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ABSTRACT

Mammalian RNAi machinery facilitating transcrip-
tional gene silencing (TGS) is the RNA-induced tran-
scriptional gene silencing-like (RITS-like) complex,
comprising of Argonaute (Ago) and small interfering
RNA (siRNA) components. We have previously de-
monstrated promoter-targeted siRNA induce TGS
in human immunodeficiency virus type-1 (HIV-1)
and simian immunodeficiency virus (SIV), which pro-
foundly suppresses retrovirus replication via het-
erochromatin formation and histone methylation.
Here, we examine subcellular co-localization of
Ago proteins with promoter-targeted siRNAs
during TGS of SIV and HIV-1 infection. Analysis of
retrovirus-infected cells revealed Ago1 co-localized
with siRNA in the nucleus, while Ago2 co-localized
with siRNA in the inner nuclear envelope.
Mismatched and scrambled siRNAs were observed
in the cytoplasm, indicating sequence specificity.
This is the first report directly visualizing nuclear
compartment distribution of Ago-associated siRNA
and further reveals a novel nuclear trafficking mech-
anism for RITS-like components involving the actin
cytoskeleton. These results establish a model for
elucidating mammalian TGS and suggest a funda-
mental mechanism underlying nuclear delivery of
RITS-like components.

INTRODUCTION

Argonaute proteins and small RNA duplexes are the
primary components of effector complexes regulating

transcriptional gene silencing (TGS) and post-
transcriptional gene silencing (PTGS). Ago1 and
sequence-specific siRNA are both essential components
of the RNA-induced transcriptional silencing-like (RITS-
like) complex, which directs siRNA-mediated TGS in
mammalian cells (1,2). Ago1 also associates with RNA
polymerase II (RNAPII) during siRNA-mediated TGS
in humans (1). Both Ago1 and Ago2 can be found in
the nucleus of human cells (3). We have previously
shown sustained suppression of SIV and HIV-1 infections
by siRNA-mediated TGS (4–7). This process is associated
with modification of histone tails, recruitment of histone
deacetylase 1 (HDAC1) and alteration of the chromatin
structure within the retroviral LTR. The mechanism of
siRNA-induced TGS is not well understood, particularly
in mammalian cells, and there has been no direct visual-
ization of RITS-like complex components in the nucleus.
For the RITS-like complex to function at the site of

TGS, transport of the components from the cytoplasm
into the nucleus is required. Actin is the major cytoskel-
eton component in the cytoplasm and among other
cellular processes plays an important role in intracellular
transport. Recent evidence has shown nuclear actin,
actin-binding proteins (Abps) and actin-related proteins
(Arps) are functionally important in the nucleus (8),
with actin being required for transcription by RNAPII
(9). Actin, Abps and Arps also functionally contribute
to chromatin modifications. A link between actin and its
related or binding proteins and siRNA-mediated TGS has
not been previously shown.
Our study aimed to identify the subcellular localization

of critical RITS-like complex components during
siRNA-mediated TGS of SIV and HIV-1 infections, by
examining confocal scanning immunofluorescent micros-
copy images of cells co-transfected with Ago1 or Ago2
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and promoter-targeted siRNAs. We observed that
promoter-targeted siRNAs primarily co-localized with
Ago1 in the nucleus of retrovirus-infected cells, while
Ago2 was unexpectedly found to co-localize with
promoter-targeted siRNAs primarily in the nuclear
envelope of retrovirus-infected cells. We proceeded to in-
vestigate the mechanism trafficking our specific siRNAs to
subcellular compartments during TGS of both retro-
viruses and revealed a novel association between F-actin
and the nuclear compartment (comprised of both the
nucleus and nuclear envelope) of retrovirus-infected cells
during TGS. Furthermore, inhibition of actin filament
polymerization by cytochalis in D reversed both F-actin
and siRNA association with the nuclear compartment,
which instead were observed in the cytoplasm of
retrovirus-infected cells. Our findings show a distinct dis-
tribution of argonaute proteins in the nuclear compart-
ment of retrovirus-infected cells during TGS and link
the cytoskeleton with nuclear delivery of RITS-like
complex components.

MATERIALS AND METHODS

Plasmid constructs and siRNAs

Expression plasmids encoding FLAG epitope-tagged
human Ago1 (NM_012199) and Ago2 (NM_012154)
were generated by cloning Ago1 or Ago2 into the pME-
FLAG vector, which was kindly provided by Takaomi
Ishida (10), using unique XhoI and SpeI restriction
enzyme sites. SIV promoter-targeted siRNAs: si2A (50-C
CGCAAGAGGCCTTCTTA-30) (4) and si2A-scrambled
(50-TAAAGCCTCAAACCCCGGTGT-30) and SIV
Gag-targeted siRNA: siGag (50-GGATGTACAGACAA
CAGAA-30) (4) were labeled on the 30 end of the sense
and antisense strands with AlexaFluor555. HIV-1
promoter-targeted siRNAs: siPromA (50-GGGACTTTC
CGCTGGGGACTT-30) (5), siPromA-M2 (50-GGGACT
TTAAGCTGGGGACTT-30) and siPromA-scrambled
(50-AAC-AGGCACACGTCCCAGCGT-30) were labeled
on the 30 end of the antisense strand with AlexaFluor555
(Invitrogen). All AlexaFluor555-labeled siRNAs were
85–90% pure as determined by mass spectrometry
analysis.

Cell culture

Media and reagents for cell culture were purchased from
Gibco. MAGIC-5 and HeLa T4+ cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal calf serum, 5 U/ml penicillin and 50 mg/ml
streptomycin (supplemented DMEM) and incubated at
37�C in a humidified incubator with 5% CO2.

Antibodies and fluorescent probes

Mouse monoclonal antibody against FLAG tagged
epitope was used at 1:1000 dilution (Sigma, clone-M2
F1804). Rabbit monoclonal antibody directed against
Lamin B was used at 1:500 dilution (Abcam). Normal
mouse serum and normal rabbit serum antibody controls
were used at 1:1000 and 1:500 dilutions, respectively

(Invitrogen). AlexaFluor647-conjugated goat anti-mouse
secondary antibody (Invitrogen) and AlexaFluor488-
conjugated goat anti-rabbit secondary antibody
(Invitrogen) were used at 1:200 dilution. AlexaFlour647-
conjugated Phalloidin (AF647-Phalloidin) was used at
1:1000 dilution (Invitrogen). All antibody dilutions were
made in a 10% normal goat serum (Invitrogen) and PBS
diluent. The nuclear counterstain 40,6-diamidino-2-
phenylindole (DAPI) (Invitrogen) was used at 1:1000
dilution in PBS.

Retrovirus infections

For experiments using SIV-infected cells, 5� 105

MAGIC-5 cells seeded into SlideFlasks (Nunc) in supple-
mented DMEM and following incubation for 16 h at 37�C
in a humidified incubator with 5% CO2 cells were
inoculated with 1.5� 107 RNA copies of SIVmac251.
Cells were infected with SIV for 24 h prior to RNAi
studies. In experiments using HIV-1SF162 infected cells,
HIV-1SF162 was expanded using HUT78 cells, then HeLa
T4+ cells were inoculated with 1� 104 RNA copies and
incubated for 9 days. Following this time, 5� 105 infected
HeLa T4+ cells were seeded into SlideFlasks in supple-
mented DMEM and following incubation for 16 h at
37�C in a humidified incubator with 5% CO2 were used
in RNAi studies. The HIV-1LAV strain used was from a
stably infected HeLa cell line, where greater than 90% of
cells express the HIV-1 envelope protein, gp120 (11). Cells
(5� 105) were seeded into SlideFlasks in supplemented
DMEM and following incubation for 16 h at 37�C in a
humidified incubator with 5% CO2 cells were used for
RNAi studies.

