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RNA interference (RNAi) is the process by which double-
stranded RNA (dsRNA) directs sequence-specific degradation of
messenger RNA in animal and plant cells1,2. In mammalian cells,
RNAi can be triggered by 21-nucleotide duplexes of small inter-
fering RNA (siRNA)3. Here we describe inhibition of early and
late steps of HIV-1 replication in human cell lines and primary
lymphocytes by siRNAs targeted to various regions of the HIV-1
genome. We demonstrate that synthetic siRNA duplexes or
plasmid-derived siRNAs inhibit HIV-1 infection by specifically
degrading genomic HIV-1 RNA, thereby preventing formation of
viral complementary-DNA intermediates. These results demon-
strate the utility of RNAi for modulating the HIV replication
cycle and provide evidence that genomic HIV-1 RNA, as it exists
within a nucleoprotein reverse-transcription complex, is amen-
able to siRNA-mediated degradation.

RNAi is a ubiquitous mechanism of gene regulation in plants and
animals4 in which target mRNAs are degraded in a sequence-specific

manner5. RNAi is initiated by the dsRNA-specific endonuclease
Dicer, which promotes processive cleavage of long dsRNA into
double-stranded fragments between 21 and 25 nucleotides long,
termed siRNAs5–8. Small interfering RNAs are incorporated into a
protein complex that recognizes and cleaves target mRNAs9. Intro-
duction of dsRNA into mammalian cells does not result in efficient
Dicer-mediated generation of siRNA and therefore does not induce
RNAi10,11. The requirement for Dicer in maturation of siRNAs can
be bypassed by introducing synthetic 21-nucleotide siRNA
duplexes, which inhibits expression of transfected and endogenous
genes in a variety of mammalian cells3. HIV-1 uses RNA intermedi-
ates in its replication. Therefore, we examined whether siRNA
duplexes specific for HIV-1 were capable of effecting the degra-
dation of viral RNAs necessary for completion of early and late
events in the viral replication cycle.

We directed 21-nucleotide siRNA duplexes against several regions
of the HIV-1 genome, including the viral long terminal repeat (LTR)
and the accessory genes vif and nef (Fig. 1a). Small interfering RNA
duplexes were co-transfected with an HIV-1 molecular clone
(HIVNL-GFP; ref. 12) into CD4-positive HeLa (Magi) cells13. Trans-
fection of cells with an infectious molecular HIV-1 clone recapitu-
lates late events in the viral life cycle, including production of viral
RNAs, translation of viral proteins and release of virions. Compared
with cells not transfected with siRNA duplexes, virus production,
measured 24 h after transfection, was reduced 30-fold to 50-fold by
homologous siRNAs (Fig. 1b). HIV production was inhibited to a
lesser extent by single mismatch siRNAs (MTAR, M441), whereas a
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Figure 1 Small interfering RNAs inhibit late events in HIV replication by promoting

degradation of HIV-1 RNA. a, HIV targets of siRNAs used in this study. Small interfering

RNAs completely homologous to the target HIV sequence (HIVNL-GFP) are shown in blue

and those harbouring nucleotide mismatches are shown in yellow. b, Effect of siRNAs on

HIV-1 particle production. c, Total and active (phosphorylated) PKR levels in siRNA-

transfected Magi cells. d, Small interfering RNAs mediate sequence-specific HIV RNA

degradation. The presence of HIVNL-GFP or HIVYU-2 RNA was determined by RT–PCR using

HIV Nef-specific primers. Because of the GFP insertion in HIVNL-GFP Nef, RNAs originating

from HIVNL-GFP are 710 nucleotides larger than those originating from HIVYU-2.

