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ABSTRACT

RAD51, a multifunctional protein, plays a central role
in DNA replication and homologous recombination
repair, and is known to be involved in cancer devel-
opment. We identified a novel role for RAD51 in in-
nate immune response signaling. Defects in RAD51
lead to the accumulation of self-DNA in the cyto-
plasm, triggering a STING-mediated innate immune
response after replication stress and DNA damage.
In the absence of RAD51, the unprotected newly repli-
cated genome is degraded by the exonuclease activ-
ity of MRE11, and the fragmented nascent DNA accu-
mulates in the cytosol, initiating an innate immune re-
sponse. Our data suggest that in addition to playing
roles in homologous recombination-mediated DNA
double-strand break repair and replication fork pro-
cessing, RAD51 is also implicated in the suppression
of innate immunity. Thus, our study reveals a pre-
viously uncharacterized role of RAD51 in initiating
immune signaling, placing it at the hub of new inter-
connections between DNA replication, DNA repair,
and immunity.

INTRODUCTION

DNA damage is a biological process that negatively im-
pacts human health in many ways. Eukaryotic cells accrue
DNA damage as a result of endogenous metabolic activi-
ties such as DNA replication, recombination errors or envi-
ronmental exposures such as ionizing radiation, ultra-violet
light and chemical mutagens. Alterations in the pathways
involved in the processing of stalled or collapsed replica-
tion forks and DNA repair cause genome instability and
chromosomal rearrangements that are hallmarks of cancer
cells. RAD51 is one of multiple factors involved in faith-
ful DNA replication, repair and recombination (1,2). Dur-

ing double-strand break (DSB) repair, RAD51 catalyzes the
core reactions of homologous recombination (HR), includ-
ing strand invasion into duplex DNA aond the pairing of
homologous DNA strands, enabling strand exchange (3).
In addition to DSB repair, RAD51 also plays a role in vari-
ous replication fork processes. RAD51 enables replication
restart when a replication fork encounters DNA damage
(1). Recent evidence indicates that RAD51 also prevents
MRE11-mediated degradation of newly replicated genome
after replication stress (4,5). Furthermore, RAD51 pro-
motes cell survival following replication stress and prevents
the accumulation of replication-associated DSBs (6) and
genome instability.

Although germ-line mutations in the Rad51 gene lead
to embryonic death (7), a precisely regulated amount of
RAD51 is crucial for normal cellular functions. Multiple
human tumors exhibit varying expression levels of RAD51,
deleterious mutations in the protein, or defects in other tu-
mor suppressors, such as BRCA1, BRCA2, Fanconi ane-
mia (FA) factors (8,9). Overexpression of RAD51 due to in-
creased transcription reduces methylation and stabilization
of the protein and may cause chromosomal amplifications,
deletions, and translocations resulting in a loss of heterozy-
gosity and aneuploidy. These events can lead to cancer de-
velopment and progression to metastasis (10). In contrast,
down-regulation of RAD51 has been reported in many tu-
mors (11). Despite these reports, the precise mechanism by
which RAD51 suppresses carcinogenesis is still elusive.

Carcinogenesis is a multistage process resulting from a
cumulative malfunctioning of DNA replication, DSB repair
and immune signaling. Chronic stimulation of the innate
immune system can cause tumorigenesis (12,13). A num-
ber of studies have suggested that DNA repair and repli-
cation factors play a role in the innate immune response.
For example, cells deficient in the DNA repair factor ataxia-
telangiectasia mutated (ATM) were found to increase cy-
tosolic self-DNA, leading to increased inflammation (14).
Similarly, MRE11, a DSB sensor protein, recognizes cy-
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tosolic DNA and initiates innate immune response signal-
ing (15). In addition, the DNA structure-specific endonu-
clease MUS81, which cleaves DNA structures at stalled
replication forks, also mediates the stimulator of interferon
genes (STING)-dependent activation of immune signal-
ing (16). It was recently discovered that FA proteins are
involved in cellular immunity (17). Moreover, RPA2 and
RAD51 were shown to protect the cytosol from the accumu-
lation of self-DNA (18). These findings indicate the involve-
ment of DNA repair and replication factors in immunity in
addition to their known DNA repair and replication func-
tions. Importantly, mutations in the majority of these genes
lead to cancer-prone disorders. However, whether defective
RAD51 functions contribute to tumorigenesis through the
activation of the innate immune system is still unknown.

We report a novel role of RAD51 in immunity in addi-
tion to its known functions in DSB repair and replication
fork processing. We discovered that the down-regulation
of RAD51 leads to the upregulation of innate immune re-
sponse pathway genes upon DNA damage and replication
stress induced by irradiation. In the absence of RAD51,
the newly replicated genome is degraded by the exonucle-
ase activity of MRE11. We also showed that these degraded
nascent DNA fragments are exported to the cytoplasm,
triggering innate immune response signaling. Our study re-
veals a previously unidentified role of RAD51 in triggering
an innate immune response, placing this protein at the hub
of new interconnections between DNA replication, DNA
repair, and immunity.

MATERIALS AND METHODS

Cell lines and culture conditions

HT1080 cells were obtained from ATCC and maintained in
Minimum Essential Medium (MEM) alpha supplemented
with 10% fetal bovine serum, 100 mg/ml streptomycin sul-
fate and 100 U/ml penicillin. To establish the stable ex-
pression of cell cycle markers (HT1080-FUCCI), HT1080-
EYFP-53BP1 cells (19) were transduced with lentivirus car-
rying G1 [mCherry-hCdt1(30/120)] and S/G2 [AmCyan-
hGeminin(1/110)] phase markers. Stable HT1080-FUCCI
cells were selected using zeocin (1 �g/ml). To down-
regulate the expression of RAD51, HT1080-FUCCI cells
were transfected with a mammalian expression plasmid
containing tetracycline-inducible Rad51 shRNA (20). Sta-
ble lines were selected using hygromycin (75 �g/ml). To
down-regulate RAD51 protein levels, cells were cultured
in the presence of doxycycline (DOX, 1 �g/ml) for 72
h. MCF10A cells stably expressing scrambled and Rad51
shRNA were kind gift from Dr Shiaw-Yih Lin (MD Ander-
son Cancer center) and were maintained in mammary ep-
ithelial basal medium (LONZA, CC-3151) as described pre-
viously (21). 4T1 cells were maintained as described previ-
ously (22). To down-regulate the expression of RAD51, 4T1
cells were transfected with a mammalian expression plas-
mid containing tetracycline-inducible Rad51 shRNA and
selected using puromycin (1 �g/ml). All cells were main-
tained at 37◦C in a humidified 5% CO2 incubator.

Irradiation and dosimetry

DNA lesions and replication stress were induced by expos-
ing the cells to high-LET iron (Fe) particles generated at
the NASA Space Radiation Laboratory in Brookhaven Na-
tional Laboratory, Long Island, NY. The energy of the used
Fe-particles was 1 GeV/nucleon and the dose rate ranged
from 50 to 200 cGy/min. The linear energy transfer (LET)
of the Fe-particles was 150 keV/�m. The residual ranges
of the beams were determined before each experiment and
used to calculate the track-averaged LET values (23).

Drugs and antibodies

The following reagents were used: Doxycycline
(Sigma-Aldrich, D9891), MRE11 inhibitor [5-(4-
hydroxybenzylidene)-2-iminothiazolidin-4-one, (Sigma-
Aldrich, M9948)], IdU (Sigma-Aldrich, I7125), CldU
(Sigma-Aldrich, C6891) and Histone deacetylase inhibitor,
suberoylanilide hydroxamic acid (Tocris Biosciences, 4652).
Mouse monoclonal anti-�H2AX (JBW301; EMD Milli-
pore, 07-164), rabbit polyclonal anti-RAD51 (H-92; Santa
Cruz, sc-8349), rabbit polyclonal anti-STING (Novus
Biologicals, 2-24683), anti-phospho-STING (Ser366; Cell
Signaling, 85735), rabbit monoclonal anti-phospho-TBK1
(Ser172; D52C2; Cell Signaling, 5483), rabbit polyclonal
anti-phospho-STAT3 (Tyr705; Cell Signaling, 9131),
rabbit monoclonal anti-CASPASE-3 (8G10; Cell Signal-
ing, 9665), mouse monoclonal anti-PARP1 (F2; Santa
Cruz, 8007), mouse monoclonal anti-� -Tubulin (GTU-88;
Sigma-Aldrich, T6557), mouse monoclonal anti-BrdU
(B44; BD Biosciences, 347580) and rat monoclonal anti-
BrdU (BU1/75-ICR1; Novus Biologicals, NB500-169)
antibodies. Fluorescent conjugated secondary antibodies
Alexa488, Alexa555, Alexa633, were purchased from
Molecular Probes (Invitrogen).

