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Daniel Forler, Gwénaël Rabut, Francesca D. Ciccarelli, Andrea Herold, Thomas Köcher,
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Metazoan NXF1-p15 heterodimers promote the nuclear export of bulk mRNA across nuclear pore complexes
(NPCs). In vitro, NXF1-p15 forms a stable complex with the nucleoporin RanBP2/Nup358, a component of the
cytoplasmic filaments of the NPC, suggesting a role for this nucleoporin in mRNA export. We show that
depletion of RanBP2 from Drosophila cells inhibits proliferation and mRNA export. Concomitantly, the
localization of NXF1 at the NPC is strongly reduced and a significant fraction of this normally nuclear protein
is detected in the cytoplasm. Under the same conditions, the steady-state subcellular localization of other
nuclear or cytoplasmic proteins and CRM1-mediated protein export are not detectably affected, indicating that
the release of NXF1 into the cytoplasm and the inhibition of mRNA export are not due to a general defect in
NPC function. The specific role of RanBP2 in the recruitment of NXF1 to the NPC is highlighted by the
observation that depletion of CAN/Nup214 also inhibits cell proliferation and mRNA export but does not affect
NXF1 localization. Our results indicate that RanBP2 provides a major binding site for NXF1 at the cytoplas-
mic filaments of the NPC, thereby restricting its diffusion in the cytoplasm after NPC translocation. In
RanBP2-depleted cells, NXF1 diffuses freely through the cytoplasm. Consequently, the nuclear levels of the
protein decrease and export of bulk mRNA is impaired.

Bidirectional macromolecular traffic between the nucleus
and the cytoplasm is mediated by soluble transport receptors
that shuttle through nuclear pore complexes (NPCs), large
protein assemblies that form aqueous channels across the nu-
clear envelope. The three-dimensional architecture of the NPC
is conserved and consists of three structural units. A ring-like
central framework that embraces the central channel of the
pore is positioned between two peripheral cytoplasmic and
nucleoplasmic structures, the cytoplasmic ring from which
eight cytoplasmic filaments emanate and the nuclear ring that
anchors the nuclear basket (reviewed in references 24, 25, and
32).

The structural units of the NPC are composed of multiple
copies of about 30 different polypeptides called nucleoporins.
These proteins often contain clusters of phenylalanine-glycine
(FG) dipeptide repeats (reviewed in references 25 and 32).
The FG domains of nucleoporins interact with nuclear trans-
port receptors, providing binding sites during translocation of
receptor-cargo complexes through the central channel of the
pore (references 22 and 23 and references therein).

Immunoelectron microscopy studies have shown that while
most nucleoporins are detected on both sides of the central
channel of the NPC, some are asymmetrically localized at
either the nuclear or the cytoplasmic face of the pore. Among
these are the components of the nuclear basket or the cyto-
plasmic filaments (reviewed in references 25 and 32). In ver-
tebrates, a major component of the cytoplasmic filaments is the
nucleoporin RanBP2 (also known as Nup358) (34, 36–38).

Another nucleoporin localized to the cytoplasmic face of ver-
tebrate NPCs is CAN (also known as Nup214) (18, 34). It has
been suggested that RanBP2, CAN, and the additional asym-
metrically localized nucleoporins act as platforms for the as-
sembly or dissociation of receptor-cargo complexes before or
after translocation through the central channel of the NPC
(reviewed in references 24, 25, and 32).

The vast majority of nuclear transport receptors belong to
the conserved family of RanGTP binding proteins called im-
portins and exportins or karyopherins (reviewed in reference
5). However, NPC translocation can also be mediated by re-
ceptors that are structurally unrelated to the karyopherins. In
particular, nuclear import of the GTPase Ran is facilitated
by NTF2 homodimers, whereas export of bulk mRNA to the
cytoplasm is mediated by a heterodimeric export receptor
(NXF1-p15), which is related to NTF2 (reviewed in reference
5). The larger subunit of this heterodimeric receptor belongs to
the conserved family of NXF proteins, which includes yeast
Mex67p and metazoan NXF1.

NXF1 binds to FG-nucleoporin repeats via two distinct
structural domains, the NTF2-like scaffold and the UBA-like
domain, connected by a flexible linker. The NTF2-like scaffold
results from the heterodimerization of the NTF2-like domain
of NXF1 with p15 and has an overall structure similar to that
of the NTF2 homodimer (11). The UBA-like domain is struc-
turally related to ubiquitin-associated (UBA) domains (13).
The NTF2-like scaffold and the UBA-like domain each feature
a single hydrophobic pocket for the interaction with a phenyl-
alanine of the nucleoporin FG-repeats, and both are required
to promote translocation of mRNA export cargoes across the
central channel of the NPC (3, 4, 11, 13, 20, 35).

NXF1 is a shuttling protein that localizes at steady state
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within the nucleoplasm and at the NPC (1, 2, 17). Nuclear
import of human NXF1 is mediated by an N-terminal nuclear
localization signal recognized by transportin-1 (also known as
karyopherin �2A) (1, 30). Mutations that prevent binding of
transportin-1 lead to the distribution of NXF1 throughout the
nucleus and cytoplasm, indicating that nuclear import is im-
paired but not abolished (1, 2, 17). Similarly, the C-terminal
half of NXF1 (comprising the NTF2-like scaffold and the
UBA-like domain but not the nuclear localization signal) dis-
tributes between the nucleus and cytoplasm in human cells (1).
Furthermore, the UBA-like domain, on its own, translocates
across the NPC in both directions (1, 16, 27). Together, these
observations indicate that NXF1 translocates through the NPC
in both directions via interactions of its NPC binding domain
with nucleoporins. Binding to transportin-1 at the cytoplasmic
side of the NPC favors import, so that the protein is predom-
inantly nucleoplasmic at steady state. Although it has been
suggested that export of NXF1 would be facilitated by trans-
portin-2 (also known as karyopherin �2B) (29), others have
reported that transportin-2 acts as nuclear import receptor
with similar specificity to that of transportin-1 (Ulrike Kutay,
personal communication).

It has been shown before that NXF1-p15 dimers interact
with RanBP2 both in HeLa and Drosophila melanogaster nu-
clear extracts (1, 9), suggesting a role for this nucleoporin in
mRNA export. In this study we investigated, with Drosophila
Schneider cells (S2 cells), the possible role of RanBP2 in the
export of bulk mRNA. We show that RanBP2 is an essential
nucleoporin that provides a major binding site for NXF1-p15
at the NPC. Partial depletion of RanBP2 leads to a significant
decrease of the NPC-bound fraction of NXF1, an increase of
its cytoplasmic levels and a partial inhibition of nuclear mRNA
export. Under the same conditions, the steady-state subcellular
localization of several nuclear or cytoplasmic proteins and
CRM1-mediated protein export are not detectably affected. In
particular, REF1 and Y14, two nuclear mRNA-binding pro-
teins that interact with NXF1 and accompany cellular mRNAs
to the cytoplasm (reviewed in reference 5), remained entirely
nuclear in RanBP2-depleted cells. The release of NXF1 to the
cytoplasm and the inhibition of mRNA export are therefore
not the consequence of a general defect in NPC function, but
rather they reveal a specific role for RanBP2 in the NXF1-
mediated export pathway.

