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Small RNA-mediated gene silencing (RNA silencing) has

emerged as a major regulatory pathway in eukaryotes.

Identification of the key factors involved in this pathway

has been a subject of rigorous investigation in recent

years. In humans, small RNAs are generated by Dicer

and assembled into the effector complex known as RNA-

induced silencing complex (RISC) by multiple factors

including hAgo2, the mRNA-targeting endonuclease, and

TRBP (HIV-1 TAR RNA-binding protein), a dsRNA-binding

protein that interacts with both Dicer and hAgo2. Here we

describe an additional dsRNA-binding protein known

as PACT, which is significant in RNA silencing. PACT is

associated with an B500 kDa complex that contains Dicer,

hAgo2, and TRBP. The interaction with Dicer involves the

third dsRNA-binding domain (dsRBD) of PACT and the N-

terminal region of Dicer containing the helicase motif.

Like TRBP, PACT is not required for the pre-microRNA

(miRNA) cleavage reaction step. However, the depletion of

PACT strongly affects the accumulation of mature miRNA

in vivo and moderately reduces the efficiency of small

interfering RNA-induced RNA interference. Our study in-

dicates that, unlike other RNase III type proteins, human

Dicer may employ two different dsRBD-containing pro-

teins that facilitate RISC assembly.

The EMBO Journal (2006) 25, 522–532. doi:10.1038/

sj.emboj.7600942; Published online 19 January 2006

Subject Categories: RNA

Keywords: Dicer; microRNA; PACT; RNAi; siRNA

Introduction

Small RNAs function as guide molecules in a wide range of

regulatory pathways that are now collectively known as RNA

silencing (Bartel, 2004; Baulcombe, 2005). Through specific

base-pairing with mRNAs, these tiny B22 nt RNAs induce

mRNA degradation and translational repression. Based on

their origin, small RNAs can be grouped into two classes:

microRNA (miRNA) or small interfering RNA (siRNA) (Kim,

2005b). miRNAs originate from endogenous transcripts har-

boring local hairpin structures, while siRNAs are generated

from long dsRNAs. siRNAs can be further classified into

transacting siRNA (tasiRNA), repeat-associated siRNA

(rasiRNA), and small scan RNA (scnRNA).

miRNAs are transcribed from endogenous genes by RNA

polymerase II (Cai et al, 2004; Lee et al, 2004a; Kim, 2005a).

The hairpin embedded in the primary transcripts of miRNA

(pri-miRNAs) are cropped into hairpin-structured precursors

(pre-miRNAs) by the nuclear RNase III Drosha (Lee et al,

2003). Pre-miRNAs are then exported to the cytoplasm with

the help of exportin-5 (Exp5) (Yi et al, 2003; Bohnsack et al,

2004; Lund et al, 2004) and subsequently processed into

mature miRNA of B22 nt by another RNase III Dicer

(Grishok et al, 2001; Hutvagner et al, 2001). Unlike

miRNAs, siRNAs are generated from long double-stranded

RNAs (dsRNAs) by Dicer (Bernstein et al, 2001; Ketting et al,

2001). Thus, Dicer serves as a common enzyme in the

biogenesis of both miRNAs and siRNAs in mammalian cells.

The small RNAs are loaded onto the effector complex,

known as the RNA-induced silencing complex (RISC)

(Filipowicz, 2005; Sontheimer, 2005; Tomari and Zamore,

2005; Zamore and Haley, 2005). Argonaute proteins are the

core components of the RISC (Hammond et al, 2001; Carmell

et al, 2002; Liu et al, 2004; Meister et al, 2004; Sontheimer

and Carthew, 2004). Argonaute proteins have three highly

conserved regions: the PAZ domain at the N-terminus,

the middle conserved domain, and the PIWI domain at the

C-terminus. Structural and biochemical studies indicate that

Argonaute proteins are capable of interacting directly with

small RNAs through their PAZ domains (to the 30 end) and

through the PIWI and the middle domains (to the 50 end)

(Song et al, 2003, 2004; Yan et al, 2003; Lingel et al, 2004;

Ma et al, 2004, 2005; Parker et al, 2005; Rivas et al, 2005;

Yuan et al, 2005). A small RNA guides the RISC to its target

RNA, which leads to mRNA degradation and/or to transla-

tional repression.

