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Small noncoding RNAs (ncRNAs) are a novel class of gene regulators that
modulate gene expression at transcriptional, post-transcriptional, and epigenetic
levels, and they play crucial roles in almost all cellular processes in eukaryotes.
Recent studies have indicated that several types of small noncoding RNAs,
including microRNAs (miRNAs), endo-small interference RNAs (endo-siRNAs),
and Piwi-interacting RNAs (piRNAs), are expressed in the male germline and are
required for spermatogenesis in animals. In this review, we summarize the recent
knowledge of these small noncoding RNAs in male germ cells and their biological
functions and mechanisms of action in animal spermatogenesis. © 2014 John Wiley &

Sons, Ltd.
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INTRODUCTION formation, nuclear condensation, and cytoplasmic

permatogenesis is one of the most complicated

developmental processes, as it requires cellu-
lar proliferation, differentiation, and morphologic
change, and it produces highly specialized haploid
spermatozoa from initially undifferentiated germ stem
cells. Mammalian spermatogenesis begins with the
self-renewal and differentiation of spermatogonial
stem cells (SSCs). In rodents, A, spermatogo-
nia are thought of as authentic SSCs from which
Apaired (A Aaligned (Aal)a type Al_A4, interme-
diate, and type B spermatogonia are derived.!™3
Type B spermatogonia differentiate to preleptotene
spermatocytes by mitosis, and spermatocytes then
undergo meiosis through the leptotene, zygotene,
pachytene, and diplotene stages to produce haploid
round spermatids. Round spermatids then undergo
a dramatic differentiation process called spermio-
genesis that includes acrosome formation, flagellum
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exclusion to differentiate into elongated spermatids
and eventually spermatozoa.* Spermiogenesis in ani-
mals is a complex biochemical and morphological pro-
cess consisting of at least 16 sequential transition steps
in mice.’

The discovery of microRNAs (miRNAs) by
Ambros and colleagues in 1993 revealed noncoding
RNAs (ncRNAs) as a novel class of gene regulators
in eukaryotes, which has shed new light on gene
regulation.® Increasing evidence has indicated that
ncRNAs, which control gene expression at transcrip-
tional, post-transcriptional, and epigenetic levels,
play critical roles in male germ cell development
(Figure 1). In this review, we summarize the cur-
rent understanding of the roles and mechanisms of
ncRNAs in spermatogenesis in animals.

miRNAs IN MALE GERM CELLS

miRNAs are derived from long primary transcripts
that are synthesized predominantly by RNA poly-
merase II. These primary transcripts range in length
from several hundreds to thousands of nucleotides
(nts) and are termed primary miRNAs.”® In animals,
primary miRNAs are initially processed into approx-
imately 70nt precursor miRNAs (pre-miRNAs) by
the RNase III member Drosha and its cofactor DiGe-
orge syndrome critical region 8 gene (DGCRS) in the
nucleus®13; the pre-miRNAs are then subsequently
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FIGURE 1| Function of small RNAs in mouse spermatogenesis. A schematic drawing of the expression and function of microRNAs, pre-pachytene

piRNAs, and pachytene piRNAs during mouse spermatogenesis.

transported into the cytoplasm via Exportin 5 and
Ran GTPase.'* The pre-miRNAs are then cleaved
by Dicer, another member of the RNase III fam-
ily, into 19-23 bp miRNA/miRNA* duplexes, which
consist of a mature miRNA and its complemen-
tary miRNA*. These duplexes are loaded onto AGO
subfamily members of the Argonaute protein fam-
ily to assemble an miRNA-induced silencing complex
(miRISC), where the mature miRNA strand is retained
and the other strand (passenger) is discarded during
miRISC assembly.!>™"7 The miRISC is guided to tar-
get mRNAs by imperfect base pairing between miR-
NAs and miRNA regulatory elements (MREs) in the 3’
untranslated region (3'UTR) of target mRNAs, which
leads to translational repression or/and decay of target
mRNAs. 1819

