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Human immunodeficiency virus type 1 (HIV-1) Rev contains a leucine-rich nuclear export signal that is
essential for its nucleocytoplasmic export mediated by hCRM1. We examined the role of selected nucleoporins,
which are located in peripheral structures of the nuclear pore complex and are thought to be involved in export,
in Rev function in human cells. First, we found that upon actinomycin D treatment, Nup98, but not Nup214
or Nup153, is able to translocate to the cytoplasm of HeLa cells, demonstrating that Nup98 may act as a soluble
factor. We further showed that Rev can recruit Nup98 and Nup214, but not Nup153, to the nucleolus. We also
found that the isolated FG-containing repeat domains of Nup98 and Nup214, but not those of Nup153,
competitively inhibit the Rev/RRE-mediated expression of HIV. Taken together, the recruitment of Nup98 and
Nup214 by Rev and the competitive inhibition exhibited by their NP domains demonstrate direct participation
of Nup98 and Nup214 in the Rev-hCRM1-mediated export.

The active export of macromolecules from the nucleus is
mediated by short peptide signals that act as ligands for nu-
clear export factors. The best-studied example is human im-
munodeficiency virus type 1 (HIV-1) Rev, which is responsible
for the export of the Rev-responsive element containing viral
RNA. The export of Rev of HIV-1 and other lentiviruses is
mediated via its leucine-rich nuclear export signals (NES) (13,
29). Functional Rev-like NES have also been identified in
several other proteins (for a recent review, see reference 23).
Several NES-containing proteins such as Rev have been shown
to interact directly with the human protein hCRM1 (14, 18,
42). This interaction is inhibited by the antibiotic leptomycin B
(LMB) (51). hCRM1 belongs to the importin b protein super-
family (15, 21). Some of the importin b-like proteins have been
shown to be involved in the nucleocytoplasmic transport. The
known and predicted characteristics of the family include (i)
preferential binding to Ran GTPase in its GTP-bound form
and (ii) binding to repeated FG-containing motifs characteris-
tic of some nucleoporins (NP repeats). hCRM1 and a related
protein, CAS (26), have been implicated as direct receptors
mediating the nuclear export of NES-containing proteins and
importin a, respectively, and hence define a subset of proteins
in the importin b superfamily termed exportins. The key fea-
ture of exportins is their ability to cooperatively bind their
export substrate and GTP-bound Ran. The ternary complex is
then believed to interact with some components of the nuclear
pore complex (NPC) via an exportin, thus delivering the export
cargo to the site of translocation. Upon translocation of the
ternary complex through the NPC, GTP hydrolysis occurs on
Ran, resulting in the dissociation of the complex and release of
the export substrate into the cytoplasm. In this model, export-
ins act as transient linkers between the export cargo and the
NPC, which are regulated by the nucleotide-bound status of
Ran (14, 26).

The NPC possesses extensive peripheral structures extend-
ing into the nuclear interior (for recent reviews, see references

32 and 33) including filamentous basket-like structures that
have been proposed to provide docking sites for nuclear export
intermediates (2). Vertebrate NP-repeat-containing nucleo-
porins Nup98, Nup153, and Nup214 have been assigned to
peripheral NPC structures (4, 8, 37) and have been implicated
in the nuclear export (2, 3, 35, 36, 48). In the Saccharomyces
cerevisiae two-hybrid system, it has been shown that FG-con-
taining repeat domains of different nucleoporins interact with
the Rev NES via CRM1 with various efficiencies, suggesting
that nucleoporins play a role in NES-mediated export (5, 16,
17, 31, 45).

In this report, we addressed the roles of Nup98, Nup153, and
Nup214 for Rev function in human cells. We show that Nup98
and Nup214 are not solely stationary components of the NPC
since (i) the presence of actinomycin D leads to cytoplasmic
translocation of Nup98 and (ii) Rev can associate with Nup98
and Nup214, but not Nup153, outside the NPC. The codistri-
bution of Rev with Nup98 and Nup214 as well as with hCRM1
and the competitive inhibition of Rev function by the isolated
nucleoporin repeat domains of Nup98 and Nup214 suggest
that Nup98 and Nup214, but not Nup153, are the major down-
stream partners of hCRM1 and play a direct role in the export
of Rev from the nucleolus to the cytoplasm.