The mechanism of RISC formation has been intensively

studied in several types of organisms, such as flies and

humans (Filipowicz, 2005; Sontheimer, 2005; Tomari and

Zamore, 2005; Zamore and Haley, 2005). In D. melanogaster,

there are two types of Dicers, Dicer-1 and Dicer-2 (Lee et al,

2004b). Dicer-1 is responsible for miRNA biogenesis and

possibly for the assembly of miRNA-incorporated RISC

(miRISC), while Dicer-2 is able to process only siRNAs from

long dsRNAs. Dicer-2 also appears to be required for loading

a guide strand of siRNA duplex onto the RISC complex

(siRISC). There is only one type of Dicer in humans, which

generates both miRNA and siRNA. Besides the processing of

miRNA, human Dicer has also been proposed to have a role

in RISC assembly, because a depletion of Dicer results in

a defect of RNA interference (RNAi) process mediated by

siRNA duplex in human cell lines (Doi et al, 2003).

Several dsRNA-binding proteins are known to associate

with RNase III proteins to promote miRNA processing or RISC

programming. In the nucleus, Drosha associates with DGCR8

(in humans) or Pasha (in Drosophila and Caenorhabditis

elegans), which contains tandem dsRNA-binding domains

(dsRBDs), to form the microprocessor complex that processes
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pri-miRNAs into pre-miRNAs (Denli et al, 2004; Gregory et al,

2004; Han et al, 2004; Landthaler et al, 2004). Loquacious

(Loqs) (also known as R3D1), which has three dsRBDs, is a

partner of Drosophila Dicer-1 in flies (Forstemann et al, 2005;

Jiang et al, 2005; Saito et al, 2005). The Dicer-1–Loqs

heterodimer efficiently carries out pre-miRNA processing.

When Loqs was depleted by RNAi in the Drosophila S2 cell

line, the mature miRNA level was reduced, while pre-

miRNAs accumulated, indicating that Loqs is required for

the pre-miRNA cleavage event (Forstemann et al, 2005; Jiang

et al, 2005; Saito et al, 2005). R2D2, another dsRNA-binding

protein, is known to associate with Drosophila Dicer-2 to

promote siRNA from entering into Ago2 (Liu et al, 2003).

Dicer-2 and R2D2 were found in holo-RISC and in the RISC-

loading complex (RLC) of the Drosophila cell extract (Pham

et al, 2004; Tomari et al, 2004a). The heterodimer of Dicer-2

and R2D2 is capable of selecting a guide strand from siRNA

duplex by sensing the thermodynamic stability of both ends

of the siRNA duplex (Tomari et al, 2004b). Recently, TRBP

(HIV-1 TAR RNA-binding protein), a human homolog of Loqs,

was reported to interact with Dicer and human Ago2

(hAgo2). The depletion of TRBP by RNAi causes defects of

siRNA- or miRNA-mediated RNA silencing processes in

human cell lines (Chendrimada et al, 2005; Haase et al,

2005).

PACT is similar to TRBP in the domain structure, implicat-

ing that PACT may be another homolog of Loqs (Saito et al,

2005). PACTwas initially known as a protein activator of PKR

(Patel and Sen, 1998). Through its dsRBD1 and dsRBD2,

PACT interacts with PKR (Peters et al, 2001). The dsRBD3

at the C-terminus of PACT functions as a PKR activation

domain (Peters et al, 2001). Contrary to PACT, TRBP was

proposed as an inhibitor of PKR. TRBP interacts with PKR in

a very similar manner with PACT, except that its dsRBD3

functions as the PKR inhibition domain, instead of as the

activation domain (Gupta et al, 2003). Thus, PACT and TRBP

have opposite roles in the regulation of PKR, although their

domain structures are very similar to each other.

In this study, we explore the role of dsRNA-binding pro-

teins in RNA silencing and identify PACT as a novel compo-

nent of human RISC.

Results

PACT interacts with Dicer

To identify the cofactor for Dicer in humans, various dsRNA-

binding proteins were fused to V5 tag and coexpressed with

FLAG-Dicer protein in HEK293T cells for coimmunoprecipita-

tion and Western blot analysis. Among these proteins, we

found that PACT and TRBP interacted efficiently with Dicer

(Figure 1A), whereas DGCR8, SPNR, Staufen, and two hypo-

thetical dsRNA-binding proteins (FLJ20036 and FLJ20399) did

not bind significantly to Dicer (data not shown). Immuno-

cytochemistry for PACT, TRBP, and Dicer fused to V5 tag
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Figure 1 PACT interacts with Dicer, but does not facilitate the cleavage activity. (A) Immunoprecipitation followed by Western blotting. V5-
Dicer protein was coexpressed in HEK293T cells with FLAG-PACT, or FLAG-TRBP protein. Immunoprecipitation was carried out using anti-
FLAG antibody and the protein was visualized using either anti-V5 or anti-FLAG antibody. (B) In vitro pre-miRNA processing assay. Total
HEK293 T extract (total lysate) or immunoprecipitates (FLAG-IP) of FLAG-Dicer, FLAG-TRBP, or FLAG-PACT were incubated with 50 end
radiolabeled pre-let-7a-1. The RNA was extracted by phenol extraction method, followed by separating on 15% urea-PAGE. (C) In vitro
processing assay using recombinant human Dicer and PACT. In all, 200 ng of recombinant PACT prepared from E. coli and 0.25 U
of recombinant human Dicer (Stratagene) were used in each reaction. Pre-let-7a-1 (left panel) and long dsRNA of 80 bp (right panel) were
used as substrates.
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indicated that they are localized primarily in the cytoplasm

(Supplementary Figure 1). The localization patterns of Dicer,

PACT, and TRBP are indistinguishable from each other.

