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Cells normally restrict the nuclear export and expression of intron-containing mRNA. In many cell lines, this
restriction can be overcome by inclusion of cis-acting elements, such as the Mason-Pfizer monkey virus con-
stitutive transport element (CTE), in the RNA. In contrast, we observed that CTE-mediated expression from
human immunodeficiency virus Gag-Pol reporters was very inefficient in 293 and 293T cells. However, addition
of Sam68 led to a dramatic increase in the amount of Gag-Pol proteins produced in these cells. Enhancement
of CTE function was not seen when a Sam68 point mutant (G178E) that is defective for RNA binding was used.
Additionally, the effect of Sam68 was inhibited in a dose-dependent manner by coexpression of an activated
form of the nuclear kinase Sik/BRK that hyperphosphorylated Sam68. RNA analysis showed that cytoplasmic
Gag-Pol-CTE RNA levels were only slightly enhanced by the addition of Sam68, compared to a 60- to 70-fold
increase in the levels of Gag-Pol protein expression. Thus, in this system, Sam68 functioned to enhance the
cytoplasmic utilization of RNA containing the CTE. These results suggest that Sam68 may interact with
specific RNAs in the nucleus to provide a “mark” that affects their cytoplasmic fate. They also provide further
evidence of links between signal transduction and RNA utilization.

Sam68 (Src associated in mitosis 68) was originally identified
as one of the major targets for the Src tyrosine kinase in mitosis
(16, 63, 64). It is a member of the STAR (signal transduction
and activation of RNA) family of proteins (65). The STAR
proteins are RNA binding proteins that contain an hnRNP K
homology domain flanked by regions that are required for
high-affinity RNA binding (65). In addition to Sam68 and the
closely related proteins SLM-1 and SLM-2 (10), this family
includes the quaking proteins (11), Caenorhabditis elegans
GLD-1 (15, 32), and the drosophila held out wings protein
(68). Some of the STAR proteins appear to be translational
regulators (30, 31, 55), whereas others have been proposed to
affect alternative splicing (62).

Although the functions of Sam68 are still largely unknown,
it has been shown to be a nuclear protein that localizes with
splicing-associated factors in nuclear bodies (5, 26, 47). In
addition, Sam68 has been proposed to play a role in cell cycle
regulation (54) and a recent study indicates that Sam68 is a
tumor suppressor (41). Sam68 has also been reported to have
effects on human immunodeficiency virus (HIV) gene expres-
sion and replication (52, 59). Specifically, it was shown that
overexpression of a truncated form of Sam68 inhibited HIV
replication and that the wild-type Sam68 protein could substi-
tute efficiently for the HIV Rev protein in assays using chlor-
amphenicol acetyltransferase (CAT)-based reporter constructs
that contain the HIV rev response element (RRE). On the

basis of these findings, it has been suggested that Sam68 plays
a role in nucleocytoplasmic RNA export and may function as a
cellular Rev homologue (52).

Retroviral replication requires that intron-containing un-
spliced or incompletely spliced RNAs are efficiently exported
to the cytoplasm of infected cells (21, 24). This occurs despite
the restriction on export of RNA containing introns, which
appears to normally prevent RNAs from exiting the nucleus
until they are completely spliced (37). Complex retroviruses
overcome this restriction through the use of cis-acting ele-
ments in the viral RNA (RRE in the case of HIV) in combi-
nation with virus-encoded trans-acting proteins (Rev in the
case of HIV) (49). An interaction between the cis-acting ele-
ment and the viral protein in the nucleus allows the RNA to be
exported by specialized export pathways. In contrast, some of
the simpler retroviruses have been shown to achieve export of
unspliced RNA through the use of cis-acting RNA elements,
termed constitutive transport elements (CTEs), that interact
directly with cellular export proteins (24). The best character-
ized of the CTEs is present in the genome of Mason-Pfizer
monkey virus (MPMV) (4, 12, 13). This CTE is 154 nucleotides
(nt) in length and forms a distinct secondary stem-loop struc-
ture that interacts with the cellular protein Tap/NXF1 (19).
This protein has also been proposed to play a role in general
cellular mRNA export (29, 34). However, it is likely that ad-
ditional cellular proteins are involved in the CTE-mediated
export pathway. Sam68 has previously been suggested to have
effects on CTE function (51). However, this has remained
controversial since the initial studies reporting effects of Sam68
on Rev/RRE function concluded that Sam68 had no effects on
CTE-mediated expression (52).
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In this paper, we demonstrate that expression of protein
from mRNA containing the CTE can be significantly increased
in certain cell lines by coexpression of Sam68 and that the
Sam68-mediated enhancement of expression is abrogated by
coexpression of a constitutively active mutant form of the nu-
clear Src family Sik/BRK kinase that induces hyperphospho-
rylation of Sam68 (9). Furthermore, a direct analysis of RNA
containing the CTE shows that Sam68 does not affect mRNA
export directly but functions to alter the fate of RNA in the
cytoplasm.

MATERIALS AND METHODS

Plasmid constructs and nomenclature. To facilitate identification, all of the
plasmids used in this study have been given index numbers in the form
pHRXXXX. Several have been previously described. These are the sub-
genomic HIV type 1 reporter constructs pCMVGagPol-RRE (pHR354) and
pCMVGagPol-CTE (pHR1361) (60); pCMVRev (pHR30) (58), a plasmid that
expresses the HIV Rev protein; and pCMVSEAP (pHR1831) (12), a plasmid
that expresses secreted alkaline phosphatase (SEAP) (1); pCMVTap (pHR2128)
(20), a plasmid that expresses the Tap protein.

The plasmids expressing wild-type and mutant forms of mouse Sam68,
pcDFSam68 (pHR2208), pcDHSam68�KH (pHR2212), and pcDHSam68
(G178E) (pHR2210), have also been previously described (40). The plasmids
expressing wild-type and mutant forms of the Sik/BRK kinase, pcDNA3-Sikwt
(pHR2531), pcDNA3-Sik(Y447F) (pHR2533), and pcDNA3-Sik(K219M)
(pHR2533), were kind gifts from Angela Tyner (9). The plasmids expressing
c-Src proteins (pcDNA3-K-Src [pHR2228] and pcDNA3-SrcY527F [pHR2229])
(2) were kind gifts from Sally Parsons. The plasmids expressing HuR (14),
hnRNPH (7), and hnRNPD (35) were kind gifts from Joan Steitz, Douglas Black,
and Gary Brewer.