Drug treatment

For inducible depletion of RAD51, HT1080 and 4T1 cells
were grown in presence of 1 �g/ml doxycycline for 72 h and
then exposed to radiation. For the pharmacological deple-
tion of RAD51, HT1080 cells were grown in presence of
2.0 �M suberoylanilide hydroxamic acid (SAHA) for 36 h
and then allowed to recover for an additional 12 h before
irradiation. For the MRE11 inhibitor treatment, cells were
treated with 25 �M mirin 1 h prior to irradiation and the
cells were maintained in mirin-containing medium until the
end of the experiment.

Indirect immunofluorescence staining

About 5 × 104 cells were seeded in a six-well plate contain-
ing cover glasses, incubated for 24 h, treated with doxy-
cycline (DOX, 1 �g/ml) for 72 h, and exposed to 1–2
Gy Fe-particles. Cells were fixed with 4% paraformalde-
hyde at room temperature for 20 min at different post-IR
times and treated for indirect immunofluorescence as de-
scribed previously (19). For the detection of RAD51 foci,
cells were washed three times in PBS and incubated in ex-
traction buffer (10 mM HEPES, pH 7.4, 300 mM sucrose,
100 mM NaCl, 3 mM MgCl2, 0.1% Triton X-100) on ice
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for 10 min before fixation. For immunostaining, cells were
permeabilized in Triton X-100 (0.5% in PBS) on ice for
5 min, washed three times with PBS, incubated in block-
ing solution (5% goat serum in PBS) at room temperature
for 60 min, and incubated with primary antibodies (diluted
in 5% goat serum) at room temperature for another 3 h.
Subsequently, cells were washed with 1% BSA in PBS, in-
cubated with appropriate secondary antibodies (1:1000 in
2.5% goat serum, 1% BSA, and PBS) at room temperature
for 60 min, washed five times with 1% BSA, and mounted
with mounting medium containing DAPI (4′,6-diamidino-
2-phenylindole, Vectashield).

For cytoplasmic BrdU detection, exponentially grown
cells were labeled with 20 �M BrdU for 18–20 h in regu-
lar growth medium, replaced with regular medium without
BrdU, irradiated and fixed with 80% methanol (in PBS) on
ice for 20 min. Fixed cells were washed three times with cold
PBS, incubated in blocking solution (5% goat serum in PBS)
at room temperature for 1 h, and treated with anti-BrdU an-
tibody (mouse) overnight at 4◦C. Cells were washed with 1%
BSA in PBS, incubated with the Alexa 555 secondary anti-
body at room temperature for 1 h, washed five times with
1% BSA, and mounted with mounting medium containing
DAPI (Vectashield).

Image acquisition and foci counting

Images were captured using a LSM 510 Meta laser scanning
confocal microscope with a 63 × 1.4 NA Plan-Apochromat
oil immersion objective. Images were taken at z-sections
(15–20 sections) of 0.35-�m intervals using 405-nm (DAPI),
457-nm (AmCyan), 488-nm (Alexa 488), 514-nm (EYFP),
543-nm (mCherry/Alexa 555) and 633-nm (Alexa 633)
lasers. The tube current of the 488-nm argon laser was set
at 6.1 A. The laser power was typically set to 3–5% trans-
mission with the pinhole opened at 1 Airy unit. To count
�H2AX foci in different cell cycle phases, we developed
an algorithm in MatLab (MathWorks, MA) and used it to
count foci in G1 and S/G2 phases. The quantification of foci
was conducted from images of 100–200 cells for each time
point from three to four independent experiments (19).

Whole-cell extract preparation and western blotting

Whole-cell extracts were prepared in radio-
immunoprecipitation assay (RIPA) buffer according
to a published procedure (24). The protein concentration
was measured by the bicinchoninic acid (BCA) assay.
Aliquots containing 50–150 �g protein were resolved
by 8–15% SDS-PAGE, transferred onto nitrocellulose
or PVDF membrane, and incubated with the indicated
antibodies either at room temperature for 4 h or overnight
at 4◦C (4,25).

Sub-cellular fractionation

The cytoplasmic extract was isolated following a previ-
ously published methodology (14). Briefly, cells were re-
suspended in 10 mM of HEPES (pH 7.9), 10 mM KCl,
1.5 mM MgCl2, 0.34 M sucrose, 10% glycerol, 0.1% Triton
X-100, protease inhibitors cocktail (Roche, 11836170001),

and incubated on ice for 10 min. The nuclei were separated
from the cytoplasmic extract by low-speed centrifugation
(1500 relative centrifugal force) at 4◦C for 5 min. The su-
pernatant containing the cytosolic extract was either imme-
diately used for single-strand (ssDNA) and double-strand
(dsDNA) DNA quantification or stored at –80◦C until use.

Quantification of cytosolic single-strand (ssDNA) and
double-strand (dsDNA) DNA

ssDNA and dsDNA in the cytosolic fractions were quan-
tified using Quant-iT OliGreen and PicoGreen Assay Kits
(O11492 and P7589 kits, respectively; Invitrogen). Briefly,
black 96-well plates (Phenix Research Product, MPG-
655076) were first loaded with 98 �l of 1× trypsin–EDTA
in each well and then with 2 �l of cytosolic extracts. Sub-
sequently, 100 �l of 2× OliGreen or PicoGreen dye was
added into each well. This mixture was incubated in the
dark for 5 min, and the fluorescence intensity was mea-
sured at an excitation wavelength of 480 nm and an emission
wavelength of 520 nm using a Spectrofluorometer (Perkin
Elmer 2030 Multilabel Reader, Victor X3). Standard curves
were generated for each experiment using standard M13
primer and Lamda DNA for ssDNA and dsDNA diluted
in cytosolic extraction buffer, respectively. The final ssDNA
and dsDNA concentration was calculated by normalizing
against cytosolic protein concentration and presented as
fold change relative to sham treated controls or picogram
DNA per microgram of cytosolic protein.

Microarray

Total RNA was isolated from mock-treated and irradiated
cells using the Qiagen RNeasy kit (217004, Qiagen), accord-
ing to manufacturer’s instructions. The RNA quality was
determined using the Experion system (Bio Rad). Samples
were processed and hybridized to Illumina Human HT12v4
arrays (Illumina, Inc.) using standard Illumina protocols.
The slides were scanned on an Illumina Beadstation (Il-
lumina, Inc.; Genomics Core, UT Southwestern Medical
Center).

Microarray data processing and pathway analysis

The methods for data normalization and analysis were
based on the use of ‘internal standards’ (26) that charac-
terize some aspects of the system’s behavior such as tech-
nical variability (27,28). The comparison between these
methods with other normalization and analysis proce-
dures was previously published (29). The two-step nor-
malization procedure and the associative analysis func-
tions were implemented in MatLab (Mathworks, MA,
USA) and are available from the authors upon request.
These algorithms can also be obtained from an R pack-
age diffGeneAnalysis, available as part of Bioconduc-
tor packages (http://www.bioconductor.org/packages/2.5/
bioc/html/diffGeneAnalysis.html). Heatmaps were gener-
ated with the Spotfire Decision Site 9 (TIBCO, Palo Alto,
CA, USA) with gene subsets created from the list of signif-
icant genes. The accession number for the newly reported
microarray data is NCBI GEO series accession number
GSE95050.

http://www.bioconductor.org/packages/2.5/bioc/html/diffGeneAnalysis.html
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Quantitative real-time polymerase chain reaction (qRT-
PCR)

cDNA was synthesized from 1 to 3 �g of RNA using Su-
perScript III Reverse Transcriptase (18-080-051 Fischer Sci-
entific) in a total volume of 20 �l, according to manufac-
turer’s instructions. The cDNA was subjected to qRT-PCR
for a number of genes using the primer sets (Supplemen-
tary Table S1), CFX96 Touch Real-Time PCR Detection
System (Bio Rad) and iTaq Universal SYBR Green Su-
permix (Bio Rad, 1725121), according to manufacturer’s
instructions. The relative gene expression was determined
by the ��CT method. The difference in cycle times �CT
was determined as the difference between the tested gene
of interest and the reference housekeeping �-actin gene.
The ��CT was obtained by finding the difference between
the groups. The fold change (FC) was calculated as FC =
2–��CT. All primers were purchased from Invitrogen. qRT-
PCR assays were carried out in triplicates for each sample.
The mean value was used for the calculation of the mRNA
expression levels and presented as fold change relative to re-
spective sham treated controls.

