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Piwi-interacting RNAs (piRNAs) are a distinct class of small
non-coding RNAs specifically expressed in the germline of
many species. They are most notably required for transposon
silencing. Loss of piRNAs results in defects in germ cell
development, and thus, infertility. Most studies of piRNAs have
been done in Drosophila, but much progress has also been
made on piRNAs in the germline of mammals and other species
in the past few years. This review provides a summary of our
current knowledge of the biogenesis and functions of piRNAs
during mouse spermatogenesis and discusses challenges in
the mammalian piRNA field.

Introduction

Small non-coding RNAs play important roles in many
aspects of development, including cell fate specification and
pluripotency.” Three main classes of small non-coding RNAs
are expressed during spermatogenesis: microRNAs (miRNAs),
endogenous small interfering RNAs (endo-siRNAs), and
piRNAs.>¢ Out of these three classes of small non-coding RNAs,
piRNAs are the most highly expressed during spermatogenesis
but the least understood.

The piRNAs are required during multiple stages of
spermatogenesis including de novo DNA methylation, meiosis,
and spermiogenesis (Fig. 1) Genome-wide reprogramming
occurs in primordial germ cells. During reprogramming, all
DNA methyl marks are erased in germ cells. This ensures that
all germ cells are epigenetically equal before they differentiate
into male and female germ cells and establish their respective
parental imprints during de novo DNA methylation.®’ However,
loss of DNA methyl marks or lack of de novo methylation results
in the activation of many genes that are normally silenced,
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including transposons, and leaves the genome highly susceptible
to damage.”® The piRNAs are required to silence transposons
during this critical developmental period. The piRNA pathway
is also required for meiosis and spermiogenesis. During meiosis,
each spermatocyte produces four spermatids, each with a
unique mixture of maternal and paternal DNA. Because of
meiotic recombination and random segregation of homologous
chromosomes, each haploid spermatid is unique in its DNA
content, underscoring the vast diversity among gametes in non-
inbred species. Spermiogenesis follows meiosis and consists of
dramatic molecular and morphogenetic changes such as histone
replacement, nuclear elongation, formation of the acrosome, and
development of flagellum.

The piRNA pathway consists of many evolutionarily
conserved protein factors (Table 1). This article provides a review
on the current knowledge of the piRNA pathway by discussing
mammalian protein factors and their roles in the biogenesis and
function of piRNAs. While several recent reviews focus on the
study of piRNAs in Drosophila,*"'*3 our review focuses on the
mammalian piRNA pathway.

piRNAs

The piRNAs were initially discovered in the Drosophila
germline as small RNAs transcribed from repetitive elements
such as retrotransposons, DNA transposons, and the Su(Stellate)
locus."* Since then, piRNAs have also been found to be expressed
in the germline of many other metazoan species, including
mouse, rat, zebrafish, Xenopus, silkworm, and C. elegans.!*
There are hundreds of thousands if not millions of distinct
piRNA sequences within a species, and piRNA sequences are
not conserved among different species.”® The piRNAs (-25-30
nt) are different in size from miRNAs and siRNAs (21-24
nt). In addition, the 5" ends of piRNAs have a preference for
a uridine. The 3" ends of piRNAs are 2’-O-methylated.'¢2%323
By definition, piRNAs are bound to PIW1I proteins. Two classes
of piRNAs are generated during mouse spermatogenesis: pre-
pachytene and pachytene piRNAs (Fig. 1).
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Figure 1. Developmental expression of piRNAs and PIWI proteins during mouse spermatogenesis. Pre-pachytene piRNAs are present prenatally in pro-
spermatogonia and postnatally in spermatogonia. Pachytene piRNAs are present postnatally in pachytene spermatocytes and round spermatids. MIWI
is expressed in pachytene spermatocytes and round spermatids. MIWI2 is expressed in pro-spermatogonia. MILI is expressed from pro-spermatogonia
to round spermatids. Miwi-null mutants exhibit spermiogenic arrest. Mili- and Miwi2-null mutants exhibit meiotic arrest. The spermatogenic arrest
points are indicated by Xs in red. This figure is modified from Figure 1 in the publication from Zheng and Wang.%?