M, molecular weight marker (100 bp ladder, New England Biolabs). e, Effect of siRNAs on

HIV expression in primary PBLs.
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vif siRNA with four mismatches (M98) did not inhibit HIV
production (Fig. 1b). Activation of the dsRNA-activated protein
kinase PKR leads to an inhibition of protein translation in a
sequence-non-specific manner relative to the inducing dsRNA.
Activation with PKR was not involved in the inhibition of the
negative-strand RNA virus RSV (respiratory syncytial virus) by
siRNAs14. Similarly, there was no significant induction of activated
PKR (phosphorylated on Thr 446) over levels in non-transfected
cells by any of the siRNAs (Fig. 1c). To further exclude a PKR effect,
Magi cells were co-transfected with two HIV-1 variants (HIV-1NL-

GFP, HIV-1YU-2; ref. 15) and with siRNAs that are specifically
targeted to either virus. Because of the presence of a green fluores-
cent protein (GFP) insertion in Nef, HIVNL-GFP should be targeted
by the GFP-specific siRNA G388, whereas HIVYU-2, which lacks a
GFP insert, should be insensitive to G388. In addition, we exploited
sequence differences in the vif genes of these viruses. The M98
siRNA contains four mismatches relative to the HIVNL-GFP vif gene
but is completely homologous to HIVYU-2 vif. Thus, M98 should
direct the specific inhibition of HIVYU-2 RNA and not HIVNL-GFP

RNA. Because of the GFP insertion in HIVNL-GFP, viral RNA
produced in cells harbouring both viruses could be distinguished.
In the absence of siRNAs, both HIVNL-GFP and HIVYU-2 RNAs were
evident in co-transfected cells (Fig. 1d). However, co-transfection
with the G388 siRNA resulted in a loss of HIVNL-GFP RNA but not
HIVYU-2 RNA. Conversely, the M98 siRNA caused a loss in HIVYU-2

RNA without affecting HIVNL-GFP RNA (Fig. 1d). This sequence-
specific inhibition is inconsistent with a sequence-non-specific PKR
effect and indicates that siRNAs are inhibiting HIV production by
causing the specific degradation of viral RNA. We next examined

whether siRNAs could inhibit HIV gene expression (GFP fluor-
escence) in primary peripheral blood lymphocytes (PBLs), which
are natural targets for HIV-1 infection. The frequency of GFP-
expressing cells was markedly reduced in cells transfected with
homologous siRNAs (T98, G388, nef) relative to cells transfected
with mismatched siRNAs or non-transfected cells (Fig. 1e). The
level of HIVNL-GFP RNA, as determined by polymerase chain
reaction with reverse transcription (RT–PCR), was also markedly
reduced in cells transfected with homologous siRNAs (results not
shown). Therefore, the components of siRNA-activated RNAi are
fully functional in cells naturally targeted by HIV-1 infection.

Upon HIV-1 infection, genomic viral RNA is introduced into the
host cell cytoplasm in the form of a nucleoprotein complex, which
comprises viral proteins in association with genomic viral RNA16.
Within this complex, the viral reverse transcriptase enzyme directs
the synthesis of viral cDNA intermediates from the genomic viral
RNA template. Recent studies with RSV have indicated that geno-
mic viral RNA, which is tightly associated with nucleocapsid
protein, is resistant to siRNAs17. We investigated whether siRNAs
were able to direct the specific degradation of genomic viral RNA of
HIV-1. The experimental design is outlined in Fig. 2a. Magi cells were
transfected with the various siRNAs and infected with HIVNL-GFP

20 h later. Transfection of cells with siRNAs did not significantly
interfere with virus uptake per se, on the basis of levels of cell-
associated p24 at 1 h after infection (Fig. 2b). The strategy for
analysis of viral reverse-transcription intermediates in acutely
infected cells is outlined in Fig. 2c. At 1 h after infection, genomic
viral RNA was specifically detected in cells transfected with mis-
matched siRNAs and in non-transfected cells (M98, M441) but not
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Figure 2 Small interfering RNAs block early events in HIV replication by promoting

degradation of genomic HIV RNA. a, Experimental design. b, Levels of trypsin-resistant

HIV gag p24 in siRNA-transfected cells. Dash indicates no siRNA transfected into the cells.

c, Strategy for analysis of viral nucleic acid intermediates formed early after HIV infection.

