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Abstract 

Background Non-obstructive azoospermia (NOA) is the most severe form of male infertility and affects approxi-
mately 1% of men worldwide. Fanconi anemia (FA) genes were known for their essential role in DNA repair and grow-
ing evidence showed the crucial role of FA pathway in NOA. However, the underlying mechanisms for Fance defi-
ciency lead to a serious deficit and delayed maturation of male germ cells remain unclear.

Methods We used Fance deficiency mouse model for experiments, and collected testes or epididymides from mice 
at 8 weeks (8W), 17.5 days post coitum (dpc), and postnatal 11 (P11) to P23. The mice referred to three genotypes: 
wildtype (Fance+/+), heterozygous (Fance+/-), and homozygous (Fance−/−). Hematoxylin and eosin staining, immu-
nofluorescence staining, and surface spread of spermatocytes were performed to explore the mechanisms for NOA 
of Fance−/− mice. Each experiment was conducted with a minimum of three biological replicates and Kruskal-Wallis 
with Dunn’s correction was used for statistical analysis.

Results In the present study, we found that the adult male Fance−/− mice exhibited massive germ cell loss in semi-
niferous tubules and dramatically decreased sperms in epididymides. During the embryonic period, the number 
of Fance−/− prospermatogonia decreased significantly, without impacts on the proliferation (Ki-67, PCNA) and apop-
tosis (cleaved PARP, cleaved Caspase 3) status. The DNA double-strand breaks (γH2AX) increased at the cellular level 
of Fance−/− prospermatogonia, potentially associated with the increased nonhomologous end joining (53BP1) 
and decreased homologous recombination (RAD51) activity. Besides, Fance deficiency impeded the progression 
of meiotic prophase I of spermatocytes. The mechanisms entailed the reduced recruitment of the DNA end resection 
protein RPA2 at leptotene and recombinases RAD51 and DMC1 at zygotene. It also involved impaired removal of RPA2 
at zygotene and FANCD2 foci at pachytene. And the accelerated initial formation of crossover at early pachytene, 
which is indicated by MLH1.

Conclusions Fance deficiency caused massive male germ cell loss involved in the imbalance of DNA damage repair 
in prospermatogonia and altered dynamics of proteins in homologous recombination, DNA end resection, and cross-
over, providing new insights into the etiology and molecular basis of NOA.
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breaks, DNA repair, Meiosis

Open Access

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

Reproductive Biology
and Endocrinology

*Correspondence:
Chun Fu
fuchun0814@csu.edu.cn
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12958-024-01284-w&domain=pdf


Page 2 of 14Yin et al. Reproductive Biology and Endocrinology          (2024) 22:113 

Introduction
Infertility impacts approximately 48 million couples glob-
ally, with male factors accounting for 50% of cases [1]. 
The most common manifestation of male infertility is 
spermatogenesis disorder [2], of which the majority of 
causative factors are unclear. Genetic factors are impor-
tant causes of spermatogenesis disorder, and increas-
ing evidence has shown the crucial role of DNA damage 
repair genes. Mutations of DNA damage repair genes, 
such as Atm, Msh4 and Msh5, lead to non-obstructive 
azoospermia (NOA), which is the most serious type of 
male infertility [3]. Deletions of DNA repair proteins, 
specifically RAD51, MLH1, and EXO1, are associated 
with spermatogenesis disorder and infertility [3, 4]. These 
studies underline the roles of DNA damage repair genes 
in the spermatogenesis.

