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SUMMARY
Inactivating mutations in the BRCA1 and BRCA2 genes impair DNA double-strand break (DSB) repair by ho-
mologous recombination (HR), leading to chromosomal instability and cancer. Importantly, BRCA1/2 defi-
ciency also causes therapeutically targetable vulnerabilities. Here, we identify the dependency on the
end resection factor EXO1 as a key vulnerability of BRCA1-deficient cells. EXO1 deficiency generates
poly(ADP-ribose)-decorated DNA lesions during S phase that associate with unresolved DSBs and genomic
instability in BRCA1-deficient but not in wild-type or BRCA2-deficient cells. Our data indicate that BRCA1/
EXO1 double-deficient cells accumulate DSBs due to impaired repair by single-strand annealing (SSA) on
top of their HR defect. In contrast, BRCA2-deficient cells retain SSA activity in the absence of EXO1 and
hence tolerate EXO1 loss. Consistent with a dependency on EXO1-mediated SSA, we find that BRCA1-
mutated tumors show elevated EXO1 expression and increased SSA-associated genomic scars compared
with BRCA1-proficient tumors. Overall, our findings uncover EXO1 as a promising therapeutic target for
BRCA1-deficient tumors.
INTRODUCTION

High fidelity repair of DNAdouble-strand breaks (DSBs) is essen-

tial for maintaining genomic integrity and preventing the onset of

diseases such as cancer. Cells are equipped with several path-

ways to repair DSBs with varying fidelity. Homologous recombi-

nation (HR) is considered the most faithful type of repair. Loss of

HR by disrupting mutations in core HR factors, such as BRCA1,

BRCA2, and PALB2, is observed in many tumors of different or-

igins and results in a distinct pattern of base substitutions, muta-

tions, and rearrangements.1–3 Furthermore, hereditary heterozy-

gous mutations in these genes predispose to breast, ovarian,

and prostate cancer.4 Besides causing tumor formation, HR

deficiency also provides vulnerabilities that can be exploited

for anti-cancer therapy. The reduced capacity of HR-deficient

tumors to maintain genomic stability renders them sensitive to

drugs that damage DNA, such as platinum compounds or
Molecular Cell 84, 659–674, Feb
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PARP inhibitors (PARPi).5 Unfortunately, cancer cells frequently

acquire resistance to these types of drugs.6 This indicates a ne-

cessity to develop additional single-drug or combinatorial

therapies.

To enable repair of DSBs by HR, the flanking DNA needs to be

resected to expose stretches of single-stranded DNA (ssDNA).

The ssDNA is then bound by the core HR-factor RAD51, which fa-

cilitates the search for an intact homologous sequence, most

frequently the sister chromatid, that is subsequently invaded

and functions as a template for repair. BRCA1 plays a role in mul-

tiple steps during HR. It facilitates RAD51 loading onto the re-

sected DNA by recruitment of PALB2-BRCA2 and direct interac-

tionwithRAD517,8, and it stimulates the upstreamprocess ofDNA

end resection,9–11 although the extent of the resection defect

upon BRCA1 loss seems to depend on the cellular model.12–14

End resection is initiated by the short-range end resection fac-

tors, MRE11 and CTIP, that remove up to 300 nucleotides of
ruary 15, 2024 ª 2023 The Authors. Published by Elsevier Inc. 659
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Figure 1. EXO1 loss is synthetically lethal with BRCA1 deficiency

(A) Selected results of a gene essentiality screen in BRCA1-proficient and -deficient RPE1 cells.41 Plotted is the CCA score: a higher score indicates a unique

essentiality in BRCA1-deficient cells compared with -proficient cells. Dashed line indicates the cut-off for a significant CCA score (based on Adam et al.41).

(B) RPE1 hTERT cells expressing Cas9, either TP53�/� (black lines) or TP53�/� BRCA1�/� (blue lines), were infected with indicated sgRNA together with GFP, or

with an empty vector together with mCherry. GFP- and mCherry-positive cells were mixed 1:1, and the frequency of GFP-positive cells in the population was

determined at multiple time points (n = 4, mean ± SEM). Western blot of lysates shown in Figure S1A.

(C) RPE1 hTERT PAC�/� TP53�/� cells were genetically modified to generate a BRCA1-mAID-GFP fusion gene at the endogenous BRCA1 locus. In this genetic

background, two clonal EXO1�/� cell lines were generated. Cells were treated with auxin (500 mM) for 48 h or left untreated, and lysates were analyzed by western

blotting.

(D) The cell lines described in (C) were treated with 500 mM auxin, or left untreated, and clonogenic survival was determined. Right panel shows a representative

experiment, left panel shows the quantification (n = 4, mean + SEM, ns = p > 0.05, *p < 0.05, **p < 0.01, paired t test).

(legend continued on next page)
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ssDNA.15 Long-range end resection subsequently can process

thousands of nucleotides and is mediated either via the exonu-

clease EXO1 or the flap-endonuclease DNA2, which cooperates

with the helicase BLM.16 Interestingly, although short-range end

resection is essential for HR, the role of long-range end resection

is more enigmatic.15,17,18 Several studies showed that long-

range end resection plays a stimulatory role in HR and check-

point activation,19–21 whereas others have shown that HR is

not affected by loss of long-range end resection proteins.22–26

In addition to HR, two other DSB repair pathways also depend

on end resection: alternative end-joining (alt-EJ) and single-

strand annealing (SSA). During alt-EJ, limited end resection is

required to expose regions of microhomology flanking the DSB

ends that anneal during repair, generally resulting in deletion of

the intermittent sequence.27–30 SSA requires more extensive

long-range end resection to expose larger stretches of (imper-

fect) homology that can be located at distal regions up- and

downstream of the DSB. The resected DNA is bound by

RAD52 that drives annealing of the homologous regions,

followed by the removal of the non-homologous intermittent

ssDNA and subsequent repair by polymerases and ligases.

Compared with alt-EJ, DSB repair by SSA generally leads to

larger deletions.7

Although the contribution of SSA and alt-EJ to the repair of

physiological DSBs in healthy cells is not fully understood, loss

of either the alt-EJ factor POLQ or the SSA factor RAD52 is syn-

thetically lethal with BRCA1 or BRCA2 loss.28,31–33 This implies

that DSB repair by alt-EJ or SSA is essential for survival of

HR-deficient cells. However, recent studies suggested that

increased ssDNA gap formation in the absence of POLQmay un-

derlie the synthetic lethality with BRCA deficiency.34–36 BRCA-

deficient cells are prone to accumulate ssDNA gaps, and toxic

levels of these lesions are associated with sensitivity to chemo-

therapy and PARPi.37–40 Similarly, for RAD52, the synthetic lethal

interaction with BRCA deficiency might not be driven by loss of

SSA but rather by a potential function of RAD52 in BRCA-inde-

pendent HR.32,33

To better understand the role of resection-driven DSB repair

processes in BRCA-deficient cells, we studied the genetic inter-

action between end resection factors and BRCA deficiency. We

show that long-range end resection mediated by EXO1 is essen-

tial for BRCA1-deficient cells, but not for BRCA2-deficient cells.

Regardless of BRCA status, EXO1-loss results in poly(ADP-

ribose) (PAR)-decorated DNA lesions. Our data suggest a model

in which these lesions induce toxic genomic instability in cells

that lack functional EXO1 and BRCA1 due to defective DSB

repair by SSA, on top of their HR deficiency. In contrast,

BRCA2-deficient cells retain high levels of end resection and

SSA in the absence of EXO1 and therefore maintain genome sta-

bility. Thus, we uncover a novel vulnerability of BRCA1-deficient

tumor cells and propose EXO1 as a novel therapeutic target for

BRCA1-deficient tumors.
(E) BRCA1-mutated MDA-MB-436 cells, either WT or reconstituted with BRCA1

viability was measured using CellTiter-Glo (n = 3, mean + SD, **p < 0.01, paired

(F) Lysates of the MDA-MB-436 cell lines described in (E) were analyzed by wes

(G) RPE1 hTERT TP53�/�BRCA1-mAID-GFP cell lines were virally transduced to e

assay in presence or absence of 500 mM auxin (n = 3, mean + SD, ns = p > 0.05
RESULTS

Long-range end resection factors are essential for
BRCA1-deficient cells
A CRISPR screen that we performed previously, designed to

identify essential genes in isogenic BRCA1-deficient versus

BRCA1-proficient RPE1 cell lines,41 allowed us to study the ge-

netic interaction between BRCA1 and all end resection factors.

As indicated by the high CCA score, the long-range end resec-

tion factors EXO1 and BLM were essential in BRCA1-deficient

cells, but not in BRCA1-proficient cells, to a similar extent as pre-

viously described synthetic lethal interactors such as APEX2,

PARP1, and CIP2A (Figure 1A).42–44 In contrast to these long-

range end resection factors, loss of the short-range end resec-

tion factors MRE11 and CTIP did not show significant synthetic

lethal interactions with BRCA1 deficiency (Figure 1A). DNA2,

another long-range end resection factor, was essential in both

BRCA1-deficient and -proficient cells, in accordance with previ-

ous findings,45–47 explaining its low CCA score (Figure 1A).

To validate these results, we performed competitive

growth assays as described before.48 In short, GFP-positive

cells, depleted for the gene of interest, were mixed 1 to 1 with

mCherry-positive control cells, and the composition of themixed

population was monitored over time. Confirming the results of

the CRISPR screen, depletion of EXO1 or BLM by CRISPR-

Cas9 strongly reduced the proliferation of BRCA1-deficient cells

but not of BRCA1-proficient cells (Figures 1B and S1A). CTIP

loss was toxic to both BRCA1-deficient and -proficient cells,

although BRCA1-deficient cells seemed more sensitive to CTIP

loss, as described previously.49 Loss of MRE11 reduced the

proliferation of both BRCA1-proficient and -deficient cells

(Figures S1B and S1C). Together, these data indicate that

short-range end resection is essential in all contexts, which is

in agreement with previous reports.50,51 In contrast, the long-

range end resection factors EXO1 and BLM were essential

only in a BRCA1-deficient background, calling for a better under-

standing of the role of these factors in this background.

To enable mechanistic studies on the synthetic lethal interac-

tion between BRCA1 deficiency and loss of long-range end

resection, we generated an RPE1 hTERT cell line containing an

auxin-inducible degron (AID) fused to the endogenous BRCA1

gene. This setup allowed us to deplete BRCA1 protein as fast

as 2 h upon auxin treatment, resulting in strong PARPi sensitivity

indicating functional BRCA1 loss (Figures S2A and S2B). Deple-

tion of BRCA1 resulted in reduced levels of BARD1, its cognate

heterodimer partner,52 but did not affect the levels of BRCA2 and

PALB2, validating our system as a BRCA1-specific depletion

model (Figure S2A). In this background, we generated clonal

EXO1 knockout cell lines using CRISPR-Cas9 (Figure 1C).

