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Transport of macromolecules between the cell nucleus and cyto-
plasm occurs through the nuclear pores and is mediated by soluble
carriers known as karyopherins (Kaps), transportins, importins, or
exportins. We report that Kap 2B (transportin-2) forms complexes
with the mRNA export factor TAP in the presence of RanGTP,
as shown by coimmunoprecipitation from Hela cells. The interac-
tion strictly depends on the presence of RanGTP. In digitonin-
permeabilized cells, Kap 2B mediates TAP-GFP export from the
nuclei in the presence of RanGTP. A TAP mutant that does not
coimmunoprecipitate with Kap B2B is also not exported by Kap
B2B. In the permeabilized cells assay, TAP is also exported inde-
pendently of Kap B2B by direct interaction with nucleoporins, in
agreement with previous reports. The export rate is, however,
significantly lower than the Kap f2B-mediated pathway. Both Kap
B2B and TAP are present and enriched in the poly(A)* RNA
complexes isolated from Hela cell nuclear lysates. Poly(A)* RNA
strongly accumulates in the nuclei of Hela cells treated with Kap
B2B short interfering RNA, indicating that Kap B2B is involved in
the export of at least a large proportion of the mRNA species. The
export of B-actin and GAPDH mRNA is also inhibited, whereas 285
RNA is not affected. The data support the conclusion that Kap 2B
participates directly in the export of a large proportion of cellular
mRNAs, and TAP connects Kap 32B to the mRNAs to be exported.

Trafficking of proteins and nucleic acids in or out of the cell
nucleus occurs through the nuclear pores (1-5). Macromole-
cules below a certain size limit (40—60 kDa for proteins) can diffuse
through the pores, whereas species above the size limit (and some
smaller species) are transported by a complex system of soluble
carriers generally known as karyopherins (Kaps), transportins,
importins, or exportins (6-10). The carriers bind their cargoes
either in the cytoplasm or in the nucleoplasm, dock them to
components of the nuclear pore complexes, and assist their passage
across the nuclear envelope. Most Kaps belong to the Kap B8 family
and are characterized by the ability to bind the small GTPase Ran
that regulates the interaction of Kaps with their cargoes (11, 12).
Ran is present in the nucleus in the GTP-bound form and has
opposite action on the import versus the export complexes. Ran-
GTP induces release of the cargoes from the Kaps that mediated
their import and facilitates binding of the export Kaps to the cargoes
that are subsequently exported.

In mRNA export several conserved factors are required in
both metazoans and yeast: Mex67 (the orthologue of the mam-
malian TAP/NXF1), Mtr2, Yral, Sub2, Dbp5, Glel, Gle2,
members of the IP6 pathway, pre-mRNA-processing factors, and
the metazoan counterparts (12-23). Among these proteins TAP
plays a prominent role by mediating the translocation step across
the nuclear pore of cellular and viral mRNAs by direct interac-
tion with nucleoporins (24-30).

Contrary to most nucleocytoplasmic export pathways charac-
terized to date, no Kap B family member was found to be directly
involved in mRNA export. We previously identified and cloned
Kap B2B (GenBank accession no. AF007748) on the basis of its
very high sequence similarity with Kap B2A (transportin-1),
which functions in nuclear import of heterogeneous ribonucleo-
proteins (31-33). However, it was established that Kap 82B does

www.pnas.org/cgi/doi/10.1073/pnas.212518199

not function in this pathway (31). Kap B2B is ubiquitously
expressed in mammalian tissues, as indicated by our Northern
blot experiments (data not shown) and by expression informa-
tion present in the Unigene database. Here we show that Kap
B2B (transportin-2) (31) is a nuclear export factor and mediates
mRNA export in cooperation with TAP.

