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Human immunodeficiency virus (HIV) type 1 encodes an essential protein, Rev, which functions to transport
unspliced and singly spliced viral transcripts from the nucleus to the cytoplasm to allow expression of the viral
structural proteins. It has previously been reported that Sam68 synergistically stimulates Rev activity (T.
Reddy et al., Nat. Med. 5:635–642, 1999). Here we report that the Sam68-like mammalian proteins SLM1 and
SLM2 also stimulate Rev activity. Their stimulation ability cannot be attributed to a shuttling property, since
Sam68, SLM1, and SLM2 do not display significant shuttling activity alone or in the presence of Rev. In
addition, Sam68, SLM1, and SLM2 do not affect the equilibrium between unspliced and completely spliced HIV
RNA. The C-terminally truncated Sam68 mutant (Sam68DC) previously observed to inhibit the Sam68-
mediated stimulation of Rev activity (Reddy et al., 1999) also inhibits SLM1- and SLM2-mediated stimulation
of Rev activity. This suggests that the mechanism by which Sam68, SLM1, and SLM2 stimulate Rev activity
may be common. Sam68DC does not inhibit Rev activity by inhibiting Rev from shuttling between the nucleus
and cytoplasm. Inhibition by Sam68DC is a consequence of its mislocalization to the cytoplasm, as evidenced
by the fact that addition of an exogenous nuclear localization signal to Sam68DC restores nuclear localization
and stimulation of Rev activity. We demonstrate that Sam68DC causes perinuclear accumulation of unspliced
HIV env RNA and propose that Sam68DC inhibits Rev activity by sequestering Rev-responsive RNA away from
the translation apparatus.

Expression of the full complement of human immunodefi-
ciency virus type 1 (HIV-1) proteins requires that incompletely
spliced viral transcripts be transported from the nucleus to the
cytoplasm for translation into the structural proteins of the
virus (10, 12, 19, 28). Nuclear export of the incompletely
spliced transcripts is achieved through the action of an essen-
tial HIV accessory protein, Rev (11, 43). Expressed from fully
spliced viral RNA, Rev localizes to the nucleus through the
interaction of its nuclear localization signal (NLS) (5, 21, 27,
35) with the import receptor importin b (49). Once in the
nucleus, Rev interacts with the incompletely spliced viral tran-
scripts. This interaction is mediated by a 240-nucleotide se-
quence, termed the Rev responsive element (RRE), present
within the terminal intron of the incompletely spliced and
unspliced viral transcripts (3, 18, 20, 28, 40, 56). Nuclear export
of the Rev-RNA complex is then mediated by interaction of
the Rev nuclear export signal (NES) (13, 31) with the nuclear
export receptor CRM1 (14, 45). Translation of the unspliced
and singly spliced viral transcripts results in production of the
structural proteins, and some accessory proteins of the virus
(6). Rev thus acts as a regulator of the switch from early to late
viral gene expression (9, 25).

It has recently been reported that Sam68, the 68-kDa Src-

associated substrate during mitosis (15, 47), is a functional
homologue of Rev and a synergistic activator of Rev activity
(36). Furthermore, it has been demonstrated that a C-terminal
deletion of Sam68 resulted in a transdominant-negative mu-
tant (Sam68DC) that can inhibit Rev activity and HIV repli-
cation (36). Sam68 associates with various SH2 and SH3 do-
main-containing signaling molecules and is a substrate for
various cellular tyrosine kinases (7, 32, 48, 53). Sam68 also
contains a KH domain, an RNA binding motif originally de-
fined in hnRNP K (16, 42). It has been shown to bind single-
stranded RNA, homopolymeric RNA, and single-stranded and
double-stranded DNA in vitro (47, 51, 54), but its specific
RNA target is as yet unknown. Sam68 is also capable of self-
association in an RNA and KH domain-dependent manner
(1). The KH motif is embedded in a larger motif, the GSG
domain, which is found in a growing family of proteins, includ-
ing two Sam68-like mammalian proteins, SLM1 and SLM2 (8).
Like Sam68, both SLM1 and SLM2 contain proline-rich mo-
tifs, arginine-glycine repeats, and a C-terminal tyrosine-rich
region. Moreover, they both also have RNA binding properties
and can self-associate as well as heterodimerize with Sam68
(8).

Here we report that the Sam68-like proteins SLM1 and
SLM2 can functionally replace Rev under some circumstances,
that they stimulate Rev activity, and that stimulation by both is
also inhibited by Sam68DC. To explore the mechanisms of
Sam68- and SLM-mediated stimulation and Sam68DC-medi-
ated inhibition of Rev activity, we have examined their abilities
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to shuttle, to transport Rev-responsive RNA, and to affect HIV
RNA metabolism. We have determined that Sam68, SLM1,
and SLM2 do not display significant shuttling activity and that
Sam68DC does not impede the shuttling behavior of Rev.
Furthermore, stimulation of Rev activity by Sam68, SLM1, and
SLM2 does not work by increasing the abundance of target
RRE-RNA available for Rev to export. We demonstrate that
inhibition of Rev activity by Sam68DC is a consequence of its
mislocalization to the cytoplasm, as addition of an NLS to
Sam68DC restores nuclear localization of the fusion protein
and stimulation of Rev activity. Finally, we demonstrate here
that Sam68DC inhibits Rev function by localizing the unspliced
Rev-responsive RNA to perinuclear bundles, hindering the
RRE transcript from being translated.

