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A truncating variant of RAD51B associated with primary ovarian
insufficiency provides insights into its meiotic and somatic

functions
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Primary ovarian insufficiency (POI) causes female infertility by abolishing normal ovarian function. Although its genetic etiology has
been extensively investigated, most POl cases remain unexplained. Using whole-exome sequencing, we identified a homozygous
variant in RAD51B —(c.92delT) in two sisters with POI. In vitro studies revealed that this variant leads to translation reinitiation at
methionine 64. Here, we show that this is a pathogenic hypomorphic variant in a mouse model. Rad51b<924€/7/<92d¢lT jce exhibited
meiotic DNA repair defects due to RAD51 and HSF2BP/BMRE1 accumulation in the chromosome axes leading to a reduction in the
number of crossovers. Interestingly, the interaction of RAD51B-c.92delT with RAD51C and with its newly identified interactors
RAD51 and HELQ was abrogated or diminished. Repair of mitomycin-C-induced chromosomal aberrations was impaired in RAD51B/
Rad51b-c.92delT human and mouse somatic cells in vitro and in explanted mouse bone marrow cells. Accordingly, Rad51b-c.92delT
variant reduced replication fork progression of patient-derived lymphoblastoid cell lines and pluripotent reprogramming efficiency
of primary mouse embryonic fibroblasts. Finally, Rad51b%24€/7<924¢T mjce displayed increased incidence of pituitary gland
hyperplasia. These results provide new mechanistic insights into the role of RAD51B not only in meiosis but in the maintenance of

somatic genome stability.
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INTRODUCTION

Meiosis is a sexual division that halves the diploid somatic
chromosomal complement to a haploid state. During this process,
each chromosome associates with its corresponding homologue
(pairing) whose ultimate physical hallmark is a chiasma. In
mammals, this process relies on the repair of DNA double-strand
breaks (DSBs) by homologous recombination (HR) that generates
crossover recombination events (COs) [1].

In molecular terms, the nuclease SPO11 generates DSBs
throughout the genome. After DNA resection of 5°termini [2],
the generated 3’ssDNA ends recruit the recombinases RAD51 and
DMCI. The resulting recombinase-coated ssDNA filaments can
invade the homologous chromosome dsDNA, searching for a
complementary sequence (chromosome pairing), which will foster
genetic material exchange. The nucleation of RAD51 is mediated
by its direct interaction with BRCA2. This supramolecular complex
promotes the initial binding of RPA to the resected DNA and,

importantly, fosters the displacement of RPA from ssDNA by
RAD51 nucleofilaments [3, 4]. However, the presence of many
paralogues of RAD51 in most taxa including vertebrates (RAD51B,
RAD51C, XRCC3, XRCC2, RAD51D, and the meiotic factor DMC1)
and the lethality of the constitutional mutant mice has hampered
the study of the physiological role of each RAD51 paralogue to
somatic and meiotic HR [5-10].

In mammals, functional analysis of the individual RAD51
paralogues in cell lines has shown similar but non-redundant
contributions in DNA repair processes such as HR efficiency,
RAD51 nuclear focus formation, sensitization to mitomycin C
(MMC) and protection of perturbed replications forks [11].
Accordingly, mutations in genes on this pathway can lead to
genome instability, which can result in both cancer- and infertility-
associated genetic syndromes [12, 13].

Infertility is defined as a failure of a couple to conceive and
affects 10-15% of couples [14]. POl is a disorder associated with
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female infertility that affects about 1% of women before the age
of 40 years. The genetic etiology of isolated POI is highly
heterogeneous. In fact, over 75 genes associated with POI have
been implicated in ovarian development and meiosis [15].
Particularly, pathogenic variants in genes involved in meiotic
recombination, such as STAG3, SYCE1, HFM1, MSH4, MSH5, DMCI,
MEIOB, BRCA2 and HSF2BP, have been associated with this
disorder [15-24]. Nevertheless, the presence of genetic defects
in the majority of POI patients remains to be established [15].
Here, we report the identification of a homozygous variant in
RADS51B- (c.92delT) in two sisters with POI. This RAD51B variant leads
to a premature termination codon (PTC) resulting in translation
reinitiation at codon AUG in position 64. The “humanized” knock-in
(Kl; Rad51bc924ele92delly 1 qse shows meiotic DNA repair defects
due to RAD51 and HSF2BP/BRME1 accumulation in the meiotic
chromosome axes leading to a significant reduction in the number
of COs. Interestingly, RAD51, RAD51C and HELQ interaction with
RAD51B was diminished with the N-terminally truncated RAD51B
protein. Moreover, RAD51B-c.92delT human lymphoblastoid cells,
humanized MEFs and explanted bone marrow cells from mutant
mice displayed an increased sensitivity to MMC-induced chromo-
some instability (CIN). The RAD51b-c.92delT variant was also found to
decrease replication fork progression of lymphoblastoid cell lines
and the reprogramming efficiency of primary mouse embryonic
fibroblasts (MEFs) to produce induced pluripotent stem cells (iPSCs).
Finally, Rad516592%€/"<92deT mice exhibited an increased incidence of
hyperplasia of the pituitary gland. These results provide new
mechanistic insights into RAD51B role in human ovarian insuffi-
ciency and in the maintenance of genome stability in the soma.

RESULTS

Genetic analysis

Whole-exome sequencing was performed in two sisters present-
ing with POI (lI-1 and [I-4) and in one unaffected sister (lI-2). The
mean coverage of the capture regions was >150x in all samples
with at least 99.38% of the targeted positions being sequenced at
>10x (Supplementary Table 1). Consistent with an autosomal
recessive inheritance, homozygous candidate variants were
selected in both affected sisters and a minor allele frequency
cut-off of 0.01% was applied. After an in-depth assessment of
coding (missense, nonsense and frameshift) and splice-site
variants, a homozygous frameshift pathogenic variant in the
RAD51B gene was identified in the two affected sisters and
retained as the best candidate (Supplementary Table 2). RAD51B is
located in chromosome 14, position 14g23-q24.2, and the c.92delT
variant is located in exon 3. As predicted by Mutalyzer, the
RAD51B-c.92delT variant creates a PTC at amino acid #39
(predicted alteration: p.Leu31Tyrfs*9). The variant c.92delT (i.e.,
14-68292183-CT-C) is reported in gnomAD with an extremely low
allele frequency of 4.05 x 10™°, which represents one allele count
of 1 in 247,158 alleles and has not been reported to exist in a
homozygous state [25, 26]. The presence of this variant was
screened by Sanger sequencing in other members of this family
(Fig. 1A). The father (I-1) and unaffected siblings (II-2, II-3, 1I-6, and
I-8) were heterozygous. DNA of mother (I-2) and one brother (II-5)
were unavailable (Fig. STA). Furthermore, the RAD51B-c.92delT
variant was not found in 235 fertile Brazilian women controls
screened by Sanger sequencing. In order to rule out any additional
pathogenic variants, we evaluated 107 genes already associated
with POI [27]. No other clearly pathogenic variant, which could
underlie the phenotype, could be identified in this family
(Supplementary Table 9).

