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Abstract

RNA interference (RNAi) is a form of post-transcriptional gene silencing that has been described in a number of plant,
nematode, protozoan, and invertebrate species. RNAi is characterized by a number of features: induction by double stranded
RNA (dsRNA), a high degree of specificity, remarkable potency and spread across cell boundaries, and a sustained down-
regulation of the target gene. Previous studies of RNAi have examined this effect in whole organisms or in extracts thereof; we
have now examined the induction of RNAi in tissue culture. A screen of mammalian cells from three different species showed no
evidence for the specific down-regulation of gene expression by dsRNA. By contrast, RNAi was observed in Drosophila Schneider
2 (S2) cells. Green fluorescent protein (GFP) expression in S2 cells was inhibited in a dose-dependent manner by transfection of
dsRNA corresponding to gfp when GFP was expressed either transiently or stably. This effect was structure- and sequence-specific
in that: (1) little or no effect was seen when antisense (or sense) RNA was transfected; (2) an unrelated dsRNA did not reduce
GFP expression; and (3) dsRNA corresponding to gfp had no effect on the expression of an unrelated target transgene. This
invertebrate tissue culture model should allow facile assays for loss of function in a well-defined cellular system and facilitate
further understanding of the mechanism of RNAi and the genes involved in this process. © 2000 Elsevier Science B.V. All
rights reserved.

Keywords: Post-transcriptional gene silencing; RNAi; S2 cells

1. Introduction mechanisms include a variety of transcriptional and
post-transcriptional surveillance processes ( Wolffe and
Matzke, 1999). A substantial component of post-tran-The repression of exogenous or selfish genetic mate-

rial from viruses and transposons is essential for the scriptional surveillance mechanisms is triggered by
double stranded RNA (dsRNA). Double stranded RNAmaintenance of organismal viability. Cellular defense
has been shown to induce post-transcriptional gene
silencing (PTGS) in a number of species including
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into whole organisms, in particular early embryos. This fragments were subcloned into pPCR (Stratagene) and
BamHI–PstI gfp and cat fragments prepared for inser-application has been a powerful reverse genetics tool,

particularly for the study of developmentally regulated tion into BamHI and PstI restricted pRActHAdh (a
Drosophila expression vector containing the Drosophilagenes (Kennerdell and Carthew, 1998; Fay et al., 1999;

Kwon et al., 1999; Misquitta and Paterson, 1999), constitutive Actin 5C promoter), generating pAct.GFP
and pAct.CAT, respectively. The selectable marker plas-however, these systems have inherent difficulties in gen-

erating sufficiently uniform material to study the mecha- mid p8HCO carries a methotrexate-resistance gene;
pPC4 expresses a mutant RNA polymerase II conferringnisms that induce this response. Recently, Tuschl and

coworkers described the inhibition of gene expression resistance to a-amanitin (Thomas and Elgin, 1988). The
pCMVb plasmid expressed b-galactosidase (bgal ) underby dsRNA in vitro using Drosophila embryo cell lysates

(Tuschl et al., 1999). In this same study, rabbit reticulo- the control of the CMV promoter (Clontech, Palo Alto,
CA), pGL3 (Promega, Madison, WI) expresses lucifer-cyte cell extracts generated a rapid but non-specific

decrease in mRNA. The failure of dsRNA to produce ase under the control of the SV40 early enhancer/
promoter. Double stranded RNA was generated corre-a specific inhibition of gene expression in the presence

of rabbit reticulocyte lysates is consistent with previous sponding to the gfp gene (entire coding sequence, 717 bp)
and the bgal (lacZ) gene (nt 1945 to 2774 of the 3066 ntobservations of a prevalent and non-specific response to

dsRNA in mammalian cells. One component of the coding region) using previously described methods (Fire
et al., 1998). Sense and antisense RNA oligonucleotidesresponse to dsRNA in mammalian cells is mediated by

the dsRNA-dependent protein kinase (PKR) which (78 mers) corresponding to gfp (nt 276 to 354 of the
717 bp coding region) and cat (nt 313 to 392 of thephosphorylates and inactivates the translation factor

eIF2a, leading to a generalized suppression of protein 675 bp coding region) were chemically synthesized using
standard methods and HPLC purification ( Xeragonsynthesis, and in some cases apoptosis (Clemens and

