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In brief

Processes used by meiotic cells to
recombine chromosomes are also often
co-opted in mitotic DNA repair. Zelceski
et al. show that the meiotic PSMC3IP-
MND1 heterodimer plays a critical role in
the response to DNA damage in mitotic
cells, including the response to PARPI
used in cancer treatment.
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SUMMARY

The PSMC3IP-MND1 heterodimer promotes meiotic D loop formation before DNA strand exchange. In
genome-scale CRISPR-Cas9 mutagenesis and interference screens in mitotic cells, depletion of PSMC3IP
or MND1 causes sensitivity to poly (ADP-Ribose) polymerase inhibitors (PARPi) used in cancer treatment.
PSMC3IP or MND1 depletion also causes ionizing radiation sensitivity. These effects are independent of
PSMC3IP/MND1’s role in mitotic alternative lengthening of telomeres. PSMC3IP- or MND1-depleted cells
accumulate toxic RAD51 foci in response to DNA damage, show impaired homology-directed DNA repair,
and become PARPi sensitive, even in cells lacking both BRCA1 and TP53BP1. Epistasis between
PSMC3IP-MND1 and BRCA1/BRCA2 defects suggest that abrogated D loop formation is the cause of
PARPI sensitivity. Wild-type PSMCS3IP reverses PARPI sensitivity, whereas a PSMC3IP p.Glu201del mutant
associated with D loop defects and ovarian dysgenesis does not. These observations suggest that meiotic

proteins such as MND1 and PSMC3IP have a greater role in mitotic DNA repair.

INTRODUCTION

Five different poly(ADP-ribose) polymerase inhibitors (PARPi)'?
are approved for the treatment of homologous recombination
(HR)-defective cancer.®* PARPi work by generating a synthetic
lethal® DNA lesion, namely chromatin associated (trapped)
poly(ADP-ribose) polymerase 1 (PARP1).° The nucleoprotein
complex caused by trapped PARP1 provides a steric barrier
to the normal function of DNA and impairs normal replication
fork (RF) function.” The DNA damage caused by PARPI is
repaired by BRCA1-, BRCA2-, and RAD51-mediated HR; in
their absence, cytotoxicity ensues.” Trapped PARP1 at replica-
tion gaps between Okazaki fragments is also a major cause of
PARPi sensitivity.>'® Targeting PARP1 in patients with HR-
defective cancers is a prime example of the concept of preci-
sion medicine in cancer therapy.'”

To identify patients with HR-defective tumors, various ap-
proaches are used, including the detection of BRCA1/2 or
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other HR-associated gene mutations,'? prior platinum sensi-
tivity,”> or a genomic mutational signature that reflects the
lack of HR and predominance of other DNA repair path-
ways.'*™'" Experimentally, PARPi sensitivity is predicted by
the inability to localize the DNA recombinase RAD51 to the
site of DNA damage.'®2°

To better understand what determines PARPI sensitivity, we
carried out a series of parallel CRISPR mutagenesis and inter-
ference screens. Both mutagenesis and interference screens
identified the meiotic recombination heterodimer MND1-
PSMC3IP as controlling PARPi response in mitotic cells. In
contrast with BRCA71 or BRCA2 mutant cells, MND1- or
PSMCS3IP-deficient mitotic cells accumulate RAD51 foci in
response to DNA damage, a result of defective HR process-
ing. These effects are reversed by ectopic expression of
MND1 or PSMCS3IP, but not by a PSMC3IP mutant with an
inability to form productive D loops, which are critical for
effective HR.
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RESULTS

Parallel CRISPR mutagenesis and interference screens
identify MND1 and PSMCS3IP as highly penetrant
determinants of PARPiI sensitivity

We carried out parallel CRISPR mutagenesis (CRISPRn) and
CRISPR interference (CRISPRi) chemosensitivity screens using
a PARPi-resistant, HR-proficient, non-tumor epithelial cell line
with an engineered TP53 mutation, MCF10A TP53~/~. We
used TP53 mutant MCF10A cells, as many cancer-associated
mutations (such as BRCA1%'"2%) impair cellular fitness by
invoking TP53-mediated cell cycle checkpoints. We introduced
into these cells either a doxycycline-inducible Cas9 transgene
(Cas9) or a transgene expressing catalytically inactive Cas9
(dCas9) fused to the KRAB transcriptional repressor®* (Fig-
ure 1A). We confirmed PARPI resistance in these cells, using
BRCA1 mutant SUM149 triple negative breast tumor cell lines
with a PARPi-resistance causing BRCAT reversion mutation'"?°
as a control (Figures 1B and 1C).

For the CRISPRn screen, we mutagenized Cas9™ cells with a
genome-wide single guide RNA (sgRNA) library®® (Figure 1D).
After removing non-transduced cells and a fraction of the cell
population for later analysis (To sample), the resultant cell popu-
lation was divided into three cohorts exposed to (1) the drug
vehicle (DMSO); (2) olaparib; or (3) talazoparib. We used concen-
trations of PARPI sufficient to cause a 20% decrease in the cell
population (surviving fraction 80 concentration) to maximize
the potential for identifying sensitization effects. Cells were
continuously cultured in the presence of drug (or DMSO) for
2 weeks, at which point DNA from surviving cells was recovered
(T4 sample). Using deep sequencing, we compared the relative
enrichment or depletion of sgRNAs from Ty vs. T4 samples and
used these data to calculate normalized drug effect Z-scores
(normZ®") for each gene (Tables S1A-S1C). We used an assess-
ment of the depletion of sgRNA targeting core essential genes as
a quality control measure,®” an approach that indicated that
each of the screens was of sufficient quality to warrant further
analysis (Figures S1A-S1C, Tables S1B and S1C).

In parallel, we also conducted genome-wide CRISPRi screens®
for olaparib or talazoparib sensitivity in dCas9-KRAB* MCF10A
TP53~'~ cells (Figure 1E). When we compared data from olaparib
vs. talazoparib screens, we found both CRISPRi and CRISPRn
screens to be highly reproducible (Figures 1F and 1G).
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Deletion of PARP1 or PARP1 mutations that prevent PARP1
trapping cause PARPI resistance,” both in BRCA7 wild-type
and BRCAT mutant cells.** PARP1 sgRNA gave one of the
most profound resistance-causing effects in both CRISPRn
and CRISPRI screens (Figures 1F and 1G). Previous focused
short hairpin RNA (shRNA) screens,®® genome-wide shRNA
screens (Table S1D),*® and genome-wide CRISPR-Cas9
screens for PARPI sensitivity”®>°°® indicated that the genes
involved in HR enhance PARPi sensitivity when inactivated.
This was also the case in our CRISPRn and CRISPRIi screens.
Some of the most profound PARPI sensitivity-causing effects
were caused by CRISPRi or CRISPRn targeting of the HR-asso-
ciated genes RAD51B, RAD54L, EME1, ATM, MUS81, PALB2,
BRCAT1, BARD1, BRCA2, and DDX11 (Figures 1F and 1G); unbi-
ased pathway annotation of “hits” in CRISPRn and CRISPRI
screens identified HR as an enriched pathway (KEGG “HR”
p values of 5.5 x 107%, 1.1 x 1075, 9.4 x 1076, and 1.9 x
107'2 for olaparib/CRISPRn, talazoparib/CRISPRn, olaparib/
CRISPRIi, and talazoparib/CRISPRi screens, respectively
(Tables S1TE-S1H). In addition to the genes described above,
additional genes involved in HR and double-strand break repair
also scored as “hits” in our screen (ACTR5, ATM, ATRIP, AUNIP,
CHAF1B, FAAP24 [C190rf40], FANCA, FANCD2, FANCE,
FANCI, FANCL, FANCM, INO80, KIAA1524 [CIP2A], MCMS8,
MCM9, MRE11A, NBN, NSMCE1, NDNL2, PNKP, RAD5O0,
RAD51, RAD51C, RAD51AP1, RBBP8 [CtIP], RMI1, RNFS,
RNF168, SHFM1 [DSS1], SLX4, SMC4, SMC6, SFR1, STRA13
[CENPX], SLX4, SWI5, TELO, TONSL, TRAIP, USP1, WDR48,
WRN, XRCC2, and XRCC3), as did genes implicated in recruit-
ment and activity of the 9-1-1 complex (ATAD5, RAD1,
RAD9A, and RAD17), those that control the DNA damage-
induced S/G, and Gu/M checkpoints (FOXM1, CCNB2),
chromatin remodeling complex component-coding genes
(ACTL6A, BRD2, RBBP7, and SMARCB1), chromosome cohe-
sion factors (CHTF18, CHTF8, ESCO2, and DSCCT), base exci-
sion repair genes (LIG1, LIG3, FEN1, UNG, APEX2, and MUTYH)
and nucleotide excision repair genes (CUL4A, GTF2H2C, RFC4,
LIG1, RPA3, POLD2, ERCC2, GTF2H3, RFC5, PCNA RFC1,
CCNH, CETN2, GTF2H4, DDB1, POLE4, CDK7, and ERCC3).
In addition, the PARP1 co-factor C4orf27 (HPF1) and three RNA-
SEH2 family genes known to control PARPI sensitivity by modu-
lating levels of genomic uracil (RNASEH2A, RNASEH2B, and
RNASEH2C?°) were also identified as hits (Figures 1F and 1G).

Figure 1. Parallel CRISPRn and interference screens identify determinants of PARPI sensitivity

(A) Western blot of MCF10A TP53~/~ cell lysates illustrating expression of either doxycycline-inducible Cas9 or dCas fused to a KRAB transcriptional repressor
(dCas9-KRAB).

(B and C) PARPi resistance in MCF10A TP53~/~ cells. Dose-response survival curves are shown. Cells were plated in 384-well plates and exposed to PARPi for
5 days. PARPi-sensitive BRCAT-mutant SUM149 and PARPi-resistant BRCAT-revertant SUM149 cells are shown as controls. Error bars represent SD fromn =3
replicates. p values were calculated via ANOVA with Tukey’s post-test.

(D and E) Schematics representing workflow for CRISPRn (D) and CRISPRI (E) screens.

(F and G) Data from genome-wide CRISPRn (F) and CRISPRI (G) screens. Scatterplots are shown with olaparib vs. talazoparib drug effect Z-scores. Genes with
negative Z-scores represent PARPI sensitivity-causing effects (as shown by named DNA repair genes), whereas genes with positive Z-scores represent PARPI
resistance-causing effects (e.g., PARPT).

(H-K) Effects of MND1 and PSMC3IP compared to effects elicited via CRISPRn or CRISPRi of BRCAT or BRCAZ2. Plots of genome-wide drug effect Z-scores
compared with gene rank product based on MaGeCK and Z score analysis from the screens described in (D) and (E).

(L and M) MND1 and PSMCS3IP are highly penetrant determinants of PARPI sensitivity. Violin plots of quantile normalized Z score data (see STAR Methods) from
nine different CRISPRn or CRISPRI screens for PARPI sensitivity.”“~>° Quantile normalized Z-scores for MND1 and PSMC3IP (L) or BRCAT and BRCA2 (M) are
highlighted. Each of the cell lines shown is a mitotic hnTERT-positive/ALT-negative cell line.
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Our use of both CRISPRi and CRISPRn screens, and the use of
two different clinical PARPI, allowed us to identify the most
profound effects that were independent of the mode of gene
perturbation or the PARPi used. This approach identified two
genes that encode a heterodimer classically involved in meiotic
recombination, MND1 (meiotic nuclear division protein 1 homo-
log) and PSMC3IP (PSMCS3 interacting protein, HOP2)
(Figures 1F, 1G, and S1D-S1G). We also identified MND1 and
PSMCS3IP depletion in a retroviral mutagenesis screen for
ionizing radiation (IR) sensitivity carried out in HAP1 cells
(Figures STH-S1K),®” suggesting the effect of MND7-PSMC3IP
inhibition was not specific to PARPI, but also caused sensitivity
to other exogenous forms of DNA damage. When we examined
each individual PARPi CRISPR-Cas9 screen, we found that the
effect of targeting MND1 or PSMC3IP on PARPI sensitivity was
often comparable, or more profound than that achieved by
CRISPR targeting of either BRCA1 or BRCA2 (Figures 1H-1K
and S1D-S1G). We also assessed the generality of these obser-
vations by re-analysis of published CRISPR screens carried out
in additional cell line backgrounds (Table S1l) and by carrying out
an additional set of CRISPRn screens in another MCF10A deriv-
ative with an RB7 tumor suppressor defect in addition to the
TP53 mutation (Figures STL-S1N and Table S1J). CRISPR-tar-
geting of MND1 or PSMC3IP elicited PARPI sensitivity in a wider
variety of cell line models than CRISPR-targeting of either
BRCA1 or BRCA2, suggesting that the MND1/PARPi and
PSMCS3IP/PARPi synthetic lethal effects had a comparably
greater penetrance than the effect of targeting either BRCA1 or
BRCA2 (Figures 1L and 1M), and that in mitotic cells, the
MND1/PSMCSIP heterodimer might be involved in the response
to PARPI.

MND1 and PSMCS3IP control PARPi sensitivity in mitotic
cells
MND1 and PSMCS3IP encode a DNA-binding heterodimer whose
canonical function is in meiotic RAD51- or DMC1-mediated
meiotic recombination.*®*° As part of this process, DNA dou-
ble-strand DNA breaks (DSBs) are formed by SPO11. These
are resected to generate exposed tracts of single-stranded
DNA (ssDNA), which are in turn bound by either DMC1 or
RAD51, forming a helical presynaptic nucleoprotein filament.
Using RAD51/DMC1 ATPase activity, the presynaptic filament
invades duplex target DNA to form a heteroduplex DNA joint (D
loop), which is extended by DNA strand exchange and synthesis
and then resolved to generate either cross-over or non-cross-
over DNA recombinants.’® As a part of this meiotic recombina-
tion process, the MND1/PSMC3IP heterodimer promotes
meiotic interhomolog pairing by stabilizing the presynaptic
filament and the capture of duplex DNA. The N-terminal dou-
ble-stranded DNA-binding functions of PSMC3IP/MND1
mediate synaptic complex assembly and the PSMC3IP C termi-
nus binds ssDNA and stabilizes the nucleoprotein filament.*'
PSMC3IP/MND1 also regulate ATP and DNA binding by
RAD51.%? Given this, we were interested to understand why
these genes might control response to DNA-damaging agents,
such as PARPI, in mitotic cells.