The c.92delT variant in RAD51B leads to translation re-
initiation at AUG64

In silico analyses predict that the c.92delT variant would provoke the
appearance of a PTC leading to a truncated protein of 39 residues
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lacking functional motifs (Fig. S1B) [28]. Given that the depletion of
Rad51b in the mice is embryonic lethal [8] and that three close
downstream in-frame AUG codons (AUG39, AUG55 and AUG64) exist,
we hypothesized that the translation might restart at one of them. To
test this, HEK293 cells were transfected with constructs encoding
RAD51B: wild-type (WT), c.92delT and a mutant or WT RAD51B in
which the three secondary Methionine codons were replaced by GCN
encoding Alanines (individual and double Met to Ala substitutions)
and protein expression was analyzed by Western blot (Fig. 1B). This
experiment showed the production of a band in the c.92delT that was
smaller than the main product resulting from the expression of the
WT construct. This band disappeared only when replacing the codons
underlying M64 to A64 but not when the M39 or M55 were replaced
by Alanines (individually or double mutated; Fig. 1B). To demonstrate
the translation of the RAD51B-c.92delT endogenous protein and
given that we failed to detect by Western blot and immunofluores-
cence (IF) endogenous RAD51B protein with commercial or even
home-made antibodies, we analyzed by IP-coupled with Mass
spectrometry (MS) human lymphoblastoid cell extracts from
RAD51BV7<92delT and RADS51B<92€lT /292del Qur results clearly show
the presence of peptides corresponding to the C-Term of the protein,
demonstrating that translation is indeed taking place (Supplementary
Table 3). Altogether, these results reveal that the variant c.92delT
leads translation re-initiation at M64. To assess the impact of the
RAD51B-c.92delT variant on its subcellular localization, the human and
murine RAD51B variant and the WT forms (fused to GFP and
untagged) were expressed in Cos7 cells. RAD51B-c.92delT displayed
lower ratio of nuclear to cytoplasmic labelling in comparison to the
WT (Figs. 1C and S1Q).
Rad51b5929¢lT/c.924elT mice have no obvious ovarian and testis
morphological abnormalities

In order to evaluate the physiological relevance of the
RAD51B-c.92delT variant, we generated a humanized Kl mouse
Rads5 1b¢92del17e.92delT 1y CRISPR/Cas9 editing (Fig. S2A). Although
RAD51B is essential for mouse development [8], humanized Kl
mice showed no somatic phenotype and were born with the
expected Mendelian ratios (Supplementary Table 4), which
strongly suggests that the reinitiation of the translation is also
operating in the mouse model. RT-PCR analysis using testis cDNA
derived from Rad51b<92€!T7c92delT yice confirmed transcription
of the mutated and WT alleles (Fig. S2B).

Rad5165924€l17e92d€ yale and female mice were able to reproduce.
Accordingly, the histological analysis of adult Rads1bc92aee92delT
testes revealed no apparent abnormalities in the seminiferous tubules
(Fig. 52C). Ovaries from Rad51b%2€92€IT ayhibited no differences in
the number of follicles in comparison to WT mice (Fig. S2D).
Haematoxylin-eosin staining patterns of mouse ovaries were similar at
two time-points explored (5 dpp, in which primordial oocytes are
expected to be found, and 3-months). The quantification of the
primordial oocyte pool was also similar between genotypes (Fig. S2D).
Fertility assessment in females also showed no statistical differences in
litters per month and in pups per litter between mutant and WT mice,
though a trend towards a reduction in the number of pups per litter is
observed in the former (Fig. 1D).

Rad51b<924elT/c.92delT ice show several defects in the DNA
repair process

RAD51B is ubiquitously expressed (see www.uniprotorg) in
somatic and reproductive tissues including meiocytes, though its
meiotic function has not been established. To further characterize
the involvement of RAD51B in meiosis, we analyzed Rad51b%92%"”
c-o2dell meiocytes for the assembly of the synaptonemal complex
by monitoring the distribution of SYCP1 and SYCP3. Even though,
no defects in synapsis and desynapsis from leptotene to diakinesis
were observed (Fig. S3A, B), a reduced number of pachynemas
accompanied by an elevated number of diplonemas were found
in both Rad51b%929¢17<924elT majes and females. These results
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Fig. 1 The variant c.92delT leads to translation re-initiation at AUG 64 and to altered nuclear localization. A Family Pedigree. A
homozygous recessive variant in RAD51B was shown to be present in two sisters from Brazil affected with POL. The black arrow indicates proband (II-
1). Pedigree numbers of individuals are indicated below the symbols. Samples sent for whole-exome sequencing (WES) are indicated by a hash and
samples sent for Sanger sequencing are indicated by an asterisk. Sanger electropherograms confirmed the presence of the homozygous variant in
both affected sisters II-1 and 1l-4. B HEK293T cells were transfected or not (Vehicle) with the different variants of RAD51B: the WT form (WT), the
c.92delT form and both the WT and c.92delT forms in which the three secondary Methionines were mutated into Alanines (individual Met to Ala
substituting the M39 to A39, the M55 to A55 and the M64 to A64; double Met to Ala substitutions following the above argument, both M39A39 and
M55A55, both M39A39 and M64A64 and both M55A55 and M64A64. Of note, the bigger size of the RAD51B products is due to the presence of GFP
tag (27 kDa). € COS7 cells were transfected to express human WT or mutant RAD51B fused to GFP tag. The WT construct showed a robust nuclear
signal in addition to a faint cytoplasmic pattern. In contrast, the mutant variant displayed a partial delocalization of the nuclear signal to the
cytoplasm. Quantification of the nucleus/cytoplasm signal rate is shown in the lower plot. Scale bars: 20 pm. D Fertility assessment in female mice of
WT and mutant Rad51b. The plots show the number of pups per litter and the litters per month. Rad5 1659247924 yariant is referred as Rad516<<!
for simplicity. Welch’s t-test analysis: ns, non-significant differences; ****p < 0.0001.

display subtle alteration of normal prophase | progression meiocytes at pachytene. This accumulation was also observed in
(Fig. S3C, D). oocytes at diplotene (Fig. 2A).

We assessed DSBs generation and repair by detecting Meiotic DSB repair is orchestrated by a BRCA2-containing
phosphorylated histone yH2AX in Rad51b<92€/7/e924€IT majocytes  supramolecular complex that dictates the sequential recruitment
(Quantifications at Supplementary Table 5) [29, 30]. We observed of proteins to the DSBs, such as the binding of RPA for end
similar labelling of yH2AX from leptotene to zygotene spermato- resection, exchange of RPA by RAD51/DMC1 and loading of the
cytes (Fig. S4A), but increased levels of labelling were detected in complex MEIOB-SPATA22 to the RPA complexes with the interplay
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raw data quantification.

