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Abstract | Small RNAs directly or indirectly impact nearly every biological process in
eukaryotic cells. To perform their myriad roles, not only must precise small RNA species
be generated, but they must also be loaded into specific effector complexes called
RNA-induced silencing complexes (RISCs). Argonaute proteins form the core of RISCs
and different members of this large family have specific expression patterns, protein
binding partners and biochemical capabilities. In this Review, we explore the mechanisms
that pair specific small RNA strands with their partner proteins, with an eye towards

the substantial progress that has been recently made in understanding the sorting of the
major small RNA classes — microRNAs (miRNAs) and small interfering RNAs (siRNAs) —
in plants and animals.

RNase Ill protein

A member of a family

of ribonucleases that

process dsRNA, leaving 5
monophosphates and 2-nt 3
overhangs with hydroxyl ends.
Drosha and Dicer are examples
of such ribonucleases.

RNA-induced silencing
complex

A regulatory multi-protein
complex containing an
Argonaute protein bound
to a single-stranded small
RNA that regulates gene
expression through sequence
complementarity between
the guide RNA and the
target transcript.
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assenger strand would obviously misdirect RISC

Guide strand

During RISC loading, one strand
of an siRNA is selected and
stabilized. This is termed the
guide strand, and it confers
target specificity. miRNA guide
strands are termed miR strands.

Passenger strand

The non-incorporated strand
of the siRNA duplex that is
degraded during the assembly
of RISC. Non-incorporated
strands of miRNAs are called
miR* strands.

Stem—loop structure

A region of dsRNA (stem)
connected by an unpaired
region (loop) in a single RNA
molecule. This is a structure
typical for miRNA precursors.

Mirtron

A miRNA that originates from a
very short intron and is excised
to form a pre-miRNA by the
splicing machinery (and
occasionally subsequent
trimming), therefore bypassing
the Drosha processing step.
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Dicing

Refers to the cleavage events
carried out by the RNase Ill
family nuclease Dicer.

RNA-dependent RNA
polymerase

An RNA polymerase that
uses sSRNA as a template
to synthesize dsRNA.
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Trans-acting siRNA

A plant small RNA that
primarily associates with
AGO?2. ta-siRNA biogenesis
depends on miRNA-mediated
cleavage of precursors that are
further processed by DCL4 and
other siRNA machinery factors.

Natural antisense
transcript-derived siRNA
A stress-induced small RNA
produced by DCL1 and DCL2
that originates from dsRNA
formed by convergent
transcription.

Box 2 | Structural determinants of Argonaute proteins for small RNA sorting

Argonaute (AGO) proteins provide numerous possibilities for RNA-protein
interactions that might underlie the proposed determinants of small RNA strand
sorting. The interaction between AGOs and small RNAs occurs through several contact

oints in three characteristic domains of the protein: the PAZ, Mid and PIWI domains
AGO bound to a guide DNA-target RNA duplex!®?).

The PAZ domain hosts the 3’ end of the small RNA°%1%3 whereas the Mid domain

O O e O e WICTCAS LNC IC OOMIAIN,
forms a binding pocket that anchors the 5’ phosphate of the terminal nucleotide of

the small RNA*1611%4167 These interactions provide opportunities for base-specific
contacts that might provide preferences for 5’ nucleotides or might encourage the
loading of duplexes with unstable 5’ ends. Whereas plant, fly and worm microRNAs

(miRNAs) show a strong tendency to start with U, human miRNAs are biased towards U

or A as 5’ terminal nucleotides’76106-109.111.112 Recent work provides structural evidence
for nucleotide-specific interactions in the Mid domain of human AGO2 that ensure
the preference for a 5’ terminal U (or A), while excluding G or C through a nucleotide
specificity loop!*". Interestingly, this structure is well conserved in all four human AGO
proteins as well as in Drosophila melanogaster AGO1 or the worm miRNA acceptors
ALG-1 and ALG-2.By contrast, AGO proteins that function in other small RNA
pathways, such as D. melanogaster AGO2 or plant AGOs, lack this nucleotide specificity
loop''. Whether the region corresponding to the nucleotide specificity loop in these
distant proteins contributes to sorting of small RNAs, depending on the 5' nucleotide
or not, awaits further structural investigation.
The

Panel b is reproduced from REF. 161 © (2008) Macmillan Publishers Ltd. All rights reserved.