When FLAG-PACT or FLAG-TRBP proteins were immuno-

precipitated and incubated with pre-miRNA, the immunopre-

cipitates were capable of cleaving pre-let-7a-1 into B22 nt

fragments (Figure 1B). This result demonstrates that PACT is

associated with Dicer-processing activity.

To examine the role of PACT in processing reaction,

recombinant human Dicer protein was incubated with pre-

miRNA or long dsRNA in the presence or absence of recom-

binant PACT prepared from Escherichia coli (Figure 1C). The

addition of recombinant PACT did not increase the processing

activity of Dicer. Although it is possible that the recombinant

protein used in this experiment was simply inactive, these

data advocate that PACT may not be required for the Dicer-

processing reaction itself and is instead involved in other

step(s) along the RNA silencing pathway, as is the case for

TRBP in humans (Chendrimada et al, 2005) and R2D2 in

Drosophila (Liu et al, 2003).

Domains important for the interaction between Dicer

and PACT

To examine which part of PACT is required for Dicer binding,

we generated three point mutants (mDR1, mDR2, and mDR3)

(Figure 2A). Point mutagenesis was carried out to change the

highly conserved amino acids in dsRBDs. The dsRBD1 was

mutated at the two conserved alanines (A91 and A92) to

lysine residues in the mutant mDR1. Similarly, the conserved

alanines at 185 and 186 of the dsRBD2 and the alanine

residues of the dsRBD3 at 289 and 290 were converted to

lysine residues in the mutants mDR2 and mDR3, respectively.

These proteins were fused to the FLAG epitope at the

N-termini and coexpressed with V5-Dicer for coimmuno-

precipitation experiments. The PACT mutants, mDR1 and

mDR2, efficiently bound to Dicer, while the C-terminal

mutant (mDR3) was unable to interact with Dicer

(Figure 2B). Therefore, the third dsRBD of PACT may be

responsible for the interaction with Dicer. TRBP also behaves

similarly in that only the third dsRBD mutant was affected

in Dicer binding (data not shown), which agrees with
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Figure 2 Domains responsible for the interaction of PACT and TRBP with Dicer. (A) Schematic representation of a series of mutants of Dicer
and PACT. (B) Immunoprecipitation followed by Western blotting. FLAG-Dicer protein was coexpressed in HEK293T cells with PACT mutant
proteins fused to a V5 tag. Immunoprecipitation was carried out using anti-FLAG antibody and the protein was visualized using either anti-V5
or anti-FLAG antibody. (C) The same experiment as described in (B), except for using FLAG-Dicer mutants and V5-PACT (wild type). (D) The
same experiment as described in (A), except for using FLAG-Dicer mutants and V5-TRBP (wild type). (E) In vitro pre-miRNA processing assay
using FLAG-Dicer mutants. Immunoprecipitates of FLAG-Dicer mutants were incubated with 50 end radiolabeled pre-miR30a followed by RNA
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the recent study on TRBP using yeast two hybrid assay by

Haase et al (2005).

Next, we looked for the region in Dicer that is required for

binding to PACT or TRBP. Four deletion mutants were gener-

ated (DDEAD, DHelicC, DDUF, and DPAZ) (Figure 2A). The

Dicer mutants, DHelicC, DDUF, and DPAZ, were unable to

interact with either PACTor TRBP. Thus, the highly conserved

helicase motif whose biochemical role in Dicer remains

unknown may be critical for the interaction with PACT and

TRBP (Figure 2C and D).

Interestingly, when the Dicer mutant proteins were immu-

noprecipitated and assayed for pre-miRNA processing activ-

ity, DHelicC mutant lacking the helicase motif was capable of

processing (Figure 2E, lane 4). This result shows that the

helicase motif is dispensable for processing and that PACT

and TRBP may not be required for the Dicer cleavage reac-

tion itself. It is noted that the DUF283 domain whose

function remains unknown may be critical for processing,

as the mutant lacking this domain (DDUF) lost the activity

(Figure 2E, lane 5).