DNA fiber assay

A DNA fiber assay was performed as described previously
(4,30). Briefly, 2.5 × 105 cells were labeled with IdU (150
�M) for 30 min, washed four times with warm PBS, la-
beled with or without CldU, treated with and without ra-
diation (1 Gy), and recovered for either 30 min or 5 h. Af-
ter three washes with warm PBS, both labeled and unla-
beled cells were trypsinized and mixed at a 1:15 ratio (la-
beled:unlabeled). Both cell types were lysed on a clean glass
slide in 20 �l of lysis buffer (0.5% SDS, 50 mM EDTA,
and 200 mM Tris–HCl pH7.4) for 8 min; slides were tilted
slightly (∼15◦ angle) to help the DNA spread slowly. Sub-
sequently, slides were immunostained with anti-BrdU an-
tibodies, and the DNA fiber lengths were measured using
Axiovision Software.

Cell survival assay

Cell survival was measured using a colony formation assay
(31). About 1000–20 000 cells were seeded in triplicates in
6-well plates, incubated for 6–8 h before IR, and irradiated
with 0.5 Gy. Immediately after irradiation, cells were al-
lowed to form colonies for 8–10 days. Colonies were washed
once with 1× PBS, fixed with 70% ethanol for 10 min, and
stained with 0.5% crystal violet dissolved in 25% methanol
and 75% water. Colonies composed of >50 cells were scored
as having grown from a single surviving cell. Survival graphs
were generated from three replicate wells with colony num-
bers normalized to sham-treated controls.

Metaphase spreads preparation

Chromosome aberrations were carried out as described pre-
viously (31). Sixteen hours after 1 Gy irradiation, chromo-
some preparations were made by accumulating metaphases
in the presence of 0.1 mg/ml colcemid (Irvine Scientific)
for 6 h. In the case of experiments with mirin, the medium
was replaced with either fresh medium containing 25 �M

mirin or DMSO 1 h before radiation. The cells were main-
tained in mirin-containing medium until the end of the ex-
periment. Chromosome images were taken using an Olym-
pus microscope (100× objective) equipped with an Image
Spot camera (Spot Imaging Solutions). Chromosome aber-
rations were scored as described previously (31).

Statistical analysis

Data are expressed as means ± SEM or STDEV of three
to four independent experiments. The Student’s t test was
performed on all values and P < 0.05 was considered statis-
tically significant. GraphPad Prism (version 7.0) was used
to create the graphs. SigmaPlot (version 12.5) was used to
calculate foci dissolution kinetics.

RESULTS

RAD51-depletion leads to the up-regulation of innate immune
response genes

It was previously shown that RAD51 plays a central role in
homologous recombination (HR)-mediated DNA double-
strand break (DSB) repair and replication fork process-
ing. To gain new insight into the function of RAD51 out-
side DSB repair and replication fork processing, we con-
ducted gene expression profiling of RAD51-proficient and
–depleted cells (Figure 1A) by microarray after DNA dam-
age and replication stress. We used high-linear energy trans-
fer radiation to induce both DNA lesions and replication
stress (30,31). We found that expression levels of a number
of genes were significantly (P < 0.05) altered in irradiated
RAD51-proficient and -depleted cells as compared to corre-
sponding mock-treated cells (Supplementary Figure S1A).
Subsequently, we performed gene ontology analysis on dif-
ferentially expressed gene sets using the Ingenuity Pathway
Analysis (IPA) software. Our data indicated that the expres-
sion of genes known to function in DNA replication, recom-
bination, and repair, and in the cell cycle were significantly
altered in both irradiated RAD51-proficient and -depleted
cells as compared to their corresponding mock-irradiated
cells (data not shown). Interestingly, IPA analysis revealed
that the expression of many genes with known functions
in innate immunity were up-regulated significantly in irra-
diated RAD51-depleted cells as compared with irradiated
RAD51-proficient cells (Figure 1B and C and Supplemen-
tary Figure S1B). These results revealed that the depletion
of RAD51 results in the up-regulation of innate immune re-
sponse genes upon irradiation.

Subsequently, we validated a set of six genes that showed
elevated expression patterns in the microarray by quantita-
tive real-time polymerase chain reaction (qRT-PCR), using
mRNA purified from mock-treated and irradiated RAD51-
proficient and -depleted cells. Similarly to the microarray
results, expression levels of IL-6, CSF2, CXCR4, TNF-
�, CMKLR1 and TLR9 expression were 12, 10, 5, 3.2, 6
and 3.2 folds, respectively significantly higher in irradiated
RAD51-depleted cells than in irradiated RAD51-proficient
cells (P < 0.05–0.008; Figure 1D–I). Taken together, these
results clearly indicate that the depletion of RAD51 leads
to the up-regulation of many genes involved in the innate
immune response pathway following irradiation.
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Figure 1. Depletion of RAD51 up-regulates innate immune response pathway genes. (A) shRNA-mediated depletion of RAD51 expression in HT1080
cells: HT1080 cells stably integrating tetracycline-inducible Rad51 shRNA were treated with 1 �g/ml doxycycline (DOX) for 72 h. Subsequently, cells were
exposed to 1 Gy of radiation (IR), collected at pre-established time points after irradiation. Total cell lysates (50 �g) were separated on 8% SDS-PAGE and
probed with anti-RAD51 and anti-Ku80 (loading control) antibodies. U- without DOX treatment. (B) Heat map of significantly altered innate immune
response pathway genes in RAD51-proficient and -depleted cells 4 and 8 h after irradiation. (C) Graph shows fold changes in gene expression in irradiated
(8 h) cells normalized to gene expression values in corresponding mock-treated cells. Exponentially growing RAD51-proficient and -depleted HT1080 cells
were either mock-treated or irradiated with 1 Gy. Total RNA was prepared at indicated times after irradiation and analyzed for gene expression profiling
using Human HT12v4 Arrays. The heat map for innate immune response network genes was generated with gene subsets created from the list of significant
innate immune response genes using Spotfire Decision Site 9. (D–I) Differences in expression levels of innate immune response pathway genes measured
by quantitative real-time polymerase chain reaction (qRT-PCR): RAD51-proficient and -depleted HT1080 cells were irradiated (IR) with 1 Gy and total
RNA was prepared 8 h after irradiation. mRNAs were converted into cDNA and the levels of IL-6 (D), CSF2 (E), CXCR4 (F), TNF-� (G), CMKLR1
(H) and TLR9 (I) mRNA were quantified by qRT-PCR. Error bars represent the SEM from three independent experiments; *P < 0.05; **P < 0.01.
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RAD51-depleted cells accumulate elevated levels of cytosolic
DNA

The mechanism underlying the up-regulation of innate im-
mune response pathway genes in RAD51-depleted cells
upon irradiation is unknown. An innate immune response
is known to be triggered by cytosolic DNA (32). To identify
whether the up-regulation of innate immune response path-
way genes in response to irradiation in RAD51-depleted
cells is due to the elevated amount of cytosolic DNA, we
quantified single- (ssDNA) and double-strand (dsDNA)
DNA in the cytoplasmic fractions of RAD51-proficient and
-depleted cells at different intervals after irradiation. The
amount of cytosolic ssDNA (12.83 ± 3.51 and 12.91 ± 3.86
pg/�g protein in mock and irradiated cells, respectively;
Figure 2A) and dsDNA (4.0 ± 0.03 and 3.95 ± 0.42 pg/�g
protein in mock and irradiated cells, respectively; Figure
2B) was similar in mock and irradiated RAD51-proficient
cells. In contrast, the amount of cytosolic ssDNA (12.19 ±
3.18 and 19.91 ± 3.05 pg/�g protein in mock and irradi-
ated cells, respectively; P = 0.0006; Figure 2A) and dsDNA
(4.4 ± 0.38 and 9.37 ± 0.67 pg/�g protein in mock and ir-
radiated cells, respectively; P = 0.0004; Figure 2B) was sig-
nificantly higher in RAD51-depleted cells as compared to
RAD51-proficient cells 8 h after irradiation. These results
clearly demonstrate that the depletion of RAD51 leads to
elevated levels of cytosolic DNA in response to irradiation.

To further rule out the possibility that the elevated lev-
els of cytosolic DNA and activation of innate immune re-
sponse genes in irradiated RAD51-depleted cells are not
due to cells undergoing apoptosis, we checked the level
of cleaved products of CASPASE-3 and PARP-1 by west-
ern blotting at different times after radiation exposure.
Cleaved CASPASE-3 and fragmented PARP-1 are recog-
nized biomarkers for cells undergoing apoptosis (33,34).
Cleaved PARP-1 and CASPASE-3 levels were not different
between irradiated RAD51-proficient and -depleted cells at
any time after irradiation (Figure 2C). Thus, these results
indicate that the elevated level of cytosolic DNA in RAD51-
depleted cells upon irradiation is not due to cells undergoing
apoptosis.

