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The West Nile virus minus-strand 3� terminal stem loop (SL) RNA
was previously shown to bind specifically to cellular stress granule
(SG) components, T cell intracellular antigen-1 (TIA-1) and the
related protein TIAR. In vitro TIAR binding was 10 times more
efficient than TIA-1. The 3�(�)SL functions as the promoter for
genomic RNA synthesis. Colocalization of TIAR and TIA-1 with the
viral replication complex components dsRNA and NS3 was ob-
served in the perinuclear regions of West Nile virus- and dengue
virus-infected cells. The kinetics of accumulation of TIAR in the
perinuclear region was similar to those of genomic RNA synthesis.
In contrast, relocation of TIA-1 to the perinuclear region began only
after maximal levels of RNA synthesis had been achieved, except
when TIAR was absent. Virus infection did not induce SGs and
progressive resistance to SG induction by arsenite developed
coincident with TIAR relocation. A progressive decrease in the
number of processing bodies was secondarily observed in infected
cells. These data suggest that the interaction of TIAR with viral
components facilitates flavivirus genome RNA synthesis and in-
hibits SG formation, which prevents the shutoff of host translation.

T cell intracellular antigen-related protein � T cell intracellular antigen-1 �
viral replication complexes

Eukaryotic cells respond to environmental stresses, such as
oxidative stress, heat shock, UV irradiation, endoplasmic

reticulum (ER) stress, and some viral infections, by altering the
protein expression machinery (1). The expression of proteins
responsible for damage repair is increased, whereas translation
of constitutively expressed proteins is aborted by redirection of
these mRNAs from polysomes to discrete cytoplasmic foci
known as stress granules (SGs) for transient storage (2). Several
cell proteins, including T cell intracellular antigen-1 (TIA-1),
TIA-1-related protein (TIAR) (2), and Ras-Gap-SH3 domain-
binding protein (G3BP) are involved in SG assembly (3). Phos-
phorylation of eukaryotic translation initiation factor 2� (eIF2�)
by protein kinase R (PKR) and other kinases prevents the
assembly of the active ternary preinitiation complex eIF2-GTP-
tRNAMet and inhibits translation initiation and polysome assem-
bly (4). TIA-1 and TIAR bind to these inactive translation
initiation complexes as well as to the mRNA poly(A)� and
self-aggregate, promoting the assembly of SGs (2). Processing
bodies (PBs), another type of foci identified in the cytoplasm of
eukaryotic cells (5), contain components of the 5�–3� mRNA
degradation pathway as well as the miRNA-dependent silencing
protein GW182 (6). PBs do not require eIF2� phosphorylation
for their assembly (7). Although SGs and PBs differ in their size
and shape as well as in their mechanism of assembly, the two
types of foci are found side by side in mammalian cells and a
physical association between them was demonstrated by real-
time fluorescence imaging (7). This study also showed that PBs
are highly motile, whereas the positions of SGs are relatively
fixed, and that SGs deliver mRNAs to associated PBs for
degradation.

TIA-1 and TIAR are essential, multifunctional, nucleocyto-
plasmic shuttling proteins that are expressed in most types of

cells and tissues (8, 9). TIA-1 and TIAR contain three N-
terminal RNA recognition motifs (RRM) (10) and a glutamine-
rich C-terminal domain, called prion-related domain (PRD),
that shares structural and functional characteristics with the
aggregation domains of mammalian and yeast prion proteins
(11). A recombinant TIA-1 protein lacking the three RNA-
binding domains was unable to bind poly(A)� RNA and recruit
it to SGs (2). Deletion of the TIA-1 PRD inhibited protein
aggregation and SG assembly (11). PRD aggregation is regulated
by the molecular chaperone heat shock protein 70 (HSP70), and
overexpression of HSP70 prevented cytosolic aggregation of
PRD (11). TIA-1 and TIAR also regulate translational silencing
of a subset of cellular mRNAs by binding to AU-rich sequences
in the 3� noncoding regions (NCRs) of these mRNAs (12). In
addition, TIA-1 and TIAR proteins interact specifically with the
3�-terminal stem loop (SL) structure of the West Nile virus
minus-strand RNA [WNV3�(�)SL] (13).

WNV is classified in the family Flaviviridae, genus Flavivirus,
along with a number of other human pathogens, including
dengue virus (DV), Japanese encephalitis virus, yellow fever
virus, and tick-borne encephalitis virus. The flavivirus genome
is a single-stranded, positive sense RNA of �11 kb containing a
single ORF and is the only viral mRNA produced during the
virus replication cycle. Flavivirus replication takes place in the
perinuclear region of the cytoplasm of infected cells. Three
structural (capsid, membrane, and envelope) and seven non-
structural (NS1, NS2a, NS2b, NS3, NS4a, NS4b, and NS5) viral
proteins are produced by proteolytic processing of the single
polyprotein by viral and cellular proteases (14, 15). The C-
terminal portion of NS5 is the RNA-dependent RNA polymer-
ase (RdRp), whereas the N-terminal part is a methyltransferase
involved in RNA capping (16). The N terminus of NS3 has serine
protease activity, whereas the C terminus contains helicase,
NTPase, and triphosphatase activities (14, 15). The NS3, NS5,
and NS1 proteins, as well as the hydrophobic NS2a, NS2b, NS4a,
and NS4b proteins, were previously shown to be components of
membrane bound viral RNA replication complexes located in
the perinuclear region of infected cells (17–19).

