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he primary function of the piRNA

pathway is to repress the expression
and transposition of transposable ele-
ments. However, the piRNA pathway
has additional biological and develop-
mental functions. These functions are
either a consequence of transposon regu-
lation, or they result from direct roles of
transposable elements in chromosome
structure and gene regulation through
piRNAs. Recent data have extended the
functions of transposable elements in
gene regulation, revealing a trans-acting
role of transposable element piRNAs in
the control of gene expression. Over the
last few years, extensive studies on the
piRNA pathway have rapidly increased
our understanding of the relationships
between transposable elements and the
host genome, and of the essential role of
transposable elements in biological and
developmental processes.

Introduction

repeated
sequences that are able to move and rep-

Transposable elements are
licate within genomes. They represent a
substantial proportion of the genomes in
most eukaryotic species, making up as
much as 45% of the human genome,' and
about 20% of the Drosophila genome.?
Their parasitic behavior that allows their
maintenance within genomes has led to
transposable elements being regarded as
selfish junk DNA. However, and not sur-
prisingly, since their very discovery in the
1940s, transposable elements were also
suspected by reseachers in the field, to
have essential functions in gene regulation
and in genome dynamics.’ Transposable
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elements are now being recognized as
a driving force in genome evolution
(reviewed in refs. 4 and 5). Major ways
by which transposable elements can affect
genome dynamics include the creation of
gene regulation modules through their
insertion within, or in close proximity of
genes, the increase of genome diversity by
promoting genome rearrangements, and
the domestication of transposases as a
source of DNA-binding domain proteins.’
Other data also suggest the transposable
element origin of several microRNAs
(miRNAs).%” Transposable elements are
important structural components of cen-
tromeres in many organisms, and of telo-
meres in Drosophila. Mammalian LINE
retrotransposons play an important role
in X chromosome inactivation by promot-
ing heterochromatinization, and more
recently, LINE activity was shown to con-
tribute to X inactivation in mouse embry-
onic stem cells.®

Nevertheless, given that
important part of the genomes is com-
posed of transposable elements, genome
integrity could not be maintained with-
out a tight control of transposition. In
particular, repressing transposition is spe-
cifically important in the germline, which
transfers the genetic information from
one generation to the next. Recent data
have shown that the silencing of trans-
posable elements in the germline depends
on Piwi-interacting RNAs (piRNAs),
via a mechanism that is similar to RNA
interference or RNA silencing involv-
ing miRNAs or small interfering RNAs
(siRNA) (reviewed in refs. 9-11). piRNAs
interact with specific Argonaute proteins
and are used as guides for target mRNA

such an
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recognition and silencing. piRNAs differ
from miRNAs and siRNAs in that they
are not produced by Dicer enzymes and do
not require the formation of stable double-
stranded RNA intermediates for their
biogenesis.

piRNA biogenesis and function in
silencing transposable elements have been
extensively studied in the (Drosophila)
ovary, and the resulting data have been
reviewed recently.’*"” Here I focus on the
developmental functions of piRNAs and
transposable elements, discussing recent
data in the (Drosophila) model that sup-
port further examples of the developmen-
tal functions of the piRNA pathway.

The piRNA Pathway— A Summary

piRNAs are a specific class of 24- to
30-nucleotide-long non-coding RNAs
bound to specific Argonaute proteins of
the Piwi clade, Piwi, Aubergine (Aub) and
Ago3. They largely derive from transpos-
able elements dispersed in the genome
and from clusters—called piRNA clus-
ters—composed of repeated sequences
and transposon remnants that are local-
ized in pericentromeric and subtelomeric
regions.'®?* Recent studies have estab-
lished that piRNAs form two distinct
groups depending on where they are pro-
duced in the (Drosophila) ovary, either in
somatic follicle cells, or in germline cells.

