Heliyon 11 (2025) e41979

Contents lists available at ScienceDirect

52 CelPress Heliyon

journal homepage: www.cell.com/heliyon

Research article

Mouse ZGRF1 helicase facilitates DNA repair and maintains
efficient fertility

a,b,e
)

Ernest Wee Kiat Lim *", Smaragda Kompocholi “, André Brannvoll
K. Stine V. Bagge ™', Jennifer R. Gruhn ", Javier Martin-Gonzalez, Eliene Albers”,
Ian D. Hickson", Andrés Lépez-Contreras ™, Michael Lisby *”

2 Section for Functional Genomics, Department of Biology University of Copenhagen, 2200, Copenhagen N, Denmark

Y Center for Chromosome Stability, Department of Cellular and Molecular Medicine, University of Copenhagen, 2200, Copenhagen N, Denmark

¢ Core Facility for Transgenic Mice, Department of Experimental Medicine, University of Copenhagen, 2200, Copenhagen N, Denmark

4 Centro Andaluz de Biologia Molecular y Medicina Regenerativa (CABIMER), Consejo Superior de Investigaciones Cientificas (CSIC), Universidad
de Sevilla - Universidad Pablo de Olavide, Seville, Spain

€ Hyiberg P/S, Adelgade 12, 1304, Copenhagen K, Denmark

f Emendo Research & Development, 2150, Nordhavn, Denmark

ARTICLE INFO ABSTRACT
Keywords: The recently characterised human ZGRF1 helicase promotes genomic stability by facilitating DNA
ZGRF1 interstrand crosslink repair. In its absence, human cells exhibit greater sensitivity towards anti-
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cancer drugs such as mitomycin C and camptothecin. Moreover, the downregulation of ZGRF1
expression is associated with increased survival in cancer patients. These attributes point to
ZGRF1 as a potential anti-cancer drug target. Here, we investigated the role of ZGRF1 in
tumorigenesis using the mouse model. We generated a ZGRF1 mutant mouse and find that it is
viable and displays normal development. However, at a cellular level, mouse embryonic fibro-
blasts exhibit sensitivity to ICLs and show elevated levels of the DNA damage marker yH2AX. In
the absence of ZGRF1, the rates of tumorigenesis and tumour-free survival in Ep-Myc and Trp53
knockout mice remained largely unaffected. These findings suggest a potential role for ZGRF1 in
the proliferation of specific cancer types, highlighting avenues for further research in other cancer
models. Additionally, beyond its known function in DNA repair, our study also reveals that ZGRF1
promotes meiotic recombination and that its loss results in reduced fertility in mice manifested as
a 30 % reduction in meiotic crossovers and a 15 % reduction in litter size.

1. Introduction

The significance of DNA repair mechanisms is underscored by their critical role in the maintenance of genome integrity [1]. The
human genome is constantly exposed to physical and chemical agents that can induce DNA lesions [2]. When lesions are not promptly
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and properly repaired, they can cause mutations and replication stress, resulting in genomic instability. As one of the foremost enabling
characteristics of cancer, genome instability compromises surveillance and repair systems, enabling cells to evade senescence and
apoptosis. This paves the way for neoplastic transformation and the eventual development of tumours [3]. Understanding genomic
instability is crucial for deciphering the mechanisms that drive the survival, proliferation, and metastasis of cancer cells. Moreover, the
mechanisms safeguarding the genome offer potential avenues for the development of anti-cancer therapeutics to eradicate malignant
cells [4].

DNA double-strand breaks (DSBs) constitute one of the most severe types of DNA damage and can lead to the detachment of
chromosome fragments from their centromeres. DSBs can occur at a rate as high as 50 per day in each cell [5], and aberrant rear-
rangements can result if breaks are repaired sub-optimally [6]. On the other hand, if left unrepaired, DSBs can result in the loss of
genetic information, as fragments lacking a centromere may fail to segregate during cell division [7]. DSBs can arise through repli-
cation stress, as an intermediate during repair processes, or be induced by endogenous and exogenous sources such as the
meiosis-specific endonuclease SPO11, reactive oxygen species (ROS) or ionising radiation (IR) [8,9]. To mitigate chromosomal
rearrangements and the loss of genetic information, cells have evolved an essentially error-free pathway, homologous recombination
(HR), to faithfully repair DSBs.

In HR, an undamaged copy of DNA, typically the sister chromatid, is used as the repair template to restore the damaged strand. The
initiation of HR involves end-resection, generating 3’ single-stranded DNA (ssDNA) tails that enable homology search by the RAD51
recombinase and the subsequent process of strand invasion. Using the undamaged sister chromatid as the repair template, the 3’ end
primes DNA synthesis to restore genetic information at the DSB. HR is also utilised in the Fanconi Anaemia (FA) pathway, as evidenced
by its requirement for HR factors such as RAD51 and the BRCA1 tumour suppressor. In response to repair of replication-blocking DNA
interstrand crosslinks (ICLs), the FA core complex is assembled at the ICL-replisome. Subsequently, the FANCI-FANCD2 (ID2) het-
erodimer is recruited and monoubiquitylated to mediate the excision of one of the two covalently crosslinked nucleotides. This process,
known as unhooking, generates two intermediates: a partially replicated parental strand that continues to harbour the ICL adduct, and
a DSB. While the first intermediate is repaired via the translesion synthesis and nucleotide excision repair pathways, the DSB is
repaired by HR [10]. Both RAD51 and BRCA1 interact with the ICL-replisome before unhooking. RAD51 binds to the ssDNA region to
protect the fork from degradation, while ID2 recruits BRCA1 to evict the replicative helicase before the ICL is unhooked [11,12].
Subsequently, BRCA1 recruits BRCA2 to catalyse RPA-RAD51 exchange on the 3’ ssDNA tail, enabling RAD51 to carry out the ho-
mology search and facilitate strand invasion [13,14]. The crosstalk between the components of the two pathways, along with the
association of mutations in these HR factors in FA patients, indicates an intricate role of HR in the FA pathway [15-17].

