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Abstract

RNAI is a collection of processes mediated by small RNAs that silence gene expression in a sequence-

specific manner. Studies of processes as divergent as post-transcriptional gene silencing, transcriptional silencing through
RNA-directed DNA methylation, or heterochromatin formation, and even RNA-guided DNA elimination have converged
on a core pathway. This review will highlight recent structural and mechanistic studies illustrating siRNA and miRNA
processing, RISC formation, the execution of RNAi by RISC, and the regulation of these pathways, with a specific focus on

vertebrate systems. J. Cell. Biochem. 99: 1251-1266, 2006.
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The initiation of RNAi requires the formation
of a specific double-stranded (ds)RNA structure
from diverse dsRNAs, without requirements of
sequence specificity (Fig. 1). Two RNase III
enzymes are employed in this process. In the
nucleus, Drosha, assisted by its double-stranded
RNA binding domain (dsRBD) partner, Pasha,
cleaves RNA polymerase II-transcribed primary
microRNA (pri-miRNA) transcripts into pre-
miRNAs, ~80 nucleotide (nt) dsRNAs with a
hairpin loop, and 3’ 2-nt overhang [Lee et al.,
2003], which exit the nucleus in an Exportin-5-
dependent manner [Yi et al., 2003]. In the cytosol,
Dicer (DCR) processes pre-miRNA, and viral or
cellular dsRNA to a ~21 dsRNA with 2-nt 3
overhangs and 5 phosphates [Bernstein et al.,
2001]. One strand, the guide strand, is preferen-
tially incorporated into an Argonaute (AGO)
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protein, while the other, the passenger strand,
is released and destroyed. This strand bias is
determined by thermodynamic factors, as the
strand whose 5' end is less stably paired to its
complement is incorporated [Khvorova et al.,
2003; Schwarz et al., 2003].

Argonaute proteins contain 5 and 3’ binding
sites for single-stranded (ss) RNA, and feature
an RNaseH-like domain. The guide-strand Ago
complex forms RISC [Rivas et al., 2005], the
executor of RNAi, with the RNA endowing the
generalized protein machinery of RNAi with
sequence specificity. Should the guide strand
bind with high affinity, and form a sufficient
duplex with an mRNA target in a catalytically
active Ago (e.g., hAGO2 [Liu et al., 2004;
Meister et al., 2004; Rivas et al., 2005]), that
target is cleaved [Haley and Zamore, 2004]. This
is typical of miRNAs in plants (see Vaucheret
[2006] for an excellent review of RNAi mechan-
isms in plants) but generally, moderate-affinity
binding of mRNA, and the failure to form a
central miRNA/mRNA duplex in animals yields
mRNA binding but not cleavage [Haley and
Zamore, 2004]. Binding to the target mRNA
(bioinformatics approaches predict targeting of
the 3’ UTR [Lewis et al., 2005]) blocks cap-
dependent translational initiation [Pillai et al.,
2005]. The RISC-mRNA localizes to cytosolic P-
bodies, where the mRNA is degraded [Liu et al.,



1252
Pn-muRNA

—
- Drosha/DGCRS

(LT
y
Pre-miRNA

@mmmnnmmmmo

xportin-S

Cleavage

Presentation
Weak 5° end enters PIWI

Strand cleavage (siRISC)
Helicase? miRISC

Fig. 1. Schematic of the RNAi and dsRNA surveillance path-
ways (see introduction). Primary transcripts are processed by
Drosha in complex with a dsRBD containing protein, Drosha.
Extensive adenine deamination (ADAR) blocks Drosha proces-
sing and fates pri-miRNA for degradation by Tudor-SN nuclease.
Pre-miRNAs exit the nucleus in an Exportin-5-dependent
manner. In the cytosol, pre-miRNA and viral and cellular dsRNA
are processed by Dicer, which resides in complex with two 3-
dsRBD containing proteins, PACT and TRBP. Dicer binds pre-
existing 3/-2nt overhangs with its PAZ domain, and measures out
a precise distance to its active site, where another 3’-2nt
overhang end is created. The strand with the weaker 5 end

2005]. Recently, studies of maternal mRNA
degradation mediated by one miRNA expressed
early in Zebrafish development suggests dead-
enylation is the key step in target mRNA
elimination [Giraldez et al., 2006]. From early
estimates of less than 50, bioinformatic
approaches based on sequence conservation in
evolution or pattern recognition of microRNA
properties now predict thousands of miRNAs
may exist [Bentwich, 2005]. Since imperfect
base pairing is tolerated, one miRNA can have

Collins and Cheng

Nucleus

Cytosol LEGEND

[\ dsRBD
[ RNase I
b'- Helicase
@ PAZ
PIWI

TUDOR-SN
nuclease (degrades)

PACT + Transcription Arrest
—TREBP - PKR *Interferon response

binding isincorporated into RISC. PACT and TRBP may sense this
asymmetry, and with Dicer, load Argonaute proteins with
dsRNA. Following loading, the passenger strand is cleaved (in
catalytic RISCs) or removed by other means. ERI-1 is upregulated
in response to excess dsRNA and blunts siRNAs, blocking their
entry into the RNAi pathway. Blunt dsRNAs are a preferred
substrate for RIG-1 helicase. RIG-1 and PKR are activated in
response to dsRNAs, and activate a cellular response that
includes type 1 interferon. Interestingly, PACT and TRBP have
opposing effects on PKR, further reinforcing the interplay
between the RNAi and RNA surveillance pathways.

many targets, and algorithms that predict
microRNA targets by analyzing the thermody-
namics of base-pairing between miRNAs and
putative mRNA targets predict only 148 con-
served miRNAs could target as much as 30% of
the genome [Lewis et al., 2005]. It comes as no
surprise then, that the biological roles of
miRNAs are expanding to diverse cellular
processes, including development, differentia-
tion, proliferation, and apoptosis (reviewed in
Carthew, 2006). Relating to their roles as
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cellular regulators, miRNAs are now con-
firmed oncogenes (reviewed in Hammond,
2006).