Fanconi anemia (FA) family is known to be involved 
in DNA interstrand cross-links (ICLs) repair. Currently, 
22 FA genes have been identified [5, 6], and growing evi-
dence shows that the FA deficient individuals were sub-
fertility [7]. The mutations of Fanca [8], Fancm [9], and 
Fancu [10] are determined to result in NOA and sertoli 
cell only syndrome (SCOS) in male patients. Consistently, 
the knockout of FA genes (Fanca, Fancc, Fancd1, Fancd2, 
Fancf, Fancg, Fancl, Fancm, and Fancp) in male mice 
leads to sterility and hypogonadism, exhibiting a notable 
loss of germ cells and impaired spermatogenesis [11–21]. 
The mechanisms of germ cell loss in FA males mainly 
involved defective proliferation and increased apoptosis 
of primordial germ cells (PGCs), impaired maintenance 
of spermatogonial stem cells (SCCs), and emerging roles 
in the DNA double-strand breaks (DSBs) repair at mei-
otic prophase [7].

Fanconi anemia complementation group E (FANCE), 
a component of the FA core complex (FANCA, FANCB, 
FANCC, FANCE, FANCF, FANCG, FANCL, FANCM), 
is essential for the activation of the FA pathway. In the 
previous studies, we generated a mouse model with 
homozygous insertional mutagenesis of the Fance gene 
(OVE2364E-2a2).  The Fance deficient (Fance−/−) mice 
displayed reduced fertility, hypogonadism, and germ 
cell loss in both males and females, defined as NOA 
and premature ovarian insufficiency (POI), respec-
tively (Supplementary Material 1) [22, 23]. Our previ-
ous studies indicated that Fance−/− PGCs decreased 
evidently as early as 9.5 days post coitum (dpc) [24]. The 
loss of Fance−/− PGCs involved the increased apoptosis, 
abnormal proliferation, accumulated DNA damage and 
transcription-replication conflicts, and down-regulated 
DNA repair pathways [24, 25]. Meanwhile, we found 
that the mitotic-meiotic transition of Fance−/− female 
oocytes occurred at 13.5 dpc normally, but the progres-
sion of meiotic prophase I was arrested [26]. The male 

Fance−/− mice exhibited reduced meiotic cells and local-
ized spermatogenesis [22].

Based on the previous research, we further focused 
on the mitotic-to-quiescent transition (17.5 dpc) and 
meiotic prophase I (postnatal days 11 to 23, P11-P23) 
of Fance−/− males. We collected the testes and epididy-
mides from wildtype (Fance+/+), heterozygous (Fance+/-), 
and homozygous (Fance−/−) males to perform this study. 
Results revealed that the loss of embryonic germ cells 
in male Fance−/− mice involved impaired DNA damage 
repair. The delayed progression of meiotic prophase I in 
male Fance−/− mice resulted from the disturbed repair 
dynamics in homologous recombination. These find-
ings showed that FANCE, a crucial component of the FA 
pathway, plays essential roles in meiosis and the embry-
onic development of male germ cells.

Materials and methods
Animals
All animal experiments were permitted by the Laboratory 
Animal Welfare and Ethical Committee of Central South 
University (IACUC Number: 2020sydw1041). Mice were 
hosted on a 12-h light/12-h dark cycle at 20-25 °C ambi-
ent temperature, with free access to food and water in 
the specific-pathogen-free facility. Mice were euthanized 
by cervical dislocation to collect the testes and epididy-
mides. Prenatal time points were determined by follow-
ing timed pregnancies, where the first day post coitum 
was considered 0.5 dpc. Postnatal time points were meas-
ured starting from birth, considering the first postnatal 
day as P1.

Fance deficient mice, bred onto an FVB/N background, 
were generated as previously described [22, 23]. Geno-
typing was performed by PCR using tail genomic DNA. 
Primer sequences were as follows: Fance-a:5’-TGG CAT 
CTC CAC TT CTC TAT CA-3’, Fance-b :(5’-AGA GCA 
GCCTG 

GAC TAC TTGAG-3’), Fance-c:5’-CGT CTG TTG TGT 
GAC TCT GGT AAC -3’), and Fance-d: 5’-CCT GGT GTG 
TAG CTT TGC CAA TCA -3’). PCR products were sepa-
rated by electrophoresis on a 1.5% (wt/vol) agarose gel 
(Supplementary Material 2).

