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ABSTRACT

Double sex and mab-3-related transcription factor 1
(Dmrt1), which is expressed in goat male germline
stem cells (mGSCs) and Sertoli cells, is one of the
most conserved transcription factors involved in sex
determination. In this study, we highlighted the role
of Dmrt1 in balancing the innate immune response in
goat mGSCs. Dmrt1 recruited promyelocytic
leukemia zinc finger (Plzf), also known as zinc finger
and BTB domain-containing protein 16 (Zbtb16), to
repress the Toll-like receptor 4 (TLR4)-dependent
inflammatory signaling pathway and nuclear factor
(NF)-kB. Knockdown of Dmrt1 in seminiferous
tubules resulted in widespread degeneration of germ
and somatic cells, while the expression of
proinflammatory factors were significantly enhanced.
We also demonstrated that Dmrt1 stimulated
proliferation of mGSCs, but repressed apoptosis
caused by the immune response. Thus, Dmrt1 is
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sufficient to reduce inflammation in the testes,
thereby establishing the stability of spermatogenesis
and the testicular microenvironment.

Keywords: Male germline stem cells (mGSCs);
Goat; Dmrt1; Plzf; Immune response

INTRODUCTION

The innate immune response is a protective reaction against
external pathogens. Some organs adopt resistant
mechanisms against inflammation  congenitally  (i.e.,
mammalian testis, pregnant uterus, eyeball, and brain), which
are called immune privileged organs (Chen et al., 2016;
Simpson, 2006). Germ cells are protected from pathogens due
to the tight junctions between Sertoli cells in seminiferous
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tubules, which allow germ cells to wundergo normal
spermatogenesis (Hedger, 2012; Inoue et al., 2020; Liang et
al,, 2019). However, some microbial pathogens can breach
the blood-testis barrier (Gimenes et al., 2014; Jia et al., 2017;
Ma et al., 2016; Read et al., 2020; Wu et al., 2016; Zeng et al.,
2017). Several studies have revealed that transcription factors
reduce the immune response. Acetylated promyelocytic
leukemia zinc finger (Plzf) recruits a repressor complex
consisting of histone deacetylase 3 and nuclear factor (NF)-xB
p50 subunits to the promoters of genes containing the NF-kB
binding motif (Sadler et al., 2015a, 2015b). Previous study has
shown that deficiency of Dmrt1 in male gilthead seabream
gonads can lead to a massive infiltration of leukocytes into the
testes prior to sex change, suggesting a new role of Dmrt1
that may inhibit the immune response in male gonads (Liarte
et al., 2007). Thus, these results suggest the importance of
transcription factors in regulating the immune response of
germ cells.

Dmrt1 is one of the most conserved transcription factors in a
variety of species and is involved in sex determination and
germ cell differentiation (Clough et al., 2014; Herpin & Schartl,
2011; Janes et al., 2014; Koopman, 2009; Kopp, 2012; Major
& Smith, 2016; Raymond et al., 2000; She & Yang, 2014; Shi
et al,, 2018). Dmrt1 prevents sexual switch from male to
female, represses pluripotency, and balances mitosis versus
meiosis (Feng et al., 2014; Griswold et al., 2012; Krentz et al.,
2009; Matson et al., 2010; Minkina et al., 2014; Takashima et
al., 2013; Zhao et al., 2015). Dmrt1 also maintains
spermatogenesis and replenishes mGSCs by collaborating
with Plzf and Sal-like protein 4 (Lovelace et al., 2016; Wei et
al.,, 2018; Zhang et al., 2016). These studies illustrate that
Dmrt1 generally participates in the development of testicular
somatic cells and germ cells.

The innate immune response of testicular germ cells was
discovered many years ago. The innate immune response is
mainly triggered by Toll-like receptors (TLRs) against invading
pathogens (Akira, 2009; De Nardo, 2015; Zhang et al., 2013).
TLRs initiate two distinct pathways. The first is the myeloid
differentiation protein 88 (MyD88)-dependent pathway, which
stimulates NF-kB and mitogen-activated protein kinases
(MAPKs) and activates multiple proinflammatory cytokines,
including tumor necrosis factor a (TNFa), interleukin 6 (IL-6),
and IL-1B (Chen et al., 2016; De Nardo, 2015; Yamamoto &
Takeda, 2010). The second is the Toll/IL-1 receptor domain-
containing adaptor inducing interferon (IFN)-B-dependent
pathway, which up-regulates interferon regulatory factor 3
(IRF3) and activates the expression of IFN-a and IFN-B (Chen
et al., 2016; De Nardo, 2015; Yamamoto & Takeda, 2010). In
mice, Sertoli cells contain TLR2-TLR6, which initiate innate
immune responses and induce the expression of major
proinflammatory cytokines. Leydig cells abundantly express
TLR2, TLR3, and TLR4. Moreover, TLR3 and TLR4 activation
suppresses steroidogenesis in Leydig cells, suggesting innate
immune responses may perturb testicular function (Chen et
al., 2016). This evidence implies that the innate immune
response participates in maintaining homeostasis of the

testicular internal environment via testicular somatic cells.

In this study, we highlighted the role of Dmrt1 in balancing
the innate immune response in goat male germline stem cells.
Our results indicated that Dmrt1 regulated the inflammatory
response by repressing TLR4 signaling in goat mGSCs.
Transcriptional profiling and dual-luciferase analyses revealed
that Dmrt1 recruited Plzf to inhibit the transcriptional activity of
TLR4 and NF-kB. Dmrt1 also accelerated spermatogenesis,
but decreased apoptosis induced by the immune response,
which plays a key role in maintaining the self-renewal and
proliferation of mGSCs (Niu et al., 2016; Wei et al., 2018). Our
results revealed a new role for Dmrt1 in controlling
reproductive immune diseases and maintaining the stability of
the testicular microenvironment.

MATERIALS AND METHODS

Ethics approval and consent to participate

All animal experiments were performed in strict accordance
with the Guide for the Care and Use of Laboratory Animals
(Ministry of Science and Technology of the People’s Republic
of China, Policy No.2006398 ) and were approved by the
Animal Care and Use Center of Northwest A & F University
(approval No. 201705A299).