MATERIALS AND METHODS

Recombinant DNA. The molecular clones of HIV-1 pRev(2)HIV (pNL4-3fB
[12, 40]) and pRev(2)RRE(2).CTE [previously named pNL43Rev(2)RRE
(2).S (53)] as well as the expression vectors for the tagged green (green fluo-
rescent protein [GFP]) and blue (blue variant of GFP [BFP]) variants of Rev and
NES(2)Rev (43) have been described elsewhere. The plasmids expressing GFP-
tagged proteins were prepared by insertion of the PCR-amplified coding se-
quences (CDS) into the NheI site of pCMV-GFPsg25 (44). The hybrid genes
encode the N-terminal tripeptide Met-Ala-Ser followed by the respective protein
starting at its second amino acid residue and the complete GFP. The untagged
versions of these proteins were produced by providing a stop codon after their
CDS in the above-described constructs, generating proteins with authentic C
termini. The GFP-tagged and untagged NP domains of Nup98 and Nup153
contain the CDS from amino acids (aa) 2 to 494 of the human Nup98 protein (6),
and aa 894 to 1475 of Nup153. The hemagglutinin (HA)-tagged Nup98 plasmid
was based on p37R vector (46, 52) and included an N-terminal HA epitope
(Tyr-Pro-Tyr-Asp-Val-Pro-Asp-Tyr-Ala) inserted between aa 1 and 2 of these
proteins. HA-tagged Nup214-NP expression plasmid was a gift from J. Hauber.
HA-tagged Nup153 plasmid (2) was obtained from B. Burke. To construct the
expression plasmid for hCRM1, its CDS was PCR amplified using hCRM1
cDNA (15) and inserted into p37R vector as described above for HA-tagged
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plasmids. The GFP-NES plasmid encodes the GFP protein fused to the Rev NES
and was a gift from E. Afonina and G. N. Pavlakis. The authenticity of the
constructs was verified by double-strand sequencing.

Cell culture and transfections. HLtat is a HeLa-derived cell line that consti-
tutively produces HIV-1 Tat protein (39). Human 293 is an embryonic kidney cell
line. Cells were maintained in Dulbecco modified Eagle medium (DMEM)
containing 10% fetal calf serum plus penicillin and streptomycin (53). For mi-
croscopy of living cells, 60-mm-diameter plastic transfection plates were seeded
in DMEM without phenol red. Cells were transfected by the calcium phosphate
coprecipitation technique, using DNA purified on QIAGEN columns, and total
protein was extracted (53). L3luc luciferase expression plasmid was included in
the transfection mixtures, and the luciferase activity was measured (41). GFP
fluorescence was measured in cell lysates with a CytoFluor fluorimeter (43).
HIV-1 p24gag antigen was measured by using commercial antigen capture assay
kits (Cellular Products) (53). LMB was a generous gift from B. Wolff (51). Stock
solutions of LMB were made at 0.5 mM in 1:1 dimethyl sulfoxide-isopropanol
and stored at 270°C. Working solutions of 0.5 mM LMB in DMEM were kept at
220°C. For 293 and HLtat cells, LMB treatment was performed with 10 nM
LMB for 4 h at 37°C.

Antibodies, immunofluorescence, and microscopy. The rabbit polyclonal an-
tibodies for Rev (10) and GFP (44) have been described elsewhere. The mono-
clonal antibody for the influenza virus HA epitope was obtained from BAbCo
(Berkeley, Calif.). Rabbit antisera for hCRM1 were obtained from J. van
Deursen and G. Grosveld. Affinity-purified rabbit antibodies for Xenopus Nup98
have been described elsewhere (36) and were a generous gift from M. Powers
and D. Forbes. For indirect immunofluorescence, cells grown on plastic plates
were fixed with 3.7% formaldehyde in phosphate-buffered saline (PBS) for 10
min at room temperature, made permeable by treatment with 0.1% Nonidet P-40
or 0.1% Triton X-100 in PBS for 10 min, and labeled with the appropriate
antibodies as described previously (43). Integrity of the nuclei was confirmed by
using goat polyclonal anti-lamin A antibodies (Santa Cruz Biotechnology) or, in
living cells, a DNA-specific live fluorescent dye (Hoechst 33342). Cells were
observed under appropriate illumination with a Zeiss Axiovert 135TV micro-
scope. Digital images were acquired with a SenSys charge-coupled device camera
(Photometrics) and processed with IPLab Spectrum software. Digital deconvo-
lution was performed using the HazeBuster extension of IPLab Spectrum soft-
ware. Measurements of GFP fusion proteins in cell lysates were performed as
described previously (52).

