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Abstract

The role of RNA interference (RNAI) in post-transcriptional regulation of complementary targets
is well known. However, less is known about transcriptional silencing mechanisms mediated by
RNAI. Such mechanisms have been characterized in yeast and plants, which suggests that similar
RNA silencing mechanisms might operate in animals. A growing amount of experimental
evidence indicates that short RNAs and their co-factor Argonaute proteins can regulate many
nuclear processes in metazoans. PIWI-interacting RNAs (piRNAS) initiate transcriptional
silencing of transposable elements, which leads to heterochromatin formation and/or DNA
methylation. In addition, Argonaute proteins and short RNAs directly regulate Pol Il transcription
and splicing of euchromatic protein-coding genes and also affect genome architecture. Therefore,
RNAI pathways can have a profound global impact on the transcriptional programs in cells during
animal development. This article is part of a special issue entitled: Chromatin and epigenetic
regulation of animal development.

1. Introduction

The discovery of RNA interference (RNAI) [1] and other related RNA silencing phenomena
[2-7] as well as the characterization of different classes of small non-coding RNAs has
radically changed the way we think about the role of RNA in gene regulation. Although the
idea of non-coding RNAs as regulators of gene expression is not recent [8], appreciation of
their fundamental role in many biological processes was only achieved after the emergence
of new RNA-based silencing phenomena and rigorous biochemical studies. Most of the
RNA-mediated gene silencing phenomena include a double-stranded RNA (dsSRNA)
intermediate, which is processed by the RNase I11 enzyme Dicer into short interfering RNAs
(SiRNAS) ranging from 18 to 32 nucleotides (nt). These siRNAs are loaded onto Argonaute
proteins, which serve as the catalytic component of the RNA-induced silencing complex
(RISC). The catalytic domain of the Argonaute proteins allows them to cleave an RNA
target (slicer activity) in cases when there is perfect complementarity between the loaded
SiRNA and their RNA target (reviewed in [9]). sSiRNAs can be directly transfected into the
cell, produced by Dicer processing of exogenous dsSRNA, or even generated endogenously.

RNA silencing processes are widely conserved in eukaryotes. In animals, there are three
major endogenous classes of short RNAs: microRNAs (miRNAS), PIWI-interacting RNAs
(piRNAS) and endogenous short interfering RNAs (endo-siRNAS) (Fig. 1). miRNAs are
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generated from longer primary precursor molecules that are sequentially processed by the
RNase 111 enzymes Drosha and Dicer and are involved in a wide variety of biological
processes (reviewed in [10]). miRNAs are mostly known to act at the post-transcriptional
level and to negatively regulate their messenger RNA (mMRNA) targets (reviewed in [11]).
piRNAs are short RNAs associated with the PIWI subfamily of Argonaute proteins; they are
mostly expressed in the germline and mainly act to repress parasitic elements, such as
transposons (reviewed in [12, 13]). The endo-siRNAs are a recently discovered class of
short RNAs; they can be antisense to protein-coding transcripts or can be derived from
pseudogenes and intergenic regions. endo-siRNAs can regulate the expression level of
protein-coding genes and transposons [14—22]. The mechanisms used by these three classes
of short RNA to regulate their targets are still being investigated, although they are mostly
known to act at the post-transcriptional level. However, a growing amount of experimental
evidence is changing this view, and one of the most intriguing possibilities is that short
RNAs and their co-factor Argonaute proteins also act in the nucleus and induce epigenetic
chromatin changes. Previous studies in yeast (reviewed in [23]) and plants (reviewed in
[24]) have already characterized the connection between the RNA silencing machinery and
chromatin, opening the possibility that similar mechanisms exist in the animal kingdom.

In this Review, we discuss the main findings that highlight the new roles of short RNAs in
different nuclear processes, such as transcriptional gene silencing (TGS), induction of
epigenetic chromatin modifications, and regulation of RNA Polymerase 11 (Pol I1)
transcription and splicing. We first describe studies in which exogenous RNAI has been
used for the investigation of nuclear functions of Argonaute/siRNA complexes. Next, we
discuss the endogenous nuclear functions of the three major short RNA classes: the role of
miRNAs in inducing transcriptional gene silencing, the role of piRNAs in transcriptional
silencing and heterochromatin formation, and possible new functions of endo-siRNA/
Argonaute complexes in different nuclear and chromatin processes. Discussions of the
nuclear function of specific short RNAs in different animal models, such as Caenorhabditis
elegans, Drosophila and mouse, are presented separately in order to provide a better
comparison of similar mechanisms in different species.

2. Exogenous short RNAs in TGS

2.1 siRNA-induced TGS in mammalian cells

The best known examples of siRNA-induced TGS come from yeast and plants, where it has
been shown that siRNAs associated with Argonaute proteins can recruit chromatin
modifying enzymes or DNA methyltransferases and contribute to the formation of
heterochromatin and/or repression of transposable elements (reviewed in [23, 24]). The
molecular mechanisms of siRNA-induced TGS in these systems are well characterized and
have encouraged many researchers to find parallel RNAi mechanisms in metazoans. The
experimental approach, which has been extensively used in mammalian cell culture to prove
the existence of siRNA-induced TGS, is the use of exogenous siRNAs directed against
specific regulatory DNA regions, such as promoters.

In general, either activation or repression can occur in response to SiRNAs matching the
promoter and repression occurs in response to siRNAs targeting the 3' end of a gene. Morris
and colleagues first tested whether TGS can be induced in mammalian cells by using
siRNAs complementary to the promoter region of a transgene [25]. An integrated
transcriptional reporter with an endogenous promoter fused to a Green fluorescent protein
(GFP) sequence was used, and after introducing siRNAs targeting promoter sequences, the
authors observed a decrease in the fluorescence signal from the reporter gene [25]. The level
of the reduction in the GFP signal was similar to the reduction obtained using SiRNAs
targeting the GFP coding sequence. Nuclear run-on assays demonstrated that silencing
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occurred at the transcriptional level and appeared to depend on DNA methylation [25], a
known epigenetic modification associated with transcriptional silencing. A similar effect
was also observed using siRNAs targeting the promoter of an endogenous gene [25]. In a
different study transfection of siRNAs complementary to promoter regions also induced an
increase in epigenetic chromatin marks associated with gene silencing, such as methylation
of lysine 27 of histone H3 (H3K27me) and methylation of lysine 9 of histone H3 (H3K9me)
[26]. However, these initial studies did not show a direct connection between the exo-
siRNAs and the RNAi silencing machinery. Subsequent works have demonstrated the
involvement of Argonaute proteins in this process [27, 28]. In particular, only two of the
four human Argonaute proteins (AGO1 and AGO2) were shown to induce TGS [27, 28].
Moreover, Chromatin Immunoprecipitation (ChIP) experiments have shown that AGO
proteins and Polycomb group complex components, which promote H3K27me, bind to the
promoter of the silenced reporter or to the endogenous genes targeted by siRNAs [27, 28]. In
another case, siRNAs targeting the promoter of the endogenous gene c-myc were shown to
recruit AGO2 and to silence the expression of the gene without inducing H3K27me and
H3K9me [29]. The silencing of c-myc was associated with a reduction in the formation of
the pre-initiation complex (PIC). Therefore, the reports described above suggest that SIRNAs
targeting promoter sequences can induce TGS through multiple mechanisms. Surprisingly,
two other studies have shown that siRNAs targeting different endogenous promoters were
able to activate the corresponding genes after recruitment of AGO2 [30, 31]. The work by
Schwartz et al. provided a plausible explanation of these contradictory results by showing
that transfection of siRNASs targeting promoter regions leads to an activating or repressive
effect on gene expression depending on the basal transcription level and on the factors
bound to the promoter of the targeted gene [32]. Moreover, it was shown that Argonautes
localize to the promoter regions through interaction with antisense transcripts, which extend
to the promoter regions of the target genes [32]. The binding of the Argonaute/siRNA
complex to the promoter antisense RNA leads to the displacement of factors already
recruited to the promoter [32]. Therefore, depending on the factors that are already present
at the promoter, siRNAs can induce different effects on transcription of the target gene.
Finally, the use of sSiRNAs targeting the 3' end of the gene can also induce TGS [33].

