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53BP1 deficiency leads to hyperrecombination
using break-induced replication (BIR)
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Break-induced replication (BIR) is mutagenic, and thus its use requires tight
regulation, yet the underlying mechanisms remain elusive. Here we uncover an
important role of 53BP1in suppressing BIR after end resection at double strand
breaks (DSBs), distinct from its end protection activity, providing insight into
the mechanisms governing BIR regulation and DSB repair pathway selection.
We demonstrate that loss of 53BP1 induces BIR-like hyperrecombination, in a
manner dependent on Pola-primase-mediated end fill-in DNA synthesis on
single-stranded DNA (ssDNA) overhangs at DSBs, leading to PCNA ubiquiti-
nation and PIF1 recruitment to activate BIR. On broken replication forks, where
BIR is required for repairing single-ended DSBs (seDSBs), SMARCADI displaces
53BP1 to facilitate the localization of ubiquitinated PCNA and PIF1 to DSBs for
BIR activation. Hyper BIR associated with 53BP1 deficiency manifests template
switching and large deletions, underscoring another aspect of 53BP1 in sup-
pressing genome instability. The synthetic lethal interaction between the
53BP1 and BIR pathways provides opportunities for targeted cancer treatment.

DNA double strand breaks (DSBs) present a major threat to genome
stability, and improper repair of DSBs can result in chromosomal
rearrangements and susceptibility to cancer*. Multiple DSB repair
pathways can be used to repair DSBs, which are classified into two
main groups: end joining and homology-directed recombination
(HDR). While KU-dependent canonical nonhomologous end joining
(NHEJ) serves as the major end joining pathway, microhomology-
mediated end joining (MMEJ) emerges as an alternative pathway,
potentially more relevant to cancer etiology, as evidenced by the fre-
quent occurrence of microhomology sequences at cancer
breakpoints®>. Homologous recombination (HR), often referred to as
short tract gene conversion (STGC), is mainly carried out through
synthesis-dependent strand annealing (SDSA) in mitotic cells®®. HR is
considered as the most precise DSB repair mechanism due to its uti-
lization of homologous templates. The other two HDR repair path-
ways, break-induced replication (BIR) and single-strand annealing
(SSA), are error-prone and mutagenic’ %

BIR is utilized when one DSB end successfully invades the
homologous template site but has difficulty in catching the other end
after new DNA synthesis, which typically occurs when DSBs are single-
ended or the second end is situated too far away’™*". BIR plays an
important role in repairing broken replication forks and eroding tel-
omeres, where single-ended DSBs (seDSBs) are often generated™™. In
mammalian cells, BIR is also shown to be involved in mitotic DNA
synthesis [MiDAS®"*]. In BIR, after strand invasion, a migrating
replication bubble is established and BIR DNA synthesis is driven by
branch migration, resulting in the conservative inheritance of newly
synthesized DNA’. While studies in yeast revealed that BIR can proceed
for a long distance (-100 kb) to the end of the chromosomes*%, BIR
tract length in mammalian cells appears to be short ( < 4 kb) at double-
ended DSB (deDSBs) generated by endonucleases”. Different from the
general HR (STGC), BIR requires Pol32/POLD3 and helicase PIF1"%,
Compared to S-phase DNA replication, BIR exhibits a 100- to 1000-fold
increase in mutation rate”*°, BIR also promotes template switching”,
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which could cause gross chromosomal rearrangements that are fre-
quently observed in the cancer genome®*?. Therefore, while serving as
an important DSB repair mechanism, particularly to deal with chal-
lenging situations such as replication stress and telomere damage, BIR
activity should be restricted unless its use is necessary. However, the
mechanism to regulate the use of BIR remains elusive.

53BP1 is a chromatin-binding protein that protects DNA ends
from excessive end resection through the recruitment of its down-
stream effectors RIF1 and the shieldin complex (SHLD1/SHLD2/
SHLD3/REV7)*°~*?, thereby promoting NHEJ and limiting HR*. The
role of 53BP1 in NHEJ is supported by its importance for NHEJ-
mediated immunoglobulin class switch*** and the fusion of dys-
functional telomeres®. 53BP1 and BRCAl compete for DSB end
binding to regulate the usage of NHEJ and HR*"*°, Importantly, the
loss of 53BP1 or its downstream effectors induces PARP inhibitor
(PARPi) resistance in BRCAl-deficent tumors, at least in part by
restoring HR activity®***2, It has also been shown that 53BP1 defi-
ciency shifts HR repair towards SSA for DSB repair, leading to the
proposal that SSA could be used as one mechanism to rescue the HR
defect in BRCAl-deficient cells®.

In our previous study, we showed that HR (STGC) is preferentially
used at deDSBs, while BIR is activated and predominantly utilized at
seDSBs on broken forks”. However, the regulatory mechanism that
suppresses BIR at deDSBs remains unclear. In this study, we detect a
hyperrecombination activity at deDSBs when 53BP1 is deficient, using
the BIR mechanism in a manner dependent on the BIR key players
POLD3 and PIF1. We propose that loss of 53BP1 not only impairs NHEJ
at deDSBs, but also leads to BIR-like hyperrecombination that is critical
for rescuing the HR defect in BRCAl-deficient cells. Induction of BIR-
like hyperrecombination in 53BP1-deficient cells is not primarily gov-
erned by hyper end resection but instead promoted by the over-
loading of ubiquitinated PCNA (PCNA-Ub) and PIF1 at deDSBs, which
depends on Pola-primase-mediated end fill-in DNA synthesis on ssDNA
overhangs. These studies have unveiled mechanisms underlying the
control of BIR at deDSBs and have suggested a role for 53BP1 in con-
trolling DSB repair pathway selection after end resection. We also show
that upon fork breakage, the chromatin remodeling protein SMAR-
CAD1 antagonizes 53BP1 binding to DSBs on the broken forks to
facilitate BIR. Furthermore, cells deficient in 53BP1 exhibit reliance on
BIR for survival, irrespective of BRCALI status, establishing a ther-
apeutic strategy by targeting the BIR key player PIF1 to treat not only
PARPi-resistant BRCAl-deficient tumors resulting from a compromised
53BP1 pathway, but also tumors with TIRR overexpression leading to
53BP1 inactivation.

Results

Loss of 53BP1 results in a substantial increase of BIR

It has been proposed that 53BP1 protects DSB ends, thereby facilitating
NHEJ while inhibiting HR******, As expected, HR/STGC is substantially
increased in U20S (EGFP-HR/STGC) reporter cell line when 53BP1 or
RIF1 is depleted or when 53BP1 is knocked out (Fig. 1a and Supple-
mentary Fig. 1a). To test whether 53BP1 deficiency also modulates BIR,
we depleted 53BP1 in our established U20S (EGFP-BIR/LTGC) reporter
cell line [Fig. 1b*] and found that the percentage of EGFP-positive cells
is significantly increased after I-Scel cleavage (Fig. 1c left and Supple-
mentary Fig. 1b left). Similar results were obtained in 53BP1-KO U20S
(EGFP-BIR/LTGC) cells (Fig. 1c middle and Supplementary Fig. 1b
middle). Increased percentage of EGFP-positive cells observed in
S53BP1-KO or 53BP1-depleted cells shows dependence on POLD3, PIF1,
BRCA1 and RADS], resembling the pattern seen in wildtype (WT) U20S
(EGFP-BIR/LTGC) cells (Fig. 1d, Supplementary Fig. 1c and Supple-
mentary Fig. 16), confirming that BIR is substantially increased in
53BPI-deficient cells. However, BIR/LTGC scored by our reporter does
not require RAD52 in both WT and 53BPI-KO cells (Fig. 1e and Sup-
plementary Fig. 14b). Depleting the 53BP1 downstream effectors RIF1

and SHLD1 also causes an increase in BIR (Fig. 1c right, S1b right
and S1d).

We showed previously that at endonuclease-generated DSBs, BIR
can be completed by SDSA (BIR-SDSA) or end joining (BIR-EJ)
[Fig. 1b"]. To initiate BIR after I-Scel cleavage in the EG-Luc cassette,
the Luc sequence invades the homologous Luc sequence in the Luc-FP
cassette on its sister chromatid, and if DNA synthesis on the invading
strand can proceed for 3.8 kb to reach the right-side homology outside
of the reporter, BIR is completed by SDSA (Fig. 1b, BIR-SDSA). How-
ever, if the replicating strand is prematurely disassociated from its
template, the newly synthesized DNA end may be ligated to the other
end of the original DSB and BIR is completed by end joining (Fig. 1b,
BIR-E)). In this case, if the invading strand has completed 0.9 kb DNA
synthesis to reach the end of the intron-FP fragment, EGFP-positive
cells can also be produced. Therefore, in our EGFP-BIR/LTGC reporter
system, the BIR tract length for BIR-SDSA is 3.8 kb, whereas for BIR-EJ,
it ranges from 0.9 kb to 3.8 kb.

To examine the mechanistic details of BIR in 53BP1-deficient cells,
we analyzed the BIR products recovered from single EGFP-positive
clones of WT and 53BPI-KO U20S (EGFP-BIR/LTGC) reporter cell lines
after I-Scel cleavage. In agreement with the previous findings'®, the
majority of BIR events at deDSBs are completed by BIR-EJ (80.0%) in
WT cells, with most events containing microhomology (MH) at the end
joining junctions (73.0%), suggesting that MMEJ is the major
mechanism for end joining to complete BIR-E] as assayed by our
reporter (Fig. 2a and Supplementary Fig. 2a). In 53BP1-KO cells, the
ratio of BIR-EJ versus BIR-SDSA and the percentage of BIR-EJ associated
with MMEJ remain at similar levels as that in WT (Fig. 2a and Supple-
mentary Fig. 2a), suggesting that the loss of 53BP1 does not affect the
use of SDSA or EJ to complete BIR. The BIR replication tract length also
remains at similar levels in 53BP1-KO cells compared to WT cells (Fig. 2a
and b left; Fig. 1b, Repair products and Supplementary Fig. 2a). How-
ever, the size of deletions at the right side of the I-Scel site in the
recipient cassette of the EGFP-HR/BIR/LTGC reporter is significantly
increased (Fig. 2a, b right, Fig. 1b top), consistent with more extensive
end resection occurring in 53BP1-deficient cells, resulting in larger
deletions associated with MMEJ to complete BIR. In yeast, BIR is
associated with template switching”, and microhomology-mediated
jumping was also observed in the absence of Pifl helicase®. With our
reporter system, we observed local jumping/template switching in the
BIR-EJ events in WT U20S cells (14.6%), with a notable, albeit not sig-
nificant, increase in 53BPI-KO cells (22.9%) (Fig. 2c top: table and
Supplementary Fig. 2b), and most jumping/template switching events
contain MH sequences at the jumping sites in both WT and 53BPI-KO
cells (WT: 72.7%; 53BPI-KO: 85.7%) (Fig. 2c), suggesting that MH
sequences are often used to mediate template switching. Several
examples of BIR jumping/template switching events in the context of
the EGFP-BIR/LTGC reporter are shown in Fig. 2c, bottom panel.