Histology and immunofluorescence staining
Histology of testes and epididymides was performed on 
Fance+/+, Fance+/-,  and Fance−/− males at 8  weeks. Tes-
tes and epididymides were dissected, fixed overnight in 
Bouin’s fixative solution, paraffin-embedded, sectioned 
(5  µm), and stained with hematoxylin and eosin using 
standard protocols. Sections of testes from Fance+/+, 
Fance+/-, and Fance−/− mice at 17.5 dpc were incubated 
with primary antibodies overnight at 4 ℃ and then with 
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specified secondary antibodies for immunofluorescence 
staining.

Meiotic chromosome spread of spermatocytes
We collected testes of Fance+/+, Fance+/-,  and Fance−/− 
mice at P11, P13, P17, P20, and P23 to perform the 
meiotic chromosome spread of spermatocytes. Briefly, 
seminiferous tubules were digested with 1  mg/mL type 
IV collagenase at 37 ℃ for 30  min. Cells were collected 
and placed in a buffer containing 30  mM Tris-HCl, 
50 mM sucrose, and 17 mM trisodium citrate dihydrate 
for 10 min. Cells were then collected at 400 g for 1 min 
and resuspended in 100 mM sucrose for 5 min. The cell 
suspension was added to the same volume of buffer con-
taining 1% PFA, 0.15% Triton X-100, and 10 mM sodium 
borate. After that, the suspension was spread onto slides 
and air-dried overnight.

Antibodies
The following antibodies were used: rabbit anti-DDX4 
(Abcam, ab13840, 1:200); mouse anti-DDX4 (Abcam, 
ab27591, 1:200); mouse anti-Ki-67 (Santa Cruz, sc-23900, 
1:100); mouse anti-PCNA (Santa Cruz, sc-56,1:150); rab-
bit anti-cleaved Caspase 3 (Cell Signaling, 9661, 1:400); 
rabbit anti-cleaved PARP (Cell Signaling Technology, 
9544, 1:200); rabbit anti-γH2AX (Novus Biologicals, 
NB100-2280, 1:200); mouse anti-RAD51 (Novus Biologi-
cals, NB100-148, 1:200); rabbit anti-53BP1 (Novus Bio-
logicals, NB100-304,1:200); rabbit anti-SYCP3 (Abcam, 
ab15093, 1:200); mouse anti-SYCP3 (Santa Cruz, 
sc-74569, 1:200); rabbit anti-FANCD2 (Novus Biologi-
cals, NB100-182, 1:100); anti-SYCP1(Abcam, ab175191, 
1: 200); rabbit anti-DMC1 (Abcam, ab245217, 1:200); 
rat anti-RPA2 (Cell Signaling Technology, #2208, 1:100); 
rabbit anti-MLH1 (Abcam, ab92312, 1:200). The second 
antibodies used in this study were as follows: goat anti-
mouse Alexa Fluor 488 (Abcam, ab150117, 1:1000); goat 
anti-mouse Alexa Fluor 594 (Abcam, ab150116, 1:1000); 
goat anti-rat Alexa Fluor 488 (Abcam, ab150157, 1:1000); 
goat anti-rabbit Alexa Fluor 594 (Abcam, ab150080, 
1:1000). DAPI was used to counterstain cell nuclei. All 
images were captured using the Zeiss Axio Scope A1 
microscope.

Statistical analysis
At least three biological replicates were conducted for 
each experiment. Data were presented as mean ± S.D. 
Kruskal-Wallis with Dunn’s correction was employed for 
multiple comparisons between groups. P < 0.05 was con-
sidered statistically significant. Statistical analyses were 
performed using Prism Software (GraphPad). Statistical 
parameters, including statistical tests and P-values, were 
reported in the figure legends.

