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SUMMARY
Meiotic crossovers are required for accurate chromosome segregation and producing new allelic combina-
tions. Meiotic crossover numbers are tightly regulated within a narrow range, despite an excess of initiating
DNA double-strand breaks. Here, we reveal the tumor suppressor FANCM as a meiotic anti-crossover factor
in mammals. We use unique large-scale crossover analyses with both single-gamete sequencing and
pedigree-based bulk-sequencing datasets to identify a genome-wide increase in crossover frequencies in
Fancm-deficient mice. Gametogenesis is heavily perturbed in Fancm loss-of-function mice, which is consis-
tent with the reproductive defects reported in humanswith biallelic FANCMmutations. A portion of the game-
togenesis defects can be attributed to the cGAS-STING pathway after birth. Despite the gametogenesis
phenotypes in Fancm mutants, both sexes are capable of producing offspring. We propose that the
anti-crossover function and role in gametogenesis of Fancm are separable and will inform diagnostic path-
ways for human genomic instability disorders.
INTRODUCTION

Fanconi anemia (FA) is a rare genetic condition that affects mul-

tiple systems in the body. Individuals with FA are predisposed to

health issues such as cancers, progressive bone marrow failure,

birth defects, and reduced fertility.1,2 The genes that aremutated

in individuals with FA act in a common genetic and biochemical

pathway. The FA pathway is a DNA repair mechanism best

known for its role in the repair of DNA interstrand cross-links in

somatic cells. There are 22 FANC and FANC-like genes: FANCA,

FANCB, FANCC, FANCD1, FANCD2, FANCE, FANCF, FANCG,

FANCI, FANCJ, FANCL, FANCM, FANCN, FANCO, FANCP,

FANCQ, FANCR, FANCS, FANCT, FANCU, FANCV, and
This is an open access article under the CC BY-N
FANCW.3 FANCM is a DNA translocase, which can remodel

branched DNA structures and provides a physical connection

between multiple genomic stability-related protein complexes.

FANCM orthologs are widely conserved across eukaryotes and

prokaryotes. However, vertebrates tend to have an additional

ERCC4 domain at the carboxyl terminus compared with other

taxa.4 The significance of the ERCC4 in vertebrates is not clear,

as it appears to lack catalytic activity.

In humans and mice, FANCM is required for normal fertility

and gametogenesis.5–12 Reports of male patients with biallelic

mutations in FANCM revealed sterility characterized by non-ob-

structive azoospermia and Sertoli cell-only seminiferous epithe-

lium.8,9,13 Females with a homozygous pathogenic FANCM
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mutation experience premature ovarian insufficiency and there-

fore early menopause.7 It was previously reported that a reduc-

tion in the number of primordial germ cells occurs prior to birth

in Fancm-mutant mice of both sexes.6 Similar losses of primor-

dial germ cells have been observed in other Fanc mouse

models.14–16 In Fancm-deficient mice, at the molecular level, a

significant portion of this reduction was attributed to the ATM-

p53-p21 axis, most notably in the testis. Further, female Fancm

mutants were born at sub-Mendelian ratios,5,6,10 and this was

attributed to embryonic death induced by genomic instability

activating inflammatory pathways.10 Male pups, on the other

hand, were born at normal frequencies.10

A key process within germ cell development is meiosis. At

meiosis, crossovers—large reciprocal exchanges between

homologous chromosomes—are necessary for balanced chro-

mosome segregation at the first division. Strict mechanisms

exist to ensure that each pair of homologous chromosomes

forms at least one ‘‘obligate’’ crossover.17 An absence of cross-

overs between homologs can lead to aneuploid karyotypes and

conditions such as trisomy 21.18,19 The obligate crossover is

linked to a phenomenon known as crossover interference, which

results in relatively even spacing of multiple crossovers on the

same chromosome.20–23 Additional layers of control of cross-

over distribution are determined by PRDM9, through the direc-

tion of the initiating DNA double-strand breaks (DSBs),24–26 as

well as separate mechanisms that influence megabase-scale

crossover patterning.27–30

Meiotic crossovers are formed via the highly regulated and

well-conserved meiotic DSB repair pathway.17 Programmed

meiotic DNA DSBs are generated by SPO11.31–33 The DSBs

are resected to generate 30 single-strand overhangs.34–37 The

recombinases RAD51 and DMC1 are recruited to these single-

stranded tails and form nucleoprotein filaments, which promote

repair that uses the homolog as a template to fill in missing ge-

netic information. The single-stranded nucleoprotein filament

displaces one strand of the homolog, forming a displacement

loop (D loop).37–39 Second-end capture can progress the

D loop toward ‘‘joint molecules’’ such as a double Holliday junc-

tion, which is dependent on a group of proteins collectively

referred to as the ZMMs.40,41,42 The ZMMs are required for

most crossovers in animals, budding yeast, and plants, and

these crossovers are sensitive to interference and often referred

to as ‘‘class I’’ crossovers.41,43–46 The number of class I cross-

overs is positively correlated with synaptonemal complex

length.47–50 An alternative ‘‘class II’’ crossover pathway pro-

duces a smaller proportion of crossovers that are not sensitive

to interference.45,51–57

SPO11-dependent meiotic DSBs occur in excess to the

number of crossovers in diverse species, and therefore

conservedmechanisms likely exist that cap the number of cross-

overs per meiosis.22,23 When programmed meiotic DSBs are

repaired with a homologous template, joint molecules are

formed as intermediates prior to a crossover or non-crossover

outcome,42,43,58–63 and therefore joint molecules present a key

step at which crossover rates can be altered. FANCM family

members have previously been shown to dissociate joint mole-

cules with high efficiency via helicase activity in yeast64,65 and

translocase activity in mammals.66 In addition, FANCM, along
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with co-factors MHF1 and MHF2, has been found to limit the

number of meiotic crossovers in Arabidopsis, fission yeast,

Drosophila, canola, rice, and pea.67–74 This crossover-limiting

function of FANCM may occur through the ability to dissociate

joint molecules during meiotic DSB repair, but is difficult to

demonstrate directly. However, any potential role of Fancm in

meiotic crossover regulation in mammals remains unexplored.

Previous studies have used cytological approaches to test for

roles of FANC genes at meiosis and crossover formation in mice,

in particular, immunofluorescence localization.6,15,16,75–81 How-

ever, it can be unclear what the meiotic consequences of any

cytological phenotypes are because immunofluorescence

data—while extremely useful and used in this study—represent

static time points in a dynamic process. To the best of our knowl-

edge, this is the first study, using genetic approaches through

analysis of haploid meiotic products or live offspring, to demon-

strate a role for a FANC gene in meiotic crossover formation in a

species that has a bona fide FA pathway and therefore tangible

implications for medical research and reproductive health.

Genomic instability has been connected to the activation of

innate immunity.82–84 One way that innate immunity is activated

is through the action of a protein called cyclic GMP-AMP syn-

thase (cGAS), which binds to double-stranded DNA in the

cytosol and triggers a type I interferon response through another

protein called stimulator of interferon genes (STING).85 However,

the exact relationship between reduced fertility resulting from

genomic instability and the activation of innate immunity is not

yet fully understood.

Herewe reveal an anti-crossover role duringmeiosis forFancm

in mammals using traditional pedigree-based techniques and

single-sperm sequencing. We also present the application of

new bioinformatics and wet-lab tools, sgcocaller, comapr, and

SSNIP-seq,86,87 in this area, in particular in the use of a droplet-

based single-sperm sequencing technique. Further, genomic

analysis of products of meiosis is achieved using both pedi-

gree-based and sperm-based sequencing approaches. Side-

by-side comparisons of these traditional and novel approaches

are largely unexplored in mammals.88 We also build on previous

findings on the role of Fancm in fertility and gametogenesis. We

reveal a role for the cGAS-STING innate immune response in

driving the loss of germ cells in males, which indicates that the

cGAS-STING pathway may be a target for ameliorating the

impaired gametogenesis that occurs in patients with genomic

instability.

RESULTS

Generation of Fancm-mutant mice
To investigate a potential function for Fancm in crossover control

in mammals, we generated two mouse models. Fancm-

knockout mice were generated independently—with two sepa-

rate targeting events—in different genetic backgrounds, FVB/N

and C57BL/6J, herein referred to as FVB.FancmD2/D2 and

B6.FancmD2/D2, respectively (Figure S1). Two single-guide

RNAs (sgRNAs) were generated to target the second exon of

FANCM, similar to a previous approach.5 Targeted resequenc-

ing of the exon 2 borders confirmed the deletion (Figure S1).

The Fancm heterozygous founders were backcrossed three
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times to their respective strains of FVB/N or C57BL/6J to in-

crease the probability of eliminating any possible off-target mu-

tations that may have been introduced by Cas9. FancmD2/D2

mice were viable in both strains. Null mice of both strains were

outwardly normal except for a slight reduction in the body weight

of female B6.FancmD2/D2 mice (p < 0.0001; Figure S2) and sub-

fertility. Complete blood counts were similar to those of the wild-

type controls (Figure S2). Cancers were not detected in any mice

in the study; however, mice used in the study were typically

young adults. The loss of Fancm resulted in phenotypes consis-

tent with what has been observed previously.5,6,8 We observed a

dose-dependent increase in chromosome fragility in lympho-

cytes following exposure to the cross-linking drug mitomycin C

(Figures S3A and S3B). We also observed an increase in micro-

nucleated red blood cells under basal conditions, similar to

previous findings6 (Figure S3C). Finally, we observed a loss of

FANCD2 monoubiquitination in splenic B cells under basal con-

ditions, under replication stress (hydroxyurea), and when treated

with a DNA cross-linker (mitomycin C), consistent with loss of

function of Fancm and loss of the catalytic function of the E3

ligase complex that it anchors to somatic DNA damage5,89

(Figure S3D).