DNA helicases play a crucial role in unwinding duplex DNA to facilitate various cellular processes such as replication and repair.
Their indispensable functions extend to both the FA and HR pathways, where they can disrupt complex DNA secondary structures,
displace proteins bound to ssDNA, promote strand annealing, dissociate D-loops, facilitate branch migration, and dissolve double
Holliday Junctions (dHJs) [18]. One notable helicase involved in both of these repair pathways is ZGRF1 (Zinc finger GRF-type
containing 1), which besides a highly conserved N-terminal domain of unknown function 2439 (DUF2439) has an central Zn-finger
motif and a C-terminal helicase domain with 5' to 3° DNA helicase activity (Fig. 1a) [19]. ZGRF1 plays a pivotal role in the repair
of ICLs by physically interacting with RAD51 to stimulate RAD51-RAD54-mediated strand exchange. ZGRF1 may also play a role in the
subsequent steps of D-loop dissociation and HJ branch migration, promoting crossover formation [19]. Cells lacking ZGRF1 are
sensitive to mitomycin C (MMC), a DNA crosslinking agent, and camptothecin, a topoisomerase I poison. In its absence, both FANCD2
and RAD51 foci accumulate at DSBs, while cell cycle arrest occurs at the G2 phase. Additionally, MMC-treated ZGRF1 /" cells
accumulate chromosomal aberrations and exhibit a reduction in sister chromatid exchange (SCE). Based on these findings, it was
suggested that while ZGRF1 is not required for the activation of the FA pathway, it is recruited downstream of ID2 monoubiquitylation
to facilitate HR. In the absence of ZGRF1, DSBs induced during the processing of ICLs might be sub-optimally repaired, leading to
genomic instability [19].

Presently, there are no reports of mutations in ZGRF1 associated with cancer or FA. However, ZGRF1 variants have been linked to
several phenotypes in humans, including obesity, childhood apraxia of speech, hot water epilepsy and reduced overall survival of
triple-negative breast cancer patients [20-24]. In this study, we generated a Zgrfl mutant mouse to study the role of ZGRF1 in the
maintenance of genome stability in vivo and in combination with two well-characterised cancer models, the Eu-Myc and Trp53 KO mice
to assess the impact of ZGRF1 mutation on tumorigenesis and survival [25,26]. First, we showed that the mutation of ZGRF1 did not
affect the development and viability of mice, although at a cellular level mouse embryonic fibroblasts were sensitive to ICLs. We also
demonstrated that the mutation of ZGRF1 does not promote tumorigenesis in Ep-Myc and Trp53 KO models. However, our data suggest
that ZGRF1 could facilitate the loss of heterozygosity that accelerates tumorigenesis in Trp53"/~ heterozygous (het) mice. Finally,
since ZGRF1 promotes the formation of mitotic crossovers and its fission yeast homolog Dbl2 (Schizosaccharomyces pombe) is required
for proper meiotic chromosome segregation, we examined if ZGRF1 is involved in gametogenesis in mice [27]. Through fertility
studies and the examination of spermatocytes from the Zgrf1 KO mice, we established that ZGRF1 can also facilitate the formation of
crossovers during meiosis.

2. Results
2.1. Generation of the Zgrfl mutant mouse

Utilising the CRISPR-Cas9 gene editing technique, a 5-base pair deletion was introduced in exon 4 of the Zgrf1 gene. This allele is
designated Zgrf1°™1VP" and will be referred to as Zgrf1™" hereafter. This frameshift mutation results in a stop codon that terminates
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Fig. 1. Generation and characterisation of the Zgrfl mutant mouse. (a) Schematic diagram showing the targeted region of chromosome 3
where Zgrfl (Accession: NM_197997.2) is located. A frameshift mutation was induced through the introduction of a 5-base pair deletion in exon 4
using the CRISPR-Cas9 gene editing technique. This results in the premature termination of translation at the N-terminal DUF2439 domain. Amino
acid numbers are shown above the schematic, with the conserved zinc finger (ZnF) and helicase domains indicated (not to scale). (b) Mendelian
table depicting the distribution of the different genotypes in progenies born to heterozygous Zgrf1 parents. (c) Clonogenic survival of Zgrfl MEFs
treated with the indicated doses of MMC for 24 h. The assay was performed for three MEF lines of each genotype, derived from three different
matings. The experiment was performed twice for each of the two first batches of cell lines and three times for the final batch (n = 7). Colony
forming units were normalised to the untreated condition. The P values for the comparison of Zgrf1*/* and Zgrf1™“™“ are shown. (d—e) Quan-
tification of yH2AX intensities in MEFs treated with the indicated doses of MMC. The data correspond to an average of >700 cells per condition (n =
4-6). The mean yH2AX intensity of untreated WT MEFs was set to zero. Colours of symbols in panel (e) indicate independent biological replicates.
(f) Quantification of G2 phase MEFs under unperturbed conditions and in response to MMC treatment (n = 2). (g) Growth curve of Zgrfl mutant
mice derived from their weekly weight recordings over a period of 10 weeks. (h) Growth curve of the Adh5 KO mice. All graphs show the mean with
§D, and statistical significance was assessed using 2-way ANOVA analysis. *P < 0.05; **P < 0.01; ***P < 0.001; ns: not significant.

protein synthesis prematurely in the middle of the N-terminal domain of unknown function 2439 (DUF2439), eliminating 98 % of the
coding capacity of ZGRF1 including the C-terminal helicase domain (Fig. 1a). To verify the absence of ZGRF1, mouse embryonic fi-
broblasts (MEFs) were cultured from homozygous Zgrf1™¥™¢ mice and analysed by western blotting (Fig. 2a), showing that
expression of full-length Zgrf1 is abolished. The Zgrf1™“ ™ mice were born at normal Mendelian ratios (Fig. 1b). At 8 weeks of age,
they did not appear to exhibit any observable phenotypic abnormalities, and had similar overall brain, liver, thymus, spleen, testis, and
femur tissue architecture as their wild-type (WT) counterparts (Fig. 2b and c). Given that ZGRF1 has been associated with brain
disorders in human [21,22], we further determined the molecular layer interneuron density in the cerebellum as a general measure for
neuronal proliferation, migration, and differentiation [28], but no significant difference was observed between WT and Zgrf1™!/mut
(Fig. 2d).

