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Human immunodeficiency virus type 1 (HIV-1) gene expression is regulated by both cellular transcription
factors and Tat. The ability of Tat to stimulate transcriptional elongation is dependent on its binding to TAR
RNA in conjunction with cyclin T1 and CDK9. A variety of other cellular factors that bind to the HIV-1 long
terminal repeat, including NF-�B, SP1, LBP, and LEF, are also important in the control of HIV-1 gene
expression. Although these factors have been demonstrated to regulate HIV-1 gene expression by both genetic
and biochemical analysis, in most cases a direct in vivo demonstration of their role on HIV-1 replication has
not been established. Recently, the efficacy of RNA interference in mammalian cells has been shown utilizing
small interfering RNAs (siRNAs) to result in the specific degradation of host mRNAs and decreases the levels
of their corresponding proteins. In this study, we addressed whether siRNAs directed against either HIV-1 tat
or reverse transcriptase or the NF-�B p65 subunit could specifically decrease the levels of these proteins and
thus alter HIV-1 replication. Our results demonstrate the specificity of siRNAs for decreasing the expression
of these viral and cellular proteins and inhibiting HIV-1 replication. These studies suggest that RNA inter-
ference is useful in exploring the biological role of cellular and viral regulatory factors involved in the control
of HIV-1 gene expression.

The regulation of human immunodeficiency virus type 1
(HIV-1) gene expression involves the interplay of both viral
and cellular factors (32, 46, 76). In a variety of cells that are
permissive for HIV-1 infection, transcriptional initiation from
the HIV-1 long terminal repeat (LTR) is efficient but requires
the HIV-1 Tat protein in order to generate full-length tran-
scripts (48, 57). Tat binding to the TAR RNA element, which
extends between �1 and �60 in all HIV-1 transcripts, is re-
quired for efficient HIV-1 transcriptional elongation and the
generation of high levels of HIV-1 virions (9, 21, 38, 73, 75).
Both direct and indirect interactions of Tat with a variety of
cellular factors are critical for its function (45).

Tat binding to TAR is facilitated by its association with
Tat-associated kinase (TAK) (40), which is comprised of the
CDK9 kinase subunit and its binding partner cyclin T1 (46, 61,
80, 86, 91). The assembly of this complex facilitates CDK9
phosphorylation of the RNA polymerase II carboxy-terminal
domain and also the transcriptional elongation factors SPT5
and SPT4 (10, 14, 28, 29, 43, 46, 53, 56, 61, 71, 80, 84, 86, 88,
91). Both genetic and biochemical evidence demonstrates the
critical roles of these cellular proteins in mediating Tat activa-
tion.

A variety of cellular transcriptional factors that bind to the
HIV-1 LTR are also critical for regulating HIV-1 gene expres-
sion. One of the best studied of these factors is the NF-�B
family, which binds to two regulatory elements in the HIV-1
LTR (35, 64). Members of the NF-�B family, which include
p105/50, p100/52, p65/RelA, c-Rel, and RelB, contain a Rel

homology domain that mediates their heterodimerization and
homodimerization and their DNA binding properties (3). Re-
cent studies suggest that the NF-�B p65 subunit, which is a key
component required for NF-�B transcriptional activation, can
also bind to TAK to stimulate HIV-1 transcriptional elonga-
tion (4, 81). Thus, it is likely that, during the early phases of
HIV-1 infection of activated T lymphocytes, NF-�B binding to
the HIV-1 LTR serves to generate at least some full-length
transcripts to result in the synthesis of Tat, which then potently
stimulates HIV-1 transcriptional elongation.

NF-�B proteins are sequestered in the cytoplasm of most of
the cells, where they are bound to a family of inhibitory pro-
teins known as I�B (2). Treatment of cells with a variety of
stimuli, including the cytokines tumor necrosis factor alpha
and interleukin 1, stimulates the activity of kinases that phos-
phorylate I�B on amino-terminal serine residues, resulting in
its ubiquitination and degradation by proteasome (15, 20, 49,
50, 63). This process leads to the nuclear translocation of the
NF-�B proteins, which then bind to sites in the HIV-1 LTR
(35, 64), in addition to binding to promoter elements of cellu-
lar genes that are involved in the control of the immune and
inflammatory response (33, 34, 51). In addition to NF-�B a
variety of other factors bind to the HIV-1 LTR, including SP1
(8, 37, 69), TBP (62, 66), LEF (79), and LBP (47, 83), and
other factors that have been identified to interact with these
proteins, including CBP/p300 (7, 41), Tat-SF1 (54, 60, 89, 90),
and TFIIH (30, 67). It would be useful to have cell lines that
lack each of these factors in order to better understand their
role in regulating HIV-1 replication.

RNA interference (RNAi) that utilizes small interfering
RNAs (siRNAs) provides a methodology for further address-
ing the role of cellular and viral regulatory factors in the HIV-1
life cycle. RNAi is an evolutionarily conserved mechanism that
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is operative in insects, nematodes, plants, and mammalian cells
(12, 16, 17, 23–26, 52, 82). In this process, sequence-specific
posttranscriptional silencing is initiated by the introduction
into cells of double-stranded, annealed sense and antisense
RNAs that are homologous to the sequence of the silenced
gene (5). The ultimate mediators of RNAi-mediated degrada-
tion are 21-mer siRNAs that are generated by RNase III cleav-
age of double-stranded RNAs that have been introduced into
cells and may extend up to several hundred nucleotides (36,
87). For adaptation of RNAi to mammalian cells, 21-mer sense
and antisense RNA oligonucleotides homologous to a portion
of the gene of interest are synthesized and annealed and in-
troduced into cells by transfection (12, 23). These RNAs bind
specifically to the cellular mRNA of interest and activate an
RNA degradation process that leads to an 80 to 90% decreases
in the levels of the corresponding protein. Thus, RNAi can be
used to silence the gene of interest but not other genes (74).
The use of 21-mer RNAs in mammalian cells, rather than of
longer RNAs that are utilized in other species, avoids the
activation of double-stranded RNA dependent protein kinase
PKR and nonspecific RNases that nonspecifically silence gene
expression (6, 12, 23).

In this study, we utilized RNAi to address several specific
points. First, we asked whether a viral gene such as the HIV-1
tat could be inhibited by RNAi during both early and late
phases of HIV-1 infection. Second, we addressed whether
RNAi-mediated decreases in the NF-�B p65 subunit could
alter HIV-1 replication. Finally, we addressed whether inhibi-
tion of another viral gene, in this case HIV-1 reverse transcrip-
tase (RT), could also alter viral replication. The results of these
studies suggest that RNAi is a useful technique to address the
complex interactions of viral and cellular regulatory proteins
involved in the control of HIV-1 replication.

