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SUMMARY

Using genome-wide radiogenetic profiling, we functionally dissect vulnerabilities of cancer cells to ionizing
radiation (IR). We identify ERCC6L2 as a major determinant of IR response, together with classical DNA dam-
age response genes and members of the recently identified shieldin and CTC1-STN1-TEN1 (CST) complexes.
We show that ERCC6L2 contributes to non-homologous end joining (NHEJ), and it may exert this function
through interactions with SFPQ. In addition to causing radiosensitivity, ERCC6L2 loss restores DNA end
resection and partially rescues homologous recombination (HR) in BRCA1-deficient cells. As a consequence,
ERCC6L2 deficiency confers resistance to poly (ADP-ribose) polymerase (PARP) inhibition in tumors defi-
cient for both BRCA1 and p53. Moreover, we show that ERCC6L2 mutations are found in human tumors
and correlate with a better overall survival in patients treated with radiotherapy (RT); this finding suggests
that ERCC6L2 is a predictive biomarker of RT response.

INTRODUCTION

Radiotherapy (RT) is one of the most commonly used anti-cancer
therapies in the clinic. About 50% of all cancer patients will
receive RT alone or in combination with chemotherapy as part
of their treatment regimen (Barton et al., 2014; Delaney et al.,
2005). Despite the major benefits of RT, local therapy resistance
together with the development of early and late RT-related side
effects remain major obstacles for its success.

RT results in DNA double-strand breaks (DSBs), which are
highly toxic to cells (Ciccia and Elledge, 2010; Jackson and
Bartek, 2009; Setiaputra and Durocher, 2019). The repair of
DSBs relies predominantly on two major pathways: non-ho-
mologous end joining (NHEJ) and homologous recombination
(HR) (Schimmel et al., 2019). Because the cytotoxic effect of
RT relies on the generation of DNA damage, differences in
the DNA damage response (DDR) can directly affect a tumor’s
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response to RT. Most cancers have lost a critical DDR
pathway during tumor evolution (Lord and Ashworth, 2012;
Nickoloff et al., 2017); thus, many patients respond to clinical
interventions that cause DNA damage, including RT and
chemotherapy, by using DNA crosslinkers. Such regimens
exploit DNA repair defects intrinsic to tumors to selectively
eliminate cancer cells, whereas normal cells with an intact
DDR can still cope. These DNA repair defects include muta-
tions of core NHEJ factors, such as Ku70, XRCC4, LIG4,
XLF, DCLRE1C, or PRKDC, which have been shown to cause
radiosensitivity in various tumor models and in patients (Sishc
and Davis, 2017; Trenner and Sartori, 2019). The identification
of new vulnerabilities in the DDR of cancer cells is therefore
crucial for the future development of treatment strategies
that specifically sensitize tumors to RT.

One approach to identify such vulnerabilities is by screening
for genetic mutations that selectively sensitize cells to a
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treatment (Gerhards and Rottenberg, 2018). Recently,
genome-wide insertional mutagenesis screens in haploid cells
have identified unknown genetic vulnerabilities to microtu-
bule-targeting drugs (Gerhards et al., 2018). With a related
technique, new mechanisms of platinum drug or topoisomer-
ase inhibitor resistance were similarly discovered (Planells-
Cases et al., 2015; Wijdeven et al., 2015). Furthermore, li-
brary-based genome-wide screens have significantly
advanced our understanding of the mechanisms in which can-
cer cells are sensitized to, and become resistant to, clinically
relevant inhibitors of the poly (ADP-ribose) polymerase en-
zyzmes (PARPi) (Barazas et al., 2018; Gogola et al., 2018;
Noordermeer et al., 2018; Tkac et al., 2016; Xu et al., 2015).
This approach has led to the identification of the precise
DSB repair proteins responsible for the efficacy of PARPI in
selectively kiling BRCA1-deficient cancer cells, including
53BP1 (Bouwman et al.,, 2010), REV7/MAD2L2 (Xu et al.,
2015), SHLD1-3 (Noordermeer et al., 2018), HELB (Tkac
et al., 2016), the CTC1-STN1-TEN1 (CST) complex (Barazas
et al., 2018), DYNLL1 (He et al., 2018), and PARG (Gogola
et al., 2018).

Here, we report the implementation of a genome-wide func-
tional screen to discover genes that are involved in the cellular
response to fractionated ionizing radiation (IR). In validation of
this approach, in which we utilized saturating retrovirus-medi-
ated insertional mutagenesis to screen for IR-modulating
genes in the human haploid cell line HAP1, we identified a
multitude of genes encoding well-established DSB repair fac-
tors. Indeed, Ataxia telangiectasia mutated (ATM), DNA-
dependent protein kinase catalytic subunit (DNA-PKcs),
Artemis (DCLRE1C), and RAD51B, proteins already known
to be essential for cellular survival following IR, were among
our highest ranking hits. Besides these proteins, our screen
was enriched for additional genes that have been poorly char-
acterized in terms of their contribution to IR responses and
the cellular response to DSBs. One such gene encoded the
SNF2 family helicase protein ERCC6L2, a protein whose defi-
ciency was recently linked to an inherited human syndrome
characterized by late-onset bone marrow failure and develop-
mental abnormalities that included microcephaly (Bluteau
et al., 2018; Jarviaho et al., 2018; Shabanova et al., 2018;
Tummala et al., 2014; Zhang et al., 2016). In addition, a homo-
zygous ERCCG6L2 mutation has been implicated in acute
myeloid leukemia (Douglas et al., 2019). Here, we reveal
ERCCG6L2 to be an important mediator of the cellular response
to RT, an effect we link to its likely participation in NHEJ-
dependent DSB repair. We furthermore find that ERCC6L2
deficiency confers significant PARPi resistance to murine
BRCA1-deficient tumor cells, an effect reminiscent of proteins
linked to the 53BP1 pathway-dependent resection inhibition
during NHEJ. Consistent with this finding, we reveal that
ERCCG6L2 inhibits DNA end resection and show it to be impor-
tant for immunoglobulin class-switch recombination in murine
B cells. Altogether, our work reveals a previously unappreci-
ated function for ERCC6L2 in NHEJ, a role that contributes
to cellular response to RT-induced DNA damage and also
the therapeutic response of BRCA1-deficient cells to clinical
PARPi. Given that ERCC6L2 is frequently mutated in human
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cancer, our data also suggest that ERCC6L2 may be a useful
biomarker to predict RT responses.

RESULTS

Genome-wide Loss-of-Function Screens Identify Genes
That Increase IR Sensitivity

To functionally dissect the genes that may be dispensable for the
growth of cells under standard culture conditions but become
essential for cell fitness following IR exposure, we carried out a
genome-wide loss-of-function screen in human haploid cells.
Similar to a previous study in which we identified genes that
affect the action of microtubule-targeting drugs (Gerhards
et al., 2018), we applied an IR selection that causes moderate
fitness reduction in HAP1 cells. After gene-trap mutagenesis,
108 HAP1 cells were seeded and irradiated over the next 3
consecutive days with daily doses of 1.5 Gy. Cells were fixed
on day 10 and then sorted for 1n DNA content before amplifica-
tion of gene-trap insertion sites and deep sequencing (Figure 1A).
The reads were aligned to the human genome, and all indepen-
dent gene-trap insertion sites and their orientation in relation to
the transcriptional direction of individual genes were quantified
in the IR-selected datasets. The gene-trap is designed to only
disrupt the gene upon integration in a sense orientation, and
hence, the proportion of sense integrations can be utilized as a
measure of gene essentiality. Next, the ratio of gene-trap sense
insertions to antisense integrations was determined for each
gene. Candidate genes that significantly affect radiosensitivity
were identified by comparing IR-selected datasets to four inde-
pendent wild-type (WT) control datasets (Blomen et al., 2015;
Tables S1 and S2). The significance of the hits comprise both
enrichment and depletion of sense insertions compared to the
unselected conditions. However, most of the candidates pass-
ing our stringent filtering criteria were depleted in their sense in-
tegrations after IR selection (Figures 1B and 1C). This finding in-
dicates that these candidate genes are essential for fitness under
IR selection.

A combined analysis of two replicate screens revealed 21
genes that become essential for cell fitness under IR selection
(Figure 1D; Table S3). A total of 15 out of the 21 genes belong
to the Gene Ontology term “DNA metabolism” and 12/21 to
the biologic function of “DNA repair.” Among these genes,
some are well-known DNA repair factors involved in NHEJ or
HR, including those already well studied in the context of cellular
responses to irradiation (e.g. ATM, PRKDC/DNA-PKcs,
DCLRE1C/Artemis, RAD51B, and RNF168).

The enrichment of these factors served as a validation of our
screens, also re-confirming the relevance of these DNA repair
pathways in providing fitness to cells exposed to IR (Figure 1E).
Importantly, our screen also identified several candidate genes
not previously implicated in IR survival response, nor linked to
any particular DSB repair pathway.

Loss of Ercc6I2 Induces IR Sensitivity and PARPi
Resistance in BRCA1;p53-Deficient Cells

Among the significant hits from our haploid genetic screen,
ERCCS6L2 (Figures S1A and S1B), a gene mutated in a hereditary
bone marrow failure syndrome (Bluteau et al., 2018; Jarviaho
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Figure 1. Genome-wide Loss-of-Function
Screens Identify Genes That Increase IR
Sensitivity

(A) Outline of the haploid genetic screening setup.
(B and C) Sense integration to total number of in-
sertions plotted as fish tail plots from two individ-
ual biological replicates of irradiation (IR)-selected
haploid genetic screens. Significantly altered
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genes are shown in dark gray, and genes signifi-
cantly influencing the response to IR in both bio-
logical replicates are shown in red.

(D) Venn scheme comparing the hits from each
biological replicate.

(E) STRING interaction map of the 21 significant
hits that came up from both biological replicates.
See also Figure S1, Table S1, S2, and S3.
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etal., 2018; Shabanova et al., 2018; Tummala et al., 2014; Zhang
et al., 2016), caught our attention, as little is known about its
function in DSB repair (Figure 1E).

To test whether depletion of ERCC6L2 causes radiosensitivity
in the context of cell lines proficient or deficient for HR, we used
lentiviral CRISPR-Cas9 gene targeting constructs to generate
polyclonal knockout cell lines for Ercc6/2 in the BRCA1-deficient
KB1P-G3 and BRCA1-proficient KB1P-G3B1+ cell lines derived
from our genetically engineered mouse model (GEMM) for
Brcal-mutated breast cancer (K74cre;Brcal™p537F). The
KB1P-G3 cell line lacks BRCA1-dependent HR-directed DNA
repair due to an irreversible Brcal deletion (Jaspers et al.,
2013) and KB1P-G3B1+ cells have intact HR due to reintroduc-
tion of the full-length human BRCAT1 coding sequence (Barazas
et al., 2019). Both lines were then examined for irradiation sensi-
tivity to investigate whether the phenotype observed upon loss
of Ercc6l2 synergized with loss of the HR pathway.

