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Mechanisms of synthetic lethality between
BRCA1/2 and 53BP1 deficiencies and DNA
polymerase theta targeting

George E. Ronson 1,7, Katarzyna Starowicz 1,3,7, Elizabeth J. Anthony 1,
Ann Liza Piberger1, Lucy C. Clarke1,4, Alexander J. Garvin 1,5,
Andrew D. Beggs 1,2, Celina M. Whalley2, Matthew J. Edmonds 1,6,
James F. J. Beesley1 & Joanna R. Morris 1

A synthetic lethal relationship exists between disruption of polymerase theta
(Polθ), and loss of either 53BP1 or homologous recombination (HR) proteins,
including BRCA1; however, the mechanistic basis of these observations are
unclear. Here we reveal two distinct mechanisms of Polθ synthetic lethality,
identifying dual influences of 1) whether Polθ is lost or inhibited, and 2) the
underlying susceptible genotype. Firstly, we find that the sensitivity of BRCA1/
2- and 53BP1-deficient cells to Polθ loss, and 53BP1-deficient cells to Polθ
inhibition (ART558) requires RAD52, and appropriate reduction of RAD52 can
ameliorate these phenotypes. We show that in the absence of Polθ, RAD52
accumulations suppress ssDNA gap-filling in G2/M and encourage MRE11
nuclease accumulation. In contrast, the survival of BRCA1-deficient cells trea-
tedwith Polθ inhibitor are not restored byRAD52 suppression, and ssDNAgap-
filling is prevented by the chemically inhibited polymerase itself. These data
define an additional role for Polθ, reveal the mechanism underlying synthetic
lethality between 53BP1, BRCA1/2 and Polθ loss, and indicate genotype-
dependent Polθ inhibitor mechanisms.

Inheritance of mutations in the breast cancer predisposition BRCA1 or
BRCA2 genes carries an elevated risk of breast and ovarian cancer.
These genes are central to the process of homologous recombination
(HR) repair, and current targeted therapies, such as poly(ADP-ribose)
polymerase inhibitors (PARPi) and platinum-based agents, aim to
exploit the HR vulnerability of BRCA-deficient tumours1. Cells lacking
BRCA1 or BRCA2 proteins are sensitive to targeting further proteins in
other repair pathways, including DNA polymerase theta (Polθ)2,3. Polθ,
encoded by POLQ/Polq, also promotes the survival of cells deficient in
several non-HR DNA repair pathway genes, such as Tp53bp14–6. Polθ

consists of a large low-fidelity A-family polymerase, bearing a
C-terminal polymerase domain and an N-terminal helicase domain
with several roles: Polθ mediates translesion synthesis (TLS)7 and
theta-mediated end-joining (TMEJ) of DNA double-strand breaks
(DSBs) in mitosis, it suppresses HR, and it has several roles in
replication2,3,8–18.

The mechanisms underlying lethality between BRCA1/2 defi-
ciency, 53BP1 loss and Polθ targeting are emerging but currently
unclear.HR andTMEJ repairmechanisms share a substrate of resected,
single-stranded DNA (ssDNA) 3’ ends, and may compete2,9. In HR-
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deficient cells, Polθ targeting is associated with increased DNA breaks
and ssDNA, and cell sensitivity can be reduced by suppression of DNA
nucleases16,17,19,20. Recent reports suggest Polθ acts to fill in ssDNA gaps
in nascent DNA at or immediately behind the replication fork that are
associated with RAD51 and BRCA1/2-deficiencies16–18. The function of
nucleases in promoting sensitivity to Polθ loss has been attributed to
endonucleolytic cleavage at the fork16 and to extending the ssDNA
gaps in the newly made DNA17. 53BP1-Shieldin loss is reported both to
improve lagging strand synthesis and suppress nascent DNA gaps in
BRCA1-deficient cells21, and to exacerbate their occurrence in the
absenceof Polθ activity18. In cells lacking 53BP1, and in BRCA1/2mutant
cells, Polθ loss has been associated with increased RAD51 foci forma-
tion, leading to the notion that recombination intermediates may
contribute to the death of susceptible cells2–5.

Polθ inhibitors are able to kill BRCA1/2-deficient cells and cancers,
including BRCA1 mutant cells that are PARPi resistant through 53BP1-
Shieldin loss18–20,22. Inhibition of Polθ has been suggested as an alter-
native, or adjunct to, PARPi or platinum-based agents to treat HR-
deficient tumours and to suppress genetic revertants19,20,23,24. Thus,
there is a need to better understand the basis of sensitivities to Polθ
targeting.

Here we examined, as a core model, murine cells bearing the
Brca1C61G allele and Trp53bp1 gene loss (referred to as 53bp1
throughout)25–27. We find that Brca1C61G/C61G 53bp1−/− cells exhibit com-
petent HR by using non-canonical support, including through RAD52.
Our data indicate that Polθ counters inappropriate RAD52-dependent
activity at ssDNA gaps present late in the cell cycle, which are promi-
nent in both BRCA1- and 53BP1-deficient cells. Consequently,
RAD52 suppression restricts multiple deleterious impacts of Polθ
depletion, from chromosome breaks to cell lethality. In 53bp1−/− cells,
sensitivity to the Polθ inhibitor, ART558, is similarly alleviated by
RAD52 suppression, but intriguingly the sensitivity of Brca1C61G/C61G

53bp1−/− cells to the inhibitor is not. Remarkably, in thesePolθ inhibitor-
treated cells, suppression of RAD52 cannot improve DNA synthesis to
fill-in G2/MssDNAgaps unless Polθ is depleted, indicating a role for the
inhibited polymerase in the BRCA1-mutant context. Increasing
expression of BARD1 or BRCA2 with the ability to bind
RAD51 suppresses both ssDNA gaps in newlymade DNA and promotes
G2/M DNA synthesis fill-in in Polθ inhibitor ART558-treated BRCA1-
mutant cells. These data define RAD52 as a critical determinant of
synthetic lethality between BRCA1/2 or 53BP1 and Polθ loss and show
different mechanisms of Polθ inhibitor sensitivity in BRCA1- versus
53BP1-deficient conditions.

Results
Brca1C61G/C61G 53bp1−/− cells express a hypomorphic form
of BRCA1
The cysteine 61 to glycine substitution within the BRCA1 RING domain
causes severe but incomplete loss of protein function. The underlying
human genetic mutation, c.181T>G, is classified as pathogenic25,28.
C61G-BRCA1 cannot support the survival of haploid human cells or
mouse embryos but can drive therapy resistance in otherwise BRCA1-
deficient mouse tumours26,29. We found that crossing Brca1+/C61G mice
with 53bp1−/− mice resulted in Brca1C61G/C61G 53bp1−/− pups born at the
expected Mendelian ratios, consistent with the previously described
53bp1−/− rescue of the viability of embryos homozygous for the
‘RINGless’ BRCA1 (Brca1Ex2/Ex2, previously notated as full knock out)30,31.
In order to confirm mutant BRCA1 protein expression, we immuno-
precipitated proteins from Brca1+/+ 53bp1−/− and Brca1C61G/C61G 53bp1−/−

mouse embryonic fibroblasts (MEFs) and performed mass spectro-
metry analysis. Peptides identified included residues encoded by
codon 61 (Supplementary Fig. 1a), verifying expression of the mutant
protein. Expression levels of C61G-BRCA1 protein and its binding
partner, BARD1, were ~20% that of cells with WT-BRCA1; foci of the
mutant BRCA1-BARD1 heterodimer in irradiated cells were fainter; and

the number of proximity-linked ligation foci of BRCA1-BARD1 proteins
was ~30%of that seen inWTcells (Fig. 1a and Supplementary Fig. 1b–d).
Thus, Brca1C61G/C61G 53bp1−/− cells express a reduced level of BRCA1-
BARD1 heterodimer.

We next explored features of HR in Brca1C61G/C61G 53bp1−/− cells.
These cells exhibited BRCA1-dependent RAD51 foci formation follow-
ing irradiation (IR) or cisplatin treatment and BRCA1-dependent sur-
vival, indicating the presence of functional BRCA1. Furthermore, the
Brca1C61G/C61G 53bp1−/− cells showed no elevation in radial chromosomes
after hydroxyurea (HU) treatment andwere resistant to treatmentwith
the PARPi olaparib (Fig. 1b, c, Supplementary Fig. 1e–i). Estimating HR
efficiency using semi-quantitative PCR,with primers specific for theHR
outcome at a defined DSB site, indicated an HR deficit in Brca1C61G/C61G

53bp1−/− cells compared to 53bp1−/− cells (Fig. 1d). Quantification of
sequenced PCR products from the locus showed a similar relative level
of HR (Supplementary Fig. 1j). Consistent with previous reports of the
HR-repressive impact of 53BP132 this analysis also showed that
Brca1C61G/C61G 53bp1−/− cells and 53bp1−/− cells exhibited a greater HR
outcome frequency than WT cells (Supplementary Fig. 1j). Taken
together these data indicate that Brca1C61G/C61G 53bp1−/− cells are HR-
competent, yet perform HR less efficiently than 53bp1−/− cells.

Brca1C61G/C61G 53bp1−/− cells rely on RNF168 and RAD52 to
support HR
Given the reduced BRCA1:BARD1 protein levels in Brca1C61G/C61G 53bp1−/−

cells, we considered whether mechanisms previously reported to
support HR in cells with reduced canonical HR proteins might also be
employed in these cells. RNF168 promotes BRCA1-BARD1
recruitment33 and, independently, supports RAD51 loading in BRCA1-
deficient cells through PALB2 interaction34, making RNF168 required
to support HR in cells haploinsufficient for Brca135. In Brca1C61G/C61G

53bp1−/− cells, RNF168 depletion reduced both BARD1 and RAD51 foci
formation following IR treatment and also reduced cell survival in
otherwise untreated Brca1C61G/C61G 53bp1−/− and Brca1C61G/+ 53bp1−/− cells,
but had no impact on 53bp1−/− (Brca1+/+) cells (Supplementary Fig. 2a, b
and Fig. 1e, f). Co-depletion with the ssDNA binding competitor of
RAD51, RADX36,37, restored both RAD51 foci numbers observed after IR
treatment and cell survival to near control levels (Fig. 1f, g). These data
suggest that RNF168 contributes to both BRCA1-BARD1 recruitment
and supports HR in the context of Brca1C61G/C61G 53bp1−/− cells.

Mammalian RAD52 (RAD52 (S. Cerevisiae) homologue) promotes
several recombination-mediated repair and replication mechanisms
(reviewed in38) and is essential in cells lacking BRCA1/2 or PALB239,40.
We assessed the reliance of Brca1C61G/C61G 53bp1−/− cells on RAD52, using
depletion or a small molecule inhibitor of RAD52, 6-Hydroxy-DL-DOPA
(6-OHD), which disrupts RAD52 oligomeric ring structures and sup-
presses its ssDNA binding41. Depletion of RAD52, or treatment with
6-OHDdecreased the viability of Brca1C61G/C61G 53bp1−/− but notBrca1C61G/
+ 53bp1−/− or 53bp1−/− cells (Fig. 1h, j). RAD52 siRNA treatment also
reduced RAD51 foci numbers in irradiated, Brca1C61G/C61G 53bp1−/−

S-phase cells, and co-depletion with RADX both restored RAD51 foci
numbers and negated the lethality of RAD52 depletion (Fig. 1i, j).
Consistent with these data, we found that HR DNA repair products
were reduced by RAD52, RNF168 or BRCA1 siRNA treatments (Fig. 1k).
Thus, in Brca1C61G/C61G 53bp1−/− cells, both efficient HR and cell viability
requires the contribution of C61G-BRCA1 together with RNF168
and RAD52.