Taken together, these studies suggest that some Argonaute proteins and their associated
siRNAs may enter into the nucleus and interfere with the transcriptional apparatus and other
protein complexes associated with promoters. Given the widespread antisense transcription
in mammalian genomes [34, 35] and the peculiar feature of bi-directional Pol Il transcription
at the promoters of human genes (reviewed in [36]), it is reasonable to expect that
endogenous Argonaute/siRNA complexes may be tethered to the antisense transcripts and
regulate endogenous genes by mechanisms similar to the those described for siRNA-induced
TGS or activation.

2.2 Exogenous RNAI in Caenorhabditis elegans

The first evidence of TGS in C. elegans was reported in worms containing a repetitive
transgene carrying an intestinal GFP reporter, which became silenced if nematodes were
subjected to RNAI induced by feeding bacteria with a plasmid expressing GFP dsRNA [37].
Surprisingly, the silencing of the GFP reporter occurred even if the plasmid used for RNAI
contained only the backbone sequence identical to that of the transgene [37]. The authors
demonstrated that the silencing of the somatic transgene occurred at the transcriptional level,
since it was associated with a decrease in pre-mRNA levels and a reduction in Pol |1
occupancy and histone acetylation on the transgenic array [37]. A candidate RNAI screen
identified the requirement of chromatin-associated proteins and known RNAI factors for this
form of TGS [37]. However, the exact mechanism of dsSRNA-induced TGS of repetitive
transgenes in somatic tissues of C. elegans is not fully understood.
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In order to identify specific nuclear RNAI factors, Kennedy and colleagues performed a
forward genetic screen for mutants affecting dsRNA-induced silencing of a nuclear
multicistronic RNA [38]. They have identified fifty-five nuclear RNAi defective (nrde)
mutant alleles. Forty-six of these alleles matched to the nrde-3 gene, which encodes an
Argonaute protein required for nuclear RNAI silencing [38]. The nuclear localization of
NRDE-3 was necessary for silencing and required its interaction with siRNAs. Moreover,
NRDE-3-associated exo-siRNAs targeted the NRDE-3/siRNA complex to the
complementary nuclear pre-mRNA [38]. Therefore, the exo-siRNAs induced NRDE-3
translocation from the cytoplasm to the nucleus, where it silenced pre-mRNA targets in a
sequence-specific manner [38]. Notably, NRDE-3 is naturally localized to the somatic nuclei
and is bound by endo-siRNAs, which suggests an endogenous nuclear function [38]. Studies
of the other nrde genes led to the genetic and molecular dissection of the NRDE pathway
[39, 40]. NRDE-2 physically interacts with NRDE-3 and is recruited to the target nuclear
pre-mRNA in an NRDE-3/exo-siRNA-dependent manner [40]. The recruitment of NRDE-2
to the target nuclear pre-mRNA induces H3K9me3 and a decrease in Pol Il occupancy on
the target locus [40]. Moreover, nuclear run-on experiments demonstrated that nuclear RNAI
interferes with elongating Pol 1l on the target gene [40]. NRDE-1 functions downstream of
NDRE-3/2 and localizes to the target nuclear pre-mRNA in a NRDE-3/2-exo-siRNA-
dependent manner [39]. NRDE-1 also localizes to the chromatin and promotes RNAI-
directed H3K9 methylation. NRDE-4 functions downstream of the NRDE-1/2/3 interaction
with nuclear mRNA target and is not required for this process [39]. NRDE-4 binds to
chromatin and mediates recruitment of NRDE-1 to the target locus [39]. The compelling
molecular characterization of the NRDE pathway sheds light on the first step in RNAI-
induced TGS. Moreover, it was recently demonstrated that the H3K9me3 signal induced by
dsRNA at several loci persisted for two generations after the dsSRNA induction [41]. The
dsRNA-induced H3K9me3 signal was shown to spread up to 11 kb away from the dsSRNA
trigger region in an NRDE-2-dependent manner [41]. In addition, the germline-specific
nuclear Argonaute HRDE-1/WAGO-9 has been implicated in a multigenerational germline
TGS through the NRDE pathway and H3K9me [42] (see also section 4.3).

