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GGNBP2 regulates histone ubiquitination and methylation in spermatogenesis
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ABSTRACT

Gametogenetin binding protein 2 (GGNBP2) was indispensable in normal spermatids for transformation
into mature spermatozoa in mice, and when Gametogenetin binding protein 2 is bound to BRCC36 and
RAD51, the complex participates in repairing DNA double-strand breaks (DSB) during the meiotic
progression of spermatocytes. Ggnbp2 knockout resulted in the up-regulation of H2Ak; 19y and down-
regulation of H2By; 504 in GC-2 cells (mouse spermatogonia-derived cell line) and postnatal day 18
testis lysate. Our results also demonstrated that Gametogenetin binding protein 2 inducedASXL1 to
activate the deubiquitinating enzyme BAP1 in deubiquitinating H2A, while Gametogenetin binding
protein 2 knockout disrupted the interaction between ASXL1 and BAP1, resulting in BAP1 localization
change. Furthermore, the Gametogenetin binding protein 2 deletion reduced H2B ubiquitination by
affecting E2 enzymes and E3 ligase binding. Gametogenetin binding protein 2 regulated H2A and H2B
ubiquitination levels and controlled H3y,7 and H3y79 methylation by PRC2 subunits and histone H3K79
methyltransferase. Altogether, our results suggest that Ggnbp2 knockout increased DNA damage
response by promoting H2A ubiquitination and H3,,trimethylation (H3x27me3) and reduced nucleo-
some stability by decreasing H2B ubiquitination and H3K79 dimethylation (H3y;0me2), revealing new
mechanisms of epigenetic phenomenon during spermatogenesis. Gametogenetin binding protein 2
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seems critical in regulating histone modification and chromatin structure in spermatogenesis.

Introduction

GGNBP2, also termed dioxin-inducible factor-3
(DIF-3), was first reported as a target gene mediating
reproductive toxicity from dioxin, an environmental
toxic agent [1]. It has been reported to be involved in
many types of cancers, including breast cancer [2],
laryngeal carcinoma [3], ovarian cancer [4,5], glioma
[6] and prostate cancer [7]. GGNBP2 is highly
expressed in the adult testis, and its expression is
tightly associated with spermatogenesis [8]. Our pre-
vious study revealed that GGNBP2 plays a crucial
role in maintaining the structural integrity of the
adluminal germ epithelium and the transformation
of spermatids into mature spermatozoa in mice.
Therefore, the loss of GGNBP2 function may result
in defects in these processes and could potentially
lead to male infertility [9]. During spermiogenesis,
extensive histone modifications have been reported
to occur in developing haploid spermatids, as well as
morphological alterations of the genetic material to
form compact nuclei. These distinct observations

attracted our attention to investigate the role of
some histone-modifying enzymes or histone modifi-
cation in the reaction.

Histone modifications such as acetylation,
methylation, phosphorylation and ubiquitination
are important for chromatin structure alteration
and gene expression [10,11]. Histone ubiquitina-
tion is unique among histone modifications due to
the relatively bulky size of ubiquitin and has pre-
viously been shown to stimulate or repress various
cellular processes [12]. Histone H2A and H2B are
mainly monoubiquitylated and are important in
regulating gene expression and nucleosome stabi-
lization [13]. Ubiquitination of the histone H2A
Lys-119 residue, the first identified ubiquitin con-
jugate, is primarily catalysed by polycomb repres-
sive complex 1 (PRC1) [14] and has been linked to
gene repression. The process of ubiquitination is
conducted by the sequential action of activating
(E1), conjugating (E2) and ligating (E3) enzymes
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and can be reversed by deubiquitinases (DUBs)
[15]. The balance between ubiquitination and deu-
biquitination regulates various biological pro-
cesses, including spermatogenesis [16]. The roles
of DUBs in the modulation of DNA repair and
DNA damage signalling are well established [17].
Feng et al. reported that BRCC36 affected the
number of Lys(63)-linked ubiquitin chains at
chromatin, with H2A as one of its substrates
[18]. BRCC36 was also shown to promote
BRCAL1 function in DNA damage response and
played an instrumental role in limiting DNA end
resection and fine-tuning homologous recombina-
tion (HR) repair [19]. Although we showed that
GGNBP2 or GGN bonded to BRCC36 and RAD51
to induce DNA DSB repair in our previous study
[20], it remains unclear whether GGNBP2 can
regulate H2A  ubiquitination by forming
a complex with other DUBs.

H2B lysine 120 monoubiquitylation (H2By;,, or
H2B,;) is mediated by human RNF20/RNF40 and
UbcH6 and is required for active transcription of
genes, with its level significantly increasing during
differentiation [18,21]. The ubiquitin-conjugating
enzyme E2B (UBE2B; also known as Rad6b or
HR6B) is one of the two mammalian homologs
of the Saccharomyces cerevisiae E2 enzyme named
RAD6/UBC2 [22]. In yeast, Rad6 works with Brel,
an E3 ligase, to catalyse the monoubiquitylation of
histone H2By;,3 on a C-terminal lysine residue
[23]. In humans, two homologs of yRADG6
(hRad6a and hRadé6b) [22] and two homologs of
yBRE1 (RNF20 and RNF40) [24] were shown to
participate in histone H2By,o ubiquitylation.
Additionally, it was reported that male mice with
Hré6a knockout were fertile while those with Hr6b
knockout were infertile. In humans, HR6B
(UBE2B) mutations were also reported to be asso-
ciated with male infertility [25]. Further, RNF20-
mediated H2B ubiquitination regulates meiotic
recombination by promoting chromatin relaxa-
tion. In vivo studies indicated that H2Bub could
stabilize nucleosomes [26] and facilitate nucleo-
some reassembly during transcription elongation
[27]. Thus, H2B,; has a complex role in modulat-
ing nucleosome and chromatin structure.