Collectively, our study reveals an important role of 53BP1 in
constraining the use of BIR at deDSBs. Increased use of BIR in 53BP1-
deficient cells would not only escalate the overall mutagenic outcome
naturally associated with BIR, such as template switching, but also
increase the risk of generating large deletions when BIR-E) mechanism
is used.

Hyper HR/STGC observed in 53BP1-deficient cells exhibits
dependence on PIF1 and POLD3

One unique feature of BIR/LTGC is its dependence on POLD3 and PIF1,
whereas both factors are dispensable for HR/STGC at deDSBs". Con-
sistently, when we depleted POLD3 and PIF1 in U20S (EGFP-HR/STGC)
reporter cells, HR/STGC remains unchanged after I-Scel cleavage
(Fig. 3a left and S3a left). Interestingly, however, in 53BP1-KO U20S
(EGFP-HR/STGC) cells, elevated HR at deDSBs is substantially reduced
upon depletion of POLD3 and PIF1 (Fig. 3a right and S3a right), sug-
gesting that hyperrecombination at deDSBs resulting from 53BP1
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deficiency has changed the repair pathway, becoming dependent on
PIF1 and POLD3 and using the BIR-like mechanism.

BIR is engaged to repair seDSBs occurring on broken forks"*.
We previously showed that at nick-induced seDSBs, BIR/LTGC is
used more frequently and both BIR/LTGC and HR/STGC rely on PIF1
and POLD3, which differs from the repair at deDSBs generated by

endonucleases, where PIF1- and POLD3-independent HR/STGC is
predominantly utilized over BIR/LTGC at deDSBs'. We postulated
that BIR replisomes containing PIF1 and POLD3 are readily assem-
bled upon fork breakage as BIR is essential for seDSB repair (Sup-
plementary Fig. 4a left), whereas since BIR is not necessarily
required in most cases for deDSB repair, BIR replisomes are
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Fig. 1| Inactivation of the 53BP1 pathway leads to hyperrecombination for both
HR/STGC and BIR/LTGC. a Schematic drawing of the EGFP-HR/STGC reporter and
the repair product after endonuclease I-Scel cleavage (left). The HR frequency was
determined in U20S (EGFP-HR/STGC) cells expressing shRNAs for 53BP1 and RIF1
(middle), or with 53BP1-KO (three KO clones), following infection with lentiviruses
encoding I-Scel endonuclease (right). The recombination frequency was deter-
mined by FACS analysis, 5 days post-infection. Western blot analysis was conducted
to confirm 53BP1 and RIF1 knockdown and 53BPI KO (Supplementary Fig. 1a). (n=35
replicates). b Schematic drawing of the EGFP-BIR/LTGC reporter and the repair
products using synthesis-dependent strand annealing (SDSA) or end joining (EJ) to
complete BIR, termed as BIR-SDSA and BIR-EJ, respectively. The tract length for BIR-
SDSA is 3.8 kb, and for BIR-EJ, it ranges from 0.9 kb to 3.8 kb. ¢ U20S (EGFP-BIR/

LTGC) cells, infected with lentiviruses encoding shRNAs for 53BP1 (left) and RIF1
(right) with a vector control, or harboring 53BP1-KO (middle), were assayed for BIR
frequency by determining the percentage of EGFP positive cells with FACS analysis
5 days post-infection of I-Scel lentiviruses. The expression of 53BP1 and RIF1 is
shown by Western blotting and qPCR, respectively (Supplementary Fig. 1b). (n=5
replicates). d, e U20S (EGFP-BIR/LTGC) WT or 53BPI1-KO cells stably expressing
shRNAs targeting BRCAL, PIF1, POLD3 or RAD51 (d), or RADS2 (e, left), as well as
U20S (EGFP-BIR/LTGC) WT or RADS52-KO cells expressing 53BP1 shRNAs (e, right),
were infected with lentiviruses encoding I-Scel, and the percentage of EGFP-
positive cells was determined by FACS, 5 days post-infection. The expression of
indicated proteins was examined by qPCR (Supplementary Figs. 1c and S14b).

(d n=S5replicates, e n = 4 replicates). Source data are provided as a Source data file.

assembled only when BIR is in need (Supplementary Fig. 4a
right top)”. In our current study, we showed that deficiency in
53BP1 leads to uncontrolled assembly of BIR-like replisomes at
deDSBs, driving hyperrecombination using the BIR-like mechanism
for both BIR/LTGC and HR/STGC (Supplementary Fig. 4a right
bottom), analogous to the mechanism utilized at seDSBs on forks
(Supplementary Fig. 4a left). We propose that 53BP1 plays a reg-
ulatory role in restricting BIR at deDSBs, balancing the use of HR
and BIR.

Hyperrecombination due to 53BP1 loss rescues the defect of HR
and BIR in BRCAI-deficient cells

BRCAL is not only required for HR/STGC but also for BIR/LTGC
(Fig. 1d)". It is well established that 53BP1 loss alleviates the reliance on
BRCAL for end resection and HR/STGC***2, We asked whether loss of
53BP1 would also rescue the BIR defect in BRCAl-deficient cells. Using
CRISPR, we generated homozygous deletions of the two BRCT
domains (BRCAI-ABRCT) at the C-terminus of BRCAL1 after the coiled
coil domain that binds to PALB2 [Supplementary Fig. 3b* ] in U20S
(EGFP-BIR/LTGC) and U20S (EGFP-HR/STGC) cell lines. Both BIR and
HR are defective in BRCAI-ABRCT cells, which can be restored after
inactivating 53BP1 (Fig. 3b). Like that in 53BP1-deficient cells (Fig. 3a
right, 3c left four lanes and S3c), restored HR/STGC at deDSBs upon
53BP1 depletion in BRCAI-ABRCT cells after I-Scel cleavage is also
reliant on PIF1 and POLD3 (Fig. 3c right four lanes and S3c). This is
consistent with our model that loss of 53BP1 leads to rewiring of the
recombination machinery using the BIR-like mechanism, involving a
role associated with PIF1 and POLD3, to promote hyper HR and BIR at
deDSBs (Supplementary Fig. 4a right bottom), and this gained hyper-
recombination activity rescues the HR/BIR defect in BRCAI-
deficient cells.

To monitor BIR on broken replication forks, we used Cas9
nickase, Cas9"'°, to generate nicks on the EGFP-BIR/LTGC reporter,
where seDSBS are produced when replication encounters the nicks
(Supplementary Fig. 4b). Like at deDSBs generated by Cas9"7, BIR is
also substantially increased in 53BPI-KO cells at seDSBs induced by
Cas9P (Fig. 3d). We also examined BIR on the replication forks
induced at the structure-prone Flexl sequence derived from com-
mon fragile sites (CFSs) upon replication stress using the EGFP-BIR/
LTGC-Flexl reporter’. We showed that BIR induced at Flexl by
FANCM depletion or HU treatment, which causes fork stalling and
fork breakage at Flexl due to DNA secondary structures®, is sub-
stantially increased when 53BP1 is depleted (Fig. 3e and S3d). These
data suggest that 53BP1 also limits the BIR activity at seDSBs on
broken forks. We further showed that BIR is defective at seDSBs
generated by Cas9”'* in BRCA1-ABRCT cells, and 53BP1 inactivation
rescues the BIR defect in BRCAI-ABRCT cells not only at deDSBs
after Cas9"" cleavage, but also at seDSBs on broken forks after
Cas9™% cleavage (Fig. 3f). We conclude that BIR defect at both
seDSBs and deDSBs in BRCAl-deficient cells can be rescued by the
loss of 53BP1.

Loss of 53BP1 leads to accumulation of PIF1 at DSB ends after IR
in a manner dependent on PCNA and Pola-primase

To investigate how BIR-like activity is stimulated in 53BPI-deficient
cells resulting in hyperrecombination, we monitored PIF1 recruitment
to DSB ends upon laser microirradiation. The recruitment of EGFP-PIF1
to microirradiation-generated DSBs is substantially increased and
retained longer in 53BPI-KO cells (Fig. 4a and S5a). We also performed
an in situ proximity ligation assay (PLA) of stably expressed Flag-PIF1
and yH2AX after IR (4 Gy). The expression of Flag-PIF1, assayed by
gPCR, is estimated to be ~1.8 fold as that of endogenous PIF1 (S5b).
While only a limited amount of PIF1 is present at DSB ends marked by
YH2AX in WT cells after IR, a significant recruitment of PIF1 occurs at
IR-induced DSBs in 53BP1-KO cells (Fig. 4b and Supplementary Fig. 5c).
Similarly, depletion of 53BP1 or RIF1 results in PIF1 accumulation at IR-
induced DSBs (Fig. 4c and S5d). In addition, PCNA recruitment to IR-
induced DSB ends is also significantly increased in 53BPI-KO cells
(Fig. 4d and Supplementary Fig. 5e) or when 53BP1 is depleted (Sup-
plementary Fig. 5f). Imnmunostaining experiments also showed more
colocalization of Flag-PIF1 and PCNA with yH2AX after IR (4 Gy) in
53BP1-KO cells compared to WT cells (Supplementary Fig. 6a, b). Fur-
thermore, similar to PIF1 recruitment to stalled replication forks, which
relies on PCNA”, we demonstrated that PIF1 recruitment to IR-induced
DSB ends in 53BPl-deficient cells is also dependent on PCNA as
revealed by PLA (Fig. 4e and Supplementary Fig. 5g). 53BP1 plays an
important role in promoting KU-dependent NHEJ***°. To exclude the
possibility that PIF1 and PCNA accumulation at yH2AX sites in 53BP1-
deficient cells is caused by an increased DSB formation due to a defect
in NHEJ, we performed PLA of PIF1 with yH2AX after depleting KU70
and XRCC4. PLA signals of PIF1 with yH2AX are only increased after
depletion of 53BP1, but not KU70 and XRCC4 (Supplementary Fig. 7a),
suggesting a specific role of 53BP1 in restricting PIF1 accumulation to
DSBs after IR. We propose that restricted recruitment of PIF1 to
deDSBs in 53BP1-proficient WT cells may prevent the overuse of BIR,
while the substantial increase of PIF1 recruitment to IR-induced
deDSBs in 53BPl-deficient cells in a manner dependent on PCNA
facilitates the establishment of BIR-like hyperrecombination.

