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SUMMARY
The Bloom syndrome helicase BLM interacts with topoisomerase IIIa (TOP3A), RMI1, and RMI2 to form the
BTRcomplex, which dissolves double Holliday junctions andDNA replication intermediates to promote sister
chromatid disjunction before cell division. In its absence, structure-specific nucleases like the SMX complex
(comprising SLX1-SLX4, MUS81-EME1, and XPF-ERCC1) can cleave joint DNA molecules instead, but cells
deficient in both BTR and SMX are not viable. Here, we identify a negative genetic interaction between BLM
loss and deficiency in theBRCA1-BARD1 tumor suppressor complex.We show that this is due to a previously
overlooked role for BARD1 in recruiting SLX4 to resolve DNA intermediates left unprocessed by BLM in the
preceding interphase. Consequently, cells with defective BLM and BRCA1-BARD1 accumulate catastrophic
levels of chromosome breakage and micronucleation, leading to cell death. Thus, we reveal mechanistic in-
sights into SLX4 recruitment to DNA lesions, with potential clinical implications for treating BRCA1-deficient
tumors.
INTRODUCTION

Homologous recombination (HR) is used to repair DNA double-

strand breaks (DSBs) and maintain genome stability during

DNA replication.1 HR is initiated by resection of DNA ends to pro-

duce single-stranded DNA (ssDNA) overhangs, which recruit the

RAD51 recombinase in a manner dependent on the tumor sup-

pressors BRCA1 and BRCA2.2 The RAD51 nucleoprotein fila-

ment then catalyzes strand invasion to form a displacement

loop (D-loop) intermediate, which allows DNA synthesis from a

homologous template to restore the broken chromosome.3 The

invading strand can then be displaced, and repair completed

via synthesis-dependent strand annealing (SDSA).4 Alterna-

tively, second-end capture can occur, where the second, non-

invading DSB end anneals to the displaced strand from the

homologous template being used for repair, resulting in the for-

mation of a double Holliday junction (dHJ). These and other joint

DNA molecules can be highly toxic if they are not disassembled

prior to cell division.5

dHJs can be removed by two genetically and biochemically

distinct pathways, termed dissolution and resolution. dHJ

dissolution is carried out by the Bloom syndrome helicase

BLM in complex with topoisomerase IIIa (TOP3A) and two
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structurally related subunits, RMI1 and RMI2 (the BTR com-

plex).6 BLM helicase activity promotes convergent branch

migration to create a hemicatenane structure, followed by dec-

atenation catalyzed by TOP3A to dissolve the dHJ, which re-

sults exclusively in non-crossover DNA repair products.7

Notably, mutations in BLM and other members of the BTR

complex cause Bloom syndrome and related disorders in hu-

mans, with symptoms that include microcephaly, short stature,

immunodeficiency, hypersensitivity to sunlight, and a greatly

increased predisposition to a broad range of cancers.8–10 Cells

derived from Bloom syndrome patients commonly display

multiple signatures of genome instability including elevated

chromosomal aberrations and an up to ten-fold increase in sis-

ter chromatid exchanges (SCEs). However, it is still unclear

which of the phenotypes of Bloom syndrome are specifically

due to defects in dHJ dissolution, as BLM also maintains

genome stability via other mechanisms such as promoting

DNA-end resection (with DNA211–13), processing ultrafine

DNA bridges (UFBs) in anaphase (with PICH14,15), and restart-

ing stalled replication forks (with RPA16,17).

In contrast to dissolution, dHJ resolution involves DNA cleav-

age by structure-specific endonucleases, either the SMX com-

plex (comprising SLX1-SLX4, MUS81-EME1, and XPF-ERCC1)
rs. Published by Elsevier Inc.
commons.org/licenses/by/4.0/).
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or GEN1.18–27 However, given that dHJ resolution can produce

both crossover and non-crossover products, dissolution by

BTR is presumably favored over resolution by SMX or GEN1 to

avoid the potential for loss of heterozygosity, which is likely to in-

crease the risk of cancer development inmulticellular organisms.

Nonetheless, the SMX complex plays vital roles in human cells, in

particular in DNA interstrand crosslink repair,28 as highlighted by

the fact that biallelic mutations in SLX4 or XPF can cause Fan-

coni anemia, a disorder characterized by bone marrow failure

and increased predisposition to some cancers.29–32 In line with

this, SLX4 recruitment to DNA interstrand crosslinks was

shown to require FANCD2 and monoubiquitylation of the latter

by the Fanconi anemia core complex.33,34 However, in other ex-

periments SLX4 localization was found to be FANCD2-indepen-

dent,35,36 indicating that multiple factors may recruit SLX4 to

DNA lesions in a context-dependent manner.

Human cells lacking dHJ dissolution and resolution pathways

are not viable, as they accumulate severe chromosomal aberra-

tions and extensive DNA damage.23,25,26,37 In line with this, prior

studies in fission yeast,38 budding yeast,39 flies,19,40,41 and

worms,42 all demonstrated synthetic lethality between orthologs

of BLM and MUS81, SLX4, or GEN1. It is important to note that

dHJs are not the only DNA intermediates that can be dealt with

by these enzymes: D-loops, single HJs, late replication interme-

diates, and secondary DNA structures can also be substrates for

BTR, SMX, and/or GEN1 to varying degrees.5,43

Here, we identify a negative genetic interaction between BLM

and the BRCA1-BARD1 complex.We show that this is caused by

loss of a previously uncharacterized but highly conserved pep-

tide motif in BARD1, centered around serine 148. This motif con-

trols a phospho-dependent functional interaction between

BARD1 and SLX4 and is required for recruitment of SLX4 and

MUS81 to mitotic DNA lesions, where it acts to prevent cata-

strophic chromosome breakage and micronucleation in cells

lacking BLM.

RESULTS

No evidence for a role for BLM in regulating RAD51 in
human cells
The role of BLM in dHJ dissolution is well established, but it is

less clear to what extent BLM functions in regulating HR at the

level of RAD51 filament formation. Some studies showed that

RAD51 foci are reduced in BLM-deficient cells,44–46 whereas

others have reported either no defect,17,47–49 or else elevated

numbers of RAD51 foci in absence of BLM.50,51 By contrast, pre-

vious studies agree that the BLM-related RecQ helicase

RECQL5 plays a major role in counteracting RAD51 filament

formation.52–54

To confirm the roles BLM and RECQL5 play in regulating

RAD51 at DSBs in human cells, we generated DBLM and

DRECQL5 RPE-1 cells using CRISPR-Cas9 (Figure S1A). We

then treated these cells with ionizing radiation (IR) and performed

quantitative image-based cytometry (QIBC) to measure RAD51

foci formation in thousands of cells per timepoint (Figures

S1B–S1D).55 Results showed clearly that DBLM RPE-1 cells do

not have a defect in RAD51 foci formation, nor do they display

elevated RAD51 accumulation either before or after IR. By
contrast, DRECQL5 cells displayed elevated RAD51 foci at all

time points before and after IR. Thus, these data support

RECQL5 being the main RecQ helicase responsible for regu-

lating HR by counteracting RAD51 filament assembly, rather

than BLM.

Nonetheless, although RAD51 foci in wild-type (WT) mouse

cells are unaffected by BLM status, loss of BLM in a BRCA1

hypomorphic background (Brca1D11/D11) can partially restore

RAD51 foci formation.48 We therefore also examined the effect

of BRCA1 depletion on RAD51 foci in DBLM and parental

RPE-1 cells (Figures S1E–S1H). However, we saw no indication

that loss of BLM influences the RAD51 foci formation defect of

BRCA1-depleted cells.56

Cells deficient in BLM and BRCA1-BARD1 show
synergistic growth defects
During the course of the experiments described above, we

noticed what appeared to be a high rate of cell death in

BRCA1-depleted DBLM cells. To quantify this, we first per-

formed colony survival assays in WT and DBLM cells treated

with either control small interfering RNAs (siRNAs) or siRNAs tar-

geting BRCA1. Results from these assays demonstrated that

there was indeed a significant reduction in colony outgrowth of

cells deficient in both BLM and BRCA1 (Figures 1A and 1B). To

confirm this, we performed reciprocal experiments in which we

depleted BLMusing siRNA inDBRCA1RPE-1 cells and obtained

similar results (Figures 1C and S2A).

BRCA1 forms a heterodimeric complex with BARD1, and both

proteins depend on each other for mutual stability.57,58 We

therefore also depleted BLM using siRNA from HCT116 cells ex-

pressing BARD1 tagged with an auxin-inducible degron (AID).

Consistent with results in RPE-1 cells deficient in BLM and

BRCA1, BARD1AID/AID HCT116 cells depleted of BARD1 and

BLM showed significantly reduced colony survival (Figures 1D,

S2B, and S2C).

Given the critical role of BRCA1 in HR,59 we wished to estab-

lish whether other key HR factors involved in promoting RAD51

loading, such as BRCA2,60,61 would also be essential for cell

growth in absence of BLM. Therefore, we depleted BLM using

two different siRNAs from H1299 cells that express shRNAs tar-

geting BRCA1 or BRCA2 upon addition of doxycycline. Results

from colony survival assays carried out with these cells demon-

strated that although double depletion of BLM and BRCA1

caused the expected drop in colony outgrowth, double depletion

of BLM and BRCA2 had only a very minor effect (Figures 1E, 1F,

and S2D–S2F). Taken together, our results indicate that com-

bined deficiency in BLM and either BRCA1 or BARD1 causes a

synergistic growth defect, but this is not caused by loss of

BRCA2-dependent RAD51 recruitment. In line with this, BLM

was identified as a candidate gene required for survival of

BRCA1- but not BRCA2-deficient cells in a recently reported

CRISPR screen.62

Finally, we investigated whether the reduction in growth of

cells deficient in BLM and BRCA1 was caused by increased

cell death rather than other mechanisms such as cell cycle ar-

rest, senescence, or cell adhesion defects. We therefore

measured the level of apoptosis in WT and DBLM cells treated

with control siRNAs or depleted of BRCA1, using caspase 3/7
Molecular Cell 84, 640–658, February 15, 2024 641
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Figure 1. Loss of BLM causes cell death in BRCA1- but not BRCA2-deficient cells

(A) Representative images of colony survival assays with WT and DBLM RPE-1 FRT/TR DTP53 cells treated with the indicated siRNAs.

(B) Quantification of the colony survival assays shown in (A). Error bars indicate standard deviation (SD) of n = 3 experiments.

(C) Quantification of colony survival assays with WT or DBRCA1 RPE-1 FRT/TR DTP53 cells treated with the indicated siRNAs. Error bars indicate SD of n = 3

experiments.

(D) Quantification of colony survival assayswith HCT116BARD1AID/AID cells treatedwith the indicated siRNAs. Cells were treatedwith 1mMof the auxin indole-3-

acetic acid (IAA) for 72 h, where indicated. Error bars indicate SD of n = 3 experiments.

(E) Quantification of colony survival assays with H1299 shBRCA1 cells treated with the indicated siRNAs. Cells were treated with 2 mg/ml doxycycline (Dox) 24 h

before plating, where indicated. Error bars indicate SD of n = 3 experiments.

(F) Quantification of colony survival assays with H1299 shBRCA2 cells treated with the indicated siRNAs. Cells were treated with 2 mg/ml Dox 24 h before plating,

where indicated. Error bars indicate SD of n = 3 experiments.

See also Figures S1 and S2.
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cleavage as a readout.63 Results from these experiments

showed that although apoptosis levels were elevated slightly in

BLM or BRCA1-deficient cells, there was a dramatic increase

in cells deficient in both proteins (Figure 2A). We conclude

from these data that increased cell death leads to the synergistic

reduction in growth of cells deficient in BLM and BRCA1.