Synthetic lethality with Polθ loss requires RAD52
We next considered Polθ. We noted that Polθ protein levels were ele-
vated in 53bp1−/− cells compared to WT cells, and further increased in
Brca1C61G/C61G 53bp1−/− cells (Fig. 2a and Supplementary Fig. 3a). RAD51
foci in Polθ-depleted, but otherwise untreated 53bp1−/− cells, were
increased over wild-type cells, elevated further in Brca1C61G/C61G 53bp1−/−

cells and elevated still further in these cells 4 h after IR-exposure
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(Fig. 2b, c). Depletion of Polθ reduced survival of Brca1C61G/C61G 53bp1−/−

cells to a greater degree than 53bp1−/− cells (Supplementary Fig. 3b and
Fig. 2d), and increased the appearance of γH2AX foci, a chromatin
mark induced by DNA breaks, in both cell lines (Supplementary
Fig. 3c). In TMEJ, the 3’ DNA flaps remaining after Polθ annealing and
DNA extension are cleaved, and the strands ligated by XRCC1/ligase
III24,42. Therefore, we assessed whether Brca1C61G/C61G 53bp1−/− cellsmight
dependmoreon Ligase III but notednodifferential impactof the ligase
I/III inhibitor, L6743, on cell survival in otherwise untreated Brca1C61G/C61G

53bp1−/− cells (Supplementary Fig. 3d).

We next investigated whether functional relationships exist
between Polθ and RAD52 or RNF168 in Brca1C61G/C61G 53bp1−/− cells. Polθ
siRNA treatment had a negligible impact on the presence of RNF168
foci (Supplementary Fig. 4a and Fig. 3a), but increased FLAG-RAD52
accumulations in both Brca1+/+ 53bp1−/− and Brca1C61G/C61G 53bp1−/− cells,
with a significantly increased number of γH2AX foci marked by FLAG-
RAD52 colocalisation in Brca1C61G/C61G 53bp1−/− cells (Fig. 3b–d). In order
to assess the impact of RNF168 and RAD52 on Polθ synthetic lethality,
we titrated RAD52 and RNF168 siRNA onto Polθ-depleted Brca1C61G/C61G

53bp1−/− cells, and examined cell survival. In addition, as an indicative

Fig. 1 | Brca1C61G/C61G 53bp1−/− cells rely on non-canonical supportmechanisms for
RAD51 foci, HR and survival. a BRCA1 (red) and BARD1 (green), with yellow
showing co-location, in the MEF genotypes shown (all are 53bp1−/−) fixed 3 h after
exposure to 2 Gy irradiation (IR). b Quantification of RAD51 foci 3 hours after 2 Gy
IR exposurewith non-targeting control (NTC) siRNA (−) or BRCA1 siRNA (+). n = 150
cells from 3 biological replicates. c Colony survival following 16 h olaparib in MEFs
of the indicated genotypes, or with BRCA1 siRNA, n = 3 biological replicates.
d Quantification of HR-specific PCR product. n = 3 biological replicates. e Colony
survival after treatment with NTC siRNA (−) or RNF168 siRNA (+). n = 4 biological
repeats. f Quantification of RAD51 foci 3 h after 2 Gy IR exposure, of the genotypes
shown (all are 53bp1−/−), following treatment with NTC siRNA (−) or siRNA to
RNF168, RADX or both (+). n = 150 cells from 3 biological replicates, per condition.

gColony survival of MEFs treatedwith NTC siRNA (−) or siRNA to RNF168, RADX or
both (+). n = 4 biological repeats. hColony survival ofMEFs treatedwith the RAD52
inhibitor 6-Hydroxy-DL-DOPA (6-OHD). n = 4 biological repeats. i Quantification of
RAD51 foci 3 h after 2 Gy IR exposure, in EdU-positiveMEFs, treatedwithNTC siRNA
(−) or siRNA to RAD52, RADX or both (+). n = 150 cells from 3 biological replicates,
per condition. j Colony survival in MEFs treated with NTC siRNA (−) or siRNA to
RAD52, RADX or both (+), n = 3 biological repeats. k Relative PCR product intensity
of HR-specific product in Brca1C61G/C61G 53bp1−/− cells treated with NTC siRNA (−) or
siRNA to RAD52, RNF168 and BRCA1. n = 5 biological replicates. In all cases, data
shown are mean± SEM. All statistical analysis in this figure was performed using a
two-tailed Student’s t Test, without adjustment for multiple comparisons. Source
data are provided as a Source Data file.
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measure of altered resection or recombination intermediates, we
examined RAD51 foci formation after IR exposure in the same siRNA-
treated conditions. Low concentrations of RNF168 siRNA were able to
reduce the elevated RAD51 foci numbers observed after Polθdepletion
to control levels in IR-treated Brca1C61G/C61G 53bp1−/− cells, but had no
impact on cell survival (Supplementary Fig. 4b, c). In contrast, low
concentrations of RAD52 siRNA both suppressed RAD51 foci numbers
and improved the viability of Brca1C61G/C61G 53bp1−/− cells treated with
Polθ siRNA (Fig. 3e, f). Treatment with low RAD52 siRNA concentra-
tions resulted in apartial suppressionofRAD52 expression (Fig. 3g). To
test these findings further, we used the RAD52 inhibitor 6-OHD. Low
doses (0.3–0.035 µM) of 6-OHD also improved the survival of Polθ-
depleted Brca1C61G/C61G 53bp1−/− cells and restricted the formation of
RAD51 foci when these cells were irradiated (Fig. 3h, i). Similarly, the
survival of cells treated with siRNA to both BRCA2 and Polθ was sub-
stantially improved by low-concentration 6-OHD treatment (Supple-
mentary Fig. 4d, e). Extending these findings to a human system, the
survival of Polθ- and BRCA1-co-depleted CAL51 human basal breast
cancer epithelial cells was improved by low-concentration RAD52
inhibitor or treatmentwith a low concentration of RAD52 siRNA (Fig. 3j
and Supplementary Fig. 4f). 6-OHD is an allosteric inhibitor of the
RAD52 ssDNA binding domain that also disrupts RAD52 oligomerisa-
tion and suppresses the ability of GFP-RAD52 to form foci in cisplatin-
treated cells41. We tested the effective dose of 6-OHD in Polθ-depleted
Brca1C61G/C61G 53bp1−/− cells and noted that 0.15 µM 6-OHD reduced the
average number of FLAG-RAD52 foci per cell (Fig. 3k), confirming the
ability of 0.15 µM 6-OHD to partially suppress RAD52. This concentra-
tion of 6-OHD also suppressed chromosome aberrations and reduced
micronuclei formation in Polθ-depleted cells (Fig. 3l, m). Intriguingly,
0.15 µM 6-OHD alone increased chromosome gaps observed in meta-
phase spreads, which were reduced by Polθ depletion (Fig. 3l), con-
sistent with the recent finding that Polθ mediates some of the
deleterious effects of RAD52 depletion in BRCA-deficient cells9.
Importantly, unlike higher concentrations of 6-OHD, 0.15 µM was
insufficient to increase the sensitivity of Brca1C61G/C61G 53bp1−/− cells to
olaparib (Supplementary Fig. 4g). Taken together, these data suggest
that RAD52mediates many of the deleterious features associated with
Polθ loss.

RAD52 functions with RPA andMRE11 to promote the toxicity of
Polθ loss
A feature of Polθ suppression in HR-deficient cells is elevated levels of
ssDNA17,18. We reasoned that RAD52 might either contribute to the

formation of ssDNA or act in a deleterious manner subsequent to
ssDNA formation. The affinity of the human RPA–RAD52 complex for
ssDNA is higher than that of the individual proteins in vitro and in cells,
and the RPA-binding portion of RAD52 is required for its contribution
to homologous recombination44–46. We tested concentrations of siRNA
to RPA70 and RPA32 and found that 0.15–0.07 nM reduced FLAG-
RAD52 foci, improved cell viability and suppressed the formation of
chromosome DNA breaks and gaps in Polθ siRNA-treated Brca1C61G/C61G

53bp1−/− cells (Fig. 4a–c and Supplementary Fig. 5a). Intriguingly, as
seen with low-concentration RAD52 inhibitor, these concentrations of
RPA siRNA resulted in chromosomes with gaps that were suppressed
by Polθ siRNA co-treatment (Fig. 4c). As RPA depletion may itself
reduce resection through decreasing the activity of some
nucleases47,48, we next generated an siRNA-resistant WT FLAG-RAD52
construct and a FLAG-RAD52 variant lacking its RPA-binding region (Δ
aa 254–286)49. We confirmed poor interaction of the FLAG-RAD52
mutant with RPA and found that it recruited poorly into foci in Polθ
siRNA-treated Brca1C61G/ C61G 53bp1−/− cells (Supplementary Fig. 5b–d).
We testedWT-FLAG-RAD52 and Δ254–286-FLAG-RAD52 in the context
of Polθ depletion and low-concentration (8 nM) RAD52 siRNA treat-
ment, which reduces RAD52 expression to ~20% of normal levels
(Fig. 3g). Importantly, the expression of WT-FLAG-RAD52 suppressed
the survival advantage bestowed by RAD52 depletion, confirming that
RAD52 drives the sensitivity to Polθ depletion (Fig. 4d). In contrast,
expressionof theΔ254–286mutant of RAD52did not suppress survival
(Fig. 4d), suggesting that the toxicity of RAD52 in the context of Polθ
depletion correlates with its ability to interact with RPA.

Depletion of DNA nucleases can improve the survival of Polθ-
suppressed, BRCA1- and BRCA2-deficient cells16,17,20. In agreement
with previous findings, we noted that low-concentration treatment
with theMRE11 exonuclease inhibitor,mirin, improved the survival of
Brca1C61G/C61G 53bp1−/− cells treated with Polθ siRNA (Fig. 4e). We tested
the impact of mirin on RAD52 accumulations and found that con-
centrations sufficient to restore cell survival (2.5 µM) were insuffi-
cient to suppress RAD52 foci (Fig. 4f). These observations suggest
that this degree of MRE11 suppression does not support cell survival
through the inhibition of RAD52 accumulations. We considered an
alternative: that RAD52 promotesMRE11 recruitment50. We examined
Polθ-depleted Brca1C61G/C61G 53bp1−/− cells for potential proximity
between MRE11 and ssDNA by growing cells in the presence of the
nucleotide analogue BrdU for 48 h. BrdU is masked in dsDNA and
only available to be bound by antibodies in ssDNA. Polθ siRNA
treatment alone increased the detection of proximity betweenMRE11

Fig. 2 | Brca1C61G/C61G 53bp1−/− cells are sensitive to Polθ depletion. aWestern blot
of Polθ and quantification of protein levels, n = 3 biological replicates. Data are
mean ± SEM. b Quantification of RAD51 foci, treated with siRNA to Polθ. n = 100
cells from2biological replicates per condition. cQuantificationof RAD51 foci 4 and
24h after 2 Gy IR exposure, in MEFs treated with NTC siRNA (−) or siRNA targeting

Polθ (+). n = 100 cells from 2 biological replicates, per condition. d Colony survival
in MEFs treated with NTC siRNA (−) or siRNA targeting Polθ (+). n = 4 biological
replicates. In all cases, data shown are mean ± SEM. All statistical analysis in this
figure was performed using a two-tailed Student’s t Test, without adjustment for
multiple comparisons. Source data are provided as a Source Data file.
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Fig. 3 | Polθ suppresses RAD52-mediated toxicity. a RNF168 foci, b FLAG-RAD52
foci in asynchronous cells with control (−) or Polθ (+) siRNA. n = 120 cells from 3
biological replicates. cRAD52 and γH2AX foci in asynchronous Brca1C61G/C61G 53bp1−/−

cells treatedwith control or Polθ siRNA. Scale bars represent 10 µm. d% γH2AX foci
colocalised with RAD52 foci in asynchronous cells treated with control (−) or Polθ
(+) siRNA.n = 80 cells from2biological replicates. eColony survival ofMEFs treated
with Polθ, or control siRNA (−), and RAD52 siRNA. n = 4 biological replicates.
f RAD51 foci in MEFs treated with IR (2Gy) and Polθ siRNA, control (−) and
RAD52 siRNA, fixed after 3 h. n = 150 cells from 3 biological replicates. g RAD52
western blot after 8 nM siRNA in Brca1C61G/C61G 53bp1−/− cells. Quantification relative
RAD52 in control-treated cells, n = 2 biological replicates.hColony survival ofMEFs
treated with NTC or Polθ siRNA and RAD52 inhibitor 6-OHD or vehicle (−). n = 3
biological replicates. i RAD51 foci in IR (2Gy) -treated MEFs with RAD52 inhibitor

6-OHD or vehicle (−), fixed 3 h after exposure. n = 150 cells from 3 biological
replicates. j Survival of CAL51 cells treated with Polθ, BRCA1 siRNA or both, and
RAD52 inhibitor 6-OHDor vehicle (−).n = 3 biological replicates.kQuantificationof
FLAG-RAD52 foci in cells treated with Polθ (+), or control siRNA (−) and 0.15μM
6-OHD or vehicle. n = 100 cells from 3 biological replicates. l Number of breaks or
gaps per metaphase spread, from cells treated with control (−) or Polθ (+) siRNA
and RAD52 inhibitor. n ≥ 80 metaphases from 3 biological repeats. Data are
mean ± SEM. m Micronuclei after treatment with Polθ, or control siRNA (siNTC)
with andwithout RAD52 inhibitor 6-OHD. n = 600 cells from 2 biological replicates.
In all cases, Data shown are mean± SEM. All statistical analysis in this figure was
performed using a two-tailed Student’s t Test, without adjustment for multiple
comparisons. Source data are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-023-43677-2

Nature Communications |         (2023) 14:7834 5



and BrdU label, whereas the combination of Polθ depletion and
0.15 µM 6-OHD RAD52 inhibitor reduced the detection of
MRE11:BrdU proximity (Fig. 4g), suggesting that MRE11 is acting
downstream of RAD52 when Polθ is lost in Brca1C61G/C61G 53bp1−/− cells.
These data suggest that both the binding of RAD52 to RPA and the
promotion of MRE11:ssDNA by RAD52 contribute to the toxicity of
Polθ depletion in Brca1C61G/C61G 53bp1−/− cells.