Next, we verified whether the accumulation of cytoso-
lic DNA is unique to RAD51-depletion in HT1080 cells
or it can also occur in other cell types lacking RAD51.
First, we used a previously published MCF10A cells stably
expressing scrambled (shscr) and Rad51-specific shRNA
(21) and examined the levels of cytosolic DNA (Figure 2f,
inset). As in RAD51 depleted HT1080 cells, the amount
of cytosolic ssDNA and dsDNA (36.75 ± 5.01 and 5.63
± 0.51 pg/�g protein ssDNA and dsDNA, respectively;
P < 0.002–0.0002) was significantly higher in irradiated
MCF10A-shRad51 cells relative to irradiated MCF10A-
shscr cells (22.7 ± 3.37 and 3.54 ± 0.66 pg/�g protein
ssDNA and dsDNA, respectively; Figure 2D–E). Impor-
tantly, elevated levels of cytosolic DNA correlated well with
the increased expression of innate immune response genes
(TNF-�, TLR9 and CMKLR1) in irradiated RAD51-
depleted cells (P < 0.002–0.0001; Figure 2F). Thus, these
results confirmed that the observation on the activation of
innate immune response in RAD51-depleted cells upon ra-
diation is not limited to one cell type.

To further confirm that the role of RAD51 in innate im-
munity is not limited to human cells, we performed experi-
ments in mouse mammary carcinoma cells (4T1) stably ex-
pressing tetracycline inducible mouse shRad51. Similar to
human cells, the cytosolic ssDNA levels were significantly
elevated in 4T1-depleted cells 8 h after irradiation (12.96 ±
0.75 and 21.1 ± 1.1 pg/�g protein in mock and irradiated
cells, respectively, P < 0.0005) as compared with irradiated
RAD51-proficient 4T1 cells (18.44 ± 2.61 and 17.84 ± 0.76
pg/�g protein, in mock and irradiated cells, respectively,
Figure 2G–H). Similarly, the cytosolic dsDNA levels were
also significantly elevated in irradiated 4T1-depleted cells
(4.79 ± 0.45 and 7.11 ± 0.39 pg/�g protein in mock and
irradiated cells, respectively, P < 0.02) as compared with ir-
radiated RAD51-proficient 4T1 cells (6.99 ± 0.88 and 6.96
± 0.29 pg/�g protein in mock and irradiated cells, respec-
tively, Figure 2G–H). Importantly, elevated levels of cy-
tosolic DNA correlated well with the increased levels of in-
nate immune response genes (IL-6, CSF2, TLR9 and TNF-
�) expression in 4T1-depleted cells upon irradiation (P <
0.007–0.0006; Figure 2I). Thus, RAD51 is involved in the
suppression of cytosolic DNA accumulation in response to
radiation in different mammalian cell types.

In addition to the genetic depletion of RAD51 in
different mammalian cells, we pharmacologically down-
regulated RAD51 levels in HT1080 cells using SAHA (35).
As reported previously (35), the treatment of HT1080 cells
with SAHA reduced the levels of RAD51 expression in
HT1080 cells (Figure 2L, inset). Subsequently, we measured
the levels of both cytosolic DNA and expression of innate
immune response genes after irradiation. Similarly to the
genetic knock-down of RAD51, SAHA treated irradiated
cells showed increased amount of ssDNA (37.2 ± 4.17 and
58.07 ± 5.9 pg/�g protein in SAHA treated control and
irradiated cells, respectively; P < 0.002) and dsDNA (8.6
± 0.78 and 12.6 ± 0.87 pg/�g protein in SAHA treated
control and irradiated cells, respectively; P < 0.007) relative
to cytoplasmic ssDNA and dsDNA levels in sham treated
HT1080 cells exposed to radiation (12.91 ± 3.86 and 3.95 ±
0.42 pg/�g protein ssDNA and dsDNA, respectively; Fig-
ure 2J–K). Elevated levels of cytosolic DNA correlated with
the increased levels of innate immune response gene (IL-
6, CSF2, TLR9 and TNF-�) expression in SAHA-treated
HT1080 cells upon irradiation relative to SAHA treated
control cells (P < 0.02–0.0001; Figure 2I). Overall, RAD51
is involved in the suppression of innate immune response
upon irradiation.

Nuclear-derived self-DNA accumulates in the cytosol of
RAD51-depleted cells

To identify the source of cytoplasmic DNA and to dis-
tinguish the cell-cycle-dependent accumulation of cytoso-
lic DNA, we labeled the genomic DNA of HT1080-FUCCI
cells with 5-bromo-2′-deoxyuridine (BrdU) for 18–20 h, fol-
lowed by irradiation. Subsequently, we immunostained the
cells with anti-BrdU antibodies under non-denaturing con-
ditions and quantified the mean BrdU fluorescent intensity
(MFI) per cell. Quantification of cell cycle specific cytoplas-
mic BrdU intensity (Figure 3A) showed that the cytoplas-
mic BrdU intensity was comparable between G1 and S/G2
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Figure 2. Excessive DNA accumulates in the cytosol of RAD51-depleted cells. (A and B) Quantification of single-strand (ssDNA) and double-strand
(dsDNA) DNA in the cytosol (cyto): RAD51-proficient and -depleted HT1080 cells were irradiated with 2 Gy and were harvested at the indicated times.
Subsequently, cells underwent sub-cellular fractionation and the amount of cytosolic ssDNA (A) and dsDNA (B) were quantified using OliGreen and
PicoGreen Quant-iT reagents, respectively. Bars represent fold changes in the cytoplasmic DNA concentration relative to RAD51-proficient mock-treated
samples. Error bars represent the SEM from four independent experiments; **P < 0.01; ***P < 0.001; ****P < 0.0001. (C) Western blots show lack of
apoptosis-mediated cleavage of CASPASE-3 and PARP-1 in RAD51-proficient and –depleted HT1080 cells following irradiation: RAD51-proficient and
-depleted HT1080 cells were exposed to 2 Gy of radiation and cells were harvested at indicated time points after irradiation. Total cell lysates (50–100
�g) were separated on 8–15% SDS-PAGE and probed with anti-CASPASE-3, anti-PARP1, and anti-Ku80 (loading control) antibodies. RAD51-depleted
HT1080 cells treated with 1 �M camptothecin (CPT) for 18 h was used as a positive control for apoptosis. M-mock-irradiated; arrows indicate cleaved
CASPASE-3/PARP-1. (D–L) Accumulation of ssDNA and dsDNA in the cytoplasm, and expression of innate immune response genes in RAD51-proficient
and –depleted MCF10A (D-F), 4T1 (G–I) and HT1080+SAHA cells (J–L). The bars represent the fold changes in the cytoplasmic DNA concentration and
immune response genes relative to respective mock-treated controls. Cells were either mock- or exposed to 2 Gy of radiation (IR), cytosolic fraction and total
RNA was prepared at 8 (MCF10A), 16 (HT1080+SAHA) and 24 (4T1) h after irradiation, and ssDNA, dsDNA and the levels of innate immune response
genes were quantified as described in materials and methods. Error bars represent the STDEV from four different experiments from two independent sets;
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. SAHA-suberoylanilide hydroxamic acid; U- without SAHA treatment.
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Figure 3. Accumulation of nuclear-derived DNA in the cytosol activates STING in RAD51-depleted cells. (A and B) Representative images show accu-
mulation of nuclear-derived DNA in the cytoplasm of mock- and irradiated (IR) G1 and S/G2 phase RAD51-proficient and -depleted cells (A). Graph
shows quantification of the cell cycle-dependent cytoplasmic BrdU signal normalized to mock-treated RAD51-proficient samples (B). RAD51-proficient
and -depleted HT1080-FUCCI cells were labeled with BrdU for 18–20 h, irradiated with 2 Gy and fixed with ice cold 80% methanol in PBS 8 h after irradi-
ation. Cells were immunostained with an anti-BrdU antibody under non-denaturing conditions. Subsequently, cells were imaged using a LSM510 confocal
microscope, and the mean fluorescence BrdU signal in the cytoplasm of G1 and S/G2 phase cells was quantified using ZEN 2009 (version 6.0.0303) Soft-
ware (Carl Zeiss, Jena, Germany). Bars represent mean cytoplasmic BrdU intensity per cell relative to respective control G1 and S/G2 cells. More than 150
cells were used for quantification in each condition. Error bars represent the STDEV from two-four independent experiments; Scale bars are 10 �m; *P <