Gametogenetin binding protein 2 (GGNBP2),
comprising 697 amino acids with a molecular weight
of approximately 79 kD, is a highly conserved gene

localized to the tumour-suppressor locus D17S800-
D17S930andalso known to be involved in spermato-
genesis [27]. Presently, the epigenetic mechanisms
that involve H2Ak; 9up; and H2Byjs0up; in Ggnbp2
deletion-related azoospermia are poorly understood.
In this present study, we investigated the role of
GGNBP2 in regulating H2A and H2B ubiquitination
and H3 methylation. Our findings suggest that
GGNBP2 stabilized nucleosomes by targeting
UBE2B and was involved in the E3 enzyme RNF40-
mediated monoubiquitination of histone H2B.
Moreover, we also demonstrated that GGBNP2
played a key role in regulating trans-histone cross-
talk by modulating H2A and H2B ubiquitination
and H3 methylation via the activity of Polycomb
repressive complex 2 (PRC2) subunits and Dotl-
like protein (DOTIL). Altogether, these findings
shed new light on the molecular mechanisms under-
lying Ggnbp2 deletion-related azoospermia, suggest-
ing that epigenetic dysregulation could be a potential
contributor to male infertility.

Materials and methods
Mice and cell line

A total of 30 mice were tested, and 10 Ggnbp2
knockout mice were obtained. Briefly, Ggnbp2
knockout (Ggnbp2KO) heterozygous female mice
with C57BL/6 background were crossed with wild-
type (WT) male mice of 129/Sv background. Then,
these Ggnbp2 heterozygous males and females
with mixed backgrounds were bred. Mouse tail
genomic DNA was extracted using Zymo
Research Corp (Irvine, CA) genomic DNA-tissue
mini prep kits following the manufacturer’s
instructions (Zymo Research Corp, Irvine, CA)
and genotyped by polymerase-chain reaction
(PCR) using primer sets as previously reported
[28]. The animals were housed under 12-h day
and night cycles, with free access to food and
water. The Sertoli cell-only testis model was gen-
erated by a single intraperitoneal busulfan injec-
tion of 30 mg/kg into adult WT and mutant mice
[29]. The animal studies were approved by the
Animal Care and Use Committee of the First
Hospital of Jilin University. The mice were sacri-
ficed under ketamine anaesthesia, and all efforts
were made to minimize their discomfort.



Mouse spermatocyte-derived GC-2 cells (GC-2
cells) were purchased from the American Tissue
Culture Collection (ATCC, Manassas, VA, USA).
They were cultured in high-glucose Dulbecco’s
modified Eagle’s medium (DMEM, Sigma, St
Louis, MO, USA) supplemented with 10% heat-
inactivated foetal bovine serum (FBS; Sigma) and
1% penicillin-streptomycin ~ (Invitrogen, San
Francisco, CA, USA) at 37°C in a humidified incu-
bator containing 5% CO, and 95% air atmosphere.

Generation of stable Ggnbp2KO GC-2 cells

Ggnbp2 double nickase plasmids (sc -432,161-
NIC) were purchased from Santa Cruz Biotech
(Santa Cruz, CA, USA). One day before Ggnbp2
plasmid transfection, GC-2 cells were seeded into
a 6-well plate at 2 x 10° cells per well. When the
confluency reached 70%, the growth medium was
replaced with fresh antibiotic-free growth media
(Santa Cruz Biotech). Then, 300 pL plasmid DNA/
UltraCruz transfection reagent complexes (Santa
Cruz Biotech) were added to each well, followed
by overnight incubation. The medium was then
replaced with the growth medium 24 h after trans-
fection. Stably transfected cells were obtained after
treatment with 4 ug/mL puromycin (Sigma) for 2
weeks. Then, GFP-positive and puromycin-
resistant clones were digested using trypsin
(Sigma) and transferred into 96-well plates, with
2-3 cells dilution per well. The procedure of sin-
gle-cell cloning was repeated three times to obtain
100% clonal purity. Reverse-transcription PCR
(RT-PCR) and Western blotting were then used
to verify the effectiveness of the stable Ggnbp2KO
cell lines.

Transient transfection of Ggnbp2 overexpression
plasmids or siRNA

The human Ggnbp2 complementary DNA
(cDNA) fragment was obtained by PCR using
human testis cDNA as the template and validated
by DNA sequencing. The correct full-length
human Ggnbp2 cDNA was cloned into the
pcDNA3-6HisC vector (Invitrogen) to construct
the mammalian expression plasmid pcDNA3-
HisC tagged-Ggnbp2 (pcDNA3-Ggnbp2). For
transfecting Ggnbp2 overexpressing plasmid into
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GC-2 cells, the cells were seeded at a density of 2 x
10° per well in a 6-well plate and cultured in
DMEM to approximately 70% confluence. Small
interfering RNA (siRNA) transfection was per-
formed using the siRNA Transfection Reagent
(Santa Cruz Biotech, sc -29,528), following the
manufacturer’s instructions. Plasmid and siRNA
transfection was performed with the Trans IT-X2
dynamic delivery system (Mirus Bio, Madison, WI,
US) as per the manufacturer’s instructions. ASXL1
(sc -145,389), UBE2B (sc -154,849), RNF40 (sc
-153,050) and scramble (sc -37,007) siRNA were
purchased from Santa Cruz Biotech (Santa Cruz,
CA). The medium was replaced with DMEM con-
taining 10% FBS, and the cells were cultured in the
same medium for 72 h, then harvested for Western
blotting.

Micrococcal nuclease (MNase) digestion of
chromatin

The assay was performed as previously described
with minor modifications [26,28]. Briefly, a germ
cell suspension was made for the testes. The dec-
apsulated testes were incubated in PBS containing
0.5mg/mL collagenase (type IV) for 15min at
32°C in a water bath placed on a shaker. After
washing twice with PBS containing 1.0 pg/mL
DNase, 1.0 pg/mL trypsin in PBS was added and
incubated for 15 min at 32°C. The suspension was
filtered through an 80 um nylon mesh (50 pm for
30 days old). The filtrate was washed twice with
PBS and incubated in a hypotonic buffer
(10 mMHepes, pH 7.9, 10mM KCl, 1.5mM
MgCl,, 0.34M sucrose, 10% glycerol and
1 mMdithiothreitol [DTT]) supplemented with
0.1% Triton X-100 for 30 min. When GC-2 cells’
growth reached 90% confluency, they were har-
vested, washed twice with PBS and incubated in
a hypotonic buffer. Then, the suspension was sub-
jected to 12 strokes in a Dounce homogenizer
fitted with pestle B. The lysate was centrifuged at
3,000 rpm, and 4°C to remove cytomembrane
debris, and the resulting supernatant was centri-
fuged at 13,000 rpm. The nuclei-containing pellet
was resuspended in a reaction buffer (50 mMTris-
HCL, 5mM CaCl2, 100 pg/uL BSA, pH 7.9). The
total amount of nuclei obtained was determined
using an aliquot resuspended in 1M NaOH, and
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the optical density was measured at 260 nm and
normalized to a DNA concentration of ~1.5
mg/mL.