PACT binds to hAgo2

Both Dicer and TRBP have previously been shown to interact

with hAgo2 (Chendrimada et al, 2005). To test whether PACT

also associates with hAgo2, FLAG-PACT protein was coex-

pressed with V5-hAgo2 (Figure 3). Coimmunoprecipitation

followed by Western blotting revealed that PACT is indeed

associated with hAgo2 (Figure 3A). The dsRBD3 mutant of

PACT is capable of binding to hAgo2, indicating that PACT

may bind to hAgo2 independently of Dicer (Figure 3B). Like

PACT, the mDR3 mutant of TRBP bound to hAgo2 efficiently

(data not shown), suggesting that the mode of interaction

between TRBP and hAgo2 is similar to that between PACT

and hAgo2.

PACT, TRBP, and Dicer are associated with the slicer

activity in vitro

We presented in Figure 1B that PACTand TRBP are associated

with pre-miRNA processing activity, indicating that the

complex(es) with Dicer may be preassembled prior to the

pre-miRNA processing step. A similar in vitro processing

experiment was performed by incubating immunoprecipi-

tated FLAG-hAgo2 protein with 50 endlabeled pre-miR-30a

(Figure 4A, lane 2). Intriguingly, the FLAG-hAgo2 immuno-

precipitate was also capable of executing pre-miRNA proces-

sing. This result supports the recent findings that hAgo2 may

be preassembled in the pre-miRNA processing complex in

human cells (Gregory et al, 2005; Maniataki and Mourelatos,

2005; Meister et al, 2005). Further supporting this notion,

when the beads were washed after processing reaction, the

miRNA product was found to be associated with hAgo2,

Dicer, TRBP, and PACT (Figure 4A, lanes 6–10).

Next, we asked if PACT and TRBP are present in the active

RISC using the in vitro RNAi protocol that was recently

developed by Maniataki and Mourelatos (2005) (Figure 4B).

The FLAG-fused proteins were expressed in HEK293T cells

and immobilized on anti-FLAG beads. The immunoprecipi-

tates were then incubated with cold pre-miR-30a to allow pre-

miRNA processing. As a control, 27-mer siRNA, which does

not contain a complementary sequence to target RNA, was

used. The beads were washed twice to remove excess pre-

miRNA and then incubated with labeled target RNA, which

is complementary to miR-30a-5p. Not only FLAG-hAgo2, but

also FLAG-Dicer, FLAG-TRBP and FLAG-PACT mediated tar-

get cleavage reaction (Figure 4B). This result implies that

PACT and TRBP are associated with hAgo2 in the functional

RISC. Therefore, hAgo2, Dicer, PACT and TRBP may be

preassembled prior to pre-miRNA processing and remain

together to the final RISC, although the stoichiometry and

the conformation of the complex are likely to change over
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various steps during processing and RISC assembly

(Maniataki and Mourelatos, 2005).

We further characterized the PACT complex by fractionat-

ing the total cell extract from 293T cells that express FLAG-

PACT. The FLAG-PACT protein was then immunoprecipitated

from each fraction using anti-FLAG antibody (Figure 5). Next,

the immunoprecipitates were analyzed by Western blotting

with anti-TRBP antibody to examine the association of TRBP

(Figure 5A). TRBP was coimmunoprecipitated in all fractions

where PACT was present, indicating that PACT interacts with

TRBP. We then assayed the activities of Dicer and hAgo2 by

the coupled processing–RNAi assay described in Figure 4

(Maniataki and Mourelatos, 2005). The RISC activity was

precipitated with PACT in fractions corresponding to

B500 kDa (Figure 5B). Therefore, PACT associates with

Dicer, hAgo2, and TRBP in a complex of B500 kDa that is
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capable of pre-miRNA processing and target cleavage. This

complex may be comparable to the Dicer–TRBP–hAgo2 com-

plex described recently by Shiekhattar and colleagues

(Chendrimada et al, 2005; Gregory et al, 2005).

PACT is required for siRNA-induced RNAi

To examine whether PACT is required for RNAi reaction

induced by siRNA, we transfected siRNA against PACT,

TRBP, and Dicer together with siRNA against luciferase and

the luciferase reporter constructs (Figure 6A). siRNA against

green fluorescence protein (siGFP) was used as a control.

Depletion of PACT resulted in the reduction of the efficiency

of RNAi against luciferase (Figure 6A). Although the effect of

RNAi against TRBP was reproducibly stronger than that

against PACT (Figure 6A), our data indicate that PACT may

also be required for RNA silencing pathway.

RNAi against TRBP did not significantly affect the level of

Dicer protein, which is consistent with the finding by Haase

et al (2005) (Figure 6B). When PACT was depleted, the level

of Dicer decreased slightly, suggesting that PACT, but not

TRBP, may contribute to the stabilization of Dicer protein

(Figure 6B).

