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ABSTRACT
Ring1 and Yin Yang 1-Binding Protein (RYBP) is a member of non-canonical polycomb repressive
complex 1 to mediate monoubiquitination of histone H2A at lysine 119. It plays an important role
in development, but its role in reproduction remains illusive. In this study, we used Rybp
conditional knockout mouse model to genetically ablate Rybp in male germ cells. We found
that Rybp deficiency during spermatogenesis led to smaller testes, loss of germline cells, disturbed
meiosis, increased apoptosis of spermatocytes, decreased sperm motility, and reduced global
H3K9me3, without impacting retrotransposon expression. Meanwhile, we depleted Rybp during
oogenesis, but oocyte maturation and preimplantation development were normal. Our findings
demonstrate that RYBP plays important roles in spermatogenesis through regulating meiosis and
sperm motility.
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Introduction

Spermatogenesis is a complicated and precise process
with a series of global epigenetic reprogramming
events [1,2], and histone modifications as well as
their writers and readers play important roles in this
procedure. Monoubiquitination of Histone H2A
lysine 119 (uH2AK119) is mainly catalyzed by
Polycomb repressive complex 1 (PRC1) and is linked
to gene silencing [3]. uH2AK119 has been shown to
play important roles in different stages during sper-
matogenesis. uH2AK119 is enriched in sex body in
pachytene spermatocytes, mediating transcriptional
repression of genes linked to unsynapsed axes of the
sex chromosomes [4,5]. Loss of uH2AK119 in sper-
matocytes results in failed gene silencing followed by
developmental arrest. Intensive uH2AK119 signal was
also identified in postmeiotic elongating spermatids to
facilitate nucleosomedestabilization duringhistone-to
-protamine transition [6,7]. Loss of uH2AK119 in
spermatids results in retained histones in spermatozoa
followed by disrupted spermmotility and fertilization.

PRC1 shows high heterogeneity in mammals [8].
Canonical PRC1 consists of four core PcG compo-
nents, a CBX family factor (CBX2, CBX4, CBX6,

CBX7, CBX8), a PCGF family factor (PCGF1–
PCGF6), a RING1 family factor (RING1a and
RING1b) and an HPH family factor (HPH1–
HPH3), while non-canonical PRC1 contains RYBP
[9] or its homolog YAF2 [10]. RYBP plays indispen-
sable roles in organic development, apoptosis and
diseases [11]. In mice, Rybp homozygous null
embryos showed embryonic lethality at postimplan-
tation stage, while a subset of heterozygous embryos
did not survive beyond birth [12]. PRC1 complex
containing RYBP [13] behaves differently from
canonical PRC1. Typically, chromatin regions with
H3K27me3 modification are catalyzed by the PRC2
complex, followed by PRC1 recognition for
uH2AK119, resulting in chromatin compaction and
gene repression. In contrast, RYBP-PRC1 complex
mediates uH2AK119 in a PRC2-independent man-
ner [14]. Depletion of Rybp gene barely reduces the
genome-wide uH2AK119 level, while RYBP protein
may affect the enzymatic activity but not localization
of PRC1 on chromatin [10,15]. Intriguingly,
a significant number of RYBP binding sites do not
colocalize with uH2AK119 sites, indicating that
RYBP has functions independent of PRC1 [15]. In
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support of this, further studies found that RYBP
recruits OCT4 to Kdm2b promoter and regulates
reactivation of endogenous pluripotent gene expres-
sion during reprogramming [16]. Additionally,
RYBP inhibits DNA double-strand break (DSB)
repair in a PRC1-independent manner [17].
Notably, RYBP represses germline-specific genes
and endogenous retroviruses in mouse embryonic
stem cells (ESCs), indicating that Rybp gene may
play important roles in gametogenesis and early
embryogenesis [15,18].

In this study, we aim to unveil the regulatory
roles of Rybp in mouse reproduction using genetic
modified mouse models. We found that Rybp con-
ditional knockout (cKO) mice had smaller testes,
apoptosis of leptotene to zygotene spermatocytes,
less germ cells per tubule, and reduced sperm
motility, indicating that RYBP plays important
roles during mammalian spermatogenesis.

