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Abstract

Since its relatively recent discovery, RNA interference (RNAI) has emerged as a potent, specific,
and ubiquitous means of gene regulation. Through a number of pathways that are conserved from
yeast to humans, small non-coding RNAs direct molecular machinery to silence gene expression.
In this review, we focus on mechanisms and structures that govern RNA silencing in higher
organisms. In addition to highlighting recent advances, parallels and differences between RNAI
pathways are discussed. Together, the studies reviewed herein reveal the versatility and
programmability of RNA-induced Silencing Complexes (RISCs) and emphasize the importance of
both upstream biogenesis and downstream silencing factors.

Discovery and Biological Perspectives of RNA interference

RNAI was first described by Fire and Mello in the 1990s when, in an attempt to use anti-
sense RNA to down-regulate gene expression, they observed that double-stranded RNA
(dsRNA) was more potent than sense or anti-sense RNA alone [1]. This seminal work
boasted robust and specific gene knock down in addition to coining the term “RNA
interference” (RNAI). Shortly beforehand, the discovery of individual regulatory RNASs in
C. elegans hinted that small, non-coding RNAs might be a pervasive means of gene
regulation in higher organisms [2, 3]. In the following decade, with the mechanistic insight
of Fire and Mello’s work in hand, this idea was confirmed and it is now accepted that well-
over 1,000 small RNAs are encoded in the human genome that may regulate over 60% of
our genes [4, 5]. It also became apparent that several seemingly disconnected phenomena
are variations of RNAI-type pathways including co-suppression in plants, DNA elimination
in Tetrahymena, and quelling in Neurospora [6]. The prevalence of RNAI is impressive and
its importance is underscored by the fact that RNAI dysfunction is associated with numerous
diseases and disorders including neurological maladies, cancers, and infertility.
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Shortly after the initial description of RNAi phenomenology, a burst of genetic,
biochemical, biophysical, and bioinformatic efforts laid a strong foundation for identifying
the molecular pathways, players, and parameters that govern silencing via RNAi. Work from
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numerous groups defined the molecular apparatus of RNAi as RISC (RNA-induced
Silencing Complex), a ribonucleoprotein complex minimally comprised of a small single-
stranded RNA (~20-31 nucleotides) and an Argonaute protein which serves as the effector
molecule (reviewed in [7]). In this configuration, the loaded “guide” RNA acts as a
specificity determinant that directs Argonaute and any other associated machinery to the
target. The guide-loaded Argonaute platform underlies every example in the expansive array
of known RNAI pathways in eukaryotes regardless of the source of the guide (structured
loci, transposons, viral, etc.), the machinery used to generate it, or the target RNA. The
specific manner in which the target is silenced differs, but the essence of all of these
pathways is conserved.

In most animals, there are three principal modes of RNA interference: the micro- (mi-),
small interfering (si-), and Piwi-interacting (pi-) RNA pathways. These differ most notably
in the cellular source of guide RNA precursors (biogenesis phase) (Box 1) and the
mechanism of target silencing (effector phase) (Box 2).
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Many recent reviews have provided excellent, contemporary descriptions of individual
RNAI pathways [8-11]. Here, we aim to synthesize the latest findings across fields focusing
on the mechanisms and molecular structures of RNAI. Insights from yeast, worms, and
plants (all of which have a rich RNAI literature themselves) are included when broadly
applicable; however, a full treatment is outside the scope of this review. Moreover, while the
molecular players for each phase are introduced in Boxes 1 and 2, the majority of this
review focuses on the molecular mechanisms that govern each of their activities.

The RNAI Biogenesis Machinery

Most of the small RNA biogenesis machines that have been characterized are, perhaps
unsurprisingly, nucleases. This is true for both the mi/siRNA and the piRNA pathways;
however, the biological logic of processing and the cascade of nucleases involved are quite
different. In addition to the mechanisms described below, the activities of biogenesis
molecules are themselves regulated (reviewed in [12]), providing additional layers to
silencing control.
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Microprocessor

