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The NS1 protein of influenza A virus is a major virulence factor that
is essential for pathogenesis. NS1 functions to impair innate and
adaptive immunity by inhibiting host signal transduction and gene
expression, but its mechanisms of action remain to be fully eluci-
dated. We show here that NS1 forms an inhibitory complex with
NXF1/TAP, p15/NXT, Rae1/mrnp41, and E1B-AP5, which are key
constituents of the mRNA export machinery that interact with both
mRNAs and nucleoporins to direct mRNAs through the nuclear pore
complex. Increased levels of NXF1, p15, or Rae1 revert the mRNA
export blockage induced by NS1. Furthermore, influenza virus
down-regulates Nup98, a nucleoporin that is a docking site for
mRNA export factors. Reduced expression of these mRNA export
factors renders cells highly permissive to influenza virus replica-
tion, demonstrating that proper levels of key constituents of the
mRNA export machinery protect against influenza virus replica-
tion. Because Nup98 and Rae1 are induced by interferons, down-
regulation of this pathway is likely a viral strategy to promote viral
replication. These findings demonstrate previously undescribed
influenza-mediated viral-host interactions and provide insights
into potential molecular therapies that may interfere with influ-
enza infection.
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nfluenza viruses cause ~500,000 deaths worldwide per year

(1). Strains that are extremely pathogenic pose an even greater
health threat. The 1918 influenza pandemic, for example, re-
sulted in ~30 million deaths around the world (2). The non-
structural 1 (NS1) protein of influenza A virus is a major
virulence factor that inhibits host immune responses by disrupt-
ing host signal transduction (3-11) and gene expression (12, 13)
pathways. Genetic studies have shown that abrogation of NS1
function by mutation results in highly attenuated viruses, except
in animals lacking innate antiviral mechanisms (12, 14). These
observations define NS1 as an essential element of viral viru-
lence and suggest that its function represents a point of vulner-
ability for inhibiting influenza viral pathogenesis.

NS1 is a multifunctional protein that, in infected cells, is
localized in both the cytoplasm and in the nucleus (15). In the
cytoplasm, NS1 inhibits innate immune response by forming a
complex with the pathogen sensor RIG-I (4, 7, 9, 10) and by
targeting PKR and the RNase L pathway (6, 8). In addition, NS1
has been shown to activate phosphatidylinositol-3-kinase signal-
ing, which may be important for promoting viral replication (16).
In the nucleus, NS1 inhibits host gene expression. This effect
includes mRNA processing, which is mediated by interaction of
NS1 with polyadenylation factors (CPSF and PABII) (12, 13)
and a putative splicing factor (NS1-BP) (17). The binding of NS1
to CPSF and PABII inhibits polyadenylation of host mRNAs,
contributing to nuclear retention of these messages (12, 13).
However, the potent ability of NS1 to inhibit host mRNA nuclear
export led us to explore a potential interaction of NS1 with the
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mRNA nuclear export machinery that could explain further the
mechanism of mRNA export inhibition induced by NS1.

The mRNA export receptors NXF1-p15 (TAP-NXT) are key
constituents of the mRNA export machinery that is responsible
for nuclear exit of ~70% of cellular mRNAs (18). This het-
erodimer interacts with both messenger ribonucleoprotein par-
ticles and nuclear pore complex proteins [nucleoporins (Nups)]
to direct mRNAs through the nuclear pore complex (NPC) (18).
Another factor termed E1B-APS5, identified as a cellular protein
that interacts with the adenovirus protein E1B-55 and implicated
in mRNA export (19), is an hnRNP-like protein that likely
mediates the interaction of NXF1 with mRNAs (20). In addition,
other RNA-binding proteins such as the REF family (21) and SR
splicing factors (22) also are known as adapters for the interac-
tion between NXF1 and mRNAs. Furthermore, the mRNA
export factor Rael/mrnp41/Gle2 (23-25), which shuttles be-
tween the nucleus and the cytoplasm, forms a complex with
RNPs (24, 26), NXF1 (27), and the nucleoporin Nup98 (26). It
has been proposed that Rael may recruit TAP to Nup98 to
mediate transport through the NPC (27).

Nuclear export of mRNAs has been shown to be targeted by
viruses. For instance, the VSV matrix (M) protein is an inhibitor
of bulk mRNA nuclear export (28-30), and we showed that it
interacts with Rael (31), which is in complex with Nup98 (30,
31). However, this mRNA export block can be fully reverted by
increasing the intracellular levels of Rael or partially reverted by
inducing higher levels of Nup98-Nup96 (31, 32). Furthermore,
treatment of cells with interferons, which up-regulates Nup98-
Nup96 and Rael, also can revert this mRNA export blockage
mediated by VSV M protein (32). Recently, by targeting the
Nup96 gene in mice to produce a strain that expresses low levels
of Nup96 protein, we demonstrated a role for Nup96 in prefer-
entially facilitating expression of IFN-regulated proteins (33).
Thus, these findings showed a complex role for the mRNA
export machinery in both viral-mediated cytotoxicity and anti-
viral response.

