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Currently, the molecular mechanisms underlining male infertility are still poorly understood.
Our previous study has demonstrated that PIWI-interacting RNAs (piRNAs) are
downregulated in seminal plasma of infertile patients and can serve as molecular
biomarkers for male infertility. However, the source and mechanism for the
dysregulation of piRNAs remain obscure. In this study, we found that exosomes are
present in high concentrations in human seminal plasma and confirmed that piRNAs are
predominantly present in the exosomal fraction of seminal plasma. Moreover, we showed
that piRNAs were significantly decreased in exosomes of asthenozoospermia patients
compared with normozoospermic men. By systematically screening piRNA profiles in
sperms of normozoospermic men and asthenozoospermia patients, we found that
pPiRNAs were parallelly reduced during infertility. At last, we investigated the expression
of some proteins that are essential for piRNAs biogenesis in sperms and therefore
identified a tight correlation between the levels of spermatozoa piRNA and MitoPLD
protein, suggesting that the loss-of-function of MitoPLD could cause a severe defect of
pPiIRNA accumulation in sperms. In summary, this study identified a parallel reduction of
piRNAs and MitoPLD protein in sperms of asthenozoospermia patients, which may
provide pathophysiological clues about sperm matility.

Keywords: infertility, piRNAs, exosome, sperm, MitoPLD

INTRODUCTION

Infertility is a prevalent health problem and affects nearly 15% of couples all over the world (1, 2).
Male factors contribute to about 50% of childless couples. As a complex disease, male infertility is
caused by a series of multifactorial genetic and environment factors, but the underlying molecular
mechanisms have not yet been elucidated (3-5).

piRNAs are approximately 26-31 nucleotides in length and expressed mainly in pachytene
spermatocytes and round spermatids in the testis of mammals (6-9). They are named PIWI-
interacting RNAs because of their close relationship with the PIWI subfamily members. Two
pathways for piRNA biogenesis have been identified: namely, primary and secondary pathways
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(10-12). The primary pathway is thought to produce piRNAs
(primary piRNAs) from long single-strand piRNA precursors,
which are derived from genomic regions called piRNA clusters.
The pathway about primary piRNAs generation is not well
studied, but a mitochondrial protein, MitoPLD (also known as
Zucchini or PLD6), a member of the nuclease/phospholipase D
family, has been proposed to function as an endonuclease to
generate the 5 ends of piRNAs (13-15). In the secondary
pathway, piRNAs (secondary piRNAs) are produced by the
ping-pong amplification cycles from the 5 portions of RNA
fragments cleaved by PIWI-piRNA complexes. The piRNAs
from primary and secondary pathway guide each other’s
production in the ping-pong cycle to accelerate production of
piRNAs (12, 16, 17). Currently, the main proposed function of
piRNAs is to protect the germline and gonadal somatic cells and
to avoid transposable elements related harmful expression and
thus maintains the genomic integrity of germ cells. Increasing
evidence has also shown that piRNAs may be involved in post-
transcriptional regulation of protein-coding genes (18-20).
Because of the diverse and pivotal roles of piRNAs in the male
reproductive system, the dysregulation and dysfunction of
piRNA often cause male infertility.

Since piRNAs are specifically expressed in germ-cell and
essential for spermatogenesis, it is not surprising to find that
the levels of spermatozoa piRNAs are directly correlated to
semen quality and male fertility. We have previously shown
that the concentration of seminal plasma piRNAs were
significantly decreased in infertile patients compared with the
normozoospermic men. Several specific piRNAs in seminal
plasma were even identified as molecular biomarkers for male
infertility (3). However, the source of seminal plasma piRNAs
remains elusive, and the cause of massive reduction of piRNAs in
seminal plasma of infertile patients has not been definitively

identified. Extracellular RNA profile in human semen was
comprehensively characterized in a recent study and a great
number of small RNAs were found within seminal exosomes
(21). Thus, it is rational to speculate that piRNAs in seminal
plasma are mostly derived from the secretion of exosomes from
the male germ cells. In this study, we validated that a majority of
piRNAs were present within the exosomal fraction of seminal
plasma. Moreover, we showed the piRNAs’ types and levels were
significantly decreased in the sperms of asthenozoospermia
patients compared with those in normozoospermic men.
Finally, we identified a tight correlation between the levels of
spermatozoa piRNA and MitoPLD protein, suggesting that the
loss-of-function of MitoPLD could cause severe defects in the
piRNA accumulation in sperms.

