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The karyopherin-related nuclear transport factor ex-
portin-5 preferentially recognizes and transports RNAs
containing minihelix motif, a structural cis-acting ex-
port element that comprises a double-stranded stem
(>14 nucleotides) with a base-paired 5’ end and a 3-8-
nucleotide protruding 3’ end. This structural motif is
present in various small cellular and viral polymerase
III transcripts such as the adenovirus VA1 RNA (VAl).
Here we show that the double-stranded RNA-binding
protein, ILF3 (interleukin enhancer binding factor 3)
preferentially binds minihelix motif. Gel retardation as-
says and glutathione S-transferase pull-down experi-
ments revealed that ILF3, exportin-5, RanGTP, and VA1l
RNA assembled in a quaternary complex in which the
RNA moiety bridges the interaction between ILF3 and
exportin-5. Formation of this complex is facilitated by
the ability of both exportin-5 and ILF3 to mutually in-
crease their apparent affinity for VA1 RNA. Using mi-
croinjection in the nucleus of HeLa cells and transfec-
tion experiments, we show here that formation of the
cooperative RanGTP-dependent RNA/ILF3/exportin-5
complex promotes the co-transport of VA1l and ILF3
from the nucleus to the cytoplasm. Exportin-5 thus ap-
pears as the first example of a nuclear export receptor
that mediates RNA export but also promotes transport
of proteinaceous cargo through appropriate and spe-
cific RNA adaptors.

Transfer of macromolecules through nuclear pore complexes
depends on both structural components of nuclear pore com-
plexes and soluble factors that ensure nuclear transport of a wide
diversity of cellular proteins and RNAs. Selectivity of transport is
mediated by the recognition of specific signals within the cargoes
by specific transport receptors through a direct or adaptor-medi-
ated interaction. Transport receptors interact with nucleoporins
thereby mediating docking to and translocation through the nu-
clear pore complexes. Most of the transport receptors belong to
the karyopherin 3 family (also known as importin 8 family) and
use the GTPase Ran to control cargo association. The asymmetric
distribution of the Ran regulatory proteins provides a steep gra-
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dient of RanGDP (cytoplasmic)/RanGTP (nuclear) across the nu-
clear envelope that ensures the directionality of nuclear trans-
port (1, 2). Indeed, nuclear import receptors (importins) bind
their cargoes in the cytoplasm in the absence of RanGTP and
unload them upon binding to RanGTP in the nucleus. In contrast,
export receptors (exportins) require RanGTP to interact with
their cargoes in the nucleus, and those export complexes are
destabilized by dissociation of RanGTP and GTP hydrolysis in
the cytoplasm (3, 4).

Study of nuclear export pathways of diverse viral RNAs has
greatly contributed to the identification of cellular factors im-
plicated in nuclear transport processes. In particular, we re-
cently reported nuclear export mechanisms of the adenovirus
VA1 RNA (5, 6). This RNA is abundantly transcribed by RNA
polymerase III and efficiently exported to the cytoplasm in the
late phase of the viral infection. In the cytoplasm, VA1 RNA
interacts and inhibits the protein kinase R, a key component of
interferon-induced antiviral defense system (7). Analysis of the
determinant responsible for the nuclear export of the VA1 RNA
led to the identification of a new cis-acting RNA export motif,
called minihelix, present not only in VA1 but in a large family
of small viral and cellular RNAs transcribed by RNA polymer-
ase III. This structural motif consists in a double-stranded
stem (>14 nucleotides) with a base-paired 5’ end and a 3—8-
nucleotides protruding 3’ end that can tolerate some mis-
matches and bends (5). We found that exportin-5 (exp5),1 anew
member of the karyopherin B family, directly interacts, in a
RanGTP-dependent manner, with the minihelix motif and me-
diates nuclear export of the corresponding RNAs (6).

Exportin-5 is a member of the karyopherin 8 family related to
human export receptor CRM1 and the Saccharomyces cerevisiae
protein, Msn5p/Kap142p. In addition to the minihelix-containing
RNASs, exportin-5 has been reported to mediate the nuclear ex-
port of ILF3 (interleukin enhancer binding factor 3) and the
eukaryotic elongation factor 1A (eEF1A). eEF1A is a GTP-bind-
ing protein that interacts with aminoacetylated tRNA and cata-
lyzes their binding to the ribosome. Complex formation between
eEF1A and exportin-5 was shown to be strictly dependent on
aminoacetylated tRNAs that bridge both proteins (8, 9). Indeed,
tRNAs present a highly degenerated minihelix motif able to
directly interact with exportin-5, although with a lower affinity
than an optimal minihelix structure. Consistently, tRNAs do not
represent a preferential cargo for exportin-5 but can use this
alternative transport receptor when their own export pathway

! The abbreviations used are: expb, exportin-5; eEF1A, eukaryotic
elongation factor 1A; dsRBD, double-stranded RNA binding domain;
GST, glutathione S-transferase; GTPyS, guanosine 5’-3-O-(thio)tri-
phosphate; dsRNA, double-stranded RNA; dsRBP, double-stranded
RNA-binding protein.
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mediated by exportin-t is deficient (6, 8). ILF3 is a nuclear pro-
tein that presenting two double-stranded RNA binding domains
(dsRBDs), as well as an RGG domain. It has been shown that
exportin-5 interacts, in a RanGTP-dependent manner, with
dsRBDs of ILF3 and with dsRBDs from other proteins, including
staufen, Spnr, and PKR (10).