of HSF2BP and its interactor/stabilizer BRME1 (meiotic double-
stranded break BRCA2/HSF2BP complex associated protein)
[3, 4, 24, 31]. We first analyzed the initial loading of RPA. Our
results showed that the recruitment of RPA and its associated
protein SPATA22 was unaltered in mutant RAD51B meiocytes
(Fig. S4B, C), suggesting that DSBs resection is unaffected. Then,
we analyzed the recombinases RAD51 and DMC1 to assess
the strand invasion process in our Rad51b mutant model. RAD51
foci formation was similar at leptotene and zygotene (Fig. S5A) but
foci persisted in pachytene nuclei in spermatocytes and in
diplotene nuclei in oocytes, indicating a slight defect in DSB
repair (Fig. 2B). By contrast, labelling of DMC1 foci was not
affected (Fig. S5B). This fact could reflect the activation of a
somatic-like HR DNA repair pathway at late-pachytene involving
RAD51 but not DMC1 [32], as described for other mouse mutants
(i.e, HSF2BP and BRME1 [33]). We next analyzed by IF these
essential meiotic recombination proteins in Rad51b<22de/7/c-92dell
mice (Fig. S5C). BRME1 and HSF2BP labelling accumulated at late
pachytene in Rad51b<%29/7e929¢T mice meiocytes and persisted at
diplotene (Fig. 3A). DNA repair can eventually culminate with
the formation of COs; therefore, we analyzed the distribution of
MLH1 foci as a direct measure of CO formation. A statistically

SPRINGER NATURE

significant difference in the number of CO events was found in
Rad51b<924elT/e92delT mice compared to WTs in both spermatocytes
(KI: 20.70 £ 1.79 vs WT: 22.98 + 1.61) and oocytes (KI:22.39 +3.01 vs
WT: 23.82+2.02) (Fig. 3B). We also evaluated the functional
relevance of this reduction of COs by measuring the number of
bivalents without MLH1 foci that would lead to univalents. Our
results revealed an increased number of bivalents that did not
show MLH1 foci in both Rad51pc929€1e92deT  oocytes  and
spermatocytes (both sexual and autosomal bivalents) (Fig. 3B).
Taken altogether, these results suggest that RAD51B variant
provokes an increase of DSBs that are not effectively repaired as
COs in both oocytes and spermatocytes.

RAD51B interacts with the meiotic recombination machinery
We next immuno-precipitate RAD51B from mouse testis extracts
coupled with MS. We identified in addition to RAD51B itself,
RAD51C, a well-known interactor of RAD51B (Supplementary
Table 6) [34], which is essential for meiotic recombination [35].
Next, we adopted a candidate approach to identify additional
putative interactors of RAD51B. Thus, we co-transfected RAD51B
with ¢DNAs encoding BRCA2, PALB2, DMC1, RAD51, MEIOB,
BRME1, HSF2BP, HELQ, and RPA (Fig. S6) and also the MS-

Cell Death & Differentiation (2022) 29:2347 - 2361
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identified protein RAD51C. We detected positive co-
immunoprecipitations between RAD51B and the paralogues,
RAD51C, RAD51, HELQ and DMC1 (Fig. 4A-D).

Given that the N-term part of RAD51B (residues 1-75) interacts
with RAD51C [34], we analyzed the ability of mutant RAD51B to
maintain its interaction with the identified partners. RAD51C
immunoprecipitated WT RAD51B but not mutant RAD51B
indicating that the c.92delT variant drastically diminishes or
abrogates their interaction (Fig. 4A). This loss of interaction was
also verified by Co-IP coupled with MS of RADS5]Be92del/c.o2delT
lymphoblastoid cells (Supplementary Table 3). Similarly, RAD51B-
€.92delT interaction was weaker with RAD51 and with the helicase
HELQ, but not with DMC1 (Fig. 4B-D). These results suggest that
RAD51B acts in concert with DMC1/RAD51/RAD51C recombinases
to promote/mediate meiotic recombination.

RAD51B-c.92delT human and mouse cells are sensitive to
MMC-induced DNA damage

Typically, RADS51-deficient cells are hyper-sensitive to DNA
interstrand crosslinking (ICL) agents such as MMC. Accordingly,

Cell Death & Differentiation (2022) 29:2347 - 2361

Rad51p<924e!T/e92delT MEFS showed a relatively lower growth rate
in the presence of MMC (Fig. 5A). Clonogenic survival assays of
MMC-treated MEFs©929elT/e92¢elT 5156 showed a reduced number
of colonies (Fig. 5B). We next monitored the efficiency of DNA
repair. MEFs were treated with MMC and analyzed at different
time points. The results of this experiment showed a delay in the
disappearance of yH2AX foci even at 72 h after MMC treatment,
indicating the presence of unrepaired DNA (Fig. 5C). In addition,
MMC-treated MEFs from Rad51b<929eT/<92dell showed  more
chromosome break events (passage 2 and passage 4) (Fig. 6A).
The assessment of the impact of the variant affected on genome
stability in vivo showed that bone marrow-derived metaphase
plates from Rad516<924e/e92dell \mC treated mice had a
significantly increased number of chromosomal breaks events
per cell compared to WT mice (Fig. 6B).

RAD51B<92deM/e92delT iy mortalized lymphoblastoid cells from
the affected patient (Il-4) also displayed more chromosome breaks
events in comparison with the heterozygous RAD51BYT/<92del
cells from the unaffected sister (lI-2) in the presence of MMC and
even in their absence (Fig. 6C). Taken together, these results
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Fig.4 Loss of interaction between RAD51B-c.92delT and RAD51C as well as a reduction of the interaction between RAD51B-c.92delT and
HR-specific interactors as revealed by co-immunoprecipitation. HEK293T cells were co-transfected with either RAD51B-WT or RAD51B-
c.92delT and A RAD51C-HA, B Flag-RAD51, C HA-HELQ or D Flag-DMC1. Protein complexes were immunoprecipitated with either an anti-
RAD51B, anti-Flag, anti-HA or IgGs (negative control), and analyzed by immunoblotting with the indicated antibody. The red > indicates the

band corresponding to RAD51B.

confirm that the homozygous RAD51B-c.92delT variant leads to an
impaired repair of MMC-induced DNA damage and as a
consequence increase the levels of CIN in vitro and in vivo.

MMC stress leads to ICL lesions that inhibits the unwinding of
DNA strands and blocks the progression of replicative DNA
helicases. To further assess the involvement of Rad51b-c.92delT in
this phenotype, we also analyzed its susceptibility to hydroxyurea
(HU) and the specific DNA polymerase inhibitor Aphidicolin, two
inducers of replication fork DNA damage [36]. Our results show
that both drugs produce a lower percentage of surveillance in the
c.92delT MEFs (Fig. 7A).

Given these observations and that RAD51 paralogues partici-
pate in the response to replication stress [37, 38], we used
stretched DNA fibers to monitor fork speed in RAD5 1B<92de!/c.92delT
and RAD5 187924l i immortalized lymphoblastoid cells treated
with MMC. In these conditions, cells derived from the affected
patient displayed shorter tracks and reduced fork progression rate
(Fig. 7B), which likely reflect a high frequency of fork stalling
events and/or impaired fork restart [38, 39]. This observation
suggests that Rad51b-c.92delT mutant protein is defective in the
DNA damage tolerance pathways that restart DNA synthesis at
stalled forks, impairing their subsequent repair and potentially
increasing the frequency of DNA breaks.

Given the involvement of the Rad51 family of paralogues in the
canonical pathway of HR between sister chromatids [40], we
analyzed this parameter in RAD51B-c.92delT lymphoblastoid cells
by the classical 5BrdU incorporation procedure. We observed no
differences between the WT and mutant RAD51B even in presence

SPRINGER NATURE

of MMC indicating that the canonical HR pathway remains
unaffected (Fig. 7C).