Cells deficient in BLM and BRCA1 accumulate DNA
damage, chromosomal abnormalities, and micronuclei
BLM and BRCA1 both function at various stages of HR.2,6 We

therefore wanted to establish whether cells deficient in both pro-

teins were dying from DNA damage. To this end, we examined

levels of the DSB signaling markers gH2AX by flow cytometry

and phosphorylated KAP1 by western blotting in WT and
642 Molecular Cell 84, 640–658, February 15, 2024
DBLM cells treated with either control siRNAs or siRNAs target-

ing BRCA1 in the absence of exogenous genotoxic stress

(Figures 2B and 2C). Strikingly, gH2AX and KAP1-pS824 levels

were elevated in cells deficient in both BLM and BRCA1, indi-

cating an increased number of unrepaired DNA breaks. We

also observed an extremely high rate of micronucleation in

BRCA1-depleted DBLM cells (Figures 2D and 2E), indicating

either a defect in chromosome segregation or increased chro-

mosome breakage producing acentric fragments. Using

CREST immunostaining to detect the presence of kineto-

chores,64 we determined that the vast majority of micronuclei

in BRCA1-depleted DBLM cells derive from acentric fragments

because they were CREST-negative (Figure 2F). In line with

this, chromosome spreads prepared from such cells showed
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Figure 2. Cells deficient in BLM and BRCA1 accumulate DNA damage, chromosomal abnormalities, and micronuclei

(A) Quantification of caspase 3/7 cleavage levels as an indirect readout of apoptosis in WT and DBLM RPE-1 FRT/TR DTP53 cells treated with the indicated

siRNAs. Error bars denote SD from n = 3 experiments. RLUs, relative luminescence units. Two-way ANOVA followed by Tukey’s post hoc test was used to

calculate significance.

(B) Quantification of gH2AX levels by flow cytometry in WT and DBLM RPE-1 FRT/TR DTP53 cells treated with the indicated siRNAs. Error bars denote SD from

n = 3 experiments. AUs, arbitrary units. Two-way ANOVA followed by Tukey’s post hoc test was used to calculate significance.

(C) Western blots of lysates from WT and DBLM RPE-1 FRT/TR DTP53 cells treated with the indicated siRNAs.

(D) Representative images of micronuclei formation in WT and DBLM RPE-1 FRT/TR DTP53 cells treated with the indicated siRNAs. Nuclei and micronuclei are

stained with DAPI. Micronuclei are highlighted with red arrows. Scale bars, 100 mm.

(legend continued on next page)
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that they accumulated a significantly higher number of chro-

matid breaks, as well as radial chromosomes (Figures 2G and

2H). These data suggest that chromosome breakage and

rampant micronucleation are likely to be the main driver of cell

death in absence of BLM and BRCA1.

BRCA1-deficient cells require BLM helicase activity and
an intact BTR complex for survival
BLM helicase activity and interaction with TOP3A and RMI1 to

form the BTR complex are important for some or possibly all of

its cellular functions.6 We therefore wished to test whether they

also contribute to survival of BRCA1-deficient cells. To this

end, we used lentiviral transduction to complement DBLM

RPE-1 cells with either GFP or GFP-tagged BLMWT, BLMK695R,

or BLMDTR (Figures 3A and S3A). The K695R mutation inacti-

vates the helicase domain of BLM,65 whereas DTR is a deletion

of amino acid residues 4–37 in the BLMN terminus that prevents

interaction with TOP3A and RMI1.17 Although expression of

GFP-BLMWT restored survival of BRCA1-depleted DBLM cells

back to WT levels, neither mutant protein could (Figure 3B).

Notably, although DBLM cells expressing BLMK695R remained

severely sensitive to depletion of BRCA1, the survival of cells

complemented with the BLMDTR protein was intermediate be-

tween WT and DBLM. This is in line with previous work demon-

strating that loss of BLM helicase activity is equivalent to having

no BLM at all, whereas loss of stable interaction between BLM

and TOP3A-RMI1 causes hypomorphic phenotypes.66 Nonethe-

less, these data suggest that both BLM helicase activity and

BLM association with the BTR complex are important for survival

of BRCA1-deficient cells.

To confirm the importance of an intact BTR complex if BRCA1

is absent, we depleted RMI1 and TOP3A from WT and DBRCA1

RPE-1 cells with two different siRNAs per gene and performed

further survival assays (Figures 3C and S3B). Results showed

that depletion of these factors caused a synergistic drop in sur-

vival in BRCA1-deficient cells compared with their WT parental

controls. These data are in line with the requirement for stable

interaction of BLM with TOP3A-RMI1 and demonstrate that an

intact BTR complex is crucial for survival of cells lacking BRCA1.

BRCA1-deficient tumors express higher levels of BTR
complex components
Cancer cells with deficiencies in one biological pathway that

come to rely more on a second pathway for survival are presum-

ably far less likely to downregulate components of that second

pathway. During tumor evolution, selection pressure may even

produce cancer cells that upregulate factors involved in that sec-

ond pathway. For example, HR-deficient tumors that depend on

alternative end-joining for survival commonly upregulate POLQ

expression.67 We therefore wondered whether the negative ge-
(E) Quantification of micronuclei in cells described in (D). Error bars denote SD fro

used to calculate significance.

(F) Quantification of CREST-positive and CREST-negative micronuclei in WT and

(G) Quantification of radial chromosomes in WT and DBLM RPE-1 FRT/TR DTP

experiments. Two-way ANOVA followed by Tukey’s post hoc test was used to c

(H) Quantification of chromatid breaks in WT and DBLM RPE-1 FRT/TR DTP53

periments. Two-way ANOVA followed by Tukey’s post hoc test was used to calc
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netic relationship between BRCA1 and components of the BTR

complex might be apparent from analyses of human tumor sam-

ples. To this end, we compared expression of BTR components

in BRCA1-proficient and BRCA1-deficient patient samples from

The Cancer Genome Atlas (TCGA). Results from these analyses

showed significantly increased expression of BLM, RMI1, and

RMI2 in BRCA1-deficient tumor samples (Figure 3D), in support

of the idea that cells with pathogenic mutations in BRCA1 are

more reliant on the BTR complex for survival. By contrast, higher

TOP3A expression levels did not appear to correlate with BRCA1

deficiency; this may be because TOP3A is an essential gene in

proliferating cells, unlike other members of the BTR com-

plex.68–70 Finally, and in line with the lack of a genetic interaction

between BLM and BRCA2 (Figure 1F), we observed no signifi-

cant increase in BLM expression in samples with loss-of-func-

tion mutations in BRCA2 (Figure S3C).
BRCA1-deficient cells depend on EXO1 but not PICH for
survival
In addition to promoting dHJ dissolution and suppressing SCEs,

BLM is also implicated in DNA-end resection and plays a key role

in UFB resolution.7,11,14,71 We therefore wished to establish

whether either of these functions contributes to cell survival in

absence of BRCA1. BLM is thought to cooperate with DNA2 in

resection,12,13 but we found that depletion of DNA2 was highly

toxic to cells regardless of BRCA1 status (data not shown),

possibly due to its role in Okazaki fragment processing during

DNA replication.72 We therefore resorted to testing the require-

ment for EXO1 for the viability of BRCA1-deficient cells, as

EXO1 is the other major nuclease that promotes long-range

DNA-end resection in human cells.73 In parallel, we tested the

requirement for PICH for survival in absence of BRCA1, as it co-

operates with BLM in UFB processing.14,15 EXO1 and PICHwere

depleted using siRNAs in WT and DBRCA1 RPE-1 cells, and ef-

fects on cell survival were examined (Figures 3E and S3D). PICH

depletion did not have a significant effect on survival of BRCA1-

deficient cells, indicating that the role of BLM in UFB processing

is no more important for survival in DBRCA1 cells than in WT

cells. By contrast, EXO1 depletion caused a significant drop in

survival of DBRCA1 cells compared with WT cells. This is in

line with recent data suggesting that EXO1 but not PICH is

important for survival in absence of BRCA1.62,74 These results

indicated that loss of BLM-dependent DNA-end resection might

be responsible for the increase in cell death in BRCA1-deficient

cells, especially as loss of the DNA-end resection factor CtIP is

also synthetic lethal with BRCA1-BARD1 deficiency.75,76

To test this hypothesis, we reasoned that loss of 53BP1 would

be expected to rescue the toxic effects of BLM or EXO1 deple-

tion in DBRCA1 cells, as 53BP1 acts to limit DNA-end resection

and its removal rescues the PARP inhibitor hypersensitivity of
m n = 4 experiments. Two-way ANOVA followed by Tukey’s post hoc test was

DBLM RPE-1 FRT/TR DTP53 cells treated with the indicated siRNAs.

53 cells treated with the indicated siRNAs. Error bars denote SD from n = 3

alculate significance.

cells treated with the indicated siRNAs. Error bars denote SD from n = 3 ex-

ulate significance.
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Figure 3. BRCA1-deficient cells depend on a functional BTR complex and EXO1 for survival

(A) Schematic of the human BLM protein showing the location of the TOP3A-RMI1 binding site at the N terminus and K695 in the helicase domain. TR, TOP3A-

RMI1 binding domain; RQC, RecQ C-terminal domain; HRDC, helicase and RNaseD C-terminal domain.

(B) Quantification of colony survival assays with WT and DBLM RPE-1 FRT/TR DTP53 cells treated with siCtrl or siBRCA1, and expressing the indicated GFP or

GFP-BLM proteins. Error bars denote SD from n = 5 experiments.

(legend continued on next page)
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BRCA1-deficient cells.77 We therefore examined the effects of

BLM or EXO1 depletion on survival ofWT cells and cells deficient

in BRCA1, 53BP1, or both (Figures 3F, 3G, S3E, and S3F). Re-

sults showed that the effect of EXO1 depletion on survival of

BRCA1-deficient cells was indeed rescued by 53BP1 loss, but

53BP1 knockout had no effect on survival of cells deficient in

BRCA1 and BLM. We therefore conclude firstly that BRCA1-

deficient cell death upon BLM depletion is probably not caused

by loss of BLM-dependent DNA-end resection. This is in line with

our previous observations that BLM-deficient cells show only

mild defects in resection.17 Secondly, we conclude that the

mechanistic basis of synthetic sickness caused by loss of

EXO1 in BRCA1-deficient cells is fundamentally different from

that caused by loss of BLM. We did not explore the genetic rela-

tionship between BRCA1 and EXO1 further; indeed, this has

been explored in detail by van de Kooij et al. in a complementary

study.74

BLM-deficient cells depend on multiple conserved
domains in BARD1 for survival
We next wished to establish which BRCA1-BARD1 functions

maintain cell survival in absence of BLM to gain insight into the

underlying mechanistic basis for the synthetic growth defect.

We therefore carried out extensive structure-function analyses

of the BRCA1 and BARD1 proteins. BRCA1 has a highly

conserved N-terminal RING domain (Figure 4A), which contains

its BARD1 binding site.57 The BRCA1 C terminus consists of a

coiled-coil (CC) motif required for PALB2 binding,78–80 and tan-

dem BRCT domains that interact with multiple proteins including

CtIP, FANCJ, and Abraxas.81–84 To test whether these domains

are required for survival of BLM-deficient cells, we comple-

mented DBRCA1 RPE-1 cells with GFP-tagged BRCA1WT,

BRCA1DCC, or BRCA1S1655A via lentiviral transduction (Fig-

ure S4A; note that S1655A is a mutation that disrupts BRCT

binding to phospho-peptide ligands85–87). We then treated these

cells with siRNAs targeting BLM and assessed effects on colony

survival (Figure 4B). Interestingly, both the BRCA1DCC and

BRCA1S1655A mutants were fully able to complement the survival

defects of siBLM-treated DBRCA1 cells, even though they could

not restore PARP inhibitor resistance (Figure S4B). These results

are in line with our observation that BLM depletion from BRCA2-

deficient cells does not confer a synthetic growth defect and thus

confirm that BLM-deficient cells are not sensitive to BRCA1 loss

because of its role in promoting HR with BRCA2, PALB2, and

one or more of its BRCT domain binding partners.

