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D

EAD box proteins are a family of putative RNA helicases that
function by altering RNA secondary structure. This protein
family has been implicated in all aspects of RNA metabolism. The
DEAD box 1 gene (DDX1) is a widely expressed gene that is misexpressed in a number of cancers, including retinoblastoma, neuroblastoma, and breast cancer (1, 2). Knockout of DDX1 leads to
early embryonic lethality in mice and severely reduced fertility in
flies (3, 4). DDX1 is involved in the transport of RNAs from the
nucleus to the cytoplasm and regulates cytoplasmic localization of
the splicing-regulatory protein KSRP (5). In neurons, DDX1 resides in RNA-transporting granules, cytoplasmic organelles that
regulate the localization and expression of target mRNAs (6, 7).
DDX1 has also been identified as a core subunit of the human
tRNA ligase complex which is essential for tRNA splicing (8).
In addition to its roles in RNA metabolism, DDX1 has been
implicated in the cellular response to DNA double-strand breaks
(DSBs). Upon treatment of cells with ionizing radiation (IR),
DDX1 rapidly accumulates at a subset of DNA DSBs (⬃30%),
where it forms IR-induced foci that colocalize with ␥-H2AX, a
marker for DSBs (9). DDX1 coimmunoprecipitates with the MRN
(MRE11-RAD50-NBS1) complex, the early sensor of DNA DSBs,
and ATM (ataxia telangiectasia mutated) protein, the key transducer of the signaling cascade in response to DSBs (10, 11). DSBs
induce DDX1 phosphorylation in an ATM-dependent manner.
Notably, IR-induced DDX1 foci are lost when cells are treated
with RNase H, an enzyme that specifically digests RNA from
RNA-DNA hybrids (9). These results suggest that RNA-DNA
double-stranded structures are required for the presence and/or
retention of DDX1 at DSBs. In line with this observation, biochemical analysis has shown that DDX1 can unwind both RNARNA and RNA-DNA duplexes (9). Consistent with a role in the
cellular response to IR-induced DSBs, DDX1 has also been reported to regulate the maturation of a subset of DSB-induced
microRNAs (12).
There is accumulating evidence indicating that RNAs, particularly RNA-DNA hybrid structures, play a role in DNA damage
and genome instability (13–15). Huertas and Aguilera (16) re-
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ported that budding yeast mutants that are defective in transcription elongation have elevated levels of RNA-DNA duplexes and
increased transcription-associated recombination. These authors
proposed that increased recombination is due to enhanced formation of R-loops, RNA-DNA duplex structures formed between
nascent RNA and its template DNA. In mammalian cells, Li and
Manley (17) demonstrated that inactivation of the splicing factor
SF2 results in increased DSB formation, which is also accompanied by abnormal R-loop formation. Genome-wide studies in
both yeast and human cells have revealed that mutations that impair mRNA processing lead to elevated numbers of ␥-H2AX foci
and genome instability (18, 19). Together, these studies suggest
that deregulated RNA-DNA hybrid formation during transcription can result in the accumulation of DSBs and genome instability. In addition to triggering DSB formation, recent work by Britton et al. (20) suggests that removal of transcription-coupled
R-loops in the vicinity of DNA damage generated by microirradiation (micro-IR) is an integral part of the cellular response to
DSBs. However, it is not known whether RNA molecules bind
DNA at the site of DSBs during repair and, if so, whether RNADNA duplexes can impact repair pathway choice and/or efficiency.
To gain insight into the role of DDX1 in the DNA DSB response, we have examined the efficiencies of different repair path-
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Although RNA and RNA-binding proteins have been linked to double-strand breaks (DSBs), little is known regarding their roles
in the cellular response to DSBs and, if any, in the repair process. Here, we provide direct evidence for the presence of RNA-DNA
hybrids at DSBs and suggest that binding of RNA to DNA at DSBs may impact repair efficiency. Our data indicate that the RNAunwinding protein DEAD box 1 (DDX1) is required for efficient DSB repair and cell survival after ionizing radiation (IR), with
depletion of DDX1 resulting in reduced DSB repair by homologous recombination (HR). While DDX1 is not essential for end
resection, a key step in homology-directed DSB repair, DDX1 is required for maintenance of the single-stranded DNA once generated by end resection. We show that transcription deregulation has a significant effect on DSB repair by HR in DDX1-depleted
cells and that RNA-DNA duplexes are elevated at DSBs in DDX1-depleted cells. Based on our combined data, we propose a role
for DDX1 in resolving RNA-DNA structures that accumulate at DSBs located at sites of active transcription. Our findings point
to a previously uncharacterized requirement for clearing RNA at DSBs for efficient repair by HR.

DDX1 Facilitates DNA Repair by HR

TABLE 1 Sequences of small interfering RNAs used in this study
Designation

Sequence (5=¡3=)

DDX1 si1
DDX1 si2
CtIP si1
RAD51 si1
RNF138 si1
RNF138 si2

CAGGCUGAAUCUAUCCCAUUGAUCU
UACACCAUGUUGUUGUCCCAGUAAA
GGGAACAGCAGAAAGUCCUUCAUGA
UGGAGCAGCGAUGUUUGCUGCUGAU
CCUGUGUCAAGAAUCAAAU
UAGAUGAAGAAACCCAAUA

MATERIALS AND METHODS
Cell culture, irradiation, drug treatment, and flow cytometry. HeLa,
U2OS, and U2OS cells with integrated reporters (DR-green fluorescent
protein [DR-GFP], EJ5-GFP, SA-GFP, and EJ2-GFP) (21–23) were cultured in Dulbecco modified Eagle medium (DMEM) (Thermo Fisher
Scientific) supplemented with 10% fetal calf serum (FCS), 100 U/ml penicillin, and 100 g/ml streptomycin. Cells were gamma irradiated using a
137
Cs irradiator (Shepherd, San Fernando, CA) and allowed to recover at
37°C for the indicated times prior to further analysis. Cells were treated
with the following drugs: 100 M cordycepin (Sigma) for 2 h prior to
treatment, 1 M camptothecin (CPT) (Sigma) for 30 min or 1 h, and 5
M and 10 M AG14361 (Selleckchem) for 24 h. U2OS cells were synchronized using a double thymidine block as described previously (24).
Cells in S and G2 phases were examined at 3 and 8 h, respectively, after
release from the second round of thymidine block (see Fig. S1 in the
supplemental material). Flow cytometry of propidium iodide-stained
U2OS and U2OS DR-GFP cells was carried out using FACSCalibur (BD
Biosciences) as described previously (24), and data were analyzed using
FCS Express (De Novo Software).
siRNA knockdown and generation of an siRNA-resistant DDX1
mutant. Gene knockdown was carried out using Stealth small interfering
RNAs (siRNAs) (Life Technologies) or Mission siRNAs (Sigma). siRNA
sequences are listed in Table 1. Scrambled siRNAs (Medium GC and Low
GC negative controls; Life Technologies) served as negative controls.
Transfection of siRNAs was carried out with Lipofectamine RNAiMAX
(Life Technologies) at a final siRNA concentration of 10 nM. To obtain
the maximum efficiency for DDX1 knockdown, cells were split 72 h after
the first round of siRNA transfection and underwent a second round of
siRNA transfection prior to analysis.
To generate a DDX1 expression construct that is resistant to DDX1
siRNA1 (si1), silent mutations were introduced into DDX1 cDNA at five
nucleotides, i.e., CAAGCCGAGTCCATT (mutated nucleotides are underlined), using QuikChange site-directed mutagenesis (Agilent Technologies). U2OS or U2OS DR-GFP cells were transfected with the hemagglutinin (HA)-tagged DDX1 mutant construct (pcDNA3.1 HA-mDDX1),
and stable transfectants were selected by growing the cells in 800 g/ml
G418 (Life Technologies) for 2 weeks. Stable transfectants were maintained in medium supplemented with 200 g/ml G418.
DNA repair assays. The GFP-based DSB repair assays were performed
as described previously (21, 23) with modifications. Briefly, U2OS cells
with reporters were first transfected with DDX1, RAD51, CtIP, or scrambled siRNAs using Lipofectamine RNAiMAX reagent. Five million cells
were then electroporated with 10 g of pCBA Sce or control plasmids
together with 100 pmol of DDX1, RAD51, CtIP, or scrambled siRNA
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ways in DDX1-depleted cells. We demonstrate a role for DDX1 in
homologous recombination (HR), with DDX1 involved in the
maintenance of single-stranded DNA (ssDNA) at DSBs once generated by end resection. Importantly, we show that RNA-DNA
hybrids accumulate at DSBs upon depletion of DDX1. Our results
support a key role for DDX1 in the removal of RNA from DNARNA duplex structures during DSB repair, thereby facilitating repair by HR.