RESULTS

Nup98 can translocate to the cytoplasm. We studied the local-
ization of Nup98, Nup153, and Nup214 in the human HeLa-
derived HLtat cell line by using indirect immunofluorescence. We
used an affinity-purified antibody raised against Xenopus Nup98
which has been shown to react with human Nup98 (36) to visu-
alize endogenous Nup98 (Fig. 1A), and we used an anti-HA
mouse monoclonal antibody to visualize the HA epitope-tagged
transfected Nup98 (Fig. 1B). Both endogenous Nup98 and HA-
tagged Nup98 show similar subcellular localization. They are
found predominantly in the nucleoplasm, at the nuclear rim, and
as dots in the cytoplasm and over the nucleus but are excluded
from the nucleoli (Fig. 1A, left panel). The nuclear rim associa-
tion is more prominent upon digital deconvolution microscopy
(data not shown). Similar localization of endogenous Nup98 was
found in cultured Xenopus cell line A6 with the same antibody, in
agreement with published data (36).

To examine the possible ability of Nup98 to shuttle between
the nuclear and cytoplasmic compartments, we asked whether
the presence of an inhibitor of transcription affects the local-
ization of Nup98, as has been reported for several other shuttle
proteins such as Rev (29). Interestingly, we found that the
endogenous Nup98 (Fig. 1A) and HA-Nup98 (Fig. 1B) com-
pletely translocate from the nucleus to the cytoplasm of the
HeLa cells upon treatment with actinomycin D in the absence
or presence of the translation inhibitor cycloheximide. This
translocalization was most prominent in confluent monolayers
of HLtat cells, whereas we did not find this effect in A6 cells
(not shown). These data demonstrate that Nup98 can be ex-
ported from the nucleus of HeLa cells.

FIG. 1. Nup98, but not Nup153 and Nup214, is able to translocate to the cytoplasm. Endogenous Nup98 was visualized by using affinity-purified anti-Xenopus Nup98
serum (A), whereas HA-tagged Nup98, Nup214, and Nup153 proteins were detected with anti-HA antibody (B to D). HLtat cells were transiently transfected with 2
mg of the indicated HA-tagged nucleoporin expression plasmids (B to D) or not transfected (A). Some cells were treated with 2 mg of actinomycin D (ActD) per ml
for 2 h. The indirect immunofluorescence and fluorescence microscopy were performed as described in Materials and Methods, and the images were filtered with a
linear filter (3 3 3 kernel), using IPLab Spectrum software. Bar, 20 mm.
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Upon transient transfection of HLtat cells, HA-Nup214 pre-
dominantly localizes to the nuclear rim and can also be detected
in the cytoplasm (Fig. 1B, left panel), in agreement with published
data (25). The HA-tagged Nup153 (Fig. 1C, left panel) localizes
to the nuclear rim and the nucleoplasm, as previously described
(2). In contrast to Nup98, treatment with actinomycin D did not
affect the localization of either Nup214 or Nup153 (Fig. 1B and C,
right panels). These findings indicate that Nup98, in contrast to
Nup153 and Nup214, is a dynamic factor rather than a stationary
component of the NPC.

