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Single-Stranded Antisense siRNAs
Guide Target RNA Cleavage in RNAi

introduced dsRNA. Used as a reverse genetic approach,
siRNA-induced gene silencing accelerates linking of
gene sequence to biological function (Elbashir et al.,
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2001a, 2002; Harborth et al., 2001). siRNA duplexes areDepartment of Cellular Biochemistry
short enough to bypass general dsRNA-induced unspe-Max-Planck-Institute for Biophysical Chemistry
cific effects in vertebrate animal and mammalian cellsAm Fassberg 11
(Elbashir et al., 2001a; Bitko and Barik, 2001). siRNAsD-37077 Göttingen
may also be expressed intracellularly from introducedGermany
expression plasmids or viral vectors providing an alter-
native to chemical RNA synthesis (for a short review,
see Tuschl, 2002). An understanding of how siRNAs act
in mammalian systems is important for refining this geneSummary
silencing technology and for producing gene-specific
therapeutic agents (Tuschl and Borkhardt, 2002).Small interfering RNAs (siRNAs) are the mediators of

Biochemical studies have begun to unravel the mech-mRNA degradation in the process of RNA interference
anistic details of RNAi. The first cell-free systems were(RNAi). Here, we describe a human biochemical sys-
developed using D. melanogaster cell or embryo ex-tem that recapitulates siRNA-mediated target RNA deg-
tracts (Hammond et al., 2000; Tuschl et al., 1999; Zamoreradation. By using affinity-tagged siRNAs, we demon-
et al., 2000) and were followed by the development ofstrate that a single-stranded siRNA resides in the
in vitro systems from C. elegans embryo (Ketting et al.,RNA-induced silencing complex (RISC) together with
2001) and mouse embryonal carcinoma cells (Billy eteIF2C1 and/or eIF2C2 (human GERp95) Argonaute
al., 2001). While the D. melanogaster lysates supportproteins. RISC is rapidly formed in HeLa cell cyto-
the steps of dsRNA processing and sequence-specificplasmic extract supplemented with 21 nt siRNA du-
mRNA targeting, the latter two systems recapitulate theplexes, but also by adding single-stranded antisense
first step only.RNAs, which range in size between 19 and 29 nucleo-

RNAi in D. melanogaster extracts is initiated by ATP-tides. Single-stranded antisense siRNAs are also ef-
dependent processing of long dsRNA to siRNAs by Dicerfectively silencing genes in HeLa cells, especially when
RNase III (Zamore et al., 2000; Bernstein et al., 2001;5�-phosphorylated, and expand the repertoire of RNA
Ketting et al., 2001; Zamore, 2001). Thereafter, siRNAreagents suitable for gene targeting.
duplexes are assembled into a multi-component com-
plex, which guides the sequence-specific recognitionIntroduction
of the target mRNA and catalyzes its cleavage (Ham-
mond et al., 2000; Yang et al., 2000; Zamore et al., 2000;Most eukaryotes possess a cellular defense system pro-
Elbashir et al., 2001b). This complex is referred to astecting their genomes against invading foreign genetic
RNA-induced silencing complex (RISC; Hammond et al.,elements. Insertion of foreign elements is believed to
2000). siRNAs in D. melanogaster are predominantly 21be generally accompanied by formation of dsRNA that
and 22 nt (Elbashir et al., 2001b), and when paired in ais interpreted by the cell as a signal for unwanted gene
manner to contain a 2 nt 3� overhang, effectively enteractivity (Fire et al., 1998; Ketting et al., 1999; Tabara
RISC (Elbashir et al., 2001c). Mammalian systems haveet al., 1999; Waterhouse et al., 2001; Ahlquist, 2002;
siRNAs of similar size (Billy et al., 2001; Yang et al., 2001;

Plasterk, 2002). Dicer RNase III rapidly processes
Paddison et al., 2002), and siRNAs of 21 and 22 nt also

dsRNA to small dsRNA fragments of distinct size and
effectively silence genes in mammalian cells (Caplen et

structure (Bernstein et al., 2001; Billy et al., 2001; Ketting al., 2001; Elbashir et al., 2001a, 2002).
et al., 2001), the small interfering RNAs (siRNAs) (El- RISC assembled on siRNA duplexes in D. melanogas-
bashir et al., 2001b), which direct the sequence-specific ter embryo lysate targets homologous sense as well as
degradation of the single-stranded mRNAs of the invad- antisense single-stranded RNAs for degradation (El-
ing genes (Hammond et al., 2000; Zamore et al., 2000; bashir et al., 2001b, 2001c). The cleavage sites for sense
Elbashir et al., 2001b). siRNA duplexes have 2 to 3 nt and antisense target RNAs are located in the middle of
3� overhanging ends and contain 5� phosphate and free the region spanned by the siRNA duplex. The 5� end,
3� hydroxyl termini (Elbashir et al., 2001b, 2001c; Zamore and not the 3� end, of the guide siRNA sets the ruler for
et al., 2000). The process of posttranscriptional dsRNA- the position of the target RNA cleavage (Elbashir et al.,
dependent gene silencing is commonly referred to as 2001b, 2001c). A 5� phosphate is required at the target-
RNA interference (RNAi) (for recent reviews, see Hannon, complementary strand of a siRNA duplex for RISC activ-
2002; Zamore, 2002; Matzke et al., 2001; Sharp, 2001; ity, and ATP is used to maintain the 5� phosphates of the
Tuschl, 2001). siRNAs (Nykänen et al., 2001). Synthetic siRNA duplexes

