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A retroviral regulatory protein, Rev (regulator of virion protein expression), is made in cells infected by
human immunodeficiency virus (11). Rev is essential for the completion of the retroviral life cycle and
interacts with the host cell at some posttranscriptional step in order to express the incompletely spliced HIV
mRNAs from which HIV structural proteins are translated. Neither the host cell components nor the
mechanisms responsible for this important regulation have been defined. We now report that Rev is a

nucleocytoplasmic shuttle protein which is continuously transported between the cytoplasm, the nucleoli, and
nucleoplasmic speckles enriched in RNA splicing and processing factors. The results show that Rev has the
potential to interfere specifically with the splicing of the HIV pre-mRNA in the nucleoplasm and, next, guide
such mRNAs to the cytoplasm for translation.

The genetic information of human immunodeficiency virus
(HIV), which causes AIDS, is contained in a 9-kb genome.
Elaborate differential splicing of the full-length initial tran-
script places the various reading frames into position for
subsequent translation, resulting in three size classes of HIV
mRNAs (about 9, 4, and 2 kb) (20, 23, 41). The two larger-size
classes of HIV mRNA, which are incompletely spliced, cannot
be expressed as Gag/Pol and Env proteins, respectively, unless
an HIV regulatory protein, Rev, is present (16, 35, 44, 47, 50).
Rev itself and Tat (11), another essential HIV protein, are
made from the doubly spliced mRNA species which are

expressed independently of Rev. When HIV transcription is
activated in the infected cell, the full-length mRNA is spliced
two times by default and translated into Tat and Rev proteins.
Tat boosts transcription from the HIV promoter by positive
feedback so that larger amounts of Tat and Rev are made.
When Rev accumulates above a threshold level in the cell, the
unspliced mRNAs (gagipol) and the singly spliced mRNAs
(env) become preferentially expressed (38). The HIV life cycle
thus consists of an early phase characterized by increasing Tat
and Rev production from doubly spliced mRNAs and a late
phase with favored expression of viral structural proteins from
unspliced and singly spliced HIV mRNAs (28). The hallmark
of the Rev-dependent HIV mRNAs is that they contain two
types of cis-acting sequences, the Rev response element
(RRE) and several cis-acting repressive sequences (42). The
RRE is a sequence of 234 ribonucleotides present in the env

region of the HIV mRNA between the two exons of Tat and
Rev (13, 36). The RRE folds into a complex stem-and-loop
structure in vitro and binds avidly and specifically to the basic
domain of the Rev protein (reviewed in references 11 and 23).
The cis-acting repressive sequences are less well characterized
but are present both in the gag/pol region and in the env region
(10, 32, 42, 46). A plausible hypothesis is that the Rev-RRE
binding relieves the suppression caused by the cis-acting
repressive sequences, possibly by displacing (nuclear) host cell
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factors that bind to them. The host cell structures that Rev
interacts with to accomplish its transregulation of the HIV life
cycle have not been identified. Candidate host cell factors that
interact with Rev have been found (15, 43). Apparently
discrepant results have identified the host cell RNA splicing
machinery, the mRNA transport system, or cytoplasmic events
of mRNA expression as important targets for Rev regulation
(summarized in references 27 and 33). In this study it is shown
that Rev shuttles continuously between the cytoplasm and the
nucleus. In the nucleus Rev associates with speckles enriched
in mRNA processing factors and additionally accumulates in
the nucleolus. The discrepant observations regarding the Rev
mechanism of action can be understood in light of a new model
in which the nucleocytoplasmic shuttle protein Rev directs Rev-
dependent mRNAs away from the host cell splicing machinery
and into the cytoplasm for translation and then returns to the
nucleus for further rounds of HIV RRE-RNA export.

