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The human immunodeficiency virus type 1 (HIV-1) Rev (regulator of virion protein expression) protein
exemplifies a new type of posttranscriptional regulation. One main function of Rev is to increase the
cytoplasmic expression of unspliced and incompletely spliced retroviral mRNAs from which viral structural
proteins are made. In that way, Rev is essential in order to complete the retroviral life cycle. The biology of Rev
in the host cell has remained elusive. In this study, a complex distribution of Rev in single cells was found. Rev
was found in the cytoplasm, in a perinuclear zone, in the nucleoplasm, and in the nucleoli. In the nucleoplasm,
Rev colocalized in a speckled pattern with host cell factors known to assemble on nascent transcripts. Those
factors are involved in the processing of heterogeneous RNA to spliced mRNA in the nucleoplasm of all cells.
The distribution of Rev was dependent only on Rev and host cell interactions, since neither the Rev target RNA
nor other HIV proteins were expressed in the cells. Rev was found in the same subcellular compartments of
cells treated for extended periods with cycloheximide, an inhibitor of protein synthesis. This finding implies
that Rev shuttles continuously between cytoplasmic and nucleoplasmic compartments. The results suggest a
potential role for Rev both in the RNA-splicing process and in the nucleocytoplasmic transport of
Rev-dependent HIV mRNA.

The regulators of virion protein expression (abbreviated Rev
and Rex in lentiviruses and oncoviruses, respectively) repre-
sent a novel class of regulatory proteins first discovered in the
retroviruses human immunodeficiency virus (HIV) (Rev) (25,
70) and human T-cell leukemia virus (HTLV) (Rex) (40). The
expression of unspliced and incompletely spliced HIV-1
mRNA requires Rev at an unknown step(s) between transcrip-
tion and translation. The retroviral structural components are
made from the Rev-dependent unspliced and incompletely
spliced mRNAs. Therefore, mature virions are not formed in
the absence of Rev (65, 73). The Rev-dependent mRNAs are
characterized by two types of cis-acting sequences, a single Rev
response element (RRE) (20, 50) and several cis-acting repres-
sive sequences (CRSs) (64). These elements are removed in
the completely spliced HIV mRNAs which do not require Rev
for cytoplasmic appearance and translation. The RRE is
present in the HIV env region between the two exons of rev
and folds into a complex stem-loop RNA secondary structure
(50) that binds Rev with high affinity (18, 33, 52, 56, 78) in
vitro. Mutations that compromise RRE structure abrogate Rev
binding and Rev function (21, 36, 41, 52, 56). The CRSs are
less well defined and mapped (13, 22, 46, 64, 68) but by
definition prevent expression of the HIV-1 mRNAs in which
they are present unless counteracted by Rev activity. One
hypothesis is that CRSs bind inhibitory host cell structures
which are displaced by Rev following its binding to the RRE
(15, 32).

Site-directed mutagenesis of the 116-amino-acid (aa) Rev
protein has delineated several functional domains (34, 47, 51,
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55). Mutations in a basic domain (aa 35 to 50) compromise
nuclear and nucleolar accumulation. The basic domain addi-
tionally binds specifically to the RRE RNA (14, 47). Other
mutations affect Rev multimerization (51, 55). The activation
domain (aa 73 to 90), which contains characteristically spaced
leucine residues, may generate transdominant negative mu-
tants that repress Rev wild-type function in cotransfection
experiments (47, 51, 74). It has been reported that the activa-
tion domain ends with critical acidic residues (53).

Different experiments have suggested that the splicing ap-
paratus (10, 45), the RNA transport system (22, 26, 31, 50), and
the cytoplasmic polysomes (1, 17) are potential targets for Rev
activity. Morphological studies have shown that Rev is im-
ported to the nucleus and accumulates in the nucleolus (14,
16). To study Rev in the context of the single cell, a panel of
monoclonal antibodies (MAbs) was raised against recombi-
nant Rev expressed in Escherichia coli and selected for reac-
tivity in indirect immunofluorescence in Rev-expressing cells.
Rev was distributed to the cytoplasm, to a perinuclear zone, to
the nucleoli, and to the nucleoplasmic speckles believed to be
sites of processing of RNA polymerase II pre-mRNA. The
continuous shuttling of Rev between the different subcellular
compartments supports a model in which the role of Rev is
both to interfere with splicing of HIV mRNA and to be
involved in HIV mRNA transport and in cytoplasmic events of
HIV mRNA expression.

