10% goat serum (Merck, G9023). Cells were
then washed twice in TBST for 5 min at RT and incubated
overnight at 4◦C with primary antibodies diluted in TBST
containing 1% goat serum. All primary antibodies and dilu-
tions are listed in Supplementary Table S1. Cells were then
washed 4 times with TBST for 5 min at RT before incu-
bating with Alexa-Fluor conjugated secondary antibodies
at RT for 1 h. Cells were then washed 4 times in TBST
for 5 min, dipped in water to remove residual buffer and
then mounted on glass slides using Vectashield anti-fade
hard-set mounting medium containing DAPI (Vector Lab-
oratories, H-1500). Slides were imaged using a Carl Zeiss
LSM 710 confocal microscope and images were analysed
using the Fiji distribution of ImageJ (35) via the FindFoci
plugin (36). FindFoci settings were calibrated on four ran-
domly selected images and these settings were then used to
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count the foci in all imaged nuclei. For U2OS and hTERT
RPE1 WT cells, cells were transfected 48 h prior to treat-
ment. Cells were then fixed with 4% PFA (EMS) for 10 min
at RT before permeabilisation with 0.25% Triton-X100 in
PBS for 2 min at RT. After blocking with 1% BSA in PBS
for 1 h, cells were incubated for 1h with primary antibody
at 37◦C and subsequent secondary antibody for 1 h at 37◦C.
Slides were mounted using Vectashield mounting media
with DAPI (VectorLaboratories, H1200). Images were ac-
quired on a DeltaVision integrated microscope system us-
ing the Applied Precision SoftWoRx acquisition software
mounted on an IX71 Olympus microscope with a UPLFLN
40× objective (numerical aperture [NA] 1.3) (Imsol). All
images were taken as Z-slices (0.5 �m thickness) using a
CoolSNAP HQ2 ICX-285 CCD camera. Parameters for
image acquisition were kept constant throughout each ex-
periment. Images were deconvolved using SoftWoRx con-
servative deconvolution. Quantification was carried out us-
ing FIJI software (35). In brief, after deconvolution, the im-
ages were projected using ‘sum slices’ (FIJI software) to pre-
vent data loss, and pixel clusters above a defined threshold
were counted as individual foci. For representative images,
the slices were projected using ‘max projection’.

DSB reporter assays

For the DR-GFP assays, HR-U2OS cells (Luessing et al.
2021, under review) were used, while for the NHEJ (EJ5)
U2OS derivative cell line was kindly provided by J. Stark.
2 × 106 cells were transfected with 5 ug pCBA-I-SceI plas-
mid (Addgene #26477), 40 nmol siRNA and 1 ug Cerulean-
c1 plasmid (Addgene #54604) using electroporation (Bio-
Rad electroporator). Cells were harvested and resuspended
in 500 ul PBS containing 40 nM TOPRO-3 iodide (Life
Technologies, #T3605) to identify live cells. The cells were
gated for live cells, doublet exclusion and transfected cells
(cerulean-positive). A minimum of 20 000 transfected cells
were then assessed for the expression of GFP. FACS analysis
was carried out using BD FACSCANTOII and BD-FACS
DIVA software. The remaining cells were used for checking
the knock-down efficiency by western blotting.

Resection assay

DIvA cells were seeded in six-well plates for 24 h, trans-
fected for 48 h and then treated with 300 nM hydroxyta-
moxifen for 4 h. Cells were lysed in the wells in cytoplas-
mic lysis buffer (50 mM HEPES pH7.9, 10 mM KCl2, 1.5
mM MgCl2, 0.34 M sucrose, 0.5% triton, 10% glycerol, 1
mM DTT) for 10 min on ice, washed once in cytoplasmic
lysis buffer and harvested by scraping in genomic extrac-
tion buffer (50 mM Tris pH 8.0, 5 mM EDTA pH 8.0, 1%
SDS and 0.5 mg/ml proteinase K (Invitrogen, 25530049)).
Samples were incubated at 55◦C to digest the proteins and
the DNA was then ethanol precipitated by adding 0.1 vol-
umes of 3 M sodium acetate pH 5.2 and 2.5 volumes 100%
ethanol then incubating on ice for 1 h. The DNA was pel-
leted at 15 000 × g for 10 min, washed once in 75% ethanol
and re-pelleted before air-drying and the resuspending in
water. 2 �g of DNA per sample was either digested by BanI
or HindIII restriction enzymes or left undigested in sepa-
rate reactions overnight at 37◦C. Samples were diluted to

20 ng/�l and input into qPCR reactions at 40ng/reaction
with the primers listed in Supplemental Table S2.