0.05. (C and D) Representative images show STING clustering in the cytoplasm of mock- and irradiated RAD51-proficient and -depleted cells 8 h after
irradiation (C). Quantification of percentage of cells with STING clustering signal relative to the total number of counted cells (D). RAD51-proficient and
-depleted HT1080 cells were irradiated with 2 Gy and fixed with 4% PFA at indicated times after irradiation. Subsequently, cells were immunostained with
an anti-STING antibody, imaged using a LSM510 confocal microscope; the STING clustering signal in the cytoplasm was quantified using Imaris Software
(Bitplane). More than 200 cells were used for quantification in each condition. Error bars represent the STDEV from three independent experiments; Scale
bars are 20 �m; **P < 0.01; ***P < 0.001. (E) Representative Western blots show phosphorylation of STING, TBK, and STAT3 in RAD51-proficient
and –depleted cells after irradiation. RAD51-proficient and -depleted HT1080 cells were irradiated with 2 Gy radiation and harvested at the indicated
times. Total cell lysates (100–150 �g) were separated on 8–10% SDS-PAGE and probed with the indicated antibodies and the anti-Ku80 antibody (loading
control).
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cells in both non-irradiated RAD51-proficient and (3.2 ±
0.38 and 4.28 ± 0.09 MFI per G1 and S/G2 cell, respec-
tively) and RAD51-depleted cells (5.0 ± 0.83 and 5.11 ±
0.08 MFI per G1 and S/G2 cell, respectively, Figure 3B). We
observed a slight increase in the cytoplasmic BrdU inten-
sity after radiation in RAD51-proficient cells, but there were
no significant difference in the cytoplasmic BrdU intensity
between G1 and S/G2 cells after irradiation (5.08 + 0.18
and 5.40 + 0.15 MFI per G1 and S/G2 cell, respectively)
cells (Figure 3B). In contrast, we observed a highly signif-
icant increase in cytoplasmic BrdU intensity in RAD51-
depleted cells after radiation relative to irradiated RAD51-
proficient cells (5.24 + 0.02 and 10.92 + 0.08 MFI per cell, P
< 0.0001). Furthermore, the cytoplasmic BrdU fluorescent
intensity in irradiated RAD51-depleted S/G2 cells (12.27
± 0.06 MFI per cell; P < 0.0006) was significantly higher
relative to irradiated RAD51-proficient S/G2 (5.41 ± 0.14
MFI per cell) cells (Figure 3B). More importantly, cyto-
plasmic BrdU fluorescent intensity significantly increased
in RAD51-depleted S/G2 (12.27 ± 0.06 MFI per cell) cells
than in G1 cells (9.57 ± 0.09 MFI per cell; P < 0.001) af-
ter irradiation (Figure 3B). Thus, cytoplasmic DNA is de-
rived from the nuclear DNA and RAD51-depleted S/G2
cells harbor a major fraction of cytosolic self-DNA upon
irradiation.

Cytosolic self-DNA activates the stimulator of interferon
gene (STING) signaling in RAD51-depleted cells

Evidence suggests that the innate immune response result-
ing from cytoplasmic nucleic acid is mediated by STING ac-
tivation, including clustering and phosphorylation (14,15).
It has been reported that activated STING forms higher
order clusters (36). To verify whether the presence of self-
DNA in the cytoplasm triggers STING clustering, we con-
ducted immunostaining with anti-STING antibody (Fig-
ure 3C). No significant changes in STING clustering were
observed in both mock- and irradiated RAD51-proficient
cell percentages (Figure 3D). In contrast, STING clustering
percentages were significantly higher in irradiated RAD51-
depleted cells (P < 0.002) than in irradiated RAD51-
proficient cells (Figure 3D). To further confirm whether the
presence of self-DNA in the cytoplasm activates STING,
we evaluated STING phosphorylation by Western blotting.
We detected strong STING phosphorylation in RAD51-
depleted cells as early as 4 h after irradiation which further
increased at 8 h and remained stable at later time points
(Figure 3E, left panel). In contrast, the level of STING
phosphorylation was much delayed and visibly weak in
irradiated RAD51-proficient cells (Figure 3E, left panel).
Thus, the accumulation of self-DNA in the cytosol activates
STING in cells lacking RAD51 upon irradiation.

Tank binding kinase-1 (TBK1) is known to transmit im-
mune signals downstream of STING in response to cyto-
plasmic DNA (37,38). To determine whether an increased
STING activity in RAD51-depleted cells stimulates TBK1
activity, we monitored TBK1 phosphorylation by Western
blotting. We detected TBK1 phosphorylation as early as 8
h and thereafter observed increased phosphorylation lev-
els in irradiated RAD51-depleted cells (Figure 3E, right
panel). In contrast, RAD51-proficient cells only showed

a minimal increase in TBK1 phosphorylation after irra-
diation. Furthermore, TBK1 activates STAT3 leading to
the upregulation of IL-6 (39). To further dissect the in-
nate immune signaling network downstream of the STING-
TBK1 axis, we verified STAT3 phosphorylation in RAD51-
proficient and -depleted cells after irradiation. We detected
low levels of STAT3 phosphorylation in irradiated RAD51-
proficeint cells (Figure 3E, right panel). In contrast, STAT3
phosphorylation was higher in irradiated RAD51-depleted
cells than in irradiated RAD51-proficient cells (Figure 3E).
Thus, the activation of STING-TBK1 leads to the activa-
tion of STAT3 in response to self-DNA in RAD51-depleted
cells. Overall, these results revealed that the presence of self-
DNA in the cytoplasm initiates STING-mediated innate
immune response signaling.

RAD51 blocks the MRE11-mediated degradation of nascent
DNA strands in response to DNA damage

Nuclear DNA accumulates in the cytoplasm as a result of
DNA damage, replication stress (40,41), or replication in-
termediates (42). RAD51 has been implicated in replication
fork progression, efficient restart, and stability in response
to replication stress (1,4). In addition, RAD51 also plays a
role in the faithful repair of DSBs. Therefore, the source of
self-DNA in the cytosol can originate from defective repli-
cation fork processing or defective DSB repair in RAD51-
depleted cells. To determine the role of RAD51 in replica-
tion fork processing in response to irradiation, we first ver-
ified whether RAD51 is recruited to the sites of replication.
Most RAD51 foci juxtaposed with EdU foci, representing
replication forks, in irradiated but not in mock-treated cells
(Figure 4A). Similarly, a major fraction of �H2AX foci, a
surrogate marker for DSBs, juxtaposed with the RAD51
foci upon irradiation (Figure 4A). Thus, these results sug-
gest that RAD51 is localized at the sites of both replication
forks and DSBs in response to irradiation. Second, we eval-
uated replication fork progression, stalling, new origin fir-
ing, and stability in RAD51-proficient and -depleted cells
after irradiation, using a single-molecule DNA fiber tech-
nique (4,25,30). Replication fork lengths (determined us-
ing IdU-labeling) were comparable between mock-treated
RAD51-proficient and RAD51-depleted cells (5.08 ± 0.06
and 5.01 ± 0.10 �m in RAD51-proficient and RAD51-
depleted cells, respectively; Figure 4B). In contrast, replica-
tion fork lengths (labeled with CldU) in irradiated RAD51-
depleted cells were significantly shorter than those in irra-
diated RAD51-proficient cells (4.62 ± 0.04 and 2.89 ± 0.07
�m in RAD51-proficient and -depleted cells, respectively;
P = 0.006, Figure 4B). These results indicate that RAD51
is important for replication fork progression in response to
irradiation. Subsequently, we verified the efficiency of repli-
cation fork restart in irradiated cells. In irradiated RAD51-
depleted cells, most DNA fibers (73.42%; P = 0.02) had
both IdU and CldU tracts, whereas 79.47% fibers contained
both IdU and CldU in irradiated RAD51-proficient cells
(Figure 4C). These results indicate that a greater proportion
of replication forks failed to restart in RAD51-depleted cells
in response to irradiation when compared to cells express-
ing RAD51.
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Figure 4. RAD51 blocks the MRE11-mediated degradation of nascent DNA strands upon irradiation. (A) Representative images show the co-localization
of RAD51 foci with EdU and �H2AX foci. HT1080 cells were pulse-labeled with EdU for 30 min and immediately irradiated with 1Gy, fixed with 4% PFA 4
h after irradiation, and immunostained with anti-RAD51 and anti-�H2AX antibodies. EdU was detected using the Click-IT reaction. Scale bars are 10 �m.
(B) Replication fork progression is reduced in RAD51-depleted cells in response to irradiation. DNA fiber length distributions in RAD51-proficient and -
depleted cells are shown before and after irradiation. Cells were labeled with IdU for 30 min, treated with and without 1 Gy radiation, and labeled with CIdU
for another 30 min. DNA fibers were immunostained with anti-BrdU (rat and mouse) antibodies. Images were captured using a fluorescence microscope
and IdU (before) CldU (after) lengths were measured using Axiovison Software. More than 200 DNA fibers were evaluated in each sample. Each data point
is the average of three independent experiments. (C–E) Replication forks stall in RAD51-depleted cells after irradiation. Percentages of replication fork
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Next, we investigated new origin firing and replication
fork stalling in RAD51-proficient and -depleted cells af-
ter irradiation. The number of DNA fibers only con-
taining CldU tracts, representing new origins of replica-
tion, was significantly higher in RAD51-depleted cells than
in irradiated RAD51-proficient cells (75.50% and 42.66%
in RAD51-depleted and -proficient cells, respectively, P
= 0.005; Figure 4D). In addition, we observed a signif-
icantly higher percentage of DNA fibers only contain-
ing IdU tracts, which represent stalled forks in irradiated
RAD51-depleted cells as compared to irradiated RAD51-
proficient cells (26.58% and 20.53% in RAD51-depleted
and –proficient cells, respectively, P = 0.02; Figure 4E).
Taken together, these results suggest that RAD51 is impor-
tant for the suppression of new origin firing and replication
fork stalling after irradiation.

