SCIENCE ADVANCES | RESEARCH ARTICLE

MOLECULAR BIOLOGY

FIRRM/C10rf112 mediates resolution of homologous
recombination intermediates in response to DNA

interstrand crosslinks

Abdelghani Mazouzi'*%, Sarah C. Moser>>+, Federico Abascal®, Bram van den Broek™®,
Martin Del Castillo Velasco-Herrera’, Ingrid van der Heijden®?, Maarten Hekkelman',
Anne Paulien Drenth?3, Eline van der Burg??>, Lona J. Kroese®, Kees Jalink®, David J. Adams’,

Jos Jonkers?*>#, Thijn R. Brummelkamp'%*

Copyright © 2023 The
Authors, some

rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

DNA interstrand crosslinks (ICLs) pose a major obstacle for DNA replication and transcription if left unrepaired.
The cellular response to ICLs requires the coordination of various DNA repair mechanisms. Homologous recom-
bination (HR) intermediates generated in response to ICLs, require efficient and timely conversion by structure-
selective endonucleases. Our knowledge on the precise coordination of this process remains incomplete. Here,
we designed complementary genetic screens to map the machinery involved in the response to ICLs and iden-
tified FIRRM/C10rf112 as an indispensable factor in maintaining genome stability. FIRRM deficiency leads to
hypersensitivity to ICL-inducing compounds, accumulation of DNA damage during S-G, phase of the cell
cycle, and chromosomal aberrations, and elicits a unique mutational signature previously observed in HR-defi-
cient tumors. In addition, FIRRM is recruited to ICLs, controls MUS81 chromatin loading, and thereby affects
resolution of HR intermediates. FIRRM deficiency in mice causes early embryonic lethality and accelerates
tumor formation. Thus, FIRRM plays a critical role in the response to ICLs encountered during DNA replication.

INTRODUCTION

The repair of interstrand crosslinks (ICLs) is crucial for cellular sur-
vival and involves the coordinated action of multiple DNA repair
pathways including the Fanconi anemia pathway (FA), translesion
synthesis (TLS), homologous recombination (HR), and nucleotide
excision repair (NER) (1, 2). The pathway that specifically responds
to ICLs is coupled to DNA replication and involves a network of 22
proteins, defective in a severe heritable syndrome known as FA (I—
3). Upon stalling of replication forks at an ICL, the FA core complex
is recruited to the site of DNA damage and ensures mono-ubiquiti-
nation of the FANCD2-FANCI heterodimer (1, 4). This event acti-
vates several downstream effectors, including specialized nucleases
that perform dual nucleolytic incisions (5), which enables unhook-
ing of the ICL lesion and subsequent HR (1-3, 6). Lesions that are
left unrepaired can cause replication fork collapse and double strand
breaks (DSBs) formation. Repair of these breaks involves HR, where
a resected DSB end invades a homologous donor locus to enable
strand exchange between the damaged chromatid and its unbroken
sister by the strand exchange protein RAD51. This leads to the for-
mation of an intermediate structure known as a D-loop, which
primes DNA repair synthesis (7, 8). In some cases, covalent
linkage between the two recombining DNA molecules creates a
four-stranded DNA intermediate known as a Holliday junction
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(HJ) (9). These structures must be removed timely via structure-se-
lective enzymes to maintain genome stability and ensure faithful
chromosomal segregation (10-15).

Here, we used complementary genetic loss-of-function screens
in haploid cells to map critical factors involved in maintaining
genome stability upon ICL exposure. In addition to known
factors (such as FA proteins), we identified Clorfl12 [renamed
FIRRM and also known as FLIP in Arabidopsis thaliana (16),
MEICAL in rice (17), and Apolol (18)] as an indispensable scaffold
protein for maintaining genome stability. FIRRM affects the regu-
lation of HR intermediates during ICL response and modulates the
recruitment and the retention of MUS81 at sites of DNA damage.
Embryonic lethality and accelerated tumorigenesis upon FIRRM
loss emphasize the importance of this protein in maintaining
genome integrity.

RESULTS

Haploid genetic screens identify FIRRM as an important
modulator of the cellular response to ICLs

To systematically identify the core components involved in the ICL
response, we performed genome-wide insertional mutagenesis in
human haploid cells (HAP1) using gene-trap inactivation (19).
The mutagenized cells were exposed to two classes of ICL-inducing
compounds: mitomycin C (MMC), a chemotherapeutic agent (1),
and acetaldehyde (ACT), a metabolite that is produced upon
alcohol consumption (Fig. 1A) (20). Gene-trap insertions were
identified in the treated cell populations and compared to the un-
treated controls, resulting in the identification of genes that dis-
played an underrepresentation of disruptive mutations specifically
in the treated condition, which is indicative of impaired fitness. A
high concordance between biological replicates and treatments was
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Fig. 1. Haploid genetics identify FIRRM as an important factor for genome stability in response to ICLs. (A) Schematic overview of the haploid genetic screens
performed using survival or yH2AX staining as readouts. (B) Venn diagram of the genes identified by the three genetic screens. (C) Ranking plot depicting the 44 genes
commonly identified between the performed genetic screens. Genes are ranked on the basis of the mutational index of the yH2AX screen. Orange dots indicate known
DNA repair genes, and blue dots indicate genes with an unknown function in ICL repair. (D) Competition growth assay with wild-type (GFP) and AFIRRM (mCherry) HAP1
cells treated with MMC (65 or 125 nM) for 8 days. Data are represented as mean ratio (mCherry/GFP) + SEM. (E and F) Clonogenic survival in response to different
concentrations of MMC in HAP1 cells (E) and mouse mammary tumor cells (K14Cre;Trp53‘/‘; KP) (F). WT, wild type. (G) HAP1 cells carrying an endogenous V5-tag at
the C terminus of FIRRM were transduced with a 1:1 mix of nontargeting sgRNA and a sgRNA targeting FIRRM. After puromycin selection, the pool of cells was treated with
different concentrations of MMC for 7 days. Samples were then fixed, stained with a V5 antibody, and analyzed by flow cytometry. All experiments were performed in
triplicates except the genetic screens. For the survival-based screens, two biological replicates were performed, and for the yH2AX screen, one replicate was done. a.u.,
arbitrary unit.
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observed, and 171 significant genes were identified that caused sen-
sitization to both MMC and ACT upon their inactivation (Fig. 1B;
fig. S1, A to D; and table S1). Reassuringly, Gene Ontology enrich-
ment analysis highlighted biological processes associated with DNA
repair, ICL repair, DSB repair, and cellular responses to DNA
damage (fig. S1E). Various DNA repair factors known to be impor-
tant for proper functioning of FA, HR, and NER were identified (fig.
S1F). In addition, genes encoding structure-selective endonucleas-
es, such as MUS81-EME1 and GEN1 as well as BLM, helicase were
found (fig. S1F), which are involved in the resolution and the dis-

In parallel, we performed a fluorescence-activated cell sorting
(FACS)-based haploid genetic screen (22) using YH2AX as a
readout for DNA damage. Cells were exposed to MMC for 24
hours and allowed to recover for an additional 24 hours before fix-
ation, staining, and FACS sorting for 5-ethynyl-2'-deoxyuridine
(EdU)-positive cells (S phase) with the 5% highest and lowest
YH2AX signal (Fig. 1A). Subsequently, genes enriched for disrup-
tive mutations in either cell population were identified. As expected,
histone variant H2AX and the DNA damage scaffold protein MDC1
scored as positive modulators (23), whereas several ICL repair

solution of HJs (10, 11, 13, 21). factors were identified as negative regulators (fig. S2, A and B).

