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Although all established functions of dengue virus NS5 (non-
structural protein 5) occur in the cytoplasm, its nuclear localiza-
tion, mediated by dual nuclear localization sequences, is essen-
tial for virus replication. Here, we have determined the
mechanism by which NS5 can localize in the cytoplasm to per-
form its role in replication, establishing for the first time that it
is able to be exported from the nucleus by the exportin CRM1
and hence can shuttle between the nucleus and cytoplasm. We
define the nuclear export sequence responsible to be residues
327-343 and confirm interaction of NS5 and CRM1 by pull-
down assay. Significantly, greater nuclear accumulation of NS5
during infection due to CRM1 inhibition coincided with altered
kinetics of virus production and decreased induction of the anti-
viral chemokine interleukin-8. This is the first report of a
nuclear export sequence within NS5 for any member of the Fla-
vivirus genus; because of its high conservation within the genus,
it may represent a target for the treatment of diseases caused by
several medically important flaviviruses.

The four serotypes of dengue virus (DENV-1-4)* are the
causative agents of the most common arthropod-borne viral
disease, dengue fever, and its more severe and potentially
deadly dengue hemorrhagic fever form (1). DENV is a member
of the genus Flavivirus within the family Flaviviridae. Like all
flaviviruses, DENV possesses an ~11-kb, positive-sense, single-
stranded RNA genome that is translated as one long polypro-
tein and cleaved into 10 viral proteins: three structural (capsid,
pre-membrane/membrane, and envelope) and seven nonstruc-
tural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) proteins
(2). Flavivirus replication takes place in the cytoplasm, whereby
several viral NS and host proteins are believed to constitute the
replication complex, the proposed replication machinery of fla-
viviruses (3). Two key enzymes in replication, NS3 and NS5, the
RNA helicase and RNA-dependent RNA polymerase, respec-
tively, interact within the cytoplasm of infected cells (4).

The multifunctional NS5 protein is the largest (900 amino
acids, 105 kDa) and most highly conserved of the dengue NS
proteins (5-7). NS5 contains an N-terminal S-adenosylmethyl-
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transferase domain (5) and a C-terminal RNA-dependent RNA
polymerase domain (8-10) separated by an “interdomain
linker region” (see Fig. 1). Despite all well established functions
of NS5 occurring within the cytoplasm (2), NS5 is predomi-
nantly nuclear in DENV-2-infected cells (4, 11).

Proteins >45 kDa require a nuclear localization sequence
(NLS) for transport into the nucleus (12, 13). NLSs confer inter-
action with members of the importin (Imp) superfamily of
transporters (either an Imp-a/B heterodimer or Imp-f or a
homolog thereof), which mediate the translocation of a cargo
into the nucleus. Within the nucleus, the cargo-NLS-Imp com-
plex is dissociated through binding of Ran-GTP to Imp-§,
releasing the cargo into the nucleoplasm. Analogously, proteins
containing nuclear export sequences (NESs) interact with
Imp-B homologs termed exportins, which, when complexed
with Ran-GTP, mediate translocation out of the nucleus and
into the cytoplasm (14—16). The best characterized of these is
CRM1 (exportin 1), which typically binds hydrophobic/
leucine-rich NESs (17, 18), such as those of the human immu-
nodeficiency virus Rev protein (19) or the protein kinase A
inhibitor PKI (20). The antibiotic leptomycin B (LMB), able to
bind CRM1 specifically and to prevent CRM1-NES interaction
(21-23), has been widely used to demonstrate the involvement
of CRM1 in biological processes (24 —28).

Previously, we showed that DENV-2 NS5 possesses two
NLSs within the interdomain region (see Fig. 1) (29). The C-ter-
minal NLS (amino acids 369 —405) or “aNLS” is recognized by
Imp-a/B with high affinity and is able to target B-galactosidase
to the nucleus in either microinjected or mechanically perfo-
rated rat hepatoma cells (29). In contrast, the N-terminal NLS
(amino acids 320-368) or “bNLS” is able to bind either Imp-£
or NS3 directly in a competitive fashion (30, 31).

