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REPORT

Exportin 5 is a RanGTP-dependent dsRNA-binding
protein that mediates nuclear export of pre-miRNAs

MARKUS T. BOHNSACK,"® KEVIN CZAPLINSKI,>* and DIRK GORLICH'

Zentrum fiir Molekulare Biologie, Heidelberg, Germany
2European Molecular Biology Laboratory, Heidelberg, Germany

ABSTRACT

microRNAs (miRNAs) are widespread among eukaryotes, and studies in several systems have revealed that miRNAs can regulate
expression of specific genes. Primary miRNA transcripts are initially processed to =70-nucleotide (nt) stem-loop structures
(pre-miRNAs), exported to the cytoplasm, further processed to yield ~22-nt dsRNAs, and finally incorporated into ribonucleo-
protein particles, which are thought to be the active species. Here we study nuclear export of pre-miRNAs and show that the
process is saturable and thus carrier-mediated. Export is sensitive to depletion of nuclear RanGTP and, according to this
criterion, mediated by a RanGTP-dependent exportin. An unbiased affinity chromatography approach with immobilized
pre-miRNAs identified exportin 5 as the pre-miRNA-specific export carrier. We have cloned exportin 5 from Xenopus and
demonstrate that antibodies raised against the Xenopus receptor specifically block pre-miRNA export from nuclei of Xenopus

oocytes. We further show that exportin 5 interacts with double-stranded RNA in a sequence-independent manner.

Keywords: miRNA; tRNA; nuclear transport; exportin; translation regulation; silencing

INTRODUCTION

The nuclear envelope (NE) separates eukaryotic cells into a
nuclear and a cytoplasmic compartment and thereby neces-
sitates nucleocytoplasmic transport (Mattaj and Englmeier
1998; Gorlich and Kutay 1999; Macara 2001; Weis 2002).
Nuclei lack protein synthesis and therefore import their
proteins from the cytoplasm. Conversely, ribosomal sub-
units, tRNAs, mRNAs, and other RNA species are generated
in the nucleus and need to be exported to the cytoplasm.
Nucleocytoplasmic exchange proceeds through nuclear
pore complexes, which penetrate the NE and permit passage
of material in two modes: passive diffusion and facilitated
translocation. Passive diffusion is fast for small molecules,
but becomes increasingly restricted as the size of the trans-
ported species approaches a size limit of 20—40 kD. In con-
trast, facilitated translocation allows passage of very large
objects with a molecular mass of up to several million dal-
tons. Facilitated translocation is typically receptor-mediated
and coupled to an input of metabolic energy (active trans-
port), allowing accumulation of cargoes even against gra-
dients of chemical activity.

*These authors contributed equally to this work.

Reprint requests to: Dirk Gorlich, ZMBH, INF 282, 69120 Heidelberg,
Germany; e-mail: dg@zmbh.uni-heidelberg.de; fax: 49-6221-545893.

Article and publication are at http://www.rnajournal.org/cgi/doi/
10.1261/rna.5167604.

Most nuclear protein transport pathways are mediated by
importins or exportins, which are all (at least distantly)
related to importin B (Impp; for reviews, see Mattaj and
Englmeier 1998; Wozniak et al. 1998; Gorlich and Kutay
1999; Macara 2001; Weis 2002). These receptors possess a
RanGTP-binding site, circulate between nucleus and cyto-
plasm, and transfer cargo molecules from one side of the
NE to the other. As an energy source, they use the RanGTP
gradient across the NE, which regulates the interaction with
their cargoes in a compartment-specific manner. Exportins
bind their cargoes at high RanGTP levels in the nucleus
(Fornerod et al. 1997; Kutay et al. 1997) and translocate as
trimeric RanGTP - exportin - cargo complexes to the cyto-
plasm, where cargo and Ran are released upon GTP hydro-
lysis. The exportin can then return to the nuclear compart-
ment and mediate another round of transport. The human
genome codes for 20 members of the Impp family, and
seven of them are known to mediate nuclear export (Mattaj
and Englmeier 1998; Gorlich and Kutay 1999; Macara 2001;
Weis 2002).

