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SUMMARY
Radiation sensitive 52 (RAD52) is an important factor for double-strandbreak repair (DSBR).However, deficiency
in vertebrate/mammalianRad52 has no apparent phenotype. The underlyingmechanism remains elusive. Here,
we report that RAD52 deficiency increased cell survival after camptothecin (CPT) treatment. CPT generates sin-
gle-strand breaks (SSBs) that further convert to double-strand breaks (DSBs) if they are not repaired. RAD52
inhibits SSB repair (SSBR) through strong single-strand DNA (ssDNA) and/or poly(ADP-ribose) (PAR) binding
affinity to reduce DNA-damage-promoted X-Ray Repair Cross Complementing 1 (XRCC1)/ligase IIIa (LIG3a)
co-localization. The inhibitory effects of RAD52 on SSBR neutralize the role of RAD52 in DSBR, suggesting
that RAD52 may maintain a balance between cell survival and genomic integrity. Furthermore, we demonstrate
thatblockingRAD52oligomerization thatdisruptsRAD52’sDSBR,while retaining itsssDNAbindingcapacity that
is required for RAD52’s inhibitory effects on SSBR, sensitizes cells to different DNA-damaging agents. This
discovery provides guidance for developing efficient RAD52 inhibitors in cancer therapy.
INTRODUCTION

DNA strand breaks include single-strand breaks (SSBs) and

double-strand breaks (DSBs). SSB repair (SSBR) is a much

more efficient process compared to DSB repair (DSBR): approx-

imately 70% of SSBs but only �30% of DSBs can be repaired

within a 10-min time frame in mammalian cells (Schipler and Ilia-

kis, 2013). Although SSBs do not directly result in cell death and

DSBs are a much severer threat to cell survival, SSBs closely

located on opposite strands easily form lethal DSBs if they are

not repaired properly in a timely manner (Sutherland et al., 2000).

SSBR in vertebrate/mammalian cells depends mainly on

the Poly (ADP-ribose) polymerase 1 (PARP1)/polyADP-ribose gly-

cohydrolase (PARG)-mediated pathway. Efficient SSBR requires

polyADP-ribosylation (PARylation) of XRCC1 and ligase IIIa

(LIG3a) (Jungmichel et al., 2013; Li et al., 2013) to promote the

recruitment of the XRCC1/LIG3a complex toSSBsites (Caldecott,

2008; Hu et al., 2018; London, 2015) and requires PARG to quickly

remove the PARylation modification of XRCC1 (Gravells et al.,

2017; Wei et al., 2013). XRCC1 does not bind double-strand

DNA (dsDNA) but binds single-strand DNA (ssDNA) and PAR (to

be PARylated by PARP1; Jungmichel et al., 2013; Li et al., 2013).

PAR is able to compete with DNA for common histone binding

sites (Panzeter et al., 1992). Accumulated evidence supports
C
This is an open access article under the CC BY-N
that PAR exhibits similarities to ssDNA due to its anionic composi-

tion and flexibility, resulting in its consequent capability to conform

to variously structured ssDNA binding sites (London, 2015).

DSBs in vertebrate/mammalian cells aremainly repaired byKU-

dependent non-homologous end-joining (NHEJ), RAD51-depen-

dent homologous recombination (HR), and a back-up pathway,

PARP-dependent alternative end-joining (a-EJ). Both HR and a-

EJ require end resection and are efficient only during S/G2 phase.

Differently, NHEJ is a much more efficient DSBR pathway that

does not require end resection and is independent of cell cycle

(Scully et al., 2019). As a HR factor, RAD52 is conserved from

yeast to mammals (McIlwraith et al., 2000; Van Dyck et al.,

1999). RAD52 has strong binding affinity for both ssDNA and

dsDNA (Kagawa et al., 2002; Saotome et al., 2018). Combining

deficiency in RAD52 with another major HR factor, such as

XRCC3 or Breast cancer gene 2 (BRCA2), causes synthetic

lethality in vertebrate/mammalian cells (Feng et al., 2011; Fujimori

et al., 2001). However, deficiency in vertebrate/mammalianRad52

alone has noapparent phenotype in cell response to general DNA-

damaging agents (Rijkers et al., 1998; Yamaguchi-Iwai et al.,

1998); the mechanism remains unclear.

Camptothecin (CPT), a topoisomerase I (Top1) inhibitor, in-

duces SSBs by trapping the Top1-cleavage complex during

replication, further resulting in single-ended DSBs (Pommier
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Figure 1. RAD52 Promotes CPT-Induced

Vertebrate/Mammalian Cell Killing

(A) WT, Rad52�/�, Rad54�/�, or Atm�/� DT40 cell

sensitivities to CPT were measured using the Cell-

Titer-Glo Luminescent Cell Viability Assay Kit

following our modified protocol and confirmed by

clonogenic assay. RAD52 inhibitor (RAD52i) CD1,

2.5 mM, was added to cell culture 1.5 h before

adding CPT at 20 nM. Data are mean ± SEM from

three independent experiments. **p < 0.01.

(B) RAD52 levels were detected by western blotting

in WT (mock) and Rad52 knockout MEFs generated

using CRISPR-Cas9 (2 from targeting exon 3 and 2

from targeting exon 5).

(C) WT, Rad52-deficient (Rad52 d1 targeting exon

3-1;Rad52 d2 targeting exon 3-2), orKu70-deficient

(Ku70 d)MEF sensitivities to CPT using a clonogenic

assay. Data are mean ± SEM from three indepen-

dent experiments. **p < 0.01.

(D) RAD52 levels were detected by western blotting

in U2OS cells treated with control RNA (Ct RNA) or

Rad52 siRNA (for 48 h).

(E) U2OS cell sensitivity to CPT after treatment

with Ct RNA, Rad52 siRNA, or RAD52i. Data are

mean ± SEM from three independent experiments.

**p < 0.01.
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et al., 2016b) that are strongly inhibited by KU-dependent NHEJ

(Adachi et al., 2004; Chanut et al., 2016; Foster et al., 2011; Ho-

chegger et al., 2006). KU readily and stably binds to single-ended

DSBs (without other ends for joining), which prevents the binding

of additional repair factors for end resection, thus preventing

DSBR and promoting cell death (Chanut et al., 2016). Consid-

ering that RAD52 has an essentially synthetic role with other

HR repair proteins, CPT is an ideal agent to be used to initially

study the role of vertebrate/mammalian RAD52 in DNA repair.
RESULTS

Vertebrate/Mammalian RAD52 Reduces Cell Survival
after CPT Treatment
CPT-induced DNAdamage interferes with both transcription and

DNA replication (Pommier et al., 2016b). Treatment with aphidi-

colin (an inhibitor of DNA polymerase a) to block cells from G1 to

S phase completely abolished CPT-induced cell killing (Figures

S1A–S1C), suggesting that CPT-induced cell death mainly de-

pends on active DNA replication and is independent of

transcription.

Unexpectedly, Rad52-deficient chicken B (DT40) cells were

more resistant to CPT than their wild-type (WT) counterparts

(Figures S2A and 1A, left panel). Similarly, RAD52 inhibitor

(RAD52i) treatment (which interrupts RAD52’s binding to DNA)

also rendered WT cells resistant to CPT (note: in order to show

clear difference in compared samples, we present data in bar

charts that are derived from the curve plots in the corresponding

supplemental figures throughout the manuscript). Both Rad54

and Atm knockout (KO) DT40 cells were more sensitive to CPT

than WT controls (Adachi et al., 2004; Chanut et al., 2016; Ho-

chegger et al., 2006), confirming that RAD54/ATM associated

with RAD51-mediated HR contributes to repair of CPT-induced

DSBs. RAD52i treatment also rendered Rad54 or Atm KO
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DT40 cells more resistant to CPT (Figures S2B and 1A, right

panel), suggesting that RAD52’s inhibitory effect on repair of

CPT-induced DNA damage is independent of HR. Knocking

out Ku70 from Rad52-deficient DT40 cells using CRISPR-Cas9

(Figures S2C and S2D) resulted in greater resistance to CPT,

and similar phenotypes were observed in Ku70-deficient cells

treated with RAD52i (Figure S2D). These results also exclude

the RAD52-associated inhibitory effects linked to KU-dependent

NHEJ.

