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It was reported previously that four baby hamster kidney (BHK) proteins with molecular masses of 108, 60,
50, and 42 kDa bind specifically to the 3'-terminal stem-loop of the West Nile virus minus-stand RNA [WNV
3'(—) SL RNA] (P. Y. Shi, W. Li, and M. A. Brinton, J. Virol. 70:6278-6287, 1996). In this study, p42 was
purified using an RNA affinity column and identified as TIAR by peptide sequencing. A 42-kDa UV-cross-linked
viral RNA-cell protein complex formed in BHK cytoplasmic extracts incubated with the WNV 3'(—) SL RNA
was immunoprecipitated by anti-TIAR antibody. Both TIAR and the closely related protein TIA-1 are members
of the RNA recognition motif (RRM) family of RNA binding proteins. TIA-1 also binds to the WNV 3'(—) SL
RNA. The specificity of these viral RNA-cell protein interactions was demonstrated using recombinant proteins
in competition gel mobility shift assays. The binding site for the WNV 3’(—) SL RNA was mapped to RRM2
on both TIAR and TIA-1. However, the dissociation constant (K,) for the interaction between TIAR RRM2 and
the WNV 3'(—) SL RNA was 1.5 x 10~®, while that for TIA-1 RRM2 was 1.12 x 10~7. WNV growth was less
efficient in murine TIAR knockout cell lines than in control cells. This effect was not observed for two other
types of RNA viruses or two types of DNA viruses. Reconstitution of the TIAR knockout cells with TIAR
increased the efficiency of WNV growth, but neither the level of TIAR nor WNYV replication was as high as in
control cells. These data suggest a functional role for TIAR and possibly also for TIA-1 during WNV

replication.

Flaviviruses are transmitted between bird and mammalian
hosts via mosquitoes or ticks. Flaviviruses, such as dengue
virus, Japanese encephalitis virus, West Nile virus (WNV), St.
Louis encephalitis virus, Murray Valley virus, and tick-borne
encephalitis virus, can sometimes cause severe disease in in-
fected humans (10, 25). The genomes of flaviviruses are single-
stranded, positive-polarity RNAs of approximately 11 kb and
encode a single large polyprotein that is posttranslationally
processed by viral and cellular proteases into three structural
proteins and seven nonstructural proteins (35). During the
flavivirus replication cycle, which takes place in the cytoplasm
of infected cells, the genomic RNA serves as the only viral
mRNA and is also the template for transcription of the com-
plementary minus-strand RNA. The minus-strand RNA in turn
serves as a template for the synthesis of genomic RNA. Plus-
strand synthesis is 10 to 100 times more efficient than minus-
strand synthesis (35). The noncoding regions (NCRs) of the
flavivirus genome contain terminal RNA structures that are
conserved between divergent flaviviruses even though only short
sequences in these regions are conserved (8, 9, 28, 37, 38). The
terminal RNA structures located at the 3’ ends of the genome
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and complementary minus-strand RNAs differ from each other
in shape and size. Deletion or mutation of either 3’-terminal
structure in flavivirus infectious clones resulted in no progeny
virus production, indicating that these regions are essential for
virus replication (10a, 32, 46). However, specific cis-acting sig-
nal sequences within these structures have not yet been
mapped or functionally analyzed. The WNV 3’-terminal RNA
plus- and minus-strand structures have previously been reported
to bind specifically to different sets of cell proteins (3, 38).

Understanding the mechanisms and components involved in
the initiation and regulation of nascent viral-genome RNA
synthesis from the minus-strand template is the ultimate goal
of ongoing studies. The formation in solution of the 3’-termi-
nal stem-loop structure of the WNV minus-strand RNA [WNV
3'(—) SL RNA] was previously confirmed by RNase structure
probing (38). Three RNA-protein complexes (RPCs) were de-
tected by gel shift mobility assays performed with baby hamster
kidney (BHK) cytoplasmic extracts and the WNV 3'(—) SL
RNA probe (38). The same pattern of RPCs was observed
when WNV-infected or uninfected BHK S100 cytoplasmic cell
extracts were used, suggesting that the proteins in these com-
plexes were cellular proteins. UV-induced cross-linking studies
indicated that the molecular masses of the RNA binding pro-
teins in these complexes were 42, 50, 60, and 108 kDa. The
specificities of these RNA-protein interactions were demon-
strated by competition gel mobility shift and competition UV-
induced cross-linking assays (38).
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The identification of one of the WNV 3’(—) SL RNA bind-
ing proteins, p42, as TIAR is reported here. The closely related
protein TIA-1 was also shown to bind specifically to the WNV
3’(—) SL RNA. Results from WNV growth studies in TIAR
knockout and TIA-1 knockout cells suggest a functional role
for these cell proteins in flavivirus replication.