Next, we carried out structure-function analyses of the evolu-

tionarily conserved regions of the BARD1 protein (Figure 4C).
(C) Quantification of colony survival assays with WT and DBRCA1 RPE-1 FRT/TR

experiments.

(D) TCGA dataset analyses showing expression levels of BLM-TOP3A-RMI1-RMI2

mutations in BRCA1. Two-tailed Welch’s unpaired t-test was applied to calculat

(E) Quantification of colony survival assays with WT and DBRCA1 RPE-1 FRT/TR

experiments.

(F) Quantification of colony survival assays with WT, DBRCA1, DTP53BP1, and

siRNAs. Error bars denote SD from n = 3 experiments.

(G) Quantification of colony survival assays with WT and DBRCA1 RPE-1 FRT/TR

experiments.

See also Figure S3.
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BARD1 contains an N-terminal RING domain, which binds

BRCA1 and contributes to E3 ubiquitin ligase activity of

the BRCA1-BARD1 heterodimer. The BARD1R99E mutation in-

hibits E3 ligase activity,89 which is required for male fertility but

not for HR.90–93 The BARD1 C terminus comprises a chromatin

recruitment module consisting of an ankyrin repeat domain

(ARD), which recognizes the H4K20me0 mark, and tandem

BRCT domains, which contain a ubiquitin-binding recruitment

motif that recognizes H2AK15ub. Both the ARD and BRCTs

are essential for BRCA1-BARD1 recruitment to damaged chro-

matin in S phase and for BRCA1-dependent HR.92,94,95 The

BARD1 BRCTs also contain residues to bind phospho-peptides

(e.g., Lys619), but as yet no phospho-dependent binding partner

has been identified. However, although the K619A mutation that

would be predicted to abolish phospho-peptide binding ability

does not cause an HR defect,92 it does cause a nascent ssDNA

degradation phenotype upon replication stress.96 Finally,

BARD1 also contains a short linear peptide motif downstream

of the RING domain centered around Ser148 that is poorly char-

acterized but highly conserved in vertebrate BARD1 orthologs

(Figure 4D) and likely to be phosphorylated by CDK1.97,98

To investigate which domains of BARD1 are important for sur-

vival of BLM-deficient cells, we depleted BLM fromBARD1AID/AID

HCT116 cells treated with auxin and stably expressing

either BARD1WT or BARD1R99E, BARD1S148A, BARD1ARD-3A,

BARD1K619A, or BARD1D712A mutants (Figures S4C and S4D)

and carried out colony survival assays (Figure 4E). Results

demonstrated that neither the R99E nor the K619A mutant

caused a survival defect upon BLM depletion, indicating that

loss of BRCA1-BARD1 E3 ligase activity or increased nascent

ssDNA degradation do not drive cell death in absence of BLM.

By contrast, expression of the ARD (ARD-3A) and ubiquitin-

dependent recruitment (D712A) mutants did not support survival

of BLM-depleted cells, indicating that localization of BRCA1-

BARD1 to DNA lesions is critical in absence of BLM. Finally, we

also observed a significant drop in survival of BLM-deficient cells

upon expression of the BARD1S148A mutant, which for this

reason we decided to pursue further.

Identification of a novel SMX-binding motif in BARD1
AlphaFold99,100 predictions of the structure of full-length BARD1

suggested that despite its proximity to the RING domain, the

Ser148 motif is discrete and does not contact the RING or any

other part of BARD1 (Figure 5A). A b-hairpin was predicted

with medium- to high-level confidence (predicted local distance

difference test [pLDDT] �50–90) to form around Ser148 (Fig-

ure S5A), in contrast to the low-confidence (pLDDT < 50)
DTP53 cells treated with the indicated siRNAs. Error bars denote SD from n = 3

complexmembers in BRCA1-proficient tumors or tumorswith loss-of-function

e significance.

DTP53 cells treated with the indicated siRNAs. Error bars denote SD from n = 3

DBRCA1/DTP53BP1 RPE-1 FRT/TR DTP53 cells treated with the indicated

DTP53 cells treated with the indicated siRNAs. Error bars denote SD from n = 3
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Figure 4. Structure-function analyses of BRCA1 and BARD1 reveal motifs required for survival of BLM-deficient cells

(A) Schematic of the human BRCA1 protein showing its conserved domains, protein binding partners, and the location of the S1655 residue, mutation of which

inactivates phospho-peptide binding by the tandem BRCT domain.

(B) Quantification of colony survival assays with WT and DBRCA1 RPE-1 FRT/TR DTP53 cells treated with siCtrl or siBLM, and expressing the indicated BRCA1

proteins. Error bars denote SD from n = 3 experiments.

(C) Schematic of the human BARD1 protein showing its conserved domains, binding partners, and the location of the mutations used in (E). The heatmap was

generated using ClustalO and Jalview. The degree of conservation of individual residues is indicated by height (ClustalO consensus) and color (BLOSUM62

score; yellow, high; brown, low).

(legend continued on next page)
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predictions usually associated with disordered regions. Circular

dichroism spectroscopy provided experimental support for this

and indicated that phosphorylation of Ser148 does not affect

the overall secondary structure (Figure S5B). These predictions

indicated to us that the Ser148 motif could be a novel binding

site for an as-yet unidentified interaction partner for BARD1.

To investigate this possibility, we designed two synthetic bio-

tinylated peptides corresponding to the residues surrounding

Ser148, one containing a phospho-serine at this residue and

the other being the native peptide. These peptides were conju-

gated to streptavidin-coupled beads and incubated in HeLa nu-

clear extracts, and potential interacting partners were identified

from two independent experiments by liquid chromatography-

tandem mass spectrometry (LC-MS/MS; Table S1). Strikingly,

when we examined proteins enriched in the phospho-BARD1

peptide pull-downs, we identified core components of the

SMX complex, including MUS81, EME1, SLX4, SLX4IP, and

XPF (Figures 5B and 5C). ERCC1was also present and enriched,

though only in one of the two experimental replicates. Given that

synthetic lethality between loss of orthologs of BLM and SMX

components has been observed from yeast to humans, the

SMX complex seemed like a plausible binding partner for a motif

in BARD1 that BLM-deficient cells depend on for survival. This

idea is also supported by recent studies that identified SMX

components in association with BRCA1.101–105

To verify whether full-length BARD1 could interact with the

SMX complex and its dependence on Ser148, we carried out im-

munoprecipitations from extracts from cells transfected with

plasmids encoding Spot-tagged BARD1WT or BARD1S148A. Re-

sults showed that although SLX4 and MUS81 were pulled

down by the WT protein, the S148A protein could not do so

above the background levels seen in the empty vector control

(Figure 5D). As a further control, we also tested whether the

BARD1-S148A mutation affected other protein-protein interac-

tions of the BRCA1-BARD1 complex including those of BARD1

with BRCA1, PALB2, CtIP, FANCJ, Abraxas, and RAD51. As ex-

pected, there was no difference between BARD1WT and

BARD1S148A in their interactions with these factors (Figure S5C),

indicating that the S148A mutation does not cause a general

defect in the ability of the BRCA1-BARD1 heterodimer to bind

its interacting partners. This was particularly important to verify

for RAD51 because Ser148 is located near a putative RAD51-

binding motif in human BARD1 (although the critical F-x-x-A res-

idues are not conserved in BARD1 orthologs; Figure 4D).88

Notably, we could only specifically detect the interaction be-

tween BARD1WT and SMX components if these cells were pre-

treated with nocodazole, indicating that the interaction is

maximal in G2/M cells when CDK1 is active. This is in line with

previous reports indicating that Ser148 phosphorylation is

CDK1-dependent.97,98 Interestingly, in one of those reports an

additional CDK1 phosphorylation site was identified in BARD1

at the Thr299 position.97 However, in contrast to Ser148,
(D) Sequence alignment of theMUSICmotif in vertebrate BARD1 orthologs. Note t

residues found in other orthologs. A previously reported putative RAD51-binding

(E) Quantification of colony survival assays with HCT116BARD1AID/AID cells treate

treated with 1 mM IAA for 72 h to deplete endogenous BARD1. Error bars denot

See also Figure S4.
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Thr299 is poorly conserved in mammals and is absent in other

vertebrates (Figure S5D). We also found that phospho-Thr299

peptides could not pull down SMX components (Figure S5E),

perhaps not surprisingly as Thr299 and its surrounding residues

do not resemble those surrounding Ser148 (Figure S5F). Taken

together, these data confirm that BRCA1-BARD1 interacts with

the SMX complex in a manner dependent on phosphorylated

Ser148 of BARD1.We therefore refer to Ser148 and its surround-

ing residues as the MUS81-SLX4-interacting constituent

(MUSIC) motif of BARD1.

The MUSIC motif of BARD1 interacts with the SMX
complex via SLX4 in a CDK1-dependent manner
We wished to determine which component of SMX the MUSIC

motif interacts with. SLX4 acts as a scaffold to bring toge-

ther multiple structure-specific nucleases,106 namely SLX1,

MUS81-EME1, and XPF-ERCC1 (the latter supported by an

additional co-factor, SLX4IP; Figure 5C). We therefore carried

out further pull-downs with the native and phosphorylated

BARD1 MUSIC motif peptides from lysates of cells deficient in

SLX1, MUS81, XPF, or SLX4 (Figures 5E and S5G–S5I). Strik-

ingly, only SLX4 depletion resulted in complete loss of SMX

component binding to the phosphorylated MUSIC motif peptide

(Figure 5E). These results indicate that BARD1 most likely inter-

acts with the SMX complex via its SLX4 component, either

directly or via another SLX4-associated protein that is not

MUS81, EME1, XPF, ERCC1, SLX4IP or SLX1.

To confirm the dependence of BARD1-SMX binding on CDK1

activity and to demonstrate the interaction in an orthogonal way

to our Spot-tag immunoprecipitation approach (Figure 5D), we

made use of a single-cell colocalization system where BARD1

fused to an mCherry-tagged lac repressor (LacR) is targeted to

a chromosomal site with �256 copies of the lac operator (lacO)

sequence integrated, and recruitment of GFP-SLX4 can be as-

sessed (Figure 5F). Consistent with the Spot-pull-downs, while

mCherry-LacR-BARD1WT could recruit GFP-SLX4 to the lacO

array above the background level observed in cells expressing

mCherry-LacR alone, the mCherry-LacR-BARD1S148A protein

could not (Figures 5G and 5H). Furthermore, upon treatment

with CDK1 inhibitor RO-3306, GFP-SLX4 could no longer be re-

cruited even in cells expressing mCherry-LacR-BARD1WT.

These results confirm that BARD1 interacts in a CDK1-depen-

dent manner with SLX4, most likely mediated by CDK1-depen-

dent phosphorylation of BARD1 on Ser148.

The MUSIC motif of BARD1 recruits SLX4 and MUS81 in
mitosis
To elucidate the cellular function of BRCA1-BARD1 interaction

with SLX4 and identify the cause of the synthetic sick relation-

ship with BLM loss, we needed to characterize cells expressing

the BARD1 S148A MUSIC motif mutant. To this end, we first

carried out colony survival assays to test whether loss of
hat zebrafish BARD1 lacks a RING domain and, hence, is missing the first�130

motif near the MUSIC motif is also highlighted.88

d with siCtrl or siBLM and expressing the indicated BARD1 proteins. Cells were

e SD from n = 3 experiments.
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BARD1-SLX4 binding caused hypersensitivity to genotoxic

stress (Figure 6A). Although cells expressing BARD1S148A were

not as sensitive to olaparib or cisplatin as BARD1-depleted cells,

they nonetheless showed a substantial hypersensitivity to these

agents compared with cells expressing BARD1WT. This hyper-

sensitivity was not caused by a defect in RAD51 loading, as cells

expressing BARD1S148A were as competent in RAD51 foci for-

mation as cells expressing BARD1WT (Figures 6B and 6C).

