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Abstract: Deleted in azoospermia-like (DAZL) 1is essential for mammalian
spermatogenesis as it regulates proliferation, development, maturation and functional
maintenance of male germ cells. Its expression and regulation vary with different
species or in the same animal at different developmental stages, and despite its
importance, very little is known about its roles in sheep, especially Tibetan sheep. To
investigate the expression patterns and regulatory roles of DZAL in Tibetan sheep testis,

testicular tissue was isolated from sheep at three crucial development stages: 3 months
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old, 1 year old and 3 years old. Using quantitative real-time PCR and Western blot, we
found that DAZL mRNA first decreased and then increased with advancing age, while
DAZL protein exhibited an opposite expression pattern, with first increased and
subsequently decreased levels. Immunohistochemistry and immunofluorescence
revealed that DAZL protein was located predominantly in the cytoplasm of Leydig cells
and in both the cytoplasm and nucleus of spermatids. ELISA indicated that testosterone
content within developing testes was first enhanced and then declined. Our results,
taken together, demonstrate, for the first time, that DAZL gene is involved in Tibetan
sheep spermatogenesis by regulating the development of spermatids in post-pubertal
rams, along with a novel role in functional maintenance of Leydig cells in postnatal
rams.
Key words: Tibetan sheep; DAZL; Leydig cells; spermatogenesis
1. Introduction

The testis is a vital male reproductive and endocrine organ, whose principal
function is to produce sperm and secrete androgen. Spermatogenesis within the
seminiferous epithelium is a highly intricate biological process that involves a series of
cell proliferation and differentiation, such as mitotic division of spermatogonia, meiotic
division of spermatocytes, and formation of functional sperm (Macleod and Varmuza,
2014). This process is controlled by numerous genes whose expression has been
examined at both transcription and translation levels. Deleted in azoospermia-like
(DAZL) gene is a crucial member of the DAZ gene family that is composed of three

members, BOLL and DAZL, located on autosomes, and DAZ, located on the Y



chromosome (Rosario et al., 2016; Zhang et al., 2016). DAZL, previously shown to be
detectable exclusively in germ cells of male or female mammals, plays multiple roles
in regulation early embryo development, differentiation of pluripotent stem cells into
functional gametes, and gametogenesis (Fu et al., 2015; Smorag et al., 2014). In
females, the DAZL gene is involved in meiosis of oocytes during oogenesis (Chen et
al., 2011; Rosario et al., 2016; Sousa Martins et al., 2016). Yu et al (2009) have
documented that overexpressed DAZL in mouse embryos can promote the
differentiation of embryonic stem cells into germ cells. Instead, a lack of DAZL
seriously hinders the development of germ cells (Lin and Page, 2005; Yu et al., 2009).
In males, DAZL is essential for the formation and differentiation of primordial germ
cells (Fu et al., 2015; Kee et al., 2009) as well as meiosis of spermatocytes (Fu et al.,
2015; Kee et al., 2009) during testicular development. DAZL post-transcriptionally
plays a positive role in regulating the expression of genes associated with germ cell
proliferation and survival during murine spermatogenesis (Zagore et al., 2018).
Additionally, transgenic human DAZL or DAZ can partly rescue the gonad phenotypes
from DAZL null mice (Vogel et al., 2002). These indicate that DAZL gene is
functionally important for male fertility. A previous study in men documented that
DAZL is also closely associated with multiple semen parameters such as sperm counts,
motility and morphology (Hsu et al., 2010).

Thus, DAZL plays an important role in regulating spermatogenesis, especially germ
cell development in mammals, but its regulatory roles vary among species or in the

same animals during different development periods. Previous studies on DAZL gene



function during spermatogenesis mainly focused on mammals, including humans
(Nailwal and Chauhan, 2017; Zhang et al., 2016), rats (Rocchietti-March et al., 2000)
and mice (Gonzalez et al., 2015; Zhang et al., 2016), but little is known about it in
sheep, as an economically important livestock animal.