In addition to its role in meiotic recombination, there is some
evidence that the MND1/PSMCS3IP heterodimer also functions
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in mitotic cells, which predominantly carry out HR between sister
chromatids as opposed to homologous chromosomes. MND1/
PSMGCS3IP are expressed in tumor cell lines, particularly those
that maintain telomeres via the alternative lengthening telomeres
(ALT) pathway, a form of HR.**** As part of ALT, MND1/
PSMCS3IP promotes telomere clustering and RAD51-mediated
recombination between otherwise geographically distant
telomeres on different chromosomes.”*** To extend these
observations, we analyzed gene expression and mass spec-
trometry proteomic data from human tumor cell lines (https://
depmap.org) to assess the generality of MND1/PSMC3IP
expression in mitotic cells. In human tumor cell lines, MND1
and PSMCS3IP mRNA and protein expression were relatively
common (Figures S2A and S2B, Table S1K) and not solely
restricted to tumor cell lines that carry out ALT (Figures S2C,
S2D, and Tables S1K-S1N). For both MND1 and PSMC3IP,
mRNA expression correlated with protein expression
(Figures S2E, S2F, and Tables S1K-S1N) and MND1 expression
was highly correlated with PSMC3IP expression (Figures S2D,
S2G, Tables S1K, and S1M), consistent with the hypothesis
that these two heterodimer components have a shared function
in mitotic cells. Tumor expression of MND1 and PSMC3IP was
also relatively common (Figures S2H, S2I, and Table S10) and
highly correlated, including in those tumor types where PARPI
are used clinically (breast, serous ovarian, pancreatic adenocar-
cinoma, and prostate adenocarcinoma; Figures S2J-S2M and
Table S10).

On the basis of our CRISPR screen results, and the data indi-
cating that MND1 and PSMCS3IP are commonly expressed in
mitotic tumor cells, we formally assessed whether MND1 or
PSMC3IP defects caused PARPI sensitivity. In CRISPRi experi-
ments, we found that sgRNA targeting MND1 or PSMC3IP
enhanced sensitivity to olaparib or talazoparib (Figures 2A-2D),
confirming the results of the screen. The differences in the
magnitude of PARPI sensitivity demonstrated between the two
PSMC3IP sgRNAs (Figure 2C) could be explained by the differ-
ential efficiency of the two sgRNAs to induce PSMC3IP silencing
(Figure S3). To further validate these results, we transfected
MCF10A TP53~'~ cells with Cas9-crRNA ribonucleoproteins
targeting either MND1 or PSMC3IP and isolated two daughter
clones with different MND1 mutations and two daughter clones
with different PSMC3/IP mutations (Figures 2E, 2F, and S4).
MND1-or PSMC3IP-mutant clones were also sensitive to talazo-
parib (Figures 2G and 2H), a clinical PARPi known to effectively
trap PARP1 on chromatin.”*® This was not the case for the
poor PARP1 trapper, but effective PARP1 catalytic inhibitor,
veliparib (Figures S5A and S5B), suggesting that like PARPI vs.
BRCA1/2 synthetic lethality,*® PARPi/MND1/PSMC3IP synthetic
lethality might be more dependent on PARP1 trapping than
catalytic inhibition. MND7- or PSMC3/P-mutant clones were
not sensitive to a small molecule ATR inhibitor (Figures S5C
and S5D), suggesting that the effect of PARPI did not necessarily
extend to any agent that causes RF stress. PARPI sensitivity was
not restricted to MCF10A TP53~/~ cells and was also seen in
KB1P-G3B1 mouse mammary tumor cells*’ grown ex vivo that
were CRISPR-Cas9 mutagenized by Mnd1 sgRNA (Figures 2I,
2J, S5E, and S5F). PARPI sensitivity was also partially reversed
by ectopic Mnd1 overexpression (Figures 2K and S5G-S5I).
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PARPi sensitivity was also seen in MND7-defective HAP1
cells (Figures 2L and 2M). We also confirmed sensitivity to
IR in MND7- or PSMC3IP-mutant MCF10A TP53~/~ cells
(Figures S5J and S5K) and in Mnd1-defective KB1P-G3B1 cells
(Figure 2N). Restoration of Mnd1 expression in Mnd1-defective
KB1P-G3B1 cells partially reversed radiosensitivity (Figures 2N
and S5L). Taken together with our prior screen data, this finding
suggested that the observed PARPI synthetic lethal effects (and
also IR sensitivity) were relatively common effects in mitotic cells.

PARPi sensitivity in MND1/PSMC3IP-defective cells is
characterized by an increase in RAD51 foci and
suppression of HR

The MND1-PSMCS3IP heterodimer facilitates meiotic RAD51
function in yeast.*® In cell-free in vitro assays, MND1-PSMC3IP
catalyzes the binding of mouse and human RAD51 to nucleo-
tides and DNA.** The DNA lesions caused by PARPi and IR often
elicit Ser-139 phosphorylation of histone variant H2AX (yH2AX),
as well as the localization of the recombinase RAD51 to the site
of DNA damage.’? Using proximity ligation assays (PLAs) in
mitotic KB1P-G3B1 cells, we estimated the co-localization of
Mnd1 with either Rad51 or yH2ax. Mnd1 co-localized with
Rad51 in the presence or absence of exogenous DNA damage,
as previously seen in murine and human models*®~° (Figures 3A
and S6A). Mnd1 co-localized with yH2ax solely upon exogenous
DNA damage (Figures 3B and S6B). However, when we as-
sessed the ability of RAD51 to localize to the site of DNA damage
in MND1-mutant MCF10A TP53~/~ cells, rather than seeing a
decrease in nuclear RAD51 foci (a phenotype normally associ-
ated with an HR defect and radio or PARPi sensitivity’®), we
observed higher levels of RAD51 foci (Figures 3C and S6C).
Although the formation of Rad51 foci changed in response to
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MND1/PSMC3IP loss, total levels of RAD51 did not vary to the
extent that these could trivially explain the PARPI sensitivity
phenotype (Figure S6D). We also saw a corresponding increase
in yH2ax foci (Figures S6C and S6E). This was also true in KB1P-
G3B1 mouse mammary tumor cells with an Mnd71 defect
(Figures S7A-STE), where the ectopic expression of Mnd1
partially reversed this Rad51 and yH2ax foci increase observed
upon IR treatment. No difference in 53BP1 foci was detected be-
tween cells with wild-type Mnd1, Mnd1 dysfunction, or cells with
Mnd1 reconstitution (Figures S7F and S7G). In Mnd1-defective
cells, Rad51 foci were also resolved with a delayed kinetic
(Figures 3D and S8A). We also noted a PARPI- or IR-induced in-
crease of RAD51 in PSMC3IP mutant MCF10A TP53~/~ cells
(Figures 3E, S8B, and S8C), consistent with the effects seen in
MND?1 defective cells. A corresponding increase in YH2AX foci
was observed in PSMC3/P-mutant MCF10A TP53~/~ cells
exposed to PARPi (Figures S8B and S8D). The increased
RAD51 foci phenotype in MND1- or PSMC3IP-defective mitotic
cells was reminiscent of the persistence of nuclear RAD51 foci in
PSMC3IP-defective meiotic cells.”' To assess the impact of this
increase in RAD51 foci on DNA repair by HR, we used a cell line
with a synthetic HR reporter substrate, DR-GFP°? (Figure 3F).
We found that either MND1 or PSMC3IP gene silencing
(Figures S9A and S9B) caused a decrease in HR-mediated repair
(Figures 3F and S9C). Taken together, the foci and DR-GFP data
suggest that RAD51 function and HR are to some extent defec-
tive in MND1/PSMC3IP-deficient cells.

In response to DNA damage, RAD51 has been shown to
contribute to sister chromatid exchange (SCE),*” a cross-over
event that resolves Holliday junctions and shares some similar-
ities with meiotic recombination.”® To investigate SCE, we
used HAP1 cells in which a clear increase in SCE is visible after

Figure 2. MND1 and PSMC3IP defects cause PARPi and IR sensitivity in mitotic cells

(A-D) Depletion of MND1 or PSMC3IP using CRISPRi sensitized MCF10A TP53~~ cells to olaparib (A and C) and talazoparib (B and D). Dose-response survival
curves are shown for MCF10A TP53/~dCas9-KRAB cells transduced with sgRNA targeting MND7 (sgMND1) (A and B) or PSMC3IP (sgPSMC3IP) (C and D).
Cells were plated in 6-well plates (A and C) or 384-well plates (B and D) and exposed to PARPI for 14 continuous days (6-well plates) or 5 continuous days (384-
well plates). Error bars represent SD. p values were calculated via ANOVA with Tukey’s post-test.

(E and F) Generation of MND1- or PSMC3IP-mutant clones. MCF10A TP53~/~ cells were transfected with non-targeting control or Cas9-crRNA ribonucleo-
proteins targeting MND1 to generate daughter clones A1 and B1 (E) or PSMCS3IP to generate daughter clones C3 and C4 (F). Western blot demonstrating absence
of either MND1 (E) or PSMC3IP (F) in lysates extracted from mutant clones. The antibodies used detect epitopes in the p.R82-E142 and p.P156-D216 regions of
MND1 and PSMC3IP, respectively. The targeted epitopes are C-terminal to MND1 or PSMC3IP mutations generated.

(G and H) MND1 (G) or PSMC3IP (H) mutant clones are more sensitive to talazoparib than wild-type cells. Dose-response survival curves are shown. Cells were
plated in 384-well plates and exposed to talazoparib for 5 continuous days. Error bars represent SD from n = 3 replicates. p values were calculated via ANOVA
with Tukey’s post-test.

() Mnd1-defective KB1P-G3B1 cells are more sensitive to olaparib than cells expressing non-targeting control. Dose-response survival curves are shown. KB1P-
G3B1 cells were transduced with lentiviral constructs encoding sgRNA targeting Mnd1 (either sgMnd1-1 or sgMnd1-2) or non-targeting control (sgNT). Cells were
plated in six-well plates and exposed to olaparib for 11 continuous days, after which colonies were stained with crystal violet. Representative image shown in
Figure S5E. Error bars represent SD. p values were calculated via ANOVA with Tukey’s post-test.

(J) Western blot image of KB1P-G3B1 cell lysates illustrating restoration of Mnd1 expression via HA-tag in cells expressing a vector containing Mnd1 cDNA
(Mnd17), but not in cells expressing empty vector. KB1P-G3B1 cells express sgRNA targeting Mnd1 (sgMnd1) or non-targeting control (sgNT).

(K) Restoration of Mnd1 expression (Mnd1*) in Mnd1-defective (sgMnd1) KB1P-G3B1 cells partially reversed olaparib sensitivity. Representative images of
growth assays are shown. Cells were plated in six-well plates and exposed to olaparib for 11 continuous days, after which colonies were stained with crystal
violet.

(L) Western blot demonstrating absence of MND1 in cell lysates extracted from MND1-defective, but not wild-type, HAP1 cells.

(M) HAP1 cells with defective MND1 are more sensitive to olaparib than wild-type cells. Images of clonogenic assay are shown. Cells were plated in six-well plates
and exposed to olaparib for 14 continuous days.

(N) Mnd1-defective KB1P-G3B1 cells (sgMnd1 empty vector) are more sensitive to IR compared with cells expressing non-targeting control (sgNT). Restoration
of Mnd1 in Mnd1-defective KB1P-G3B1 cells (sgMnd1 Mnd1™) partially reversed radio-sensitivity. Dose-response survival curves are shown. Cells were plated in
six-well plates, exposed to the indicated dose of IR and then cultured for 11 continuous days, after which colonies were stained with crystal violet. A repre-
sentative image of colony formation is shown in Figure S5L. Error bars represent SD. p values were calculated via ANOVA with Tukey’s post-test.
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olaparib- or IR-induced DNA damage (Figures S10A-S10C).
MND1 inactivation did not alter the rates of SCEs in untreated,
olaparib- or IR-exposed cells (Figures S10B and S10C). While
studying SCE in the MND1 knockout cells, we observed fewer
cells with metaphase chromsomes in IR-exposed cells, suggest-
ing that these cells do not efficiently enter mitosis. We therefore
measured mitotic entry after IR-induced G arrest. In contrast
with MND1 wild-type cells, only a few MND17-knockout HAP1
cells entered mitosis and most cells remained in the G, phase
of the cell cycle (Figures 3G and S10D). In addition, a greater pro-
portion of Mnd1-defective KP1P-G3B1 cells were in Go/M, even
in the absence of exogenous DNA damage, a phenotype that
was reversed by ectopic expression of Mnd1 (Figures S10E
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and S10F). This suggested that MND1 is required for cell cycle
progression, an effect that is enhanced after DNA damage.
This may be explained by an altered response of the progressing
RF to DNA damage. In this context, RAD51 has been shown to
mediate RF reversal in a BRCA1/2-independent fashion, a
mechanism that processes stalled RFs and seems to protect
cells against genotoxic stress.””°® Moreover, in a BRCA1/2-
dependent manner, RAD51 filament formation is required for
its protective effect on the regressed arm, allowing the PARP1/
RECQ1-regulated restart of reversed RFs.>’ > High concentra-
tions of PARPI accelerate RF progression.®® Based on these
findings, we hypothesized that the MND1-PSMC3IP hetero-
dimer contributes to RAD51 function at RFs. This prompted us

Figure 3. PARPI sensitivity in MND1/PSMC3IP-defective cells is characterized by an increase in RAD51 foci and suppression of HR

(A and B) Mnd1 co-localizes with Rad51 in the presence or absence of exogenous DNA damage (A), but only co-localized with yH2ax upon exogenous DNA
damage (B). Scatterplots are shown of percentage of cells with more than five PLA foci, normalized to the total number of cells imaged in multiple (n = 10) fields of
view. KB1P-G3B1 cells with Mnd1 defect (sgMnd1), either expressing empty vector or a vector containing Mnd71 cDNA (Mnd1*), were plated onto coverslips.
Cells were exposed to 10 Gy IR or remained unexposed. PLAs were performed after staining with anti-HA-tag (HA fused to Mnd1) and anti-RAD51 (A) or anti-
YH2AX (B) antibodies. Error bars represent the median and 95% confidence intervals (Cls). p values were calculated via ANOVA with Tukey’s post-test.
Representative images are shown in Figures S6A and S6B.

