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Human Staufen (hStau), a double-stranded RNA (dsRNA)-binding protein that is involved in mRNA
transport, is incorporated in human immunodeficiency virus type 1 (HIV-1) and in other retroviruses, includ-
ing HIV-2 and Moloney murine leukemia virus. Sucrose and Optiprep gradient analyses reveal cosedimenta-
tion of hStau with purified HIV-1, while subtilisin assays demonstrate that it is internalized. hStau incorpo-
ration in HIV-1 is selective, is dependent on an intact functional dsRNA-binding domain, and quantitatively
correlates with levels of encapsidated HIV-1 genomic RNA. By coimmunoprecipitation and reverse transcrip-
tion-PCR analyses, we demonstrate that hStau is associated with HIV-1 genomic RNA in HIV-1-expressing
cells and purified virus. Overexpression of hStau enhances virion incorporation levels, and a corresponding,
threefold increase in HIV-1 genomic RNA encapsidation levels. This coordinated increase in hStau and
genomic RNA packaging had a significant negative effect on viral infectivity. This study is the first to describe
hStau within HIV-1 particles and provides evidence that hStau binds HIV-1 genomic RNA, indicating that it
may be implicated in retroviral genome selection and packaging into assembling virions.

Targeting of virion components to the plasma membrane is
a prerequisite for efficient human immunodeficiency virus type
1 (HIV-1) particle assembly. Precursor p55Gag, Gag/Pol poly-
proteins, Env glycoproteins, selected accessory proteins, and
the viral RNA genome must accumulate at the plasma mem-
brane, where the formation and release of nascent particles
occur. Gag expression alone is sufficient to produce spherical
virus-like particles (VLPs) which assemble and bud from the
plasma membrane. To achieve this, Gag contains several sig-
nals that can promote plasma membrane targeting. These in-
clude amino-terminal myristoylation and basic amino acid sig-
nals (30). Gag targeting may also be mediated in part via Env
since it has been shown that gp41 binds the Gag matrix domain
(17, 31). gp41 also harbors in its cytoplasmic tail a Tyr-based
trafficking motif, YXXf, that is responsible for Env glycopro-
tein endocytosis and polarized virus release in epithelial and T
cells (6, 21, 49, 58).

A full picture of the mechanisms involving host cell compo-
nents that direct targeting of viral components to sites of viral
assembly remains to be established. Several data have impli-
cated the cytoskeleton in the targeting of viral components.
The cytoskeleton forms a scaffold on which macromolecule
transport is well known to occur (2), and there is now ample
evidence that retroviral Gag associates with cytoskeletal pro-
teins. For example, Gag associates with actin microfilaments
(24, 63) and is colocalized with actin to the pseudopods in
virus-infected cells (60), suggestive of an intracellular transport
mechanism. Moreover, HIV-1 production depends on an in-
tact actin network (65). Recent data also demonstrate that Gag
directly interacts with actin (48) and can associate with a ki-
nesin molecular motor protein, KIF-4 (70). Thus, the cytoskel-

eton may be directly involved in the binding and trafficking of
Gag and Gag’s interacting partners to sites of viral assembly.
However, details about these mechanisms remain to be eluci-
dated.

While several details regarding the targeting of virion com-
ponents to the plasma membrane are becoming clearer, little is
known about how the viral RNA is targeted to sites of assem-
bly. Presumably, HIV-1 RNA-protein associations with the
precursor p55Gag could come into play to influence genomic
RNA localization to sites of assembly. Indeed, nucleocapsid
(NC) is known to bind the psi packaging signal in genomic
RNA and is principally responsible for the selection of this
RNA for encapsidation (5, 18, 20, 76). However, this is likely to
occur during assembly, once virion components have accumu-
lated near the plasma membrane, consistent with evidence that
indicates a role for NC during virion assembly (19, 62). Thus,
host cell and/or viral proteins are likely to be uncovered to be
implicated in the trafficking of viral RNA to sites of assembly
during viral replication.

Staufen is a double-stranded RNA (dsRNA)-binding pro-
tein that was originally described in Drosophila melanogaster
(69). In Drosophila oocytes, Staufen’s principal functions are to
bind RNAs and transport them to achieve, in most cases,
localized translation (26, 41). It serves to transport oskar
mRNA posteriorally (41) and anchors bicoid mRNA anteri-
orally in oocytes (26). Recently, Staufen was shown to be
involved in the localization of prospero mRNA in Drosophila
neuroblasts to promote an asymmetric RNA distribution dur-
ing cell division (11, 47). A human homologue of Staufen
(hStau) has recently been characterized by us (72) and others
(50). It has a high degree of sequence and structural similarity,
contains four consensus dsRNA-binding domains (dsRBD)
corresponding to dsRBD2 to dsRBD5 of Drosophila Staufen
(dStau), and has a tubulin-binding domain in the carboxyl
terminus (72). Since its overall structure and the relative po-
sition of the dsRBDs are well conserved compared to dStau,
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the four dsRBDs in hStau will be referred to herein as dsRBD2
to dsRBD5. Only dsRBD3 is capable of strongly binding RNA
in vitro (72). Moreover, hStau is associated with the rough
endoplasmic reticulum (50, 72) and with polyribosomes (50),
and it is found in ribonucleoprotein complexes in neurons (40).
Recent data from studies using green fluorescent protein-
hStau fusion proteins in neurons indicate that the mammalian
homologue, like its Drosophila counterpart, is involved in RNA
transport (43).

This report explores the involvement of Staufen in HIV-1
replication. We demonstrate here that hStau is incorporated in
HIV-1 and that hStau levels correlate with the abundance of
genomic RNA encapsidated in HIV-1 virions. hStau is associ-
ated with HIV-1 RNA in both cells and virus, suggesting that
hStau is implicated in virus assembly at a step that controls the
abundance of encapsidated RNA.

MATERIALS AND METHODS

Virus. Cell-free preparations of DNA viruses were kindly supplied by Bernard
Massie (adenovirus; Biotechnology Research Institute, Montreal, Quebec, Can-
ada) and José Menezes and Ali Ahmad (Epstein-Barr virus and human herpes-
virus 6; University of Montreal). HIV-1 clinical isolates were gifts from Mark
Wainberg (McGill AIDS Centre).

