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1. Summary.

RNA silencing mechanisms employ small RNA molecules, 20-30 nucleotides
long, to down-regulate the expression of genes. Small RNAs are always associated
with proteins from the Argonaute family, constituting the central effector complex
of silencing mechanisms, RNA-induced silencing complex (RISC).

Members of the Piwi subfamily of Argonaute proteins are expressed
predominantly in the animal gonadal tissues, and are essential for fertility. They are
associated with a specific class of small RNAs, the Piwi-interacting RNAs (piRNAs),
and control the expression of transposable elements. The mouse genome encodes
three Piwi proteins, called Miwis, and the absence of either of them results in
spermatogenesis arrest and consequent male sterility.

In this Thesis, | report a comprehensive analysis of expression and potential
alternative functions of Miwi2, in both somatic and germ line adult mouse tissues. |
found that the expression of miwi2 at the RNA level is not restricted to the germ
line, as several different coding and non-coding transcripts originating from the
miwi2 locus can be detected at the low levels in the majority of tissues. One of the
coding transcripts, potentially originating from an alternative promoter within the
miwi2 locus and corresponding to the 3’ region of the full-length miwi2 mRNA,
could potentially give rise to a putative shorter Miwi2 protein form. Furthermore,
expression of an imprinted gene, H19, seems to be affected by the absence of
Miwi2, both in the germ line and somatic tissues.

My results reveal transcriptional complexity of the miwi2 locus, could
indicate the existence of an alternative protein form of Miwi2 expressed in at least
some somatic tissues, and suggest that Miwi2 might have additional functions in

regulating the expression of imprinted genes.



2. Zusammenfassung.

In RNA ,silencing” Mechanismen finden kleine, 20 bis 30 Nukleotide lange RNA
Molekiile Verwendung um die Expression von Genen zu verringern. Diese kleinen
RNAs sind immer mit Proteinen der Argonautefamilie assoziiert und bilden so den
zentralen Effektorkomplex (RNA induced silencing complex, RISC) dieser ,silencing”
Mechanismen.

Piwi  Proteine, eine Unterfamilie der Argonauteproteine, werden
hauptsachlich in tierischen Gonaden exprimiert und sind fiir die Fruchtbarkeit
essentiell. In Komplexen mit den sogenannten Piwi-assoziierten RNAs (piRNAs)
kontrollieren sie die Expression von transposablen Elementen. Das Mausgenom
kodiert flir drei Piwiproteine, die sogenannten Miwis. Die Abwesenheit eines dieser
drei Proteine flihrt zu einem Spermatogenesearrest und daraus folgend zur
Sterilitat.

In dieser Doktorarbeit analysiere ich die Expression und potentielle
alternative Funktionen von Miwi2 sowohl in somatischem Gewebe als auch in
adultem Keimbahngewebe der Maus. Die Expression von Miwi2 RNA scheint nicht
auf die Keimbahn beschrankt zu sein und verschiedene kodierende und nicht-
kodierende, vom miwi2 locus stammende Transkripte konnten in den meisten
Geweben nachgewiesen werden. Eins der kodierenden Transkripte, welches der 3’
Region der vollstandigen miwi2 mRNA entspricht und von einem alternativen
Promotor zu stammen scheint, kdnnte zur Expression einer klirzeren Miwi2 Form
flihren. Ausserdem scheint die Expression eines imprinteten Gens, H19, sowohl in
somatischem als auch in Keimbahngewebe in der Abwesenheit von Miwi2
verandert zu sein.

Meine Ergenisse zeigen erstens die Komplexitat des miwi2 locus, kdnnten
zweitens die Prasenz einer alternativen Proteinform in manchen somatischen
Geweben bedeuten und implizieren drittens, dass Miwi2 zusatzliche Funkitionen

bei der Regulierung von inprinteten Genen haben kdnnte.



3. Introduction.

Correct regulation of gene expression is a central theme in the development of
multicellular organisms. Different cells within an organism use a wide variety of
mechanisms to ensure that a certain gene is expressed at the right time and place.
Dysregulation of gene expression leads to developmental defects, disease, and

reduced fitness.

The discovery that double-stranded RNA molecules are very potent inducers of
gene silencing was made 11 years ago (Fire et al. Nature 1998), and it dramatically
changed the understanding of gene expression regulation. The phenomenon,
named RNA interference (RNAIi), drew attention to the wide variety of silencing
mechanisms induced by and executed through RNA molecules (reviewed by

Ghildiyal and Zamore, Nat. Rev. Genetics 2009; Carthew and Sontheimer, Cell 2009).

3. 1. RNA silencing: the concepts.

RNA silencing mechanisms are present in all five kingdoms of life and operate on
all levels of gene expression regulation: from chromatin structure and organization,
through mRNA localization and stability, to translational control. They orchestrate
development, combat virus infections and guard the integrity of the genome.
Disruption or dysregulation of silencing mechanisms can result in severe

developmental defects, infertility, and disease.

The trigger of silencing is an RNA molecule, typically a long double-stranded
(dsRNA), which is processed by a conserved machinery into the central species of
RNA silencing: small RNAs, 20-30 nucleotides (nt) long. Small RNAs associate with
proteins from the Argonaute family to form the main effector complex of all
silencing mechanisms: the RNA-induced silencing complex (RISC). Within RISC, small
RNAs are able to complementary pair to other nucleic acids - most commonly other

RNA molecules, such as cellular messenger RNAs - and induce their silencing. In



canonical pathways, perfect complementarity results in target cleavage, and

imperfect complementarity leads to translational silencing of the target (Fig. 1).
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Figure 1. The RNA silencing paradigm.

RNA silencing mechanisms are induced by a long double-stranded (ds) RNA molecule. dsRNA is

processed into a short interfering dsRNA (ds siRNA). One of the strands of the ds siRNA, called the guide

strand, and a protein from the Argonaute family are assembled into the central effector complex: the

RNA-induced silencing complex (RISC). Single-stranded small RNA (ss siRNA) enables recognition of the

target RNA via complementary base-pairing. RISC exerts target silencing, by either cleaving the target

RNA in the case of full complementarity between the ss siRNA and the target, or repressing its translation

in the case of partial complementarity.

All RNA silencing mechanisms depend on the complementarity between small RNAs

and their targets, a feature that provides exquisite specificity and potency in



regulating gene expression (reviewed by Ghildiyal and Zamore, Nat. Rev. Genetics

2009; Carthew and Sontheimer, Cell 2009).

3. ll. The history of RNA silencing.

The story of RNA silencing mechanisms converged in the last decade from two
main directions. One was the discovery of microRNAs (miRNAs), genome-encoded
small RNAs - about 21 nucleotides (nt) long - that act mainly by repressing
translation of their cognate mRNAs (Lee et al. Cell 1993; Wightman et al. Cell 1993;
Lagos-Quintana et al. Science 2001; Lee and Ambros, Science 2001; Lau et al. Science
2001). The second was the discovery of RNA interference, a process in which small
interfering RNAs (siRNAs) — at the average size of 22 nt - guide the cleavage of
complementary mRNAs (Fire et al. Nature 1998; Zamore et al Cell 2000; Elbashir et al.
Genes Dev 2001; Elbashir et al. EMBO J. 2001).

It took several years and contributions from several different fields of research to
bring the attention to the existence of RNA-induced silencing mechanisms, and a
few more to decipher their common characteristics, core machinery, and a variety of

ways in which they operate.

Two papers from the lab of Richard Jorgensen published in 1990 (Napoli et al. Plant
Cell 1990; van der Krol et al. Plant Cell 1990) are probably the first written record of
RNA silencing. The investigators observed that upon introduction of a transgene
into petunias that was supposed to induce deepening of flower color, the flowers
unexpectedly showed variegated pigmentation, and some lacked pigment
altogether. This meant that not only was the transgene not active, but it also
induced silencing of the endogenous locus. Similar observations were made in the
filamentous fungus Neurospora crassa, where the phenomenon was termed
‘quelling’ (Romano and Macino, Mol. Microbiol. 1992; Cogoni and Macino, PNAS 1997).
At the same time, several labs observed that plants responded to replicating RNA
viruses by post-transcriptionally silencing viral RNA, as well as endogenous genes
that shared homology to sequences included in the viral replicon (Dougherty et al.

Mol. Plant Microbe Interact. 1994; Angell & Baulcombe EMBO J. 1997; Ruiz et al. Plant Cell



1998), and it was proposed that the two phenomena might be mechanistically
related (Ratcliff et al. Science 1997). But it was only when Andrew Fire and Craig
Mello observed that dsRNA was much more potent in inducing heritable gene-
specific silencing in the nematode C. elegans than the antisense single-stranded
RNA (Fire et al. Nature 1998) that researchers started realizing similarities between
responses to dsRNA in different organisms: it was able to induce specific silencing
of any sequence that it shared homology to. They named the phenomenon RNA
interference (RNAI). A year later, the new class of RNAs, ~25 nt long small RNAs,
derived from long dsRNAs upon introduction of a transgene or viral infection, were
discovered in plants (Hamilton and Baulcombe, Science 1999). Soon afterwards, it
became clear that these unique molecules guide the silencing of their
complementary sequences, explaining the great specificity of RNA silencing

mechanisms (Zamore et al. Cell 2000).

The importance of RNA silencing was acknowledged by awarding the Nobel Prize

to Andrew Fire and Craig Mello in 1996, only 8 years after their milestone paper.

Concomitantly, the labs of Victor Ambros and Gary Ruvkun discovered in 1993 that
lin-4, essential for normal development of C.elegans, is a non-protein-coding locus
producing transcripts that negatively regulate levels of LIN-14 protein (Lee et al. Cell
1993; Wightman et al. Cell 1993). They anticipated that this could represent the
paradigm for a new way of gene expression control, but they probably did not
think that they had just hit the tip of the iceberg. They identified two species of lin-
4, a ~60-nucleotide (nt) long lin-4L and 22-nt long lin-4S. They discovered several
sites in the 3'UTR of lin-14 transcript that /in-4S could complementary pair to. The
region of complementarity was short — only 10 nt - but absolutely essential for lin-
4 function. Also, the levels of lin-14 transcript were stable, so they suggested that
binding of lin-4 to its complementary sites in the 3'UTR of lin-14 inhibits its

translation.

Today, we know that they discovered the first miRNA (/in-4S), its precursor (lin-4L),

and its target (lin-14). They discovered what is today known as ‘the seed’ of miRNAs



- 10 nucleotides of complementarity between lin-4 and its complementary sites in
the 3'UTR. They also discovered the hairpin structure of miRNA precursors. And they
did discover a novel pathway of gene regulation: inhibition of translation by
miRNAs binding to their complementary sites in the 3'UTRs of target transcripts.
Argonaute proteins, the second essential component of RISC, were discovered in
plants and flies as factors affecting stem cell differentiation and growth (Lin and
Spradling, Development 1997; Cox et al. Genes Dev. 1998; Bohmert et al. EMBO J. 1998).
Subsequent genetic and biochemical studies established them as the main protein
component required for target repression in all RNA silencing mechanisms (Tabara
et al. Cell 1999; Fagard et al. PNAS 2000; Hammond et al. Science 2001; Carmell et al.
Genes Dev. 2002; Pal-Bhadra et al. Mol. Cell 2002, Williams and Rubin, PNAS 2002).

3. lll. At the core of RNA silencing: Argonautes and small RNAs.

3.lll.a. Argonaute proteins.

Argonaute proteins and their role as the main endonucleases of RNA silencing
mechanisms are conserved throughout plant and animal kingdoms, as well as in
fungi (Cox et al. Genes Dev. 1998; Fagard et al. PNAS 2000; Carmell et al. Genes Dev.
2002). They are grouped into three subfamilies: Argonaute, Piwi, and WAGO
(Faehnle and Joshua-Tor, Curr. Opinion Chem. Biol. 2007). The Argonaute subfamily
contains proteins with strongest homology to Arabidopsis Ago1; these proteins are
ubiquitously expressed, and are involved in classical RNAi and microRNA pathways
(Carmell et al. Genes Dev. 2002; Ghildiyal and Zamore, Nat. Rev. Genetics 2009). Piwi
proteins — sharing strongest homology to Drosophila Piwi - are animal-specific, and
show mainly germ line-restricted expression (Seto et al. Mol. Cell 2007; Malone and
Hannon, Cell 2009). They were discovered as factors involved in stem cell
maintenance in the Drosophila germ line (Lin and Spradling, Development 1997; Cox
et al. Genes Dev. 1998; Cox et al. Development 2000) and genetic and biochemical
studies have shown that they are essential for the control of transposon

expression in the germ line (Vagin et al. Science 2006; Saito et al. Genes Dev. 2005;



Carmell et al. Dev. Cell 2007; Houwing et al. Cell 2007). Like the other Argonautes,
Piwis function in complexes with small RNAs - the Piwi-interacting RNAs or piRNAs.
The members of the third subfamily have been found only in C. elegans, and are
therefore termed WAGOs - worm Argonautes (Yigit et al. Cell 2006). They bind
secondary siRNAs and are important for amplification of RNA.I.

The genomes of different organisms encode various numbers of Argonautes from
different subfamilies (Carmell et al. Genes Dev. 2002; Tolia and Joshua-Tor; Nat. Chem.
Biol. 2007). Fission yeast has only one Argonaute protein. Plants have ten
Argonautes and no Piwis (Vaucheret, Trends Plant Sci. 2008). Humans have four
Argonautes and four Piwis, and mice have five Argonautes and three Piwis. There
are three Piwis and two Argonautes in the Drosophila genome. C. elegans genome
contains 27 different Argonautes, two of which are Piwis, and ~18 belonging to the
WAGO subfamily.

The proteins belonging to the Argonaute family share two signature domains: PAZ
and Piwi (Cerutti et al. Trends Biochem. Sci.2000); (Fig. 2). Crystal structures of both
domains, as well as of the whole protein, have been solved, and they were
instrumental in deciphering the roles of the two domains and the mechanistic
details of silencing (Lingel et al. Nature 2003; Song et al. Nat. Struct. Mol. Biol. 2003;
Song et al. Science 2004). The PAZ domain is named after proteins that were known
to contain it, namely Piwi, Argonaute and Zwille (Cerutti et al. Trends Biochem.
5¢i.2000). Dicer proteins also have a PAZ domain (Bernstein et al. Nature 2001); this
domain is characteristic for proteins involved in RNA silencing. The PAZ domain of
Dicer binds 3’ two-nucleotide overhangs of long dsRNA duplexes that initiate
silencing (MacRae et al. Science 2006); in Argonautes, it binds the 3’ end of the small
RNA (Ma et al. Nature 2004). Piwi domain has an RNaseH-like fold and bears the
nuclease activity of RISC - it has therefore been termed the ‘Slicer’ (Song et al.
Science 2004; Parker et al. EMBO J. 2004). The residues responsible for the nuclease
activity are two aspartats and a histidine - the so-called DDH motif, or the ‘catalytic
triad’ (Song et al. Science 2004; Parker et al. EMBO J. 2004). As it has the RNaseH-like
fold, the most suitable substrate for Piwi domain is a nucleic acid duplex, in this

case an RNA duplex. Small RNAs are therefore pivotal for Piwi function, as they
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guide Argonatues to their single-stranded targets and complementary pair with
them through Watson-Crick base-pairing, forming duplexes. Piwi catalyzes the
hydrolysis of a phosphodiester bond between the nucleotides of the target mRNA
that are paired to nucleotides 10 and 11 of the small RNA guide strand (Elbashir et
al. Genes Dev. 2001; Elbashir et al. EMBO J. 2001).

> binding of the 3’end

of the small RNAs > RNase H-like: endonuclease activity

Figure 2. Schematic view of the two main domains of the Argonaute proteins, PAZ and Piwi.

PAZ domain is located N-terminally to the Piwi domain, and binds the single-stranded 3’ end of small
RNAs. Piwi domain is C-terminal and an RNaseH-like fold and bears endonucleolytic activity responsible
for target silencing. The 5’ end of the small RNA is anchored in the mid-domain on the N-terminal end of

the Piwi domain.

Not all Argonaute proteins are catalytically active: the only human Argonaute
known to have ‘slicer’ activity is Ago2 (Liu et al. Science 2004). Secondary Argonautes
(SAGOs) from the WAGO subfamily lack the catalytic DDH motif altogether (Faehnle
and Joshua-Tor, Curr. Opinion Chem. Biol. 2007).

3. lll.b. Small RNAs.

A small RNA is defined by its origin, mechanism of biogenesis, length, Argonaute
protein it associates with, its targets, mechanisms of target recognition and
repression, and finally, its function.

Three major classes of small RNAs, siRNAs, miRNA and piRNAs, share some common

characteristics, and also have many distinctive, defining features.
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3.1l b.1. siRNAs.

Derived from either exogenously introduced or endogenous long dsRNA, siRNAs
are perfect duplexes, 21-22 nt long, with 2-nucleotide overhangs on the 3’ ends and
a 5’ monophosphate (Zamore et al. Cell 2000; Elbashir et al. EMBO J2001; Elbashir et al.
Genes Dev. 2001). They are generated in the cytoplasm in a Dicer-dependant manner
(Bernstein et al. Nature 2001; Knight et al. Science 2001; Ketting et al. Genes Dev 2001;
Ghildiyal et al. Science 2008; Tam et al. Nature 2008). In complex with dsRNA binding
proteins, such as TRBP and PACT in mammals or R2D2 in flies, Dicer loads the siRNA
duplex into RISC (Liu et al. Science 2003, Tomari et al. Science 2004; Chendrimada et al.
Nature 2005; Haase et al. EMBO Rep. 2005; Lee et al. EMBO J2006; Kok et al. J. Biol. Chem
2007). Within RISC, one of the strands of the siRNA duplex - the ‘guide’ strand -
directs RISC to its target, whereas the other strand, called the ‘passenger’ strand, is
cleaved by the Argonaute and discarded (Matranga et al. Cell 2005; Rand et al. Cell
2005; Miyoshi et al. Genes Dev. 2005; Leuschner et al. EMBO Rep. 2006). Thermodynamic
differences in stability of the two ends of the siRNA duplex determine which of the
two strands becomes the guide, and which is discarded as passenger: the strand
with less stable 5 end is preferentially chosen as the guide strand (Tomari et al.
Science 2004; Schwarz et al. Cell 2003). siRNAs assembled into RISC predominantly act
posttranscriptionally in the cytoplasm, guiding the RISC to their mRNA targets. They
pair fully to their targets within the coding region, which leads to the cleavage of
the target by the Argonaute protein, followed by degradation and hence the
silencing of the target (Liu et al. Science 2004).

The canonical siRNA pathway is depicted schematically in Fig. 3a.

The main natural exogenous sources of siRNAs are viral genomes and replication
intermediates. In plants and Drosophila RNA silencing induced by small RNAs of viral
origin acts as the nucleic acid-based immune system (Hamilton and Baulcombe,
Science 2001; Saleh et al. Nature 2009). Both long dsRNA and siRNAs can be
experimentally introduced into organisms or cultured cells, resulting in silencing of

their complementary mRNAs (Fire et al. Nature 1998; Kennerdell and Carthew Cell

12
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Figure 3. Canonical RNA silencing pathways.

a. The siRNA pathway is induced by a long perfect-duplex dsRNA, which is processed by the
RNase Ill enzyme Dicer into siRNAs. siRNAs and proteins from the Argonaute family constitute
the main effector complex, RISC. siRNAs pair fully to their targets and induce target cleavage by
the endonuclease activity of the Argonaute protein.

b. miRNAs are encoded in the genome and transcribed by RNA polymerase Il into a capped,
polyadenylated precursor transcript, the co-called primary miRNA (pri-miRNA). Pri-miRNA is
processed in the nucleus by the RNase lll enzyme Drosha into the precursor miRNA (pre-miRNA)
and exported to the cytoplasm by Exportin 5. Pre-miRNA is processed into the mature miRNA
duplex by Dicer, and assembled into RISC. miRNAs pair partially to their targets, miRISC exerts

translational repression of the target mRNA.
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1998; Wargelius et al. Biochem. Biophys. Res. Comm. 1999; Wianny and Zernicka-Goetz,
Nat. Cell Biol. 2000; Svoboda et al. Development 2000; Clemens et al. PNAS 2000;
Elbashir et al. Nature 2001; Caplen et al. PNAS 2001; Harborth et al. J. Cell Sci. 2001). This
discovery provided us with a powerful tool for studying functions of genes as it
mimics the loss-of-function genetic mutations, and is nowadays a common
laboratory technique. It also opened new possibilities for developing therapeutics

(Bonetta, Cell 2009).

Until recently, the only organisms known to express endogenous siRNAs were
plants and C. elegans (Hamilton and Baulcombe, Science 1999; Ambros et al. Curr. Biol.
2003). Plants, in particular, contain a variety of different endogenously produced
siRNAs (Mallory and Vaucheret, Nat. Genet. 2006), and some of them, derived from
promoter regions, operate in the nucleus and induce transcriptional silencing
(Mette et al. EMBO J. 2000; Zilberman et al. Science 2003). Furthermore, both plants
and C. elegans have primary siRNAs, produced from the original trigger, and
secondary siRNAs, required for amplification and spreading of silencing (Voinnet, et
al. Cell 1998; Sijen et al. Cell 2001; Deleris et al. Science 2006; Pak and Fire, Science 2007).
Secondary siRNAs require RNA-dependent-RNA polymerase (RdRP) for their
production (Vaistij et al. Plant Cell 2002; Pak and Fire, Science 2007). In plants, they are
also Dicer-dependent (Bouche et al. EMBO J. 2006; Deleris et al. Science 2006), unlike in
C. elegans, where they are thought to be products of RdRP (Sijen et al. Science 2007).

Endo-siRNAs were recently discovered in Drosophila and mouse (Ghildiyal et al.
Science 2008; Czech et al. Nature 2008; Okamura et al. Nature 2008; Tam et al. Nature
2008; Watanabe et al. Nature 2008). They are derived from transcripts that have
extensive secondary structure, such as pairs of genes and pseudogenes or regions
of bidirectional transcription - thereby circumventing the lack of RdRP in the
mouse and fly genomes. They originate from transposons, heterochromatic
regions, and mRNAs, and associate with Ago2 in both Drosophila and mouse. Their

exact function remains to be determined.
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3.1l b. 2. miRNAs.

Several landmark papers in 2001 described the ubiquitous presence of miRNAs in
animal genomes (Lagos-Quintana et al. Science 2001; Lee and Ambros, Science 2001,
Lau et al. Science 2001), and revealed that many are conserved (Pasquinelli et al.
Nature 2000).

miRNAs are derived from RNA polymerase Il transcript (Pol Il) called primary miRNAs
(pri-miRNAs), which form stem-loop structures along its length (Lee et al. EMBO J.
2004). Some are encoded in intergenic regions and others within introns of protein-
coding genes, often in clusters containing several miRNAs. The stem-loop structures
of these transcripts are recognized by the RNase Ill enzyme Drosha and its dsRNA
binding partners, Pasha in flies and DGCR8 in mammals (Lee et al. Nature 2003; Denli
et al. Nature 2004; Gregory et al. Nature 2004; Landthaler et al. Curr. Biol. 2004). This
complex, called the Microprocessor complex, cleaves the pri-miRNA in the nucleus
to produce precursor microRNAs (pre-miRNAs) (Han et al. Genes Dev. 2004). Precursors
of some intron-encoded miRNAs - called mirtrons - are liberated from primary
transcripts through the action of splicing machinery, circumventing Drosha (Ruby
JG et al. Nature 2007; Okamura K et al. Cell 2007). Pre-miRNAs are ~70 nt long, have a
hairpin structure and bear signature 3’ 2-nt overhang ends of RNase Ill cleavage
reaction (Lee et al. Cell 1993; Lagos-Quintana et al. Science 2001; Lee and Ambros,
Science 2001; Lau et al. Science 2001; Mourelatos et al. Genes Dev. 2002; Basyuk et al.
NAR 2003). The precursor is exported from the nucleus to the cytoplasm by Exportin
5 (Yi et al. Genes Dev. 2003; Lund et al. Science 2004; Bohnsack et al. RNA 2004). In the
cytoplasm, the precursor is recognized by Dicer and its dsRNA-binding partners,
Loquacious in flies and TRBP in mammals (Hutvagner et al. Science 2001; Ketting et
al. Genes Dev. 2001; Forstemann et al. PLOS Biol. 2005; Saito et al. PLOS Biol. 2005; Haase
et al. EMBO Rep. 2005; Chendrimada et al. Nature 2005). Dicer cleaves off the loop,
leaving ~21nt long mature miRNA duplex (Ketting et al. Genes Dev. 2001; Knight and
Bass, Science 2001; Grishok et al. Cell 2001). In plants, but not in animals, the 3’ ends
of the mature duplex RNA are methylated by the methyltransferase Hen1, making
the miRNA more stable (Yu et al. Science 2005; Li et al. Curr. Biol. 2005). Mature miRNA

15



duplex is channeled into RISC and bound to the proteins from the Argonaute
subfamily (Hutvagner et al. Science 2002; Meister et al. Mol. Cell 2004). In some cases,
as was shown in Drosophila, miRNAs are preferentially associated with some
members of the Argonaute subfamily, distinct from the ones that bind siRNAs
(Foerstemann et al. Cell 2007; Tomari et al. Cell 2007). Within RISC, miRNA is unwound
and one of the strands (the ‘miR* strand) is discarded (Matranga et al. Cell 2005).
miRNA recognizes multiple sites in the 3’ untranslated regions (3'UTRs) of mRNAs
(Lee et al. Cell 1993; Wightman et al. Cell 1993; Reinhardt et al. Nature 2000; Lin et al.
Dev. Cell 2003). The majority of animal miRNAs pair only partially to their targets;
they are fully paired only within a limited region at the 5’ end - the ‘seed’ region,
which comprises nucleotides 2-8 (Lai Nat. Genetics 2002; Lewis et al. Cell 2003; Stark et
al. PLOS Biol. 2003; Brennecke et al. PLOS Biol. 2005) — and induce translational
repression, destabilization of the target, or both (Lee et al. Cell 1993; Wightman et al.
Cell 1993; Lim et al. Nature 2005; Bartel Cell 2009).

miRNAs have emerged as essential regulators of gene expression, particularly in
developmental context and in relation to diseases (Carthew and Sontheimer, Cell
2009; Ventura and Jacks, Cell 2009). Some predictions state that up to 60% of all
MRNAs might be regulated by miRNAs. The current release of miRBase (13.0), the
registry of miRNAs, lists 9169 mature miRNA products from 103 species.