Recent findings have indicated a general neces-
sity for miRNAs in spermatogenesis, as genetic or
siRNA-mediated ablation of key factors required
for the biogenesis of miRNAs, including Dicer and
Drosha, blocks male germ cell development. For
instance, loss of Dicer in Sertoli cells severely impairs
their competence and leads to progressive testicular
degeneration, male infertility and a complete absence
of spermatozoa,?®?! thereby suggesting an essential
role of the Dicer-dependent miRNA/siRNA pathway
in mammalian male germ cell development. More-
over, a recent study reported that selective inacti-
vation of Drosha or Dicer in spermatogenic cells
depletes spermatocytes and spermatids in the testes
and leads to oligoteratozoospermia or azoospermia,
thereby indicating that either the Drosha-dependent
canonical miRNA pathway or the Dicer-dependent
miRNA/siRNA pathway is critically important for
male germ cell development.??

Importantly, several miRNAs have been shown
to be temporally regulated during male germ
cell development. Hayashi et al. showed that the
mir-17-92 and mir-290-295 clusters were highly
expressed in mouse primordial germ cells (PGCs) and

spermatogonia.”> They also found that the levels of
miR-141, miR-200a, miR-200¢, and miR-323 are
reduced with the progression of PGC development,
but the let-7 family miRNAs are upregulated,??
strongly suggesting that these miRNAs may play roles
in spermatogenesis in mammals. Moreover, recent
studies have pinpointed the roles of several miRNAs
in different steps of spermatogenesis in mammals.
First, a group of miRNAs has been shown to be
required for maintenance of the undifferentiated state
of SSCs. A recent study showed that miR-21, miR-34c,
miR-182, miR-183, and miR-146a were abundant in
mouse SSCs.?* Interestingly, mir-21 is controlled by
ETVS, a critical transcription factor for maintaining
the self-renewal of SSCs, and plays an important
role in regulating SSC homeostasis.>* miR-221/222
was also shown to be crucial for maintaining the
undifferentiated state of mammalian spermatogonia
and SSC capacity through negative regulation of
Kit.» Kit is known to be a critical factor for the
differentiation of spermatogonia in mammals.2®
Second, as the key step in spermatogenesis, sper-
matogonial differentiation has been demonstrated
to be modulated by several miRNAs. Two miRNA
clusters, namely mir-17-92 and mir-106b-25, have
been found to be downregulated during retinoic acid
(RA)-induced spermatogonial differentiation.”” As a
result, their putative targets, namely Bim, Kit, Socs3,
and Stat3, which are known to be important for
spermatogonial development,?$~3! are upregulated by
RA in spermatogonia, suggesting that these miRNAs
may regulate the differentiation of spermatogonia
in mice.”” mir-146 is also highly regulated by RA
in mouse spermatogonia and modulates RA-induced
spermatonial differentiation by targeting Med1,%?
which is a co-regulator of retinoid receptors.3334
Moreover, a previous study showed that the mir-17-92
cluster protected meiotic cells from apoptosis through
suppression of the E2F1 transcription factor.?® mir-18
is highly expressed in spermatocytes and plays a role
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in spermatogenesis through regulation of heat shock
factor 2 (HSF2).3¢ HSF2 is a critical transcription
factor controlling a large group of genes in mouse
testes and is essential for male germ cell development
in mice.’” In addition, mir-34c is highly induced in
mouse pachytene spermatocytes, and this enhanced
expression persists in spermatids. Overexpression
of miR-34c¢ increases male germ cell apoptosis by
targeting Atf1,3® a critical factor that sustains cell
viability during early embryonic development.3?40
Interestingly, a recent study reported that miR-34¢
is expressed in SSCs of dairy goats and promotes
apoptosis of SSCs in a p53-dependent manner.*!
Additionally, miR-34c is also present in mouse sperm,
and this sperm-borne miRNA has been shown to be
important for the first cell division of zygotes via mod-
ulation of Bcl-2 expression.*? Together, these findings
suggest that a number of miRNAs are tightly reg-
ulated during spermatogonial differentiation, while
these miRNAs play multiple roles in spermatogenic
cells by regulating their specific targets.

