A human, ATP-independent, RISC
assembly machine fueled by pre-miRNA
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RNA interference (RNAi) is mediated by RNA-induced silencing complexes (RISCs), which are guided by
microRNAs (miRNAs) or short interfering RNAs (siRNAs) to cognate RNA targets. In humans, the catalytic
engine of RISC is a ribonucleoprotein formed by the Argonaute2 (Ago2) protein and either miRNA (miRNP) or
siRNA (siRNP). The Dicer nuclease produces mature miRNAs and siRNAs from pre-miRNAs and
double-stranded RNA (dsRNA), respectively, and associates with Ago2. Here, we studied the assembly of
human RISC by presenting pre-miRNA to immunopurified complexes that contain Ago2, Dicer, and TRBP.
Mature miRNAs were produced in an ATP-independent manner and guided specific cleavage of cognate RNA
targets in a pattern that is typical of RISC. This de novo formed RISC activity dissociated from Dicer. The
asymmetry of the RISC loading process was fully recapitulated in this system, which, however, could not
efficiently assemble RISC from siRNA duplexes. Our findings demonstrate that, in humans, a miRNA loading
complex (miRLC) is formed by Ago2 and Dicer prior to their encounter with pre-miRNA. We suggest that the
miRLC couples the processing of the pre-miRNA substrate to the unwinding of the product and that after
loading of the mature miRNA to Ago2, the miRLC disassembles and the miRNP is released.
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MicroRNAs (miRNAs) are ~22-nucleotide (nt) regulatory
RNAs (Lee et al. 1993; Reinhart et al. 2000; Lagos-Quin-
tana et al. 2001; Lau et al. 2001; Lee and Ambros 2001;
Mourelatos et al. 2002; Nelson et al. 2003; Ambros 2004,
Bartel 2004). Animal miRNAs are initially transcribed
by RNA polymerase II as longer transcripts known as
pri-miRNAs (Lee et al. 2004a) and are processed in the
nucleus by the RNase III nuclease Drosha (Lee et al.
2003) in conjunction with Pasha, a protein that contains
two double-stranded RNA-binding domains (dsRBDs),
into ~70-nt pre-miRNAs (Lee et al. 2002, 2003; Denli et
al. 2004; Gregory et al. 2004; Han et al. 2004; Landthaler
et al. 2004). pre-miRNAs adopt a stem-loop structure and
contain a 5'-phosphate and a 2-nt 3'-overhang (Lee et al.
2003), and are exported to the cytoplasm (Lee et al. 2002;
Yi et al. 2003; Bohnsack et al. 2004; Lund et al. 2004,
Zeng and Cullen 2004), where the Dicer nuclease excises
mature miRNAs from one of the stems of the pre-
miRNA (Grishok et al. 2001; Hutvagner et al. 2001; Ket-
ting et al. 2001; Knight and Bass 2001). Mature, single-
stranded miRNAs assemble with additional proteins
into RNA-induced silencing complexes (RISCs) or
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miRNPs (Hammond et al. 2001; Hutvagner and Zamore
2002; Martinez et al. 2002; Mourelatos et al. 2002; Mur-
chison and Hannon 2004). Argonaute (Ago) proteins
are ~95-kDa proteins that bind to miRNAs directly
and form the core proteins of RISCs and miRNPs
(Hammond et al. 2001; Hutvagner and Zamore 2002;
Martinez et al. 2002; Mourelatos et al. 2002; Meister and
Tuschl 2004; Murchison and Hannon 2004). Multiple
Ago paralogs typically exist in many organisms (Carmell
et al. 2002). Dicer processing of double-stranded RNA
(dsRNA) (Bernstein et al. 2001; Zhang et al. 2004) gener-
ates short interfering RNAs (siRNAs) (siRNA duplexes),
which are ~22-nt dsRNA fragments that contain 5’-phos-
phates and 2-nt 3'-overhangs (Hamilton and Baulcombe
1999; Elbashir et al. 2001). Like miRNAs, single-
stranded siRNAs bind to Ago proteins directly and as-
semble into RISCs (Martinez et al. 2002; Schwarz et al.
2002).

miRNAs and siRNAs function by base-pairing with
their RNA targets, and direct target RNA endonucleo-
lytic cleavage if the 5’-end of the miRNA or the siRNA
base-pairs with its RNA target and if the base-pairing
includes nucleotides 10 and 11, as measured from the
5'-phosphate, of the miRNA or siRNA (Elbashir et al.
2001). This is the mechanism of target RNA degradation
in RNA interference (RNAi) (Fire et al. 1998; Elbashir et
al. 2001). Ago2 (previously known as eIF2C2) is the en-
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donuclease that cleaves the RNA target in a miRNA- or
siRNA-dependent manner (Liu et al. 2004; Meister et al.
2004; Rand et al. 2004; Song et al. 2004; Rivas et al.
2005).