Elia, 1997). AG, Zurich, Switzerland).
We have now screened commonly used invertebrate

and vertebrate cell lines with the aim of determining 2.2. Cell culture and nucleic acid transfections
whether dsRNA-mediated gene silencing can be induced
in cell culture systems. No evidence of gene-specific S2 cells were grown in DES@ Medium (Invitrogen,

Carlsbard, CA) supplemented with 10% fetal bovinedsRNA-mediated gene silencing was detected in three
mammalian cell lines, but a robust effect of dsRNA was serum (FBS) (Gemini BioProducts Inc., Calabasas,

CA). Cells were passaged every two to three days toseen in Drosophila Schneider 2 (S2) cells (Schneider and
Blumenthal, 1978). Invertebrate cell culture systems, maintain exponential growth. S2 cells were transfected

using either the cationic lipid CellFectin (Lifeparticularly those from Drosophila melanogaster, are
well established and have become a valuable tool in Technologies, Gaithersburg, MD), or DOTAP (Roche

Biochemicals, Indianapolis, IN) using an adaptation ofanalyzing biological function (Schneider and
Blumenthal, 1978; Cherbas et al., 1994). Studies in this the manufacturer’s protocol. Briefly, cells were seeded

and allowed to settle overnight, nucleic acid (plasmidtissue culture model should significantly aid in our
understanding of PTGS, and allow the rapid screening and/or dsRNA) was complexed with lipid at a weight

to weight ratio of 1:6 in DES@ medium without supple-of suitable target sequences and dsRNA formulations.
mentation. The complex was incubated at room temper-
ature for 15 min and then added to cells from which
normal growth medium had been removed. After over-2. Materials and methods
night incubation an equal volume of DES@ medium
plus 20% FBS was added to the cell/lipoplex mixture.2.1. Plasmids and dsRNA
Where applicable, pBluescript (pBS, Stratagene) was
used as a DNA carrier in lipofections to maintainUsing pEGFP-C (Clontech) as DNA template, the

gfp gene was PCR amplified using the following primers: consistency in the amount of DNA transfected. To
establish selected populations of S2 cells, the pAct.GFP5∞ GGGGATCCATGGTGAGCAAG 3∞ and 5∞ GGCT-

GCAGTTATTACTTGTACAG 3∞ to add BamHI and (10 mg) or pAct.CAT (10 mg) plasmids were
co-transfected with 1–3 mg of p8HCO or pPC4 usingPstI restriction sites to the 5∞ and 3∞ ends of the gfp

gene, respectively. Using pOR13CAT (Stratagene, La DOTAP cationic lipid. Cells were selected using 90 ng/ml
methotrexate (Sigma, St. Louis, MO) or 5 mg/mlJolla, CA) as DNA template, the cat gene was PCR

amplified using the following primers: 5∞ GGGG- a-amanitin (Sigma) for a minimum of five weeks.
293 (human embryonic kidney cells) (Graham andATCCATGGAGAAAAAAATC 3∞ and 5∞ GGCTGCA-

GTTATTACGCCCCG 3∞ to add BamHI and PstI Prevec, 1992) and NIH-3T3 (mouse fibroblast,
ATCC:CRL1658) were grown in Dulbecco’s modifiedrestriction sites to the 5∞ and 3∞ ends of the cat gene,

respectively. In both cases, the appropriately sized PCR Eagle’s medium supplemented with 10% FBS and
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penicillin/streptomycin (Life Technologies). BHK-21 amounts using a bovine serum albumin (Sigma) (0.625–
10 mg) standard curve after subtraction of background(baby hamster kidney, ATCC Cat #CCL-10) cells were

grown in complete BHK medium (Glasgow MEM, values, numbers were expressed as mean±the standard
error of the mean (SEM). For statistical analyses2 mM glutamine, 10% tryptose phosphate broth, 10 mM