Similar to DT40 cells, Ku70-deficient mouse embryonic fibro-

blasts (MEFs) were more resistant and Rad54-deficient MEFs

were more sensitive to CPT than their WT counterparts (Figures

S2G and 1C). KnockingRad52 out inMEFs (Figures S2E and 1B),

or treating WT MEFs with RAD52i, resulted in increased resis-

tance to CPT (Figures S2G and 1C). Knocking down Rad52

with small interfering RNA (siRNA) in human U2OS cells (Fig-

ure 1D) or treating the cells with RAD52i also resulted in greater

resistance of the cells to CPT (Figures S2H and 1E). These results

confirm that vertebrate/mouse/human cells shared a similar

RAD52-dependent inhibitory effect on repair of CPT-induced

damage. To elucidate the underlying mechanism, we used

different cell types (chicken, MEF, or human) based on the cell

line availability for each particular experiment.
RAD52 Suppresses PARP-Mediated Repair of CPT-
Induced SSBs
RAD52 foci (reflecting RAD52 binding to damageDNA) appeared

in most MEFs within 5 min of CPT treatment and maintained to

6 h post-treatment (Figure 2A), indicating that RAD52 rapidly

binds to CPT-damaged DNA. Rad52-deficient MEFs showed

fewer g-H2AX foci-positive (DSB-detecting marker) cells than

their WT counterparts (Figure 2B), indicating the reduced gener-

ation of DSBs in Rad52-deficient cells after CPT treatment.

Considering that RAD52 is a DSBR protein, possible explanation



Figure 2. RAD52 Suppresses PARP-Mediated Repair of CPT-Induced SSBs

(A) Top: images of RAD52 foci in Rad52-expressing MEFs following 50 nM CPT treatment using a RAD52 antibody (Ochs et al., 2016; scale bar represents 4 mM).

Bottom: quantification of RAD52 foci per cell at indicated times after CPT treatment is shown. Data are mean ± SEM (n = 50 cells). ***p < 0.001.

(B) Left: images of CPT-induced g-H2AX foci in WT orRad52-deficient (Rad52�/�) MEFs treated with CPT for 30min. The cells were collected for immunostaining

with an anti-g-H2AX antibody DAPI (scale bar represents 8 mM). Right: percentage of cells with g-H2AX foci was analyzed. Data are mean ± SEM (n = 50 cells).

**p < 0.01.

(C) Left: chromatin-bound ‘‘C’’ and whole-cell ‘‘W’’ fractions of different DNA repair proteins from vector or Rad52-expressing Rad52-deficient MEFs were

evaluated using western blotting after 50 nM CPT treatment. Right: chromatin-bound protein quantification was based on western blotting image data from 3

independent experiments of 2 clones of Rad52-deficient cells. Data are mean ± SEM from biological triplicates. **p < 0.01.

(D) WT, Parp1�/�, Rad52�/�, DT40 cell sensitivities to CPT with or without PARPi (olaparib, 1 mM for 1.5 h before CPT treatment). ***p < 0.001.

(E) WT, Rad52 d1 (R52-1), or Rad52 d2 (R52-2) MEF sensitivities to CPT. Data are mean ± SEM from three independent experiments. **p < 0.01; ***p < 0.001.

(F) U2OS cell sensitivities to CPT after treatment with Ct RNA orRad52 siRNA. Data aremean ±SEM from three independent experiments. **p < 0.01; ***p < 0.001.

(G) Left: WT or Parp1-deficient DT40 cells were treated with CPT for 30 min and then DSBs in these cells were assessed by neutral comet assays (scale bar

represents 8 mM). Right: percentage of tail DNA in total DNA (from 100 cells) was analyzed using the CometScore software. Data are mean ± SEM from three

independent experiments. ****p < 0.0001.
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for fewer DSBs in Rad52-deficient cells is a negative effect of

RAD52 on SSBR. To test this hypothesis, we first examined

the chromatin-bound levels of different repair proteins at

different times after CPT treatment because SSBR is a fast pro-

cess. The increased chromatin-bound repair proteins reflect

whether the specific protein efficiently involves the repair, and

they also reflect unrepaired DNA damage level at the examined

time points, which should be explained by combining the cell

biological phenotypes. Rad52-expressing MEFs showed higher
chromatin-bound levels of all examined proteins compared with

Rad52-deficient MEFs (vector control), suggesting a faster repair

rate in CPT-treated Rad52-deficient MEFs. Notably, these MEFs

showed high chromatin-bound levels of PARP1 at 5 min after

CPT treatment control cells, which occurred much earlier than

the increased levels of RAD51 and RPA70, the key HR factors

for DSBR (Figure 2C). RAD52 showed a similar chromatin-bound

pattern to PARP1. These results suggest that RAD52might inter-

fere with PARP-mediated SSBR.
Cell Reports 34, 108625, January 12, 2021 3
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PARP inhibitor (PARPi) treatment rendered all of the tested

cells (DT40, MEF, and human) more sensitive to CPT (Fig-

ure S3A), indicating that PARP-mediated pathway plays an

important role in repair of CPT-induced damage. Notably, treat-

ment of Rad52-deficient cells with PARPi increased the cell

sensitivity to CPT, although Rad52-deficient cells without PARPi

weremore resistant to CPT (Figures S3A and 2D–2F). Combining

PARPi and CPT treatment induced more g-H2AX foci in Rad52-

deficient MEFs versus (versus) in their WT counterparts (Fig-

ure S3B), although CPT treatment alone without PARPi induced

fewer g-H2AX foci in Rad52-deficient MEFs (Figure 2B). These

results support that RAD52-mediated inhibitory effects are asso-

ciated with PARP-dependent repair. In addition, the results sug-

gest that RAD52 contributes to repair of CPT-induced DSBs,

which might be inhibited by PARP.

DT40 cells have no PARP2, and PARP1 is essential for PARP-

mediated repair. MEFs have PARP2 that plays an important

complementary role for PARP1 because deficiency in both

PARP1 and PARP2 is lethal (Boehler et al., 2011) and deficiency

in PARP1 or PARP2 alone is viable. Parp1KOMEFs did not show

the same sensitivity to CPT as the PARPi-treated cells (Patel

et al., 2012); however, knocking down Parp2 in Parp1-deficient

MEFs (�70%) increased the sensitivity to CPT (�2-fold; Figures

S3C and S3D), supporting a back-up role of PARP2 in Parp1-

deficient MEFs. PARPi is involved in either trapping PARP pro-

tein or inhibiting PARP activity (Pommier et al., 2016a). Niraparib,

a PARPi, generated greater trapping effects than olaparib,

another PARPi (Murai et al., 2012). Although niraparib increased

CPT sensitization to a greater level than olaparib inWTMEFs, the

increased sensitization ratio was also observed in Rad52-defi-

cient MEFs (Figure S3E). If RAD52 affecting PARP-mediated

repair is through trapping PARP protein, compared to olaparib,

niraparib treatment should not increase CPT sensitivity in

Rad52-deficient MEFs. Therefore, these data exclude the possi-

bility that the inhibitory effects of RAD52 on repair of CPT-

induced damage mainly depend on PARP trapping.

PARP1 is involved in both SSBR and DSBR that is via the a-EJ

pathway (Ray Chaudhuri and Nussenzweig, 2017). DNA Poly-

merase Theta (POLQ) is a key factor in DSBR by PARP1-medi-

ated a-EJ (Wood and Doublié, 2016). Polq-deficient DT40 cells

showed similar CPT sensitivity toWT cells, with or without PARPi

treatment (Figure S3F), suggesting that repair of CPT-induced

DNA damage is independent of PARP1-mediated DSBR.

Furthermore, Parp1-deficient DT40 cells were highly sensitive

although Rad52-deficient DT40 cells were more resistant to

H2O2 (a SSB inducer), compared to WT cells (Figure S3F),

providing additional evidence to support that RAD52 may inter-

fere with PARP1-mediated SSBR. A neutral comet assay to

detect DSBs showed that Parp1-deficient versus WT DT40 cells

significantly increased tail movement (reflecting DSBs) at 30 min

following a low dose of CPT (10 nM) treatment (Figure 2G),

further supporting that PARP-mediated SSBR may play a major

role in preventing DSB generation, thus promoting cell survival

after CPT treatment.

PARP-mediated PARylation is a rapid cellular response to

DNA damage; this dynamic change reflects DNA damage and

repair status. We then tested the possibility whether RAD52

competed with PARP1 for DNA binding and thus affected the
4 Cell Reports 34, 108625, January 12, 2021
PARylation activity because both PARP1 and RAD52 showed

binding affinities to ssDNA ends and dsDNA ends (Figures S4A

and S4B). Unexpectedly, RAD52 did not affect PARP1 DNA

binding to ssDNA or dsDNA ends (Figure S4C). In addition,

RAD52 did not directly affect PARP1 PARylation activity, which

was measured by fluorescence signal of a PARP-HSA-enzyme

combined with western blotting of co-immunoprecipitation (IP)

assay (Figures S4D and S4E). These results exclude the possibil-

ity that RAD52 directly affects PARP1 activity but may affect

PARP1’s partners to interfere with SSBR in CPT-treated cells.