The assembly of RISCs and miRNPs is of paramount
importance in RNA silencing pathways mediated by
small RNAs. The biochemistry of RISC assembly from
siRNA duplexes has been studied mostly in Drosophila
melanogaster. Flies contain two Dicer proteins (Dcr-1
and Dcr-2) with distinct functions. Dcr-1 is responsible
for miRNA production and is an essential protein that is
required for fly development, whereas Dcr-2 is required
for siRNA production, but flies lacking Dcr-2 develop
normally (Lee et al. 2004b). Addition of siRNA duplexes
to Drosophila embryo or ovary lysates triggers an or-
dered assembly of RISC (Pham et al. 2004; Tomari et al.
2004a,b). siRNA duplexes are initially bound to a protein
complex known as the RISC loading complex (RLC) that
contains Dcr-2 and R2D2, a dsRBD protein, and possibly
other proteins (Pham et al. 2004; Tomari et al. 2004a,b;
Tomari and Zamore 2005). The RLC senses the thermo-
dynamic asymmetry of the siRNA duplex, and R2D2
binds the siRNA end that shows the stronger dsRNA
binding, while Dcr-2 binds the opposite end of the du-
plex (Tomari et al. 2004b). Such orientation ensures that
the siRNA that is derived from the “looser” end of the
siRNA duplex (the end that is bound to Dcr-2) will be-
come incorporated in RISC as the siRNA guide strand,
while the other (passenger) strand is excluded from RISC
(Tomari et al. 2004b). This thermodynamic asymmetry
also guides RISC loading in mammals and applies to
siRNAs derived from siRNA duplexes and to miRNAs
derived from pre-miRNAs (Khvorova et al. 2003;
Schwarz et al. 2003). Drosophila Ago2 joins the RLC/
siRNA duplex at a later time (Pham et al. 2004; Tomari
et al. 2004b), and unwinding of the siRNA duplex re-
quires ATP (Nykanen et al. 2001; Tomari et al. 2004Db;
Tomari and Zamore 2005) and Ago2 (Okamura et al.
2004) and appears to occur concomitantly with loading
of Ago2 with single-stranded siRNA (Tomari et al.
2004b; Tomari and Zamore 2005). The final fly RISC,
assembled from siRNA duplexes, is termed “holo-
RISC,” sediments as an 80S complex, and contains
single-stranded siRNAs bound to Ago2, the RLC pro-
teins Dcr-2, R2D2, and other proteins, and likely associ-
ates with ribosomes (Pham et al. 2004). In flies, pre-
miRNA processing requires in addition to Dcr-2 a re-
cently identified dsRBD protein termed loquacious
(logs), a paralog of R2D2 (Forstemann et al. 2005; Jiang et
al. 2005; Saito et al. 2005). The loquacious human ho-
molog TRBP binds to Dicer and Ago2, but there are dif-
ferent interpretations of the role of TRBP in miRNA pro-
cessing or function (Chendrimada et al. 2005; Haase et
al. 2005).

How RISCs are assembled from pre-miRNAs in hu-
mans has not been conclusively demonstrated. Here, we
describe a human RISC assembly pathway in which pre-
miRNA is the source of the miRNA. This pre-miRNA-
fueled human RISC assembly line differs from the pre-
viously reported fly RISC assembly by siRNAs, in terms
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of the sequence of events, energy requirements, and the
final RISC product.

Results

Ago2-associated Dicer processes pre-miR-30a
to mature miRNA

We generated a Human Embryonal Kidney 293 (293) cell
line that stably expresses mouse Ago2 containing an N-
terminal Flag-tag, under the control of a tetracycline-
inducible promoter. The predominant RNAs that asso-
ciate with Flag-Ago2 are not miRNAs but the mitochon-
drial tRNA for Methionine (mt-tRNAM¢®!) (Maniataki
and Mourelatos 2005). Similarly, we found that Ago2
carrying a myc epitope tag at the N terminus or at the C
terminus also associates mostly with mt-tRNAMt,
when expressed in 293 cells (Maniataki and Mourelatos
2005). This is in contrast to endogenous human or
mouse Ago2, which associate primarily with mature
miRNAs (Mourelatos et al. 2002). We hypothesized that
the overexpressed, epitope-tagged Ago2 was “arrested”
at a step preceding the generation of mature miRNAs,
and we sought to investigate the functional properties of
the complex(es) formed by epitope-tagged Ago2.

We performed immunoprecipitations using agarose
beads conjugated with anti-Flag antibody, from the Flag-
Ago2-expressing 293 cells, after tetracycline induction,
and from the parental 293 cells. We analyzed the immu-
noprecipitates on 4%-12% NuPAGE, and we visualized
the proteins by silver staining. As shown in Figure 1A,
there were two prominent bands at ~95 kDa and ~200
kDa and a less prominent band at ~90 kDa that were
specifically seen in the immunoprecipitates from the
Flag-Ago2 cell line. Other, less prominent bands were
seen, but these were not consistently present in other
experiments. In contrast, the ~95-kDa and ~200-kDa
bands were always found in the immunoprecipitates
from the Flag-Ago2 cell line. The most plausible candi-
dates for these proteins were Flag-Ago2 (~95 kDa), Dicer
(~200 kDa), and HSP90 (~90 kDa), as it was previously
reported that Ago2 coprecipitates with Dicer and HSP90
(Hammond et al. 2001; Tahbaz et al. 2001, 2004; Doi et
al. 2003; Liu et al. 2004). Human TRBP has also been
reported to associate with Dicer (Chendrimada et al.
2005; Haase et al. 2005). To confirm the association of all
those proteins with Ago2 in our experimental condi-
tions, we performed Western blots using antibodies
against these proteins and found that Dicer, HSP90, and
TRBP coprecipitated with Flag-Ago2 in the 293 cell line
(Fig. 1B).

The presence of Dicer prompted us to investigate
whether the immunopurified Ago2 complex was capable
of pre-miRNA processing. We incubated the immuno-
precipitates from the Flag-Ago2 or the parental cell line
with 5’-end-labeled synthetic pre-miR-30a RNA. The se-
quence and structure of the synthetic pre-miR-30a RNA
(shown in Fig. 2A) mimicked the natural one, after Dro-
sha processing, and contained a 2-nt 3’-overhang and a
radiolabeled 5'-phosphate. As shown in Figure 1C, a ma-
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Figure 1. Immunopurified Flag-Ago2 contains Dicer and dis-
plays pre-miRNA processing activity. (A) 293 cells were stably
transfected with Flag-Ago2 under the control of a tetracycline-
inducible promoter. Immunoprecipitations (IP) were performed
with anti-Flag antibody from noninduced (-) and from tetracy-
cline-induced (+) 293 cells, and the immunoprecipitates were
resolved on a 4%-12% NuPAGE and stained with silver. (B)
Immunoprecipitates from A were analyzed by Western blot
with the indicated antibodies. (C) Immunoprecipitates from A
were incubated with a synthetic pre-miR-30a (sequence shown
in Fig. 2A) containing a radiolabeled 5'-phosphate, and the re-
action products were analyzed on a 15% UREA-PAGE and vi-
sualized by autoradiography.

jor 24-nt product (and a minor at 23 nt, better shown in
Fig. 2) was efficiently processed from the 63-nt substrate,
indicating that Ago2-associated Dicer was able to prop-
erly process miR-30a-5p from pre-miR-30a.