HEPES, and 5% FBS). NIH-3T3 cells were transduced StatView 5 was used to apply an unpaired t-test (SAS
Institute Inc., San Francisco, CA); the null hypothesiswith an ecotropic retroviral vector expressing the lacZ

and the neomycin phosphotransferase genes and selected was rejected at P≥0.05.
with 1 mg/ml G418 to generate a permanently expressing
population. Transfections were conducted as above,
replacing DES medium with low serum OptiMEM 3. Results
medium (Life Technologies) for the formation of the
lipoplex and lipofection. 3.1. dsRNA-mediated gene silencing in Drosophila cells

in culture: (i) the effect on transient transgene expression
2.3. RNA analysis

The aim of this study was to ascertain whether
dsRNA-mediated gene silencing could be induced inTotal RNA was isolated from S2 cells using either

NP40 lysis, SDS/Proteinase K digestion, and tissue culture cells. Double stranded RNA was generated
corresponding to two segments: one from green fluo-phenol/chloroform extraction or by guanidine thiocy-

nate extraction (Ambion, Austin, TX ). Poly(A+) RNA rescent protein ( gfp) and one from b-galactosidase
(lacZ). As a model invertebrate tissue culture line wewas selected using Oligo dT cellulose (Ambion) and

analyzed by electrophoresis (1.2% agarose, 1×MOPS, use Drosophila S2 cells (Schneider, 1972). Two
Drosophila expression plasmids were constructed, the5.0% formaldehyde), Northern blot transfer, and hybrid-

ization (Ambion) at 42°C with a 32P-labelled random- first expressed GFP (pAct.GFP), the second, a plasmid
control, expressed chloramphenicol acetyltransferase orprimed probe for gfp. Filters were washed at high

stringency and subjected to autoradiography. To stan- CAT (pAct.CAT). We assessed the effect of dsRNA on
transgene expression from transiently transfecteddardize for transfection efficiency, RNA integrity, and

loading variations, filters were striped and rehybridized pAct.GFP. A representative FACS analysis of
transfected S2 cells 72 h after initiation of transfectionwith a cDNA probe corresponding to cat and/or a

cDNA probe corresponding to Drosophila gapdh-1 is shown in Fig. 1A–D. In positive controls, approxi-
mately 40% of S2 cells were positive for GFP (Fig. 1B)(nucleotides 617–1483) generated by RT-PCR

(Superscript, Life Technologies) of S2 mRNA (forward following transfection with pAct.GFP. The
co-transfection of dsRNA corresponding to lacZ alteredprimer 5∞ CCA GAA GAT CAC CGT GTT C 3∞ and

reverse primer 5∞ CCC TTG CGG ATT ATG CAA C neither the number of cells expressing GFP nor the
intensity of GFP fluorescence (Fig. 1C). In contrast, the3∞). An RNA ladder was used to estimate transcript

sizes (Ambion). co-administration of gfp dsRNA dramatically reduced
both the numbers of cells expressing GFP and the
relative intensity of GFP fluorescence (Fig. 1D).2.4. Transgene expression

To analyze this change in gfp gene expression at an
RNA level, cytoplasmic poly(A+) RNA was purifiedGreen fluorescent protein expression was assessed

using fluorescence activated cell analysis (FACS) by standard methods and the mRNA subjected to
Northern analysis using a cDNA probe corresponding(FacsCaliber, Becton Dickinson, San Jose, CA). S2 cells

transfected with pAct.CAT, S2/CAT/8HCO, or to gfp (Fig. 1E). As a positive control, filters were then
rehybridized with probes corresponding to cat andS2/CAT/PC4 cells were used to gate for forward scatter

and side scatter; 10 000 events were captured per sample. Drosophila gapdh-1. These experiments showed a dra-
matic and specific decrease in gfp mRNA levels inThe percentage of GFP positive cells was determined

by gating against pAct.CAT transfected cells or response to co-transfection with gfp dsRNA.
S2/CAT/8HCO or S2/CAT/PC4 cells, the geometric
mean fluorescence was used as a measure of the relative 3.2. dsRNA-mediated gene silencing in Drosophila cells

in culture: (ii) the effect on stable transgene expressionintensity of fluorescence. Chloramphenicol acetyl trans-
ferase expression was assessed using an ELISA assay
(Roche Biochemicals). b-Galactosidase expression was The transient model system described above cannot

exclude that the inhibition of gene expression is due toassessed by colorimetric assay using CPRG as chromo-
genic substrate (Felgner et al., 1994; Caplen et al., interference in the transfection process rather than a