Among the three Piwi-type Argonaute
proteins, Piwi alone is expressed in the
somatic follicle cells that surround the
germline cells in the ovary. In these cells,
the piRNAs are produced from piRNA
clusters transcribed from a single DNA
strand, such as the flamenco locus,?>*
and are antisense to transposon mRNAs.
Accumulation of these piRNAs depends
on, in addition to Piwi, the RNA helicase
Armitage, the Tudor domain contain-
ing RNA helicase Yb and the putative
nuclease Zucchini.®®?% The mechanisms
by which these piRNAs repress transpos-
able element expression are not yet known,
however they may involve transcriptional
silencing since Piwi is mostly nuclear and
interacts with Heterochromatin Protein
la (HP1a).”

Theremainingtwo Piwi-type Argonaute
proteins Aub and Ago3 are specific to
the germline cells in the ovary. piRNA
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production in these cells depends on Piwi,
Aub and Ago3, and most piRNAs are gen-
erated from piRNA clusters transcribed
from both genomic strands. Piwi and Aub
preferentially bind to piRNAs that are
antisense to transposon mRNAs, the most
abundant piRNAs, whereas Ago3 prefer-
entially binds to those in the sense strand.
Sequence analysis of germline piRNAs led
to the conceptualization of the ping-pong
model of piRNA amplification in which
antisense piRNAs from piRNA clusters,
bound mostly to Aub, target transposon
mRNA to produce sense strand cleavage
products, cleaved by Aub. These then asso-
ciate with Ago3 to become sense piRNAs
after 3' trimming. Ago3 loaded with sense
piRNAs targets and cleaves complemen-
tary piRNA precursors from clusters, thus
initiating the production of more antisense
piRNAs. In this way, the system amplifies
the production of piRNAs and contributes
to transposon silencing by mRNA cleav-
age.”?? Primary piRNAs originating from
clusters are required to initiate this ampli-
fication cycle and although the mechanism
behind their production is not yet known,
it might resemble that used in piRNA bio-
genesis in follicle cells, involving cleavage
by Zucchini.

Role of the piRNA Pathway in Axis
Specification of the Oocyte

In addition to the Piwi-family Argonaute
proteins, several other proteins are involved
in piRNA biogenesis and function. These
include the RNA helicases Armitage,*
Spindle-E® and Vasa,”® the putative
nucleases Squash and Zucchini,** and the
homolog of HP1, Rhino.”> Mutations in
the genes encoding these proteins dere-
press transposable elements and reduce the
amounts of piRNAs present in ovaries.**%

These mutants, including piwi, aub
and ago3 show defects in germline devel-
opment. One of these defects is the mis-
localization within the oocyte of major
determinants of polarity axes: the mRNAs
encoding the TGFa homolog Gurken and
the pole plasm determinant Oskar.3*3»
Affected microtubule network organiza-
tion is responsible for the mislocalization
of these mRNAs which in turn leads to
ventralized eggs with reduced or lacking
dorsal appendages. Importantly, these
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defects are in part rescued by mutations
in the gene encoding Chk2, a kinase
involved in DNA damage signaling.®**
This prompted the analysis of DNA dam-
age in piRNA pathway mutants. Indeed,
an ecarly defect in these mutants is an
increase of DNA breaks in germline cells
in the germarium, that persist in later
stages. These data led to propose a model
in which the lack of transposon repression
in mutants of the piRNA pathway results
in DNA breaks due to high levels of trans-
position. This in turn induces the DNA
damage checkpoint and triggers Chk2-
dependent alterations of microtubule
organization, leading to defects in oocyte
patterning.'“>%*%7 However, the hypoth-
esis that DNA breaks in the germarium
of piRNA pathway mutants come from
transposition of transposable elements has
yet to be tested.

This data suggest that the axis specifi-
cation defects observed in several mutants
of piRNA pathway components are in fact
a consequence of transposable element
deregulation.