Experimental Procedures

RanGAP Assay. Kap B2A was purified as described (33). Full-length
Kap B2B amplified by PCR from human brain cDNA (CLON-
TECH) was sequenced (GenBank accession no. AF007748), cloned
in the BamHI/EcoR1 sites of pPGEX 4T-3(Tev) vector (Amersham
Pharmacia), and expressed in Escherichia coli BL21(DE3) (Nova-
gen). The GST moiety was cleaved off with Tev protease (Amer-
sham Pharmacia). RanGAP1 (Schizosaccharomyces pombe Rnalp)
and Ran were purified as described (34, 35). Wild-type Ran was
loaded with [y-2P]GTP (36) in the presence of 10 mM EDTA/20
mM Hepes-KOH, pH 7.3/110 mM potassium acetate/2 mM
magnesium acetate/1 mM EGTA/2 mM DTT. RanGAP assay was
conducted as described (36). Reaction mixtures containing 100 pM
Ran[y-*P]GTP were preincubated with 0-1,000 nM Kaps for 20
min on ice. The GTPase reactions were started by addition of
Rnalp (40 nM) and immediately placed at 25°C for 15 min.
Reactions were stopped by addition of 1 ml of charcoal suspension
and centrifuged. The released y-32P was measured by scintillation
counting.

Coimmunoprecipitation. HeLa cells were transfected by using Lipo-
fectamine with the pCMV-Tag plasmid (Stratagene) from which
the FLAG and myc sequences were removed, and the hemagglu-
tinin (HA) tag fused to the N terminal of Kap 82B was introduced
between the Xhol/Smal sites. Cell lysates were prepared 48 h later
and subjected to immunoprecipitation as described (37). In brief,
the cells were lysed by using 1% Nonidet P-40, and Ran loaded with
guanylyl-5’-imidodiphosphate (GMP-PNP) was added together
with GMP-PNP to final concentrations of 2 uM and 1 mM,
respectively. After 1 h of incubation at 4°C, the samples were
incubated with protein G beads for 1 h at 4°C, and the retained
proteins were analyzed by SDS/PAGE followed by immunoblotting
with anti-HA antibodies (Santa Cruz Biotechnology) (1:200) or
rabbit anti-TAP antibodies (1:500), followed by horseradish per-
oxidase-conjugated anti-mouse or anti-rabbit IgG, respectively
(1:3,000), detected by enhanced chemiluminiscence. Where re-
quired, RNases A (300 pg/ml) and T1 (10 units/ml) were added.

Nuclear Export Assay. TAP-GFP and GFP-TAP constructs were
generated by cloning full-length TAP into the EcoR1/BamHI
sites of pEGFP-N1 or pEGFP-C1 plasmids (CLONTECH),
respectively. TAPmutNES-GFP construct was made by substi-
tuting a segment excised by the PpuM1 enzyme with a segment
generated by PCR with a reverse primer that contained R—A
mutations of residues 97, 98, 100, and 105 (38). GFP-TAPmutC

Abbreviations: Kap, karyopherin; siRNA, short interfering RNA; NES, nuclear export signal;
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construct was made by substituting a BspE1-Bg/II segment of
TAP with a segment generated by PCR using a reverse primer
coding for the mutation S585—P (38). HeLa cells were tran-
siently transfected with 0.4 ug of plasmid DNA by using Lipo-
fectamine Plus (Life Technologies, Grand Island, NY). Twenty-
four hours after transfection, the cells were permeabilized with
35 ug/ml digitonin for 5 min on ice. Cells were incubated with
final concentrations of 5 uM RanGTP (to compensate for the
loss of endogenous RanGTP), including or excluding 5 uM Kap
B2A or B2B for 30 min at 22°C. Nuclear export of TAP was
observed by using fluorescence microscopy. Digital images of
the same cells were taken at 0 and 30 min. The nuclear
fluorescence intensities were measured for at least 20 nuclei for
each experimental point by using the software IMAGEJ (http://
rsb.info.nih.gov/ij/).

Kap 2B Detection in Poly(A)* Complexes. HeLLa nuclei were isolated
as described (39). Nuclei were lysed by incubating for 30 min at 22°C
in 100 mM Tris'HCI, pH 8/100 mM NaCl/0.5% Triton X-100/1
mM DTT/10 mM EDTA/RanGMP-PNP as described. The lysate
was centrifuged, and the supernatant was incubated with oligo(dT)
cellulose (Monomer Sciences, New Market, AL) for 1 h at 22°C.
Where required, RNases A (300 pg/ml) and T1 (10 units/ml) were
added. The column was washed, and mRNA-protein complexes
were eluted with 0.1 M NaOH, precipitated with trichloroacetic
acid, and analyzed by SDS/PAGE. For immunoblots the complexes
were transferred to nitrocellulose and probed with anti-Kap B2A or
B2B antibodies visualized by enhanced chemiluminiscence. The
anti-Kap B2A antibodies were raised against the full-length protein
expressed in E. coli. The Kap 2B peptide 344359, which has little
similarity to Kap B2A (33), was used as an immunogen for anti-Kap
B2B antibodies. The antibodies do not crossreact, as tested against
recombinant proteins.