direct effect on gene expression. We thus carried out a1995). Total protein was determined using the Bradford
micro-assay protocol (Bio-Rad, Hercules, CA). series of experiments in which RNAs were transfected

into cells already expressing a transgene. We first pro-Absorption readings (A595) were converted to absolute
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decrease in the relative intensity of GFP fluorescence
(see legend to Fig. 2). Transfection of lacZ dsRNA
showed no effect on GFP expression either in terms of
total number of positive cells or intensity of GFP
fluorescence (Fig. 2B and E). The effects of dsRNA
could also be seen in these experiments as a decrease in
steady-state levels of gfp mRNA transcripts (Fig. 2G).
Control experiments with a non-homologous gene
( gapdh-1) or an irrelevant dsRNA (lacZ ) demonstrated
that this effect on mRNA levels was sequence-specific.

3.3. dsRNA-mediated gene silencing in tissue culture is
sequence-specific, structure-specific and dose-dependent

RNA interference in whole animal systems and
Drosophila cell extracts is dependent on the structure
and dose of the interfering RNA (Fire et al., 1998;
Kennerdell and Carthew, 1998). To assess this in S2
cells we used both the transient and stable transgene
expression models to compare the effect of single and
double stranded RNA molecules (Fig. 3). No interfer-
ence was seen with purified sense and antisense RNAs.
In contrast, dsRNA gfp molecules induced a statistically
significant decrease in gene expression in both the tran-
sient and stable expression systems (S2 cells transfected
with pAct.GFP and pAct.CAT vs. S2 cells transfected
with pAct.GFP and pAct.CAT co-transfected with gfp
dsRNA, P=0.04; S2/GFP/PC4 cells vs. S2/GFP/PC4
cells transfected with gfp dsRNA, P=0.0003).

We also assessed whether RNA interference in these
cells was dose-dependent (Fig. 4). At no dose did lacZ

Fig. 1. dsRNA-mediated gene silencing in a tissue culture system. dsRNA induce any significant reduction in GFP expres-
Representative FACS analysis of S2 cells transiently transfected with

sion. By contrast, as little as 0.1 mg of gfp dsRNAthe Drosophila expression plasmids and dsRNA (5×106 cells initially
induced a significant decrease (P=0.02) in gene expres-plated). Transfections were as follows: (A) pAct.CAT (20 mg) (M1=

0.06%, geometric mean fluorescence: all cells 2.49, M1 cells 30.92); (B) sion in the transient model (Fig. 4A), with further
pAct.GFP (20 mg) (M1=41.31%, geometric mean fluorescence: all decreases as the doses of dsRNA increased (0.5 mg gfp
cells 27.23, M1 cells 347.87); (C ) pAct.GFP (20 mg) and lacZ dsRNA dsRNA P=0.005, 1.0 mg gfp dsRNA P=0.003, 5.0 mg
(5 mg) (M1=43.89%, geometric mean fluorescence: all cells 26.46, M1

gfp dsRNA P=0.002). Cells stably expressing GFPcells 258.70); (D) pAct.GFP (20 mg) and gfp dsRNA (5 mg) (M1=
required more gfp dsRNA to induce a statistically1.35%, geometric mean fluorescence: all cells 3.19, M1 cells 37.83). M1

indicates the gating for GFP positive cells. (E ) Northern analysis of significant decrease in transgene expression, however,
poly(A+) RNA (approximately 1.5 mg of each sample) purified from this inhibition of GFP expression was also dose-depen-
S2 cells transiently transfected with Drosophila expression plasmids dent (Fig. 4B and C ) (percentage GFP positive cells,
and dsRNA.

