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Introduction

The ubiquitination and deubiquitination of protein
post-translational modifications play important roles
in numerous physiological processes, such as DNA dam-
age sensing and repair, signal transduction, cell prolif-
eration, protein functions, etc."? The process of sperm
maturation and spermatogenesis requires successive
processes of cell mitosis, meiosis and post-meiosis, cell
proliferation, gene transcription, gene translation, and
protein modification, among others.? Thus, the ubiqui-
tin system is identified as being engaged in the process
of spermatid metamorphosis and is present in the human
sperm centrosome.*

The ubiquitin system contains 3 kinds of enzymes: ubiq-
uitin-activating enzyme (E1), ubiquitin carrier proteins
(E2) and ubiquitin protein ligases (E3); additionally, there
are 2 structural types of the ubiquitin system: polyubig-
uitination and monoubiquitination.” The deubiquitinating
enzymes consist of the ubiquitin C-terminal hydrolases
(UCH) and the ubiquitin-specific processing proteases.’®
The deubiquitinated enzymes keep the ubiquitin system
in balance in physiological events.’

The polyubiquitin enzyme Ubi-p63E® and the en-
zyme USP9X® were proved to be involved in male mei-
otic cell cycle progression and germ cell differentiation.
While the ubiquitin-specific protease 26 (USP26) belongs
to the family of deubiquitinating enzymes, it also exhibits
deubiquitinating activity when the ubiquitin carboxy-ter-
minal hydrolase (UCH) motifis present and the protein se-
quence is homology.!° Komander et al.'! showed that USP26
was responsible for maintaining ubiquitin homeostasis
of the cells; it has also been found to be highly expressed
in type A and type B spermatogonia, spermatocytes and
Leydig cells, etc.!®!> Moreover, a study by Christensen
et al.!® and Ribarski et al.'* demonstrated that the ubiqui-
tin enzyme USP26 was essential in the biological activity
of spermatogenesis, such as sperm cell mitotic division
and maturation, etc.

The process of spermatogenesis begins in puberty and
the main androgenic hormone, testosterone, is crucial
for the initiation and maintenance of spermatogenesis,'
which is mainly through binding to the androgen receptor
(AR). Studies have also shown that AR was essential for
spermatogenesis and testis development, which is highly
expressed in the Sertoli cells and peritubular myoid cells
within the testicular tubules.!®!” Importantly, the AR sig-
naling pathway is mainly responsible for germ cell mitosis
and meiosis, and the maintenance of spermatogenesis.'”
Dirac et al.!® reported that USP26 was a regulator of AR
and that it reversed the ubiquitination of AR in the AR
signaling pathway. Therefore, in this study, we intend-
ed to study the mechanism of sperm maturation and
spermatogenesis in the USP26-mediated AR signaling
pathway.

J. Wang et al. USP26 deubiquitinates androgen receptor (AR)

Material and methods

In vitro cell culture and plasmid
transfection

Leydig cells (TM3) and 293T cell line cells were plated
in a cell culture flask and cultured in a cell incubator
in Dulbecco’s modified Eagle’s medium (DMEM; Hyclone;
Logan, USA) with 5% fetal bovine serum (FBS; Gibco,
Waltham, USA), 100 U/mL of penicillin, and 100 pg/mL
of streptomycin (Sigma-Aldrich, St. Louis, USA) with 5%
CO, at 37°C. In addition, an overexpressed USP26 plasmid
and a small interfering RNA plasmid constructed by Gem-
ma Bio-technology Co. Ltd. (Shanghai, China) were used.
The methods of plasmid transfection were as follows: first-
ly, the Lipofectamine 2000 and the constructed DNA plas-
mid with DMEM were separately dissolved without FBS
at a ratio of 1:0.05; then, they were mixed together. Once
the cells had grown, they were washed twice in phosphate-
buffered saline (PBS). Then, the constructed ov-USP26
plasmid, si-USP26, si-LacZ, si-AR, and si-con plasmids
were separately transfected into the cells for 12 h.

Flow cytometry analysis

Leydig cells (TM3) were cultured and the ov-USP26 plas-
mid, si-USP26, si-AR, and si-con plasmids were transfected
as above, and 1 group of TM3 cells was used as a normal
control. Then, the cells were collected into tubes once
the cell density had reached over 60%, and they were
washed in PBS 3 times; 5 mL of cold ethyl alcohol (70-80%
concentration) was added for 4 h to stain the cells; later,
the cells were washed in PBS twice. Afterwards, the cells
were resuspended with 0.5 mL of mixed PI/RNase staining
solution (Beyotime, Beijing, China; c1052), and they were
incubated at 4°C for 2 h; the cell cycles in GO/G1, S and
G2/M phases were analyzed with a Caliber FACS system
(Becton Dickinson Biosciences, Franklin Lakes, USA).