Previous studies have reported that RAD51 is important
for the stability of perturbed replication forks in response to
replication stress (4,5,43). To verify whether RAD51 stabi-
lizes nascent DNA strands, we labeled the replicating DNA
with IdU for 30 min, irradiated it, and measured the lengths
of IdU-labeled DNA fibers 5 h after exposure, as previously
described (4). Under these conditions, the IdU tract lengths
were slightly shorter in mock-treated RAD51-depleted cells
relative to mock-treated RAD51-proficient cells; however,
this difference is not statistically significant (5.13 ± 0.01
and 5.03 ± 0.03 �m, respectively; Figure 4F). Similarly,
the IdU tract lengths were comparable between irradiated
and mock-treated RAD51-proficient cells (5.13 ± 0.01 and
4.86 ± 0.03 �m, respectively). In contrast, the IdU tract
lengths were significantly shorter in irradiated RAD51-
depleted cells than in mock-treated RAD51-proficient cells
(2.71 ± 0.05 and 4.86 ± 0.03 �m, respectively, P = 0.0003;
Figure 4F). This result indicated the degradation of IdU
labeled tracts in RAD51-depleted cells. Thus, in addition
to playing roles in replication fork progression and effi-
cient restart, RAD51 is also involved in the maintenance
of nascent DNA strands in response to irradiation.

Previous studies have confirmed that MRE11 degrades
nascent DNA strands in the absence of BRCA2, FA fac-
tors, WRN, and RAD51 in response to replication stress
(2,4,5,43). Therefore, we hypothesized that MRE11 is
the nuclease that degrades nascent DNA strands in the
absence of RAD51 during radiation-induced replication

stress. MRE11 has 3′–5′ exonuclease and endonuclease ac-
tivities (44). Therefore, we first examined the direction of
nascent DNA strand degradation in RAD51-depleted cells
by sequentially labeling the replicating DNA, first with ldU
and then with CIdU. We observed the shortening of re-
cently replicated DNA (i.e. CIdU-labeled DNA) in irradi-
ated RAD51-depleted cells (5.12 ± 0.02 and 3.25 ± 0.03
�m, RAD51-proficient and -depleted cells, respectively),
suggesting that the nascent DNA strands were degraded in
a 3′ to a 5′ direction (Figure 4G). Thus, the degradation
of nascent DNA strands in RAD51 down-regulated cells is
mediated by the exonuclease activity of MRE11. To further
confirm these results, we inhibited the exonuclease activ-
ity of MRE11 with mirin (45) and examined nascent DNA
strand lengths. The IdU tract lengths were not shortened
in irradiated cells pre-treated with mirin (Figure 4H). The
DNA fiber lengths in irradiation+mirin-treated RAD51-
depleted cells were comparable to those of mock+mirin-
treated RAD51-depleted cells (4.87 ± 0.03 and 5.37 ± 0.42
�m, respectively; Figure 4H). Thus, these degraded nascent
DNA strands accumulate in the cytosol, triggering an in-
nate immune response in RAD51-depleted cells after irra-
diation.

Blocking of the MRE11-mediated degradation of newly repli-
cated genome attenuates cytosolic self-DNA accumulation in
RAD51-depleted cells

To confirm that the MRE11-processed newly replicated
genome accumulates in the cytosol of RAD51-depleted
cells, we pre-treated cells with mirin followed by irradiation.
Subsequently, we quantified the amount of ssDNA and ds-
DNA in the cytosolic fraction. We observed a significant re-
duction in the cytosolic ssDNA amount in mirin+radiation
treated RAD51-depleted cells as compared to irradiated
RAD51-depleted cells 8 h post-irradiation (19.91 ± 3.05
and 14.36 ± 0.65 pg/�g protein in radiation alone and ra-
diation+mirin treated RAD51-depleted cells, respectively;
P < 0.0002; Figure 5A). Similarly, the amount of cytosolic
dsDNA was also significantly reduced in mirin+radiation
treated RAD51-depleted cells as compared to irradiated
RAD51-depleted cells (9.35 ± 0.68 and 5.51 ± 0.43 pg/�g
protein in radiation alone and radiation+mirin treated
RAD51-depleted cells, respectively; P < 0.0002; Figure
5B). Furthermore, the amount of cytosolic ssDNA and

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
restarts in irradiated RAD51-proficient and -depleted cells relative to mock-treated cells were evaluated using the {(IdU→CldU)/[IdU+(IdU→CldU)]
formula (C). Percentage changes in new origin firing in irradiated RAD51-proficient and -depleted cells as compared to mock-treated cells were calculated
using the {CldU/[CldU+(IdU→CldU)] formula (D). Percentage changes in replication forks stalling in RAD51-proficient and -depleted cells as compared
to mock-irradiated cells were evaluated using the {IdU/[IdU+(IdU→CldU)] formula (E). More than 200 DNA fibers were evaluated in each sample. Each
data point is the average of two independent experiments. Error bars represent the STDEV; *P < 0.05; **P < 0.01. (F) Nascent DNA strands were
shortened in RAD51-depleted cells. Replicating DNA in RAD51-proficient and -depleted cells was labeled with IdU for 30 min and irradiated with 1
Gy. DNA fibers were immunostained with anti-BrdU (mouse) antibodies. DNA fiber images were captured using a fluorescence microscope, and IdU
tract lengths were measured using the Axiovision Software. The frequency distributions of the lengths of more than 100 DNA fibers were calculated from
three independent experiments in each group. (G) Newly replicated DNA was shortened in the absence of RAD51. Shortening of newly synthesized DNA
fiber length distributions in RAD51-proficient and -depleted cells 5 h after irradiation. Cells were labeled with IdU for 30 min and then with CIdU for
another 30 min. Subsequently, cells were irradiated with 1 Gy. Five hours after irradiation, DNA fibers were immunostained with anti-BrdU (rat and
mouse) antibodies, images were captured using a fluorescence microscope, and CldU tract lengths were measured using the Axiovison Software. More
than 200 DNA fibers were evaluated in each sample. Each data point is the average of three independent experiments. (H) RAD51 blocks the MRE11-
mediated degradation of nascent DNA strands in response to irradiation. RAD51-proficient and -depleted cells were labeled with IdU for 30 min. Cells
were pre-treated with or without 100 �M of the MRE11 exonuclease inhibitor (mirin), irradiated with 1 Gy. Five hours after irradiation, DNA fibers were
immunostained with anti-BrdU (mouse). Images were captured using a fluorescence microscope and ldU tract lengths were measured using the Axiovison
Software. More than 100 DNA fibers were evaluated in each sample. Each data point is the average of two independent experiments.
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Figure 5. Inhibition of MRE11 exonuclease activity blocks the expression of innate immune response genes in RAD51-depleted cells. (A and B) The
quantification of ssDNA and dsDNA DNA in the cytosol. RAD51-proficient and -depleted cells were pre-treated with mirin (25 �M), irradiated with 2
Gy and harvested 8 h after irradiation. Subsequently, cells were subjected to sub-cellular fractionation and the amount of cytosolic ssDNA (A) and dsDNA
(B) were quantified using OliGreen and PicoGreen Quant-iT reagents, respectively. The bars represent the changes in the cytoplasmic DNA concentration
relative to respective mock-treated samples. Error bars represent STDEV from four independent experiments; ***P < 0.001. (C) The quantification of
the cytoplasmic BrdU signal normalized to mock-treated RAD51-proficient samples. RAD51-proficient and -depleted HT1080-FUCCI cells were labeled
with BrdU for 18–20 h, pre-treated with mirin (25 �M), irradiated with 2 Gy and fixed with ice cold 80% methanol in PBS 8 h after irradiation. Cells were
immunostained with an anti-BrdU antibody under non-denaturing conditions. Subsequently, cells were imaged using a LSM510 confocal microscope and
the BrdU signal in the cytoplasm of G1 and S/G2 phase cells was quantified using the ZEN 2009 (version 6.0.0303) Software (Carl Zeiss, Jena, Germany).
Bars represent mean cytoplasmic BrdU fluorescence intensity per cell relative to respective mirin-treated control G1 and S/G2 cells. More than 150 cells
were used for quantification in each condition. Error bars represent the STDEV from two-four independent experiments; *P < 0.05. (D and F) Down-
regulation of IL-6, CSF2, and TLR9 expression in cells pre-treated with the MRE11 exonuclease inhibitor. RAD51-proficient and -depleted cells were
pre-treated with mirin (25 �M) and irradiated with 1 Gy; total RNA was prepared 8 h after irradiation. mRNAs were converted into cDNA and the levels
of IL-6 (D), CSF2 (E) and TLR9 (F) mRNA were quantified by qRT-PCR. Error bars represent the SEM from three-four independent experiments; *P <