MATERIALS AND METHODS

Sequence analysis. Human RanBP2 was used as a query sequence to search
for orthologs in all completely sequenced eukaryotic genomes. All the ortholo-
gous sequences retrieved by homology searches except murine ranbp2 are pre-
dicted genes. Transcript borders were confirmed with GeneWise (http://www
.sanger.ac.uk/Software/Wise2/) against the corresponding genomic region. The
domain architecture of each protein was assigned with SMART (19). Since the
domain organization varies considerably across species, it has been verified by
scanning the genomic region of each protein with hidden Markov model profiles
corresponding to the RanBD domain, the zinc finger motifs, and the domain
homologous to cyclophilin A. The phylogenetic tree was built by using a boot-
strap method (8) taking the alignment of the most conserved region of all the
proteins (from the first to the second RanBD of the human RanBP2).

Cell culture and dsRNA interference. RanBP2 and CAN cDNA fragments
(corresponding to nucleotides 1 to 700 of the respective coding regions) were
amplified by PCR from a random-primed S2 cDNA library. Primers were de-
signed according to the predicted cDNAs. The identities of the amplified prod-
ucts were confirmed by sequencing. These cDNA fragments served as templates

for the synthesis of double-stranded RNAs (dsRNAs). RNA interference
(RNAi) was performed as described by Herold et al. (14).

FISH and indirect immunofluorescence. Fluorescent in situ hybridization
(FISH) with a Cy3-labeled oligo(dT) probe or with a digoxigenin-labeled hsp70
RNA probe was performed as described by Herold et al. (14). The nuclear
envelope was stained with Alexa 488 wheat germ agglutinin (WGA) (1:1,500;
Molecular Probes). Indirect immunofluorescence with specific antibodies was
performed as described by Bachi et al. (1). Drosophila REF1 was detected with
affinity purified anti-REF antibodies (KJ58, 1:10,000) and Cy5-coupled anti-
rabbit secondary antibodies (1:300). Drosophila YPS was visualized with specific
rat antisera and Cy5-coupled anti-rat secondary antibodies. TAP-tagged Dro-
sophila Y14 and Drosophila PYM were detected with a polyclonal anti-protein A
antibody (1:1,000; Sigma) and Cy5-coupled secondary anti-rabbit antibodies.
Secondary antibodies were purchased from Jackson ImmunoResearch. Drosoph-
ila cells were mounted with fluoromount G (Southern Biotechnology Associates,
Inc.). Images were taken with a confocal laser-scanning microscope (LSM 510;
Zeiss).

Preparation of cell extracts for Western blotting and in vivo protein labeling.
Metabolic labeling and Western blot analysis were performed as described by
Herold et al. (14). Rat antibodies raised against recombinant Drosophila NXF1
were described by Herold et al. (14). Mouse monoclonal antitubulin antibody E7
(Sigma) was diluted 1:10,000. Mouse monoclonal mAb414 (Babco) was diluted
1:3,000. Bound primary antibodies were detected with alkaline phosphatase-
coupled anti-rat or anti-mouse (1:25,000) antibodies (Western Star kit from
Tropix).

RNA isolation, RT-PCR, and Northern blots. Total RNA was isolated with
TRIzol reagent (Life Technologies). Isolation of cytoplasmic RNA, Northern
blotting, and reverse transcription (RT)-PCR were performed as described by
Herold et al. (14, 15).

Photobleaching experiments and image analysis. Fluorescence recovery after
photobleaching (FRAP) and fluorescence loss in photobleaching (FLIP) were
performed on a customized Zeiss LSM 510 essentially as described by Daigle et
al. (6) with a 488-nm argon line for green fluorescent protein (GFP). To ensure
reproducible bleaching frequencies, FLIP experiments were performed with a
macro written in Visual BASIC for the LSM 2.8 SP2 software package (http:
//www.embl-heidelberg.de/ExternalInfo/ellenberg/homepage/macros.html). Av-
erage intensities from FRAP experiments were corrected for the total fluores-
cence lost during the photobleaching and the bleaching that occurred during
scanning of recovery. Quantitative image analysis was performed with the LSM
2.8 SP2 software (Zeiss). Average intensities of regions of interest were exported
to Microsoft Excel, the background was subtracted, and results were plotted.
Other normalizations are described in the figure legends. For each experiment,
at least 8 representative control or knockdown cells were measured. Each ex-
periment was repeated in at least two independent knockdowns.

RESULTS

Purification of a multimeric complex involved in mRNA
export by iTAP. Using a combination of tandem affinity puri-
fication and RNAi (iTAP) in S2 cells, we have shown that
human p15 (hsp15) fused to the tandem affinity purification
(TAP) tag copurifies with three proteins: RanBP2, NXF1, and
RanGAP1 (9). This tetrameric complex was purified from a
polyclonal S2 cell line constitutively expressing TAP-tagged
hp15, in which the expression of endogenous Drosophila p15
was depleted by RNAi. A typical purification is shown in Fig.
1a. When proteins bound to TAP-tagged hsp15 were purified
from cells in which expression of RanBP2 was also silenced by
RNAi, selection of RanGAP1 was strongly reduced, indicating
that binding of NXF1-p15 dimers to RanBP2 was direct,
whereas RanGAP1 was tethered to the complex via RanBP2
(data not shown). Similarly, TAP-tagged hsNXF1 transiently
expressed in human embryonic kidney (HEK) 293 cells copu-
rifies with RanBP2, RanGAP1, and hsp15 (Fig. 1b). Hence,
this network of protein interactions is conserved.

Human RanBP2 contains an amino-terminal 700-residue
leucine-rich region (a short part of which is similar to TPR
repeats), four RanGTP binding domains related to the one in
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RanBP1 (RanBP1 homologous domains or RanBD), eight zinc
finger motifs, and a carboxy terminus with homology to cyclo-
philin A (Fig. 1c). The protein contains several XFXFG re-
peats scattered along its C-terminal half (37, 38). We have
identified orthologs in all the completely sequenced animal
genomes but not in fungi (Fig. 1c). However, there are con-
siderable differences in the domain architectures among the
different species. The ortholog of RanBP2 in Caenorhabditis
elegans and the two recently duplicated paralogs in Fugu rubi-
pens are considerably shorter and lack structural domains at
the N and C termini. The flexibility in the domain composition
was also confirmed by the different number of zinc fingers in
the human (8) and mouse (6) proteins. This difference is not
due to alternative splicing patterns between the two species
because the zinc finger variable region is encoded by a single
exon (see also reference 7).