Animal miRNA pathway is depicted schematically in Fig. 3b.

piRNAs are addressed in detail later in the text.

Many variations on these canonical pathways have been described in various
organisms. Like the siRNAs produced from the promoter regions in plants, the
siRNAs originating from centromeric repeats in fission yeast induce transcriptional
silencing by inducing DNA and/or histone methylation (Mette et al. EMBO J. 2000;
Zilberman et al. Science 2003; Verdel et al. Science 2004; Noma et al. Nat. Genetics 2004).
Furthermore, microRNAs in plants, as well as some animal miRNAs, pair fully to their
targets and induce their cleavage, as well as translational repression (Rhoades et al.

Cell 2002; Tang et al. Genes Dev. 2003; Yekta et al. Science 2004; Voinnet, Cell 2009).
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In the ciliate Tetrahymena thermophila, small RNAs called scan RNAs (scnRNAs) guide
excision of internal eliminated sequences (IES) from the genome of the developing
macronucleus during conjugation (Mochizuki et al. Cell 2002; Taverna et al. Cell 2002;
Liu et al. PNAS 2004). In Neurospora, sequences not paired to their homologous
sequences during meiotic prophase |, which is often the case for transposable
elements, generate a signal that leads to their silencing, as well as silencing of all
the sequences homologous to them, in the process called meiotic silencing by
unpaired DNA (MSUD) (Shiu et al. Cell 2001). Transcripts from repetitive genomic
regions, often comprising defective transposons, give rise to repeat-associated
small RNAs (rasiRNAs) (Aravin et al. Curr. Biol. 2001; Aravin et al. Dev. Cell 2003).
rasiRNAs were later described to be a subset of the third major class of small RNAs,
the piRNAs, in flies, mice, and fish (Vagin et al. Science 2006; Lau et al. Science 2006;
Houwing et al. Cell 2007; Aravin et al. Science 2007).

3. 1V. Piwis and piRNAs.

The research of Piwis greatly intensified upon discovery of small RNAs associated
with them - the Piwi-interacting RNAs, or piRNAs (Girard et al. Nature 2006; Aravin et
al. Nature 2006; Vagin et al. Science 2006; Saito et al. Genes&Dev 2006; Watanabe et
al. Genes&Dev 2006). The discovery of piRNAs and their deep sequencing and
subsequent mapping onto the genome shed new light on the function of Piwis
and provided insights into their mechanisms of action.

piRNAs, by and large, map onto large, repeat- and transposon-rich genomic
clusters (with the exception of mouse pachytene piRNAs; discussed later in the text)
(Vagin et al. Science 2006; Brennecke et al. Cell 2007; Aravin et al. Science 2007;
Houwing et al. Cell 2007). They display profound strand bias, being generated
preferentially from one strand at any given site within the locus. piRNAs are longer
then siRNAs and miRNAs, ranging in size from 24 to 30 nucleotides. The biogenesis

of piRNAs is Dicer-independent as they originate from single-stranded transcripts;
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they display U1 bias and their 3’ ends carry a 2’'0-methyl modification (reviewed by
Malone and Hannon, Cell 2009).

3. IV.a. Amplification of piRNA-mediated silencing of transposons: the
ping-pong cycle.

One of the main characteristics of piRNAs is their active ampilification in response to
transposon activation. This is best described in Drosophila, where piRNAs are known
to arise from long single-stranded transcripts of genomic loci containing a large
number of defective transposon copies (Brennecke et al. Cell 2007). These loci act as
master regulators of transposon expression. piRNAs processed from the primary
transcripts are bound to two members of the Piwi subfamiliy, Aubergine and Piwi.
These primary piRNAs are antisense to transposon transcripts, and that enables
them to recognize these transcripts by base complementarity. Transposon
transcripts are then cleaved and effectively silenced through the ‘slicer’ activity of
Piwi proteins. In this process, secondary piRNAs are generated that are sense to
transposons and bound to the third Piwi subfamily member, Ago3. These
complexes can then again recognize the primary transcripts from genomic loci,
cleave them and generate new piRNAs. This cycle of interrelated transposon
transcript cleavage and production of new piRNAs has been termed the ‘ping-pong’
cycle (Fig. 4). It essentially makes the main weapon of transposons - their spreading
through transcription - also their biggest weakness.

The ‘ping-pong’ cycle leaves certain signatures that point to regulation of
transposons by Piwi proteins (Fig. 5). In most cases, primary piRNAs show the U1
bias. Argonautes cleave their targets at defined distance from the 5 end of the
guide strand - in this case the primary piRNAs: it is always the phosphodiester
bond between nucleotides that pair to nucleotides at positions 10 and 11 of the
guide that is cleaved. This would mean that the secondary piRNAs should share a
10-nt complementarity to the primary piRNAs, and instead of a 5’U bias, display an
A-bias at position 10.
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Figure 4. Canonical ping-pong cycle (Drosophila).

PiRNA clusters are transcribed and processed by an unknown mechanisms into primary piRNAs, which
are predominantly antisense to transposon transcripts and assemble into complexes with the two
members of the Piwi subfamily of Argonaute proteins, Piwi and Aubergine. These piRISCs cleave the
transcripts from the active transposons, thereby silencing their expression and creating new piRNAs.
These piRNAs are sense in respect to transposon mRNAs and assemble into piRISC with the third member
of the Piwi subfamily, Ago3. ‘Sense’ piRISC cleaves again the primary transcript from the piRNA clusters,

leading to production of the new antisense piRNA.
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Exactly this was observed when piRNA populations from complexes with
Aubergine and Piwi were compared to the ones from Ago3 complexes. So, the 5’
end of new piRNAs is generated through Piwi protein-catalyzed cleavage of

transposon transcripts.

primary piRNA cluster transcript/
i * primary piRNA
~L1 10 25
5 U 3
3 A 5
10 17

transposon transcript

Figure 5. Signatures of the ping-pong cycle.

Primary piRNAs show a preference for uridine at position 1 (‘U1 bias’). Secondary piRNAs are generated
from target transcripts of the primary piRNA through a slicer activity of the Piwi proteins, which generates
the 5’ end of each new piRNA. Therefore, secondary piRNAs overlap with the primary piRNAs over 10

nucleotides, and predominantly have an adenine at position 10 (‘A10 bias’).

The mechanism that generates the 3’ end is at present not known; the two putative
nucleases, zucchini and squash, required for piRNA production and function, have
been implicated in the process (Pane et al. Dev. Cell 2007). Populations of piRNAs
bound to different Piwi proteins from pre-meiotic mouse testis (Aravin et al. Science
2007; Aravin et al. Mol.Cell 2008; Kuramochi-Miyagawa et al. Genes Dev. 2008), and
zebrafish germ line (Houwing et al. Cell 2007) also display ‘ping-pong’ signatures.
This makes the ‘ping-pong’ mechanisms one of the main ways of controlling
transposon expression in the germ line of animals, guarding the fertility and
fitness of the species.

Apart from acting in the ‘ping-pong’ cycle, Piwi-piRNA complexes were found to
repress expression of transposons on the transcriptional level as well. In mouse,

lack of Miwi2 and Mili causes demethylation of DNA at transposon loci, thereby
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leading to their expression (addressed in further detail later in the text) (Carmell et
al. Dev. Cell 2007; Kuramochi-Miyagawa Genes Dev. 2008; Aravin et al. Mol. Cell 2008). In
C. elegans, piRNAs - termed 21U-RNAs - associate with Piwi protein PRG-1 and
control expression of some transposon classes in male and female germ line.
However, no evidence of ‘ping-pong’ cycle was found in C. elegans; the piRNA
pathway seems to operate upstream of the endogenous siRNA pathway in the
control of transposon expression (Das et al. Mol. Cell 2008).

In summary, Piwi proteins act in the germ line of animals, where they control the
expression of mobile genetic elements on both transcriptional level - by inducing
DNA methylation, and post-transcriptional level - by cleaving transposon
transcripts.

The link between stem cell defects caused by the lack of Piwis and their
mechanisms of action has not yet been fully explained. It remains to be seen if
these are merely consequences of the damage caused in the genome upon
transposon up-regulation, as one study suggests (Klattenhoff et al. Dev. Cell 2007),
or if Piwis and their associated piRNAs have a separate function in controlling

division and maintenance of germ line stem cells.

3.1V. b. Piwis in the mouse: Miwi, Mili, and Miwi2.

The mouse genome encodes three Piwi proteins, called the Miwis: Miwi, Miwi2 and
Mili (Carmell et al. Genes Dev. 2002). Like other Piwis, the Miwis were reported to have
germ line-restricted expression. Miwi is expressed only in testis, in spermatocytes
and round spermatids (Kuramochi-Miyagawa et al. Mech.Dev. 2001; Deng and Lin,
Dev.Cell 2002), and Mili is expressed throughout the development of the male germ
line, from embryonic day 12.5 until the appearance of haploid cells (Kuramochi-
Miyagawa et al. Mech.Dev. 2001). Absence of either Miwil or Mili results in the
complete arrest of spermatogenesis, placing Miwis among master regulators of
development of male germ cells. Expression of Mili has also been detected in the
female germ line, being expressed throughout the embryonic development,

peaking around the time of birth and decreasing in the adult ovary (Kuramochi-
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Miyagawa et al. Mech.Dev. 2001). The absence of Mili, however, does not have any
effect on the development of female germ cells. Both Miwi and Mili are expressed
only in the germ cells and not in the somatic compartment of the gonads - unlike
Drosophila Piwi, which is present in both somatic and germ cells in the fly gonads
(Cox et al. Development 2002). Both proteins localize to the cytoplasm and are
enriched in chromatoid bodies, RNA storage and processing centers reminiscent of
somatic cells’ P bodies (Grivna et al. PNAS 2006; Unhavaithaya et al. J.Biol. Chem 2009)
- unlike Drosophila Piwi, which is a nuclear protein (Cox et al. Development 2002). IN
contrast to Miwi, Mili is also present in the cytoplasm of spermatogonia, the germ
line stem cells, in both embryonic and post-partum spermatogonia (Aravin et al.
Mol.Cel 2008; Unhavaithaya et al. J.Biol. Chem 2009).

Miwi and Mili are present in complexes with so-called pachytene piRNAs, 24 - 30 nt
in length, and are required for their biogenesis and/or stability (Girard et al. Nature
2006; Aravin et al. Nature 2006). Pachytene piRNAs appear approximately two weeks
after birth, around the onset of the pachytene stage of meiosis, and are expressed
throughout the adult life in spermatocytes and spermatids. They originate from
large genomic clusters and show profound strand bias. These clusters are
conserved between mouse, rat and human, despite the lack of the conservation of
primary sequences of individual piRNAs (Girard et al. Nature 2006; Aravin et al. Nature
2006). Pachytene piRNAs are depleted of transposon-related sequences. The details
of their biogenesis are not known; however, they are known to be Dicer-
independent and are thought to arise by processing of a long single-stranded
transcript. They show a strong U1 bias: a new piRNA starts with each uridine on the
primary transcript. Pachytene piRNAs have no obvious targets and their exact
function remains elusive.

Even before the discovery of piRNAs in 2006, Miwi and Mili were known to bind
RNAs (Kuramochi-Miyagawa et al. Mech.Dev. 2001). Miwi was shown to bind the
MRNAs of ACT (Activator of CREM in Testis) and CREM target genes (Deng and Lin,
Dev. Cell 2002). CREM is considered to be the master regulator of spermiogenesis, as
it regulates the transcription of spermiogenic factors such as protamines, transition

proteins, and other germ line-specific genes abundantly expressed in early
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spermatids (Fimia et al. Mol. Cell. Endocrinology 2001). Both ACT mRNA and the mRNAs
of CREM target genes are downregulated in miwi” testes. The fact that the
expression of CREM itself does not depend on Miwi suggests that Miwi acts by
stabilizing these mRNAs (Deng and Lin, Dev. Cell 2002). Furthermore, both Miwi
(Grivna et al. PNAS 2006) and Mili (Unhavaithaya et al. J.Biol.Chem 2009) were found
to be associated both with free ribonucleoproteins (RNPs), containing chromatoid
body components, and polysomes in testicular extract, as well as with the cap-
binding complex. This is consistent with their localization in both cytoplasm and
chromatoid bodies. Association of Miwi with polysomes increased with the up-
regulation of the overall translational activity in spermatids (Grivna et al. PNAS
2006), and the global translation rate is decreased in spermatogonia of mili” mice
(Unhavaithaya et al. J.Biol.Chem 2009). On the other hand, Miwi is also required for
the integrity of chromatoid bodies (Kotaja et al. J. Cell Sci. 2006). These findings
suggest a role for Miwi, Mili and their associated piRNAs in controlling translation -
possibly both translational activation and repression - of mRNAs essential for
successful completion of spermatogenesis and, in the case of Mili, differentiation of
spermatogonia.

Consistent with its expression prior to the onset of meiosis in the post-birth testis,
Mili is additionally associated with a separate population of piRNAs, termed pre-
pachytene piRNAs (Aravin et al. Science 2007). This population of piRNAs originates
from genomic clusters distinct from the ones giving rise to pachytene piRNAs and,
in contrast to pachytene piRNAs, is enriched for repeats and transposon sequences.
Transcripts of certain transposon classes are upregulated in mili” male germ line,
implicating Mili and its associated pre-pachytene piRNAs in transposon control. In
Drosophila, Piwi proteins in complexes with piRNAs regulate transposon expression
primarily on the post-transcriptional level, by catalyzing cleavage of transposon
transcripts and simultaneous generation of new piRNAs through the ‘ping-pong’
cycle (Brennecke et al. Cell 2007). A substantial fraction of pre-pachytene piRNAs in
the mouse was found to bear ‘ping-pong’ signatures, indicating that Miwis are also
involved in the post-transcriptional silencing of transposons (Aravin et al. Science

2007).

23



A scheme of mouse spermatogenesis with some hallmark processes and the timing

of expression of the Miwis and different piRNA populations is shown in Figure 6.

7.5 dpc germ cell
migration
12.5dpc genome
demethylation
spermatogonia
15.5dpc de novo
methylation Miwi2
birth -
3dpp pre-pachytene
Mili piRNAs
leptotene
10 dpp @ spermatocytes
meiosis
pachytene
14 dpp x spermatocytes
Miwi pachytene
PiRNAs
round
21 dpp ) spermatids
nuclear condensation
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28 dpp spermatids

35dpp ./\/—\ spermatozoa

Figure 6. Schematic representation of mouse spermatogenesis.
Main cell types, approximate time of their emergence and hallmark processes are depicted, as well as
time windows of expression of the Miwi proteins and their associated piRNA populations.

dpc; days post coitum, dpp; days post partum.
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3. IV. c. Miwi2 and Mili in male fetal gonads.

Silencing of transposons takes place in mammals primarily through the
establishment of CpG methylation at transposon regulatory regions in the embryo.
Some transposon loci were found to be extensively demethylated in mutants of
two Piwi subfamily members, accompanied with up-regulation of transposon
transcripts: Mili and Miwi2 (Carmell et al. Dev.Cell 2007; Kuramochi-Miyagawa et al.
Genes Dev. 2008; Aravin et al. Mol. Cell 2008).

Both Mili and Miwi2 are expressed in the developmental window when de novo
methylation of transposon sequences takes place in the male germ line — between
embryonic day 15.5 and 18.5 (Aravin et al. Mol Cell. 2008). Mili localizes to cytoplasmic
granules reminiscent of Drosophila nuage. Miwi2 localizes predominantly to the
nucleus and is also present in cytoplasmic granules, which partially co-localize with
the Mili-containing ones (Aravin et al. Mol. Cell 2008). Immunoprecipitation of Mili
and Miwi2 from fetal testis revealed that they are present in complexes with
diverse population of piRNAs. Mili binds ~26nt piRNAs, around 55% of which
correspond to transposons and repeats. Mili-bound piRNAs are predominantly
sense to transposon transcripts. Miwi2-bound population of piRNAs is even more
enriched for transposon transcripts, containing about 80% transposon- and
repeats-derived transcripts. These piRNAs are predominantly antisense to
transposons, and their ‘ping-pong’ partners are detected among Mili-bound
piRNAs. Mili-associated piRNAs are the primary piRNAs of the mouse ‘ping-pong’
cycle. Some of them originate from genomic clusters (Kuramochi-Miyagawa et al.
Genes Dev 2008; Aravin et al. Mol Cell. 2008), as is the case in Drosophila and neonate
mouse, but mostly they're derived directly from primary transcripts of individual
transposons. Primary piRNAs display U1 bias and guide the cleavage of antisense
transcripts, giving rise to Miwi2-associated secondary piRNAs.

This process likely takes place in the cytoplasmic granules, where partial co-
localization of Miwi2 and Mili is observed (Aravin et al. Mol Cell. 2008). As mentioned,
mutations in either miwi2 or mili lead to reduction in DNA methylation at

transposon loci (Kuramochi-Miyagawa et al. Genes Dev 2008; Aravin et al. Mol Cell.
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2008). piRNAs are still present in the dnmt3/ mutant, suggesting that Miwi2 and Mili
likely act upstream of DNA-methyltransferases responsible for establishment of
germ line methylation patterns. Furthermore, in the mili mutant, Miwi2 does not
associate with secondary piRNAs nor does it translocate to the nucleus. These
results suggest that Miwi2, associated with secondary piRNAs produced in
cooperation with Mili-piRNA complexes through ping-pong mechanism in the
cytoplasm, shuttles to the nucleus where it guides the establishment of DNA
methylation on transposon sequences. The exact mechanism is elusive to date.

The schematic representation of the ‘ping-pong’ cycle in the mouse embryonic
gonad is shown in Fig. 7.

The expression of Miwi2 decreases after birth, and only Mili seems to contribute to
the ‘ping-pong’ cycle in the neonate mouse. Profiles of piRNAs change dynamically
through development, with Mili-associated piRNAs changing accordingly: different
types of transposons are targeted, strand bias changes, as does the ratio between
primary and secondary piRNAs populating the pathway (Aravin et al. Mol.Cell 2008).
These changes likely reflect the dynamics in expression of certain transposon
classes and the preferred mechanism of transposon defense.

The phenotypic changes observed in the mili and miwi2 mutant testis after birth of
the mouse are quite similar, and resemble those observed in the dnmt3/ mutant.
Spermatogenesis in the miwi2 and mili mutant mice is arrested in the meiotic
prophase |, at early pachytene stage, leading to complete sterility of male mice.
Spermatocytes show highly abnormal nuclear morphologies, and the level of
apoptosis is elevated. Mutant mice also lose germ cells progressively with age and
seem to have impaired germ cell differentiation. There are also differences between
the two mutants: mili mutant mice can still form the sex body (Kuramochi-
Miyagawa et al. Development 2004), a nuclear sub-domain containing
transcriptionally silenced sex chromosomes, and this is not the case in the miwi2

mutant testis (Carmell et al. Dev. Cell 2007).
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Figure 7. The ping-pong cycle in the mouse male embryonic gonad.

Individual transposons and some piRNA clusters are transcribed and processed by an unknown
mechnisms into primary piRNA, which are predominantly sense to transposons and assemble
predominantly into complexes with one of the members of the Piwi subfamily in mouse, Mili These
piRISCs cleave the antisense transposons transcripts, thereby generating new piRNAs. Secondary
piRNAs are antisense in respect to transposon mRNAs and assemble into piRISC predominantly with the
second member of the Piwi subfamily, Miwi2. ‘Antisense’ piRISC cleaves again the primary transposon
transcripts, leading to their silencing. In addition, Miwi2 in complex with secondary piRNA migrates into
the nucleus, where it is involved in DNA methylation of the regulatory regions of transposons, providing

thereby additional level of silencing.

27



Unlike Mili, Miwi2 is expressed in both somatic and germ cells of the testis (Carmell
et al. Dev. Cell 2007); it is the only Piwi family member in the mouse whose

expression is not restricted to germ line cells.

However, the function of Miwi2 in survival of germ line cells seems to be germ-line
autonomous, as wild type germ cells transplanted into a mutant recipients can
completely reconstitute spermatogenesis.

In summary, Miwi2 associates with piRNAs derived from transposable elements in
the embryonic male germ line and, together with Mili and its associated piRNAs,
plays an essential role in transposon silencing through DNA methylation. It is
required for continued production of germ line stem cells in the adult, progression
of cells through prophase | of meiosis, and consequently male fertility. It is the only

Miwi expressed both in germ line and somatic cells of testis.

3. V. DNA methylation in control of transposition and imprinting.

During development of a multicellular organism, cells differentiate from the
pluripotent state in the early embryo into a wide variety of specialized cell types of
adult tissues and organs. Development is epigenetic: as all cells in an organism
have the same genetic content, it is the epigenetic information that orchestrates
differentiation and functional specialization of cells by allowing expression of
some genes while keeping others silent. Tissue-specific gene expression patterns
are maintained by flexible histone modifications, with the aid of the proteins from
the Polycomb and Tritorax families. The sonly sequences in the genome that are
stably silenced on the long term by DNA methylation are pluripotency-associated
genes, imprinted genes and transposable elements (reviewed by Reik Nature 2007).

Genomic imprinting is an epigenetic process that leads to specific expression of
certain genes from only one allele, depending on its parental origin. Some 90
genes, usually clustered in the genome, are known to be imprinted in mammals,
and loss of imprinting is associated with a number of cancers and developmental

disorders. Expression of imprinted genes is regulated mainly by DNA methylation,
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as well as by histone modifications, of the so-called imprinting control regions
(ICRs), also known as differentially methylated regions (DMRs). ICRs can act either as
insulators, or as promoters for the non-coding RNAs, which then regulate the
expression of the neighboring genes. Examples of the non-coding RNAs involved
in the regulation of imprinting include Xist, involved in somatic X inactivation, and
Air, involved in regulation of Igf2r (reviewed by Ideraabdullah et al. Mut. Res. 2008;
and Royo and Cavaille Biol. Cell 2008).

Transposable elements, or transposons, have an important role in shaping the
genomic landscape as well as controlling expression of their neighboring genes
(reviewed by Slotkin and Martienssen, Nature Rev. Genet. 2007). However, their ability
to move from one genomic location to another represents a potential threat, as
excision of a transposon from one site in the genome and insertion into another
causes chromosome breakage, illegitimate recombination, and disruption of
coding or regulatory regions of genes, leading to misregulation of their expression.
Activation of transposons poses a particular problem when it occurs in the germ
line. It then influences not only the fitness of a particular single organism, but also
of the species, as mutations and genomic rearrangements that occur in the germ
line get transmitted to the next generation. In addition, transposable elements
have been proposed to be involved in regulation of imprinted genes — some
transposon classes are hypomethylated and expressed specifically in the male or
female germ line, e.g. IAP and LINE retrotransposons are hypomethylated in the
female germ line, their mRNA is highly abundant in the oocytes and is deposited in
the embryo (Peaston et al. Dev. Cell 2004). The opposite is true for non-autonomous
SINE elements, which are hypomethylated in the sperm (Rubin et al. Nuc. Acid Res.
1994). This lead to the proposal that transposons may contribute to differential
expression of maternally or paternally imprinted genes.

