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Abstract

The evolutionarily conserved Argonaute/PIWI (AGO/PIWI; a.k.a. PAZ-PIWI Domain, or PPD)
family of proteins is crucial for the biogenesis and function of small non-coding RNAs (ncRNAS).
This family can be divided into AGO and PIWI subfamilies. The AGO proteins are ubiquitously
presentin diverse tissues. They bind to small interfering RNAs (siRNAs) and microRNAs (miRNAS).
In contrast, the PIWI proteins are predominantly present in the germline, and associate with a novel
class of small RNAs known as PIWI-interacting RNAs (piRNAS). Tens of thousands of piRNA
species, typically 24-32 nucleotide long, have been found in mammals, zebrafish, and Drosophila.
Most piRNAs appear to be generated from a small number of long single-stranded RNA precursors
that are often encoded by repetitive intergenic sequences in the genome. PIWI proteins play crucial
roles during germline development and gametogenesis of many metazoan species, from germline
determination and germline stem cell maintenance to meiosis, spermiogenesis, and transposon
silencing. These diverse functions may involve piRNAs, and may be achieved via novel mechanisms
of epigenetic and post-transcriptional regulation.

Keywords

epigenetic regulation; germ cell; stem cell; transposon silencing; translational regulation

[. Introduction

The past decade has witnessed rapid advancement in understanding how small non-coding
RNAs (ncRNAS) regulate diverse developmental processes. Central to this regulation is the
evolutionarily conserved piwi/argonaute (a.k.a. PAZ-PIWI Domain, or PPD) protein family,
which was first discovered for their function for stem cell self-renewal and germline
development (Cox et al. 1998). This protein family can be divided into AGO and PWI
subfamilies, herein referred to as AGO and PIWI proteins, respectively. AGO proteins bind to
small interfering RNAs (siRNAs) and micro RNAs (miRNAS), and have been shown to play
crucial roles in the sSiRNA and miRNA pathways in many tissues; whereas PIWI1 proteins bind
to novel class of ncRNAs called PIWI-interacting RNAS in 2006 (Aravin et al. 2006; Girard
etal. 2006; Grivnaetal. 2006a; Lau et al. 2006; Watanabe et al. 2006) and play diverse function
in germline development and gametogenesis.

In this review, we will summarize recent progress in understanding the biological function of
PIWI proteins, the biogenesis and function of piRNAS, and the molecular mechanisms
mediated by PIWI proteins and their piRNA partners.

*To whom correspondence should be addressed. haifan.lin@yale.edu.
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II. Developmental Function of PIWI Proteins

The developmental functions of PIWI proteins have so far mostly inferred from analyzing the
phenotype of the loss-of-function mutants of piwi genes. These analyses, mostly conducted in
Drosophila, mice, C. elegans, zebrafish, and planarian, have offered definitive information
about the function in PIWI proteins in both germline and somatic tissues. Table 1 summarizes
frequently encountered PIWI proteins in diverse organisms.

A. Germline Function

PIWI proteins are mostly restricted to the germline. Different PIWI proteins exist and function
in different stages of the germline cycle. Among different organisms, the crucial role of PIWI
proteins can be found from the earliest stage of germline development (germline fate
specification) to late stages of gametogenesis such spermiogenesis, egg activation, and
fertilization. Current studies in different organisms point to the possibly conserved requirement
of PIWI proteins throughout the germline cycle in diverse organisms.

a. Germ cell formation—The role of PIWI proteins in germ cell specification during early
embryogenesis has been demonstrated in Drosophila. Germ cell formation in Drosophila
requires a specialized form of cytoplasm known as the germ plasm. The germ plasm is found
at the posterior pole of the embryo and is both necessary and sufficient for germ cell formation
(Illmensee and Mahowald 1974). The germ plasm is morphologically distinct from the rest of
the cytoplasm in the embryo in that it contains electron dense structures known as polar
granules, which are often found in association with mitochondria (Mahowald 2001). Similar
electron-dense structures are seen at different points in Drosophila germline development,
most notably during oogenesis as the nuage, a perinuclear germline structure. Analogous
germline structures are also seen in many metazoan species, including p granules in C.
elegans, the mitochondrial cloud in Xenopus, and the chromatoid body in mammalian testes
(Saffman and Lasko 1999). Although the role of polar granules and analogous structures are
unknown, many proteins and RNAs known to participate in germ cell formation localize to
these structures. In Drosophila, there is a strong correlation between polar granule formation
and germ cell formation.

PIWI is a polar granule component and controls germ cell formation (Megosh et al. 2006). In
embryos lacking maternal PIWI, there is a severe decrease in germ cell formation (Megosh et
al. 2006). Although ectopic PIWI does not induce ectopic germ cell formation, increases in
maternal piwi dosage lead to a proportional increase in primordial germ cell formation. It was
not determined if all of these germ cells were functional, although they possessed physical
characteristics of germ cells. Immuno-labeling of PIWI analyzed by confocal microscopy
showed that PIWI co-localizes with polar granule markers such as VASA, a highly conserved
DEAD box RNA helicase needed for germ cell formation (Hay et al. 1988; Lasko and
Ashburner 1988; Hay et al. 1990; Lasko and Ashburner 1990), at the posterior pole. In addition,
inducing ectopic localization of a polar granules component, OSKAR, at the anterior pole leads
to PIWI localization to the OSKAR-containing granules at the anterior pole. Furthermore, PIWI
interacts with VASA in a complex that can be isolated by reciprocal co-immunoprecipitation.
These results strongly suggest that PIWI is a polar granule component.

PIWI was also found to associate with DICER1 and dFMRP (Megosh et al. 2006). DICER1

is integral to miRNA biogenesis and function, and dFMRP has direct roles in these processes
as well (Bernstein et al. 2001; Caudy et al. 2002). The depletion of either dFMRP or DICER1
also leads to a decrease in germ cell formation, consistent with function of maternal PIWI and
the knowledge of germ cell-specific miRNAs (Megosh et al. 2006). Moreover, PIWI protein
associates with a small number of miRNAs in addition to a large number of piRNAs (Yin and
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Lin 2007). All these observations suggest that the function of PIWI in controlling the formation
of primordial germ cells is via the miRNA mechanism.