MATERIALS AND METHODS

Cell lines. 293T and HeLa-CD4-LTR-�-gal (MAGI; obtained from the NIH
AIDS Research and Reference Reagent Program, catalog no. 1470) cells were
cultured and maintained in Dulbecco’s minimal essential medium containing
10% fetal bovine serum (FBS) (Gibco-BRL) and 1% glutamine (Gibco-BRL)
with 1% antibiotic solution (penicillin and streptomycin; Gibco-BRL). The
MAGI cells were detached from the tissue culture plates using sterile phosphate-
buffered saline (PBS) containing 1 mM EDTA. Jurkat cells were cultured in
RPMI culture medium containing 10% FBS.

Plasmids. A plasmid containing the HIV-1 NL4.3 proviral DNA (pNL4.3) was
a gift from J. Victor Garcia, University of Texas Southwestern Medical Center,
Dallas, Tex. The plasmid pTat-GFP was generated by ligating a HindIII and
BamHI fragment from HIV-1 tat encoding 1 to 71 amino acids (amplified from
a plasmid bearing the HIV-1 HXB2 proviral DNA using the primer pair 5�-CT
CGAGCTCAAGCTTATGGAGCCAGT-AGATCCTAGA-3� and 5�-CGGTG
GATCCTGCTTTGATAGAGAAACT-TGATG-3�) into the corresponding
sites in the plasmid pEGFPN-1 (Clontech, Palo Alto, Calif.). The tat gene was
then subjected to DNA sequencing.

siRNA sequences. The sequence of the sense strand of the siRNAs oligonu-
cleotides is shown for HIV-1 tat (tat1, 5�-UAUGGCAGGAAGAAGCGGA-3�;
tat2, 5�-CUAGAGCCCUGGAAGC-AUC-3�; and tat3, 5�-GAAGCGGAGACA
GCGACGA-3�), HIV-1 RT (RT1, 5�-GAGACACCAGGGAUUAGAU-3�; and
RT2, 5�-UGAGACACCAGGGAUU-AGA-3�), p65 (5�-GCCCUAUCCCUUU
ACGUCA-3�), and human T-cell leukemia type 1 (HTLV-1) tax (5�-GAUGGA
CGCGUUAUCGGCU-3�). All these RNAs and the corresponding antisense
RNA oligonucleotides were synthesized. An overhang of two thymidine residues
(dTdT) was included at the 3� end of all RNA oligonucleotides. The RNA
oligonucleotides were synthesized at Dharmacon Research Inc. (Lafayette,
Colo.). The RNA oligonucleotides were dissolved in Tris-EDTA (10 mM Tris-
HCl, pH 8.0, and 1 mM EDTA) as 200 �M solutions and were stored at �20°C.
Double-stranded siRNA molecules were generated by mixing the corresponding

pair of sense and antisense RNA oligonucleotides in annealing buffer (30 mM
HEPES-KOH, pH 7.9; 100 mM potassium acetate, and 2 mM magnesium ace-
tate) at 20 �M and by then incubating the reaction mixture at 95°C for 2 min,
followed by gradual cooling to room temperature. The siRNAs were then al-
iqoted and stored at �20°C.

Generation of HIV-1 virions. 293T cells at 50 to 70% confluence were tran-
siently transfected with 10 �g of pNL4.3 vector per 100-mm-diameter plate using
25 �l of Genejuice (Novagen). Three days posttransfection, the culture super-
natant was collected and subjected to centrifugation followed by filtration. HIV-1
virions in the supernatants were quantitated using a p24 antigen enzyme-linked
immunosorbent assay (ELISA) (Perkin-Elmer Life Sciences, Boston, Mass.).

Transfections of siRNAs. Twenty-four hours before siRNA transfection, the
MAGI cells were seeded onto six-well plates (Corning) in Dulbecco’s minimal
essential medium containing 10% FBS with no antibiotics. Approximately 106

cells were plated per six-well plate to give 30 to 50% confluence at the time of
transfections. The siRNAs were transfected to a final concentration of 50 nM
using Oligofectamine (Invitrogen) according to the manufacturer’s recommen-
dations. The siRNAs were incubated with the cells for 3 or 6 days, and the cells
were processed for Western blot analysis. For tat-specific RNA interference, the
MAGI cells were transfected with 2.0 �g of pTat-GFP/well by using 3.0 �l of
GeneJuice (Novagen) approximately 24 h after siRNA transfection without
changing the medium. The cells were allowed to grow for another 48 h, and
whole-cell extracts were prepared.

To transfect Jurkat cells with siRNAs, 2 � 105 cells were washed with serum-
and antibiotic-free RPMI medium, resuspended in 50 �l of serum- and antibi-
otic-free RPMI medium, and added to a well in a 96-well tissue culture dish. A
preincubated mixture of 100 pmol of siRNA in optiMEM medium and 0.8 �l of
Oligofectamine (50 �l in total volume) was added to Jurkat cells and incubated
overnight at 37°C. Cells were washed once and were resuspended in 200 �l of
10% FBS containing RPMI medium.

HIV-1 infection. DNase I-treated HIV-1 virions equivalent to 10 to 50 ng of
p24 antigen were used for infection of MAGI and Jurkat cells. The virions were
mixed with 20 �g of DEAE-Dextran/ml (stock solution, 10 mg/ml) and were
added to the MAGI or Jurkat cell medium 12 to 24 h after transfection of the
siRNAs. Culture supernatants were collected 1, 3, and 6 days following infection.
On day 3, the cells were washed twice with PBS, fresh medium was added, and
the culture supernatants were collected 3 days later. In several experiments, the
siRNA-transfected and HIV-1-infected cells were also split on days 3 and 6
following infection and were grown for an additional 7 to 10 days. The concen-
tration of virus in the culture supernatants was determined using the p24 antigen
ELISA.