A growing number of protein cofactors for
dsRNA processing and RISC loading are being
discovered. For example, Drosha’s dsRBD part-
ner, Pasha/DGCRS, is required for pri-miRNA
processing, likely by binding the stem-loop
structure and presenting pri-miRNAs for clea-
vage [Landthaler et al., 2004]. Two human
dsRBDs recently implicated in RISC loading,
TRBP [Chendrimada et al., 2005; Gregory et al.,
2005; Haase et al., 2005; Maniataki and Mour-
elatos, 2005] and PACT [Lee et al., 2006b], were
previously described for their opposite influence
on the mammalian dsRNA-signaling pathway,
implying cross talk between the core pathway
of RNAi and anti-viral dsRNA surveillance
mechanisms.

Other RNAi cofactors and regulators are
emerging. For example, a proteomics approach
in C. elegans identified a number of DCR-
interacting proteins that functionally influence
RNAIi [Duchaine et al., 2006]. In this study and
others, regulated steps of the pathway, points of
divergence, and competition for the AGO effec-
tor machinery are becoming known. In mam-
mals, two mechanisms that regulate entry into
the RNAi pathway have recently been discov-
ered. Adenosine deaminase acting on RNA
(ADAR) and ERI-1, a nuclease, are upregulated
in response to excess exogenous siRNA expo-
sure [Hong et al., 2005], suggesting a role in
preserving limited RNAi resources for endogen-
ous regulation.

RNAI is not limited to post-transcriptional
gene silencing in some organisms. Argonaute
RNAI effector complexes guide transcriptional
gene silencing (T'GS) in a number of organisms.
This part of the pathway is perhaps the most
divergent, and RNAi-mediated TGS in mam-
mals remains controversial. We will examine
recent contributions to this controversy, with an
emphasis on alternatives mechanisms that
explain certain key data. It is important to
distinguish between RNAi-based pathways,
and mechanisms that have an RNA component,
but do not involve the RNAi machinery.

RNase 11l ENZYMES: DROSHA AND DICER

The RNase III enzymes Drosha and Dicer
(DCR) are responsible for the initiation of the
RNAIi pathway. Drosha processes pri-miRNAs

into pre-miRNAs with the help of a dsRBD
protein, Pasha/DGCRS8 [Lee et al., 2003; Gre-
gory et al., 2004; Han et al., 2004]. Drosha itself
consists of a long, variable N-terminal region,
two RNase III domains, and a dsRBD [Cerutti
and Casas-Mollano, 2006]. It should be noted
plants lack Drosha, but process their pri-
miRNAs with a DCR homolog and its dsRBD
partner, HYL1 [Kurihara et al., 2006]. DCR
further processes pre-miRNAs and dsRBDs,
and functions in RISC loading. DCRs, in most
species, consist of a N-terminal DEXD (DEAD-
like) helicase domain, a conserved domain of
unknown function, a PAZ domain, two RNase
III domains, and a dsRBD [Cerutti and Casas-
Mollano, 2006]. Recent data suggests the heli-
case domain is disposable for mammalian
DCR RNase activity, but is important for
cofactor interactions and RISC loading [Lee
et al., 2006b].

RNase III proteins are notable for generating
dsRNAs of fixed lengths (~11 bp for bacteria)
with 2nt 3’ overhangs and 5’ phosphates.
Bacterial RNAse III enzymes consist only of an
endonuclease domain and a dsRBD. Early
structural studies revealed bacterial RNases
form intramolecular homodimers [Blaszezyk
et al., 2001], that together form a large cleft for
dsRNA binding. As a result, it was incorrectly
suggested the homodimer would form two
compound active sites, each with double-
stranded RNase activity. In this model, the
distance between active sites would measure
out a product of fixed size. Using a structure-
guided mutational approach, Zhang et al. [2004]
show the bacterial homodimer, or the intramo-
lecular dimer of the two DCR endonuclease
domains, forms only one processing center
capable of a double-stranded cleavage. Two
new structures, one of a Aquifex aeolicus RNase
III-product complex [Gan et al., 2006], and the
other, of Giardia DCR [Macrae et al., 2006],
reinforce this finding. Further, the Giardia DCR
model lends structural evidence in support of
biochemical data suggesting a two-metal cata-
lytic mechanism in RNase III catalysis [Sun
et al., 2005], and shows how the 3’ ssRNA
binding activity of the PAZ domain may facil-
itate generation of products of appropriate
length.

Aquifex aeolicus RNase 111 Bound to dsRNA

In order to form a substrate-RNase complex,
catalytically impaired Aquifex aeolicus RNase
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III, and RNA were co-crystallized. In the
process, the residual activity of the mutant
enzyme cleaved the RNA. The 3’ 2nt overhangs
of the product overlap, forming a pseudo-
continuous duplex (Fig. 2A,B). This mimics a
product conformation, with one strand of RNA
cut over each cleavage site. The positioning of
the two sites is staggered to yield the 3’ 2-nt
overhang. At each site, only one metal bound by
four conserved acidic residues is observed,
however, the absence of a second metal in a
product conformation in a crystal structure is
uninformative. The ligands for a second metal
are apparent, based on similarity to other
nucleases with two-metal catalysis. Upon
dsRNA binding, a significant induced fit of the
dsRBD domains is seen. The two dsRBDs cradle
opposite sides of the RNA along the catalytic
cleft. This position is at a right angle relative to

another structure where the dsRBDs face out-
wards to contact dsRNA [Blaszczyk et al., 2004]
(Fig. 2C,D). If this rotation about a flexible
linker is conserved in the DCR dsRBD, it may
have important implications for substrate bind-
ing, or product display as a function of RISC
loading.

