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Rotavirus nonstructural protein NSP3 interacts specifically with the 3� end of viral mRNAs, with the
eukaryotic translation initiation factor eIF4G, and with RoXaN, a cellular protein of yet-unknown function. By
evicting cytoplasmic poly(A) binding protein (PABP-C1) from translation initiation complexes, NSP3 shuts off
the translation of cellular polyadenylated mRNAs. We show here that PABP-C1 evicted from eIF4G by NSP3
accumulates in the nucleus of rotavirus-infected cells. Through modeling of the NSP3-RoXaN complex, we have
identified mutations in NSP3 predicted to interrupt its interaction with RoXaN without disturbing the NSP3
interaction with eIF4G. Using these NSP3 mutants and a deletion mutant unable to associate with eIF4G, we
show that the nuclear localization of PABP-C1 not only is dependent on the capacity of NSP3 to interact with
eIF4G but also requires the interaction of NSP3 with a specific region in RoXaN, the leucine- and aspartic
acid-rich (LD) domain. Furthermore, we show that the RoXaN LD domain functions as a nuclear export signal
and that RoXaN tethers PABP-C1 with RNA. This work identifies RoXaN as a cellular partner of NSP3
involved in the nucleocytoplasmic localization of PABP-C1.

The cytoplasmic poly(A)-binding protein (PABP-C1) is con-
sidered a bona fide translation initiation factor which enhances
translation by binding the 3� poly(A) tail of the cellular
mRNAs and simultaneously interacting with eukaryotic trans-
lation initiation factor 4G (eIF4G) (27, 29). eIF4G is a scaffold
protein that allows mRNA circularization by providing sites of
interaction for PABP-C1 and eIF4E, the protein that binds the
5� end of capped mRNAs. eIF4G then coordinates the assem-
bly of several other translation initiation factors, such as
eIF4A, eIF3, and the small ribosomal subunit (37). In synergy
with the cap structure present at the 5� end of most mRNAs,
PABP-C1 stimulates the translation of cellular polyadenylated
mRNAs by enhancing 40S ribosome subunit recruitment and
60S subunit joining (20). Furthermore, PABP-C1 binding to
eIF4G increases the affinity of eIF4E for the cap structure (6,
28) by lowering its dissociation rate. Thus, PABP-C1 enhances
translation by promoting the binding of mRNA to eIF4G and
by lowering dissociation of the 5� cap structure from the
eIF4G/eIF4E complex. Normally evenly dispersed throughout
the cytoplasm, PABP-C1 is redistributed into stress granules
(SGs) under conditions of stress, such as oxidative stress or
heat shock (22). SGs are cytoplasmic foci formed by the con-

densation of mRNAs stalled during translation and bound by
the related RNA-binding proteins TIA-1 and TIA-R. SGs are
not translationally competent, but rather serve as local storage
and protection compartments for mRNAs under translational
arrest during cellular stress. Although it is primarily cytoplas-
mic, PABP-C1 has been detected nevertheless in the nucleus
of several mammalian cells (1, 17, 50, 51) associated with
nuclear pre-mRNP (17). PABP-C1 is thus regarded as a shut-
tling protein that participates in mRNA maturation and nu-
clear export.

Rotaviruses are the major cause of gastroenteritis worldwide
(34) with an estimated death toll of 600,000 children each year,
mainly in developing countries. In developed countries, the
rotavirus burden is measured by the number of outpatient
visits and hospitalizations (in Europe, 1 out of 50 children will
be hospitalized for rotavirus gastroenteritis by 5 years of age),
by the direct medical costs ($250 million/year in the United
States), and by the number of nosocomial infections (2). Dur-
ing rotavirus infection, dimers of the nonstructural protein
NSP3 specifically bind the 3� nonpolyadenylated end of viral
mRNAs and to the translation initiation factor eIF4G (39, 40).
In this context, NSP3 mimics PABP-C1, circularizing the viral
mRNA and thus increasing the translation initiation efficiency
(48). During rotavirus infection, NSP3 displaces PABP-C1
from eIF4G, promoting the translation of viral mRNAs while
inhibiting the translation of cellular poly(A) mRNAs (33,
39, 40).

Another cellular protein, a binding partner of NSP3, has been
identified and called RoXaN (49). RoXaN (ZC3H7B, FLJ13787,
KIAA1031) contains several different protein-protein interaction
domains: tetratricopeptide repeats (TPR) and a leucine- and as-
partic acid-rich (LD) domain are present at the amino terminus,
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and several repeats of RNA-binding zinc fingers constitute the
carboxy-terminal half. The role RoXaN plays in uninfected cells
and during rotavirus infection is still not known.

We examined the subcellular localization of cytoplasmic
PABP-C1 during rotavirus infection and during the expression
of NSP3 in the absence of viral infection. We show that rota-
virus NSP3 expression redirects cytoplasmic PABP-C1 to the
cell nucleus and that this localization requires the interaction
of NSP3 with eIF4G and with the LD domain of RoXaN.

MATERIALS AND METHODS

Cells and viruses. Embryonic monkey kidney MA104, COS7, and embryonic
human kidney HEK293 cells were maintained in Eagle’s minimum essential
medium (BioWhittaker, Emerainville, France) supplemented with 10% fetal
bovine serum (HyClone, SouthLogan, UT), 100 IU/ml penicillin (BioValley,
Marne la Vallée, France), and 100 �g/ml streptomycin (BioValley).

The bovine RF strain of group A rotavirus was used to infect MA104 cells.
Viral infectivity was determined by plaque assays using MA104 cells, as described
previously (40). Infections were performed at a multiplicity of infection (MOI) of
10 PFU/cell or 1 PFU/cell in Eagle’s minimum essential medium in the presence
of trypsin (0.44 �g/ml; Sigma, St. Quentin Fallavier, France) and antibiotics, but
without serum.

Antibodies. A rabbit polyclonal antibody (PAb) specific for the N-terminal
part of NSP3 was obtained by immunization of rabbit with the recombinant
His-tagged protein (amino acids [aa] 3 to 178) expressed in Escherichia coli and
purified by using a nickel chelate column as described previously (38). The
specificity of the anti-NSP3 immunoglobulin G (IgG) has been checked by
Western blot, immunoprecipitation, and immunofluorescence assays of nonin-
fected and rotavirus-infected MA104 cells.

A rabbit PAb specific for the amino terminus of RoXaN was obtained by
repeated injections of a peptide consisting of aa 1 to 17 of RoXaN coupled to
bovine serum albumin (Eurogentec, Belgium). IgGs were purified by using a
protein A column (Melon gel purification kit; Pierce, Roquefort, IL) and
RoXaN-specific IgGs were affinity purified with the peptide (aa 1 to 17) coupled
to Sephadex beads. Purified IgGs were diluted 1/100 for immunofluorescence.

