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With the discovery of RNA interference (RNAi) and re-
lated phenomena, new regulatory roles attributed to
RNA continue to emerge. Here we show, in mammalian
tissue culture, that a short interfering RNA (siRNA) can
repress expression of a target mRNA with partially
complementary binding sites in its 3� UTR, much like
the demonstrated function of endogenously encoded mi-
croRNAs (miRNAs). The mechanism for this repression
is cooperative, distinct from the catalytic mechanism of
mRNA cleavage by siRNAs. The use of siRNAs to study
translational repression holds promise for dissecting the
sequence and structural determinants and general
mechanism of gene repression by miRNAs.
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The RNA interference (RNAi) pathway was first recog-
nized in Caenorhabditis elegans as a response to exog-
enously introduced long double-stranded RNA (dsRNA;
Fire et al. 1998). An RNase III enzyme, Dicer, cleaves the
dsRNA into duplexes of 21–23 nucleotides (nt) termed
short interfering RNAs (siRNAs), which then guide a
multicomponent complex known as RISC (RNA induced
silencing complex) to mRNAs sharing perfect comple-
mentarity and target their cleavage (Hamilton and Baul-
combe 1999; Tuschl et al. 1999; Hammond et al. 2000;
Zamore et al. 2000; Bernstein et al. 2001; Elbashir et al.
2001a). The RNAi pathway has been implicated in si-
lencing transposons in the C. elegans germline (Ketting
et al. 1999; Tabara et al. 1999), silencing Stellate repeats
in theDrosophila germline (Aravin et al. 2001), and serv-
ing as an immune response against invading viruses in
plants (for review, see Baulcombe 2001). Very little, how-
ever, is known about the intrinsic biological role of
RNAi in mammalian systems; indeed, no endogenous
siRNAs have been identified in mammals. Nevertheless,
transfection of mammalian cells with exogenous
siRNAs has rapidly been adopted as a technology for tar-
geted gene silencing (Elbashir et al. 2001a).
A related short RNA species, microRNAs (miRNAs),

has been identified in organisms ranging from plants to
nematodes to mammals (Lagos-Quintana et al. 2001; Lau

et al. 2001; Lee and Ambros 2001; Reinhart et al. 2002).
These endogenous RNA species are first transcribed as a
long RNA and then processed to a pre-miRNA of ∼70 nt
(Lee et al. 2002). This pre-miRNA forms an imperfect
hairpin structure, which is processed by Dicer to produce
the mature, single-strand ∼22-nt miRNA (Grishok et al.
2001; Hutvagner et al. 2001; Ketting et al. 2001). Despite
the large library of miRNAs now known in animals, only
two have a known function; lin-4 and let-7 regulate en-
dogenous genes involved in developmental timing in C.
elegans by partially base-pairing to the 3� UTR of target
mRNAs such as lin-14 and lin-41, respectively (Lee et al.
1993; Wightman et al. 1993; Ha et al. 1996; Reinhart et
al. 2000; Slack et al. 2000). This interaction does not
affect the stability of the target mRNA but rather re-
presses gene expression through an unknown mecha-
nism known as translational repression (Olsen and Am-
bros 1999). The polysome profile of the target mRNA
does not change upon gene silencing, suggesting that this
repression occurs after initiation of translation, and po-
tentially occurs posttranslationally (Olsen and Ambros
1999). This form of regulation is likely to be conserved in
mammalian cells because overexpression of miR-30 can
repress a reporter gene with partially complementary
miR-30 binding sites in its 3� UTR without affecting
mRNA stability (Zeng et al. 2002).
The RNAi pathway of siRNA-directed mRNA cleav-

age and the miRNA-mediated translational repression
pathway are genetically and biochemically distinct. In
addition to different outcomes, the two pathways have
differential requirements for Paz-Piwi domain (PPD) pro-
teins in C. elegans. Translational repression by lin-4 and
let-7 depends on alg-1 and alg-2 for miRNA processing
and/or stability, yet these genes are not required for
RNAi (Grishok et al. 2001), whereas rde-1 is needed in
RNAi but is not necessary for translational repression
(Tabara et al. 1999). In HeLa cells, Gemin 3 and Gemin 4
proteins immunoprecipitate with RISC activity (Hutvag-
ner and Zamore 2002) and miRNAs (Mourelatos et al.
2002), but have not been detected as components of pu-
rified RISC activity from S100 extracts (Martinez et al.
2002).
In addition to requiring Dicer processing to generate