1.0 mg gfp dsRNA P=0.03, 5.0 mg gfp dsRNA P=0.01;
relative geometric mean fluorescence of all cells sampled,
1.0 mg gfp dsRNA P=0.045, 5.0 mg gfp dsRNA P=duced lines of S2 cells which stably express GFP by

co-transfecting S2 cells with the pAct.GFP plasmid and 0.01). Similar structure-specific, sequence-specific and
dose responses were observed using S2/GFP/8HCO cellsa selectable marker plasmid either conferring resistance

to methotrexate (p8HCO) or a-amanitin (pPC4). After (data not shown).
In all of these studies no effect on CAT expressionseveral weeks of selection, two populations of cells

expressing GFP were generated (S2/GFP/8HCO and was seen following transient co-transfection with
pAct.CAT, indicating the specificity of this inhibitionS2/GFP/PC4 cells). These cells were then subjected to

transfection with dsRNA (Fig. 2A and D). Introduction and total protein levels did not differ significantly in
either the transient or stable cells, suggesting that thereof gfp dsRNA decreased the number of cells expressing

GFP by 60–70% in S2/GFP/8HCO cells and 80% in was no overt toxicity or down-regulation in protein
expression (representative data shown in Table 1).S2/GFP/PC4 cells (Fig. 2C and F). There was also a
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Fig. 2. dsRNA-mediated gene silencing of a stably expressed transgene target in S2 cells. Representative FACS analysis of S2/GFP/8HCO and
S2/GFP/PC4 cells (5×106 cells initially plated) transfected with lacZ or gfp dsRNA; 5 mg of dsRNA complexed with 30 mg cationic lipid was
transfected on three occasions approximately 48 h apart, cells were assayed six days after initiation of the first transfection. (A) Untransfected
S2/GFP/8HCO cells (M1=64.03%, geometric mean fluorescence: all cells 54.54, M1 cells 192.88). (B) S2/GFP/8HCO cells transfected with lacZ
dsRNA (M1=53.13%, geometric mean fluorescence: all cells 36.62, M1 cells 200.44). (C ) S2/GFP/8HCO cells transfected with gfp dsRNA (M1=
19.07%, geometric mean fluorescence: all cells 7.38, M1 cells 54.39). Reference control cells were S2/CAT/8HCO cells (M1=0.01%, geometric
mean fluorescence: all cells 1.88, M1 cells 30.23). (D) Untransfected S2/GFP/PC4 cells (M1=42.12%, geometric mean fluorescence: all cells 16.02,
M1 cells 115.96). (E ) S2/GFP/PC4 cells transfected with lacZ dsRNA (M1=40.21%, geometric mean fluorescence: all cells 17.59, M1 cells 115.10.
(F ) S2/GFP/PC4 cells transfected with gfp dsRNA (M1=7.32%, geometric mean fluorescence: all cells 4.41, M1 cells 43.37). Reference control
cells were S2/CAT/PC4 cells (M1=0.26%, geometric mean fluorescence: all cells 2.00, M1 cells 76.22). M1 indicates the gating for GFP positive
cells. (G) Northern analysis of poly(A+) RNA (approximately 1.5 mg of each sample) purified from S2/GFP/PC4 cells transfected with lacZ or
gfp dsRNA.

3.4. dsRNA-mediated gene silencing in tissue culture in cells stably expressing CAT following transfection of
the 78 mer (untransfected S2/CAT/8HCO cells vs.using RNA oligonucleotides
S2/CAT/8HCO cells transfected with 1 mg cat dsRNA,
P<0.0001 and 2 mg cat dsRNA, P<0.0001) (Fig. 5D);Previous in vitro and in vivo studies of RNAi have

shown a relationship between the length of dsRNA and no consistent effect on protein levels was seen (Fig. 5E).
the magnitude of the reduction in gene expression, with
longer dsRNA molecules (over approximately 100 in 3.5. The transfer of RNAi between populations of S2

cellsvivo and over 500 in vitro) performing more effectively
than smaller molecules (Ngo et al., 1998; Tuschl et al.,
1999). To assess if shorter dsRNA molecules were The widespread effect of PTGS throughout an organ-

ism, when only a limited number of cells have beeneffective in S2 cells, we used dsRNA generated from
RNA oligomers of 78 nucleotides in length correspond- originally treated with the triggering dsRNA, has led to

speculation of the presence of a soluble factor or factorsing to the central portion of both the gfp and the cat
coding regions. Fig. 5 shows the inhibition of both GFP that can spread RNAi from cell to cell (Palauqui et al.,

1997; Palauqui and Balzergue, 1999). To determine ifand CAT expression when the corresponding dsRNA
molecules (1 mg) are co-transfected with both the GFP RNAi generated in one population of S2 cells can induce