We demonstrated recently that when NS5 nuclear import is
impaired by mutation of the viral genome, the virus is no longer
viable, indicating that NS5 nuclear import is essential for virus
replication (11). This is attributable, at least in part, to the role
of nuclear NS5 in inhibiting induction of the antiviral chemo-
kine interleukin-8 (IL-8) during DENV infection; reduced NS5
nuclear accumulation correlates with increased virus produc-
tion (11, 32). At least one of the roles of nuclear NS5 is thus to
reduce the magnitude of the antiviral response in terms of IL-8
induction.

The undisputed role of NS5 is in replication in the cytoplasm.
Here, we shed light for the first time on how despite its efficient
nuclear localization ability, NS5 is able to fulfill this role. We
report the ability of NS5 to be exported from the nucleus in a
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FIGURE 1. Top, DENV-2 NS5 possesses two domains, the N-terminal methyltransferase (MET) domain and C-terminal RNA-dependent RNA polymerase (RdRp)
domain. The interdomain linker region (residues 320-405, containing two adjacent NLSs) is highlighted. bNLS (residues 320-368) and aNLS (residues 369 -
405) bind Imp-B/NS3 and Imp-a/B, respectively. Bottom, shown are the GFP-NS5 constructs made in this study. Encoded proteins are shown with the N
terminus (residues 1-319; white boxes), bNLS (dotted boxes), aNLS (black boxes), and C terminus (residues 406 -900; striped boxes) marked. Hydrophobic regions
(termed HR1-HR3) identified as putative NESs are highlighted, and the corresponding alanine substitutions (underlined) generated in this study are indicated

(mHR1-mHR3).

CRM1-dependent fashion in both transfected and DENV-2-
infected cells and identify the NES responsible. Importantly, we
show that inhibition of CRM1 during DENV-2 infection results
in increased nuclear NS5, reduced IL-8 induction, and
increased virus production, underlining the importance of NS5
nuclear export to DENV infection. Our results thus establish
for the first time the ability of NS5 to shuttle between the
nucleus and cytoplasm and its importance to modulation of the
host antiviral response and virus replication.

EXPERIMENTAL PROCEDURES

Cell Lines and Virus Infection—Vero, 293, and HEK-293T
cells were cultured in Dulbecco’s modified Eagle’s medium with
10% fetal calf serum. C6/36 mosquito (Aedes albopictus) cells
used for infection were cultured in basal Eagle’s medium con-
taining 10% fetal calf serum. DENV-2 New Guinea C strain-
infected Vero cells were maintained in Dulbecco’s modified
Eagle’s medium containing 2% fetal calf serum. Where indi-
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cated, 5 ng/ml LMB (provided by M. Yoshida) was added to the
culture medium at 0 h post-infection. At specific time points
post-infection, the culture medium was collected for virus titra-
tion, and coverslips were seeded with Vero cells fixed for indi-
rect immunofluorescence (see below). Virus titers, calculated
as plaque-forming units/ml, were determined in plaque assays
using C6/36 cells (33).

Cell Culture and Transfection—DNA transfection of Vero
cells was performed using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. Where indicated,
2.8 ng/ml LMB was added to the culture medium 15-19 h post-
transfection, and live cell imaging was performed (see below) at
20-24 h post-transfection.