Materials and methods

Ethics statement

All the animal procedures were approved by the
Institutional Animal Care and Use Committee of
Tongji Medical College, Huazhong University of
Science and Technology. Mice were housed in the
specific pathogen-free facility of Huazhong
University of Science and Technology. All experi-
ments with mice were conducted ethically according
to the Guide for the Care and Use of Laboratory
Animal guidelines.

Mice

Floxed Rybp mice were generated through mouse
ESC targeting to insert LoxP sites in intron 2 and
intron 5 at Rybp gene locus, followed by blastocyst
injection for chimera formation and germline
transmission. Stra8-Cre and ZP3-Cre transgenic
mice were obtained from Jackson Laboratory. All
mice were maintained on C57BL/6 J background.

RNA isolation and quantitative RT-PCR

Total RNA was extracted from testes using TRIzol
reagent (Invitrogen) following the manufacturer’s

procedure. The purity and concentration of RNA
samples were determined with Nanodrop ND-
2000 spectrophotometer. Reverse transcriptional
reaction was performed using Hifair 1st Strand
cDNA Synthesis Kit according to the manufac-
turer’s procedure. qRT-PCR was performed with
SYBR green master mix (Yeason) on
LightCycler@96 Real-Time PCR system (Roche)
according to manufacturers’ instructions. The rela-
tive gene expression was quantified using the com-
parative cycle threshold method, with Gapdh gene
expression for normalization. For primer
sequences, see Table S1.

Histological analysis

Mouse testes were collected and fixed in Bouin’s
solution overnight at room temperature and then
washed with 75% alcohol. Samples were then
embedded in paraffin, 5 μm sections were cut
and stained with periodic acid-Schiff (PAS).

Meiotic chromosome spreads for
immunofluorescence

Meiotic chromosome spreads were prepared as
described before [19]. Generally, testes were collected,
de-capsulated into 100 mM sucrose and chopped/
pipetted to release germ cells. Cells were added to
slides coated with 1% paraformaldehyde and dried in
a humidified chamber. Slides were then washed with
0.4% Photo-Flo 200 Solution, dried and stored at −20°
C. For immunofluorescence, meiotic spreads were
blocked (30 min, room temperature) and incubated
with primary antibody overnight, followed by incuba-
tion (2 h, room temperature) with Alexa Fluor sec-
ondary antibody.

Preparation of testicular frozen sections

Testes were fixed in 4% paraformaldehyde for 16 h
at 4°C and washed with PBS. Samples were then
sequentially soaked in 15% and 30% sucrose in
PBS at 4°C for 16 h and embedded in Tissue-Tek
O.C.T. 5μm thick cryosections were cut using
CryoStar NX50 Cryostat (Thermo Scientific) and
stored at −20°C.
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TUNEL staining

TUNEL staining was performed using TUNEL
Apoptosis Detection Kit (Yeason) according to
the manufacturer’s procedure. Briefly, cryosections
were washed by PBS and digested with Proteinase
K, then blocked with equilibration buffer and
incubated with the TUNEL reaction Mixture for
1 h at 37°C. DNA was stained with DAPI.

Immunofluorescence

Frozen testicular sections were washed with PBS
and permeabilized (PBS, 0.5% TritonX-100,
20 min, room temperature). Slides were blocked
(30 min, room temperature) with SuperBlock
Blocking Buffer (Thermo Fisher Scientific) con-
taining 0.05% Tween-20. Slides were then incu-
bated with primary antibody (diluted 1:50–100,
SuperBlock Blocking Buffer, 0.05% Tween-20,
overnight, room temperature) followed by incuba-
tion (2 hr, room temperature) with an Alexa Fluor
secondary antibody. DNA was stained with DAPI.

Superovulation and embryo collection

Adult female mice (age 6–8 wk) were injected with
10 IU of PMSG followed by 10 IU of hCG 48 h
later to promote ovulation. Mice were then caged
with males overnight. Successful mating was con-
firmed by the presence of vaginal plugs. Zygotes
were collected from oviducts and cultured in
Quinn´s Advantage Cleavage Medium (SAGE,
ART-1026) at 37°C and in 5% CO2 for preimplan-
tation development.