Rad51b-c.92delT decreases reprogramming efficiency in
mouse embryonic fibroblasts

The expression of the Yamanaka factors [41] induce genome
instability providing a plausible explanation for the requirement of
an intact HR pathway and low replication stress to achieve
efficient reprogramming [42, 43]. In the light of this, we evaluated
the role of RAD51B during reprogramming using homozygous
Rad51b929€T-c:92d€ll \MEES The numbers of alkaline phosphatase
positive colonies were significantly reduced (up to ~2 fold) in
Rad51b-c.92delT homozygous mutant MEFs in comparison with
the WT (Fig. 8A). By picking colonies with iPS-like morphology (3D
shape, defined borders and refringence), we were able to establish
Rad51b-c.92delT mutant iPS cell lines with comparable efficiency
(~30%) to WT controls, suggesting they are similarly functional
bona fide iPS clones.
Rad51b<-924e!T/e924elT yice show increased incidence of
pituitary hyperplasia

The somatic phenotypes observed are all hallmarks of genome
instability. Thus, we evaluated the incidence of spontaneous
neoplasia in aged mice (from 18 to 22 months). We observed
a pituitary hyperplasia and frequent adenomas of the pituitary gland
in mutant homozygous mice (9 out of 14 Rad51b~24eT/c92deT yjce
vs 1 out of 12 in wild type controls) (Fig. 8B). These benign tumors
ranged from micro- to macroadenomas (Fig. 8C-H) and showed
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Fig. 5 Rad51b mutant MEFs show an increased susceptibility to MMC-induced DNA damage. A Cell proliferation assay of WT and mutant
Rad51b primary MEFs at passage 2 (p + 2) incubated in presence of a continuous treatment with MMC. The results are expressed as a
percentage relative to the control (not treated with MMC). Each point on the graph represents the mean £+ SD. B Percentage of colonies
obtained by clonogenic cell survival assays after treatment with MMC. The results are expressed as a percentage relative to the control
(untreated) of Rad516"™ 7 and Rad516""* immortalized cells. C Representative yH2AX immunolabelling of WT and mutant Rad51b at 72 h.
Quantification of yH2AX foci in Rad51b WT and mutant MEFs. Rad516"""" and Rad51b"" MEFs at p + 2 were incubated in presence of MMC at
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immuno-histochemical overexpression of prolactin (Fig. 8l, J) in the
cytoplasm of tumor cells (but not of ACTH, GH, FSH and LH shown in
Fig. S7). Overall, the mice developed pituitary hyperplasia and
frequent adenomas, with typical features of prolactinomas. Interest-
ingly, a genetic variant in human RAD51B has been recently
associated with pituitary tumors [44].

DISCUSSION

We describe for the first time a homozygous variant in RAD51B
(c.92delT) found in two sisters affected with isolated POIl. RAD51B
seems to be involved in the assembly of RAD51 nucleoprotein

Cell Death & Differentiation (2022) 29:2347 - 2361

filaments during HR and in replication fork remodeling and restart
[10, 38, 45]. Thus, RAD51B has been associated with CIN and
cancer predisposition [44, 46, 47]. However, its role on female
fertility and meiotic DSB repair has not been reported yet. Herein,
a perfect segregation of RAD51B-c.92delT and female infertility was
found in a family. Specifically, all affected subjects were
homozygous for the variant, while heterozygosity or absence of
this variant was observed in unaffected members.

The variant was predicted to lead to a PTC leading to the
expression of a short N-term protein of only 39 residues lacking the
two walker motifs essential for its ATPase activity [28], which would
result in null allele known to be lethal in the mouse [8]. Such a PTC
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might also generate a null allele by activating the nonsense containing YH2AX, RAD51 and the BRCA2-associated proteins
mediated decay (NMD), a surveillance pathway that reduces the HSF2BP/BRMET on the chromosome axes from pachytene onward
production of truncated proteins translated from mRNAs bearing [24, 31, 33, 35]. The accumulation of these non-meiotic specific
PTCs. NMD is more likely to be triggered when a PTC is located at repair proteins could be explained by the reactivation of a
least 50 nucleotides upstream of the last exon-junction [48]. This somatic-like HR DNA-repair pathway at pachytene as a conse-
rule fits well for the location of the RAD51B-c.92delT variant. quence of the persistence of unrepaired meiotic DSBs [32].
However, the observed expression of the RAD51B mRNA in Regarding HELQ, this helicase promotes efficient HR at damaged
Rad516<92deMe92dell ice and RAD51B-c.92delT human-derived  replication forks by interacting directly with the RAD51-containing
lymphoblastoid cells indicates that NMD is not operating, probably BCDX2 complex. This complex and HELQ act together in the
abrogated by the restart of translation according to a recent model resolution of DNA ICLs upon exposure to MMC [50]. The
based on truncating mutations in tumors [49]. This model would diminished interaction between the mutant RAD51B-c.92delT
explain the absence of NMD in the RADS51B-c.92delT variant variant and HELQ sheds light into the presence of unrepaired
because translation reinitiation at AUG64 would abrogate NMD DNA in MEFs, bone marrow and human lymphoblastoid cells but
and consequently allow the expression of a truncated RAD51B also into the persistence of unrepaired meiotic DSBs and reduced
protein lacking its N-terminal domain. This domain is involved in number of COs. Interestingly, mice lacking HELQ exhibit MMC
protein-protein interactions with its paralogues, such as RAD51C sensitivity, pituitary adenomas as well as germ cell attrition with
and in nuclear localization through a NLS [34]. This is consistent subfertility [50] and worms lacking both HELQ and the RAD51

with the observed altered nuclear localization of the RAD51B- paralogue RFS1 results in a block to meiotic DSB repair after strand
€.92delT in comparison to the WT in transfected cells and would invasion [51]. These inefficient interactions of RAD51B-c.92delT
suggest a similar dysfunction of the endogenous protein in vivo. together with the altered nuclear localization of the RAD51B

The pathogenicity of the human RAD51B variant is supported variant synergistically lead to a reduction of COs in both
by the observed meiotic DNA repair defects during mouse spermatocytes and oocytes.
prophase |, the increased incidence of pituitary adenomas, and A recent study carried by our laboratory evaluating a POI-
the defects of MMC-induced damage repair in ¢.92delT human and inducing variant in the gene HSF2BP showed a comparable
mouse cells. In addition, RAD51B-c.92delT variant reduced the reduction in the number of COs in comparison with the Rad57b-
reprogramming efficiency of primary MEFs into iPSCs. c.92delT mice, which led to a very slight reduced female fertility

Similar to its Rad51 paralogues [6, 35], the disruption of Rad51b [24]. This trend of the reduction of litter size in the RAD51B-
in mice has shown early embryonic lethality [8]. The Rad51b c.92delT, albeit not statistically significant, could be due to non-

hypomorphic allele analyzed in this study causes a loss of RAD51B- identical genetic backgrounds between both mouse models and
¢.92delT interaction with RAD51C and a partial loss of interaction would support the idea of a slight impact on fertility.