Structure of a Minimal Eukaryotic Dicer

Giardia DCR deviates from those of other
Eukaryotes, as it lacks all but the PAZ and the
two RNase III domains. However, it is fully
functional, generating products of a specific
size, and even rescuing RNAI in a strain of S.
pombe with a DCR deletion [Macrae et al.,
2006]. The RNase domains of Giardia DCR
form a globular, all-helical intramolecular
heterodimer that looks similar to the bacterial
RNases (Fig. 3A). The two-endonuclease

Fig. 2. Structures of Aquifex aeolicus RNase Il bound to
dsRNA. A: dsRNA bound in a product conformation to RNase
Il (PBD 2EZ6). B: A 90° rotation into towards the reader.
Bacterial RNase Il consists of a single RNase Il domain (green/
lime), and a dsRBD (blue/light blue) that homodimerize. Two
double-stranded RNA products (orange/yellow) of RNAse 111
have rebound to the active site, marked by a pink sphere for the
one metal observed per active site. Interestingly, the products

have formed a psudo-duplex, with a staggered double-stranded
cut. Also note the extensive cradling of the dsRNA by the
dsRBDs. C: dsRNA bound to RNase Ill in a non-catalytic
conformation (1RC7). The dsRBDs have rotated out on a
flexible linker to contact dsRNA outside the catalytic groove.
D: The two central helices of the RNase 11l domain have the
same alignment as in panel B, and compare the respective
positions of the dsRBDs.
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domains are linked by a helical domain. The
RNA sitson a flat, basic surface, rather thanina
valley flanked by dsRBDs. This flat surface
extends over a linker domain, a long o helix
engulfed by anti-parallel B-sheets, to the PAZ
domain. The Giardia ‘platform structure’ bears
some sequence homology to a domain-of-
unknown-function conserved in Dicers, sug-
gesting a function for that domain. By use of a
heavy, trivalent cation, two pairs of metal
binding sites were identified [Macrae et al.,
2006]. One metal of each pair corresponds to the
manganese-binding site identified in other

A

structures, which is defined by four acidic
residues. The second metal at each site lies a
reasonable distance from its partner for a two-
metal mechanism of catalysis. Additionally, a
dsRNA model suggests the two two-metal active
sites would lie on opposite sides of a dsRNA,
offset by about 2-nt between scissile phos-
phates.

A number of structures of the PAZ domain
have been solved (reviewed in Collins and
Cheng, 2005). The Giardia DCR PAZ domain
is like other PAZ domains in fold and 3
overhang binding pocket. DCR PAZ contains a
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Fig. 3. Giardia Dicerasa‘molecularruler’. A: Crystal structure of
Giardia Dicer (PDB 2FFL). The PAZ domain (blue), contains the 3/
overhang binding site (star), and attaches to the RNase Il domains
by a long helix (red) flanked by residues from the N-terminus of the
protein (yellow). The RNase domains are rendered in green and
cyan, and are connected by a linker domain, rendered in gray.
Four metals (pink) are observed in two active sites, supporting a
two-metal catalytic mechanism. B: The distance between the 3’
binding site and active sites is 65 A, which corresponds to 25 nt

(human Dicer products are typically shorter). Further, the active
sites are staggered, accounting for the 3/-2nt product produced by
RNase Il enzymes, and are positioned to flank either side of a RNA
helix. In some cases, Dicer seems to produce diverse products.
This may include a long (~30nt) class of miRNA-like silencing
RNAs called piRNAS. We speculate Dicer, as a molecular ruler,
measures out end-to-end distances, but internal structuring of the
dsRNA could yield products with more nucleotides in the same
linear distance.



1256 Collins and Cheng

basic loop that is absent in Argonaute proteins
[Song et al., 2003]. This loop lies at the dsRNA
groove seen in AGO PAZ structures, and it is
unclear how it DCR and AGO PAZ RNA
interactions may differ as a result. The presence
of the PAZ domain in DCR has suggested a
mechanism where the distance between PAZ
and the active site would function as the
molecular ruler that determines product length
[Zhang et al., 2004] (Fig. 3B). Indeed, a dsRNA
modeled into the Giardia DCR perfectly aligns
such that the distance from its 3’ binding site in
the PAZ domain to the cleavage site is 25
nucleotides. This model fits biochemical data
suggesting DCR requires dsRNA termini for
cleavage, prefers 3’ 2-nt overhangs to blunt
termini, and reduces dsRNAs by small RNA
sizes, never cutting internally [Zhang et al.,
2002; Vermeulen et al., 2005]. Returning to the
pathway, the RNAse III processed product from
Drosha is a perfect substrate for DCR. A more
difficult problem may be viral dsRNAs without
processed ends. Data suggests DCR can process
these slowly, with the help of its dsSRBD. Once a
first cut is made, the subsequent ends are then
recognizable by PAZ, and rapidly processed
[Zhang et al., 2004]. This, and the preformed
binding mode for RNA seen in the DCR
structure, suggests the primary role of PAZ
may be to facilitate binding of substrate (as
opposed to a conformational change licensing
activity). Indeed, dsRBD truncated DCR
became more dependent on 3’ overhang dsRNA
recognition by PAZ, and could not process blunt
dsRNA [Zhang et al., 2004].

The model of Dicer as a static molecular ruler
is challenged by the finding of a ~30nt class of
small RNA in the male mouse germline (piR-
NAs). They derive from long primary tran-
scripts, show hallmarks of precise RNase III
processing, and are loaded into members of the
PIWI-subfamily of AGO proteins [Aravin et al.,
2006; Girard et al.,, 2006]. Additionally, the
PIWI proteins interact with Dicer when over-
expressed [Sasaki et al., 2003]. Unless an
unknown bypass pathway for DCR processing
and RISC loading exists, this implies some
flexibility in DCR processing. We suggest a
purely speculative model, that a piRNA with
hairpin structures in one or both stem strands
would have the same length in end-to-end
distance as a 21-nt dsRNA in a fully helical
conformation (Fig. 3B). In this case, the DCR
molecular ruler could generate products of

different length, depending what conformation
the substrate takes. These studies verified
models of the two-metal RNase III center and
product specificities of DCR. We look forward to
structural and biochemical studies of RNase III
in a substrate conformation, of DCR with RNA
bound, and of Drosha and non-minimal DCRs
with accessory domains. Of particular interest
is the role of DCR in RISC loading.

dsRBDs AND RISC LOADING:
CHOOSING THE RIGHT STRAND

Insights from Drosophila: R2D2 and
siRNA Strand Asymmetry

Functional studies and isolation of DCR-
Argonaute complexes have demonstrated
dsRBD cofactors bridge Dicing and formation
of a functional RISC. Both miRNAs and siRNA
show strand bias, with the proper strand
incorporated into RISC, and the passenger
strand disposed of and rapidly destroyed. This
is accomplished without sequence specificity,
and without apparent bias imparted by the
polarity of Drosha/DCR processing. Instead, the
RNA strand with whose 5 end is less stably
paired with the opposite strand is chosen for
incorporation [Khvorova et al., 2003; Schwarz
et al., 2003]. Drosophila R2D2/DCR2 has
become a model for understanding the molecu-
lar recognition of the thermodynamics of siR-
NAs and RISC loading.