Cell lines and transient transfections. 293, 293T/17, and CMT3-COS cells
were maintained in Iscove’s minimal essential medium supplemented with 10%
bovine calf serum. Qcl3 cells (8) were a kind gift from Bryan Cullen. They were
maintained in M199 medium (Life Technologies) supplemented with 4% fetal
bovine serum (HyClone Laboratories), 1% chicken serum (Gibco BRL), 10%
tryptone phosphate (Life Technologies), and 1% dimethyl sulfoxide (Sigma
Chemicals). Transient transfections of CMT3-COS and Qcl3 cells were per-
formed by using modifications of the DEAE-dextran method as previously de-
scribed (23). 293T/17 cells were transfected by using a calcium phosphate trans-
fection protocol (17). All transfections were performed with the amounts of
plasmids described in the figure legends.

p24 ELISA and SEAP quantitation. Supernatants from transfected cells were
collected at 65 to 72 h posttransfection, centrifuged in a microcentrifuge to
remove residual cells and debris, and stored at �20°C until assayed. p24 expres-
sion levels were determined with either a commercial enzyme-linked immu-
nosorbent assay (ELISA) kit (NEN) or an ELISA protocol involving a p24
monoclonal antibody and pooled human anti HIV immunoglobulin G (67). The
p24 antibody was obtained from the AIDS Research and Reference Reagent
Program and was contributed by Bruce Chesebro (National Institute of Allergy
and Infectious Diseases-Rocky Mountain Laboratories). SEAP activity in the
supernatants was measured with the Phospha-Light Chemiluminescent Reporter
Kit (Tropix).

Western blot analysis. The Western blot analysis was performed essentially as
previously described (22). Briefly, proteins were transferred to an Immobilon-P
membrane (Millipore) and the membrane was blocked in 5% milk. For detection
of HIV Gag proteins, blots were probed with a mouse anti-p24 monoclonal
antibody (183-H12-5C) from the National Institutes of Health AIDS Research
and Reference Reagent Program. After washing, the membranes were incubated
with rabbit anti-mouse immunoglobulin G and 10 �Ci of I125-labeled protein A
per ml. For detection of Sam68, blots were probed with an anti-Sam68 mono-
clonal antibody (SC-333; Santa Cruz Biotechnology, Inc.). These blots were
probed with an alkaline phosphatase-conjugated anti-mouse secondary antibody
and developed by using 0.33 mg of Nitro Blue Tetrazolium per ml and 0.0825 mg
of 5-bromo-4-chloro-3-indolylphosphate per ml.

35S labeling and immunoprecipitations. 293T or CMT3/COS cells were pre-
incubated for 1 h in Met/Cys-free Dulbecco’s modified Eagle medium (Gibco/
Invitrogen) containing 10% predialyzed bovine calf serum and then incubated at
37°C in labeling medium containing 200 �Ci of [35S]Met/Cys Tran35S-label
(ICN) for 3 or 24 h. Cells were lysed in 150 mM NaCl–10 mM Tris HCl–1%
NP-40–1% deoxycholate. Lysates were cleared by centrifugation, and protein

concentration was determined by colorimetric analysis (Bio-Rad). Sam68 was
immunoprecipitated from 200 �g of total cell lysates with 1 �g of mouse anti-
Sam68 monoclonal antibody (SC-333; Santa Cruz) and 30 �l of 50% protein
G-Sepharose beads (Amersham Biosciences) after incubation at 4°C for 3 h.
Samples were washed two times with 500 �l of lysis buffer and one time with
500 �l of 10 mM Tris HCl–100 mM NaCl–1 mM EDTA (pH 8.0) (TNE) with
centrifugation at 500 � g for 3 min, resuspended in 1.5� sodium dodecyl sulfate
(SDS) sample buffer, boiled for 5 min, centrifuged briefly, and resolved by SDS-
polyacrylamide gel electrophoresis (PAGE) on a 12% gel.

32P labeling and tryptic peptide mapping. 32P labeling and tryptic peptide
mapping were performed as previously described (3), with minor modifications.
Thirty-six hours after transfection with a plasmid expressing a FLAG-tagged
version of Sam68 (pcDFSam68 [pHR2208]), 293T cells were washed two times in
labeling medium (10% predialyzed bovine calf serum in Dulbecco’s medium
lacking sodium pyruvate and sodium phosphate). Cells were then radiolabeled
for 8 h at 37°C in 3 ml of labeling medium containing 2.5 to 3.0 mCi of 32P (ICN),
washed three times in phosphate-buffered saline (PBS) at 4°C, and resuspended
in 500 �l of 1� RSB buffer (10 mM Tris-HCl [pH 7.4], 10 mM NaCl, 1.5 mM
MgCl2) containing 1� protein phosphatase inhibitor cocktails I and II and
protease inhibitor cocktail as suggested by the supplier (Sigma). A 500-�l volume
of 2� NET buffer (40 mM Tris HCl [pH 7.4], 150 mM NaCl, 1% NP-40) was then
added to lyse the cells. Protein concentrations were determined by colorimetric
analysis (Bio-Rad). Sam68 was immunoprecipitated by a 3-h incubation at 4°C
with 100 �l of a 50% agarose bead-conjugated anti-FLAG antibody slurry (Sig-
ma). The beads were then washed two times with 1 ml of TBS (50 mM Tris HCl
[pH 7.4], 150 mM NaCl) at 4°C. The pellets were then resuspended in 100 �l of
1.5� SDS sample buffer and boiled for 5 min. The beads were then spun down,
and the supernatant was analyzed on an SDS–12% polyacrylamide gel. After
electrophoresis, proteins in the gel were transferred to an Immobilon-P (Milli-
pore, Bedford, Mass.) membrane by electroblotting at 15 V for 4 h. The portions
of the membrane containing the Sam68 protein were then excised and treated
with 5 ml of blocking solution (0.5% polyvinylpyrrolidone 360, 100 mM acetic
acid) at 37°C for 30 min. The membrane pieces were treated with trypsin, and
then the resulting peptides were collected and subjected to two-dimensional
tryptic peptide mapping on thin-layer chromatography plates. The first dimen-
sion consisted of electrophoresis at pH 1.9. It was followed by chromatography
in the second dimension. The procedures used to prepare and analyze the
peptides have been previously described (3).