with RAD51 and HELQ. In vivo, Rad51b-c.92delT mice did not show RAD51 and its paralogues have been also associated with cancer
any effect on DMC1 loading, but revealed accumulation of foci predisposition and Fanconi anemia [52]. RAD51B has been involved
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numbers of alkaline phosphatase positive colonies were counted showing a significantly reduction (up to ~2 fold) in Rad51b-c.92delT homozygous
mutant MEFs in comparison with the wild-type control. n=9. Welch’s t-test analysis: ***p <0.001. B Macroscopic image of adenohypophysis
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Rad516"™T and Rad516""¥. C, D Normal adenohypophysis from Rad516"""" show a reticulin staining pattern that is partially lost in zones of

hyperplasia where the cell size is increased (magnified in D, indicated by an arrow). E, F Microadenoma from a Rad51b
reticulin staining pattern that is still persistent in the neighbor misplaced adenohypophysis (magnified in F). G, H Macroadenoma from a Rad51

showing a complete loss of
bKI/KI

showing total loss of reticulin staining pattern and complete absence of normal adenohypophysis tissue. The nevﬁ)rplasm shows different adenoid and

pseudopapillary growing patterns (magnified in H). I, J IHQ of prolactin in normal pituitary glands from Rad51b

distributed whereas adenomas from Rad516/"" revealed a hig(h

(D, F, H, 1, J). Rad51b929€Me92delT yariant is referred as Rad516%

in male and female breast cancer, ovary cancer, prostate cancer,
and pituitary adenoma [44, 46, 47, 53-57]. Consistently, RAD51B-
¢.92delT somatic human-derived lymphoblastoid cells, as well as
MEFs and explanted bone marrow cells from humanized mice are
sensitive to MMC-induced CIN. Moreover, Rad51b¢#27€c92delT 5
HELQ-deficient mice display an increased incidence of pituitary
hyperplasia suggesting a common pathological mechanism of
action. Of note, patient Il-4 was diagnosed with a duodenal
tubulovillous adenoma with high-grade dysplasia (details in case
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T showing labelled cells unevenly

density of prolactin expressing cells. Bar in panels, 250 pm (C, E, G) and 50 pm
! for simplicity.

report section). Altogether, these data provide evidence for a
critical role of RAD51B in somatic genome instability and
tumorigenesis.

Previous studies have shown that efficient reprogramming of
MEFs to a pluripotent stage requires a proficient HR pathway.
Accordingly, efficient reprogramming requires key HR genes [42].
Interestingly, the expression of the 3 F reprogramming factors in
MEFs induces replication stress, and genetic reduction of stress
(overexpressing Chk1) increases the efficiency of iPSC generation

Cell Death & Differentiation (2022) 29:2347 - 2361



[43]. Besides, it is known that replication forks may be stalled at
DNA lesions generated by cellular metabolism (aldehydes) or DNA
damaging agents including MMC [58]. One pathway to resume
DNA synthesis involves fork remodeling events mediated in part
by RAD51 paralogues [38]. Our in vivo and in vitro observations of
the effects caused by Rad51b-c.92delT in reprogramming, fork
progression, chromosomal breakage and clonogenic survival
suggest also a somatic function of this paralogue in assisting fork
progression through certain DNA lesions, as part of the DNA
damage tolerance response.

In summary, we describe for the first time two sisters with an
isolated POI phenotype caused by a novel homozygous variant in
RAD51B (c.92delT). Humanized mice reveal that the RAD51B
pathogenic variant evades NMD probably owing to the reinitiation
of the translation at a secondary downstream AUG. The resulting
truncated protein lacks most of the N-term domain involved in
protein-protein interactions and proper nuclear localization. As a
result, homozygous Rad51b-c.92delT mice shows meiotic DNA
repair defects with RAD51 and HSF2BP/BRME1 accumulation in
the chromosome axes which leads to a significant reduction in
COs. In addition, RAD51B-c.92delT human-derived lymphoblastoid
cells and mutant MEFs are sensitive to MMC-induced CIN and
revealed a reduced reprogramming efficiency to iPSCs as well as a
decrease in replication fork progression. Of interest, humanized
mice exhibit an increased incidence of hyperplasia of the pituitary
gland likely as a consequence of the RAD51B-c.92delT-induced
genome instability.

METHODS

Case report

Written informed consent was obtained from all subjects before sample
collection for DNA analysis. This study was approved by the Ethics
Committee of Hospital das Clinicas, Sao Paulo University School of
Medicine, Brazil (protocol number 2015/12837/1.015.223). The proposita
(I1-1) and her younger sister (Il-4) were born from first-degree cousins from
Northeastern of Brazil (Fig. 1A). On examination at 23 and 21 years of age
respectively, they were diagnosed with POl presenting with primary
amenorrhea. These siblings had no menarche and physical examination
revealed Tanner stage 1 for breast development (II-1 and II-4) and Tanner
stage IV pubic hair. Consistent with the diagnosis of hypergonadotropic
hypogonadism, basal gonadotropin levels were elevated in the proband
and her affected sister (FSH=44 and 31U/L, LH=21 and 17U/,
respectively) while estradiol levels were undetectable. At first appoint-
ments, physical examination showed normal height (149 and 156 cm
respectively), and body weight (60 and 47 Kg, respectively). Pelvic
ultrasound scans showed an infantile uterus, and the ovaries could not
be visualized. Thyroid, adrenal or ovarian autoimmune disorders had been
excluded in these patients. On karyotyping analysis performed in 30
metaphases, both sisters were 46,XX. Treatment with conjugated estrogens
followed by progesterone replacement resulted in complete breast
development and menstrual bleeding. However, the proband and her
affected sister developed hypertension, insulin resistance, primary
hypothyroidism with absence of thyroid antibodies, and obesity over the
years, being current BMI=41 and 34kg/m?, respectively. During the
course of this investigation, the affected sister was also diagnosed with a
duodenal tubulovillous adenoma with high-grade dysplasia and under-
went surgery. Thereafter, she was found to have an indeterminate hepatic
nodule and hepatic steatosis. She has been followed and no additional
radiotherapy or chemotherapy has been done. The proband has not been
diagnosed with any neoplasia. Regarding their family’s history, one first-
degree cousin and three-second degree cousins were found to have 46,XY
DSD due to 5-alpha-reductase type 2 deficiency.

Genetic analysis

DNA extraction: Genomic DNA was extracted from peripheral blood
leukocytes from all patients using standard procedures. Whole-exome
sequencing: Libraries were prepared on both sisters (Il-1 and 1I-4) and her
unaffected sister (ll-2, as shown in Fig. 1A). Briefly, genomic DNA was
sheared to 200-300 bp using the Covaris acoustic adaptor. Exons were
captured using SureSelect Human All exons kit (Agilent Technologies) and
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sequenced by lllumina platform (HiSeq2500, lllumina). Alignment of raw
data and variant calling were performed following the steps described by
Franca and collaborators [59]). Briefly, the reads were aligned to the human
reference genome GRCh37/hg19 using Burrows-Wheeler aligner [60].
Variant calling was performed with Freebeys and annotated ANNOVAR.
SNVs were run through independent protein pathogenicity predictors:
Polyphen-2, SIFT, Mutation Taster, Mutation Assessor, FATHMM, Radial SVN,
and LRT. Sanger sequencing: Sanger sequencing was done to validate only
the primary variant of interest in all subjects. Primers flanking the RAD51B
variant (ENSG00000182185/NM_133509: exon3:c.92delT:p.Leu31Tyrfs*9)
were used for PCR amplification. Sanger sequencing was performed to
validate only the primary variant of interest in all family subjects for whom
DNA was available. Primers flanking the RAD51B variant
(ENSG00000182185/NM_133509:  exon3:c.92delT:p.Leu31Tyrfs*9)  were
used for PCR amplification. Moreover, Sanger sequencing was used to
screen 235 fertile Brazilian control women for the presence of the putative
damaging variant. All PCR products were sequencing using BigDye
terminator v1.1 followed by automated sequencing at the ABI PRISM 310
(Applied Biosystems, Foster City, CA).