The first step of processing for miRNAs occurs in the nucleus and is performed by the
microprocessor, a heterodimeric complex comprised of the proteins Drosha and DGCR8/
Pasha. The function of this complex is to crop long, hairpinned, pri-miRNAs into ~70 nt
pre-miRNA products for export (reviewed in [13]). Following transcription, dSRNA
substrates are recognized through double-stranded RNA-binding domains (dsRBDs) similar
to those found in many proteins, including TRBP (Fig. 1a). Although both microprocessor
components harbor dsRBDs that are indispensible in vivo [14], biochemical experiments
suggest that substrate recognition is accomplished by DGCRS [ref. 15]. Drosha provides the
endonucleolytic activity of the complex with each of Drosha’s RNase |11 domains being
responsible for cleaving one strand of the pri-miRNA [16, 17].
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To date, several efforts have yielded biophysical and structural data on portions of the
microprocessor complex [18-20]. The structure of Drosha’s single dsRBD has been
determined by NMR and modeled in complex with dsSRNA [18]. While there are nuances to
the Drosha dsRBD structure that differentiate it from other dsRBDs, its structure is largely
canonical and adopts the usual apppa fold observed for other dsRBDs. Similarly for
DGCRS, crystal structures of the dimerization domain and the tandem dsRBDs (dubbed the
DGCRS8 core) have been determined [19, 20] (Fig. 1b). While the structures of the individual
domains are not particularly informative, the relative positioning of the tandem dsRBDs is
noteworthy. Modeling dsRNA onto each domain, three assembly schemes can be
envisioned. The first possibility is that in vivo the dsRBD of Drosha and at least one dsSRBD
of DGCRS8 cooperate to effectively recognize dsSRNA substrates. Alternatively, each dsRBD
of DGCRS8 could bind a single pri-miRNA simultaneously. This seems unlikely, as it would
result in severe bending of the substrate, however, FRET studies have provided some
evidence for this option [20]. Finally, larger assemblies could be generated by reciprocal
binding of distinct pri-miRNAs to individual dsRBDs of the microprocessor. Electron
tomographic studies of pri-miRNAs in complex with DGCR8 have produced images of
~400 kDa pri-miRNA:DGCR8 complexes that suggest such an arrangement [21]. Given that
many miRNA precursors are transcribed in clusters, this last model may in fact be a
biological means to improve the efficiency of pre-miRNA formation.

1duosnue Joyiny [INHH

Dicer

After nuclear export, pre-miRNAS are processed by a Dicer family enzyme [22]. This results
in a 21-25 nt mature dsRNA that is competent for RISC loading [23]. Like Drosha, the
endonucleolytic cleavage by Dicers relies on two RNase I11 domains with each domain
being responsible for cleaving one strand of the duplex [24]. Moreover, most of these
enzymes conduct activity by forming an intramolecular pseudodimer between two tandem
RNase 111 domains [25]. In these cases, RNA recognition is accomplished primarily through
a PAZ domain that binds the 3’ end of the pre-miRNA [26-28] with a preference for 2 nt
overhangs [29], though other parts of the molecule—including the C-terminal dsRBD and
platform—also contribute to substrate recognition. Ultimately, Dicers couple the
functionality of their RNase I1l domains to distal RNA recognition domains like PAZ. The
physical distance between these two (determined by the size of the intervening Platform
domain and connector helix) ultimately dictates the size of the nucleolytic products,
allowing Dicer to act as a molecular ruler [30]. Structural work on Giardia intestinalis Dicer
revealed the overall architecture of this enzyme, the relative positions of the PAZ and RNase
I11 domains, and the mechanics that underlie pre-miRNA measurement [30].
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More recently, cryo-electron microscopy studies of human Dicer showed a somewhat
similar arrangement and suggested that the helicase domain found in higher eukaryotes
functions to channel incoming dsRNA substrates toward the PAZ/RNase |11 surface [31]
(Fig. 1c). The relative orientation of the PAZ and RNase |11 domains differs between
Giardia and human structures, partially explaining the difference in product sizes between
the two enzymes (25 versus 21 nt, respectively).
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While a high-resolution structure of a full-length metazoan Dicer remains to be determined,
several individual and tandem domains of animal Dicers have been solved [32-34]. The
crystal structure of the RNase I11b and dsRBD domains demonstrated the importance of a
conserved lysine residue in 5" cleavage product stabilization. Very recently, a suite of crystal
structures of the Platform-PAZ domains bound to various substrates revealed a dual-pocket
architecture capable of stabilizing the 2 nt 3’ overhang as well as reorienting the dsSRNA
after cleavage to assist in RISC loading [32] (Fig. 1c). Additional recognition of the 5’ end
by the Platform-PAZ region allows for measurement and stabilization at both ends of the
substrate, resulting in increased processing efficiency [35].

