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IWIl-interacting RNAs (piRNAs), a

subset of small non-coding RNAs
enriched in animal gonads, repress trans-
posons by assembling with PIWI pro-
teins to form potent gene-silencing RNP
complexes, piRISCs. Accumulating evi-
dence suggests that piRNAs are produced
through three interdependent pathways;
the de novo primary pathway, the ping-
pong pathway, and the phased primary
pathway. The de novo primary pathway
in Drosophila ovaries produces primary
piRNAs for two PIWI members, Piwi
and Aub. Aub then initiates the ping-
pong pathway to produce secondary piR-
NAs for AGO3. AGO3-slicer dependent
cleavage subsequently produces second-
ary piRNAs for Aub. Trailer products of
AGO3-slicer activity are consumed by
the phased primary pathway to increase
the Piwi-bound piRNA population. All
these pathways are regulated by a num-
ber of piRNA factors in a highly coordi-
nated fashion. Recent studies show that
two Tudor-domain containing piRNA
factors, Krimper (Krimp) and Qin/
Kumo, play crucial roles in making
Aub-AGO3  heterotypic  ping-pong
robust. This maintains the levels of piR-
NAs loaded onto Piwi and Aub to effi-
ciently ~ repress  transposons  at
transcriptional and post-transcriptional
levels, respectively.

piRNAs are a germline specific class of
23-30 nucleotide (nt) small RNAs.
Together with PIWI proteins, piRNAs
repress the expression of transposons to
prevent their host
genome and to ensure faithful transmis-

invasion into the

sion of the germline genome to the
next generation.l‘9 Most piRNAs are
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complementary to transposon transcripts
enabling PIWI proteins to be guided to
them.'™ Drosophila has 3 PIWTI proteins,
Piwi, Aubergine (Aub) and AGO3. Aub
and AGO3 accumulate at a perinuclear
cytoplasmic region called the nuage
(French for ‘cloud’), whereas Piwi localizes
in the nucleus.*'® PIWI proteins contain
symmetrical dimethylarginine (sDMA)
residues in their arginine-glycine (RG)
and/or arginine-alanine (RA) rich regions,
which are amino-terminally located.''™"?
The sDMA modification is mediated by
the arginine methyltransferase, Dart5
(also known as PRMTS5 or Capsuléen),
and is necessary for the production of piR-
NAs.""'? A number of genes involved in
piRNA pathways have been identified by
genetic screenings in  Drosophila.'*"’
Many of them have Tud domains, which
are well known to recognize methylated
arginine residues, including sDMAs.'®"”
Tud domain-containing piRNA factors
interact with sDMA-modified PIWI pro-
teins and play critical roles in piRNA

pathways.'®'”

Three piRNA biogenesis
pathways in Drosophila germline
cells

Drosophila germline cells produce piR-
NA:s by at least 3 mechanisms; the de novo
primary pathway, the ping-pong pathway
and the phased primary pathway
(Fig. 1).2°%* The production of de novo
primary piRNAs is initiated by the proc-
essing of piRNA precursor transcripts that
are transcribed from piRNA clusters, dis-
tinct genomic regions composed of a large
number of truncated transposons.*"*’
They are then loaded onto Piwi and Aub,
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Figure 1. piRNA pathways in the Drosophila ovary. In germline cells, antisense piRNAs are produced
and loaded onto Aub by the de novo primary pathway or through maternal deposition. Aub then
triggers the ping-pong pathway to produce sense piRNAs bound to AGO3 and own antisense piR-
NAs by consuming transposon transcripts (post-transcriptional gene silencing; PTGS). AGO3 ini-
tiates the phased primary pathway to produce antisense piRNAs bound to Piwi. Very few Piwi-
bound piRNAs are maternally deposited. Piwi translocates to the nucleus, where it provokes tran-
scriptional gene silencing (TGS). In soma, only Piwi is expressed, and the de novo primary and
phased primary pathways operate to produce antisense piRNAs bound to Piwi. Krimp promotes the
Aub-AGO3 heterotypic ping-pong pathway and blocks de novo primary piRNA loading onto AGO3.
Qin inhibits the Aub-Aub homotypic ping-pong pathway and the production of Piwi-bound phased
primary piRNAs triggered by Aub. Sense and antisense piRNAs are indicated in blue and red,