Mouse monoclonal antibodies (MAb) specific for rotavirus RF nonstructural
proteins NSP5 and NSP3 have been described previously (3, 41). 10E10 MAb
specific for PABP-C1 (14) and polyclonal goat TIA1-specific antiserum were
purchased from Abcam (Cambridge, United Kingdom) and Santa Cruz (Santa
Cruz, CA), respectively. Rabbit beta-galactosidase-specific polyclonal antiserum
was obtained from Promega (Madison, WI). Green fluorescent protein (GFP)-
and Flag M5-specific mAbs were purchased from Sigma-Aldrich, and the T7
epitope tag (T7tag)-specific MAb was purchased from Novagen (Darmstadt,
Germany).

Secondary antibodies conjugated to horseradish peroxidase, goat anti-mouse
IgG, and donkey anti-goat IgG were from Jackson Laboratories, and goat anti-
rabbit IgG was from Sigma-Aldrich. AlexaFluor 488, 546, or 647 goat anti-mouse
IgG; AlexaFluor 488, 546, or 647 goat anti-rabbit IgG; and Alexa Fluor 488, 546,
or 647 goat anti-guinea pig IgG (Molecular Probes, Inc., Eugene, OR) were used
as described below. Nuclei were stained with 4�,6�-diamidino-2-phenylindole
(DAPI).

Transfections, immunoprecipitations, and RNA binding assays. HEK293 cells
(approximately 2 � 106 per 60-mm poly-L-lysine-coated plate [BDBiocoat, Er-
embodegem, Belgium]) and MA104 cells (approximately 1 � 104 per 12-mm
glass coverslip) were plated 24 to 36 h prior to transfection. Transfections were
performed using Lipofectamine 2000 (InvitroGene, Cergy Pontoise, France)
according the manufacturer’s instructions. Cells were washed and processed for
immunofluorescence or coimmunoprecipitation analysis 36 to 48 h after trans-
fection.

For immunoprecipitations, cells were washed once with 1 ml of cold (4°C)
phosphate-buffered saline (PBS) supplemented with Complete protease inhibi-
tor cocktail (one tablet per 50 ml; Roche, Meylan, France) and lysed in 1 ml of
TMGK buffer (20 mM Tris-HCl [pH 8], 20 mM MgCl2, 110 mM KCl, 1% Triton
X-100). Cell debris was removed by centrifugation. Immunoprecipitation was
performed by adding 1 �l of MAb or 1 �l of PAb to the whole-cell lysate
supernatant and incubating overnight at 4°C with end-over-end rotation. Fifty
microliters of a 50% suspension of protein A-Sepharose beads in TMGK buffer
was then added, and the incubation was continued for 1 h at 4°C. Protein
A-Sepharose beads were then subjected to centrifugation (1,300 � g, 30 s), and
washed three times with 400 �l TMGK buffer.

RNA binding assays were performed by incubating transfected cell lysates with
50 �l of a 50% suspension (in TMGK buffer with 200 mM KCl) of oligoribo-
nucleotides coupled to Sepharose or to cross-linked acrylamide beads (Sigma)
for 2 h at ambient temperature. Mouse IgGs coupled to Sepharose beads were
used as the nonspecific binding control. After three washes with TMGK buffer,
proteins bound to the beads were recovered in loading buffer, resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and identified
by immunoblotting.

Immunoblots. Cells or beads were recovered in loading buffer (10 mM Tris-
HCl [pH 6.8], 2% SDS, 10% glycerol, 150 mM 2-ß-mercaptoethanol), and pro-
teins were resolved by SDS-PAGE in Laemmli buffer and then transferred to
polyvinylidene difluoride membranes (Immobilon-P; Millipore, France) by trans-
verse electrophoresis in 10 mM CAPS (Sigma) (pH 11)–10% ethanol buffer.
Next, the membrane was incubated for 1 h at room temperature in PBS con-
taining 0.1% Tween 20–5% dry milk or in SuperBlock (Pierce) blocking reagent
solution and then washed three times with PBS–0.1% Tween 20 and incubated
overnight at 4°C with primary antibody (1:1,000 for PABP-C1; 1:5,000 for beta-
galactosidase-, T7tag-, and Flag M5-specific antibodies; 1:4,000 for NSP3-specific
polyclonal rabbit antiserum; and 1:2,500 for enhanced GFP [eGFP]-specific
MAb). The membrane was washed three times in PBS containing 0.1% Tween 20
and incubated for 1 h at room temperature with secondary antibody (1:10,000
dilution for goat mouse-specific IgG and 1:20,000 for goat rabbit-specific IgG or
donkey goat-specific IgG; Jackson Laboratories, Bar Harbor, ME) conjugated to
horseradish peroxidase and then washed again three times in PBS containing
0.1% Tween 20, incubated with peroxidase substrate (SuperSignal; Pierce) and,
finally, exposed to film for various amounts of time.

Immunofluorescence staining and confocal microscopy. MA104 cells (1.5 �
104) seeded on 12-mm glass coverslips were infected with rotavirus RF at an
MOI of 1 or 10 PFU/cell in 200 �l of incomplete media supplemented with
trypsin. After adsorption at 37°C for 1 h, 800 �l incomplete medium was added
to each well and cells were incubated at 37°C for various times. Cells were fixed
with 4% paraformaldehyde at room temperature. Fixed cells were washed twice
in PBS and permeabilized with 1% Triton X-100 (Bio-Rad, Hercules, CA) in
PBS for 20 min at room temperature with shaking. Nonspecific binding of
antibody was blocked by the incubation of cells for 15 min in PBS containing 5%
boiled horse serum (Sigma), 0.5% Triton X-100 (Bio-Rad), and 0.2% fish gelatin
(Sigma). Subsequent washes and dilutions were performed with this wash-dilu-
tion buffer, but with 1% boiled horse serum, unless otherwise indicated. Cells
were incubated with the primary antibody for 1 h and then washed three times.
Cells were incubated with AlexaFluor 488, 546, 633, or 647 goat anti-mouse IgG;
AlexaFluor 488, 546, 633, or 647 goat anti-rabbit IgG; and Alexa Fluor 488, 546,
633, or 647 conjugated goat-, mouse-, rabbit-, or guinea pig-specific IgG (Mo-
lecular Probes, Inc., Eugene, OR) at a dilution of 1:1,000 for 1 to 1.5 h. Cells
were washed three times for 20 min with wash-dilution buffer and twice for 10
min with PBS. Coverslips were immediately mounted or the cells were incubated
with DAPI for 10 min and then mounted on glass slides with ProLong Antifade
(Molecular Probes). Cells were visualized with a Leica SP2 confocal fluorescence
microscope. Coverslips containing mock-infected or -transfected cells were in-
cluded in every experiment and processed in parallel with infected cells. Mock-
infected or -transfected cells were examined first and used to set the background
on the confocal microscope to black before images of infected or transfected cells
were obtained. Images were processed with Adobe Photoshop (Adobe Systems,
Inc., San Jose, CA) and ImageJ freeware (http://rsb.info.nih.gov/ij/index.html).