Small RNA sorting

Once produced, small RNAs and, in many cases, specific
small RNA strands must be loaded into Argonaute pro-
teins. Sorting is influenced by the Dicer that processes
the precursor, the structure of the small RNA duplex, its
terminal nucleotides, its thermodynamic properties and
the destination AGO protein (see BOX 2 for structural
properties of AGO proteins).

In part, sorting may be driven by specific protein-
protein interactions between biogenesis and effec-
tor components. For example, in animals, Dicing and
Argonaute loading have been proposed to occur as
concerted processes'>'. This provides an opportunity
for determining the fate of specific precursors to join
certain effector complexes if a particular Dicer prefer-
entially binds one Argonaute family member. However,
Dicer and Argonaute cannot be the full story. Instead, it is
clear that more complex-loading and strand-recognition
pathways also influence the sorting of small RNAs. To
exert its regulatory functions, mature RISC must be
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Heterochromatic siRNA
A highly abundant plant
small RNA that arises from
transposons and repeats.
hc-siRNAs depend on DCL3
and mainly load into AGO4.

RNase H

A conserved family of
endonucleases that cleave

the RNA strand of RNA:DNA
hybrid duplexes. AGO proteins
contain RNase H-like domains.

programmed with a single-stranded RNA. Thus, for
small RNAs that are initially produced as duplexes, one
strand must be chosen and the other discarded — a proc-
ess called RISC loading. Strand selection must not be
random. For example, for most miRNAs, evolutionary
pressure has honed one particular strand of the duplex
as a crucial regulator and loading of the other strand, the
miR*, would cause silencing of the wrong set of genes.

Even from the first mechanistic studies, it was clear
that strand choice was partly encoded in the intrinsic
structure of the small RNA duplex, and a major deter-
minant resides in its thermodynamic properties'**%.
For both miRNAs and siRNAs in flies and mammals, the
strand with the least stable 5' end is more often retained.
There are also additional favourable sequence charac-
teristics, such as a bias for a U at position 1 (see BOX 2 for
further details)”>751°11°, Recently, our understanding of
small RNA-sorting determinants has expanded substan-
tially, and Argonaute and RNA structural studies have
begun to provide a mechanistic basis for observations
from in vitro and in vivo analyses®®!06107110-112,

Small RNA sorting in animals. In mammals, a sin-
gle Dicer assorts siRNAs and miRNAs among four
Argonaute subfamily proteins, apparently without much
discrimination. However, in D. melanogaster, two distinct
Dicer proteins process small RNA duplexes that prefer-
entially enter AGO1 or AGO2 complexes. Generally,
AGOL1 is occupied by miRNAs, whereas AGO2 associ-
ates with siRNAs. This parallels the processing of miR-
NAs by Dicer 1 and siRNAs by Dicer 2. However, there
are exceptions to the rule. For example, there are Dicer
1-derived small RNAs that preferentially load AGO2,
implying the existence of a post-processing sorting
mechanism'”'", Although miRNA and siRNA process-
ing intermediates are approximately 19-21-nt duplexes
with 2-nt 3’ overhangs, the character of their duplexed
portions substantially differs (FIG. 3a). siRNAs are derived
from duplexes featuring perfect or nearly perfect dsRNA,
whereas miRNAs originate from precursors that typi-
cally contain several mismatches or bulges. Other fea-
tures that affect sorting include the terminal nucleotides
and thermodynamic properties of the duplex ends.