RNA fractionation and Northern blot analysis. The methods used for nuclear
and cytoplasmic RNA extraction, poly(A) mRNA selection, and Northern blot
analysis were previously described (22, 25). Cells were harvested 65 h posttrans-
fection. [32P]CTP-labeled DNA probes were generated by using the T7 Quick-
prime Kit (Pharmacia). The gagpol-specific probe was generated by using the
SacI-BglII (nt 682 to 2093) fragment of the BH10 HIV type 1 proviral clone. The
SEAP-specific probe was generated by using the BamHI fragment of the human
SEAP-encoding gene (nt 213 to 1698). Visualization and quantitation of North-
ern blots were performed with a Molecular Dynamics PhosphorImager and
ImageQuant analysis software.

RNA in situ hybridization. Hybridization was performed with a digoxigenin
(DIG)-labeled oligonucleotide probe using 3 � 106 293T cells that were cotrans-
fected with 15 �g of a GagPol RRE or CTE reporter plasmid with or without
3 �g of pCMVRev(pHR30) or pcDFSam68(pHR2208). Twenty-four hours post-
transfection, cells were seeded onto 0.1% gelatin-coated coverslips and incu-
bated for another 48 h. Cells were then fixed with 4% paraformaldehyde–PBS
and stored in 70% ethanol at 4°C until use. Before in situ hybridization, the fixed
cells were dehydrated with a graded ethanol series (70, 90, and 100%) and
subsequently treated with 100, 90, and 70% ethanol. Cells were then washed in
PBS, incubated in 0.5% Triton X-100–PBS for 10 min, and treated with 0.2 N
HCl for 20 min at room temperature. The cells were again washed with PBS for
10 min before use.

Prehybridization was performed at 37°C for 1 h in 100 �l of hybridization
buffer (50% deionized formamide, 10% dextran sulfate, 2� SSC [1� SSC is 0.15
M NaCl plus 0.015 M sodium citrate], 10 �g of tRNA per ml, 0.1 mg of bovine
serum albumin per ml, 0.1 mg of herring sperm DNA per ml).

The hybridization probe was prepared by labeling a gag-specific oligonucleo-
tide (corresponding to the HIV gag sequence spanning positions 1606 to 1629
5�-GCTGGTAGGGCTATACATTCTTAC-3� in the antisense orientation) by
using 3�-end DIG-dUTP (Roche) in accordance with the manufacturer’s proto-
col. The labeled oligonucleotide was resuspended at 1 to 4 ng/�l in fresh hybrid-
ization buffer, heated to 80°C for 10 min, and cooled on ice for 5 min. The
coverslips containing fixed cells were immersed in 30 �l of fresh hybridization
buffer, denatured at 80°C for 5 min, and incubated overnight at 42°C. Cells were
washed four times with 50% deionized formamide–2� SSC for 15 min each time
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at 37°C. Hybrids were detected by using anti-DIG antibodies conjugated to
fluorescein isothiocyanate (FITC). For detection, antibodies were incubated with
cell samples for 1 h at 37°C in 1% blocking reagent containing anti-DIG–FITC
(1/100 dilution; Roche). Cells were then incubated four times more with 0.15 M
NaCl–0.1 M Tris-HCl (pH 7.4) for 15 min each time at room temperature to
remove unbound antibodies. Coverslips were mounted in antibleach medium
(Vector Lab) and stored in the dark at 4°C. The hybridization signals were
visualized by a LSM 5 Pascal Confocal Microscope (Zeiss).

RESULTS

Transfection of a plasmid expressing Sam68 greatly in-
creases p24 expression in 293 and 293T cells from HIV Gag-
Pol constructs that utilize the CTE. In several previous studies,
we utilized HIV Gag-Pol reporter constructs to study the re-
quirements for expression and nucleocytoplasmic export of
intron-containing RNA in mammalian cells (4, 20, 57, 58, 60,
61). These reporters contain the complete coding region for
HIV Gag and Pol, and the expression of these proteins leads to
the production of HIV virus-like particles that are efficiently
secreted into the medium of transfected cells.

Since the mRNA that expresses the Gag-Pol proteins con-
tains a complete intron, it is retained in the nucleus in the
absence of signals that overcome the cellular restriction to the
export of such RNAs. We initially showed that the presence of
an HIV RRE in cis in the Gag-Pol mRNA, in conjunction with
supplying the Rev protein in trans, led to efficient export of the
Gag-Pol RNA to the cytoplasm and subsequent expression of
large amounts of HIV p24 in the medium of transfected cells
(57). Subsequently, we showed that the insertion of the MPMV
CTE could efficiently substitute for the requirement for RRE/

Rev in these reporter plasmids in both the HeLa and COS cell
lines (4). In contrast, we repeatedly observed that the Gag-Pol
reporter plasmids containing the CTE gave very low levels of
p24 activity in both 293 and 293T cells.

In an effort to try to complement the apparent defect in CTE
function in the 293 cell lines, we cotransfected these cells with
the Gag-Pol-CTE reporter and several different constructs ex-
pressing known RNA binding proteins with proposed roles in
RNA metabolism. In all of these transfections, we included a
plasmid that expressed SEAP (pCMVSEAP) as an internal
control. Most of the cotransfected plasmids were unable to
specifically increase p24 expression. Among the proteins tested
were HuR, hnRNPD, and hnRNPH (data not shown). How-
ever, as shown in Fig. 1A, expression of mouse Sam68 led to a
60-fold increase in the amount of p24 expressed. In contrast,
very little enhancement was observed in transfections with two
different Sam68 mutants (Sam68�KH and Sam68G178E).
Sam68�KH has a large deletion in the RNA binding KH do-
main, whereas Sam68G178E corresponds to a mutation in the
KH domain of the C. elegans GLD-1 protein that results in a
loss of function and development of an oncogenic phenotype
(germ line tumor). These results indicate the importance of the
RNA binding domain of Sam68 for the observed effects and
demonstrate that a single point mutation corresponding to a
mutation with a known phenotype in GLD-1 is sufficient to
abrogate the enhancement. Similar results were obtained with
both 293 and 293T cells.

