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a b s t r a c t

GGNBP1 is known as gametogenetin protein 1 (GGN1)-interacting protein. It is specifically expressed in
the mitochondria of the testis, while its functional role during spermatogenesis is still unknown. Here,
we showed that the disruption of Ggnbp1 resulted in abnormal spermiogenesis in around 40% mice,
while the others show no defects in the genital system. Moreover, upon treatment with low dose of
bisphenol A (BPA), Ggnbp1 knockout mice were more sensitive to environmental pollutant than control
mice. The treatment led to decrease in sperm motility and production of abnormal spermatozoa. These
results suggest that GGNBP1 mainly ensures proper spermiogenesis in response to various stresses in
male mice.

© 2020 Elsevier Inc. All rights reserved.
1. Introduction

Gametogenin (GGN) is a protein associated with gametogenesis.
It is evolutionarily conserved from mouse to human, and specif-
ically expressed in adult testis, mainly in spermatocytes from late
pachytene to round spermatocytes, and the highest expression
appeared in XI and XII phases [1]. GGN has about ten variants,
which can be spliced to produce three proteins: GGN1, GGN2, and
GGN3. Among them, GGN1 can interact with GGN3 and FANCL
(Fanconi anemia complementation group L). FANCL is an E3 [2]
ubiquitin ligase, its disruption leads to over loss of primordial germ
cells and complete infertility in adult mice [3,4]. The interactions
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among GGN1, GGN2, and FANCL regulate the localization of FANCL
jointly and play an important role in spermatogenesis. In addition,
three more proteins were found to interact with GGN1: game-
togenetin binding protein 1 (GGNBP1), gametogenetin binding
protein 2 (GGNBP2) and decarboxylase antizyme 3 (OAZ3). Ggnbp2
is located on chromosome 11 of mice and on chromosome 7 of
humans. It is expressed in all tissues but predominantly expressed
in testis. The depletion of this gene resulted in the death of most
mice between E13.5 and E15.5 days, and only a few were able to
reach adulthood. The survived Ggnbp2 knockoutmicewere infertile
due to over-death of germ cells and Sertoli cells [5,6], OAZ3 is
specifically expressed in the testes, and disruption of this gene re-
sults in infertility due to the separation of sperm head and tail,
indicating that OAZ3 has precise regulation on the correct assembly
of sperm head and tail during spermatogenesis [7]. Taken together,
these studies suggest that almost all GGN1 related proteins may
participate in spermatogenesis.

Ggnbp1 is a testis-specific gene [8], located on mouse chromo-
some 17 and human chromosome 6. The expression pattern of
GGNBP1 is the same as GGN1, it mainly expresses in spermatocytes
from the late pachytene stage to round spermatids. GGNBP1
interact with GGN1 through its C-terminal [1,8]. Later studies found
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that GGNBP1 was associated with mitochondria, and it was sug-
gested to participate in spermatogenesis by influencing the kinetics
and morphology of mitochondria [9]; however, its exact function
remains to be investigated. To address the functional role of Ggnbp1,
we generated Ggnbp1 knockout mice and found that around 40% of
mice were infertile and have various spermiogenesis defects.
Furthermore, the spermiogenesis of Ggnbp1-deficient mice was
vulnerable to environmental pollutants compare with that of the
control mice. These results suggest that GGNBP1 mainly ensures
proper spermiogenesis in response to various stresses in mice.
2. Materials and methods

