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BMI1 governs the maintenance of mouse GC-2 cells 
through epigenetic repression of Foxl1 transcription
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Abstract: Objectives: Studies have demonstrated that B lymphoma Mo-MLV insertion region 1 (BMI1) plays an 
important role in male reproductive function and the regulation of spermatogonia proliferation. However, whether 
BMI1 exerts a similarly important function in spermatocyte development remains unclear. Methods: In this study, 
we investigated the role of BMI1 in spermatocyte development using a mouse spermatocyte-derived cell line (GC-2) 
and a Bmi1-knockout (KO) mouse model. Results: We demonstrated that BMI1 promoted the proliferation and inhib-
ited the apoptosis of GC-2 cells. Mechanistically, we presented in vitro and in vivo evidence showing that BMI1 binds 
to the promoter region of the forkhead box L1 (Foxl1) gene, sequentially driving chromatin remodeling and gene 
silencing. BMI1, which functions as a classical polycomb protein, was found to direct the transcriptional repression 
of Foxl1 through increasing the H2AK119ub level and reducing that of H3K4me3 in the promoter region of Foxl1. 
Our results further indicated that the knockdown of Foxl1 expression significantly enhanced cell proliferation via 
activating β-catenin signaling in BMI1-deficient GC-2 cells. Conclusions: Collectively, our study revealed for the first 
time the existence of an epigenetic mechanism involving BMI1-mediated gene silencing in GC-2 cells development 
and provided potential targets for the treatment of male infertility.
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Introduction

Spermatogenesis is a unique and dynamic cel-
lular proliferation and differentiation process 
that is mainly composed of three phases: self-
renewal and differentiation of spermatogonia, 
spermiogenesis, and meiotic division of sper-
matocytes. Spermiogenesis must be rigorously 
managed to ensure that genetic and epigenetic 
information is transmitted correctly to the fol-
lowing generations [1]. The maintenance of this 
process is known to be precisely regulated via  
a complex multi-layered gene-protein network 

[2-4]; however, the mechanisms by which this 
regulation occurs remain unclear.

B lymphoma Mo-MLV insertion region 1 (BMI1) 
is a critical part of polycomb group (PcG) rep- 
ressive complex 1 (PRC1) that represses gene 
expression by catalyzing and/or recognizing 
chromatin modifications [5]. BMI1 was first dis-
covered to be an oncogene but was later dis-
covered to be required for the proliferation of 
the cell, cell cycle regulation, and cell apoptosis 
[6-8]. We have previously reported that BMI1 is 
abundantly expressed in the testis of the mou- 
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se and is found in various testicular cell catego-
ries, including the germ and somatic cells [9]. 
Additionally, male infertility, reduction in the 
serum levels of testosterone, and disrupted 
spermatogenesis are observed in BMI1 knock-
out (KO) mice [9]. As an epigenetic inhibitor  
and antioxidant, BMI1 was finally discovered in 
primary Leydig cells and the mouse MLTC-1 
Leydig cell line. Throughout preserving redox 
equilibrium and epigenetically suppressing the 
p38 MAPK signaling pathway, it was revealed 
by our results that BMI1 regulated steroidogen-
esis [10, 11]. In a subsequent investigation, 
through epigenetic regulation of the protein 
tyrosine phosphatase receptor type M (Ptprm) 
gene, we determined that BMI1 is required for 
the proliferation of a mouse spermatogonia cell 
line (GC-1) [12]. Nevertheless, the specific role 
of BMI1 in spermatocytes is unclear. 

The forkhead box (FOX) protein superfamily is 
made up of multiple transcription factors that 
exhibit a remarkably conserved DNA-binding 
domain (forkhead/winged helix-box). Members 
of this protein family play crucial roles in the 
control of a diverse set of procedures during 
ontogenesis, including cell metabolism, prolif-
eration, differentiation, and apoptosis [13]. 
Forkhead box L1 (FOXL1), a member of the 
FOXL protein subfamily, was first identified as  
a tumor suppressor [14-16]. Recent studies 
have implicated FOXL1 in the regulation of 
intestinal epithelial cell proliferation [17] and 
spermatogonial stem cell maintenance [12, 
18]. Further mechanistic studies showed that 
the Wnt/β-catenin pathway is a major down-
stream target of FOXL1, mediating its regulato-
ry effects in gut epithelia and tumor cell devel-
opment [19, 20]. 