0.05; **P < 0.01.

dsDNA in radiation+mirin treated RAD51-depleted cells
was slightly higher than the mock-radiation+mirin treated
RAD51-depleted cells. Thus, the excessive nuclease activ-
ity of MRE11 on the newly replicated genome in the ab-
sence of RAD51 contributes to the majority of cytosolic
self-DNA accumulation upon replication stress induced by
irradiation.

In addition to the pharmacological inhibition of MRE11
in RAD51-depleted HT1080 cells, we confirmed the contri-
bution of MRE11-mediated degradation of nascent DNA
strands in the accumulation of cytosolic DNA in the
absence of RAD51 by both pharmacological (SAHA)
and genetic (shRNA) down-regulation of RAD51 ex-
pression in MRE11-deficient ATLD cells (4). We found
that neither the genetic (shRad51) nor the pharmacologi-
cal (SAHA)-mediated down-regulation of RAD51 signifi-
cantly increased cytosolic-DNA in the absence of MRE11
upon irradiation (Supplementary Figure S2). These results
indicate that the RAD51-mediated blocking of MRE11-
dependent degradation of nascent DNA suppresses the in-
nate immune response upon irradiation.

To further validate the influence of MRE11 on cy-
tosolic self-DNA accumulation, we measured cytoplasmic

BrdU levels after inhibiting MRE11 exonuclease activ-
ity. The cytoplasmic BrdU fluorescent intensity was un-
altered in mirin+radiation treated RAD51-proficient cells
as compared to irradiated RAD51-proficient cells (5.24 ±
0.02 and 4.68 ± 0.11 MFI per cell for radiation alone
and mirin+radiation samples, respectively; Figure 5C). On
the other hand, mirin+irradiation treated RAD51-depleted
cells exhibited significantly reduced levels of cytoplasmic
BrdU signal (7.46 ± 0.57 MFI per cell; P < 0.0001) as
compared to irradiated RAD51-depleted cells (10.92 ± 0.08
MFI per cell). Cell cycle specific analysis of BrdU inten-
sity in irradiated RAD51-depleted cells further revealed
compared to G1 cells (9.57 ± 0.09 and 7.0 ± 1.38 MFI
per G1 cell for irradiation alone and mirin+irradiation
samples, respectively) mirin treated RAD51-depleted S/G2
cells showed reduced cytoplasmic BrdU levels relative to
control treated irradiated S/G2 cells (12.26 ± 0.06 and
7.9 ± 0.23 MFI per S/G2 cell for radiation alone and
mirin+irradiation samples, respectively, P < 0.05). Collec-
tively, MRE11-mediated degradation of the newly repli-
cated genome is partially responsible for the increased
amount of self-DNA in the cytosol of RAD51-depleted
cells.
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However, it is still unclear whether the attenuation of
cytosolic self-DNA by the targeted inhibition of MRE11
exonuclease activity can actually limit the expression of
innate immune response genes. Hence, we measured ex-
pression levels of IL-6, CSF2, and TLR9 by qRT-PCR.
These three genes showed maximum upregulation in irradi-
ated RAD51-depleted cells, but were significantly reduced
in mirin+radiation-treated RAD51-depleted cells as com-
pared to radiation only RAD51-depleted cells (P < 0.02–
0.002; Figure 5D–F). Taken together, our data suggest that
a significant proportion of cytoplasmic self-DNA comes
from the MRE11-mediated excessive processing of nascent
DNA strands, contributing to the initiation of innate immu-
nity in RAD51-depleted cells in response to irradiation.

DSBs are difficult to repair in RAD51-depleted S/G2 cells

Although the amount of self-DNA is decreased in mirin-
treated RAD51-depleted cells, the mirin treatment did not
reduce cytosolic self-DNA to the basal level. This obser-
vation suggests that apart from processed nascent DNA
strand, other cellular sources can contribute to the self-
DNA accumulation in the cytoplasm. Furthermore, evi-
dence indicates that in the absence of ATM, unrepaired
DNA lesions contribute to the increased amount of cytoso-
lic self-DNA, activating a STING-mediated innate immune
response (14). Therefore, we hypothesized that a lack of
RAD51 may lead to defective DSBs repair. Because the
RAD51-dependent HR-mediated DSB repair pathway is
involved in S/G2 phase of the cell cycle, the unrepaired
DSBs may persist in S/G2 phase of RAD51-depleted cells.
To verify this, we enumerated �H2AX foci dissolution ki-
netics in G1 and S/G2 phases of HT1080-FUCCI cells
(30), using an algorithm developed in MatLab. We de-
tected �H2AX foci in G1 and S/G2 RAD51-proficient and
RAD51-depleted cells at different time points after irra-
diation (Figure 6A-B and Supplementary Table S2). The
levels of �H2AX foci were comparable between G1-phase
RAD51-proficient and G1-phase RAD51-depleted cells 24
h after irradiation (3.56 and 4.54% in RAD51-proficient
and -depleted cells, respectively, Figure 6C and Supplemen-
tary Table S2). In contrast, the percentages of persistent
�H2AX foci were significantly elevated in RAD51-depleted
S/G2 cells as compared to RAD51-proficient cells 24 h af-
ter irradiation (62.96 + 5.17% and 12.68%, respectively, P
< 0.001; Figure 6C and Supplementary Table S2). Thus,
these results suggest that RAD51-depleted S/G2 cells can-
not fully repair the DSBs induced by irradiation. Also, sim-
ilarly to ATM, defective DSB repair in RAD51-depleted
cells may partially contribute to the elevated levels of cy-
tosolic self-DNA.

To further investigate the consequences of defects in
DNA replication and DSB repair in RAD51-depleted cells,
we evaluated their cellular phenotype. First, we examined
cellular survival by colony formation assay. Similar to a
previous report (20), RAD51-depleted cells were more sen-
sitive to irradiation than RAD51-proficient cells (Figure
6D). Additionally, pre-treatment of RAD51-depleted cells
with mirin partially rescued irradiation-induced cell sur-
vival (Figure 6D). These results imply that RAD51 together
with the exonuclease activity of MRE11 influences cellu-

lar survival upon irradiation. Furthermore, we noticed that
inhibition of STAT3 significantly decreased the survival of
RAD51-depeleted cells relative to RAD51-proficient cells
(Supplementary Figure S3), suggesting a role for STAT3 in
enhancing the sensitivity of RAD51-depleted cells to ioniz-
ing radiation.

Second, we investigated chromosome instability. Conven-
tional chromosome analysis of metaphase spreads revealed
that the levels of chromosomal aberrations per mitotic cells
were significantly elevated in irradiated RAD51-depleted
cells as compared to the number of aberrations in irradiated
RAD51-proficient cells (Figure 6E). The average number
of aberrations per irradiated RAD51-depleted mitotic cells
was 5.18 ± 0.42 (P < 0.007), as compared to only 1.56 ±
0.04 in irradiated RAD51-proficient mitotic cells. The num-
ber of chromatid-type aberrations was significantly elevated
in irradiated RAD51-depleted mitotic cells (2.94 ± 0.32, P
= 0.008) as compared to irradiated RAD51-proficient mi-
totic cells (0.38 + 0.04; Figure 6E).