Corroborating the results of our competitive growth assays,

EXO1 depletion only mildly affected the clonogenic survival of

untreated BRCA1-proficient cells but strongly reduced cellular
cDNA, were infected with empty vector (CTRL) or EXO1-targeting sgRNA and

t test).

tern blotting.

xpress Cas9 cDNA and the indicated gRNAs, followed by a clonogenic survival

, **p < 0.01 paired t test). Western blot of lysates shown in Figure S2K.
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Figure 2. Elevated EXO1 expression in

BRCA1-deficient tumors

(A) Gene expression of the indicated genes in

BRCA1 WT or mutant tumors of a breast cancer

cohort1 (red line indicates median, ns = p > 0.05,

**p < 0.01, ***p < 0.001, Kolmogorov-Smirnov).

(B) For breast cancer tumors of the TCGA cohort (n =

1,048), the correlation between the HRD score and

expression level of an individual gene was deter-

mined. Plotted are the Pearson correlation coeffi-

cient for each of the 60,000 measured transcripts.

(C) HRD score and expression of the indicated

genes were plotted for each tumor sample in the

TCGA breast cancer dataset (n = 1,048). Red line is

the linear regression curve, PC = Pearson correla-

tion coefficient.
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survival upon auxin-induced BRCA1 depletion (Figure 1D).

Importantly, complementation of the EXO1�/� cells with full-

length EXO1 cDNA, but not with the catalytic dead mutant

D173A, rescued the toxicity of auxin-induced BRCA1 depletion

(Figures S2C and S2D), indicating that the catalytic activity

of EXO1 is essential for BRCA1-deficient cells. Moreover, re-

expression of BRCA1 in EXO1-depleted BRCA1 knockout

cells restored their viability (Figures S2E and S2F), validating

that the synthetic lethality was due to on-target gene editing.

Finally, we found that EXO1 is essential in the patient-derived

BRCA1-mutated MDA-MB-436 cells53,54 and in BRCA1-defi-

cient (BRCA1 D exon 11) mouse embryonic fibroblasts

(MEFs),10 but not in their respective BRCA1-proficient control

cells, showing that the synthetic lethal interaction is not cell

type specific (Figures 1E, 1F, and S2G–S2J).

Similar to EXO1 loss, BLM deficiency significantly impaired

clonogenic survival of auxin-treated BRCA1-mAID cells

(Figures 1G and S2K). Interestingly, BLM depletion even further

reduced clonogenic survival of BRCA1-depleted EXO1�/� cells

(Figure 1G). These results indicate that BLM and EXO1 have

unique, additive functions in promoting survival of BRCA1-defi-

cient cells. Indeed, in an accompanying paper in this issue, Tsu-

kada and Jones et al. show that BRCA1-deficient cells depend

on BLM because of its role in resolving DNA replication interme-

diates,55 which is unconnected to our proposed model below for

EXO1. The rest of this study will therefore focus on EXO1.

BRCA1-mutated tumors exhibit elevated EXO1
expression
The dependency of BRCA1-deficient tumor cells on synthetic le-

thal interactors frequently manifests itself by high levels of

expression or activity of the interactor, as has been shown for

POLQ and PARP1.31,56 We therefore investigated the correlation

between EXO1 expression levels and BRCA1 mutation status in
662 Molecular Cell 84, 659–674, February 15, 2024
two previously published breast cancer

cohorts.1,57 Indeed, in both the pan-breast

cancer cohort and the triple-negative

breast cancer cohort, EXO1 expression

was elevated in BRCA1-mutated and

BRCA1 promoter-hypermethylated tumors

compared with BRCA1-wild-type (WT) tu-
mors (Figures 2A and S3A). The increased expression was com-

parable with the increase in POLQ expression. MRE11 expres-

sion was not increased in BRCA1-deficient breast tumor

samples, consistent with the lack of a synthetic lethal interaction

with BRCA1 (Figures 2A and S3A).

To extrapolate the elevated EXO1 expression found in

BRCA1-mutated tumors to HR-deficient tumors in general, the

TCGA breast cancer dataset was used to correlate genome-

wide gene expression to HR deficiency (HRD) scores.58 A strong

positive correlation was observed between EXO1 expression

and HRD score, whereas such a correlation was absent for

MRE11 (Figure 2B). In fact, EXO1 was among the top hits that

showed the strongest positive correlation with the HRD score,

with a Pearson correlation even higher than forPOLQ (Figure 2C).

The correlation between HRD score and EXO1 expression was

only marginally reduced when all BRCA1-mutant samples were

removed from the analysis (Figure S3B). Thus, elevated EXO1

expression in HR-deficient tumors is not solely driven by

BRCA1 mutations, implying that other HR-deficient cells might

also depend on EXO1 function.

EXO1 loss is essential for BARD1-deficient cells, but not
BRCA2-deficient cells
To explore which other causes of HR deficiency result in depen-

dency on EXO1 activity, we started with the analysis of BARD1-

deficient cells. BARD1 forms an obligatory heterodimer with

BRCA1, and both proteins stabilize each other; hence, BARD1

is functionally closely related to BRCA1.52,59,60 This functional

relationship is reflected in the observation that also hereditary

BARD1-mutations predispose carriers to breast cancer tumors,

although the occurrence and cancer risk is lower than that for

BRCA1-mutations.61 To study the synthetic lethal interaction be-

tween BARD1 and EXO1, we depleted EXO1 in a previously

described HCT116 cell model with endogenously AID-tagged
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Figure 3. EXO1 loss is not lethal in BRCA2-deficient cells

(A) A published gene essentiality screen in BRCA2-proficient and -deficient DLD1 cells41 was mined to extract the CCA scores for the indicated genes. A higher

CCA score indicates a unique essentiality in BRCA2-deficient cells compared with proficient cells. Dashed line indicates the cut-off for a significant CCA score

(based on Adam et al.41).

(B) DLD1WT andBRCA2�/� cells were infectedwith empty vector (CTRL) or EXO1-targeting sgRNA and viability wasmeasured using CellTiter-Glo (n = 3, mean +

SD, ns = p > 0.05, paired t test).

(C) Lysates of the indicated DLD1 cells indicated in (B) analyzed by western blotting.

(D) H1299 cells carrying a doxycycline-inducible BRCA2 shRNA were transduced with an AAVS1-targeting (CTRL) or EXO1-targeting sgRNA, followed by a

clonogenic survival assay in the absence or presence of 10 mg/mL doxycycline (n = 3, mean + SD, ns = p > 0.05, paired t test).

(E) Western blot analysis of the lysates of the H1299 TetOn shBRCA2 cells studied in (D).

(F) CHORD analysis3 was applied to determine the HR-status of tumors of a pan cancer dataset (n = 1,823) and EXO1 expression was plotted (red line indicates

median, ns = p > 0.05, **p < 0.01, Kruskal-Wallis with Dunn’s multiple comparisons test).
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BARD1.62 As expected by the functional connection between

BRCA1 and BARD1, BARD1-depleted cells, but not the

control cells, showed reduced viability upon EXO1-depletion

(Figures S3C and S3D). These data indicate that EXO1 depen-

dency extends beyond BRCA1-mutated tumors.

Next, we explored whether BRCA2 deficiency resulted in a de-

pendency on EXO1 activity. For this, we againmined the results of

the CRISPR gene essentiality screens fromAdamet al. which also

included BRCA2-deficient cells.41 Surprisingly, no synthetic lethal

interaction was observed between BRCA2 deficiency and EXO1

loss (Figure 3A). This is consistent with another recently published

CRISPRscreen inBRCA2-depletedHEK293A cells that also failed

to identify a dependency on EXO1 expression.63 To validate these

results, we depleted EXO1 in WT or BRCA2�/� DLD1 cells using

CRISPR-Cas9. In line with the results of the CRISPR essentiality

screens, the viability of BRCA2/EXO1 double-depleted cells was

similar to the viability of EXO1-depleted cells (Figures 3B and

3C). As a second approach, we depleted EXO1 in H1299 cells
containing doxycycline (dox)-inducibleBRCA2 shRNA.64 Similarly

to what we observed in DLD1 cells, EXO1 loss did not affect the

clonogenic survival of BRCA2-depleted cells compared with con-

trol cells (Figures 3D and 3E), confirming that BRCA2-deficient

cells do not depend on EXO1 for survival.

Based on these data, we expected that BRCA2-mutated

tumors do not show increased EXO1 expression. Because

the two cohorts described above did not contain sufficient

BRCA2-mutated tumors to draw strong conclusions, we

included a third pan-cancer cohort that was divided into HR-pro-

ficient, BRCA1-type HR-deficient (n = 35), or BRCA2-type

HR-deficient subgroups (n = 72), based on the analysis of

genome-wide mutational footprints (PCAWG and Hartwig Med-

ical Foundation datasets3,65). Indeed, we did not observe the

upregulation of EXO1 in BRCA2-type tumors, whereas BRCA1-

type tumors showed elevated EXO1 expression (Figure 3F).

These results suggest that also in tumors, EXO1 is essential for

BRCA1-, but not BRCA2-deficient cells.
Molecular Cell 84, 659–674, February 15, 2024 663
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phase PARylation

(A) RPE1 hTERT TP53�/� BRCA1�/� cells express-

ing Cas9, either TP53BP1+/+ or TP53BP1�/�, were

transduced with an AAVS1-targeting (CTRL) or

EXO1-targeting sgRNA, followed by a clonogenic

survival assay (n = 3, mean + SD, **p < 0.01, paired t

test). Western blot of lysates shown in Figure S4A.

(B) Analysis of replication fiber length after incuba-

tion with and without S1 nuclease. Left panel shows

setup of experiment (top) and images of represen-

tative fibers (bottom), right panel shows quantifica-

tion (n = 3, at least 100 fibers were analyzed per

condition, per replicate; black or red dots indicate

median per experiment and the line indicates their

average, ns = p > 0.05, ****p < 0.0001, Kruskal-Wallis

followed by Dunn’s multiple comparison test).

(C) Indicated RPE1 cell lines were incubated with

EdU and PARGi, followed by IF microscopy to

quantify PAR levels. A representative of two inde-

pendent experiments is shown, black line indicates

median (****p < 0.0001, Mann Whitney).
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Cells deficient for EXO1 and BRCA1 accumulate
replication-associated lesions
Both BRCA1 and EXO1 play critical roles in genomemaintenance

with described functions during DSB repair and Okazaki fragment

maturation.39,59,66 Moreover, BRCA1 plays a role in replication

fork stability and EXO1 in mismatch repair (MMR).59,66,67 We

aimed to pinpoint which of these processes causes lethal toxicity

when disrupted by loss of BRCA1 and EXO1. First, we assessed

cell viability in BRCA1�/� cells in which 53BP1 was inactivated

because its loss restores HR68,69 and prevents ssDNA gap forma-

tion inBRCA1�/� cells38,39without rescuing replication fork desta-

bilization.70 Loss of 53BP1 fully restored clonogenic survival of

EXO1-depleted BRCA1�/� cells (Figures 4A and S4A). Hence,

these experiments ruled out that destabilized replication forks in

BRCA1-deficient cells generate a dependency on EXO1.