26,27

but not AGO3, in the cytoplasm.
Orientation of transposon fragments
inserted into germline piRNA clusters
does not depend on the polarity of tran-
scription of the locus. In addition, tran-
scription occurs at both strands of these
loci; therefore, it is still not clear how the
antisense bias observed for primary piR-
NAs is initially generated. The precursor
transcripts from piRNA clusters are proc-
essed by an endonuclease, Zucchini (Zuc),
to produce mature piRNAs.*>**>" Piwi is
then imported into the nucleus where it
targets nascent transposon transcripts and
represses transcription of their loci by
inducing local heterochromatin forma-
tion.”>?*° In contrast, both AGO3 and
Aub exhibit endonuclease activity, termed
slicer activity,”*%¢
transcripts in the cytoplasm. The slicer

to cleave transposon

activity of Aub directs cleavage of transpo-
son mRNAs between nucleotides 10 and
11, measured from the 5" end of its bound
piRNA. This initiates the ping-pong path-
way.202126:27:36 The  cleavage products
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are then transferred onto AGO3 with the
help of a DEAD-box helicase, Vasa.””?®
Thus, most AGO3-bound piRNAs are
sense orientated, and the slicer activity of
AGO3 directs cleavage of antisense trans-
poson transcripts.”>*"?*?” The cleavage
products produced by AGO3 are trans-
ferred onto Aub, which may require
another RNA helicase, yet to be identi-
fied,®® and are further processed into
mature  antisense  secondary  piR-
NAs.>*212¢27 Aub can initiate another
round of cleavage of sense transcripts to
produce AGO3-bound secondary piR-
NAs. 20212627 Therefore, the ping-pong
pathway is a slicer-mediated chain reac-
tion to consume transposon transcripts
and produce piRNAs. Mutual amplifica-
tion of sense and antisense piRNAs by
Aub-AGO3 heterotypic ping-pong defines
the 5" end of complementary piRNAs that
overlap by 10 nt from their 5" ends.”*?!
The trailer sequences of AGO3 cleav-
age products from the ping-pong cycle are
further processed by Zuc and then loaded
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onto Piwi (Fig. 1).23243940 7, defines
both the 5" and 3’ ends of the phased pri-
mary piRNAs.*>** Piwi-bound phased
piRNAs are antisense orientated.?>2%3%40
In addition, most Piwi-bound primary
piRNAs are produced via the phased pri-
mary pathway, and very few piRNAs are
produced via the de novo primary piRNA
pathway in Drosophila ovarian germ cells,
unlike in ovarian somatic cells where only
the primary pathway operates because
these cells lack both AGO3 and Aub.”
93940 Phased primary piRNAs are also
produced even in the absence of Aub or
AGO3-slicer activity, via an alternative
pathway, which produces pseudo-second-
ary piRNAs.>” Once phased primary piR-
NAs are loaded, Piwi translocates into the
nucleus to repress transposons at the tran-
scriptional level 2232333940 Thyus AGO3
silences transposons indirectly by not only
yielding Aub-bound antisense secondary
piRNAs via the ping-pong pathway, but
also by triggering Zuc-dependent phased
piRNA production. Without AGO3, the
de novo primary pathway is not affected,
but neither the ping-pong pathway cou-
pled with Aub nor the phased primary
pathway is initiated, leading to a decrease
in the number of antisense piRNAs.”*?
Loss of Aub function also shuts down the
ping-pong pathway coupled with AGO3,
and results in further impairment of Piwi-
bound phased primary piRNA produc-
tion.”*?” In the absence of Piwi, de novo
primary piRNAs are loaded onto Aub,
and initiate the ping-pong pathway with
AGO3 to produce secondary piRNAs, but
the phased primary piRNAs are not
accumulated. 4340

Krimp

Krimper (Krimp) is a Tud domain-
containing piRNA factor in Drosophila,
kerimp
mutant ovaries show the typical pheno-
type of germline piRNA factor mutants;

and is localized in the nuage.lo41

piRNA levels are decreased and transpo-
sons are dc:repressed.m’26 In krimp mutant
ovaries, the cellular localization patterns of
Piwi and Aub are not affected, but AGO3
is not localized in the nuage, where it is
believed that the ping-pong pathway oper-

ates.'”?%*! These observations suggest
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that Krimp is involved in the ping-pong
pathway by affecting the activity of
AGO3.