Cell lines. 293T cells were maintained in Dulbecco modified Eagle medium
(Gibco/BRL) and 8% fetal calf serum and transfected by the calcium phosphate
coprecipitation method. MT4 and Jurkat T-cell lines were maintained in RPMI
supplemented with 10% fetal calf serum and antibiotics.

Antisera. Recombinant hStau (rhStau) was used to generate a rabbit poly-
clonal anti-hStau antiserum as described previously (72). Antisera to transacti-
vation response (TAR) RNA-binding protein (TRBP) were kindly provided by
Sundararajan Venkatesan (antibody 690; National Institute of Allergy and In-
fectious Diseases, Bethesda, Md.) and Anne Gatignol (antibodies 672 and 673;
McGill University, Montreal, Quebec). Antiserum to dsRNA-activated protein
kinase (PKR) was kindly provided by Antonis Koromilas (antibody 1388-F9;
McGill University). An anti-Tat rabbit antiserum against the last 20 amino acids
of the amino terminus was used to detect Tat. Mouse anti-gp120, anti-p17, and
a rabbit anti-p24 were purchased from Intracell. Anti-HA (hemagglutinin) and
anti-Myc monoclonal antisera (ascites fluid) were generated in BALB/C mice at
the antibody core facility in the Department of Biochemistry, University of
Montreal. Anti-IN (integrase) (36) was from the AIDS Research and Reference
Reagent Program, National Institutes of Health.

Sucrose density gradient analysis of hStau in HIV-1. A total of 108 cpm of
microfiltered and ultracentrifuged pNL4.3 virus generated in 293T cells was
layered onto a continuous 20 to 70% sucrose gradient and ultracentrifuged at
136,000 3 g for 16 h; 14 to 15 0.7-ml fractions were collected, and reverse
transcriptase (RT) activity was measured by standard assay. An aliquot from
each fraction was resuspended in 23 Laemmli loading buffer was added before
loading onto a 12% gel for polyacrylamide gel electrophoresis (PAGE). The
proteins were transferred to nitrocellulose and probed with anti-hStau, anti-p24,
anti-IN, and/or anti-NC. Antigens were visualized using luminol-based enhanced
chemiluminescence (ECL) (73). An aliquot from each fraction was also taken for
slot blot analysis of HIV-1 RNA using a Gibco/BRL slot blot apparatus and using
a 32P-labeled cDNA probe to the 59 leader as described previously (74).

Optiprep gradient centrifugation. Pelleted HIV-1 (3 3 108 cpm) was loaded
onto a 6 to 18% Optiprep (22) gradient and centrifuged at 183,000 3 g for 1.5 h,
and 17 fractions were collected from the bottom. Aliquots from each fraction
were loaded onto 12% sodium dodecyl sulfate (SDS) gels for PAGE and probed
for p24 and hStau by Western blot analysis. An aliquot from each gradient
fraction was tested for infectious potential by syncytium formation in MT4 cells
(data not shown) and in RT activity assays at 4 days postinfection. Only those
fractions in the densest fractions (1 to 4) contained an appreciable amount of
infectious HIV-1 particles.

Subtilisin protease resistance assay. Subtilisin assays were performed essen-
tially according to Ott et al. (56, 57), with minor modifications. Pelleted virus
preparations (pNL4.3; 2 3 108 cpm) were mock treated or treated with 0.001,
0.1, and 1 mg of subtilisin (Boehringer Mannheim) per ml in 10 mM Tris-HCl
(pH 8)–1 mM CaCl2 containing bovine serum albumin (1.5 mg/ml; ICN) for 16
to 24 h at 37°C. Subtilisin was inactivated by phenylmethylsulfonyl fluoride. Virus
was then repelleted as described above, resuspended in phosphate-buffered sa-
line (PBS), made to 13 Laemmli buffer, and loaded onto PAGE followed by
Western blotting. Blots were sequentially probed with anti-gp120, a human AIDS
patient serum (serum 162), or anti-p24 to reveal p24, anti-p17, and anti-hStau.

rhStau. rhStau was produced in bacteria as described previously (72) and
concentrated in 10 mM Tris (pH. 7), using Centricon filters as described by the
manufacturer (Millipore).

DNA and transfections. Proviral constructs used in these studies are pNL4.3
(AIDS Research and Reference Reagent Program), HIV-2 (ROD) (AIDS Re-

search and Reference Reagent Program), and HxBru (74). Murine leukemia
virus (MLV) provirus was kindly provided by Guy Lemay (University of Mon-
treal). HA-tagged hStau constructs driven by the Rous sarcoma virus (RSV)
promoter (WT [wild type], dsRBD2,3,4 and dsRBDmut) have been described
elsewhere (72; M. Luo and L. DesGroseillers, submitted for publication). WT,
dsRBD2,3,4, and dsRBDmut express HA-tagged proteins of 63, 37, and 63 kDa,
respectively. 293T cells were transfected with 10 mg of HxBru and 5 mg of each
hStau mutant expressor. Cell lysates and 1.5 3 108 cpm of virus were run in
parallel and probed with an anti-HA monoclonal antibody to reveal the hStau
molecules. Anti-p24 was used to detect Gag in cell and viral lysates.

dsRNA-binding protein expression plasmids. For selectivity and overexpres-
sion studies, 293T cells were transfected with 10 mg of pNL4.3 and 5 mg of the
following mammalian expression plasmids: pcDNA3/RSV-hStau, pcDNA3-
TRBP2 (from Anne Gatignol, McGill AIDS Centre), pcDNA3-PKR (from
Eliane Meurs, Institut Pasteur), or pcDNA3 (Invitrogen) vector control. At 48 h
posttransfection, cells were washed and lysed in PBS containing detergents. The
supernatants were harvested, precleared, and microfiltered, and virus was puri-
fied through a 20% sucrose cushion. An equal quantity of protein (40,000 cell
equivalents) and 2 3 108 cpm of virus were run in parallel in each of four blots.
Antigens were identified by Western blot and ECL analyses (73).