MATERIALS AND METHODS

Expression constructs. The following plasmids have been described previ-
ously: BlSVhygro, SVH6Rev (34), SVH6M10 (33), pDM128 (21), BlCMV
CATpA, pgTat (28), BlenvHindIII (41), pgGP160 puro (46), and pcDNA3.1
(Invitrogen). pcDNA3.1-based Myc-tagged Sam68, Sam68DC, Sam68 FmR:
184I3N, Sam68DL1, Sam68DL4, Sam68 Gld:178G3D, SLM1, and SLM2 have
also been described previously (2, 8). FmRDC, DL1DC, DL4DC, and GldDC were
all created by XhoI digestion of the respective parent plasmid to remove the
region encoding the C terminus of Sam68 and subsequent ligation of the re-
maining backbone.

Myc-tagged NLSSam68DC was constructed by amplification of the Sam68DC
reading frame with primers 59 Sam PstI (59-AAC TGC AGC CCA GCG CCG
GGA CGA TCCT-39) and 39 pcDNA3 (59-CGG GAT CCT AGA AGG CAC
AGT CGA GG-39) using Sam68DC as the template. The amplicon was digested
with PstI/BamHI and used to replace the Rev gene in the B1-SVNLSRev con-
struct (44). The resulting construct was then excised with EcoRI/NotI and cloned
into B1-CMVmycpA to add the Myc tag to the amino terminus of the protein,
generating B1-CMV mycNLS Sam68DC pA. To provide probe for the RNase
protection assays, the 336-bp HindIII/BamHI fragment of pgGP160 puro was
cloned into Bluescript-SK (Stratagene).

pSPVA and 59VA probe plasmids have been described previously (55) and
were generously provided by B. Blencowe with the approval of D. L. Bentley.
Gag-RRE has been described previously (50) and was generously provided by S.
Venkatesan.

Cell lines, transfections, heterokaryon assays, and chloramphenicol acetyl-
transferase (CAT) assays. HeLa and 293 cells were maintained in Iscove’s
modified Dulbecco’s medium (IMDM) supplemented with 10% fetal bovine
serum (FBS), 50 mg of gentamicin sulfate/ml, and 2.5 mg of amphotericin B/ml.
For transient expression studies, vectors were introduced by calcium phosphate
transfection (24). Two days posttransfection, cells were harvested.

Transfections to analyze the effect of Sam68, SLM1, SLM2, or Sam68-based
mutants on Rev function were carried out in triplicate, per condition, as follows
(amounts indicated are for 105 293 cells): 0.125 mg of pDM128, 0.025 mg of
BISVhygro or B1SVH6Rev, 0.5 mg of pcDNA3.1 or the myc-tagged Sam68/
SLM-based vectors as described in Results. Transfections to analyze the effect of
Sam68DC on Sam68-, SLM1-, or SLM2-mediated stimulation of Rev function
were carried out in triplicate, per condition, as follows (amounts indicated are for
105 293 cells): 0.125 mg of pDM128, 0.025 mg of B1SVhygro or B1SVH6Rev, 0.1
mg of Sam68, SLM1, or SLM2, and 1 mg of Sam68DC as described in Results.
DNA was equalized to 1.25 mg per transfection with pcDNA3.1. CAT assays
were performed as previously described (17). Conversions were normalized by
protein concentration determined by Bradford assay (Bio-Rad).

Transfections for heterokaryon assays were carried out on 105 HeLa cells as
follows: 2 mg of BISVH6M10, BISVH6Rev, myc-Sam68, myc-Sam68DC, myc-
SLM1, or myc-SLM2. At 24 h after transfection, the cells were split and plated
together as follows: M10 plus myc-Sam68, M10 plus myc-Sam68DC, M10 plus
myc-SLM1, M10 plus myc-SLM2, Rev plus myc-Sam68, Rev plus myc-Sam68DC,
Rev plus myc-SLM1, or Rev plus myc-SLM2. At 24 h after coplating, fusion was
carried out as previously described (44).

Transfections for in situ hybridization were performed on 3 3 105 HeLa cells
as follows: 1.25 mg of pgTat or pgGP160puro, 0.25 mg of B1SVhygro or
B1SVH6Rev, and 5 mg of pcDNA3.1 or the myc-tagged Sam68, Sam68DC,
SLM1, SLM2, or NLSSam68DC vector as described in Results. DNA was equal-
ized to 6.5 mg per transfection.

Transfections for harvesting RNA for RNase protection analyses were per-
formed on 107 293 cells as follows: 5 mg of pgGP160 puro, 1 mg of pSPVA, 1 mg
of B1SVhygro or B1SVH6Rev, and 20 mg of pcDNA3.1 or myc-tagged Sam68,
SLM1, or SLM2 vector as described in Results. pSPVA is a polIII reporter that
was used as an internal control for monitoring transfection efficiency. DNA was
equalized to 27 mg per transfection.