Rev recruits Nup98 and Nup214 to the nucleoli. Next, we asked
whether Rev can associate with intact nucleoporins Nup98,
Nup153, and Nup214 in mammalian cells and thereby affect their
subcellular localization. We expressed these HA-tagged nucleo-
porins in HLtat cells in the presence of GFP-tagged Rev or, as a
control, the Rev mutant that lacks the NES [GFP-NES(2)Rev].
As expected from the previous studies, both Rev and NES(2)Rev
localized predominantly to the nucleoli (Fig. 2, bottom panels).
As shown in Fig. 2A, the presence of Rev resulted in the redis-
tribution of Nup98 to the nucleoli. In contrast, the presence of
NES(2)Rev had no effect on the localization of Nup98, which
remained excluded from the nucleoli (Fig. 2A). Similarly, we
found that Rev, but not NES(2)Rev, can recruit Nup214 to the
nucleoli (Fig. 2B). In contrast to Nup98 and Nup214, Rev did not
affect the localization of Nup153 (Fig. 2C). Western immunoblots
and fluorescence measurements of GFP-tagged proteins con-
firmed the presence of comparable amounts of Rev and
NES(2)Rev proteins, and similar results were obtained with un-
tagged Rev proteins, which were visualized by indirect immuno-
fluorescence (data not shown).

We further found that in the presence of Rev, the isolated
NP domains of Nup98 and Nup153 are also recruited to the
nucleoli and that this localization is mediated by the NES of
Rev and hCRM1, since it is interrupted by LMB (data not
shown). The recruitment of NP domain of Nup153 is in con-
trast to our finding of the lack of intact Nup153 to codistribute
with Rev (Fig. 2) and is most likely due to the generic ability of
various NP domains to interact with hCRM1/Rev, as suggested
by Neville et al. (31).

Taken together, these experiments demonstrate that Rev
can recruit intact Nup98 and Nup214, but not Nup153, to the

nucleoli. This finding demonstrates that both Nup98 and
Nup214 are dynamic factors and, importantly, are able to as-
sociate with Rev outside the NPC. These results further sug-
gest a role of Nup98 and Nup214 in Rev function.

Rev recruits hCRM1 to the nucleoli. To examine the asso-
ciation of hCRM1 and HIV-1 Rev in mammalian cells, we
studied whether the presence of Rev affects the localization of
hCRM1. We transfected human 293 cells with the BFP-tagged
Rev protein (44) or, as a control, the BFP-tagged NES(2)Rev
protein. Endogenous hCRM1 was mostly found at the nuclear
rim as well as within the nucleus (Fig. 3A), in agreement with
published data (15), while both Rev and NES(2)Rev localized
predominantly to the nucleoli (Fig. 3A, right panels). Impor-
tantly, in the cells that expressed Rev, but not NES(2)Rev, a
significant fraction of hCRM1 was found in the Rev-containing
nucleoli (left top panel). Such colocalization was observed in
all Rev-expressing cells. Upon treatment with LMB, the effect
of Rev on hCRM1 localization was completely abolished,
whereas no effect of LMB on hCRM1 distribution was ob-
served in cells that did not produce detectable amounts of Rev
or that expressed the NES(2)Rev. Similar results were ob-
tained with untagged Rev and NES(2)Rev, which were de-
tected by indirect immunofluorescence as well as in studies
using another cell line such as HLtat (data not shown). Taken
together, these findings suggest that Rev associates with
hCRM1 (Fig. 3A), which further allows the recruitment of
Nup98 and Nup214 (Fig. 2) to the nucleoli.

We next addressed the question whether HA-Nup98 and
hCRM1 codistribute in the absence of Rev. We found that
these proteins colocalize in nucleoplasmic foci in transfected
HLtat cells (Fig. 3B). Since both proteins showed diffuse nu-
cleoplasmic localization (Fig. 1B and 3A), we performed in situ
extraction with digitonin prior to immunostaining in order to
remove the fraction of proteins that is loosely bound to nuclear
structures. This treatment revealed an extensive dot-like pat-
tern in which HA-Nup98 and hCRM1 colocalized, as shown in
Fig. 3B. This dot-like pattern of hCRM1 was not observed in
the absence of HA-Nup98 (Fig. 3B, indicated by an arrow). A
similar but less-extensive colocalization pattern was obtained
without digitonin treatment (data not shown). This result

FIG. 2. Rev recruits Nup98 and Nup214 to the nucleoli. HLtat cells were transfected with 0.5 mg of the HA-tagged nucleoporin expression plasmids in the presence
of 1 mg of GFP-Rev or 1 mg of GFP-NES(2)Rev expression plasmid as indicated at the bottom of the figure. The GFP fluorescence and HA indirect immunofluo-
rescence were detected in the same cells, as indicated to the left. Fluorescence microscopy was performed as described in the legend to Fig. 1. Bars, 20 mm.
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shows that Nup98 is able to colocalize with hCRM1 indepen-
dent of Rev outside the NPC.