MATERIALS AND METHODS

Plasmid constructs. Plasmid pSVCMV rev contains the
HIV-1 IIIB rev cDNA (BamHI-EcoRI fragment derived from
pH3art [64]) downstream of the simian virus 40 origin and the
cytomegalovirus promoter and upstream of the simian virus 40
poly(A) signal in a pGEM backbone. In prev 81 (74), the rev
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cDNA mRNA transcription is driven by the cytomegalovirus
immediate-early promoter. pSV3gal was from Promega Bio-
tec.

Cell lines and transfection. COS-1 cells were transfected by
using standard DEAE-dextran and calcium phosphate meth-
ods, with the same results. One day following transfection, cells
were trypsinized, plated on 12-mm-diameter Assistant cover-

slips, fixed in methanol between 36 and 72 h posttransfection,
and examined. HeLa/crev8 cells and HeLa/cnef cells (gifts from
Bryan Cullen, Howard Hughes Medical Institute, Durham,
N.C.) were made essentially as described for HeLa/ctat cells
(48). In HeLa/crev8 cells, rev is expressed from the full-length
rev cDNA present in pcrev (49). HeLa/crev8 cells were grown

in Iscove's medium (GIBCO) supplemented with fetal calf
serum and 5 x 10-7 M methotrexate.
Autoimmune sera and MAbs. The human autoimmune sera

used recognize nucleoplasmic speckles (Sigma and Chemicon),
nucleoli (ANA-N; Sigma), the mitotic spindle (Chemicon), and
lamin A/C (a gift from Frank McKeon, Harvard Medical
School, Boston, Mass.). The sera were characterized by fluo-
rescent double labeling with MAbs of known specificity. The
autoimmune antilamin serum colocalized with an anti-lamin
A/C MAb (Frank McKeon). MAb anti-SC35 (28) detects an

essential non-small nuclear ribonucleoprotein (snRNP) RNA-
splicing factor localized in nucleoplasmic speckles. MAb Y12
(44) recognizes the sm antigen common to U1, U2, U4/U6, and
U5 snRNPs which all are present in speckles. MAb LalB5
detects the La antigen (RNA polymerase III termination
factor and a nucleocytoplasmic shuttle protein [4]). MAb
anti-B" (30) detects the U2 snRNP-specific B" protein in the
speckles. H20 (6, 61) detects the specific modification of
snRNAs, 2,2,7-trimethylguanosine (m3G caps) present in the
speckles. Antibodies against heterogeneous nuclear ribo-
nucleoproteins (hnRNP) Al (4B10) and C (4F4) (12) were

used. Other control MAbs were anti-B23 (54) and anti-C23
(27), directed against major nucleolar antigens involved in
nucleocytoplasmic shuttling, and MAbs against nuclear pore

complexes (RL-1 [69] and MAb350 [19]) and an anti-rRNA
MAb (44). Anti-cyclin A and anti-cyclin Bi were from Pharm-
ingen. An anti-C-terminal Rev polyclonal rabbit serum was a

gift from M.-L. Hammarskjold and David Rekosh (State
University of New York at Buffalo, Buffalo, N.Y.).

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
appropriate dilution in PBS-and 0.5% BSA was added for 1 h.
PBS washes were done before and after incubation with Texas
red- or fluorescein isothiocyanate (FITC)-conjugated second-
ary antibodies for 0.5 h. FITC anti-human (Boehringer), FITC
anti-mouse (Boehringer), and Texas red anti-mouse (Amer-
sham) conjugates were diluted 1:100 in 0.5% BSA in PBS.