Cell proliferation with EdU assay

Leydig cells (TM3) were plated in a 96-well plate (5,000/
well). Then, the constructed ov-USP26, si-USP26, si-AR, and
si-con plasmids were separately transfected into the cell mod-
els for 12 h, while 1 group of TM3 cells was used as a normal
control. Later, 100 uL of EQU (Invitrogen, Carlsbad, USA) was
added to the cells and they were incubated for 2 h at 37°C;
then, they were washed in PBS and fixed in 4% formaldehyde
for 30 min, after which they were removed from the me-
dium. At this point, 50 pL of glycine was added to each well
in the plate, and the cell plates were shaken in a table concen-
trator for 5 min. The plates were then removed from the me-
dium and washed in PBS and 0.5% Triton X-100 at room
temperature for 20 min. Then, the cells were washed with
BSA buffer and incubated with DAPI solution (1:1000; Sig-
ma-Aldrich) at room temperature in the dark for 30 min.
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After incubation, the medium was removed and the cells
were washed in PBS; the cell graphs were then observed with
a fluorescent microscope (Leica, Wetzlar, Germany). Addi-
tionally, the ratio of EdU-positive cells (red) to total DAPI-
positive cells (blue) was analyzed with Image-Pro Plus (Media
Cybernetics, Rockville, USA).

Co-immunoprecipitation

Leydig cells (TM3) were cultured as above and the con-
structed ov-USP26, si-USP26 and si-con plasmids were
separately transfected into the cells for 12 h, until the cell
density reached over 70%. Then, the total proteins were
collected with RIPA buffer containing phenylmethylsul-
fonyl fluoride (PMSF). Protein A/G sepharose beads were
pre-incubated with anti-USP26 or anti-AR antibody for
1-1.5 h with balanced wheel rotation. Then, the beads were
suspended in the protein lysate medium with balanced
wheel rotation overnight at 4°C. Afterwards, the beads
were washed 3 times and centrifuged at 3,000 g to obtain
the immunoprecipitates, which were then analyzed using
the western blot method.

Immunofluorescence

Leydig cells (TM3) were plated in a 96-well plate (5,000/
well). Then, the constructed ov-USP26, si-USP26 and si-
con plasmids were separately transfected into the cell
models for 12 h, while 1 group of TM3 cells was used
as a normal control. Then, a cell slide was made for each
group and they were fixed with 4% polyformaldehyde for
30 min. Afterwards, the cells were permeabilized with 0.1%
TritonX-100 for 5 min and blocked with 10% bovine serum
albumin (BSA) for 60 min at 37°C. Finally, the cells were
incubated with USP26 (Abcam, Cambridge, UK; 101650)
and SPATA46 (Thermo Fisher Scientific, Waltham, USA;
OTI,Ay) antibodies for 12 h at 4°C. Then, the cells were
washed in PBS and incubated with Alexa Fluor 488- (green)
and 594- (red) conjugated anti-mouse IgG (Invitrogen)
at room temperature for 1 h. The cell nuclei were dyed with
DAPI (blue), and the cell slide was mounted with an anti-
fade mounting medium. Then, the images were visualized
with a confocal microscope (Leica).

Western blot

Leydig cells (TM3) and 293T cell line cells were cultured
as above; the 293T cell line was a control cell line and
the constructed ov-USP26, si-USP26, si-LacZ, si-AR, and
si-con plasmids were separately transfected into cells for
12 h until the cell density reached over 70%. One group
of TM3 cells was used as a normal control; the LacZ gene
was steadily expressed in the cell lines. Then, the total
proteins in each group were collected with RIPA buffer
containing PMSF protease inhibitors (Beyotime) and
the protein concentration was measured. Afterwards,
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the proteins were denatured with hot water and separated
with SDS polyacrylamide gels. Next, the gels were trans-
ferred to polyvinylidene difluoride (PVDF) membranes
and blocked with 5% fat-free milk; the membranes were
incubated with primary antibodies USP26 (Abcam), AR
(Abcam), SPATA46 (Thermo Fisher Scientific), CCND1
(Abcam), TP73 (Abcam), and B-actin for 12 h; then,
the membranes were immunoblotted with anti-mouse
IgG antibody for 1 h; finally, the bands were visualized
with the chemiluminescent ECL substrate in bandscan and
the gray intensity of the proteins was analyzed with Image]J
Software (National Institutes of Health, Bethesda, USA).