Brannvoll et al. reported previously that the human ZGRF1 is involved in the repair of DSB intermediates that form downstream of
the FA pathway [19]. To test if the mouse ZGRF1 helicase is also involved in DNA repair, Zgrf1™™“* MEFs were subjected to MMC
treatment. Results showed that Zgrf1™%™ MEFs exhibit increased sensitivity to MMC across all examined concentrations, accom-
panied by increased YH2AX immunostaining compared to the WT MEFs under both untreated and treated conditions (Fig. 1c—e). Along
with an increased accumulation in the G2/M phase under both untreated and MMC-treated conditions (Fig. 1f), these observations
indicate that ZGRF1 also contributes to ICL repair in mice, and in the absence of ZGRF1, DSBs can accumulate, leading to G2-M
checkpoint activation and cell cycle arrest [29].

One of the key players of the FA pathway is FANCD2, which forms the ID2 complex with FANCI [30]. Through monoubiquitylation
of FANCD2, ID2 mediates the recruitment of downstream repair factors necessary for the subsequent steps of unhooking and repair
[31,32]. Mice lacking FANCD2 display developmental defects both in utero and postnatally, appearing significantly smaller in size
compared to the controls. Additionally, Fancd2 KO mice exhibit perinatal mortality, microphthalmia, reduced germ cells in the testes
and ovaries, and the onset of tumours across various epithelial cell types at a median age of 18 months [33]. Given that ZGRF1
colocalises with FANCD2 in human cells [19], we investigated whether the absence of ZGRF1 would result in any developmental delay
in mice. The Zgrf1™¥™ mice were monitored from postnatal day 5 until they reached the age of 10 weeks, with their weight being
recorded at weekly intervals (Fig. 1g). With similar average weights to the WT mice across all timepoints, there were no indications of
developmental abnormalities in the Zgrf1™®™ mice.

To further investigate the association of ZGRF1 with the FA pathway, the Zgrf1™* allele was introduced into Adh5 KO mice through
controlled mating to generate mice that are deficient for both ADH5 and ZGRF1. Cells that lack ADHS5 fail to metabolise endogenous
formaldehyde, leading to its accumulation that can cause DNA-protein crosslinks (DPCs) or ICLs [34-37]. In addition to ADH5, which
provides the first line of defence against formaldehyde, the FA pathway acts as a secondary layer of protection against this compound
[38,39]. In Adh5 KO mice, formaldehyde accumulation was observed in the bone marrow, kidneys, and liver, predisposing them to
hepatocellular carcinomas and adenomas as they age [39,40]. With the disruption of the FA pathway, these phenotypes became more
prominent. Adh5~/~;Fancd2~/~ pups appeared approximately 32 % smaller in size compared to the WT littermate controls, exhibiting
signs of blood pancytopenia and reduced bone marrow cellularity that culminated in complete hematopoietic failure within 3-7 weeks
after birth [39].

Given its functional association with the FA pathway, we hypothesised that the lack of ZGRF1 could disrupt the protection against
formaldehyde. If this hypothesis were to hold true, we would expect Adh5~/~;Zgrf1™ ™ mice to display abnormalities similar to
those observed in Adh5~/~;Fancd2~’~ mice during development. As Adh5 and Zgrf1 are linked on the same chromosome, a male
Adh5~/~;Zgrf17/ ™ was bred with a female Adh5~/~;Zgrf1™"™" to obtain the Adh5~/~;Zgrf1™“™ mice. The double mutants were born
at normal Mendelian ratios without any abnormalities, and they displayed normal body weights and were able to survive beyond 30
weeks (Figs. 1h and 3a, b). These observations indicate that although ZGRF1 is involved in the FA pathway in vitro, its deficiency does
not cause any phenotypic abnormalities in Adh5-deficient mice.

2.2. Impact of Zgrf1 mutant in cancer models

While elevated mutation rates can facilitate cell transformation and tumour progression, they can also compromise cell viability by
surpassing cytotoxicity thresholds. Through controlled mating, the Zgrf1™" allele was introduced into the Ep-Myc and Trp53 cancer
models to assess the role of ZGRF1 in tumorigenesis. The Ep-Myc mouse harbours a transgene encoding the Myc proto-oncogene
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Fig. 2. Additional data from the characterisation of the ZgrfI mutant mouse. (a) Western blotting for the detection of Zgrfl in MEFs generated
from the Zgrf1™“™ mouse. The positive and negative controls used were the WT and ZGRF1 KO U20S T-rex cells, respectively (Human ZGRF1:
236.6 kDa; Mouse ZGRF1: 205.7 kDa). (b) Appearance of adult WT and Zgrf1 mut/mut mice. (c) Representative H&E-stained sections of the brain, liver,
thymus, spleen, testis, and femur histology prepared from 8-week-old WT and Zgrf1™“™ mice. (d) Quantification of molecular layer interneuron
gensity. Eleven random cerebellum regions of sagittal sections from WT and Zgrf1™"™ were analysed. Error bars show SEM.
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Fig. 3. Supporting data from the Ep-Myc, Trp53 KO, Trp53 het and Adh5 KO breeding. (a, c, d & e) Mendelian tables depicting the distribution
of the different genotypes in progenies born to parents as indicated. (b) Kaplan-Meier survival plot of the Adh5 KO mice showing that the mutation
of Zgrfl did not lead to premature mortality.

regulated by an immunoglobulin heavy chain enhancer. This enhancer facilitates the upregulation of Myc expression, driving B-cell
hyperproliferation that leads to lymphomagenesis [25]. Ep-Myc;Zgrf1™ ™ mice were born at normal Mendelian ratios (Fig. 3¢) and
did not exhibit any developmental issues, as evidenced by the recorded weights over a 10-week period (Fig. 4a). Despite a 10-week
difference in median tumour-free survival age between the Ep-Myc;Zgrf1*/* and Ep-Myc; Zgrf1™/™ mice, the Kaplan-Meier sur-
vival plot did not show significant differences regardless of whether ZGRF1 was mutated or not (P = 0.8181; Fig. 4b). This indicates
that ZGRF1 did not present any survival advantage or disadvantage towards the development of Eu-Myc driven tumours.