Fancm-mutant mice are sub-fertile
Human studies have reported that loss of FANCM is associated

with infertility in males and premature menopause in females.7,8

Therefore, to extend our understanding of the origins of this pa-

thology using mouse models, we set up breeding pairs with

either a female or a male FancmD2/D2 mouse with a Fancm+/+

or Fancm+/D2 partner. Both male and female FancmD2/D2 pro-

duced pups that appeared outwardly normal. Average litter sizes

were significantly reduced in male and female B6.FancmD2/D2

mice (p = 0.004 and p = 0.022, respectively) compared with

B6.Fancm+/D2 controls (Figure S4A). The average litter sizes

were not different between Fancm loss-of-function genotypes

for FVB/N and F1 (FVB/N 3 C57BL/6J) strains. There was no

difference observed in the average time between litters for

all strains (Figure S4B). When investigating the average

number of pups born per litter, we found that female FVB and

B6.FancmD2/D2 mice produced fewer litters, which were also

smaller (Figures S4C and S4D), suggesting that thesemice could

be useful models for the investigation of premature ovarian insuf-

ficiency seen in humans with biallelic mutations in FANCM.7 This
Figure 1. Fancm limits meiotic crossovers as measured using differen
(A) Crossovers were assayed using high-throughput sequencing of individual spe

PCR of selected SNPs.

(B) Cumulative centimorgans calculated using data from three different assays: (i)

FancmD2/D2, 190 sperm from Fancm+/+), (ii) high-throughput sequencing with BC1

Fancm+/+), and (iii) PCR-based markers with BC1F1 pups (n = 31 FancmD2/D2, 25

to derive female genetic distances (n = 100 FancmD2/D2, 50 Fancm+/D2, 50 Fancm+

as input and converted into genetic distances in centimorgans using the Kosam

genome. All three approaches demonstrate a significant increase in total genet

Fancm+/+ littermates. Note: for PCR genotyping, chromosome 10 is not presente

(C and D) Four selected chromosomes, 1, 4, 8, and 11, which drove a significan

distances were plotted in 10Mb chromosome bins for four selected chromosomes

BC1F1 pups [bottom]). No significant differences were observed in genotype gro

(D) Cumulative genetic distances per chromosome from F1 single-sperm sequenc

testing correction.
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aside, the fertility of the mice provided an opportunity to use ge-

netic approaches to study meiotic outcomes in a FancmD2/D2

mammal.

Fancm limits meiotic crossovers in mammals
We characterized the effects of Fancm loss on meiotic crossing-

over in F1 hybrids using three different methods. We began with

male F1 mice, which were backcrossed to the FVB/N strain to

generate BC1F1 offspring (Figure 1A). Using a PCR-based

genotyping method with a set of 271 informative SNP markers

across 56 mice (n = 31 FancmD2/D2, n = 25 Fancm+/+), we deter-

mined that F1.FancmD2/D2 have a significant increase in cross-

over numbers and therefore total genetic map length. The

genetic maps for FancmD2/D2 and Fancm+/+ were 1,305 and

1,030 cM, respectively (p = 0.003, permutation test [B = 3,000])

(Figure 1Biii).

Using the same breeding strategy (Figure 1A), we extended

the crossover analysis with high-throughput ‘‘bulk’’ DNA

sequencing with BC1F1 individual offspring and generated

DNA sequencing datasets with 13–53whole-genome coverage

for each BC1F1 pup (total n = 372, with 200 from female F1 and

172 from male F1). Approximately 4 million informative SNP

markers between C57BL/6J and FVB/N were assayed to detect

the strain origins in the BC1F1 genomes to call crossovers. With

increased marker density, more crossovers were detected in the

wild-typemice, andwe observed an increase in total genetic dis-

tances in FancmD2/D2 compared with Fancm+/+ and Fancm+/D2

pooled together (p = 0.03, permutation test [B = 1,000], with

1,339 and 1,249 cM, respectively) (Figures 1Bii and S5), and

the hypercrossover phenotype due to the loss of Fancm was

recessive (p = 0.45, permutation test [B = 1,000], 1,242 cM

Fancm+/D2 and 1,256 cM Fancm+/+). Female genetic distances

were higher in FancmD2/D2 compared with Fancm+/+ and

Fancm+/D2, but not significantly different (p = 0.15, permutation

test [B = 1,000], 1,438 and 1,385 cM) (Figure 1Biv), and crossover

distributions were unaffected (Figure S6).

Next, we assayed crossover frequency and distributions with

single-gamete (haploid) sequencing in F1 males (total n = 408

gametes from three animals per genotype). We used a droplet-

based method of partitioning individual gametes coupled

with low-level whole-genome amplification (STAR Methods).

Total map lengths per sample within genotype groups were

reproducible (Figures 1Bi, S7A, and S7B) and no bias in marker
t generations and technologies
rm from F1 mice, bulk whole-genome DNA sequencing of BC1F1 animals, and

F1 single-sperm sequencing (n = 3 animals per genotype; n = 218 sperm from

F1 pups (n = 98 mice from FancmD2/D2, 34 mice from Fancm+/D2, 40 mice from

Fancm+/+ independent animals per genotype). (iv) 200 BC1F1 pups sequenced
/+ independent animals per genotype). Observed crossover fractions were used

bi mapping function and presented as cumulative centimorgans across the

ic map length in male FancmD2/D2 mutants compared with that measured in

d as full length due to lower marker coverage.

t portion of the increase in map length in the mutants are plotted. (C) Genetic

for two assays (F1 single-sperm sequencing [top] and bulk DNA sequencing of

ups in each bin.

ing data with permutation p values printed for each chromosome after multiple
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segregation was observed (Figures S7C and S7D). Crossover

frequencies across the genome were reproducible between sin-

gle-gamete and bulk sequencing assays (Figures 1C and S8).

Further, the total map lengths of all chromosomes for all condi-

tions had a minimum approximate length of 50 cM, similar to

the BC1F1 sequencing data (Figure S7B). These observations

suggest that single-gamete sequencing can be reliably used

for crossover detection. Differences in genetic distances along

chromosomes in bins of 10 Mb were tested in genotype groups,

but no significant differences were observed for both assays for

any one interval (Figure 1C). To call crossovers using single-

sperm sequencing data and downstream analyses, we devel-

oped an open-source bioinformatic tool kit containing sgcocaller

and comapr86 (see STAR Methods). Consistent with the bulk-

sequencing and PCR-basedmethods, an increase in total cross-

over frequency and map length was observed in FancmD2/D2

compared with Fancm+/+ (p = 0.001, permutation test [B =

1,000], 1,347 and 1,178 cM, respectively) (Figure 1Bi). In conclu-

sion, the triangulation of complementary and independent

methods of crossover detection supports the finding that

FANCM limits crossover formation in mammals, with the

complementary strategies revealing an effect of a similar order

of magnitude when considering sampling variance, and

that marker densities vary substantially between the techniques

used.

While genome-wide crossover numbers were elevated in

Fancm-deficient mice, the general crossover distribution in

FancmD2/D2 appeared to be comparable to that of the wild type.

The regions that had an increase in crossover frequency did not

have a detectable unifying genomic feature (Figures S9–S11).

Nevertheless, the data from individual sperm show a significant

increase in total crossovers per chromosome that was most

notable for chromosomes 1, 4, 8, and 11 (Figure 1) (one-sided t

test with multiple testing correction ‘‘fdr’’ with a total number of

19 tests). Crossover frequencies were also converted to genetic

distances in centimorgans per chromosome. The differences in

total centimorgans between genotypes per chromosome were

tested using permutation-based methods, which showed a sig-

nificant increase in FancmD2/D2 for chromosomes 1, 2, 4, 8, 9,

11, 13, and 18 before multiple testing correction (permutation

p < 0.05, B = 1,000), while chromosomes 1, 2, 4, 8, 11, and 13 re-

mained significant after multiple testing correction (using fdr for a

total number of 19 tests) (Figure 1D). An increase in crossover fre-

quency on chromosome 11 in sperm from FancmD2/D2 mice was

detected with all three methods, and an attempt to understand

this phenomenon was pursued. Previous studies have high-

lighted how chromosome 11 has a particularly high crossover

density per megabase in the wild type and have developed pre-

dictive models of crossover distributions.30,90 We compared

the predicted crossover densities from the fitted linear regression

model from Pratto et al.,30 which used the physical chromosome

size, meiotic DSB frequency, and replication speed on C57BL/

6 3 CAST,90 with our observed crossover densities. The model

predicts lower crossover densities generally than are observed

for the C57BL/6 3 FVB/N data (this study), and predictions

were better for FancmD2/D2 than for Fancm+/+. Chromosome 11

fit relatively well with the model in FancmD2/D2 in both the pedi-

gree- and the sperm-based approaches, with a much higher
crossover density (Figure S12), revealing that chromosome

size, DSB number, and replication speed are good chromo-

some-scale crossover predictors for Fancm-deficient mice. We

interpreted this fit to indicate that the extra crossovers in Fancm

loss-of-function mice had a relative distribution between chro-

mosomes comparable to that of Fancm+/+.

During the development of our single-sperm sequencing and

crossover mapping methods we attempted to identify cross-

overs with single-sperm RNA-sequencing (RNA-seq) data.

Despite careful data generation and analysis, however, this

was unsuccessful. Cytoplasmic sharing of sperm is docu-

mented,91 but we sought to test whether a sufficient proportion

of non-shared transcripts could be used for crossover mapping.

We sorted haploid sperm cells from F1.FancmD2/D2 and

F1.Fancm+/+ to use as input for library preparation with the

103 Genomics single-cell gene expression protocol (Single

Cell 30 v.2). CellRanger (cellranger-mm10-3.0.0, GRCm38, anno-

tation version 93) called over 15,000 barcodes per input sample

as high-confidence single cells. However, even after rigorous

quality control of called cells using best-practice workflows,92

we observed frequent and extensive regions of heterozygosity

(variant allele frequencies 0.5) for putative haploid cells. The

extent of heterozygosity was too high to allowmapping of cross-

overs from droplets containing one spermatid. The frequent

detection of heterozygosity suggests that the degree of cyto-

plasmic transcript-sharing levels between spermatids prevents

the accurate haplotyping of gametes that are needed for cross-

over mapping. Nevertheless, we could reproduce previous find-

ings93 that there exists a subset of transcripts that aremore infor-

mative than average as to the nuclear genotype of a spermatid

(Figure S13). Taken together, these results suggest that ‘‘sin-

gle-cell’’ sequencing of RNA from mouse sperm should be

considered as a mixture of spermatogonial transcripts that are

partitioned into the products of meiosis and that do not neces-

sarily represent the nuclear genome of post-meiotic sperm cells.