To identify factors other than exportin-5 participating in the
nuclear export of the VA1 RNA, we attempted to isolate mini-
helix-binding proteins and identified ILF3 as such a factor.
VA1 RNA, ILF3, exportin-5, and RanGTP assembled in a qua-
ternary complex in which VA1 RNA mediates the interaction
between ILF3 and exp5. In addition, exportin-5 increases the
affinity of ILF3 for VA1, and conversely ILF3 facilitates
the interaction between RNA and the export receptor. Finally,
the formation of this quaternary complex led to the co-export of
both VA1 and ILF3 by exportin-5.

EXPERIMENTAL PROCEDURES

RNA Mutants—VAAIV, VA-derived mutants, and artificial stems
and their in vitro transcription have been described previously (5, 6).

Purification of the VA Binding Activity—HeLa nuclear extracts
(Computer Cell Culture Center, Seneffe, Belgium) were diluted in bind-
ing buffer at a final concentration of 2.5 mg/ml of protein, digested with
100 units/ml of micrococcal nuclease (Worthington) for 15 min at room
temperature, and loaded on a single-stranded DNA-agarose column
(Amersham Biosciences) equilibrated with binding buffer. The column
was washed with binding buffer containing 100 mm NaCl, and elution
was performed with binding buffer containing 250 mm NaCl. Eluate
(E250; 0.5 mg/ml) was dialyzed against binding buffer. For the affinity
selection, VARdm RNA was in vitro transcribed in the presence of
biotin-16-UTP (Roche Applied Science), and 400 pmol of biotinylated
RNA were bound on streptavidin-coated magnetic beads (Dynal) as
notified by the manufacturer. After RNA coupling, beads were equili-
brated in binding buffer and incubated for 15 min at 4 °C with 0.5 mg
of E250 fraction in the presence of 165 ug/ml of poly(C). Beads were
washed with binding buffer, and bound proteins were eluted with
binding buffer containing 100, 250, or 500 mm NaCl.

Electrophoretic Mobility Shift Assay—Electrophoretic mobility shift
assay was performed as described previously (6), excepted for binding
buffer (20 mm Hepes pH 7.9, 75 mMm KCl, 10 mMm B-mercaptoethanol,
0.01% Tween 20, and 10% glycerol) when recombinant proteins were
used. When indicated, data from three independent experiments were
quantified using ImageQuant 5.1 after scanning gels on a Storm 840
PhosphorImager (Amersham Biosciences).

Expression and Purification of Recombinant Proteins—Expression
and purification of His-tagged exportin-5 and GST-ILF3 (404-592)
have been described previously (10). His-tagged human ILF3 was ex-
pressed from a pET11a plasmid (gift from G. N. Barber (11)). Trans-
formed Escherichia coli cells were grown at 37 °C to an Ag,, of 0.6,
submitted to cold and chemical shocks, and induced with 0.3 mm IPTG
for 6 h at 23 °C prior lysis. The soluble fraction was incubated with 1
mM CaCl, and 400 units/ml micrococcal nuclease for 12 min at room
temperature followed by addition of NaCl to a final concentration of 500
mM and binding to nickel-nitrilotriacetic acid beads (Qiagen) for 1 h at
4 °C. Beads were washed twice with Buffer A (20 mm Hepes, pH 7.9, 500
mM NaCl, 5 mm imidazole, 10% glycerol, 7 mM 3 mercaptoethanol, 100
ung/ml phenylmethylsulfonyl fluoride, and 5 pug/ml each of leupeptin,
pepstatin, and aprotinin), twice for 15 min with Buffer A containing 2
M NaCl, and then in buffer containing 200 mm NaCl. Bound His-ILF3
was eluted in Buffer A plus 500 mM imidazole and dialyzed overnight
against Buffer B (20 mM Hepes, pH 7.9, 200 mm NaCl, 10% glycerol, and
7 mM B-mercaptoethanol).

ILF3-associated Bacterial RNA Labeling—Purified recombinant
ILF3 containing RNasin was treated with RQ1 RNase-free DNase (200
units/ml; Promega) at 30 °C for 15 min, followed by proteinase K diges-
tion (0.1 ug/pl; Promega) at 37 °C for 30 min. RNA was extracted twice
with phenol/chloroform and precipitated. RNAs were then 3’ end-la-
beled with (5’-32P)-pCp and T4 RNA ligase (PerkinElmer Life Sciences)
as described previously (12).