RNA Interference. The short interfering RNA (siRNA) duplexes
specific for Kap B2B (nucleotides 1041-1063) r(GAGGCUGA-
GCGGCCUGAUGGCU)d(TT) and r(AGCCAUCAGGCCGC-
UCAGCCUC)d(TT) and control inverted duplexes r(UCGGU-
AGUCCGGCGAGUCGGAG)d(TT) and r(CUCCGACUCGC-
CGGACUACCGA)J(TT) were synthesized by Xeragon (Hunts-
ville, AL). HeLa cells were transfected by using Oligofectamine
(Invitrogen) as described (www.mpibpc.gwdg.de/abteilungen,/100/
105 /sirna.html). Inhibition of Kap B2B gene expression was mon-
itored for up to 96 h after transfection by RT-PCR of fragments
10-1351 of Kap B2A and 1-1049 of Kap B2B. At various time
points, poly(A)* RNA was visualized as described (40) by using
biotinylated oligo(dT)so detected by Fluorescein Avidin DN (Vec-
tor Laboratories). Cyclin B1 was detected by immunofluorescence
(41) by using anti-cyclin Bl antibodies (Sigma). 28S RNA was
detected by using a biotinylated oligonucleotide corresponding to
positions 2316-2350 of the 28S human ribosomal gene (GenBank
accession no. M11167), followed by Fluorescein Avidin DN.
Digoxigenin-labeled B-actin (Roche Diagnostics) and GAPDH
(BIO/CAN, Mississauga, ON, Canada) probes were detected by
using anti-digoxigenin-rhodamine Fab (1/500, Roche) (42).

Results

Kap B2B Is Associated with TAP in the Presence of RanGTP. HA-
tagged Kap B2B was expressed in HeLa cells, and cell extracts were
subjected to immunoprecipitation with anti-HA antibodies. TAP
was present in the immunoprecipitated material, and the interac-
tion strictly depended on the presence of RanGTP, as expected for
complexes between nucleocytoplasmic export factors and their
cargoes (Fig. 1). RNase treatment did not have any effect, excluding
the possibility that the two partners coprecipitate because they bind
independently to RNA.
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Fig. 1. Kap B2B and TAP form complexes in the presence of RanGTP. HA-Kap
B2B (lanes 1-3) or a control construct (HA only, lane 4) were expressed in HeLa
cellsimmunoprecipitated from nuclear extracts by using anti-HA antibodies in
the presence (lanes 2-4) or absence (lane 1) of Ran loaded with a nonhydro-
lyzable GTP analog. The complexes were analyzed by immunoblotting using
anti-HA and anti-TAP antibodies. TAP binding to Kap 2B is not abolished by
treatment with RNases A1 and T1 (lane 2).

The Affinity of Kap 2B for RanGTP Is in the Range Typical for Export
Factors. RanGAP1 stimulates the GTPase activity of Ran (43),
and binding of Kaps to RanGTP strongly reduces the stimulation
by RanGAP1. The dissociation constants of the complexes
formed by the Kaps with RanGTP can be estimated from the
dose dependence of this effect (44—47). This assay revealed that
the Kap B2B/RanGTP complex has an apparent dissociation
constant (Kq4) of ~300 nM, whereas the corresponding value for
Kap B2A is ~0.3 nM (Fig. 2). It is known that in the absence of
their cargoes the nucleocytoplasmic export factors have high Kq4
values for RanGTP, whereas the K of import factors is in the low
nanomolar range (44-47). The K4 of the Kap B2B/RanGTP
complex is in the range typical for export factors (>1 uM for
CRM1 and CAS, ~1 puM for exportin-t, and ~40 nM for
exportin-4).