Crossover interference and the obligate crossover are
unaffected by a hyperrecombination phenotype
As we observed an increase in crossover frequency in Fancm-

deficient mice, we sought to test how these extra crossovers

are generated and if they show characteristics of the class I

and/or class II pathways. Crossovers from the class I pathway

are typically sensitive to crossover interference, meaning that

they are more distantly spaced than would occur by chance.

Therefore, we analyzed spacing between two crossover events

on the same chromosome. These intercrossover distances

from our genetic data revealed that crossovers were more

distantly spaced than random in all datasets analyzed where

sample size permitted (Figures 2A and 2B) for both the wild

type and the mutant. The random distributions of intercrossover

distances were generated through permutation via label swap-

ping (Figures 2C and 2D and supplemental information).

Given that there is an increase in crossover number in the

Fancm-deficient mice, we tested whether the proportion of class

I and class II crossovers was affected. In the BC1F1 bulk

sequencing experiment, the distribution of intercrossover dis-

tances was significantly different between the mutant and the

wild type (p = 0.02, Wilcoxon rank-sum test with continuity
Cell Genomics 3, 100349, August 9, 2023 5



Figure 2. Extra crossovers in Fancm are consistent with the characteristics of class II crossovers

Interference is detected in Fancm-deficient male mice, but extra crossovers fit with a more random distribution and are not labeled by MLH1/3.

(A and B) Intercrossover distances were quantified in the wild type and the mutant from the BC1F1-derived bulk sequencing and sperm sequencing data by

including only chromosomes with exactly two crossovers. Printed p values are from Wilcoxon rank-sum test. (A) n = (175 FancmD2/D2 and 109 Fancm+/* double

crossovers per group. Fancm+/* indicates pooling of Fancm+/+ and Fancm+/D2 data, as their crossover rates were shown not to be significantly different).

(B) n = (453 FancmD2/D2 and 276 Fancm+/+).

(C and D) Crossover interference is observed in the wild type and the mutant, as the observed intercrossover distributions are more evenly spaced than an

expected random distribution generated via permuting genotype group labels (B = 1,000).

(E) Cytological measurement of interference used MLH3 interfocus distances in both the wild type and the mutant. n = 2 F1 (FVB/N 3 C57BL/6J) mice per

genotype. Total cells analyzed: 62 F1.Fancm+/+ and 47 F1.FancmD2/D2. Gray bars indicate mean ± SD.

(F) Synaptonemal complex length was assessed by measuring SYCP1 and SYCP3 length in micrometers per nucleus in pachytene spermatocytes. Total cells

analyzed: 16 F1.Fancm+/+ and 22 F1.FancmD2/D2. Gray bars indicate mean ± SD.
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correction, n = 175 FancmD2/D2 and 109 Fancm+/* double cross-

overs per group), with the difference being attributable to a

portion of closer double crossovers (Figure 2A). The increased

proportion of physically closer double crossovers in Fancm-defi-

cient mice is consistent with the idea that there was an increase

in class II crossovers. The same pattern was observed in the sin-

gle-gamete sequencing data (p = 0.001, Wilcoxon rank-sum test

with continuity correction, n = 453 FancmD2/D2 and 276 Fancm+/+

double crossovers per group) (Figure 2B). We used a comple-

mentary approach to test for characteristics of class I and class

II crossovers in the Fancm-deficient mice by analyzing MLH1

and MLH3 focus distributions, which are required for, and
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localize to, the sites of class I crossovers.57,94–98 Using labeling

of MLH3 and MLH1 as a proxy for class I crossovers revealed

no difference in event spacing and that crossover interference

is present in the wild type and the mutant (Figure 2E). The length

of the synaptonemal complex is positively correlated with the

number of class I crossovers.47–50 Therefore, we measured the

length of the synaptonemal complex in the absence of Fancm

by measuring the central and axial elements, SYCP1 and

SYCP3, respectively. Synaptonemal complex length appeared

unchanged in pachytene in the mutant compared with the wild

type (Figure 2F). No differences in prophase I progression were

observed in F1.FancmD2/D2 compared with the wild type, with



Figure 3. Meiotic double-strand break repair was relatively normal in FancmD2/D2 spermatocytes

(A) Representative images of F1.Fancm+/+ and F1.FancmD2/D2 spermatocyte chromosome spreads from meiotic prophase, stained for the indicated proteins

(top), and quantification of foci per nucleus in wild-type and FancmD2/D2 spermatocytes. Each data point is a count from one cell. Scale bar, 5 mm. Gray bars

indicate mean ± SD. F1.Fancm+/+: RAD51 foci at leptonema (217.65 ± 68.8), MSH4 foci at zygonema (164.2 ± 40.4), andMLH3 foci at pachynema (23.7 ± 3.3).

F1.FancmD2/D2: RAD51 foci at leptonema (250.0 ± 85.5), MSH4 foci at zygonema (150.3 ± 43.6), andMLH3 foci at pachynema (24.9 ± 2.7). Total RAD51-labeled

cells analyzed: 79 F1.Fancm+/+ and 46 F1.FancmD2/D2. Total MSH4-labeled cells analyzed: 16 F1.Fancm+/+ and 26 F1.FancmD2/D2. Total MLH3-labeled cells

analyzed: 40 F1.Fancm+/+ and 47 F1.FancmD2/D2.

(B) RAD51 focus numbers are higher at pachynema in FancmD2/D2. Gray bars indicate mean ± SD. Each data point indicates a count from one nucleus.

F1.Fancm+/+: RAD51 foci at leptonema (217.7 ± 68.8), zygonema (164.2 ± 40.4), and pachynema (76.5). FancmD2/D2: RAD51 foci at leptonema (250.0 ± 85.5),

(legend continued on next page)
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all meiotic prophase sub-stages from leptotene to diakinesis be-

ing observed in similar proportions (Table S3). These genetic and

cytological data are consistent with an increase in class II non-

interfering crossovers but an unchanged class I crossover num-

ber and distribution.

As F1.FancmD2/D2 males have increased crossover rates, we

sought to cytologically investigate markers of DSB formation

and repair in mouse spermatocytes using chromosome spreads.

To analyze DSB formation we quantified RAD51 foci throughout

early meiotic prophase I (Figures 3A and 3B). The progressive

decrease in variation and number of RAD51 focus counts in

the wild type was consistent with previous work.23 In FancmD2/D2

spermatocytes, we found that RAD51 foci were slightly

increased at pachytene in the mutant (p < 0.001) in both the F1

hybrid and the FVB/N inbreds, suggesting a delay in processing

of joint molecules that are processed in the absence of Fancm

(Figure 3B). Elevated RAD51 at pachytene was also observed

in Fancm homozygotes previously.6 To assess whether the

elevated RAD51 focus numbers may contribute to DSB repair

failure, we analyzed gH2AX localization. Using gH2AX, sex

body formation appeared normal in F1.FancmD2/D2, and no

persistent gH2AX was observed on autosomes at pachytene us-

ing meiotic chromosome spreads. We next sought to analyze

DSB repair and pathway choice. We analyzed the loading of

the ZMM MSH4, which initially localized to a majority of recom-

bination sites and, along with its binding partner MSH5, is

required for normal synapsis and crossover formation.99–101

MSH4 focus numbers were unchanged between Fancm geno-

types in recombination intermediates labeled by MSH4 (Fig-

ure 3A). Similarly, MLH1 and MLH3 focus numbers, markers of

class I crossovers, were unchanged in Fancm-deficient mice

(Figures 3A and 3C). We assessed whether the extra crossovers

in FancmD2/D2 affect meiotic completion. The obligate crossover

was unaffected in FancmD2/D2, as bivalent formation was un-

changed when analyzed with Giemsa-stained male meiotic

metaphase I chromosomes (Figures 3D and 3E). Similar quanti-

fication of meiotic metaphase I on histological sections revealed

no detectable difference in unbalanced univalents between

genotypes (Table S4). Taken together, these data from

different steps of DSB repair and crossover formation suggest

that the extra crossovers in a mammalian Fancm mutant are

not class I crossovers and do not dramatically affect meiotic

progression.

Spermatogenesis and oogenesis are perturbed in
FancmD2/D2 mice
One of the few unifying phenotypes of mouse models from the

FA pathway, including Fancm-deficient mice,5,6,8 is abnormal

gonad development and sub-fertility.102 We explored this further

and found that FancmD2/D2 testicular weight was reduced
zygonema (150.3 ± 43.6), and pachynema (110.6 ± 30.3). Scale bar, 5 mm (***p

phase).

(C) Variation in MLH3 foci in B6, FVB, and F1 backgrounds. Eighty-nine F1.Fancm

and 32 FVB.FancmD2/D2 cells were analyzed. Gray bars indicate mean ± SD.

(D) The number of Giemsa-stained bodies per spermatocyte in Fancm+/+ and Fanc

indicate mean ± SD.