Using tracking of indels by decomposition (TIDE) analysis
(Brinkman et al., 2014), we confirmed efficient modification of
the target sites in the polyclonal population (Figures S2A and
S2B). Ercc6/2-depleted cells were subsequently exposed to IR
in vitro (3 doses of 2, 3 or 4Gy for KB1P-G3 or 4, 5 or 6Gy for
KB1P-G3B1+ cells), and both their growth and clonogenic ca-
pacity were compared with that of cells transduced with non-tar-
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loss resulted in increased sensitivity to IR
in both BRCA1-deficient and -proficient
cells (Figures 2A, S2C, S2F, S2G, and
S2N). Moreover, monoclonal knockout
lines derived from KB1P-G3B1+ poly-
clonal cells showed increased IR sensi-
tivity (Figures S2D and S2E). Using TIDE
analysis, we also demonstrated a selection
against frameshift-mutated alleles in favor
of the WT Ercc6l2 alleles upon IR in both
BRCA1-reconstituted and -deficient cells
(Figures 2B and S2H). This finding con-
firms that the loss of Ercc6l2 sensitizes
cells to IR irrespective of BRCA1 status,
confirming that the DNA repair defects
that accompany ERCC6L2 loss synergize with HR deficiency
(HRD) and implicating ERCC6L2 in a distinct DNA repair
pathway. To exclude off-target effects, Ercc6/2-deleted cells
were complemented with Ercc6/2 cDNA (Figures 2E and 2G).
Indeed, ERCC6L2 complementation rescued IR sensitivity, in
contrast to cells transduced with the empty-vector control (Fig-
ure 2F). To understand which structural domains in ERCC6L2
were important for mediating response to IR, we also comple-
mented ERCC6L2-depleted cells with mutant forms of the
gene. Mutations of a conserved sequence within the Hebo
domain (Ercc6/247°%°; see Method Details) rescued ERCC6L2
function, whereas mutations of the SNF2/ATPase domain
(Ercc6i245NF2; see Method Details) at the N-terminus of the pro-
tein failed to do so (Figure 2F). These data show that the SNF2/
ATPase protein domain is mandatory for ERCC6L2 function.
Besides genes encoding classical DNA repair factors, we
notably detected genes encoding three subunits of the recently
discovered Shieldin complex (SHLD1/C200rf196, SHLD2/
FAMB35A, and SHLDS3 [included in the TRAPPC13 gene]) (Noor-
dermeer et al., 2018; Ghezraoui et al., 2018) enriched in our
screens. Members of the trimeric CST complex, STN1 (also
called OBFC1), TEN1, and CTC1 (significant hit in the 2" repli-
cate; Table S2), were similarly enriched, collectively confirming
the importance of 53BP1-pathway-dependent NHEJ, which
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Figure 2. Loss of Ercc6l2 Induces IR Sensitivity and PARPi Resistance in BRCA1;p53-Deficient Cells

(A) Growth assay of BRCA1-proficient KB1P-G3B1+ cells modified by CRISPR-Cas9 with the indicated sgRNAs following IR treatment.

(B) TIDE analysis showing the shift in allelic modification frequencies upon IR of Ercc6/2-mutated KB1P-G3B1+ cells.

(C) Growth assay in the presence of olaparib selection of BRCA1-deficient KB1P-G3 cells modified by CRISPR-Cas9 with the indicated sgRNAs.

(D) TIDE analysis showing the shift in allelic modification frequencies upon olaparib selection of Ercc6/2-mutated KB1P-G3 cells.

(E) Western blotting showing the hemagglutinin (HA)-ERCCB6L2 levels of Ercc6l2 WT, Ercc6l24e°, and Ercc6/2*SN™2 constructs that were complemented in

Ercc6l2-mutated KB1P-G3B1+ cells. B-actin was used as a loading control.

(F) Clonogenic survival of irradiated ERCC6L2-deficient KB1P-G3B1+ cells that were rescued with the indicated cDNA constructs. Data represent mean + SD of
three independent repeats. Statistics were calculated using CFAssay in R. **p < 0.001.

(G) Western blotting showing the HA-ERCC6L2 levels of Ercc6/2 WT, Ercc6124eP°, and Ercc6/2°SN™2 constructs that were complemented in Ercc6/2-mutated

KB1P-G83 cells.

(H) Growth assay in the presence of olaparib selection with Ercc6/2-knockout KB1P-G3 cells that were rescued with the indicated cDNA constructs. Data
represent mean + SD of three independent repeats and were fitted to a four parameter logistic (4PL) sigmodial curve. Statistical analysis was performed using

2-way ANOVA followed by Dunnett’s test. *p < 0.05, **p < 0.01, **p < 0.001.
See also Figure S2.

depends on shieldin and CST complexes, in the cellular
response to RT. The 53BP1 pathway genes are known to cause
intermediate radiosensitivity when depleted; yet, their deletion in
BRCA1-deficient cells leads to a restoration of HR and near-
complete resistance to PARPI (Barazas et al., 2018; Dev et al.,
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2018; Findlay et al., 2018; Gao et al., 2018; Ghezraoui et al.,
2018; Gupta et al., 2018; Mirman et al., 2018; Noordermeer
et al., 2018; Tomida et al., 2018). Given that ERCC6L2 co-en-
riched with these genes in our screen, we surmised that
ERCC6L2 might similarly function in the 53BP1 pathway and
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Figure 3. Loss of Ercc6l2 Induces IR Sensitivity and PARPi Resistance In Vivo

days after treatment start

(A) Schematic overview of the generation of isogenic Ercc6/2-mutated and control tumors by ex vivo manipulation of tumor organoids.

(B) IR response of CRISPR-Cas9-targeted KB1P4S organoids with the indicated sgRNAs. Three biological replicates were plotted as mean + SD and fitted to the
linear quadratic survival model. Statistics were calculated using the CFAssay in R. *p < 0.05 ***p < 0.001.

(C) Allelic modification rates of Ercc6L2-knockout KB1P4S organoids following IR evaluated by TIDE analysis.

(D) Olaparib response of Ercc6/2-knockout KB1P4S organoids. Three biological replicates were plotted as mean + SD and fitted to the linear quadratic survival
model. Statistics were calculated using 2-way ANOVA followed by Dunnett’s test. ***p < 0.001.

(legend continued on next page)
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that its loss could confer PARPI resistance in BRCA1-deficient
cells. To test this prediction, we generated new polyclonal
KB1P-G3 lines harboring 50%-60% frameshift modifications in
the Ercc6l2 alleles. Inactivation of Ercc6/2 with two Ercc6/2-tar-
geting sgRNAs in BRCA1-deficient and -proficient polyclonal
and monoclonal cells caused resistance toward the PARPI ola-
parib (Figures 2C, S2I, S2J, S2K, S2L, S2M, and S2P) and tala-
zoparib (Figure S2Q). In contrast to the control cells,
ERCC6L2-depleted cells formed resistant colonies after
11 days of PARPI selection. This effect was specific to Ercc6/2
inactivation, as shown by the TIDE analysis (Figure 2D). In the
initial tumor cell population, about half of the alleles carried
frameshift mutations. In contrast, PARPi selection resulted in a
substantial increase in frameshift disruptions (>90% for sgRNA1
and >70% for sgRNA2), showing that the Ercc6/2-mutated cells
have a clear survival advantage in the presence of PARPI (Fig-
ure 2D). ERCC6L2-loss-mediated PARPI resistance could be
partially rescued by complementing KB1P-G3 cells with WT or
Ercc6l24t®P° put not with Ercc6/245NF2 supporting the impor-
tant role of the SNF2 domain for ERCC6L2 function (Figures
2G and 2H).

Taken together, these data indicate that inactivation of
Ercc6l2, similar to the loss of members of the shieldin and
CST complexes, causes an increase in both IR sensitivity
and PARPI resistance in BRCA1-deficient cells, altogether
suggesting the participation of ERCC6L2 in 53BP1-dependent
NHEJ.

Loss of Ercc6I/2 Induces IR Sensitivity and PARPi
Resistance In Vivo

To explore the in vivo effects of Ercc6/2 deficiency on the treat-
ment response of BRCA1-deficient tumors to IR and PARPI,
we made use of the mammary tumor organoid technology (Fig-
ure 3A; Duarte et al., 2018). Organoid cultures can be easily
genetically modified and orthotopically transplanted, giving rise
to mammary tumors that preserve the epithelial morphology
and drug response of the original tumor. For this purpose,
KB1P4S organoids (KB1PS-org), derived from a K14cre;
Brca1™F:p53"F (KB1P) mammary tumor, were cultured ex vivo
and transduced with lentiviruses carrying pLentiCRISPRv2-
sgErcc6/2-Puro vectors. Control organoids were generated by
transduction with pLentiCRISPR v2-NT sgRNA-Puro lentivirus
encoding a NT sgRNA. Organoids were subsequently exposed
to IR (3 doses of 1, 2, 3, or 4 Gy over 3 consecutive days) or to
olaparib (1, 2.5, 5, or 10 nM) in vitro, and their clonogenic capac-
ity was evaluated after 14 days. As expected, organoids targeted
by NT sgRNA showed high sensitivity to both IR and PARPi treat-
ment (Figures 3B, 3D, S3A, and S3B). In contrast, Ercc6/2-tar-
geted cells showed increased radiosensitivity and resistance to
olaparib, corroborating the data obtained with the 2D KB1P-
G3 cells (Figures 3B, 3D, S3A, and S3B). Consistent with this
finding, quantification of the changes in allele distributions by
TIDE analysis showed depletion or enrichment of Ercc6/2 frame-

Cell Reports

shift mutations following IR and olaparib treatment, respectively
(Figures 3C and 3E).

We next examined whether the increased sensitivity to IR
caused by Ercc6l2 loss is exploitable in vivo. To this end, the
transduced KB1P4S tumor organoids were orthotopically trans-
planted in mice. Fractionated RT consisting of two consecutive
doses of 4 Gy per week for 2 weeks was initiated on mice bearing
established tumors (50-100 mm®) by using a high-precision
small animal irradiator equipped with a cone-beam computed
tomography (CT) scanner. The effect on tumor volume was
measured as depicted in Figure S3C. Depletion of Ercc6/2 signif-
icantly enhanced the response to RT and resulted in a prolonged
survival, highlighting the role of ERCC6L2-mediated DNA repair
in response to RT (Figure 3F). Moreover, we examined the effect
of the loss of Ercc6/2 on PARP inhibition. Mice carrying BRCA1-
deficient mouse mammary tumors derived from KB1P4S orga-
noids were treated daily with vehicle or olaparib for 56 consecu-
tive days when tumors reached a size of 50-100 mm?. In vivo
Ercc6/2 depletion induced faster tumor regrowth after PARPI
treatment and resulted in accelerated mammary tumor-related
morbidity (Figures 3G and S3D). The difference to the orga-
noid-derived tumors transduced with NT gRNAs is not as strong
as we previously reported for Trp53bp 1-mutated tumors (Duarte
et al., 2018) but was comparable to the level of resistance we de-
tected for those mutated for the Ctc1 (Barazas et al., 2018),
Shid1, and Shld2 genes (Noordermeer et al., 2018).