Experimental introduction of siRNA duplexes into with free 5� hydroxyls and 2 nt 3� overhangs are rapidly
mammalian cells is now widely used to disrupt the activ- phosphorylated in D. melanogaster embryo lysate, so
ity of cellular genes homologous in sequence to the that the RNAi efficiencies of 5�-phosphorylated and non-

phosphorylated siRNAs are not significantly different
(Elbashir et al., 2001c).1Correspondence: ttuschl@gwdg.de
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Unwinding of the siRNA duplex must occur prior to radation as described previously (Elbashir et al., 2001c).
A 5�-32P-cap-labeled, 177 nt RNA transcript, derivedtarget RNA recognition. Analysis of ATP requirements

revealed that the formation of RISC on siRNA duplexes from a segment of the firefly luciferase gene, was incu-
bated in HeLa cell S100 or D. melanogaster embryorequired ATP in lysates of D. melanogaster (Nykänen et

al., 2001). Once formed, RISC cleaves the target RNA extracts with a 21 nt siRNA duplex in the presence of
an ATP regeneration system (Figures 1A and 1B). siRNAin the absence of ATP (Hammond et al., 2000; Nykänen

et al., 2001). The need for ATP probably reflects cleavage assays were performed at 25�C in D. melano-
gaster lysate and at 30�C in HeLa S100 extract for 2.5 hr.the unwinding step and/or other conformational re-

arrangements. However, it is currently unknown if the After deproteinization using proteinase K, the reaction
products were separated on a 6% sequencing gel.unwound strands of a siRNA duplex remain associated

with RISC or whether RISC only contains a single- Similar to the previous observation in D. melanogaster
lysate, we observed the appearance of a cleavage prod-stranded siRNA. The symmetric cleavage of sense and

antisense target RNA by siRNA duplexes (Elbashir et uct in cytoplasmic HeLa S100 extract at exactly the
same position, thus indicating that the siRNA duplexal., 2001b, 2001c) may be explained by the presence of

approximately equal populations of sense and antisense guides target RNA cleavage in the human system with
the same specificity and mechanism (Figure 1B); nuclearstrand-containing RISCs.

A component associated with RISC was identified as extract assayed under the same conditions did not sup-
port siRNA-specific target RNA cleavage (data notArgonaute2 from D. melanogaster Schneider 2 (S2) cells

(Hammond et al., 2001), and it is a member of a large shown). The cleavage reaction appeared less efficient
when compared to the D. melanogaster system, but thisfamily of proteins. The family is referred to as Argonaute

or PPD family and is characterized by the presence of could be explained by the 5-fold lower total protein
concentration of HeLa S100 extract (25 mg/ml versus 5a PAZ domain and a C-terminal Piwi domain, both of

unknown function (Cerutti et al., 2000; Schwarz and Za- mg/ml). Similar to D. melanogaster lysates, siRNA du-
plexes without 5� phosphate were rapidly 5�-phosphory-more, 2002). The PAZ domain is also found in Dicer

(Cerutti et al., 2000). Because Dicer and Argonaute2 lated in HeLa S100 extract (see below) and the ability
to cleave the target RNA was independent of the pres-interact in S2 cells, PAZ may function as a protein-pro-

tein interaction motif (Hammond et al., 2001). Possibly, ence of a 5� phosphate on the synthetic siRNA duplexes.
Comparative analysis of the efficiency of siRNA du-the interaction between Dicer and Argonaute2 facilitates

siRNA incorporation into RISC. The mammalian mem- plexes of different length in D. melanogaster lysate and
in transfected mammalian cells indicated that the differ-bers of the Argonaute family are poorly characterized,

and some of them have been implicated in translational ences in silencing efficiencies between 20 to 25 nt siRNA
duplexes were less pronounced in mammalian cells thancontrol, microRNA processing, and development (Zou

et al., 1998; Sharma et al., 2001; Deng and Lin, 2002; in D. melanogaster (Caplen et al., 2001; Elbashir et al.,
2002). Duplexes of 24 and 25 nt siRNAs were inactiveMourelatos et al., 2002). The biochemical function of

Argonaute proteins remains to be established and the in D. melanogaster lysate, whereas the same duplexes
were quite effective for silencing when introduced bydevelopment of more biochemical systems is crucial.

Here, we report on the analysis of human RISC in transfection into HeLa cells (Elbashir et al., 2002). We
therefore asked whether siRNA duplexes of 20 to 25 ntextract prepared from HeLa cells. The reconstitution of

RISC and the mRNA targeting step were exploited for are able to reconstitute RISC with similar efficiency. No
considerable differences were observed in our biochem-affinity purification of RISC and revealed that RISC is a

ribonucleoprotein complex that contains a single- ical assay (Supplemental Figure S1 available at http://
www.cell.com/cgi/content/full/110/5/563/DC1). A singlestranded siRNA and proteins of the Argonaute family.

Once RISC is formed, the incorporated siRNA can no target RNA cleavage site was mapped for all duplexes,
and the position of target RNA cleavage was definedlonger exchange with free siRNAs. Surprisingly, RISC

can be reconstituted in HeLa S100 extract providing relative to the 5� end of the antisense strand of the
siRNA duplexes predicted by the cleavage guiding rulessingle-stranded siRNAs. Even more surprising, single-

stranded antisense siRNAs transfected into HeLa cells established in D. melanogaster lysate (Elbashir et al.,
2001c). This suggests that siRNA duplexes slightly largerpotently silence an endogenous gene with similar effi-

ciency to duplex siRNA. Dissecting the individual mech- than the natural 21 nt siRNA duplexes may directly enter
RISC without further processing by Dicer.anistic steps of RNAi in mammalian systems will help

to modify the properties of siRNAs and to facilitate pre-
diction of mRNA targeting efficiency as a tool for valida- 5� Modification of the Guide siRNA Inhibits
tion of therapeutic targets or even as gene-specific ther- RISC Activity
apeutic itself. Modification of siRNAs at their termini is important for

developing siRNA-based affinity purification schemes
or for conjugating reporter tags for biophysical measure-Results
ments. The most common method for introducing reac-
tive side chains into nucleic acids is chemical synthesisA Human Biochemical System for siRNA