(E) Representative meiotic metaphase I spreads for B6.Fancm+/+ and B6.Fancm
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(Figures 4A and 4B). The reduction in testes weight was signifi-

cant in all strains: FVB.Fancm, B6.Fancm, and F1.Fancm (Fig-

ure 4B). The reduction in the F1.Fancm, however, was not as

strong as the reduction in testicular weight in the two inbred

strains. In all three strains, daily sperm production was reduced

in the mutant, indicating that Fancm is required for normal sperm

production levels (Figure 4C). Further, computer-assisted sperm

analysis revealed that, for those sperm that were produced, both

B6.Fancm and FVB.Fancm had a decrease in the percentage of

motile and progressively motile sperm (Figures 4D and 4E); how-

ever, this resulted in reduced litter sizes only in B6.Fancm. In

females, ovary weights were reduced in B6.Fancm; however,

the difference was less dramatic than what was seen for male

gonads. FVB.Fancm and F1.Fancm ovary weights were lower

than those of their wild-type littermates on average but did not

reach statistical significance (Figure 4F). However, a dramatic

reduction in the number of follicles per ovary was observed in

Fancm-deficient FVB/N, C57BL/6J, and F1 mice, consistent

with a premature ovarian insufficiency phenotype (Figures S14

and S4). Further, superovulated F1 mutants had a reduction in

oocyte numbers (Figure 4G).

cGAS-STING drives spermatogonial defects in Fancm

mice
A mouse model with a point mutation in Fancm has previously

been shown to have smaller testes due to impaired primordial

germ cell proliferation, in addition to a progressive loss of male

germ cells in adulthood.6 To investigate the origin of the sub-

fertility of our B6.FancmD2/D2 males and the reduced daily sperm

production across all Fancm-deficient strains, we analyzed the

seminiferous tubules of wild-type and mutant mice. Histological

analysis of the FVB.FancmD2/D2 strain showed no overt differ-

ences in the testicular histology between mutant and wild-type

littermates (Figure S19). FVB.FancmD2/D2 seminiferous tubules

appeared replete with all germ cell types present, suggesting

the strong reductions in testes weight and daily sperm produc-

tion (Figures 4B–4E) are likely driven by deficient primordial

germ cell proliferation as described previously.6 Histological

analysis of B6.FancmD2/D2, however, showed a number of de-

fects. Most notably, and consistent with the progressive loss of

germ cells seen previously due to Fancm deficiency,6 a small

but significant subset of seminiferous tubules was characterized

by either partial or complete absence of germ cells from the

epithelium (Sertoli cell only; Figures 5A, 5B, S15, and S19). In

the least severely affected of these, vacuoles between adjacent

Sertoli cells were observed in addition to areas of Sertoli cell

cytoplasm devoid of germ cells (Figure 5B). In more moderately

affected tubules, whole populations of specific germ cell types

were depleted (Figures 5B and S15). The most severely affected

tubules were characterized by a Sertoli cell-only phenotype,
% 0.001 [unpaired t test], two F1 mice analyzed per genotype at each meiotic

+/+, 101 F1.FancmD2/D2, 10 B6.Fancm+/+, 20 B6.FancmD2/D2, 32 FVB.Fancm+/+,

mD2/D2. Thirty-one Fancm+/+ and 19 FancmD2/D2 cells were analyzed. Gray bars

D2/D2. Scale bar, 5 mm.



Figure 4. Hypogonadism and gametogenesis

defects in both sexes of Fancm-deficient

mice

(A) Testes fromB6.Fancm+/+ (left) andB6.FancmD2/D2

(right) mice. Scale bar, 5 mm.

(B) Six- to 14-week-old testes weights were lower

in the mutants in all strains. Gray bars indicate

mean ± SD.

(C) Quantification of daily sperm production. Gray

bars indicate mean ± SD.

(D and E) Total sperm motility (D) and sperm pro-

gressive motility (E) were assessed with computer-

assistedspermanalysis from10-week-oldmice.Gray

bars indicate mean ± SD.

(F) Ovary weights were quantified across the three

strains used from 5-week or older mice. Gray bars

indicate mean ± SD.

(G) F1 females were superovulated and Fancm-defi-

cient mice produced fewer oocytes. Gray bars indi-

cate mean ± SD. Five mice per genotype; *p% 0.05,

**p% 0.01, ***p% 0.001, and ****p% 0.0001.
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wherein the loss of integrity of the seminiferous epithelium ulti-

mately led to the depolarization of Sertoli cells from the base-

ment membrane and their collapse into multinucleated sym-

plasts (Figures 5A, 5B, and S15).

An initial analysis of apoptosis with histological sections from

C57BL/6J and FVB/N testes sections was performed by immu-

nolabeling cleaved caspase-3 and -7 (Figure S16). We did not

detect a change in the number of caspase-3/7-positive germ

cells per seminiferous tubule in the mutants compared with the

wild type. More refined analysis of the B6.FancmD2/D2 seminifer-

ous epithelium suggested that there were at least two possible

points of reduced daily sperm production, in addition to the

well-documented reduced proliferation of primordial germ cells

via the p21-p53-ATM axis.6 As shown in Figure S15B, in the

B6.FancmD2/D2 seminiferous tubules characterized by progres-

sive germ cell loss, pachytene spermatocytes often appeared
to be the first germ cell population to be ab-

sent. Stage V–VIII tubules that harbored

their characteristic populations of sperma-

tids, spermatogonia, and other spermato-

cyte types103 were often either partially or

completely devoid of pachytene spermato-

cytes (chi-squared = 19.314, df = 1,

p < 0.001; Figure S17 and Table S5). This

phenotype appeared to be driven by a sig-

nificant increase in the death of spermato-

cytes at mid-pachytene. Indeed, analysis

of stage V seminiferous tubules revealed

a significant increase in the rate of pachy-

tene spermatocytes with periodic acid-

Schiff (PAS)-positive cytoplasm—PAS is

suggested to stain apoptotic cells104—in

B6.FancmD2/D2 testes compared with

wild-type controls (p < 0.05; Figure S17F).

A second point of loss may be at the first

meiotic division inmetaphase I-anaphase I.

At stage XII of spermatogenesis when
the meiotic divisions are normally detectable on histological

sections, the number of cells in metaphase I-anaphase I was

comparable between B6.FancmD2/D2 and littermate controls

(Figure S17C). The number of metaphase I-anaphase I sper-

matocytes that remained in the succeeding stage I, wherein

meiosis is normally complete, was also comparable between ge-

notypes (Figure S17C). Alignment of bivalents on the metaphase

plate and their segregation also appeared unchanged (Figures 3

and S17C). However, a strong and significant increase in PAS-

positive metaphase I-anaphase I spermatocytes, indicative of

meiosis arrest, was observed in stage XII tubules (Figure S17).

Likewise, a more than 2-fold increase in PAS-positive meta-

phase I-anaphase I or pyknotic cells was observed in stage I

tubules (Welch two-sample t test, p < 0.0001, n = 4 mice per ge-

notype; Figure S17E). However, no abnormalities were detected

with either SYCP3 staining meiotic prophase sub-stages nor
Cell Genomics 3, 100349, August 9, 2023 9



Figure 5. Sting depletion partially rescues histological defects in the seminiferous tubules in Fancm-deficient mice

(A) H&E stain of seminiferous tubules in B6.Fancm+/+ and B6.FancmD2/D2 mice. Scale bar, 100 mm. Wild-type tubules are relatively replete in their appearance.

Mutant mice have a heterogeneous reduction in spermatocytes (hypospermatogenesis) at the level of individual tubules. A mixture of normal, atrophied,

symplast-positive, and Sertoli cell-only tubules is observed.

(B) FancmD2/D2Sting�/� testes have more full tubules than the Fancm single mutant (p-adjusted < 0.0001). Quantification of the PAS-stained seminiferous tubule

cross sections. Each data point represents data from one mouse shown as a proportion for the given classification (*p % 0.05, **p % 0.01, ****p % 0.0001

(pairwise proportion test with multiple testing correction fdr). A total of 290 Fancm+/+Sting+/+, 305 Fancm+/+Sting�/�, 479 FancmD2/D2Sting+/+, and 605

FancmD2/D2Sting�/� tubules were analyzed. Gray bars indicate mean ± SD.
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Figure 6. Sting depletion does not rescue

germ cell numbers in newborn male Fancm-

deficient mice

(A) Representative images of testis cross sections

stained with anti-MVH. Scale bar, 500 mm.

(B) Germ cells per tubule were quantified in the

indicated genotypes using anti-MVH. Each data

point represents average germ cells per tubule for a

unique mouse. A minimum of 500 tubules were

counted per mouse (**p % 0.01, ****p % 0.0001).

Gray bars indicate mean ± SD.

Article
ll

OPEN ACCESS
two-dimensional metaphase I chromosome spreads (Figure 3

and see Discussion). Histological analysis of spermatogenesis

detected occasional binucleated round spermatids indicative

of failed cytokinesis in B6.FancmD2/D2, but not in wild-type con-

trols. In conclusion, within B6.FancmD2/D2 mice, the loss of

FANCM resulted in at least three detectable defects using histol-

ogy. This aside, sperm were produced and the mice retained

some level of fertility.

We next analyzed the innate immune response, as previous

studies have revealed that genomic instability in mouse models

can also activate the cGAS-STING pathway,82,84 which is a part

of the innate immune system that detects cytosolic DNA.105–107

We sought to investigate whether the cGAS-STING pathway

could be driving the reduction in germ cells in the B6.FancmD2/D2

mice. Fancm Sting double mutants, compared with Fancm sin-
C

gle mutants, had an increase of approxi-

mately 20% in testicular weight, while

epididymis weight and daily sperm produc-

tion were unchanged and far inferior to

wild-type levels (Figure S18). Next we

performed histological analyses with

the seminiferous tubules. This revealed

that the Fancm Sting double mutants,

compared with Fancm, had a statistically

significant increase in seminiferous tubules

containing complete spermatogenesis

(p < 0.0001, pairwise proportion test after

multiple testing correction) (Figures 5 and

S19). In contrast, folliculogenesis in

Fancm-deficient mice was not ameliorated

by the removal of the Sting pathway

(Figure S21).

We next aimed to determine whether the

STING pathway affects depletion of germ

cells in Fancm-deficient mice during

embryogenesis or after. Our results

showed that the number of germ cells in

Sting-deficient newborn male mice was

similar to that of wild-type mice (Figures 6

and S20). However, Fancm-deficient mice

had significantly fewer germ cells, as re-

ported previously.6 Germ cell numbers in

Fancm Sting double mutants were similar

to those in Fancm single mutants. There-

fore, it appears that the STING-dependent
depletion of a portion of germ cells in Fancm-deficient mice oc-

curs after birth.

Given the interaction between Fancm and the innate immune

response via the cGAS-STING pathway, we sought to

test alternative inflammatory pathways. Previous work has re-

vealed that there is a female-biased embryonic lethality in the

absence of Fancm.10,108 During the course of our experiments

we observed an underrepresentation of B6.FancmD2/D2 mice,

which was more severe for females (Table 1). Previous studies

have observed sub-Mendelian birth rates of female Fancm-defi-

cient mice5,6,10; however, with a larger sample size in our study,

we showed that this occurs for B6.FancmD2/D2 males, too.

