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Background: The dysregulation of microRNAs (miRNAs) has been linked with male
infertility. miR-509-5p is highly expressed in testis and exerts suppressive effects on multiple
types of human cancers.

Objectives: Yet, whether miR-509-5p is connected with male infertility and plays a role in
testicular germ cell tumor (TGCT) have not been explored.

Materials and methods: This study detected miR-509-5p expression in germ cells from
MA patients, and further characterize its functional roles in the proliferation and apoptosis of
TGCT cells in vitro.

Results: We report that miR-509-5p is downregulated in germ cells from infertile men with
maturation arrest (MA), which implies an inverse association between miR-509-5p level and
male infertility. In addition, miR-509-5p suppresses proliferation and induces apoptosis of TGCT
cells in vitro, suggesting that it exhibits tumor-suppressive effects on TGCT. Mechanistically,
miR-509-5p targets the mouse double minute 2 (MDM2), an oncogenic factor in TGCT, and
moreover, restored expression of MDM2 rescues miR-509-5p suppressive effects on TGCT
cells, demonstrating that miR-509-5p suppresses TGCT cells through targeting MDM?2.
Conclusion: Collectively, these results implicate that miR-509-5p may participate in the
pathogenesis of male infertility and TGCT through regulating proliferation and apoptosis,
two critical cellular activities for spermatogenesis and TGCT tumorigenesis.

Keywords: male infertility, testicular germ cell tumor, miR-509-5p, proliferation, apoptosis,
MDM2

Introduction

Infertility is a common reproductive problem, and it has been estimated that 60—80
million couples are currently suffering from it, accounting for 10-15% couples
worldwide." Among them, approximately 50% of cases are caused by male factors,
with most of which diagnosed to be idiopathic, although the underlying etiological
mechanisms of male infertility disorder are still far from clear.” The nonobstructive
azoospermia (NOA) is characterized by the absence of sperm resulting from abnormal
progression of spermatogenesis, and represents 10-20% of male infertility and remains
the most challenging infertility to treat.> Particularly, maturation arrest (MA) is a
common histopathological subtype of NOA and leads to severe male infertility and
limited pregnancy rate.* Until now, the comprehensive investigations on MA are still
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scarce and the causative factors leading to it are very obscure.
To improve the clinical outcome of MA, its physiopathology
needs to be elucidated at a molecular level for pursuing the
therapeutic targets.

Spermatogenesis is an elaborated multistep programme
dictating the differentiation of spermatogonial stem cells into
spermatozoa throughout the reproductive period of adult
males.” Spermatogenesis consists of stages of mitotic prolifer-
ating spermatogonia, meiotic spermatocytes, and haploid-dif-
ferentiated spermatids, and a dynamic balance between cell
proliferation and apoptosis is required for maintaining the
number of spermatozoa.® Accordingly, abnormally increased
apoptosis of spermatozoa and decreased mitotic activity of
spermatogonia have been linked with male infertility.”® The
dysregulated apoptosis and proliferation also contribute to the
pathogenesis of testicular germ cell tumor (TGCT), which
represent the leading malignancies in 15- to —35-year-old
males.'*!"!

In addition, spermatogenesis process is orchestrated by
a complicated network of transcriptional and post-tran-
scriptional regulation.'? In recent years, the microRNAs
(miRNAs)-regulated gene expression has emerged to
be important factor for spermatogenesis and male

infertility.'>'*

miRNAs are a class of small non-coding
RNAs regulating the targeted mRNA molecules through
binding with the region (3'-UTR)

sequence.’” The abnormal expression of some miRNAs

3'-untranslated

is present in male infertility, which holds the potential to
serve as molecular biomarkers for disease diagnosis, such
as miR-34c¢c-5p, miR-122, miR-I9b, and let-7a.'® In fact,
miRNAs control every step of spermatogenesis.'® For
instance, the depletion of male germ cell-specific Dicerl,
an enzyme producing miRNAs,'” causes infertility as a
result of meiotic and spermiogenic defects.'® Although a
few specific miRNAs, such as miR-383'? and miR-320a,?
have been associated with male infertility, our understand-
ing of the role of miRNAs in male infertility is still very
limited.

Previous studies have shown that miR-509-5p exerts
tumor-suppressive effects on various cancers, including renal
cell carcinoma,?' pancreatic cancer cells,” and breast cancer.>
Besides, miR-509-5p displays high expression level in testis.**
Whereas whether miR-509-5p has a possible connection with
male infertility and plays a role in TGCT remain unclear. This
study aimed to detect miR-509-5p expression in germ cells
from MA patients, and further characterize its functional roles

in the proliferation and apoptosis of TGCT cells in vitro.