To explore whether defective MMR caused the lethality of

EXO1 loss in BRCA1-deficient cells, we checked the essentiality

of other core MMR factors (MLH1, MSH2, MSH3, MSH6, PMS1,

and PMS2) in the aforementionedCRISPR screen.41 Depletion of

none of these MMR factors reduced viability of BRCA1-profi-

cient cells nor did it result in synthetic lethality with BRCA1

loss (Figure S4B), thus arguing against the function of EXO1 in

MMR being required for the survival of BRCA1-deficient cells.

Next, we evaluated whether BRCA1 and EXO1 loss affected

ssDNA gap formation, given the strong association between

ssDNA gaps and genome instability in BRCA-deficient

cells.39,40,71 For this, we pulsed cells with 5-chloro-20-deoxyuri-
dine (CldU) and 5-iodo-20-deoxyuridine (IdU) and quantified

replication tract length using DNA fiber analysis before and after

incubation with the ssDNA-specific S1 nuclease.72 Confirming

previous observations, we found that BRCA1 depletion caused
664 Molecular Cell 84, 659–674, February 15, 2024
an increase in ssDNA gaps.39,40,71 In

contrast, EXO1 depletion did not affect

ssDNA levels of either WT control or

BRCA1-deficient cells (Figure 4B). As an

alternative readout for the presence of

ssDNA, we assessed CHK1 phosphoryla-
tion which occurs downstream of ssDNA-induced ATR activa-

tion.73 Although BRCA1-depletion increased CHK1 phosphoryla-

tion, consistent with the presence of ssDNA, this was not further

increased by EXO1 loss (Figure S4C).

Finally, wemeasured S phase poly(ADP-ribosyl)ation (PARyla-

tion), which has been reported to reflect the presence of

ssDNA gaps and more particularly unprocessed Okazaki frag-

ments,74,75 although it is also induced at DSBs and other

lesions.76 We observed increased PARylation in our BRCA1-

deficient cell lines (Figures 4C and S4D), which was specific to

S phase cells. These data are consistent with the model pro-

posed by the Cantor lab that accumulation of unprocessed Oka-

zaki fragments underlies the formation of ssDNA gaps in BRCA1-

deficient cells.39 Remarkably, we also observed increased levels

of S phase PARylation colocalizing with nascent 5-ethynyl-2’-

deoxyuridine (EdU)-labeled DNA upon EXO1 depletion

(Figures 4C, S4D, and S4E), suggesting that human cells defi-

cient for EXO1 accumulate unprocessed Okazaki fragments,

similar to what has been found in yeast and C. elegans

cells.29,77,78 Moreover, we detect an additive effect on S phase

PARylation when EXO1 was depleted in BRCA1-deficient cells

(Figures 4C and S4D), suggesting that loss of both factors results

in an even higher accumulation of unprocessed Okazaki frag-

ments than in either single mutant. Of note, this EXO1 loss-

induced phenotype is consistent with previous findings in

FEN1-deficient cells, in which accumulation of unprocessed

Okazaki fragments is detected by increased PARylation but

not by S1 nuclease-based DNA fiber assays.39,79,80

Interestingly, EXO1 loss induced a similar increase in S phase

PAR levels in BRCA2-deficient cells as in BRCA1-deficient cells

(Figure S4F). Hence, these data suggest that the accumulation of
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Figure 5. Genomic instability in BRCA1-defi-

cient cells is exacerbated by EXO1 depletion

(A) Nuclear gH2AX intensity in S phase (EdU+) cells

was analyzed by IF microscopy in BRCA1-mutated

MDA-MB-436 cells (+BRCA1-reconstituted with

BRCA1 cDNA). A representative of two independent

experiments is shown, black line indicates median

(****p < 0.0001, Mann Whitney).

(B) RPE1 hTERT TP53�/� BRCA1-mAID-GFP cells,

either EXO1+/+ or EXO1�/�, were treated with

500 mM auxin for 48 h to deplete BRCA1 or left un-

treated. Nuclear gH2AX intensity in S phase (EdU+)

cells was analyzed by automated IF microscopy

imaging. A representative of two independent ex-

periments is shown, black line indicates median

(****p < 0.0001, Mann Whitney). Figure S5A shows

representative microscopy images.

(C) BRCA1-mutated MDA-MB-436 cells were in-

fected with empty vector (CTRL) or EXO1-targeting

sgRNA. This was followed by DAPI staining and

microscopic quantification of the number of micro-

nuclei (n = 3, mean + SD, *p < 0.05, ratio paired t

test).

(D) RPE1 hTERT TP53�/� BRCA1-mAID-GFP cells,

either EXO1+/+ or EXO1�/�, were treated with

500 mM auxin for 48 h to deplete BRCA1 or left un-

treated. This was followed by Hoechst staining and

microscopic quantification of the number of micro-

nuclei (n = 5, mean + SD, ns = p > 0.05, *p < 0.05,

ratio paired t test).

(E) MEFs with a homozygous exon 11 deletion in the

BRCA1 gene (D11) were infected with control or

EXO1-targeting shRNA, followed by metaphase

spread analysis (n = 3, >40 metaphases per repli-

cate, mean + SD, *p < 0.05, ratio paired t test).

ll
OPEN ACCESSArticle
unprocessed Okazaki fragments cannot be the sole cause of the

lethality of EXO1 loss in BRCA1-deficient cells. Rather, we postu-

late that the unprocessedOkazaki fragmentscause adownstream

lesion—most likely a DSB—that may be more toxic in a BRCA1-

deficient background than a BRCA2-deficient background. We

therefore continued to investigate the contribution of defective

DSB repair to the toxicity of EXO1 loss in BRCA1-deficient cells.

Genomic instability in BRCA1-deficient cells is
exacerbated by EXO1 depletion
To study whether unresolved DSBs are involved in the synthetic

lethal interaction between BRCA1 deficiency and EXO1

loss, we analyzed gH2AX levels as a marker for unresolved

DSBs in the different genomic backgrounds under unperturbed

growth conditions using quantitative imaging-based cytometry

(QIBC). In both MDA-MB-436 and RPE1 cells, BRCA1 deficiency

or EXO1 loss increased gH2AX levels in S phase cells

(Figures 5A, 5B, and S5A). Importantly, depleting both EXO1

and BRCA1 further increased gH2AX levels (Figures 5A, 5B,

and S5A), indicating that these cells suffer from high levels of un-

repaired DSBs. In contrast, BRCA2-deficient DLD1 cells, which

tolerate loss of EXO1, did not show any increase in gH2AX levels

upon depletion of EXO1 (Figures S5B and S5C).

Next, we studied the spontaneous formation ofmicronuclei and

chromosomal aberrations in our different cell models, as these

are a direct consequence of aberrant DSB repair.81,82 EXO1
loss induced micronuclei formation in BRCA1-mutant MDA-MB-

436 cells and in BRCA1-depleted RPE1 BRCA1-mAID cells

(Figures 5C and 5D). Notably, this phenotype was specific for

BRCA1-deficient cells as neither BRCA1-proficient cells (Fig-

ure 5D) nor BRCA2-deficient DLD1 cells showed an increase in

micronuclei formation upon EXO1 depletion (Figure S5D).

Additionally, double depletion of BRCA1 and EXO1 caused

increased chromosomal aberrations compared with cells

depleted for either factor alone. This was predominantly caused

by a substantial increase in chromatid aberrations (chromatid

breaks and radials) upon EXO1 depletion, as observed both in

BRCA1-depleted RPE1 cells and in BRCA1-mutated MEFs

(Figures 5E, S5E, and S5F). Together, these data indicate that

the combined loss of BRCA1 and EXO1 results in an accumula-

tion of DSBs and consequently in genomic instability. Our find-

ings support a model where the absence of EXO1, in conjunction

with the lack of BRCA-dependent HR, results in a defect to

resolve DSBs through an alternative repair pathway. This alter-

native pathway appears to remain operational in BRCA2-defi-

cient cells but is compromised in BRCA1-deficient cells.

The toxicity of EXO1 loss is caused by impaired DSB
repair via SSA in BRCA1-deficient cells, but not in
BRCA2-deficient cells
To examine a possible additional DSB repair defect on top of HR

loss in cells lacking both BRCA1 and EXO1, we directed our
Molecular Cell 84, 659–674, February 15, 2024 665
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attention to SSA, which is dependent on long-range end resec-

tion and hence is promoted by EXO1.23,83,84 We therefore hy-

pothesized that cells depleted for both BRCA1 and EXO1 suffer

from a combined deficiency in HR and SSA. To study this, we as-

sessed ionizing irradiation-induced foci (IRIF) of RAD51 and

RAD52 in the different genetic backgrounds as a readout of

HR and SSA, respectively. As expected, RAD51 IRIF were

strongly reduced in BRCA1- and BRCA2-deficient cells, and

depletion of EXO1 did not further abrogate this (Figures 6A,

S6A, S6C, and S6E). In contrast, RAD52 IRIF were significantly

reduced by EXO1 depletion in BRCA1-deficient cells, both in

number and intensity. In contrast, EXO1 loss did not affect

RAD52 foci in BRCA2-deficient cells (Figures 6A, S6A, S6B,

S6D, and S6E). In fact, BRCA2-deficient cells showed elevated

RAD52 IRIF compared with control cells, regardless of the

EXO1 status, in line with earlier studies showing an increase in

SSA upon BRCA2 loss (Figure S6D).85–87

As a second readout of HR and SSA, wemade use of our DSB-

Spectrum_V3 reporter, in which the frequency of HR and SSA

repair of a Cas9-induced DSB can be monitored by flow cytom-

etry (Figure S6F).23 As expected, depletion of BRCA1 or BRCA2

resulted in strong inhibition of HR (Figures 6B and S6G). In

contrast, BRCA2 depletion increased SSA levels, consistent

with our RAD52 foci analysis. BRCA1 depletion resulted in lower

levels of SSA, in line with published results.85,88,89 EXO1�/� cells

had reduced SSA and increasedHR comparedwith control cells,

both consistent with previous work.23 Interestingly, loss of EXO1

further decreased SSA levels in BRCA1-depleted cells, albeit not

significant, whereas it did not affect the elevated SSA in BRCA2-

depleted cells (Figure 6B). Consequently, the reporter experi-

ments confirm the results obtained by RAD51 and RAD52 foci

analysis and show that BRCA1/EXO1-depleted cells have a

combined HR and SSA defect, whereas the BRCA2/EXO1-

depleted cells retain SSA activity.