using a GenePulser II electroporator (Bio-Rad) (280 V, 975 F). The
percentage of GFP-positive cells was quantified by flow cytometry 48 h
after electroporation (BD FACSCalibur).
To overexpress transcripts homologous to the upstream region of the
I-SceI cut site, a 302-bp fragment located immediately upstream of the
I-SceI site was generated by PCR and was cloned into the pcDNA3.1
vector in both orientations to generate sense and antisense RNA transcripts. Genomic DNA from U2OS DR-GFP cells served as the template
for PCR amplification of the 302-bp fragment. The following primers
were used for PCR: sense forward, 5=ATAAAGCTTAGCGGCGTGCTGA
GCACC3=; sense reverse, 5=GATCTCGAGTATCCCTAGCCGGACACG
3=; antisense forward, 5=GATCTCGAGAGCGGCGTGCTGAGCACC3=;
and antisense reverse, 5=ATAAAGCTTTATCCCTAGCCGGACACG3=.
The pcDNA3.1 vector contains a bovine growth hormone polyadenylation signal that serves as a transcription terminator, ensuring that no
vector sequence will be transcribed along with the 302-nucleotide (nt)
transcripts. Five micrograms of DNA (pcDNA3.1 302-bp construct or
empty vector) was electroporated along with 8 g of pCBA Sce into control or DDX1 knockdown U2OS DR-GFP cells. GFP-positive cells were
quantified as described above.
Micro-IR. Microirradiation (micro-IR) was performed using a spinning-disc confocal microscope (Yokogawa Corp., Japan). Cells were incubated with 10 M bromodeoxyuridine (BrdU) for 48 h prior, followed
by microirradiation with a 405-nm laser and a 40⫻ objective (20% power
and 30 iterations). Cells were allowed to recover at 37°C for 1 h prior to
immunostaining. Approximately 40 to 80 cells were microirradiated for
each condition in each experiment, with three independent experiments
performed.
Whole-cell lysates, nuclear extracts preparation, and Western blot
analysis. Whole-cell lysates were prepared by resuspending cells in lysis
buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.5% sodium deoxycholate, 1% NP-40, and 1⫻ Complete protease inhibitors). Fifty micrograms of lysates was resolved by SDS-PAGE, transferred to nitrocellulose
membranes, and immunoblotted with the antibodies indicated below. To
generate nuclear extracts, cells were incubated on ice with nucleus isolation buffer (25 mM HEPES [pH 7.9], 250 mM sucrose, 150 mM NaCl, 1.5
mM MgCl2, 0.2 mM CaCl2, 0.1% NP-40, 1⫻ PhosSTOP phosphatase
inhibitor, and 1⫻ Complete protease inhibitors) for 10 min, followed by
centrifugation at 5,000 ⫻ g for 5 min at 4°C. Pellets were then lysed in
nucleus extraction buffer (25 mM HEPES [pH 7.9], 250 mM sucrose, 50
mM NaCl, 1 mM EGTA, 3 mM MgCl2, 0.5% NP-40, 1⫻ PhosSTOP phosphatase inhibitor, and 1⫻ Complete protease inhibitors). Twenty-five
micrograms of extracts was resolved in SDS-PAGE and immunoblotted.
The following antibodies were used for Western blot analysis: rabbit
anti-DDX1 (batch 2910, 1:5,000) (25), mouse antiactin (1:20,000; Sigma),
rabbit anti-RAD51 (1:500; Santa Cruz), mouse anti-CtIP (1:500; Active
Motif), rabbit anti-RNF138 (1:1,000; ProSci), rabbit anti-phosphoRPA32(S4/S8) (1:1,000; Bethyl), mouse anti-replication protein A (antiRPA) (1:500; Abcam), rabbit anti-phospho-Chk1(S345) (1:1,000; Cell
Signaling), and mouse anti-Chk1 (1:1,000; Santa Cruz).
Clonogenic survival assay. To examine sensitivity to the poly(ADPribose) polymerase (PARP) inhibitor AG14361, U2OS cells underwent
two rounds of DDX1 or control siRNA transfection. Cells were trypsinized 48
h after the second round of transfection, diluted to the same density, and
plated in triplicate. The drug was added to the plates on the following day,
and cells were exposed to the drug for 24 h. The cells were then washed
with phosphate-buffered saline (PBS) and fresh medium added. Nine
days after drug treatment, the cells were washed with PBS and stained with
1% crystal violet in 70% ethanol for 30 min at room temperature. The
plates were rinsed with water and colonies counted using a Colcount
colony counter (Oxford Optronix), with 30 cells as the cutoff. For colony
formation upon IR treatment, U2OS cells were transfected with DDX1 or
control siRNAs as described above. Cells were plated and gamma irradiated on the same day. Ten days after IR, the cells were washed with PBS
and stained as described above.
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TABLE 2 Sequences of primers used in DRIP analysis
PCR type

Designation

Sequence (5=¡3=)

Conventional

I-SceI forward
(cut measurement)
I-SceI reverse
(cut measurement)
GAPDH forward
GAPDH reverse

CGTGCTGGTTATTGTGCTGTCT

P1 forward
P1 reverse
P2 forward
P2 reverse
P3 forward
P3 reverse
GAPDH forward
GAPDH reverse
SNRPN forward
SNRPN reverse

TCGCCACCATGGTGAGCAAG
CGGTGGTGCAGATGAACTTC
AAGACCCACGAGGCAACAC
TCGCTCTGGCTCCTGCTCCT
TCGCCACCATGGTGAGCAAG
GACACGCTGAACTTGTGGC
GAACCAGCACCGATCACCTC
CCAGCCCAAGGTCTTGAGG
GCCAAATGAGTGAGGATGGT
TCCTCTCTGCCTGACTCCAT