Pre-pachytene piRNAs

Pre-pachytene piRNAs are generated prenatally in pro-
spermatogonia and are also present in postnatal male germ
cells until the onset of meiosis. Pre-pachytene piRNAs make
up about 5% of known piRNAs and can be further divided
into two groups: fetal pre-pachytene piRNAs and postnatal
pre-pachytene piRNAs.7!®3%  Fetal pre-pachytene piRNAs
constitute the majority of pre-pachytene piRNAs, are expressed
in pro-spermatogonia, and associate with the PIWI proteins
PIWIL2 (MILI) and PIWIL4 (MIWI2). About half of fetal pre-
pachytene piRNAs are derived from transposable elements. MILI
predominantly binds to piRNAs that are sense to transposable
elements, while MIWI2 preferentially binds to piRNAs that are
antisense to transposable elements.”® A small percentage (3%) of
fetal pre-pachytene piRNAs are derived from the exons of protein-
coding genes.'® Postnatal pre-pachytene piRNAs only associate
with MILI, which is the sole PIWT protein present at this stage
(Fig. 1). A relatively similar amount of postnatal pre-pachytene
piRNAs are derived from transposable elements; however, the
profile of the transposable elements from which postnatal pre-
pachytene piRNAs originate is different from that of transposable
elements from which fetal pre-pachytene piRNAs are derived.® A
greater percentage (20%) of postnatal pre-pachytene piRNAs are
also derived from the exons of protein-coding genes.'s

Pachytene piRNAs

The second class of piRNAs, termed pachytene piRNAs,
consists of the remaining 95% of known piRNAs.!¢17:20343 They
are present postnatally in pachytene spermatocytes and round
spermatids (Fig. 1). Pachytene piRNAs associate with the PIWI
proteins MILI and PIWILI (MIWI). Unlike pre-pachytene
piRNAs, most pachytene piRNAs are derived from non-repetitive,
intergenic regions, called pachytene piRNA clusters.?*** These
piRNAs have no known targets and are hypothesized to be
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the degradation products of larger, non-coding RNAs that are
selectively targeted for processing by the piRNA pathway.’® A
small percentage (-20%) of pachytene piRNAs are derived from
1620 Pachytene piRNA clusters are on
average larger than pre-pachytene piRNA clusters. In addition,
pachytene piRNA and pre-pachytene piRNA clusters show little
overlap.

transposable elements.

PIWI Proteins

PIWTI proteins are a subfamily of the Argonaute protein
family. PITW1I proteins are predominantly expressed in the gonad,
whereas Ago proteins are ubiquitously expressed.”” Members of
the Argonaute protein family bind various classes of small non-
coding RNAs and are involved in RNA-induced silencing.?®
There are four main structural domains in Argonaute proteins:
N-terminal, MID, PAZ, and PIWI domains.** Much of the work
on the functions of these domains has been done using Ago
proteins. The N-terminal domain is required for RNA duplex
unwinding and regulates the catalytic activity of Ago proteins. 4>
The MID domain incorporates and stabilizes the 5 end of the
small RNA.#*% The PAZ domain incorporates the 3’ end of the
small RNA and determines the length of small RNAs that are
incorporated.?46-*® Finally, the PIWI domain contains an RNase
H-like fold with a conserved aspartate-aspartate-glutamate
catalytic motif that allows Argonaute proteins to silence their
targets through the endonuclease/slicer activity.®

There are three PIW1I proteins present in mice: MILI, MIWI,
and MIWI2 (Table 1). They are expressed during different
stages of spermatogenesis (Fig. 1). Mili is expressed from the
gonocyte stage to the round spermatid stage.” Miwi2 expression
is restricted to the gonocyte stage.”® Miwi is expressed from the
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Table 1. Components of the piRNA pathway

Mouse protein Knockout phenotype Role in the piRNA pathway Fly homolog References
PIWIL1 (MIWI) Spermiogenic arrest Primary biogenesis PIWI 49,51
PIWIL2 (MILI) Meiotic arrest Primary and secondary biogenesis PIWI 16,52