In mice, DNA methylation patterns are inherited through gametes and are
maintained for one cell division in the zygote by a maternally inherited form of
DNA methytransferase 1, DNMT1o (Howell et al. Cell 2001). Methylation is first
erased, and then re-established by de-novo DNA methyltransferases from the

DNMT3 family (Okano et al. Cell 1999). Throughout development of somatic tissues,
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DNA methylation patterns are maintained by somatic maintenance
methyltransferase, DNMT1s (Li et al. Nature 1993). A second wave of de-methylation
of DNA takes place during development of the germ line in the embryo, in
progenitor germ cells (PGCs) in the period between embryonic days E10.5 and E12.5.
Methylation patterns are then re-established depending on the gender of the
embryo (Hajkova et al. Mech. Dev. 2001), in the period between E15.5 and E18.5.
Stable silencing through DNA methylation of transposable elements, imprinted
genes and genes involved in pluripotency is particularly important, due to
detrimental effects of transposon activity on integrity of the genome, importance
of correct imprinting for development of the embryo after fertilization, and higher
susceptibility to cancer resulting from expression of pluripotency-associated genes
in differentiated tissues.

Proteins from the DNMT3 family, Dnmt3a, Dnmt3b, and Dnmt3L have known roles
in establishment of DNA methylation of transposable elements and imprinted
genes (Kaneda et al. Nature 2004; Hata et al. Development 2002; Bourc’his and Bestor,
Nature 2004; Kato et al. Hum. Mol. Genet. 2007). As described above, Piwi family
members Miwi2 and Mili are expressed at the high levels in the period of de novo
DNA methylation, and together with their associated piRNAs have a role in
establishing DNA methylation of transposable elements in the male embryonic
germ line. Mutations in Dnmt3 family members result in loss of maternal
imprinting and consequent death of progeny early in development, as well as loss
of transposon silencing in the male germ line resulting in male sterility. Similarly, as
described above, mutations in either Miwi2 or Mili lead to expression of
transposons in the male germ line and male sterility.

The function of Miwis in the regulation of imprinting has so far not been

addressed.
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4. Materials and Methods.

RNA isolation.

Total RNA was isolated form ~100 ug of mouse tissue, or one 15 cm tissue culture
dish in case of cultured cells, using the standard phenol/chloroform extraction
method. The tissue was homogenized, and the cells harvested, in 3 ml of extraction
solution [1 volume Solution A (4M guanidium isothiocyanate, 25 mM sodium
citrate, 0.5% lauroylsarcosinate, 50 mM [-mercaptoethanol) and 1 volume acidic
phenol, Ph 4.0, (AppliChem)]. Chloroform:isoamyl alcohol 24:1 (AppliChem) and 2M
sodium acetate, pH 4.2, were added to the homogenate (1/10 and 1/20 of total
volume, respectively), which was then vigorously mixed. After centrifuging at 10000
rpm for 10 min at 4°C, aqueous phase was separated from organic phase. RNA was
further extracted by adding %2 of total volume of phenol:chloroform:isoamyl
alcohol 25:24:1 (PCl; AppliChem) to the aqueous phase, mixing and centrifuging at
10000 rpm for 1 min at 4°C. Aqueous phase was ultimately mixed with 3 volumes
of cold absolute ethanol (Merck), and precipitated over night at -20°C. After
centrifugation at 10000 rpm for 30 min at 4°C, RNA pellet was resuspended in 1 ml
Solution A, mixed with 1 volume of isopropanol (Fluka) and incubated 15 min at
room temperature. After one more round of centrifugation, RNA pellet was washed
twice in 70% ethanol, dried and resuspended in 100 ul of RNase-free water. Quality
and concentration of isolated RNA were determined using the Agilent 2100

BioAnalyzer.

Reverse transcription.

Starting from 5 ug of total RNA, cDNA was synthesized using either First Strand
cDNA Synthesis Kit (GE Healthcare, 27-9261-01) or SuperScript First Strand Synthesis
System (Invitrogen, 12371-019).

As a primer for reverse transcription, either oligo d(T) or the gene-specific primers,

listed in Table 1., were used.
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Table 1. Gene- specific primers used for reverse transcription.

PRIMER NAME SEQUENCE

3'UTR_1 CCTGAGCGGTAGGCAGATCTGAACAACG
3'UTR_2 GAGTCTCAAGCCGTCCTCTGGCTCACTTG
e2lr GGTTCCTTGTGGACACTTTGTGCCACC
el5r CCACAGCTCTCCGCCAAGTTTGC

el2r CCATCTATTCAAAGGCTGAG

Polymerase chain reaction (PCR).

cDNA was amplified using Taq polymerase (0.5 ul per 50 ul reaction; Eppendorf/5
PRIME, 2900167), with 1 ul of cDNA as template. Primers used for PCR are listed in
Table 2.

Rapid Amplification of cDNA Ends (RACE).

Total RNA (5 ug) from various mouse tissues (testis, different age; adult ovary,
spleen, kidney), embryonic fibroblasts or embryonic stem cells was analyzed by 5’
RACE, using Invitrogen 5’ Rapid Amplification of cDNA Ends System (cat# 18374-041).
First strand cDNA synthesis was performed using e21r gene-specific primer (GSP1).
Following purification, cDNA was tailed and amplified by nested PCR. In the first
round of PCR, AAP primer matching the tail was used in combination with e20r
primer. The primers were annealed at 55°C for 30 sec and 35 cycles of amplification
were carried out using Tag DNA polymerase (Eppendorf) at 68°C for 2:30 min. The
PCR product was purified using Qiagen PCR Purification Kit; the DNA was eluted in
30 wl of water and 2 ul were used as template for second round of PCR. In the
second round, primers AUAP and nested primer e15r were annealed at 55°C for 30
sec. Amplification conditions were the same; the number of cycles was 30. The
products were finally gel-purified and analyzed by direct sequencing using primers

el15r,and e12r and e3r were applicable.
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Table 2. PCR primers.

PRIMER NAME
elalt

elf

e2f

1320

1590

1711

e15f

B tubulin_F
Miwi1_f
Mili

ezr

e3r

e8r

el2r

el5r

elér

e20r

e2lr

B-tubulin_R
Miwil_r
Mili_r

SEQUENCE
ATGCGCCTGCGCATTCTGGGGGTCC
GGGCGGTCCTCAAGAGACCTCATGG
GGTTACATCTGCCAGTCCTGGGGACAG
GCAGCCAAGCAACCTCAGATTTCC
GCGATCTTGCAAAGTTTTGAGTTCTCAGCC
GGTTCCATGGGATTTAACGTGGGCTACC
GGAACGATGCTGAGTGTG
GCTCTCTACGACATTTGCTTCAGAACCC
ATGACTGGCCGAGCCCGAGCTCG
ATGGATCCTGTCAGGCCGTTG
CCCACCTCCGGCCTCGCTGTCC
CTGGTACAGACACCCAACTCT
CCACATATGTGACCTCTGAGCCGTCC
CCATCTATTCAAAGGCTGAG
CCACAGCTCTCCGCCAAGTTTGC
GCAGACTTTGAGGCAATCTGC
GCCCTGCCAGTTGTAGTAG
GGTTCCTTGTGGACACTTTGTGCCACC

CAGACAGCCGTTTTCACATTGTTGG
CCATCGAAAGCATGACACCTTCC
CCATTCCTCTGCCTATACTACTGG

Quantitative PCR (qPCR).

gPCR was performed using Fermentas Maxima SYBR Green 2x Master Mix (cat#

K0222) according to the manufacturer’s instructions, on the BIO-RAD MyiQ Single

Color Real-Time PCR Detection System and using the accompanying iQ5 software.
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Total reaction volume was 25ul, and 7.5 pmol of each primer was used. 0.8 ul of
cDNA reverse transcribed using oligo (dT) primer from 5 ug of total RNA was used

as a template. Primers used for gPCR are listed in Table 3.

Table 3. Primers used for qPCR.

PRIMER NAME SEQUENCE
Btubulin_f TCAATGCTGACCTGCGGAAG
Btubulin_r TCAAACATCTGCTGGGTGAGC
H19_f1 AATCAGAACCACTACACTAC
H19_r1 ATTTATTGATGGACCCAGGAC
H19_f2 CATCCAGCCTTCTTGAACACC
H19_r2 GGGAAAAGTGAAAGAACAGACGG
lgf2_f1 GGCTTCTACTTCAGCAGGCCT
lgf2_r1 ACTCTTCCACGATGCCACG
lgf2_f2 GAACCACATTCCCCAAAACAAGG
lgf2_r2 GAGCCAATAAGCAGCAGCAGAAAC
Miwi2_qg5'f GTTACATCTGCCAGTCCTGG
Miwi2_e3r CTGGTACAGACACCCAACTCT
e15f GGAACGATGCTGAGTGTG
Miwi2_qg3'r CCACATTCTTGTTGAGGGCATCTC
Oct4_f TCACTCACATCGCCAATCAGC
Oct4_r CCCTGTAGCCTCATACTCTTCTCG
Antibodies.
Synthetic peptides GITTGHSAREVGRSSRD (N-terminal) and

TDHTVQNPPLGTVVDSEATRPEW (C-terminal) were injected into rabbits. The fifth
bleed, after the heart puncture, was used. The antibodies were additionally affinity-

purified using the two peptides conjugated to the column resin, and eluted from
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the column using 1,5M MgCl, + 50mM NaAc pH 5.2, and 0,1M Glycine pH 2,45 + 0,1M
NaCl solutions. The two fractions were dialyzed against 1.5 | of PBS at 4°C over
night with constant agitation, and concentrated using Milipore Centricon (Plus-20,
cat# UFC2LTK24) system. Additionally, a commercially available C-terminal
antibody was used (Abcam, ab21869). The N-terminal antibody was used at 1:2000
dilution for Western blotting, 1:5000 for immunofluorescence on frozen tissues and
cells, and 1:500 for immunohistochemistry on FF-PE tissue. The C-terminal antibody
was used at 1:6000 for Western blotting, and 1:5000 for immunofluorescence on
cells. The Abcam Miwi2 antibody was used at 1:500 for Western blotting and 1:100
for immunofluorescence on cells. BRCA1 antibody was from Santa Cruz (cat# sc-
1553, M-20). It was used at 1:500 for IF on frozen tissue sections. YH2AX antibody
was from Upstate (cat# 05-636). It was used at 1:5000 for IF on frozen tissue sections.
Actin antibody was from Sigma (cat# A-2066). It was used at 1:1000 for Western blot.
Secondary antibodies were from Molecular Probes/Invitrogen. HRP-conjugated
secondary antibodies were used for Western blot at 1:5000. AlexaFluor-conjugated
secondary antibodies were used at 1:2000 for immunofluorescence on frozen tissue

sections and cultured cells.

Polysome gradient separation of cytoplasmic tissue extracts and

subsequent RNA isolation.

Tissues were dissected from the mouse and grinded in a lysis buffer (10 mM Tris-
HCl, pH 8; 150 mM NaCl; 5 mM MgCl; 1% NP40; 40 mM DTT; 50 U/ml RNAsin
(Promega, cat# N2511); 40 mM vanadyl-ribonucleoside complex (New England
Biolabs, cat# $1402S), supplemented with 1% deoxycholate. 1 ml of lysis buffer was
added per approximately 10 mg of tissue. Nuclei were pelleted by centrifuging at
13000 rpm for 15 seconds at 4°C, and supernatant was transferred to a new tube
containing 500 wl of 2x extraction buffer (0.2 M Tris-HCl, pH 7.5, 0.3 M NadCl,
supplemented with 150 ug/ml of cycloheximide, 650 ug/ml of heparin, and 0.1 mM
AEBSF). After centrifuging for 5 min at 13000 rpm, the supernatant was loaded onto
a 10 ml 15%-40% [w/v] sucrose gradient, supplemented with 10 mM Tris-Hcl, pH 7.5,
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140 mM Nacl, 1.5 mM NacCl, 10 mM DTT, 100 ug/ml of cycloheximide, and 0.5 mg/ml
of heparin. The gradient was spinned at 38000xg for 2 hours at 4°C with brake off.
600 ul fractions were collected and digested with 100 ug of proteinase K in 1% SDS
and 10 mM EDTA for 30 minutes at 37°C. RNA was extracted with equal volume of
phenol:chlorophorm:isoamyl alchohol 25:24:1, followed by precipitation in 100%
ethanol. RNA was additionally precipitated in 2M LiCl at 4°C over night, pelleted by
centrifugation at 13000 rpm for 20 minutes, washed in 70% ethanol, and
resuspended in RNase-free water. The quality of RNA was measured using Agilent
2100 BioAnalyzer. Fractions 1-2, 3-4, 5-10, and 10-20 were pooled and reverse
transcribed, followed by PCR.

Testicular single-cell suspension.

Testes were dissected from the mice, and tunica albuginea was removed. The
tubules were mechanically macerated and digested in 100 U/ml of collagenase type
| (Gibco, cat# 17100-017) and 50 U/ml DNase | (Roche, cat# 04536282001) in HBSS
(Gibco, cat# 14025-092), supplemented with 20 mM Hepes, pH 7.2; 6.6 mM Na-
pyruvate; 0.05% w/v lactate; 1.2 mM MgSO. x 7H,0; 1.3 mM CaCl, x 2Hx0, for 25 min
at 32°C. Tubules were pelleted by centrifuging once for 2 min at 1000 rpm, washed
once in HBSS, and incubated in Cell Dissociation Buffer (enzyme-free, Hanks'-based;
Gibco, cat# 13150-016) for 25 min at 32°C. Cells were flushed out by pipetting 10
times and filtered through 70 um and 40 um nylon meshes (BD Falcon, cat# 352350
and , respectively). The cell suspension in the flowthrough was centrifuged for 2
min at 1000 rpm. The pelleted cells were washed once in HBSS and resuspended in
the incubation buffer (HBSS, supplemented with 20 mM Hepes, pH 7.2; 6.6 mM Na-
pyruvate; 0.05% w/v lactate; 1.2 mM MgSO, x 7H,0O; 1.3 mM CaCl, x 2H,0; 3mM
glutamine; 1%FCS). After 10 min incubation at 32°C, the cells were pelleted by

centrifugation.
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Preparation of extracts from testicular single-cell suspension.

The cells isolated from the testis were resuspended in 1 volume of Buffer A (10 mM
Hepes, pH 8; 1.5 mM MgCly; 10 mM KCI; 1 mM DTT) and incubated on ice for 15 min.
A 1 ml syringe was washed once in Buffer A, and the cells were resuspended by
sucking them through the needle and flushing out five times. After centrifuging for
20 sec at 13000 rpm, the supernatant was kept as the cytoplasmic extract, and the
pelleted nuclei were resuspended in 2/3 volume of Buffer C (20 mM Hepes, pH 8; 1.5
mM MgCly; 25% glycerol; 420 mM NaCl; 0.1 mM AEBSF; 1 mM DTT). After adding 50
U/ml DNase | and stirring on ice for 30 min, the nuclear extract was sonicated twice
using a microtip sonicator at 30% power and 30% output. The extract was
centrifuged for 5 min at 12000 rpm and the supernatant was recovered as nuclear

extract.

Preparation of protein extracts from MEFs and organs.

Cells from a confluent & 15 cm plate were harvested in 500 ul of lysis buffer (50
mM Hepes, pH 7.3; 100 mM KCI; 5 mM MgCl,; 10% glycerol; 0.1 mM AEBSF; 0.5 mM
DTT), incubated on ice for 30 min and sonicated twice using a microtip sonicator at
30% power and 30% output.

Organs were dissected from mice, grinded in lysis buffer (~1 ml of buffer/ 10 mg
tissue), incubated on ice for 30 min and sonicated twice using a microtip sonicator
at 30% power and 30% output.

The total protein concentration was determined using Bradford protein assay

(BioRad, cat# 500-0006).

Western blotting.

Fifty ug of total protein was loaded onto a 10% SDS-PAGE (ProtoGel, National
Diagnostics, EC-890) and separated by running for 1 hour at 5 mA/cm. The proteins
were transferred onto a nitrocellulose membrane (Whatmann, 0.2 um, cat#
10401396) using the BioRad semidry blotting system for 2 hours in a buffer
containing 39 mM glycine; 48 mM Tris; 0.037 % SDS, w/v; and freshly added 20%
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methanol. The membrane was blocked in 5% milk, 1% FCS in 1x PBS over night at
4°C, or for 1 hour at room temperature. Primary antibodies were diluted in 3% milk
in 1x PBS and incubated for 1 hour at room temperature. The membranes were
washed twice in 1xPBS, once in PBS containing 0.1% Tween-20 (Fluka, cat# 93773).
The HRP-conjugated secondary antibodies were diluted 1:5000 in 3% milk in 1x PBS
and incubated for 1 hour at room temperature. The ECL detection system

(Amersham/General Electric, cat# RPN2106V1/V2) was used for detection.

siRNA transfections.

MEFs were split 1:20 from a confluent plate, grown for 24 hours, and transfected
with 100 nM or 150 nM siRNA duplexes using Dharmafect Transfection Reagent 1
(#T-2001-02) according to the manufacturer’s instructions. After three day in culture,
the cells were split 1:10, re-transfected after 24 hours, and harvested four days later.
siRNAs against PML were used as a control and the knockdown efficiency was

estimated to be ~35%. The sequences of the siRNAs are listed in Table 4.

Table 4. siRNAs.
Miwi2 siRNA #1 UUAUGAUUUUGGGGUAGCC
Miwi2 siRNA #2 AUUAAAGAGAUUUGUAACC
Miwi2 siRNA #3 AAGAUUAUUGGCUAAUUCC
PML siRNA #1 UUUUUUUCAGGGACGGUGC
PML siRNA #2 UUUCUGGUUCUGGGGCUCC
PML siRNA #3 AUUGUUGUUGGGCAGGAGG

Immunofluorescence on frozen tissues.
Organs were isolated from mice, immediately frozen on dry ice in the embedding
medium, and stored at -80°C for at least one day. Six-micrometer sections were cut,

fixed in cold acetone at -20°C, and stored at -80°C.
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For staining, sections were melted on room temperature for 10 minutes, blocked in
10% FCS/1x PBS for 30 minutes, and washed in 0.05% Tween-20/1x PBS three times
for 15 minutes. Primary antibodies were diluted in 0.05% Tween-20/1x PBS and
incubated over night at 4°C. The sections were then washed at room temperature
in 0.05% Tween-20/1x PBS three times for 15 minutes. AlexaFluor-conjugated
secondary antibodies were diluted 1:2000 in 0.05% Tween-20/1x PBS and incubated
in dark for one hour at room temperature. Slides were mounted in ProLong-GOLD

mounting medium with DAPI (Molecular Probes/Invitrogen, cat# P36931).

Immunocytochemistry.

The cells were grown on poly-L-lysine coated slides (Sigma, cat# P8920; coated
according to the manufacturer’s instructions). After removing the medium and
washing once in PBS, the cells were fixed in 2% formaldehyde/1x PBS for 5 min at
room temperature, washed twice for 5 min in PBS, and permeabilized in 0.1%
TritonX-100 (Fluka, cat# 93420) for 10 min at room temperature. After washing once
in PBS for 5 min, the cells were blocked in 10% FCS in PBS for 20 minutes. Primary
antibodies were diluted in 0.1% saponin/10% FCS in PBS, and incubated over night
at 4°C, and the cells were subsequently washed three times in 10% FCS in PBS.
AlexaFluor-conjugated secondary antibodies were diluted in 0.1% saponin/10%
FCS in PBS and incubated for one hour at room temperature. After washing three

times in 10% FCS in PBS and once in PBS, the cells were mounted in ProLong GOLD.

Fluorescent in situ hybidization (FISH).

The frozen tissue sections were fixed in 4% paraformaldehyde and washed twice in
2x SSC for 5 min. After permeabilization in TM NaSCN for 5min at 70°C, the slides
were washed again twice in 2x SSC for 10 min, dehydrated through a series of
ethanol dilutions (5 min in 30% EtOH; 5 min in 50% EtOH; 5 min in 70% EtOH; 5 min
in 96% EtOH; 2x 5 min in abs. EtOH) and air-dried for 10 min. The probe (Cambio,
ready-to-use Chromosome X Cy-3-labeled probe, cat# 1200-XMCy3-01) was

equilibrated to room temperature, boiled for 5 min at 70°C, immediately transferred

39



to ice and chilled for 10 min. Five microliters were put on the tissue section,
covered, and denatured on-slide for 10 min at 70°C in the water bath. The probe
was then incubated over night at 37°C in a humid chamber, and subsequently
washed 10 min 4x SSC with 50% formamide; 2x 10 min 4x SSC; 2x 10 min 2x SSC; 5
min 1x PBS, and mounted in ProLong GOLD.

Immunohistochemistry (IHC).

Tissues were dissected from mice, fixed in 4% paraformaldehyde with agitation
over night in dark, dehydrated in ethanol series and embedded in paraffin. Slides
were de-paraffinized in xylene, passed through the ethanol series, and stained

using the automated Ventana system.
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5. Results and Discussion.

Piwi proteins have been reported to be expressed and have functions exclusively in
the germ line of animals (Malone and Hannon, Cell 2009, and references therein). In
humans, however, both Hiwil/hPiwil1 and Hiwi2/hPiwil4 can be detected on the
RNA level outside of the germ line (Sasaki et al. Genomics 2003, Sharma et al. Blood
2001). Hiwi1l mRNA was detected in a number of fetal and adult tissues, and
transient expression of Hiwil in human leukemia cells resulted in reduced
proliferation rate of these cells (Sharma et al. Blood 2001). Miwi, the mouse homolog
of Hiwi1, could also be detected on the RNA level by Northern blot outside of the
germ line, in adult spleen and thymus (Kuramochi-Miyagawa et al. Mech Dev. 2001).
These results raise a question if Piwis could have functions distinct from the ones
in the germ line.

| used mouse as a model organism to study the function of the Piwi proteins. Since
both expression and function of Miwi2, the closest mouse homolog of hPiwil4
(Carmell et al. Genes Dev. 2002), were unknown, | conducted a comprehensive study
of Miwi2 expression both on RNA and protein levels in various adult mouse tissues
and mouse embryonic fibroblasts (MEFs).

The main characterized function of Miwi2 is the control of expression of the
transposable elements in the male germ line. Miwi2 and its associated piRNAs seem
to play a role in the initiation of DNA methylation of the regulatory regions of
transposons, resulting in their silencing (Aravin et al. Mol. Cell 2008; Kuramochi-
Miyagawa et al. Genes Dev. 2008). The only sequences in the mammalian genome
stably silenced through DNA methylation, apart from transposons, are imprinted
genes and pluripotency-associated genes (Reik, Nature 2007). | therefore
investigated if Miwi2 is involved in regulation of imprinted genes in both germ line

and somatic tissues.
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5. 1. Analysis of miwi2 mRNA expression.

5.1. 1. The ubiquitous expression of miwi2 mRNA.

First, | analyzed the expression of miwi2 in the full mouse embryo and various
adult tissues. Reverse transcription (RT) using oligo (dT) primer followed by the
polymerase chain reaction (PCR) spanning the entire coding sequence of miwi2
confirmed that the full-length transcript is present only in testis (Fig 7a.) This
transcript can be detected throughout development of male germ cells, with
decreased expression in the post-meiotic cells (Fig. 7b). However, PCR analysis using
the primers covering a region close to the 3’ end of miwi2 mRNA showed the
expression of the transcript in the full embryo, embryonic stem cells, and majority
of adult mouse tissues (Fig. 7¢).

In order to analyze the expression of miwi2 mRNA in more detail, | designed
different primer sets covering various regions of miwi2 mRNA (Fig. 7d). Reverse
transcription of the total RNA isolated from adult mouse tissues or mouse
embryonic fibroblasts using either random hexamer primers (RH) or a gene-specific
primer (e21r), followed by PCR amplification of the indicated regions, confirmed
that all parts of the full-length miwi2 mRNA could be detected only in testis (Fig.
7e). The product corresponding to the 5’ part of the transcript (E1f-e8r) could only
be detected in testis and, at the much lower levels, in ovary. Somatic tissues seemed
to express only the transcripts from the 3’ region of the gene (Fig. 7e). In the ovary,
the e4f-e12r PCR product, spanning the 5" and 3’ regions of the transcript, was not
detected, despite the fact that parts of the transcript containing the binding sites
for primers e4f and e12r (E1f-e8r product and 1320-e15r product, respectively) could
be readily detected. In thymus and kidney, like in spleen, only the products
corresponding to the 3’ region were detectable (data not shown). Sequencing of
the PCR products confirmed that they correspond to correctly spliced miwi2 mRNA.