SLX1-SLX4 andMUS81-EME1 play important roles in cleaving

dHJs, stalled replication forks, and other joint molecules to pro-

mote sister chromatid disjunction. Based on our findings above,

wehypothesized that theBRCA1-BARD1complexmightbeplay-

ing a previously uncharacterized role at the later stages of HR (af-

ter RAD51 loading and strand invasion) or at persistently stalled

forks to recruit SLX1-SLX4 and MUS81-EME1 in order to cleave

any remaining DNA entanglements that BLM cannot deal with

beforemitosis. If thismodel is right, thenwewould expect at least

some of the increased SCEs in BLM-deficient cells to be de-

pendent on Ser148 of BARD1. To test this, we knocked out

BLMusingCRISPR-Cas9 inBARD1AID/AIDHCT116cells, comple-

mented themwith BARD1WT or BARD1S148A, and thenmeasured

SCEs (Figures 6D and S6A). As expected, BARD1AID/AID DBLM

cells displayed an extremely high rate of SCEs. Upon auxin treat-

ment to deplete endogenous BARD1, SCEs were substantially

reduced, also as expected due to the requirement for RAD51 in

dHJ formation. Complementation of these cells with BARD1WT

restored the SCEs back to the high levels seen in DBLM cells.

Strikingly, however, expression of BARD1S148A was unable to

do so, and SCEs remained significantly lower than in DBLM cells

expressing BARD1WT.

Our model predicts that a combination of BARD1-S148A mu-

tation and MUS81 depletion would be epistatic in terms of

decreasing SCEs in DBLM cells because they work together in

the same pathway. Indeed, when we measured SCEs in DBLM

cells expressing either BARD1WT or BARD1S148A and treated

with control siRNAs or siRNAs targeting MUS81, this is exactly

what we observed (Figures 6E and S6B). SCEs were highest in

DBLM cells expressing BARD1WT and MUS81, and expression

of BARD1S148A or MUS81 depletion both resulted in a decrease

in SCEs. However, expression of BARD1S148A in combination

with MUS81 depletion in DBLM cells did not result in any addi-
Figure 5. Identification of a novel MUS81-SLX4-interacting (MUSIC) m

(A) AlphaFold structure prediction of human BARD1 (UniProt A0AVN2), showing th

domains of BARD1.

(B) Scatter plot depicting log2-fold enrichment of BARD1-pS148 versus BARD1-S1

raw MS data. SMX subunits are highlighted in red.

(C) Schematic of the human SLX4 protein, showing which domains the other SM

SAF-A/B, Acinus, and PIAS; CCD, conserved C-terminal domain.

(D) Immunoprecipitations from lysates of 293FT cells transiently transfected with

nocodazole for 16 h prior to harvesting.

(E) Pull-downs from lysates of 293FT cells treated with siCtrl or siSLX4 using biot

from RAD17 was used as a negative control.

(F) Schematic of the LacR/lacO assay using plasmid-encoded mCherry-LacR-fus

tagged SLX4 transfected into a U2OS cell line containing �256 lacO repeats.

(G) Representative images of the LacR/lacO assay in cells co-transfected with

mCherry-LacR-fused BARD1S148A, or mCherry-LacR alone. Scale bars, 10 mm.

(H) Quantification of the LacR/lacO assay described in (G). Error bars denote SD

See also Figure S5.
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tional decrease in SCEs compared with loss of MUS81 alone.

These data support a model in which BARD1-dependent recruit-

ment of the SMX complex is required to process HR or late repli-

cation intermediates that are missed by the BTR complex.

Finally, to demonstrate formally that SMX recruitment de-

pends on BARD1 and an intact S148 motif, we examined SLX4

and MUS81 foci in early mitotic cells, when CDK1-dependent

phosphorylation of SLX4 promotes MUS81-EME1 binding, as-

sembly, and maximal nuclease activity of the SMX com-

plex.26,27,107–109 Due to lack of available antibodies specifically

recognizing SLX4 by immunofluorescence, we produced WT

and DBLM HCT116 BARD1AID/AID cells expressing GFP-SLX4

in a doxycycline-inducible manner (Figure S6C). In line with a

backup role for SMX in dealing with joint molecules, we observed

very few GFP-SLX4 or endogenous MUS81 foci in BLM-profi-

cient cells (Figures 6F, 6G, and S6D–S6F). However, in BLM-

deficient cells, we observed a significant increase in GFP-SLX4

and MUS81 foci in cells expressing BARD1WT. Upon BARD1

depletion, these foci were reduced to background levels, in

line with recent studies showing that loss of BRCA1-BARD1

leads to less SMX on chromatin.101,103,110 Strikingly, BLM-defi-

cient cells expressing BARD1S148A were just as defective in their

ability to recruit GFP-SLX4 and MUS81 to mitotic chromosomes

as BARD1-depleted cells (Figures 6F, 6G, S6E, and S6F). Taken

together, we thus establish that BARD1 promotes SLX4 and

MUS81 recruitment to early mitotic chromosomes in a manner

dependent on the MUSIC motif, where it likely deals with joint

DNA molecules in a redundant manner with the BTR complex.

Lack of this newly identified mechanism likely also explains the

synergistic increase in cell death that results from combined

deficiency in the BTR complex and BRCA1-BARD1.

DISCUSSION

We initiated this study to define the role of RecQ helicases in

regulating RAD51 in human cells. The budding yeast RecQ or-

tholog Sgs1 is capable of disrupting Rad51 filaments.111 Previ-

ous reports support a role for RECQL5 in RAD51 filament disas-

sembly,52–54 whereas others disagree on the relative importance

of BLM in this process.17,44–51 Our results confirm that RECQL5

is indeed required to limit RAD51 foci both before and after DNA
otif in BARD1

e expected location of theMUSICmotif and Ser148 in relation to the structured

48 peptide-binding proteins from 2 independent experiments. See Table S1 for

X components interact with. MLR, MUS312/MEI9 interaction-like region; SAP,

plasmids expressing Spot-tagged BARD1. Cells were treated with 100 ng/ml

inylated native or phosphorylated BARD1-Ser148 peptides. A peptide derived

ed BARD1 (or mCherry-LacR alone as a negative control; not shown) and GFP-

plasmids expressing GFP-SLX4 and either mCherry-LacR-fused BARD1WT,

from n = 3 experiments.
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Figure 6. The BARD1-Ser148 motif recruits SLX4 to DNA lesions in mitosis

(A) Colony survival assays with HCT116 BARD1AID/AID cells expressing glutathione S-transferase (GST) or the indicated BARD1 proteins, treated with increasing

doses of olaparib or cisplatin for 72 h. Error bars denote SD from n = 3 experiments.

(B) Representative images of RAD51 foci formation examined by immunofluorescence in HCT116 BARD1AID/AID cells expressing GST or the indicated BARD1

proteins. Cells were mock-irradiated or treated with 1 Gy IR before fixing after 2 h. DNA was stained with DAPI. Scale bars, 10 mm.

(C) Quantification of the sum of the intensities of RAD51 foci per nucleus, derived from QIBC analyses of n = 2 replicates. Cells were gated by DAPI intensity to

include only S and G2 cells. Medians are shown as black bars. AU, arbitrary units.

(D) Quantification of SCEs in WT and DBLM HCT116 BARD1AID/AID cells expressing GFP or the indicated BARD1 proteins. Error bars denote SD from n = 3

replicates.

(legend continued on next page)
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Figure 7. Model for the role of BRCA1-BARD1 binding to the SMX

complex and the underlying mechanism for its synthetic sickness

with BLM when both are deficient

See main text for details.
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damage, whereas BLM is not (Figures S1B and S1C). This is in

line with the fact that Sgs1 and RECQL5 both contain a

conserved RAD51-binding BRCv motif required for filament

disassembly,112 which appears to be absent in BLM.

During our studies investigating a role for BLM in regulating

RAD51, we discovered that loss of BLM in the context of

BRCA1-BARD1 deficiency causes a synergistic growth defect

in human cells. This negative genetic interaction can be ex-

plained by our finding that an evolutionarily conserved motif

centered around Ser148 in BARD1 that we call the MUSIC motif,

constitutes a binding site for SLX4 and its associated nucleases,

which whenmutated prevents their recruitment to joint DNAmol-

ecules. BLM loss combined with SLX4 or MUS81 inactivation

has long been known to be synthetic lethal in organisms from

yeast to humans.19,23,25,26,38–42 In line with this, loss of BARD1-

Ser148 causes increased cell death in absence of BLM, and

we therefore hypothesize that a defect in SLX4 recruitment com-

bined with loss of BTR-dependent processing of joint DNA

molecules and/or late replication intermediates prevents sister

chromatid disjunction during mitosis, leading to chromosome

breakage, rampant micronucleation, and ultimately cell death.

It is interesting to note that a recent biochemical study using

recombinant proteins demonstrated that although the BTR com-

plex can efficiently dissolve dHJs regardless of whether they are

chromatinized, the dHJ resolution activity of the SMX complex is

significantly inhibited by chromatin.113 This indicates that one or

more additional factors must be required in vivo for SMX to

resolve dHJs and presumably other DNA substrates. We pro-

pose that one of these factors is likely to be the BRCA1-

BARD1 complex, which could act as a stable platform to position
(E) Quantification of SCEs inDBLMHCT116BARD1AID/AID cells expressing BARD1

from n = 2 replicates.

(F) Representative images of GFP-SLX4 foci in nocodazole-arrested WT or DBL

induction of GFP-SLX4 upon addition of Dox. Scale bars, 10 mm.

(G) Quantification of GFP-SLX4 foci in cells from (E). Error bars denote SD from

See also Figure S6.
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SMX in proximity to potential substrates, thus increasing its cut-

ting efficiency. Alternatively, or in addition, BRCA1-BARD1 could

play a more direct role in the nucleolytic reaction catalyzed by

SMX. Future studies with purified recombinant proteins will be

able to address this question.

In conclusion, we propose the following model (Figure 7). In

contrast to the situation in yeast, recent work suggests that in hu-

man cells, the BTR complex remains active until the early stages

of mitosis rather than being confined to S/G2 cells, with its activ-

ity likely to be maximal in early prophase.114 This gives the BTR

complex the chance to dissolve most joint molecules and repli-

cation intermediates prior to cell division to avoid crossovers

and prevent loss of heterozygosity. However, BLM may not al-

ways catch all DNA entanglements before anaphase. We sug-

gest that upon recruitment of BRCA1-BARD1 to DSB sites in

S/G2 cells, RAD51 is loaded to promote error-free repair by

HR. If any joint molecules are formed that BLM cannot deal

with, BRCA1-BARD1 phosphorylation on Ser148 at the G2/M

boundary (probably by CDK197,98) would promote recruitment

of SLX4 and nucleolytic cleavage of such DNA structures as a

backup mechanism to promote cell division, although at the

cost of potentially producing SCEs. Similarly, a region of un-

der-replicated DNA could be unwound by the helicase activity

of BLM and topological intertwines removed by TOP3A.115

This would generate two daughter chromosomes, each with an

ssDNA gap that would require gap-filling by a DNA polymerase

while avoiding SCEs. Alternatively, a mutagenic pathway

involving SLX4 recruitment by the BARD1 MUSIC motif could

symmetrically cleave both leading strand templates to produce

one intact daughter chromosome and two DSB ends that could

be repaired by POLQ-mediated end-joining to produce a second

daughter chromosome with a deletion.116,117 SCEs would be

produced in this case as well. Notably, it has long been known

that BLM-deficient cells have a very high rate of SCEs as well

as deletions and other chromosomal aberrations, which sup-

ports this model.71,118 In mitotic cells where both the BTR com-

plex and either BRCA1, BARD1, or BARD1 phosphorylation on

Ser148 are defective, this would either lead to nondisjunction

of sister chromatids or else random breakage events that pro-

duce acentric fragments, thereby leading to the high level of

cell death that we have demonstrated in these cells.

The finding that loss of BLM causes cell death when combined

with BRCA1 deficiency is of potential therapeutic relevance.