Animals and cell culture

Six-month-old Guanzhong dairy goats were selected for the
experiments. The animals were kept in an indoor facility
located at the Experimental Animal Center of Northwest A&F
University.

The procedures for the separation and purification of
mGSCs from dairy goats were carried out in accordance with
our previous study (Zhu et al., 2012). Briefly, testes from dairy
goats were collected aseptically. After washing three times in
phosphate-buffered saline (PBS) containing 100 U/mL
penicillin and 100 mg/mL streptomycin, the testes were cut
into small pieces using sterile scissors. Seminiferous epithelial
cells were incubated with an enzyme cocktail containing 0.1%
collagenase IV and 10 pg/mL DNase | at 37 °C for 30 min; the
cell suspension was blended every 10 min during this period.
The dissociated fragments were digested with 0.25% trypsin
for 15 min, followed by neutralization with Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen, USA) supplemented with
10% fetal bovine serum (FBS; HyClone, USA). The
suspension was filtered with 40 ym copper mesh to exclude
the seminiferous tubules, then plated in plastic culture dishes
and incubated in an atmosphere containing 5% CO, at 37 °C
for 2 h to allow macrophages to attach to the dish. The non-
adherent cells were collected and cultured in DMEM/F12
(Invitrogen, USA) containing 10% FBS, 0.1 mmol/L B-
mercaptoethanol, 1% non-essential amino acids (Invitrogen,
USA), 2 mmol/L L-glutamine (Invitrogen, USA), 10 ng/mL
basic fibroblast growth factor (Millipore, USA), 10 ng/mL
epidermal growth factor (Millipore, USA), and 10 ng/mL glial-
derived neurotrophic factor (Millipore, USA). The cells were
cultured for 12 h at 37 °C in an atmosphere of 5% CO,.
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Leydig and Sertoli cells were first adhered to the wall of
culture dish. The culture medium for the Leydig cells was the
same as that for the mGSCs. Non-adherent cells were
obtained and placed into a new dish for culturing at 37 °C in
an atmosphere of 5% CO,. The clones of primary mGSCs
were collected after one week.

To prepare the inflammation models, primary mGSC
medium supplemented with different lipopolysaccharide (LPS)
concentrations (0, 0.5, and 1 pyg/mL) (Li et al., 2013) was used
for induction. Capra hircus adipose mesenchymal stem cells
(MSCs) were preserved in our laboratory as a control group.
The MSCs and mGSCs were cultured in LPS induction
medium to evaluate proliferation and apoptosis.

Immunohistochemical staining was conducted to verify the
isolation of mGSCs, Leydig cells, and macrophages using the
following primary antibodies: anti-GFRa1 (1 : 500; Santa Cruz
Biotechnology, USA), a marker of mGSCs; anti-33-HSD
(1 : 500; Santa Cruz Biotechnology, USA), a marker of Leydig
cells; and anti-F4/80 (1 : 100; Proteintech Group, China), a
marker of macrophages.

Plasmid construction and lentivirus transfection

The recombinant plasmids pCDH-CMV-MCS-EF1-Dmrt1
(pCDH-Dmrt1), pSIH-H1-shDmrt1 (pSIH-shDmrt1), and pSIH-
H1-shTLR4 (pSIH-shTLR4) and assistant plasmids PAX2 and
VSVG were stored in our laboratory. For lentivirus preparation,
before transfection, the HEK293T cell medium was replaced
at 80% confluence. The assistant plasmids PAX2 and VSVG
were co-transfected with pCDH-Dmrt1 (or pSIH-shDmrt1 or
pSIH-shTLR4) into HEK293T cells at a mass ratio of 3 : 2 : 4.
The plasmids supplemented with transfection reagent
(TurboFect; Thermo Fisher Scientific, USA) were co-incubated
in Opti-MEM (Invitrogen, USA) for 30 min and then added to
the HEK293T cell medium. Fresh DMEM/F12 with 2% FBS,
0.1 mmol/L B-mercaptoethanol, 2 mmol/L L-glutamine, 1%
non-essential amino acids, and 1% Chemically Defined (CD)
lipid (Invitrogen, USA) was added to the infected cells at 12 h
after transfection. Lentiviruses pCDH-Dmrt1, pSIH-shDmrt1,
and pSIH-shTLR4 were collected after 48 h.

The primary mGSCs were infected with lentivirus pCDH-
Dmrt1, pSIH-shDmrt1, or pSIH-shTLR4, complemented with
Polybrene (Sigma-Aldrich, USA) to increase transfection
efficiency when the cells reached 80% confluence. The
infected mGSCs were cultured in medium containing
500 ng/mL puromycin at 37 °C for 1 week to screen for
transfection efficiency, and the medium was replaced with
fresh DMEM/F12 after 24 h.

Lentivirus injection

Three-month-old ICR male mice purchased from the Fourth
Military Medical University in Xi'an, China, were used for
lentivirus injection. Mice were deprived of water 12 h before
surgery. Tribromoethanol was intraperitoneally injected at
300 mg/kg body weight for anesthesia. The HEK293T cell
culture medium was collected as the lentivirus after pSIH-H1
or pSIH-shDmrt1 plasmids were transfected into HEK293T
cells after 48 h. The lentivirus was mixed with PEG8000 to
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condense for 12 h, then centrifuged at 7 000 g for 20 min at
room temperature. The precipitates were isolated and
resuspended in culture medium supplemented with trypan
blue. Testes were taken out from a belly wound under aseptic
conditions. Efferent ductules were identified under a
stereoscope, and the testis was injected with lentivirus through
the efferent ductules using a micro-glass pipette (diameter
<20 pm). For each mouse, the pSIH-shDmrt1 lentivirus was
injected directly into the seminiferous tubules of one testis,
while the pSIH-H1 lentivirus was injected into the other testis
as a control group (Wei et al., 2018). After the operation, the
testes were placed back in the scrotum and the wound was
sutured. The testes were collected for analysis after 3 weeks.
The process for lentivirus injection was approved by the
Committee of the Shaanxi Centre of Stem Cells Engineering &
Technology, Northwest A&F University.