Rev-independent Gag expression. To examine hStau incorporation in VLPs,
293T cells were mock transfected or transfected with 10 mg of HxBru provirus or
p55M1-10 Gag expressor (generously provided by George Pavlakis [66]).
pcDNA3 was included in the mock transfections. At 48 h posttransfection, cells
were washed and lysed in radioimmunoprecipitation (RIPA) buffer. Superna-
tants were harvested, precleared, and microfiltered (0.45-mm pore size). Virus
was then purified by ultracentrifugation and collected in PBS. Equal quantities of
protein from the cell lysates were loaded in parallel with 50% of the virus particle
preparations onto 12% SDS-polyacrylamide gels and transferred to nitrocellu-
lose. Blots were sequentially probed for hStau and p24 (to identify p55 and p24).

NC and psi mutant proviruses. The wild-type and mutant proviruses used were
pNL4.3, HxBru, 28C/49C-S NC, 15C/18C-S NC, 36C/39C-S NC, delta 14K-50T NC,
and psi mutant proviruses (15, 39, 44, 45, 71); 15 mg of each was transfected into
293T cells, and virus was harvested at 48 h posttransfection. Virus was assayed
for RT activity using multiple dilutions as well as by p24 by enzyme-linked
immunosorbent assay (ELISA). Equal quantities of virus were taken for North-
ern analysis as described previously (74). p17 was used to control for loading.

Infectivity assays. For infectivity assays, equal quantities of p24 were used to
infect MAGI indicator cells (42) and monocytic indicator BF-24 cells (28), and
infectivity was quantitated by colorimetric and chloramphenicol acetyltransferase
(CAT) activity assays, respectively. BF-24 cells were washed extensively and lysed
by freeze-thaw in 0.25 M Tris (pH 7.5), followed by heat inactivation. CAT
activity in cells was determined by standard assay by thin-layer chromatography
(54), and quantitation was performed by phosphorimager analysis.

Immunoprecipitation and RT-PCR analyses. 293T cells (8 3 105) were trans-
fected with RSV-hStau-HA, HxBru, both HxBru and hStau-HA, or both HxBru
and dsRBDmut. Virus was harvested and purified as described above at 48 h
posttransfection. Cells were washed extensively with diethyl pyrocarbonate
(DEPC)-treated PBS. One half of the cells was taken for RNA analysis for both
HIV-1 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) RNA. An
NP-40 lysis extraction method (74) was used to extract cytosolic RNA, and equal
quantities of RNA were slot blotted and subsequently probed for HIV-1 and
GAPDH RNA (74). The other half of the cells and virus were lysed in DEPC-
treated RIPA buffer (10 mM Tris, pH 7.4, 150 mM NaCl, 0.5% NP-40, 0.01%
sodium deoxycholate). After removal of DNA by centrifugation, protein was
quantitated and input hStau was assessed by Western blot analysis using anti-
HA. For immunoprecipitations, the protein content in each of the lysates was
normalized. The lysates were precleared using preimmune sera from their re-
spective hosts (for hStau-HA, we used a monoclonal to c-Myc of approximate
equal immunoglobulin G content; for TRBP, rabbit preimmune serum was
used). After 2 h, 100 ml of a 50:50 slurry of protein G-Sepharose (Pharmacia) was
added and incubated for 2 h. Brief centrifugation followed to remove the Sepha-
rose beads. Each sample was split into two tubes; 5 ml of either preimmune or
immune serum, was added, followed by addition of protein G-Sepharose as
above. Following five washes with RIPA buffer (minus detergents) and two with
water, pelleted samples were treated with 10 mg of RQ1 DNase (Gibco/BRL) for
60 min followed by two phenol and one phenol-chloroform-isoamyl alcohol
(50-49-1) extraction. The RNA was precipitated with ethanol and glycogen car-
rier (Boehringer Mannheim). The RNA pellets were resuspended in DEPC-
treated water and used in RT-PCR analysis essentially as instructed by the
manufacturer (Perkin-Elmer RT-PCR Kit) (46). The RNA was reverse tran-
scribed with random hexamers (Gibco/BRL), and the PCR amplification using 1
U Taq DNA polymerase (Sigma) used two sets of primers to amplify HIV-1
RNA. Set a consisted of a sense oligomer containing an XhoI site to the TAR
(positions 11 to 22) and an antisense oligomer immediately upstream of the
major splice donor site (52). This set amplifies a 285-bp fragment from both
genomic and subgenomic HIV-1 RNAs. Set b was chosen to identify the pres-
ence of unspliced genomic RNA in immunoprecipitates and included the TAR
oligomer above and an antisense oligomer to the coding region of Gag to
generate a PCR fragment of 462 bp (52). Controls for RT-PCR included the
exclusion of RT from the RT reaction and treatment of the immunoprecipitation
complexes with RNase A before DNase I treatment above (data not shown).

5442 MOULAND ET AL. J. VIROL.



RT-PCR analyses using Roche Biotechnology’s Amplicor RT-PCR kit were
performed according to the manufacturer’s instructions, using a model 9600
Perkin-Elmer PCR Thermocycler. RNA from equal quantities of virus (as de-
termined by p24 ELISA) was quantitated with this method. The number of
copies was related to the number of virions to obtain a per-virion count. This
analysis was performed twice using multiple dilutions, and similar results were
obtained.

RESULTS

hStau incorporation in HIV-1. We investigated hStau’s as-
sociation with HIV-1 by determining whether hStau was incor-
porated in HIV-1 particles, a possible result of its dsRNA-
binding capacity. Using a polyclonal antiserum generated to

purified rhStau, we identified hStau in purified viral prepara-
tions of laboratory strains of HIV-1 (15, 71). To substantiate
hStau virion incorporation, sucrose density gradient analyses
were performed. pNL4.3 virus was generated from 293T cells.
Pelleted virus was fractionated through a 20 to 70% sucrose
gradient, and the presence of hStau in each fraction (bottom is
fraction 1) was evaluated by Western blot analysis. hStau was
found to cosediment with peak p24, IN, and HIV-1 RNA levels
(Fig. 1A) and with peak RT activity (data not shown), strongly
indicating association with viral particles.