The PIWI homolog AUBERGINE (AUB) is also a polar granule component, as shown by
confocal immunofluorescence and immuno-electron microscopy, and is required for gem cell
formation in Drosophila (Harris and Macdonald 2001; Thomson et al. 2008). The few fertilized
embryos laid by aub™- females contain no germ cell and display abdominal defects—typical
phenotype of the grandchildless group of genes in Drosophila (Harris and Macdonald 2001;
Mahowald 2001). Further localization experiments suggest that the role of AUB in OSK
translation is independent of any role AUB plays in germ cell formation, as OSK localizes to
the posterior before AUB (Harris and Macdonald 2001). Results from ectopic OSK
experiments are consistent with this hypothesis; OSK can direct the formation of germ cells at
ectopic sites (Ephrussi et al. 1991), and germ cells do not form in aub mutant embryos with
ectopic OSK (Harris and Macdonald 2001). Taken together this shows AUB acts downstream
of OSK in germ cell formation, while being upstream of OSK specifically osk mRNA
translation during oogenesis.

b. Germline stem cell maintenance—The germline stem cell function of PIWI proteins
was also first discovered for the Drosophila PIWI. Drosophila piwi gene was initially
discovered in a mutagenesis screen for genes that control asymmetric stem cell division in the
Drosophila germline (Lin and Spradling 1997). PIWI become localized to the nucleus after
primordial germ cell formation, and is expressed in both germline and somatic cells in both
male and female Drosophila (Cox et al. 1998). Piwi mutant flies fail to maintain germline stem
cells in both males and females (Cox et al. 1998). Genetic mosaic and niche-cell specific
expression analyses indicate that the expression of PIWI in the somatic niche cells is required
for germline stem cell maintenance (Szakmary et al. 2005); whereas the expression of PIWI
in germline stem cells promotes their division (Cox et al. 1998). Furthermore, overexpressing
PIWI in the germarium somatic cells results in an increase in the number of GSC and rate of
division. These experiments clearly established the function of PIWI in germline stem cell
renewal.

There are three murine PIWI proteins, MIWI, MILI, and MIWI-2, all of which are expressed
during spermatogenesis (Figure 1). Among them, Miwi2 expression is detected from day 15.5
dpcto 3 dpp in mitotically arrested prenatal germline stem cells (Aravin et al. 2008). In addition,
Miwi2 is expressed in Sertoli cells, which are somatic supporting cells within seminiferous
tubules. However the somatic expression of Miwi2 is not necessary for the germline function
(Carmell etal., 2007). Mili is expressed from 3 dpp mitotically arrested prenatal germline stem
cells to round spermatids (Kuramochi-Miyagawa et al 2004;Unhavaithaya et al, 2008; Wang
et al, submitted). Miwi is expressed from meiotic spermatocytes to elongating spermatids
(Deng and Lin 2001). In agreement with their expression pattern, both MILI and MIWI-2 show
spermatogenic stem cell arrest as their first defect (Carmell et al. 2007;Unhavaithaya et al.
2008). The stem cell arrest phenotype is especially predominant in mili-deficient mice. Only
occasionally the stem cells will escape the arrest and produce a few spermatocytes, which were
then arrested at the prophase I, especially pachytene stage (Kuramochi-Miyagawa et al.
2004;Unhavaithaya et al. 2008). Somewhat different from Mili mutants, spermatogenesis in
Miwi2-null mice was blocked predominantly at the leptotene stage of meiosis | (Carmell et al.
2007). There is massive degeneration of the spermatogonia population in these mice,
implicating a function of MIWI-2 in germline stem cell maintenance.

Expectedly, PIWI proteins have also been identified in other vertebrates such as zebrafish.
Zebrafish have two PIWI proteins, Ziwi (zebrafish PIWI) and Zili (zebrafish PIWI like)
(Houwing et al. 2007; Houwing et al. 2008). Ziwi is a cytoplasmic protein that is present in
both the male and female gonads (Houwing et al. 2007). Ziwi is also expressed in very early
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stage embryos; this expression reflects the fact that Ziwi is maternally deposited. During
subsequent embryogenesis, Ziwi become restricted to the germline, where it is expressed at
highest levels during the mitotic and early meiotic stages of germ cell differentiation. Ziwi is
found to co-localize with zebrafish VASA in granule-like structures in 2-4 cell stage, these
structures are described as zebrafish nuage. The zebrafish nuage is analogous to the nuage in
Drosophila or chromatoid body in mice, as described above. Gametogenesis occurs in ziwi
mutant fish; there is no clear block of germ cell formation. However, germ cells undergo
increased apoptosis, resulting in loss of all germ cells by the time fish reach adulthood
(Houwing et al. 2007). Whether or not this is a direct role in GSC maintenance or a secondary
effect is unknown.

Different from ZIWI, Zili expression starts 3 days post fertilization, long after zygotic
transcription begins (Kane and Kimmel 1993). Zili is found in a granular pattern by 3 weeks
post fertilization. In adults, Zili is expressed specifically in testis and ovaries (Houwing et al.
2008). During early spermatogenesis, Zili is found in cytoplasmic granules around
spermatogonia and spermatocyte nuclei, but is not detectable in later stages of spermatogenesis.
In the ovary, Zili is present at all stages of oogenesis in peri-nuclear granules, and is found in
the oocyte nucleus during later stages of oogenesis. Like PIWI, Zili is re-localized to the nucleus
during germline development, and also like PIWI, is not present at the sites of the most intense
DAPI staining. zili null animals are agametic (Houwing et al. 2008). Strikingly like piwi mutant
flies, there is a severe reduction in the number of germ cells in fish lacking Zili, accompanied
by a lack of germ cell differentiation to mature oocytes or sperm. Hence, Zili might be required
for germline stem cell maintenance.

c. Meiosis—A recurring theme of the role of Piwi proteins is during meiosis. In mice,
miwi2 mutant show predominant arrest at the leptotene stage of meiosis (Carmell et al. 2007).
The mutant spermatogenic cells show defects in double stranded DNA break repair, consistent
with a role in proper meiotic recombination (Kuramochi-Miyagawa et al. 2004; Carmell et al.
2007). Similarly, Mili-null mice are terminally blocked at the zygotene or early pachytene
stages of meiotic prophase, (Kuramochi-Miyagawa et al. 2004). This phenotype is very similar
to that displayed by mouse vasa homologue (mvh)-null mice (Tanaka et al. 2000). MVH
interacts with Mili and Miwi directly in 293T cells, the expression of MVH in testis is not
dependent on either Mili or Miwi. However, miwi deficiency does alter subcellular localization
of MVH. However, due to the interaction between MVH and Miwi this suggests that Miwi
may have a direct role in MVH localization and potential functions of MVH.