All characterized RNA transport pathways are mediated
by proteinaceous factors. General mRNA export proceeds
through a RanGTPase-independent mechanism, whereby
NPC passage is facilitated by the yeast Mex67p/Mtr2p com-
plex or its higher eukaryotic counterpart, the NXF (TAP)/
pl5 complex (Segref et al. 1997; Griiter et al. 1998), and
metabolic energy is fed in by RNA-helicases such as Dbp5p
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(Snay-Hodge et al. 1998; Tseng et al. 1998). Smaller cellular
RNAs, such as tRNA and Ul snRNA, are exported in an
RanGTP-dependent manner (Izaurralde et al. 1997).

Two exportins function in tRNA export, namely, expor-
tin-t (Arts et al. 1998a; Kutay et al. 1998) and exportin 5
(Bohnsack et al. 2002; Calado et al. 2002). However, there
are significant differences between the two. First, both rec-
ognize different parts of the tRNA. The binding site on a
tRNA for exportin 5 is complementary to that for eEF1A,
and this circumstance permits Exp5 not only to export
tRNA, but also to deplete aa-tRNA - eEF1A complexes from
the nuclear compartment. In contrast, the binding sites on
tRNA for eEF1A and exportin-t overlap. Second, the spec-
trum of tRNA recruited to exportin 5 differs from that
preferred by exportin-t. Finally, exportin-t recognizes tRNA
only, whereas exportin 5 appears to have a broader speci-
ficity and also exports the adenovirus VA1 RNA via a mini-
helix motif (Gwizdek et al. 2003).

microRNAs (miRNAs) are widespread among eukaryotes
and represent key components of a conserved system of RNA-
based gene regulation (Cullen 2002; Hutvagner and Zamore
2002b; Carrington and Ambros 2003; Cerutti 2003). The
prototypic miRNAs function as negative, posttranscription-
al regulators and likely inhibit the translation of target
mRNAs. lin-4 and let-7, for example, play important roles
in the development of Caenorhabditis elegans and inhibit
translation of lin-28 and lin-41, respectively (Lee et al. 1993;
Reinhart et al. 2000; Pasquinelli and Ruvkun 2002).

The biogenesis of miRNAs involves several processing
steps and proceeds in animal cells according to the follow-
ing scheme (Lee et al. 2002). pre-miRNAs represent an
initial intermediate and form hairpins of 60-80 nucleotides
(nt) that are excised by the nuclear RNase III Drosha (Lee
et al. 2003) from the primary transcripts (pri-miRNAs).
They are then exported to the cytoplasm, processed by a
cytoplasmic RNase III, Dicer, to yield double-stranded RNA
of =21 nt and can finally be detected as single-stranded
RNAs in ribonucleoprotein particles (Mourelatos et al.
2002; Zeng and Cullen 2002). miRNAs can direct the deg-
radation of mRNAs that contain perfectly complementary
sequences (Hutvagner and Zamore 2002a; Doench et al.
2003; Zeng et al. 2003). Interestingly, mRNAs with imper-
fect complementarity are not degraded, but instead their
translation is inhibited. It is not clear whether the same type
of RNP accounts for mRNA cleavage and for degradation-
independent translational silencing.

Here, we study nuclear export of pre-miRNAs and show
that it is an exportin-mediated and RanGTPase-driven pro-
cess. Affinity chromatography on immobilized pre-miRNAs
identified exportin 5 as the export receptor. We have cloned
Xenopus exportin 5 and demonstrate that antibodies di-
rected against this receptor block pre-miRNA export.
We further show that exportin 5 interacts with double-
stranded RNA specifically, but in a sequence-independent
fashion.
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RESULTS AND DISCUSSION

microRNA precursors are actively exported
from nuclei

Nuclear export of pre-miRNA represents an essential step in
the biogenesis of active miRNA. To study the process, we
injected **P-labeled pre-miR-31 into nuclei of Xenopus oo-
cytes (Fig. 1). Export from the nuclei was rapid, and after 30
min of incubation, nearly 90% of pre-miR-31 had reached
the cytoplasm, while the injection control U6Ass remained
nuclear. Interestingly, the exported pre-miR-31 (Fig. 1) and
other pre-miRNAs (data not shown) were fully stable in the
cytoplasm of the Xenopus oocytes, suggesting that a Dicer-
dependent maturation to miRNAs occurs only later in
development.

