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Human immunodeficiency virus type 1 Rev export depends upon the presence of the nuclear export signal
(NES), a leucine-rich stretch of hydrophobic amino acids. Recently, the nuclear NES-binding receptor has been
identified as CRM1 or exportin 1. Rev export has been shown to be CRM1 dependent. The function of the
atypical NES-containing Rev-like proteins of equine infectious anemia virus (EIAV) and feline immunodefi-
ciency virus (FIV) is inhibited by leptomycin B, a drug that specifically blocks NES-CRM1 interactions. These
data suggest that the function of atypical NES-containing proteins is CRM1 dependent. In contrast to the
inhibition of EIAV Rev and FIV Rev, the cytoplasmic accumulation of hepatitis B virus (HBV) posttranscrip-
tional regulatory element (PRE)-containing and Mason-Pfizer monkey virus (MPMV) constitutive transport
element (CTE)-containing RNAs is not inhibited by leptomycin B treatment. We conclude that the HBV PRE,
like the MPMV CTE, functions independently of an NES receptor-exportin 1 interaction.

Human immunodeficiency virus type 1 (HIV-1) Rev and
human T-cell leukemia virus type 1 Rex bind their respective
RNA response elements, the Rev response element (RRE)
and the Rex response element, and subsequently export singly
spliced and genomic viral RNA to the cytoplasm. Rev and Rex
export depends upon the presence of one class of nuclear
export signals (NES) that contain hydrophobic amino acids,
often leucines, and a core tetramer (reviewed in reference 16).
Rev export is abolished if the NES is deleted or modified, but
is restored if sequences encoding functional NES from other
retroviruses or cellular proteins are provided (10–12, 17, 23,
38). The equine infectious anemia virus Rev-like protein (ERev)
and the feline immunodeficiency virus (FIV) Rev-like protein
(FIV Rev) possess atypical NES that differ significantly from
those in Rev and Rex in the organization of the hydrophobic
residues and lack a core tetramer (Fig. 1) (12, 23). However,
ERev and FIV Rev NES are functionally interchangeable with
the Rev NES (12, 23). Furthermore, microinjection studies
have shown that the Rev NES can compete with the ERev NES
(26). Hence, Rev, ERev, and FIV Rev are believed to travel
the same NES-dependent export pathway.

Screens for low-molecular-weight inhibitors of Rev nuclear
export identified leptomycin B (LMB) as an antibiotic which
blocked this process (41). LMB played an important role in
identifying the nuclear NES-binding receptor. LMB resistance
in Schizosaccharomyces pombe was mapped to mutations with-
in the protein CRM1 (chromosomal region maintenance) (14,
27). CRM1 has recently been identified as the nuclear NES-
binding receptor (8, 9) or exportin 1 (7, 13, 28, 33). LMB has
been shown to block Rev export (41) by binding exportin 1,
thereby preventing the NES-exportin 1-RanGTP complex from
assembling (7). LMB specifically blocks NES-dependent RNA
export but does not block the mRNA or tRNA export path-
ways (7). The NES-dependent export of other proteins is also
inhibited by LMB (13, 28, 35). Hence, the export of NES-

containing proteins, such as Rev, is considered to be exportin
1 dependent and subsequently LMB sensitive.

The cytoplasmic accumulation of hepatitis B virus (HBV)
surface RNA is facilitated by a cis-acting RNA element termed
the posttranscriptional regulatory element (PRE) (19, 20). The
PRE has been postulated to be an export element. Unlike the
HIV-1 RRE, the HBV PRE functions independently of any
virally encoded proteins. The PRE has been shown to induce
the cytoplasmic accumulation of HIV-1-related RNAs from
reporter vector pDM138, similar to Rev (3, 21). Using the
same HIV-1-derived vector system, Roth and Dobbelstein re-
cently reported that PRE-mediated activation of pDM138 can
be inhibited by NES-containing proteins and concluded that
the HBV PRE utilizes the Rev export pathway (31). These
data suggest that cellular NES-containing proteins mediate
HBV PRE function, exporting PRE-containing RNA through
the exportin 1-dependent pathway.