The role of PIWI-type proteins in meiosis appears to be conserved during evolution. In
Zebrafish, in addition to a null allele, there is a hypomorphic allele of zili, zil'-59P. Males
containing this allele are fertile and normal. Interestingly, females are sterile, showing an
oogenic block in Meiosis I. Additionally, flies mutant for PIWI proteins and proteins involved
in repeat associated siRNA (see later sections for their relationship to PIWI-proteins), also have
defects in meiosis (Chen et al. 2007b; Klattenhoff et al. 2007; Lim and Kai 2007; Pane et al.
2007). Although a blockage of meiosis from flies to mammals is intriguing it should be noted
that there are meiotic checkpoints operating in metazoan germlines. Therefore it is not clear at
this time if PIWI-type proteins have a role in meiosis or whether PIWI-deficient germlines are
simply too damaged due to other defects in gametogenesis.

d. Spermiogenesis—The first functional analysis of a mammalian PIWI protein was MIWI
(Mouse PIWI). Miwi expression is largely restricted to the testis (Deng and Lin 2002), where
it is a cytoplasmic protein expressed in the germline from meiosis | mid-pachytene stage of
Meiosis | to the elongating spermatid stage. Consistent with its expression pattern, miwi
knockout mice exhibit male sterility, characterized by a block at the early spermatid stage. This
phenotype is similar to defects observed in CREM (CAMP-responsive element modulator)
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deficient mice. CREM is a key transcription activator of genes necessary for spermiogenesis
(the morphogenetic process that transforms a round spermatid into a mature sperm). Genes
that are normally expressed by post-meiotic cells are not expressed or severely down-regulated
in CREM mutant mice. MIWI and CREM do not regulate each other's expression. However,
a miwi complex with mRNAs of the Activator of CREM (ACT) and CREM target genes and
is required for the stability of these mRNAs. Thus the Miwi and CREM pathway act together
to initiate spermiogenesis.

e. Oogenesis—The oogeneic function of PIWI proteins are evident in Drosophila and
zebrafish. In Drosophila, the complete female sterility of piwi mutants is not only due to
germline stem cell depletion, but also defects in subsequent stages of oogenesis, such as
aberrant number of nurse cells and abnormal egg chamber polarity (Lin and Spradling 1997).
Mutations of the aubergine locus were discovered in mutagenic screens for defects in oogenesis
(Schupbach and Wieschaus 1991). Most embryos display abnormalities in dorsal/ventral
patterning, which is a hallmark. Epidermal growth factor receptor (Egfr) pathway defects in
Drosophila. Consistent with this, it was found that levels of GURKEN (GRK) protein, the
transforming growth factor o, (TGFa) homolog, is reduced in aub mutant egg chambers (Wilson
etal. 1996). Much less is known about the third PIWI-type protein in the Drosophila genome,
AGO3. While no mutations of ago3 have been reported, AGO3 itself does associate with
piRNAs (Brennecke etal. 2007; Gunawardane et al. 2007). Antibody staining generated against
AGO3 show that it is a cytoplasmic protein found in ovaries and testis of mice (Brennecke et
al. 2007; Gunawardane et al. 2007). There is evidence of a significant portion of AGO3 being
in the soma of females flies, although its subcellular localization in somatic cells is unknown
(Brennecke et al. 2007). Owing to its germline enrichment it will be quite probable that ago3
mutants will show defects in oogenesis, but there may be defects in the soma as well.

In zebrafish, both zili and ziwi mutant fish have defects in oogenesis, as mutations of both lead
to female sterility, as previously discussed. In C. elegans, The PRG-1 protein is expressed
throughout development and localizes to nuage-like structures called P granules. prg-1 mutant
sperm exhibit extensive defects in egg activation and fertilization (Batista et al. 2008; Wang
and Reinke 2008). There are no known defects for piwi mutants in mammalian oogenesis. This
may reflect the difference in oogenesis between mammalian and non-mammalian systems.

B. Somatic Functions

Despite the common believe that PIWI proteins have only germline-restricted functions, the
role of these proteins in somatic tissues have been increasingly explored, especially in the
genetically amendable model systems.

a. Drosophila—The somatic function of PIWI proteins is evident during early
embryogenesis. Embryos laid by piwi mutant mothers, are somatic lethal. (Cox et al. 1998;
Cox et al. 2000; Megosh et al. 2006). Like PIWI, AUB has early embryonic functions. The
few fertilized embryos laid by aub”- females have abdominal deletions and no germ cells, as
reviewed above (Mahowald 2001). In larval and adult flies, PIWI binds to chromosomes in
somatic tissues such as salivary glands and eyes, and exhibit epigenetic effect at the binding
sites (Pal-Bhadra et al. 2002; Pal-Bhadra et al. 2004; Brower-Toland et al. 2007; Yin and Lin
2007). The molecular mechanism and biological effects on such epigenetic regulation are under
active exploration.

b. Planaria—The regeneration of planarians depends on adult stem cells known as neoblasts.
Three-PIWI-type proteins are known to be expressed in neoblasts of the planaria Schmidtea
mediterranea (Reddien et al. 2005; Palakodeti et al. 2008). Two of these PIWI proteins,
SMEDWI-2 (S. mediterranea PIWI-2) and SMEDWI-3 are needed for neoblast maintenance,
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but not formation (Reddien et al. 2005; Palakodeti et al. 2008). This is consistent with a role
in stem cell maintenance of PIWI proteins in Drosophila, zebrafish and mice.

c. Tetrahymena thermophila—The development of ciliates such as Tetrahymena
thermophila depends on a somatic macronucleus and a germline micronucleus. During sexual
reproduction known as conjunction specific DNA sequences are eliminated in the newly
formed macronucleus. The reason for these specific regions to be deleted is not clear however
the function of TWI1P a PIWI-type protein is needed for DNA elimination. There is no viable
progeny produced by parental strains absent for TWI1P (Mochizuki et al. 2002).

d. Cancer—In humans, the overexpression of piwi genes is highly correlated with cancers in
humans. The over- and ectopic expression of HIWI (Human Piwi) is associated with several
cancer types (Qiao et al. 2002; Lee et al. 2006; Liu et al. 2006; Chen et al. 2007a). Striking
evidence for arole of HIWI in cancer is the observation that repression of hiwi expression stops
cancer growth in cell culture (Liu et al. 2006). As previously discussed PIWI-type proteins
have a role in the maintenance of GCS or GSC formation. Keeping in mind the suspected
relationship between stem cells and precancerous cells, it is therefore not surprising a family
of proteins with roles in stem cell formation would also be involved in cancer development
(Chen et al. 2007a; Leedham and Wright 2008).