Materials And Methods

Testicular Tissues

Testicular tissues were collected from infertile male patients
with maturation arrest (MA) (aged 22-38 years, n = 12) and
normal individuals (aged 23-35, n = 8) who underwent orch-
iectomy for prostate carcinoma at the Linyi Central Hospital.
The diagnosis for MA was based on a standard pathological
criteria, in which spermatogenic defects were confirmed by
sertoli-cell-only syndrome and spermatogenic arrest appearing
in spermatogonia or primary spermatocytes. On the other hand,
histological examination confirmed the normal spermatogen-
esis in control individuals, who had no medical history of
infertility. The patient consent was written informed consent,
and it was conducted in accordance with the Declaration of
Helsinki. This study was approved by the Institutional Review
Boards of Linyi Central Hospital.

Cell Culture And Transfection

Cell lines of NT2, NCCIT, and HEK293T were obtained
from the American type culture collection (ATCC). The
morphology was periodically confirmed and the short tan-
dem repeat (STR) profiling method was used to authenticate
cell lines. NT2 and HEK293T cell lines were cultured in
DMEM medium and NCCIT cell line was cultured in
RPMI1640 medium added with 10% fetal bovine serum
and 100 U/mL penicillin/streptomycin (Life Technologies)
at 37°C with an atmosphere of 5% CO,. Cells passaged for
3—7 times were used for experiments. The transfection of
control mimic, miR-509-5p mimic, control inhibitor or
miR-509-5p inhibitor (Genepharma, Shanghai, China),
pcDNA3.1 vector (Invitrogen) or pcDNA3.1-MDM2 was
conducted using Lipofectamine 2000 Reagent (Invitrogen)
following the manufacturer’s protocols. The transfection
efficiency was confirmed by measuring mRNA level or
protein level of targets following 2 days of transfection.

Quantitative Real-Time PCR Analysis

RNAs were isolated from the testicular tissues and TGCT cells
with TRIzol reagent (Invitrogen) and purified RNAs were
cDNAs by
PrimeScript RT reagent kit (TaKaRa). Quantitative real-time
PCR (gRT-PCR) was carried out with StepOne real-time PCR
system (Applied Biosystems) and SYBR Premix Ex Taq II Kit
(Takara). B-actin served to be an internal control. For the

synthesized into complimentary using

analysis of miR-509-5p, small RNAs were isolated by
mirPremier miRNA isolation kit (Sigma-Aldrich). miR-509-
5p expression was measured by TagMan miRNA assays
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(Applied Biosystems). U6 snRNA served to be a normaliza-
tion. The sequences of gene-specific primer pairs are available

when request.

Western Blotting Analysis

Protein samples were isolated from the testicular tissues and
TGCT cells using RIPA buffer (Beyotime, PO013B) contain-
ing the protease inhibitor cocktail (Roche). Then, protein
samples were resoluted by SDS-PAGE, and transferred to
nitrocellulose =~ membranes  (Amersham  Biosciences).
Membranes were sequentially probed with primary and sec-
ondary antibodies. Blots were visualized by Enhanced
Chemiluminescence System (Amersham Biosciences), and
quantified using the ImageJ software. Antibody sources are
listed as below: cleaved caspase 3 (1:1000, Cell Signaling
Technology, 9661), MDM2 (1:500, Abcam, ab16895), -
actin (1:2000, Proteintech, 66009-1-Ig), goat anti-rabbit IgG
(1:5000, Novus, NB730-H) and goat anti-mouse IgG (1:5000,

Novus, NBP2-30347H).

Cell Proliferation And Apoptosis

Cell proliferation of TGCT cells was determined by Cell
Counting Kit-8 kit (Beyotime, C0038). Each condition was
allocated five parallel wells. The absorbance at 450 nm was
recorded by Epoch 2 Microplate Spectrophotometer
(Biotek Instruments). Apoptosis was determined using
Annexin V-FITC Apoptosis Detection Kit (BioLegend,
640914) and following flow cytometry analysis with
FACScalibur flow cytometer (BD Biosciences). Apoptotic
cells were defined as Annexin V positive cells. Data were
analyzed by FlowJo (Tree Star).