RNA interference studies

Cells were transiently co-transfected with the expression
plasmids and siRNAs described above using
Lipofectamine2000 (Invitrogen) as per the manufacturer’s
instructions. Briefly, 5� 105 cells in supplemented DMEM
were seeded into SlideFlasks (Nunc) and incubated for
16 h at 37�C in a humidified incubator with 5% CO2.
Cells were co-transfected with 1 mg Ago1, Ago2 or
empty vector plasmids and 0.64 nL siRNA using
Lipofectamine2000 in OptiMEM medium (Invitrogen).
Supplemented DMEM was added 4 h post-transfection
and cells were processed 24 h later for immunofluores-
cence staining and supernatants were harvested to perform
the reverse transcriptase (RT) assay measuring virus
replication.

Drug treatment with cytochalisin D

Directly preceding co-transfection with FLAG-tagged
constructs and siRNAs, mock-, SIV and HIV-1 infected
cells were pre-treated for 1 h with cytochalisin D (cytD)
(Sigma) at 1 mg/ml in 0.1% dimethyl sulfoxide (DMSO)/
PBS. Parallel untreated cultures were exposed to 0.1%
DMSO. Directly following the transfection process, cytD
(1 mg/ml) was added to cells in OptiMEM medium.
Supplemented DMEM was added 4 h post-transfection
with 1 mg/ml cytD and cells were processed 24 h later for
immunofluorescence staining.
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Confocal immunofluorescent microscopy

Immunofluorescence microscopy was performed with
MAGIC-5 and HeLa cells grown on SlideFlasks (Nunc).
The cells were transiently co-transfected with Ago1 or
Ago2 and promoter-targeted or control siRNAs as
described above. After 24 h cells were washed in PBS
and fixed in 4% formaldehyde (Sigma) for 10min at
RT. Cells were washed again in PBS and permeabilized
with 0.3% Triton X-100 (Sigma) for 10min at RT. To
reduce non-specific binding cells were blocked in 10%
normal goat serum for 30min at 37�C in a humidified
chamber and washed in PBS. All subsequent incubation
steps were performed at 37�C in a humidified chamber.
Cells were incubated for 1 h with primary antibodies
specific for the FLAG-tag epitope, Lamin B or in subse-
quent experiments AF647-Phalloidin, washed thrice in
PBS and incubated for 30min with appropriate secondary
antibodies. Cells were washed thrice in PBS and incubated
with DAPI for 10min at RT. Slides were mounted with
coverslips and Fluromount G (Electron Microscopy
Services). Confocal images of fluorescently labeled cells
were acquired with a Leica inverted confocal laser scann-
ing microscope (Leica TCS SP2) using a high-resolution
Leica 63�/1.4NA Plan Apo oil immersion objective and a
pinhole aperture setting of 1 Airy unit. The microscope
was equipped with Ar and HeNe laser lines 488 nm detect-
ing AlexaFluor488, 543 nm to detect AlexaFluor555 and
633 nm to detect AlexaFluor647 and UV diode for 405 nm
DAPI detection. Due to the broad emission spectra of
these dyes, the fluorescent signals were collected only
from peak regions and acquired sequentially. Images
(8 bit) were acquired at scan speed (8 s per 1024� 1024
pixels) to minimize the noise, with approximately
15 optical plane slices at 0.2mm spacing in the z-axis.
Image processing and generation of Pearson’s coefficient
correlation (PCC) values were performed using ImageJ
software, Version 1.42q (National Institutes of Health,
USA) (12), by first subtracting the background and then
applying the Co-localization Analysis Plugin on the total
image area, as described by (13). At least five PCC values
were generated for each experimental treatment, from at
least five randomly selected fields. Each field of view con-
tained up to 40 cells (magnification 63�). Results were
obtained from three independent experiments and data
are shown from a representative experiment.

RT assay

Productive viral infection was quantified by RT activity in
culture supernatants using the method previously
described (14).

Cytoplasmic and nuclear protein extraction

HeLa cells were infected with HIV-1SF162 and transfected
with FLAG-tagged Ago1 and promoter-targeted siPromA
not labeled with AlexaFluor dye, as described above. Two
days following transfection cells were washed with ice cold
PBS and harvested using a cell scraper. The nuclear ex-
traction protocol used has been adapted to meet PC3 la-
boratory requirements (15). Cells were washed in

hypotonic buffer (10mM Tris–HCl, pH 8.0, 0.32M
sucrose, 20mM MgCl2, 0.1mM EDTA, 10mM DTT
and complete ultra EDTA-free protease inhibitors
(Roche) (15). Following centrifugation cells were washed
and lysed in hypotonic buffer during a 45min incubation
on ice. Nuclei were isolated and purified by passing lysate
through a p200 pipette tip 20 times, followed by passage
through a p20 tip 20 times. Nuclei were sedimented by
centrifugation at 3000g at 4�C for 5min, the supernatant
containing cytoplasmic fraction was collected and the
nuclear pellet was resuspended in hypotonic buffer con-
taining 0.5M sucrose and sedimented by centrifugation at
3000g at 4�C for 5min. Nuclear proteins were isolated in
extraction buffer (400mM NaCl, 20mM HEPES, pH 7.9,
25% glycerol, 1.5mMMgCl2, 0.4mM EDTA, 1mM DTT
and complete ultra EDTA-free protease inhibitors) for
30min at 4�C (15). Insoluble nuclear residues were sedi-
mented at 3000g at 4�C for 10min and the supernatant
was collected. Collected cytoplasmic and nuclear fractions
were applied for immunoprecipitation (IP).

IP, SDS–PAGE and western blot analysis

Protein fractions were diluted in two volumes of PBS to
decrease the salt concentration and samples were
incubated with anti-FLAG M2 agarose affinity gel over-
night at 4�C with rotation. Immunoprecipitates were
washed four times with PBS supplemented with complete
ultra EDTA-free protease inhibitors. Loading buffer with-
out reducing agent (Invitrogen) was added and samples
were boiled for 5min, centrifuged and supernatant was
loaded onto an Invitrogen NuPage 4–12% Bis-Tris gel
and separated for 35min at 200V. Separated proteins
were transferred onto a PVDF membrane for 90min at
30V, blocked in 2.5% skimmed milk/TBS and
immunoblotted with mouse anti-b-actin (1:2500, Sigma,
A5441 clone AC-15) or rabbit anti-Argonaute 1/2/3/4
polyclonal antibody (1:500, Thermo Scientific, PA1-
41178) at room temperature for 1 h or mouse anti-
FLAG M2 (1:3000, Sigma, clone M2 F1804) (16) at
37�C for 1 h. All dilutions were prepared in 2.5%
skimmed milk/TBS. Prior to addition of secondary sheep
anti-mouse HRP antibody (1:3000) immunoblots were
washed in TBS/0.1% Triton X-100. Immunoblots were
developed using Immuno-Star HRP chemiluminescent
reagents as per manufacturer’s instructions (Bio-Rad)
and visualized using Quantity One chemiluminescence
software.

