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Abstract

Otogelin-like protein (encoded by Otogl) was highly structural similar to the gelforming mucin proteins. Although
human OTOG mutations have been linked to deafness, the biological function of OTOGL in male germ cell
development remains enigmatic. In screening 336 patients with non-obstructive azoospermia (NOA), OTOGL
displays the high mutant ratio (13.99 %). Then, we examined the expression of OTOGL in developing mouse testes.
Otogl mRNA and protein are continually expressed in postnatal developing testes from postnatal day 0 (P0) testes
to P21 testes exhibiting a decreased trend with the age growth. We thus generated a global Otog/ knockout mouse
(KO) model using the CRISPR/Cas9 technology; however, Otogl/ KO mice displayed normal development and fertility.
Further histological analysis of Otogl knockout mouse testes revealed that all types of spermatogenic cells are
present in Otogl KO seminiferous tubules. Together, our study suggested that OTOGL is nonessential for male germ

cell development and spermatogenesis.
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Introduction

Mucins are high molecular weight glycoproteins
produced by many epithelial tissues. These include the
membrane-associated mucins and the secreted mucins
[1]. Membrane-associated mucins are expressed in
various epithelial cells to form the glycocalyx at mucosal
surfaces and act as a barrier to protect cells from infec-
tions. Secreted mucins serve as an anti-adhesion molecule
and contribute to signal transduction. The expression of
mucin isoforms has been reported in germ cells. Notably,
Mucin 1(Mucl) showed the highest expression in mature
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spermatozoa, involved in sperm maturation and transpor-
tation along with the reproductive system [2]. Further
study of mucins in the male reproductive tissues may yield
information regarding the functional importance of
mucins in male fertility.

Otogelin-like (OTOGL) is a type of gelforming mucin
that forms high-molecular-weight complexes and is gly-
cosylated through mucin-type glycosylation. OTOGL is
a large protein with mucin-like domains. In 2017,
Eamon Dubaiss et al. identified many proteins secreted
from the epidermis of the Xenopus tropicalis, including
an abundant protein called OTOGL, named because of
its sequence similarity with a glycoprotein called Otoge-
lin (OTOG) [3]. In humans, both OTOGL and OTOG
were found in the acellular membranes of the inner ear
and are associated with moderate autosomal recessive
nonsyndromic hearing loss [4, 5]. Previously, OTOGL
was considered as a novel candidate gene for 46, XY
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gonadal dysgenesis (GD) through a customized com-
parative genomic hybridization platform [6]. However,
the functional role of OTOGL in the maintenance of
normal male reproductive health was unknown.

In the current study, we found a high mutation ratio
of OTOGLs in the patients with non-obstructive azoo-
spermia (NOA) and Otogl mRNA highly expressed at
the early stages of the testis tissues. To decipher the role
of OTOGL in male germ cell development, we generated
Otogl global knockout mouse (KO) model using CRIS
PR/Cas9 technology. However, Otogl KO male mice
were fertile with normal testicular and epididymal hist-
ology. Our results showed that OTOGL is nonessential
for male germ cell development and spermatogenesis in
mice.

Materials and methods

Patients

Peripheral blood samples of 336 NOA patients used in
this study were as previously described [7]. The
inclusion criteria for the NOA patients included the fol-
lowing: (i) no sperm detected in the pellets of semen
samples on three different occasions; (ii) no inflamma-
tion or injury of the reproductive system or pelvic cavity;
and (iii) no karyotypic abnormality or Y chromosome
microdeletion. Testicular biopsy and histological analysis
were conducted for the azoospermic men whenever
possible. This study was approved by the ethics commit-
tee of Peking University Shenzhen Hospital and Tongji
Medical College in accordance with the Declaration of
Helsinki (No. 20,090,018). Informed, written consents
were obtained from all participants. .