2.3 Transgene-induced TGS and heterochromatin silencing in Drosophila

Early studies in Drosophila have also suggested an interesting connection between TGS and
the RNAI machinery [5, 6, 43]. Introduction of multiple copies of a transgene containing the
promoter of the white gene fused to the Alcohol dehydrogenase (Adh) gene (w-Adh) led to
the progressive copy number-dependent silencing of the transgene together with the
silencing of the corresponding endogenous adh gene [5]. The silencing effect was partially
dependent on the chromatin-binding repressive Polycomb Group (PcG) proteins, suggesting
the involvement of a transcriptional silencing mechanism [5]. Indeed, the use of nuclear run-
on assay demonstrated that the silencing occurred at the transcriptional level [6].
Interestingly, loss-of-function of the Piwi Argonaute protein impaired the transcriptional
silencing effect [6]. The involvement of Piwi suggested a possible role for RNA silencing in
other known TGS phenomena, such as position effect variegation (PEV) (reviewed in [44]).
PEV occurs when a euchromatic gene is silenced after having been moved next to
heterochromatin. Several factors associated with heterochromatin, including
heterochromatin proteins 1 and 2 (HP1 and HP2) and a H3K9 methyltransferase, are
required for PEV [44]. As suspected, Piwi and other proteins involved in RNA-mediated
silencing, such as Aubergine and Spindle-E, were also implicated in PEV [43]. Moreover,
using immunofluorescence staining of methylated H3K9 and HP1 on polytene chromosomes
it was shown that inactivation of piwi, aubergine or spindle-E caused a reduction in H3K9
methylation level and a redistribution of HP1 protein [43]. It is notable that the RNAI
components described in the above studies were later associated with the endogenous
piRNA pathway and therefore suggest a possible link between piRNAs and TGS (see
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section 4.4). A further connection between the RNAi machinery and transgene-induced TGS
has been revealed by the Cavalli group [45]. This study used transgenes containing two
copies of the fab-7 boundary element, which contains an insulator and a core Polycomb
Response Element (PRE), fused to a reporter gene. Upon integration into the Drosophila
genome, the transgene was silenced by the PcG proteins [45]. Surprisingly, this silencing
also required the activity of RNAI components, such as Dicer2, Piwi and Argonautel [45].
Mutations of these RNAI genes did not affect the recruitment of PcG proteins to the fab-7
boundary elements but compromised the maintenance of long-distance chromosomal
interactions between transgenic and endogenous fab-7 [45]. Moreover, another study also
showed that RNAI factors, and particularly AGO2, contribute to the interaction between the
two transgenic mep boundary elements [46]. The effect of RNAI factors on chromosomal
pairing has also been observed for some other known endogenous PRE sites, which suggests
a possible role for the RNAI pathway in mediating long-distance chromosomal interactions
between PcG targets [45]. A compelling review on the topic of chromatin insulators is
presented in this issue (Matzat, L.H. and Lei, E.P., Surviving an Identity Crisis: A Revised
View of Chromatin Insulators in the Genomics Era).

3. miRNAs in TGS

miRNAs are a well characterized class of short RNA molecules involved in the regulation of
MRNA targets at the post transcriptional level [11]. However, we cannot exclude the
possibility that miRNAs also regulate their targets at the transcriptional level. Indeed, Kim et
al. [47] described such a role for miR-320, which is encoded within the promoter region of
its proximal gene POLR3D. Inhibition of this miRNA in tissue culture led to the
upregulation of the POLR3D gene, and silencing of POLR3D by miR-320 likely occurred at
the transcriptional level [47].

A more compelling study investigated the role of AGO2 and miRNAs in TGS during
cellular senescence [48]. The authors compared genome-wide chromatin localization of
Argonaute proteins in pre-senescent and senescent cells. The genomic regions bound by
Argonaute proteins in senescent cells corresponded to the promoters of genes negatively
regulated by the retinoblastoma complex during cellular senescence [48]. It was shown that
during cellular senescence AGO2 was localized to the nucleus and its binding to some
retinoblastoma-repressed promoters correlated with an increase in H3K9me and H3K27me
levels and a reduction in methylation of lysine 4 on histone H3 (H3K4me) at these
promoters [48]. Conversely, upon AGO2 knock-down a reduction in H3K27me levels and
the reactivation of the target genes was observed [48]. Interestingly, the overexpression of
AGO?2 in pre-senescent cells induced a proliferative arrest with features of senescence [48].
Notably, deep sequencing of miRNAs associated with Argonaute during cellular senescence
has revealed some candidate miRNAs that may act to recruit AGO2 to the promoters of the
target genes [48]. One AGO?2 target gene appears to be repressed by let-7 miRNA family
targeting the promoter sequence, which opens the possibility that other miRNAs may
regulate target genes at the transcriptional level at specific physiological conditions [48].
Lastly, a recent paper demonstrated that a human paralog of GW182 proteins, which play an
important role in mMiRNA-mediated gene silencing, can translocate to the nucleus where it
can interact with AGO2 and miRNAs [49]. Therefore, there is a growing experimental
validation for the possibility of miRNA function in the nucleus.

4. The role of piRNAs in the nucleus

piRNAs are short RNAs physically associated with the PIWI subfamily of Argonaute
proteins [13]. They range in size from 21nt to 33nt with a strong preference for 5' uridine
[50]. piRNAs are produced from a discrete limited number of genomic clusters and their
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biogenesis is Dicer-independent [50]. Most of the PIWI proteins are involved in germline
development [51] where they also act to repress transposable elements [50]. Here, we
mainly discuss the nuclear role of piRNAs in transcriptional silencing and highlight the
differences and similarities in the silencing mechanisms in different animal species (Fig. 2).

4.1 Mouse piRNAs and DNA methylation

There are three PIWI family proteins in mouse: MIWI, MILI and MIWI2. They are
developmentally regulated during spermatogenesis and bind distinct piRNA populations at
different stages of germ cell development [50]. MILI binds both pre-pachytene piRNAs and
the meiotic pachytene piRNAs [52, 53]; MIWI2 is specifically loaded with pre-pachytene
piRNAs [52]; MIWI is loaded with meiotic pachytene piRNAs [54, 55]. The pachytene
piRNAs are largely depleted of transposon sequences and are produced from distinct
intergenic genomic clusters [53, 54]. Their molecular functions and the biologically relevant
targets have not been elucidated. However, a small fraction of pachytene piRNAs targeting
repetitive elements can guide MIWI to silence transposons at the post-transcriptional level
[56]. A piRNA-independent function for MIWI has also been proposed [57].

The majority of the pre-pachytene piRNAs derive from repetitive elements [52, 53], and
MIWI2 and MILI function with pre-pachytene piRNAs to repress transposons during
spermatogenesis [53, 54]. In mammals, silencing of transposons during spermatogenesis
occurs via de novo DNA methylation generated by the DNA methyltransferase 3-like
protein DNMTS3L [58]. Deficiencies in either MIWI2 or MILI proteins correlate with a
decrease in DNA methylation of transposable elements [53, 54, 59]. Moreover, miwi2 and
mili mutants display a phenotype similar to dnmt3L mutant mice [53, 54, 59]. These lines of
evidence led to the hypothesis that pre-pachytene piRNAs associated with MIWI2 and MILI
serve as sequence-specific guides, which direct the DNA methylation machinery to the
transposable elements [53, 59]. MIWI2 is localized to the nucleus during the time when
DNA methylation is established and sequencing of piRNAs isolated from MILI complexes
in the dnmt3L mutant mice has not revealed depletion of piRNAs, which suggests that both
MIWI2 and MILI act upstream of DNMT3L to promote de novo DNA methylation of
transposable elements [52]. Therefore, one of the roles of the piRNA pathway in mice is to
silence transposons via de novo DNA methylation. Nonetheless, the molecular connection
between the piRNAs and the DNA methylation machinery has not been elucidated yet.