The simian type D retroviruses, Mason-Pfizer monkey virus
(MPMV) and simian retrovirus types 1 and 2 contain cis-acting
RNA export elements termed constitutive transport elements
(CTEs) that induce nuclear export of viral unspliced mRNA
(2, 5, 36, 42). The CTEs from all three simian viruses are very
similar in structure and function (4, 36). The CTE can rescue
Rev-deficient HIV-1 replication (36, 42). Additionally, CTE-
containing intron lariats are exported when CTE is placed
within the introns of pre-mRNAs injected into Xenopus oocyte
nuclei (29, 32). CTE-containing RNA export is not inhibited by
NES-bovine serum albumin conjugates but can instead com-
pete for the mRNA export pathway (29, 32). In this way, the
CTE has been demonstrated to be an export element that
proceeds through an mRNA pathway and not the Rev path-
way. Cellular factors bind the CTE and facilitate export in the
absence of any virally encoded proteins.

We hypothesized that although ERev and FIV Rev contain
atypical NES, their function requires CRM1 and would be
inhibited by LMB. Additionally, if PRE function is mediated
by CRM1, then the cytoplasmic accumulation of PRE-contain-
ing RNA should also be inhibited by LMB. Conversely, LMB
should not affect CTE-mediated export, since the CTE does
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not export RNA through the CRM1-dependent Rev pathway
in oocytes. We therefore used the MPMV CTE as a negative
control. We tested the effect LMB had on ERev and FIV Rev
function, as well as LMB effects on the cytoplasmic accumu-
lation of PRE and CTE-containing RNA.

We employed a well-characterized chloramphenicol acetyl-
transferase (CAT) reporter system used to study the RNA
export elements of complex retroviruses (17, 18, 23). The sys-
tem utilizes pDM138, a plasmid reporter derived from the
second intron of HIV-1 in which the HIV env gene is replaced
by the CAT gene (18). When pDM138 is transiently trans-
fected, the CAT gene is translated only if unspliced RNA is
exported to the cytoplasm. Export of unspliced RRE-contain-
ing RNA depends on the presence of Rev. This laboratory and
others have demonstrated that the PRE and CTE can induce
the cytoplasmic accumulation of unspliced pDM138 reporter
RNAs (3, 37).

To test whether LMB can inhibit FIV Rev NES function,
293 cells were transiently transfected with an RRE-contain-
ing plasmid (pDM128) (18), pDM128 and pRSVRev (18), or
pDM128 and D3FIV (23). D3FIV is a fusion protein composed
of NES-deleted Rev (D3) fused to FIV Rev and has been shown
to export RRE-containing RNA (23). In a similar experiment,
293 cells were transiently transfected with pDM138ERRE-1,
an ERev response element derivative (1), with or without an
ERev expression vector (24, 34). b-Galactosidase expression
vector pCH110 (Pharmacia) was included for transfection nor-
malization purposes. Calcium phosphate transfections were
done as previously described (3) except that the precipitations
were divided in half and added to cells that either would or
would not be treated with LMB. This was done to achieve
similar transfection efficiencies for both conditions. After 18 h
the medium on the cells was replaced with fresh medium con-
taining 5 nM LMB or with medium alone. The cells were
harvested 24 h later in reporter lysis buffer (Promega), cellular
debris was pelleted, lysates were normalized for transfection
efficiency with b-galactosidase, and normalized amounts of
lysate were used for CAT assays as previously described (18).
CAT assay results were quantitated on a Molecular Dynamics
phosphorImager by using ImageQuaNT software. All experi-
mental points were assayed in triplicate, and experiments were
repeated at least twice. Representative experimental results are
presented.