Analysis of HIV-1-specific reverse-transcribed DNA. Twenty-four hours after
HIV-1 infection of MAGI cells, the cells were washed two times with sterile PBS
and total cytoplasmic nucleic acids were obtained by modified Hirt lysis as
described earlier (39). Chromosomal DNA concentrations of Hirt lysates were
normalized by “hot” PCR amplification targeted to the mitochondrial DNA-
encoded cytochrome c oxidase II (cyt-oxi II) gene as described previously (39).
Following normalization of Hirt lysate DNA for their cyt-oxi II content, 2 to 5 �l
of each lysate was directly assayed for HIV-1 DNA by 30 cycles of hot PCR as
previously described (39). A 143-bp, “strong-stop” DNA fragment that corre-
sponds to the R-U5 sequences was amplified using primers for sense (5�-GCT
AACTAGGG-AACCCACTGCTT-3�) (�43/�65) and antisense (5�-CTGCTA
GAGATTTTT-CCACACTGAC-3�) (�182/�158). The primer pair sense (5�-T
GGCGTGC-CCTCAGATGCTG-3�) (�49/�30) and antisense (5�-AAGCAGT
GGGTTCCCT-AGTTAG-3�) (�62/�42), which amplify a “jump” DNA
fragment (111 bp) and correspond to R and U3 sequences, and sense (5�-CAA
GTAGTGTGTGCCCGTCTGTT-3�) (�96/�118) and antisense (5�-CGAGAG
AGCTCCTCTGGTTCTAC-3�) (�234/�212), which amplify a full-length DNA
fragment (138 bp) that contains the 5�-untranslated and U5 sequence, were also
used to amplify Hirt lysate DNA. One of the primers was 32P labeled and used
in hot PCR. The PCR amplification was initiated with a 95°C denaturation for 5
min, and the DNA was amplified for 30 cycles with each cycle consisting of two
steps at 93°C for 1 min and 65°C for 2 min. To amplify the full-length DNA
fragment, an initial 5 cycles at 93°C for 1 min, 40°C for 30 s, and 72°C for 1 min
was included, followed by 30 cycles of amplification as discussed earlier. All
PCRs were subjected to electrophoresis in polyacrylamide gels and autoradiog-
raphy.

RNA isolation. RNA from HIV-1 virion-infected MAGI cells was isolated
using Trizol reagent (Gibco-BRL) as per the manufacturer’s recommendations.
Nucleic acids were precipitated overnight and recovered by 15,000 � g centrif-
ugation at 4°C for 15 min. The pellet was washed with 70% ethanol, centrifuged
as before, and resuspended in 50 �l of Tris-EDTA containing 10 mM Tris, pH
7.8, and 0.1 mM EDTA. Approximately 4 �g of total RNA in a 10-�l reaction
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mixture was treated with RNase-free DNase I (Gibco-BRL) for 15 min at room
temperature followed by inactivation with the addition of EDTA and the heat
inactivation at 70°C for 10 min. Reverse transcription of tat, HIV-1 leader
sequences, and the �-actin gene was performed separately in either the presence
or absence of Moloney murine leukemia virus RT (Gibco-BRL). A 10-�l reac-
tion mixture containing 2 to 4 �l of RNA (0.25 to 1 �g), RT buffer (Gibco-BRL),
10 mM dithiothreitol, 200 U of Moloney murine leukemia virus RT, 0.1 mM
deoxynucleoside triphosphates, 0.01% bovine serum albumin, 10 to 15 U of
RNasin, and 3 �g of random primers (Gibco-BRL) was incubated for 2 h at 37°C.
Subsequently, 1 to 3 ml of RT reaction mixture was amplified separately by
primers specific for HIV-1 tat (forward, 5�-CTCGAGCTCAAGCTTA-TGGAG
CCAGTAGATCCTAGA-3�; and reverse, 5�-CGGTGGATCCTGC-TTTGATA
GAGAAACTTGATG-3�), HIV-1 leader RNA extending from �31 to �259
(forward, 5�-CTGGGAGCTCTCTGGCTAAC-3�; and reverse, 5�-CTTCAGCA
AGCCGAGTCCTG-3�), or �-actin (forward, 5�-GGCATCA-TCACCAACTG
GG-3�; and reverse, 5�-CAGGGCCACGTAGCACAG-3�) genes using Taq poly-
merase (Gibco-BRL) and buffer D (Invitrogen). Following a 95°C denaturation
for 5 min, 30 cycles (25 cycles for HIV leader RNA) of amplification was
performed at 93°C for 1 min, 55°C for 30 s, and 72°C for 1 min. The PCR
products were visualized after agarose gel electrophoresis and photographed.

Analysis of HIV-1 proviral DNA. MAGI cells transfected with siRNA were
infected with HIV-1 NL4.3 virus and split into six-well plates (1:7 ratio) on day
3 postinfection. The cells were grown for another 7 days, and chromosomal DNA
was then prepared. Cell pellets were further processed for genomic DNA isola-
tion using the Wizard Genomic DNA purification kit (Promega, Madison, Wis.).
Subsequently, 40 ng of genomic DNA was amplified using primer pairs specific
for HIV-1 gag (forward, 5�-GCGGGGGAGAATTAGATCGAT-3�; and reverse,
5�-CTCTTCCTCTATC TTGTCTAA-3�) and the cellular �-actin gene (forward,
5�-GGCATCATCA CCAACTGGG-3�; and reverse, 5�-CAGGGCCACGTAG
CACAG-3�) using Platinum Taq polymerase (Gibco-BRL) and buffer D (Invitro-
gen). Following a 95°C denaturation for 5 min, 35 cycles of amplification was
performed at 93°C for 1 min, 55°C for 30 s, and 72°C for 1 min. To amplify the
HIV-1 gag gene, an initial 5 cycles at 93°C for 1 min, 37°C for 30 s, and 72°C for
1 min was included followed by 30 cycles of amplification as discussed earlier.
The PCR products were visualized after agarose gel electrophoresis and photo-
graphed following ethidium bromide staining. The pNL4.3 DNA (1 or 4 ng) was
amplified as a control.

Western blot analysis. Whole-cell extracts were prepared from various siRNA-
transfected and HIV-1-infected MAGI cells 6 days postinfection. Cell extracts
were also prepared from MAGI cells transfected with siRNA alone or trans-
fected with siRNA followed by transfection of pTat-GFP. Extracts (equivalent of
20 to 30 �g) of protein were subjected to electrophoresis on sodium dodecyl
sulfate–10% polyacrylamide gels, transferred onto nitrocellulose membranes,
and analyzed for the relative levels of both HIV-1-specific and cell-specific
proteins. For the detection of HIV-1 proteins, the blots were probed with a
1:10,000 dilution of human HIV-1 immunoglobulin (NIH ARRP no. 3957) and
a 1:5,000 dilution of horseradish peroxidase-linked sheep anti-human immuno-
globulin (Amersham). Visualization of proteins was carried out using enhanced
chemiluminescence (Amersham). These blots were reprobed with either p65,
green fluorescent protein (GFP), or �-actin antibodies (Santa Cruz Biotechnol-
ogy, Santa Cruz, Calif.). The blots were scanned using ChemiImager (Alpha
Innotech Corp., San Leandro, Calif.) to determine the relative intensity of each
band.