In this study, we investigated the mechanisms used by influ-
enza A virus to disrupt the mRNA nuclear export machinery,
leading to a block in mRNA export. In addition, we showed a
previously undescribed role for the mRNA export machinery in
regulating influenza virus replication and cytotoxicity.
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Fig. 1.  Influenza virus inhibits poly(A) RNA nuclear export. (a) MDCK cells
were mock infected or infected with A/WS/33 influenza virus at an MOl of 1 for
6 and 24 h. Immunofluorescence using antibodies against influenza proteins
(green) and oligo(dT) in situ hybridization (red) was performed. (b) Expression
of influenza proteins in MDCKs. Cell extracts from MDCK cells infected with
A/WS/33 at an MOI 1 for the indicated time points were subjected to immu-
noblot analysis with anti-influenza protein antibodies.

Results and Discussion

NS1 Interacts with Key Constituents of the mRNA Export Machinery.
To examine the importance of regulated bulk mRNA export in

host poly(A) RNA in influenza virus-infected cells. We detected
inhibition of bulk host poly(A) RNA nuclear export in MDCK
cells infected with the influenza virus strain A/WS/33 at a
multiplicity of infection (MOI) of 1 (Fig. la). Expression of
influenza proteins clearly was detected by immunoblot analysis,
starting at 4 h after infection (Fig. 1b). Inhibition of mRNA
export was observed as early as 6 h after infection (Fig. 1a),
which was a time point at which we could easily detect infected
cells by using polyclonal antibodies against all influenza proteins.
However, inhibition of mRNA export may begin even earlier,
because a key constituent of the mRNA export machinery is
degraded at early stages of infection (see below). The inhibition
of mRNA export was enhanced by 24 h of infection. Inhibition
of export appeared to be selective for host mRNAs; viral proteins
were expressed throughout the course of infection, presumably
because viral RNAs are exported through the Crml1 pathway
(34), which does not involve NXF1, p15, or Rael.

We then investigated whether NS1 interacts with the mRNA
nuclear export machinery. Purified GST-NS1 or GST alone was
incubated with cell extracts from 293T cells, which expressed
zz-p15. As shown in Fig. 2a, NS1 interacted with endogenous
NXF1, pl5, Rael, E1B-APS5, and very weakly with Nup98. In
contrast, we did not detect any interaction of NS1 with other
constituents of the nuclear transport machinery including
Nup96, Nup62, Nup153, and Nup214 (Fig. 2 b and c). These
results indicate that NS1 binds specifically to the mRNA export
factors NXF1, p15, Rael, and E1B-APS, which are known to
form a complex (27).

We then analyzed the domains of NS1 involved in the inter-
actions with these constituents of the mRNA nuclear export
machinery. A domain within the amino terminal region of NS1,
from amino acids 19 to 38, is required for NS1-mediated
inhibition of mRNA nuclear export (35). Furthermore, a region

the context of viral infection, we determined the distribution of  at the carboxyl terminal domain of NS1, from amino acids 134
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Fig. 2. The NS1 protein of influenza virus interacts with key constituents of the mRNA export pathway. (a) Cell lysates from 293T cells were incubated with
immobilized recombinant GST or GST-NS1. Bound and unbound (UB) fractions were analyzed by 4-20% SDS/PAGE followed by immunoblot analysis with
antibodies to NXF1, p15, Rae1, E1B-AP5, and Nup98. (b and c) Experiments were performed as in a except that antibodies against Nup96 and against Nup62 and
Nup153 (mAb414) were used for immunoblot analysis. (d) GST-NS1 or the amino-terminal or carboxyl-terminal domains of NS1 fused with GST were incubated
with cell lysates and processed as in a. () GST-NS1 was incubated with cell lysates untreated or treated with RNase A and processed as in a. (fand g) Expression
levels of Nups and mRNA export factors in 293T (f) and MDCK (g) cells infected with influenza virus. Cell extracts were subjected to immunoblot analysis with
antibodies against Nup98, B-actin, Rae1, NXF1, and E1B-AP5, and with mAb414 antibodies. (h) Half-life measurements of Nup98. MDCK cells were pulse-labeled
for 2 h and chased for the depicted time points. Immunoprecipitations were performed with anti-Nup98 antibodies or preimmune serum (Pl). Nup98 bands were
analyzed by densitometry as described in Methods.
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The mRNA export inhibition induced by NS1 is reverted by increased levels of mRNA export factors. (a and b) Luciferase reporter gene expression assays

were performed with 293T cells by cotransfection of reporter plasmids and plasmids encoding NXF1, p15, Rae1, Nup98, and Nup96, as indicated. (c) HelLa cells
were transfected with a plasmid encoding myc-NS1 alone or cotransfected with plasmids encoding myc-NS1, GFP-NXF1, and GFP-p15. Cells were subjected to
immunofluorescence with anti-myc antibody (red) followed by oligo(dT) in situ hybridization (blue). Green shows GFP-NXF1 and GFP-p15.

