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Regulation of spermatogenesis by small non-coding RNAs: role
of the Germ Granule

Sara de Mateo and Paolo Sassone-Corsi”
Center for Epigenetics and Metabolism School of Medicine, Department of Biological Chemistry
University of California, Irvine

Abstract

The spermatogenic process relays in highly regulated gene expression mechanisms at the
transcriptional and post-transcriptional levels to generate the male gamete that is needed for the
perpetuation of the species. Small non-coding RNA pathways have been determined to participate
in the post-transcriptional regulatory processes of germ cells. The most important SncRNA
molecules that are critically involved in spermatogenesis belong to the miRNA and piRNAs
pathways as illustrated by animal models where ablation of specific protein components displays
male infertility. Several elements of these regulatory pathways have been found in the nuage or
germ granule, a non-membranous cytoplasmatic structure that can be seen in spermatocytes and
spermatids. This notion suggests that germ granules may act as organizer centers for silencing
pathways in the germline. In general, miRNAs regulate spermatogenesis through targeting and
down-regulation of specific transcripts to eventually promote sperm development. However,
piRNAs are powerful repressors of transposon elements expression in the spermatogenic process.
Here we describe the suggested functions that miRNA and piRNAs pathways execute in the
regulation of spermatogenesis and include some recent studies in the field. Despite major strides
on the detailed molecular mechanisms of sncRNAS in relation to spermatogenesis, there is plenty
to discover on this fascinating regulatory program.

Keywords

epigenetics; germ cells; germ granules; miRNAs; piRNAS; post-transcriptional regulation;
sncRNAs; spermatogenesis

1.1.Introduction

The formation of the male gamete or spermatogenesis is a highly regulated process with the
goal of transmitting correct genetic and epigenetic information to next generations [1]. At
the embryonic stage, the germ cell linage is specified and segregated early in mammalian
development, after implantation, where primordial germ cells (PGCs) migrate and are set
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aside from other somatic lineages [2-4] (Figure 1). PGCs migrate to the gonadal ridge and
initiate germ cell differentiation at around mid-gestation, become gonocytes or
prospermatogonia arrested at G1 (GO0) phase of the mitotic cell cycle and are localized
within cords that are formed by somatic cells that will belong to the future testis. After birth,
gonocytes resume mitotic proliferation and become postnatal spermatogonial stem cells
(SSC). During embryonic germ cell development, genome-wide epigenetic reprogramming
takes places: first somatic epigenetic marks are almost all erased and then novel sex-specific
DNA methylation patterns are established in a sex-specific manner [5]. One major feature of
this global epigenetic erasure/rewriting is that it also affects selfish transposon sequences.

Spermatogenesis starts shortly after and takes place in the seminiferous tubules of the testis
throughout the male life (Figure 1). SSC located in the base of the seminiferous tubules
differentiate into meiotic spermatocytes that will continue the germ cell development
process to eventually generate the spermatozoa. The spermatogenic process is typically
divided into 3 phases: mitosis, meiosis and differentiation or spermiogenesis. During the
first phase, spermatogonia are renewed through mitotic divisions; in the second phase
spermatogonia differentiate to generate primary spermatocytes that undergo two meiotic
divisions to generate secondary spermatocytes and haploid spermatids; finally, haploid
spermatids undergo several morphological changes such as acrosome and flagellum
formation, nuclear condensation and cytoplasm reorganization to give rise to the
spermatozoa [6]. The proper progression of the spermatogenic process rely on an accurate,
spatially and temporally regulated gene expression patterns that takes place at
transcriptional, post-transcriptional and epigenetic level [7, 8]. Germ cells have periodically
their transcription silenced during spermatogenesis: first at prophase stage during meiosis to
allow recombination and then in the transition from round to elongated spermatids [9].
Subsequently, two waves of active transcription occur before and after meiosis prior to
nuclear condensation [10, 11]. Thus, epigenetic factors play important roles in the regulation
of these processes [12]. A special feature of the sperm cell is its chromatin structure, which
is mainly organized by specific proteins called protamines and a limited number of residual
histones [11, 13]. In mammals, postmeiotic germ cells differentiate and undergo a chromatin
remodeling process where histones are progressively but not completely replaced by
protamines. Because spermatid chromatin compaction is incompatible with transcription
[11, 14], it is crucial to stabilize the produced mRNAs to allow their translation at later
stages. Transcripts are then stored under translational control together with RNA-binding
proteins (RBPs) [8, 9, 14, 15].