2.1. Animal experiments

Themouse strains used in this studywere ICR and C57BL/6 J (SPF
(Beijing) Biotechnology Co., Ltd.), which were prepared for CRISPR/
cas9, microinjection and embryo transfer in laboratory. We
designed two guide RNAs, sgRNA-1: CGG CGC GGA CCC CTC GGT
CAC GG, sgRNA-2: GCG CTT TCT CCG AAA CCT GGT GGG. All animal
studies were carried out in accordance with the protocols approved
by the Institutional Animal Care and Use Committee of the Institute
of Zoology, Chinese Academy of Sciences. The primer to identify
Ggnbp1�/� mice were: SexAI-Ggnbp1-F: AGC CTC CAG TTA TAG CCT
CC, SexAI-Ggnbp1-R: TGA TGT TAC CTC AAC ACC CTG G.
Fig. 1. Construction of Ggnbp1�/� mouse.
(A) The schematic of Ggnbp1�/�mice construction and the sequencing comparison of knock
(B) Genotyping of founders to identify Ggnbp1 knockouts.
(C) The GGNBP1 protein was completely absent in the Ggnbp1�/� testis. Immunoblotting o
control.
(D) The fertility assessment experiments were performed in Ggnbp1þ/þ and Ggnbp1�/� mal
2.2. Drugs

Bisphenol A (BPA, Sigma-Aldrich, 239658) was dissolved in sa-
line with 1% dimethylsulfoxide (DMSO), and mice were treated
with 40 mg/kg/day BPA for 15 days. The concentration of BPA used in
this studywas lower than the ‘safe’ concentration recommended by
the European Commission and the European Food Safety Authority
(EFSA) of 50 mg/kg (http://www.epa.gov/iris/subst/0356.htm).

2.3. Antibodies

The GGNBP1 polyclonal antibodies were generated in rabbits
using the corresponding recombinant proteins as antigens. The
mouse anti-Tub antibody (AC021) was purchased from Abclonal
(Wuhan, China). Mouse anti-sp56 antibody (55101, RRID:
AB_130101) was purchased from QED Bioscience (San Diego, CA).
Alexa Fluor®680-conjugated goat secondary antibodies for the
mouse (A21057) and Alexa Fluor® 680-conjugated rabbit second-
ary antibodies for goat IgG (A21088) for immunoblotting were
purchased from Invitrogen (Carlsbad, CA), IRDye®. 800CW-conju-
gated goat secondary antibodies for rabbit (926e32211) for
immunoblotting were purchased from LI-COR (Lincoln, NE).

2.4. Immunoblotting

To extract protein, the testes were suspended in cold RIPA buffer
out mice and the Ggnbp1þ/þ mice.

f GGNBP1 was performed in Ggnbp1þ/þ and Ggnbp1�/� testes. Tub served as a loading

e mice. Data are presented as mean ± SEM.
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Fig. 2. Two types of Ggnbp1�/� male mice.
(A) The sperm counts in the cauda epididymis was similar in Ggnbp1þ/þ and Ggnbp1�/� mice. Red indicates Ggnbp1þ/þ group, green indicates Ggnbp1þ/�group, blue indicates
Ggnbp1�/�group.