Luciferase Reporter Assay

HEK?293T cells were cotransfected 100 nM control mimic or
100 nM miR-509-5p mimic, or 100 nM control inhibitor or
miR-509-5p inhibitor with 2 pg dual luciferase reporter
pGL3-basic plasmids (Promega) containing either wild-type
or mutant MDM2 3'-UTR of MDM?2 using Lipofectamine
2000. The mutation of binding sites was introduced using the
Quikchange site-directed mutagenesis kit (Stratagene, La
Jolla, CA, USA) following the manufacturer’s instructions.
The simultaneous transfection of 20 ng Renilla vector was
used as a transfection control. At 36 h after transfection,
luciferase activity was assessed by Dual Luciferase
Reporter Assay System (Promega). The Renilla luciferase
activity served as a normalization.

Statistical Analysis

Data are shown as the mean + SD. The differences between
two sets of data were assessed by one-way ANOVA test,
while the correlation was evaluated using Pearson’s correla-
tion analysis. Comparisons were considered to be statistically
significant if P values are less than 0.05.

Results

miR-509-5p Is Downregulated And
Negatively Associated With Proliferation
In Germ Cells From Infertile Men With

Maturation Arrest

To test whether miR-509-5p is associated with male infertility,
we first measured its expression level in testicular biopsy
specimens collected from normal controls (NC, n = 8) and
men with maturation arrest (MA, n = 12). qRT-PCR analysis
showed that compared with NC specimens, miR-509-5p
expression was markedly decreased in MA patients
(Figure 1A, P = 0.0183). It has been demonstrated that the
expression of the proliferating cell nuclear antigen (PCNA), an
indicator of proliferating activity in testes, was elevated
of MA patients than
spermatogenesis,” and that PCNA expression was also upre-

in tubules those with focal
gulated in germ cells from MA patients compared with normal
controls."” Consistently, we also noticed that PCNA expres-
sion significantly increased in testicular biopsy specimens
from MA patients relative to NC, as shown by qRT-PCR
analysis (Figure 1B, P = 0.0256). To check whether miR-
509-5p has a correlation with germ cell proliferation, the
expression levels of miR-509-5p and PCNA in NC and MA
groups were pooled together, and analyzed by the Pearson’s
correlation analysis. As a result, a strong reverse correlation
was observed between miR-509-5p and PCNA levels in testi-
cular samples (Figure 1C, r = —0.7139, P = 0.0004).
Altogether, these observations reveal a downregulated miR-
509-5p expression in testicular samples from MA patients,
which is accompanied by increased proliferating activity.

miR-509-5p Retards Proliferation And
Induces Apoptosis Of Testicular Germ
Cell Tumor Cells

Until now, the function of miR-509-5p has been largely con-
nected with numerous suppressive effects on malignant prop-
erties of human cancers, including proliferation, apoptosis,
migration, and invasion.?"***® To provide a useful clue on
how miR-509-5p may participate in regulating germ cell
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Figure | miR-509-5p is decreased and reversely correlated with PCNA expression in germ cells from infertile men with maturation arrest. (A-B) miR-509-5p level (A) and
PCNA level (B) in the testes of normal controls (NC, n = 8) and infertile men with maturation arrest (MA, n = 12) were determined by qRT-PCR analysis. U6 snRNA and §-
actin were used as internal controls, respectively. Each symbol represents the mean value from 3 replicates. P values are shown above. (C) The correlation of miR-509-5p
level and PCNA level shown as in (A-B) was analyzed by the Pearson’s correlation analysis. r = —0.7139; P = 0.0004; n = 20.

proliferation and other processes, we next evaluated its func-

tional roles using two cell lines of testicular germ cell tumor
(TGCT), NT-2 and NCCIT, cultured in vitro. To our knowl-
edge, whether miR-509-5p affects the proliferation and apop-
tosis of TGCT cells has not been characterized. Through
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transfecting the synthetic miR-509-5p mimic into NT-2 and
NCCIT cells (Figure 2A), we found that miR-509-5p over-
expression led to a remarkable suppression in cell proliferation