Oxidative stress with arsenite and leptomycin B treatment. Cells plated on
coverslips for 24 h were treated for 30 min with a final concentration of 100 mM
sodium arsenite. Cells transfected for 24 h were treated with leptomycin B
(LMB, 1 ng/ml, Sigma) for 90 min. Cells were then fixed and processed for
immunofluorescence as described above.

Quantification of nuclear and cytoplasmic PABP. Pictures of randomly se-
lected microscopic fields of MA104 cells transfected with wild-type (wt) NSP3,
NSP3 R187E, or NSP3 K191E, where NSP3 was stained red, PABP was stained
green, and nuclei were stained blue, were taken. Coded pictures were given to
two observers who were blinded to the experimental conditions, and cells ex-
pressing NSP3 and cells with clearly nuclear PABP were counted. Statistical
analysis (�2 test) did not detect significant differences between each observer but
did detect significant differences (P � 0.01) between the percentage of nuclear
PABP in wt NSP3-transfected cells (72%, n � 137) versus mutated NSP3-
transfected cells (35% with NSP3K191E, n � 137; and 32% with NSP3R187E,
n � 187).

Plasmid construction, site-directed mutagenesis, and yeast two-hybrid assay.
NSP3 cDNA RF strain (GenBank accession number Z21639) has been described
previously (40). For mammalian cell expression, NSP3 cDNA was amplified by
PCR and cloned into the pTEJ4 (48) mammalian vector under the control of the
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ubiquitin promoter. A fragment encoding NSP3 150 to 313 was amplified by PCR
and cloned in frame with the eGFP gene into the peGFP-N1 vector (Invitrogen).
Human PABP-C1 cDNA (a kind gift of T. Grange, Paris VI University, Paris,
France) amplified by PCR was cloned into the pcDNA 3.1/Hygro(�) vector
(Invitrogen) in frame with the Flag epitope (49). eIF4G and RoXaN cDNAs
cloned into pcDNA 3.1/Hygro(�) Flag or T7tag have been described previously
(7, 49).

The plasmid pCMV-NLS-NES-gal containing the simian virus 40 T antigen
nuclear localization signal (NLS) and the rabies virus P protein (aa 6 to 60)
nuclear export signal (NES) fused in frame to the bacterial beta-galactosidase
gene cloned into the pCMV plasmid, has been described elsewhere (35) and was
a generous gift from D. Blondel (VMS, Gif/Yvette, France). A fragment of
RoXaN cDNA encoding aa 258 to 297 and encompassing the RoXaN LD
domain (aa 264 to 272) was amplified by PCR with appropriate primers with
appended BglII sites and cloned in frame into the BglII site of pCMV-NLS-gal,
giving the plasmid pCMV-NLS-LD-gal. A similar construct was obtained by
amplification of the same region from a RoXaN cDNA bearing mutations at
aa 267 to 269, which impair NSP3-RoXaN interaction (49), giving pCMV-
NLS-LDmut-gal.

PCR-based site-directed mutagenesis with complementary oligonucleotides
(QuikChange; Stratagene, Massy, France) was used to introduce point mutations
into NSP3 cDNA. The NSP3 	4G (with a stop codon at position 239) construct
has been described previously (48). The carboxy-terminal deletion of RoXaN
was obtained by introducing a stop codon into the coding sequence of RoXaN
cloned in pCDNA3.1-T7tag Hygro(�) by site-directed mutagenesis. Amino-
terminal deletions were obtained by the introduction of a second NotI restriction
site by site-directed mutagenesis, and then NotI digestion followed by religation
removed the 5� fragment of RoXaN cDNA between the T7tag and the new NotI
site and put the T7tag in frame with the shortened RoXaN open reading frame.
The accuracy of the nucleotide sequences obtained was checked by DNA se-
quencing using the Taq dye terminator technique and an ABI 3100 sequencer
(Foster City, CA).

NSP3, eIF4G, and RoXaN cDNAs cloned into pGAD and pGBT9 vectors
have been described previously (1, 14, 31, 49–51) and were used in the yeast
two-hybrid assays with the AH109 (Clontech, Saint-Germain-en-Laye, France)
strain of Saccharomyces cerevisiae (38).

Homology modeling of the NSP3 coiled-coil region. The crystal structure of the
human vimentin coil 2B fragment (Protein Data Bank entry 1GK4) was used as
a template. The sequence of the coiled-coil region of NSP3 was projected onto
chains A and B of 1GK4, using the programs ViTO (8) and MODELLER (13).
The model was manually inspected using COOT (12) and subjected to mild
minimization with REFMAC (32).

RESULTS

PABP-C1 is localized to the nucleus of rotavirus-infected
cells but forms cytoplasmic stress granules upon oxidative
stress. In normal cells, poly(A) binding protein (PABP-C1) is
localized primarily to the cytoplasm (1, 14, 31, 50, 51), most
likely complexed with the poly(A) tail of cellular mRNAs, with
translation initiation complex eIF4F and other cellular pro-
teins, such as Paip1, Paip2, or eRF3 (11, 23, 47, 50). Since
rotavirus infection evicts PABP-C1 from the translation initi-
ation complex eIF4F (39), we examined the subcellular local-
ization of PABP-C1 in rotavirus-infected cells. In addition, a
recent report (31) indicated that PABP-C1 was present in the
nuclei of cells infected with the rotavirus RRV strain.

To investigate the localization of PABP-C1 in rotavirus
(strain RF)-infected cells, MA104 cells infected at an MOI of
1 were fixed 18 h postinfection, and PABP-C1 localization was
examined with MAb 10E10 (Fig. 1). To distinguish between
infected cells and uninfected cells, cells were also stained with
a NSP3-specific polyclonal antibody (Fig. 1A; see also Fig. 3B
and H and Fig. 10D for the uninfected cell control). Surpris-
ingly, in rotavirus-infected cells (NSP3 positive), PABP-C1 was
not found in the cytoplasm, but it formed speckles in the
nucleus (Fig. 1B and C) as described for cells overexpressing

PABP-C1 (1). Thus, during rotavirus infection, PABP-C1 is
relocalized to the nucleus of MA104 cells.

It is possible that the nuclear localization of PABP-C1 dur-
ing rotavirus infection is a feature of rotavirus infection or is
peculiar to MA104 cells, as is, for example, an inability to form
stress granules. Therefore, we examined whether PABP-C1
localized to stress granules upon oxidative stress in MA104
cells as has been described for numerous other cell lines (21).
The subcellular localization of TIA-1 and PABP-C1 was de-
termined by confocal microscopy after treatment of MA104
with sodium arsenite, a strong inducer of stress granules. As
illustrated in Fig. 1D to F, following arsenite-induced oxidative
stress, TIA-1 formed stress granules in MA104 cells. Under
these conditions, PABP-C1 localized in part to cytoplasmic foci
with TIA-1 and in part into the nucleus (Fig. 1D), whereas in
untreated cells, PABP-C1 was diffusely distributed in the cy-
toplasm (see Fig. 10D) and TIA-1 was present in the nucleus
(data not shown). Therefore, MA104 cells are able to form
stress granules upon arsenite treatment, and the nuclear local-
ization of PABP-C1 observed above is the result of rotavirus
infection and not a particularity of the cell line used in our
study.