to 161, also was shown to be required for the inhibitory effect of
NS1 on mRNA export (35). Deletion of the first 73 aa of NS1
inhibited its interaction with NXF1 and Rael and decreased
considerably its interaction with E1B-AP5 (Fig. 2d). However,
lack of the first 48 or 73 residues of NSI1 retained significant
interaction with endogenous p15 (Fig. 2d) or ectopically ex-
pressed zz-p15 [supporting information (SI) Fig. 6]. On the other
hand, NXF1, Rael, and E1B-AP5 bound poorly to the amino-
terminal domain of NS1 (amino acids 1-73), and p15 showed no
significant interaction with this domain. These results demon-
strate that p15 interacts with the carboxyl-terminal domain of
NS1 whereas NXF1, Rael, and E1B-AP5 binding requires
residues within the amino- and carboxyl-terminal domains of
NS1. Interaction of NS1 with NXF1, pl5, and Rael is not
dependent on RNA, because incubation of cell extracts with
RNase A did not affect these interactions (Fig. 2e¢). However,
interaction of E1B-AP5 with NS1 was diminished in the present
of RNase A (Fig. 2e), indicating partial dependence on RNA.
These findings demonstrate that NS1 is able to interact with
constituents of the mRNA nuclear export machinery and that
NS1 may cause a rearrangement of the NXF1/p15/E1B-AP5/
Rael complex, resulting in inhibition of mRNA nuclear export.
Alternatively, NS1 may mask binding sites of this mRNA export
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complex, preventing its proper interaction with other constitu-
ents of the mRNA export pathway.

Down-Regulation of Nup98 in Cells Infected with Influenza Virus. To
investigate additional effects of influenza virus on the mRNA
nuclear export machinery, we determined the levels of constit-
uents of this machinery after infection of 293T and MDCK cells.
We observed that Nup98 levels were depleted markedly at ~2—-4
h after infection of 293T cells and by 24 h in MDCK cells (Fig.
2 fand g). We did not detect any major differences in the levels
of Rael, NXF1, E1B-APS, Nup153, and Nup62 (Fig. 2 f and g).
We then tested whether the observed changes in Nup98 levels
are a consequence of general inhibition of protein synthesis by
influenza virus. Fig. 2k shows that Nup98 has a long half-life of
~26 h, which indicates that it is actively degraded during
influenza virus infection. This degradation likely contributes to
the inhibition of mRNA nuclear export observed upon influenza
infection.

Increased Expression of mRNA Export Factors Maintains Nuclear
Export of mRNA in the Presence of NS1. To determine whether
blocking mRNA nuclear export is critical for influenza virus
mediated-inhibition of host gene expression, we tested whether
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Low levels of Rae1 and Nup98 induce higher susceptibility to influenza virus-mediated cell death and an increase in viral replication. (a and b) Rae1*/*

Nup98+/*, Rae1*/~ Nup98*/*, Rae1*/* Nup98+/~, and Rae1*/~"Nup98+/~ MEFs were infected with A/WS/33 influenza virus, and cell viability was determined by
comparing and quantifying bright-field microscopy (gray), DAPI (blue), and exclusion of 2 mM ethidium homodimer-1 (red). (c) The number of influenza viral
particles was measured in the supernatants of the cells in a by using the hemaglutinin assay.
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Fig. 5. Selective impairment of mRNA nuclear export in Rae1 and Nup98

mutant cells. Nuclear (N) and cytoplasmic (C) RNA was isolated from Rae1+/*
Nup98*/*, Rae1*/* Nup98*/~,Rae1*/~ Nup98+*/*, and Rae1*/~ Nup98+*/~ MEFs.
Relative mRNA levels were quantified by real-time RT-PCR using gene-specific
primers and normalized to a set of five housekeeping genes.