In this investigation, we explored the impact of 
BMI1 in mouse spermatocytes by the use of 
mouse spermatocyte-derived cell line (GC-2) 
and Bmi1-KO mice, as well as the regulatory 
mechanism underlying the BMI1-mediated reg-
ulation of the FOXL1/β-catenin signaling path- 
way. 

Materials and methods

Animals

This work was authorized by the Welfare and 
Animal Ethical Committee of Nanjing Medical 
University (NO. 2004020). At Nanjing Medical 
University’s Animal Center, mice were raised 
and kept in a pathogen-free environment. 

Bmi1-KO mice were obtained and genotyped as 
previously described [9].

Cell culture and reagents

Through American Type Culture Collection (AT- 
CC; Manassas, VA, USA; ATCC number: CRL-
2196), the mouse spermatogenic cell line (GC-
2) was obtained and cultured in a medium  
composed of high-glucose Dulbecco’s modified 
Eagle’s medium (DMEM; Gibco, Utah, CA, USA) 
and 10% fetal bovine serum (FBS; Thermo 
Scientific, Waltham, MA, USA). Cells were cul-
tured in an incubator at 37°C with 5% CO2. 
Lipofectamine 2000 reagent was used for  
transient transfection of small interfering RNA 
(siRNA) (Invitrogen, Carlsbad, CA, USA) accord-
ing to the recommendations of the manufac-
turer. siRNAs targeting Foxl1 (si-Foxl1-1: 5’-AU- 
GCCGUUCAGUGUGACCC-3’; si-Foxl1-2: 5’-AAG- 
CGUUGAAGGGAGGCGC-3’) and negative con-
trol (NC) siRNA (si-NC; 5’-ACGUGACACGUUC- 
GGAGAA-3’) were provided by genePharma 
(Suzhou, China). PTC-209 was purchased from 
Selleck Chemicals, (Houston, TX, USA).

Western blotting 

Western blotting was carried out in the same 
manner as previously reported, with slight vari-
ations [21-23]. To summarise, radioimmuno- 
precipitation assay (RIPA) buffer was used  
to prepare cell lysates (Beyotime, Nantong, 
China). We used electro-transferred to polyvi-
nylidene difluoride (PVDF) membranes and 
sodium dodecyl sulfate (SDS)-polyacrylamide 
gel electrophoresis (PAGE) to separate an  
equal amounts of extracted protein-(Bio-Rad, 
Hercules, CA, USA). After blocking in 5% (w/v) 
milk, the membranes were incubated overnight 
at 4°C with primary antibodies against BMI1 
(1:2,000; Proteintech, Chicago, IL, USA) and 
tubulin (1:5,000; Beyotime), and then followed 
by washing for 2 hours at room temperature 
with horseradish peroxidase-conjugated sec-
ondary antibodies (Thermo Scientific). A chemi-
luminescent substrate was used to detect the 
signals (Thermo Scientific).

Flow cytometry 

For cell cycle analysis, before being fixed in  
cold ethanol overnight at 4°C, cells were rinsed 
three times with phosphate-buffered saline 
(PBS). The cells were resuspended in 0.5 mL of 
PBS and stained in the dark for 30 minutes 
with propidium iodide (PI) after rinsing two 
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times with PBS (BD Biosciences, Franklin 
Lakes, NJ, USA). A FACSCaliber flow cytometer 
was utilized to evaluate the samples (BD Bio- 
sciences).

Cell proliferation

The Cell Counting Kit-8 (CCK-8) (Beyotime) was 
used to measure cell viability, as previously 
reported [24]. After transfection with si-NC or 
si-Foxl1 (both 50 nM) for 48 h, GC-2 cells were 
treated with CCK-8 solution (1:100 dilution) at 
the indicated time points for an additional 2 h. 
At 450 nm, absorbance was then evaluated.

GC-2 cells were seeded at 3,000 cells/well  
in six-well plates for the colony formation test 
and cultivated for two weeks, as previously 
reported [25]. Methanol was then used to fix 
the cells and stain them with crystal violet 
(Beyotime) according to the manufacturer’s 
recommendations.

Terminal deoxynucleotidyl transferase-dUTP 
nick-end labeling (TUNEL) assay 

Apoptotic cells were discovered using a TUNEL 
kit in compliance with the instructions of the 
manufacturer (Vazyme, Nanjing, China). Cells 
were preserved in 4% (w/v) PFA, permeabilized 
with 0.1% Triton X-100 for 10 minutes and  
then reacted for 1 hour at 37°C with BrightRed 
Labeling Mix. Following washing with PBS, a 
confocal laser scanning microscope was used 
to view and photograph the cells (LSM800, Carl 
Zeiss, Oberkochen, Germany).