�-Galactosidase staining of cells. Cells were washed twice with PBS and were
then fixed with 3.7% formaldehyde in PBS for 10 min at room temperature. Cells
were then washed with PBS to remove traces of formaldehyde and were treated
with 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside (X-Gal) solution (0.2%
X-Gal, 2 mM MgCl2, 5 mM K4Fe[CN]6 � 3H2O, and 5 mM K3Fe[CN]6 prepared
in PBS) for 1 to 16 h at 37°C. When the blue-stained cells were visible, X-Gal
solution was removed and cells were covered with PBS and photographed.

RESULTS

siRNA inhibition of the expression of the NF-�B p65 sub-
unit and Tat. It is important to better understand the role of
specific viral and cellular genes that regulate the HIV-1 life
cycle. A variety of CD4-positive human T-lymphocyte cell
lines, including Jurkat, CEM, HUT78, SupT, and U297 in
addition to non-T-cell lines such as HeLa-CD4 and HeLa-
CD4-�-gal (MAGI), have been used to study different aspects
of the HIV-1 life cycle. These later cells, which stably express

CD4 receptors on the cell surface, are capable of being in-
fected by HIV-1. Since they contain an HIV-1 LTR fused to
the �-galactosidase gene, infectious virus producing Tat can
transactivate the LTR-�-galactosidase reporter and increase
�-galactosidase activity. Thus, staining of MAGI cells to de-
termine �-galactosidase activity makes these cells an excellent
indicator to determine the number of HIV-1 infectious parti-
cles (55).

RNAi with siRNAs has been successfully utilized in a num-
ber of recent studies in cultured mammalian cells to reduce the
expression of specific cellular genes (12, 23, 31). In this study,
RNAi was utilized in MAGI cells to assay how inhibition of the
expression of the NF-�B p65 subunit and of the HIV-1 Tat and
RT proteins alters HIV-1 replication. MAGI cells were utilized
because their high transfection efficiency with RNA oligonu-
cleotides permitted us to establish the efficacy of RNAi in the
study of HIV-1 replication.

First, the degree and the duration of siRNA inhibition of
p65 andTat expression were addressed. As a control in these
studies, siRNA specific to the HTLV-1 tax gene was used.
MAGI cells were transfected with these siRNA oligonucleo-
tides, and the cells were harvested at either 3 or 6 days post-
transfection. Cell lysates were prepared and then subjected to
Western blot analysis. This analysis indicated that the p65
levels in these extracts were decreased in the presence of p65-
specific siRNA (Fig. 1A, lanes 1 and 4), whereas the levels of
p65 were not affected by transfection of either tax siRNA (Fig.
1A, lanes 2 and 5) or Oligofectamine alone (Fig. 1A, lanes 3
and 6). Interestingly, the RNAi-mediated decreases in p65
levels could be observed for almost 6 days following a single
transfection. These siRNAs had no significant effect on the
expression levels of another endogenous gene, �-actin (Fig.
1A, lanes 1 to 6). These results indicate the specificity of
siRNA in decreasing p65 expression.

Previous studies demonstrated that transfection of lucif-
erase-specific siRNAs could result in the decreased expression
of a transfected luciferase reporter gene (23). Next, we sought
to determine whether siRNA could be utilized to decrease the
levels of Tat expressed from a cytomegalovirus (CMV) expres-
sion vector. Due to the inability of Western blot analysis with
Tat-specific antibodies to detect expression of a transfected
HIV-1 tat gene in MAGI cells, we generated a CMV expres-
sion vector, pTat-GFP, which expressed a GFP fusion with Tat.
The pTat-GFP vector was transfected into MAGI cells that
had been previously transfected with each of three specific
siRNAs directed against tat or siRNAs directed against either
p65 or tax. Western blot analysis with antibody directed against
GFP indicated reduced expression of Tat-GFP for each of the
three different tat-specific siRNAs, with tat1 and tat3 being two
or three times more effective than tat2 (Fig. 1B, lanes 1 to 3).
In contrast, there was no detectable decrease in Tat-GFP levels
in the presence of siRNA directed against p65 (Fig. 1B, lane 4),
tax (Fig. 1B, lane 5), or Oligofectamine alone (Fig. 1B, lane 6).
Tat-GFP expression was reduced up to 70 to 80% by tat-
specific siRNAs, compared to that with p65 or Tax siRNAs or
Oligofectamine alone. The expression of p65 was decreased
only in the presence of the p65-specific siRNA (Fig. 1B, lane
4), whereas �-actin levels were not affected by transfection of
any of these siRNAs (Fig. 1B, lanes 1 to 6). These results
demonstrate the specificity of siRNAs in decreasing the ex-
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pression of both endogenous and exogenously introduced
genes.

Inhibition of HIV-1 replication by siRNAs directed against
HIV-1 tat and the NF-�B p65 subunit. It is well established that
both the NF-�B and HIV-1 Tat proteins play an important role
in regulating HIV-1 gene expression (1, 19, 27, 64). Thus, it is
likely that the siRNA-mediated decreases in the levels of these
proteins could potentially inhibit HIV-1 replication. MAGI
cells were transfected with siRNAs directed against either p65,
tat, or tax for 24 h. These cells were then infected with the
HIV-1 NL4.3 strain, and culture supernatants were collected at
either day 1, 3, or 6 following infection and were assayed for
p24 antigen levels using ELISA. The relative amounts of virus
produced in the presence of siRNAs directed against either tat,
p65, or Oligofectamine relative to tax are shown (Fig. 2A). The
amounts of virus released into the culture supernatants of cells
that were treated with various siRNAs were similar at 1 (Fig.
2A, gray bars) and 3 days postinfection (Fig. 2A, white bars),
indicating that RNAi-mediated decreases in the levels of the
targeted proteins at these times did not significantly alter viral
production. However, a significant decrease in HIV-1 replica-
tion was observed when supernatants were collected at 6 days
post-HIV-1 infection in MAGI cells that were transfected with
siRNAs directed against either tat or p65 but not with siRNA
directed against tax or Oligofectamine alone (Fig. 2A, black
bars). The cells transfected with the tat1 and tat3 siRNAs
demonstrated more than a 99% decrease in HIV-1 production
compared to those transfected with tat2 siRNA, which exhib-
ited an 80% decrease in HIV-1 production (Fig. 2A). The
reason for the differences in the efficacy of these siRNAs was
unclear. The siRNA directed against p65 did not result in as
great an inhibition of HIV-1 production as that found for the
cells transfected with the tat1 and tat3 siRNAs. These results
indicate that HIV-1 infection can be markedly inhibited by
transfection of MAGI cells with siRNAs directed against either
tat or p65.