MATERIALS AND METHODS

Cells. BHK-21/WI2 cells (43) (referred to hereafter as BHK cells) were used
to prepare S100 cytoplasmic extracts or ribosomal salt wash cell extracts. BHK,
CV-1, and Vero cells were maintained at 37°C in a CO, incubator in minimal
essential medium supplemented with 10 pg of gentamicin/ml and 5 or 10% fetal
calf serum.

TIAR knockout C57BL/6 mice and TIA-1 knockout BALB/C mice were pre-
pared as described previously (2, 34). Embryo fibroblast cell lines were established
from wild-type (W4 and TIA*/*43), TIAR knockout (NaR4 and TIAR ~/~43), and
TIA-1 knockout (a~/~43 and TIA™/~44) mouse embryos using the standard NIH
3T3 protocol.

To prepare control-reconstituted (Cont-REC) and TIAR-reconstituted
(TIAR-REC) cell lines, TIAR knockout (TIAR/~43) cells were transfected
with a pSR-a-hygromycin vector containing full-length human TIAR ¢cDNA (a
gift from M. Streuli, Dana Farber Cancer Institute, Boston, Mass.) by the cal-
cium phosphate method (36). Stable cell lines were established from clones that
grew in the presence of hygromycin. Reconstituted cells were reselected by
growth in hygromycin for 1 week prior to use in experiments. These cell lines
were maintained in minimal essential medium supplemented with 10% fetal calf
serum, 10 mM HEPES, and 10 pg of gentamicin/ml in a CO, atmosphere at
37°C. The average total number of cells in a confluent monolayer in a T25 flask
for control (W4) cells was 2.3 X 10° that for TIAR knockout (NaR4) cells was
2.2 X 106 that for TIA-1 knockout (a~/~43) cells was 3.1 x 10°, that for
Cont-REC cells was 2.5 X 10, and that for TTAR-REC cells was 2.45 X 10°.

Viruses. Stocks of WNV strain EG101 (titer = 2 X 10® PFU/ml) and Sindbis
virus strain SAAR 339 (titer = 7 X 10° PFU/ml) were prepared as 10% (wt/vol)
newborn mouse brain homogenates. A stock of vaccinia virus strain Wyeth was
prepared as a CV-1 cell lysate (titer = 1.2 X 10® PFU/ml). A stock of herpes
simplex virus type 1 [HSV-1; strain H129 (H1)] was prepared as a medium pool
in Vero cells (titer = 1.6 X 10® PFU/ml), and vesicular stomatitis virus (VSV)
strain Indiana was prepared as a medium pool in L cells (titer = 4.8 X 107
PFU/ml).

For virus growth experiments, confluent monolayers of wild-type or knockout
cells in T25 flasks were infected with WNV at a multiplicity of infection (MOT)
of 1, and culture fluid samples (0.5 ml) were harvested at different times postin-
fection (p.i.). An MOI of 1 was chosen so that no virus interference effects would
be observed. At each time point, 0.5 ml of fresh medium was added to maintain
a constant volume in the flask. WNV samples were titrated in duplicate on BHK
cells by plaque assay, and the values were averaged. In rare cases, the titers from
duplicate wells were not similar and the sample was retitrated. Monolayers of
cells in T25 flasks were also infected at an MOI of 1 with Sindbis virus, vaccinia
virus, HSV-1, or VSV. Virus yields at different times p.i. were determined by
plaque assay. Sindbis virus was plaqued on BHK cells, vaccinia virus was plaqued
on CV-1 cells, HSV-1 was plaqued on Vero cells, and VSV was plaqued on BHK
cells.

In vitro transcription of 3*P-labeled RNA probes and unlabeled RNA tran-
seripts. Plasmid p75nt(—)3’ was previously constructed by P.-Y. Shi et al. (38).
A PCR product, PCRT73'(—)SL, which consisted of the 75 3'-terminal nucleo-
tides of the WNV minus-strand RNA with 3 extra nucleotides at the 5’ end
copied from the T7 promoter, was amplified from plasmid p75nt(—)3" DNA
using an M13 reverse primer (5'-CAGGAAACAGCTATGACCATG-3') and a
forward primer (5'-AGTAGTTCGCCTGTGTGAGC-3"). The 3’(—) SL RNA
was transcribed from the amplified PCR DNA. The T7 polymerase used for in
vitro RNA transcription was expressed from BL21 cells containing pAR1219
(kindly provided by F. W. Studier, Brookhaven National Laboratory) and puri-
fied as described by Davanloo et al. (11).

The methods used for in vitro transcription and gel purification of the 3?P-
labeled RNA probes and unlabeled competitor RNAs were described previously
(38). Large-scale batches of unlabeled RNAs, needed for the RNA affinity
columns, were prepared by scaling up the in vitro transcription reaction to 1 ml
and extending the reaction time to 4 h.