DNA extraction and sequencing

The selected exon sequencing and data analysis were
performed, as described in detail previously [8]. Briefly,
genomic DNA was extracted using the AllPrep DNA/
RNA Mini Kit (Qiagen, Germantown, Maryland). The
exon capture was performed using the NimbleGen
custom array (Roche NimbleGen, Madison, Wisconsin).
The sequencing (paired-end 90-base pair reads) was per-
formed on an Illumina Hiseq 2000 platform (Illumina,
San Diego, California) using recommended protocols
from the manufacturer. After removing the low-quality
bases and adaptor sequences, the sequencing reads were
aligned against the human reference genome (NCBI
build 37.1, hgl9) using the SOAPaligner software.

Mice

Otogl knockout mice were produced by zygote pro-
nuclear microinjection using the CRISPR/Cas9 genome
editing technique. The two pairs of single guided RNAs
(sgRNAs) with the sequence sgRNA-1: TCAGTTAGGC
TCCCTAATACTGG and sgRNA2: AATAGCTTAC
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GTAACTTGCAAGG were designed for targeting from
exon 9 to exon 23 of the Otogl gene. After microinjec-
tion, followed by Sanger sequencing confirmation and
PCR analysis, the heterozygous with 669 bp deletion
male founder mice were allowed to inbreed to produce
homozygous mice. The mice were then housed in a spe-
cific pathogen-free facility under climate-controlled con-
ditions with a 12-h light/dark cycle and were provided
with water and a standard diet. All animal experiments
have been specifically approved by the Institutional
Animal Care and Use Committee (IACUC) of Tongji
Medical College, Huazhong University of Science and
Technology.

Cell cultures and transfection

GC-2 cells (a mouse spermatocyte-derived cell line) were
cultured in Dulbecco’s Modified Eagle Medium: Nutrient
Mixture F-12 (DMEM/F-12) with phenol red supplemented
with 10% fetal bovine serum (FBS). The cells were
incubated at 37 °C in a humidified atmosphere of 5% CO2.
pECMV-Otogl-m-Flag vector was purchased from Miaol-
ing (Wuhan, China). The empty vector and pECMV-Otogl-
mCherry-Flag were transfected into GC-2 cells by the
standard lipofectamine 2000 procedure.

RNA extraction and RT-gPCR

Trizol reagents (Invitrogen) were used for total RNA ex-
traction, and reverse transcriptional reactions contained
500ng of purified total RNA using a PrimeScript RT
reagent kit with gDNA Eraser (TaKaRa) to remove the
DNA contamination. RT-qPCR was performed with
SYBR green master mix (TaKaRa) on the ABI Step One
System (Applied Biosystems) according to manufactures’
instructions: 95°C for 10 min, 35 cycles of 95 °C for
1 min and 59 °C for 30 s. Otogl (forward: 5'-TCATTG
GCTCTTGTTTCCTTG-3'; reverse: 5'-TTCTTCCGAG
TCATCGTATTTT-3"). The primer sequence of sper-
matogenic genes were described in a previous study [9].
The relative gene expression was quantified using the
comparative cycle threshold method, with the Gapdh ex-
pression used for normalization previously [10].

Western blot

Testicular proteins were extracted using RIPA buffer.
The protein lysates run on a 10% SDS-PAGE gel and
transferred to PVDF membranes. Membranes were
blocked in 5% non-fat milk (blocking solution) for 1 h
and incubated with rabbit anti-OTOGL antibody (YT6398,
Immnoway) at 4C for overnight. The membranes were
washed with TBST three times, then incubated with HRP
goat anti-rabbit IgG for 1 h. Excess reagents were washed
three times in TBST and developed using chemilumines-
cence reagent was used for chemiluminescence detection
and photographed by ChemiDoc XRS system (BIO-RAD).
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Histology analysis

For histological analysis, testes and epididymides were
collected and fixed in Bouin’s fixative (Sigma Aldrich)
for 3 h at room temperature. After several washes in
70 % ethanol to remove excess stain, testes were embed-
ded in paraffin. Tissues were sectioned at 5 mm thickness
and stained by Periodic Acid-Schiff (PAS)-hematoxylin.