Transfections for Western blotting of myc-tagged proteins and Rev were
carried out as follows on 106 293 cells: 0.5 mg of pDM128, 0.1 mg of B1SVhygro
or B1SVH6Rev, and 2 mg of pcDNA3.1 or myc-tagged Sam68-based vectors as
described in Results. DNA was equalized to 2.6 mg per transfection. Transfec-
tions for enzyme-linked immunosorbent assay (ELISA) analysis of p24 expres-
sion were carried out as follows on 105 293 cells: 1 mg of Gag-RRE, 0.1 mg of
B1SVhygro or BISVH6Rev, 1 mg of pSVexTat, and 2 mg of myc-tagged Sam/
SLM vectors as described in Results.

Immunofluorescence and in situ hybridization. Cells grown on coverslips were
processed for immunofluorescence as previously described (35). A rabbit poly-
clonal antibody was used to detect Rev. A monoclonal antibody to the Myc
epitope (Invitrogen) was used to detect myc-tagged proteins. Fluorescein-labeled
anti-rabbit and Texas Red-labeled anti-mouse antibodies (Jackson Immuno-
Research) were used to detect the polyclonal and monoclonal antibodies, re-
spectively. Immunofluorescence was observed using a Leica DMR microscope at
a magnification of either 3400 or 3630.

In situ hybridization was performed as previously described (41). A digoxige-
nin-labeled Env-HindIII probe, antisense to HIV-1 env mRNA, was used to
probe unspliced HIV RNA. The probes were synthesized using the digoxigenin
RNA labeling kit (Roche) to transcribe XhoI-digested BlenvHindIII. Cotrans-
fected myc-tagged proteins were detected with the monoclonal anti-myc antibody
described above, while Rev was detected with the polyclonal anti-Rev antibody
described above. A fluorescein isothiocyanate (FITC)-conjugated sheep anti-
digoxigenin antibody (Boehringer Mannheim), a Texas Red-labeled anti-mouse
antibody, and a Texas Red-labeled anti-rabbit antibody were used to detect the
antisense probes, myc-tagged proteins, and Rev, respectively.

Western blotting and ELISAs. Total cell lysates for probing Sam/SLM, Rev,
and gp160/120 abundance were prepared by washing cells with phosphate-buff-
ered saline (PBS) and harvesting in radioimmunoprecipitation assay (RIPA)
buffer (4). Total lysates were fractionated on sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) gels with 5% (anti-gp 120), 10% (anti-
myc) or 15% (anti-Rev blots) polyacrylamide, transferred to polyvinylidene di-
fluoride (PVDF) membranes (Schleicher and Schuell) by wet immunotransfer,
and processed for Western blotting. Blots were probed with an antibody to gp120
(generously provided by D. Branch), the myc-epitope tag, or Rev. Horseradish
peroxidase-conjugated anti-mouse or anti-rabbit antibodies (Jackson Immu-
noResearch, Bio/Can Scientific) and the ECL kit (Amersham) were used to
detect bound antibodies. Chemiluminescence was detected by exposure to X-
Omat AR film (Kodak). ELISAs for p24 were performed according to the
manufacturer’s instructions (Beckman Coulter).

RNase protection assays. Nuclear and cytoplasmic fractions of RNA were
harvested from 293 cells 48 h after transfection as previously described (22, 30)
with the following modifications. Cells were lifted by 2 mM EDTA treatment,
and EDTA was added to the hypotonic lysis buffer to a final concentration of 10
mM in order to remove any remaining polysomal RNA from the nuclear fraction
(52). The template for the gp160 probe synthesis, Bl-env H/B (containing the
HindIII/BamHI fragment of Hxb2 env), was linearized with XhoI (New England
Biolabs) and transcribed with T3 RNA polymerase (MBI Fermentas) in the
presence of [32P]UTP (Amersham). A riboprobe against control VA RNA was
synthesized as previously described (30). To gel purify the probes, they were run
on 4% polyacrylamide–8 M urea gels, cut out, and eluted into 0.5 M ammonium
acetate–0.1% SDS–1 mM EDTA. Ten micrograms of RNA and ;100,000 cpm
of each probe were hybridized at 49°C overnight. The unhybridized RNA was
subsequently digested with RNase T1 (Sigma) and RNase A (Boehringer Mann-
heim) as previously described (30). To visualize the protected RNA, the resultant
RNA was run out on 8% polyacrylamide–8 M urea gels. The gels were dried,
exposed to phosphor screens, and scanned using a PhosphorImager (both from
Molecular Dynamics). Bands were quantitated using ImageQuant.

RESULTS

The Sam68-like mammalian proteins SLM1 and SLM2 syn-
ergistically activate Rev-dependent gene expression. It has pre-
viously been reported that Sam68 can synergistically activate
Rev-dependent gene expression as well as inducing viral struc-
tural protein expression in the absence of Rev (36). In those
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studies, deletions of the N-terminal (D42–329), C-terminal
(D330–443 and D410–443), and KH domains all failed to en-
hance RRE-mediated transactivation (36). Since SLM1 and
SLM2 have high sequence identity with Sam68 in their GSG
regions (72 and 69%, respectively), which include the KH
domain (8), we wanted to determine whether they, too, could
replace and/or stimulate Rev activity. The ability of exog-

enously expressed Sam68, SLM1, and SLM2 to replace and/or
enhance Rev function was assessed and compared using an
RRE-regulated CAT reporter gene, pDM128. Transport to the
cytoplasm and expression of the intronic CAT gene is Rev and
RRE dependent, as previously described (21). In the absence
of Rev, Sam68, SLM1, and SLM2 were found to induce ex-
pression of CAT from pDM128 (Fig. 1A). The NES mutant of

