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22.  Apoptos~s was assessed by staining wi th annexin 
V-FITC/PI (Calbiochem). Stained cells were analyzed 
iri a Beckton-Dickinson flow cytometer. For DNA 
fragmentation analysis, DNA from 2 x l o 6  cells was 
isolated by phenol extraction and analyzed on a 1% 
agarose gel (79) 

23  For construction of a stable cell line expressing 24p3. 
the 24p3 cDNA was amplified by chi in 
reactlon and cloned into the Eco RI and Bam HI sites 
of ~ c D h i A 3  vector ilnvitroeen). COS-7 cells were 
traisfected wl th p c ~ ~ ~ 3 / f 4 p 3  and selected wi th 
C418 at 600 p,g/ml. 6418-resistant colonies were 
isolated and screened for 24p3 expression by North- 
ern blott ing and immunoblotting. 

24  For establishment of a 24p3 ecdysone-inducible cell 
line, the 24p3 cDNA containing a hernagglutinin (HA) 
tag at the COOH-terminus was cloned into the ec- 
dysone-tnducible vector pIND (Invitrogen). FL5.12 
cells were transfected wi th Superfect (Qiagen). 
FL5.12 cells were first transfected wi th pVgRXR ex- 
pressing the subunits of the receptor and-selected 
with Zeocin (600 (*g/ml) (Invitrogen). The resulting 
clones ,&ere then transfected wi th ~ 1 ~ ~ 1 2 4 ~ 3 - H A  
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A Cellular Function for the 
RNA-Interference Enzyme Dicer 
in the Maturation of the let-7 

Small Temporal RNA 
Cyorgy Hutvagner,'* Juanita McLachlan,'* Amy E. Pa~quinelli,~ 

~ v aBalint.' Thomas T U S C ~ ~ . ~Phillip D. ZamOrel? 

The 21-nucleotide small temporal RNA (stRNA) let-7 regulates developmental 
t iming in Caenorhabditis elegans and probably in other bilateral animals. We 
present in  vivo and in  vitro evidence that in  Drosophila melanogaster a devel- 
opmentally regulated precursor RNA is cleaved by an RNA interference-like 
mechanism t o  produce mature let-7 stRNA. Targeted destruction in cultured 
human cells of the messenger RNA encoding the enzyme Dicer, which acts in 
the RNA interference pathway, leads t o  accumulation of the let-7 precursor. 
Thus, the RNA interference and stRNA pathways intersect. Both pathways 
require the RNA-processing enzyme Dicer t o  produce the active small-RNA 
component that represses gene expression. 

and selected wi th G418 (800 kg/mi) (Cibcd-BRL) 
24p3 expression was induced by addition of 10 WM 
ponasterone A (Invitrogen). 

25. Comparable expression of a 24p3 derivative lacking 
the NH2-terminal signal sequence failed t o  induce 
cell death (44), suggesting that secretion of 24p3 is 
requtred for apoptosis 

26  Recombinant 24p3 was synthesized as a glutathione 
8-transferase (GST) fusion protein (pGST-2TK-24p3) 
and isolated t o  ,,go% purity. The GST moiety was 
removed by thrombin digestion. Purified 24p3 was add- 
ed t o  cells t o  a final concentration of 0.8 to 10 kglml. 

27. Phosphorothioate  oligonucleotides were purchased 
from Cenosys Sense and antisense 1 oligonucleo- 
tides span -12 t o  --5 and antisense 2 oligonucleotide 
spans i585 t o  - 5 9 3  of 24p3 mRNA (- 1, translation 
start sttej FL5.12 cells were transfected wi th 2 k M  of 
eacn oligonucleotide using lipofectamine (Cibco-
BRL). After 24 hours, cells were washed with RPMl 
medium plus 10% fetal calf serum (FCS) and again 
transfected wi th 2 p M  of ol~gonucleotide. Trans- 
fected cells were deprived of 11-3 24 hours after the 
second transfectton. 
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31 A. H. Wyllie, Nature 284, 555 (1980). 
32 E. Caray-Rojas et a/., Gene 170, 173 (1996). 
33.  C. Rodriguez-Tarduchy eta!., 1. Immunol. 149, 535 