Immunofluorescence

Testes were fixed with 4% paraformaldehyde (PFA)
diluted with PBS and then embedded in the 50%
Tissue-Tek OCT compound (Sakura Finetek, 4583) in
20 % sucrose on liquid nitrogen. 5 pm cryosections were
cut and treated with the antigen retrieval by 0.01 mM
Citrate (PH = 6.0). The sections were washed three times
in PBS (10 min/wash), then incubated with rabbit anti-
DDX4 antibody (ab13840, Abcam) and rabbit anti-Ki67
antibody (ab15580, Abcam) in a humidified chamber at
4 C for overnight. The sections were washed three
times with PBS and then incubated with Alexa Fluor™
594 Goat anti-rabbit IgG (Invitrogen, A11032) and PNA
conjugated with fluorescein isothiocyanate at RT for 1 h.
After washing three times with PBS (10 min per wash),
the sections were counterstained with DAPI and photo-
graphed with the fluorescence microscope.

Sperm counting

The cauda epididymis was dissected from adult mice.
Sperm was squeezed out from the cauda epididymis and
incubated in HTF medium for 30 min at 37 °C under
5% CO,. Sperm counting analyses performed.

Page 3 of 8

Statistical analysis

The experimental data were analyzed and mapped by
Graphad Prism5 software, and the mean-standard
deviation was calculated. The Student’s t-test was
used for inter-group differences. One-way ANNOVA
was used for inter-group comparison of the number
of births. P<0.05 (*) was considered to have statis-
tical significance.

Results

NOA patients carry high ratio of OTOGL mutations

Male infertility is one of the most serious problems
facing modern society. A large number of gene
mutations have been proposed as modulators of
sperm production [11]. However, some of these
genes have not been studied in Chinese NOA pa-
tients. To this end, we conducted sequence analysis
of 13 disease-associated genes using next-generation
sequencing (NGS). Our study group consisted of 336
Chinese patients with NOA. The coding regions and
exon-intron boundaries of the target genes were ana-
lyzed by NGS-based amplicon sequencing. Mutation
screening was carried out for 13 probably associated
genes with male infertility, namely, OTOGL [6],
DOCKS [12], GOLGA4[13], SALL1 [14], NRAP [15],
SMYD4 [15], SLITRK1 [15], COBL [16], ZNF214
[17], LREN2 [18], LRPPRC [19], OR2W3 [20], and
CCDC77 [15]. Mutation analysis showed that 8 mis-
sense mutations of OTOGL were identified in 47
cases with NOA (13.99 %) (Table 1), suggesting that
OTOGL may be the cause of NOA.

Table 1 Mutations found in the 336 NOA patients by the targeted NGS panel

Gene mRNA ID cDNA change Mutation NOA hits in the Karyotype AZF

Name type tested cases* mutation

OTOGL NM_001368062.3 c412C>T,¢c901 A>G; 1193 A>G; ¢,1440T > C; Missense 8 (n=47) 46, XY No
C,1678G > A; ¢,2155 C> G; ¢ 2257G > A; ¢,2292G > A;

DOCK8 NM_203447 .4 c31G>A; ¢37T>C 169 A>G; 696 C> A, Missense 7(n=45) 46, XY No
c,1024G > A; ¢1284G>C; ¢ 350 A>G

GOLGA4 NM_002078.5 cA8T>C 411 A>C cA52T>C c548T>C; Missense 7(n=42) 46, XY No
686G > C; ¢, 977G > A; ¢,1610T > C

SALL1 NM_002968.3 ¢360 A>C; 588 A>G; c676G>A; ¢, 1071 C>T; Missense 5(n=18) 46, XY No
C1310A>G

NRAP NM_006175.5 C393 A>G; c846T>C; 1044 A>G; 1435 C>G Missense 4(n =45) 46, XY No