To analyze the effect of additional Sam68 expression in COS
cells, we performed a cotransfection experiment with Sam68

FIG. 1. Sam68 enhances CTE function in 293 and COS cells. Five micrograms of the pCMVGag-Pol-CTE reporter plasmid (pHR1361) and
0.25 �g of pCMVSEAP (pHR1831) were transfected into 100-mm-diameter dishes of either 293 cells (A) or COS cells (B) together with 1 �g each
of pcDFSam68 (pHR2208), pcDHSam68�KH (pHR2212), pcDHSam68(G178E) (pHR2210), or pcDNA3 with no insert (pHR2214). Superna-
tants were collected at 72 h posttransfection, and p24 and SEAP levels in each sample were determined. p24 values were then adjusted for
variations in SEAP levels. The data represent the average of two independent transfections.
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similar to the one described above. Figure 1B shows that an
effect of Sam68 on CTE function was also observed in COS
cells. However, basal levels of p24 expression were significantly
higher than that observed in 293 or 293T cells and the en-

hancement seen in this cell line was much more modest (about
fivefold). Again, the mutant forms of Sam68 failed to signifi-
cantly enhance p24 expression. Mutated versions of the CTE
that worked less efficiently showed the same differential en-
hancement by Sam68 in the two cell lines, indicating that the
lower enhancement seen in COS cells was not simply the result
of the system being saturated for p24 production (data not
shown).

To test whether there was a difference in endogenous ex-
pression of Sam68 between 293 or 293T cells and COS cells
that could explain these results, nonconfluent cultures of
CMT3-COS cells and 293T cells were metabolically labeled
with [35S]Met/Cys Tran35S-label for either 3 or 24 h. Sam68
protein was then immunoprecipitated from extracts of these
cells by using an anti-Sam68 monoclonal antibody. After elec-
trophoresis of the immunoprecipitates on an SDS-containing
polyacrylamide gel, Sam68 was detected by PhosphorImager
analysis. Figure 2 shows that similar amounts of Sam68 were
detected in 293T and COS cells after labeling of either for 3 or
24 h. These results indicate that there were no major differ-
ences in either the rate of synthesis or the levels of Sam68 in
these cells that could explain the differences in CTE function.

Sam68 enhances expression from an integrated Gag-Pol-
CTE reporter in 293T cells and synergizes with Tap in quail
cells. We also analyzed the effects of Sam68 on CTE expres-
sion in a 293T-based cell line (B2.10) where the CTE-contain-
ing Gag-Pol reporter was stably integrated. Figure 3A shows

FIG. 2. Comparison of endogenous Sam68 produced in 293T and
COS cells. Sam68 was immunoprecipitated with anti-Sam68 monoclo-
nal antibodies from lysates of 293T and COS cells metabolically la-
beled with [35S]Met/Cys Tran35S-label for either 3 or 24 h. Protein was
resolved by SDS-PAGE and visualized by PhosphorImager analysis.
IgG1, immunoglobulin G1.

FIG. 3. Sam68 enhances CTE function in a stable 293T packaging cell line and Qcl3 quail cells. (A) Dishes (100-mm diameter) of B2.10 cells
were transfected with 1 �g of pcDFSam68 (pHR2208) or pcDNA empty vector (pHR2214). B2.10 is a cell line derived from 293T cells by stable
transfection of pCMVGag-Pol-CTE (pHR1361) and pCMVEnv-CTE (pHR1374). p24 levels in the supernatant were determined at 72 h
posttransfection. The data represent the average of two independent transfections. (B) Dishes (100-mm diameter) of Qcl3 quail fibroblast cells
were transfected with 5 �g of the pCMVGag-Pol-CTE reporter (pHR1361) and 0.25 �g of pCMVSEAP (pHR1831) together with 2 �g of
pCMVTap (pHR2128), 1 �g of pcDFSam68 (pHR2208), or both. At 72 h posttransfection, supernatants were collected and analyzed for p24 and
SEAP expression. The data represent the average of two independent transfections.
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that a very low basal level of p24 is secreted into the superna-
tant of this cell line. Transfection of 1 �g of the plasmid
expressing the Sam68 wild-type protein produced a large in-
crease in p24 production, demonstrating that Sam68 is also
able to dramatically increase CTE function in cells where the
CTE reporter is integrated into the genome.

It has previously been demonstrated that Qcl3 quail cells do
not support CTE function, and this has been attributed to a
failure of the quail Tap protein to function in conjunction with
the CTE element (33). To analyze whether Sam68 could en-
hance expression from the CTE in these cells, we transfected
Qcl3 cells with the Gag-Pol-CTE reporter either alone or in
cotransfections with plasmids expressing Sam68 and/or human
Tap. The results of this experiment are shown in Fig. 3B. Very
low basal levels of p24 were observed with the reporter plasmid
alone, confirming the previous studies that showed inefficient
CTE function in these cells. Surprisingly, coexpression of
Sam68 alone stimulated p24 expression to the same extent as
coexpression of Tap and a synergistic effect was obtained when
both Sam68 and Tap were coexpressed together with the Gag-
Pol-CTE reporter. Thus, the addition of human Tap to Qcl3
cells is not absolutely essential for CTE function.

Expression of constitutively active Sik/BRK abrogates Sam68
enhancement of CTE function. Sam68 has been shown to be a
major target for Src and related kinases. Thus, we decided to
analyze the effects of Src on Sam68 enhancement of CTE
function. To do this, we transfected 293 cells with plasmids ex-
pressing c-Src proteins that were either kinase dead or consti-
tutively activated, respectively (pcDNA3-K-Src and pcDNA3-

SrcY527F). We did not observe any effects of either of these
plasmids on CTE function in 293 cells, either in the presence
or in the absence of a plasmid expressing Sam68 (data not
shown).

Recent studies have indicated that Sam68 is also a substrate
for the nuclear Src family kinase known as Sik/BRK (9). To
investigate whether expression of Sik/BRK would affect
Sam68-mediated enhancement of CTE function in 293T cells,
cells were transfected with the Gag-Pol-CTE vector with or
without Sam68 in the presence of plasmids expressing three
different Sik/BRK proteins [wild-type, constitutively active mu-
tant Sik/BRK(Y447F), or kinase-inactive mutant Sik/BRK
(K219M)]. These plasmids were a kind gift from Angela Tyner.
Neither of the Sik/BRK plasmids had any effect on p24 expres-
sion from the Gag-Pol-CTE plasmid in the absence of cotrans-
fected Sam68 (Fig. 4A). However, in the Sam68 cotransfec-
tions, a significant decrease in the level of p24 expression was
observed in the presence of constitutively active Sik/BRK
(Y447F). In contrast, neither the wild-type nor the K219M
mutated form of the protein had any significant effect on
Sam68 enhancement. These results support the notion that
Sam68 enhancement of CTE function can be regulated by the
Sik/BRK kinase.