FIG. 1. SLM1 and SLM2 synergize with Rev in RRE-directed reporter gene expression. (A) SLM1 and SLM2 are able to stimulate HIV-1 gene
expression in the absence of Rev. Approximately 105 COS-7 cells were transfected with 1.0 mg of the RRE-CAT reporter plasmid (pDM128) in
the presence or absence of 1 mg of expression vector expressing Rev, M10, Sam68, Sam68DC, SLM1, or SLM2. At 48 h after transfection, cells
were harvested and CAT assays were performed. (B) SLM1 and SLM2, like Sam68, stimulate Rev-dependent gene expression. Approximately 105

293 cells were transfected with 0.125 mg of the RRE-CAT reporter plasmid (pDM128) or the Bl-CMVCATpA reporter in the presence or absence
of 0.025 mg of Rev expression plasmid and indicated expression vectors (0.5 mg). At 48 h after transfection, cells were harvested and CAT assays
were performed. (C) Sam68DC inhibits Rev activity as well as SLM1, SLM2, and Sam68 stimulation of Rev-dependent gene expression.
Approximately 105 293 cells were transfected with 0.125 mg of pDM128, 0.025 mg of Rev, 0.1 mg of Sam68, SLM1, or SLM2, and 1 mg of Sam68DC.
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Rev, M10, and Sam68DC were found to have no effect. To test
the effect of these proteins on Rev function, 293 cells were
transiently transfected with pDM128, Rev, and Sam68, SLM1,
or SLM2. As previously reported, Sam68 stimulates Rev activ-
ity in this functional assay when coexpressed (Fig. 1B). SLM1
and SLM2 also stimulate Rev activity and do so to an extent
similar to that with Sam68, causing a 6- to 10-fold increase in
CAT activity compared to cells transfected with Rev alone
(Fig. 1B). Stimulation of Rev transactivation by Sam68, SLM1,
and SLM2 is dose dependent (6- to 10-fold induction with 20:1
overexpression of the Sams/SLMs in Fig. 1B relative to a 2- to
4-fold induction with 4:1 overexpression in Fig. 1C). The ef-
fects observed are not due to a general effect on gene expres-
sion, as neither SLM1 nor SLM2 significantly enhances CAT
activity from the Rev-independent reporter (Bl-CMVCATpA)
(Fig. 1B).

It was also previously demonstrated that the C-terminally
truncated Sam68 mutants not only are unable to stimulate
Rev-mediated gene expression but also act as transdominant-

negative inhibitors of Sam68-stimulated Rev activity (36). We
therefore wished to assess whether SLM1- and SLM2-medi-
ated stimulation of Rev activity are also inhibited by Sam68DC
(D347–443). Indeed, coexpression of Sam68DC does inhibit
the synergistic activation of Rev-dependent gene expression by
SLM1 and SLM2 (Fig. 1C), suggesting that they share, with
Sam68, a common mechanism for stimulation of Rev activity.
Inhibition of Rev activity by the transdominant mutant was
complete, resulting in background activity akin to that ob-
served when Rev is absent.

In an effort to identify more precisely which regions of
Sam68 and Sam68DC are responsible for their stimulatory and
inhibitory effects on Rev activity, respectively, RNA binding
mutants (Sam68 FmR:184I3N and Sam68 Gld:178G3D) and
multimerization-defective mutants (Sam68DL1 [amino acids
{aa} 164 to 171 deleted] and Sam68DL4 [D aa 198–225]) (2, 8)
were tested for their effects on Rev activity in 293 cells (Fig.
2A). In the wild-type Sam68 context, these mutants had little
ability to stimulate Rev activation of pDM128 expression (Fig.

FIG. 2. Requirement for Sam68 multimerization and RNA binding for function. (A) Schematic of Sam68 mutants tested. (B) Mutants of Sam68
and Sam68DC have slight to intermediate abilities to stimulate or inhibit Rev-dependent gene expression, respectively. Transfections were
performed as described in the legend to Fig. 1B for mutants of Sam68. (C) Mutants of Sam68DC have little to intermediate abilities to inhibit
stimulation of Rev activity by Sam68, SLM1 or SLM2. Transfections were performed as described in the legend to Fig. 1C for mutants of Sam68DC.
Each bar represents fold induction of CAT activity over pDM128 in the absence of Rev and is the average of at least three separate experiments
performed in triplicate.
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2B), with both DL4 and Gld inhibiting Rev-dependent gene
expression to a significant extent. In the Sam68DC context,
DL1DC, DL4DC, and GldDC had slight to intermediate abili-
ties to inhibit Rev-dependent gene expression or stimulation of
Rev activity by Sam68, SLM1, or SLM2 (Fig. 2B and C).
FmRDC behaves as a general activator of gene expression, as
it stimulated CAT activity from Bl-CMVCATpA (Fig. 1B).
Western blotting revealed that none of the mutants had any
effect on Rev expression levels, nor were their expression levels
correlated with their inabilities to stimulate or inhibit Rev
activity (data not shown). These results suggest that the RNA
binding and RNA-dependent multimerization domains of
Sam68 are required for its ability to stimulate Rev-dependent
gene expression and, in the context of Sam68DC, for its ability
to fully inhibit Rev-dependent gene expression.