RNAi in a second population of S2 cells, we firstand CAT expressing plasmids pAct.GFP and pAct.CAT
(Fig. 5A and B). Expression of the control transgene induced RNAi using the transient transfection model

(Fig. 6A). S2 cells were co-transfected as describedwas unaffected, as were total protein levels (Fig. 5C).
In addition, CAT expression was significantly decreased above, after 24 h the medium containing the lipoplex
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Fig. 3. GFP transgene expression is inhibited more effectively by dsRNA than antisense GFP. (A) Comparison of the effect of sense (5 mg),
antisense (5 mg), and dsRNA (5 mg) molecules on GFP expression in transiently transfected S2 cells (5×106 cells initially plated). Cells were
assayed 72 h after initiation of transfection. Data is presented as a relative percentage of GFP expressing cells standardized against S2 cells
transfected with pAct.GFP (10 mg) and pAct.CAT (10 mg) only (n=3 for all transfection combinations). (B, C ) A comparison of the effect of a
single transfection of sense (5 mg), antisense (5 mg), and dsRNA (5 mg) molecules on GFP expression in S2/GFP/PC4 cells (2×106 cells initially
plated); cells were assayed 10 days after transfection. (B) The percentage of GFP expressing cells relative to the number of GFP positive cells
observed in untransfected S2/GFP/PC4 cells and (C ) the relative geometric mean fluorescence of all cells sampled standardized against untransfected
S2/GFP/PC4 cells (n=3 for all transfection combinations; * P<0.05, ** P<0.01, *** P<0.001).

Fig. 4. Inhibition of GFP expression by dsRNA is dose-dependent. (A) The effect of increasing dsRNA doses on GFP expression in transiently
transfected S2 cells (dsRNA 0.05–5 mg/5×106 cells initially plated); cells were assayed 72 h after initiation of transfection. Results are shown as
relative percentage of GFP positive cells normalized to transfections of pAct.GFP (10 mg) and pAct.CAT (10 mg) plasmids only (n=3 for all
transfection combinations). (B, C ) The effect of increasing dsRNA doses on GFP expression in S2/GFP/PC4 cells (0.05–5 mg dsRNA/2×106 cells);
cells were assayed 10 days after transfection. (B) The percentage of GFP expressing cells relative to the number of GFP positive cells observed in
untransfected S2/GFP/PC4 cells. (C ) The relative geometric mean fluorescence of all the cells sampled standardized against untransfected
S2/GFP/8PC4 cells (n=3 for all transfection combinations; * P<0.05, ** P<0.01, *** P<0.001).

was removed, the cells washed and fresh medium added; viously; cells were assayed for GFP expression seven
days later (Fig. 6B and C). Conditioned medium fromsupernatants were harvested 24 h later, filtered and this

conditioned medium (CM ) transferred to S2 cells cells subjected to treatment with gfp dsRNA induced a
significant decrease in GFP expression, both with respecttransfected with pAct.CAT and pAct.GFP 24 h pre-
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Table 1
Representative analysis of CAT and protein levels

Cell line Plasmids RNA molecule CAT (ng/mg protein)a Statistical Protein Statistical
transfected transfected comparison (mg/ml )a comparison

S2 pAct.GFP – 1.99±0.56 – 7.68±0.59 –
pAct.CAT

S2 pAct.GFP gfp sense 3.19±1.14 P=0.40b 8.28±0.24 P=0.40b
pAct.CAT

S2 pAct.GFP gfp antisense 2.97±1.40 P=0.55b 8.18±0.10 P=0.44b
pAct.CAT

S2 pAct.GFP gfp dsRNA 1.37±0.37 P=0.41b 7.13±0.66 P=0.57b
pAct.CAT

S2/GFP/PC4 – – – 0.28±0.08 –
S2/GFP/PC4 gfp sense – – 0.44±0.13 P=0.37c
S2/GFP/PC4 gfp antisense – – 0.32±0.09 P=0.77c
S2/GFP/PC4 gfp dsRNA – – 0.58±0.11 P=0.09c

a Three independent transfections, and all assays performed in triplicate.
b Comparison with S2 cells transfected with pAct.GFP and pAct.CAT.
c Comparison with untransfected S2/GFP/PC4 cells.