Polθ supports DNA synthesis late in the cell cycle
We next wished to address how Polθ functions to support cellular
viability, and investigated a number of phenotypes to assess their
correlation with the synthetic lethal relationship of Polθ deficiency
observed inBrca1C61G/C61G 53bp1−/− cells.We considered that a phenotype
of interest would be one that mirrored the relationship between
RAD52 and Polθ in three important ways. Firstly, the feature must be

Fig. 4 | RPA:RAD52:MRE11 suppression reduces the toxicity of Polθ depletion.
a Survival after control, Polθ siRNA, or Polθ siRNA with RPA siRNA. n = 3 biological
replicates. b FLAG-RAD52 foci after control or Polθ siRNA with and without RPA
siRNA. n = 100 cells from 2 biological replicates, per condition. c Breaks and gaps /
metaphase after control (−) or Polθ (+) siRNA with or without RPA siRNA. N ≥60
metaphases from 3 biological replicates. d Survival of cells infectedwith empty (−),
WT-RAD52 and aa 254–286 deleted RAD52 mutant retroviruses each resistant to
RAD52 siRNA, treated with Polθ siRNA and 8 nM RAD52 (+) or control siRNA (−).
n = 4 biological repeats. e Survival after Polθ siRNA andMRE11 inhibitor,mirin. n = 3
biological repeats. f FLAG-RAD52 foci after treatment with vehicle or 2.5 μMmirin.
n = 3 biological repeats. g Proximity-linked ligation assay foci (PLA) betweenMRE11
and BrdU, treated with indicated siRNA and/or inhibitors for 72 h and with 10 µM
BrdU 48h before fixation. n = 100 cells from 2 biological replicates. h IdU:CIdU

ratios from MEFS treated with Polθ siRNA, and/or RAD52 inhibitor, 6-OHD and
hydroxyurea (5mM, 3 h). n > 350 fibres from 3 replicates. i Native BrdU tracts after
control or Polθ siRNA and 0.15 µM RAD52 inhibitor 6-OHD and/or 5 µM mirin for
72 h. n ≥ 1400 tracks from 3 biological replicates. j PRR assay of MEFs with Polθ or
BRCA1 siRNA and Polθ siRNAwith andwithout RAD52 inhibitor, 6-OHD. n > 25 from
3 biological replicates. k PRR assay of CAL51 with Polθ or BRCA1 siRNA and Polθ
siRNAwith andwithout RAD52 inhibitor, 6-OHD. n > 25 from3biological replicates.
l γH2AX foci after treatment with Polθ siRNA and RAD52 inhibitor 6-OHD or MRE11
inhibitor, mirin. n = 100 cells from 2 biological repeats. For a–g and j–l, data shown
are mean ± SEM. For h and l, data shown are median. Statistical analysis in a–g and
j–l was performed using a two-tailed Student’s t-Test, without adjustment for
multiple comparisons. Statistical analysis in h and i was performed using a
Mann–Whitney test. Source data are provided as a Source Data file.
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exacerbated by Polθ depletion; secondly, this exacerbation following
Polθ loss should be rescued by the addition of RAD52 inhibitor; and
finally, it should not be strongly impacted by the RAD52
inhibitor alone.

Initially, we assessed replication fork protection, replication fork
restart, and the appearance of ssDNA in Brca1C61G/C61G 53bp1−/− cells
(Fig. 4h, i, Supplementary Fig. 5e–g). In summary, none of the out-
comes of these assays correlated with the RAD52:Polθ viability rela-
tionship described above, suggesting they are unlikely to be reflective
of where Polθ function is critical. For a fuller description of these
results, please see the comment beneath Supplementary Fig. 5 and
references51–54.

Although elevated ssDNA lengths failed to correlate with the
features of the RAD52: Polθ relationship in Brca1C61G/C61G 53bp1−/− cell
viability, we considered whether a subset of ssDNA regions may be
relevant. As TMEJ is enriched in G2/M9,55 and both S-phase and
G2 ssDNA gaps observed in cells deficient for BRCA1/2 are MRE11-
dependent56, we hypothesised that Polθ may support DNA synthesis
later in the cell cycle. We used amodifiedDNA fibre technique, termed
the post-replication repair (PRR) assay56. In this assay, nascent DNA is
labelled with IdU, and then nocodazole is added to arrest cells in G2/M
to prevent entry into the next cell cycle. During the last 4 hours of
nocodazole treatment, CldU is added to identify late DNA synthesis.
We counted the number of CldU dots per tract of IdU, dividing by the
total length of the tract to give the density of gap-filling PRR events per
kilobase. As reported56, BRCA1 siRNA-treated WT cells showed a
reduced ability to perform fill-in DNA synthesis (Fig. 4j), and Brca1C61G/
C61G 53bp1−/− cells exhibited increased DNA gaps in G2/M (Supplemen-
tary Fig. 5h). Brca1C61G/C61G 53bp1−/− cells also showed reduced PRR
density, which was reduced further by Polθ siRNA treatment (Fig. 4j).
Remarkably, fill-in DNA synthesis of Polθ siRNA-treated cells was
restored by 0.15 µM 6-OHD (Fig. 4j). To confirm this observation, we
examined fill-in DNA synthesis in human breast epithelial cancer cells,
CAL51, and similarly observed suppression of fill-in synthesis following
depletion of BRCA1. Furthermore, fill-in synthesis was further sup-
pressed by Polθ siRNA treatment and improved by co-treatment with
0.15 µM 6-OHD RAD52 inhibitor, or by 1.5 nM RAD52 siRNA (Fig. 4k).
Finally, RAD52 inhibition alone does not reduce G2/M DNA synthesis,
but rather leads to a mild improvement, or no significant change,
depending on the cellular model used (Fig. 4j, k). Thus, Polθ loss
results in the repression of fill-in DNA synthesis in G2/M that can be
restored by RAD52 suppression. These features correlate with the
RAD52:Polθ relationship in cell viability. As persistent ssDNA is likely to
be subject to cleavage, we examined the impact of low-concentration
RAD52 or MRE11 inhibition (0.15 µM 6-OHD or 2.5 µM mirin, respec-
tively) on the appearance of γH2AX foci, as amarker ofDSB formation,
in Polθ siRNA-treated Brca1C61G/C61G 53bp1−/− cells. We found that both
treatments suppressed γH2AX foci formation (Fig. 4l). Thus, extensive
ssDNA late in the cell cycle correlates with DSBs, broken chromo-
somes, micronuclei formation and the toxicity of Polθ loss in Brca1C61G/
C61G 53bp1−/− cells.

RAD52 is required for synthetic lethality between 53BP1 loss and
Polθ inhibition
In contrast to Brca1C61G/C61G 53bp1−/− cells, 53bp1−/− cells are only mildly
sensitive to Polθ siRNA (Fig. 2d). However, both cell lines show sig-
nificant sensitivity to the Polθ inhibitor ART558 (Supplementary
Fig. 6a). We hypothesised that the sensitivity of 53bp1−/− cells to Polθ
inhibition would be mediated by RAD52, RPA, and MRE11, as observed
for the susceptibility of Brca1C61G/C61G 53bp1−/− cells to Polθ loss. Indeed,
co-treatment of 53bp1−/− cells with low concentrations of RPA (RPA70/
32) siRNA, low concentrations of RAD52 inhibitors, 6-OHD or D103
(which suppresses the ability of RAD52 to form foci39), or mirin, were
each able to suppress the lethality of the Polθ inhibitor, ART558
(Supplementary Fig. 6b–e). These data confirm that ART558 toxicity in

this context requires RPA, RAD52, and MRE11. To address whether the
relationship between Polθ and RAD52 can be found under alternative
conditions where resection is dysregulated, we examined cells deple-
ted for the de-ubiquitinating enzymeUSP48. Cells lacking USP48 show
BRCA1-dependent, extended resection in the presence of 53BP1-
Shieldin57. USP48 siRNA-treated cells were sensitive to the Polθ inhi-
bitor ART558, and this sensitivity was similarly ameliorated by treat-
ment with the RAD52 inhibitor 6-OHD (Supplementary Fig. 6f, g).
These findings are consistent with the idea that RAD52 contributes to
the toxicity of Polθ inhibition when resection is abnormally extended.

RAD52 is not required for the toxicity of Polθ inhibition in
Brca1C61G/C61G 53bp1−/− cells
Brca1C61G/C61G 53bp1−/− cells are more sensitive to Polθ inhibitor than
53bp1−/− cells (Supplementary Fig. 6a and ref. 20). Nevertheless, given
that RPA:RAD52:MRE11 suppression overcame the sensitivity of
Brca1C61G/C61G 53bp1−/− cells to Polθ depletion and the sensitivity of
53bp1−/− cells to Polθ inhibition, we expected the suppression of these
factors to also restore the viability of Polθ inhibitor-treated Brca1
mutant cells. However, none of these treatments suppressed the sen-
sitivity of Brca1C61G/C61G 53bp1−/− cells to the Polθ inhibitor (Fig. 5a–d).

We considered whether the recently reported suppression of
ssDNA gap filling in nascent DNA by Polθ inhibition16–18 may reflect
their increased and differential sensitivity. ssDNA gaps in nascent DNA
are detectable using an adapted fibre assay utilising the S1 nuclease to
cleave regions of ssDNA, resulting in a shortened nascent DNA
strand58,59.We found that nascentDNA fibres fromBrca1C61G/C61G 53bp1−/−

cells, but not 53bp1−/− cells, were sensitive to the S1 nuclease (Supple-
mentary Fig. 7a). However, we observed only amarginal increase in S1-
shortened fibres in Brca1C61G/C61G 53bp1−/− cells treated with Polθ inhi-
bitor (Supplementary Fig. 7b). These data suggest that inhibited Polθ
has a minimal influence on gap fill-in at these sites in this genetic
background.