When considering the Drosophila RNAi path-
ways as amodel for mammalian RNAi, one must
remember the Drosophila RNAi pathway is
bifurcated. Long dsRNAs and siRNAs are
processed by DCR-2, and loaded into AGO2
with R2D2 as a cofactor, while pre-miRNAs are
processed by DCR-1 and loaded into Argonaute-
1, with Loquacious as cofactor (reviewed in
Hammond, 2005), with only some functional
overlap detected in genome-wide microarray
experiments [Rehwinkel et al., 2006]. Addition-
ally, Drosophila DCR-2 appears to have a PAZ
domain with mutations that could perturb RNA
binding, and DCR-1 lacks a functional helicase
domain [Hammond, 2005]. Humans only have
one DCR that processes miRNA and siRNAs.
Nevertheless, R2D2, Loquacious, and the mam-
malian dsRBD cofactors, TRBP and PACT, are
homologs and consist of three dsRBDs each.

The role of R2D2 in siRNA strand selection for
entry into RISC is established [Liu et al., 2003;
Tomari et al., 2004]. Following Dicing, siRNAs



Structural and Biochemical Advances in Mammalian RNAi 1257

remain bound to a DCR/R2D2 heterodimer.
R2D2 specifically binds the end of the siRNA
with the greater stability (stronger double-
stranded character), and DCR-2 binds the other
duplex end [Tomari et al., 2004]. This complex,
but not DCR-2 alone, appears capable of
enhancing RISC loading [Liu et al., 2003]. It
was suggested a helicase could unwind the
siRNA duplex only from the end not bound to
R2D2, that is, the end with a poorly paired
duplex. In most models, unwinding of this
strand would be coupled to its Ago2 loading.
Two studies have shown that Ago2 is loaded not
with a single strand, but with both strands of
the siRNA [Matranga et al., 2005; Rand et al.,
2005]. The guide strand then directs cleavage of
the passenger strand, as it would an mRNA
target, and the cleaved passenger strand dis-
sociates. RISC loading was shown to be ATP
(and therefore helicase) independent [Rand
et al., 2005]. It is unclear how this mechanism
relates to non-catalytic Argonautes (hAgol,
hAgo3, hAgo4 [Meister et al., 2004]), or miRNAs,
which fail to pair well with their targets and
direct cleavage. In the cases where cleavage
does not occur, Matranga et al. [2005] propose a
‘slow bypass’ mechanism. Whether this reflects
slow release of miRNAs with imperfect pairing
mimicking a strand cleavage or activity of some
helicase in the extract is unclear. Performing
the assays of bypass activity in ATP-depleted
extracts should shed light on this. If the bypass
mechanism is a helicase, then it must act on
Ago-bound duplexes, rather than unwinding
prior to RISC loading. Thisis interesting, as it is
unclear how non-catalytic RISC—mRNA com-
plexes are released, and for that matter, it is
unclear in a slicing RISC how the cleavage
products are de-annealed from the guide strand.
There is disagreement on the requirements of
ATP for both RISC loading and catalytic turn
over. We address this issue in a separate section
below.

Regardless of the finding that both guide and
passenger strands are loaded into RISC, the
function of R2D2 and the asymmetry of loading
isunchanged. Preall et al. [2006] find that DCR
or polarity of dSRNA processing does not impart
which siRNA strand is selected as the RISC
guide. DsRNA ends capped with long ssRNA
sequences produce the RISC loaded with the
appropriate guide strand, regardless of which
end of the dsRNA was capped (i.e., which end
DCR processed from). This implies DCR must

cut the dsRNA in one mode of binding, and
present both ends of the dsRNA to R2D2 in a
second mode. Indeed, Preall et al. [2006] found
at least a transient release step, where DCR
preloaded with dsRNA would not load RISC
with a strand from that dsRNA in the presence
of a non-cognate siRNA ‘quench,” implying
dsRNA processing and Ago2 loading can be
decoupled. The quenchable release-and-rebind
step is likely a transient intermediate, as
double-stranded siRNAs are not released by
the DCR-2/R2D2 heterodimer in Drosophila
embryo lysates lacking Ago2 [Tomari et al.,
2004]. Following this release step, R2D2 is
bound to the thermodynamically favored end
and DCR to the other. Both strands are handed
off to Ago2, with the non-R2D2 bound 5 end
loading into the Ago 5 binding site, and the
R2D2 bound 3’ end entering the PAZ binding
site. Strand cleavage and/or the ‘bypass’
mechanism then removes the passenger strand.

Is Asymmetric Binding a General Feature dsRBDs?

No other dsRBD homolog of R2D2 has been
shown to sense asymmetry in dsRNA ends,
although this ability could be a general feature
of dsRBDs. Structures detailing dsSRBD/dsRNA
interactions show a requirement for helix for-
mation [Ryter and Schultz, 1998]. The dsRBD
reads a major and two flanking minor grooves,
with significant insertion into the dsRNA helix
to read 2’ hydroxyls and make non-specific base
contacts. It is difficult to reconcile the specificity
for dsRNA with high-affinity binding of ssRNA,
or de-annealed ends of a thermodynamically
weak siRNA end.