(C) Higher RAD51 foci levels were observed in MND1-mutant cells compared with wild-type cells upon olaparib or IR exposure. Scatterplot of RAD51 foci count
per nucleus (n = minimum of 157) in each indicated cell line is shown. MCF10A TP53 "/~ cells, either wild type or with MND1 defect (clones A1 and B1) were plated
onto coverslips. Cells were either exposed to 10 pM olaparib and then fixed after 16 h, or 10 Gy IR and then fixed after 4 h YH2AX foci quantification in these
samples is shown Figure S6E. Representative image shown in Figure S6C. Error bars represent the median and 95% ClI. p values were calculated via ANOVA with
Bonferroni’s post-test.

(D) Increased Rad51 foci levels and altered kinetics of Rad51 resolution in IR-exposed Mnd7-mutant cells. Scatterplot of RAD51 foci count per nucleus (n =
minimum of 369) in each indicated cell line is shown. KB1P-G3B1 cells were plated onto coverslips, either expressing non-targeting control (sgNT) or sgRNA
targeting Mnd1 (sgMnd1, expressing either empty vector or vector containing Mnd1 cDNA (Mnd1™). Cells were either exposed to 10 Gy IR and then fixed at the
indicated time point or remained unexposed. Error bars represent the median and 95% CI. p values were calculated via ANOVA with Sidak’s post-test.
Representative images shown in Figure S8A.

(E) Higher RAD51 foci levels are observed in PSMC3IP mutant cells upon PARPi or IR exposure. Scatterplot of YH2AX foci count per nucleus (n = minimum of 181)
in each indicated cell line is shown. MCF10A TP53~/~ cells, either wild type or with a PSMC3IP defect (clones C3 and C4) were plated onto coverslips. Cells were
either exposed to 10 uM olaparib and then fixed after 16 h, or 10 Gy IR and then fixed after 4 h yH2AX foci quantification in these samples is shown in Figure S8D.
Representative images shown in Figure S8B. Error bars represent the median and 95% CI. p values were calculated via ANOVA with Bonferroni’s post-test.
(F) MND1 or PSMCS3IP silencing reduced HR-mediated repair. Barplot of percent GFP* cells relative to cells transfected with both non-targeting control siRNA
(siNT) and I-Scel is shown. Schematic of assay shown on the right. U20S DR-GFP cells® were transfected with siRNAs targeting MND1, PSMC3IP, BRCAT, and
BRCAZ or non-targeting control, before expression of I-Scel. A proportion of cells remained untransfected (mock) and another proportion of cells transfected with
indicated siRNAs were not transfected with I-Scel for controls of background GFP positivity. GFP* cells were analyzed by flow cytometry. Representative
fluorescent activated cell sorter (FACS) scatterplots shown in Figure S9C.

(G) MND1 is required for cell cycle progression after DNA damage. pHistoneH3 was used as a mitotic marker.®® Cells were either left untreated, exposed to
250 ng/mL nocodazole for 16 h, or exposed to 2.5 Gy IR 30 min before the 16-h nocodazole exposure. Cells were fixed and stained with propidium iodide (PI) and
anti-pHistoneH3. Scatterplot of percent phospho(p)HistoneH3* cells is shown. Error bars represent the median and 95% ClI. p values were calculated via ANOVA
with Dunnett’s post-test. Representative FACS scatterplots shown in Figure S10D.

(H) Mnd1 co-localizes with EdU-labelled nascent DNA, which is further increased by HU-induced RF stalling. Scatterplots of SIRF assays are shown of cells with
more than PLA foci, normalized to the total number of cells imaged in multiple (n = 15) fields of view. KB1P-G3B1 cells with an Mnd1 defect, either expressing
empty vector or vector containing Mnd1 cDNA (Mnd1*), were plated on coverslips with EdU. Cells were either exposed to 2 mM HU for 2 h or remained un-
exposed. PLAs were performed after staining with anti-HA-tag (tagged to Mnd1) and anti-biotin antibodies. Error bars represent the median and 95% Cl. p values
were calculated via ANOVA with Tukey’s post-test. Representative images shown in Figure S10G.

(I and J) Mnd1 is important for Brcal-independent RF degradation upon replication-blocking DNA damage. Schematic of DNA fiber assay performed in Brca1-
deficient KB1P-G3 cells (l) and BrcaT-proficient KB1P-G3B1 cells (J), as described in°* with a few modifications (detailed at the top). Scatterplots showing
quantification of IdU/CIdU ratio of at least n = 120 fibers per sample (bottom). Pulse labeling followed by RF stalling via HU resulted in an increased track length
ratio of Mnd1 mutant cells (sgMnd1) compared with non-targeting control (sgNT). Track length ratio was restored to wild-type levels with reconstitution of Mnd1
cDNA (Mnd17*) (J). Error bars represent the median and 95% Cl. p values were calculated via ANOVA with Tukey’s post-test.

(K) Mnd1 is important for RF slowing, specifically fork reversal, upon replication-blocking DNA damage. A schematic of the DNA fiber assay performed in Brcai-
deficient KB1P-G3 cells. Scatterplot showing quantification of total track lengths of at least n = 120 fibers per sample (bottom). Pulse labeling followed by RF
stalling via MMC resulted in increased RF progression, evidenced by increased track length, of Mnd1 mutant (sgMnd1) cells compared with non-targeting control
(sgNT). Error bars represent the median and 95% CI. p values were calculated via ANOVA with Tukey’s post-test.

(L and M) Mnd1 loss increases micronuclei formation upon exposure to olaparib (L) or IR (M), which is reversed with ectopic Mnd1 expression. Scatterplots of
percent cells with micronuclei in each indicated sample are shown (n = 20). KB1P-G3B1 expressing either sgRNA targeting Mnd1 (sgMnd1) or non-targeting
control (sgNT) were plated onto coverslips. Mnd1-deficient cells either express an empty vector or a vector containing Mnd7 cDNA (Mnd17). Cells were either
exposed to 8 Gy IR, 10 uM olaparib for 16 h, or remained untreated. Error bars represent the median and 95% CI. p values were calculated via ANOVA with
Tukey’s post-test. Representative images shown in Figure S110. Scatterplots showing Psmc3ip loss also increases micronuclei formation upon exposure to
olaparib or IR shown in Figures S11K and S11L with representative image in Figure S11R.
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to test whether MND1 is present at RF using the in situ analysis of
protein interactions at DNA RF (SIRF) assay.®’ We found that
Mnd1 co-localized with EdU-labelled nascent DNA in KB1P-
G3B1 cells, an interaction further increased by hydroxy urea
(HU)-induced RF stalling (Figures 3H and S10G). To investigate
whether defective Mnd1 affects the stability of stalled RFs, we
used Brca1- and Tp53-deficient KB1P-G3 cells.”” As expected,
pulse labeling with CldU and IdU followed by RF stalling using
HU resulted in a significant decrease in the IdU/CldU track length
ratio, indicating nucleolytic degradation of the nascent DNA of
reversed RFs (Figure 3l). This was consistent with previous find-
ings that BRCA1 stabilizes stalled forks.*® Interestingly, the fork
degradation phenotype was reversed in Mnd1-mutant cells (Fig-
ure 3l). We then investigated the effect of Mnd7 on RF stability in
isogenic Brca1-proficient KB1P-G3B1 cells. Because of the
presence of Brcal, a high concentration of 8 mM HU was
needed to generate the RF intermediates that eventually become
degraded (Figure 3J). In these cells, RF degradation was
reversed by the loss of Mnd1 and then partially restored by later
reconstitution with Mnd71 cDNA (Figure 3J). This suggested that
the effect of MND1 on RF stalling was BRCA1 independent. A
reason for the lack of HU-mediated degradation in MND1-defec-
tive cells may be a defect in RF reversal, a BRCA1/2-indepen-
dent effect previously described in RAD51-deficient cells.®5?
Potent RAD51-dependent slowing of RF and RF reversal is
achieved by MMC treatment.”” When we exposed KB1P-G3
cells to MMC for 2 h, we observed a clear slowing of RF progres-
sion (Figure 3K). Interestingly, Mnd1 loss counteracted this
fork slowing, consistent with a defect in RF reversal (Figure 3K).
In fact, RF progression in Mnd7-mutant cells was slightly higher
than in control cells, even in the absence of drug (Figure 3K). This
suggested that MND7 is important for RF slowing upon
replication-blocking DNA damage. In its absence, unrestrained
RF progression may result in the accumulation of toxic
DNA damage. Moreover, as Mnd1-deficient cells seemed to
remain in the G, phase of the cell cycle (presumably to
deal with persistent DNA damage), we hypothesize that the
MND1-PSMC3IP heterodimer may have its major protective
role in RAD51-mediated HR that does not result in cross-over
events.
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We then investigated whether MNDT1 loss is epistatic with de-
fects in BRCA1 and BRCA2. For this purpose, we exposed
Mnd1-mutated Brca1- and Tp53-deficient KB1P-G3 cells to ola-
parib or IR (Figures S11A-S11E). Compared with control cells
and our prior observations in Brca1/Brca2 wild-type cells (Fig-
ure 2I), we did not observe further PARPi or IR sensitization
when Mnd1 was CRISPR-Cas9 targeted. Mnd71 mutation in
the Brca2-Tp53-deficient mouse mammary tumor cell line
KB2P3.466°" also did not elicit further PARPi sensitivity
(Figures S11F-S11J). This epistatic relationship was consistent
with a crucial role for MND1 in HR in mitotic cells. Indeed, we
found an increase in micronuclei formation in Mnd7- or
Psmc3ip-deficient KB1P-G3B1 cells exposed to olaparib or IR
(Figures 3L, 3M, S11K, and S11L). These micronuclei represent
broken chromosome parts and not mis-segregation of whole
chromosomes, as they were negative for the centromere marker
CENP-B (Figures S11M-S11R). Since RAD51 nucleofilament
formation is rather downstream in the HR pathway, we hypothe-
sized that MND1 depletion should also sensitize BRCA7- and
TP53-deficient cells that acquired PARPI resistance by loss of
TP53BP1, which restores HR. Indeed, when we mutated Mnd1
inBrcal™'~ Tp53bp1~'~ cells, these regained olaparib sensitivity
and showed increased levels of RAD51 foci upon IR or PARPI
exposure (Figure S12).

Together, these data suggested that the main control of PARPI
response of the MND1-PSMC3IP heterodimer in mitotic cells
could be caused by a later role in HR, such as supporting
RAD51-mediated D loop formation.

PARPI sensitivity is reversed by wild-type PSMCS3IP but
not a p.Glu201del mutant associated with female
gonadal dysgenesis and a D loop defect

To functionally test the hypothesis that the MND1/PSMCS3IP vs.
PARPI synthetic lethal effect could be caused by a D loop defect,
we made use of a previously described p.Glu201del mutant of
PSMCSIP (Figure 4A). Premature truncating mutations or a
deletion of p.Glu201 in PSMC3IP are associated with XX female
gonadal dysgenesis (XX-GD).°® Although the p.Glu201del
mutation (in the C terminus of PSMC3IP) does not diminish the
interaction of the MND1/PSMC3IP heterodimer with DNA, the

Figure 4. PARPI sensitivity is reversed by wild-type PSMC3IP, but not a D loop-defective p.Glu201del mutant associated with female gonadal
dysgenesis

(A) Western blot of MCF10A TP53 '~ dCas9-KRAB cells (with or without sgRNA targeting PSMC3IP) with ectopic expression of either wild-type or p.Glu201del
(D loop mutant) PSMC3IP.

(B) The PARPi-sensitivity phenotype associated with PSMC3IP defect is reversed with wild-type PSMC3IP, but not PSMC3IP p.Glu201del mutant. Dose-
response survival curves are shown. Wild-type MCF10A TP53~/~ cells expressing PSMC3IP p.Glu201del-mutant are also more sensitive to PARPi, compared
with cells expressing empty vector. MCF10A TP53~/~ dCas9-KRAB cells expressing non-targeting control (wild-type) or sgRNA targeting PSMC3IP (PSMC3IP
CRISPRI) were transduced with lentiviral constructs encoding expression vector containing PSMC3IP cDNA, either wild-type PSMC3IP (PSMC3IP wild-type
cDNA) or PSMC3IP p.Glu201del (PSMC3IP D loop mutant cDNA). Cells were plated in 96-well plates and exposed to talazoparib for ten continuous days. Error
bars represent SD from n = 3 replicates. p values were calculated via ANOVA with Tukey’s post-test.

(C-G) Higher RAD51 (C and E) and YH2AX (D and F) foci levels were observed in PSMC3IP CRISPRI cells compared with wild-type upon olaparib (C and D) or IR
(E and F) exposure, which was partially reversed with expression of wild-type PSMC3IP, but not PSMC3IP p.Glu201del D loop mutant. Cells were plated onto
coverslips and either exposed to 10 uM olaparib and then fixed after 16 h or 10 Gy IR and then fixed after 4 h. Scatterplot of RAD51 or YH2AX foci count per
nucleus (n = minimum of 41) in each indicated cell line is shown in C-F. Error bars represent the median and 95% CI. p values were calculated via ANOVA with
Bonferroni’s post-test. Representative images are shown in G. Scale bar, 10 um.

(H and I) RAD51 inhibition reverses the PARPI sensitivity phenotype in both MND1 (H) and PSMC3IP () mutant cells. Dose-response survival curves are shown.
Cells were plated in 384-well plates and exposed to 25-uM small molecule RAD51 inhibitor BO2 for 1 h before talazoparib addition. Cells were then exposed to
PARPI for continuous days. Cell viability was quantified by CellTiter-Glo. Error bars represent SD from n = 3 replicates. p values were calculated via ANOVA with
Tukey’s post-test.
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interaction with RAD51 is impaired, as is the ability to promote D
loop formation.®* Although ectopic expression of wild-type
PSMCS3IP reversed PARPI sensitivity in these cells (Figures 4A
and 4B), the expression of a p.Glu201del-mutant version of
PSMCS3IP did not; in fact, expression of the p.Glu201del mutant
further sensitized cells to PARPI (Figures 4A and 4B). Expression
of the PSMC3IP p.Glu201del mutant also sensitized PSMC3IP
wild-type MCF10A TP53~/~ cells to PARPi (Figures 4A and
4B), consistent with this mutation acting in a dominant-negative
fashion.®* Although this remains to be formally assessed, one hy-
pothesis is that it is loss of either the RAD51 interaction and/or
the inability to promote D loop formation is the cause of PARPI
sensitivity in PSMC3IP-defective cells. Consistent with our
aforementioned observation that PARPI sensitivity in PSMC3IP
mutant cells is associated with an increase in RAD51 foci, the
expression of PSMC3IP p.Glu201del resulted in increased
RADS51 foci formation upon IR or PARPi exposure (Figures 4C—
4G). This was true for PSMC3IP-depleted cells as well as in cells
with wild-type PSMCS3IP. Ectopic expression of wild-type
PSMCS3IP reversed the RAD51 foci phenotype in PSMC3IP-
depleted cells, establishing a causal relationship (Figures 4C-
4G). We therefore surmised that the increased RAD51 nucleo-
protein formation in MND17- and PSMC3/P-mutant cells exposed
to PARPi might be the key cytotoxic event. Consistent with this,
the inhibition of RAD51 with the previously described RAD51 in-
hibitor BO2, which inhibits the single- and double-stranded DNA
binding and strand exchange activity of RAD51,%>¢% partially
reversed the PARPI sensitivity phenotype in both MND7- and
PSMC3IP-mutant cells (Figures 4H, 4l, and S13).