MATERUILS AND METHODS

Cell lines and virus. HeLa/crev8 cells and HeLa/cnef cells
(gifts from Bryan Cullen, Howard Hughes Medical Institute,
Durham, N.C.) were made essentially as described for the
HeLa/ctat cells (34). In the HeLa/crev8 cells Rev is expressed
from the full-length rev cDNA present in pcrev (35). HeLa/
crev8 cells were grown in Iscove's medium (Gibco) supple-
mented with 5% fetal calf serum and 5 x 10-7M methotrexate.
In order to inhibit RNA polymerase II transcription, 5 ,ug of
actinomycin D (Sigma) per ml was added; alternatively, 5,6-
dichlororibofuranosyl benzimidazole (DRB) at a concentra-
tion of 100 ,uM was used to inhibit transcription. Protein
synthesis was blocked by the addition of 20 ,ug of cyclohexi-
mide (Sigma) per ml. C8166 is a human T-lymphoblastoid cell
line reported to carry but not to express human T-cell leuke-
mia virus type I (45) and was grown in RPMI 1640 medium
supplemented with 10% fetal calf serum.
The HIV type 1 (HIV-1) IIIB strain was used for infection.

When typical cytopathic effect appeared in the C8166 cells
after 6 to 8 days, a small volume of the infected culture was
inoculated into a healthy culture. Extensive syncytia then
appeared within 36 to 48 h.
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Autoimmune sera and monoclonal antibodies. A Smith
antigen ( sm)-positive serum (Chemicon) generates a speckled
pattern in the nucleoplasm of cells. Several mouse monoclonal
antibodies (MAbs) doubly labeled the sm-positive speckles by
indirect immunofluorescence of methanol-fixed cells. MAb
Y12 (30) recognizes the sm antigen common to Ul, U2,
U4/U6, and U5 small nuclear ribonucleoproteins (snRNPs)
which are concentrated in the speckles; MAb anti-B" (21)
detects the U2 snRNP-specific B" protein in the speckles;MAb
H20 (2) detects the specific modification of snRNAs by
2,2,7-trimethylguanosine (m3G caps) present in the speckles.
MAb anti-SC35 (18) detects an essential non-snRNP RNA
splicing factor localized in nucleoplasmic speckles. SC35 colo-
calized only partially and variably with the sm antigen in our
study. MAbs against heterogeneous nuclear (hn) RNPs Al
(MAb 4B10) and C (MAb 4F4) (9, 37) were used. Anti-human
lamin A/C (31) was used as a negative control. Anti-C-terminal
Rev polyclonal rabbit serum was a gift from M.-L. Hammar-
skjold and David Rekosh (University of Virginia, Charlottes-
ville). The antimitochondrial MAb 1273 was obtained from
Chemicon. A MAb against HIV reverse transcriptase has been
described previously (49).

Generation and characterization of anti-Rev hybridomas.
The generation of 14 anti-Rev mouse hybridomas has been
described previously (27). The MAbs were mapped by using a
panel of 14 overlapping synthetic peptides spanning the whole
length of the Rev protein (American Biotechnology). lGlO
and 8E7 reacted specifically with synthetic peptides corre-
sponding to Rev amino acids 96 to 105 (GVGSPQILVE) and
70 to 84 (PVPLQLPPLERLTLD), respectively). 8E7 belonged
to the immunoglobulin G2a(K) subtype, and IG10 belonged to
the immunoglobulin G2b(K) subtype.
Immunofluorescence analysis. Coverslips with cells were

washed twice in phosphate-buffered saline (PBS) and fixed in
ice-cold methanol for at least 10 min. Following two washes in
PBS, the coverslips were incubated in 0.5% bovine serum
albumin (BSA) in PBS for 15 min. The first antibody at an
appropriate dilution in PBS-0.5% BSA was added for 45 min.
PBS washes were done prior to and following incubation with
Texas red- or fluorescein isothiocyanate (FITC)-conjugated
secondary antibodies for 30 min. Rhodamine anti-human
(Boehringer), FITC anti-mouse (Boehringer), and Texas red
anti-rabbit (Amersham) conjugates were diluted 1:100 in 0.5%
BSA in PBS. The immunofluorescent staining patterns of
nuclear antigens in paraformaldehyde-stained cells often dif-
fered from those in methanol-fixed cells. Several protocols
including fixation of cells in 4% paraformaldehyde in PBS-
0.05% Tween 20, followed by washes in PBS and blocking in 10
mM glycine, a wash in PBS followed by cold methanol, or
immunofluorescence as above were compared. The latter
protocol was tried with or without Tween 20 and, alternatively,
by fixation in 4% paraformaldehyde-50% ethanol.