Immunohistochemical staining

Testes injected with  lentivirus were used for
immunohistochemical staining. Testes were fixed in a 4%
paraformaldehyde solution for 12 h. Gradient dehydration was
conducted using 70%, 80%, 90%, and 100% ethanol and
xylene | and Il. Tissue was embedded in paraffin, cut into
1 mm sections, then placed on slides and dewaxed. Antigens
were retrieved with citric acid and the sections were washed
three times with PBS. The slides were incubated in 3% H,0,
for 10 min at room temperature to block endogenous
peroxidase. Mouse primary antibodies were incubated at
37 °C for 2—4 h or at 4 °C overnight. The following antibodies
were used for tissue immunohistochemical staining: anti-TLR2
(1 : 200; Santa Cruz Biotechnology, USA), anti-TLR5 (1 : 200;
Santa Cruz Biotechnology, USA), anti-TLR4 (1 :200; Santa
Cruz Biotechnology, USA), anti-NF-kB (1 : 200; Santa Cruz
Biotechnology, USA), anti-TNFa (1 : 100; Proteintech Group,
China), anti-IL-6 (1 : 100; Proteintech Group, China), and anti-
F4/80 (1 : 100; Proteintech Group, China). The sections were
washed three times with PBS and incubated with secondary
antibodies (goat anti-rabbit or goat anti-mouse) conjugated to
horseradish peroxidase (HRP) for 1 h at room temperature.
The tissues were washed using PBS another three times, after
which a DAB chromogenic solution was used to stain the
samples. Images were obtained under an EVOS FL
fluorescence microscope (AMG, USA).

The tissue immunofluorescence staining procedures
followed earlier research (Wei et al., 2018). The antibodies
used for tissue immunofluorescence staining included: anti-
Dmrt1 (1:500; Santa Cruz Biotechnology, USA), anti-Sox9
(1:500; Santa Cruz Biotechnology, USA), anti-PCNA
(1:200; Boster, China), anti-caspase-3 (Biosynthesis
Biotechnology, China), anti-ID4 (1 : 100; Boster, China).

For cell immunofluorescence staining, primary mGSCs or
LPS-mGSCs were fixed in paraformaldehyde for 15 min at
room temperature, and permeabilized with 0.1% Triton-X 100
(Sigma-Aldrich, USA) for 10 min. After blocking for 30 min with
1% bovine serum albumin (Sigma-Aldrich, USA), mGSCs
were incubated overnight with primary antibodies anti-TLR4



(1:200; Santa Cruz Biotechnology, USA) and anti-NF-kB
(1:200; Santa Cruz Biotechnology, USA). Secondary
antibodies conjugated to fluorescein were applied to the cells
for 1 h at room temperature. Nuclei were stained with
Hoechst33342 and the cells were washed three times with
PBS. Immunofluorescence staining images were captured
under an EVOS FL fluorescence microscope (AMG, USA)
(Wei et al., 2018).

TAK-242 was purchased from MCE (USA) and dissolved in
DMSO. The mGSCs-shDmrt1 were incubated with TAK-242
(100 nmol/L) for two days. Immunofluorescence staining was
performed to evaluate the expression of TLR4 and NF-kB in
TAK-242-mGSCs-shDmrt1  and shTLR4-mGSCs-shDmrt1,
respectively.

Quantitative real-time PCR (qRT-PCR) analysis

The qRT-PCR protocols followed previously described
research (Wei et al., 2016). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as the control gene.
Comparative cycle threshold (CT) values from qRT-PCR were
used to measure relative gene expression. The primers used
for qRT-PCR are shown in Supplementary Table S1.

Western blotting

The western blotting protocols followed previous study (Wei et
al., 2016). The primary antibodies used included: anti-Dmrt1
(1 : 500; Santa Cruz Biotechnology, USA), anti-TLR2 (1 : 200;
Santa Cruz Biotechnology, USA), anti-TLR5 (1 : 200; Santa
Cruz Biotechnology, USA), anti-TLR4 (1:200; Santa Cruz
Biotechnology, USA), anti-NF-kB (1:200; Santa Cruz
Biotechnology, USA), anti-TNFa (1 : 100; Proteintech Group,
China), anti-IL-6 (1:100; Proteintech Group, China), anti-
PCNA (1 : 200; Boster, China), anti-inositol-requiring enzyme-
1 (IRE1) (Biosynthesis Biotechnology, China), anti-Chop
(Biosynthesis Biotechnology, China), anti-p53 (1 : 200; Wanlei
Biotechnology, China), anti-cyclin-D1 (1 : 200; Boster, China),
anti-Plzf (1 :300; Sino Biological, China), anti-caspase-3
(Biosynthesis Biotechnology, China), and anti-GAPDH (Tianjin
Sungene Biotech, China). Band intensities from three
independent experiments were determined by densitometry
using NIH ImageJ and the significance of differences was
determined by Student’s f-test.

DMRT1 and PLZF co-immunoprecipitation (co-IP)

Lysates from primary mGSCs were used for IP experiments.
Briefly, 500 ug of fresh lysate from different cell treatment
groups was incubated with 1 ug of DMRT1 IgG (mouse anti-
DMRT1; Santa Cruz Biotechnology, USA), PLZF IgG (rabbit
anti-PLZF; Sino Biological, China), or control rabbit 1gG
(Boster, China) overnight at 4 °C, followed by precipitation
with protein A/G-agarose beads (Sigma-Aldrich, USA). Total
lysate as input was used as a positive control. Resolution of
eluates was determined by polyacrylamide gel electrophoresis
(12%) under denaturing SDS (Dmrt1) or denaturing SDS and
reducing (Plzf) conditions. The primary antibodies against
Dmrt1 and Plzf used for western blotting were the same

antibodies used for IP, and the secondary antibodies were
conjugated with HRP (Sigma-Aldrich, USA). Results were
analyzed using the Tanon-410 automatic gel imaging system
(Shanghai Tianneng, China).