lll. Biochemical Characterization of PIWI proteins

Before we present a discussion on the function of PIWI proteins and piRNAs, an overview and
definition of the PIWI proteins will be outlined here. The AGO and PIWI proteins determined
by the similarity of a given candidate to either the AGO proteins of Arabidopsis or to
Drosophila PIWI. AGO proteins been have found in nearly all eukaryotes, while PIWI proteins
are restricted to animals and ciliates, organisms which undergo sexual reproduction (Beyret
and Lin 2008). All AGO/PIWI are identified by the presence of two protein domains — the
central PAZ (standing for Piwi/Argonaute/Zwille) domain and the C terminal 350-residue
PIWI domain. Although the molecular function of each is only partially understood, the PAZ
domain contains an OB (oligonucleotide/oligosaccharide binding) fold (Lingel et al. 2003;
Yanetal. 2003). OB folds are a typical single stranded nucleic acid binding motif. The structure
of the PIWI domain is similar to RNase H enzymes (Song et al. 2004). Three dimensional
analyses of multiple AGO proteins is consistent with a model where the PAZ domain forms a
pocket for target RNA while PIWI domain sits off to the side cutting bound RNA (Figure 2;
Song etal. 2003; Yan et al. 2003; Song et al. 2004; Wang et al. 2008). Indeed, in vitro evidence
shows that Drosophila PIWI proteins AGO3, PIWI and AUB can slice RNA targets
(Gunawardane et al. 2007). Likewise, RIWI (Rat PIWI) containing complexes also show
slicing activity (Lau et al. 2006). Itis not clear if the PIWI-type proteins can cleave RNA targets
in vivo, in fact other endonucleases have a function in piRNA cleavage (Pane et al. 2007).
Although detailed structural analyses suggest potential functions of PIWI proteins, a detailed
mutagenic analysis of conserved amino acids in the domains of PIWI proteins, and the impact
of these mutations on ncRNA biology, remains to be performed to verify these proposed
functions.

IV. Identification and Basic Features of piRNAs

Cloning of small RNAs associated with PIWI proteins lead to the discovery of piRNAs in
mammalian systems in 2006. Subsequently, piRNAs were also discovered in other model
systems by similar efforts.
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A. piRNAs in mammals

Four independent efforts in searching for PIWI-interacting ncRNAs led to the identification
of piRNAs in 2006 (Aravin et al. 2006; Girard et al. 2006; Grivna et al. 2006a; Watanabe et
al. 2006). Extracts of total RNAs from mouse testes contained an abundant species of
approximately 30nt that are associated with MIWI, a mouse PIWI protein (Grivna et al.
20064a). Initial 40 piRNAs were initially cloned. The presence of these piRNAs was almost
completely depleted in miwi mutant mice (Grivna et al. 2006a). From the 40 piRNAs initially
cloned it was determined that small RNAs from at least one other isolation contained at least
in part piRNAs (Grivna et al. 2006a). Using this data set it was observed that piRNAs were
not evenly distributed across the mouse genome, but rather cluster at defined loci throughout
the genome. This larger species of small known as piRNAs were only present in testicular RNA
extracts from 20 day post partum (dpp) mice, and not present in 14 dpp mouse testes. Upon
sucrose gradient fractionation, it was observed that piRNAs were found in mRNPs,
monosomes, and polysomes in equal abundance. The presence of piRNAS in the polysomal
fraction is indicative of a potential role of piRNAs in translational control, to be discussed
further in later sections.

Two mass sequencing projects reported over 52,00 piRNAs associated with MIWI and over
1,000 piRNAs associated with MILI, respectively (Aravin et al. 2006; Girard et al. 2006). In
these studies as well, piRNAs were found to be asymmetrically distributed about the genome;
over 96% are clustered at a few hundred sites. These clusters exhibit interesting characteristics
(Figure 3): some are unidirectional, in that the piRNAs appear to be encoded by one strand or
the other; whereas many other clusters are bidirectional, with a central piRNA-poor region
flanked by piRNA arms encoded by the opposite strand. The clusters tend to be located in
intergenic or gene-poor regions of the genome. piRNAs in mice were found not to be overly
enriched for transposon-encoding sequences; only 17% were found to map to repeated elements
in the mouse genome. MIWI-associated piRNA sequences possessed a strong bias at the first
nucleotide for uracil (94.2% of the piRNAs found) (Girard et al. 2006)MILI-associated piRNAs
also show a strong bias for 5'U (88%) (Aravin et al. 2006). MIWI-associated piRNAs are often
30-31 nt long; whereas MILI-associated piRNAs are 126-28nt long, both much longer than
siRNAs and miRNAs. It was further found that while piRNA sequences themselves are not
conserved in mammals per se, cloning of piRNA sized small ncRNAs from humans and rats
showed that many of the larger piRNA clusters are syntenic (Girard et al. 2006). Isolation of
rat piRNAs was carried out in the Kingston group (Lau et al. 2006). Rat piRNAs display similar
characteristics to mouse piRNAs. Interestingly, humans and rat piRNAs also display a strong
preference for U at their 5" end (Lau et al. 2006). Finally although these RNAs were not isolated
in association with PIWI proteins, piRNA-like RNAs have been identified in platypus and
marsupials (Devor et al. 2008; Murchison et al. 2008). Consistent with other mammalian
piRNAs there is a preference for a 5'U, they cluster to discrete genomic sites and are longer in
length compared to siRNAs and miRNAs.

B. piRNAs in insects

In a sense, piRNAs was first cloned in Drosophila without knowing they are piRNAs (Aravin
et al. 2003). Unbeknownst to the Tuschl group in their cloning for small RNAs between 20
and 30 nucleotides, they isolated 4,000 small RNAs between 20 and 30 from Drosophila and
identified a subset that corresponded to repeated elements in the genome, specifically
transposable elements. This group of small RNAs, typically larger (24-26 nts) than miRNAs
(21-22 nts), was named repeat-associated small interfering RNAs (rasiRNAS).

The purposeful isolation of piRNAs from Drosophila followed a similar path to that in the
discovery of mammalian piRNAs. As mentioned above, rasiRNAs had been discovered prior
to systematic screens carried out in Drosophila. The first evidence that piRNAs and rasiRNAs
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were of the same population of small RNAs became apparent when the Zamore group showed
rasiRNA levels were not affected by mutations in sSiRNA machinery (Ago2 and DCR2) (Vagin
et al. 2006). In addition, the su(ste) locus had long been known to be affected by AUB.
Furthermore, rasiRNAs were known to associate with Piwi proteins but not with Ago1l.
Collectively, this data suggested there was a distinct pathway for biogenesis and function of
rasiRNAs. The Siomi group would find similar evidence independently, in which they isolated
several novel rasiRNAs by cloning the small RNAs associated with PIWI (Saito et al. 2006).
This would later be followed up by cloning the piRNAs associated with AGO3 (Gunawardane
et al. 2007). Although the number of piRNAs cloned by this point was only in the hundreds,
it was observed in Gunawardane et al 2007, that there is 10nt complementarity between the
piRNAs associating with AGO3 and AUB, the implications of which were further expanded
in following piRNA isolations and explained in greater detail later in this review.