Generation and characterization of anti-Rev hybridomas.
Three BALB/c mice were immunized with 50 Fg of purified
recombinant HIV-1 Rev expressed in E. coli (American Bio-
technology, Boston, Mass.) in a volume of 500 pl with 50%
Freund's complete adjuvant. Three boosts of 50 p.g of Rev in
PBS and Freund's incomplete adjuvant and a fourth boost of
50 ,ug of Rev in PBS were given at monthly intervals. Three
days following the last boost, the spleen was removed and the
splenocytes were fused with the myeloma cell line NSO by
standard methods using polyethylene glycol 4000. The initial
screening of antibody producing hybridomas was done by
enzyme-linked immunosorbent assay, using 100 ng of Rev per

well. Indirect immunofluorescence of Rev-expressing cells was

used for the selection of hybridomas that generated strong
fluorescent signals. The selected hybridomas were cloned by
fixed dilutions until monoclonal cultures were obtained. Four
different hybridomas, 9G2, 8E7, IG10, and I G7, worked well in
indirect immunofluorescence and also detected Rev in West-
ern immunoblot assays. The MAbs were mapped by using a
panel of 14 overlapping synthetic peptides spanning the whole
length of the Rev protein (ABT, USA). IG10 and 1G7 reacted
specifically with a synthetic peptide corresponding to Rev aa 96
to 105 (GVGSPQILVE), and 8E7 and 9G2 reacted with a
peptide corresponding to Rev aa 70 to 84 (PVPLQLPPLER
LTLD).
A kit (Zymed) was used for the isotyping of antibodies. 9G2

and 8E7 both belonged to the immunoglobulin G2a kappa
subtype, and IG10 and 1G7 belong to the immunoglobulin G2b
kappa subtype.

Synchronization and arrest of the cell cycle of HeLa/crev
cells. The procedure used was essentially that described pre-
viously (11). HeLa/crev cells were grown in Iscove's medium
supplemented with 1% fetal calf serum for 2 days. Ge,-arrested
cells were exposed to aphidicolin at 10 p.g/ml in complete
medium for 12 to 15 h. Cells arrested by aphidicolin in the G1/S
stage of the cell cycle were released by two washes and
incubation in complete growth medium. The cells were moni-
tored by the number and appearance of mitotic spindles, using
a human anti-mitotic spindle serum (Chemicon).

RESULTS

Selection of hybridomas producing anti-Rev MAbs strongly
reactive in indirect immunofluorescence. A panel of hybrido-
mas secreting anti-Rev MAbs was generated. Four of twelve
hybridomas that specifically detected Rev in a Western blot
analysis reacted strongly in immunofluorescence with HeLa/
crev cells and showed no background staining of HeLa/cnef
cells. These antibodies (9G2, 8E7, IG10, and 1G7) generated
the same fluorescent patterns, although they mapped to at
least two distinct epitopes of Rev. The eight other antibodies
either did not generate detectable fluorescence in HeLa/crev
cells or generated nonspecific labeling by staining of cells that
did not express Rev.

Specificity of the anti-Rev MAbs. The different anti-Rev
MAbs specifically detected Rev in cell lysates of HeLalcrev
cells, cells transiently transfected with pSVCMVrev, and
HIV-1 IIIB-infected C8166 cells, using both a radioimmuno-
precipitation assay and Western blotting. The fluorescent
patterns of Rev detected with the anti-Rev antibodies 8E7,
9G2, IG10, and 1G7 were present only in Rev-expressing cells
like HeLa/crev cells (Fig. 1) and COS-1 cells transfected with
the rev expressor plasmids pSVCMVrev (Fig. 2) and prev 81
(74) (not shown). HeLa/cnef cells and mock-transfected COS-1
cells did not stain with the anti-Rev antibodies when used in
parallel experiments (not shown). Cells transfected with
pSV3gal (Promega Biotec) expressed 3-galactosidase in 5-bro-
mo-4-chloro-3-indolyl-f3-D-galactopyranoside (X-Gal) color
substrate assay (62) but did not stain with the anti-Rev
antibodies. The various FITC, rhodamine, and Texas red
conjugates used in the absence of the anti-Rev antibodies or
other primary antibodies or sera used in this study generated
only a faint background fluorescence, in contrast to the parallel
experiments including the primary antibodies.