GST-Ran GTPyS Pull Down Assay—GST-Ran was loaded with
GTP~yS as described elsewhere (13). A mixture containing 1 uM expor-
tin-5, 4 uM GST-Ran GTPyS = 375 nm VARdm or Mut10 or Mut9 + 2
um ILF3 and 2 units/pl RNasin in 40 ul of binding buffer (20 mm Hepes,
pH 7.9, 75 mm NaCl, 2 mm magnesium acetate, 0.05% Tween 20, 0.25%
ovalbumin, 10 mMm B-mercaptoethanol, 5 um GTPyS, 100 pg/ml phenyl-

methylsulfonyl fluoride, and 5 pg/ml each of leupeptin, pepstatin, and
aprotinin) was incubated for 20 min at 4 °C. Glutathione-Sepharose
beads (25 ul; Amersham Biosciences) were then added, and incubation
was continued for 40 min. After washing with binding buffer, the beads
were resuspended in 40 ul of Laemmli sample buffer. One-fifth of each
sample was analyzed by 7% SDS-PAGE and Western blotting. Proteins
were detected by monoclonal antibodies against Ran (Transduction
Laboratories) and polyclonal antibodies against His tag (Santa Cruz
Biotechnology, Inc.) or ILF3 followed by horseradish peroxidase-conju-
gated anti-mouse or anti-rabbit IgG (Jackson ImmunoResearch
Laboratories).

Immaunoprecipitation of and Binding to ILF3—Lysates from ~4 X
107 HeLa cells were prepared in 100 mM Tris-HCl, pH 7.5, 150 mm
NaCl, 1 mm MgCl,, 1 mM NaVO,, 7 mM B-mercaptoethanol, 1% (v/v)
Nonidet P-40 plus protease inhibitors (100 uM phenylmethylsulfonyl
fluoride, 10 uM leupeptin) and divided into two parts. One portion was
treated for 10 min with 1 unit of RNase V1. Endogenous ILF3 was
immunoprecipitated from the lysate with 6 pg of anti-ILF3 rabbit
antibody attached to protein A-Sepharose beads. Beads were washed
extensively in phosphate-buffered saline plus 0.1% Nonidet P-40 and
then incubated with binding buffer (150 mm potassium acetate, 20 mm
HEPES, pH 7.3, 0.1% Tween, 14 mM B-mercaptoethanol, 0.5% ovalbu-
min) plus RNase inhibitor (10 units RNasin). The beads were divided
equally into tubes and incubated with 1 pg of recombinant exportin-5-
Hisg = 1 pg VARdm RNA =+ 10 pug of RanQ69L for 30 min at 4 °C. Beads
were then washed with binding buffer, and bound proteins were ana-
lyzed by SDS-PAGE and immunoblotting for exportin-5 (rabbit anti-
exportin-5 antibody; 1:300) and ILF3 (anti-ILF3; 1:700).

HeLa Cell Microinjections—Microinjections in HeLa cells were per-
formed as described previously (14). In vitro transcribed VARdm (22
uM), Mut9 (22 um), or deionized water were co-injected into the nuclei of
HeLa cells with exportin-5-Hisg (0.5 uM) and fluorescent dextran as an
injection marker (fluorescein isothiocyanate-dextran 1 mg/ml). Cells
were fixed with 4% paraformaldehyde-2% sucrose in phosphate-buff-
ered saline and permeabilized with —20 °C methanol. Endogenous ILF3
was detected using affinity-purified antibody anti-ILF3.2 (2 ug/ml) and
Texas Red-conjugated donkey anti-rabbit IgG (Jackson ImmunoRe-
search Laboratories). DNA was stained with DAPI (10 ng/ml). Images
were captured with a X60 water-immersion objective lens on a Nikon
inverted microscope equipped with a Hamamatsu CCD camera. Immu-
nofluorescence data were obtained and processed using Openlab (Im-
provision) and Adobe Photoshop software.

In Situ Detection of RNAs and Proteins in BHK21 Cells—BHK21
cells were plated on coverslips and co-transfected with the appropriate
combination of pVV2VAAIV (5), pcDNA3.1 ILF3/NFAR-1 (11), and/or
pKmyc-exportin-5 (10) plasmids using FuGENE 6 (Roche Applied Sci-
ence). 20 h after transfection, cells were fixed for 30 min at room
temperature with 4% paraformaldehyde in phosphate-buffered saline
and permeabilized with 70% EtOH overnight at 4 °C. RNAs were de-
tected by fluorescent in situ hybridization as described on the web site
Singerlab.aecom.yu.edu, using a Cy3-labeled DNA oligonucleotide
probe (Proligo) recognizing a region ranging from nucleotide 24 to
nucleotide 63 of VA RNAs. Myc-tagged exportin-5 and ILF3 were sub-
sequently detected by a 30-min incubation with the 9E10 monoclonal
antibody to Myc-tag (Roche Applied Science) and affinity-purified anti-
ILF3.2 antibody followed by AMCA-conjugated donkey anti-mouse IgG
(Jackson ImmunoResearch Laboratories) and fluorescein isothiocya-
nate-conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch
Laboratories), respectively. Images were acquired with a X100 oil-
immersion objective lens on a Leica DMRB epifluorescence microscope
equipped with a CCD camera (Princeton) controlled by Metaview soft-
ware (Universal Imaging Corporation).