DISCUSSION

Our data are consistent with a role for the PSMC3IP-MND1 het-
erodimer in controlling RAD51 nucleofilament-mediated D loop
formation in mitotic cells, in addition to their role in inter-chromo-
somal recombination in meiotic cells. Some evidence that the
MND1-PSMC3IP heterodimer also functions in mitotic cells
came from the observation that these proteins contribute to
ALT,**** where the MND1-PSMC3IP heterodimer promotes
telomere clustering and RAD51-mediated recombination be-
tween distant telomeres. Our data show that both MND1 and
PSMCS3IP are also expressed in mitotic cells, which do not use
ALT. Hence, the MND1-PSMCS3IP heterodimer seems to have
a more general supportive role of RAD51-associated functions
in mitotic cells.

We found that PSMC3IP- or MND1-deficient cells have a
profound PARPi sensitivity. The inactivation of Mnd1 in Brca1-
or Brca2-deficient cells did not further increase PARPi sensi-
tivity, consistent with an epistatic role in the HR pathway. An
important difference from BRCA1/2 defects is that cells lacking
PSMCS3IP or MND1 function have persisting RAD51 foci forma-
tion after DNA damage. In contrast, BRCA1/2-mutant cells do
not form RAD51 foci and the lack of RAD51 foci formation is
used as a surrogate marker for HR deficiency and to predict
PARPi response.'®° Here, we present an example of prolonged
RADS51 foci formation, which is also an outcome of dysfunctional
HR. This suggests that, as well as assessing the loss of RAD51
foci in order to predict PARPI sensitivity, assessing the kinetics
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of RAD51 foci formation and resolution might also be important,
as prolonged RAD51 foci formation may also indicate HR
defects. It would be interesting to investigate whether this
phenotype can be observed in the tumors of patients that
respond to PARPI, despite the presence of RAD51 foci.

MND1-deficient cells also exhibited a defect in RF slowing
after DNA damage. This is consistent with a contribution of
MND1 to RF reversal, another RAD51-associated function.®®%?
In the absence of RF slowing after DNA damage, unrestrained
RF progression may increase the amount of DNA damage,
including DSBs. The HR-mediated repair of DSBs is clearly a
major function that both MND1 and PSMC3IP have in mitotic
cells. Within the HR pathway, we conclude that impaired
D loop formation could be responsible for the HR defect and
toxic RAD51 foci formation. This is based on our experiments us-
ing the p.Glu201del mutant of PSMC3IP, a mutation that does
not alter the interaction of the MND1-PSMC3IP heterodimer
with DNA but does impair the interaction with RAD51 and its abil-
ity to promote D loop formation.®* In contrast with wild-type
PSMCS3IP, the p.Glu201del mutant does not recue PARPI-
induced prolonged RAD51 foci formation and PARPI sensitivity.
These conclusions are strengthened by our experiments demon-
strating rescue of PARPI sensitivity of PSMC3/P-defective cells
using small molecule RAD51 inhibitor, BO2, which specifically
inhibits single- and double-stranded DNA binding and strand ex-
change activity of RAD51. Interestingly, this RAD51 inhibitor has
been previously shown to increase PARPI sensitivity of HR-pro-
ficient triple-negative breast cancer (TNBC) cell lines, but not
HR-proficient non-TNBC cell lines, such as MCF10A, which is
the main breast-relevant model used in this study.®”

Overall, our data contribute to the mechanistic insight to our
understanding of how PARPI response is controlled and how
MND1-PSMC3IP regulate the response to DNA damage in
mitotic cells, outside of their role in ALT.

Limitations of the study

One limitation of our study is that we are unable to conclusively
state whether MND1/PSMCS3IP defects cause an increase in
DNA lesions, or whether MND1/PSMC3IP defects cause an
inability to resolve a RAD51 nucleoprotein filament. However,
we have settled on a model where MND1/PSMCS3IP defects do
not themselves cause a profound increase in DNA lesions that
require RAD51 for repair but, in cells exposed to PARPI, the
lack of MND1/PSMCS3IP causes the formation of toxic RAD51
(i-e., failure to remove RAD51). This is for a number of reasons.
For example, in MND1/PSMC3IP-defective cells cultured in the
absence of PARPi, we did not see a detectable increase in
RAD51 foci (Figures 3C and 3E) or a consistent increase in
YH2AX or 53BP1 foci (Figures S6E, S8D, S7F, and S7G). Sec-
ond, we were able to partially reverse the MND1/PSMCS3IP vs.
PARPiI synthetic lethality by using a small molecule that disrupts
the interface between individual RAD51 monomers when
arranged on a nucleoprotein filament (Figures 4H and 4l). How-
ever, we acknowledge that we cannot fully exclude other
models, such as one where the MND1/PSMC3IP defect itself
causes DNA lesions to form that are repaired by PARP1. Such
DNA damage might be at a level below the sensitivity of a
vYH2AX or 53BP1 assay, for example.
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We noted that ectopic expression of Mnd1 in Mnd1 defective
cells caused a partial restoration of olaparib resistance (Figure 2K)
and IR resistance (Figure 2N), as well as partial reversal of the
RAD51 phenotype (Figure 3D). One explanation for failing to fully
reverse these phenotypes could be that ectopic expression of
genes, such as Mnd1, rarely recapitulates native expression in
terms of total amounts as well as temporal or spatial expression.

In addition, we note that we did not show a loss of Mnd1 pro-
tein expression in the experiments carried out in mouse cells.
Although we tested all commercially available MND1 antibodies
to identify one that detected murine Mnd1, we were unable to
identify one that produced a specific Mnd1 signal at the relevant
molecular weight. We did, however, demonstrate that the Mnd1
gRT-PCR signal was decreased by CRISPR targeting of Mnd1
and that this decrease was reversed by ectopic expression of
Mnd1 cDNA (Figure S5G), suggesting that endogenous Mnd1
is inactivated by CRISPR targeting in mouse cells.
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REAGENT or RESOURCE SOURCE IDENTIFIER
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Rabbit polyclonal anti-RAD51 Bioacademia Cat# 70-001; RRID: AB_2177110
Rabbit polyclonal anti-RAD51 Santa Cruz Cat# sc-8349; RRID: AB_2253533
Rabbit monoclonal anti-RAD51 Abcam Cat# ab133534; RRID:AB_2722613
Mouse monoclonal CRISPR-Cas9 Novus Cat# NBP2-36440

Rabbit polyclonal anti-PSMC3IP Atlas Cat# HPA044439; RRID:AB_10964210
Rabbit polyclonal anti-PSMC3IP Proteintech Cat# 11339-1-AP; RRID:AB_2172642
Rabbit polyclonal anti-MND1 Atlas Cat# HPA043499; RRID:AB_2732506

Goat polyclonal anti-Rabbit IgG (H+L)
Cross-Adsorbed Secondary Antibody,
Texas Red-X

Mouse monoclonal Anti-phospho-
H2AX (Ser139), clone JBW301

HA-Tag (C29F4) Rabbit mAb

Mouse monoclonal anti- B-Actin

Purified anti-HA.11 Epitope Tag Antibody
Rabbit polyclonal anti-biotin

Purified mouse Anti-BrdU/IdU

Rat monoclonal Anti-BrdU/CldU
antibody [BU1/75(ICR1)]
Donkey anti-Rat IgG (H+L) Cy3
AffiniPure F(ab’): Fragment

Rabbit monoclonal anti-CENPB
[EPR24047-64]

Rabbit monoclonal anti-phospho
RPA32 (S4/S8)

Rabbit polyclonal anti-53BP1
IgG Fraction Monoclonal Mouse Anti-Biotin
Rabbit anti-phospho-HistoneH3-antibody

Goat anti-Rabbit IgG (H+L) Cross-
Adsorbed ReadyProbes™ Secondary
Antibody, Alexa Fluor™ 488

Goat Anti-Mouse 1gG (H+L) Highly
Cross-Adsorbed Secondary Antibody,
Alexa Fluor 488

Goat polyclonal anti-Rabbit IgG (H+L)
Highly Cross-Adsorbed Secondary
Antibody, Alexa Fluor 488

Goat Anti-Mouse 1gG (H+L) Antibody,
Alexa Fluor 555 Conjugated

Anti-rabbit 1I9G, HRP-linked Antibody
Anti-mouse IgG, HRP-linked Antibody
IRDye 800CW anti-Rabbit IgG Donkey
IRDye 800CW anti-Mouse IgG Goat
IRDye 680RD anti-Mouse IgG Goat

Thermo Fisher Scientific

Millipore

Cell Signaling Technology
Sigma

BioLegend

Cell Signaling Technology
BD Biosciences

Abcam

Jackson ImmunoResearch

Abcam

Bethyl Laboratories

Abcam

Jackson Immuno research
Cell Signaling Technology
Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Cell Signaling Technology
Cell Signaling Technology
LI-COR
LI-COR
LI-COR

Cat# T-6391; RRID: AB_2556779

Cat# 05-636; RRID:AB_309864

Cat# 3724

Cat# A2228; RRID: AB_476697
Cat# 901501

Cat# 5597; RRID:AB_10828011
Cat# 347580; RRID:AB_10015219
Cat# ab6326; RRID:AB_305426

Cat# 712-165-513; RRID: AB_2340669

Cat# ab259855

Cat# A700-009; RRID:AB_2765278

Cat#ab21083; RRID: AB_722496

Cat# 200-002-211; RRID: AB_2339006
Cat# 9701

Cat# R37116; RRID: AB_2556544

Cat# A-11029, RRID: AB_2534088

Cat# A-11034; RRID: AB_2576217

Cat # A-21422; RRID:AB_141822

Cat# 7074; RRID:AB_2099233

Cat# 7076; RRID: AB_330924

Cat# 926-32213; RRID:AB_621848
Cat # 925-32210; RRID:AB_2687825
Cat # 926-68070; RRID:AB_10956588
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

Endura Chemically Competent Cells Lucigen Cat# 60240-1
Stellar Competent cells Takara Cat# 636763

Chemicals, peptides, and recombinant proteins

AZD2281 (Olaparib), PARP inhibitor

Syncom, Groningen, the Netherlands

CAS: 763113-22-0

AZD2281 (Olaparib), PARP inhibitor AstraZeneca

BMN-673 (Talazoparib), PARP inhibitor Selleckchem Cat# S7048; CAS: 1207456-01-6
B02 RAD51 inhibitor Sigma Cat# 553525
Nocodazole Sigma Cat# M1404
Propidium lodide Sigma Cat# 537060
Hydroxyurea Sigma Aldrich Cat# H8627
Mitomycin C Sigma Aldrich Cat# M4287
Camptothecin Sigma Aldrich Cat# PHL89593
5-Chloro-2’-deoxyuridine (CldU) Sigma Aldrich Cat# C6891
5-lodo-2'-deoxyuridine (IdU) Sigma Aldrich Cat# 17125
Colcemid Sigma Aldrich Cat# 234109-M
bis-Benzimide Sigma Aldrich Cat# H 33258
SSC buffer Sigma Aldrich Cat# 85639
Giemsa Sigma Aldrich Cat# 32884
Bovine serum albumin Sigma Aldrich Cat# A7030

10X RIPA Buffer Abcam Cat# ab156034
PhosSTOP Phosphatase Inhibitor Cocktail Roche Cat# 4906837001
cOmpIeteTM, Mini Protease Inhibitor Cocktail Roche Cat# 11836153001
Critical commercial assays

QlAamp DNAMini Kit Qiagen Cat# 51306
QlAprep Spin Miniprep Kit Qiagen Cat# 27106
DNeasy Blood & Tissue Kit Qiagen Cat# 69504
HiSpeed Plasmid Maxi Kit Qiagen Cat# 12662
MiniElute PCR Purifcation Kit Qiagen Cat# 28006
Click-iT EdU Alexa Fluor 488 Cell Thermo Fisher Scientific Cat# C10337

Proliferation Kit for Imaging

Duolink proximity Ligation Starter Kit

qPCR Lentivirus Titer Kit

CellTiter-Blue® Cell Viability Assay
CellTiter-Glo® Luminescent Cell Viability Assay
In-Fusion HD Cloning

Phusion Flash High-Fidelity PCR Master Mix
FastStart Universal SYBR Green Master (Rox)
TagMan™ Gene Expression Master Mix
Dynabeads CD25

TransIT®-LT1 Transfection Reagent
Turbofectin 8.0 Transfection Reagent
Lipofectamine™ 2000 Transfection Reagent

Lipofectamine™ CRISPRMAX™ Cas9
Transfection Reagent

Lipofectamine™ RNAIMAX Transfection
Reagent

Q5 polymerase

Sigma

Abm

Promega

Promega

Takara

Thermo Fisher Scientific
Merck

Thermo Fisher Scientific
Invitrogen

Mirus

Origene

Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

New England Biolabs

Cat# DUO92101
Cat# LV900

Cat# G8081

Cat#t G7572

Cat# 639650
Cat# F548L

Cat# 4913850001
Cat# 4369016
Cat# 11157D
Cat# MIR 2300
Cat# TF81001
Cat# 11668019
Cat# CMAX00003

Cat#13778150

Cat# M0491S

(Continued on next page)
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Gateway™ LR Clonase™ Il Enzyme mix
NuPage Novex 4-12% gradient precast gel
NuPage MOPS SDS Running Buffer
pCR-TOPO-blunt

siGENOME Human MND1 siRNA

siGENOME Human PSMCS3IP siRNA

siGENOME Human PLK1 siRNA

siGENOME Human siNTC siRNA

siGENOME Human siBRCA1 siRNA
siGENOME Human siBRCA2 siRNA

RNeasy kit for RNA extraction

DNeasy cell and tissue kit

High Capacity cDNA Reverse Transcription Kit
Promega GoScript Reverse Transcription System
Edit-R Cas9 nuclease protein NLS