To select key genes involved in the cellular response to ICLs, we
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Fig. 2. FIRRM loss causes increased levels of DNA damage and genome instability. (A) Wild-type, FANCA, or FIRRM knockout HAP1 cells were treated with 50 nM MMC
for 24 hours and left to recover for the indicated time points. Whole-cell extracts were subjected to immunoblot analysis using yH2AX antibodies. p-Catenin was used as a
loading control. (B) Wild-type, AFANCA, or AFIRRM HAP1 cells were left untreated or exposed to 50 nM MMC for 24 hours, allowed to recover for 24 hours; stained with
yH2AX, EdU, and (DAPI); and subjected to flow cytometry analysis. n = 3. (C) Quantification of chromosome and chromatid breaks per metaphase spread (means + SEM);
60 metaphases of KP cells left untreated or treated with 50 nM MMC for 24 hours were analyzed for each condition and pooled from three independent experiments. (D)
Quantification of micronuclei in indicated genotypes, unchallenged or upon 50 nM MMC treatment and 24 hours of recovery. n > 300 cells per condition. n = 3. (C and D)
Significance was calculated by a Mann-Whitney U test. ns, not significant. *P < 0.05, ***P < 0.001, and ****P < 0.0001. (E) Immunofluorescence staining for yH2AX and
FIRRM-V5 in HAP1 cells upon MMC treatment (50 nM, 24 hours) or left untreated. To visualize chromatin bound protein, cells were pre-extracted before fixation. n = 3. (F)
Recruitment of GFP-FIRRM to laser UVA microirradiation sites after psoralen treatment in HAP1 cells. n = 2.
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intersected ICL survival genes (MMC and ACT) with the yH2AX-
negative regulators, which yielded a set of 44 factors (Fig. 1B), many
of which have been previously associated with ICL repair (Fig. 1C,
orange dots). The top scoring gene among the identified factors
with an unknown function in ICL repair was FIRRM/Clorf112
(Fig. 1G; figs. S1, C, D, and F, S2, A and B, and S3, A and B; and
table S2). FIRRM showed a similar phenotypic effect as the FA com-
ponents such as FANCA and FANCD2 and did not affect 16 pheno-
types unrelated to DNA damage response signaling previously
studied using genome-wide mutagenesis in HAP1 cells (fig. S3C).

FIRRM maintains genome stability in response to ICLs

To validate our findings, we generated HAP1 cell lines in which
FIRRM is mutated (AFIRRM), or the highly conserved HEAT
repeat—containing domain of unknown function (DUF4487) is
deleted using CRISPR-Cas9 (figs. S4A and S5, A to D) and mea-
sured their sensitivity to a panel of DNA damaging agents. Loss

of FIRRM or the DUF4487 domain caused hypersensitivity to
ICL-inducing compounds such as MMC, cisplatin and ACT in
competition growth assays and in clonogenic survival assays
(Fig. 1, D and E, and figs. S4, B to D and S5, E to F). No growth
defect was observed in unchallenged conditions (Fig. 1E). Further-
more, FIRRM knockout cells showed impaired survival upon expo-
sure to poly (ADP-ribose) polymerase (PARP) inhibitors or
topoisomerase I inhibitors, but not to DSB-inducing agents or to
replication stress generated by hydroxyurea (fig. S4, E to K).
Similar observations were made for FIRRM knockout lines generat-
ed in a mouse mammary tumor cell line (K14cre; Trp53_/ —,KP) (29)
(Fig. 1F and fig. S5G). To exclude any clonal effects, we endoge-
nously tagged FIRRM with a V5-tag at the C terminus in HAP1
cells and infected them with a lentiviral vector containing either a
nontargeting single guide RNA (sgRNA) or sgRNAs targeting
FIRRM. While the nontargeting sgRNA created a homogeneous
cell population, the sgRNAs targeting FIRRM generated a
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Fig. 3. FIRRM loss causes early embryonic lethality and accelerates tumorigenesis. (A) Contribution of signatures A, B, and C in untreated wild-type and AFIRRM
HAP1 cells. (B) Signature decomposition of wild-type and AFIRRM HAP1 cells in untreated conditions. (C) Cosine similarity comparing signature B to existing single base
substitution (SBS) signatures. (D) Recovery of Firrm**, Firrm™~, and Firrm~"~ embryos at different time points after performing timed matings. Numbers of analyzed
embryos are indicated, and a Chi-square test was used to determine significance. (E) Kaplan-Meier survival curve depicting the mammary tumor-free survival of Wap-
Cre;Trp537F (n = 8) and WapCre;Trp53™F;Firrm™" (n = 15) female mice. Significance was calculated by a Mantel-Cox test. ***P < 0.001, median survival of 177 days (Wap-
Cre;Trp537F) versus 156 days (WapCre;Trp53™*;Firrm™F). (F) Schematic depiction of organoid isolation from mammary tumor-bearing animals and example images of the
derived organoids. (G) Viability of mammary tumor organoids after exposure to MMC for 7 days. Values were normalized to untreated conditions. n = 2. P values were
calculated using a two-tailed t test. **P < 0.01 and ***P < 0.001.
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heterogeneous pool of cells with different levels of FIRRM protein.
(Fig. 1G and fig. S5, H to K). MMC treatment specifically decreased
the cell population with low protein levels of FIRRM in a dose-de-
pendent manner (Fig. 1G). As suggested by the genetic screens,
FIRRM deficiency resulted in a strong accumulation of DNA
damage marked by YH2AX during the S-G, phase of the cell
cycle in response to MMC. This was comparable to yH2AX levels
detected in FA core complex—deficient cells (AFANCA) (Fig. 2, A to
B, and fig. S6, A to C). In agreement with this observation, FIRRM-
deficient cells exhibited elevated levels of chromosomal instability,
highlighted by an accumulation of chromosomal breaks measured
by metaphase spreads (Fig. 2C and fig. S6D). This was accompanied
by a strong increase in micronuclei formation (Fig. 2D and fig. S6E),
structures formed from lagging or broken chromosomes and di-
rectly associated with extensive chromosomal rearrangement and
chromothripsis (25, 26). FIRRM protein levels were increased
during S-G, phase of the cell cycle and excluded from chromosomal
regions during mitosis (fig. S7, A to F). Furthermore, we observed
the formation of nuclear foci, which localized with a subset of
yH2AX foci upon MMC exposure (Fig. 2E). Moreover, green fluo-
rescent protein (GFP)-tagged FIRRM was enriched at psoralen-
induced ICLs after ultraviolet A (UVA) laser microirradiation
(Fig. 2F and fig. S7G). These data indicate that FIRRM is enriched
at sites of DNA damage and plays a critical role in maintaining
genome integrity in response to ICL-inducing agents.

FIRRM loss induces a unique mutational signature

Given the fact that FIRRM deficiency induced genome instability,
we asked whether long-term loss of FIRRM would trigger a specific
mutational imprint across the genome. We determined the muta-
tional landscape in wild-type and FIRRM-deficient HAP1 cells
upon MMC treatment (EC,() or in unchallenged conditions
using nanorate sequencing (NanoSeq) (27), a duplex sequencing
protocol with a low error rate, which can be applied in heteroge-
neous cell populations (fig. S8A). Although MMC-treated
samples presented with a twofold increase in mutational burden
(fig. S8B), FIRRM deficiency only modestly affected the frequency
and the pattern of point mutations (fig. S8, C to D). However, sig-
nature decomposition of the NanoSeq data highlighted distinct sig-
natures (Fig. 3A and fig. S8E): Signature A was mainly detected
upon MMC treatment (fig. S8F) and showed an increase in C>A,
C>G, and C>T mutations. This pattern resembled the previously
reported SBS4 signature (cosine similarity of 0.91) (fig. S8G), rep-
resenting an imprint of bulky DNA adducts generated by polycyclic
hydrocarbons found in tobacco smoke (similar to tobacco carcino-
gens, MMC also forms adducts on guanines) (28, 29). Signature B
was uniquely observed in FIRRM knockout cells (Fig. 3, A to B) and
matched with SBS3 (cosine similarity of 0.87) (Fig. 3C), which has
been previously observed in BRCAI and BRCA2 mutant breast
cancer genomes and is thought to result from HR deficiency (30—
34). However, small indels reported in the absence of BRCA1 and
BRCAZ2 (31) were not detected in FIRRM-depleted cells (fig. S8, H
to I).