increasing expression of mRNA export factors could prevent this
inhibition. As shown in Fig. 3a, NXF1-p15 reversed the dose-
dependent inhibition of NS1. Inhibition of gene expression also
was reversed when Rael, Nup98, NXF1, or pl5 were overex-
pressed individually, but it was not altered by overexpression of
Nup96 (Fig. 3b). Nup96 does not form a complex with NXF1-p15
(Fig. 2b), but it has a role in mRNA export (33, 36). Thus,
reversal of NSI1 function is specific for constituents of the
NXF1-p15 complex. Then, to demonstrate that both the inhibi-
tion of gene expression by NS1 and its reversal by increased levels
of mRNA export factors occurred at the mRNA export level, we
performed immunofluorescence and oligo(dT) in situ hybrid-
ization in cells expressing NS1 alone or in cells coexpressing
NXF1 and p15. As shown in Fig. 3c, expression of NS1 caused
nuclear retention of poly(A) RNA, and this effect was signifi-
cantly reverted in cells that coexpressed NS1 and NXF1-p15.
These results show that mRNA export factors can antagonize the
inhibitory effects of the NS1 protein on mRNA nuclear export.
One possibility is that NS1 may bind to more than one constit-
uent of the NXF1 mRNA export complex by using its different
domains, and this would explain the reversal of the NS1 effect
by more than one constituent of this machinery.

Influenza Virus Virulence Correlates with Impaired mRNA Export
Function. To demonstrate the role of the mRNA nuclear export
machinery in influenza virus-mediated cytotoxicity, we used
cells from mice that express low levels of two key mRNA export
factors to determine their susceptibility to influenza infection.
Cells from Rael*/~ and/or Nup98™/~ mice express low levels of
Rael or Nup98, respectively, and normal levels of other nuclear
export factors (31,37). We found that Rae1*/~ or Nup98™/~ cells
are more susceptible to influenza virus-mediated cell death than
wild-type cells, whereas cells that are heterozygous for both
Rael and Nup98 show enhanced susceptibility to cell death
induced by influenza infection (Fig. 4 @ and b). Mutant cells also
produced more viral particles compared with wild-type cells
(Fig. 4c). These results demonstrate a key role for the mRNA
export machinery components in antiviral response. Interest-
ingly, we observed a higher number of viral particles in the
supernatants of Rael™~ Nup98*/* cells as compared with
Nup98*/~ Rael*/* or Rael*/~ Nup98+/~ cells, despite the fact
that the later cell types showed more cell death than the Rael™/~
cells (Fig. 4 a and b). This may indicate that viral replication as
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observed in Rael™/~ cells requires wild-type levels of Nup98 or
that the enhanced cytopathology due to impaired mRNA export
prevented efficient viral replication.

To determine whether mRNA export was altered in Nup98
and Rael cells that express reduced levels of these mRNA export
factors, we compared the nuclear and cytoplasmic abundance of
several mRNA species. RNA was isolated from nuclear and
cytoplasmic fractions and quantified by real-time RT-PCR to
measure the number of various mRNA species, as we described
in refs. 33 and 38. Although these cells did not present nuclear
retention of bulk poly(A) RNA (39, 40), they showed selective
nuclear retention of certain mRNAs, which encode immune-
related proteins, but not of mRNAs that encode housekeeping
proteins, which displayed similar nucleocytoplasmic distribution
in both wild-type and mutant cells (Fig. 5). Among the mRNAs
we analyzed here, IRF-1, MHC I, and ICAM-1, which have roles
in antiviral response (41-43), were significantly retained in the
nucleus of Nup98 or Rael mutant cells (Fig. 5), resulting in
reduced cytoplasmic accumulation that may contribute to the
increase in viral replication observed in some of these cells (Fig.
4). It is also likely that additional classes of mRNAs that were not
analyzed here may be subject to impaired transport and con-
tribute to the high viral titers presented by the Nup98 and Rael
mutant cells. Interestingly, reduction in Rael and Nup98 levels
did not affect mRNA export identically; rather, each factor
appeared to be differentially required for individual mRNA
species. We have observed a similar phenomenon of selective
mRNA retention in Nup96™/~ cells in which a subset of immune-
related mRNAs were preferentially retained in the nucleus,
contributing to impaired immunity in mutant cells and animals
(33). In this case as well, the set of genes differentially affected
by impaired Nup96 was not identical to those affected by Nup98
or Rael. Differential regulation of mRNA export has been
observed in yeast, where a single mRNA can be exported by
different pathways depending on the cellular conditions, in this
case, before or after heat shock (43). In addition, preferential
interaction of mRNAs with certain RNA-binding proteins may
dictate the fate of certain classes of mRNAs. In fact, it has been
shown that different classes of mRNAs preferentially bind
specific subsets of RNA-binding proteins (44), which could
contribute to differential mRNA export. Thus, the selective
nuclear retention of mRNAs encoding antiviral proteins in
Nup98 and Rael mutant cells further indicate a role for these
proteins in regulating innate and adaptive immunity and dem-
onstrate the underlying complexity of the selective export of
distinct mRNA species.