Competitive inhibition of Rev function by the isolated
nucleoporin repeat domains of Nup98 and Nup214. We then
explored the effects of the isolated NP domains of Nup98,
Nup214, and Nup153 on Rev function. We reasoned that ex-
ogenously expressed, isolated NP domains may be able to
titrate soluble factors that interact with the respective endog-
enous nucleoporins and that this depletion might affect Rev-
mediated HIV-1 expression, resulting in competitive inhibi-
tion. Therefore, a Rev-deficient molecular clone was
cotransfected into human 293 cells in the presence of sufficient
amounts of Rev necessary to achieve maximal HIV expression

together with increasing amounts of plasmids expressing the
NP domains of Nup98, Nup214, or Nup153. One day later, the
cells were harvested and cell extracts were analyzed for Gag
production as a measure of Rev-mediated HIV-1 expression.
Rev function was potently inhibited by the NP domains of
Nup98 (Fig. 4A) and Nup214 (Fig. 4B). The inhibition by these
NP domains occurred to similar degrees and in a dose-depen-
dent manner. In contrast, Nup153-NP inhibited Rev function
;100-fold less (Fig. 4C). In another experiment, we obtained a
similar ;100-fold difference (Fig. 4D) in the inhibition of
HIV-1 by Nup98-NP and Nup153-NP and we also confirmed
that similar amounts of GFP-tagged proteins were present
(Fig. 4E). Using the yeast two-hybrid system, Fritz and Green

FIG. 3. hCRM1 codistributes with Rev and Nup98. (A) Human 293 cells were transfected with 1 mg of BFP-Rev (wild type [wt]) or BFP-NES(2)Rev [NES(2)]
expression plasmid as indicated to the right, and treated with 6 nM LMB for 4 h. The endogenous hCRM1 was visualized by indirect immunofluorescence with rabbit
anti-hCRM1 serum (15) and rhodamine red-conjugated goat anti-rabbit secondary antibodies as previously described (43). BFP fluorescence is shown pseudocolored
in green. (B) HLtat cells were transfected with 0.5 mg of HA-Nup98 and subjected to double indirect immunofluorescence for HA-Nup98 and the endogenous hCRM1,
as indicated. Before immunodetection, cells were extracted in situ with 0.004% digitonin in 0.33 PBS for 10 min at 4°C. Fluorescence microscopy was performed as
described in the legend to Fig. 1.
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(16) showed strong interaction of all three NP domains with
Rev. Interestingly, we found a differential effect of these three
NP domains on Rev function reflecting intrinsic properties of
these properties in mammalian cells. Despite the differences in
size and the number of nucleoporin repeats (19 FG repeats
within the 227-aa Nup214-NP versus 39 repeats within the
492-aa Nup98-NP), the extent of Rev inhibition was very sim-
ilar for these two NP domains. The NP domain of Nup153
contains 25 FG repeats, which is comparable to those of Nup98
and Nup214. The different numbers of FG repeats probably do
not account for the observed differential effects on Rev func-
tion. We conclude that the observed inhibition by Nup153-NP
may reflect the ability of generic NP repeats to interfere with
Rev (45), while the strong differential effect of the NP domains
of Nup98 and Nup214 likely indicates the direct participation
of these nucleoporins in the Rev pathway.

As a control for the specificity of the inhibition, we used an
otherwise isogenic Rev-RRE-deficient molecular clone of
HIV-1 that contains the type D retrovirus posttranscriptional
control element (CTE) necessary for expression (53). CTE has
been shown to utilize an export pathway distinct from that of
Rev-RRE (34, 38, 52) and involves the cellular TAP protein
(22). We also used a luciferase mRNA transcribed from the
HIV-1 long terminal repeat promoter, representing a tran-
script that does not depend on posttranscriptional regulation.
The NP domains of all three nucleoporins tested affected the

CTE-mediated expression of HIV-1 (Fig. 4A to C) and the lucif-
erase expression (not shown) similarly but to a much lesser extent
than the Rev-mediated HIV expression. Based on this compari-
son, we concluded that the observed dose-dependent inhibition of
Rev-mediated expression by Nup98-NP and Nup214-NP was due
to a preferential inhibition of Rev function.