Cytoplasmic and nuclear fractionation of cells. HeLa/crev
cells were grown to 70 to 80% confluency, trypsinized and
pelleted in complete medium, and resuspended in a small
volume of lysis buffer (10 mM Tris-Cl [pH 7.5], 150 mM KCl,
3 mM MgCl2, 1 mM CaCl2, 2% polyvinylpyrrolidone [90 kDa],
0.2% BSA). Nonidet P-40 was added to a final concentration of
0.5%. The solution was shaken vigorously for 5 s, immediately
underlaid with 24% sucrose in the same buffer without Nonidet
P-40, and pelleted for 3 min at 1,500 x g. The cytoplasmic
fraction was mixed with loading buffer, boiled for 3 min, and
stored frozen until electrophoresis. The nuclear pellet was
resuspended in 10 mM Tris-Cl (pH 7.4)-10 mM NaCl-1.5
mM MgCl2 before addition of loading buffer, boiling, and
freezing.

Western blot (immunoblot) analysis. Standard 15% poly-
acrylamide gel electrophoresis was done. When the electro-
phoresis was completed, the separated proteins were trans-
ferred to polyvinylfluoride membranes by using a Bio-Rad
transblotting unit. The Amersham enhanced chemilumines-
cence system (ECL) was used for detection according to the
instructions except that the specificity was increased by dilution
of the horseradish peroxidase secondary conjugate severalfold
more than recommended. The substrate solution was diluted
twice with distilled H20. ECL films were scanned by using the
Adobe Photoshop program and a Mikrotek Scanmaker IIX
flatbed scanner. Scanned data were analyzed by using the
National Institutes of Health Image program, version 1.54, and
the gel-plot macro.

Microinjection. HeLa/crev cells were grown in Iscove's me-
dium supplemented with 5% fetal calf serum and 5 x 10-7M
methotrexate on 12-mm-diameter Assistant glass coverslips.
Eppendorf microcapillaries were loaded with 1 mg of anti-Rev
MAb lGlO and 1 mg of Texas red-conjugated dextran (500
kDa) per ml in 2 mM HEPES (N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid) (pH 7.6)-150 mM KCl. An Eppen-
dorf micromanipulator 5171 was connected to an Eppendorf
microinjector 5242. Injection time was set at 0.3 s, and effective
injection pressure varied between 10 and 30 hPa. The injection
was done on the heat stage of a Zeiss microscope. Coverslips
with cells were returned to incubation chambers at controlled
temperature and CO2 concentration immediately after injec-
tion. At the indicated times the coverslips were washed twice in
PBS, fixed for 10 min in methanol at 4°C, washed in PBS again,
blocked for 10 min in 0.5% BSA, and incubated with FITC
anti-mouse antibody (Amersham) (dilution, 1:100) for 30 min.