MND1 Tagman probe

PSMCS3IP Tagman probe

GAPDH Tagman probe

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Horizon

Horizon

Horizon

Horizon

Horizon

Horizon

Qiagen

Qiagen

Thermo Fisher Scientific
Promega

Horizon

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Cat# 11791020
Cat# NP0321BOX
Cat# NP00O1

Cat #450245

Cat# D-014779-01
Cat# D-014779-02
Cat# D-014779-03
Cat# D-014779-04
Cat# M-014779-00

Cat# D-018726-01
Cat# D-018726-02
Cat# D-018726-03
Cat# D-018726-04
Cat#:M-018726-01

Cat# M-003290

Cat# D-001210

Cat# M-003461

Cat# M-003462

Cat # 74004

Cat # 69504

Cat# 4368814

Cat# PRA5000

Cat# CAS11729

Cat # 4351372 Hs01552130_g1
Cat # 4351372 Hs00917175_g1
Cat# 4448489 Hs02786624_g1

Formaldehyde solution 4%, buffered, pH 6.9 Sigma Aldrich Cat# 100496
Deposited data
CRISPR screen data This paper Array Express E-MTAB-12929
Experimental models: Cell lines
KB1P-G3 PMID: 23103855 N/A
KB1P-G3B1+ PMID: 30530501 N/A
KB2P3.4 PMID: 18559613 N/A
Phoenix ECO ATCC RRID:CVCL_H717
HEK293FT ATCC RRID:CVCL_6911
KB1P-G3 53BP1 knockout PMID: 30530501 N/A
HAP1 Gift from Thijn Brummelkamp, N/A
NKI, Amsterdam
HAP1 Horizon RRID:CVCL_Y019
MCF10A TP537 Horizon Cat# HD+101-005, RRID:CVCL_JM25
MCF10A TP53"" RB17- Horizon N/A
DR-GFP U20S Gift from Jeremy Stark, RRID:CVCL_BOA7
City of Hope, USA,
HEK293T ATCC RRID:CVCL_0063
SUM149PT Asterand Bioscience RRID:CVCL_3422
MDAMB-231 ATCC RRID:CVCL_0062
Oligonucleotides
sgRNA sequence for KB1P-G3/KB1P-G3B1/KB2P-3.4. This paper N/A
non-targeting control: TGATTGGGGGTCGTTCGCCA
Primer sequences used in this study This paper See Table S1P
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REAGENT or RESOURCE SOURCE IDENTIFIER

sgRNA sequences used in this study This paper See Table S1Q

ORFeome Collab. Hs MND1 ORF w/o Stop Codon Horizon Cat# OHS5894-202496657
Recombinant DNA

pDG459 Addgene RRID:Addgene_100901
plentiCRISPR v2 Addgene RRID: Addgene_52961
pOZ_MND1 This paper N/A

Edit-R Inducible Lentiviral hEF1a- Horizon Cat# CAS11229

Blast-Cas9 Nuclease Plasmid DNA

Human genome-wide lentiviral Addgene RRID:Addgene_67989
CRISPR gRNA library version 1

Plasmid: Lenti-dCas9-KRAB-blast Addgene RRID: Addgene_89567
Human genome-wide CRISPRi-V2 library Addgene RRID: Addgene_83969
Plasmid: CRISPRi sgRNA backbone Addgene RRID: Addgene_50946
Lentiviral packing plasmid psPAX2 Addgene RRID: Addgene_12260
Lentiviral packing plasmid pMD2.G Addgene RRID: Addgene 12259
pRSV-Rev Addgene RRID: Addgene 12253
pMDLg/pRRE Addgene RRID: Addgene 12251
pCMV-VSV-G Addgene RRID: Addgene 8454
pLX302 Addgene RRID: Addgene_25896
pCBAScel Addgene RRID: Addgene_26477
Software and algorithms

Image J, Fiji, colony area plugin NIH https://imagej.nih.gov/ij/download.html
FlowJo RRID:SCR_008520 Version 10.8.1

GraphPad Prism 9 GraphPad Software https://www.graphpad.com/
RStudio RStudio N/A

SnapGene SnapGene N/A

R script to analyse CRISPR screen This paper Deposited at Zenodo https://doi.org/

10.5281/zenodo.7822892

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Christo-
pher Lord (chris.lord@icr.ac.uk).

Materials availability
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact.

Data and code availability
o CRISPR screen data have been deposited at Array Express (E-MTAB-12929) and are publicly available as of the date of pub-
lication.
e All original code has been deposited at Zenodo and is publicly available as of the date of publication. DOIs are listed in the key
resources table.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

MCF10A TP53" cells were purchased from Horizon (Cat# HD+101-005, RRID:CVCL_JM25). MCF10A TP53”- RB1~~ daughter cells
generated by CRISPR-Cas9 mutagenesis were purchased from Horizon. MCF10A cells were cultured in Dulbecco’s Modified
Eagle Medium/Nutrient Mixture F-12 (DMEM/F12, Gibco) supplemented with 5% horse serum; EGF (20 ng/mL); hydrocortisone
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(0.5 mg/mL); cholera toxin (100 ng/mL); insulin (10 pg/mL). DR-GFP U20S (kindly gifted by Jeremy Stark (City of Hope, USA,
RRID:CVCL_B0A7)), HEK293T (ATCC, RRID:CVCL_0063), CAL51 (DSMZ, RRID:CVCL_1110), MDAMB-231 (ATCC, RRID:
CVCL_0062) were maintained in Dulbecco’s Modified Eagle Medium (DMEM, Gibco) supplemented with 10% fetal bovine serum
(FBS, Sigma Aldrich). SUM149 cells (Asterand Bioscience, RRID:CVCL_3422) were maintained in Ham’s F-12 medium (Gibco) sup-
plemented with 5% FBS, 10 pg/mL insulin and 1 pg/mL hydrocortisone. The KB1P-G3 cell line was previously established from a
K14cre;Brca1™F;Trp537F (KB1P) female mouse mammary tumor.®® The KB1P-G3B1 cell line was derived from the KB1P-G3 cell
line which was reconstituted with human BRCA1.*” The Tp53bp1 knock out KB1P-G3 line was generated by.*” The KB2P-3.4 cell
line was previously established from a K14cre;Brca2™F; Trp53 F/F (KB2P) female mouse mammary tumor.®® All these lines were grown
in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12, Gibco) supplemented with 10% fetal calf serum (FCS,
Sigma Aldrich), 50 units/mL penicillin-streptomycin (Gibco), 5 ng/mL Insulin (Cat# 10516, Sigma Aldrich), 5 ng/mL cholera toxin
(Sigma Aldrich, Cat# C8052) and 5 ng/mL murine epidermal growth-factor (EGF, Sigma Aldrich, Cat# E4127). The HEK293FT cell
line (RRID:CVCL_6911), as well as the Phoenix-ECO cell line (RRID:CVCL_H717), were cultured in Dulbecco’s Modified Eagle Me-
dium (DMEM, Gibco) supplemented with 10% fetal calf serum (FCS, Sigma Aldrich) and 50 units/mL penicillin-streptomycin (Gibco).
HAP1 cells for PARPi dose/response were purchased from Horizon (RRID:CVCL_Y019) and HAP1 cells for SCE experiments were a
kind gift from Thijn Brummelkamp, NKI; these were cultured in IMDM containing 10% FBS, 1% penicillin-streptomycin, and 1 mM
L-glutamine (all reagents from Gibco).

Tissue culture was carried out under standard conditions (37°C, 5% CO,), except for KB1P-G3 and KB2P3.4 cells which were
cultured under low oxygen conditions (3% O.,). Testing for mycoplasma contamination was performed on a regular basis.

Reagents

Talazoparib was purchased from Selleckchem and RAD51i B02 was purchased from Sigma (#553525). Olaparib was provided by
AstraZeneca. Antibodies utilized for Western blotting are as follows: Anti-MND1 (HPA0434, Atlas), anti-PSMC3IP (HPA044439,
Atlas), anti-vinculin (sc-73614, Santa Cruz), anti-HA-tag C29F4 (3724, Cell Signaling), anti-actin (A2228, Sigma), anti-actin anti-
V5-tag (Cell Signaling, 13202), anti-Cas9 (NBP2-36440, Novus), anti-actin (C-2) (sc-8432, Santa Cruz).

METHOD DETAILS

Western blotting

Standard protocols for SDS-PAGE and immunoblotting were used.”® Whole cell lysate was generated from cell pellets using RIPA
Buffer (Abcam) supplemented with PhosSTOP Phosphatase Inhibitor Cocktail (Roche) and cOmplete™, Mini Protease Inhibitor
Cocktail (Roche). 50-100 pg of whole cell lysate was electrophoresed on NuPage Novex 4-12% gradient precast gel (Thermo Fisher
Scientific, NP0321BOX) using NuPage MOPS SDS Running Buffer (Thermo Fisher Scientific, NPO001). All gels were run with full
range rainbow molecular weight protein marker (NEB, p7712) as a size reference. Proteins were transferred at 100 volts (V) for 1
hour at room temperature (on ice) onto nitrocellulose membranes (GE Healthcare). Membranes were blocked with 5% milk and
probed with primary antibody, diluted 1:1,000 in 5% milk overnight at 4°C (details of primary antibodies used are listed in the key
resources table). Secondary antibodies were diluted 1:10,000 in 5% milk and incubated at room temperature for 1 hour (details of
secondary antibodies used are listed in the key resources table). Protein bands were visualised using the Licor Odyssey Fc imaging
system.

Haploid genetic screens

See Figures S1J and S1K. HAP1 cells were mutagenized using a retroviral gene-trap cassette.®””" 1x10® mutagenized HAP1 cells
were seeded in 14X T175 cell culture flasks. Cells were irradiated after 24h (day 1), 72h (day 3) and 120h (day 5) with 1.5 Gy each time,
which led to a confluency of 70-80% on day 10. Cells were subsequently harvested and fixed and stained for FACS sorting for 1n
DNA content. Genomic DNA was isolated from 30 million cells and subjected to Linear Amplification Mediated (LAM)-PCR’" as
follows: 1-2 ng of DNA was used per 50 pl reaction (rxn) containing 1 mM MgSQ,, 0.75 pmol doublebiotinylated primer (5’-/double
biotin/ggtctccaaatctcggtggaac-3’), Accuprime Taq HiFi (0.4 ul/rxn) and the supplied buffer Il (Life technologies). The reaction was
performed in 120 cycles with an annealing temperature of 58°C for 30 seconds and an extension temperature of 68°C for 60 seconds.
To capture biotinylated single-stranded DNA (ssDNA) products, PCR reactions were combined with M270 streptavidin-coated
magnetic beads (Life Technologies) in 2x binding buffer (6 M LiCl, 10 mM Tris, 1 mM EDTA, pH = 7.5) for 2 hours at room temperature
and subsequently captured using a magnet. Prior to binding, the beads were washed once in PBS-containing 0.1% bovine serum
albumin (BSA) in 1.5 mL non-stick tubes (Life Technologies). Following magnetic precipitation, beads were washed three times
with PBS containing 0.05% Triton X-100 (Sigma) prior to linker ligation. A ssDNA linker (5’/phospho/atcgtatgccgtcttctgctigactcag
tagttgtgcgatggattgatg/dideoxycytidine/3’) was ligated to the 3’ end of biotinylated products in N x 10uL reactions containing
2.5 mM MnCl,, 1 M betaine, 12.5 pmol linker, 1 pL and 0.5 pL of Circligase Il (lllumina) buffer and enzyme respectively, with N = num-
ber of LAM-PCR reactions. All ligation reactions occurred at 60°C for 2 hours in non-stick 1.5 mL tubes (Life Technologies) and were
followed by three washes with PBS with 0.05% Triton X-100 (Sigma) after 20 minutes incubation at room temperature. Subsequently,
a PCR reaction was performed that introduced the adaptors sequences required for lllumina sequencing (P5 and P7) N x 50uL
reactions containing 25 pmol of each primer, 5 uL buffer Il and 0.6 uL Accuprime Taq HiFi (Life technologies) with N = 0.5 X No.
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of LAM-PCR reactions). 6 This final amplification was carried out using 18 cycles and an annealing temperature of 55°C for 30s
followed by an extension (at 68°C) for 105 s using primers: 5'- aatgatacggcgaccaccgagatctgatggttctctagettgcc-3’ and 5'- caagca
gaagacggcatacga-3'. Products were purified (PCR purification kit, Qiagen) and sequenced as 51bp or 65bp single-reads (18 pico-
molar loading concentration) on an lllumina HiSeq2000 (lllumina) or HiSeg2500 (lllumina) using sequencing primer 5'-ctagcttgcc
aaacctacaggtggggtctttca-3'. Insertion sites were defined by aligning reads to the human genome (GRCh37) and selecting for reads
that uniquely align allowing for a single mismatch. Four independent cultured wild-type control datasets were used for normaliza-
tion.”" The irradiation screens were performed twice with individual mutagenized HAP1 batches. “Hit” genes were defined as those
that passed a FDR-corrected binominal test threshold of p < 0.05. To estimate the dose-response of HAP1 wild-type cells to IR, 1,000
cells were seeded in a 24-well plate on day 0. IR treatment at indicated doses was applied after 24h, 72h and 120h, as in the haploid
genetic screen. On day 10, cell viability was assessed by adding Cell Titer Blue (Promega) and measuring the absorbance after 4h
incubation at 37°C in a Varioskan LUX microplate reader (Thermo Fisher Scientific).