DNA:RNA-immunoprecipitation (DRIP)

DIvA cells were seeded on 15 cm plates for 24 h, transfected
for 48 h and then treated with 300 nM hydroxytamoxifen for
4 h before harvesting with trypsin. Cells were lysed in cyto-
plasmic lysis buffer (50 mM HEPES pH 7.9, 10 mM KCl2,
1.5 mM MgCl2, 0.34 M sucrose, 0.5% triton, 10% glycerol,
1 mM DTT) for 10 min on ice and then washed once in
cytoplasmic lysis buffer. Nuclei were pelleted at 1500 × g
for 5 min at 4◦C and then resuspended in genomic extrac-
tion buffer (50 mM Tris pH 8.0, 5 mM EDTA pH 8.0, 1%
SDS and 0.5 mg/ml proteinase K (Invitrogen, 25530049))
and incubated at 55◦C for 1 h to digest all proteins. The ge-
nomic DNA was then precipitated by adding 0.1 volumes of
3 M sodium acetate pH 5.2 and then adding 2.5 volumes of
100% ethanol and incubating at RT until the DNA visibly
precipitated. The DNA was spooled onto a P1000 pipette
tip, washed once in 75% ethanol, air dried and resuspended
in 300 ul water. 50 �g of DNA was diluted into 300 ul of
water and then sonicated for 10 cycles of 5 s on/30 s off
on the low setting in a Diagenode Biorupter and run on
a 1.2% agarose gel to ensure fragmentation. 25 ug of frag-
mented DNA was then equilibrated to 1X RNase-H buffer
and treated with 50 units of RNase-H (NEB, M0297L) for
3 h at 37◦C, then topped up with an additional 50 units of
RNase-H and incubated for a further 3 h. All samples, in-
cluding RNase-H treated controls, were then equilibrated
to 1× DRIP buffer (50 mM Tris pH 8.0, 5mM EDTA pH
8.0, 140 mM NaCl, 1% Triton X-100) and 20 �g was im-
munoprecipitated overnight at 4◦C with 10 �g S9.6 an-
tibody (Merck, MABE1095) conjugated to 100 �l Pierce
ChIP-grade protein-A/G magnetic beads (Thermo, 26162).
Beads were then washed once in 1× DRIP buffer, once in
1× DRIP buffer with 500 mM NaCl, once in LiCl buffer (10
mM Tris pH 8.0, 250 mM LiCl, 1 mM EDTA pH 8.0, 1%
NP-40) and then twice in 1× TE buffer. DNA was eluted
from the beads by incubation in 100 �l genomic extraction
buffer for 30 min at 55◦C. The eluted DNA was then puri-
fied via phenol:chloroform:isoamylalcohol (pH 8.0, Sigma
P2069) and subsequently ethanol precipitated. The DNA
was then either analysed by qPCR using Fast SYBR Green
(Thermo, 4385618) or used for a DRIP-seq. qPCR primers
used are listed in Supplemental Table S3.

DRIP-Seq

5 ng of DRIP DNA for two biological replicates was library
prepped using the Ultra II DNA library prep kit for Illu-
mina (NEB, E7645L) according to the manufacturer pro-
tocol using six PCR cycles. Libraries were then subjected
to paired-end 75 cycle sequencing on an Illumina NextSeq
500 an the raw data has been submitted to Array Ex-
press. Analysis was done using custom Bash and R scripts,
all scripts are available at https://github.com/Bushell-lab/
drip seq. Briefly, fastq files were aligned using Bowtie2 (37)
and then sorted and indexed using Samtools (38). Paired
alignments were converted to bedpe files using Bedtools and
then cut to standard bed files and converted back to bam
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files. Read coverage was calculated using Samtools Depth
and then normalised to total library size. These coverage
files were then imported into R for further processing, sta-
tistical analysis and plotting.

Proteomic meta-analysis

Published data from proteomic studies was accessed and
analysed using the Damage-Net meta-analysis tool (39).
For protein interaction networks, interaction strengths were
generated via the STRING database (40) and were then
modelled in Cytoscape (41) with groups being created via
statistical clustering using the ClusterONE plugin (42).

RESULTS

A meta-analysis of proteomic datasets identifies DDX17 as a
potentially novel DNA repair factor

Many large-scale proteomic investigations into the DNA-
damage response (DDR) have been conducted and a sub-
stantial array of such datasets have been published. There-
fore, to identify novel DNA repair factors, we conducted
a meta-analysis of 11 such proteomic datasets focussed
on DNA repair (Supplementary Figure S1A, B) (43–52).
Datasets were selected that utilised a variety of experi-
mental approaches, providing a broad set of results that
will allow identification of common hits while removing
methodology specific effects. This meta-analysis included
four major classes of approaches; chromatin association
studies (43–46), such as SILAC of chromatin-bound pro-
teins in response to UV damage, DNA-repair factor in-
teractomes (47–49), both AP-MS and Bio-ID of factors
such as BRCA1, phosphoproteomics (43,50,51) and ubiq-
uitylomics (52) which were investigating post-translational
modifications in response to DNA damage (Figure 1A).

Protein-protein interaction networking of the 119 pro-
teins identified by at least 4 out of the 11 studies in our meta-
analysis revealed two major protein clusters; DNA repair
and transcription/splicing as well as several other proteins
that are partly associated with ribosomal RNA biogene-
sis and chromatin organisation (Figure 1C). Gene ontology
analysis of the 119 enriched genes confirmed this result, as
DNA repair and splicing GO terms were among the most
significant along with terms associated with DNA replica-
tion and chromosome organisation (Supplementary Figure
S1C). Ranking all genes by the frequency in which they
were identified in these studies again highlighted commonly
identified DNA repair factors, such as MDC1 and MSH6.
However, some genes which have not been reported to be
DNA repair factors were also significantly enriched, such as
DDX17 (Figure 1B). Interestingly, several of these enriched
genes have also been shown to interact with DNA:RNA-
hybrids (53), and DDX17 was found to be the most signif-
icantly enriched hybrid interactor without a previously de-
scribed role in DNA repair (Figure 1B) (54,55).