Although PARP inhibitors have entered the clinic to treat

BRCA-deficient tumors, drug resistance can rapidly develop.77

One mechanism that BRCA1-deficient tumor cells can exploit

is inactivation of the 53BP1 pathway.119,120 We have found

that although DBRCA1/DTP53BP1 cells are indeed resistant to

PARP inhibition, they are just as sensitive to BLM depletion as

DBRCA1 cells (Figure 3F). This raises the prospect of potentially

utilizing BLM inhibitors to target a subset of BRCA1-deficient
WT or BARD1S148A and treatedwith the indicated siRNAs. Error bars denote SD

M HCT116 BARD1AID/AID cells expressing the indicated BARD1 proteins after

n = 3 replicates.
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cancers that have become resistant to PARP inhibitors. Of note,

BLM inhibitors have been developed previously, although they

are not yet suitable for use as drugs.121,122

Limitations of the study
Our data suggest that SLX4 (or an SLX4-associated protein that

is notMUS81, EME1, XPF, ERCC1, SLX4IP, or SLX1) is the direct

binding partner for the MUSIC motif of BARD1. Although SLX4

does not contain any known phospho-peptide binding domains,

it is a large protein of 1834 residues, much of which is unstruc-

tured and poorly characterized. Future work will be needed to

map the binding site of the BARD1 MUSIC motif on SLX4.

One final and major question arises from this work: what is the

nature of the toxic DNA intermediates that cause cell death in

cells deficient in BTR and BRCA1-BARD1? BLM knockout cells

expressing BARD1S148A (which are proficient in RAD51 loading;

Figures 6B and 6C) have reduced SCEs (Figure 6D), suggesting

that dHJ resolution is defective due to inefficient SLX4 recruit-

ment in these cells. However, cells lacking BRCA1-BARD1

altogether (rather than just the SLX4-interacting motif) are HR-

deficient, so dHJsmay never accumulate regardless of the pres-

ence of BLM. Thus, we can envisage two possible scenarios to

explain this: one, it is possible that dHJs still accumulate in cells

lacking BLM and BRCA1 to some extent, as a result of RAD51-

independent joint molecule formation, e.g., via RAD52.123 Two,

dHJs are not the only DNA substrate that BLM and the SMX

complex are required to deal with—stalled replication forks,

D-loops, late replication intermediates, and other potentially

problematic secondary DNA structures could all be highly toxic

if not processed in either a BTR- or SMX-dependent manner.

Further work will be needed to address this.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

53BP1 Santa Cruz Biotechnology sc-22760; RRID: AB_2256326

Abraxas Abcam ab139191; RRID: AB_2888912

BARD1 Abcam ab64164; RRID: AB_1924804

BARD1 Bethyl Laboratories A300-263A; RRID: AB_2061250

BLM Bethyl Laboratories A300-110A; RRID: AB_2064794

BRCA1 Santa Cruz Biotechnology sc-6954; RRID: AB_626761

BRCA2 Merck OP95; RRID: AB_2067762

Centromere (CREST) Immunovision HCT-0100; RRID: AB_2744669

CtIP Abcam ab155988

EME1 Santa Cruz Biotechnology sc-53275; RRID: AB_2278026

ERCC1 Santa Cruz Biotechnology sc-56673; RRID: AB_783261

EXO1 Abcam ab95068; RRID: AB_10675762

FANCJ Cell Signaling 4578; RRID: AB_2061832

GFP Roche 11814460001; RRID: AB_390913

GST Santa Cruz Biotechnology sc-138; RRID: AB_627677

H2AX Novus Biologicals NB100-383; RRID: AB_10002060

H2AX-pS139 Millipore 05-636; RRID: AB_309864

KAP1 Abcam ab10483; RRID: AB_297222

KAP1-pS824 Bethyl Laboratories IHC-00073; RRID: AB_577234

MUS81 Santa Cruz Biotechnology sc-53382; RRID: AB_2147138

PALB2 Bethyl Laboratories A301-246A; RRID: AB_890607

PICH Millipore 04-1540; RRID: AB_11210090

RAD51 BioAcademia 70-002; RRID: AB_1056187

RECQL5 Bethyl Laboratories A302-520A; RRID: AB_1999022

RMI1 Novus Biologicals NB100-1720; RRID: AB_2181500

RPA2 Abcam ab10359; RRID: AB_297095

SLX1 Proteintech 21158-1-AP; RRID: AB_2752255

SLX4 Novus Biologicals NBP1-28680; RRID: AB_2259342

SLX4IP Santa Cruz Biotechnology sc-377066; RRID: AB_2752253

TOP3A Proteintech 14525-1-1AP; RRID: AB_2205881

XPF Bethyl Laboratories A301-315A; RRID: AB_938089

Donkey anti-rabbit IgG Alexa Fluor 568 Thermo Fisher Scientific A10042; RRID: AB_2534017

Goat anti-mouse IgG Alexa Fluor Plus 488 Thermo Fisher Scientific A32723; RRID: AB_2633275

Goat anti-mouse IgG1 Alexa Fluor 647 Thermo Fisher Scientific A21240; RRID: AB_2535809

Cy3 AffiniPure Goat Anti-Human IgG Jackson ImmunoResearch 109-165-003; RRID: AB_2337718

Bacterial and virus strains

One Shot TOP10 Chemically Competent E. coli Thermo Fisher Scientific C404010

One Shot Stbl3 Chemically Competent E. coli Thermo Fisher Scientific C737303

Biological samples

HeLa nuclear extract Ipracell CC-01-20-25

Chemicals, peptides, and recombinant proteins

Aphidicolin Santa Cruz Biotechnology sc-201535

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

BARD1 S148 peptide:Biotin-SGSG-

KNSIKMWFSPRSKKVRYVVSK

Biomatik N/A

BARD1 pS148 peptide:Biotin-SGSG-

KNSIKMWF(pS)PRSKKVRYVVSK

Biomatik N/A

BARD1 T299 peptide:Biotin-SGSG-

TKSRNEVVTPEKVCKNYLTSK

Genosphere Technologies N/A

BARD1 pT299 peptide:Biotin-SGSG-

TKSRNEVV(pT)PEKVCKNYLTSK

Genosphere Technologies N/A

BrdU Thermo Fisher Scientific H27260

Cisplatin Merck P4394

Colcemid Merck C9754

cOmplete EDTA-free Protease Inhibitor Cocktail Merck 5056489001

DAPI BD Biosciences 564907

Doxycycline Merck D9891

Dynabeads M-280 Thermo Fisher Scientific 11205D

GFP-Trap Magnetic Agarose Proteintech gtma

Giemsa Stain Merck 48900

Hoechst Merck H6024

IAA Merck I2886

Lipofectamine 2000 Thermo Fisher Scientific 11668019

Lipofectamine 3000 Thermo Fisher Scientific L3000015

Lipofectamine RNAiMAX Thermo Fisher Scientific 13778150

Mowiol Merck 81381

Nocodazole Merck 487928

Olaparib APExBIO A4154

RAD17 peptide:Biotin-SGSG-

LPLSQNSASELPASQPQPFS

Biomatik N/A

RO-3306 (CDK1 inhibitor) Merck SML0569

SPOT-Trap Magnetic Agarose Proteintech etma

SuperNuclease Sino Biological SSNP01

VECTASHIELD Antifade Mounting Medium Vector Laboratories H-1000-10

Critical commercial assays

BD Cytofix/Cytoperm Fixation and

Permeabilization Solution

BD Biosciences 554722

Bolt 4%–12% Bis-Tris Plus Gels Thermo Fisher Scientific NW04120BOX

Caspase-Glo 3/7 Assay System Promega G8090

GenElute HP Endotoxin-Free Plasmid Maxiprep Kit Merck NA0410

Gateway BP Clonase II Enzyme mix Thermo Fisher Scientific 11789020

Gateway LR Clonase II Enzyme mix Thermo Fisher Scientific 11791020

Deposited data

Mass spectrometry This study PRIDE: PXD042480

Raw western blots and imaging data This study Mendeley Data: https://doi.org/10.17632/

yx7ym3rj6s.1

Experimental models: Cell lines

293 Flp-In TREX Steve West124 N/A

293 Flp-In TREX DMUS81 Steve West124 N/A

293 Flp-In TREX DSLX1 Steve West124 N/A

293FT Thermo Fisher Scientific R70007

H1299 shBRCA1 Madalena Tarsounas125 N/A

H1299 shBRCA2 Madalena Tarsounas126 N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

HCT116 BARD1AID/AID Nakamura et al.92 N/A

HCT116 BARD1AID/AID +GST Nakamura et al.92 N/A

HCT116 BARD1AID/AID +BARD1WT Nakamura et al.92 N/A

HCT116 BARD1AID/AID +BARD1R99E Nakamura et al.92 N/A

HCT116 BARD1AID/AID +BARD1S148A This paper N/A

HCT116 BARD1AID/AID +BARD1ARD-3A Nakamura et al.92 N/A

HCT116 BARD1AID/AID +BARD1K619A Nakamura et al.92 N/A

HCT116 BARD1AID/AID +BARD1D712A Becker et al.95 N/A

HCT116 BARD1AID/AID +Spot-

BARD1WT +GFP-SLX4

This paper N/A

HCT116 BARD1AID/AID DBLM This paper N/A

HCT116 BARD1AID/AID DBLM +GFP-SLX4 This paper N/A

HCT116 BARD1AID/AID DBLM +Spot-BARD1WT This paper N/A

HCT116 BARD1AID/AID DBLM +Spot-BARD1S148A This paper N/A

HCT116 BARD1AID/AID DBLM +Spot-

BARD1WT +GFP-SLX4

This paper N/A

HCT116 BARD1AID/AID DBLM +Spot-

BARD1S148A +GFP-SLX4

This paper N/A

RPE1 FRT/TR DTP53 This paper N/A

RPE1 FRT/TR DTP53 +GFP This paper N/A

RPE1 FRT/TR DTP53 DBLM This paper N/A

RPE1 FRT/TR DTP53 DBLM +GFP This paper N/A

RPE1 FRT/TR DTP53 DBLM +GFP-BLMWT This paper N/A

RPE1 FRT/TR DTP53 DBLM +GFP-BLMDTR This paper N/A

RPE1 FRT/TR DTP53 DBLM +GFP-BLMK695R This paper N/A

RPE1 FRT/TR DTP53 DRECQL5 This paper N/A

RPE1 FRT/TR DTP53 Steve Jackson127 N/A

RPE1 FRT/TR DTP53 DBRCA1 Steve Jackson128 N/A

RPE1 FRT/TR DTP53 DTP53BP1 Steve Jackson128 N/A

RPE1 FRT/TR DTP53 DBRCA1 DTP53BP1 Steve Jackson128 N/A

RPE1 FRT/TR DTP53 DBRCA1 +GFP This paper N/A

RPE1 FRT/TR DTP53 DBRCA1 +GFP-BRCA1WT This paper N/A

RPE1 FRT/TR DTP53 DBRCA1 +GFP-BRCA1DCC This paper N/A

RPE1 FRT/TR DTP53

DBRCA1 +GFP-BRCA1S1655A
This paper N/A

U2OS 2-6-3 Roger Greenberg129 N/A

Oligonucleotides

siCtrl:50-CGUACGCGGAAUACUUCGA-30 Eurofins Genomics N/A

siBRCA1 #1 (pool) siTOOLs Biotech si-G050-672

siBRCA1 #2:

50-CAGCUACCCUUCCAUCAUAUU-3

Eurofins Genomics N/A

siBRCA2 (pool) Horizon Discovery L-003462-00-0005

siBLM #1:50-GCUAGGAGUCUGCGUGCGA-30 Eurofins Genomics N/A

siBLM #2:50-CUUUCUUGUUUGUCAGCAU-30 Eurofins Genomics N/A

siEXO1 (pool) Horizon Discovery L-013120-00-0005

siMUS81 (pool) Horizon Discovery L-016143-01-0005

siPICH (pool) Horizon Discovery L-031581-01-0005

siRMI1 #1:50-AGCCUUCACGAAUGUUGAU-30 Eurofins Genomics N/A

siRMI1 #2:50-GAUCCAGUAGGUAGGACAUUU-30 Eurofins Genomics N/A

siSLX4 (pool) Horizon Discovery L-014895-00-0005
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REAGENT or RESOURCE SOURCE IDENTIFIER

siTOP3A #1:50-CCAGAAAUCUUCCACAGAA-30 Eurofins Genomics N/A

siTOP3A #2:50-GCAGAGAUGUCUAAUGAAA-30 Eurofins Genomics N/A

si53BP1:50-GCACACUUGUCACUCGUGU-30 Thermo Fisher Scientific s14314

sgRNA targeting RECQL5 #1

F:CACCGGACAACTTCAATGAAAAGGC

Thermo Fisher Scientific N/A

sgRNA targeting RECQL5 #1

R:AAACGCCTTTTCATTGAAGTTGTCC

Thermo Fisher Scientific N/A

sgRNA targeting RECQL5 #2

F:CACCGGCCCAAAAAGATTCGGGGA

Thermo Fisher Scientific N/A

sgRNA targeting RECQL5 #2

R:AAACTCCCCGAATCTTTTTGGGCC

Thermo Fisher Scientific N/A

BARD1 cloning primer F: AAGCTTGGTACCGAG

CTCGGATCCATGCCAGACCGCGTGCGCGC

Thermo Fisher Scientific N/A

BARD1 cloning primer R: CTGTGCTGGATATCT

GCAGAATTCTCAGCTGTCAAGAGGAAGCA

Thermo Fisher Scientific N/A

BARD1-S148A mutagenesis primer F: CTT

TCTTACTTCGAGGGGCAAACCACAT

TTTAATTGAATTCTTCTTGTTTCC

Thermo Fisher Scientific N/A

BARD1-S148A mutagenesis primer R: GG

AAACAAGAAGAATTCAATTAAAATGTGG

TTTGCCCCTCGAAGTAAGAAAG

Thermo Fisher Scientific N/A

GFP-SLX4 cloning primer F: GGTTCTAG

AGCGCTGCCACCATGGTGAGCA

AGGGCGAGGA

Thermo Fisher Scientific N/A

GFP-SLX4 cloning primer R: CGCTCT

GCCCGGATGCTAGCTCAGTTCC

GCTCCACCTTCT

Thermo Fisher Scientific N/A

Cherry-LacRep-BARD1 cloning primer F:

AAGATCGAGTGGCATGAGGGATCCGG

CAGCCCTAGATCTATGCC

Thermo Fisher Scientific N/A

Cherry-LacRep-BARD1 cloning primer R:

CAGTTATCTAGATCCGGTGGATCCTCAG

CTGTCAAGAGGAAGCA

Thermo Fisher Scientific N/A

BLM DTR mutagenesis primer F: GAT

CGAGGGTAGAATGGCTGCTAAAA

AGAAAACATCTTCAGATAA

Thermo Fisher Scientific N/A

BLM DTR mutagenesis primer R: TTA

TCTGAAGATGTTTTCTTTTTAGCAG

CCATTCTACCCTCGATC

Thermo Fisher Scientific N/A

BLM K695R mutagenesis primer

F: GCCGACTGGAGGTGGTAGGA

GTTTGTGTTACCAG

Thermo Fisher Scientific N/A

BLM K695R mutagenesis primer

R: CTGGTAACACAAACTCCTAC

CACCTCCAGTCGGC

Thermo Fisher Scientific N/A

BLM cloning primer F: GGGGACAAGT

TTGTACAAAAAAGCAGGCTTCATG

GTGAGCAAGGGCG

Thermo Fisher Scientific N/A

BLM cloning primer R: GGGGACCACTT

TGTACAAGAAAGCTGGGTTCATGA

GAATGCATATGAAGGC

Thermo Fisher Scientific N/A

BRCA1 S1655A mutagenesis primer F:

CATGGTGGTGGCTGGCCTGACC

Thermo Fisher Scientific N/A

(Continued on next page)
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BRCA1 S1655A mutagenesis primer R:

GACATTCTTTTGTTGACC

Thermo Fisher Scientific N/A

BRCA1 DCC mutagenesis primer F:

TCTTCTGCCCTTGAGGAC

Thermo Fisher Scientific N/A

BRCA1 DCC mutagenesis primer R:

ACCTAAGTTTGAATCCATGC

Thermo Fisher Scientific N/A

Recombinant DNA

AIO-GFP-sgBLM Shorrocks et al.17 N/A

PX458 Addgene 48138

PX458-GFP-RECQL5 targeting vector #1 This paper N/A

PX458-mRuby2-RECQL5 targeting vector #2 This paper N/A

pDONR221-GFP Shorrocks et al.17 N/A

pLenti-PGK-Neo-DEST Addgene 19067

pLenti-PGK-Neo-DEST-GFP Shorrocks et al.17 N/A

pDONR221-GFP-BLMWT Hodson et al.66 N/A

pLenti-PGK-Neo-DEST-BLMWT Hodson et al.66 N/A

pDONR221-GFP-BLMDTR This paper N/A

pLenti-PGK-Neo-DEST-GFP-BLMDTR This paper N/A

pDONR221-GFP-BLMK695R Hodson et al.66 N/A

pLenti-PGK-Neo-DEST-GFP-BLMK695R Hodson et al.66 N/A

pDONR221-BARD1WT Nakamura et al.92 N/A

pDONR221-BARD1S148A This paper N/A

pLenti-PGK-Neo-DEST-BARD1WT This paper N/A

pLenti-PGK-Neo-DEST-BARD1S148A This paper N/A

pDONR221-SPOT-BARD1WT This paper N/A

pDONR221-SPOT-BARD1S148A This paper N/A

pLenti-PGK-Neo-DEST-SPOT-BARD1WT This paper N/A

pLenti-PGK-Neo-DEST-SPOT-BARD1S148A This paper N/A

pcDNA3.1(+) Thermo Fisher Scientific V79020

pcDNA3.1-SPOT-BARD1WT This paper N/A

pcDNA3.1-SPOT-BARD1S148A This paper N/A

pcDNA5/FRT/TO-GFP-SLX4 John Rouse21 N/A

TLCV2-GFP-SLX4 This paper N/A

Cherry-LacRep Addgene 18985

Cherry-LacRep-BARD1WT This paper N/A

Cherry-LacRep-BARD1S148A This paper N/A

pInducer20 Addgene 44012

pInducer20-GFP This paper N/A

pDEST-FRT/TO-GFP-BRCA1 Addgene 71116

pInducer20-GFP-BRCA1WT This paper N/A

pInducer20-GFP-BRCA1DCC This paper N/A

pInducer20-GFP-BRCA1S1655A This paper N/A

Software and algorithms

Fiji Schindelin et al.130 https://imagej.net/software/fiji/

Prism 10 GraphPad https://www.graphpad.com

scanR acquisition & analysis software Olympus https://www.olympus-lifescience.

com/en/microscopes/inverted/scanr/

(Continued on next page)
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LAS X Leica Microsystems https://www.leica-microsystems.

com/products/microscope-

software/p/leica-las-x-ls/

AlphaFold Deepmind https://alphafold.ebi.ac.uk

Spotfire TIBCO https://www.spotfire.com

pyBoxshade M. Baron https://github.com/mdbaron42/pyBoxshade

T-Coffee multiple sequence alignment tool Notredame et al.131 https://www.ebi.ac.uk/

Tools/msa/tcoffee/

DichroWeb Miles et al.132 https://dichroweb.cryst.bbk.

ac.uk/home.shtml

ZEN Black ZEISS https://www.micro-shop.zeiss.

com/en/us/softwarefinder/software-

categories/zen-black/
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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, Andrew N.

Blackford (andrew.blackford@imm.ox.ac.uk).

Materials availability
Unique reagents generated and described during this study are available on request.

Data and code availability
d Rawwestern blots and imaging data reported in this paper have been deposited atMendeley and are publicly available as of the

date of publication. The DOI is listed in the key resources table. Raw proteomics data have been deposited on PRIDE. The iden-

tifier is listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and culture conditions
All cells were grown in humidified incubators supplied with 5% CO2 and maintained at 37 �C, with regular testing for mycoplasma

contamination by LookOut Mycoplasma PCR Detection Kit (Merck). RPE-1 FRT/TR cells were purchased from Ximbio and cultured

in Dulbecco’s modified Eagle’s medium (DMEM; Thermo Fisher Scientific) supplemented with 10% fetal calf serum (FCS; Thermo

Fisher Scientific) and 100 u/ml penicillin/100 mg/ml streptomycin (Lonza). RPE-1 FRT/TR DBLM cell lines and their derivatives

have been described previously.17,66 DBRCA1, DTP53BP1, DBRCA1/DTP53BP1 and their parental RPE-1 FRT/TR DTP53 clones

were gifts from Stephen Jackson.127,128

HCT116 BARD1AID/AID cell lines and their derivatives have been described previously.92,95 H1299 cells expressing shRNAs target-

ing BRCA1 or BRCA2 were gifts from Madalena Tarsounas.125,126 DMUS81, DSLX1 and their parental 293 cells were gifts from Ste-

phen West.124 The U2OS 2-6-3 cell line containing an integrated array of �256 lacO repeats was a gift from Roger Greenberg.129

HCT116, H1299, 293 and U2OS cells were cultured in the samemedia as RPE-1 cells. 293FT cells were obtained from Thermo Fisher

Scientific and cultured in DMEM supplemented with 10% FCS, 2 mM glutamine (Lonza), 1% MEM non-essential amino acids

(Thermo Fisher Scientific) and 500 mg/ml Geneticin (G418; Thermo Fisher Scientific).

METHOD DETAILS

RNA interference
siRNAs were transfected using Lipofectamine RNAiMAX (Thermo Fisher Scientific) according to themanufacturer’s instructions, with

the following sequences: siCtrl (targeting firefly luciferase), 5’-CGUACGCGGAAUACUUCGA-3’; siBRCA1 #2, 5’-CAGCUACCCUUC

CAUCAUAUU-3’; siBLM #1 5’-GCUAGGAGUCUGCGUGCGA-3’; siBLM #2, 5’-CUUUCUUGUUUGUCAGCAU-3’; siRMI1 #1, 5’-AG

CCUUCACGAAUGUUGAU-3’; siRMI1 #2, 5’-GAUCCAGUAGGUAGGACAUUU-3’; siTOP3A #1, 5’-CCAGAAAUCUUCCACAG
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AA-3’; siTOP3A #2, 5’-GCAGAGAUGUCUAAUGAAA-3’. siBRCA1 #1 is an siPOOL of 30 siRNAs (siTOOLs Biotech), which reduce

off-target effects by including very small concentrations of each individual siRNA while still achieving efficient knockdowns with

10-fold less total siRNA concentration compared to single siRNA transfections.133 siEXO1, siPICH and siSLX4 are Dharmacon

SMARTpools (Horizon Discovery); si53BP1 is a Silencer Select siRNA (Thermo Fisher Scientific).

Plasmids and cloning
All plasmids were maxiprepped using GenElute HP Endotoxin-Free Plasmid Maxiprep Kits (Merck) according to the manufacturer’s

instructions, and verified by Sanger sequencing (Source BioScience). Plasmids encoding GFP-tagged BLMWT, BLMK695R or BLMDTR

were generated previously.17,66

pDONR221-Spot-BARD1 was produced by amplifying BARD1 cDNA from pDONR221-BARD192 by PCR using primers that add

the Spot-tag and a short linker to the BARD1 N terminus, and an attB2 to the C terminus. A second round of PCR was carried out to

add an N-terminal attB1 site, before cloning the Spot-BARD1 cDNA back into pDONR221 using Gateway cloning (Thermo Fisher

Scientific) according to the manufacturer’s instructions. The S148A mutation was introduced by site-directed mutagenesis using

QuikChange (Agilent Technologies). For immunoprecipitations, Spot-BARD1 cDNAs were amplified by PCR from pDONR221, and

subcloned into pcDNA3.1(+). For lentiviral transductions, Spot-BARD1 cDNAs were inserted into pLenti PGK Neo DEST (a gift

from Eric Campeau and Paul Kaufman134; Addgene plasmid # 19067) using Gateway cloning.