We have shown that the mRNA export machinery is regulated
by IFN, and induced expression of mRNA export factors can
revert the mRNA export inhibition mediated by a different virus,
the vesicular stomatitis virus, through the action of its M protein
(31, 32). However, the consequences of this export release on
viral pathogenesis had not been determined. Here, we showed
that proper levels of mRNA nuclear export factors are essential
for protection against influenza virus replication and influenza
virus-mediated cell death. NS1 is a multifunctional protein that
inhibits host gene expression at multiple levels. It inhibits mRNA
processing, which involves interactions with polyadenylation
factors (CPSF and PABII) (12, 13) and with a putative splicing
factor (NS1-BP) (17). The effect of NS1 on polyadenylation
contributes to the mRNA export inhibition of host mRNAs
and may destabilize certain pool of mRNAs, targeting them to
degradation. As we showed here, not all polyadenylated RNAs
are degraded, and a considerable number of these RNAs can be
detected in the nucleus of cells either transfected with NS1
protein or infected with influenza virus (Figs. 1 and 3). The
interactions of NS1 with constituents of the mRNA export
machinery shown here demonstrate an additional and direct
effect of NS1 on mRNA export and contribute to nuclear

Satterly et al.
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retention of poly(A) RNA. Taken together with previous find-
ings, our results provide further mechanistic insight into the
inhibition of mRNA nuclear export by NS1. Furthermore, our
infection studies in cells from mice deficient in key constituents
of the mRNA export machinery show a role for this pathway in
regulating viral replication and nuclear export of mRNAs en-
coding constituents of antiviral response pathways. In summary,
the combined effects of inhibition of cytoplasmic signaling
pathways and nuclear inhibition of RNA processing and export
targeted by NSI result in impaired immune responses and
enhanced viral virulence. NS1 is a key contributor to the
virulence of avian influenza viruses (45), and as avian flu
becomes a major threat to public health, our findings further
emphasize the importance of NS1 as therapeutic target.

Methods

Plasmid Construction. Wild-type Nup98 and Nup96 were cloned into
myc-pAlter-MAX as described in ref. 46. The NS1 cloned into
pCAGGS-NS1(+)SAM was kindly provided by G. Barber (Uni-
versity of Miami School of Medicine). The NS1A protein sequence
is: [MDSNTLSSFQVDCFLWHVRKQVADQELGDAPFLD-
RLRRDQKSLKGRGSTLGLNIETATCVGKQIVERILREE-
SDEAFRMTMASALASRYLTDMTIEEMSRDWFMLMPK
QKVAGPLCVRMDQAIMDKNIILKANFSVIFDRLETLT-
LLRAFTEEGAIVGEISPLPLPGHTNEDVKNAIGVLIGG-
LEWNDNTVRVSETLOQRFAWRSSNENGGPPLTPTQ KRK-
MAGTIRSEV*].

Full-length NS1, NS1 (amino acids 1-73), and NS1 (amino acids
74-237) were subcloned into the Sall/NotI sites of the pGEX-4T3.
Full-length NS1 also was cloned into Sall/Notl sites of the myc-
pAlter-MAX. HA-Rael was cloned into pcDNA3.1 (26).
pEGFCI1-NXF1/TAP and pEGFN3-zzp15 were kindly provided by
E. Izaurralde (Max Planck Institute, Tubingen, Germany) (47). All
vectors were sequenced.

Cell Culture, Transfections, and Infections. 293T cells, HeLa cells,
and the mouse embryo fibroblast (MEF) cell lines Rael™/
+Nup98*/*, Rael™ "Nup98*/*, Rael™* Nup98*/~, and
Rael™~ Nup98*/~ (48) were grown in DMEM supplemented
with 10% FCS (GIBCO, Carlsbad, CA)/1% antibiotic-
antimycotic (GIBCO). MEFs were grown in 3% oxygen. For
transfections, infections, and immunofluorescence studies, cells
were grown on coverslips placed on 35-mm dishes. Transfections
were performed with Lipofectamine (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. MDCK or 293T
cells were grown in EMEM (American Type Culture Collection,
Manassas, VA) containing 10% FBS in the absence of antibi-
otics. For infection studies, 0.75 ml of cell culture supernatants
containing the A/WS/33 influenza strain (American Type Cul-
ture Collection) at the indicated MOI were added over cells
cultured in 35-mm dishes. The dishes were rocked every 10 min
for 1 h, and 2 ml of infecting media (EMEM; 0.125% BSA/1%
Hepes/1 pg/ml TPCK-treated Trypsin) then was added for the
depicted time points.