Quantitative

GACTTGAAGAAGTCGTGCTG
CCCCTTCATTGACCTCAACT
AGCAGACAGTTATGAACCCG

cated, 4 g of digested nucleic acids was treated with either 15 units of
RNase H (Affymetrix) or 30 g of RNase A (Sigma) in a total volume of
100 l overnight at 4°C prior to incubation with S9.6 antibody. Immunoprecipitates were washed in binding buffer three times, followed by elution in 50 mM Tris-HCl (pH 8.0), 10 mM EDTA, 0.5% SDS, and 500
g/ml proteinase K for 45 min at 55°C. Eluates were extracted with phenol-chloroform and resuspended in 50 l 10 mM Tris-HCl, pH 8.0.
Quantitative PCR (qPCR) was performed with SYBR green qPCR mix
(Applied Biological Materials Inc., Canada) following the manufacturer’s
instructions and analyzed on an ABI 7900HT PCR system (Applied Biosystems). Two microliters of eluate was used for each amplification reaction. Two regions upstream of the I-SceI cut site, P2 and P3, were examined. For each region, the relative enrichment of DNA-RNA hybrids was
normalized to the signals obtained from input genomic DNA as well as the
SNRPN negative-control region, as previously described for DRIP analysis (27–29). The average percent IPs in control (scrambled siRNA-transfected) cells for the SNRPN (negative control), P2, and P3 loci were 0.06%,
0.55%, and 2.42%, respectively. The average percent IPs in control cells
treated with RNase A were 0.08%, 1.34%, and 2.18% for SNRPN, P2, and
P3, respectively. The average percent IPs in control cells treated with
RNase H were 0.11%, 0.4%, and 1.37% for SNRPN, P2, and P3, respectively. Relative increases in qPCR signals at P2 and P3 in DDX1 knockdown versus control cells were calculated as described in the figure legend
for both RNase A- and RNase H-treated versus untreated cells. qPCR was
also used to measure I-SceI cut efficiency using primers flanking the cut
site, which was normalized to the signal at the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene region. Primer sequences are listed
in Table 2. The data shown were obtained from three independent experiments. The P value was calculated using the Mann-Whitney test.
DSN and RNase H analysis at the I-SceI cut site. DSBs at the I-SceI
site were induced in control or DDX1-depleted U2OS DR-GFP cells and
nucleic acid extracted as described above. Duplex-specific nuclease (DSN)
digestion of nucleic acids was performed according to the manufacturer’s
directions. Briefly, 1 g of nucleic acid in 1⫻ DSN buffer (50 mM TrisHCl [pH 8.0], 5 mM MgCl2, 1 mM dithiothreitol [DTT]) was digested
with 2 units of DSN (Evrogen, Moscow, Russia) at 60°C for 50 min for
analysis of the region upstream of the I-SceI cut site. Digested products
were precipitated with ethanol and resuspended in sterile water. Where
indicated, 1 g of nucleic acid was digested with 10 units of RNase H prior
to DSN treatment. Two hundred fifty nanograms of DSN-digested nucleic
acid or 50 ng of undigested nucleic acid was used for PCR amplification.
Primer sequences are listed in Table 3. PCR conditions were as follows:
94°C for 2 min, followed by 40 cycles of 92°C for 30 s, 55°C for 30 s, and
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Fluorescence microscopy. Cells adhering to coverslips were fixed and
processed as previously described (9). The following antibodies were used
for immunostaining: rabbit anti-53BP1 (1:300; Santa Cruz), mouse antiBrdU (1:50; Roche), rabbit anti-CENP-F (1:1,000; a gift from Gordon
Chan), mouse anti-CtIP (1:200; Active Motif), rabbit anti-DDX1 (batch
2923, 1:1000) (25), rabbit anti-phosphorylated EXO1 (anti-pEXO1) (1:
500; a gift from Kum Kum Khanna), mouse anti-␥-H2AX (1:4,000; Upstate Biotechnology), rabbit anti-RAD51 (1:100; Santa Cruz), mouse antiRNA-DNA hybrid (S9.6) (1:100; a gift from Stephen Leppla), and mouse
anti-RPA (1:200; Abcam). For immunostaining analysis, cells were incubated with primary antibodies for 1 h at room temperature, followed by
Alexa Fluor 488- and Alexa Fluor 555-conjugated secondary antibodies
(Life Technologies) for 1 h at room temperature. Coverslips were
mounted onto slides in polyvinyl alcohol (Calbiochem)-based mounting
medium containing 1 g/ml 4=,6=-diamidino-2-phenylindole (DAPI).
Immunofluorescence images were captured on a Zeiss LSM710 confocal
laser scanning microscope with a plan-Apochromat 63⫻ (numerical aperture [NA], 1.4) or 40⫻ (NA, 1.3) oil immersion lens using ZEN software. Images were exported as TIFF files using ZEN and assembled using
Photoshop software.
The nondenaturing BrdU staining protocol was adapted from that
described by Buonomo et al. (26). Briefly, U2OS cells were labeled with 10
M BrdU (Sigma) for 24 h. Cells were treated with Triton X-100 buffer
(0.5% Triton X-100, 50 mM NaCl, 3 mM MgCl2, and 300 mM sucrose in
PBS) for 10 min at 4°C. Cells were then fixed in 2% paraformaldehyde for
10 min at room temperature and permeabilized in Triton X-100 buffer for
10 min at 4°C. For immunostaining with RPA antibody, cells were treated
with CSK buffer [10 mM piperazine-N,N=-bis(2-ethanesulfonic acid)
(PIPES) (pH 6.8), 300 mM sucrose, 100 mM NaCl, 3 mM MgCl2, 0.5%
Triton X-100, and 1⫻ Complete protease inhibitor (Roche)] for 5 min at
4°C. Cells were then fixed in 4% paraformaldehyde, followed by permeabilization in 0.5% Triton X-100.
For quantification of foci, confocal microscope images were captured
and analyzed with Imaris software (version 7.7.2; Bitplane AG, Switzerland). A median filter (3X3X1) was applied to reduce background noise.
The same signal threshold was applied to all images taken from the same
experiment to obtain the numbers of foci in each cell. The intensity
threshold values were determined by comparing numbers of foci remaining with the number of clear-cut foci present in confocal images. A minimum of 100 cells were analyzed for each condition tested in each experiment, with each experiment carried out three times unless otherwise
specified.
DRIP analysis at the I-SceI cut site. U2OS DR-GFP cells were transfected with DDX1 or control siRNAs. Twenty-four hours after the second
round of siRNA transfection, cells were transfected with the pcDNA3.1
HA-ER-I-SceI construct using polyethylenimine (PEI) (Polysciences Inc.)
at a ratio of 5 g reagent to 1 g DNA. Twenty-four hours after DNA
transfection, 4-hydroxytamoxifen (Sigma) was added to a final concentration of 5 M. Cells were incubated for 4 h and then harvested. The
procedure for preparing nucleic acids for DNA-RNA immunoprecipitation (DRIP) analysis has been reported previously (27). Briefly, nucleic
acids (genomic DNA along with RNA) were purified by lysing cell pellets
in 1% SDS and digesting the lysates overnight with 300 g/ml proteinase
K. Nucleic acids were extracted using a neutral-pH phenol-chloroform
(1:1) mixture followed by ethanol precipitation. Precipitated nucleic acids
were spooled with a glass rod, rinsed in 70% ethanol, and dissolved in
Tris-EDTA (TE).
DRIP was performed as described previously (28) with some modifications. Nucleic acids were digested overnight at 37°C using an enzyme
cocktail (BsrGI, EcoRI, HindIII, SspI, and XbaI). Digested products were
purified with phenol-chloroform and resuspended in TE buffer. Four
micrograms of digested nucleic acids was incubated with 10 g S9.6 antibody in binding buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA, 10 mM
NaPO4, 140 mM NaCl, and 0.05% Triton X-100) overnight at 4°C. Protein G beads were then added and incubated for 2 h at 4°C. Where indi-

DDX1 Facilitates DNA Repair by HR

TABLE 3 Sequences of primers used in RNase H/DSN analysis
Designation

Sequence (5=¡3=)

Upstream forward
Upstream reverse
GAPDH forward
GAPDH reverse

AAGACCCACGAGGCAACAC
GACACGCTGAACTTGTGGC
CCCCTTCATTGACCTCAACT
AGCAGACAGTTATGAACCCG

RESULTS

DDX1 contributes to DSB repair and cell survival post-IR. We
used small interfering RNAs (siRNAs) to examine whether DDX1
is required for cell survival post-IR. DDX1 levels were significantly
reduced in cells transfected with either DDX1 siRNA1 (si1) or
siRNA2 (si2) (Fig. 1A). siRNA-transfected cells were exposed to 1
to 4 Gy IR, and cell survival was measured using a colony formation assay. DDX1 depletion greatly decreased cell survival at all
doses of IR tested (Fig. 1A). We then compared DSB repair kinetics in control and DDX1-depleted cells using the numbers of
␥-H2AX foci as a readout (30). Thirty minutes after treatment
with 3 Gy IR, similar numbers of ␥-H2AX foci were observed in
control and DDX1-depleted cells, indicating that the absence of
DDX1 did not affect ␥-H2AX focus formation. In contrast, at 4 h,
both DDX1 si1- and si2-transfected cells had ⬃50% more
␥-H2AX foci than control cells (Fig. 1B and C), suggesting that
DDX1 depletion impaired DSB repair efficiency. This difference
disappeared at 24 h postirradiation.
To verify that the reduced efficiency in DSB repair was caused
by DDX1 knockdown and not off-target effects of siRNAs, we
generated a U2OS cell line that stably expresses HA-tagged siRNA
(si1)-resistant DDX1 (U2OS HA-mDDX1) (Fig. 1D). Similar
numbers of IR-induced foci were observed in this cell line and in
parental U2OS cells (Fig. 1D; see Fig. 2F and 3B). DDX1 knockdown using DDX1 si1 did not result in increased numbers of
␥-H2AX foci in HA-expressing cells (Fig. 1D), confirming that
delayed DSB repair in DDX1-depleted cells is a consequence of
DDX1 depletion. These results indicate that DDX1 is required for
efficient DSB repair and cell survival post-IR.
As cells in G2 phase have twice the DNA and twice the number
of DSBs as G1-phase cells (30–33), we further examined ␥-H2AX
foci in control and DDX1-depleted cells in G1 versus G2 phase. We
used centromere protein F (CENP-F) immunostaining to distinguish cells in G1 (when CENP-F is absent) from those in G2 (when
CENP-F expression peaks) (Fig. 1E) (31, 32, 34). Compared to
control cells, DDX1-depleted cells accumulated more ␥-H2AX
foci in G2 phase than in G1 phase at 4 h after IR, with an ⬃60%
increase in foci in G2 compared to ⬃40% in G1 (Fig. 1F). These
results indicate that DDX1 makes a stronger contribution to DSB
repair in the G2 phase than in the G1 phase of the cell cycle.
DDX1 promotes HR-mediated DSB repair. In mammalian
cells, the majority of DSBs are repaired by either homologous
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72°C for 30 to 45 s (depending on the length of the amplified region),
followed by a 7-min incubation at 72°C. PCR products were resolved in a
2% agarose gel and visualized using ethidium bromide. Band intensity
was determined using Photoshop software by measuring the average signal intensity over a fixed area and subtracting the background intensity for
each band. For each experiment, we set the DDX1 siRNA value to 1, with
control values presented relative to the value for DDX1 siRNA. Data
shown were obtained from four independent experiments. The P value
was calculated using the Student t test.