To further investigate the effect of Sik(Y447F) on Sam68-
mediated enhancement of CTE function, we performed a
dose-response experiment in which the ratio of the plasmid
expressing Sik(Y447F) to the plasmid expressing Sam68 was
varied. The result of this experiment is shown in Fig. 4B. The
top part of the figure shows that increasing amounts of

FIG. 4. Coexpression of the constitutively active Sik(Y447F) mutant protein with Sam68 inhibits Sam68-mediated enhancement of CTE
function. (A) Five micrograms of pCMVGag-Pol-CTE reporter (pHR1361) and 0.25 �g of pCMVSEAP (pHR1831) were transfected into 293T
cells with 1 �g of a plasmid that expresses either the wild-type (pcDNA3-Sikwt, pHR2531), the kinase-inactive [pcDNA3-Sik(K219M), pHR2533],
or the constitutively active [pcDNA3Sik(Y447F), pHR2533] form of Sik. These plasmids were expressed either alone or together with 1 �g of
pcDSam68 (pHR2208). At 72 h posttransfection, supernatants were collected and analyzed for p24 and SEAP expression. The data represent the
average of two independent transfections. (B) Increasing amounts of pcDFSam68 or pcDNA3-Sik(Y447F) were cotransfected with 5 �g of
pCMVGag-Pol-CTE reporter (pHR1361) and 0.25 �g of pCMVSEAP (pHR1831) plasmid into 293T cells. At 72 h posttransfection, supernatants
were collected and analyzed for p24 and SEAP expression. The data represent the average of two independent transfections.
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Sik(Y447F) reduced p24 expression in a dose-responsive fash-
ion for a given amount of Sam68 (1 �g of transfected plasmid).
The lower part of the figure illustrates that the inhibitory effect
seen for a given amount of Sik(Y447F) (1 �g of transfected
plasmid) could readily be titrated out by increasing the levels
of the Sam68 plasmid. These results demonstrate that the en-
hancement function of Sam68 can be modulated by Sik(Y447F)
in a dose-dependent manner and thus lend further support to
the hypothesis that Sik serves to functionally regulate the ef-
fects of Sam68 in this system.

Sam68 is hyperphosphorylated in the presence of Sik(Y447F)
in 293T cells. It has previously been shown that the function
and RNA binding activity of Sam68 are regulated through
phosphorylation by Src (6, 66). In addition, a recent report
showed that Sam68 is a substrate for Sik/BRK in vivo and that
this phosphorylation also inhibits its RNA binding activity
(9). To directly analyze if Sik(Y447F) affected Sam68 phos-
phorylation in our system, we transfected 293T cells with
pcDFSam68 in the absence or presence of the plasmid express-
ing Sik(Y447F) and labeled these cells with [32P]orthophos-
phate. Sam68 was immunoprecipitated from cellular extracts
by using anti-FLAG agarose beads, and proteins eluted from
these beads were separated by SDS-PAGE (Fig. 5A). Similar
amounts of Sam68 were detected in the absence or presence of
Sik(Y447F) by Western blot analysis (Fig. 5A, right side). In
contrast, the amount of 32P label detected in this protein was
dramatically increased in the presence of Sik(Y447F) (Fig. 5A,
left side). To further analyze how Sik affected Sam68 phos-
phorylation, we performed a two-dimensional phosphopeptide
analysis of trypsin-digested Sam68 (Fig. 5B). Several novel
phosphopeptides were detected in the presence of Sik(Y447F),
indicating that Sam68 is phosphorylated at multiple novel sites
in response to the expression of this kinase.

Sam68-mediated enhancement of CTE function is a conse-
quence of increased cytoplasmic RNA utilization, not in-
creased RNA export. To address the mechanism by which
Sam68 enhances CTE function, 293T cells were transfected
with the Gag-Pol-CTE reporter plasmid in the presence or
absence of the plasmid expressing Sam68. As controls, cells
were also transfected with a Gag-Pol plasmid containing the
RRE either alone or in cotransfections with a plasmid express-
ing the Rev protein. We have previously shown that Rev in-
creases the levels of cytoplasmic Gag-Pol-RRE RNA by at
least 10-fold in these cells as measured by Northern blot anal-
ysis (20).

Total and cytoplasmic RNAs were prepared from the trans-
fected cells, and Northern blot analyses were performed. In
addition, cells were harvested for determination of intracellu-
lar p24 levels and supernatant medium was collected for the
measurement of secreted p24 and SEAP. The results of these
analyses are shown in Fig. 6. As expected, very low levels of p24
were expressed from the Gag-Pol-RRE plasmid alone, where-
as large amounts were expressed in response to Rev both in the
medium and intracellularly (panels A and B). With the Gag-
Pol-CTE plasmid, very little p24 was produced when it was
transfected alone and Sam68 expression again dramatically
increased the p24 levels in the medium of transfected cells
(120-fold; panel A). A significant increase in intracellular p24
was also observed (34-fold; panel B).