Functional Analysis using aminolinker derivatives (Eckstein, 1991). We have
introduced 5� and 3� aminolinkers with six and sevenTo investigate whether siRNAs guide target RNA degra-

dation in human cells by a similar mechanism to the methylene groups as spacers, respectively. The linker-
modified siRNA duplexes were tested for mediating tar-one observed in D. melanogaster (Elbashir et al., 2001b,

2001c), we prepared substrates for targeted mRNA deg- get RNA degradation in HeLa S100 extract (Supplemen-
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Figure 1. HeLa Cytoplasmic S100 Extract
Show siRNA-Dependent Target RNA Cleavage

(A) Representation of the 177 nt 32P-cap-
labeled target RNA with the targeting siRNA
duplex. Target RNA cleavage site and the
length of the expected cleavage products is
also shown. The fat black line positioned un-
der the antisense siRNA is used in the follow-
ing figures as symbol to indicate the region
of the target RNA, which is complementary
to the antisense siRNA sequence.
(B) Comparison of the siRNA mediated target
RNA cleavage using the previously estab-
lished D. melanogaster embryo in vitro sys-
tem and HeLa cell S100 cytoplasmic extract.
10 nM cap-labeled target RNA was incubated
with 100 nM siRNA as described in materials.
Reaction products were resolved on a 6%
sequencing gel. Position markers were gen-
erated by partial RNase T1 digestion (T1) and
partial alkaline hydrolysis (OH) of the cap-
labeled target RNA. The arrow indicates the
5� cleavage product; the 3� fragment is unla-
beled and therefore invisible.

tal Figure S2 available at http://www.cell.com/cgi/ PCR (Lipardi et al., 2001). The fate of siRNAs in HeLa
S100 extract was followed by incubation of siRNA du-content/full/110/5/563/DC1). Modification of the 5� end

of the antisense guide siRNA abolished target RNA plexes, in which the antisense siRNA was 32pCp-radiola-
beled and contained various 5� and 3� hydroxyl/phos-cleavage, while modification of neither the sense 5� end

nor of both 3� ends showed any inhibitory effect. In phate modifications (Figure 2A). All combinations of
duplex siRNAs were fully competent for RISC-depen-an identical experiment using D. melanogaster embryo

lysate, we observed a similar pattern of RISC activity dent target RNA degradation (data not shown). As pre-
viously observed for D. melanogaster lysates (Nykänenalthough the duplex carrying the 5� aminolinker-modi-

fied antisense siRNA showed some residual activity et al., 2001), rapid 5� phosphorylation of siRNA duplexes
with free 5� hydroxyl termini was detected in HeLa S100(data not shown). Presumably, introduction of additional

atoms or the change in terminal phosphate electric extract (Figure 2B). To our surprise, we noted that a
small fraction of the 3�-phosphorylated antisense siRNAcharge at the 5� end of the antisense siRNA interfered

with its ability to function as guide RNA. The critical was ligated to the opposing 5� hydroxyl of the sense
siRNA producing a lower mobility band. The inter-strandfunction of the guide siRNAs 5� end was previously doc-

umented (Nykänen et al., 2001; Elbashir et al., 2001c). ligation was confirmed by changing the length of the
unlabeled sense siRNA, which resulted in the expectedThe ability to modify siRNAs at their 3� end suggests

that siRNAs need not act as primers for degradative mobility changes of the ligation product (data not
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shown). RNA ligase activity was previously observed in
HeLa S100 extract and is mediated by two enzymatic
activities (Genschik et al., 1997). The 3� terminal phos-
phate is first converted to a 2�,3�-cyclic phosphate re-
quiring ATP and 3� terminal phosphate cyclase. Thereaf-
ter, the opposing 5� hydroxyl is ligated to the cyclic
phosphate end by an as yet uncharacterized RNA ligase,
but most likely tRNA ligase (Filipowicz and Shatkin,
1983). We chemically synthesized the predicted 5�-
phosphorylated, 42 nt ligation product and found it un-
able to mediate target RNA cleavage (data not shown),
presumably because it cannot form activated RISC. The
majority of the 3�- phosphorylated siRNA duplexes was
gradually dephosphorylated at its 3� end and emerged
chemically similar to naturally generated siRNA. To-
gether, these observations indicate that the cell has a
mechanism to preserve the integrity of siRNAs. We were
unable to detect proposed siRNA-primed polymeriza-
tion products (Figure 2B), suggesting that siRNAs do
not function as primers for template-dependent dsRNA
synthesis in our system. However, we acknowledge that
a proposed RNA-dependent polymerase activity may
have been inactivated during preparation of our extract.

siRNAs Incorporated into RISC Do Not Compete
with a Pool of Free siRNAs
In order to analyze RISC assembly and stability, we
tested whether a target-unspecific siRNA duplex, was
able to compete with a target-specific siRNA duplex.
The unspecific siRNA duplex was directed against the
Renilla reniformis luciferase sequence (Elbashir et al.,
2001a). When specific and nonspecific siRNA duplexes
were coincubated in HeLa S100 extract, increasing con-
centrations of unspecific siRNA duplex competed with
the formation of target-specific RISC (Supplemental Fig-
ure S3 available at http://www.cell.com/cgi/content/
full/110/5/563/DC1). However, when target-specific
siRNAs were preincubated in HeLa S100 extract for 15
min in the absence of competitor siRNA duplex, the
assembled siRNA in the target-specific RISC could no
longer be competed with the target-unspecific siRNA
duplex. In both cases, the cap-labeled target RNA was
added 15 min after the addition of the competitor siRNA
duplex. This result suggests that RISC is formed during
the first 15 min of incubation and that siRNAs were
irreversibly associated with the protein components of
RISC during the 2.5 hr time window of the experiment.Figure 2. siRNAs Containing 3�-Terminal Phosphates Are Subjected

to Ligation as well as Dephosphorylation Reactions

(A) Sequence of the radiolabeled siRNA duplex. The labeled nucleo- Partial Purification of Human RISC
tide was joined to synthetic 20 nt antisense siRNA by T4 RNA ligation After having defined the 3� termini of siRNAs as the most
of 32pCp. The various combinations of 5� and 3� hydroxyl/phosphate suitable position for chemical modification, a photo-
were prepared as described in materials. X and Y indicate 5� and cleavable biotin derivative was conjugated to the 3�
3� modifications of the antisense siRNA.