Results
Fance deficiency leads to germ cell loss in adult male mice
A general characteristic of FA-null mice was profound 
germline defects, including hypogonadism and germ cell 
depletion [7]. Fance−/− mice have been reported that the 
weights and sizes of the testes were significantly lower 
than the control mice from 1 to 8 weeks of age [22]. Con-
sistently, we detected the sizes of testes and epididymides 
from Fance−/− mice at 8  weeks were smaller than those 
of their wild-type and heterozygous siblings (Fig.  1A). 
We further compared sections of testes and epididy-
mides from Fance+/+, Fance+/-, and Fance−/− mice using 
H&E staining (Fig.  1B). Seminiferous tubules from 
Fance+/+ and Fance+/- mice had normal architecture and 
contained germ cells at various maturation stages. The 
majority of seminiferous tubules in Fance−/− testes were 
severely degenerated and the number of germ cells was 
sharply reduced. Consistent with the histological analy-
sis of testes, sperms in epididymides of Fance−/− mice 
were much fewer than controls. Concerned the testes 
of Fance−/− mice displayed a mosaic pattern, we further 
classified the seminiferous tubules (Fig.  1C). In the tes-
tes of Fance−/− mice, only 15% of seminiferous tubules 
had relatively normal morphology, 52% of seminiferous 
tubules only contained Sertoli cells, 19% of the seminifer-
ous tubules manifested massive germ cell loss, and 14% 
of Fance−/− tubules had round spermatids as the most 
advanced spermatogenic cells (Fig. 1D). Collectively, our 
results indicated that Fance deficiency results in massive 
germ cell loss and displays a mosaic pattern in the testes 
of adult male mice.

Fance deficiency reduces prospermatogonia 
without impact on the proliferation and apoptosis
To determine the germ cell defects that occurred during 
embryonic development, we conducted further study on 
the Fance−/− mice at 17.5 dpc. At 17.5 dpc, the male germ 
cells were at the mitotic-to-quiescent transition and were 
called prospermatogonia. Immunofluorescence stain-
ing was conducted on testes sections using the germ cell 
marker DDX4 (Fig.  2A). In Fance−/− testes at 17.5 dpc, 
78% of seminiferous tubules only contained sertoli cells, 
and only 22% of tubules had germ cells (Fig.  2B). And 
there was a significant decrease in the number of germ 
cells per germ cell-containing tubule in Fance−/− testes 
compared with the controls (Fig. 2C). It implied that the 
number of Fance−/− prospermatogonia has declined sig-
nificantly at 17.5 dpc.

We performed immunofluorescence on Fance+/+, 
Fance+/-, and Fance−/− testis sections to detect DDX4 and 
Ki-67 (a marker of cell proliferation) at 17.5 dpc (Fig. 3A). 
The proportions of Ki-67 positive prospermatogonia 
were similar among Fance−/− mice and controls (Fig. 3B). 
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Fig. 1 Fance deficiency results in gonadal hypoplasia and germ cell loss in adult male mice
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We further found ki-67 foci number per ki-67 positive 
prospermatogonia did not differ significantly between 
controls and Fance−/− mice (Fig.  3C). Meanwhile, we 
performed immunostaining for the proliferating cell 
nuclear antigen (PCNA) (Fig. 3D), which is a DNA rep-
lication and repair protein. The percentage of PCNA 
positive germ cells did not differ significantly between 
controls and Fance−/− germ cells (Fig. 3E). The percent-
ages of Ki-67 or PCNA-positive germ cells were very low 
to negligible among the three genotypes. These results 
indicated that the proliferation status of Fance−/− pros-
permatogonia was normal.

Immunofluorescence stainings of cleaved PARP and 
cleaved Caspase 3 were utilized to estimate the apop-
tosis of germ cells (Fig. 3F, H). Results showed that the 
apoptosis was comparable among Fance−/− mice and 
controls (Fig.  3G, I). It means the deficiency of Fance 
did not increase the apoptosis of germ cells at 17.5 dpc. 
Collectively, these results reflect that the proliferation 
and apoptosis of Fance−/−prospermatogonia are unaf-
fected at the mitotic-to-quiescent transition.