Strikingly, Drosophila RanBP2 architecture is more similar
to the mammalian orthologs than to the other available chor-
date sequences (F. rubipens and Ciona intestinalis), which in
turn resemble the C. elegans ortholog. A phylogenetic tree
with the region shared between all sequences supports the
expected taxonomy. It is thus likely that several independent
domain losses occurred in F. rubipens, C. intestinalis, and C.
elegans (Fig. 1c) but that domains have been gained by the
mammalian genes. The additional domains in the mammalian
proteins lead to novel functions, as in the case of the region of

FIG. 1. RanBP2 forms a stable complex with NXF1-p15 dimers
and is required for cell proliferation. (a) S2 cells expressing TAP-
tagged hsp15 were depleted of endogenous Drosophila p15 by RNAi.
Five days after addition of Drosophila p15 dsRNA, proteins bound to
TAP-tagged hsp15 were purified and separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. Following silver staining,
the selected proteins were identified by mass spectrometry as described
by Forler et al. (9). Lane 1, proteins purified from lysates of cells
expressing the TAP tag alone; lane 2, proteins bound to TAP-tagged
hp15. (b) Proteins purified from lysates of HEK 293 cells transiently
expressing TAP-tagged hsNXF1. Lane 1, proteins purified from lysates
of cells expressing TAP-tagged GFP; lane 2, proteins bound to TAP-
tagged hsNXF1. Proteins were analyzed as described for panel a. (c)
Domain organization of RanBP2 orthologs. Abbreviations: Leu-rich,
leucine-rich region with a TPR homology domain (in red); RanBD,
RanBP1 homology domains; Zn-fing., zinc finger motifs; E3, SUMO1
E3 ligase activity; Cy. A, cyclophilin homologous region; Ce, C. elegans;
Ci, C. intestinalis; Dm, D. melanogaster; Fr, F. rubripes; Hs, Homo
sapiens; Mm, Mus musculus. The vertical black bars on the schematic
representation of the proteins indicate that part of the sequence is not
drawn to scale. Scale bar, 200 amino acids. (d) S2 cells growing in
suspension were treated with dsRNAs specific for Drosophila RanBP2,
Drosophila NXF1, and GFP. Aliquots of cells were collected on day 4
and analyzed by RT-PCR. The RanBP2 mRNA levels were reduced in
cells treated with RanBP2 dsRNA (lane 4), whereas the levels of the
unrelated hsp83 mRNA were not affected on day 4. In lanes 1 to 3,
dilutions of the cDNA isolated from untreated cells were used in the
PCR to determine the efficiency of the depletion. Lane 5 shows the
control sample in which the reverse transcriptase was omitted. The
PCR oligonucleotides amplified a fragment of RanBP2 coding se-
quence corresponding to nucleotides 1100 to 1370. (e) Cells from the
same experiment as in panel d were analyzed by Western blotting with
monoclonal antibody mAb414. In lanes 1 to 3, dilutions of the sample
isolated on day 0 were loaded to assess the efficiency of the depletion.
REF1 served as a loading control. (f) Cell numbers from the same
experiment as in panel d were determined every 2 days up to 8 days
after addition of dsRNAs. Results are given as the increase (n-fold) in
cell numbers relative to the amount used for transfection on day 0.
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human RanBP2 which was recently shown to act as an E3
ligase in the sumoylation reaction (21).

In Drosophila cells, RanBP2 is an essential nucleoporin re-
quired for efficient export of bulk mRNA. The presence of
RanBP2 in a complex including NXF1-p15 dimers suggests a
role for this protein in mRNA export. To address this possi-
bility, we analyzed the effect of depleting RanBP2 on cell
proliferation and export of bulk mRNA. S2 cells were treated
with a dsRNA corresponding to the N terminus of Drosophila
RanBP2. A dsRNA corresponding to GFP was used as a con-
trol. The efficiency of the depletion was tested by RT-PCR and
Western blot analysis (Fig. 1d and e). Four days after the
addition of RanBP2 dsRNA, the steady-state expression levels
of the targeted mRNA were reduced below 30% of the levels
detected in untreated cells (Fig. 1d, lane 4 versus lane 1),
whereas the protein levels were below 50% of the wild-type
levels (Fig. 1e, lane 6 versus lane 2).

Remarkably, cell proliferation was already inhibited 3 days
after the addition of RanBP2 dsRNA (Fig. 1f). This inhibition
was comparable to that observed when the essential mRNA
export receptor NXF1 was depleted (Fig. 1f), despite the fact
that levels of RanBP2 were reduced by less than 50% (Fig. 1e).
This complete inhibition of cell proliferation indicates that the
partial depletion of RanBP2 is not due to a low efficiency of the
dsRNA but is likely to reflect a low turnover rate of the protein
and the fact that the residual protein is not diluted over time
because the cells stop dividing.

The intracellular distribution of bulk poly(A)� RNA in con-
trol cells and in cells depleted of RanBP2 was investigated by
FISH with an oligo(dT) probe. The NPCs were stained with
fluorescently labeled WGA. In control cells the oligo(dT)
signal was mainly cytoplasmic (Fig. 2a, b, and e to g). Fol-
lowing RanBP2 depletion a significant nuclear accumulation
of poly(A)� RNA was observed (Fig. 2c, d, and h to m). The
oligo(dT) signal was widespread within the nucleoplasm but
was excluded from the large nucleolus (Fig. 2h and k). The
nuclear accumulation of poly(A)� RNA correlated with
RanBP2 depletion, as it was detected in about half of the cell
population 3 days after the addition of RanBP2 dsRNA and in
ca. 90% of the cell population on day 5, in several independent
experiments (Fig. 2c and d and data not shown). This accumu-
lation was, however, not as strong as that observed when NXF1
was depleted (Fig. 2h and k versus n).

The partial inhibition of bulk mRNA export is likely to
reflect the inefficient depletion of RanBP2. Since a stronger
inhibition was not observed on days 7 and 8 (data not shown),
we performed all experiments described below on days 5 and 6,
when most cells accumulated poly(A)� RNA within the nu-
cleus. Notably, the mRNA export block observed in RanBP2-
depleted cells is not a direct consequence of the inhibition of
cell proliferation, as depletion of the essential protein eIF4G
or Cdc37 also results in a strong inhibition of cell proliferation,
which is not accompanied by a nuclear accumulation of
poly(A)� RNA (14, 15; A. Herold, unpublished data). Con-
versely, the inhibition of cell proliferation may not be a direct
consequence of the mRNA export block but could reflect ad-
ditional functions of this nucleoporin (26).