miR-30a-5p production does not depend
on the catalytic activity of Ago2

In order to demonstrate that pre-miR-30a processing by
immunopurified Ago2 does not depend on its catalytic

Human RISC assembly

activity, we tested an Ago2 mutant that is inactive in
RNA target cleavage. We transfected 293 T cells with hu-
man, wild-type myc-Ago2 (myc-Ago2-WT) and with a
point mutant that abolishes target RNA cleavage (myc-
Ago2-D669A) (Liu et al. 2004). A myc-hnRNP-Q3 con-
struct, expressing an RNA-binding protein (Mourelatos
et al. 2001), was used as a negative control. We per-
formed immunoprecipitations with anti-myc-conjugated
agarose beads, and incubated the beads with 5’-end-la-
beled pre-miR-30a. As shown in Figure 2A, both myec-
Ago2-WT and myc-Ago2-D669A, but not myc-hnRNP-
Q3, processed pre-miR-30a to miR-30a-5p, demonstrat-
ing that the pre-miRNA processing activity of the
immunoprecipitates depends on the presence of Ago2
but not on its enzymatic activity.

A IP: a-myc
1
<
£=2]
o« o
g8
£ 3%
pre-miR-30a S ¢ ¢
b (SRS
Nysurmacauce “eacucearsey aus A A IR —
CGACGUUUGUAGG_CUGACUUUCGGGUAGACAC ¢ G (63“‘)
l [ —
" - u
b4 ; -
UGUAAACAUCCUCGACUGGAAGCU miR-30a-5p - "
miR-30a-5p (24nt)
B IP: a-myc
s
3
©
8
=8
o™ N
S S
=+ =
o O
PML-GL3 PR3
5.p*
. -GL!
“ucaracuacuc Ceaurrcucecy ™ 6us AA PML-GL3 _,, .
CGAGUUUCAUGAG _ GCAUUCACCGG o 1, - CAC G (63nt)
2 curch ¢
5'79\’
UCGAAGUACUCAGCGUAAGUGGCU G324 “
GL3-24 (24nt)

Figure 2. Immunopurified myc-Ago2, both wild type and cata-
lytically inactive, process pre-miR-30a and artificial PML RNA.
(A, Ieft panel) Primary and secondary structure of pre-
miR-30a used in the processing reactions. The 5’-end-labeled
mature miR-30a-5p generated after processing is shown. Red
asterisk indicates the radiolabeled 5’-phosphate. (Right panel)
Immunoprecipitations were performed with anti-myc antibody
from 293T cells transfected with myc-tagged wild-type Ago2
(myc-Ago2-WT), with a catalytically inactive Ago2 mutant
(myc-Ago2-D669A), or with myc-hnRNPQ3 (negative control).
The immunoprecipitates were incubated with 5’-end-radio-
labeled synthetic pre-miR-30a. Reaction products were ana-
lyzed on a 15% UREA-PAGE and visualized by autoradiogra-
phy. (B, left panel) Primary and secondary structure of an arti-
ficial PML RNA (PML-GL3) used in the processing reactions.
(Right panel) Processing reactions with 5’-end-radiolabeled
PML-GL3.
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A designed pre-miRNA-Iike RNA substrate
for Ago2-associated Dicer

Next, we tested if the myc-Ago2 immunoprecipitates
displayed the substrate recognition and processing prop-
erties expected of Dicer. We designed a pre-miRNA-
like RNA (PML-GL3) that maintained the structural fea-
tures of pre-miR-30a but not the mature miRNA se-
quences. In PML-GL3, the first 21 nt of the 24-nt
miR-30a-5p sequence were replaced with the GL3 se-
quence (derived from firefly luciferase), and the miR-30a-
3p sequence was replaced with a sequence that base-
paired with GL3, preserving the mismatches, as well as
the 2-nt overhang at the 3’-end (see Fig. 2B). We tested
whether PML-GL3 could be processed by the myc-Ago2
immunoprecipitates. As shown in Figure 2B, both myc-
Ago2-WT and myc-Ago2-D669A immunoprecipitates
processed 5'-end-labeled PML-GL3 into mature GL3-24
“miRNA” with comparable efficiency to pre-miR-30
processing. These results demonstrate that the immuno-
purified Dicer/myc-Ago2 complex generates mature
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miRNAs after recognizing the structural features of pre-
miRNAs.

Specific cleavage of cognate RNA targets by myc-Ago2
immunoprecipitates preincubated with pre-miRNAs

We next asked whether the mature miRNA produced
by the Ago2-bound Dicer could be functionally loaded on
Ago2. To test this, we developed a two-step experimen-
tal protocol that consisted of a pre-miRNA processing
reaction followed by a target RNA cleavage reaction
(Fig. 3A). For the first reaction, the myc-Ago2 beads
were incubated with cold, 5’-phosphorylated pre-
miRNA, followed by washes to remove the remaining
substrate as well as any product not bound to the beads.
For the second reaction, the washed beads were incu-
bated with a 5’-end-labeled, cognate RNA target. We rea-
soned that if the miRNAs produced during the first step
were functionally loaded onto Ago2, then the Ago2-
miRNA ribonucleoprotein would be able to cleave the
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Figure 3. Assembly of functional RISCs from immunopurified myc-Ago2 and synthetic pre-miRNA. (A) Schematic of the two-step
experimental protocol used to test RISC loading by pre-miRNA. (B) RISC loading assay performed with cold, 5'-phosphorylated
pre-miR-30a. (B, top panel) Sequences of the two RNAs used (pre-miR-30a and cognate Target for miR-30a) and of the mature miRNA
(mir-30a-5p) produced from processing of pre-miR-30a. Red asterisk indicates the radiolabeled 5'-phosphate of the RNA target; the
lightning bolt shows the position of mir-30a-5p-mediated target RNA cleavage. (Bottom panel) Agarose beads containing immuno-
purified myc-Ago2, either wild-type (WT) or the catalytically inactive mutant D669A (669), were first incubated in the presence of
unlabeled pre-miR-30a (lanes 4,5) or in its absence (lanes 2,3). The beads were then washed and incubated with 5’-end-labeled
miR-30a-Target. The first lane (-) shows input target RNA. (C) RISC loading assay performed with cold, 5’-phosphorylated PML-GL3.
(Top panel) Sequences of the RNAs used and of the mature GL3-24 produced from processing of PML-GL3. (Bottom panel) Agarose
beads containing myc-Ago2, wild type (WT) or D669A mutant (669), were first incubated with unlabeled PML-GL3. The beads were
then washed and incubated either with 5’-end-labeled GL3-Target (lanes 2,3) or with 5’-end-labeled miR-30a-Target (lane 5), which
served as the target recognition-specificity control. Lanes 1 and 4 (-), show input target RNAs. RNA was analyzed by 17.5% UREA-
PAGE and visualized by autoradiography.
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cognate RNA target across from the middle of the guide
miRNA.