recombination (HR) or nonhomologous end joining (NHEJ) (10,
11). It is generally accepted that NHEJ is the predominant pathway for DSB repair in the G1 phase of the cell cycle, with both HR
and NHEJ playing a role in DSB repair during S and G2 phases (32,
33). Consequently, cells defective in HR usually exhibit more pronounced DSB repair defects in the S and G2 phases than in G1 (32,
33). The fact that DDX1 depletion leads to slower DSB repair in
G2- than in G1-phase cells suggests a role for DDX1 in HR-mediated DSB repair. To investigate this possibility, we used U2OS
DR-GFP cells (22) as reporters to measure HR efficiency. When
U2OS DR-GFP cells were cotransfected with scrambled siRNA
and the I-SceI-encoding expression vector (with I-SceI endonuclease activity generating the DSBs), ⬃7 to 10% of the cells were
GFP positive, indicating that these cells had repaired the I-SceIinduced DSBs through HR. Knockdown of DDX1 with either si1
or si2 reduced homology-directed DSB repair efficiency by 2- to
3-fold (Fig. 2A), suggesting a positive role for DDX1 in HR.
To ensure that the observed effect on HR was indeed due to
DDX1 depletion rather than off-target effects, we generated U2OS
DR-GFP cells that stably express siRNA-resistant DDX1 (U2OS
DR-GFP HA-mDDX1). In these cells, DDX1 siRNA transfection
caused only a mild decrease (⬃20%) in HR efficiency (Fig. 2B).
These data are in line with the observation that only 70 to 80% of
U2OS DR-GFP HA-mDDX1 cells express HA-mDDX1. As a final
test of DDX1 specificity, we examined cell cycle phase distribution
in control and DDX1-depleted cells to determine whether the impaired HR observed upon DDX1 depletion might be the consequence of cell cycle disturbance. Similar cell cycle distributions
were observed for U2OS and U2OS DR-GFP whether DDX1 was
depleted or not and whether the cells were treated with IR or not
(see Fig. S2 in the supplemental material), indicating that DDX1’s
effect on HR is not mediated through cell cycle changes.
Cells defective in HR demonstrate elevated sensitivity to
inhibitors of poly(ADP-ribose) polymerase (PARP) (35, 36).
We therefore treated control and DDX1-depleted U2OS cells
with AG14361, a PARP-1 inhibitor. Knockdown of DDX1 using
two different siRNAs resulted in an ⬃2-fold decrease in colony
formation upon treatment with AG14361 at both concentrations
tested (Fig. 2C). Taken together, our data indicate a role for DDX1
in efficient HR-mediated DSB repair.
Effect of DDX1 on NHEJ, single-strand annealing and alternative NHEJ. We examined the effect of DDX1 knockdown on the
repair of DSBs by NHEJ. U2OS EJ5-GFP cells (21) transfected
with DDX1 siRNAs showed slightly elevated NHEJ efficiency
compared to control cells (1.4-fold and 1.1-fold, respectively)
(Fig. 2D), suggesting that DDX1 does not play a significant role in
NHEJ. We also examined whether DDX1 affects two subpathways
of DSB repair, single-strand annealing and alternative NHEJ, by
using U2OS SA-GFP and U2OS EJ2-GFP cell lines as reporters,
respectively (21). Depletion of DDX1 suppressed both pathways
by 2- to 4-fold (see Fig. S3 in the supplemental material).
DDX1 is involved in RAD51 focus formation. RAD51 has
been specifically linked to DSB repair by HR. We therefore investigated the effect of DDX1 on RAD51 focus formation in U2OS
cells upon IR treatment. DDX1 depletion resulted in an ⬃30%
decrease in RAD51 foci compared to control cells (Fig. 2E and F).
As RAD51 foci form predominantly in S and G2 phases (37), we
synchronized U2OS cells using a double thymidine block (see Fig.
S1 in the supplemental material) and analyzed RAD51 foci in S
and G2 phases in control and DDX1-depleted cells treated with IR.
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FIG 1 DDX1 promotes cell survival and DSB repair in irradiated cells. (A) U2OS cells transfected with scrambled siRNAs (control) or siRNAs targeting DDX1
(siRNA1 [si1] and siRNA2 [si2]) were exposed to the indicated doses of IR. Cell survival was measured by colony formation assay. Inset, Western blot of U2OS
cells transfected with scrambled siRNAs (control) or DDX1 siRNAs. (B) Statistical analysis of average numbers of ␥-H2AX foci in control and DDX1 knockdown
cells at 0.5, 1, 4, and 24 h after 3 Gy IR. (C) Control and DDX1 knockdown U2OS cells were exposed to 3 Gy IR. Immunostaining with anti-␥-H2AX antibody
was performed 4 h post-IR. (D) Left, U2OS and U2OS HA-mDDX1 cells that stably express siRNA-resistant DDX1 were transfected with scrambled (⫺) or DDX1
(⫹) siRNA. Numbers of ␥-H2AX foci were analyzed 4 h after 3 Gy IR. For U2OS HA-mDDX1 cells, only cells that express HA-mDDX1 (positive for HA staining)
were analyzed. Right, Western blot of U2OS HA-mDDX1 cell lysates that were transfected with scrambled siRNAs (⫺) or DDX1 siRNA (⫹). The asterisk
indicates HA-tagged DDX1 that is resistant to DDX1 siRNA. The arrowhead points to endogenous DDX1. (E) U2OS cells were immunostained with the indicated
antibodies 4 h after 3 Gy IR. Cells in different phases of the cell cycle were distinguished by CENP-F intensities: weak, medium, and strong CENP-F immunostaining indicates cells in G1, S, and G2 phases, respectively. (F) Numbers of ␥-H2AX foci in control and DDX1 knockdown U2OS cells were analyzed 4 h after
3 Gy IR. Cells in G1 and G2 phases were distinguished by CENP-F immunostaining intensities. Ratios of ␥-H2AX foci in control versus DDX1 knockdown cells
in G1 and G2 phases are depicted in the graphs. For all samples, n ⫽ 3; error bars are standard errors of the means (SEM). P values were calculated using the
two-sided Student t test. Scale bars, 10 m.
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FIG 2 DDX1 facilitates HR-mediated DSB repair. (A) U2OS DR-GFP cells were transfected with scrambled siRNAs (control), DDX1 siRNA (si1 and si2), or
RAD51 siRNA. After 72 h, cells were transfected with the same siRNAs along with an I-SceI expression construct by electroporation. GFP-positive cells were
analyzed by flow cytometry. Relative HR efficiency was calculated by comparing percentages of GFP-positive cells in DDX1 siRNA- or RAD51 siRNA-treated cells
versus control transfectants. (B) U2OS DR-GFP and U2OS DR-GFP HA-mDDX1 cells that stably express siRNA-resistant DDX1 were transfected with
scrambled siRNAs (⫺) or DDX1 si1 (⫹). Relative HR efficiency was measured as described in for panel A. (C) Control and DDX1-depleted U2OS cells were
treated with AG14361 at the indicated concentrations for 24 h. Cell survival was measured using the clonogenic assay. (D) Measurement of NHEJ efficiency in
control and DDX1-depleted U2OS EJ5-GFP cells. Relative repair efficiency was calculated as described in for panel A. (E) Control and DDX1-depleted U2OS cells
were exposed to 3 Gy IR. Cells were immunostained with anti-RAD51 antibody at 2 h post-IR. Bar, 10 m. (F) U2OS cells and U2OS HA-mDDX1 cells that stably
express siRNA-resistant DDX1 were transfected with scrambled (⫺) or DDX1 (⫹) siRNA. Numbers of RAD51 foci were analyzed 2 h after 3 Gy IR. For U2OS
HA-mDDX1 cells, only cells that express HA-mDDX1 (positive for HA staining) were analyzed. (G) U2OS cells were transfected with scrambled or DDX1
siRNAs. Forty micrograms of lysates was resolved by SDS-PAGE and immunoblotted with the indicated antibodies. Asterisk, residual actin signal. (H) U2OS cells
were synchronized using a double thymidine block method. The numbers of RAD51 foci in control and DDX1-depleted cells were analyzed 2 h after 3 Gy
treatment in S phase and G2 phase. For all samples, n ⫽ 3, except for panel F, where n ⫽ 2; error bars are SEM. P values were calculated using Fisher’s exact test
for panels A and H and Student’s t test for panel F.
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the radiomimetic drug camptothecin (CPT) (Fig. 3G and H).
Taken together, these data indicate that DDX1 either facilitates
ssDNA formation or maintains ssDNA at DSBs.
DDX1 is dispensable for efficient end resection at DSBs.
ssDNA at DSBs is generated through end resection. End resection
at DSBs is a finely orchestrated process which involves multiple
players, including nucleases (e.g., MRE11 and EXO1) and stimulation factors (e.g., CtIP). It is generally believed that MRE11 and
CtIP initiate resection, whereas EXO1 is required for extensive
resection (43). To determine whether DDX1 plays a role in end
resection, we first examined the recruitment of CtIP to DSBs in
control and DDX1-depleted U2OS cells. As few IR-induced foci
were detected upon immunostaining with anti-CtIP antibody, we
carried out laser microirradiation (micro-IR) experiments on
control and DDX1-depleted U2OS cells. We optimized the micro-IR conditions so that CtIP was recruited only to cells in S and
G2 phases of the cell cycle as determined by cyclin A immunostaining (Fig. 4A), therefore reflecting CtIP’s biological role in HR (41).
Depletion of DDX1 using either si1 or si2 led to little change in
CtIP recruitment to laser tracks in cyclin A-positive cells (Fig. 4B),
suggesting that CtIP-dependent resection initiation does not rely
on DDX1.
We next examined the extension step of end resection in control and DDX1 knockdown cells. Upon IR, EXO1 rapidly accumulates at DSBs, where it is phosphorylated by ATM following
resection initiation and participates in end resection extension
(44, 45). Phosphorylation of EXO1 regulates its activity and is
required for normal RAD51 focus formation (45). We carried out
immunostaining analysis using an antibody that recognizes phosphorylated EXO1 (pEXO1) in DDX1-depleted and control cells
subjected to 2 Gy IR. As previously reported (45), pEXO1 formed
IR-induced foci in the nucleus (Fig. 4C). In contrast to the reduced number of RAD51 foci observed upon DDX1 knockdown
(Fig. 2C), DDX1 depletion had no effect on either the number or
the distribution of pEXO1 foci (Fig. 4D) at both 1 h and 3 h
post-IR, indicating that DDX1 is dispensable for EXO1-dependent resection extension.
As DDX1 knockdown results in decreased ssDNA at DSBs following IR but has little effect on end resection, we asked whether
DDX1 recruitment and/or retention at DSBs resides downstream
of end resection. As shown in Fig. 5A, numbers of IR-induced
DDX1 foci were significantly reduced upon CtIP depletion. Similar results were also observed in cells depleted of RNF138 (Fig.
5B), an important player in directing DSBs to HR repair and promoting end resection (46, 47). No changes in DDX1 protein levels
were detected in either CtIP or RNF138 knockdown cells, indicating a cellular redistribution of DDX1 in these cells (Fig. 5C). Thus,
our combined experiments indicate that DDX1 plays a role in the
maintenance of the ssDNA rather than in the end resection process itself; however, efficient end resection is critical for DDX1
recruitment/retention at DSBs.
Effects of RNA transcription on DDX1 recruitment and
DDX1-mediated HR repair. We have previously shown that pretreatment of HeLa cells with the transcription inhibitor actinomycin D prior to IR exposure abolishes formation of discrete DDX1
foci at DSBs (9). A caveat to this experiment is that actinomycin D
has the potential to induce ␥-H2AX foci as well as to inhibit transcription (48). To ensure that the effect observed upon actinomycin D treatment is the consequence of transcription inhibition, we