PACT is required for the accumulation of mature miRNA

We then investigated whether PACT has any responsibility for

miRNA biogenesis in vivo (Figure 7A). PACT, TRBP, Dicer, or

exportin-5 was depleted by RNAi from a HeLa cell line that

expresses pri-miR-30a from the tetracycline-inducible promo-

ter. Reduction of the target mRNA (PACT, TRBP, Dicer,

exportin-5) was verified by RT–PCR (Figure 7C). After in-

cubation with siRNA, the cell line was exposed to doxy-

cycline, the derivative of tetracycline, for induction of pri-

miR-30a. Northern blotting on miR-30a-5p indicated that

PACT may be required for the accumulation of newly synthe-

sized miRNA. Interestingly, the depletion of PACT resulted

in stronger effects on miRNA compared to that of TRBP.

We also generated an additional HeLa cell line that expresses

pri-miR-124a from the tetracycline-inducible promoter

(Figure 7B). Accumulation of miR-124a was dependent on

PACT in this cell line.
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It is noted that the endogenous levels of miR-16 and let-7a

in unmodified HeLa cells were changed only slightly after

the depletion of PACT (data not shown). When TRBP was

knocked down in the same condition, we did not observe

significant changes in miRNA level (data not shown), which

is consistent with the data of Filipowicz and colleagues

(Haase et al, 2005). This also supports the previous observa-

tions that mature miRNA is highly stable in cells and there-

fore the changes in the steady-state level of mature miRNA

may be difficult to detect (Lee et al, 2003; Yi et al, 2003; Lund

et al, 2004).

Discussion

In this study, we present PACT as another dsRNA-binding

protein that functions as a component of the human RISC.

Human Dicer may associate with two different dsRNA-bind-

ing proteins, PACTand TRBP. Our in vitro pre-miRNA proces-

sing assay using a Dicer mutant lacking the helicase motif

indicates that Dicer does not need a cofactor for pre-miRNA

cleavage (Figure 2). However, the depletion of PACT by RNAi

resulted in a reduction of mature miRNAs (Figure 7). These

seemingly paradoxical data can be explained if PACT has a

function in RISC formation. If a step of RNA loading into

Argonaute protein is blocked, these small RNAs may become

unstable. In fact, when PACT was depleted in HeLa cells, the

decrease of mature miRNA, but not the accumulation of pre-

miRNA, was monitored by Northern blot analysis (Figure 7).

Our results suggest that PACT may play a role at a certain step

of the RISC assembly, but not at the pre-miRNA cleavage step.

In flies, two different dsRBD proteins, Loqs/R3D1 and

R2D2, interact with Dicer-1 and Dicer-2, respectively. Loqs/

R3D1 facilitates pre-miRNA cleavage by Dicer-1, while R2D2

is not required for dsRNA cleavage, but instead participates in

strand selection. The deletion of PRBP, a mouse homolog of

TRBP, yields viable mice that often die at weaning, while

knocking out Dicer results in embryonic lethality (Zhong

et al, 1999; Bernstein et al, 2003), implicating that in mice,

PRKRA, a mouse homolog of PACT, may compensate for

PRBP during development (Chendrimada et al, 2005; Haase

et al, 2005).

Our study supports this possibility that, in humans, the

roles of dsRBD-containing Dicer cofactors may be partially

redundant because RNAi experiments indicate that both

PACT and TRBP may be involved in siRNA-induced RNAi

and in miRNA accumulation. They also behave similarly in

the modes of protein interaction: (1) two proteins share the

common binding region in Dicer (246–584 a.a.), and (2) the

third dsRBDs of PACT and TRBP are important for binding

to Dicer.

However, our data also suggest that the roles of PACT and

TRBP may be differentiated to some extent. The depletion of

PACT resulted in a strong effect on miRNA accumulation

(Figure 7) and a relatively moderate effect on RNAi reporter

assay (Figure 6). In contrast, RNAi against TRBP had only

limited effects on miRNA level, whereas the same siRNA

induced clear effects on RNAi efficiency. One plausible

possibility is that PACT is more suitable for the role in the

transition step of miRNA duplex into single-strand miRNA,

while TRBP is more active in the later stages of RISC forma-

tion and target cleavage. Thus, the roles of PACT and TRBP

may be differentiated in normal conditions, but they may act

redundantly to some extent in the absence of the other.

Our results from the coupled in vitro processing–RNAi

assay support and extend the findings by Maniataki and

Mourelatos (2005) that the protein components of the RISC

complex seem to be preassembled prior to pre-miRNA pro-

cessing in humans (Figure 4). Comparable results were

reported recently by other groups (Gregory et al, 2005;

Maniataki and Mourelatos, 2005; Meister et al, 2005). Gel

filtration and coimmunoprecipitation experiments revealed

that hAgo2, Dicer, TRBP, and PACT interact with one another,

forming the RISC of B500 kDa (Figure 5). In Drosophila, the

assembly of the RISC appears to be achieved in a stepwise

manner. The Dicer-2–R2D2 heterodimer binds to siRNA

duplex to form the R1 complex that is later converted into

the intermediate complex R2/RLC (RISC loading complex).