Tibetan sheep (Ovis aries), distributed mainly in the alpine pasturing area with an
altitude of above 3000 m is one of the top three primitive sheep species in China (Ruan
et al., 2004), representing the largest number of domestic animals providing meat and
income for local farmers and herdsmen. Under long-term grazing without
supplementary feeding conditions, however, the reproductive process of Tibetan sheep
is characterized by late sexual maturity (1 year old) (Yuan et al., 2019) and low fertility,
including seasonal oestrus, breeding once within one year and having only one lamb at
a time, initial mating age at 2.5 years old, and an estrus cycle averaging 18 days (Wang
et al., 2016). Till date, there are no reports regarding the expression and regulation of
DAZL gene in Tibetan sheep testes. For better understanding the potential roles of
DAZL gene during Tibetan sheep spermatogenesis, in this work, we therefore
investigate for the first time its expression patterns and cellular localization in testes of
Tibetan sheep at three different reproductive stages including 3 months old (3M, sexual
immaturity), 1 year old (1Y, sexual maturity) and 3 years old (3Y, adult).

2. Materials and methods
2.1. Experimental animals and design
A total of 24 healthy Tibetan sheep rams with healthy testes (same male parent,

different female parents) at 3 ages, —3M (n = 8), 1Y (n = 8) and 3Y (n = 8), —were



provided by the Ganjia Tibetan Sheep Breeding Cooperative (Xiahe, Gansu, China).
Eight animals of each age had similar body weight (3M: 9.53-10.20 kg; 1Y: 36.25—
38.63 kg; 3Y: 59.90-62.05 kg). The sheep grazed on natural alpine meadow pastures
at an altitude of 3200-3500 m. After rams were sacrificed, samples from right testes
were washed with phosphate-buffered saline (PBS) to remove blood, and then
collected; a part of the samples was stored at —80 °C to be used for RNA and protein
extraction and testosterone assay, and the rest was fixed with 4% paraformaldehyde to
be used for making 5 pm paraffin sections. Animal care and experimental procedure
guidelines of all animals used in the current study were in strict accordance with the
Administration Regulations of Experimental Animals promulgated by the Ministry of
Science and Technology of the People’s Republic of China (Approval No. 2006-398),
and this study was approved by the Animal Care Committee of Gansu Agricultural
University.
2.2. Total RNA isolation and cDNA synthesis

Total RNA was extracted with a TRIGene RNA isolation kit (GenStar, Beijing,
China), according to the manufacturer’s instructions. The purity and concentration of
extracted RNA were detected using a NanoDrop ND-2000 spectrophotometer (Thermo
Scientific, Niederelbert, Germany), and its integrity was assessed by Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). cDNA was synthesized
from each 500 ng RNA sample using a StarScript II Green Fast Two-Step qRT-PCR
synthesis kit (GenStar, Beijing, China) according to the manufacturer’s instructions.

2.3. Quantitative real-time PCR (qPCR) assay



The qPCR experiment was performed on a LightCycler 96 Real-Time System
(Roche, Switzerland). The thermal cycling conditions were as follows: pre-denaturation
at 94 °C for 30 s; 40 cycles of denaturation at 94 °C for 5 s; and annealing at 60 °C for
30 s. Each final volume of 20 uL. qPCR mixture comprised 0.8 uL of cDNA, 0.4 pL of
each primer (Table S1), 10 pL of 2xRealStar Green Fast Mixture (GenStar, Beijing,
China), and 8.4 pL of ddH,O. f-actin was used as a housekeeping gene for
normalization of DAZL mRNA abundance. The relative abundance of DAZL mRNA
was calculated by the 2724t method (Livak and Schmittgen, 2001).