To confirm the different levels of expression of 5 and 3’ regions of the miwi2
MRNA, as | will refer to them throughout the Thesis, | performed quantitative PCR
(gPCR) (Fig. 8).
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Figure 7. RT-PCR analysis of miwi2 expression in mouse tissues and cell lines.

a. RT-PCR analysis of expression of the full-length miwi2 mRNA, in adult mouse tissues and the full
embryo. The entire transcript can only be detected in the testis. The mRNA is depicted by the
green rod; this depiction is used throughout the thesis. The negative control where the cDNA
template was not added is always represented by ‘/".

b. Full-length miwi2 transcript was expressed throughout development of male germ cells. Its
amount decreased after meiosis.

Lower panel: Schematic depiction of developmental stages of male germ cells, with indication of
time after birth (days post partum; dpp) when the certain population of cells first appears. All

stages are present throughout male adulthood.
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¢. RT-PCR analysis of the indicated 3’ fragment of the miwi2 transcript. Middle panel: the 3’ region is
expressed in the full embryo and majority of adult tissues. Lower panel: unlike miwi1, the 3’
region of miwi2 can be detected in the ES cells. Controls: -RNA; -RT; -cDNA.

d. Schematic representation of the full-length miwi2 mRNA. Shown are the positions of primers
used for PCR, as well as position and length of the expected PCR products.

e. RT-PCR analysis of expression of different regions of the miwi2 mRNA in adult testis, ovary and
spleen, as well as in MEFs. Asterisks mark the unspecific bands. Testis 7: RNA isolated from 7
days-old mice; testis35: RNA isolated from 35 days-old mice; ovary1/2: two samples of RNA
isolated from adult ovaries, 100 pg; MEF1/2: two samples of RNA isolated from 15 cm dish;
spleenM/F: RNA isolated from adult spleen, 100 pg; M=male F=female.

Using two different primer pairs, one on the 5 end and the other roughly in the
middle of the 3’ region. The positions of their products are depicted in Figure 8a.
First, | compared the levels of the ubiquitously expressed 3’ transcripts in different
tissues, using testicular tissue of young mice (9 dpp) as a reference. As observed in
RT-PCR experiments, the levels of the transcript in the testis decreased with the age
of mice (Fig. 7b and 8b). Also, the levels in the adult testis were higher than in the
somatic tissues, with the exception of adult kidney. The levels of the transcript were
approximately the same in adult spleen, ovary and thymus, and were ~3.5-fold
lower than in the adult testis and kidney. A heterogenous population of MEFs
expressed the 3’ transcript at a very low level, ~10-fold lower than adult testis (Fig.
8b).

Next, | compared the levels of 5’ transcripts to the levels of the 3’ transcripts
separately for each organ and MEFs. In testis, 5" and 3’ products were present at
equal or slightly different levels throughout development, consistent with the
presence of the full-length transcript. In somatic tissues and MEFs, the 5" transcript
was virtually undetectable (Fig. 8c). The levels of the 5’ product were low even in
the ovary, where it could be detected by RT-PCR (Fig. 7e).

A Northern blot using the probes against the 5" and the 3’ half of the miwi2 mRNA
failed to reveal the sizes of the expected transcripts and therefore was not useful to
evaluate the observed differences in expression of different regions of miwi2 (data

not shown).
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Figure 8. Quantitative PCR analysis of the miwi2 mRNA expression. The levels of the transcript are
highest in the testis. 3’ region is expressed at higher levels in all tissues, as well as in MEFs,
compared to the 5’ half, which is virtually absent in all tissues with the exception of testis.

a. Positions of the gPCR products corresponding to the two halves of the miwi2 mRNA.

b. Expression levels of the 3’ half of miwi2 mRNA in various adult tissues and MEFs. The expression
is highest in testis. The values were normalized to actin mRNA. The expression of miwi2 in 9dpp
testis was taken as a reference. Testis A: adult testis sample. All somatic organs’ sample are from
adult mice.

c. Comparison of difference in expression levels between 5" and 3" half of miwi2 in various adult
tissues and MEFs. The levels in various tissues were compared separately, using the expression

level of the 3" half as a reference, and normalized to actin.

In summary, these results show that, contrary to the previous reports, the
expression of miwi2 seems to not be strictly limited to the male germ line. Even
though the full-length, wild type transcript could be detected only in testis,
transcripts corresponding to the 3’ region of the gene seem to be ubiquitously
expressed. In the ovary, the full-length transcript was not present, but PCR products
from both 5 and 3’ parts could be detected. The two products were present at
drastically different levels, with the 3’ product being ~10-fold more abundant than
the 5’ product, allowing for the possibility that they correspond to two distinct
transcripts. In the majority of somatic tissues, only the products corresponding to
the 3’ part of the full-length transcript could be detected, with the products from
the 5’ region being virtually absent.

Is it possible that two promoters exist within the miwi2 locus? The promoter at the

5 end of the gene seems to be active only in the germ line tissues. In testis,
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transcription from this promoter gives rise to the full-length transcript. In ovary, it
seems to have very low activity. As revealed by sequencing of the PCR products,
this transcript is correctly spliced. The position of the 3" end of this transcript is at
present not known; it could be determined by performing 3’ Rapid Amplification of
cDNA Ends (RACE) experiments.

Insertion of a GFP-tag directly behind the conserved START codon enables
detection of Miwi2 in the male, but not female, embryonic germ line through GFP
fluorescence (Aravin et al. Mol. Cell 2008). This suggests that the transcript
corresponding to the 5 end of miwi2 that can be detected in the ovary is likely
non-coding. Alternatively, the protein might be expressed in some other
developmental stage, which was not analyzed to date.

On the other hand, the products corresponding to the 3’ region of the full-length
transcript can be detected in the majority of adult tissues, suggesting the potential
existence of a second promoter within the miwi2 locus. Additionally, the databases
contain the expressed sequence tags (ESTs) corresponding only to the 3’ region of
miwi2 (see Fig. 13a).

This issue is addressed in further detail later in the text.

5. I. 2. Analysis of the 5’ end of miwi2: detection of two differentially
expressed full-length transcript variants in testis and retention of

intron 1.

Closer inspection of exon 1 revealed that it contains two in-frame START codons
(Fig. 9a). The first START codon, at position 1-3 of the predicted full-length mRNA, is
not conserved among species; only the protein translated from the second AUG
(position 190-192) aligns with the closest homologues of Miwi2 (Fig. 9b). The mRNA
containing the first AUG was present in testis at very low levels: using the forward
primer positioned at the beginning of the predicted full-length mRNA (‘elalt’,
position 1-25) and the reverse primers spanning either the first 440 nucleotides (nt)

(e3r) or the full (e21r) transcript, the mRNA was not detectable after 35 cycles of PCR.
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Figure 9. Analysis of the 5’ end of the miwi2 mRNA.

a.
b.

C.

Genomic equence of exon1 of miwi2, showing it contains two in-frame START codons.
Alignment of the N-termini of the Piwi proteins from various species. The putative Miwi2 protein

starting from the upstream START codon is not conserved among species.
Detection of the non-conserved and conserved 5 miwi2 variant in testis. The non-conserved

transcript, unlike the conserved one, cannot be detected in the testicular tissue.
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d. Detection of the non-conserved 5’ miwi2 variant using nested PCR. Both spliced and unspliced
transcript variants can be detected.
PCR 1°: 5'UTR/e3r, 25 cycles; PCR 2°: eTalt/e2r, 35 cycles.

e. Expanded analysis of the expression of the 5’ end of miwi2 in testicular tissue. Intron 1 is often
retained in the mature transcript. 1-15: different preparations of testicular RNA/cDNA.

f. MEFs and female spleen, but not ovary, express the transcript containing intron 1 of miwi2.

Asterisk marks the unspecific band. PCR: e1alt/e2r, 35 cycles.

However, if a forward primer (e1f), lying 250 nt downstream from the beginning of
the mRNA, was used with the same reverse primers, the mRNA containing the
conserved AUG was readily detectable (Fig. 9c). The mRNA containing the non-
conserved AUG codon could be detected only upon performing the nested PCR,
using the 5’ UTR-e3r primer pair for the first PCR, and elalt-e2r nested primer pair
for the second PCR (Fig. 9d). Additionally, as revealed by sequencing of the PCR
products, the unspliced version of the mRNA, containing intron 1, could also be
detected (Fig. 9d). The same transcript, retaining intron 1, could be detected when a
reverse primer in exon 3 is used, suggesting it is a part of otherwise correctly
spliced transcript (data not shown). Expanded analysis of 15 different preparations
of testis mMRNA by RT and nested PCR revealed the presence of both spliced and
unspliced mRNAs in the tissue (Fig. 9e). The unspliced variant could also be
detected in MEFs and female spleen, but not in ovary, upon reverse transcription
using a gene-specific primer (e21r) followed by 35 cycles of PCR using primers e1f
and e2r (Fig. 9f). In female spleen, the spliced version could also be detected (see
also Fig. 10q). This is particularly striking as the transcripts from the conserved 5’
region of the mRNA can be detected in the ovary, but not in MEFs and spleen, after
RT using the same gene —specific primer (Fig. 7e, upper panel).

The very low levels of the transcript containing the non-conserved AUG could be
explained by the very weak activity of the promoter giving rise to it, or by its
expression in a limited number of cells, eg. in a defined population of
spermatogenic cells. An mRNA in situ detection experiment with probes designed to
distinguish the conserved and non-conserved transcript could give an answer to

this. This transcript retains the coding potential, and the expression of the
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alternative, non-conserved, longer Miwi2 protein in a small population of
spermatogenic cells, or in a strictly defined time period, cannot be fully excluded.
The non-coding transcript containing intron 1 is present both in testis, where the
full-length transcript is expressed, and in spleen and MEFs, where the products
corresponding to the conserved 5’ region cannot be detected. PCR using a forward
primer lying at the end of exon 2, after the retained intron, and a reverse primer in
exon 15, does not yield a product in MEFs and spleen (data not shown), suggesting
it is terminated earlier. Together, this data allow for the possibility that either
transcription through the 5’ end of the gene, potentially particularly through intron
1, or the mRNA arising from it, could have a regulatory role. However, as only a
limited number of samples was analyzed, this cannot be concluded with certainty.
As shown in Fig. 9e, in most cases, apart from samples six and eight, either spliced
or unspliced variant is detected in the tissue. However, this could be the artifact of
the nested PCR, and from this result it is not clear if the two variants are mutually

exclusive.

Taken together, these data give rise to the possibility that more then one promoter
upstream of the conserved START codon is utilized for transcription of the miwi2
gene. The promoter that gives rise to the transcript containing the non-conserved
START codon seems to be active in the male germ line, MEFs, and female spleen,
and not in the ovary. This promoter seems to generate the potentially coding
transcript in testis, and the intron 1-containing non-coding transcript in testis,
spleen and MEFs.

On the other hand, transcripts corresponding to the 3’ region of miwi2 seem to be
present in the majority of adult tissues. The existence of these transcripts was not

detected before, and | therefore decided to analyze them in more detail.

As described in the next section, two miwi2 knockout models have been generated
(Carmell et al. Dev. Cell 2007; Kuramochi-Miyagawa et al. Genes Dev. 2008). The activity
of the putative in-locus promoter, giving rise to the transcripts corresponding the

3" region of the full-length miwi2 transcript, should not be affected in either of the
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two knockouts. Therefore, it should still be possible to detect these transcripts in
knockout tissues. Similarly, the activity of the promoter(s) upstream of the
conserved START codon should also not be affected.

On the other hand, the deletion of exon 1, intron 1, and exon 2 in the Kuramochi-
Miyagawa et al. knockout model provides potentially a good platform for
examining the impact of the absence of the wild type 5’ end of the miwi2 gene, and

intron 1, on the transcription of its different regions.

5. I. 3. Analysis of transcription from the miwi2 locus in the Miwi2
knockout mice.

Carmell et al. used insertional mutagenesis to disrupt the miwi2 gene: 10kb of
vector sequence and a part of the miwi2 locus containing exons 9-12 were inserted
into the wild type locus downstream of exon 12. This strategy left the 5’ half of the
gene - exons 1-12 - intact. Exons 9-12 became duplicated and are followed by
exons 13-21 of the wild type locus (Fig. 10a). The full coding capacity of miwi2 is still
present in these mice; however, the wild type full length mRNA cannot be detected
and, consequently, the full length protein is absent, resulting in the up-regulation
of transposons in the male germ line, abnormal spermatocyte morphology,
apoptosis of germ line cells, and male sterility (Carmell et al. Dev. Cell 2007; Fig. 10b).
However, if the hypothesis of an alternative promoter within the miwi2 locus is
correct, the 3’ half of the transcript should be detectable. Similarly, the promoter at
the 5" end of the gene should not be affected in this knockout and could also still
produce a transcript.

To check if this is the case, | reverse transcribed total RNA from testes of
heterozygous and knockout mice using either oligo d(T) primer, a primer specific
for the 3’ UTR of miwi2, located between the STOP codon in exon 21 and the
polyadenylation signal, and a primer binding within the coding sequence, at the
beginning of exon 10, followed by PCR with primers spanning the full-length

transcript, the 5’ region alone, and the 3’ region alone (Fig. 10a and 10b). As
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expected, the full-length transcript was present in the testicular tissue from
heterozygous mice, but could not be detected in the knockout (Fig. 10b, left panel).
However, as predicted, the transcripts corresponding to both 5’ and 3’ regions of
the gene were still present in the knockout (Fig. 10b).

Higher levels of the e1f-e8r PCR product, corresponding to the 5’ region, were
detected after reverse transcription using oligo d(T) primer in comparison to their
levels after reverse transcription using the primer in the 3 UTR in both
heterozygous and knockout tissue (Fig. 10b, middle panel). This difference did not
exist for transcripts from the 3’ half of the gene (1980-e21r PCR product; Fig. 14b,
right panel).

This observation suggests the possibility of the independent polyadenylaton of
the transcripts from the 5 region, which would not be surprising due to the
presence of the vector insertion, likely containing the transcriptional termination
region(s).

Surprisingly, the PCR fragment corresponding to the 3’ half of the gene can be
detected after reverse transcription using a primer in exon 10 (e10r), which is
located upstream of the indicated PCR fragment (Fig. 10a). The most plausible
explanation is the unspecific binding of the e10r primer to a site downstream from

the indicated PCR fragment.

In the knockout model created by Kuramochi-Miyagawa et al., the deletion of the 3’
part of exon 1, intron 1 and exon 2 (Fig. 10c) should not affect the activity of the
upstream promoter(s), but is predicted to give rise to a non-coding transcript with
multiple STOP codons, which should be degraded through nonsense-mediated
decay. Phenotypically, these mice are the same as the knockout mice created by
Carmell et al. The putative in-locus alternative promoter should not be affected in
these mice either, and the transcripts from the 3’ half of the gene should be

detectable.
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Figure 10. Analysis of transcription from the miwi2 locus in the knockout mice.
a. Schematic representation of miwi2 locus in the knockout model generated by Carmell. et al.

Primers used for RT are depicted in green. Primers used for PCR are depicted in black.

b. RT-PCRanalysis of miwi2 transcripts in the testis of the knockout mice (Carmell et al. 2007).
The full-length transcript was absent from the knockout tissue, but the products corresponding
to both 5" and 3’ region could be detected. Schematic representation of the wild type miwi2

mMRNA, with positions of primers used for PCR and expected products are depicted.
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c. Schematic representation of miwi2 locus in the knockout mouse generated by Kuramochi-
Miyagawa et al., with depiction of the corresponding mRNA regions and analyzed PCR products.

d. RT-PCR analysis of expression of 3’ region of miwi2 in the heterozygous and knockout mice
created by Kuramochi-Miyagawa et al.

e. Quantitative PCR analysis of expression of 3’ region of miwi2 in somatic tissues. Tissues from mice
created by Kuramochi-Miyagawa et al. were used for this analysis.

f. Quantitative PCR analysis of expression of 3’ region of miwi2 in testis from both models. All
heterozygous and knockout samples are from adult mice.

g. The 5-end transcript containing intron 1 is upregualted in heterozygous kidney in mice created

by Kuramochi-Miyagawa et al.

| performed reverse transcription of total RNA from heterozygous and knockout
mice using oligo d(T) primer, followed by PCR using primers that should give rise to
products corresponding to either 5’ or 3’ region of the full length transcript (Fig.
10¢). As expected, the transcript containing exon 1 could not be detected by PCR in
either somatic tissues (here spleen and kidney) or the KO testis, and was readily
detectable in wild type and heterozygous testis (Fig. 10d). Surprisingly, the 3
transcript was not only detectable in the knockout tissues, but it also seemed to be
significantly upregulated (Fig. 10d, right panel). The transcript also seemed to be
upregulated in the heterozygous mice, and, strikingly, in the somatic tissues its
levels even seemed to be slightly higher than in the tissues from the knockout
mice (Fig. 10d).

gPCR using primer pairs giving rise to products depicted in Fig. 8a confirmed the
up-regulation of the 3’ transcript levels in both heterozygous and knockout tissues,
as well as the slight difference in its levels between the heterozygous and
knockout somatic tissues (Fig. 10e). The difference was more pronounced in kidney,
almost 2-fold, and was only slight in spleen. In testis, the transcript seems to be
upregulated to roughly the same levels in both heterozygous and knockout mice
from this model. However, its levels are unaffected in the testicular tissue from the
model created by Carmell et al. (Fig. 10f).

Transcripts containing intron 1 could be detected in the wild type testis, female
spleen, and MEFs (Fig. 9. d, e and f). Performing the same nested PCR on a limited

number of samples from the testicular tissue of both miwi2 models and the
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somatic tissues’ samples from the Kuramochi-Miyagawa et al. model showed that
the unspliced transcript can be detected in the heterozygous male kidney and
testis. The transcript could not be detected in male spleen from the mice created by
Kuramochi-Miyagawa etal., or in the wild type kidney (Fig. 10g).

The absence of product in the KO tissues from this model is not surprising, as the
binding site for the nested forward primer is deleted. PCR products could not be
detected either in the KO testis from the mice created by Carmell et al., or in MEFs,
where they could be detected in a separate experiment (see Fig. 9f). Only the
spliced version is detected in the wild type testicular tissue.

As shown by these results, the transcripts corresponding to the 3’ region of miwi2
can be detected in heterozygous and knockout testicular tissue from both miwi2
models, as well as in heterozygous and knockout somatic tissues from the model
created by Kuramochi-Miyagawa et al. (transcription in the somatic tissues from the
model created by Carmell et al. was not analyzed due to lack of material). These
data speak in favor of the possibility of existence of an alternative promoter within
the miwi2 locus.

This putative promoter seems to have low activity in the wild type tissues, giving
rise to transcripts detected by RT-PCR. However, upon the insertion of the neo
cassette and consequent partial deletion of exon 1 and complete deletion of intron
1 and exon 2, the levels of the 3’ transcripts are elevated in both germ line and
somatic tissues, possibly suggesting the enhancement of the promoter activity.

The observed up-regulation of the 3’-half transcript could be a consequence of the
insertion of the neo cassette into the locus, the absence or changed levels of either
the full-length transcript or the full-length protein, of the deletion of the 5’ region
of the gene, particularly intron 1, and the putative regulatory elements it contains,
as well as consequential absence of the transcript it gives rise to. Finally, the up-
regulation could also result from a combination of any of these changes.

The neo cassette had been described to have ‘neighboring effects’ and affect the
activity of the surrounding genes, particularly in the multi-gene clusters (Pham et al.
PNAS 1996). However, the transcript seems to be upregulated to the higher levels in

the heterozygous compared to the knockout somatic tissues, and to the same
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levels in the heterozygous and knockout testis (Fig. 10e and f). If the observed
transcript up-regulation would be merely the consequence of the presence of the
neo cassette, then it could be expected that the levels would increase linearly from
heterozygote to the knockout tissues. As this is not the case, the observed up-
regulation is likely not the simple consequence of the presence of the neo cassette.
Adult somatic tissues do not express the full-length transcript and protein, and it is
therefore unlikely that their absence would cause the observed up-regulation of
the 3’ transcript in the knockout mice. In the testis, the absence or changed levels of
either the full-length transcript or the full-length protein could theoretically cause
the up-regulation of transcription from the in-locus promoter. However, as
revealed by the gqPCR analysis of the 3’ transcript in testis, there is no difference in
its levels between heterozygous and knockout tissues in both miwi2 models (Fig.
10f). This result suggests that the full-length transcript and protein are likely not
involved in the regulation of transcription from the in-locus promoter, or are not
the only factors affecting it.

Rather, the observed ~25-fold higher transcript levels in the testicular tissue from
the Kuramochi-Miyagawa et al. model (Fig. 10f) suggest that the absence of the 5’
region of the gene, containing intron 1, the mRNA transcribed from it, or the
combination of the two, could play a role in regulation of transcription from the
putative downstream promoter. The surprising observation that the levels of the 3’
transcript seem to be highest in the heterozygote somatic tissues, compared to the
wild type and knockout tissues, suggest the involvement of both in-cis and in-trans
mechanisms in the regulation of the putative in-locus promoter activity. However, a
more thorough analysis is required to address this issue in detail.

An additional factor that can be considered here, if the 5’ region of the gene is
thought to be involved in the regulation of the putative downstream promoter, is
the distance between the two regions on the chromosome. However, and
assuming that the in-locus promoter is located downstream from the vector
insertion in the mice created by Carmell et al., the 10 kb change in distance does

not lead to the change in the 3’ transcript levels in testicular tissue (Fig. 10f).
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Additionally, as shown in Fig. 10g, analysis of the limited number of samples
suggested that the absence of this 5" genomic region might have an impact on the
activity of the upstream promoter, judged by the up-regulation of the unspliced
transcript in the male heterozygous kidney. Interestingly, this unspliced transcript,
also present in the heterozygous testis from the Kuramochi-Miyagawa et al. model|,
has the same size as the unspliced transcript in the wild type testis and spleen,
suggesting it is derived from the wild type and not the targeted allele. If the
observed up-regulation is true, this could potentially suggest that this 5 genomic
region might contain elements that in-trans regulate the activity of the promoter
used for its transcription on the homologous chromosome in some tissues. It is at
present not clear why the transcript would be upregulated in kidney, and not in
spleen. In the female, but not male, wild type spleen, both spliced and unspliced
version can be detected (Fig. 9f and 10g). This could also suggest the possible
existence of sex-specific regulatory mechanisms, which were not investigated in
further detail here. An additional important question is whether the unspliced 5’
transcript is also upregulated in the knockout tissues from the mice created by
Kuramochi-Miyagawa et al.; the product could not be detected using a reverse
primer in exon 3 and a forward primer at position 58 — 82 of exon 1 (data not
shown). However, it has to be stressed here again that this is purely speculative,
and a much broader analysis is necessary to confirm or disprove these

assumptions.

In summary, analysis of miwi2 transcription in the two knockout models showed
that the transcripts corresponding to the 3’ region of the gene are still present,
both in germ line and in somatic tissues. This further suggests the existence of a
separate promoter within the miwi2 locus, giving rise to these transcripts. In
addition, the observed up-regulation of these transcripts upon deletion of the
regions on the 5’ end of the gene could imply that this region is involved in the
regulation of the downstream promoter.

The involvement of the 5’ end in the regulation of the upstream promoter, the

existence of different requlatory mechanisms in different tissues, and potentially a
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regulatory network involving different regions of the gene, can also not be
completely excluded. Exact identification of promoter regions and their

subsequent deletion could help address these questions.

5.1. 4. 5’'Rapid Amplification of cDNA Ends (RACE) analysis of miwi2.

In order to determine the 5’ ends of transcripts from the 3’ region of the miwi2
gene, | performed 5’ RACE experiments (Fig 11). Total RNA was reverse transcribed
using a gene-specific primer (e21r), and the cDNA was 5’ tagged and amplified by
nested PCR. Sequencing of the 5" RACE products marked with an asterisk in Fig. 11a
revealed transcripts with 5 ends roughly in the middle of the full length mRNA (Fig.
11b), but a unique start was not evident. In testis, both the full-length transcript
containing the conserved START codon and the alternative short transcripts
corresponding to the 3’ region could be detected. The transcript containing the
non-conserved START codon was not detected by 5’ RACE, consistent with its low
levels. As revealed by sequencing, nearly full-length mRNAs detected in some
tissues (e.g. spleen) lacked some exons and are non-coding due to the frameshifts
introduced by such splicing.