Fig. 2 Fance deficiency decreases number of prospermatogonia



Page 6 of 14Yin et al. Reproductive Biology and Endocrinology          (2024) 22:113 

Fance deficiency impacts the DSBs level and the activity 
of HR and NHEJ repair in prospermatogonia
Based on the important roles of Fanconi anemia genes in 
DNA damage response and repair [5], we explored the 
DNA damage and repair status of Fance−/− germ cells 
at 17.5 dpc. The phosphorylation of H2AX at serine 139 
(γH2AX) was used to measure the presence of DSBs in 
germ cells, which is the most severe type of DNA dam-
age (Fig.  4A). No significant difference was seen in 
the proportions of γH2AX-positive germ cells among 
Fance+/+, Fance+/-, and Fance−/− mice (Fig.  4B). How-
ever, in Fance−/− mice, the number of γH2AX foci per 

γH2AX-positive germ cell significantly increased, sug-
gesting an increase in DSBs at the cellular level. (Fig. 4C).

Homologous recombination (HR) and non-homolo-
gous end joining (NHEJ) are the main methods respon-
sible for repairing DSBs and preserving the integrity 
of the genome [27]. 53BP1, which mediated the NHEJ 
pathway, was detected by immunostaining [28] (Fig. 4D). 
The expression of 53BP1 was significantly elevated in 
Fance−/− germ cells compared with Fance+/- (Fig.  4E). 
Despite differences, the majority of Fance+/+, Fance+/-, 
and Fance−/− germ cells were positive for 53BP1, indicat-
ing that the NHEJ is the predominant DSBs repair way 

Fig. 3 Fance is dispensable for mitotic-to-quiescent transition and apoptosis of prospermatogonia



Page 7 of 14Yin et al. Reproductive Biology and Endocrinology          (2024) 22:113  

of male germ cells at 17.5 dpc. We performed immu-
nostaining for the HR factor RAD51(Fig. 4F). The results 
revealed a significant reduction in the proportion of 
RAD51-positive germ cells in Fance−/− mice compared 
to the control groups (Fig.  4G). The increased DSBs 
observed in Fance−/− germ cells at 17.5 dpc may be linked 
with the imbalance between NHEJ and HR mechanisms.

Fance deficiency delays the progression of meiotic 
prophase I
To investigate the roles of FANCE in meiotic prophase 
I, we performed meiotic chromosome spread and 
immunofluorescence staining in Fance+/+, Fance+/-, and 
Fance−/− spermatocytes from P11 to P23. Firstly, we 
examined the meiotic progression by SYCP3 (a marker 
for the meiotic chromosome axis) and γH2AX immu-
nostaining of spermatocytes (Fig.  5A). At P11, only 
leptotene spermatocytes were observed in Fance−/− 
mice. And the proportion of Fance−/− leptotene 

spermatocytes was much more than the Fance+/+ and 
Fance+/- mice (Supplementary Material 3A). At P13, 
Fance−/− spermatocytes developed to mid pachytene. 
Compared with the controls, Fance−/− spermatocytes 
exhibited a reduced proportion of mid pachytene and 
an increased proportion of leptotene (Supplementary 
Material 3B). At P17, all stages of spermatocytes in 
meiotic prophase were identified in controls. Whereas, 
the diplotene spermatocytes couldn’t be detected in 
Fance−/− spermatocytes, the proportion of late pachy-
tene spermatocytes decreased and the proportion of 
leptotene spermatocytes increased (Fig.  5B). We fur-
ther detected all the stages of the meiotic prophase 
I in Fance−/− spermatocytes at P20 and P23, propor-
tions of late meiotic spermatocytes (late pachytene and 
diplotene) dramatically reduced and the proportion of 
leptotene spermatocytes significantly increased (Sup-
plementary Material 3C, D). These results indicated 

Fig. 4 Fance is required for DSBs repair of prospermatogonia
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Fig. 5 Meiotic prophase I progression is delayed in Fance−/− spermatocytes
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that Fance deficiency slowed the meiotic prophase I 
progression of spermatocytes and hindered most sper-
matocytes at the leptotene stage.