Recently we showed that Krimp inter-
acts with AGO3 through its Tud domain
(Krimp-Tud).42 Surprisingly,  Krimp-
bound AGO3 does not contain sDMA,
unlike other Tud containing proteins,
most of which preferably associate with
their substrates upon mono-methyl and/
or di-methyl modification.”> We also
found that Krimp-bound AGO3 is free
from piRNAs.*? Simultancously, Aravin’s
group reported that Krimp interacts not
only with AGO3 but also with Aub
through its Tud domain, but in contrast
to the AGO3 interaction, that between
Krimp and Aub is sDMA-dependent.43
Additionally, Aravin’s group found that
Krimp can form a homodimer through its
amino-terminal region called the Krimp
domain, which contains a coiled-coil
domain.*>%® These results suggest a possi-
ble model for a molecular function of
Krimp in the ping-pong pathway; Krimp
binds unmodified AGO3 in the cytosol
and then brings it to the nuage where
AGO3 is sDMA-modified by Dart5.
Krimp then further assembles ping-pong

interaction with sDMA-modified Aub
(sDMA-Aub with Krimp-Krimp-AGO3)
to promote the sDMA modification of
AGO3 and sense secondary piRNA load-
ing onto AGO3 (Fig. 2).*>%

A loss-of-function mutation in krimp
caused complete loss of AGO3-bound
sense piRNAs.42 As a consequence, there
was a two-fold reduction in the level of
Aub-bound antisense piRNAs.** In sharp
contrast, Aub-bound sense piRNAs were
increased in Arimp mutant ovaries. This
suggests the presence of an aberrant Aub-
ping-pong
However, fewer secondary piRNAs were

Aub  homotypic reaction.
detected in the mutant ovaries, and so
transposons were only weakly repressed in
the mutant ovaries. It seems that homo-
typic ping-pong is so inefficient in the
production of secondary piRNAs that
Drosophila ovaries have equipped Krimp
to dominate Aub-AGO3 heterotypic
ping-pong over homotypic ping-pong.42
Krimp is also expressed in ovarian
soma, where it forms unique cytoplasmic
granules named Krimp bodies.*>** Unlike
in the germline ping-pong pathway,
Krimp is dispensable in the somatic pri-
mary piRNA pathway. However, AGO3

piRNA  processing complexes through ectopically expressed in the ovarian
Krimp
P -
sDMA
Aub
Cytoplasm ( > .
_ AGO3
Aub-Krimp- ‘
Nuage Krimp-AGO3
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* sense piRNA
loading onto AGO3
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Transposon
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Figure 2. Model for Krimp functions in the ping-pong pathway. Krimp interacts with unmethylated
and piRNA-free AGO3 to recruit it to the nuage, where Krimp also interacts transiently with Aub to
promote sDMA modification and sense secondary piRNA loading onto AGO3. Aub shuttles between
the cytoplasm and nuage. The recognition of target transcripts by the piRNA guide stably recruits
Aub to nuage. sSDMA-modified AGO3 is released from Krimp, and then initiates the ping-pong cycle
with Aub. Sense and antisense piRNAs are indicated in blue and red, respectively.
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somatic OSC cell line is sequestered to
Krimp bodies; therefore, Krimp still has
the ability to bind AGO3 in ovarian
somatic cells.*” Under these conditions
AGO3 is devoid of primary piRNAs.*?
However, AGO3 starts to be associated
with primary piRNAs when Krimp is
depleted by RNAI, suggesting that Krimp
acts as a regulator for AGO3, preventing
it from being loaded with primary piR-
NAs.*> This function of Krimp is not
unique in ovarian somas because Krimp
sequesters endogenous AGO3 to Krimp
bodies in aub and other germline piRNA
factor mutant nurse cells.*>** These find-
ings suggest a model for dual functions of
Krimp in the pong-pong pathway: Krimp
promotes the Aub-AGO3 heterotypic
ping-pong pathway and blocks de novo
primary piRNA loading onto AGO3
(Fig. 1).