4.2 Connection between neuronal piRNAs and DNA methylation in Aplysia

A recent work by Kandel, Tuschl and co-workers provides evidence that the Piwi protein
and piRNAs are expressed in the central nervous system (CNS) and other somatic tissues of
Aplysia [60]. Piwi is predominantly localized to the nuclei of Aplysia neurons, and deep
sequencing of piRNAs showed their distinct genomic clusters [60]. Importantly, the authors
identified abundant piRNAs upregulated in response to the exposure to the neurotransmitter
serotonin (5HT), which is essential for learning and memory processes [60]. The
knockdown (KD) of piwi revealed the upregulation of the transcription factor CREB2,
which is involved in the regulation of synaptic plasticity [60]. The promoter of CREB2
becomes methylated at a CpG island upon exposure to 5HT. Strikingly, the 5SHT-induced
CpG methylation of the CREB2 promoter was impaired upon piwi KD, which suggested a
role for Aplysia Piwi in directing DNA methylation similarly to the piRNAs in mouse [60].
The authors found several putative piRNA binding sites at the CREB2 promoter and
demonstrated that inhibition of the piRNA corresponding to one of the sites by 2'-O-methyl
oligoribonucleotides resulted in an upregulation of CREB2 transcripts [60]. These findings
suggest a role for the Piwi/piRNA complex in transcriptional regulation of neuronal genes
affecting long-term memory storage [60]. The function of the Piwi/piRNA complex in a
tissue other than germline raises the possibility that a similar piRNA-dependent epigenetic
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mechanism regulates gene expression in neurons and contributes to learning and memory
processes in other animals. Indeed, a recent report demonstrated the expression of the PIWI
proteins Aubergine (Aub) and Argonaute3 (AGO3) in Drosophila brain [61]. Strikingly, the
authors observed that the level of transposon expression anti-correlated with the expression
of PIWI proteins and that the transposition events occurred more frequently in mashroom
bodies where PIWI proteins are expressed at a lower level [61]. This suggests that
transposons and piRNAs can contribute to the generation of genomic heterogeneity in the
Drosophila brain.

4.3 C. elegans piRNAs and H3K9me

The C. elegans piRNAs, also known as 21U-RNAs, are 21nt short RNAs with a strong
preference for 5' uridine [62—64]. They differ from piRNAs of other animals in that each of
them has an independent identical promoter [62—64]. Thousands of different piRNAs exist
in the worm, and while their sequences are not enriched for transposable elements, they are
significantly depleted of protein-coding genes. Nonetheless, a single class of transposons
showed elevated expression in the C. elegans PIWI mutant prg-1 [65, 66]. Since the
sequences of piRNAs do not have obvious complementary targets, several groups utilized
single-copy reporter transgenes with or without a complementary site to an endogenous
piRNA to investigate their molecular functions [67-69]. Surprisingly, a single piRNA
complementary site in the 3'UTR of a reporter transgene was sufficient for silencing.
Importantly, the silencing was not dependent on the catalytic domain of PRG-1, and perfect
complementarity between the target site and the piRNA was not required [67, 69]. It was
discovered that PRG-1/piRNAs initiate the production of secondary siRNAs by RNA-
dependent RNA polymerases. These siRNAs mediate post-transcriptional silencing and also
induce transcriptional silencing through H3K9me [67, 68, 70]. Although the piRNA-induced
transcriptional silencing persists for multiple generations, the PRG-1/piRNA complex is
only required for the initiation but not for the maintenance of silencing. The factors involved
in piRNA-induced TGS that were identified in candidate screens include: components of the
NRDE pathway (NRDE-4/1/2); germline-specific nuclear Argonaute HRDE-1/WAGO-9; a
putative histone H3 lysine-9 methyltransferase protein; a C. elegans homologue of the HP-1
protein; and also Polycomb and Trithorax complex-related factors [67, 68, 70, 71].

A similar piRNA-induced silencing effect was also discovered with single-copy transgenes
that were not designed to be silenced by piRNAs [70]. This silencing occurs when a
transgene contains a sequence that is not present in the C. elegans genome, such as the GFP
sequence, and such foreign sequences appear to be fortuitously targeted by imperfectly
complementary piRNAs. Consistently, computationally-predicted endogenous piRNA
targets were found to be depleted of protein-coding genes expressed in the germline [67,
70]. Therefore, Mello and colleagues proposed a model where thousands of diverse piRNA
sequences act to target and silence any “non-self” RNA in C. elegans germline [70]. The
existence of such a genome surveillance system suggests a presence of a parallel mechanism
that protects “self”, e.g. germline expressed transcripts, from being silenced [70]. It has been
proposed that the CSR-1 endo-siRNA pathway could serve this role [70] (see section 5.1).

Collectively, the studies described above identified a surveillance mechanism where the C.
elegans piRNAs initiate production of secondary endogenous siRNAs, which in turn
associate with the nuclear NRDE pathway to induce TGS through the deposition of
H3K9me. Once established, this TGS can be maintained by the endo-siRNA pathways
through multiple generations in a PRG-1/piRNA-independent manner.
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4.4 piRNA-mediated TGS in Drosophila germline

The Drosophila piRNAs constitute an RNA surveillance system that provides a defense
against transposable elements through post-transcriptional and transcriptional silencing [12,
50] and also contributes to global chromatin organization in an indirect manner. There are
discrete genomic loci in pericentromeric and telomeric heterochromatin that are enriched in
transposon sequences and generate piRNASs [72-74]. piRNAs from those discrete clusters
can suppress in trans potentially active transposable elements scattered throughout the
genome [72-74]. Drosohila has three PIWI (P-element-induced wimpy testes) family
proteins: Piwi, Aubergine (Aub) and Argonaute3 (AGO3). Aub and AGO3 are involved in
the piRNA amplification cycle (ping-pong amplification loop) [50, 73], and work together to
repress transposable elements through the piRNA-guided cleavage of transposon transcripts
[75, 76]. Piwi is predominantly nuclear in germline cells [77] and, unlike AGO3 and Aub, it
is also localized to the nuclei of somatic gonad cells, which surround germline cells [73].
The somatic cells surrounding the germline rely only on Piwi for silencing of transposable
elements [76]. Nuclear localization of Piwi depends on the loading of primary piRNAs [78],
and the catalytic domain, e.qg. slicer activity, is not required for its silencing function [79].
The presence of the Piwi/piRNA complex in the nucleus together with the role of Piwi in
transgene-induced TGS (discussed in section 2.3) suggested a possibility of piRNA-initiated
TGS in transposon control. The first study that evaluated this possibility showed the effect
of spindle-E (spn-E) mutation, which reduces piRNA accumulation, on chromatin at
different transposable elements [80]. ChIP experiments performed in the spn-E mutant flies
revealed a reduction in H3K9me and HP1 binding and an increase in H3K4me at the
transposon loci in the mutant compared to wild type [80]. The connection between the PIWI/
piRNA complex and heterochromatin silencing was reinforced by in vitro binding and co-
immunoprecipitation experiments, which showed a direct interaction between the N-
terminal domain of Piwi and the HP1a protein [81]. Staining of polytene chromosomes
revealed that HP1 and Piwi partially overlapped in their localization on chromosomes that
this co-localization was RNA-dependent [81]. These results suggested that piRNAs may
silence transposons through the recruitment of HP1 to the target loci.