The p53 tumour suppressor mediates DNA repair and cellular senescence while also regulating the apoptotic pathway [41,42].
Commonly referred to as the Guardian of the Genome, the absence of p53 is frequently associated with cancers in both humans and
mice [26,43,44]. As ZGRF1 is implicated in DNA repair and p53 is essential for the regulation of apoptosis, we hypothesised that in the
absence of these two proteins, mutations can accumulate and propagate, accelerating tumorigenesis in the mouse. While Trp53 KO
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Fig. 4. Development curves of the various mouse strains examined and the survival curves of the En-Myc and Trp53 cancer models. (a, c &
e) Growth curves of the Ep-Myc, Trp53 KO and Trp53 het mice. (b, d and f) Kaplan-Meier survival plots of the Eu-Myc, Trp53 KO and Trp53 het mice,
with corresponding p-values derived from the log-rank (Mantel-Cox) test indicated on their respective graphs. The number of mice included in each
cohort is shown in parentheses.

males of all Zgrfl genotypes were born at normal Mendelian ratios, Trp53 KO females were significantly underrepresented regardless of
their Zgrf1 genotype (Fig. 3d and e). This phenomenon can be attributed to the role of p53 in promoting the proper establishment of X
chromosome inactivation, enabling normal neural tube formation. In the absence of p53, neural tube defects manifest, leading to
mortality during embryonic development or postnatally [45,46]. By monitoring their growth weekly, it was established that the
Trp53~/~;Zgrf1™“ ™ males underwent normal development (Fig. 4c). The recorded median age of tumour-free survival was found to
be similar for the Trp53~/~;Zgrf1/" and Trp53~/~;Zgrf1*/™ mice. This suggests that ZGRF1 status does not impact the development
of p53-associated cancers (Fig. 4d).

In conjunction with the Trp53 KO mice, Trp53 het mice were also assessed for early developmental abnormalities and their sus-
ceptibility to tumorigenesis during their lifespan. Similar to the Trp53~/~;Zgrf1™ ™ mice, Trp53"/~;Zgrf1™™ mice did not show
any growth differences (Fig. 4e). Although Trp53 het mice carry a functional copy of Trp53, chromosomal aberrations such as large-
scale deletions, recombination or mitotic nondisjunction can cause loss of heterozygosity (LOH). This sporadically eliminates the
function of p53 in some cells in these mice, predisposing them to cancer as they age [47]. From the Kaplan-Meier survival plot, the
mutation of ZGRF1 in Trp53 het mice marginally delays mortality, extending their median tumour-free survival age to 74 weeks
compared to 69 weeks for Trp53+/~;Zgrf1™/* mice (P = 0.4903; Fig. 4f). This suggests that the absence of ZGRF1 delays tumorigenesis
or progression in Trp53 het mice, promoting better survival.

2.3. ZGRF1 deficient mice are subfertile

An investigation of the fertility of Zgrfl mutant mice was prompted by observed chromosome segregation defects and failure to
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dismantle Rad51 foci during meiosis I in the absence of the homolog of ZGRF1, Dbl2, in fission yeast [27]. To assess the impact of
ZGRF1 deficiency on mouse fertility, Zgrf1 /™ and Zgrf1™®™ breeding pairs were established. The time elapsed between the mating
set up and appearance of the first litter, along with the size of the first four litters were recorded. A similar duration between the mating
setup and appearance of the first litter for Zgrfl het and homozygous mutant breeding pairs was observed (Fig. 5a). However, the
number of pups born to Zgrf1™“™ parents was consistently lower across all four litters, with the difference being significant in the
third litter (Fig. 5b). When comparing the average litter size, the number of pups from the Zgrf1™™* parents was significantly lower
than the number of pups born to het parents. These findings prompted an examination of the reproductive organs to investigate if
subfertility might be attributed to defects in gametogenesis.

The reduction in the number of germ cells in Fancd2 KO mice was accompanied by a decrease in their testicular weight [33].
Similarly, when dissected and weighed, testes from the Zgrf1™™ mjce were found to be physically smaller than the WTs, showing
~27 % reduction in the testis to body weight ratio (Fig. 5d and e). Histological examination of the testes did not reveal abnormalities in
spermatogenesis, and every stage of spermatid was found to be present (Fig. 5f). Additional probing for cleaved caspase 3 (C3) did not
reveal elevated levels of apoptosis (Fig. 5f). Since ZGRF1 promotes crossover formation via HR in mitotic cells [19], we hypothesised
that it could also be involved in crossover formation during gametogenesis. To test this idea, meiotic chromosome spreads were
prepared from Zgrf1™™ testes and stained for SYCP3 and MLH3, marking the synaptonemal complex and sites of meiotic crossovers,
respectively (Fig. 5g) [48]. By quantifying the MLH3 foci, a reduction in the number of crossovers in the spermatocytes from the
Zgrf1™™ut mice was evident (Fig. 5h). This indicates that ZGRF1 could be involved in the promotion of crossover formation, allowing
the homologous chromosomes to segregate properly during gametogenesis.