FVB.FancmD2/D2 were not underrepresented in either sex, how-

ever, and neither were F1 mutants descended from a cross be-

tween B6.Fancm+/D2 and FVB.Fancm+/D2 (Tables S1 and S2).
ell Genomics 3, 100349, August 9, 2023 11



Table 1. Offspring of B6.FancmD2/+ 3 B6.FancmD2/+ intercrosses

Male Female

Observed Expected Observed Expected

Fancm+/+ 64 57 63 57

Fancm+/D2 137 114 118 114

FancmD2/D2 45* 57 29*** 57

Total 246 – 210 –

*p < 0.05 (chi-squared test).

***p < 0.0005 (chi-squared test).
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These data suggest that the sub-Mendelian birth rates of Fancm

mutants in our experiments are specific to the C57BL/6J back-

ground and are a recessive trait. Previous observations of bias

in lethality of female embryoswere shown to be due to inflamma-

tion caused by genomic instability and could be alleviated

by supplementing the drinking water of pregnant mothers with

the anti-inflammatory drug ibuprofen.10 We tested whether

ibuprofen reversed the seminiferous tubule defects of Fancm-

deficient mice; however, there was no effect comparedwith con-

trols (Figure S22).

DISCUSSION

Fancm performs distinct functions during reproduction
Fancm is essential for efficient homologous recombination by

directing the outcomes of DNA repair intermediates. This study

identifies Fancm as a rate-limiting step during mammalian

meiotic crossover formation. This study also extends the under-

standing of the role of Fancm in fertility. We propose that these

two functions are distinct, as meiotic outcomes appear relatively

unaffected at a chromosomal and molecular scale, whereas

gamete numbers are affected in males and females.

We suggest that the meiotic hypercrossover and other sper-

matogenesis phenotypes that occur due to the loss of Fancm

are separable for several reasons: (1) there are no notable de-

fects in bivalent formation compared with the wild type that

could account for such a dramatic reduction in spermatogenesis

and the requisite stem cells. The meiotic program progresses

normally when considering direct immunofluorescence readouts

of the synaptonemal complex formation and meiotic DSB repair.

There are more meiotic DSBs that persist at pachytene than in

the wild type (Luo et al.6 and this study), but given the rate of daily

sperm production in mutants and number of healthy pups that

were born, it does not seem that these lead to major meiotic er-

rors and perhaps simply reflect altered and later processing of a

subset of meiotic DSBs. (2) The heterogeneous Sertoli cell-only

phenotype of some seminiferous tubulesmay be due to stochas-

tic DNA repair-related aberrations that occurred during the

establishment of the germ cell lineages early in embryo

development and perhaps also during failed maintenance of

spermatogonia that achieve only a limited number of rounds of

spermatogenesis, which would be consistent with other mice

lacking the FA pathway.6,102 Similarly, some tubules have a

‘‘lacy’’ phenotype that may be due to the loss of individual sper-

matogonial stem cells. Phenotypes that are driven by strong

meiotic DSB repair defects have a homogeneous arrest at the
12 Cell Genomics 3, 100349, August 9, 2023
pachytene and typically produce no round spermatids or sper-

matozoa as assessed with histological sections of the seminifer-

ous tubules.109,110 No such pachytene arrest is observed in

F1.FancmD2/D2, neither with surface spreads that visualize the

synaptonemal complex nor with histological analysis. However,

we do not exclude the possibility that the hypercrossover Fancm

could make a minor contribution to reproductive defects. (3)

Recent work with Fanci has shown that the gene function was

required for primordial germ cell development, but not postna-

tally.111 Fancm mutants were also shown to have a reduction

in primordial germ cell numbers6 and an increase in specific

mutational signatures,112 which may account for the reduction

in gamete numbers and litter sizes. One possibility of how these

two functions co-exist is through the vertebrate-specific addition

of the ERCC4 domain. The translocase domain would be the

domain that remodels DSB repair intermediates to limit cross-

over rates. However, the ERCC4 domain may be involved in

FA pathway activation and in turn protect stem cells from dam-

age. In summary, we propose that these observations support

the hypothesis that the meiotic anti-crossover function of

FANCM can be uncoupled from its role in promoting genomic

stability and efficient spermatogenesis.

FANCM is an evolutionarily conserved crossover-
limiting factor
Here we demonstrate that Fancm limits meiotic crossovers in

mammals. This is the first report of a species with a bona fide

FA pathway that has been shown to use FANCM to limit meiotic

crossover rates. This result was demonstrated with novel large-

scale pedigree and single-sperm sequencing approaches:

SSNIP-seq, sgcocaller, and comapr.86,87 These novel ap-

proaches complement methods for sperm sequencing anal-

ysis.113–116 As crossover rates and the occurrence of trisomies

are correlated,19 it is tempting to speculate that the Fancm

mechanism of limiting crossovers may in some cases contribute

to rare instances of chromosomemis-segregation. Typically, it is

a reduction in crossover rates that is associated with meiotic

non-disjunction and trisomies, but it is possible that deregulated

and aberrant crossover positioning could also lead to chromo-

some segregation defects.

The limited shuffling of genetics enforced by Fancm is

conserved across diverse eukaryotes, including mammals (this

study), plants, fission yeast, and fly.69,70,74,117,118 This raises

the question of whether FANCM achieves its crossover-limiting

function with other components of the FA pathway, such as

the FANCC-FANCE-FANCF complex,119 which will be inter-

esting for future studies to discern. Crossover formation is a

tightly regulated and well-conserved process. DNA DSBs

outnumber crossovers consistently across diverse species,

which suggests that there are conserved DNA repair factors

that keep crossover numbers below their possible upper

bounds. This study and previous studies highlight Fancm as a

major driver of this phenomenon.69,70,74,117,118 Why crossover

numbers per cell are limited is difficult to discern. One hypothesis

is that a baseline level of crossovers at meiosis—and therefore

only once per generation—has a net positive effect on a popula-

tion in a changing environment. However, there will also likely be

negative consequences for a number of individuals associated
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with the decoupling of favorable combinations of linked alleles

that have been selected for on evolutionary timescales120; there-

fore, on average, parental combinations of alleles could be more

beneficial than excessive shuffling of allelic combinations.

Another hypothesis is that excessive crossovers impede correct

segregation of chromosomes; however, this appears unlikely as

a universal rule, given that significant increases in crossover fre-

quency did not affect chromosome segregation in this study, in

mutants of Arabidopsis, or in Drosophila mutants.70,73,117 Also

significant differences in crossover rates are normal within spe-

cies, such as differences in crossover rates between males and

females,121,122 and some species naturally have very high levels

of crossovers per chromosome.46

Several crossover-limiting factors have been identified, many

of which play important roles in maintaining genomic stabil-

ity.45,67,71,73,123 The molecular function of FANCM is consistent

with an anti-crossover factor, as it can act on a diverse range

of branched DNA substrates, many of which are produced dur-

ing meiotic DSB repair, such as D loops and Holliday junctions

that could progress to crossover formation. Therefore, the loss

of FANCM function would force the repair of joint molecules to

occur using alternate repair pathways and non-crossover out-

comes. All studies of the anti-crossover role of FANCM have

characterized loss-of-function alleles, and Fancm has not been

identified in studies that screened for natural variants that influ-

ence crossover rates, to the best of our knowledge. Other

meiotic crossover-limiting factors that tend to be characterized

only as knockouts are Sgs1/BLM, RTEL-1 homologs, and their

binding partners,61,70,71,73,124–126 which are also required for

genomic stability.127–130 Perhaps the loss-of-function pheno-

types are identified only in laboratory settings because their

somatic functions tolerate little to no variation, which can be

seen in their respective chronic pediatric diseases FA, Bloom

syndrome, and dyskeratosis congenita. This contrasts with nat-

ural alleles of genes such as PRDM9, RNF212, HEI10, and REC8

that are associated with the location of recombination hotspots,

meiotic chromosome axis structure, and global crossover

rates.24,26,131,132

The extra crossovers in F1.FancmD2/D2 were not linked to

overt changes with respect to relative distributions of cross-

overs along chromosomes. Further, these extra crossovers in

Fancm-deficient mice were not labeled by MLH1/3 and were

distributed with less even spacing than occurred in the wild

type. This is consistent with an increase in non-interfering (class

II) crossovers. These findings are consonant with what was

observed in Arabidopsis.67 A difference between Arabidopsis

and mouse Fancm knockouts, however, is that in the mouse,

FANCM limits crossovers in interspecific F1 crosses; the strong

anti-crossover activity of AtFancm is limited to inbreds or long

runs of homozygosity.67,72,123 We speculate that these differ-

ences in crossover formation in interspecific hybrids may

reflect alternate regulation of the early stages of strand inva-

sion. The crossover density prediction model that we imple-

mented from Pratto et al.30 suggests that physical chromosome

size, replication speed, and DSBs are good predictors of the

extra crossovers that occur in the absence of Fancm (class II

crossovers), just as they were good predictors of class I cross-

overs in the wild-type cross between C57BL/6 and CAST mice
in Pratto et al.30 Therefore, we propose that: (1) in mammals,

Fancm limits class II crossovers and (2) while class I and class

II crossovers have differing genetic requirements, class I and II

crossover formation pathways have similar characteristics with

respect to the genomic features that influence crossover

formation.

Reproductive defects occur at distinct periods of
development in Fancm mice
Humans andmice that lack proper Fancm function are infertile or

have severely impacted reproductive capacity.5–9 This is

different from other species, in which loss of Fancm has no effect

on gamete numbers despite leading tomassive increases in total

crossover numbers. These differences and other data that we

present about meiotic outcomes further support the idea that

the reproductive defects in the absence of Fancm are not tied

to the anti-crossover role at meiosis.

The gonads of male and female Fancm knockouts were

reduced in weight in two inbred strains and the F1 and are

consistent with hypogonadism phenotypes in human FA patients

and other Fanc gene mouse models.5,6,8,15,102,133 Similarly, a

consistent reduction in daily sperm production in Fancm-defi-

cient mice was observed in all strains. Histological analyses of

the testis revealed a dramatic phenotype in the C57BL/6J strain

on seminiferous tubule composition, notably, a progression to-

ward a Sertoli cell-only phenotype.