Coinjection of an excess of unlabeled pre-miRNA-31
competed the export of labeled pre-miRNA significantly
and in a dose-dependent manner (Fig. 1), indicating that a
saturable export carrier mediates the process. Exportins re-
quire RanGTP for cargo binding; depletion of nuclear
RanGTP by nuclear injection of RanGAP therefore blocks
exportin function. This treatment also inhibited pre-
miRNA export (Fig. 1), which in turn strongly suggests that
an exportin of the Impf family transfers pre-miRNAs to the
cytoplasm.

Identification of Exp5 as a potential export receptor
for miRNA precursors

We then immobilized four different pre-miRNAs (precur-
sors of human miR-31, miR-23, and miR-20, as well as
Drosophila miR-2a-1) to agarose beads and used these af-
finity matrices to enrich export mediators from a HeLa cell

50x 200x +2uM
Control competitor competitor RanGAP
N C N C

N € N C

U6ASS - — -~

pre-miR-31

L

C:N ratio: 6.7 35 1.1 0.3

FIGURE 1. Microinjected pre-miR-31 is actively exported from nu-
clei of Xenopus laevis oocytes. Here, 15 nL of a mixture of 10 nM
pre-miR-31 and U6Ass injection control were coinjected into nuclei of
stage IV-V oocytes. If indicated, RNA mixtures also included 2 pM
RanGAP or 500 nM or 2 pM unlabeled pre-miR-31 (competitor).
Oocytes were separated into (N) nuclear and (C) cytoplasmic fractions
30 min after injection; RNA was extracted and analyzed on a 10%
denaturing PAGE gel. The dried gel was quantified by a phoshorim-
ager, and export was expressed as the cytoplasmic:nuclear (C:N) ratio.
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extract, which had been depleted of competing, endogenous
RNAs. Our microinjection experiments predicted the inter-
action between pre-miRNAs and corresponding export me-
diators to be RanGTP-dependent. We therefore performed
the binding also in the presence of the GTPase-deficient
RanQ69L mutant (GTP-form), which mimics a nuclear
environment. Strikingly, analysis of the bound fractions
revealed a single protein band that interacted with the
miRNAs in the predicted RanGTP-dependent manner. Pep-
tide mass fingerprinting (data not shown) and immuno-
blotting (Fig. 2) identified this putative export mediator as
Exp5. We and others previously described Exp5 as an ex-
portin for tRNA and eEF1A (Bohnsack et al. 2002; Calado
et al. 2002). Figure 2 now demonstrates that Exp5 bound
immobilized tRNA and pre-miRNA with similar efficiency.
As a control, exportin-t bound tRNA only and showed no
interaction with the pre-miRNAs.

The interaction between Exp5 and the pre-miRNAs in
Figure 2A could have been direct or bridged by an addi-
tional export adaptor present in the HelLa extract. To dis-
tinguish between these possibilities, we expressed Exp5 in
Escherichia coli (which lack nuclei and hence nuclear export
components) and repeated the binding experiment with the
corresponding Exp5-containing bacterial lysate (Fig. 2B).
Also under these conditions, specific and RanGTP-depen-
dent binding of Exp5 to immobilized pre-miRNAs was
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observed. We can therefore conclude that Exp5 interacts
with pre-miRNAs directly. This conclusion is further con-
firmed by the fact that a stable pre-miRNA - Exp5 - RanGTP
complex efficiently forms also from purified components
(data not shown).

tRNA and pre-miRNAs compete with each other for
exportin 5 binding

A key criterion for a specific binding to an affinity matrix is
competition of the interaction with the free ligand. Indeed,
addition of increasing amounts of pre-miRNA to the RNA-
free Hela extract selectively inhibited the recruitment of
Exp5 to either immobilized pre-miRNA or immobilized
tRNA, but left background bands and the interaction of
exportin-t with tRNA largely unaffected (Fig. 3). We can
thus conclude that Exp5 binds pre-miRNAs not only in
immobilized form but also free in solution. The experiment
also indicates that a given Exp5 molecule cannot simulta-
neously bind a tRNA and a pre-miRNA molecule.