RAD52 Suppresses XRCC1/LIG3a Co-localization in
CPT-Treated Cells
Continually PARylated signals indirectly indicate unrepaired

damage in the cells. CPT treatment stimulated whole-cell PAR

levels (PARP-mediated PARylation) at 5 min in both WT and

Rad52-deficient MEFs, but PAR levels rapidly decreased and re-

mained low inRad52-deficient MEF; whereasWT cells sustained

a relatively high PAR level until 1 h after CPT treatment (Fig-

ure 3A). Together with the survival data (Figure 1), these results

suggest that, without RAD52, the cells more efficiently repaired

CPT-induced damage (showing reduced PAR signals), possibly

through the PARP-mediated SSBR.

XRCC1 is one of themost important factors in PARP-mediated

SSBR. XRCC1 focus formation is an index for SSBR (Das et al.,

2014), which indirectly indicates XRCC1/LIG3a function at SSB

sites (London, 2015). When endogenous Rad52 was knocked

down in U2OS cells (Figure 1D), more XRCC1 foci-positive cells

were observed at 5 min after CPT (10 nM) treatment, although

the levels returned to the background (similar to that shown in

the control RNA-treated cells) at 30min after CPT treatment (Fig-

ure S5A). These results suggest that RAD52 may interfere with

XRCC1 function in the PARP-dependent SSBR. The XRCC1/

LIG3a complex was initially identified without DNA damage (Cal-

decott et al., 1995; Whitehouse et al., 2001), and it was believed

that the heterodimer occurs naturally. Later, it has been known

that LIG3 has XRCC1-independent form in mitochondria and

XRCC1-dependent form in nucleus (Gao et al., 2011; Simsek

et al., 2011). Therefore, it is possible that DNA damage might

stimulate the nuclear XRCC1/LIG3a complex formation for

DNA repair. To test this hypothesis, we detected the complex

level using an IP assay with GFP-XRCC1 and FLAG-LIG3a co-

transfected HEK293T cells at different times after CPT treat-

ment. Without CPT treatment, there was a very low level of inter-

action between XRCC1 and LIG3a. However, at 5 min after DNA

damage (20 nM CPT treatment), the complex level significantly

increased and then gradually decreased (Figure 3B).

To confirm the inhibitory effects of RAD52 on DNA-damage-

stimulated XRCC1/LIG3a complex formation, we used a prox-

imity ligation assay (PLA) to detect XRCC1/LIG3a complex foci

(Figure S5B). There were no positive PLA signals in Xrcc1 KO

cell nuclei (Figure S5C), indicating the signal specificity. There

were a few XRCC1/LIG3a complex foci without DNA-damaging

agent treatment, indicating a background SSBR level in normal

cells and confirming those shown from the IP complex (Fig-

ure 3B). Efficient SSBR requires initially rapid PARP activity fol-

lowed by PARG activity to remove PARylation of XRCC1 (Wei

et al., 2013). PARPi treatment reduced but PARGi increased



Figure 3. RAD52 Suppression of PARP-Mediated SSBR Is through Interference with XRCC1/LIG3a Co-localization

(A) Whole-cell PAR levels were measured in WT or Rad52-deficient MEFs after 50 nM CPT treatment.

(B) Western blot analysis of lysates and IP from HEK293T cells transfected with the indicated genes (GFP-XRCC1 or FLAG-LIG3a) for 27 h and then treated with

CPT (20 nM) for the indicated times.

(C) PLA plots show the percentage of cells with various numbers of XRCC1/LIG3a foci in vector or WT Rad52 expressing in Rad52�/� MEFs after CPT or MMS

treatment. Data from 5 to 6 randomly selected fields (n = 50 cells) in each group were quantified using ImageJ.

(D) PAR polymer dot blot analysis. Incremental amounts of each protein (1, 2, 4, and 8 pMol) were spotted onto a nitrocellulose membrane (Bio-Rad), incubated in

PBS-T containing 50 nM pADPr polymer (Trevigen), and subsequently subjected to western blotting using a PAR antibody.

(E) IP of PAR polymer incubated with RAD52 and glutathione S-transferase (GST)-XRCC1 proteins at different ratios (12:0, 12:6, 12:12, 0:12, 6:12, and 12:12

[pMol:pMol]) using a PAR antibody.

(F) WT and Xrcc1-deficient MEFswere treated with DMSO, RAD52i, or PARPi for 1.5 h and then treatedwith CPT for 24 h. The survival results were obtained using

the clonogenic assay. Data are mean ± SEM from three independent experiments. *p < 0.05. **p < 0.01. ***p < 0.001.
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the number of foci-positive cells without DNA damage (Fig-

ure S5C), confirming the involvement of PARP/PARG in

SSBR. Notably, at 5 min after CPT (20 nM) treatment, more

XRCC1/LIG3a foci-positive cells were detected in vector con-

trol (Rad52 deficient) than in Rad52-expressing MEFs (Fig-

ure 3C), suggesting more-efficient SSBR in Rad52-deficient

cells. To confirm the inhibitory effects of RAD52 on XRCC1/

LIG3a foci were involved in SSBR, we detected the PLA foci

in methyl methanesulfonate (MMS) treated these cells because

MMS mainly induces SSBs (Lundin et al., 2005). Similarly, more

XRCC1/LIG3a foci-positive cells appeared in vector control

(Rad52 deficient) than in Rad52-expressing MEFs after MMS

treatment (Figure 3C). These results support that RAD52

directly interferes with SSB-stimulated XRCC1/LIG3a complex

formation.
To examine whether RAD52 has a stronger ssDNA/PAR bind-

ing activity than XRCC1, we compared PARbinding activities be-

tween purified RAD52 and XRCC1 proteins in an in vitro polymer

blot assay. Such assay does not need PARP activity and directly

detects the protein’s PAR-binding ability, which indirectly re-

flects the protein’s ssDNA-binding affinity. RAD52 showed a

much stronger PAR-binding affinity than XRCC1 (Figure 3D).

This was further verified by the competition of purified RAD52

and XRCC1 proteins in a PAR-binding complex, where RAD52

significantly inhibited PAR-bound XRCC1 levels (Figure 3E).

These results support that RAD52 has a stronger binding affinity

for ssDNA and/or PAR than XRCC1. We then found that, similar

to XRCC1, RAD52 was PARylated by PARP1 after DNA damage

(Figures S6A–S6C), suggesting that RAD52 might compete with

XRCC1 for PARylation modification and thus inhibit SSBR.
Cell Reports 34, 108625, January 12, 2021 5



Figure 4. A Strategy to Enhance the Inhibitory Effects of RAD52 on SSBR and Sensitize Cells to DNA-Damaging Agents

(A and B) Description of key RAD52mutants (R55A and Y104D) tested in this study. Y104 is conserved across variant species. Y104F (abolished Abelson tyrosine

kinase (c-ABL) phosphorylation) was used as a control for Y104D.

(C) Expression of FLAG-tagged WT or mutant mouse Rad52 in Rad52-deficient MEFs was measured using western blotting.

(D) Sensitivity of vector, WT, or mutant Rad52-expressing cells to CPT (40 nM). Data are mean ± SEM from three independent experiments. **p < 0.01.

(E) Left: images of XRCC1/LIG3a foci in R55A or Y104 mutant Rasd52-expressing Rad52-deficient MEFs on slides treated with or without CPT (20 nM) for 5 min

and then fixed for PLA (scale bar represents 5 mM). Right: the plots show the percentage of XRCC1/LIG3a foci in R55A or Y104 mutant Rad52-expressing Rad52-

deficient MEFs with different numbers of foci/cell after CPT treatment from 5 to 6 randomly selected fields (n = 50 cells) in each group, quantified using ImageJ.

(legend continued on next page)
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Unexpectedly, the XRCC1 PARylation levels in cells were not

affected by RAD52 expression at different times after CPT treat-

ment (data not shown). These results suggest that RAD52’s

inhibitory effects on DNA-damage-promoted XRCC1/LIG3a

foci formation may not directly affect through XRCC1 PARylation

but through ssDNA binding affinity, although to confirm the

conclusion requires more experiments in the future.

To verify the inhibitory effects of RAD52 on XRCC1-dependent

SSBR, we tested the sensitivity of Xrcc1-deficient MEFs to CPT.

Xrcc1-deficient MEFs without PARP1 treatment showed similar

CPT sensitivities to WT cells treated with PARPi (Figures S6D

and 3F), indicating that XRCC1mainly functions in PARP-depen-

dent SSBR. PARPi treatment rendered Xrcc1-deficient MEFs

more sensitive to CPT (Figures S6D and 3F). This can be ex-

plained by the previous finding that PARP1-mediated replication

fork reversal (RFR) also contributes to repair of CPT-induced

damage but is XRCC1 independent (Ray Chaudhuri et al.,

2012; Ray Chaudhuri and Nussenzweig, 2017). It is possible

that Xrcc1-deficient MEFs depend more on PARP-mediated

RFR to repair CPT-induced damage than their WT counterparts.