Since the loss of 53BP1 yields hyper-resection®, we asked whether
elongated ssDNA overhangs play a role in PCNA and PIF1 recruitment
to IR-induced DSBs. Inactivation of MREI1 and RPA2 significantly
reduces the PLA signals of PCNA and PIF1 with yH2AX after IR in 53BP1-
KO cells (Fig. 4f and S5h), suggesting that generating ssDNA overhangs
by end resection and subsequent RPA binding are needed for PCNA
and PIF1 recruitment to DSBs. However, we observed that the
recruitment of PCNA and PIF1 to IR-induced DSBs in 538P1-KO/BRCAI-
ABRCT cells is also significantly more compared to WT cells (Fig. 4g
and Supplementary Fig. 5i). Given that 53BP1 loss rescues the end
resection defect in BRCAI-deficient cells to the extent comparable to
WT cells® (Supplementary Fig. 5j), this data suggests that while gen-
erating ssDNA overhangs is necessary, their length is not the key
determinant in triggering the overloading of PCNA and PIF1 to IR-
induced DSBs in the absence of 53BP1.
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deficient cells, we asked whether PCNA may be ubiquitinated at DSB
ends when 53BP1 is compromised. We performed PLA of PCNA with
YH2AX using the PCNA Ub antibody that specifically recognizes PCNA
ubiquitination at K164°%. While ubiquitinated PCNA (PCNA-Ub) is
readily localized to yH2AX sites in WT cells after HU treatment, with a

‘
— [T T FP — EG Jownd Tic
‘
|

slight increase in 53BP1-KO cells, we did not detect above-background
PLA signals of PCNA-Ub with yH2AX in WT cells after IR, but the PLA
signals are strongly induced by IR in 53BPI-KO cells (Fig. 5a and Sup-
plementary Fig. 8a). This suggests that in contrast to HU, PCNA ubi-
quitination is triggered at deDSBs by IR only when 53BP1 is deficient.
We speculate that certain types of DNA replication/synthesis occur but
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Fig. 2 | Analysis of BIR events in WT and 53BP1-KO U20S (EGFP-BIR/LTGC) cells.
a A summary of the data from two sets of experiments displaying the features of BIR
repair products from single EGFP-positive clones derived from WT and 53BPI-KO
(EGFP-BIR/LTGC) reporter cell lines after I-Scel cleavage. Genomic DNA extracted
from single EGFP-positive clones was characterized by Sanger sequencing follow-
ing PCR to determine the repair products and the repair junctions. The result of
each set of experiments are shown in Supplementary Fig. 2a. b The BIR tract length
(left) and the size of the right-side deletions in BIR-E] events (right) were analyzed in
EGFP-positive single clones derived from U20S (EGFP-BIR/LTGC) WT and 53BPI-KO
reporter cell lines after I-Scel cleavage. Group means are shown, and error bars
represent + SD. Dashed lines (3.8 kb and 0.9 kb) in the left panel indicate the upper
and lower limits of the BIR tract length, respectively, that can be scored by the

EGFP-BIR/LTGC reporter (see Fig. 1b). (WT n =60 clones, 53BP1-KO n = 58 clones).
¢ A summary of the data from two sets of experiments on the BIR-EJ events with
jumping/template switching, assayed in U20S (EGFP-BIR/LTGC) WT and 53BPI-KO
reporter cell lines after I-Scel cleavage is shown at the top. The result of each set of
experiments are shown in Supplementary Fig. 2b. lllustrations depicting examples
of BIR-EJ events with jumping/template switching are presented at the bottom. In
each example, the solid red lines represent the DNA synthesis tract copying the
donor sequence, with the DNA synthesis length indicated. The red arrows represent
the direction of DNA synthesis. The size of microhomology (MH) and insertion (IN)
at each template jumping site, and at each end joining (EJ) site of the newly syn-
thesized DNA ligated with the right end of the original DSB, is marked. Source data
are provided as a Source data file.

are stalled at DSB ends in 53BP1-deficient cells, thereby inducing PCNA
ubiquitination.

It has been shown that DNA synthesis primed by Pola-primase
occurs at ssDNA overhangs of deDSBs to counteract end resection*’*5,
Although shieldin-dependent loading of the CST (CTCI1, STNI and
TEN1) complex contributes to promoting Pola-primase
recruitment*’*¢, Pola activity for end fillin DNA synthesis on the
ssDNA overhangs is sustained in 53BP1-deficient cells®>. We hypothe-
size that when the 53BP1 pathway is compromised, end fill-in DNA
synthesis on ssDNA overhangs, directed by shieldin-independent Pola-
primase activity, is often stalled, leading to PCNA ubiquitination. We
depleted PRIM1, a subunit of primase by shRNA or inhibited Pola
activity by its specific inhibitor CD437%*, and performed PLA of PCNA
and PIF1 with yH2AX after IR in 53BPI-KO cells. We found that the
elevated recruitment of PCNA and PIF1 to the yH2AX sites in 53BPI-KO
cells after IR, as well as PCNA ubiquitination at yH2AX sites, is strongly
dependent on PRIM1 (Fig. 5b, d left, Supplementary Fig. 8b and Sup-
plementary Fig. 8d left) and on Pola activity (Fig. 5¢, d right, Supple-
mentary Fig. 8c and Supplementary Fig. 8d right). In addition to end
fill-in DNA synthesis on ssDNA overhangs at deDSBs, it remains pos-
sible that PCNA ubiquitination is induced during BIR D-loop migration
DNA synthesis. Since BIR DNA synthesis occurs after RAD51-medaited
strand invasion, we performed PLA of PCNA-Ub with yH2AX upon IR in
53BP1 deficient cells after depleting RADS51. While inhibiting primase
activity by the inhibitor CD437 strongly inhibits PCNA-Ub accumula-
tion at DSBs, RADS1 depletion fails to do so (Supplementary Fig. 7b),
suggesting that the signals triggering PCNA ubiquitination at DSBs are
generated prior to strand invasion and D-loop formation during BIR.
These data support the model that when the 53BP1 pathway is defi-
cient, Pola-primase-directed end fill-in DNA synthesis is stalled on
ssDNA overhangs, which leads to PCNA overloading and ubiquitina-
tion, subsequently facilitating PIF1 recruitment to deDSBs to promote
hyperrecombination using the BIR mechanism (Supplementary
Fig. 13b).

PCNA ubiquitination enhances the interaction between PCNA
and PIF1

It has been shown that yeast Pifl interacts with PCNA®, By performing
PLA of stably expressed Flag-PIF1 with endogenous PCNA, we found
that human PIF1 interacts with PCNA in U20S cells without treatment,
and this interaction is enhanced upon HU treatment (Fig. 5e left and
middle, and Supplementary Fig. 8e left). We also performed co-
immunoprecipitation (co-IP), and showed that PIF1 interacts with
PCNA, and this interaction is increased after HU treatment (Supple-
mentary Fig. 7c). Mutating the PCNA ubiquitination site K164 sig-
nificantly reduces the PLA signals of PIF1 and PCNA after HU (Fig. 5e
right and Supplementary Fig. 8e right), suggesting that HU-induced
PCNA ubiquitination stimulates the interaction of PIF1 and PCNA. In
contrast to HU treatment, we only detected a very minor increase of
PIF1 and PCNA interaction by PLA in WT cells after IR, whereas this
interaction is significantly induced by IR in 53BPI-KO cells (Fig. 5f left
and Supplementary Fig. 8f left). The elevated interaction of PIF1 and

PCNA after IR due to 53BP1 loss is abolished in the PCNA-K164R mutant
(Fig. 5f right and Supplementary Fig. 8f middle). By PLA, we further
showed that the recruitment of PIF1 to IR-induced yH2AX sites in
53BP1-deficient cells is dependent on K164 of PCNA (Fig. 5g and Sup-
plementary Fig. 8g). Thus, not only the increased PCNA and PIF1
interaction but also PIF1 recruitment to deDSBs in 53BP1-deficient cells
after IR is reliant on PCNA ubiquitination at K164.

To further investigate the interaction of PIF1 with PCNA, we pur-
ified GST-PCNA and GST-PCNA-Ub, with Ub fused at the PCNA
C-terminus to mimic K164 ubiquitination®®. While GST-PCNA can
readily pull-down Flag-PIF1 expressed in U20S cells, GST-PCNA-Ub
exhibits a stronger interaction with PIF1 (Fig. 5h), supporting the
conclusion that human PIF1 interacts with PCNA, and PCNA ubiquiti-
nation further enhances their interaction.

BIR is strongly dependent on PCNA" (Fig. 5i left). To examine
whether PCNA ubiquitination at K164 is important for BIR, we
expressed Flag-PCNA-WT and Flag-PCNA-K164R in U20S (EGFP-BIR/
LTGC) reporter cell line with endogenous PCNA depleted by shRNA.
We showed that BIR after I-Scel cleavage is defective in cells expressing
the PCNA-K164R mutant compared to the Flag-PCNA-WT allele with
endogenous PCNA depleted by shRNA (Fig. 5i right). We also demon-
strated that both Cas9""- and Cas9”**-induced BIR is impaired in the
PCNA-K164R mutant cells (Fig. 5j), suggesting that PCNA ubiquitina-
tion at K164 is important for BIR at both deDSBs and seDSBs.

SMARCADI displaces 53BP1 at broken forks to antagonize the
role of 53BP1 in BIR suppression

53BP1 is enriched on stalled replication forks and plays an important
role in protecting nascent DNA on stalled forks®~"°. We showed that in
addition to elevated BIR at deDSBs, 53BP1 loss also results in increased
BIR at broken forks induced by Cas9™°* nicking and Flex1 (Fig. 3d and e),
suggesting that 53BP1 also has a role in suppressing BIR at seDSBs on
broken forks. However, since BIR is preferentially established on broken
forks to repair seDSBs in 53BP1-proficient WT cells”, the mechanism of
53BP1 in BIR suppression on broken forks must be different from that
on deDSBs, where BIR is restricted in WT cells.

As described above, upon HU treatment, PCNA ubiquitination is
readily induced in 53BPl-proficient WT cells, in sharp contrast to
minimal PCNA ubiquitination detected at deDSBs after IR unless the
53BP1 pathway is compromised (Fig. 5a). Upon replication stress, forks
often stall prior to breakage, which could result in PCNA ubiquitina-
tion. We anticipate that at deDSBs, a mechanism is required to induce
PCNA ubiquitination (such as inactivating the 53BP1 pathway), serving
as a prerequisite step for BIR activation, while this step, however, is
already accomplished on stalled forks prior to breakage (see
Discussion).