rate, as determined by cell proliferation assay CCK-8

(Figure 2B). Moreover, the analysis of annexin V/PI double
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Figure 2 miR-509-5p inhibits proliferation and induces apoptosis of testicular germ cell tumor cells. (A-C) TGCT cell lines NT2 and NCCIT were transfected with negative
control mimic (NC mimic) or 100 nM miR-509-5p mimic. After 3 days, cells were harvested for following analyses. (A) miR-509-5p level was determined by qRT-PCR
analysis (n = 3). U6 snRNA level was used as an internal control. (B) Cell proliferation was assessed using CCK-8 assay (n = 5). (C) Cell apoptosis was analyzed by FACS (n =
5). (D) NT2 and NCCIT were transfected with NC mimic, 50 mM or 100 nM miR-509-5p mimic. After 3 days, the cleaved caspases 3 was detected by Western blotting. (E-
H) NT2 and NCCIT were transfected with negative control inhibitor (NC inhibitor) or miR-509-5p inhibitor. After 3 days, the miR-509-5p level (E), cell proliferation (F),
and cell apoptosis (G-H) were analyzed as in (A-D). Data are mean + SD. **P < 0.01.
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staining showed that miR-509-5p overexpression also induced
apoptosis in both NT-2 and NCCIT cells (Figure 2C). This
finding was further strengthened by increased level of cleaved
caspase-3 in miR-509-5p-overexpressing cells (Figure 2D). To
confirm these effects of miR-509-5p, we inhibited miR-509-
5p via transfecting the antisense oligonucleotides (Figure 2E).
In concert with results obtained by miR-509-5p overexpres-
sion, its inhibition markedly resulted in increased cell prolif-
eration (Figure 2F) and decreased apoptosis (Figure 2G-H) in
NT-2 and NCCIT cells. Hence, these findings indicate that
miR-509-5p functions to suppress cell proliferation and induce
apoptosis in TGCT cells, at least in vitro. Further, given its
downregulation and the reverse correlation with proliferating
activity in testicular samples from MA patients, we suppose
that miR-509-5p may be functionally involved in male inferti-
lity pathogenesis through regulating germ cell proliferation
and apoptosis.

MDM2 [s Targeted By miR-509-5p

To understand how miR-509-5p elicits tumor-suppressive
effects on TGCT cells, the tool of TargetScan algorithm was
applied to predict the binding targets.27 Among these potential
targets, we focused on the mouse double minute 2 (MDM2)
(Figure 3A, upper panel), a well-defined oncogene,”® since it
plays a critical role in modulating the proliferation and apop-
tosis of TGCT cells.”® We initially validated the direct target of
MDM2 by miR-509-5p using the luciferase reporter assay, as
shown by miR-509-5p-suppressed luciferase activity of repor-
ter construct containing the wild-type 3'-UTR MDM2, but not
the mutant one (Figure 3A, bottom panel). Consistently, miR-
509-5p overexpression reduced and its inhibition increased the
mRNA (Figure 3B and C) and protein (Figure 3D) levels of
MDM2 in NT-2 and NCCIT cells, therefore proving that miR-
509-5p targets and suppresses MDM2 expression in TGCT

cells. Furthermore, we wondered whether MDM?2 expression
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Figure 3 miR-509-5p targets MDM2. (A, upper panel) The putative binding sites for miR-509-5p in MDM2 3'-UTR was predicted by TargetScan algorithms. (A, bottom
panel) NC mimic or miR-509-5p mimic was cotransfected with luciferase reporter construct with either wild-type (wt-MDM2) or mutant MDM2 3’-UTR (mut-MDM2) into
HEK293 cells. The luciferase activity assayed at 36 h after transfection (n = 5). (B-D) NT2 and NCCIT were transfected with NC mimic or miR-509-5p mimic, or NC
inhibitor or miR-509-5p inhibitor. The mRNA level (B-C) and protein level (D) of MDM2 were determined by qRT-PCR analysis and Western blotting analysis, respectively.
(E-F) The mRNA level (E) and protein level (F) of MDM2 in the testes of normal controls (NC, n = 8) and infertile men with maturation arrest (MA, n = 12) were

determined. Data are mean % SD. **P < 0.01; NS, not significant.
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is also reversely correlated with miR-509-5p in testicular
samples from MA patients. Indeed, by analyzing the same
testicular samples, we discovered that just contrary to miR-
509-5p downregulation (Figure 1A), MDM?2 expression was
significantly elevated in testicular samples from MA patients
at both mRNA (Figure 3E) and protein levels (Figure 3F), as
compared with NC. These data point to a possibility that, in
vivo, miR-509-5p may also negatively regulate MDM?2
expression in the testes.