FIRRM loss causes embryonic lethality and accelerates
tumorigenesis

To examine the physiological role of FIRRM in vivo, we generated
Firrm knockout mice. While heterozygous mice (Firrm"'~) were
born without any apparent defects, we did not observe any

Mazouzi et al., Sci. Adv. 9, eadf4409 (2023) 31 May 2023

Firrm™'~ offspring generated from F1 heterozygous crosses.
Firrm™'~ embryos were detected at early stages (E6.5 to E7.5)
during embryonic development at sub-Mendelian ratios (Fig. 3D).
Thus, FIRRM deficiency causes early embryonic lethality, as has
been observed for several HR genes, such as BRCAI/2 and RAD51
(35, 36). Because FIRRM loss triggered an HR-deficiency-like mu-
tational signature, we tested whether FIRRM deficiency, specifically
in the mammary epithelium, would also alter tumor incidence.
Mice carrying Cre-conditional Firrm" alleles were generated and
crossed with our previously established Wap-Cre;Trp53"F
mammary tumor model (37). We found that homozygous loss of
Firrm and Trp53 significantly accelerated mammary tumor forma-
tion compared to Trp53 loss alone (Fig. 3E). In addition, mammary
tumor organoids derived from Trp53~'~ or Trp53~/~;Firrm™'~
tumors displayed hypersensitivity to MMC compared to Trp53~'~
controls (Fig. 3, F to G), recapitulating our previously observed phe-
notype in cultured cells.

FIRRM acts independently of FIGNL1 and the FA pathway
FIRRM has been found to interact with FIGL1 (FIGNL1 in humans)
to limit meiotic crossovers in A. thaliana by modulating the DMC1/
RADS5I activity in response to programmed DSBs generated by
SPO11 (16). However, the effect of FIRRM was weaker than the
impact observed for FIGNLI, suggesting that FIRRM could only
be partially required for FIGNLI activity. On the basis of these ob-
servations, and because FIGNL1 was not identified as a hit in our
genetic screens, we hypothesized that FIRRM may have an addition-
al function in ICL response independently of FIGNLI. To test this
hypothesis, we knocked out FIGNLI in a wild-type or FIRRM-de-
ficient background and measured their sensitivity to MMC. As ex-
pected, FIGNLL1 deficiency only modestly affected cellular survival
after MMC exposure, while FIRRM single and FIRRM/FIGNLL1
double mutant cells displayed hypersensitivity to MMC in different
cell types (Fig. 4, A to B; fig. S9, A to D; and table S6). In line with
this, FIRRM-deficient cells displayed distinct sensitivity profiles to
different DNA damaging agents compared to FIGNLI-deficient
cells (Fig. 4C). To exclude any clonal effects, we challenged a het-
erogeneous pool of cells with different levels of FIRRM protein with
various concentrations of MMC in a wild-type or a FIGNL1-defi-
cient background (fig. S9E). MMC treatment specifically depleted
the cell population with low protein levels of FIRRM in a dose-de-
pendent manner, regardless of whether the cells were wild type or
FIGNL1 knockout (fig. S9, F to H). In addition, we measured
yYH2AX levels in the heterogeneous pool of cells with different
levels of FIRRM protein either in a wild-type or FIGNL1-deficient
background using our V5-tagged FIRRM cells (Fig. 4D). In line
with the data above, loss of FIRRM increased YH2AX foci formation
in both wild-type and FIGNLI knockout cells (Fig. 4, E to G). The
same results were obtained when assessing yH2AX levels in our
clonal HAP1 knockout cell lines (fig. S10, A and B). Together,
these data indicate that FIRRM has an additional function in the
ICL response independent of FIGNLI1, which we set out to
further explore.

To investigate the role of FIRRM in the ICL response and
examine the relation to other DNA repair factors, we performed a
genetic screen in FIRRM knockout cells upon MMC treatment.
Comparative analysis of this screen with the related screen carried
out in wild-type cells revealed that dropout hits from both screens
showed a high overlap of DNA repair factors, including many
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Fig. 4. FIGNL1-independent role of FIRRM in response to ICLs. (A) Quantification of a clonogenic survival assay in response to different concentrations of MMC for
wild-type, FIRRM, FIGNL1, single, or double knockouts in HAP1 cells. Data are shown as means + SEM, normalized to untreated. n = 3. (B) Colony formation assay in KP wild-
type or FIRRM knockout cells transduced with nontargeting (NT) or sgRNAs targeting Fign/1 and exposed to different concentrations of MMC for 8 days. n = 2. (C) HAP1
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urea. Data are depicted as a heatmap, and values were normalized to untreated conditions. n = 2. (D) Schematic illustration of the experiment depicted in (E) to (G). In
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the FIGNL1 knockout cells generated in the FIRRM-V5 cell line. GAPDH was used as a loading control. (F and G) Quantification (F) and representative images (G) of the
experiment described in (D). Data are depicted as means + SD. significance was calculated by a two-tailed t test. ****P < 0.0001. n = 2.

members of the FA pathway (Fig. 5A and fig. S11, A to B). Loss of
FA factors showed additive sensitivity to MMC upon FIRRM deple-
tion compared to the wild-type screens (Fig. 5A). This was further
validated by survival assays, where double-mutant cells of FIRRM
and different subunits of the FA pathway such as FANCA,
FANCC, FANCD?2, and FANCI exhibited stronger sensitivity to
MMC compared to single mutants (Fig. 5, B to D, and fig. S11, C
to K). Furthermore, FIRRM-deficient cells neither exhibited altered
FANCD2 monoubiquitylation nor changed FANCD?2 foci forma-
tion upon MMC treatment, in contrast to FANCA-deficient cells.

FIRRM mediates resolution of HR intermediates

As demonstrated above, FIRRM is essential for embryonic survival
in mice, as has also been observed for other HR genes, such as
BRCA1/2 and RAD5]1. In addition, FIRRM loss triggers a specific
mutational signature that has been previously observed in BRCA1
and BRCA2 mutant breast cancer genomes and is linked to HR de-
ficiency. These data suggest a role for FIRRM in HR, which is
further supported by the observation that FIRRM knockout cells
displayed enhanced sensitivity to PARP inhibitors (PARPi) in
wild-type and BRCA1/53BP1 double knockout cells (figs. S4, I to

(Fig. 5, E to G). In summary, loss of FIRRM or FA pathway
factors leads to ICL hypersensitivity phenotypes; however, the acti-
vation and functionality of the FA pathway is retained in the
absence of FIRRM.
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K and S12A). Next, we assessed the accumulation of both RPA
and RAD51 in DNA repair foci. RPA readily formed MMC-
induced foci in FIRRM-deficient cells at comparable levels to
wild-type cells (fig. S12, B to C). However, FIRRM-depleted cells
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Fig. 5. FIRRM acts independently of the FA pathway. (A) Fishtail plots depicting the fitness genes in untreated wild-type HAP1 cells or MMC-treated wild-type and
FIRRM knockout HAP1 cells. Hits with a false discovery rate (FDR)—corrected P value < 0.05 are highlighted in light blue, and NQO7 and FIRRM are highlighted in orange. FA
pathway members are marked in dark blue. (B to D) Quantification of clonogenic survival assays in HAP1 cells of indicated genotypes. Data are displayed as means + SEM.,
normalized to untreated. (E) Whole-cell extracts of wild-type, AFANCA, or AFIRRM HAP1 cells treated with 50 nM MMC were immunoblotted for FANCD2. (F and G)
Quantification (F) and representative images (G) of an immunofluorescence staining for FANCD2 in wild-type, AFANCA, or AFIRRM HAP1 cells exposed to 50 nM
MMC. All experiments were performed in triplicates except the genetic screens, which were done in duplicates. ****P < 0.0001.