Depletion of Ercc6i/2 Restores HR in BRCA1-Deficient
Cells
Among the PARPI resistance mechanisms identified to date,
partial restoration of HR is frequently observed in BRCA1-defi-
cient mouse mammary tumors (Francica and Rottenberg,
2018). In these models, restoration of HR was mainly driven by
the loss of members of the 53BP1/RIF1/REV7/shieldin/CST
pathway (Barazas et al., 2018; Dev et al., 2018; Jaspers et al.,
2013; Mirman et al., 2018; Noordermeer et al., 2018). To examine
whether PARPI resistance in Ercc6/2-depleted KB1P-G3 cells
was also caused by HR restoration, we monitored RAD51 IR-
induced foci (IRIF), a surrogate readout of HR proficiency, in
these cells by using BRCA1-positive (HR-proficient) KB1P-
G3B1+ cells and Trp53bp1-depleted (HR-restored) KB1P-G3
cells as controls (Figures 4A and 4B). Indeed, the loss of Ercc6/2
also restored the ability of BRCA1-deficient cells to support
RADS51 IRIF. This capability was lost after reintroducing either
the WT or the Ercc6/24"eP°-mutated form of Ercc6l2 in
Ercc6/2-depleted KB1P-G3 cells but was still present in the
Ercc6/245NF2 KB1P-G3 mutants (Figures S4A and S4B). These
data are consistent with the clonogenic assays depicted in Fig-
ure 2H and provide further evidence for the importance of the
SNF2/ATPase protein domain for ERCC6L2 function.

We then tested the effect of Ercc6/2 loss on the HR
status in conditional BRCA1-deficient R26€°ER72:Brca15C°/P;
Pim1PR-GFP/wt mouse embryonic stem cells (MESCs) carrying a

(E) Allelic modification rates of Ercc6/2-knockout KB1P4S organoids upon olaparib treatment evaluated by TIDE analysis.
(F and G) Survival of mice orthotopically transplanted with modified KB1P4S tumor organoids was plotted as Kaplan-Meier curves and analyzed with the log-rank

test. *p < 0.05, **p < 0.01, **p < 0.001.
See also Figure S3.
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Figure 4. Depletion of Ercc6/2 Restores HR in BRCA1-Deficient Cells

(A) Representative IRIF immunofluorescence images of KB1P-G3B1+ and KB1-G3 cells modified by CRISPR-Cas9 with the indicated sgRNAs. RAD51-positive
cells are highlighted by the white arrows.

(B) Quantification of immunofluorescence staining of RAD51 foci per nucleus. Statistical difference between IRIF on irradiated (red) samples was analyzed by the
nonparametric Mann-Whitney test. *p < 0.05, **p < 0.01, **p < 0.001.

(legend continued on next page)
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stably integrated direct repeats green fluorescent protein (DR-
GFP) reporter (Bouwman et al., 2013). These cells were trans-
fected to transiently express mCherry and I-Scel, and the per-
centage of mCherry/GFP double-positive cells was quantified
by fluorescence-activated cell sorting (FACS) 24 h later. Switch-
ing of the conditional Brca15%° allele impaired HR activity, which
was partially rescued upon depletion of Ercc6/2 (Figure 4C). Also
in the non-switched, BRCA1-proficient mESCs, we observed a
slight increase in GFP-positive cells when Ercc6/2 was knocked
out (Figure S4C). In contrast to the BRCA1-deficient KB1P-G3
cells, this did not result in a detectable increase in RAD51 IRIF
in irradiated isogenic BRCA1-proficient KB1P-G3B1+ cells (Fig-
ures S4D and S4E).

In view of further confirming that the PARPI resistance we
observed in Ercc6/2-mutated KB1P-G3 cells is dependent on
HR activation, we selected these cells with olaparib after ATM in-
hibition. ATM is one of the main kinases promoting HR-depen-
dent DNA repair in the S/G2 phases of the cell cycle (Gupta
et al,, 2014). As shown in Figure 4D, the ATM inhibitor
AZDO0156 restored PARPI sensitivity, indicating that ATM-depen-
dent activation of HR is crucial for the survival of PARPi-treated
Ercc6/2-mutated BRCA1-deficient cells.

In the presence of DNA damage, the resection of DSBs gov-
erns the balance between repair by HR (which requires a 3’ sin-
gle-stranded DNA (ssDNA) overhang and NHEJ (which joins un-
resected ends) (Setiaputra and Durocher, 2019). This decision is
tightly regulated by DNA end protection by 53BP1 pathway pro-
teins, which collectively antagonize resection and promote
repair by NHEJ. Conversely, BRCA1 alleviates the resection
blocks posed by chromatin-associated 53BP1 pathway pro-
teins, allowing for end resection and DNA repair by HR
(Chapman et al.,, 2012, 2013; Daley and Sung, 2014; Escri-
bano-Diaz et al., 2013; Feng et al., 2015; Noordermeer et al.,
2018; Panier and Boulton, 2014). Consequently, in the absence
of BRCAA1, the block to resection posed by 53BP1 and its effec-
tors (REV7-shieldin and CST) prevents HR, thereby explaining
why the loss of these factors causes PARPI resistance (Boersma
et al., 2015; Chapman et al., 2013; Mirman et al., 2018; Noorder-
meer et al., 2018; Xu et al., 2015). Hence, the fact that Ercc6/2
loss similarly suppressed the synthetic lethal effect of PARPI in
BRCA1-deficient cells suggested a potential inhibitory role in
DSB end resection. Such a hypothesis was also supported by
the fact that depletion of Ercc6/2 did not restore HR or confer
PARPI resistance in Brca2 knockout cells (Figures 4E, 4F, and
S4F), consistent with the fact that 53BP1 pathway loss cannot
restore HR in BRCA2-deficient cells (Bouwman et al., 2010).
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Based onthese results we analyzed whether DNA end resection
is altered in the absence of Ercc6/2 in BRCA1-deficient cells by us-
ing replication protein A (RPA) immunostaining as a surrogate
marker of resection-dependent generation of ssDNA tracts. Cells
were exposed to laser beam irradiation, and BRCA1 deficiency re-
sulted in a marked decrease in RPA/53BP1 double-positive laser
tracks compared to BRCA1-proficient cells. Indicative of profi-
cient resection, Ercc6/2 depletion in KB1P-G3 cells partially
rescued RPA protein accrual at damage sites (Figures 4G and
4H). Although depletion of Ercc6/2 did not rescue DNA end resec-
tion (ssDNA levels) to the same extent as was evident in BRCA1-
complemented KB1P-G3 cells, this partial rescue nonetheless
corresponds to increased PARPI resistance. Hence, our data indi-
cate that ERCC6L2 antagonizes HR by inhibiting DNA end resec-
tion, an effect we predicted might occur by the 53BP1 pathway.

ERCCG6L2 Facilitates NHEJ during Class Switch
Recombination (CSR)

We thus examined whether ERCC6L2, akin to 53BP1 pathway
proteins, could contribute to NHEJ. To this end, we treated
BRCA1-deficient KB1P-G3 cells with the DNA-PKcs inhibitor
(NU7441), which inhibits NHEJ, and then exposed the cells to
IR. Because the addition of NU7441 sensitized parental and
Ercc6l2-depleted cells to similar levels, the radiosensitivity
induced by the loss of Ercc6l2 is likely mediated by its role in
NHEJ repair (Figure 5A). As a measure for physiological NHEJ ca-
pacity, we then assessed whether ERCC6L2 depletion in mouse
CH12-F3 B cells affected their ability to undergo immunoglobulin
(Ig) CSR from IgM to IgA similarly to 53BP1 pathway proteins,
which are near-essential for the joining of DSBs formed at the Ig
heavy chain (igh) locus (Barazas et al., 2018; Chapman et al.,
2013; Ghezraoui et al., 2018; Xu et al., 2015; Manis et al., 2002;
Ward et al., 2004). B cells deficient in these proteins upon stimu-
lation are unable to efficiently recombine their igh and activate the
expression of CSR-dependent Ig isotypes. We therefore ques-
tioned whether Ercc6/2 deletion in the murine CH12-F3 B cell lym-
phoma line impacted their ability to undergo high-efficiency CSR
from IgM to IgA (Muramatsu et al., 2000). CH12-F3 B cells were
therefore treated with Ercc6/2-targeting CRISPR-Cas9 con-
structs, and multiple isogenic Ercc6/2-knockout clones were
derived and were each confirmed to harbor bi-allelic transcript-
disrupting frameshift mutations. Upon stimulation, the prolifera-
tion profile of these clones was indistinguishable from that of
WT CH12-F3 B cells (Figure S5A); yet, Ercc6/2~~ CH12-F3 lines
showed dramatically reduced CSR compared to parental controls
and exhibited defects approaching those observed in Rev7 '~

(C) DR-GFP assay performed on Ercc6l2 depleted in mESCs. Three biological replicates were plotted as mean + SD, and statistical significance was calculated

using the two-tailed Student’s t test. “p < 0.05, **p < 0.01, **p < 0.001.

(D) Quantification of growth assays with CRISPR-Cas9-modified KB1P-G3 cells in the presence of olaparib or in combination with AZD0156. Data represent mean
+ SD including at least three independent repeats. Statistical analysis was done using the two-way ANOVA followed by Dunnett’s multiple comparison test. *p <

0.05, **p < 0.001.

(E) Growth assay using the BRCA2-deficient KB2P3.4 cells modified by CRISPR-Cas9 with the indicated sgRNAs in the presence of olaparib selection.

(F) Quantification of (E).

(G) Representative images of RPA-negative and RPA-positive 53BP1-labeled laser tracks in CRISPR-Cas9-modified KB1P-G3B1+ and KB1-G3 cells. Scale bar,

10 pM.

(H) Quantification of RPA- and 53BP1-positive laser tracks. Four biological replicates were plotted as mean + SD. Significance was calculated by one-way

ANOVA followed by Tukey’s multiple comparison test. *p < 0.05, **p < 0.01.
See also Figure S4.
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Figure 5. ERCC6L2 Facilitates NHEJ at DSBs

(A) Clonogenic survival of irradiated KB1P-G3 cells modified by CRISPR-Cas9 with the indicated sgRNAs after 1-h treatment with the DNA-PK inhibitor NU7441.
Data represent the mean + SD of at least three independent repeats. Statistics were calculated using the CFAssay in R. *p < 0.01, **p < 0.001.