Other components of micro and siRNA biogenesis

Pre-miRNA dicing and Ago loading can be facilitated by associated dsRNA binding
proteins (dsRBPs). These dsRBPs typically contain two or three individual dsRBDs that
mediate interactions with A-form dsRNA [36]. Interestingly, many dsRBPs have
refashioned their C-terminal dsRBD for protein-protein interactions suggesting that these
proteins may direct mature dsRNA substrates from Dicer to Ago [37]. Delineating the
precise function and mechanism of dsRBPs has proven challenging due to the number of
dsRBPs found across species and the variability of their interactions. Nonetheless, some
preliminary studies on these proteins have demonstrated their involvement in dicing,
stabilization of the RISC-loading complex (RLC), and strand selection. In flies, Dicer-1 or
Dicer-2 bind the dsRBP Loquacious (Logs) to process endogenous small RNA precursors. A
second dsRBP, R2D2, cooperates with Dicer-2 to process exogenous siRNAs (reviewed in
[38]). In mammals, two dsRBPs, TRBP and PACT, have been shown to interact with Dicer
and modulate its substrate specificity [39].
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Alongside these biochemical studies, biophysical and structural efforts on dsRBPs have
been successful in establishing the means by which the authentic dsRBDs recognize dsRNA
[40]. In the case of the human dsRBP TRBP, structures of the first two dsSRBDs domains,
particularly the structure of the second domain bound to dsRNA, have shown that these
RBDs exemplify the canonical dsRBD fold, binding the dsRNA through both major and
minor groove interactions along the helical surfaces of the protein (Fig. 1a).
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piRNA biogenesis—Biogenesis of piRNAs is markedly different from that of micro- and
SiRNAs. First and foremost, these are famously Dicer-independent. piRNA precursors are
produced in the nucleus as long, single-stranded transcripts, each of which contains many
individual elements that can be processed into mature small RNAs. The loci that give rise to
these transcripts are termed piRNA clusters, and they serve as a catalog for what will
ultimately become piRNA guide strands [41, 42].

Much of what we know about piRNA biogenesis mechanisms has been derived using the
Drosophila melanogaster model system and only some of which has clear parallels in
mammals. After transcription, primary (presumably intact) transcripts are exported from the
nucleus, then localized to the nuage — a perinuclear/perimitochondrial cytoplasmic region
enriched in many piRNA-related molecules [43]. While a complete list of the molecular
factors that are responsible for this trafficking remains to be determined, some factors, like
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UAP56, bear similarities to other RNA-export mechanisms [43]. After export, cluster
transcripts undergo parsing by the endonuclease Zucchini (Zuc) [44, 45] and possibly other
enzymes.

As has been the case for many piRNA components, Zuc was first identified as a silencing
factor through genetic screening [46]. The function of Zuc as a nuclease in piRNA
biogenesis was then established by biochemical and structural studies [44, 45, 47]. In
contrast to the previously discussed RNA nucleases, Zuc does not employ a canonical
RNase fold. Rather, Zuc belongs to the HKD family of phosphodiesterases, named for its
conserved His-Lys-Asp residues in and near the active site [48]. The HKD motif has been
appropriated by phospholipases and nucleases alike, performing hydrolysis in a cation-
independent fashion. The structures of Zuc from both mouse and fly revealed a long,
positively-charged groove running through the active site, which unlike Dicer, can only
accommodate a single-stranded substrate [44, 45] (Fig. 1d). After cleavage, the parsed
products retain 5’ phosphate and 3’ hydroxyl chemistry, and can presumably be loaded into
Piwi.

Recent genome-wide screens by multiple groups identified a large number of piRNA
pathway components [49-51], and it is presumed that the current model of piRNA silencing
is rather incomplete. Nonetheless, two proteins in Drosophila, Rhino and Cutoff, were
shown to be necessary for the production of dual-strand piRNA cluster transcripts [52, 53].
Very recently, it was determined that Rhino (an HP1a homolog) recognizes piRNA clusters
through chromatin interactions. In addition, nuclear Piwi mediates Rhino localization to
cluster transcripts [54, 55]. Rhino, in turn, interacts indirectly with Cutoff through the
protein Deadlock. This is reminiscent of transcriptional gene silencing in S. pombe, with
dual recognition of loci by Agol and chromodomain protein Chpl in the RNA-induced
transcriptional silencing (RITS) complex [56]. Ultimately, the current model proposes that
Cutoff protects cluster transcripts from transcriptionally-coupled pre-mRNA processing
(such as polyA-tailing and splicing) [54, 55] consequently favoring these transcripts to
undergo piRNA rather than mRNA processing.