Kap 2B Mediates TAP Export from Nuclei. HeLa cells were trans-
fected with a plasmid coding for TAP tagged C terminally with
GFP. At 24 h after transfection the fusion protein was visible in
the nuclei of most cells in agreement with previous reports (30,
48). At this time point the cells were treated with digitonin, which
selectively permeabilizes plasma membranes (49). The cells were
then incubated with Kaps and an energy-regenerating system in
the presence or absence of RanGTP. After 30 min of incubation
small reductions of TAP-GFP were detected in the nuclei of
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Fig. 2. The dissociation constant (Kq) of the Kap 82B/RanGTP complex is
typical for a nucleocytoplasmic export factor. Ran complexed with [y-32P]GTP
was preincubated with the concentrations of Kap 82A or Kap 82B indicated on
the horizontal axis, and the hydrolysis of Ran-bound GTP was determined
after 15 min of incubation with RanGAP1. Kap 82A, l; Kap 82B, A. Based on
the curves, a K4 of ~300 nM was computed for the Kap 32B/RanGTP complex,

and 0.3 nM for Kap B2A/RanGTP. The Kq4 values obtained from two indepen-
dent experiments differed by <5%.
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Fig. 3. Kap B2B mediates RanGTP-dependent nuclear export of TAP in a
permeabilized cells assay. (a) HelLa cells expressing TAP-GFP were permeabil-
ized with digitonin then incubated with purified Kaps in the presence or
absence of RanGTP. After 30 min of incubation with RanGTP and Kap 82B, the
majority of TAP-GFP is exported from the nuclei. (b) Quantification of GFP-TAP
export, measured as decrease of nuclear fluorescence intensity at 30 vs. 0 min.
A highly significant increase in export (P = 5 X 1078, t test, two-tailed) is
observed when cells are incubated with RanGTP and Kap 32B. (c) Immunoblots
of material immunoprecipitated by using anti-HA antibodies from cells coex-
pressing HA-Kap B2B and mutant TAP (TAPmutNES-GFP), or GFP-TAP, or
TAP-GFP. Lys, cell lysate; IP, immunoprecipitated material. (d) Export of TAP-
mutNES-GFP or GFP-TAP is not stimulated by Kap 2B and RanGTP (the four
upper bars). A mutation that abolishes the interaction of TAP with nucleo-
porins reveals the contribution of Kap B2B-independent export (GFP-
TAPmutC vs. GFP-TAP, P = 4 X 107 19), The difference between TAP-GFP and
GFP-TAP is not statistically significant. (Bars = SEM.)

permeabilized cells if RanGTP, Kap B2A, Kap B2B, or Kap g2A
and RanGTP were added to the incubation medium (Fig. 34 and
b). However, when Kap B2B was added in combination with
RanGTP, the majority of TAP-GFP disappeared from the nuclei
(Fig. 3 a and b), indicating that Kap 2B mediates TAP export.
(The exported TAP is not visible because it diffuses through the
permeabilized plasma membranes.)

A nuclear export signal (NES) domain was identified in the
N-terminal region of TAP (amino acid residues 83-110), but the
mechanism underlying its export activity remained unknown (38).
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Fig. 4. Kap B2B and TAP, but not Kap B2A, are present in poly(A)™ RNA
complexes isolated from HeLa cells nuclei. Nuclear lysates (NL) were incubated
with oligo(dT) cellulose, and the bound ribonucleoprotein complexes (RNP)
were eluted and analyzed by immunoblotting using anti-Kap 2B, anti-Kap
B2A, or anti-TAP antibodies. Equal amounts of total protein were applied on
gel in each lane except lane 3, which contains the same volume eluted from
the oligo(dT) cellulose as lane 2. The Kap 2B signal is strongly reduced on
treatment with RNases A1 and T1 (lane 3).