Equal amounts of nuclei were split into four
equal aliquots. An aliquot of the nuclei was set
aside as mock digestion (0 U/mL or 0 min). The
MNase stock (Kunitz unit; 20 KU/uL) was serially
diluted, added to the nuclei to a final enzyme
concentration of 0.2, 0.4 and 0.6 KU/uL, and
digested for 5min at 37°C. Alternatively, the
nuclei were treated with MNase (0.4 KU/uL) at
indicated incubation time (1, 3, 4 and 5 min), to
which an equal volume of 2xTNESK buffer
(20 mMTris - HCl, pH 7.4, 0.2M NaCl, 2mM
EDTA, and 2% SDS) and proteinase K (0.2 mg/
mL) was added. The DNA was then purified twice
using phenol-chloroform extraction, followed by
ethanol precipitation. The DNA was separated by
electrophoresis in a 1.2% agarose gel and stained
with ethidium bromide for visualization. DNA
recovery following MNase digestions was moni-
tored using a spectrophotometer.

Differential salt solubility assay

GC-2 cell nuclei were isolated and measured by
spectrophotometry, as described above. Equal
amounts of nuclei were partitioned into five
equal aliquots. The nuclei were washed by gentle
resuspension using wide orifice tips in extraction
buffer (20 mMTrisCl [pH 7.5], 0.25% Triton
X-100, 1 Complete-EDTA free protease inhibitor
mixture [Roche, Mannheim, Germany]) contain-
ing increasing concentrations of NaCl. After incu-
bating on ice for 5min, the nuclei were
centrifuged at 13,000 rpm for 5min to obtain
soluble fractions. Then, they were resuspended in
IxLammeli sample buffer and subjected to
Western blotting using histone H3.

Nuclear and cytosolic fractionation

Testicular germ cell suspension was prepared on
postnatal day 18 (P18). The Thermo Scientific NE-
PER Nuclear and Cytoplasmic Extraction Kit has
been used for efficient cell lysis and extraction of
separate cytoplasmic and nuclear protein fractions,
according to manufacturer’s instructions (Thermo
Fisher Scientific Inc., Rockford, IL USA).

Chromosome spread and immunofluorescence
staining

The testes of mutant and WT mice aged
postnatal day 28 (P28) were removed and pro-
cessed as previously described [30]. Briefly, after
removal, the testes were decapsulated into hypo-
tonic sucrose extraction buffer (30 mMTris,
50 mM sucrose, 17 mMtrisodium citrate dihydrate,
5 mMethylenediaminetetraacetic acid [EDTA],
0.5  mMdithiothreitol (DTT), and 0.5
mMphenylmethylsulphonyl fluoride [PMSF], pH
8.2) for 30 min, and mixed in a ratio of 1:2 with
100 mM sucrose just before spreading on slides
preincubated with 4% paraformaldehyde. The
slides were incubated in a humid chamber for 1 h
and dried for 30 min. Lastly, the slides were
washed twice for 2min in 0.4% Photo-Flo
(Kodak, Rochester, US) and dried at room tem-
perature or either stained or stored at —80°C.

For immunofluorescence, the spread prepara-
tions were rinsed 3 times for 5min in PBS,
blocked in 5% BSA for 1h, and incubated over-
night at 4°C with the corresponding primary anti-
bodies. Incubations with secondary antibodies
were performed at room temperature in the dark
for 60 min. The secondary antibodies used were
TRITC-conjugated donkey anti-mouse immuno-
globulin G (IgG), FITC-conjugated donkey anti-
rabbit IgG, TRITC-conjugated donkey anti-rabbit
IgG and FITC-conjugated donkey anti-mouse I1gG
(1:100, Jackson ImmunoResearch Lab, West
Grove, PA, USA). The nuclei were stained with
DAPI (2mg/mL) during the final washing step.
Then, the images were immediately collected
using an Olympus fluorescence microscope
(IX71/DP72, Tokyo, Japan).

Western blotting

This experiment was performed as previously
described [28]. Briefly, the testes were decapsu-
lated and homogenized for 30 s using a Tissue-
Tearor (RPI Corp, Mt. Prospect, IL) in a RIPA
buffer containing 50 mMTris-HCI, 150 mMNacCl,
1% NP-40, 1mM EDTA, 2mM MgCl2, 0.5%
sodium deoxycholate, complete protease inhibitor
and phosphorylase inhibitor cocktail (Roche,
Mannheim, Germany). GC-2 cells were harvested



and washed in PBS 3 times and prepared in RIPA
buffer. Then, the lysate was sonicated, resolved by
SDS/PAGE gels, and then electroblotted to PVDF
membranes (Millipore). After blocking with 3%
non-fat milk in Tris-Buffered Saline Tween-20
(TBST), the membranes were incubated with
their corresponding primary antibody followed
by HRP-conjugated secondary antibodies. Signals
were detected using a Pierce ECL western blotting
substrate detection kit (Pierce) (Table S1). All
membranes were reblotted with B -Actin or
GAPDH antibody as the loading control. The
intensity of specific bands was scanned using the
TotalLab Quant 12 software image analysis. The
results are presented as the ratio of target protein
over B-Actin or GAPDH.