Immunofluorescence

Cells were fixed in 4% PFA for 30 min, blocked 
in 1% bovine serum albumin at room tempera-
ture for 20 min, incubated first with antibody 
targeting BMI1 (1:200; Proteintech) or β-cate- 
nin (1:500; BD Biosciences) at 4°C overnight, 
and then with Alexa Fluor-conjugated second-
ary antibodies (Thermo Scientific) for 60 min at 
room temperature. Finally, the samples were 
stained with Hoechst (Beyotime), and a confo-
cal microscope was utilized for imaging (Zeiss 
LSM800, Carl Zeiss).

RNA isolation and real-time reverse transcrip-
tion-quantitative PCR (RT-qPCR)

Using the TRIzol reagent (Invitrogen), total RNA 
was extracted from GC-2 cells according to  

the recommendations of the manufacturer. A 
PrimeScript Reverse Transcription Kit was us- 
ed to create cDNA (Vazyme). By the use of 
Applied Biosystems 7500 Real-time PCR sys-
tem (Foster City, CA, USA), the relative expres-
sion of RNA transcripts was determined, with 
18S rRNA acting as the internal reference. The 
sequences of the primers utilized were 5’-TGT- 
TGTACGTGTACAGCCCC-3’ (forward) and 5’-CG- 
GGAAGCGATCCATGATGA-3’ (reverse) for Foxl1. 
The sequences of the primers used for 18 s 
rRNA were as previously described [22].

Immunoprecipitation and mass spectrometry 

GC-2 cells were lysed in RIPA buffer and incu-
bated with anti-BMI1 antibody (Proteintech) at 
4°C overnight. Invitrogen Protein A Dynabeads 
were collected by centrifugation and washed 
twice with PBS. SDS-PAGE were eluted with 
sample buffer containing 1% SDS and then 
used to separate the immune complexes after 
that. The gels were chopped into small pieces 
before being digested at 37°C overnight. As 
previously described, the digested peptides 
were evaluated using an Orbitrap Fusion  
Lumos mass spectrometer (Thermo Scientific) 
[12, 26]. The identified proteins are shown in 
Table S1.

Chromatin immunoprecipitation (ChIP)

Cells were collected and treated at room tem-
perature for 10 min with a formaldehyde solu-
tion containing 1% formaldehyde for protein/
DNA crosslinking. Using a Branson Sonifier, the 
cells were then sonicated to solubilize and 
shear the crosslinked DNA (Thermo Scien- 
tific). Anti-BMI1 antibodies were used to incu-
bate the pre-cleared chromatin DNA-protein 
complexes (10 µg/ChIP; Proteintech), anti-
H2AK119ub (10 µg/ChIP; Cell Signaling 
Technology), anti-Ring1B (10 µg/ChIP; Active 
Motif), and anti-H3K4me3 (5 µg/ChIP; Milli- 
pore) antibodies at 4°C overnight. For ChIP-
qPCR analysis, we utilized the following primer 
sequences (forward and reverse, respectively): 
5’-ACTAGCCCCGAAACCGATTG-3’ and 5’-GTCCT- 
TGTGTTCTCAGCCCA-3’ for the Foxl1 promoter; 
and 5’-AACCCAAACTAACAGTTGTCCCAA-3’ and 
5’-ACTCCTTGGAGGCCATGTAGG-3’ for Gapdh.

Statistical analysis

Data are presented as mean ± SD. To evaluate 
significance, a two-tailed Student’s t-test or 
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one-way ANOVA was utilized. P-values of < 0.05 
were deemed significant.