We tested the ability of this NES to bind to and be exported by Kap
B2B by using a construct containing four simultaneous point
mutations shown to inactivate the NES (38). Wild-type TAP-GFP
or mutant TAP-GFP (TAPmutNES-GFP) and HA-tagged Kap
B2B were coexpressed in HeLa cells and subjected to coimmuno-
precipitation with anti-HA antibodies (Fig. 3c). The mutant NES
does not bind Kap 2B, indicating that this N-terminal NES is the
TAP domain responsible for binding to Kap 82B. As expected, Kap
B2B has no effect on the export of the mutant NES in the
permeabilized cells assay (Fig. 3d). [A nuclear localization sequence
partially overlaps with the NES, but the four mutations do not
abolish the nuclear import activity (38) and do not prevent the
predominantly nuclear localization of the mutant.] The position
of TAP NES suggests that Kap B2B does not participate in the
TAP-mediated export of CTE-containing viral RNAs, because
the TAP-binding sites for the two ligands overlap (30). If GFP is
fused to the N terminus of wild-type TAP, Kap 82B is unable to
bind and stimulate export of the TAP construct (Fig. 3 ¢ and d).

Previous studies have shown that TAP can be exported from
the nuclei by direct interaction with nucleoporins (24-30). To
compare this pathway with Kap 2B-mediated export, we used
a TAP C-terminal point mutant (GFP-TAPmutC) that does not
associate with nucleoporins (38). As expected, this mutant
displays impaired export (Fig. 3d). Comparisons of the export
rates of both TAP mutants and wild-type TAP reveal, however,
that the direct binding of TAP to nucleoporins has a significantly
lower contribution than the Kap f2B-mediated export (Fig. 3d).

Kap B2B Is Associated with Nuclear Poly(A)* RNA. We investigated
whether a physical association occurs in the nuclei between the
putative carrier Kap 2B and its mRNA cargo. Poly(A)* RNAs
complexed with their associated proteins were isolated from
HeLa nuclear lysate by using oligo(dT) cellulose, and the
associated proteins were subjected to immunoblotting. Both Kap
B2B and TAP are present and enriched in the poly(A)* RNA
complexes, and Kap B2A is absent (Fig. 4).

Down-Regulation of Kap B2B Induces Nuclear Accumulation of
Poly(A)* mRNA. Kap B2B expression was inhibited in HeLa cells
by transfection with duplex siRNA. Kap 2B mRNA starts to
decline at 72 h after transfection and becomes virtually absent at
96 h (Fig. 5a). The amount of Kap B2A mRNA is not affected,
although the siRNA used is 42% identical to the Kap B2A
sequence. A strong accumulation of poly(A)* RNA is visible in
the nuclei of all cells treated with Kap 2B siRNA (Fig. 5b),
indicating that the export of at least a large proportion, if not the
vast majority, of the mRNA species is mediated by Kap 82B. To
verify that the increased poly(A)* signal in the nuclei reflects
reduced RNA export and is not due to a perturbed polyadenyl-
ation process, the export of two specific mRNA species, B-actin
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Fig. 5. Kap B2B siRNA produces nuclear accumulation of poly(A)* RNA in
Hela cells. (a) Kap B2B RNA is strongly reduced by Kap 32B siRNA, as detected
by RT-PCR (lane 3). Kap 82B RNA in cells treated with the inverted siRNA (lane
2) is the same as in the untreated cells (lane 1). Kap B2A RNA is not affected.
(b) Accumulations of poly(A)*, p-actin, and GAPDH RNAs are visible in the
nuclei of cells transfected with Kap 82B siRNA (Middle), in comparison with
cells treated with inverted siRNA (Right) or untreated cells (Left). 285 RNA
export is not affected (double staining for 285 and GAPDH RNAs is shown).

and GAPDH, was monitored. Nuclear accumulations of these
mRNAs occur in cells treated with Kap B2B siRNA (Fig. 5b).
The speckled pattern of mRNA accumulated in the nuclei is
similar to the pattern generated by TAP down-regulation or use
of nonfunctional TAP mutants in Drosophila and yeast (50-53).

The export of 28S RNA is not affected, ruling out a general
blocking of nucleocytoplasmic traffic. In addition, the predom-
inantly cytoplasmic distribution of cyclin B1 is not visibly af-
fected (data not shown). Cyclin B1 shuttles between the nucleus
and the cytoplasm (41), and its unchanged localization indicates
that protein import by Kap 81 and protein export by CRM1 are
not affected by the siRNA.

Discussion

The data presented support the conclusion that Kap 2B is a major
carrier for export of cellular mRNA and TAP connects Kap 82B to
the mRNAs to be exported, whereas the direct interaction of TAP
with nucleoporins allows lower rates of mRNA export.