aminolinker-modified siRNAs. A photo-cleavable biotin(B) Fate of the antisense siRNA during incubation of the modified
derivative was selected because of the advantage ofsiRNA duplexes in HeLa S100 extract in the presence of nonradiola-

beled target RNA. The different phosphorylated forms of the anti- recovering RISC under nondenaturing conditions after
sense siRNA were distinguished based on their gel mobility. Identi- capturing complexes on streptavidin-coated affinity
cal results were obtained when using 5�-phosphorylated sense supports. Conjugation of photo-cleavable biotin to the
siRNA or when leaving out the target RNA during incubation. Ligation 3� end of sense, antisense, or to both of the strands
products are only observed when 3� phosphates were present on

did not affect target RNA cleavage when compared tothe labeled antisense siRNA.
nonbiotinylated siRNAs (data not shown). siRNA du-
plexes with biotin residues on both 3� ends were used for
affinity purification (Figure 3A). The double biotinylated
siRNA duplex was incubated in HeLa S100 extract in the
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Figure 3. Partial Purification of Human RISC

(A) Graphical representation of the structure
of the biotinylated siRNA duplex used for af-
finity purification of siRNA-associated fac-
tors. L3 indicates a C7-aminolinker that
was conjugated to a photo-cleavable biotin
N-hydroxysuccinimidyl ester; UV indicates
photocleavage of the UV-sensitive linkage to
release affinity-selected complexes under
native conditions.
(B) Superdex-200 gel filtration analysis of
siRNA-protein complexes (siRNPs) recov-
ered by UV treatment/elution (UV elu) from the
streptavidin affinity column. Fractions were
assayed for their ability to sequence specifi-
cally cleave the cap-labeled target RNA. The
number of the collected fractions and the rel-
ative positions of the aldolase (158 kDa) and
BSA (66 kDa) size markers are indicated.
(C) Glycerol gradient (5%–20%) sedimenta-
tion of siRNPs recovered by UV treatment/
elution from the streptavidin affinity column.
For legend, see (B). When monitoring the pre-
cise size of target RNA cleavage fragments
using internally 32P-UTP-labeled, capped
mRNA, the sum is equal to the full-length tran-
script, thus indicating that target RNA is in-
deed only cleaved once in the middle of the
region spanned by the siRNA.

presence of ATP, GTP, creatine phosphate, and creatine analyzed by gel filtration on Superdex 200 columns (Fig-
ure 3B) as well as 5%–20% glycerol gradient ultra-cen-kinase for ATP regeneration. Thereafter, streptavidin-

conjugated agarose beads were added to capture the trifugation (Figure 3C). Individual fractions were col-
lected and assayed for target RNA cleavage withoutbiotinylated siRNA ribonucleoprotein complexes (siRNPs)

including RISC. After extensive washing of the collected addition of any further siRNA. RISC activity fractionated
closer to the molecular size marker aldolase (158 kDa)beads, the siRNPs were released by UV irradiation at

312 nm. The eluate cleaved target RNA sequence specif- than to BSA (66 kDa), after gel filtration or glycerol gradi-
ent centrifugation (Figures 3B and 3C). The molecularically, thus indicating that RISC was recovered in its

native state from the resin (Figures 3B, 3C, and lane UV size of human RISC is therefore estimated to be between
90 and 160 kDa, and smaller than the complexes pre-elu). The flowthrough from the affinity selection showed

no detectable RISC activity indicating complete binding viously described in D. melanogaster lysates (Hammond
et al., 2000; Nykänen et al., 2001). Using the same meth-of RISC by the beads. It was also possible to affinity

select RISC upon reconstitution with single-stranded, ods for analysis of reconstituted RISC in D. melanogas-
ter S2 cell cytoplasmic extract, we estimated a molecu-3� biotinylated antisense siRNA, although with lower effi-

ciency (data not shown). Affinity eluates were further lar size similar to the human RISC (data not shown).
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The absence of a 210 kDa protein band in the affinity
purified fraction, and also the relatively small observed
size of RISC suggests that Dicer is not present in RISC.
To test whether Dicer may be involved in the formation
of RISC on synthetic siRNAs, we immunodepleted HeLa
S100 extract using affinity purified anti-peptide sera
against human Dicer (generously provided by E. Billy
and W. Filipowicz). Efficient immunodepletion was con-
firmed by Western blotting (Supplemental Figure S5
available at http://www.cell.com/cgi/content/full/110/5/
563/DC1). The supernatant retained the ability for tar-
geting siRNA-directed target RNA cleavage, while the
resuspended immunoprecipitate was inactive (Supple-
mental Figure S5 available at above URL).