Of note, neither EXO1 nor BRCA1 depletion substantially

affected mutagenic end-joining, which can be monitored simul-

taneously with HR and SSA in DSB-Spectrum_V3 cells (Fig-

ure S6H), arguing against excessive end-joining inducing the

cellular toxicity. A similar result was obtained using DSB-

Spectrum_V1, a different variant of our reporter that is designed

to quantify error-free classical non-homologous end-joining
Figure 6. Survival of BRCA1-deficient cells is dependent on the functio

(A) Indicated RPE1 cells expressing eGFP-RAD52 were transfected with a contro

microscopy for RAD51 and RAD52 foci formation 3 h post-IR. Left panel shows fo

the mean eGPP-RAD52 foci intensity (a representative of three independent ex

sentative microscopy images of eGFP-RAD52 foci. Western blot of lysates show

(B) HEK293T cells carrying the DSB-Spectrum_V3 reporter, either WT or EXO1�/�

followed by a second round of transfection with a Cas9 cDNA and sgRNA target

repair by the indicated pathways (n = 4, mean ± SEM, ns = p > 0.05, *p < 0.05, r

(C) HEK293T DSB-Spectrum_V3 cells, either WT control (sgAAVS1) or depleted

transfected with Cas9 cDNA and an HBB-targeting sgRNA. The SSA repair prod

sentative agarose gel of three replicates.

(D) Clonogenic survival assay of Cas9-expressing RPE1 hTERT TP53�/� BRCA1�

SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, one-way ANOVA, post hoc

(E and F) As in (B), but now for DSB-Spectrum_V3 reporter cells depleted for RAD

**p < 0.01, ratio paired t test). Western blot of lysates shown in Figure S7D.

(G and H) RPA foci in S phase (EdU+) cells were analyzed by IF microscopy in BR

empty vector (CTRL) or EXO1-targeting sgRNA 3 h post-5 Gy IR (n = 3, mean,

complemented MDA-MB-436 control samples is shown in Figure S7F.
(cNHEJ), rather than the collective mutagenic end-joining

measured by DSB-Spectrum_V323 (Figure S6I). A possible

caveat of these DSB-reporter assays is the lack of a positive

control that results in a strong upregulation of end-joining,

although we have previously shown that inhibiting HR results in

a small increase of end-joining,23 resembling our data on

BRCA1-depletion, but not EXO1-depletion in Figure S6I. In addi-

tion, the frequency of end-joining was similar in BRCA1- and

BRCA2-depleted EXO1-deficient cells in both reporter assays

(Figures S6H and S6I). Together, these results indicate that the

synthetic lethality between EXO1 loss and BRCA1 deficiency is

not caused by excessive end-joining activity, but rather by

decreased SSA.

Finally, we examined SSA repair of a Cas9-induced DSB at the

HBB locus, which is prone to SSA due to the presence of the

highly homologous adjacent HBD gene (Figure S6J).23 For this,

HEK293T cells were transfected with a Cas9 cDNA and an

HBB-targeting sgRNA, followed by PCR analysis of the target

site using primers designed to amplify the SSA repair product.

Consistent with our other findings, SSA levels were decreased

by individual depletion of EXO1 or BRCA1 with an additive effect

on BRCA1/EXO1 double-depleted cells (Figure 6C). Moreover,

considerably less SSA repair product was retrieved from

BRCA1/EXO1 double-depleted cells than from BRCA2/EXO1-

depleted cells. Altogether, our three independent assays for

SSA indicate that cells deficient for both BRCA1 and EXO1

have a severely reduced capacity to repair DSBs due to a dual

defect in both HR and SSA, whereas BRCA2-deficient cells

retain high SSA activity even upon EXO1 loss.

End resection and SSA are essential for survival in
BRCA1-deficient cells
To further study the importance of SSA in HR-deficient cells, we

tested the essentiality of SSA factors other than EXO1. SSA re-

mains a poorly described pathway and all described SSA fac-

tors, including RAD52, and ERCC1-XPF also function in other

genome maintenance pathways.90 Nevertheless, we assessed

survival of BRCA1-deficient RPE1 cells and BRCA2-deficient

DLD1 cells upon depletion of those SSA factors. Similar to the

loss of EXO1, loss of RAD52, XPF, or ERCC1 also reduced the

viability of BRCA1�/� cells (Figures 6D and S7A). Interestingly,
n of EXO1 in SSA

l (siCTRL) or EXO1-targeting siRNA, exposed to IR (10 Gy) and analyzed by IF

ci quantification (n = 3, mean + SD, *p < 0.05, paired t test), middle panel shows

periments is shown, black lines indicate mean) and right panel shows repre-

n in Figure S6A.

, were transfected with a control (siCTRL), BRCA1- or BRCA2-targeting siRNA,

ing the reporter locus. Next, cells were analyzed by flow cytometry to quantify

atio paired t test). Western blot of lysates shown in Figure S6G.

for EXO1 (sgEXO1) were transfected with indicated siRNAs. Next, cells were

uct was PCR-amplified and analyzed by agarose gel electrophoresis. Repre-

/� cells that were transduced to express the indicated sgRNAs (n = 6, mean +

Dunnett’s, compared with CTRL). Western blot of lysates shown in Figure S7A.

52, XPF, or ERCC1 (HR: E, SSA: F) (n = 5, mean ± SEM, ns = p > 0.05, *p < 0.05,

CA1-mutated MDA-MB-436 cells (G) or DLD1 BRCA2�/� cells (H) infected with

ns = p > 0.05, ****p < 0.0001, Mann Whitney). RPA foci formation in BRCA1-
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viability of BRCA2-deficient cells was only modestly (RAD52) or

not at all (XPF/ERCC1) affected by loss of these factors

(Figures S7B and S7C). To correlate these viability effects to

SSA efficacy, we depleted RAD52, XPF, or ERCC1 in DSB-

Spectrum_V3 reporter cells in combination with siRNA-mediated

BRCA1 or BRCA2 depletion. We observed similar results for all

tested SSA factors: although depletion of these factors did not

affect HR, combined loss of BRCA1 with either RAD52, XPF, or

ERCC1 resulted in the lowest frequency of SSA compared with

loss of these factors alone or with loss of these factors in combi-

nation with BRCA2 (Figures 6E, 6F, and S7D). Although individ-

ual differences did not always reach statistical significance, the

collective data indicate that BRCA1-deficient cells aremore sus-

ceptible to disruption of SSA than BRCA2-deficient cells, which

is most likely attributed to the already impaired SSA by loss of

BRCA1 alone. Moreover, our results show a strong correlation

between SSA activity and survival of HR-deficient cells, suggest-

ing that SSA functions as an essential backup for DSB repair.

The toxicity of RAD52 loss has been ascribed to functions for

RAD52 in promoting both SSA and residual HR in BRCA1-defi-

cient cells.32,33 Since we could detect some residual RAD51

IRIF in our BRCA1-deficient cells, we asked whether RAD52,

or other SSA factors, would be required for this residual HR.

Analysis of RAD51 IRIF showed that the residual HR in these

cells was not reduced by RAD52 depletion nor by depletion of

EXO1, XPF, or ERCC1 (Figure S7E). Of note, also in our DSB-

Spectrum_V3 reporter assays, RAD52-depletion did not further

decrease HR frequency in cells depleted for either BRCA1 or

BRCA2 using siRNAs (Figure 6E). This indicates that the loss of

EXO1 or any of the other SSA factors does not cause lethality

in BRCA1-deficient cells by affecting residual HR levels.

To elucidate why BRCA2-deficient cells can perform SSA in

the absence of EXO1, we examined the role of EXO1 in end

resection in both BRCA-deficient settings. BRCA1-depleted

cells showed reduced resection upon EXO1 depletion in both

MDA-MB-436 cells and RPE1 cells (Figures 6G, S7G, and

S7H). In contrast, BRCA2-deficient cells consistently retained

higher resection levels upon EXO1 depletion than BRCA1-defi-

cient cells. In DLD1 BRCA2-deficient cells, resection was

not affected at all by EXO1 loss (Figure 6H), whereas in our

siRNA-mediated depletions in RPE1 cells, EXO1-depletion did

reduce resection in BRCA2-deficient cells, but these

levels remained higher than in the BRCA1/EXO1-depleted

setting (Figures S7G and S7H). In WT control cells, the end

resection phenotype upon EXO1 depletion is cell line-dependent

(Figures S7F and S7G), consistent with the published literature

showing differences in redundancy with DNA2-mediated end

resection between cell lines.10,20,91 Altogether, these data sug-

gest that BRCA1-deficient cells highly depend on EXO1 for

long-range end resection, whereas BRCA2-deficient cells

show sufficient levels of EXO1-independent long-range end

resection to perform SSA.

BRCA1-mutated tumors show increased usage of SSA
Our data are consistent with amodel in which EXO1 loss leads to

unresolved DSBs in BRCA1-deficient cells because of an

enhanced damage load in combination with insufficient SSA

and HR activity. In contrast, BRCA2/EXO1-deficient cells retain
668 Molecular Cell 84, 659–674, February 15, 2024
SSA activity to resolve the DSBs, allowing survival (Figure 7A).

Culminating from this model, BRCA1-mutated tumors are ex-

pected to repair DSBs by EXO1-mediated SSA more frequently

thanHR-proficient tumors. To further explore this hypothesis, we

searched for signatures of SSA usage in genomes of the pan-

cancer cohort we used in Figure 3F. We defined deletions

flanked by homologous sequences of more than 10 base pairs

(bps) as genetic ‘‘scars’’ indicative of DSB repair by SSA. This

broad definition will include the majority of SSA repair events

while excluding most POLQ-mediated alt-EJ that generally oc-

curs between smaller-sized homology regions.27 In line with

our model, the number of genetic SSA scars was higher in

BRCA1-type HR-deficient tumor samples than in HR-proficient

tumor samples (Figure 7B). BRCA2-type tumors carried an

even higher load of SSA scars than BRCA1-type tumors (Fig-

ure 7B), fully consistent with higher levels of SSA in BRCA2-defi-

cient cells relative to BRCA1-deficient cells (Figure 6B). Similar

results were obtained when using a more stringent SSA scar

definition containing a homology requirement of more than

50 bp (Figure S7I). Recent data using linked-read whole genome

sequencing identified increased SSA usage as a discriminating

feature of BRCA2-deficient tumors,92 which is fully consistent

with our data. Importantly, the increased SSA usage of tumors

correlated with higher EXO1 expression (Figure 7C). Hence,

these data indicate that in tumors, BRCA1 deficiency induces

compensatory DSB repair by EXO1-mediated SSA.

DISCUSSION

Here, we demonstrate that genetic depletion of EXO1 is severely

toxic to BRCA1-deficient cells, identifying a potential novel

target for future therapy development. EXO1 loss in BRCA1-defi-

cient cells increases chromosomal instability that is accompa-

nied by replication-dependent DSB accumulation. Our data sug-

gest that these DSBs are left unrepaired due to a dual incapacity

to perform HR and SSA (Figure 7A). These in vitro data are sub-

stantiated by analyses of tumor samples, which indicated that

BRCA1-mutated tumors show elevated EXO1 expression and

bear increased numbers of SSA-derived genetic scars, suggest-

ing the compensatory upregulation of SSA in the absence of HR.