The numerous inputs into the sorting decisions
of small RNAs have posed a challenge to predicting
their fates in D. melanogaster. However, recent studies
have suggested the application of hierarchical rules to
predict differential AGO loading'*®'”', At the top
level is duplex structure, specifically its degree of base
pairing. Small RNA strands with unpaired central
regions (~nucleotides 9-10) tend to be directed into
AGOL and disfavoured for AGO2 loading. Although
D. melanogaster AGO1 and AGO2 show different prefer-
ences for terminal nucleotides (AGO1 favours a terminal
U, whereas AGO2 shows a bias towards a 5’ C)7¢10107 the
identity of the 5" nucleotide only makes a minor con-
tribution to sorting'®”. For perfect duplexes, thermo-
dynamic asymmetry dominates strand choice, which is
precisely as was originally proposed'**1%1%7,

It should be noted that sorting is a strand-centric
process. Once a duplex is made, it seems that one strand is
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assessed and its fate determined. Thus, for many miRNAs,
miR strands are abundant in AGO1 complexes and miR*
strands predominate in AGO2-RISC; however, these
miR and miR* strands arise from independent precur-
sor molecules rather than through the stabilization of
both strands of a given duplex. Thus, for each processed
duplex, the choice seems to be whether the miR strand
becomes committed to AGO1 or the miR* is commit-
ted to AGO2, with the complementary strand of each
miRNA duplex being discarded during RISC matura-
tion. Thus, AGO1 and AGO2 may compete for the selec-
tion of strands from each duplex, with the strength of
preferential loading signals determining the ultimate
abundance of the miR and miR* in AGO1 and AGO2
complexes, respectively'!0711°,

It was recently noted in D. melanogaster that some
even thou ey originate from mismatched duplexes

to zirect tﬁem towarzs AGOI (REF 114]. Interestinglx

in vitro, these small RNAs are sorted into AGO1. In vivo.

ol e e s o e A A v
gets Wi iF seEuence comp ementarig.T is paradox
can be resolve invoking target-directed small RNA
Hestruction~ sma!i RNAs oz ':Eis sort ma Ee loazea into
elo TR TR T TP T A T T

As in D. melanogaster, worm miRNAs and siRNAs
are partitioned among distinct AGO subfamily proteins.
Although worm sorting rules have not been probed in
detail, miRNAs show a tendency towards central mis-
matches and are sorted into ALG-1 or ALG-2, whereas
siRNAs from perfect duplexes preferentially load RDE-1
(REFS 115,116). In contrast to flies and worms, individual
mammalian AGO clade proteins show no specialized
structural and 5" nucleotide preferences for small RNA
duplexes'”'"*. This raises the possibility that mammals
lack a strict system for small RNA sorting, at least among
their AGO subfamily members.

Sorting of small RNAs in plants. A. thaliana encodes
ten Argonaute proteins, which vary in their degrees of
specialization and expression patterns. As in animals,
plant AGO proteins tend to show preferences for dis-
tinct small RNA classes, which are produced through
somewhat compartmentalized biogenesis pathways.
For example, AGO1 is manly occupied by miRNAs that
arise through processing by DCL1. AGO4 prefers hc-
RNAs that are processed by DCL3. AGO?2 is the princi-
pal recipient for ta-siRNAs. An additional complexity
is that different Dicers produce small RNAs of distinct
sizes. Plant DCL1 and DCL4 produce 21-nt RNAs,
DCL2 22-nt RNAs and DCL3 24-nt RNAs. Different
Dicer proteins have also been proposed to reside in dif-
ferent subcellular compartments. Thus, a wide range
of properties might be exploited to establish specificity
in plant small RNA sorting. Surprisingly, although the
terminal nucleotide of the siRNA had a minor effect
on sorting in flies and mammals, it strongly impacts
sorting in plants.
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Figure 3 | Small RNA sorting and RNA-induced silencing complex assembly in flies.
a | Structural determinants dominate the decision to sort small RNAs into fly
Argonaute 1 (AGO1) or AGO2. AGO1-biased (usually microRNA (miRNA)) duplexes
contain several bulges and mismatches, especially in the central region of the duplex.
Mature miR strands show a strong bias for a terminal U. By contrast, AGO2-biased
(usually siRNA) duplexes show extensive base pairing. Loaded guide strands often
start with C. b | Unloaded AGO1 is recognized and bound by the heat shock cognate 70
(HSC70)-heat shock protein 90 (HSP90) chaperone complex and, following binding
of ATP, adopts an ‘open’ conformational state. Loading-competent AGO1 receives
miRNA duplexes containing several mismatches. The incorporation of duplexes into
AGO1 is likely aided by as yet unidentified loading factors. ATP hydrolysis results in
dissociation of the chaperone complex from AGO1, followed by passive unwinding
of the duplex, a process promoted by mismatches. The miR* strand is degraded
following unwinding. ¢ | The HSC70-HSP90 chaperone complex associates with
unloaded AGO?2. Binding of ATP to the chaperone complex leads to conformational
changes that allow AGO?2 to receive small duplexes from the AGO2-loading
machinery. Small RNA duplexes with perfect or near-perfect base-pairing (especially
those with good pairing in the central region) are recognized by Dicer 2 (DCR2)