As verification that the effects of Sam68, SLM1, SLM2, and
Sam68DC on Rev function were not limited to the reporter
assay used in the above experiments, assays were repeated
using either p24 or gp120 levels as readouts. As shown in Fig.
3, Sam68, SLM1, and SLM2 coexpression resulted in signifi-
cant increases in p24 (Fig. 3A) and gp120 (Fig. 3B) production
over that seen with Rev alone. In addition, Sam68DC coex-
pression resulted in complete suppression of Rev-dependent
gene expression.

Addition of an NLS to Sam68DC causes its nuclear relocal-
ization and loss of inhibitory effect on Rev activity. Sam68,
SLM1, and SLM2 localize in the nucleoplasm of cells, while

Sam68DC is in the cytoplasm (Fig. 4A) (2, 36). To assess
whether these factors may elicit an effect through changes in
Rev subcellular localization, cotransfected cells were examined
for the localization of the proteins. In all instances, no effect on
Rev subcellular distribution was found (Fig. 4B), the protein
displaying accumulation in the nucleolus upon coexpression of
all the factors tested. Our finding that coexpression of
Sam68DC has no effect on Rev distribution differs from that
previously reported (36), and we are currently unable to ex-
plain the discrepancy in the observations.

It was previously reported that a single point mutation,
R4393A, in the NLS of Sam68 results in both its cytoplasmic
accumulation and loss of its stimulatory effect on Rev activity
(37). These observations led us to investigate whether relocal-
ization of Sam68DC to the nucleus results in a loss of its
inhibitory activity. Therefore, the effect of the addition of an
exogenous NLS to Sam68DC on the ability of Sam68DC to
inhibit Rev activity was assessed. The simian virus 40 (SV40)
large T antigen NLS (SVNLS) was fused to the N terminus of
Sam68DC, creating NLSSam68DC (Fig. 5A), and the effect of
its expression on Rev activity was determined. Addition of the
SVNLS to Sam68DC results in nuclear, nonnucleolar localiza-
tion of the fusion protein (Fig. 5B) akin to the subcellular
localization observed with Sam68, SLM1, and SLM2. Addition
of the NLS also correlates with an alteration in the activity of
Sam68DC, as NLSSam68DC does not inhibit Rev activity but
rather, like Sam68, stimulates Rev activity ;7-fold (Fig. 5C).
Moreover, NLSSam68DC is no longer able to inhibit Sam68-,
SLM1-, or SLM2-mediated stimulation of Rev activity (data
not shown). These observations suggest that the inhibitory
effect of Sam68DC is due to its localization to the cytoplasm.

Sam68DC does not inhibit Rev shuttling. The previous ob-
servation that Sam68 can replace Rev and interact with RRE-
RNA (36) led us to examine whether Sam68, SLM1, and SLM2
can shuttle between the nucleus and cytoplasm as one means
by which they could exert an effect on Rev-dependent RNA
expression. Heterokaryon assays were thus performed, using
HeLa cells transfected with M10 and coplated with HeLa cells
transfected with Sam68, SLM1, or SLM2. Heterokaryons were
subsequently formed by PEG-induced fusion, and protein lo-
calization was determined 3 h postfusion. M10 localizes to the
nucleus and nucleolus and harbors a mutation in its NES,
rendering it export deficient. Since M10 is export incompetent,
it cannot shuttle and does not equilibrate into the Sam68-,
SLM1-, or SLM2-expressing nuclei (Fig. 6A). If Sam68, SLM1,
or SLM2 can shuttle between the nucleus and cytoplasm, then,
in a heterokaryon, they would be expected to equilibrate into
the M10-expressing nucleus. None of the factors were ob-
served to equilibrate into M10-positive nuclei (Fig. 6A), sug-
gesting that Sam68, SLM1, and SLM2 do not shuttle between
the nucleus and cytoplasm of cells to any significant extent
within the time period (3 h) of this assay.

An interaction between Rev and Sam68 was also previously
observed in vitro (36), raising the possibility that Sam68,
SLM1, and SLM2 could stimulate, and Sam68DC could inhibit,
Rev activity by affecting Rev transport across the nuclear mem-
brane. To ascertain whether Sam68, SLM1, or SLM2 may be
coshuttling with Rev to affect its activity, Sam68-, SLM1-,
SLM2-, and Sam68DC-expressing cells were subsequently
fused with HeLa cells expressing wild-type Rev. As shown in

FIG. 3. Sam68, SLM1, and SLM2 stimulation and Sam68DC inhi-
bition of Rev-induced p24 and gp120 expression. 293 cells were trans-
fected with Gag-RRE (A) or pgGP160 puro (B) in the absence or
presence of Rev and Sam68, Sam68DC, SLM1, or SLM2 as indicated.
At 48 h after transfection, cell were harvested and equal amounts of
supernatants or lysates were analyzed by ELISA for p24 (A) or by
Western blotting for gp120 (B), respectively, as described in Materials
and Methods.
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Fig. 6B, Rev equilibrates into Sam68, SLM1-, and SLM2-pos-
itive nuclei in the heterokaryons, while Sam68, SLM1, and
SLM2 fail to equilibrate into the Rev-positive nuclei of the
same heterokaryons. This suggests that none of these factors
synergistically activates Rev function by coshuttling with Rev.
Furthermore, Sam68DC does not impede the equilibration of
Rev into all nuclei of the heterokaryons (Fig. 6B), suggesting
that Sam68DC does not inhibit Rev function by inhibiting its
nuclear export or subsequent nuclear reimport.