However, a different study showed a curious gene-activating role of piRNAs [82]. The Piwi
protein was shown to localize to the telomere-associated sequence (TAS), which produces
some piRNAs (3R-TAS), and the ChlIP assay in piwi mutant detected an increase in HP1 and
H3K9me levels and a decrease in H3K4me on the 3R-TAS sequence [82]. Consistently, the
expression of a reporter transgene integrated next to the 3R-TAS site was reduced in the
piwi mutant [82]. These surprising results can be explained by a competition between the
HP1 and Piwi proteins for binding at the 3R-TAS chromatin site. Moreover, ChIP analysis
of the two other piRNA-generating clusters determined that the association of HP1 to the
clusters was not dependent on the Piwi protein, although Piwi was also localized to these
clusters [83]. In addition, deletion of one cluster caused the redistribution of the HP1 protein
on polytene chromosomes [84], which suggests an indirect relationship between Piwi and
HP1. However, another study performed ChIP analysis on different transposon elements in
the germline and showed a significant decrease in HP1 binding and H3K9me upon
germline-specific piwi knockdown (KD) [85]. Also, nuclear run-on assay revealed a
different degree of transcriptional activation of telomeric transposable elements in the spn-E
mutant or upon piwi KD, which demonstrates a clear role for Piwi in suppression of some
transposable elements at the transcriptional level [86].

The apparent contradictory results described above can be explained by the fact that
different research groups analyze different genomic loci that include either the piRNA-
producing clusters or transposable elements that are subject to piRNA regulation in trans.
Moreover, the existence of multiple direct mechanisms of regulation and significant indirect
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effects can potentially explain different results. Finally, a decrease or increase in some
chromatin marks in different mutants does not always correlate with changes in
transcriptional activity at the piRNA target sites (see [87] and discussion below).

A recent availability of genome-wide approaches to investigate chromatin and
transcriptional changes has allowed a more complete and systematic dissection of the role of
Piwi in the nucleus. To analyze the consequences of piwi KD on transcription, the Hannon
group [88] and the Brennecke group [87] have utilized Global Run-On sequencing (GRO-
seq) [89], which allows the precise mapping of the position, amount, and orientation of
transcriptionally engaged Pol Il molecules in a genome-wide fashion. Rozhkov et al. [88]
used a cell-type specific piwi KD to study the function of Piwi proteins in the germline and
in the somatic compartment. These authors also performed total RNA sequencing (RNA-
seq) to distinguish between transcriptional and post-transcriptional regulation and ChIP
assay combined with high-throughput sequencing (ChlP-seq) to detect changes in H3K9me
genome-wide. The GRO-seq analysis upon somatic piwi KD identified many upregulated
somatic transposable elements and the comparison between the GRO-seq and RNA-seq data
showed that Piwi regulates somatic transposons mainly at the transcriptional level [88].
Deep sequencing of piRNAs demonstrated that the majority of somatic piRNAs are
antisense to transposable elements and are reduced upon somatic piwi KD [88]. Therefore,
these results are consistent with the model where somatic cells repress transposons mainly
by the activity of the Piwi protein. In the germline, piwi KD revealed only a modest increase
in transcription of transposable elements and showed a greater increase in their steady-state
RNA levels, which indicates that both transcriptional and post-transcriptional mechanisms
are active in suppressing transposons in germline cells [88]. Deep sequencing of piRNAs
from the piwi mutant germlines showed that germline Piwi contributes to the production of
both primary and secondary piRNAs, and the latter ones are loaded onto AGO3 and Aub to
silence transposons at the post-transcriptional level [88]. The authors also conducted
H3K9me3 ChIP-seq experiments using the germline tissue of piwi KD. Consistent with the
derepression of transposons, H3K9me3 was decreased over many transposable elements
upon piwi KD [88]. Another study by Le Thomas et al. [90] arrived at the same conclusions
as Rozhkov et al. [88] by using Pol 1l ChlP-seq. Transposons showed an increased Pol Il
occupancy and decreased H3K9me3 upon germline piwi KD, which is consistent with the
role of germline Piwi in silencing transposons at the transcriptional level [90]. Curiously,
Piwi immunoprecipitation and mass-spectrometry analysis of putative interacting partners
mostly identified RNA-binding proteins and just a few chromatin factors [90], which did not
include the previously identified HP1 protein [81].

Brennecke and co-workers investigated the role of Piwi in TGS using an established stable
cell line derived from Drosophila ovarian somatic cells (OSCs) [87]. The use of a
homogeneous cell line allowed the authors to perform several genomic analyses, including
GRO-seq, RNA-seq, Pol Il ChIP-seq and H3K9me3 ChlIP-seq, and to obtain data lacking the
background signals that come from other cell types, such as germline cells. In addition to
piwi KD they also analyzed the effect of maelstrom (mael) KD; Maelstrom is a protein
involved in silencing of transposons in follicle cells, ovaries and OSC cells [87]. It is
localized to the nucleus and does not contribute to the piRNA biogenesis in OSC cells, yet
its nuclear localization is required for transposon silencing [87]. The RNA-seq profiles of
piwi and mael KD showed the upregulation of many families of transposable elements. The
upregulation of transposons at the mRNA level correlated with an increase in Pol 11
occupancy (by Pol 1l ChIP-seq) and an increase in nascent RNA levels (by GRO-seq) in the
piwi and mael KD cells [87]. Interestingly, not all transposons were de-repressed upon piwi
or mael KD, but only the ones that were targeted by numerous piRNAs. This argues against
a possible general increase in heterochromatin transcription upon piwi and mael KD due to
indirect effects. In addition, transcription of piRNA-producing clusters, such as flamenco,
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was not significantly affected by the piwi or mael KD, which suggests that Piwi/piRNAs
induce TGS in trans [87]. The genome-wide analysis of H3K9me3 in OSCs showed only a
modest decrease in H3K9me3 at the upregulated transposons in piwi KD and even a smaller
decrease in H3K9me3 upon mael KD [87]. The small magnitude of the effects could be due
to the fact that the authors considered the average signal of H3K9me3 over all the
transposons, irrespective of their genomic positions or transcriptional state [87]. To address
this issue they quantified the H3K9me3 signal considering only unique genomic sequences
surrounding each transposon insertion of the piwi KD-upregulated transposon families [87].
When quantified in this manner, the H3K9me3 signal was significantly decreased
downstream of individual euchromatic transposon insertion sites upon piwi KD.
Surprisingly, mael KD did not show a decrease in H3K9me3, instead, a spreading of the
H3K9me3 signal downstream of transposon insertions was observed [87]. A spreading of
Pol Il transcription was also observed downstream of transposon insertions in both piwi KD
and mael KD, which indicates that H3K9me3 does not always correlate with the
transcriptional status of the locus [87]. Importantly, the ability of piRNAs to induce TGS of
transposons can influence the transcriptional state of euchromatic regions surrounding
transposon insertions, and therefore may have an impact on the expression of protein-coding
genes in close proximity to the insertion site [87].