Two additional primary processing factors are known: Trimmer and HEN1. After parsing
and 5’ end formation, immature piRNAs that require 3’ end processing are loaded into Piwi.
While the mechanism of 3’ end formation remains unknown, work in a silkworm-derived
cell line demonstrated the presence of a nuclease activity that trims precursor transcripts to
mature piRNA length [57]. This “Trimmer” acts in a Mg2*-dependent, 3 to 5/
exonucleolytic fashion. Unfortunately, the molecular identity of this protein remains elusive,
hampering further mechanistic and structural efforts. Finally, coupled to trimming activity is
the 2/-O-methylation at the 3’ end of piRNAs. This activity is carried out by the S-adenosyl-
methionine dependent methyltransferase HEN1 [58, 59] (Box 1). The structure of
Arabadopsis thaliana HEN1 bound to a 22 nt RNA duplex revealed a novel Mg2*-
dependent methylation mechanism [60]. It is presumed that methylation by HEN1 works
similarly in animals, however, significant differences in the RNA recognition mechanism is
likely as the substrates in plants are diced, dsSRNA duplexes.
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RNAI Effector Machinery

Argonaute family proteins serve as the programmable, central effector molecules across all
RNAI pathways. When loaded with a single-stranded guide RNA, Argonautes form
functional RISCs, which can be directed to their target by base pairing interactions and
impart silencing through a variety of direct or indirect mechanisms (reviewed in [61, 62]).
Currently, this family is broken down into three clades in animals, each with slightly
different properties: Ago, Piwi, and Wago (worm-specific Argonautes) [63]. Due to their
relevance across species, this review will solely focus on effector step mechanisms of the
Ago and Piwi clades.

Argonaute—Biologically, the role of Argonaute (Ago) silencing is widespread, not only in
terms of the number of different targets silenced [4, 5], but also in the clever means by
which this system has been appropriated for specific tasks. RISCs are used for regulating
gene expression networks, development, proliferation, metabolism, and DNA damage
response (reviewed in [64]), highlighting the versatility and programmability of this system.
It was recently reported that miRNA-Ago binary complexes could in fact be very long-lived
(>3 weeks) and still maintain their silencing potency [65]. This suggests that miRNA-Ago
complexes may serve as a form of cellular memory, cataloging gene silencing instructions
during times of quiescence, and responding quickly to stimuli [65]. In correspondence with
the stability that Agos confer upon loaded small RNAs, Ago itself is destabilized when
miRNA levels decline [83]. Taken together, this symbiotic relationship between protein and
RNA allow for silencing responses to be finely tuned both temporally and in intensity.
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Once loaded, miRISCs ultimately affect post-transcriptional gene silencing (PTGS).
However, the mechanism by which silencing occurs depends on specific qualities of the
RNA, protein, and the other associated components in RISC. With respect to the RNA
guide, siRNAs characteristically base pair perfectly with targets, promoting slicing [23, 67].
While miRNA guides are typically complementary with their target along the seed sequence
(nt 2-8) they base pair imperfectly along the remainder of the guide sequence [68]. As a
result, miRISCs remain engaged with their target strands and induce silencing by
translational repression and/or target deadenylation/destabilization mechanisms [69-71]
(Box 2); however, the relative contributions of these non-slicing mechanisms remains hotly
debated [72-75]. In addition to guide RNA considerations, different Ago subfamily members
also serve as molecular determinants for silencing output. In Drosophila, the division of
labor between the two Agos is clear: DmAgol acts as a miRNA-guided silencer and
DmAgo2 responds to siRNAs. In humans, of the four Ago subfamily members (hAgol-4),
only hAgo2 has slicing activity and the mouse version of this protein is the only one that
results in embryonic lethality upon knockout [76-78]. On the other hand, all appear to
participate in miRNA-mediated silencing.
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In organisms from bacteria to humans, Argonaute proteins maintain a standard architecture
comprised of four predominant domains: N-terminal, PAZ, MID, and PIWI (Fig. 2a) [78].
These domains have been ascribed biological functions for guide RNA recognition and
catalysis (reviewed in [61]). The 5’ phosphate of the guide strand is held firmly in place by
the MID domain with some important contributions from the PIWI domain. Additionally,
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interactions between an ordered loop of the MID domain and the first base of the guide
favor interactions with uridine, explaining the 1U bias observed from small RNA
sequencing of RISCs. The so-called nucleotide specificity loop varies in non-animal
Argonautes and consequently modulates the nucleotide bias at the first position [79].
Following the path of the guide strand through the core of the structure, there are abundant
protein interactions with the RNA, almost exclusively with the sugar-phosphate backbone.
Interactions with ribose 2’-OH groups provides RNA specificity, however base-specific
interactions remain restricted to the 5" nucleotide. The central part of the RNA is disordered
in all of the available eukaryotic structures. This region would be occupied with target strand
mismatches. Finally, the 3’ end of the RNA is bound by the PAZ domain, with most of the
relevant interactions occurring between the final phosphate and sugar in a sequence non-
specific manner [27, 80, 81].
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With regard to catalysis, the PIWI domain contains the enzyme’s DEDH active site, which
requires Mg?* for activity [78, 82, 83] (Fig. 2a). In human Agos, the presence of these
catalytic residues is necessary but not sufficient for slicing (demonstrated by the fact that
both hAgo2 and hAgo3 contain all four requisite residues while hAgo?2 is the only active
slicer). Recent biochemical and structural studies of hAgos have identified determinants of
Argonaute slicer activity that extend beyond the active site. These are most notably in an
adjacent loop to the active site and in the N domain [84-88]. Moreover, the activity of Agos
can be modulated through post-translational modifications including proline hydroxylation
that increases slicing activity, sumoylation that increases protein stability, ADP-ribosylation
that relieves both slicing and translation repression, and phosphorylation that can either
enhance or inhibit silencing efficacy (reviewed in [89]).