Sam68, SLM1, and SLM2 do not affect RRE-RNA stability
or splicing. We next wanted to investigate whether Sam68 and
its related proteins stimulate Rev activity by increasing the
stability of the unspliced RNA and thus the pool of RNA
available for Rev to transport. To test this, the effect of the
factors on the abundance of unspliced and spliced env RNA
was examined in RNase protection assays (RPAs). Total RNA
was harvested from cells transfected with pgGP160 puro, Rev,

and/or the Sam or SLM vectors. Unspliced and spliced env
RNAs were differentiated by the probe schematized in Fig. 7A.
Coexpression of Sam68, Sam68DC, or SLM1 had no significant
effect on the abundance of unspliced env RNA in the absence
or presence of Rev (Fig. 7B). (SLM2 also had no effect [data
not shown].) To address whether the difference between the
effects of Sam68 and Sam68DC is exerted at the level of un-
spliced env RNA export, RNA was extracted from nuclear and
cytoplasmic fractions, and levels of unspliced env RNA were
assayed. As shown in Fig. 7C, analysis of the accumulation of
unspliced viral RNA in the presence of either Sam68 or
Sam68DC revealed comparable levels upon cotransfection of
Rev.

Sam68DC recruits unspliced HIV-1 env RNA to perinuclear
bundles. Given that the Sam and SLM proteins affect Rev
activity but do not themselves shuttle, the Sam68 and SLM
proteins may be directly affecting the localization of the un-

FIG. 4. Effect of Sam68, SLM1, SLM2, or Sam68DC expression on Rev subcellular distribution. Cells were transfected with vectors encoding
myc-tagged Sam68, SLM1, SLM2, or Sam68DC alone (A) or with a vector expressing Rev (B). Forty-eight hours posttransfection, cells were fixed
and processed for immunofluorescent localization of the proteins. Shown are representative samples of the distribution patterns observed following
staining of cells with anti-myc antibody (a-myc), anti-Rev antibody (a-Rev), and DAPI.
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spliced env mRNA. To examine this possibility, in situ analysis
of unspliced Rev-dependent RNA was performed. Subcellular
localization of unspliced RRE-RNA was detected by probing a
region of the Tat/Rev intron present within the Env gene of the
reporter construct pgTat (identical results were obtained using
the pgGP160 puro expression vector). Unspliced RNA is
trapped in the nucleus in the absence of Rev (Fig. 8A, top
panel) and is only detected in the cytoplasm upon coexpression
of Rev (Fig. 8B, top panel). Unlike Rev, Sam68, SLM1, and
SLM2 are unable to induce cytoplasmic accumulation of un-
spliced RNA on their own (Fig. 8A). Coexpression of Sam68,
SLM-1, or SLM-2 with Rev results in cytoplasmic accumula-
tion of unspliced viral RNA to an extent comparable to that
seen upon expression of Rev alone (Fig. 8B).

Expression of Sam68DC has no effect on the subcellular
localization of unspliced RNA in the absence of Rev (Fig. 9A).
However, coexpression of Rev and Sam68DC results in a
marked change in the localization of the unspliced RNA and
Sam68DC (Fig. 9B). The unspliced RNA is still exported from
the nucleus by Rev but does not permeate the cytoplasm either
diffusely or in a punctate manner, as normally observed (Fig.
8B). Instead, bundles of RNA are detected at the nuclear
membrane and the periphery of the nucleus, colocalizing with
similar concentrated bundles of Sam68DC (Fig. 9C). Sam68DC
also often displays a less-concentrated diffuse cytoplasmic
stain. These observations suggest that Sam68DC may inhibit
Rev activity by sequestering the RRE-RNA RNPs at the nu-
clear periphery, preventing their interaction with components
of the translational apparatus.

DISCUSSION

The previously reported observation that Sam68 stimulates
Rev activity (36) prompted us to examine whether the Sam68-
like mammalian proteins SLM1 and SLM2 could similarly
stimulate Rev activity. Indeed, in the CAT-based reporter (Fig.
1), gp120, and Gag-based reporter assays (Fig. 3), SLM1 and
SLM2 were found to stimulate Rev activity to a similar extent
as Sam68. Deletion of the C-terminal region of Sam68, which
harbors tyrosine phosphorylation sites and an NLS, results in a
dominant-negative inhibitor of Sam68-stimulated Rev activity,
Sam68DC (36). Here we demonstrate that Sam68DC also in-
hibits stimulation of Rev activity by SLM1 and SLM2 (Fig. 1C).
This suggests that the mechanism by which Sam68, SLM1, and
SLM2 stimulate Rev activity may be shared.