PIWIL4 (MIWI2) Meiotic arrest Secondary biogenesis PIWI 50

MOV10L1 Meiotic arrest Primary biogenesis ARMITAGE 71,115
DDX4 (MVH) Meiotic arrest Secondary biogenesis VASA 98,116
TDRD1 Meiotic arrest Primary biogenesis TUDOR 60, 105
TDRD9 Meiotic arrest Secondary biogenesis Spn-E 75
TDRD12 Meiotic arrest Secondary biogenesis Yb 92,117
TDRKH Meiotic arrest Primary biogenesis PAPI 82
MitoPLD Meiotic arrest Primary biogenesis ZUCCHINI 97,110
GASZ Meiotic arrest Primary biogenesis 73
MAEL Meiotic arrest Primary and secondary biogenesis MAELSTROM 74,100
GPAT2 N/A Primary biogenesis 926
FKBP6 Meiotic arrest Secondary biogenesis SHUTDOWN 99
GTSF1 Meiotic arrest Transcriptional transposon silencing GTSF1 101-103
A-MYB Meiotic arrest Transcription of piRNA precursors 79

late pachytene stage to the round spermatid stage.”’ Disruption
of either Mili or Miwi2 results in meiotic arrest, and inactivation
of Miwi results in spermiogenic arrest.’** MIWI, MIWI2, and
MILI associate with piRNAs of -30 nt, -28 nt, and -26 nt,
respectively.!6-18-2023L53 MILI and MIWTI exhibit slicer activity
for their targets.”*>> Small RNA-induced transcriptional silencing
is present in plants, yeast, and even human cells with siRNAs and
Ago proteins.’**® piRNA-mediated transcriptional silencing is
also present in Drosophila where piIRNAs guide PIW1I to its target
sequences in the nucleus and recruit HP1a.”? Like PIWI, MIWI2
localizes to the nucleus in a piRNA-dependent manner.'s5>606!
These studies suggest that MIWI2 may repress the expression

of its targets through piRNA-mediated transcriptional silencing.

PiRNA Functions

piRNAs bind to the PIWT proteins to form piRNA-induced
silencing complexes (piRISC). Both pre-pachytene and pachytene
piRNAs are important for transposon silencing. Genetically, pre-
pachytene piRNAs are essential for meiosis, whereas pachytene
piRNAs are required for spermiogenesis (Fig. 1)."%

Transposon silencing

The most important and well-conserved role of piRNAs is
to silence transposable elements during germ cell development.
Transposable elements are mobile genetic elements that move
and replicate by inserting themselves into the genome.®
They constitute a significant portion of the genome of many
species, including humans.® Maintaining genome integrity
is of paramount importance during germ cell development
because genetic information is passed on to future generations.
Transposon activity alters the genome and causes DNA damage
in a variety of ways.” Therefore, transposable elements are
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usually silenced. There are two types of transposable elements:
DNA transposons and retrotransposons. DNA transposons are
not active in mammalian genomes due to accumulated mutations
and truncations. Retrotransposons make up the majority of
transposable elements in the genome.®® Retrotransposons are first
transcribed into RNA intermediates. The RNA intermediate is
reverse transcribed into DNA and the new retrotransposon then
inserts itself into a new location in the genome. Retrotransposons
can be further divided into long-terminal repeat (LTR) and
non-LTR retrotransposons. Long interspersed (LINE) and short
interspersed (SINE) elements are non-LTR retrotransposons,
and they constitute a large portion of active transposable
elements in the genome.® Intracisternal A-particle (IAP), a LTR
retrotransposon, also constitutes a significant portion of active
transposable elements in the genome but is expressed at a much
lower level compared with LINE and SINE elements.®
Transposable elements in mammals are primarily silenced
through DNA methylation, and therefore, become active during
genome-wide reprogramming when DNA methyl marks are
erased. Fetal pre-pachytene piRNAs are required to silence
transposable elements through de novo methylation of transposon
promoters.'”%" MILI associates with pre-pachytene piRNAs
that are sense to transposable elements in prospermatogonia,
suggesting that the transcripts of active transposable elements are
processed by the piRNA pathway, and subsequently, incorporated
into MILI. A loss of piRNAs leads to decreased DNA methylation
of transposable elements. It is hypothesized that MIWI2 recruits
DNA methylation machinery to re-establish DNA methyl marks
on the promoters of active transposable elements during de novo
methylation. Indeed, inactivation of MIWI2 or DNMT3L, a
protein that interacts with DNMT3A and DNMT3B during
de novo methylation, results in a similar phenotype.'®676%
Interestingly, postnatal pre-pachytene piRNAs and DNA
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Figure 2. The mammalian piRNA biogenesis pathway. Genomic loci encoding piRNAs (piRNA clusters) are transcribed. The piRNA pathway recognizes
these RNAs as piRNA precursors and processes them into mature piRNA through primary processing. The piRNA precursors are cleaved by an endo-
nuclease into piRNA intermediates. The piRNA intermediates are incorporated into MILI or MIWI protein complex and are then trimmed and modified at
their 3’ ends into mature piRNAs. Mature piRNA are amplified through ping-pong amplification loop. Mature piRNA guide MILI protein complex to com-
plementary RNAs. MILI cleaves complementary RNAs to generate secondary piRNA intermediates that are loaded onto another MILI protein complex
or MIWI2 protein complex. Secondary piRNA intermediates are trimmed and modified at their 3" ends to generate secondary piRNAs. Representative