Statistical analysis

The data were analyzed using one-way analysis of vari-
ance (ANOVA) in SPSS v. 19.0 statistical software (IBM
Corp. Armonk, USA), with a p-value <0.05 representing
significant differences. Then, the differences between
groups were graphed with GraphPad Prism v. 6.0 software
(GraphPad Software Inc., San Diego, USA).

Results

AR deubiquitinated with USP26
could facilitate Leydig cell division
and proliferation

To determine the functional role of USP26 in Leydig
cells, we individually transfected the ov-USP26, si-USP26
and si-con plasmids into the TM3 cell groups. The cell
cycles and cell proliferation characteristics in each group
were then assessed, with the results showing that USP26
could promote the transition of G1 phase to G2 (Fig. 1A),
that the cell numbers were also increased with ov-USP26
plasmid transfection (Fig. 2A) and that these processes
were inhibited with the si-USP26 and si-AR plasmids
(Fig. 1A,2A). Additionally, the differences in cell cycle
between the si-USP26-transfected group and the si-con
and normal control groups were statistically significant;
besides, the differences between the ov-USP26-transfected
group and other groups were statistically significant
(p < 0.05; Fig. 1B), while the differences in cell proliferation
between the ov-USP26-transfected group and the si-USP26
and normal control groups were also significant (p < 0.05;
Fig. 2B). Furthermore, we also transfected the TM3 cells
with the constructed si-AR plasmid, and the results sug-
gested that AR mediated the cell cycle transition and cell
proliferation, and that the cell cycles and cell prolifera-
tion features were inhibited by si-AR plasmid transfection
(Fig. 1C,2C). There were significant differences between
the si-AR group and the si-con and normal control groups
(p < 0.05; Fig. 1D,2D).

Moreover, the co-immunoprecipitation (CO-IP) found
that USP26 co-mediated AR in the process (Fig. 3A,B).
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Fig. 1. The proteins USP26 and AR facilitate the cell cycle transition of phase G2 to M. A. Separately transfected into TM3 cells, the ov-USP26, si-USP26 and
si-con plasmids varied the cell cycle by group. B. During the G2/M phase, the difference of DNA content in the ov-USP26 plasmid group was higher than

in the other groups & (p < 0.05), and in the ov-USP26 group compared with the other groups (p < 0.001), while the DNA content was the lowest in the si-
USP26 plasmid group when compared with the NC and si-con plasmid groups ** (p < 0.05). C. The cell cycle transition of the G2/M phase was inhibited
with si-AR plasmid transfection. D. The difference of DNA content in the si-AR plasmid group was lower than in the other 2 groups * (p < 0.05). Mean values

and standard deviation (SD) are presented as vertical bars (n = 3)

Therefore, the deubiquitinating USP26 deubiquitinated
AR directly in the process of Leydig cell division and
proliferation.

USP26 co-regulated with AR to modulate
sperm maturation and spermatogenesis
through the androgen receptor signaling
pathway

Immunofluorescence with confocal microscopy was used
to detect the proteins USP26 and SPATA46 with a green-
or red-conjugated secondary antibody; both of the proteins
were visualized directly. Additionally, both of the proteins
were located in the nuclear foci, and the merged image
showed that the 2 proteins were co-localized (Fig. 4A).
Also, the results showed that si-USP26 plasmid transfec-
tion could inhibit the expression of the protein SPATA46.
A significant difference was found in the expression
of the 2 proteins in the ov-USP26-transfected group com-
pared with the si-USP26, si-con transfected groups and

the normal control group (#, & p < 0.05, Fig. 4B). Moreover,
the proteins associated with the AR signaling pathway,
such as USP26, AR, SPATA46, CCND1, and TP73 were
detected. The results showed that the constructed plas-
mid was transfected successfully into the TM3 cells and
the 293T cell line cells, and that it significantly regulated
the expression of the proteins (Fig. 5A-D). Additionally,
the proteins USP26, AR, SPATA46, and CCND1 were
noticeably upregulated with ov-USP26 plasmid transfec-
tion; conversely, si-USP26 plasmid transfection inhibited
this effect while upregulating the expression of TP73 that
is associated with cell cycle arrest (Fig. 5A,B). In addition,
si-AR plasmid transfection also suppressed the expression
of the proteins CCND1 and SPATA46, while upregulating
the expression of the protein TP73 (Fig. 5C,D). The dif-
ference in the proteins among the groups are presented
in Fig. 5E-H. The proteins AR, CCND1, and TP73 are part
of the AR signaling pathway, hence USP26 deubiquitinated
AR to promote sperm maturation and spermatogenesis
through the AR signaling pathway.
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Discussion