Overexpression of PABP-C1 in MA104 cells results in nu-
clear localization of PABP-C1, but rotavirus infection does not
induce overexpression of PABP-C1. Nuclear localization of
PABP-C1 has been observed upon overexpression (1) in mam-
malian cells by transfection of a PABP-C1-GFP-expressing
construct. However, the nuclear localization of PABP-C1 when
overexpressed by gene transfection seems to depend on the cell
type and on the level of expression of the protein. In NIH 3T3,
HeLa JW36, or CV1 cells, transfection of a hemagglutinin-
tagged PABP-C1 does not lead to the nuclear accumulation of
PABP-C1 (14, 44, 50). In HeLa cells stably expressing a GFP-
PABP-C1 fusion protein at a level equivalent to 30% of the
endogenous PABP-C1, the fusion protein remains in the cyto-
plasm. However, transient expression of the same fusion pro-
tein results in nuclear localization of PABP-C1 (1).

FIG. 1. Localization of PABP-C1 in rotavirus-infected and uninfected
stressed cells. (A to C) MA104 cells were infected with rotavirus, fixed,
and incubated with NSP3- and PABP-C1-specific antibodies. Secondary
antibodies coupled to Alexa fluorophores stained NSP3 green and
PABP-C1 red. Panel C is a merged image of panels A and B. (D to F)
MA104 cells, stressed by sodium arsenite treatment, were fixed and incu-
bated with TIA-1- and PABP-C1-specific antibodies. Secondary antibod-
ies coupled to Alexa fluorophores stained TIA-1 green and PABP-C1 red.
Panel F is a merged image of panels D and E.
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Whereas rotavirus infection inhibits cellular mRNA transla-
tion, the expression of some proteins, such as GRP94 and
GRP78, increases during rotavirus infection (52). The transla-
tion of PABP-C1 is regulated by a negative feedback loop;
PABP-C1 binds the 5� untranslated region of its own mRNA
and inhibits its translation (36). Since rotavirus NSP3 inter-
feres with PABP-C1-dependent translation (30), it is con-
ceivable that rotavirus infection could induce PABP-C1
overexpression by deregulating this negative feedback and,
consequently, inducing PABP-C1 nuclear localization. We first
determined the localization of PABP-C1 overexpressed in
MA104 cells after transfection and then checked whether lev-
els of PABP-C1 were higher in infected cells.

To determine the subcellular localization of PABP-C1 in
MA104 overexpressing PABP-C1, cells were transfected with a
plasmid construct that allows the expression of Flag-tagged
PABP-C1, fixed, and then incubated with a MAb specific for
the Flag epitope tag. As illustrated in Fig. 2A to C, when
overexpressed in MA104 cells, Flag-PABP-C1 was seen in both
the nucleus and the cytoplasm of transfected cells. Thus,
PABP-C1 can accumulate in the nucleus when overexpressed
in MA104 cells.

Rotavirus-infected cell lysates recovered at different times
postinfection were probed with MAb 10E10 specific for PABP-
C1. Cell lysates were also prepared at different times postin-
fection and from infection at different MOIs to be able to
detect even a transient enhancement of PABP overexpression.
As illustrated in Fig. 2D, none of the conditions tested showed
any increase in PABP-C1 expression compared to that seen
with mock-infected cells. Thus, the nuclear localization of
PABP-C1 during rotavirus infection is not due to an overex-
pression of PABP-C1 induced by rotavirus infection.

PABP-C1 nuclear localization requires interaction of NSP3
with eIF4G. Rotavirus nonstructural protein NSP3 evicts
PABP-C1 from translation initiation complexes because it in-
teracts with eIF4G at the same position as PABP-C1 but with
a hundredfold-higher affinity (15). It is possible that during
rotavirus infection, PABP-C1 freed from eIF4G is redirected
to the nucleus. To determine whether the nuclear localization
of PABP-C1 was a consequence of NSP3 interaction with
eIF4G, NSP3 was transiently expressed in MA104 cells in the
absence of rotavirus infection. Transfected cells expressing
NSP3 were identified by immunofluorescence with a rabbit
NSP3-specific PAb (Fig. 3A), PABP-C1 was visualized using
MAb 10E10 (Fig. 3B), and cell nuclei were labeled with DAPI
(Fig. 3C). The merged PABP-C1, NSP3, and nucleus images
(Fig. 3D to F) indicate that PABP-C1 was indeed present in
the nuclei of cells expressing high level of NSP3, whereas in
untransfected cells or in cells expressing low level of NSP3,
PABP-C1 was diffused into the cytoplasm. Quantification
showed that 74% of the cells expressing NSP3 versus less than
2% of normal cells have a nuclear PABP.

Nuclear localization of PABP-C1 was not observed when a
mutant of NSP3 (NSP3	4G) unable to bind eIF4G and to evict
PABP-C1 (38) was expressed in MA104 cells (Fig. 3G to I).
Note that this deletion mutant is in part localized in the nu-
cleus, while full-length NSP3 is exclusively cytoplasmic. There-
fore, nuclear localization of PABP-C1 during rotavirus infec-
tion is due to the interaction of NSP3 with eIF4G and does not
require other viral factors.

FIG. 2. Localization of PABP-C1 overexpressed in MA104 cells
and expression of PABP-C1 in rotavirus-infected cells. (A to C)
MA104 cells were transfected with pcDNA-Flag PABP-C1 for 36 h,
fixed, and incubated with Flag-specific antibody. Secondary antibody
coupled to Alexa fluorophore stained PABP-C1 green (A). Nuclei
were stained blue with DAPI (B). Panel C is a merged image of panels
A and B. (D) MA104 cells were infected with rotavirus at a high (10)
or low (1) MOI. At the indicated time postinfection (hpi), cell lysates
were prepared and protein was separated by SDS-PAGE. PABP-C1
was detected by immunoblotting. m indicates mock-infected cell lysate.

FIG. 3. Localization of PABP-C1 in cells expressing wt NSP3 or
NSP3	4G. MA104 cells were transfected with pTEJ4 wt NSP3 or
pTEJ4 NSP3	4G, fixed with PAF 36 h posttransfection, and incubated
with NSP3- and PABP-C1-specific antibodies. Secondary antibodies
coupled to Alexa fluorophores stained NSP3 green (A and G) and
PABP-C1 red (B and H). Nuclei were stained blue with DAPI (C).
Panel D is a merged image of panels A and B. Panel E is a merged
image of panels A and C. Panel F is a merged image of panels A to C.
Panel I is a merged image of panels G and H. Note that the two cells
with nuclear PABP-C1 in panel H do not express NSP3	4G (G and I).
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NSP3 expression does not impair CRM1-dependent export.
As PABP-C1 is a shuttling protein, its localization in the nu-
cleus of NSP3-expressing cells could result from increased im-
port of cytoplasmic PABP-C1 freed from eIF4G into the nu-
cleus or a failure of PABP-C1 to exit from the nucleus. We
have shown that NSP3 is involved in the first mechanism
through its interaction with eIF4G, but the possibility that it
also perturbs PABP-C1 exit from the nucleus cannot be ex-
cluded.