Statistical analysis

RT values are given as mean and SEM and were tested for
significance using a paired, two-tailed t-test. PCC values
are given as the mean and SEM and statistical compari-
sons of PCC correlations were performed using the
non-parametric Mann–Whitney test, since the data are
unpaired, and with the low sample number (n=5 or 6)
no assumption can be made regarding normal Gaussian
distribution. A P-value <0.05 was considered statistically
significant. All analyses were performed using Graphpad
Prism Version 5.0 a (Graphpad Software, San Diego, CA,
USA).
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RESULTS

si2A targeting the promoter region suppresses SIV
replication

Based on our previous report of si2A potently suppressing
SIV replication through targeted promoter binding, we
used this siRNA and a scrambled siRNA control
AlexaFluor555-labeled at the 30-ends of both antisense
and sense strands (Figure 1A), with FLAG-tagged Ago1
or Ago2 constructs to examine their subcellular localiza-
tion during RNA-induced TGS of SIVmac251 infection.
Based on known argonaute sequences and domains,
comprising of the N-terminus, a Piwi-Argonaute-Zwille
(PAZ) domain, a MID domain and C-terminal PIWI
domain, along with recent crystallography studies report-
ing the 50 phosphate of small RNAs bind argonaute
proteins via a binding pocket in the MID domain (17),
we predicted that fusing a FLAG-tag to the N-terminal
of our argonaute constructs would not interfere with this
interaction. To confirm this, we assessed the fluorophore-
labeled siRNAs ability to suppress SIV replication in the
presence of N-terminal FLAG-tagged Ago1 and observed
greater than 7-fold suppression on Day 6 post-infection
when compared to scrambled siRNA (si2A-Sc-AF555) or
mock controls as measured by reverse transcriptase (RT)
assay (Figure 1B). We also confirmed the functionality of
the FLAG-tagged Ago1 compared to endogenous Ago
proteins by performing RT assays on SIV-infected cells
transfected with the labeled siRNAs alone. We found
that cultures transfected with FLAG-tagged Ago1 and
si2A-AF555 had a significant twofold greater decrease in
RT activity (P=0.0005) compared to cells transfected
with si2A-AF555 alone, indicting the transfected FLAG-
tagged Ago construct expresses functional protein that
contributes substantially to the observed viral suppression
in addition to that mediated by endogenous Ago proteins
alone (Figure 1B). This confirmed our previous study
showing unlabeled si2A mediates SIV suppression via
TGS (4) and demonstrate the addition of a fluorophore

to the siRNA 30-end (si2A-AF555) did not perturb its
ability to suppress SIV replication, nor did the
N-terminal FLAG-tag interfere with this process.

Ago1 co-localizes with si2A in the nucleus of
SIV-infected cells

Having established the fluorophore-labeled siRNAs and
FLAG-tagged Ago constructs were functional, we pro-
ceeded to investigate the subcellular compartments in
which RITS-like components localize during TGS. We
used MAGIC-5 cells, which express the preferred
SIVmac251 co-receptor, CCR5 (along with CD4 and
CXCR4), and infected with SIV or mock-infected for
24 h, then co-transfected with FLAG-tagged Ago1 or
empty vector and si2A-AF555 or si2A-Sc-AF555 for a
further 24 h. Following immunofluorescent staining, the
cells were analyzed by confocal laser scanning microscopy.
We observed si2A-AF555 and Ago1 localized predomin-
antly to the cytoplasm of mock-infected cells, with some
co-localization (Figure 2A). In stark contrast, si2A-AF555
and Ago1 were observed to co-localize in the nuclear com-
partment of SIV-infected cells (Figure 2B). Mock- and
SIV-infected cells co-transfected with si2A-Sc-AF555
(Figure 2C) and Ago1 or empty vector controls showed
only cytoplasmic staining and some low level
co-localization. As expected the PTGS inducing Gag-
specific siRNA, siGag-AF555, was observed in the cyto-
plasm, but not the nucleus, of both mock- and
SIV-infected cells (Supplementary Figure S1A–B). The
observations of Ago1:si2A and Ago1:siGag co-localizing,
respectively, in the nucleus and cytoplasm of SIV-infected
cells is consistent with TGS occurring in the nucleus and
PTGS in the cytoplasm. Consistent with a previous study,
we also observed larger siRNA aggregates compared to
Ago protein staining patterns (18). No nuclear envelope
co-localization with LaminB was observed for Ago1 or
siRNAs in mock- or SIV-infected cultures. Image
analysis revealed a significant co-localization between
si2A-AF555 or Ago1 and the nucleus of SIV-infected

Figure 1. siRNA targeting the promoter region of SIVmac251 inhibits viral replication in MAGIC-5 cells. (A) 50LTR sequence of SIVmac251
targeted by siRNAs; si2A and si2A-Scrambled control (si2A-Sc) are shown under the green bar at �164 bp. The NF-kB binding motif is shown
above the blue bar at �49 bp. Nucleotide numbering is relative to the transcription start site. (B) The viral reverse transcriptase activity in culture
supernatant, measured 6 days after virus infection of MAGIC-5 cells and transfection with FLAG-tagged Ago1 or without FLAG-tagged Ago1- and
SIV-specific siRNAs; si2A and siGag, and specificity control, scrambled siRNA (si2A-Sc) or Lipofectamine2000 alone (mock) *P� 0.02,
**P=0.002, *** P=0.008; NS, not significant; RT, reverse transcriptase.
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cells as indicated by Pearson’s correlation coefficient
(PCC: 0.52±0.05 and 0.31±0.03, respectively)
(mean±SEM) compared to mock-infected cells
(0.15±0.02 and 0.11±0.02, respectively) (both
P=0.008) and all other comparator cultures (Figure
2D). Although SIV-infected cells co-transfected with
si2A-Sc-AF555 and Ago1 showed slightly increased PCC
for nuclear co-localization (0.27±0.03 and 0.19±0.02,
respectively), the mean values were still significantly lower
compared to SIV-infected cells co-transfected with
si2A-AF555 and Ago1 (P=0.008). Importantly, a signifi-
cant degree of co-localization was reported between
si2A-AF555 and Ago1 in SIV-infected cells (0.36±0.02)
compared to mock-infected cells (0.12±0.04)
(P=0.002). There were no significant correlations for
siRNAs and Ago1 co-localization, nuclear localization
(Figure 2D) or nuclear envelope localization (data not
shown) observed in any other control cultures. These
results clearly demonstrate Ago1 and the
promoter-targeted si2A preferentially co-localize at the
site of TGS in SIV-infected cells.

Ago2 co-localizes with si2A in the nuclear envelope
of SIV-infected cells

To elucidate the subcellular localization of Ago2 during
TGS of SIV, we co-transfected MAGIC-5 cells with Ago2
and the same panel of fluorophore-labeled siRNAs as in
the previous experiments. Confocal images revealed si2A-
AF555 and Ago2 localized to the cytoplasm of mock-
infected cells, with some co-localization (Figure 3A).
Intriguingly, SIV-infected cells co-transfected with Ago2
and si2A-AF555 displayed distinct nuclear envelope
(LaminB) co-localization (Figure 3B), whereas mock- or
SIV-infected cells co-transfected with si2A-Sc-AF555
(Figure 3C) or siGag-AF555 and Ago2 or empty vector
controls all showed cytoplasmic staining only, with some
co-localization (data not shown). Again as expected,
siGag-AF555 and Ago2 were observed in the cytoplasm
of mock- and SIV-infected cells, with some co-localization
(Supplementary Figure S1C–D). This observation is
consistent with sequence-specific siRNA (in our case
siGag) and Ago2 being key components of RISC