the short RNA, RNAi and translational repression share
common components. The PPD protein eIF2C2 both im-
munoprecipitates with miRNAs from HeLa cells
(Mourelatos et al. 2002) and copurifies with RISC activ-
ity (Martinez et al. 2002). Additionally, endogenous let-7
in HeLa extracts is capable of directing cleavage of a
perfectly complementary target mRNA, suggesting that
RNAi and translational repression share common entry
points if not overlapping machinery (Hutvagner and
Zamore 2002). Because of these similarities, we reasoned
that siRNAs may be capable of repressing gene expres-
sion via the miRNA-mediated pathway.

Results and Discussion

To test the ability of siRNAs to function like miRNAs in
repressing gene expression, we designed a binding site
that would base-pair to the antisense strand of a siRNA
known to be active in vivo for cleavage of the cell-surface
receptor CXCR4 mRNA (Fig. 1A). Notably, this binding
site contains a central bulge, thereby precluding RISC-
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directed mRNA cleavage (Elbashir et al. 2001a; Holen et
al. 2002). We introduced four of these binding sites as
consecutive repeats separated by four nucleotides into
the 3� UTR of the Renilla reniformis luciferase reporter
gene (Rr-luc); we also made a similar 3� UTR construct
with a single binding site with perfect complementarity,
to serve as a positive control for RNAi activity. Trans-
fection of HeLa cells and subsequent luciferase assays
revealed that the CXCR4 siRNA induced at least 10-fold
silencing of both of these constructs (Fig. 1B). Reverse
transcriptase–PCR (RT–PCR) showed that the two con-
structs were suppressed by two different mechanisms, as
the perfectly complementary antisense siRNA:mRNA
interaction resulted in a significant decrease in the
steady-state mRNA level, whereas the bulged interac-
tion did not significantly reduce the mRNA level (Fig.
1C). Trace radio labeling of an independent RT–PCR ex-
periment was also used to better quantitate RNA levels,
normalizing first within a sample to the control Photi-
nus pyralis luciferase (Pp-luc) and then across samples to
the (−) siRNA transfection. Such quantitation revealed
that the perfectly complementary construct, targeted for
RNAi, showed a >10-fold decrease in RNA level,
whereas the bulged construct showed only 1.2-fold re-
duction in RNA level (data not shown). Interestingly, the
sense strand of the same CXCR4 siRNA was capable of
repressing a mRNA with four bulged binding sites (Fig.
1D). However, in this case the level of repression was
only 4-fold compared with the 10-fold repression ob-
served above (data not shown). As an additional control,
the four bulged CXCR4 binding sites (Fig. 1A) were in-
troduced into the Pp-luc vector. Luciferase assays
showed sixfold repression (data not shown). Northern
analysis of cytoplasmic RNA confirmed that the bulged
binding sites did not cause a decrease in mRNA levels,

relative to the �-actin control (Fig. 1E). Thus, we con-
clude that a siRNA can function like a miRNA, repress-
ing gene expression without a concordant decrease in
mRNA stability.
Cloning efforts in many labs have revealed a large li-

brary of miRNAs, yet C. elegans lin-4 and let-7 remain
the only miRNAs with known mRNA targets for trans-
lational repression in animals, and no such interactions
are known in mammals. Computational prediction of
targets is difficult because the rules for miRNA:mRNA
pairing which function in translational repression have
not been determined. Systematic manipulation of genes
encoding miRNAs to explore these rules is complicated
because the mutant genes must be processed by Dicer,
and the rules for this cleavage are not known. However,
the ability of a siRNA to function by a miRNA-type
pathway allows direct investigation of sequence and
structure requirements for translational repression in
the absence of Dicer processing.
To begin to define these rules, different siRNA se-