Holistically, Ago presents an extended binding interface for the guide RNA that spans all
four protein domains [82, 90, 91]. With the ability to reproducibly purify unbound hAgos
[84, 90] and load them with specific guides [84, 90], it became apparent that this binding
confers stability to not only to the guide [65, 90, 91, 92] but also Ago itself [90]. Moreover,
this binding holds the guide RNA in a conformation that is consistent in all observed
structures; this is particularly evident and critical in the seed region [61]. Here, the bases
point outwardly from a narrow RNA-binding groove, poised to recognize target molecules.
From the structures of hAgo2 bound to guide RNA, it seems that the MIDPIW!I lobe will not
require significant conformational changes to accommodate target binding. It has been
suggested that linkers adjacent to the PAZ domain would, however, involve rearrangement.
The PAZ domain has already been shown to be the most mobile domain and releases the
guide upon target binding (reviewed in [61]).
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Very recently, a series of structures of hAgo2 in complex with both guide and various short
target RNAs provided further insight regarding the mechanisms of target recognition [93].
This work illustrated that mismatches between the guide and target could not be tolerated in
the seed region due to close packing of the RNA duplex with adjacent regions of hAgo2.
Upon target binding, significant conformational changes of the protein’s PAZ domain and a
helix in the L1 linker were observed, the latter of which must shift position in order to
accommodate the forming duplex. This also stabilizes the guide RNA structure and “irons
out” the kink between nucleotides 6 and 7 found in the RNA path of the guide-only
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structure. Together, the structures suggest a stepwise model of target recognition in which
the guide strand first recognizes putative targets solely with seed sequence nucleotides 2-5.
Subsequent conformational changes allow for validation of the target using nucleotides 6-7,
followed by nucleotides 8 and/or 13-16 [93]. Additional structures are still needed, however,
to better explain the atomic underpinnings of slicing and product ejection as the formation of
more extended duplexes will require additional conformational rearrangements.