Figure 2. Immunofluorescent analysis of SIV promoter-targeted siRNA and Ago1 in MAGIC-5 cells. (A) Mock-infected cells co-transfected with
Ago1 and si2A. (B) SIV-infected cells co-transfected with Ago1 and si2A. (C) SIV-infected cells co-transfected with Ago1 and scrambled siRNA.
siRNAs (si2A and si2A-Sc) labeled with AF555 show red fluorescence, FLAG-tagged epitope representing Ago1 is labeled with AF647
(pseudocolored magenta), Lamin B labeled with AF488 (green fluorescence) indicates nuclear envelope and DAPI nuclear stain is pseudocolored
blue. Arrows indicate nuclear localization in SIV-infected cells. Magnification 63�, scale bars indicate 5 mm. Images are representative of three
experiments. (D) Pearson’s correlation coefficient values are shown for siRNA and DAPI (left panel), Ago1 and DAPI (middle panel) and siRNA
and Ago1 (right panel). **P=<0.008.
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(19–21), leading to PTGS in the cytoplasm of SIV-infected
cells. The PCC values confirmed a significant
co-localization between the nuclear envelope of
SIV-infected cells co-transfected with si2A-AF555 and
Ago2 (0.29±0.02 and 0.30±0.02, respectively)
compared to mock-infected cells (0.16±0.01 and
0.13±0.01, respectively) (P=0.02 and 0.008, respective-
ly) and all other cultures (Figure 3D). There was also a
low degree of correlation between staining for either
si2A-AF555 or Ago2 with the nucleus of SIV-infected
cells (0.23±0.02 and 0.19±0.02, respectively)
compared to mock-infected cells (0.14±0.01 and
0.13±0.01, respectively) (both P=0.03). Importantly,
si2A-AF555 and Ago2 showed a significant degree of
co-localization in infected cells (0.27±0.02) compared
to mock-infected cells (0.15±0.02) (P=0.02). These
data demonstrate that Ago2 and the promoter-targeted
si2A, but not the control siRNAs, co-localize predomin-
ately within the nuclear envelope of SIV-infected cells.

siPromA suppresses HIV-1 virus replication

Based on our findings in SIV infection, we hypothesized
that promoter-targeted siRNA and Ago1 and 2 proteins
may co-localize similarly during RNA-induced TGS of
HIV-1 infection. To test this hypothesis, we utilized two
different HIV-1 subtype B strains, SF162 (a T cell line
adapted CCR5-tropic virus) and LAV (a CXCR4-tropic
virus) to assess whether the fluorophore-labeled siRNA
were functional in suppressing HIV-1 subtype B virus in-
fection. Our previous studies have described the siPromA
sequence as a potent siRNA transcriptional suppressor of
HIV-1, by interacting with the tandem NF-kB binding
sites in the 50LTR (5). We labeled this siRNA
(siPromA), a two base pair mismatch siRNA (siPromA-
M2) and a scrambled siRNA control (siPromA-Sc) with
AF555 only on the antisense strand 30 end and assessed
whether virus suppression was disrupted by the addition
of a 30 fluorophore in the presence of FLAG-tagged Ago1

Figure 3. Immunofluorescent analysis of SIV promoter-targeted siRNA and Ago2 in MAGIC-5 cells. (A) Mock-infected cells co-transfected
with Ago2 and si2A. (B) SIV-infected cells co-transfected with Ago2 and si2A. (C) SIV-infected cells co-transfected with Ago2 and scrambled
siRNA. siRNAs (si2A and si2A-Sc) labeled with AF555 show red fluorescence, FLAG-tagged epitope representing Ago2 is labeled with
AF647 (pseudocolored magenta), Lamin B labeled with AF488 (green fluorescence) indicates nuclear envelope and DAPI nuclear stain is
pseudocolored blue. Arrows indicate nuclear localization in SIV-infected cells. Magnification x63, scale bars indicate 5 mm. Images are representative
of three experiments. (D) Pearson’s correlation coefficient values are shown for siRNA and DAPI (upper left panel), Ago2 and DAPI (upper middle
panel), siRNA and Ago2 (upper right panel), siRNA and LaminB (lower left panel) and Ago2 and LaminB (lower right panel). *P� 0.03.
**P� 0.008.
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(Figure 4A). We observed >50-fold reduction in replica-
tion of HIV-1SF162 on Day 5 post-transfection when
compared to scrambled and mismatched siRNAs or
mock controls as measured by RT assay (Figure 4B). As
above we reconfirmed the functionality of the FLAG-
tagged Ago1 as well as FLAG-tagged Ago2 compared
to endogenous Ago proteins by performing RT assays
on HIV-1SF162 infected cells transfected with HIV-1
specific labeled siRNAs alone. Again, we found that cul-
tures transfected with FLAG-tagged Ago1 and siPromA-
AF555 or FLAG-tagged Ago2 and siPromA-AF555 had a
significant 1.9-fold and 2.2-fold greater decrease in RT
activity (P=0.03 and 0.04, respectively) compared
to cells transfected with siPromAA-AF555 alone, indict-
ing the expression of FLAG-tagged Ago proteins is func-
tional and contributes to a greater viral suppression than
endogenous Ago proteins alone (Figure 4B). We also
showed greater than 2-fold reduction in HIV-1LAV repli-
cation on day 5 post-transfection with both labeled
siRNAs and FLAG-tagged Ago1, compared to the
scrambled and mismatched siRNAs or mock controls
(Supplementary Figure S2A). These findings confirm
our previous data showing unlabeled siPromA mediates
HIV-1 suppression via TGS (5) and reiterates our SIV
data by demonstrating the addition of a fluorophore
to the 30 siRNA end does not disrupt any interaction
with the HIV-1 promoter region. This process appears to
be highly specific as there was no impact on production of
either virus strain mediated by the variant M2 siRNA,
which only varies from the promA siRNA sequence by
2 bp, or the scrambled siRNA and confirms published spe-
cificity data using these siRNAs (16). These results show
the antisense fluorophore-labeled siPromA successfully
and specifically suppressed HIV-1 replication of both
subtype B strains, SF162 and LAV.

Ago1 co-localizes with the antisense strand of siPromA
in the nucleus of HIV-1 infected cells

To elucidate the subcellular localization of Ago1 and the
promoter-targeted siPromA during TGS of HIV-1

infection, we used HIV-1SF162 or HIV-1LAV infected and
mock-infected HeLa T4+ cells co-transfected with
FLAG-tagged Ago1 or empty vector and antisense
strand AF555-labeled siPromA, along with siPromA-M2
or siPromA-Sc as controls. Following immunofluorescent
staining, cells were analyzed by confocal laser scanning
microscopy and both HIV-1 subtype B strain-infected
cells displayed a similar Ago1:siRNA co-localization
pattern to that observed in SIV-infected cells. Ago1 and
antisense siPromA-AF555 localized to the cytoplasmic
compartment of mock-infected cells, with some
co-localization (Figure 5A, Supplementary Figure S2B),
while Ago1 and antisense siPromA-AF555 predominantly
co-localized in the nucleus of both HIV-1SF162 (Figure 5B)
and HIV-1LAV infected cells (Supplementary Figure S2C).
In contrast, mock-, HIV-1SF162 (Figure 5C) and HIV-1LAV

infected cells (Supplementary Figure S2D) co-transfected
with siPromA-Sc-AF555 and Ago1 (or empty vector, data
not shown) displayed cytoplasmic staining and some
co-localization. Similarly, mock- and all HIV-1 infected
cells co-transfected with siPromA-M2-AF555 and Ago1
(or empty vector, data not shown) also revealed only cyto-
plasmic staining with some co-localization. Our observa-
tions of Ago1 and antisense siPromA predominantly
co-localizing in the nucleus of HIV-1 infected cells are
consistent with the nuclear TGS pathway and support
our findings in SIV-infected cultures. PCC values
generated by confocal image analysis showed a significant
correlation between antisense siPromA-AF555 or Ago1 in
the nucleus of HIV-1SF162 infected cells (0.36±0.02 and
0.40±0.02, respectively) compared to mock-infected cells
(0.16±0.02 and 0.15±0.02, respectively) (both
P=0.002) and all other cultures (Figure 5D), with a
similar correlation reported in the nucleus of HIV-1LAV

infected cells (Supplementary Figure S2E). No significant
correlations for nuclear co-localization were reported in
any mock-infected cells or HIV-1 infected cells co-
transfected with siRNA controls; siPromA-Sc-AF555
and siPromA-M2-AF555, or empty vector. Once again,
the promoter-targeted siRNA, siPromA and Ago1