tested a second transcription inhibitor, cordycepin, an adenosine
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Depletion of DDX1 by two different siRNAs led to reduced
RAD51 foci in both S (⬃40% decrease) and G2 (⬃30% decrease)
phases (Fig. 2H). The reduction in RAD51 foci is unlikely to be
due to direct recruitment of RAD51 by DDX1 since DDX1 does
not coimmunoprecipitate with RAD51 (see Fig. S4 in the supplemental material). A possible caveat to this experiment is that
RAD51 has been reported to be a common off-target of siRNAs
(38). We therefore compared RAD51 protein levels in DDX1depleted versus control cells. DDX1 knockdown did not affect
RAD51 levels, indicating that the reduced number of RAD51 foci
observed upon DDX1 depletion is not caused by DDX1 siRNA
off-target effects on RAD51. Further evidence against off-target
effects comes from DDX1 rescue experiments demonstrating recovery of RAD51 foci in cells transfected with an siRNA-resistant
DDX1 expression construct (Fig. 2F).
DDX1 depletion results in decreased ssDNA post-IR. An essential step in the HR repair pathway is generation of ssDNA at the
broken DNA ends through extensive end resection. We therefore
examined whether DSB-induced ssDNA was affected by DDX1
knockdown in U2OS cells. ssDNA was first analyzed by measuring
recruitment of the ssDNA-binding protein RPA following treatment with 5 Gy IR. Compared to control cells, DDX1 knockdown
led to fewer RPA foci per cell (⬃30% reduction) in U2OS but not
U2OS HA-mDDX1 cells (Fig. 3B). Upon examination of synchronized U2OS cells in the S and G2 phases, we observed similar
reductions in RPA foci (⬃30 to 40%) in U2OS cells transfected
with either DDX1 si1 or si2 (Fig. 3C).
RPA also forms foci at stalled replication forks in response to
replication stress (39). We therefore examined whether the reduced numbers of RPA foci in DDX1-depleted cells could be explained by a possible role for DDX1 in response to replication
stress. U2OS cells stably expressing GFP-RPA were treated with 1
mM hydroxyurea (HU) for 1 h to induce stalled replication forks.
Similar numbers of GFP-RPA foci were observed in control and
DDX1 knockdown cells (see Fig. S5 in the supplemental material),
suggesting that the reduced numbers of RPA foci observed upon
DDX1 depletion following IR treatment are unlikely to be due to a
role for DDX1 in replication. In agreement with this, we have
previously shown that DDX1 does not form foci in cells treated
with aphidicolin, cisplatin, or UV until 24 h posttreatment, when
stalled replication forks eventually collapse and form DSBs (9, 24).
As RPA recruitment measures ssDNA only indirectly, we also
used the nondenaturing BrdU staining method (26) to directly
visualize ssDNA in control and DDX1-depleted cells. No difference was noted between control and DDX1-depleted cells in the
absence of DNA damage, with a nuclear BrdU signal detected in
⬃2 to 3% of cells. After exposure to 5 Gy IR, ⬃50% of control cells
were positive for nuclear BrdU (Fig. 3D and E). Notably, DDX1
depletion resulted in a significant reduction in the percentage of
cells with a nuclear BrdU signal (Fig. 3D and E).
We further analyzed ssDNA in DDX1 knockdown cells using
biochemical methods. Phosphorylated RPA (pRPA) and phosphorylated CHK1 (pCHK1) are two commonly used markers for
measuring ssDNA generated by end resection (40, 41). First, we
examined RPA phosphorylation at Ser 4/Ser 8 upon exposure to
15 Gy, the dose of radiation required to detect RPA phosphorylation by Western blotting (42). RPA phosphorylation was induced
in control U2OS cells, with reduced RPA phosphorylation observed in DDX1-depleted cells (Fig. 3F). Similar results were observed for both pRPA and pCHK1 in U2OS cells after exposure to
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analogue that terminates RNA chain elongation (49). Treatment
of HeLa cells with cordycepin prior to IR resulted in a significant
reduction in IR-induced DDX1 foci (Fig. 6A). Moreover, only 30
to 40% of pretreated cells were positive for IR-induced DDX1 foci,
as opposed to 90 to 95% of cells without cordycepin treatment.
Similarly, cordycepin pretreatment dramatically impaired DDX1
recruitment to DNA damage sites that were generated by either
micro-IR (see Fig. S6 in the supplemental material) or exposure to
camptothecin (Fig. 6B). Cordycepin had little effect on ␥-H2AX
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foci under all tested conditions. Furthermore, DDX1 levels were
not affected by cordycepin treatment (Fig. 6C). These combined
data indicate that active transcription promotes DDX1 recruitment/retention at DSB sites.
Increased levels of transcripts at DSBs affect DSB repair by
HR in DDX1-depleted cells. Given that DDX1 recruitment to
DSBs is enhanced by active transcription, we next examined the
effect of local transcript deregulation on HR repair in normal and
DDX1-depleted U2OS DR-GFP cells. For these experiments, we
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FIG 3 DDX1 depletion results in decreased single-stranded DNA post-IR treatment. (A) U2OS cells were transfected with scrambled siRNA (control) or DDX1
si1. Cells were exposed to 5 Gy IR, extracted, and immunostained with anti-RPA antibody at 2 h post-IR. (B) U2OS and U2OS HA-mDDX1 cells were transfected
with scrambled (⫺) or DDX1 (⫹) siRNA. RPA foci were analyzed 2 h after 5 Gy IR. For U2OS HA-mDDX1 cells, only cells that express HA-mDDX1 (positive
for HA staining) were analyzed. (C) U2OS cells were synchronized using the double thymidine block method. Numbers of RPA foci were analyzed in S phase and
G2 phase of control or DDX1-depleted cells. (D) Control and DDX1-depleted U2OS cells were incubated with 10 M BrdU for 24 h and then exposed to 5 Gy
IR. Nondenaturing BrdU staining was performed at 3 h post-IR. Note that BrdU also stains mitochondrial DNA in the cytoplasm. The contour of the nuclei is
indicated by the dotted lines. (E) Percentages of untreated and IR-treated control and DDX1-depleted cells that are positive for nuclear BrdU. (F) Control and
DDX1-depleted U2OS cells were treated with 15 Gy IR and harvested 2 h later. Nuclear extracts were resolved by SDS-PAGE and immunostained with the
indicated antibodies. (G and H) Control and DDX1-depleted U2OS cells were treated with 1 M CPT for 1 h (G) or 30 min (H). Cells were processed as described
above. The arrowhead points to phosphorylated RPA. Scale bars, 10 m; error bars, SEM; n ⫽ 3 for all samples. P values were calculated using the two-sided
Student t test (B) or Fisher’s exact test (C and E).
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used expression constructs containing a 302-bp insert that was
complementary to the region immediately upstream of the I-SceI
cut site in the DR-GFP locus (Fig. 6D). We chose this 302-bp
upstream region for the following reasons. First, we wanted to
eliminate the possibility that the construct used to generate the
sense or antisense transcripts could itself serve as a homologous
sequence template in HR. By using a relatively short sequence that
is homologous only to the upstream region of the I-SceI site, we
avoided this possible scenario. Second, recent studies have shown
that small noncoding RNAs are induced at DSBs (50–52). These
small RNAs are transcribed in both orientations and are preferentially generated in the upstream vicinity of DSBs (51, 52).
The 302-bp insert (in either the sense or antisense orientation)
was placed downstream of the strong cytomegalovirus (CMV)
promoter (to ensure elevated levels of the 302-nt transcripts) and
upstream of a polyadenylation signal (to ensure proper termination of the 302-nt transcripts). There was little effect on HR repair
(⬍10% reduction) when U2OS DR-GFP cells were transfected
with either the 302-bp sense or antisense construct (Fig. 6E).
However, in DDX1-depleted cells, expression of either the sense
or antisense 302-nt transcript led to a statistically significant
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⬃30% reduction in HR efficiency (Fig. 6E). These results provide
further evidence for RNA involvement in the DDX1-related aspects of DSB repair by HR.
DDX1 does not associate with R-loop-related proteins. We
have previously published indirect evidence that DDX1 is recruited to DSBs containing RNA-DNA hybrids (9). The compromised HR efficiency in DDX1-depleted cells in the presence of
excessive RNA transcripts complementary to DSBs (Fig. 6E) further implicates RNA-DNA duplexes in DDX1-mediated aspects of
DSB repair by HR. R-loops consisting of RNA-DNA duplexes
have been implicated in DSB formation and the ensuing cellular
response (18–20). We therefore examined whether DDX1 colocalizes with two known markers associated with R-loops: the S9.6
antibody, which specifically recognizes RNA-DNA hybrids (53),
and senataxin, an RNA helicase that resolves aberrant R-loops at
transcriptionally active chromatin to facilitate proper transcription termination (54). Consistent with previous reports (27, 55),
immunostaining with both the S9.6 and antisenataxin antibodies
revealed a speckled nuclear pattern without distinct foci (see Fig.
S7 and S8 in the supplemental material). Thus, even though purified RNA-DNA hybrids can be immunoprecipitated by the S9.6
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FIG 4 DDX1 depletion has little effect on end resection. (A) Control and DDX1-depleted U2OS cells were microirradiated. Cells were immunostained with
anti-␥-H2AX, anti-cyclin A, and anti-CtIP antibodies at 1 h postirradiation. Note that under these conditions, CtIP recruitment occurs in S/G2-phase cells
(indicated by positive nuclear staining of cyclin A, shown by arrows) but not in G1-phase cells (negative nuclear cyclin A staining, shown by arrowheads). (B)
Percentage of ␥-H2AX stripes with CtIP recruitment in control and DDX1 knockdown cells treated as described for panel A. (C) Control and DDX1-depleted
U2OS cells were treated with 2 Gy IR and immunostained with anti-␥-H2AX and anti-pEXO1 antibodies at 1 h post-IR. (D) Percentage of cells containing
pEXO1 foci and number of foci per individual cell at 1 h (left) or 3 h (right) post-IR. P values were calculated using the two-sided Student t test for panel B and
the chi-square test with Yates’ correction for panel D. Scale bars, 20 m; error bars, SEM; n ⫽ 3.
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FIG 5 Formation of IR-induced DDX1 foci is dependent on efficient end
resection. (A) Control and CtIP-depleted HeLa cells were immunostained
with anti-␥-H2AX and anti-DDX1 antibodies at 3 h after treatment with 5 Gy
IR. Scale bar, 20 m. (B) Cells were treated as described for panel A. The
average numbers of IR-induced DDX1 foci in control, CtIP knockdown, or
RNF138 knockdown cells were analyzed (n ⫽ 3). P values were calculated
using Fisher’s exact test. Error bars, SEM. (C) HeLa cells were transfected with
scrambled (control), CtIP, or RNF138 siRNAs. Seventy-two hours later, cells
were harvested. Forty micrograms of whole-cell lysates was separated by SDSPAGE and immunoblotted with the indicated antibodies.