In this study, both TIA-1 and TIAR were shown to colocalize
with the WNV and DV NS3 protein as well as with viral dsRNA,
a marker for viral replication complexes, in infected mammalian
cells. The data obtained suggest that these interactions facilitate
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viral genomic RNA synthesis and down-regulate SG formation
in infected cells.

Results
TIA-1 and TIAR Colocalize with WNV and DV2 Proteins in Infected Baby
Hamster Kidney (BHK) Cells. A previous study showed that in
C57/BL/6 TIAR�/� MEFs, the replication of WNV was reduced
by 6- to 8-fold compared with control MEFs, whereas WNV grew
to the same levels in TIA-1�/� MEFs and control MEFs (13).
This was consistent with the 10-fold higher binding efficiency of
TIAR for the WNV3�(�)SL as compared with TIA-1 (13). To
determine whether a flavivirus infection altered the distribution
of these cell proteins, BHK cells were infected with WNV at
MOI of 5 and at 3, 6, 12, and 24 hours after infection (hpi), the
cells were fixed, permeabilized, incubated with anti-TIA-1 or
anti-TIAR and then anti-WNV antibody, and visualized by
confocal microscopy as described in Materials and Methods and
supporting information (SI) Materials and Methods. As expected,
TIAR (Fig. 1A, green) and TIA-1 (Fig. 1E, green) were evenly
distributed throughout mock-infected cells (20). Under these
infection conditions, WNV proteins were detected in �90% of
the cells. WNV proteins were faintly detected by 6 hpi (Fig. 1B,
red). Although at 6 hpi, TIAR was still found in both the
cytoplasm and nucleus, this protein was also concentrated in a
few bright foci in the cytoplasm (Fig. 1B, green). Merged images
obtained at 6 hpi showed colocalization of TIAR foci, with foci
of viral protein (Fig. 1B, merge). Foci of TIA-1 were not
observed at this time (data not shown). By 12 hpi, the majority
of TIAR was in the cytoplasm (Fig. 1C, green) and the amount
of WNV protein had increased and was concentrated in the
perinuclear region (Fig. 1C, red). Again, colocalization of TIAR
but not TIA-1 (data not shown) with the viral proteins was
observed mainly in perinuclear foci (Fig. 1C, merge). By 24 hpi,
the intensity of WNV protein staining had increased significantly
(Fig. 1 D and F, red), and TIAR strongly colocalized in the
perinuclear region with the WNV proteins (Fig. 1D, merge). In

contrast, only a few bright cytoplasmic foci of TIA-1 colocalized
with the WNV proteins by 24 hpi (Fig. 1F, merge; a pattern
similar to that seen at 12 hpi with TIAR). Strong colocalization
of TIA-1 with the WNV proteins was observed by 36 hpi (Fig.
1G, merge). Quantification of the amount of TIAR or TIA-1 in
the nucleus confirmed that the distribution of both TIA-1 and
TIAR was altered with time after WNV infection but the
redistribution of TIAR occurred more rapidly (Fig. 1H).

It was previously reported that the expression of TIA-1 was
three times higher in TIAR�/� than in wild-type MEFs (13). To
determine whether the time course of TIA-1 redistribution was
altered when TIAR was not present, TIAR�/� MEFs were
infected with WNV (MOI of 5), and the locations of TIA-1 and
WNV proteins were analyzed at 12 and 24 hpi. TIA-1 was equally
distributed in both the cytoplasm and nucleus of mock-infected
TIAR�/� MEFs (SI Fig. 5A, green), but these cells were
significantly larger than BHK cells. The time course of appear-
ance, staining intensity, and distribution of the WNV proteins in
these cells (SI Fig. 5 B and C, red) were similar to those observed
with infected BHK cells. At 12 hpi, a few bright foci of TIA-1 that
colocalized with WNV proteins were observed (SI Fig. 5B,
merge), similar to what was observed by 12 hpi for TIAR in BHK
cells. By 24 hpi, a significant increase in TIA-1 in the perinuclear
region and strong colocalization with viral proteins was observed
(SI Fig. 5C). At all times, a significant portion of TIA-1 remained
in the nucleus. These results indicate that, in the absence of
TIAR, colocalization of TIA-1 with the viral proteins occurred
more quickly, with a time course similar to that of TIAR
colocalization in cells expressing both proteins.