The majority of 5" ends mapped onto exons, primarily exon 10, and there were
several examples (ovary, spleen, testis; see Fig. 11b) of mRNAs beginning in introns
9 and 10. This is mostly consistent with the PCR analysis, which showed that using a
forward primer in exon 10 ('1320") with the reverse primer in the ubiquitously
expressed 3’ region yields a product, unlike the forward primer lying in exon 4 (Fig.
7e). Importantly, the transcript from the 3’ region of miwi2, with the 5’ end in exon
10, can be detected in the total mRNA isolated from the miwi2 knockout (KO) mice
created by Carmell et al. (Carmell et al. Dev.Cell 2007), suggesting again that it is
expressed independently of the full-length wild-type form not present in these
mice (Fig. 11a, right panel). If the position of the 5" end is correctly mapped, the

putative promoter would be positioned downstream of the vector insertion in
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these mice, as assumed earlier. This result is therefore also consistent with the PCR

analysis (Fig. 10b).
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Figure 11.5’ RACE analysis of miwi2 mRNA in various tissues and ES cells.

a. Analysis of 5’'RACE products. Bands marked with an asterisk were analyzed by sequencing.

b. Comparison of full-length miwi2 mRNA and 5'RACE products.

e15f-e20r PCR product can be stably detected in all samples analyzed.

e21r primer was used for reverse transcription. e20r primer was used for the 15t PCR; e15r primer

was used for the 2" PCR.
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The short transcripts arising from the 3’ region of the gene were correctly spliced
and therefore could potentially still code for a protein product. Sequence
inspection revealed the presence of several in-frame AUG codons in the identified
transcripts (Fig. 12a). Inspection of their surrounding sequences revealed that none
of the AUGs has a canonical Kozak sequence context required for efficient initiation
of translation, so it is at present not clear which AUG, if any, is utilized for protein
production (Kozak Mamm Genome 1996). The expected molecular weights of
putative proteins arising from these transcripts are depicted in Fig. 12a and
correspond to the unmodified protein. Post-translational modifications and/or
differential splicing at the 3’ end of the gene, which were at present not analyzed,
could also influence the size of the protein. This protein forms would lack the PAZ
domain, but would still have the Piwi domain containing the active site responsible
for the nuclease activity of the Argonautes, and could still bind RNAs through
motifs in the mid-domain on the N-terminus of the Piwi domain, which usually
anchor the 5’ end of the small RNA (Fig. 2 and 12b).

The most plausible explanation for the observed discrepancy in the positions of
the identified 5’ ends are the technical issues during the 5' RACE procedure, such as
inefficient reverse transcription, faulty annealing of the primers during PCR, or
partial degradation of the transcripts. Another possible explanation is the existence
of several alternative transcriptional starting sites in the close proximity to each
other, which are differently utilized in different tissues (see Fig. 13a).

| next analyzed if the regions of the miwi2 locus in the vicinity of the identified 5’

ends contain putative promoters.

5. 1.5. Analysis of the miwi2 locus: presence of alternative transcriptional
starting sites.

As described above, transcriptional analysis of miwi2 by RT-PCR and 5 RACE
suggested the existence of alternative transcriptional starting sites (TSSs) within the

locus.
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Figure 12, Transcripts from the 3’ region contain several in-frame AUG codons.
a. The positions of in-frame AUG codons (in white) on the 3’ transcripts, which could give rise to
depicted protein variants. The indicated nucleotide positions of AUGs correspond to their
positions on the full length mRNA.

b. Comparison of the domains of the full-length Miwi2 and the putative C-terminal variant.

Analysis of the locus by the Spidey TSS-searching web interface (Wheelan et al.
Genome Res. 2001) confirmed that there are several putative TSSs in the region of the
locus that could give rise to the detected mRNAs (Fig. 13a). The presence of several
TSSs in the region where the 5 ends of RACE products map could explain the
observed heterogeneity of identified 5" ends of mRNAs from different tissues (Fig.
13b).
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RACE products coincide with the presence of an alternative TSSs in the miwi2 locus.

Schematic representation of miwi2 locus with relative positions of alternative TSSs is depicted.

The red square marks the region on the ful-length transcript corresponding to the genomic

region where the identified TSS are located.

b. The 5'ends of RACE products coincide with the putative TSSs.
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Cloning the computationally identified putative promoters in front of a reporter
gene, inserting a reporter gene into the miwi2 locus downstream of the predicted
starting site(s), and/or knocking out the genomic regions comprising the putative
promoters could further confirm if these regions are in fact real transcriptional

starting sites.

5. 1. 6. Identified miwi2 transcriptional and splicing variants.

As revealed by sequencing of RT-PCR and 5 RACE products, several different
transcriptional and splicing variants can be detected in different tissues and cell
lines (Fig.7,9 and 11).

The most prominent transcriptional variants are the ubiquitously expressed
transcripts from the 3’ region of the gene. The existence of an independent
transcript arising from the 5’ region in the ovary can also not be excluded (Fig. 7).
Comparing the sequence of the miwi2 mRNA | have detected to the sequence in
the NCBI Nucleotide database (NM_177905.3) revealed inclusion of some exons and
exclusion of others (Fig. 14). Namely, | have never detected exon 11, included in the
NCBI mRNA, as a part of the mature miwi2 mRNA. On the other hand, exons 12 and
19, not included in the NCBI mRNA, are always present in my analysis, as is the 5’
extension of exon 7. These changes do not affect the open reading frame and the
transcript remains coding.

Nearly full-length mRNAs detected in some tissues (Fig. 7 and 11) lack certain exons
and are non-coding due to the frameshifts introduced by such splicing. The most
prominent ones are the one in which exon 3 is spliced directly to exon 5 and exon
4 is excluded, the one in which exon 5 is spliced directly to exon 7 and exon 6 is
excluded, and the one in which only the first 31 nucleotides on the 5’ end of exon 5
are included and spliced directly to exon 6, leaving out the remaining 90
nucleotides of exon 5. Transcripts missing both exons 4 and 6 can also be detected.
Additionally, a non-coding transcript retaining intron 1 can also be detected in

certain tissues (Fig. 8e, 8f and 10g).
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Figure 14. Comparison between NCBI miwi2 mRNA and experimentally determined mRNA.

Therefore, both transcription and splicing of miwi2 are dynamically regulated in
tissues, possibly related to developmental status or, in the case of testis,
spermatogenic cycle.

Despite the fact that exon skipping and intron retention render the splicing
variants non-coding, they seem to be stable in tissues, and not degraded through
nonsense-mediated decay. As the transcripts are non-coding, their role is at present
not clear. One possibility is that transcription from one of the promoters affects the
activity of other(s), as the analysis of transcription in the heterozygous and
knockout tissues suggested (Fig. 10), and alternative splicing prevents the
expression of the protein. Furthermore, transcripts themselves could have a
regulatory role.

All the identified transcriptional and splicing variants are summarized in Fig. 15a.
An overview of the more prominent transcriptional variants and tissues and cells

they were identified in is given in Fig. 15.b

An example of genes giving rise to transcripts from alternative promoters during
development in both somatic and germ line tissues are DNA methyltransferases
(Trasler et al. NAR 1992; Mertineit et al. Development 1998; Chen et al. JBiol. Chem. 2002;
Shovlin et al. Hum. Reprod. 2007). Dnmt1, the methyltransferase responsible for
maintenance of DNA methylation patterns in proliferating cells, and members of
the Dnmt3 family, de novo methyltransferases Dnmt3a and Dnmt3b and catalytically

inactive Dnmt3L, required for establishment of methylation of imprinted genes and
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transposons during embryonic germ line development (Bourc’his and Bestor,
Nature 2004; Chen et al. J Biol. Chem. 2002), have all been shown to employ
alternative splicing and promoter switching in different tissues and at different

developmental stages for production of alternative transcripts.
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Figure 15. Transcriptional and splicing variants of miwi2: a summary
a. Exons are depicted in green. Exons or parts of exons not present in the NCBI mRNA are depicted
in red. Exon 11, in purple, is not detected in the mRNA but is contained in the NCBI mRNA.Exon
1, in pale green, contains two in-frame ATGs. Second ATG in exon 1, in bold, is conserved.
Retained intron 1 is depicted in yellow.
b. An overview of the more prominent miwi2 transcriptional variants and tissues or cells they were
identified in.

In some instances, as is the case for Dnmt3L, the short transcripts arising from an
in-locus, intronal promoter during spermatogenesis seem to be non-coding and
were suggested to have a role in regulation of the full length form (Shovlin et al.
Hum. Reprod. 2007). On the other hand, a shorter transcript of Dnmt3a, Dnmt3a2,
also produced from an intronal promoter, gives rise to a protein with different sub-
cellular localization and developmental expression pattern. Namely, Dnmt3a is
expressed ubiquitously and localizes to heterochromatin, whereas Dnmt3a2 is
expressed only in tissues in which de novo DNA methylation is believed to occur
during cellular differentiation, such as testis, ovary, spleen and thymus, and
localizes to euchromatin (Chen et al. J Biol. Chem. 2002). Similar observation has

been made about Dnmt3b (Chen et al. JBiol. Chem. 2002).
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Miwi2 is involved in repression of transposable elements through DNA methylation
in the male germ line. It likely acts upstream of DNA methyltransferases involved in
this process, Dnmt3a, Dnmt3b and Dnmt3L, as the piRNA pathway is largely
unaffected in the dnmt3L knockout mice (Aravin et al. Mol. Cell 2008).

My analysis of miwi2 expression on the mRNA level suggests that regulatory
strategies, similar to ones regulating the expression of DNA methyltransferases,
could act upon the miwi2 locus, potentially with different regulatory strategies
being employed in different tissues. This could be analyzed by interfering with the

activity of the promoters by deleting them or by introducing insulators.

5. Il. Analysis of putative different forms of Miwi2, their expression
outside of the germ line, sub-cellular localization, and potential
functions.

The presence of the alternative, potentially coding miwi2 transcripts in tissues and
cells suggested that a shorter protein form of Miwi2 could be expressed in some
tissues. Additionally, the full-length transcript is present in the post-birth
spermatogenic cells, therefore the possibility of the expression of the full-length
protein cannot be excluded.

| used antibodies directed against different parts of the Miwi2 protein to detect its
potential different forms by Western blot analysis, immunohistochemistry and

immunocitochemistry.

5.11. 1. The Miwi2 antibodies.

We generated two antibodies in order to investigate the expression and
localization of various potential forms of the Miwi2 protein. Additionally, | used a
commercially available antibody directed against the C-terminus of the Miwi2

protein.
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The two custom-made antibodies are directed against peptides in either the N-
terminal or the C-terminal part of the full-length protein (Fig. 16a). Both antibodies
could recognize full-length recombinant Miwi2 protein on the Western blot (Fig.
16b). The N-terminal antibody detects Miwi2 in the embryonic male gonads, and
was successfully used for immunoprecipitation of Miwi2 in the preparation of the

embryonic piRNA library (Aravin et al. Mol. Cell 2008).
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Figure 16. Miwi2 antibodies.
a. Sequence and position of the two peptides used for antibody production.

b. Both N-terminal and C-terminal antibody recognize recombinant Miwi2 protein on the Western
blot.

5.1l. 2. Detection of Miwi2 using the N-terminal antibody.

Using the N-terminal antibody, it should only be possible to detect Miwi2 in testis,
providing that the mRNA is translated. Therefore, | first investigated if miwi2 mRNA
is associated with polysomes. Testicular cytoplasmic extract from wild type 16 days

old (16 days-post-partum; dpp) and adult mouse were separated on the sucrose
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gradient, and total RNA was isolated from mono-ribonucleoprotein (mRNP) and
polysome fractions. RT-PCR analysis using primer pairs 60-e3r and e15f-e20r
showed that miwi2 mRNA can be detected in polysomal fractions (Fig. 17a).
Therefore, even though the transcript levels are much lower than in the embryonic
gonads, this experiment suggest it could still be translated into a protein.

Using the N-terminal antibody, | detected the ~100 kD band in the nuclear fraction
of testicular single-cell suspension, prepared from testis of ~2 weeks old mice (Fig.
17b).

The band is lost upon incubation of the antibody with the epitope-specific
synthetic peptide, suggesting specificity (Fig. 17b). The levels of the protein are very
low, as it can only be detected in the nuclear fraction of testicular single-cell
suspension, and not in the total protein extract of the full organ (Fig. 17b and ).
Very low protein levels in post-birth testis could also be the reason why the full-
length Miwi2 protein fused to GFP cannot be detected in adult testis through
fluorescence.

The ultimate system to test if any protein form containing the epitope is still
present in the tissues is the miwi2 knockout model created by Kuramochi-
Miyagawa et al. where the epitope of the N-terminal antibody at the end of exon 1
has been deleted. Consistent with the lack of full-length transcripts in the majority
of adult tissues and the apparently very low protein levels in post-birth testis, no
specific band could be detected with the N-terminal antibody in the wild type
tissues as compared to the knockout (Fig. 17¢). Additionally, a transcript
corresponding to the 5’ half of the gene is expressed in ovary, and it could
potentially be translated into a protein product. However, | could not detect any
shorter protein forms using the N-terminal antibody, suggesting that this transcript

is not translated or is present at the very low levels (Fig. 17¢).
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a. miwi2 mRNA can be detected in the polysomal fractions, suggesting it is translated.

b. Detection of Miwi2 in the testicular single cell suspension using N-terminal antibody.

A band marked by the asterisk is neither recognized by the pre-immune serum nor after

blocking the antibody with the N-terminal peptide used for antibody production.

rec: recombinant protein; nuc: nuclear fraction; cyt: cytoplasmic fraction; tot: total single-cell

suspension protein extract; pep: N-terminal peptide used for antibody production.

c. Detection of Miwi2 in adult mouse tissues using N-terminal antibody. In the KO mice from which

the tissues were taken, the epitope for the antibody is deleted.
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5. Il. 3. siRNA-mediated knockdown of Miwi2 in MEFs and protein
detection using the C-terminal antibody.

Our second custom-made antibody and the Abcam antibody both have epitopes in
the C-terminal region of the protein. Therefore, if the transcripts from the 3’ region
of the gene give rise to a shorter protein, these antibodies could be used to detect
the alternative protein form(s).

Mouse embryonic fibroblasts are a suitable system to test this, as they express the
3" transcripts and can be transfected with siRNAs for knockdown experiments. If the
3’ transcripts give rise to protein, it should be possible to detect a decrease in
protein levels on the Western blot upon knockdown. | therefore designed two
siRNAs specific for the 3’ half of miwi2 (siRNAs #1 and #3), and one specific for the 5’
half as a control (siRNA #2), using the RNAXxs tool (Tafer et al. Nat Biotech 2008) (Fig.
18a).

Transfecting siRNAs into MEFs followed by RNA isolation and RT-PCR showed that
siRNA #3, but not #1 and #2, causes reduction of miwi2 mRNA levels in MEFs (Fig.
18b and ¢).

| next analyzed protein extracts from the same cells on the Western blot using both
antibodies with C-terminal epitopes. The custom-made C-terminal antibody detects
a band of ~45 kD in MEFs and adult mouse tissues (Fig. 19a). This size of protein is
approximately what can be expected if the in-frame START codons present on the
transcripts detected in MEFs would be translated (Fig. 12a). However, no decrease in
the protein levels were detected on the Western blot upon the knockdown (Fig.
19b).

The C-terminal antibody Abcam antibody detects a band of ~75kD on the Western
blot of MEF protein extracts (Fig. 19¢), and a moderate decrease in the protein levels
can be observed upon knockdown of miwi2 using siRNA #3 (Fig. 19d). This,
however, is not the expected size of the protein product that should be translated
from the 3'-half transcripts (Fig. 12a). The same ~75kD band can be detected in
some of the adult mouse tissues, such as spleen and thymus, and not in testis and

kidney. In the ovary, a band of ~100kD is detected (Fig. 19¢).
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Figure 18. siRNA-mediated knockdown of miwi2 in MEFs. Assessment of the knockdown on the
RNA level.
Positions of siRNAs used for knockdown of miwi2 in MEFs. Knockdown efficiency on the RNA

level was assessed through PCR detection of the 1711-e21r product.

b. Testing the siRNA-mediated knockdown efficacy on the RNA level. ut: untransfected MEF; scr:

scrambled siRNA control.

c. RT-PCR and gRT-PCR analysis of the siRNA#3-mediated knockdown of miwi2 in MEFs, which

results in the decrease of miwi2 mRNA levels in MEFs.
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Figure 19. Detection of Miwi2 in adult tissues. The assessment of siRNA-mediated knockdown of
Miwi2 in MEFs on the protein level.
a. Western blot detection of Miwi2 in MEFs and adult mouse tissues using custom-made C-terminal
antibody.
b. The levels of the protein, detected by the custom-made C-terminal antibody, are not decreased
upon siRNA-mediated knockdown.
c. Western blot detection of Miwi2 in MEFs and adult mouse tissues (Abcam antibody).
d. siRNA-mediated knockdown results in a moderate decrease of Miwi2 protein levels, as detected
by the Abcam antibody.
e. Up-regulation of 3-half transcripts is the knockout tissues is accompanied by slight protein up-
regulation, but only in tissues where it seems to be expressed in the wt. Abcam antibody was

used. Spleen and kidney are from male mice.

In testis, the full-length protein was also not detected, consistent with its absence,
or low-level expression. The nuclear and cytoplasmic fraction from the testicular
single-cell suspension were not analyzed using the C-terminal antibodies.

Since the 3’-half transcripts have elevated levels in the heterozygous and knockout
tissues of the mice created by Kuramochi-Miyagawa et al. (Fig. 14), | checked if a
similar change could be observed on the protein level. The up-regulation could be
observed in thymus and less in spleen, but not in kidney or testis. If the ~75 kD
band truly corresponds to Miwi2, then the tissues where the protein cannot be
detected seem to not translate the mRNA, independently of its levels (Fig. 19e).
Using the N-terminal antibody for the Western blot analysis confirmed the absence
of the full-length protein from the somatic tissues. In the testis, where the full-

length transcript is expressed and associates with the polysomes, a ~100 kD band
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can be detected in the nuclear fraction of the total protein extract. This allows the
possibility that the protein is still expressed, either in the limited cell population or
at the very low levels, despite the fact that it cannot be detected by fluorescence in
the post-birth tissues upon insertion of the GFP tag. Similarly, while this antibody
was successfully used for immunoprecipitation (IP) of Miwi2 from the embryonic
gonadal extracts (Aravin et al. Mol. Cell 2008), the protein was not detected by IP
from the adult testis extracts. The presence and localization of the full Miwi2
protein in the testicular tissue was further analyzed by immunohistochemistry, as
described later.

Detection of the putative alternative, C-terminal Miwi2 variant in the tissues using
two antibodies with epitopes in the C-terminal region of the protein gave
contradictory results. The custom-made C-terminal antibody detected a protein of
the expected size, but its levels did not change upon siRNA-mediated knockdown
in MEFs. This result could be explained only by the very high stability of the
protein. Upon IP, a protein of ~45 kD can be detected on the silver gel, but the mass
spectrometry analysis showed it corresponds to an hnRNP protein, and Miwi2
peptides were not detected (data not shown). Together, this data suggest that the
detected ~45 kD protein does not correspond to Miwi2.

Using the commercially available antibody, a ~75 kD protein was detected in MEFs
and some tissues, a size not corresponding to the expected size of the protein
arising from the 3’ transcripts. The difference of ~30 kD could potentially be
explained by a post-transcriptional modification of Miwi2 by ubiquitination or
SUMOylation. This has been previously described for proliferating cell nuclear
antigen (PCNA), and is required for its role in translesion DNA synthesis (Hoege et al.
Nature 2002). Miwi2 could not be detected upon IP using this antibody. However,
surprisingly, a moderate decrease in the protein levels can be observed upon
siRNA-mediated knockdown of miwi2. Additional siRNA-mediated knockdowns
leading to the down-regulation of the detected protein, and/or an additional
antibody specific for the C-terminus of Miwi2, would be essential to confirm that

the detected ~75 kD band truly corresponds to Miwi2 protein.
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From these results, it is not clear if the ubiquitously expressed 3’ transcripts give a
rise a shorter Miwi2 protein variant. If the ~75 kD protein, the levels of which are
down-regulated upon the knockdown and that can be detected in some adult
tissues, truly corresponds to Miwi2, this would suggest that an additional level of
regulation of miwi2 expression exists in certain tissues (e.g. testis and kidney), and
not in others (e.g. spleen and thymus), preventing the translation of the transcript.
A quick way to address this issue could be the analysis of the association of the 3’
transcripts with polysomes in different tissues. A translation analysis method based
on sequencing the mRNA fragments protected by the ribosome, which enables not
only identifying translated mRNAs but also the identification of the codon used for
the initiation of translation, has recently been described (Ingolia et al. Science 2009).
This method could be suitable for analysis of miwi2 expression, as it could not only
address the question in which, if any, tissues does the transcript associate with the
polysomes, but also which, if any, AUG is used for the initiation of translation.

The most straightforward way to address the expression and function of the
putative alternative form of Miwi2 would be to create a knockout mouse model
affecting the 3’ region of the gene. Alternatively, a knockout affecting only the
genomic regions containing the putative promoter that gives to the 3’ transcript
could also address this issue, and it would potentially not affect the expression of
the full-length, wild type Miwi2.

It is worth noting here that, if the observed expression of Miwi2 in spleen and
thymus is correct, it would resemble the expression patterns described for
alternative forms of DNA methyltransferases (Chen et al. J Biol Chem 2002). As
mentioned earlier, Miwil could also be detected on the RNA level in spleen and

thymus (Kuramochi-Miyagawa et al. Mech Dev 2001).

5.11. 5. Immuno-detection of Miwi2 in tissues.
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In order to further analyze the expression patterns of Miwi2, | performed
immunohistochemistry (IHC) and immunofluorescence (IF) experiments using
antibodies directed against N-terminal and C-terminal parts of Miwi2.

First, in order to check if the full-length Miwi2 can still be detected in testicular cells
despite its low levels, | stained testis from different developmental time points with
the N-terminal antibody. In early stages of postnatal development the protein can
be detected in the nuclei of spermatocytes (Fig. 19a). In the adult organ, the protein
is detected in the nuclei of spermatogonia, as well as in a discrete peripheral
nuclear sub-domain in spermatocytes resembling the sex body (Fig. 19b and ).
Such staining pattern might be consistent with the Western blot analysis on the
adult tissue, as the protein is only present in the nuclei of a limited number of cells,

possibly explaining its low levels (see Fig. 17b).

Sex body, or XY body, is a nuclear territory formed in spermatocytes during meiotic
prophase | (Solari, Rev. Cytol. 1974; Turner, Development 2007). It contains sex
chromosomes, which get sequestered to the nuclear periphery at the transition
between zygotene and pachytene stages of prophase | as a result of a big
difference in size between chromosomes X and Y and their consequent inability to
synapse over the entire length of the chromosome arms. Partial synapsis of
chromosomal regions is often a consequence of non-homologous pairing, which is
potentially deleterious as it can lead to unequal partitioning of genetic material
into the mature gametes. Sex chromosomes in male gonads are therefore
recognized at the beginning of the pachytene stage of prophase | by DNA damage
repair proteins, such as BRCA1 (Turner et al. Curr. Biol. 2004). BRCA1 recruits the ATR
protein kinase, which phosphorylates histone H2AX at serine 139, leading to
accumulation of this histone variant, referred to as YyH2AX, along the unsynapsed
arms of sex chromosomes (Turner et al. Curr. Biol. 2004; Bellani et al. J.Cell Sci. 2005;
Turner et al. Nat. Genet 2005). This leads to further accumulation of silencing histone
marks, such as methylation of histone 3 on lysine 9 (H3K9), and transcriptional

silencing of chromosomes X and Y (Hoyer-Fender, Cytogenet. Genome Res. 2003).
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This process, called meiotic sex chromosome inactivation (MSCI), is a manifestation
of a more general process, meiotic silencing of unsynapsed chromatin (MSUQ)
(Turner et al. Nat. Genet. 2005; Baarends et al. Mol. Cell. Biol. 2005; Schimenti. Nat. Genet.

2005). MSUC is responsible for recognizing and transcriptionally silencing any
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Figure 19. Immunohistochemical detection of Miwi2 in post-birth testicular tissue using the
custom-made N-terminal antibody.
a. Miwi2is detected in the nucleoplasm of premeiotic cells. Shown here is the staining of the tissue
from 10 days old mice.
b. In adult tissues, Miwi2 is detected in nuclei of spermatogonia, and a discrete nuclear sub-
domain of meiotic spermatocytes resembling sex body.
c. Blocking the N-terminal antibody with the epitope-specific peptide leads to the disappearance

of the signal in the sex body-like foci.

region of partial chromosomal synapsis in both sexes, which can arise as a result of
events such as translocation. The two processes share the mechanistic core, and
have as a consequence sequestration of all unsynapsed and transcriptionally
silenced regions to nuclear periphery, where they form the structure called the sex
body.