Next, we investigated the duration of siRNA inhibition of
HIV-1 replication. For this analysis, MAGI cells were first
transfected with various siRNAs for 24 h and then these cells
were infected with HIV-1. The cells were then split on the 3rd

day following infection and were analyzed for p24 antigen
levels at 13 days postinfection (Fig. 2B). A single transfection
of HIV-1 tat1 and tat3 siRNAs led to a 	95% decrease in p24
antigen levels, while tat2 and p65 siRNAs resulted in a 60 to
80% decrease in HIV-1 gene expression that lasted for at least
13 days (Fig. 2B). The cells were not assayed for longer times,
since the MAGI cells that were transfected with either tax
siRNA or Oligofectamine alone showed extensive syncytial
formation indicative of HIV-1 cytopathicity with 	90% syncy-
tium formation, compared to 
5% seen in cells transfected
with tat- or p65-specific siRNAs.

Finally, we determined the relative expression levels of HIV-
1-specific proteins in siRNA-transfected MAGI cells at 6 days
post-HIV-1 infection. Western blot analysis with HIV-1-spe-
cific antisera demonstrated marked decreases in the levels of
HIV-1- specific proteins, including RT (p51/p66) and p24 (Fig.
2C, top gel), which correlated with the decrease in HIV-1
virions in supernatants from MAGI cells (Fig. 2A). There were
decreased levels of HIV-1-specific proteins in the presence of
all three of the tat siRNAs (Fig. 2C, lanes 1 to 3, top gel), as
well as of p65 siRNA (Fig. 2C, lane 4, top gel), compared to the
HIV-1 protein levels seen in MAGI cells transfected with tax
siRNA (Fig. 2C, lane 5, top gel) or Oligofectamine alone (Fig.
2C, lane 6, top gel). The tat1 and tat3 siRNAs resulted in
significantly more inhibition of HIV-1 protein expression than
did either tat2 or p65 siRNA. The p65 siRNA specifically
reduced the expression of p65 (Fig. 2C, middle gel), and none
of the siRNAs affected the expression of �-actin (Fig. 2C,
bottom gel).

Finally, we analyzed the effect of these siRNAs on the ex-
pression of the tat gene. RT-PCR analysis of total RNA iso-
lated from these samples revealed the down-regulation of
HIV-1 tat RNA in the presence of all three of these tat siRNAs
(Fig. 2D, lanes 1 to 3), as well as of p65 siRNA (Fig. 2D, lane
4), compared to the levels of this RNA in MAGI cells trans-
fected with tax siRNA (Fig. 2D, lane 5) or Oligofectamine
alone (Fig. 2D, lane 6). None of the siRNAs affected the levels
of �-actin RNA (Fig. 2D, lower gel). These results further
corroborate the specificity of RNAi in down-regulating the
expression of HIV-1-specific proteins.

FIG. 1. Effect of siRNAs on inhibiting gene expression. (A) MAGI cells were transfected with 50 nM siRNAs directed against either the NF-�B
p65 subunit (lanes 1 and 4), HTLV-1 tax (lanes 2 and 5), or Oligofectamine alone (OF, lanes 3 and 6). Cells were harvested at either 3 days (lanes
1 to 3) or 6 days (lanes 4 to 6) posttransfection, and the lysates (20 �g) were subjected to Western blot analysis using antibodies directed against
p65 (top gel) or �-actin (lower gel). (B) MAGI cells were transfected with a 50 nM concentration of each of three siRNAs directed against HIV-1
tat (tat1, tat2, or tat3, lanes 1 to 3), p65 (lane 4), tax (lane 5), or Oligofectamine alone (lane 6) for 24 h. The cells were then transfected with 2 �g
of a CMV expression vector expressing Tat-GFP. Cells were harvested 48 h later, and Western blot analysis was performed on these lysates (20
�g) with antibodies directed against GFP (top gel). The Western blot was reprobed with antibodies directed against p65 (middle gel) and �-actin
(bottom gel).
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FIG. 2. Inhibition of HIV-1 replication by siRNAs. (A) MAGI cells were transfected with 50 nM concentrations of siRNAs directed against
either HIV-1 tat (tat1, tat2, and tat3), p65, or HTLV-1 tax or with Oligofectamine alone (OF). Twenty-four hours later, the cells were infected with
HIV-1 NL4.3 and cell culture supernatants were collected on day 1 (gray bars), 3 (white bars), or 6 (black bars) postinfection and were assayed
for p24 antigen (Ag). The p24 antigen values are expressed as the percent values relative to those seen with Tax siRNA. The actual p24 antigen
values in the culture supernatants are shown in the adjacent table. (B) MAGI cells transfected with various siRNAs for 24 h prior to HIV-1
infection were split on the 3rd day postinfection, and culture supernatants were collected on day 10 (day 13 postinfection) and were assayed for
p24 antigen. The p24 antigen values were expressed as the percentage relative to that seen with tax siRNA. (C) MAGI cells were transfected with
siRNAs directed against HIV-1 tat (tat1, lane 1; tat2, lane 2; and tat3, lane 3), p65 (lane 4), HTLV-1 tax (lane 5), or Oligofectamine alone (OF,
lane 6) for 24 h and were then infected with HIV-1 for 6 days. Whole-cell lysates from these cells were prepared and analyzed by Western blotting.
The membrane was first probed with HIV-1-specific antisera and then reprobed with antibodies directed against p65 and �-actin. The positions
of the HIV-1-specific proteins p24 antigen and p51/p66 (RT) are indicated. (D) RNA was prepared from the HIV-1-infected MAGI cells and was
subjected to RT-PCR amplification to determine the relative levels of HIV-1 tat RNA expression. The �-actin RNA was also amplified in these
samples as a control.
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Effects of siRNA on early stages of HIV-1 infection. Next we
explored whether transfection of siRNAs prior to HIV-1 in-
fection altered an early step in the HIV-1 infectious cycle.
Following HIV-1 binding and internalization, the initiation of
reverse transcription occurs. The effect of various siRNAs on
the HIV-1 reverse transcription was examined next. MAGI
cells were transfected with siRNAs for 24 h and were then
infected with HIV-1 for 24 h. Cytoplasmic DNA was prepared
from these cells by Hirt lysis, and the level of HIV-1-specific
reverse-transcribed strong-stop, jump, or full-length DNA was
then analyzed. PCR amplification of HIV-1-specific strong-
stop, jump, or full-length DNA demonstrated that transfection
of siRNAs directed against either tat, p65, tax, or Oligo-
fectamine alone prior to HIV-1 infection did not result in
significant inhibition of the initiation or completion of HIV-1
reverse transcription (Fig. 3A, lanes 1 to 6, top three gels). For
example, quantitation of the levels of product for strong-stop
and jump DNA indicated that tat1 siRNA reduced the amount
of this product by 30%, while tat3 siRNA reduced the amount
of this product by 20%. None of these siRNAs resulted in
decreases in the synthesis of the full-length product. No strong-
stop DNA was detected in mock-infected cytoplasmic DNA
(Fig. 3A, lane 7, top three gels). Different amounts of NL4.3
plasmid DNA were used as additional controls (Fig. 3A, lanes
8 to 10, top three gels). The cytoplasmic DNA used for PCR
amplification was normalized using the mitochondrial cyto-
chrome c oxidase gene (Fig. 3A, lanes 1 to 7, lower gel). These
results indicate that an early step in the HIV-1 infection cycle
was not significantly affected by transfection of the siRNAs and
that the major effects of these siRNAs likely occur subsequent
to HIV-1 reverse transcription.