The pattern of γH2AX signals was similar in Fance+/+, 
Fance+/-, and Fance−/− spermatocytes at the leptotene 
and zygotene stages. However, at pachytene, 49% of the 
Fance−/− spermatocytes showed a persistent presence of 
γH2AX signals on autosomes (Fig.  5C, D). In contrast, 
the abnormal γH2AX signals were detected in only 11% 
and 11% of the Fance+/+ and Fance+/- pachytene sper-
matocytes, respectively (Fig.  5D). Collectively, Fance 
deficiency led to defective DSBs repair in autosomes of 
pachytene spermatocytes. Additionally, Immunostaining 
of central components of synaptonemal complex SYCP1 
and SYCP3 revealed that the chromosome synapsis was 
relatively normal at various meiotic stages in Fance+/+, 
Fance+/-, and Fance−/− spermatocytes (Fig. 6).

Fance is essential for meiotic recombination 
and the resolution of FANCD2 foci from autosomes 
during meiosis
Next, we explored the underlying mechanisms of the 
disturbed meiotic progression and DSBs repair in 
Fance-deficient mice.  We investigated the HR repair 
of programmed DSBs by immunostaining of RAD51 
and DMC1 (two recombinases of meiotic HR repair) 
(Fig.  7A, E). We observed the numbers of RAD51 and 
DMC1 foci on chromosome axes in leptotene spermato-
cytes were comparable in the three genotypes (Fig.  7B, 
F). At the zygotene stage, the numbers of RAD51 and 
DMC1 foci recruited at chromosome axes were signifi-
cantly decreased in Fance−/− spermatocytes compared 
with controls (Fig.  7C, G). The number of RAD51 and 

DMC1 foci returned to the normal level at the pachytene 
Fance−/− spermatocytes (Fig. 7D, H).

Given that the FANCD2 functioned in repairing pro-
grammed DSBs, promoting chromosome synapsis, 
and regulating crossover formation during meiosis in 
spermatogenesis [29], we examined the expression of 
FANCD2, which acted downstream of FANCE. At the 
mid pachytene, we found FANCD2 foci accumulated on 
autosomes persistently in Fance−/−spermatocytes but dis-
appeared on autosomes in Fance+/+ and Fance+/− sper-
matocytes (Fig.  8). These observations reflected that 
Fance plays a crucial role in the proper recruitment of 
DNA repair factors during meiotic recombination.

Fance plays a crucial role in DNA end resection 
and the initiation of crossover formation during meiosis
DNA end resection of programmed DSBs generates sin-
gle-stranded DNA (ssDNA) to load RAD51 and DMC1 
recombinases. We performed investigations on the pro-
cess of DNA end excision by examining the ssDNA-
binding protein RPA2, which can reflect the amount of 
ssDNA generated (Fig.  9A). It was found that leptotene 
Fance−/− spermatocytes had a lot fewer RPA2 foci at 
the chromosome axes than the controls (Fig. 9B). At the 
zygotene stage, Fance−/− spermatocytes had far more 
RPA2 foci than Fance+/+ and Fance+/- spermatocytes 
(Fig.  9C). At pachytene, there was no significant differ-
ence in the number of RPA2 foci in spermatocytes among 
the three groups (Fig.  9D). These observations proved 
that FANCE plays a crucial role in the DNA end resec-
tion of programmed DSBs.

We evaluated the effect of FANCE on crossover forma-
tion by measuring MLH1, a mismatch repair factor that 
accumulates at the meiotic crossover site (Fig.  9E). At 

Fig. 6 The chromosome synapsis of Fance−/− spermatocytes is relatively normal
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early pachytene, an apparent increase in MLH1 foci num-
bers was detected in Fance−/− spermatocytes compared 
with controls (Fig.  9F). At the mid and late pachytene 
stages, the numbers of MLH1 foci were similar among 
Fance−/− mice and their wildtype and heterozygous coun-
terparts (Fig. 9G, H). These data indicated that although 
Fance−/− spermatocytes can largely complete crossover, 
their initial formation was accelerated.