As a processing substrate we used unlabeled, 5’-phos-
phorylated synthetic pre-miR-30a, while the cleavage
substrate was a 5'-end-labeled, 33-nt RNA (miR-30a-Tar-
get) complementary to miR-30a-5p (see Fig. 3B). We
tested with this experimental setup the myc-Ago2-WT
and myc-Ago2-D669A immunoprecipitates. When pre-
miR-30a was omitted from the processing reaction, there
was no target RNA cleavage (Fig. 3B, lanes 2,3), indicat-
ing the absence of substantial endogenous cleavage ac-
tivity toward the miR-30a-Target in our experimental
setup. This was most likely due to negligible amounts of
endogenous miR-30a-5p bound to the myc-Ago2 used in
these assays. However, when pre-miR-30a was added to
the processing reaction, the miR-30a-Target was cleaved
by myc-Ago2-WT (Fig. 3B, lane 4) but not by the cata-
lytically inactive myc-Ago2-D669A mutant (Fig. 3B, lane
5). When instead of pre-miR-30a, PML-GL3 was used,
the myc-Ago2-WT immunoprecipitate, but again not
myc-Ago2-D669A, efficiently cleaved an RNA target
complementary to the GL3-24 “miRNA” (Fig. 3C, lanes
2,3). However, when myc-Ago2-WT was incubated with
PML-GL3, it was unable to cleave the miR-30a-Target
(Fig. 3C, lane 5).

These experiments demonstrate specific cleavages of
cognate RNAs, in a pattern expected for RISC, that is,
across the middle of mature miR-30a-5p and GL3-24

Human RISC assembly

miRNAs. Target RNA cleavages were dependent on the
catalytic activity of Ago2. We can therefore conclude
that these RNA targets are cleaved by authentic RISC
that is assembled when the small RNA processing prod-
ucts of the Ago2-associated Dicer are loaded on Ago2.

Asymmetric loading of processing products on human
RISC

We then tested whether RISC assembly by the immuno-
purified myc-Ago2 complex recapitulated the asymmet-
ric loading of miRNAs in RISCs. pre-let-7a-3 was chosen
as the processing substrate because of the asymmetry it
displays as an in vivo miRNA donor for RISC: In humans
and flies, high amounts of let-7a are detected but not its
let-7a* partner (Schwarz et al. 2003), despite the fact that
recombinant Dicer equally produces let-7a and let-7a*
from pre-let-7a-3 (Zhang et al. 2004). We prepared pre-
let-7a-3 that was 5’-end labeled (Fig. 4A, lane 1) or
3’-end labeled with pCp (Fig. 4A, lane 3), and incubated
them with myc-Ago2 immunoprecipitates. Equivalent
amounts of let-7a (Fig. 4A, lane 2) and let-7a* (Fig. 4A,
lane 4) were produced, confirming that Ago2-associated
Dicer cleaved the pre-let-7a-3 symmetrically. To deter-
mine which of the two small RNAs (let-7a or let-7a*)
assembled into functional RISC, we designed two target
RNAs complementary to each of the two small RNAs
(Fig. 4B) and tested them in cleavage reactions using cold
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Figure 4. Asymmetric loading of pre-miRNA processing products on RISC. (A) pre-let-7a-3 processing assay. 5'-end-labeled pre-
let7a-3 (lane 1) or 3'-end-labeled pre-let-7a-3 (lane 3) was incubated with myc-Ago2 beads, and the reaction products were analyzed on
a 15% UREA-PAGE; the miRNAs produced (lanes 2,4) are indicated. (B) Sequence of pre-let-7a-3, its processing products (let-7a and
let-7a*), and the corresponding RNA targets (let-7a-Target and let-7a*-Target). The radiolabeled 5’-phosphate of let-7a*-Target and pCp
(3’-end) of let-7a-Target are shown in red. (C) RISC loading assays with pre-let7a-3. (Top panel) 3’-end-labeled let-7a-Target (unreacted
in lane 1) was incubated with mock preincubated myc-Ago2 beads (lane 2) and with myc-Ago2 beads that were preincubated with
pre-let7a-3 (lane 3). (Bottom panel) 5'-end-labeled let-7a*-Target (unreacted in lane 1) was incubated with mock myc-Ago2 beads (lane
2) and with myc-Ago2 beads that were preincubated with pre-let7a-3 (lane 3).
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pre-let-7a in the two-step experimental system described
above. The let-7a-Target was 3’-end labeled and the let-
7a*-Target was 5'-end labeled. As shown in Figure 4C,
the let-7a-target was cleaved by myc-Ago2 immunopre-
cipitates preincubated with cold pre-let-7a-3 (Fig. 4C, top
panel, lane 3). However, myc-Ago2 beads, preincubated
with pre-let-7a-3, were unable to cleave the let-7a*-Tar-
get (Fig. 4C, bottom panel, lane 3). These results demon-
strate that the myc-Ago2 immunoprecipitates are able to
select a miRNA against its miRNA* partner and thus
contain a RISC loading machine that recapitulates the
asymmetry of the RISC loading process.