Construction of GFP-NS5 and GST-NS5 Mammalian Expres-
sion Vectors—Constructs expressing full-length and truncated
NS5 forms fused in-frame with GFP at the N terminus (see Fig.
1) were generated using Gateway'™ cloning technology
(Invitrogen) according to the manufacturer’s instructions.
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FIGURE 2. NS5 is exported from the nucleus viaa CRM1-dependent nuclear export pathway dependent on residues 1-368. A, shown are CLSM images
of Vero cells transfected to express the indicated GFP-NS5 constructs in the presence or absence of LMB and imaged at 20-24 h post-transfection. Human
immunodeficiency virus Rev (GFP-Rev) and GFP were used as positive and negative controls, respectively. B, quantitative analysis of CLSM images such as those
in A was performed to determine the F, . values (see “Experimental Procedures”). The results represent the means = S.E., where significant differences (p

values) are indicated between LMB-treated and untreated cells (n = 25).
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FIGURE 3. Mapping of the NS5 NES. A, shown are CLSM images of Vero cells transfected to express wild-type (WT) GFP-NS5-(1-368) and mutant derivatives thereof treated
with orwithout LMB. B, quantitative analysis of CLSM images such as those in A was performed to determine the F,, . values. C, shown are CLSMimages of Vero cells transfected
to express wild-type GFP-NS5-(1-900), GFP-NS5-(1-900)-mHR3, and GFP-NS5-(1-900)-aNLS-A1+A2 treated with or without LMB. D, quantitative analysis was performed as
described for B. Significant differences (p values) are indicated between LMB-treated and untreated cells (n = 27).

Briefly, NS5 PCR fragments from the DENV-2 Townsville
strain (TSVO01) were generated using primers designed to
include attB1I or attB2 sites to allow integration into the Gate-
way system. These truncations were inserted into the
pDONR207 vector by the BP-Reaction (Invitrogen) and subse-
quently into the mammalian GFP fusion protein construct
pEPI-GFP (34) or the pDEST27 mammalian GST fusion pro-
tein expression construct using the LR-Reaction (Invitrogen).
Site-directed Mutagenesis—Hydrophobic regions (HR1-
HR3) (Fig. 1) were selected as putative NES regions based on
their similarity to known NESs (35). Leucine/isoleucine/valine
residues within these regions were mutated to alanine to gen-
erate mHR1-mHR3, whereby primers containing the appro-
priate mutations were designed and used in overlap extension
PCR as described previously (36). Overlap extension PCR prod-
ucts encoding either full-length NS5 or NS5-(1-368) contain-
ing the appropriate mutations were inserted into pDONR207
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and then pEPI-GFP using the BP-Reaction and LR-Reaction,
respectively.

Introduction of NS5 mHR3 into pDVWS601—Mutations
were inserted into the genomic length DENV-2 (New Guinea
C) ¢cDNA clone pDVWS601 as described previously (33, 37).
Initially, DNA fragments containing the mHR3 mutations were
generated by overlap extension PCR using plasmid pDVWS601
as the PCR template. The overlap extension PCR fragments
were then transferred into plasmid pDVWS601 using the
unique restriction sites AatlI®>”® and Mlul®”*%. Experiments to
generate virus from the genomic length cDNA clones was per-
formed as described previously (11).

GST Pulldown Assay and Western Analysis—HEK-293T cells
grown in 10-cm culture dishes were transfected using Lipo-
fectamine 2000 (as per the manufacturer’s instructions) to
express GST-NS5 fusion protein constructs. Cell lysates were
collected 48 h post-transfection using cell lysis buffer (50 mm
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Tris (pH 7.5), 250 mm NaCl, 5 mm EDTA, 0.1% (v/v) Triton
X-100, 0.1 mm Na;VO,, 0.1 mm phenylmethylsulfonyl fluoride,
and one protease inhibitor mixture tablet (Sigma)/50 ml) and
centrifuged to remove cellular debris. Pulldown assays were
performed by adding 50 ul of glutathione-Sepharose 4B (Amer-
sham Biosciences) bead slurry to lysates and rotating at 4 °C for
~16 h. Beads were gently centrifuged and washed four times
with 1 ml of cell lysis buffer. Bound proteins were removed by
adding 40 ul of 2X sample buffer and heating at 95 °C for 5 min.
20 wl of sample was separated by 13% SDS-PAGE (38) and sub-
sequently transferred to a nitrocellulose membrane for West-
ern analysis. Membranes were blocked in phosphate-buffered
saline, 0.1% Tween 20, and 5% skim milk for 1 h at room tem-
perature; probed using antibodies to CRM1 (1:1500; BD Trans-
duction Laboratories) or anti-GST (1:1000; Santa Cruz Bio-
technology), followed by detection using horseradish
peroxidase-conjugated secondary antibodies (Chemicon)
according to the manufacturers’ instructions; and visualized
using enhanced chemiluminescence.