Direct analysis of markers of DSB formation and repair did not

suggest a strong, or any, defect in meiotic DSB repair in the

absence of Fancm. Similarly, chromosome dynamics were

unchanged when considering synapsis and chromosome segre-

gation. Nevertheless, histological analyses showed unambigu-

ous phenotypes when whole tubules were considered, as

opposed to individual meiocytes, such as a complete absence

of large groups of pachytene cells that would be found in compa-

rable tubules in the wild type. Considering these data together, it

seems most plausible that any recombination defect that may

exist in Fancm-deficient mice is mild, particularly given that daily

spermproduction ismeasured in themillions, and litter sizes from

male mutants are relatively unchanged. However, an alternative

interpretation could be that a particularly mild recombination

defect triggers a checkpoint arrest, which is reflected by the

PAS-positive metaphase I-anaphase I cells. In B6.Fancm we

found that a portion of the defects in spermatogenesis is driven

by the cGAS/STING-dependent pathway. However, we did not

observe the same effect in newborn males, suggesting that

STING promotes the death of spermatogonial stem cells in

Fancm-deficient mice after birth, but not before. This is sup-

ported by our data on female gonads, where no difference in

ovarian follicle numbers was observed between B6.Fancm and

B6.Fancm Sting, as females cannot make more oocytes after

birth, whereas sperm production can be altered postnatally.

Our findings suggest that an inhibitor of the cGAS/STING

pathway could improve fertility rates inmales with genetic condi-

tions rooted in genomic instability, potentially beyond the FA

pathway. Further, our data support the idea that STINGpromotes

reproductive cell death after birth, rather than during embryogen-

esis. This may inform opportunities for testing STING inhibitors

after birth for specific manifestations of germline genomic
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instability conditions like FA. However, we note that daily sperm

production was not altered in the Fancm Sting double mutants

compared with Fancm-deficient mice, andmore levels of regula-

tion of spermatogenesis will need to be deciphered.

In contrast to B6.Fancm, for FVB.Fancm or F1.Fancm, a lesser

effect on gonad weight, daily sperm, and seminiferous tubule

composition was detected in experiments with histopathology.

These data suggest that the B6.Fancm seminiferous tubule

phenotype is recessive in the F1.Fancm and the causal variant(s)

can likely be positionally cloned in future studies to identify mod-

ifiers of genomic instability phenotypes. The differing pheno-

types of C57BL/6J and FVB/N seminiferous tubule phenotypes

reveal a difference between the two strains that appears un-

linked to Fancm; however, the relevance of this is unclear and

could be investigated in future studies.

In summary, despite the defects in gametogenesis (this study

and Bakker et al.,5 Luo et al.,6 Fouquet et al,7 Yin et al.,8 and

Kasak et al.9), we show thatFancm knockouts are capable of pro-

ducing offspring, which we could leverage to reveal the anti-

crossover function of mammalian FANCM. The capacity of

mouse knockouts to produce a tractable number of offspring

has been shown for multiple Fanc gene knockout mice, high-

lighting the utility of these DNA damage response-defective

models to informclinical fertility research for patientswith chronic

genetic conditions. Further, as human infertility can present

before other serious symptoms caused by genetic conditions,

there are opportunities to improve diagnostic pathways for life-

limiting diseases by considering reproductive status.102,134

Limitations of the study
Our sequencing-based approaches provided detailed analyses

on crossover profiles in Fancm-deficient mice. However, sample

throughput was constrained by costs and analytic complexities,

and as such,wewere unable to obtain sufficient read coverage to

call short/non-crossovers. Further, although there are advance-

ments in strain-specific reference genomes, some regions of

the genome remain unresolved, and this may have impeded our

ability to call crossovers in these regions. Our study made use

of two mouse strains to use the SNPs to identify crossovers. As

some of our results have shown, different genetic strains with

the same genetic mutation in Fancm had variable fertility pheno-

types and therefore may not be generalized to other mouse

strains. Other limitations include the lack of antibodies that

worked in our hands for mouse Fancm and for cytological

markers of class II crossovers. Future studies could also consider

assays that increase the sensitivity to detect class II chiasmata by

crossing Fancm-deficient mice with ZMMmutants.
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73. Séguéla-Arnaud, M., Crismani, W., Larchevêque, C., Mazel, J., Froger,
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Antibodies

Rabbit polyclonal FANCD2 Novus Biologicals NB100-182; RRID:AB_10002867

Mouse ɑ-tubulin Cell Signaling #3873; RRID:AB_1904178

Cleaved caspase-3 Cell Signaling #9664; RRID:AB_2070042

Cleaved caspase-7 Cell Signaling #9491; RRID:AB_2068144

Deposited data

Single-cell DNA sequencing of sperm

cells and bulk DNA sequencing of

BC1F1 pups

This paper European Nucleotide Archive

https://www.ebi.ac.uk/ena/

browser/home ENA:

PRJEB57095

Analysis pipelines and processed

data files

This paper https://doi.org/10.5281/zenodo.7939158

FVB/N SNP variants Mouse Genome Project

https://www.sanger.ac.uk/data/

mouse-genomes-project/

https://ftp.ebi.ac.uk/pub/databases/

mousegenomes/REL-1505-SNPs_

Indels/strain_specific_vcfs/

Mouse reference genome Genome

Reference Consortium Mouse

Build 38 (mm10)

Genome Reference Consortium https://www.ncbi.nlm.nih.gov/

assembly/GCF_000001635.20/

GC Percent track GRCm38 University of California, Santa Cruz https://hgdownload.soe.ucsc.edu/

goldenPath/mm10/bigZips/

RepeatMasker Smit et al.135 http://www.repeatmasker.org

Experimental models: Organisms/strains

Fancm C57BL/6J This paper N/A

Fancm FVB/N This paper N/A

C57BL/6J This paper N/A

FVB/N This paper N/A

Oligonucleotides

Fancm forward primer 50 CGGGGCGG

AATGCTAAACTT 30
This paper N/A

Fancm reverse primer #1 50 ACACACA
GGGACAGAGAACACTC 30

This paper N/A

Fancm reverse primer #2 50 GGAAAAG

AGAAAAGAAAAGGGGGA 30
This paper N/A

Sting forward primer #1 50 GCTGGGAA

TTGAACGTAGGA 30
This paper N/A

Sting forward primer #2 50 30 This paper N/A

Sting reverse primer 50 GAGGAGACAA

AGGCAAGCAC 30
This paper N/A

Software and algorithms

R (3.5.1) R Core Team, 2021 https://www.r-project.org/

lme4 Bates et al.136 https://cran.r-project.org/web/

packages/lme4/index.html

cellranger-dna cnv (v1.1.0) 10X Genomics https://support.10xgenomics.com/

single-cell-dna/software/pipelines/

latest/using/cnv

glmmTMB Brooks et al.137 https://cran.r-project.org/web/

packages/glmmTMB/index.html
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sgcocaller and comapr Lyu et al.86 https://gitlab.svi.edu.au/biocellgen-

public/sgcocaller

https://bioconductor.org/packages/

release/bioc/html/comapr.html

Gviz Hahne et al.138 https://bioconductor.org/packages/

release/bioc/html/Gviz.html

biomRt Durinck et al.139 http://www.bioconductor.org/

packages/release/bioc/html/

biomaRt.html

Fastp Chen et al.140 https://github.com/OpenGene/fastp

minimap2-v2.7 Li, Heng141 https://github.com/lh3/minimap2

gatk(v4.0) McKenna et al.142 https://gatk.broadinstitute.org/hc/en-us

code repository This paper https://gitlab.svi.edu.au/biocellgen-

public/fancm-crossovers-2022

Fiji (ImageJ-win64) Schindelin et al.143 https://fiji.sc/

ImageJ Scripts for axis detection

and foci analysis

Boekhout et al.144 https://github.com/Boekhout/ImageJScripts

synapsis McNeill, L. http://bioconductor.org/packages/

release/bioc/html/synapsis.html
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Wayne

Crismani (wcrismani@svi.edu).

Materials availability
Mouse lines in this study have been cryopreserved and deposited to the Australian Phenome Facility.

Data and code availability
The single-cell DNA sequencing samples and bulk DNA-sequencing datasets are publicly available and can be accessed from ENA

(European Nucleotide Archive) with accession number ENA: PRJEB57095. The computational workflows, original codes, and reports

of computational analyses of crossovers are publicly available and can be found in the Zenodo frozen repository, Zenodo: https://

zenodo.org/record/7939158#.ZGavGexBz0o (key resources table in STAR Methods). Any additional information required to reana-

lyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Ethics statement
All animal procedures were approved by the Animal Ethics Committees at St Vincent’s Hospital Melbourne and Monash University

and conducted in accordance with Australian NHMRC Guidelines on Ethics in Animal Experimentation.

Mouse generation and genotyping
The FancmD2/D2 mice were generated independently in FVB/N and C57BL/6 backgrounds. The same guide RNAs and Cas9 were

used to target exon 2 of Fancm. For genotyping, wild-type and mutant alleles were amplified with oligos forward primer (5ʹ
CGGGGCGGAATGCTAAACTT 3ʹ), reverse primer 1 (5ʹ ACACACAGGGACAGAGAACACTC 3ʹ, spans deleted region) and reverse

primer 2 (5ʹ GGAAAAGAGAAAAGAAAAGGGGGA 3ʹ) and produced bands of 311 bp and 279 bp respectively that were visualised

on a 2% agarose gel. Sting-/- mice have been described previously145 and the Sting-/- mice were backcrossed for at least 10 gen-

erations on a C57BL/6 background by.146 The oligos used for genotyping were forward primer 1 (5ʹ GCTGGGAATTGAACGTAG

GA 3ʹ), forward primer 2 (5ʹ GTGCCCAGTCATAGCCGAAT 3ʹ, spans deleted region) and reverse primer (5ʹ GAGGAGGCAAGC

AC 3ʹ).
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Genomic DNA preparation and sequencing
Genomic DNA was extracted using the phenol-chloroform method. Briefly, a 0.5 mm of tail was placed in a 1.5 mL microfuge tube

with 500 mL of tissue digestion buffer (100 mM Tris-Cl pH 8.0, 5 mM EDTA pH 8.0, 200 mM NaCl, proteinase K 0.4 mg/mL) overnight

on a shaking platform at 55�C. The next day, 1 mL of 10mg/mL RNAse Awas added to each sample and incubated at 55�C for 30min.