SMYD4 NM_052928.3 c697T>C, 557 C>T; ¢331 C>T, c221T> A Missense 4n=17) 46, XY No

SLITRK1 NM_052910.2 c,200T>G; 295 C>T, 650 C>T Missense 3(n=5) 46, XY No

COBL NM_015198.5 c48C>G c218C>T, 345 A>G Missense 3(n=16) 46, XY No

ZNF214 NM_013249.4 ¢,390T > C; ¢,585T > C; c410T > C Missense 3(h=12) 46, XY No

LRFN2 NM_020737.3 266 A>C c572 A>C Missense 2(n=28) 46, XY No

LRPPRC NM_133259.4 1087 C>T;¢1196 A>C Missense 2(n=36) 46, XY No

OR2W3 NM_001001957.2 c142T>C c207 A>G Missense 2(n=13) 46, XY No

CCDbC77 NM_0323584 c48T>C c411 A>C Missense 2(n=11) 46, XY No

NOA Non-obstructive azoospermia, AZF Azoospermia factor
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OTOGL highly expressed at the early stages of the mouse ~ 9-23 for inactivation of the Otogl gene globally and veri-
testes fied by Sanger sequence (Fig. 2 A and B). The genotype
To determine the function of OTOGL in spermatogen-  of Otogl KO mice was confirmed by PCR-based genotyp-
esis and male germ cell development, we examined Otogl/  ing analyses (Fig. 2 C). In addition to genotyping ana-
mRNA in multiple adult mouse tissues by RT-qPCR. lyses, both mRNA and proteins of Otogl were appeared
We found that mRNA expression of Otogl is relatively to be significantly reduced in Otogl KO testes compared
low in the testis of the adult mice (Fig. 1A). We then  with that of WT controls by Western blot and RT-qPCR
examined the expression levels of Otogl in postnatal (Fig. 2D and E). These results suggest that Otogl was
developing testes. The results showed that Otogl mRNA inactivated in testes efficiently. Moreover, we found that
highly expressed in postnatal developing testes from  Otogl KO mice were viable, and did not exhibit discern-
postnatal day O (PO) testes to P21 testes, exhibiting its  able differences in either growth or behavior compared
highest level at very early stages (Fig. 1B). Consistent to their wild-type (WT) or heterozygous littermates.
with the mRNA expression, the protein levels of

OTOGL displayed a gradual decrease from P7 to P56  Otogl is nonessential for spermatogenesis

(adulthood) (Fig. 1 C and 1D). Thus, we hypothesized To explore the role of OTOGL in spermatogenesis and
that OTOGL might play an important role in early germ  male fertility, we performed a 5-month-long fecundity

cell development and spermatogenesis. test using Otogl KO males bred with WT females of
proven fertility. The result showed no significant differ-
Generation of Otogl knockout mice ence in average litter size between WT and KO breeding

To study the physiological role of OTOGL, we generated  pairs (Fig. 2 F), suggesting that Otogl KO males are fer-
Otogl global knockout (KO) mice using CRISPR/Cas9 tile. Consistent with their normal fertility, testis size and
technology. Two sgRNAs were designed to target exons  weight of adult Otogl KO males were similar to those of
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Fig. 1 OTOGL is expressed in spermatogenic cells in mice. (A) RT-gPCR analyses of Otogl mRNA levels in nine organs of adult mice. (B) RT-qPCR
analyses of Otogl mMRNA levels in developing testes. Testes at postnatal Day 0 (P0), P7, P14, P21, P28, P35, and P56 were analyzed. Gapdh served
as a loading control. (C) Western blotting shows the OTOGL protein levels in mouse testes at PO, P7, P14, P21, P28, P35, and P56. GAPDH served
as a loading control. (D) Quantification analyses of OTOGL protein levels in developing testes at PO, P7, P14, P21, P28, P35, and P56. Data are
presented as mean +SD, n=3
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WT males (Fig. 2G H). We then carried out Periodic
acid-Schiff (PAS) staining to assess the morphology of
testis and epididymis sections from WT and Otogl/ KO
males. The results showed that the seminiferous tubules
of Otogl KO mice are morphologically intact with nor-
mal spermatogenic cells at all stages from spermatogonia
to spermatozoa (Fig. 3 A), suggesting that the entire
process of spermatogenesis are not disturbed upon
OTOGL depletion. Moreover, there are no detectable
morphological differences of epididymides between WT
and Otogl KO males (Fig. 3B). Consistent with these re-
sults, the number and motility of spermatozoa retrieved
from cauda epididymis were comparable between WT
and KO mice (Fig. 3 C and 3D), indicating that OTOGL
deletion in mice does not affect the quality of spermato-
zoa. In addition, we stained frozen testis sections via
Ki67 (a mitotically active cell marker) and DDX4 (a
germ cell marker) by immunofluorescence. The results
showed that the intensities of Ki67 and DDX4 were