PABP-C1 export from the nucleus depends on a leptomycin-
sensitive, CRM1-dependent pathway (51). To determine
whether NSP3 perturbs this pathway, we transfected cells with
a plasmid carrying the bacterial beta-galactosidase coding se-
quence fused to the simian virus 40 NLS and to the rabies P
protein NES (pNLS-NES-gal). It has been shown that the
product of this chimera is mainly cytoplasmic due to a contin-
uous NLS-dependent nuclear import and a potent CRM1-
dependent nuclear export (see Fig. 5 in reference 35). Thus, if
NSP3 is capable of blocking CRM1-dependent nuclear export,
the localization of the NLS-NES-gal protein would be primar-
ily nuclear. Figure 4A to C shows that after transfection of
pNLS-NES-gal into MA104 cells, the chimeric protein is, as
expected, localized to the cytoplasm and that coexpression of
wt NSP3 (Fig. 4D to F) does not modify this localization.
Therefore, the nuclear localization of PABP-C1 observed dur-
ing rotavirus infection or NSP3 expression is not due to a
general impairment of nuclear export through the CRM1 ex-
port pathway.

NSP3 mutants unable to interact with RoXaN. We previ-
ously described another cellular protein partner of NSP3 called
RoXaN (49). The functional role of this cellular protein is still
unknown. RoXaN (977 aa) contains TPR at its amino terminus
(positions 37 to 149) followed by an LD domain (264 to 272)
and four pairs of zinc fingers (see Fig. 1B in reference 49).
RoXaN interaction with NSP3 involves the LD domain of
RoXaN and the coiled-coil domain of NSP3 between aa 149
and 240 (49). The cellular protein paxillin, which contains

several LD domains (46), has been shown to modulate the
nuclear localization of PABP-C1 (50, 51), so we investigated
whether RoXaN could play a similar role.

To study a possible role of NSP3-RoXaN interaction on
PABP-C1 localization, we looked for mutations in NSP3 that
could abolish its interaction with RoXaN without affecting its
binding to eIF4G. The use of the yeast two-hybrid assay and
deletions in the 149 to 240 region allowed us to delineate the
NSP3-RoXaN interaction domain as amino acids 170 to 234 of
NSP3 (Fig. 5A). Further deletions at the carboxy (stop codon
at position 186 or 211) or amino (start codon at 186) terminus
or internal deletion (deletion of 191 to 205) of this region
totally abolished the interaction (Fig. 5A). Insertions of three
alanines at position 191 or 205, to modify the pitch of the
coiled-coil, did not abolish the interaction of NSP3 with
RoXaN, but the same insertions in combination did abolish the
interaction (Fig. 5A). This result underlines the importance of
the tertiary structure of the 170-to-234 region of NSP3 for its
interaction with RoXaN and the importance of using only
limited modification of the 170-to-234 coiled-coil domain in
order to study the role of NSP3-RoXaN interaction on
PABP-C1 localization. To introduce point mutations in NSP3
that could abolish RoXaN-NSP3 interaction without affecting
eIF4G binding, we first built a model of the three-dimensional
structure of the 163-to-239 coiled-coil region of NSP3 and
compared it to the three-dimensional structure of the focal
adhesion kinase targeting domain of the focal adhesion kinase
bound to the LD2 domain of paxillin (4, 16). According to
crystallographic studies, LD motifs contact a hydrophobic
space between two helices, engaging charge-charge interac-
tions with basic residues surrounding a hydrophobic patch. A
NSP3-parallel coiled-coil between positions 170 and 234 could
offer such a binding surface. Mutations that change positively
a charged residue (K or R at positions 180, 185, 187, 191, and
200) to a negatively charged glutamic acid residue were then
introduced into the NSP3 150-to-313 coding sequence fused to
eGFP. Mutations that changed one of the two large amino acid
residues, Y207 and Y226, to a small amino acid (alanine) were
also introduced in the same eGFP-NSP3 150-to-313 chimera.
All these mutations were then tested for RoXaN interaction by
coimmunoprecipitation after cotransfection of eGFP-NSP3
150-to-313 mutants and T7-tagged RoXaN 178 to 414 into
HEK293 cells (Fig. 5B). None of the point mutations totally
abolished the interaction of NSP3 with RoXaN, indicating that
the RoXaN-NSP3 interaction probably occurs on a large sur-
face of NSP3, but mutants R187E and K191E clearly showed a
reduced interaction with RoXaN, with a low recovery level
compared to that of the wt and that of the input material (20
and 15% of the wild-type level and only 1.5 and 5.6% of the
input level, respectively). It should be noted that, although
none of the insertions of three alanines were able to disrupt
NSP3-RoXaN interaction when tested by the two-hybrid assay
(Fig. 5A), NSP3-RoXaN interaction was indeed abolished
when these insertions were introduced in the full-length NSP3
protein and were tested by coimmunoprecipitation (data not
shown). This observation confirms that coimmunoprecipitation
is an accurate method to study NSP3-RoXaN interactions,
whereas the two-hybrid assay cannot be used to quantify such
interactions. When introduced in the full-length NSP3, the
R187E and K191E mutations did not modify interaction of

FIG. 4. NSP3 expression does not impair CRM1-dependent export.
MA104 cells were transfected with pCMV-NLS-NES-gal alone (A to
C) or with pTEJ4 wt NSP3 (D to F), fixed with PAF 36 h posttrans-
fection, and incubated with beta-galactosidase- and NSP3-specific an-
tibodies. Secondary antibodies coupled to Alexa fluorophores stained
beta-galactosidase green (A and D) and NSP3 red (E). Nuclei were
stained with DAPI (B). Panel C is a merged image of panels A and B.
Panel F is a merged image of panels D and E.
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NSP3 with eIF4G, as illustrated in Fig. 5C. Hence, the R187E
and K191E mutations in NSP3 satisfy the prerequisite of a
much lower interaction with RoXaN without affecting eIF4G
binding and, hence, could be used to test the role of NSP3-
RoXaN interaction on PABP-C1 localization.

NSP3 mutants unable to interact with RoXaN do not induce
nuclear localization of PABP-C1. To study the effect of the
R187E and K191E mutations of NSP3 on the localization of
PABP-C1, the R187E and K191E mutations were introduced
into the pTEJ4-RF07 construct and the plasmids were trans-
fected into MA104 cells. PABP-C1 and NSP3 R187E or K191E
were then examined by indirect immunofluorescence. Under
these conditions (Fig. 6), few cells present nuclear PABP-C1
when NSP3 R187E or K191E mutants were expressed com-
pared to results with wt NSP3 (Fig. 3). Quantification of cells
positive for NSP3 staining and for nuclear PABP-C1 indicated
a significant difference (P � 0.01, �2 test) in PABP nuclear
localization between cells expressing wt NSP3, where
PABP-C1 is nuclear in 74% of the cells (n � 137) (compared
to less than 1% in nontransfected cells), and cells expressing
NSP3 K191E and R187E, where only 35% (n � 137) and 32%
(n � 187) of the cells exhibit nuclear PABP-C1, respectively.
The difference between the two NSP3 mutants is not statisti-
cally significant. Thus, diminishing the strength of NSP3-
RoXaN interaction dramatically reduces the efficiency of
PABP-C1 nuclear localization.