A further analysis of the phosphoproteomic studies in the
meta-analysis found that only 33 genes are shared between
all three studies (Figure 1D). The low overlap between these
studies is likely due to methodological differences, although
those identified in all three studies might be expected to be
those most likely to be core DNA repair factors and, as ex-

pected, a majority of these 33 proteins are indeed canon-
ical DNA repair factors. However, eight were associated
with transcription and splicing processes, DDX17 among
them (Figure 1E). Interestingly, all three studies identified
the same DDX17 phospho-peptide which harboured 2 ‘SQ’
motifs that are the target of the DDR kinases ATM and
ATR (Supplementary Figure S1D). Collectively, this meta-
analysis highlighted not only a strong enrichment of tran-
scription and splicing factors in DNA repair processes but,
specifically, highlighted DDX17 as a potentially novel DNA
repair factor.

DDX17 is required for cell survival in response to DNA dam-
age

To investigate this potential role of DDX17 in the DDR, we
initially conducted clonogenic survival assays with RPE-1
cells in response to an increasing dose of irradiation (IR)
upon siRNA mediated knockdown of DDX17. In RPE-1
cells, DDX17 knockdown resulted in a significant reduction
in cell survival in response to as little as 0.5 Gy IR rela-
tive to control cells (Figure 2A). This reduction in cell sur-
vival was comparable to that observed for treatment with
the ATM inhibitor KU55933, suggesting an important role
for DDX17 in the DDR. IR sensitivity upon DDX17 deple-
tion was also observed in an independent cell line (Supple-
mentary Figure S2A). These U20S cells were also treated
with Olaparib and the topoisomerase II inhibitor ICRF-
193, agents specific for HR or NHEJ, respectively (Figure
2B, C). In all of these experiments, DDX17 knockdown was
found to significantly reduce cell survival in response to all
the DSB-inducing agents used demonstrating a broad role
for DDX17 in the DDR. To directly assess the persistence
and resolution of DSBs, we next used neutral comet as-
says. Comet tail moments, the measure of DNA breaks, sig-
nificantly increased with both control and DDX17 knock-
down cells 15 min post 3Gy IR. However, 24 h after irra-
diation cells in which DDX17 had been depleted had sig-
nificantly higher comet tail moments than in control cells
(Figure 2D, E, Supplementary Figure S2B). This is indica-
tive of a compromised DSB repair and demonstrates that
DDX17 depletion significantly reduces DSB repair capac-
ity. To further investigate the direct effect of DDX17 deple-
tion upon maintenance of genome stability, we employed
metaphase spreads. DDX17 depleted cells treated with 2 Gy
IR and allowed to recover for 2 days (Figure 2F) displayed
substantial loss of chromosomes (Figure 2G, H), consistent
with sustained, unresolved DNA damage (56,57). Com-
bined with the comet assay results, this provides evidence
for the direct involvement of DDX17 in DSB repair and
the maintenance of genome stability. To further quantify
the role of DDX17 in DSB repair, we conducted repair
assays, using the well-established GFP reporter cell lines
DR-GFP and EJ5, which quantify the efficiency of HR
and NHEJ, respectively. DDX17 depletion significantly re-
duced the efficiency of both HR and NHEJ repair efficiency,
with the NHEJ reporter efficiency being reduced to a level
comparable to 53BP1 knockdown (Supplementary Figure
S2C, D). Shifts in cell-cycle distribution are known to influ-
ence the DNA repair landscape of cells, therefore to assess
a potential role of DDX17 in cell-cycle regulation, we con-
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Figure 1. A meta-analysis of proteomic datasets identifies DDX17 as a potentially novel DNA repair factor. (A) Design schematic of the proteomic meta-
analysis: sub-groups were designed to ensure a broad range of studies were included in the analysis. (B) Histogram of the frequency in which proteins
were identified by the studies in the meta-analysis with DNA:RNA-hybrid interactors highlighted in cyan, only those identified in five or more studies are
shown. (C) Protein interaction network of all proteins identified in four or more studies in the meta-analysis. (D) Venn diagram of the results of the three
phosphoproteomic studies in the meta-analysis. (E) Protein interaction network of the 33 central proteins from (D).

ducted a PI-stain cell-cycle assay which found no significant
changes in cell-cycle distribution upon DDX17 depletion
(Figure 2I).