2.4. Western blot analysis

Total protein of testicular tissues from different age groups was extracted using a
radio immunoprecipitation assay (RIPA) protein extraction kit (Solarbio, Beijing,
China), and the concentration was examined with a bicinchoninic acid (BCA) kit
(Beyotime, Shanghai, China). The denatured proteins with equal concentrations (15 pg)
were separated by 12% (w/v) sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and then transferred onto 0.45 pm polyvinylidene
difluoride (PVDF) membranes (Immobilon-P Transfer Membrane, Merck Millipore,
Tullagreen, Ireland) for Western blot. Transferred blots were blocked in 5% (g/mL)
skim milk powder for 2 h at room temperature. The blot was incubated with either rabbit
anti-DAZL polyclonal antibody (1:500; Bioss, Beijing, China) or anti-beta-actin
polyclonal antibody (1:1500; Bioss, Beijing, China) overnight at 4 °C, followed by
incubation with goat anti-rabbit horseradish peroxidase (HRP) IgG antibody (1:5000;

Bioss, Beijing, China). The signals were visualized by an enhanced chemiluminescence



(ECL) kit (NCM Biotech, Suzhou, China) in an x-ray room. The band signals were
quantified with AlphaEaseFC software (Protein Simple, Santa Clara, CA, USA).
2.5. Immunohistochemistry

Immunohistochemistry was performed as previously described (Gonzalez-Arto et
al., 2017) with some modifications. In brief, after dewaxing, hydration, and microwave
antigen retrieval, endogenous peroxidase activity from paraffin sections was eliminated
by 3% H,0,. Sections were then incubated with polyclonal rabbit anti-DAZL primary
antibody (1:100; Bioss, Beijing, China) overnight at 4 °C. Negative controls were
generated with PBS in place of primary antibody. Positive DAZL cells in sections were
visualized with a diaminobenzidine (DAB) kit (Bioss, Beijing, China), and
representative images were acquired by a biological microscope (Sunny EX31, Ningbo,
China).
2.6. Immunofluorescence staining

Paraffin sections from testes of different age groups were prepared using the same
procedure as immunohistochemistry. After treatment with autofluorescence quencher
(Servicebio, Wuhan, China) for 5 min at room temperature, sections were blocked with
5% bovine serum albumin (BSA) in PBS for 30 min. Sections were incubated with
polyclonal rabbit anti-DAZL primary antibody (1:150; Bioss, Beijing, China) overnight
at 4 °C. Negative controls were generated with 5% BSA in place of primary antibody.
Afterward, sections were incubated with fluorescein isothiocyanate (FITC)-labeled
goat anti-rabbit IgG (1:200; Servicebio, Wuhan, China) for 1 h at room temperature in

the dark. The nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI;



Servicebio, Wuhan, China) for 10 min at room temperature in the dark. After being
mounted with anti-fade mounting reagent, sections were observed under a fluorescence
microscope (Nikon, Eclipse CI1, Tokyo, Japan) and representative images were
acquired by CaseViewer software (3DHISTECH, Budapest, Hungary).
2.7. Determination of testosterone concentration

Testis homogenates were harvested and testosterone concentration was determined
by a commercial enzyme-linked immunosorbent assay (ELISA) kit (MEIMIAN, Jiangsu,
China) following the manufacturer's recommendations. Optical density was measured at
450 nm by a microplate reader (BioTek, Winooski, VT, USA).
2.8. Statistical analysis

All experiments were repeated independently at least 3 times. The data were
statistically analyzed by one-way ANOVA with least significant difference (LSD) in
SPSS 21.0 (IBM Corp., Armonk, NY, USA) and expressed as mean = SD. *p < 0.05 was
considered statistically significant, and **p < 0.01 was considered extremely significant.
3. Results
3.1. Expression patterns of DAZL mRNA in developing Tibetan sheep testes

Significantly downregulated expression at the DAZL mRNA transcript level was
detectable in testes from 3M to 1Y group (p <0.01) (Fig. 1). Intriguingly, DAZL mRNA
level was significantly upregulated in the 3 Y group as compared to 1Y group (p <0.01)
(Fig. 1).