FIG. 5. Fine mapping of the NSP3 RoXaN interaction domain in
NSP3. (A) Fine mapping of the NSP3 RoXaN interaction domain in
NSP3 by yeast two-hybrid assay. A schematic representation of NSP3
structural and functional domains is shown. The RNA-binding domain
(gray box), the dimerization (striped box) and the eIF4G-binding do-
main (black box) of NSP3 are indicated along their positions. NSP3
fragments cloned in pGBT9 used in the two-hybrid assay to delineate
the interaction domain of NSP3 with RoXaN are schematically repre-
sented. Black vertical bars represent the insertion of an alanine triplet
at position 191 or 205. Interactions with RoXaN (1 to 977) or eIF4G
(160 to 965) (position according to the MN_198241.1 variant of
eIF4G1) were determined by the capacity of yeast to grow (�) or not
(�) on medium lacking leucine as described previously (38, 49). nt, not
tested. (B) Interaction of NSP3 punctual mutants with RoXaN tested
by coimmunoprecipitation. Plasmids encoding NSP3 150 to 313 fused
to eGFP and mutated at the indicated positions were cotransfected
with a plasmid encoding T7tag-RoXaN 175 to 414. After immunopre-
cipitation (IP) of RoXaN, eGFP-NSP3 chimeras were revealed by
Western blotting (WB) with an eGFP-specific MAb. The immunoblot
of the unprocessed cell lysates is shown as the control (lower panel).
%wt indicates the intensity of each eGFP-NSP3 band in the immuno-

precipitation (measured with ImageJ software) relative to that of wt
NSP3. %input indicates the intensity of each eGFP-NSP3 band in the
immunoprecipitation (measured with ImageJ software) relative to that
of the eGFP-NSP3 band in the cell lysates. (C) Interaction of mutants
K187 and K191 with eIF4G in vivo. Plasmids encoding wt, 	4G,
K187E, and K191E NSP3 were transfected with plasmid encoding
full-length eIF4G variant 8/1 (accession number AF002815) (7) fused
to the Flag epitope. eIF4G coimmunoprecipitated with NSP3 was
revealed by Western blotting with a Flag-specific MAb.

FIG. 6. NSP3 mutants unable to interact with RoXaN do not in-
duce nuclear localization of PABP-C1. MA104 cells transfected with
plasmids encoding NSP3 mutants K187E and K191E (panels A to C
and D to F, respectively) were fixed and incubated with NSP3- and
PABP-C1-specific antibodies. Secondary antibodies coupled to Alexa
fluorophores stained NSP3 red and PABP-C1 green. Panels C and F
are merged images of panels A and B and panels D and E, respectively.
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PABP-C1 interaction with RoXaN. The observations de-
scribed above indicate that, in addition to the NSP3-eIF4G
interaction, a NSP3-RoXaN interaction is essential for sub-
stantial PABP-C1 nuclear localization. It can be envisioned
that in normal cells, RoXaN interacts with PABP-C1 and se-
questers PABP-C1 into the cytoplasm or that RoXaN is in-
volved in the nuclear export of PABP-C1. Furthermore, inter-
action of PABP with the LD domain of paxillin has been
detected in vitro and paxillin is involved in the subcellular
localization of PABP (51). In order to detect an interaction of
PABP-C1 with RoXaN, plasmids encoding the full-length
RoXaN (1 to 977) or different combinations of the TPR, LD,
and zinc finger domains of RoXaN tagged with T7tag were
transfected in HEK293 cells, and the proteins were immuno-
precipitated with a T7tag-specific antibody. PABP-C1 was de-
tected among the proteins coimmunoprecipitated with RoXaN
by immunoblotting with MAb 10E10 following SDS-PAGE
(Fig. 7A). The full-length RoXaN (1 to 977) and the fragment
338 to 977 encompassing all the zinc fingers were both able to
coimmunoprecipitate PABP-C1. Inversely, PABP-C1 was not
coimmunoprecipitated with RoXaN fragment 1 to 336, which
encompasses the TPR and LD domains. Overlapping carboxy-
terminal deletions of RoXaN (Fig. 7A) show that the two zinc
fingers between aa 546 and 637 are required to coimmunopre-
cipitate PABP-C1 with RoXaN.

The requirement of a zinc finger for coimmunoprecipitation
of PABP-C1 suggested that the PABP-C1-RoXaN interaction
could be mediated by an RNA intermediate bound to
PABP-C1 RNA recognition motifs (RRMs) and to RoXaN
zinc fingers. Indeed, treatment of the cell lysate with RNase A
after immunoprecipitation but prior to SDS-PAGE abolished

the coimmunoprecipitation of PABP-C1 (Fig. 7B) and the
RRM region of PABP-C1 (aa 10 to 366) was coimmunopre-
cipitated with RoXaN only if the RNase treatment was omitted
(data not shown).

To definitively establish that RoXaN is an RNA-binding
protein, an RNA pull-down assay was used. Oligoribonucleo-
tides linked to Sepharose beads were used to precipitate full-
length T7tag-RoXaN or T7tag-RoXaN fragment 1 to 336 (as a
negative control). As illustrated in Fig. 8A, only the full-length
RoXaN could be recovered with poly(U) oligoribonucleotides
and, to a much lesser extent, with poly(A). RoXaN fragment 1
to 336, which neither contains zinc fingers nor coprecipitates
PABP-C1 (Fig. 7B), was not retained by any oligoribonucleo-
tides (Fig. 8B). Interestingly, under the same conditions, Flag-
PABP-C1 showed a marked preference for poly(A) sequence
over poly(U) sequence (Fig. 8C).

Together, these results indicate that PABP-C1 and RoXaN
are two RNA-binding proteins with different sequence speci-
ficity; RoXaN can thus tether PABP-C1 through an RNA
intermediate.