Subsequently, R2/RLC recruits Ago2 to form the mature
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RISC, which likely acts as the RNAi effector in Drosophila

(Pham and Sontheimer, 2005). Our data indicate that the

mechanism of human RISC formation may be different from

that of flies. It is also possible that the siRISC assembly

process may differ from that of miRISC.

PACT and TRBP are known as regulators of PKR. PKR is a

dsRNA-dependent serine/threonine protein kinase, which

phosphorylates eIF2a on Ser51 to cause a general reduction

of protein synthesis (Taylor et al, 2005). Besides eIF2a,

several proteins are known to be phosphorylated by PKR,

such as NFAR-1, NFAR-2, and human protein phosphatase 2A

(PP2A) regulatory subunit B56a (Xu and Williams, 2000;

Saunders et al, 2001). It is possible that the component(s)

of RISC may be regulated by PKR through phosphorylation

and that PACTand TRBP may regulate PKR activity to control

the RISC activity. Alternatively, a competition between the

RNA silencing pathway and the PKR pathway may exist,

because the third dsRBDs of both PACT and TRBP are

responsible for their interaction with Dicer as well as for

the regulation of PKR. It would be intriguing to investigate
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the possibility of the crosstalk between the RNA silencing

pathway and the PKR pathway.

Materials and methods

Cloning of PACT and TRBP
PCR products of PACT and TRBP were subcloned into FLAG-pCK
vector for expression in human cells, at the BamHI and XhoI sites.
Primer sequences used for PCR are as follows. For PACT, 50-GG
ATCCATGTCCCAGAGCAGGCACC-30 (forward) and 50-CTCGAGCTCC
AGATTTACTTTCTTTCTGC-30 (reverse) were used. For TRBP, 50-GG
ATCCATGAGTGAAGAGGAGCAAGGCTC-30 (forward) and 50-CTCGA
GTCAGGCAGTGAAGAGTCTGCTG-30 (reverse) were used.

Mutagenesis of PACT and Dicer
Point mutagenesis of PACT was carried out by using a site-directed
mutagenesis kit (Stratagene) according to the manufacturer’s
manual. Primer sequences used for mutagenesis are as follows.
For PACT mDR1 mutant, 50-CTGGCGAAACATAGAAAGAAGGAGGC
TGCCATAAAC-30 (upper primer) and 50-GTTTATGGCAGCCTCCTT
CTTTCTATGTTTCGCCAG-30 (lower primer) were used. For PACT
mDR2 mutant, 50-GCAAGCCAAAAGGAATAAGAAGGAGAAATTTCT
TGCC-30 (upper primer) and 50-GGCAAGAAATTTCTCCTTCTTATT
CCTTTTGGCTTGC-30 (lower primer) were used. For PACT mDR3
mutant, 50-GCAATGCACAAAGTGATAAGAAGCACAATGCTTTGCAG-30

(upper primer) and 50-CTGCAAAGCATTGTGCTTCTTATCACTTTGT
GCATTGC-30 (lower primer) were used.

To prepare Dicer deletion mutants, PCR products of Dicer
deletion mutants were subcloned into FLAG-pcDNA3.1 vector
(Invitrogen) for expression in human cells, at the HindIII and
ApaI sites. Primer sequences used for PCR are as follows. For
DDEAD, 50-AAGCTTTATACTTCTCAGCCATGTGAG-30 (forward) and
50-CACAGTCGAGGCTGATCAG-30 (reverse) were used. For DHelicC,
50-AAGCTTATCTTGAGAAACAAGTGTTCC-30 (forward) and 50-CACA
GTCGAGGCTGATCAG-30 (reverse) were used. For DDUF, 50-AAGCT
TATTCCAGAGTGTTTGAGGGATAG-30 (forward) and 50-CACAGTCG
AGGCTGATCAG-30 (reverse) were used. For DPAZ, 50-AAGCTTTAC
CCTAACTTAGACTTCG-30 (forward) and 50-CACAGTCGAGGCTGATC
AG-30 (reverse) were used.

Cell culture and transfection
HeLa cells and HEK293T cells were cultured in DMEM (WelGENE)
supplemented with 10% FBS (WelGENE). Transfection was carried
out by calcium-phosphate method.