In DCRs predicted to have functional PAZ
domains, processing asymmetry could be more
significant then in Drosophila DCR-2. It has
been demonstrated the processing asymmetry
of human DCR can influence strand selection
for RISC, using siRNAs capped by blunt-ends
containing DNA bases [Rose et al.,, 2005].
However, in vertebrate cell lines and Droso-
phila lysates, both miRNAs and siRNAs follow
the 5’ end rule for strand incorporation into
RISC [Khvorova et al., 2003; Schwarz et al.,
2003]. Significant asymmetry in microRNA
processing would be problematic, as the pri-
mary transcript dictates 5’ and 3’ polarity of the
Drosha product. If the 3’ end that DCR PAZ
binds is the strand that becomes the Ago-bound
miRNA, all miRNAs would be derived from the
3’ side of the hairpin. Alternatively, the opposite
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could be true, and all miRNAs would be 5/, but
mature miRNAs originating from either 3’ or 5’
of the hairpin exist, implying there must be a
thermodynamic evaluation independent of pro-
cessing polarity. MiRNA precursors obey the 5’
end rule so well that duplex miRNAs with
equivalent thermodynamic ends will result in
RISCs loaded with miRNA from either strand
[Krol et al., 2004]. Notably, all DCRs appear to
have dsRBD binding partners. The Drosophila
miRNA pathway that utilizes DCR-1 and Agol
requires a dsRBD cofactor, Loquacious. Loqua-
cious is required for endogenous miRNA silen-
cing, and pre-miRNAs accumulate without it.
DCR-1 alone lacks specificity towards miRNAs
versus dsRNAs, but addition of Loquacious
rescues specificity and full activity [Forstemann
et al., 2005; Saito et al., 2005]. From these
studies, it appears Loquacious is required for
Dicing, not just RISC loading, though these
functions may overlap. If DCR is unable to pass
its product to Agol, and remains bound, further
rounds of catalysis could be thwarted.

Mammalian dsRBD Cofactors: PACT and TRBP

In mammals, the single DCR processes both
miRNA and siRNAs, and has at least two
dsRBD partners, PACT (Protein Kinase R
protein activator) and TRBP (HIV TAR RNA
Binding Protein). These proteins contain three
dsRBDs each, and were previously described for
their stimulation (PACT) [Patel and Sen, 1998]
or repression (TRBP) [Park et al., 1994] of the
dsRNA-dependent protein kinase (PKR). PKR
phosphorylates elF-2, thereby inhibiting pro-
tein synthesis, and activates interferon in
response to exogenous dsRNA, including siR-
NAs [Sledz et al., 2003]. It would be advanta-
geous for exogenous viral RNA to activate
dsRNA signaling and endogenous microRNA
to escape detection, suggesting a model where
TRBP handles miRNA, and PACT is responsible
for exogenous dsRNA. This model is appealing,
but not totally consistent with available data.
TRBP knockout mice have mild phenotypes
(partial lethality at weaning and male sterility)
[Zhong et al., 1999], in contrast to DCR knock-
out mice, which exhibit embryonic lethality,
with embryos failing to gastrulate [Bernstein
etal., 2003]. Thisis inconstant with TRBP being
required for all miRNA processing.

TRBP, AGO2, and DCR have been demon-
strated to exist in complex by co-immunopreci-
pitation, gradient sedimentation, and gel

filtration [Chendrimada et al., 2005; Gregory
et al., 2005; Haase et al., 2005; Maniataki and
Mourelatos, 2005]. Knockdown of TRBP causes
loss of hairpin-construct or siRNA-mediated
RNAI silencing, as detected by reporter con-
structs [Chendrimada et al., 2005; Haase et al.,
2005]. Recombinant Dicer processes pre-
miRNA and long dsRNA without TRBP
in vitro, but cell extracts with knocked down
TRBP only minimally process pre-miRNA
[Haase et al., 2005]. TRBP knockdown in one
study, caused failure to accumulate mature
miRNA [Chendrimada et al., 2005]. Chendri-
mada et al. [2005] report Dicer is destabilized
with TRBP knockdown, but use AGO2 immu-
noprecipitates as the source of material. In
whole cell lysates, Dicer is unaffected by TRBP
knockdown [Haase et al., 2005]. This suggests
TRBP is not required for DCR stability, but is
required as a physical link between DCR and
AGOs. If TRBP is required for RISC loading,
perhaps Diced products are not off loaded to
RISC, accounting for the lack of activity in cell
extracts (as DCR would have endogenous RNA
bound). This would predict the DCR activity
seen in vitro might only be one round of reaction,
or rate-limited by slow product dissociation. The
complex containing AGO2-DCR-TRBP is able to
process pre-miRNA, recognize guide versus
passenger strand, and forms a mature RISC,
all without input of ATP [Gregory et al., 2005;
Maniataki and Mourelatos, 2005]. Further,
human RISC apparently dissociates from DCR
[Maniataki and Mourelatos, 2005], in contrast
to the holoRISC of flies [Tomari et al., 2004].
There was a substantially higher rate of RISC
formation using miRNA versus siRNA, how-
ever, these studies employed pre-miRNA and
21nt duplex siRNA [Gregory et al., 2005;
Maniataki and Mourelatos, 2005]. The pre-
miRNA is a Dicer substrate and the siRNA a
Dicer product. If the Dicer conformer used in
dsRNA display (as in R2D2 loading) and RISC
loading is effected by Dicer catalysis, a sub-
stantial preference in RISC loading for sub-
strate over product could exist. We are curious if
this complex would function on long dsRNAs.
These studies clearly demonstrate a mamma-
lian RISC-loading complex that recognizes (at
least) miRNA, guides the proper strand into
Argonaute, and dissociates from RISC, without
apparent energy input. A specific role of in
miRNA processing is consistent with the role
TRBP as a suppressor of PKR, and the suspicion
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TAR RNA is a viral miRNA that TRBP aids in
processing (reviewed in Weinberg and Morris,
2006). However, the mild phenotype of the
TRBP mouse is hard to reconcile with total
abrogation of miRNA silencing, and the lethal
Dicer phenotype. A second dsRBD cofactor of
DCR, PACT has been identified [Lee et al.,
2006b]. PACT exists in complex with TRBP,
DCR, AGO2, and DCR. PACT is not required for
DCR activity, but is required for miRNA
accumulation and siRNA-induced RNAi. How-
ever, this effect may exceed PACT’s function, as
PACT knockdown reduces DCR levels in whole-
cell extract. This is hard to reconcile with the
mild phenotype of the PACT knockout com-
pared to the Dicer knockout. PACT knockout
mice are small and deaf (microtia), but fertile
[Rowe et al., 2006]. Finally, both PACT and
TRBP interact with the Helicase domain of
DCR, aregion not required for DCR activity, but
now implicated in RISC loading [Lee et al.,
2006b].