(1992). 
34  j. Zha et a / ,  Cell 87, 619 (1996) 
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treated wi th conditioned medium from COS-7 cells 
transfected wi th pcDNA3 or the 24p3 expression 
vector. Cells were lysed in 1% NP-40 lysis buffer 
containing 20 m M  tris-HCI (pH 7.4). 150 m M  NaCI, 
1 5  rnM MgCl2, 1 m M  EDTA, 10 m M  NaF. 0.2 m M  
Na3V0,, 1 m M  Na,MoO,, and protease inhibitor 
tablets from Boehringer-Mannheim. Cell lysates were 
incubated wi th 2 k g  of Bad antibody (Transduction 
Labs. Lexington, KY), Immune complexes were re-
5olved by 12% SDS-PAGE and transferred onto a 
polyvinylidene diflouride membrane (Millipore). Blots 
were incubated wi th either a phospho-specific anti- 
body t o  Bad (New England Biolabs) or an antibody t o  
Bad and were developed wi th an ECL kit (Amersham). 
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TI\ o small temporal RNAs (stRNAs). lrn-4 
and let-'. regulate the timing of development 
in Cr~enorhabditis elegans (I-3), stRNAs en- 
code no protein, but instead appear to block 
the productive translation of mRNA by bind- 
ing sequences in the 3'-untranslated region of 
their target mRNAs ( I ,  2. 4-11), let-7 is 
present in most if not all bilaterally symmet- 
ric animals. including Dvosophila nzelano-
gasrer and humans (12). In Dvosophila, let-7 
first appears at the end of the third larval 
instar. accuinulates to high levels in pupae. 
and persists in adult flies (12). 

The mechanism by which stRNAs are 
synthesized is unknown The -21-nucleotide 
(nt) let-7 RNA has been proposed to be 
cleaved froin a larger precursor transcript 
(12). The generation of small RNAs from a 
longer. structured precursor-double-strand- 
ed RNA (dsRNA)-is an essential feature of 
the RNA interference (RNAi) pathway, rais- 
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ing the possibility that stRNAs are generated 
by mechanisms similar to the initial steps in 
RNAi and suggesting that enzymes such as 
the Drosophila protein Dicer might play a 
role in generating stRNAs (13-18). 

A candidate RNA for the Drosophila 
let-7 precursor. Examination of the devel- 
opmental expression of let-7 in Drosophila 
revealed a candidate for a let-7 precursor 
RNA, let-7L (19). let-7L was detected at the 
end of the third larval instar and at the begin- 
ning of pupation. the same developmental 
stages where let-7 itself is first expressed 
(Fig. 1A) (12). Consistent with the transcript 
being a let-7 precursor, the amount of let-7L 
RNA declined as let-7 accumulated let-7L 
RNA was slightly shorter than a 76-nt RNA 
standard. Previous analysis of the genomic 
sequence flanking Drosophila let-7 led to the 
proposal that a 72-nt RNA hairpin might be a 
let-7 precursor (12) (Fig. 1B). 

let-7 is also expressed in human tissues 
(12) and in cultured human HeLa cells, but 
not in ~ ~ ~embryos or~cultured D ~ ~ -~ i~ ~ , l 
"phila S2 (Fig. lC).  Primer extension 
analyses confirmed that the mature let-7 
RNA detected by Northern hybridization was 
bona fide 1 ~ t - 7(20). ~ ~prod- i 
UctS the * '  ends of mature 
let-7 RNAs were detected in total RNA from 

and '-lnstaged Drosophila pupae and 
from human HeLa cells (Fig. ID). Primer 
extension analysis of total RNA from un-
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staged worms (Fig. ID), as well as Northern 
hybridization experiments (Fig. 1 A), indicat- 
ed that worm let-7 is 1 nt longer than that in 
flies and humans. In early pupae, primer ex- 
tension analysis also detected three longer 
extension products. The major, middle prod- 
uct and the less abundant, lower product 
comigrate with primer extension products 
templated by a synthetic 72-nt RNA corre- 
sponding to putative pre-let-7 (Fig. 1, B and 
D). This longer transcript from early pupae 
(Fig. 1A) has the same 5' end as the 72-nt 
let-7 precursor proposed by Ruvkun and co- 
workers (Fig. 1B) and is therefore a good 
candidate for a let-7 precursor RNA (12). 