In order to better understand the response of Brca1C61G/C61G 53bp1−/−

cells to Polθ inhibition, we assessed the ability of ART558 to induce
FLAG-RAD52 foci. Similar to Polθ depletion (Fig. 3b), Polθ inhibitor
treatment inducedRAD52 foci in both 53bp1−/− andBrca1C61G/C61G 53bp1−/−

cells, with a greater induction of foci in the latter (Supplementary
Fig. 7c). We then compared the ability of 53bp1−/− and Brca1C61G/C61G

53bp1−/− cells to perform G2/M DNA synthesis following ART558
treatment using the PRR assay. 53bp1−/− cells showed a reduced ability
to perform DNA synthesis compared to wild-type cells, which was
further reduced following ART558 treatment and rescued by co-
incubationwith RAD52 inhibitor 6-OHD (Fig. 5e). InBrca1C61G/C61G 53bp1−/
− cells, ART558 treatment similarly suppressedfill-inDNAsynthesis, but
in contrast to 53bp1−/− cells this was not rescued by co-incubation with
6-OHD (Fig. 5f). 6-OHD failed to suppress the detection of MRE11
proximity to ssDNA induced by ART558 treatment (Supplementary
Fig. 7d) or the formation ofmicronuclei, and neither RAD52 norMRE11
inhibitors (0.15 μM 6-OHD, 2.5 μMmirin, respectively) suppressed the
generation of γH2AX foci in ART558-treated Brca1C61G/C61G 53bp1−/− cells
(Fig. 5g, h). In order to explain these differences, we hypothesised that
the presence of the polymerase itself may be responsible for the
inability of 6-OHD to rescue the viability of Brca1C61G/C61G 53bp1−/− cells
following ART558 treatment. Therefore, we treated Brca1C61G/C61G

53bp1−/− cells depleted of Polθ with ART558. Under these conditions,
the reduced fill-in DNA synthesis in Polθ-depleted and inhibitor co-
treated cells was restored by 0.15 μM6-OHDRAD52 inhibition (Fig. 5i).
These data suggest that Polθ loss negates the ability of the Polθ inhi-
bitor to prevent the restorationof G2/Mgapfill-in byRAD52 inhibition.
Thus, while in 53bp1−/− cells the suppression of G2/M DNA synthesis
seen when Polθ is inhibited is mediated by RAD52, the inhibited Polθ
protein itself additionally suppresses DNA synthesis in Brca1C61G/C61G

53bp1−/− cells. These data indicate a differential engagement of Polθ in
cells without full BRCA1 function.
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BRCA1-BARD1:RAD51 and BRCA2:RAD51 interactions influence
Polθ synthetic lethality
To better understand the factors that drive sensitivity to inhibited
Polθ, we investigated interactions between the mutant C61G-BRCA1
protein and its binding partner BARD1. To examine the interaction
independently of expression levels, we first tested exogenous human
C61G-BRCA1 alongside or in combination with another variant which
disrupts BARD1 binding, M18T60. C61G and M18T substitutions each
reduced the ability of BRCA1 to co-purify BARD1, or to form BARD1-
induced foci, whereas the C61G-M18T-BRCA1 double mutant co-
purified no detectable BARD1 and had very few BARD1-induced foci
(Supplementary Fig. 7e–g). Thus human C61G-BRCA1 and BARD1
exhibit a reduced, but not entirely disrupted interaction,mirroring the
reduced C61G-BRCA1:BARD1 interactions observed in Brca1C61G/C61G

53bp1−/− MEFs (Supplementary Fig. 1d). Consistent with these findings,
expression of exogenousmurine BARD1 increased foci numbers of the
endogenous C61G-BRCA1 protein in irradiated Brca1C61G/C61G 53bp1−/−

cells (from a mean of 6.5 to 12.7/cell), improved HR outcomes mea-
sured by PCR and resulted in resistance to RAD52 and Polθ depletions,
the latter in a BRCA1-dependent manner (Fig. 6a–d, Supplementary
Fig. 7h). Utilising this ability of exogenous BARD1 expression to rescue
elements of BRCA1 dysfunction in Brca1C61G/C61G 53bp1−/− cells, we tested
the expression of BARD1 mutants, including a variant that prevents
BRCA1 interaction (L38R)60 and variants suppressing nucleosome
interactions (A448T, D700A)61,62. These mutant proteins failed to
improve C61G-BRCA1 foci or promote resistance to Polθ depletion
(Fig. 6e, f). In contrast, the AAE-BARD1 mutant (F125A, D127A, A128E),

which disrupts RAD51 binding63, improved C61G-BRCA1 foci but did
not improve resistance to Polθ siRNA treatment (Fig. 6e, f). These data
suggest that BRCA1 recruitment through BARD1 and BARD1:RAD51
interactions contribute to protect cells from a vulnerability to Polθ
depletion.

One function of BRCA1 is to promote the accumulation of PALB2-
BRCA2 to sites of damage64–66. To explore BRCA2:RAD51 interactions,
we expressed BRC4, one of the BRCA2 BRC repeats, or the C-Terminal
Rad51binding region foundwithin exon27of BRCA2, each fused to the
RPA subunit RPA70 (Fig. 6g). Within the context of BRCA2, BRC4 aids
the exchange of RPA with RAD5167,68. In contrast, the BRCA2 RAD51
binding region encoded within exon 27 contacts oligomerised RAD51
to support filament stability and aid replication restart69–71. In agree-
mentwith previouswork indicating functionality ofRPA-BRC fusions72,
we found thatRPA-BRC4was able to fully restore RAD51 foci formation
in irradiated S-phase cells depleted of BRCA1 (Supplementary Fig. 7i),
indicating its ability to bypass BRCA1 and promote RAD51 accumula-
tion. In contrast, RPA-Exon27 was only able to partially restore RAD51
foci formation. Strikingly, we found that the expression of RPA-BRC4,
but not RPA-Exon27, overcame the toxicity of Polθ and RAD52 siRNA
treatment in Brca1C61G/C61G 53bp1−/− cells (Fig. 6h). These data indicate
that promoting BRCA2 BRC localisation at ssDNA independently of
BRCA1 can overcome the reliance of Brca1C61G/C61G 53bp1−/− cells on Polθ
and Rad52.

We next assessed the ability of either WT-BARD1 or RPA-BRC4 to
suppress sensitivity of Brca1C61G/C61G 53bp1−/− cells to Polθ inhibition.
Expression of either construct reduced sensitivity to ART558 and

Fig. 5 | The sensitivity of Brca1C61G/C61G 53bp1−/− cells to ART558 Polθ inhibition
cannot be overcome by RPA:RAD52:MRE11 suppression. a Survival following
Polθ inhibitor ART558 (10 µM) and RPA siRNA. n = 4 biological replicates. b Survival
following Polθ inhibitor ART558 (10 µM) and RAD52 inhibitor 6-OHD. n = 4 biolo-
gical replicates. c Survival after Polθ inhibitor ART558 (10 µM) and RAD52 siRNA.
n = 2 biological replicates. d Survival after 10 µM Polθ inhibitor ART558 and MRE11
inhibitor mirin. n = 3 biological replicates. e PRR density in 53bp1−/− cells after Polθ
inhibitor ART558 (10 µM) and 0.15 µM RAD52 inhibitor 6-OHD. n > 30 tracks per
condition from 3 biological replicates. f PRR density in Brca1C61G/C61G 53bp1−/− cells
after Polθ inhibitor ART558 (10 µM) and 0.15 µM of the RAD52 inhibitor 6-OHD.

N > 30 tracks per condition from 3 biological replicates. g Micronuclei in cells
untreated or treated with 10 µM ART558 and 0.15 µM 6-OHD or both. n = 600 cells
per condition from3biological replicates.h γH2AX foci in cells untreatedor treated
with 10 µM ART558 and 0.15 µM RAD52 inhibitor 6-OHD or 2.5 µM mirin. n = 100
from 3 biological replicates. i PRR density after Polθ inhibitor ART558 (10 µM) and
0.15 µM RAD52 inhibitor 6-OHD with and without Polθ siRNA. N > 30 tracks per
condition, from 3 biological replicates. In all cases, data shown are mean ± SEM. All
statistical analysis in this figure was performed using a two-tailed Student’s t Test,
without adjustment formultiple comparisons. Sourcedata areprovided asa Source
Data file.
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suppressed the induction of RAD52 foci following inhibitor treatment
(Fig. 6i–k). Furthermore, the expression of these constructs reduced
both the appearance of S1-sensitive nascent DNA in Brca1C61G/C61G

53bp1−/− cells and supported the ability of these cells to perform G2/M
DNA synthesis fill-in after Polθ siRNA or inhibitor treatment (Fig. 6l–n).
These observations correlate the suppression of ssDNA gaps in nas-
cent DNA and the promotion of G2/M DNA synthesis fill-in with sup-
pression of the toxic impact of Polθ inhibition in BRCA1-mutant cells.

Discussion
Conditions of extensive resection and poor HR repair are associated
with sensitivity to Polθ loss, and further increased DNA resection has
been observed around DNA DSBs in cells treated with Polθ
inhibitors16,17,19,20,73. Polθ loss and inhibition has also been linked to
increased fork-junction gaps and loss of nascent ssDNA gap fill-in16–18.
Whether these functions are sufficient to explain the synthetic lethal
relationships between HR or 53BP1 protein and Polθ loss has not been
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clear. For example, suppressionof theMRE11 exonuclease can improve
cell survival of Polθ-targeted cells, yet junction gaps and nascent DNA
gaps are not repressed by inhibition of the exonuclease16,17,69,74. Fur-
ther, 53bp1−/− cells are sensitive to Polθ targeting, yet these cells do not
exhibit S1-sensitive nascent DNA indicative of junction gaps or gaps in
nascent DNA. Here, we define another role for Polθ. We observed that
Polθ promotes fill-in DNA synthesis of ssDNA in G2/M in 53bp1−/−,
BRCA1-deficient, and Brca1C61G/C61G 53bp1−/− cells. Intriguingly, a recent
assessment of Polθ accumulations throughout the cell cycle has
highlighted that it forms foci in G275. The source of the G2/M gaps is
unclear.We speculate that 53BP1may contribute to the suppression of
resection at ssDNA gaps arising through excision repair pathways as it
does at DNA breaks76, and therefore also suppresses excessive RAD52
engagement. In BRCA-deficient cells, gaps arise from problems at the
replication fork and may also arise through poor RAD51-mediated
protection and repair of gaps that are formed through other means
through the cell cycle. In 53bp1−/− cells, the impact of the Polθ inhibitor,
ART558, as well as the need for Polθ in gap-filling DNA synthesis, is
overcome by RAD52 suppression, suggesting that Polθ is not itself
needed for the DNA synthesis but instead counters deleterious RAD52-
mediated functions. The resolution of post-replicative gaps in G2 has
recently been attributed to the translesion polymerases REV1:POLζ56,77.
As the helicase domain of Polθ strips RPA from ssDNA8,78, we speculate
that the Polθ helicase activity may suppress RPA:RAD52 accumulation.
Whether ART558, an allosteric inhibitor of the polymerase domain,
reduces helicase processivity is unknown, but such activity would be
consistent with our findings.

RAD52 has critical functions in promoting single-strand annealing
when resection is abnormally extended and in supporting residual HR
and stalled replication fork restart of HR-defective cells57,79–83. We find
that high-concentration inhibition of RAD52 (or RPA siRNA or MRE11
inhibition) is incompatible with Polθ loss, consistent with the finding
that Polq and Rad52 gene losses are synthetic lethal4. Similarly, we find
that a high concentration of RAD52 inhibition or siRNA treatment is
incompatible with Brca1C61G/C61G 53bp1−/−cell survival, consistent with the
requirement for RAD52 to support HR and single-strand annealing. Our
data suggest that the loss of Polθ in BRCA1/2-, 53BP1- or USP48-deficient
backgrounds exposes cells to a harmful function of RAD52: to promote
increased resection and suppress G2/M ssDNA gap fill-in. Partial deple-
tionor low-concentration inhibitionofRPA:RAD52:MRE11 canovercome
the need for Polθ, without exposing the cell to the vulnerabilities of
RPA:RAD52:MRE11 loss, suggesting that high concentrations or activities
of these proteins are deleterious in the context of Polθ depletion.