In the case of Ago silencing via non-slicer mechanisms, GW182-family proteins, named for
their enrichment in glycine and tryptophan residues, are recruited to RISC (reviewed in
[105]) through interactions with the PIWI domain [91, 95] (Fig. 2a). These factors are
required for effective miRNA silencing in animals where they serve as key mediators
between Agos and downstream RNA turnover/translational repression factors [96, 98] (Box
2). After binding RISC, these proteins localize to P bodies—cytoplasmic foci that are
associated with mRNA decapping, degradation, and translational repression (reviewed in
[94, 99]). GW182-Ago interactions promote target degradation via the sequestration of
stabilizing poly(A)-binding proteins [100, 101]. Moreover, GW182 proteins interact with the
CNOT9 subunit of the CCR4-NOT complex via W-motifs (distinct from GW-motifs), thus
recruiting deadenylase activity that catalyzes removal of the poly(A) tail and consequently
promotes mMRNA degradation [96-98] (Fig. 2b). In addition, CCR4-NOT interacts via its
CNOT1 subunit with the DEAD-box helicase DDX6 which functions as a translational
repressor and activator of decapping [102, 103] (Fig 2c) (Box 2). Finally, post-translational
modification of Argonautes by numerous factors can also affect silencing activity by
influencing small RNA binding or protein stability (reviewed in [104]), thus adding another
layer of regulation, particularly to miRNA silencing.

Piwis: After primary biogenesis, piRNA loaded RNA-induced silencing complexes
(piRISCs) are loaded with 26-31 nt guides that are not only typically longer than si- or
miRNAs, but are also 2/-O-methylated at their 3’ end. Our current understanding of the
molecular mechanisms of Piwi proteins is primarily based on numerous genetic screens,
biochemical assays, and comparisons to their Ago counterparts. The existing structural data
on eukaryotic Piwis focuses on individual domains, specifically the 3’-binding PAZ domain
and 5’-binding MID domain [105, 106], both of which show extensive interactions with the
ends of the RNA guide. As is the case for Ago, the 5 phosphate is bound tightly by the
MID-PIWI lobe and the identity of the 5" nucleotide is “read” by the nucleotide specificity
loop [105]. Also similar to Agos, the opposite end of the guide RNA is recognized by the
PAZ domain. A key difference, however, is the accommodation of the 2’-O-methyl at the 3’
end by a preformed hydrophobic pocket in the PAZ domain [106]. It remains to be
determined how Piwi proteins are physically able to bind larger RNASs than their Ago
cousins. One possibility is that changes in the orientation of the PAZ domain will allow for
longer guides to be accommodated. Alternatively, inherent flexibility of the PAZ domain
itself may be sufficient for the binding of the larger substrates in the context of Piwi loading.

Work in Drosophila has demonstrated that piRISCs can act in two fashions. As a slicer, Piwi
can cleave targets [107, 108]. Subsequently, the RNA products of this reaction may be
loaded into the complementary Piwi-clade protein Ago3 for ping-pong amplification [107]
(Box 1). Piwi also appears to initiate transcriptional gene silencing (TGS) by shuttling to the
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nucleus, recognizing transposon transcripts, and recruiting DNA [109, 110] and/or
chromatin modifiers, [111, 112] which repress transcription of transposon loci (Box 2). This
link between RNAI and heterochromatin formation is highly reminiscent of RNA induced
transcriptional silencing (RITS) in budding yeast. However, the slicing activity of Piwi is
dispensable for silencing these loci, emphasizing that the predominant mode of piRNA
silencing is indeed through TGS [113].

Other factors in effector step silencing—In addition to RISC, numerous additional
factors are necessary for effective silencing. During miRISC loading, for instance, the
endonucease complex C3PO binds and degrades pre-RISC passenger strands thereby
facilitating the maturation of RISC [114]. Strikingly, crystal structures of C3PO revealed an
ovoid architecture with the nucleolytic residues along the inner cavity of the complex [115].
The means by which ssSRNA gains access to this interior surface is still being explored,
however, the leading speculation is that C3PO is a dynamic complex and that partial
disassembly could expose the interior and provide an entry point for the RNA.
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The piRNA effector step also relies on numerous downstream molecules that help to localize
Piwi to its target and estabilsh silencing. Post-translational methylation of Piwi arginine
residues near the protein’s N-terminus allow Piwi to be recognized by a suite of Tudor
domain-containing proteins. These Tudor proteins are believed to serve as localization and
scaffolding molecules which tether piRNA components together (reviewed in [116]).
Alternatively, if Piwi is translocated to the nucleus, factors including Maelstrom and
chromatin modifiers are recruited to genomic loci to establish hetrochromatic silencing
marks (Box 2). Other effector proteins, including asterix/Gtsfl show a pronounced effect on
transposon silencing while leaving piRNA levels unchanged [51, 117, 118]. The precise
mechanisms by which these factors are recruited and enforce TGS are being investigated.
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Outlook