The RNA analysis demonstrated that Rev caused a nearly

10-fold specific increase in the levels of cytoplasmic Gag-Pol-
RRE RNA (panel C), consistent with our previous results and
the well-established role of Rev in nucleocytoplasmic export of
RRE-containing RNA (20, 49). In contrast, cytoplasmic Gag-
Pol-CTE RNA levels were only slightly increased in response
to expression of Sam68 (panel C). In both cases, total Gag-Pol
RNA levels were unaffected. Thus, although little or no p24
was expressed from the Gag-Pol-CTE plasmid in the absence
of Sam68 (panel A), substantial amounts of Gag-Pol-CTE
RNA were detected in the cytoplasm, even in the absence of
this protein (panel C). Taken together, the results of the ex-
periments depicted in Fig. 6 show that the main effect of
Sam68 is not to increase nuclear export of the Gag-Pol mRNA,
indicating that the enhancement of p24 production must be

FIG. 5. Expression of the Sik(Y447F) mutant increases phosphor-
ylation of Sam68 at multiple residues. 293T cells were transfected with
plasmids expressing Flag-Sam68 either alone or with a plasmid ex-
pressing Sik(Y447F) and labeled with [32P]orthophosphate. (A, left
side) 32P analysis of immunoprecipitated Sam68. Sam68 was immuno-
precipitated from transfected cells by using an agarose bead-conju-
gated anti-FLAG antibody. Proteins were resolved by SDS-PAGE, and
32P incorporation was visualized by PhosphorImager analysis. (A, right
side) Western blot analysis of Sam68 in the absence or presence of
Sik(Y447F). Proteins from whole-cell lysates were resolved by SDS-
PAGE and transferred to Immobilon. The blot was probed with an
anti-Sam68 monoclonal antibody, and Sam68 was visualized by using
an alkaline phosphatase-conjugated anti-mouse secondary antibody.
(B) Two-dimensional phosphopeptide analysis of Sam68 expressed in
the presence or absence of Sik(Y447F). Tryptic peptide analysis was
carried out on Sam68 immunoprecipitated from 32P-labeled 293T cells
by using an agarose bead-conjugated anti-FLAG antibody. The pep-
tides were resolved in two dimensions, first by electrophoresis in pH
1.9 buffer and second by chromatography in phosphochromatography
buffer. Labeled peptides were visualized by PhosphorImager analysis.
Arrows indicate peptides that appeared de novo or increased in inten-
sity in the presence of Sik(Y447F).
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through a different mechanism. The fact that a twofold in-
crease in cytoplasmic RNA levels led to a 34- to 120-fold
increase in p24 protein expression suggested that Sam68 func-
tions to increase the utilization of CTE-containing RNA in the
cytoplasm.

To further analyze the localization of Gag-Pol-CTE RNA in

the absence or presence of Sam68, we performed an RNA in
situ hybridization experiment with transfected 293T cells. Cells
expressing Gag-Pol-RRE RNA with or without Rev coexpres-
sion were used as controls in this experiment. The results of
this experiment are shown in Fig. 7. As expected, cells trans-
fected with the Gag-Pol-RRE plasmid alone showed only nu-
clear fluorescence (upper left panel). In contrast, the fluores-
cence was almost exclusively cytoplasmic in the presence of
Rev (lower left panel). This is consistent with previous studies
and the Northern blot results presented above and confirms
that Rev is essential for the cytoplasmic appearance of Gag-
Pol-RRE RNA. In cells transfected with pCMVGag-Pol-CTE
alone, a signal was observed mainly in the cytoplasm and the
localization did not change visibly in the presence of Sam68
(Fig. 7, middle and right panels). In fact, the localization and
intensity of the signal observed in the cells expressing Gag-Pol-
CTE RNA both in the absence and in the presence of Sam68
were very similar to those observed with Gag-Pol-RRE in the
presence of Rev. These results confirm that Sam68 has no
major effect on RNA export in this system and support the
hypothesis that Sam68 functions to enable efficient translation
of the RNA once it reaches the cytoplasm.

Sam68 has no major effect on Rev/RRE-mediated RNA ex-
port and expression in 293 cells. In previous reports, Wong-
Staal and coworkers suggested that Sam68 functions in RNA
export and that this protein is a cellular Rev homologue (52,
53). Those studies used a reporter construct that contained the
RRE in conjunction with the cat gene to measure Rev func-
tion, and it was shown that expression of Sam68 alone could
achieve expression of cat from the RRE reporter that was 50%
of that obtained with Rev. That group has also reported that
expression of Sam68 and that of Rev have a synergistic effect
on expression from the CAT-RRE plasmid. However, none of
these studies directly measured whether Sam68 promoted
RNA export of the RRE-containing RNA.

Since the results described above indicate a role for Sam68
in promoting protein translation rather than RNA export, we
decided to perform additional experiments to further analyze
the role of this protein in Rev/RRE function. To this end, we
examined p24 production and RNA expression from a Gag-
Pol-RRE reporter construct that required Rev for expression
of p24. In this experiment, the Gag-Pol-RRE reporter plasmid
was transfected with or without a plasmid expressing Sam68
and increasing amounts of a plasmid expressing Rev. The re-
sults are presented in Fig. 8. As expected, very little p24 ex-
pression was observed when the RRE-containing plasmid was
transfected alone into 293 cells in the absence of Rev (Fig. 8A).
Addition of Sam68 alone increased p24 production about two-
fold. In other experiments, increases in p24 production of up to
eightfold were observed (data not shown), indicating that
Sam68 is indeed able to enhance expression in constructs con-
taining the RRE. However, in every transfection, the increases
were small compared to the 45- to 90-fold increase that was
observed with Rev. As shown in Fig. 8A, the combination of
Sam68 and Rev resulted in little increase in p24 levels beyond
that mediated by Rev alone.

To directly determine effects of Rev and Sam68 on RNA
export in conjunction with the RRE reporter, total and cyto-
plasmic RNA fractions were prepared as described above from
cells transfected with different combinations of the Gag-Pol-

FIG. 6. Analysis of p24 and Gag-Pol RNA in 293T cells. 293T cells
were transfected with the reporter plasmids pCMVGag-Pol-RRE
(pHR354) or pCMVGag-Pol-CTE (pHR1361) and pCMVSEAP
(pHR1831) in the presence or absence of Rev (pHR30)- and/or Sam68
(pHR2208)-expressing plasmids essentially as described in the legend
to Fig. 1. (A) Supernatants were harvested at 72 h posttransfection,
and p24 levels were analyzed by ELISA. (B) Cells were harvested at
72 h and analyzed by Western blot assay. The Western blot analysis
was performed on whole-cell lysates prepared from transfected cells
with an anti-p24 primary monoclonal antibody, a rabbit anti-mouse
secondary antibody, and 125I-coupled protein A for detection. Brackets
show the fold difference in p24 levels between indicated lanes.
(C) Northern blot analysis of cytoplasmic and total poly(A)� RNA
isolated from 293T cells 60 h after transfection. Gag-Pol- and SEAP-
specific mRNAs were detected by using specific radiolabeled DNA
probes. The blot was analyzed with a Molecular Dynamics Phosphor-
Imager and ImageQuant software. Brackets show the fold differences
in the levels of the Gag-Pol RNA bands between the indicated lanes
after adjustment for variations in SEAP RNA levels.
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RRE plasmid and plasmids expressing Sam68 and Rev. One of
these experiments is shown in Fig. 8B. As expected, only a very
small amount of Gag-Pol-RRE RNA was detected in the cy-
toplasmic fraction from cells transfected with the Gag-Pol-
RRE reporter alone (Fig. 8B). Cotransfection with Sam68 did
not increase these levels (in this particular experiment, Gag-
Pol RNA levels actually decreased somewhat). In other exper-
iments, no effect was seen (data not shown). In contrast, ad-
dition of Rev increased the cytoplasmic levels of Gag-Pol-RRE
RNA more than 40-fold in the experiment shown in Fig. 8B.