Results

Inhibition of BMI1 expression using PTC-209 
treatment resulted in cell cycle arrest and 
increased rates of apoptosis

PTC-209 was used to reduce BMI1 expression 
in GC-2 cells, and a BMI1-specific inhibitor was 
utilized [27, 28]. Three doses (1, 5, and 10 μM) 

of PTC-209 were used to treat GC-2 cells to  
test their inhibitory effectiveness in GC-1 
mouse spermatogonia cells [12] and osteosar-
coma cells [29]. As illustrated in Figure 1A and 
1B, PTC-209 treatment for 48 h resulted in a 
significant and concentration-dependent de- 
crease in BMI1 levels. Consequently, PTC-209 
treatment at 10 µM was used in the following 
studies. GC-2 cells treated with PTC-209 had 
lower viability after 24 hours compared to con-
trols, which was demonstrated via the CCK-8 
test (Figure 1C). Flow cytometric analysis dem-

Figure 1. BMI1 is vital for GC-2 cell survival. (A) Western blotting of BMI1 expression in GC-2 cells treated with the 
indicated PTC-209 concentrations for 48 h. The experiments were repeated three times. (B) Quantification of (A). (C) 
Viability assay in GC-2 cells treated with PTC-209 (10 μM) or DMSO (control) for the indicated times. n = 6 for each 
group. (D) Flow cytometric analysis of the cell cycle in GC-2 cells treated with PTC-209 (10 μM) or DMSO (control) 
for 48 h. n = 3 for each group. (E) Quantification of (D). (F) TUNEL assay in GC-2 cells treated with PTC-209 (10 μM) 
or DMSO (control) for 48 h. n = 6 for each group. Scale bar: 20 μm. (G) Quantification of (F). For (B) data were ana-
lyzed using one-way ANOVA with Dunnett’s post hoc test. For (C, E and G), data analysis was performed using the 
Student’s two-tailed t-test. **P < 0.01, ***P < 0.001. 
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onstrated that the fraction of PTC-209-treated 
GC-2 cells arrested in the S-phase increased 
significantly and a significant reduction in the 
numbers of those at the G2/M phase com-
pared with that of dimethyl sulfoxide (DMSO)-
treated control cells (Figure 1D and 1E). In 
addition, TUNEL assay results revealed that 
PTC-209 treatment increased the rate of apop-
tosis in GC-2 cells (Figure 1F and 1G). Overall, 
these results suggested that BMI1 can pro-
mote GC-2 cell proliferation and inhibit GC-2 
cell apoptosis.

BMI1 has the ability to suppress Foxl1 expres-
sion at the transcriptional level

To explore BMI1’s involvement in GC-2 cell sur-
vival, we first identified BMI1’s subcellular loca-
tion in GC-2 cells. Immunofluorescence stain-
ing showed that BMI1 was exclusively localized 
in the nucleus (Figure 2A). Subsequently, we 
undertook a proteomic analysis of immunopre-
cipitated BMI1 complexes in GC-2 cells (Table 
S1). Various components of PRC1 (Ring 1B, 
Cbx8, Ring 1A, Phc2, and Cbx7) have been 
found among the major candidate interactions 
(Figure 2B), strongly indicating that BMI1 func-
tions as a polycomb protein in GC-2 cells. BMI1, 
together with the catalytic ring finger protein 
Ring1B, is required for PRC1 complex forma-
tion, orchestrating the monoubiquitination of 
histone H2A at lysine 119 (H2AK119ub). As a 
result, target gene expression is suppressed 
[30]. For this reason, we set out to find BMI1’s 
direct targets in GC-2 cells. A strong BMI1 bind-
ing peak associated with the region of Foxl1 
promoter was found via a bioinformatics study 
of publically available BMI1 ChIP-seq data for 
mouse germline stem cells [31] (Figure 2C). 
Further examination of the BMI1 peak revealed 
the presence of a functional motif, 5’-KCTGY- 
3’, that was shown to be largely similar in rats, 
mice, monkeys, and humans (Figure 2D). The 
ChIP-qPCR results verified the BMI1 enrich-
ment at the Foxl1 promoter area in GC-2 cells 
(Figure 2E). These results suggested that  
BMI1 can regulate GC-2 cell survival by target-
ing Foxl1. To confirm this possibility, we first 
assessed the Foxl1 transcript levels and dis-
covered that GC-2 cells treated with 10 M PTC-
209 had considerably higher Foxl1 expression 
(Figure 2F). To learn more about the processes 
through which BMI1 regulates Foxl1 transcrip-
tion, PTC-209 was used to reduce BMI1 expres-

sion in GC-2 cells and discovered a significant 
decrease in the amounts of H2AK119ub and 
Ring1B associated with the Foxl1 promoter 
region (Figure 2G and 2H), suggesting that  
the function of PRC1 had been abrogated. 
H3K4me3 usually marks the transcriptional 
start site of the active genes [32] and directs 
the derepression of BMI1’s targets [11]. In- 
terestingly, The H3K4me3 level increased sig-
nificantly in cells treated with PTC-209 (Figure 
2I). Our findings show that BMI1 suppresses 
Foxl1 expression by assembling the PRC1 com-
plex, which subsequently binds to the Foxl1 
promoter area and modifies its chromatin 
accessibility.