and its co-factor R2D2 (AGO2-RISC-loading machinery) and inserted into AGO2.
The chaperone complex dissociates following ATP hydrolysis, causing a change in the
conformation of AGO2. Following passenger strand slicing by AGO2, component

3 promoter of RISC (C3PO) degrades the cleavage products. Subsequently, the 3’
terminus of the guide strand is methylated by HUA ENHANCER 1 (HEN1) to yield
mature AGO2-RISC. SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine.

Deep sequencing of small RNAs associated with AGO
family members clearly indicated that distinct
AGO proteins preferentially load small RNAs with spe-
cific 5" nucleotides?'#120121_ AGO1 showed a strong
bias towards a terminal U. AGO2 and AGO4 selected
sequences that begin with an A, and AGO5 mainly
bound RNAs starting with a 5" C. Simply changing the
terminal nucleotides could redirect small RNAs into
different complexes in a predictable manner, strongly
supporting the dominance of this sorting signal.

There were exceptions to the simple rule proposed
above. MiR390, which begins with an A, would be
predicted to load AGO2 but, instead, exclusively occu-
pied AGO?7 (REF. 90). Moreover, miR390 could not be
redirected by altering its terminal base. Thus, although
base recognition contributes strongly to sorting, other
characteristics of small RNAs must also be taken into
account. These could include duplex properties, such
as thermodynamic asymmetry or degree of base pair-
ing, although this hypothesis has yet to be examined.
Opverall, the data support a model in which plant small
RNAs dissociate following Dicer cleavage and are sub-
ject to a sorting process, which surveys their terminal
base. Other considerations, their size and the Dicer that
produced them may contribute to specificity in a man-
ner that varies with the small RNA species, but which
becomes the dominant determinant of sorting in a
few instances.

Sorting of other small RNA classes. To date, we know
far more about the loading determinants of miRNAs
and siRNAs than of any other small RNA class. Even
within these well-studied groups, there are exceptions
to the rules outlined above. For example, several reports
now support the idea that pre-miRNA hairpins can be
successfully loaded into RISC!'#!22726 (BOX 3). Mirtrons
bypass the Drosha step but are presumably loaded using
the normal miRNA strand determinants following
Dicer cleavage.

Several small RNA classes are formed without a double-
stranded precursor. Even though this should pose a sim-
pler sorting problem, with no need to discriminate guide
versus passenger strands, we know little about how these
species are selectively loaded into specific Argonautes.
Among good examples are the secondary siRNAs in
worms, which are generated as direct RARP products,
presumably without the need for further process-
ing®’”. These are specifically loaded into WAGO clade
Argonautes through a still mysterious mechanism’. One
could easily imagine that biogenesis and loading could
be tightly coupled, or that the 5’ triphosphate termini
on these small RNAs could contribute to binding spe-
cificity through interactions with the mid-domain of the
Argonaute, but these ideas remain to be tested.