Discussion
In the present study, we found that Fance deficiency 
results in germline defects of males, including prosper-
matogonia loss at the embryonic period and meiotic 
defects of spermatocytes at meiotic prophase I. Moreo-
ver, we further elucidated that the disruption of the DNA 
damage repair of prospermatogonia and defects in mei-
otic recombination, DNA end resection, and crossover 

formation in spermatocytes were the underlying mecha-
nisms for the germline defects. Collectively, our results 
clarify the involvement and mechanism of FANCE dur-
ing the germ cell development of males.

Firstly, we revealed that Fance−/− mice displayed ger-
mline defects, including germ cell loss in testes and 
sperms decreased in epididymides, which is consistent 
with FA patients and other mouse models [8–21]. Previ-
ous studies have revealed that FA proteins regulate the 
fertility of FA males by influencing the PGCs prolifera-
tion and maintenance of SCCs [7]. We conducted fur-
ther exploration to investigate the precise mechanism by 
which FANCE regulates spermatogenesis.

Prospermatogonia links the embryonic development 
of male PGCs to the postnatal development of spermat-
ogonia and the establishment of SCCs [30]. The proper 
timing of a quiescence period in prospermatogonia is 

Fig. 7 Fance is required for HR repair at meiotic prophase
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important for the successful establishment of SCCs pool 
[31]. Although the number of Fance−/− prospermatogonia 
reduced significantly at 17.5 dpc, the proliferation of the 
remaining prospermatogonia was normal, which means 
Fance−/− prospermatogonia entered quiescence on a nor-
mal timeline. Meanwhile, the Fance−/− prospermatogonia 
underwent a relatively normal apoptotic status.

Our outcomes found persistent DSBs in Fance−/− pros-
permatogonia, which were also detected in Fancd1-
mutant mice [32]. Additionally, we found the main repair 
pathway of prospermatogonia was NHEJ. When com-
pared to controls, the NHEJ activity of Fance−/− pros-
permatogonia was higher and the HR activity was lower. 
Consistent with our previous finding that loss of Fance 
in the oocytes stimulates NHEJ repair and inhibits HR 
repair [26].

Meiosis is necessary for the formation of functional 
gametes from diploid germ cells during gametogenesis in 
mammals. The Fance−/− male germ cells showed a delay 
in entering meiotic prophase I at P11 and the progression 
of meiotic prophase I was hindered during the subse-
quent periods. Thus, we hypothesize that the absence of 
Fance resulted in a delay in the initiation and progression 
of meiotic prophase I.

The repair of programmed DSBs is an essential event 
during meiosis. Multiple studies have observed the 
presence of persistent γH2AX foci in spermatocytes 
of Fancd1, Fancn, and Fanco mouse models [32–34]. 
These suggested that the mutations of FA genes result in 
unrepaired DNA and unsynapsed regions on homolo-
gous chromosomes. In line with previous research, our 

findings demonstrated the presence of abnormal γH2AX 
foci on autosomes of Fance−/− pachytene spermatocytes.

FANCD2 is the key element of the FA pathway and 
maintains genome stability in various DNA dam-
age response pathways. Recent studies reported that 
FANCD2 foci on chromosome axes were abolished in 
mutant spermatocytes deficient for FANCA, FANCB, 
FANCC, and FANCI [35, 36], indicating their essential 
function for FANCD2 foci formation during meiosis. 
We noticed FANCD2 foci accumulated on autosomes 
at the leptotene and zygotene stages and disappeared at 
the pachytene stage in controls. Deficiency of FANCE 
resulted in the FANCD2 foci accumulating on autosomes 
at the pachytene stage persistently. FANCD2 is required 
for HR during meiotic DSBs repair in Caenorhabditis 
elegans [37] and promotes DSBs repair through HR in 
human somatic cells [38]. We speculate that the Fance 
deficiency affects the HR repair of FANCD2, which par-
ticipates in forming the unrepaired DSBs on autosomes 
at Fance−/− pachytene spermatocytes.