These were followed by two systematic screens for Drosophila piRNAs, which led to
identification of two populations of PIWI-associated piRNAs of 12,903 and 13,904 piRNAS
with only 10% (1,362) overlap (Brennecke et al. 2007; Yin and Lin 2007). In addition,
approximately 20,000 AGO3-associated piRNAs and 10,000 AUB-associated piRNAs were
identified (Brennecke et al. 2007). As in mammals, piRNAs were shown to cluster in the
Drosophila genome at specific loci. However, unlike mammals these clusters mostly
correspond to transposon sequences. One extremely large cluster on the X-chromosome had
been genetically identified as the flamenco region, a known regulator of transposons that is
itself comprised of many degenerated transposon sequences. PIWI and AUB show a preference
fora5' U, while Ago3-associated piRNAs were observed to contain an A at position 10. There
was considerable complementarity in the sequences of piRNAs associated with AUB and PIWI
in comparison to Ago3 (more so between Ago3 and AUB). There is considerable strand bias
of Ago3 to the sense strand of a transposon, while AUB and PIWI show a preference for the
antisense strand of a transposon. This has ramifications for a potential amplification of piRNAs
to be discussed later in this review.

Putative piRNAs have been reported in at least one other insect, the silkworm Bombyx mori
(Kawaoka et al. 2008). Over 38 000 putative piRNAs were isolated from B. mori ovaries.
Approximately 1/3 of these piRNAs are rasiRNAs, and, like Drosophila, the antisense piRNAs
have a strong 5'U preference and sense piRNAs have a strong 10A preference. This suggests
that the biogenesis of piRNAs is similar among insect species.

C. piRNAs in zebrafish

In zebrafish, Ziwi- and Zili-associated piRNAs have been identified by deep sequencing
projects (Houwing et al. 2007; Houwing et al. 2008). These piRNAs were found to be 26-28nt
long. Unlike mice and rats, but like Drosophila, piRNAs in zebrafish are present in both the
male and female germline. Ziwi piRNAs have a 5’ U bias while Zili piRNAs have a preference
for A at position 10. This again suggests a similar mechanism of piRNA biogenesis among
insect species.

V. Biogenesis of piRNAs

A. The Precursor

Several lines of evidence point to a large single stranded RNA or a pair of divergently
transcribed large single stranded RNAs as precursors for piRNAs derived from the same
cluster. First, piRNAs were found to map to clusters in the genome. piRNAs line up end-to-
end or overlap slightly in a strand specific manner (Figure 3). RT-PCR using primers derived
from the same strand of a cluster showed that transcripts much longer than mature piRNAs
were being generated from at least two rat piRNA clusters (Lau et al. 2006).
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A strong line of evidence for long piRNA precursors can be found in a study that cloned total
small RNAs from mice testis (Ro et al. 2007). This study found that the most predominant
species of small RNA are piRNA-like. Although this study was not isolating small RNAs
associated with PIWI proteins, these isolated sequences share many of the characteristics of
piRNAs. A close examination of a cluster found a significant number of the isolated piRNAs
mapped to one strand, often in an end-to-end manner, suggesting that there were two long
precursors transcribed from a shared bidirectional promoter. One arm of this cluster was
predicted to encode a 11.7kb precursor; this prediction was tested using reverse transcriptase
PCR, which yielded 5 large ~2.3kb fragments from the predicted 11.7kb precursor. The
products were found to be encoded by the piRNA cluster, with no intermingled, non-transcribed
sequence. The primers used in this study were overlapping, suggesting the fragments originated
from the same precursor. Northern analysis using a probe against the 5’ end of the predicted
precursor showed an 11.7kb band expressed specifically in testis. Although it remains to be
determined if these sequences are true piRNAs, this work shows very convincing evidence that
piRNA-like sequences are derived from long mRNA precursors.

B. Post-transcriptional Processing

It is not very clear how the putative precursors are processed into mature piRNAs. Since PIWI
proteins do have the RNase H fold and some PIWI-type proteins have been tested and show

slicer activity, it is quite possible that PIWI proteins chop up the precursor into mature piRNAs.
In support of this, mutations of miwi and mili show a significant decrease in mature piRNAs,
although it remains to be seen if the actual precursor is made in wild type levels in these mutants.

C. Post Transcriptional Amplification--Ping Pong Model

The distinct sequence features of piRNAs associated with different PIWI proteins has led to
the hypothesis that there is a post-transcriptional amplification of piRNA cleavage process.
Many isolated piRNAs associated with Ago3 are often complementary to piRNAS associated
with AUB and PIWI. Furthermore, the piRNAs found in association with PIWI/AUB are often
anti-sense to transposon sequences, with a strong preference for a uridine at the first nucleotide
(1V); whereas AGO3-associated piRNAs have a strong preference for adenine at position 10
(10A) (Brennecke et al. 2007). It has been suggested that clusters of piRNAs arise (at least in
Drosophila) from genomic arrays of defective transposons, transcribed in an anti-sense
direction. These defective transposons serve as a pool from which transposon-complementary
piRNAs are made. According to this model, these precursors are cleaved into piRNAs, either
directly by AUB and PIWI, or are loaded indirectly into PIWI/AUB RNPs. The piRNAs that
have complementarity to transposons lead to a targeting of the PIWI/AUB RNPs to actively
transcribed transposons. These transposons are cleaved, resulting in sense piRNAs being
created and loaded into directly or indirectly into AGO3 RNPs. The resulting sense piRNAS
then target the large antisense precursors, leading to cleavage of the precursor and the formation
of more antisense piRNAs to associate with AUB and PIWI. This results in a feedback system
amplifying the initial pool of piRNAs; this proposed system has been termed the “ping-pong
model” (Figure 4).

One prediction of the Ping-pong model is that there should be a relative increase in abundance
of complementary piRNAs due to the amplification. Indeed, Brennecke et al. reported an
abundance of piRNAs complementary to each other, specifically with piRNAs associated with
AGO3 and AUB (Brennecke et al. 2007). There has not been such a reported increase of
piRNAs complementary to AGO3 and PIWI. Although piRNA cloning from Drosophila has
not been saturated, these data suggest that either PIWI functions outside of the ping-pong model
of biogenesis, or that its function is not needed directly for either the formation of piRNAs
from defective transposons-encoding sequences or through transposon degradation. The
potential predominance of AUB and AGO3 in the ping-pong model suggests that the ping pong
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mechanism is cytoplasmic. Therefore one would not expect to see PIWI-associated piRNAs
complementary to AGO3, unless there is transport of piRNAs to and from the nucleus. It will
be interesting to determine then, if there are different subsets of piRNAs are found in the nucleus
versus the cytoplasm.