Enforced Expression Of MDM2 Rescues
miR-509-5p Effects On Testicular Germ

Cell Tumor Cells
Finally, to clarify whether MDM2 mediates miR-509-5p
effects on TGCT cells, we performed the enforced expression

A B

of MDM2 in NT-2 and NCCIT cells transfected with synthetic
miR-509-5p mimic so as to restore its suppressed expression
(Figure 4A and D). Importantly, in pace with the restored
MDM?2 expression, the miR-509-5p-suppressed proliferation
(Figure 4B) and -induced apoptosis (Figure 4C) in NT-2 cells
were considerably recovered. Additionally, similar results
could be obtained using NCCIT cells (Figure 4E and F).
Therefore, a conclusion could be drawn that MDM2 is a
critical downstream effector through which miR-509-5p
imposes anti-proliferative and pro-apoptosis effects on TGCT
cells. Besides, in consideration of the altered expression levels
of miR-509-5p and MDM?2 in testicular samples from MA
patients, the miR-509-5p/MDM?2 axis may also have func-
tional relevance to disease pathology, which is of interest and

clinical significance to be addressed by further investigations.
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Figure 4 MDM2 restoration rescues miR-509-5p effects on testicular germ cell tumor cells. (A-C) NT2 cells were transfected with NC mimic or 100 nM miR-509-5p mimic
in combination with pcDNA3.|-vector or pcDNA3.1-MDM2. (A) The protein level of MDM2 was determined by Western blotting analysis. (B) Cell proliferation was
determined by CCK-8 method (n = 5). (C) Cell apoptosis was assessed by FACS analysis (n = 5). (D-F) NCCIT cells were treated as in (A). The protein level of MDM2 (D),
cell proliferation (E), and cell apoptosis (F) were analyzed as in (A-C). Data are mean + SD. *P < 0.05; **P < 0.01.
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Discussion

We found that miR-509-5p was decreased and its level was
negatively associated with the proliferation activity in germ
cells from infertile men with MA. We also discovered that
miR-509-5p not only suppressed proliferation but also
induced apoptosis of TGCT cells in vitro, and further proved
that MDM2, as a downstream target of miR-509-5p, is vital
for mediating these roles of miR-509-5p. Thus, our study
may identify miR-509-5p as a novel candidate miRNA that is
associated with the pathogenesis of male infertility due to
MA, and also provide a mechanistic insight into the pre-
viously unrecognized tumor suppressive roles of miR-509-
5p in TGCT.

PCNA is essential for DNA duplication during cell
cycle progression, and it has been demonstrated to serve
as a useful molecular marker for evaluating germ cell
proliferation kinetics and the testes spermatogenic function
of male infertility.>*>? We found that PCNA expression
was significantly upregulated in testicular biopsy speci-
mens from MA patients, and meanwhile, miR-509-5p
expression was downregulated and negatively correlated
well with PCNA. Further, we demonstrated that miR-509-
Sp exhibited an anti-proliferative activity in TGCT cells.
According to these clues, we suppose it is very possible
that serving as a negative regulator of proliferation, miR-
509-5p downregulation may contribute to the hyperactive
germ cell proliferation which eventually causes spermato-
genic arrest and male infertility. However, the limitation is
that it remains unclear whether miR-509-5p affects meiotic
spermatocytes or haploid differentiated spermatids only
based on our available data. Further investigations on
revealing the cellular distribution of miR-509-5p in testi-
cular tissues would be helpful to fully address miR-509-5p
functions in different stages of spermatogenesis.

On the other hand, for clinical diagnosis of male infer-
tility, the diagnostic tools are limited and the frequently
used method is semen analysis which offers an almost
crude estimation.*® There is a need of additional diagnostic
biomarkers for evaluating male fertility. It has been pro-
posed that the altered expression levels of miRNAs in
male infertility may serve as potential good biomarkers
for diagnosis.'® The significant downregulation of miR-
509-5p in male infertility with MA implies that it may be
useful in assisting the diagnosis of this subtype of male
infertility. Whether miR-509-5p expression displays altera-
tion in other subtypes of male infertility is uncertain,
which needs to be clarified in the future.

We then show that miR-509-5p limits proliferation and
induces apoptosis of NT-2 and NCCIT cells through tar-
geting MDM2, therefore extending its tumor-suppressive
activities into TGCT. We found that MDM2 expression
was induced in testicular samples from MA patients,
which hints that MDM2 may play a role in its pathology.
The genetic variants in MDM2 have been found to be
associated with male infertility.** It is interesting to inves-
tigate the mechanistic connection of MDM2 to male infer-
tility. Typically, TGCT is derived from the germ cells of
testis.>> Besides, it is known that the male infertility is a
risk factor for the development of testicular cancer, includ-
ing TGCT.*® Our findings of miR-509-5p downregulation
and reverse correlation with germ cell proliferation in MA
patients combined with its tumor-suppressive activities in
TGCT cells may offer a new clue to understand the con-
nection between male infertility and TGCT.
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