These studies suggest two dsRBD cofactors,
PACT and TRBP contribute to RISC loading, as
part of a complex containing PACT, TRBP,
DCR, and RISC. The human RISC-loading
complex shows strand specificity and disen-
gages from mature RISC. Despite their mild
knockout phenotypes and opposite effects on
PKR, both seem required for miRNA and siRNA
mediated RNAi. We await reconstitution of
recombinant RISC loading complexes from
purified components, and precise definition of
their activities, as well as further exploration of
the interplay between the RNAi and dsRNA
surveillance pathways.

ARGONAUTE PROTEINS:
CORE EFFECTORS OF RNAi

Mammalian Argonaute Families: AGO and PIWI

Humans have eight Argonaute proteins: four
AGO subfamily members: hAGO1, hAGO2,
hAGO3, hAGO4, and four PIWI subfamily
members: HIWI, HILI, PIWIL3, and HIWI2
[Sasaki et al., 2003]. All eight human AGOs
conserve the PAZ-PIWI domain structure. The
human PIWI subfamily of Argonaute should not
be confused with the prokaryotic PIWIs utilized
by structural biologists, which lack the PAZ
domain. The structural biology of Ago proteins
has been reviewed in detail elsewhere [Collins
and Cheng, 2005; Hall, 2005]. The PAZ domain
is responsible for 3’ guide strand binding, while

the PIWI domain harbors a RNase H-like active
site and 5’ guide strand binding site. Full-length
AGO proteins from two prokaryotes without
RNA bound and the structure of RNase H have
been solved, suggesting a number of paths guide
and target strands could take in AGO/RNA
complexes. As the structure of AGO loaded with
a guide strand is imminent, we will not spec-
ulate further here.

All eight AGOs co-immunoprecipitate with
Dicer if overexpressed [Sasaki et al., 2003], but
hAGO2 is the only hAGO demonstrated to
possess Slicer activity [Liu et al., 2004; Meister
et al., 2004; Rivas et al., 2005]. Human hAGO1
and hAGO2 are both implicated in miRNA-
mediated silencing and localize to p-bodies,
cytosolic sites of RNA degradation [Sen and
Blau, 2005].

All AGO subfamily members are broadly
expressed, while PIWI family expression is
testis specific [Sasaki et al., 2003]. Limited
detection from tissue-specific expression analy-
sis may diminish the significance of some
hPIWIs in maintaining small numbers of stem
cells in a proliferative niche in many tissues.
However, mouse HILI and HIWI (MILI and
MIWI) are specifically required for spermato-
genesis, and bind a large class of longer (~30nt),
germline-specific small RNAs now called piR-
NAs [Aravin et al., 2006; Girard et al., 2006].
HILI and HIWI overexpression is functionally
linked to cancers, and when knocked down in
their associated cancer cell lines cell-cycle
arrest and apoptosis was induced [Liu et al.,
2006; Lee et al., 2006a].

Energetics of RISC Loading and
Catalytic Turnover

Several studies (described above) suggest
RISC loading is ATP independent and forms
functional RISC. This implies guide strand
release and does not support the requirement
of ahelicase. Interestingly, recombinant human
AGO2 does not bind duplex siRNA, but will bind
ssRNA, forming a RISC capable of a single
target strand cleavage [Rivas et al., 2005].
Passenger strand cleavage is associated with
RISC loading, suggesting the RISC loading
complex forces AGO to bind both strands of the
siRNA. If so, this implies a conformational
change, and the energy imparted may contri-
bute to cleavage and the release of product. A
RISC composed of guide-strand loaded AGO2
alone is capable of only a single turnover, even
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in the presence of ATP [Maniataki and Mour-
elatos, 2005; Rivas et al., 2005], and in Droso-
phila extracts, an ATP-dependent activity
allows RISC to have multi-turnover kinetics
[Haley and Zamore, 2004]. This is highly
suggestive of helicase activity. However, there
have been reports of multi-turnover kinetics in
the absence of ATP [Gregory et al., 2005]. The
suggestion by Matranga et al. [2005] that two
mechanisms, a fast one dependent on guide
strand cleavage and a slower one is interesting.
Does this imply AGO2 might sometimes couple
the energy of helix formation between guide and
target strand, or target strand cleavage with
product release, and in the absence of cleavage,
a helicase removes the target? This is intri-
guing, but the ‘fast’ and ‘bypass’ mechanisms
may be the same, with the helicase acting faster
on a cleaved product with more accessible ends.
Also, if AGO can couple passenger-strand
cleavage with product release, why then, is
target-strand releaserate limiting? Perhapsthe
RISC-loading machinery itself assists in pas-
senger strand release. We are curious what
activity will restore multi-turnover kinetics to
recombinant RISC. Although helicase activity
is suggested, there are alternatives. RNA
chaperones that melt RNA without energy
input exist. It has been proposed RNA chaper-
ones are intrinsically unstructured, and couple
the energy of RNA melting to the formation of
structured RNA-protein domains. However, to
release the RNA, it must form a higher-energy
RNA structure (hence chaperone) [Mir and
Panganiban, 2006]. Alternatively, RNA chaper-
ones could return to their low energy state by
energy-assisted product release, or destruction
of the bound strand. Nuclease digestion is a
valid option for target strand removal, coupled
either to a RNA-chaperone mechanism, or as an
independent mechanism. Indeed, holo—RISC
complexes in many species contain a functional
nuclease, Tudor-SN [Caudy et al., 2003]. The
reconstitution of a multi-turnover RISC should
settle this question.

TRANSCRIPTIONAL GENE SILENCING (TGS)

RNAIi is not limited to post-transcriptional
mechanisms in at least some organisms and
regulates gene expression at the transcriptional
level. In Arabidopsis, AGO4 controls RNAi-
mediated DNA and histone methylation [Zilber-
man et al., 2003]. Similarly, AGO1, as part of the

RITS complex, drives heterochromatin forma-
tion and epigenetic silencing in S. pombe [Verdel
et al., 2004]. In Drosophila, Piwi and polycomb
group proteins cooperate in repeat-induced
silencing, and heterochromatin formation is de-
pendent on the RNAi pathway [Pal-Bhadra
et al., 2002, 2004]. In mammals mechanisms of
TGS as a result of RNAi remains elusive. Given
the retractions of a number of seminal papers
in mammalian TGS (http:/news.nature.com//
news/2006/060403/440720a.html), we consider
several studies proposing RNAi does not con-
tribute to TGS in mammals.