showed increased levels of RAD51 foci, which persisted on chroma-
tin (Fig. 6, A to B, and fig. S12D), suggesting that the defect in
FIRRM knockout cells occurs at a step downstream of DNA end re-
section and RAD51 recruitment to damaged replication forks. Al-
though FIRRM depletion caused a mild defect in HR efficiency, as
measured by the direct repeat-GFP (DR-GFP) assay (fig. S12, E to
G), FIRRM-deficient cells displayed no sensitivity to ionizing
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radiation and etoposide (fig. S4, E and H). These data suggest that
FIRRM functions specifically after the initiation of HR at damaged
replication forks upon ICL exposure.

Comparative analysis of the wild-type and AFIRRM dropout
screens highlighted a subset of genes, encoding factors that
process HR intermediate structures, such as BLM, MUS81-EMEI,
and GEN1, which scored exclusively in the wild-type but not in
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FIRRM knockout cells upon MMC treatment (Fig. 6, C to D). This
indicates that these proteins might function in the same pathway or
act at the same level as FIRRM during ICL repair. Because these
factors are involved in the dissolution and the resolution of HR in-
termediates in particular HJs (10, 12, 13, 21), we measured the end
result of these structures after conversion by performing a sister
chromatid exchange (SCE) assay on metaphase spreads of FIRRM
and BLM single and double mutant cells. As expected, BLM-defi-
cient cells displayed high levels of SCEs compared to wild-type cells
(Fig. 6G) (11). In contrast, AFIRRM cells showed a mild decrease in
SCEs after MMC treatment (Fig. 6, E to G). FIRRM deficiency sig-
nificantly suppressed SCEs and reduced the number of harlequin
chromosomes (chromosomes with more than five SCEs) in a
BLM-deficient background (Fig. 6G and fig. S13A). The same ob-
servation was also made in a Bloom's syndrome (BS)—derived cell
line (GM08505) (Fig. 6H and fig. S13, B to C).

As previously reported, the high frequency of SCEs observed in
BLM-deficient cells is caused by the activity of the resolution path-
ways, predominantly by the MUS81-EMEI1, SLX1-SLX4, and GEN1
nucleases (11, 12). MUS81 and EME1 were identified in our screens
(but not SLX1 and SLX4), and GEN1 has been reported to modestly
suppress SCE formation in BLM-deficient cells (11). Hence, we ex-
amined whether FIRRM affects SCE resolution by regulating either
the activity or the recruitment of MUS81 to ICL repair sites. As ob-
served above, FIRRM depletion led to a strong reduction of SCEs in
a BLM-deficient background. MUS81 depletion caused a decrease
in SCE frequency as previously reported (11). However, this effect
was absent in FIRRM/MUS81 double-deficient cells (Fig. 7, A to B),
suggesting that MUS81 functionality is hampered in the absence of
FIRRM. Similar results were obtained by endogenous tagging of the
MUSS8I allele using the degradation tag (dTAG) technology (38)
either in ABLM or ABLMAFIRRM cells (Fig. 7, C to D). The pre-
dicted structure of FIRRM, using Alphafold2 (39), indicated a
highly conserved region rich in HEAT repeats (characterized by
helices linked by short loops), which are located in the annotated
domain of unknown function (DUF4487) and are thought to
mediate protein-protein interactions (fig. S5B). Thus, we hypothe-
sized that FIRRM may mediate MUS81 recruitment to the ICL site.
We found that GFP-tagged MUS81 was inefficiently recruited and
poorly retained at sites of damage in FIRRM-deficient cells com-
pared to wild-type controls upon psoralen/UVA treatment (Fig. 7,
E to F). In agreement with this, MUS81 was not recruited to the
chromatin after MMC treatment in FIRRM knockout cells, while
the total MUS81 protein abundance was not affected. (Fig. 7G
and fig. S13D). Moreover, FIRRM physically interacted with
MUSB81 in a BLM-independent manner (fig. S13, E to F). Collective-
ly, our data show that FIRRM plays an important role during SCE
resolution via the recruitment and the retention of MUS81 at sites of
DNA damage.

DISCUSSION

In this study, we used complementary genetic loss-of-function
screens in haploid cells (19, 22) to create a comprehensive dataset
of the genes required for maintaining genome stability upon ICL
exposure. In addition to known factors (such as FA proteins), we
uncovered FIRRM, a poorly studied scaffold protein in human
cells. Although FIRRM phenocopies several hallmarks of FA defi-
ciency, including hypersensitivity to ICL-inducing agents,
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accumulation of DNA damage during S-G, phase of the cell
cycle, and chromosomal aberrations, the activation and functional-
ity of the FA pathway are retained in the absence of FIRRM. Loss of
FIRRM renders the cells exquisitely sensitive to ICL-inducing
agents and PARPi but not to replication stress induced by hydroxy-
urea or to agents that directly generate DSBs. Our data suggest that
FIRRM may affect DNA repair intermediates generated by agents
that cause roadblocks during DNA replication. Moreover, we
found that FIRRM is recruited to chromatin and to psoralen-
induced ICLs during the later stages of the repair process, which
is in line with previous work showing that FIRRM is recruited to
psoralen—cross-linked chromatin later than FA factors using chro-
matin mass spectrometry in Xenopus egg extracts (40).

FIRRM has been previously linked to meiotic recombination in
A. thaliana (16), where it physically interacts with FIGNLI to limit
meiotic crossovers by modulating DMCI/RAD5I activity.
However, FIRRM depletion had less impact on DMC1/RAD51
foci increase and crossover frequencies than FIGNLI loss, indicat-
ing that FIRRM activity is only partially required for FIGNLI activ-
ity in plants. In mammalian cells, we find that, although FIRRM and
FIGNLI stabilize each other, they display distinct phenotypes.
While FIRRM-deficient cells show hypersensitivity to ICL-inducing
agents and accumulation of DNA damage, FIGNL1 knockout cells
only show a very mild phenotype in these assays. Because FIGNL1
loss also affects FIRRM stability, it is tempting to suggest that the
weak phenotype observed in FIGNLI-deficient cells might be
caused by the lower FIRRM protein abundance. In addition,
using coculture experiments, we found that FIRRM loss sensitizes
cells to ICL-inducing agents and induces DNA damage in the
absence of FIGNLI. Consistently, our data suggest that FIRRM
has a function independent of FIGNLI upon ICL exposure in mam-
malian cells.

By performing a genetic screen in FIRRM knockout cells, we un-
covered a genetic interaction between FIRRM and structure-selec-
tive endonucleases (MUS81-EMEI and GEN1), as well as the BLM
helicase. In human cells, BLM helicase acts together with topoisom-
erase IITa, RMI1, and RMI2 (BTR complex) to dissolve HR interme-
diates such as double HJs (11, 13). The importance of this process is
highlighted by the fact that mutations in BLM lead to a severe
human genetic disorder known as BS, characterized by predisposi-
tion to a broad spectrum of early-onset cancers caused by genomic
instability (I, 13). In addition, BS-derived cell lines show an increase
in SCE frequency, which might be caused by alternative mecha-
nisms for double HJ resolution (SLX-MUS and GEN1 nucleases)
(10, 11).