comparable between Otogl KO and WT testes (Fig. 4 A
and 4B). Additionally, we overexpressed Otogl in GC-
2 cell and did not find significant changes of
spermatogenic genes in transcriptional level, including
pluripotency factors (Oct4 and Nanog), germ cell
markers (Stella, Mvh and Stra8), haploid gamete
markers (Acrosin and Haprin), and sperm cell makers
(Prml and Prm2) (Additional file 1: Figure S1). Taken
together, our data suggested that OTOGL is nones-
sential for mouse spermatogenesis and male germ cell
development.

Discussion

Mucins play important barrier roles in reproductive
processes and protection from bacterial pathogenesis
in the female reproductive tract. However, little is
known about the function of the mucin gene in
spermatogenesis and male germ cell development. In
this study, we focused on OTOGL because many
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mutations were identified from NOA patients via
whole-exome sequencing. Previous study demon-
strated that OTOGL was present in all three mem-
branes of the mammalian inner ear, suggesting a
fundamental and ancient role for this protein [4]. Un-
expectedly, this study showed that OTOGL is not es-
sential for spermatogenesis and male germ cell
development in mice, although Otogl has a higher
transcription level in the neonatal stages of the testis.
High levels of transcription of Otogl in early testis de-
velopment suggest that Otogl is normally involved in
the production of early germ cells, which may require

relatively low gene activity for maintenance continu-
ously. Additionally, a recent study showed that
otogelin-like, otogelin, and stereocilin form links con-
necting hair cell-stereocilia, required for normal hear-
ing [21]. However, we found that, in the current
study, OTOGL is not essential for male germ cell de-
velopment and spermatogenesis using in vivo func-
tional knockout mouse model, which suggests that
OTOGL may have a distinct function in different or-
gans or tissues. Of note, in this study, Otogl KO mice
are generated and examined the phenotype were
under normal conditions; we thus cannot exclude the
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KO adult testes. Scale bar =50 um

Fig. 4 Otogl/ KO mice have normal germ cell proliferation and development. (A) No changes in the amounts of proliferating cells stained with
Ki67 (red, a cell proliferative marker) were detected. Scale bar =50 pm (B) Cellular localization of DDX4 (red, a germ cell marker) in WT and Otogl

DAPI

possibility that Otogl KO mice might present abnor-
mal spermatogenesis under the external stimulus.
Therefore, the Otogl mutant mice will be useful for
genetically testing the protective role of OTOGL
under stress-inducible conditions in the future.

Previous study showed that some mutations, including
c.6467 C> A [22], ¢547 C>T [4, 23], ¢.6347 C>T [23],
¢.6559 C>T [23], in OTOGL are associated with auto-
somal recessive deafness. In current study we found
some different mutations (c,412 C>T, ¢,901 A>G, c,
1193 A>G, ¢,1440T > C, ¢,1678G > A, ¢,2155 C>G, ¢,
2257G > A, and ¢,2292G > A) of OTOGL in NOA pa-
tients by NGS. Despite the fact that our loss of function
study in mice suggested that this gene is not essential
for normal spermatogenesis function, these mutations
may impact OTOGL protein function in the other bio-
logical process, such as inner ear function. Interestingly,
in mouse adult testis tissues, relatively low Otogl tran-
script levels were observed compared to fetal testis
tissues. Consistent with these observations, Otogl mRNA
levels were upregulated up to postnatal 13 days in the
cochlea and downregulated in the adult cochlea [4].
Together, these results suggest that OTOGL may play a
role in early organ development.

Conclusions

In summary, we described the expression Otogl in
mouse testes. Our Otogl KO mouse model showed that
OTOGL is nonessential for male germ cell development
and spermatogenesis.
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