methylation of LINE1 promoters are not required to maintain
silencing of LINEI elements in spermatogonia.”’ Instead, H3K9
dimethylation is sufficient to silence LINEI at this stage.®

Pachytene piRNAs are also involved in silencing transposable
elements. Miwi slicer mutant mice display an increased level
of LINEI transcripts with high complementarity to pachytene
piRNAs.> Upregulation of the pachytene piRNA cluster 1082B
results in decreased expression of LINEL and IAP elements.”
However, LINEL upregulation in the absence of pachytene
piRNAs is minimal compared with LINE1 upregulation in the
absence of pre-pachytene piRNA function (> 10-fold), suggesting
that transposon silencing may be a minor role for pachytene
piRNAs.0>7!

Silencing of other genes

While piRNAs are known to silence transposons, piRNA-
mediated silencing of other genes is relatively unexplored.
Recently, it was shown that piRNAs are required to silence the
paternally imprinted gene, Rasgf71, during genome-wide de novo
methylation. piRNAs target a retrotransposon sequence within
a non-coding RNA that spans the differentially methylated
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region (DMR) of Rasgfr!l, and a reduction in piRNAs results in a
decreased amount of methylation at the Rasgfr/ DMR.”?

Meiosis

Many mouse mutants defective in the piRNA pathway exhibit
meiotic arrest at the zygotene stage, including Mili, Miwi2,
Ddx4, Movl0ll, GasZ, Mael, Tdrd9, etc. (Table 1).%:50:5271.7375
Spermatocytes in these mutants exhibit massive DNA damage. It
is hypothesized that the de-repression of transposable elements in
germ cells from these piRNA-defective mutants causes massive
DNA damage, and thus, leads to meiotic arrest. However, a
causative relationship between de-repression of transposable
elements and meiotic arrest has not been established.

Spermiogenesis

Originally, pachytene piRNAs were believed to target
complementary sequences required for the maturation of round
spermatids. Postnatal disruption of MovI0/I results in a lack of
pachytene piRNA biogenesis and spermiogenic arrest at the round
spermatid stage.”? In addition, recent findings point toward a
role for pachytene piRNAs during later stages of spermiogenesis.
The loading of pachytene piRNAs onto MIWTI is required for
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the ubiquitin-mediated degradation of MIWI through the APC
proteasome pathway in elongating and elongated spermatids.”®
MIWTI degradation results in the removal of the PIWI/piRNA
pathway in late spermiogenesis and is required for the formation
of sperm. This finding suggests that pachytene piRNAs are
by-products of their precursors and play a passive role in marking
MIWT for degradation in late spermatids rather than a role in
targeting complementary sequences.

piRNA-Independent Functions of PIWI Proteins

A growing body of studies has shown that, in addition to piRNA-
mediated silencing of transposable elements, PIW1I proteins have
piRNA-independent functions. In Drosophila, PIWI functions
in the renewal of germline stem cells in a piRNA-independent
manner.”” Mili and Miwi2 mutant mice exhibit a progressive
depletion of male germ cells with age, suggesting that they may be
required for spermatogonial stem cell renewal*’® However, it is
currently unknown whether the function of MILI and MIWI2 in
spermatogonial stem cell renewal is independent of piRNAs.