Failure to transcriptionally silence unsynapsed chromosomal regions leads to
detection of unrepaired double-stranded breaks, induced at the beginning of
meiosis, by checkpoints at the pachytene stage and arrest of spermatogenesis,
leading to male sterility.

A similar process, meiotic silencing by unpaired DNA (MSUD), occurs in the fungus
Neurospora crassa (Shiu et al. Cell 2001). This mechanism is capable of examining the
entire genome in search of regions of chromosomes that cannot fully pair.
Unsynapsed chromosomal regions, and all the regions homologous to them, are
then silenced through a mechanism that requires RNA-dependent RNA polymerase
sad-1, which converts the transcript from the unpaired DNA into dsRNA (Shiu et al.
Cell 2001), and the Argonaute-like protein Sms-2 (Lee et al. Genetics 2003). This
mechanism is therefore thought to resemble RNA silencing mechanisms, even
though the small RNAs arising from these dsRNAs have not been identified. MSUD
is thought to be responsible for protecting the genome from the deleterious
consequences of transposon activity, as a transposon that jumps into a new
location in the genome often does not have a complementary sequence on the

homologous chromosome to synapse with. MSUD would therefore lead to
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silencing of the activated transposon, as well as all the other transposons in the
genome homologous to it.

Based on the apparent localization of Miwi2 in the sex body, and RNA silencing
mechanisms being involved in similar processes of transcriptional silencing in
other organisms, | hypothesized that Miwi2 could be involved in the process of

meiotic sex chromosome inactivation.

5.1l. 6. Miwi2 in the sex body: co-localization with markers.

In order to confirm the sex body localization of Miwi2, | co-stained the testicular
tissue using the N-terminal antibody, and antibodies against known sex body
markers — BRCA1 and yH2AX (Fig. 20a and b). | also performed co-immuno-FISH
(fluorescent in situ hybridization) experiments, in order to check for the co-
localization of Miwi2 with sex chromosomes (Fig. 20c).

Co-immunohistochemistry showed co-localization of Miwi2 with BRCAT, the early
sex body marker (Fig. 20a). Miwi2, however, did not co-localize with YH2AX, the
marker of the fully formed sex body at the stage where the chromosomes are
transcriptionally silenced (Fig. 20b). Co-immuno-FISH experiments showed co-
localization of Miwi2 and chromosome X (Fig. 20c).

As mentioned, MSCI is a manifestation of a general mechanism of silencing of
unsynapsed chromatin. | therefore wanted to check if Miwi2 could also be detected
on unsynapsed chromosomal arms in a mouse model with an autosomal
translocation. Such a model, in which the mice bear a reciprocal translocation
between chromosomes 16 and 17, was described by Homoloka et al. (Homolka et al.
Genome Res. 2007), and is referred to as the T43 model. This model was used in
studies of MSUC, and it was shown that unsynapsed regions of chromosomes 16
and 17 reside in the nucleus in the close vicinity to the sex body and undergo
transcriptional silencing (Homolka et al. Genome Res. 2007). BRCA1 and yH2AX could

be detected on unsynapsed regions.
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Staining the testis from the T43 model mice with the N-terminal antibody showed
structures in close proximity to the sex body resembling unsynapsed chromosomal
arms (Fig. 21a). Co-localization of Miwi2 and BRCA1 on these structures could also
be observed (Fig. 21b). | tried to confirm that the observed structures truly

correspond to chromosomes 16 and 17, but the in situ detection did not work.

These results suggest the possible involvement of Miwi2 in transcriptional

silencing of unsynapsed chromosomal regions in meiotic prophase I.
Co-localization of Miwi2 with BRCAT1, but not with yH2AX, suggest that it could be

involved in the early stages of silencing. Miwi2 could be detected in the subnuclear

foci prior to onset of meiosis and MSCI/MSUC. | therefore hypothesized that Miwi2
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Figure 20. Localization of Miwi2 in the sex body of meiotic spermatocytes. Miwi2 co-localizes with
BRCA1 and chromosome X, but not with yH2AX.

a. Co-staining of testicular tissue for Miwi2 and BRCA1.

b. Co-staining of testicular tissue for Miwi2 and yH2AX.

c. Co-staining of testicular tissue for Miwi2 and chromosome X.

86



a-BRCA1

DAPI

Figure 21. Imunofluorescent staining on T43 autosomal translocation model using N-term

antibody.
a. Localization of Miwi2 in T43+ autosomal translocation model. Structures resembling unsynapsed
chromosomal arms can be observed in close proximity of the sex body.
b. Miwi2 co-localizes with BRCA1 in sex body and on unsynapsed arms of autosomes with

translocations.

might be involved in the initiation of MSCI/MSUC, possibly through the
recruitment of BRCA1.A way to test this is to analyze the localization of BRCAT1 in

the Miwi2 knockout mice. | only analyzed the localization of BRCAT1 in the knockout
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model created by Carmell et al., but these experiments also never gave a conclusive
result. Interestingly, Carmell et al. observed a nuclear territory in the miwi2 knockout
spermatocytes that resembles sex body, but does not stain positive for yH2AX
(Carmell et al. Dev. Cell 2007).

The localization patterns of yH2AX are abnormal in the early meiotic cells from
these mice, reflecting the defects in spermatocytes’ morphology (Carmell et al. Dev.
Cell 2007). This is likely the consequence of the transposon activity (Carmell et al.
Dev. Cell 2007), but similar phenotype and the arrest of spermatogenesis at the
same stage of prophase | have been observed for mutants of proteins involved in
MSCI/MSUC.

Another way to functionally address the failure of transcriptional silencing of
unsynapsed regions is to analyze the expression of genes that should undergo
silencing, such as majority of genes on the sex chromosomes, on the
transcriptional level. This question can also be addressed by staining the testicular
tissue for RNA polymerase I, as it is excluded from the territory of the sex body
once the silencing becomes effective, from the late spermatocyte stage onwards.
Unfortunately, the phenotype of the miwi2 knockout mice prevents the assessment
of these issues, as the spermatogenesis only progresses to the early spermatocyte
stage, and the late spermatocytes are absent from the tissues.

The mechanism of initiation of meiotic silencing of sex chromosome is elusive to
date. The post-meiotic fate of sex chromosomes and the possible marks left upon
the sex chromosomes during MSCI, presumptively for the recognition in the next
generation, have been extensively discussed. Additionally, there is speculation of
the involvement of the marks left on the X chromosome in recognition of paternal
X during initiation of somatic X inactivation in the early embryos, even though Xist
does not play a role in MSCI/MSUC (Namekawa et al. Curr. Biol. 2006). It is worth
noting here that one-third of human chromosome X consists of LINE1
retroelements, and they have been proposed to be involved in the process of
somatic X chromosome inactivation (XCl) in females (Bailey et al. PNAS 2000; Ross et
al. Nature 2005). In mouse, Miwi2 associated with the piRNAs from the LINE1
element (Aravin et al. Mol Cell 2008). It is therefore a tempting speculation that Miwi2
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and its associated piRNAs are somehow involved in XCl and MSCI/MSUC, possibly
through the establishment of DNA methylation aided by Miwi2 and LINE1-derived

piRNAs on the LINE1 elements residing on chromosome X.

In order to confirm the localization of Miwi2 in the sex body, | next used three
different antibodies directed against the C terminus of Miwi2, our custom-made
antibody, the commercial antibody, and an additional antibody obtained from the
Hannon lab (Aravin et al. Mol Cell 2008). Only the third antibody showed sex body
staining pattern, whereas our custom-made antibody and the commercial antibody
gave no signal (data not shown). This raised a question of the specificity of the

signal in the sex body.

5.11.7. N-terminal antibody specificity.

N-terminally GFP-tagged Miwi2 could not be detected in the postnatal
spermatogenic cells through fluorescence. However, as described, our N-terminal
antibody staining suggests that the protein could still be present, with a peculiar
staining pattern showing prominent localization of Miwi2 to the sex body of
meiotic spermatocytes. This staining could be reproduced with only one of the
three tested C-terminal antibodies.

These discrepancies raised the question of the specificity of the N-terminal
antibody. As shown in Fig. 19, the antibody gives a staining pattern clearly distinct
from the pre-immune serum one, and the signal can be blocked upon incubation
of the antibody with the epitope-specific peptide. This is consistent with the
Western blot (Fig. 17b).

Testicular tissue from the knockout mice does not contain the full-length protein,
making it the best control for the antibody specificity. However, in the knockout
created by Carmell et al., the 5" end of miwi2 is still transcribed. It is therefore not
possible to exclude the existence of a protein having the epitope for the N-

terminal antibody in the tissue from these mice. Staining the testicular tissue from
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this knockout model showed no difference between the heterozygote and the

knockout (Fig. 22a).

o

heterozygous knockout

i

heterozygous knockout

a-Miwi2 N-terminal
DAPI F

igure 22. Immunofluorescent staining of heterozygous and KO testis tissue from both models
described in the literature using the N-term antibody.
The signal in the sex body is detected in the knockout tissue, suggesting it’s unspecific.

a. miwi2 Het and KO testicular tissue from the Carmell et al. model.

b. miwi2 Het and KO testicular tissue from the Kuramochi-Miyagawa et al. model.

On the other hand, the epitope for our N-terminal antibody is deleted in the
knockout mice produced by Kuramochi-Miyagawa et al., and staining the testicular

tissue from these mice should therefore not generate a signal.
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However, there was no difference between the staining patterns in the
heterozygous and knockout tissue (Fig. 22b). This strongly suggested that the N-
terminal antibody is cross-reacting with another protein in tissue stainings, and
that the observed signal in the sex body is not specific. This result, therefore, spoke
against localization of Miwi2 in the sex body and its involvement in MSCI/MSUC.

The presence of the signal in the miwi2 knockout mice could only be explained by
the possibility that either Miwi2 protein or mRNA is inherited from the
heterozygous parents. Drosophila Piwis in complexes with piRNAs get maternally
deposited into early embryos, and the ping-pong cycle cannot be initiated in the
absence of maternally inherited piRNAs, causing hybrid dysgenesis (Malone and
Brennecke, unpublished). The putatively inherited form of Miwi2 should be capable
of associating with unsynapsed chromatin independently of the endogenously
produced one, as in the knockouts the presumptive protein still localizes to the sex
body. However, if the observed failure of sex body formation in the knockout mice
created by Carmell et al. is correct, the inherited form of Miwi2 could not fully exert

its function without the presence and/or activity of the endogenous protein.

5.1l. 8. Detection of the putative alternative form of Miwi2 in tissues and
cells using the C-terminal antibody.

In order to try and determine the localization of the putative C-terminal form of
Miwi2, | performed immunohistochemistry. The results were difficult to assess, as
the two antibodies behave very differently in the Western blot analysis, and it is
not clear which, if any, of the two is specific. The custom-made antibody showed
similar nuclear localization pattern in all tissues examined (Fig. 23; examples for
ovary and kidney). The commercial antibody did not give any distinct signal above
background; in particular, no difference could be observed between the tissues
where the protein could not be detected on the Western blot (testis, kidney), and
the tissues in which the ~75 kD protein was detected (spleen, thymus) (data not

shown).
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a. Ovary.

preimmune preimmune +

b. Kidney.

preimmune +

Figure 23. Immunodetection of Miwi2 in adult tissues using the custom-made C-terminal
antibody.
a. Staining of adult ovary.

b. Staining of adult male kidney.
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Both antibodies, however, gave the same signal when wused for
immunocytochemistry on MEFs, which express only the C-terminal version of the
protein. Miwi2 could be detected in the nuclei of some cells (marked by arrows), as
well as in cytoplasmic granules (marked by the arrowhead) (Fig. 24). In order to
check if these granules are P-bodies, | stained the cells using two different
antibodies for a P-body marker, GW182. However, none of the antibodies worked

well for immunocytochemistry.

Figure 24. Immunodetection of Miwi2 in MEFs using the custom-made C-terminal antibody.

The signal is detected in the nuclei of some cells (marked by arrows), and cytoplasmic bodies resembling

the P-bodies in others.

Specific expression in only a few cells in the heterogenous population of MEFs
suggests that the expression of C-terminal variant of Miwi2 in MEFs might be cell
cycle-specific. These questions were not addressed at this point, but could be
tested by using markers specific for different stages of the cell cycle, as well as by
performing cell cycle synchronization experiments.

In summary, as expected from the Western blot analysis, the IF experiments did not

give a conclusive result. The staining pattern using the two C-terminal antibodies
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was the same only in MEFs, where the protein was detected in the nucleoplasm
and the cytoplasmic granules. Due to the inconsistent results of the Western blot
analysis, and the uncertainty of the presence of the protein, it is not certain that

this result is truthful.

5. lll. A possible alternative function of Miwi2 in regulation of
imprinting.

In the adult mouse, the only sequences subjected to the long-term stable silencing
based on DNA methylation are transposable elements, imprinted genes and genes
associated with pluripotency (Reik, Nature 2007). As Miwi2 has a role in establishing
DNA methylation of transposable elements in the germ line, which occurs at the
same time as the methylation on the regulatory regions of imprinted genes, |
wanted to investigate if it could also have a role in controlling the expression of
imprinted genes.

| analyzed the mRNA expression of the two genes, Igf2 and H19, by gRT-PCR in both
somatic and germ line tissues of wild type, heterozygous and knockout adult male
miwi2 mice. Igf2 and H19 are closely linked on the mouse chromosome 7 and show
reciprocal imprinting patterns. Non-coding H19 RNA is maternally expressed due to
developmental silencing of the paternal promoter, and the protein-coding Igf2 is
paternally expressed due to transcriptional insulation of the maternal promoters
(Kaffer et al. Mol. Cell. Biol. 2001). Additionally, a common cis-acting element located
upstream of the H19 promoter controls expression of both loci (Thorvaldsen et al.
Genes Dev. 1998; Kaffer et al. Genes Dev. 2000). Loss of imprinting at this locus is
associated with tumors and developmental diseases (Paulsen and Ferguson-Smith,
J. Pathol. 2001).

DNA methylation of the main DMR of this locus, located between the two genes,
was at present not analyzed.

| first analyzed the expression of Igf2 and H19 in the adult testis. Both

heterozygous and knockout mice used for these experiments were progeny from
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the crosses between heterozygous miwi2 parents. It is important to point out that
the cellular composition of the adult knockout testicular tissue, due to the arrest of
spermatogenesis in meiotic prophase |, corresponds to the pre-meiotic tissue.
Therefore, the levels of the transcripts from the knockout tissue had to be
normalized and compared to their levels in the tissue from an 11-13 days old
mouse, whereas the levels in the heterozygous tissue were compared to the levels
in the adult, as the heterozygous tissue develops normally.

Analysis of Igf2 expression in testis showed that the levels of Igf2 in both
heterozygous miwi2 models were very similar to the adult wild type (Fig. 25a). The
expression of 1gf2 in both knockout models was the same as in the 11 days-old
wild type tissue (Fig. 25a).

H19 non-coding RNA was reported to be expressed from the maternal allele in
several fetal tissues and mostly absent from adult tissues (Leighton et al. Genes Dev.
1995). Consistent with this, the levels of this transcript decrease drastically between
11 and 35 old mice. The levels in the heterozygous tissue differed little from the
levels in the adult wild type tissue; they were somewhat higher in the
heterozygous tissue from the Kuramochi-Miyagawa et al. miwi2 model (Fig. 25b).
However, the levels of H19 transcript in the knockout tissue were drastically lower
from the levels in the corresponding 11-days old wild type tissue (Fig. 25b). Namely,
two different primer pairs showed ~10-fold down-regulation of H19 in both miwi2
knockout models (a representative example is shown in Fig. 25b).

Next, | analyzed the expression of Igf2 and H19 in adult male spleen from the
Kuramochi-Miyagawa et al miwi2 model. Adult somatic tissues have not been
described to have any phenotype in the miwi2 knockout mice.

gRT-PCR analysis of total mRNA from adult male spleen showed almost equal levels
of the Igf2 transcript in the wild type and heterozygous tissue (Fig. 26a). In one of
the knockout samples the levels were ~2-fold higher than in the heterozygote, and
~6-fold in the other (Fig. 26a).

In contrast, the expression of H19 is strongly upregulated in the adult male spleen

from the Miwi2 knockout mice (Fig. 26b). Two additional primer pairs confirmed
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this observation, with the observed levels of H19 being at least 40-fold higher in

the knockout compared to the wild type and heterozygous tissue.
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Figure 25. The expression of the maternally imprinted Igf2 gene is not affected in the miwi2
knockout testis (a). In contrast, expression of the paternally imprinted H19 is ~10-fold lower than

in the corresponding wild-type tissue (b).
testis Het_N; testis KO_N: adult heterozygous and knockout mice created by Kuramochi-Miyagawa et al.;
testis Het_H; testis KO_H: adult heterozygous and knockout mice created by Carmell et al. N.1 and N.2

represent two different knockout samples. All heterozygous and knockout samples are from adult mice.
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Figure 26. Analysis of the mRNA expression from the H19/Igf2 imprinted locus in adult male

spleen.
a. The expression of Igf2 is slightly up-regulated in the spleen of Miwi knockout mice.

b. The strong upregulation of H19is observed in spleen of the Miwi2 knockout mice.

This data suggest that full-length Miwi2 is not involved in establishing imprints of
Igf2 in the male germ line, which is not unexpected as it is maternally imprinted.

Analysis of its expression in the ovary from the knockout mice would show if
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there’s any impact of the absence of Miwi2 on maternal imprinting of Igf2. It is at
present not clear which, if any, protein form of Miwi2 is expressed in the ovary.

The effect of the absence of the full-length Miwi2 on the control of Igf2 expression
in adult spleen was also mild. If present, this effect might be stochastic, as the two
different samples from the knockout mice show different levels of up-regulation.
This has been previously observed in the imprinting defects cause by the lack of
Dnmt3L (Arnaud et al. Hum Mol Genet 2006). More samples would have to be
analyzed in order to investigate this observation in more detail.

On the other hand, there seem to be an impact of the absence of Miwi2 on the
levels of the non-coding H19 transcript in testis. The observed down-regulation of
the transcript levels is not the immediately expected result, if Miwi2 would be
directly involved in the establishment of DNA methylation, and without the
analysis of the DNA methylation status at the DMRs in the knockout mice, it cannot
be concluded that Miwi2 directly regulates the expression of the H19 non-coding
RNA. More paternally imprinted loci would have to be analyzed in order to see if
there is a general effect of the absence of Miwi2. An additional control would be
pre-meiotic heterozygous tissue, in order to exclude any effects of the observed
increased transcription of the 3 'half of miwi2 on the expression of the full-length
form.

Surprisingly, a strong up-regulation of the levels of the H19 mRNA was observed in
the spleen from the knockout males. The full-length Miwi2 is not expressed in
somatic tissue, and the mice have not been described to have any other phenotype
apart from male sterility (Carmell et al. Dev Cell 2007). Failure of imprinting of H19
causes several developmental disorders, such as Beckwith-Wiedemann syndrome
(BWS), characterized by general and organ overgrowth and tongue enlargement
(Catchpoole et al. ] Med Genet 1997). The knockout mice would have to be inspected
for these defects in order to address the phenotypical impact of the observed
transcript up-regulation. Somatic imprints are established early in embryonic
development, and maintained through the action of DNA methyltransferases.
Without the detailed analysis of expression of Miwi2 in all periods of embryonic

and post-natal splenic development, the mechanism through which it is involved
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in the regulation of H19 expression cannot be anticipated. The involvement of
Miwi2 in the maintenance of the imprints is less likely, as it is not expressed in the
post-birth somatic tissues. Based on the available data, the only possible
explanation for the observed up-regulation of the H19 transcript is the
involvement of Miwi2 in the process of imprinting very early in development.
Therefore, Miwi2 would either have to be expressed in the short developmental
window in very early embryo, or it could be inherited. To my knowledge, neither of
this was analyzed to date, and there is no evidence for either of the two speculated
possibilities. It is also not clear if the observed up-regulation is the consequence of
de-repression of the paternal allele, stronger expression of the maternal allele, or
both. Also, the important question of the potential involvement of Miwi2 in the
methylation of the regulatory regions at the H19/1gf2 locus should be answered
by analysis of its DNA methylation status by bisulphate sequencing or

methylation-sensitive Southern blot.

In summary, these results suggest that the full-length Miwi2 might have an impact
on the regulation of expression of at least one paternally imprinted gene, H19,
both in the male germ line and a somatic tissue, spleen. Surprisingly, the effect of
the absence of Miwi2 on the expression of H19 is stronger in the spleen, the tissue
in which the full-length protein has never been detected, then in the testis, where
Miwi2 has a defined role in regulating the expression of transposable elements.
Another interesting question not addressed to date is whether the absence of
Miwi2 also has an effect on the expression of transposable elements, which were
suggested to be involved in the regulation of imprinted genes, in the somatic
tissues. The effect of Miwi2 on the regulation of maternally imprinted genes seems
to be slighter in the spleen, and not present in the testis.

Even though this limited analysis suggests that Miwi2 might be involved in the
regulation of H19 imprinting, an extended analysis would be required in order to

confirm or disprove the role of Miwi2 in the regulation of imprinting.
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6. Conclusions.

During my doctoral thesis, | studied the Piwi subfamily of Argonaute proteins in
the mouse, the Miwis. The original project, addressing the potential association of
small RNAs associated with the Miwis, had to be changed after the discovery of
piRNAs associated with Miwi and Mili shortly after (Girard et al. Nature 2006; Aravin
et al. Nature 2006). | therefore focused on Miwi2, primarily on its expression and
function in the post-birth tissues.

My results reveal several previously not documented issues about the regulation of
expression and function of Miwi2.

Transcriptional analysis suggested the possible existence of complex phenomena
regulating the expression of miwi2. Despite the apparent lack of phenotype in any
other tissues apart from testis, many different non-coding and potentially coding
transcripts can be detected in virtually all tissues. Different promoters might be
utilized for transcription of different regions within the gene. Particularly
interesting are several predicted transcriptional starting sites roughly in the middle
of the locus, which might give rise to the ubiquitously expressed 3’ transcripts.
These transcripts could theoretically be translated into a protein product, as they
contain in-frame START codons. However, the analysis using antibodies directed
against the C-terminal part of Miwi2 did not provide conclusive results about the
presence of the alternative Miwi2 form in the tissues. Creating a knockout mouse in
which the activity of the putative promoters would be affected, or the one lacking
regions in the 3’ part of the gene, could address this issue genetically. Inserting a
GFP-tag into the 3’ region of miwi2 could also help answer this question, and
would enable determining the sub-cellular localization of the putative alternative
Miwi2 form. Addressing the seemingly complex regulation of miwi2 expression
might also provide new insights into its putative alternative functions, and, if true,

challenge the dogma about the germ line-specific roles of Piwi proteins.
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The main characterized function of Miwi2 is the control of expression of
transposable elements in the male embryonic germ line. My result suggest that
Miwi2 might have additional functions outside of the germ line, namely in the
control of imprinted genes, as the expression of the imprinted non-coding RNA
H19 changes in some tissues in the miwi2 knockout mice. These two processes
share mechanistic similarities, both depending on DNA methylation. As it was
shown that absence of Miwi2 results in decrease of DNA methylation on the
regulatory regions of transposons, analyzing the regulatory regions of imprinted
gene(s), whose expression is affected by the absence of Miwi2, could confirm or
dispute the role for Miwi2 in DNA methylation of these regions.

In that context, the detailed analysis of Miwi2 expression throughout development,
particularly during embryogenesis, when the somatic imprints are established,
could further clarify this issue, and help confirm or dispute the impact of the
absence of Miwi2 on the expression of imprinted genes.

It would also be very interesting to analyze the impact of the absence of Miwi2 on
the expression of pluripotency-associated genes, as they are also silenced by DNA
methylation in differentiated tissues. Piwis were initially described as the factors
affecting division and maintenance of stem cells. In testis, the absence of Miwi2
results in progressive death of germ line stem cells, spermatogonia. My preliminary
data, not presented here, show that a gene involved in the maintenance of
pluripotency, Oct4, might be downregulated in the Miwi2 knockout mice. To my
knowledge, the role of Piwi subfamily in the expression of pluripotency-associated
genes was not addressed in detail to date, and it might be the link between the
molecular function of Piwis and their role in stem cell maintenance, which has not

been clarified yet.
In conclusion, these results posed some intriguing questions about regulation of

expression and possible alternative functions of Miwi2, and addressing them could

potentially provide new insights into the alternative roles of the Piwi proteins.
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SUMMARY

piRNAs and Piwi proteins have been implicated in
transposon control and are linked to transposon
methylation in mammals. Here we examined the con-
struction of the piRNA system in the restricted devel-
opmental window in which methylation patterns are
set during mammalian embryogenesis. We find ro-
bust expression of two Piwi family proteins, MIWI2
and MILIL. Their associated piRNA profiles reveal
differences from Drosophila wherein large piRNA
clusters act as master regulators of silencing. In-
stead, in mammals, dispersed transposon copies ini-
tiate the pathway, producing primary piRNAs, which
predominantly join MILI in the cytoplasm. MIWI2,
whose nuclear localization and association with
piRNAs depend upon MILI, is enriched for secondary
piRNAs antisense to the elements that it controls.
The Piwi pathway lies upstream of known mediators
of DNA methylation, since piRNAs are still produced
in dnmt3L mutants, which fail to methylate transpo-
sons. This implicates piRNAs as specificity determi-
nants of DNA methylation in germ cells.