MATERIALS AND METHODS

Semen Samples

Semen samples were provided from Nanjing Drum
Tower Hospital, and all protocols in this study were
approved by the Medical Ethics Committee of Hangzhou
medical college and Nanjing Drum Tower Hospital. Informed
consents were signed by both normozoospermic men
volunteers and asthenozoospermia patients before sample
collection for the further study. The study recruited 42
asthenozoospermia patients with infertility more than 2 years
and 41 normozoospermic men volunteers who conceived
naturally within 1-2 years. The demographic characteristics of
all tested persons were listed in Table 1. The volunteers in this
study did not receive any treatment, semen samples were analyzed
in the Reproductive Laboratory of Nanjing Drum Tower Hospital.

TABLE 1 | Demographic and clinical features of the Asthenospermia patients and normozoospermic men®,

Variables (sequencing set) Normozoospermic men (n=10) Asthenospermia patients (n=10) P-Value®
Average age,years 28.4 (2.41) 29.9 (8.57) 0.2789
Sexual abstinence time,days 4.1 (0.74) 3.9 (0.88) 0.5554
Semen parameters

pH 7.53 (0.28) 7.44 (0.16) 0.2869

Total volume,mL 4.62 (6.71) 4.22 (0.77) 0.2003
Sperm parameters

Sperm density,x10%/mL 47.84 (14.23) 43.37 (10.34) 0.4916

Sperm viability, % 70.39 (4.94) 12.75 (7.03) 3.18x107°
Progressive motility (PR)® 51.9 (7.09) 5.99 (4.46) 6.36x10°®
Variables (validation set) (n=31) (n=32)
Average age,years 31.29 (5.72) 29.44 (4.84) 0.1711
Sexual abstinence time,days 4.03 (0.66) 3.88 (0.66) 0.3472
Semen parameters

pH 7.34 (0.19) 7.44 (0.19) 0.0655

Total volume,mL 4.68 (1.02) 4.16 (1.70) 0.1038
Sperm parameters

Sperm density,x10%/mL 49.13 (8.86) 4411 (8.85) 0.0916

Sperm viability, % 67.98 (8.3) 15.46 (6.94) 7.14x107%

Progressive motility (PR)® 50.2 (8.21) 10.88 (5.34) 3.34x1028

AData are presented as mean (SD).
bNormozoospermic men vs Asthenozoospermia patients.
Ca,rapid progressive motility.
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Sample Preparation

Semen samples obtained through by masturbation after 3-5 days
of abstinence and then were transferred into a 15 mL centrifuge
tube (Corning) and liquefied for 30 min at 37°C. Sperm
concentration and viability were assessed by Sperm analysis
system (SAS medical). Routine semen analysis was based on
the World Health Organization (WHO) criteria (22). The
sperms isolated from semen samples by centrifuging at 3000
rpm for 5 min at room temperature were resuspended in PBS
and stored at -80°C for further protein analysis.

Isolation of Exosomes From

Seminal Plasma

Differential centrifugation was employed to isolate exosomes
from seminal plasma that was obtained by centrifuging semen
samples (850 g, 5min at room temperature). In brief, cell debris
was removed by spinning at low speed (3,000 g, for 30 min) at the
first step. Then, the shedding vesicles and the other larger vesicles
were removed by centrifugation at 10,000 g for 30 min. Finally,
the exosome pellets were collected by centrifugation at 110,000 g
for 70 min, and then re-suspended in PBS buffer, and the
supernatant was kept as exosome-free seminal plasma. All
procedures steps carried out at 4°C.