There is a striking coincidence between the genome-wide profile of Piwi localization to the
chromatin, which was identified in a recent ChIP-seq study, and the location of piRNAs,
which indicates that piRNAs can guide Piwi to the target genomic sites [91]. Moreover, the
derepression of transposons in the piwi mutant leads to a redistribution of Pol Il from
protein-coding genes to transposable elements, which is likely to have a global effect on
cellular transcription [91]. A closer look at a heterochromatic centromeric region in the piwi
mutant revealed an increase in H3K27me and in Pol 1l occupancy. Conversely, the
euchromatic chromosomal arm 2L (Chr2L) showed a decrease in the H3K27me level and
Pol 11 occupancy. The abundances of the HP1 protein and H3K9me were also decreased at
the euchromatic Chr2L region in the piwi mutant, and a decrease in HP1 was shown for the
heterochromatic centromeric region [91]. The euchromatic Chr2L region in the piwi mutant
was also characterized by spreading of H3K4me and a decrease in H3K9me around the
transcription start sites (TSS) of protein-coding genes, possibly as a consequence of
activation of transposons next to the genes [91]. Importantly, the authors used a reporter
with an ectopic site complementary to a piRNA to demonstrate the ability of Piwi to localize
to the ectopic piRNA site and to recruit HP1 and the H3K9 methyltransferase Su(var)3-9 for
inducing transcriptional repression [91]. Collectively, the genome-wide studies described
above have proven the fundamental role of Piwi and piRNAs in transcriptional silencing at
transposons and their profound indirect impact on transcription of protein-coding genes.

5. endo-siRNAs and Argonaute proteins in nuclear processes

5.1 endo-siRNAs in C. elegans

endo-siRNAs antisense to protein-coding genes and transposons were first discovered in C.
elegans by Ambros and colleagues [20, 21]. Subsequent deep sequencing uncovered two
classes of endo-siRNAs: 22G-RNAs and 26G-RNAs [62, 92-99]. They have a size of 22nt
and 26nt, respectively, and both have a strong preference for 5' guanine [62, 92-99]. Many
endo-siRNAs map to exon-exon junctions [62, 99], which is consistent with their synthesis
by RNA-dependent RNA polymerases (RdRPs) using mature mRNAs as templates [99—
101]. There are two major endo-siRNA pathways in C. elegans, which are defined by the
Argonaute proteins to which they bind: the worm-specific AGO (WAGO) pathway [92] and
the CSR-1 pathway [93]. The WAGO pathway silences transposable elements, pseudogenes,
and cryptic loci providing genome surveillance [92]. Some WAGO Argonautes, such as
NRDE-3 and HRDE-1, act in the nucleus to induce TGS, while other WAGOs mediate post-
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transcriptional silencing [42, 67, 69]. Importantly, mutations in the hrde-1 gene cause
progressive sterility in generations, although the underlying cause of this phenotype is not
known [42]. The WAGO pathway has also been connected to the piRNA pathway
(discussed in section 4.3). Interestingly, a recent study showed that NRDE-3 acts in
olfactory neurons to promote odor adaptation by repressing odr-1, a gene required for
adaptation [102]. These results suggest an endogenous role for the NRDE pathway in
inducing TGS in neurons.

The 22G-RNAs that belong to the CSR-1 pathway are mainly antisense to germline-
enriched protein-coding transcripts [93]. Notably, the Argonaute protein CSR-1 binds to the
chromatin at the target genes in an endo-siRNA-dependent manner and is required for
proper chromosome segregation during mitosis [93]. However, the exact molecular function
of CSR-1 in the nucleus is not clear. A recent study by our group revealed a new role for
CSR-1 in positively regulating histone mRNA biogenesis [103]. Depletion of CSR-1 and
other CSR-1 pathway components led to a severe reduction in histone proteins accompanied
by the accumulation of unprocessed histone pre-mRNAs [103]. Moreover, this reduction in
histone proteins significantly contributed to the lethal and sterile phenotypes observed upon
CSR-1 depletion by RNAI [103]. It is notable that many target genes are downregulated in
the csr-1 mutant [93, 103]. Therefore, it is possible that the CSR-1 pathway has a global
impact on transcription of its target genes.

5.1 endo-siRNAs in mouse

endo-siRNAs have also been discovered in mouse oocytes and embryonic stem cells [18, 19,
22]. These endo-siRNAs are generated by Dicer from double-stranded RNAs that arise from
convergent transcription, hybridization between spliced protein-coding transcripts and
homologous pseudogenes, and long hairpin RNAs [18, 19, 22]. It appears that mammalian
endo-siRNAs can repress complementary mRNAs, although it is not known if they regulate
transcription [18, 19, 22]. endo-siRNAs are also produced from the transcripts of
transposable elements and contribute to transposon silencing in mouse oocytes [18, 19, 22].
However, nuclear roles for this class of mouse endo-siRNAs have not been described either.

5.1 endo-siRNAs in Drosophila

Drosophila endo-siRNAs have been cloned from germline and somatic tissues, they are
produced by Dicer, which uses dSRNA substrates originating from repetitive transposons,
long hairpin RNASs, or overlapping mRNAs predicted to form dsRNAs [14-17, 104]. endo-
siRNAs are predominately loaded onto Argonaute2 (AGO2); they contribute to transposon
silencing in somatic tissues and also regulate expression of the complementary protein-
coding genes, yet the mechanism of this regulation is unknown [14-17, 104, 105].
Intriguingly, based on the phenotypic analysis of the ago2 mutant, it has been proposed that
AGO?2 is required for the assembly of the pericentromeric heterochromatin, similar to the S.
pombe homologue Argonaute [106]. In addition, another study suggested a contribution of
AGO2, Dicer2 (DCR2) and endo-siRNAs to heterochromatin formation, which relies on the
H3K9 methyltransferase Su(var)3-9 and HP1 [107]. Su(var)3-9 and DCR2 have also been
implicated in regulation of nuclear organization and in the control of stability of the
ribosomal DNA (rDNA) locus and satellite DNA loci [108]. It was shown that the level of
H3K9me2 over the rDNA locus and other DNA repeats was reduced in the Su(var)3-9 and
dcr-2 mutants [108]. An increase in the extrachromosomal circular (ecc) repeat DNA was
noted in these mutants at the same time, which suggests a possible function for the RNAI
pathway and H3K9me2 in regulating the stability and integrity of DNA repeats [108]. Also,
another study in mammalian cells showed the association of Dicer with rDNA chromatin,
which may indicate a conserved function of RNAI in regulating the stability of rDNA locus
in different organisms [109]. However, endo-siRNAS corresponding to genomic DNA
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repeats have not been detected and an indirect role for the endo-siRNA pathway in this
process cannot be excluded.