Exportin 5 binds double-stranded RNA in a
sequence-independent manner

Gwizdek et al. (2003) reported that Exp5 recognizes a
double-stranded minihelix motif in adenovirus VA1 RNA

B Binding of recombinant Exp5 to
tRNA  miR-31 miR-23 miR-20 miR-2a1
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FIGURE 2. Exportin 5 forms export complexes with pre-miRNAs as well as with tRNA. (A) To identify a potential nuclear export receptor for
pre-miRNAs, we first removed competing, endogenous RNAs from a HeLa cell lysate (see Materials and Methods) and bound the resulting extract
(Start) to immobilized tRNA, indicated pre-miRNAs, or double-stranded DNA. Where indicated, 2 uM RanQ69L (GTP-form) had been included.
Analysis was by SDS-PAGE, followed by Coomassie staining or immunoblotting with indicated antibodies. The load of bound material corre-
sponds to 20 times the input. Note that Exp5 bound to tRNA and to any of the pre-miRNAs specifically and in an RanGTP-dependent manner.
In contrast, exportin-t formed export complexes with tRNA only. None of the exportins bound immobilized dsDNA, which served as a control
for nonspecific ionic interactions. (B) Escherichia coli lysate from bacteria expressing human Exp5 was depleted of endogenous RNA and subjected
to binding to either immobilized tRNA or various pre-miRNAs in the absence or presence of RanQ69L GTP (2 pM). Binding assays were

performed and analyzed as described in A.
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FIGURE 3. tRNA and pre-miRNA appear to bind to overlapping sites
on Exp5. Binding of Exp5 from HeLa extract to immobilized tRNA
and pre-miRNA was performed in the presence of RanQ69L (GTP) as
described in Figure 2A. Where indicated, 0.4 pM or 4 pM nonimmo-
bilized pre-miR-31 had been added. The soluble pre-miRNA com-
peted not only binding of Exp5 to immobilized pre-miRNA, but also
to tRNA, which points to overlapping binding sites for tRNA and
pre-miRNA on Exp5. The interaction between Exp-t and tRNA was
not competed by pre-miRNA.

and mediates export of this RNA. pre-miRNAs are also
predicted to form stem—loop structures, which can contain
mismatches. There is no obvious sequence homology
among any of the four pre-miRNAs tested in this study and
the VA1 RNA, raising the possibility that Exp5 binds
double-stranded RNA in a sequence-independent manner.
We decided to subject this assumption to a rigorous test and
immobilized RNA homopolymers (A, Csp, G3o, and Usg)
to agarose. These homopolymers are not only single
stranded, but also highly unlikely to form any secondary
structures. As seen from Figure 4, Exp5 failed to bind these
single-stranded RNAs even in the presence of RanQ69L
(GTP). When, however, the complementary strands were
annealed to form poly(A):poly(U) or poly(C):poly(G) double
strands, Exp5 bound efficiently and in an RanGTP-depen-
dent manner. As Exp5 binds the homopolymer-based dsRNAs
and the four unrelated pre-miRNAs with comparable effi-
ciency, the data demonstrate that Exp5 interacts with
double-stranded RNA in an entirely sequence-independent
fashion.

Numerous factors from eukaryotic, prokaryotic, and viral
origin have been identified that recognize dsRNA indepen-
dently of sequence, examples being Staufen, the dsRNA-

188  RNA, Vol. 10, No. 2

dependent protein kinase PKR, and Dicer (Saunders and
Barber 2003). Most of them share a common, conserved
structural motif, the dsSRNA-binding domain (DRBD). No
such motif is evident in Exp5, and therefore it will be very
interesting to learn how the dsRNA-binding site of Exp5 is
structured.

The most straightforward explanation for the competi-
tion experiment (Fig. 3) is that tRNA and dsRNA bind to a
similar or even identical site on exportin 5. This could in-
dicate that exportin 5 also recognizes tRNA via a dsRNA
motif. The mapping of the VA1 RNA had indicated that a
double-stranded region of =17 nt is needed for Exp5 bind-
ing (Gwizdek et al. 2001), which is longer than any stem-
loop in a typical tRNA. We would therefore assume that
exportin 5 contacts at least two of the stems of a tRNA
molecule.