Antibodies—Rabbit polyclonal anti-ILF3 antibodies were raised ei-
ther to E. coli-purified His-tagged ILF3 (anti-ILF3.1), kindly provided
by G. N. Barber (11), or to amino acids (4-397) of human ILF3 (anti-
ILF3.2; Cocalico Biologicals, Reamstown, PA).

RESULTS

ILF3 Interacts with Export-competent RNA Minihelices—To
characterize Ran-independent minihelix-binding proteins, nu-
clear extract from Hela cells was first passed over a single-
stranded DNA column to select nucleic acid-binding proteins.
The eluate (E250) was tested for components able to bind VA1
RNA in a electrophoretic mobility retardation assay. To pre-
vent interference in this assay by the La protein, which recog-
nizes 3’ oligo-uridine motifs (15), we used a mutant form of VA1
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A

Competitor

Fic. 1. Evidence for a VARdm bind-
ing activity in HeLa nuclear extracts.
A, an electrophoretic mobility retardation
assay was performed using a radio-la-
beled VARdm probe and either total HeLa
nuclear extracts (input) or single-
stranded DNA column flow-through and
eluate (E250) prepared from HeLa nu-
clear extracts. Complexes were formed in Free
the absence (—) or in the presence of 5 probe
pmol of the indicated competitor. B, an
electrophoretic mobility retardation assay
was performed using a radio-labeled
VARdm probe and single-stranded DNA
column eluate (E250) prepared from
HeLa nuclear extracts. Complexes were
formed in the absence (—) or in the pres-
ence of increasing amounts (0.25, 1, 2.5, B
and 10 pmol) of the competitor RNAs in-

Complex —

dicated above the lanes. The positions of Competitor
the free probe and the complex are indi-
cated on the left.
Complex —
Free
probe

(called VARdm) in which this sequence has been modified (6). A
VARdm/protein complex was detectable using the E250 eluate
(Fig. 1A). We then tested the ability of previously described
mutant RNAs (6) to compete out the formation of the VARdm/
protein complex. Both VA RNA and Stem20, which form an
export-competent minihelix structure, efficiently prevented
complex formation (Fig. 1B). In contrast, mutant RNAs that
display mispairing of the 5 end (Mut9 and MMS3), a shorter
stem (Stem12), or no stem (Mut10) poorly interfere with com-
plex formation in vitro (Fig. 1B). The correspondence between
the capacity of a given RNA to be exported from the nucleus (5),
to inhibit VARdAm nuclear export in Xenopus oocyte nuclei (6),
and to compete with VARdm for formation of the complex,
suggested that this complex might be linked to the nuclear
export of VARdm.

To identify the VARdm binding activity, a fraction eluted
from the single-stranded DNA column (E250) was further pu-
rified on a VARdm RNA affinity column. Bound proteins were
eluted with increasing salt concentrations and tested for
VARdm binding activity using the gel mobility retardation
assay (Fig. 2A, right panel). VARdm binding activity was re-
covered in the 250 and 500 mm NaCl fractions. Analysis by
SDS-PAGE of the proteins eluted under these conditions re-
vealed a correlation between the presence of an 80-90-kDa
protein and the VARdm binding activity (Fig. 24, left panel,
star). This protein was excised from the gel and digested in situ
with trypsin. The resulting peptides were analyzed by mass
spectrometry (16), which identified the 80-90-kDa protein as
the short form of ILF3 (also called NF90, NFAR-1, MPP4, and
DRBP76). ILF3 is a nuclear protein that contains two dsRBD
and an RGG domain and that influences gene expression (11,
17-22). Importantly, the RNA/protein complex was dissociated
upon addition of anti-ILF3 antibodies whereas mock antibodies

..I .“

- . = ] .
- .

Flow
Input  Through E250

VARdm Mut 10 Mut 9 Stem 20 Stem 12 MM 3
—_—] ] ) ] e ] 1]

'.- l.u-;' i "