Qin/Kumo

Qin, also known as Kumo (Japanese
for ‘cloud’), is also a Tud-domain protein
involved in Drosophila germline piRNA
production. It has a RING domain, two
B-Box domains, and five Tud
domains.**®  Qin physically interacts
with Aub through its Tud domains, and
the interaction depends on Aub-sDMA
modification.*® Qin localizes to the nuage,
where it facilitates Aub-AGO3 interac-
tion.® Although gin loss-of-function in
the ovaries does not change the total
amount of piRNAs, the ratio of sense to
antisense piRNAs increases; this is because
of an increase in sense piRNAs in Aub-
bound piRNA populations. Further analy-
ses indicated that, in gin ovaries, second-
ary piRNA production seemed to switch
from ‘productive’ Aub-AGO3 heterotypic
ping-pong to ‘unproductive’ Aub-Aub
homotypic ping—pong.45’47 Thus, it is
concluded that Qin functions in blocking
Aub-Aub homotypic ping-pong. This is
likely to result in a substantial supply of
antisense secondary piRNAs in nurse cells
for efficiently destroying
mRNAs.*>*

In nurse cells of Drosophila ovaries,
AGO3 initiates the production of the
phased primary piRNAs that are loaded

transposon

onto Piwi.*’ In ago3 and gin double
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mutant ovaries, the levels of Aub-Aub
homotypic ping-pong pairs and Piwi-
bound piRNAs were higher than those in
ago3 single mutant ovaries.”” Piwi in the
double mutants associated preferably with
sense piRNAs, as in 4go3 mutant ova-
ries.”” Under circumstances where Aub-
Aub homotypic ping-pong is somewhat
dominant, cleavage products of AGO3
decrease, resulting in fewer phased piR-
NAs loaded onto Piwi. This would cer-
tainly increase the expression levels of
transposons. Thus, to prevent this, Qin
plays a role in suppressing Aub-Aub
homotypic ping-pong. In this way, the
amount of phased piRNAs is maintained
and transposons are effectively repressed
in  Drosophila
(Fig. 1).”

ovarian germ  cells

Conclusions

Each PIWI protein can harbor any
piRNA via the de novo primary pathway,
the ping-pong pathway, and probably
others; however each pathway has pre-
cisely defined piRNAs and partner PIWI
proteins.””*>*? The cleavage of long anti-
sense transcripts by AGO3 with sense piR-
NAs can initiate the production of
antisense secondary piRNAs bound to
Aub and further drives the production of
antisense phased primary piRNAs bound
to Piwi.?>*** Aub and Piwi, but not
AGO3, can accumulate at the pole plasm
in developing oocytes,”"*® implying the
deposition of maternal Aub- and Piwi-
bound piRNAs in progeny germline cells.
In fact, Aub bound to antisense maternal
piRNAs is indispensable to initiate the
ping-pong pathway, and further antisense
maternal piRNAs bound to Piwi are
thought to be an important mark of
source piRNA clusters on progeny
genomes.” Aub, which mainly binds to
antisense piRNAs either derived from
maternal deposition or the de novo pri-
mary pathway, not only directly cleaves
transposon transcripts but is also indi-
rectly involved in the production of Piwi-
bound phased primary piRNAs by ampli-
fying AGO3-bound sense piRNAs.*! ¢
Most Piwi-bound piRNAs appear to be
produced via the phased primary pathway,
and not the de novo primary pathway in

www.tandfonline.com

Drosophila ovarian germline cells.”® In
addition, extremely few Piwi-bound piR-
NAs are maternally deposited.”” Thus, the
Aub-AGO3 heterotypic ping-pong path-
way is essentially the only way to amplify
the Piwi-bound antisense piRNAs in Dro-
sophila ovarian germline cells. Two Tud
domain piRNA factors, Krimp and Qin/
Kumo, play respective roles to regulate the
ping-pong pathway, and these proteins
can synergistically make the Aub-AGO3
heterotypic ping-pong robust, thereby
enforcing an antisense bias on germline
piRNA pools.?”** In addition to Krimp
and Qin/Kumo, other piRNA factors and
Tud domain proteins also collaborate to
define the piRNA pathways. The molecu-
lar functions of these additional piRNA

factors are unclear and need to be

determined.
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