RNA extraction from patient blood samples

Blood samples were centrifuged at 400 x g for 10 min at room temperature
with the brake off for leukocyte isolation. The buffy coats were removed,
and RNA extractions were performed by adding TRI-reagent according to
the manufacturer's recommendation (Sigma). Total RNA was reverse-
transcribed using MMLV RT enzyme (Takara) and standard procedures. The
expression and integrity of patients RAD51B transcript were studied by RT-
PCR using the high-fidelity Herculase Il fusion DNA polymerase (Agilent)
and the couple of primers RAD51B-Fext: 5'-GCATGGGTAGCAAGAAACT
AAAA-3" and RAD51B-Rext: 5'-GATCCACAAGCCACACCAC-3' encompassing
the c.92delT variant. The oligo RAD51B-Fint: 5-GAGCTGTGTGACCGTCTG
AG-3’ was used to verify the PCR product by Sanger sequencing (Eurofins
genomics).

Generation of CRISPR/Cas9-edited mice

For developing the Rad516"*" model, Rad51b-sgRNA1 5/-CTAGAACT-
TATGAAAGTGAC-3’ and sgRNA2 5-GAGACTTAAAAAGTGCTAAA-3' tar-
geting the exon 3 were predicted at https://eu.idtdna.com/site/order/
designtool/index/CRISPR_SEQUENCE. The designed ssODN contains the
muted base (c.92delT) and mutations that humanize the locus
(TTTTAAGTCTCTCCCCACTAGAACTTATGAAA > TTTATGTCTCTCCCCACTG-
GAGCTTATGAAG). The crRNAs, the tracrRNAs and the ssODNs (Supple-
mentary Table 7) were produced by chemical synthesis by IDT. The
crBRNA and tracrRNA were annealed to obtain the mature sgRNA. A
mixture containing the sgRNAs (20 ng/ul of each annealed sgRNA), 30
ng/pl of recombinant Cas9 protein (IDT) and 10 ng/pl of the ssODN were
microinjected into B6/CBA F2 zygotes (hybrids between strains C57BL/6
J and CBA/J) [61] at the Transgenic Facility of the University of
Salamanca. Edited founders were identified by PCR amplification (Taq
polymerase, NZYtech) with primers flanking the edited region (Supple-
mentary Table 7). PCR products were directly sequenced or subcloned
into pBlueScript (Stratagene) followed by Sanger sequencing. Selected
founders, carrying the desired alleles, were crossed with wild-type
C57BL/6J to eliminate possible unwanted off-targets. Heterozygous
mice were re-sequenced and crossed to generate the edited homo-
zygotes. Genotyping was performed by agarose gels analysis or Sanger
sequencing (in Rad57b humanized mutant) of PCR products from
genomic DNA extracted from tail biopsies.

Histology

For histological analysis, after the necropsy of the mice their testes were
fixed in Bouin's fixative, ovaries and pituitary glands were fixed in 10%
formol. Tissues were processed into serial paraffin sections and stained
with haematoxylin-eosin (ovaries) or Periodic acid-Schiff (PAS) and
haematoxylin (testes). Jones’ reticulin staining was performed automati-
cally on the Artisan™ Link Pro Special Staining System (Dako). Prolactin
and ACTH detection by IHC was carried out in an Artisan Link Pro (DAKO) at
pH6 using a polyclonal rabbit against prolactin (A0569) and a mouse
monoclonal against ACTH (clone 02A3; 1:100), respectively. GH, FSH, and
LH detection was carried out in an ultra-view BenchMark (Roche) using a
rabbit polyclonal antibody against ACTH (206A-74), a rabbit polyclonal
against GH (208A-74), a rabbit polyclonal against SH (EP257), and a rabbit
polyclonal against LH (209A-14). All the immunohistochemical stainings for
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pituitary hormones ACTH, TSH, GH, LH, FSH were negative, using normal
pituitary as a control. The samples were analyzed using a microscope
OLYMPUS BX51 and images were taken with a digital camera OLYMPUS
DP70. Primordial cell evaluation was carried out by serially slicing into 5
thick sections the inner third of each ovary.

Fertility assessment
Rad516"""T and Rad516"*' females (8 weeks old) were mated with wild
type males, respectively, over the course of 4-12 months. 8 mice per the
wild type and 10 mice in the case of Rad516*¥ were crossed. The
presence of copulatory plug was examined daily and the number of pups
per litter was recorded.

RAD51B localization in Cos7 cells

Localization of RAD51B variants was studied in COS7 cells transfected with
Jetpei (PolyPlus) according to the manufacturer’s protocol. 5 x 10 cells
were plated on 0.5% fish gelatin-treated (Sigma-Aldrich) 35 mm culture
dishes and were subsequently transfected the day after with 0.2 ug of GFP-
fused expression vectors. The culture media was replaced after 24 h. COS7
cells were fixed 48 h post-transfection with 4% formaldehyde solution
(ThermoFisher) for 7 min at 4 °C. They were washed three times in 1X PBS
before a permeabilization with 0.2% Triton X-100 in KB buffer (0.1 M Nadl,
20 mM Tris-HCI pH 7.5, 0.1% BSA). Cells were then washed again and
blocked in 7% FBS-supplemented 1X PBS for 30 min at RT. After that, they
were incubated with a rabbit anti-GFP antibody (Invitrogen) 1:300-diluted
in 7% FBS in PBS for 1 h in a wet chamber at RT. After three washes in 1X
PBS, the cells were incubated with a secondary FITC anti-rabbit antibody
(Jackson Immunoresearch) diluted 1:100 in 7% FBS in PBS for 1h. The
slides were rinsed 3 times in PBS and finally mounted with Vectashield®
and DAPIL. Images were taken at 63X magnification with the Laser Scan
Confocal Microscopy Leica SP8 (Leica).