Luciferase reporter assay

The luciferase reporter plasmids pGL3-Basic, pGL3-NF-kB,
and pCDH-PIzf were stored in the Shaanxi Centre of Stem
Cells Engineering & Technology, Northwest A&F University.
The vectors were constructed by cloning the promoter of TLR4
into the pGL3-Basic plasmid (Promega, USA). The primers
used for TLR4 promoter cloning were F-primer (TAGC
TAGCAATATGCTCACGACCTCCG) and R-primer (ATCTCG
AGTGCTGTGAGACCAGAGGGG). A total of 50 ng of pGL3-
Basic vector or pGL3-TLR4-promoter supplemented with
pCDH-Dmrt1 was co-transfected into the mGSCs in a 48-well
plate using transfection reagent TurboFect, followed by
incubation in Opti-MEM for 30 min at 37 °C. A dual-luciferase
reporter system (Beyotime Biotechnology, China) was used to
evaluate promoter activity (as determined by fluorescence
levels) according to the manufacturer's instructions.
Fluorescence levels were assessed using the BHP9504
optical analysis system (Hamamatsu Photonics, Japan) (Wei
et al., 2018).

Enzyme-linked immunosorbent assay (ELISA)

The ELISA measurements for GDNF, CSF1, IL-6, and TNFa
were conducted as per previous study (Wei et al., 2018) and
in accordance with the manufacturer’'s instructions (Boster,
China), with some modification.

Terminal deoxynucleotidyl transferase (TdT)-mediated
dUTP-X nicked end labeling (TUNEL)

Mouse testicle slices were used for the TUNEL assay, which
was conducted according to the manufacturer’'s instructions
(Vazyme Biotech, China).

Flow cytometry

For cell cycle analysis, mGSCs or MSCs were suspended as
single cells, mixed with cold 70% ethanol for 30 min, and
incubated with a propidium iodide solution and RNase H for
30 min at room temperature. Flow cytometry was performed to
analyze the cell cycle. For each test, three biological replicates
were conducted and complied into histogram plots.

Cell apoptosis distribution was assessed after annexin V-
FITC and propidium iodide staining. Cells were harvested and
washed in cold PBS and cold 1x binding buffer. The cells
(1.0x10% cells) were re-suspended in cold 1xbinding buffer.
The cell suspension (100 yL) was added to each labeled tube
with 5 pL of annexin V-FITC. The tubes were vortexed gently
and incubated for 10 min at room temperature. Propidium
iodide solution (5 pL) was added and the tubes were
incubated for 5 min at room temperature in the dark. Before
analysis, the cells were washed once in PBS and
resuspended in PBS. A flow cytometer was utilized to perform
the experiment (Beckman Altra; Beckman Coulter, Germany).
Fluorescence intensity was also observed under a
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fluorescence microscope (Wei et al.,, 2016). For each test,
three biological replicates were conducted and complied into
histogram plots.

Cell growth curve

To generate a cell growth curve, primary mGSCs and MSCs
were cultured in 24-well plates at a density of 5 000 cells/well.
Primary mGSCs and MSCs were exposed to different
concentrations of LPS (0, 0.5, and 1 pg/mL) for eight days,
and number of cells was counted every day in each group.

Transcriptome sequencing

To assess the molecular regulation of Dmrt1 in mouse testes
in vivo, control, pSIH-H1, and pSIH-H1-shDmrt1-injected
testes with two biological replicates were subjected to
transcriptome sequencing. Total RNA was isolated using an
RNA Extraction Kit (TaKaRa, China). The amount of RNA was
measured by spectrophotometric analysis and its quality was
verified by agarose gel electrophoresis. Total RNA (1 ug per
sample) was used for cDNA library preparation using a NEB
Next Ultra RNA Library Prep Kit (New England BioLabs, USA),
and the resulting PCR products were purified and quantified
on an Agilent Bioanalyzer 2100 system (New England
BioLabs, USA). Sample labeling was performed on a cBot
Cluster Generation System using a TruSeq PE Cluster Kit v3-
cBot-HS (New England BioLabs, USA). Afterwards, the
libraries were sequenced on the lllumina HiSeq PE150
platform (New England BioLabs, USA). Relative gene
expression was normalized with the value of reads per
kilobase of the exon model per million mapped reads from the
mean of two biological replicates in each group (Mortazavi et
al., 2008). Genes with a fold-change of 22 or <0.5 and false
discovery rate of <0.01 were considered to have significantly
different expression using the DESeq R package. Moreover,
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analyses were conducted on
the differentially expressed genes (DEGs) using the GO seq R
package and KEGG Orthology Based Annotation System
(KOBAS) software, respectively (Mortazavi et al., 2008).

Statistical analysis

Two-tailed t- tests (Excel, Microsoft 2007) were used to
analyze the data. Results are presented as meanzstandard
deviation (SD). All data were obtained from three different
experiments and were analyzed by GraphPad Prism software
(GraphPad Software, USA) (Wei et al., 2016). P- values of
<0.05 were considered statistically significant.

RESULTS

Knockdown of Dmrt1 in seminiferous tubules resulted in
widespread degeneration of Sertoli cells and
inflammation of germ cells

Dmrt1 is mainly located in undifferentiated mGSCs and Sertoli
cells, which stimulate differentiation and proliferation, as
demonstrated in our previous study (Wei et al., 2018). Dmrt1-
knockout male mice show widespread conversion of Sertoli
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cells into granulosa cells in the seminiferous tubules, where
the female sex differentiation gene Fox/2 is triggered (Minkina
et al., 2014; Zhao et al., 2015). However, the characteristics of
Dmrt1-deficiency in mGSCs and the testicular niche remain
unknown. To solve this problem, we constructed the pSIH-H1-
shDmrt1 lentivirus for injection into the seminiferous tubules of
mouse testes. Immunofluorescence and hematoxylin and
eosin (H&E) staining revealed extensive distribution of
inflamed syncytia and widespread degeneration of Sertoli and
germ cells in the seminiferous tubules of pSIH-H1-shDmrt1-
injected testes (Figure 1A, D; Supplementary Figure S1A, B).
Massive structural changes and germ cell loss were also
observed (Figure 1A-D; Supplementary Figure S1A, B).
Conversely, germ cells were tightly arranged in the control and
wild-type groups (Figure 1A-D). These findings were similar to
the LPS-infected results (Supplementary Figure S1C).
Furthermore, most of the pSIH-H1-shDmrt1-injected testes
displayed germ cell degeneration  (Supplementary
Figure S1D). Thus, we wondered whether this phenotype was
due to the deficiency of Dmrt1 in the testicular niche.