RESULTS

Subcellular localization of Rev in a HeLa/crev cell line. An
extensive characterization of Rev distribution using indirect
immunofluorescence has been reported recently (27). Rev was
found in the cytoplasm (Fig. 1C and G and 2A and C), in a
perinuclear zone (Fig. 1A, C, and G and 2A and C), in the
nucleoli (Fig. 1A, C, E, G, and I and 2A and C), and in a
speckled pattern in the nucleoplasm (Fig. 1A, C, E, G, and I
and 2A and C) of methanol-fixed cells. In the nucleoplasm Rev
colocalized with the sm antigen, an epitope common to Ul,
U2, U4/U6, and U5 snRNPs, in a speckled pattern. The
colocalization was shown with both an autoimmune sm-posi-
tive human serum and the anti-sm MAb Y12. Rev and sm
antigen colocalization was demonstrated by using a rabbit
polyclonal anti-Rev serum and Y12 (Fig. 1A and B, respec-
tively). Rev was found to colocalize also with the RNA
processing factors hnRNP C (Fig. 1C and D) and hnRNP Al
(Fig. 1E and F). Rev additionally colocalized with the snRNA
component of the snRNPs in a speckled pattern (Fig. 1G and
H), as determined by immunofluorescent double labeling
between the rabbit anti-Rev serum and MAb H20, which binds
to 2,2,7-trimethylguanosine caps of snRNAs. The specificity of
the double labeling between Rev and the RNA processing
factors in a speckled pattern in the nucleoplasm is underscored
by the conspicuous labeling of Rev alone in other compart-
ments of the same cells, i.e., the cytoplasm (Fig. 1C, G, and I),
the perinuclear zone (Fig. 1A, C, E, G, and I), and the nucleoli
(Fig. 1A, C, E, G, and I). In contrast, the Y12 (Fig. 1B), 4F4
(Fig. 1D), 4B10 (Fig. 1F), and H20 (Fig. 1H) MAbs usually
displayed stronger diffuse nucleoplasmic staining than that for
Rev in addition to the speckled pattern. The negative control
showed the absence of any double labeling between anti-Rev
and MAb antilamin (Fig. 1I and J, respectively). It must be
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FIG. 1. Indirect immunofluorescent double labeling of HeLa/crev cells. (A, C, E, G, and I) Rabbit anti-Rev serum and a Texas red anti-rabbit
secondary antibody (Amersham). (B) Y12 (an anti-sm MAb); (D) 4F4 (an anti-hnRNP C MAb); (F) 4B10 (an anti-hnRNP Al MAb); (H) H20
(an anti-trimethylguanosine cap MAb); (J) antilamin MAb. The MAbs were visualized with an FITC-conjugated anti-mouse antibody
(Boehringer). Colocalization between Rev and factors associated with RNA processing is evident in nucleoplasmic speckles. The antilamin MAb
provides a negative control. A pronounced cell-to-cell variation was characteristic for the abundance levels of Rev in contrast to the host cell
proteins. Arrows, selected speckles; Arrowheads, nucleoli.
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FIG. 2. C8166 lymphoid cells were infected with HIV-1 IIIB for 48 h and deposited onto slides by using a cytospin centrifuge. The cells were
fixed in methanol and examined by indirect immunofluorescence. (A) HIV-1 IIIB-infected cells examined with 8E7, an anti-Rev MAb; (B)
uninfected C8166 cells examined with 8E7; (C) HIV-1 IIIB-infected cells examined with 8E7 (the FITC-conjugated anti-mouse immunoglobulin
visualized bound 8E7); (D) same field as that in panel C labeled with human anti-sm-positive serum and rhodamine-conjugated anti-human
antiserum. Selected speckles are marked by arrows. Arrowheads, nucleoli.

emphasized that the staining patterns of both Rev and the host
cell nuclear factors were dependent upon the fixation method
used. Attention has been directed to this problem previously
(5, 6). In paraformaldehyde-fixed cells Ul snRNP-specific
antibodies generated diffuse nucleoplasmic staining in contrast
to both speckled and diffuse patterns of nucleoplasmic staining
in methanol-fixed cells. Nucleoplasmic speckled double label-
ing between anti-m3G cap antibody and Ul-specific antibody
was visualized only in methanol-fixed cells and not in paraform-
aldehyde-fixed cells (5, 6). A similar situation was found in this
study regarding the staining of hnRNPs Al and C with MAbs
4B10 and 4F4, respectively. In paraformaldehyde-fixed cells
the staining with 4F4 and 4B10 was predominantly diffuse in
the nucleoplasm regardless of permeabilization with Tween or
methanol. In methanol-fixed cells nucleoplasmic hnRNP
speckles were always evident in addition to variable diffuse
staining. Paraformaldehyde fixation apparently masked nucle-
oplasmic Rev epitopes which were not successfully regenerated
by several permeabilization protocols.
Rev subcellular distribution in HIV-1 IIIB-infected lym-

phoid C8166 cells. Figures 2A and C represent the first in situ
detection of Rev in infected cells. T-lymphoblastoid C8166
cells were infected by HIV-1 IIIB and fixed in ice-cold
methanol 48 h later. Although the strong Rev staining of the
nucleolus dominated, colocalization between Rev and the sm
antigen in a speckled pattern (Fig. 2C and D) was evident in
doubly labeled cells. Rev was easily detectable in the cytoplasm
and in the perinuclear zone (Fig. 2A and C). In uninfected
C8166 cells, only faint nucleoplasmic background staining was
visible with the anti-Rev MAb 8E7 (Fig. 2B).