3.2. Expression patterns of DAZL protein in developing Tibetan sheep testes
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DAZL protein was detectable in Tibetan sheep testes throughout the developing
stages (Fig. 2A). Compared to the 3M group, the expression level of DAZL protein was
significantly up-regulated in the 1Y group (p < 0.01), while it was significantly down-
regulated in the 3Y group (p <0.01) (Fig. 2B).

3.3. Cellular localization of DAZL protein in developing Tibetan sheep testes

In the 3M group, DAZL protein with intense signals was observed in Leydig cells
(Fig. 3al). In the 1Y and 3Y groups, positive DAZL protein signals were observed in
Leydig cells, along with spermatids within seminiferous tubule (Fig. 3a2, a3).

3.4. Subcellular localization of DAZL protein in developing Tibetan sheep testes

To wverify the results of DAZL protein distribution as analyzed by
immunohistochemistry and further determine its subcellular localization, we performed
immunofluorescence with paraffin sections. Our results showed that DAZL protein was
dominantly observed in the cytoplasm of Leydig cells from testes throughout
development stages (Fig. 4a2—f2), and in both the cytoplasm and nucleus of spermatids
within seminiferous tubule from 1Y and 3Y testes (Fig. 4c2—12).

3.5. Changes of testosterone levels in developing Tibetan sheep testes

Changes of testosterone levels in developing Tibetan sheep testes are shown in
Fig. 5. Compared with the 3M group, testosterone levels increased significantly in testes
from the 1Y group (p < 0.01). Subsequently, testosterone levels reduced significantly
in testes from the 3Y group (p <0.01).

4. Discussion



DAZL 1is required for male fertility to regulate the development of germ cells
during spermatogenesis (Liu et al., 2011; Williams et al., 2016). The loss of DAZL
expression and function can lead to multiple defects in murine spermatogenesis, such
as mitotic irregularity (Schrans-Stassen et al., 2001) and meiotic arrest (Ruggiu et al.,
1997; Saunders et al., 2003). Differential expression patterns of DAZL have been
reported in many male mammals (Lee et al., 2017; Li et al., 2017; Rocchietti-March et
al., 2000). Tibetan sheep are a unique domestic species residing in the Qinghai—Tibet
Plateau of China. Although it is inseparable from the daily life of local farmers and
herdsmen, subfertility has remained a significant problem. To understand the roles of
the DAZL gene in Tibetan sheep testis, in this study, we first detected the expression of
DAZL at the mRNA transcript levels in testes from Tibetan sheep at different
developing stages. As a result, DAZL mRNA expression was obviously decreased in
testes from pre-puberty (3M) to puberty (1Y) and then increased in adult (3Y) testes.
Our results were similar to expression patterns of DAZL mRNA transcript in
developmental Small Tail Han sheep testes at different stages as assessed by RNA
sequencing (Bai et al., 2017), indicating DAZL is implicated in sheep testicular
development, and maybe have different roles in Tibetan sheep testes at different
reproductive stages.

We subsequently performed Western blot analysis to evaluate whether expression
trends for DAZL at the protein level are similar to those at the mRNA level. On the
contrary, DAZL protein expression increased in 1Y testis than that in 3M testis, whereas

its expression decreased in 3Y testis. The expressional diversity of DAZL protein may