let-7 maturation in vitro. To determine 
if the let-7L RNA detected in vivo was, in 
fact, the direct precursor of mature let-7, we 
tested processing of the proposed pre-let-7 
stem-loop RNA into let-7 in Drosophila em- 
bryo lysates, which contain no detectable 
let-7 RNA (Fig. 1C) (12). These lysates re- 
capitulate RNAi in vitro (21), allowing us to 
ask if the proposed precursor RNA was 

Fig. 1. Pre-let-7 in vivo and 
in vitro. (A) Northern hybrid- A 
ization analysis of let-7 ex- 
pression during the Drosoph- 
ila life cycle. The hybridiza- 
tion probe was complemen- 
tary to both let-7 and the 
putative let-7 precursor RNA 
indicated in (B). Ethidium 
bromide staining of 55 ribo- 
somal RNA demonstrates 
that approximately equal 
amounts of total RNA were 
loaded in each lane. let-7 de- 
tected in C. eleaans total 

cleaved into mature let-7 by an RNAi-like 
mechanism. The 72-nt RNA (Fig. 1B) was 
incubated with Drosophila embryo lysate 
for various times, then assayed for the pro- 
duction of let-7 by primer extension (Fig. 
1E). As seen in vivo, mature let-7 RNA 
accumulated in the cell-free reaction. Thus, 
an RNA corresponding to the proposed 
let-7 precursor was converted to an RNA 
with precisely the same 5' ends as authentic 
let-7 by one or more factors in the Dro- 
sophila embryo lysate. 

Only let-7 RNA, not its complement, has 
been detected in vivo in worms, flies, and 
human tissues (22, 12). Thus, we expected 
that bona fide let-7 maturation in vitro would 
be asymmetric, yielding only let-7 and not 
small RNAs complementary to let-7, such as 
antisense let-7. In contrast, processing of 
long, dsRNA by the RNAi pathway is sym- 
metric, yielding double-stranded 2 1- to 22-nt 
RNAs. Therefore, we asked if processing of 
the proposed pre-let-7 RNA in vitro was sym- 
metric or asymmetric, yielding let-7 but not 

RNA has an appa&nt mobil- 
ity 1 nt longer than that de- 
tected in flies. (B) Schematic 
of the proposed Drosophila 
pre-let-7 RNA (12). indicat- 
ing the regions of comple- pupae embryD S2 Hela 
mentarity to the primer ex- - - - - 
tension probes used in this 9 ' 9 ' 9 ' 3 ' 
study. The sequence of ma- 5: 5: 8 $ 5: $ 

its complement. We prepared four pre-let-7 
RNAs by in vitro transcription, each uniform- 
ly labeled with a different a-32P-nucleo- 
tide-adenosine 5'-triphosphate (ATP), cyti- 
dine 5'-triphosphate, guanosine 5'-triphos- 
phate, or uridine 5'-triphosphate-and incu- 
bated them separately in an in vitro reaction 
(23). Since let-7 contains no cytosine, accu- 
rate in vitro processing of pre-let-7 should 
produce a 21- to 22-nt product for RNAs 
labeled at A, G, or U but not at C. A product 
of the appropriate size for let-7 was produced 
for pre-let-7 transcripts labeled at A, G, and 
U (Fig. 2A). No 32P-labeled product accumu- 
lated from the 32P-C-labeled pre-let-7 RNA; 
the faint -22-nt band visible in the 32P-C 
lanes does not correspond to a processing 
product because it was present before the 
reaction was initiated (0 min lane) and dis- 
appeared upon incubation in the Drosoph- 
ila embryo lysate. Although pre-let-7 RNA 
continued to disappear with incubation in 
the lysate, mature-let-7 production rapidly 
reached a plateau. Because single-stranded 