6. Nuclear Argonaute and transcriptional regulation

The discovery of endo-siRNAS antisense to protein-coding genes and detection of
Argonaute proteins in the nucleus suggested a possibility for the Argonaute/endo-siRNA
complex in euchromatin regulation. Cernilogar et al. [110] analyzed cellular localization of
the key RNAi factors in Drosophila and found that components of the miRNA pathway,
Dicerl (DCR1) and Argonautel (AGOL), were equally enriched in the cytoplasm and in the
nucleus, whereas DCR2 was greatly enriched in the nucleus. Furthermore, AGO2 and DCR2
were present in the same chromatin fraction as Pol Il [110]. Strikingly, staining of polytene
chromosomes with AGO2 and DCR2 antibodies showed their co-localization at the
transcriptionally active euchromatic regions, including the heat-shock genes [110]. Using
the heat-shock genes as a model, the authors showed that AGO2 and DCR2 were localized
to heat-shock gene promoters and contributed to the repression of these genes in non-heat-
shock conditions, when the genes were not induced [110]. It was shown that AGO2 and
DCR2 physically interact with the negative elongation factor (NELF) to maintain Pol Il in a
paused in absence of heat stress [110]. AGO2 is associated with endo-siRNAs antisense to
protein-coding genes and promoters, which suggests a possible role for these endo-siRNAs
in guiding AGO?2 to the target euchromatic loci [110].

In an earlier study investigating possible nuclear roles of AGO2 at chromatin, Moshkovich
et al. [83] performed a genome-wide AGO2 ChlIP-seq in S2 and S3 Drosophila embryonic
cell lines. In agreement with the AGO2 staining on polytene chromosomes [110], AGO2
was found to be associated with euchromatic sites [83]. Most of the AGO2 binding sites
corresponded to known chromatin insulator regions and promoters of active genes and they
extensively overlapped with the binding sites of the known insulator proteins CTCF and
CP190 [83]. In an earlier study by Lei and Corces [111], a link between the RNAI and the
chromatin insulators emerged from an unbiased proteomic approach. A helicase required for
the dsRNA-induced gene silencing, Rm62, was found to interact with CP190 in an RNA-
dependent manner and to contribute to its insulator function [111]. Interestingly, AGO2
physically interacts with CTCF and CP190, and AGO2 chromatin localization depends on
CTCF/CP190 [83]. Using the Adb-B locus as a model to study insulator function, the authors
showed the requirement of AGO2 for CTCF/CP190-dependent looping interactions between
insulators, promoters and enhancers at the Adb-B locus [83]. AGO2 was also found to be
associated with the PRE elements and to co-localize on chromatin with Trithorax group and
Polycomb group proteins [83]. Surprisingly, the localization of AGO2 does not correspond
to the sites that generate endo-siRNAs, and neither catalytic activity of AGO2 nor DCR2
were required for the insulator function, suggesting an RNAi-independent role of AGO2 in
this process [83]. A more recent work by Taliaferro et al. also used AGO2 ChlIP-seq to study
the function of this protein in transcription and splicing [112]. In agreement with the ChIP-
seq data of Moshkovich et al. [83], AGO2 was found to localize to the promoters of
euchromatic genes [112]. The authors also performed RNA-seq to measure the changes in
MRNA levels in the ago2 mutants compared to wild type and found a modest but significant
enrichment of AGO2 ChlP targets among the genes upregulated in ago2 mutant [112]. This
result indicates that AGO2 may have a direct negative effect on transcription of some target
genes. This effect of AGO2 on transcription is independent of its catalytic domain [112]. A
more sensitive approach, such as GRO-seq, can be used in the future to evaluate the global
role of AGO?2 in transcriptional regulation. Taliaferro et al. also uncovered a possible
function of AGO2 in splicing [112]. They used exonic microarray, which covers splice
junctions, and RNA-seq to show splicing defects in the ago2 mutant. However, other RNAI
factors, including DCR2, DCR1 and AGO1, did not show any splicing defects, which

Biochim Biophys Acta. Author manuscript; available in PMC 2015 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cecere and Grishok

Page 13

suggests an RNAi-independent function of AGO2 in splicing [112]. Interestingly, the gene
set that shows splicing defects in the ago2 mutant is not enriched in AGO2 ChlP-seq targets.
Instead, AGO2 was found to bind the mRNAs of these genes, as revealed by AGO2
crosslinking and immunoprecipitation sequencing (CLIP-seq) [112]. Therefore, it appears
that Argonaute proteins can regulate multiple nuclear processes by different mechanisms
including an RNAi-independent manner.

7. RNAI and alternative splicing

To investigate a possible role of RNAI in alternative splicing, Kornblihtt and colleagues
[113] used a well-established system of RNAi-induced TGS in human cell lines (see section
2.1). Instead of using siRNAs against the promoter or the 3'UTR regions, they transfected
SiRNAs specific to the intronic sequences adjacent to the well-characterized alternative
spliced exon (EDI) in the fibronectin gene [113]. AGO1 and AGO2 promoted the inclusion
of the EDI exon and the increase in H3K9me at the EDI region upon transfection with
intronic SiRNAs [113]. RNAI against HP1 by siRNAs introduced together with the intronic
siRNAs abolished the inclusion of EDI, indicating the involvement of chromatin
mechanisms in this process [113]. Notably, the fibronectin mRNA or pre-mRNA levels were
not reduced upon siRNA transfection, which excludes a possible TGS effect. In another
similar study it was shown that the transfection of siRNASs targeting intronic sequences
caused skipping of the nearby exon, in an AGO2-dependent manner, without any changes in
the heterochromatin mark H3K9me [114]. The two opposite effects of SIRNAs on
alternative splicing demonstrated by these studies might be explained by the involvement of
multiple RNAi mechanisms. Interestingly, AGO1 and Dicer knockdowns in mammalian
cells affected many cancer-related alternative-splicing events, which suggests an
endogenous role for the RNAI pathway in regulating alternative splicing [113].

