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Abstract

Piwi-interacting RNAs (piRNAS) were reported in 2006 as anovel class of small non-coding
RNA s associated with Piwi proteins of the Argonaute/Piwi family. Recent studies have reveal ed
not only the biogenesis of piRNAs and their roles in transposon silencing, but also the function of
the Piwi-piRNA pathway in epigenetic and post-transcriptional regulation of gene expression. In
addition, the function of this pathway in somatic cells has also been more systematically
characterized. The new findings reveal the Piwi-piRNA pathway as a more general mechanism of
gene regulation.

Introduction

Three major types of small RNAs, siRNAs, miRNAS, and piRNAS, associate with proteins
in the Argonaute/Piwi family to execute sequence-specific gene silencing. Among the three
types of small RNASs, piRNAs were discovered most recently and remain the least
characterized. They are named by their exclusive association with Piwi but not Argonaute
(Ago) subfamily proteins. Unlike the broad expression of SRNAsand miRNAs in most cell
and tissue types, piRNAs are highly enriched in the germline. This expression pattern and
the findings that mutations of piRNA biogenesis factors result in either germline stem cell
loss or sterility of the mutant animals demonstrate the critical impact the Piwi-piRNA
pathway exerts on germline development and functions [1-6]. Strong hypormaophic
mutations of Drosophila piwi result in reduced germline stem cell division and eventual
germline stem cell loss[3,7]. Reduced level of Piwi homologsin Caerorhabditis elegans
result in reduced germ cell division and reduced fertility [7,8]. Knockout mutations of
mouse Piwi proteins Mili, Miwi, and Miwi2 result in male sterility in all cases,
spermatogonial stem cell arrest and eventual lossin Mili and Miwi2 mutants, and meiotic
arrest in Miwi mutant [4-6,9,10]. Genetic analysis of Piwi functionsin the germline of these
model organisms reinforced the critical role of Piwi proteinsin germline development.

Numerous excellent reviews have detailed piRNA biogenesis pathway and contrasted it with
miRNA and siRNA biogenesis [11-13]. Here we highlight some less discussed points. First,
in contrast to the ~500 loci encoding miRNAs in most eukaryotic genomes, the number of
piRNASs ranges up to 100 000's. Second, both the RNA polymerase transcribing the primary
transcripts and the nuclease generating primary piRNAs from the primary transcripts are yet
to be identified; an endonuclease Zucchini has been implicated in generating the 5" end of
piRNA [14,15]. Third, the mechanism of RNA target selection by the piRNA-induced
silencing complex is unclear. Fourth, the mechanism by which PIWI-piRNA complexes
regulate epigenetic processes via sequence specificity remains unclear.
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The questions highlighted above remain unsolved partially because studies of piRNA
functions have mostly been focused on transposon silencing in the germline. Indeed,
mutations of genesinvolved in piRNA biogenesis result in increased transposition and DNA
damage in germ cells[16,17] and because a subpopulation of piRNAS appears to suppress
retrotransposon activitiesin the germline [18,19]. These studies, however, often overlook
substantial evidence demonstrating that the Piwi-piRNA pathway significantly influences
epigenetic mechanisms. DrosgphilaPiwi and its homolog Aubergine have been shown to
affect transcriptional silencing [20], to be required for heterochromatin formation [21], and
to affect Polycomb Group-mediated transgene silencing [22]. Furthermore, molecular and
biochemical analyses of Piwi and piRNAs demonstrated that Piwi protein directly associates
with and recruits HP1a [23,24], that the Piwi-piRNA complex directly binds to piRNA-
complementary sequence in the genome and is required for proper histone modification of
the sequence [25], and that maternally deposited piRNASs can epigenetically mediate
transposon suppression in the offspring [26]. In addition, analyses of mouse Piwi homologs,
Mili and Miwi2, indicated that they mediate DNA methylation in the male germline during
embryogenesis [27-29]. Together, the above observations implicate epigenetic function of
the Piwi-piRNA pathway and its importance for germline health and functions.