The machine that loads miRNAs on RISC does not
use corresponding siRNA duplexes efficiently

The Hannon lab has previously reported that myc-Ago2
immunoprecipitates are able to assemble RISC from
single-stranded siRNA but not from siRNA duplexes
(Liu et al. 2004). We compared the ability of siRNA and
pre-miRNA for RISC assembly, using as a basis for our
siRNA design the 24-nt product of PML-GL3 processing.
To the myc-Ago2-WT immunoprecipitates we added
PML-GL3 (containing a 5’-phosphate), or single-stranded
GL3-24 RNA (containing a 5'-phosphate), or a GL3
siRNA duplex (containing 5’-phosphates and 2-nt 3’-
overhangs, with the antisense strand being complemen-
tary to the GL3-Target) (see Fig. 5A). We prepared two
sets of reactions: one with no added ATP/GTP and an-
other with 1 mM ATP and 0.2 mM GTP. As shown in
Figure 5A, addition of a GL3-siRNA duplex was unable
to generate functional RISC when added to immunopu-
rified myc-Ago2-WT even when excess ATP/GTP was
present in the reaction (Fig. 5A, lanes 4,5), whereas ad-
dition of single-stranded GL3-24 RNA was able to gen-
erate a functional Ago2-GL3-24 ribonucleoprotein that
cleaved a complementary RNA target (GL3-Target) (Fig.
5A, lanes 6,7). These results are consistent with the find-
ings from the Hannon lab showing that single-stranded
RNAs containing 5’-phosphates, but not siRNA du-
plexes, can be loaded on RISC from immunopurified
myc-Ago2 complexes (Liu et al. 2004).

Human RISC assembly by pre-miRNAs
is ATP-independent

The immunoprecipitates used for the experiments de-
scribed above contained very small amounts of ATP (~4
nM), as determined by luminescence-based ATP mea-
surements. Furthermore, the buffers used did not con-
tain ATP, other nucleotides, or other putative sources of
energy (such as NADH), suggesting that pre-miRNA pro-
cessing and Ago2 loading by immunopurified Ago2/
Dicer-containing complexes might be ATP-independent.

To address this possibility more thoroughly, we
treated the myc-Ago2-WT immunoprecipitates with glu-
cose and hexokinase to hydrolyze any residual ATP. We
measured the concentration of ATP in these reactions,
and it was <50 pM. We also observed that washing the

2984 GENES & DEVELOPMENT

A mycAgo2
—— PML-GL3 Gfsiﬂm GL324

8X
K apere: o Al

£ _
ucearaUAcUC cauaacucacy 6us A A

GL3-Terget
CGAGUUUCAUGAG _ GCAUUCACCEG 5 5,CAC 6 pi el m

s s =g
UCGAAGUACUCAGCGUAAGUGGCU  GL3 siRNA
CGAGCUUCAUGAGUCGCAUUCACC duplex 5 ceav
N age
5p product (18nt) > ! - - -
-

5p
S
UCGAAGUACUCAGCGUAAGUGGCU GL3-24

B mycAgo2
[ f 1
pre-miR-30a PML-GL3
g
ATPIGTP: -+ € - o+

miR30a-Target

ST .

L L]

5 cleavage o

-
-
§' cleavage
product (16nt) ~> - W et any

1.2 3 4 5 6 7

Figure 5. Immunopurified myc-Ago2 complexes can generate
RISC from pre-miRNA, but not from corresponding siRNA du-
plex, regardless of ATP amounts. (A, left panel) Synthetic RNAs
used for RISC assembly by immunopurified myc-Ago2-WT; all
RNAs contained 5'-phosphates. Sequences shown in green are
complementary to the GL3-Target RNA. (Right panel) Agarose
beads containing immunopurified, wild-type myc-Ago2 were
incubated with cold, PML-GL3 RNA in the absence (lane 2) or
presence of 1] mM ATP and 0.2 mM GTP (lane 3); or with GL3
siRNA duplex without (lane 4) or with (lane 5) ATP/GTP; or
with single-stranded GL3-24 RNA, without (lane 6) or with
(lane 7) ATP/GTP. The beads were then washed and incubated
with 5'-end-radiolabeled GL3-Target RNA. The first lane shows
unreacted GL3-Target RNA. RNA was analyzed as in A. (B)
Agarose beads containing immunopurified, wild-type myc-
Ago2 complexes were depleted of ATP by extensive washings.
The beads were used in RISC loading and cognate target cleav-
age reactions with cold, 5’-phosphorylated and gel-purified pre-
miR030a or PML-GL3 in the absence (lanes 2,6) or the presence
(lanes 3,7) of 2 mM ATP and 0.4 mM GTP. The 5'-end-labeled
RNA targets (lanes 1,5 show unreacted targets) were also gel-
purified. A synthetic 5’-end-labeled 18-nt RNA oligo in lane 4
served as a size marker. RNA was analyzed by 17.5% UREA-
PAGE and visualized by autoradiography.

beads was sufficient to reduce the ATP concentration to
negligible amounts (<50 pM). We gel-purified the pre-
miR-30a and the PML-GL3 RNAs after 5’-phosphoryla-
tion with ATP and T4 polynucleotide kinase. The 5'-
end-labeled miR-30a-Target and the GL3-RNA-Target
were also gel-purified. As shown in Figure 5B, elimina-
tion of ATP from the RISC assembly reaction did not
have any effect on the subsequent target RNA cleavage
reaction, either when pre-miR-30a (lane 2) or when PML-
GL3 (lane 6) was used with the myc-Ago2-WT immuno-



precipitates. Addition of 2 mM ATP and 0.4 mM GTP
(Fig. 5B, lanes 3,7) in the assembly reaction did not
enhance target RNA cleavage. These results indicate
that RISC assembly from pre-miRNAs does not require
ATP.

ATP does not affect the target cleavage reaction

To investigate how the addition of ATP in the target
cleavage reaction affects its rate, we incubated the myc-
Ago2 immunoprecipitates (containing ~200 nM Ago2—
Dicer complex, assessed by silver staining) with cold
PML-GL3 (400 nM) to allow RISC assembly. The beads
were washed and were divided equally in two tubes and
incubated with radiolabeled GL3-Target (10 nM) in the
absence or presence of 1 mM ATP and 0.2 mM GTP.
Equal-volume aliquots were removed from the reactions
at various time points (shown in Fig. 6), and the reaction
products were analyzed by denaturing electrophoresis,
quantified, and plotted over time. As shown in Figure 6,
target cleavage proceeded at equal rates in the absence or
presence of ATP/GTP. Since the Ago2/Dicer complex is
in excess of the target, these results show that the RISC
formed acts as a single-turnover enzyme.
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Figure 6. ATP does not affect the rate of target cleavage. (Top)
RISCs were assembled with myc-Ago2 immunoprecipitates and
cold PML-GL3 (as described in Fig. 3) and were incubated with
5'-end-labeled GL3-target RNA (10 nM) in the absence or pres-
ence of 1 mM ATP/0.2 mM GTP. (Bottom) Samples were taken
at indicated times, and product formation was quantitated with
PhosphorImager and plotted against reaction time. The fitting
of rates was done with Kaleidagraph software.