Actinomycin D-induced and DRB-induced cytoplasmic ac-
cumulation of Rev in HeLa/crev cells. Since a substantial
amount of Rev was found in the cytoplasm of both HeLa/crev

cells and HIV-1 IIIB-infected lymphoid cells, the possibility
that Rev is a nucleocytoplasmic shuttle protein was investi-
gated. The first approach to the study of nucleocytoplasmic
transport of Rev was based upon published work with the
nuclear hnRNPs (37). When cells are grown in the presence of
5 ,ug of actinomycin D per ml to inhibit RNA polymerase II
transcription, the nucleocytoplasmic shuttle protein hnRNP
Al accumulates in the cytoplasm. In contrast, hnRNP C
proteins are restricted to the nucleus independently of tran-
scription. These results were reproduced (Fig. 3) and extended
by the parallel examination of the sm antigen and Rev. The sm
antigen (Fig. 3A to C) and the hnRNP C proteins (Fig. 3J to L)
remain in the nucleus when cells are exposed to actinomycin D.
After 3 h of actinomycin D treatment Rev localization changed
from predominantly nuclear to almost exclusively cytoplasmic
(Fig. 3D to E). hnRNP Al responded in a similar way to
actinomycin D treatment, although usually with a significantly
less pronounced exit from the nucleus compared with Rev
(Fig. 3G and H and 3D and E, respectively). The export of Rev
(and hnRNP Al) occurred at 37°C but not at 4°C, implying an
active component of the transport process from the nucleus to
the cytoplasm. The actinomycin D-induced cytoplasmic export
of Rev (Fig. 3D and E) and hnRNP Al (Fig. 3G and H) was
partly reversible following a wash of the cells and incubation at
37°C in medium without inhibitors (Fig. 3F and I, respectively)
or with cycloheximide only (data not shown). Rev accordingly
has the potential to be transported bidirectionally over the
nuclear membrane.
The absence or presence of cycloheximide at 20 ,ug/ml

during actinomycin D treatment at 5 ,g/ml did not affect the
basic patterns of the actinomycin D-dependent changes of Rev
subcellular localization. In a series of control experiments a
different inhibitor of RNA polymerase II, DRB, was used
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FIG. 3. HeLa/crev cells were incubated without (A, D, G, and J) or with (B, E, H, and K) 5 ,ug of actinomycin D and 20 ,ug of cycloheximide
per ml for 3 h. (C, F, I, and L) Cells were incubated with actinomycin D and cycloheximide for 3 h, washed, and fixed after an additional 3 h in Iscove's
medium with 5% fetal calf serum and without inhibitors of transcription or protein synthesis. (A to C) Human anti-sm-positive serum and
rhodamine-conjugated anti-human secondary antibody; (D to F) 8E7 (an anti-Rev MAb) and FITC-conjugated anti-mouse antibody (double labeling of
the samples in panels A to C, respectively); (G, H, and I) 4B10 (an anti-hnRNP Al MAb) and FITC-conjugated anti-mouse antibody; (J, K, and
L) 4F4 (an anti-hnRNP C MAb) and FITC-conjugated anti-mouse antibody; Arrows, selected doubly labeled speckles; arrowheads, nucleoli.

instead of actinomycin D. Very similar results were found. In
the presence of 100 ,um DRB both Rev and hnRNP Al, but
not hnRNP C, accumulated in the cytoplasm over 3 h. When
the DRB-containing medium was replaced by DRB-free me-

dium, nuclear reimport of Rev and hnRNP Al was evident
within 3 h (data not shown). The presence or absence of

cycloheximide during these experiments did not result in
significant differences. Previously we found that incubation of
cells with only cycloheximide at 20 pug/ml did not change the
apparent subcellular distribution of Rev for periods of up to 10
h or as long as the cells appeared viable (27).