3. Discussion

Mice lacking Fancd2 are predisposed to perinatal mortality and develop phenotypes such as developmental delays, microphthalmia
and the reduction of germ cells in their reproductive organs [33]. Since ZGRF1 colocalises with FANCD?2 to facilitate downstream DSB
repair in vitro, we aimed to investigate the phenotype of Zgrfl mutant mice [19]. However, Zgrf1™“™“ mice developed normally
without exhibiting any physical abnormalities (Fig. 1g), despite the Zgrf1 mutant MEFs exhibiting increased sensitivity to ICL-inducing
MMC (Fig. 1c). This could be attributed to the functional redundancy between ZGRF1 and other components within the FA pathway,
allowing physiological ICL repair to proceed in its absence. This notion is consistent with the clonogenic survival assays previously
reported by Brannvoll and colleagues to examine the epistasis of ZGRF1 with components of the FA pathway [19]. While ZGRF1 and
FANCM were epistatic for MMC sensitivity, a negative genetic interaction was established between ZGRF1 and FANCJ. This suggests
that in the absence of ZGRF1, the presence of FANCJ is allowing DSB repair downstream of the FA pathway to proceed [19]. Taken
together, FANCJ may be ensuring the uninterrupted functionality of the FA pathway, thereby averting the manifestation of phenotypic
abnormalities in the Zgrf1™™ mjce.

We hypothesised that in the absence of ZGRF1, the ensuing genomic instability could affect the rate of tumorigenesis in Ep-Myc
mice through two possible means: it may either accelerate cellular transformation and tumorigenesis, or cause cytotoxic mutations to
accumulate, compromising cell viability and slowing down the rate of tumour development. From the Kaplan-Meier survival plot
(Fig. 4b), the median age of tumour-free survival observed for the Ey-Myc;Zgrf1 ™" and Ep-Myc;Zgrf1™ ™ mice was 20 weeks and 30
weeks, respectively. However, the observed difference in median tumour-free survival age between these two groups did not reach
significance (P = 0.8181), suggesting that ZGRF1 had no major impact on Myc-driven tumorigenesis. Perhaps, given the rapid
development of tumours in the Ep-Myc mice, ZGRF1 would need to play a greater role in the maintenance of genome stability to
significantly influence the survival of these mice. However, the results of this survival study suggest otherwise, indicating that ZGRF1
plays a more subtle role in DNA repair in mice.

Likewise, we hypothesised that the lack of ZGRF1 in Trp53 KO mice would accelerate tumorigenesis [19,33]. Based on the similar
median age of tumour-free survival between these mice and their Zgrfl WT controls (Fig. 4d), this was not the case. One possible
explanation could be that while the mutation of ZGRF1 can lead to genomic instability and cell transformation, it can also aggravate
genomic instability in transformed cells, compromising their viability. This counteraction mitigates the influence of ZGRF1 mutation
on tumorigenesis, resulting in a tumorigenesis rate similar to that of WT Trp53 mice. By contrast, Trp53 hets with mutation of Zgrf1
exhibited marginally better survival than their corresponding Zgrf1 WT controls (P = 0.4903; Fig. 4f). From the Kaplan-Meier survival
plot, tumours appear to manifest later in Trp53™*/ ~;Zgrfl mut/mit i ce, delaying their median age of tumour-free survival to 74 weeks. In
contrast, Trp53"/~;Zgrf1*/* and Trp53*/~;Zgrf1*/™ mice exhibited a median survival age of 69 weeks, consistent with previous
reports [49]. Correspondingly, it was reported that low expression of ZGRF1 in tumour tissue from patients is associated with increased
overall survival [24]. Mice that are heterozygous for Trp53 succumb to cancer due to a chromosomal event that disrupts the WT copy of
Trp53, rendering them p53-null [47]. Also referred to as loss-of-heterozygosity (LOH), these events are HR-dependent, where genetic
information is exchanged between non-sister chromatids [50]. Although mitotic recombination between homologs occurs at low
frequencies, LOH events have been associated with approximately 40 % of the cases of hereditary retinoblastoma [51,52]. Since ZGRF1
is involved in HR repair, we consider the possibility that its mutation might reduce the frequency of LOH events, preserving the WT
Trp53 allele and thereby slowing down tumorigenesis in Trp53 heterozygous mice. Histological examination of tumour tissues from
these mice did not reveal a detectable level of p53 protein expression or its transcriptional product p21, indicating that LOH may have
already occurred by the time tumours developed (Fig. 6).

Cells deficient for ADH5 and the FA pathway exhibited increased sensitivity to formaldehyde, and mice lacking ADH5 and FANCD2
experience early mortality [38,39,53,54]. As ZGRF1 is shown to colocalise with FANCD2 at MMC-induced foci, we anticipated that
Adh5~/~;Zgrf1™¥™u mice would develop phenotypic abnormalities. Contrary to our hypothesis, these mice were born at normal
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Fig. 5. Fertility analysis and the involvement of ZGRF1 in gametogenesis. 10 het and 15 KO breeding pairs were used for the fertility analysis
in panels a, b and c. (a) Time elapsed between mating set up and the appearance of the first litter. (b) Litter size of the first four litters born to Zgrf1™/
mut and Zgrf1™Y™ parents. (c) Average litter size from all Zgrf1™/ ™ and Zgrf1™ ™ breeding pairs. (d) Morphology of WT and Zgrf1™" ™" testes
dissected from 8-week-old males. (e) Ratio between the testes and body weight of WT and Zgrf1™™ mice at 18 days postnatal (WT: n = 16, KO: n
= 19) and 8 weeks (WT: n = 12, ZgrfI™™ n — 15). (f) Histology of WT and Zgrf1™™ testes stained with the PAS reagent and C3-cleaved
caspase antibody. (g) Representative pachytene spermatocyte immunostained for SYCP3 (in green), a component of the synaptonemal complex,
and MLHS3 foci (in red) for detecting crossovers. (h) Quantification of MLH3 foci per chromosome spread showing a reduction in the number of
crossovers events in Zgrf1™“™ spermatocytes (3 animals, 50 spreads each) compared to WT (3 animals, 50 spreads each). All graphs show the
mean with SD. Statistical significance was assessed using the unpaired t-test in (a), (c) and (h), and 2-way ANOVA analysis in (b) and (e). **P < 0.01;
’i**P < 0.001; ****P < 0.0001; ns: not significant.