Human RISC assembly

Dissociation of RISC activity from Dicer

How does loading of the miRNA on Ago2 affects its as-
sociation with Dicer? To address this question 293T
cells were doubly transfected with plasmids that ex-
pressed myc-Ago2-WT and V5-Dicer (Dicer containing
an N-terminal V5 epitope tag), and lysates were prepared
and used in immunoprecipitation experiments using
anti-V5 or anti-myc monoclonal antibodies; a silver
staining of the immunoprecipitates is shown in Supple-
mentary Figure 1. Western blots showed that myc-Ago2
was present in the V5-Dicer immunoprecipitates, and
V5-Dicer was present in the myc-Ago2 immunoprecipi-
tates (our unpublished data). The V5-Dicer immunopre-
cipitates were then subjected to a modified version of our
RISC loading assay shown in a schematic form in Figure
7A: after the processing reaction with cold pre-miRNA,
the supernatant was separated from the beads, and each
fraction was incubated with 5’-end-labeled target RNA.
If RISC activity (i.e., target RNA cleavage) is observed in
the supernatant, this would indicate that after pre-
miRNA processing and miRNA loading to Ago2, the
Ago2-miRNA ribonucleoprotein is released from the V5-
Dicer (which is still tethered to the beads through its
interactions with the anti-V5 antibody). We first used
pre-miR-30a as a substrate and as shown in Figure 7A,
the mir-30a-Target was not significantly cleaved by the
beads (lane 2) but was mostly cleaved by the supernatant
(lanes 3). To rule out the possibility that this was an
artifact of the incubation, we set up a reaction contain-
ing V5-Dicer immunoprecipitate but not pre-miR-30a.
The supernatant from this mock processing reaction was
then incubated with pre-miR-30a and then tested for
mir-30a-Target cleavage. No cleavage was observed (Fig.
7A, lane 4), indicating that the binding of the V5-Dicer/
Ago2 complex to the V5 agarose beads was stable during
the reactions.

The RISC loading reaction with the V5-Dicer immu-
noprecipitates was then tested using PML-GL3 as pre-
miRNA substrate (Fig. 7B), and cleavage activity toward
the GL3-Target was found in the supernatant (Fig. 7B,
lane 3). However, the beads maintained cleavage activity
(Fig. 7B, lane 2), indicating that miRNA-loaded Ago2
that was still associated with Dicer was active. We also
prepared supernatant from a mock processing reaction
(i.e., V5-Dicer immunoprecipitates not incubated with
PML-GL3). Incubation of this mock supernatant with
either cold PML-GL3 (Fig. 7B, lane 4), with GL3 siRNA
duplex (Fig. 7B, lane 5), or with GL3-24 RNA (Fig. 7B,
lane 6) did not lead to GL3-target RNA cleavage. Finally,
to confirm that our procedure of separating supernatant
from beads did not lead to contamination of supernatant
with beads, we applied the modified RISC loading assay
to the myc-Ago2 immunoprecipitates from the doubly
transfected cells (Fig. 7C). In this case, all target RNA
cleavage activity should remain with the beads because
myc-Ago2 is tethered to the agarose resin via its binding
to the anti-myc antibody. As shown in Figure 7C, the
target RNA cleavage activity did remain with the beads
(lane 1) and no activity was found in the supernatant
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Figure 7. RISC activity dissociates from Dicer. 293T
cells were doubly transfected with plasmids that ex-
press V5-Dicer and myc-Ago2. Immunoprecipitations
were done with anti-V5 or with anti-myc antibodies.
The immunoprecipitates were used in a modified RISC
loading assay in which, after the pre-miRNA processing
reaction, the beads and the supernatants were first sepa-
rated and then tested for cognate target RNA cleavage.
(A, Ieft panel) Schematic of the assay. (Right panel) V5-
Dicer immunoprecipitates were used in the modified
RISC loading assay with cold, 5’-phosphorylated pre-
miR-30a. The 5'-end-labeled mir-30a-Target (unreacted
in lane 1) was incubated with the beads (lane 2) or with
the supernatant (lane 3) after the processing reactions,
as well as with a mock supernatant, from a V5-Dicer
immunoprecipitate where no substrate had been added
to the processing step, but where pre-miR30a was added
to the supernatant prior to the target cleavage reaction
(lane 4). (B) Cold, 5'-phosphorylated PML-GL3 was used
as a processing substrate with the V5-Dicer immuno-
precipitates in the modified RISC loading assay. The
5’-end-labeled PML-GL3-Target (unreacted in lane 1)
was incubated with the beads (lane 2) or with the su-
pernatant (lane 3) from the processing reactions, as well
as with a mock supernatant, from a V5-Dicer immuno-
precipitate where no substrate had been added to the
processing step, but where prior to the target cleavage
reaction, cold, 5'-phosphorylated PML-GL3 (PML; lane
4), 5'-phosphorylated GL3 siRNA duplex (si; lane 5), or
5'-phosphorylated GL3-24 (as; lane 6) was added. (C, left
panel) Schematic of the assay. (Right panel) The myec-
Ago2 immunoprecipitates were used in the modified
RISC loading protocol, with cold, 5’-phosphorylated
PML-GL3 as a processing substrate. The 5’-end-labeled
PML-GL3-Target was incubated with the beads (lane 1)
or with the supernatant (lane 2) from the processing
reactions.

(lane 2), showing that the supernatants were not con-
taminated with beads. We conclude that the RISC activ-
ity detected in the supernatants after presenting the V5-
Dicer immunoprecipitates with pre-miRNAs is due to
miRNA-loaded Ago2 that had been dissociated from
Dicer.