It has been shown that 53BP1 plays a role in antagonizing PCNA
loading at replication restart sites, and SMARCADI acts to displace
53BP1 to allow sufficient PCNA loading”™. Interestingly, while we
observed similar levels of RADS51 recruitment to DSBs after releasing
cells from HU (I1mM, 24 h), the condition inducing fork breakage
(Supplementary Fig. 9g), and IR treatment (Fig. 6a left and middle, and
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Supplementary Fig. 9a left), 53BP1 localization to YH2AX sites is sig-
nificantly lower at seDSBs after HU compared to that at deDSBs after IR
(Fig. 6a left and right, and Supplementary Fig. 9a right). This obser-
vation implies that 53BP1 may be actively displaced from DSBs at
broken forks preparing for replication restart. In addition, depleting
SMARCADI substantially increases 53BP1 binding to yH2AX sites after

releasing from HU, accompanied with a reduction of PCNA and PIF1
loading to YH2AX sites (Fig. 6b and Supplementary Fig. 9b). This
suggests that SMARCADI plays an active role in removing 53BP1 from
DSBs on broken forks, enabling sufficient loading of PCNA and PIF1 for
replication restart. Moreover, consistent with a role of 53BP1 in con-
straining PCNA loading, we observed an increased PLA signals of PCNA
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Fig. 3 | Hyperrecombination induced by 53BP1 deficiency uses the BIR
mechanism. a U20S (EGFP-HR/STGC) WT or 53BPI-KO cells stably expressing
shRNAs targeting PIF1 or POLD3 were infected with lentiviruses encoding I-Scel,
and the percentage of EGFP-positive cells was analyzed by FACS, 5 days post-
infection. The expression of PIF1 and POLD3 was examined by qPCR (Supplemen-
tary Fig. 3a). (n=5 replicates). b BIR frequency in U20S (EGFP-BIR/LTGC) WT,
BRCA1-ABRCT and 53BPI-KO/BRCAI-ABRCT cells (left), and HR frequency in U20S
(EGFP-HR/STGC) WT cells expressing vector, or in BRCAI-ABRCT cells expressing
53BP1 shRNA or vector (right), were determined by FACS analysis of EGFP positive
cells, 5 days after I-Scel lentiviral infection. (n =5 replicates). c. U20 (EGFP-HR/
STGC) WT and BRCAI-ABRCT cells were infected with lentiviruses expressing
53BP1 shRNA or vector, followed by a second round of lentiviral infection with
shRNAs targeting PIF1 and POLD3 using vector as a control. HR frequency was
determined by FACS analysis of EGFP-positive cells, 5 days after I-Scel lentiviral

infection. The expression of indicated proteins was examined by qPCR (Supple-
mentary Fig. 3c). (n =5 replicates). d BIR frequency was determined in U20S (EGFP-
BIR/LTGC) WT and 53BP1-KO cells by FACS analysis 5 days after lentiviral infection
of gRNA/Cas9"" (left) or gRNA/Cas9”'** (right). (n = 5 replicates). e U20S (EGFP-BIR/
LTGC-Flex1) cells expressing 53BP1 shRNA with vector as a control were infected
with lentiviruses encoding FANCM shRNA or vector (left), or synchronized to
S-phase using double thymidine block followed by HU treatment (2 mM, 24 h,
right). BIR frequency was determined by FACS analysis of EGFP positive cells 6 days
after. The expression of FANCM was examined by qPCR (Supplementary Fig. 3d).
(n=Sreplicates). fBIR frequency was determined by FACS analysis of EGFP positive
cells in U20S (EGFP-BIR/LTGC) WT, 53BP1-KO, BRCA1-ABRCT and 53BP1-KO/BRCAI-
ABRCT cell lines, 5 days after lentiviral infection of gRNA/Cas9"" (left) or gRNA/
Cas9™'%* (right). (n =5 replicates). Source data are provided as a Source data file.

and PIF1 with yH2AX in 53BPI-KO cells after releasing from HU (Fig. 6¢
and Supplementary Fig. 9¢). Collectively, we propose that at seDSBs on
broken forks, 53BP1 does not directly influence PCNA ubiquitination
but rather exerts an activity to inhibit PCNA loading onto DSB ends.
Conversely, SMACADI plays a role in displacing 53BP1 from DSBs on
broken forks, thereby introducing a regulatory mechanism for BIR
activation to facilitate fork restart via modulating PCNA and PIF1
loading.

At deDSBs, SMARCADI has been shown to act downstream of
BRCAL, competing with 53BP1 to promote end resection and HR”> "%,
To distinguish the SMARCADI1 activity in displacing 53BP1 to facil-
itate replication restart and its role in HR at deDSBs, we used a
separation-of-function mutant NA-SMARCADI1 that is defective in
PCNA binding and 53BP1 displacement but proficient in HR to repair
deDSBs generated by endonucleases”. After depleting endogenous
SMARCADI1 by shRNAs, the PLA signals of 53BP1 with yH2AX after
HU treatment in NA-SMARCAD1 mutant cells is significantly
increased compared to SMARCADI1-WT cells (Fig. 6d and Supple-
mentary Fig. 9d), confirming a defect of this mutant in 53BP1 dis-
placement at DSBs on broken forks. Significantly, PCNA and PIF1
loading at DSBs on broken forks after HU treatment is much
reduced in NA-SMARCADI1 mutant cells than that in SMARCAD1-WT
cells (Fig. 6e and Supplementary Fig. 9e). This suggests that
SMARCADI1-mediated 53BP1 displacement is important for PCNA
and PIF1 loading to DSB ends on broken forks.

Furthermore, while depleting SMARCADI leads to a reduction of
HR (Fig. 6f left and Supplementary Fig. 9b right), expressing NA-
SMARCADI mutant with endogenous SMARCADI depleted does not
results in HR defect at deDSBs after I-Scel cleavage compared to cells
expressing SMARCADI-WT allele (Fig. 6f right and Supplementary
Fig. 9d right), in agreement with the previous findings™. However,
Flexl-induced BIR on broken forks, either after FANCM depletion or
HU treatment, is deficient in U20S (EGFP-BIR/LTGC-Flexl) cells
expressing the NA-SMARCAD1 mutant but not the SMARCADI-WT
allele (Fig. 6g and Supplementary Fig. 9f). Thus, the activity of
SMARCADI in fork-specific 53BP1 displacement is important for pro-
moting BIR upon fork breakage.

Cells deficient in the 53BP1 pathway rely more on PIF1 for
survival

While 53BP1 loss impairs NHEF>°, our study demonstrated that
hyperrecombination resulting from 53BP1 deficiency is PIF1- and
POLD3-dependent. Therefore, cells deficient in the 53BP1 pathway may
rely more on BIR for DSB repair to survive. We depleted PIF1 and
POLD3 by shRNAs in U20S WT and 53BPI-KO cells and observed a
significant increase in cell death of 53BPI-KO cells (Fig. 7a, Supple-
mentary Fig. 10a and Supplementary Fig. 10b). We also expressed
shRNAs for 53BP1 and RIF1 in U20S WT and PIFI-KO cells (Fig. 7b and
Supplementary Fig. 10c), 53BP1 shRNA in RPE WT and PIFI-KO cells
(Supplementary Fig. 10d) and POLD3 shRNA in RPE WT and 53BPI-KO

cells (Supplementary Fig. 10e). We found that combined inactivation
of 53BP1 or RIF1 with PIF1 or POLD3 significantly reduces cell viability,
suggesting a synthetic interaction of the BIR pathway with the 53BP1
pathway.

Deficiency in the 53BP1 pathway renders BRCAl-deficient cells
resistant to PARPi*. We showed that inhibition of PIF1 sensitizes S3BPI-
KO/BRCAI-ABRCT cells to Olaparib treatment (Fig. 7c and Supple-
mentary Fig. 11a), supporting the notion that the onset of BIR-like
hyperrecombination resulting from the loss of 53BP1 rescues the HR/
BIR defect in BRCAl-deficient cells. We also used BRCAIl-deficient
ovarian cancer cell line UWB17>7® and showed that acquired Olaparib
resistance of UWBL cells upon 53BP1 depletion can be reverted by
inhibiting PIF1 (Supplementary Fig. 11b).

TIRR, which interacts with 53BP1, inhibits the binding of the 53BP1
Tudor domain to H4K20me2 on chromatin””-*°, Overexpression of
TIRR abolishes 53BP1 foci formation and confers PARPi resistance of
BRCAl-deficient cells”’. We showed that similar to 53BP1 deficiency,
TIRR overexpression induces hyperrecombination for both HR and
BIR, exhibiting dependence on PIF1 (Fig. 7d, Supplementary
Fig. 12a, b). In addition, depleting PIF1 leads to more cell death in TIRR-
overexpressing cells compared to normal cells (Fig. 7e and Supple-
mentary Fig. 12c).

Discussion

53BP1 suppresses BIR-like hyperrecombination at deDSBs

DSBs can be repaired by multiple pathways, and end resection has
been thought to be a critical determinant in repair pathway selection®.
It is well established that the role of 53BP1in end protection suppresses
end resection and promotes the selection of NHEJ over HR**2, Here
we identified another role of 53BP1 in suppressing BIR-like hyperre-
combination at deDSBs after end resection to favor the use of HR over
BIR (Supplementary Fig. 13a).

At deDSBs, BIR is restricted and HR is used predominately”. Using
the reporter systems, we showed that loss of the 53BP1 control not only
leads to hyperrecombination at deDSBs, but also triggers a change in
the recombination mechanism, involving the participation of PIF1 and
POLD3 for both HR/STGC and BIR/LTGC at deDSBs (Supplementary
Fig. 4a right bottom), mirroring the mechanism utilized at broken
forks, where the BIR mechanism is established for both HR/STGC and
BIR/LTGC (Supplementary Fig. 4a left)"’. We speculate that promoting
the assembly of BIR-like replisomes is probably the mechanism leading
to hyperrecombination at deDSBs in cells deficient for the 53BP1
pathway. BIR is mutagenic, causing a high mutation rate and template
switching-mediated chromosomal rearrangements® %, Therefore, it is
important to restrict BIR activity at deDSBs unless its utilization is
necessary (Supplementary Fig. 4a right top and Supplementary Fig. 13a
bottom). We propose that 53BP1 is involved in the regulation of BIR at
deDSBs by preventing the establishment of the BIR mechanism,
thereby allowing predominant utilization of HR/STGC at deDSBs
(Supplementary Fig. 4a right).
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Loss of 53BP1 rescues the HR defect in BRCAl-deficient cells®. The
current model is that 53BP1 deficiency enables more extensive end
resection, thereby suppressing NHEJ at deDSBs and consequently
allowing for more efficient HR. Based on our findings, we propose that
restoration of HR activity upon 53BP1 loss in BRCAl-deficient cells is
not merely a simple passive acquisition of HR due to compromised

NHEJ at over-resected deDSB ends, but also involves an active
mechanism to induce BIR-like hyperrecombination. 53BP1 binds to a
large chromosomal region around DSBs, spanning thousands of kbs,
while the association of BRCAL is more localized to DSB ends, typically
within 1-2 kbs®>®, and thus the competition between BRCA1 and 53BP1
for chromatin loading is likely restricted to the DSB proximal sites. In
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Fig. 4 | PIF1 is accumulated at DSBs after IR when the 53BP1 pathway is com-
promised. a Time-lapse live cell imaging of GFP-PIF1 in U20S WT and 53BPI-KO
cells was performed before and after laser-induced microirradiation. Red lines:
laser-induced damage region. Scale bar =2 pm. Also see Supplementary Fig. 5a.

b, ¢ Recruitment of Flag-PIF1 to YH2AX sites was analyzed by PLA in U20S WT and
53BPI-KO cells (b), or in U20S cells expressing shRNAs targeting 53BP1 or RIF1and a
vector control (c) before and after IR (4 Gy) treatment. Left: representative PLA
images. Right: quantification of PLA foci per nucleus. Also see Supplementary
Fig. 5c for b and Supplementary Fig. 5d for c. Scale bar = 2 pm. (n=300 cells).

d Recruitment of PCNA to yH2AX sites was analyzed by PLA in U20S WT and 53BPI-
KO cells treated with or without IR (4 Gy). Left: representative PLA images. Right:
quantification of PLA foci per nucleus. Also see Supplementary Fig. Se. Scale bar =
2 pm. (n =298 cells). e Recruitment of PIF1 to YH2AX sites was analyzed by PLA in