had no effect (Fig. 2B). This result confirms that ILF3 repre-
sents the VARdm binding activity. The formation of an ILF3/
VARdm complex was also detected using GST-ILF3 (404-592),
a recombinant fusion protein between GST and both dsRBDs of
ILF3 (Fig. 2C). However no complex could be formed when
mutations causing a loss of dsRBD structure were introduced
(10) (Fig. 2C). Interestingly, the amount of ILF3/VARdm com-
plex measured as a function of GST-ILF3 (404-592) concentra-
tion followed a bi-exponential curve suggesting that both
dsRBDs could cooperate to bind the same RNA molecule. Al-
though the affinity of GST-ILF3 (404-592) for VARdm is ~50-
fold lower than the E250 fraction, the complex was inhibited by
VARdm but much less by Mut10 or Mut9 RNAs (Fig. 2, C and
D). Taken together, these results indicate that ILF3 directly
interacts with VARdm RNA with the specificity expected for
the cellular factor participating to VARdm nuclear export.
ILF3 Forms an RNA-dependent Complex with Exportin-5
and RanGTP—We reported recently that exportin-5 mediates
nuclear export of both minihelix-containing RNAs (6) and
dsRNA-binding proteins, including ILF3 (10). It has also been
shown that interaction between in vitro translated ILF3 and
exportin-5 was affected upon RNase treatment suggesting that
the complex between these proteins was RNA-mediated (8).
To determine whether exportin-5 forms distinct nuclear ex-
port complex with dsSRNAs and proteins or rather co-transports
minihelix-containing RNAs and ILF3, it was first essential to
produce RNA-free recombinant ILF3. For this purpose, an His-
tagged version of ILF3 produced in E. coli was submitted to
different salt treatments to extract RNA. RNAs associated with
ILF3 prior to and after treatment were purified, 3’ end post-
labeled, and analyzed by gel electrophoresis. As shown in Fig.
3A, untreated ILF3 was co-purified with small E. coli RNAs
that were extracted upon treatment with 2 m NaCl. We then
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Fic. 2. Identification of the VARdm binding activity as human ILF3. A, proteins eluted from the single-stranded DNA column (£250)
were incubated with streptavidin-coated magnetic beads pre-bound to biotinylated VARdm RNAs. Bound proteins were eluted with increasing
NaCl concentrations and analyzed by SDS-PAGE and silver staining (left panel). The star indicates the position of ILF3. Alternatively, E250,
flow-through (F'T), and eluted fractions were assayed in the gel mobility retardation assay on radio-labeled VARdm probe as described in Fig.
2 (right panel). B, an electrophoretic mobility retardation assay was performed using the E250 fraction in the absence (—) or in the presence
of anti-ILF3 or mock antibodies. RNA/protein complexes were formed before addition of antibodies. C, an electrophoretic mobility retardation
assay was performed on radio-labeled VARdm probe using increasing amounts (from 37 nM to 7 uM) of recombinant GST-ILF3 (404-592) wt
or 7 uM mutated GST-ILF3(404-592; F432-559A). The amount of GST-ILF3/RNA complex formed in the different conditions was quantified
and expressed as percent of total radiolabeled RNA. D, an electrophoretic mobility retardation assay was performed using 9 um GST-ILF3
(404-592). Complexes were formed in the absence (—) or in the presence of increasing amounts (5, 20, and 50 pmol) of the competitor RNAs
indicated above the lanes.
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Fic. 3. ILF3, VA RNA, and exportin-5 form a RanGTP-dependent quaternary complex. A, recombinant His-ILF3 bound on Ni?*-agarose beads
was treated with KC1 1 M, NaCl 1 M, or NaCl 2 M before elution as indicated. Purified protein was then treated with proteinase K, and associated RNAs were
purified by phenol-chloroform extraction and precipitated. Isolated RNAs were 3’ end-labeled with (5'-*P)-pCp, treated with DNase or RNase when
indicated, and resolved by electrophoresis on 8% denaturing polyacrylamide gels. B, an electrophoretic mobility retardation assay was performed on
radio-labeled VARdm or Mut9 probe using different combinations of recombinant ILF3 (2 um), exp5 (0.3 um), Ran GDP (2 um), or RanQ69L-GTP (2 um) as
indicated. The position of the different RNA/protein complexes formed is indicated. * corresponds to a nonspecific band. C, recombinant ILF3 (2 um), exp5
(1 um), and GST-RanGTP (4 um) were incubated in the absence or in the presence of VARdm, Mut10, Mut9, or Stem20 (0.4 um), and complexes were
pulled-down on glutathione-agarose beads. Bound proteins were analyzes by SDS-PAGE and Western blotting using anti ILF3, anti-His, and anti-Ran
antibodies. D, endogenous ILF3 was immunoprecipitated from HeLa cells with an antibody that recognizes both the 120- and 90-kDa forms of the protein.
To destroy any bound RNA, the cell lysates were treated where indicated with V1 RNase. Following digestion, RNase activity was inactivated with RNasin.
Recombinant exportin-5-Hisg was added where indicated + RanQ69L and VARdmRNA.