When RAD52 binds ssDNA, it does not displace RPA49. Since RPA
enhances some nuclease activities, RAD52 engagement may encou-
rage further nuclease interactions and activities47,48. Our data suggest
that MRE11 is downstream of RAD52, but we do not discount the
possibility that RAD52 promotes other nucleases, since a limitation of
our study is that RAD52 suppression may restrict MRE11 recruitment

due to reduced resection. Indeed, the sensitivity of Polθ-inhibitor
treated Brca1Δ11/Δ1153bp1−/−cells can be suppressed by EXO1 reduction20.
Similarly, we do not discount a role for recombination or RAD51, the
recruitment and activity of which can be mediated by mammalian
RAD5284. RAD52 can promote the annealing of RPA-coated ssDNA49

and may inappropriately ‘capture’ nearby ssDNA bearing similar
sequences, contributing to toxic intermediates. We observe that both
excessive RAD51 foci formation and extended RAD51 foci kinetics are
also corrected by low-concentration RAD52 inhibition in irradiated
Polθ-depleted Brca1C61G/C61G 53bp1−/−cells. Our findings are consistent
with the idea that persistent ssDNA gaps are degraded or processed
intoDSBs and chromosomebreaks in G2 (Fig. 7).Moreover, sinceDSBs
occurring in G2/M may be typically repaired by TMEJ9,55, cells lacking
Polθ activity would be expected to be highly sensitive to these lesions.

Our data indicate that ART558-inhibited Polθ is differently dele-
terious to Brca1C61G/C61G 53bp1−/− versus 53bp1−/− cells. Whereas the sen-
sitivity of 53bp1−/− cells to the inhibitor can be suppressed by
dampening RPA:RAD52:MRE11, the sensitivity of Brca1C61G/C61G 53bp1−/−

cells to ART558 by these means cannot. The work of the Lord lab and
colleagues recently showed that ART558 treatment increased the
residence time of YFP-tagged Polθ at laser-induced DNA damage sites,
consistent with possible trapping of Polθ on DNA by the compound20.
Here we find that ART558-treated Brca1C61G/C61G 53bp1−/− cells maintain
MRE11:ssDNA association regardless of RAD52 suppression, and that
G2/M DNA synthesis fill-in in ART558-treated cells becomes possible
after RAD52 suppression once Polθ is depleted, suggesting a role for
the inhibited polymerase. As RPA-BRC4 and WT-BARD1 expression
suppressboth the appearanceofnascent ssDNAgaps andpromoteG2/
M fill-in DNA synthesis, we cannot yet indicate whether the gaps at or
behind the forkor gaps occurring later inG2/Mrepresent the likely site
of toxic Polθ engagement. Each is plausible. In the absenceof adequate
RAD51 at the fork, a proportion of Polθmay be engaged and trapped at
junctions when the polymerase is inhibited (Fig. 7). BRC4 is implicated
in the RAD51:Polα interaction and the suppression of spontaneous
gaps69, and it may be relevant that the polymerase domain of Polθ
inserts and extends DNA synthesis opposite nucleotide lesions at the
fork15 and can suppress ssDNA at the fork16. Alternatively, or addi-
tionally, Polθ may be engaged differentially at G2/M gaps in the
absence of RPA exchange and RAD51 loading via BRCA1/2 proteins.

The recently described Polθ inhibitor RP-6685, made by RePARE
therapeutics, is an agent that interacts with and inhibits DNA-bound
Polθ22. Recent papers have described the cellular responses to a Polθ
inhibitor based on a recently published family of Polθ inhibitors,
named ‘Polθi’16,17,85,86. Whether ‘Polθi’ or RP-6685 have similar dis-
crimination between 53BP1 and BRCA deficiencies awaits further
investigation. Recent papers describing the cellular responses to
‘Polθi’ found that lethality with BRCA1 or BRCA2 loss was suppressed
by loss of the MRE11:NBS1:RAD50 complex or by the MRE11 partner
CtIP16,17,85,86. Some of these effects relate to endonucleolytic MRE11

Fig. 6 | BRCA-RAD51 interactions suppress RAD52 recruitment and Polθ
dependency. a Endogenous C61G-BRCA1 (cyan) after 2 Gy IR with BARD1 con-
taining (magenta) or empty vector (EV). Scale bar is 10 µm. b BARD1 and BRCA1 foci
following infection with BARD1 containing (BD1) or empty vector (EV) after 2 Gy IR.
n = 110 from 3 biological repeats. c Relative HR PCR product after BD1 or EV ret-
roviral infection. n = 3 biological replicates.d Survival after control, RAD52, Polθ, or
Polθ and BRCA1 siRNA and BD1 or EV retroviral infection. n = 3 biological repeats.
e BRCA1 foci after EV or BARD1 mutant retrovirus, mutants illustrated bellow.
n = 90, across 3 biological repeats. f Survival after Polθ siRNA and retrovirus
infection as in e. n = 6 biological repeats. gWestern blot of cells infected with EV or
retrovirus expressing RPA-70-BRCA2-Exon27 (Ex27) or RPA-70-BRCA2-BRC4
(BRC4). h Survival after transfection with NTC, Polθ or RAD52 siRNA and infection
with empty retrovirus or those expressing RPA constructs as indicated (RPA
consts). n = 3 biological repeats. i FLAG-RAD52 foci after WT-BARD1 or AAE-BARD1

mutant retrovirus infection and 10 µM ART558. n = 100 from 3 biological repeats.
j FLAG-RAD52 foci after infection with EV or BRC4 retrovirus and 10 µM ART558.
n = 90 from 3 biological repeats. k Survival after EV, BRC4 or Ex27 retrovirus
infection and Polθ inhibitor ART558. n = 3 biological repeats. l S1 nuclease assay of
nascent DNA after EV, WT-BARD1 (BD1) or BRC4 infection. N ≥ 260 tracks from 3
biological replicates per condition. m PRR density after EV, WT-BARD1 (BD1) or
BRC4 retroviral infection and siPolθ siRNA. N ≥ 50 tracks from 3 biological repli-
cates.nPRRdensity after EVorWT-BARD1 (BD1) orBRC4andPolθ inhibitorART558
(10 µM). n ≥ 50 tracks from 3 biological replicates. For b–f, h–k, m and n, data
shown are mean ± SEM. For l, data shown are median. Statistical analysis in
b–f, h–j, m and n was performed using a two-tailed Student’s t Test, without
adjustment for multiple comparisons. Statistical analysis in k was performed using
a two-way ANOVA. Statistical analysis in l was performed using a Mann–Whitney
test. Source data are provided as a Source Data file.
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cleavage at the stalled fork junction itself16. We do not currently
understand why, in contrast to recent reports of BRCA1-deficiency17,18,
we do not observe an increase in nascent ssDNA gaps in Brca1C61G/C61G

53bp1−/− cells treated with Polθ inhibitor. Due to this difference, we
cannot discount a role of inhibited Polθ in processing these structures.
We can nevertheless conclude that additional mechanisms of Polθ
sensitivity exist, described herein.

In summary, we reveal a surprisingly unifying finding; that RAD52
mediates the toxicity of Polθ inhibition associatedwith 53BP1 orUSP48
deficiencies and the toxicity of Polθ depletion in 53BP1- and BRCA1/2-
deficient cells. In these contexts, RAD52 suppresses G2/M fill-in DNA
synthesis andpromotesDNA resection,markersofDSBs, chromosome
breaks, micronuclei, and cell death. Thus, limiting RPA:RAD52:MRE11
function canovercome the gap-filling defect and cell sensitivity to Polθ
suppression. In contrast, BRCA1-mutant cells retain MRE11:ssDNA
interaction, poor G2/M gap fill-in, DSB markers, micronuclei and sen-
sitivity in response to ART558, whether or not RAD52 is suppressed.
We find that depletion of Polθ in these Polθ-inhibitor treated cells
rescues the ability to restore DNA synthesis fill-in by RAD52 inhibition,
revealing a role for the chemically inhibited Polθ in BRCA1-mutant
cells. RAD51-mediated suppression of nascent DNA gaps and promo-
tion of G2/M fill-in correlates with resistance to the Polθ inhibitor,
leading us to suggest that inhibited Polθ is engaged differently when
BRCA proteins are absent. These findings are likely to be important in
the future development of Polθ inhibitors in considering which
patients to treat with Polθ inhibitors, and have implications for the
likelihood and mechanisms of resistance.

Methods
Animal statement
The generation of Brca1 C61G allele is previously described26. Mice
with the Trp53bp1+/− 87 allele were obtained from the NIH (Bethesda).
The Research Ethics Committee for animal experimentation at the
University of Birmingham,UK reviewed and theHomeOffice approved
all the work included in this manuscript. All in vivo experiments were
performed under the UK Animals (Scientific Procedures) Act 1986
Home Office regulations under the authority of PPL70/8013.

Cell line maintenance and Generation of Mouse Embryonic
Fibroblasts
Brca1C61G/+ 53bp1−/− male and female animals were mated to generate
littermates of required Brca1 genotypes. Pregnant mice were

euthanised 13.5 days aftermating and the embryos were dissected into
media to allow fibroblasts to grow out. MEFs were immortalised by
transduction with the SV40 large T antigen (pBsSVD2005, AdGene)
using FuGENE (Promega). FlpIn U2OS and FlpIn HEK293T cell lines
were from Morris lab stocks. MEFs, HEK293 and U20S cells were
maintained Dulbecco’s modified Eagles medium (DMEM) supple-
mented with 10 % fetal bovine serum (FBS) and 1 % penicillin and
streptomycin.

Mass spectrometric analysis
Mouse BRCA1 was immunoprecipitated with the mBRCA1-N-terminal
antibody (C40) and the precipitate was briefly run into a poly-
acrylamide Tris Acetate gradient gel (Invitrogen). The sample was
excised into 10 slices, which were washed with 25mM ammonium
bicarbonate followed by acetonitrile. Following this, samples were
reducedwith 10mMdithiothreitol at 60 °C followed by alkylationwith
50mM iodoacetamide at RT. Subsequently, samples were digested
with trypsin (Promega) at 37 °C for 4 h. Finally, sampleswere quenched
with formic acid and the supernatant was analysed directly without
further processing.

Each gel digest was analysed by nano LC/MS/MS with a Waters
NanoAcquity HPLC system interfaced to a ThermoFisher Q Exactive.
Peptides were loaded on a trapping column and eluted over a 75 μm
analytical column at 350 nL/min; both columnswere packedwith Luna
C18 resin (Phenomenex). Themass spectrometerwas operated in data-
dependent mode, with MS and MS/MS performed in the Orbitrap at
70,000 FWHM and 17,500 FWHM resolution, respectively. The fifteen
most abundant ions were selected for MS/MS. Data were searched
using a local copy of Mascot searching against a Swissprot Mouse
database (forward and reverse appended with common contaminants
and BRCA1-C61G). The peptide tolerance was set to 10 ppm and the
fragment ion tolerance was set to 0.02Da. Amaximum number of two
missed cleavages by trypsin were allowed and carbamidomethylated
cysteine and oxidised methionine were set as fixed and variable
modifications, respectively.

Western blotting
For a full list of antibodies, see Supplementary Table 1. Samples were
run on SDS–PAGE protein gels and transferred to an Immobilon-P
PVDF membrane. Following the transfer, membranes were blocked in
5% Marvel milk in PBS containing 0.1% Tween (PBStw), or in 5% BSA
with PBStw, for 1 h before incubation with primary antibody at 4 °C for

Fig. 7 | Proposedmodel of synthetic lethalmechanisms of Polθ loss and inhibitionwith 53BP1 and BRCA1/2 deficiencies. Illustration of the proposedmechanism for
sensitivity to Polθ loss or its inhibition according to genotype. Created with BioRender.com.
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16 h. Blots were washed in PBStw and then transferred into secondary
horseradishperoxidase (HRP)-conjugated antibodies in 5%Marvelmilk
for 1 h. Blots werewashed in PBStw before probing with 1:1 EZ-ECLmix
(Biological Industries). Blotswere exposed toX-rayfilm (WolfLabs) and
developed using the Xograph Compact X4 developer. Densitometry
calculations were performed where appropriate relative to loading
controls using ImageJ88.