0.7 mL of neutralized phenol/chloroform/iso-amyl alcohol (25:24:1) was added to each sample and mixed vigorously at 4�C on a clin-

ical rotor for 1 hour. Samples were spun in a bench top centrifuge at max speed (21,000 x g) for 5 min and the upper aqueous phase

containing DNA was transferred to a new 1.5 mL microfuge tube containing 1 mL of 100% ethanol to precipitate the DNA. The

samples were spun at max speed for 5 min and supernatant was removed. DNA pellet was washed with cold 70% ethanol and

spun again at max speed for 5 min. 1 X TE buffer was added to the samples to resuspend the DNA and placed on a 55�C block

to evaporate residual ethanol. All samples were checked for protein contamination by using Nanodrop A260/A280 and DNA quality

by running samples on a 0.8% agarose gel to ensure there was no DNA shearing.

For bulk sequencing, genomic DNAwas sent to BGI (China) or AGRF (Australia) and sequenced with DNBSeq or Illumina platforms

respectively with between 1X and 5X coverage.

Haploid nucleic isolation for droplet-based single-cell library preparation
To obtain single haploid cells, testes were harvested from male mice and processed as described in the SSNIP-seq protocol.87

Briefly, on ice, the tunica albuginea was removed to release the seminiferous tubules into a 1.5 mL microfuge tube and incubated

on ice for 30 min. The spleen was also harvested and homogenised through a 40 mm strainer to act as a diploid control for flow

cytometry.

600 mL of testes or 300 mL of splenic homogenate was transferred to a new 1.5mL LoBindmicrofuge tube. 1mL of chilled Nuclei EZ

Lysis buffer (Sigma) was added to each sample, inverted twice, and incubated on ice for 2 min. Samples were centrifuged at 500 x g

for 5 min at 4
�
C and supernatant was removed, ensuring that the pellet was still immersed. Samples were resuspended with 1 mL of

Nuclei EZ Lysis buffer, inverted several times and incubated at 500 x g for 5min at 4
�
C. Samples were centrifuged at 500 x g for 5min

at 4
�
C and supernatant was removed. 1mL of NucleicWash andResuspension Buffer (NWRB; PBSwith 1%BSA) was added slowly

to the samples to avoid disruption of the pellet and allow buffer interchange. Sampleswere centrifuged at 500 x g for 5min at 4
�
Cand

resuspended with 1 mL of NWRB, and this was repeated. Samples were centrifuged at 500 x g for 5 min at 4
�
C and supernatant

removed. Sample was resuspended with 1 mL NWRB with DAPI (10 mg/mL). The samples were then filtered through using a

40 mm Flowmi cell strainer into a 5 mL round bottom polystyrene tube.

Using the spleen sample as a control for the diploid peak, 100 000 haploid nuclei was sorted into a round-bottom 96-well plate with

50 mL of NRWB + 0.4% BSA. Sorting was performed using an BD FACSARIA II cell sorter. After sorting, samples were visualised un-

der an epifluorescent microscope to confirm the integrity andmorphology of cells. The nucleic samples were then processed using a

10X Genomics scCNV library preparation kit following the manufacturer’s instructions.

Genomic DNA data processing
The paired-end DNA sequencing dataset of bulk samples were first preprocessed for filtering out low-quality reads, and trimming

adapter bases using fastp140 with default parameters. The filtered and trimmed sequences were then mapped to the mouse refer-

ence genome mm10 using minimap2-v2.7141 with options -ax sr. Duplicated reads were marked using MarkDuplicates from

gatk(v4.0).142

Single-cell DNA sequencing reads were processed using cellranger-dna cnv (v1.1.0) pipeline that demultiplexed single-cell reads

and, and aligned reads to the mouse reference genome (mm10).

Finding informative SNP markers for crossover detection
Variants in FVB/N mouse genome were downloaded from Mouse Genome Project (FVB_NJ.mgp.v5.snps.dbSNP142.vcf),147 which

contains the variants found in the FVBmouse genomewhen comparing to the referencemouse genomemm10 (C57BL/6 strain). The

informative SNP markers for calling crossovers are SNPs with heterozygous genotypes in F1. To get the list of informative SNP

markers, the downloaded variants were further filtered for variants with homozygous alternative genotype (GT==1/1).

Calling crossovers
Crossovers were detected by finding genotype or haplotype shifts in the BC1F1 or sperm cell genomes through modelling DNA read

counts observed per sample or per cell. With DNA reads from each samplemapped and sequenced, the haplotype can be inferred by

looking at the alleles carried by the DNA reads across the list of informative SNPs. To account for technical artifact (from sequencing

and mapping), Hidden Markov Model based methods were implemented for crossover detection in BC1F1 samples and sperm cells

with different settings (Supplemental information).

Hidden Markov Model
A Hidden Markov model (HMM) with binomial emission probabilities was constructed for finding crossover positions in mouse ge-

nomes while accounting for the technical artefacts including mapping errors. The observable variable in the model is the allele spe-

cific counts across the list of informative SNP sites, whereas the genotype of SNP sites is a hidden factor to be inferred. Allele read
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counts per sample across all informative SNP positions were obtained using bcftools (v.1.9)148 with the above filtered VCF file as the

region file specified via the -R option for each BC1F1 sample using their mapped DNA reads. Customized R scripts were imple-

mented for applying the HMM on BC1F1 samples and inferred the sequence of hidden states against the list of SNP markers for

each chromosome. Crossover detection from the single-sperm sequencing data was also by applying HMM but with different

HMM configurations. Allele read counts for single cells were obtained using customized software tool sgcocaller86 that summaries

the allele counts across all cells and SNP positions into count matrices per sample and crossovers were called with options –cmPmb

0.0001 –maxDP 6 –maxTotalDP 30.

Analyzing crossover frequencies and distributions
Output files from sgcocaller are further parsed and analysed for crossover interval identification and crossover profile comparison.

With the sequence of hidden states inferred, the crossover interval locations were called by applying functions implemented in R

package comapr.86 The construction of genetic distance maps and crossover distributions were also performed using comapr.

Crossover frequencies were converted to genetic distances in centiMorgans using the Kosambi mapping function149 via calling

the calGeneticDist function. Permutation testing function (permuteDist) was performed to test whether there is statistical difference

in total or binned genetic distances between genotype groups (FancmD2/D2 versus Fancm+/*) (Supplemental information).

The effect of genomic features including SNP density, GC content, and TSS (transcription start site) density were visualized by

plotting the genomic feature tracks with crossover density tracks using R package Gviz.138 The GC percent track summary for

mm10 was downloaded from UCSC Genome Browser, and TSS annotation was obtained from the R package bioMart139 (STAR

Methods and deposited code repository of this paper.)

The correlation of crossovers sites with genomics features was also investigated by plotting the distribution of distances of iden-

tified crossovers sites to genomic features including meiotic DSBs (data from113), H3K4me3 markers (data from113), transcription

start sites, DNA transposons, long interspersed nuclear elements, long terminal repeat retrotransposons, low complexity repeats

are AT-rich or GC-rich regions, retrotransposons, satellite repeats, short interspersed nuclear elements, and simple repeats (genomic

annotations from RepeatMasker135)

Regression modeling of crossover densities
A linear regression model was fitted to predict crossover distribution using the physical chromosome size, meiotic DSB frequency

and replication speed using public data90 as described.30 The predicted crossover densities from the previousmodel were compared

with observed crossover densities in this study using linear regression.

Meiotic chromosome spreads with immunofluorescence at prophase I
Meiotic chromosome spreads from adults testes (>8weeks) were prepared as previously described.150 Antibodies and dilutions used

were: SYCP3 (Santa Cruz, sc-74569 at 1:100); RAD51 (EMD PC130 at 1:250); MSH4 (Abcam ab58666 at 1:200); MLH1 (BD Biosci-

ences 51-1327GR at 1:50), MLH3 (gifted, 1:500); gH2AX (Millipore at 1:500); FANCD2 (Novus Biologicals at 1:50). After immunostain-

ing, slides were countered stained with DAPI (10 mg/mL in 1xPBS) andmounted in Dako Fluorescencemountingmedium. Secondary

fluorescent antibodies were: goat anti-mouse Alexa Fluor 488, donkey anti-mouse Alexa Fluor 488, goat anti-mouse Alexa Fluor 594,

donkey anti-rabbit Alexa Fluor 568.

Image analysis was performed using Fiji (ImageJ-win64)143 with a macro developed by Boekhout et al.144, synapsis151 and manual

counts. For cell scoring, the following criteria were used to classify the prophase stage: (i) leptotene: Short, discontinuous SYCP3

signals. (ii) Early zygotene: Long, discontinuous SYCP3 signals, more than 1 but fewer than 10 autosome pairs synapsing. (iii) Mid

zygotene: Between 10 and 16 autosome pairs synapsed. (iv) Late zygotene: At least 17 but fewer than 19 autosome pairs synapsing,

no clear XY body. (v) Early pachytene: 19 synapsed autosome pairs, clear XY body, thicker lateral element complex (as visualized by

SYCP3 staining). (vi) Mid pachytene: 19 synapsed autosome pairs, clear XY body, elongated SYCP3 signal (as visualized by SYCP3

staining). (vii) Late pachytene: 19 synapsed autosome pairs, clear XY body, elongated SYCP3 signal, ending in knob-like structures

(as visualized by SYCP3 staining). (viii) diplotene: At least one autosome pair starting to de-synapse.

Meiotic metaphase I chromosome spreads
Meiotic chromosome spreads from adult testes (>8 weeks) were prepared following themethods described in.152 For staining, slides

were incubated in 10% Giemsa for 10 minutes, washed briefly with de-ionised water, air dried and mounted with DPX mounting

medium.

Blood collection and micronucleus assay
Blood was collected into heparin solution. Red and white blood cells were counted using a Beckman-Coulter haemtology machine.