Immunoprecipitation
HEK293T cells grown in a 10-cm dish were collected in 500 ml of
ice-cold buffer D-K0100 (20 mM Tris, pH 8.0, 100 mM KCl, 0.2 mM
EDTA, 0.2 mM PMSF) 48 h post-transfection. The cells were
sonicated on ice and centrifuged at 13 200 r.p.m. for 15 min at
41C. The supernatant was incubated with 10ml of anti-FLAG
antibody conjugated to agarose beads (anti-FLAG M2 affinity gel,
Sigma) with constant rotation for 60 min at 41C. The beads were
washed five times in buffer D-K0100, drained, and used for Western
blot analysis.

In vitro RNAi assay
HEK293T cells grown in two 10-cm dishes were collected in 500ml
of ice-cold buffer D-K0100 48 h post-transfection. The cells were
sonicated on ice and centrifuged at 13 200 r.p.m. for 15 min at 41C.
The supernatant was incubated with 20ml of anti-FLAG antibody
conjugated to agarose beads (anti-FLAG M2 affinity gel, Sigma)
with constant rotation for 2 h at 41C. The beads were washed three
times in buffer D-K0100, and were washed three times in RNAi
reaction buffer (30 mM HEPES, pH 7.5, 40 mM potassium acetate,
5 mM magnesium acetate, 5 mM DTT). The processing reactions
were performed in a total volume of 20 ml that consisted of 15ml of
the beads from immunoprecipitation, 1ml of ribonuclease inhibitor
(40 U/ml, TAKARA), 3ml of RNAi reaction buffer, and 1ml of
synthetic pre-miR-30a (10mM). As a control, 1 ml of 27mer siRNA
(10mM) was used. The sequences of 27mer siRNA are 50-CCAUGUG
AUCCGAAAGUUAGGCUdGdG-30 (sense) and 50-CCAGCCUAACUUU
CGGAUCACAUGGUA-30 (antisense). The reaction mixture was
incubated at 371C for 90 min. Before target RNA cleavage reaction,
the beads were washed twice with RNAi reaction buffer. In all, 1ml

of ribonuclease inhibitor (TAKARA), 0.5ml of the radiolabeled target
RNA (miR-30a-5p target RNA, 1�104–1�105 c.p.m.), and 0.1ml of
yeast RNA (1mg/ml, Ambion) were added to 20ml of the washed
beads. The reaction mixture was incubated at 371C for 90 min. RNA
was extracted from the reaction mixture by phenol extraction and
analyzed on 15% denaturing urea polyacrylamide gel. The
sequence of miR-30a-5p target RNA is 50-AACCUUGCUUCCAGUCG
AGGAUGUUUACACCAAG-30. Pre-miR-30a, 27mer control siRNA
and miR-30a-5p target RNA were purchased from Samchully Pham
Co. Ltd. The miR-30a-5p target RNA was labeled at the 50 end using
T4 polynucleotide kinase (TAKARA) and [g-32P]ATP.

Gel exclusion chromatography
Gel exclusion chromatography was carried out as described
previously (Han et al, 2004), with the following modifications.
HEK293T cells grown in 20 10-cm dishes were cotransfected with
FLAG-PACT, V5-Dicer, and V5-hAgo2 expression vectors. Total cell
extract was prepared in buffer D0-K100 by sonication and
centrifugation, and then concentrated to the final volume of 1 ml
using Centricon YM-30 (Millipore). This total extract was treated
with 10ml of 10 mg/ml RNase A and incubated at 41C for 30 min.
This extract was loaded on a Sephacryl S-300 HR (Sigma) column
and fractionated. Each fraction was 1.65 ml in volume. In all, 1.6 ml
of each fraction was taken for immunoprecipitation with anti-FLAG
antibody, and the immunoprecipitate was used for Western blot
analysis using anti-TRBP or anti FLAG antibody or for in vitro
RNAi assay.

In vitro processing of pre-miRNAs
In vitro processing of pre-miRNAs using FLAG-immunoprecipitates
or recombinant human Dicer (Stratagene) was carried out as
described previously (Lee et al, 2002, 2003). Briefly, 30 ml of
processing reaction contained 3 ml of 64 mM MgCl2, 1 U/ml
of ribonuclease inhibitor (TAKARA), the radiolabeled pre-miRNA
of 1�104–1�105 c.p.m., and 15ml of the beads from immunopre-
cipitation. In Figure 1C, 0.25 U of recombinant Dicer and 200 ng of
recombinant PACT were used instead of the beads from immuno-
precipitation. The reaction mixture was incubated at 371C for
90 min. RNA was extracted from the reaction mixture by phenol
extraction and analyzed on 15% denaturing polyacrylamide gel.
Pre-let7a-1 was prepared from in vitro processing of cold pri-let7a-1
using Drosha-FLAG followed by gel purification. Pre-miR-30a and
pre-let7a-1 were labeled at the 50 end using T4 polynucleotide
kinase (TAKARA) and [g-32P]ATP.