RISC Contains a Single siRNA Strand and Can Be
Reconstituted Using Single-Stranded siRNAs
To address the constitution of siRNA strands in RISC,
we affinity selected the assembled complexes using
siRNA duplexes that were biotinylated at only one of the
two constituting strands or both. If sense and antisense
strands were present together in RISC, the cleavage
activity should be affinity selected on Neutravidin inde-
pendently of the position of the biotin residue. In con-
trast, we observed target RNA cleavage from UV eluates
after streptavidin selection only for siRNA duplexes with
biotin conjugated to the antisense strand, but not to the
sense strand (Figure 5). RISC activity, assembled on
siRNA duplexes with only the sense siRNA biotinylated,
remained in the flowthrough. These data suggest that
RISC contains only a single-stranded RNA molecule.

To assess whether single-stranded siRNA may be able
to reconstitute RISC, single-stranded siRNA as well as
a siRNA duplex were incubated at concentrations be-
tween 1 to 100 nM with cap-labeled target RNA in HeLa
S100 as well as D. melanogaster extracts (Figure 6).
At 100 nM single-stranded antisense siRNA, we clearly
detected RISC-specific target RNA cleavage in HeLa
extract, thus confirming that single-stranded siRNA is
present in RISC. At lower concentrations of single-
stranded siRNA, RISC formation remained undetectable

Figure 4. Protein Composition of Affinity Purified RISC while duplex siRNA was effectively forming RISC even
(A) Silver-stained SDS-PAGE gel of affinity-selected ribonucleopro- at 1 nM concentration. Therefore, a specific pathway
tein complexes after glycerol gradient (5%–20%) sedimentation. The exists which converts double-stranded siRNA into sin-
arrow indicates the band containing eIF2C1 and eIF2C2. Molecular gle-stranded siRNA containing RISC. In D. melanogaster
size markers are indicated on the left. The asterisk indicates a frac-

embryo lysate, we were unable to detect RISC activitytion for which the protein pellet was lost after precipitation.
from antisense siRNA, presumably because of the high(B) Target RNA cleavage assay of the collected fractions. RISC
load of single-strand specific ribonucleases (Elbashir etactivity peaked in fraction 7 and 8; bu, buffer.

al., 2001b). We then assessed the length requirements
for reconstituting RISC and used 5�-phosphorylated sin-Two proteins of approximately 100 kDa were identified
gle-stranded antisense siRNAs varying in length be-by mass spectrometry in the peak fraction of the endo-
tween 13 to 29 nts. siRNAs between 15 to 29 nt mediatednucleolytic activity of the 5%–20% glycerol gradient
RISC-specific target RNA degradation in HeLa S100 ex-(Figure 4, fractions 7 and 8), corresponding to eIF2C1
tract, and cleavage efficiency increased with increasingand eIF2C2/GERp95 (Supplemental Figure S4 available
siRNA length (Supplemental Figure S6 available atat http://www.cell.com/cgi/content/full/110/5/563/
http://www.cell.com/cgi/content/full/110/5/563/DC1).DC1). The proteins are 82% similar and are both mem-
Reconstitution of RISC was also accomplished usingbers of the Argonaute family. One of its members,
nonphosphorylated single-stranded antisense siRNAsArgonaute2, was previously identified as a component
(data not shown), but presumably, 5� phosphorylationof D. melanogaster RISC (Hammond et al., 2001). The
of single-stranded siRNAs occurred during the incuba-proteins present within the other bands remain to be

identified. tion in the S100 extract.
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ure 7B). Gene silencing was observed with phosphory-
lated as well as nonphosphorylated antisense siRNAs
ranging in size between 19 to 29 nt. The phosphorylated
antisense siRNAs were consistently better performing
than the nonphosphorylated antisense, and their silenc-
ing efficiencies were comparable to that of the conven-
tional duplex siRNA.

Discussion

The development of a human biochemical system for
analysis of the mechanism of RNAi is important given the
recent success of siRNA duplexes for silencing genes
expressed in human cultured cells and the potential for
becoming a sequence-specific therapeutic agent (El-
bashir et al., 2002; Harborth et al., 2001; Novina et al.,
2002; Tuschl and Borkhardt, 2002). Biochemical sys-
tems are useful for defining the individual steps of the
RNAi process and for evaluating the constitution and
molecular requirements of the participating macromo-
lecular complexes. For the analysis of RNAi, several
systems were developed (Tuschl et al., 1999; Zamore
et al., 2000; Hammond et al., 2000; Billy et al., 2001;
Ketting et al., 2001). For mammalian systems, reconsti-
tution of the mRNA targeting reaction was not yet re-
ported. Here, we describe the development and applica-
tion of a biochemical system prepared from the
cytoplasmic fraction of human HeLa cells, which is able
to reconstitute the mRNA-targeting RNA-induced si-
lencing complex (RISC) (Hammond et al., 2000). Forma-
tion of RISC was accomplished using either 5�-phos-
phorylated or 5� hydroxyl siRNA duplexes as well as
single-stranded antisense siRNAs. Nonphosphorylated
siRNA duplexes are rapidly 5�-phosphorylated in HeLa
cell extract.

Biochemical Characterization of siRNA Function
Reconstitution of RISC activity was observed using cy-
toplasmic HeLa extract, but not nuclear extract, sug-
gesting that RISC components are located predomi-

Figure 5. RISC Contains a Single-Stranded siRNA nantly in the cytoplasm. Cytoplasmic localization of the
siRNPs were subjected to affinity selection after incubation using RNAi machinery is also supported by the observation
siRNA duplexes with one or both strands biotinylated. The eluate that Dicer is predominantly cytoplasmic (Billy et al.,
recovered after UV treatment or the unbound fraction after streptavi-

2001) and that RNAi acts on mature rather than nucleardin affinity selection (flowthrough) was assayed for target RNA deg-
precursor mRNA (Montgomery et al., 1998).radation. If the antisense strand was biotinylated, all sense target