Patterns of Rev accumulation revealed by the anti-Rev
MAbs. The anti-Rev MAbs visualized several new subcellular
localizations of Rev (Fig. 1 and 2). In addition to the previously
recognized nucleolar (Fig. 1C, E, and G and 2A) and diffuse
nucleoplasmic (Fig. 1G) accumulation, Rev was detected as
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FIG. 1. Indirect immunofluorescent double labeling of HeLa/crev cells showing Rev in the snRNP-rich nucleoplasmic speckles (small arrows),

in the nucleoli (arrowheads), in a perinuclear zone, and in the cytoplasm (curved arrow). Left-right pairs of panels represent the same microscopic
field (magnification, x 400). (A, C, E, and G) Anti-Rev MAb 9G2 and a Texas red anti-mouse conjugate; (B and F) human autoimmune
sm-positive serum; (D) human autoimmune serum against nucleoli, ANA-N; (H) human autoimmune serum against lamins. The human antisera
in panels B, D, F, and H were visualized by using an FITC anti-human conjugate.
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FIG. 2. Indirect immunofluorescent double labeling of COS- I cells transfccted with pSVCMVrev, and fixed 64 h later. Left-right pairs of panels
represent the same microscopic field (magnification, x 600). (A, C, E, and G) Anti-Rev MAb 9G2 aind a Texas rcd aniti-mousc conjugate; (I)
anti-SC35 MAb and a Texas red anti-mouse conjugate; (B, D, F, H, and J) human sm-positive serum (speckled) and an FITC anti-human
conjugate. Shown are the nucleoli (arrowheads), perinuclear zone (split arrow), cytoplasm (curved arrow), and localization of nucleoplasmic
snRNPs (small arrows).
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TABLE 1. Colocalizations between Rev and host cell factors,
determined by indirect immunofluorescent double labeling

Colocalization'

MAb or serum Nucleoplasmic Perinuclear zone
(antigen recognized) speckles

sm Rabbit sm Rabbit
serum anti-Rev serum anti-Rev

MAb
8E7 (HIV-1 Rev) + + +
9G2 (HIV-1 Rev) + + +
4B10 (hnRNP Al) + +
4F4 (hnRNP C) + +
H20 (m3G caps) + +
Y12 (sm antigen) + +
Anti-B" (U2 snRNP B") + +
Anti-SC35 (SC35) +/- +1- -
Antilamin (lamin A/C)
MAb350 (nuclear pore)
RL-1 (nuclear pore)
LalB5 (La antigen) -/+ -/+ - -/+
Anti-B23 (B23) - - - -/+
Anti-C23 (nucleolin) - - - -/+
Anti-rRNA (rRNA) - - - -/+

Serum
Sm positive (sm antigen) + +
ANA-N (nucleolus) - - - +
Antilamin (lamin)

a +, both antibodies of the corresponding coordinates label the nucleoplasmic
speckles or the perinuclear zone; -, only one of the two antibodies labels the
speckles or the perinuclear zone; +/-, considerable double labeling;-/+, some
double labeling.

distinct speckles within the nucleoplasm (Fig. 1A, C, and E and
2E) and additionally in a perinuclear zone (Fig. 1C, E, and G
and 2C) from which Rev-containing rays sometimes extended
into the cytoplasm (Fig. 2C). Rev was also diffusely distributed
in the cytoplasm of many cells (Fig. 1C and G and 2C). In some
cells, mainly the nucleoli stained (Fig. 1E and 2A); in others,
mainly the nucleoplasmic speckles (Fig. 1A and 2E), the
perinuclear zone (Fig. 2C), or the cytoplasm (Fig. 1G, upper
right) stained. Any combination of those basic accumulations
was found. In repeated experiments of nonsynchronized cul-
tures, the prevalence of the basic subcellular distributions of
Rev was comparable.