Discussion

The experiments presented above demonstrate that the
pathway for miRNA loading on human RISCs is differ-
ent from the one described for siRNA loading on RISCs
in flies. In D. melanogaster, siRNA duplexes are first
bound to a Decr-2/R2D2 heterodimer causing the recruit-
ment of Ago2 and the ATP-dependent incorporation of
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single-stranded siRNAs in holo-RISCs, which still retain
Decr-2/R2D2 (Pham et al. 2004; Tomari et al. 2004b; To-
mari and Zamore 2005). In our human immunopurified
system, Dicer is already associated with Ago2 prior to its
encounter with processing substrate or product. The pre-
formed Ago2/Dicer-containing complex can assemble
RISCs from pre-miRNAs but not from siRNA duplexes
even when ATP/GTP is added. Furthermore, in our hu-
man system, the final RISC product can be released from
Dicer.

We favor a model in which human RISC assembly is
initiated with pre-miRNA processing, in a human RLC,
which we term the human miRNA loading complex
(miRLC) (Fig. 8). The miRLC contains Ago2 that has not
been loaded yet with miRNAs. Once binding of miRNAs
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to Ago2 has occurred, it is essentially irreversible and the
bound miRNA cannot be exchanged with other miRNAs
or siRNAs (Martinez and Tuschl 2004; our unpublished
observations). Although some endogenous miRNAs
have been found associated with epitope-tagged Ago2
that is introduced in 293T cells (Liu et al. 2004), most of
this exogenous Ago2 is devoid of miRNAs (Maniataki
and Mourelatos 2005) and, as shown here, is engaged in
the miRLC.

Besides Ago2, other core components of the human
miRLC are Dicer and TRBP (see also Fig. 1; Supplemen-
tary Figs. 1, 2). However, additional proteins are likely
present in the human miRLC (Fig. 8; additional factors
are shown as “X”). We have found that (mt)-tRNAM¢*
and HSP90 associate with overexpressed human Ago2.
Dicer and Ago2 interact directly (Tahbaz et al. 2004),
and HSPIO is required for stabilization of Ago2 (Tahbaz
et al. 2001). The role of HSP90 and (mt)-tRNAM®®, if any,
in RISC assembly is unknown. HSP90 and (mt)-
tRNAM<* but not Dicer, may be removed from the Ago2
immunoprecipitates by extensive washings, and these
immunoprecipitates are capable of processing pre-
miRNAs and assembling functional RISCs (our unpub-
lished data), suggesting that HSP90 and (mt)-tRNAM<*
may be dispensable for RISC assembly. Perhaps HSP90
or (mt)-tRNAM®* plays a role in the in vivo formation
or regulation of human miRLCs, or they may have
other functions unrelated to RISC assembly or func-
tion.

Processing of pre-miRNA by Dicer leads to the forma-
tion of a transient “miRNA duplex” intermediate that
has very similar structural features with siRNA duplexes
(Bartel 2004; Tomari and Zamore 2005). Unwinding of
the miRNA duplex gives rise to mature single-stranded
miRNA that is eventually bound to Ago2 and results in
formation of active RISC. How does unwinding of the
miRNA duplex proceed? It is possible that pre-miRNA
processing and miRNA duplex unwinding occur simul-
taneously with loading of the single-stranded miRNA to
Ago2. An alternative possibility is that a single-stranded
miRNA is released after Dicer processing and it is cap-
tured by Ago2. It is also conceivable that the miRNA
duplex is released from Dicer and recaptured by Dicer or
by other components of the miRLC before unwinding
and Ago2 loading. However, a simple release and recap-
ture mechanism of duplexes would not be sufficient to
explain the efficiency of RISC assembly by pre-miRNAs,
because addition of siRNA duplex to miRLC does not
result in efficient RISC formation. This finding also in-
dicates that the pathway of human RISC assembly by

Human RISC assembly

Ago2

5-p
.

ﬂ Target RNA

Figure 8. Working model of human RISC

assembly from pre-miRNAs.

siRNA duplexes may be distinct from RISC assembly by
pre-miRNAs. In fact, the observation that siRNA du-
plexes can mount an effective RNAi response in Dicer-
null mouse embryonic stem cells (Kanellopoulou et al.
2005) argues that mammalian Dicer is not required
for RISC assembly from siRNA duplexes in vivo. Fur-
thermore, in Dicer-null zebrafish embryos, delivery of
miRNAs in the form of siRNA duplexes restores miRNA
function (Giraldez et al. 2005), and Dicer is also dispens-
able for in vitro RISC assembly from siRNA duplexes
(Martinez et al. 2002).

It is likely that the human miRLC assembles RISCs
only when there is active, concomitant “dicing” of
proper precursor RNA molecules: pre-miRNAs or
dsRNAs. dsRNA is a suboptimal substrate for the
miRLC; pre-miRNAs are processed more efficiently
(our unpublished results). Nevertheless, coupling of dic-
ing with unwinding may explain our finding that human
RISC assembly by pre-miRNAs does not require ATP. It
is possible that the hydrolysis of two phosphodiester
bonds per pre-miRNA molecule during Dicer process-
ing provides the energy needed to unwind the miRNA
duplex. Alternatively, conformational changes induced
during RISC assembly may be sufficient to “unwind”
the miRNA duplex (e.g., by accelerating thermal melting
of the duplex) without the need for NTP hydrolysis. It
is possible that this unwinding is mediated by the Ago2/
Dicer complex or by another, as yet, unidentified
molecule present in the miRLC. In flies, Dcr-1 does
not require ATP to process pre-miRNAs (Jiang et al.
2005). It is possible that ATP is required for the func-
tion of Dicer as a multiple-turnover enzyme in our in
vitro system; further work is required to address these
issues.