It has recently shown that although the human genome is extensively transcribed, a large
fraction of RNAs are not translated to proteins [6]. These transcripts, called non-coding
RNAs (ncRNAS), present a high diversity of sizes and have recently been demonstrated to
serve as controllers of gene expression. Their role has been shown to be at the
transcriptional or post-transcriptional level. Alternatively, the absence of a known protein
product despite the presence of the corresponding mRNA, can be due to a regulatory
mechanism executed by ncRNAs [16]. Male germ lineages have been found to express a
high amount of non-coding RNAs, including both long and small non-coding RNASs
(sncRNAS) [3]. In the germline, ncRNAS are required for several mechanisms such as
mMRNA splicing (snRNPs), protein synthesis (tRNAs and ribosomal RNAs), RNA
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maturation and modification (snoRNASs) [6]. SncRNAs constitute a well characterized class
of ncRNAs [3]. There are three major types of sncRNAs: small interfering RNAs (SiRNAs,
21-23 bp), microRNAs (miRNAs, 19-25 bp), and the germline-enriched piwi-interacting
RNASs (piRNAs, mostly 24-34 bp) [6]. These sncRNASs bind to evolutionarily conserved
proteins of the Piwi/Argonaute family and are characterized by the presence of the PAZ
(Piwi-Argonaute-Zwille) and PIWI (P-element induced wimpy testis) domains. This family
of proteins is subdivided into two subfamilies: Argonaute (Ago) and Piwi. Ago proteins bind
siRNAs and miRNAs and are present in both somatic and germ cells; Piwi proteins, that
binds piRNAs, are highly enriched in the germline. MiRNAs, that essentially function by
regulating negatively mRNA translation in mammalian cells, are clearly important for
spermatogenesis since a global loss of miRNASs through the generation of Dicer knockouts
in the supporting or the germ lineage of the testis have detrimental effects on male fertility
[8]. In concordance, according to knockout animal models, Piwi proteins (MILI, MIWI2 and
MIWI) are essential for the successful completion of spermatogenesis, revealing a crucial
role for piRNAs in this process [17]. Since among sSncRNAs in mammals, miRNAs and
piRNAs are both important regulators of male germ cell differentiation [15], we will discuss
their proposed biogenesis and their presence and potential role during the different stages of
the spermatogenic process (Figure 2).

1.2.Germ granules

In the germ cells of many animals it can be found the so called “germ granules”. Germ
granules are evolutionarily conserved, non-membranous cytoplasmic structures that contain
ribonucleoproteins and are exclusive to the germline [1, 2, 4, 18]. In model animals such as
Drosophila, C. elegans and Xenopus, germ granules are involved in germline specification
in early embryos; on the contrary, these structures in mammals are first found at later
differentiation stages of the germ cells and can be identified as different formations [4, 15,
19]. The most relevant forms are the intermitochondrial cement (IMC) or pi-body, and the
chromatoid body (CB) [15, 19]. The IMC is found among clusters of mitochondria in fetal
prospermatogonia, postnatal spermatogonia and meiotic spermatocytes (especially abundant
in late pachytene) and associated with the nuclear envelope. The CB is more distinct and
appears in meiotic spermatocytes and haploid spermatids.

The form and localization of the germ granules are dynamic along the development of the
spermatogenic cells in mammals. After birth, the IMC emerges in prospermatogonia and it is
clearly visible as an amorphous electron-dense fibrous material in their interstices [20].
Later in the spermatogenic process, the IMC becomes undetectable at the ultrastructural
level in B-type spermatogonia and in early spermatocytes from (pre)leptotene, zygotene to
early pachytene stages, and reappears at the midpachytene stage with increased size and
frequency. The CB starts to be formed at late pachytene stages and by the secondary
spermatocyte stage material of the CB aggregates into large dense bodies. Primary
spermatocytes display both the CB freely in the cytoplasm and the ICM among
mitochondrial clusters [2, 15]. After meiosis, IMC is not anymore detectable and the CB
increases in size and is found in haploid spermatids generally as one solitary lobule that is
often seen in close contact with nuclear pores. In the murine animal model, the CB is highly
mobile around the nucleus and from cell to cell through the cytoplasmic bridges of
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spermatids [21-24]. As the spermatid develops, the CB assumes various shapes, positions
and its size decreases progressively until it disintegrates [15].

As mentioned, one of the basic characteristics of the CB is its variety of localizations: during
early spermiogenesis it is localized at the nuclear envelope, associated with the nuclear
pores; at later stages it translocates to the annulus area of the tail [23, 25] (Figure 1).
Interestingly, the CB contacts perpendicularly to the nuclear envelope revealing a continuity
of nuclear material between both organelles, suggesting that the CB could collect material
from the nucleus [26]. When the CB makes contact with the nucleus, mRNA and small RNA
precursors move towards the CB through the nuclear pores and these RNAs become
substrates for the RNA-processing machinery [23, 27]. These movements have been
proposed to have a microtubular nature, although how specific components of the CB are
transported is still unknown [22, 23]. The implication of the protein elF4b has been
suggested because of its interaction with proteins located in the CB and with RNAs [28]. A
recent report also suggested a potential role of the proteins BASP1 and MARCKS, which
locate in the CB. Intriguingly, these proteins are involved in non-random movements in
neurons [27].