Immunoprecipitations and Immunoblots. Immunoblot analysis was
performed as described in ref. 31. Briefly, cells were lysed in
SDS-sample buffer lacking reducing agent and bromophenol blue.
Protein concentration was determined by the DC Protein Assay
Method (Bio-Rad, Hercules, CA). Reducing agent and bromophe-
nol blue were added to the samples, and immunoblot analysis was
performed as above. In all cases, 30 ug of total protein was added
to each lane of an SDS/PAGE (NOVEX; Invitrogen, Carlsbad,
CA). Immunoblot analysis was performed with anti-Nup98 (49),
anti-E1B-AP5 (Proteintech Group, Chicago, IL), anti-Rael (26),
and anti-NXF1/TAP antibodies (BD Transduction Laboratories,
San Jose, CA), anti-p15/NXT antibodies (Abnova, Taipei City,
Taiwan), mAb414 (50), and anti-Influenza A antibodies (virions;
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Biodesign International, Saco, ME). For measuring Nup98 half-life,
six 100-mm dishes of MDCK cells were pulse-labeled with 3 mCi (1
Ci = 37 GBq) of [*S]methionine (PerkinElmer, Wellesley, MA)
for 2 h and chased for the indicated times. Cells were lysed with the
following buffer: 50 mM TrissHCI (pH 8.0)/150 mM NaCl/15 mM
MgCl,/0.5% Nonidet P-40/0.1 mM Na3V04/0.1 M NaF/complete
EDTA-free protease inhibitors (Roche, Basel, Switzerland). Ly-
sates were kept on ice for 20 min, sonicated, and then centrifuged
at 14,000 X g for 5 min. Supernatants were incubated with anti-
Nup98 antibodies (49). Preimmune serum was used as control.
Immunoprecipitates were washed with lysis buffer, and antigens
were dissociated with SDS-sample buffer. The immunoprecipitated
proteins were separated by SDS/PAGE (NOVEX) followed by
autoradiography. Densitometry analysis of the Nup98 bands was
performed by using the NIH Image J software. The intensity of the
bands at 8 and 24 h decreased by 79.3% and 54%, respectively, in
relation to the 0 time point. The half-life of Nup98 was calculated
and is ~25.5 h.

In Vitro Binding Assays. 293T cells were nontransfected or trans-
fected with pEGFN3-zzp15 where indicated. Endogenous p15 was
detected with anti-p15 antibodies described above. Cell lysates were
prepared as described above for immunoprecipitation. These ly-
sates were used as the source of endogenous NXF1/TAP, p15/NXT,
Rael, and Nup98 for the binding assays shown in Fig. 2. Binding
assays were performed as described in ref. 51. For the RNase
treatment, cell lysates were preincubated with RNAsin (1,000
units/ml) or RNase A (50 ug/ml) (Ambion, Austin, TX) for 15 min
at 37°C. Bound and unbound fractions were separated by SDS/
PAGE and analyzed by immunoblot analysis with antibodies
against NXF1, p15, Rael, or Nup98. Secondary antibodies recog-
nized zz-tagged p15 shown in Fig. 2e.

Immunofluorescence, Oligo(dT) In Situ Hybridization, and Microscopy.
To perform oligo(dT) in situ hybridization simultaneously with
immunofluorescence, cells were fixed with formaldehyde,
permeabilized with Triton X-100, and labeled with primary
antibodies in a humidifying chamber as described in ref. 31.
The primary antibodies were diluted in PBS containing 0.2%
Triton X-100, 1 mM DTT, and 200 units/ml RNAsin (Promega,
Madison, WI). The anti-Myc 9E10 antibody (Roche) was
diluted 1:200, and the anti-Influenza A antibodies (virions;
Biodesign International) were diluted 1:100. Cells again were
fixed with formaldehyde and washed with PBS. Oligo(dT) in
situ hybridization then was performed at 42°C overnight in a
humidifying chamber with biotinylated oligo(dT) probe. After
hybridization, samples were washed with 2X SSC (1x SSC =
0.15 M sodium chloride/0.015 M sodium citrate, pH 7) and
0.5X SSC at 42°C. Cells then were fixed with formaldehyde,
washed in PBS, and incubated with FITC-conjugated donkey
anti-mouse antibodies (1:150; Jackson ImmunoResearch, West
Grove, PA) or FITC-conjugated donkey anti-goat antibodies,
and CYS5-streptavidin (Sigma, St. Louis, MO) for 30 min at
room temperature. Cells were washed again in PBS and
mounted on glass slides by using the ProLong Antifade Kit
(Molecular Probes, Invitrogen) with DAPI staining. Samples
were examined on a Zeiss Axiovert 200 M with Deconvolution
and Apotome Systems.

Reporter Gene Assays. For the experiments performed with NS1,
293T cells grown on 30-mm six-well dishes were cotransfected with
plasmids encoding the luciferase reporter (2 pg), B-galactosidase (2
pg), and different combinations of plasmids encoding NS1, NXF1,
p15, Rael, and Nup98, as indicated in the figure legend, using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. B-Galactosidase was used to determine transfection
efficiency for sample normalization. After 18 h of transfection, cells
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were lysed, and luciferase and B-galactosidase activities were mea-
sured as described in ref. 31.