Major cDNA intermediates in viral reverse transcription are indicated. Blue line, viral RNA;

red line, viral cDNA; open circles and squares, primer-binding sites for initiation of minus-

strand synthesis and polypurine tracts for plus-strand synthesis, respectively. HIV-specific

primers (green arrows) are shown next to the earliest cDNA intermediate they amplify.

Integrated (proviral) HIV DNA was amplified using an HIV LTR-specific primer (Rc) and a

primer directed to alu repeats (filled circles) within flanking cellular DNA. d, Effect of

siRNAs on genomic viral RNA. e, Effect of siRNAs on formation of HIV-1 reverse

transcription (RT) intermediates. f, Reduced levels of viral integration in siRNA-transfected

cells.
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in cells transfected with homologous siRNAs (Fig. 2d). Because
genomic viral RNA is the template for the synthesis of viral cDNA
intermediates, the synthesis of viral cDNAs, determined 36 h after
infection, was dramatically inhibited in cells transfected with
homologous siRNAs (T98, GFP, nef) (Fig. 2e). Small interfering
RNAs bearing one-nucleotide mismatches (M441, M388) were
partially inhibitory relative to the siRNA bearing four mismatches
(Fig. 2e). Small interfering RNAs were quite stable in cells: HIV
entry was suppressed to equal levels whether virus was added 20 h or
4 days after siRNA transfection (data not shown). Upon completion
of viral cDNA synthesis, viral sequences integrate into cellular DNA
to form a provirus. The level of provirus formation, as evidenced by
the presence of junction sequences flanking viral and cellular DNA
(Fig. 2e), was markedly reduced in cells transfected with homolo-
gous siRNAs (T98, G388, nef) relative to cells transfected with
mismatched (M98) siRNAs or non-transfected cells (Fig. 2f).
Collectively, these studies indicate that siRNAs interrupt early
events in the HIV replication cycle by directing the specific degra-
dation of genomic HIV-1 RNA, thereby preventing the subsequent
synthesis of viral reverse-transcription intermediates and establish-
ment of the provirus.

Expression of siRNAs from plasmid templates offers several
advantages over synthetic siRNAs, such as stable selection under

selectable markers and inducible promoters, which are features that
could be useful for genetic approaches to HIV therapy. Therefore,
we examined whether expressed siRNAs could inhibit HIV. Mod-
ifying a strategy used previously in plants18,19, we constructed
plasmids containing a 19-base pair (bp) region of the HIV-1 vif
gene in 5 0–3 0 and 3 0–5 0 orientations under the control of a T7
promoter (Fig. 3a). Virus production was determined 24 h after a
three-way transfection of Magi cells with an HIVNL-GFP molecular
clone, the linearized Vif hairpin plasmid (Tl Vif) and a vector
expressing T7 RNA polymerase (T7 Pol). In the presence of T7 RNA
polymerase, T7 transcripts derived from BstBI-linearized expression
plasmids would be predicted to comprise a GGUACC sequence
from the T7 promoter, a 19-bp stem of self-complementary Vif
sequences, a 3-, 5- or 7-nucleotide loop and a 3 0 UU overhang. All
three Vif hairpin plasmids containing 3-, 5- or 7- nucleotide loops
potently suppressed virus production to 20–30-fold relative to non-
transfected cells. By comparison, the presence of an identical
plasmid lacking Vif sequences (TL DVif or a control plasmid
pcDNA) had no effect on virus production in co-transfected cells
(Fig. 3b). This inhibitory effect on virus production was reflected by
a loss of viral RNA (Fig. 3c). The Vif hairpin plasmid (TL Vif7) also
inhibited viral gene expression in primary lymphocytes, whereas
there was no inhibitory effect of the plasmid lacking Vif sequences in
these cells (Fig. 3d). These results indicate that a sequence-specific
RNAi effect can be activated in established and primary cells by
siRNAs derived from self-complementary hairpin-generating plas-
mids. This provides a rationale for gene-therapy approaches to HIV
that complement existing post-transcriptional approaches for inhi-
biting HIV, including ribozymes and antisense RNA (reviewed in
ref. 20).