It should be noted, however, that for a
number of piRNA pathway mutants —
zucchini, spindle-E and piwi— patterning
defects are not suppressed by c/k2 muta-
tions.* This suggests that these genes have
additional effects that should be indepen-
dent of the DNA damage checkpoint
activity.

Piwi has other functions in germline
stem cell biology. All germline cells derive
from two to three germline stem cells, that
are localized at the anterior-most region
of the germarium. Maintenance of these
stem cells in part depends on their interac-
tions with somatic niche cells (reviewed in
ref. 38). Clonal analysis of piwi mutants
has shown that piwi is required in somatic
niche cells for germline stem cell main-
tenance, and that it also has an intrinsic
function in germline stem cells for their
division.*#* The molecular basis of these
developmental functions remains undeter-
mined, specifically, whether these defects
are linked to piRNA biogenesis and/or
regulation of transposition.

Gene Regulation by piRNAs

In many systems, the majority of piRNAs
do not map to transposons and although
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Figure 1. Role of the piRNA pathway in gene and chromosome regulation. Models of the mechanisms of regulation involving piRNAs. A and B: trans-
effect of piRNAs on mRNAs leading to gene regulation. C and D: cis-effect of transposable elements and of potential interacting piRNAs involved in

chromosome structure and function. A complete chromosome is represented; it remains unknown whether piRNAs interact with nascent transcripts
in these cases. TE, transposable elements; SpnE, Spindle-E. See text for details.

the function of most of these piRNAs is
not yet known, they could be involved in
gene regulation through sequence comple-
mentarity to specific genes (reviewed in
refs. 15 and 17).

Two examples of direct gene regula-
tion by piRNAs have been reported in
Drosophila testes. In fact, the piRNAs
that regulate two genes, Stellate and vasa,
are the most abundant in Drosophila tes-
tes.? Expression of the Stellate locus in
testes is repressed by Suppressor of Stellate
[Su(Sze)] repeats which produce piRNAs
complementary to Stellate. Deletions of
Su(Ste) repeats lead to elimination of
Su(Ste) piRNAs, Stellate mRNA overex-
pression and accumulation of Stellate pro-
tein in crystals causing male sterility.*>%
Most piRNA pathway components (Aub,
Spindle-E, Armitage, Squash, Zucchini
and Ago3) are involved in the silenc-
ing of the Stellate locus. >34 Analysis
of the silencing mechanism involved
revealed increased Stellate mRNA (but
not pre-mRNA) levels and, to a signifi-
cantly higher extent, increased Stellate
protein levels in Su(Sze) deletions or aub
mutants.’ This indicates that silencing of
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Stellate involves mRNA degradation and
potentially translational repression.

The second most abundant piRNAs in
Drosophila testes, called AT-chX (-1 and
-2), derive from short repeated sequences
on chromosome X. These piRNAs are
complementary to vasa mRNA, with three
or four mismatches . Vasa protein levels
are increased in aub and 4go3 mutant tes-
tes, and production of AT-chX piR-
NAs is affected in most piRNA pathway
mutants.’>® In vitro analyses have shown
that Aub complexes isolated from tes-
tes can cleave in vitro synthesized vasa
mRNA, suggesting that vasa silencing
could involve mRNA slicing.?! However,
the mechanism of silencing has not yet
been addressed in vivo (Fig. 1A).

Direct gene regulation by piRNAs
might also occur in Drosophila ovaries. In
normal ovaries, Oskar protein synthesis is
repressed in early oocytes (stages 1 to 6),
before Oskar accumulation at the poste-
rior pole starting in stage 8 oocytes. In
aub, armitage, spindle-E, squash and zuc-
chini mutant ovaries, Oskar protein syn-
thesis is derepressed in early oocytes.””*
This defect has not been reported to be
rescued by c¢hk2 mutations and could
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reflect a direct regulation of oskar mRNA
by the piRNA pathway.*!