Evidence for post-transcriptional amplification of piRNAs has been found in vertebrates as
well. It had been reported that there a significant portion of piRNAs in mice often have an A
at the 101 nt. Interestingly, the subset of piRNAs with A at position 10 rarely map uniquely
to the genome, suggesting they may not be derived from a primary genomic sequence (as the
majority of mammalian piRNAs are). Additional evidence for a mammalian ping-pong
biogenesis mechanism arrived with the cloning of prenatal MILI and MIWI2 piRNAs (Aravin
etal. 2008). Prenatal piRNAs display complementarity between MILI- and MIWI2-associated
sequences. MILI piRNAs had already been reported to have a 1U bias, but it was found that
MIWI2 had the signature 10A seen in AGO3 sequences. Additionally, MILI-associated
piRNAs often match the sense strand of piRNA clusters and/or transposons, suggesting they
arise from cleavage of a genomically encoded piRNA cluster. MIWI2 has a strong bias for the
sequences corresponding to sense transposon sequences, and has been suggested to have a
similar function to that of AGO3 in flies. Several examples of sequences with complementarity
at the first 10 nt of 1U and 10A piRNAs have been reported between MILI and MIWI.

At present, Ping-pong model is an attractive hypothesis mostly based on bioinformatic analysis
but needs experimental support. Several questions still remain unanswered with regard to the
ping-pong model. Is the ping-pong mechanism active predominantly in the cytoplasm? Do
PIWI proteins have slicer activity in vivo? What co-factors, if any, are needed for the slicer
activity? During Drosophila oogenesis, the function of two putative nucleases, Zucchini and
Squash are needed to repress retrotransposons, both these nucleases interact with AUB and are
needed for rasiRNAs production. Suggesting some piRNA pathway components other than
the PIWI proteins have a role in slicing precursor or transposons into rasi/piRNAs (Pane et al.
2007). Which also begs the question “are transposons ever degraded into sequences smaller
than a piRNA?” Furthermore, how are the piRNAs transported from one RNP to another, do
AGO3 and AUB strictly co-localize in the cytoplasm? Are the resulting piRNAs transported
back into the nucleus, at least the subset that is associated with PIWI or MIWI2? Answers to
these questions will greatly advance our understanding the piRNA biogenesis mechanism.

VI. Regulatory Functions of piRNAs and PIWI proteins

A. PIWI proteins as epigenetic regulators

The first evidence that PIWI proteins have a role in epigenetic function was found in
Drosophila, where AUB and PIWI were found to act as regulators of position-effect variegation
(PEV) (Pal-Bhadra et al. 2004). PEV is the phenomenon observed in Drosophila where the
expression of a euchromatic gene is silenced when it is localized in proximity to a
heterochromatic region, as in the case of chromosomal re-arrangements and tandem repeats of
transgenes (Dorer and Henikoff 1994; Dorer and Henikoff 1997; Martin-Morris et al. 1997;
Fanti et al. 1998). For example, repeated array of transgenes recruit heterochromatin-inducing
machinery, leading to transcriptional silencing of the transgenes. This is an example of how
repeated elements in the genome, such as the ste locus and transposons, are kept under
repressive regulation. Artificial PEV is observed in a repeated transgene that contains the
white gene that is responsible for red eye color. Arrangement of white+ in tandem repeats leads
to suppression of red eye color. There is a de-repression leading to red eyes by mutations in
aub and piwi, among other genes (Pal-Bhadra et al. 2004). Consistent with this,
Heterochromatin Protein 1a (HP1a) is mis-localized from the regions containing the white+
tandem repeats in piwi and aub mutants. HP1a, as the name implies, participates in the
formation of heterochromatin. This is accomplished through recruitment of the SU(VAR)3-9
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histone methylase, which methylates Histone 3 at Lys 9 (H3K9me) (Pal-Bhadra et al. 2004).
Compellingly, HP1a and PIWI physically bind to each other in vivo and in vitro (Brower-
Toland et al. 2007). In flies lacking this interaction, there is a loss of heterochromatin -
specifically, PEV is not as effective, leading to loss of repression of the white transgene. As
further evidence of a potential epigenetic function, PIWI is present in the nucleus and directly
associates with chromosomes (Brower-Toland et al. 2007).

PIWI can also function as an epigenetic activator (Yin and Lin 2007), suggesting local factors
and protein-protein interactions may influence whether PIWI sets up a repressive or permissive
chromatin environment. In a screen for suppression of the piwi mutant phenotype, a specific
P-element (P{A4-4}) inserted in the sub-telomeric region (a.ak.a., telomere associated
sequence, or TAS) in the right arm of the 3" chromosome (3R-TAS) was found to rescue the
PIWI mutant phenotype (Smulders-Srinivasan and Lin 2003). Specifically, the P{A4-4})
insertion rescues the loss of germline maintenance seen in piwi mutants. Isolation of piRNAs
associated with PIWI showed that a single unique piRNA, 3R-TAS1 piRNA, is derived from
the 3R-TAS region (Yin and Lin 2007). In piwi mutants, the 3R-TAS region was found to be
heterochromatic, while in the wild type flies the region is semi-euchromatic. In the piwi mutant
background, the insertion of P{A4-4} can restore the euchromatic signature of 3R-TAS. The
presence of the 3R-TAS1-encoding sequence contained in the 3R-TAS has led to the intriguing
suggestion that PIWI-piRNA complex may recruit epigenetic factors to specific genomic loci
to organize chromatin status. Finally, many of the epigenetic effects described here were
observed in somatic cells - although PIWI and most of its sibling proteins are enriched in the
germline. PIWI is expressed in somatic cells, most noticeably on the polytene chromosomes
of Drosophila salivary glands (Brower-Toland et al. 2007).

The epigenetic functions of PIWI proteins are conserved in vertebrates. As discussed in the
next section, transposon-coding regions are not methylated in the absence of MILI and MIWI2;
this loss of DNA methylation is consistent with a loss of epigenetic control (Aravin et al.
2008). The DNA methylation of transposons is dependent on DNMT3L, an isoform of Dnmt3a
and b which lacks methylation activity. piRNAs are normally produced in dnmt3l mutant mice,
suggesting that, if piRNAs or involved with PIWI proteins in DNA methylation, they both
serve as upstream mediators of epigenetic control. Additionally, the isolation of RIWI (Rat
PIWI) complexes identified rRecQ1 as a potential RIWI protein complex component (Lau et
al. 2006); the homologous neurospora QDE-3 has a role in gene silencing in combination with
an AGO protein (Catalanotto et al. 2002), further suggesting PIWI proteins are intimately
involved in transcriptional gene silencing.