D 

synthetic [& g-! : 3: 
precursor , ' $ 

ture let-7 within the precur- 
sor is indicated in red. (C) 
Northern hybridization anal- 
ysis of let-7 RNA in Dro- 
sophila pupae, embryos, and 
cultured S2 cells, as well as 
in cultured human HeLa 
cells. Two dashes indicate 
the positions of the let-7 
doublet. The amount of RNA 
loaded in each lane is indi- 
cated at the top. (D) Primer extension with probe 1 to analyze total 
RNA from C. elegans, Drosophila early and unstaged pupae, and 
cultured human HeLa cells grown in suspension. Primer extension of 
a synthetic RNA with the sequence indicated in (B) (left lane) and 
primer extension in the presence of 2',3'-terminal dideoxynucleo- 
tides (indicated at  right) provide markers. Solid arrowheads indicate 
primer extension products diagnostic of pre-let-7, and open arrow- 
heads indicate primer extension products diagnostic of Drosophila 
and human let-7. An arrow indicates the primer extension product 
diagnostic of C. elegans let-7. Two primer extension products were 
detected for Drosophila and human let-7, consistent with previous 51 

ner 

3' probe 1 (19 nt) 
3' probe 2 (2 

orobe 4 (28 ntl 3-1 

E 
0 0 1 2 3 hours 

nuclease mapping (72) that suggests that both Drosophila and human 
let-7 exist in 21- and 22-nt forms that differ a t  their 5' ends. 
Alternatively, the longer extension product may represent addition of 
one untemplated nucleotide by reverse transcriptase. (E) Primer 
extension analysis of an in vitro pre-let-7 processing reaction. Dro- 
sophila embryo lysate was incubated in a standard cell-free RNAi 
reaction with or without (0) pre-let-7 for the time indicated. The 
RNA was then deproteinized and analyzed by primer extension with 
probe 1. The identity of the 5' ends of the extension products 
(indicated at  right) was determined by reverse transcription in the 
presence of dideoxynucleotides. 
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21-nt RNAs are generally unstable in the weakly an RNA that accumulated over the hydroxyls, this single phosphate must be at 
embryo lysate (24, 25), this likely reflects course of the reaction, consistent with it de- its 5' end. Thus, let-7 produced by in vitro 
degradation of let-7 in the lysate, which may tecting by partial hybridization mature let-7 processing and let-7 isolated from pupae 
lack factors required for let-7 stabilization but not reaction products derived from the have the same terminal structure: a 5' 
and function. Nonetheless, it is remarkable region of the precursor 5' to the let-7 se- monophosphate and 2'- and 3'-terminal hy- 
that let-7 RNA accumulates at all, because 
exogenous, single-stranded, 21-nt RNAs are 
degraded by the lysate within minutes. 

Next, we analyzed the products of an in 
vitro reaction by Northern hybridization (Fig. 
2B) using three different deoxyoligonucleo- 
tide probes (Fig. 1B). Probe 2 was entirely 
complementary to mature let-7. Probe 3 was 
complementary to the first 21 nt of the pre- 
cursor and therefore only partially comple- 
mentary to mature let-7. Control experiments 

quence. Most important, probe 4, which was 
designed to detect reaction products like an- 
tisense let-7, did not detect products that ac- 
cumulated upon incubation of pre-let-7 in the 
lysate (Fig. 2, B and C). These data strongly 
imply that symmetric processing products 
such as antisense let-7 are either not generat- 
ed at all or are far less stable than let-7 in the 
in vitro reaction. Thus, the in vitro reaction 
displays the same specificity and asymmetry 
that characterize let-7 biogenesis in vivo. 

droxyls. Notably, such termini are charac- 
teristic of the products of cleavage of 
dsRNA by RNase I11 (29). 

The small interfering RNAs (siRNAs) 
that mediate RNAi also bear a 5' mono- 
phosphate and 2'- and 3'-terminal hy- 
droxyls (25). In Drosophila, siRNA du- 
plexes are produced by the cleavage of long 
dsRNA by the enzyme Dicer (18). Cleav- 
age by Dicer is thought to be catalyzed by 
its tandem RNase 111 domains. Only two 

showed that probe 3 detected mature let-7 It remained possible that the mecha- types of RNase I11 enzymes are predicted to 
substantially less well than probe 2, whereas nisms of cleavage in vitro and in vivo occur in Drosophila: Drosha (30) and Di- 
probe 3 detected as well or better than probe differ. To assess the type of ribonuclease cer. Dicer is the only RNase 111 domain 
2 products derived from the precursor se- (RNase) that might be responsible for pre- protein in the publicly available sequence 
quence that is 5' to the region encoding let-7 let-7 processing, both in vitro and in vivo, of the Drosophila genome that contains an 
(23.26). Finally, probe 4 was complementary we analyzed the 5' and 3' ends of both the ATP-binding motif, the DEAD-box RNA 
to the side of the stem of the precursor op- 
posite the portion encoding let-7 (Fig. 1B). 
Thus, probe 4 should detect the products of 
symmetric processing of the precursor RNA. 
Control experiments demonstrated that probe 
4 readily detected synthetic antisense let-7 
RNA, but not let-7 itself (23, 26). Northern 
hybridization experiments were quantified by 
determining the amount of each probe that 
hybridized to the region of the blot corre- 
sponding to the -21-nt reaction product and, 