Third, miRNA regulation is involved in the
unique post-transcriptional regulation in spermio-
genesis. Because chromatin condensation blocks
transcription in the elongating phase, the genes
required for spermiogenesis need to be transcribed
in pachytene spermatocytes and early round sper-
matids, and they are then stably stored as messenger
ribonucleoproteins (mRNPs) until translation during
spermiogenesis.*>™* Thus, post-transcriptional reg-
ulation is important for post-meiotic male germ cell
development. Transition nuclear protein 2 (TNP2)
and Protamine 2 (Prm2) are chromatin remodelers
that are essential for spermatid elongation and com-
pletion of spermiogenesis.*® A recent study showed
that testis-specific miR-469 sequestered Tnp2 and
Prm2 mRNAs from translation in pachytene sper-
matocytes and round spermatids with a minor effect
on their stability.*’ In contrast, miR-122a, which is
enriched in late-stage male germ cells and predom-
inantly in polysomes, mediates the degradation of
Tnp2 mRNA.*® Together, these findings indicate that
miRNAs are involved in the post-transcriptional reg-
ulation of genes in spermatid development. Moreover,
mir-23b, mir-30c, mir-30d, and mir-690 have been
found to be regulated by FSH and androgens in Sertoli
cells, and these miRNAs play important roles in cell
adhesion and spermiation.*’ In addition, the nucleus
of mature spermatozoa contains a complex population
of mRNAs and miRNAs, thereby suggesting potential
functions in early embryonic development.’%-!

Collectively, these findings demonstrate the
importance of miRNA regulation in each step of
spermatogenesis, including the mitotic phase, meiotic

Small ncRNAs and male infertility

phase, spermiogenesis, and final release of spermato-
zoa into the lumen of seminiferous tubules.

siRNAs IN MALE GERM CELLS

siRNAs are a class of small RNAs that processed
from double-stranded RNAs (dsRNAs) by Dicer,
which are loaded onto Ago2 and mediate the cleav-
age of target mRNAs via the perfect or near-perfect
base-pairing rule. This biological process has been
termed as RNA interference (RNAi) and widely used
as a tool to modulate gene expression in vitro and
in vivo.>?* Endogenous siRNAs (endo-siRNAs)
were first found in yeast and then in plants, worms
and flies.>>=? In addition to their well-characterized
roles in post-transcriptional gene silencing in the
cytoplasm, endo-siRNAs have been suggested to
function in the nucleus as guidance molecules to
direct their associated protein factors to specific
genomic regions and promote DNA methylation
and heterochromatin formation.’® In yeast and
worms, endo-siRNAs are processed by Dicer from
dsRNA precursors produced by RNA-dependent
RNA polymerase (RdRP).®*¢! Given that RARP has
not been identified in flies or mammals, the naturally
occurring dsRNAs in certain cell types, including
hairpin-dsRNAs, #rans-antisense transcript-derived
dsRNAs, and cis-antisense transcript-derived dsR-
NAs, are considered to be the endo-siRNA precursors
for Dicer processing.®? In mammals, endo-siRNAs
were first reported in murine oocytes and embryonic
stem cells.®3™® Consistent with its evolutionarily
conserved roles in antiviral defense in many organ-
isms, RNAi was recently found to function as a
mechanism of antiviral immunity in mammals.®-¢”
Intriguingly, Song et al. showed that endo-siRNAs
were also expressed in mouse spermatogenic cells,®®
but their function in these cells remains largely
unclear.

piRNAs IN MALE GERM CELLS

The evolutionarily conserved piwi family genes,
which encode the germline-specific members of the
Argonaute protein family,®~"3 are indispensable to
germline development in animals.”*”> The murine
piwi homologs, namely miwi, mili, and miwi2, are
temporally and spatially regulated during spermato-
genesis. miwi is expressed from the pachytene stage of
meiosis to the haploid spermatid elongating stage.”’
mili is expressed from 12.5dpc in fetal prosper-
matogonia to the round spermatid stage.”*™”8 miwi2
expression is detected from 15.5dpc to 3 dpp in the
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nonproliferative phase of fetal prospermatogonia.”’