In order to quantitate the relationships above, nuclear and
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FIG. 4. Western blot analysis of nuclear (N) and cytoplasmic (C)
fractions of HeLalcrev cells treated with actinomycin D (5 ,ug/ml) and
cycloheximide (20,ug/ml) (+) and untreated controls (-). Membranes
containing electrophoretically separated nuclear or cytoplasmic frac-
tions were incubated with anti-Rev MAb 8E7 (lanes 1 to 4), anti-
hnRNP C MAb 4F4 (lanes 5 to 8), or antimitochondrialMAb 1273
(Chemicon) (lanes 9 to 12). In lanes 13 and 14 double labeling using
8E7 and 4F4 shows the actinomycin D-induced decrease of the nuclear
content of Rev compared with hnRNP C. A Macintosh Mikrotek
scanner and the Adobe Photoshop program were used to assemble the
data from two independent representative experiments (lanes 1 to 12
and lanes 13 and 14, respectively). Nucleus samples corresponding to
S x 105 cells and cytoplasm samples corresponding to 10' cells (the
cytoplasmic fraction was more diluted following fractionation) were

loaded in the wells.

cytoplasmic fractions of HeLa/crev cells were analyzed by
Western blot (Fig. 4, lanes 1 and 2 and lanes 3 and 4,
respectively). As leakage from the nuclear to the cytoplasmic
fractions proved a major problem, it was necessary to control
each fractionation by using antibodies to nuclear (hnRNP C)
(Fig. 4, lanes 5 to 8) and cytoplasmic (mitochondrion) (Fig. 4,
lanes 9 to 12) marker antigens. The most important parameters
for sufficient fractionation were to minimize the time between
lysis and fractionation (less than 1 to 2 min) and to increase the
colloid osmotic pressure in the lysis buffer by using 2%
polyvinylpyrrolidone and 0.2% BSA (unpublished results). A
selective decrease of Rev content in the nucleus following
incubation for 3 h with actinomycin D and cycloheximide is
evident in Fig. 4, lanes 1 and 2. A simultaneous increase of the
Rev concentration in the cytoplasmic fraction of cells treated
with inhibitors compared with untreated cells is shown in Fig.
4, lanes 3 and 4. The double labeling in Fig. 4, lanes 13 and 14,
demonstrates the selective nuclear decrease of Rev compared
with hnRNP C following inhibition of transcription and trans-
lation for 3 h. The Rev-specific and control bands of Western
blot ECL films were subjected to densitometric scanning
analysis. The nuclear fractions were normalized against the
hnRNP C-specific bands before and after actinomycin D
treatment. The Rev signal ratio in the nucleus before and after
actinomycin D-plus-cycloheximide treatment averaged 8.3 in
four independent experiments compared with a ratio of 0.8 for
the hnRNP C bands. In the cytoplasm the ratio between Rev
bands before and after actinomycin D-plus-cycloheximide
treatment was about 0.3, while the corresponding mitochon-
drion marker band ratio was close to 1.

Active transport of Rev bidirectionally over the nuclear
membrane following microinjection. This assay is based upon

the assumption that a microinjected antibody can bind to its
corresponding antigen in vivo and be carried along the normal
transport pathways of the protein it binds to. A similar assay

has been used previously to verify nucleocytoplasmic shuttling
of nucleolar proteins (3). A mixture of the affinity-purified
anti-Rev MAb lGlO and Texas red-conjugated dextran (500
kDa) was microinjected into either the nucleus or the cyto-

plasm of Rev-expressing HeLa/crev cells. The dextran was

necessary to control whether the nucleus or the cytoplasm was

injected. In Fig. SA to C the cells were fixed 7 h after

intranuclear injection and incubation at 37°C. The dextran was
restricted to the nucleoplasm during that period (Fig. 5A). In
contrast, the anti-Rev MAb lGlO was clearly redistributed
partly to the nucleolus and partly to the cytoplasm in the
course of the incubation (Fig. 5B). The possibility that the
redistribution of Rev was an injection or postfixation artifact
was excluded by the following experiment. The anti-RevMAb
lGlO was injected into the HeLa/crev nucleus at 4°C and
remained in the nucleus at 4°C when the cells were fixed and
examined 7 h later (Fig.SD to F). In contrast to the cytoplas-
mic accumulation, the nucleolar accumulation of Rev was
often seen in the latter case independently of temperature
(data not shown). When the Rev MAb was microinjected into
the nuclei of HeLa/cnef cells that did not express Rev, the
dextran and MAb lGlO colocalized in the injected compart-
ment for extended periods at 37°C (Fig. 5G to I). Finally, an
anti-HIV reverse transcriptaseMAb injected into the nuclei of
HeLa/crev cells stayed inside the nucleus and was not redis-
tributed like the anti-Rev MAb in parallel experiments (data
not shown). When the anti-Rev MAb was injected into the
cytoplasm and chased for 7 h at 37°C, nuclear import of Rev
took place (Fig. SG, J, K, and L). Advantage was taken of the
fact that multinucleate HeLa/crev cells appeared spontane-
ously at a low frequency in the culture. In Fig. 5J to L this
phenomenon is exemplified. The anti-Rev MAb injected into
one of three nuclei (stained with Texas red in Fig. SJ) was
exported to the cytoplasm and next imported to the nucleoli of
the two other nuclei of the same cell (Fig. 5K).