To determine whether TIA-1/TIAR colocalization with viral
proteins was also characteristic of other flavivirus infections,
BHK cells were infected with DV2, (MOI of 0.1), a divergent
flavivirus from a different serocomplex than WNV, and ana-
lyzed at 12, 24, 36, and 72 hpi as described in Materials and
Methods. Because of the lower MOI, at 12 and 24 hpi, DV2
proteins were detected in only �5% of the cells (data not
shown). By 36 hpi, clusters of infected cells with bright virus-
specific cytoplasmic foci were observed (�40% of the cells) (SI
Fig. 6 B and D, red). At 72 hpi, in �60% of the cells, DV2
proteins were detected with a distribution and staining intensity
(SI Fig. 6 C and E, red) similar to that observed in WNV-infected
cells at 24 hpi (Fig. 1 D and F, red). Strong colocalization of both
TIAR (SI Fig. 6B and C, merge) and TIA-1 (SI Fig. 6 D and E,
merge) with DV2 proteins was detected at 36 and 72 hpi. This
colocalization was primarily in the perinuclear region but was
also observed in foci extending into the cytoplasm of the infected
cells (SI Fig. 6 B–E, merge). In the uninfected cells visible in the
middle panels of SI Fig. 6 B–E, TIA-1 and TIAR were equally
distributed in the cytoplasm and nucleus. These results suggest
that the colocalization of TIA-1/TIAR with viral proteins is a
general feature of flavivirus infections.

TIA-1 and TIAR Interact with Sites of WNV and DV2 RNA Replication.
In previous in vitro RNA–protein interaction assays, the TIA-
1/TIAR proteins were shown to bind specifically to the
WNV3�(�)SL RNA (13). The minus-strand RNA of flaviviruses
is present in infected cells only in RNA replication complexes
(14, 15). An antibody to dsRNA that does not detect either
cellular ribosomal RNA or tRNA was previously used to detect
f lavivirus replication complexes in infected cells (21). To test
whether TIA-1/TIAR colocalized with viral dsRNA in infected
cells, BHK cells infected with WNV (MOI of 0.1) or DV2 (MOI
of 0.1) were fixed and incubated with anti-dsRNA and anti-
TIA-1 or anti-TIAR antibody. A lower MOI for WNV and later
time points were used to better visualize the replication com-
plexes. Perinuclear foci stained with anti-dsRNA antibody were
observed in WNV-infected cells at 36 hpi (Fig. 2 B and C, red)
but not in mock-infected cells (Fig. 2 A). In WNV-infected cells,
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Fig. 1. Colocalization of TIA-1 and TIAR with WNV proteins in infected BHK
cells. (A–D) Laser scanning confocal microscopy of mock-infected (A) or WNV-
infected (MOI of 5) (B–D) BHK cells stained with anti-WNV (red) and anti-TIAR
antibody (green) at the indicated times after infection. (E–G) BHK stained with
anti-WNV (red) and anti-TIA-1 antibody (green) at the indicated times after
WNV (F and G) or mock (E) infection. Nuclear DNA (blue) was stained with
Hoechst 33258 dye. (H) Quantification of the amount of TIAR (Left) or TIA-1
(Right) in the nucleus of mock-infected cells (M) and WNV-infected cells at the
indicated times after infection. The relative pixel intensity in the nuclei of 20
cells at each time after infection was measured, and the mean values were
plotted. Error bars indicate the standard deviation of the mean.
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strong colocalization of TIA-1/TIAR with the dsRNA was
observed in bright perinuclear foci (Fig. 2 B and C, merge).
Similar dsRNA perinuclear foci and similar TIA-1/TIAR colo-
calization with these foci were observed in DV2-infected cells at
72 hpi (SI Fig. 7 B and C), indicating that TIA-1/TIAR strongly
colocalized with flavivirus RNA complexes in infected cells.

Previous immunofluorescence studies using antibodies spe-
cific to dsRNA as well as to individual f lavivirus NS proteins
suggested that NS3 and NS5, as well as NS1, NS2a, and NS4a,
associate with ds viral RNA in flavivirus replication complexes
located in the perinuclear region of infected cells (22, 23).
Broader areas of colocalization were observed with the anti-
WNV (Fig. 1) than with the anti-dsRNA antibody, suggesting
that TIA-1/TIAR might also interact with a viral nonstructural
protein. Coimmunoprecipitation experiments were done by us-
ing lysates prepared from mock-infected or WNV-infected BHK
cells at 24 hpi and anti-TIAR or anti-TIA-1 antibody, as
described in Materials and Methods. Cell lysates, as well as
immunoprecipitates, were then analyzed by SDS/PAGE and
transferred to nitrocellulose membranes for Western blot anal-
ysis using anti-WNV (Fig. 2G Left). Four WNV proteins, pre-
sumed to be NS5, NS3, E, and NS1, were detected in lysates from
WNV-infected cells (Fig. 2G Left, lane 2) but not in lysates or
immunoprecipitates from mock-infected cells (Fig. 2G Left,
lanes 1, 3, and 5). In immunoprecipitates from WNV-infected
cells, both anti-TIAR (Fig. 2G Left, lane 4) and anti-TIA-1 (Fig.
2G Left, lane 6) antibody coimmunoprecipitated a viral protein
with the expected size of NS3. To verify that this was NS3,
samples precipitated with anti-TIA-1 or anti-TIAR antibodies
were analyzed by Western blot analysis using an anti-WNV NS3
monoclonal antibody. NS3 was detected in lysates from WNV-

infected cells after immunoprecipitation with both anti-TIAR
(Fig. 2G Right, lane 4) or anti-TIA-1 (Fig. 2G Right, lane 6)
antibody.