Indirect Immunofluorescence Staining—Vero cells were
either mock- or DENV-2-infected at a multiplicity of infection
of ~10. At several time points post-infection, cells were fixed
with cold methanol/acetone (1:1) for 2 min. Immunostaining
was performed using anti-NS5 antibody raised in rabbits
against a fusion protein containing residues 397-772 of
DENV-2 NS5 (a gift from Dr. Keng Teo) or using anti-capsid
protein-specific monoclonal antibodies (39) together with
Alexa Fluor® 488 green fluorescent dye-conjugated goat anti-
rabbit secondary antibody. Cells were then mounted in glycerol
and 2% propyl gallate for imaging using confocal laser scanning
microscopy (CLSM).

CLSM Analysis—A Bio-Rad MRC 500 confocal laser scan-
ning microscope with 40X water immersion and 60X oil
immersion lens was used for live and fixed cells, respectively,
using the Kalman filter mode. CLSM images were analyzed
using Image ] Version 1.33 software (40, 41), whereby the fluo-
rescence intensity in the nucleus (F,)) or nucleolus (F, ) and the
cytoplasm (F.) was determined, and the background fluores-
cence (untransfected cells) was subtracted to enable the nucle-
ar/cytoplasmic ratio (F, ) or the nucleolar/cytoplasmic ratio
(Fu/e) to be calculated.

Measurement of IL-8 Production—The concentration of IL-8
in mock- or DENV-2-infected 293 cell culture supernatants at
48 h post-infection was measured using a commercially avail-
able enzyme-linked immunosorbent assay kit (Quantikine
human IL-8 kit, R&D Systems) as described previously (11).
Where indicated, cells were treated with 5 ng/ml LMB for the
indicated times post-infection.

RESULTS

The NS5 N Terminus Contains a CRMI-recognized NES—Al-
though the accepted role of NS5 during DENV infection is to
mediate replication of the viral genome in the cytoplasm of
infected cells, it is predominantly nuclear throughout infection
(11). We hypothesized that NS5, in addition to its NLSs, must
possess a nuclear export mechanism to enable it to shuttle
between the nucleus and cytoplasm. To test this, Vero cells
transfected to express various GFP-NS5 derivative proteins

AV DN
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FIGURE 4. NS5 complexes with CRM1 in vivo. Non-expressing and GST-,
GST-NS5-, and GST-NS5-(1-368)-expressing HEK-293T cells were lysed, and
GST co-precipitation assays were performed (see “Experimental Procedures”).
Immunoblotting with antibodies to CRM1 and GST was used to detect co-
precipitated proteins in combination with horseradish peroxidase-conju-
gated secondary antibodies for visualization by enhanced chemilumines-
cence. Molecular mass markers are indicated. WB, Western blot.

were treated with or without the specific inhibitor of nuclear
export, LMB, and imaged live by CLSM (Fig. 2A) prior to image
analysis to determine the nuclear/cytoplasmic fluorescence
ratio (F,,.) (Fig. 2B). Full-length NS5 (GFP-NS5-(1-900))
showed strong nuclear accumulation (F,,. ~ 13), which was
increased >70% (F,,,. ~ 23) upon LMB treatment (p < 0.0076),
implying that NS5 contains a CRM1-mediated NES. Similarly,
the previously described GFP-NS5-A1+ A2 protein impaired in
nuclear import through mutation of the aNLS (11) was pre-
dominantly nuclear upon LMB treatment, confirming the
activity of the NES in the context of full-length NS5 (Fig. 3C).
GFP-NS5-(1-368), GFP-NS5-(1-405), and GEP-NS5-(320—
900) similarly all showed significant increases in nuclear accu-
mulation upon LMB treatment. That GFP-NS5-(1-368) was
the smallest construct showing a change in subcellular localiza-
tion implied the presence of a CRM1-mediated NES within NS5
residues 1-368.

