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Abstract
The proper development of primordial germ cells (PGCs) is an essential prerequisite for gametogenesis and mammalian 
fertility. The Fanconi anemia (FA) pathway functions in maintaining the development of PGCs. FANCT/UBE2T serves 
as an E2 ubiquitin-conjugating enzyme that ubiquitylates the FANCD2-FANCI complex to activate the FA pathway, but 
its role in the development of PGCs is not clear. In this study, we found that Ube2t knockout mice showed defects in PGC 
proliferation, leading to severe loss of germ cells after birth. Deletion of UBE2T exacerbated DNA damage and triggered 
the activation of the p53 pathway. We further demonstrated that UBE2T counteracted transcription-replication conflicts by 
resolving R-loops and stabilizing replication forks, and also protected common fragile sites by resolving R-loops in large 
genes and promoting mitotic DNA synthesis to maintain the genome stability of PGCs. Overall, these results provide new 
insights into the function and regulatory mechanisms of the FA pathway ensuring normal development of PGCs.
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Introduction

Germ cells are responsible for passing genetic information 
to the offspring and are capable of preserving genome with 
high stability. Gametogenesis involves two important stages, 
namely the development of primordial germ cells (PGCs) 
and the subsequent meiosis, and any genome instability 
during these processes will impair the quantity or quality 

of germ cells and reproductive potential of mammals [1]. 
DNA damage response (DDR) mechanisms have been well 
illustrated to ensure genome stability during meiosis [2–4], 
but much less is known about how genome stability is main-
tained in rapid proliferating PGCs. The Fanconi anemia (FA) 
pathway serving as a classical DDR pathway is indispen-
sable for the maintenance of reproductive capacity of both 
sexes [5]. The reduced fertility and massive loss of germ 
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cells observed in FA patients and null mice have been attrib-
uted to defects in PGC proliferation and meiosis [5]. Previ-
ous studies have shown that PGC loss in FA gene mutant 
mice is mainly due to increased DNA damage that activates 
the p53 pathway [6, 7]. However, the source of DNA dam-
age in FA pathway-deficient PGCs needs to be determined.

Up to now, mutations in 22 FA genes (FANCA–W) have 
been identified to cause FA, a rare genetic disorder mani-
fested as progressive bone marrow failure, somatic malfor-
mations, a high predisposition to cancers, and reduced fer-
tility [8]. The FA pathway is responsible for repair of DNA 
inter-strand crosslinks (ICLs) in which the FA core complex 
recognizes the ICL site, then FANCD2-FANCI (ID2) com-
plex is monoubiquitylated and recruits downstream repair 
factors to complete repair [8, 9]. In addition, the FA path-
way also protects replication forks (RFs) under replication 
stress that refers to any process slowing or stalling the RFs 
[10–13]. Transcription-replication conflicts (TRCs) cause 
endogenous replication stress by inducing RF stalling and 
thus exposing the single-stranded DNA (ssDNA) [14]. The 
ID2 complex and FANCM are both present at stalled RFs [8] 
and may protect the nascent DNA strands by binding to the 
ssDNA and inhibiting MRE11 mediated DNA resection [8, 
15, 16]. On the other hand, TRCs also promote the formation 
of DNA:RNA hybrids (R-loops) [14, 17], and the removal 
of R-loops by the FA pathway is crucial for avoiding DNA 
damage [18, 19].

Furthermore, the FA pathway is also involved in the 
protection of common fragile sites (CFSs), which are large 
chromosomal regions that are prone to forming breaks or 
gaps under conditions of replication stress [20]. Notably, 
CFSs, which often co-localize with very large genes longer 
than 300 kb [21], are another source of endogenous replica-
tion stress due to the small number of replication origins 
and a tendency for R-loop formation in these regions [22, 
23]. It is known that a large panel of CFSs remain incom-
pletely duplicated up to early mitosis [24, 25]. These regions 
undergo a break-induced replication (BIR) process known 
as mitotic DNA synthesis (MiDAS), showing as the breaks 
or gaps in metaphase chromosomes and formation of the 
normal daughter cells [25–27]. If MiDAS doesn’t work and 
existence of incompletely duplicated loci at CFSs continue 
into late mitosis, ultra-fine bridges (UFBs) between two sis-
ter chromatids form [28], and persistent UFBs break, thus 
generating 53BP1 nuclear bodies (53BP1-NBs) and micro-
nuclei in daughter cells at the G1 phase [29, 30]. The FA 
pathway is found to facilitate MiDAS of CFSs and thus sup-
press CFS-related damage [31], but the mechanism remains 
largely unknown.

E2 ubiquitin conjugating enzyme T (UBE2T), also known 
as FANCT, is a key component of the FA pathway, and it 
collaborates with the E3 ubiquitin ligase FANCL to catalyze 
the ubiquitination of the ID2 complex [32, 33]. However, 

its function in reproduction has not been determined. In 
this study, we find that Ube2t knockout mice have FA path-
way inactivation and proliferation defects in PGCs during 
embryo development. Mechanistically, the FA pathway 
deficiency causes the endogenous DNA damage which is 
derived from unsolved TRCs and incompletely replicated 
CFSs in PGCs, ultimately leading to insufficient reproduc-
tive reserve and infertility.

Results

Deletion of UBE2T causes germ cell loss in mice 
after birth

To explore the role of UBE2T in mammalian germ cells, 
we generated Ube2t knockout (Ube2t–/–) mice using the 
CRISPR/Cas9 technique. Deletion of the targeting sequence 
caused a frameshift mutation, leading to the premature stop 
of UBE2T protein (Fig. S1a). The genotype of Ube2t–/– mice 
was validated by PCR (Fig. S1b), and the loss of UBE2T 
protein in Ube2t–/– testes was confirmed by Western blot-
ting (Fig.S1c).

Ube2t–/– mice were viable and were born at the 
expected Mendelian ratio (Fig. S2a). Both male and female 
Ube2t–/– mice developed normally without obvious defects 
or body weight differences (Fig. S2b, c). The ovaries of 
2-month-old Ube2t–/– mice were smaller in size and lower 
in weight than those of wild-type mice (Fig. S3a, b). Simi-
larly, 3-month-old male Ube2t–/– mice had smaller and lower 
weight testes in comparison to wild-type mice (Fig. S3c, d). 
Histological analysis showed that ovaries from postnatal day 
(PD) 3, PD21 and adult female Ube2t–/– mice were small 
and devoid of follicles (Fig. 1a; Fig. S3e). Meanwhile, all of 
the testes from PD3, PD35, and adult male mice showed a 
mosaic pattern and most tubules lacked germ cells (Fig. 1b; 
Fig. S3f). Although no significant differences in the estra-
diol level were seen between Ube2t–/– and wild-type female 
mice, Ube2t–/– female mice had higher serum FSH levels 
(2.20 ± 0.97 mIU/ml vs. 1.31 ± 0.48 mIU/ml, P = 0.021) 
and had no estrous cycles (Fig. S2d-f). Because both male 
and female mice exhibited severe reductions in germ cells 
at PD3, we speculated that germ cell loss might start in the 
embryonic period.

UBE2T is critical for the development of mouse PGCs

To identify the stage at which the loss of germs cells started, 
we used immunofluorescence staining of DDX4, a germ cell 
marker, together with the pre-granulosa cell marker FOXL2 
or the Sertoli cell marker SOX9 to detect germ cells at 
embryonic day 13.5 (E13.5) and E15.5. Both female and 
male Ube2t–/– embryonic gonads showed severely decreased 
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Fig. 1  Proliferation defects of Ube2t–/– PGCs lead to profound germ 
cells loss a H&E and immunohistochemical staining for DDX4 (a 
germ cell marker, brown) in the ovaries at PD3 and 3 months. Scale 
bars = 50 μm. b H&E and immunohistochemical staining for DDX4 
(brown) of testes at PD3 and 3  months. Scale bars = 50  μm. c, d 
Representative images (c) and quantification (d) of wild-type and 
Ube2t–/– PGCs using alkaline phosphatase staining of E8.5 embryos, 
E9.5 embryos, and E11.5 genital ridges. Scale bars = 200  μm. Data 
from individual embryos are presented as dots and mean ± SD are 

presented, n = 8/9/8/8/6/6 embryos, ns: not significant, ***P < 0.001. 
e, f Representative images (e) and percentages (f) of the cell cycle 
distribution of PGCs in E11.5 wild-type and Ube2t–/– genital ridges. 
G1-phase cells, cyclin B1 negative; S-phase cells, EdU positive; 
G2-phase cells, cyclin B1 strongly positive in cytoplasm; M-phase 
cells, cyclin B1 accumulation in the nucleus. STELLA-positive indi-
cates PGC, and arrowheads indicate G2-phase PGCs. n = 4 embryos 
per genotype, ***P < 0.001. Scale bar = 50 μm. Data from individual 
embryos are presented as dots and mean ± SD are presented
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numbers of germ cells compared with wild-type embryos 
(Fig. S4a, b). Because female germ cells begin to enter 
meiosis at E13.5 and male germ cells arrest at the G1/G0 
phase of mitosis after E14.5 [34], these results indicate that 
Ube2t–/– embryonic germ cells are lost prior to meiosis.