Mechanistically, we show that FIRRM is recruited to process
ICLs downstream of RAD51 to permit HR intermediate resolution
via the recruitment and the retention of MUS81 at sites of DNA
damage. In line with this, FIRRM loss potently suppresses the ele-
vated levels of SCEs observed in BS cells and triggers genome insta-
bility, suggesting that FIRRM promotes SCEs in BLM-deficient
cells. In plants, a FIRRM homolog has also been found to play an
important role in meiotic recombination by acting as an anticross-
over factor (16). Moreover, the rice homolog of FIRRM has been
suggested to prevent the formation of abnormal heteroduplex inter-
mediates and to regulate crossover formation during meiosis, where
HR takes place between homologous chromosomes (17). In re-
sponse to ICLs, these two functions seem to be conserved for mam-
malian FIRRM. First, it may regulate the formation of HR
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untreated or treated with MMC at different recovery time points, which were immunoblotted with the indicated antibodies. n = 3.

intermediates by dismantling RAD51 with or independently of
FIGNLI. Second, FIRRM ensures the recruitment of structure selec-
tive endonucleases, such as MUSS81, to act on unusual DNA struc-
tures that may be formed, for example, in the absence of the BTR
complex. This is supported by an interaction of FIRRM and MUS81
during G,-M phase of the cell cycle; however, it remains to be elu-
cidated how FIRRM influences the activity or recruitment of the
BTR complex (fig. S14). It is conceivable that FIRRM may also
recruit other proteins than MUS81, because MUS81 deficiency
has a milder effect than FIRRM loss on SCE formation. However,
it should be noted that MUS81 is not completely depleted in our
setting due to its essentiality. Our genetic screens also highlighted
EMEL, a catalytically inactive regulatory subunit, as an important
ICL response factor in a FIRRM-dependent manner. MUSS81 inter-
acts with EME1, which is required for the stability of the MUS81-
EMEI complex (21). However, it remains unclear how EME1 mod-
ulates the MUS81-FIRRM interaction and whether this interaction
is direct.

Furthermore, FIRRM deficiency is early embryonic lethal in
mice, similar to what has been observed for several HR genes,
such as Brcal/2 and Rad51, although direct comparison is compli-
cated by differences in genetic background (35, 36, 41). We hypoth-
esize that rapidly proliferating cells in FIRRM-deficient embryos
may be exquisitely sensitive to endogenous DNA damage, such as
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aldehydes generated by metabolic processes, which may ultimately
cause embryonic lethality. To study the role of FIRRM in tumori-
genesis, we created a conditional mouse model where FIRRM is spe-
cifically deleted in the mammary epithelium. We found that
homozygous loss of FIRRM accelerated mammary tumorigenesis
induced by p53 loss. FIRRM might play a role not only in tumori-
genesis but also in aging, because deleterious variants in FIRRM
have been associated with increased ovarian aging and premature
menopause (42).

Last, FIRRM loss triggers a specific mutational signature that has
been previously observed in BRCAI and BRCA2 mutant breast
cancer genomes and is thought to result from HR deficiency (32—
34). This is consistent with the observation that FIRRM deficiency
sensitizes cancer cells to PARPi, even in PARPi-resistant genotypes
such as BRCA1/53BP1 double-deficient cell lines. Whereas pertur-
bation of FIRRM affects HR intermediate resolution and accelerates
tumorigenesis, its loss may create a cancer cell vulnerability when
combined with PARPi or ICL-inducing chemotherapeutics.

MATERIALS AND METHODS

Plasmids

Lentiviral sgRNA vectors were generated on the basis of lenti-
CRISPRv2 (Addgene 52961) or lentiGuide-Puro (Addgene 52963)
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combined with the Edit-R inducible Cas9 vector (Horizon). Guide
RNA sequences used in this study are listed in table S3. To obtain
the MUSB81 overexpression construct, the cDNA sequence was ob-
tained from pHAGE-P-CMVt-N-HA-GAW-MUS81 (Addgene
100157). The FIRRM sequence was codon-optimized and pur-
chased from Twist Biosciences. Fragments were inserted into a
modified version of pCW57.1 (Addgene 41393) containing an N-
terminal GFP tag.

Reagents

The following compounds were used during this study: MMC
(Tocris), ACT (Sigma-Aldrich), hydroxyurea (Sigma-Aldrich), eto-
poside (Selleckchem), cisplatin and actinomycin D (Thermo Fisher
Scientific), camptothecin (Sigma-Aldrich), olaparib (Syncom), tala-
zoparib (BMN-673, Selleckchem), veliparib (ABT-888, Selleck-
chem), doxycycline (Sigma-Aldrich), and dTAG-13 (Tocris).

Cell culture and generation of CRISPR-Cas9 edited cell lines
HAP1 cells (43) were cultured in Iscove's modified Dulbecco's
medium (IMDM, Gibco) supplemented with 10% heat-inactivated
fetal calf serum (FCS) (Sigma-Aldrich), 1% penicillin-streptomycin
(Thermo Fisher Scientific), and 1% Lr-glutamine (Thermo Fisher
Scientific). KP cells (KP3.33) (24) were grown in Dulbecco’s mod-
ified Eagle's medium/Nutrient Mixture F-12 (DMEM/F-12) sup-
plemented with 10% FCS, 1% penicillin-streptomycin, insulin (5
pg/ml; Sigma-Aldrich), and murine epidermal growth factor (5
ng/ml; Sigma-Aldrich). GM08505 (Coriell Biorepository) were
maintained in minimum essential medium (MEM, Gibco) with
10% FCS, 1% penicillin-streptomycin, and 1% nonessential amino
acids (Thermo Fisher Scientific). Human embryonic kidney 293T
(HEK293T) [American Type Culture Collection (ATCC)] and
U20S DR-GFP cells (provided by J. Stark) were maintained in
DMEM (Gibco) supplemented with 1% penicillin-streptomycin
and 10% FCS. All cells were grown at 37°C and 5% CO, and regu-
larly tested for mycoplasma contamination.

For gene-editing experiments, cells at 80% confluency were
transfected with lentiCRISPRv2 plasmids using Xfect (Takara) ac-
cording to the manufacturer’s instructions. Twenty-four hours
later, cells were refreshed with medium containing puromycin
(HAP1, 1 pug/ml; KP, 2 pg/ml) and selected for an additional 48
hours. Single-cell clones were derived by FACS sorting (HAP1) or
limiting dilution (KP). Successful editing of selected clones was ver-
ified by Sanger sequencing of the polymerase chain reaction (PCR)
products, generated using primers listed in table S4 and TIDE anal-
ysis (44), or loss of the targeted protein was assessed by immuno-
blotting. Gene-editing outcomes are listed in tables S6 and S7.

Endogenous tagging of FIRRM and MUS81

A total of 10° HAPI cells were seeded in a six-well plate. The fol-
lowing day, a synthesized guide RNA (IDT) and the corresponding
trans-activating CRISPR (tracr) RNA (IDT) were mixed in equimo-
lar concentrations to create a final duplex of 1 pM in nuclease-free
duplex buffer. The complex was heated at 95°C for 5 min and
allowed cooling down to room temperature (20° to 25°C). The
sgRNA-tracrRNA complex (20 pmol) was then mixed with Cas9
nuclease (20 pmol; IDT) and a double-stranded DNA fragment
containing a V5 and a Neogreen tag separated by a P2A site (V5-
tag—P2A-Neogreen—stop codon) for C-terminal tagging of FIRRM
and Neogreen-P2A-HA-dTAG for N-terminal tagging of MUS81.
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The mixture was then transfected in HAP1 cells using Lipofect-
amine CRISPRMAX Cas9 Transfection Reagent (CMAX00001,
Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions. After 3 days, Neogreen-positive cells were sorted in 96-well
plates and the clones were tested for correct fragment integration
using PCR and subsequent Sanger sequencing.