Immunofluorescence staining
Cells were plated at a density of 5 ×104 cells mL−1 in 24-well plates on
circular glass coverslips (13-mm diameter). Cells were then treated as
described. For foci analysis cells were also subject to EdU-staining,
these were incubated with EdU at a final concentration of 10μM for
10min before fixing and staining was carried out as detailed in the
Click-iT EdU Imaging Kits (Life Technologies). Cells were pre-extracted
by incubation with ice-cold 0.5% Triton X-100 in PBS on ice for 5min
before fixation with 4% PFA. Once fixed the cells were permeabilised
for a further 30min using 0.5 % Triton X-100 in PBS before incubation
with a blocking solution (10% FCS in PBS for 30min). Cells were then
incubated with primary antibodies in 10% FCS in PBS at 4 °C overnight.
The following day, cells were washed 3x with PBST before incubation
with Fluorescent secondary antibody (1:2,000) for 2 h. Cells were then
washed three times in PBST and the DNA was stained using Hoechst at
a 1:20,000 concentration for 5min. Excess Hoechst was removed by
washing with PBS and coverslips were mounted onto Snowcoat slides
using Immunomount mounting medium. For a full list of antibodies,
see Supplementary Table 1. Immunofluorescence staining was imaged
using a Leica DM6000B microscope with an HBO lamp with a 100-W
mercury short-arc UV bulb and four filter cubes, A4, L5, N3 and Y5,
which produce excitations at wavelengths 360, 488, 555 and 647 nm,
respectively.

Proximity linked ligation assay
MEFs were seeded at 4 ×104 cells ml−1 onto poly-l-lysine-coated cov-
erslips and irradiatedwith 2Gy, before recovery for 3 h. Cells were pre-
extracted for 5min on ice with pre-extraction buffer (20mM NaCl,
3mM MgCl2, 300mM sucrose, 10mM PIPES, 0.5% Triton X-100) and
fixed in 4 % PFA for 10min before blocking in 5% BSA for 16 h. Blocking
mediumwas removed, and cells were then incubated with the primary
antibodies in 5% FCS in PBS for 1 h at room temperature. After incu-
bation with primary antibodies, cells were washed 2 × 5min in wash
buffer A (Sigma) and subsequently incubated with the MINUS or PLUS
PLA probes (Sigma Duolink PLA kit) for 1 h at 37 °C in a warm foil-
coveredbox.Cellswere thenwashed twice for 5minwithwashbuffer A
(Sigma Duolink PLA kit) and incubatedwith the Sigma Duolink ligation
kit (1× ligation buffer, ligase enzyme) for 30min at 37 °C. Cells were
washed twice for 5min with wash buffer A and incubated for 100min
at 37 °C with the Sigma Duolink amplification kit (1× amplification
buffer, polymerase enzyme). Subsequently, the cells were washed for
10min with wash buffer B (Sigma Duolink PLA kit) at room tempera-
ture, incubated 5min with Hoechst andwashed againwith wash buffer
B twice for 5minutes. Finally, cells were washed for 1min with 0.01%
wash buffer B and coverslips were mounted onto Snowcoat slides
using Immunomountmountingmedium. PLAdotswere counted using
a Leica DM6000Bmicroscope with a HBO lampwith a 100-Wmercury
short-arc UV bulb and four filter cubes, A4, L5, N3 and Y5, which pro-
duce excitations at wavelengths 360, 488, 555 and 647 nm,
respectively.

Colony survival assays
Cells were plated in 24-well plates at 4 ×104 cells per ml and treated
according to the experiment performed. Cells were trypsinised and
plated in 6-well or 24-well plates at limiting dilutions followed by
incubation for 5 days at 37 °C at 5%CO2.Once colonies hadgrown they
were stained with 1% methylene blue in 50% ethanol or 0.5% crystal

violet in 50% methanol and counted. For a full list of DNA-damaging
agents and inhibitors, see Supplementary Table 4. Each experiment
was normalised to untreated controls.

Generation of stable cell lines
Stable cell lines were generated from Flp-In U2OS cells that were co-
transfected with human BRCA1 cDNA variant in the pcDNA5/FRT/TO
vector, and with the Flp recombinase cDNA in the pOG44 vector.
Control transfections were carried out without the pOG44 recombi-
nase. Two days after transfection, cells were selected with 100μg/ mL
hygromycin, the culture medium was replaced every 2 to 3 days and
cells were selected for approximately 2 weeks. After selection, cells
were treatedwith 2μg/mLdoxycycline for 72 h to induce expression of
exogenous Flag-eGFP-BRCA1.

Plasmid and siRNA transfection
FuGENE 6 (Roche) was used as a reagent to transfect cells with DNA
plasmids. The ratio used was 4:1 FuGENE (μlL:DNA (μg), following the
manufacturer’s guidelines. siRNA transfections were carried out using
the transfection reagent Dharmafect1 (Dharmacon) following the
manufacturer’s instructions. For a full list of siRNA sequences see
Supplementary Table 2.

Retrovirus production and infection
HEK293T Platinum E cells were transfected with pMSCV-IRES-GFP
containing different BARD1 variants or RPA fusions using FuGENE-6
following the manufacturer’s instructions. Culture media was col-
lected 60h later and filtered through a 0.45mm filter. MEFs were
infected with retroviral-containing media supplemented with 4 µg/
mL polybrene (Sigma). The RPA-70 constructs were generated after
previously described BRCA2 fusion approaches72. In NLS-Ex27-RPA-
flag: BRCA2Exon 27 corresponds to ALDFLSRLPLPPPVSPICTFV-
SPAAQKAFQPPRSCG (human BRCA2 residues 3,270-3,305). In NLS-
BRC4-RPA70-Flag BRC4 corresponds to EKIKEPTLLGFHTASGKKVK
IAKESLDKVKNLFDE (human BRCA2 residues 1,514-1,548).

Fibre labelling and spreading
Cells were seeded in 6 cm2 plates and treated with thymidine analo-
guesCldU and IdU. Tomonitor fork protection, cells were incubated at
37 °C with 25μMCldU for 20min, followed by incubation with 250 µM
IdU for 20min and then with 5mM HU for 3 h. Some fork protection
experiments were performed with a singular CldU pulse for 20mins
followed by treatment with 5mM HU for 3 hours. To monitor replica-
tion fork restart, cells were incubated at 37 °CwithCldU for 20min and
then with 1mMHU for 1 h. The HU was subsequently washed out with
PBS and cells were incubated for a further 40min inmedia containing
250μM IdU at 37 °C.

After incubation with thymidine analogues, cells were washed
twice with ice-cold PBS for 5min trypsinised, and resuspended to a
final concentration of 50 × 104 cells/mL PBS. Fibres spreads were pre-
pared using spreading buffer (200mMTris pH7.4, 50mM EDTA, 0.5 %
SDS) and fixed in Methanol: Acetic acid (3:1). Fixed DNA spreads were
stored at 4 °C until staining.

Forfibre staining,DNAspreadsweredenaturatedwith 2.5MHCl for
1 h 15min followedbyblockingwith 1%BSA/0.1%Tween20 in PBS for 1 h.
Thymidine analogues were stained using Rat αBrdU antibody (Abcam,
1:2,000) to detect CldU andMouse αBrdU antibody (Becton Dickinson,
1:500) to detect IdU. Primary antibodies were fixed with 4% PFA for
10min prior to the addition of secondary antibodies (α-Rat AlexaFluor
555 and α-Mouse AlexaFluor 488, 1:500 each) for 2 h. Slides mounted
with immunomount were kept at –20 °C until microscope analysis.

S1 nuclease-modified fibre assay
Cells were seeded in 6 cm2 plates and treated with 25 μM CldU for
20min and 250 µM IdU for 40min as described for unmodified fibre
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labelling above. Co-treatment with Polθ inhibitor ART558 was as
indicated for some experiments. Cells were subsequently permea-
bilized with CSK100 buffer (100mM NaCl, 10mM MOPS, 3mM
MgCl2, 300mM sucrose, 0.5% triton X-100, pH 7.0) for 10min either
directly after pulse-labelling or after 16 to 24 h release into fresh
growth media containing 200 ng/mL nocodazole for the detection
of ssDNA gaps in G2/M phase of the cell cycle. Nuclei were treated
with either 20 U/mL S1 endonuclease (Invitrogen 18001016) to
induce DSBs at sites of DNA gaps or mock-treated (S1 buffer: 30mM
sodium acetate, 10mM zinc acetate, 5% glycerol, 50mM NaCl, pH
4.6) for 30min at 37 °C. Nuclei were harvested by scraping and DNA
fibres spreads were prepared, stained, and analysed as described for
the unmodified fibre assay.

Single-molecule analysis of resection tracks (SMART) assay
Cells were treated with Polθ siRNA, Rad52i, and/or Mre11i mirin as
indicated in the presence of 20μM BrdU for the last 48 h to label the
whole genome with thymidine analogue. DNA was harvested and
spread as described for the unmodified DNA fibre assay above. Native
fibre spreads were stained withmouse anti-BrdU (1:500) for 1.5 h, fixed
with 4% PFA, and incubated with anti-mouse AlexaFluor 488 for 1.5 h.

Post-replication repair (PRR) assay
Cells were incubated at 37 °C with 25μM ldU for 1 h. Subsequently,
cells were washed twice with PBS and placed in fresh growth media
containing 200 ng/mL nocodazole for 16–24h. During the final 4 h of
nocodazole incubation, 20μMCldUwas added to the growthmedia to
be incorporated during PRR (gap filling). Treatments (times and con-
centrations) for each experiment are indicated in each figure. In the
case of siRNA treatment, cells were transfected 72 h prior to harvest-
ing. DNA fibre spreads were prepared and stained as described for
unmodified fibre labelling above with the exception that secondary
antibodieswere interchanged to allow for easier analysis of greenCldU
repair dots on red IdU stretches (α-Rat AlexaFluor 488 and α-Mouse
AlexaFluor 555).

DNA fibre analysis
For the quantification of fork protection, the length of bi-labelled CldU
and IdU tracks were measured using ImageJ3, and IdU/CIdU ratios of
these arbitrary lengths were plotted to assess IdU label shortening.
Shift to lower IdU/CIdU ratios is indicative of loss of fork protection.
Fork stalling was assessed by scoring CldU-only labelled structures as
stalled forks. Stalling was quantified by scoring the percentage of
CldU-only fibres of all red-labelled structures. To quantify PPR events,
minimum 10 events per sample were scored. Only the IdU tracts with
centred CIdU were taken into account. The length of IdU tract with at
least one CIdU dot was measured using ImageJ and the pixel values
were converted into μm. Lengths were further converted into kilo-
bases (1μm=2.59 kilobases)89 and PRR density was calculated by
dividing the total number of CldU dots on an IdU tract by the length of
that IdU tract in kilobases. Toquantify ssDNAgap formation in nascent
DNA, IdU/CldU ratios of arbitrary lengths of bi-labelled structureswere
used to assess S1-dependent shortening of the IdU track. Shift to lower
IdU/CldU ratios between mock- and S1-treated samples is indicative of
ssDNA gap formation in nascent DNA. Gross ssDNA was assessed by
measuring the lengths of green labelled native DNA patches. Arbitrary
lengths were converted into µm using the scale bars created by the
microscope.

Metaphase spreads
MEFs were treated with 5mM HU for 3 h and then incubated with
colcemid (0.01 µg/mL) for 16 h. Cells were trypsinised and centrifuged
at 300 g for 5min. The supernatant was discarded, and cells were
resuspended in PBS and centrifugated again. Fivemillilitres of ice-cold
0.56% KCl solution was added, and cells were incubated at 37 °C for

15min before centrifuging at 300 g for 5min. The supernatant was
discarded, and the cell pellet was broken before fixation in 5mL of ice-
cold methanol: glacial acetic acid (3:1). Excess of fixation agents were
removed and 10μL of the cell suspension was dropped onto an acetic-
acid-humidified slide. Slides were allowed to dry for at least 24 h and
then stained with Giemsa solution (Sigma) diluted 1:20 for 20min.
Slide mounting was performed with Eukitt (Sigma).