Transmission Electron Microscopy

Assay (TEM)

The morphology of exosome was imaged by TEM. Briefly, the
exosome pellet was fixed in 2.5% glutaraldehyde overnight at
4°C, and then was rinsed with PBS and post-fixed with 1%
osmium tetroxide for 1 h at room temperature. Then the
exosome pellet was embedded in 10% gelatin and fixed with
glutaraldehyde at 4°C and carved into blocks. Subsequently, the
exosome pellet was dehydrated by incubation for 10 min with
graded alcohol series (30%, 50%, 70%, 90%, 95%, and 100%, 3
times), then the samples were incubated with propylene oxide,
and infiltrated with increasing concentrations of Quetol-812
epoxy resin mixed with propylene oxide (25%, 50%, 75%, and
100%). At last, exosome samples embedded in pure, fresh
Quetol-812 epoxy resin and polymerized increasing
temperature for 12-24 h (35°C for 12 h, 45°C for 12 h, and
60°C for 24 h), were cut into ultrathin sections using Leica UC6
ultramicrotome, and stained with uranyl acetate (10 min) and
lead citrate (5 min) at room temperature. The samples were
imaged with TEM (FEI Tecnai T20) at a voltage of 120 kV.

lllumina High-Throughput Sequencing

Total RNA from pooled sperm samples of normozoospermic men
and asthenozoospermia patients (each pooled from 10
individuals) was prepared using TRIzol Reagent (Takara, Dalian,
China). About 1~2 ug of quantified total RNA was performed
high-throughput sequencing on Illumina NextSeq500 system
according to the manufacturer’s instructions. The sequences
corresponding to known piRNAs after data analysis were
determined by perfect sequence matching to the piRNA
database piRNABank (http://pirnabank.ibab.ac.in/). All data
have been uploaded to the GEO database (Accession
number: GSE172486).

RNA Isolation and qRT-PCR Assays

TRIzol Reagent (TaKaRa, Dalian, China) was used to isolate total
RNA from sperm, exosome and exosome-free seminal plasma.
Briefly, sperms derived from 1 ml of semen, exosome from 100 p
of seminal plasma and 100 pl of exosome-free seminal plasma
were mixed with 1 ml TRIzol, after being vortexed vigorously for
10 s, the mixture was incubated with 200 pl of chloroform for
10 min on ice, The RNA containing phase was then transferred
to a fresh RNase-free tube after centrifugation at 16,000 g for
20 min at 4°C, Then the supernatant was incubated with equal
volume of isopropanol at -20°C for 1.5 h to precipitate RNA. The
isolated RNA was collected by centrifugation (16,000 g, 4°C,
20 min), was then washed rinsed once with 75% ethanol and
dried for 20 min at room temperature. Finally, the RNA was
dissolved in 20 pl RNase-free H,O and stored at -80°C for
further analysis.

Total RNA (2 ul) was reverse transcribed to cDNA using AMV
reverse transcriptase based on the manufacturer’s instruction.
Then, 1 ul of cDNA was used for subsequent qRT-PCR analysis
on a Roche LightCycler 480 PCR system. Tagman piRNA probes
(GenePharma, Shanghai, China) was used to measure the piRNA
level in this study. All reactions were performed in triplicate.
RNU6-6P was used as an internal control.

Protein Extraction and Western Blotting
Sperms were lysed in RIPA lysis buffer with freshly added PMSF
for 30 min on ice, and sonication (Sonics&materials Inc.VCX
130 PB) was used to facilitate sperm cell disruption, Insoluble
debris were removed by centrifugation at 16,000 g, 4°C for
10 min. The protein concentration was quantified using a BCA
proteinassay kit (Thermo Scientific, Rockford, IL, USA). The
expression of indicated proteins were detected using their
specific antibodies, including anti-MitoPLD antibody
(ab170183) and anti-PIWIL1 (ab12337) purchased from
Abcam (Cambridge, MA, USA), B-actin antibody (sc-69879)
was served as the reference, which purchased from Santa Cruz
(Dallas, TX, USA). Western blot image acquisition was
performed using the Bio-Rad ChemiDoc imaging system, and
Image ] was used for densitometric analysis.