Figure 2A shows that LMB inhibited Rev-mediated CAT

activity by 50% and D3FIV-mediated CAT activity by 80%. In
addition, ERev-mediated CAT activity was inhibited by 72% in
the presence of LMB (Fig. 2B). These results suggest that the
function of atypical NES, like that of the typical Rev NES, is
sensitive to LMB and therefore exportin 1 dependent.

Treatment of Rev-expressing cells with actinomycin D has
been shown to alter the subcellular localization of Rev from
the nucleus to the cytoplasm (25, 41). Under these conditions,
Rev shuttling is disrupted, leaving the export of Rev continu-
ous while import is blocked. Conversely, blocking the export of
a shuttling protein whose steady-state localization is cytoplas-
mic would shift the localization of the protein into the nucleus.
We tested this hypothesis with LMB and an ERev/enhanced
green fluorescence protein (eGFP) fusion protein (eGFP/
ERev), which is cytoplasmic at high levels of expression but
which functions like wild-type ERev in the CAT assay and
presumably shuttles (15). 3T3 cells were plated onto coverslips
in six-well plates and transiently transfected with 0.5 mg of
eGFP/ERev DNA by using the polycation Superfect (Qiagen)

FIG. 1. Sequence alignment of typical and atypical NES. The core tetramer
of typical NES is in boldface and bracketed. Leucines and chemically related
amino acids involved in NES function are underlined.

FIG. 2. Effect of LMB on the function of Rev and other Rev-like proteins in
the CAT assay. (A) pDM128 (RRE-containing RNA) was transfected with
pRSVRev or D3FIV or with neither in the absence or presence of LMB. LMB
inhibits Rev- and D3FIV-mediated CAT activities of RRE-containing RNA by
50 and 80%, respectively. (B) pDM138ERRE-1-containing RNA either was or
was not transfected with pRS-ERev in the presence and absence of LMB. LMB
inhibits ERev-mediated CAT activity by 72%.
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according to the manufacturer’s protocol. Eighteen hours post-
transfection, the medium was replaced with medium contain-
ing 5 nM LMB. The subcellular localization of the eGFP/ERev
protein was then monitored under a fluorescence microscope
(Nikon Diaphot 300) for several hours. As seen in Fig. 3, at
equilibrium (time zero) the eGFP/ERev fusion protein is dis-
tributed throughout the cell with a significant amount in the
cytoplasm. However, as time progresses during LMB treat-
ment, the presence of the fusion protein in the cytoplasm
diminishes, while a commensurate increase in nuclear localiza-
tion is observed. After nearly 1 h of LMB treatment, the
eGFP/ERev fusion protein is almost exclusively nuclear. This
observation directly demonstrates that ERev export is perturbed
by LMB treatment. Similar results have been reported for
MAPKK, cyclin B1, actin, and c-abl (13, 35, 39, 40). The
observed shift in subcellular localization of the eGFP/ERev
fusion is due to import of the protein into the nucleus and
subsequent inhibition of its export by LMB. The LMB-depen-
dent disruption of eGFP/ERev shuttling correlates with the
LMB sensitivity of ERev in the CAT assay (Fig. 2B) and
further supports the conclusion that atypical NES-containing
proteins function via a CRM1-dependent pathway.

To test if the cytoplasmic accumulation of PRE- and CTE-
containing RNAs is LMB sensitive, 293 cells were transiently
transfected with pDM128 and pRSVRev, 138PRE (PRE-con-
taining RNA [3]), and 138CTE (MPMV CTE-containing RNA
[37]). Transfection, LMB treatment, normalization, and CAT
assays were identical to those of the previous experiment. Fig-
ure 4 shows that while Rev-mediated CAT activity is inhibited
60% by LMB, the cytoplasmic accumulation of PRE- and
CTE-containing RNA is not affected. These data suggest that
PRE and CTE function does not require CRM1. Furthermore,

the data imply that PRE- and CTE-binding proteins do not
contain NES. However, at this point we can only conclude that
PRE and CTE function is not mediated by the concerted
efforts of NES-containing proteins and CRM1. Since CRM1 is
reportedly not involved in the export of mRNA (7) and since
the CTE has been shown to export RNA via the mRNA path-
way (32), the CRM1 independence of CTE-induced RNA ex-
port is expected. Nevertheless, these data are added evidence
that CTE-containing RNA does not travel through an NES-
saturable pathway.