antibody in vitro (27, 28), our immunofluorescence data suggest
that there is not sufficient accumulation of RNA-DNA duplexes at
single sites in vivo for detection by immunofluorescence. DDX1
did not coimmunoprecipitate with senataxin after IR treatment
(see Fig. S8B), in agreement with the finding that senataxin does
not contribute to cell survival post-IR (55).
Overexpression of RNase H has been shown to suppress Rloop formation as well as R-loop-induced phenotypes (17, 18, 29).
To address whether RNase H can rescue impaired HR repair in
DDX1 knockdown cells, we transfected U2OS DR-GFP cells with
an RNase H expression construct along with the plasmid encoding
I-SceI nuclease. Overexpression of RNase H had no effect on HR
efficiency in both control and DDX1 knockdown cells, indicating
that RNase H cannot compensate for DDX1 depletion at DSBs
(see Fig. S9 in the supplemental material). Collectively, our data
suggest a role for DDX1 in DSB repair that is not related to Rloops.
DDX1 promotes RNA clearance at I-SceI-generated DSBs.
To further address RNA-DNA duplex association with DDX1 at
DSBs, we carried out DNA-RNA immunoprecipitation (DRIP)
analysis using the S9.6 antibody (27, 28). For these experiments,
we took advantage of the U2OS DR-GFP/I-SceI system and synchronized DSB formation at the I-SceI site by fusing the I-SceI
enzyme to a tamoxifen-responsive hormone-binding domain
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FIG 6 Effects of RNA transcription on DDX1 recruitment/retention at DNA
damage sites and DDX1-mediated HR repair. (A) HeLa cells were treated with
100 M cordycepin for 2 h (bottom panel) or mock treated (top panel). Cells
were then exposed to 5 Gy IR and immunostained at 1 h post-IR. (B) HeLa cells
were treated with cordycepin or mock treated as described above. Cells were
then incubated with 1 M camptothecin for 1 h, followed by immunostaining.
Scale bars, 20 m. (C) HeLa cells were treated as described for panel B. Forty
micrograms of lysates was resolved by SDS-PAGE and immunoblotted with
the indicated antibodies. (D) A schematic representation of sense RNA and
antisense RNA and their locations relative to the I-SceI cut site in the DR-GFP
reporter. The bent arrow indicates the GFP transcription orientation. (E)
Empty vector or constructs expressing sense RNA or antisense RNA were
transfected into control and DDX1-depleted U2OS DR-GFP cells. Relative HR
efficiency was measured as described for Fig. 2A (n ⫽ 3). Error bars, SEM. P
values were calculated using Student’s t test.
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Nucleic acid containing genomic DNA and associated RNA
was prepared as described above and treated with DSN alone or
pretreated with RNase H followed by DSN (Fig. 8A). The digested
nucleic acid was then PCR amplified using primers specific to the
I-SceI DSB. Under scenario 1 (no resection and no complementary transcripts), no PCR products will be generated, as DSN will
completely digest the double-stranded DNA regardless of RNase
H treatment. Under scenario 3 (resection but no complementary
transcripts), PCR products will be obtained upon DSN treatment
regardless of RNase H treatment, as ssDNA is not digested with
either one of these enzymes. Under scenario 2 (resection and the
presence of DNA-RNA duplexes), no PCR products will be generated in the presence of DSN alone, as DSN will digest the DNA
from both DNA-DNA and DNA-RNA duplexes. However, PCR
products will be obtained upon digestion of nucleic acid with
RNase H followed by DSN: RNase H will digest RNA from RNADNA duplexes, and DSN will digest the double-stranded DNA
but not the resulting ssDNA, which can then serve as a template
for PCR.
Our DSN/RNase H experiments were carried out using primers that amplify the region immediately upstream of the DSB (Fig.
8A). No PCR products were observed when nucleic acids prepared
from cells transfected with either scrambled siRNA or DDX1
siRNA were treated with DSN alone (Fig. 8B, lanes 1 and 3). However, when these same nucleic acids were treated with RNase H
followed by DSN, PCR products of the expected size (⬃320 bp)
were generated (Fig. 8B, lanes 2 and 4), indicating the presence of
RNA-DNA duplexes upstream of the DSB. Importantly, when
DDX1-depleted cells were treated with both RNase H and DSN,
there was an increase in PCR products compared to those in control cells (Fig. 8B, compare lanes 4 and 2). Quantitative analysis
from multiple experiments (n ⫽ 4) indicates that the average intensity of PCR products from DDX1-depleted cells is 3- to 4-fold
higher than that from control cells (Fig. 8C). These results suggest
that depletion of DDX1 results in increased accumulation of
RNA-DNA duplexes upstream of I-SceI-induced DSBs. To ensure
that DSN digestion was complete under all conditions tested, we
used primers specific to the GAPDH gene to carry out PCR amplification using the same nucleic acid templates. No amplified
products were observed in any of the DSN/(RNase H)-treated
samples (Fig. 8B, lanes 5 to 8). We also used GAPDH primers to
confirm that GAPDH could be amplified from untreated nucleic
acid samples (Fig. 8B, lane 9). These results indicate that the difference in band intensities observed between lanes 2 and 4 is not
due to incomplete DSN digestion.
In control experiments, we tested whether the presence of
DNA-RNA duplexes upstream of the I-SceI site was dependent on
the formation of DSBs. DSN/RNase H digestion was carried out
on nucleic acids extracted from cells transfected with an empty
plasmid. In the absence of the I-SceI endonuclease, no DSBs are
induced at the I-SceI site, and as a result, the genomic DNA surrounding the I-SceI site should be completely digested by DSN. As
expected, neither control nor DDX1-depleted cells generated PCR
products after DSN treatment (Fig. 8D). Therefore, the DNA molecules that survived RNase H/DSN digestion and served as the
PCR template for Fig. 8B most likely represent RNA-DNA repair
intermediates generated as a result of I-SceI-mediated DSB formation.
Taken together, our data from DRIP and DSN/RNase H analyses indicate (i) the presence of RNA-DNA hybrids at the I-SceI-
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(ER) and transfecting this fusion construct into U2OS DR-GFP
cells. Upon tamoxifen treatment, the ER–I-SceI fusion protein
translocates from the cytoplasm to the nucleus and introduces a
DSB at the I-SceI site (Fig. 7A). Semiquantitative PCR using primers flanking the I-SceI site was used to assess the efficiency of DSB
induction and repair. Based on band intensities in the control and
tamoxifen-induced lanes, similar numbers of DSBs were induced
and remained unrepaired in control and DDX1 knockdown cells
(Fig. 7B). For more quantitative measurements, qPCR was used to
amplify the P1 region (Fig. 7A) flanking the I-SceI site. Compared
to those in uninduced cells, ⬃40% of DSBs remained unrepaired
in control cells and ⬃60% in DDX1-depleted cells (Fig. 7C).
Next, we examined whether we could detect RNA-DNA hybrids in the vicinity of the I-SceI site. To do this, we gently extracted nucleic acids containing genomic DNA and associated
RNA from control and DDX1-depleted U2OS DR-GFP cells, in
which DSBs had been induced at the I-SceI site. Nucleic acids were
fragmented by enzyme digestion, followed by immunoprecipitation with the S9.6 antibody. Nucleic acids immunoprecipitated
with the S9.6 antibody were then amplified by qPCR. We examined two regions upstream of the I-SceI site, labeled P2 and P3 in
Fig. 7A. An approximately 3- to 4-fold increase in qPCR products
was observed in DDX1-depleted compared to control U2OS DRGFP cells at P2 (Fig. 7D) and P3 (Fig. 7E). Pretreatment of the
nucleic acid with RNase H prior to adding the S9.6 antibody dramatically reduced the qPCR signal (Fig. 7D and E).
In light of reports indicating that the S9.6 antibody has a low
affinity for RNA-RNA hybrids (56) and that pretreatment with
RNase A significantly enhances the RNA-DNA signal in DRIP
assays (57), we repeated the above-described experiment by pretreating nucleic acids prepared from tamoxifen-treated U2OS
DR-GFP cells with RNase A prior to immunoprecipitation with
the S9.6 antibody. Both the P2 and P3 sites were then examined by