(B) The motile sperm rate was normal in Ggnbp1�/� type 1 mice, but decreased in Ggnbp1�/� type 2 mice. Data are presented as mean ± SEM. ***P < 0.001.
(C) Single-sperm immunofluorescence analysis for the acrosome-specific marker sp56 (green) was performed using Ggnbp1þ/þ, Ggnbp1�/� type 1 and Ggnbp1�/�type 2 sperma-
tozoa. Nuclei were stained with DAPI (blue).
(D) Percentage of abnormal spermatozoa in Ggnbp1þ/þ, Ggnbp1�/� type 1 and Ggnbp1�/� type 2 cauda epididymis. Data are presented as mean ± SEM. *P < 0.05, ***P < 0.001.Red
indicates Ggnbp1þ/þ group, purple indicates Ggnbp1 �/� type 1 group, blue indicates Ggnbp1�/� type 2 group.
(E) The histomorphology of Ggnbp1þ/þ, Ggnbp1�/� type 1 and Ggnbp1�/� type 2 seminiferous tubules were detected by H&E staining that nuclei were stained with hematoxylin
(blue) and other structures were stained with eosin (pink).
(F) The histomorphology of Ggnbp1þ/þ, Ggnbp1�/� type 1 and Ggnbp1�/� type 2 cauda epididymis was detected by H&E staining. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Ggnbp1 deficiency leads to abnormal spermiogenesis.
(A) PAS-hematoxylin staining was performed in Ggnbp1þ/þ and Ggnbp1�/� type 2 mouse testis. A: type A spermatogonia, In: intermediate spermatogonia, B: type B spermatogonia,
PL: preleptotene spermatocytes, L: leptotene spermatocytes, Z: zygotene spermatocytes, P: pachytene spermatocytes, M: meiotic divisions, rSt: round spermatids, eSt: elongating
spermatid, spz: spermatozoa. Arrowhead indicated abnormal germ cells.
(B) Morphology of acrosome and nuclei in different steps of spermatid development was detected in Ggnbp1þ/þ and Ggnbp1�/� type 2 mice by PAS-hematoxylin staining. Asterisk
indicated abnormal spermatid.
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(Solarbio, R0010) supplemented with protein inhibitor (Roche Di-
agnostics, Rotkreuz, Switzerland, 04693116001) and 1 mM phe-
nylmethylsulphonyl fluoride (PMSF, Amresco, 0754), and then
subjected to homogenization and transient sonication. The samples
were then centrifuged at 12,000�g for 10 min at 4 �C. The super-
natants were transferred to a new tube for immunoblotting. Protein
samples were separated via SDS-PAGE and electrotransferred to a
nitrocellulose membrane. After incubation with primary and sec-
ondary antibodies, the membranes were scanned using an ODYS-
SEY Sa Infrared Imaging System (LI-COR Biosciences, Lincoln, NE).

2.5. Fertility test

The fertility tests were performed as previously described [10].
Each male mouse (8 or 9 weeks old) was caged with 2 wild-type
females (8 or 9weeks old) and their vaginal plugs were checked
every morning. The plugged females were separated into single
cages, and the pregnancy results were recorded. If a female did not
generate any pups by day 22 postcoital, the mouse was deemed not
pregnant.

2.6. Epididymal sperm motility and count assay

Sperms were released in human tubal fluid (HTF, Sigma-Aldrich,
mr-070-d) from the cauda epididymis and incubated at 37 �C. After
10 min, the swim-up suspensionwas used for the analysis of sperm
motility using the instrument (OLYMPUS, Japan). The viewing areas
in each chamber were captured using a CCD camera. The samples
were analyzed via computer-assisted semen analysis using theMini
tube Sperm Vision Digital Semen Evaluation system. Sperm solu-
tion was diluted and sperm number was counted with a
hemocytometer.

2.7. Tissue collection and histological analysis

The testes were dissected and fixed with Bouin’s fixative for up
to 24 h. Next, the testes were dehydrated using graded ethanol and
embedded in paraffin. 5 mm sections were collected on glass slides.
After deparaffinization, sections were stained with hematoxylin
and eosin (H&E) for histological analysis or stained with Periodic
Acid Schiff (PAS)-hematoxylin for determining the seminiferous
epithelia cycle stages.

2.8. Transmission electron microscopy

Transmission electron microscopy (TEM) was performed as
previously described [11]. Testes were dissected and fixedwith 2.5%
(vol/vol) glutaraldehyde in 0.1 M cacodylate buffer overnight. After
washingwith 0.1M cacodylate buffer, the tissues were immersed in
1% OsO4 for 1 h at 4 �C. Then, the samples were dehydrated through
a graded ethanol series and embedded in resin (Low Viscosity
Embedding Media Spurr’s Kit, EMS, 14300). Ultrathin sections were
cut on an ultramicrotome, stained with uranyl acetate and lead
citrate, and observed using a JEM-1400 transmission electron mi-
croscope (JEOL, Tokyo, Japan).