Mendelian ratios and did not display any adverse phenotypes. Consistently, clonogenic survival assays also revealed that human
HCT116 cells lacking ZGRF1 did not show sensitivity to formaldehyde (Fig. 7). However, while formaldehyde is shown to produce ICLs
in vitro, there are no reports of formaldehyde-induced ICLs detected in vivo [35,36]. Moreover, although the FA pathway has been
reported to be implicated in the repair of formaldehyde-induced DNA adducts, it has not been demonstrated to be associated with ICL
repair in this context [38,39]. To our knowledge, the chemical nature of formaldehyde-induced DNA adducts that require the FA
pathway for repair has not been elucidated. Therefore, a plausible explanation for the observed lack of impact on mouse mortality
could be ZGRF1’s non-association with this yet-to-be-identified repair pathway or redundancy of ZGRF1 with FANCJ in terms of repair
of formaldehyde-induced lesions [19].

Through the fertility study, we established that the number of pups born to Zgrf1™™ parents was reduced, indicating that ZGRF1

Trp53*, Zgrf1** Trp53*, Zgrf1mumut Control
p53
100 um 100 pm 100 um
p21
100 pm 100 pm 100 um
C3-cleaved
100°'um 100 um '100 pm

Fig. 6. Histology of tumours from Trp53 het mice. Representative sections of tumours stained with antibodies for p53, p21 and C3-cleaved
caspase to detect the presence of p53, its transcriptional regulatory function that induces p21 expression and its apoptotic function via the acti-
vation of caspases.
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Fig. 7. Sensitivity of human cells to formaldehyde. Clonogenic survival assay of HCT116 parental and ZGRF1~/~ cells in response to the
indicated doses of formaldehyde for 1 h. N > 3 for each cell line. Graphs show the mean with SD. Statistical significance was calculated using
multiple t-test. ns: not significant.

is associated with the reproductive capabilities of mice. Histology performed on the testes did not reveal any obvious defects in
spermatogenesis, although the frequency of crossovers during spermatogenesis was reduced. Despite the significant reduction in
crossover frequency, the histological examination did not reveal obvious abnormalities during the process of spermatogenesis. The
formation of crossovers during meiosis is an obligatory event that ensures the proper segregation of homologous chromosomes during
the first meiotic division [55]. Failure to establish crossovers can result in chromosomal nondisjunction and the formation of aneuploid
gametes. As aneuploidy is associated with infertility [56], the decrease in litter size observed from Zgrf1™“™ breeding pairs could be
attributed to embryonic lethality resulting from the fertilisation between aneuploid gametes similar to that observed for hypomorphic
variants of human MLH1/MLH3, which exhibit reduced meiotic recombination [57]. While the meiotic phenotype of ZgrfI mutant
mice could be explained by a direct effect on RAD51 function, transcriptomics analysis of dbl2A cells in S. pombe suggests that ZGRF1
could also have a function in regulation of meiotic gene expression [58].

4. Materials and methods
4.1. Declarations

All animal experiments were performed in compliance with the guidelines laid out by the Federation of European Laboratory
Animal Science Associations (FELASA) and the Danish Animal Experiments Inspectorate. Experimental mice were housed in the animal
facilities of the Department of Experimental Medicine at the University of Copenhagen under standard conditions, where they were
provided with a rodent chow diet and water ad libitum. These mice were closely monitored and were euthanised at the earliest
symptom of discomfort, or when tumour growth exceeds the maximum size allowed (www.dyreforsoegstilsynet.dk) (license numbers
2021-15-0201-00803; 2020-15-0201-00723; 2020-15-0201-00679). All euthanasia procedures were performed by cervical
dislocation.

4.2. Mouse model generation

The Zgrfl mutant mouse employed in this study was created in collaboration with the Core Facility for Transgenic Mice at the
University of Copenhagen. Using the CRISPR/Cas9 technology outlined in Ref. [59], a single guide RNA (GCGATTTTATATGATGA-
CAA-AGG) was designed to induce indels into Zgrf1 (MGI:1918893). This resulted in a 5-base pair deletion in exon 4, which we name
Zgrfl emlUcph Thig frameshift mutation is predicted to cause protein synthesis to terminate prematurely. Truncated in the middle of the
DUF2439 domain, the putative peptide expressed from the mutated locus represents less than 2 % of the ZGRF1 wild-type protein. In
brief, the guide RNA (20 ng/pL) and Cas9 mRNA (50 ng/pL) were co-injected into the pronuclei and the cytoplasm of C57BL/6N inbred
zygotes. Subsequently, these embryos were transferred into a pseudo-pregnant female mouse for development, leading to the pro-
duction of progenies. Sequencing of the Zgrf1 exon 4 was performed to confirm the deletion, after which a founder mouse was selected
to establish the Zgrf1™4/™ strain. Through crossbreeding of the ZgrfI mutant strain with the Ep-Myc (MGI: 2447604), Trp53 KO (MGI:
1857590), and Adh5 KO (MGI: 5049924) strains, the Ep-Myc;Zgrf1™" ™, Trp53~/~;Zgrf1™/ ™! Trp53+/~;Zgrf1™™ and Adh5~/~;
Zgrf1™mut mice used in this study were generated. Genotyping of mice was performed by Transnetyx using real-time PCR.