quences were tested for their ability to repress reporters
in the luciferase assay. Because both the more effective
strand of the CXCR4 siRNA (Fig. 1A) and the only pre-
viously studied example of miRNA repression in mam-
malian cells (Zeng et al. 2002) had a 3�-AGG-5� bulge in
the siRNA strand when paired to the target mRNA, we
tested the importance of this sequence. Two constructs
were designed which would base-pair to the sense or an-
tisense strand of a siRNA previously used to effectively
target GFP mRNA for cleavage. The siRNA:mRNA in-
teraction with the AGG bulge was twofold more effec-
tive than that with the ACC bulge (Fig. 2, cf. A and B). By
using a different siRNA, the AGG bulge of the siRNA:
mRNA interaction in Figure 2A was replaced with an
ACC bulge, and the ACC bulge of the siRNA:mRNA

Figure 1. siRNAs translationally represses a target mRNA. (A) Schematic of the proposed interaction between a binding site engineered into
the 3� UTR of the target mRNA and the antisense strand of the CXCR4 siRNA. The thymidines at the 3� end of the siRNA are deoxynucleo-
tides. (B) Dual luciferase assay of transfected HeLa cells. Three Renilla reniformis luciferase (Rr-luc) constructs were used in this assay. One
was unmodified (“no sites”), one contained a binding site perfectly complementary to the siRNA strand shown in A (“1 perfect”), and one
contained four of the binding sites shown in A in tandem repeat (“4 bulged”). A Photinus pyralis luciferase (Pp-luc) served as an internal
transfection control. The cells were transfected with no siRNA (black bars), a nonspecific (targeting GFP) siRNA (white bars), or the CXCR4
siRNA (gray bars). The ratios of Rr-luc to Pp-luc expression were normalized to the no siRNA transfections, ±S.E. from three independent
experiments. (C) RT–PCR of harvested RNA. Total RNA was harvested from cells transfected with the constructs described in B, transfected
with or without the CXCR4 siRNA. Control experiments demonstrate that DNAwas successfully removed from the RNA preparation and that
the PCR was in the linear range of amplification (data not shown). (D) Schematic of the proposed interaction between the sense strand of the
CXCR4 siRNA and a designed binding site. (E) RNA analysis of Pp-luc with four bulged CXCR4 binding sites (shown in A), targeted for
translational repression, transfected either with the CXCR4 siRNA (+) or no siRNA (−). RNA was detected by Northern analysis, probing for
either Pp-luc or �-actin.
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interaction in Figure 2B was replaced with an AGG
bulge. (We note that in Fig. 2A the two 3� bases of the
siRNA were changed from UU to CC.) Surprisingly,
none of these changes had an effect on the degree of
repression. Therefore, by this assay the sequence of the
bulge is not the major determinant of translational re-
pression activity.
Since in Drosophila embryo extracts the antisense

strand of the siRNA sets the ruler for cleavage of target
mRNA, at the ninth nucleotide from its paired 5� end
(Elbashir et al. 2001b), the position of the bulge may be a
critical determinant of translational repression activity.
However, both the most effective and least effective
bulges tested (Figs. 1A and 2B, respectively) position the
bulge 8 bp from the 5� end of the siRNA. Furthermore,
another active construct positioned the bulge 9 bp from
the 5� end (Fig. 2A). We speculate that a combination of
these sequence and structural parameters govern the
ability of a siRNA/miRNA to induce translational re-
pression, but that an expanded study will be necessary to
define them.
The number of miRNA binding sites in a target

mRNA is a likely determinant of the effectiveness of
translational repression. Indeed, the lin-14 3� UTR con-
tains seven potential lin-4miRNA binding sites, and the
lin-41 3� UTR contains one lin-4 miRNA and two let-7
miRNA binding sites (for review, see Banerjee and Slack
2002). To investigate this possibility, a series of Rr-luc
reporters with an increasing number of binding sites—
zero, two, four, and six—were transfected into HeLa cells
with increasing concentrations of CXCR4 siRNA. The
level of repression increased with increasing number of
binding sites and with increasing concentrations of
siRNA (Fig. 3A). To compare the effectiveness of trans-
lational repression to mRNA cleavage by siRNAs, a se-
ries of Pp-luc reporters with an increasing number of
binding sites—zero, one, two, and three—perfectly
complementary to the CXCR4 siRNA were transfected
with increasing concentrations of siRNA. Like the trans-
lational repression effect observed above, the level of
gene silencing by RNAi increases with increasing num-