2.9. Immunofluorescence

The spermatozoa were spread on glass slides for morphological
observation and immunostaining. After air drying, spermatozoa
(C) TEM analyses of the stepwise development of acrosome were performed in Ggnbp1þ/

abnormal acrosome.
(D) Ultrastructure of Ggnbp1þ/þ and Ggnbp1�/� type 2 cauda epididymis showing that the
were fixed with 4% PFA for 10min, and washed as described pre-
viously. After blocking with 1% bovine serum albumin (BSA) for
30min, the slides were incubated with sp56 antibody diluted in 1%
BSAþ0.3% triton overnight at 4 �C. The first antibody was washed 3
times by PBS, followed by incubation with the secondary anti-
bodies,the nuclei were stained with 40, 6-diamidino-2-
phenylindole (DAPI). Images were captured immediately using a
LSM 780/710 microscope (Zeiss).

2.10. Statistical analysis

All data are presented as the mean ± SEM. The statistical sig-
nificance of the differences between the mean values for the
various groups was measured by student’s t-tests with a paired, 2-
tailed distribution. The data were considered significant when the
P-value was less than 0.05 (*), 0.01 (**) or 0.001(***).

3. Results

3.1. The construction of Ggnbp1�/� mouse

Since it has been reported that GGNBP1 is highly expressed in
the testes [8], we speculated it might participate in spermatogen-
esis. To test this speculation, we generated Ggnbp1-knockout
founder mice by applying the CRISPR-Cas9 system that targeted
exon 1 of the Ggnbp1 gene (Fig. 1A). We got a mouse with 46bp
deletion in exon 1 of Ggnbp1 (Fig. 1A and B), and found the GGNBP1
protein was completely absent in the Ggnbp1�/� testis compared
with Ggnbp1þ/þ testis (Fig. 1D), indicating that homozygous mice
were Ggnbp1-null. Therefore, all the Ggnbp1�/� mice used in this
study were Ggnbp146bp/46bp mice.

3.2. Two types of Ggnbp1 knockout male mice

Ggnbp1�/� mice were viable and reached adulthood, and the
Ggnbp1-null female mice were fertile. To assess the role of GGNBP1
in male fertility, we conducted a fertility test of Ggnbp1�/� male
mice and control mice. Surprisingly, the Ggnbp1�/� male mice
showed two types of phenotypes: one type of Ggnbp1�/� male
mouse were fertile, while the others were infertile (Fig. 1D). Then,
we counted the total sperm number in the cauda epididymis and
found that no significant differences existed among the Ggnbp1�/�,
Ggnbp1þ/� and Ggnbp1þ/þ mice (Fig. 2A). As vigorous sperm
motility is required for normal fertilization in mammals [12], we
measured the sperm motility in Ggnbp1�/�, Ggnbp1þ/� and
Ggnbp1þ/þ mice by computer-assisted semen analysis (CASA).
Consistentwith the fertility test, therewere also two types of sperm
motility in Ggnbp1�/� mice: one type of Ggnbp1�/� male mouse has
normal sperm motility (type 1), while the other showed decreased
sperm motility (type 2) (Fig. 2B). Furthermore, the morphological
evaluation revealed that many spermatozoa from Ggnbp1�/� type 2
mice showed various abnormalities, such as head deformities, tail
bending, or the detachment of head and tail (Fig. 2C and D),
whereas the proportion of abnormal spermatozoa in Ggnbp1�/�

type 1 was similar with that of the control group (Fig. 2C and D).
Thus, the infertility of Ggnbp1�/� type 2 mice might be due to
spermatozoa with low motility and malformation.

To further confirm it, we examined the histology of testes from
Ggnbp1�/� type 1, Ggnbp1�/� type 2 and Ggnbp1þ/þ mice by he-
matoxylin and eosin (H&E) staining. We found the seminiferous
þ and Ggnbp1�/� type 2 mouse testis. Nu, nucleus; Ac, acrosome. Asterisks indicated