Characterization of human autoimmune sera by fluorescent
double labeling. Sm-positive sera generate a speckled nucleo-
plasmic immunofluorescent staining, indicating that mRNA
splicing components are nonrandomly distributed in the nucle-
oplasm (44). MAbs against the sm antigen of snRNPs (44),
RNA-splicing factors like U2AF (77) and SC35 (28), and some
hnRNPs (12, 23, 59) generate a similar speckled nucleoplasmic
immunofluorescent staining. Additionally, poly(A) RNA (9),
m3G cap RNA (6, 61), Ul, U2, and U5 snRNAs (8), and
specific mRNA transcripts (35, 75) have been localized to
similar nucleoplasmic speckles. Whether distinct subsets qf
speckles exist is still unclear. The functional relationships
between speckles and a number of morphological distinct,
subnuclear domains including foci or coiled bodies (8, 43, 60,
79), hnRNP L domains (8, 59), nuclear dots (3), and PIKAs
(66) await elucidation.

This study will deal with speckles as the fluorescent pattern
generated by the sm-positive autoimmune human serum. The
speckled immunofluorescent colocalizations between defined
subcellular components are shown in Fig. 3 and Table 1. In
methanol-fixed cells, antibody Y12, directed against the sm

antigen, completely colocalized with the speckles generated by
the sm-positive human serum. In addition, both stained the
nucleoplasm diffusely (Fig. 3A and B). Extensive colocalization
between the speckles of the sm-positive serum, the m3G caps,
the U2 snRNP-specific protein B", hnRNP Al (Fig. 3C and D),
and hnRNP C (Fig. 3E and F) was found. In some prepara-
tions, a partial colocalization between the sm-positive serum
and the LalB5 antibody (4), directed against the La antigen,
was found (Fig. 3G and H). The SC35 staining was sometimes
different from the sm staining, consisting of larger, irregular
structures enriched around the nucleolus (Fig. 4H). The extent
of colocalization between the SC35 staining and the sm-
positive staining surprisingly appeared variable in methanol-
fixed cells in repeated experiments.
HIV-1 Rev associated with splicing factors in the nucleo-

plasm. The autoimmune sera reacting with the same nucleo-
plasmic speckles as MAbs to spliceosomal components were
used in combination with the anti-Rev MAbs. Colocalization
between Rev and the nucleoplasmic speckles is evident in Fig.
1A, B, E, and F and Fig. 2E and F. Almost all cells stained
positive with autoimmune sera or MAbs against subcellular
structures. In comparison, a minority of the same cells stained
strongly with the Rev antibodies (Fig. 1, 2, and 4). Only the
autoimmune serum with the nucleoplasmic speckled reactivity
colocalized with the nucleoplasmic Rev speckles. Neither the
human antinucleolar (Fig. 1C and D) nor the human antilamin
(Fig. 1G and H) serum double stained the nucleoplasmic Rev
spots.

In double-labeling experiments using 9G2 or 8E7 and a
polyvalent rabbit antiserum directed against the Rev C-termi-
nal part, the same HeLa/crev cells stained with overlapping
fluorescent patterns (Fig. 4A and B). The results of the
fluorescent double labeling using the polyclonal anti-Rev se-
rum and MAbs against defined subcellular components are
displayed in Table 1 and Fig. 4. Extensive colocalization in
nucleoplasmic speckles between Rev and B" (Fig. 4C and D),
the sm antigen (Fig. 4E and F), and hnRNP Al, hnRNP C, and
m3G caps (Table 1) was evident. The colocalization between
Rev and SC35 appeared sensitive to slight variations of the
immunofluorescence procedure and varied (Fig. 4G and H). In
less than 10% of Rev-positive cells, significant speckled colo-
calization between Rev and LalB5 (Fig. 41 and J) existed.
Rev accumulates in a perinuclear zone enriched in other