Recent data have shown that a number
of piRNAs are produced by the 3"-untrans-
lated region (3'-UTR) of genes in somatic
follicle cells of ovaries.’®> One of the genes
that produce piRNAs is the transcription
factor traffic jam (t)). tj piRNAs have been
suggested to regulate fas//I mRNA which
encodes a cell adhesion molecule. This
was inferred from increased fas//l mRNA
levels observed in mutant testes for z
and p7wi, and from the complementarity
between # piRNAs and regions within the
JasIII pre-mRNA. Potential target sites
of # piRNAs lie in the large first intron
of fasIII, not in the mature mRNA, and
the mechanism of silencing is not known.
Because 7 mRNA is sliced into piRNAs,
this in turn may also potentially regulate
the levels of Tj protein.”

Direct Role of piRNAs
from Transposable Elements
in Gene Regulation

piRNAs are maternally loaded into

embryos®® and are thought to serve as
primary piRNAs in the primordial germ
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cells at the posterior pole of the embryo,
to initiate piRNA amplification in the
future adult. We recently addressed the
role of piRNAs in the bulk of the early
embryo.

During early embryogenesis, mater-
nally loaded mRNAs are degraded at
the maternal-to-zygotic transition, con-
tributing to the switch from maternal to
zygotic control of gene expression.”® In
Drosophila, this maternal mRNA deg-
radation depends on the Smaug (Smg)
RNA-binding protein expressed before
zygotic transcription®® and on a miRNA
Using
mRNA encoding the embryonic posterior

cluster expressed zygotically.”

morphogen Nanos (Nos) as a paradigm to
study maternal mRNA decay, we found
that 7os mRNA degradation depends on
its deadenylation by the CCR4-NOT
deadenylation complex.’®>” This results
from the recruitment of the CCR4-NOT
complex onto 70s mRNA by Smg.%®
Deadenylation by the CCR4 deadenyl-
ase is also a major mechanism of RNA
silencing by the miRNA pathway.”* The
CCR4 deadenylation complex is recruited
to specific mRNA targets by a complex
containing amiRNA, Argonaute, GW182
and Cytoplasmic Poly(A) Binding Protein
(PABPC).*% While analyzing the role
of the RNA silencing pathways in the
deadenylation of 7os mRNA, we found
that the piRNA pathway has a strong
effect as several mutants of the pathway
showed affected nos deadenylation in
embryos. This effect on nos is direct since
Smg and the CCR4 deadenylase are in
complex with Aub and Ago3 in embryos,
and 7nos mRNA is in complex with Aub
protein.®®®” Strikingly, the data suggest
that this regulation depends on piRNAs
produced by two transposable elements,
called 412 and roo. These piRNAs show
complementarity with nos 3-UTR and
the deadenylation of nos transgenes is
affected following deletion of the target
sites of these piRNAs. These data led to a
model in which piRNAs guide the inter-
action of Aub and Ago3 with 7nos mRNA
and help recruit the CCR4 deadenylase
leading to 7os mRNA decay during the
first hours of embryogenesis®® (Fig. 1B).
This regulation of #os by the piRNA

pathway is essential for anterior-posterior
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patterning of the embryo. Embryos har-
boring mutations in piRNA pathway
components, or bearing transgenes that
lack piRNA target sites, show defects in
head development due to ectopic accumu-
lation of Nos protein.

This represents the first example of
gene regulation by piRNAs originating
from transposable elements, and sheds
light on a novel molecular mechanism by
which transposable elements act in trans
to regulate gene expression and develop-
mental processes.

Interestingly, ~ deadenylation by
CCR4 has also been described to occur
on transcripts from transposable ele-
ments and is thought to depend on piR-
NAs.% Therefore a model similar to that
described for 7os mRNA could be envis-
aged, in which transposable element tran-
scripts would undergo deadenylation and
decay, following CCR4 recruitment by
piRNAs and Aub. Whether or not mRNA
slicing and the recruitment of deadenyl-
ation/degradation enzymes can occur
simultaneously on the same mRNA, and
what determines the choice between these
two pathways, are important questions to
address in the future.