The micronuclei assays were performed using mouse erythrocytes as described in.153

Fertility characterization
FancmD2/D2 male or female mice were assessed for fertility defects using the strategy as previously described.154 Briefly, 8 to

12-week old mice were mated with wild-type mice for 6 months or until each pair had dropped 5 litters. Genetic combinations
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assessed included Fancm+/+ male x FancmD2/D2 female, FancmD2/D2 male x Fancm+/+ female, and FancmD2/+ male x FancmD2/+ fe-

male breeding pairs. Litter sizes were recorded and sex ratios were monitored.

Testes were harvested from adult mice and fixed in Bouin’s solution (Amber Scientific) for 5 hours at room temperature and alcohol

processed for histopathology into paraffin wax and sectioned using standard methods. Sectioned dewaxed testis sections were

stained using periodic acid-Schiff’s reagent and haemotoxylin reagents. All slides were dehydrated and mounted under a coverslip

with DPX (Sigma-Aldrich, USA).

Testis daily sperm production (DSP), was determined as previously described.155 Briefly for each animal, one testis was harvested,

weighed, snap-frozen and stored at -80�C. After thawing, the testis were homogenized by sonication using aModel 150VT ultrasonic

homogenizer in DSP buffer (0.15 M NaCl, 0.01% NaN3, 0.05% Triton X-100) to lyse all cells except the condensed spermatid nuclei.

Three 10 second pulses at 30% amplitude were applied with the sonicator.

The number of elongated spermatids per testis were determined using a Neubauer haemocytometer. Samples were first briefly

vortexed before 10 mLwas loaded into the haemocytometer. The number of spermper 10 mLwas determined by counting the number

of sperm heads contained within five 0.20 mm x 0.20 mm x 0.1 mm squares. For each animal two replicates were counted and aver-

aged. The average number of sperm per 20 ml was multiplied by 50,000 to determine the average number of sperm per 1 ml and then

multiplied by the volume of homogenate (1 mL + sample weight) to determine the number of sperm per homogenate. The number of

sperm per testis was then calculated by first determining the number of sperm per gram of testis ((n/homogenate) / sample weight

(g) = n/g [sperm/ g of testis]) and thenmultiplying this by the whole testis weight. The DSP of the testis was then calculated by dividing

the number of sperm (n) per testis by the time divisor 4.84, which corresponds to the estimated number of days that an elongated

spermatid remains with the testis.156

These calculations can be expressed as follows: 1. (n/homogenate) / sample weight (g) = n/g [sperm/ g of testis] 2. (n/g) x testis

weight (g) = total/testis [sperm/testis] 3. (total/testis) / 4.84 = DSP for 1 testis

Seminiferous tubule analysis was performed on Bouin’s fixed and periodic acid-Schiff’s reagent and haemaotoxylin stained testis

sections using FIJI software. Image acquisition was performed with a Leica Thunder microscope and LASX software.

Computer-assisted sperm analysis (CASA)
Analysis of sperm motility was conducted as previously described.157 Briefly, cauda epididymal spermatozoa were collected via

backflushing of 10-12 week old mice. Sperm were transferred into modified Tyrode’s 6 medium and loaded into 80 mm deep

CASA slides. Movement parameters weremeasured using theMouseTraxx CASA system (Hamilton-Thorne, USA). Rapidmovement

was classified as velocity over 35 mm/s, mediummotility was classified as 10–35 mm/s, slowmotility was classified as < 10 mm/s and

static was 0 mm/s. At least 1000 sperm were measured per animal with a minimum of four mice per genotype and age.

Direct follicle counts
Ovarian follicles were quantified as previously described.158 Briefly, ovaries were harvested and fixed in either 10% (v/v) neutral buff-

ered formalin solution (#ANBFC, Australian Biostain) or Bouin’s solution (#HT10132, Sigma-Aldrich) for 24 hours. Tissue was

embedded in paraffin and was exhaustively serially sectioned at 5 mmwith a MicroTec Cut 4060 paraffin microtome and every ninth

section was collected and stained with periodic acid-Schiff’s reagent and haematoxylin. Slides were scanned at 20x using an Aperio

Digital Pathology Slide Scanner (Leica Biosystems). The Aperio Imagescope programwas used to quantify every primordial, primary,

secondary, antral and atretic follicle based on morphology159 and for which an oocyte nucleus was clearly visible, to obtain raw

counts of oocytes sampled. The total follicle number was determined by multiplying the raw counts by 9 to correct for the sections

not counted. Direct follicle count data was analysed using Graphpad Prism 8 (Version 8.0.2). These data are presented as mean ±

SEM and p-values for each graph are specified following unpaired t-tests.

Oocyte collection
For superovulation, adult female mice were injected subcutaneously with 5 IU equine chorionic gonadotropin, followed 44 to 48 h

later with 5 IU human chorionic gonadotropin. Oocytes were harvested from oviducts 12 to 14 h later.

Histology and immunohistochemistry
Germ cell apoptosis

Germ cell apoptosis was evaluated by immunostaining of cleaved caspase-3 (Cell signalling #9664, 1:100) and -7 (Cell signalling

#9491, 1:500). 5 mm testis sections were dewaxed and antigen retrieval was performed using citrate buffer pH 6.0. Sections were

blocked for endogenous peroxidase with 3% H2O2 for 5 min and then washed with 1xPBS twice. Sections were then blocked

with Cas-BlockTM (ThermoFisher #008120) for a minimum of 30 minutes at room temperature. Sections were then incubated in

vprimary antibodies in Dako antibody diluent) overnight at 4
�
C. The next day, sections werewashed three times for 5min. Secondary

anti-rabbit Dako Envision Dual Link-HRP (#K4063) was incubated on the sections for 30min at room temperature, then washed three

times for 5 min with 1xPBS. DAB Dako liquid chromagen was applied for 1 min, then removed and washed with water for 5 min. Sec-

tions were counterstained with Mayer’s Haemotoxlyin for 4 min and washed briefly with water. Scott’s Tap Water was applied to the

sections for 1min then washed briefly with water. Sections were then dehydrated, cleared andmounted with DPXmountingmedium.
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Sections were then scanned and the number of cleaved caspase-positive cells in aminimum of 90 randomly selected seminiferous

tubules per mouse were counted (n = 3 per genotype).

Statistical analysis of germ cell apoptosis data was then conducted in R version 3.5.1 (R Core Team, 2021). Generalised linear

mixed (GLM)models are used to compare the number of caspase-positive cells per tubule across genotypes, with animal ID included

as a random effect to account for repeated measures per individual. For each model, Akaike information criteria (AIC) estimates are

used to select the most appropriate error distribution and link function (i.e. Poisson, negative binomial, zero-inflated Poisson, zero-

inflated negative binomial) using the glmer function (lme4 package;136 ) and glmmTMB function (glmmTMB, package;137). For all

models, a zero-inflated negative binomial distribution (fitted with glmmTMB, using the ziformula argument) was selected as the

most appropriate error distribution and link function (i.e. had the lowest AIC score).

Germ cells in newborn male mice

To determine if Sting ameliorated loss of FancmD2/D2 fertility by increasing the number of germ cell numbers, we time mated

Fancm+/D2 Sting-/- with Fancm+/D2 Sting-/- or Fancm+/D2 Sting+/+ with Fancm+/D2 Sting+/+ and collected testes from male pups

at post-natal days 1–3. All Histology processing was performed by the Monash Histology Platform. Briefly, one formalin fixed

paraffin embedded testis from each animal was exhaustively sectioned at 5 mm, and every 10th section was collected onto

super-frost slides. Deparaffinisation, rehydration and targeted Citrate retrieval at 98 �C was performed in a Dako PT Link. All immu-

nohistochemistry staining steps and washes were then performed in the Dako Autostainer Plus using a routine Immunohistochem-

istry protocol, with the addition of a MOM IgG block (Jackson ImmunoResearch Cat# 115-007-003, 1:50) to stop non-specific

binding, followed by a germ cell-specific primary antibody against DDX4 (mAbcam27591), diluted in DAKO diluent (1:3000) fol-

lowed by Dako Anti-Mouse HRP (K4001) and 3,3 0-diaminobenzidine (DAB) (Dako K3468). Sections were then counterstained

with haematoxylin (Dako S3301) and cover slipped. Slides were scanned at 40x objective using the Aperio Digital Pathology Slide

Scanner (Leica Biosystems). The images were then visualised by a blinded assessor using Aperio ImageScope software (Leica

Biosystems) and all stained germ cells counted in every section.

Germ cells in newborn male mice were counted from every section Slides are single testes were serially sectioned at 5 mm and

every 10th section was collected and stained with anti-MVH (ab13840).

Tubules andMVH-positive cells were quantified using FIJI. All sections of all testes were counted except for 14 of 234 experimental

slides (6%) which had weak anti-MVH signal. Quantification was performed with the genotypes blinded to the counter.

MMC-induced chromosomal breakage analysis
MMC-induced chromosomal breakage tests were assessed using primary splenic B lymphocytes from Fancmmice using methods

from.160,161 After culturing B cells in the presence of LPS for 24 hours, mitomycin C was added at varying concentrations (10, 50 and

100 ng/mL). After 72 hours, cells were given fresh media containing colcemid (Karyomax, 0.2 mg/mL) for two hours. Following col-

cemid treatment, cells were harvested, washed and resuspended in 1x PBS. Pre-warmed swelling buffer (75 mM KCl) was added by

dropwise addition while gently vortexing. Cells were incubated at 37
�
C for 10 mins and a couple of drops of chilled fixation buffer (1

methanol : 1 glacial acetic acid) was added. Cells were spun down and supernatant removed. Cells were resuspended in chilled fixa-

tive buffer with constant agitation three times before dropping spreading onto slides.

Delivery of ibuprofen in drinking water
Ibuprofen treatment was performed following methods described in McNairn et al.10. Fancm+/D2 males were mated to Fancm+/D2

females. The parents and pups were provided with water bottles containing ibuprofen (children’s Advil), 5 mL (100 mg) in 250 mL.

They were allowed to drink ad libitum (50–80 mg per kg per day) at all stages of development. Newborn mice were genotyped for

the Fancm allele. Gonads and blood were collected from 8-week old pups for analysis.
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