It has previously been proposed that siRNAs act asRNA-cleaving RISC was bound to the streptavidin beads, while
sense siRNA biotinylation resulted in RISC activity of the primers for target RNA-templated dsRNA synthesis
flowthrough. The cleavage reaction in the flowthrough fraction was (Lipardi et al., 2001), even though homologs of the
less efficient than in the UV eluate, because affinity-selected RISC RNA-dependent RNA polymerases known to participate
was more concentrated.

in gene silencing in other systems are apparently not
encoded in D. melanogaster or mammalian genomes.
Analysis of the fate of siRNA duplexes in the HeLa5�-Phosphorylated Antisense siRNAs Silence

Endogenous Genes in Cultured Cells cell system did not provide evidence for such a
siRNA-primed activity, but indicates that the predo-Single-stranded 5� hydroxyl and 5� phosphate-modified

antisense siRNAs were also tested for targeting of an minant pathway for siRNA-mediated gene silencing is
sequence-specific endonucleolytic target RNA degra-endogenous gene in HeLa cells following the standard

transfection protocol previously established for silenc- dation. Further evidence against siRNA-induced propa-
gation of gene silencing in mammalian systems is thating of lamin A/C (Elbashir et al., 2001a, 2002). 200 nM

concentrations of single-stranded siRNAs or 100 nM (1) the silenced gene returns to normal levels between
5 to 9 days posttransfection (Elbashir et al., 2002); (2)concentrations of duplex siRNAs were transfected into

HeLa cells. Lamin A/C levels were monitored 48 hr later simultaneously expressed isoforms can be selectively
targeted by siRNA duplexes (Kisielow et al., 2002).using immunofluorescence (Figure 7A) as well as quanti-

tative luminescence-based Western blot analysis (Fig- By using two independent methods, it was shown that
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Figure 6. Single-Stranded Antisense siRNAs
Reconstitute RISC in HeLa S100 Extract

Analysis of RISC reconstitution using single-
stranded or duplex siRNAs comparing HeLa
S100 extract (A) and the previously described
D. melanogaster embryo lysate (B). Different
concentrations of single-stranded siRNAs (s,
sense; as, antisense) and duplex siRNA (ds)
were tested for specific targeting of cap-
labeled substrate RNA. 100 nM concentra-
tions of the antisense siRNA reconstituted
RISC in HeLa S100 extract, although at re-
duced levels in comparison to the duplex
siRNA. Reconstitution with single-stranded
siRNAs was almost undetectable in D. mela-
nogaster lysate, presumably because of the
higher nuclease activity in this lysate causing
rapid degradation of uncapped single-
stranded RNAs (Tuschl et al., 1999).

RISC contains single-stranded siRNAs. First, conjuga- our affinity purification, but it is also conceivable that
crude RISC fractions are not suitable for precise sizetion of the biotin affinity tag to the 3� end of the target-

complementary guide siRNA enabled us to affinity select determination of RISC because of unspecific interac-
tions encountered in an unpurified lysate.sense RNA-targeting RISC, whereas 3� biotinylation of

the sense siRNA strand resulted in RISC activity in the Two proteins of the Argonaute family, eIF2C1 and
eIF2C2 (human GERp95), were identified by mass spec-unbound fraction. Second, single-stranded antisense

RNAs were shown to reconstitute RISC. The reconstitu- trometry in the affinity-purified human RISC. Argonaute
proteins are a distinct class of proteins, containing ation of RISC from single-stranded siRNA was however

less effective and required 10- to 100-fold higher con- PAZ and Piwi domain (Cerutti et al., 2000) and have
been implicated in many processes previously linkedcentrations compared to duplex siRNA. This indicates

that a specific RISC assembly pathway exists in HeLa to posttranscriptional silencing, however only limited
biochemical information is available. The first evidencecells, which may be bypassed by sufficiently high con-

centrations of single-stranded RNAs. Reconstitution of that Argonaute proteins are part of RISC was provided
by classical biochemical fractionation studies usingRISC from single-stranded siRNA was undetectable us-

ing D. melanogaster embryo lysate, which is most likely dsRNA-transfected D. melanogaster S2 cells (Hammond
et al., 2001). However, because of the high homologyexplained by the high content of 5� to 3� exonucleases

in embryo lysate. between the many family members of the Argonaute
proteins, the mammalian ortholog of the RISC D. mela-The size of RISC in HeLa lysate was determined by gel

filtration as well as glycerol gradient ultracentrifugation nogaster Argonaute2 could not be predicted. More re-
cently, the closest relative to D. melanogaster Argonaute2,after streptavidin affinity purification with 3� biotinylated

siRNA duplexes. The affinity-purified human and D. mel- D. melanogaster Argonaute1, was also shown to be re-
quired for RNAi (Williams and Rubin, 2002).anogaster RISC sediments around 90 to 160 kDa. Pre-

viously, sizes for nonaffinity-purified RISC in D. melano- Human eIF2C2 is the ortholog of rat GERp95, which
was identified as a component of the Golgi complex orgaster systems have been reported within a range of

less than 230 to 500 kDa (Hammond et al., 2000, 2001; the endoplasmic reticulum and copurified with intracellular
membranes (Cikaluk et al., 1999). More recently, HeLa cellNykänen et al., 2001). The size differences could indicate

that some RISC-associated proteins were lost during eIF2C2 was shown to be associated with miRNAs and
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Figure 7. Single-Stranded Antisense siRNAs
Mediate Gene Silencing in HeLa Cells

(A) Silencing of nuclear envelope protein
lamin A/C. Fluorescence staining of cells
transfected with lamin A/C-specific siRNAs
and GL2 luciferase (control) siRNAs. Top row,
staining with lamin A/C specific antibody;
middle row, Hoechst staining of nuclear chro-
matin; bottom row, phase contrast images of
fixed cells.
(B) Quantification of lamin A/C knockdown
after Western blot analysis. The blot was
stripped after lamin A/C probing and re-
probed with vimentin antibody. Quantifica-
tion was performed using a Lumi-Imager
(Roche) and LumiAnalyst software to quanti-
tate the ECL signals (Amersham Biosci-
ences), differences in gel loading were cor-
rected relative to nontargeted vimentin
protein levels. The levels of lamin A/C protein
were normalized to the nonspecific GL2
siRNA duplex.