Meiotic recombination, mediated by the recombinases 
RAD51 and DMC1, is essential for chromosome synapsis 
to repair the DSBs produced at leptotene. We observed 
the decreased recruitment of RAD51 and DMC1 at zygo-
tene Fance−/− spermatocytes. These might be the reason 
for the delayed repair of DSBs and the impeded progres-
sion of meiotic prophase I. Consistent with our study, the 
number of RAD51 foci declined in Fancb [39], Fancd1 
[14, 32], Fanco [34], and Fancs [32] mutant mice. Simi-
larly, DMC1 foci, a meiotic specific paralog of RAD51, 
was decreased in Fancd1 mutant mice [14]. Whereas, 

Fig. 8 Fance is required for the resolution of FANCD2 foci from autosomes at meiotic prophase
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Kurzbauer et  al. indicated that DMC1 foci manifested 
an increase in Fancd2 mutant Arabidopsis [33]. And the 
DMC1 foci in Fancs mutant spermatocytes remain unal-
tered [32]. These results imply that FA genes play impor-
tant but not exactly the same roles in the recruitment of 
RAD51 and DMC1. Collectively, FANCE plays a role in 
ensuring proper meiotic progression by influencing the 
functions of RAD51, DMC1, and FANCD2 to repair the 
programmed DSBs of meiotic prophase I.

DNA end resection of DSBs generates ssDNA for load-
ing RAD51 and DMC1. Shi et  al. reported that when 
the ssDNA-binding protein RPA is lost, RAD51/DMC1 
recombinases can’t be recruited to the programmed DSBs 
sites [38]. We observed that RPA2 foci reduced at lepto-
tene Fance−/− spermatocytes, earlier than the decrease 
of DMC1 and RAD51. We infer that the lack of FANCE 
in spermatocytes decreased the recruitment of RAD51/
DMC1 at zygotene owing to the reduction of RPA2 at 

leptotene. Additionally, we observed an increased num-
ber of RPA2 foci in Fance−/−spermatocytes at the subse-
quent zygotene stage, preceding the increase of FANCD2 
foci. Feeney et  al. reported that removal of RPA from 
ICLs sites is perturbed in FANCW-deficient cells [40]. 
Previous research indicated that FANCW facilitates HR 
by promoting the unloading of RPA and RAD51 from 
DNA damage sites [41]. These findings suggest that Fance 
may facilitate HR by promoting the removal of RPA2 and 
FANCD2 during the meiosis.

Furthermore, we observed an elevated number of 
MLH1 foci in Fance−/− spermatocytes at early pachy-
tene and normal numbers of foci at mid and late 
pachytene. These indicated that the defect in Fance 
accelerates the formation of crossovers but has no 
impact on the completion of crossovers. Different 
expression patterns of MLH1 were observed in FA 
mouse models, including an increased number of 

Fig. 9 Fance is required for DNA end resection and corssover at meiotic prophase
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MLH1 foci in FANCJ [42] and FANCP [43], reduced 
MLH1 foci in FNACO [34] and FANCR [44], and a lack 
of MLH1 foci in FANCS [32].

Conclusions
In summary, we have elucidated the important role and 
mechanism of FANCE in spermatogenesis. Our study 
demonstrated that Fance deficiency results in pros-
permatogonia loss at the embryonic stage and meiotic 
defects of spermatocytes at meiotic prophase I. We fur-
ther detected the increased DSBs and the imbalance of 
the NHEJ and HR repair in Fance−/− prospermatogo-
nia. During meiosis, FANCE deficiency caused reduced 
recruitment of RPA2, DMC1, and RAD51, and delayed 
disassociation of RPA2 and FANCD2 from chromo-
somes. Meanwhile, an accelerated formation of crosso-
ver was detected (Supplementary Material 4).
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