DDX17 promotes double-strand break repair factor recruit-
ment

Given these pronounced DNA repair phenotypes upon
DDX17 knockdown, we quantified the focal recruitment
of phosphorylated H2AX (� -H2AX), 53BP1 and BRCA1
using immunofluorescence. For these experiments, we used
the ‘Damage-Induced via AsiSI (DIvA)’ cell system pio-
neered by the Legube lab that uses an AsiSI restriction
enzyme fused to an oestrogen receptor to induce double-
strand breaks at known genomic loci in response to 4-
hydroxytamoxifen (OHT) treatment. DDX17 depletion re-
sulted in a small but significant increase in y-H2AX foci per
cell (Figure 3A), again suggesting that DDX17 knockdown
results in an accumulation of unresolved DNA damage.
However, immunofluorescence of both 53BP1 and BRCA1

showed substantially reduced focal recruitment of both af-
ter DDX17 knockdown (Figure 3B, C), which cannot be ex-
plained by reduced levels of either 53BP1 or BRCA1 upon
DDX17 depletion (Supplementary Figure S3A). We further
confirmed these results with IR-induced foci (IRIF) quan-
tifying both � -H2AX and 53BP1 in U2OS cells. DDX17
depletion once more results in a subtle increase in � -H2AX
IRIF but a significant decrease in 53BP1 foci (Supplemen-
tary Figure S3B–D). We next studied the recruitment of
RAP80, a member of the BRCA1-A complex that is known
to regulate BRCA1 recruitment and resection (58). This
similarly found a significant reduction in RAP80 recruit-
ment upon DDX17 depletion (Figure 3D). Examining � -
H2AX, 53BP1 and BRCA1 foci prior to damage induction
did not reveal significant changes upon DDX17 depletion
(Supplementary Figure S3E–G), indicating that DDX17
does not effect basal DSB levels or repair factor recruit-
ment. In addition, a qPCR assay for DIvA damage induc-
tion found no significant change in damage induction with
DDX17 depletion (Supplementary Figure S3H). To inves-
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Figure 2. DDX17 is required for cell survival in response to DNA damage. (A) Clonogenic assay comparing RPE-1 cell survival in response to increasing
doses of IR between the indicated knockdowns and treatments, error bar is SEM of 3 biological replicates. (B) Same as (A) but with increasing Olaparib
treatment in U2OS cells. (C) Same as (A) but with increasing ICRF-193 treatment in U2OS cells. (D) Representative images of comet assays with either
control and or siRNA with no treatment, 15 min post 3 Gy IR or 24 h post 3 Gy IR. (E) Comet tail length quantification plot for (D) of a minimum of
268 cells per condition across two biological replicates, red line is the median. (F) Western blot corresponding to metaphase spread experiments in (G). (G)
Representative images of metaphase spreads treated with either control of DDX17 siRNA and either 0 Gy IR or 2Gy IR. (H) Number of chromosomes per
cell quantification plot for (G) of a minimum of 60 cells per condition across two biological replicates, scalebar is 5 �M, red line is the mean. (I) Cell-cycle
analysis results of DDX17 depletion via PI-staining and FACS, bar represents the proportion of the cell population in the indicated cell-cycle phase, dots
represent individual biological replicates and bars represent standard deviation.
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Figure 3. DDX17 promotes double-strand break repair factor recruitment. (A) Left: representative images of immunofluorescence of � -H2AX in DIvA
cells treated with 4-hydroxytamoxifen for 4 h with either control or DDX17 siRNA, scalebar is 10�M, right: � -H2AX foci per cell quantification of a
minimum of 250 cells per condition across 3 biological replicates, red line is the median. (B) Same as (A) but for 53BP1 immunofluorescence. (C) Same
as (A) but for BRCA1 immunofluorescence. (D) Same as (A) but for RAP80 immunofluorescence. (E) Same as (A) but for RPA32 immunofluorescence.
All statistics were done using unpaired, directional Wilcoxon tests, *P < 0.05, **P < 0.01, ***P < 0.001. (F) Site specific qPCR resection assay at defined
distances from two loci, ssDNA quantified relative to input DNA, statistics done using paired t-tests *P < 0.05, **P < 0.01.

tigate any potential genetic relationships between DDX17
and 53BP1 or BRCA1, we conducted further clonogen-
ics using olaparib treatment, as 53BP1 is known to com-
plement BRCA1-knockout induced olaparib toxicity (59).
Depletion of DDX17 caused olaparib sensitivity in both
WT and 53BP1 knockout backgrounds and failed to re-
cover the BRCA1 knockout sensitivity (Supplementary Fig-
ure S3I), suggesting DDX17 functions independently of the
53BP1/BRCA1 axis. Given the importance of resection at
these early stages of repair, we next studied the effect of
DDX17 depletion on resection via the immunofluorescence

of RPA which found that DDX17 depletion significantly
reduced RPA foci formation (Figure 3E). Furthermore,
a qPCR based assay to study resection in the DIvA cell
system (60) revealed that even shorter resection of 200bp
was significantly reduced by DDX17 depletion (Figure 3F).
These results indicate that DDX17 contributes to DDR
signalling at a very early stage in the cascade. Thus, our
data have identified a crucial role for DDX17 in promoting
the recruitment of downstream DSB repair factors to fa-
cilitate the repair process and ultimately maintain genome
stability.
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Immunofluorescence identifies the ubiquitin cascade as the
point of DDX17 action in DSB repair

The recruitment of 53BP1 or BRCA1 to DSBs has been de-
fined as an early event in the response to DSBs that follows
a cascade of histone modifications and protein recruitment
(6). Therefore, we analysed the recruitment of several com-
ponents of the cascade to determine DDX17’s point of ac-
tion.