MILI and MIWT are implicated in translational control of
mRNAs. Both MILI and MIWT associate with polysomes in
an RNA-dependent manner, but only MILI regulates global
translation levels.””® Therefore, MILI may affect germline stem
cell renewal and differentiation through its regulation of global
translation levels. While MIWI does not appear to regulate
global translation levels, it binds to and regulates the expression
of a subset of miRNAs and spermiogenic mRNAs that are not
targets of pachytene piRNAs.>3¢ Many of the MIWI-bound
mRNAs are involved in the formation of repressive mRNA
ribonucleoproteins (mRNPs) and their abundance is dramatically
reduced in round spermatids from Miwi-null mice.*® Therefore,
it is hypothesized that MIWI binding may stabilize its target
RNAs for their translation in elongating spermatids.

piRNA Biogenesis

piRNAs are generated through two pathways: primary
processing and the ping-pong amplification loop. Primary
piRNAs are first generated through primary processing and
then certain primary piRNAs enter the ping-pong amplification
loop to generate secondary piRNAs (Fig. 2). The ping-pong
amplification loop is also called secondary piRNA processing.

Primary processing

During primary processing, the genomic loci that encode
piRNAs are initially transcribed as long RNAs, termed piRNA
precursors, that can be tens to hundreds of kilobases long.'
Transcription of pachytene piRNA precursors is initiated by the
A-MYB transcription factor.”” A-MYB is involved in a positive
feedback loop with itself and also regulates the transcription of
many other genes involved in the piRNA pathway such as 7drd]1,
Miwi, and MitoPLD.”” The piRNA precursors are 5’ capped
and 3’ polyadenylated.”” One major difference between piRNA
biogenesis and microRNA/siRNA biogenesis is that piRNA
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Figure 3. Interaction map of protein factors in the mammalian piRNA
pathway. Solid lines represent associations that have been confirmed
through co-immunoprecipitation.

biogenesis is DICER-independent.’® Furthermore, computational
analysis of regions in the piRNA precursors immediately
surrounding pachytene piRNAs shows a lack of stem loops.'¢

The piRNA precursors are first processed into shorter RNAs,
termed piRNA intermediates, by an endonuclease that recent
studies suggests is MitoPLD/Zucchini (Fig. 2).5%! The piRNA
intermediates associate with MILI and MIWI1.>*% The 5" ends
of the piRNA intermediates correspond to the 5" ends of mature
piRNAs, and thus, contain a preference for uridine.**** However, it
is unclear whether piRNA precursors are preferentially cleaved into
RNAs with 5" uridines, or whether MILI and MIW1 preferentially
stabilize RNAs with 5" uridines. Ago proteins recognize the
identity of the 5" terminal nucleotide through the MID domain
and tend to incorporate miRNAs with a 5'uridine.***#5 This
5'U bias is conserved in PIWI proteins. The exact lengths of
piRNA intermediates are likely variable. MILI-bound piRNA
intermediates of 32—40 nt have recently been reported.®

The piRNA intermediates are trimmed into mature-length
piRNAspresumably through Mg?*-dependent3’-5" exonucleolytic
activity, termed Trimmer activity. Trimmer activity is present in
the cellular lysate from BmN4 silkworm ovarian cells.* TDRKH
promotes the 3’ trimming of piRNA intermediates.®* After
trimming, the mature piRNA is 2’-O-methylated at its 3" end
by HENI and incorporated into the PAZ domain of the PIWI
protein #2388 2°.O-methylation of piRNAs is closely coupled
with trimming of piRNA intermediates.** In further support of
this, MILI-bound piRNA intermediates in 7drkh-null mice are
2’-O-methylated.®

Secondary processing (Ping-pong amplification loop)

While primary processing generates the initial pool of piRNAs,
the ping-pong amplification loop generates secondary piRNAs and
amplifies the pool of both primary and secondary piRNAs. During
the ping-pong amplification, primary piRNAs guide the PIW1I
proteins they associate with to complementary RNA targets.?%
PIWI proteins cleave their RNA targets between the 10th and 11th
nucleotides relative to the primary piRNA, generating the 5’ end of
the secondary piRNA.#"# Thus, a signature of secondary piRNAs
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is a preference for an adenosine at the 10th nucleotide.'®#7%8

Secondary piRNA intermediates are loaded onto other PIWI
proteins and their 3" ends are also processed by Trimmer activity.
Secondary piRNAs in turn guide PIW1 proteins to RNA targets to
slice them and produce primary piRNAs at the same time.