Another recent work also implicated Argonaute proteins in alternative splicing [115]. To
identify putative chromatin interactors of AGO1 and AGO?2 the authors used chromatin
fraction extracts from human cells for performing immunoprecipitations of these proteins
followed by mass-spectrometry analysis [115]. The two Argonaute proteins were found to
interact with chromatin-binding and splicing factors, including the HP1 protein, a H3K9
methyltransferase, spliceosomal small nuclear RNP (snRNP) components, and other
regulators of alternative splicing [115]. The interaction of AGO1 and AGO2 with chromatin
and splicing factors did not depend on RNA, and therefore it may be mediated by protein-
protein binding. Sequencing of the siRNAs associated with chromatin-bound Argonaute
proteins revealed many endo-siRNAs in the same sense orientation as the corresponding
protein-coding RNAs [115]. Notably, some of these endo-siRNAs were enriched at the 3'
ends of intronic sequences providing a possible mechanistic link between RNAI pathway
and splicing. Next, the authors studied the effect of Argonaute depletion on a well-
characterized alternative splicing event at the CD44 gene. They showed that AGO1 and
AGO2 promoted the inclusion of the CD44 variant exons [115]. Moreover, AGO1 and
AGO2 were detected on the chromatin regions corresponding to the variant exons; they also
interacted with the CD44 pre-mRNA in a Dicer-dependent manner [115]. Since HP1 and a
H3K9 methyltransferase were found in the AGO1 and AGO2 immunoprecipitates, the
authors investigated the possible connection between Argonaute and H3K9me3 in regulation
of alternative splicing. AGO1 and AGO2 were shown to promote H3K9me3 at CD44
variant exons, which contributed to slowdown of Pol Il and exon inclusion [115]. These
results highlight a functional connection between RNAI and H3K9me3 beyond the well-
characterized RNAi-induced heterochromatin formation. Finally, the use of genome-wide
exon arrays revealed the involvement of Argonaute and Dicer in many alternative splicing
events [115], which indicates a more general role of RNAI in alternative splicing. It is
notable that most of the nuclear endo-siRNAs associated with Argonaute proteins map to
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protein-coding genes in the sense orientation [115]. Since the interaction of Argonautes with
chromatin is Dicer-dependent [115], the recruitment of Argonaute proteins, if mediated by
the RNA-RNA interactions, might occur through the base-pairing with the antisense
transcripts that are highly prevalent in mammalian genomes [34, 35].

8. Concluding remarks

In this review, we highlighted the growing number of studies that support new roles of RNA
silencing in nuclear processes during animal development. All three major classes of
endogenous short RNAs have been shown to be involved in nuclear processes (see Table 1).
One of the best-characterized examples of nuclear RNAI function is the control of
transposable elements in animal germline (Fig. 2). In different organisms, including
Drosophila, C. elegans, and mouse, piRNAs induce sequence-specific transcriptional
silencing associated with epigenetic modifications of transposable DNA elements. In mouse,
the silencing occurs through the induction of de novo DNA methylation of transposon
sequences, whereas in Drosophila and C. elegans, which do not have DNA methylation, an
increase in H3K9 methylation is observed. Studies in C. elegans have shown that RNA-
induced silencing can persist for multiple generations, which opens the possibility for a
more general role of RNA in epigenetic inheritance. Moreover, the role of endo-siRNAs in
odor adaptation in olfactory neurons of C. elegans, the neuronal function of Aplysia
piRNAs, and the expression of Piwi in Drosophila brain suggest a conserved role for short
RNAs animal nervous system.

The development of genome-wide methods to study transcriptional changes and chromatin
modifications has greatly contributed to the better understanding of nuclear processes
mediated by RNA.. It was found that Argonaute proteins and siRNAs can regulate nuclear
processes that go far beyond the classical RNAi-mediated heterochromatin formation.
RNAi-dependent and RNAi-independent functions of nuclear Argonaute proteins have been
discovered, which include regulation of Pol Il transcription, alternative splicing, and three-
dimensional genome structure. The use of different animal models combined with the
utilization of the latest genomic, genetic and biochemical approaches will be particularly
important for the future characterization of RNAi-mediated nuclear functions in animal
development.
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Figure 1. Biogenesis of the three endogenous classes of short RNAs

(left) endo-siRNAs can be produced by RNA-dependent RNA polymerases (RARPs) using
mature mRNAs as templates (in C. elegans), or generated by Dicer from long hairpin RNAs
or from double-stranded RNAs that arise from convergent transcription and hybridization
between spliced protein-coding transcripts and homologous pseudogenes. (center) miRNAs
are transcribed from miRNA genes as long hairpin-structured RNA precursors, which are
sequentially processed by RNase 111 enzymes Drosha and Dicer and loaded onto Argonaute
proteins. (right) piRNAs are generated in a Dicer-independent manner from long piRNA
precursors, which include multiple piRNAs, or from single piRNA transcriptional units (in

C. elegans) and loaded onto PIWI proteins. They can be amplified by PIWI family
Argonautes in a ping-pong amplification loop.
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Figure 2. Models of piRNA-mediated transcriptional silencing in different species

(A) Mouse pre-pachytene piRNAs derived from piRNA-generating clusters are amplified by
MILI and MIWI2 proteins in a ping-pong amplification loop in the cytoplasm. MIWI2
translocates to the nucleus where it binds transposon target RNAs and induces de novo DNA
methylation of transposable elements by DNA methyltransferase 3-like protein DNMT3L.
(B) Aplysia piRNAs are loaded onto PIWI protein in neurons. PIWI is recruited to the
transcript derived from the CREB2 locus in a piRNA-dependent manner and silences the
expression of CREB2 through the methylation of the CpG island at the promoter, possibly
through a DNA methyltransferase protein (DNMT). (C) piRNAs in C. elegans can bind
transposon RNAs or “non-self” transgenic RNAs and initiate the production of endogenous
antisense 22G-RNAs that are loaded onto HRDE-1 Argonaute protein. HRDE-1 translocates
to the nucleus where it binds target RNAs and recruits the NRDE proteins to induce
transcriptional silencing through H3K9 methylation mediated by H3K9 methyltransferases
(HMT) and HPL-2 (HP1-homologue protein) binding to the target locus. (D) Drosophila
piRNAs are produced from piRNA-generating clusters, which are enriched in transposon
sequences, and are loaded onto Piwi protein to silence transposable elements in trans. Piwi
translocates to the nucleus where it binds nascent RNA transcripts derived from active
transposons and induces transcriptional silencing through H3K9 methylation, catalyzed by
the H3K9 methyltransferase protein Su(var)3-9, and by direct or indirect recruitment of HP1
to the transposon insertion sites. The piRNA pathway component MAEL translocates to the
nucleus and inhibits Pol Il transcription independently (or downstream) of H3K9
methylation.
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