The CB has recently being proposed to operate as a center for RNA storage and metabolism
in postmeiotic germ cells and to participate in post-transcriptional processes essential for the
completion of spermatogenesis [14, 25, 28]. The several components that have been detected
in the CB (Table 1), its high motility in the cytoplasm and its diversity of sizes and form
during the spermatogenic process has led to think in the CB as a specialized non-
membranous organelle that control germ development through RNA-processing pathways
[25, 28]. Among the different elements found in the CB of postmeiotic spermatids, the
description of microRNA and RNA decay pathway components was one of the most striking
[26]. A detailed description of the components of the mammalian germ granule has recently
revealed the full protein and RNA content of the CB [29] increasing the list of new CB
components (Table 1). One element that is exclusive for the CB is the ATP-dependent
DEAD-box RNA helicase called MVH (Mouse VASA Homolog) and is currently used as a
hallmark for the CB [25, 30]. Although the detailed role of MVVH remains unknown, its
presence within the CB appears crucial for successful progression for spermatogenesis since
mouse testes lacking this protein present meiotic arrest and germ cells undergo apoptotic
death [25, 31]. Thus, MVH has been proposed to be involved in several RNA processing
mechanisms such as miRNA and piRNA pathways [26]. In mouse, the exit of transcripts
from the CB in spermatids has been correlated with its translational activation [32].
Importantly, the acetyltransferase HAT1 colocalizes with MVVH in the CB and controls
MVH RNA-binding activity through direct acetylation of MVVH [33]. MVH was
hypothesized to function as a regulator of ribonucleoprotein (RNP) complexes in the CB
since DEAD-box RNA helicases have been reported to be involved in remodeling of RNA-
protein interactions [25] although its molecular mechanism remains unknown. Intriguingly,
CLOCK and BMALL1 proteins are other components of the CB that have also recently been
described for the first time [34]. These proteins are involved in the circadian clock system
and interestingly, when BMAL1 was absent or low expressed the CB of spermatids
presented morphological alterations suggesting that both BMAL1 and CLOCK could
contribute to CB assembly and physiology. Other very recent studies described novel

Semin Cell Dev Biol. Author manuscript; available in PMC 2016 January 29.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

de Mateo and Sassone-Corsi Page 5

components of the CB. The RNA methyltransferase NSun2 [36] and the testis-specific
serine/threonine kinases TSSK1 and TSSK2, and the substrate TSKS [37], were identified as
essential elements for germ cell differentiation in the mouse testis. Moreover, the
mitochondrial carrier SCaMC-1L was unexpectedly detected in the CB suggesting a new
link between mitochondria and germinal granules [38]. These publications may indicate that
many components of the CB and their potential novel functions in the male germ cells are
still unveiled.

1.3.miRNASs

Accumulating evidence points to miRNAs as potentially important elements for the control
of gene expression in different cell types and tissues. Specifically in the testis this
mechanism has been found to be functional and critical for normal sperm development.
MicroRNAs are endogenous RNAs of 22 nucleotides in length that repress the translation of
hundreds of MRNAs by binding them in a protein complex [35]. Their role is of great
relevance as most of the protein-coding genes appears to be controlled by the miRNA
pathway [36]. The regulation mechanisms of miRNAs can be pictured as a cascade of events
where a miRNA, in cooperation with other factors or not, can downregulate the expression
of a transcription factor and thus, facilitating transcriptional regulation of numerous
downstream target genes [37]. Many tissues utilize miRNAS to control gene expression and
the expression and localization of the proteins involved in this pathway in the spermatogenic
process is still unclear [15]. While miRNAs and miRNA-related proteins have been detected
in the CB of round spermatids [26], other components of this pathway have been localized
also outside the CB.