The ping-pong amplification loop is only observed during
fetal pre-pachytene piRNA biogenesis in mice, where primary
piRNAs are loaded onto MILI and secondary piRNAs are loaded
onto both MILI and MIWI2."%5 While MIWI2 is involved
in the linear generation of secondary piRNAs, MILI forms
an intra-amplification loop with itself to amplify piRNAs.>
Because MILI predominantly associates with fetal pre-pachytene
piRNAs that are sense to transposable elements, it is believed
that transcripts of transposable elements are fed into the piRNA
pathway to generate the initial pool of primary piRNAs.
Secondary piRNAs are antisense to transposable elements and
guide MIWI2 to silence transposable elements in the nucleus.
This mechanism allows germ cells to mount an adaptive defense
against endogenous transposable elements through the piRNA
pathway. Interestingly, secondary piRNAs are required to
silence LINE1 but not IAP elements.”® This could be due to the
significantly lower expression of IAP elements in the genome so
that primary processing alone is sufficient to silence active IAP
elements. In support of this notion, mouse mutants with defects
in primary piRNA biogenesis such as Mili and MovI0/1 exhibit
de-repression of both LINEI and IAP, whereas mouse mutants
with defects in secondary piRNA production such as Miw:i2 and
1drd9 appear to display de-repression of only LINE1.5%¢-7175

PIWI-Associated Proteins

The piRNA pathway consists of many proteins in addition to
PIWI proteins and piRNAs (Table 1). Many of these proteins are
associated with PIWTI proteins (Fig. 3). Studies of these additional
proteins have provided significant mechanistic insights into the
piRNA pathway.

Tudor domain-containing proteins (TDRDs)

TDRDs are members of the Tudor protein family, characterized
by the Tudor domain.* TDRDs contain one or more extended
Tudordomains. Tudordomainsbind to symmetrically dimethylated
arginine sites (sDMA), which are found in many PIWI and
PIWI-associated proteins.?”¢*?**! Many TDRDs associate with
PIWTI proteins, including TDRD1, TDRKH, TDRD6, TDRD?7,
TDRD8, TDRDY, and TDRDI2 (Fig. 3).>#"* With the
exception of TDRDS, all the TDRDs that associate with PIW1I
proteins are required for spermatogenesis (Table 1).” TDRDI,
TDRKH, TDRDY, and TDRD12 play critical roles in the piRNA
pathway.®*”>8292 TDRDs are believed to function as scaffolds for
the interaction of various proteins in the piRNA pathway.

TDRKH is a mitochondrial protein.®* It associates with
MIWTI and MIWI2 and is required for the processing of most
MILI-bound piRNA intermediates into mature piRNAs.*? The
presence of the remaining mature piRNAs in 7drkh-null mice
suggests that there may be more than one mechanism through
which piRNA intermediates are processed. TDRKH may
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function as a scaffold for mouse PIW1I proteins and the Trimmer
during the trimming process. TDRKH could also function to
recruit Trimmer to the nuage. TDRD1 associates with MILI and
disruption of 7drdl alters the MILI-bound piRNA profile.t®%!
TDRDI12 isa putative RNA helicase and associates with MILI and
TDRD1.”2 TDRDI12 is required for the generation of MIWI2-
bound secondary piRNAs.”?> TDRDY associates with MIWI12
and localizes to the nucleus.”” TDRD9 may act as a scaffold for
MIWI2 and the DNA methylation machinery during de novo
methylation of active transposable elements.