host cell antigens that are transported across the nuclear
membrane. A large proportion of Rev-expressing HeLa and
COS cells exhibited a pronounced perinuclear accumulation of
Rev (Fig. 1G and 2C). In some cases, Rev-containing rays
extended beyond the zone and into the cytoplasm (Fig. 2C).
The zone was outside the areas that were stained by both the
antispeckled serum (Fig. 2C and D) and the antilamin serum
(Fig. IG and H). Double labeling between anti-nuclear pore
MAbs (RL-1 and MAb350) and the rabbit anti-Rev (not
shown) did not clearly resolve the extent of colocalization
between the nuclear membrane and the perinuclear zone.
From FITC and Texas red overlays (not shown) and conven-
tional fluorescence microscopy, it seemed that the Rev zone
did not overlap with the nuclear part of the nuclear membrane
but overlapped or was contiguous to the cytoplasmic side of the
nuclear membrane. Several characterized antibodies stained
the Rev perinuclear zone, including the LalB5 antibody (Fig.
41 and J) and MAbs against the major nucleolar proteins, B23
and C23 (not shown). Notably, all of these proteins belong to
a growing class of proteins known to shuttle between the
nucleus and the cytoplasm.
The different Rev staining patterns did not vary in subclones

of the HeLa/crev cell culture or with the abundance of Rev in
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FIG. 3. Characterization of the human sm-positive serum (Chemicon) in panels B, D, F, H, and J, using indirect immunofluorescent double
labeling of HeLa/crev cells with MAbs Y12 (A), 4B10 (C), 4F4 (E), La1B5 (G), and MAb350 (I). The sm antibodies were visualized with rhodamine
anti-human conjugates, and the MAbs were visualized with FITC anti-mouse conjugates. See Table 1 for results and more extensive
characterization performed with additional antibodies. Some of the double-labeled speckles are indicated (bars).
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FIG. 4. Indirect immunofluorescent double labeling of HeLa/crev cells. All cells in panels A, C, E, G, and I were labeled with a polyclonal rabbit
anti-Rev serum and a Texas red anti-rabbit conjugate. In panels on the right, the following MAbs and an FITC anti-mouse conjugate were used:
8E7 anti-Rev (B), anti-B" (D), Y12 (F), anti-SC35 (H), and La1B5 (J). Some of the double-labeled nucleoplasmic speckles are indicated (bars).
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the cells. To examine the possibility that a series of subpopu-
lations of Rev-expressing cells accounted for distinct subsets of
unique Rev distributions, many new subclones were grown
from the original HeLa/crev8 cells. In all of the subclones that
generated positive Rev fluorescence, all of the original Rev
distribution patterns reappeared (not shown). All of the dif-
ferent HeLa/crev clones showed a pronounced cell-to-cell
variation in the amount of Rev expression. Rev did not
preferentially accumulate in any of the particular subcellular
compartments when the amount of Rev protein present in
each cell varied from high to barely detectable. Low amounts
of Rev were visible in the cytoplasm only (Fig. 1C and G), in
the nucleoli (Fig. 1C), and in the speckles only (Fig. 1A).

Inhibition of new protein synthesis by using cycloheximide
did not change the subcellular distribution patterns of Rev. To
examine whether a final destination of Rev accumulation could
be defined, the HeLa/crev cells were incubated with cyclohex-
imide at 50 jig/ml to inhibit new synthesis of protein. As long
as the cells appeared reasonably healthy, for up to 8 to 10 h in
the presence of cycloheximide, the distribution of Rev between
the cytoplasm, the perinuclear zone, the nucleoli, and the
nucleoplasmic speckles continued.
The different subcellular localizations of Rev were present

during interphase of HeLa/crev cells. Two approaches were
used to determine the relationship between the stage of the
cell cycle and the Rev distribution patterns. Cells were syn-
chronized by serum starvation and next treated with aphidico-
lin for arrest in the G1/S stage of the cell cycle. Time points
were done for cells released from aphidicolin arrest. Cells were
double stained by anti-Rev MAbs and a human anti-mitotic
spindle serum. Rev was detected in the cytoplasm, in the
perinuclear zone, in the nucleoli, and in the nucleoplasmic
speckles in G1, S, and G2 stages (not shown).

In the second approach, immunofluorescent double labeling
was done with rabbit anti-Rev and mouse monoclonal anti-
cyclin A and anti-cyclin Bi. From the cell cycle-specific expres-
sion and subcellular localization of cyclin A and cyclin Bi (57),
it was concluded that Rev was expressed and distributed with
comparable patterns throughout the interphase (not shown).
Rev was also detected in mitotic cells.