Although coding sequences of miRNAs are found all along the genome, approximately half
are placed within the introns of genes and their transcription is regulated following the one
of their host gene [38]. Precursors of miRNAs (primary RNAs, priRNAS) are mostly
transcribed products of the RNA polymerase Il that form a long hairpin loop and are cleaved
in the nucleus by double-stranded RNA endonuclease Drosha into pre-miRNAs that will be
transported to the cytoplasm [15, 17, 30, 39, 40] (Figure 2). In the cytoplasm, the pre-
miRNA loop is cleaved by the endoribonuclease Dicer, generating a mature miRNA that
will form a complex with AGO proteins called miRNA-induced silencing complex
(miRISC) and perform translation regulation of the mRNA targets that are loaded [39]. The
fate of the targeted MRNA will depend on its degree and nature of the complementarity to
the miRNA and on the type of the AGO proteins found in the RISC complex [39, 41]. For
example, in mammals AGO2 is the only AGO protein that cleaves RNA and in conjunction
with high miRNA-mRNA complementarity leads to RNA degradation [39, 41, 42].
However, mRNAs with lower or imperfect complementarity to its miRNA partners supposes
MRNA sequestration in cytoplasmic granules and/or translational repression [43, 44]. A
mechanism for translational repression by miRNAs has been proposed. Several reports have
suggested a translational initiation block theory by different processes. MiRNAs can
mediate deadenylation of the mRNA polyA tail to avoid binding of the PolyABinding
Protein (PABP) required for effective translation [45]. Additionally, AGO2 has been shown
to bind the modified mMRNA 5" end and compete with translational initiation factors called
Eukaryotic translation Initiation Factor 4D (elF4E) to finally block translational initiation
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[46] and elF6 to prevent the formation of functional 80S subunit of the ribosome [47]. Once
translation has been initiated, miRNAs are hypothesized to block protein synthesis [48]. On
the other hand, miRNA has been also found to promote translation depending on the
proliferation state of cell and the presence of AU-rich elements within the 3’UTR of the
mMRNA target [39, 49]. Intriguing, a subset of miRNAs called epi-miRNASs can also regulate
epigenetic modifications and vice versa [50]. It has been found that epi-miRNAs can control
directly or indirectly the expression of the de novo and maintenance DNA
methyltransferases as well as histone methylation and acetylation. Intriguingly, same
epigenetic modifications regulated by epi-miRNAs can also affect miRNA expression. This
regulatory mechanism has been found to be important in tumorigenesis by silencing tumor
suppressor genes and activating oncogenes [51, 52].

In the testis, proper functional mMiRNA mechanisms are required for successful sperm
development since spermatogenesis is disrupted at early stages in mice conditionally lacking
the enzymes Drosha or Dicer [53-55]. Through expression profile studies using either
partially purified germ cells or whole testis, specific miRNAs have been detected to be
exclusive of human and mouse testis [56-60] and some of them have been suggested to
participate in mammalian spermatogenesis.

1.4.piRNAs

As aforementioned, the function of sncRNAs has been shown to be crucial for the
spermatogenic process. Another class of sncRNA consisting of 24 to 30 nucleotides that are
generated in a Dicer-independent manner and that interact with Piwi proteins, have been
described [61]. Not inactivated by evolution and still competent selfish mobile elements
currently pose an ongoing mutagenic threat in mammals. In spermatogenesis, the Piwi
pathway has the specific role of silencing retrotransposons [4, 62]. Several evidences have
suggested that transposon control is closely associated with proper sperm development,
prompting host genomes to present important resources to protect their genetic information
[63-65]. Animal models lacking components of the Piwi pathway are male-specific sterile
presenting another evidence of the relevance of this SncRNA pathway in spermatogenesis
[19, 61].

A high diversity of piRNAs have been described, suggesting the presence of million
individual piRNAs, a remarkable notion when compared to a few hundred miRNAs. The
genes that express piRNAs are not conserved but their genomic location can be seen as
clusters suggesting that piRNAs are processed from long primary transcripts [63, 66].
piRNAs, whose sequence dramatically change during sperm development, are classified in
mammals mainly into two categories, prepachytene and pachytene piRNAs [15, 19] (Figure
1). The piRNA sequences can contain repeat-derived sequences, intergenic and genic
regions [17, 19, 66]. Prepachytene piRNAs are enriched in repeat-derived sequences and
associate with MIWI2 and MILI in prospermatogonia; however, pachytene piRNAs are
enriched in intergenic, unannotated sequences and bind MILI and MIWI proteins in
pachytene spermatocytes and round spermatids [63, 66-68]. Just few days after birth, the
majority of the piRNAs in the mouse testis are prepachytene; however, at 14.5 days
postpartum (dpp), pachytene piRNAs appears in the developing spermatocytes when they
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enter the pachytene phase of meiotic prophase I. Interestingly, these pachytene piRNas will
correspond to >95% of piRNAs in the adult mouse testis. The transcription factor A-MYB
contributes to initiating pachytene piRNA production through directly regulating piRNAs
transcription together with the regulation of genes that encode for protein components of the
piRNA pathway [69].