Statistical Analysis

All images are representative of at least three different
experiments. The data shown are the mean + SE of at least
three independent experiments. Student’s t-test was used for
statistical analysis and p value < 0.05 (indicated by *), < 0.01
(indicated by **) or < 0.001 (indicated by ***) were considered
statistically significant.

RESULTS

Characterization of Exosomes From
Seminal Plasma

We purified exosomes from seminal plasma of normozoospermic
men and asthenozoospermia patients by ultracentrifugation and
examined the particle size and morphology by transmission
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electron microscopy. Under electron microscopy, the
exosomes isolated from both normozoospermic men and
asthenozoospermia patients appeared as lipid bilayer-bound
single and small clumps of particles of 30-150 nm in diameter,
consistent with the expected size range of exosomes (Figure 1A).
The exosomes isolated from normozoospermic men and
asthenozoospermia patients were further identified by the
presence of equal amounts of universal exosomal markers
(CD63 and TSG101) based on immunoblotting (Figure 1B).
Moreover, the particle size and concentration of exosomes were
determined by nanoparticle tracking analysis. Exosomes from
normozoospermic men had an average diameter of 123 nm,
most exosomes (> 85%) range from 80 to 150 nm, and the
concentration of exosomes was 2.89x10° particles/mL
(Figure 1C). For exosomes from asthenozoospermia patients,
the mean diameter was 121 nm, and the concentration was
3.0x10° particles/mL (Figure 1D). The results confirmed that
exosomes were present in high concentrations in human seminal
plasma, but the size range and concentration of exosomes were not

differentially present between normozoospermic men and
asthenozoospermia patients.

Differentially Expressed piRNAs in Seminal
Plasma Exosomes

A previous study has identified a great amount of small RNA in
the exosomal fraction of seminal plasma (21). In this study, we
determined to compared the ratio of piRNA levels in exosomes
to that in exosome-free seminal plasma. We selected piR-1207,
PiR-2107, piR-5937 and piR-5939 as the representative piRNAs
and measured their levels in exosomes and exosome-free seminal
plasma by quantitative RT-PCR assay because our previous study
have identified these piRNAs as the significantly downregulated
piRNAs in seminal plasma of asthenozoospermia patients
compared with normozoospermic men (3). piR-1207, piR-2107,
piR-5937 and piR-5939 were mainly stored in exosomes
(Figure 2A), suggesting that the majority of piRNAs were
present in exosomal fraction of seminal plasma. Meanwhile, we
also compared the levels of these piRNAs in exosomes between
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FIGURE 1 | Particles isolated from seminal plasma exhibit the characteristic features of exosomes. (A) Representative transmission electron micrographs of
exosomes. (B) Western blots on exosomes using antibodies against the common exosomal markers CD63 and TSG101. (C, D) Representative particle size
distribution profiles from seminal plasma of normozoospermic men and asthenozoospermia patients.
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FIGURE 2 | Exosomes contain piRNAs and differential presence of piRNAs
between asthenozoospermia patients and normozoospermic men.

(A) Quantitative RT-PCR analysis of piR-1207, piR-2107, piR-5937 and piR-
5939 in exosomes and exosome-free seminal plasma. (B) Quantitative RT-
PCR analysis of piR-1207, piR-2107, piR-5937 and piR-5939 in exosomes
from asthenozoospermia patients and normozoospermic men. *p < 0.05;
*p < 0.01; **p < 0.001

normozoospermic men and asthenozoospermia patients. The
result proved that piR-1207, piR-2107, piR-5937 and piR-5939
were significantly reduced in exosomes from asthenozoospermia
patients compare with the normozoospermic men (Figure 2B).
These results indicated that the reduction of piRNAs in
exosomes contributed to the reduction of piRNAs in seminal
plasma of asthenozoospermia patients.