RoXaN LD domain functions as a NES. PABP-C1 has been
shown to exit the nucleus using a CRM1-dependent pathway
(1). The CRM1-dependent export pathway relies on the inter-
action of CRM1 with a NES (18). NESs are defined by a
succession of hydrophobic amino acids matching the pattern

X2–3
X2–3
X
, where 
 represents any hydrophobic resi-
due, most frequently leucine, and X represents any amino acid.
As the LD domain of RoXaN matches the NES consensus
sequence (Table 1), we examined whether RoXaN LD domain
(aa 264 to 271) could function as a NES. To this aim, aa 257 to
293 of RoXaN were fused to a NLS-beta-galactosidase chi-
mera, and the fusion protein was localized by indirect immu-
nofluorescence in MA104-transfected cells. An additional con-
trol was provided by the fusion of the same region of RoXaN
but amplified from a mutant (49) in which the amino acids at

FIG. 7. PABP-C1 RoXaN interaction mediated by RNA. (A) PABP
and RoXaN coimmunoprecipitation. Lysates of HEK293 cells trans-
fected with plasmids expressing complete T7tag-RoXaN (1 to 977) or
deletion mutants, as indicated, were immunoprecipitated with a T7tag-
specific MAb. PABP-C1 coimmunoprecipitated with RoXaN was re-
vealed by immunoblotting (lower panels). The expression of the T7tag-
RoXaN mutants was controlled by immunoblotting of the unprocessed
cell lysates with a T7tag-specific MAb (upper panels). (B) RoXaN
tethers PABP with RNA. Lysates of HEK293 cells mock transfected or
transfected with a plasmid expressing complete T7tag-RoXaN (1 to
977) were immunoprecipitated with a T7tag-specific MAb. Half of
each immunoprecipitate was treated with RNase A, and PABP-C1 that
coimmunoprecipitated with RoXaN was revealed by immunoblotting.
IP, immunoprecipitation; WB, Western blotting.

FIG. 8. RoXaN is an RNA-binding protein. Lysates of HEK cells
transfected with a plasmid expressing T7tag-RoXaN (1 to 977) or
T7tag-RoXaN 1 to 336 (Fig. 7A) or Flag-PABP-C1 were incubated
with poly(A), poly(U), poly(C), or poly(G) single-stranded RNA or
poly(I:C) double-stranded RNA or mouse IgG coupled to Sepha-
rose beads. Beads were washed three times, and proteins bound on
beads were analyzed by immunoblotting with T7tag-specific (A and
B) or Flag-specific (C) antibodies. Transfection and immunoblot
controls are provided by unprocessed cell lysates (cl). WB, Western
blotting.
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positions 267 to 269 of the LD domain have been mutated to
alanines (Table 1). Figure 9 provides a comparison of the
subcellular localization of the two fusion proteins. It is clear
that the presence of an intact, wt LD domain with the NLS-
beta-galactosidase protein leads to the accumulation of the
chimeric protein in the cytoplasm (Fig. 9A to C) but that the
mutated chimera is present primarily in the nucleus (Fig. 9D to
F), as is the parental NLS-beta-galactosidase chimera (refer-
ence 35 and data not shown). Moreover, treating cells trans-
fected with the NLS-LD-beta-galactosidase construct with
LMB led to nuclear accumulation of the chimeric protein (Fig.
9G to I), demonstrating that nuclear export of NLS-LD-beta-
galactosidase requires a functional CRM1-export pathway.
These results show that the RoXaN LD domain can fulfill the
function of a NES.

Localization of RoXaN and PABP-C1 in uninfected and
rotavirus-infected cells. We have shown that RoXaN and
PABP can be linked on the same RNA, that the LD domain of
RoXaN can function as a NES, and that PABP is accumulated
in the nuclei of rotavirus-infected cells. We next sought to
determine the localization of RoXaN in infected and unin-
fected cells. To determine the subcellular localization of
RoXaN and PABP in uninfected and rotavirus-infected cells,
an antibody raised against the amino-terminal 17 aa of RoXaN
was used (Fig. 10). MA104 cells were infected at a low MOI
such that not all the cells were infected; thus, infected and
uninfected cells were simultaneously present on the same mi-
croscopic field and could easily be compared with each other.
In uninfected cells (NSP5 negative), RoXaN was present
mainly in the nucleus, while in infected cells (NSP5 positive),
the nucleus was notably depleted of RoXaN. In some infected
cells (Fig. 10A), RoXaN forms a ring around the nucleus
reminiscent of proteins found in nuclear pores (5). In the same
experiment, we also looked at the localization of RoXaN and
PABP-C1 in rotavirus-infected cells (Fig. 10B to D). Infected
cells are recognizable because, as described above, PABP-C1
accumulates in the nucleus. In these infected cells, RoXaN is
less intensely stained in the nucleus than it is in uninfected
cells. Conversely, uninfected cells (Fig. 10) show an even dis-
tribution of PABP-C1 in the cytoplasm, whereas RoXaN is
concentrated in the nucleus.

Thus, in the course of rotavirus infection, although the nu-
cleus appears to be enriched in PABP, it is depleted of
RoXaN.

DISCUSSION

In this report, we have shown that, in the absence of
PABP-C1 overexpression, rotavirus infection or NSP3 expres-
sion lead to the accumulation of PABP-C1 in the nucleus,
whereas rotavirus infection depletes the nucleus of RoXaN.
Two simultaneous conditions are required to achieve nuclear
accumulation of PABP-C1 upon NSP3 expression. First,
PABP-C1 in the cytoplasm must be freed from eIF4G, because
when NSP3 with a deletion in its eIF4G binding domain is
expressed, PABP-C1 remains in the cytoplasm. Second, the LD
domain of RoXaN must be trapped by NSP3, because nuclear
localization of PABP-C1 is not induced by the expression of
NSP3 mutants that have a weakened interaction with RoXaN
but that are still able to interact with eIF4G.

The mechanisms of nuclear import and export of PABP-C1
are not well understood, because PABP-C1 primary sequence
analysis reveals no canonical NLS or NES. Nevertheless,
PABP-C1 is considered to be a nucleocytoplasmic shuttling
protein, because it localizes to the nucleus upon treatment with
the nuclear export inhibitor leptomycin B (1, 50) and because
a GFP-PABP-C1 fusion protein localizes in the nucleus when
it is overexpressed (1) after transient transfection. Our results
shed some light on these mechanisms. Nuclear accumulation
of PABP-C1 was not observed when NSP3	4G, which is un-
able to interact with eIF4G but is still able to interact with
RoXaN, was expressed in cells. Hence, in the absence of over-
expression of PABP-C1, eviction of PABP-C1 from eIF4G is
required for there to be accumulation of PABP-C1 in the
nucleus. The two first RRMs of PABP-C1 are required to
direct PABP-C1 to the nucleus (1). Interestingly, the same two
RRMs are required for full poly(A) binding activity of

FIG. 9. The RoXaN LD domain is a NES. MA104 cells transfected
with pCMV-NLS-LD-beta-galactosidase (A to C and G to I) or the
pCMV-NSL-LD-mut-beta-galactosidase (D to F) for 36 h were treated
with leptomycin B for 90 min (G to I) or left untreated (A to F) and
then fixed and incubated with beta-galactosidase-specific antibody.
Secondary antibody coupled to Alexa fluorophore stains beta-galacto-
sidase green. Nuclei are stained blue with DAPI.