Due to its complexity and singularity, a detailed pathway of the piRNA biogenesis is still
incomplete. It is however known that the piRNA biogenesis pathway differs from miRNAs's
mainly because its independency from Dicer's activity [4, 70]. Two pathways have been
proposed: the primary processing to produce primary piRNAs and the ping-pong mechanism
to amplify piRNAs and requires slicer activity of Piwi proteins [71] (Figure 2). In pachytene
mouse spermatocytes, piRNAs are only generated by primary processing, however, in
prospermatogonia and premeiotic spermatogonia, the ping-pong mechanism further
amplifies specific sequences generated by the primary biogenesis pathway [63, 66, 71]. In
the primary processing, it has been suggested that precursors of piRNAs correspond to long
single-stranded RNAs just transcribed from the piRNA cluster genes that have already
determined their 5’ end and consequently loaded onto Piwi proteins [4, 19, 71, 72].
Therefore, the 3’ end is cleaved giving rise to a pool of different piRNAs. In the ping-pong
mechanism, Piwi proteins (MILI in mice) recognize complementarity between RNAs and
primary piRNAs, then, the targeted RNAs are cleaved through the slicer activity of the Piwi
protein at the position 10th from the 5° end of the primary piRNA, producing secondary
piRNA precursors [4, 72]. At this point, secondary piRNA are specifically amplified by
another mouse Piwi protein named MIWI2. Interestingly, these two Piwi proteins, MILI,
preferentially associated to primary piRNAs, and MIWI2, to secondary piRNAs, have non-
redundant roles in the ping-pong mechanism [67], although it has recently proposed a
homotypic ping-pong mechanism where MILI is the only Piwi protein involved [73]. In any
case, this biological process relies on the complementarity of sequences to specifically
amplify piRNAs that are antisense to TE mMRNAS and consequently piRNAs are able to
target them [4, 62, 71]. At the same time as piRNAs are produced through the ping-pong
cycle, transposon transcripts are cleaved by piRISCs [72, 74]. This mechanism has been
seen in primordial mouse testis but not in the adult, where MIWI2 in no longer expressed,
suggesting that MILI and MIWI are involved in piRNAs biogenesis through predominantly
primary processing [75]. Additionally, piRNAs are also suggested to regulate directly
transposon element (TE) transcription since MILI and MIWI2 mutants fail to establish de
novo DNA methylation of TE in fetal male germ cells when de novo DNA methylation
takes place [67, 76]. Recently, the Piwi pathway was reported to be responsible for
methylation of a paternally imprinted gene locus [77] suggesting that this pathway may have
further functions beyond TE silencing.

Several protein components of the piRNA pathway have also been described and some of
them been localized in the CB (Table 1). In mice, one of the first protein identified to be
associated to Piwi proteins are the Tudor family proteins [4]. Tudor proteins are suggested to
associate with Piwi proteins through their recognition of arginine methylated N-terminal
conserved residues and promote their localization to the nuage [78] and to form effector
RNP complexes with piRNAs [19]. Thus, Tudor proteins have been suggested to function as
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scaffolds to congregate macromolecular complexes [4]. The RNA helicase MVH, a hallmark
of the CB, is another important and conserved component of the Piwi pathway. MVH is
required for piRNA production and transposon silencing since mice lacking functional MVH
present a clear upregulation of TE expression, reduction of piRNAs and impairment of DNA
methylation [64]. Other protein elements like MOV10L1, MAELSTROM, GASZ/ASZ1,
MITOPLD and FKBP6 are also essential components of the Piwi pathway and crucial for
the spermatogenic process [17, 79-82].

Nonetheless, it is clear that the crucial participation of Piwi pathway in germline
development highlights the importance and intimate integration of transposon control in this
process. The detailed molecular mechanism of the biogenesis and function of piRNAs is still
uncertain.

1.5.ncRNAs in the spermatogenic process

Both miRNA and piRNA pathways function along the sperm development and execute
crucial roles to ensure the proper formation of the male gamete. During mammalian early
embryonic development, SncRNA pathways are functional, although germinal granules are
not observed in the prospective germ cells and their components cannot be detected [2, 83].
The regulation of a variety of pluripotency genes needed for germ cell-specification has
been found to require mMiRNAS, such as miR-145 that totally and partially suppress the
expression of OCT4 and SOX2 respectively in human embryonic stem (ES) cells and hence
promote differentiation to germ cells [39, 84].

Spermatogonial stem cells can decide for self-renewal or differentiation; the first option lasts
until the male old age in human males and the last generates a spermatozoa through a
meiotic division and a differentiation pathway [11]. miRNAs have been suggested to
interpret and transduce cellular signals to allow the maintenance of the undifferentiated stem
cell population as well as allowing cell differentiation during spermatogenesis [39]. Recent
studies have demonstrated the involvement of several miRNAs in maintaining the SSC
population. These include miR-21 [85], Mir-17-92 (Mirc1) and its paralog Mir-106b-25
(Mirc3) clusters [86], Mir146 [87] and miR-221/222 [88]. Similarly, a study of cryptorchid
testes in rats found that the function of miR-135a contributed to stem cell maintenance and
its target, the transcription factor FoxOl1, is known to be essential for SSC maintenance [89].
On the other hand, other miRNAS were found to potentially have a role in promoting
spermatogonial differentiation such as Mirlet7 family miRNAs [90].