MRE11-mediated degradation of a newly replicated
genome in the absence of RAD51 contributes to self-DNA
accumulation in the cytosol. To further delineate the role of
MRE11-exonuclase activity in chromosome stability main-
tenance, we inhibited the exonuclease activity of MRE11
in irradiated cells and examined chromosome aberrations
(Figure 6E). We noticed that the suppression of exonucle-
ase activity of MRE11 resulted in a significant reduction
of gross-chromosomal aberrations in irradiated RAD51-
depleted mitotic cells (2.11 ± 0.042; P = 0.01) as com-
pared to irradiated RAD51-depleted mitotic cells (Figure
6E). Overall, these results demonstrate the role of RAD51
in the suppression of chromosomal instability.

DISCUSSION

We identified the role of RAD51 in innate immune signaling
in response to DNA damage and replication stress. RAD51
is recruited to the sites of DSBs, facilitating their repair
in S/G2 phase cells. In addition, RAD51 is also recruited
to the perturbed replication forks, preventing MRE11-
mediated excessive processing of newly replicated genomes.
Replication fork degradation combined with defects in DSB
repair leads to the accumulation of self-DNA in the cytosol,
resulting in the initiation of a STING-mediated innate im-
mune response in cells lacking RAD51. Thus, the coordi-
nated activities of RAD51 in DSB repair, replication fork
maintenance, and innate immune response signaling pro-
vide new insights into carcinogenesis associated with defec-
tive RAD51 functions.

We found that defects in RAD51 impact innate im-
mune response signaling upon DNA damage and replica-
tion stress. This result was unexpected because there is no
evidence of the RAD51 involvement in innate immunity
upon irradiation. However, this phenomenon is not limited
to RAD51 but has also been reported in other cell types
defective in DNA repair and replication factors. For exam-
ple, the DNA damage sensor MRE11, plays important roles
in the recognition of dsDNA and the initiation of STING-
dependent immune response signaling, though this is not
the case for its nuclease activity (15). The loss of ATM cul-
minates in enhanced constitutive production of type I inter-
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Figure 6. RAD51 is critical for DSB repair in S/G2 cells and chromosome stability maintenance. (A–C) DSBs persist in RAD51-depleted S/G2 cells:
Representative images show appearance and disappearance of �H2AX foci in G1 (A) and S/G2 (B) cells. Cell cycle-dependent �H2AX foci dissolution
kinetics in RAD51-proficient and -depleted HT1080 cells stably expressing two different cell cycle markers, mCherry (G1) and AmCyan (S/G2) (C). Cells
were irradiated with 1 Gy and immunostained with anti-�H2AX at the indicated times after irradiation. Cells were imaged using a confocal microscope
and �H2AX foci in 100–120 red and Cyan fluorescent cells representing G1 and S/G2 phases, respectively were counted using the Matlab software
(Mathworks, MA). Error bars represent the STDEV from three-four independent experiments. Scale bars are 5 �m. (D) RAD51-depleted cells are sensitive
to irradiation. RAD51-proficient and -depleted cells plated in six well plates were exposed to 0.5 Gy of radiation with or without mirin treatment and cell
survival was analyzed by a colony formation assay. Colonies were fixed and counted 8–10 days after irradiation. The relative survival efficiencies were
plotted. The error bars represent the STDEV calculated from triplicate wells; **P < 0.01. (E) RAD51 suppresses chromosome instability upon irradiation.
Number of chromatid and chromosome-type aberrations in mock- and -irradiated RAD51-proficient and -depleted cells pre-treated with and without
mirin. Exponentially growing cells were either mock-treated or irradiated with 1 Gy, and the metaphase chromosomes spreads were prepared 16 h after
treatment. Chromosomal aberrations in >100 metaphase spreads were scored from two to four independent experiments in each group. Error bars represent
the STDEV calculated from two-four independent experiments; *P < 0.05. (F) RAD51 interconnects between replication fork processing, DSB repair, and
innate immune responses. The model depicts the mechanism of innate immunity initiation in RAD51-depleted cells due to defective replication fork
processing and DSB repair.

ferons, elevated expression of different pattern recognition
receptors, and their downstream signaling partners, which
together contribute to priming the innate immune system
(14). In addition, the DNA structure-specific endonuclease
MUS81 that cleaves DNA structures at stalled replication
forks also mediates the STING-dependent activation of in-
nate immune signaling (16). FA proteins were recently iden-
tified as key players in immunity (17). Furthermore, RPA2
and RAD51 prevent the release of short nuclear DNA frag-

ments into the cytosol by binding to these DNA fragments
thereby preventing immune response signaling (18). Thus,
DNA repair and replication factors participate in immune
signaling outside their known DNA repair and replication
functions.

Our results suggest two potential mechanisms by which
RAD51-deficiency may lead to cytosolic self-DNA accu-
mulation: i. faulty replication fork maintenance and ii. de-
fective DSB repair. We found that the excessive nuclease ac-



4604 Nucleic Acids Research, 2017, Vol. 45, No. 8

tivity of MRE11 on the newly replicated genome in RAD51
down-regulated cells is a major source of cytosolic-DNA in
response to replication stress induced by irradiation. The
excessive processing of newly replicated genome by MRE11
in RAD51-depleted cells is not unique to radiation-induced
replication stress, but has also been observed in response
to agents such as hydroxyurea, camptothecin and gemc-
itabine (4,5,43). Additionally, RAD51 is the key factor in-
volved in HR-mediated DSB repair in S/G2 cells and its
down-regulation results in DSB defects in S/G2 phase cells.
These findings suggest that defects associated with DSB re-
pair could be an additional source of cytosolic self-DNA ac-
cumulation in RAD51-depleted cells, similarly to the accu-
mulation of cytosolic self-DNA in ATM defective cells (14).
However, more studies are needed to identify the mecha-
nism by which irreparable DSBs contribute to the cytosolic
self-DNA accumulation in RAD51-depleted cells.

The dysregulation of RAD51 levels and defects associ-
ated with RAD51-interacting proteins are known to cause
cancer. Carcinogenesis is a multistage process resulting
from a cumulative malfunctioning of DNA replication,
DSB repair, and immune signaling. Defective DSB repair
and replication fork processing may cause genetic and epi-
genetic mutations, initiating cell transformation and cancer.
Our classic chromosome analysis revealed that the levels
of chromosomal aberrations were significantly elevated in
irradiated RAD51-depleted cells as compared to RAD51-
proficient cells. Similarly to BRCA2 defective cells after
replication fork stalling (5), the inhibition of the MRE11
exonuclease activity leads to a reduction in the number
of chromosomal aberrations in irradiated RAD51-depleted
cells, suggesting that maintenance of nascent DNA strands
is critical for the prevention of chromosomal instability. Al-
though the irradiation of RAD51-depleted cells compro-
mises cell survival, some cells with chromosomal aberra-
tions can still enter mitosis. Every subsequent round of
replication is expected to increase the overall mutation level
in surviving cells; a damaged genome can provide an oppor-
tunity for genomic rearrangement and can increase genomic
instability, leading to genetic changes required to initiate
cell transformation and cancer. Activation of the immune
system can promote tumor progression by inducing tissue
remodeling, supporting angiogenesis, and providing growth
factors to the tumor microenvironment that sustains pro-
liferative signaling. This activation also stimulates survival
factors that limit cell death, proangiogenic factors, extracel-
lular matrix-modifying enzymes that facilitate angiogenesis,
invasion, and metastasis, and triggers inductive signals that
lead to the activation of epithelial-mesenchymal transition
(46). Our study suggests that RAD51 may function as a tu-
mor suppressor by facilitating faithful DSB repair and repli-
cation forks processing, preventing immune signaling. Ad-
ditional in vivo experiments are required to study the con-
tribution of RAD51 in tumor progression upon replication
stress and DNA damage.

We propose a model that represents the interplay between
RAD51 and immune signaling in response to DNA damage
and replication stress (Figure 6F). RAD51 is recruited to
the sites of perturbed replication forks and DSBs, resulting
in the blockage of the excess exonuclease activity of MRE11
on the newly replicated genome and DSB repair. Conse-

quently, this activity limits the accumulation of self-DNA in
the cytosol and prevents the initiation of STING-mediated
innate immune response signaling. Thus, RAD51 plays a
direct role in DNA replication and DSBs repair, and is in-
directly involved in immune signaling.
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