Unexpectedly, we found that in BRCA2-deficient cells loss of

EXO1 affects neither DSB accumulation nor chromosomal

stability. Hence, these cells tolerate EXO1 loss. Since both

BRCA1 and BRCA2 loss results in HR deficiency, an HR defect

by itself cannot explain why BRCA1-deficient cells depend on

EXO1 for survival. Our data indicate that BRCA1 loss reduces

SSA, whereas BRCA2 loss promotes SSA, consistent with pub-

lished data.85,87–89 SSA might be promoted in BRCA2-deficient

cells by enhanced RAD52 recruitment to resected ends due to

defective RAD51 loading. Consistently, SSA was shown to be

promoted by loss of PALB2 or by expression of a BRCA1mutant

with defective RAD51 loading capacity due to a mutation in its

PALB2-binding domain.88 Unlike BRCA2, BRCA1 also functions

in end resection, which is likely to explain its SSA-promoting

function.85,86,93 Our data furthermore strongly suggest that

EXO1 promotes SSA in BRCA1-deficient cells but is dispensable

for this process in BRCA2-deficient cells. This correlates with

a strong dependency on BRCA1-deficient cells, but not
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Figure 7. BRCA1-deficient tumors have more

SSA scars than BRCA1-proficient tumors

(A) Model of the mechanism causing synthetic

lethality between BRCA1-deficiency and EXO1 loss.

Levels of transparency indicate levels of pathway

activity.

(B) Whole genome sequencing data of pan cancer

tumor samples65 was analyzed to quantify the

number of genetic scars indicative of DSB repair by

SSA, here defined as deletions flanked by homolo-

gous sequences of >10 bp. CHORD analysis was

used to determine HR-status3 (****p < 0.0001,

Kruskal-Wallis with Dunn’s multiple comparisons

test).

(C) Tumor samples from a pan-cancer cohort were

binned based on SSA scar count, and the EXO1

expression was plotted for each tumor sample.
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BRCA2-deficient cells on EXO1 for end resection. This depen-

dency of BRCA1-deficient cells on EXO1-mediated resection

might correspond to a previously described defect of these cells

to recruit DNA2, the second nuclease involved in long-range end

resection.94

Upon induction of replication stress in BRCA-deficient cells,

for example by treatment with hydroxyurea, EXO1 has been

described to extend ssDNA gaps and degrade reversed

forks.66,95–97 Under these conditions, EXO1 activity promotes

genomic instability in BRCA-deficient cells. Although this negative

effect might be resolved upon EXO1 depletion, our data suggest

that other problems emerge following EXO1 loss in unperturbed

conditions. We found that loss of EXO1 strongly increased S

phase PAR levels in WT and BRCA1- and BRCA2-depleted

backgrounds. Research by the Caldecott lab has shown that
Molecu
unprocessed Okazaki fragments are the

main source of S phase PAR levels in

normal cycling cells.79 Our data would thus

suggest that EXO1 functions in Okazaki

fragment processing in human cells, consis-

tent with findings in C. elegans and

S. cerevisiae.29,77,78 In this scenario, it is

likely the flap-endonuclease activity of

EXO1 that is involved in Okazaki fragment

metabolism.98,99 Notably, the toxicity of

PARP inhibition has recently been attributed

to unligated Okazaki fragments,80 and loss

of FEN1, the primary endonuclease in Oka-

zaki fragment processing, is also syntheti-

cally lethal with BRCAdeficiency.100 Hence,

defective Okazaki fragment maturation is a

prime vulnerability of BRCA-deficient cells.

EXO1 is unique in this context because it is

only essential to BRCA1-deficient cells,

whereas PARP inhibition and FEN1 loss

also kill BRCA2-deficient cells.43,44,100 This

might be explained by a stronger increase

in unprocessed Okazaki fragments by

FEN1 and PARP1 loss compared with

EXO1 loss, as these two proteins are more
essential for this process.101 Alternatively, unlike loss of EXO1,

loss of FEN1 or PARP inhibition also impairs alt-EJ,100,102–104

whichmightexacerbate the toxiceffectsofunligatedOkazaki frag-

ments in both BRCA-deficient contexts.

In line with this, it seems unlikely that unprocessed Okazaki

fragments are the sole cause for the lethality since we observed

high PAR levels in both BRCA1- and BRCA2-deficient cells.

Alternatively, it is conceivable that accumulation of such lesions

in an HR-deficient background may boost the need for an alter-

native DSB repair pathway since unprocessed Okazaki frag-

ments or other ssDNA nicks/gaps can be converted into DSBs

when encountered by replication forks, for example, upon

PARP inhibition.95,105–108 Indeed, impaired SSA can explain the

unique sensitivity of BRCA1-deficient, but not BRCA2-deficient

cells to EXO1 loss. All in all, our data suggest a model where
lar Cell 84, 659–674, February 15, 2024 669
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EXO1 loss results in double trouble for BRCA1-deficient cells by

both increasing the DSB load and impairing the resolution of

these breaks (Figure 7A).

EXO1 loss was generally well tolerated in all our BRCA1-profi-

cient cell models, in line with collective results of gene essential-

ity screens in 1,162 different cell lines.109 This suggests that

there is a window of opportunity for selective killing of BRCA1-

deficient tumor cells by targeting of EXO1. However, we do

note that EXO1 loss induces some DNA stress also in a

BRCA1-proficient setting, as indicated by increased PARylation

and gH2AX levels. This notion should be taken along during the

development of EXO1-targeting therapeutics, and side effects

should be carefully monitored.

Similar to SSA, POLQ-mediated alt-EJ is essential in BRCA-

deficient cells.28,31 This suggests that these pathways are not

simply redundant but complement each other to repair DSBs

that remain unresolved due to HR deficiency. Indeed, previous

research has shown that each pathway repairs a unique set of

DSBs.27 Furthermore, POLQ has a specific function in DSB

repair during mitosis.110–113 We believe this provides an oppor-

tunity to target both pathways simultaneously to improve tumor

eradication and reduce the risk of resistance to either therapy

individually. In conclusion, we show that EXO1 is essential for

BRCA1-deficient cells, but not BRCA2-deficient cells. Therefore,

EXO1 is a promising novel target for the treatment of BRCA1-

deficient tumors, and the development of inhibitors directed at

its nuclease activity should therefore be considered for use in

monotherapy or combination therapy.

Limitations of the study
In this study, we have identified and characterized a depen-

dency on EXO1 activity as a unique vulnerability of BRCA1-

deficient cells. We were able to confirm this dependency in a

variety of BRCA1- and BARD1-deficient human and mouse

cell models, but the studies were restricted to cell lines. To vali-

date if the synthetic lethal interaction between EXO1 and

BRCA1 can be extrapolated from cell lines to more clinically

relevant models, future research should be directed at studying

this interaction in organoids and mouse tumor models. Such

studies are also essential to monitor potential side effects of

EXO1 depletion that might occur on the organismal level but

are missed when studying cells in culture. Furthermore, we

show that the catalytic activity of EXO1 is required for the

viability of BRCA1-deficient cells, highlighting the therapeutic

potential of targeting its catalytic activity with small molecule in-

hibitors. However, all our studies were done using genetic

depletion and reconstitution experiments. Hence, assessing

the toxicity of small molecule EXO1 inhibitors on BRCA1-defi-

cient tumors, as well as BRCA1-proficient untransformed cells,

should be prioritized in future studies. To potentially enlarge the

clinical space in which EXO1 inhibitors could display beneficial

effects, other HR-deficient settings beyond BRCA1-, BARD1-,

and BRCA2-deficiency should be tested. Finally, our collective

data indicate that SSA functions as an important DSB repair

pathway in HR-deficient cells. However, mechanistic under-

standing of this pathway is far from complete and all described

SSA factors are also involved in other genome maintenance

pathways. A better understanding of this pathway would there-
670 Molecular Cell 84, 659–674, February 15, 2024
fore greatly aid future studies on this DSB repair mechanism

and its role in HR-deficient tumors.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse a 53BP1 (WB: 1:1,500) Becton, Dickinson # 612522; RRID: AB_399824

Rabbit a BARD1 (WB: 1:1,000) Bethyl A300-263A; RRID: AB_2061250

Rabbit a BLM (WB: 1:2,000) Abcam ab2179; RRID: AB_2290411

Mouse a BRCA1 (WB: 1:1,000) Merck OP92; RRID: AB_2750876

Rabbit a BRCA1 (WB: 1:2,000) (IF: 1:1,000) Merck-Millipore # 07-434; RRID: AB_2275035

Mouse a BRCA2 (WB: 1:1,000) Merck OP95; RRID: AB_2067762

Mouse a CHK1 (G-4) (WB: 1:1,000) Santa-Cruz sc-8408; RRID: AB_627257

Rabbit a pCHK1 (WB: 1:1,000) Cell Signaling Technology # 2348S

Mouse a CTIP (WB: 1:1,000) Merck-Millipore MABE1060

Rabbit a ERCC1 (WB: 1:500) Santa-Cruz sc-10785; RRID: AB_2278022

Rabbit a ERCC1 (WB: 1:1,000) Cell Signaling Technology # 3885

Rabbit a EXO1 (WB: 1:1,000) Abcam ab9506

Rabbit a EXO1 (WB: 1:1,000) GeneTex GTX109891; RRID: AB_11172320

Rabbit a EXO1 (WB: 1:1,000) Merck-Millipore ABE1354

Rabbit a GAPDH (WB: 1:5,000) Sigma Aldrich G9545; RRID: AB_796208

Rabbit a GAPDH (WB: 1:10,000) Abcam ab128915

Mouse a GFP (WB: 1:1,000) Sigma Aldrich # 11814460001; RRID: AB_390913

Rabbit a MRE11 (WB: 1:3,000) De Jager et al.114 N/A

Rabbit a PALB2 (WB: 1:1,000) Gift of Cristopher Fry N/A

Mouse a TUBULIN (WB: 1:5,000) Sigma Aldrich T6199; RRID: AB_477583

Mouse a Ty1 (WB: 1:1,000) Diagenode C15200054

Mouse a RAD52 (WB: 1:100) Santa-Cruz sc-365341; RRID: AB_10851346

Rabbit a RAD52 (WB: 1:1,000) Protein-tech 28045-1-AP; RRID: AB_2881046

Mouse a HSP90 (WB: 1:5,000) Santa-Cruz sc-131119

Mouse a XPF (WB: 1:300) Santa-Cruz sc-136153; AB_2098034

Goat a Mouse IgG IRDye 680

(WB: 1:15,000)

LI-COR # 926-68070; RRID: AB_10956588

Goat a Mouse IgG IRDye 800

(WB: 1:15,000)

LI-COR # 926-32210; RRID: AB_621842

Goat a Rabbit IgG IRDye 680

(WB: 1:15,000)