The CRMI-recognized NES of NS5 Is Located within the bNLS
Region—CRM1-recognized NESs typically comprise four to
five hydrophobic residues within ~10-12 amino acids (35).
HR1-HR3 within NS5 residues 1-368 were selected for site-
directed mutagenesis to generate the mHR1-mHR3 mutant
derivatives (Fig. 1) and tested for functionality by CLSM analy-
sis in the absence and presence of LMB.

The mutant derivatives GFP-NS5-(1-368)-mHR1 and GFP-
NS5-(1-368)-mHR2 were both found to resemble wild-type
GFP-NS5-(1-368) in terms of nuclear localization ability in
either the absence or presence of LMB treatment (Fig. 3, A and
B). In contrast, GFP-NS5-(1-368)-mHR3 showed nuclear
accumulation in the absence of LMB to an extent similar to that
of LMB-treated wild-type GFP-NS5-(1-368). Furthermore,
LMB did not markedly increase nuclear localization of the
mutant in contrast to wild-type GFP-NS5-(1-368) (p >
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FIGURE 5. Inhibition of CRM1 during DENV-2 infection of Vero cells increases nuclear accumulation of NS5, but not capsid protein. A, CLSM images of
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0.0001), strongly implicating HR3 as the NS5 CRM1-recog-
nized NES.

To confirm the functionality of HR3 in the full-length NS5
context, mutations were engineered into the HR3 sequence
within GFP-NS5-(1-900). Consistent with HR3 being the
CRM1-recognized NES of NS5, GFP-NS5-(1-900)-mHR3 was
insensitive to LMB and displayed significantly greater nuclear
accumulation compared with wild-type GFP-NS5-(1-900)
(Fig. 3, Cand D).

To confirm NS5 interaction with CRM1, HEK-293T cells
transiently transfected to express full-length GST-NS5 or GST-
NS5-(1-368) were lysed 48 h post-transfection and used in GST
pulldown assays. Western analysis of proteins bound to the
glutathione-Sepharose beads demonstrated that endogenous
CRM1 could be co-precipitated with GST-NS5 or GST-NS5-
(1-368), but not with GST alone (Fig. 4).

NS5 Nuclear Export Occurs Throughout DENV-2 Infection—
To establish whether the NS5 NES is active during infection,
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we infected Vero cells with DENV-2 and analyzed NS5 sub-
cellular localization by indirect immunofluorescence/image
analysis at various time points throughout infection (Fig. 5, A
and B). NS5 was detected within the nucleus as earlyas 12 h
post-infection within ~42% of cells, and by 20 h post-infec-
tion and at all subsequent time points, all cells displayed
predominantly nuclear localization. Treatment with LMB
increased NS5 nuclear accumulation significantly (p =
0.0012) at all time points (Fig. 5B), indicating that CRM1
actively modulates NS5 localization in infected cells. This
was most dramatic at 24 h post-infection, where an F,,,_ of 15
was observed, over 3-fold higher than in the absence of LMB.
These results show that the NS5 NES is a target of CRM1
action throughout DENV infection.

CRM1 Activity Dependent on the NS5 NES Modulates Virus
Production and IL-8 Induction in DENV-infected Cells—In par-
allel with our NS5 localization studies during infection (see
above), we also examined virus production and IL-8 induction
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when CRM1 activity was inhibited by LMB. Intriguingly, virus
production was higher at all time points post-infection when
cells were treated with LMB (Fig. 6A). That the kinetics of virus
production were affected by CRM1 inhibition underlines the
physiological role of NS5 nuclear export in the infected cell.