components of the SMN complex, a regulator of ribo- is based on globular shape, we cannot disregard this
possibility at this time. Before reconstitution of RISC isnucleoprotein assembly, suggesting that eIF2C2 plays

a role in miRNA precursor processing or miRNA function not accomplished by using recombinant proteins, the
possibility remains that the endonucleolytic activity re-(Mourelatos et al., 2002). A more provocative hypothesis

is that miRNAs are also in a RISC-like complex, which sides in another molecule that is limited in amounts and
still escapes our detection.could potentially mediate target RNA degradation, if

only perfectly matched miRNA target mRNAs existed.
Sequence analysis using cloned human and mouse Single-Stranded 5�-Phosphorylated Antisense

siRNAs as Triggers of MammalianmiRNAs, however, did not reveal the presence of such
perfectly complementary sequences in the genomes Gene Silencing

It was previously noted that introduction of sense and(Lagos-Quintana et al., 2001). Therefore, miRNPs may
only function as translational regulators of partially mis- antisense RNAs of several hundred nucleotides in length

into C. elegans was able to sequence specifically silencematched target mRNAs, probably by recruiting addi-
tional factors that prevent dissociation from mis- homologous genes (Guo and Kemphues, 1995). Later,

it was suggested that the sense and antisense RNAmatched target mRNAs.
Human eIF2C1 has not been linked to gene silencing preparation were contaminated with a small amount of

dsRNA, which was responsible for the silencing effectpreviously, but it is more than 80% similar in sequence
to eIF2C2 (Koesters et al., 1999). This similarity may and is a much more potent inducer of gene silencing

(Fire et al., 1998). Most recently, it was however shownindicate functional redundancy, but it is also conceiv-
able that functional RISC may contain eIF2C1 and that 5�-phosphorylated antisense RNAs between 22 and

40 nt, but not sense RNAs, were able to activate geneeIF2C2 heterodimers. The predicted molecular weight
of this heterodimeric complex would be slightly larger silencing in C. elegans, and therefore directly contrib-

uted to initiation of gene silencing (Tijsterman et al.,than the observed size, but because size fractionation
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described previously (Elbashir et al., 2001a). Some of the RNAs were2002). The authors favored the hypothesis that gene
also synthesized using 2�-O-ACE-RNA phosphoramidites (Dharmacon,silencing was initiated by siRNA-primed dsRNA synthe-
Lafayette, Co, USA) and deprotected as described (Scaringe, 2001).sis, because 3�-blocked antisense RNAs were not func-
5� aminolinkers were introduced by coupling MMT-C6-aminolinker

tional. We have shown that modification of the 3� ends phosphoramidite (Proligo, Hamburg), 3� C7-aminolinkers were intro-
of antisense siRNA did not interfere with reconstitution duced by assembling the oligoribonucleotide chain on 3�-amino-
of RISC in the human system. Together, these observa- modifier (TFA) C7 Icaa control pore glass support (Chemgenes, MA,

USA). The sequences for GL2 and RL luciferase siRNAs were astions suggests the driving forces for gene silencing in
described (Elbashir et al., 2001a). The 29 nt antisense siRNA directedC. elegans may be predominantly dsRNA synthesis fol-
against lamin A/C was 5� UGUUCUUCUGGAAGUCCAGUUCCUClowed by Dicer cleavage, while in human and possibly
CUUC, shorter antisense RNAs are derived by truncations from the

also in D. melanogaster, RISC-specific target mRNA 3� end. If 5� phosphates were to be introduced, 50 to 100 nmoles
degradation predominates. of synthetic siRNAs were treated with T4 polynucleotide kinase (300

Targeting of endogenously expressed lamin A/C by �l reaction, 2.5 mM ATP, 70 mM Tris-HCl, [pH 7.6], 10 mM MgCl2,
5 mM DTT, 30 U T4 PNK, New England Biolabs, 45 min, 37�C)transfection of duplex siRNA into HeLa cells was the
followed by ethanol precipitation.first reported example of siRNA-induced gene silencing

3� Terminal 32pCp labeling (Figure 2) was performed in a 30 �l(Elbashir et al., 2001a). Lamin A/C protein was drastically
reaction (17 �M siRNA, 0.5 �M 32pCp (110 TBq/mmol), 15% DMSO,reduced by a lamin A/C-specific siRNA duplex within
20 U T4 RNA ligase, NEB, and 1� NEB-supplied reaction buffer) for

two days posttransfection, while unspecific siRNA du- 1.5 hr at 37�C, and gel purified. One half of the pCp-labeled RNA
plexes showed no effect. At the time, transfection of was dephosphorylated (25 �l reaction, 500 U alkaline phosphatase,
nonphosphorylated sense or antisense siRNA did not Roche, and Roche-supplied buffer, 30 min, 50�C), followed by phe-

nol/chloroform extraction and ethanol precipitation. Half of this reac-reveal a substantial effect on lamin A/C levels (Elbashir
tion was 5�-phosphorylated (20 �l reaction, 2 units T4 polynucleotideet al., 2001a); although more recently, a minor reduction
kinase, NEB, 10 mM ATP, NEB-supplied buffer, 60 min, 37�C). Aupon antisense siRNA transfection was noticed when
quarter of the initial pCp-labeled siRNA was also 5�- phosphorylated