RAD52i had no effects on the sensitivity of Xrcc1-deficient MEFs

to CPT treatment at low doses (5 and 10 nM), although RAD52i

increased the resistance of WT MEFs to CPT at the same doses

(Figure S6D). These results suggest that low doses (5 and 10 nM)

of CPT-induced damage are mainly repaired by PARP1/XRCC1-

mediated SSBR, which is inhibited by RAD52. RAD52i signifi-

cantly sensitized Xrcc1-deficient MEFs to a high dose (20 nM)

of CPT treatment, more significantly than PARPi treatment (Fig-

ures S6D and 3F), providing additional evidence that RAD52

contributes to repair of CPT-induced DSBs, which might be in-

hibited by PARP activity.

A Strategy to Enhance the Inhibitory Effects of RAD52
on SSBR and Sensitize Cells to Different DNA-Damaging
Agents
RAD52 is known to participate in DSBR via HR functions (Chang

et al., 2017; Costantino et al., 2014; Kan et al., 2017; Sotiriou

et al., 2016; Verma and Greenberg, 2016). We have discovered

in this study a negative effect of RAD52 on SSBR. To study

whether we can utilize these characteristics of RAD52 to

enhance cell sensitivity to DNA-damaging agents, we generated

R55A and Y104D RAD52 mutants based on RAD52’s structure

(Figures 4A and 4B), because these mutants can separate

RAD52’s inhibitory effects on SSBR and promoting effects on

DSBR. R55A significantly reduces ssDNA, but not dsDNA, bind-

ing activity (Kagawa et al., 2002; Saotome et al., 2018), which is

similar to WT cells treated with an available RAD52i. Y104D, a

mimetic of phospho-serine, retained RAD52 DNA binding

activity (Honda et al., 2011) but lost RAD52 self-interaction (olig-

omerization; Figure S6A) and thus lost its DSBR ability. c-ABL

phosphorylation of Y104 was disrupted by mutation to F104

(Honda et al., 2011; Kitao and Yuan, 2002) but still maintained
(F) Sensitivity of MEFs expressing vector, WT, or mutant Rad52 (R55A or Y104D) t

aremean ±SEM from three independent experiments. For IR- andMMS-treated c

for etoposide-treated cells, as compared to WT Rad52-expressing cells, **p < 0

(G) Comparison of CPT-induced PARylation levels between WT and mutant Rad

described in Figure S7A.
RAD52 oligomerization (Figure S7A); thus, Y104F was used as

a control for Y104D.

Y104F mutant RAD52-expressing cells showed similar sensi-

tivity to WT RAD52-expressing cells (Figures 4C, 4D, and S7B),

excluding the possibility that c-ABL phosphorylation is critical

for cell sensitivity to CPT. Notably, Y104D expression showed

most sensitive to CPT among all tested cells (Figures 4C, 4D,

and S7B). PARPi abolished the difference in sensitivity between

R55A and Y104D cells (Figure S7B) because PARPi abolished

SSBR, the inhibitory effects of RAD52 depended on intact

SSBR, and both R55A (lost ssDNA binding) and Y104D (lost

RAD52 oligomerization) lost RAD52-mediated DSBR. This was

further supported byCPT-induced XRCC1/LIG3a complex focus

data (Figure 4E). Y104D expression significantly reduced CPT-

promoted XRCC1/LIG3a foci compared to R55A expression

(Figure 4E), supporting that ssDNA binding is essential for

RAD52’s inhibitory effects on XRCC1/LIG3a foci. Notably,

R55A-expressing cells showed similar levels of CPT-induced

XRCC1/LIG3a foci to those Rad52-deficient cells (Figures 3C

and 4E), providing additional evidence to support that the inhib-

itory effects of RAD52 on SSBR depend on RAD52’s DNA-bind-

ing ability.

To study whether inhibitory effects of RAD52 on SSBR are not

limited to CPT treatment, we examined the sensitivity of WT and

Rad52-deficient DT40 cells to different DNA-damaging agents,

including MMS (generates SSBs), ionizing radiation (IR)

(generates SSBs and DSBs), and etoposide (topoisomerase

[Top] II inhibitor, mainly generates DSBs; Pommier et al.,

2016b). Although Rad52-deficient cells were more resistant to

MMS than WT cells, PARPi treatment abolished the different

MMS sensitivities between these cells (Figure S7C). These re-

sults further support that RAD52-mediated inhibitory effects on

SSBR depend on PARP-mediated SSBR and that RAD52-medi-

ated DSBR does not contribute to the repair of MMS-induced

damage. In contrast, there was no clear difference in sensitivity

to IR between Rad52-deficient versus WT cells with or without

PARPi treatment (Figure S7C), supporting that RAD52-mediated

inhibitory effects on SSBR neutralize RAD52’s DSBR effects.

Rad52-deficient cells were more sensitive than WT cells to eto-

poside (Figure S7C), suggesting that RAD52 contributes to repair

of etoposide-induced DSBs. These phenotypes provide evi-

dence to support the inhibitory effects of RAD52 on SSBR

commonly occurring in cell response to DNA damage.

In irradiated MEFs, vector and R55Amutant showed the same

sensitivity as WT Rad52-expressing cells, although the Y104D

mutant exhibited significant sensitivity to IR (Figure 4F). Thus,

cells became more sensitive to IR only when they lost RAD52’s

DSBR but retained inhibition of SSBR. WT RAD52-expressing

cells were relatively sensitive to MMS compared to vector con-

trol cells, although Y104D-expressing cells were more sensitive

to MMS (Figure 4F) because Y104D had stronger ssDNA/PAR-

binding activity. This is supported by the data shown in
o different DNA damage inducers: IR; MMS; or etoposide (Top II inhibitor). Data

ells, as compared to empty-vector-expressing cells, **p < 0.01 and ***p < 0.001;

.01.

52-expressing (R55A or Y104D) HEK293T cells under the same conditions as
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Figure 4G. Expression of RAD52 R55A showed no PARylation

although Y104D expression significantly increased PARylation

after CPT treatment compared to expression of their WT

RAD52 counterparts (Figure 4G). Without RAD52-mediated

DSBR (vector alone, R55A, and Y104D), cells were more sensi-

tive to etoposide than WT RAD52-expressing cells (Figure 4F).

These results, as summarized in the graphic abstract, describe

that the inhibitory effect of RAD52 on SSBR is a common pheno-

type in cells in response to DNA-damaging agents.

DISCUSSION

In this study, we have shown an inhibitory effect of RAD52 on

PARP1-mediated SSBR, which may occur through RAD52’s

strong ssDNA/PAR-binding affinity to interfere with XRCC1/

LIG3a-complex formation. CPT and IR generate both SSBs

and DSBs, but compared to WT cells, RAD52-deficient cells

showedmore resistant only to CPT treatment, but not to IR expo-

sure. This might be due to the different effects of CPT and IR on

DNA damage generation. CPT traps Top1-cleavage complex to

induce SSBs during replication, resulting in DSBs with replica-

tion fork movement (Pommier et al., 2016b). Therefore, efficient

PARP-dependent SSBR plays a key role in preventing CPT-

induced lethal DSBs that are inhibited by KU-dependent NHEJ

(Chanut et al., 2016) but mainly repaired by HR (a relatively

slow repair process). RAD52’s inhibitory effects on SSBR could

promote the conversion of SSBs to lethal DSBs. In contrast, IR

generates SSBs and DSBs at the same time, and IR-generated

DSBs are mainly repaired by NHEJ, a more-efficient DSBR

pathway than HR and a-EJ, because most cells, in general, are

in G1 phase. Thus, it is possible that the opposing effects of

RAD52 on SSBR and DSBR neutralize the phenotypes of irradi-

ated cells. Thus, the major role of mammalian RAD52 in

response to DNA damage is a mediator to adjust the balance

of cell death and genomic integrity. We reported here that

RAD52 interferes with SSBR, which promotes DSB generation

and cell death. This identified function of RAD52 might play an

important role in facilitating genomic integrity because RAD52

binding to ssDNA prevents ssDNA degradation and genomic

instability (Malacaria et al., 2019).

RAD52 forms an 11-mer ring structure, which is essential for

its role in DSBR (Chandramouly et al., 2015). However,

RAD52’s DNA-binding affinity does not depend on the ring struc-

ture because it occurs mainly through the outside positive

charge of the oligomer ring and the positively charged surface

of the RAD52 monomer binds DNA efficiently (Kagawa et al.;

2002; Saotome et al., 2018). Because the Y104D mutant loses

RAD52’s oligomerization and is defective in ring formation, this

results in more RAD52 monomers having an opportunity to

directly reach and bind ssDNA/PAR, as we observed (Figure 4G).