The Piwi-piRNA pathway in epigenetic regulation

The Piwi-piRNA pathway can regul ate epigenetic processes via the following mechanisms
(Figure 1):

Histone modifications

Histone modifications are the predominant means by which epigenetic information is
transmitted from parents to offspring. DrosgphilaPiwi protein has been shown to directly
influence histone modifications at a piRNA target site [25] and to functionally associate with
HP1aand histone H3 lysined methylation (H3K9me) [23,24]. HP1a and H3K 9me are both
characteristic marks of transcriptionally silenced chromatin. Recent works expanded on
these observations by demonstrating that Piwi-piRNAs direct the genome-wide methylation
of H3K9 to transcriptionally silence transposable elements in Drosgphi/aovarian somatic
cells[30°] and that the molecular link between Piwi, HP1 and H3K9me may be
evolutionarily conserved from Drosgphilato C. élegans. The Piwi ortholog in C. éegans,
PRG-1, can initiate trans-generational gene silencing in the germline by influencing
H3K9me, HP1, and histone methyltransferases [31,32]. However, it is not clear whether
PRG-1 initiates transcriptional silencing by physically associating with HP1 or by an
alternative mechanism.

DNA methylation

DNA methylation is another epigenetic silencing mark functionally linked to Piwi. Mouse
Piwi proteins Mili and Miwi2 are shown to regulate DNA methylation at transposon loci
[27-29]. It seemsthat piRNAS can also direct DNA methylation on non-transposon loci,
such as the Rasgrf11ocus in the mouse male germline to regulate genomic imprinting [33™]
and the CREB2 promoter in Aplysianeurons to influence long-term memory plasticity [34°].
Even though the molecular mechanism by which piRNAs influence DNA
methyltransferases is not clear, the high evolutionary conservation of thisfunctionis
nevertheless remarkable.

The Piwi-piRNA pathway in canalization

Canalization was first described by Conrad Waddington in 1942 as the phenomenon in
which “epigenetic landscape' canalizes genotypic variations into manifesting phenotypic
similarities [35]. In modern terms, canalization is recognized as a molecular mechanism that
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buffers the impact of genotypic and environmental variations on phenotype to ensure
developmental robustness. A few molecules have been identified for their rolein
canalization, among which the heat-shock protein 90 kDa (Hsp90) is the best characterized
[36,37]. In addition, characterization of Hsp90 interactors showed that epigenetic factors
interact with Hsp90 to facilitate canalization [38,39].

Small RNAS participate in canalization, as proved by the functional studies of m/R-1 and
miR-iab-4-5pin Drosophila First isthe demonstration that /m/R-1, a muscle-specific
miRNA, impacts muscle differentiation only during the stressful rapid growth phase [40].
Second isthe finding that m/R-iab-4-5p mis-expression resultsin a haltere-to-wing
transformation, a classic phenotype observed by Waddington [41] and shown to be canalized
by Ubx, amolecular target of miR-iab-4-5p [42].

A recent work has linked canalization to the Piwi-piRNA pathway by demonstrating that
Hsp90 influences piRNA production and transposon suppression, and that the mutation of
Spn-E, apiRNA biogenesis factor, mediates canalization [43°]. Further investigation has
shown that Piwi protein itself mediates canalization, that Hsp90, its accessory protein Hop,
and Piwi form a complex to regulate canalization, and that HspQ0 is required for Piwi
phosphorylation. These findings establish a molecular pathway in which Hsp90 and Hop
mediate canalization viathe Piwi-piRNA pathway, likely by regulating Piwi activity through
phosphorylation [44°°]. In addition, these studies imply that piRNAs in the germline or
gametes contribute to canalization in the offspring. Hsp90 can influence multiple functions
of the Piwi-piRNA pathway, which include canalization as well as transposon suppression
(Figure 1). Significant work is needed to determine whether transposon mobilization directly
influences canalization and to further reveal the mechanism by which the Hsp90-Hop-Piwi-
piRNA pathway regulates canalization.

The Piwi-piRNA pathway in post-transcriptional and somatic regulation

Previous studies of the epigenetic regulatory functions of DrosgphilaPiwi indicated that it
could influence epigenetic mechanisms outside the germline tissues [21,22,25,45]. However,
the findings that animals containing p/w/ mutations or mutations in other genes for piRNA
biogenesis manifest sterility but no other observed deleterious effects led to the presumption
that Piwi-piRNAs do not significantly impact tissues outside the germline. These findings,
however, cannot rule out the long-term impact of the Piwi-piRNA mechanismsin genomic
stability and organismal health; nor can it rule out the role of Piwi-piRNA functions beyond
the basic survival requirement under laboratory conditions.