be caused by different cell compositions and numbers in ram testes at different stages
(Bai et al., 2017; Yang et al., 2018). Upregulated DAZL protein patterns from 3M to
1Y Tibetan sheep testes were consistent with the results reported by Li et al. (2017),
documenting that DAZL protein increased gradually in goat testes before adulthood
with progressing age. The differences regarding DAZL expression patterns between
mRNA and protein levels may be explained by the following reasons. For one thing,
this difference may be caused by post-transcriptional (Chick et al., 2016) and post-
translational (Liao et al., 2018) events. There are multiple post-transcriptional
regulation events, such as alternative splicing, microRNAs, and polyadenylation
(reviewed in (Legrand and Hobbs, 2018; Licatalosi, 2016)), as well as post-translational
modifications, such as phosphorylation, ubiquitination, and acetylation (reviewed in
(Richburg et al., 2014; Vigodner, 2011)), during mammalian testis development and
spermatogenesis that regulate mainly meiosis and sperm maturation. Regarding DAZL,
Williams et al. (2016) reported in Drosophila that its expression was subjected to
phosphorylation modification by MAPKAP kinase 2 (MK2) to regulate
spermatogenesis. For another thing, the expression differences in both mRNA and
protein levels may also be related to the stability of mRNA and protein (Rojas-Rios and
Simonelig, 2018). In addition, a probable cause of the expression difference at the
mRNA and protein levels can be explained by different methylation patterns of DAZL,
which has been reported in bovine (cattle, yak, and cattle-yak) testes (Liu et al., 2011).

Which reason leads to the result still needs further investigation.



Although DAZL is essential for testicular development and spermatogenesis in
male mammals, its distribution and roles in testis vary with the species and development
stage. In donkeys, DAZL protein is present in the cytoplasm of spermatogonia for pre-
pubertal testes, whereas it is present in spermatogonia and primary spermatocytes for
post-pubertal testes (Lee et al., 2017). In goats, DAZL protein is expressed in the
cytoplasm of spermatogonia and primary spermatocytes for pre-pubertal testes, while
it is expressed strongly in spermatogonia and primary spermatocytes as well as
secondary spermatocytes and spermatids for post-pubertal testes (Li et al., 2017). In
rats, DAZL protein is observed in spermatogonia, primary spermatocytes, and
spermatids (Rocchietti-March et al., 2000). In mice, DAZL protein is expressed in
spermatogonia for adult testes (Gonzalez et al., 2015). To further clarify the potential
role of DAZL during testicular development of Tibetan sheep, distribution of positive
DAZL protein in testes was visualized by immunohistochemistry and
immunofluorescence. Similar to previous reports on post-pubertal goats (Li et al., 2017)
and rats (Rocchietti-March et al., 2000), our results indicate that DAZL protein was
located in both the cytoplasm and nucleus of spermatids in post-pubertal (1Y and 3Y)
Tibetan sheep testes. Combined with previous studies, these findings demonstrate that
the role of DAZL gene in the development of spermatids during spermatogenesis of
post-pubertal Tibetan sheep testes.

Unlike prior studies in other species, however, our results documented that the
DAZL protein was distributed in the cytoplasm of Leydig cells presenting in the

interstitial spaces between the seminiferous tubules of Tibetan sheep testes throughout



the development stages. This might be caused by different breeds and living
environments. For Tibetan sheep, the high—altitude hypoxia and poor nutrition on the
Qinghai-Tibetan Plateau affect ovine reproductive performance-related gene
expression (Jing et al., 2017). One can speculate that DAZL participates in regulating
the development and functional maintenance of Leydig cells during ram
spermatogenesis. The principle function of Leydig cells serving as steroidogenic cell in
the testes is to produce androgens, the main and representative component of which is
testosterone (Yu et al., 2018). Testosterone secreted by Leydig cells plays an important
role in meiosis during spermatogenesis through its effects on spermatids, which is
reviewed by Zhou et al. (2019) and Stanton et al. (2012). With a lack of testosterone,
spermatogenesis arrests at the stage of meiosis or even the preceding stage (Stanton et
al., 2012). These reports suggest that testosterone plays indispensable role in
stimulating spermatogenesis and promoting sperm maturation. We therefore speculate
that DAZL gene that is expressed in ram Leydig cells may be involved in the regulation
of testosterone secretion. In light of this, we estimated testosterone levels within
Tibetan sheep testes at different development stages. Testosterone levels were first
elevated and then subsided with advancing age, which was consistent with change
trends of plasma testosterone levels in Hu sheep at different development stages, as
reported by Yang et al. (2018). As expected, the change trend of intratesticular
testosterone concentration was similar with the expression trend of DAZL protein in
ram testes at different development stages. Protein, as a product coded by genes, is a