Anti-WNV NS3 monoclonal antibody was next used to study
the colocalization of TIA-1/TIAR with NS3 in BHK cells
infected with WNV or DV2 at 36 or 72 hpi, respectively. NS3 was
previously shown to be broadly distributed around the nucleus
and to colocalize with dsRNA foci in flavivirus-infected cells
(21). In the merged images, both TIA-1 and TIAR strongly
colocalized with NS3 in WNV-infected cells (Fig. 2 E and F,
merge). Bright focal areas, as well as more diffuse areas of
colocalization, were observed. Similar results were observed in
DV2-infected cells at 72 hpi (SI Fig. 7 E and F).

WNV and DV2 Interfere with SG Formation in Infected BHK Cells.
TIA-1/TIAR were previously reported to be required for the
formation of SGs in cells after treatment with arsenite (2), and
both proteins were shown to colocalize with viral nonstructural
proteins and replication complexes in flavivirus-infected cells.
To determine whether a flavivirus infection would interfere with
cellular SG formation, BHK cells were mock-infected or infected
with WNV and exposed to oxidative stress by treatment with 0.5
mM arsenite for 30 min. Infected cells were treated at 6, 12, or
24 hpi. The cells were then fixed and stained with anti-WNV
(Fig. 3 A–D, red) and anti-TIAR antibody (Fig. 3 A–D, green).
At 6 hpi, when only a small amount of colocalization of TIAR
with WNV proteins was observed (Fig. 3B, merge), the number
of SGs induced by the arsenite was slightly reduced (Fig. 3B,
green; Fig. 3E) as compared with mock-infected cells (Fig. 3A,
green; Fig. 3E). At 12 hpi, SG formation further decreased (Fig.
3C, green; Fig. 3E) as colocalization of TIAR and when WNV
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Fig. 2. Interaction of TIA-1 and TIAR with WNV replication complex com-
ponents. BHK cells were infected with WNV at a MOI of 0.1. (A–F) Laser
scanning confocal microscopy of mock-infected (A and D) and WNV-infected
(B, C, E, and F) cells stained with anti-dsRNA (A–C, red) or anti-NS3 (D–F, red)
and then with either anti-TIAR (A, B, D, and E, green) or anti-TIA-1 (C and F,
green) antibodies at 36 hpi. Enlarged views are included in the B and C merged
panels. (G) Coimmunoprecipitation of WNV proteins by anti-TIA-1 and anti-
TIAR antibodies. BHK cells were infected with WNV at a MOI of 5. Immuno-
precipitates were visualized by Western blot using anti-WNV (Left) or anti-NS3
antibody (Right). Lane 1, mock-infected lysate; lane 2, WNV-infected lysate;
lanes 3 and 5, mock-infected immunoprecipitates; lanes 4 and 6, WNV-
infected immunoprecipitates. Arrows indicate the positions of the WNV
proteins detected. Positions of molecular weight standards are indicated on
the left.
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Fig. 3. WNV infection interferes with SG formation. (A–D) Laser scanning
confocal microscopy of mock-infected (A) and WNV-infected (MOI of 5) (B–D)
BHK cells treated with 0.5 mM arsenite for 30 min at the indicated times after
infection. The cells were fixed, permeabilized, and stained with anti-WNV
(A–D, red) and with the SG marker, anti-TIAR (A–D, green). Arrows indicate
representative SG. (E) Quantification of the number of SGs in mock-infected
(M) and WNV-infected cells at the indicated times after infection. Visible SGs
in 70 cells were counted for each experimental condition, and the average
number of SG per cell was plotted. Error bars indicate the standard deviation
of the mean. (F) Western blot analysis of phospho-eIF2� in BHK cells mock-
infected or infected with WNV for 24 h or in infected cells treated with 0.5 mM
arsenite for 30 min at the indicated times after infection. Lane 1, mock-
infected BHK cells; lane 2, cells treated with 0.5 mM arsenite for 30 min; lane
3, cells infected with WNV (MOI of 5); lanes 4–6, cells infected with WNV and
then treated with arsenite for 30 min at the indicated times. Phospho-eIF2�

(S51) (Top), total eIF2� (Middle), and G3BP (Lower) were detected with specific
antibodies (SI Materials and Methods) .
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proteins increased (Fig. 3C, merge). Few, if any, SGs were
detected at 24 hpi (Fig. 3D, green; Fig. 3E) in cells showing
strong colocalization between TIAR and WNV proteins (Fig.
3D, merge). WNV infection alone did not induce SG formation
at any time after infection (Fig. 1 B–D, green). The effect of DV2
infection on SG formation was also investigated. BHK cells
infected with DV2 for 36 or 72 h were treated with 0.5 mM
arsenite for 30 min and immunostained with anti-DV2 and
anti-TIAR (SI Fig. 8). At both times, strong colocalization of
TIAR and DV2 proteins was observed. Few SGs were observed
in infected cells (SI Fig. 8 B and C, green; SI Fig. 8D), whereas
many SGs were observed in uninfected cells (SI Fig. 8A, green).

Because phosphorylation of eIF2� at S51 also regulates SG
formation, the effect of WNV and DV2 infections on eIF2�
phosphorylation was assayed. BHK cells were infected with
either virus, and, at various times after infection, cells were
treated for 30 min with 0.5 mM arsenite. Control infected cells
were not treated with arsenite. Proteins in cell lysates were
analyzed by Western blot using a polyclonal antibody specific for
eIF2� phosphorylated at S51 (Fig. 3F). Under these experimen-
tal conditions, phosphorylation of eIF2� was not detected in
mock-infected cells or 24 h after WNV (Fig. 3F, lane 3) or 36 h
after DV2 (SI Fig. 8E, lane 1) infection. High levels of eIF2�
phosphorylation were observed in extracts of mock-infected cells
treated with arsenite (Fig. 3F, lane 2). Reduced levels of
phospho-eIF2� were detected in WNV-infected extracts by 12
hpi and were further decreased by 24 hpi (Fig. 3F, lanes 4–6). In
the DV2 extracts, decreased phosphorylation of eIF2� was
observed at later times after infection (SI Fig. 8E, lanes 2–5). The
large number of uninfected cells present in the DV2-infected
cultures are the source of the higher levels of phospho-eIF2�
observed until 6 days after infection (dpi). The levels of total
eIF2� and of another protein involved in SG formation, G3BP,
remained constant under all conditions tested and after infection
with both viruses (Fig. 3F and SI Fig. 8E). Although neither
WNV nor DV2 infection induced SG formation in BHK cells,
cells infected with both flaviviruses became progressively more
resistant to SG induction by arsenite with time after infection.

WNV and DV2 Infections Interfere with PB Assembly. SGs and PBs
share some components and are dynamically linked by their role
in regulating cytoplasmic mRNA storage and/or degradation (7,
24). To test whether WNV and DV2 infections also interfere
with PB assembly, BHK cells mock-infected or infected for
various times with either WNV or DV2 were treated or not
treated for 30 min with 0.5 mM arsenite. The cells were then
fixed and incubated with antibody to the PB marker DCP1a and
anti-WNV (Fig. 4) or anti-DV2 (SI Fig. 9). PBs were detected in
untreated cells (Fig. 4 A–C, green; SI Fig. 9 A–C, green) as well
as in arsenite-treated cells (Fig. 4 D–F, green; SI Fig. 9 D–F,
green). In uninfected, WNV-infected, and DV2-infected cells,
PBs were evenly distributed throughout the cytoplasm (Fig. 4
and SI Fig. 9). In both uninfected and infected cells treated with
arsenite, the number of PBs was decreased (Fig. 4G; SI Fig. 9G),
and the remaining PBs were mainly located around the nucleus
(Fig. 4 D–F, green; SI Fig. 9 D–F, green). In WNV-infected cells,
a noticeable reduction in PB formation was observed by 24 hpi
in untreated (Fig. 4B, green; Fig. 4G Left) and arsenite-treated
(Fig. 4E, green; Fig. 4G Right) cells as compared with mock-
infected cells (Fig. 4 A and D, green; Fig. 4G). A further
reduction in PB formation was observed in both arsenite-
untreated (Fig. 4C, green; Fig. 4G Left) and treated (Fig. 4F,
green; Fig. 4G Right) WNV-infected cells at 36 hpi. In DV2-
infected cells, a reduction in PB formation was observed at later
times after infection (SI Fig. 9 B, C, E, and F, green; SI Fig. 9G),
consistent with the slower replication kinetics of DV2. These
results indicate that both WNV and DV2 infections interfere
with PB assembly in BHK cells.

Discussion
In normal cells that are not undergoing stress, TIA-1 and TIAR
are distributed fairly evenly between the cytoplasm and nucleus.
In response to stress, TIA-1 and TIAR aggregate with cell
mRNAs in SGs (2). In this study, a unique distribution pattern
for these proteins was observed in cells infected with two
different flaviviruses, WNV and DV2. First TIAR and then
TIA-1 relocated to the perinuclear region in flavivirus-infected
cells. In WNV-infected cells, perinuclear foci of TIAR were
detected by 6 hpi, and a significant amount of TIAR was
observed in this region by 12 hpi. With TIA-1, perinuclear foci
were not detected until 24 hpi, and significant concentrations of
TIA-1 in this region were not seen until 36 hpi. Interestingly, the
initiation of TIA-1 relocation to the perinuclear region in
WNV-infected cells did not begin until the majority of TIAR had
already relocated to this region.