This may also explain why Y104D mutant RAD52-expressing

cells showed greater sensitivity to DNA-damaging agents

because such cells lost RAD52’s DSBR ability and displayed

more inhibition of SSBR with the stronger ssDNA/PAR-binding

affinity of RAD52monomers. Disruption of RAD52’s DNA binding

with currently available RAD52i sensitized only BRCA1/2 mutant

tumor cells to PARPi (Hengel et al., 2016; Huang et al., 2016; Sul-

livan-Reed et al., 2018). Although such RAD52i reduced RAD52-
8 Cell Reports 34, 108625, January 12, 2021
mediated DSBR, they lose the inhibitory effects on SSBR, thus

limiting their usage. Our results provide an opportunity to disrupt

RAD52’s oligomerization (ablating RAD52-mediated DSBR) but

retain RAD52’s DNA-binding activity (maintaining RAD52’s

inhibitory effects on SSBR), which would be able to efficiently

sensitize BRCA1/2 WT tumor cells to DNA-damaging agents.

Yeast has no Parp1 and Lig3 genes and mainly depends on

DNA polymerase to repair SSBs, and Rad52 has no effects on

such repair (Ogorek and Bryant, 1985a, 1985b). In contrast,

vertebrate/mammalian cells use a PARP1/XRCC1/LIG3a-medi-

ated pathway to repair SSBs (Caldecott, 2008), which is affected

by RAD52. The biggest difference in SSBR between yeast and

mammalian cells may depend on their different growth rates.

Most vertebrate/mammalian cells are not in S phase, so they

cannot depend on DNA synthesis processes but require the

PARP1/XRCC1/LIG3a pathway to repair SSBs. Meanwhile,

RAD52-mediated DSBR might be limited by PARP activity

because PARylation reduced RAD52 DNA-binding activity (Fig-

ure S7D). These explanations are summarized in Figure S7E.

RAD52-mediated single-strand annealing (SSA) is a process

associated with RAD52’s other HR functions (Kan et al., 2017).

It is known that SSA is an error-prone repair pathway by gener-

ating large deletion of DNA during the annealing process (Bhar-

gava et al., 2016). PARylation reduced RAD52 DNA-binding

activity, supporting that PARP may inhibit RAD52-mediated

DSBR as described in Figure 2 to maintain genomic integrity.

PARP1 has many substrates (Jungmichel et al., 2013), which

suggests that any DNA damage response protein might be

able to be PARylated if it could bind DNA. PARylation may adjust

a protein’s function through reducing its DNA-binding affinity,

such as the effects of PARP on RAD51 and BRCA1 (Hu et al.,

2014; Schultz et al., 2003). In this way, PARPmaymaintain a bal-

ance between different types of repair pathways based on

cellular requirements. Further studies are required to explore

this prediction.
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Antibodies

Mouse anti-Beta-actin Santa Cruz Cat #: sc-47778; RRID: AB_2714189

Mouse anti-Flag M5 Sigma Aldrich Inc Cat #: F4042; RRID: AB_439686

Rabbit anti-Gamma-H2AX Cell Signaling Technology (CST) Cat #: 2577; RRID: AB_2118010

Rabbit anti-GAPDH CST Cat #: 5174; RRID: AB_10622025

Rabbit anti-GFP Biomol Cat #: 600-401-215S; RRID: AB_2612814

Rabbit anti-Histone 3 CST Cat #: 4499; RRID: AB_10544537

Mouse anti-KU70 Santa Cruz Cat #: sc-17789; RRID: AB_628454

Rabbit anti-MRE11 CST Cat #: 4895; RRID: AB_2145100

Mouse anti-PAR Abcam Cat #: 14459; RRID: AB_301239

Rabbit anti-PAR Millipore Sigma Cat #: MAB3192; RRID: AB_94743

Rabbit anti-PARP CST Cat #: 9532; RRID: AB_659884

Rabbit anti-RAD51 Santa Cruz Cat #: sc-8349; RRID: AB_2253533

Goat anti-RAD52 A gift from Dr. Jiri Lukas’s lab (Ochs et al., 2016)

Rabbit anti-TurboGFP (tGFP) Thermo Fisher Cat #: PA5-22688; RRID: AB_2540616

Rabbit anti-XRCC1 CST Cat #: 2735; RRID: AB_2218471

Mouse anti-XRCC1 Abcam Cat #: Ab1838; RRID: AB_302636

Mouse anti-LIG3a Thermo Fisher Scientific Inc. Cat #: PA5-21480; RRID: AB_11153448

Chemicals, Peptides, and Recombinant Proteins

CPT VWR 101757-582

etoposide VWR ss419-42-0

RAD52 inhibitor, CD1 ChemDiv Inc. C267-0065

PARP inhibitor, niraparib SELLECK S7625

PARP inhibitor, olaparib SELLECK S1060

PARG inhibitor Millipore Sigma 118415

methyl methanesulfonate (MMS) Sigma-Aldrich Inc 129925-5G

H2O2 Fisher Scientific H325-100

aphidicolin Sigma-Aldrich Inc A4487

nocodazole CST 2190

DAPI Vector Laboratory H-1200

Critical Commercial Assays

CellTiter-Glo Luminescent Cell Viability

Assay Kit

Promega Corp G9241

Chromatin Extraction Kit Abcam ab117152

Single cell electrophoresis (comet assay) Kit Trivigen 4250-050-K

Duolink In Situ Orange Starter (Mouse/

Rabbit) Kit

Sigma-Aldrich Inc DUO92102-1KT

PARP Inhibition Assay Kit Trevigen 4690-096-K

Experimental Models: Cell Lines

DT40 WT, Rad52-deficient Dr. Shinichi Takeda’s Lab (Yamaguchi-Iwai et al., 1998)

DT40 Rad52/Ku70-deficient This study N/A

DT40 Rad54, Ku70, Rad54/Ku70-deficient Dr. Shinichi Takeda’s Lab (Takata et al., 1998)

DT40 Atm, Atm/Ku70-deficient Dr. Shinichi Takeda’s Lab (Morrison et al., 2000)

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

DT40 Parp1 or Parp11/Ku70 deficient Dr. Shinichi Takeda’s Lab (Hochegger et al., 2006)

DT40 Polq (theta)-deficient Dr. Shinichi Takeda’s Lab (Kohzaki et al., 2010)

MEF WT and Ku70-deficient Dr. David Chen’s Lab (Li et al., 1998)

MEF Parp1-deficient Dr. Zhaoqi Wang’s Lab (Wang et al., 1995)

MEF Rad54-deficient Dr. George Iliakis’s Lab with

Dr. Kevin Mill’s permission

(Mills et al., 2004)

MEF Xrcc1-deficient Dr. Li Lan’s lab (Wei et al., 2013)

MEF Rad52-deficient or Rad52 mutants

including Rad52R55A
In this study N/A

Rad52Y104D and Rad52Y104F

HEK293T ATCC ACS-4500

U2OS ATCC HTB96

Oligonucleotides

KO cXrcc6-Ex3, F: 50-CACCAAGCGTTGTG

TTCTACGGCA-30
IDT N/A

KO cXrcc6-Ex3, R: 50-AAACTGCCGTAGA

ACACAACGCTT-30
IDT N/A

KO cXrcc6-Ex4, F: 50-CACCGGCATGAG

GGTTATCCTCGT-30
IDT N/A

KO cXrcc6-Ex4, R: 50-AAACGACTGATT

ACCTTGTGACCC-30
IDT N/A

KO mRad52-Ex3, F: 50-CACCATTATAG
AGCCAGTATACAG-30

IDT N/A

KO mRad52-Ex3, F: 50-CACCATTATAG
AGCCAGTATACAG-30

IDT N/A

KO mRad52-Ex3, R: 50-AAACCTGTATACT

GGCTCTATAAT-30
IDT N/A

KO mRad52-Ex5,F: 50-CACCAACAATGGC

AAGTTCTACGT-30
IDT N/A

KO mRad52-Ex5, R: 50-CACCTTAGTTAAA

TCCACATCAAG-30
IDT N/A

Primers for mutations of mRad52 R55A,

Y104F and Y104D are as described in

Table S1

IDT N/A

A biotin-labeled DNA oligo Top: GGCC

GCACGCGTCCACCATGGGGTAC AA

[BioTEGi] GCACGCGTCCACCATGGG

GTACAA;

Eurofins N/A

A biotin-labeled DNA oligo Bottom:

GTAGTTGTACCCCATGGTGGACGC

GTGCTTGTACCCCATGGTGGAC

GCGTGC

Eurofins N/A

Recombinant DNA

pX330-U6-Chimeric_BB-CBh-hSpCas9 Addgene (Cong et al., 2013)

p3XFLAG-CMV Sigma-Aldrich Inc E7533

3xFLAG-Rad52 In this study N/A

3xFLAG-Rad52R55A In this study N/A

3xFLAG-Rad52Y104F In this study N/A

3xFLAG-Rad52Y104D In this study N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

ImageJ NIH https://imagej.nih.gov/

Comet Score analysis software TriTek Corp N/A

SoftWorx 5.5 Applied Precision N/A

Other

mParp2 siRNA 50-CTACCTTATTCAG
CTGTTA-30

Santa Cruz N/A

mParp2 siRNA 50-GTTGAAGCGTG

CAATGAAT-30
Santa Cruz N/A

mParp2 siRNA 50-CCATCACAGGT

TATATGTT-30
Santa Cruz N/A

hRad52 siRNA 50-GGAGUGACUCA

AGAAUUAATT-30
QIAGEN SI02629865

hRad52 siRNA 50-GGCCCAGAAUA

CAUAAGUATT-30
QIAGEN SI03020794
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RESOURCE AVAILABILITY

Lead Contact
Further information and request for resources should be directed to and will be fulfilled by the Lead Contact, Ya Wang (ywang94@

emory.edu).

Materials Availability
Materials, including plasmids and cell lines, are available from the authors upon request.

Data and Code Availability
The published article includes data generated in this study, no unique software or code were generated for this study.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines and Cell Culture
Different DT40 (chicken B),MEF and human cell lines were used in this study. DT40 cells were grown in RPMI1640 supplementedwith

10% fetal calf serum, 1% chicken serum, and 10�5 M b-mercaptoethanol at 39�C. MEF and human cell lines were grown in DMEM

medium supplementedwith 10% fetal calf serum. Detail information of cell lines used in this study is included in Key Resources Table.

METHOD DETAILS

Gene Knockout, Mutation, and Cell Cultures
Ku70-knockout in Rad52-deficient DT40 cells or Rad52-knockout in MEFs was accomplished with the CRISPR-Cas9 plasmid

(pX330-U6-Chimeric_BB-CBh-hSpCas9) following the published protocol with the primers targeting different genes shown in the

KEY RESOURCES TABLE. The following WT or mutant mouse Rad52 constructs were generated using vector p3XFLAG-CMV:

3xFLAG-Rad52, 3xFLAG-Rad52Y104D, 3xFLAG-Rad52Y104F, or 3xFLAG-Rad52R55A. The primers for WT and mutant mouse Rad52

are listed in the Table S1. None of the cell lines used were listed as commonly misidentified by the International Cell Line Authenti-

cation Committee.Ku70-deficient DT40 cells were transfected with vector pAneoKu70 cDNA by using Nucleofector (Amaxa) accord-

ing to the manufacturer’s instructions. G418 resistant colonies were selected and developed into cell lines. Rad52-deficient MEFs

were transfected with vector containing Flag or GFP-tagged WT or mutant mouse Rad52.

Cell Synchrony
DT40 cells were seeded into 100 mm dishes (23 106 cells with 10 mL medium/dish). Fourteen hours later, 10 mL pre-warmed fresh

medium was added to each dish and nocodazole was added to the culture at a final concentration of 0.4 mg/mL for 4.5 h. The cells

were then collected, centrifuged, and put into new dishes. Aphidicolin was added to the cell cultures at a final concentration of

2.5 mg/mL and CPT was added to the same culture 15 min later. Cells were collected at the required times and were stained with
Cell Reports 34, 108625, January 12, 2021 e3
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a solution of 62 mg/mL RNase A, 40 mg/mL propidium iodide, and 0.1% Triton X-100 in phosphate buffered saline (PBS) at room tem-

perature for 1 h. The distribution of cells in the cell cycle was measured in a flow cytometer (Beckman Coulter CytoFLEX).

Cell Sensitivity Assay
MEF and human cell survival was measured using a traditional clonogenic assay as described previously (Wang et al., 2010) with

minor modifications. MEFs or human cells were plated for 24 h then treated with or without inhibitors of RAD52 (CD1, 2.5 mM) or

PARP (olaparib, 1 mM) for 1 h followed by different concentrations of CPT for an additional 24 h. The cells were then collected

and plated with different dilutions aimed at forming 20-150 colonies per dish and left in an incubator for 7-10 days until colonies

formed. DT40 cell survival was assessed using clonogenic assay and compared with a modified CellTiter-Glo Luminescent Cell

Viability Assay Kit to measure the ATP enzyme activity (an indicator of viability) in CPT-treated cells. The results using traditional clo-

nogenic assay (Wang et al., 2010) and the modified kit approach were comparable and all key survival data using the modified kit

approach were verified by the clonogenic assay in this study. Since using a clonogenic assay to measure survival of suspension

growth cells (such as DT40 cells) required more steps, we introduced the modified kit method here. Briefly, we plated 10,000 WT

cells in each well of a 24-well plate with 1 mLmedium/well as untreated controls (numbers of other cell types were adjusted depend-

ing on the plating efficiency ratio to WT cells), with different concentrations of CPT. At the end of 6 doubling times, 100 mL of cultured

cells were taken from each well and added to each individual well of a 96-well plate. The plates were kept at room temperature for

approximately 30 min, and 100 mL of CellTiter-Glo reagent was added and mixed for 2 min to lyse the cells. The plate was then incu-

bated at room temperature for 10min to stabilize the luminescence signal. Luminescence signals weremeasured using a Synergy H1

Multi-Mode Reader (BIOTEK, Winooski).

Neutral Comet Assay
DNA DSBs were evaluated by single cell electrophoresis (comet assay) using a reagent kit. Briefly, after 30 min at different concen-

trations of CPT, WT or Parp1-deficient DT40 cells (1x105/mL) were mixed with molten LMAgarose (at 37�C) at a ratio of 1:10 (v/v) and

50 mL were immediately pipetted onto a CometSlide. The slides were placed flat at 4�C in the dark for 10 min, and then immersed in

lysate solution overnight at 4�C. The slides were changed to 50mL neutral electrophoresis (1X TBE) buffer for 30min at 4�C, placed in

an electrophoresis tray of the CometAssay� ES unit with�850mL 1X TBE buffer, and 21 V were applied for 45 min at 4�C. The slides
were then immersed in DNAprecipitation solution for 30min, then in 70%ethanol at room temperature for 30min, and dried for 15min

at 37�C. The dried agarose on each slide was stained with 100 mL of diluted SYBR�Gold for 30 min at room temperature in the dark.

The slides were rinsed briefly in water and dried completely at 37�C. The slides were observed using an epifluorescence microscope

(SYBR� Gold’s maximum excitation/emission is 496 nm/522 nm) and the percentage of tail DNA in total DNA for each cell was

analyzed using Comet Score analysis software (TriTek Corp).

Proteins Competitively Binding to DNA Using an in vitro Assay
A biotin-labeled DNA oligo was synthesized by Eurofins as shown in the KEY RESOURCES TABLE. Annealing of the top with the

bottom oligo resulted in dsDNA molecules with a 4 nt overhang at the 30 end. Proteins were incubated with ssDNA or dsDNA in a

binding buffer containing 10 mM Tris–HCl (pH 7.5), 1 mM EDTA, 0.5% glycerol, 1 mM DTT, 0.05 mg/mL BSA, and 150 mM NaCl

at 25�C for 20 min. Dynabeads streptavidin beads were added to the mixture and incubated at 25�C for 30 min. The beads were

washed with binding buffer 4 times, and then re-suspended in SDS loading buffer for western blotting.

Western Blotting
Cells were collected and counted. A total of 1 3 106 cells were lysed in 50 mL of RIPA buffer (50 mM Tris-HCl, pH 7.4; 1% NP-40;

0.25% sodium deoxycholate; 150 mM NaCl; 1mM EGTA; 1 mM PMSF; 1 mg/mL each of aprotinin, leupeptin, pepstatin; 1 mM

Na3VO4; 1 mMNaF) and mixed with 50 mL of 2 x protein loading buffer. After boiling for 5 min, 20 mL of whole cell lysates were loaded

onto a 10% polyacrylamide gel. After the first antibody reaction, the membrane was washed with PBS and stained with IRDye 680 or

800 anti-mouse/rabbit secondary antibody (VWR International LLC) and visualized with the Li-Cor Odyssey system.