Lentiviral transductions

HEK293T cells (2.5 x 10°) were plated in a 10-cm dish the day
before they were transfected with packaging plasmids: 7.5 ug of
VSV-G (Addgene 8454), 3.75 ug of psPAX-2 (Addgene 12260),
and 10 pg of the target vectors using calcium phosphate. Viral su-
pernatant was collected 48 hours after transfection, filtered, and
used for transduction in the presence of polybrene (8 ug/ml;
Sigma-Aldrich). For pCW57.1-GFP-MUS81 and pCW57.1-GFP-
FIRRM constructs, viral supernatant was harvested, concentrated
by ultracentrifugation at 20,000 rpm for 2 hours, and resuspended
in 400 pl of phosphate-buffered saline (PBS; Gibco). To select for
transduced cells, cells were treated with puromycin (KP,
GMO08505: 2 ug/ml; HAP1: 1 pg/ml) or blasticidin (15 pg/ml) for
48 hours.

Haploid genetic screens

ICL survival screens

The screens were performed as described previously (19). Briefly,
gene-trap retrovirus used for the mutagenesis of HAP1 cells was
produced using HEK293T cells transfected with a gene-trap
vector containing blue fluorescent protein (BFP) to assess the effi-
ciency of the mutagenesis (19) and Gag-pol, VSVg, and pAdv as
packaging plasmids. The supernatant was harvested 48 and 72
hours after transfection, filtered, concentrated using Amicon
filters, and stored at 4°C. Retrovirus of both harvests were com-
bined, supplemented with protamine sulfate (8 pg/ml), and used
to infect 40 x 10° wild-type or FIRRM knockout HAP1 cells.
After expansion, the mutagenized cells were treated either with
MMC (screen in wild-type cells: 65 nM or FIRRM knockout cells:
5nM) or 1.25 mM ACT and cultured for 12 days, with splitting the
cells every 3 days and refreshing the medium with MMC or ACT.
Cells were then harvested with trypsin, resuspended in medium,
pelleted, and washed once with PBS. Next, they were fixed with
BD fix buffer I for 10 min at 37°C, washed twice with PBS, and per-
meabilized on ice with BD Perm Buffer III for 30 min. Cells were
then stained for 1 hour at room temperature with 4',6-diamidino-
2-phenylindole (DAPI) (1 ug/ml) to visualize G, cells. A total of 32
x 10° G, cells were then sorted using a BD FACSAria Fusion Cell
Sorter. Genomic DNA was isolated, and insertion sites were ampli-
fied using a linear amplification PCR. The data analysis and the in-
sertions were mapped as described in Blomen et al. (19) with some
modifications. Briefly, the unique reads were aligned to the hg38
human genome with zero or one mismatch using Bowtie. The
reads were then assigned to protein-coding genes taking the
longest open reading frame transcript in consideration, excluding
overlapping regions that cannot be attributed to a single gene.
Unique alignments were counted in the intronic regions between
the transcription initiation site and the stop codon. Enrichment
of genes in the sense or antisense orientation of the gene-trap inser-
tions were identified applying a false discovery rate—corrected bino-
mial test (FDR-corrected P value cutoff of 0.05), and the genes were
tested for significance after the chemical (MMC or ACT) or genetic
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(AFIRRM) perturbations compared to wild-type control cells using
a bidirectional Fisher's exact test with four independent control da-
tasets (FDR-corrected P value cutoff of 0.05).

FACS-based phenotypic screen for yH2AX after MMC
treatment

Wild-type HAP1 cells were mutagenized as described for the ICL
survival screens. Cells were then expanded to 3 x 10°, treated with
65 nM MMC for 24 hours, and left to recover in MMC-free medium
for 24 hours after one PBS wash. Cells were incubated with 20 pM
EdU (Invitrogen) for 1 hour to label cells undergoing DNA replica-
tion and then harvested with trypsin, resuspended, pelleted and
washed once with PBS. Subsequently, the cells were fixed with 2%
paraformaldehyde (PFA) for 10 min at RT, washed twice with PBS
containing 10% FCS (FACS buffer), and permeabilized on ice with
BD Perm Buffer III (BD) for 30 min. Next, cells were washed once
with FACS buffer and stained for 1 hour at room temperature with
anti-yH2AX antibody. After two washes with PBS, the secondary
antibody (Alexa 488, Invitrogen) was added for 1 hour at room tem-
perature. EAU labeling was performed using the Click-iT Plus EAU
Flow Cytometry Kit (Alexa 647, Invitrogen) following the manufac-
turer’s instructions, and samples were further stained with DAPI.
Last, cells were filtered through a 40-pum strainer (BD Falcon),
and EdU-positive cells with ~5% of the lowest and highest of
yH2AX were sorted using a BD FACSAria Fusion Cell Sorter.
Genomic DNA was isolated using a DNA mini kit (QIAGEN),
and library preparation for deep sequencing and data analysis
were carried out as described by Brockmann et al. (22) with align-
ment to the hg38 human genome.

Colony formation assay

Five thousand cells were seeded in six-well plates, and the day after,
DNA damaging agents were added at indicated concentrations.
Cells were maintained for 8 days until visible colonies formed. Cel-
lular viability was determined using the CellTiter-Blue reagent
(Promega). After the measurement, plates were fixed with 3.7%
formaldehyde and stained with a 0.1% crystal violet solution.

Two-color competition growth assay

A total of 2 x 10° wild-type HAP1 cells were stably labeled with en-
hanced GFP (eGFP) using viral transduction mixed with 2 x 10°
AFIRRM stably expressing mCherry in 10-cm dishes. The following
day, cells were treated with various DNA damaging agents at the
indicated concentrations. After 8 days, the cells were analyzed by
flow cytometry and the mCherry/eGFP ratios were calculated.

Flow cytometry analysis

A total of 3 x 10° HAP1 cells were seeded in 10-cm dishes and
treated as indicated. To label S phase cells, samples were pulsed
with 20 uM EdU (Invitrogen) 1 hour before collection. Cells were
trypsinized, washed once with PBS, and fixed with BD Phosflow Fix
Buffer I for 10 min at 37°C. Next, cells were washed once with PBS
and permeabilized using BD Perm Buffer III for 30 min on ice.
Samples were then washed once with FACS buffer (10% FCS in
PBS) and incubated with primary antibodies (see table S5) in
FACS buffer for 1 hour at room temperature. After two washes
with FACS buffer, secondary antibodies (Alexa 647/488, Invitrogen)
were added for 1 hour at room temperature and samples were
washed again twice. EAU labeling was performed by incubating
samples with 100 mM Tris-HCI (pH 8.5), 4 mM CuSO,4, 10 mM
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ascorbic acid, and 10 uM Fluor-Azide 488 (1:1000; ATTO) for 30
min. Last, cells were washed once, stained with DAPT (2.5 pg/ml),
and analyzed on a BD LSRFortessa Cell Analyzer.

Protein extracts and immunoblotting

Cell pellets were lysed in radioimmunoprecipitation assay (RIPA)
buffer supplemented with phosphatase and protease inhibitors
(Roche). After sonication, protein concentrations were determined
using the bicinchoninic acid assay (BCA; Pierce, Thermo Fisher Sci-
entific). Equal amounts of protein were separated by SDS—poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred onto
nitrocellulose membranes (Bio-Rad). Proteins were detected by
primary antibodies mentioned in table S5 following standard
procedures.