Previous studies have revealed that many FA-null mouse 
models have severely reduced numbers of PGCs [35], so 
we used alkaline phosphatase staining to detect PGCs in 
mouse embryos at E8.5, E9.5, and E11.5. While no signif-
icant difference was found between the PGC numbers of 
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Ube2t–/– and wild-type mice at E8.5, about 48.3% of the 
PGCs in Ube2t–/– embryos remained at E9.5 compared 
to wild-type (117.1 ± 33.1 vs. 242.6 ± 53.7) and 23.9% 
remained at E11.5 (286.5 ± 148.0 vs. 1198.0 ± 304.2), 
respectively (Fig. 1c, d). Meanwhile, the similar distribu-
tion pattern of Ube2t–/– and wild-type PGCs from E8.5 to 
E11.5 indicated that UBE2T did not play a major role in 
PGC migration. These results indicate that PGCs are speci-
fied normally, but their expansion may be defective upon 
UBE2T deficiency.

Loss of UBE2T leads to proliferation defects 
in mouse PGCs

To determine the cause for the reduced number of PGCs, 
we examined key events in the development of PGCs. 
OCT-4, a pluripotency marker was used to detect the 
pluripotency of PGCs, and no obvious differences were 
found in Ube2t–/– and wild-type E11.5 PGCs (Fig. S5a). 
We then checked if the epigenetic reprogramming process 
was affected. The key epigenetic modifications, including 
5-methylcytosine (5mC), histone H3 lysine 9 dimethyla-
tion (H3K9me2), and histone H3 lysine 27 trimethylation 
(H3K27me3), were removed or established normally in 
E11.5 Ube2t−/− PGCs (Fig. S5b-d). We next examined cell 
cycle progression and apoptosis in PGCs. Increased apop-
tosis was seen in Ube2t–/– PGCs compared with wild-type 
PGCs (2.07 ± 0.98% vs. 0.41 ± 0.16%, P = 0.016), as indi-
cated by Cleaved-PARP1 staining (Fig. S6a, b). However, 
the overall apoptosis rate in Ube2t−/− PGCs was really low, 
suggesting that apoptosis may not be the major cause of 
PGCs loss. In addition, almost all PGCs were positive for 
Ki67 staining in both Ube2t–/– and wild-type PGCs (Fig. 

S6c, d), suggesting that almost all PGCs were actively pro-
gressing through the cell cycle. Furthermore, Cyclin B1 
staining together with 5-ethynyl-2’-deoxyuridine (EdU) 
incorporation was used to determine the cell cycle progres-
sion of PGCs. While the percentage of Ube2t–/– PGCs in 
S phase was reduced compared to that of wild-type PGCs 
(31.46 ± 4.33% vs. 49.63 ± 3.94%, P < 0.001), the percent-
age of Ube2t–/– PGCs in G2 phase was 1.67-fold greater 
than in wild-type PGCs (44.49 ± 3.07% vs. 26.67 ± 3.33%, 
P < 0.001). Comparable results were found for the per-
centages of both G1-phase and M-phase cells between 
Ube2t–/– and wild-type PGCs (Fig. 1e, f). Together, these 
results suggest that UBE2T is vital for the rapid expansion 
of PGCs and that UBE2T deficiency leads to proliferation 
defects of PGCs.

To perform functional validation in vitro, we used the P19 
cell line, which was isolated from a mouse teratocarcinoma 
and exhibited the biochemical features of PGCs [36]. The 
PGC markers PRDM1 and STELLA were clearly detected 
in P19 cells, but not in mouse embryonic fibroblasts (MEFs) 
(Fig. S7a). In addition, the expression of UBE2T and 
FANCD2 in P19 cells was higher than that in MEFs (Fig. 
S7a). These findings indicate that P19 is a PGC-like cell line 
that possesses high FA pathway activity. For in vitro experi-
ments, we knocked down UBE2T by adenovirus infection in 
P19 cells, and UBE2T was almost completely absent (Fig. 
S7b). Following Ube2t knockdown, ubiquitinated FANCD2 
was also almost undetectable in P19 cells (Fig. S7b). The 
percentage of P19 cells in S phase was reduced compared 
to that of control cells, and Ube2t knockdown in P19 cells 
caused an increase in the proportion of cells in G2 phase 
compared to control cells (Fig. S7c). These results provide 
in vitro evidence that UBE2T deficiency causes PGC pro-
liferation defects.

UBE2T deficiency causes DNA damage accumulation 
and p53 signalling activation in PGCs

Next, we tested whether UBE2T was necessary for the 
activation of the FA pathway in vivo. Our results showed 
that FANCD2 foci, which are an indicator of FA pathway 
activation, were clearly formed in the nuclei in wild-type 
S-phase PGCs but were absent in Ube2t–/– PGCs (Fig. 2a). 
In addition, we noticed that FANCD2 was almost invisible 
in surrounding S-phase somatic cells, indicating that the 
functional FA pathway played a more important role in the 
development of PGCs (Fig. 2a). We next separated wild-type 
and Ube2t–/– MEFs from mouse embryos and cultured them 
in vitro. Western blotting showed that after treatment with 
MMC or aphidicolin (APH) to induce ICLs and replication 
stress, respectively, a high-level of ubiquitinated FANCD2 
was detected in wild-type MEFs but not in Ube2t–/– MEFs 

Fig. 2  Loss of UBE2T leads to DNA damage accumulation and 
p53 signaling activation in PGCs a Immunofluorescence staining 
for FANCD2 (red), EdU (white), and STELLA (green) to assess FA 
pathway activation in E11.5 wild-type and Ube2t–/– genital ridges. 
The nuclei of S-phase PGCs and S-phase somatic cells are circled 
out. Arrowheads indicate FANCD2 foci in PGCs. Scale bar = 10 μm. 
b Representative images of the neutral comet assay for E11.5 wild-
type and Ube2t–/– PGCs. DNA was stained with Hoechst 33342 
(white). Scale bar = 50 μm. c Quantification of the OTM in the PGC 
neutral comet assay. At least 200 PGCs were included per group, 
***P < 0.001. d, e Representative images (d) and percentages (e) 
of 53BP1 foci (green) in PGCs (STELLA-positive) in E11.5 wild-
type and Ube2t–/– genital ridges. The nuclei of PGCs are circled out. 
Arrowheads indicate 53BP1 foci in PGCs. n = 5 embryos per geno-
type, ***P < 0.001. Scale bar = 10 μm. f, g Representative images (f) 
and percentages (g) for p-p53–positive (red) PGCs (STELLA-pos-
itive) in E11.5 wild-type and Ube2t–/– genital ridges. n = 5 embryos 
per genotype, ***P < 0.001. Scale bar = 10  μm. h, i Representative 
images (h) and quantification (i) of PGCs (STELLA-positive) in 
E11.5 genital ridges of the indicated genotypes. n = 6 embryos per 
genotype, *P < 0.05. Scale bar = 200 μm. Data from individual cells 
(c) or embryos (e, g, i) are presented as dots, mean values (c) or 
mean ± SD (e, g, i) are presented

◂
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(Fig. S7d). These findings suggest that UBE2T deficiency 
causes FA pathway inactivation.