DISCUSSION

The complex pathway of eukaryotic hnRNA splicing in vitro
has been examined in detail in nuclear extracts. In a highly
ordered succession of events snRNPs and accessory splicing
proteins assemble on the intron- and exon-containing hnRNA
into a multimolecular structure known as the spliceosome. The
process culminates in the release of mRNA, with the exons
correctly ligated and the intervening intron sequences removed
(reviewed in reference 19). A current hypothesis holds that the
mRNA splicing process thus delineated may be compartmen-
talized in structures known as speckles in the nucleoplasm of
living cells (40). The individual components of the in vitro-
defined spliceosome (snRNPs [5, 25, 27, 48], snRNAs [5, 39],
accessory splicing factors [18], poly(A) RNA [7], and specific
transcripts [24, 51, 52]) have been visualized as nucleoplasmic
speckles by indirect immunofluorescence or in situ hybridiza-
tion. In order to express its condensed genomic information,
HIV exploits the host cell RNA splicing machinery and
additionally overrides a general paradigm of eukaryotic mRNA
expression: that intron-containing RNA is confined to the
nucleus. It is conceivable that to interfere with the host cell
splicing of HIV RNA, Rev has to be transported from the
cytoplasm to the nuclear speckles if this is the site of RNA
splicing in vivo. In the present study colocalization between
Rev and the RNA splicing factor-enriched speckles was found
in both a HeLa/crev cell line (Fig. 1) and the lymphoid cell line
C8166 infected with the HIV-1 IIIB strain (Fig. 2). The Rev
protein shuttled continuously between the nucleoplasmic
speckles and the cytoplasm, as demonstrated by two indepen-
dent assays (Fig. 3 and 4 and Fig. 5). Since Rev can bind to the
RRE of the HIV mRNAs it regulates, the results suggest that
Rev may be directed to the sites of RNA splicing in the
nucleoplasm in order to interfere specifically with splicing of
RRE-RNA and mediate transport of such HIV mRNAs to the
cytoplasm for translation. In confirmative experiments done in
parallel it was shown that Rev performed similarly to the
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FIG. 5. HeLa/crev and HeLa/cnef cells were grown on coverslips and microinjected with the IG10 anti-Rev MAb (1 mg/ml) mixed with 1 mg
of Texas red-conjugated dextran per ml (500 kDa) (Molecular Probes Inc.) into the nuclei (A to I) or into the cytoplasm (J to L [on the left]) of
cells. (A to C and J to L) HeLa/crev cells were incubated in complete medium for 7 h at 37°C following microinjection and then fixed in methanol.
The anti-Rev MAb was visualized by using FITC anti-mouse immunoglobulin. (D to F) HeLa/crev cells were injected and incubated for 7 h at 4°C
and then processed together with the other cells (see above). (G to I) HeLa/cnef cells were microinjected into the nuclei by using the same mixture
of the lGlO anti-Rev MAb and Texas red-dextran. When a HeLa/crev cell with three nuclei (upper right in panels J to L) was injected into one
nucleus, the Rev MAb was exported to the cytoplasm and imported into the nucleoli (white lines) of the two other nuclei. Arrows in the
phase-contrast photographs (C, F, I, and L), microinjected cells.