CRISPR/Cas9 HR assay
Adapted from90. MEFs (2 × 106/condition) were electroporated using
the 100 µL Neon electroporation system (1350 V, 30ms, 1 pulse) to
introduce 10 µg of pX459 V2.0 containing Cas9 and a gRNA targeting
Rosa26 locus, alongside 10 µg of pUC57 containing a Rosa26 HR tem-
plate with a 4 bp edited sequence. Following electroporation, cells
were plated into antibiotic free media and allowed to recover. Cells
were harvested 72 h later, and genomic DNA isolated using a DNEasy
Blood and Tissue kit, following manufacturer’s instructions. PCR was
performed using GoTaq Green 2x master mix (Promega), and results
analysed using agarose gel electrophoresis. HR specific Band inten-
sities were quantified using ImageJ, and normalised to a HR-
independent PCR product at the Rosa26 locus.

Alternatively, PCR was performed using PfU DNA Polymerase
(Promega), and products were purified using AMPure XP magnetic
beads (Beckman Coulter) following manufacturer’s instructions. PCR
products were barcoded, pooled and sequenced using a LSK109
library preparation kit on a single R.9.4.1 MinION flowcell (Oxford
Nanopore Technologies) which was run for 4 h. Raw FAST5 files were
base called with Guppy 5 to produce raw FASTQ files. These files then
underwent read correction using Canu 2.291 using the –correctReads
parameter. Reads were aligned to themm10mouse reference genome
using minimap2 (version 2.2492) using the parameters: ax map-ont.
CRISPResso2 (https://crispresso.pinellolab.partners.org/submission)93

was then run targeting the Rosa26 locus of the mm10 genome. Each
read was assigned as an HR outcome if matching the template
sequence, a TMEJ outcome if matching predicted TMEJ sequences, or
anNHEJ outcome if containingnon-TMEJ indels. TMEJpredictionswere
carried out using MEDJED (http://www.genesculpt.org/medjed/). For a
full list of primers, template and gRNA sequences see Supplementary
Table 3.

Statistics and reproducibility
All statistical tests used are indicated in the figure legend. All experi-
ments were repeated at least once, and the number of biological
replicates is reported for each experiment. To aid readability, statistics
have only been shown between pertinent groups in figures.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data generated in the study are included in this published article,
including supplementary figures, or are available from the authors
upon request. Source data are provided with this paper, and are
available at figshare [https://doi.org/10.6084/m9.figshare.24270799].

References
1. Benafif, S. & Hall, M. An update on PARP inhibitors for the treatment

of cancer. Onco. Targets Ther. 8, 519–528 (2015).
2. Mateos-Gomez, P. A. et al. Mammalian polymerase theta promotes

alternative NHEJ and suppresses recombination. Nature 518,
254–257 (2015).

3. Ceccaldi, R. et al. Homologous-recombination-deficient tumours
are dependent on Poltheta-mediated repair. Nature 518,
258–262 (2015).

Article https://doi.org/10.1038/s41467-023-43677-2

Nature Communications |         (2023) 14:7834 13

https://crispresso.pinellolab.partners.org/submission
http://www.genesculpt.org/medjed/
https://doi.org/10.6084/m9.figshare.24270799


4. Feng, W. et al. Genetic determinants of cellular addiction to DNA
polymerase theta. Nat. Commun. 10, 4286 (2019).

5. Wyatt, D. W. et al. Essential roles for polymerase theta-mediated
end joining in the repair of chromosome breaks. Mol. Cell 63,
662–673 (2016).

6. Higgins,G. S. et al. A small interferingRNAscreenofgenes involved
in DNA repair identifies tumor-specific radiosensitization by POLQ
knockdown. Cancer Res. 70, 2984–2993 (2010).

7. Seki, M. et al. High-efficiency bypass of DNA damage by human
DNA polymerase Q. EMBO J. 23, 4484–4494 (2004).

8. Mateos-Gomez, P. A. et al. The helicase domain of Poltheta coun-
teracts RPA to promote alt-NHEJ. Nat. Struct. Mol. Biol. 24,
1116–1123 (2017).

9. Llorens-Agost, M. et al. POLtheta-mediated end joining is restricted
by RAD52 and BRCA2 until the onset of mitosis. Nat. Cell Biol., 23,
1095–1104 (2021).

10. Lemee, F. et al. DNA polymerase theta up-regulation is associated
with poor survival in breast cancer, perturbs DNA replication, and
promotes genetic instability. Proc. Natl Acad. Sci. USA 107,
13390–13395 (2010).

11. Roy, S. et al. p53 orchestrates DNA replication restart homeostasis
by suppressing mutagenic RAD52 and POLtheta pathways. Elife 7,
e31723 (2018).

12. Baldacci, G., Hoffmann, J. S. & Cadoret, J. C. Impact of the DNA
polymerase Theta on the DNA replication program.Genom. Data 3,
90–93 (2015).

13. Fernandez-Vidal, A. et al. A role for DNA polymerase theta in the
timing of DNA replication. Nat. Commun. 5, 4285 (2014).

14. Nisa, M. et al. The plant DNA polymerase theta is essential for the
repair of replication-associated DNA damage. Plant J. 106,
1197–1207 (2021).

15. Yoon, J. H., Roy Choudhury, J., Park, J., Prakash, S. & Prakash, L. A
role for DNA polymerase theta in promoting replication through
oxidative DNA lesion, thymine glycol, in human cells. J. Biol. Chem.
289, 13177–13185 (2014).

16. Mann, A. et al. POLtheta prevents MRE11-NBS1-CtIP-dependent fork
breakage in the absence of BRCA2/RAD51 by filling lagging-strand
gaps. Mol. Cell 82, 4218–4231.e4218 (2022).

17. Schrempf, A. et al. POLtheta processes ssDNA gaps and promotes
replication fork progression in BRCA1-deficient cells. Cell Rep., 41,
111716 (2022).

18. Belan, O. et al. POLQ seals post-replicative ssDNA gaps tomaintain
genome stability in BRCA-deficient cancer cells. Mol. Cell 82,
4664–4680.e4669 (2022).

19. Zhou, J. et al. A first-in-class polymerase theta inhibitor selectively
targets homologous-recombination-deficient tumors. Nat. Cancer
2, 598–610 (2021).

20. Zatreanu, D. et al. Poltheta inhibitors elicit BRCA-gene synthetic
lethality and target PARP inhibitor resistance. Nat. Commun. 12,
3636 (2021).

21. Cong, K. et al. Replication gaps are a key determinant of PARP
inhibitor synthetic lethality with BRCA deficiency. Mol. Cell 81,
3128–3144.e3127 (2021).

22. Bubenik, M. et al. Identification of RP-6685, an orally bioavailable
compound that inhibits the DNA polymerase activity of Poltheta. J.
Med Chem. 65, 13198–13215 (2022).

23. Higgins, G. S. & Boulton, S. J. Beyond PARP-POLtheta as an antic-
ancer target. Science 359, 1217–1218 (2018).

24. Brambati, A., Barry, R.M. &Sfeir, A. DNApolymerase theta (Poltheta)
- an error-prone polymerase necessary for genome stability. Curr.
Opin. Genet Dev. 60, 119–126 (2020).

25. Greenman, J. et al. Identification of missense and truncating
mutations in the BRCA1 gene in sporadic and familial breast and
ovarian cancer. Genes Chromosomes Cancer 21, 244–249
(1998).

26. Drost, R. et al. BRCA1 RING function is essential for tumor sup-
pression but dispensable for therapy resistance. Cancer Cell 20,
797–809 (2011).

27. Ward, I. M. et al. 53BP1 is required for class switch recombination. J.
Cell Biol. 165, 459–464 (2004).

28. Spurdle, A. B. et al. ENIGMA–evidence-based network for the
interpretation of germline mutant alleles: an international initiative
to evaluate risk and clinical significance associated with sequence
variation in BRCA1 and BRCA2 genes. Hum. Mutat. 33, 2–7 (2012).

29. Findlay, G. M. et al. Accurate classification of BRCA1 variants with
saturation genome editing. Nature 562, 217–222 (2018).

30. Li, M. et al. 53BP1 ablation rescues genomic instability in mice
expressing ‘RING-less’ BRCA1. EMBO Rep., 17, 1532–1541 (2016).

31. Bunting, S. F. et al. 53BP1 inhibits homologous recombination in
Brca1-deficient cells by blocking resection of DNA breaks. Cell 141,
243–254 (2010).

32. Mirman, Z. & de Lange, T. 53BP1: a DSB escort. Genes Dev. 34,
7–23 (2020).

33. Morris, J. R. Is it a wrap? Nucleosome interactions of the BRCA1-
binding partner, BARD1, steal the scene. Nat. Struct. Mol. Biol. 28,
708–710 (2021).

34. Luijsterburg, MS. et al. A PALB2-interacting domain in RNF168
couples homologous recombination to DNA break-induced chro-
matin ubiquitylation. Elife 6, e20922 (2017).

35. Zong, D. et al. BRCA1 haploinsufficiency is masked by RNF168-
mediated chromatin ubiquitylation. Mol. Cell 73, 1267–1281 e1267
(2019).

36. Dungrawala, H. et al. RADX promotes genome stability and mod-
ulates chemosensitivity by regulating RAD51 at replication forks.
Mol. Cell 67, 374–386.e375 (2017).

37. Schubert, L. et al. RADX interacts with single-stranded DNA to
promote replication fork stability. EMBO Rep. 18, 1991–2003 (2017).

38. Gottifredi, V, Wiesmuller, L. Current understanding of RAD52
functions: fundamental and therapeutic insights. Cancers 12,
705 (2020).

39. Huang, F. et al. Targeting BRCA1- and BRCA2-deficient cells with
RAD52 small molecule inhibitors. Nucleic Acids Res. 44,
4189–4199 (2016).

40. Lok, B. H., Carley, A. C., Tchang, B. & Powell, S. N. RAD52 inacti-
vation is synthetically lethalwith deficiencies in BRCA1 andPALB2 in
addition to BRCA2 through RAD51-mediated homologous recom-
bination. Oncogene 32, 3552–3558 (2013).

41. Chandramouly, G. et al. Small-molecule disruption of RAD52 rings
as a mechanism for precision medicine in BRCA-deficient cancers.
Chem. Biol. 22, 1491–1504 (2015).

42. Sallmyr, A. & Tomkinson, A. E. Repair of DNA double-strand breaks
bymammalian alternative end-joiningpathways. J. Biol. Chem. 293,
10536–10546 (2018).

43. Chen, X. et al. Rational design of human DNA ligase inhibitors that
target cellular DNA replication and repair. Cancer Res. 68,
3169–3177 (2008).

44. Park, M. S., Ludwig, D. L., Stigger, E. & Lee, S. H. Physical interaction
between human RAD52 and RPA is required for homologous
recombination in mammalian cells. J. Biol. Chem. 271,
18996–19000 (1996).

45. Jackson, D., Dhar, K., Wahl, J. K., Wold, M. S. & Borgstahl, G. E.
Analysis of the human replication protein A:Rad52 complex: evi-
dence for crosstalk between RPA32, RPA70, Rad52 andDNA. J. Mol.
Biol. 321, 133–148 (2002).

46. Deng, X. et al. Human replication protein A-Rad52-single-stranded
DNA complex: stoichiometry and evidence for strand transfer reg-
ulation by phosphorylation. Biochemistry 48, 6633–6643 (2009).

47. Nimonkar, A. V. et al. BLM-DNA2-RPA-MRNandEXO1-BLM-RPA-MRN
constitute two DNA end resection machineries for human DNA
break repair. Genes Dev. 25, 350–362 (2011).

Article https://doi.org/10.1038/s41467-023-43677-2

Nature Communications |         (2023) 14:7834 14



48. Chen, H., Lisby, M. & Symington, L. S. RPA coordinates DNA end
resection and prevents formation of DNA hairpins. Mol. Cell 50,
589–600 (2013).

49. Grimme, J. M. et al. Human Rad52 binds and wraps single-stranded
DNA and mediates annealing via two hRad52-ssDNA complexes.
Nucleic Acids Res. 38, 2917–2930 (2010).

50. Mijic, S. et al. Replication fork reversal triggers fork degradation in
BRCA2-defective cells. Nat. Commun. 8, 859 (2017).

51. Hengel, SR. et al. Small-molecule inhibitors identify the RAD52-
ssDNA interaction as critical for recovery from replication stress and
for survival of BRCA2 deficient cells. Elife 5, e14740 (2016).