Profiling Sperm piRNAs by
High-Throughput Sequencing

Although piRNAs were significantly reduced in exosomes of
asthenozoospermia patients, the source and mechanism for the
dysregulation of piRNAs remain obscure. piRNAs are expressed
abundantly in pachytene spermatocytes and round spermatids
(23). Given that exosomes are likely secreted from multiple
cellular sources in the male genital tract, we speculate that
piRNAs may be actively secreted from spermatocytes during the
spermatogenesis process. However, it is very difficult to get
spermatocytes from asthenozoospermia patients. Alternatively,
we systematically characterized the piRNA profiles in mature
sperms. Total RNA was extracted from pooled sperm samples of

normozoospermic men and asthenozoospermia patients (each
pooled from 10 individuals), and was qualified by agarose gel
electrophoresis and quantified using Nanodrop. Subsequently,
commercial kit was used for piRNA-seq library preparation,
which includes 3’-adapter and 5’-adapter ligation, cDNA
synthesis and library PCR amplification. The prepared
piRNA-seq libraries were finally quantified using Agilent
BioAnalyzer 2100, then sequenced by using Illumina NextSeq
500. After removing 5’and 3’ adaptor sequences and aligned to
the piRBase, a total of 8,245,354 and 4,220,714 reads of piRNAs
were obtained in the sperm of normozoospermic men group
and asthenozoospermia patient group, respectively (Figure 3A).
Moreover, the types of piRNAs were decreased from sperm of
normozoospermic men group (17657) to asthenozoospermia
patient group (15742) (Figure 3B). Analysis of the length
distribution revealed that sperm of normozoospermic men
group and asthenozoospermia patient group contained a
number of small RNAs with size that was consistent with
common the size of piRNAs (25-32 nucleotides) (Figures 3C,
D). Next, we narrowed the list of piRNAs. Firstly, we narrowed
down and selected 33 known highly expressed piRNAs under
the condition of sequencing reads are larger than 20000 in the
group of normozoospermic men, Heatmap analysis was
performed based on these criteria, the result showed that 17
piRNAs have at least 2-fold higher reads in normozoospermic
men group than in the asthenozoospermia patient group
(Figure 3E, Supplementary Table 1). Subsequently, we
compared asthenozoospermia patient group with the
normozoospermic men group by scatter plots with the
following parameters: sequencing reads are larger than
1000 in the group of normozoospermic men. The result was
shown in Figure 3F and Supplementary Table 2, indicating a
remarkable different expression level of piRNAs between
asthenozoospermia patient group and normozoospermic men
group. Generally, the comparison among the sperm piRNA
profiles revealed a considerable reduction of sperm piRNAs in
asthenozoospermia patients relative to normozoospermic men
(from 8,245,354 to 4,220,714 reads and from 17,657 to 15,742
types of piRNAs).

Individual Quantification of Sperm piRNAs
by Quantitative RT-PCR

Next, a TagMan probe-based quantitative RT-PCR assay was
performed to measure the presence of piRNAs in individual
samples. The representative piR-1207 and piR-2107 were assessed
in sperm samples of 20 normozoospermic men and 20
asthenozoospermia patients. Consistent with the results from
deep sequencing, piR-1207 and piR-2107 levels were markedly
downregulated in sperm of asthenozoospermia patients
(Figures 4A, B). We further performed receiver-operating
characteristic (ROC) curve analysis to assess the usefulness of
piR-1207 and piR-2107 in discriminating asthenozoospermia
patients from normozoospermic men. ROC curve analysis for
PiR-1207 revealed an AUC of 0.845 and an optimal cut-off value
of 1717.93 with a corresponding sensitivity of 70.0% and
specificity of 95.2% (Figure 4C), and for piR-2107 revealed an

Frontiers in Endocrinology | www.frontiersin.org

July 2021 | Volume 12 | Article 696121


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Hong et al.

piRNAs and MitoPLD Are Reduced

w

20000

17500

15000

piRNAreads
piRNAtypes

12500

10000

Normozoospermic Asthenozoospermia Longeads
patients

men

piR-hsa-28131
piR-hsa-1207
piR-hsa-23317
piR-hsa-27493
piR-hsa-2107
piR-hsa-25783
piR-hsa-5938
piR-hsa-5937
piR-hsa-24672
piR-hsa-25782
piR-hsa-2106
piR-hsa-25781
piR-hsa-28190
piR-hsa-18709
piR-hsa-25780
piR-hsa-18
piR-hsa-17
piR-hsa-12790
piR-hsa-23
piR-hsa-18725
piR-hsa-18726
piR-hsa-28793
piR-hsa-22
piR-hsa-18727
piR-hsa-18724
piR-hsa-1177
piR-hsa-12789
piR-hsa-23533
piR-hsa-32212
piR-hsa-1362
piR-hsa-7257
piR-hsa-426
piR-hsa-182