We then isolated PGCs from E11.5 genital ridges using 
magnetic sorting and performed a neutral comet assay to 
quantify the extent of the DNA damage. The average olive 
tail moment (OTM) of Ube2t–/– PGCs was significantly 
increased compared to wild-type PGCs (7.62 ± 6.03 vs. 
3.66 ± 2.73, P < 0.0001) (Fig. 2b, c). Moreover, the per-
centage of 53BP1-positive Ube2t–/– PGCs was increased 
3.95-fold compared to wild-type PGCs (30.20 ± 6.13% vs. 
7.65 ± 1.60%, P < 0.0001) (Fig. 2d, e). Similarly, the OTM 
and the percentage of cells with > 5 53BP1 foci in Ube2t 
knockdown P19 cells were both increased compared with 
those in control cells (Fig. S7e, f, h, i). Similar results were 
found in Ube2t–/– MEFs when inducing replication stress 
by APH or hydroxyurea (HU) and inducing ICLs by MMC 
(Fig. S7g, j). Furthermore, following MMC or APH treat-
ment western blotting showed that γH2AX expression was 
increased in Ube2t–/– MEFs (Fig. S7d). Taken together, these 
results confirm that UBE2T deficiency causes DNA damage 
accumulation in PGCs.

It is well known that p53 is a transcription factor and 
functions as a sensor of DNA damage to control cell cycle 
progression and regulate apoptosis [37]. Previous studies 
showed that p53 played a major role in slowing cell cycle 
progression in FA cells [38], and our results showed that 
the proportion of phosphorylated p53 (p-p53)-positive 
Ube2t–/– PGCs was significantly increased compared to wild-
type PGCs (31.22 ± 2.00% vs. 7.25 ± 1.89%, P < 0.0001) 
(Fig. 2f, g). Western blotting also showed increased expres-
sion of p-p53 in Ube2t–/– MEFs following MMC or APH 
treatment (Fig. S7d). After double knockout of Ube2t and 
p53, the number of E11.5 PGCs was partially rescued com-
pared to that of Ube2t–/–/p53+/+ mice (442.83 ± 178.54 vs. 
185.83 ± 133.38, P < 0.05) (Fig. 2h, i). These results support 
the hypothesis that DNA damage in PGCs caused by UBE2T 
deficiency triggers p53 pathway activation to slow the cell 
cycle, leading to PGC proliferation defects.

UBE2T counteracts TRCs by resolving R‑loops 
and protecting RFs

Because UBE2T deletion increased DNA damage in PGCs, 
we sought to determine the source of the DNA damage. 
Considering that PGCs are characterized by high levels of 
transcription and replication [39, 40], we hypothesized that 
the endogenous replication stress induced by TRCs was one 
source of DNA damage. To assess the TRC level in PGCs, 
a proximity-ligation assay (PLA) was performed between 
RNA polymerase II (Pol II) and PCNA, which indicated the 
transcription and replication process, respectively. The num-
ber of PLA foci was significantly increased upon UBE2T 
deficiency in PGCs compared to wild-type (Fig. 3a, b), and 

a similar result was seen in MEF cells (Fig. 4a, b). These 
results indicate that unresolved TRCs may be the source 
of replication stress in UBE2T deficient PGCs that lead to 
DNA damage.

Recent studies suggest that TRCs induce R-loop forma-
tion and genomic instability [41] and that removal of R-loops 
by the FA pathway is crucial for counteracting TRCs and 
avoiding DNA damage [18, 19]. We measured the formation 
of R-loops by staining with the S9.6 antibody that recognizes 
DNA:RNA hybrids. Depletion of UBE2T increased the 
intensity of the S9.6 signal in PGCs (Fig. 3c, d), whereas no 
obvious differences in the transcription levels in Ube2t–/– and 
wild-type PGCs were detected (Fig. S6e), indicating that 
the increased R-loops and TRCs in Ube2t–/– PGCs were not 
due to global transcriptional changes. We also observed an 
increased S9.6 signal in Ube2t–/– MEFs compared to wild-
type MEFs (Fig. 4c, d). We next found that the elevated 
S9.6 signal intensity was significantly reduced by overex-
pression of RNase H1 (RNH1), which is an R-loop-specific 
nuclease, in Ube2t–/– MEFs (Fig. 4c, d). The PLA signal 
was also significantly reduced after RNH1 overexpression 
in Ube2t–/– MEFs (Fig. 4a, b). To directly confirm the role 
of UBE2T in R-loop resolution, we used S9.6 antibody to 
detect R-loop sites by using the CUT&Tag assay in P19 
cells. We found that R-loops were enriched at transcription 
start sites (TSSs) and were mainly located at the promoter 
regions (Fig. 5a, b; Fig. S8a), and the R-loop signals were 
significantly increased at TSSs and promoter regions in 
Ube2t knockdown P19 cells (Fig. 5b). Comparative analysis 
showed that most R-loop peaks in control group were shared 
with Ube2t knockdown groups, and the Ube2t knockdown 
groups showed more shUbe2t-only R-loop peaks (Fig. 5c). 
Further analysis of the shUbe2t-only peaks and the shared 
peaks showed that Ube2t knockdown groups exhibited 
higher R-loop signals than those in control group in each 
peak region (Fig. 5d, e; Fig. S8b, c), indicating the signifi-
cant accumulation of R-loops upon Ube2t knockdown. Two 
representative genes, Rapgef6 and Taf15, were displayed 
(Fig. 5f). To evaluate the effect of R-loops on RF velocity, 
we infected MEFs with exogenous RNH1 and pulse-labeled 
nascent DNA with the nucleotide analogues iododeoxyur-
idine (IdU) and chlorodeoxyuridine (CldU) and performed 
the DNA fiber assay. Depletion of UBE2T in MEFs caused 
reduced RF velocity, as shown by shorter CldU track lengths, 
and the RF velocity was rescued by the overexpression of 
RNH1 (Fig. 4e). These results demonstrate that UBE2T 
deficiency causes the accumulation of R-loops, especially 
at promoter regions, which act as obstacles to the progres-
sion of RFs and exacerbate the generation of TRCs.

R-loops cause RFs to progress slowly or even stall, and 
in such cases the exposed ssDNA can be cleaved by nucle-
ases [42, 43]. Previous studies showed that FANCD2 could 
bind to the ssDNA of stalled RFs and protect the nascent 
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DNA from being degraded by MRE11 [15, 16]. To assess 
the role of UBE2T in the protection of stalled RFs, we 
treated P19 cells and MEFs with HU or APH after IdU and 
CldU labelling and then performed the DNA fiber assay. 
Our results showed that treating Ube2t knockdown P19 
cells and Ube2t–/– MEFs with APH or HU decreased the 
CldU:IdU ratios (Fig. 6a–d), thus reflecting the greater 
resection of nascent DNA. Furthermore, we found that the 
decreased CldU:IdU ratios in Ube2t–/– MEFs were rescued 
by mirin, a MRE11 inhibitor (Fig. 6c, d), indicating that 
the resection of nascent DNA was mainly mediated by 
MRE11. Taken together, these results suggest that UBE2T 

can counteract TRCs by resolving R-loops and by stabiliz-
ing the RF to prevent genomic instability in PGCs.