let-7 generated by the in vitro processing 
reaction and the let-7 from pupae (Fig. 3) 
(27). Treatment with periodate, followed 
by p-elimination, of either RNA from the 
in vitro processing reaction or total pupal 
RNA increased the apparent mobility of 
let-7 by nearly 2 nt, a change diagnostic of 
RNAs bearing 2',3'-terminal hydroxyl 
groups (Fig. 3, A and C). Treatment with 
calf intestinal phosphatase (CIP) of in 
vitro-generated let-7 or pupal RNA de- 

helicase domain (18). Cleavage of dsRNA 
by Dicer is strictly ATP-dependent (18). 
Figure 4A shows that cleavage of pre-let-7 
into mature let-7 in Drosophila embryo 
lysates also required ATP. Taken together, 
the chemical structure of mature let-7 RNA 
in vitro and in vivo and the ATP depen- 
dence of pre-let-7 processing in vitro 
strongly implicate Dicer in let-7 matura- 
tion. However, we note that expression of 
Dicer protein in Drosophila larvae or pupae 

as a control for hybridization efficiency, the creased the apparent mobility of let-7 by 1 has not yet been demonstrated, although the 
amount of hybridization of each probe to the nt, consistent with the removal of a charged RNAi pathway, which requires Dicer, func- 
unreacted precursor remaining at 3 hours, phosphate group (Fig. 3, B and C). Further- tions in larvae and pupae (31). 
because the full-length precursor is perfectly more, treatment of the CIP-treated RNA A more stringent test for a role for Dicer 
complementary to all three probes (Fig. 2C). with polynucleotide kinase and ATP re- in pre-let-7 processing would be to assay 
Probe 2, which is complementary to let-7, stored its original mobility, demonstrating let-7 production in flies lacking Dicer pro- 
readily detected an RNA that accumulated that let-7 contains a monophosphate (28). tein. However, mutant alleles of Dicer have 
with time. In contrast, probe 3 detected only Because let-7 contains 2'- and 3'-terminal yet to be identified in Drosophila. As an 

Fig. 2. In vitro processing of Drosophila pre-let-7. (A) A g 
~ i m e  course of in vitro irocessingfor in vitro-trans- 

- 
cribed pre-let-7 RNAs labeled with the w3'P nucle- 1 0-18Jo-lEU-180mn 

7- otide indicated at the bottom of the figure. Molecular 
size markers are from a complete T I  digestion of a 
uniformly labeled RNA. Because the electrophoretic 
mobility for small RNAs is a function of sequence and 34 nt- 

terminal structure as well as of Length, both synthetic 27 nt- , 
21-nt let-7 RNA (not shown) and in vitro-processed 

21 nt- , ------ - + - - - -  
let-7 migrate at -23 nt relative to these markers. (B) 
Northern hybridization analysis with probes 2, 3, and 
4 (see Fig. 1B) of the products of an in vitro pre-let-7 

. 
processing reaction. The arrow indicates the position 32P-A 32P-C 32P-G 32P-U 
of mature let-7. The same filter was stripped and 
reprobed for the experiments in each panel. (C) 
Quantitation of the data in (B). The amount of hy- 
bridization of the probe to the 21- to 22-nt RNA 
products was quantified and was normalized to the 
amount of hybridization of the probe to the unre- 
acted precursor remaining at 3 hours to correct for 
differences in hybridization efficiencies among the 
three probes. + 

probe 2 probe 3 probe 4 hours: 

probe: 2 3 4 
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alternative approach, we used a recently specific responses that complicate standard 
reported sequence-specific method in dsRNA-induced interference in mammalian 
which cultured mammalian cells are trans- cells. 
fected with synthetic 21-nt siRNA duplexes The RNAi enzyme Dicer is required 
to suppress gene expression (32). Because for maturation of human let-7 RNA. 
they are <30 base pairs long, the siRNA We used this method to evaluate the role of 
duplexes do not trigger the sequence-non- the human ortholog of Dicer (Helicase- 