Immunohistochemical staining of NF-kB indicated that the
positive signal was significantly increased in Dmrt1-
knockdown testes (Figure 1E). In addition, staining for
proinflammatory cytokines revealed that the syncytia in the
seminiferous tubules were positive for IL-6 and TNFaq;
however, we did not find any pathological changes in the
seminiferous tubules of the control and wild-type groups
(Figure 1F, G; Supplementary Figure S1C). The levels of IL-6
and TNFa were significantly increased in the Dmrt1-
knockdown mouse testes, as measured by ELISA (Figure 1H,
I). To confirm these results, qRT-PCR and western blotting
were used to examine proinflammatory cytokine levels in the
testes of the two groups (Figure 2A—C). Consistent with the
staining results, proinflammatory cytokines IL-6, TNFa, IFN-a,
IFN-B, IL-8, and TNF receptor-associated factor 3 (Traf3),
which are associated with the TLR signaling pathway (De
Nardo, 2015), were up-regulated in the shDmrt1 testes in
comparison to the control group (Figure 2A). The protein
levels of TNFa, NF-kB, and IL-6 were up-regulated as well,
suggesting that Dmrt1-knockdown testes suffered severe
inflammatory damage (Figure 2B, C). Inflammation is often
accompanied by endoplasmic reticulum stress (ERS) and
apoptosis in germ cells (Simanjuntak et al., 2018). Our results
showed that the expression levels of ERS-related proteins
IRE1 and CHOP were increased in the Dmrt1-knockdown
testes (Figure 2B, C ). These data strongly support the
hypothesis that Dmrt1 alleviates ERS induced by inflammation
in testicular seminiferous tubules. Immunofluorescence
staining and western blotting further revealed that Dmrt1
deficiency increased the apoptosis rate in germ cells but
inhibited the proliferation of mGSCs (Figure 2D-F). In general,
these results show that Dmrt1 prevents inflammation and
apoptosis but promotes mGSC proliferation.

Transcriptional profiling of Dmrt1-knockdown testes
RNA sequencing was conducted to identify the transcriptional



Figure 1 Knockdown of Dmrt1 led to degeneration of spermatogenic cells and inflammation in seminiferous tubules

A: Immunofluorescence staining of Dmrt1 in pSIH-H1-shDmrt1 or pSIH-H1 lentivirus-injected testes. Scale bar: 100 um. B: Immunofluorescence

staining of Dmrt1 in normal mouse testes. Scale bar: 100 ym. C: Percentage of Dmrt1-positive cells in pSIH-H1-shDmrt1 or pSIH-H1 lentivirus-

injected testes and normal testes. D: Degeneration of spermatogenic cells in seminiferous tubules following Dmrt1 knockdown. Scale bar: 50 um. E:

Immunohistochemical detection of NF-kB in Dmrt1-knockdown and control testes. Scale bar: 25 ym. F: Immunohistochemical detection of IL-6 in

Dmrt1-knockdown and control testes. Scale bar: 25 ym. G: Immunohistochemical detection of TNFa in Dmrt1-knockdown and control testes. Scale
bar: 25 um. H: ELISA of IL-6 in testis-shDmrt1 and testis-H1. |: ELISA of TNFa in testis-shDmrt1 and testis-H1. ": P<0.05; : P<0.01; ™": P<0.001.

features of testes treated with pSIH-H1-shDmrt1 or pSIH-H1
lentivirus. According to DEG analysis, 1 189 up-regulated and
1 710 down-regulated genes were identified in pSIH-H1-
shDmrt1 testes compared with pSIH-H1 testes (Figure 3A).
The enriched GO biological processes (P<0.05) revealed that
Dmrt1 deficiency affected molecular functions, including
oxidation-reduction process, proteolysis, cell adhesion,
transmembrane transport, signal transduction, metabolic
process, and immune response (Figure 3B; Supplementary
Table S2). KEGG pathway annotation and enrichment
analysis (P<0.05) showed that Dmrt1-knockdown mediated

multiple pathways, including cytokine-cytokine receptor
interaction, tuberculosis, phagosome, osteoclast
differentiation, amebiasis, and TNF signaling pathway

(Figure 3C; Supplementary Table S3). Among the DEGs,
Dmrt1 was one of the most differentially expressed. Both Plzf
(known also as zinc finger and BTB domain-containing protein
16) and Etv5, which are markers of proliferation in mGSCs,
were down-regulated in the pSIH-H1-shDmrt1 testes
(Figure 3A; Supplementary Table S4), implying the inhibition
of self-renewal in Dmrt1-knockdown testes. However, the
most significantly up-regulated genes in the Dmrt1-knockdown
group were associated with activation of the inflammatory
response. Among them, TLR2, TLR4, TLR6, TLR13, and NF-
KB were the most significantly expressed, consistent with our
prediction (Figure 3A; Supplementary Table S4).

Taken together, the transcriptome, qRT-PCR, and western
blotting data showed that germ cells in Dmrt1-knockdown
testes receive deficient self-renewal and proliferation signals
from the testicular niche, and an increase in the inflammatory
response is a key characteristic in shDmrt1-testes.