While 7os mRNA accumulates in the
bulk of embryos of #ub mutant moth-
ers due to defective deadenylation and
decay, these embryos show a complete
lack of nos mRNA accumulation at the
posterior pole and do not form primordial
germline cells.®*®7% These defects at the
posterior pole result in part from earlier
defects in oogenesis, specifically, the lack
of oskar mRNA localization and transla-
tion at the posterior pole of the oocyte.
As mentioned above, defects in oocyte
patterning arise from the activation of the
Chk2 checkpoint kinase in au#b mutants.
However, the lack of 7os mRNA localiza-
tion at the posterior pole of the embryo
is only weakly rescued in chk2 aub dou-
ble mutants,®® and a direct role for Aub
in the localization of 7os mRNA at the
posterior pole has been proposed.” It is
intriguing to speculate that this function
of Aub might also depend on its inter-
action with 7os mRNA via the 472 and
roo piRNAs, which in this case would be
involved in the stabilization/localization
of nos mRNA at the posterior pole, a role
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opposite to their role in 7os deadenylation
in the bulk of the embryo.

Role of the piRNA Pathway
in Telomere Protection
and in Chromosome Condensa-
tion During Mitosis

Transposable elements are important
structural components of centromeres
and telomeres and recent data have high-
lighted the role of piRNAs in this struc-
tural function. In Drosophila, telomeres
are protected by specific transposable ele-
ments HeI"A and TART, the copy number
of which depends on aub and spindle-E.!
It was shown recently that aub and armit-
age are required for the assembly of the
telomere protection complex onto Hel-A
transposon. This assembly is proposed to
involve a specific population of piRNAs
that match He7T-A and TART and that
would recruit the protection complex to
the telomeres™ (Fig. 1C). This mechanism
is essential to prevent telomere fusion and
chromosome segregation defects during
meiosis and mitoses in the embryo.

In another study, Aub and Spindle-E
were shown to form a complex with Vasa
in germline cells in the germarium. This
complex appears to have a function in
chromosome condensation and segrega-
tion during mitosis through its direct role
in the deposition of condensin I complex
onto mitotic chromosomes.”” aub, spindle-
E and vasa mutants show a delay in the
prometaphase-metaphase transition and
defects in chromosome segregation in
dividing germline cells in the germarium.
The complex was suggested to associ-
ate with pericentromeric regions through
piRNAs complementary to piRNA clus-
ters (Fig. 1D), although this was not
addressed directly.

Concluding Remarks

The discovery of the piRNA pathway as
the essential regulator of transposable
elements has expedited our understand-
ing of the relationships between trans-
posable elements and the host genome.
Initial studies concentrated on decipher-
ing the mecanisms of defense developed
by the host genome against transposition.
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However, further analyses of the piRNA
pathway have rapidly deepened our under-
standing of how transposable elements are
intimately linked to essential cellular and
developmental functions. Transposable
elements affect these functions by two
mechanisms, either ¢is in which trans-
posable elements provide structural or
regulatory elements that can recruit piR-
NAs and/or protein complexes, or trans
in which transposable elements produce
piRNAs capable of interacting with
gene sequences. An important question
is whether this latter zrans-regulation is
widespread. An example in Leishmania
shows that all copies of an extinct trans-
poson are inserted within the 3'-UTR of
genes leading to reduced stability of the
mRNAs.* This could correspond to an
evolutionary intermediate of gene regula-
tion by transposable element piRNAs.

Genes of the piRNA pathway have also
been implicated in several biological func-
tions in somatic tissues, including hetero-
chromatin formation, long-term memory
and suppression of phenotypic variation
(canalization).””” These data suggest that
piRNAs might be involved in many addi-
tional biological and developmental func-
tions that are yet to be discovered.
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