As our previous immunofluorescence experiments found
no decrease in � -H2AX focus formation upon DDX17
depletion in DIvA cells with induced DSBs (Figure 3A),
we next probed for recruitment of the ubiquitin ligase
RNF8 which occurs through direct interaction with MDC1.
DDX17 depletion did not significantly perturb the forma-
tion of RNF8 damage-induced foci (Figure 4A), suggest-
ing a function downstream of RNF8. Recruitment of the
subsequent ubiquitin ligase, RNF168, is dependent upon
prior RNF8 recruitment and, interestingly, we observed a
significant decrease in RNF168 damage-induced foci upon
DDX17 depletion (Figure 4B). In addition, the abundance
of conjugated ubiquitin, detected with a specific antibody,
was also similarly reduced upon DDX17 depletion (Fig-
ure 4C). Thus, DDX17 functions downstream of RNF8
to facilitate RNF168 focal recruitment and polyubiquityla-
tion at sites of DNA damage. We used quantitative western
blotting of mono-ubiquitylated � -H2AX, which is depen-
dent upon RNF168 and required for subsequent 53BP1 and
BRCA1 recruitment, to support these immunofluorescence
data and similarly observed reduced damage-dependent
monoubiquitylated � -H2AX upon DDX17 knockdown
(Figure 4D, E). As there is no change in either RNF8 or
RNF168 protein levels (Figure 4D), the observed defects
in recruitment and ubiquitylation result from regulation of
protein recruitment to chromatin proximal to DSBs sites,
rather than any changes in gene expression. Consistent with
RNF168 activity being required for their recruitment, both
53BP1 and BRCA1 display defective focal recruitment to
sites of DNA damage (Figure 4F). We independently val-
idated key results using a different DNA damaging agent
and siRNA in A549 cells (Supplementary Figure S4A–D).
Thus, DDX17 is required for the recruitment and activity
of RNF168, but not RNF8, to chromatin in the vicinity of
DSBs, identifying DDX17 as a regulator of efficient DSB
signalling that functions between two E3 ubiquitin ligases,
RNF8 and RNF168.

DDX17 promotes double-strand break induced DNA:RNA-
hybrids at hybrid deficient genomic loci

Loss of RNF168 recruitment and reduced ubiquitylation
at sites of DNA damage is consistent with the phenotype
previously observed for the microRNA biogenesis factor
DROSHA (13), a known interactor of DDX17 (33,61).
This study found DROSHA to be required for the forma-
tion of DNA:RNA-hybrids at DSBs, and that these hy-
brids were critical for effective DSB repair. Given that
DDX17 was also previously reported to be a DNA:RNA-
hybrid interactor (13), we chose to investigate the effect of
DDX17 knockdown on DSB-induced DNA:RNA hybrid
formation. To do this, we used the well-established tech-
nique of DNA:RNA-hybrid immunoprecipitation (DRIP)

in the DIvA cell system to quantify DNA:RNA-hybrid
levels around AsiSI-induced DSBs. Western blotting con-
firmed the expected induction of � -H2AX and DDX17 de-
pletion (Supplementary Figure S5A).

As previously reported (13,18,25,62), DRIP-qPCR found
that DNA:RNA-hybrid levels increased around the DSB
sites in response to induction, but not around an uncut
control locus, and that all observed signal was sensitive to
RNase-H pre-treatment, indicating that the enrichment is
specifically from DNA:RNA-hybrids (Supplementary Fig-
ure S5B). Upon DDX17 knockdown, we found that DSB-
induced DNA:RNA-hybrids were dramatically reduced at
all four loci we quantified by qPCR, suggesting that DDX17
is required for the formation of these structures in response
to break formation (Figure 5A, Supplementary Figure
S5B). To examine this phenotype at higher resolution, we
also conducted high-throughput sequencing of our DRIP
samples (i.e. DRIP-Seq), allowing us to analyse the forma-
tion of these hybrids across all the sites cut by the AsiSI en-
zyme in DIvA cells. An overall analysis of the 99 frequently
cut AsiSI loci confirmed that DDX17 depletion causes a sig-
nificant decrease in DSB-induced DNA:RNA-hybrids (Fig-
ure 5B, Supplementary Figure S5C). Comparing AsiSI sites
previously reported to be prone to either NHEJ or HR
repair (63) found a significant decrease in DSB-induced
DNA:RNA-hybrids at both groups upon DDX17 knock-
down (Supplementary Figure S5D). In addition, comparing
DSB sites with high transcriptional activity to those with
low transcriptional activity found that DDX17 again signif-
icantly reduced DSB-induced DNA:RNA-hybrids in both
groups (Supplementary Figure S5E). To delineate the role
of DDX17 in RNF168 recruitment and DNA:RNA-hybrid
formation, we conducted further DRIP experiments using
RNF168 depletion. This found no significant change in
DSB-induced DNA:RNA-hybrids with RNF168 loss (Sup-
plementary Figure S5F), indicating that DDX17 driven
DNA:RNA-hybrid formation may precede RNF168 re-
cruitment.