analyzed the ability of exportin-5 to bind ILF3/VARdm complex ently form specific complexes with VARdm whereas they inter-
by bandshift assay using RNA-free recombinant proteins. As acted poorly with Mut9 RNA (Fig. 3B). Addition of exportin-5 to
expected, both ILF3 and exportin-5/RanGTP could independ- the ILF3/VARdm complex led to the formation of a RanGTP-
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dependent quaternary complex (Fig. 3B, compare lanes 5 and
6) that was barely detectable when the RNA 5’ end was mis-
paired. To determine whether the interaction between expor-
tin-5 and ILF3 within the quaternary complex was direct or
rather mediated by the RNA moiety, we tested the ability of
ILF3 to bind exportin-5/GST-RanGTP in the absence or in the
presence of RNA. This GST pull-down assay clearly revealed
that the interaction between ILF3 and exportin-5 required
addition of VARdm (Fig. 3C). Consistent with gel shift assays,
neither Mut10 nor Mut9 were able to mediate this interaction
in the same experimental conditions. Interestingly, addition of
a minihelix-containing RNA with a shorter stem than VARdm
(Stem 20) did not allow the formation of the quaternary com-
plex (Fig. 3C). In agreement with data obtained using recom-
binant ILF3, we found that endogenous ILF3 immunoprecipi-
tated from HeLa cells and treated with RNase VI, which
specifically degrades dsRNAs, interacted with exportin-5 in a
dsRNA- and RanGTP-dependent manner (Fig. 3D). This inter-
action could not be mediated by tRNA or small interfering RNA
(not shown). Together these data clearly indicate that binding
of both exportin-5 and ILF3 on the same RNA molecules re-
quires not only a minihelix structure but also a sufficient
length of double-stranded RNA likely to avoid any steric
hindrance.

The Formation of the VaRdm/ILF3/Exportin-5/RanGTP
Quaternary Complex Is Cooperative—To get further insights on
the formation of the quaternary complex, the effect of expor-
tin-5 on the ILF3/VARdm interaction was analyzed by gel shift
assay using increasing concentrations of ILF3 in the presence
or absence of exportin-5. As shown on Fig. 44, 4% of VARdm
interacted with ILF3 used at 1 uM in the absence of exportin-5
whereas 40% of VARdm was engaged in the quaternary com-
plex in the presence of exportin-5 and the same concentration
of ILF3 (Fig. 4A, compare ILF3/RNA and ILF3/exp5/Ran/
RNA). Exportin-5 thus clearly facilitated the binding of ILF3 to
VaRdm and decreased the pseudo-K, by a factor of ~3. Con-
versely, when the binding of exportin-5 to VARdm and to
VARAm/ILF3 were compared using increasing amounts of ex-
portin-5, ILF3 also increased the binding of exportin-5 to
VARdm at sub-optimal concentration of exportin-5 (Fig. 4B,
compare exp5/Ran/RNA and ILF3/exp5/Ran/RNA). As ex-
portin-5 interacts with VaRdm at a nanomolar range whereas
ILF3 binds RNA at a micromolar range, the effect of exportin-5
on the formation of ILF3/VaRdm complex was more obvious.
These in vitro results clearly show that each partner of this
quaternary complex increases the affinity between the two
others thus allowing the cooperative formation the ILF3/RNA/
exportin-5/RanGTP export complex.

VARdm Stimulates ILF3 Nuclear Export ex Vivo—To evalu-
ate the functional consequences of this RNA-mediated ILF3/
exportin-5 interaction, we analyzed the effect of minihelix-
containing RNAs on the nuclear export of ILF3 by
microinjection experiments. For this purpose, VARdm or M9
RNAs were co-injected with exportin-5 in the nucleus of HeLa
cells, and the localization of endogenous ILF3 was assessed by
indirect immunofluorescence using anti-ILF3 antibodies and
quantified in each condition (Fig. 5, A and B). Although ILF3
can shuttle between nucleus and cytoplasm (10), more than
90% of endogenous ILF3 was localized, at the steady-state, in
the nucleus of non-injected cells or cells microinjected with
water or Mut9 (Fig. 5A, panels e and h). In contrast, microin-
jection of VARdAm into the nucleus promoted the shift of a
significant fraction of endogenous ILF3 to the cytoplasm
(35.7 = 5.7%; see Fig. 5, A, panel b, and B). Similarly, VARdm
and not M9 RNA was able to delocalize from the nucleus to the
cytoplasm the GST-GFP-ILF3 (533-640) fusion protein micro-
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Fic. 4. VA RNA, ILF3, RanGTP, and exportin-5 form a cooper-
ative complex. A, radio-labeled VARdm-containing complexes were
formed in the absence (—) or in the presence (+) of exp5 (300 nm)
supplemented with RanQ69L-GTP (1 uM) and increasing concentra-
tions of ILF3. Complexes were analyzed by electrophoretic mobility
retardation assay. The position of the different RNA/protein complexes
is indicated on the left. VARdm-containing complexes were quantified
in each condition from three independent experiments (filled circle,
ILF3/RNA,; filled triangle, ILF3/exp5/Ran/RNA; open square, exp5/Ran/
RNA). B, radio-labeled VARdm-containing complexes were formed in
the absence (—) or in the presence (+) of ILF3 (2 uM) and increasing
concentrations of exportin-5 supplemented with RanQ69L-GTP (1 um).
Complexes were analyzed by electrophoretic mobility retardation assay.
The position of the different RNA/protein complexes is indicated on the
left. VARdm-containing complexes were quantified in each condition
from three independent experiments (filled square, exp5/Ran/RNA;
filled triangle, ILF3/exp5/Ran/RNA; filled circle, ILF3/RNA).

injected into the nucleus of HeLa cells without co-injection of
exportin-5 (not shown). These data indicate that VARdm in-
creased the efficiency of ILF3 nuclear export in HeLa cells and