From the initial discoveries of RNA interference to the more recent biochemical and
structural findings, the biology of small RNA silencing continues to impress us with its
versatility, programmability, and potency. Ongoing work to reveal the underpinnings of
target recognition, the recruitment of downstream silencing factors, and the high-resolution
structures of many key players promises exciting results yet to come.
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Box 1
Overview of Eukaryotic Small RNA Biogenesis

(a) Canonical miRNA precursors are derived from transcripts with internal hairpins
termed pri-miRNAs (grey; complementary regions in red/blue) [123, 124]. Cropping of
pri-miRNAs by the microprocessor complex, consisting of Drosha and Pasha/DGCR8
(pink), results in pre-miRNASs. In a minor, alternative mirtron pathway, precursors are
excised from protein-coding transcripts during splicing [125, 126]. pre-miRNAs are
exported to the cytoplasm via Exportin-5 (orange) for endonucleolytic processing by
Dicer (peach); target recognition is aided by dsSRNA binding proteins (dsRBPs) (yellow).
As the dsRNA is loaded into Argonaute (Ago, purple) one strand is discarded (the
“passenger” strand) (reviewed in [127]). The remaining guide strand directs Ago to its
target via complementary base pairing. Some specific miRNAs are processed in a Dicer-
independent pathway [128, 129]. (b) siRNAs typically derive from exogenous sources
(i.e. viral infection or chemical synthesis) (exo-siRNA, bottom), but endogenous siRNAs
(endo-siRNAs, top) (reviewed in [130]) can also originate from transcription of hairpins,
convergent transcription or transposon transcriptional read-through. In the cytoplasm, the
biogenesis of siRNA-loaded RISCs follows the same processing as shown in (a). (c, d) In
the germline-specific piRNA pathway, most piRNA precursors originate from piRNA
clusters found in pericentromeric heterochromatin that may be uni- or bidirectionally
transcribed [41]. The primary transcripts are exported to the cytoplasm to be parsed by
the endonuclease Zucchini (Zuc, green) [44, 45, 47] and possibly other factors. The
parsed transcripts are loaded in a Dicer-independent manner into a Piwi-clade Ago
protein (blue), exonucleolytically trimmed (green) [57], and 2’-O-methylated at their 3
end (yellow circle) by Henl (green) [58, 59] (c). In the secondary piRNA pathway,
transcripts arising from bidirectional transcription are exported from the nucleus with the
aid of factors such as UAP56 (blue) and directed to the primary piRNA processing
machinery. An important adaptation is the utilization of a signal amplification loop, the
ping-pong cycle [41, 107], in which pairs of Piwi proteins work in concert to adaptively
boost the number of loaded piRNAs. In insects, primary piRNAs are loaded into either
Piwi or Aubergine (Aub). Piwi/Aub piRISCs slice the target transcript, the remnants of
which are loaded into Ago3 with the assistance of an “amplifier” complex containing
Vasa [131] and then matured. In turn, Ago3 cleaves primary transcripts that can be
loaded into Piwi/Aub, thus amplifying the silencing signal.
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Box 2
Overview of Effector Step Mechanisms

(a) mi- and si-RNA-induced Silencing Complexes (RISCs) affect silencing either through
mRNA endonucleolytic cleavage, termed “slicing” [23, 67] or slicing-independent
mechanisms (reviewed in [99]). In the miRNA pathway, RISC comprised of Ago loaded
with the guide RNA localizes to target mMRNAs through imperfect base pairing. Once
bound, Ago (purple) recruits GW182 (teal), which mediates interactions with additional
silencing machinery. The interaction of GW182 with PABP (fuchsia) is believed to
interfere with PABP stimulation of translation initiation [73-75]. Alternatively, as a result
of PABP displacement, mMRNA is made more sensitive to deadenylation, leading to
destabilization [72]. GW182 also binds the CCR4-NOT complex (blue) that in turn
recruits deadenylases (Exo) (orange) that destabilize the transcript. In addition CCR4-
NOT interacts with DDX6 (green), which functions as a translational repressor and
recruits the decapping complex (red). (b) In contrast to the miRNA pathway, siRNA
loaded RISC serves as an endonuclease. SiRNA guides recognize their target with perfect
or nearly-perfect base complementarity, thus favoring silencing through slicing (scissors)
of the target (b).In all of these cases, this regulation is termed post-transcriptional gene
silencing (PTGS) as it acts directly on transcribed mRNA substrates. (c) While the slicing
activity of Piwi proteins is requisite for the ping-pong cycle discussed in Box 1, it is
believed that the majority of piRNA silencing activity arises from slicer-independent,
transcriptional gene silencing (TGS). In contrast to PTGS mechanisms, mature piRISC is
imported into the nucleus and localizes to its target co-transcriptionally. Recognition of
the target is believed to recruit silencing factors, including Maelstrom (beige) and
chromatin modifiers that promote deposition of histone 3 K9 trimethylation (H3K9me3)
marks (red dots), which alter the chromatin landscape and impart silencing [132].
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Figure 1.
Strategies for RNA recognition and processing a) Human TRBP (gold), the quintessential