piRNAs, including worm 21U RNAs, do not depend
on Dicer processing and are thought to originate from
single-stranded precursors*>®!*”125_ The loading of
these small RNAs into Piwi subfamily proteins and the
requirements of associated partner proteins for proper
Piwi-RISC assembly are unknown. Whether the strik-
ing bias for a terminal U seen in many piRNAs reflects
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Box 3 | Non-canonical biogenesis and loading of small RNAs
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It had been reported in the literature that precursor-microRNA (pre-miRNA) hairpins are
sometimes directly loaded into RNA-induced silencing complex (RISC) instead of being
funnelled into the canonical Dicer-dependent biogenesis pathway!*#12>12_ Recently, it
was shown that this strategy is actually used as a biogenesis mechanism by a conserved
vertebrate miRNA, miR-451 (REFS 122-124). Like other endogenous miRNAs, mir-451 is
synthesized by RNA polymerase Il (RNAPII) as a polycistronic transcript together with
mir-144 (see the figure above). This primary miRNA (pri-miRNA) is initially processed by
the Microprocessor (Drosha—Pasha complex) through the canonical biogenesis pathway.
However, following export to the cytoplasm, the two pre-miRNAs adopt distinct fates.
Although pre-mir-144 continues along the canonical miRNA path and is processed
by Dicer, pre-mir-451 is not a Dicer substrate, perhaps because its 17-nucleotide
(nt)-duplexed region is too short. Instead, the pre-mir-451 hairpin is directly loaded
into Argonaute 2 (AGO?2). There, the duplexed portion of the hairpin is cleaved by the
Argonaute RNase H-like motif and the cleaved product is resected by an unknown
activity to form mature miR-451. Although it is unclear whether pre-mir-451 is actively
sorted into AGO2, only those species which occupy this catalytically competent AGO
family member can mature.

As a second example, the pre-miRNA equivalents for mirtrons are formed by the
splicing machinery rather than by Drosha. Their biogenesis is outlined in FIG. 1.

upstream processing activities or is a consequence of the
nucleotide-binding preferences of these Piwi proteins
(as is seen in plants) remains unclear.

REVIEWS

so that AGO proteins accept small RNA duplexes.
This concept, which was originally suggested based on
structural analyses of AGO proteins, has gained recent
support from studies that characterized interactions
between Argonautes and the heat shock cognate 70
(HSC70)-heat shock protein 90 (HSP90) chaperone
complex'*3-1%, These studies support a model in which
the interaction between Argonautes and the chaperone
complex creates an ‘open’ conformation that is suitable
for the loading of duplexed small RNAs. ATP hydrolysis
and dissociation of the chaperone results in a structure
that can discard or cleave the miR* or passenger strand
to form an active RISC.

In flies, the loading machinery for AGO2-RISC
also involves Dicer 2 and its dsRBD partner R2D2
(REFS 68,69,130,131,137,138) (FIC. 3c). In fact, these fac-
tors have been proposed to be the biochemical sensors
for thermodynamic asymmetry. In this regard, R2D2 has
been shown to bind the more stable end of the dsRNA
duplex, whereas Dicer 2 is positioned at the less-stable
end of the duplex, providing a mechanism for orien-
tated AGO2 loading'®. Although a minimal pre-RISC
could be constituted with only Dicer 2, R2D2 and AGO2
(REF. 140), the bona fide AGO2-RISC-loading machinery
in vivo undoubtedly contains additional components,
including the chaperone complexes described above.
Roles for Dicers have also been suggested for AGO1
loading. One report suggests that AGO1-Dicer 1 com-
plexes correspond to the AGO1-RISC-loading com-
plex'"!, whereas a second report indicated that Dicer 1
was dispensable for AGO1-RISC assembly'*.

Although little is known about the loading machin-
ery in plants, a recent study proposed that the thermo-
dynamic properties of duplex ends (instead of terminal
nucleotides) are the dominant determinant for strand
selection of some DCLI1-processed miRNAs and that
HYL1, like fly R2D2, functioned as a component of the
asymmetry sensor®.
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Box4: The overall outcomes of microRNA sorting:
How does it affect disease? Development?
Stuff you said was important in the intro?

Box 4| Mechanisms of target regulation in Dr

-
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A region consisting of
nucleotides 2—8 counted from
the 5" end of miRNAs that
participates in the interaction
between a small RNA and
target transcript.
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The impact of sorting on target regulation
The ultimate result of accurate strand selection and sort-

ing is that an active RISC is formed, which is imbued
with the ability to regulate a target gene or process.
Argonaute family members differ in their biochemical
properties, subcellular localization and expression pat-
terns, and matching the right small RNA with the correct
partner is key to proper biological function.