TABLE 1. LD and NES sequencesa

Description Sequence

LD consensus ....................................................................LDxLLxxL
LD RoXaN........................................................................LDtLLdsLsL
NES consensus..................................................................
x2–3
x2–3
x

LD mut RoXaN................................................................LDtaaasLsL
Paxillin LD2 ......................................................................lseLDrLLleL

a Comparison of the LD domain consensus sequence and the NES consensus
sequence with the LD domain of RoXaN and paxillin LD2 (45). Amino acids
that match the NES consensus sequence are in bold letters. Amino acids that
match the LD consensus sequence are in capital letters. Mutations introduced in
the RoXaN LD domain (LD mut RoXaN) are underlined. 
 represents L, I, V,
F, or M, and x refers to any amino acid.
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PABP-C1 and for the binding of PABP-C1 to eIF4G (27)
[although eIF4G-PABP-C1 interaction, in mammalian cells,
does not depend on the presence of poly(A)] (19, 39). Thus,
while PABP-C1 bound to eIF4G appears retained in the cyto-
plasm, unbound PABP-C1 is targeted to the nucleus, suggest-
ing that eIF4G may compete for a common PABP-C1 binding
site with an as-yet-unknown nuclear import factor. Probably
the same mechanism leads to nuclear localization of overex-
pressed PABP-C1: PABP-C1 in excess of eIF4G is directed to
the nucleus. When added to the control of PABP-C1 ho-
meostasis via ubiquitination and Paip2A interaction (53), this
mechanism would ensure a fine tuning of the quantity of cy-
toplasmic PABP-C1 in complex with translation initiation com-
plex eIF4F (eIF4G, eIF4A, eIF4E). Taking into account the
importance of PABP-C1 in mRNA translation initiation, the
control by nuclear localization of the amount of cytoplasmic
PABP-C1 is most probably an important way to control mRNA
translation. A tight control of mRNA translation could be
obtained with a low level of cytoplasmic free PABP-C1 that
maintains a strong competition between poly(A) mRNAs for
translation initiation factors.

Our results show that NSP3 also interferes with PABP-C1
localization through its interaction with RoXaN. As nuclear
localization is the net balance between nuclear import and
nuclear export, RoXaN can interfere with one or the other
process. A direct role of RoXaN in the nuclear import of
PABP-C1 seems very unlikely, because we found that interac-

tion of NSP3 with RoXaN is required for nuclear localization
of PABP-C1, but NSP3 is not found in the nucleus of infected
cells. Furthermore, we did not detect a direct protein-protein
interaction of RoXaN with PABP-C1 and we have no evidence
that RoXaN NSP3 interaction modifies the interaction of
RoXaN with RNA (our unpublished data). Thus, PABP-C1
being a cargo for RoXaN would require nuclear import of a
PABP-C1/RoXaN/RNA ternary complex. But it does not ex-
clude the import of plain RoXaN in the nucleus. Indeed, nu-
clear import of RoXaN might explain why NSP3D4G is in part
present in the nucleus (Fig. 3G and F); in the absence of
interaction with eIF4G, this deletion mutant of NSP3 would be
hauled by RoXaN to the nucleus.

It is more likely that RoXaN plays a role in nuclear export of
PABP-C1. We have shown that RoXaN is a nuclear protein
and that its LD domain can function as a NES for the CRM1
pathway. RoXaN and PABP-C1 are both RNA-binding pro-
teins that can bind the same RNA, and it has been shown that
PABP-C1 utilizes its RNA binding activity to exit the nucleus
(51). Furthermore, PABP-C1 has been involved in the nuclear
export of mRNAs and the coupling of mRNA maturation and
export (9), and poly(A) sequence regulates nuclear export of
mRNA (9). However, while the CRM1 pathway is clearly the
PABP-C1 export pathway (1), it does not make a significant
contribution to the nuclear export of cellular mRNAs (25).
One way to reconcile these observations is to consider that
PABP-C1 molecules are exported through the CRM1 pathway

FIG. 10. Localization of RoXaN in rotavirus-infected cells. MA104 cells, infected with rotavirus RF strain at an MOI of 1 were fixed 18 h
postinfection and incubated with RoXaN- and NSP5-specific antibodies (A) or with RoXaN- and PABP-C1-specific antibodies (C and D).
Secondary antibodies coupled to Alexa fluorophores stained PABP-C1 red, RoXaN green, and NSP5 red. Panels D is a merged image of panels
B and C. Stars indicate noninfected cells, with nuclear RoXaN and without viroplasms in panel A with nuclear RoXaN and cytoplasmic PABP in
panels B to D. The triangle indicates RoXaN forming a rim in an infected cell.
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with RNA bound to adapter protein. Thus, blocking CRM1
nuclear export with leptomycin B would lead to the accumu-
lation of PABP-C1 in the nucleus but will have little effect on
the export of mRNAs from the nucleus. Hence, RoXaN could
be such an adapter for the export of a subset of mRNAs
through the CRM1 pathway, and its sequestration by NSP3 in
the cytoplasm would deplete the nucleus of RoXaN and stop
nuclear export of PABP-C1, as we have observed during rota-
virus infection (Fig. 10).

It should be noted that paxillin has been involved in the
export of PABP-C1 from the nucleus of NIH 3T3 cells via a
CRM1-dependent export pathway, and a direct protein-pro-
tein interaction has been observed between paxillin and PABP-
C1. Furthermore, reducing the level of paxillin by RNA inter-
ference leads to the nuclear accumulation of PABP-C1 (50,
51). Paxillin contains five LD domains (45). Treatment of cells
with leptomycin B induces a nuclear localization of paxillin,
and its second LD domain also fits the leucine-rich NES con-
sensus (Table 1). One might hypothesize that, according to the
cell type and physiological conditions, PABP-C1 utilizes dif-
ferent protein adapters containing LD/NES domains to exit
the nucleus.

Rotavirus NSP3 has evolved two different interactions with
cellular proteins that both lead to the nuclear accumulation of
PABP. Interaction with eIF4G evicts PABP from eIF4G and
unveils its NLS, and interaction with RoXaN sequesters an
element important for nuclear export of PABP-C1. Although
the nuclear addressing of PABP-C1 freed from eIF4G can be
considered a mere consequence of NSP3-eIF4G interaction,
the cytoplasmic recruitment of RoXaN to block PABP export
increases the level of complexity of the rotavirus-host cell in-
teractions. What is the advantage for rotavirus interaction with
RoXaN? One explanation is that it allows a complete deple-
tion of PABP-C1 from the cell cytoplasm and, thus, it rein-
forces the shutoff of translation of cellular polyadenylated
mRNAs and gives a critical advantage to viral mRNAs to be
translated. In addition, PABP-C1 interacts with several other
cellular proteins involved in translation termination (10, 47, 50,
51), RNA stability (42, 43), or subcellular localization (51). It
is thus possible that by depleting PABP-C1 in the cytoplasm,
rotavirus makes some of these factors available in a greater
amount for the viral mRNAs that are unable to recruit these
factors via PABP-C1 due to the absence of 3� poly(A) tails.

Identification of the cellular RNAs bound by RoXaN and
introduction of the NSP3 mutations, described here, back into
the rotavirus genome (24, 26) will allow disentangling the roles
of the interactions between NSP3, RoXaN, and PABP-C1.
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