U20S cells expressing PCNA shRNA with vector as a control after treatment with IR
(4 Gy). Quantification of PLA foci per nucleus is displayed. Also see Supplementary
Fig. 5g. (n =304 cells). f Recruitment of PCNA (left) and PIF1 (right) to yH2AX sites
was analyzed by PLA in U20S 53BPI-KO cells expressing shRNAs targeting MRE11 or
RPA2 with vector as a control after treatment with IR (4 Gy). Quantification of PLA
foci per nucleus is displayed. Also see Supplementary Fig. Sh. (n =300 cells).

g Recruitment of PCNA (left) and PIF1 (right) to YH2AX sites was analyzed by PLA in
U20S WT and 53BPI-KO/BRCA1-ABRCT cells with or without treatment of IR (4 Gy).
Three experiments were performed with ~100 nuclei analyzed in each experiment.
Quantification of PLA foci per nucleus is displayed. Also see Supplementary Fig. 5i.
(n=300 cells). b to g: Three experiments were performed with ~100 nuclei ana-
lyzed in each experiment. Quantification of PLA foci per nucleus from a total of
~300 nuclei are displayed. Source data are provided as a Source data file.

normal 53BP1-proficient cells, BRCA1 competes away 53BP1 at DSB
ends to facilitate extensive end resection and HR (Supplementary
Fig. 13a top). We propose that after end resection when HDR is already
committed, 53BP1 chromatin binding internal to the ssDNA overhangs
has another role in suppression of the use of BIR, thereby ensuring
efficient onset of HR (Supplementary Fig. 13a bottom). This aligns with
the ssDNA binding activity of the shieldin complex****%, arguing that
the 53BP1-shieldin axis has roles after end resection. Taken together,
we propose that while 53BP1 antagonizes the extensive end resection
to promote the selection of NHEJ over HR, once end resection is
achieved, 53BP1 suppresses BIR activation to facilitate the use of HR at
deDSBs. Balancing the choice of HR versus BIR at deDSBs is important
for achieving not only sufficient repair but also DSB repair with high
fidelity.

The mechanism underlying the activation of BIR-like hyperre-
combination at deDSBs upon loss of the 53BP1 control
Significant PCNA ubiquitination and subsequent PIF1 recruitment to
deDSBs after IR are observed only in 53BP1-deficient cells, not in
53BP1-proficient cells (Figs. 5a, 4b). Considering the requirement of
PCNA ubiquitination at K164 for PIF1 recruitment and BIR (Fig. 5g, i),
we propose that inducing PCNA ubiquitination and PIF1 recruitment
represents a critical step in establishing the BIR mechanism at
deDSBs. Given that PCNA ubiquitination is typically instigated by
replication stalling®, we speculate that PCNA ubiquitination may be
triggered by the stalling of end fill-in DNA synthesis on ssDNA over-
hangs at deDSBs. Indeed, IR-induced PCNA ubiquitination in 53BP1-
deficient cells is dependent on Pola-primase activity (Fig. 5b-d),
which is required for initiating the end fill-in DNA synthesis at
deDSBs. We propose that 53BP1 deficiency disrupts the balance of
end fill-in DNA synthesis on ssDNA overhangs by interfering with the
coordination of Pola-primase-directed priming and the subsequent
elongation of DNA synthesis (Fig. 7f, left and Supplementary
Fig. 13b). This disruption induces fork stalling on ssDNA overhangs,
subsequently leading to increased PCNA loading, PCNA ubiquitina-
tion and PIF1 loading at the vicinity of DSBs. We anticipate that fol-
lowing strand invasion, PIF1, in association with PCNA-Ub enriched
around DSBs, could be recruited promptly to the 3’ of the invading
strands to support Pold for BIR DNA synthesis and to facilitate D-loop
migration, thereby establishing the BIR mechanism for recombina-
tion repair (Supplementary Fig. 13b).

Localized DNA synthesis directed by Pola-primase on ssDNA
overhangs at DSBs has been detected genome-wide®. 53BP1 down-
stream effector CST has been shown to promote Pola-primase loading
to ssDNA overhangs to counteract end resection*’*%, yet this regula-
tion mainly occurs in GO/G1 cells®>. Moreover, in the absence of 53BP1,
Pola activity on ssDNA overhangs is sustained for local DNA synthesis,
suggesting that Pola-primase can be recruited to ssDNA overhangs
independently of CST®’. We speculate that Pola-primase loading to
ssDNA overhangs in 53BP1 deficient cells could be facilitated by the
direct interactions of Pola-primase with RPA%*%’,

We anticipate that the 53BP1 axis establishes a context, in which
the loading of Polo-primase onto ssDNA overhangs is coordinated with
efficient DNA synthesis from the priming sites, ensuring smooth DNA
synthesis without stalling (Fig. 7f, left top). When the 53BP1 pathway is
impaired, 53BP1/CST-independent loading of Pola-primase cannot be
sufficiently coupled with DNA synthesis, resulting in fork stalling and
PCNA ubiquitination, which in turn leads to PIF1 loading to trigger the
establishment of BIR-like mechanism for repairing deDSBs. In this
respect, CST has been shown to interact with the replication accessary
protein ANDI1, which is required for optimal replication fork
progression®*®’. In the 53BP1 network, CST-mediated loading of Pola-
primase may be coupled with CST replication activity to support effi-
cient DNA synthesis at established priming sites without eliciting DNA
synthesis stalling. Additionally, RIF1 is linked to DNA replication by
controlling replication timing”®®', and it remains possible that RIF1 has
arole in supporting efficient DNA synthesis from Pola-primase priming
sites on ssDNA overhangs.

A working model for BIR activation at deDSBs

Despite most deDSBs are channeled to HR/STGC for repair, BIR is still
utilized at deDSBs in normal cells, albeit in a restrained manner. Based
on the observation that BIR-like hyperrecombination is established in
53BP1-deficient cells, we propose that in normal cells, a regulatory
mechanism under the control of the 53BP1 axis is employed to sup-
press BIR at deDSBs unless its use is necessary (Fig. 7f, left top). The
activation of BIR at deDSBs requires BIR signals, which currently are
still elusive but possibly stem from certain types of DNA ends, cell
cycle status or stressed cell conditions. The BIR signals may induce the
displacement of 53BP1 or its effectors from deDSBs, or modify the
function of these proteins, resulting in PCNA ubiquitination and PIF1
recruitment. Alternatively, the BIR signals may directly target the
pathways that modulate PCNA ubiquitination to induce PCNA-Ub
accumulation and subsequent PIF1 recruitment, leading to BIR acti-
vation at deDSBs.

PIF1 recruitment to deDSBs by PCNA-Ub is likely a key step to
activate BIR or BIR-like mechanisms at deDSBs. We showed that PCNA
interacts with PIF1in undamaged cells and this interaction is enhanced
upon PCNA ubiquitination. PIF1 family helicases are involved in
lagging-strand synthesis and promoting replication through hard-to-
replicate sites such as G-quadruplex DNA’>®, The constitutive inter-
action of PIF1 with PCNA could be important for PIF1 recruitment to
forks during normal replication and/or when replication is transiently
paused at hard-to-replicate sites. PCNA ubiquitination, on the other
hand, is often induced upon fork stalling, which could recruit DNA
translesion polymerases for damage bypass repair®. In our study,
based on the findings from 53BP1-deficient cells, if PCNA ubiquitina-
tion is triggered at deDSBs, PCNA-Ub induces BIR onset through PIF1
recruitment, possibly facilitating the assembly of BIR replisomes at
deDSBs. Studies in yeast showed that Pifl facilitates Pol6 recruitment
to D-loops and possibly is also involved in unwinding the template
DNA ahead of the BIR bubble as well as newly synthesized DNA behind
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the BIR bubbles’?. The increased interactions between PCNA and PIF1
following PCNA ubiquitination could result from enhanced affinity of
PIF1 for PCNA-Ub or from the presence of a bridging protein that binds
to PCNA-UDb, indirectly promoting the interaction between PIF1 and
PCNA-Ub.

We anticipate that the establishment of BIR-like replisomes,
incorporating the activities of PIF1 and POLD3, underlies the BIR acti-
vation at deDSBs. However, despite observing hyper BIR in 53BPI-KO
cells, the BIR tract length remains similar to that in 53BP1-proficient
cells. This differs from the onset of BIR on broken forks, where not only
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Fig. 5 | Pola-primase activity is important for PCNA ubiquitination and PIF1
loading to deDSBs after IR to promote BIR. a PCNA ubiquitination (K164) at
YH2AX sites was analyzed by PLA in U20S WT and 53BPI-KO cells before or after
treatment with HU (1mM, 24 h) or IR (4 Gy, 2 h after for PLA). Left: representative
PLA images. Right: quantification of PLA foci per nucleus. Also see Supplementary
Fig. 8a. Scale bar = 2 pm. (n =300 cells). b Recruitment of PCNA (left) and PIF1
(right) to YH2AX sites was analyzed by PLA in U20S 53BPI-KO cells expressing
shRNA targeting PRIM1 upon IR (4 Gy, 2 h after for PLA). Quantification of PLA foci
per nucleus is displayed. Also see Supplementary Fig. 8b. (n =310 cells). ¢ Recruit-
ment of PCNA (left) and PIF1 (right) to yH2AX sites was analyzed by PLA in U20S
53BPI-KO cells in the presence of Pola inhibitor CD437 (10 pM) upon IR (4 Gy, 2h
after for PLA). Quantification of PLA foci per nucleus is displayed. Also see Sup-
plementary Fig. 8c. (n =300 cells). d PCNA ubiquitination (K164) at yH2AX sites was
analyzed by PLA in U20S 53BPI1-KO cells expressing shRNAs targeting PRIM1 (left)
or in the presence of Pola inhibitor CD437 (10 pM, right) upon IR (4 Gy, 2 h after for
PLA). Quantification of PLA foci per nucleus is displayed. Also see Supplementary
Fig. 8d. (n =306 cells). e PLA was performed to assay for the interactions of stably
expressing Flag-PIF1 with endogenous PCNA in U20S cells (left and middle) or with
expressed HA-PCNA-WT and HA-PCNA-K164R (right) with or without HU treatment
(ImM, 24 h). Left: representative PLA images. Right: quantification of PLA foci per
nucleus. Also see Supplementary Fig. 8e. Scale bar =2 um. (n =300 cells). f PLA was

performed to assay for the interactions of stably expressing Flag-PIF1 with endo-
genous PCNA in U20S WT and 53BPI-KO cells (left) or with expressed HA-PCNA-WT
and HA-PCNA-K164R (right) with or without IR (4 Gy, 2 h after for PLA). Quantifi-
cation of PLA foci per nucleus is displayed. Also see Supplementary Fig. 8f. (n =300
cells). g Recruitment of PIF1 to yH2AX sites was analyzed by PLA in U20S cells
expressing HA-PCNA-WT or K164R with endogenous PCNA depleted by shRNA
upon IR (4 Gy, 2 h after for PLA). Quantification of PLA foci per nucleus is displayed.
Also see Supplementary Fig. 8g. (n =296 cells). a to g: Three experiments were
performed with ~100 nuclei analyzed in each experiment. Quantification of PLA
foci per nucleus from a total of ~300 nuclei are displayed. h A schematic drawing
depicts GST-PCNA and GST-PCNA-Ub (top). Pull-down experiments were per-
formed using GST-PCNA, GST-PCNA-Ub or GST and Flag-PIF1 expressing in

293 T cells. Anti-Flag Western blotting and Coomassie blue staining for GST pro-
teins are shown (bottom). The relative fold of Flag-PIF1 Western signals over GST-
PCNA or GST-PCNA-Ub is indicated as pull-down efficiency. i and j BIR frequency
was determined in U20S (EGFP-BIR/LTGC) cells expressing PCNA shRNA with
vector as a control 5 days after I-Scel expression (i, left), or in cells expressing HA-
PCNA-WT or HA-PCNA-K164R with endogenous PCNA depleted by shRNA, 5 days
after I-Scel expression (i, right) or Cas9"" (j, left) and Cas9™'* (j, right) expression.
(n =S5 replicates). Source data are provided as a Source data file.