A clear demonstration of the post-transcriptional (and somatic) function of the Piwi-piRNA
mechanism is piRNA-mediated regulation of Nanos MRNA deadenylation and degradation
in establishing the posterior Nanos gradient in the embryo [46], which is critical for the
establishment of anterior—posterior axis during early embryogenesis. Intriguingly, piRNAs
and Piwi subfamily members Aubergine and Ago3 in Drosophilaembryos physically
associate with the CCR4-Smg complex, which dictates gradient localization of proteins that
include Nanos and Hsp83/Hsp90 [47]. Thereforeit islikely that the Piwi-piRNA complex
can collaborate with the CCR4-Smg complex to mediate translational regulation of gene
targets other than Nanos.

A clear line of evidence for the somatic function is the effect of piw/ mutation in the
Drosgphilaeye, a somatic organ far away from the gonad [23]. Another demonstration of
the somatic function of the Piwi-piRNA mechanism is that piRNAs can influence the gene
expression of CREB2 in Aplysianeurons to mediate long-term memory formation [34°].
Thisis aconvincing case that the Piwi-piRNAS pathway can exhibit critical functions
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outside the germline tissues, even though it does not immediately impact the viability of the
organism.

The piRNASs responsible for regulating DNA methylation of the CREB2 promoter in
Aplysianeurons were identified by deep sequencing analysis as those that exhibit sequence
complementarity to the CREB2 promoter [34°]. Two other reports also utilized deep
sequencing analysisto identify piRNA-like species in hippocampal neurons [48°] and
mammalian tissues that include cortex, epididymis, prostate, and the hematopoietic system
[497]. These identified small RNAs are piRNA-like because most of them exhibit the 5’
uridine signature of primary piRNAs [48°,49°], many exhibit the 10th adenosine signature of
secondary piRNASs [49°], and significant populations (e.g. ~75 000 in hippocampal neurons)
areidentical to piRNAs bound by the mouse Piwi homolog Miwi in testis [48°]. One
intriguing finding shared by all three studies is that these piRNA-like small RNAs are 10-
fold to 100-fold less than the amount of piRNAs found in the germline, reflecting the
possibility that piRNAs are of very low abundance or present in avery small number of cells
in somatic tissues where they are expressed. Systematic characterization of piRNAs and
Piwi proteinsin tissues outside the germline could address these fascinating questions.

Concluding remark and future directions

Studies from the past few years have revealed the functions of the Piwi-piRNA pathway in
regulating epigenetic and post-transcriptional gene regulation, in influencing somatic cell
functions, and in mediating canalization to enhance developmental robustness. Because the
Piwi-piRNA complex exertsits functions via piRNA sequence specificity, the high
complexity of piRNAs allows them to act on awide range of targetsin the genome, and to
generate broad impact on genome-wide gene regulation at multiple levels. Of the many
fascinating questions that remain, afew stand out. How does the Piwi-piRNA complex
function in the somatic cells outside the germline, with apparently few piRNA molecules
present? How do Piwi-piRNA complexes interact with canonical epigenetic machinery in
the nucleus to achieve epigenetic programming? And, whether/how do proteins interact with
tens of thousands of different piRNAsin the cytoplasm to regulate gene expression?
Answers to these questions will represent significant advancement in our understanding of
the piRNA biology.
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Figurel.

The Piwi-piRNA pathway exhibits multiple regulatory functions of gene expression in
diverse organisms. In the nucleus, PIWI-piRNA complex can regulate HP1, H3K9
methylation, and DNA methylation to influence transcription of selected protein-encoding
genes, imprinting loci, or transposons. In the cytoplasm, PIWI-piRNA complex can suppress
transposons in the nuage, interact with Hsp90-HOP to influence canalization, or interact
with trandational initiators (el F) to inhibit polysomes and subsequent protein translation.
This model is modified from Juliano et &. (2011) Ann. Rev. Genetics 45:447-69.
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