A recently developed velocity gradient virion purification
method (22) was described to separate virus particles and mi-

FIG. 1. hStau is incorporated in HIV-1. (A) Sucrose density gradient analysis of HIV-1 (pNL4.3). hStau, IN, and p24 were assessed in each fraction by Western
analysis. HIV-1 RNA in each fraction was assessed by slot blot analysis as described in Materials and Methods. (B) Optiprep analysis. Pelleted HIV-1 particles were
fractionated in an Optiprep gradient; 17 fractions were collected and assessed for hStau and p24 content. (C) An aliquot from each Optiprep fraction was taken and
used to infect MT4 cells. Five days postinfection, an aliquot of the supernatant from each infection was assayed for RT activity to assess infectious potential.
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crovesicular contaminants typically found in pelleted virus par-
ticles (7). This method uses Optiprep, which forms iso-osmotic
solutions at all densities, allowing better separation than su-
crose gradients. Sucrose cushion-purified virus was fraction-
ated through a continuous 6 to 18% Optiprep gradient, and 17
fractions were collected. An aliquot from each gradient frac-
tion was assessed for hStau and p24 content by Western blot
analysis. Figure 1B shows the results of this analysis. As shown
previously (22), p24 is predominantly found in the higher-
density fractions, corresponding to the four bottom-most frac-
tions. Only these bottom-most fractions contain infectious
HIV-1 particles, as determined by infecting MT4 cells with
aliquots from each fraction (Fig. 1C) and by syncytium forma-
tion (not shown). Most of the hStau cosediments with p24 in
this gradient, suggesting strong association with infectious
HIV-1 particles. Both p24 and hStau immunoreactivity was
found in the top-most gradient fraction (Fig. 1B). These frac-
tions did not contain infectious particles, suggesting that hStau
and p24 in this fraction may be derived from lysed virus par-
ticles that did not enter the gradient. Alternatively, a fraction
of these proteins is present in 293T microvesicles.

Virus preparations produced from 293T cells contain negli-
gible amounts of microvesicles (29) and therefore are useful
for identification of virion-incorporated host cell proteins.
Nevertheless, a subtilisin protease assay (56) was performed to
substantiate hStau virion incorporation. Purified virus was
mock digested or digested with a range of subtilisin concen-
trations (Fig. 2). While envelope glycoprotein, gp120, was com-
pletely degraded with 1.0 and 0.1 mg of subtilisin per ml as
expected, p24 and p17 (data not shown) remained protected
from protease action since they are found within the virus (Fig.
2). hStau remained intact, though a fraction (approximately 20
to 25%) was sensitive to the subtilisin treatment at the highest
subtilisin concentration tested, reflecting what we observed in
the Optiprep analyses (Fig. 1B). This phenomenon has previ-
ously been observed in virus preparations generated from H9

and CEMss cells, where subtilisin treatment reduced the ap-
parent amount of HIV-1-incorporated actin (57), suggesting
that a fraction of this protein is not within virus particles. On
the other hand, we could not detect hStau in 200 mg of purified
microvesicles from these CEMss cells (a gift from David Ott,
NCI-FCRDC, Frederick, Md. [data not shown]), indicating
that vesicle-associated hStau is not necessarily observed in all
cells. gp120 is incompletely degraded by subtilisin at 0.001 mg/
ml, indicating that this concentration of protease is insufficient
to remove extravirion—and hence unincorporated—proteins.
hStau is not inherently resistant to subtilisin treatment, since
25 mg of recombinant hStau is completely degraded by 0.01 mg
of subtilisin per ml (data not shown).

hStau in other retroviruses. We next examined hStau incor-
poration in two T-tropic viral clinical isolates passaged in MT4
cells and in the retroviruses HIV-2 and MLV generated in
293T cells. These RNA viruses incorporated hStau (Fig. 3A).
hStau was not detectable in mock-transfected 293T cell super-
natants and importantly was undetectable in purified, cell-free
preparations of the DNA viruses, adenovirus, Epstein-Barr
virus, and human herpesvirus 6 (data not shown), suggesting a
role in RNA virus biology. While we have characterized at
least two isoforms of hStau in human cells (72), we note in
this report a preferential cell-type-dependent expression and
HIV-1 incorporation of hStau in epithelial 293T and MT4 T
lymphocytes (Fig. 3A). Upon longer exposure of this blot, both
hStau isoforms do become visible, however, in virus generated
in both 293T (HIV-1, MLV, and HIV-2) and MT4 (T1 and T2)
cells.

hStau HIV-1 incorporation is selective. We addressed the
selectivity of hStau incorporation by examining the presence of
related proteins of hStau in purified viral preparations. hStau
can bind HIV-1 TAR, as shown in Northwestern analysis
(L. Wickham and L. DesGroseillers, unpublished data), like
TRBP, PKR, and HIV-1 Tat. TRBP, PKR, and hStau also
share similar dsRNA-binding motifs and thus belong to the
same RNA-binding protein family (12). We were not able to
detect any other TAR RNA-binding protein, including Tat,
PKR, and TRBP, in highly concentrated viral preparations. In
data presented in Fig. 3B, hStau is readily detectable endog-
enously in cells and in overexpression conditions. The appear-
ance of the '40-kDa bands in hStau-overexpressing cells is
likely due to degradation products during overexpression;
these bands are not always observed, however. In virus from
hStau-overexpressing cells, hStau content is enhanced (see Fig.
8A) and is immediately apparent. TRBP, on the other hand,
remained undetectable in virus preparations derived from
HIV-1-transfected 293T cells, despite an approximate 150-fold
increase in cellular TRBP levels in overexpression conditions
(Fig. 3B). Three different TRBP antisera (kind gifts from
Sundararajan Venkatesan and Anne Gatignol) were used in
these analyses, and all three yielded identical results. Thus,
hStau is unique among these dsRNA-and TAR RNA-binding
proteins since it is the only protein from this family that is
detectably incorporated in HIV-1.

hStau incorporation determinant. It was of interest to de-
termine the molecular determinant within hStau that mediated
HIV-1 incorporation. We therefore attempted to identify the
region of hStau that conferred incorporation by supplying
hStau mutant proteins in trans with HxBru proviral DNA (74).
With a series of HA-tagged hStau expressors (Fig. 4A) we
localized the major incorporation determinant within the first
three dsRBDs (Fig. 4B). This region includes the functional
dsRBD (dsRBD3). We therefore tested dsRBDmut, a full-
length hStau dsRNA-binding mutant. This protein possesses
a single point mutation (F135A) in the dsRBD3 and does