Fig. 5. RNAi can be mediated in tissue culture using RNA oligonucleotides. (A–C ) The effect of co-transfecting dsRNA oligonucleotides correspond-
ing to gfp or cat with plasmids expressing GFP or CAT. (A) The effect on GFP expression. (B) The effect on CAT expression. (C ) The effect on
total protein levels. (D, E) The effect of transfecting an dsRNA oligonucleotide corresponding to cat into S2/CAT/8HCO cells. (D) The effect on
CAT expression. (E ) The effect on total protein levels.
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Fig. 6. RNAi can be transferred from one population of S2 cells to
another. (A) The generation of RNAi in the primary population of
S2 cells. S2 cells were transfected with plasmids and plasmids plus Fig. 7. Screening of mammalian cells for dsRNA-mediated gene silenc-
dsRNA as shown, data is presented as a relative percentage of GFP ing. (A) The transient co-transfection of human 293 cells. 293 cells
expressing cells standardized against S2 cells transfected with were co-transfected with plasmids expressing bgal and luciferase and
pAct.GFP (10 mg) and pAct.CAT (10 mg) only (n=3 for all transfec- increasing amounts of gfp or lacZ dsRNA. bgal expression was assayed
tion combinations). (B, C ) Conditioned medium was transferred from after 72 h and standardized against total protein, results are normalized
the primary populations of cells (shown in A) to S2 cells transfected against plasmid only transfections. (B) The transient co-transfection
with pAct.CAT (10 mg) and pAct.GFP (10 mg) 24 h previously. (B) of BHK21 cell. BHK21 cells were co-transfected with plasmids express-
The percentage of GFP positive cells after exposure to CM for seven ing bgal and luciferase and increasing amounts of gfp or lacZ dsRNA.
days normalized to cells grown in standard S2 medium. (C ) The rela- bgal expression was assayed after 72 h and standardized against total
tive geometric mean fluorescence of GFP positive cells after exposure protein, results are normalized against plasmid only transfections. (C )
to CM for seven days normalized to cells grown in standard S2 medium The transfection of NIH-3T3 cells permanently expressing bgal.
(n=3; ** P<0.01, *** P<0.001). Retrovirally transduced NIH-3T3 cells expressing bgal were

transfected with increasing amounts of gfp or lacZ dsRNA. bgal
expression was assayed after 72 h and standardized against total pro-
tein, results are normalized against untransfected 3T3/bgal cells (n=3to the total number of GFP positive cells (P=0.0015)
in all cases).and intensity (P=0.0008) in comparison with cells cul-

tured in standard S2 medium.
and luciferase as a control transgene (Fig. 7). The lacZ
dsRNA molecule was identical to a segment previously3.6. Screening of mammalian cells for dsRNA-mediated

gene silencing shown to produce effective interference after injection
of C. elegans. An equivalent segment of dsRNA corre-
sponding to gfp was used to identify non-specific dsRNATo examine the susceptibility of mammalian tissue

culture cells to RNAi we screened commonly used cell effects. Transient co-transfection of plasmid DNA and
dsRNA into 293 (Fig. 6A) and BHK21 (Fig. 7B) cellslines from three different species: human, hamster, and

mouse. We used cells expressing transgenes both tran- resulted either in no effect at all (293 cells), or a non-
specific decrease in gene expression (BHK21 cells). Thesiently and permanently, with bgal as the target gene
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transfection of dsRNA into mouse NIH-3T3 cells trans- as shown in C. elegans (Tabara et al., 1998), as well as
facilitating transfer.duced with a retrovirus expressing bgal induced no

detectable decrease in gene expression (Fig. 7C). The recent studies describing co-suppression and
RNAi-like processes in mammalian cells (BahramianLuciferase expression paralleled the levels of bgal expres-

sion in all three cell lines (data not shown). and Zarbl, 1999; Wianny and Zernicka-Goetz, 2000)
imply that, at least under specific circumstance, a PTGS-
or RNAi-like mechanism might be present in mamma-
lian cells (Bosher and Labouesse, 2000). We examined4. Discussion
three different mammalian cells (including NIH-3T3
cells for which evidence of the induction ofA tissue culture model of RNAi would be an