UBE2T protects the stability of CFSs

CFSs are another source of endogenous replication stress 
mainly due to their small number of replication origins [22], 
and the FA pathway is involved in the repair of damaged 
DNA in mitosis deriving from CFSs [28, 44]. To evalu-
ate the role of UBE2T in protecting CFSs, we examined 
CFS-related DNA damage in Ube2t–/– PGCs and in vitro 
cell lines. The percentage of 53BP1-NB-positive G1 cells 

Fig. 3  Loss of UBE2T leads to R-loop and TRC accumulation in 
PGCs a, b Representative images (a) and quantification (b) of TRCs 
in PGCs (STELLA-positive) in E11.5 wild-type and Ube2t–/– genital 
ridges. PLA (Pol II + PCNA) foci (red) indicate TRCs. At least 200 
PGCs were included per genotype, ***P < 0.001. Scale bar = 10 μm. 
c, d Representative images (c) and quantification (d) of R-loops in 

PGCs (STELLA-positive) in E11.5 wild-type and Ube2t–/– genital 
ridges. The mean S9.6 intensity (red) in the nucleus after subtracting 
the nucleolar signal indicates the level of R-loops. At least 200 PGCs 
were included per genotype, ***P < 0.001. Scale bar = 10  μm. Data 
from individual cells are presented as dots and the mean values are 
presented (b, d)
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was significantly increased in Ube2t–/– PGCs compared to 
wild-type PGCs (14.03 ± 3.83% vs. 3.14 ± 1.69%, P < 0.001) 
(Fig. 7a, b). Similarly, we also observed a higher percentage 
of G1 MEFs with 53BP1-NBs with or without APH treat-
ment upon UBE2T deletion (Fig. S9a, b). We then treated 

MEFs with cytochalasin B to induce the production of binu-
cleated cells. Compared to wild-type MEFs, an increasing 
number of binucleated Ube2t–/– MEFs showed micronu-
clei regardless of APH treatment (Fig. 7c, d). Given that 
UFBs were the main cause of micronuclei and 53BP1-NBs 
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in daughter cells, we measured the frequency of UFBs in 
UBE2T-deficient cells. To obtain more anaphase cells, we 
treated the P19 cells with nocodazole to synchronize the 
cells at G2/M phase and then released the cells into anaphase 
(Fig. 7e). We then performed immunofluorescence stain-
ing of PLK1 interacting checkpoint helicase (PICH), which 
labelled CFS-related UFBs [28], in the synchronized P19 
cells. We observed more UFBs in Ube2t knockdown P19 
cells compared to control cells (Fig. 7f, g), and the percent-
age of Ube2t–/– MEFs with UFBs was significantly increased 
compared to wild-type MEFs with or without APH treat-
ment (Fig. S9c, d). Taken together, these results suggest that 
UBE2T is essential for maintaining the stability of CFSs.

UBE2T promotes MiDAS by recruiting MUS81 
to chromatin

After the under-replicated CFS regions enter mitosis, DNA 
synthesis will continue in these regions, which is referred 
to as MiDAS [25, 26]. MiDAS is a rescue pathway for the 
under-replicated regions of CFSs during mitosis, and is 
associated with the appearance of UFBs and 53BP1-NBs 
or micronuclei [25]. To determine the role of UBE2T in 
MiDAS, we first synchronized the Ube2t knockdown P19 
cells with RO-3306 at G2 phase and then released the cells 
to prometaphase along with EdU incorporation (Fig. 8a). 
We found a significant reduction in the EdU-positive foci 
per prometaphase P19 cell upon Ube2t knockdown, which 
indicated a low level of MiDAS (Fig. 8b, c). In addition, 
we also observed a significantly decreased MiDAS signal 
in Ube2t–/– MEFs compared to wild-type MEFs (Fig. 8d). 
These results suggest that UBE2T facilitates MiDAS.

MiDAS is a BIR process and mainly dependent on 
MUS81 endonuclease to generate fragile site breakage 
and on the non-catalytic subunit of the Pol-delta complex 
(POLD3) to complete DNA synthesis [26, 45]. Considering 

that MUS81 was downstream of the FA pathway and that 
ubiquitination of the ID2 complex supported MUS81 
recruitment to the chromatin [8], we evaluated whether 
UBE2T influenced MUS81 recruitment to chromatin and 
subsequent POLD3-induced DNA synthesis in this BIR 
process. We extracted the chromatin-bound proteins from 
asynchronous, G2-arrested, and prometaphase P19 cells 
and found that knockdown of UBE2T caused an obvious 
decrease in ubiquitylated FANCD2, MUS81, and POLD3 
expression in the chromatin-bound fraction of prometa-
phase P19 cells (Fig. 8e). To further assess the function of 
UBE2T in MiDAS, we performed metaphase spreads using 
the synchronized MEFs under replication stress induced 
by APH (Fig. 8f). A significant reduction in the number 
of breaks and gaps in metaphase chromosomes was found 
in Ube2t–/– MEFs (Fig. 8g, h). These findings show that 
UBE2T deficiency causes FA pathway inactivation, reduces 
MUS81 recruitment, and restricts MiDAS. Taken together, 
these results suggest that UBE2T is crucial for MiDAS by 
recruiting MUS81 to chromatin and thus ensuring the stabil-
ity of CFSs.

UBE2T promotes the resolution of R‑loops located 
in the promoters of the large genes associated 
with CFSs

Most CFSs co-localize with very large genes greater than 
300 kb [21]. It has been reported that transcription of these 
large genes extends for more than one cell cycle, which often 
induces the formation of R-loops and hinders RF progression 
[46]. Given that UBE2T deficiency caused genome wide 
accumulation of R-loops especially at promoter regions, we 
hypothesized that CFSs tended to be more sensitive to the 
increase of R-loops. Although no genome-wide analysis of 
CFSs has been undertaken in mice, CFSs in both humans 
and mice are associated with orthologous large genes [47]. 
In this study, we selected three large genes nested in mouse 
CFSs, including Wwox in Fra8E1 [48], Immp2l in Fra12C1 
[49], and Sec8 in Fra6B1 [47]. The S9.6 CUT&Tag assay 
showed R-loop signals accumulated in the promoter regions 
of the Wwox, Immp2l, and Sec8 genes, and Ube2t knock-
down significantly increased the R-loop signals in the pro-
moter regions of Wwox and Immp2l genes (Fig. 9a). We 
then performed quantitative PCR (qPCR) analysis following 
CUT&Tag assay (CUT&Tag-qPCR) in the promoter regions 
of the three genes and found that the sequences within the 
promoter regions of Wwox and Immp2l genes were signifi-
cantly enriched in the Ube2t knockdown cells (Fig. 9b). 
Although Sec8 showed no statistical difference between 
Ube2t knockdown groups and control group, there was an 
enrichment trend (Fig. 9b). These findings demonstrate that 
UBE2T is involved in R-loop resolution in the large genes of 
CFSs to promote replication of these regions during S phase.

Fig. 4  Loss of UBE2T contributes to R-loop and TRC accumula-
tion in MEFs a, b Representative images (a) and quantification (b) 
of R-loops of wild-type and Ube2t–/– MEFs overexpressing con-
trol (green) or GFP-RNaseH1 (GFP-RNH1, green) adenovirus. The 
mean S9.6 intensity (red) in the nucleus (except the nucleolar sig-
nal that is positive for Fibrillarin staining) indicates the number of 
R-loops. At least 200 MEFs were included per group, ***P < 0.001. 
Scale bar = 10 μm. c, d Representative images (c) and quantification 
(d) of TRCs in wild-type and Ube2t–/– MEFs overexpressing control 
(green) or GFP-RNH1 (green) adenovirus. PLA (Pol II + PCNA) foci 
(red) indicate TRCs. At least 200 MEFs were included per group, 
***P < 0.001. Scale bar = 10 μm. (e) Top: The experimental scheme 
of the DNA fiber assay in MEFs to assess the velocity of RFs. Mid-
dle: Representative images of the DNA fiber assay in MEFs. Bot-
tom: CldU track length of the DNA fiber assay in wild-type and 
Ube2t–/– MEFs overexpressing control or GFP-RNH1 adenovirus. At 
least 200 CldU tracks were included per group, ns: not significant, 
***P < 0.001. Data from individual cells (b, d) or DNA fibers (E) are 
presented as dots, means are presented (b, d, e)