AUC of 0.93 and an optimal cut-off value of 7476.52 with a
corresponding sensitivity of 85% and specificity of 90%
(Figure 4D). These results showed that piR-1207 and piR-2107
could serve as valuable indicators for distinguishing
asthenozoospermia patients from normozoospermic men.

Expression Level of MitoPLD Is Decreased
in Asthenozoospermia Patient Sperms

Since the biogenesis and function of piRNA is tightly associated
with that of the PIWI protein subfamily, and MitoPLD is essential
for the creation of the 5 ends of primary piRNAs, the marked
reduction of mature piRNAs in sperm of asthenozoospermia
patients suggested the dysfunction or loss of expression of these
essential enzymes in sperms. Therefore, we measured the expression
level of MitoPLD and PIWILI in the sperms of normozoospermic
men and asthenozoospermia patients. The results revealed that the
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FIGURE 3 | The analysis of high-throughput sequencing of piRNAs in sperms from asthenozoospermia patients and normozoospermic men. (A, B) Total
sequencing reads (A) and types (B) of piRNAs were decreased in sperms of asthenozoospermia patients compared with those in normozoospermic men.

(C, D) The distribution of small RNAs of various lengths (25-32 bp) measured by high-throughput sequencing in sperms. (E, F) The heatmap (E) and scatter plots
(F) analysis of sequencing reads of piRNAs between asthenozoospermia patients and normozoospermic men.

expression of MitoPLD protein was significantly reduced in
asthenozoospermia patient sperms (Figures 5A-C). In contrast,
the alteration of PIWILI in asthenozoospermia patient sperms was
irregular, PIWILI expression level were increased in the sperms of
some asthenozoospermia patients (6 out of 11 patients), but were
significantly decreased in 5 patients (Figures 5D-F).

DISCUSSION

Although piRNAs have been found to have obvious expression in
germ cells across various animal species, specifically in male
germ cells of mammals, researches related to their detailed
function and mechanism remain obscure. Up to now, what
is becoming clear is that piRNAs are participate in
posttranscriptional regulation of protein-coding genes as well
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FIGURE 4 | Differential presence of piRNAs from sperms between asthenozoospermia patients and normozoospermic men and ROC curve analysis. (A, B) The relative
level of piR-1207 and piR-2107 were determined by quantitative RT-PCR in the sperms of asthenozoospermia patients (n=20) compared with those in the sperms of
normozoospermic men (n=20). (C, D) ROC curve for the piR-7207 (C) and piR-2107 (D) to separate asthenozoospermia patients from normozoospermic men.

as in the repression of retrotransposons and are indispensable for
male fertility, and a recent study showed that PIWI/piRNA
pathway genes repression by hypermethylation is probably
contributed to unsuccessful spermatogenesis (24). These results
suggest that the critical role and function of piRNAs during
spermatogenesis process has been well documented, whether
piRNAs in sperm may regulate sperm motility remain largely
unknown. Increasing studies have shown that miRNAs
expressed in mature sperm could regulate sperm motility (25,
26). In contrast to miRNAs, piRNAs were just discovered in
2006, and the biogenesis and functions remain largely
unexplored. However, piRNAs are known to be much more
abundant and germ cell-specific than miRNAs, suggesting that
piRNAs may potentially play a more fundamental role in
regulating the sperm motility. In this study, we found that
piRNAs were enriched in sperms and observed that a massive
amount of piRNAs were lost in sperms of asthenozoospermia
patients. Furthermore, ROC curve analysis revealed a strong
relationship between the low presence of sperm piRNAs and
asthenozoospermia patients, suggesting that sperm piRNAs may
be essential for sperm motility. The biological roles of these
piRNAs in sperm motility with male infertility, which may
provide some pathophysiological clues for the molecular
mechanisms of this disease, call for further investigations.