BIR is preferentially used, but the repair synthesis tract length is also
much longer”. Therefore, while assembling BIR-like replisomes at
deDSBs, including PIF1 and POLD3, is important for initiating BIR,
processive DNA synthesis during BIR may require additional factors to
be incorporated into the BIR replisomes, which may only occur on
broken forks but not at replication-independent deDSBs. Although BIR
can be established upon receiving BIR signals at replication-
independent deDSBs, the operating mechanisms may still not be
identical to those on broken forks.

BIR activation at seDSB upon fork breakage and the role of
53BP1 and SMARCAD1

Unlike at deDSBs, BIR is readily promoted on broken forks as the pri-
mary mechanism to repair seDSBs, even for STGC events in normal
53BPl-proficient cells”. However, both the onset of BIR on broken
forks and at deDSBs share a common dependence on PCNA ubiquiti-
nation at K164 and subsequent recruitment of PIF1. Two notable dif-
ferences may account for the distinct responses of the immediate BIR
activation upon fork breakage and limited BIR onset at deDSBs despite
both involving PCNA ubiquitination. First, both PCNA and PIF1 bind to
replication forks®*??, providing easy access of PCNA and PIF1 to seDSBs
generated upon fork breakage. Second, PCNA ubiquitination is often
induced under replication stress due to fork stalling prior to fork
breakage, which could “license” BIR for repairing seDSBs on broken
forks. Upon fork breakage, PCNA-Ub, in association with PIF1, which
are already on forks, could quickly relocate to seDSBs, to assemble BIR
replisomes for BIR activation and replication restart. However, PCNA-
Ub at deDSBs is not induced upon IR unless the 53BP1 pathway is
compromised. Hence, BIR activation at replication-independent
deDSBs requires a mechanism to induce PCNA ubiquitination (e.g.
loss of 53BP1 control), while the signals bearing with PCNA ubiquiti-
nation for BIR activation are already present on stalled forks prior to
fork breakage (Fig. 7f right).

Although BIR can be readily activated upon fork breakage, it is still
suppressed by 53BP1. We showed that BIR induced by nicks or Flex1 on
forks is also increased when 53BP1 is deficient (Fig. 3d, e). However, the
mechanisms by which 53BP1 suppresses BIR at seDSBs on broken forks
and at deDSBs after IR do not appear the same but could be inter-
connected. We propose that at deDSBs, the 53BP1 axis acts to prevent
PCNA ubiquitination on ssDNA overhangs unless signals calling for BIR
are received to break this barrier to activate BIR. On broken forks,
53BP1 may not have a direct role in modulating PCNA ubiquitination, as
it is likely already induced due to replication stress-induced fork

stalling, but instead, 53BP1 antagonizes the localization of PCNA/
PCNA-Ub from forks to the DSB ends (Fig. 7f right).

It has been shown that 53BP1 is enriched on stalled forks, where it
is important for protecting nascent DNA in a cell type-dependent
manner®”7%**%_ Upon releasing from replication stress, SMARCAD1
displaces 53BP1 from replication active sites to facilitate replication
restart”’. We demonstrated that SMARCADI is involved in removing
53BP1 from DSB ends on broken forks. At deDSBs, SMARCADI1 func-
tions in the BRCA1 pathway, removing or repositioning 53BP1 on
chromatin to promote end resection and HR”. By using the separation-
of-function NA-SMARCAD1 mutant”, we demonstrated that a fork-
specific and HR-independent SMARCADI activity in displacing 53BP1
from seDSB ends on broken forks is important for PCNA ubiquitination
and PIF enrichment to promote BIR. Consistent with the role of
53BP1 in preventing PCNA loading to seDSBs on broken forks, 53BP1
has been shown to interact with PCNA-unloader ATADS to disassociate
PCNA from forks and antagonize the role of SMARCADI in PCNA
loading”. We propose that the function of 53BP1 in preventing PCNA/
PCNA-UD from relocating to seDSBs ends on broken forks is likely the
underlying mechanism for the BIR suppression activity of 53BP1 on
broken forks.

Discovering the antagonizing roles of 53BP1 and SMARCADI in
modulating BIR activity on broken forks has highlighted the involve-
ment of regulatory mechanisms for BIR activation upon fork breakage.
The presence of PCNA and PIF1 on active forks®®?, along with the
enrichment of PCNA-Ub and PIF1 on stalled forks, qualify the potential
use of BIR on broken forks, but the launch of BIR and the balance of BIR
with other repair mechanisms still require additional regulations. We
anticipate that displacing 53BP1 by SMARCADI from DSB ends on
broken forks is one of the mechanisms in response to fork breakage to
modulate BIR activity (Fig. 7f right). At this stage, however, the signals
that trigger SMARCADI to displace 53BP1 from seDSB ends to facilitate
BIR upon fork breakage, and how this process is coordinated with
other regulatory mechanisms for BIR activation, remain unclear. Fur-
ther investigations are necessary to unravel the intricacies of the reg-
ulatory network for BIR activation upon fork breakage.

53BP1 in suppression of genome instability and implication for
targeted cancer therapy

53BP1 protects DSB ends and suppresses extensive end resection,
which allows quick and efficient repair of DSBs by NHEJ, particularly in
G1 when HR is not available**~2, Such activity is important for pre-
venting genome instability caused by unrepaired DSBs. In this study,
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we uncovered another role of 53BP1 in suppressing genome instability
by preventing hyperrecombination using the BIR mechanism. An ele-
vated BIR in 53BP1-deficient cells would cause increased overall tem-
plate switching, often with microhomology sequences present at the
switching junctions (Fig. 2c). Related to this observation,
microhomology-mediated templated insertion exhibiting the features
of BIR template switching has been shown to accumulate in various

cancers’”’. Furthermore, we found that BIR in 53BP1-deficient cells is
often accompanied by large deletions at BIR-repair junctions. Taken
together, while hyperrecombination resulting from 53BP1 loss would
compensate for the defective NHEJ due to 53BP1 deficiency, hyperre-
combination using the BIR-like mechanism could also lead to genome
instability. Similarly, although the loss of 53BP1 rescues HR in BRCAI-
deficient cells, thereby preventing NHEJ-mediated genome
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Fig. 6 | SMARCADI displaces 53BP1 at YH2AX sites on broken forks to
promote BIR. a Recruitment of RADS1 (left and middle) and 53BP1 (left and right)
to YH2AX sites was analyzed by PLA in U20S cells treated with IR (4 Gy, 2 h after for
PLA) or HU (1mM, 24 h, 30 min after release for PLA). Left: representative PLA
images. Right: quantification of PLA foci per nucleus. Also see Supplementary
Fig. 9a. Scale bar = 2 pm. (n =300 cells). b Recruitment of 53BP1 (left), PCNA
(middle) and PIF1 (right) to yH2AX sites was analyzed by PLA in U20S cells
expressing SMARCAD1 shRNAs with vector as a control after HU treatment (1mM,
24 h). Quantification of PLA foci per nucleus is displayed. Also see Supplementary
Fig. 9b. (n =300 cells). c Recruitment of PCNA (left) and PIF1 (right) to YH2AX sites
was analyzed by PLA in U20S WT and 53BP1-KO cells after HU treatment (1mM,
24 h). Quantification of PLA foci per nucleus is displayed. Also see Supplementary
Fig. 9c. (n =300 cells). d, e Recruitment of 53BP1 (d), PCNA (e, left) and PIF1

(e, right) to YH2AX sites was analyzed by PLA in U20S cells expressing Flag-
SMACRADI1-WT or Flag-NA-SMACRAD1 with endogenous SMACRAD1 depleted by

shRNA after HU treatment (1mM, 24 h). Quantification of PLA foci per nucleus is
displayed. Also see Supplementary Fig. 9d for d and Supplementary Fig. 9e for e.
(n=300 cells). a to e: Three experiments were performed with ~100 nuclei ana-
lyzed in each experiment. Quantification of PLA foci per nucleus from a total of
~300 nuclei are displayed. f HR frequency was determined in U20S (EGFP-HR/
STGC) cells expressing SMACRAD1 shRNA with a vector control (left) or in cells
expressing Flag-SMACRADI-WT or Flag-NA-SMACRADI1 with endogenous SMA-
CRAD1 depleted by shRNAs, 5 days after I-Scel lentiviral infection. Also see Sup-
plementary Fig. 9d. (n =5 replicates). g U20S (EGFP-BIR/LTGC-Flex1) cells
expressing Flag-SMACRADI1-WT or Flag-NA-SMACRAD1 with endogenous SMA-
CRAD1 depleted by shRNA were further infected with lentiviruses encoding FANCM
shRNA (left) or synchronized to S-phase using double thymidine block followed by
HU treatment (1mM, 24 h, right). BIR frequency was assessed by FACS 6 days after.
Also see SOf. (n =5 replicates). Source data are provided as a Source data file.

instability®*, chromosomal rearrangements resulting from using the
BIR mechanism would still be anticipated.