GFP-SLX4 was amplified by PCR from pcDNA5/FRT/TO-GFP-SLX4 (a gift from John Rouse21) and inserted into a modified TLCV2

vector (a gift from Philip Hublitz) to replace the Cas9 cassette using In-Fusion cloning (Takara Bio) according to the manufacturer’s

instructions.

Plasmids expressingmCherry-LacR-BARD1 fusion proteins were produced by amplifying BARD1 cDNA by PCR frompDONR221-

Spot-BARD1 and inserting into Cherry-LacRep (a gift from Mirek Dundr135; Addgene plasmid # 18985) using In-Fusion cloning ac-

cording to the manufacturer’s instructions.

Plasmids expressing GFP-BRCA1 in a doxycycline-inducible manner were produced by amplifying GFP-BRCA1 cDNA by PCR

from pDEST-FRT/TO-GFP-BRCA1 (a gift from Daniel Durocher136; Addgene plasmid # 71116) and inserting it into pDONR221 using

Gateway cloning. The DCC and S1655A mutations were introduced by site-directed mutagenesis. GFP-BRCA1 cDNAs were then

inserted into pInducer20 (a gift from Stephen Elledge137; Addgene plasmid # 44012) using Gateway cloning.

Generation of knockout cells using CRISPR-Cas9
TP53 was knocked out in RPE-1 FRT/TR cells using an all-in-one CRISPR-Cas9 vector in combination with Nutlin-3 treatment as

described previously.127 BLM was knocked out in HCT116 BARD1AID/AID cells using a previously described all-in-one CRISPR-

Cas9 vector.17 To knock out RECQL5 in RPE-1 FRT/TR cells, small guide RNAs (sgRNAs) were designed targeting the following se-

quences: sgRECQL5-1, AACAACTTCAATGAAAAGGC; sgRECQL5-2, AGCCCAAAAAGATTCGGGGA. sgRECQL5-1 was cloned

into pSpCas9(BB)-2A-GFP (PX458; a gift from Feng Zhang138; Addgene plasmid # 48138). sgRECQL5-2 was cloned into a modified

PX458 in which the GFPwas replaced withmRuby2 (a gift from Philip Hublitz139). Plasmids were transfected into cells using Lipofect-

amine 3000 (Thermo Fisher Scientific), according to the manufacturer’s instructions. Cells were left to recover for 3 days before sort-

ingGFP-positive cells (when targetingBLM) or GFP- andmRuby2-positive cells (when targetingRECQL5). Colonies were grown from

single cells and screened for BLM or RECQL5 expression by western blotting.

SDS-PAGE and western blotting
SDS-PAGE and western blotting were performed using 7% Tris-Bicine gels with the SE400 and TE42 systems from Hoefer, or Bolt

4%–12% Bis-Tris Plus gels from Thermo Fisher Scientific. The following antibodies were used at the indicated dilutions: 53BP1 (sc-

22760, Santa Cruz Biotechnology, 1/1000), Abraxas (ab139191, Abcam, 1/2000), BARD1 (ab64164, Abcam, 1/500), BARD1 (A300-

263A, Bethyl Laboratories, 1/10,000), BLM (A300-110A, Bethyl Laboratories, 1/2000), BRCA1 (sc-6954, Santa Cruz Biotechnology,

1/200), BRCA2 (OP95, Merck, 1/2000), CtIP (ab155988, Abcam, 1/500), EME1 (sc-53275, Santa Cruz Biotechnology, 1/500), ERCC1

(sc-56673, Santa Cruz Biotechnology, 1/500), EXO1 (ab95068, Abcam, 1/2000), FANCJ (4578, Cell Signaling Technology, 1/500),

GFP (11814460001, Roche, 1/5000), GST (sc-138, Santa Cruz Biotechnology, 1/500), H2AX (NB100-383, Novus Biologicals,

1/5000), KAP1 (ab10483, Abcam, 1/5000), KAP1-pS824 (IHC-00073, Bethyl Laboratories, 1/1000), MUS81 (sc-53382, Santa Cruz

Biotechnology, 1/200), PALB2 (A301-246A, Bethyl Laboratories, 1/2000), PICH (04-1540, Merck, 1/500), RAD51 (70-002,

BioAcademia, 1/1000), RECQL5 (A302-520A, Bethyl Laboratories, 1/1000) RMI1 (NB100-1720, Novus Biologicals, 1/1000), RPA2

(ab10359, Abcam, 1/10,000), SLX4 (NBP1-28680, Novus Biologicals, 1/1000), SLX4IP (sc-377066, Santa Cruz Biotechnology,

1/500), TOP3A (14525-1-1AP, Proteintech, 1/1000), XPF (A301-315A, Bethyl Laboratories, 1/1000).

QIBC for RAD51 foci
Cells were grown on 12-mm-wide, 0.13-0.16-mm-thick glass coverslips (VWR; cleaned in 96% ethanol, dried, and autoclaved), irra-

diated where appropriate using a calibrated Faxitron X-ray generator, pre-extracted with ice-cold 0.2% Triton X-100 in PBS for 1 min

on ice, and fixed in 4% formaldehyde in PBS for 12min at room temperature. Coverslips were incubated for 1 hr at room temperature

with anti-RAD51 primary antibody (70-002, BioAcademia, 1/1000), diluted in antibody buffer (DMEM supplemented with 10% FCS

and 0.05%sodium azide; filtered). Cells were washed three times in 0.2%Tween 20 in PBS, before incubationwith donkey anti-rabbit
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IgG Alexa Fluor 568 secondary antibody (A10042, Thermo Fisher Scientific, 1/1000), diluted in antibody buffer containing 0.5 mg/ml

DAPI in the dark for 1 hr at room temperature. Cells were washed three times in 0.2% Tween 20 in PBS and once in water, before

mounting in 5 ml of a 10% Mowiol 4-88 (Merck), 25% glycerol, 100 mM Tris-HCl, pH 8.5 solution.

QIBC experiments were performed on an Olympus scanR inverted microscope system equipped with IX83 inverted motorized

frame with Z-drift control, Semrock DAPI/FITC/Cy3/Cy5 Quad LED filter set, sCMOS Hamamatsu Orca Fusion B Camera (Pixel

size on chip 6.5 mm, Array size, 2304 x 2304 pixels or 5.3M pixels, FOV 14.976 mm x 14.976 mm). An Olympus UPLXAPO 20x,

NA 0.80, WD 0.6 mm, Air/Dry objective was used. Light sources were Lumencor SPECTRA X Light Engine Independent LEDs (Violet

395/25 295 mW, Yellow 575/25 310 mW, Red 640/30 231 mW) used at 100% power. Identical exposure times were used for all sam-

ples within one experiment. Images were captured, processed, and analyzed using scanR acquisition and image analysis software

(Olympus, version 3.2.0). A virtual mask was applied for RAD51. Segmentation of nuclei and foci was performed using the in-built

object detection module based on intensity and size inclusion criteria. All downstream analyses were performed using TIBCO Spot-

fire software (version 16.6.0). Fluorescence intensities of the segmented nuclei and foci are depicted as arbitrary units. Cells in S/G2

phase were gated using profiles generated using scatter plots of total DAPI intensity.

Colony survival assays
Where indicated, cells were transfected with siRNA and/or treated with 2 mg/ml doxycycline 24 hr prior to plating at low densities.

24 hr after plating, cells were treated with olaparib, cisplatin and/or 1 mM of the auxin indole-3-acetic acid (IAA) where indicated,

for 72 hr. Cells were washed three times in PBS before addition of fresh medium, and left for up to 14 days to allow colonies to

develop. Colonies were washed in PBS, stained in 0.1%Coomassie Brilliant Blue R 250, 7% acetic acid, 50%methanol at room tem-

perature for 30 min, and washed in water before counting.

Apoptosis assays
Apoptosis assays were performed using the Caspase-Glo 3/7 Assay System fromPromega, according to themanufacturer’s instruc-

tions. Briefly, cells were treated with either siCtrl or siBRCA1 before being plated into 96-well plates at a density of 5000 cells/well.

Mediumwas replaced 24 hr after plating. 48 hr after transfection, mediumwas replaced with 100 ml of Caspase-Glo 3/7 Reagent with

brief mixing in an orbital shaker for 30 s. Cells were incubated for 30 min at room temperature and luminescence of each well was

measured.

Flow cytometry
Cells were transfected with siRNA 48 hr prior to being harvested by trypsinization, pre-extracted in 0.2% Triton X-100 in PBS for

10 min on ice, and fixed using BD Cytofix/Cytoperm solution (BD Biosciences) according to the manufacturer’s instructions. Cells

were labelled with gH2AX antibodies (05-636, Millipore, 1/500) diluted in BD Perm/Wash buffer (BD Biosciences) for 1 hr at room

temperature, followed by incubation with goat anti-mouse IgG1 Alexa Fluor 647 secondary antibodies (A21240, Thermo Fisher Sci-

entific, 1/200), 250 mg/ml RNase A (Merck), 0.02% sodium azide and 2 mg/ml DAPI, diluted in BD Perm/Wash buffer for 1 hr at room

temperature in the dark. Samples were resuspended in BD Perm/Wash buffer for analysis. gH2AX intensities were normalized by

subtracting the gH2AX intensity of untreated WT cells from every sample.

Micronuclei quantification
Cells were fixed in 4%paraformaldehyde in PBS for 10min at room temperature, washed twicewith PBS, permeabilized and blocked

in blocking buffer (3% BSA, 0.5% Triton X-100 in PBS) for 30 min at room temperature. Coverslips were washed in PBS, then incu-

bated with anti-human centromere primary antibody (HCT-0100, Immunovision, 1/1000) in antibody buffer for 1 hr at room temper-

ature. Cells were washed three times in 0.2% Tween 20 in PBS, before incubation with goat anti-human IgG Cy3 secondary antibody

(109-165-003, Jackson ImmunoResearch, 1/1000), diluted in antibody buffer containing 0.5 mg/ml DAPI in the dark for 1 hr at room

temperature. Cells were washed three times in 0.2% Tween 20 in PBS and once in water, before mounting in 5 ml of a 10% Mowiol

4-88 (Merck), 25% glycerol, 100mMTris-HCl, pH 8.5 solution. Images were obtained using the Olympus scanR inverted microscope

system as above, from which micronuclei were scored manually.

Analyses of chromosomal aberrations
HCT116 or RPE-1 cells were blocked inmitosis by addition of 750 nMcolchicine for 2 hr before harvesting. Cells were resuspended in

75mMKCl and incubated at 37 �C for 30min, followed by fixation by addition of ice-cold 3:1methanol/acetic acid solution. Following

gentle inversion and centrifugation, pellets were resuspended in fixative and spun down, with this procedure being repeated twice.

Pellets were then resuspended in fixative, and cells were dropped onto glass slides (VWR) that had been pre-treatedwith 0.432%HCl

for 1 hr, washed six times in water, and stored in ethanol. Cells were left to dry at room temperature for up to 3 days in the dark, before

staining by immersion in GiemsaModified Stain (Merck) in Gurr Buffer (Thermo Fisher Scientific) for 10min. Cells were rinsed in water

and left to dry overnight in the dark before mounting in Entellan (Merck) with glass coverslips (Appleton Woods). Images were ac-

quired using an Olympus BX60 widefield microscope fitted with a Lumenera INFINITY3S camera and a UPlanSApo 100x/1.4 oil

objective. At least 10 metaphases were scored per sample.
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Lentiviral transductions
To assemble lentiviruses, 293FT cells were transfected with pLenti PGK Neo DEST plasmids encoding GFP, GFP-BLM or BARD1

proteins, TLCV2 plasmids encoding GFP-SLX4, or pInducer20 plasmids encoding GFP or GFP-BRCA1 proteins, along with

pHDM-tat1b, pHDM-G, pRC/CMV-rev1b and pHDM-Hgpm2 lentiviral assembly plasmids.140 Viral supernatants were harvested

at 24 and 48 hr, pooled, passed through a 0.45-mm filter, and stored at -80 �C. For lentiviral infections, HCT116 or RPE-1 cells

were incubated in viral media for 48 hr, before selection in fresh medium containing 500 mg/ml G418 or 1 mg/ml puromycin for up

to 7 days. G418-resistant cells were sorted for GFP expression where possible. All stable cell lines were verified by western blotting.