Survival Assays and Measurement of Viral Replication. Wild-type
MEFs and Rael*’~Nup98+*/*, Rael™* Nup98*/~, and
Rael™~ Nup98*/~ MEFs were infected with A/WS/33 influ-
enza virus at MOIs of 0, 0.1, and 1 for 6, 14, and 24 h, and cell
viability was followed by bright-field microscopy, DAPI, and
exclusion of 2 mM ethidium homodimer-1 (Molecular Probes)
visualized on five randomly picked X100 microscopic fields.
Four hundred images, for each condition, were processed by
using the NIH Image J software. Viral replication was mea-
sured by hemaglutination assays. Chicken red blood cells
(0.5%) were incubated for 30 min with dilutions of superna-
tants from cells infected with A/WS/33 influenza virus at the
indicated MOIs, and hemaglutination was scored against
standardized viral concentrations. Results are the mean = SD.

Nuclear and Cytoplasmic mRNA Quantification by Real-Time PCR.

1. Smith DJ, Lapedes AS, de Jong JC, Bestbroer TM, Rimmelzwann GF,
Osterhaus AD, Fouchier RA (2004) Science 305:371-376.

2. Webster RG (1999) Proc Natl Acad Sci USA 96:1164-1166.

3. Donelan NR, Dauber B, Wang X, Basler CF, Wolff T, Garcia-Sastre A (2004)
J Virol 78:11574-11582.

4. Guo Z, Chen LM, Zeng H, Gomez J, Plowden J, Fujita T, Katz JM, Donis RO,
Sambhara S (October 19, 2006) Am J Respir Cell Mol Biol, 10.1165/rcmb.2006—
0283RC.

5. Kato H, Takeuchi O, Sato S, Yoneyama M, Yamamoto M, Matsui K, Uematsu
S, Jung A, Kawai T, Ishii KJ, e al. (2006) Nature 441:101-105.

6. Li S, Min JY, Krug RM, Sen GC (2006) Virology 349:13-21.

7. Mibayashi M, Martinez-Sobrido L, Loo YM, Cardenas WB, Gale M, IJr,
Garcia-Sastre A (2007) J Virol 81:514-524.

8. Min J-Y, Krug RM (2006) Proc Natl Acad Sci USA 103:7100-7105.

9. Opitz B, Rejaibi A, Dauber B, Eckhard J, Vinzing M, Schmeck B, Hippenstiel
S, Suttorp N, Wolff T (November 28, 2006) Cell Microbiol, 10.1111/j.1462—
5822.2006.00841.x.

10. Pichlmair A, Schulz O, Tan CP, Naslund TI, Liljestrom P, Weber F, Reis e
Sousa C (2006) Science 314:997-1001.

11. Talon J, Horvath CM, Polley R, Basler CF, Muster T, Palese P, Garcia-Sastre
A (2000) J Virol 74:7989-7996.

12. Krug RM, Yuan W, Noah DL, Latham AG (2003) Virology 309:181-189.

13. Nemeroff ME, Barabino SM, Li Y, Keller W, Krug RM (1998) Mol Cell
1:991-1000.

14. Garcia-Sastre A, Egorov A, Matassov D, Brandt S, Levy DE, Durbin JE, Palese
P, Muster T (1998) Virology 252:324-330.

15. Li Y, Yamakita Y, Krug RM (1998) Proc Natl Acad Sci USA 95:4864—4869.

16. Hale BG, Jackson D, Chen YH, Lamb RA, Randall RE (2006) Proc Natl Acad
Sci USA 103:14194-14199.

17. Woff T, O’Neil RE, Palese P (1998) J Virol 72:7170-7180.

18. Stutz F, Izaurralde E (2003) Trends Cell Biol 13:319-327.

19. Gabler S, Schutt H, Groiti P, Wolf H, Shenk T, Dobner T (1998) J Virol
72:7960-7971.

20. Bachi A, Braun IC, Rodrigues JP, Pante N, Ribbeck K, von Kobbe C, Kutay
U, Wilm M, Gorlich D, Carmo-Fonseca M, Izaurralde E (2000) RNA 6:136—
158.

21. Stutz F, Bachi A, Doerks T, Braun IC, Seraphin B, Wilm M, Bork P, Izaurralde
E (2000) RNA 6:638-650.

22. Huang Y, Gattoni R, Stevenin J, Steitz JA (2003) Mol Cell 11:837-843.

23. Brown JA, Bharathi A, Ghosh A, Whalen W, Fitzgerald E, Dhar R (1995) J Biol
Chem 270:7411-7419.

1858 | www.pnas.org/cgi/doi/10.1073/pnas.0610977104

Nuclear and cytoplasmic RNA was fractionated from wild-type
and mutant cells, as described in ref. 38. In brief, fibroblasts were
lysed in RSB containing 1.0% Nonidet P-40, 10% glycerol, and
100 units/ml rRNasin (Promega). Nuclei were further washed
with 1% Tween 40 and 0.5% sodium deoxycholate, and RNA
from both cytoplasmic and nuclear fractions was purified by
using TRIzol (Invitrogen). One microgram of total RNA was
used for cDNA synthesis by using oligo(dT)s primer, followed
by real-time RT-PCR quantification. The resulting relative
mRNA levels were normalized by the geometric mean of five
housekeeping genes (a-tubulin, B-actin, GAPDH, L32, and
RPS-11).