(B) Quantification of IgM-to-IgA class switch recombination (CSR) of CRISPR-Cas9-modified CH12-F3 cells 40 h after stimulation with anti-CD40 antibody,
interleukin-4 (IL-4), and transforming growth factor p1 (TGF-B1). Within each column, different dot shapes correspond to different CH12-F3 clones. Three bio-
logical replicates were plotted as mean + SD, and statistics were calculated using one-way ANOVA followed by Tukey’s multiple comparison test. ***p < 0.001.
(C) Quantification of IgM-to-IgA CSR of Rev7- or Rev7/Ercc6l2-knockout CH12-F3 cells complemented with the indicated cDNA constructs. Glutathione S-
transferase (GST) was used as an inert control. Data represent the mean + SD of two independent experiments performed in triplicate. Statistics were calculated
using one-way ANOVA followed by Tukey’s multiple comparison test. ***p < 0.001.

(D) Proliferation assay of Ercc6/2-depleted KB1P-G3B1+ cells treated with the indicated small interfering RNAs (siRNAs) before IR treatment. Data represent the
mean = SD of three independent experiments performed in triplicate. Statistics were calculated using the CFAssay in R. ***p < 0.001.

(legend continued on next page)
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cells (Figures 5B and S5B). To check whether ERCC6L2 might
function with 53BP1 pathway proteins during CSR, we generated
Ercc6/2- and Rev7-double knockout CH12-F3 B clones. CSR de-
fects in the resulting Rev7 '~ Ercc6/2~/~ CH12-F3 clones were
stronger than in Ercc6/2~/~ clones, yet, were not stronger than
the severe defects apparent in Rev7 '~ cells (Figure 5B). Consis-
tently, reintroduction of stable Rev7 expression only partially sup-
pressed CSR defects in Rev7 '~ Ercc6/2~/~ CH12-F3, in contrast
to complemented Rev7~'~ CH12-F3 clones that exhibited WT IgM
to IgA class switching frequencies (Figures 5C and S5C). Although
the CSR defects harbored by Rev7~/~ CH12-F3 are already se-
vere, the fact that residual switching frequencies were not lower
in Rev7~'~ Ercc6l2/~ cells is consistent with a role for ERCC6L2
in NHEJ. Nonetheless, the weaker penetrance of CSR defects in
Ercc612~'~ cells is suggestive of a direct yet accessory role for
ERCC6L2 in promoting NHEJ during CSR, which are results
consistent with findings for a recently published Ercc6/2~/~
mouse model that similarly harbored CSR defects (Liu et al,,
2020). In line with these results, knockdown of Trp53bp1 or
Rev?7 in Ercc6/2-depleted KB1P-G3 B1+ cells led to an additional
sensitivity in response to IR (Figures 5D and S5D), and no direct
interaction of ERCC6L2 with 53BP1 or REV7 (Figure S5E) was
observed. Moreover, the fact that neither we nor others (Liu
et al., 2020) detected an alteration in the stability of other NHEJ
factors, including 53BP1, RIF1, REV7, XRCC4, or LIG4 (Fig-
ure S5F), furthermore supports a direct contribution of ERCC6L2
to NHEJ.

SFPQ as a Novel Interaction Partner of ERCC6L2

To identify the interacting factors that link ERCC6L2 to DNA end-
joining in an unbiased manner, we carried out a yeast two-hybrid
(Y2H) screen using a mouse cDNA library and a C-terminal re-
gion of ERCC6L2 (amino acids [aa] 885-1360) containing the
HEBO domain as bait. By testing more than 51 million interac-
tions, this screen identified 255 clones representing 19 different
genes with a high confidence of interaction to ERCC6L2 (Table
S4). Among them, SFPQ stood out as the potential link of
ERCC6L2 to NHEJ because it is known to promote NHEJ
together with non-POU domain-containing octamer-binding
protein (NONO) (Bladen et al., 2005; Jaafar et al., 2017; Udaya-
kumar et al., 2003; Udayakumar and Dynan, 2015). Moreover,
NONO was also a hit in one of our radiosensitivity screens (Table
S2). We therefore tested the interaction of ERCC6L2 with SFPQ
in our mouse mammary tumor cells. To this purpose, we first
confirmed that both proteins are localized in the nucleus, as
shown in Figures S5G and S5H. Notably, for both proteins we
did not observe IRIF formation, suggesting that low protein levels
are sufficient for their contribution to DNA end-joining. Next, we
confirmed the direct interaction of ERCC6L2 with SFPQ by using
co-immunoprecipitation. Consistent with the Y2H results as well
as the 1-by-1 Y2H validation (Table S4; Figure 5E), SFPQ co-
eluted with HA-ERCC6L2 (Figure 5F). We also corroborated
these data using the proximity ligation assay (PLA), which
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showed positive PLA signals in the nuclei of KB1P-G3B1+ cells,
independently of the induction of DNA damage (Figure 5G).

Together, these data show that ERCC6L2 not only antago-
nizes end resection but also contributes to DNA end-joining.
Our results suggest that ERCC6L2’s NHEJ activity may involve
its interaction with SFPQ.

ERCCG6L2 Mutations Are Associated with a Low
Homologous Recombination Deficiency (HRD) Score and
Correlate with a Better Overall Survival in Uterine
Corpus Endometrial Carcinoma (UCEC) Patients

Treated with RT

To elucidate the importance of ERCC6L2 mutations in patients, we
investigated The Cancer Genome Atlas (TCGA) PanCancer Atlas
studies containing more than 10,000 primary tumors and matched
normal samples from 33 different cancer types (www.cbioportal.
org). Mutations, gene amplifications, deep deletions, and fusions
within the ERCC6L2 gene were reported in various cancer types,
including breast (BRCA) and ovarian (OV) cancer, which are
treated with PARPi. The presence of point mutations in the
ERCCS6L2 gene was the most frequent alteration among all cancer
types. In particular, patients from the UCEC cohort most often
harbored mutations in the ERCC6L2 gene (Figure 6A; Table S5).
Therefore, we focused our analysis on this cancer type. In this
cohort, ERCC6L2 mRNA expression was significantly higher in
normal tissues than in tumors, comprising 176 primary tumors
and 24 normal tissues with mMRNA expression data (Figure 6B; Ta-
ble S5). Moreover, tumor-normal matched tissues from 6 UCEC
patients showed 0.57 times lower ERCC6L2 mRNA expression
levels in tumor samples (p = 0.1081; Figure S6A).

As we uncovered a role for ERCC6L2 in mediating DSB repair,
we analyzed the HRD score, which is the sum of scores for telo-
meric-allelic imbalance (TAl), large-scale transition (LST), and
loss-of-heterozygosity (HRD LOH), as previously described (Knij-
nenburg et al., 2018). UCEC patients harboring an ERCC6L2 mu-
tation showed significantly lower HRD scores than patients with
WT ERCC6L2 (Figures 6C, S6B, S6C, and S6D; Table S5). Further-
more, a significant negative correlation was observed between the
HRD score and the ERCC6L2 mRNA expression levels in all the
cancer tissues of the UCEC cohort (Figure 6D). We further sup-
ported these findings by Kyoto encylopedia genes and genomes
(KEGG) pathway analysis of ERCC6L2-mutant and -WT patients.
Gene set enrichment analysis (Subramanian et al., 2005) showed
significantly upregulated expression of the genes belonging to the
KEGG HR pathway in ERCC6L2 mutated compared to WT tumor
samples (Figure 6E; Table S6). These data suggest that ERCC6L2
deficiency fosters homology-directed DNA repair, which is consis-
tent with a role of ERCC6L2 in blocking end resection.

Because we found ERCC6L2 in the context of IR sensitivity, we
then investigated the effect of ERCC6L2 mutations on the long-
term overall survival of patients within the UCEC cohort who
received RT. Indeed, we observed that patients harboring
ERCC6L2 mutations in their tumors showed a strikingly longer

(E) A 1-by-1 validation of the ERCC6L2 and SFPQ interaction using the yeast two-hybrid technique in two independent clones.
(F) Western blotting showing the levels of the indicated proteins following immunoprecipitation of HA-tagged ERCC6L2 in KB1P-G3B1+ cells.
(G) Proximity ligation assay showing the ERCC6L2 and SFPQ interaction in KB1P-G3B1+ cells expressing HA-ERCC6L2. Cells were stained 3 h after 10 Gy of IR.

See also Figure S5 and Table S4.
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Figure 6. ERCC6L2 Mutations Are Associated with a Low HR Deficiency (HRD) Score and Correlate with a Better Overall Survival in Uterine
Corpus Endometrial Carcinoma (UCEC) Patients Treated with RT

(A) An overview of the frequency of alterations of the ERCC6L2 gene across all available cohorts. The UCEC cohort contained the greatest number of patients with
mutations of ERCC6L2 (N = 43; Table S5) and was selected for further analyses.

(B) Expression of ERCC6L2 in solid cancer samples and normal tissue samples from the UCEC cohort of TCGA. Statistical analysis between the two groups was
done with unpaired Student’s t test. ***p < 0.001.

(C) Association of HRD scores with ERCC6L2 mutation in the UCEC cohort. Statistical analysis between two groups was done with unpaired Student’s t test.
***p < 0.001.

(D) The correlation of HRD score to ERCC6EL2 expression in the UCEC cohort of TCGA. Linear regression was fitted with a 95% confidence interval. Goodness of
fit was shown with r value, which is -0.19. **p < 0.001.

(E) Enrichment plot for KEGG homologous recombination pathway resulting from gene set enrichment analysis between ERCC6L2-mutated and ERCC6L2 wild-
type samples in the UCEC cohort. False discovery rate (FDR), g value = 0.034.

(F) Kaplan-Meyer survival curve of patients from the UCEC cohort with or without ERCC6L2 mutations who have undergone RT. Hazard ratio for ERCC6L2 mutant
patients was 0, with the 95% confidence interval impossible to calculate due to the lack of observed events. Statistical analysis was done by using log-rank test.

*p < 0.05.
See also Figure S6 and Tables S5 and S6.

disease-free and overall survival than patients with WT ERCC6L2
(Figures 6F and S6E), indicating that ERCC6L2 loss may be clini-
cally relevant.

Hence, our TCGA data analysis shows that ERCC6L2 muta-
tions are found in a clinically relevant fraction of human tumors
and correlate with a better overall survival in patients treated
with RT. This finding encourages further clinical investigations
to test the usefulness of ERCC6L2 as a predictive biomarker of
RT response.