TCGA analyses
The TCGA Pan-Cancer dataset (12,839 samples) was used for this study. Tumour samples that do not contain information of gene

expression level were excluded. The UCSC Xena platform141 was used for acquiring gene expression levels (FPKM) of BTR complex

components (BLM, TOP3A, RMI1 and RMI2) and known synthetic lethal partners (POLQ and PARP1) in tumour samples with WT

BRCA1 (8,221 samples) and loss-of-function (LoF) alterations (33 samples). The LoF alterations in this study only include frameshift

and nonsense mutations. A similar approach was used to compare FPKM of BLM in breast, ovarian, pancreatic, and prostate tumour

sampleswithmutations inBRCA1orBRCA2.Welch’s t-testwasapplied for comparinggeneexpression levelsbetween tumoursamples.

Sequence alignments
Protein sequences were aligned using T-Coffee,131 with conserved and similar residues highlighted using pyBoxshade.

Peptide pull-downs
Peptides were synthesized by Biomatik or Genosphere Technologies and biotinylated on the N terminus with the following se-

quences: SGSG-KNSIKMWFSPRSKKVRYVVSK (BARD1-S148), SGSG-KNSIKMWF-[pSer]-PRSKKVRYVVSK (BARD1-pS148),

SGSG-TKSRNEVVTPEKVCKNYLTSK (BARD1-T299), SGSG-TKSRNEVV-[pThr]-PEKVCKNYLTSK (BARD1-pT299), and SGSG-

LPLSQNSASELPASQPQPFS (RAD17). Peptides were bound to streptavidin-coupled Dynabeads M-280 (Thermo Fisher Scientific).

HeLa nuclear extracts (Ipracell) were diluted 1:1 with dilution buffer (300 mM NaCl, 10 mM NaF, 0.2 mM EDTA, 0.2% Igepal CA-630,

20 mM HEPES-KOH, pH 7.4) supplemented with cOmplete protease inhibitor cocktail (Roche), and cleared by centrifugation. For

preparation of 293, 293FT and U2OS lysates, cells were washed in phosphate-buffered saline (PBS), lysed in peptide pull-down

buffer (150 mM NaCl, 50 mM KCl, 5 mM NaF, 0.2 mM EDTA, 0.1% Igepal CA-630, 10% glycerol, 20 mM HEPES-KOH, pH 7.4) sup-

plemented with cOmplete protease inhibitor cocktail, before being were cleared by centrifugation. Dynabead-conjugated peptides

were incubated with clarified extracts with end-to-end mixing at 4 �C for 2 hr. Beads were washed with peptide pull-down buffer,

before elution in 2X SDS sample buffer (4% SDS, 20% glycerol, 50 mM TCEP, 0.002% bromophenol blue, 125 mM Tris-HCl, pH

6.8) for mass spectrometry or western blotting.

Circular dichroism spectroscopy
Circular dichroism spectroscopy was performed using a Jasco J-815 Spectropolarimeter. BARD1-S148 and BARD1-pS148 pep-

tides were diluted in 20 mM NaCl, 10 mM sodium phosphate buffer (pH 6.8) at a final concentration of 50 mg/ml. Peptides were

applied to 1-mm cuvettes for working in the far-UV spectrum (190-230 nm). Buffer without peptide was used to set a baseline. Exper-

imental data was reconstructed, and secondary structure fractions were calculated using a reference database142 and

DichroWeb.132

Mass spectrometry
Precipitatedmaterial in SDS sample buffer was subjected to two rounds of chloroform-methanol precipitation followed by in-solution

trypsin digestion. Digested and desalted samples were resuspended in 20 ml 2% acetonitrile and 0.1% formic acid and analyzed by

reverse-phase chromatography using an UltiMate 3000 nUPLC with a 50-cm EASY-Spray column and a 2-cm Acclaim PepMap 100

column connected either to a Q-Exactive HFmass spectrometer or an Orbitrap Fusion Lumosmass spectrometer through an EASY-

Spray Ion Source (Thermo Fisher Scientific). Peptides were separated using a 60-min linear gradient from 2% to 35% buffer contain-

ing formic acid in acetonitrile at 250 nl/min flow rate. Bothmass spectrometers were operated in data-dependent acquisitionmode to

switch automatically between full scan andMS/MS acquisition. For the Q-Exactive HF (experiment 2, E2), MS1 scans were acquired

in the Orbitrap at 60k resolution (AGC 3e6) and the top 12 most intense precursors were isolated in the quad (1.2 m/z window), frag-

mented in the HCD cell with 28% normalized collision energy and analysed in the Orbitrap at 30k. For the Orbitrap Fusion Lumos

(experiment 1, E1), the top speed universal method was used. MS1 scans were acquired in the Orbitrap (AGC target of 4e5 and

S-lens RF of 30) at 120k and MS2 scans in the ion trap using the rapid scan mode (quad isolation 1.6 m/z, CID 35%, activation

time 10 ms). Mass spectrometry data were analysed in FragPipe (v19). Data were searched against the UniProtKB/Swiss-Prot data-

base (human, retrieved 02/2022, 20,386 sequences) and quantified using the LFQ-MBR workflow. FragPipe combined-protein out-

puts were further analysed in Perseus (v1.6.2.2). For each experiment, protein intensity ratios of BARD1-pS148 versus BARD1-S148

were calculated, log2 transformed and missing values replaced by a constant (equal to 0). E1 and E2 data were merged based on the
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gene name and combined total peptide average between the two experiments was calculated. The mass spectrometry proteomics

data have been deposited to the ProteomeXchange Consortium via the PRIDE143 partner repository with the dataset identifier

PXD042480.

Immunoprecipitations
Plasmids were transfected into 293FT cells using Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer’s in-

structions. For preparation of lysates for immunoprecipitations, cells were washed in phosphate-buffered saline (PBS), and lysed in

nuclease buffer (100mMNaCl, 0.1% Igepal CA-630, 1 mMMgCl2, 10% glycerol, 5 mMNaF, 50 mMTris-HCl, pH 7.5), supplemented

with cOmplete EDTA-free protease inhibitor cocktail and 25 U/ml Benzonase. After nuclease digestion, NaCl and EDTA concentra-

tions were adjusted to 300mMand 2mM, respectively, and lysates were cleared by centrifugation. Lysates were then incubated with

15 ml of Spot-Trapmagnetic agarose beads (Proteintech) for 2 hr with end-to-endmixing at 4 �C. Immunoglobulin-antigen complexes

were washed five times in wash buffer (750 mM NaCl, 2 mM EDTA, 0.1% Igepal CA-630, 10% glycerol, 5 mM NaF, 50 mM Tris-HCl,

pH 7.5) supplemented with cOmplete EDTA-free protease inhibitor cocktail, before elution in 2X SDS sample buffer for SDS-PAGE.

LacR/lacO single-cell colocalization assays
U2OS 2-6-3 cells containing an integrated array of �256 lacO repeats were grown on 12-mm-wide, 0.13-0.16-mm-thick glass cov-

erslips (VWR; cleaned in 96%ethanol, dried, and autoclaved). Cells were co-transfectedwith pcDNA5/FRT/TO-GFP-SLX4 and either

mCherry-LacR, mCherry-LacR-BARD1WT or mCherry-LacR-BARD1S148A. The following day, cells weremock-treated or treated with

9 mM of the CDK1 inhibitor RO-3306 for 1 hr before fixation for immunofluorescence and microscopy.

Sister chromatid exchange assays
HCT116 or RPE-1 cells were treated with 10 mM 5-bromo-2’-deoxyuridine (BrdU) for two cell cycles, arrested at the G2/M boundary

by 9 mM CDK1 inhibitor (RO-3306) treatment for 16 hr, and blocked in mitosis by addition of 750 nM colchicine for up to 2 hr before

harvesting. Cells were resuspended in 75 mM KCl and incubated at 37 �C for 30 min, followed by fixation by addition of ice-cold 3:1

methanol/acetic acid solution. Following gentle inversion and centrifugation, pellets were resuspended in fixative and spun down,

with this procedure being repeated twice. Pellets were then resuspended in fixative, and cells were dropped onto glass slides

(VWR) that had been pre-treated with 0.432% HCl for 1 hr, washed six times in water, and stored in ethanol. Cells were left to dry

at room temperature for up to 3 days in the dark, before staining by immersion in 15 mg/ml Hoechst diluted in 100 mM phosphate

buffer (51 mM NaH2PO4, 49 mM Na2HPO4, pH 6.8) for 30 min. Cells were washed in PBS, exposed to a 365-nm UV light source

for 2 hr, and washed again in PBS. This was followed by incubation in 2X saline-sodium citrate (SSC) buffer (300 mM NaCl,

30 mM trisodium citrate-HCl, pH 7) for 1 hr at 65 �C and four washes in water. Cells were stained with Leishman’s stain (Merck)

for 90 s and left in the dark for 30 min to dry. Cells were then washed once in water, left to dry overnight in the dark before mounting

in VECTASHIELD (Vector Laboratories) with glass coverslips (Appleton Woods). Images were acquired using a ZEISS Axio Observer

Z1 widefield microscope fitted with an Axiocam MRm camera and a Plan-Apochromat 100x/1.4 oil objective, running on ZEN Pro

2012 software. At least 10 metaphases were scored per sample.

Immunofluorescence and confocal microscopy
Cells were grown on 12-mm-wide, 0.13-0.16-mm-thick glass coverslips (VWR; cleaned in 96% ethanol, dried, and autoclaved). Cells

were treated with 2 mg/ml doxycycline 16 hr after siRNA transfection. The following day, cells were treated with 1 mM IAA for 8 hr

where indicated, before addition of 200 nM aphidicolin for 16 hr, followed by 100 ng/ml nocodazole for 1 hr to enrich for mitotic cells.

Cells were fixed in 4%paraformaldehyde in PBS for 10min at room temperature, washed twicewith PBS, permeabilized and blocked

in blocking buffer (3% BSA, 0.5% Triton X-100 in PBS) for 30 min at room temperature. Coverslips were washed in PBS, then incu-

batedwith anti-GFP (11814460001, Roche, 1/2000) or anti-MUS81 (sc-53382, Santa Cruz Biotechnology, 1/1000) primary antibodies

in antibody buffer for 1 hr at room temperature. Cells were washed three times in 0.2% Tween 20 in PBS, before incubation with goat

anti-mouse IgG Alexa Fluor Plus 488 secondary antibody (A32723, Thermo Fisher Scientific, 1/1000), diluted in antibody buffer con-

taining 0.5 mg/ml DAPI in the dark for 1 hr at room temperature. Cells were washed three times in 0.2% Tween 20 in PBS and once in

water, before mounting in 5 ml of a 10% Mowiol 4-88 (Merck), 25% glycerol, 100 mM Tris-HCl, pH 8.5 solution.

Confocal imaging was carried out using a Leica SPEmicroscope (Leica Microsystems) equipped with a 63x/1.3 NA Plan Apochro-

mat objective. DAPI was detected using a 405-nm diode laser, Alexa 488 was detected with the 488-nm line of an argon laser,

Z stacks of entire cells were acquired using optimized step sizes by LAS X software. Raw data were processed using Projection pro-

cessing with LAS X software. Display of images was adjusted for intensity for optimal display of structures of interest.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless otherwise stated, significances were calculated using one-way ANOVA, followed by Tukey’s post-hoc test.
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