By 6 hpi, newly translated WNV proteins were detectable in
the cytoplasm by immunoflourescence, and, by 12 hpi, the
amount of viral protein had increased and was concentrated in
the perinuclear region. Colocalization of bright foci of TIAR and
of viral proteins was detected by 6 hpi and the amount of
colocalization progressively increased thereafter. These bright
perinuclear foci also contained dsRNA, identifying them as
viral-replication complexes. Previous in vitro RNA–protein-
binding assays showed that TIAR bound 10 times more effi-
ciently than TIA-1 to the WNV 3�(�)SL RNA (13). The
different kinetics of TIA-1 and TIAR redistribution in flavivi-
rus-infected cells could be due to the more efficient interaction
between cytoplasmic TIAR and the 3� ends of viral minus strand
RNAs. The 3�(�)SL is thought to contain promoter elements for
genomic RNA initiation, and it was previously proposed that
TIAR functions as a transcription factor for genomic RNA
initiation (13). This hypothesis was recently supported by data
showing that mutagenesis of the mapped TIA-1/TIAR-binding
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Fig. 4. WNV infection interferes with PB assembly. (A–F) Laser scanning
confocal microscopy of mock-infected (A and D) and WNV-infected (MOI of 5)
(B, C, E, and F) cells that were treated (Right) or not treated (Left) with arsenite
for 30 min at the indicated times. The cells were stained with anti-WNV (A–F,
red) and anti-DCP1a (a PB marker) (A–F, green) antibody. Arrowheads indicate
representative PBs. (G) Quantification of the number of PBs in mock-infected
(M) and WNV-infected cells treated (Right) or not treated (Left) with arsenite.
PBs in 50 cells were counted for each experimental condition at the indicated
times after infection, and the average number of PBs per cell was plotted.
Error bars indicate the standard deviation of the mean.
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sites on the WNV 3�(�)SL RNA in a WNV infectious clone
negatively affected genomic RNA synthesis (M.M.E. and
M.A.B., unpublished data). Previous analyses of the kinetics of
flavivirus RNA synthesis showed an initial low peak of genomic
RNA synthesis between 6 and 10–12 hpi, followed by a switch to
exponentially increasing genomic RNA synthesis (14, 25). The
level of genomic RNA synthesis in infected cells correlated
temporally with the extent of TIAR relocation to the perinuclear
region.

It was shown that the yield of WNV produced by TIAR�/�

MEFs, which express three times more TIA-1 than wild-type MEFs,
was reduced by only 6- to 8-fold as compared with TIA-1�/� or
control MEFs (13). These data suggested that TIA-1 could also
function as a viral transcription factor when TIAR was not present.
Consistent with this hypothesis, colocalization of TIA-1 and WNV
proteins in infected TIAR�/� MEFs occurred in a time course
similar to that observed with TIAR in cells expressing both
proteins. These data also suggest that the ability of TIA-1 to
relocate to the perinuclear region is not being actively prevented in
infected cells. However, the possibility that TIA-1 is interacting with
a cell protein partner and so is not available for interaction with viral
components until later times after infection cannot be ruled out.

The data suggest the possibility that TIA-1/TIAR may also
interact with a viral nonstructural protein as well as with the
3�(�)SL RNA. WNV NS3 was coimmunoprecipatated by both
anti-TIA-1 and anti-TIAR antibodies. The four hydrophobic
nonstructural proteins (NS2a, NS2b, NS4a, and NS4b) have been
reported to be tightly complexed with NS3 in dense membrane
fractions (26), whereas the RdRp NS5 was more loosely asso-
ciated (27). Although the results indicate that viral replication
complexes were coimmunoprecipitated by anti-TIA-1 and anti-
TIAR antibodies, they do not provide evidence of a direct
interaction between TIA-1/TIAR and a particular viral NS
protein. Flaviviruses initiate RNA synthesis de novo. The inter-
action of TIA-1 or TIAR with a protein in a flavivirus RdRp
complex might enhance the preferential recognition of minus
strand templates by these complexes. TIA-1/TIAR do not bind
to the 3�-terminal SL RNA of the genomic (�) RNA template
(M.M.E. and M.A.B., unpublished data). As the number of
TIA-1/TIAR-containing complexes progressively accumulates
in infected cells, the synthesis of genomic RNA would be
expected to be significantly and preferentially amplified over
minus-strand RNA. The binding of TIA-1/TIAR to the 3�(�)SL
RNA might stabilize it, allowing other necessary factors to assemble
to facilitate genomic RNA synthesis. It is currently not known
whether the self-aggregating domains of TIA-1/TIAR play a role
in these protein–protein and RNA–protein interactions.