It is noteworthy to mention that, concurrently with the two waves of active transcription,
germ cells from the meiotic phase and haploid spermatids have been found to express most
of the identified miRNAs in the testis [57, 58, 91]. Despite the suggested specificity of
several miRNAs in distinct stages of the sperm development, several miRNAs are enriched
in both meiotic and postmeiotic spermatogenic cells. As an example, the expression of
miR-184 was restricted to the male germ cells from spermatogonia to round spermatids and
was found to be involved in the post-transcriptional regulation of MRNAs of nuclear
receptor corepressor 2 (Ncor2) through inhibiting NCOR2 protein translation in mammalian
spermatogenesis [92]. However, other miRNAs were found enriched in premeiotic germ
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cells such as miR-383, the expression of which is restricted to spermatogonia and early
spermatocytes, and has been associated with male infertility and with inducing testicular
embryonal carcinoma cell proliferation [93]. Thus, it is suggested that miR-383 may act on
early stages of spermatogenesis regulating germ cell proliferation or death. At the same
time, a potential feedback loop between FMRP and miR-383 during spermatogenesis was
also proposed, suggesting that impairment of the FMRP-miR-383 pathway may partially
contribute to human spermatogenic failure with maturation arrest [94].

Other miRNAs have been proposed to be specifically functional in meiosis such as
miR-214, possibly through interaction with members of the heat shock family, and miR-24
potentially through its binding with Methyl-CpG binding domain protein 6 (MBD®6) and
histone 2A family member X (H2AX) [91].

Apoptosis in spermatocytes is a frequent event since meiotic cells have to undergo
crossover/homologous recombination through double strand breaks that must be repaired
after recombination is finished. During this process any chromosomal mistake can lead the
meiotic checkpoint mechanism that promotes spermatocyte apoptosis [95]. Several miRNAs
have also been shown to control apoptotic signaling of different cellular types. The miR-449
cluster and miR-34b/c were highly detected in meiotic and postmeiotic germ cells and their
functions were found to be redundant in the regulation of male germ cell development in
mice by targeting the E2F-pRb pathway in the early meiotic phase [60]. This represents a
mechanism for the suppression of E2F activity during meiotic and postmeiotic male germ
cell to potentially prevent massive meiotic male germ cells apoptosis. Similarly, the
involvement of miR-17-92 cluster in the regulation of E2F-1 transcription factor during
normal spermatogenesis and in carcinoma was also investigated [96]. When pri-mir-17-5p
expression was strongest, in pachytene spermatocytes, E2F-1 protein was lowest, proposing
that the physiological inhibition of E2F1 mRNA translation may be another important
mechanism to prevent apoptosis during meiotic recombination. In a study intended to
determine the specific function of miR-34c in germline differentiation, a miRNA well
documented to be pro-apoptotic, it was found that miR-34c¢ enhanced murine male germ cell
apoptosis through targeting ATF1 (activating transcription factor 1) and providing a novel
mechanism of the involvement of miRNAs in the regulation of germ cell apoptosis [97].

Several miRNAs have been described to participate in gene expression regulation of
postmetiotic spermatogenic cells. MiR-122a, which is mainly expressed in late-stage male
germ cells and specifically on polysomes, promotes the cleavage of Tnp2 transcripts, a
nuclear protein that is involved in chromatin remodeling assisting the histone-to-protamine
transition in mouse spermatogenesis [56]. In mice lacking the testis-specific member of the
DEAD-box family (GRTH, Table 1), which is an essential post-transcriptional regulator of
spermatogenesis, miR-469 was found overexpressed. This miRNA was also observed to
repress Tnp2 and Prm2 translation leading to infertility due to failure of spermatids to
elongate. Thus, GRTH was suggested to act as a negative regulator of miR-469 biogenesis
and consequently repress its function during spermatogenesis [98]. It has also been recently
shown that miR-18 directly targets heat shock factor 2 (HSF2), a transcription factor
involved in spermatogenesis [37]. This miRNA was found at highest intensity in the
spermatocytes and was suggested to regulate HSF2 activity in spermatogenesis and link
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miR-18 to HSF2-mediated postmeiotic physiological processes such as correct chromatin
organization and sperm maturation.

While miRNAs are expressed abundantly during all stages of spermatogenesis, piRNAs are
mainly present in pachytene spermatocytes and round spermatids. During mouse embryonic
testis development, MILI and MIWI2 are co-expressed and localized in the
prospermatogonia in two distinct types of germ granules that are often in contact, the pi-
bodies and the piP-bodies respectively. MILI is found in the pi-bodies together with a Tudor
protein (TDRD1), MVH and GASZ and MIWI2 in the piP-bodies with another Tudor
protein (TDRD9) and MAEL [64, 65, 81]. The correct formation of these germ granules is
crucial for the proper function of the piRNA pathway in TE silencing [71]. In postnatal male
germ cells, MIWI2 expression ceases and MIWI appears at the same time of the CB,
suggesting that pachytene piRNAs associated with MIWI and MILI may perform their role
in this germ. Additionally, it has been indicated that pachytene piRNAs correspond to the
end products of RNA processing that mostly belong to non-coding transcripts with potential
meiotic functions [99]. It was also demonstrated that Miwi directly binds and stabilize
spermiogenic MRNASs to participate in the formation of mMRNP complexes. This study
established novel roles of the piRNA pathway that shed light on this mechanism in relation
to the mammalian male germ cell development.