The inhibition of Rev function induced by the NP domain of
Nup98 can be counteracted by excess Rev. Since hCRM1 is the
likely molecular link between Rev and the nucleoporins, we
asked whether hCRM1 can outcompete the inhibition medi-
ated by the NP domain of Nup98. We found that cotransfec-
tion of more than 1 mg of the hCRM1-producing plasmid
preferentially inhibited the Rev-mediated HIV expression
compared to expression of isogenic HIV-1 mRNAs that are
controlled by the CTE (Fig. 5A). It is plausible that CRM1 is
present at the optimal amounts required for nucleocytoplasmic
export and that excess CRM1 disturbs this balance and nega-
tively interferes with processes involving CRM1-mediated ex-
port. In addition, we found that the presence of excess hCRM1
did not counteract the Nup98-NP-induced inhibition of Rev-
mediated expression (Fig. 5A). One explanation for the ob-
served lack of complementation is that the amount of exoge-
nous hCRM1 required for the titration of Nup98-NP interferes
with cellular CRM1-mediated export and thereby with HIV-1
expression per se. Alternatively, Nup98-NP may bind more
strongly to the hCRM1-Rev complex than to free hCRM1. In

FIG. 4. NP domains of Nup98 and Nup214 specifically affect the function of Rev. (A to C) Human 293 cells were transfected with 1 mg of Rev(2)HIV in the
presence of 25 ng of the pBsRev expression plasmid (Rev/RRE) or 1 mg of the Rev(2)RRE(2).CTE Rev-independent HIV-1 (CTE). All transfections included 0.1
mg of L3luc, a luciferase expression vector. Increasing amounts of expression plasmid Nup98-NP (A), Nup214-NP (B), or Nup153-NP (C) were cotransfected (plotted
on the x axis in micrograms). Gag production was measured in the lysates at one day posttransfection (p24gag measured in nanograms per milliliter) and is plotted on
the y axis. Results from a representative experiment are shown. Similar results were obtained in three independent transfection experiments. (D and E) 293 cells were
cotransfected with 1 mg of Rev(2)HIV in the presence of 25 ng of pBsRev expression plasmid and in the absence or presence of the indicated GFP-tagged NP
expression plasmids. HIV expression is determined by measuring Gag production and expressed as a percentage of the value obtained in the absence of the NP domains
(D). Western immunoblot analysis (E) of the extracts shown in panel D. GFP-tagged proteins were detected by using rabbit anti-GFP serum for the experiment shown
in panel D. The positions of protein markers (in kilodaltons) are shown to the left. The expected molecular masses of GFP fusion proteins were 27 kDa (GFP), 77 kDa
(GFP-Nup98-NP), and 86 kDa (GFP-Nup153-NP). n/t, nontransfected cells.
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this model, hCRM1-Rev complexes, but not free hCRM1, will
preferentially compete for Nup98-NP domain, and the amount
of Rev, but not the amount of CRM1, will determine the
outcome of the experiment. To test this model, we cotrans-
fected constant amounts of the Rev(2)HIV-1 clone and of the
Nup98-NP expression plasmid necessary to achieve ;100-fold
inhibition. The transfection mixtures also contained increasing
amounts of a Rev expression vector. The amount of Rev used
has been shown to allow maximal HIV expression in the ab-
sence of inhibitor (data not shown). As shown in Fig. 5B, the
increasing amounts of Rev led to a dose-dependent rescue of
HIV-1 expression. Similar results were obtained when a wide
range of Rev and Nup98-NP concentrations was used (data not
shown). The increase in HIV expression is specific, since in-
creasing amounts of Rev did not affect the CTE-mediated
expression of HIV-1 (data not shown) or luciferase expression
(Fig. 5B). Therefore, our data favor the model in which
Nup98-NP interacts better with Rev-CRM1 than with CRM1
alone.