Rev-induced change of speckled morphology in vivo. In the
Rev-expressing COS-1 cells, two types of changes of the
speckled staining pattern were observed. In 60 to 80% of
Rev-expressing cells with Rev present in the nucleoplasm, the
human antispeckled serum stained the nucleoplasm in a retic-
ular pattern. Rev closely colocalized with the reticles (Fig. 2E
and F). In the other Rev-expressing cells, the diffuse compo-
nent of the staining was often subdued, and the speckles
changed to a globular appearance (Fig. 2B, H, and J). In
contrast to the reticles, the globules usually did not colocalize
with Rev. Instead, Rev was present as crescents in the nucle-
oplasm between the globules (Fig. 2G and H), or Rev was not
detected in the nucleoplasm but was detected in the other
compartments (Fig. 2A and B). Double labeling showed that
anti-SC35 (Fig. 21/J) and the Y12 MAb (not shown) stained
the globules. In Fig. 2I and J, the extreme size that the changed
splicing structures sometimes evidenced is shown. A similar
change of the staining of the sm antigen has been reported
previously and has been associated with inhibition of mRNA
transcription (5). Globular speckles such as those in Fig. 21 or
the intense reticular Rev staining such as that in the Rev-
expressing COS cells in Fig. 2F were not found in HeLa/crev
cells and mock-transfected COS cells.

DISCUSSION

We found that Rev colocalizes with mRNA-splicing factors
in a speckled pattern in the nucleoplasm of cells. Accumulating
evidence shows that the nucleoplasmic speckles represent
active sites of both transcription and mRNA processing (37,
38, 76). A long-standing unsolved issue is whether Rev regu-
lation of HIV mRNA expression is at the level of RNA
splicing, RNA transport, or other posttranscriptional steps. In
nuclear extracts in vitro, splicing factors assemble stepwise on
the pre-mRNA into a multimolecular structure termed the
spliceosome, from which correctly spliced mRNAs are eventu-
ally released (reviewed by Green [29]). The elements required
for RNA splicing in vitro are located in speckles in the
nucleoplasm that include snRNP proteins (61, 71, 72), the m3G
caps of snRNAs (61), specific snRNAs (8), the RNA-splicing
factor SC35 (28), poly(A) RNA (9), and specific pre-mRNAs
(35, 75).

Recently, by using a combination of in situ hybridization and
immunofluorescence (76), it was demonstrated that introns
and exons of specific mRNA transcripts emerged from indi-
vidual SC35-containing speckles. The introns and exons sepa-
rated along a track emanating from those speckles. In HeLa
cells infected with adenovirus, RNA polymerase II, cellular
splicing factors, and hnRNPs redistributed to the sites of
adenovirus mRNA transcription (38). A series of observations
now suggests that transcription and RNA-splicing events occur
in or close to the nucleoplasmic speckles that Rev colocalizes
with. Splicing of retroviral mRNAs is a rate-limited event,
probably due to splice sites that are suboptimal as recognized
by the splicing machinery (10). A complex differential splicing
(67) of the approximately 9-kb mRNA that is transcribed from
the HIV-1 genome is one of the main strategies utilized by
HIV-1 to express its condensed genetic information. The viral
structural products that are encoded by the full-length and
singly spliced mRNAs are Rev dependent, while proteins
translated from fully spliced mRNAs such as Rev itself and the
other essential HIV-1 regulatory protein, Tat, are not Rev
dependent. Therefore, it should come as no surprise that the
splicing process may be a target for retroviral regulation.
Chang and Sharp (10) have shown that if splicing is made more
efficient by substituting P-globin splice sites for the suboptimal
HIV splice sites, Rev cannot rescue the intron from being
removed by splicing although the RRE is present in cis. A role
of Ul snRNA in the formation of Rev-dependent env mRNA
has been demonstrated (45). In a cell-free splicing system, a
small Rev-dependent inhibition of splicing of RRE-containing
RNA has been demonstrated. A synthetic peptide correspond-
ing to the basic domain of Rev significantly inhibited splicing
apparently by blocking entry of U4/U6 and U5 snRNPs into
the spliceosome (42). The present demonstration of Rev
colocalization with the splicing factors in the nucleoplasm
corroborates the view that one strategic site of Rev activity is
within the splicing machinery of the cell.