The relevance of piRNAs at several distinct stages of spermatogenesis and the absence of
redundant functions are illustrated by the fact that mouse mutants for components of the
piRNA pathway are male-specific sterile. These defects are observed in two different sperm
developmental stages: during meiosis in spermatocytes and post-meiotically in haploid
spermatids [4, 19]. In mouse, mutations in Mili and Miwi2 block spermatogenic progression
through pachytene spermatocytes, whereas mutations in Miwi led to round spermatid arrest
[100-102]. In Mili and Miwi2 mutants, their phenotype can also be seen in fetal
prospermatogonia where the expression of TE is upregulated and their corresponding genes
are hypomethylated. On the other hand, the molecular link between the piRNAs and the
spermatid development has not been unveiled in Miwi mutants. Interestingly, MIWI activity
was found to directly cleave transposon RNAs providing an explanation for the continued
maintenance of repeat-derived piRNAs [68]. In addition, in a recent study MILI and the
repressive histone H3 dimethylated K9 modification in meiotic pachytene and mitotic germ
cells respectively were also required for post-transcriptionally silence of TEs in the adult
[103]. All this suggests a scenario in which MILI and MIWI2 establish both transcriptional
and post-transcriptional repression of TEs in germ cells from embryos; on the other hand,
MILI and MIWI together with other epigenetic mechanisms silence TEs post-
transcriptionally after birth enforcing genomic stability in those cells.

1.6. Conclusion

The successful transmission of genetic and epigenetic information to next generations
depends on the correct formation of sperm cells through the protection of their genomes and
the proper establishment and maintenance of epigenetic marks. Many studies have
demonstrated that sncRNAs are crucial regulators of gene expression controlling the fate of
their target RNAs, mainly at the post-transcriptional level. Interestingly, SncRNA pathways
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such as miRNAs and piRNAs have been shown to play an important role in
spermatogenesis. Dysregulation of miRNAs during spermatogenesis leads to male infertility
and, although not discussed in this review, it has also been related to testicular cancer. The
specific role of many miRNAs in each stage of the spermatogenic process is still unknown
and requires future studies. On the other hand, the germ cell specific piRNA pathway is still
poorly understood compared to other small RNA silencing processes. While major strides
have been achieved in the understanding piRNA physiology, many enigmas are still
unveiled such as how piRNA genes are transcribed and their molecular mechanism of
action. It is now clear that piRNAs provide protection of the germline genome against
detrimental expression of TEs. The understanding of the molecular mechanism that both the
miRNA and piRNA pathways execute in spermatogenesis still needs further investigation.
This issue is of high interest since it will potentially allow researchers to control these
pathways for male contraception as well as for diagnostic or treatment proposes in the cases

of testicular cancer or male infertility.
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Highlights
Small non-coding RNAs are crucial for the development of the male germ cell.

sncRNAs operate through post-transcriptional regulatory mechanisms.

Components of the sncRNAs pathway are found in the germ granule localized in the
cytoplasm of germ cells.

miRNA and piRNAs are the most important sncRNAS in regulating spermatogenesis.
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Figure 1.
Spermatogenic process in the mouse testis. During embryogenesis primordial germ cells

(PGCs) are specified at embryonic day E7.5. They proliferate and migrate to the future
gonads at E11.5 and become arrested at G1 as prospermatogonia (ProSpg). During this
phase, a genome-wide epigenetic reprogramming occurs in embryonic germ cells through
the near to complete erasure of somatic DNA methylation patterns (DNA deMe) followed
by the acquisition of novel sex-specific DNA methylation including differential imprinting
of the genes in the male and female germ cells (DNA Me). After birth, the Spermatogonial
Stem Cell (SSC) divide mitotically to generate more spermatogonia (Spg) or to differentiate
into primary spermatocytes. Early spermatocytes (Early Spc) will enter into meiosis during
which synaptonemal complex formation, crossing over and homologous recombination take
place in the Pachytene spermatocyte (Pachytene Spc). Round spermatids (RS) are the first
haploid cells and undergo a differentiation process or spermiogenesis where elongating
spermatids (ES) have their histones replaced first by transition proteins and finally by
protamines in the spermatozoa (Spz). Two extensive wave of transcription occurs before and
after meiosis and the second lead to the storage of mRNAs that will be needed in the last
stages of the spermatogenesis when transcriptions ceases. Unlike Pachytene piRNAs,
Prepachytene piRNAs are enriched in sequences that match transposable elements (TEs) and
both are expressed at specific spermatogenic stages. Prepachytene piRNAs are expressed
simultaneously with MIWI2 (from E15.5 until soon after birth) and MILI (from E12.5 to
RS) in foetal ProSpg and during this period there is an extensive derepression of
transposable elements (TE) that also occurs in early meiotic spermatocytes. Pachytene
piRNAs are expressed together with MIWI (from pachytene Spc until RS) and the presence
of the CB (red dots). The MVH, a hallmark of the CB, is exclusively expressed in male
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germ cells from E10.5 to RS and has been proposed to be involved in both miRNA and
piRNA pathways.
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Figure 2.
miRNAs and piRNAs proposed biogenesis pathways and function. Long dsDNA loops from