RNAi and luciferase assay
HeLa cells cultured in six-well plates were cotransfected with 720 ng
of pGL3-CMV firefly luciferase, 80 ng of pRL-CMV renilla luciferase,
and 20 nM of siRNA against firefly luciferase, and 100 nM of siRNA
against GFP, Dicer, PACT or TRBP. Lipofectamine 2000 (Invitrogen)
was used for transfections, using the manufacturer’s protocols.
Transfections were performed in triplicate. Cells were lysed 48 h
after transfection and assayed for luciferase activity using the Dual-
Luciferase Reporter system (Promega) as described by the
manufacturer. All firefly luciferase activities were normalized to
renilla luciferase activities to correct for transfection efficiency.
The target sequence of siDicer has been described previously (Lee
et al, 2003). The target sequences of siPACT-1, siPACT-2, siTRBP,
siExportin5, sihAgo2, siGFP, and siLuciferase are 50-GAACCAGCUU
AAUCCUAUU-30 (siPACT-1), 50-AGGAAUGCUGCUGAGAAAU-30

(siPACT-2), 50-CACGUCAGGCUUACCUGGAUA-30 (siTRBP), 50-CUCG
AUUGGAGAAGGUGUA-30 (siExportin5), 50-GCACGGAAGUCCAUCU
GAAGU-30 (sihAgo2), 50-UGAAUUAGAUGGCGAUGUU-30 (siGFP),
and 50-CUUACGCUGAGUACUUCGA-30 (siLuciferase), respectively.
All siRNAs were manufactured by Samchully Pham Co. Ltd.

Purification of recombinant proteins
To prepare recombinant PACT, cDNA was subcloned into pGEX-4T3
vector (Amersham), which has GST tag at the N-terminus, using
BamHI and XhoI sites. The PACT expression clone was transformed
to the E. coli BL21-RIL strain. The expression and purification of
recombinant PACT was conducted according to the manufacturer’s
protocol. After purification of GST-PACT, GST was removed from
GST-PACT by treatment with 1 U/ml of Thrombin at 161C for 16 h.
TRBP protein was prepared similarly. Both recombinant proteins
were used for in vitro assays and for immunization to raise
polyclonal antibodies in rabbits.
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Northern blot analysis
To prepare the pri-miR-30a or pri-miR-124a inducible cell line, the
insert containing pri-miR-30a genomic sequences, which was
excised from pGEM-T-easy-pri-miR-30a (Lee et al, 2002) using NotI
restriction enzyme, was subcloned into pTRE2-Hyg vector (Clon-
tech) using NotI sites. Pri-miR-124a expression construct was
cloned by PCR amplification of HeLa genomic DNA and inserted
into the NotI site of the pTRE2-Hyg vector (Clontech). Tet-on HeLa
cell line (Clontech) was transfected with the pri-miR-30a or pri-
miR-124a inducible expression vector using Lipofectamine 2000
(Invitrogen). The selection of inducible cell line was conducted
according to the manufacturer’s protocol.

Pri-miR-30a or pri-miR-124a inducible cell line cultured in six-
well plates was transfected with 100 nM of siRNAs using Lipofecta-
mine 2000 (Invitrogen). In all, 3mg/ml of doxycycline was added
after 48 h. Then, total RNA was isolated using TRIzol reagent
(Invitrogen) after 24 h. Total RNAs (25 mg) were resolved on 12.5%
urea-polyacrylamide gels and transferred electronically to Zeta-
probe membrane (BioRad). An oligonucleotide complementary to
miR-30a-5p or miR-124a was endlabeled with [g-32P]ATP and used
as the probe for Northern.

RT–PCR
In all, 5 mg of HeLa total RNA was used for the first-strand cDNA
synthesis with SUPERSCRIPT II and oligo-dT primers (Invitrogen).
To detect the expression level of mRNAs, the following primers

were used. For PACT, 50-GGATCCATGTCCCAGAGCAGGCACC-30

(forward) and 50-CTCGAGCTCCAGATTTACTTTCTTTCTGC-30 (reverse);
for TRBP, 50-GGATCCATGAGTGAAGAGGAGCAAGGCTC-30 (forward)
and 50-CTCGAGTCAGGCAGTGAAGAGTCTGCTG-30 (reverse); for
Dicer, 50-AAGCTTATTCCAGAGTGTTTGAGGGATAG-30 (forward) and
50-CACAGTCGAGGCTGATCAG-30 (reverse); for GAPDH, 50-CCCATC
ACCATCTTCCAGGAGTGAGTGGAAGAC-30 (forward) and 50-CGCCC
CACTTGATTTTGGAGGGATCTCGCCTACCG-30 were used for PCR
amplification.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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