SLM1 and SLM2 share the basic organization of Sam68,
including a GSG domain in which is embedded a KH domain
with high sequence homology (;70%) to that of Sam68 (8).
The KH domain is a highly conserved domain found in several
RNA binding proteins (16). Point mutations in the KH domain
of Sam68, which abolish the RNA-dependent multimerization
or RNA-binding properties of Sam68 (2), also reduce the abil-
ity of Sam68 to stimulate Rev activity and that of Sam68DC to
inhibit Rev activity (Fig. 2). These results suggest that the
RNA-binding properties are critical for the ability of Sam68 to
affect Rev activity. SLM1 and SLM2 can heterodimerize with
Sam68 (8), again suggesting that they may all affect Rev activity
by a common mechanism. The specific RNA targets for Sam68,
SLM1, and SLM2 have not yet been determined. However, a
SELEX experiment with Sam68 determined that Sam68

FIG. 5. Rescue of stimulatory activity upon addition of a heterologous NLS to Sam68DC. (A) Schematic of NLSSam68DC. (B) Subcellular
localization of NLSSam68DC. The subcellular localization of the myc-tagged NLSSam68DC was determined by immunostaining with an anti-myc
antibody followed by a secondary anti-mouse antibody conjugated to Texas Red (upper panel). Nuclei were DAPI stained (lower panel). (C) Effect
of NLSSam68DC on Rev activity. Transfections were performed as described in the legend to Fig. 1B. Each bar represents fold CAT activity
compared with pDM128 in the absence of Rev and is the average of at least three separate experiments performed in triplicate.
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FIG. 6. Analysis of Sam68, SLM1, and SLM2 shuttling. Heterokaryon assays were performed using HeLa cells transfected with M10 (A) or Rev
(B) fused to HeLa cells transfected with the myc-tagged proteins. Cells were immunostained with an anti-Rev antibody followed by a secondary
anti-rabbit antibody conjugated to FITC (left panels). The myc-tagged Sam68, SLM1, SLM2, and Sam68DC were immunostained with an anti-myc
antibody followed by a secondary anti-mouse antibody conjugated to Texas Red (middle panels). Nuclei were DAPI stained (right panels). (A)
HeLa cells transfected with M10 were fused to other HeLa cells transfected with myc-tagged Sam68, SLM1, or SLM2, as indicated. Thin arrows,
M10 nuclei; thick arrows, Sam68 or SLM nuclei. (B) HeLa cells transfected with wild-type Rev were fused to other HeLa cells transfected with
myc-tagged Sam68, SLM1, SLM2, or Sam68DC, as indicated.
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strongly interacts with AU-rich sequences (26), several of
which can be found throughout the unspliced HIV-1 env RNA
sequence. SLM1 and Sam68 have similar homopolymeric
RNA-binding properties, while those of SLM2 are different
(8). Recent experiments have demonstrated that Sam68 can
increase gene expression in multiple contexts, including indi-
rect binding of Rev to the target mRNA mediated by fusion to
the MS2 binding domain, transactivation by human T-lympho-
tropic virus type 1 Rex/equine infectious anemiavirus Rev (39),
and constitutive export mediated by the constitutive transport
element (38). In light of the significant sequence variation
among these elements, it is possible that the Sam/SLMs may
function either through indirect contact with the RNA or
through direct binding at sites in the RNA other than the
RRE.

Sam68, SLM1, and SLM2 display nuclear, nonnucleolar lo-
calization, while Sam68DC is diffusely cytoplasmic (Fig. 4A).

Coexpression with Rev was not observed to effect changes in
the subcellular distribution of any of the proteins (Fig. 4B).
The NLS of Sam68 is located in its C terminus (23, 37), and a
single point mutation (P4393R) has been previously demon-
strated to result in cytoplasmic accumulation of Sam68-P439R
and failure to stimulate Rev-dependent gene expression (37).
Furthermore, Sam68-P439R was demonstrated to act as an
inhibitor of Rev activity, although less efficiently than
Sam68DC (37). This suggests that the inhibitory activity of
Sam68DC is a consequence of its cytoplasmic localization. Al-
ternatively, the mutation might affect some other, as yet un-
identified function of this region. In order to determine
whether nuclear localization could cause Sam68DC to stimu-
late Rev activity, the SV40 large T antigen NLS was fused to
the amino terminus of Sam68DC. This results in nuclear local-
ization of NLSSam68DC (Fig. 5B) and correlative ability to
stimulate Rev-dependent gene expression (Fig. 5C). Conse-

FIG. 7. Effects of Sam68, SLM1, and Sam68DC on HIV-1 env RNA abundance, splicing, and transport. (A) Schematic of the gp160 probe
(;400 bases) against env RNA. Unspliced gp160 RNA is detected as a protected ;360-base fragment, while spliced RNA is detected as a protected
;98-base fragment. (B) Effects of Sam68, Sam68DC, and SLM1 on viral RNA abundance. RNA was harvested from 293 cells and 10 mg of RNA
was hybridized to a labeled gp160 probe. Shown is total RNA harvested from cells expressing env RNA in the absence (2) or presence (1) of Rev,
Sam68, Sam68DC, or SLM1, as indicated. The control for transfection efficiency and sample loading is the VA transcript, detected as a protected
fragment of 70 bases. (C) Effects of Sam68 and Sam68DC on viral RNA transport. Transfections were performed as outlined for panel B, cells were
harvested, and nuclear and cytoplasmic fractions were prepared as described in Materials and Methods.
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quently, the C terminus of Sam68 is likely a domain for regu-
lation of its activity (7, 51) but is not required for stimulation
of Rev-dependent gene expression, as its deletion in the con-
text of a fusion to an NLS has activity comparable to that of
Sam68 (Fig. 5C). Given that the RNA binding domain in the
KH region of Sam68 is required for its ability to stimulate
Rev-dependent gene expression and that the amino terminus
(aa 1 to 96) can be removed with no effect on Rev activity (36),
only the GSG domain and nuclear localization appear to be
required for its effect on Rev function.