0202 ‘Tz .equsos@ uo SYND e /B10°0q [ mmmy/:dny woJ) pspeojumod


http://www.jbc.org/

890 Nuclear Co-transport of Minihelix RNA and ILF3

A endogenous
FITC-dextran ILF3 DAPI
VARdm 5 $
a
Mut 9

Hz0

@ 50

o

(=

g a0l

2o

g8

= x 304

U o~

E 9

g = 20

-

g- (3}

Fy 10

@™

1'%

= 0

water mut® VARdm VARdm
neighbors
exp5 ILF3 RNA
VAAIV -
b

VAAIV+ILF3

VAAIV+exp5+ILF3

Fic. 5. ILF3 and VA RNA are co-exported by exportin-5. A,
recombinant exp5 (0.5 uM) and VARdm RNA (22 um), Mut9 RNA (22
uM), or deionized water were injected into the nuclei of HeLa cells using
fluorescent dextran as an injection marker. All injected cells were
incubated for 2.5 h at 37 °C before fixation. Endogenous ILF3 was
detected using the anti-ILF3.2 affinity purified antibody and a Texas
Red-conjugated secondary antibody. Nuclei were visualized using
DAPI. B, mean cytoplasmic fluorescence values for endogenous ILF3 in
water-, Mut9-, or VARdm-injected cells or VARdm uninjected nearest
neighbor cells were obtained using Openlab (Improvision). All values
were corrected for background fluorescence levels and normalized to the
cytoplasmic fluorescence levels of water-injected cells. Each data point
represents the mean cytoplasmic fluorescence obtained from 15 ran-
domly chosen cells. Error is expressed as =1 S.D. from the mean. The

that endogenous exportin-5 is not a limiting component.

To further confirm that both minihelix-containing RNAs and
exportin-5 are required ex vivo to efficiently export ILF3, we
analyzed the localization of ILF3 in cells expressing a low
amount of exportin-5 (Fig. 5C). We used a sub-clone of BHK21
cells that do not completely lack exportin-5 but contain a low
amount of this protein (see Supplemental Material). In the
absence of exogenous ILF3 and exportin-5, VA RNA expressed
from transient transfection accumulated in defined nuclear
dots (panel c). Interestingly, VA RNA was able to de-localize
endogenous ILF3 from the nucleoplasm to the same dot struc-
tures indicating that VA RNA and ILF3 form a complex in
intact cells (panel b, compare transfected and untransfected
cells). Co-transfection of VA RNA with ILF3 encoding plasmids
did not significantly affect the nuclear localization of ILF3
(panels d—f) indicating that neither VA RNA nor the weak
amount of endogenous exportin-5 alone was sufficient to pro-
mote an efficient nuclear export of ILF3 or VA RNA. In con-
trast, overexpression of both VA RNA and exportin-5 led to a
notable increase of both ILF3 and VA RNA in the cytoplasm of
transfected cells (panels g—i).

Taken together, these data therefore clearly show that mini-
helix-containing RNAs increase the efficiency of ILF3 nuclear
export, likely by promoting the formation of a quaternary ILF3/
RNA/exportin-5/RanGTP export complex, and indicate that
ILF3 is co-transported with minihelix-containing RNA in vivo.

DISCUSSION

Here we identified the dsRNA-binding protein ILF3 as a
specific partner for the structural RNA minihelix motif that
consists in a double-stranded RNA stem of at least 14 nucleo-
tides, with a base-paired 5’ end and 3—8-nucleotide protruding
3" end. ILF3 is a nuclear protein presenting two dsRBDs, as
well as an RGG domain. Results shown here indicate that both
dsRBDs of ILF3 are sufficient to recognize the minihelix struc-
ture independently of its sequence and suggest that they could
cooperate to bind the same RNA molecule with a micromolar
range affinity. Although ILF3 preferentially interacts with
minihelix motif, it primarily recognizes dsRNA (17). Indeed
high amounts of mutant minihelix compete for the interaction
between VA and ILF3, and, in addition, ILF3 also interacts
with unspecific dSRNAs such as poly(rD)-poly(rC) (23). Struc-
tural analysis of dsRBD from different proteins indicates that
the RNA/dsRBD interface is mainly insured by the sugar-
phosphate backbone with few base-specific interactions, ex-
plaining why dsRBPs recognize a structural motif rather than
a consensus sequence (24-27). dsRBDs share a common struc-
ture but still exhibit distinct properties. Indeed, characteriza-
tion of chimeric or truncated proteins shows that dsRBDs are
not interchangeable (28). They can exhibit different affinity for
dsRNA, cooperate to bind dsRNA (29-31), and are functionally
non-equivalent (32, 33). It has been proposed that the combi-
nation of several dsRBDs with different properties participates
to the substrate specificity of dsRBP. In particular, cleavage
affinity assays show that binding of PKR to dsRNAs is medi-
ated by either one or both dsRBDs depending on the ligand,
and each dsRDB can recognize different sites on the same RNA