DISCUSSION

In this study, we have applied functional genome-wide screens to
attribute an important role for ERCC6L2 in the cellular response to

IR. In dissecting ERCC6L2’s function in this capacity, our data are
consistent with a regulatory role for ERCC6L2 in DSB repair that is
consistent with an accessory function in NHEJ and a potentially
associated role in the antagonization of HR. In recent years, the
use of chemogenetic profiling has broadened our understanding
of molecular mechanisms responsible for chemotherapy (Colic
etal., 2019; Gerhards and Rottenberg, 2018) and immunotherapy
(Logtenberg et al., 2019; Mezzadra et al., 2017) response. In anal-
ogy to this approach, we scrutinized the genome for alterations
that affect the response to IR. As expected, this analysis yielded
well-known DSB repair factors, including ATM, DNA-PK, and
Artemis. The fact that we found members of the CST and shieldin
complexes corroborates their importance for genome mainte-
nance. The loss of these complexes causes PARPI resistance in
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BRCA1-deficient cells (Barazas et al., 2018; Dev et al., 2018; Mir-
man et al., 2018; Noordermeer et al., 2018) and together with their
synthetic lethality with IR in HAP1 cells is consistent with previous
data of the Jackson and our laboratory showing that radiosensi-
tivity is an acquired vulnerability of the PARPiI-resistant BRCA1-
deficient tumors (Barazas et al., 2019; Dev et al., 2018).

In our search for other factors of similar function, we focused on
ERCC6L2 because it is frequently mutated in human cancer and
had not been well characterized in the context of DSB repair.
Although ERCC6L2 has sequence similarities with Cockayne syn-
drome complementation group B (CSB) protein (coded by
ERCCS6) and the ERCC6L/PICH helicase, the amino acid identity
is not high (34% for CSB and 30% for ERCC6L). In a small short
hairpin RNA (shRNA) screen for olaparib resistance using the hits
from our radiosensitivity screen (Figure 1) that have not yet been
linked to PARPI resistance, we observed ERCC6L2 to be a major
hit (data not shown). Indeed, we found that the loss of ERCC6L2
results in phenotypes consistent with defects affecting the
53BP1-RIF-REV7-shieldin-CST pathway but with less penetrance
than cells lacking 53BP1 or its core effectors, such as REV7. In
addition to the increased radiosensitivity, our data show that
ERCCB6L2 loss can alleviate, at least in part, PARPI resistance in
BRCA1- but not in BRCA2-deficient cells. Our data are consistent
with arole of ERCC6L2 in blocking DNA end resection, and akin to
other factors in the 53BP1 pathway that perform an equivalent
function, its depletion triggers BRCA1-independent HR restora-
tion. Although HR efficacy is not restored to the same level as in
BRCA1-complemented cells, we find it to be sufficient to confer
PARPiI resistance in cells and in pre-clinical tumor models.
Another similarity is the severe defect in CSR we found to accom-
pany ERCC6L2-deletion in B cells, an effect consistent with im-
munodeficiencies in ERCC6L2-deficient mice reported while
this work was in revision (Liu et al., 2020).

How ERCC6L2, a putative chromatin remodeler, precisely
contributes to NHEJ remains to be determined. Our observa-
tion that it interacts with SFPQ, a member of the SFPQ-NONO
complex that has only recently been attributed a putative
functions in NHEJ, may offer some clues. The SFPQ-NONO
complex has been shown to cooperate with the Ku protein
at an early step of NHEJ, where it forms a stable pre-ligation
complex and stimulates end joining (Bladen et al., 2005).
Perhaps, ERCC6L2-dependent nucleosome remodeling could
assist the formation of the functional pre-ligation complex
within a chromatinized template, thereby allowing for the effi-
cient alignment of separate DNA molecules. Indeed, further
complex biochemical studies will be needed to test these pre-
dictions and define the precise function of ERCC6L2 in NHEJ.

In addition to ERCC6L2, our radiogenetic screens provided
other genes for which more detailed follow-up analyses may
give new insights into radiobiology. For example, MND1 is well
known for its role in proper homologous chromosome pairing
and efficient cross-over and intragenic recombination during
meiosis (Sansam and Pezza, 2015). As a major hit in our screen,
MND1 may have an additional role independent of meiosis and
contribute significantly to fixing IR-induced damage using ho-
mology-directed repair.

In contrast to the platinum- or microtubule-targeting drugs
that we tested previously by using insertional mutagenesis
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profiling in haploid cells (Gerhards et al., 2018; Planells-Cases
et al., 2015), our screens did not yield reproducible gene knock-
outs that provide a growth advantage in the presence of IR.
Although this result may be due to the short IR selection period
of 10 days, it suggests that gain-of-function mutations may be
more relevant to explain radioresistance.

Regarding the clinical translation, our screen has yielded
various proteins that are frequently mutated in human cancers
and may be useful predictive markers for RT response as we
show for ERCC6L2. Importantly, several of these genes are
not essential or only essential for the growth of some cell
types, like ERCC6L2 in bone-marrow-derived cells. Hence,
in addition to ATM and DNA-PK inhibitors that are currently
tested in the clinic with RT, our functional profiling may
provide useful targets for the development of potent
radiosensitizers.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit polyclonal anti-RAD51 Bioacademia Cat#70-001

Mouse anti-HA
Rabbit anti-HA
Rabbit anti-SFPQ
Mouse anti-yH2AX

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

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

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

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

Biotinylated monoclonal anti-mouse IgA antibody
Rabbit polyclonal anti-53BP1

Rabbit Monoclonal anti-RPA32/RPA2 antibody
(Clone EPR2877Y)

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

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

Armenian hamster anti-CD40 Monoclonal Antibody
(HM40-3), FITC

Rabbit polyclonal anti-53BP1
Rabbit polyclonal anti-XRCC4
Mouse monoclonal anti-MAD2B
Rabbit polyclonal anti-Ligase IV
Mouse monoclonal anti-RIF1
Mouse monoclonal anti- B-Actin

Biolegend

Cell Signaling

Bethyl Laboratories
Millipore

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific
Abcam
Abcam

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Novus Biological

Abcam

BD Bioscience

Novus Biological

Santa Cruz Biotechnology
SIGMA

Cat#901501; RRID: AB_2565006
Cat#3724; RRID: AB_1549585
Cat#A301-321A-M; RRID: AB_2779823
Cat#05-636; RRID: AB_309864

Cat# A-11029; RRID: AB_138404

Cat# A-11034; RRID: AB_2576217

Cat# T-862; RRID: AB_221654

Cat#T-6391; RRID: AB_10374713

Cat# 3-5994-82; RRID: AB_466863
Cat#ab21083; RRID: AB_722496
Cat#ab76420; RRID: AB_1524336

Cat#A-11008; RRID: AB_143165

Cat# A-11006; RRID: AB_2534074

Cat# 11-0402-82 ; RRID: AB_465029

Cat# NB100-304; RRID: AB_10003037
Cat# ab97351; RRID: AB_10679332
Cat# 612266; RRID: AB_399583

Cat# NB110-57379; RRID: AB_843838
Cat# sc-515573

Cat# A2228; RRID: AB_476697

Bacterial and Virus Strains

Endura Chemically Competent Cells
ElectroMAX Stbl4 Competent Cells

Lucigen
Thermo Fisher Scientific

Cat# 60240-1
Cat#11635018

Chemicals, Peptides, and Recombinant Proteins

AZD2281 (Olaparib), PARP inhibitor

Syncom, Groningen,
the Netherlands

CAS: 763113-22-0

AZD0156, ATM inhibitor Selleckchem Cat#S8375

NU7441, DNAPK inhibitor Selleckchem Cat#S2638

BMN-673 (Talazoparib), PARP inhibitor Selleckchem Cat#S7048; CAS: 1207456-01-6
Recombinant Mouse IL-4 Protein R&D Systems Cat#404-ML

Recombinant Mouse TGF-beta 1 Protein R&D Systems Cat#7666-MB

BD Phosflow Fix Buffer 1 BD Biosciences Cat#557870

Critical Commercial Assays

QlAamp DNAMini Kit QIAGEN Cat#51306

MiniElute PCR Purifcation Kit QIAGEN Cat#28006

in-fusion HD cloning kit Takara Cat#12141
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Duolink proximity Ligation Starter Kit Sigma Cat# DUO92101-1KT
Cell titer blue Cell Viability Assay Promega G8080

Deposited Data

TCGA

Broad Institute

https://gdc.cancer.gov/about-data/
publications/pancanatlas, http://firebrow
se.org, http://www.cbioportal.org/

Experimental Models: Cell Lines

KB1P-G3

KB1P-G3B1+

KB2P3.4

KB1P4s organoids
HEK293FT

KB1P-G3 53BP1 knockout

Brcal~/~;Trp53~/~mouse embryonic stem cells
(mESCs)

Jaspers et al., 2013
Barazas et al., 2019
Evers et al., 2008
Duarte et al., 2018
ATCC

Barazas et al., 2019

Bouwman et al., 2010

N/A
N/A
N/A
N/A
RRID:CVCL_6911
N/A
N/A

CH12 B cells Pennell et al., 1985 RRID:CVCL_6818
HAP1 gift from Thijn Brummelkamp, N/A

NKI, Amsterdam
Experimental Models: Organisms/Strains
Mouse: FU/J Nude mice Jackson laboratory N/A
Oligonucleotides
See Table S6 This paper
Recombinant DNA
pGT-EN2 Jae et al., 2013 N/A
pBABE-Neomycin Addgene RRID: Addgene_1767
plentiCRISPR v2_Non-targeting sgRNA This paper N/A
plentiCRISPR v2_ERCC6L2_sgRNA1 This paper N/A
plentiCRISPR v2_ERCC6L2_sgRNA2 This paper N/A
pPBABE-Neomycin HA-Ercc6/2 This paper N/A
pBABE-Neomycin HA-Ercc6/245NF2 This paper N/A
pBABE-Neomycin HA-Ercc6/24Hebe This paper N/A
pOZ-N-FH-IL2Ra. HA This paper Dipanjan Chowdhury
pOZ-N-FH-IL2Ra HA-Ercc6l2 This paper N/A
pOZ-N-FH-IL2Ro. HA-Ercc6/245NF2 This paper N/A
pOZ-N-FH-IL2Ro. HA-Ercc6l24Hebe This paper N/A
Software and Algorithms
STRING Szklarczyk et al., 2019 Version 11

Imaged, Fiji, colony area plugin

CFAssay R package
TCGAbiolinks
FlowJo

GSEA

Bagga et al., 2014; Schindelin

et al., 2019; Schneider et al., 2012

Braselmann et al., 2015
Colaprico et al., 2016
RRID:SCR_008520

Subramanian et al., 2005

Imaged version 1.50i

N/A

Version 2.14.0
Version 10.6.1
Version 20.0.3

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Sven

Rottenberg (sven.rottenberg@vetsuisse.unibe.ch).
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Materials Availability
All unique/stable reagents generated in this study will be made available on request, but we may require a payment and/or a
completed Materials Transfer Agreement if there is potential for commercial application.

Data and Code Availability

Sequencing of the haploid genetic screens was performed at the Netherlands Cancer Institute. The IR haploid genetic screen results
generated during this study are available in Tables S1 and S2. Blomen et al. (2015) includes all the control groups used in the analysis
of the screen results.