◂
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Fig. 5  Knockdown of Ube2t causes R-loop accumulation a Annota-
tion of R-loop CUT&Tag peaks with pie charts. The genomic distri-
bution of peaks is shown in the low panel. UTR, untranslated region. 
b Genomic metaplots of genes with R-loop signals across the 2  kb 
window around gene bodies. (c) Venn diagrams showing the over-
lap of R-loop peaks between Ube2t knockdown groups (shUbe2t #1, 
shUbe2t #2) and control group (shCtrl). d, e Average R-loop read 

density and heatmap of shUbe2t #1 groups, shCtrl group and no 
antibody group in the 1 kb window around the center of shUbe2t #1 
unique peaks (d) and merged peaks (e). f Genome browser tracks of 
R-loop coverage at the representative genes Rapgef6 and Taf15 in P19 
cells. No antibody (green), control (blue), shUbe2t #1 (orange) and 
shUbe2t #2 (orange) CUT&Tag data are shown
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Fig. 6  Loss of UBE2T leads to increased resection of the nascent 
DNA in P19 cells and MEFs a, b The experimental scheme, repre-
sentative images (a) and the CldU/IdU track length (b) in the DNA 
fiber assay in P19 cells infected with shCtrl, shUbe2t #1, or shUbe2t 
#2 adenovirus after control, APH (0.2  μM), or HU (0.3  mM) treat-
ment. At least 200 CldU/IdU ratios were included per group, ns: not 
significant, **P < 0.01, ***P < 0.001. c, d The experimental scheme, 

representative images (c) and the CldU/IdU track length (d) of the 
DNA fiber assay in wild-type and Ube2t–/– MEFs after control, APH 
(0.2 μM), or HU (0.3 mM) treatment with or without mirin. At least 
200 CldU/IdU ratios were included per group. ns: not significant, 
**P < 0.01, ***P < 0.001. Data from DNA fibers are presented as 
dots and the mean values are presented (b, d)
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Discussion

In this study, we demonstrate the role of UBE2T in PGCs 
relating to both TRCs and CFSs and propose a model 
whereby UBE2T maintains PGC development through 

multiple mechanisms (Fig. 10). On the one hand, UBE2T is 
required to activate the FA pathway to counteract TRCs by 
resolving R-loops and stabilizing RFs. On the other hand, the 
activated FA pathway protects CFSs by resolving R-loops in 
large genes and facilitating MiDAS (Fig. 10). When UBE2T 
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is absent in PGCs, TRC-related and CFS-related DNA dam-
age accumulates, leading to the activation of the p53 path-
way and inhibition of cell proliferation, ultimately resulting 
in PGC loss and subsequent germ cell exhaustion in mice.

In mouse embryos, following specification, PGCs migrate 
to the genital ridge and undergo subsequent rapid prolifera-
tion up to E13.5 [50]. Later, the female germ cells enter into 
meiosis and are arrested at the diplotene stage of prophase I 
while male germ cells undergo mitotic arrest [50]. The maxi-
mum of PGC population established by mitosis determines 
the reproductive reserve of both female and male mammals 
[1, 51]. Abnormalities in any of aforementioned processes 
may cause germ cell loss after birth. Several previous stud-
ies have reported that the FA proteins are indispensable 
for rapid proliferation process of PGCs [52–54]. Here we 
show that UBE2T, a key protein in FA pathway activation, 
is also crucial for PGC proliferation. After UBE2T dele-
tion in mice, PGCs exhibit obvious proliferation defects and 
their numbers decrease dramatically. These findings further 
reinforce the role of the FA pathway in the development of 
PGCs and provide new mechanistic explanation for the FA-
associated infertility.

Germ cells pass on genetic information to the next gen-
eration and thus must be equipped with superior capacity 
of maintaining their genome stability. The FA pathway is 
a classical DDR pathway, and its inactivation affects PGC 
proliferation by increasing genome instability that is a 
shared phenotype in mouse strains with different genetic 
backgrounds, indicating that this pathway is responsible for 
resolving specific intrinsic genome threats in PGCs. The 
characteristics of PGCs, including global decrease in DNA 
methylation, rapid proliferation, high level of transcription 
and active metabolism [39, 40, 55, 56], may be the cause of 

these intrinsic threats. A previous study showed that ERCC1 
and FANCA deletion in mice both increased DNA damage 
in PGCs, and Aldh2–/–Fanca–/– or Adh5–/–Fanca–/– embryos 
showed fewer PGCs compared to the Fanca–/– embryos, sug-
gesting that DNA damage occurred due to the inability of 
these mice repairing ICLs generated by metabolically-pro-
duced aldehydes [7]. Another study found that the de-repres-
sion of transposable elements contributed to proliferation 
defects and DNA damage accumulation in Fancd2–/– PGCs 
[57]. Interestingly, human and murine cells defective in 
FANCD2 or FANCA show the accumulation of R-loops and 
DNA damage [18], and the FA pathway resolves conflicts 
between the replication and transcription machineries [19]. 
In this study, we show that replication stress from TRCs is 
an important source of DNA damage in Ube2t–/– PGCs, and 
this provides evidence into the mechanism through which 
FA pathway inactivation leads to PGC loss.

In addition to TRCs, CFS is regarded as another endog-
enous source of replication stress and its stability has long 
been known to be under the control of a large number of 
proteins that are involved in DNA damage repair and replica-
tion stress response [22, 23]. Under-replicated CFSs enter 
mitosis and undergo MiDAS [25]. It has been suggested that 
FANCD2 promotes MiDAS [31], and ID2 foci have been 
observed at the tips of CFS-related UFBs to play roles in 
UFB resolution [28, 44]. Although the FA pathway has been 
involved in MiDAS which is different from the RAD52-
mediated pathway, the precise mechanism is not clear [31]. 
It is known that ubiquitylated FANCD2 recruits the nuclease 
scaffold protein SLX4, which in turn recruits XPF-ERCC1, 
MUS81-EME1, and SLX1 to chromatin in the classical ICL 
repair pathway [8]. Similarly, the recruitment of MUS81-
EME1 to CFS loci during MiDAS has been shown [45], and 
deletion of MUS81 has been shown to reduce the occurrence 
of breaks or gaps in CFSs in metaphase chromosomes [27, 
58], but it is still unknown whether the recruitment of the 
MUS81 endonuclease is related to the FA pathway. In the 
present study, we show that UBE2T participates in MiDAS 
to prevent CFS-related DNA damage in PGCs and provide 
the first evidence that the activated FA pathway recruits 
MUS81 to chromatin to facilitate MiDAS.

It is well known that CFS-induced delay in the comple-
tion of replication in S phase is correlated with initiation 
paucity [22]. In addition, R-loops usually accumulate at 
large genes nested in CFS loci [21, 22]. Therefore, it is con-
ceivable that the R-loops may hinder the progress of the 
RF in the CFS loci, which will further increase the DNA 
damage in FA pathway-defective cells. In this study, S9.6 
CUT&Tag results showed that R-loops were enriched at 
TSSs and promoter regions, similar to what was reported in 
a previous study [59]. We confirmed that upon FA pathway 
inactivation the promoter regions of Wwox in Fra8E1and 
Immp2l in Fra12C1 showed R-loop accumulation, which 

Fig. 7  UBE2T is essential for protecting the stability of CFSs a, b 
Representative images (a) and percentages (b) of 53BP1-NBs in 
G1-phase PGCs (STELLA-positive) in E11.5 wild-type and Ube2t–/– 
genital ridges. Large 53BP1 foci (green) indicate 53BP1-NBs. Cyclin 
A2-negative (red) and STELLA-positive indicate G1-phase PGCs. 
The nuclei of G1-phase PGCs are circled out. Arrowheads indicate 
53BP1-NBs in PGCs. n = 5 embryos per genotype, ***P < 0.001. 
Scale bar = 10 μm. c, d Representative images (c) and percentages (d) 
of binucleated cells with micronuclei in wild-type and Ube2t–/– MEFs 
after APH (0.5 μM) or control treatment. DNA was stained with Hoe-
chst 33342 (white), and α-Tubulin (green) indicates the binucleated 
MEFs. Arrowheads indicate micronuclei in MEFs. Three biological 
replicates were performed in each group and at least 200 binucleated 
MEFs were included per replicate, **P < 0.01. Scale bar = 200 μm. e 
Experimental workflow for analyzing P19 cells in anaphase follow-
ing UBE2T depletion. f, g Representative images (f) and percentages 
(g) of UFB-positive P19 anaphase cells following UBE2T depletion. 
PICH (white) indicates UFBs, and DNA was stained with Hoechst 
33342 (blue). Three biological replicates were performed in each 
group and at least 100 P19 anaphase cells were included per repli-
cate, ***P < 0.001. Scale bar = 10  μm. Data points from individual 
embryos (b) or groups (d, g) are presented as dots, mean ± SD are 
presented (b, d, g)

◂



 Y. Yu et al.

1 3

92 Page 14 of 22

might hinder the RFs in S phase and induce DNA damage. 
This suggests an additional mechanism through which the 
FA pathway can protect CFSs by resolving R-loops therein.