Evidence for the contribution of RNAi to
heterochromatin formation in humans first
came from a Human-chicken hybrid cell line
lacking Dicer. This cell line manifested hetero-
chromatic defects in heterochromatin protein 1
(HP1) dissociation from chromatin, and tran-
scription through what should be otherwise
silent pericentromeric heterochromatin [Fuka-
gawa et al., 2004]. Dicer-null mouse embryonic
stem cells were reported to have similar pheno-
types by one group [Kanellopoulou et al., 2005],
and relatively normal methylation and hetero-
chromatic silencing by another [Murchison
et al., 2005]. However, this evidence is indirect:
human miRNA targets include histone methyl-
transferases, and other key chromatin regula-
tors [Lewis et al., 2005], and it is possible there
are substantial secondary effects to the Dicer
knockout.

Most recently, RNAi-independent heterochro-
matin formation and gene silencing has been
demonstrated in Mammalian cells [Wang et al.,
2006]. In this experiment, a transgenic repeat
locus forms heterochromatin, complete with
DNA methylation, Histone 3 lysine 9 methyla-
tion, and HP1 binding. No transgene small
RNAs originating from the array were detected.
Knockdown of Dicer caused no transcriptional
leakage or heterochromatin decondensation.
Finally, with the inducible transgene activated,
expression of transgene-targeted siRNA induces
post-translational silencing but not TGS hetero-
chromatin formation. In this same context,
HP1 tethering to the locus is sufficient to
silence expression through induction of hetero-
chromatin.

The authors of this study note that even in
organisms with functional RNAi, mechanisms
for heterochromatin formation independent of
RNAI exist. This is the case in Neurospora
[Freitag et al., 2004], S. pombe [Jia et al., 2004;
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Kanoh et al., 2005], and Dictyostelium [Kaller
et al., 2006]. Further, it is notable that centro-
meric small RNAs have not been isolated in the
small-RNA cloning studies in mammals [Bern-
stein and Allis, 2005], despite the presence of
RNA transcripts of both strands of centromeric
satellite repeats.

These findings contrast with reports that
siRNA can drive gene silencing through epige-
netic mechanisms in Mammalian cells (e.g.,
Weinberg et al., 2006; Morris et al., 2004). A
common theme from these studies is that single-
stranded RNA antisense to a promoter directs
DNA methylation and/or histone modification if
delivered directly to the nucleus. This mechan-
ism requires RNA-polymerase II, and one model
suggests the Argonaute-guide strand complex
recruits DNA methyltransferases and histone
modification enzymes to the promoter. This is
intriguing, but seems distant from the consen-
sus RNAi pathway. The pathway for nuclear
delivery of siRNA is unknown, and seems at odd
with the cytosolic localization of Dicer and the
RISC loading complex. This also implies an
unloaded AGO waits in the nucleus to bind
guide-strand RNA. Clearly, these are all possi-
bilities, but it may also consider the possibility
that the silencing effect of promoter targeted
antisense oligonucleotides is not related to
RNAi. In mammals, small RNA originating
from natural antisense transcripts has not been
identified, despite the abundance of natural
sense/antisense transcription and its impor-
tance in processes such as X-inactivation. The
natural antisense transcripts of IGF2R [Sleu-
tels et al., 2003] hypoxia inducing factor and
thymidylate synthase [Faghihi and Wahlestedyt,
2006] have been examined, and do not form
dsRNAs that enter the RNAi pathway, but do
regulate gene expression. It is possible sense/
antisense transcription plays a role in hetero-
chromatin formation distinct from RNAi. A
substantial portion of heterochromatin has an
RNA component: HP1 dissociates from chroma-
tin with RNase treatment and binds RNA
through a conserved hinge region [Maison
et al., 2002; Muchardt et al., 2002]. Other
heterochromatin effectors, including DNA
methyltransferases and DNA-methyl binding
domain proteins may bind dsRNA [Jeffery and
Nakielny, 2004], suggesting a pathway of
heterochromatin formation mediated by
nuclear dsRNAs, where the components and
modifiers of heterochromatin bind RNA. This

contrasts with AGO/guide strand targeting of
complexes. Delivery of ssRNA antisense to
promoters could act through the former
mechanism. To demonstrate RNAi-mediated
TGS in mammals, the possibility that it is
tapping into an RNAi-independent (but RNA
dependent) pathway of heterochromatin forma-
tion will have to be excluded.

REGULATION RNAi PATHWAY IN
VERTEBRATES

The RNAi pathway, as a major regulator of cell
proliferation and fate, must be tightly regulated.
MicroRNAs are regulated at the transcriptional
level, either as transcription-factor responsive
independent units of transcription [Zhao et al.,
2005] or for miRNAs deriving from introns, as a
function of the regulation of their parent gene
(reviewed in Ying and Lin, 2006). Genetic
screens and proteomic approaches in lower
Eukaryotes have defined large numbers of
proteins involved in RNAI, and suggest the RNAi
pathway is regulated at multiple levels. Distinct
regulation of siRNA and miRNA pathways is
apparent, as is competition between pathways
[Duchaine et al., 2006].

Two mammalian pathways that are suppress
RNAIi have recently been described. One, ade-
nosine deamination of RNAs (ADAR) can inhi-
bit miRNA and entry into the RNAi pathway,
forcing its degradation by Tudor-SN nuclease
[Scadden, 2005; Yang et al., 2006]. In a second
mechanism, anuclease, ERI-1, removes the 2-nt
3’ overhangs of siRNAs. This may block
entry of excess exogenous RNA into the RNAi
pathway, sparing resources for endogenous
sources [Kennedy et al., 2004]. Interestingly,
the ERI-1 product, a blunt dsRNA, is a potent
activator of dSRNA signaling via RIG-1 helicase
[Marques et al., 2006], suggesting this ‘safety
valve’ would not terminate cellular anti-viral
responses.