ber of perfectly complementary binding sites and with
increasing concentration of siRNA (Fig. 3B). As might be
expected from a mechanism that results in cleavage of
the mRNA, RNAi silences gene expression to a greater
extent than translational repression.
The mechanism of mRNA cleavage in RNAi implies

that each siRNA:binding site interaction will function
independently of another interaction; once a mRNA is
cleaved, it is expected to be rapidly degraded. Thus, a
second cleavage event would have little if any effect on
gene expression. To assess this, we divided the repres-
sion observed for each construct in Figure 3B by the
number of binding sites on that mRNA, at each concen-
tration of siRNA. These values were then normalized to
the repression observed for a single binding site to assess
the relative contribution of each site (Fig. 3D). As ex-
pected, the relative effectiveness of each site remained
the same as the number of binding sites increased. Ad-
dition of more binding sites likely only increases the
probability of the single necessary cleavage event, and
thus multiple binding sites function independently of
one another. This same analysis was applied to the trans-
lational repression constructs in Figure 3A, normalizing
to the construct with two binding sites (Fig. 3C). Strik-
ingly, the degree of repression achieved by increasing the
number of sites is not simply additive, as each site in the
construct with four binding sites conferred twice as
much repression as each site in the construct with two
binding sites. The effectiveness of each binding site in

Figure 3. Comparison of RNAi and translational repression. (A)
Titration of Renilla reniformis luciferase (Rr-luc) constructs con-
taining zero (�), two (�), four (✕), or six (�) of the bulged binding
sites, for pairing with the antisense strand of the CXCR4 siRNA, as
depicted in Figure 1A. The level of repression achieved is plotted,
normalized to cells transfected with no siRNA. (B) Titration of Pp-
luc constructs containing zero (�), one (�), two (✕), or three (�)
binding sites perfectly complementary to the antisense strand of the
CXCR4 siRNA (Fig. 1A). (C) Analysis of the relative repression each
site contributes for the data presented in A, normalized to the con-
struct with two binding sites, ±S.E. (D) Analysis of the relative re-
pression each site contributes for the data presented in B, normal-
ized to the construct with one binding site, ±S.E.

Figure 2. Analysis of sequence and structure rules for siRNA:
mRNA interaction. HeLa cells were transfected with constructs
containing four binding sites in tandem repeat with imperfect
complementarity to either the antisense (A) or sense (B) strand of a
GFP siRNA. The effect on luciferase expression is shown by the
white bars, ±S.E. from two independent experiments, normalized to
cells transfected with no siRNA (black bars). A different siRNA was
then used to produce different bulges, shown in gray with arrows.
These new interactions were assayed and are depicted with gray
bars.
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the construct with six sites was similar to that of the
construct with four sites. These results suggest that the
effects of binding multiple miRNA complexes to the 3�
UTR are likely to be cooperative. Ribonucleoprotein
complexes could either mutually stabilize one another
or cooperatively interact to more effectively inhibit
translation or both. As with other cooperative interac-
tions in gene regulation, this would allow a cell to fine-
tune the expression of a mRNA by regulating the degree
of binding of different miRNAs to the 3� UTR of the
mRNA.
The discovery that siRNAs can function in transla-

tional repression as miRNAs, and that the sequence re-
quirements for this interaction are less stringent than
those for RNAi, may help to explain nonspecific effects
sometimes observed in experiments using siRNAs for
targeted gene silencing. Using an arbitrary 21-nt se-
quence, BLAST searches against the mRNAs predicted
from the human genome identify multiple inexact
matches with 16–18 nt complementarity. Combined
with the potential of G-U wobble base pairs, and depend-
ing on the overall sequence rules for translational repres-
sion, there may be translational repression of a number
of off-target genes by the introduction of a siRNA in-
tended to knock down the expression of only the target
gene. However, the mechanistic finding that several
binding sites are needed to produce a significant effect on
protein expression may make nonspecific siRNA effects
the exception rather than the rule, and to date, siRNAs
have certainly been used with ostensible specificity.