Wolff et al. have shown that LMB inhibits Rev-dependent
but not Rev-independent gene expression (41). We also ob-
served that LMB inhibits Rev-dependent gene expression but
not PRE-mediated gene expression (Fig. 4). To rule out the
possibility that the difference in LMB sensitivity between
RRE-containing RNA and PRE-containing RNA was depen-
dent on the concentration of LMB we used (5 nM), we per-
formed transient transfections and CAT assays on pDM138
(empty vector), pDM128 and pRSVRev, and 138PRE in which
the LMB concentration was titrated over a broad range. The
dose response of RNA expression to LMB is depicted in Fig. 5.
As can be seen in Fig. 5, while there is maximal inhibition of
Rev-dependent gene expression at 2 nM concentrations of
LMB, there is no decrease in PRE-mediated gene expression.
In fact, PRE-mediated gene expression increased at higher
concentrations of LMB. There was no effect on pDM138 CAT
expression over the range of LMB concentration. This differ-
ence in dose responsiveness to LMB between Rev-dependent
gene expression and PRE-mediated gene expression further
supports the conclusion that PRE-containing RNA is not de-
pendent upon an NES-exportin 1 interaction in transit to the
cytoplasm. Additionally, the increase in expression of PRE-
containing RNA at higher concentrations of LMB suggests
that the PRE does not associate with any exportin 1-related
proteins less sensitive to LMB.

To confirm the CAT assay results, we directly analyzed RNA
by Northern blot analysis. For the Northern blotting, 293
cells were transiently transfected with 138PRE, pDM138, and
pDM128 plus pRSVRev. Two DNA-CaPO4 precipitates were

FIG. 3. LMB inhibition of eGFP/ERev shuttling visualized by fluorescence
microscopy. An eGFP/ERev fusion protein construct was transfected into 3T3
cells. Eighteen hours posttransfection the medium was replaced with medium
containing 5 nM LMB and the cells were placed under the fluorescence micro-
scope. eGFP fluorescence was recorded over several hours. The time, in minutes
post-LMB addition, is shown in the lower right corner of each image. At 30 min
a noticeable difference in subcellular eGFP/ERev localization is apparent. By 55
min the localization of the eGFP/ERev protein is almost completely nuclear.

FIG. 4. Effect of LMB on the function of the PRE and CTE in the CAT
assay. pDM128 (RRE-containing RNA) either was or was not transfected with
pRSVRev in the presence and absence of LMB; 138PRE (PRE-containing
RNA) and 138CTE (CTE-containing RNA) were transfected in the presence
and absence of LMB. LMB inhibits Rev export of RRE-containing RNA by 60%.
LMB does not affect the cytoplasmic accumulation of PRE- or CTE-containing
RNAs.
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prepared for each reporter and used to transfect two plates (10
cm in diameter) each, which then either were or were not
treated with LMB as in previous experiments. This was done to
achieve similar transfection efficiencies for both conditions.
The cells were harvested and lysed with 0.5% Nonidet P-40
(NP-40), and cytoplasmic RNA was isolated with RNA STAT
(Tel-Test). Nuclei were washed several times in 0.5% NP-40–
20% glycerol, and nuclear RNA was isolated with RNA STAT.
Then, 5 mg of nuclear RNA and 10 mg of cytoplasmic RNA
from each transfection were run on a 1% agarose–formalde-
hyde gel and transferred to a nylon membrane (Stratagene).
The Northern blot was prehybridized in QuikHyb (Stratagene)
for 1 h at 65°C and then hybridized with 32P-labeled CAT and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) probes
for 2 h at 65°C. The blot was washed in 23 SSC (13 SSC is 0.15
M NaCl plus 0.015 M sodium citrate) at room temperature and
then in 0.13 SSC at 65°C and exposed to X-ray film, and an
autoradiograph was obtained.