The UCEC TCGA dataset used in this study is available with informed consent under the authorization of local Institutional Review
Boards (https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga). Mutation and clinical data
(including age and sex) used for this manuscript are deposited by the GDC (https://gdc.cancer.gov/about-data/publications/
pancanatlas).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

All animal experiments were approved by the Animal Ethics Committee of the Netherlands Cancer Institute (Amsterdam, the
Netherlands) and the Animal Ethics Committee (BLV Bern, Switzerland, Application number BE40/18). All experiments were per-
formed in accordance with the Dutch Act on Animal Experimentation (November 2014) and the Swiss Act on Animal Experimentation
(December 2015). CRISPR-Cas9-modified organoids lines derived from K14cre; Brca1™F:Trp537F (KB1P) female mice were trans-
planted in 6-9 weeks-old NU/J nude mice for the in vivo validation.

Cell Lines
The KB1P-G3 cell line was previously established from a KB1P mouse mammary tumor and cultured as described by Jaspers et al.
(2013). The KB1P-G3B1+ cell line was derived from the KB1P-G3 cell line which was reconstituted with human BRCA1 (Barazas et al.,
2019). The Trp53bp1 knockout KB1P-G3 line was generated as described (Barazas et al., 2019). The KB2P-3.4 cell line was previ-
ously established from a K14cre;Brca2™F;Trp537F (KB2P) mouse mammary tumor as described (Evers et al., 2008). 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), 50 units/ml penicillin-streptomycin (GIBCO), 5 ug/ml Insulin (Sigma,#10516), 5 ng/ml cholera toxin (Sigma,
#C8052) and 5 ng/ml murine epidermal growth-factor (EGF, Sigma, #E4127). The HEK293FT cell line (RRID:CVCL_6911) was
cultured in Iscove’s Modified Dulbecco’s Media (IMDM, GIBCO) supplemented with 10% fetal calf serum (FCS, Sigma) and 50
units/ml penicillin-streptomycin (GIBCO). HAP1 cells were a kind gift from Thijn Brummelkamp, NKI, and cultured in IMDM containing
10% fetal bovine serum, 1% penicillin-streptomycin, and 1mM L-glutamine (all reagents from GIBCO). CH12F3 cell lines were
cultured in RPMI supplemented with 5% NCTC-109 medium, 10% FCS, 100 U/ml penicillin, 100ng/ml streptomycin and 2mM L-
glutamine. Mouse embryonic stem (MES) cells with a selectable conditional Brca? deletion (R26°°ER72Wt:Brca15C%/4 and
R26C°ERT2:Bregq15C0/4,pim 1PR-GFP/WY (Bouwman et al., 2013) were cultured on gelatin-coated plates in 60% buffalo red liver
(BRL) cell conditioned medium supplied with 10% fetal calf serum, 0.1 mM B-mercaptoethanol (Merck) and 10° U/ml ESGRO LIF
(Millipore).

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 twice per year.

Tumor-Derived Organoids

The KB1P4 3D tumor organoid line was previously established from a Brca?l~/~;p53~/~ mouse mammary tumor and cultured as
described (Duarte et al., 2018). Briefly, cultures were embedded in Culturex Reduced Growth Factor Basement Membrane Extract
Type 2 (BME, Trevigen; 40 uL BME:growth media 1:1 drop in a single well of 24-well plate) and grown in Advanced DMEM/F12 (AdD-
MEM/F12, GIBCO) supplemented with 1 M HEPES (Sigma), GlutaMAX (GIBCO) 50 U/ml penicillin-streptomycin (GIBCO), B27
(GIBCO), 125 uM N-acetyl-L-cysteine (Sigma) and 50 ng/ml murine epidermal growth factor (Sigma). Organoids were cultured under
standard conditions (37°C, 5% CO,) and regularly tested for mycoplasma contamination.

Further in vitro culture details and gene editing details are provided in the Method Details section.

METHOD DETAILS

All details of methodology including statistical analysis are reported in the figures and corresponding figure legends.

Haploid Genetic screens

Wild-type HAP1 cells were mutagenized using a retroviral gene-trap cassette as described previously (Blomen et al., 2015). 108

mutagenized HAP1 cells were seeded in 14 T175 cell culture flasks (Corning) with IMDM-Glutmax (GIBCO) media supplemented
with 1X Glutmax (GIBCO), 1X penicillin-streptomycin (GIBCO) and 10% FCS (GIBCO). Cells were irradiated after 24h (day 1), 72h
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(day 3) and 120h (day5) with 1.5Gy each time which led to a confluency of 70%-80% on day 10. Cells were subsequently dissociated
using Trypsin-EDTA, washed with PBS and fixed in pre-warmed BD Phosflow fix buffer | (BD Bioscience) for 10 min at 37°C.
Following washing with PBS containing 10% FCS cells were treated with RNase (QIAGEN) (100 pg/ml) for 1h at 37°C, and stained
with 10 pg/ml propidium iodide (Life Technologies) before straining through a 40 um cell strainer (Falcon). At least 30 million cells with
1n DNA content were sorted on a BD Biosciences FACS ARIA Ill. Genomic DNA was isolated using a QIAmp DNA mini kit (QIAGEN)
and Linear Amplification Mediated (LAM)-PCR was performed as described in Blomen et al. (2015) as well as sequencing data pro-
cessing, insertion site mapping to GRCh38 human genome assembly. The insertion sites were intersected with RefSeq gene coor-
dinates to assign insertions to genes and map their orientation with respect to the transcriptional direction, choosing the longest tran-
script for each gene and disregarding overlapping regions were orientation assignment is ambiguous. Orientation bias was
determined using a binomial test and corrected for false discovery (Benjamini Hochberg). Four independent cultured wild-type con-
trol datasets published in the same article were used for normalization (available at SRA SRP058962, accession numbers
SRX1045464, SRX1045465, SRX1045466, SRX1045467). The irradiation screens were performed two times with individual mutagen-
ized HAP1 batches. To identify genes that affect cell viability in the presence of IR, for each gene the number of disruptive sense in-
tegrations and non-disruptive antisense integrations was compared to that in the four control datasets using a 2-sided Fisher’s exact
test. Genes with a significant orientation bias after IR treatment in addition to a significantly (p < 0.05) altered ratio in relation to the
control datasets were considered as hits.

STRING Analysis

Protein interaction map shown in Figure 1E was carried out using the STRING protein-protein interaction network enrichment anal-
ysis, version 11.0 with small modifications. Minimum required interaction score was set to 0.4 and the line thickness indicates the
strength of data support.

Gene editing, silencing, plasmids, and cloning

Lentiviral transductions

Lentiviral stocks were generated by transient transfection of HEK293FT cells. On day 0, 8x10% HEK293FT cells were seeded in 150cm
cell culture dishes and on the next day transiently transfected with lentiviral packaging plasmids and the plentiCRISPRv2 vector con-
taining the respective sgRNA or a non-targeting sgRNA using 2xHBS (280nM NaCl, 100mM HEPES, 1.5mM Na,HPO,4, pH 7.22), 2.5M
CaCl, and 0.1x TE buffer (10mM Tris pH8.0, 1mM EDTA pH8.0, diluted 1:10 with dH,0). After 30 h, virus-containing supernatant was
concentrated by ultracentrifugation at 20.000rpm for 2h in a SW40 rotor and the virus was finally resuspended in 100 uL PBS. The
virus titer was determined using a qPCR Lentivirus Titration Kit (Applied Biological Materials). For lentiviral transduction, 150.000
target cells were seeded in 6-well plates. 24h later, virus at a multiplicity of infection (MOI) of 25 was applied with 8 ug/ml Polybrene
(Merck Millipore). Virus-containing medium was replaced with medium containing puromycin (3.5 pg/ml, GIBCO) 24h later. Puromy-
cin selection was performed for three days; subsequently cells were expanded and frozen down at early passage. Tumor-derived
organoids were transduced according to a previously established protocol (Duarte et al., 2018). The target sites modifications of
the polyclonal cell pools were analyzed by TIDE analysis which is described below.

Genome editing

Generation of CRISPR/Cas9 plasmids, unless otherwise stated, 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. sgRNA sequences
were cloned in the lentiCRISPR v2 backbone using custom DNA oligos (Microsynth) which were melted at 95°C for 5 min, annealed at
RT for 2 h and subsequently ligated with quick-ligase (NEB) into BsmBI-digested (Fermantas) backbone. All constructs sequences
were verified by Sanger sequencing. sgRNA sequences are provided below as well as in Table S7.

ERCC6L2 reconstitution was performed using the pBABE-neomycin (RRID: Addgene_1767) plasmid or pOZ-N-FH (kindly pro-
vided by Dipanjan Chowdhury, Harvard Medical School). The Ercc6/2 coding sequence was ordered from Eurofins with optimized
modifications for Mus musculus. The coding sequence was cloned into pBABE-neomycin adding 1x HA tag at the N terminus using
the in-fusion HD cloning kit (#12141, Takara) (see Key Resources Table) or into pOZ-N-FH. Fulllength wild-type Ercc6/2 coding
sequence was mutated in the following sites: SNF2 mutant (Ercc6/245VF2); ¢.1796A>G, Hebo mutant (Ercc6/248%°): ¢.4696T>G,
€.4699T>G.

Rev7~'~and Ercc6l2~/~ CH12-F3 were generated using CRISPR-Cas9. In brief, gene-specific sgRNAs (sequences below) were
cloned in modified pX330 (Addgene #42230) or pX458 vectors (Addgene #48138). CH12-F3 cells were nucleofected (Amaxa Nucle-
ofector 2b, Lonza) with 2 ug of plasmid and Cell Line Nucleofector Kit R (Lonza), using program D-023. Isogenic cell clones were
isolated by limiting dilution (pX330) or GFP sorting (pX458) single cell into 96-well plates. Clones bearing bi-allelic indel mutations
were identified by native PAGE resolution of PCR amplicons corresponding to edited loci (amplicon primer sequences below),
and gene disruption subsequently confirmed by Sanger sequencing.

Rev7 sgRNA: 5'-CCTGATTCTCTATGTGCGCG-3' targeting exon 1
Ercc6/2 sgRNA1: 5-TGAAACACTGCGCTTGTGTC-3' targeting exon 2
Ercc6l2 sgRNA3: 5'-GGAAGGATGAATTGGATACC-3’ targeting exon 2
Amplicon primers for Rev7 and Ercc6/2 are provided in Table S7.
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Complemented CH12-F3 cell lines were generated by lentivirus-mediated transduction, using viral supernatants collected from
293T cells co-transfected with third generation packaging vectors and pLenti-PGK-Flag-HA-PURO-DEST vectors containing cloned
transgene inserts. Typically, cells were spinoculated with polybrene (8 pg/ml) and HEPES (20mM)-supplemented viral supernatants
(1500 rpm, 90 min at 25°C). Stable cell-lines were subsequently selected and maintained in the presence of puromycin (1 pg/ml).

gDNA isolation, amplification, and TIDE analysis
To assess modification rate, 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 Scientific) using a 3-step pro-
tocol: (1) 98°C for 30 s, (2) 30 cycles at 98°C for 10 s, 63.8°C for 20 s and 72°C for 30 s, (3) 72°C for 5min. Reaction mix consisted of
10ul of 2X Phusion Mastermix (Thermo Fisher), 1ul of 20uM forward and reverse primer and 100ng of DNA in 20ul total volume. PCR
products were purified using the QIAquick 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 (Brinkman et al.,
2014). Primers used in this PCR are mentioned in Table S7.