Exportin 5 is essential for pre-miRNA export from
nuclei of Xenopus oocytes

The abovementioned binding and microinjection experi-
ments indicate that exportin 5 mediates pre-miRNA export
and that Xenopus oocytes contain an Exp5-like activity. To
test these assumptions, we retrieved ESTs of the putative
Xenopus tropicalis ortholog from the database of the Sanger
center and identified a clone that contained the 5'-end of
the cDNA. Sequencing of the entire cDNA insert revealed
that this clone comprised the entire coding region. X. tropi-
calis exportin 5 has a predicted mass of 135 kD and is at the
amino acid level 57% identical to the human factor. Binding
assays from egg extract confirmed that Xenopus exportin 5
recognizes tRNA and dsRNA with virtually the same speci-
ficity as the human one (data not shown), indicating that
the two are not only related in sequence, but also function-
ally equivalent.

We then expressed a C-terminal fragment of Xenopus
laevis exportin 5 in bacteria and used the protein to raise
antibodies, which were then affinity-purified on the immo-
bilized antigen. Strikingly, injection of this antibody into
Xenopus oocytes blocked the export of pre-miRNA-31 com-
pletely (Fig. 5A). The effect was highly specific as judged by
two sets of controls: First, anti-Drosophila-exportin-5 anti-
bodies (“control”), which do not cross-react with the
Xenopus protein, had no effect (Fig. 5A). Second, the anti-
Xenopus-exportin-5 antibodies did not block export of
tRNAP™ (Fig. 5B), which largely relies on exportin-t for
its own export (Arts et al. 1998b), and also had no effect
on the export of Ul snRNA (Fig. 5B), which is mediated
by the CRM1 - PHAX - CBC complex (Ohno et al. 2000).
We can thus conclude that pre-miRNA export proceeds
along the exportin 5-dependent pathway and that no other
transport receptor can substitute for exportin 5 in this
process.

Exportin 5 also exists in plants (Bollman et al. 2003) and
Drosophila (Bohnsack et al. 2002). Our preliminary data
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FIGURE 4. Exportin 5 binds double-stranded RNA in a sequence-independent manner. Im-
mobilized RNA homopolymers (30 nt) were used as ssRNA or annealed with the complemen-
tary homopolymer (dsRNA) to retrieve interacting proteins from cytosolic HeLa extract de-
pleted of endogenous RNA. HeLa extract was fractionated and binding assays were performed
as described for Figure 2. Formation of export complexes was analyzed by SDS-PAGE, followed
by Coomassie staining. Western blotting confirmed that Exp5 (but not Exp-t) could be re-
trieved with dsRNA independent of nucleotide composition and sequence, provided RanQ69L
GTP had been present.

suggest that at least the insect protein also recognizes
dsRNA in an RanGTP-dependent manner. We would there-
fore assume that it also functions in pre-miRNA export and

would predict that it is essential for miRNA-dependent Binding assays

very interesting to learn how nematodes
export their microRNA precursors to
the cytoplasm.

MATERIALS AND METHODS

Cloning of microRNA precursors

Constructs for in vitro transcription of hu-
man pre-miR-20 and Drosophila pre-miR-
2a-1 have been the kind gift of E. Izaurralde
(EMBL, Heidelberg, Germany). The precur-
sor of human miR-23 (Mourelatos et al.
2002) was cloned as an Notl/Clal construct
into the pSilencer vector (Ambion) for in
vitro transcription, and the construct for in
vitro transcription of pre-miR-31 (Lagos-
Quintana et al. 2001) was inserted into a
pQE80 derivative (QIAGEN). microRNAs
were named according to Ambros et al.
(2003).

Immobilization of RNA

tRNA from bakers yeast (Roche) and in vitro
translated microRNA precursors were puri-
fied by anion exchange chromatography on a
Mono Q column (Amersham Biosciences).
RNA homopolymers, purified tRNA, or pre-
miRNA were oxidized at their 3'-ribose with
sodium periodate; residual periodate was
quenched; and the RNA was precipitated
and finally immobilized at ~1 mg/mL to
polyacryl hydrazido-agarose (Sigma). The co-

valent bond was stabilized by reduction with NaBH;CN. The matrix
with immobilized dsDNA was purchased from Sigma (#D8515).

regulation of gene expression. In contrast, C. elegans lacks a
recognizable exportin 5 ortholog, and it will therefore be