Immunoprecipitation (IP)

After protein concentration was determined, equal
amounts of testis extracts (200 pug) were added to 20
uL protein A/G Plus-agarose beads (Santa Cruz) for 1
h at 4°C with agitation on a rotator to remove the non-
specific interacting proteins. Following centrifugation,
the supernatant was then incubated with 1 g anti-
GGNBP2, 1 pg anti-ASXL1, 1 ug anti-UBE2B, or 1 ug
anti-RNF40 for 4 h at 4°C on a rotator to allow co-IP.
Then, 20 pL of Protein A/G PLUS-Agarose was added
to each sample, and they were incubated overnight to
precipitate the immunocomplexes. Normal rabbit IgG
was used as the negative control. The next day, the
samples were washed three times with buffer A
(50 mMTris-HCI, 0.5% Triton X-100, 1 mM EDTA,
150 mMNaCl, pH =8.0), and one time with buffer
B (1I0M Tris-HCl, 0.1% Triton X-100, pH=7.5).
Bound protein complexes were boiled with 2x sample
buffer and separated on SDS-PAGE. The proteins
were then electroblotted onto a PVDF membrane
and immunoblotted with the corresponding
antibodies.

Statistical analysis

All statistical analyses were performed with the
Instat program version 3.06 (GraphPad Software,
San Diego, CA, USA). All experiments were repeated
at least three times. Statistical analyses were per-
formed using the Statistical Package for the Social
Sciences (SPSS) software (v17.0, IBM Inc., Chicago,
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IL, USA). All experiments were performed at least
three times. The data are presented as means + SEM.
For comparisons among different groups, one-way
analysis of variance (ANOVA) was used, and for
comparisons between two different groups, the stu-
dent’s t-test was used. A P-value < .05 was consid-
ered statistically significant.

Results

Ggnbp2 knockout affects GC-2 cell chromatin
compaction and nucleosome stability

In this study, the immortalized GC-2 cell line, origin-
ally from mouse spermatocytes, was used to assess the
effects of Ggnbp2 knockout on chromatin condensa-
tion and nucleosome stability. To assess whether such
alterations occur as a result of Ggnbp2 loss, Stable
Ggnbp2KO GC-2 cells were established using
CRISPR/Cas9, and the degree of chromatin compac-
tion in WT and Ggnbp2KO cells was examined with
micrococcal nuclease (MNase) digestion, which cuts
linker DNA that connects the nucleosomes and
detects the chromatin compaction status (Figure 1).
The results showed that whole nuclei isolated from
immortalized Ggnbp2KO cells were more thoroughly
digested than those from WT at 0,02, 04 and
0.6 KU/uL MNase treatment (Figure 1(a)) or within
1-5min of treatment with 0.6 KU/uL MNase
(Figure 1(b)). Next, we performed a histone solubility
assay using increasing salt concentrations to examine
the effects of Ggnbp2 knockout on nucleosome stabi-
lity. We observed that high salt concentrations could
increase histone solubility, and when the concentra-
tion reached 2.0 M, the relative soluble H3 amounts
were similar between the two groups (Supplement
Figure s1A), and they were used as control to show
that equal amounts of nuclei were used in the assay
(Figure 1(c,d)). Our results showed that H3 was more
soluble at very low salt concentrations (0.2-0.4 M) in
Ggnbp2KO cells compared with WT, which highly
suggested that Ggnbp2 deletion impacted the stable
binding of histones with chromatin.

Ggnbp2 deletion leads to the up-regulation of
H2Ak;10upi and down-regulation of H2By;50ubi

In spermiogenesis, extensive epigenetic modifica-
tions occur during differentiation for non-
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Figure 1. Ggnbp2 controls both chromatin compaction and nucleosome stability.

(a) Nuclei isolated from the WT and Ggnbp2KO GC-2 cells treated with increasing MNase concentrations (0.2, 0.4 and 0.6 KU/uL). N1,
N2 and N3 indicate that the DNA length wrapped around 1, 2 or 3 nucleosomes, respectively. (b) Nuclei isolated from the WT and
Ggnbp2KO GC-2 cells treated with MNase (0.6 KU/pL) with increasing incubation time. (c) Soluble H3 obtained by resuspension of
nuclei in solutions containing low NaCl concentration was analysed. The amount of soluble H3 obtained following low salt wash was
normalized to that obtained from 2.0 M NaCl wash (Input). (d) Quantitative analysis of H3 normalized by input H3. All the values are

represented as mean + SEM

functional sperm to become mature spermatozoa
[31]. To assess whether Ggnbp2 affects nucleo-
some stability via epigenetic mechanisms, we
evaluated the protein expression of histones
H2Ax119upi @and H2Bgiyoup; in vitro using GC-2
cells and in vivo using postnatal day-18 testes
lysate. To enrich the spermatocyte population
and avoid the presence of post-meiotic germ
cells, postnatal day-18 testes were chosen for
Western blotting. The in vitro results showed
a differential expression pattern of histone
H2Ax119ubi and H2Bgis0un;i €ither in GC-2 cells
or postnatal day 18 testis lysate (Figure 2(a-c)). In
Ggnbp2KO cells, based on the reactivity scored
with antibodies against histone H2A and histone
H2B, we observed an increase in H2Ax9upi levels
while H2Bk,0ubi levels decreased (Figure 2(d-f)).
To exclude the possibility of sertoli cell contam-
ination at histone ubiquitination level, we gener-
ated a sertoli cell-only model by a single
intraperitoneal busulfan injection of 30 mg/kg
into adult WT and mutant mice. Western blotting
revealed no significant difference in H2Ag 19ubi

and H2Bgjyoup; levels between the two groups,
which suggested the differential expression pat-
tern of histone H2Agjioupi and H2Bgiaoubi
occurred in germ cells (Supplement Figure S1B-
D), not in sertoli cells.

We also analysed the H2Ax;9up; Staining pattern
in the spread nuclei of testes in WT and Ggnbp2KO
4-week-old male mice. Similar to the study of
Baarends et al. [32], we observed intense staining of
ubiquitin in the XY body and lower overall staining
of the nucleus due to the presence of other ubiqui-
tinated proteins in mouse spermatocytes, while
much more intense staining was observed in the
XY body of Ggnbp2KO spermatocytes (Figure 2(g)).