similar concentrations of antisense siRNA were deliv- (10 �l reaction, 10 units 3� phosphatase-free T4 polynucleotide ki-
ered as described here (Elbashir et al., 2002). However, nase, Roche, 10 mM ATP, Roche-supplied buffer, 3 min, 37�C).
the effect was not interpreted as RISC-specific. Assaying For conjugation to biotin, 20 to 65 nmoles of fully deprotected

aminolinker-modified siRNA were dissolved in 100 �l of 100 mM5�-phosphorylated antisense siRNAs revealed a substan-
sodium borate buffer (pH 8.5) and mixed with a solution of 1 mg oftial increase in lamin A/C silencing, probably because
EZ-Link NHS-PC-LC-Biotin (Pierce, IL, USA) in 100 �l of anhydrous5�-phosphorylated siRNAs are more stable or enter RISC
dimethylformamide. The solution was incubated for 17 hr at 25�Cmore rapidly, or because the 5� end of transfected sin-
in the dark. Subsequently, siRNAs were precipitated by the addition

gle-stranded siRNA may be less rapidly phosphorylated of 60 �l 2 M sodium acetate (pH 6.0) and 1 ml ethanol. The RNA
in the cell in comparison to duplex siRNAs. pellet was collected by centrifugation and biotin-conjugated siRNA

Finally, it should be noted that HeLa cells are generally was separated from nonreacted siRNA on a preparative denaturing
18% acrylamide gel (40 cm length) in the dark. The RNA bands werepoor in nucleases and represent one of the preferred
visualized by 254 nm UV shadowing and minimized exposure time.mammalian systems for studying RNA processing or
The bands were excised, and the RNA was eluted overnight in 0.3 Mtranscription reactions in vivo and in vitro. It remains to
NaCl at 4�C and recovered by ethanol precipitation. siRNA duplexesbe tested if 5�-phosphorylated single-stranded anti-
were formed as previously described (Elbashir et al., 2002).

sense siRNAs are suitable to knockdown gene expres-
sion in other cell types or tissues with a different content

Preparation of S100 Extract from HeLa Cellsof nucleases. The general silencing ability of various cell
Cytoplasm from HeLa cells adapted to grow at high density by

types may also depend on the relative levels of siRNA/ Computer Cell Culture, Mons, Belgium, was prepared following the
miRNA-free eIF2C1 and eIF2C2 proteins capable of as- Dignam protocol for isolation of HeLa cell nuclei (Dignam et al.,
sociating with exogenously delivered siRNAs. From a 1983). The cytoplasmic fraction was supplemented with KCl, MgCl2,

and glycerol to final concentrations of 100 mM, 2 mM, and 10%,technical perspective, the sensitivity of single-stranded
respectively. At this stage, the extract can be stored frozen at �70�CsiRNA toward nucleases present in tissue culture me-
after quick-freezing in liquid nitrogen without loss of activity. S100dium and serum may complicate the application of sin-
extract was prepared by ultracentrifugation at 31.500 rpm for 60gle-stranded siRNAs. However, chemical strategies to
minutes at 4�C using a Sorvall T-865 rotor. The protein concentration

improve nuclease resistance of single-stranded RNA are of HeLa S100 extract varied between 4 to 5 mg/ml as determined
available. by Bradford assay.

In summary, single-stranded 5�-phosphorylated anti-
sense siRNAs of 19 to 29 nt in size broaden the use of Affinity Purification of RISC with 3� Biotinylated
RNA molecules for gene silencing because they can siRNA Duplexes
enter the mammalian RNAi pathway in vitro as well as For affinity purification of siRNA-associated protein complexes from

HeLa S100 extract, 10 nM of a 3� double-biotinylated siRNA duplexin vivo through reconstitution of RISC. Human eIF2C1
was incubated in 0.2 mM ATP, 0.04 mM GTP, 10 U/ml RNasin, 6and eIF2C2 seem to play a critical role in this process.
�g/ml creatine kinase, and 5 mM creatine phosphate in 60% S100Considering the feasibility of modulating the stability
extract at 30�C for 60 min and gentle rotation. Thereafter, 1 ml slurryand uptake properties of single-stranded RNAs, 5�-
of Immobilized Neutravidin Biotin Binding Protein (Pierce, IL, USA)

phosphorylated single-stranded antisense siRNAs may was added per 50 ml of reaction solution and the incubation was
further expand the utility of RNAi-based gene silencing continued for another 120 min at 30�C with gentle rotation. The
technology as tool for functional genomics as well as Neutravidin beads were then collected at 2000 rpm for 2 minutes

at 4�C in a Heraeus Megafuge 1.0 R centrifuge using a swingingtherapeutic applications.
bucket rotor type 2704. Effective capturing of RISC components
after affinity selection was confirmed by assaying the supernatantExperimental Procedures
for residual RISC activity with and without supplementing fresh
siRNA duplexes. The collected Neutravidin beads were washed withsiRNA Synthesis and Biotin Conjugation
10 volumes of buffer A relative to the bead volume (30 mM HEPES,siRNAs were chemically synthesized using RNA phosphoramidites

(Proligo, Hamburg, Germany) and deprotected and gel purified as [pH 7.4], 100 mM KCl, 2 mM MgCl2, 0.5 mM DTT, and 10% glycerol)
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followed by washing with 5 volumes of buffer B (same as buffer A discussion and comments on the manuscript. This work was sup-
ported by a BMBF Biofuture grant number 0311856.with only 3% glycerol content). The beads were transferred to a

0.8 � 4 cm Poly-Prep chromatography column (BioRad; CA, USA)
by resuspending in 3 volumes of buffer B at 4�C, followed by 10 Received: June 21, 2002
volumes of washing with buffer B. Washing of the beads was contin- Revised: July 26, 2002
ued by 10 volumes of buffer B increased to 300 mM KCl. The column
was then reequilibrated with regular buffer B. To recover native
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