nucleocytoplasmic shuttle protein hnRNP Al (Fig. 3D to F
and G to I, respectively). Previously, hnRNP Al has been
shown to remain bound to mRNA in the cytoplasm of cells and
has been proposed to be part of the host cell mRNA RNP
export particle (37). However, Rev displays a nucleolar stage of
its subcellular trafficking in contrast to hnRNP Al. It has been
suggested that the nucleolar accumulation of Rev might be
related to overexpression and nonspecific affinity between Rev
and nucleolar components. In this study it was shown for the
first time how Rev was distributed in HIV-infected lymphoid
cells in situ. Rev exhibited cytoplasmic, perinuclear, nucleolar,
and speckled staining in this less artificial system (Fig. 2).
Because of an inherent unstable production of Rev in the

methotrexate-selected HeLa/crev cells the effect of very differ-
ent abundance levels of Rev in individual, neighboring cells
could be examined. It was apparent that Rev was distributed
between the speckles, the nucleolus, and the cytoplasm at all
detectable expression levels (Fig. 1G and 3D), arguing against
the possibility that the patterns represent overexpression epi-
phenomena. The Rev patterns did not depend upon the stage
of the interphase of the cell cycle and persisted in subclones of
the HeLa/crev cells (27).
We previously demonstrated that cycloheximide at concen-

trations sufficient to inhibit new protein synthesis did not affect
the subcellular distribution of Rev for periods of 8 to 10 h (27).
The pronounced effect of actinomycin D (Fig. 3 and 4) and the
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microinjection experiments (Fig. 5) show that the Rev patterns
reflect nucleocytoplasmic shuttling of Rev. The transport of
Rev in both directions over the nuclear membrane is an active
process. The 116-amino-acid Rev protein (apparent molecular
size, 21 kDa) is small enough to passively diffuse across the
nuclear pore complex. An active transport mechanism is
required, however, for the Rev-anti-Rev MAb complex to
move across the nuclear pore.
Most studies have found that little unspliced and singly

spliced HIV mRNA is exported to the cytoplasm in the
absence of Rev (14, 17, 22, 26, 36). In conflicting studies
substantial amounts of Rev-dependent RNA appear in the
cytoplasm independently of Rev (1, 12). Instead, the predom-
inant effect of Rev was explained by specific loading of such
mRNAs on polysomes in the cytoplasm (1, 12). Our experience
with cell fractionations (Fig. 4) indicates that possible leakage
from the nuclear fraction to the cytoplasmic fraction cannot be
ruled out in the latter studies. Aside from that, both Rev-
mediated export and cytoplasmic events can be understood as
different aspects of the nucleocytoplasmic shuttling of Rev
discovered in this study. Different mechanisms have been
proposed to account for the Rev-mediated RRE-RNA export.
Rev might displace RNA splicing factors from the nascent HIV
pre-mRNA (8, 29). Alternatively, Rev might promote specific
RNA transport mechanisms or pathways (33). The in vivo
shuttling of Rev between the speckles enriched in RNA
splicing factors and the cytoplasm suggests that the distinction
between Rev activity in RNA splicing and RNA transport may
be arbitrary.

In the HeLa/crev cells (Fig. 1 and 3 to 5) neither the RRE
nor HIV proteins other than Rev were made. The Rev protein
nevertheless completed its complicated subcellular trafficking
and shuttling by direct interaction with host cell components.
The RRE was not required to target the Rev protein to the
speckles (Fig. 1 and 3) or back into the cytoplasm (Fig. 3 to 5).
Very similar distributions of Rev were found in the HeLa/crev
cells and in the HIV-1-infected C8166 cells (Fig. 2). It is
therefore possible that the RRE is not a critical transport
determinant of Rev or a putative RRE-Rev complex. The role
of Rev may then be to act as a molecular bridge between the
RRE-RNA and the host cell transport machinery. The basic
domain of Rev is already known to bind to the RRE. Another
functional domain of Rev, the leucine-rich activation domain,
may bind to a host cell transport factor according to that
model. The very recent identification of an RNA sequence
from the Mason-Pfizer monkey virus that obviates the need for
both Rev and the RRE when it is present in cis in otherwise
Rev-dependent mRNAs (4) also fits with the notion that Rev
is a molecular bridge between the RRE-RNA and a host cell
factor. Recently, a host cell factor, eIF5A, that interacts with
the Rev activation domain was found and shown to be of
functional relevance (43). In a separate publication (48a) we
show that, when the activation domain of Rev is mutated in
order to generate transdominant negative mutants of Rev, the
nuclear export part of the Rev nucleocytoplasmic shuttling is
blocked, lending further credence to the hypothesis that Rev
binds to a host cell nuclear export factor via its activation
domain.
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