CRISPR sgRNA sequences for modification of Ercc6/2 were chosen from the GeCKo library v2 (Sanjana et al., 2014). The sgRNA
sequences are provided in Table S7.

Clonogenic assays

To assess their clonogenic potential, KB1P-G3B1+ or KB1P-G3 cells were seeded in 10cm dishes (1000 cells/dish) and treated with
the indicated dose of IR 24 h later. IR-treated cells were exposed to single dose of IR. All the dishes were fixed 10 days after seeding
with 4% formalin and stained with 0.1% crystal violet. Colonies were counted with ImagedJ using macros in an automated manner.

Growth assays

For growth assays in 6 wells format, 2000 KB1P-G3B1+ or 4000 KB1P-G3 cells were seeded per well and treated with the mentioned
drug or irradiation at the indicated dosages after 24 h. 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 were fixed with
4% formalin and stained with 0.1% crystal violet on day 8, whereas treated cells were fixed and stained on day 11, and cells for TIDE
analysis were collected on the corresponding days. Quantification of plates was performed with ImagedJ using macros in an auto-
mated manner.

For growth assays in 96 wells format, 150 KB1P-G3B1+ cells were seeded per well and treated with the indicated siRNAs two times
onday 1 and day 2. siRNA were transfected using Lipofectamine RNAIMAX (Thermo Fisher) following manufacturer’s instructions. On
day 3, cells were treated with IR at the indicated dosages. Proliferation was measured on day 10 using the CellTiter-Blue® Cell
Viability Assay (Promega) following manufacturer’s instructions.

Western blotting

Cells were washed with PBS, lysed in RIPA buffer (50 mM Tris/HCI pH 7.4; 1% NP-40; 0.5% Na-deoxycholate; 0.1% SDS; 150 mM
NaCl, 2 nM EDTA, 50 mM NaF) containing complete protease inhibitor cocktail (Roche) for 30 min on ice, and cleared by centrifuga-
tion. Protein concentration was determined using Pierce BCA assay kit (Thermo Fisher Scientific) with a BSA standard curve. Before
loading, protein lysates were denatured at 95°C for 5 min in 6x SDS sample buffer. Proteins were separated by SDS/ PAGE on 7.5 or
12% gels before semi-dry transfer to 0.45 Im nitrocellulose membranes (GE Healthcare) and blocked in 5% dry milk powder in TBS-T
(100 mM Tris, pH 7.5, 0.9% NaCl, 0.05% Tween-20). Membranes were incubated with primary antibodies diluted in 5% BSA in TBS-T
at 4°C over night. After washing in TBS-T, Horseradish Peroxidase (HRP)-linked secondary antibodies (Cell Signaling, dilution 1:
2500) were applied for 1 h at room temperature. Images were acquired using Azure c600 chemiluminescent imager.

In vivo studies

For tumor organoid transplantation: organoids were collected, incubated with TripLE at 37°C for 5min, dissociated into single cells,
washed in PBS, resuspended in tumor organoid medium and mixed in a 1:1 ratio of tumor organoid suspension and BME in a cell
concentration of 10% cells per 40 ul. Subsequently, 10* cells were transplanted in the fourth right mammary fat pad of 6-9 week-
old NMRI nude mice. For tumor piece transplantation, DMSO-frozen tumor pieces were thawed, washed with PBS, cut into small
pieces and transplanted in the fourth right mammary fat pad of 6-9 week-old NMRI nude mice. Mammary tumor size was measured
by caliper and tumor volume was calculated (length x width? /2). Treatment of tumor bearing mice was initiated when tumors reached
a size of ~150mm?®, at which point mice were separated into two untreated/vehicle groups (n = 4x2), olaparib treatment group (n = 5-
7/sgRNA) or radiotherapy treated group (n = 5-7/sgRNA). Olaparib was administered at 100 mg/kg intraperitoneally for 56 consec-
utive days. Radiotherapy was delivered using a high-precision small-animal irradiator equipped with a cone-beam CT scanner (X-
RAD 225Cx). The dosing schedule consisted of 24Gy/4fr in 2 weeks. Animals were anesthetized with isoflurane, sacrificed with
CO, followed by cervical dislocation when the tumor reached a volume of 1500mmS.
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Immunoflorescence staining and RAD51 irradiation induced foci (IRIF) analysis
RAD51 immunofluorescence in CRISPR/Cas9-modified KB1P-G3 and KB1P-G3B1+ cells was performed as described previously
(Xu et al., 2015), with minor modifications.

Cells were grown on coverslips in 24-well plates. IRIF were induced by y-irradiation (10Gy) 3 h prior to fixation. Subsequently, cells
were washed in PBS and fixed with 4% PFA/PBS for 20min on ice. Fixed cells were washed with PBS and permeabilized for 20min 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 30min at RT, incubated with the primary antibody for 1 h at RT (rabbit-anti-
RAD51 (70-001, BioAcademia,1:1000), mouse-anti-HA (RRID: AB_2565006, 901501, Biolegend, 1:800), rabbit-anti-HA (RRI-
D:AB_1549585, #3724, CST, 1:800), rabbit-anti-SFPQ(RRID:AB_2779823, A301-321A-M, Bethyl Laboratories, 1:250), mouse-
anti- YH2AX (RRID:AB_309864, 05-636, Millipore, 1:500)), washed 3 times, incubated with the secondary antibody for 1 h at RT
(Texas Red- goat anti-rabbit IgG (RRID: AB_10374713, T6391, Thermo Fisher Scientific, 1:2500), Texas Red goat anti-mouse IgG
(RRID:AB_221654, T862, Thermo Fisher Scientific,1:2500), Alexa Fluor 488 goat anti-mouse IgG (RRID: AB_138404, A11029,
Thermo Fisher Scientific,1:2500), Alexa Fluor 488 goat anti-rabbit IgG (RRID: AB_2576217, A11034, Thermo Fisher Scienti-
fic,1:2500),), washed 3 times, counterstained with DAPI (Life Technologies, 1:50000 dilution) and washed 5 times more before
mounting. Antibodies were diluted in staining buffer. Last, 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). Images were analyzed and foci quantification analysis was performed using
FIJI image processing package of Imaged (1.8.0). Briefly, all nuclei were detected by the “analyze particles” command and all the
RADS51 foci per nucleus were counted with the “finding maxima” command. Data were plotted and the significance was calculated
using 2-way ANOVA followed by Dunnett’s multiple comparisons test. *p < 0.05, **p < 0.01, **p < 0.001.

Proximity ligation assay (PLA)

Proximity ligation assay (DU092101-1KT, Sigma) was used to show the interaction between HA-ERCC6L2 (RRID: AB_2565006,
901501, Biolegend, 1:800) and endogenous SFPQ (RRID: AB_2779823, A301-321A-M, Bethyl Laboratories, 1:250) according to
the manufacturer’s protocol. Cells were grown on coverslips in 24-well plates. IRIF were induced by y-irradiation (10Gy) 3 h prior
to fixation. Subsequently, cells were washed in PBS and fixed with 4% PFA/PBS for 20min on ice. Fixed cells were washed with
PBS and permeabilized for 20min 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 1.5hours at RT, incubated with the indicated
primary antibody for 2 h at RT. PLA probe mix was prepared according to the recommended dilution and 40ul/slide was added after
slides were washed with 6mIx2 staining buffer, Cells were then incubated in humidity chamber for 1 h at 27°C. Ligation and ampli-
fication steps were followed according to the manufacturer’s recommendations and wash buffers. Slides were fixed with 3ul/slide of
Duolink In Situ Mounting Medium (included in the starter kit). Fluorescent images were acquired using a Delta Vision widefield micro-
scope (GE Healthcare Life Sciences) and multiple different fields were imaged per sample (60x objective). Images were analyzed and
foci quantification analysis was performed using FIJl image processing package of ImageJ (1.8.0).

DR-GFP Assay

mES cells were cultured as described (Bouwman et al., 2013). To allow analysis of homology-dependent DNA double strand break
repair, the Pim1 locus of R26CTERT2/Wt-Brc31SCo/A moyse ES cells was targeted with the p31kDR-GFP plasmid (Reid et al., 2008).
R26CTeERT2/Wt, BregqSCo/A, pimPR-GFPMWE mES cells were transduced overnight with sgErcc6/2 and sgNT lentiCRISPRv2 virus at
an MOI of 10 in the presence of 8 ng/ml and stable integration was selected using 1.8 pg/ml puromycin. DR-GFP assays were per-
formed essentially as described (Bouwman et al., 2013). In brief, mouse Brca1 was switched off using a 1 day incubation with 0.5 pM
4-OHT, cells were cultured for 3 days and seeded for Lipofectamine 2000 transfections with I-Scel-mCherry on the next day. Two
days after transfection, mCherry/GFP double-positive cells were monitored by flow cytometry on an LSRFortessa (BD Biosciences)
cell analyzer and data were analyzed using FlowJo software (FlowJo LLC, BD Biosciences).

RPA loading assay

Laser microirradiation was performed as described previously (Eid et al., 2010). Briefly, 10 uM BrdU was added to cells 24h prior to
irradiation. Microirradiation was performed using a MMI CELLCUT system containing a UV A laser of 355 nm (Molecular Machines
and Industries, Zurich, Switzerland). The laser intensity was set to 50% energy output and each cells was exposed to the laser beam
for < 300ms. After a release of 2h cells were fixed in 4% formaldehyde (w/v) in PBS for 15 min and permeabilized with Triton X-100
(0.5% in PBS) for 5 min at room temperature. Subsequently, cells were blocked for 1h in 3% FCS (w/v) in PBS and stained with pri-
mary antibodies 53BP1 (abcam, ab21083, RRID:AB_722496, rabbit, 1:500) and RPA (EPR2877Y, abcam, ab76420, RRI-
D:AB_1524336, rat, 1:100). After staining with appropriate secondary antibodies Alexa Fluor-488 rabbit and Alexa Fluor-594 rat
(1:1000) (Life Technologies), coverslips were mounted with Vectashield (Vector Laboratories) containing DAPI and sealed. Images
were acquired on a Leica DMI6000. RPA co-localization with 53BP1 was analyzed by fluorescence microscopy.
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CSR Assay

Immunoglobulin CSR was performed as described previously (Xu et al., 2015). Briefly, to promote CSR to IgA, CH12-F3 cells were
stimulated with agonist anti-CD40 antibody (0.5 ng/ml; Miltenyi Biotec; FGK45.5), mouse IL-4 (5ng/ul; R&D Systems) and TGFB1 (2.
ng/ul; R&D Systems). Cell-surface IgA expression was determined by flow cytometric staining with anti-mouse IgA-FITC antibody
(Thermo Fisher; 11-4204-82; MA-6E1).