FIG. 2. Subtilisin protease resistance assay. Subtilisin assays were performed
as described in Materials and Methods. Following subtilisin treatment, virus was
repelleted and loaded onto SDS-polyacrylamide gels. Subtilisin resistance of
gp120, p24, and hStau was assessed by Western analysis. The histogram shows
the average from three experiments (6SEM) for each treatment. The signal of
hStau was quantitated by phosphorimager analysis and was related to that of p24.
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not bind RNA, as shown in in vitro Northwestern analyses
(Luo and DesGroseillers, submitted). Upon coexpression with
HIV-1, dsRBDmut virion incorporation was undetectable, sug-
gesting that hStau incorporation is a direct or indirect result of
dsRNA binding via this domain. The protein stability was es-
timated for each of these mutants in pulse-chase experiments.
The WT and dsRBDmut proteins have identical half-lives (ap-
proximately 15 h), while the dsRBD2,3,4 hStau mutant has a
half-life of approximately 8 h (data not shown).

hStau is not incorporated in VLPs. VLPs were generated
using a recently described Rev-independent Gag-expressor,
p55M1-10 (66). Upon transfection of this plasmid, p55 is syn-
thesized and VLPs bud from the plasma membrane (66). Par-
ticles are immature and noninfectious. hStau content in these
VLPs was assessed. 293T cells were mock transfected or trans-
fected with HxBru or p55M1-10; 48 h posttransfection, virus
was harvested and pelleted, and cells were lysed with deter-
gents. hStau was found in all cell lysates (Fig. 5, left). However,

when hStau content was assessed in the pelleted virus or VLP
preparations, we observed hStau associated only with HxBru
virus and not in the mock or p55M1-10 lanes (Fig. 5, right).
These data demonstrate that the empty VLPs do not contain
hStau and, in addition, indicate that p55Gag is not a major
determinant for hStau incorporation, at least in the absence of
viral RNA.

hStau incorporation correlates with genomic RNA content
in HIV-1. We then attempted to correlate genomic RNA en-
capsidation with hStau incorporation in HIV-1 particles.
Transfection of provirus DNAs yields virus particles that con-
tain comparable amounts of hStau (Fig. 6A, lanes 1 and 2).
Genomic RNA encapsidation in HIV-1 is primarily mediated
through the association of the packaging psi RNA domain in
the 59 leader sequence with NC (5, 51, 61). Therefore, we
initially tested the HIV-1 molecular clone HxBru, in which the

FIG. 3. hStau is incorporated in HIV-1, HIV-2, and MLV. (A) HIV-1
(pNL4.3), HIV-2 (ROD), and MLV were produced in 293T cells, and T-tropic
HIV-1 (T1 and T2) was harvested from MT4 cells; 5 3 107 RT cpm of pelleted
virus was loaded onto gels, and virion-associated hStau was assessed by Western
blotting. Cell lysates from 293T and MT4 cells (left) show preferential cell-
specific expression of a hStau isoform (55 or 63 kDa) due to translation initiation
from alternatively spliced transcripts (72). Longer exposures reveal the presence
of both hStau species in all virus extracts. (B) HIV-1 selectively incorporates in
HIV-1. 293T cells were transfected with pNL4.3 and 5 mg of the expression
plasmid for hStau-HA, TRBP, or PKR. Ce, cell extract from pNL4.3-pcDNA3-
transfected cells (endogenous levels of antigen included in each panel); Coe and
Voe, cell and virus extract from dsRNA-binding protein-overexpressing cells,
respectively. Blots were probed with anti-hStau, anti-TRBP, anti-PKR (not
shown), or anti-Tat (not shown). p24 was used to reveal p24 and p55 in virus and
cell lysates (bottom). Antigens were revealed by ECL and are indicated by
arrowheads. Revelation of TRBP in Ce required an exposure time 30 times
longer than that for Coe. PKR overexpression completely inhibited HIV-1 pro-
duction (4); therefore, Ve virus was assessed for the inclusion of PKR. TRBP,
PKR, and Tat were undetectable in longer exposures (data not shown). This
analysis was performed twice with identical results.

FIG. 4. hStau incorporation is mediated through the dsRBD3. (A) WT and
hStau mutant constructs were tested for the ability to be incorporated in trans
with HxBru as described in Materials and Methods. dsRBD2,3,4 contains the
first three dsRBDs, including the major functional domain (dsRBD3). An RNA-
binding mutant (dsRBDmut; F135AhStau) was also tested to test the importance
of this domain. TBD, tubulin-binding domain. (B) Results from Western anal-
yses of hStau proteins (using anti-HA in Western analyses) and Gag (using
anti-p24) in cell and virus extracts. p24 is used to normalize for virus loading.
Arrows indicate expected sizes of the expressed hStau proteins.
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28Cys and 49Cys of NC were mutated to Ser (28C/49C-S [23])
and found that both hStau incorporation and genomic RNA
encapsidation were drastically reduced in these virus prepara-
tions (Fig. 6A, lane 3). We proceeded to test several other
HIV-1 proviruses with NC mutations and deletions (39) and a
psi deletion mutant (HXBDP1 [45]), most of which generate
noninfectious virus particles that are significantly impaired in
RNA encapsidation. With the exception of the 36C/39C-S NC
mutant, transfection of all NC and psi mutant DNA proviral
constructs generated virus particles that contained negligible
amounts of hStau. Northern blot analyses of genomic RNA
encapsidation revealed that the psi and NC mutant constructs
yielded virus with drastically reduced levels of genomic 9-kb
RNA. In the 36C/39C-S NC mutant virus preparation (Fig. 6A
and C, lane 5), hStau is present at 73% of wild-type levels; at
the same time we observed clearly detectable levels of genomic
RNA encapsidation, consistent with several earlier observa-
tions (18, 34, 35, 53). These data indicate that there is a cor-
relation between the levels of genomic RNA encapsidation and
hStau incorporation.