A model for how PIWI could accomplish this function comes from Schizosaccaromyces
Pombe. In this fission yeast, sSiRNAs can induce heterochromatin formation at centromeres.
The siRNA machinery is recruited by siRNA complementary to nascent transcripts derived
from the centromere, in turn recruiting the HP1a homologue SWI6. This then leads to
heterochromatin formation (Volpe et al. 2002; Verdel et al. 2004; Buhler et al. 2006). It is
tempting to propose an analogous model of piRNA-mediated silencing, and determination of
whether PIWI proteins affect epigenetic control in a similar fashion or through direct targeting
of PIWI complexes to genomic sites by piRNA-DNA interaction (or other, unpredicted
mechanisms) is of tremendous interest.

B. Aubergine and the Stellate Locus

The role of AUB in regulating the status of the Stellate locus represents an interesting case of
the function of PIWI proteins in epigenetic regulation. Drosophila males which lack the Y
chromosome (XO) are sterile and form crystalline structures in spermatocytes (Hardy et al.
1984). In addition, these males also are defective in meiosis (Palumbo et al. 1994). The
formation of crystals in XO is suppressed in flies containing a deletion of a small region of the
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X chromosome referred to as the stellate (ste) locus (Livak 1984). In addition, it was found
that a deletion of a heterchromatic region of the Y chromosome also leads to male sterility.
This locus is referred to as suppressor of stellate su(ste) (Hardy et al. 1984) because in flies
lacking the su(ste) region or in XO males, there is an increase of transcripts from the ste locus
(Livak 1990). The ste protein has been identified as having homology with (3-subunit of Casein
Kinase 2 (CK2) (Bozzetti et al. 1995). The STE protein is a major constituent of the crystals
that form in spermatocytes (Bozzetti et al. 1995). CK2 has a role in the phosphorylation of
many nuclear targets, from these roles it is postulated that a misregulation of nuclear targets
in su(ste) mutants are responsible for the meiotic defects (Tritto et al. 2003).

The mechanism by which the repression of the euchromatic ste locus by the heterochromatic
region su(ste), occurs has been of intense interest. The sequencing of the su(ste) locus showed
that there is considerable homology between the ste and su(ste) loci (Kalmykova et al. 1998).
Later it was found that both strands of the su(ste) locus were transcribed. The injection of
dsRNA derived from the specific sequence in su(ste) that shares homology to the ste locus is
sufficient for the repression of the ste locus (Aravin et al. 2001). The spindle-E, a
Drosophila gene with roles in oogenesis, and dsRNA metabolism, when mutant also shows
defects in suppression of the ste locus (Aravin et al. 2001). The repression of the ste was also
defective in mutations of aub (Schmidt et al. 1999). This leads to the exciting possibility that
there was endogenous gene regulation by dsRNA-like mechanisms related to PIWI proteins.

C. PIWI Proteins in DNA Elimination

Consistent with the above epigenetic model is work from Tetrahymena. As previously
mentioned, TW1P is needed for DNA elimination. Work has shown that DNA sequences to
be eliminated show the heterochromatin marker H3K9 (Liu et al. 2004). Mutations that
decrease H3K9 methylation show a decreased efficiency in DNA elimination. A small
noncoding RNA known as scanning RNAs (scnRNAS) is dependent on TWI1P for formation
(Aronicaetal. 2008). Mutations affecting scnRNA accumulation decrease H3K9 accumulation
on DNA sequences to be eliminated. In a matter very similar to Pombe scanning RNAs bind
to nascent RNA transcribed from DNA sequences to be eliminated (Aronica et al. 2008). This
shows that in Tetrahymena at least a PIWI protein can affect epigenetic control through a non-
coding RNA. It will be interesting to see if this mechanism is conserved through higher
eukaryotes.

D. piRNAs and PIWI proteins as regulators of transposon activity

Several recent papers and reviews have presented the considerable, albeit largely correlative,
evidence that piRNAs and PIWI-type proteins regulate transposon activity. We will briefly
summarize this data here. First, as previously mentioned, a considerable portion of piRNAs
isolated to date map to transposon-encoding regions (although this is highly variable from
species to species)(Girard and Hannon 2008). Second the flamenco region, a heterochromatin
region on the X chromosome required to repress global transposon activity in a PIWI1 dependent
manner (Sarot et al. 2004), encodes one of the largest piRNA clusters in flies (Brennecke et
al. 2007). Disruption of the flamenco region leads to a decrease in piRNA expression and a
corresponding increase in transposon activity (Brennecke et al. 2007). The flamenco locus is
considered a junkyard for defective transposons, the transcription of which acts a large
transcript for piRNA biogenesis. This has lead to a master control locus hypothesis, which
large piRNA clusters act as regulators of transposon activity. Considerable evidence shows
that mutations of aub likewise show increased transposon activity (Vagin et al. 2004; Savitsky
et al. 2006; Chen et al. 2007b; Pelisson et al. 2007; Shpiz et al. 2007). However, there is no
evidence that this increase in transposon activity contributes to piwi or aub mutant phenotypes.
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Similar transposon-related functions of vertebrate PIWI-type proteins have been reported.
Originally, only ~20% of piRNAs isolated from mice from mammals correspond to transposon
encoding regions. Further piRNA cloning led to the characterization of prenatal mouse piRNAs
which have a much larger representation of transposon sequences, although the biological
significance of the prenatal piRNAs is not clear (Aravin et al. 2008). Consistent with PIWI
interacting with HP1a and having a role in heterochromatin formation, MILI and MIWI2 are
both needed for the methylation of transposon encoding genomic regions (Aravin et al. 2007;
Kuramochi-Miyagawa et al. 2008). Without MILI and MIWI2 methylation, there is an increase
in transposon activity (Aravin et al. 2007; Kuramochi-Miyagawa et al. 2008). piRNAs
themselves may have a role in transposon repression, as the deletion of a small piRNA cluster
in mice leads to increased transposon activity, consistent of a role for piRNAs in transposon
regulation (Xu et al. 2008). The evidence for the posttranscriptional amplification of piRNAs
in mammals also supports a conserved role in transposon regulation in metazoans.