CH12-F3 proliferation assay

CH12-F3 proliferation was monitored by dye dilution using carboxyfluorescein succinimidyl ester (CFSE) according to manufac-
turer’s instructions (CellTrace; Life Technologies). Cells were labeled with CFSE immediately before cytokine stimulation, and cell
proliferation was assessed by flow cytometry at indicated time points.

Immunoprecipitation

500ug of protein lysates were incubated overnight at 4°C with 50ul of Dynabeads Protein G magnetic beads (Invitrogen), previously
coupled to 5 ng of pull-down antibody. Beads were washed 3 times by gentle pipetting with 0.02% Tween 20 and eluted by boiling in
2x sample buffer for 10’. Pull-downs and whole cell extracts were loaded onto SDS/PAGE gels, followed by immunoblotting and
probing with indicated antibodies.

Yeast two-hybrid screen

Yeast two-hybrid (Y2H) screen was performed as a service by Hybrigenics S.A. (Paris, France). More than 51 million interactions were
tested using a mouse inner ear cDNA library and a C-terminal region of ERCC6L2 (aa 885-1360) as bait. The 1-by-1 validation of
ERCC6L2 and SFPQ was also performed by Hybrigenics S.A. (Paris, France) as previously described (Alhamidi et al., 2011).

TCGA data analysis

To verify the clinical impact of ERCC6L2 mutations and ERCC6L2 expression level in human cancers, we used the data generated by
The Cancer Genome Atlas (TCGA) consortium. TCGA is a cancer genomics program that collected and molecularly characterized
>20,000 matched tumor and normal samples representing 33 cancer types, with informed consent under the authorization of local
Institutional Review Boards (https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga). Mutation
and clinical data (including age and sex) used for this manuscript are deposited by the GDC (https://gdc.cancer.gov/about-data/
publications/pancanatlas).

Data acquisition and preparation

We decided to restrict our analyses of clinical impact of ERCC6L2 mutations to the UCEC cohort in TCGA because it was the cohort
harboring the highest number of such mutations (Figure 6A). The variables histological_type, histological_grade, OS, OS.time, DSS
and DSS.time were obtained from a recent paper integrating pan-cancer clinical data for all TCGA cohorts in a standardized manner
(Liu et al., 2018).Treatment data related to RT were extracted from clinical files from Firebrowse (Broad institute, http://firebrowse.
org) on 17 Oct 2019. Mutation data and mRNA expression data that were used in this study were generated by the TCGA Research
Network, are made available through the NCI Genomic Data Commons and cBioPortal (http://www.cbioportal.org/) and were down-
loaded on 17 Oct 2019. The detailed mutation information for all patients in the TCGA UCEC cohort, as downloaded from cBioPortal,
is presented in Table S6. mMRNA expression data for cancer and normal tissue comparison in the TCGA UCEC cohort were down-
loaded from the Synapse TCGA_PanCancer repository (synapse accession: syn300013).

Scores for telomeric-allelic imbalance (TAl), large-scale transition (LST), loss-of-heterozygosity (HRD LOH) and Homologous
Recombination Deficiency (HRD) were derived as described in Knijnenburg et al. (2018). TAl represents the number of subchromo-
somal regions with allelic imbalance extending to the telomere, LST is the number of chromosomal breaks between adjacent regions
of at least 10Mb, HRD LOH is the number of loss-of-heterozygosity regions of intermediate size (< 15Mb but < whole chromosome in
length) and HRD Score is calculated from the three scores (TAI + LST + HRD LOH). Survival and clinical data, information about treat-
ment with RT, ERCC6L2 mutation, expression, and copy-number alterations, as well as HRD scores were compiled into a single ma-
trix (Table S5).

HRD Score and ERCC6L2 mRNA expression correlation in samples from the TCGA UCEC cohort
We tested for correlations between the HRD Score and its components and ERCC6L2 mRNA expression using Spearman’s rank
correlation test and reported Spearman’s rank coefficients and p values.

Comparison of the ERCC6L2 mRNA expression between solid tumor and normal samples from the TCGA UCEC cohort

Samples were grouped based on the material type: solid tumor or solid tissue normal. Furthermore, tumor and normal tissue paired
patients of the UCEC cohort were plotted on Figure S6.
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Comparison of HRD Score and its constituents between ERCC6L2mut and ERCC6L2wt samples

We compared the DNA damage response (DDR) footprints, including HRD Score and its constituents, between ERCC6L2 mutant and
ERCC6L2 wild-type samples with Mann-Whitney’s U test. Other scores defined in (Knijnenburg et al., 2018) are calculated for
ERCC6L2 mutant and ERCC6L2 wild-type groups (Table S5).

Assessment of the clinical impact of ERCC6L2 mutations on the overall and disease-specific survival in TCGA UCEC
patients—univariate analysis

We analyzed the impact of ERCC6L2 mutations presence on overall survival (OS) of the patients from TCGA UCEC cohort who
received radiotherapy. Hazard ratios (HR), 95% confidence intervals and p values are reported for this analysis (Figure 6F).

Gene set enrichment analysis

We performed Gene Set Enrichment Analysis on ERCC6L2 mutant (n = 43) versus ERCC6L2 wild-type (n = 470) samples from the
TCGA UCEC cohort using GSEA module (v20.0.3) on GenePattern Cloud. Gene expression profiles for all UCEC samples were down-
loaded using TCGADbiolinks R package. HTSeq-FPKM values were used. Samples were annotated as ERCC6L2 mutant or ERCC6L2
wild-type using mutation data downloaded from cbioportal. All GSEA settings were used as default (number of permutations to
perform: 1000, permutation type: phenotype, collapse dataset = True, metric for ranking genes: Signal2Noise, scoring scheme:
weighted, gene list sorting mode: real, gene list ordering mode: descending, max gene set size: 500, min gene set size: 15).

QUANTIFICATION AND STATISTICAL ANALYSIS

All information regarding statistical analysis including sample size, applied statistical tests and significance are reported in the figures
and corresponding figure legends.

Haploid Genetic screens

See Figures 1B, 1C, S1A, and S1B. Analysis was performed as previously described (Blomen et al., 2015). The identified candidates
were required to pass a FDR-corrected binominal test with p < 0.05, a FDR-corrected Fisher’s exact test with p < 0.05 comparing the
IR screens with the four wild-type control screens, and had to be either depleted or enriched for sense integrations in both replicates.
In Figures 1B and 1C, significant hits in comparison to four individual controls screens were shown in red.

Clonogenic Assays

See Figures 2F, 3B, 5A, 5D, and S2N. All experiments indicated in these figures were performed as least three individual biological
replicates and graphs were drawn from these data using GraphPad prism 7. Each condition was normalized to the corresponding
untreated control. Clonogenic survival capacity data were fitted to the linear quadratic model and statistical analysis was performed
using the CFAssay package in R Bioconductor (version 3.4.2)

Growth Assays
See Figures 2H, 3D, S2P, and S2Q. All experiments indicated in these figures were performed as at least three individual biological
replicates and graphs were drawn from these data using GraphPad prism 7. Each condition was normalized to the corresponding
untreated control. Inhibition cell growth was fitted to four parameter logistic (4PL) sigmoidal curve where concentration of the
drug was plotted on the x axis in logarithmic scale. Statistical analysis was performed using 2-way ANOVA followed by Dunnett’s
test in Graphpad prism 7.

In Figures 4D, 4F, S2C, S2E, S2G, S2I, S2K, and S2M each condition is normalized to the corresponding untreated control and
plotted in bar graphs using GraphPad prism 7. Statistical analysis was performed using 2-way ANOVA followed by Dunnett’s test
in GraphPad prism 7.

In vivo studies

See Figures 3F and 3G. 4 mice were used in each control (untreated or vehicle treated) group in both of the Figures. 5-6 mice were
used in each treatment condition. Kaplan Meyer survival curves were plotted and statistical analysis was performed using log-rank
test in GraphPad prism 7.

RADS51 IRIF analysis

See Figures 4A, 4B, S4A, S4B, S4D, and S4E. Each condition was stained as indicated in the Method Details section. 60x (with oil)
images were taken with a GE Deltavision fluorescent microscope. Each image was taken in 6 Z-layers and Z axis was projected into
one layer for quantification. Each nucleus was defined as a particle by thresholding. The amount of RAD51 foci per cell was quantified
by finding maxima in each defined particle. At least 300 cells were quantified from each condition and the number of foci per cell was
plotted. The experiment was repeated at least three times and one representative biological replicate is shown. Statistical difference
of quantification of RAD51 foci between the irradiated (red) samples were analyzed by nonparametric Mann-Whitney test.
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DR-GFP Assay

See Figures 4C and S4C. HR activity was determined by flow cytometry and was calculated as the percentage of GFP+ cells in the
mCherry+ population relative to BRCA1-proficient parental cells. The amount GFP/mCherry positive cells was counted using FACS
and the percentage data were plotted using GraphPad prism 7. The experiment was performed three times and the error bars indi-
cate the standard deviation between three independent transfections. Statistical significance was calculated using the two-tailed
Student’s t test. * p < 0.05, ** p < 0.01, ***p < 0.001.

CSR Assay

See Figures 5B, 5C, S5B, and S5C. IgA positive cells were counted using FACS and two-three biological replicates were plotted using
GraphPad prism 7. Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple comparison test. *p <
0.05, **p < 0.01, **p < 0.001.

RPA loading assay

See Figure 4H. RPA/53BP1 double positive laser tracks were scored and normalized to the total number of 53BP1 positive tracks. At
least 100 cells were analyzed per condition. The experiment was performed four times, and in each independent experiment, a min-
imum of 100 tracks were analyzed. Data are plotted as mean + SD. Significance was calculated by one-way ANOVA followed by Tu-
key’s multiple comparison test. *p < 0.05, **p < 0.01.

TCGA data analysis

See Figures 6B, 6C, 6D, and 6F. Comparison of ERCC6L2 expression between normal and tumor groups in Figure 6B and difference
in HRD score between ERCC6L2 wild-type and mutant patients (Figure 6C) were shown by using the Mann-Whitney U test. Good-
ness of fit to the linear regression with 95% confidence interval was demonstrated with the R value as well as p value in Figure 6D.
Overall survival of patients harboring ERCC6L2 mutations was compared to ERCC6L2 wild-type patients via Kaplan Meyer curve and
the statistical analysis was performed using log-rank test (Figure 6F). *p < 0.05, **p < 0.01, ***p < 0.001.
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