A site-by-site analysis showed that DDX17 knockdown
only significantly affects a subset of AsiSI DSB sites; ap-
proximately half of these sites show little to no change (Fig-
ure 5C). This allowed us to categorise the sites into either
DDX17-dependent, where DDX17 knockdown reduces
DSB-induced hybrid formation, or DDX17-independent,
where DDX17 knockdown has no significant effect on
DSB-induced hybrid formation (Figure 5C). This classi-
fication separates the effects of DDX17 depletion, as the
DDX17-dependent sites show no DSB-induced hybrids af-
ter DDX17 knockdown whereas the DDX17-independent
sites still have a strong induction of DNA:RNA-hybrids
levels compared to CTRLsi (Supplementary Figure S5G–
I). Classification of these groups allows us to elucidate
the factors that contribute to DDX17-dependence of DSB-
induced hybrids by comparing the genomic features of these
two groups. Additionally, there were eight sites that showed
increased DSB-induced hybrids upon DDX17 knockdown
(Figure 5C). However, the increase is quite subtle and there
are too few of them to accurately investigate the mecha-
nism of break-induced hybrid formation at these sites. We
have previously reported that DSB-induced DNA:RNA hy-
brid formation positively correlates with the pre-existing
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Figure 4. Immunofluorescence identifies the ubiquitin cascade as the point of DDX17 action in DSB repair. (A) Left: representative images of immunoflu-
orescence of RNF8 in DIvA cells treated with 4-hydroxytamoxifen for 4 h with either control or DDX17 siRNA, scalebar is 10�M, right: RNF8 foci per
cell quantification of a minimum of 265 cells per condition across 3 biological replicates, red line is the median. Statistics done using an unpaired directional
Wilcoxon test, not significant (ns). (B) Same as (A) but for RNF168 immunofluorescence, ***P < 0.001. (C) Same as (A) but for conjugated ubiquitin
immunofluorescence, ***P < 0.001. (D) Western blots for of DIvA cells transfected with either control or DDX17 siRNA and treated with or without
4-hydroxytamoxifen (OHT) for 4 h, mono-ubiquitylated � -H2AX is determined by the size shift of the � -H2AX main band from ∼16 kDa to ∼24 kDa.
(E) Quantification of � -H2AX-Ub bands from (D) normalised to loading control then relative to total � -H2AX and to CTRLsi + OHT. Bar is mean of
five biological replicates, points are the individual replicate values, error bar is standard deviation. Statistics were done using a paired t-test, **P < 0.01.
(F) Summary of representative images of immunofluorescence for � -H2AX, RNF8, RNF168, conjugated ubiquitin, 53BP1 and BRCA1 from the data
presented in Figures 3 and 4 with either control or DDX17 siRNA treatment, nuclei are outlined in yellow, scalebar is 5�M.
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Figure 5. DDX17 promotes double-strand break induced DNA:RNA-hybrids at hybrid deficient genomic loci. (A) DNA:RNA IP (DRIP) qPCR around
HR and NHEJ repaired DNA break sites in the DIvA cell system and an undamaged site in actin exon 5. Bar represents the mean fold change of damaged
(+OHT 4 h) over undamaged (–OHT) for the IP % of input for three biological replicates, error bar is SEM. Statistics were done with a paired t-test,
*P < 0.05, **P < 0.01, ***P < 0.001. (B) DRIP-seq of two of the replicates from (A) DSB centred metagene of 99 loci cut by the AsiSI restriction endonu-
clease in the DIvA cell system, y-axis is log2 fold change of damaged/undamaged normalized readcounts. (C) Log2 fold change of damaged/undamaged
DRIP normalised readcounts at 99 AsiSI cut sites in DDX17 siRNA vs control siRNA treatment. Sites close to the y = x line (grey blue) are classed
as DDX17-independent, the 40 sites deviating from y = x by less than –0.5 (dark blue) are classed as DDX17-dependent and there are eight sites (grey)
that only slightly deviate from x = y by more than +0.5. (D) Boxplot of relative transcriptional activity of the DDX17-independent DSB loci versus
the DDX17-dependent DSB loci, statistics are from directional unpaired Wilcoxon test, *P < 0.05. (E) Same as (D) but for pre-existing DNA:RNA-
hybrid level, ***P < 0.001. (F) Correlation plot of pre-existing DNA:RNA-hybrid level at 99 ASISI induced DSB loci against the Log2 fold change of
damaged/undamaged DNA:RNA-hybrid level in the control siRNA treated sample, statistics were done with Pearson correlation testing. (G) Same as (F)
but for the DDX17 siRNA treated sample. (H) Genome browser plot of DRIP-seq normalised readcount for ±4 h OHT treated with control siRNA and
DDX17 siRNA treated samples at the high pre-existing DNA:RNA-hybrid AsiSI induced DSB locus in the RBMXL1 gene. (I) Same as (H) but for the
low pre-existing DNA:RNA hybrid level AsiSI induced DSB locus in the CAPZB gene.
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transcriptional activity of the damaged locus (23). We
therefore initially compared the relative transcriptional ac-
tivity of the DDX17-dependent and independent groups
and determined that, although the difference is subtle,
DDX17-dependent loci tend to have lower transcriptional
activity than the independent sites (Figure 5D). Since
there is a subtle relationship between DDX17-dependency
and transcriptional activity, we next chose to investigate
features related to transcription. We examined the lev-
els of pre-existing DNA:RNA-hybrid between the groups
which showed that DDX17-dependent sites have substan-
tially lower levels of pre-existing DNA:RNA-hybrids than
DDX17-independent sites (Figure 5E) and this differen-
tial was proportionally greater than their decreased relative
transcriptional activity.