Figure 4. siRNA targeting the promoter region of HIV-1 inhibits viral replication in HeLa T4+cells. (A) 50LTR sequence of HIVSF162 and HIVLAV

targeted by siRNAs; siPromA, siPromA-Sc and siPromA-M2 control are highlighted. Nucleotide numbering is relative to the transcription start site.
(B) Viral reverse transcriptase activity in culture supernatant, measured 5 days after infection of HeLa T4+cells and transfection with siRNA alone,
FLAG-tagged Ago1 or Ago2 and HIV specific siRNA; siPromA and specificity controls; siPromA-Sc and siPromA-M2 or Lipofectamine2000 alone
(mock) *P=< 0.02, **P=0.002, ***P=0.008.
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showed a significant degree of co-localization in
HIV-1SF162 infected cells (0.40±0.02) compared to
mock-infected cells (0.18±0.02) (P=0.002). These
results clearly demonstrate that Ago1 co-localizes with
the antisense strand of promoter-targeted siPromA in
the nucleus of cells infected with either HIV-1SF162 or
HIV-1LAV strains.

Ago2 co-localizes with the antisense strand of siPromA
in the nuclear envelope of HIV-1 infected cells

We also examined the subcellular compartmentalization
of Ago2 and siPromA during TGS of HIV-1 infection,
using HIV-1SF162 or HIV-1LAV infected and mock-infected
HeLa T4+cells, co-transfected with Ago2 or empty vector
and our panel of antisense strand fluorophore-labeled
siRNAs. Confocal images again revealed cells infected
with either HIV-1 subtype B strain showed the same
intriguing Ago2:siRNA co-localization pattern as seen
in SIV-infected cells. While mock-infected cultures dis-
played Ago2 and siPromA-AF555 localized to the

cytoplasmic compartment, with some co-localization
observed (Figure 6A), HIV-1SF162 (Figure 6B) and
HIV-1LAV infected cells (Supplementary Figure S3B)
showed distinct nuclear envelope membrane
co-localization of Ago2 and antisense strand
siPromA-AF555. Mock- or HIV-1SF162 (Figure 6C) and
HIV-1LAV infected cells (Supplementary Figure S3C)
co-transfected with siPromA-Sc-AF555 and Ago2
showed predominantly cytoplasmic staining, with some
co-localization. Similarly, mock- and both HIV-1
subtype B strain infected cells co-transfected with
siPromA-M2-AF555 and Ago2 (or empty vector, data
not shown) also revealed predominantly cytoplasmic
staining with some co-localization. ImageJ analysis
showed a significant correlation between siPromA or
Ago2 and nuclear envelope staining in HIV-1SF162
infected cells (0.38±0.02 and 0.40±0.03, respectively)
compared to mock-infected cells (0.11±0.02 and
0.10±0.02, respectively) (both P=0.002) and all other
cultures (Figure 6D), with a similar correlation reported in

Figure 5. Immunofluorescent analysis of HIV-1 promoter-targeted siRNA and Ago1 in HeLa cells. (A) Mock-infected cells co-transfected with Ago1
and siPromA. (B) HIVSF162-infected cells co-transfected with Ago1 and siPromA. (C) HIVSF162-infected cells co-transfected with Ago1 and scrambled
siRNA. siRNAs (siPromA and siPromA-Sc) labeled with AF555 show red fluorescence, FLAG-tagged epitope representing Ago1 is labeled with
AF647 (pseudocolored magenta), Lamin B labeled with AF488 (green fluorescence) indicates nuclear envelope and DAPI nuclear stain is
pseudocolored blue. Arrows indicate nuclear localization in HIVSF162-infected cells. Magnification 63�, bars represent 5mm. Images are represen-
tative of three experiments. (D) Pearson’s correlation coefficient values are shown for siPromA and DAPI (left panel), Ago1 and DAPI (middle
panel) and siPromA and Ago1 (right panel). **P=0.002.
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the nuclear envelope of HIV-1LAV infected cells
(Supplementary Figure S3D). No significant correlations
were reported in mock-infected cells or HIV-1 infected
cells co-transfected with Ago2 or empty vector and
siRNA controls; siPromA-Sc-AF555 and
siPromA-M2-AF555. There was also no significant correl-
ation between siPromA-AF555 staining and nuclear
staining of HIV-1 infected cells. Ago2 showed some
co-localization with the nucleus in HIV-infected cells
compared to mock-infected cells (P=0.01), although
this correlation was due to overlap between the nucleus
and the nuclear envelope and was no longer significant
when compared to empty vector or siPromA-M2 trans-
fected controls in infected cells. These results clearly dem-
onstrate that Ago2 and the antisense strand of siPromA
co-localize predominately within the nuclear envelope of
cells infected with HIV-1SF162 or HIV-1LAV subtype B
strains.

Cytoplasmic actin filaments translocate to the nuclear
compartment of retrovirus-infected cells during TGS

The distinct subcellular co-localization patterns of Ago1
and Ago2 with our promoter-targeted siRNAs during
TGS of retroviral infections led us to investigate the mech-
anism trafficking RITS-like complex components to
specific subcellular compartments. Since actin and Arps
are known to be functional in chromatin-modifying com-
plexes and play a role in intracellular transport, including
actin-mediated entry of HIV into the nucleus (22),
we hypothesized that the cytoskeleton, specifically its
major actin component, was involved in delivering
RITS-like complex components to their distinct sub-
cellular sites. We investigated this using the same infection
and co-transfection model as described in previous experi-
ments, using SIV or HIV-1SF162 infected cells that were
then co-transfected with the appropriate panels of

Figure 6. Immunofluorescent analysis of HIV-1 promoter-targeted siRNA and Ago2 in HeLa cells. (A) Mock-infected cells co-transfected with Ago2
and siPromA. (B) HIVSF162-infected cells co-transfected with Ago2 and siPromA. (C) HIVSF162-infected cells co-transfected with Ago2 and scrambled
siRNA. siRNAs (siPromA and siPromA-Sc) labeled with AF555 show red fluorescence, FLAG-tagged epitope representing Ago2 is labeled with
AF647 (pseudocolored magenta), Lamin B labeled with AF488 (green fluorescence) indicates nuclear envelope and DAPI nuclear stain is
pseudocolored blue. Arrows indicate nuclear localization in HIVSF162-infected cells. Magnification 63�, bars represent 5 mm. Images are represen-
tative of three experiments. (D) Pearson’s correlation coefficient values are shown for siPromA and DAPI (upper left panel), Ago2 and DAPI (upper
middle panel), siPromA and Ago2 (upper-right panel), siPromA and LaminB (lower left panel) and Ago2 and LaminB (lower right panel). NS, not
significant. *P=0.01, **P=0.002.
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fluorophore-labeled siRNAs and Ago1 or empty vector
for 24 h. We then immunofluorescently stained cellular
actin filaments with Phalloidin-AF647, a mushroom-
derived toxin specifically detecting actin polymers
(F-actin), but not actin monomers (G-actin) (23). Since
Phalloidin was labeled with the same fluorophore as our
secondary antibody detecting FLAG-tagged Ago, we did
not stain for Ago1 in this experiment and maintained the
use of our established 4-color confocal imaging panel. We
observed mock-infected cells co-transfected with si2A-
AF555 (Supplementary Figure S4A) or siPromA-AF555
(Figure 7A) possessed normal cytoskeleton distribu-
tion, with F-actin fibers localized at the cell periphery
and throughout the cytoplasm. Surprisingly, in SIV-
(Supplementary Figure S4B) and HIV-1SF162 (Figure 7B)
infected cells co-transfected with si2A-AF555 or siPromA-
AF555, respectively, there was F-actin rearrangement
and translocation of actin filaments to the nuclear com-
partment. In contrast, mock-, SIV- (Supplementary
Figure S4C) and HIV-1SF162 (Figure 7C) infected cells