Foxl1 is involved in BMI1-mediated GC-2 cell 
growth

To clarify the role of Foxl1 in GC-2 cells, we 
downregulated Foxl1 expression in these cells 
via treatment with either of two siRNAs (si-
Foxl1-1 and si-Foxl1-2). Foxl1 expression was 
considerably lower in Foxl1-depleted cells com-
pared to negative controls (si-NC-treated) 
(Figure 3A). Then, using CCK-8 tests, we inves-
tigated the impact of Foxl1 knockdown on cell 
viability and found that Foxl1 knockdown sig-
nificantly improved the viability of GC-2 cells 
relative to that seen in si-NC-treated cells (Fi- 
gure 3B). We further analyzed the clonogenic 
ability of GC-2 cells using a colony formation 
assay and observed that Foxl1-depleted cells 
formed more colonies compared with si-NC 
treated cells (Figure 3C and 3D). Collectively, 
these data showed that Foxl1 performs an 
inhibitory function in the development of GC-2 
cells.

GC-2 cells were transfected with si-Foxl1 and 
then treated with PTC-209 to further deter- 
mine whether Foxl1 is involved in BMI1-me- 
diated GC-2 cell growth. We found that, com-
pared with PTC-209 treatment alone, Foxl1 
knockdown in PTC-209-treated cells signifi-
cantly improved the viability of GC-2 cells 
(Figure 3E) while relieving S-phase arrest 
(Figure 3F and 3G) and reducing the levels of 
cell apoptosis (Figure 3H and 3I). The above 
findings implied that Foxl1 plays a major inhibi-
tory role in BMI1-induced GC-2 cell growth.

The Wnt/β-catenin signaling pathway is well-
known for being a critical regulator of cell pro- 
liferation, differentiation, fate, and apoptosis 
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Figure 2. BMI1 represses Foxl1 transcription. (A) Immunofluorescence staining of BMI1 in GC-2 cells. The experi-
ments were repeated three times. Scale bar: 20 μm. (B) Immunoprecipitation assay in GC-2 cells using an anti-BMI1 
antibody. The precipitates were subjected to mass spectrometry for the identification of the interacting proteins. (C) 
The density of BMI1 ChIP-seq reads at Foxl1 loci. (D) Sequence analysis of the BMI1 binding peak at the promoter 
region of Foxl1. (E) ChIP-qPCR for BMI1 distribution in the promoter region of Foxl1 in GC-2 cells. Gapdh served as 
a negative control. n = 3 for each group. (F) RT-qPCR analysis of Foxl1 expression in GC-2 cells treated with PTC-
209 as indicated for 48 h. n = 3 for each group. (G-I) ChIP-qPCR for H2AK119ub (G), Ring1B (H), and H3K4me3 (I) 
distribution in the promoter region of Foxl1 in GC-2 cells treated with PTC-209 (10 μM) or DMSO (control) for 48 h. 
The y-axis represents fold-enrichment relative to IgG controls. n = 3 for each group. For (E, G, H and I), data were 
analyzed using the Student’s two-tailed t-test. For (F), data analysis was performed using one-way ANOVA with Dun-
nett’s post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001. 
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Figure 3. Foxl1 is involved in BMI1-mediated GC-2 cell maintenance. (A) RT-qPCR analysis of Foxl1 expression in 
GC-2 cells transfected with negative control (NC) siRNA (si-NC; 50 nM) or siRNAs targeting Foxl1 (si-Foxl1; 50 nM) 
for 48 h. n = 3 for each group. (B) Cell counting kit-8 (CCK-8) assay in GC-2 cells transfected with si-NC or si-Foxl1 
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[33]. The translocation of β-catenin to the 
nucleus is a hallmark of Wnt/β-catenin activa-
tion, where it forms a complex with T-cell fac-
tor/lymphoid enhancer factor (TCF/LEF) tran-
scription factors and controls the expression of 
target genes [34, 35]. Studies have revealed 
that Foxl1 can negatively regulate Wnt/β-cate- 
nin activation in gut epithelia and tumor cells 
[19, 20]. Accordingly, we examined the distribu-
tion of β-catenin in GC-2 cells exposed to PTC-
209 treatment, si-Foxl1, or both. Immunostain- 
ing results showed that PTC-209 treatment, in 
comparison with the control group, led to a sig-
nificant reduction in β-catenin expression and 
nuclear distribution; in contrast, si-Foxl1 the- 
rapy resulted in the opposite effect (Figure 3J 
and 3K). Furthermore, β-catenin expression 