BIR has been proposed as a major mechanism for MiDAS, which is
used to complete the duplication of under-replicated genomic regions
in mitosis, especially when cells are under replication stress'®. MiDAS is
dependent on POLD3, PIF1, RADS2, but is independent of RAD51'%%%%°
(Supplementary Fig. 14a). With our BIR assay using the EGFP-BIR/LTGC
reporter, we demonstrated that in cycling cells, BIR is dependent on
POLD3, PIF1 and RADS], but not RADS52 (Fig. 1d left, and 1e and Sup-
plementary Fig. 14b)". On the other hand, when BIR assay is performed
in mitotic cells, BIR exhibits dependence on RADS52, but not on
RADS51", similar to the dependence for MiDAS. The different require-
ment of RAD51 and RADS2 for BIR in interphase cells and in mitotic
cells is largely due to suppression of the recruitment of BRCA1, RNF8
and RNF168 to DSBs'°'?, resulting in abrogation of RADSI filament
formation and inhibition of RAD51-mediated HR in mitosis'®"”. In
cycling cells, elevated BIR due to 53BP1 deficiency remains to be
RADS51-dependent and RADS52 independent (Fig. 1d right, Fig. 1e and
Supplementary Fig. 14b). Consistently, by performing immunostain-
ing, we observed a moderate increase of RADS1 colocalized with
YH2AX, but a substantial increase of RADS5I colocalized with PCNA and
PIF1 in 53BP1-KO cells compared to WT cells after IR (4 Gy) (Supple-
mentary Fig. 15)

It has been also shown that 53BP1 recruitment to DSB ends is
attenuated in mitotic cells, likely due to CDK1 and PLKI-mediated
phosphorylation''??, suggesting that 53BP1 is not engaged in reg-
ulating DSB repair in mitosis. Along this line, inactivation of 53BP1 does
not lead to a defect in MiDAS'®®. Based on our findings that 53BP1
inhibits BIR at DSBs in interphase cells, we propose that suppression of
53BP1 recruitment to DSB ends in mitotic cells could be an important
mechanism to facilitate MiDAS. Therefore, although BIR underlies the
mechanism of MiDAS, the genetic requirement for MiDAS (RAD52
dependent, RADS1 and 53BP1 independent) and for BIR in interphase
cells (RADS1 dependent and RADS2 independent with suppression by
53BP1) could be quite different due to a special regulation of DSB
repair in mitotic cells. We also speculate that active MiDAS would lead
to substantial jumping/template switching events associated with the
BIR mechanism, contributing to genome instability.

Loss of 53BP1 impairs NHEJ*°~?, rendering cells more reliant on
HDR mechanism for survival. In addition to hyperrecombination,
inactivation of 53BP1 also shifts the recombination repair to the BIR-
like mechanism, requiring PIF1. Consistently, we showed that PIF1
exhibits synthetic lethal interactions with the 53BP1 pathway, and
inactivating PIF1 induces cell death in cells with compromised 53BP1
axis, including those with TIRR overexpression, which inactivates
53BP1 function”. TIRR amplification is frequently observed in a wide
range of cancers”'%*""°, with the highest frequencies found in breast
invasive carcinoma (4.06%, cholangiocarcinoma (2.78%) and diffuse
large B-cell lymphoma (2.08%), according to cancer genomics data sets

from cBioPortal (Supplementary Fig. 12d). Thus, targeting PIF1 pre-
sents an attractive therapeutic strategy for treating tumors with TIRR
amplification. Furthermore, since restored HR upon loss of 53BP1
activity in BRCAl-deficient cells is dependent on PIF1, depleting PIF1
overcomes PARPi resistance in cells deficient for both BRCA1 and
53BP1. Therefore, targeting the BIR pathway also provides a treatment
avenue to overcome PARPi resistance in BRCAI-deficient cells resulting
from the disruption of the 53BP1 pathway.

Methods
Cell cultures and lentiviral production
U20S (human osteosarcoma) and HEK293T cells were obtained from
the ATTC cell repository. RPE-1 WT cells were received from Dr. Ste-
phen P. Jackson’s lab. UWB1 and UWBI reconstituted with BRCAL1 cells
were received from Dr. Lee Zou’s lab. Cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco) supplemented with 10% fetal
bovine serum (FBS; GeminiBio.), 2mM L-glutamine (Sigma-Aldrich),
and 1% penicillin-streptomycin containing glutamine (Gibco) at 37 °C
in a humid atmosphere containing 5% CO,.

For lentivirus production, HEK293T cells were co-transfected with
a lentivirus based PLKO.1 vector and packaging vectors using the
standard calcium chloride protocol.

Plasmids construction and generation of reporter cell lines

The EGFP-PIF1 expression construct was generated by placing the
EGFP tag on the N-terminus of human PIF1 cDNA and subcloned into
the lentiviral vector pCDH-CMV-MCS-EF1-PURO (System Biosciences)
at the Notl and Nhel cloning sites. A stable cell line expressing EGFP-
PIF1 was generated in the wild-type (WT) and 53BP1-KO cells by lenti-
viral infection followed by puromycin (2pg/ml, 2 days) selection.

The HA-tagged PCNA-WT allele and the PCNA-K164R mutant allele
were subcloned into pCDH-CMV-HA-MCS-EF1-PURO, with the shRNA
target site (5-TGGAGAACTTGGAAATGGAA) in PCNA disrupted by site-
directed mutagenesis using the QuikChange system (Stratagene).
Stable cell lines expressing HA-PCNA-WT or HA-PCNA-K164R were
generated by lentiviral infection, followed by puromycin (2ug/ml,
2 days) selection, and confirmed by Western blotting.

To generate U20S cell lines expressing 3xFlag-SMARCADI-WT or
3xFlag-NA-SMARCAD1 deficient in the interaction with PCNA”, the
cDNA of SMARCADI-WT or NA-SMARCADI lacking the first 137 amino
acids was subcloned into pCDH-CMV-3xFlag-EF1-Neo vector. The shRNA
target site (CCAGCACCTTATGACAATTAA) was disrupted by site-
directed mutagenesis (Stratagene) following the user protocol. Stable
cell lines were generated by lentiviral infection of 3xFlag-SMARCADI-WT
or NA-SMARCAD], followed by G418 (400 ug/ml, 4 days) selection. The
endogenous SMARCADL is depleted with shRNA, which targets the
endogenous gene but not exogenously expressed alleles.

The lentiviral vector carrying 3xFlag-TIRR was constructed by
subcloning T/IRR cDNA into the pCDH-CMV-3xFlag-PURO vector.
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from the starting codon that was under the control of the CMV pro-
moter (the recipient cassette), resulting in a disruption of the expres-
sion of EGFP. A donor template (650 bp in size) carrying the internal
part of EGFP (iEGFP), corresponding to the 314 bp left and 315 bp right
sequences of the I-Scel site in the recipient cassette, was placed 2.3 kb
downstream of the recipient cassette. The U20S (EGFP-HR/STGC)
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Fig. 7 | Inactivation of BIR by targeting PIF1 causes cell death when the 53BP1
pathway is compromised. a The growth curves of U20S WT and 53BP1-KO cells
were plotted after infection with lentiviruses expressing PIF1 shRNA with vector as a
control. The expression of PIF1 was examined by qPCR (Supplementary Fig. 10a).
(n=3 replicates). b The growth curves of U20S WT and PIFI-KO cells were plotted
after infection with lentiviruses expressing shRNAs targeting 53BP1 (left) or RIF1
(right) with vector as a control. The expression of 53BP1 and RIF1 was examined by
gPCR (Supplementary Fig. 10c). (n =3 replicates). c¢ Cell viability was determined in
U20S WT, BRCA1-ABRCT and 53BP1-KO/BRCAI-ABRCT cells expressing PIF1 shRNA
with a vector control after treatment with the indicated concentrations of Olaparib
for 72 hours. The expression of PIF1 was determined by qPCR (Supplementary
Fig.11a). (n = 3 replicates). d U20S (EGFP-BIR/LTGC) cells (left) and U20S (EGFP-HR/

STGC) cells (right) overexpressing Flag-TIRR were infected with shRNAs targeting
PIF1, BRCA1 or RADS1 with vector as a control, followed by infection with lenti-
viruses encoding I-Scel. The percentage of EGFP-positive cells was determined by
FACS, 5 days post-infection. The expression of Flag-TIRR was examined by Western
blot analysis (Supplementary Fig. 12a). The expression of PIF1, BRCA1 and RADS1
was determined by qPCR (Supplementary Fig. 12b). (n =5 replicates). e The growth
curves of U20S cells with or without overexpressing Flag-TIRR were plotted after
infection with lentiviruses expressing PIF1 shRNA with vector as a control. The
expression of PIF1 was determined by qPCR (Supplementary Fig. 12c). (n =3 repli-
cates). Source data are provided as a Source data file. f Working models depicting
the involvement of 53BP1 in limiting BIR at deDSBs (left) and at seDSBs on broken
forks (right). See details in the main context.

reporter cell line was generated by transfection of the EGFP-HR/STGC
reporter into U20S cells with polyethylenimine (PEI) using the stan-
dard protocol, followed by hygromycin B (100 ug/ml) selection.

Generation of knock out (KO) cell line by CRISPR

The mCherry marker was inserted into the Cas9 plasmid for sgRNA
insertion (Addgene, #62988). A pair of sgRNAs (5-ACCTTCTCAA-
TAAAGTTGAT and 5-TCCAATCCTGAACAAACAGC) targeting the
S53BP1 intronic region and exon3 respectively, were individually sub-
cloned into the mCherry-Cas9 all-in-one plasmid. The combination of
two Cas9/gRNAs would cause a frameshift in the open reading frame of
the 53BP1 protein. For generating BRCAI-ABRCT in U20S cells with
deletion of the two BRCT domains at the C-terminus of BRCAI (Sup-
plementary Fig. 3b), a sgRNA (5-TTCAGAGGGAACCCCTTACC) tar-
geting the region upstream of the BRCT domains of BRCAI was
integrated into mCherry-Cas9 all-in-one plasmid. U20S PIF1-KO cells
were described previously”. For RPE-1 cells, the TP53 gene was
knocked-out using a pair of sgRNAs (5- GCTATCTGAGCAGCGCTCA
and 5- AGACCTCAGGCGGCTCATA) sub-cloned into the mCherry-
Cas9 all-in-one vector. Subsequently, we generated PIFI-KO in RPE-1
TP53-KO cells using a pair of sgRNAs (5-CACTCACAGGCATCGGCTC
and 5’- GGTCATTGACGAGATCTCAA) targeting PIF1 Exon 5 leading to
an open reading frame shift, knocking out the PIF1 catalytic site.
RADS52-KO in U20S (EGFP-BIR/LTGC) cells was generated using a pair of
sgRNAs (5-TCCAGAAGGCCCTGAGGCAG and 5-AGTAGCCGCATG
GCTGGCGG) targeting RADS2 exon 3,

To generate KO cells, U20S (EGFP-BIR/LTGC), U20S (EGFP-HR/
STGC) cells and RPE-1 cells were seeded into a 100 mm petri dish to
achieve 80% confluency at the time of transfection. Transfection was
performed using PEI following the standard protocol. 48 hours post-
transfection, mCherry positive cells were sorted by flow cytometry.
Single clones were isolated and screened by Sanger sequencing for
identifying KO clones, followed by confirmation with Western blotting.
For creating 53BP1-KO/BRCA1-ABRCT cell lines, 53BP1-KO was gener-
ated into the BRCAI-ABRCT cell lines similarly as described above.

shRNA interference

Endogenous gene silencing was achieved via lentiviral infection using
the pLKO.1-blast vector (Addgene #26655) to express corresponding
shRNAs. The shRNA sequences targeting different genes are listed in
the Supplementary Data 1.

Lentiviruses for the indicated genes were harvested from
293 T cells. They were concentrated with a lentivirus concentrator
solution (40% PEG-8000 (W/V), 1.2M NaCl). Lentiviral infection was
followed by blasticidin (10 pg/ml, 2 days) selection, and the knock-
down efficiency of the targeted gene was verified by Western blotting
and RT-gPCR.