In contrast to the changes in the staining pattern of the
oligo(dT) probe, the intensity of the WGA staining was not
detectably affected in cells depleted of RanBP2 (Fig. 2d versus

b). Similarly, nuclear envelope staining with the monoclonal
antibody mAb414, which recognizes several nucleoporins, was
not significantly affected in the RanBP2 knockdown (data not
shown), suggesting that the integrity of the NPC is not severely
compromised. Our results indicate that RanBP2 is an essential

FIG. 2. Depletion of endogenous RanBP2 causes the accumulation
of poly(A)� RNA within the nucleus. (a to p) S2 cells were treated for
5 days with dsRNAs corresponding to GFP (control) Drosophila
RanBP2 or Drosophila NXF1. poly(A)� RNA was detected by FISH
with an oligo(dT) probe (red). The nuclear envelope was stained with
Alexa 488-WGA conjugates (green).
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nucleoporin whose depletion leads to the inhibition of both
mRNA export and cell proliferation.

RanBP2 functions in the mRNA export pathway. It was
recently shown that Drosophila cells depleted of essential
mRNA export factors such as NXF1, p15, or UAP56 display
strikingly similar mRNA expression profiles that represent a
specific signature of the mRNA export pathway (15). In these
cells, the total and cytoplasmic levels of most mRNAs are
significantly reduced, whereas genes encoding export factors
(i.e., NXF1, p15, and REF1) are upregulated as a result of a
feedback loop whose underlying mechanism remains to be
established (15).

We expected that if RanBP2 were acting in the same path-
way as NXF1 and p15, its depletion should lead to changes in
mRNA expression levels similar to those observed in NXF1-
depleted cells. Northern blot analysis of total RNA samples
isolated from RanBP2-depleted cells revealed that the levels of
nxf1, p15, and ref1 mRNAs were indeed increased (Fig. 3a). In
contrast, the expression levels of rp49 mRNA (encoding ribo-
somal protein L32) or of hsp83 mRNA were reduced (Fig. 3a
and b, lanes 1 to 3).

We also compared the steady-state expression levels of two
mRNAs (rp49 and y14 mRNAs) that have been shown to be
underrepresented in the cytoplasm of cells depleted of NXF1,
p15, or UAP56 (15). Northern blot analysis revealed that rp49
and y14 mRNAs were underrepresented in the cytoplasm of
cells depleted of RanBP2 (Fig. 3c, lanes 4 to 6). The reduction
in rp49 or y14 mRNA levels was more pronounced in the
cytoplasmic samples than in the total samples, as expected in
cells in which mRNA export is inhibited (Fig. 3c, lanes 4 to 6
versus lanes 1 to 3). Overall, except for the nxf1 mRNA, the
changes in mRNA expression levels in the RanBP2 knockdown
exhibited the same trend as in the NXF1 knockdown but were
less pronounced, in agreement with the observation that the
inhibition of mRNA export is partial.

The reduction in mRNA levels observed in RanBP2-de-
pleted cells is unlikely to reflect a general inhibition of tran-
scription as hsp70 and hsp83 mRNAs were strongly induced
after shifting the cells to 37°C for 1 h (Fig. 3b, lanes 4 to 6
versus lanes 1 to 3). Moreover, depletion of RanBP2 does not
lead to a general block of pre-mRNA splicing, as no accumu-
lation of unspliced hsp83 pre-mRNA was observed in depleted
cells at temperatures below 37°C. In contrast, hsp83 pre-
mRNA did accumulate in depleted cells as well as in control

FIG. 3. RanBP2 acts in the mRNA export pathway. (a and b) S2
cells were treated with GFP, NXF1, and RanBP2 dsRNAs. Six days
later, cells were kept at 25°C or subjected to a 1-h heat shock at 37°C.

Total RNA was isolated and analyzed by Northern blot (10 �g/lane)
with probes specific for the indicated mRNAs and 18S rRNA. The
asterisk indicates the position of the unspliced hsp83 precursor mRNA.
Numbers below the lanes represent relative mRNA expression levels
normalized to 18S rRNA and set arbitrarily to 1 in control cells. (c)
S2 cells were treated with GFP, NXF1, and RanBP2 dsRNAs. Total
and cytoplasmic RNA were isolated 4 days (NXF1) or 5 days (GFP
and RanBP2) after addition of dsRNAs. Samples were analyzed by
Northern blot as described for panel a. (d) S2 cells from the same
experiment shown in panels a and b were pulse labeled with [35S]me-
thionine for 1 h. Total lysates from equivalent numbers of cells were
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
followed by Coomassie blue staining (upper panels) and fluorography
(lower panels).
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cells after inhibition of splicing by heat stress at 37°C (Fig. 3b,
lanes 4 to 6).

The general inhibition of mRNA export in cells depleted of
RanBP2 was confirmed indirectly by metabolic labeling. In
cells depleted of RanBP2, the incorporation of [35S]methi-
onine into newly synthesized proteins decreased significantly
relative to the control cells (Fig. 3d, lane 3 versus lane 1).
Moreover, the expression of HSP70 and HSP83 proteins fol-
lowing heat stress was also reduced (Fig. 3d, lane 6 versus lane
4) despite the fact that the corresponding mRNAs were strong-
ly induced (Fig. 3b).

To determine whether the inhibition of heat shock protein
synthesis in RanBP2-depleted cells was caused by a failure to
export the heat shock mRNAs, we analyzed the intracellular
distribution of hsp70 mRNA in control cells and cells depleted
of RanBP2 after transcriptional induction at 37°C. In control
cells, the hsp70 mRNA was detected mainly in the cytoplasm
(Fig. 4d to f). In contrast, a clear nuclear accumulation of
hsp70 mRNA was observed in cells depleted of RanBP2 (Fig.
4g and j). In agreement with the results obtained for poly(A)�

RNAs, the nuclear accumulation of hsp70 mRNA was not as
strong as that observed when NXF1 was depleted (Fig. 4m).

The accumulation of poly(A)� RNA and hsp70 mRNA
within the nucleus of cells depleted of RanBP2 together with
the similarities of the effects on mRNA expression levels and
protein synthesis observed following RanBP2 or NXF1 deple-
tions indicate that RanBP2 functions in the mRNA export
pathway.