Detection of Foci in Cells Using Immunofluorescence
For g-H2AX or RAD52 foci assays, MEFs were seeded on glass coverslips that were coated with poly-D-lysine. At 24 h later, the cells

were treated with CPT for different times. Cells were fixed with 2% paraformaldehyde in culture media for 15 min at room temper-

ature, rinsedwith PBS twice, and permeabilized with 0.3%Triton X-100 in PBS for 10min. The cell coverslips were rinsed 3 timeswith

PBS, each time for 5 min, incubated in 3% normal goat serum in PBS for 30 min at room temperature, and then incubated with a

primary antibody in 3% normal goat serum overnight at 4�C. The cell coverslips were rinsed three times with PBS for 5 min each

and incubated with a fluorochrome-conjugated secondary antibody using an appropriate dilution in 3% normal goat serum for 1 h

at 37�C in the dark. After the cell coverslips were rinsed 3 times in PBS for 5 min each in the dark, they were mounted with a drop

of VECTASHIELD Antifade Mounting Medium with DAPI (H-1200, from Vector Laboratory) and sealed with nail polish oil. The image

was observed with a Leica SP8 confocal microscope system. For XRCC1 foci, U2OS cells were transfected with control or Rad52

siRNA and incubated for 48 h, then treatedwith 10 nMCPT for various times. Cells were then fixed in 4%paraformaldehyde for 10min

at room temperature, permeabilized by incubation with 0.2% Triton X-100 for 15 min at room temperature, and incubated in blocking
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solution (10% goat serum) for 1 h at room temperature. After blocking, cells were incubated with mouse monoclonal anti-XRCC1

antibody (1:200 dilution in blocking solution) overnight at 4�C, followed by incubation with Alexa Fluor 488-conjugated goat anti-

mouse antibody at a dilution of 1:500 for 1 h at room temperature. Cells were then mounted with VECTASHIELD medium with

DAPI (Vector Laboratories). Images were taken using a DeltaVision microscope and deconvolved and projected using SoftWorx

5.5 software. Foci in cells from 4 to 5 randomly selected fields (40 to 63 cells) in each group were quantified using ImageJ.

Detection of Protein Bound to Chromatin DNA in Cells
Chromatin binding proteins were prepared using a chromatin extraction kit purchased from ABCAM, Inc., according to the manufac-

turer’s instructions. Briefly, 107 cell pellets werewashedwith PBS, added toworking lysis buffer and transferred to a 1.5mL vial on ice

for 10 min. The samples were vortexed vigorously for 10 s and centrifuged at 5000 rpm for 5 min. The supernatants were carefully

removed and mixed with 500 mL (1x106 cells/50 mL) of working extraction buffer on ice for 10 min and vortexed occasionally. The

samples were sonicated 2 3 20 s to increase chromatin extraction. The samples were cooled on ice between sonication pulses

for 30 s, and centrifuged at 12,000 rpm at 4�C for 10 min. The supernatants were transferred to a new vial, and chromatin buffer

was added at a ratio of 1:1. The proteins were then separated by SDS-PAGE. Detection with western blots was done using the proper

antibodies.

In vitro PARP Activity Assay
The Homogeneous PARP Inhibition Assay Kit from Trevigen was used in this assay and performed in 2 successive steps requiring

only the consecutive addition of reaction components. A PARP reaction was first performed, followed by a detection step. PARP

activity was identified according to the recommendations of the manufacturer by a fluorescence signal when PARP mediated

NAD+ depletion. In our protocol, purified RAD52 protein was incubated with 200 ng of high specific activity (HSA) PARP enzyme prior

to the addition of the PARP substrate cocktail and activated DNA. The fluorescence signals (excitation at 544 nm and emission at

590 nm) were measured using a Synergy H1 Microplate Fluorescence Reader (BioTek Instruments Inc.).

Immunoprecipitation (IP) Assay
Cells were lysed in RIPA buffer with protease and phosphatase inhibitors. The cell lysates were then incubated with anti-Flag M2

agarose (Sigma-Aldrich) at 4�C overnight according to themanufacturer’s instructions (for tagged proteins). The beads were washed

4 times (5 min each) with the same buffer used for cell lysate and boiled in 2 X SDS sample buffer for 5 min. Samples were then

analyzed by SDS-PAGE followed by immunoblotting.

Proximity Ligation Assay (PLA)
This method is used to detect two proteins that are interacting within close proximity (%40 nM). The assay was performed using a

Duolink In Situ Orange Starter (Mouse/Rabbit) Kit according to the manufacturer’s protocol. Briefly, CPT-treated MEFs on a slide

were fixed in 4% paraformaldehyde and permeabilized in 0.5% Triton X-100. Cells were washed and incubated in blocking solution

for 1 h at 37�C, then incubated with a mouse anti-XRCC1 antibody and a rabbit anti-LIG3a antibody overnight at 4�C. The next day,

cells were washed and incubated with the anti-rabbit PLUS and anti-mouse MINUS oligonucleotide-conjugated secondary anti-

bodies for 1 h at 37�C. Cells were washed again and then incubated for 30 min for ligation and 100 min for amplification. Fluoro-

chrome-coupled oligonucleotides were then hybridized to the amplified substrates. After a final wash, slides were mounted with

DAPI containing Duolink in situ mounting medium.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis of survival assays were performed using the Student’s t test (unpaired, two-tailed) on Excel, foci as well as comet

assays were performed using two-way ANOVA analysis, and chromatin bound level measurement was performed using Odyssey

V3.0 software. Error bars, p value, and sample sizes are indicated in figure legends. Significance was accepted as p < 0.05.
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Figure S1. Related to Figure 1. Preventing cells from entering S phase abolishes their sensitivity to 
CPT. (A) Cell cycle distribution of WT DT40 cells treated with nocodazole (0.4 µg/mL) for 4.5 h was 
analyzed using a flow cytometer. (B) Cell cycle distribution 1-6 h after nocodazole release. At time zero, 
aphidicolin (2.5 µg /mL) and/or CPT (50 nM) was added to the cell culture. (C) Cell survival with or 
without aphidicolin treatment was measured using clonogenic assays as described in our previous 
publication (Wang et al., 2010).  
 



 

 
 
Figure S2. Related to Figure 1. RAD52 promotes CPT-induced vertebrate/mammalian cells killing. 
(A) WT and Rad52-/-(Rad52 d) DT40 cell sensitivities to CPT were measured using the CellTiter-Glo® 
Luminescent Cell Viability Assay Kit following our modified protocol as described in the Methods and 
confirmed by clonogenic assay. RAD52i (2.5 µM), was added to cell cultures 1.5 h before adding different 
concentrations of CPT. The data were analyzed from three independent experiments. (B) Similar CPT 
sensitivity assays were performed using Rad54-/- (Rad54 d) or Atm-/- (Atm d) DT40 cells. (C) Strategy for 
knocking out Ku70 from Rad52-deficient DT40 cells using CRISPR/Cas9. (D) Ku70-deficient (Ku70 d) 
and Rad52/Ku70 double knockout (Rad52/Ku70 d1 targeting exon 3-1; Rad52/Ku70 d2 targeting exon 4-1) 
DT40 cell sensitivities to CPT with or without RAD52i. Data: mean + SEM from three independent 
experiments. (E) Strategy for knocking out Rad52 from WT MEFs by using CRISPR/Cas9. (F) KU70 
levels were detected by western blotting in WT or Rad52/Ku70 double knockout DT40 cell lines generated 
using CRISPR/Cas9 (2 from targeting exon 3 and 2 from targeting exon 4). The labels at right indicate 
protein molecular weight (kDa). (G) WT, RAD52i-treated, Rad52-deficient (Rad52 d1 targeting exon 3-1; 
Rad52 d2 targeting exon 3-2), Ku70-deficient (Ku70 d) and Rad54-deficient (Rad54 d) MEF sensitivities to 
CPT using a clonogenic assay. Data: mean + SEM from three independent experiments. (H) U2OS cell 
sensitivity to CPT after treatment with control RNA (Ct RNA), Rad52 siRNA or RAD52i. Data: mean + 
SEM from three independent experiments.  
 