TLR4 in mGSCs
seminiferous tubules
Transcriptional profiling revealed that genes involved in the
TLR signaling pathway were markedly up-regulated, which
may be associated with immune response occurrence in
Dmrt1-knockdown testes. As TLRs govern the initial stage of
inflammation in germ cells, we investigated their expression
levels in mGSCs and the mechanism of inflammation in
seminiferous tubules. By immunohistochemical staining, we
analyzed the profiles of TLR2, TLR4, and TLRS in pSIH-H1-
shDmrt1 testes, which were the most significant DEGs in the
TLR family according to the transcriptomic data (Figure 3A).
The Dmrt1-knockdown group displayed widespread
distribution of TLR4- and TLR2-positive cells in the
seminiferous tubules compared with the control group
(Supplementary Figure S2A, B). In contrast, TLR5 was barely
detected in the germ cells of the shDmrt1 or control testes
(Supplementary Figure S2C). Furthermore, double-staining of
TLR4 and 1D4, markers of spermatogonial stem cells, verified
that the TLR4-positive cells were mGSCs (Supplementary
Figure S3A).

induced immune response in
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Figure 2 Knockdown Dmrt1 induced apoptosis and reduced proliferation of mGSCs

A: qRT-PCR detection of mRNA levels of inflammatory factors in testis-H1 and testis-shDmrt1. B: Western blotting detection of protein levels of
inflammatory factors in testis-H1 and testis-shDmrt1. C: Protein levels were quantified using ImageJ software and normalized to GAPDH. D:
Immunofluorescence detection of PCNA and TUNEL assay in testis-H1 and testis-shDmrt1. Scale bar: 100 um. E: Western blotting detection of
protein levels of apoptosis- and proliferation-related genes in testis-H1 and testis-shDmrt1. F: Protein levels were quantified using Imaged software

and normalized to GAPDH. ": P<0.05; “: P<0.01; ™: P<0.001.

To further illustrate that TLR4 was located in the mGSCs,
we separated primary mGSCs, Leydig cells, and
macrophages from adolescent goat testes in Vvitro
(Supplementary Figure S4A); the protocols for mGSC isolation
and identification followed our previous study (Zhu et al.,
2012). The characteristics of the three types of germ cells
were also determined (Supplementary Figure S4B-D).
Macrophages play essential roles in the innate immune
response, and their numbers increase remarkably to defend
against invading pathogens. Therefore, we explored whether
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the severe inflammation observed in the seminiferous tubules
was related to macrophages. However, we did not find distinct
differences in the populations of macrophages between the
Dmrt1-knockdown and control groups (Supplementary
Figure S3B). Thus, we next knocked down Dmrt1 in mGSCs,
Leydig cells, and macrophages, respectively, and found that
TLR4 expression only increased significantly in the mGSCs
(Supplementary Figure S3C). We speculated that TLR4
triggered the immune response in seminiferous tubules when
Dmrt1 was deficient in germ cells, and this process was



Figure 3 Transcriptional profiling of Dmrt1-knockdown testes

A: Volcano plot of expression profiles comparing testis-H1 and testis-shDmrt1. B: GO analysis of DEGs in testis-H1 and testis-shDmrt1. C: KEGG

analysis of DEGs in testis-H1 and testis-shDmrt1.

independent of macrophages.

LPS generally initiates inflammation via TLR4 (Chen et al.,
2016; De Nardo, 2015). Here, mGSCs were first treated with
0.5 or 1 pyg/mL LPS. Western blotting and qRT-PCR analyses
demonstrated that the expression level of TLR4 gradually
increased in the LPS treatment group compared with the
expression levels of TLR2 and TLR5 (Supplementary
Figure S2D-F). These results were consistent with the
staining analysis results, which illustrated that TLR4 was
mainly located in mGSCs and was responsible for the immune
response in seminiferous tubules.

Dmrt1 reduced inflammatory response by inhibiting TLR4
and NF-kB

To further confirm whether Dmrt1 deficiency could account for
the increased levels of TLR4 in mGSCs, we analyzed the
expression levels of TLR4 and NF-kB in Dmrt1-overexpressed

primary mGSCs. Immunofluorescence staining revealed that
TLR4 and NF-kB were decreased in the Dmrt1-overexpressed
group. Conversely, TLR4- and NF-kB-positive cells were
increased when Dmrt1 was knocked down in mGSCs
(Figure 4A-C). Moreover, TLR4 antagonist (TAK-242) and
lentivirus knockdown of TLR4 also indicated that Dmrt1-
knockdown directly induced inflammation through TLR4 and
NF-kB signaling (Supplementary Figure S5A-D). To examine
this issue, we performed a dual-luciferase reporter assay to
test the activity of TLR4 and NF-kB promoters in mGSCs
transfected with Dmrt1-overexpressed or Plzf-overexpressed
plasmids. Consistent with our expectation, Dmrt1 repressed
luciferase activity of the TLR4 and NF-kB promoters
(Figure 4D, E). Several studies have demonstrated that Plzf
controls the state of chromatin by repressing promoters
containing the NF-kB binding motif (Sadler et al., 2015a,
2015b). Here, fluorescence activity of the NF-kB promoter was
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Figure 4 Dmrt1 inhibited TLR4 and NF-kB signaling pathways in mGSCs

A: Immunofluorescence detection of TLR4 in mGSCs-Dmrt1 and mGSCs-shDmrt1. Scale bar: 200 um. B: Immunofluorescence detection of NF-kB
in mGSCs-Dmrt1 and mGSCs-shDmrt1. Scale bar: 200 ym. C: Percentage of TLR4 and NF-kB-positive cells in mGSCs-Dmrt1 and mGSCs-
shDmrt1. D: Luciferase activity of pGL3-TLR4 in mGSCs transfected with pCDH-Dmrt1 or pCDH-PIzf, respectively. E: Luciferase activity of pGL3-
NF-kB in mGSCs transfected with pCDH-Dmrt1 or pCDH-PIzf, respectively. F: Western blotting for PLZF (top) and DMRT1 (bottom) using IP input
lysate and eluates from control IgG, DMRT1 IgG, or PLZF IgG IPs. mGSCs transfected with Dmrt1 plus Plzf-overexpressed plasmids were used for
detection. G: Western blotting for PLZF (top) and DMRT1 (bottom) using IP input lysate and eluates from control IgG, DMRT1 IgG, or PLZF IgG IPs.
mGSCs transfected with Dmrt1 plus Plzf-overexpressed plasmids, Plzf plus Dmrt1-knockdown plasmids, or Dmrt1 plus Plzf-knockdown plasmids

were used for detection. ": P<0.05; “": P<0.01; ™": P<0.001.