GGNBP2 interacts and colocalizes with ASXL1 but
not BAP1

Since Ggnbp2 loss could increase H2Ax; 9up; €Xpres-
sion, its underlying mechanism was investigated.
UCH-class DUB BAP1 and its activator ASXL1 are
the best characterized deubiquitinating enzyme speci-
fic for H2Ak 19upi. BAP1/ASXL1 forms the PR-DUB
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Figure 2. Ggnbp2 deletion leads to the up-regulation of H2Ax;19upi and the down-regulation of H2By120upi-

(a, b, ¢, d) Western-blotting analysis of H2Ayq19ubi and H2Byq20ubi in WT and Ggnbp2KO GC-2 cells, as well as spermatocyte-enriched
postnatal day 18 testis lysate, respectively. (e, f) Quantitative analysis of H2Ag;q9ubi and H2Ayq0upi Normalized by H2A and H2B in
GC-2 cells and 18D testis. (g) Immunofluorescence staining on spread chromosomes from 4-week-old male primary spermatocytes.
The cells were imaged using an Olympus fluorescence microscope. Chromosome spreads were stained with antibodies against
H2Ak110upi- Scale bar =5 pm. All the values are represented as mean + SEM; *p < 0.05, **p < 0.01

Abbreviations: WT, wild type. 18D,18-day testis

complex, which was shown to deubiquitinateH2A
[33]. IP was performed to determine whether endo-
genous GGNBP2 could bind to these specific deubi-
quitinating enzymes to deubiquitinate H2A. Our
results showed that GGNBP2 could be co-
immunoprecipitated with ASXL1 but not with BAP1
(Figure 3(ab,c)). In addition, ASXL1 was also co-
immunoprecipitated with BAP1 (Figure 3(d)). Next,
we examined GGNBP2 and ASXL1 expression in the
spermatocytes of mice via immunofluorescence using
a testicular cell suspension spun down onto micro-
scope slides. We found that both GGNBP2 and
ASXL1 expressed in the nucleus and cytoplasm of

spermatocytes colocalized very well with each other
(Figure 3(e)). These results suggest GGNBP2 acted as
a scaffold protein to facilitate ASXL1 to activate the
deubiquitinating enzyme BAP1 in deubiquitinat-
ing H2A.

GGNBP2 loss disrupts ASXL1 and BAP1
interaction resulting in BAP1 localization change

BAP1 requires activation by an N-terminal fragment
of Polycomb group protein ASX, a protein necessary
for the long-term repression of HOX genes, to
deubiquitinateH2A [34]. Here, we found that
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Figure 3. GGNBP2 interacts and colocalizes with ASXL1. The absence of GGNBP2 affects ASXL1 and BAP1 interaction as well as BAP1

translocation.

(a,b) Reciprocal IP reveals that GGNBP2 interacts with ASXL1 in the mouse testis. (c,d) BAP1 bound with (d) ASXL1, (c) but not
GGNBP?2. Loss of GGNBP2 disrupts BAP1 and ASXL1 interaction. (e) Germ cells were prepared from wild-type testes and processed for
immunofluorescence staining as indicated. GGNBP2 colocalized with ASXL1 in spermatocytes. (f) Western blotting analysis of ASXL1
and BAP1 using postnatal day 60 testis lysate. (g) Quantitative analysis of ASXL1 and BAP1 normalized by B-Tubulin. (h, i)
Chromosome spreads of pachytene spermatocytes are stained with SYCP3 antibody (red), ASXL1 and BAP1 (green) as indicated,
which shows GGNBP2 loss changes the localization of (i) BAP1, (h) but not ASXL1. (j) Western blotting analysis of BAP1 on the
cytoplasmic and nuclear extract from postnatal day 18 testis. (k) Quantitative analysis of BAP1 in cytoplasmic and nuclear extract
Representative images of three WT and Ggnbp2KO mice are shown. All the values are represented as mean + SEM; *p < 0.05,
**p < 0.01 Scale bar =5 pm. Abbreviations: IP, immunoprecipitation; I1B: immunoblotting.

ASXL1 was not associated with BAPI in the testis
when the Ggnbp2 was knocked out, although
Western blotting analysis revealed that neither
ASXL1 nor BAP1 protein expression was affected in
Ggnbp2KO total testis (Figure 3(f,g)). To demonstrate
the association between GGNBP2 and ASXL1, immu-
nofluorescence of spermatocyte chromosome spread
was used to determine whether the location of ASXL1
or BAP1 was changed due to GGNBP2 loss. In WT
cells, the levels of ASXL1 and BAP1 were found to be
high in pachytene spermatocyte nuclei, the subcellular

compartment where the ASXL1/BAP1 complex regu-
lated H2A deubiquitination (Figure 3(h,i)). In
Ggnbp2 knockout spermatocytes, we observed inter-
esting alterations in the pattern of BAP1. No obvious
BAP1 staining was detected in the nucleus compared
with the cytoplasm. Western blotting analysis con-
firmed Ggnbp2 knockout disrupted BAP1 entry into
the nucleus (Figure 3(j,k)). The results showed that
GGNBP2 loss reduced deubiquitinase activity by dis-
rupting ASXL1/BAP1 binding and preventing BAP1
from entering the nucleus.



Ggnbp2 knockout affects ubiquitin-conjugating
E2 enzymes UBE2B and ubiquitin E3 ligase RNF40
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a specific interaction between GGNBP2 and
UBE2B (Figure 4(a)) and between UBE2B and

interaction RNF40 (Figure 4(b)) but not between GGNBP2
and RNF40 (Figure 4(c)). In addition, GGNBP2
deletion was found to disrupt the binding of
UBE2B with RNF40, accompanied by increased
expression of UBE2B (Figure 4(d,e)). Next, we
investigated the impact of GGNBP2 deficiency on
the localization of UBE2B and RNF40 in pachy-

tene spermatocytes. Immunofluorescence showed

The ubiquitin-conjugating E2 enzymes UBE2A
(HR6A) and UBE2B (HR6B) are two very similar
mammalian homologs of yeast Rad6 [22]. When
bonded with the E3 enzyme BRE1 (RNF20 and/or
RNF40), it regulates transcription by catalysing the
monoubiquitination of histone H2B at Lys-120 to
form H2Bgj0ubi- Our binding analyses revealed
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Figure 4. GGNBP2 interacts and colocalizes with UBE2B, and GGNBP2 loss affects UBE2B and RNF40 interaction.