Immunoblotting

Cells were lysed in NETN buffer (20 mM Tris-HCI, pH 8.0, 100 mM
NaCl, 0.5mM EDTA, 0.5% NP-40) containing aprotinin (2 ug/ml) and
PMSF (20 pg/ml). 2xSDS loading buffer was added, and samples were

boiled for 5min and separated on 6-15% SDS-PAGE. Antibodies used
were: 53BP1 (NB100-305, Novus Biologicals), FLAG (F1804, Sigma-
Aldrich), PCNA (SC-56, Santa Cruz), HA (E10176EF, Covance), PRIM1
(10773-1-AP, Proteintech), RPA2 (NAI9L, Calbiochem), SMARCADI1
(A5850, ABclonal), and KU70 (E-5, SC-17789, Santa Cruz Biotechnol-
ogy). MRE11 antibody was described previously™

GST-Immunoprecipitation

GST-fused PCNA or PCNA-Ub [C-terminal Ub%,] was expressed in
Rosetta and affinity-purified with glutathione-Sepharose 4B (GE
Healthcare). SDS-PAGE electrophoresis and Coomassie blue staining
were used to determine the purity and concentration of the protein
bound to the glutathione-Sepharose beads. 293 T cells transfected
with pCDH-CMV-3xFlag-PIF1-neo plasmid were lysed in NETN [150 mM
NaCl, 1mM EDTA, 20 mM Tris-HCI (pH 8.0), 0.5% NP-40] containing
protease inhibitors, aprotinin (2 ug/ml) and PMSF (20 ug/ml) and then
incubated with GST-PCNA-bound Sepharose beads for 3 hours at 4 °C.
After extensive wash, pull-down samples were subject to Western
blotting and Coomassie blue analysis.

Growth curve and cell viability assay

Cell proliferation was determined by growth curves'™. Briefly, U20S
and RPEI1 cells as well as their derived cell lines were seeded at a density
of 1 x 10* cells in 6 well cell culture dishes. Cell proliferation was
assessed by counting trypsinized cells using Countess™ Il FL auto-
mated cell counter (Thermo Fisher) every 24 hours. The cell number
was normalized to that on day 1.

For the cell viability assay, cells were seeded in 96-well plates at a
density of 2000 cells per well and treated with indicated concentra-
tions of Olaparib for 72 hours. Subsequently, 100 pl of cell medium
from each well was mixed with 20 pl Cell Counting Kit-8 (CCK-8,
Dojindo) and incubated at 37 °C for at least 2 hours. Cell viability was
determined by measuring the emission at 490 nm using 800TS
Microplate Reader (BioTek).

Fluorescence-activated cell sorting (FACS) and tract length
analysis

U20S cells harboring EGFP-BIR/LTGC, EGFP-HR/STGC and EGFP-BIR-
Flex1 reporters were infected with concentrated lentiviruses expres-
sing either an empty vector or vectors expressing indicated shRNAs.
24 hours post infection, cells were treated with blasticidin (10 pg/ml,
2 days). To induce DSBs, U20S (EGFP-HR/STGC) cells were infected
with lentiviruses encoding I-Scel (pCDH-CMV-I-Scel-EF1-PURO), and
U20S (EGFP-LTGC/BIR) cells with lentiviruses of I-Scel or Cas9"“" or
Cas9™ along with gRNA (5-GTAGGAATTCAGTTACGCT) from the
Cas9"" vector derived from lentiCRISPR V2 (Addgene, #52961) or the
Cas9"!% vector™. 96 hours after infection, cells were analyzed for EGFP
positive events using a BD Accuri C6 flow cytometer.

To monitor BIR induced by replication stress in U20S (EGFP-BIR-
Flex1) reporter cell line, double thymidine block (2 mM, two cycles of
16 h in drug with a 12 h interval of drug-free medium in between) was
performed to enrich cells in S-phase, followed by treatment with 2 mM
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HU for 24 hours. Alternatively, U20S (EGFP-BIR-Flex1) cells were
infected with lentiviruses encoding FANCM shRNA. Six days after HU
treatment or FANCM shRNA lentiviral infection, EGFP-positive events
were quantified by FACS analysis using a BD Accuri C6 flow cytometer.

To analyze BIR repair events, U20S (EGFP-BIR/LTGC) WT or 53BP1-
KO cells were infected with lentiviruses expressing I-Scel, followed by
puromycin selection (2 ug/ml, 2 days). After 3 days of infection, EGFP
positive cells were collected by FACS sorting, and spread on a 100 mm
petri plate for 2-3 weeks to form single clones. Single clones were then
transferred to 24 well plates, expanded, and their repair junction
sequences analyzed using Sanger sequencing. The forward primer was
fixed at the end of the FP region “GGCATGGACGAGCTGTACAAGTAA”,
while the reverse primers were placed at 1 kb intervals to the right side
of the [-Scel cut site (Fig. 2b). The sequencing results were aligned to
the predicted BIR/SDSA repair product (Fig. 2b) to determine the
repair tract length, indels, and template jumping events.

In situ proximity ligation assay (PLA)

Cells were seeded in a 6-well plate at 70% confluency. Cells were
treated with 1mM HU for 24 hours, or irradiated with 4 Gy and ana-
lyzed 2 hours after. For Pola inhibition, IR was performed immediately
after initiating CD437 (10 pM) treatment. Cells were prepared by
washing three times with PBS, followed by fixation with 2% paraf-
ormaldehyde for 20 min. Fixed samples were then permeabilized with
0.5% Triton X-100 for 10 min, followed by blocking with 3% BSA for
30 min. Blocked samples were incubated with primary antibodies
overnight at 4 °C. PLA was performed using the Duolink PLA technol-
ogy (Sigma-Aldrich) following the manufacturer’s protocol. Coverslips
were affixed onto glass slides using ProLong Gold antifade mountant
(Invitrogen) with DAPIL. The PLA signals were visualized as distinct
fluorescence spots, and images were captured with an Olympus con-
focal microscope using a 60X objective. The number of PLA signals
was quantified using CellProfiler 4.2.6 software.

Antibodies used for PLA include: FLAG (F1804, Sigma-Aldrich),
FLAG (AE004, ABclonal), HA (E10176EF, Covance), PCNA (SC-56, Santa
Cruz), PCNA (10205, Proteintech), PCNA K164Ub (13439, Cell Signaling
Technology), YH2AX (05636, Upstate), yYH2AX (07164, Upstate), RAD51
(05-530-1, Santa Cruz).

RT-qPCR

Total RNA was extracted from the cell lines using the RNeasyMini Kit
(Qiagen), following the manufacturer’s instructions. cDNA was syn-
thesized by reverse transcription using the iScript cDNA synthesis kit
(Bio-Rad). SYBR qPCR mix (Vazyme) was used to perform RT-qPCR on
a Bio-Rad IQ5 real-time PCR system. The primer sequences are listed in
the Supplementary Data 2.

Laser microirradiation and live-cell imaging

The recruitment of EGFP-PIF1 to DSB sites in live cell nuclei was
monitored following laser-induced microirradiation in WT and 53BP1-
KO cells™™, Briefly, a laser stripe was created using a femtosecond
pulsed laser at 780 nm, coupled to a Zeiss Axiovert fluorescence
microscope'*'”. After laser ablation, time-lapse live cell images were
captured at various time intervals to measure the recruitment of EGFP-
PIF1 to the laser-induced damaged sites. ImageJ software (National
Institutes of Health) was used to quantify the fluorescence intensities
at the microirradiated sites. The absolute intensity at the indicated
time points was calculated by subtracting the background fluores-
cence from the fluorescence intensity generated at the damaged site.
Each data point is an average of at least 5 independent measurements,
with error bars showing the standard deviation (SD).

Detection of EdU incorporation in mitosis
MiIDAS was performed according to standard protocols™"®, Briefly,
U20S cells were treated with APH (0.4 pM) and RO-3306 (7 puM) for

16 hours to synchronize cells to the late G2 phase. Then cells were
washed with cold PBS, and released into fresh DMEM medium at 37 °C
within 5 minutes, followed by replacing the medium containing 20 pM
EdU and 0.1 pg/ml Colcemid for incubation at 37 °C for 60 minutes. Cells
were subsequently shaken-off and resuspended in 75 mM KCI for 20 min
at 37 °C. Swollen mitotic cells were collected and fixed in a fixative
solution (3:1 ratio of methanol and acetic acid) at room temperature for
at least 30 minutes, then dropped onto pre-cooled slides from a height.
Fixed cells were left overnight at room temperature. EQU incorporation
was detected using the Click-IT EdU Alexa Fluor 488 Imaging Kit (Invi-
trogen). The Click-iT reaction was terminated with blocking buffer (3%
BSA in PBS), and chromosome staining was performed with DAPI. Ima-
ges were taken on Nikon ECLIPSE Ni-L microscope.

Immunostaining

For PCNA-related fluorescent staining, cells fixed in acetone-methanol
(1:1v/v) and extracted with PBS containing 0.1% Tween-20. For other
staining, cells were pre-extracted with 0.5% Trion X-100 in cold PBS for
5mins, and then fixed with 1% formaldehyde for 20 minutes at room
temperature. Fixed cells were blocked with 5% BSA in PBS for
30 minutes and then incubated overnight with indicated primary
antibodies diluted in 5% BSA at 4 °C. On the next day, cells were washed
with 0.1% PBST and further incubated with secondary antibodies in the
presence of DAPI. Finally, slides were sealed with mounting media
(P36930, Invitrogen) to prevent quenching. Images were taken on
Nikon ECLIPSE Ni-L microscope.

Antibodies used were as followed: FLAG (AE004, Abclonal,
1:1000), PCNA (SC-56, Santa Cruz, 1:500), YH2AX (05636, Upstate,
1:500), YH2AX (07164, Upstate, 1:500), RAD51 (05-530-1, Santa Cruz,
1:500), RADS51 (ab46981-100, Abcam, 1:500).

End resection assay

End resection assay was performed in U20S (EGFP-BIR/LTGC) cells
after I-Scel cleavage as described”™ with modifications. Cells were
infected with lentivirus expressing I-Scel to induce DSBs in the EGFP-
BIR/LTGC reporter. Two days after infection, cells were harvested for
genomic DNA extraction using Puregene Kits (QIAGEN). Genomic DNA
(1 ug) was digested with restriction enzyme BsiHKAI or Sacll (control)
overnight, and digested genomic DNA was used as template for gPCR
with indicated primer listed below. 0.25kb: ER_LIF GCTCCAACACC
CCAACATCTTCGAC, ER_L1IR CGGTACTTCGTCCACAAACACAACTCC.

Statistical analysis

Statistical analysis was performed using GraphPad Prism9 and Micro-
soft Excel. In all experiments, error bars represent the standard error of
the mean (SEM) of at least three independent experiments. Significant
differences between the two groups were determined by unpaired
Student’s t-test (sample sizes <30) or Mann-Whitney U test (sample
sizes greater than 30). P values are indicated in the figures.

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

Data availability
All data supporting the findings of this study are available within the
paper and its Supplementary Information. Source data are available in
Figshare with the identifier https://doi.org/10.6084/m9.figshare.
27055408 and are provided with this paper. Source data are pro-
vided with this paper.
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