Sperm maturation and spermatogenesis is a physiologi-
cal process that is dependent on the regulation and modi-
fication at transcriptional and post-transcriptional levels."”
The ubiquitin system has been suggested as being involved
in the different phases of spermatogenesis*?%; in this study,
we found that the deubiquitinating enzyme USP26 played
important roles in the process of sperm maturation and sper-
matogenesis by facilitating the cell cycle transition of phase
G2 to M and cell proliferation in the AR signaling pathway.
The USP26 gene is a novel ubiquitin-specific protease gene,
located on the X chromosome and consisting of 835 amino
acids, which is a controversial gene in mediating the sper-
matogenesis and fertility. A study by Felipe-Medina et al.!
and Zhang et al.?? clearly demonstrated that USP26 was not
essential for spermatogenesis and fertility, though many stud-
ies reported that USP26 was essential for testis development
and spermatogenesis.!*!>?3 Thus, the deubiquitinating enzyme
USP26 is thought to be an important regulator in germ cell de-
velopment. Importantly, we observed that USP26 monoubiq-
uitinated the AR expressed in Leydig cells in biological events.
This finding was consistent with the research Bernards et al.'®
and Dirac et al? A study by Lahav-Baratz et al.?® found that
USP26 binds to Mdm?2 through its C-terminal domain to regu-
late AR in testis development. Therefore, there is a possibility
that other E3-ligases were collaboratively engaged in our study.

Although androgens are necessary for male sex de-
velopment in male secondary sexual characteristics

. . . group
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Fig. 4. A. Immunofluorescence staining in TM3 cells,
the co-localization of USP26 (green) and SPATA46

(red) was detected in the groups transfected with
plasmids. Neither USP26 (green) or SPATA46 (red) was
detected in the si-USP26-transfected group, while

both the USP26 (green) and SPATA46 (red) proteins
were expressed in the TM3 cells transfected with
ov-USP26 plasmid. The nuclei were stained with DAPI
(blue). Scale bar, 50 um. B. Percentage of cells showing
USP26 and SPATA46 expression in the different groups
*&(p < 0.05) in the ov-USP26 plasmid group compared
with the other groups " (p < 0.05) in si-USP26 plasmid
group compared with the NC group and si-con plasmid

starting from puberty and the AR gene is a key regulator
in the process,?® their mechanism is still not clear. In our
study, we found that the proteins USP26, AR, CCND1,
TP73, and SPATA46 were expressed in the Leydig cells,
and that the siRNA-mediated USP26 and AR knock-
down in cultured TM3 cells confirmed the efficiency
of the proteins USP26 and AR in promoting sperm matu-
ration and spermatogenesis. Besides, this process was en-
hanced with overexpression of protein USP26. Moreover,
the proteins CCND1 and TP73 were closely associated
with the cell cycle transition.?”28 In our study, the up-
regulation of CCND1 and the downregulation of TP73
participated in the process of G2/M phase transition
and cell proliferation. To our knowledge, the AR signal-
ing pathway in germ cell development mainly controls
the cyclin-dependent kinases (Cdks) at the appropriate
time during the cell cycles.!”!82° The AR has also been
identified in the regulation of sex determination and dif-
ferentiation in zebrafish.3® Moreover, the protein SPA-
TA46 located on the nuclear membrane was recognized
as an important regulator in spermatogenesis in mice.!
Therefore, the CCNDI, TP73 and SPATA46 genes are
possible downstream signals in the AR signaling path-
way. However, the direct upstream regulator of SPATA46
still requires further study as part of the AR signaling
pathway.

Taken together, USP26 significantly modulated sperm
maturation and spermatogenesis by deubiquitinating AR
in the AR signaling pathway.
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Conclusions

USP26 interacted with AR and monoubiquitinated
AR to facilitate sperm maturation and spermatogenesis
through the AR signaling pathway.
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