The quantity of HIV-1 proviral DNA integrated into the
host genome was then analyzed (Fig. 3B). Chromosomal DNA
was purified from siRNA-transfected MAGI cells that had
been infected with HIV-1 for 10 days. This time postinfection
was chosen to allow for several cycles of reinfection of the
target cells. DNA prepared from these cells was used to am-
plify a portion of the HIV-1 gag and cellular �-actin genes (Fig.
3B). The relative content of HIV-1 proviral DNA in cells
transfected with siRNAs directed against either tat1, tat2, tat3,
or p65 was compared with that of cells transfected with tax
siRNA or Oligofectamine. Significant differences in the con-
tent of integrated HIV-1 DNA reflected in the amount of the
HIV-1 gag gene was observed in cells containing tat (Fig. 3B,
lanes 1 to 3, top gel) and p65 (Fig. 3B, lane 4, top gel) siRNAs,
compared to MAGI cells that were transfected with tax siRNA
(Fig. 3B, lane 5, top gel) or were treated with Oligofectamine
alone (Fig. 3B, lane 6, top gel). There was no change in the
levels of the �-actin gene in MAGI cells transfected with these
siRNAs (Fig. 3B, lower gel). The decreased amounts of inte-
grated HIV-1 DNA indicate that the production of small
amounts of HIV-1 virions leads to the reinfection of fewer
target cells.

Effect of tat and p65 siRNAs transfected following HIV-1
infection. In the previous experiments, MAGI cells were trans-
fected with siRNAs prior to HIV-1 infection. To address
whether these siRNAs could reduce gene expression following
HIV-1 infection, MAGI cells were infected with HIV-1 for
12 h prior to transfection of the various siRNAs. The culture
supernatants were collected at 6 days following siRNA trans-

fection and were assayed for relative p24 antigen levels. These
results indicated that p65 and tat siRNAs, but not tax siRNA or
Oligofectamine alone, inhibited viral replication by 60 to 80%,
respectively, when introduced into MAGI cells following
HIV-1 infection (Fig. 4A).

In addition, we assayed whether transfection of siRNAs di-
rected against tat and p65 could inhibit HIV-1 replication in
MAGI cells that were previously infected with HIV-1. For this
purpose, MAGI cells were infected with HIV-1 for 6 days and

FIG. 3. Effect of siRNAs on different steps in the HIV-1 life cycle.
(A) MAGI cells were transfected with siRNAs directed against either
HIV-1 tat (tat1, lane 1; tat2, lane 2; and tat3, lane 3), p65 (lane 4),
HTLV-1 tax (lane 5), or Oligofectamine alone (OF, lane 6) for 24 h
and were then infected with HIV-1 for another 24 h. Hirt lysates were
prepared from these cells, and the cytoplasmic DNA was amplified
with oligonucleotide primers to assay for either HIV-1-specific strong-
stop (SS) (�43/�65 and �182/�158) (top gel), first-strand jump (�49/
�30 and �93/�70) (second gel), full-length (FL) viral DNA (�96/
�118 and �234/�212) (third gel), or the mitochondrial cytochrome c
oxidase (CO) gene (bottom gel). As controls, cytoplasmic DNA from
mock-infected (lane 7) and different amounts of NL4.3 plasmid DNA
(20, 2, and 0.2 pg, lanes 8 to 10) were also amplified. (B) Chromosomal
DNA was prepared from MAGI cells that were transfected with siR-
NAs directed against either HIV-1 tat (tat1, lane 1; tat2, lane 2; and
tat3, lane 3), p65 (lane 4), HTLV-1 tax (lane 5), or Oligofectamine
alone (OF, lane 6) for 24 h and were then infected with HIV-1 for 10
days. Portions of HIV-1 gag (top gel) and cellular �-actin (lower gel)
genes were amplified as detailed in Materials and Methods. As con-
trols, 1 ng (lane 7) and 4 ng (lane 8) of NL4.3 plasmid DNA were also
amplified.
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these cells were split prior to transfection of the various siR-
NAs. Culture supernatants from these HIV-1-infected cells
were then collected on days 3 and 6 post-siRNA transfection,
and the relative p24 antigen levels were then determined (Fig.
4B). These results indicated that siRNAs directed against tat
and p65 but not against tax or Oligofectamine alone could
inhibit HIV-1 replication from 80 to 95% when introduced into
cells after 6 days of HIV-1 infection (Fig. 4B).

RT siRNAs can inhibit HIV-1 replication. RT is a primary
target for antiviral drugs that inhibit HIV-1 replication (18).
We designed two siRNAs against the HIV-1 RT gene and
tested whether they could inhibit HIV-1 replication in MAGI
cells. MAGI cells were transfected for 24 h with either of these
two siRNAs (RT1 and RT2) or tax siRNA and were then
infected with HIV-1 (Fig. 5A). The culture supernatants were
assayed for p24 antigen levels at 6 days postinfection. Trans-
fection of both the RT1 and RT2 siRNAs markedly inhibited
HIV-1 replication in the MAGI cells by 	90%, compared to
transfection of tax siRNA or Oligofectamine alone (Fig. 5A).
Western blot analysis of whole-cell extracts from these cells
demonstrated a specific decrease in the p51/p66 RT proteins
following transfection of either of these RT siRNAs (Fig. 5B,
top gel). There was no change in the levels of p65 and actin in
the presence of these siRNAs (Fig. 5B, lower gel).