While it is known that transcriptional activity and
DNA:RNA-hybrids are strongly linked, they are not di-
rectly proportional due to complex regulatory features
governing DNA:RNA-hybrids. Recent studies have shown
that DNA and RNA-binding proteins, chromatin modifica-
tions, chromatin remodelling and processes such as splicing
and replication have significant influence on DNA:RNA-
hybrid levels (53,64–69). However, comparing previously
published ChIP-seq coverage of 17 different histone modi-
fications between DDX17-dependent and independent loci
found only subtle differences in H3K9me2, H3K9me3 and
H4S1p between the groups (Supplementary Figure S5J),
suggesting that DDX17 functions mostly independent of
these modifications. In the presence of DDX17 we found no
correlation between pre-existing DNA:RNA-hybrids and
those induced upon DNA damage (Figure 5F). However,
upon DDX17 depletion we see a dramatic shift resulting in
a positive correlation between these features (Figure 5G).
Therefore, in the presence of DDX17, DSB-induced hybrids
do not rely on pre-existing hybrid levels, but with loss of
DDX17 the generation of DSB-induced hybrids becomes
dependent on the innate ability of the locus to form these
hybrid structures. Interestingly, a re-analysis of our previous
DRIP-seq data conducted with DROSHA knockdown did
not show a significant positive correlation between DSB-
induced hybrids and pre-existing hybrids (Supplementary
Figure S5K), indicating separate mechanisms for the two
proteins. This dependence on DDX17 at sites harbouring
low levels of DNA:RNA-hybrids when undamaged can be
demonstrated by viewing these features at an individual
gene level. For example, when comparing the RBXML1
DSB site which has high pre-existing DNA:RNA hybrids
to the CAPZB DSB site which has low pre-existing hy-
brids (Supplementary Figure S5L). The RBXML1 locus
shows DSB-induced DNA:RNA-hybrids in both control
and DDX17 knockdowns, whereas the CAPZB locus has
little to no induction upon DDX17 knockdown (Figure 5H,
I, Supplementary Figure S5M).

We have determined that DDX17 facilitates DSB-
induced DNA:RNA-hybrid formation in the vicinity of
DSBs and that this effect is most notable at genomic loci
with innately low levels of DNA:RNA-hybrids. In fact,
DDX17 depletion leads to DSB-induced hybrid levels being
directly proportional to the loci’s pre-existing hybrid lev-
els, suggesting that without DDX17 this DSB-dependent
induction of hybrids relies on the loci’s natural ability

to form hybrids. As a result, given that these loci are
inefficient at forming hybrids normally, we suggest that
DDX17-dependent loci require assistance to form DSB-
induced DNA:RNA-hybrids, whereas loci of high pre-
existing hybrid levels are naturally more efficient at form-
ing DNA:RNA hybrids and are therefore not as dependent
upon DDX17.

DISCUSSION

In this study, we used a meta-analysis of 11 published large-
scale proteomic datasets investigating DNA repair mech-
anisms to identify potentially novel DNA repair factors.
A number of these publications noted that RNA related
gene groups were significantly enriched in their results (43–
45,47,70), and some specifically noted DDX17 as a top
hit (47,71). Our analysis yielded a significant number of
genes associated with gene expression and splicing, along-
side DNA repair genes, as those most commonly identified.
In particular, DDX17 was identified with high confidence,
as a potential DNA repair gene. Therefore, we chose to in-
vestigate the possible role of DDX17 in the DNA damage
response.

Clonogenic survival assays revealed that depletion of
DDX17 sensitises cells to IR, Olaparib and ICRF-193 indi-
cating a broad role for DDX17 in the response to agents that
induce DSBs. Indeed, neutral comet assays found DDX17
depletion to significantly decrease repair of IR-induced
DSBs. Consistent with defective DSB repair, metaphase
spreads revealed that DDX17 is necessary to prevent chro-
mosomal loss post IR. Thus, DDX17 is important for the
maintenance of genome stability.

Localisation of certain DSB repair factors or specific
posttranslational modification to focal repair structures
demonstrated that while H2AX phosphorylation was not
affected by DDX17 depletion, recruitment of both 53BP1,
BRCA1 and RAP80 was significantly reduced. Defective re-
cruitment of these regulators of DSB repair pathway choice
suggests defective NHEJ and HR pathways of repair, which
was confirmed in NHEJ- and HR-specific reporter assays.
In addition, end resection was also significantly reduced by
the depletion of DDX17. Consistent with a function up-
stream of 53BP1 and BRCA1, recruitment of RNF168 was
significantly DDX17-dependent while RNF8 was DDX17-
independent, thus placing the function of DDX17 in sig-
nalling DNA damage between these two E3 ubiquitin lig-
ases. As 53BP1 and BRCA1 compete for recruitment to the
ubiquitylated H2A and H2AX generated by RNF168, a
role for DDX17 in regulating RNF168 can also be inferred
from DDX17-dependent formation of conjugated ubiqui-
tin and mono-ubiquitylated � -H2AX at sites of DNA dam-
age. Competition between 53BP1 and BRCA1 recruitment
to RNF168-dependent ubiquitylation of histones is a key
regulatory point in the choice between HR and NHEJ and
subject to complex regulation (11–13,72–74). It is likely that
this stage of the DDR is subject to even more complex reg-
ulation than initially believed due to many fine-tuning con-
trols over downstream pathway choice.