RanBP2 provides a major binding site for NXF1-p15 dimers
at the NPC. We next investigated the subcellular localization of
NXF1 in cells in which expression of the ranBP2 gene was
silenced. We expected that if NXF1-p15 is recruited to the
NPC via the interaction with RanBP2, its depletion should
result in the dissociation of NXF1-p15 from the NPC. To
monitor the efficiency of RanBP2 depletion, cells were labeled
with oligo(dT). To visualize the localization of the het-
erodimer, a polyclonal S2 cell line expressing GFP-NXF1 was
used. GFP-NXF1 reflects the subcellular localization of endog-
enous NXF1 and promotes export of reporter mRNAs in hu-
man cells (1–4, 11). Moreover, NXF1 derivatives N-terminally
fused to GFP restore mRNA export in S2 cells depleted of the
endogenous protein (4), indicating that the GFP tag does not
interfere with NXF1 export activity.

In the untreated cell population, GFP-NXF1 was detected
within the nucleoplasm and at the nuclear rim in all cells
expressing this protein at detectable levels (Fig. 5b and d).
These represent ca. 40% of the cell population (Fig. 5b versus
a). The nuclear localization of GFP-NXF1 was observed by
confocal microscopy (Fig. 5b) and wide-field fluorescence mi-
croscopy (Fig. 5d), indicating that the protein is predominantly
nuclear at steady state. After depletion of RanBP2, the inten-
sity of the GFP signal detected in single optical sections was
strongly reduced and only 8% of the cells exhibited clear nu-
clear staining (Fig. 5g versus f). Wide-field fluorescence mi-
croscopy revealed that the GFP signal was no longer localized
at the nuclear rim and within the nucleoplasm but was dis-
persed throughout the cell with a significant fraction of the
protein in the cytoplasm (Fig. 5i). The nuclear staining of the
oligo(dT) probe indicated that RanBP2 was depleted effi-
ciently (Fig. 5f and h).

The expression levels of GFP-NXF1 in the RanBP2 knock-
down were similar to those detected in control cells, as judged
by Western blot analysis (Fig. 5k, lane 8 versus lane 7), indi-
cating that the detection of the GFP signal in the cytoplasm
reflects a change in its subcellular localization. To estimate the
shift in steady-state distribution of GFP-NXF1, we quantitated
the fluorescence signal in the nucleus and cytoplasm of at least
18 representative control or depleted cells. The cytoplasmic
fraction of NXF1 increased from 28% � 9% to 42% � 12%
after depletion of RanBP2 (Fig. 5d versus i).

Similar results were obtained when the localization of a
derivative of NXF1 having two UBA-like domains but no
NTF2-like domain was investigated (Fig. S1 in the supplemen-
tal material [http://www.embl.de/ExternalInfo/izaurral/ranbp2]).
Although GFP-NXF1-2� UBA does not interact with p15, it
localizes at the nuclear rim (Fig. S1c and e in the supplemental
material [http://www.embl.de/ExternalInfo/izaurral/ranbp2]) (4),
and this nuclear rim staining was strongly reduced in
RanBP2-depleted cells (Fig. S1h and j in the supplemental
material [http://www.embl.de/ExternalInfo/izaurral/ranbp2]),
indicating that NXF1-2� UBA binds to RanBP2 without p15.

FIG. 4. hsp70 mRNA accumulates in the nucleus of cells depleted
of RanBP2. (a to o) S2 cells were treated with GFP, NXF1, and
RanBP2 dsRNAs. In panels d to o, cells were shifted to 37°C for 1 h,
4 days (NXF1), or 6 days (RanBP2) after the addition of the indicated
dsRNAs. hsp70 mRNA was detected by FISH. DNA was stained with
Hoechst 33342. The hsp70 signal is specific, as a decrease in intensity
is observed when cells were not subjected to heat stress (panels a to c).
Panels show representative examples of cells. In cells depleted of
RanBP2, the inhibition of hsp70 mRNA export was almost complete
(panel j, 10% of the cell population) or partial with an equal distribu-
tion of the hsp70 signal between the nucleus and the cytoplasm (panel
g, 80% of the cell population).
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Thus, the interaction of NXF1-p15 with RanBP2 is mediated
by NXF1. This conclusion is fully consistent with available data
showing that NXF1, but not p15, binds directly to nucleoporin
FG repeats and is responsible for the localization of the hetero-
dimer at the NPC (1, 11, 13, 17, 35).

To summarize, in cells depleted of RanBP2, the association
of NXF1 (or NXF1-2� UBA) with the NPC at steady state is
strongly reduced and a larger fraction of the protein is detected
in the cytoplasm.

The selectivity of the NPC is not altered in RanBP2-depleted
cells. In the RanBP2 knockdown, NXF1 partially localizes to
the cytoplasm. This observation led us to investigate whether
the general selectivity of the NPC was altered so that many
nuclear or cytoplasmic proteins redistributed between the two
compartments. Moreover, since there is no RanBP1 homolog
in Drosophila, RanBP2 is probably the only Ran binding pro-
tein that, together with RanGAP1, activates GTP hydrolysis by
Ran. It was therefore of particular relevance to address
whether the partial depletion of RanBP2 resulted in perturba-
tions of the Ran system and, consequently, of nucleocytoplas-
mic transport. To this end, we analyzed the subcellular local-
ization of proteins that reside either in the nucleoplasm or in
the cytoplasm at steady state.

We found that in the RanBP2 knockdown, the nuclear lo-
calization of endogenous REF1 was unchanged, even in cells
strongly accumulating poly(A)� RNA within the nucleus (Fig.
6Ae to h versus a to d). Similarly, the distribution of Y14 was
not changed in cells depleted of RanBP2 (Fig. 6Be to h versus
a to d). These results indicate that not all nuclear proteins
redistribute to the cytoplasm in the RanBP2 knockdown.
Moreover, the cytoplasmic RNA-associated proteins YPS and
Exuperantia were excluded from the nuclear compartment in
cells depleted of RanBP2 (Fig. 6C and data not shown). We
conclude that the selectivity of the NPC was not compromised
following depletion of RanBP2. These results are consistent
with those reported by Walther et al. (34), which show that
nuclei assembled in vitro in Xenopus egg extracts depleted of
RanBP2 lack cytoplasmic filaments but exclude nonimport car-
goes and are still functional for protein import mediated by
importin �/� or by transportin. Nevertheless, the possibility
that RanBP2 depletion affects the rate of import or export of
the analyzed proteins without changing their subcellular local-
izations at steady state cannot be ruled out (see below).