4.3. Cell culture

MEFs were generated from 13.5 days post coitum (dpc) mouse embryos in accordance with standard procedures (http://jacks-lab.
mit.edu/protocols/making mefs). The heads of the embryos were used for genotyping (Transnetyx). MEFs were cultured in Dulbecco’s
Modified Eagle Medium (DMEM; Gibco) supplemented with 15 % heat-inactivated foetal bovine serum (FBS; ThermoFisher Scientific)
and 1 % penicillin-streptomycin (ThermoFisher Scientific). Prior to their use in experiments, western blotting was performed in
accordance with the procedures described in Ref. [19] to verify the absence of ZGRF1. In brief, cells were grown in a 150 cm Petri dish.
Once they reached 80 % confluency, cells were washed once with PBS and collected using cell scrapers. Cells were centrifuged at
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250xg for 5 min at 4 °C, supernatant was removed, and cells were re-suspended in 800 pL ice-cold PBS. This was followed by
centrifugation at 2500 x g for 30 s at 4 °C and re-suspension in 1.8 mL NP-40 buffer (150 mM NaCl, 1 % NP-40, 50 mM Tris-HCI pH 8.0,
1 mM PMSF, complete protease inhibitor cocktail (Roche, cat. no. 25735720)). Samples were lysed by syringing through a 23G needle
10 times on ice and centrifuged at 13000xg for 20 min at 4 °C. The supernatant was used for pulldown of ZGRF1 using Dynabeads
Protein G (Life Technologies, cat. no. 10004D) according to the manufacturer’s instructions. To each sample of beads, 2.42 pg
anti-ZGRF1 rabbit antibody (BioGenes GmbH, custom-made rabbit polyclonal anti-ZGRF1, lot no. 28429; available upon request) and
1 pg rat anti-tubulin antibody (Abcam, cat. no ab6160) were bound. PBS with 0.1 % Tween-20 was used as washing buffer. Samples
were eluted in 1X SDS sample buffer (2X SDS sample buffer (125 mM Tris-HCl pH 6.8, 5 % SDS, 0.004 % Bromophenol Blue, 10 %
beta-mercaptoethanol, 20 % glycerol) diluted 1:2 in RIPA buffer (150 mM NaCl, 1 % NP-40, 0.5 % sodium deoxycholate, 0.1 % SDS, 50
mM Tris-HCI pH 8.0, 1 mM PMSF, complete protease inhibitor cocktail)) at 70 °C with shaking at 1000 RPM for 10 min. Eluted samples
were boiled, run on an 4-20 % gradient SDS-PAGE gel (Bio-Rad cat.no. 4561094) until the 40 kDa marker ran out of the gel, and
transferred to a 0.45 pm ethanol activated PVDF membrane 0.45 pm (Thermo Fisher, cat. no. 88585) at 40 mA for 18 h at 4 °Cin an ice
bucket. The membrane was cut at 60 kDa to separate tubulin from ZGRF1 and blocked with anti-ZGRF1 (1:1000 dilution in 5 % BSA
(Merck, cat.no. A4503)) and with anti-tubulin (1:20.000 dilution in 5 % skim milk (Millipore, cat. no. 70166)) in TBST for 1 h at room
temperature with gentle shaking followed by 3 washes with TBST for 10 min. Each membrane was incubated with their respective
primary antibodies at 4 °C overnight (1:1000 rabbit anti-ZGRF1 (BioGenes GmbH, lot no. 28429) in 5 % BSA in TBST or 1:20.000 rat
anti-tubulin (Abcam, cat. no ab6160) in 5 % milk in TBST). Membranes were washed 3 times with TBST for 10 min and incubated with
respective secondary antibodies (1:1000 swine anti-rabbit (Dako, cat no. P0217) for ZGRF1 and 1:2000 rabbit anti-rat (Dako, cat. no.
P0450) for tubulin) in 5 % skim milk in TBST for 1 h followed by another 3 washes for 10 min in TBST. For visualisation of secondary
antibodies, ECL mixture (GE Healthcare, cat. no. RPN2232) was prepared and added to the membrane followed by imaging of
chemiluminescence (ImageQuant LAS 4000). For the colony survival assay, three MEF lines of each genotype, derived from three
different matings, were used. The experiment was performed twice for each of the two first batches of cell lines and three times for the
final batch (n = 7). MEFs used in cell cycle profiling and high-content imaging were derived from the same mating.

4.4. Colony survival assay

Early-passage MEFs (Zgrf1*/*, Zgrf1™/ ™ and Zgrf1™ ™) were plated onto a 6-well plate in duplicates at a density of 20,000 cells
per well. MMC (Sigma, cat. no. M7949) was added at the indicated concentrations, and cells were incubated for 24 h, before they were
rinsed and replaced with fresh medium. The cells were then allowed to grow for 10 days, with media replacement every three days.
After 10 days of growth, the cells were fixed in methanol:acetic acid (3:1) and stained with crystal violet in methanol. The surviving
fraction at each drug concentration was calculated based on the colony numbers and normalised to the corresponding untreated
samples.

4.5. Cell cycle profiling

Prior to MMC treatment, 10° cells were seeded in 10 cm dishes and incubated O/N for adherence. After incubation, cells were
treated with 50 ng/mL of MMC (Sigma, cat. no. M7949) for 72 h at 37 °C. Cells were harvested the next day by trypsinisation, spun
down at 300xg for 5 min, resuspended in 1 mL of PBS and filtered through a 50 mm filter (BD Biosciences, cat no. 340629) directly into
ice-cold 70 % ethanol for fixation. Once fixed, cells were stained with propidium iodide as described in Ref. [60], and the cell cycle
distribution was analysed using the BD FACSJazz Cell Sorter (BD Biosciences, cat. no. 655490).