carrier of biological activities and a direct executors of biological functions. Therefore,



our findings suggest that DAZL is involved in the function of Leydig cells to induce
secretion of testosterone during Tibetan sheep testis development, thereby regulating
spermatogenesis (Fig. 6). BOULE, a homologous gene of DAZL, is previously reported
to regulate the development of germ cells during murine spermatogenesis through a
testosterone-independent pathway (Gonzalez et al., 2015). However, so far, there are
no reports in other species regarding DAZL gene on whether and how it engages in
regulating testosterone secretion from Leydig cells, which thus needs to be continued
in-depth investigation and verification.
S. Conclusions

In conclusion, this is the first report investigating the expression and localization
patterns of the DAZL gene in Tibetan sheep testes. Our results document that DAZL is
expressed in the Leydig cells of Tibetan sheep testes throughout the development stages
in addition to spermatids in post-puberty, but has an opposite pattern of expression at
mRNA and protein levels, with the lowest mRNA level and the highest protein level
during sexual maturity. These findings demonstrate that ovine DAZL gene plays a
crucial role in the development of spermatids and in the development and functional
maintenance of Leydig cells by modulating testosterone secretion.
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Figure legends

Fig. 1. Relative DAZL mRNA abundance in developing Tibetan sheep testes. Data
represent mean + SD from eight individuals per group. ** p < 0.01. 3M, 3 months old,
1Y, 1 year old; 3Y, 3 years old.

Fig. 2. Relative DAZL protein level in Tibetan sheep testes from 3M, 1Y and 3Y
groups. (A) Western blot results for DAZL protein. (B) Comparative analysis of relative
DAZL protein expression by integrated density value. Data represent mean £ SD from
eight individuals per group. ** p < 0.01. ns, non-significant; 3M, 3 months old; 1Y, 1
year old; 3Y, 3 years old.

Fig. 3. Immunohistochemical localization of DAZL protein within developing Tibetan
sheep testes. (al—a3) Immunostaining patterns for DAZL protein in 3-month-old, 1-
year-old and 3-year-old ram testes, respectively; (b1-b3) substitution of phosphate-
buffered saline (PBS) for primary antibody served as negative control. LC, Leydig cell;
Sp, spermatid.

Fig. 4. Immunofluorescence staining of DAZL protein in Tibetan sheep testes from 3M,
1Y and 3Y groups. Nuclei were counterstained with 4',6-diamidino-2-phenylindole
(DAPI) (blue). Immunofluorescence for nuclei (blue in al, bl, cl, d1, el, and f1) and
DAZL (green in a2, b2, c2, d2, e2, and 2) in ( al-b3) 3M, (c1-d3) 1Y, and ( el-f3) 3Y
groups. 3M, 3 months old; 1Y, 1 year old; 3Y, 3 years old. Scale bar, 50 pm.

Fig. 5. Testosterone concentrations in developing Tibetan sheep testes. Data represent
the mean = SD from eight individuals per group. ** p <0.01. 3M, 3 months old; 1Y, 1
year old; 3Y, 3 years old. T, testosterone.

Fig. 6. Proposed schematic illustration of roles of DAZL in regulating spermatogenesis

in sheep testis.
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Highlights

1. We firstly investigated the expression patterns of DAZL in Tibetan sheep testes.

2. DAZL was detectable in Tibetan sheep testes throughout development stages.

3. Opposite DAZL mRNA and protein expression trends were found in developmental
testes.

4. Tt is firstly reported that a potential role for DAZL in Tibetan sheep Leydig cells.

5. DAZL mavy-beis linked to development of Leydig cells and spermatids for Tibetan sheep.