Other factors

In addition to TDRDs, a number of other protein factors
function in the piRNA pathway (Table 1 and Fig. 3). GASZ and
GPAT?2 associate with MILI and are required for primary piRNA
biogenesis.”*** GPAT2 is a mitochondrial outer membrane
protein. MitoPLD is another mitochondrial membrane protein
and exhibits endonuclease activity for single-stranded RNAs
in vitro.**8?” The endonuclease activity of Zuc, the Drosophila
homolog of MitoPLD, is required for piRNA biogenesis.5*%!
MitoPLD is a candidate for the endonuclease that cleaves piRNA
precursors into piRNA intermediates. However, in the MitoPLD
mouse mutants, piRNAs are still present, even though their
production is not normal, suggesting that MitoPLD may not be the
only endonuclease responsible for cleavage in mice.”” MOV10L1
is a putative RNA helicase required for the processing of piRNA
precursors into mature piRNAs.®> MOV10L1 associates with all
three mouse PIWTI proteins.” MOV10L1 is a master regulator of
the piRNA pathway and is required for the biogenesis of both
prepachytene and pachytene piRNAs.*”! DDX4 (MVH) and
FKBP6 are components of the TDRD1 protein complex and are
required for the loading of MIWI2-bound secondary piRNAs.%%%
MVH isan RNA helicase, and like TDRD12, may be required for
ribonucleotide protein (RNP) remodeling during the loading of
secondary piRNA intermediates onto MIWI2. FKBP6 associates
with HSP90, which is required for the loading of plant and fly
miRNAs into the RNA-induced silencing complex (RISC).”
FKBP6 may recruit HSP90 in the loading of secondary piRNA
intermediates onto MIWI2. MAEL co-localizes with MIWI12
and TDRDY in prospermatogonia and associates with MILI
and MIWT in spermatocytes.”*'® MAEL promotes the nuclear
localization of MIWI2 and the onset of piRNA biogenesis in
gonocytes.'® Finally, GTSF1 associates with PIWT in the nucleus
and is required for PIWI-mediated transcriptional silencing of
transposable elements, but does not affect piRNA biogenesis in
Drosophila.®** GTSF1 is also essential for transposon silencing
in mice.!” Identification of these additional protein factors
underscores the complexity of the piRNA pathway.

Compartmentalization of the piRNA Pathway

Proteins in the piRNA pathway are regulated spatially within
germ cells. During spermatogenesis, various electron-dense
subcellular bodies, termed nuages, form in the cytoplasm of germ
cells. Nuages are believed to be RNA processing centers and are
prominent in the piRNA pathway.
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The intermitochondrial cement (IMC) is made up of granules,
termed pi-bodies.'” The IMC is present in prospermatogonia,
spermatogonia, and mid-late pachytene spermatocytes. The
IMC is located between mitochondria, and its association with
mitochondria is required for its formation. Many components
of the piRNA pathway such as MILI, MOV10L1, TDRDI,
TDRKH, GASZ, and MV H localize to the IMC.7"73:82.100 MW
and MAEL also localize to the IMC along with the previously
listed components in mid-late pachytene spermatocytes.'™ Some
of these components such as TDRDI are required for formation
of the IMC.'®

The piP-bodies are nuages thatare present in prospermatogonia
adjacent to the IMC and have a sponge-like appearance.'”
TDRKH, MIWI2, TDRD9, MVH, and MAEL are localized
to piP-bodies.’'%* MAEL is required for the proper structure of
piP-bodies and localization of piRNA pathway components to
piP-bodies.'® In addition to components of the piRNA pathway,
piP-bodies also contain components of P-bodies that are involved
in the storage and degradation of mRNAs."° The localization
of MILI and MIW1I2 to the IMC and piP-bodies, respectively,
suggests that the IMC is a processing center for primary piRNAs
and that piP-bodies are processing centers for secondary piRNAs.
It is possible that crosstalk exists between these two nuages.'*

Chromatoid body (CB) is the most well-studied nuage in
the germline, but still remains mysterious. It was discovered
more than half a century ago.'”” It first forms in late pachytene
spermatocytes where it is associated with the nuclear envelope
but not mitochondria.'*
meiosis I but reappears in spermatocytes during meiosis II as

It disappears in the diplotene stage of

large electron-dense bodies. The electron-dense bodies aggregate
into a single nuage in round spermatids. The CB moves toward
the base of the flagellum and is discarded along with the
cytoplasm in residual bodies. The piRNA pathway is the most
prominent functional pathway in chromartoid body. Many factors
in the piRNA pathway such as MILI, MIWI, MVH, TDRD],
and MAEL are localized to the CB."" Factors such as MIWI
and TDRDI are required for the formation and architecture of
the CB.>"'% TDRD6 and TDRD?7 play important roles in the
assembly of chromatoid bodies.”*'” In addition to the piRNA
pathway, the chromatoid body also contains components of
P-bodies and factors involved in the microRNA pathway.!**!"
Therefore, the chromatoid body is a major RNA processing
center in round spermartids.