promoter region in mouse testes (Figure 4B). In 
comparison to Bmi1-WT mice, H2AK119ub dis-
tribution near the Foxl1 promoter area was 
markedly reduced (Figure 4C), whereas that of 
H3K4me3 was increased in the testes of Bmi1-
KO mice (Figure 4D). Our in vivo and in vitro 
data showed that BMI1 is crucial for the main-
tenance of mouse spermatocytes by promoting 
the assembly of the PRC1 complex and repress-
ing the expression of Foxl1 (Figure 5).

Discussion

Spermatogenesis is a highly complex process 
during which unique and extensive chromatin 
remodeling occurs, resulting in specific epigen-
etic profiles in spermatozoa [36-38]. Members 

Figure 4. BMI1 epigenetically represses Foxl1 transcription in mouse tes-
tes. (A) RT-qPCR analysis of Foxl1 expression in the testes of wild-type (WT) 
and Bmi1-knockout (KO) mice. (B) ChIP-qPCR of BMI1 distribution in the 
promoter region of Foxl1 in mouse testes. (C, D) ChIP-qPCR of H2AK119ub 
and H3K4me3 distribution in the promoter region of Foxl1 in the testes of 
Bmi1-WT and Bmi1-KO mice. For (A-D), n = 3 adult mice per genotype. Data 
analysis was performed using the Student’s two-tailed t-test. *P < 0.05, **P 
< 0.01. WT, wild-type; KO, knockout.

and distribution were restored 
in si-Foxl1 + PTC-209-treated 
GC-2 cells relative to that seen 
in cells that only underwent 
PTC-209 treatment (Figure 3J 
and 3K). These findings dem-
onstrate that β-catenin signal-
ing is closely linked with the 
BMI1-Foxl1 co-regulatory me- 
chanism involved in GC-2 cell 
survival.

BMI1 inhibited Foxl1 expres-
sion at the transcriptional 
level in mice

Next, we employed Bmi1-KO 
mice to determine whether 
BMI1 plays a similar role in 
mouse testes as that ob- 
served in GC-2 cells. Foxl1 
expression was considerably 
higher in the testes of Bmi1-
KO mice compared to wild-
type (WT) animals, which was 
consistent with the findings in 
GC-2 cells (Figure 4A). It was 
confirmed by ChIP-qPCR as- 
says that BMI1 was signifi-
cantly enriched at the Foxl1 

at the indicated time points. n = 6 for each group. (C) Colony formation assay in GC-2 cells transfected with si-NC or 
si-Foxl1 for 48 h. n = 3 for each group. (D) Quantification of (C). (E) CCK-8 assay in GC-2 cells treated as indicated for 
48 h. n = 6 for each group. (F) Flow cytometric analysis of the cell cycle in GC-2 cells treated as indicated for 48 h. 
n = 3 for each group. (G) Quantification of (F). (H) TUNEL assay in GC-2 cells treated as indicated for 48 h. n = 3 for 
each group. (I) Quantification of (H). (J) Immunostaining of β-catenin in GC-2 cells treated as indicated for 48 h. n = 
3 for each group. (K) Percentage of nuclear β-catenin-expressing cells (white arrows) in (J). For (E-K), PTC-209 and 
si-Foxl1 were used at the concentrations of 10 μM and 50 nM, respectively. DMSO and si-NC were used as controls 
(Ctr). Data were analyzed by one-way ANOVA with Dunnett’s post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001. 
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of the PcG protein family are thought to be key 
in this process, epigenetically mediating the 
repression of key developmental genes and 
playing a role in cell proliferation, cell cycle reg-
ulation, and apoptosis [39, 40]. Based on bio-
chemical characteristics, members of the PcG 
protein family can be categorized into two main 
complexes, namely, PRC2 and PRC1. The for-
mer has E3 ubiquitin ligase activity, catalyzing 
the monoubiquitination of histone H2A lysine 
119 (H2AK119ub1) [41, 42]. PRC2, meanwhile, 
catalyzes the trimethylation of lysine 27 of his-
tone H3 (H3K27me3) [43]. PRC1 has been 
established in studies to have a significant role 
in reprogramming the transcriptome during cell 
proliferation, cell differentiation, and cell cycle 
progression [44, 45]. For instance, the inacti- 
vation of RNF2 (also known as RING1B, the 
catalytic subunit of PRC1) leads to a gradual 
loss of spermatogonial stem cell population 
and meiotic arrest in the mouse testis [44]. 