The Northern blot analysis shown in Fig. 6 confirms the
CAT assay results in Fig. 4 and 5. The cytoplasmic accumula-
tion of RRE-containing RNA is inhibited in the presence of
LMB (compare lanes 9 and 10), while the cytoplasmic accu-

mulation of PRE-containing RNA is not (compare lanes 11
and 12). LMB has no effect on the nuclear accumulation of
pDM138 or PRE-containing RNA. Hence, LMB does not ap-
pear to affect the levels of RNA substrate available for export.
Interestingly, in the presence of LMB, the amount of RRE-
containing RNA in the nucleus is diminished (compare lanes 3
and 4). This suggests that the disruption of CRM1 function
causes unspliced RRE-containing RNA to be unstable in the
nucleus, even in the presence of Rev. In this situation, the
unspliced RNA is presumably being spliced or degraded. This
observation is consistent with the report that Rev increases the
stability of nuclear HIV RNA (22). The ability of Rev to sta-
bilize nuclear RRE-containing RNAs led Malim and Cullen to
suggest a model in which RNA export and stability may be
closely linked. Consistent with this model, our observation of
an LMB-dependent decrease in pDM138RRE nuclear RNA in
the presence of Rev suggests that Rev binding alone is not
sufficient for the stabilization of nuclear HIV RNA. Alterna-
tively, LMB may lower the amount of RRE-containing RNA in
the nucleus available for export, which would reduce the
amount observed in the cytoplasm. We do not favor this inter-
pretation, however, since LMB has no such effect on pDM138
or PRE-containing RNA. LMB has no effect on pDM138 CAT
or GAPDH expression in either compartment. This RNA anal-
ysis is further evidence that LMB affects exportin 1-dependent
and, therefore, Rev-dependent gene expression but not PRE-
mediated or cellular mRNA (GAPDH) gene expression. On
the basis of these results we conclude that the HBV PRE and
Rev do not travel through the same export pathway, contrary
to the conclusion reached by Roth and Dobbelstein (31).

We have demonstrated here that like that of the typical NES
of Rev, the function of atypical NES from the Rev-like pro-
teins of other complex retroviruses is susceptible to inhibition
by LMB and is therefore CRM1 dependent. Alternatively, pro-
teins that contain atypical NES may bind a different NES
receptor(s) related to exportin 1, which may also be sensitive to
LMB, and export through other pathways. A recent report
suggests that the export of NES-containing proteins may be
through the mRNA pathway as well as the Rev pathway (6, 30).
This suggests that exportin 1 might be a factor common to both
pathways or that other exportin 1-like proteins function in
pathways other than that used by Rev. However, our observa-
tion that LMB has no effect on the expression of cellular
mRNAs for GAPDH (Fig. 6) and histone 2B (data not shown)
argues against this interpretation.

We have demonstrated that the cytoplasmic accumulation of
HBV PRE-containing and MPMV CTE-containing RNA is
not inhibited by LMB treatment and therefore is independent
of an NES-CRM1 interaction. The fact that PRE and CTE
function is not affected by LMB suggests that the PRE may
utilize the mRNA pathway as does the CTE. However, we have
observed an important functional difference between the two
cis-acting elements. The CTE has been reported to rescue
Rev-deficient HIV-1 replication (36, 42). While we also find
that the CTE is able to rescue Rev-deficient HIV-1 replication,
in our hands the PRE cannot rescue Rev-deficient HIV-1
replication in an analogous manner (data not shown). This
implies that there is a fundamental difference between the
CTE and PRE. Further experiments are necessary to better
delineate the function of the PRE and, if it is an export ele-
ment, to determine which pathway it utilizes.
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Cytoplasmic accumulation of PRE-containing RNA was not affected by LMB
(compare lanes 11 and 12). LMB had no effect on pDM138 CAT expression.
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