PiRNAs Outside the Germline

piRNA-like small RNAs (termed pilRNAs) have been found
in somatic tissues outside testes including brain, hippocampus,
kidney, liver, lung, and spleen."""'? The pilRNAs map to
intergenic regions and the 3" UTRs of sense strands.!'"!?
pilRNAs in the mouse hippocampus bind to MIWI."" Human
PIWT proteins HILI and HIWTI are found to be expressed in
many cancer cell types including pancreatic, breast, and colon
cancers.'® Nevertheless, the biological significance of piRNA-
like small RNA species and PIW1 proteins in non-gonadal tissues
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remains unknown. Given the large number of mouse mutants
with defects in the piRNA pathway (Table 1), it would be very
informative to examine these mouse mutants for any somatic
phenotypes in future studies.

Future Challenges

In this review, we have detailed the current knowledge
on the function and biogenesis of piRNAs during mouse
spermatogenesis. piRNAs are the most abundant class of small
RNAs in the germline, and much progress has been made on their
biogenesis and functions within the past few years. The piRNA
field is advancing rapidly, but many outstanding questions
remain to be answered.

A conserved role of piRNAs is to silence transposable elements.
However, many piRNAs do not target transposable elements,
including piRNAs derived from intergenic regions and coding
mRNAs." Future studies should concentrate on elucidating
the molecular functions of these non-repeat-derived sense
piRNAs. Can these non-repeat-derived piRNAs target partially
complementary RNAs? Do piRNAs have a seed sequence like
microRNAs? Initial analysis of sequences of piRNAs associated
with MILI and MIWI do not support the existence of a seed
sequence in piRNAs, but more functional studies will be needed
to address this question.®®

The molecular causes of meiotic arrest in piRNA-defective
mutants remain to be elucidated. It is believed that de-repression
of transposable elements in germ cells of piRNA-defective
mutants causes massive DNA damage, which in turn, results in
meiotic arrest. However, it has not been shown that de-repression
of transposable elements actually leads to DNA damage in the
germ cells. This is complicated by the fact that early meiotic germ
cells naturally generate DNA double strand breaks for meiotic
recombination, which triggers the DNA damage response. A
related question is whether de-repression of transposable elements
necessarily results in integration of transposable elements into
the genome in the germ cells. Most mouse piRNA mutants
exhibit meiotic arrest at the zygotene stage, suggesting that
common defects among these mutants might cause failures in
chromosomal synapsis and meiotic recombination. To date, the
exact cause of meiotic arrest in mouse piRNA mutants remains
an open question.

IMC and piP-bodies are located adjacent to mitochondria.
Protein factors required for piRNA biogenesis such as TDRKH,
GPAT?2, and MitoPLD are localized to the outer mitochondrial
membrane, suggesting a possible link between mitochondria
and piRNA biogenesis.”*?""" Do these protein factors have
independent functions in mitochondrial biology and the piRNA
pathway? Or are mitochondria directly involved in piRNA
biogenesis?

Biogenesis of piRNAs is independent of DICER, but the
mechanisms underlying piRNA biogenesis, in particular
primary biogenesis, remain mysterious. Biogenesis of pachytene
piRNAs only involves primary processing and thus constitutes
an ideal system for dissecting the primary processing pathway.
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A few outstanding questions remain. How are piRNA
precursors chosen to be fed into the piRNA pathway? Why

piRNA biogenesis.

are piRNAs produced from some mRNA transcripts but not

others? MitoPLD is a strong candidate for the enzyme that
initially cleaves piRNA precursor transcripts. Are there other

endonucleases involved in the initial cleavage? What is the
identity of the 3'-5" trimmer for piRNA intermediates? While

many of the protein factors involved in piRNA biogenesis have
been defined, the mechanisms through which these factors
regulate piRNA biogenesis are largely unknown. Development

of biochemical assays will aid in defining
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