CRISPR screens

Inducible Cas9 MCF10A TP53" cells were generated for the CRISPRn screen by lentiviral transduction of MCF10A TP537~ cells with
hEF1a-Cas9 (Cat# CAS11229, Dharmacon). Following antibiotic selection with 10 pg/mL blasticidin, 300 million Cas9-expressing
cells were infected with a genome-wide human lentiviral CRISPR library (RRID:Addgene_67989).°° The cells were infected with a
multiplicity of infection (MOI) 0.3 (to ensure <1 sgRNA per cell), resulting in each sgRNA infecting at least 1,000 cells, a representation
that was maintained throughout the experiment. The library contains 90,709 sgRNAs targeting 18,010 genes. Following 2 ng/mL
puromycin selection for 72 hours, 1 ng/mL doxycycline was added for 72 hours to induce Cas9 expression. The cell line used for
CRISPRi screen was generated by lentiviral transduction of MCF10A TP53” cells with lenti-BLAST-dCas9-KRAB (RRID: Addg-
ene_89567) followed by selection with 10 pg/mL blasticidin. 300 million dCas9-KRAB expressing cells were infected at MOI 0.3
with a genome-wide human lentiviral CRISPRi library (RRID: Addgene_84832).°° The library contains 104,535 sgRNAs targeting
18,905 protein coding genes. In both CRISPRn and CRISPRI screens, cells were collected for an early time point sample of initial
library representation (To) following selection. 100 million CRISPR mutagenized cells were exposed to concentrations that caused
a 20% reduction in cell survival (Surviving Fraction 80, SFgg) of either 2.5 uM olaparib or 25 nM talazoparib. 25 million cells were
seeded into 4X 5-layer flasks and the indicated drug, or DMSO, was added after 24 hours. In total, cells were exposed to drug or
DMSO for 14 days (10 population doublings), after which the cells were recovered (T4). In order to identify CRISPR guides responsible
for modulating PARPi response, sgRNA enrichment and depletion was estimated in cells that survived exposure to PARPi or DMSO
using parallel sequencing. In brief, genomic DNA was extracted from Ty and T, cell samples using the DNeasy blood and tissue kit
(Qiagen), according to the manufacturer’s protocol. sgRNA sequences were PCR amplified for sequencing on lllumina sequencing
(HiSeq 2500), producing >1,000 short-reads per sgRNA within the library. Analysis of the CRISPR screen is described in the analysis
methods section. Short-read DNA sequences were aligned to the known sgRNA sequences present in each pool to compare the
relative enrichment or depletion of sgRNAs from Tg vs. T; samples in both DMSO and PARPi exposed samples, as follows, to
ultimately calculate a normalized drug effect (DE) Z-score (normZ°") for each sgRNA targeting a specific gene. MAGeCK (Model-
based Analysis of Genome-wide CRISPR/Cas9 Knockout) software was used to generate sgRNA counts according to the sequences
present in the genome-wide CRISPR library.”? Using normalized read count data from MAGeCK, quality checks were performed (dis-
tribution of read counts, clustering of samples), to confirm the robustness of the data. For downstream analysis of sgRNA read count
data, three approaches were used for comparative analysis: (1) MAGeCK (2) Z-score and (3) drug effect Z-score. From MAGeCK
workflow, we extracted a ranked list of positively selected hits generated using its robust ranking aggregation algorithm (RRA)
approach.’? For the Z-score approach of analysis, the low abundant guides with a read count of zero in the T sample were initially
identified and filtered out. In order to account for variation in the amounts of DNA sequenced, the read counts were converted to parts
per ten million (pptm), and then log,-transformed after adding a pseudo count of 0.5. For each screen, Z-scores were calculated for
each individual sgRNA, corrected for viability and drug effects, as follows. The DE* Z-score was elucidated by calculating the
difference in abundance of each sgRNA between the drug-treated (Drug (T)) and DMSO-treated samples (DMSO(T)) at a matched
timepoint. Viability effects (VE)**, the rate of decrease of sgRNA abundance in the population over time in the absence of drug treat-
ment, were taken into account by calculating a Z-score between the T, (DMSO (T0)) and DMSO-treated (DMSO (T1)) sample. Both DE
and VE Z-scores were normalized by median absolute deviation*** (MAD). In order to remove variation in drug effect that can be
attributed to VE, a linear model of DE vs VE is plotted, which is used to adjust DE, so is referred to as Corrected DE****. In order
to assess the overall effect size of each gene, the corrected DE Z-score was normalized to generate a gene-level drug effect
Z-score™ ™,

Drug(T) — DMSO(T)) — median(Drug(T) — DMSO(T))

_(
xDrug Effect(DE) = MAD(Drug(T) — DMSO(T))

(DMSO(T1) — DMSO(T0) — median(DMSO(T1) — DMSO(T0))

« « Viability Effect (VE) = MAD(DMSO(T1) — DMSO(To))

Cell Reports 42, 112484, May 30, 2023 21




¢ CelPress Cell Reports

OPEN ACCESS

i.e. Z = (x — median)/median absolute deviation

*x xMAD = median |x; — x

x x x x Corrected DE = %
« % » +Gene drug effect Zscore = (3" sgRNA Zscores)
( nof gRNAs)

In this case, CRISPR mutagenesis of genes resulting in negative gene-level drug-effect Z-score are determined to enhance PARPI
sensitivity. We defined genes as “hits” with a gene-level drug effect Z-score threshold of < —3, for at least two independent signif-
icant (p = 0.05) sgRNAs, to capture the top ~2% and identify the most profound effects. Ranks for negative selection were generated
by sorting results based on their Z-score in ascending order. A final list of “hits” was consolidated from the three approaches, (1)
MAGeCK (2) Z-score and (3) drug effect Z-score, by taking the rank product of their ranks.

When comparing CRISPR screen results from different investigators, we performed quantile normalization in order to account for
any technical variation across samples. It is a data transformation technique for making two or more data distributions statistically
identical to each other. Quantile normalization was done using the R package, preprocessCore built under R version 4.0.3.

To estimate the dose-response of MCF10A wild-type cells to olaparib and talazoparib, 300 cells were seeded in a 384-well plate on
day 0. As indicated, PARPI (olaparib or talazoparib) treatment at indicated doses was applied after 24h. On day 5, cell viability was
assessed by adding Cell Titer-Glo (Promega) and measuring the luminescence with a microplate reader (Victor X5, Perkin Elmer) after
30 minutes incubation at RT with agitation.

Gene editing and silencing, plasmids, and cloning

Genome editing

Generation of CRISPR/SpCas9 plasmids targeting KB1P-G3B1, KB1P-G3 and KB2P-3.4 cell lines, were performed using a modified
version of the lentiCRISPR v2 backbone (RRID: Addgene_52961) in which a puromycin resistance ORF was cloned under the hPGK
promoter. For the HAP1 cell line, pDG459 backbone (RRID: Addgene_100901) carrying two sgRNAs was generated. sgRNA
sequences were cloned in both backbones using custom DNA oligos (Microsynth) which were melted at 95°C for 5 mins, annealed
at RT for 2 hours and subsequently ligated with quick-ligase (NEB) into BsmBI-digested (Fermantas) lentiCRISPR v2 backbone or
Bbsl-digested (NEB) pDG459 backbone. All constructs sequences were verified by Sanger sequencing. sgRNA sequences are
provided in the key resources table.

MCF10A MND1 and PSMC3IP mutant cell lines were engineered using the Edit-R Gene Engineering System (GE Dharmacon).
MCF10A TP53” cells were seeded at a density of 1 million cells/well in 6-well plates. After 24 hours, cells were transfected with
40 uM Edit-R Cas9 nuclease protein NLS (DE Dharmacon) mixed with 20 uM 2X crRNA and 10 uM tracrRNA using Lipofectamine ™
CRISPRMAX transfection reagent (Cat #CMAX00003, Thermo Fisher Scientific), according to manufacturer’s instructions. crRNA uti-
lised are as follows; 5'-GCTGACCTTCAAGTCCTAGA-3' and 5'-GTGAGGTTGAACACTTACTT-3' were used to target PSMC3IP,
5'-CTTGCATGAAGAGCTTTACT-3' and 5-CGGAACTTCTAATTATTATT-3 for MND1 targeting, 5'-GATACGTCGGTACCGGACCG-
3’ for non-targeting control. crRNA sequences are also provided in the key resources table. Four days after transfection, cells
were FACS-sorted into 96-well plates at one cell per well in drug-free medium. Targeted genome modifications were analysed by
Sanger sequencing of PCR products cloned into pCR-TOPO-blunt (Cat #450245, Thermo Fisher Scientific).

MCF10A MND1 and PSMCS3IP CRISPRI cell lines were generated by cloning sgRNAs into the Bbsl site of the pKLV5-U6sgRNA5-
PGKPuroBFP (RRID: Addgene_50946).°° sgRNA sequences are as follows: sgMND1-1: 5-GCGGCGAAGCCCACACACTA-3';
sgMND1-2: 5-GGTAGCCTCAGTCCTTACCA-3'; PSMC3IP-1: 5-GCGGGAAAGGCGATGAGTAA-3’; PSMC3IP-2: 5'-GAAGCTGC
GGCGGGAGGTAA-3'. sgRNA sequences are also provided in the key resources table. These constructs were lentivirally transduced
into MCF10A TP53”~ dCas9 KRAB cells (these were initially generated by lentiviral transduction of MCF10A TP53" cells with lenti-
BLAST-dCas9-KRAB (RRID: Addgene_89567) followed by selection with 10 ng/mL blasticidin). The procedure used for lentiviral
transduction is described below.

In order to generate cells expressing a PSMC3IP mutant associated with D-loop defect (and XX-GD), a human PSMC3IP ORF (Dhar-
macon) was PCR-amplified using primers designed to result in a deletion of glutamic acid at amino acid positive 201 Fw-
GCAAGAAGCAGTTCTTTGAGGTTGGGATAGAGACGGATGAAG Rev- CTCAAAGAACTGCTTCTTGCTCTTG. In-fusion reaction was
performed to re-circularize the vector. PSMC3IP p.Glu201del or wild-type PSMC3IP cDNA was cloned into pLX302 (Addgene
#25896) expression vector. These constructs were introduced into MCF10A TP53™~ wild-type, PSMC3IP CRISPRI or PSMC3IP mutant
(clone C3) cell lines.
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For the HAP1 cell line used for SCE experiments, pDG459 backbone (Addgene #100901) carrying two sgRNAs was generated.
Sequences are as follows for HAP1 cell lines. Non-targeting control: TGATTGGGGGTCGTTCGCCA; sgMnd1-1: GAGAAAAGA
GAACTCGCATGA; sgMnd1-2: AAGCTTAGTTGATGATGGTA.

Lentiviral transductions

Lentiviral stocks for generating stable cell lines in murine KB1P-G3/KB1P-G3B1/KB2P-3.4 were generated by transient transfection
of HEK293FT cells. On day 0, 8 x 10° HEK293FT cells were seeded in 150 cm cell culture dishes and on the next day transiently trans-
fected with lentiviral packaging plasmids psPAX2 (RRID: Addgene_12260) and pMD2.G (RRID: Addgene_12259) and the plentiCR-
SIPRv2 vector containing the respective sgRNA or a non-targeting sgRNA using 2x HBS (280nM NaCl, 100mM HEPES, 1.5 mM
Nay,HPO,, pH 7.22), 2.5 M CaCl, and 0.1x TE buffer (10 mM Tris pH 8.0, 1 mM EDTA pH 8.0, diluted 1:10 with dH,O). After 30 hours,
virus-containing supernatant was concentrated by ultracentrifugation at 20,000 rpm for 2h in a SW40 rotor and the virus was finally
resuspended in 100 puL PBS. The virus titer was determined using a qPCR Lentivirus Titration Kit (Applied Biological Materials). For
lentiviral transduction, 150,000 target cells from both cell lines were seeded in 6-well plates. 24h later, virus at an MOI of 25 was
applied with 8 ug/ml Polybrene (Merck Millipore). Virus-containing medium was replaced with medium containing puromycin
(8.5 ng/ml, Gibco) 24h later. Puromycin selection was performed for three days; subsequently cells were expanded and frozen
down at early passage. Lentiviral CRISPR-Cas9 KO were generated in KB1P-G3B1, KB1P-G3 and KB2P-3.4 cell lines. The target
sites modifications of the polyclonal cell pools were analyzed by TIDE analysis, which is described below.

Lentiviral stocks for generating stable cell lines in human MCF10A were generated by transient transfection of HEK293T cells. On
day 0.3 x 108 HEK293T cells were seeded in a 6-well plate and on the next day transiently transfected with lentiviral packaging plas-
mids psPAX2 (RRID: Addgene_12260) and pMD2.G (RRID: Addgene_12259) and plasmid DNA. For instance, the CRISPRi cell lines in
the MCF10A TP53~/~ background were generated by generating viral particles expressing pKLV-U6gRNA(Bbsl|)-PGKpuro2ABFP
vector containing the respective sgRNA or a non-targeting sgRNA using Lipofectamine 2000 transfection reagent (11668019,
Thermo Fisher Scientific) according to the manufacturer’s protocol. After 30 hours, virus-containing supernatant virus containing
supernatant was harvested and filtered (0.45 um). For lentiviral transduction, 150,000 cells were seeded in 6-well plates. 24h later,
lentivirus was applied. Virus-containing medium was replaced with medium containing puromycin (2 ng/mL, Gibco) 24h later. Puro-
mycin selection was performed for three days; subsequently cells were expanded and frozen down at early passage.
Transfection
For pDG459 transfection of HAP1 cell line, 150,000 target cells were seeded in 6-well plates. 24h later, 2.5 ng of plasmid with Opti-
MEM (31985070, Gibco) and TransIT®-LT1 Transfection Reagent (Mirus, Cat# MIR 2300) was added to the cells according to
manufacturer’s protocol. Plasmid containing media was replaced one day later with puromycin (3.5 pg/mL, Gibco) containing
medium. Puromycin selection was performed for three days; subsequently cells were expanded and frozen down at early passage.
For clonal selection, cells were trypsinized, spun down (1,200 rpm, 5min) and resuspended in FACS buffer (PBS, 1% FCS) to a con-
centration of 1x108¢1Mio. cells/mL. For FACS sorting 10 ng/mL Hoechst staining was added, single cells were sorted into a 96-well
plate using a MoFlo ASTRIOS cell sorter (Beckman Coulter). The target site modification of the monoclonal cell lines was determined
by PCR as described below.

For siRNA transfection of DR-GFP U20S cell line, 1.5 x 10° U20S cells expressing a synthetic HR reporter substrate (DR-GFP®?)
were reverse transfected with 20 pM siRNA in Opti-MEM (31985070, Gibco) and Lipofectamine™ RNAIMAX Transfection Reagent
(Cat#13778150), according to the manufacturer’s protocol. Details for siRNA reagents used are provided in the key resources table.
24h later, 2.5 pg of pCBAScel (RRID: Addgene_26477) with Opti-MEM and Lipofectamine™ 2000 Transfection Reagent (Cat#
11668019) were added to the cells according to manufacturer’s protocol. Plasmid containing media was replaced one day later
for fresh media. After 5 days from initial cell seeding, the cells were fixed in 4% PFA (Sigma Aldrich). GFP fluorescence was measured
via FACs analysis.