To test the absolute requirement for NS5 nuclear export
activity in DENV infection, we used the DENV reverse genetics
system as described previously (11) to generate a mutant DENV
with a nonfunctional NES (mHR3) (see Fig. 1). Despite repeated
attempts, we were unable to isolate recombinant virus contain-
ing the NES mutation, consistent with the idea that NS5 nuclear
export is critical to DENV infection. However, because the
NES-mutated virus was unable to replicate, it was not formally
possible to conclude that this effect was due to altered NS5
trafficking as opposed to possible effects on other functions of
NS5, such as NS3 interaction, etc.

We have shown previously that one of the roles of nuclear
NS5 in infected cells is to reduce the production of IL-8 and
thereby dampen host antiviral responses (11). We accordingly
analyzed IL-8 production in 293 cells infected with DENV-2
and treated with and without LMB. As expected, we observed a
significant reduction of IL-8 induction in cells infected with
DENV-2 and treated with LMB compared with untreated cells
(Fig. 6B). This effect was more pronounced with longer LMB
treatment.

To eliminate the possibility that the effect of LMB on virus
production and IL-8 induction may be due to a DENV protein
other than NS5, we examined the only other established
nuclear protein of DENV, the capsid protein (39, 42, 43), to test
whether its localization was affected by LMB. DENV-2-infected
cells did not show any significant increase in nuclear or nucle-
olar accumulation of the capsid protein when treated with LMB
at either 24 or 48 h post-infection, suggesting that the capsid
protein does not possess a CRM1-mediated NES (Fig. 5, A and
C). Because NS5 is the only DENV protein to possess a CRM1-
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recognized NES and is able to localize in the nucleus to reduce
IL-8 induction, it seems highly likely that the effects of LMB on
virus and IL-8 production are through inhibition of NS5
nuclear export.

DISCUSSION

This study sheds light for the first time on how despite its
strong nuclear localization ability, NS5 can fulfill cytoplasmic
functions in replication critical to DENV production. We have
shown the active export of NS5 by CRM1 during DENV infec-
tion and implicated this pathway in the modulation of host
antiviral responses and virus replication. We have mapped the
NES responsible to NS5 residues 327-343 within the bNLS and
confirmed interaction of NS5 with CRM1. This is the first
report of a NES within NS5 for any Flavivirus member. Con-
sistent with the importance of the sequence to the DENV infec-
tious cycle is the fact that viruses possessing mutations within
the NES impairing NS5 nuclear export are not viable, although
the complexity of the bNLS region with its various binding part-
ners means that we cannot formally conclude that this is due to
impairment of NS5 nuclear export alone as opposed to impair-
ment of functions, such as NS3 and/or Imp binding.

Notably, the NES region within the bNLS of DENV NS5
shows high conservation to the sequences within NS5 of other
flaviviruses of interest (Fig. 7), especially with respect to hydro-
phobic residues (Leu, Val, Ile, and Met); clearly, the interdo-
main region of NS5 is a conserved “hot spot” for interactions
with a range of proteins, including Imp-a/B, Imp-B, NS3, and
now CRM1. Intriguingly, it seems likely that Imp-B may com-
pete with CRM1 for binding, thus providing a means by which
nuclear import and export may be regulated. Phosphorylation
is a common regulator of nuclear targeting pathways (44, 45),
including several viral proteins, such as the rabies virus P-pro-
tein (46) and chicken anemia virus VP3 (47), both of which
regulate their NLS/NES activity via phosphorylation. On the
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MVNGVVKLLTKEWDVIPMVTOLAMT DTTPFGQORVFKEKVDTRTPQPKPGTRMVMTT TANWLWALLGKKKNPRLCTREEFISKVRS
MINGVVKLLTEPWDVVPMVTOMAMT DTTPFGQQRVFKEKVDTRTPRPMPGTRKVME I TAEWLWRT LGRNKRPRLCTREEFTKKVRT
LVNGVVELMSKPWDAIANVTTMAMT DTTPFGQORVFKERVDTEKAPEPPAGAKEVLNETTNWLWAHLSREKRPRLCTKEEFIKKVNS
LVNGVVELMSKPWDAIANVTITMAMT DT TPFGQORVFKEKVDTKAPEPPAGAKEVLNETTNWLWAHLSREKRPRLCTKEEFIKKVNS
LVNGVVRLLSKPWDAITGVTTMAMTDTTPFGQORVFKEKVDTKAPEPPQGVKTVMDETTNWLWAY LARNKKARLCTREEFVKEVNS
LVNGVVRLLSKPWDTITNVITMAMT DTTPFGQORVFKEKVDTKAPEPPEGVKYVLNETTNWLWAFLARDKKPRMCSREEFIGKVNS
LINGVVELLSWPWNARE DVVRMAMT DTTAFGQQRVFKDKVDTKAQEPQPGTRVIMRAVNDWI LERLAQKSKPRMCSEEEFIAKVEKS