CRM1-mediated protein export is not detectably affected by
partial depletion of RanBP2. The results described above in-
dicate that bulk protein import proceeds despite RanBP2 de-
pletion so that no change in the steady-state subcellular distri-
bution of the analyzed proteins (with the exception of NXF1)
was detected. Under the same conditions (i.e., when the levels
of RanBP2 were reduced to ca. 50% of the wild-type levels),
bulk mRNA export was significantly impaired, so it was of
interest to investigate whether other export pathways were
affected. To this end, we analyzed the subcellular localization
of a reporter protein whose export is mediated by CRM1. The
PYM protein is the uncharacterized product of the wibg gene
(9). At steady state, PYM was excluded from the nucleus (Fig.
7a to c). In cells treated with leptomycin B (LMB), PYM
partially accumulated within the nucleoplasm, indicating that
its nuclear exclusion is a consequence of being actively ex-
ported by CRM1 (Fig. 7d to f). LMB is a cytotoxic drug that

FIG. 5. RanBP2 provides a major binding site for NXF1 at the
NPC. (a to j) S2 cells constitutively expressing GFP-NXF1 (green)
were treated with RanBP2 dsRNA for 5 days as indicated. poly(A)�

RNA was detected by FISH with an oligo(dT) probe (red). All panels
depict optical sections, except panels d and i, which show images
recorded with the pinhole of the confocal microscope open. Control
panels show untreated cells. The fraction of GFP-NXF1 in the nuclear
and cytoplasmic compartments of control or knockdown cells is indi-
cated. (k) Wild-type S2 cells or cells expressing GFP-NXF1 were
treated with RanBP2 dsRNA for 5 days. Total cell lysates were ana-
lyzed by Western blotting with antibodies raised to recombinant
NXF1. In lanes 1 to 3 and 5 to 7, dilutions of samples isolated on day
0 were loaded to assess the expression levels of the protein. Tubulin
served as a loading control. Note that in agreement with the increased
levels of nxf1 mRNA (Fig. 3a) the expression levels of endogenous
NXF1 were increased in the RanBP2 knockdown (lanes 4 and 8 versus
lanes 3 and 7).
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binds to CRM1 and prevents its association with RanGTP and
the export cargo (10).

In cells depleted of RanBP2 [and consequently showing a
nuclear accumulation of poly(A)� RNA], PYM remained en-
tirely cytoplasmic (Fig. 7g to j). This cytoplasmic localization
was not due to the inhibition of its nuclear import because
when RanBP2-depleted cells were treated with LMB, PYM
accumulated within the nucleus, as in control cells (Fig. 7k to
r). Thus, neither import nor CRM1-mediated export of PYM
was severely compromised in the RanBP2 knockdown, indicat-
ing that the translocation of receptor-cargo complexes across
the NPC is not apparently affected by the depletion. Similar
results were obtained when the subcellular localization of the
endogenous protein Extradenticle, which is exported by
CRM1, was analyzed (data not shown).

The experiments described above showed that RanBP2 de-
pletion did not affect the steady-state subcellular localization
of several nuclear and cytoplasmic proteins but did not address
whether import or export rates were affected. To investigate
this issue, we analyzed the import of PYM in living cells by
FLIP. Cells expressing GFP-PYM were repetitively bleached
in the nucleoplasm (Fig. 7s), and loss of fluorescence in the
cytoplasm was monitored over time (Fig. 7s). In both control
and RanBP2-depleted cells, the fluorescent signal in the cyto-
plasm could be depleted to near background levels, showing
that PYM import proceeded despite RanBP2 depletion. The
half-time of depletion of the cytoplasmic signal was found to be
19 � 5 s in control cells and 27 � 8 s in RanBP2-depleted cells
(Fig. 7t), indicating that the import rate of PYM was slightly
reduced in RanBP2-depleted cells. We conclude that although
nuclear import and export proceed in RanBP2-depleted cells,
the transport rates are affected for at least a subset of receptor-
cargo complexes. Nevertheless, these effects may not always
alter the subcellular distribution of the cargo at steady state.

Nuclear import of NXF1 is not significantly inhibited by
RanBP2 depletion. In contrast to the proteins analyzed above,
the steady-state subcellular localization of NXF1 is signifi-
cantly changed in RanBP2-depleted cells. This change could be
due to a decrease of its import rate, an increased export, or
both. To discriminate between these possibilities, we first an-
alyzed the import of NXF1 in wild-type cells and cells treated
with RanBP2 dsRNA by FRAP. In the experiment whose re-
sults are shown in Fig. 8, the nucleoplasmic GFP-NXF1 signal
was bleached in control and knockdown cells, and the recovery
of the nuclear fluorescence was measured over time. Immedi-
ately after bleaching a region of the nucleus (Fig. 8a and d), no
discernible bleached zone could be seen (Fig. 8b and e). In-
stead, there was an immediate decrease in fluorescence inten-
sity through the entire nucleus, indicating that NXF1 diffuses
rapidly within the nucleus.

After the bleach, the total nucleoplasmic fluorescence par-
tially recovered, the total cytoplasmic fluorescence decreased
by a similar amount (Fig. 8g and h), and the whole-cell fluo-
rescence remained constant (data not shown), indicating that
the recovery of the nuclear signal is due to the import of the
cytoplasmic pool of the protein. To compare NXF1 import
rates in control and depleted cells, the recovery of the nucle-
oplasmic signal was measured in representative cells and nor-
malized to the intensity of the signal when recovery was com-
plete (160 s) (Fig. 8i). The nucleoplasmic signal of NXF1
recovered with similar kinetics in control and RanBP2-de-
pleted cells (with an error of less than 20% of the rate). Sim-
ulations indicated that a strong decrease in the NXF1 import
rate (�20%), which would account for the change in the
steady-state distribution of GFP-NXF1 in RanBP2-depleted
cells, could not fit the rate of nuclear fluorescence recovery
(Fig. S2 in the supplemental material [http://www.embl.de
/ExternalInfo/izaurral/ranbp2]).

Depletion of RanBP2 affects the release of NXF1 into the
cytoplasm. Next, we investigated the relative export rates of
GFP-NXF1 in control and depleted cells by FLIP. To compare
the export rate of NXF1 quantitatively in these cells, the entire
cytoplasmic signal was bleached in a single pulse at time zero
(Fig. 9a). Subsequently, cells were repetitively bleached in the
cytoplasm (Fig. 9a), and loss of fluorescence in the nucleus was

FIG. 6. Depletion of RanBP2 does not alter the selectivity of the
NPC. (A to C) S2 cells were fixed 5 days after the addition of RanBP2
dsRNA and labeled by FISH with an oligo(dT) probe [poly(A)� RNA,
red]. The nuclear envelope (WGA) was stained with Alexa 488-WGA
conjugates. Cells shown in panel A were stained with antibodies that
specifically recognize REF1 (green). Panel B shows the localization of
TAP-tagged Drosophila Y14 (green). In panel C, cells were stained
with antibodies raised to endogenous YPS (green). Control panels
show untreated cells.
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monitored over time (Fig. 9a). In both control and RanBP2-
depleted cells, the fluorescence signal in the nucleoplasm could
be depleted to near background levels, showing that the pro-
tein was exported efficiently from the nucleus.