LI-COR # 926-68071; RRID: AB_10956166

Goat a Rabbit IgG IRDye 800

(WB: 1:15,000)

LI-COR # 926-32211; RRID: AB_621843

Goat a Mouse IgG HRP-labelled

(WB: 1:5,000)

ThermoFisher Scientific # 31432; RRID: 228302

Donkey a Rabbit IgG HRP-labelled

(WB: 1:5,000)

ThermoFisher Scientific # 31458; RRID: AB_228213

Goat a Rabbit IgG HRP-labelled

(WB: 1:10,000)

Agilent P0448; RRID: AB_2617138

Rabbit a Mouse IgG HRP-labelled

(WB: 1:10,000)

Agilent P0260; RRID: AB_2636929

Rabbit a PAR (IF: 1:500) Trevigen # 4336; RRID: AB_2721257

Rabbit a PAR (IF: 1:250) Millipore MABE1016; RRID: AB_2665466

Mouse a RPA32 (IF: 1:1,000) Abcam ab2175; RRID: AB_302873

Rat a RPA32 (IF: 1:1,000) Cell Signaling # 2208; RRID: AB_2238543

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Rabbit a RAD51 (IF: 1:15,000) Bio-Academia 70-001

Mouse a yH2AX (pSer139; IF: 1:5,000) Millipore 05-636; RRID: AB_309864

Goat a Mouse IgG AlexaFluor 488

(IF: 1:1,000)

ThermoFisher Scientific A-11029; RRID: AB_2535804

Goat a Mouse IgG AlexaFluor 647

(IF: 1:1,000)

ThermoFisher Scientific A-21235; RRID: AB_2535804

Goat a Rabbit IgG AlexaFluor 488

(IF: 1:1,000)

ThermoFisher Scientific A-11034; RRID: AB_2576217

Goat a Rabbit IgG AlexaFluor 647

(IF: 1:1,000)

ThermoFisher Scientific A-21245; RRID: AB_2535813

Chicken a Rat IgG AlexaFluor 488

(IF: 1:1,000)

ThermoFisher Scientific A-21470; RRID: AB_2535873

Chemicals, peptides, and recombinant proteins

Auxin Sigma Aldrich I3750-5G-A

PARG inhibitor Tocris PDD 00017273

CldU Merck C6891

EdU Invitrogen A10044

IdU Merck # I7125

S1 nuclease Invitrogen # 18001016

Azide-AlexaFluor 647 Invitrogen A10277

Experimental models: Cell lines

DLD1 cells Gift from Dr. S. Elledge N/A

H1299 pLKOTetOn shBRCA2 Gift from Dr. M. Tarsounas N/A

HCT116 BARD-AID Gift from Dr. R. Chapman N/A

HEK293T cells ATCC CRL-3216

HEK293T DSB-spectrum_V1 Van de Kooij et al.23 N/A

HEK293T DSB-spectrum_V3 van de Kooij et al.23 N/A

Mouse Embryonic Fibroblasts Callen et al.10 N/A

MDA-MB-436 (+/- BRCA1

complementation)

Gift from Dr. N. Johnson N/A

RPE1 hTERT cells ATCC CRL-4000

Oligonucleotides

See Table S1 This paper N/A

Recombinant DNA

pLentiCRISPR_v2 Addgene # 52961

pLentiGuide_eGFP Noordermeer et al.48 N/A

pLentiGuide_mCherry Noordermeer et al.48 N/A

pCW57.1 Addgene # 41393

pLKO-1 Dharmacon/ Horizon RHS4080

pRSITEP-U6Tet-sh-EF1-TetRep-2A-Puro Cellecta SVSHU6T16-L

pSpCas9-2A-iRFP670 van de Kooij et al.23 N/A

pMDLg/pRRE Addgene # 12251

pRSV-Rev Addgene # 12253

pMD2.G Addgene # 12259

Vectors to obtain endogenous BRCA1-

mAID tag

Gift from Dr. H. Sasanuma N/A

Software and algorithms

ImageJ Schneider et al.115 https://imagej.net/ij/index.html

Graphpad Prism GraphPad Software N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Zen Zeiss N/A

Other

Triple negative breast cancer cohort Staaf et al.57 N/A

Breast cancer cohort Nik-Zainal et al.1 N/A

Breast cancer cohort TCGA https://xenabrowser.net/datapages/?

cohort=GDC%20TCGA%20Breast%

20Cancer%20(BRCA)&removeHub=https

%3A%2F%2Fxena.treehouse.gi.ucsc.edu

%3A443

PAN-cancer cohort Martinez-Jimenez et al.65 N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Sylvie

Noordermeer (s.m.noordermeer@lumc.nl).

Materials availability
Newly generated materials are made available upon request by contacting the lead contact.

Data and code availability
d All raw data and uncropped western blots are available at Mendeley Data (https://doi.org/10.17632/zn77xfkyzw.1).

d This paper does not report original code.

d Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.
METHOD DETAILS

Cell lines
RPE1 hTERT TP53-/- + FLAG-Cas9 (referred to as WT in this manuscript), RPE1 hTERT TP53-/- BRCA1-/- + FLAG-Cas9 (referred

to as BRCA1-/- in this manuscript), RPE1 hTERT TP53-/- BRCA1-/- 53BP1-/- + FLAG-Cas9 cells (referred to as BRCA1-/- 53BP1-/-

in this manuscript) were previously described.48 RPE1 hTERT cells were obtained from ATCC (Manassas, VA, USA). RPE1

hTERT PAC-/- TP53-/- (referred to as WT in this manuscript) and RPE1 hTERT PAC-/- TP53-/- BRCA1-/- (referred to as BRCA1-/-

in this manuscript) cells were generated by nucleofection of pLentiCRISPR_v2 containing the following sgRNAs: sgPAC:

ACGCGCGTCGGGCTCGACAT; sgTP53: CAGAATGCAAGAAGCCCAGA; sgBRCA1: AAGGGTAGCTGTTAGAAGGC. Subsequently,

cells were clonally expanded and genotyping was performed by PCR amplification and Sanger sequencing of the targeted locus,

followed by TIDE analysis.116

The BRCA1 gene in RPE1 hTERT PAC-/- TP53-/- cells was endogenously C-terminally tagged with mAID-GFP as previously

described117 (referred to as BRCA1-mAID in this manuscript). RPE1 hTERT TP53-/- BRCA1-mAID-GFP EXO1-/- cells (referred to as

EXO1-/- in this manuscript) were obtained by nucleofection with pLentiCRISPR_v2 containing sgEXO1 (GCGTGGGAT

TGGATTAGCAA)andsubsequentclonal selectionandgenotypingasaforementioned.TodepleteAID-taggedBRCA1,cellswere treated

with 500 mM auxin (Sigma Aldrich, Saint Louis, MO, USA; stock solution 35 mg/mL in EtOH) for 48 hours, unless stated otherwise.

HEK 293T cells were obtained from ATCC (Manassas, VA, USA) and HEK 293T DSB-Spectrum_V3 cells were previously

described.23 H1299 pLKOTetOn shBRCA2 cells (gift from Dr. Madalena Tarsounas) were previously described.64 HCT116 BARD1-

AID (gift from Dr. Ross Chapman) were previously described.62 RPE1, HEK 293T, H1299 and HCT116 cells were cultured in Dulbec-

co’s Modified Eagle’s Medium (DMEM, high glucose, GlutaMAX� and pyruvate supplemented (ThermoFisher Scientific, Waltham,

MA, USA)) + 10% Fetal Calf Serum (FCS) and 1% penicillin + streptomycin (Pen-Strep).

MDA-MB-436 andMDA-MB-436+BRCA1WT cells (gift fromDr. Neil Johnson) andwere cultured in Roswell ParkMemorial Institute

(RPMI) 1640 supplemented with 10% heat-inactivated FCS (Gemini Bio-Products, West Sacramento, CA, USA) and 1% Pen-Strep

(ThermoFisher Scientific). Mouse embryonic fibroblasts (MEFs) were previously generated as described in10 and were cultured in

DMEM (ThermoFisher Scientific) supplemented with 10% FCS + 1% Pen-Strep. Human DLD-1 WT and BRCA2-/- cells (gift from

Dr. Stephen Elledge) were maintained in RPMI-1640 Medium (ATCC modification) supplemented with 10% heat-inactivated FCS

and 1% Pen-Strep.
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All cells were maintained at 37�C, 5% CO2. When BRCA1-deficient, cells were maintained at 37�C, 5% CO2, 3% O2 unless stated

otherwise.

Plasmids and cloning
All purification of plasmid DNA or PCR products was done using commercially available kits (Qiagen, Hilden, Germany) according to

the manufacturer’s protocol. For the multi-colour competition assays, the sgRNAs targeting the described genes were cloned into

the BsmBI-digested lentiviral expression construct pLentiGuide-GFP.48 For other experimental purposes, these same sgRNAs were

cloned into BsmBI-digested pLentiCRISPR_v2118 or BpiI-digested pSpCas9-2A-iRFP670.23 See Table S1 for used sgRNA se-

quences. To obtain pCW57.1-BRCA1-3xTy1, full-length BRCA1 was PCR-amplified from pCL-MFG-BRCA1 (Addgene #12341119)

with a triple Ty1-tag included in the reverse primer and subsequently cloned into pENTR_1A and transferred to pCW57.1 using

gateway cloning. RAD52 was PCR amplified from pEYFP-RAD52 (gift from Jiri Lukas120) and cloned into pDONR221-eGFP to obtain

an eGFP-RAD52 fusion, followed by a gateway LR reaction for transfer into pCW57.1. hEXO1was PCR amplified from pTXB1-EXO1b

(Addgene #68267121) and transferred directly into pCW57.1 using Gibson Assembly. hEXO1D173A mutation in the pCW57.1 vector

was obtained with site-directed mutagenesis.

For EXO1 knockdown using shRNA, human targeting shEXO1 (see Table S1 for sequence, TRC Lentiviral shRNA cloned in pLKO.1,

Dharmacon) was used for MDA-MB-436 and mouse targeting shEXO1 (see Table S1 for sequence, cloned in pRSITEP-U6Tet-sh-

EF1-TetRep-2A-Puro from Cellecta Catalog #: SVSHU6T16-L) was used for MEFs.