In conclusion, we found that UBE2T kept the rapid 
proliferation of mouse PGCs by counteracting TRCs and 

maintaining CFS stability, thus assuring the establish-
ment of reproductive reserve. This study thus provides 
new insights into the infertility phenotype in FA-null mice 
and FA patients and into the endogenous mechanisms that 
maintain genome stability in PGCs.
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Materials and methods

Animals

Ube2t–/– and p53–/– mice were obtained from Cyagen 
Bioscience (China) using the CRISPR/Cas9 technology. 
Ube2t–/– mice were generated by targeted deletion of exon 
3 to exon 6, which led to a frameshift and truncated pro-
tein (Fig. S1a). The p53–/– mice were generated by targeted 
deletion of exon 3 to exon 9. All mice established by the 
CRISPR/Cas9 technology were derived from C57BL/6 J 
mice and then crossed with ICR mice. The primer sequences 
used for genotyping are listed in Table S1. All animal experi-
ments were conducted in accordance with the ethical guide-
lines approved by the Animal Care and Research Committee 
of Shandong University.

Cell lines and cell culture

P19 cells were obtained from the Cell Resource Center, 
IBMS, CAMS/PUMC, China and were cultured in α-MEM 
with 10% FBS and 1% streptomycin/penicillin. Wild-
type and Ube2t–/– MEFs were produced using the estab-
lished methods. In detail, pregnant mice were sacrificed at 
E12.5 ~ E13.5, the embryos were collected, and a portion of 
the tissue was removed from each embryo for genotyping. 
The limbs, tail, head, and viscera of each embryo were care-
fully removed, and the trunks were minced with sharp scis-
sors. The minced tissues were added to 0.05% trypsin (Inv-
itrogen, China) and digested at 37 °C for 4 min to dissociate 

into a single cell suspension. MEFs were cultured in DMEM 
with 10% FBS and 1% streptomycin/penicillin.

Cell synchronization and treatment

To obtain G2-phase cells, cells were synchronized to G2 
phase using the CDK1 inhibitor RO-3306 (8 μM; APExBIO, 
USA; A8885) for 6 h. To obtain prometaphase cells, cells 
arrested in G2 phase were released into medium and cultured 
for 10 min. Prometaphase cells were obtained by mitotic 
shake-off for subcellular fractionation. For MiDAS, cells 
arrested in G2 phase were then released into medium con-
taining 5-ethynyl-2’-deoxyuridine (EdU; 20 μM; Sigma, 
China; 900584) and cultured for 10 min to release them to 
prometaphase. These cells were then fixed for immunofluo-
rescence analysis. To obtain metaphase chromosomes, cells 
arrested in G2 phase were released into medium containing 
colcemid (200 ng/ml; Sangon Biotech, China; A606585) for 
30 min. Metaphase cells were obtained by mitotic shake-
off for metaphase chromosome spreads. To obtain anaphase 
cells, asynchronous cells were treated with nocodazole 
(40 ng/ml; Sigma, China; M1404) for 16 h to arrest the cells 
at G2/M phase. The arrested cells were then released into 
medium and cultured for 20 min to release them into ana-
phase. To obtain the binucleated MEFs, asynchronous MEFs 
were treated with cytochalasin B (1 μg/ml; Sangon Biotech, 
China; A606580) for 24 h.

Mitomycin C (MMC; TCI, China; M2320) was used for 
inducing ICLs. Aphidicolin (APH; Sigma, China; 504744) 
was used for inducing replication stress or CFS-related 
genome instability. Hydroxyurea (HU; Sigma, China; 
H8627) was used for inducing replication stress.

Protein extraction and western blot analysis

Total protein was extracted from the testes with the Total 
Protein Extraction Kit (Invent, China; SD-001), and the 
protein concentration was determined by the BCA method 
(ThermoFisher, China). Chromatin-bound protein from 
P19 cells was fractionated using the Subcellular Protein 
Fractionation Kit (ThermoFisher, China; 78840), and the 
BCA method was also used for determining the protein 
concentration.

For western blot analysis, protein samples were run on an 
SDS–PAGE gel and then transferred to a PVDF membrane 
(Millipore, China). Following blocked with 5% milk for 1 h 
at room temperature, the membrane was incubated overnight 
with the primary antibody (Table S3) at 4 °C. The membrane 
was then incubated with the appropriate secondary antibody 
for 1 h at room temperature, and was developed with an ECL 
system (Millipore, China). The images were captured by a 
ChemiDoc MP System (Bio-Rad, China).

Fig. 8  UBE2T promotes MiDAS by recruiting MUS81 to chromatin 
a Experimental workflow for analyzing MiDAS in P19 prometaphase 
cells following UBE2T depletion. b, c Representative immunofluo-
rescence images (b) and quantification (c) of MiDAS foci (labeled 
with EdU; red) in P19 prometaphase cells following UBE2T deletion. 
Cyclin B1-positive nuclei indicate cells entering mitosis. DNA was 
stained with Hoechst 33342 (blue). At least 200 P19 prometaphase 
cells were included per group, ***P < 0.001. Scale bar = 10  µm. d 
Quantification of MiDAS foci in wild-type and Ube2t–/– prometa-
phase MEFs following APH (0.2  μM) treatment. At least 200 pro-
metaphase MEFs were included per genotype, ***P < 0.001. e Rep-
resentative western blots of the chromatin-bound fraction of P19 cells 
at the indicated cell cycle phases for UBE2T, FANCD2, MUS81, 
POLD3, and Histone H3 (the loading control). Asy, asynchronous; 
G2, G2 phase; PM, prometaphase; shU#1, shUbe2t #1; shU#2, shU-
be2t #2. f Experimental workflow for analyzing metaphase MEFs fol-
lowing APH (0.2  μM) treatment. g Representative images of meta-
phase chromosomes of wild-type and Ube2t–/– MEF cells after APH 
(0.2  μM) treatment. DNA was stained with Hoechst 33342 (white). 
Arrowheads indicate breaks or gaps in the chromosomes. Magni-
fied images of chromosomes are shown in the red squares. Scale 
bar = 10  µm. h Quantification of breaks/gaps per metaphase spread 
from wild-type and Ube2t–/– MEFs following APH (0.2  μM) treat-
ment. Three biological replicates were performed in each group and 
at least 100 metaphase MEFs were included per replicate. *P < 0.05. 
Data from individual cells (c, d) or groups (h) are presented as dots, 
mean (c, d) or mean ± SD (h) are presented
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Histological staining

The embryonic gonads were fixed in 4% PFA overnight at 
4℃ and washed in PBS three times. The gonads of mice 
after birth were fixed in Bouin’s solution overnight at 4℃ 
and washed in 70% ethanol three times. Fixed samples were 
dehydrated with graded alcohol, embedded in paraffin, and 
sectioned at 5 μm thickness. The samples were deparaffi-
nized, rehydrated, and then stained with hematoxylin and 
eosin (H&E) using standard methods. Images were captured 
with an Olympus microscope (BX53, Japan).

For immunohistochemical staining, sections of paraffin-
embedded samples were deparaffinized, rehydrated, and 
boiled with antigen retrieval buffer (10 mM sodium citrate, 
pH 6.0) for 10 min. Samples were cooled to room tempera-
ture and then washed in water for 5 min three times. The 
samples were blocked and permeabilized with 10% goat or 
donkey serum diluted in PBS including 0.3% Triton X-100 
for 1 h at room temperature. Samples were incubated with 
the primary antibody (Table S3) diluted in the blocking and 
permeabilizing buffer at 4 °C overnight. Samples were then 
washed with PBS containing 0.1% Triton X-100 (PBST) 

Fig. 9  UBE2T promotes the resolution of R-loops located at CFSs 
a Genome browser tracks of R-loop coverage at the large Wwox, 
Immp2l, and Sec8 loci detected by S9.6 antibody CUT&Tag assay in 
P19 cells. No antibody (green), control (blue), shUbe2t #1 (orange) 
and shUbe2t #2 (orange) CUT&Tag data are shown. b Quantifica-

tion of R-loops by CUT&Tag-qPCR at promoter regions of the large 
genes Wwox, Immp2l, and Sec8. Data points from individual groups 
are presented as dots, mean ± SD are presented. Three biological rep-
licates were performed in each group. ns: not significant, *P < 0.05
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three times, and the slides were stained following standard 
immunohistochemistry methods using a Vectastain ABC Kit 
(Vector Laboratory, USA). The slides were then counter-
stained with hematoxylin, dehydrated with an ethanol gradi-
ent, and made transparent with xylene. Finally, the samples 
were mounted and images were captured with an Olympus 
microscope (BX53, Japan).