hStau association with cell and virus-associated HIV-1 RNA.
On the basis of hStau dsRNA-binding capacity and virion
incorporation, we addressed the possibility that hStau could
bind HIV-1 RNA in HIV-1-producing cells. 293T cells were
transfected with either a hStau-HA expressor, both HxBru and
hStau-HA, or both HxBru and dsRBDmut. After 48 h, super-
natants were harvested, and virus was purified through a
sucrose cushion. Virus and cells were lysed in RIPA buffer
followed by immunoprecipitation analysis as described in Ma-
terials and Methods. Figure 7A shows that equivalent input
amounts of hStau protein (wild type or dsRBDmut) was used
in each of the immunoprecipitations. Figure 7B shows that the
input HIV-1 RNA is approximately equal, when assessed by
slot blot analysis as described in Materials and Methods. An
identical blot was prepared and probed for GAPDH RNA (74)
to control for loading. Figure 7C shows the results of coimmu-
noprecipitation and RT-PCR analysis of cell lysates. Specific
coimmunoprecipitation of HIV-1 RNA with hStau was ob-
served when immune serum to HA was used (lanes 9 and 10).
When an anti-TRBP serum was used in this analysis, TRBP

and HIV-1 RNA were also coimmunoprecipitated (lanes 7 and
8) (32). HIV-1 RNA was not coimmunoprecipitated using a
mouse anti-c-Myc monoclonal antibody (lanes 1 and 2) or pre-
immune rabbit serum (lanes 3 and 4) in HxBru-hStau-trans-
fected cells, nor was it immunoprecipitated from cells express-
ing hStau-HA alone using anti-HA (Fig. 7A, lanes 5 and 6).
These data demonstrate that hStau associates with genomic
HIV-1 RNA in HIV-1-producing cells. Similar analyses were
performed using the dsRBDmut in the cotransfections (Fig.
7C, lanes 11 and 12). We did not detect coimmunoprecipita-
tion of HIV-1 RNA.

When a similar analysis was performed with purified virus
from HxBru-hStau-transfected cells (Fig. 7D), we observed a
similar coimmunoprecipitation of HIV-1 RNA with hStau us-
ing an anti-HA antiserum (Fig. 7B, lanes 5 and 6) but not with
the use of the mouse anti-c-Myc monoclonal antibody (lanes 1
and 2) or the anti-TRBP serum (lanes 3 and 4), suggesting that
hStau remains associated to the HIV-1 RNA genome during
viral assembly and maturation and is associated with the HIV-1
core. As expected, HIV-1 RNA was not detected in the im-
munoprecipitation of dsRBDmut from virus from HxBru-
dsRBDmut-transfected cells (Fig. 7D, lanes 7 and 8).

hStau overexpression in 293T cells. In our attempts to un-
derstand the role of hStau in HIV-1 replication, we performed
overexpression studies. 293T cells were transfected with pNL4.3
proviral DNA (plus empty vector) or both pNL4.3 and the
hStau-HA expressor. When hStau content in purified virus
preparations was assessed, incorporation of hStau into HIV-1
was found to be enhanced when hStau was overexpressed (Fig.
8A). When we relate the signals for hStau to those of p17,
hStau incorporation is increased over 2- to 3-fold (2.5-fold 6
0.4 [standard error of the mean HSEMJ]). We next examined
HIV-1 genomic RNA encapsidation levels by Northern analy-
ses from equal quantities of virus (normalized by p24 ELISA)
from the corresponding virus preparations. Genomic RNA
content increased severalfold in virus generated from hStau-
overexpressing cells (Fig. 8A and B). To confirm these results,
similar experiments were performed using Roche’s Amplicor
RT-PCR kit (27) to quantitate the number of genomic RNA
copies per virion. Results from this highly sensitive analysis
reflected what we had observed in the Northern analyses: using
the same amount of hStau-HA expressor in the transfections,

FIG. 5. hStau is not incorporated in VLPs. 293T cells were mock transfected
or transfected with 10 mg of HxBru or p55M1-10. Cell and viral lysates were
prepared, and hStau (top) and p55 and p25/p24 (bottom) were identified by
Western analyses. hStau was only found in purified HxBru virus, not in VLPs
generated with p55M1-10.

FIG. 6. hStau incorporation quantitatively correlates with genomic RNA
content. WT and encapsidation mutant proviral DNAs were transfected into
293T cells as described in Materials and Methods. Supernatants were harvested,
and virus was purified as described above. An equal quantity of virus in each well
was resolved on a 12% polyacrylamide gel, transferred to nitrocellulose, and
probed with anti-hStau (A) and anti-p17 (B). Antigens were revealed by ECL.
(C) Results of Northern analysis of encapsidated HIV-1 genomic RNA using
RNA that was isolated from equal quantities of virus. Lane 1, pNL4.3; lane 2,
HxBru; lane 3, 28C/49C-S NC; lane 4, 15C/18C-S NC; lane 5, 36C/39C-S NC; lane
6 delta 14K-50T NC; lane 7, HXBDP1.
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a nearly threefold increase in the number of copies of genomic
HIV-1 RNA per virion was observed (Fig. 8C). Using 5 mg
of hStau-HA expressor in the transfections slightly en-
hanced but did not markedly alter the RNA encapsidation
levels (Fig. 8C).

The titer of virus from hStau-overexpressing cells was tested,
and the results from these analyses are shown in Fig. 8D. Equal
amounts of virus generated in cells expressing pNL4.3 or
pNL4.3 and hStau-HA were used to infect BF-24 monocytic
indicator cells (these cells contain an integrated CAT gene
downstream of the HIV-1 long terminal repeat). At 48 h post-
transfection, virus was harvested and purified by ultracentrif-
ugation. We observed a marked impairment in the infectivity
of virus derived from hStau-overexpressing cells (Fig. 8D).
Data from three independent experiments showed a 6.7-fold
(61.4 [SEM]) reduction in infectivity in virus harvested from
hStau-overexpressing cells, using 5 mg in the transfections (Fig.
8D). A dose-dependent effect on viral infectivity was observed,
but this too was maximal at the concentration used in the
experiments presented in Fig. 8D (5 mg). Evaluation of the
infectivity of virus from hStau-overexpressing cells using the
MAGI assay concurred with the results obtained in BF-24
assays. These consistently revealed a fourfold (60.3) reduction
in infectivity using 5 mg of hStau-HA in the transfections (data
not shown).