We have previously reported that BMI1 is ubiq-
uitously found in all types of testicular cells [9]. 
BMI1 knockout mice have decreased testoster-
one production and proliferation of germ cells, 
likely because of increased oxidative stress 
and p16/p19 signaling pathway activation [9]. 
More recently, we also showed that BMI1 accel-

inhibition of Foxl1 markedly improved sper-
matocyte survival in GC-2 cells, which undergo 
PTC-209-treatment. Moreover, inhibiting BMI1 
leads to Foxl1 transcriptional activation and the 
consequent promotion of β-catenin nuclear 
translocation in GC-2 cells. Lastly, in Bmi1-KO 
mice, the connection between BMI1 and Fox11 
was confirmed in vivo. 

Our in vivo and in vitro results revealed a role 
for a BMI1-FOXL1 axis in spermatocytes devel-
opment in the mouse and gave fresh potential 
therapeutic targets for male infertility.
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Table S1. Putative interactors identified in this study

Majority protein IDs Full protein names Protein 
names

Unique 
peptides-BMI1

Unique 
peptides-IgG

Sequence 
coverage [%]

Mol. weight 
[kDa]

Sequence 
length

Q9CQJ4 E3 ubiquitin-protein ligase RING2 Rnf2 8 0 31 37.623 336
Q9QXV1 Chromobox protein homolog 8 Cbx8 7 0 21.3 39.859 362
P25916 Polycomb complex protein BMI-1 Bmi1 6 0 27.5 36.707 324
O35730 E3 ubiquitin-protein ligase RING1A Ring1A 6 0 24.1 42.63 406
Q9QWH1 Polyhomeotic-like protein 2 Phc2 4 0 8.7 35.747 323
E9Q557 Desmoplakin Dsp 4 0 1.3 332.91 2883
F8WHN2 Chromobox protein homolog 7 Cbx7 2 0 8.4 28.625 251
Q02257 Junction plakoglobin Jup 2 0 3.2 81.8 745
P08113 Endoplasmin Hsp90b1 2 0 4.6 92.475 802
A0A0J9YU29 Zinc finger protein 512 Znf512 1 0 20.8 8.5748 72
O55112 AF4/FMR2 family member 2 Aff2 1 0 0.9 140.18 1272
H3BLB8 Serum paraoxonase/arylesterase 1 Pon1 1 0 7.7 20.222 181
A8C756-3 Thyroid adenoma-associated protein homolog Thada 1 0 2 56.646 500
Q99LC5 Electron transfer flavoprotein subunit alpha Etfa 1 0 5.7 35.009 333
Q02105 Complement C1q subcomponent subunit C C1qc 1 0 4.1 25.991 246
A0A087WP98 Prothymosin alpha Ptma 1 0 24.1 6.4913 58
P61965 WD repeat-containing protein 5 Wdr5 1 0 3.9 36.588 334
P68510 14-3-3 protein eta Ywhah 1 0 6.9 28.211 246
D3YY55 Sin3A associated protein 18 Sap18 1 0 11.2 12.485 107
Q8BHE0 Proline-rich protein 11 Prr11 1 0 3.3 40.948 368
A0A0U1RP90 Protein LSM14 homolog A Lsm14a 1 0 6.3 17.12 158
P11438 Lysosome-associated membrane glycoprotein 1 Lamp1 1 0 2.7 43.865 406
P30658 Chromobox protein homolog 2 Cbx2 1 0 3.5 54.917 519
O70435 Proteasome subunit alpha type-3 Psma3 1 0 4.7 28.405 255
P63085 Mitogen-activated protein kinase 1 Mapk1 1 0 3.4 41.275 358
D3Z0U5 Katanin p60 ATPase-containing subunit A-like 2 Katnal2 1 0 4.3 31.2 277
A0A2R8VHX5 Zinc finger protein 385A Znf385a 1 0 2.6 36.28 347