co-transfected with scrambled siRNAs displayed cytoplas-
mic F-actin staining, as did mock- and retrovirus-infected
cells co-transfected with siGag-AF555 or siPromA-M2-
AF555 (data not shown). This illuminating result demon-
strates siRNA-mediated TGS of retroviruses is associated
with reorganization of the cytoskeleton, which may
be involved in nuclear transport of siRNA in the RITS-
like complex. Interestingly, while image analysis showed
an expected significant correlation between si2A-AF555 or
siPromA-AF555 and the nucleus of SIV- (Supplementary
Figure S4D) or HIV-1SF162 (Figure 7D) infected cells
(0.51±0.05 and 0.31±0.02, respectively) compared
to mock-infected cells (0.15±0.02 and 0.16±0.02, re-
spectively) (P=0.008 and 0.002, respectively) and all
other cultures, no significant co-localization was
reported between si2A-AF555 or siPromA-AF555 and
F-actin in the nucleus. This was despite low-level correl-
ation between F-actin and the nucleus of SIV- and
HIV-1SF162 infected cells (0.25±0.02 and 0.22±0.02, re-
spectively) compared to mock-infected cells (0.09±0.02

Figure 7. Immunofluorescent analysis of HIV-1 promoter-targeted siRNA and F-actin in HeLa cells. (A) Mock-infected cells co-transfected with
Ago1 and siPromA. (B) HIV-infected cells co-transfected with Ago1 and siPromA. (C) HIV-infected cells co-transfected with Ago1 and scrambled
siRNA. siRNAs (siPromA and siPromA-Sc) labeled with AF555 show red fluorescence, F-actin is labeled with phalloidin-AF647 (pseudocolored
magenta), Lamin B labeled with AF488 (green fluorescence) indicates nuclear envelope and DAPI nuclear stain is pseudocolored blue. Arrows
indicate nuclear localization in HIV-infected cells. Magnification 63�, bars represent 5mm. Images are representative of three experiments. (D)
Pearson’s correlation coefficient values are shown for siPromA and DAPI (upper left panel), F-actin and DAPI (upper middle panel), siPromA and
F-actin (upper right panel), siPromA and LaminB (lower-left panel) and F-actin and LaminB (lower right panel). NS, not significant. * P=0.02,
**P=0.002.
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and 0.07±0.01, respectively) (both P=0.002). These
results indicate a lack of co-localization in the nucleus
between our promoter-targeted siRNAs and F-actin,
even though both independently showed nuclear localiza-
tion in retrovirus-infected cells. Even more interesting was
our observation of a significant correlation between
F-actin and the inner nuclear envelope membrane of
SIV- and HIV-1SF162 infected cells co-transfected with
si2A-AF555 or siPromA-AF555, respectively
(0.35±0.05 and 0.31±0.02, respectively) compared to
mock-infected cells (0.12±0.02 and 0.09±0.01, respect-
ively) (both P=0.002). No significant correlations for
nuclear or nuclear envelope localization were reported in
any mock-, SIV- or HIV-1 infected cells co-transfected
with scrambled siRNA controls, siGag-AF555 or
siPromA-M2-AF555. Our finding of cytoskeleton
nuclear translocation during siRNA-mediated TGS in
two retroviruses suggests actin filaments may be
involved in nuclear transport of promoter-targeted
siRNA in the RITS-like complex.

Actin filaments co-localize and biochemically associate
with Ago1 and 2 in the nuclear compartment of
HIV-1 infected cells during TGS

To determine whether F-actin and Ago1 interact spatially
we performed the same infection and co-transfection
model as described in previous experiments, using
HIV-1SF162 infected cells that were then co-transfected
with the appropriate panels of nonlabeled siRNAs and
FLAG-tagged Ago1 or 2 or empty vector for 24 h. We
then immunofluorescently stained cellular actin filaments
with Phalloidin-AF647 and detected FLAG-tagged Ago1
or 2 with a secondary AF555 antibody to maintain the use
of our established 4-color confocal imaging panel. We
observed mock-infected cells co-transfected with
siPromA-AF555 possessed normal cytoskeleton distribu-
tion, with F-actin fibers localized at the cell periphery and
throughout the cytoplasm, and Ago1 or Ago2 also
localized to the cytoplasm (Figure 8A and Supplementary
Figure S5A, respectively). In contrast, HIVSF162 infected
cultures showed F-actin and Ago1 clearly co-localized in
the nucleus (Figure 8B), while F-actin and Ago2
co-localized to the nuclear envelope (Supplementary
Figure S5B). Cultures transfected with siPromA-Sc-
AF555 (Figure 8C and Supplementary Figure S7C)
empty vector or mock-infected all showed clear cytoplas-
mic staining of both F-actin and Ago1 or 2. PCC values
indicated a significant correlation between F-actin and
Ago1 (Figure 8D) and F-actin and Ago2 (Supplementary
Figure S5D) in infected cultures compared to mock-
infected cultures transfected with siPromA-AF555
(0.29±0.06 and 0.25±0.04, respectively) (both
P=0.002). Interestingly, F-actin staining showed signifi-
cant correlation with LaminB staining in both Ago1 or
Ago2 transfected and siPromA-AF555 transfected cul-
tures that were infected with HIV-1 compared to
mock-infected cultures (0.25±0.02 and 0.24±0.02, re-
spectively) (both P=0.002). No significant correlations
for nuclear or nuclear envelope localization were reported
in any mock- or HIV-1 infected cells co-transfected with

scrambled siRNA controls, siPromA-M2-AF555 or
empty vector.
To definitively confirm the co-localization observed

between F-actin and Ago1 occurs via a protein–protein
association, we performed IP analysis of HIV-1SF162
infected cultures transfected with FLAG-tagged Ago1 or
empty vector and unlabeled siPromA. We employed
FLAG-M2 agarose affinity gel to pull-down FLAG-
tagged Ago1 and associated proteins. Following immuno-
blotting using a b-actin specific antibody, we observed a
42 kDa band representative of b-actin in nuclear and cyto-
plasmic fractions of the IP samples of cultures transfected
with FLAG-tagged Ago1, but not in cultures transfected
with empty vector (Figure 8E, upper panel). We also
immunoblotted for FLAG-tag using a FLAG-M2
specific antibody and showed FLAG-tag presence
(�90 kDa band) in FLAG-tagged Ago1 transfected cul-
tures (Figure 8E, lower panel). Further, we immuno-
blotted for Ago protein using an Ago-specific antibody
and showed Ago protein (�90 kDa band) was present in
all input samples, but only in the nuclear IP fraction of
Ago1-transfected cultures (Figure 8E middle panel). Our
findings clearly demonstrate both co-localization of
F-actin and FLAG-tagged Ago1 or 2 and a protein inter-
action between F-actin and FLAG-tagged Ago1 during
siRNA-mediated TGS, suggesting that actin filaments
may be involved in nuclear transport of Ago1 in a
RITS-like complex.