When total RNA was examined, addition of Sam68 in-
creased the levels of Gag-Pol-RRE RNA slightly (in other
experiments, no effect was seen [data not shown]). In contrast,
total RNA levels were increased when Rev was added. It has
previously been shown (42, 56) that Rev expression frequently
increases total RNA levels. This is presumed to reflect an
increased stability of the RNA in the cytoplasm compared to
the nucleus, where it is retained in the absence of the Rev
protein. However, even when stability differences are taken
into account, the specific increase in cytoplasmic accumulation
in the presence of Rev was about sevenfold, compared to no
increase when only Sam68 was expressed. Thus, these experi-
ments fail to support the notion that Sam68 promotes efficient
export of RNA containing the RRE, as Rev does. Rather,
these results support the hypothesis that Sam68 also in this
case functions to enhance translation of the RNA once it
reaches the cytoplasm.

DISCUSSION

The results presented here clearly demonstrate that Sam68
can act in conjunction with the MPMV CTE to mediate effi-
cient expression of proteins expressed from RNA containing a
complete intron. However, our results indicate that Sam68
exerts its main effect on CTE function at the cytoplasmic level
rather than at the level of export out of the nucleus. Although
cytoplasmic levels of Gag-Pol-CTE RNA were only marginally
increased by expression of Sam68, protein levels were in-
creased 50-fold or more. The mechanism of this enhancement
is not known. However, it has been well established, in several
systems, that cytoplasmic mRNAs can be translationally
masked and that unmasking of these mRNAs can increase
translation up to 100-fold without an increase in the levels of
mRNA (45, 50). Several of the Sam68-related STAR proteins
(e.g., GLD-1 and Quaking) have been shown to be involved in
translational regulation (30, 55). Furthermore, Sam68 is spe-
cifically relocalized to the cytoplasm in poliovirus-infected
cells, where it interacts with the poliovirus polymerase. For this
reason, Sam68 has been proposed to potentially play a role in
poliovirus replication which is strictly cytoplasmic (46).

There is also accumulating evidence that the nuclear history
of an mRNA can affect its subsequent fate in the cytoplasm,
suggesting that nuclear and cytoplasmic processes are coupled
(43). Several recent studies have shown that protein “marks”
deposited at mRNA exon-exon junctions after splicing facili-

FIG. 7. In situ hybridization of Gag-Pol-CTE RNA in cells with or without Sam68 coexpression. Cells were transfected with plasmids expressing
Gag-Pol-RRE RNA (with or without Rev) or Gag-Pol-CTE RNA (with or without Sam68), as indicated. At 72 h after transfection, cells were fixed
and hybridized to an antisense DIG-labeled oligonucleotide probe specific for a sequence within gag. Hybridization was detected with an anti-DIG
antibody conjugated to FITC and visualized by LSM5 Pascal confocal microscopy (Zeiss).
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tate the export of the RNA and also influence its cytoplasmic
fate (44). As an example, exon-exon marks downstream of
termination codons can elicit nonsense-mediated decay as the
RNA reaches the cytoplasm (38, 39). It thus appears that
cytoplasmic mechanisms are in place to restrict the utilization
of aberrant RNAs. In the Xenopus oocyte system, it has also
been shown that the presence and position of introns in
mRNAs dramatically affect the ability of these RNAs to be
translated (45). Intron-containing RNAs are usually restricted
from exiting the nucleus (37). This restriction is likely in place
to limit the export of aberrant RNAs that could give rise to
defective or transdominant negative proteins. In contrast, in-
tron-containing RNAs are efficiently exported if they contain
elements such as the CTE (12). The requirement for Sam68
may signify that these RNAs encounter additional restrictions
once they reach the cytoplasm. Multiple restrictions to expres-
sion of RNA containing introns could reflect the importance of
keeping such RNAs from being translated if they do not have
the appropriate nuclear history.

Although recent studies suggest that Sam68 plays an impor-
tant role in cell cycle regulation (54) and acts as a tumor
suppressor (41), no specific function has been attributed to this
protein. However, Sam68 can be found in nuclear bodies that
also contain splicing factors (5, 26). These bodies also contain
SLM-1 and SLM-2 (10), and these proteins have been pro-
posed to play a role in alternative splicing (62). Sam68 has
been observed in splicing complexes that form on regulatory
splicing elements in certain RNAs (7, 18). It is thus possible
that Sam68 enters RNA complexes during the transcription
process either through direct RNA binding or through protein-

protein interactions. Sam68 could then influence the handling
of this RNA by continued association with the RNP complex
throughout its entire pathway through the splicing machinery
and the nuclear pore, ultimately affecting the fate of the RNA
in the cytoplasm. Alternatively, Sam68 could help to recruit
other factors to the RNA to serve as a specific protein mark
that then allow these RNAs to be efficiently translated once
they reach the cytoplasmic compartment. In either case, the
fact that the G178E mutant, which has previously been shown
to be defective for RNA binding (40), failed to enhance CTE
function suggests that RNA binding is essential for the ob-
served phenotype.