Flaviviruses prevent rather than facilitate the shutoff of host
cell translation. Flaviviruses replicate at significantly slower rates
than most other positive-strand RNA viruses in mammalian and
avian cells, and rapid shutoff of cell protein synthesis with the
resulting negative effect on cell viability would have a deleterious
effect on flavivirus yields. That flavivirus infections do not
induce SG formation and that infected cells become increasingly
resistant to the induction of SG by arsenite treatment with time
after infection has not been previously reported. These data
suggest that flavivirus infections actively inhibit SG formation.
The time course of the resistance to SG formation coincided
with that of the relocation of TIAR to the perinuclear region
rather than with the relocation of TIA-1 or with decreased
phosphorylation of eIF2�. These observations suggest that the
sequestration of TIAR through its interaction with the viral
3�(�)SL RNA and possibly also a viral nonstructural protein is
the initial reason for the observed decrease in SG formation in
flavivirus-infected cells. A previous study showed that although
eIF2� was phosphorylated in both TIA�/� and TIAR�/� MEFs,
SG formation was impaired in TIA�/� MEFs but not in TIAR�/�

MEFs, suggesting that TIAR alone could not form SGs (11). The

observation that SG formation was inhibited to some extent
when TIAR, but not TIA-1, was sequestered in the perinuclear
region suggests the possibility that additional components nec-
essary for SG formation may also be sequestered in the perinu-
clear region of flavivirus-infected cells. If self-aggregation of
TIAR in the perinuclear region occurs, this might attract addi-
tional SG components. In the previous study that identified
TIAR as a WNV 3�(�)SL RNA-binding protein, three addi-
tional cell proteins (p50, p60, and p108) were shown to bind to
this viral RNA (13). Some of these viral RNA-binding proteins
could also be components of SGs. The assembly of pseudoSG
complexes around the viral minus-strand RNA replication com-
plexes might be part of the remodeling of the perinuclear
membranes by virus infection to create an environment for
efficient genomic RNA synthesis and encapsidation.

Complete resistance to induction of SG and a significant
decrease in eIF2� phosphorylation at S51 were not observed in
arsenite-treated, WNV infected cells until 24 hpi, a time by which
maximum levels of virus replication had been achieved. Unlike
flaviviruses, both Semliki Forest virus (SFV), a positive-strand
RNA alpha togavirus (28) and some strains of reovirus, a
double-stranded RNA virus (29), rapidly shut off host cell
protein synthesis. For both viruses, the phosphorylation of eIF2�
(S51) as well as the aggregation of TIA-1/TIAR into SG were
shown to be important for shut off of host cell protein translation
(28, 29). In cells subjected to environmental stresses, the acti-
vation of PKR and/or other cellular kinases leads to the phos-
phorylation of eIF2� (20). Activation of PKR, followed by
phosphorylation of eIF2� by PKR and the formation of SGs was
postulated to result in the shut off of host cell translation in cells
infected with SFV (28, 30) or Sindbis virus (30). The expression
of P58IPK, a PKR/PERK inhibitor, was shown to be decreased in
L929 cells infected with host shutoff-inducing strains of reovirus,
and high levels of phospho-eIF2� were detected (29). In con-
trast, in cells infected with two flaviviruses, DV2 or Japanese
encephalitis virus (MOI of 3), the expression of P58IPK was
significantly up-regulated at 24 hpi (31). The timing of this
up-regulation was exactly coincident with the decrease in eIF2�
phosphorylation observed in arsenite-treated WNV-infected
(MOI of 5) cells in the present study. Yu et al. (31) also showed
that the up-regulation of P58IPK was the result of activation of the
cellular unfolded protein response by the accumulation of
several different flavivirus proteins in infected cells. The initial
shut off of SG formation in flavivirus-infected cells appears to
be due to the sequestration of TIAR, and possibly also of other
SG components in the perinuclear region of infected cells
through interaction with viral components. A direct benefit of
this interaction for the virus is that it likely facilitates significant
amplification of genomic RNA synthesis. An indirect benefit is
that this interaction inhibits the shutoff of host protein synthesis.
However, f laviviruses appear to use multiple mechanisms to
inhibit SG formation, as evidenced by the up-regulation of
P58IPK at later times after infection mediated by the accumula-
tion of viral proteins.