ADAR and RNAi

ADARs deaminate adenosine in RNA, yield-
ing inosine, and are not specific to miRNAs.
Rather, their dsRBDs convey specificity for
dsRNA in general. ADAR can be discreet, acting
at limited sites which can diversify protein
products of a single mRNA thorough the
introduction of missense mutations. Alterna-
tively, it can broadly edit dsRNAs, which has
been proposed as a mechanism of nuclear
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retention and gene silencing, perhaps even
contributing to heterochromatin formation
(reviewed in DeCerbo and Carmichael, 2005).
Yang et al. [2006] demonstrate ADAR editing of
pri-miRNAs blocks their processing by Drosha,
presumably by introducing I-U pairs that dis-
tort the dsRNA helix beyond what Drosha will
recognize and process. ADAR editing also fates
pri-miRNA to be degraded by Tudor-SN, which
had already been implicated in degradation of
hyper-edited RNAs [Scadden, 2005]. Tudor-SN,
incidentally, is a bona-fide member of RISC
complexes in a number of organisms [Caudy
et al., 2003]. ADAR-1 and ADAR-2 knockout
mice show deregulation of certain miRNAs.
Further, pri-miRNA editing is not uniform,
with ADARs demonstrating substrate specifi-
city that differs between isoforms [Yang et al.,
2006]. This establishes ADAR editing as a
means of blocking certain miRNAs from enter-
ing RNAI, but it may have other roles as well.
ADAR-1 has a cytosolic isoform, and is upregu-
lated in response to siRNAs in mice [Honget al.,
2005]. ADAR-1 antagonizes siRNA efficacy by
binding siRNAs with high affinity (they may be
too short to trigger enzymatic activity) [Yang
et al., 2005], and treatment of longer dsRNAs
with ADAR reduces their ability to be Diced
[Scadden and Smith, 2001]. Alternatively, dis-
creet editing of pri-miRNAs could yield diversi-
fication of miRNAs, and thus the number of
target they recognize. Early searches for edited
human pri-miRNAs suggest about 6% of adeno-
sines were deaminated, with 50% of these
occurring in the mature miRNA [Blow et al.,
2006]. ADAR could even reverse strand selec-
tion for RISC loading by inducing a thermo-
dynamically disfavorable I-U base pair at a
duplex end. Prediction of, and design against
ADAR modifications in RNAi technologies may
be necessary for effective silencing, and mini-
mization of off-target effects.

ERI-1 Nuclease Blunts RNAi Response

Like ADAR, ERI-1 (named, as its mutation
Enhances RNAi in C. elegans) is upregulated in
mammalian cells in response to exogenous
siRNAs [Hong et al., 2005]. ERI-1 is a RNase T
that removes the 3’ 2nt overhangs that char-
acterize siRNAs. These blunt products are not
licensed for entry into RNAi [Kennedy et al.,
2004]. The suppressive effect of excess siRNA
has on RNAi is, at least partially, ERI-1
dependent [Hong et al., 2005]. This suggests

ERI-1 and cytosolic ADAR may be a safety
valve to protect the RNAi machinery from total
take-over by viral dsRNA in case of infection.
The outcome of animal trials of a Hepatitis B
RNAi therapy provide a dramatic demonstra-
tion of a RNAI safety valve is critical. Overload
of the miRNA pathway by a number of different
viral-delivered short hairpin vectors caused
fatality in mice in a dose-dependent manner
[Grimm et al., 2006]. As endogenous miRNA is
subject to transcriptional regulation, cells may
have no defense against over saturation by
nuclear-transcribed hairpin RNAs. In contrast,
cells appear to have mechanisms to spare some
RNAi machinery for endogenous sources in the
case of viral infection. In mammals viral (and
scientist supplied) dsRNA not only generates
anti-viral RISCs, but activates dsRNA signal-
ing, a program to inhibit viral replication
(reviewed in Karpala et al., 2005). This includes
induction of Type 1 interferon and PKR (RNA-
activated Protein kinase) phosphorylation of
eif2a, which blocks protein translation. Ulti-
mately, dsRNA signaling can induce apoptosis
[Marques et al., 2005]. Taken together, these
pathways allow an infected cell to clear the virus
by use of RNAi and dsRNA signaling, and in the
mean time, not sacrifice its miRNA-controlled
transcriptional program (and therefore main-
tain genomic stability, cellular differentiation,
and a non-proliferative state). Interestingly,
although the blunt product of ERI-1 is not useful
for RISCloading, it could be a potent activator of
dsRNA signaling through RIG-1 helicase. RIG-
1 contains a helicase and caspase recruitment
domain (CARD). When the helicase domain
encounters a dsRNA, as it engages and unwinds
that target, the CARD domain is free to initiate
dsRNA-signaling cascades [Yoneyama et al.,
2004]. DsRNAs with 3’ 2nt overhangs cannot be
unwound by RIG-1, and therefore fail to cause a
response, while blunt dsRNA is an ideal acti-
vator of RIG-1 signaling [Marques et al., 2006].
This suggests a physical mechanism allowing
RIG-1 to distinguish between Drosha/Dicer
products, blunt viral dsRNA, and perhaps
ERI-1 products, though this pathway has not
been formally demonstrated. These processes
present an obstacle for RNAi therapy. Nuclear-
transcribed hairpin RNAs can overload the
miRNA pathway with lethal effects, while
cytosolic siRNA delivery is recognized as a viral
invasion, and activates dsRNA signaling. At
high doses, siRNA results in a downregulation



Structural and Biochemical Advances in Mammalian RNAi 1263

of RNAi. Precise biochemical and structural
characterization of the pathways that affect
these outcomes may allow design of RNAi
therapies that evade these problems.

PROSPECTS

Structural and biochemical studies have,
and will continue to shed light on the RNAi
pathway. The studies described herein have
come to the brink of reconstituting the dsRNA
processing, RISC loading, and mature RISC
complexes from recombinant components. This
should resolve the controversies resulting from
characterizing activities in undefined cell
extracts. In vitro screening of small RNAs for
efficacy could be a immediate result of this
accomplishment. RNAi mechanisms intertwine
with the RNA surveillance pathway, and other
pathways involving RNA. It will be necessary to
elucidate which are bona-fide RNAi pathways
and which are not. The regulation of the
mammalian RNAi pathway is just becoming
apparent, but already has therapeutic implica-
tions. No doubt, many more regulatory mechan-
isms exist that have not yet been exposed in
mammals.
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