DISCUSSION

hStau incorporation in HIV-1 likely reflects an important
biological function for this host cell dsRNA-binding protein
in HIV-1 replication. hStau is incorporated in HIV-1, as shown
in two gradient analyses and a subtilisin assay (Fig. 1 and 2).
hStau is not passively incorporated into HIV-1 due to its
dsRNA-binding capacity since PKR and TRBP, which possess
similar dsRNA-binding motifs (12) and have comparable cel-
lular distributions, are not detectable in HIV-1 preparations
(Fig. 3B). Both TRBP and hStau bind genomic HIV-1 RNA
(Fig. 7C) but only hStau is incorporated (Fig. 3B), suggesting
a separable and functional difference. And finally, hStau is not
detectable in Gag VLPs (Fig. 5), and virion-incorporated levels
of hStau correlate with the genomic RNA content in virions
(Fig. 6), both evidence that suggests the dependence on geno-
mic RNA encapsidation, and not p55Gag binding, for example,
for incorporation. Whereas several other host cell RNA-bind-
ing proteins are capable of binding HIV-1 RNA, among which
are hnRNP A1 (9), CRM1 (10), and poly(A)-binding protein
(1), there is no evidence to show that these proteins are virion
incorporated, indicating that HIV-1 RNA binding does not
necessarily lead to incorporation.

We have ruled out the involvement of several viral proteins
in hStau incorporation, including Env, Vpr, Pol (RT, IN, and
protease), Vif, Vpu, and Nef, with the use of mutant proviral
clones. Preliminary two-hybrid and coimmunoprecipitation
data show that hStau does not interact strongly with p55Gag.
Furthermore, hStau is not incorporated in VLPs (which do not
encapsidate RNA [Fig. 5]). These data collectively indicate
that an RNA genome interaction(s) is likely to be the main
mechanism for incorporation. We cannot, however, rule out
contributions from other factors that may come into play dur-
ing HIV-1 replication.

In this study we have attempted to define the determinant by
which hStau is incorporated in HIV-1 particles: it requires
an intact functional dsRBD (dsRBD3 [Fig. 4]). A single point
mutation (F135AhStau) abolishes RNA binding (Luo and Des-
Groseillers, submitted) and drastically reduces hStau HIV-1
incorporation. We have no information about the HIV-1
RNA-binding sites of hStau except that it binds the TAR RNA
in vitro (Wickham and DesGroseillers, unpublished), though
structured RNA domains characteristic of retrovirus leader
sequences (37) could potentially serve as binding sites. It is
possible that the F135A mutation in the dsRNA-binding mu-

FIG. 7. hStau binds HIV-1 RNA. (A) 293T cells were transfected with HxBru,
hStau-HA expressor, HxBru, and hStau-HA or dsRBDmut. At 48 h, cells were
lysed in RIPA buffer, and an aliquot containing an equal amount of protein was
loaded onto a protein gel and used in Western blot analysis using anti-HA to
identify hStau and dsRBDmut proteins. (B) Cytosolic RNA was isolated from
cells described above, and an equal amount of RNA was loaded onto duplicate
filters in a slot blot and probed for HIV-1 or GAPDH RNA. (C) RT-PCR
analysis of immunoprecipitates of transfected 293T cells. 293T cells were trans-
fected with hStau-HA alone (lanes 5 and 6), HxBru and hStau-HA expressor
(lanes 1 to 4 and 7 to 10), or HxBru and dsRBDmut (lanes 11 and 12) as de-
scribed above. At 48 h posttransfection hStau was immunoprecipitated from cell
lysates (lanes 9 and 10) as described in Materials and Methods, using an anti-HA
antiserum. dsRBDmut was immunoprecipitated under the same conditions
(lanes 11 and 12). Anti-TRBP was used as a positive control for HIV-1 RNA
coimmunoprecipitation (lanes 7 and 8), and negative controls included using an
anti-c-Myc (lanes 1 and 2) or a preimmune rabbit serum (lanes 3 and 4) in the
immunoprecipitations. Transfection of hStau-HA DNA alone (lanes 5 and 6)
followed by anti-HA immunoprecipitation or the exclusion of RT (lane 13) from
the RT reaction served as the specific negative controls. (D) Purified virus
produced from HxBru-hStau- and HxBru-dsRBDmut-expressing cells was used
in immunoprecipitation analyses. Anti-c-Myc (lanes 1 and 2) and an anti-TRBP
(lanes 3 and 4) were used in the immunoprecipitation as nonspecific controls,
while an anti-HA specifically coimmunoprecipitated HIV-1 RNA from purified
viral lysates from HxBru-hStau-HA-expressing cells (lanes 5 and 6) but not from
virus generated from HxBru-dsRBDmut-expressing cells (lanes 7 and 8). Lane 9
shows the RT-PCR result when RT was excluded from the RT reaction. Num-
bers on the left are sizes of DNA molecular weight standards (in base pairs).
Odd-numbered lanes, primer pair a; even-numbered lanes: primer pair b (see
Materials and Methods).

VOL. 74, 2000 HUMAN STAUFEN INCORPORATION IN HIV-1 5447



tant protein affects other types of interactions, in addition to
RNA binding. In TRBP, for instance, both TRBP dimerization
and TRBP-PKR interaction are mediated through dsRBD
(Anne Gatignol, personal communication; 16). Very little is
known about interacting partners of hStau except that it can
bind the influenza virus NS1 protein (25) and can also exist as
a homodimer (Luo and DesGroseillers, submitted). Further
analyses will be required to determine whether these interac-
tions are mediated through dsRBD3.