Antibodies

All antibodies are commercially available. Anti-
RYBP antibody: Abcam, ab185971. Anti-SYCP3
antibody: Abcam, ab15093. Anti-γH2A.X anti-
body: Millipore, 05–636. Anti-uH2AK119 anti-
body: Cell Signaling Technology, 8240 S. Anti-
H3K4me3 antibody: Abcam, ab8580. Anti-
H3K9me3 antibody: ab8898. Anti-H3K27me3
antibody: Abcam, ab6002. Anti-H3K56ac anti-
body: Abcam, ab71956. Anti-H4K16ac antibody:
Cell Signaling Technology, 13534.

RNA-sequencing analysis

Raw reads were processed with cutadapt v1.16 to
remove adapters and perform quality trimming
with default parameters except for quality-cutoff
20, minimum-length 20. Trimmed reads were
mapped to the mouse genome, using STAR with
default settings. Reads were counted in exons of
the mouse genome, using the STAR-quantMode
GeneCounts setting. Cufflinks was used to calcu-
late FPKM value. Reported RNA-seq results for
processing include GSE43717 and GSE22182.

Statistical analysis

The two-tailed student’s t-test was used to calcu-
late p values. Statistically significant values for
p < 0.05, p < 0.01, p < 0.001 and p < 0.0001 are
indicated by single, double, triple and quadruple
asterisk, respectively.

Results and discussion

Rybp is widely expressed during gametogenesis
and early embryogenesis

We first detected the expression level of Rybp in
different tissues by RT-PCR and found that Rybp
is ubiquitously expressed and is highly enriched in
testis and ovary (Figure 1a). To elucidate a possible
role of Rybp in mouse reproduction, we examined
its expression in testicular cells [20], oocytes and
preimplantation embryos [21] in mice by public
RNA-seq data analysis (Figure 1b). The result
shows that in mouse testis, Rybp mainly exists in
male germ cells and is expressed from spermato-
gonia to spermatozoa. However, Rybp is less
expressed in mouse oocytes and is enriched
throughout preimplantation stages.

Rybp deficiency disturbs spermatogenesis

It was previously reported that Rybp homozygous
null embryos exhibited lethality at early postim-
plantation stage [12]. Therefore, we generated the
cKO mouse model of Rybp through inserting LoxP
sequence in intron 2 and intron 5 of Rybp locus.

To study functions of Rybp in spermatogenesis,
we generated male germline-specific knockout
mouse model (Rybpfl/fl; Stra8-Cre) by crossing
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Rybpfl/+ mice (Figure 2a) with Stra8-Cre transgenic
mice in which Cre recombinase is expressed from
differentiated spermatogonia [22] to delete exon
3–5 of Rybp gene (Figure 2b). Successful breeding
of conditional knockout Rybp mouse model was
confirmed by genotyping analysis (Figure 2c).
Both mRNA (Figure 2d) and protein (Figure 2e)
levels of Rybp in cKO testes were significantly
decreased compared with that of control, indicat-
ing that Rybp was depleted in testes with high
efficiency. We found that testes from adult Rybp
cKO mice were significantly smaller than control,
suggesting that spermatogenesis was disturbed in
the absence of Rybp (figure 2f). Histological ana-
lysis showed that structure of seminiferous tubules
from cKO mice looked normal and all stages of
seminiferous tubules were present (Figure 2g).
However, seminiferous tubules of testes from
cKO mice exhibited reduced diameter and con-
tained lower cell numbers per tubule (Figure 2h).

Then, we asked whether meiosis was affected
when Rybp was deficient. We therefore performed
immunostaining of meiotic chromosome spread of
spermatocytes from control and cKO testes.
Interestingly, we noticed that although different
stages of meiosis could be observed without
obvious morphological alterations, Rybp cKO
testes had a smaller portion of pachytene sperma-
tocytes and a larger portion of diplotene sperma-
tocytes (Figure 3a). TUNEL assay (Figure 3b,
upper panel) indicated that apoptotic cells in
Rybp cKO testes were significantly increased
(Figure 3c). Further, co-immunostaining with
anti-γH2AX antibody identified co-localization of
TUNEL-positive cells with leptotene to zygotene
spermatocytes [23], indicating apoptosis of a part
of leptotene to zygotene spermatocytes (Figure 3b,
lower panel). Moreover, we noticed that knockout
of Rybp barely affects the global uH2AK119 level
(Figure 3d). In agreement with our study,

Figure 1. Expression of Rybp in different mouse tissues and cells.
A. RT-PCR analyses of expression levels of Rybp in different tissues from adult mice. B. Analysis of public RNA-seq data of Rybp
expression in germ cells and early embryos.
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a previous report showed that global uH2AK119
was just slightly downregulated upon knockout of
Rybp in mouse ESCs [10]. This may be explained
by that Rybp-containing non-canonical PRC1
complex only mediates a limited fraction of
uH2AK119-modified chromatin, in contrast to
canonical PRC1. Moreover, RYBP and its homolog
YAF2, and probably other factors, may play
redundant roles on uH2AK119 modification.