Recent work shows that in Drosophila maternally deposited piRNAs are able to inoculate the
next generation against transposon activity (Brennecke et al. 2008).These maternal piRNAs
may serve as a primer for the first round of piRNA generation. Consistent with role in epigenetic
control, this piRNAs inoculate the flies for the whole next generation, suggesting the piRNAs
have a role in epigenetic control. Without piRNAs being loaded into the early germline, there
would not be protection against transposons. How these piRNAs are loaded into the early
embryo is not known, however, one vehicle that might be used to carry piRNAs from one
generation to the next at least in the germline are polar granules. Polar granules traffic many
proteins and RNAs necessary for germ cell formation. Similar structures are seen in the
germline of many metazoan species, including the mammalian testis in which similar structures
known as chromatoid bodies are found. As presented earlier in this chapter, AUB is a known
polar granule component and strong evidence shows that PIWI is also a polar granule
component (Harris and Macdonald 2001; Megosh et al. 2006; Thomson et al. 2008).
Additionally MIWI is a known chromatoid body component. Besides passing on genetic
information from one generation to the next, metazoan germlines share additional similarities.
One of these is transcriptional quiescence; the lack of piRNA precursor transcription
necessitates the maternal loading of piRNAs, potentially to suppress transposons during germ
cell formation. This function may have special importance in Drosophila, where early embryos
are largely transcriptionally quiescent and thus would depend on maternally-deposited piRNAs
for a long period of embryogenesis. The presence of maternally loaded piRNAs would serve
as an inoculation against transposons until zygotic transcription of piRNA precursors can ward
off transposons.

E. PIWI proteins and DNA integrity

One common feature of the absence of PIWI proteins is DNA damage as measured by y-H2Av
foci; y-H2Av is a H2AX variant presents at sites of double stranded DNA (dsSDNA) damage
(Klattenhoff et al. 2007). It has been proposed that such dsDNA breaks are a result of over
active transposons, however there is significant evidence that dSDNA breaks are a cause of
transposon activity not necessarily a result of it (Klattenhoff et al. 2007). There is still an
increase in y-H2Av foci in double mutants of aub and ovaries deficient in ATR or CHK2.
Leaving open the question of whether the increased transposon activity is responsible for the
dsDNA breaks. The role of PIWI proteins in dSDNA break repair are the increase of y-H2Av
foci in MILI and MIWI2 mutants (Kuramochi-Miyagawa et al. 2004; Carmell et al. 2007).
Consistent with a role for mammalian PIWI-type proteins in dSDNA repair is the presence of
RecQ1 in RIWI complexes (Lau et al. 2006). A highly conserved role of RecQ enzymes are
in dsDNA break repair through recombination (Hunter 2008). Evidence has been recovered
that transposition of transposons to sites of dSDNA damage is needed for or at least contributes
to repair of this damage (Morrish et al. 2002; Zingler et al. 2005; Morrish et al. 2007).
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Interestingly one study shows that in mammals the repair of the DNA damage through a
transposon mMRNA sequence, at the telomeres (Morrish et al. 2007). This suggests that
transposon have been adapted to repairing DNA damage, and may explain the need for tight
control of transposon activity but not an entire elimination of transposons from the genome.

F. Cytoplasmic function of PIWI proteins and piRNAs

As previously mentioned, MIWI and piRNAs co-fractionate with polysomes, indicating a
potential role for MIWI and piRNAs in translation control (Grivna et al. 2006a). Further work
shows that MIWI associates with mRNAs, in polysomes and RNP fractions (Grivna et al.
2006b). Isolation of small RNAs from polysome fractions containing MIWI show that piRNAs
are in a complex with MIWI in polysomes. Strongly suggesting that any role MIWI may in
translation control is in association with piRNAs. Consistent with a role in translational control,
MIWI is associated with elF4E, the mRNA cap binding protein with central roles in
translational control. Additionally, MIWI is in a complex with DICER. Although some
miRNAs are still produced in miwi" testis, some are severely depleted or reduced. MIWI may
thus be involved in miRNA-mediated translational control. Furthermore, MIWI target MRNAS
are severely down-regulated in miwi”~ mutants, suggesting that MIWI is required for mMRNA
stability (Deng and Lin 2001).

Similarly, MILI appears to be involved in translational control (Unhavaithaya et al. 2008).
MILI forms a stable RNA-independent complex with elF3a, and associates with the elF4E and
elFAG containing m7G cap-binding complex. In isolated 7-dpp testicular seminiferous tubules
that contain only stem cells in the germline, the mili mutation has no effect on the cellular
MRNA level yet significantly reduced the rate of protein synthesis. These observations indicate
that MILI may positively regulate translation and that such regulation is required for germline
stem cell self-renewal.

VII. Concluding Remarks

The discovery of PIWI proteins and especially piRNAs has revealed a new dimension of gene
regulation. It is evident that PIWI proteins are involved in germline development of many
metazoan species. It is also evident that PIWI proteins associate with and are needed for the
biogenesis of piRNAs. However, it is not clear exactly what role PIWI proteins play in the
biogenesis of piRNAs and what is the function of piRNAs. Certainly one of the immediate
focuses of PIWI/piRNAs research will be to determine every step involved in creating
individual piRNAs. It is also imperative to investigate how PIWI proteins achieve epigenetic
and translational regulation, how these mechanisms are related to biological functions such as
transposon silencing, germline determination, germline stem cell maintenance, meiosis, and
other gametogenic events. Moreover, it is important to explore how piRNAs contribute to the
functions of PIWI proteins and whether piRNAs have PIWI-independent functions. Answers
to these questions will significantly advance our understanding of gene regulation.
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Figure 1.

The role PIWI-like proteins during mammalian spermatogenesis. A schematic drawing of
mouse spermatogenesis on a time coordinate, with MILI, MIWI, and MIWI2 expression
periods indicated.
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Figure 2.
The 3-D structure of a ternary complex of the wild-type Thermus thermophilus AGO in

complex with aDNA-piRNA heteroduplex. Red: DNA; blue: RNA. Adopted from Wang et al.
2008.
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Figure 3.

The Biogenesis and function of piRNAs. piRNAs are processed from long precursors encoded
by long primary transcripts. A. Often piRNAs cluster to arrays that appear to bi-directionally
transcribed, while less often are primary transcripts derived from one strand. B. The clusters
are transcribed as long transcripts that go through primary processing to give rise to mature
piRNAs, the mechanism of primary processing is not understood. C. piRNAs are believed to
be vectors for transposon mRNA regulation, which leads potentially to degradation. D. At the
same time, post-transcriptional amplification leads to more mature piRNAs (see figure 4 and
text). E. several lines of evidence show that PIWI proteins, presumably through piRNAs lead
to epigenetic repression of transposon encoding regions (red arrow). F. Other epigenetic
functions of PIWI-proteins may exist, at least in Drosophila more than one line of evidence
indicate that PIWI-proteins have a role in telomere length maintenance and epigenetic control.
The epigenetic control appears to involve piRNAS as sequence recognition molecules. G.
Evidence for a role of piRNAs in translational control and other functions exists but remain to
be stringently tested.
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Figure 4.

The Ping-Pong model for piRNA amplification in Drosophila. Mammalian post-
transcriptional amplification appears to be a similar process. See text for detaied description
of the model.
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