Retroviral transduction of complementation construct

Mnd1 reconstitution was performed using pOZ-N-FH’* plasmid expressing interleukin-2 receptor o chain (IL2Ra/CD25) as selection
marker. The Mnd1 coding sequence was ordered from Eurofins with optimized modifications for mus musculus. The coding
sequence was cloned into pOZ-N-FH using the in-fusion HD cloning kit (Cat# 12141, Takara) (see key resources table). Retroviral
stocks were generated using the Phoenix-ECO cells. On day 0, 1 x 10° cells were seeded in 10 cm cell culture dishes. Transient trans-
fection of the cells was performed with Turbofectin 8.0 (Origene) according to manufacturer’s protocol with a few adjustments. 6 ug of
the plasmid DNA was applied to the cells with Turbofectin mixture. On day 2 and 3, virus containing supernatant was harvested and
filtered (0.45 um). Transduction of the target cells was performed on last day of harvest by adding 7 ng/mL Polybrene (Merck Milipore)
to the retroviral supernatant and application on the target cells (9 mL/10 cm cell culture dish). Selection of the target cells was
performed using the Dynabeads® CD25 (Invitrogen, Cat# 11157D) according to manufacturer’s protocol.

The PSMC3IP coding sequence was sourced from Eurofins. Yeast p.Glu201del was mapped to human to design the primers for
amplification of the linear construct. In order to generate PSMC3IP p.Glu201del, 10 ng PSMC3IP cDNA was amplified with Q5
polymerase (New England Biolabs) using a 3-step protocol: (1) 98°C for 30s, (2) 30 cycles at 98°C for 10s, 60°C for 10s and 72°C
for 90s, (3) 72°C for 5min. PCR products were purified using the QIAquick PCR purification kit (Qiagen), according to manufacturer’s
protocol, and submitted with corresponding forward primer for Sanger sequencing to confirm target modifications. Sequences for
primers used are provided in the key resources table. PCR ampilification was confirmed via gel electrophoresis. Purified PCR ampli-
fied DNA was incubated with Dpnl restriction enzyme (NEB, Cat# R0176S). Following in-fusion reaction, using the in-fusion HD
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cloning kit (Cat# 12141, Takara), DNA was transformed in Stellar Competent cells (Takara, Cat# 636763). Gateway cloning was used
to introduce either PSMC3IP or PSMC3IP p.Glu201del into pLX302 expression vector (RRID: Addgene_25896) using Gateway™ LR
Clonase™ Il Enzyme mix (Thermo Fisher Scientific, Cat# 11791020), according to the manufacturer’s protocol, and then transformed
into competent cells. PSMC3IP-pLX302 or PSMC3IP p.Glu201del-pLX302 was introduced into MCF10A TP53~/~ cells via lentiviral
transduction.

gDNA isolation, amplification, and TIDE analysis

To assess modification rate in polyclonal lentiviral CRISPR/SpCas9 KO cell lines, cells were pelleted and genomic DNA was extracted
using the QIAmp DNA mini kit (Qiagen) according to manufacturer’s protocol. Target loci were amplified using Phusion High Fidelity
Polymerase (Thermo Fisher Scientific) using a 3-step protocol: (1) 98°C for 30s, (2) 30cycles at 98°C for 5s, 63.3°C for 10s and 72°C
for 15s, (3) 72°C for 5 mins. Reaction mix consisted of 10 pL of 2x Phusion Mastermix (Thermo Fisher Scientific), 1 uL of 20 uM forward
and reverse primer and 100 ng of DNA in 20 pL total volume. PCR products were purified using the QlAquick PCR purification kit
(Qiagen) according to manufacturer’s protocol and submitted with corresponding forward primers for Sanger sequencing to confirm
target modifications using the TIDE algorithm.”* The target site modification of the monoclonal HAP1 cell lines was determined using
two different primer pairs. DNA extraction was performed with QIAmp DNA mini kit (Qiagen). Amplification of target sites with Phusion
High Fidelity Polymerase (Thermo Fisher Scientific) was done according to the following 3-step protocol: (1) 98°C for 10s, (2) 30 cy-
cles at 98°C for 1s, 60°C for 5s and 72°C for 15s, (3) 72°C for 1min. One primer pair targets the DNA sequence between the two
sgRNAs, therefore a PCR result is only detected in cell lines without mutation of MND1. The other primer pair targets before the first
sgRNA and after the second sgRNA, so that a PCR result is only visible if there is a large deletion in MND1 gene.

In vitro cell survival assays

KB1P cells

2,000 KB1P-G3B1 or 4,000 KB1P-G3 cells were seeded per well of a 6-well plate and IR-treated cells were subsequently exposed to
repeated irradiation on day 2 and 3. Olaparib treated cells were constantly exposed to olaparib during the course of the experiments.
Control wells of the 6-well plates were fixed with 4% formalin and stained with 0.1% crystal violet on day 8, whereas treated cells in
6-well plates were fixed and stained on day 11. Quantification of plates was performed in FIJI image processing package of ImageJ
(1.8.0) in an automated manner with macros.

1,000 HAP1 cells were seeded in a 24-well plate and exposed to the indicated drug or irradiation at the indicated dosages after 24
hours. IR-treated cells were subsequently exposed to repeated irradiation on day 2 and 3. Cell viability of HAP1 cell lines in 24-well
plates was assessed by adding 25 uL of CellTiter-Blue® Cell Viability Assay (Cat# G8081, Promega) to each well. After 4h incubation
at 37°C, absorbance was measured in a Varioskan LUX microplate reader (Thermo Fisher Scientific).

MCF10A cells

MCF10A cells were seeded into 384-well plates at a concentration of 300 cells per well in 50 uL growth medium. After 24 hours, drug
or vehicle (DMSO) dilutions in growth media were added to the cells using an Echo liquid handler (Beckman). In 384-well format, cells
were continuously exposed to drug for a total of 5 days. MCF10A or HAP1 cells were also plated in 96-well plates at a density of 1,500
cells/well in 100 uL medium and exposed to the indicated drug at the indicated dosages after 24 hours. If RAD51 inhibitor B02 was
used, 25 uM BO02 (Sigma, 553525) was applied to cells 1 hour before drug- or DMSO treatment. In 96-well format, cells were
continuously exposed to drug for a total of ten days. Cell viability was assessed using CellTiter-Glo (CTG) Luminescent Cell Viability
Assay (Cat# G7572, Promega). Media was removed from the plate before addition of CTG (diluted 1:4 with 1X PBS) to each well.
Plates were continuously shaken and incubated in the dark for 10 minutes at room temperature before measuring luminescence
with a microplate reader (Victor X5, Perkin Elmer).

Clonogenic assays

MCF10A or HAP1 cells were seeded into 6-well plates at a density of 500 cells per well in 2 mL growth medium. After 24 hours, media
was replaced with drug or vehicle (DMSO) dilutions in growth medium at the indicated concentrations. Drug was replenished every
three days for up to 14 days, at which point colonies were fixed with 10% trichloroacetic acid (TCA) for 1 hour at 4°C and stained with
sulforhodamine B (SRB, 0.057 % sulforhodamine B (w/v) in 1% acetic acid) for 1 hour at room temperature. Excess dye was removed
by washing plates with 1% acetic acid. KB1P-G3B1 cells were seeded in 10 cm? dishes at a density of 100 cells/dish. Cells were
exposed to PARPI 24 h later. Following 15 days of PARPI selection, colonies were fixed with 4% formalin and stained with 0.1% crys-
tal violet. All colonies were counted in an automated manner using the colony counter tool with Imaged.

For Figures 1B, 1C, 2B, 2D, 2G, 2H, 4B, 4H, 41, S1H, S1M, S1N, S5A-S5D, S5J, S5K, and S13B: all experiments indicated in these
figures were performed as at least three replicates and graphs were drawn from these data using GraphPad Prism 9. Surviving
fraction was calculated for each drug dose relative to DMSO-exposed cells. In the case of S4G and S4H, surviving fraction was calcu-
lated for each IR dose relative to untreated control. Error bars represent standard deviation (SD). Data was fitted to four parameter
logistic (4PL) sigmoidal curve and the P-values were calculated via 2-way ANOVA with Tukey’s post-test.

For Figures 2A, 2C, 2M, S5H, and S5I: all experiments indicated in these figures were performed as at least two replicates and
graphs were drawn from these data using GraphPad Prism 9. Surviving fraction was calculated for each drug dose relative to
DMSO-exposed cells. Error bars represent SD. Data was fitted to four parameter logistic (4PL) sigmoidal curve and the P-values
were calculated via 2-way ANOVA with Tukey’s post-test.
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For Figures 21, 2N, S5E, and S5L.: all experiments indicated in these figures were performed as at least two individual biological
replicates and graphs were drawn from these data using GraphPad Prism 9. Each condition was normalized to the corresponding
untreated control. Data was fitted to four parameter logistic (4PL) sigmoidal curve and the P-values were calculated via 2-way
ANOVA with Tukey’s post-test. Error bars represent SD.

RAD51 and yYH2AX immunofluorescence assays

See Figures 3C-3E, 4C-4F, S6E, S7A, S7D, S8D, S12E, S12F, and S13D. In the case of Figures S6E, S8D, S13D, 3C, 3E, and 4C-4F.
CRISPR/SpCas9-modified KB1P-G3 and KB1P-G3B1 cells were grown on coverslips in 24-well plates. Irradiation induced foci (IRIF)
were induced by vy-irradiation (10 Gy) 3 hours prior to fixation or at the indicated time points. 25 nM talazoparib was also used to
induce RAD51 and yH2AX foci, 72 hours prior to fixation. Subsequently, cells were washed in PBS and fixed with 4% PFA/PBS
for 20 mins on ice. Fixed cells were washed with PBS and were permeabilized for 20 mins in 0.2% Triton X-100/PBS. All subsequent
steps were performed in staining buffer (PBS, BSA (2%), glycine (0.15%), Triton X-100 (0.1%)). Cells were washed 3 times and
blocked for 30 mins at RT, followed by incubation with the primary antibody for 1 hour at RT with rabbit-anti-RAD51
(AB_2177110, Cat# 70-001, BioAcademia) or mouse-anti-phospho-H2AX (RRID: AB_309864, Millipore) or rabbit anti-HA-Tag
(#3724, Cell Signaling). Coverslips were then washed 3 times, incubated with the secondary antibody for 1 hour at RT with Goat
anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, Texas Red-X (RRID: AB_2556779, Cat# T-6391, Thermo Fisher Scien-
tific) or Goat anti-mouse IgG (H+L) Highly Cross-Adsorbed secondary antibody, Alexa Fluor 488 (RRID: AB_2534088, Thermo Fisher
Scientific), washed 3 times, counterstained with DAPI (Life Technologies, 1:50,000 dilution) and washed 5 times more before
mounting. Antibodies were diluted in staining buffer. Lastly, cells were mounted using fluorescence mounting medium (S3023,
Dako). Fluorescent images were acquired using a Delta Vision widefield microscope (GE Healthcare Life Sciences) and multiple
different fields were imaged per sample (60x objective).

For MCF10A TP537" cells, 75,000 cells were plated onto coverslips pre-coated with 50 ug/mL poly-L-lysine (P2636, Sigma Aldrich)
in 24-well plates. The following day, cells were fixed either 16 hours post 10 uM olaparib or 0.1 uM talazoparib treatment, or 3 hours
post IR (10 Gy) exposure. Control cells were either exposed to DMSO or no IR. If RAD51 inhibitor BO2 was used, 25 uM B02 (Sigma,
553525) was applied to cells 1 hour before drug- or DMSO treatment. Prior to fixation, cells were permeabilized for 5 mins at RT in
permeabilization buffer (20 mM TRIS-HCI, 50 mM NaCl, 3 mM MgCl,, 1 M sucrose, 0.5% Triton X-100) following a PBS wash step.
Cells were fixed in 4% PFA (Sigma Aldrich) for 20 mins at RT. Fixed cells were washed with PBS and were permeabilized for 20 minsin
permeabilization buffer (20 mM TRIS-HCI, 50 mM NaCl, 3 mM MgCl,, 1M sucrose, 0.5% Triton X-100). Cells were washed 3 times in
PBS and blocked in IFF (5% BSA (bovine serum albumin) in PBS with 0.2% Tween)) for 30 minutes at RT, incubated with the primary
antibodies overnight at 4°C; rabbit anti-RAD51 (RRID:AB_2253533, Cat# sc-8349 (H-92), Santa Cruz) 1:2,000 dilution, and mouse-
anti-phospho-H2AX (RRID: AB_309864, Milipore) 1:2,000 dilution. Coverslips were washed 3 times, then incubated with the second-
ary antibodies for 1 hour at RT; Goat Anti-Mouse IgG (H+L) Antibody, Alexa Fluor 555 Conjugated (Cat# A-21422, RRID:AB_141822,
Thermo Fisher Scientific), Thermo Fisher Scientific) and Goat polyclonal anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary
Antibody, Alexa Fluor 488 (Cat# A-11034, RRID: AB_2576217, Thermo Fisher Scientific) at 1:1,000 dilution. Coverslips were washed
3 times in PBS before mounting onto glass slides using ProLong™ Diamond Antifade Mountant with DAPI (Cat #P36962, Thermo
Fisher Scientific). Z-stack images were acquired using the Marianas advanced spinning disk confocal microscope (3i) and multiple
different fields were imaged per sample (63 x objective).

For all foci experiments, images were analyzed and foci quantification analysis was performed using FIJI image processing pack-
age of Imaged (1.8.0). All nuclei were detected by the “analyze particles” command and all the foci per nucleus were counted with the
“finding maxima” command. Foci quantification data was graphed using GraphPad Prism 9. P-values were calculated via one-way
ANOVA with Bonferroni post-test in the case of Figures 3C-3E, 4C-4F, S6E, S7A, S7D, S8D, S12E, and S12F. In the case of Figure 3D,
P-values were calculated via one-way ANOVA with Sidak’s post-test. Error bars represent the median and 95% CI.