It might be argued that overexpression of Rev can lead to
oversaturation of the host cell transport apparatus or to
nonspecific binding of Rev to host cell RNA. It was evident,
however, that barely detectable amounts of Rev in the cells
were specifically distributed to the cytoplasm (Fig. 1C and G),
the nucleoli (Fig. 1C), and the speckles (Fig. 1C), arguing
against the possibility that overexpression is a confounding
parameter leading to artificial Rev distributions in this study.
The pronounced variation of Rev expression levels within

single cells of the same culture (Fig. 1 and 4) could not be
related to different stages of the cell cycle and was apparent in
newly established subclones of the HeLa/crev culture. Most
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likely, the varying Rev expression can be attributed to unstable
control mechanisms for the artificially introduced rev, gene.

The wide range of abundance levels of Rev in individual single
cells show that even when the amount of Rev within the cell is
very low, Rev is specifically transported into both the nucleoli
and the speckles. Notably, the RRE is made neither in the
HeLa/crev cells nor in the Rev-expressing COS-1 cells exam-

ined, nor is any other HIV-1 protein expressed. It can there-
fore be concluded that the initial distribution of Rev within the
host cell is based entirely upon Rev and host cell interactions.
Rev must therefore contain the information not only for
nuclear and nucleolar import but also for the RRE-indepen-
dent localization to nucleoplasmic speckles.

It has previously been shown that Rev promotes the nuclear-
to-cytoplasmic distribution of RRE RNA (22, 26, 31, 50). In
one study of the analogous HTLV-I Rex protein, it was shown
that Rex affects not only the nuclear-to-cytoplasmic distribu-
tion of Rex-dependent RNA but also the intranuclear distri-
bution of Rex-dependent RNA (39). The demonstration of
Rev-dependent polysomal loading of RRE RNA is consistent
with the possibility that Rev has both nuclear and cytoplasmic
functions (1, 2, 17). In the present study, it was found that
when protein synthesis was inhibited by cycloheximide for up

to 10 h, Rev continued to accumulate unabated in the different
subcellular compartments. It has previously been shown that
nucleocytoplasmic protein transport is not inhibited by cyclo-
heximide under similar conditions (5, 7, 58). The results show
that there is no preferred final destination of Rev accumula-
tion. Instead, a continuous redistribution of Rev between the
subnuclear and cytoplasmic compartments occurs.

Several host cell proteins that shuttle between the nucleus
and the cytoplasm (B23, C23, and La) colocalized with Rev in
the perinuclear zone. A similar perinuclear zone has previously
been identified as a translationally active ribosome-rich com-

partment (5); a similar zone has also been associated with the
passive attachment stage of the active protein import through
the nuclear pore complex (63).
The role of the nucleolus remains enigmatic, since this

structure has no known role in processing or transport of RNA
polymerase TI-transcribed mRNA, the presumed target for
Rev when the RRE is present in those mRNAs as well. One
possibility is that Rev exploits the high protein import capacity
of the nucleolus to penetrate the nucleus. It has been found
that Rev binds specifically to a major nucleolar protein, B23
(24), that shuttles between the cytoplasm and the nucleus (7).
In this study, colocalization between Rev and B23 was found
both in the nucleolus and in the perinuclear zone.

This study has identified new subcellular compartments of
Rev distribution. The RRE-independent and continuous dis-
tribution of Rev between the cytoplasm, the nucleoli, and the
nucleoplasmic speckles supports the following model of the
Rev mechanism of function. In the speckles, Rev may dissoci-
ate assembly of splicing factors on nascent HIV mRNA
transcripts. By dual binding to the RRE of Rev-dependent
mRNAs and to host cell factors involved in nucleocytoplasmic
transport, Rev may mediate transport of such mRNAs to
cytoplasmatic translation.
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