(a) IP revealing that GGNBP2 interacts with UBE2B in the mouse testis. (b, c) RNF40 bound with (b) UBE2B, (c) but not GGNBP2. Loss
of GGNBP2 disrupted UBE2B and RNF40 interaction. (d) Western blotting analysis of RNF40 and UBE2B using postnatal day 60 testis
lysate. (e) Quantitative analysis of RNF40 and UBE2B normalized by B-Tublin. (f) Germ cells were prepared from wild-type testis and
processed for immunofluorescence staining as indicated. GGNBP2 colocalized with UBE2B in spermatocytes. (g, h) Chromosome
spreads of pachytene spermatocytes are stained with SYCP3 antibody (red), UBE2B and RNF40 (green) as indicated, which shows
that GGNBP2 loss does not change the localization of (g) UBE2B and (h) RNF40. Representative images of three WT and Ggnbp2KO
mice are shown. All the values are represented as mean = SEM; **p < 0.01.

Scale bar =5 um. Abbreviations: IP, immunoprecipitation.
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no difference in the staining patterns between the
two groups (Figure 4(f-h)). Overall, these experi-
ments revealed that deletion of GGNBP2 reduced
H2B ubiquitination by affecting E2 enzymes and
E3 ligase binding, recruiting less ubiquitin protein
to H2B at Lys-120.

GGNBP2 regulates H2A and H2B ubiquitination
levels

Since GGNBP2 affected in vivo H2A and H2B
ubiquitination by interacting with ASXL1 and
UBE2B, respectively, we investigated the
in vitro mechanism by which GGNBP2 regu-
lates H2A and H2B ubiquitination using RNA
interference (RNAi). First, we transfected
Ggnbp2KO GC-2 cells with Ggnbp2 overex-
pressed plasmid. As shown in Figure 5(a,b)
Ggnbp2 overexpression restored H2A and H2B
ubiquitination levels. Then, we transfected WT
and Ggnbp2KO cells with control scrambled
siRNA and ASXLI1 siRNA. The knockdown effi-
ciency of siRNA was verified by Western blot-
ting for ASXL1. As expected, a significant
reduction in ASXL1 level was observed in both
cell strains and increased H2Ak;19,p; €Xpression
(Figure 5(c)). To further confirm that GGNBP2
loss could affect the activation of BAP1 by
ASXL1 in deubiquitinating H2A, Ggnbp2KO
cells were transfected with ASXL1 siRNA
together with Ggnbp2 overexpression plasmids.
Western blotting with H2Ag;;9u; antibody
indicated that overexpressing Ggnbp2 did not
restore the binding between ASXL1 and BAPI,
and deubiquitinase BAP1 was not activated
(Figure 5(d)). These results highlight the poten-
tial roles of GGNBP2 in  H2Ag;
ubiquitination.

Next, we focused on how GGNBP2 regulates
H2B ubiquitination. WT and Ggnbp2KO cells
were treated with control scrambled siRNA,
RNF40 siRNA and UBE2B siRNA. The results
showed that the depletion of RNF40 or UBE2B
separately did not decrease H2By;,oubiquitination
(Figure 5(e)). Comparatively, when GC-2 cells
were transfected with RNF40 siRNA together
with UBE2B siRNA, the expression of H2Bx;,0up
was significantly reduced (Figure 5(f)). To clarify

whether GGNBP2 regulated H2B ubiquitination,
Ggnbp2KO cells were transfected with UBE2B
siRNA, RNF40 siRNA, and Ggnbp2 overexpres-
sion plasmids. As anticipated, RNF40 or UBE2B
depletion did not impact H2By;,oubiquitination
(Figure 5(f)). We established that both RNF40
and UBE2B siRNA interference could inhibit
H2B ubiquitination. In addition, we also found
that Ggnbp2 overexpression increased siRNA-
induced low levels of H2By;,, ubiquitination com-
pared with GC-2 cells transfected with control
siRNA.

GGNBP2 mediated H3y,; and H3y,o methylation
by PRC2 subunits and histone H3,
methyltransferase

Histone ubiquitination and histone H3 methy-
lation’s crosstalk has been well documented.
H2A ubiquitination represses gene expression
via trans-histone crosstalk with H3y,,trimethy-
lation (H3x27me3) [34], a histone marker linked
to gene repression [35]. Thus, we determined
the expression of histone H3, K4, K9, K27 and
K79 methylation and H3, K9, H4 and K16 acet-
ylation in 18-day testis and GC-2 cells. Our
results showed that the Ilevels of histone
H3ks7mes were significantly higher in both
Ggnbp2KO testis and GC-2 cells, parallel with
that of H2A ubiquitination, whereas the levels
of histone H3k79me, Were significantly lower in
both Ggnbp2KO testis and GC-2 cells, in accor-
dance with H2B ubiquitination (Figure 6(a,b)).
To wverity this alteration, we transfected
Ggnbp2KO GC-2 cells with overexpression
plasmids. Our in vitro study showed that
Ggnbp2 overexpression rescued the levels of
H3x27mes and H3kyomes (Figure 6(c,d)).

It has been reported that PRC2 catalyses the
mono-, di- and tri-methylation of H3k,; [36],
while ubiquitylation of H2B was essential for
subsequent trimethylation of H3kx, and H3ky
[37]. H2Bx 20ubi Stimulates H3x, and H3k,¢ di-
and tri-methylation in both budding yeast and
human cells [38], possibly through an H2Bub-
methyltransferase bridge (Setl-COMPASS/Dotl).
To further explore how histone ubiquitination
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Figure 5. GGNBP2 regulates histone H2A and H2B ubiquitination levels in vitro.