While we do not completely understand hStau’s function in
HIV-1 replication, we demonstrate that hStau overexpression

can enhance severalfold the abundance of genomic HIV-1
RNA in virions. Both Northern analysis and a very sensitive
RT-PCR method reveal an almost threefold increase in the
number of encapsidated RNA molecules per virion (Fig. 8).
The effect approximated a dose-response curve, although ge-
nomic RNA content appeared to plateau when 5 mg of hStau-
HA expressor was included in the transfection (Fig. 8C). Fur-
thermore, in proviruses harboring NC mutations, a loss of
selectivity of genomic RNA results in enhanced levels of subge-
nomic and cellular RNA packaging. hStau function, which is
likely to be dependent on RNA binding, appears to be some-

FIG. 8. hStau overexpression results in enhanced genomic RNA content in virions and dramatically reduces infectivity. 293T cells were transfected with 10 mg of
pNL4.3 (plus vector control) or pNL4.3 with hStau-HA cDNA expressor, pNL4.3/hStau-HA (hStau-1, 1 mg; hStau-2, 5 mg). (A) At 48 h posttransfection, virus was
harvested and hStau and p17 were identified by Western analysis. Genomic RNA levels were determined by Northern blot analysis, and the results from three
experiments (6 standard deviation) are presented in panel B. RNA levels in pNL4.3 were arbitrarily set to 1. Only one concentration of hStau-HA was tested (hStau-1).
(C) A sensitive RT-PCR method was used to quantitate the number of copies of HIV-1 genomic RNA per virion from hStau-overexpressing cells as described in
Materials and Methods. The average (6 standard deviation) from two independent determinations is shown. (D) Results from infectivity assays in hStau overexpression
studies. BF-24 monocytic indicator cells were infected with virus from mock-, pNL4.3- or pNL4.3-hStau-HA-transfected cells. A representative result from a CAT assay
is shown; the bottom panel shows the average virus infectivity levels (6SEM) from three separate experiments. These effects were dose dependent.
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how involved in NC function such that in NC mutants that
prevent selective genomic RNA encapsidation, hStau incorpo-
ration is also abrogated (Fig. 6). While NC is the principal
determinant for selective genomic RNA encapsidation via
binding to the psi packaging signal (18, 20), how and where
hStau acts remain to be established. However, hStau’s capacity
to drive RNA encapsidation points to a role of this protein at
the level of the selection of genomic RNA molecules destined
for encapsidation.

Earlier work from several investigators has suggested that
there are constraints to the length of the encapsidated genomic
RNA in retroviruses (33, 38). While this appears to be obvious,
especially since there must be a packaging limit of the retro-
viral core, more recent data indicate that the understanding of
this assembly step is still evolving. For instance, there is evi-
dence to suggest that two RNA dimers (i.e., four copies) can be
coencapsidated in RSV (64), although the RNA molecules
tested were shorter than the genomic RNA. More recently,
however, an RNA of '20 kb, over two times the wild-type size
(68), was shown to be packaged in MLV particles, resulting in
impaired infectivity. These data suggested that replication de-
fects associated with lengthened genomes are evident at sev-
eral replication steps and may be less pronounced at the stage
of RNA packaging. The infectivity of virus from hStau-over-
expressing cells is also significantly impaired. However, in our
study it is the number of copies per virion, not the length, that
is increased (Fig. 8). Our data are consistent with the possibil-
ity that it is not only the quantity of RNA packaged that is
primarily responsible for the replication defect, but defects at
multiple steps of replication including encapsidation, reverse
transcription, and integration can collectively contribute to
impaired infectivity (68). It remains to be determined how the
increase in genomic RNA encapsidation mediated by hStau
can affect virion infectivity in the HIV-1 replication cycle.

Although several cellular RNA-binding proteins such as
RNA helicase A, hnRNP A1, eukaryotic initiation factor 5A,
and poly(A)-binding protein are reported to influence HIV-1
gene expression at several levels including RNA splicing, nu-
cleocytoplasmic transport, RNA metabolism, and translation
(1, 8, 46, 55), recent evidence suggests that mammalian Stau,
like its Drosophila counterpart, is involved in RNA transport
(43). In HIV-1 replication, hStau appears to be involved in pre-
and postassembly since it is found associated with HIV-1 RNA
in both cytosolic and purified viral lysates (Fig. 7C and D).
Moreover, both hStau HIV-1 RNA binding in virus-producing
cells and its RNA binding and transport function in Drosophila
raise the intriguing possibility that hStau is involved in the
transport of HIV-1 genomic RNA. Its presence in several
retroviruses (Fig. 3A) also suggests that it is implicated in a
mechanism that is common to all of these viruses.

We have calculated that only a few molecules ('2 to 5) of
hStau are incorporated per HIV-1 virion (A. J. Mouland and
E. A. Cohen, unpublished data). We are able to enhance this
amount by overexpressing hStau in cells (Fig. 8). In antisense
studies not presented here, we were able to downmodulate
hStau viral incorporation by 40 to 50% (Mouland and Cohen,
unpublished). In both of these conditions, the result is the
production of virus with impaired infectivity, suggesting that an
appropriate amount of incorporated hStau is a requirement to
generate infectious viral particles. Similar conclusions were
made for HIV-1-incorporated levels of cyclophilin A (75) and
for several cellular adhesion molecules in the HIV-1 envelope
(59). On the other hand, the amounts of several cellular pro-
teins embedded within the HIV-1 envelope appear to be vari-
able (3). More work will be required to study hStau’s mecha-
nism of action; however, our data show that hStau’s HIV-1

incorporation levels appear to influence the production of in-
fectious viral particles.

The studies presented here are not the first to implicate
hStau in virus-host interactions. For instance, the nonstruc-
tural protein NS1, a protein involved in blocking nucleocyto-
plasmic transport of cellular polyadenylated RNAs during in-
fluenza virus infection, can bind hStau as shown in two-hybrid
analysis and in in vitro binding assays (25). It is believed that
both protein and RNA binding are involved since hStau and
NS1 physically interact and both bind dsRNA. Likewise, RNA
and protein interactions have recently been shown to be critical
for dStau’s function (67). Based on the data presented here,
hStau’s function during HIV-1 expression appears to princi-
pally rely on an RNA-binding event. Inasmuch as the Gag-Gag
dimerization depends on RNA (13) and elongation factor 1a
incorporation of HIV-1 is dependent on both protein and
RNA interactions (14), it is likely that both types of interac-
tions will be exposed as important elements in hStau’s function
during HIV-1 replication.

Future studies to investigate the detailed mechanism of ac-
tion of hStau will provide important clues to the understanding
of the involvement of host cell proteins in the late steps of the
retroviral replication cycle.
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