Immunocytology and antibodies

Testes were detunicated and processed for spreading using a conventional
“dry-down” technique. Oocytes from fetal ovaries (E18 and E18.5 embryos)
were digested with collagenase, incubated in a hypotonic buffer,
disaggregated, and fixed in paraformaldehyde. Rabbit polyclonal anti-
bodies (R1 and R2 generated from two different host rabbits) against
HSF2BP and BRME1 were developed by ProteintechTM against a fusion
protein of poly-His with full length HSF2BP or BRME1 (pUC57 vector) of
mouse origin. Rabbit polyclonal antibody against DMC1 was developed by
ProteintechTM against a DMC1 peptide (EESGFQDDEESLFQDIDLLQKHGIN-
MADIKKLKSVGICTIKG). Both meiocytes were incubated with the following
primary antibodies for IF: rabbit anti-yH2AX (ser139) IgG #07-164 (1:500,
Millipore), mouse anti-yH2AX (ser139) IgG #05-636 (1:400, Millipore), rabbit
aRAD51 PC130 (1:100, Calbiochem), rabbit aBRME1 R2 (1:200, Protein-
techTM), rabbit aHSF2BP R2 (1:30, ProteintechTM), mouse aMLH1 51-
1327GR (1:30, BD Biosciences), rabbit aRPA serum “Molly” (1:30, provided
by Dr. Edyta Marcon, Medical Research University of Toronto, Canada), rat
RPA2 2208S (1:100, Cell Signaling), rabbit aSPATA22 16989-1-AP (1:60,
Proteintech), rabbit aDMC1 (1:500, ProteintechTM), mouse aSYCP3 IgG sc-
74569 (1:1000, Santa Cruz), rabbit serum aSYCP3 K921 (1:500), rabbit
aSYCP1 1gG ab15090 (1:200, Abcam). We could not find any reliable
antibody that detect endogenous mouse HELQ in chromosome spreads,
squashes or cytospin preps. The secondary antibodies used were goat
Alexa 555 a-mouse A-32727, goat Alexa 488 a-mouse A-11001, donkey
Alexa 555 oa-rabbit A-31572, goat Alexa 488 a-rat A-11006 (1:200,
ThermoFisher), goat Alexa 488- Fab a-rabbit 111-547-003 (1:100, Jackson
Immunoresearch). Slides were mounted with DAPI and visualized at room
temperature using a microscope (Axioplan2; Carl Zeiss, Inc.) with 63x
objectives with an aperture of 1.4 (Carl Zeiss, Inc.). Images were taken with
a digital camera (ORCA-ER C4742-80; Hamamatsu) and processed with
Leica LAS X Life Science Software and Adobe Photoshop CS6 (Adobe).
Quantification of fluorescence signals was performed using Fiji (Imagel)
software.

Generation of plasmids

The cDNAs encoding RAD51B (full length and truncated constructs) were
RT-PCR amplified from lymphoblastoid cells (derived from patients) RNA.
Full-length ¢cDNAs encoding RAD51B (WT and mutant constructs), RPA1,
BRCA2 (N, M and C constructs), PALB2, RAD51, BRME1, RAD21, DMCT,
HELQ, RAD51C, MEIOB and HSF2BP were RT-PCR amplified from murine
testis RNA using the primers listed in Supplementary Table 7. The cDNAs
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were cloned into the EcoRV pcDNA3, EcoRV pcDNA3-2XFlag, Smal
pcDNA3-2XHA, Smal pEGFP-C1 or Smal pEGFP-NT expression vectors
under the CMV promoter. In frame cloning was verified by Sanger
sequencing.

Site-directed mutagenesis analysis

Point-mutations were introduced to hRAD51B cloned in pEGFP-N1 using
primers listed in Supplementary Table 8 (with the desired mutation) in
which the three secondary methionine codons were PCR replaced by CGN
encoding alanine codons (individual and double Met to Ala substitutions).
The parent template was removed using a methylation-dependent
endonuclease Dpnl. Plasmids are isolated from the resulting colonies
and screened for the desired modification. Positive clones are verified by
Sanger sequencing.

Immunoprecipitation

HEK293T cells were transiently transfected with WT or Kl constructs of
RAD51B in combination with full-length cDNAs encoding RPA1, BRCA2 (N,
M and C constructs), PALB2, RAD51, BRME1, RAD21, DMC1, HELQ, RAD51C,
MEIOB and HSF2BP. Whole cell extracts were prepared in a 50 mM Tris-HCI
pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100 buffer supplemented
with protease inhibitors. Those extracts were cleared with protein G
Sepharose beads (GE Healthcare) for 1h. Immunoprecipitations were
performed using rabbit aFlag 1gG (3.2 ug; F7425, Sigma-Aldrich), rabbit
aRad51b R2 IgG (3 pg; ProteintechTM), ChromPure rabbit IgG (3.4 ug/1 mg
prot; 011-000-003). These were incubated with the extracts for 2 h and
immunocomplexes were isolated by adsorption to protein G-Sepharose
beads overnight. After washing, the proteins were eluted from the beads
with 2xSDS gel-loading buffer 100 mM Tris-HCI (pH 7.0), 4% SDS, 0.2%
bromophenol blue, 200 mM B-mercaptoethanol and 20% glycerol, and
loaded onto reducing polyacrylamide SDS gels.

Western blot

HEK293T cells were transfected with WT and mutated constructs encoding
human RAD51B generated with the site-directed mutagenesis. They were
cultured for 48 h before lysis in RIPA buffer (50 mM Tris HCl pH 7.4. 150 mM
NaCl, 1 mM EDTA, 1% Triton X-100) supplemented with protease inhibitors.
Cell lysates were sonicated to disrupt cell membranes and shear DNA. After
total protein quantification using Bradford assay, 5 pg of protein extracts
were loaded onto reducing polyacrylamide SDS gels. Primary antibodies
used for western blotting were mouse aFlag IgG (1:3000; F1804, Sigma-
Aldrich), mouse aHA IgG (1:3000; 11 101 R, Covance), rabbit aRAD51B
R2 (1:2000, ProteintechTM), rabbit aGFP IgG (1:3000; A11122, Invitrogen),
rabbit aHSF2BP R2 (1:2000, ProteintechTM). Secondary fluorochrome-
conjugated a-mouse DyLight™ 680 (35518, ThermoFisher), a-rabbit
DyLight™ 800 (35571, ThermoFisher) antibodies were used at 1:10000 dilu-
tion and incubated in dark. The fluorescent signal of the antibodies
was obtained through Odyssey Infrared Imaging system. Full length
original western blots for these results are provided in Supplementary
information.

Immunoprecipitation coupled to Mass spectrometry analysis
Testis extracts and human lymphoblastoid cells were prepared in 50 mM
Tris-HCL (pH8), 500 mM NaCl, 1 mM EDTA, 1% Triton-X100 and 10 mg of
extracts were incubated 2h with 30 ug of antibody against mouse
RAD51B (residues 122 to 350, ProteintechTM) or IgG from rabbit. The
corresponding immunocomplexes were incubated with 60 pl of sephar-
ose beads overnight. After washing, beads were eluted in 100 mM
glycine pH 2.5-3 and analyzed by Lc-MS/MS shotgun in LTQ Velos
Orbitrap at the Proteomics facility of Centro de Investigacién del Cancer
(CSIC/University of Salamanca). Raw data were analyzed using MaxQuant
v 1.6.26 (Cox and Mann, 2008) against SwissProt Mouse database
(UP000000589, Oct, 2019) and MaxQuant contaminants. All FDRs were of
1%. Variable modifications considered were oxidation of M and
acetylation of the N-term, while fixed modifications included only
carbamidomethylation of C. The maximum number of modifications
allowed per peptide was 5. The proteins related with DNA repair were
quantified using iBAQ [62].