Viral transductions and transfections
Lentivirus was produced in HEK 293T cells by jetPEI transfection (Polyplus Transfection, Illkirch, France) or X-tremeGENE 9 DNA

Transfection Reagent (Sigma) of a pLenti, pCW57.1, or shRNA plasmid with third generation packaging vectors pMDLg/pRRE,

pRSV-Rev and pMD2.G. Viral supernatants were harvested 48-72 hours post transfection, filtered (0.45 mm filter) and used to trans-

duce cells at an MOI of� 1 in the presence of 4 mg/mL or 10 mg/mL polybrene. For RPE1 cells, 10-15 mg/mL puromycin was used for

selection, for RPE1 PAC-/- cells, 2 mg/mL of puromycin was used, for MDA-MB-436 and DLD1 cells 3 mg/mL puromycin was used,

and for HCT116 cells 0.5-1 mg/mL puromycin was used. Transfections with siRNAs were performed using Lipofectamine RNAiMAX

(Invitrogen, Carlsbad, CA, USA) according to themanufacturer’s protocol (see Table S1 for used siRNAs). 16 hours post transfection,

the medium was refreshed. Cells transfected with siRNAs were used for experiments 48-72 hours after transfection. Lipofectamine

2000 (Invitrogen, Carlsbad, CA, USA) was used according to manufacturer’s instructions for transfection of cDNA into HEK 293T

DSB-Spectrum_V3 cells.

Western blotting
Cells were lysed in RIPA lysis buffer (1% NP-40, 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% SDS, 3 mM MgCl2, 0.5% sodium de-

oxycholate) supplemented with Complete Protease Inhibitor Cocktail (Sigma Aldrich) and 100 U/mL Benzonase (Sigma Aldrich). LDS

or SDS sample buffer with DTT was added to the lysates, followed by denaturation at 95�C for 5 minutes. Proteins were separated by

SDS-PAGE on 4-12 % gradient gels (ThermoFisher Scientific) or 4%–15% Criterion TGX pre-cast midi protein gel (Bio-Rad, Hercu-

les, CA, USA) and transferred to Amersham Protran premium 0.45 mm nitrocellulose membrane (GE Healthcare Life Sciences, Chi-

cago, IL, USA). Membranes were blocked with 5% skimmed milk (Santa Cruz Biotechnology, Dallas, TX, USA) in 1x TBS or Blocking

buffer for fluorescent WB (Rockland, Pottstown, PA, USA), and stained with primary and secondary antibodies. After secondary anti-

body-staining, the membranes were imaged on an Odyssey CLx scanner (LI-COR BioSciences, Milton, UK), followed by image anal-

ysis using ImageStudio (LI-COR BioSciences). Alternatively, when HRP-labelled secondary antibodies were used the membranes

were treated with the WesternBright ECL HRP Substrate kit (Advansta, San Jose, CA, USA) and imaged on an Amersham Imager

680 (Bioké, Leiden, The Netherlands).

Multicolor competition assay
RPE1 WT or RPE1 BRCA1-/- + FLAG-Cas9 cells were transduced with viral supernatants of pLenti-Guide-GFP containing a sgRNA

(see Table S1 for sequences) for the gene of interest (GOI_sgRNA) or pLenti-Guide-mCherry-LacZ_sgRNA. Transduced cells were

selected by puromycin treatment for 48h (15 mg/mL for RPE1 WT cells; 10 mg/mL for RPE1 BRCA1-/- cells), and subsequently, GFP-

and mCherry-positive cells were mixed 1:1. Mixed populations were seeded at 10,000 cells per well in a 12-well plate and imaged

every 3 days for a total of 18 days using an ArrayScan Cellomics high content microscope (Thermo Fisher Scientific). HCS Studio Cell

Analysis Software (Thermo Fisher Scientific) was used to quantify the number of GFP- andmCherry-positive cells per well. Cells were

passaged upon confluency. To assess gene editing efficiencies of the used sgRNAs, whole cell lysates were isolated 5 days post

transduction and assessed by western blotting for the targeted proteins.

Clonogenics
RPE1 hTERT, H1299 and HCT116 cells were seeded in 10-cm dishes (RPE1WT or RPE1 BRCA1-/- complemented with BRCA1-WT:

250 cells, RPE1 BRCA1-/-: 1,000-1,500 cells, RPE1 BRCA1-/- 53BP1-/-: 500 cells, RPE1 BRCA1-mAID: 500 cells, H1299 pLKOTetOn

shBRCA2: 500 cells, HCT116 BARD1-AID: 4,000 cells) and treated as indicated. Medium containing Olaparib (16 nM or 50 nM)

(Selleck Chemicals, Planegg, Germany), doxycycline (1 mg/mL) or auxin (500 mM) was refreshed after 7 days. After 14 days, colonies
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were stained with crystal violet (0.4 % (w/v) crystal violet, 20% methanol) and counted manually. HCT116 BARD1-AID cells were

treated with doxycycline (2 mg/mL), auxin (1 mM) was added after 24 hours, refreshed after 7 days and colonies were stained after

10 days.

For Figure S7B, DLD1 WT or BRCA2-/- cells were lentivirally infected to express Cas9 and an sgRNA targeting AAVS1 (control),

RAD52 (sgRNA #1), XPF (sgRNA #2) or ERCC1 (sgRNA #2), followed by selection using puromycin (1 mg/mL). At 5-7 days after infec-

tion, cells were plated in 6-wells plates, 2,000 cells per well, allowed to proliferate for 10-14 days, and subsequently fixed and stained

in 0.2% Coomassie Brilliant Blue (Bio-Rad) solution containing 50% methanol (Merck) and 14% acetic acid (Merck).

Cell Titer Glo assays
To analyze cell growth and cell viability after EXO1 depletion, MDA-MB-436 and MDA-MB-436+BRCA1WT, DLD1WT and BRCA2-/-

cells were transduced with virus containing the sgEXO1 construction and plated in 6-well plates (10,000 cells per well per sample)

after Puromycin selection. Similarly, WT and BRCA1MEF cells were plated at a density of 10,000 cells per well and doxycycline (1 mg/

mL) was added to induce shEXO1 expression. The medium was replenished every 3 days and cells were sub cultured when

confluent. Cell viability was measured after 12 days using CellTiter-Glo Luminescent Cell Viability Assay (Promega, Madison, WI,

USA) following manufacturer’s instructions.

RNA isolation and qRT–PCR
Total RNA was extracted from cells using Trizol Reagent (Invitrogen), and cDNA was made using SuperScript II Reverse Transcrip-

tase (ThermoFisher), according to manufacturer’s instructions. qPCR was performed using iTaq Universal SyBR Green (Bio-Rad).

Samples were run and analyzed on a Bio-Rad CFX96 Real-Time PCR detection system. Primer sequences: mEXO1 forward: 50

TGTTCGACCCCATCCAAAGG 30 and mEXO1 reverse: 50 GTACTGCCCAGCGTAAGTCA 30.

Chromosomal aberrations
Colcemid (0.1 mg/mL) was added to cells at 80% confluency 3 hours prior to harvesting. Cells were harvested by trypsinization and

normal medium was added to quench trypsin before centrifugation (5 minutes, 1000 rpm). Supernatant was removed and normal

medium was added to create a cell suspension. Freshly made hypotonic solution (1:1 0.4% Na-citrate: 0.4% KCl) was added drop-

wise to the cell suspension (14:1). Cells were centrifuged 8 minutes, 800 rpm, supernatant was removed partially whereafter 2.5 mL

freshly made fixative (3:1 MeOH: Acetic Acid) was added dropwise. Following three washes with the fixative, cells were taken up in

fresh fixative. Fixed cells were spread with a Pasteur pipet onto a cleaned microscope slide pre-wet with fixative. Another drop of

fixative was added onto the slide with the spread cells at a 45 degrees angle and air-dried overnight. Spreads were stained and

mounted using VECTASHIELD� Antifade Mounting Medium with DAPI (Vector Laboratories, Newark, CA, USA). Pictures were

made using a Zeiss Axio Imager 2 fluorescent microscope (Zeiss, Oberkochen, Germany) at a 63x zoom. All slides were blinded

before quantification of the chromosomal aberrations. At least 40 metaphase spreads per condition per replicate were analyzed.

Micronuclei formation and yH2AX immunofluorescence
Cells were grown in glass bottom 96 well plates (Greiner, Kremsm€unster, Austria) until 85% confluency and fixed with 2% (w/v) para-

formaldehyde (Sigma Aldrich) in PBS for 20minutes, washed three timeswith PBS, and permeabilized with 0.3%Triton X-100 (Sigma

Aldrich) in PBS for 20 minutes. Permeabilized cells were subsequently washed three times with PBS and blocked with PBS+ (5 g/L

BSA (Sigma Aldrich) and 1.5 g/L glycine (Sigma Aldrich) in PBS) for 30 minutes. Blocked cells were incubated 1.5 hours with anti-

BRCA1 or anti-yH2AX in PBS+, washed 4 times with PBS, and incubated 1 hour with 5 mg/mL Hoechst 34580 (stock 5 mg/mL in

H2O) (Thermo Fisher) and anti-mouse Alexa 647 in PBS+.

To measure yH2AX in EdU positive cells, the cells were incubated 30 minutes at 37�C with EdU (10 mM, stock solution 40 mM)

(Invitrogen) before fixation. After staining with the primary and secondary antibody as described above, the cells were fixed with

2% (w/v) paraformaldehyde in PBS for 5 minutes and washed twice with PBS. Subsequently, the fixed cells were incubated with

click-it reactionmix (100mMTris-HCl pH 8.5, 10 mMAzide-Alexa 647, 1mMCuSO4 and 100mMAscorbic acid (SigmaAldrich) added

lastly) for 30 min at room temperature.

Cells were washed again 4 times with PBS and analysed using the CellInsight CX7 LZR High content Analysis Platform (Thermo

Fisher). For the micronuclei formation, 200 cells per condition per replicate were imaged and the micronuclei were quantified manu-

ally. For endogenous yH2AX foci formation 2,000 cells per condition per replicate were imaged and the average nuclear intensity per

cell was quantified by the CellInsight CX7 LZR High content Analysis Platform.

IR-induced foci immunofluorescence
For RPA IRIF, RAD51 IRIF and RAD52 IRIF cells were grown on sterile 13 mm glass coverslips till 85% confluency and fixed 3 hours

after irradiationwith 10Gy. Cells were pre-extractedwith ice cold nuclear extraction (NuEx) buffer (20mMHepes pH7.5, 20mMNaCl,

5 mMMgCl2, 1 mM DTT, 0.5% NP-40 (IGEPAL CA-630, Sigma Aldrich), 1x Complete Protease Inhibitor Cocktail (Sigma Aldrich) for

12 minutes at 4�C and directly fixed with 2% (w/v) paraformaldehyde in PBS (20 minutes at room temperature). For RAD51 IRIF, cells

were grown on sterile 13 mm glass coverslips till 85% confluency and fixed 3 hours after irradiation with 10 Gy. Cells were fixed and
Molecular Cell 84, 659–674.e1–e7, February 15, 2024 e5



ll
OPEN ACCESS Article
permeabilized with 1% (w/v) paraformaldehyde, 0.5% Triton X-100 in PBS for 20 minutes at room temperature, washed three times

with PBS, further fixed and permeabilized with 1% (w/v) paraformaldehyde, 0.3% Triton X-100 in PBS for 20 minutes.