Chromatin fractionation

Cell pellets were resuspended in hypotonic buffer [10 mM Hepes
(pH 7.9), 10 mM KCI, 0.1 mM EDTA, 0.1 mM EGTA, and 1 mM
dithiothreitol (DTT)] supplemented with phosphatase and protease
inhibitors (Roche) for 10 min. After centrifugation, cytosol fraction
was removed and nuclei were washed in hypotonic buffer and resus-
pended in hypertonic buffer [20 mM Hepes (pH 7.9), 200 mM
NaCl, 10% glycerol, 1 mM DTT, and 0.5% Triton X-100) with phos-
phatase and protease inhibitors for 20 min. Nuclear extracts were
removed after centrifugation. To obtain chromatin fraction,
pellets were resuspended in hypertonic buffer, sonicated (5',
30%), and centrifuged.

Immunoprecipitation

HAPI1 cells (15 x 10°) stably expressing GFP-tagged FIRRM or
MUS81 were seeded in 15-cm dishes, and protein expression was
induced with doxycycline (2 ug/ml) for 24 hours. Next, cells were
treated with 50 nM MMC or vehicle for an additional 24 hours in
the presence of doxycycline. Cells were then washed with ice-cold
PBS, scraped, and lysed with 0.5 ml of lysis buffer [20 mM Hepes
(pH 8), 200 mM NacCl, 10% glycerol, 0.5% Triton X-100, 1 mM
DTT, and 1x EDTA-free protease inhibitor cocktail (Roche)] on
ice for 30 min. Subsequently, extracts were treated with Benzonase
(Merck) for 30 min on ice and subsequently centrifuged at 20,000g
for 15 min at 4°C and quantified using a BCA assay kit (Pierce,
Thermo Fisher Scientific). One milligram of the extracts was incu-
bated with 20 pl of GFP-Trap magnetic beads (ChromoTek) in im-
munoprecipitation (IP) buffer [50 mM Hepes (pH 8), 200 mM
NaCl, 0.5% NP-40, and 1 x EDTA-free protease inhibitor cocktail
(Roche, Basel)] overnight at 4°C, washed five times with the IP
buffer, and eluted in sample buffer by boiling samples for 5 min
at 95°C. Pull-downs and whole-cell extracts were separated by
SDS-PAGE gels, followed by immunoblotting with indicated
antibodies.

NanoSeq and analysis of mutational signatures

To assess the mutational landscape in wild-type cells (i.e., a pool of
four different wild-type subclones) and FIRRM knockout cells,
HAP1 cells were passaged in the presence of EC,, (effective concen-
tration) of MMC (wild type: 50 nM; FIRRM-KO: 15 nM) for eight
consecutive days. Subsequently, genomic DNA was extracted using
the QIAamp DNA Mini Kit (QIAGEN). To determine the muta-
tional impact of different knockouts with and without MMC treat-
ment, we used the NanoSeq sequencing method (27). NanoSeq is a
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duplex-sequencing-based method, which avoids traditional end
repair during library preparation to obtain extremely low error
rates of <5 errors per billion base calls. To avoid end repair, we
used the blunt-end HpyCHA4YV restriction enzyme. Samples were se-
quenced on Illumina NovaSeq S$4 flow cells to a depth equivalent to
15x haploid human genome equivalents, allowing the calling of an
average of 1.5 x 10° duplex bases per sample (~0.5x human haploid
genomes; minimum of 9.1 x 10%, maximum of 2.7 x 10° duplex
bases). Sequencing data were preprocessed as in (27) (https://
github.com/cancerit/NanoSeq/blob/master/README.md; last ac-
cessed 20 January 2023) and mapped to the GRCh38 human
genome assembly. NanoSeq sequencing data were submitted to
the European Nucleotide Archive (ENA) project under accession
number EGAD00001010298. To filter out germline single-nucleo-
tide polymorphisms, we used whole-genome sequencing data from
the human HAP1 parental cell line, which was generated by paired-
end sequencing on the Illumina HiSeq X sequencing platform.
Reads were mapped to the GRCh38 reference genome. Sequencing
data were submitted to the ENA under the accession nos.
PRJEB26750, ERP108763, and SAMEA4663622. Because the paren-
tal HAP1 cell line comes from a different project and is distantly
related to the one used for the samples at hand, much shared back-
ground between our samples was not filtered with the matched
normal. We applied an additional filter to remove the shared back-
ground, discarding mutation calls in a sample when they are seen in
any of the other samples. More precisely, mutations called in a
sample were removed if 10 or more reads supported that mutation
across all the other samples or if one of the samples had three or
more supporting reads. Reassuringly, this filter mainly removed
mutations in the C>A channel, typical of oxidative damage
during in vitro growth. Burdens (mutations per base pair) and sub-
stitution and indel profiles were normalized as explained in (27),
(https://github.com/cancerit/NanoSeq/blob/master/README.md;
last accessed 20 January 2023). Signature extraction was done with R
package Sigfit (45). We run 1000 iterations with two to five signa-
tures to find out the optimal number of signatures according to
goodness of fit. Both the cosine and L2 metrics agreed on three sig-
natures as best explaining the data. We then extracted these three
signatures using 10,000 iterations and fitted the signatures to each
sample using 2000 iterations and discarding the first 1000 as warm
up. Similarities with COSMIC signatures (46) were calculated using
the Isa package cosine function (https://cran.r-project.org/web/
packages/Isa/; last accessed 9 May 2022).

Generation of Firrm (BC055324) mouse models

All animal experiments were approved by the Animal Ethics Com-
mittee of the Netherlands Cancer Institute and were executed ac-
cording to national and European guidelines. Firrm knockout and
Firrm conditional knockout animals were generated on an FVB/
NRj background using pronuclear microinjection in mouse
zygotes. The injection mixture consisted of water with Cas9
protein (200 ng/pl; IDT), two sgRNAs (25 ng/ul each) targeting
the intronic sequence surrounding exon 7 of Firrm (5'-
GTATGTCGTTCTCACCACGCAGG-3'; 5'-ATACT-
CATGGCTCCGCTGCGTGG-3"), and a long single-stranded
DNA oligo (15 ng/ul) containing exon 7 of Firrm flanked by two
loxP recombination sites and homology arms. Founder mice were
screened for the conditional and the knockout allele by PCR, and
modifications were verified by Sanger sequencing. Firrm"’*
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animals were crossed with Wap-Cre; Trp53™F (37) to specifically

abolish Firrm expression in the mammary epithelium.

Embryo isolations

Matings were started, and upon the presence of a copulation plug,
females were considered to be E0.5. Females were euthanized at in-
dicated times of embryonic development, and uteri were isolated.
Subsequently, embryos were collected and lysed in DirectPCR
lysis reagent (Viagen Biotech) for genotyping. Firrm locus was gen-
otyped using the following primers: 5'-TGTGCACGTAC-
GAAGTTCCTT-3', 5'-GCCAAGATTTGGTGTGCTGG-3', and
5-AGGGTTGAACAACTCAAGTGC-3".

Monitoring of tumor development

Animals were monitored for tumor growth once per week, starting
from 3 weeks of age. Upon occurrence of a tumor, animals were
checked twice per week. Mice were euthanized by CO, once the
tumor volume reached 1500 mm?, and tumor pieces were collected.

Organoid generation

Firrm™~;Trp53™~ and Trp53~'~ organoids were derived from
cryopreserved mammary tumor pieces and processed as previously
described by Duarte et al. (47). Briefly, tumor material was dissected
and digested using collagenase A (2 mg/ml; Gibco) in advanced
DMEM/F12, washed in growth medium (advanced DMEM/F12,
10 mM Hepes, GlutaMAX, and penicillin-streptomycin) and fil-
tered through a cell strainer. Organoids were then cultured in
growth medium further supplemented with B27 (Gibco), 125 uM
N-acetyl-L-cysteine (Sigma-Aldrich), and murine epidermal
growth factor (50 ng/ml; Sigma-Aldrich). Cells were embedded in
1:1 Culturex Reduced Growth Factor Basement Membrane Extract
(BME) Type 2 (Trevigen) mixed with medium and maintained at
37°C and 5% CO,. To establish organoid cultures, cells were supple-
mented with 5 uM nutlin (Sigma-Aldrich) for the initial 3 weeks
of culture.