The involvement of RNAi in transposon silencing21,22 suggests
that RNAi is an ancient antiviral system that may have evolved as a
defence mechanism to protect the host from invasion by mobile
genetic elements including transposons and viruses. Several studies
have indicated that it is difficult to induce RNAi in mammalian cells
using long dsRNAs. Although long dsRNAs can modestly inhibit
gene expression in mammalian cells, the effects are not sequence
specific3,23 and are more consistent with inhibition by the interferon
response. Intriguingly, it is now becoming apparent that underlying
the non-specific dsRNA-activated interferon response in mamma-
lian cells, there may indeed be a sequence-specific RNAi effect that
can be activated by long dsRNA24–26. Silencing by long dsRNAs has
now been observed in various cultured mammalian cells24,25. The
mechanism of silencing is consistent with RNAi because there is
evidence that the long dsRNAs are processed to siRNAs and target
RNAs are specifically degraded. Our results indicate that 21-nucleo-
tide siRNAs promote HIV RNA degradation in primary lympho-
cytes, suggesting that the major target cell for HIV replication
possesses functional components of the siRNA-induced silencing
complex that mediates specific cleavage of target RNA2. Future
studies should determine whether sequence-specific RNAi that is
independent of the interferon response can be activated against HIV
by long dsRNAs. A

Methods
Synthesis of siRNA
The following RNA oligonucleotides were purchased from Dharmacon: T98 (5

0
-GGAAA

GCUAAGGACUGGUUdTdT-3 0 ); T283 (5 0 -AGCACACAAGUAGACCCUGdTdT-3 0 ;
T441:5

0
-CUUGGCACUAGCAGCAUUAdTdT-3

0
); M98 (5

0
GAAAGCUAGGGGAUGGU

UdTdT-3
0
); M441 (5

0
-CUUGGCACUAACAGCAUUAdTdT-3

0
); G388 (5

0
-GACUUCAA

GGAAGAUGGCAdTdT-3) 0 ; M388 (5 0 -GACUUCAAGGGAGAUGGCAdTdT-3 0 ); nef
(5

0
-GUGCCUGGCUAGAAGCACAdTdT-3

0
); TAR (5

0
-AGACCAGAUCUGAGCCUG

GdTdT-3
0
); and MTAR (5

0
-AGACCAGAUAUGAG CCUGGdTdT-3

0
).

Plasmids
The T7 promoter was modified in the plasmid PCRscript (Stratagene) to form pCRT7.
Oligonucleotides corresponding to nucleotides 5,323–5,342 of HIV-1 vif (Genbank
accession number M19921) were inserted at the Srf I site of pCRT7. T7 Pol comprises T7
RNA polymerase from Escherichia coli BL21 (DE3) cloned into pcDNA 3.1 (Invitrogen).
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Figure 3 Inhibition of HIV replication by siRNAs derived from plasmid DNA templates.

a, Strategy for production of hairpin siRNAs from plasmid vectors. Linearization of each

construct with Bst BI and transfection into cells with a plasmid expressing T7 RNA

polymerase (Pol) predicts the expression of a hairpin RNA with a 19-bp self-

complementary Vif stem and non-base-paired loops of 3, 5 and 7 nucleotides. b, Effect of

Vif hairpin siRNAs on HIV particle production. Tl DVif is identical to plasmids that express