Subsequently, the fixed and permeabilized cells were washed three times with PBS and blockedwith PBS+ as described above for

30 minutes at room temperature. Blocked cells were incubated 1.5 hours with the primary antibody in PBS+, washed 4 times with

PBS, and incubated 1 hour with DAPI 0.1 mg/mL (stock 100 mg/mL) and the secondary antibody in PBS+. All antibody incubations

were performed at room temperature. After washing 4 times with PBS the coverslips were mounted using Aqua-Poly/mount (Poly-

sciences, Warrington, PA, USA). Pictures were made using the Zeiss Axio Imager 2 fluorescent microscope at a 40x zoom. Foci of at

least 100 cells per condition per replicate were quantified using the IRIF analysis 3.2 Plugin in ImageJ.122

PARylation analysis
For the analysis of PAR levels in EdU-positive MDA-MB-436 or DLD1 cells, cells were plated on coverslips pre-treated with 0.1%

Gelatin in 6-well plates. Cells were then incubated with EdU for 30 minutes and PARGi (Tocris, Bristol, UK) for 20 minutes before

collection. Subsequently, cells were pre-extracted (20 mM Hepes, 50 mM NaCl, 3 mM MgCl2, 0.3 M sucrose, 0.2% Triton X-100)

on ice for 5minutes, fixed with 4%paraformaldehyde (ElectronMicroscopy Sciences, Hatfield, PA, USA) for 10minutes and permea-

bilized using 0.5% Triton X-100 for 10 minutes. The fixed and permeabilized cells were blocked and incubated with the appropriate

primary, secondary antibody and click-it reaction for EdU as aforementioned. Images were captured at 40x zoom on a Lionheart LX

automated microscope (BioTek, Winooski, VT, USA) or at 63x zoom with an Axio Cam MRC5 attached to an Axio Observer Z1 epi-

fluorescence microscope (Zeiss). Quantification of total nuclear intensity was performed using the Gen5 spot analysis software

(BioTek).

S1 nuclease DNA fiber assay
Cells were labeled with 25 mM 5-chloro-2’-deoxyuridine (CldU, Merck) for 15 minutes, washed three times with PBS and followed

by a second label with 250 mM 5-iodo-2’-deoxyuridine (IdU, Merck) for 1 h. Cells were then permeabilized with CSK buffer

(100 mM NaCl, 10 mM PIPES pH 6.8, 300 mM sucrose, 3mM MgCl2, 0.5% Triton-X) for 10 minutes at RT, then incubated

with S1 nuclease buffer (30 mM sodium acetate pH 4.6, 10 mM zinc acetate, 5% glycerol and 50 mM NaCl) with or without

20 U/mL S1 nuclease (Invitrogen) for 30 minutes at 37�C. The nuclei were then collected in PBS with 0.1% BSA with cell scraper

and pelleted at 7000 rpm for 5 minutes at 4�C and resuspended in PBS. 2 mL of the cell suspension were spotted on a positively

charged slide (VWR) and then mixed with 7 mL of lysis buffer (200 mM Tris-HCl pH 7.4, 50 mM EDTA, 0.5% (w/v) SDS). The cells

were incubated in lysis buffer horizontally for 5 min and then tilted at � 45� allowing the drop to run by gravity. The DNA spreads

were air-dried at RT and were then fixed in methanol/acetic acid (3:1) at RT for 10 min and stored at 4�C O/N. Slides were rehy-

drated by rinsing with 1x PBS three times, DNA was denatured with 2.5 M HCl for 1 h at RT, and slides were washed four times

with 1x PBS. Slides were blocked in 2% BSA in 1x PBS/0.1% Tween-20 (PBST) for 1 h in dark at RT. Slides were stained with

primary antibodies diluted in blocking buffer (Rat a CldU (Abcam clone BU1/75; 1:200), Mouse a IdU (Bectone Dickinson clone

B44; 1:100) for 2 h at RT in dark, washed three times with PBST and then incubated with 2% PFA for 10 min, and washed again

three times with PBST. Slides were then incubated with secondary antibodies diluted in blocking buffer (a Rat Alexa Fluor 555;

1:400 and a Mouse Alexa Fluor 488; 1:400) for 1 h in dark at RT and were washed three times with PBST and one time with block-

ing buffer. Slides were air-dried for 1 h and were mounted with Aqua-poly/mount (Brunschwig, Amsterdam, The Netherlands).

Slides were conserved at 4�C in dark until imaging. Fibers were visualized and imaged using the Zeiss Axio Imager 2 fluorescent

microscope at a 40x zoom. Imaged were recorded and analysed with ZEN 2012 (Blue edition, Version 1.1.0.0) software and

analyzed in Image J (1.48v).

DSB-spectrum assays
HEK 293T DSB-Spectrum_V3 cells were seeded and transfected with siRNAs the next day. A second siRNA transfection was per-

formed 24 hours after the first transfection. 6-8 hours after the second siRNA transfection, 20,000 cells were seeded per well in

96-well plates. 24 hours post-seeding, the cells were transfected in technical duplicate with pX459-Cas9-sgRNA-iRFP construct

containing either sgBFP targeting DSB-Spectrum or sgAAVS1. The cells were trypsinised and analysed by flow cytometry 48-96

hours after the DSB-Spectrum targeting transfection. FlowJo software (BD Biosciences, Franklin Lakes, NJ, USA) was used to

analyze the acquired flow cytometry data. To select the live, single cell population gating on forward and side-scatter was applied.

Subsequently sgAAVS1 or sgBFP targeted cells were selected by gating on iRFP. On this population gating was applied to quantify

the frequencies of BFP-/mCherry-, BFP-/mCherry+ and GFP+ cells. The frequency of each fluorescent sub-population in the

sgAAVS1-transfected cells was subtracted from the frequency of that same population in the sgBFP-transfected cells. The resulting

background-corrected frequencies were normalized to the siCTRL transfected cells.

To generate EXO1, RAD52, XPF or ERCC1 depleted cell-lines in the HEK 293T DSB-Spectrum_V3 background, cells were trans-

fected with pSpCas9-2A-iRFP670 plasmids containing AAVS1-targeting control sgRNA, or an sgRNA (in all cases sgRNA #1, see

Table S1) targeting the gene-of-interest. Next, cells were sorted on high iRFP670 expression and expanded for 7-10 days. To

generate the EXO1 KO cells, single cell clones were expanded from this sgEXO1 pool.
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SSA at HBB locus
HEK293T DSB-Spectrum_V3 cells, either sgAAVS1 control, or sgEXO1 cells, were reverse transfected with siRNA by plating 200,000

cells per well in 12-well plates on top of siRNA transfection mixes. At 48h after plating, transfection medium was replaced with fresh

medium, and cells were transfected with pSpCas9-2A-Blasticidin plasmid containing HBB-targeting sgRNA. Cells were harvested

32-48h post cDNA transfection, and genomic DNA was extracted using the PureLink Genomic DNA mini kit (Invitrogen) according

to manufacturer’s instructions. Next 200 ng genomic DNA was added as template for a PCR reaction using HBB SSA FWD primer

(50-AACAGCCAATCTCAGGGCAA-30) and HBB SSA REV primer (50-CACTGACCTCCCACATTCCC30) and LongAmp Taq DNA poly-

merase (New England Biolabs) according to manufacturer’s instructions. Cycling parameters were adapted to include a 65-60�C an-

nealing temperature touchdown PCR of five cycles (-1�C per cycle), followed by 25 cycles annealing at 59�C. PCR products were

analyzed by DNA gel electrophoresis.

Clinical data analyses
Correlations between EXO1 and BLM expression and BRCA1- or BRCA2-mutations was studied in three cancer cohorts. The first

cohort contained 247 patients diagnosed with triple-negative breast cancer of which 22 tumours harboured biallelic BRCA1-muta-

tions and 59 tumours displayed BRCA1 promotor hypermethylation.57 The second contained 342 patients diagnosed with breast

cancer of which 15 tumours harboured deleterious BRCA1-mutations.1 The third cohort consisted of a unified whole genome muta-

tional dataset of the Hartwig Medical Foundation (Hartwig) and the Pan-Cancer Analysis of Whole Genomes (PCAWG).65 HR-status

was classified according to genome analysis using the CHORD algorithm as previously described,3 identifying 35 tumours with a

BRCA1-type HR-defective signature and 72 tumours with a BRCA2-type HR-defective signature. This cohort was also used to iden-

tify SSA signatures by structural variants (SV) calling using the genomic rearrangement toolkit LINX (https://doi.org/10.1016/j.xgen.

2022.100112). This tool integrates copy number profiles and the SV calls fromPURPLE (https://doi.org/10.1038/s41586-019-1689-y)

and GRIDSS (https://doi.org/10.1186/s13059-021-02423-x) that enables the characterization and annotation of simple and complex

genomic rearrangements. Specifically, LINX chains one or more SVs and classifies these SV clusters into various event types

(‘ResolvedType’). We defined deletions and duplications as clusters with a ResolvedType of ‘DEL’ or ‘DUP’ whose start and end

breakpoints were located on the same chromosome (i.e. intrachromosomal). Duplication or deletion events that were part of a com-

plex SV event were excluded from this analysis as these are not induced by a continuous SV-related mutation process. Subse-

quently, each duplication or deletion event was annotated with its homology sequence length at the break junction using

IHOMPOS from PURPLE. This SV mutation feature represents the imperfect homology length of a break junction left and right

from the break-end and is calculated by performing local Smith-Waterman alignment of the breakpoint sequence to the reference

sequence up to 300bps either side of the break junction. The total homology length of a break-end was calculated as the sum of

the left and right IHOMPOS sequence length around the break-end. Lastly, the logics of the PCAWG SV reference paper123 were

used to classify SV scars. Duplication events were subsequently excluded from analysis, and all deletions bearing an (imperfect) ho-

mology sequence length longer than 10 or 50 bpswere annotated as SSAmutation scars. The cut-off of 10 bpswas chosen to rule out

inclusion of NHEJ or alt-EJ scars, which are generally dependent on shorter stretches of homology.

To correlate expression levels to HR status, the Xena functional genomic platform124 was used to extract both genome-wide gene

expression levels (FPKM) as well as the HRD-score58 for all samples in the TCGA breast cancer cohort. Tumour samples were

excluded from analysis in case HRD-score and/or gene expression data were absent. If multiple tumour samples from a single patient

were sequenced, as was the case for six patients, the expression values were averaged. Next, for each individual gene, the Pearson

correlation coefficient between gene expression level and HRD score was determined.

Datasets
The Hartwig data was provided under data transfer agreement DR-247 from the Hartwig Medical Foundation. The PCAWG-US was

approved by National Institutes of Health (NIH) for the dataset General Research Use in The Cancer Genome Atlas (TCGA) on 25

February 2021 under application number 100344-3. Access to the non-US PCAWG samples was granted via the Data Access

Compliance Office (DACO) Application Number DACO-1050905 on 6 October 2017.

QUANTIFICATION AND STATISTICAL ANALYSIS

Information on the used statistical test, number of repeats and p values can be found in the figure legends.
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