52. Wang, Z. et al. DNA polymerase theta (POLQ) is important for repair
of DNAdouble-strandbreaks causedby fork collapse. J. Biol. Chem.
294, 3909–3919 (2019).

53. Malacaria, E. et al. Rad52 prevents excessive replication fork
reversal and protects from nascent strand degradation. Nat. Com-
mun. 10, 1412 (2019).

54. Kelso, A.A., Lopezcolorado, F.W., Bhargava, R. &Stark, J.M.Distinct
roles of RAD52 and POLQ in chromosomal break repair and repli-
cation stress response. PLoS Genet. 15, e1008319
(2019).

55. Carvajal-Garcia, J., Crown, K. N., Ramsden, D. A. & Sekelsky, J. DNA
polymerase theta suppressesmitotic crossing over. PLoSGenet. 17,
e1009267 (2021).

56. Tirman, S. et al. Temporally distinct post-replicative repair
mechanisms fill PRIMPOL-dependent ssDNA gaps in human cells.
Mol. Cell 81, 4026–4040.e4028 (2021).

57. Uckelmann, M. et al. USP48 restrains resection by site-specific
cleavage of the BRCA1 ubiquitin mark from H2A. Nat. Commun. 9,
229 (2018).

58. Quinet, A., Carvajal-Maldonado, D., Lemacon, D. & Vindigni, A. DNA
fiber analysis: mind the gap! Methods Enzymol. 591, 55–82
(2017).

59. Quinet, A. et al. Translesion synthesis mechanisms depend on the
nature of DNA damage in UV-irradiated human cells. Nucleic Acids
Res. 44, 5717–5731 (2016).

60. Morris, J. R., Keep, N. H. & Solomon, E. Identification of residues
required for the interaction of BARD1withBRCA1. J. Biol. Chem. 277,
9382–9386 (2002).

61. Becker, J. R. et al. BARD1 reads H2A lysine 15 ubiquitination to direct
homologous recombination. Nature 596, 433–437 (2021).

62. Hu, Q. et al. Mechanisms of BRCA1-BARD1 nucleosome recognition
and ubiquitylation. Nature, 596, 438–443 (2021).

63. Zhao, W. et al. BRCA1-BARD1 promotes RAD51-mediated homo-
logous DNA pairing. Nature 550, 360–365 (2017).

64. Sy, S. M., Huen, M. S. & Chen, J. PALB2 is an integral component of
the BRCA complex required for homologous recombination repair.
Proc. Natl Acad. Sci. USA 106, 7155–7160 (2009).

65. Zhang, F. et al. PALB2 links BRCA1 and BRCA2 in the DNA-damage
response. Curr. Biol. 19, 524–529 (2009).

66. Zhang, F., Fan, Q., Ren, K. & Andreassen, P. R. PALB2 functionally
connects the breast cancer susceptibility proteins BRCA1 and
BRCA2. Mol. Cancer Res. 7, 1110–1118 (2009).

67. Thorslund, T. & West, S. C. BRCA2: a universal recombinase reg-
ulator. Oncogene 26, 7720–7730 (2007).

68. Carreira, A. et al. The BRC repeats of BRCA2 modulate the DNA-
binding selectivity of RAD51. Cell 136, 1032–1043 (2009).

69. Kolinjivadi, A. M. et al. Smarcal1-mediated fork reversal trig-
gers Mre11-dependent degradation of nascent DNA in the
absence of Brca2 and stable Rad51 nucleofilaments. Mol. Cell
67, 867–881.e867 (2017).

70. Davies, O. R. & Pellegrini, L. Interaction with the BRCA2 C terminus
protects RAD51-DNA filaments from disassembly by BRC repeats.
Nat. Struct. Mol. Biol. 14, 475–483 (2007).

71. Esashi, F., Galkin, V. E., Yu, X., Egelman, E. H. & West, S. C. Stabili-
zation of RAD51 nucleoprotein filaments by the C-terminal region of
BRCA2. Nat. Struct. Mol. Biol. 14, 468–474 (2007).

72. Saeki, H. et al. Suppression of the DNA repair defects of BRCA2-
deficient cells with heterologous protein fusions. Proc. Natl Acad.
Sci. USA 103, 8768–8773 (2006).

73. Wood, R. D. & Doublie, S. DNA polymerase theta (POLQ), double-
strand break repair, and cancer. DNA Repair 44, 22–32 (2016).

74. Hashimoto, Y., Ray Chaudhuri, A., Lopes, M. & Costanzo, V. Rad51
protects nascent DNA from Mre11-dependent degradation and
promotes continuous DNA synthesis. Nat. Struct. Mol. Biol. 17,
1305–1311 (2010).

75. Gelot, C. et al. Poltheta is phosphorylated by PLK1 to repair double-
strand breaks in mitosis. Nature 621, 415–422 (2023).

76. Zlotorynski, E. Shieldin the ends for 53BP1. Nat. Rev. Mol. Cell Biol.
19, 346–347 (2018).

77. Taglialatela, A. et al. REV1-Polzeta maintains the viability of homo-
logous recombination-deficient cancer cells through mutagenic
repair of PRIMPOL-dependent ssDNA gaps. Mol. Cell 81,
4008–4025.e4007 (2021).

78. Schaub, J. M., Soniat, M. M. & Finkelstein, I. J. Polymerase theta-
helicase promotes end joining by stripping single-stranded DNA-
binding proteins and bridging DNA ends. Nucleic Acids Res. 50,
3911–3921 (2022).

79. Ochs, F. et al. 53BP1 fosters fidelity of homology-directed DNA
repair. Nat. Struct. Mol. Biol. 23, 714–721 (2016).

80. Feng, Z. et al. Rad52 inactivation is synthetically lethal with BRCA2
deficiency. Proc. Natl Acad. Sci. USA 108, 686–691 (2011).

81. Hanamshet, K. & Mazin, A. V. The function of RAD52 N-terminal
domain is essential for viability of BRCA-deficient cells. Nucleic
Acids Res. 48, 12778–12791 (2020).

82. Mahajan, S., Raina, K., Verma, S. & Rao, B. J. Human RAD52 protein
regulates homologous recombination and checkpoint function in
BRCA2 deficient cells. Int J. Biochem. Cell Biol. 107, 128–139 (2019).

83. Hromas, R. et al. The endonuclease EEPD1 mediates synthetic
lethality in RAD52-depleted BRCA1 mutant breast cancer cells.
Breast Cancer Res. 19, 122 (2017).

84. Shen, Z., Cloud, K. G., Chen, D. J. & Park, M. S. Specific interactions
between the human RAD51 and RAD52 proteins. J. Biol. Chem. 271,
148–152 (1996).

85. Blencowe, P. et al. Heterocyclic substituted ureas, for use against
cancer https://patents.google.com/patent/
WO2003070727A1 (2020).

86. Blencowe, P. et al. Heterocyclic substituted ureas, for use against
cancerThiazoleureasas anticancer agent,WO2020030925A1 (2020).

87. Ward, I. M., Minn, K., van Deursen, J. & Chen, J. p53 Binding protein
53BP1 is required for DNA damage responses and tumor suppres-
sion in mice. Mol. Cell Biol. 23, 2556–2563 (2003).

88. Rueden, C. T. et al. ImageJ2: ImageJ for the next generation of
scientific image data. BMC Bioinforma. 18, 529 (2017).

89. Jackson, D. A. & Pombo, A. Replicon clusters are stable units of
chromosome structure: evidence that nuclear organization con-
tributes to the efficient activation and propagation of S phase in
human cells. J. Cell Biol. 140, 1285–1295 (1998).

90. Nacson, J. et al. BRCA1 Mutation-Specific Responses to 53BP1 Loss-
Induced Homologous Recombination and PARP Inhibitor Resis-
tance. Cell Rep. 25, 1384 (2018).

91. Koren, S. et al. Canu: scalable and accurate long-read assembly via
adaptive k-mer weighting and repeat separation. Genome Res. 27,
722–736 (2017).

92. Li, H. Minimap2: pairwise alignment for nucleotide sequences.
Bioinformatics 34, 3094–3100 (2018).

93. Clement, K. et al. CRISPResso2 provides accurate and rapid gen-
omeediting sequence analysis.Nat. Biotechnol.37, 224–226 (2019).

Article https://doi.org/10.1038/s41467-023-43677-2

Nature Communications |         (2023) 14:7834 15

https://patents.google.com/patent/WO2003070727A1
https://patents.google.com/patent/WO2003070727A1


Acknowledgements
ART558 was a kind gift of Graeme Smith Artios Pharma Ltd. Cambridge,
U.K. SV40 1: pBSSVD2005was agift fromDavidRon (Addgeneplasmid #
21826; http://n2t.net/addgene:21826; RRID:Addgene_21826). Anti mur-
ine BARD1 antibody was a gift from Richard Baer (Columbia). We thank
Claudia Lukas (UniversityofCopenhagen) for theRAD52antibody. 53BP1
animals were a gift from Andre Nussenzweig, NIH (National Institutes of
Health), Bethesda. G.R., J.B. and K.S. are funded by Cancer research, UK
(C8820/A28283), M.E. and K.S. by Breast Cancer Now, UK
(2015MayPR499), E.A. by the Midlands Integrative Biosciences Training
Partnership, funded by the Biotechnology and Biological Sciences
Research Council, UK. A.J.G. by the Wellcome Trust (206343/Z/17/Z),
A.B. and C.W. by Cancer Research UK (C31641/A23923). We thank the
microscopy and Imaging services (MISBU) at the University of Birming-
ham Technology Hub for their assistance and maintenance of equip-
ment. We sincerely apologise to colleagues whose excellent and
relevant work was not referenced due to space restrictions.

Author contributions
K.S. (colony assays, immunofluorescence, RAD51 foci analysis, meta-
phase spreads, DNA fibre assays, PRR assay, manuscript assembly and
data management), G.R. (Mass Spec preparations, immuno-
fluorescence, HR measurements, construct design RAD52, hBRCA1,
colony assays and western blots), E.A. (PRR assay, colony assays,
immunofluorescence and western blots), A.L.P. (S1-modified and
SMART assays), L.C. (murine BARD1 constructs), A.J.G. (mouse colony),
M.E. (antibody development, MEF generation), A.B. & C.W. (sequencing
and bioinformatic analysis), J.B. (Genotyping), J.R.M. (supervision, pro-
ject direction andmanuscript writing). All authors read and reviewed the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-43677-2.

Correspondence and requests for materials should be addressed to
Joanna R. Morris.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-43677-2

Nature Communications |         (2023) 14:7834 16

http://n2t.net/addgene:21826
https://doi.org/10.1038/s41467-023-43677-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Mechanisms of synthetic lethality between BRCA1/2 and 53BP1 deficiencies and DNA polymerase theta targeting
	Results
	Brca1C61G/C61G 53bp1−/− cells express a hypomorphic form of�BRCA1
	Brca1C61G/C61G 53bp1−/− cells rely on RNF168 and RAD52 to support�HR
	Synthetic lethality with Polθ loss requires�RAD52
	RAD52 functions with RPA and MRE11 to promote the toxicity of Polθ�loss
	Polθ supports DNA synthesis late in the cell�cycle
	RAD52 is required for synthetic lethality between 53BP1 loss and Polθ inhibition
	RAD52 is not required for the toxicity of Polθ inhibition in Brca1C61G/C61G 53bp1−/−�cells
	BRCA1-BARD1:RAD51 and BRCA2:RAD51 interactions influence Polθ synthetic lethality

	Discussion
	Methods
	Animal statement
	Cell line maintenance and Generation of Mouse Embryonic Fibroblasts
	Mass spectrometric analysis
	Western blotting
	Immunofluorescence staining
	Proximity linked ligation�assay
	Colony survival�assays
	Generation of stable cell�lines
	Plasmid and siRNA transfection
	Retrovirus production and infection
	Fibre labelling and spreading
	S1 nuclease-modified fibre�assay
	Single-molecule analysis of resection tracks (SMART)�assay
	Post-replication repair (PRR)�assay
	DNA fibre analysis
	Metaphase spreads
	CRISPR/Cas9 HR�assay
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