INTRODUCTION

It is of paramount importance that germ cell genomes be pro-
tected from the uncontrolled propagation of mobile genetic
elements. This prevents both long-term reductions in fitness
through accumulation of mutations and short-term reductions
in fertility due to germ cell loss. For protection to be effective,
mobile elements must be distinguished from endogenous genes
and selectively silenced. This presents a significant challenge, as
few characteristics unambiguously mark the many families of
mobile elements that colonize animal genomes (Girard and
Hannon, 2008).

In Drosophila, germ cells express a class of small RNAs,
piRNAs, that are specialized for mobile element repression
(Brennecke et al., 2007; Saito et al., 2006; Vagin et al., 2006).
These act in a nucleic acid-based innate immune system that
comprises both genetically encoded (primary piRNAs) and
adaptive (secondary piRNAs) resistance mechanisms. Primary
piRNAs are generated from dedicated loci, called piRNA clus-
ters, that contain the highest density of transposon-related
sequences in the fly (Brennecke et al., 2007).

Primary piRNAs join Piwi proteins and guide these to the
selection of their targets. Two outcomes follow recognition of
a transposon mRNA by a piRNA. First, the mRNA is cleaved, re-
sulting in its destruction. The cleavage event also promotes the
production of a secondary piRNA derived from the mRNA itself
(Brennecke et al., 2007; Gunawardane et al., 2007). Though
this is in the sense orientation with respect to the transposon,
it can target antisense transposon RNAs that are generated
from piRNA clusters. Cleavage of such transcripts reproduces
original antisense piRNAs that can again target transposons.
As a whole, this creates a cycle, called the “ping-pong cycle”
that optimizes the piRNA population to target active elements
(Brennecke et al., 2007; reviewed in Aravin et al., 2007a).

Features of the Drosophila piRNA system have been con-
served in vertebrates. Signatures of ping-pong amplification cy-
cles have been detected in zebrafish (Houwing et al., 2007) and
mammals (Aravin et al., 2007b). Moreover, repeat-enriched
mouse piRNA clusters give rise to small RNA species in both
male and female germ cells (Aravin et al., 2007b; Tam et al.,
2008). Finally, LTR and non-LTR transposons are overexpressed
in male germ cells deficient in either of two Piwi family members,
mili or miwi2 (Aravin et al., 2007b; Carmell et al., 2007; Kuramo-
chi-Miyagawa et al., 2008).

In contrast to Drosophila, epigenetically stable repression of
transposable elements in mammals requires CpG DNA methyl-
ation (Bourc’his and Bestor, 2004; Walsh et al., 1998). Transpo-
son methylation patterns are extensively remodeled during
mammalian development. Following fertilization, gametic meth-
ylation patterns are mostly lost (Lane et al., 2003). De novo
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Figure 1. Expression of Piwi Proteins though Germ Cell Development

(A) A scheme of spermatogenesis is shown with the timing of expression of mili, miwi, and miwi2 indicated. After migration, primordial germ cells (PGCs) arrive at
the gonad around 11.5 dpc and expand prior to undergoing cell-cycle arrest at 15.5 dpc. The timing of cell-cycle arrest coincides with establishment of de novo
DNA methylation patterns on transposable elements and imprinted genes. Germ cells resume division after birth at around 3 dpp and initiate meiotic division at
10 dpp. The first cells at pachytene and haploid round spermatid stages appear at days ~14 and ~20, respectively.
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methylation patterns are then established around implantation
and subsequently maintained in somatic cells throughout the
life of the organism. The germ line undergoes a wave of trans-
poson demethylation soon after its emergence during embryo-
genesis, as it colonizes the gonadal compartment (Hajkova
et al., 2002). The subsequent establishment of gametic methyl-
ation patterns differs between the two sexes. In males, after
migration of primordial germ cells (PGCs) into embryonic go-
nads and their initial expansion, germ cells arrest their cell
cycle around 14.5 days postcoitum (dpc) as prospermatogonia,
only resuming division 2-3 days after birth (dpp). This is the
critical window during which male gametic methylation pat-
terns are established (Kato et al., 2007; Lees-Murdock et al.,
2003).

Several members of the DNA methyltransferase family,
DNMT3A, DNMT3B, and DNMT3L, act in de novo methylation
of transposable elements. Catalytically active DNMT3A and
DNMT3B are important in both germ and somatic cells, where
they perform complementary and nonoverlapping functions.
Constitutive dnmt3a or dnmt3b mutations are embryonically le-
thal (Okano et al., 1999), and germ cell-conditional inactivation
of dnmt3a results in sterility (Kaneda et al., 2004). In contrast,
DNMT3L operates as a central regulator of de novo methylation
specifically in the germline. dnmt3L-deficient animals globally
fail to establish de novo methylation of transposons in their
germ cells with no other phenotypic manifestation (Bourc’his
and Bestor, 2004; Kato et al., 2007). In males, this results in un-
controlled transposon expression and eventually in spermato-
genesis failure and sterility. Recent studies have begun to un-
ravel the biochemistry of de novo DNA methylation machinery,
showing that DNA methylation might be preceded by specific
histone modifications (Jia et al., 2007; Ooi et al., 2007). However,
it is still not clear how transposon sequences are specifically rec-
ognized to receive such modifications.

In the male germline, deficiency in either of two Piwi family
members, mili or miwi2, results in loss of the DNA methylation
marks on transposons, and mutant animals display a phenotype
remarkably similar to that of dnmt3L-deficient mice (Aravin
et al., 2007b; Carmell et al., 2007; Kuramochi-Miyagawa
et al., 2004, 2008). These data led to the hypothesis that
Piwi/piRNA complexes might serve as sequence-specific
guides that direct the de novo DNA methylation machinery to
transposable elements (Aravin et al., 2007b; Kuramochi-Miya-
gawa et al., 2008). Thus far, we understand little of how the
piRNA system operates in the restricted developmental window
that is critical to the stable epigenetic silencing of repeat ele-
ments. This prompted investigation of both Piwi protein and
piRNA expression during the time in which methylation marks
are established.

RESULTS

Expression of Piwi Family Members during

Germline Development

The mouse genome contains three Piwi family members: mili,
miwi, and miwi2. miwi is expressed from the pachytene stage
of meiosis to the haploid round spermatid stage (Deng and Lin,
2002) (Figure 1A). MILI is also present during meiosis, at which
point both MILI and MIWI interact with an extremely abundant
class of small RNAs, the pachytene piRNAs (Aravin et al.,
2006; Girard et al., 2006). These are derived from specific geno-
mic loci and form a complex population of small RNAs that
match only to those sites from which they are derived. The func-
tion of this subclass of piRNAs is elusive.

mili is also expressed earlier in development. Just before entry
into meiosis and the onset of pachytene piRNA expression, MILI
binds piRNAs, which are different in character and genomic ori-
gin from meiotically expressed piRNAs (Aravin et al., 2007b).
These are derived from a set of clustered loci that are repeat en-
riched and thus give rise to small RNA populations correspond-
ing to transposons.

Loss of miwi2 gives both morphological (e.g., meiotic arrest
and progressive germ cell loss) and molecular phenotypes (in-
creased transposon expression) that resemble those resulting
from mili deficiency (Aravin et al., 2007b; Carmell et al., 2007;
Kuramochi-Miyagawa et al., 2004, 2008). However, neither the
developmental timing of miwi2 expression nor its subcellular
localization has been reported.

We investigated mili and miwi2 expression both by using
specific antibodies raised against each family member and by
using transgenic animals that express GFP- and myc-tagged
MILI and MIWI2 proteins under the control of their endogenous
promoters. For each protein, examination of several GFP- and
myc-transgenic lines and comparison to results obtained with
antibodies against native proteins revealed essentially identical
patterns.

We analyzed the expression of mili and miwi2 during germ line
development in male and female mice. mili expression could be
detected in both sexes as early as 12.5 dpc, a time when migrat-
ing PGCs have reached the somatic genital ridge (Figure 1A,
data not shown). MILI localized to numerous perinuclear cyto-
plasmic granules in male PGCs (Figure 1B). These structures
were remarkably similar to nuage, which contain the Piwi pro-
teins, AUB and AGO3, in Drosophila female germ cells. MILI
was also detected in female PGCs and localized to cytoplasmic
granules (Figure 1B). mili expression continued in both male and
female germ cells after birth (see Figure S1A available online). In
ovary it localized to cytoplasmic granules of both arrested and
growing oocytes. In adult testis, it was expressed throughout

(B) Expression of GFP-MILI and GFP-MIWI2 transgenes in prenatal (17.5 dpc) germ cells is shown. MILI exclusively expresses in germ cells and concentrates in
perinuclear cytoplasmic granules in both developing testis and ovary. MIWI2 is absent in female germ cells and localizes in the nucleus as well as in cytoplasmic
granules in male germ cells. MILI and MIWI2 are coexpressed in male germ cells at 17.5 dpc and are absent from somatic cells.

(C) MILI, MIWI2, and MIWI complexes were immunoprecipiated from embryonic gonad at 16.5 dpc (MILI and MIWI2) or adult (MIWI) testes. Associated piRNAs

were 5 labeled using sequential phosphatase/kinase reactions.

(D) Size profiles are shown for MILI and MIWI2-bound piRNAs cloned from prenatal testis.
(E) Small RNA libraries were prepared from size-selected (24-33 nt) total RNA and MILI and MIWI2-immunopurified complexes from the indicated developmental

stages and tissue sources. Their small RNA content was classified as indicated.
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spermatogenesis until the round spermatid stage, at which point
the majority of MILI localized in a single prominent granule, the
chromatoid body, as evident from colocalization with chroma-
toid body marker MVH (DDX4) (Figure S1B).

MIWI2 could be detected in male germ cells beginning
around 14.5-15.5 dpc but was absent from female germ cells
(Figure 1B). MIWI2 was present in the nucleus as well as the
cytoplasm. In the cytoplasm, MIWI2 occupied granules similar
to but fewer in number than those containing MILI. From
15.5 dpc and until birth, both proteins were present in male
germ cells (Figure 1B). We did not detect MILI or MIWI2 in so-
matic cells of the embryonic gonad. MIWI2 expression declined
soon after birth, reaching undetectable levels in 4-day-old
mice. Remarkably, the very short window of MIWI2 expression
during male germ cell development (15.5 dpc to 3 dpp) corre-
sponds to the time of cell-cycle arrest and de novo DNA
methylation.

MILI- and MIWI2-Bound piRNA Populations

during Germline Development

MILI and MIWI2 complexes were recovered from male embry-
onic gonads isolated from 16.5 dpc embryos. Each protein asso-
ciated with piRNAs of a specific size. MILI bound ~26 nt. RNAs
(Aravin et al., 2006, 2007b) and MIWI2 associated with ~28 nt
RNAs (Figure 1C).

We prepared libraries of piRNAs from MILI and MIWI2 com-
plexes at 16.5 dpc and 24-33 nt total RNAs from the same stage.
Additionally, we cloned libraries from 24-33 nt RNAs and MILI
complexes at days 2 and 10 after birth. The small RNA libraries
were sequenced, typically yielding 2-3 million small RNA reads
per library. Between 40% and 70% of sequences matched
perfectly to the mouse genome, and these were considered for
further analysis (Table S1). MILI- and MIWI2-associated se-
quences showed a normal distribution, with peaks at 26 and
28 nt, respectively (Figure 1D). The profile of total cellular small
RNA suggested that MILI-bound piRNAs are slightly more abun-
dant than MIWI2 piRNAs.

At 16.5 dpc, 47.5% of all cellular small RNAs were derived
from transposon sequences (Figure 1E and Table S1). The other
small RNAs represent fragments of abundant, larger noncoding
RNAs (29.6%), sequences derived from unannotated genomic
regions (20.3%), or exons of protein-encoding genes (2.5%).
The overall fraction of transposon-derived piRNAs remained rel-
atively stable during development from 16.5 dpc to 10 dpp. How-
ever, different types of transposons showed distinct patterns.
The fraction of LTR- and LINE-derived piRNAs decreased, while
SINE-derived sequences increased during development. The
fraction of exon-derived small RNAs also increased substantially
(from 2.5% at 16.5 dpc to 18.6% at 10 dpp). In mili knockout
animals, LTR- and LINE-derived small RNAs were almost
completely eliminated, indicating that they represent bona fide
piRNAs. SINE and exon-derived small RNA were decreased in
abundance but not eliminated in knockouts, suggesting that
a small portion of this class derives from the degradation product
of SINE-containing and genic transcripts.

Both MILI and MIWI2 associated with repeat-derived piRNAs
during prenatal development (Figure 1E). However, MIWI2
demonstrated greater specificity for transposons. Seventy-six
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percent of MIWI2-bound piRNAs mapped to LTR and LINE retro-
transposons as compared to 45.7% for MILI-bound species.
MILI complexes also contained piRNAs derived from exons of
protein-coding genes (4.8%). As observed for total RNA profiles,
the fraction of MILI-bound LTR and LINE piRNAs decreased and
SINE and exon-derived piRNAs increased from 16.5 dpc to
10 dpp. A large fraction of total cellular small RNAs (48.7%) and
MILI-bound piRNAs (60.1%) could be mapped to a unique geno-
mic position (Figure S2). Both total small RNAs and MILI-associ-
ated piRNAs contained a subset (14%-17 %) that matched highly
repetitive sequences (100 or more genomic mappings). These
dramatically decreased in mili mutants. In MIWI2 complexes,
the fraction of uniquely mapped piRNAs was lower (35.6%) and
the highly repetitive fraction was substantially higher (30.5%).

Overall, our analysis revealed that both MILI and MIW2 bind
transposon-derived piRNAs during embryonic development
and that the fraction of piRNAs that match active transposons
classes decreases after birth. Interestingly, the partners of the
two Piwi proteins are different, with MIWI2 complexes being
particularly enriched in transposon-derived piRNAs.

Transposon-Derived piRNAs

A substantial fraction of piRNAs matched the three major classes
of transposable elements present in mammalian genomes: LTR,
LINE, and SINE retrotransposons. We analyzed piRNAs derived
from the representative element of each class that produced the
largest number of small RNAs: the IAP LTR-retrotransposon,
LINE1, and SINE B1. During development, the abundance of
LINE1 piRNAs decreased and SINE increased, while IAP piRNAs
showed a double peak with higher levels before birth and at
10 dpp (Figure 2A). LINE- and IAP-derived piRNAs were associ-
ated with both MILI and MIWI2 (Figure 2B). Interestingly, for both
elements, piRNAs were almost equally distributed among MIWI2
and MILI complexes (Figure 2B). Sequences derived from exons
were almost exclusively bound to MILI (Figure 2B).

To probe the functions of Piwi-bound small RNAs, we
analyzed strand orientation of transposon- and gene-derived
piRNAs. Exon-derived piRNAs were highly enriched for sense
sequences. All three transposons produced substantial numbers
of antisense piRNAs, with different elements showing different
characteristics (Figure 2C). For LINE1, piRNAs were generally
enriched in antisense sequences throughout development. In
prenatal testis, MILI and MIWI2 had opposite strand prefer-
ences, with MILI binding more sense and MIWI2 binding more
antisense piRNAs. Interestingly, strand orientation of LINE1
piRNA in MILI complexes was reversed after birth. IAP and
SINE piRNAs were nearly equally divided between sense and
antisense sequences in both complexes and in total piRNA pop-
ulations in prenatal cells. However, at 10 dpp, sense IAP and
SINE piRNAs became predominant. For all three transposons,
the fraction of antisense sequences dramatically decreased in
MILI-deficient animals.

These results indicate that LINE1 piRNAs are sorted into MILI
and MIWI2 complexes according to strand orientation, similar to
what is observed for Piwi family members in Drosophila (Bren-
necke et al., 2007). However, this bias was slight for SINE B1
and was absent for IAP. These data also reveal that strand
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bias even within a given Piwi complex can be dynamic during
development.

We next analyzed the distribution of piRNAs along transposon
consensus sequences (Figure 2D). Notably, MILI-bound LINE1
piRNAs were enriched in antisense and biased toward the 5’
end of LINE1 in prenatal germ cells. At 10 dpp, piRNAs were
less strand biased and mapped more frequently toward the
3’ ends of the elements, likely reflecting the higher abundance
of those sequences in the genome (Kazazian, 2004). The enrich-
ment for piRNAs mapping to LINE1 5’ ends at 16.5 dpc implies
that, at this developmental stage, piRNAs are processed from
full-length, potentially active copies.

The Ping-Pong Cycle in Prenatal piRNAs

Two different mechanisms, primary processing and ping-pong
amplification, have been proposed to generate piRNAs (Bren-
necke et al., 2007; reviewed in Aravin et al., 2007a). Primary
processing samples single-stranded piRNA precursor tran-
scripts, generating a diverse set of piRNA sequences that share
a preference for 5’ uridine (1U). Pachytene piRNAs are exclu-
sively produced by the primary processing mechanism. A subset
of prepachytene piRNAs in mouse (Aravin et al., 2007b) and a
substantial fraction of Drosophila piRNAs (Brennecke et al.,
2007) are generated by a mechanism that depends upon the
endonuclease activity of Piwi proteins and that is referred to as
the ping-pong amplification cycle.

The ping-pong cycle requires the presence of transcripts that
are complementary to primary piRNAs. Recognition by primary
piRNAs guides the endonuclease activity of Piwi proteins, which
cleave the transcript 10 nt from the 5’ end of the original piRNA
(Brennecke et al., 2007; Gunawardane et al., 2007). This event
generates the 5 end of a new secondary piRNA. These show
a strong bias for adenine at position 10 (10A), complementing
the 1U bias of primary piRNAs (Figures 3A and 3B). Secondary
piRNAs can also generate new piRNAs by recognizing and
cleaving complementary transcripts to regenerate the piRNA
that initiated the cycle. Thus, only secondary piRNAs are en-
riched for 10A. Although piRNAs with the sequence identical to
original primary piRNA can be created during the cycle (following
cleavage by a 10A secondary piRNA), these 1U-biased species
remain reflective of a primary species that initiated the cycle.
Thus, we consider the 1U population to be reflective of primary
piRNA biogenesis.

We investigated the existence of the ping-pong cycle in prena-
tal germ cells and the roles of MILI and MIWI2 in this process.
Tracking a specific feature of ping-pong piRNA pairs, the 10 nt
offset between 5’ ends of piRNAs, showed that both MILI and
MIWI2 participate in the amplification cycle. The most prevalent
signatures indicated MIWI2-MIWI2 and MIWI2-MILI cycles
(Figure 3C).

In Drosophila, Piwi proteins participating prominently in the
ping-pong cycle show piRNA strand specificity (Brennecke
et al., 2007). We tested whether similar characteristics defined
the ping-pong cycle in prenatal testis. Ping-pong pairs in which
the sense strand associated with MILI and antisense with
MIWI2 were more abundant than pairs with the opposite charac-
ter (Figure 3D). Surprisingly, this held true not only for LINE1
piRNAs that are generally asymmetrically distributed in MILI
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and MIWI2 complexes but also for IAP piRNAs that do not
show a protein-dependent strand bias overall.

As was seen for strand orientation, MILI and MIWI2 complexes
also discriminated primary and secondary piRNAs. We calcu-
lated the preference (primary/secondary [P/S] ratio) by taking
the number of piRNAs that show 1U but no 10A bias (primary-
like) and dividing it by the number that show a 10A but no 1U
bias (secondary piRNAs). It should be noted that this approach
ignores all sequences with both 1U and 10A, as these cannot
be assigned to primary or secondary categories. Prenatal piRNAs
are strongly enriched in secondary sequences as compared to
pachytene piRNAs, which appear to be generated exclusively
by primary processing (P/S ratios of 5.13 and 21.2, respectively).
LINE1 and IAP piRNAs showed strong signals for secondary
sequences as compared to exon-derived piRNAs, which, given
a lack of antisense information, must be generated by primary
processing (Figure 3E). MIWI2 complexes were ~2-fold enriched
in secondary piRNAs as compared to MILI. Overall, our data indi-
cate distinct roles for MILI and MIWI2 in the piRNA-processing
pathway. MILI is biased toward primary piRNAs and 1U-contain-
ing piRNAs generated in the ping-pong cycle. MIWI2 is particu-
larly enriched in secondary sequences.

Finally, we probed the correlation between the strand orienta-
tion of transposon piRNAs and their processing category
(primary or secondary). In both MILI and MIWI2 complexes, anti-
sense piRNAs were enriched for secondary sequences. MILI-as-
sociated sense piRNAs had a P/S ratio of 4.46 versus 2.02 for
antisense, and MIWI2-associated sense and antisense piRNAs
had P/S ratios of 2.54 and 1.40, respectively (Figure 3F).

Overall, these data are consistent with a model in which sense
transcripts, most likely mRNAs of active transposons, represent
the major substrate for primary processing and result in piRNAs
associated with MILI. MILI-associated primary sense piRNAs
recognize and cleave transcripts that contain transposon se-
quences in the antisense orientation and generate secondary
piRNAs that join MIWI2 complexes. This is precisely opposite
to the bias observed in Drosophila, in which primary piRNAs
are mostly derived from piRNA clusters and are enriched for
antisense strands while secondary piRNAs are sense.

Ping-pong relationships between MILI and MIWI2 suggest
a need for physical proximity. Colocalization of MILI and MIWI2
was investigated by immunofluorescence in 17.5 dpc germ cells.
Though MIWI2 was mainly present in the nucleus, MIWI2-con-
taining cytoplasmic granules colocalized with or were in close
proximity to MILI-containing granules (Figure 4A). MILI granules
were more abundant as compared to MIWI2 granules, and many
MILI granules did not interact with MIWI2 foci. In miwi2-deficient
cells, MILI localization in cytoplasmic granules did not change
(Figure 4B, lower panel). In contrast, in mili mutants MIWI2 relo-
calized from the nucleus to the cytoplasm, where it was uniformly
distributed rather than concentrating in granules (Figure 4B, up-
per panel). Notably, we detected no MIWi2-associated piRNAs
in Mili mutants (Figure 4C), indicating that MIWI2 remains un-
loaded when MILI is absent. This epistatic relationship between
MILI and MIWI2 supports the proposed directionality of their in-
teraction, wherein MILI initiates the cycle with primary piRNAs
and the production of secondary piRNAs associated with
MIWI2 depends upon the prior existence of these species.
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Figure 3. Ping-Pong Amplification in Prenatal piRNAs

(A) A schematic ping-pong pair is shown. piRNAs generated in the ping-pong cycle are complementary to each other and have a 10 nt offset between their 5
ends. Primary piRNAs have a bias for uridine at position 1 and do not have nucleotide bias at position 10. Secondary piRNAs, generated by primary piRNA guided
cleavage, have a bias for adenine at position 10 and do not have a bias at position 1. Below is an example of an actual ping-pong pair derived from the 5’ repeats of
LINE1-A as shown in (B).

(B) The distribution of MILI- and MIWI2-associated piRNAs is shown across the 5’ repeats of LINE1-A. MILI has a preference for sense piRNAs, while MIWI2 is
bound to both sense and antisense sequences. The most prominent ping-pong pair is indicated by arrow, and its sequences are shown in (A).

(C) The ping-pong interaction between piRNAs associated with each Piwi family member was measured as the number of piRNA pairs that have a 10 nt overlap
between their 5’ ends normalized to the total number of sequences (arbitrary units). Comparison to a control set (overlap at position 2—11) shows that both Piwi
proteins are involved in the ping-pong cycle.

(D) The extent of the ping-pong interaction measured as in (C) was calculated for sense and antisense transposon piRNAs separately.

(E) The ratio of primary (1U, no-10A) to secondary (no-1U, 10A) piRNA was calculated for MILI- and MIWI2-bound piRNAs.