Actin filament depolymerization by cytochalisin D disrupts
nuclear translocation of F-actin, promoter-targeted
siRNA and Ago1 and 2

To confirm our findings of cytoskeleton involvement in
nuclear transport of promoter-targeted siRNA, we pre-
treated mock-, SIV- or HIVSF162 infected cells with the
actin depolymerising agent, cytochalisin D (cytD). The
fungal toxin cytD inhibits actin polymerization by binding
to the polymeric actin plus end and prevents addition of
monomeric actin (24). Following cytD treatment, we trans-
fected FLAG-tagged Ago1 and our panel of fluorophore-
labeled siRNAs, and then immunofluorescently stained
the cytoskeleton actin filaments with phalloidin-AF647
24 h later. Analysis by confocal laser scanning micros-
copy revealed that treatment with cytD disrupted
nuclear trafficking, with no nuclear localization observed
for F-actin or siRNAs in any cytD treated SIV- or
HIV-1SF162 infected cultures. As shown in our previ-
ous experiment, cytD untreated SIV- (Supplementary
Figure S6A) and HIV-1SF162 (Figure 9A) infected cells
co-transfected with Ago1 and si2A-AF555 or siPromA-
AF555, respectively, were associated with F-actin and
promoter-targeted siRNA redistribution to the nuclear
compartment. In stark contrast, when we pretreated
SIV- (Supplementary Figure S6B) and HIV-1SF162
(Figure 9B) infected cells with cytD, followed by co-
transfection with Ago1 and si2A-AF555 or siPromA-
AF555, respectively, we observed disordered, punctate
F-actin in the cytoplasm with less peripheral staining
and cytoplasmic siRNA staining. Mock-, SIV- and
HIV-1SF162 infected cells not treated with cytD and
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co-transfected with Ago1 and scrambled siRNAs, siGag-
AF555 or siPromA-M2-AF555 all showed normal cyto-
plasmic F-actin distribution and predominantly cytoplas-
mic siRNA localization. Similarly, mock-, SIV- and
HIV-1SF162 infected cells that were treated with cytD,

then co-transfected with Ago1 and scrambled siRNAs
(Figure 9C and Supplementary Figure S6C),
siGag-AF555 or siPromA-M2-AF555 also showed cyto-
plasmic siRNA localization, along with disordered and
punctate cytoplasmic F-actin, with less cell periphery

Figure 8. Immunofluorescent analysis of Ago1 and F-actin in HIV-1-infected HeLa cells. (A) Mock-infected cells co-transfected with Ago1 and
unlabeled siPromA. (B) HIV-infected cells co-transfected with Ago1 and siPromA. (C) HIV-infected cells co-transfected with Ago1 and scrambled
siRNA. Ago1 labeled with AF555 shows red fluorescence, F-actin is labeled with phalloidin-AF647 (pseudocolored magenta), Lamin B labeled with
AF488 (green fluorescence) indicates nuclear envelope and DAPI nuclear stain is pseudocolored blue. Arrows indicate nuclear localization in
HIV-infected cells. Magnification 63�, bars represent 5 mm. Images are representative of three experiments. (D) Pearson’s correlation coefficient
values are shown for Ago1 and DAPI (upper left panel), F-actin and DAPI (upper middle panel), Ago1 and F-actin (upper right panel), Ago1 and
LaminB (lower left panel) and F-actin and LaminB (lower right panel). NS, not significant. *P=0.02, **P=0.002. (E) IP analysis of HIV-1 infected
cells transfected with FLAG-tagged Ago1 or empty vector and siPromA. Cytoplasmic and nuclear fractions applied to IP are shown in the left panel
(input) and proteins that immunoprecipitated with the FLAG-M2 agarose affinity gel are shown in the right panel (IP samples). Samples were
probed by western blot with antibodies to b-actin (upper panel), Ago (middle panel) or FLAG-M2 (lower panel). WB, western blot; Frac, fraction;
C, cytoplasmic; N, nuclear; Ctrl-FLAG, control empty vector.
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staining due to depolymerization by cytD. Importantly,
image analysis showed no significant nuclear localization
of F-actin or siRNAs in any of the cytD treated SIV-
(Supplementary Figure S6D) or HIV-1SF162 (Figure 9D)
infected cultures. An interesting finding we only
observed in cytD cultures was a significant level of cyto-
plasmic co-localization between F-actin and si2A-AF555
or siPromA-AF555 in SIV- and HIV-1SF162 infected
cells, respectively (0.19±0.02 and 0.17±0.02, respect-
ively), compared to mock-infected cells (0.08±0.01
and 0.09±0.01, respectively) (both P=0.01) and all
other cultures (Figure 9D, Supplementary Figure
S6D). This indicates F-actin and promoter-targeted
siRNAs have the ability to be spatially related as
shown by co-localization in the cytoplasm. We
observed slightly higher PCC values quantifying
co-localization between F-actin and the nuclear
envelope in all cytD treated mock-, SIV- and
HIV-1SF162 cultures compared to untreated cultures;
however, this was an effect of F-actin depolymerization
and was not significant when compared amongst all
cytD-treated cultures.

We then investigated the effect of cytD treatment on the
localization of F-actin and Ago1 and 2 using the same
HIV-1 experimental model as above, but with unlabeled
siRNA so we could stain FLAG-tagged constructs with
AF555 secondary antibody and maintain our 4-color
confocal staining panel. We observed consistent cytoplas-
mic staining of Ago1 and 2 and disordered, punctate
F-actin staining in the cytoplasm of all cultures treated
with cytD and transfected with siPromA, specificity con-
trols or empty vector (Supplementary Figure S7A–D).
Further, there were no significant correlations observed
for any fluorescently stained markers (Ago1 and 2,
F-actin, DAPI and LaminB) (Supplementary Figure S7E
and F). Together these findings suggest polymeric actin
filaments are involved in delivering promoter-targeted
siRNAs and Ago1 and 2 to the nuclear compartment
during TGS of retroviruses.

DISCUSSION

We investigated the mechanisms of siRNA-induced TGS
during retrovirus infection by direct visualization of

Figure 9. Immunofluorescent analysis of HIV-1 promoter-targeted siRNA and F-actin in cytochalisin D-treated HeLa cells. (A) HIV-1SF162 infected
cells co-transfected with Ago1 and siPromA, not treated with cytochalisin D (CytD). (B) HIV-1SF162 infected cells co-transfected with Ago1 and
siPromA, not treated with CytD. (C) HIV-1SF162 infected cells pre-treated with cytochalisinD and co-transfected with Ago1 and siPromA. siRNAs
labeled with AF555 show red fluorescence, F-actin is labeled with phalloidin-AF647 (pseudocolored magenta), Lamin B labeled with AF488 (green
fluorescence) indicates nuclear envelope and DAPI nuclear stain is pseudocolored blue. Arrows indicate nuclear localized F-actin staining in panel b
and punctate cytoplasmic F-actin staining in (C). Magnification 63�, bars represent 5 mm. Images are representative of three experiments. (D)
Pearson’s correlation coefficient values for CytD treated cultures are shown for siRNA and DAPI (left panel), F-actin and DAPI (middle panel) and
siRNA and F-actin (right panel). NS, not significant; *P=0.01.
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critical components of RITS-like complex. We describe
both distinct subcellular distribution of RITS-like
complex components and a novel nuclear transport mech-
anism for RITS-like components mediated by the actin
filament (F-actin) component of the cytoskeleton. Ago1
and promoter-targeted siRNAs were found preferentially
in the nucleus of retrovirus-infected cells, while Ago2 and
promoter-targeted siRNAs were found in the inner
nuclear envelope of retrovirus-infected cells. The distinct
nuclear compartmentalization of these RITS-like compo-
nents was observed only in infected cultures, suggesting
accumulation of RITS-like components in the nucleus of
infected cells during TGS. The clear association between
Ago1 and promoter-targeted siRNAs in the nucleus is
consistent with the site of TGS being nuclear and
supports previous studies suggesting Ago1 and siRNAs
are RITS-like complex components (2,4). Our interesting
finding that Ago2 co-localized with promoter-targeted
siRNAs in the inner nuclear lamin membrane indicated
the association alone between Ago2 and promoter-
targeted siRNAs was not sufficient for nuclear transport.
This may be due to Ago2 possibly requiring Ago1 for
nuclear trafficking as part of the RITS-like complex.
Our experiments, which separately expressed exogenous
FLAG-tagged Ago1 or Ago2, but not both combined,
may indicate the low endogenous levels of Ago1 are not
adequate to facilitate nuclear transport of exogenous
FLAG-tagged Ago2 protein. It is tempting to speculate
that Ago2 could also be retained in the nuclear pore
complex (NPC), further regulating traffic of protein com-
plexes between the nucleus and cytoplasm (25); however,
additional co-localization studies are required for
confirmation.
This study demonstrated the distinct distribution of