We thank E. Izaurralde and G. Barber for valuable reagents and the
Live Cell Imaging Facility at University of Texas Southwestern. This
work was supported by National Institutes of Health (NIH) Grants
RO1 GMO067159-01 (to B.M.A.F.), Texas HE Coordinating Board
Grant 010019-0022-2006 (to B.M.A.F.), NIH Grant AI57158 (to
D.E.L.) (Northeast Biodefense Center), and NIH Grant CA77262 (to
Jv.D.).

24. Kraemer D, Blobel G (1997) Proc Natl Acad Sci USA 94:9119-9124.

25. Murphy R, Watkins JL, Wente SR (1996) Mol Biol Cell 7:1921-1937.

26. Pritchard CE, Fornerod M, Kasper LH, van Deursen JM (1999) J Cell Biol
145:237-254.

27. Blevins MB, Smith AM, Phillips EM, Powers MA (2003) J Biol Chem
278:20979-20988.

28. Enninga J, Levay A, Fontoura BM (2003) Mol Cell Biol 23:7271-7284.

29. Her L-S, Lund E, Dahlberg JE (1997) Science 276:1845-1848.

30. von Kobbe C, van Deursen JM, Rodrigues JP, Sitterlin D, Bachi A, Wu X, Wilm
M, Carmo-Fonseca M, Izaurralde E (2000) Mol Cell 6:1243-1252.

31. Faria PA, Chakraborty P, Levay A, Barber GN, Ezelle HJ, Enninga J, Arana
C, van Deursen J, Fontoura BM (2005) Mol Cell 17:93-102.

32. Enninga J, Levy DE, Blobel G, Fontoura BM (2002) Science 295:1523-1525.

33. Faria AMC, Levay A, Wang Y, Kamphorst AO, Rosa MLP, Nussenzveig DR,
Balkan W, Chook YM, Levy DE, Fontoura BMA (2006) Immunity 24:295-304.

34. Neumann G, Hughes MT, Kawaoka Y (2000) EMBO J 19:6751-6758.

35. Qian X-Y, Alonso-Caplen F, Krug RM (1994) J Virol 68:2433-2441.

36. Boehmer T, Enninga J, Dales S, Blobel G, Zhong H (2003) Proc Natl Acad Sci
USA 100:981-985.

37. Jeganathan KB, Malureanu L, van Deursen JM (2005) Nature 438:1036-1039.

38. Wang Y, Zhu W, Levy DE (2006) Methods 39:356-362.

39. Babu JR, Jeganathan KB, Baker DJ, Wu X, Kang-Decker N, van Deursen JM
(2003) J Cell Biol 160:341-353.

40. Wu X, Kasper LH, Mantcheva RT, Mantchev GT, Springett MJ, van Deursen
JMA (2001) Proc Natl Acad Sci USA 98:3191-3196.

41. Kanazawa N, Kurosaki M, Sakamoto N, Enomoto N, Itsui Y, Yamashiro T,
Tanabe Y, Maekawa S, Nakagawa M, Chen C-H, et al. (2004) J Virol
78:9713-9720.

42. Pine R (1992) J Virol 66:4470—4478.

43. Saavedra CA, Hammell CM, Heath CV, Cole CN (1997) Genes Dev 11:2845-
2856.

44, Guisbert KK, Duncan K, Li H, Guthrie C (2005) RNA 11:383-393.

45. Li Z, Jiang Y, Jiao P, Wang A, Zhao F, Tian G, Wang X, Yu K, Bu Z, Chen
H (2006) J Virol 80:11115-11123.

46. Fontoura BM, Blobel G, Matunis MJ (1999) J Cell Biol 144:1097-1112.

47. Braun IC, Herold A, Rode M, Conti E, Izaurralde E (2001) J Biol Chem
276:20536-20543.

48. Jeganathan KB, Malureanu L, van Deursen JM (2005) Nature 438:1036-1039.

49. Radu A, Moore MS, Blobel G (1995) Cell 81:215-222.

50. Davis LI, Blobel G (1986) Cell 45:699-709.

51. Fontoura BM, Blobel G, Yaseen NR (2000) J Biol Chem 275:31289-31296.

Satterly et al.