extremely valuable resource for understanding the bio- co-suppression has been reported; Bahramian and Zarbl,
1999) using a range of doses of dsRNA for which wechemistry of RNAi, the genes involved in this process,

and its precise role in the regulation of endogenous or had seen efficient RNAi in S2 cells, but in these cells we
saw no specific effect on gene expression. Our resultsexogenous gene expression. This report demonstrates

that S2 Drosophila cells can be used as a robust model were consistent with the well-documented interferon-
induced non-specific response of mammalian cells tosystem for RNAi with all the features of in vivo RNAi

tested being recapitulated in this model, including dsRNA (Clemens and Elia, 1997). However, it may be
that gene, cell-type or developmentally specific effectssequence and structure specificity, dose dependency and

potency (Fire et al., 1998; Kennerdell and Carthew, may influence the balance between specific (PTGS) and
non-specific responses to dsRNA. This would need to1998; Misquitta and Paterson, 1999). These results are

also consistent with those described in vitro (Tuschl be taken into account when considering PTGS or RNAi
in mammalian cell systems.et al., 1999), and at least in part with a similar study of

RNAi in S2 cells (Hammond et al., 2000). In the study In vivo PTGS and RNAi need only be induced locally
in a small number of cells to generate gene silencingby Hammond et al., dsRNA-mediated interference of

transient lacZ and endogenous cyclin E expression was throughout the organism (Fire et al., 1998; Palauqui
and Balzergue, 1999). Tuschl and coworkers have alsoinduced in S2 cells. A similar, sequence-specific decline

in mRNA levels was seen in both the study of Hammond shown in vitro that pre-incubation of dsRNA in whole
cell lysates significantly potentiated its capacity to inhibitand colleagues and our study, however, Hammond et al.

also observed a length dependency, with dsRNAs of less specific gene expression (Tuschl et al., 1999). In addi-
tion, using cell extracts from S2 cells subjected to RNAi,than 300 nt failing to generate RNAi. This contrasts

with our study, in which we observed RNAi in both Hammond and coworkers described evidence for the
presence of a nuclease that specifically degrades exoge-our transient GFP and stable CAT S2 models following

transfection of 78 mer dsRNA oligomers. This difference nous transcripts homologous to the dsRNA to RNAs
of approximately 25 nt (Hammond et al., 2000). Thesemay be due to the fact that we targeted different genes.

Additionally, the oligomers used in this study were observations suggest that a soluble enzymatic machinery
exists whereby the initial dsRNA-mediated induction ofchemically synthesized and thus may be of higher purity

than those generated by in vitro transcription and gel RNAi leads to the establishment of RNAi in cells not
directly exposed to dsRNA. We examined this inductionpurification. Lastly, in our report we extensively studied

the dose (or concentration) dependency of effective process in the S2 transient transfection model using
conditioned medium from a population of S2 cellsRNAi in S2 cells, and this may be relevant when

comparing dsRNA molecules of different lengths. exhibiting RNAi. Conditioned medium was collected
and then added to a population of cells expressing theThe transient transfection model presented here has

the potential to be applied as an easy assay for optimiza- same transgene. The degree of inhibition seen in this
second population of cells was consistent with the inhibi-tion of RNAi (with GFP as the marker, differences

between dsRNA treated and untreated populations tion seen in stably expressing S2 cells transfected directly
with dsRNA.could be quantitated within 18 h of the initiation of the

transfection). This model could thus be used for each The specific down-regulation of gene expression in
invertebrates could potentially have several therapeutictarget of interest to determine optimal conditions for

RNAi prior to more complex in vivo experimentation. applications, for example, the use of dsRNA or dsRNA
induced soluble factors to down-regulate genes involvedThis study also used the relatively simple and non-

invasive method of cationic lipid-mediated nucleic in the parasitic infection of insect vectors. Given the
ease with which heterologous genes can be expressed intransfer to introduce the dsRNA rather than injection,

which has been the principal method used in RNAi Drosophila cell lines, assessing potential targets should
now proceed relatively rapidly. In addition, studies ofstudies in whole organisms. The transfer of dsRNA to

whole organisms could be enhanced by the use of genetic mutants of Neurospora, C. elegans and
Drosophila have begun to identify genes associated withcationic lipids, protecting the dsRNA from degradation
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