 
 
 
 
 



 

 
 
Figure S3. Related to Figure 2. RAD52 suppresses PARP-mediated repair of CPT-induced SSBs. (A) 
(Left) Ku70-/- or Ku70/Parp1 double knockout (Ku70/Rad52 d) DT40 cell sensitivities to CPT with or 
without PARPi (olaparib, 1 µM for 1.5 h before CPT treatment). Error bars, s.e.m. The data were analyzed 
from three independent experiments. (Middle) WT, Rad52 d1 (R52-1), or Rad52 d2 (R52-2) MEF 
sensitivities to CPT with or without PARPi. Data: mean + SEM from three independent experiments. 
(Right) U2OS cell sensitivities to CPT after treatment with Ct RNA or Rad52 siRNA with or without 
PARPi. Data: mean + SEM from three independent experiments. (B) Top, images of CPT-induced g-H2AX 
foci. WT or Rad52-/- MEFs were treated with PARPi (olaparib, 1 µM for 1.5 h), and then exposed to 
different concentrations of CPT for 30 min. The cells were collected for immunostaining with an anti-γ-
H2AX antibody and counterstained with DAPI (scale bar = 8 µm). Bottom, percentage of cells with g-
H2AX foci (n = 50 cells). Similar results were observed from two clones of Rad52-deficient cells. Data: 
mean + SEM. * P < 0.05. (C) Parp2 mRNA levels were measured for evaluating the siRNA knock-down 
efficiency by real-time PCR with primers listed in key resources table. (D) CPT sensitivities were measured 
in Parp1-deficient MEFs treated with control or Parp2 siRNA for 24 h, then with CPT for an additional 24 
h. Data: mean + SEM of three independent experiments. **, P ≤ 0.01. (E) WT and Rad52-deficient MEFs 
were treated with DMSO or PARPi (1 µM olaparib or niraparib) for 1.5 h and then treated with different 
concentrations of CPT for 24 h. The survival results were obtained using the clonogenic assay described in 
the Methods. Data: mean + SEM from three independent experiments. (F) Sensitivity of WT or Polq-
deficient (Polq d) DT40 cells to CPT was measured with or without PARPi. The data were analyzed from 
three independent experiments. (G) WT, Rad52- deficient or Parp1-deficient (Parp1 d) DT40 cells were 
centrifuged at room temperature (0.5 x g, 2 min), washed by warm PBS and suspended in PBS. Cells were 
exposed to different concentrations of H2O2 at room temperature for 30 min, washed with PBS, added to 
fresh culture medium, and culturing continued for 3 days. Cell survival was then measured. Data: mean + 
SEM from three independent experiments, *P ≤ 0.05; **P ≤ 0.001.  



 

 
 
Figure S4. Related to Figure 2. RAD52 does not affect PARP1 DNA binding affinity and PARP 
activity. (A) Left, purified PARP1 protein was incubated with biotin labeled ssDNA or dsDNA for 30 min, 
then streptavidin pulldown products were evaluated by western blotting using a PARP1 antibody. Right, 
graphic representation of relative DNA binding affinity of PARP1 based on the data in the left panel. (B) 
Left, purified RAD52 protein was incubated with biotin labeled ssDNA or dsDNA for 30 min, then 
streptavidin pulldown products were evaluated by western blotting using a RAD52 antibody. Right, graphic 
representation of relative DNA binding affinity of RAD52 based on the data in the left panel. (C) 
Streptavidin pulldown of biotin-labeled ssDNA or dsDNA bund to PARP1 and RAD52 proteins mixed at 
the indicated amounts. Proteins were evaluated by western blotting. (D) In vitro PARP1 activity after 
adding the indicated amounts of RAD52 protein. (E) IP of PARP1 and RAD52 proteins from the in vitro 
pADP-ribosylation reaction using a PAR antibody was evaluated by western blotting.    
 



 

 
Figure S5. Related to Figure 3. RAD52 suppresses XRCC1/LIG3a co-localization in CPT-treated 
cells. (A) XRCC1 foci were detected in U2OS cells transfected with control or Rad52 siRNA, followed 
with 10 nM CPT treatment, and then fixed and stained with an anti-XRCC1 antibody. Images at left show 
XRCC1 foci formed after CPT treatment (scale bar = 5 µM). The plots at right show the percentage of cells 
with a given number of XRCC1 foci per cell at 5 or 30 min after CPT treatment. Cells from 5 to 6 
randomly selected fields (n = 50 cells) in each group were quantified using ImageJ. (B) Schematic 
illustration of the proximity ligation assay (PLA). A) Interacting XRCC1 and LIG3a are within close 
proximity (≤ 40 nm). B) Mouse anti-XRCC1 and rabbit anti-LIG3a primary antibodies bind to their 
targets. C) The PLA probes (oligonucleotides conjugated to donkey anti-mouse and donkey anti-rabbit 
secondary antibody) then bind to respected primary antibody to form complexes. D) Connector DNA is 
hybridized to probes in close proximity, then ligated to a circle. E) Rolling circle amplification generates 
substrates that were then hybridized to fluorochromes coupled oligonucleotides to allow detection using 
fluorescence microscopy. (C) The image of XRCC1/LIG3a foci in Xrcc1-deficient MEFs (as a negative 
control) or WT MEFs treated with or without PARPi or PARGi for 1.5 h fixed for PLA (scale bar = 5 µM).  
 



 

 
 
Figure S6. Related to Figure 3. RAD52 suppresses XRCC1 function in DNA damaged cells. (A) 
HEK293T cells were transfected with Flag-tagged Rad52 for 24 h and then treated with PARPi for 1.5 h 
followed by 20 nM CPT for 12 h. The cells were treated with a PARG inhibitor (PARGi) for an additional 
1 h. The PAR antibody was used to detect the IP sample. The cell lysates were subjected to IP with Flag 
antibody and evaluated by western blotting. (B) HEK293T cells were transfected with Flag-tagged Rad52 
or Xrcc1 for 24 h, then treated with 20 nM CPT for 12 h. Cells were treated with a PARGi for an additional 
1 h. The PAR antibody was used to detect the IP sample. The cell lysates were subjected to IP with a Flag 
antibody and evaluated by western blotting. (C) IP of PARP1 and RAD52 proteins after an in vitro 
PARylation reaction using an IgG or RAD52 antibody was evaluated by western blotting for PAR. (D) WT 
and Xrcc1-deficient MEFs were treated with DMSO, RAD52i or PARPi for 1.5 h, then treated with 
different concentrations of CPT for 24 h. The survival results were obtained using the clonogenic assay 
described in the Methods. Data: mean + SEM from three independent experiments.   
 
 

 



 

 
Figure S7. Related to Figure 4. A strategy to enhance the inhibitory effects of RAD52 on SSBR and 
sensitize cells to different DNA damaging agents. (A) HEK293T cells were co-transfected with Flag-
tagged and GFP-tagged WT or mutant Rad52. After 36 h after transfection, whole-cell protein lysates were 
prepared from these cells for the assessment of RAD52 oligomerization via IP. (B) Top, sensitivity of MEF 
cells expressing vector, WT, or mutant Rad52 (R55A, Y104D or Y104F) to CPT without PARPi. Bottom, 
sensitivity of MEF cells expressing vector, WT or mutant Rad52 (R55A, Y104D or Y104F) expressing cell 
sensitivity to CPT with PARPi. Data: mean + SEM from three independent experiments. (C) WT or Rad52-
deficient DT40 cells were treated with different DNA damage inducers including ionizing radiation (IR), 
methyl methanesulfonate (MMS) and etoposide (Top II inhibitor) for 6 doubling times and the survival 
experiments were performed using the kit described in the Methods (confirmed by clonogenic assays). 
Data: mean + SEM ofrom three independent experiments. (D) Streptavidin pulldown of PARP1 and 
RAD52 proteins (12 pMol) after the in vitro PARylation reaction and incubation with biotin-labeled 
ssDNA or dsDNA evaluated by western blotting. (E) A model describes the major different effects of 
RAD52 on SSBR between yeast (left), and vertebrate/mammalian cells (right). SSBs are mainly repaired 
by DNA polymerase in yeast, which is independent of RAD52. However, SSBR is dependent on 
PARP1/XRCC1/LIG3a–mediated pathways in vertebrate/mammalian cells, which prevents DSB 
generation. In addition, the HR pathway (including RAD51, BRCA1/2 and RAD52, etc.) is 
adjusted/limited by PARylation in vertebrate/mammals. 



 

 
 
 
 
 
 
 
 
 
Table S1. Related to Figure 4. Primers for mutant mRad52 

Mutation of 
mRad52 

  
 

R55A F  5’-AGACTGGGTCCAGAGTACATTAGCAGCGCCATGGCTGGAGGAGGTCAGAAGGTG -3’ 

 R  5’-CACCTTCTGACCTCCTCCAGCCATGGCGCTGCTAATGTACTCTGGACCCAGTCT-3’ 
Y104F F  5’-GATTTTGTTGACCTCAACAATGGCAAGTTCTTCGTGGGAGTCTGTGCATTTGTAAAGGTG-3’ 

 R  5’-CACCTTTACAAATGCACAGACTCCCACGAAGAACTTGCCATTGTTGAGGTCAACAAAATC-3’ 

Y104D F  5’- GATTTTGTTGACCTCAACAATGGCAAGTTCGACGTGGGAGTCTGTGCATTTGTAAAGGTG-3’ 

 R  5’-CACCTTTACAAATGCACAGACTCCCACGTCGAACTTGCCATTGTTGAGGTCAACAAAATC-3’ 
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