Given that Sam68, SLM1, and SLM2 share the ability to
bind RNA and that Sam68 has previously been reported to
interact with RRE-RNA (36), we wished to determine whether
the abilities of these factors to stimulate Rev activity could
reflect an ability to shuttle between the nucleus and cytoplasm.
It has previously been reported that Sam68, unlike hnRNP A1,
hnRNP K, and Rev, does not accumulate in the cytoplasm
upon inhibition of transcription (29). Here we demonstrate
through heterokaryon assays that Sam68, SLM1, and SLM2 do
not shuttle to any significant extent under the conditions and
time frame (3 h) tested. The previously reported observation
that Sam68 can bind Rev in vitro (36) led us to examine
whether Sam68, SLM1, and SLM2 could shuttle through an
interaction with Rev. In this report, we demonstrate that
Sam68, SLM1, and SLM2 do not colocalize with Rev to any
significant extent (Fig. 4B), nor do they not coshuttle with Rev
(Fig. 6B). Thus, any interaction between Sam68 and Rev is
transient and likely restricted to the nucleus. Furthermore, the

ability of Sam68DC to inhibit Rev activity cannot be attributed
to an ability to inhibit Rev from shuttling, as Rev was able to
equilibrate into all nuclei of heterokaryons formed between
cells expressing Sam68DC and cells expressing Rev (Fig. 6B).

Since Sam68, SLM1, and SLM2 did not demonstrate an
ability to shuttle in the heterokaryon assays, we examined
whether their stimulatory effects on Rev activity could be due
to a direct effect on transport of the unspliced env RNA.
However, no difference in the localization of unspliced env
RNA was observed when Sam68, SLM1, or SLM2 was coex-
pressed (Fig. 8). Furthermore, RNase protection analysis re-
vealed that Sam68, Sam68DC, SLM1, and SLM2 do not affect
the abundance of unspliced to spliced RNA (Fig. 7B). There-
fore, their effects cannot be attributed to stabilization of un-
spliced Rev substrate RNA or alteration in splicing. The mech-
anism by which Sam68, SLM1, and SLM2 stimulate Rev
activity thus remains to be determined.

In situ analysis with Sam68DC reveals that this mutant
blocks the Rev-mediated transport of unspliced viral RNA
throughout the cytoplasm (Fig. 8B and 9). Upon expression of
Sam68DC and Rev, perinuclear bundles are formed that con-
tain both unspliced env RNA and Sam68DC. This observation
suggests that the mechanism by which Sam68DC inhibits Rev-
dependent gene expression is trapping of the Rev-dependent
RNA away from the translation machinery and in close juxta-
position to the nuclear periphery. This hypothesis can account
for the observation that Sam68DC inhibits the stimulatory abil-
ities of Sam68, SLM1, and SLM2 (Fig. 1C) and loses such

FIG. 8. Effects of Sam68, SLM1, and SLM2 on HIV-1 RNA subcellular distribution. At 48 h after transfection, cells were fixed and hybridized
to an antisense digoxigenin (DIG)-labeled RNA probe corresponding to intronic sequence. Hybridized probe was then detected with an anti-DIG
antibody conjugated to FITC (left panels). Cotransfected myc-tagged proteins were immunostained with an anti-myc antibody that was subse-
quently detected with a secondary antibody conjugated to Texas Red (middle panels). Nuclei were DAPI stained (right panels). (A) Localization
of unspliced env RNA in the absence of Rev expression; (B) localization of unspliced env RNA in the presence of Rev expression.
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FIG. 9. Subcellular distribution of unspliced HIV-1 env RNA (FITC, green) upon Sam68DC (Texas Red, red) coexpression. (A) In the absence
of Rev, the unspliced RNA is detected in the nucleus. (B) Upon Rev and Sam68DC coexpression, the unspliced RNA accumulates in perinuclear
bundles that colocalize with Sam68DC. (C) A z-series of images reveals that unspliced env RNA and Sam68DC colocalize (yellow staining) to the
nuclear periphery.
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inhibitory activity when redirected to the nucleus by addition
of a heterologous NLS (Fig. 5). The cytoplasmic Sam68DC,
unable to localize to the nucleus, acts downstream of all three
stimulators of Rev activity, whose stimulatory effects are con-
ducted in the nucleus. In light of these observations, one po-
tential model for Sam68, SLM1, and SLM2 stimulation of Rev
activity is that they act in the nucleus to facilitate intranuclear
transport of viral RNA in complex with Rev to the nucleoplas-
mic face of the nuclear pore complex. Sam68DC, present
within the cytoplasm, would appear to bind to the RNA emerg-
ing from the nucleus and inhibit its movement away from the
nuclear periphery. Accumulation of Sam68DC at the nuclear
periphery is dependent on Rev-mediated transport of viral
RNA to the cytoplasm, indicating that the protein’s activity is
triggered by its interaction with the emerging RNA. Further
study of these proteins may provide insight into the mecha-
nisms controlling RNA movement to and from the nuclear
pore.
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