miRNA genes called Pri-miRNAs are cleaved by Drosha in the nucleus and the resulting
pre-miRNAs are further exported to the cytoplasm and processed into mature miRNAS by
Dicer. Typically, miRNAs mediate translation inhibition or mRNA degradation through
their association with Ago proteins in the RISC. In foetal prospermatogonia, prepachytene
piRNAs are produced through the primary processing of piRNA precursors by an unknown
mechanism and the subsequent ping-pong cycle in where MILI and MIWI2 participate and
give rise to piRNAs, although a homotypic mechanism has recently been proposed (not
represented in the figure, see [72]). These sense piRNA precursors are likely mRNAs of
active transposable elements that preferentially bind MILI. MIWI2 is specifically enriched
in secondary antisense piRNAs which may also mediate transposon silencing at the
transcriptional level through DNA methylation. After birth, MIWI2 is no longer expressed,
MILI continues functioning and MIWI1 appears to contribute in the cytoplasmatic transposon
silencing through primary processing of transposon mMRNAs to give rise to pachytene
piRNAs. Additionally, MIWI has shown to bind spermiogenic RNAS to potentially
cooperate in maintaining the pool of mMRNAs that are stored in the round spermatid for later
stages. Other protein components have been described to participate in these S"cRNA
mechanisms in the mouse testis although they have been not included in this representation.
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Novel protein components of the mammalian Chromatoid body (see [1] for a list of previously identified CB
proteins and [29] for the most updated full RNA and protein composition of the CB).

Protein

BASP1 and MARCKS

CLOCK and BMAL1

HAT1 and p46

MAGO

NANOSL1 and PUMILIO2

NONO

NSun2

PABPC1 and PABPC3

SAMG8

SCaMC-1L

TDRD9

TSSK1,; TSSK2 and TSKS

Synonym

NAP-22 for BASP1

ARNT-like 1 for
BMAL1

MAGOH; MGN2

Misu

Description

Brain Acid Soluble Protein 1
and Myristoylated Alanin Rich
C Kinase Substrate

Circadian Locomoter Output
Cycles protein Kaput and Brain
and Muscle ARNT-Like 1

Histone acetyltransferase 1 and
Histone-binding protein RBBP7

Protein mago nashi homolog

Nanos homolog 1 and Pumilio
homolog 2

Non-POU domain containing;
octamer binding protein

NOL1/NOP2/Sun domain
family member 2

Poly(A) Binding Protein;
Cytoplasmic 1 and 3

KH domain-containing; RNA-
binding; signal transduction-
associated protein 1

Small calcium-binding
mitochondrial carrier protein 1
like

Mouse Tudor repeat-9

Testis-specific serine/threonine-
protein kinase 1; 2 and Testis-
specific serine kinase substrate

Function

In neurons; affect actin cytoskeleton
dynamics and promote outgrowth

CLOCK and BMAL1 are central
regulators of the circadian clock.
Bmall KO and Clock KO mice display
morfologic CB alterations due to
BMALL1 ablation or low expression

Hatl and its cofactor p46 control the
physiology of the CB by acetylation of
MVH

Its role in normal spermatogenesis of
vertebrates is unknown

NANOS1 and PUMILIO2 bind to
regulate translation of specific mMRNAs
germ cells of certain model organisms

RNA binding protein. It may
participate in various steps of mMRNA
processing and protein translation

Cytosine-5 RNA methyltransferase.
Nsun2 KO mice have male
gametogenesios blocked at the
pachytene stage

Bind the poly(A) tail of mMRNA. May
be involved in cytoplasmic regulatory
processes of MRNA metabolism.

RNA binding protein with potential
role in the miRNA pathway during
spermatogenesis

ATP-Mg/Pi carrier that mediate a
reversible electroneutral exchange
between ATP-Mg2- and HPO4 2- and
control the net transport of adenine
nucleotides across the inner
mitochondrial membrane

Tudor domain containing protein that
is essential for supressessing LINE1
retrotranpsosons. Tdrd9 KO mice have
male gametogenesis blocked at
zygotene stage

Tsskl and Tssk2 KO mice have male
gametogenesis blocked at elongating
spermatids possessing a collapsed
mitochondrial sheath
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