Ggnbp1-null spermatozoa had irregular sperm head. Nu, nucleus.
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tubules of Ggnbp1�/� type 1 mice (12/19) were similar to the con-
trol groups, and all of the components can be seen in the semi-
niferous epithelium in Ggnbp1�/� type 1 testis (Fig. 2E), whereas
the seminiferous epithelium in Ggnbp1�/� type 2 testis (7/19) was
disorganized with large vacuoles and germ cells were arranged
disorderly from the base to the lumen of the seminiferous tubules
(Fig. 2E) compared to seminiferous tubules in the control groups.
Consistent with the above results, the abnormal spermatozoa could
also be detected in the cauda epididymis of Ggnbp1�/� type 2 mice
(Fig. 2F). Therefore, the disruption of Ggnbp1 causes two types of
phenomenon, one type shows normal spermatogenesis and is
fertile; the other produces malformed spermatozoa with low
motility that leads to infertility.
3.3. Defected spermiogenesis in Ggnbp1�/� type2 mice

To explore how disruption of Ggnbp1 produced malformed
spermatozoa in Ggnbp1�/� type 2 mice, we carefully examined the
stages of spermiogenesis of Ggnbp1�/� type 2 and Ggnbp1þ/þ testes
Fig. 4. GGNBP1 respond to stress during spermatogenesis.
(A) Quantification of testis weight/body weight in Ggnbp1þ/þ and Ggnbp1�/� type 1 mice tre
group, blue indicates Ggnbp1�/�group.
(B) The sperm counts in the cauda epididymis was detected in Ggnbp1þ/þ and Ggnbp1�/� ty
Red indicates Ggnbp1þ/þ group, blue indicates Ggnbp1�/�group.
(C) The motile sperm rate was decreased Ggnbp1�/� type 1 mice treated with BPA. Data ar
Ggnbp1�/�group.
(D) Single-sperm immunofluorescence analysis for the acrosome-specific marker sp56 (gre
Nuclei were stained with DAPI (blue).
(E) Percentage of abnormal spermatozoa in Ggnbp1þ/þ, Ggnbp1�/� type 1 cauda epididymis
spermatozoa, red indicates spermatozoa without head, green indicates spermatozoa with a
the references to colour in this figure legend, the reader is referred to the Web version of
by Periodic Acid-Schiff (PAS)-hematoxylin staining (Fig. 3A). In
Ggnbp1�/� type 2 testes, spermatocytes at metaphase were clearly
visible in stage XII (Fig. 3A), indicating the disruption of Ggnbp1 had
no influence on meiosis. Although the acrosome structures of
round spermatids (step 1e8) in stage IeVIII tubules of Ggnbp1�/�

type 2 testes were similar with control groups (Fig. 3A and B), the
acrosome morphology and spermatid nuclei were perturbed at
later steps of spermatids in Ggnbp1�/� type 2 mice (Fig. 3A and B),
suggesting the disruption of Ggnbp1 might affect the sperm head
shaping. To further confirm it, we carried out TEM analysis. In the
Ggnbp1þ/þ mice, the acrosome and nucleus morphology of the
elongating spermatids were normal (Fig. 3C). However, in Ggnbp1�/

� type 2 mouse testis, vacuolated or irregularly shaped acrosomes
were observed in the acrosome phase and maturation phase
(Fig. 3C). TEM analysis of the cauda epididymis also revealed that
many spermatozoa from Ggnbp1�/� type 2 mice had irregularly
shaped heads (Fig. 3D). Thus, spermatid differentiation was per-
turbed in Ggnbp1�/� type2 mice and resulted in the production of
abnormal spermatozoa, which leads to male infertility.
ated with DMSO and BPA. Data are presented as mean ± SEM. Red indicates Ggnbp1þ/þ

pe 1 mice treated with DMSO and BPA. Data are presented as mean ± SEM. **P < 0.01.

e presented as mean ± SEM. *P < 0.05. Red indicates Ggnbp1þ/þ group, blue indicates

en) was performed using Ggnbp1þ/þ, Ggnbp1�/� type 1 spermatozoa treated with BPA.

treated with DMSO and BPA. Data are presented as mean ± SEM. Blue indicates normal
bnormal tail, purple indicates spermatozoa with abnormal head. (For interpretation of
this article.)
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3.4. GGNBP1 may respond to stress during spermiogenesis