Vif hairpin except that it lacks self-complementary Vif sequences. c, Vif hairpin siRNAs

promote degradation of HIV RNA. PCR products amplified from HIVNL-GFP served as a

control. d, Inhibition of HIV-1 expression by Vif hairpin siRNAs in primary PBLs.
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Cells and transfections
Magi cells were grown in DMEM containing 10% fetal bovine serum (FBS). PHA-
activated, elutriated PBLs were cultured in RPMI containing 10% FBS and 64 U ml21 of
interleukin-2 (ICN). Magi cells were transfected with oligofectamine (GIBCO) by the
manufacturer’s protocol in the presence of 1 mg HIV plasmid and/or 60 pmol of siRNA
oligonucleotides. Transfection efficiencies were 75–85%. For PHA-activated PBLs, 5 £ 106

cells were electroporated using a Gene Pulser apparatus (Bio-Rad) at 250 V, 960 mF,
resistance R ¼ 1 with 5 mg plasmid and/or 200 pmol siRNA. Transfection efficiencies were
30–50% of viable cells. Three-way transfections with siRNA expression plasmids
comprised 0.1 mg T7 Pol, 0.5 mg pTLVif and 0.5 mg pNLGFP (Magi cells), or 0.5 mg T7 Pol,
2 mg TL Vif and 2 mg pNLGFP (for primary lymphocytes). Transfected cells were
centrifuged (1,200g) on DAKO silanized slides and examined under bright-field
illumination or fluorescence (wavelength 516 nm) on a Zeiss Axioplan 2 microscope.

PCR analysis
Real-time PCR was performed as previously reported27. Products were amplified from 5 to
20 ml of extrachromosomal DNA in 50-ml reactions containing 1 £ HotStart Taq buffer
(Qiagen), 200 nM dNTPs, 400 nM primers and 1.5 U HotStart Taq. Two-LTR junctions
were amplified by the primers Rc (5

0
-TAGACCAGATCT GAGCCTGGGA -3

0
) and U5c

(5 0 -GTAGTTCTGCCAATCAGGG AAG -3 0 ). Early products were amplified by the
primers Ra (5

0
-TCTCTGGTTAGACCAGATCTG-3

0
) and U5a (5

0
-

GTCTGAGGGATCTCTAGTTAC-3 0 ), and late products were amplified with U5b (5 0 -
GGGAGCTCTCTGGCTAACT-3 0 ) and gag (5 0 -GGATTAA CTGCGAATCGTTC-3 0 )
primers. The oligonucleotide probe for real-time PCR was as previously reported27.

Viral assays
For RT–PCR, 1–2 mg RNA was reverse transcribed and amplified by PCR using the Nef
primers Na (5

0
-GACAGGGCTTGGAAAGG-3

0
) and Nb (5

0
-TTAGCAGTTCTGAA

GTACTC-3
0
) as described previously28. The integration assay was performed on DNAzol-

extracted total DNA (Invitrogen) using the Alu primer SB704 (5 0 -TGCTGGGATTACAG
GCGTGAG-3

0
) and primer Rc for the first round of PCR (25 cycles). Nested PCR was

performed under the same conditions using primers M667 (5
0
-GGCTAACTAGGGAA

CCCACTG-3 0 ) and AA55 (5 0 -CTGCTAGAGATTTTCCACACTGAC-3 0 ). For virus
production, viral p24 (capsid) was measured by enzyme-linked immunosorbent assay
according to the manufacturer’s protocol (Beckman-Coulter). Reverse transcription
activity was measured as previously reported28.

PKR assay
We electrophoresed 20 mg of whole-cell lysates in triple detergent lysis buffer on a 10%
SDS–polyacrylamide gel and electrotransferred to a nitrocellulose membrane (Amersham
Hybond C þ ). The membrane was probed with a phospho-Thr 446 PKR-specific
antibody or a PKR-specific antibody (Upstate Biotechnology).
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N-glycosylation of proteins in the endoplasmic reticulum (ER)
has a central role in protein quality control1–3. Here we report
that N-glycan serves as a signal for degradation by the Skp1–
Cullin1–Fbx2–Roc1 (SCFFbx2) ubiquitin ligase complex. The F-
box protein Fbx2 (ref. 4) binds specifically to proteins attached to
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