Genetic studies have shown that depletion of any
of the Piwi genes in mice leads to male sterility,
demonstrating that PIWI proteins are essential for
spermatogenesis.’7276=81

Recently, interest in PIWI proteins has been
ignited by the finding that they are associated with
a novel class of germ cell-specific small ncRNAs.
In 2006, four independent groups reported a new
class of small ncRNAs in fruit fly, mouse, rat, and
human germline cells, which were associated with
PIWI proteins and thus termed as PIWI-interacting
RNAs (piRNAs).8278¢ The studies later on indicate
that PIWI proteins are involved in both the bio-
genesis and function of piRNAs.”?877%0 piRNAs
are single-stranded RNAs with a size of approxi-
mately 24-32 nt and a strong preference for a uridine
at the 5’ end.’>838¢ Another unique feature for
this type of small ncRNAs is the Henl-mediated
2’-O-methylation at their 3’ end, which protects them
from the addition of nontemplated uridylation and
subsequent destabilization.”1=%3

The biogenesis of piRNAs is distinct from that
of other small ncRNAs. Unlike miRNAs and siRNAs
produced by Dicer from hairpin/dsRNA precursors,
piRNAs are processed from long single-stranded
precursors in a Dicer-independent manner.”3:87:9495
piRNAs originate from a few hundred genomic
regions called piRNA clusters, which range in length
from several kb to >100 kb in mice. The piRNA clus-
ters are transcribed by RNA polymerase II to generate
5’-capped, polyadenylated, long, and single-stranded
transcripts.’® These primary piRNA transcripts are
then exported into the cytoplasm and processed into
24-32 nt piRNAs via the DEAD box proteins UAP56
and Vasa.”” Two distinct mechanisms have been
suggested for piRNA biogenesis, i.e., the primary
processing pathway and the ‘Ping-Pong amplification
loop’ pathway.”® Noticeably, the endonuclease activ-
ities of PIWI proteins have been shown to be required
for piRNA amplification.?88%

The piRNA pathway has been deemed as an
innate immune system that prevents mobile genetic
elements from destabilizing DNA and that protects
genome integrity in animal germ cells. Genetic stud-
ies in mice, Drosophila, zebrafish, and C. elegans have
demonstrated a critical function of the piRNA path-
way in silencing mobile genetic elements in animal
germ cells.®!7#%0 Consistently, the germ cell defects
in piRNA pathway mutants are generally accom-
panied by derepression of transposons and retro-
transposons in germ lines. Increasing evidence shows
that PIWI/piRNA machinery in animal germline cells
silences transposable elements at both epigenetic and

wires.wiley.com/rna

post-transcriptional levels.”*?1%0 For example, MILI
and MIWI2, which are loaded by transposon-derived
piRNAs, mediate the de novo DNA methylation of
transposon elements in mice.”’ The mili-defective
mutants show derepression of the long interspersed
nuclear element (LINE-1) and intracisternal A parti-
cle (IAP), thereby resulting in a loss of DNA methy-
lation of L1 elements.!’! In smili-null and miwi2-null
male fetal testes, DNA methylation of the regu-
latory regions of the Line-1 and IAP retrotrans-
posons is defective, indicating the failure of de novo
methylation.'%%193 These findings demonstrate an evo-
lutionarily conserved role for PIWI proteins in trans-
poson suppression.

Intriguingly, in addition to silencing transpos-
able elements, the PTWI/piRNA pathway has also been
found to regulate coding genes in Drosophila. The
traffic jam (tj)-encoding protein controls gonad mor-
phogenesis in Drosophila, and the tj transcript also
serves as the precursor for piRNAs. Saito et al. showed
that these tj-derived piRNAs were loaded on PIWI
and silence specific target genes, such as FasIIL.'0
Moreover, two Drosophila piRNAs, namely roo and
412, in complex with PIWI, the Smaug RNA-binding
protein and the CCR4 deadenylase, degrade the
maternal mRNA in early embryos through imperfect
base pairing.!® Similar to previous findings that
miRNAs play important roles in transcript clear-
ance during the maternal-to-zygotic transition,'%®
piRNAs also appears to function as important
components in maternal degradation machinery
in animals.