Tat, RT, and p65 siRNAs inhibit �-galactosidase activity in
HIV-1-infected MAGI cells. MAGI cells contain a stably inte-
grated HIV-1 LTR fused to the �-galactosidase gene (55).

HIV-1 infection of these cells leads to increased expression of
�-galactosidase due to the expression of Tat. The activity of
�-galactosidase can be detected by staining of these cells with
an X-Gal-containing reaction mixture. Thus, MAGI cells can
be used as indicator cells to identify the level of HIV-1 infec-
tious particles.

To further extend the studies of the effects of siRNAs on
HIV-1 replication, these siRNAs were transfected into MAGI
cells and, 24 h later, these cells were infected with HIV-1.
These MAGI cells were then stained with the X-Gal-contain-
ing solution to determine �-galactosidase activity. More than
90% of the infected cells that were transfected with either tax
siRNA or Oligofectamine alone or were infected with HIV-1
without other treatment demonstrated marked �-galactosidase

FIG. 4. Transfection of tat and p65 siRNAs following HIV-1 infec-
tion. (A) MAGI cells were infected with HIV-1 for 12 h and were then
transfected with siRNAs directed against either HIV-1 tat (tat1, tat2, or
tat3), p65, HTLV-1 tax, or Oligofectamine alone (OF). Culture super-
natants were collected at 6 days following siRNA transfection and were
assayed for p24 antigen (Ag). (B) MAGI cells infected with HIV-1 for
6 days were split and were then transfected with siRNAs directed
against HIV-1 tat (tat1, tat2, or tat3), p65, HTLV-1 tax, or Oligo-
fectamine (OF) alone. Culture supernatants were collected at 3 and 6
days following siRNA transfection and were assayed for p24 antigen
(Ag). In both parts of the figure, the p24 values are expressed as the
percentage relative to that seen with tax siRNA.

FIG. 5. Inhibition of HIV-1 replication by siRNAs specific for
HIV-1 RT. (A) MAGI cells were transfected with siRNAs directed
against HIV-1 RT (RT1 or RT2), HTLV-1 tax, or Oligofectamine
(OF) alone for 24 h, and the cells were then infected with HIV-1.
Culture supernatants were collected at 6 days following siRNA trans-
fection and were assayed for p24 antigen levels and expressed as the
percentage relative to that seen with tax siRNA. (B) Whole-cell ex-
tracts were prepared from the MAGI cells that were transfected with
siRNAs directed against HIV-1 RT (RT1, lane 1; or RT2, lane 2),
HTLV-1 tax (lane 3), or Oligofectamine alone (OF, lane 4) for 24 h
and then were infected with HIV-1 for 6 days. Western blot analysis
was performed with HIV-1-specific antisera, and then the blot was
reprobed with antibodies against p65 and �-actin.
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positivity (Fig. 6A). In contrast, only a few cells had �-galac-
tosidase activity when the MAGI cells were transfected with
siRNAs directed against either tat, RT, or p65 (Fig. 6A). These
results indicate that inhibition of HIV-1 replication in the
presence of siRNAs directed against either tat, RT, or p65
resulted in very low levels of �-galactosidase expression.

Next, we determined whether these siRNAs altered the ex-
pression of an RNA sequence extending between residues �31
and �259 that is present in all spliced and nonspliced HIV-1-
encoded RNAs. RNAs prepared from these siRNA-trans-
fected HIV-1-infected MAGI cells were analyzed by RT-PCR
using oligonucleotide primers that would detect this RNA se-
quence. Decreased levels of HIV-1 mRNA were found in cells
transfected with the tat1, tat2, and tat3 siRNAs in addition to
the RT1, RT2, and p65 siRNAs but not Tax siRNA. There was
no change in the levels of actin mRNA in these samples (Fig.
6B). These results suggest that siRNAs directed against differ-
ent regions of the HIV-1 genome can result in decreased
expression of both nonspliced and spliced HIV-1 mRNAs.

siRNAs directed against tat, RT, and p65 inhibit HIV-1
replication in Jurkat cells. It was important to address whether
siRNAs directed against tat, RT, and p65 could inhibit HIV-1
replication in T cells. For these studies, we assayed whether
transfection of these siRNAs into Jurkat cells altered HIV-1
replication. Given the low efficiency of transfection of lympho-
cytes by RNAs, 20 times more siRNA was required to dem-
onstrate these effects in Jurkat cells compared to what was
required for MAGI cells. The siRNAs were transfected into
Jurkat cells, and 16 h later these cells were infected with
HIV-1; 3 days postinfection the levels of p24 antigen were
measured. This analysis revealed a result similar to the results
obtained with MAGI cells: siRNAs directed against different
regions of tat, RT, and p65 reduced the amount of p24 antigen
by two- or threefold compared to siRNA directed against Tax
or mock transfection (Fig. 7). Transfection of these siRNAs
did not alter the cell numbers for the 3 days of this analysis.

Thus, siRNAs can inhibit HIV-1 replication in both T-cell and
non-T-cell lines.

DISCUSSION

In this study, we utilized RNAi to establish the efficacy of
this technique for investigating HIV-1 gene expression and
replication. We found that siRNAs directed against HIV-1 tat
and RT and the p65 NF-�B subunit could result in specific
decreases in the corresponding expression of these proteins.
Thus, RNAi provides a useful tool for better dissecting the
complex interplay between viral and cellular factors that reg-
ulate HIV-1 gene expression.

HIV-1 Tat is a key regulator of viral gene expression (45). In
this study, we demonstrated that RNAi-mediated decreases in

FIG. 6. �-Galactosidase staining of MAGI cells. MAGI cells were transfected with 50 nM siRNAs directed against either HIV-1 tat, RT, p65,
HTLV-1 tax, or Oligofectamine alone (OF). Twenty-four hours later, the cells were infected with HIV-1 NL4.3. (A) On day 6 postinfection, the
cells were washed and stained for �-galactosidase as described in Materials and Methods and photographed. Cells infected with HIV-1 in the
absence of other treatment (control) are also shown. (B) At the same time postinfection, RNA was prepared from these HIV-1-infected MAGI
cells and subjected to RT-PCR amplification of HIV-1 leader sequences with oligonucleotide primers to generate a fragment extending from �31
to �259 in order to determine relative levels of HIV-1 mRNA expression. The �-actin mRNA was also amplified from these samples as a control.