We further demonstrated that Nup98’s NP domain directly
affects the nuclear export of Rev by studying the subcellular
localization of a fluorescent GFP-tagged Rev protein in living
cells. A constant amount of the Nup98-NP expression vector
necessary to inhibit HIV expression was cotransfected with
either small or large amounts of a GFP-tagged Rev expression
plasmid. One day later, the cells were treated with actinomycin
D and the nuclear export of GFP-tagged Rev protein was
visualized directly. Figure 5C shows that when Rev is present at
small amounts, its export is abolished by Nup98-NP. In con-
trast, when present at large amounts, Rev counteracts this
inhibition and regains its ability to translocate to the cyto-
plasm. The same results were obtained by using untagged Rev
proteins and indirect immunofluorescence (not shown). To
further support the specificity of the effect of Nup98-NP, we
also studied the export of a GFP hybrid containing the NES of
Rev as well as the export of RanBP1, a protein we previously
showed to contain a Rev-like NES which determines its cyto-
plasmic accumulation (52). Nup98-NP inhibited the export of

FIG. 5. Rev counteracts the inhibitory effect of the NP of Nup98. (A) 293 cells were transfected with 1 mg of Rev(2)HIV and 0.25 mg of pBsRev in the absence
or presence of 0.25 mg of Nup98-NP. In parallel, transfections were done with 1 mg of Rev(2)RRE(2).CTE in the absence of Nup98-NP (CTE). Increasing amounts
of hCRM1 expression plasmid were cotransfected (plotted on the x axis in micrograms). p24gag expression was measured and is plotted on the y axis as raw values (in
nanograms per milliliter of lysate). Similar results were obtained in three independent transfection experiments. Panels A to C show results from representative
experiments. (B) Rev counteracts the effect of Nup98-NP on HIV-1 expression. Human 293 cells were transfected with 1 mg of Rev(2)HIV (Rev/RRE) in the presence
of 0.2 mg of Nup98-NP. Transfections included the luciferase plasmid. Increasing amounts of pBsRev plasmid, starting at 25 ng, were cotransfected (plotted on the x
axis in micrograms). p24gag expression (in nanograms per milliliter of lysate) is plotted on the left y axis as raw values. Luciferase values are plotted on the right y axis
as multiples of 103 firefly units (FFU). (C) 293 cells were cotransfected with 0.25 or 2 mg of GFP-Rev expression plasmid in the presence or absence of 0.2 mg of
Nup98-NP plasmid, as indicated. At day 1 posttransfection, some cells were treated with actinomycin D (1) in the presence of cycloheximide as indicated at the top,
and GFP fluorescence was visualized as described previously (43).
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both NES-GFP and RanBP1, demonstrating that this inhibi-
tion reflects the interference of the NP domain with CRM1
function in general, and this interference is independent of the
nature of its ligand.

Under the conditions leading to the inhibition of Rev’s nu-
clear export by Nup98-NP, we did not observe reduced nuclear
accumulation of Rev or NES(2)Rev or inhibition of the nu-
clear import of human glucocorticoid receptor and human
hnRNP A1 protein (not shown). Therefore, the effect of the
isolated Nup98-NP domain is clearly on export but not import,
in agreement with published data (2, 35, 36). Taken together,
the data provided in Fig. 5 show that competitive inhibition of
Rev’s function by Nup98-NP is due to the competitive inhibi-
tion of Rev’s nuclear export.

DISCUSSION

In this study, we show that in HeLa cells Nup98 can trans-
locate to the cytoplasm upon actinomycin D treatment and
that Rev is able to recruit both Nup98 and Nup214, but not
Nup153, to the nucleolus. We further provided evidence that
the isolated NP domains of Nup98 and Nup214 are able to
competitively inhibit Rev-mediated expression by interfering
with Rev’s nuclear export. Taken together, these data suggest
that Nup98 and Nup214, but not Nup153, are dedicated down-
stream partners of hCRM1 in human cells. The fact that the
interaction of Rev and these nucleoporins is mediated via
hCRM1 and our finding that hCRM1 associates with Rev via
its nuclear export signal in the nucleoli further point to the
nucleolus as a integral part necessary for the Rev function.
hCRM1 has previously been shown to be a dynamic factor,
able to relocalize from the nuclear envelope to the nucleo-
plasm in response to expression of Nup214-NP (15). The nu-
cleolus has been implicated as part of normal hCRM1 route,
based on the presence of hCRM in the nucleoli of Nup214-
depleted embryos and based on its nucleolar relocalization
upon treatment with actinomycin D in HtTA-1 cells (15). Since
we did not observe actinomycin D-induced translocation of
hCRM1 in 293 and HLtat cell lines (data not shown), the
presence of the NES of Rev thus appears to be necessary and
sufficient for hCRM1’s nucleolar recruitment. This observation
indicates that hCRM1 associates with Rev on the normal route
of both proteins.