Single-molecule DNA fiber assay

See Figures 31-3K. Asynchronously growing subconfluent KB1P-G3B1 or KB1P-G3 cells were labeled with 30 pM thymidine
analogue 5-chloro-2’-deoxyuridine (CldU) (Cat# C6891, Sigma Aldrich) for 20 mins, washed three times with warm PBS and subse-
quently exposed to 250 pM of 5-iodo-2'-deoxyuridine (IdU) for 20 mins. In the experiment assessing replication fork stability, IdU
pulse was followed by adding medium containing 8 mM hydroxyurea (HU) for 6 h for KB1P-G3B1 cells or 4 mM HU for 3h for
KB1P-G3 cells. To assess replication fork reversal KB1P-G3 cells were treated with 600 nM Mitomycin C (MMC) ahead of pulse
labeling with CldU and IdU as described before, MMC treatment was maintained during labeling. All cells were then collected by
standard trypsinization and resuspended in cold PBS at 3.5 x 10° cells/mL. The labeled cells were mixed 1:5 with unlabeled cells
resuspended in cold PBS in the concentration 2.5 x 10° cells/mL. 2.5 L of this cell suspension was then mixed with 7.5 L of lysis
buffer (200 mM Tris-HCI, pH 7.4, 50 mM EDTA, and 0.5% (v/v) SDS) on a positively-charged microscope slide. After 9 mins of incu-
bation at RT, the slides were tilted at an approximately 30-45° angle to stretch the DNA fibers onto the slide. The resulting DNA
spreads were air-dried, fixed in 3:1 methanol/acetic acid, and stored at 4°C overnight. Next day, the DNA fibers were denatured
by incubation in 2.5 M HCI for 1 h at RT, washed five times with PBS and blocked with 2% (w/v) BSA in 0.1% (v/v) PBST (PBS
and Tween 20) for 40 mins at RT while gently shaking. The newly replicated CldU and IdU tracks were stained for 2.5 h at RT using
two different anti-BrdU antibodies recognizing CldU (RRID:AB_305426, Cat# ab6326, Abcam) and IdU (RRID:AB_10015219, Cat#
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347580, Becton Dickinson), respectively. After washing five times with PBS-T (PBS and Tween 20) the slides were stained with goat-
anti-mouse IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 (RRID: AB_2534088, Cat# A-11029, Thermo Fisher
Scientific) diluted 1:300 in blocking buffer and with the Cy3 AffiniPure F(ab’). Fragment Donkey Anti-Rat IgG (H+L) antibody (Cat#
712-165-5183, Jackson ImmunoResearch) diluted 1:150 in blocking buffer. Incubation with secondary antibodies was carried out
for 1 h at RT in the dark. The slides were washed five times for 3 mins in PBS-T, air-dried and mounted in Fluorescence mounting
medium (Cat# S3023, Dako). Fluorescent images were acquired using the DeltaVision Elite widefield microscope (GE Healthcare
Life Sciences). Multiple fields of view from at least two slides (technical replicates) of each sample were imaged using the Olympus
60X/1.42, Plan Apo N, UIS2, 1-U2B933 objective and sCMOS camera at the resolution 2048 x 2048 pixels. To assess fork progres-
sion CldU + IdU track lengths of at least 120 fibers per sample were measured using the line tool with FIJI image processing package
of Imaged (1.8.0). Replication fork stability was analyzed by measuring the track lengths of CldU and IdU separately and by
calculating 1dU/CIdU ratio. Track lengths were plotted in GraphPad Prism 9 and P-values were calculated via 2-way ANOVA with
Tukey’s post-test. Error bars represent the median and 95% CI.

Analysis of micronuclei formation

See Figures 3L, 3M, and S11K-S11Q. Cells were seeded on coverslips in 24-well plates and treated with DMSO or indicated con-
centrations of olaparib or irradiated with the indicated dosages 24h later. After 48h of treatment, cells were washed with PBS and
fixed with 4% (v/v) PFA/PBS for 20 mins in RT. Cells were then washed 3 times in 0.2% (v/v) PBS-Tween-20 and permeabilized
for 20 mins in 0.2% (v/v) Triton X-100/PBS. Then, slides were washed 3 times with PBS and blocked for 30 mins at RT in staining
buffer (PBS, BSA (2%), glycine (0.15%), Triton X-100 (0.1%)). For micronuclei staining only, slides were counterstained with DAPI
(1:50,000 dilution, Cat# D1306, Life Technologies) and washed 5 times more with PBS before mounting in Fluorescence mounting
medium (Cat# S3023, Dako). For co-staining with CENPB, slides were blocked for 30 mins at RT and incubated with primary antibody
rabbit-anti-CENPB (Cat# ab259855, abcam) for 1 h at RT, washed 3 times, incubated with the secondary antibody for 1 hour at RT
with Goat anti-mouse IgG (H+L) Highly Cross-Adsorbed secondary antibody, Alexa Fluor 488 (RRID: AB_2534088, Thermo Fisher
Scientific), washed 3 times, counterstained with DAPI (Life Technologies, 1:5,0000 dilution) and washed 5 times more with PBS
before mounting in Fluorescence mounting medium (Cat# S3023, Dako). Z-stack images were acquired using the DeltaVision Elite
widefield microscope (GE Healthcare Life Sciences). Multiple fields of view were imaged per sample with Olympus 100X/1.40, UPLS
Apo, UIS2, 1-U2B836 objective and sCMOS camera. Frequency of micronuclei positive cells was analyzed manually in FIJI image
processing package of ImagedJ (1.8.0). Scatterplot graphs of % cells with micronuclei (n = 20) in each indicated sample were drawn
using GraphPad Prism 9. Error bars represent the median and 95% (confidence interval) Cl. P-values were calculated via 2-way
ANOVA with Tukey’s post-test.

Flow cytometric analysis

See Figures 3G and S10D-S10G. KB1P-G3B1 cells in a 10 cm cell culture dish were treated with 10 uM camptothecin or left
untreated. After 5h incubation, cells were harvested and washed 1x with PBS. Cells were subsequently fixed with 1 mL 4% PFA
for 10 mins at 37°C, washed with PBS and permeabilized with 1 mL 0.2% Triton-X-100 for 30 mins on ice. Subsequently, cells
were washed with FACS buffer (PBS, 10% FCS (Gibco)), and incubated with rabbit-anti-phospho-RPA32 (Cat# A300-245A, Bethyl
Laboratories) for 1 h at RT, washed 2x with FACS buffer and incubated with Goat anti-rabbit IgG (H+L) Highly Cross-Adsorbed
secondary antibody, Alexa Fluor 488 (RRID: AB_2576217, Thermo Fisher Scientific) and 1 mg/mL DAPI (Cat# D1306, Life technol-
ogies) for 1 h at RT, washed twice with FACS buffer and resuspended in 1 mL FACS buffer. Flow cytometry was performed with BD
LSR Il Flow Cytometer (BD Biosciences). At least 10,000 events per biological replica and at least two biological replicas were
analyzed for each experiment. Data were processed using FlowJo software. In the case of Figure 3G, P-values were calculated
via one-way ANOVA followed by Dunnet’s multiple comparison test. In the case of Figure S10E, P-values were calculated via
unpaired t-test.

Proximity ligation assay (PLA)

See Figures 3A, 3B, and 3H. KB1P-G3B1 cells were seeded on sterile glass coverslips in a 24-well plate 48 h before the experiment.
Cells were treated with 10 Gy irradiation and after 3 h incubation, washed three times with PBS, pre-extracted for 5 min with CSK
buffer (25 mM HEPES, pH 7.5, 50 mM NaCl, 1 mM EDTA, 3 mM MgCI2, 300 mM sucrose and 0.5% (v/v) Triton X-100) on ice and
fixed with 4% (v/v) PFA/PBS for 20 mins on ice. Next, slides were permeabilized with 0.2% (v/v) Triton X-100 for 20 mins at RT
and blocked with staining buffer (PBS, BSA (2% w/v), glycine (0.15% w/v), Triton X-100 (0.1% v/v)) for 1 h at RT. Incubation with
the indicated primary antibodies rabbit-anti-RAD51 (Cat# 70-001, Bioacademia), mouse-anti-phospho-H2AX (RRID: AB_309864,
Millipore) and rabbit-anti-HA-Tag (Cat# 3724, Cell Signaling) or mouse-anti-HA-Tag (#901501, BioLegend) in staining buffer was
carried out at 4°C overnight. The next day, the slides were washed two times with staining buffer and in situ proximity ligation
was performed according to the Duolink Detection Kit protocol (Cat# DUO92101, Sigma Aldrich). Z-stack images were acquired
using the DeltaVision Elite widefield microscope (GE Healthcare Life Sciences). Multiple fields of view were imaged per sample
with Olympus 100X/1.40, UPLS Apo, UIS2, 1-U2B836 objective and sCMOS camera. Each image was taken in 5 Z-layers and
Z axis is projected into one layer for quantification. Images were analyzed using the FIJI image processing package of ImageJ
(1.8.0); each nucleus was defined as a particle by thresholding (analyze particles command) and PLA foci per cell were quantified
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with the “find maxima” command in each defined particle. At least 100 cells were quantified from each condition and graphed using
GraphPad Prism 9. P-values were calculated via 2-way ANOVA with Tukey’s post-test.

In situ analysis of protein interactions at DNA replication forks (SIRF)

KB1P-G3B1 cells were seeded on sterile glass coverslips in a 24-well plate 48h before the experiment in the density of 30,000 cells/
well. EAU labeling was performed by adding 25 uM EdU in the medium for 10 mins. After three washes with PBS, replication stress
was induced in the HU-treated samples by adding 2 mM HU for 2h. Cells were then washed twice with PBS and nuclei were pre-
extracted with CSK buffer (10 mM PIPES pH 7, 0.1 M NaCl, 0.3 M sucrose, 3 mM MgCl,, 0.5% (v/v) Triton X-100) on ice for
5 mins. After pre-extraction, cells were washed with PBS and fixed in 4% (v/v) PFA/PBS for 20 mins on ice. After three washes
with PBS, permeabilization was performed with 0.2% (v/v) Triton X-100 for 20 mins at RT. Then, click reaction was performed by
adding the click reaction buffer (100 mM Tris pH 8, 4 mM CuSQ,4, 100 mM sodium ascorbate, 50 uM biotin-azide) to the samples
and incubating at 37°C for 2h. Slides were then incubated in the blocking buffer (PBS, BSA (2% w/v), glycine (0.15% w/v), Triton
X-100 (0.1% v/v)) for 1 h at 37°C, followed by incubation with primary antibodies mouse-anti-HA-Tag (Cat# 901501, BioLegend)
and rabbit-anti-biotin (Cat# 5597, Cell Signaling) overnight at 4°C. The next steps are identical to the steps described in the PLA pro-
tocol above.

Sister chromatid exchange assay

See Figures S10B and S10C. HAP1 cells were treated for 48 hours treatment with 10 uM BrdU. If indicated, 0.5 uM olaparib (Axon
Medchem) was added simultaneously with BrdU. Colcemid was added for the last 3 hours at a concentration of 100 ng/mL. Alter-
natively, cells were treated with 3 Gy y-irradiation 8-10 h prior to fixation using an IBL 637 Cesium137 y-ray machine. Cells were and
inflated in a hypotonic 0.075 M KCI solution, and subsequently fixed in 3:1 methanol:acetic acid solution. Metaphase spreads were
made by dripping the cell suspensions onto microscope glasses from a height of ~30 cm. Slides were stained with 10 pg/mL bis-
Benzimide H 33258 (Sigma Aldrich) for 30 minutes, exposed to 245 nM UV light for 30 minutes, incubated in 2x SSC buffer (Sigma
Aldrich) at 60°C for 1 h, and stained in 5% Giemsa (Sigma Aldrich) for 15 minutes. All experiments indicated in these figures were
performed in three replicates and graphs were drawn from these data using GraphPad Prism 9. P-values were calculated via
one-way ANOVA followed by Sidak’s multiple comparison test. Error bars represent the median and 95% CI.

G2-arrest analysis

HAP1 cells were either left untreated, treated for 16 hours with nocodazole (250 ng/ml), or treated with 2.5 Gy IR (Cesium137 source,
CIS Bio international/IBL637 irradiator) at 30 minutes prior to 16h nocodazole treatment. Cells were fixed in icecold 70% ethanol and
stained with propidium iodide (50 ng/ml)/RNase (100 pg/ml) and rabbit-anti-phospho-HistoneH3-antibody (Cat# 9701, Cell Signaling)
and goat-anti-rabbit-Alexa-488-conjugated secondary antibody (Cat# R37116, Thermo Fisher Scientific). At least 10,000 events
were analyzed per sample on a Quanteon (Agilent).

qRT-PCR

See Figures S3A, S3B, S4l, S4J, S5G, S9A, and S9B. Total RNA was isolated (Qiagen RNAeasy) and 1,000 ng RNA was reverse tran-
scribed with High Capacity cDNA Reverse Transcription Kit (Cat# 4368814, Thermo Fisher Scientific), or with the Promega GoScript
Reverse Transcription System (#PRA5000, Promega), as per kit instructions. 25 ng cDNA was amplified with 125 nM Hs01552130_g1
MND1 TagMan probe human (Cat# 4351372, Thermo Fisher Scientific) or Hs00917175_g1 PSMC3IP TagMan probe human (Cat#
4351372, Thermo Fisher Scientific) and Hs02786624_g1 GAPDH TagMan probe human (4448489, Thermo Fisher Scientific) with
TagMan master mix. The mouse Mnd? cDNAs were amplified with the FastStart Universal SYBR Green Master (Rox)
(4913850001, Merck), using different primers for the endogenous and rescue MND1 cDNA where the sequence was optimized for
re-expression in murine cells. Primer sequences are indicated in the key resources table. QuantStudio 6 Flex Real-Time PCR System
(Thermo Fisher Scientific) was used for quantification. Fold depletion for CRISPR mutagenized cells or each siRNA treatment was
determined as 222, for which the cycle threshold (Ct) value for the target mRNA was subtracted by Ct value for GAPDH (mean
of duplicate amplifications from the same RT reaction) to calculate the ACt value, which was then subtracted from the corresponding
ACt from wild-type or siCTRL treated cells to calculate AACt. Data was plotted in GraphPad Prism 9. Error bars represent SD fromn =
3 replicates. P-values were calculated via one-way ANOVA followed by Dunnett’s multiple comparison test in the case of
Figures S3A, S3B, S4l, and S4J. In the case of Figures S9A and S9B, P-values were calculated via one-way ANOVA followed by
Sidak’s multiple comparison test. In the case of S5G, P-values were calculated via unpaired t-test.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical tests were carried out using GraphPad Prism 9. Details describing each statistical test are described in STAR Methods and
summary statistics are provided, where appropriate, on each figure.
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