decreased in Plzf-overexpressed mGSCs (Figure 4E). We
also found that Plzf inhibited the transcriptional activity of
TLR4 in mGSCs (Figure 4D). This phenomenon may be due
to the interaction between Dmrt1 and PIzf, which enhanced
the inhibition of TLR and NF-kB signaling. To validate this, we
transfected mGSCs with Dmrt1-overexpressed or Plzf-
overexpressed plasmids, and then performed co-IP
experiments. While IP for Plzf and Dmrt1 could be selected by
individual antibodies, the Dmrt1 IP eluates also contained
proteins that cross-reacted with the anti-Plzf antibody
(Figure 4F). However, we found no interaction between Dmrt1
IP and the anti-Plzf antibody when Plzf was knocked down
(Figure 4G). Together, these data strongly suggest that Dmrt1
interacts with Plzf to reduce the immune response by inhibiting
TLR4 and NF-kB signaling.
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Dmrt1 inhibited LPS-induced immune response in mGSCs
To further evaluate the underlying mechanism related to the
inhibition of the immune response by Dmrt1 in vitro, we
treated mGSCs with LPS at concentrations of 0, 0.5, and
1 pg/mL. The expression levels of TNFa and IL-6, along with
TLR4 and NF-kB, were measured by western blotting. LPS
(0.5 and 1 pg/mL) treatment for 12 h resulted in a
considerable induction of inflammatory cytokines compared
with the control group (Figure 5A, B). To further investigate the
role of Dmrt1 in the repression of the immune response, we
found that the expression levels of TLR4 and NF-kB were
down-regulated in the Dmrt1-overexpressed group (Figure 5C,
D). The same results were also obtained by
immunofluorescence staining of TLR4 and NF-kB, in which
Dmrt1-overexpression decreased the positive signals of TLR4
and NF-kB under LPS induction (Figure 5E-G). Although IL-6



Figure 5 Dmrt1 repressed inflammation induced by LPS in mGSCs

A: Protein expression levels of inflammatory factors TLR4 and NF-kB in mGSCs under treatment with different concentrations of LPS. B: Protein
levels were quantified using ImageJ software and normalized to GAPDH. C: Protein expression levels of TLR4, NF-kB, and DMRT1 in LPS-
mGSCs-pCDH and LPS-mGSCs-Dmrt1. D: Protein levels were quantified using Imaged software and normalized to GAPDH. E:
Immunofluorescence staining of TLR4 in mGSCs-Dmrt1 and mGSCs-shDmrt1 under LPS treatment. Scale bar: 200 um. F: Immunofluorescence
staining of NF-kB in mGSCs-Dmrt1 and mGSCs-shDmrt1 under LPS treatment. Scale bar: 200 ym. G: Percentage of TLR4- and NF-kB-positive
cells in Dmrt1-knockdown or Dmrt1-overexpressed mGSCs. H: ELISA of IL-6 and TNFa in mGSCs under treatment with different concentrations of
LPS. I: ELISA of IL-6 and TNFa in mGSCs-Dmrt1 and mGSCs-shDmrt1. ": P<0.05; “: P<0.01; ™": P<0.001.

and TNFa were significantly increased under LPS treatment
(Figure 5H), their expression in the Dmrt1-overexpressed
group was obviously eliminated (Figure 51). These data show
that Dmrt1 can decrease TLR4 and NF-kB signaling in vitro.
Our findings also confirmed that Dmrt1 deficiency can promote
the transcription of TLR4 and NF-kB, resulting in considerable
production of inflammatory cytokines.

Dmrt1 promoted mGSC
inflammatory injury

Despite initiation of inflammation, LPS also decreases the
proliferation of germ cells (Liu et al., 2016). To investigate the
effects of LPS on the viability of goat mGSCs, the cell growth
curve and population doubling time (PDT) of primary mGSCs
challenged with LPS were examined. During this examination,

MSCs were used as the control to evaluate the results, as

replenishment  against

LPS generally increases cell proliferation in MSCs. Results
showed that the proliferation rate of mGSCs was inhibited by
LPS in a dose-dependent manner, especially in the
exponential growth phase, leading to a decrease in the total
number of mMGSCs (Figure 6A). Flow cytometry analysis also
confirmed that mGSCs challenged with 1 pg/mL LPS suffered
a severe decline in the DNA duplication rate (S phase)
compared with the control group or MSCs (Figure 6B;
Supplementary Figure S6A, B). Furthermore, we observed
that the apoptosis rate of mGSC-LPS was higher than that of
normal mGSCs or MSCs, suggesting that the loss of mGSCs
may be due to apoptosis induced by LPS (Figure 6C;
Supplementary Figure S6C, D).

We further analyzed the expression levels of cyclin-D1,
PCNA, and caspase-3 after LPS treatment. Results showed
that LPS indeed induced apoptosis but also suppressed the
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Figure 6 Dmrt1 repressed apoptosis and promoted proliferation of mGSCs

A: Growth curve and population doubling time (PDT) of mGSCs and MSCs under treatment with different concentrations of LPS. B: Flow cytometry
of cell cycle in mGSCs and MSCs under LPS treatment (0, 0.5, and 1 pg/mL). C: Flow cytometry of cell apoptosis in mGSCs and MSCs under LPS
treatment (0, 0.5, and 1 pg/mL). D: Western blotting of cyclin-D1, PCNA, and caspase-3 in mGSCs under treatment with different concentrations of
LPS. E: Protein levels were quantified using ImageJ software and normalized to GAPDH. F: Flow cytometry of cell cycle in LPS-mGSCs, LPS-
mGSCs-H1, and LPS-mGSCs-shDmrt1. G: Western blotting of IL-6, PCNA, and cyclin-D1 in LPS-mGSCs-Dmrt1 and LPS-mGSCs-Plzf. H: Protein
levels were quantified using ImageJ software and normalized to GAPDH. ": P<0.05; ™: P<0.01; ™": P<0.001.

proliferation of goat mGSCs. Cells challenged with 0.5 and
1 pg/mL LPS demonstrated reduced expression levels of
cyclin-D1 and PCNA compared with the control group;
however, caspase-3 was increased in mGSCs treated with
1 pg/mL LPS, indicating that LPS may trigger the apoptosis
pathway (Figure 6D, E).