(F) The correlation between strand orientation of transposon-derived piRNA and their processing category is displayed.
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Figure 4. Interaction between MILI and MIWI2 Complexes in Germ
Cells

(A) Colocalization of MILI and MIWI2 granules is shown. Detection of MILI and
MIWI2in 17.5 dpc germ cells was performed in Myc-MIWI2 transgenic animals
using anti-myc and anti-MILI antibodies. Note that MILI granules are smaller
but more numerous as compared to MIWI2 granules.

(B) MIWI2 localization depends on MILI. MIWI2 was detected in 17.5 dpc pre-
natal testes of heterozygous and homozygous mili embryos (upper panels).
MIWI2 is present in the germ cells of mili mutants but almost completely delo-
calizes from the nucleus to the cytoplasm, where it is uniformly distributed.
MILI localization in cytoplasmic granules does not change in miwi2-deficient
animals (bottom panels).

(C) MIWI2-associated piRNA cannot be detected in mili mutants. MILI and
MIWI2 complexes were immunoprecipitated from testis extracts prepared
from 16.5-18.5 dpc heterozygous (+) and homozygous (KO) mili embryos.
Associated small RNA species were labeled using sequential phosphatase/
kinase reactions.

Genomic Origins of Prenatal piRNAs
Derivation from clustered loci in the genome has been a defining
MILI KO feature of piRNAs, and these loci play an important role in piRNA
generation in both Drosophila and vertebrates (Aravin et al., 2006,
2007b; Brennecke et al., 2007; Girard et al., 2006; Lau et al.,
2006). To investigate the genomic origin of prenatal piRNAs, we
searched for unambiguously mapping sequences in close prox-
imity in the genome. Using a threshold value of 10 piRNAs per
kilobase, we identified 3399 clusters, which were ranked by their
relative contributions to piRNA populations. Though the most
prominent cluster gave rise to almost 10% of all uniquely mapped
piRNAs, the individual contribution of each subsequent cluster
dropped dramatically (Figure 5A). Combining all clusters yielded
about 8 Mb of genomic space, which could accommodate only
~50% of all uniquely mapping piRNAs. This suggests fundamen-
tal differences from the pachytene piRNAs (Aravin et al., 2006;
Girard et al., 2006) and even those prepachytene piRNAs that
occupy mili at 10 dpp (Aravin et al., 2007b). In fact, most prenatal
clusters actually represent individual transposons and transpo-
son fragments. Expression from all clusters was eliminated in
mili mutants (Figure 5B).
C MILI IP MIWIZ IP Analyzing the expression of clusters that gave rise to the great-
MILI "+ KO "+ KO’ est numbers of piRNAs indicated developmentally regulated ex-
pression patterns. Only cluster #2 on chromosome 10 persisted
in its expression through day 10 dpp. Interestingly, this cluster
was also highly expressed in ovary (Figure 5B).

Unlike piRNA clusters identified in mammals thus far, six out of
the eight most prominent prenatal clusters generate piRNAs from
both genomic strands (double-strand clusters). This arrange-
ment is very similar to piRNA clusters in Drosophila ovary (Bren-
necke et al., 2007). The two most prominent clusters (#1 chr. 7
and #2 chr. 10) show profound strand asymmetry, with the vast
majority of piRNAs being derived from one genomic strand
(single-strand clusters). As with Drosophila flamenco, these clus-
ters also showed enrichment for similarly oriented transposon
fragments and for the generation of piRNAs that are antisense

<— PiIRNA to transposon mRNAs (Figure 5C). Surprisingly, double-stranded
clusters are not particularly enriched in transposon sequences.
Both single-strand and double-strand clusters produced piRNAs
in MILI and MIWI2 complexes (Figures 5C and 5E). However,
even in double-strand clusters, MILI-bound piRNAs were
strongly biased for one of the two genomic strands (Figure 5E).

MIWI2

MIWI2 KO

MILI
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Size profiles of total cellular piRNAs indicated that single-strand
clusters produced significantly more MILI-bound piRNAs (Fig-
ure 5D), while double-strand clusters contributed to MILI and
MIWI2 complexes equally (Figure 5F).

piRNAs derived from clusters participate in the ping-pong
cycle (data not shown). For cluster-derived piRNAs, MIWI2 re-
mained biased toward secondary piRNAs as compared to MILI
(Figure 5G). Single-strand clusters produced more primary
piRNAs in both MILI and MIWI2 complexes than did double-
strand clusters. Indeed, the P/S ratio of MILI-bound piRNAs
derived from the single-strand cluster on chr. 7 (16.21) was close
to that of pachytene piRNAs (21.2).

If ping-pong amplification operates by interaction of piRNAs
from single-strand clusters with transposon mRNAs in trans,
MIWI2, which is enriched in secondary piRNAs, should contain
more transposon-derived piRNAs than MILI. Indeed, for the
two single-strand transposon-rich clusters (#1 chr. 7 and #2
chr. 10), MIWI2 was particularly enriched in transposon-derived
piRNAs (Figure 5H, left panel). The difference between MILI and
MIWI2 complexes was even more dramatic when strand orienta-
tion was taken into account. For both clusters, MIWI2 was
enriched in piRNAs that match transposons in the antisense
orientation (Figure 5H, right panel). These data indicate that the
ping-pong cycle strongly shapes piRNA populations and
enhances the production of piRNAs that match transposons in
the antisense orientation.

DNA Methylation and Piwi/piRNA Pathway

DNA methylation is critical to stable, epigenetically inherited
silencing of transposons, and this is lost upon mutation of either
MILI or MIWI2 (Aravin et al., 2007b; Carmell et al., 2007; Kuramo-
chi-Miyagawa et al., 2008). DNMT3L, a catalytically defective
member of the DNA methyltransferase family, is essential for
both proper transposon methylation and transposon repression
(Bourc’his and Bestor, 2004). DNMT3L acts together with the
catalytically active de novo methyltransferases DNMT3A and
DNMT3B to establish methylation patterns (Chen et al., 2005;
Gowher et al., 2005; Suetake et al., 2004). We sought to order
MILI and MIWI2 with respect to other pathway components.
Since DNMTS3L acts as a coordinator of methylation activities
in the male germ line, we examined the integrity of the piRNA
pathway in dnmt3L-deficient animals.

We immunoprecipitated MILI from testes of 10 dpp dnmt3L-
deficient animals and their wild-type littermates and found that
piRNAs were still present in mutant animals (Figure 6A). Cloning
and analysis of small RNA libraries showed that the fraction of
LTR and LINE retrotransposon piRNAs increased, while the
fraction of SINE piRNAs decreased in dnmt3L mutants (Fig-
ure 6B, left panel). This was consistent with northern blotting
for an abundant |AP-derived piRNA, which also increased in
abundance in the mutant (Figure 6C).

Several lines of evidence indicated that increases in LTR and
LINE piRNAs might be linked to derepression of these elements
and the increased capacity of transposon mRNAs for entry into
the piRNA pathway. First, LINE and LTR elements lost methyla-
tion and silencing, showed increased expression, and contrib-
uted a greater number of sense piRNAs in dnmt3L mutants. In
contrast, SINEs (B1) were neither affected at the level of DNA

methylation and expression nor contributed increasingly to
piRNA populations in mutant animals (A.A.A. and G.J.H., unpub-
lished data). Moreover, LINE and LTR piRNAs that increased in
dnmt3L mutants corresponded to elements that are close to
consensus and thus potentially expressed under circumstances
in which methylation was lost (Figure 6B, right panel).

As an example, piRNAs derived from IAP elements showed
the greatest change in dnmt3L mutants, and this was mainly
due to a dramatic increase in sense small RNAs (Figures 6C
and 6D). This pattern was also obvious when the distribution of
piRNAs along the IAP consensus was displayed (Figure 6E).
Normally, the ratio of primary to secondary sequences in MILI
complexes decreases after birth and approaches that of
MIWI2 in prenatal germ cells (Figure 6F, compare to Figure 3E).
In dnmt3L-deficient animals, the ratio of primary to secondary
IAP piRNA increased ~6-fold as compared to wild-type. This
strongly supports the model in which mRNAs from IAP elements,
which show increased expression in dnmt3L mutants, flow into
the piRNA pathway as a source of primary piRNAs.

Considered, these data support a model in which the piRNA
pathway acts upstream of DNMT3L, and consequently DNMT3A
and DNMT3B, to help establish patterns of DNA methylation on
repeat elements. This interpretation rests on the observation that
while mutations in methyltransferase family members impact cy-
tosine methylation, they leave the piRNA pathway largely intact,
affecting only the composition of small RNA populations in
a manner that can be rationalized by the impact of loss of meth-
ylation on transposon expression. In contrast, loss of the piRNA
pathway prevents the recognition and silencing of potentially
active transposons by the DNMT3L pathway.

DISCUSSION

Dynamic Expression of Piwis and piRNAs
The mouse genome encodes three Piwi proteins. MIWI is ex-
pressed beginning at the pachytene stage of meiosis (Deng
and Lin, 2002) and together with MILI binds to nonrepetitive
pachytene piRNAs whose function remains unknown (Aravin
et al., 2006; Girard et al., 2006). MIILI is expressed very early in
germ cell development and persists through the completion of
meiosis. Deficiency in either MILI or MIWI2 causes increased
transposon expression and similar defects in meiosis and germ
cell survival (Aravin et al., 2007b; Carmell et al., 2007; Kuramo-
chi-Miyagawa et al., 2008), suggesting their cooperation in the
same pathway. Results reported herein support an intimate
connection between MILI and MIWI2 in transposon control.
MIWI2 protein had not previously been detected, leaving its
developmental expression profile and subcellular localization
unknown. We found that both MILI and MIWI2 are expressed
in prospermatogonia during embryogenesis. MILI can be de-
tected in both male and female germ cells starting at 12.5 dpc,
soon after PGCs arrive at the embryonic gonad, and continues
to be expressed after birth throughout both oogenesis and sper-
matogenesis. In contrast, miwi2 expression can be detected ex-
clusively in male germ cells in a window from 15 dpc to soon after
birth. The timing of miwi2 expression precisely corresponds to
the stage of cell-cycle arrest when prospermatogonia establish
de novo methylation patterns (Lees-Murdock et al., 2003;
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Trasler, 2006; Walsh et al., 1998). Furthermore, it coincides with
the time when expression of LINE1 elements (Trelogan and Mar-
tin, 1995) and an IAP transgene (Dupressoir and Heidmann,
1996) can be detected in wild-type testes. Overall, our data
show that two Piwi members are coexpressed in primordial
male germ cells at the moment that is critical for establishing epi-
genetically stable silencing of mobile elements.

Developmental profiling revealed unexpectedly dynamic
piRNA populations. Previously we reported that the expression
of abundant, repeat-poor piRNAs, pachytene piRNAs, during
meiosis is preceded by the appearance of another transposon-
enriched piRNA population, prepachytene piRNAs (Aravin
et al., 2007b). Here we showed that the composition of the
prepachytene piRNA pool changes throughout development,
even though at least one binding partner, MILI, is expressed
throughout the entire window examined. Changes are observed
in the types of transposons targeted, the strand bias of popula-
tions, the distribution of piRNAs along transposon consensus
sequences, and the degree to which primary and secondary
piRNAs populate the pathway.

It is likely that the dynamics of piRNA populations reflect
a complex interplay between the expression of Piwi proteins,
transposable elements, and piRNA clusters. Particularly, we
note a switch from the “MILI/MIWI2” ping-pong cycle that oper-
ates before birth to one containing MILI alone after birth. Since
amplification of piRNAs in the ping-pong loop depends on the
presence of transcripts from active elements, piRNA populations
should be greatly influenced by the expression level of transpo-
sons. Accordingly, we found the highest fraction of LINE and
IAP-derived piRNAs at 16.5 dpc, the time at which both elements
are actively expressed (Dupressoir and Heidmann, 1996; Trelo-
gan and Martin, 1995). Finally, the expression of piRNA clusters
changes during development. The majority of clusters ex-
pressed in prenatal testes no longer produce piRNAs postna-
tally, at which point a different set of clusters predominates.
Overall, our data highlight the highly dynamic nature of piRNA
populations that are shaped to provide an adequate response
to active transposable elements.

The piRNA Ping-Pong Cycle
Analysis of piRNA sequences in both flies and mouse indicates
the existence of two classes of piRNAs, primary and secondary
(reviewed in Aravin et al., 2007a). Most primary piRNAs in Dro-
sophila are antisense to transposons and are derived from few
large piRNA clusters that contain a diversity of transposon frag-
ments (Brennecke et al., 2007). In mice, during prenatal develop-
ment, the situation appears to be quite different. We find that
primary piRNAs in mouse are predominantly sense oriented
with respect to transposon transcripts and appear to derive
mainly from transposon mRNAs instead of from piRNA clusters.
The processing of primary piRNAs from transposon mRNAs is
supported by several observations. Primary LINE1 piRNAs are
biased toward the 5’ end of this element, suggesting that they
are generated from transcripts of active full-length LINE1
elements; the majority of LINE1 fragments in the genome are
inactive, 5’ truncated copies (Kazazian, 2004). Furthermore,
increases in sense, primary IAP piRNAs are observed in dnmt3L
mutants that derepress these elements. These observations
indicate that transposon mMRNAs can be efficiently used as
substrates for primary piRNA processing. Though long piRNA
clusters do exist in mouse prenatal germ cells, dispersed trans-
poson copies outweigh their contribution to the system.
Currently, it is unclear how transposon transcripts are distin-
guished from cellular mMRNAs as an input into the piRNA system.
An alternative hypothesis is that they are indeed not distin-
guished but that the transcriptome is instead essentially sam-
pled at random, with only those sequences that encounter com-
plimentary antisense transcripts truly engaging the pathway and
increasing their relative abundance through a ping-pong cycle.
This hypothesis is supported to some degree by the prevalence
of piRNAs from exons of normal protein-coding genes. These
genic piRNAs are almost exclusively primary and might be con-
sidered as by-products of a random sampling of transcriptome
for piRNA generation. In contrast, piRNAs from transposon-
poor double-stranded piRNA clusters might represent by-prod-
ucts of the ping-pong amplification acting on loci in the genome
that happen to be transcribed bidirectionally. In this case,

Figure 5. Genomic Origins of Prenatal piRNAs

(A) Prenatal MIWI2 piRNA clusters were identified by scanning the genome using a 1 kB sliding window to find loci that produce at least 10 uniquely mapped
piRNAs per kB. More than 3000 piRNA clusters were thus identified and arranged by the number of uniquely mapped piRNAs that they produce from left to right.
Shown are the genomic size of each cluster (black diamonds) and the cumulative fraction of piRNAs contributed by clusters (red curve).

(B) Expression patterns and features of the eight most prominent piRNA clusters. Expression is calculated as a fraction of cluster-derived piRNAs in total RNA
populations normalized for expression level at 16.5 dpc. Also shown is the genomic strand orientation of piRNAs produced by each cluster (strand asymmetry)
and the fraction of cluster-derived piRNAs that matches the antisense strand of transposons. piRNA density and size profiles of piRNAs for clusters #1 and #3 are
shown in (C) and (D) and (E) and (F), respectively.

(C) piRNA density is shown for the most prominent piRNA cluster (chr. 7, 6526000-6612000). The cluster spans ~70 kB and is enriched in transposon sequences
(LINE and LTR). The majority of transposons are located on the plus genomic strand, and piRNAs are exclusively derived from the minus strand. Therefore, the
majority of cluster-derived piRNAs are antisense to transposons.

(D) The size profile of piRNAs derived from cluster #1 is shown.

(E) piRNA density is plotted for cluster #3 (chr. 8, 48701000-48723000). This cluster is not significantly enriched in transposon sequences.

(F) The size profile of piRNAs derived from cluster #3 is shown.

(G) Processing features are displayed for piRNAs derived from clusters. The ratio of primary (1U, no-10A) to secondary (no-1U, 10A) piRNAs is shown for total
MILI- and MIWI2-bound populations and for piRNAs uniquely mapped to two piRNA clusters (#1, single-strand, [C], and #3, double-strand, [E]). For the double-
strand cluster #3, the ratio of primary to secondary piRNAs in both complexes is similar to that of total population. For the single-strand cluster #1, both MILI and
MIWI2 are enriched in primary piRNAs.

(H) Shown are fractions of repeat-derived piRNAs (left panel) and their sense/antisense ratio (right panel) for the two most prominent piRNA clusters. The genomic
sequences of both clusters are enriched in transposable elements. The expected level of repetitive piRNAs and their sense/antisense ratios are shown (red line) if
cluster sequences are randomly sampled.
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Figure 6. Links between the DNA Methylation and piRNA Pathways

(A) MILI-piRNA complexes were immunoprecipitated from testes of 10 dpp wild-type and dnmt3L knockout animals, and isolated RNAs were 5’ labeled.

(B) piRNA populations were analyzed in dnmt3L mutants. piRNAs isolated from MILI complexes shown in (A) were cloned, sequenced, and annotated. Shown are
the annotation (left panel) and genomic mapping (right panel) for RNAs from wild-type and dnmt3L mutants.

(C) Northern hybridization with LNA probe to detect an abundant IAP sense piRNA in 10 dpp testes of wild-type and dnmt3L KO mice. Hybridization with let-7

miRNA was used as a loading control.

(D) The fraction of sense and antisense IAP piRNAs is shown for wild-type and dnmt3L mutant libraries.
(E) The distribution of piRNAs on the IAP retrotransposon consensus is shown for MILI complexes from wild-type and dnmt3L mutant animals.
(F) Primary and secondary IAP piRNA in dnmt3L mutants. Shown is the ratio of primary (1U, no-10A) to secondary (no-1U, 10A) piRNAs in the indicated libraries.

complementary transcripts are readily available in cis, allowing
robust operation of the ping-pong cycle in the absence of tran-
scripts in trans.

Overall, our data indicate that in mouse the initiating input for
the ping-pong cycle is different than in Drosophila. In mouse, pri-
mary processing of mMRNAs of active elements generates sense
piRNAs that start the cycle, while in Drosophila primary piRNAs

are often antisense to transposons and are processed from
few specialized piRNA clusters (Figure 7). Recognition of trans-
poson mMRNAs as a source for primary processing and an inde-
pendence from piRNA clusters might allow greater flexibility in
response to expansion of transposable elements in mammals.
However, it also poses the problem of how transposons are
distinguished from host genes.
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Specialized Functions of MILI and MIWI2 Proteins

Both the content of their associated piRNA populations and their
intracellular location suggest that MILI and MIWI2 play quite spe-
cialized roles in the piRNA pathway and in transposon silencing.
Several lines of evidence suggest that MILI might be the principal
recipient of piRNAs generated by the primary processing mech-
anism. MILI complexes are enriched for 1U-containing species,
and exonic piRNAs for which no ping-pong partners are found
populate MILI complexes almost exclusively. Single-strand clus-
ters, which appear to be processed mainly by the primary mech-
anism, contribute disproportionately to MILI. Finally, MILI seems
to act upstream of MIWI2, consistent with its being a recipient of
primary piRNAs.

Subcellular compartmentalization of these proteins also sup-
ports functional specialization. MIWI2 is found predominantly
in the nucleus, while MILI is cytoplasmic. The impacts of muta-
tions in this cytoplasmic family member on DNA methylation
can be explained by downstream effects on MIWI2. Indeed,
we found that MIWI2 lacks piRNA partners and is lost from the
nucleus in MILI mutants. A subset of MIWI2 is cytoplasmic and
is found in or near MILI-containing granules. This colocalization
is consistent with MILI and MIWI2 acting as partners in the

ping-pong cycle.

Interactions between Piwi/piRNA and Chromatin/DNA
Methylation Pathways

During the development of PGCs into prospermatogonia, meth-
ylation on mobile elements is erased and re-established (Trasler,
2006). We and others previously showed that mutation of either
MIWI2 or MILI results in substantial demethylation and derepres-
sion of IAP and LINE1 elements (Aravin et al., 2007b; Carmell
et al., 2007; Kuramochi-Miyagawa et al., 2008). Results pre-
sented here implicate these proteins in establishment rather
than in maintenance of methylation patterns and support the
idea that piRNAs serve as guides that direct the DNA methylation
machinery to transposon sequences. This conclusion is sup-
ported not only by the nuclear localization of MIWI2 at the critical
time when methylation patterns are established but also by indi-
cations from small RNA sequencing that both MILI and MIWI2
act upstream of DNMT3L, which in turn acts upstream of the
de novo methyltransferases DNMT3A and 3B.

Overall, our data can be synthesized into a model (Figure 7) in
which loading of MIWI2 complexes with piRNAs depends on
MILI function. This occurs through a ping-pong cycle that func-
tions in cytoplasmic granules reminiscent of nuage and results
in MIWI2 becoming enriched in antisense piRNAs targeting
active elements. MIWI2 likely shuttles between the cytoplasm,
where it acts in the ping-pong cycle, and the nucleus, where
the majority of protein appears. Here it may recognize chroma-
tin-bound nascent primary transcripts from active elements.
Using coimmunoprecipitation from embryonic testes, we did
not detect interaction between MIWI2 and de novo methyltrans-
ferases, Dnmt3a and Dnmt3b (data not shown); therefore, it is
unlikely that piRNA-containing complexes directly bring DNA
methyltransferases to their targets. With reference to pathways
that are becoming increasingly well understood, particularly in
S. pombe (Verdel and Moazed, 2005), piRNA complexes, bound
to nascent transcripts, may simultaneously cleave those RNAs
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Figure 7. A Comparison of Ping-Pong Amplification in Mouse
and Fly

The mouse (A) ping-pong cycle is reversed as compared to Drosophila (B). In
Drosophila, primary processing of long transcripts derived from piRNA clusters
produces both sense and antisense piRNAs that enter a ping-pong cycle that
involves AGO3 and AUB. AGO3 primarily binds sense secondary piRNAs,
and AUB binds primary antisense piRNAs. In mouse piRNA, clusters are not
the major source of primary piRNAs (Figure 5A). mRNAs of active transposable
elements likely represent the substrate for primary processing resultingin sense
piRNAs that preferentially associate with MILI. In prenatal testis, both MILI and
MIWI2 participate in the amplification cycle. MIWI2 is specifically enriched in
secondary antisense piRNAs as compared to MILI. Antisense piRNAs guide
DNA methylation of transposable elements sequences in the nucleus, probably
through recognition of nascent transposon transcripts. After birth, when MIWI2
is no longer expressed, MILI continues to operate the cycle alone. If DNA meth-
ylation of transposon sequences is impaired due to downstream mutations in
methyltransferase proteins, overexpression of transposon transcripts boosts
primary processing and increases the fraction of primary sense piRNAs.
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and recruit chromatin-modifying enzymes to establish epigenet-
ically stable repression marks that eventually lead to de novo
DNA methylation. However, the precise pathway through which
small RNAs act to induce the deposition of methylation marks
remains a mystery at present.

EXPERIMENTAL PROCEDURES

Animals and Transgenic Constructs

CD-1 wild-type mice were purchased from Charles River Lab. The miwi2 and
dnmt3L knockout strains are described in Carmell et al. (2007) and (Bourc’his
and Bestor (2004), respectively. The mili knockout strain was obtained from
Haifan Lin (Yale University) and is described in Kuramochi-Miyagawa et al.
(2004). Transgenic animals expressing tagged MILI and MIWI2 were produced
by BAC recombineering (see the Supplemental Data).

Antibodies

Rabbit polyclonal antibodies against MILI were described in Aravin et al.
(2007b). Synthetic peptides (N-MSGRARVRARGIC-C and N-GITTGHSARE
VGRSSRDC-C) were used to raise rabbit polyclonal antibodies against MIWI2.

MILI and MIWI2 Detection
To detect GFP-fused MILI and MIWI2, dissected testes were fixed for 10—
15 min in 4% paraformaldehyde in PBS, washed in PBS, and mounted in 30%
glycerol in PBS. For immunofluorescence, testis were fixed in either Bouin’s
solution or 4% paraformaldehyde (for details, see the Supplemental Data).
Simultaneous detection of MILI and MIWI2 in germ cells was performed
using slides prepared from 3xMyc-MIWI2 transgenic animals using anti-myc
(clone 4A6, Upstate) and anti-MILI antibodies.

Small RNA Libraries

MILI and MIWI2 ribonucleoprotein complex immunopurification, RNA isola-
tion, library construction, and annotation were performed as described previ-
ously (Aravin et al., 2007b). For ovarian libraries, 24-33 nt total RNA was
isolated from ovaries dissected from CD1 females.

ACCESSION NUMBERS

Sequences reported in this manuscript are available in the Gene Expression
Omnibus under accession number GSE12757.

SUPPLEMENTAL DATA

The Supplemental Data include Supplemental Experimental Procedures, two
figures, and one table and can be found with this article online at http://
www.molecule.org/cgi/content/full/31/6/785/DC1/.
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