mean cytoplasmic fluorescence of VARdm cells is statistically different
by t test as compared with that of the water- or Mut9-injected cells and
VARdm uninjected nearest neighbor cells. C, BHK21 cells were co-
transfected with the appropriate combination of plasmids to express
VA1 RNA and the indicated proteins (on the left). RNAs were detected
by fluorescent in situ hybridization using a Cy3-labeled DNA oligonu-
cleotide probe (c, f, and i), and proteins were visualized by indirect
immunofluorescence using 9E10 monoclonal antibody to detect Myc-
tagged exportin-5 (a, d, and g) and an anti-ILF3 antibody (b, e, and h).
The localization of the nucleus was drawn in panels c, f, and i.
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molecule (34). In vivo, ADAR1 and ADAR2 mediate site-specific
editing of few cellular RNAs, and both enzymes modify the
glutamate receptor B subunit transcript but on distinct ad-
enosines (33, 35, 36). The preference of ILF3 for the minihelix
motif can be compared with properties of the RNase Dicer,
another dsRBP responsible for processing of dsRNA precursor
of miRNAs and small interfering RNAs. Although Dicer is able
to initiate processing at internal sites of dsRNA substrates, it
cleaves more efficiently dsRNAs at their termini (37).

We recently reported (6) that the nuclear transport factor
exportin-5 also interacts with the minihelix motif. However,
this high affinity interaction (nM range) is strictly controlled by
RanGTP. Here we show that ILF3, VA RNA, and exportin-5
form a RanGTP-dependent quaternary complex. GST pull-
down assays using an RNA-free recombinant ILF3 clearly in-
dicate that the VA RNA mediates the interaction between ILF3
and exportin-5. This result is consistent with a recent study (8)
showing that the exportin-5/ILF3 interaction was prevented by
RNase treatment but contradicts our primary observations. We
indeed described a direct and dsRNA-sensitive binding be-
tween exportin-5 and dsRBDs (10). The apparent discrepancy
was because of co-purification of recombinant ILF3 with E. coli
RNAs that mediated interaction with exportin-5 and use of
dsRNA presenting a long unpaired 5’ end unable to bind ex-
portin-5. Interestingly, a minihelix-containing RNA with a
shorter stem than VA (Stem 20) is unable to promote the
quaternary complex formation indicating that a minimal
dsRNA length is required to bridge exportin-5 and dsRBP,
possibly to avoid steric hindrance. In this respect, it should be
noted that export efficiency is lower for Stem 20 than for VA
RNA (5). Although both exportin-5 and ILF3 preferentially
interact with the minihelix structure, it is conceivable that they
occupied distinct binding sites on the same RNA to form the
quaternary complex.

Exportin-5 promotes nuclear export of the VA RNA and
probably mediates transport of viral and cellular RNAs con-
taining such a motif (6). In the present study, micro-injection of
VA RNA in the nucleus of HeLa cells or overexpression of both
VA RNA and exportin-5 in BHK21 cells induces delocalization
of ILF3 from the nucleus to the cytoplasm, likely by allowing
the formation of an ILF3/VA/exp5/RanGTP export complex and
subsequent VA/ILF3 co-transport. Likewise, it has been pro-
posed that exportin-5 could export tRNA when their own export
pathway, involving exportin-t, is deficient and promotes nu-
clear export of eEF1A through aminoacetylated tRNA (8, 9).
Thus, exportin-5 is the first example of a nuclear export recep-
tor that mediates RNA export and drives transport of protein-
aceous cargo through an appropriate and specific RNA adaptor.
This concept might apply to diverse RNPs, in particular to
proteins that associate to mRNAs during their maturation
process and could accompany them during exit from the
nucleus.

Besides the co-transport of ILF3 and VA RNA, our results
raise the question of whether ILF3 could be involved in the
export process. We show here that VA is able to interact with
exportin-5 or ILF3 alone, but both proteins mutually increase
their binding to VA at sub-saturating concentrations. This
suggests that ILF3 could act as a facilitating factor in trans-
port, for example by stabilizing the export competent structure
of the RNA terminal end. VA presents a 3’ protruding end
consisting in an oligouridine stretch, a transcriptional termi-
nation signal for polymerase III transcripts, but also as a
primary binding site for the La protein that behaves as a
nuclear retention factor (38, 39). Mutation of the oligouridine
stretch in a random sequence increased the export efficiency of
the resulting VA RNA (VARdm) indicating that the oligouri-

dine stretch is not required for transport and rather mediates
retention of VA in the nucleus, likely through its interaction
with the La protein (6). ILF3 could thus facilitate nuclear
export of the VA RNA by displacing the La protein and reduc-
ing its nuclear retention. Finally, co-transported ILF3 could
protect the terminal end of the VA from cytoplasmic nuclease
such as Dicer. According to this hypothesis, miRNA precursors
presenting a 30 base-paired long hairpin structure are poten-
tial substrates for exportin-5, but the shortness of their termi-
nal stem won’t allow interaction with ILF3 and would remain
accessible for Dicer processing.
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