In mice, piRNAs are expressed in two dis-
tinct phases during male germ cell development
and are respectively termed as pre-pachytene and
pachytene  piRNAs.!%”  Pre-pachytene piRNAs,
which are enriched in transposon sequences and
co-expressed with MIWI2 and/or MILI in early stages
of spermatogenesis, are primarily involved in de novo
DNA methylation in fetal and perinatal male germ
cells.”?102108 The function of pachytene piRNAs,
which are strongly induced mainly from nontranspo-
son intergenic regions and largely co-expressed with
MIWTI in pachytene spermatocytes and post-meiotic
spermatids, remained elusive. Although MIWI can
bind and translationally represses spermiogenic
mRNAs in a piRNA-independent manner in mouse
testes,!°%110 our recent study indicated that MIWI, in
complex with pachytene piRNAs and a deadenylase
CAF1, assembles the pi-RISC, which mediates the
decay of a large population of mRNAs in elongating
spermatids.!'! Interestingly, although we still do
not know the molecular mechanisms underlying the
assembly of pi-RISC, our data clearly showed that
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TABLE 1 | List of Proteins in piRNA Pathway

Small ncRNAs and male infertility

Gene Symbol Spermatogenic Arrest Stage in Mutant Interacting Proteins References
Miwi Round spermatid TDRDS, CAF1, GASZ, MAEL, 70,111.1137121

MOV10L1, TDRD6,

TDRD2, MVH
Mili Zygotene MAEL, MOV10L1, TDRD12, 76,77.115,117,118,120,122,123.124

TDRD6, TDRD1, MVH
Miwi2 Leptotene TDRD9, TDRD2 72,79,114,125
Mvh Zygotene MAEL, MIWI, MILI 76,120,121,126
Tdrd1 Spermatocyte, Round spermatid TDRD12, MILI 1227124127
Tdrd2 Zygotene MIWI, MIWI2 113,114
Tdrd5 Round spermatid Unknown 128
Tdrd6 Round spermatid MIWI, MILI "5
Tdrd7 Round spermatid Unknown 129130
Tdrd8 No obvious defect MIWI 116,131,132
Tdrd9 Zygotene MIWI2 125
Tdrd12 Zygotene-Pachytene transition MILI, TDRD1, 122
MitoPLD Zygotene Unknown 133
Mov10I1 Zygotene MIWI, MILI 117,118
Mael Pachytene MIWI, MILI, MVH 120,134
Gasz Zygotene-Pachytene MIWI m
Gtsf1 Leptotene PIWI 135—137
Caft Elongating spermatids MIWI 11,138

pi-RISC was mainly assembled in elongating sper-
matids, which may explain the dual role of MIWTI in
protecting or degrading mRNAs depending on its state
of piRNA loading and association with CAF1. Our
findings elucidate a key function of pachytene piRNAs
in development, and also reveal an important mech-
anism responsible for the elimination of mRNAs in
later stages of spermiogenesis. Intriguingly, we found
that at a later stage of spermiogenesis, piRNAs trigger
MIWT ubiquitination by a multi-subunit E3 ubiquitin
ligase the Anaphase Promoting Complex/Cyclosome
(APC/C), thus leading to the degradation of MIWI
protein through the Ubiquitin-26S proteasome
pathway.!'? Moreover, such piRNA-triggered MIWI
destruction leads to piRNA elimination, thereby sug-
gesting a feed-forward mechanism for coordinated
removal of the MIWI/piRNA machinery after it fulfills
all of its function for spermatogenesis. However, the
mechanism of MILI and MIWI2 degradation during
spermatogenesis remains unknown.