A Periodate- unmatd CIP-treated 
umeatd treated - 0 1103080 0 1103080min 
0 103060 0 103060 mh 

< 

uced in vitro and 
C pupal 

in vivo. let-7 RNA was detected by Northern hybridization. - controls - RNA 
(A) Dmsophila pre-let-7 RNA was processed in vitro for the 
times indicated and analyzed with and without periodate 
treatment followed by @-elimination. The apparent elec- 
trophoretic mobil i  of untreated let-7 ( a m )  is increased 
by -2 nt (arrowhead) upon periodate treatment. (0) h- 
sophila pre-let-7 was processed in vitro for the times 
indicated and analyzed with and without calf intestinal 
phosphatax (ClP) treatment. The apparent mobility of 
let-7 ( a m )  is reduced by -1 nt (arrowhead) upon CIP 
treatment. (C) Analysis of mature let-7 in total pal RNA 
(a) or in mat pup* RNA mated with cw (clpror perio- 
date followed by B-dimination (0). Control lanes corre- 
spond to a synth&ic 2 1 4  let-7 RNA bearing a 5' monophosphate and 2'- and 3'-terminal 
hvdroxvl m u m  (01 or the same RNA treaed with CIP KIP1 or ~criodate followed bv Bclirnination 
(6). d gppakA mobility of pupal let-7 a m )  is r;edu;edmby -1 nt (open a&&) when 
treated with ClP and increased by -2 nt armheads) when hated with periodate. 

Fig. 4. Evidence for a role for Dicer protein in 
pre-let-7 processing in vitro and in vivo. (A) In 
vitro processing of pre-let-7 requires ATP. The 
predicted Drosophila pre-let-7 RNA (50 nM) was 
incubated with Drosophila embryo lysate in vitro 
with (mock-depleted) and without (ATP-deplet- 
ed) ATP for the times indicated. Production of 
let-7 was monitored by Northern hybridization. 
fB) Semiauantitative RT-PCR assavs for Dicer and 
actin ~ R N A  levels in H e b  cells Gansfected with 
buffer (untreated), control siRNA, or human Dicer 
siRNA. The PCR primers span one (Dicer) or two 
(actin) introns. Therefore, the PCR products cor- 
respond to amplification of mRNA, not genomic, 
sequences. (C) siRNA-targeted degradation of hu- 
man Dicer mRNA leads to the accumulation of 
let-7L in cultured human HeLa cells. Total RNA 
from untreated (no siRNA), control siRNA-treat- 
ed, or human Dicer siRNA-treated HeLa cells, and 
from H e b  cells grown in suspension and from 
early Drosophila pupae was analyzed by primer 
extension to detect let-7L and mature let-7. Prim- 
er extension products diagnostic of let-7, the 
predicted human and ~rosc$hila let-7 precursors 
larrowheadsl and an extended stem form of the 

mock- ATP- 
depleted depleted 

0103060  0103060rnin 

Dicer m 
actin - 

precursor (* jitre indicated. (D) Proposed structure 
of the shorter and extended human let-7L RNAs 
detected in (C). The sequence of mature let-7 is 
shown in red. The 5' ends of the primer extension 
products corresponding to the shorter precursor 
(arrowhead) and the extended precursor (arrowhead with asterisk) are 
indicated at right. The structure was predicted with the RNA-folding algo- 
rithm mFold 3.1 (42.43). If the unpaired nucleotides at positions 7.8.16. and 