4.6. High content imaging

MEFs were seeded at a concentration of 2 x 10* cells/well onto LCLEAR 96-well plates (Greiner Bio-One, 655090) and incubated
for 48 h before MMC treatment. In the next step, cells were treated with the indicated concentrations of MMC (Sigma, cat. no. M7949)
for 4 h at 37 °C, before being fixed with 4 % formaldehyde for 10 min at room temperature (RT). The fixed cells were washed twice
with PBS, before being permeabilised with 0.5 % Triton X-100 in PBS. Cells were then blocked (2.5 % BSA in PBST) for an hour at RT,
after which they were incubated overnight at 4 °C with the primary yH2AX antibody (Merck Millipore 05-636). An anti-mouse
secondary antibody conjugated to Alexa Fluor 488 (Sigma-Aldrich A-11001) was used for detection, and the nuclei were stained
for 10 min at RT with 2 pg/mL DAPI. High-content microscopy was performed with the automated Olympus IX83 ScanR microscope
(20x objective), and signal densities from the images were analysed using the ScanR software (Olympus).

4.7. Immunohistochemistry

Histological analyses were performed in collaboration with the Histopathology Core Unit at the Spanish National Cancer Research
Centre (CNIO, Madrid, Spain). Mouse tissues and tumours were fixed in 4 % neutral buffered formalin (Sigma-Aldrich), paraffin-
embedded, and processed according to standard procedures. Sections of 3 pm thickness were stained with Haematoxylin & Eosin
(H&E). In addition to H&E staining, mouse testes were stained with Periodic acid-Schiff (PAS) reagent to differentiate spermatogonia
types and stages of spermatogenesis. Depending on the type of primary antibody, one of the three automated platforms available at
CNIO was utilised for immunostaining (Dako-Autostainer Plus, Leica-Bond MAX, or Roche-BenchMark Ultra). The primary antibodies
used in this study were Cleaved Caspase-3 (Aspl175) (Cell Signalling Technology, #9661), p21 (CNIO, 291H/B5), and p53 (CNIO,
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POE316 A/E9), and the nuclei were counterstained using Carazzi’s haematoxylin. Slides were digitalised using the ZEISS Axioscan.Z1
microscope and visualised using the Zen Lite software (ZEISS).

4.8. Meiotic chromosomal analysis

To analyse crossover events occurring during prophase I, meiotic chromosome spreads were prepared from mouse spermatocytes as
described [61]. In brief, testes of WT and Zgrf1™“™ males were harvested at postnatal day 18. The tunica was removed, and the
seminiferous tubules were incubated in Hypotonic Extraction Buffer for 30 min (30 mM Tris-Cl, pH 8.2, 50 mM sucrose, 17 mM
trisodium citrate dihydrate, 5 mM EDTA, 0.5 mM dithiothreitol and 0.1 mM phenylmethylsulfonyl fluoride in Milli-Q water, pH
adjusted to 8.2-8.4). The seminiferous tubules were then transferred onto a Teflon-printed 3-ring slide containing 20 pL of 100 mM
sucrose and minced to release the spermatocytes. These cells were then mixed with a freshly made fixative solution (1 % para-
formaldehyde and 0.15 % Triton X-100 in PBS, pH 9.2), spread across a glass slide and incubated in a humidified chamber for fixation.
After 2-2.5 h, the humidified chamber was cracked open to allow slides to dry completely. These slides were then subjected to a final
wash in 0.4 % Photo-flo (Kodak, 1464510) and air-dried to prepare them for staining.

Immunofluorescence staining was performed using the procedure modified from Ref. [62]. The primary antibodies used were
Anti-SCP-3 Antibody (D-1) raised in mouse (Santa Cruz; sc-74569, 1:1000) and anti-MLH3 antibody raised in rabbit (gifted by Paula E.
Cohen, 1:500). Slides were blocked in 10X antibody dilution buffer (ADB) containing 3 g Bovine Serum Albumin (Sigma-Aldrich,
A4503), 10 mL Normal Goat Serum (Gibco™, PCN5000) and 250 pL 20 % Triton-X in 90 mL of PBS. Slides were incubated with
primary antibodies diluted in 1X ADB overnight in a humidified chamber, after which they were washed and incubated with the
secondary antibodies for an hour. Secondary antibodies used were Goat anti-Mouse IgG Alexa Fluor™ Plus 488 (ThermoFisher,
A32723, 1:1000) and Goat anti-Rabbit Alexa Fluor™ 594 (ThermoFisher, A-11012, 1:1000). Final washes were performed, and the
slides were dried. To prepare the slide for imaging, the DAPI mounting media (4 % n-propyl gallate, 80 % glycerol and 1.5 mg/mL
DAPI) was added and a coverslip was applied. Cells were visualised using the ZEISS Axio Imager Z2 and the MLH3 foci from
pachynema cells were manually counted.

4.9. Clonogenic survival after formaldehyde treatment

The human HCT116 parental and ZGRF1~/~ cell lines [19] were plated in duplicate in 40 % conditioned McCoy’s 5A (Modified)
medium (Life Technologies, cat. no. 26600023), containing 10 % heat-inactivated FBS (Gibco by Life Technologies, cat. no.
10500-064), and 10,000 units/mL of penicillin and 10,000 pg/mL of streptomycin (Gibco by Life Technologies, cat. no. 15140-122)
and were then allowed to adhere overnight followed by treatment with the indicated doses of formaldehyde (Sigma, cat. no. 252549).
One hour after drug addition, cells were washed with fresh media and incubated for 8 days in fresh growth media. Human cell lines
used in this study are listed in Table 1.

4.10. Statistical analysis

Statistical analysis for the distribution of genotypes from the mouse crosses were determined using the Pearson’s y? test as
described [65]. All other statistical analyses were performed using GraphPad Prism version 10.1.2 for Windows, GraphPad Software
(www.graphpad.com). The significance was determined using either an unpaired t-test or two-way ANOVA with multiple compari-
sons. For all Kaplan-Meier survival curve analyses, the log-rank (Mantel-Cox) test was used for the determination of the p-values. In
vitro experiments were performed with at least three biological replicates, except cell cycle profiling which was done in duplicates.
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