To compare the export rates, the loss of the nuclear signal
was measured in control or knockdown cells and normalized to
the intensity of the nuclear signal before bleaching (t � 0) (Fig.
9b). The half-time of depletion of the nucleoplasmic signal,
measured by FLIP in two independent experiments, was found
to be 39 � 11 s in control cells and 27 � 7 s in depleted cells.
Assuming that NXF1 export is limited by a single rate, these
results indicate that, in RanBP2-depleted cells, NXF1 is re-
leased in the cytoplasm 1.4-fold more rapidly than in wild-type
cells. Note that since the cytoplasmic fraction of the protein
increased from 28 to 42% after RanBP2 depletion, but we
could not detect a corresponding decrease of the import rate
(Fig. 8i), a 1.5-fold stimulation of cytoplasmic release was ex-
pected.

In summary, in RanBP2-depleted cells, NXF1 shuttles as in
wild-type cells, but a higher fraction of the protein is detected
in the cytoplasm. Our results indicate that this is due mainly to
an increased release of the protein into the cytoplasm.

The release of NXF1 in the cytoplasm is a specific effect of
RanBP2 depletion. The faster kinetics of NXF1 release in the
cytoplasm could be a specific effect of RanBP2 depletion or
alternatively due to a more general effect of depleting nucleo-
porins localized at the cytoplasmic face of the NPC. In partic-
ular, it was of interest to determine whether depletion of CAN
(which also localizes at the cytoplasmic face of the NPC) could
lead to a similar phenotype. CAN, like many nucleoporins
possessing FG repeats, interacts with NXF1 and together with
its yeast counterpart Nup159p has been implicated in mRNA
export (1, 12, 17, 31, 35).

Depletion of CAN inhibited cell proliferation and led to a
significant nuclear accumulation of poly(A)� RNA (Fig. S3 in

FIG. 7. CRM1-mediated export is not inhibited in RanBP2-de-
pleted cells. (a to f) S2 cells expressing a TAP-tagged form of Dro-
sophila PYM were treated with LMB (Sigma) as indicated. Three
hours after the addition of LMB (final concentration, 20 ng/ml), cells

were fixed and the tagged protein was visualized with an anti-protein A
antibody (red). Cells were double-labeled by FISH with an oligo(dT)
probe [poly(A)� RNA]. The nuclear envelope (WGA) was stained
with Alexa 488-WGA conjugates (green). (g to r) S2 cells expressing a
TAP-tagged Drosophila PYM were treated with RanBP2 dsRNA for 5
days. One half of the cell population was treated with LMB (k to r).
Cells were labeled as described for panels a to f. (s) Control and RanBP2-
depleted cells expressing GFP-PYM were selected. A nucleoplasmic
region (red circle) was photobleached repetitively 130 times every 1.6 s
with a 40� PlanApochromat 1.4 NA oil immersion objective. After
each bleaching, the depletion of the cytoplasmic fluorescence was
monitored in a confocal section (region delimited in green). (t) Quan-
tification of cytoplasmic fluorescence loss for GFP-PYM in untreated
and RanBP2-depleted cells. The loss of the cytoplasmic signal was
measured and normalized to the intensity of the cytoplasmic signal
before bleaching (t � 0). Curves depict mean values (� standard
deviations) of the results from 8 representative cells, including those
shown in panel s. Control curves show that less than 10% of the cyto-
plasmic fluorescence was lost from a nonbleached neighboring cell (panel
s, blue rectangle) due to image acquisition between bleach pulses and
the fact that the bleach pulses did not affect areas outside the bleached
regions. Note that the loss of cytoplasmic fluorescence in bleached
cells due to the bleach pulses cannot be evaluated. However, this loss
is comparable in control and depleted cells because at steady state the
fraction of GFP-PYM in the cytoplasm is similar (81% � 2% or 81%
� 5% in 8 representative control or depleted cells, respectively).
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the supplemental material [http://www.embl.de/ExternalInfo
/izaurral/ranbp2] and Fig. 10c, h, and k) (see also reference
31). These inhibitory effects on cell proliferation and mRNA
export were comparable to the inhibitory effects observed
when RanBP2 was depleted (Fig. S3 in the supplemental ma-
terial [http://www.embl.de/ExternalInfo/izaurral/ranbp2] and
Fig. 10 versus Fig. 2). As observed in the RanBP2 knockdown,
depletion of CAN did not significantly affect NPC staining with
fluorescently labeled WGA (Fig. 10d versus b).

In contrast to RanBP2 depletion, CAN depletion did not
alter the steady-state subcellular localization of NXF1. Indeed,
when cells expressing GFP-NXF1 were depleted of CAN, the
GFP signal was detected at the nuclear rim and within the
nucleus (Fig. 10o), even in cells exhibiting a strong nuclear
accumulation of poly(A)� RNA (Fig. 10p to u). Moreover, the
fraction of the protein in the cytoplasm was not detectably
changed despite the inhibition of mRNA export (Fig. 10p to
u). These results highlight the specific role of RanBP2 in the
recruitment of NXF1 to the NPC.

DISCUSSION

In this study we show that RanBP2 is an essential nucleo-
porin in Drosophila cells, playing a specific role in the export
pathway of bulk mRNA. In RanBP2-depleted cells, the asso-
ciation of the mRNA export receptor NXF1 with the NPC is
strongly reduced and a larger fraction of this otherwise pre-
dominantly nuclear protein is detected in the cytoplasm. The
export of bulk mRNA is also partially inhibited. The observa-
tion that the steady-state subcellular localization of several
nuclear and cytoplasmic proteins is not detectably affected in
RanBP2-depleted cells makes unlikely the possibility that the
release of NXF1 in the cytoplasm and the inhibition of mRNA
export are due to a general defect in NPC function and sug-
gests that the observed phenotypes are specifically due to the
depletion of RanBP2. Moreover, the observation that deple-
tion of CAN/Nup214, another nucleoporin localized at the
cytoplasmic face of the NPC, also leads to the inhibition of cell
proliferation and bulk mRNA export without affecting the
subcellular localization of NXF1 provides further support for a
specific role of RanBP2 in the recruitment of NXF1 to the
NPC.