Based on their biogenesis models, they are typically classified
into two groups: the primary processing pathway and amplification
loop (secondary processing pathway). MitoPLD, a mitochondria-
anchored endonuclease belonging to the member of the
phospholipase D superfamily proteins, is conserved among
diverse species and is implicated in the primary processing
pathway of piRNAs. MitoPLD is previously known to be a
phospholipase that hydrolyzes cardiolipin to generate
phosphatidic acid and is involved in the regulation of
mitochondrial morphology (27, 28). MitoPLD is also implicated
in the formation of nuage (also known as inter-mitochondrial
cement or chromatoid body), which works as a pivotal
cytoplasmic structure comprising most piRNA-related proteins
(15, 27). Surprisingly, MitoPLD was found to be essential to
piRNA biogenesis. MitoPLD acts as an endonuclease and
conducts the first cleavage of piRNAs precursors to generate the
5 ends of secondary piRNAs, and then the cleaved piRNAs are
transferred to PIWI proteins to trigger the secondary piRNA
processing pathway (29, 30). Knockout of MitoPLD abolishes the
majority of piRNA in male germ cells and resulted in transposon
activation and arrest of spermatogenesis, characteristic phenotypes
of piRNA pathway mutants (12).In this study, we measured the
expression levels of MitoPLD in sperms of normozoospermic men
and asthenozoospermia patients and found that MitoPLD protein
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FIGURE 5 | The expression level of MitoPLD and PIWIL1 protein from sperms between asthenozoospermia patients and normozoospermic men. (A) Western
blotting analysis of the expression levels of MitoPLD in individual sperm samples between asthenozoospermia patients and normozoospermic men. (B) Western
blotting analysis of the expression levels of MitoPLD in pooled sperm samples between asthenozoospermia patients and normozoospermic men (each pooled from
10 individuals). (C) Quantitative analysis of panel (A, B). (D) Western blotting analysis of the expression levels of PIWIL1 in individual sperm samples between
asthenozoospermia patients and normozoospermic men. (E, F) Quantitative analysis of expression levels of PIWIL1 were decreased (E) or increased (F) in sperms of
asthenozoospermia patients. *“p < 0.01; **p < 0.001.

was significantly downregulated in sperms of asthenozoospermia
patients. Massive reduction of piRNAs in the sperms of
asthenozoospermia patients may be caused, at least in part, by the
parallel reduction of MitoPLD protein in sperms. Further studies
are required to investigate whether dysregulation or dysfunction of
MitoPLD is involved in the pathology of infertility.

Exosomes are nano-sized vesicles with a diameter ranging
between 30 and 150 nm. Released by multiple cell types,
exosomes are present in a variety of body fluids and can
transfer bioactive molecules (e.g., proteins, lipids and nucleic
acids) between neighboring and distant cells (31). Scientists
have reached a consensus that exosomes play a key role in
intercellular communication via the horizontal transfer of
miRNAs. However, the presence of piRNAs in exosomes has
only currently been noted. A recent study has shown that a
large number of small RNAs (including miRNAs and piRNAs)
were contained and protected within seminal exosomes (21). In
this study, we also identified a majority of piRNAs in the
seminal exosomes. In addition, we found that piRNAs in
seminal exosomes of asthenozoospermia patients were
significantly decreased compared with normozoospermic
men. However, it has not been established yet if the piRNA
in seminal exosomes can have regulatory functions in the
recipient cells and act as a new role in the intercellular
communication system. Future studies are needed to

characterize the functions of piRNAs in seminal exosomes
and to investigate the role of communicators of exosomal
piRNAs in the microenvironment of genital tract.

In conclusion, we systematically characterized the piRNA profiles
in sperms of normozoospermic men and asthenozoospermia patients
and found that the amounts of piRNAs were significantly decreased
in the sperms of asthenozoospermia patients. We also investigated the
mechanism for the dysregulation of piRNAs in sperms and revealed
that the parallel reduction of MitoPLD may be the cause and
consequence of male infertility.
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