Viability assay in murine tumor organoids

Organoids were collected in advanced DMEM/F12 and dissociated
into a single-cell suspension using TrypLE (Gibco). Next, samples
were counted, and 1 x 10° cells were plated in 24-well plates in 40-pl
drops composed of 1:1 BME and organoid growth medium, and
drops were left to solidify for 30 min at 37°C. Medium containing
indicated concentrations of MMC was added to the wells, and the
viability of the formed organoids was determined after 7 days using
CellTiter-Blue reagent (Promega) following the manufacturer'’s
instructions.

Immunofluorescence

Cells were seeded in eight-well chambers (Thermo Fisher Scientific)
and treated as indicated in the figure legends. To stain for FIRRM-
V5,RADS51, or RPA foci in cells, slides were pre-extracted with 0.2%
Triton X-100 in PBS for 2 min on ice to remove nonchromatin
bound protein and washed with PBS twice. Cells were fixed with
2% PFA or ice-cold 100% methanol (for RPA staining in KP) for
10 min. After permeabilization for 1 hour in immunofluorescence
(IF) buffer (0.2% Triton X-100 and 10% FCS in PBS), slides were
incubated with primary antibodies in IF buffer for 1 hour at room
temperature. Cells were then washed three times and incubated with
secondary antibodies (Invitrogen) and DAPI (2.5 pg/ml; Sigma-
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Aldrich) for 1 hour. Then, slides were washed again and mounted in
Aqua-Poly/Mount mounting medium (Polysciences). Images were
taken on a Leica SP5 confocal microscope (Leica Microsystems) or
ZEISS LSM 980 Airyscan. Quantification of DNA damage—induced
foci was performed in Fiji using CLIJ2/x libraries (48) with a custom
Image] macro (v1.3; https://github.com/Biolmaging-NKI/Foci-
analyzer; last accessed on 10 February 2023). Briefly, nuclei are rec-
ognized in the DAPI channel. DNA damage foci are detected by ap-
plying marker-controlled watershed (49) on local maxima in the
foci channel, after which foci numbers and intensities are quantified
per cell.

Laser microirradiation and live cell imaging

HAP1 cells expressing the indicated GFP-tagged proteins were
grown on Nunc Lab Tek II chambered cover glasses (Thermo
Fisher Scientific). Protein expression was induced using doxycy-
cline (2 pg/ml) for 24 hours. Next, cells were pretreated with 10
uM 8-methoxypsoralen (Sigma-Aldrich) for 1 hour before UVA mi-
croirradiation using a 355-nm laser (CNI, AO-S-355-40 mW,
power: 10 uW, power density: 50 to 100 W/cm?) focused through
a 63x oil objective with numerical aperture of 1.4 to yield a stripe
size of 20 x 0.5 pm. The imaging was performed on a Leica STEL-
LARIS 8 confocal microscope, and a white light laser at 488 nm was
used (10% power). Stripes were imaged for 10 hours after UVA
microirradiation.

Chromosomal aberrations

To assess chromosomal aberrations, cells were either left untreated
or incubated with 50 nM MMC for 24 hours. Afterward, cells were
incubated in 80 nM calyculin A (Biomol) and collected in serum-
free medium. Suspensions were incubated in 0.075 M KCl solution
for 7 min at 37°C. Cells were pelleted and fixed dropwise with meth-
anol:acetic acid (4:1), and then centrifugation and fixative replace-
ment were repeated twice. Subsequently, cell suspension was
dropped on microscope slides (Thermo Fisher Scientific) and left
to air dry overnight. Telomere fluorescence in situ hybridization
was performed by rehydrating spreads in PBS, fixing slides in
3.7% formaldehyde, and incubating slides in pepsin (1 mg/ml;
Sigma-Aldrich) dissolved in 10 mM glycine (pH 2.0) for 10 min.
Spreads were then washed in PBS and dehydrated in different
ethanol dilutions (70, 95, and 100%) for 5 min each. To visualize
telomeres, slides were stained with a PNA probe (Alexa Fluor 488
C-rich telomere probe, Eurogentec) in hybridization buffer [10 mM
tris-HCI (pH 7.2), 70% formamide, and 0.5% blocking reagent
(Merck)] and incubated for 8 min at 80°C. Slides were left to hybrid-
ize overnight and then washed twice with a wash buffer I [70%
formamide and 10 mM tris-HCl (pH 7.0)] and thrice with wash
buffer II [0.1 M tris-HCI (pH 7.0), 0.15 M NaCl, and 0.08%
Tween 20]. Last, slides were dehydrated in an ethanol series as de-
scribed above. Slides were then mounted in VECTASHIELD Anti-
fade Mounting Medium (Vector Laboratories) and imaged using an
Axio Imager Z2 microscope coupled to the Metafer 4 software
(MetaSystems). Images were quantified manually, in a
blinded fashion.

SCE assay

To assess SCEs, cells were treated with 10 uM 5-bromo-2'-deoxyur-
idine (Thermo Fisher Scientific) for 48 hours. Next, either fresh
medium or medium containing 50 nM MMC was added. 18
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hours later, KaryoMAX colcemid (0.3 pug/ml; Thermo Fisher Scien-
tific) was added to the plates for 2.5 hours. After trypsinization, cell
suspensions were centrifuged, resuspended in 0.075 M KCl, and in-
cubated at 37°C for 7 min. Next, cells were fixed by dropwise addi-
tion in ice-cold 3:1 methanol:acetic acid and stored at 4°C overnight.
The next day, cells were pelleted, resuspended in 1 ml of fixative,
and dropped on microscope slides (Thermo Fisher Scientific).
The day after, slides were rehydrated for 5 min in PBS and
stained with Hoechst 33342 (2 pg/ml; Thermo Fisher Scientific)
in 2x SSC (pH 7.0) for 15 min. Subsequently, slides were covered
with a thin layer of 2x SSC and irradiated with UVC (5400 J/m?;
UV Crosslinker CX-2000, VWR). Afterward, slides were dehydrat-
ed in a series of ethanol dilutions (70, 95, and 100%) 5 min each and
left to air-dry. Slides were imaged and were quantified manually, in
a blinded fashion.

DR-GFP assay

A total of 2.5 x 10° U20S DR-GFP cells (provided by J. Stark) were
transduced with lentiCRISPRv2 constructs containing a nontarget-
ing sgRNA or sgRNAs targeting FIRRM or RAD51, respectively.
Three days after transduction, 2.5 x 10> cells were plated in six-
well plates and transfected with 7.5 pg of I-Scel-expressing
plasmid coupled to mCherry using Xfect (Takara). Medium was re-
freshed the next day, and 48 hours after transfection, cells were col-
lected, and before measuring samples on an LSR Fortessa flow
cytometer (BD), DAPI (2.5 pg/ml) was added to label dead cells.
Samples were gated for live cells (DAPI negative), and doublets
were excluded on the basis of forward-side scatter. Subsequently,
mCherry—I-Scel-positive cells were selected, and proportion of
GFP-positive cells was determined and normalized to the wild-
type control.

Statistical analysis
Statistical analysis used in this manuscript is indicated in the corre-
sponding figure legends or Materials and Methods.

Supplementary Materials
This PDF file includes:

Figs. S1 to S14

Tables S3 to S7

Legends for tables S1 and S2

Other Supplementary Material for this
manuscript includes the following:
Tables S1 and S2
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