FIG. 8. Import of NXF1 is not significantly affected in RanBP2
depleted cells. (a to f) Control and RanBP2-depleted cells expressing
GFP-NXF1 were imaged immediately before photobleaching a de-
fined zone in the nucleus (white circle) and every 1.5 s afterwards.
Colors represent relative intensities of the GFP signal (red and blue
correspond to high and low intensities, respectively). (g and h) Nucle-
oplasmic or cytoplasmic fluorescence intensities measured over time
for each individual cell were multiplied by the nuclear or cytoplasmic
volumes, respectively, and the relative number of molecules in each
compartment was calculated. Curves depict mean values (� standard
deviations) from measurements of 8 to 9 representative cells, including
those shown in panel a. The nuclear recovery (	 Nucleus) correlates
with the loss of fluorescence in the cytoplasm (	 Cytoplasm). (i) The
recovery of the nucleoplasmic signal was measured over time and
normalized to the intensity of the signal when recovery was completed
(160 s). Curves depict mean values (� standard deviations) from
measurements of 8 to 9 representative cells, including those shown in
panels a and d.
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RanBP2 provides a major binding site for NXF1-p15 dimers
at the cytoplasmic filaments of the NPC. In this study we show
that in cells partially depleted of RanBP2, shuttling of NXF1 is
not inhibited, but the fraction of NXF1 associated with the
NPC at steady-state decreases significantly. In addition, deple-
tion of RanBP2 leads to an increased level of NXF1 in the
cytoplasm, which is not caused by an import block. Based on
these results, we suggest the following model. In wild-type
cells, NXF1 shuttles across the central channel of the pore.
The presence of high-affinity binding sites at the cytoplasmic
filaments of the NPC may constrain the diffusion of NXF1 into
the cytoplasm so that the efficiency of recycling is increased. In
the absence of RanBP2, NXF1 molecules reaching the cyto-
plasmic side of the NPC may either reenter the nucleus or may
diffuse freely into the cytoplasm. This diffusion would result in
an increased number of molecules in the cytoplasm and a
partial depletion of the nuclear pool so that the efficiency of
mRNA export might be reduced.

RanBP2 functions in the mRNA export pathway. The model
described above implies that the role of RanBP2 in mRNA

FIG. 9. RanBP2 depletion increases the release of NXF1 in the
cytoplasm. (a) Representative control and RanBP2-depleted cells ex-
pressing GFP-NXF1 were selected. A cytoplasmic region (delineated
in red) was photobleached at time zero to reduce the cytoplasmic
signal to background levels. Subsequently, the same region was repet-
itively bleached every 2.8 s. After each bleach, the depletion of the
nuclear fluorescence was monitored in a confocal section (blue circle).
(b) Quantitation of nuclear fluorescence loss with cytoplasmic FLIP
for GFP-NXF1 in untreated and RanBP2-depleted cells. Curves depict
mean values (� standard deviations) of the results from 8 representa-
tive cells, including those shown in panel a. Values are corrected for the
loss of nuclear fluorescence from a nonbleached neighboring cell (panel
a, yellow circle) due to image acquisition and to the bleach pulses.

FIG. 10. Depletion of CAN inhibits mRNA export. (a to m) S2
cells were treated with a dsRNA corresponding to Drosophila CAN.
poly(A)� RNA was detected by FISH with an oligo(dT) probe (red).
The nuclear envelope (WGA) was stained with Alexa 488-WGA con-
jugates (green). Control panels show untreated cells. (n to u) S2 cells
constitutively expressing GFP-NXF1 (green) were treated with CAN
dsRNA for 9 days. poly(A)� RNA was detected by FISH (red).
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export is indirect, i.e., the primary effect of RanBP2 depletion
would be to decrease the nuclear pool of NXF1. Note that the
1.5-fold decrease of the nucleoplasmic pool of NXF1 is likely
to account for the observed nuclear accumulation of poly(A)�

RNA, as a similar accumulation is observed in S2 cells in which
the levels of NXF1 are reduced to ca. 60% of the wild-type
levels by RNAi (A. Herold and E. Izaurralde, unpublished
data). Nonetheless, the possibility that the mRNA export block
is not a direct consequence of the mislocalization of NXF1
cannot be ruled out.

Indeed, a more direct role of RanBP2 in mRNA export, such
as facilitating the disassembly of mRNP export cargoes could
be envisaged. However, in RanBP2-depleted cells shuttling
mRNA-binding proteins, such as Y14 and REF1, do not accu-
mulate in the cytoplasm, indicating that they dissociate from
the mRNPs after export and are recycled back to the nucleus.
Moreover, the possibility that the inhibition of mRNA export
is an indirect consequence of a perturbation of the Ran system
is also unlikely because transport processes mediated by re-
ceptors of the karyopherin family are less affected by the par-
tial depletion.

The effects of RanBP2 depletion on the expression levels of
the analyzed mRNAs parallel those observed following de-
pletion of NXF1, p15, UAP56, or CAN (Fig. 3 and data not
shown) (15). Particularly striking is the observation that
RanBP2 depletion triggers the upregulation of nxf1, p15,
and ref1 mRNAs. These mRNAs are upregulated when
mRNA export is inhibited (e.g., in cells depleted of NXF1, p15,
UAP56, RanBP2, or CAN) but not in cells in which prolifer-
ation has been inhibited by depletion of essential proteins that
do not play a role in bulk mRNA export (e.g., eIF4G) (15). We
therefore conclude that RanBP2 functions in the mRNA ex-
port pathway and that its depletion imposes a general block to
this pathway which triggers a feedback loop, resulting in the
upregulation of export factors.

Asymmetrically localized nucleoporins play a role in termi-
nal steps of NPC translocation. Current models of the mech-
anism of translocation of transport receptors through the NPC
on their own or in association with cargoes propose that the
central channel of the NPC would be occupied by a dense array
of FG repeat nucleoporins (22, 23). Nuclear transport recep-
tors generically interact with the FG repeat domains of nucleo-
porins and use these interactions to translocate cargoes across
the central channel of the NPC at a high rate. These interac-
tions must be transient in nature to allow fast translocation.
However, in addition to transient generic interactions, trans-
port receptors exhibit a high affinity for specific nucleoporins,
and nucleoporin mutations affect specific transport pathways
(reviewed in references 25 and 32). The basis for this selectivity
is not known.

Previously, it has been shown that Nup153, a nucleoporin
associated with the nuclear basket, provides high-affinity bind-
ing sites for importin � and is required for nuclear protein
import mediated by this receptor (28, 33). In this study we
show that RanBP2 provides major binding sites for NXF1-p15
at the NPC and is required for NXF1-mediated mRNA export.
Together, these observations suggest that one function of the
asymmetrically localized nucleoporins would be to restrict the
diffusion of import receptors within the nucleoplasm or of
export receptors within the cytoplasm after translocation so

that the receptors are recycled efficiently. This would be a local
effect, only affecting transport receptors in transit within the
central channel of the NPC, consistent with our observation
that RanBP2 depletion does not affect the import rate of the
cytoplasmic pool of NXF1. Additionally, asymmetrically local-
ized nucleoporins may also play a more active role in the
disassembly of receptor-cargo complexes after translocation.
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