FIGURE 7. Conservation of the NS5 NES within the interdomain linker region (residues 320 -405) in Flavivirus members. The NS5 NES (residues 327-343)
is highlighted, with the critical residues mutated in this study shown in boldface. The GenBank™ accession numbers of the following sequences are as indicated:
DENV-2 TSVO1 (DEN-2; AY037116), DENV-1 (DEN-1; U88535), DENV-3 (DEN-3; M93130), DENV-4 (DEN-4; AF32657), yellow fever (YF; X15062), West Nile (WN;
M12294), Kunjin (KUN; D00246), Japanese encephalitis virus (JE; M55506), Murray Valley encephalitis virus (MVE; AF161266), and tick-borne encephalitis virus

(TBE; U27495).

basis of the observation that hyperphosphorylated NS5 is
exclusively located in the nucleus (4), we hypothesize that the
switch between import and export of NS5 may be mediated by
phosphorylation. NS5 dephosphorylation within the nucleus
may elicit a conformational change in NS5, allowing CRM1 to
bind and hence nuclear export to occur.

Significantly, when CRM1 was inhibited in DENV-2-infected
cells, we observed increased nuclear accumulation of NS5, con-
firming that the NS5 NES is active during infection. We also
observed an increase in virus production and a decrease in IL-8
induction. IL-8 is a pro-inflammatory CXC chemokine induced
by stimuli, such as tumor necrosis factor, viral infection, and
lipopolysaccharide (48), and has been implicated in inhibiting
virus production (49). We showed previously that nuclear
NS5 reduces or dampens IL-8 induction in response to
DENYV infection, leading to increased virus production (11).
The results presented here are consistent with this, whereby
increasing nuclear NS5 by inhibiting its nuclear export fur-
ther dampened the IL-8 induction response and resulted in
increased virus production.

Although the contribution of the nucleus and nuclear NS5
to DENV infection is only beginning to be elucidated (11), it
seems clear that nuclear NS5 is involved in modulating host
cell immune responses and virus production. The majority
of NS5 is localized in the nucleus during infection, despite
most replication occurring in the cytoplasm (11). This
apparent paradox may be explained, at least in part, by the
requirement of only small amounts of NS5 for replication of
several flaviviruses (50—52). One possibility is that excess
NS5 protein within the cytoplasm may be inhibitory to viral
processes so that transport to the nucleus may relieve such
problems as well as provide opportunities for additional
nuclear functions such as those outlined above. This study
provides an explanation as to how essential NS5 functions in
both the cytoplasm and nucleus may be maintained through
regulated NLS/NES activities.

In summary, we have identified a CRM1-mediated NES
within NS5 that is active during infection and that, when inhib-
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ited, decreases IL-8 production and alters the kinetics of virus
production. Current research in our laboratory is aimed at fur-
ther elucidating the nuclear functions of NS5. The conservation
of the identified NS5 NES region (Fig. 7) within related flavivi-
ruses of medical importance such as Japanese encephalitis virus
and West Nile virus makes it a promising candidate for the
development of urgently needed new therapeutics to combat
infection.
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