In some cases, including pre-miR-30a, both strands of
the miRNA duplex accumulate as mature miRNAs (La-
gos-Quintana et al. 2001; Mourelatos et al. 2002; Zeng
et al. 2002). However in most cases, only one single-
stranded miRNA is loaded into RISC/miRNP and accu-
mulates in cells, while the opposite strand of the duplex,
known as miR*, is destroyed (Bartel 2004; Tomari and
Zamore 2005). Pre-let-7a-3 is an example of such asym-
metry since only let-7a, and not let-7a*, is detected in
cells. Asymmetric RISC loading is recapitulated in vitro
by the human miRLC. In flies, the asymmetry of the
siRNA duplex is sensed by R2D2, a dsRBD-containing
protein, which recruits Dicer to RISC (Tomari et al.
2004b). How the asymmetry of the pre-miRNAs is
sensed is unknown.

What is the fate of the human miRLC after miRNA is
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loaded to Ago2? In flies, the RLC is incorporated into the
holo-RISC (Pham et al. 2004; Tomari and Zamore 2005).
It is possible that a fraction of human miRLC also incor-
porates into RISCs/miRNPs. However, our findings (Fig.
7) favor an alternative model in which Dicer can depart
after loading of miRNAs to Ago2 (Fig. 8). This model is
supported by several additional observations. The Ago2-
siRNA ribonucleoprotein can function without other
proteins in target RNA cleavage (Rivas et al. 2005).
Endogenous human or mouse Ago2 that is bound to
miRNAs may assemble with other proteins into
miRNPs (Mourelatos et al. 2002), but the miRNPs do not
contain Dicer (our unpublished results). The Ago2 of
miRNPs is catalytically active and can cleave targets
that are complementary to its bound miRNAs (Hutvag-
ner and Zamore 2002; Kiriakidou et al. 2005). Affinity-
purified human RISCs assembled from siRNA duplexes
(siRNPs) have a small size of ~90-160 kDa, do not con-
tain Dicer, and are also active against target RNA cleav-
age (Martinez et al. 2002). In contrast, overexpressed, epi-
tope-tagged Ago2 is mostly devoid of miRNAs (Mani-
ataki and Mourelatos 2005) and associates with Dicer.
As shown here, this complex is fully capable of assem-
bling functional RISCs from pre-miRNAs. However, in
vitro assembly of RISCs from mammalian extracts is
very inefficient (Martinez et al. 2002). The most straight-
forward interpretation of these observations is that only
a limiting amount of miRNA-free Ago2 associates with
Dicer into miRLC, since most of the endogenous Ago2
has already been loaded with miRNA and has formed
Dicer-free, functional miRNPs.

The miRNP that is assembled in vitro by our RISC
loading protocol cleaves the target at rates that are not
affected by ATP. Similarly, ATP does not affect target
cleavage rates by RISC that is formed by bacterially
expressed recombinant human Ago2 and ss siRNA
(Rivas et al. 2005). In Drosophila extracts, ATP also
does not influence the rates in single turnover reaction
conditions; however, ATP enhances multiple turnover
by facilitating target release (Haley and Zamore
2004). The finding that ATP does not stimulate the
cleavage reaction in our system suggests that the RISC
formed functions as a single turnover enzyme. However,
further work is required to address how the product is
released after target RNA cleavage and to investi-
gate whether additional factors are required for product
release.

Materials and methods

Plasmids and synthetic RNAs

The Flag-Ago2 cell line is described in Maniataki and Mourela-
tos (2005). The myc-Ago2 constructs are described in Liu et al.
(2004), and the V5-Dicer construct is described in Han et al.
(2004). The sequences of the RNAs used (pre-miR30a, PML-
GL3, GL3-24, GL3 siRNA duplex, miR-30a-Target, GL3-Target,
pre-let-7a-3, let-7a-Target, and let-7a*-Target) are shown in Fig-
ures 2, 3, 4, and 5. All RNAs were synthesized by Dharmacon.
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Tissue culture, transfections, immunoprecipitations, Western
blots, Northern blots, 5'-end labeling of RNA,
5'-phosphorylations, 3'-end labeling of RNA with pCp, gel
purification of RNA

These were performed as previously described (Mourelatos et al.
2002; Nelson et al. 2004; Kiriakidou et al. 2005; Maniataki and
Mourelatos 2005; Maniataki et al. 2005). For 3'-end labeling of
pre-let-7a-3, the synthetic pre-let-7a-3 was labeled with pCp and
T4 RNA ligase and was gel-purified and then treated with alka-
line phosphatase to remove the 3’-phosphate of the ligated pCp
and to create a free 3'-OH. The labeled RNA was then 5’-phos-
phorylated with T4 polynucleotide kinase and cold ATP.

ATP depletion and ATP concentration measurements

For ATP depletion, beads were incubated with 0.1 U/uL hexo-
kinase and 20 mM glucose as described in Nykanen et al. (2001).
The concentration of ATP was measured using an ATP biolu-
minescent assay kit purchased from Sigma (FL-AA).

Processing and cleavage assays

The processing reactions were performed in a total volume of
10.5 pL that consisted of 0.5 pL of Rnasin, 6 pL of 1x MIB Buffer
(40 mM potassium acetate at pH 7.4, 2 mM MgCl,, 1 mM DTT)
(see Kiriakidou et al. 2005), 2 pL from the beads/immunopre-
cipitates, and 2 uL of either a preparation of 0.25 uM 32P-labeled
(5’-end labeled) substrate or a preparation of 2 uM cold, 5’-phos-
phorylated substrate; or as otherwise noted in the text. The
incubation time was 90-120 min. Before the cleavage reaction,
the processing reaction was spun briefly, the supernatant was
separated, and the beads were washed twice with 200 pL of 1x
MIB. To the washed beads (and in the modified assay, to the
supernatants as well), a 10-uL cleavage reaction mix was added
consisting of 0.5 pL of Rnasin, 9 uL of 1x MIB, and 0.5 uL of a
0.25 uM preparation of >*P-labeled target RNA (or as otherwise
noted in the text). The incubation time was 90-120 min. In
reactions containing ATP/GTP (e.g., Fig. 6), 1 mM ATP and 0.2
mM GTP were used, or as otherwise noted in the text. Quanti-
fication of product formation (Fig. 6) was done with Phos-
phorlmager, and rates were fitted with Kaleidagraph software
(Synergy), as described in Haley and Zamore (2004) and Rivas et
al. (2005).
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