DNA:RNA-hybrids are now known to rapidly form
at DSBs and are required for efficient repair (13,18,20).
Furthermore, several RNA binding proteins having been
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reported to regulate the formation of DNA:RNA-hybrids
around DSBs (13,18,24,25,75). As DDX17 is known to in-
teract with DNA:RNA-hybrids (53), we examined a poten-
tial role for DDX17 in regulating DSB-induced DNA:RNA
hybrids by quantifying and mapping these hybrids across
the genome. We found that DDX17 promotes the formation
of DSB-induced DNA:RNA-hybrids and this role is par-
ticularly important at loci that normally have low levels of
pre-existing DNA:RNA-hybrids. Upon DDX17 depletion,
DSB sites in loci with low pre-existing DNA:RNA-hybrids
were unable to form the DSB-induced hybrids necessary to
propagate an efficient damage signal (13,21,76). However,
the role of DDX17 in stimulating these hybrids at loci nor-
mally expressing high levels of DNA:RNA hybrids was less
important as such loci could form sufficient DSB-induced
hybrids even upon depletion of DDX17. We hypothesise
that loci with naturally low DNA:RNA-hybrid levels re-
quire assistance from DDX17 to efficiently form DSB-
induced hybrids as they lack features, such as preferential
DNA sequence and chromatin structure (77,78), required
for high levels of hybrid formation. As well as RNA helicase
activity, DDX17 is known to also possess RNA annealing
and branch-migration activity, in which DDX17 was found
to be able to exchange strands of a dsRNA molecule with
another complementary ssRNA molecule (29). It is possible
that DDX17’s role in promoting DSB-induced DNA:RNA-
hybrids relates to this function, whereby DDX17 can fa-
cilitate the exchange of one dsDNA strand with an ss-
RNA strand at the DSB to form a hybrid. It is also pos-
sible given DDX17’s strong DNA:RNA-hybrid binding ca-
pabilities that DDX17 binds to and stabilises these hybrid
structures at breaks (53,79). However, further research is
needed to fully understand this mechanism, especially given
the other DEAD-box helicases Senataxin and DDX5 were
found to have the opposite role at DSBs (18,75,80). Since
it has been shown previously that these DSB-induced hy-
brids are necessary for efficient DSB signalling and repair
(13,21,76), we propose that DDX17’s role in the DDR is to
facilitate the formation of DSB-induced hybrids, a role that
is particularly important at loci with normally low levels of
DNA:RNA hybrids.

Several canonical DNA repair genes have also been
shown to function via RNA and DNA:RNA-hybrid related
processes (20,25,81). For example, the HR factor RAD52
was found to facilitate RNA-dependent DNA repair via
strand-invasion of RNA into double-stranded DNA to
form a DNA:RNA-hybrid (21,81,82). A previous study
also reported that the NHEJ complex can associate with
DNA:RNA-hybrid at DSBs and that this was necessary for
error-free repair (20). Future studies will be required to de-
termine whether DDX17 has functions that interplay with
these known DNA repair genes and DNA:RNA-hybrids.
However, as DDR ubiquitylation of histones and signalling
is DDX17-dependent, it is likely that DDX17-dependent
regulation of DNA:RNA hybrids contributes to the remod-
elling of chromatin flanking DSBs, which is known to be es-
sential for DSB signalling (83–85). This is consistent with
the well described ability of DNA:RNA-hybrids to regu-
late gene expression by recruiting chromatin modifiers to
facilitate remodelling and DNA access (86,87). A role for
DNA:RNA-hybrids in chromatin remodelling at DSBs to

facilitate opening of the chromatin and allowing down-
stream factor recruitment would explain how the loss of hy-
brid promoting proteins such as DDX17 and DROSHA im-
pact upon the early DDR, as chromatin decondensation is
an early process in the cascade.

We have presented extensive data showing a phenotype
of genome instability and inefficient DSB repair in the ab-
sence of DDX17. However, further mechanistic studies are
needed to uncover DDX17’s specific function in the dam-
age response. Previous reports have found that the loss of
factors associated with gene expression can indirectly lead
to a genome instability phenotype by altering the expres-
sion of DDR genes (88,89). Although we did not find evi-
dence of DDX17 regulating the expression of DDR genes,
it is possible that DDX17’s role in the DDR is indirect
through the regulation of an additional factor. It should be
noted that previous proteomic studies have identified that
DDX17 directly interacts with core DSB repair factors such
as KU70 (47,90), is recruited to damaged chromatin (46)
and is rapidly phosphorylated in response to DNA damage
(43,50,51), which suggests a direct role in the DDR.

Elucidating the role of DSB-induced DNA:RNA hybrids
in signalling and repairing DNA damage will require identi-
fication and full characterisation of all the proteins regulat-
ing these structures. The identification of DDX17 as a new
contributor to efficient DNA double strand break repair via
both major repair pathways, NHEJ and HR, advances our
knowledge of the emerging roles for RNA in DNA-repair.
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