Previous studies have shown that Dmrt1 promotes the
proliferation of male germ cells in testicular damage models by
recruiting Plzf (Wei et al.,, 2018; Zhang et al., 2016). We
examined whether Dmrt1 was essential for the preservation of
mGSCs under LPS treatment. Flow cytometry was used to
test the proliferation rate of mGSCs-shDmrt1 exposed to
1 pg/mL LPS. Consistent with our speculation, the number of
cells in the S phase decreased when Dmrt1 was knocked
down (Figure 6F; Supplementary Figure S7). However, the
protein levels of PCNA and cyclin-D1 were restored in the
Dmrt1-overexpressed group (Figure 6G, H). Similar results
were also obtained in the mGSCs-Plzf (Figure 6G, H). These
results highlighted Dmrt1 and Plzf as key transcription factors
in stimulating the self-renewal and proliferation of mGSCs,
which promotes the replenishment of these cells during the
immune response.
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Figure 7 Schematic of Dmrt1 repressing immune response but
promoting proliferation of mGSCs

DISCUSSION

Inflammation should be strictly regulated to ensure appropriate
immune protection of the host. Defining regulators and their



functions is beneficial to establish effective control over
harmful immune responses. Therefore, we demonstrated a
crucial role of Dmrt1 in protection against the reproductive
immune response. In our Dmrt1-knockdown testis model, the
extensive distribution of inflamed syncytia in the center of the
seminiferous tubules prompted us to explore the relationship
between reproductive immunity and gene therapy. We found
that Dmrt1 suppressed infection by directly inhibiting the
transcriptional  activity of TLR4 and NF-«B. Dmrt1
overexpression in mGSCs led to the restoration of testicular
injury and stimulated the differentiation and proliferation of
mGSCs by recruiting the transcription factor PIzf.

Self-renewal and proliferation of mGSCs must be
maintained for continued mammalian spermatogenesis, and
various transcription factors and cytokines involved in this
process have been reported (Buaas et al., 2004; Chen et al.,
2001, 2005; Falender et al., 2005; Filipponi et al., 2007;
Goertz et al., 2011; He et al., 2008; Spradling et al., 2001).
Among these transcription factors, Plzf is widely recognized as
a key regulator for the preservation of mGSC self-renewal
(Costoya et al., 2004; Song et al., 2013), which helps to repair
testicular injury. Nevertheless, Plzf also stimulates the
development of myeloid tissue and plays a role in the immune
response, both of which are important for the development of
immune cell lineages crucial for protection against pathogens
(Constantinides et al., 2014; Dick & Sergei, 2009; Kovalovsky
et al., 2008; Raberger et al., 2008; Savage et al., 2008; Xu et
al., 2009). Our data also showed that Plzf suppressed the
transcription of TLR4 and NF-kB by binding to specific DNA
sequences and contributed to the repair of the testicular niche.

Also known as lipoglycan or endotoxin, LPS is the major
component of the outer membrane of gram-negative bacteria.
LPS acts as a prototypical endotoxin because it binds to the
CD14/TLR4/MD2 receptor complex in many cell types
(Dauphinee & Karsan, 2006). LPS triggers the TLR signaling
pathway through MyD88 adaptor molecules, resulting in the
activation of the NF-kB and MAPK (p38 and ERK) pathways
and infected germ cells (Akira & Takeda, 2004; Beutler, 2004;
Bhushan et al., 2015). Several transcription factors and
molecules that protect germ cells from inflammatory
responses have also been reported (Li et al., 2013; Pan et al.,
2016; Xie et al.,, 2017; Zhou et al., 2016). These results
suggest the importance of gene therapy in the anti-
inflammatory effects of germ cells.

Major testicular cells adopt pattern recognition receptor
signaling or TLR signaling to resist inflammation. TLR2 and
TLR4 expressed in mouse Sertoli cells induce the expression
of major proinflammatory cytokines and type 1 IFNs, whereas
most Leydig cells express TLR2, TLR3, and TLR4 (Riccioli et
al., 2006; Shang et al., 2011; Wu et al., 2008). Our study
revealed that TLR4 was located in the mGSCs. LPS induced
the production of IL-6, IL-1B, and TNFa through activation of
NF-kB. These germ cells also produced IFN-a and IFN-B,
possibly through IRF3 activation, which should be examined in
future research. Dmrt1 is distributed in Sertoli and
spermatogenic cells, and its expression decreases with the
differentiation of mGSCs (Li et al., 2014; Wei et al., 2018;

Zhang et al., 2016). However, we observed the expression of
TLR2, instead of TLR4, in spermatocytes, which may be
involved in other regulatory pathways that are not vyet
understood. To explore whether Dmrt1 regulates TLR4 and
NF-kB directly, we conducted a dual-luciferase assay and
revealed that Dmrt1 was bound to the promoters of TLR4 and
NF-kB. However, Dmrt1 binding motif identification, chromatin
immunoprecipitation, and chromatin immunoprecipitation
sequencing should be performed to verify our findings.

Dmrt1 plays a variety of roles in Sertoli and germ cells, e.g.,
male maintenance, germ cell maturation, apoptosis regulation,
and male determination (Clough et al., 2014; Herpin & Schartl,
2011; Janes et al., 2014; Koopman, 2009; Kopp, 2012; Major
& Smith, 2016; Raymond et al., 2000; She & Yang, 2014; Shi
et al.,, 2018). The decrease in Dmrt1 in testes may lead to
significant changes in Sertoli cell function or sex reversal. The
increase in testicular inflammatory response may also be due
to the degeneration of Sertoli cells, which may explain how the
absence of Dmrt1 promotes inflammation. However, this
subject needs further exploration.

Our previous research demonstrated that Dmrt1 induces a
self-repair ability in busulfan-treated testes, in which germ
cells are damaged by DNA alkylation (Wei et al., 2018). Here,
the recruitment of Plzf by Dmrt1 also contributed to the
replenishment of mGSCs. Furthermore, Dmrt1-knockdown
resulted in the substantial production of inflammatory
cytokines in vitro and in vivo, while overexpression of Dmrt1
replenished male germ cells in the LPS treatment group. In
the current study, we tested the hypothesis that Dmrt1 is
essential for reducing inflammation in goat germ cells, thereby
establishing the stability of spermatogenesis and the testicular
microenvironment. For the first time, the effects of Dmrt1 in
protecting against the immune response in mammalian
mGSCs were investigated (Figure 7).
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