Cell culture
Primary MEFs were derived from embryonic day 13.5 (E13.5) embryos
following standard procedures. MEFs, HEK 293 T and Cos7 cell lines were
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cultured at atmospheric oxygen pressure in Dulbecco’s modified Eagle’s
medium (GIBCO) supplemented with 10% fetal bovine serum (GIBCO), and
2mM Glutamine. MEFs were immortalized at passage 2 using SV40 and
hTERT for clonogenical survival assay. Lymphoblast cell lines were derived
from donor B-lymphocytes by Epstein Bar virus transformation according
to standard procedures and cultured in RPMI medium (GIBCO) supple-
mented with 10% inactivated fetal bovine serum (GIBCO), and 2mM
Glutamine. Cell lines were tested for mycoplasma contamination using the
Mycoplasma PCR ELISA (Sigma).

Cell proliferation assay and DNA damage recuperation

For cell proliferation assays, 2.5 x 10* cells/well were seeded in 12-well
plates in duplicates in complete media. Continuous treatment was
started in 18 h at the following doses: 0, 5, 10, 20, and 30 ng/ml for MMC;
0, 5, 10 and 20 uM for HU; 0, 50, 100, 500 nM for Aphidicolin. Cells from
one plate were trypsinized and counted as a “before treatment” day1
reference. Three days later (4th day after seeding) the remaining cells
were counted the same way. Day1 reference numbers were subtracted
from day 3 cell numbers to evaluate growth of each cell line. The
resulting cell counts were expressed as percentages from the untreated
wells. For monitoring the efficiency of DNA repair, 1.4x 10* MEFs
cells/well were treated with 1 ug/ml for one hour and the recuperation
of the DNA was measured by quantification of yH2AX foci at 0, 6, 12, 48
and 72 h.

Clonogenic survival assay

Clonogenic survival following an exposure to MMC was assessed in
immortalized wild-type and mutant Rad57b MEFs. 700 cells were plated
per well in 60 mm plates. The day after plating, cells were treated with 0,
50, 100, 150 and 300 nM of MMC and allowed to incubate for 2 h. After
drug treatment, media was removed, cells were washed several times with
phosphate buffered saline (PBS), and fresh media was added. Once
colonies were detectable by the naked eye (7-12 days), media was
removed, and cells were washed with PBS and incubated for 30 min at
room temperature in a fixation solution (8% paraformaldehyde in cell
media). The fixation solution was removed, and colonies were stained with
Giemsa (0.02% Giemsa solution in PBS) for 30 min at room temperature.
Plates were then rinsed with water and allowed to dry. Colonies were
counted by hand.

Karyotyping of mice bone marrow, lymphoblastoid cells and
MEFs

Mice between 6-12 weeks old were injected intraperitoneally with a
single dose of 4mg of MMC per kilogram of body weight. After 24 h
were injected with 0.1 ml of 0.5% colchicine solution intraperitoneally
and the karyotyping derived from bone marrow was realized following
standard procedures protocol [63]. Metaphases were obtained after
MMC treatment, 150nM for MEFs at passage 2-5 and 200nM for
lymphoblastoid cells by standard procedures. Active growing cultures
were arrested using colcemide (1 pg/mL) for 4 h for MEFs and 3 h for
lymphoblastoid cells, trypsinized, treated with hypotonic solution (0.75
mM KCI), and fixed with Methanol/Acetic. Metaphase spreads were
Giemsa-stained and analyzed for microscopically visible chromosomal
aberrations. Chromatid gap, chromatid break and triradial/quatriradial
chromosomes were classified as previously described [64]. At least 100
metaphases were counted from three independent mice and embryos of
each genotype.

Single-molecule analysis of DNA replication

Lymphoblastoid cells were treated with 1 ug/ml MMC for 2 h. In the last 40
min, cells were pulse-labelled sequentially with 50 uM CIdU (20 min) and
250 pM IdU (20 min). Labelled cells were resuspended in PBS and lysed in
0.2M Tris pH 7.4, 50 mM EDTA, 0.5% SDS (6 min/ RT). DNA fibers were
prepared and stained as described [65] with the following modification:
slides were incubated in stringency buffer (10 mM Tris-HCI pH 7.4; 0.1 M
NaCl; 0.2% Triton X-100) for 6 min at RT, washed and incubated in blocking
solution for 15 min at RT prior to secondary antibodies incubation. Images
were obtained in a DM6000 B Leica microscope with an HCX PL APO 40x,
0.75 NA objective. Conversion factor 1 ym =2.59 kb was used [66]. Fork
rate values were obtained by dividing the length of green tracks in
ongoing forks by the time of the IdU pulse. Primary antibodies and
dilutions used: CldU (rat monoclonal anti-BrdU, 1:100, ab6326, Abcam), IdU
(mouse monoclonal anti-BrdU, 1:100, BD 347580), ssDNA (1:100, MAB3034,
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Millipore). Secondary antibodies and dilutions used: goat anti-rat IgG AF-
594 (1:300, A11007, Molecular Probes); goat anti-mouse 1gG AF-488 (1:300,
A121121, Molecular Probes), goat anti-mouse IgG2a AF-647 (1:300, A21241,
Molecular Probes).

Sister chromatid exchange analysis

Exponentially growing lymphoblastoid cells were inoculated at a density of
3x10° and were treated with 10uM of BrdU (5-bromodeoxyuridine,
Sigma) for 48 h (approximately two cell divisions). 5 and 10 ng/ml of MMC
was added 24 h after BrdU treatment followed by a 3 h incubation with 1
ug/ml of colcemide. Metaphase spreads were stained with 0.1 mg/ml of
acridine orange (ThermoFisher) in dH,O for 5min at RT. Slides were
washed for 2min under running dH,O tap water, incubated 1 min in
Sorenson Buffer (0.1 M Na,HPQ,4, 0.1 M NaH,PO,, pH 6.8) and mounted in
Sorenson Buffer. Slides were immediately visualized under FITC filter and at
least 30 reciprocal exchange events were counted of each genotype.

iPSC generation from MEFs

For iPSC generation, 2.5 x 10° MEFs were infected with retroviral particles
produced by HEK293T transfected with constitutive retroviral expression
vectors pMXs KLF4, OCT4 and SOX2. The iPSC media (DMEM, GIBCO; 15%
KSR, Invitrogen; 1% Non-essential aminoacids, MEM NEE 100X GIBCO; 1%
PSG; 0,002% B-mercaptoethanol 50 mM, GIBCO; 1000 units/mL LIF, Merck)
was changed every 24 h until iPS cell colonies appeared (after ~14 days of
treatment). Three weeks after plating the MEFs, reprogramming plates
were stained for alkaline phosphatase activity (AP detection kit, MERCK).

Statistics

In order to compare counts between genotypes, we used the Welch’s t-
test (unequal variances t-test), which was appropriate as the count data
were not highly skewed (i.e., were reasonably approximated by a normal
distribution) and in most cases showed unequal variance. We applied a
two-sided test in all the cases. Asterisks denote statistical significance: *p-
value < 0.05, **p-value < 0.01, ***p-value < 0.001 and ****p-value < 0.0001.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

DATA AVAILABILITY

Genomic DNA sequences of H. sapiens (human, 317761), M. musculus (mouse, 75801)
are available on GenBank (https://www.ncbi.nlm.nih.gov/genbank/). Amino acid
sequences of H. sapiens (Q8N1H7), M. musculus (NP_083381) were obtained from the
UniProt database (http://www.uniprot.org/). All remaining data generated during this
study are included in this Article and its Supplementary Information files or available
from the authors upon request from the authors.
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