qPCR. Pretreatment with RNase A led to relative increases of 1.7fold (P2 site) and 1.3-fold (P3 site) (Fig. 7F), suggesting that the 3to 4-fold increase in qPCR signal observed in DDX1-depleted cells
(Fig. 7D and E) may be an underestimate. Thus, the increased
qPCR signal observed upon DDX1 depletion, in conjunction with
the decreased qPCR signal observed upon RNase H treatment,
indicates a role for DDX1 in the regulation of RNA-DNA hybrids
in the vicinity of the I-SceI DSBs.
To confirm that the effect of DDX1 depletion on levels of RNADNA hybrids at I-SceI DSBs is indeed due to DDX1 and not to
off-target siRNA effects, we carried out DRIP analysis using U2OS
DR-GFP HA-mDDX1 cells. Knockdown of endogenous DDX1 in
these siRNA-resistant cells failed to increase levels of RNA-DNA
duplexes at either the P2 or the P3 site (Fig. 7G), indicating that
siRNA-resistant DDX1 protein is able to rescue the increased
RNA-DNA duplex phenotype observed upon DDX1 depletion.
Collectively, our data indicate that DDX1 plays a key role in resolving DNA-RNA duplexes at I-SceI-induced DSBs.
A novel DSN/RNase H assay to verify clearance of RNA by
DDX1 at I-SceI DSBs. To further investigate the role of DDX1 in
RNA clearance at DSBs, we designed an assay that uses duplexspecific nuclease (DSN) and RNase H to distinguish DNA-RNA
from other nucleic acid structures. DSN specifically degrades
DNA from DNA-DNA and DNA-RNA duplexes but has no effect
on ssDNA or any form of RNA (58, 59). DSN has been adapted to
a variety of applications, including quantitative measurement of
ssDNA overhangs in human telomeres (59).
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FIG 7 DDX1 promotes clearance of DNA-RNA duplexes formed at the I-SceI-induced DSBs. (A) A schematic illustration showing the position of the
I-SceI-induced DSB in the DR-GFP reporter and the three sites (P1 to P3) targeted for analysis by qPCR. (B) U2OS DR-GFP cells were transfected with scrambled
siRNA (control) or DDX1 siRNA (DDX1 si1). Cells were then transfected with the HA-ER-I-SceI construct, and DSBs at the I-SceI site were induced with 5 M
tamoxifen for 4 h. Genomic DNA (50 ng) was amplified by semiquantitative PCR with primers flanking the I-SceI cut site (labeled P1 in panel A) (upper panel)
or GAPDH-specific primers (bottom panel). (C) qPCR analysis of the region spanning the I-Sce I cut site (P1 site) in cells described for panel B. Signal intensities
were normalized against a GAPDH control. (D and E) DRIP analysis was carried out using the S9.6 antibody and nucleic acid purified from control (scrambled
siRNA-transfected) and DDX1-depleted U2OS DR-GFP cells with DSBs induced at I-SceI sites. qPCR was performed using primers specific to sites P2 (D) and
P3 (E). Where indicated, samples were treated with RNase H prior to DRIP analysis. Signal intensities were normalized against input DNA as well as the SNRPN
negative control. (F) DRIP-qPCR analysis was performed as described above. Where indicated, samples were treated with RNase A prior to DRIP. Relative
increases in the qPCR signal were calculated by comparing the ratio of the qPCR signal in DDX1-depleted versus control cells treated with RNase A with the ratio
of the qPCR signal in DDX1-depleted versus control cells without RNase A treatment. (G) U2OS DR-GFP cells stably expressing HA-mDDX1 were transfected
with scrambled siRNA (⫺) or DDX1 si1 (⫹). DRIP-qPCR analysis was performed as described for panels D and E. P values were calculated using the
Mann-Whitney test; n ⫽ 3 for all cases.
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FIG 8 DDX1 promotes RNA clearance at I-SceI-induced DSBs. (A) Three possible scenarios at I-SceI-induced DSBs. The positions of primers (upstream region)
are indicated by the green arrows. Note that RNA molecules can be either long and continuous (as shown) or short and discontinuous. (B) DSBs at I-SceI sites
were induced by tamoxifen in control or DDX1-depleted U2OS DR-GFP cells. One microgram of nucleic acid was digested with DSN alone or RNase H followed
by DSN. Digested DNA (250 ng) was PCR amplified using primers specific to the upstream region of the I-SceI cut site (lanes 1 to 4) or GAPDH primers (lanes
5 to 8). For comparison, 50 ng of intact DNA from control cells (transfected with scrambled siRNA and ER-I-SceI expression vector and induced by tamoxifen)
was PCR amplified using GAPDH primers (lane 9). (C) Average intensity of PCR products in panel B from four independent experiments. The P value was
calculated using Student’s t test. (D) Control or DDX1-depleted U2OS DR-GFP cells were transfected with an ER expression construct, followed by tamoxifen
induction. PCR was performed as described for panel B. (E) Model of the proposed role for DDX1 in HR. See the text for details.
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induced DSB and (ii) a role for DDX1 in clearing RNA from
ssDNAs generated at the DSB sites.
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Impressive advances have been made in our understanding of the
proteins and pathways involved in the repair of DSBs by errorprone NHEJ and error-free HR. Recent data suggest a role for
RNA in the repair of at least a subset of DSBs. However, we still do
not know whether the presence of RNA affects pathway choice
and/or repair efficiency. DDX1 is a member of the RNA helicase
family of DEAD box proteins that has both RNA-RNA and
RNA-DNA unwinding activities (9). DDX1 has previously
been implicated in the cellular response to DNA DSBs based on
its (i) recruitment to a subset of DSBs after exposure of cells to
IR, (ii) ATM-dependent and IR-induced phosphorylation, and
(iii) interaction with ATM and the MRN complex (9). Importantly, treatment of irradiated cells with either RNase H or actinomycin D reveals a role for RNA-DNA duplex structures or transcription, respectively, in either the recruitment or retention of
DDX1 at DSBs (9). These combined data suggest the intriguing
possibility that DDX1 is involved in the repair of DSBs at sites of
active transcription. Here, we show that DDX1 is required for
efficient repair of DSBs by HR, with a specific role in the maintenance of ssDNA generated through the end resection step of DSB
repair by HR. We used a combination of assays, including a novel
DSN/RNase H assay, to directly demonstrate the presence of
RNA-DNA duplexes in the vicinity of DSBs and the retention of
RNA-DNA duplexes at DSBs in DDX1-depleted cells. Our results
indicate a role for DDX1 in facilitating HR repair by either unwinding or remodelling RNA-DNA duplex structures that are
formed once the ssDNA has been generated by end resection.
DDX1 maintains ssDNA and facilitates HR. There is accumulating evidence for the involvement of RNA-binding proteins in
DSB repair (60). For example, Polo et al. (61) reported that
hnRNP U-like proteins, hnRNPUL1 and -2, positively regulate
end resection at DSBs and promote repair via the HR pathway. In
a genome-wide screen designed to identify the players in HR,
RBMX was found to facilitate BRCA2 expression and promote HR
(38). From the same screen, another DEAD box protein, DDX17,
was shown to accumulate at micro-IR-induced damage sites and
to suppress HR-mediated repair through unknown mechanisms.
By analyzing various steps of HR repair, we found that DDX1
depletion results in reduced numbers of RPA, BrdU, and RAD51
foci, as well as defective phosphorylation of RPA and CHK1, in
cells treated with IR. As these assays are commonly used for measuring ssDNA formation, our results suggest that DDX1 knockdown specifically affects the ssDNA produced as the result of end
resection following DSB formation. Intriguingly, when we analyzed end resection, the step in HR that generates ssDNA, we observed normal recruitment of CtIP and phosphorylation of EXO1
at DSBs in DDX1-depleted cells, suggesting that DDX1 is not essential for end resection. Moreover, DDX1 accumulation at DSBs
is dependent on efficient end resection, thereby placing DDX1
focus formation downstream of end resection. These combined
data point to a role for DDX1 in the maintenance of ssDNA once
it is generated by end resection. While the ssDNA-binding protein
RPA has a well-established role in stabilizing ssDNA (62), other
proteins or factors may also be involved in this process. For example, RNAs complementary to ssDNAs may interfere with processes downstream of end resection in HR unless they are removed