The above findings led us to propose a model of participa-
tion of Nup98 and Nup214 in the hCRM1-mediated nuclear
export of Rev. We speculate that transport intermediates as-
semble in the nucleoli or the nucleoplasm and that these in-
termediates include Rev, hCRM1, and Nup98 or Nup214. In
this model, Nup98 and Nup214 act as soluble factors by tar-
geting the preassembled Rev-hCRM1-nucleoporin complexes
to the NPC.

Nup98 and Nup214 are proto-oncogenes that have been
implicated in human myeloid leukemias. Chromosomal trans-
locations leading to acute myeloid leukemia (AML) produced
fusions of Nup98’s NP domain with HOXA9, a transcription
factor potentially involved in myeloid differentiation (6, 30), or
with a putative RNA helicase, DDX10 (1). The Nup98-
HOXA9 fusion was predicted to act through its HOXA9 moi-
ety by inhibition of HOXA9-mediated differentiation. Based
on the predicted properties of DDX10, the Nup98-DDX10
protein was not expected to act on the level of transcription.
Therefore, the presence of a NP moiety of Nup98 on both
fusions indicates that it may contribute to AML in a transcrip-
tion-independent manner. Nup214 is also activated by fusions
of its NP domain to different genes unrelated to transcription
initiation factors (49), leading to myeloid leukemias. This led

us to speculate that Nup98 and Nup214 oncogenic fusions may
contribute to these malignancies by the same underlying mech-
anism, mediated through their NP domains.

The NES-containing proteins IkBa and inhibitor of protein
kinase A (PKI) regulate the activity and the nucleocytoplasmic
transport of NF-kB and protein kinase A, respectively. IkBa and
PKI have been suggested to negatively regulate signal trans-
duction by clearing their respective substrates from the nucleus
to ensure timely signal termination (11, 16, 50). Mitogen-acti-
vated protein kinase kinase (MAPKK) has been shown to con-
trol the nuclear accumulation of mitogen-activated protein ki-
nase (MAPK) by a similar mechanism (20, 24). The nuclear
export of MAPKK is mediated by a Rev-type NES that has
been recently shown to interact with hCRM1 (18). Disruption
of the NES within constitutively active MAPKK has been shown
to increase its ability to induce transformation and led to a dra-
matic increase of activated MAPK in the nucleus (19). There-
fore, the inhibition of NES-mediated export may be predicted
to result in enhanced or constitutive signals through the above
transducers. In our experimental model, the nucleoporin re-
peat domains of Nup98 and Nup214 alone or as a fusion to a
neutral moiety, GFP, resulted in extremely strong and specific
inhibition of NES-mediated export, by hCRM1-bridged titra-
tion of a low-abundance NES substrate. The configuration of
the Nup98-NP within GFP hybrid protein used in this report
directly mimics the above-described Nup98 oncogenic fusion
proteins. Therefore, the phenotypes of NP proteins described
here may reflect the contribution of the NP moiety to the phe-
notypes of Nup98 and Nup214 oncogenic fusion proteins. If there
is an analogy between our experimental system and primary
leukemia cells, these oncoproteins may cause unregulated sig-
nal transduction through NF-kB, protein kinase A, or MAPK,
contributing to AML. In support of this model, constitutive
activation and MAPK and MAPKK is sufficient for cell trans-
formation (7, 9, 27, 28) and has been implicated in AML (47).
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ADDENDUM IN PROOF

We showed by a cell fusion assay that both Nup98 and
Nup153 were able to shuttle between nuclei. Nevertheless,
Nup153 could not be recruited to the nucleoi by Rev (Fig. 2).
Recently, Bogerd et al. (H.P. Bogerd, A. Echarria, T. M. Ross,
and B. R. Cullen, J. Virol. 72:8627–8635, 1998) also found that
NP-Nup214 has a differential effect on Rev/RRE- versus CTE-
controlled expression.
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