Materials and methods
DNA constructs and siRNAs
3� UTR binding sites for the siRNAs were constructed by a multimer-
ization of DNA oligonucleotides (IDT), gel purification, PCR amplifica-
tion, and restriction digestion. The products were inserted into the XbaI
site immediately downstream of the stop codon in either the pRL-TK
vector coding for Rr-luc or the pGL3 control vector coding for Pp-luc
(Promega). siRNAs were purchased as single strands, deprotected, and
annealed according to the manufacturer (Dharmacon). All sequences for
siRNAs and 3� UTR constructs used in this study are available on the
Phil Sharp Lab Web site at http://web.mit.edu/sharplab/RNAi/
sequences.html.

Cell culture and transfections
Adherent HeLa cells were grown in 10% IFS in DMEM, supplemented
with glutamine in the presence of antibiotics. For all transfections, ex-
cept those noted below, cells were transfected with lipofectin and the
PLUS reagent (Invitrogen). On the day before transfection, exponentially
growing cells were trypsinized and plated into 24-well plates at a density
of 3 × 104 cells/well in antibiotic-free media. The next day, the cells were
transfected with 0.2 µg DNA and 25 nM siRNA in a final volume of 250
µL. For Figures 1E and 3, cells were transfected with Lipofectamine 2000
because during the course of this study we found that this reagent deliv-
ers effective doses of siRNAs at lower concentrations. On the day before
transfection, cells were trypsinized and plated into 24-well plates at a
density of 8 × 104 cells/well in antibiotic-free media. The next day cells
were transfected with 0.8 µg DNA and 5 nM siRNA, unless noted, in a
final volume of 500 µL.

Luciferase assays
Dual-luciferase assays (Promega) were performed 24 h after transfection
according to the manufacturer’s protocol and detected with an Optocomp
I luminometer (MGM Instruments). Rr-luc target vectors were cotrans-
fected with control pGL3, and Pp-luc target vectors were cotransfected
with a pRL-CMV control (Promega). Transfections were harvested 24 h
after transfection, and the two luciferase activities consecutively as-
sayed.

RT–PCR
Total RNA was harvested from transfected HeLa cells by using the
RNAeasy kit (Qiagen). Total RNAwas DNase-treated twice with DNase-
Free (Ambion) and was reverse-transcribed by using Omniscript reverse
transcriptase (Qiagen) with a DNA primer complementary to a region
near the SV40 polyadenylation sequence found in both the Pp-luc and
Rr-luc reporter vectors (5�-GCATTCTAGTTGTGGTTTGTCC-3�).
Trace radio-labeled PCR products were detected via autoradiography, and
quantitated with ImageQuant software version 1.2 (Molecular Dynam-
ics).

Northern analysis
Cytoplasmic RNA was harvested by hypotonic lysis without detergent
and subsequent needle homogenization of HeLa cells 24 h after trans-
fected using Lipofectamine 2000. Nuclei were pelleted at 1,500g for 15
min, and the supernatant was treated with proteinase K, extracted in
phenol:chloroform and again in chloroform, precipitated with isopropa-
nol, and washed with 70% ethanol. Samples were then treated with
DNase-Free (Ambion). Northern analysis was performed by using the
NorthernMax kit (Ambion). Ten micrograms of RNA from the (+) siRNA
or (−) siRNA samples were separated by electrophoresis on a 1% form-
aldehyde agarose gel and transferred onto Hybond N+ nitrocellulose by
downward transfer (Amersham Pharmacia). The 1.5-kb ORF of the Pp-luc
cDNA was generated by restriction digest of the pGL3 control vector
with XbaI and HindIII (New England Biolabs), and used with DECA-
Prime II (Ambion) in the presence of 32P-dATP to generate a random-
primed DNA used to probe the membrane. The membrane was stripped
and reprobed with �-actin probe, generated from DECAtemplate-�-actin-
mouse (Ambion).
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