Sam68 has previously been reported to substitute for, and
synergize with, the effects of the HIV Rev protein (52, 59).
Since Rev has been clearly shown to function to promote the
export of intron-containing HIV RNAs, these results were
taken to imply that Sam68 functions as an RNA export protein.
However, in the present study, we failed to observe a signifi-
cant effect of Sam68 on RNA export per se. Also, in contrast
to previous studies, we saw only a minor increase in protein
expression from RRE-containing reporter constructs when
Sam68 was added. This might be explained by the fact that
previous studies analyzing the effects of Sam68 on Rev/RRE
function have utilized CAT-based reporter constructs. Such
constructs have been shown to be very “leaky” at the level of
RNA export (i.e., significant amounts of RNA can be observed
in the cytoplasmic RNA fraction even in the absence of Rev)
(27, 28, 48). It is thus possible that the observed effects of
Sam68 in the absence of Rev when these reporters were used
reflect an ability of Sam68 to enhance the utilization of this

FIG. 8. Effect of Sam68 on Rev/RRE function. (A) Five micrograms of pCMVGag-Pol-RRE (pHR354) and 0.25 �g of pCMVSEAP
(pHR1831) were transfected into 100-mm-diameter dishes of 293 cells with the indicated amounts of pCMVRev (pHR30) with or without 1 �g
of pcDFSam68 (pHR2208). p24 analysis was carried out as described in the legend to Fig. 1. (B) Dishes (150-mm diameter) of 293T cells were
transfected with 20 �g of pCMVGag-Pol-RRE and 5 �g of pCMVSEAP in the presence or absence of 5 �g of pCMVRev and/or pcDFSam68.
Northern blot analysis was performed on cytoplasmic (Cyto) and total poly(A)� mRNA isolated at 48 h after transfection and detected with a
radiolabeled gag/pol-specific probe. Gag-Pol- and SEAP-specific mRNAs were detected by using specific radiolabeled DNA probes. The blot was
analyzed with a Molecular Dynamics Phosphorimager and ImageQuant software. Brackets show the fold differences in the levels of the Gag-Pol
RNA bands between the indicated lanes after adjustment for variations in SEAP RNA levels.
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RNA. With the Gag-Pol-RRE plasmids, a similar enhance-
ment would not be expected, since very little RNA reaches the
cytoplasm in the absence of Rev (Fig. 6 and 8). It was also
previously reported that Sam68 binds directly to the HIV RRE
(52). We have, to date, failed to show a direct interaction
between Sam68 and the RRE or the CTE. However, it remains
possible that Sam68 interacts with other elements in the in-
tron-containing reporter RNAs.

The results presented here indicate that there is a clear
difference in the requirement for Sam68 overexpression, de-
pending on whether the Gag-Pol reporters utilize a CTE or
Rev/RRE. Whereas basal expression was very low in 293 and
293T cells in the case of the CTE, high levels of expression
were observed when the Rev/RRE was utilized. This may re-
flect the fact that the Rev/RRE and CTE pathways have been
shown to be largely nonoverlapping. Thus, RNA that is ex-
ported through Rev in a Crm1-dependent fashion may not
require Sam68. However, it is also possible that Rev is able to
overcome a cytoplasmic restriction through interaction with as
yet unidentified cellular proteins.

It is not clear why the endogenous Sam68 protein present in
293 and 293T cells fails to efficiently promote translation of the
Gag-Pol-CTE RNA. Our results indicate that similar levels of
endogenous Sam68 are expressed in the 293T cells and COS
cells used in the present experiments. However, it remains
possible that the Sam68 protein is inactivated in 293 and 293T
cells as a consequence of posttranslational modifications or
interaction with other cellular proteins. Sam68 has been shown
to interact with the related proteins SLM-1 and SLM-2 and
also forms heterodimers with other cellular proteins (10). In-
terestingly, it is has recently been observed that SLM-2 RNA
and protein levels are reduced in many transformed cell lines
(36). The results of this study indicate that SLM-2 is specifi-
cally down-regulated as a consequence of the crisis that such
cells frequently go through before they become truly immortal.
The crisis is supposed to reflect changes in cellular gene ex-
pression necessary for long-term survival of the transformed
cell and may thus implicate SLM-2 in the regulation of “death
genes.” We do not know if 293 or 293T cells express SLM-2,
but 293 cells are likely to have undergone crisis. Also, our
preliminary results indicate that expression of SLM-2 enhances
expression from the Gag-Pol-CTE reporter in a fashion similar
to that of Sam68. SLM-2 has also previously been reported to
enhance expression from RRE-containing CAT reporter con-
structs in these cells (59).

Our results show that the activity of Sam68 on the CTE is
regulated by the nuclear Src family kinase Sik/BRK. Sam68
was shown to be hyperphosphorylated on several residues in
293T cells in the presence of constitutively active Sik/BRK,
confirming the previous study showing that Sam68 is a target
for this kinase. In contrast, we failed to observe effects of
activated Src kinase on Sam68 function. It has previously been
demonstrated that Sam68 is a major target for Src only in
mitosis. This has been suggested to be an effect of nuclear
envelope breakdown. Since Sam68 is a nuclear protein and
attempts to show that this protein shuttles between the nucleus
and cytoplasm have been unsuccessful to date, regulation of
Sam68 in interphase cells may require interaction with nuclear
kinases such as Sik/BRK. If Sam68 is functionally down regu-
lated as a direct consequence of tyrosine phosphorylation, we

would have expected to need only a certain catalytic amount of
active Sik/BRK to get maximal down regulation. In contrast,
we observed that increasing amounts of the plasmid expressing
Sik/BRK gave rise to increased inhibition of the Sam68 effect
and that inhibition could be readily overcome by increasing the
amount of the Sam68 plasmid. In view of these results, it seems
possible that Sik/BRK affects Sam68 function by direct binding
to this protein or a cellular Sam68 partner.

Quail cells have previously been reported to fail to support
CTE function because the Tap protein in these cells is inca-
pable of CTE binding (33). It was thus surprising that trans-
fection Sam68 alone was able to give rise to as much p24
expression in quail cells as expression of the human Tap pro-
tein. This indicates that Tap binding to the CTE is not abso-
lutely essential for CTE function. Furthermore, the synergistic
effect seen in these cells with a combination of Tap and Sam68
suggests that these proteins may act at different steps in the
CTE pathway.

The results presented here provide yet another example of
the links that exist between signal transduction and RNA reg-
ulation at the posttranscriptional level. It will be of interest to
analyze how activation of the Sik/BRK kinase is regulated in
the cell and the exact mechanism by which this kinase regulates
Sam68 function. We believe that the CTE reporter systems will
provide a useful tool in these studies that might ultimately shed
light on the role of these proteins in cell cycle regulation and
differentiation.
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