PBs are involved in mRNA degradation and in translational
repression (5). In the present study, a similar decrease in PB
assembly was observed in both untreated and arsenite-treated
flavivirus-infected cells. This decrease was temporally correlated
with the initiation of TIA-1 relocation and the decrease in eIF2�
phsophorylation in arsenite-treated cells. The mechanism by
which flaviviruses interfere with PB assembly in infected cells is
not yet known. The interference with PB assembly may be
related to activation of the unfolded protein response and would
provide an additional mechanism to prevent translational re-
pression and protect viral RNA as well as cell mRNA from
degradation.
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Materials and Methods
Cells. BHK-21, strain WI2 cells (32) were maintained as de-
scribed (33). C57/BL/6 and C57/BL/6 TIAR�/� MEF cell lines
were provided by Paul Anderson (Brigham and Woman’s Hos-
pital, Boston, MA) and grown in MEM supplemented with 10%
FCS, 1� MEM nonessential amino acids (Invitrogen, Carlsbad,
CA), 1 mM sodium pyruvate (Invitrogen), 2 mM glutamine
(Invitrogen), and 10 �g/ml gentamycin.

Viruses. A stock of WNV strain Eg101 was prepared in BHK cells
(2 � 108 PFU/ml) as described (33). DV2, strain Bangkok
D80-100, was provided by Walter Brandt (Walter Reed Army
Institute of Research, Washington, DC). The titer of a 10%
wt/vol suckling mouse brain homogenate was 2 � 106 PFU/ml.
Cells were infected with WNV at a MOI of 5 or 0.1 and with DV2
at a MOI of 0.1. Virus was adsorbed to cells for 1 h at room
temperature, the inoculum was removed, and the cells were
washed three times with serum-free medium. MEM containing
5% FCS was added, and the infected cells were incubated at 37°C
in a CO2 incubator. To induce stress, cells were treated at various
times after infection with 0.5 mM sodium m-arsenite (Sigma–
Aldrich St. Louis, MO) in MEM for 30 min. Virus growth
experiments were done as described (13).

Western Blotting. Western blot analysis was carried out as de-
scribed (33). Membranes were blocked in 1� Tris-buffered
saline (TBS) containing 5% nonfat dry milk (NFDM). Primary
antibodies were diluted in 1� TBS containing 5% BSA (1:1,000
for anti-phospho-eIF2�, 1:500 for anti-eIF2�, 1:3,000 for anti-
G3BP, and 1:500 for anti-WNV and anti-WNV NS3 antibodies),
and the secondary antibody was diluted 1:2,000 in 1� TBS
containing 5% NFDM.

Coimmunoprecipitation Assays. BHK cells (2 � 106) were mock-
infected or infected with WNV at a MOI of 5. At 24 hpi, cell
lysates were prepared by using lysis buffer containing 50 mM
sodium phosphate (pH 7.2), 150 mM NaCl, 1% Nonidet P-40,
and Complete, Mini, EDTA-free protease inhibitor mixture
(Roche, Indianapolis, IN). Cell lysates were incubated on ice for
30 min, sonicated, and then centrifuged at 2,000 � g for 5 min
at 4°C. The supernatant (250 �l per �100 �g of total protein)

was precleared with protein A/G-magnetic beads (New England
Biolabs, Beverly, MA) for 1 h at 4°C with rotation. The clarified
supernatants were incubated with 1 �g of anti-TIA-1 or anti-
TIAR antibody at 4°C for 1 h with rotation, and then beads were
added and incubated for 1 h. Beads were collected magnetically,
washed seven times with 1 ml of lysis buffer, and proteins were
eluted by boiling for 5 min. Proteins were separated by 12%
SDS/PAGE, transferred to nitrocellulose membranes, and ana-
lyzed by Western blotting using either mouse anti-WNV or
anti-NS3 antibody.

Detection of Intracellular and Cellular Viral Proteins by Immunofluo-
rescence. BHK, C57BL/6, and TIAR�/� cells (2 � 104) were
seeded onto 3-mm coverslips (Fisher Scientific, Pittsburgh, PA)
and grown to �50% confluency. At various times after infection,
cells were fixed in 4% paraformaldehyde (Sigma–Aldrich) in
PBS for 10 min at room temperature, permeabilized with 100%
chilled methanol for 10 min at �20°C, washed three times in
PBS, and incubated with blocking buffer [PBS containing 5%
heat inactivated horse serum (Invitrogen)] overnight at 4°C.
Primary antibodies were diluted in blocking buffer (1:1,000 for
anti-TIAR, anti-TIA-1, and anti-Dcap1; 1:200 for anti-dsRNA;
and 1:100 for anti-WNV, anti-DV2, and anti-WNV NS3 anti-
body) and incubated with cells at 37°C for 1 h. Cells were then
washed three times for 10 min with PBS and incubated for 1 h
at 37°C with Texas red- and FITC-labeled secondary antibodies
diluted 1:300 in blocking buffer containing 0.5 �g/ml Hoechst
33258 dye (Molecular Probes, Bedford, MA) to stain the nuclear
DNA. Coverslips were mounted in Prolong Gold antifade re-
agent (Invitrogen), and the cells were scanned with a confocal
microscope LSM 510 (Zeiss, Oberkochen, Germany) using a
100� oil-immersion objective. The images compared for each
experimental series were collected by using the same instrument
settings, and the images were analyzed by using Zeiss software
version 3.5.
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