double-strand RNA binding protein (dsRBP), is comprised of three double-strand RNA
binding domains (dsRBDs) connected by linkers. Each dsRBD binds one face of the double
helix (grey) and is situated over the major groove with additional interactions along the
adjacent minor grooves. The stability of this complex is almost entirely driven by direct and
water-mediated hydrogen-bonding interactions (PDBs: 3ADL [119] and 1DI12 [120]). b) The
microprocessor complex (PDB: 2Y T4 [20]) responsible for processing pri-miRNAS is
comprised of the nucleases Drosha and DGCR8/Pasha. The crystal structure of the dsRBDs
of human DGCRS8 (pink/purpl€) suggests it recognizes dsRNA in the same manner as
TRBP. A-form RNA (grey) was modeled on each dsRBD based on the structure of TRBP in
the presence of dsRNA. c¢) Crystal structures of mammalian Dicer fragments or homologs
(helicase domains from P. furiosis, RNaselll domain from Giardia) are positioned within
the electron microscopic map of human Dicer (grey) based on structures from lower
organisms and electron microscopic labeling [31]. The PAZ domain (magenta) recognizes
the 3’ 2 nucleotide RNA overhang. Opposing RNaselll domains (purple) perform duplex
cleavage. The cleavage product’s length is measured based on the size of the ruler domain
between the PAZ and RNaselll domains. The helicase domain (green) has been implicated
in processivity. d) The endonuclease Zucchini (green) (PDB: 4GGJ [44]) recognizes the
phosphate backbone of single-stranded (purple; modeled) piRNA precursor substrates via a
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narrow, positively-charged groove. This positions the scissile phosphate between two
opposing active-site histidines (center dashed circle). Additionally, each monomer binds a
single zinc atom through a CCCH zinc finger (beige).
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Figure 2.
Structures and modes of effector step silencing a) The overall structure of human

Argonuate2 (composite of PDBs: 4F3T [90] and 40OLB [91]) bound to an RNA guide
colored by domain: N-terminal (N) (blue), linker 1 (L1) (grey), PAZ (red), linker 2 (L2)
(yellow), MID (green), and PIWI (purple). Upon target recognition (PDBs 4F3T (faded,
prerecognition) to 4W50 [93] (solid, postrecognition), substantial conformational changes
in the PAZ domain and a helix in the L1 linker are observed (arrows), the latter being
essential for duplex accommodation. Additional ordering of the guide RNA also occurs
upon target binding. A model of target slicing, based on the structure of RNase H bound to a
DNA-RNA hybrid (PDB 1ZBI [121]) and focusing on the active site is shown in the inset.
The catalytic tetrad (D597, E637, D669 and H807) coordinates two magnesium ions and
mediates the cleavage of the target (scissile phosphate circled in red). When directing
silencing without slicing, Ago2 interacts with GW182 family proteins through tryptophan
binding sites in the PIWI domain, indicated by arrows. GW182, in turn, recruits downstream
silencing machinery. (b) The structure of the binding domains of CNOT1 (blue) and CNOT9
(teal), two CCR4-NOT subunits, in the presence of tryptophan (PDB 4CRV [102]) support
that CNOT?9 can be directly recruited to GW182 family proteins rich in glycine and
tryptophan residues. (c) The MIF4G domain of the CCR4-NOT subunit CNOT1 (green)
interacts directly with the DEAD-box helicase DDX6 (yellow; PDB 4CT4 [103]) in addition
to the deadenylase CAF1 (burgundy; PDB 4GMJ [122]). Together, these interactions
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provide a platform to link Ago targets to deadenylation, translational repression and the
decapping machinery via GW182.
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