Ago:siRNAs using two different retroviruses;
SIVmac251 and two different HIV-1 subtype B strains:
CXCR4-tropic HIV-1SF162 and CCR5-tropic HIV-1LAV.
Observing the same phenomenon in all three retrovirus
infection TGS models highlights that the findings are
compelling. Moreover, it is important to appreciate that
the si2A sequence, targeting a region well upstream of the
SIV NF-kB binding motif, is quite different from the
siPromA sequence, targeting the tandem NF-kB binding
motifs in the HIV-1 5‘ LTR promoter region. To provide
important specificity controls for our experiments, we
showed that scrambled siRNAs and siPromA-M2, which
varies from HIV-1 promoter-targeted siPromA by only
two bp, had no effect on nuclear co-localization of
RITS-like components and were instead found in the cyto-
plasm. We also confirmed the previously reported finding
that the antisense siRNA strand participates in the forma-
tion of the RITS-like complex in human cells (26,27), as
shown by our experiments using two different HIV-1
subtype B strains, where only the antisense strand of
siPromA was labeled.
The distinct subcellular compartmentalization of

Ago:siRNA led us to investigate the mechanism regulating
nuclear transport of these RITS-like components. Studies
in S. pombe have found RNAi machinery proteins and
RNAi-associated P bodies are transported via cytoskel-
eton microtubule networks in the cytoplasm (28–30). A

recent report further describes the microtubule-associated
kinesin motor protein Cut7 regulates cytoplasmic RNAi
effector complexes during PTGS, but not TGS (31). Our
study focused on elucidating mechanisms of the TGS
pathway and reports the novel finding of cytoskeleton
polymeric actin being linked to transport of promoter-
targeted siRNAs as part of RNAi machinery in the
nucleus of mammalian cells. Although both promoter-
targeted siRNAs and F-actin were found to localize to
the nucleus of retrovirus-infected cells, there was no sig-
nificant co-localization of these two molecules within the
nucleus as quantified by PCC values. This indicates that
while F-actin may play a role in nuclear trafficking of
promoter-targeted siRNAs, it may not necessarily directly
interact with siRNA:Ago1 in the nucleus during transcrip-
tional suppression, although Ago1 was observed to
directly associated with b-actin by immunoprecipiation.
Furthermore, when we depolymerized actin using cytD
treatment, we did find significant co-localization between
F-actin and promoter-targeted siRNAs in the cytoplasm,
demonstrating that they are spatially related in this com-
partment and could interact. Alternately, Abps are known
to be involved in nucleocytoplasmic transport and may
provide the bridging link between the long filamentous
F-actin structure and promoter-targeted siRNAs. This
may also account for the biochemical association
observed between F-actin and Ago1, although the effect
could also be a direct protein interaction but fine delinea-
tion of this requires further investigation. Abps proteins
associate with actin to continuously regulate actin poly-
merization, cross-link actin filaments and move cargo
along the filaments. The TGS pathway may utilize this
association to load RITS-like complex components onto
actin filaments in the cytoplasm, traffic them into the
nuclear compartment, then disassociate from the actin
filament once in the nucleus.

Cofilin, is one such Abp essential for chaperoning actin
into the nucleus, as shown by an associated block in
nuclear actin accumulation upon inhibiting cofilin (32).
Another Abp of interest is the giant NUANCE
(NUcleus and ActiN Connecting Element) protein, also
termed Nesprin-2 Giant (33). This mammalian nesprin
protein has an N-terminal region comprising of an
a-actinin-type actin-binding domain, which facilitates the
physical connection between the nucleus and actin cyto-
skeleton. Nesprins also interact with emerin in the inner
nuclear membrane (34), where emerins have been shown
to bind F-actin (35). Interestingly, Arps have also been
found in the nucleus and physically interact with
chromatin-modifying complexes, specifically Arp4 and 6,
which co-localize with heterchromatin protein 1 (HP1) in
Drosophila (36,37). The Arp BAF53 also associates with
actin as part of the BAF chromatin-modifying complex in
humans (38). Many proteins have also been identified to
associate with Ago1 and Ago2 as part of the RNAi ma-
chinery. These include TBRC6B, MOV10, nuclear DNA
helicase II (also termed RNA helicase A), Importin 8,
Gemin3, Gemin4, HDAC-1 and EZH2 (1,5,39,40).
Furthermore, nuclear DNA helicase II has been shown
to bind F-actin in the nucleus of human cells (41). All of
these proteins are further candidates worthy of
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investigation using our model to dissect the mechanisms of
mammalian TGS.

Nuclear actin and myosin are also reported to regulate
nucleo-cytoplasmic transport, possibly as NPC compo-
nents (42). This nucleo-cytoplasmic transport is an ATP-
dependent process and is inhibited by cytD treatment (42),
suggesting that our observations of siRNA nuclear import
inhibition during cytD treatment also indicates nuclear
import of RITS-like components is an ATP-dependent
process. Nuclear import of some Ago proteins also
requires association with siRNAs, as demonstrated for
the C. elegans Ago protein NRDE-3 (43). Moreover, in
mice the Ago protein MIWI2 binds Piwi-associated (pi)
RNAs and is localized to the nucleus (44). Another study
shows the protozoan Tetrahymena Ago protein Twi1p
associated with siRNA is transported into the nucleus
via Giw1p (45). These studies suggest a mechanism that
selectively transports only Ago proteins that are asso-
ciated with siRNAs. Our findings support this selection
mechanism, which would explain why we only observed
co-localized FLAG-tagged Ago and siRNA in the nucleus
of retrovirus-infected cells and not Ago or siRNA alone.

Our study shows a distinct subcellular distribution of
Ago proteins and promoter-targeted siRNAs in the nu-
clear compartment of retrovirus-infected cells and directly
links the actin cytoskeleton with nuclear delivery. We
propose a model for the nuclear import of RITS-like com-
ponents whereby F-actin translocation into the nuclear
compartment, primarily the inner nuclear membrane, cor-
responds to nuclear delivery of promoter-targeted
siRNAs, which then recruit other proteins to form the
nuclear RITS-like complex (Figure 10). Although we
have shown both co-localization and a direct biochemical
interaction between F-actin and FLAG-tagged Ago1
protein in the nucleus of retrovirus-infected cells, it is im-
portant to understand that other factors may also interact
with actin filaments in the cytoplasm to facilitate the

mechanical delivery of promoter-targeted siRNAs and
Ago proteins into the nuclear compartment. It is likely
that other factors also contribute to nuclear transport
and regulation of this process during TGS warrants
further investigation. The findings of our study present dir-
ect visualization of siRNA, Ago1 and Ago2 in the mam-
malian TGS pathway. The study also provides valuable
insight into the fundamental mechanism underlying
nuclear trafficking of RITS-like complex components by
the actin cytoskeleton, which may also be functional in
lower eukaryotes.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Figures S1–S7.
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