(@) GGNBP2 knockout increased H2A and decreased H2B ubiquitination levels in GC-2 cells. Ggnbp2 overexpression in Ggnbp2KO
cells could restore H2A and H2B ubiquitination levels. (b) Quantitative data are from three experimental replicates. (c) Western
blotting assay of WT and Ggnbp2KO cells transfected with control scrambled siRNA and siRNA against ASXL1. (d) Western blotting
assay of Ggnbp2KO cells transfected with control scrambled siRNA, siRNA against ASXL1, or Ggnbp2overexpression plasmid. (e)
Western blotting assay of WT and Ggnbp2KO cells transfected with control scrambled siRNA and siRNA against RNF40 and UBE2B. -
Actin was used as the loading control. (f) Western blotting assay of Ggnbp2KO cells transfected with control scrambled siRNA, siRNA
against RNF40, UBE2B, or Ggnbp2 overexpression plasmid. $-Actin was used as the loading control. All the values are represented as

mean + SEM; *p < 0.05, **p < 0.01.

Abbreviations: Ubi, ubiquitination; EV, empty vector; OE, overexpression; WT, wild type; siRNA, small interfering RNA.

affected methylation, we investigated the protein
expression of PRC2 components and histone
H3k79 methyltransferase DOTIL in juvenile and
adult mouse testis. Three PcG proteins, enhancer
of zeste 2 (EZH2), embryonic ectoderm develop-
ment (EED) and suppressor of zeste 12 homolog
(SUZ12) formed the core of PRC2 and mediated
methylation on histone H3 lysine 27 (H3k,;)
[39]. Histone-binding protein RBBP4 (or
RbAp48/p46) and zinc finger protein AEBP2
bind to PRC2 and optimize its enzymatic activity
in vitro [40]. A recent study revealed that EZH]I,

the other sequence homologs of EZH, was part
of a noncanonical PRC2 complex that catalyses
the addition of methyl groups on H3y,; [41].
Our results indicated that the expression of all
the subunits of the PRC2 complex was increased
in Ggnbp2 knockout total testis compared with
WT, triggering the up-regulation of H3y,,
methylation (Figure 6(e,f)). Simultaneously,
GGNBP2-deficient testis showed a significant
decrease in DOTI1L expression (Figure 6(gh)),
explaining the downregulation of H3g,e di-
methylation.
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Figure 6. GGNBP2 controlled patterns of histone modification.
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(a-b) Western blotting analyses of various forms of histone methylation and acetylation on 18-day of WT and Ggnbp2KO mouse total
testis, as well as immortalized WT and Ggnbp2KO cells. Quantitative data are from three experimental replicates. (c-d) Ggnbp2
knockout resulted in an increase in H3y;7me3 and a decrease in H3yz9me2 level in GC-2 cells. Ggnbp2 overexpression in Ggnbp2KO
cells could restore H3ky7mes and H3k7omes levels. B-Actin was used as the loading control. Quantitative data are from three
experimental replicates (e-f) Western blotting analyses of PRC2 subunits (EZH1, EZH2, SUZ12, Rbap46/p48 and EED) in 18-day
and 60-day WT and Ggnbp2KO mouse total testis. GAPDH was used as the loading control. Quantitative data are from three
experimental replicates. (g-h) Western blotting analyses of histone H3 methyltransferase, DOT1L, in 18-day and 60-day WT and
Ggnbp2KOmouse total testis. B-Actin was used as the loading control. Quantitative data are from three experimental replicates. All

the values are represented as mean + SEM; *p < 0.05, **p < 0.01

Abbreviations: me, EV empty vector; OE, overexpression; WT, wild type.

Discussion

Epigenetic changes involve histone proteins that func-
tion in the packaging of DNA and a series of DNA
modifications [42]. Nucleosomes comprise four core
histone proteins, H2A, H2B, H3 and H4, wrapped by
147 base pairs of genomic DNA. They are further
packaged into higher-order chromatin structures to
compact the genomic DNA into the nucleus. Histones
can change DNA-binding capacities and the interac-
tion of other regulatory factors with DNA by

conformational modification, resulting in alterations
in gene activation [43]. In response to DNA damage,
cells undertake a series of responses, such as stopping
transcription, inducing cell cycle arrest, repairing
damaged DNA, and restoring normal cellular activ-
ities after repair [44]. During this process, histone
post-translation modification plays an essential role.
The major ones are methylation, acetylation, phos-
phorylation, sumoylation, and ubiquitination [45].
Such posttranslational modifications regulate the



structure of chromatin and the recruitment of other
proteins. Lukas et al. reported that histone H2AX
phosphorylation (y-H2AX) was induced by double-
strand breaks (DSBs) and DNA replication stress and
functioned as an important signal for initiating the
downstream chromatin-associated events [46]. In pre-
vious studies, we explored the function of y-H2AX
and staining pattern in Ggnbp2 knockout mouse testis
and described that Ggnbp2 loss increased DNA DSB
and led to DSB repair [20]. Here, we confirmed that
Ggnbp2 knockout increased both H2Ay;;9 ubiquiti-
nation levels and decreased H2By,, ubiquitination
levels by protein—protein interaction. We also demon-
strated trans-histone crosstalk between ubiquitination
and methylation by regulating PRC2 subunits and
methyltransferase DOTIL activity in Ggnbp2 knock-
out mice.