by DDX1. In agreement with its role in maintaining ssDNA,
DDX1 has been shown to interact with ssDNA coated with RPA
(63).
DDX1 resolves RNA-containing duplex structures at DSBs.
The RNA-DNA structures resolved at DSBs by DDX1 are reminiscent of R-loops, first described at transcriptionally active sites
of the genome (13–15). R-loops are three-stranded nucleic acid
structures consisting of a DNA-RNA hybrid associated with the
genomic ssDNA template. A growing body of evidence suggests
that cotranscriptional R-loops contribute to DSB formation, possibly due to collisions between the replication and transcription
machineries at the unresolved R-loops (13–15). In addition, Rloops as detected by RNase H recruitment have also been observed
at micro-IR-induced DNA lesions immediately following DNA
damage (20).
We used a number of approaches to investigate possible similarities between traditionally defined R-loops and the RNA-DNA
structures that we identified at DSBs. First, DNA replication stress,
shown by others to induce R-loop formation (64, 65), did not
result in accumulation of DDX1 at chromatin (9, 24). However,
DDX1 foci were observed 24 h after replication disruption, when
stalled replication forks eventually collapse and form DSBs. Second, although others have shown that R-loops and R-loop-induced phenotypes can be suppressed by overexpression of RNase
H (17, 18, 54), RNase H overexpression did not compensate for
DDX1 depletion as measured by the DR-GFP reporter assay.
Third, recruitment of RNase H and other R-loop-associated factors to DNA lesions induced by micro-IR is rapid but transient
(recruitment occurs within minutes, with factors then dissociating from the DNA lesions) (20), whereas DDX1 accumulation at
DSBs follows much slower kinetics (peaks at 1 h, with no dissociation detected for hours), suggesting that RNase H and DDX1
either play different roles or act at different stages in resolving
RNA-DNA structures during the DSB repair process. Fourth,
senataxin, an RNA helicase that plays a critical role in resolving
R-loops in vivo (54, 64), did not coimmunoprecipitate with DDX1
in either the presence or absence of IR-induced DNA damage.
Although we cannot eliminate the possibility that RNase H access
to DSBs was blocked by proteins recruited to these sites, our combined results are consistent with DDX1-resolved RNA-DNA hybrids being different from R-loops. Thus, DDX1, RNase H, and
senataxin may all play different roles in resolving RNA-DNA hybrids, depending on the context.
A number of studies have shown that RNA species, especially
noncoding RNAs (ncRNAs), are important players in the cellular
response following DSB formation (66, 67). For example, DSBs
induce biogenesis of microRNAs, which in turn modulate the
DNA repair process by regulating the expression of ATM and
RAD52 (68). These microRNAs are not generated at DSB sites,
nor do they have sequence homology to DNA regions flanking
DSBs. Recently, a new category of small ncRNAs associated with
DSBs has been discovered. These small ncRNAs are called DSBinduced small RNAs (diRNA) or DNA damage-induced RNAs
(DDRNA) because they are induced in the vicinity of DSBs (50,
51). diRNAs are transcribed from both DNA strands. Biogenesis
of diRNAs requires key players in the RNA interference pathway,
such as Dicer and Drosha. Interestingly, inhibition of diRNA generation appears to reduce only HR efficiency and not NHEJ in
mammalian cells (69). How diRNA functions at DNA lesions remains to be elucidated.
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Using two assays, DRIP and DSN/RNase H, we demonstrated
the presence of RNA-DNA duplexes in the vicinity of I-SceI-generated DSBs. Based on high-throughput sequencing, diRNAs are
complementary to both strands of DNA in the vicinity of DSBs
and can be found within a few kilobases both upstream and downstream of DSBs (51). Thus, the source of the RNA in the RNADNA hybrids could be diRNAs but could also be alternative RNA
species such as mRNAs (or fragments thereof), since our assay
does not discriminate between short, discontinuous RNAs and
longer, more continuous molecules.
Attempts to determine whether a gene’s transcriptional activity affects the pathway by which DSBs will be repaired have produced conflicting results. For example, no correlation was found
between transcription activity and HR repair using a GFP-based
reporter assay (21). In contrast, by examining multiple endogenous cut sites, Aymard et al. found a significant increase in HR
when DSBs were located in euchromatic regions and/or next to
actively transcribed genes (70). Similar results were also reported
by Gong et al. (71). While our study does not directly address
repair pathway choice for DSBs, we do show an association between DDX1 and efficient repair by HR that is linked to transcription and the presence of RNA at DSBs. We propose the following
model for the role of DDX1 at DSBs (Fig. 8E). Upon DSB formation, for those lesions that are channeled to HR, end resection is
activated, generating ssDNA. If DSBs are in the vicinity of active
transcription, RNA may anneal to the complementary ssDNA,
thus impeding the later steps in HR (e.g., RAD51 nucleofilament
formation on ssDNA). DDX1 is recruited to DSB sites in an ATMdependent manner, where it unwinds RNA-DNA duplexes, exposes the ssDNA, and facilitates downstream events such as
RAD51 nucleofilament formation. In DDX1 knockdown cells, the
RNA-DNA structures persist and impede efficient HR.
Of note, in addition to HR repair, DDX1 knockdown also impairs DSB repair in G1 phase when canonical HR is suppressed,
suggesting that DDX1 may contribute to other types of DSB repair. In agreement with this idea, IR-induced DDX1 foci are found
throughout the cell cycle (9). Based on our data, DDX1 knockdown has only a subtle effect on NHEJ; the DSB repair pathway
believed to repair most DSBs prior to DNA replication. However,
recent evidence suggests that novel DSB repair pathways involving
RNA templates may be functional throughout the cell cycle, including G1. RNA template-guided DSB repair has been reported
in both mammalian cells and bacteria and involves RNA molecules that serve as templates to guide DNA synthesis during DSB
repair (72–76). Regulation of RNA-DNA duplexes, including
both their formation and resolution, may be critical to this repair
process. As DEAD box proteins have been implicated in both the
formation and resolution of RNA-RNA duplexes (77, 78), we
speculate that DDX1, with its ability to unwind either RNA-RNA
or RNA-DNA duplexes, could play a fundamental role in RNA
template-guided DSB repair.
In conclusion, we demonstrate a role for DDX1 in the repair of
DSBs by HR through maintenance of the ssDNA generated by end
resection. By examining DNA-RNA duplex structures at DSBs, we
showed that DDX1 clears RNA from RNA-DNA duplexes located
in the vicinity of DSBs that are marked for repair by HR. Thus, our
data functionally implicate a member of the DEAD box family of
RNA helicases in DSB repair and indicate that RNA, in addition to
RPA proteins, can regulate the availability of ssDNA for the subsequent steps in HR.
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