Remarkably, recent studies have characterized
a number of key components in the PIWI/piRNA
machinery (Table 1). In mice, several tudor
domain-containing proteins, which are preferen-
tially expressed in the germline and essential to germ

cell development, were found to be associated with
PIWI proteins.!2%13%140.141 Tydor domain-containing
proteins most likely serve as scaffolds to recruit PIWI
proteins by binding symmetric arginine dimethylation
(sDMA) to form germline granules,''>%> which are
essential for piRNA biogenesis and PIWI/piRNA
function in spermatogenesis.'*? In addition, germinal
granules/nauges are a type of unique electron-dense
and amorphous structures in cytoplasm and are
ubiquitously present in animal germ cells.!*4~14¢ [n
mammals, several classes of RNA-containing gran-
ules have been observed during spermatogenesis. A
typical class of germinal granules is the chromatoid
body (CB), which is a large RNP aggregate that is
first visible in the cytoplasm of mid-to-late meiotic
spermatocytes and persistently develops in round
spermatids.!4/148 Because the CB contains many
RNA-binding proteins that are involved in different
RNA regulation pathways, including RNA helicases,
RNA decay machinery and other proteins, the CB
has been proposed as a specific site for RNA stor-
age and processing.'*~151 Noticeably, both MIWI
and piRNAs are highly enriched in CBs in round
spermatids,'#%152 indicating that CBs may be a center
for MIWTI and pachytene piRNA function.

© 2014 John Wiley & Sons, Ltd.



DYSREGULATION OF SMALL ncRNAs
AND MALE INFERTILITY

Growing evidence has shown that aberrant miRNA
regulation is associated with human male infertil-
ity. By comparing the testicular miRNA profiles
between infertile and normal healthy males, recent
studies identified a large set of miRNAs dysregu-
lated in asthenozoospermia, Sertoli cell only (SCO),
mixed atrophy (MA), and germ cell arrest (GA)
patients,!337155 implicating that aberrant miRNA
expression is associated with male infertility. Inter-
estingly, several single-nucleotide polymorphisms
(SNPs) have been found in miRNA-binding sites of
candidate genes that are critical for male fertility,
which may affect the expression of these genes and
increase the risk of male infertility.'’® Moreover, a
recent study found that SNPs in Dicer and Drosha
are associated with semen quality,’” further suggest-
ing that miRNAs play critical roles in male fertility.
Additionally, in line with the findings that extra-
cellular/circulating miRNAs are present in various
biological fluids, 387162 recent studies showed that the
miRNA profiles in seminal plasma from the patients
with morphologically abnormal/low motility sperm
or NOA were significantly different from that in sem-
inal plasma from healthy donors.'®37165 Although the
function of the dysregulated miRNAs in sperm move-
ment, structural integrity, and metabolism remains
elusive, these miRNA signatures may be used as
biomarkers for the diagnosis of male infertility.!63.164

In addition, Gu et al. analyzed SNPs in piwi
genes from 490 males with idiopathic azoospermia/
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oligozoospermia and 468 fertile control males'®® and
found that several SNPs in human piwi genes might
be related to the risk of spermatogenic failure or
associated with increased risk of oligozoospermia
in the Chinese population.'®® Recent studies found
that allele-specific DNA methylation differences in
PIWIL1 and PIWIL2 were associated with disturbed
spermatogenesis and male infertility.'®” These findings
suggest that genetic variations in piRNA pathways
may also affect male fertility in humans.

CONCLUSIONS

The existing data demonstrate critical roles of small
ncRNAs in spermatogenesis in animals and in human
infertility. As small RNAs can be efficiently targeted by
stable antisense oligonucleotides, approaches to tar-
get specific regulatory ncRNAs should be explored
to understand their biological functions and action
mechanisms in spermatogenesis and to develop strate-
gies for disease intervention in clinical applications.
Additionally, there are many questions that remain in
spermatogenesis in animals. (1) What are the determi-
nants for the differentiation or self-renewal of SSCs?
(2) What signal(s) triggers meiosis? (3) How is homol-
ogous recombination regulated? (4) How is spermio-
genesis initiated? Given that ncRNA research has been
greatly facilitated by recent advancements in genomic
technologies and informatic approaches, we anticipate
that more novel species of ncRNAs will be found in
male germ cells, which may contribute to answering
the remaining questions in the field.
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