We also performed immunostaining of
H3K4me3, H3K9me3 and H3K27me3 on testicular

frozen sections (Figure 3e), and found that
H3K9me3 level was significantly downregulated
when Rybp was absent. Specifically, H3K9me3 sig-
nal was evenly distributed in control germ cells,
but exhibited punctate patterns in cKO germ cells.
Additionally, H3K56ac and H4K16ac were exam-
ined and no significant changes were identified
between control and cKO testicular sections
(figure 3f). These results indicate that RYBP-
mediated uH2AK119 has specific crosstalk with
global H3K9me3.

Figure 2. Male germline-specific deletion of Rybp leads to abnormal morphology of the testis.
A. Structures of the floxed (Rybpfl) and null (RybpΔ) RYBP alleles after Cre-mediated recombination. Arrows indicate the position of primer pairs
used for genotyping. Red triangles represent loxP cassettes. B. Schematic illustration of breeding strategy. C. Representative genotyping
results of Stra8cre; Rybpfl/fl (cKO), Stra8cre; Rybp+/fl (Con), and WT. D. qRT-PCR analysis of testes from 6-wk-old control and Rybp cKO mice
showed significant downregulation of Rybp expression. Data are presented as means ± SD (n = 3), ***P < 0.001. Student’s t-test was used.
Gapdh was used as internal control. E. Western blot analysis indicated downregulation of RYBP level in testes from Rybp cKO mice. F. Image
(left) and weight (right) of testes from 6-wk-old control and Rybp cKOmice. Data are presented as means ±SD, n = 3, ***P < 0.001. Student’s
t-test was used. G. Images showing PAS staining of testis from 8-wk-old control (left) and cKO (right) mice. Scale bar, 50 μm. H. Dot plots of
tubule diameter (left) and cell number per tube (right) of testis from 8-wk-old control and cKO mice. Data are presented as median with
interquartile range, ****P < 0.0001. Student’s t-test was used.
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Figure 3. Rybp regulates spermatogenesis.
A. Meiotic chromosome spreads of spermatocytes from 4-wk-old control and Rybp cKO testes document existence of different
meiotic phases (left panel), and corresponding statistical analysis was also performed (right panel). Red, SYCP3. Green, γH2AX. L,
leptotene. Z, zygotene. P, pachytene. D. diplotene. **P < 0.01. ***P < 0.001. Chi-square test was used. Scale bar, 10 μm. B. TUNEL
assay of testicular sections of 4-month-old control and cKO mice. Yellow arrowheads indicate TUNEL-positive leptotene to zygotene
spermatocytes. Scale bar, 100 μm (upper panel); 10 μm (bottom panel). C. Statistical analysis of TUNEL assay was performed. Data
are presented as means ±SD, n = 3, *P < 0.05. Student’s t-test was used. D. uH2AK119 staining of testicular frozen sections from
adult control and cKO mice. Red, uH2AK119. Blue, DAPI. Scale bar, 50 μm. E. Immunostaining of H3K4me3, H3K9me3, H3K27me3 of
testicular frozen sections from adult control and cKO mice. Red, histone modifications. Blue, DAPI. Scale bar, 50 μm. F.
Immunostaining of H3K56ac, H4K16ac of testicular frozen sections from adult control and cKO mice. Red, histone modifications.
Blue, DAPI. Scale bar, 50 μm.
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RYBP was previously reported to repress endo-
genous retroviruses and cleavage-stage genes in
mouse ESCs [18]. Therefore, we performed qRT-
PCR to examine the expression of retrotransposons
(Figure 4a), cleavage-stage genes (Figure 4b) and
pachytene piRNA precursors (Figure 4c) in control
and cKO testes. However, we were unable to detect
significant expression changes of these genes.