Kap B2B has 84% amino acid identity and 92% homology with
Kap B2A, which was shown to function in nuclear import of
heterogeneous ribonucleoproteins (31-33). The nonidentical
residues are scattered all along the sequences, and the longest
segment of contiguous nonidentical residues has a length of only
nine residues. The apparently minor differences in the primary
structure produce dramatic differences in the interaction of the
two Kaps with RanGTP and the cargoes; whereas RanGTP
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dissociates TAP from Kap B2A (30), Kap 2B binds TAP only
in the presence of RanGTP (Figs. 1 and 3).

An explanation for the difference can be sought on the basis
of the x-ray structure of the complex between Kap B2A and
RanGTP (54). Surprisingly, the majority of the 36 residues of
Kap B2A that are in direct contact with RanGTP are conserved
in Kap 2B (only three conservative and one nonconservative
substitution or deletion occur, depending on how the alignment
is made). A major difference, however (only 2 identical residues
out of 15), occurs in an acidic region of Kap B2A (residues
346-360), which does not contain, but is flanked by, residues in
direct contact with RanGTP. Although this segment still con-
tains mostly acidic residues in Kap B2B, its charge is lowered
from —10 to —5, and it includes a lysine not present in Kap B2A.
This segment is placed in the center of the loop L7 of Kap B2A
(54), which was recently shown to couple physically the Ran and
cargo-binding sites of Kap B2A (55), explaining the release of the
cargo induced by RanGTP binding. It is probable that the
different loop composition of Kap B2B explains the stable
binding rather than cargo release induced by Ran-GTP.

We confirmed a previous study that reported the presence of
an NES proximal to the N terminus of TAP (38). This NES is,
however, ineffective in a TAP construct that has GFP fused to
the N terminus, probably because of steric hindrance. This
observation may explain why previous studies that used large
protein domains fused to TAP N terminus did not detect this
export domain and reached the conclusion that TAP export
cannot occur in the absence of direct binding of TAP to
nucleoporins (27, 56-58).

Most nucleocytoplasmic transport pathways are conserved from
yeast to mammals. However, no obvious orthologue of Kap $2B
exists in yeast, which is nevertheless not a unique situation among
proteins of the Kap 3 family. Approximately 22 structurally related
Kap B proteins occur in mammalian cells, but only 14 in Saccha-
romyces cerevisiae (6-10), indicating that some nucleocytoplasmic
transport pathways exist in higher eukaryotes but not in yeast.
Among the Kaps shown to function in export, exportin-4 lacks also
an obvious yeast orthologue (45). A possible explanation for the
difference in mRNA export between yeast and higher eukaryotes
is that the export rate allowed by direct interaction of TAP with
nucleoporins is sufficient in yeast, but not in higher eukaryotes.
Apparently, in the latter case evolution added a more efficient
pathway, probably to accommodate the largely increased number of
mRNA species, the extensive splicing, the larger size of nuclei, and
the increased complexity of nuclear pore complexes. Other systems
besides yeast, e.g., Xenopus oocytes, may be endowed exclusively
with Ran-independent mRNA export pathways (59, 60). Alterna-
tively, Ran-dependent and independent pathways could coexist in
Xenopus oocytes, but the high degree of redundancy could require
complex approaches to clarify their relative contributions.

The data indicate that in mammalian cells, Kap B2B is
responsible for the export of a high proportion or possibly the
majority of the mRNA species. Because mRNA represents a
complex group of cargo molecules, it is probable that besides
bulk export, specialized pathways for certain mRNA subsets also
exist. Other proteins besides TAP or related proteins may
function in these specialized pathways, independently or in
conjunction with Kap 2B. For instance, it was recently shown
that c-fos mRNA is exported by the protein HuR in cooperation
with Kap 82B, or by HuR in cooperation with pp32, APRIL, and
the protein export factor CRM1, but neither pathway is involved
in the export of poly(A)* RNA in general (43).

Variations in the rates of mRNA export are expected to affect,
at least transiently, cellular protein levels. The detailed knowledge
of the components and mechanisms of the mRNA export system
may lead to discovery of new mechanisms of regulation of gene
expression, based on global or differential modulation of mRNA
export.
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