In the ubiquitination system, DUBs are respon-
sible for reversing ubiquitination reactions by
removing covalently attached ubiquitin molecules
from substrates or polyubiquitinated chains and
exerting a profound influence on many cellular
pathway events, including DNA repair and
damage response in mammalian cells. H2A ubi-
quitination, the major Ub conjugate in male meio-
sis, has been shown to play an important role
during spermatogenesis and accumulates in the
XY body and unsynapsed chromosomal regions
undergoing meiotic silencing of unsynapsed chro-
matin (MSUC) [32]. However, the absence of ubi-
quitinated H2A in the XY body does not impact
XY body formation, sex chromosome inactivation,
or meiotic progression, indicating that H2A ubi-
quitination is not essential for these processes [47].
Here, we found that the staining of H2Ak;19,; Was
mainly restricted to XY body in WT spermato-
cytes, whereas it was more diffused in Ggnbp2
knockout spermatocytes. Our findings showed
that GGNBP2, ASXL1 and BAP1 could together
form a complex. ASXL1 acted as a bridge to con-
nect GGNBP2 and BAP1, with the latter function-
ing as DUB specific to H2Agjiouni. Without
GGNBP2 interaction, the binding between
ASXL1 and BAP1 would be disrupted. As
a result, BAP1 could not enter the nucleus to
deubiquitinate H2Ax19, which led to an increase
in the level of H2Akq19un;. To validate our in vivo
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results, in vitro si-RNA interference was per-
formed. As expected, Ggnbp2 overexpression sig-
nificantly rescued the H2Ak;19u; level in mutant
cells but did not restore the interaction of ASXL1
and BAPI, suggesting that BAP1 was in an inacti-
vated state. Even though ASXL1 knockdown sig-
nificantly increased H2Ak 9up; €xpression in WT
and mutant cells, BAP1 could not exert deubiqui-
tinase activity in mutant cells transfected with
Ggnbp2 overexpression plasmid. Together, these
findings established GGNBP2 as an important
negative regulator for H2A;qubiquitination in
DNA damage response.

Several studies have clarified the role of H2B ubi-
quitination in activating and silencing gene transcrip-
tion [48,49]. Recent studies have begun focusing on
the important role of H2B ;-mediated nucleosome
stabilization in maintaining the chromatin structure
for the fidelity of transcriptional initiation. H2B ubi-
quitination can regulate initiation by stabilizing
nucleosomes positioned over the promoters of
repressed genes [26]. Xu et al. showed that RNF20/
Brelp-mediated H2B ubiquitination regulated meio-
tic recombination by promoting chromatin relaxation
and provided evidence that chloroquine, a chromatin
relaxation agent, could treat some oligo or azoosper-
mia patients with chromatin relaxation disorders [28].
Protein structure analysis of recombinant nucleo-
somes indicated that H2B ubiquitination might be
involved in the de-condensation of chromatin [50].
In this study, we observed compromised spermatocyte
chromatin compaction and nucleosome stability in
Ggnbp2 knockout GC-2 cells in vitro and germ cells
in vivo, which were more susceptible to MNase diges-
tion and more soluble at very low salt concentrations.
GGNBP2 might facilitate H2B ubiquitination, which
promotes chromatin relaxation in spermatocytes.
However, the mechanisms by which GGNBP2 regu-
lates H2B ubiquitination levels remained undeter-
mined. Our findings suggest that GGNBP2 interacts
with UBE2B, a ubiquitin-conjugating E2, together
with ubiquitin ligase E3 RNF40 to ubiquitinate
H2Bk120. Loss of GGNBP2 disconnects UBEB/
RNF40 binding and affects H2B ubiquitination.

A key step in gene repression by Polycomb is
the trimethylation of histone H3k,, by PCR2 to
form H3y,7me3» Which provides a binding surface
for PRC1 [51]. Cao et al. demonstrated that the
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Figure 7. The mechanism of histone modifications regulated by GGNBP2.

We propose that GGNBP2 induced ASXL1 to activate the deubiquitinating enzyme BAP1 in deubiquitinating H2A, while GGNBP2
knockout disrupted the interaction between ASXL1 and BAP1. GGNBP2 deletion reduced H2B ubiquitination by affecting E2 enzymes
and E3 ligase binding. GGNBP2 regulated H2A and H2B ubiquitination levels and controlled H3K27 and H3K79 methylation by PRC2
subunits and histone H3K79 methyltransferase. It is suggested that Ggnbp2 knockout increased DNA damage response by
promoting H2A ubiquitination and H3K27 trimethylation (H3K27me3) and reduced nucleosome stability by decreasing H2B

ubiquitination and H3K79 dimethylation (H3K79me2).

knockdown of PRC2 subunit SUZ12, which
reduces Lys-27 H3 methylation by the EED-
EZH2 complex, could reduce H2Ag;9up; localiza-
tion at silenced promoters [52]. H2A ubiquitina-
tion seemed like a downstream regulator of Lys-27
H3 methylation. Our study demonstrated that
H3x57me3 and PRC2 subunits EZH2, EZH, EED,
SUE12 and Rbap46/p48 were up-regulated by
Ggnbp2 depletion. In this study, we provided evi-
dence showing that the regulation of GGNBP2 in
histone H2A ubiquitination could be attributed to
both the ubiquitin ligase and deubiquitinase. It has
been established that both the PRCI and PRC2
subunits are recruited to the damage site after
DNA damage, suggesting a role for H2Ag;;oubi
and H3g,7me3 in transcription silencing in the
damaged chromatin [53]. Based on these findings,
we concluded that Ggnbp2 loss increased DNA
DSB, where more PRC2 subunits could be
recruited, resulting in an up-regulation of
H2Ax 19ubi and H3x57me3. In contrast to H2A ubi-
H2B

quitination ~and H3  methylation,

monoubiquitination is a prerequisite for H3g, and
H3k79 methylation. Further, this histone crosstalk
has been confirmed to function unidirectionally
[37]. We also showed that H3k79me> Was down-
regulated in Ggnbp2 knockout cells. In addition,
a low level of the specific methyltransferase
DOTI1L expression was also observed in juvenile
and adult testis. Thus, it can be hypothesized that
GGNBP2 regulates H3k,9 methylation by inhibit-
ing histone methyltransferase DOTIL activity.

In conclusion, these results provided evidence
suggesting the involvement of histone ubiquiti-
nation and methylation in the development of
GGNBP2 loss resulting in azoospermia pheno-
type. We propose that Ggnbp2 knockout
increased DNA damage response by promoting
H2A ubiquitination and H3k,,trimethylation,
whereas it reduced nucleosome stability by
decreasing H2B ubiquitination and H3gyo
dimethylation. Altogether, the present study
shed new light on the mechanisms of the epige-
netic phenomenon during spermatogenesis, such
as the DNA damage repair process and its effects



on sperm production problems (Figure 7).
Understanding the molecular mechanisms
underlying Ggnbp2 deletion-related azoospermia
and the role of GGNBP2 in regulating chromatin
structure and gene expression could be useful in
developing new diagnostic and therapeutic stra-
tegies for male infertility.
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