Taken together, our results show that Rybp
regulates meiosis and histone modification. The
phenotype that spermatogenesis was not comple-
tely blocked in absence of Rybp may be
explained by functional redundancy of Rybp
homolog Yaf2 [24], and other PRC1 members
like L3mbtl2 [25], which is also enriched in
testes.

Figure 4. Rybp deficiency during spermatogenesis does not influence expression of retrotransposons or piRNA precursors.
A. qRT-PCR was performed to examine expression of retrotransposons in control and cKO testes. B. qRT-PCR was performed to
examine expression of 2C-embryo-enriched retrotransposons and genes. C. qRT-PCR was performed to examine expression of
pachytene piRNA precursors.
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Deletion of Rybp reduces sperm motility

Next, we asked whether sperm count or sperm
motility was influenced in the absence of Rybp.
Despite of having smaller testes, Rybp cKO mice
contained only slightly lower sperm count in
cauda epididymis (Figure 5a). Notably, Rybp
cKO mice showed a significant increase of
immotile sperm (Figure 5b). Further examina-
tion showed that sperm morphology of Rybp
cKO mice was normal (Figure 5c). A 3-to-
4-month fertility test of six male Rybp cKO
mice showed that they were absolutely infertile.
Thus, we wondered whether sperm from Rybp
cKO testes could be fertilized and further
develop until blastocyst stage. However, we
found that these sperms were able to fertilize
oocytes in vivo and most of fertilized eggs
(P-cKO) developed into blastocyst stage
in vitro, indicating that developmental arrest
happened post implantation (Figure S1 C).
A previous study has shown that a significant
number of heterozygous null embryos of Rybp
cannot survive beyond birth [12]. We proposed
that sperm from Rybp cKO mice may contain
abnormal epigenetic modifications which were
transferred to fertilized embryos and worsened
developmental potency of Rybp null heterozygo-
tic embryos so that the embryos derived from
Rybp cKO sperm failed to survive beyond birth.

Rybp is dispensable for oocyte maturation and
preimplantation development

PRC1 plays pivotal roles in embryogenesis, including
Xist RNA mediated X chromosome inactivation
[26,27], uterine decidualization [28] and early line-
age specification [29]. To study functions of Rybp in
oocyte maturation and preimplantation develop-
ment, we generated female germline-specific knock-
out mice by crossing Rybpfl/+ mice with ZP3-Cre
transgenic mice in which Cre recombinase is
expressed from primary oocytes [30]. Ovary mor-
phology looked normal after Rybp deletion (Figure
S1A), and Rybp depleted oocytes (M-cKO) could be
fertilized by WT sperm in vivo and develop to blas-
tocyst stage in vitro (Figure S1B). Furthermore,
zygotes produced from paternal (Rybpfl/fl; Stra8-
Cre) and maternal (Rybpfl/fl; ZP3-Cre) cKO
(D-cKO)mice were also able to develop to blastocyst
stage (Figure S1 C). Therefore, maternal and
embryonic depletion of Rybp have no impact on
preimplantation development. The reason why only
male reproductive system produces phenotype may
be explained by that spermatogenesis is a highly
complex spatial-temporal process with orchestration
of gene expression in a very short time window.

Taken together, we used mouse genetics to identify
that Rybp gene plays important roles in spermatogen-
esis, but not oocyte maturation or preimplantation
development. Generally, our results show that the

Figure 5. Deletion of Rybp reduced sperm motility.

(A) Sperm count of adult control and cKO mice. Data are presented as means ±SD, n = 3. Student’s
t-test was used.

(B) Sperm motility of adult control and cKO mice. Forward, forward motility. Shaking, shaking in
place. Data are presented as means ± SE, n = 2. *P < 0.05. **P < 0.01. Student’s t-test was used.

(C) Sperm morphology of adult control and cKO mice. Scale bar, 10 μm.
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ablation of Rybp in male germ cells impacts
H3K9me3 level and leads to abnormal spermatogen-
esis through disturbing meiosis and sperm motility.
We also noticed that embryos generated from cKO
male and control female have disrupted post-
implantation development, possibly because of abnor-
mal epigenetic modifications of sperm chromatin
such as H3K9me3.
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