Although AGO proteins evolved as ribonucleases,
animal miRNAs affect their targets without the need for
this activity. miRNAs generally interact with their tar-
gets through limited base-pairing interactions that are
insufficient to place the scissile phosphate of the target
in the enzyme active site where cleavage can occur. The
prevalence of cleavage-independent repression modes
is also reflected in the diversity of the Argonaute family.
In mammals, three of the four AGO proteins have lost
catalytic potential, and AGO1, the D. melanogaster AGO
protein into which most miRNAs are sorted, is a poor
enzyme compared with its siRNA-binding cousin'®.

miRNA-directed target cleavage has only been
reported in a few cases'**'*. However, this is assumed
to be the principal regulatory mode for endo-siRNAs
and for piRNA-mediated repression of transposons.
Here again, the choice of a particular AGO partner is
crucial. Piwi family members all retain catalytic compe-
tence and D. melanogaster AGO2, the main partner for
endogenous and viral siRNAs, is tuned for highly active
slicing (BOX 4).

AGO1-associated plant miRNAs usually share exten-
sive sequence complementary with their mRNA targets
and these interactions often result in target cleavage'*.
However, recent studies have indicated that cleavage-
independent translational repression is widespread in
plants, even for highly complementary target sites'*.
Nevertheless, miRNA-mediated cleavage is of key
importance for some processes like the biogenesis of ta-
siRNAs, for which the initial slicing event is key to RARP
recruitment and dsRNA synthesis®.

Notably, small RNAs that direct cleavage, for exam-
ple, plant miRNAs, piRNAs and fly endo-siRNAs, often
have a 2’-O-methyl modification on their 3’ termini.
Although the purpose of this modification was initially
mysterious, it is now clear that this functions as a pro-
tective group to prevent small RNA destruction®!*>'%,
In flies and mammals, small RNAs that have extensive
complementarity to their targets can be recognized by
terminal uridyl transferases, which mark small RNAs
for degradation®. The uridylation event is blocked by
the 2'-O-methyl modification, preserving these small
RNAs, which have evolved to function through cleav-
age®’. The balance between protection and targeted
small RNA sorting and as an evolutionary mechanism
repression mode*".

hc-siRNAs are thought to function by different
mechanisms'*®*'*. They must be sorted into a particu-
lar Argonaute, AGO4, which they guide to target DNA
loci by base pairing with nascent non-coding transcripts
synthesized by RNAPV. Effector proteins, such as the
chromatin-remodelling factor DRD1, the de novo meth-
yltransferase DRM2 and other factors, are then recruited,
resulting in DNA methylation at cytosine residues'*"".
As this regulation functions by repressing RNA synthe-
sis, it was termed transcriptional gene silencing to distin-
guish it from post-transcriptional gene-silencing modes.
Some piRNAs in flies and mammals must associate with
particular Piwi-family proteins — that is, PIWI and
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MIWTI2, respectively — which enable these small RNAs
to enter the nucleus, where they are thought to induce
transcriptional repression through changes in chroma-
tin structure or DNA methylation, respectively'®2-'>4,
Similarly, worm NRDE-3, an Argonaute of the WAGO
clade, transports siRNAs to the nucleus and functions
through co-transcriptional gene silencing’.

Thus, the final effects of small RNA sorting are felt
in the modes of repression that become available as
they join specific AGO proteins. The consequences
of improper sorting may range from a loss of target
regulation to inappropriate regulatory modes.

Conclusions
An understanding of the mechanisms by which small
RNAS are selected and sorted among different potentigi

effector complexes is crucial. In part, this knowledge

REVIEWS

guides hypotheses concerning the cellular roles of an
ever-growing roster of small RNA species. However, the
ability to predict the fate of small RNAs based on their
e et
R T T T D T
tial tEerapeutics. We have begun to piece together the
properties that determine small RNA fates and, in some
instances, these properties can even predict with reason-

able accuracy which small RNAs will efficiently join a
articular effector complex.

. This capacity will rest
on advances in both our understanding of RISC as an
enzyme, including its mechanisms of target recognition,
silencing and product release, and a detailed knowledge
of how specific RNA strands are efficiently loaded into
RISC as guides.
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