For fluorescence staining, samples were treated similarly 
with traditional immunohistochemical staining methods 
up to primary antibody treatment. After that, the samples 
were washed three times with PBST and incubated with the 
appropriate Alexa Fluor-conjugated secondary antibody 
diluted in PBST with 5 μg/ml Hoechst 33342 for 1 h at 
room temperature. Afterwards, the samples were washed 
three times with PBST and mounted with antifade reagent. 
Images were captured with a Dragonfly 500 confocal micro-
scope (ANDOR, UK).

Alkaline phosphatase staining

Pregnant mice were sacrificed at E8.5, E9.5, or E11.5, and 
the embryos were collected and fixed in 4% PFA for 1 h 
at 4 °C. After washing twice with PBS, the embryos were 
treated with staining buffer for 20 ~ 30 min on a shaker at 
37 °C in the dark. The staining buffer consisted of 25 mM 
Tris-maleic acid buffer (pH 9.0), 0.5 mM  MgCl2, 0.4 mg/
ml 1-naphthyl phosphate disodium salt (Sigma, China; 
N7255), and 1 mg/ml Fast Red TR salt (Sigma, China; 
F6760). The staining reaction was terminated by add-
ing excessive PBS. After washing twice with  ddH2O, the 
embryos were made transparent with 40% glycerol and 
80% glycerol for 1 h. Images were captured with a stereo-
scope (Nikon, Japan).

Fig. 10  The working model of how UBE2T maintains genome stabil-
ity in PGCs. PGCs encounter endogenous replication stress derived 
from TRCs and CFSs during rapid division. UBE2T is required to 
activate the FA pathway to resolve R-loops and stabilize RFs to coun-

teract TRCs. The activated FA pathway also resolves R-loops at large 
genes and facilitates MiDAS to maintain stability of CFSs. Thus, the 
FA pathway functions to maintain the genome stability of PGCs
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Immunofluorescence analysis

To obtain E11.5 genital ridges, the embryos were fixed in 
4% PFA overnight at 4℃ and washed three times in PBS. 
The genital ridges were dissected and embedded in OCT 
compound and sectioned at 10 μm. The samples were dipped 
in PBS to remove the OCT compound and then blocked 
and permeabilized with 10% bovine serum albumin (BSA) 
or donkey serum diluted in PBS including 0.3% Triton 
X-100 for 1 h at room temperature. The primary antibody 
(Table S3) diluted in blocking and permeabilizing solu-
tion was added to incubate at 4℃ overnight. After washing 
three times with PBST, the samples were incubated with 
the secondary antibody diluted in PBST with 5 μg/ml Hoe-
chst 33342 for 1 h at room temperature. The samples were 
washed with PBST three times and mounted with antifade 
reagent. Images were captured with a Dragonfly 500 confo-
cal microscope (ANDOR, UK).

For both P19 cells and MEFs, the cells were seeded onto 
gelatin-coated slides, fixed in 4% PFA for 15 min at room 
temperature, and washed with PBS three times. After trans-
ferring to glass slides, the cells were blocked, permeabilized, 
and incubated with primary antibody and second antibody 
together with Hoechst 33342 similar to the tissue samples. 
The images were captured with a Dragonfly 500 confocal 
microscope (ANDOR, UK).

EdU incorporation assay

Pregnant mice (E11.5) were intraperitoneally injected with a 
solution containing 100 mg/kg EdU for 1 h. The mice were 
sacrificed, and frozen sections of the E11.5 genital ridges 
were obtained as described above. Samples were dipped in 
PBS to remove the OCT compound and were incubated with 
2 mg/ml glycine solution for 10 min, permeabilized with 
PBS containing 0.5% Triton X-100 for 10 min two times, 
and incubated with EdU reaction solution (Ribo Biosci-
ence, China; C10371-2) for 30 min at room temperature. 
The samples were then washed with PBS containing 0.5% 
Triton X-100 for 10 min and incubated with primary anti-
body and secondary antibody together with Hoechst 33342 
similar to the standard immunofluorescence staining. Images 
were captured with a Dragonfly 500 confocal microscope 
(ANDOR, UK).

For both P19 cells and MEFs, the cells were seeded onto 
gelatin-coated slides and incubated with medium containing 
20 μM EdU for 1 h (for the cell cycle assay) or for 10 min 
(for MiDAS) at 37℃. Cells were fixed with 4% PFA and 
washed with PBS three times. The fixed cells were then sub-
jected to standard EdU staining and immunofluorescence 
staining similar to the tissue samples. Images were captured 
with a Dragonfly 500 confocal microscope (ANDOR, UK).

For cell cycle phase analysis, E11.5 genital ridges were 
subjected to EdU incorporation assay as above and followed 
with the immunofluorescence staining of Cyclin B1 and 
STELLA. P19 cells were performed with EdU incorpora-
tion assay as above and followed with the immunofluores-
cence staining of Cyclin B1. Cyclin B1 negative indicates 
G1-phase cells; EdU positive indicates S-phase cells; Cyclin 
B1 strongly positive in cytoplasm indicates G2-phase cells; 
Cyclin B1 accumulation in the nucleus indicates M-phase 
cells.

Magnetic PGC sorting

Pregnant mice (E11.5) were sacrificed, and a portion of tis-
sue from the embryos was taken for quick genotyping using 
the KAPA Mouse Genotyping Kit (Sigma, China; KK7351). 
The wild-type and Ube2t–/– genital ridges were dissected and 
collected separately in cold Leibovitz's L-15 medium and 
incubated with Accutase (ThermoFisher, China; A11105-
01) for 25 min at 37℃ to dissociate into a single-cell sus-
pensions. The samples were resuspended with 80 μl buffer 
(DPBS with 0.5% BSA and 2 mM EDTA), and 20 μl anti-
SSEA-1 beads were added to the samples. The samples were 
mixed well and incubated for 15 min at 4℃. One milliliter 
buffer was added to the wash the samples, and the cells were 
collected by centrifugation at 300 × g for 8 min at 4℃ and 
resuspended in 500 μl buffer. The separation columns were 
put on the magnetic stand and rinsed with 500 μl buffer. The 
cells were added to the separation columns, and the somatic 
cells (unlabeled cells) were washed out of the columns. The 
cells left on the columns were washed with 500 μl buffer 
three times and immediately added to 500 μl buffer. Col-
lection tubes were placed under the columns, and the mag-
netically labeled SSEA-1-positive PGCs were eluted into 
the collection tubes by quickly pushing the plunger into the 
columns. The magnetic-positive cells were collected by cen-
trifugation at 300 × g for 8 min at 4 °C and resuspended with 
cold DPBS at a concentration of 1 ×  106 cells/ml for use in 
the neutral comet assay.

Neutral comet assay

Magnetically sorted PGCs, P19 cells, and MEFs were sub-
jected to a neutral comet assay as described previously 
[60]. Eighty microliters of melted agarose with a normal 
melting temperature were spread onto the glass slides, and 
a coverslip was placed onto the agarose. The slides were 
kept at 4℃ for 15 min to let the agarose solidify, and the 
coverslips were removed. Ten microliters of cell suspen-
sion diluted in DPBS at a concentration of 1 ×  106 cells/
ml and 70 μl melted agarose with low melting temperature 
(Sangon Biotech, China; A600015) were mixed well and 
added onto the slides with a coverslip. The slides were 
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kept at 4℃ for 15 min to let the agarose solidify, the cov-
erslips were then removed, and the slides were immersed 
in a neutral lysis buffer (2.5 M NaCl, 100 mM  Na2EDTA, 
10 mM Tris, 1% N-lauroylsarcosine, and 1% Triton X-100 
[pH 9.5]) for 1 h at room temperature. The slides were 
washed with  ddH2O three times and transferred to an elec-
trophoresis tank including neutral electrophoresis solution 
(300 mM sodium acetate, 100 mM Tris [pH 8.3]). After 
incubating in neutral electrophoresis solution for 20 min, 
the samples underwent electrophoresis at 80 mA and 20 V 
for 20 min. The slides were washed with  ddH2O three 
times and fixed with 100% ethanol. The air-dried slides 
were washed with  ddH2O and stained with PBS containing 
5 μg/ml Hoechst 33342 for 30 min at room temperature. 
The samples were mounted with antifade reagent, and 
the images were captured with an Olympus microscope 
(BX53, Japan). The OTMs were analyzed by the CASP 
software (CASPLab).