MOI) in let-7 biogenesis. Human Dicer was 
identified by its unique domain structure, 
comprising an NH,-terminal DEXH-box 
ATP-dependent RNA helicase domain, 
PAZ domain, tandem RNase 111 motifs, and 
COOH-terminal dsRNA-binding domain, 
and by its sequence homology to Drosoph- 
ila Dicer (18, 33, 34). HeLa cells were 
transfected with a single. svnthetic siRNA " ,  . 
duplex containing 19 nt of the coding se- 
quence of human Dicer mRNA, beginning 
at position 183 relative to the start of trans- 
lation (35). Three days after transfection, 
total RNA was prepared from the cells and 
analyzed by reverse transcriptase-polymer- 
ase chain reaction (RT-PCR) for Dicer and 
actin mRNA levels and by primer extension 
for the presence of let-7 (Fig. 4, B and C). 
The level of Dicer mRNA in the Dicer 
siRNA-treated cells was four- to sixfold 
lower than in the control samples, whereas 
actin mRNA levels were unchanged (Fig. 
4B). Separate controls showed that -70 to 
80% of the cells were transfected. Thus, the 
observed decrease in Dicer mRNA levels 
demonstrates that the Dicer siRNA induced 
substantial degradation of Dicer mRNA in 
the fraction of the cells that were success- 
fully transfected. 

Transfection of HeLa cells with the 
siRNA duplex corresponding to human Di- 
cer, but not the control siRNA duplex, led 
to the accumulation of a longer let-7-con- 
taining RNA, let-7L: Primer extension 
analysis of RNA from cells transfected with 

17 are allowed to  form C U base pain, then the stem may comprise as 
many as 32 consecutive base pairs interrupted only by the unpaired uracil 
residues at positions 12 (the 5' end of mature let-7) and 87. 
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the Dicer siRNA detected an RNA with a 5' 
end -7 nt and - 11 to 12 nt upstream of the 
mature let-7 product (Fig. 4C). These prod- 
ucts are consistent with the accumulation of 
the predicted human let-7 precursor RNA 
(12) and with a longer form of this precur- 
sor containing an extended stem (Fig. 4D). 
The mature human let-7 RNA was readily 
detected in control cells, but not in the cells 
transfected with the Dicer siRNA duplex 
(Fig. 4C), providing additional evidence for 
a role for Dicer in let-7 maturation. These 
findings, together with our in vitro data, 
provide strong evidence that Dicer protein 
function is required for the maturation of 
let-7. Thus, the RNAi and stRNA pathways 
intersect; both require the RNA-processing 
enzyme Dicer to produce the active small- 
RNA component that represses gene ex- 
pression (Fig. 5). The two pathways must 
also diverge after the action of Dicer, be- 
cause siRNA duplexes generated from 
long, dsRNA direct mRNA cleavage, 
whereas the single-stranded stRNA let-7 
represses mRNA translation. 

Recently, Mello and co-workers have 
shown that the Dicer homolog Dcr-1 is 
required for both lin-4 and let-7 function in 
C. elegans (36). Thus, Dicer is likely to 
have a broad role in the biogenesis of 
stRNAs and perhaps other small regulatory 
RNAs. Furthermore. mutations in the Ara- 
bidopsis homolog of Dicer, SIN-]/CARPEL 
FACTORY (SINl/CAF), have dramatic de- 
velopmental consequences (37-39). Per- 
haps SINIICAF protein in plants, like Di- 

stRNA pathway 

,r* 
developmentally RNAi pathway 

regulated transcription 

4 experimentally 
introduced dsRNA 

ADP + Pi 2, 

cer in bilateral animals, processes struc- 
tured RNA precursors into small RNAs that 
regulate development. 

Pre-let-7 is processed asymmetrically to 
yield only let-7. We do not yet know what 
structural or sequence features of pre-let-7 
determine its asymmetric cleavage. RNase 
111 enzymes cleave perfectly paired dsRNA 
on both strands, producing a pair of cuts, 
one on each strand, displaced by two nu- 
cleotides. For the R1.l RNA hairpin of T7 
bacteriophage, internal loops and bulges 
constrain the Escherichia coli RNase 111 
dimer to cut only one strand of the stem 
(40). The proposed let-7 precursor contains 
such an internal loop at the site of 5' cleav- 
age. It is possible that if the stem were 
uninterrupted by such distortions, a pair of 
21- to 22-nt RNAs might be generated, 
rather than the single stRNA let-7. If so, it 
might be possible to design stem-loop RNA 
precursors that produce an siRNA duplex. 
The hope is that such an siRNA duplex, 
generated in vivo in a specific cell type or 
at a specific developmental stage, would be 
able to target an mRNA for destruction by 
the RNAi machinery, thereby extending the 
utility of RNAi to the study of mammalian 
development. 
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