As it has been reported that GGNBP1 is located in mitochondria
[9], and mitochondria are essential for some biological stress re-
sponses [13], we speculated that the disruption of Ggnbp1 might
increase the sensitivity of some external stresses during spermio-
genesis, such as some unexpected substances in food, water and air,
and the phenomenon in Ggnbp1�/� type2 mice might come from
some external stresses. To test this hypothesis, bisphenol A (BPA)
that could induce mitochondrial damage [14,15] was selected to
treat Ggnbp1�/� type 1 mice. After treatment with low dose of BPA,
the testis size and weight of Ggnbp1�/� type 1 mice had no signif-
icant differences compared to those of Ggnbp1þ/þ mice (Fig. 4A),
whereas the sperm count and motility were significantly decreased
in Ggnbp1�/� type 1 mice treated with BPA compared with those of
the control groups (Fig. 4B and C). Furthermore, the proportion of
abnormal spermatozoa in Ggnbp1�/� type 1 mice treated with BPA
was significantly increased compared with that of the control
groups (Fig. 4D and E), indicating the Ggnbp1�/� mice sensitized to
the low dose of BPA during spermiogenesis. Therefore, GGNBP1
might respond some specific stresses during spermiogenesis, and
the disruption of Ggnbp1 increases the sensitivity of BPA in themale
reproductive system.

4. Discussion

Recently, the frequency of defective spermatogenesis and de-
creases in sperm count and motility appear to be on the increase
over the past decades, and one of the most compelling reasons is
the influence of environmental factors and various stresses onmale
reproduction [16]. Environmental insults during spermatogenesis
could eventually influence sperm production in adult males [2,16].
Many environmental contaminants and stresses have been re-
ported to disturb the spermatogenesis, such as BPA, phthalates,
dioxins, cadmium and so on [17e20]. Some genes have been
identified that respond to these environmental stresses to protect
the spermatogenesis [21]. Here, we found that disruption of Ggnbp1
caused infertility by producing abnormal spermatozoa with low
motility in about 40% male mice, while the others showed no de-
fects in the genital system (Figs. 1 and 2). Once further treated with
a low dose of BPA, the Ggnbp1�/� mice were more sensitive to
environmental pollutants than control mice, the treatment led to a
decrease in sperm motility and increase in proportion of abnormal
spermatozoa (Fig. 4). Therefore, some abnormal substances in the
air or food make the difference between two types of Ggnbp1�/�

mice, and GGNBP1 mainly ensures proper spermiogenesis in
response to various environmental stresses.

During the spermatogenesis, the number of mitochondria in-
creases, forming condensation matrix and dilated cristae [22e24],
and the sperm motility and morphology are associated with some
mitochondrial related genes [25]. For example, the kinases Gykl1
(glycerol kinase-like proteins glycerol kinase-like 1) and Gk2
(glycerol kinase 2) located in the outer membrane of mitochondria
could interact with Pld6/MitoPLD, a member of the phospholipase
D family, and participate in the aggregation of mitochondria. The
deletion of these two genes leads to male infertility characterized
with abnormal production of ATP, abnormal morphology of mito-
chondria, a disordered arrangement of mitochondrial sheath and
malformation of sperm tail [25]. Since it has been reported that
GGNBP1 is located in mitochondria [9], the GGNBP1 may respond
to some external stresses tomaintain spermmotility and spermatid
differentiation by ensuring the energy supply or proper mito-
chondrial aggregation during spermiogenesis.

BPA is a well-studied environmental contaminant. BPA is widely
used in the production of polycarbonate plastics and epoxy resins
[14,15]. It has been reported that BPA could induce mitochondria
damage, and it has a damaging effect on spermatogenesis [19]. We
found that Ggnbp1�/� mice were more sensitive to the low dose of
BPA than control mice, the treatment leads to the decrease of sperm
motility and an increase in the proportion of abnormal spermato-
zoa (Fig. 4). Thus, GGNBP1 might respond to some specific stresses
during spermiogenesis, but not a general mitochondrial damaged
stress. However, the precise molecular mechanisms still need
further investigation.
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