A cytosolic HeLa extract was prepared as described (Kutay et al.
1998). The extract was fractionated by anion exchange chroma-

A B 0 min 45 min 90 min 180 min
20 min export contr, GExp5  contr. cExp5  comtr. aExp$S contr. oExp5
T,  Buffer _oExp5 _control NCNC NCNC NCNC NCNC
N C N C N C N C
o ® WUWE SEss ssse U8
- - —_ UbAss
—— .
- - - - - @ - Ushss
- e i e
- -miRNA-31 :
pre-mi -t
] B [ “U{RNA

FIGURE 5. Antibodies against exportin 5 block export of pre-miR-31 from nuclei of Xenopus oocytes. (A) Here, 15 nL of a mixture of
radiolabeled 10 nM pre-miR-31 and U6Ass nuclear injection control were coinjected into nuclei of stage IV-V oocytes. Both RNA mixtures
contained 1 uM unlabeled pre-miR-31, 1 Unit/pL Superasin (Ambion), and either 2 mg/mL anti-Xenopus-exportin-5 antibody (aExp5) or the
same concentration of a control antibody (anti-Drosophila-exportin-5, which does not cross-react with the Xenopus protein). Oocytes were
separated into (N) nuclear and (C) cytoplasmic fractions 30 min after injection; RNA was extracted and analyzed on a 10% denaturing PAGE gel.
(B) In this panel, 15 nL of a mixture of radiolabeled 10 nM U6Ass injection control, tRNA"P, and 7 nM U1ASm were coinjected into nuclei of
stage IV-V oocytes. Injection mixtures contained 1 uM unlabeled tRNA™, 1 Unit/uL Superasin (Ambion), and either 2 mg/mL affinity-purified
anti-Xenopus-exportin-5 or control antibodies as indicated. Oocytes were separated into nuclear and cytoplasmic fractions either immediately (0
min), 45, 90, or 180 min after injection and processed as in A. Each timepoint in both panels represents the average of five oocytes.
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tography on a Q-Sepharose FF column to deplete it of endogenous
RNA, and fractions of the eluate containing protein but no RNA
were pooled. Buffer was exchanged to 50 mM Tris-HCI (pH 7.5),
50 mM NaCl, and 5 mM Mg(OAc),. Aliquots of the protein eluate
equivalent to 200 puL of HeLa extract or E. coli lysate containing
Exp5 depleted of endogenous RNA (as described for the HelLa
extract) were subjected to binding to 20 pL of immobilized RNA,
DNA, or empty matrix in the absence or presence of RanQ69L
(GTPase-deficient Ran mutant). After binding, beads were exten-
sively washed, and immobilized proteins were eluted with SDS-
containing buffer. Binding was analyzed by SDS-PAGE followed
by either Coomassie staining or Western blot analysis with anti-
exportin antibodies.

Cloning of Xenopus exportin 5

The EST TEgg076k22 (Sanger Institute) containing the ORF of
X. tropicalis exportin 5 was obtained from MRC Geneservice, and
the cDNA insert was sequenced on both strands. Exp5 was cloned
at BspHI-HindIII into a derivative of pQE80 (QIAGEN). The C
terminus of X. laevis Exp5 was cloned from cDNA, expressed in
E. coli, and used for the production of antibodies.

Antibodies

Antibodies against human and Drosophila exportin 5 (Bohnsack
et al. 2002) as well as against human exportin-t (Kutay et al. 1998)
have been described previously. Antibodies against Xenopus ex-
portin 5 were raised against a fragment comprising the 368 C-
terminal amino acids. All antibodies were used after affinity pu-
rification on the appropriate antigen columns.

Oocyte injection and analysis

Collagenase-treated X. laevis oocytes were prepared and injected
according to standard procedures as previously described (Jar-
molowski et al. 1994). RNAs were double labeled with [o->**P]GTP
and [a-*?PJUTP by in vitro transcription from U6Ass, UlAsm
(Jarmolowski et al. 1994), tRNAT"® (Arts et al. 1998b), and the
pre-miR-31 construct (this study).

Accession number

The nucleotide sequence of X. tropicalis exportin 5 will be listed
under the accession number AJ585214.
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