Proximity ligation assay (PLA)

The PLA staining was performed using Duolink PLA 
Technology (Sigma, China) as described previously [61]. 
The genital ridges from E11.5 embryos were blocked, 
permeabilized, and incubated with the RNA Pol II and 
PCNA primary antibodies as described for the immu-
nofluorescence assay. The secondary antibody probe 
incubation, ligation, and amplification reaction were 
performed according to the manufacturer’s instructions. 
Duolink in situ PLA probe anti-mouse plus (Sigma, China; 
DUO92001), Duolink in situ PLA probe anti-rabbit minus 
(Sigma, China; DUO92005), and Duolink in situ Detec-
tion Reagents Red (Sigma, China; DUO92008) were used 
in the PLA staining. After the PLA staining, the slides 
were incubated with the STELLA antibody overnight at 
4℃ and the appropriate secondary antibody for 1 h at room 
temperature to label PGCs. Finally, the slides were incu-
bated with PBS containing 5 μg/ml Hoechst 33342 for 
30 min at room temperature and mounted with antifade 
reagent. Images were captured with a Dragonfly 500 con-
focal microscope (ANDOR, UK).

For the PLA in MEFs, cells were seeded onto pre-
warmed, gelatin-coated slides, fixed with 4% PFA, and 
washed three times with PBS. The fixed cells were perme-
abilized with cold methanol for 10 min at –20 °C, washed 
with  ddH2O three times, and blocked in 10% donkey serum 
containing 0.3% Triton X-100 for 1 h at room tempera-
ture. The cells underwent PLA staining with the RNA Pol 
II and PCNA antibodies and DNA staining with Hoechst 
33342 as described above for the genital ridges. Images 
were captured with a Dragonfly 500 confocal microscope 
(ANDOR, UK).

DNA fiber assay

The DNA fiber assay was performed as described previously 
[62]. P19 cells were pulse-labeled with 500 µM 5-iodo-
2’-deoxyuridine (IdU; Sigma, China; I7125) for 20 min, 
washed with pre-warmed PBS three times, and pulse-labeled 
with 250  μM 5-chloro-2’-deoxyuridine (CldU; Sigma, 
China; C6891) for 20 min. MEFs were pulse-labeled with 
25 µM IdU for 20 min, washed with pre-warmed PBS three 
times, and then pulse-labeled with 250 μM CldU for 20 min. 
The cells were washed with PBS three times and incubated 
with normal medium or medium with APH or HU for 4 h 
together with mirin (Selleck, China; S8096) or not. The cells 
were then digested and resuspended in cold PBS at a concen-
tration of 5 ×  105 ~ 1 ×  106 cells/ml. Two microliters of the 
cell suspension were spotted on one side of the glass slides 
and air-dried for 3 min. The samples were lysed with 12 µl 
of lysis buffer (50 mM EDTA and 0.5% SDS in 200 mM 
Tris–HCl, pH 7.5). The slides were tilted to 15° ~ 45° to 
spread the DNA fibers and then air-dried completely. The 
samples were fixed with a mixture of methanol and acetic 
acid (3:1) and air-dried. After washing twice with  ddH2O, 
the slides were denatured in 2 N HCl for 1 h at room tem-
perature, washed with PBS three times, and blocked with 1% 
BSA in PBS for 1 h. The slides were subjected to a standard 
immunofluorescence procedure with anti-BrdU (rat) and 
anti-BrdU (mouse) antibodies to label the nascent DNA 
before mounting with antifade reagent. Images were cap-
tured with a Dragonfly 500 confocal microscope (ANDOR, 
UK). Measurement of the length of IdU and CldU was per-
formed using ImageJ software.

To assess the velocity of the RFs, cells were immediately 
collected and resuspended in cold PBS after IdU and CldU 
labeling, and similar DNA fiber assay procedures were per-
formed as described above.

Metaphase chromosome spreads

Metaphase chromosome spreads were performed following 
an established method [25]. Cells synchronized in metaphase 
as described above were collected using mitotic shake-off. 
The cells were pelleted by centrifugation at 600 × g for 5 min 
before being swollen in a pre-warmed 75 mM KCl solution 
for 5 min at 37℃. The swollen cells were collected by cen-
trifugation at 600 × g for 5 min and fixed with a mixture of 
methanol and acetic acid (3:1). The fixed cells were dropped 
and spread onto prehydrated glass slides and air-dried at 
room temperature, washed with PBS three times, incubated 
with PBS containing 5 μg/ml Hoechst 33,342 for 30 min 
at room temperature, and mounted with antifade reagent. 
Images were captured with a Dragonfly 500 confocal micro-
scope (ANDOR, UK).
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CUT&tag library generation and high‑throughput 
sequencing

The CUT&Tag assay was performed as previously 
described [59] with the Hyperactive Universal CUT&Tag 
Assay Kit for Illumina (Vazyme Biotech, China; TD903). 
In brief, Ube2t knockdown or control P19 cells were 
washed with washing buffer and then incubated with 10 μl 
pre-washed ConA beads in a 0.2 ml low-binding 8-strip 
tube. Fifty microliters of antibody buffer with 1 μg S9.6 
antibody was added and incubated overnight at 4℃. The 
no-antibody control was incubated without primary anti-
body. Fifty microliters of DIG wash buffer with 0.6 μg 
secondary antibody was used and incubated for 1 h at room 
temperature. After washing three times with DIG wash 
buffer, 100 µl DIG-300 buffer with 2 μl pA/G–Tnp was 
added and incubated at room temperature for 1 h. The sam-
ples were then washed three times with DIG-300 buffer. 
Fifty microliters of tagmentation buffer were added to the 
samples and then incubated at 37 °C for 1 h. The reaction 
was stopped with 5 μl proteinase K, 100 μl buffer L/B and 
20 μl DNA extraction beads. The samples were washed 
once with buffer WA and twice with buffer WB. DNA 
was extracted in ultrapure water and PCR was performed 
to amplify the libraries. All libraries were sequenced on 
an Illumina Novaseq platform according to the manufac-
turer’s instructions.

All CUT&Tag data were mapped to the mm10 genome 
using BWA v0.7.12. All low-quality reads and PCR adapt-
ers were removed. The BamCoverage command from deep-
Tools 3.0.2 was used to generate the track files [63]. All 
peak calling was performed with MACS2 2.1.2 using the 
options (macs2 -q 0.05 –call-summits –nomodel –shift -100 
–extsize 200 –keep-dup all) [63]. The genomic distribution 
of CUT&Tag peaks was annotated with the R package ChIP-
seeker. Heatmaps and metaplots were made for the protein-
coding genes or specific peaks using deepTools 3.0.2 [63].

CUT&tag‑qPCR analysis

DNA samples for CUT&Tag-qPCR analysis were obtained 
using the same procedure as for CUT&Tag. The qPCR 
was performed using a SYBR Premix Ex Taq Reagent Kit 
(Takara, China). The primer sequences used in this study 
are presented in Table S2. To calculate the quantitative 
changes, CT values of the no-antibody samples  (NCT) were 
subtracted from those of the corresponding S9.6 CUT&Tag 
samples  (SCT). The  (SCT −  NCT) value for each sample was 
then normalized to the  (SCT −  NCT) value obtained from the 
amplification of DNA samples from P19 cells infected with 
control adenovirus, and the relative degree of enrichment of 
the sequences was evaluated by the  2−ΔΔCT method.

Statistical analysis

All statistical analyses were performed with SPSS 16.0 
software (IBM, USA). GraphPad Prism v8.3.0 was used 
for graph construction. Two-tailed P-values were obtained 
using Student’s t-test. P < 0.05 was considered to be sta-
tistically significant.
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