FIG. 7. SiRNAs directed against tat, RT, and p65 inhibit HIV-1
replication in Jurkat cells. Jurkat cells (n � 2 � 105) were transfected
with Oligofectamine containing 100 pmol of siRNAs corresponding to
either tat1, tat2, and tat3; p65 and RT1 and -2; Tax or mock trans-
fected. After 16 h, the cells were washed, resuspended in RPMI me-
dium, and infected with HIV-1 NL4.3, and p24 antigen levels were
determined by ELISA at 3 days postinfection.
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Tat expression at various times post-HIV-1 infection result in
marked effects on its replication. Moreover, we were able to
demonstrate that multiple regions of the tat gene could be
targeted by RNAi and markedly decrease its expression. Such
results will be important if RNAi is ever used for therapeutic
purposes, given that tat has a high degree of conservation
among different viral isolates and is not subject to frequent
sequence variation. Similar inhibitory effects on HIV-1 repli-
cation were seen when siRNAs were targeted to the HIV-1 RT
gene. RNAi-mediated degradation of multiple HIV-1 genes
could potentially be utilized to inhibit HIV-1 replication. In
addition, RNAi will be useful in better characterizing the func-
tional interactions of various HIV-1 gene products during its
replication.

NF-�B plays an important role in stimulating HIV-1 gene
expression during T-cell activation (64). Various heterodimeric
combinations of the NF-�B proteins, including p50/p65 and
p52/p65, predominantly bind to two elements in the HIV-1
LTR to activate its gene expression. Although there has been
conflicting evidence on whether NF-�B sites are essential for
HIV-1 replication, it is clear that NF-�B plays an important
role in the HIV-1 life cycle (13, 59, 68, 72). In the present
study, we demonstrate that decreases in the expression of the
NF-�B p65 subunit reduce HIV-1 gene expression and repli-
cation. Although the effects of reducing p65 on HIV-1 repli-
cation were significant, they did not result in as marked a
degree of inhibition of HIV-1 gene expression as seen with
siRNA directed against tat. However, these results indicate
that, in non-T-cells, a reduction in p65 levels inhibits HIV-1
replication.

The use of siRNA directed against the NF-�B p65 subunit
resulted in reduced HIV-1 replication. These results indicate
that inhibition of the expression of cellular factors that bind to
the HIV-1 LTR can decrease HIV-1 replication. However, it is
important to note that the NF-�B proteins are critical for the
regulation of immune function (51). For example, these pro-
teins regulate the expression of a variety of genes encoding
cytokines and cytokine receptors, chemokines, cell adhesion
molecules, and cell surface receptors that are critical for T- and
B-cell function. In mice, the targeted disruption of the gene
encoding p65 results in reduced T- and B-cell proliferation
without major defects in T- and B-cell maturation (22). These
studies indicate that it will be important to monitor immune
function if p65 siRNAs are utilized in clinical settings to treat
HIV-1 infection.

The results presented here establish RNAi as a technique
that will be useful in addressing the in vivo roles of cellular
factors involved in HIV-1 replication. For example, a variety of
transcriptional elongation factors, such as SPT5/SPT4 and
NELF, has been implicated in HIV-1 gene regulation (42, 53,
70, 77, 78, 84, 85). Other HIV-1 LTR binding factors, such as
SP1, LEF, and LBP, can also be targeted by RNAi in order to
further address their role in the HIV-1 life cycle. Finally, ad-
ditional proteins that have been reported to have roles in the
HIV-1 life cycle, such as TFIIH and TFIID, can be investigated
with RNAi. For example, the Tsg101 protein, which functions
in vacuolar protein sorting, was demonstrated to be important
in HIV-1 budding from host cells using siRNA analysis (31).

After this work was submitted, several manuscripts were
published that demonstrated that transfection of siRNAs di-

rected against other cellular and viral factors could inhibit
HIV-1 replication. In one study, siRNAs directed against ei-
ther CD4 or the gag gene were able to prevent HIV-1 replica-
tion in both MAGI cells and H9 cells (65). In another study,
siRNAs directed against TAR, Vif, or a GFP gene inserted
into nef were found to significantly reduce HIV-1 replication
(44). Finally siRNA produced from an expression plasmid con-
taining a polymerase III promoter was found to inhibit HIV-1
rev and to lead to decreased virus production (58). Thus, the
results of these studies are in good agreement with the results
presented in our analysis.

One question that arises from all of these studies is the step
in the HIV-1 life cycle at which siRNA inhibits replication. The
two leading possibilities are that siRNAs target HIV-1 geno-
mic RNA at an early step following viral entry and/or that
siRNA targets prespliced viral RNA produced following viral
integration. The previously discussed studies and our study
indicate that siRNAs can silence HIV-1 gene expression after
viral integration. It is also probable that siRNA can inhibit
HIV-1 at a step prior to integration. However, our results
suggest that the major effect of this step is subsequent to
HIV-1 reverse transcription, while a previous study suggested
that this inhibition occurred prior to reverse transcription (44).
Differences in the experimental conditions, including the time
that the assays were performed and the amount of virus used,
likely account for these different results. In our analysis, we
were able to obtain prolonged suppression of HIV-1 replica-
tion in MAGI cells extending at least 13 days. The prolonged
time of suppression of viral replication seen in our study com-
pared to that found in a previous study is likely due to the more
efficient transfection of siRNAs in MAGI cells than in H9 cells
(65). The recent demonstration that siRNAs can be produced
from RNA polymerase III promoters such as H1 and U6 sug-
gests that both macrophages and primary T cells may also be
efficiently targeted by using these promoters in an attempt to
inhibit HIV-1 replication (11, 58). In summary, our data and
those of other studies indicate that siRNAs can lead to the
inhibition of HIV-1 replication likely by effects both prior to
and following viral integration.

The studies presented here are useful in establishing a sys-
tem in which to better investigate cellular factors that are
involved in the control of HIV-1 gene expression. Moreover,
transfection of siRNAs into cells avoids the potential cellular
toxicity due to the chronic expression of these siRNAs. Thus,
RNAi provides an interesting approach to better characterize
the role of specific cellular and viral factors involved in regu-
lating HIV-1 gene expression.
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