RNA affinity column. In vitro-transcribed WNV 3’(—) SL RNA was oxidized
with periodate in the presence of NaOAc (pH 5) and then attached to an agarose
adipic acid matrix as described by Blyn et al. (4, 5). The RNA matrix (1 ml) was
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poured into a 10-ml column and then equilibrated with column binding buffer (5
mM HEPES [pH 7.5], 25 mM KCl, 2 mM MgCl,, 0.1 mM EDTA, and 2 mM
dithiothreitol).

BHK S100 cell extracts prepared as described previously (38) were subjected
to ammonium sulfate precipitation prior to passage through an RNA affinity
column. Ammonium sulfate was first added to a final concentration of 16%.
Ammonium sulfate was then added to the supernatant obtained from the first
precipitation to a final concentration of 45%, and the resulting pellet was resus-
pended in storage buffer. The pellet fraction was preincubated with the nonspe-
cific competitors poly(I - C) (1 mg/ml) and heparin (500 p.g/ml) at 4°C for 10 min
and then passed over the RNA affinity column three to five times. The column
was then washed several times with column binding buffer and once with the
same buffer containing 0.2 M NaCl. The bound proteins were eluted with column
binding buffer containing 1 or 2 M NaCl. The eluted fractions were subjected to
buffer exchange in a Centricon-30 concentration cell (Amicon). Aliquots of each
fraction were analyzed for RNA binding activity by gel mobility shift assay.
Proteins were initially detected by GoldBlot staining (Integrated Separation
Systems). The proteins in the eluted fractions were then separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and visualized
by Coomassie blue staining. Protein bands were excised and peptides were
generated by trypsin digestion. The peptides were separated by high-perfor-
mance liquid chromatography, and the sequences of selected peptides were
determined by automated liquid chromatography-tandem mass spectrometry
(MS) using a Finnigan MAT LCQ ion trap mass spectrometer as described
previously (12, 13, 39). The OWL nonredundant composite protein sequence
database version 26.0 was used with the automated SEQUEST database-search-
ing program (Finnigan MAT) to interpret the MS/MS spectra. This database
contains all protein sequences from all public databases and is kept up to date on
a continuous basis. The automated search algorithum generates and scores
peptide matches with the MS/MS spectra. For those proteins with the highest
matching scores, the spectra were manually evaluated to confirm the match and
to identify the protein from which the peptides were generated (16).

RNA-protein interaction assays. Gel mobility shift and UV-induced cross-
linking assays were performed as described previously (38). Prior to use in these
assays, the RNA probes were denatured by incubation at 90°C for 10 min
followed by renaturation by slow cooling to 60°C and incubation at 60°C for ~2
min. The probes were then kept on ice until they were used.

Immunoprecipitation of UV-cross-linked proteins. Proteins in S100 cytoplas-
mic extracts were first cross-linked to 3?P-labeled WNV 3’(—) SL RNA by
exposure to UV light, and then unbound RNA was digested with RNase (38).
The cross-linked proteins were then incubated for 2 h at 4°C with 1 pg of
anti-TIAR antibody (6E3; murine monoclonal antibody immunoglobulin G2a
[IgG2a] [1]) or anti-TIA-1 antibody (ML29; murine monoclonal antibody IgG1
[23, 40])/ml that had been preincubated with Sepharose A CL-4B beads (Phar-
macia). The precipitated complexes were pelleted by centrifugation at 300 X g,
washed twice with dilution buffer (0.1% Triton X-100 and 0.5% nonfat dry milk
in TSA buffer [0.01 M Tris-HCI, pH 8.0, 0.14 M NaCl, 0.025% NaNj;]), once with
TSA buffer, and once with 0.05 M Tris-HCI (pH 6.8). The immunoprecipitated
complexes were then separated by SDS-10% PAGE and visualized by autora-
diography. The control antibodies used for immunoprecipitation of cross-linked
proteins were a goat anti-EF-1a antibody kindly provided by W. W. Merrick,
Case Western Reserve University, Cleveland, Ohio, and mouse anti-La antibody
kindly provided by J. D. Keene, Duke University Medical Center, Durham, N.C.

Immunoblotting. BHK cells from a confluent monolayer in a T75 flask were
trypsinized, pelleted by centrifugation for 3 min at 150 X g, and washed three
times with 1X phosphate-buffered saline (PBS). The cell pellet was resuspended
in ice-cold lysis buffer (1X PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate,
0.1% SDS) containing freshly added protease inhibitors (1X Complete; Roche)
and passed through a 21-gauge needle four times. Nuclei were removed from the
cytoplasmic extracts by centrifugation at 10,000 X g for 10 min at 4°C. The total
protein concentration in the extracts was determined using a Dc protein assay kit
(Bio-Rad). The proteins in 20 pg of extract were separated by SDS-10% PAGE
and then electrophoretically transferred to a nitrocellulose membrane (0.45-pum
pore size; Bio-Rad). The membrane was blocked with BLOTTO A (10 mM
Tris-HCI, pH 8.0, 150 mM NaCl [TBS]; 5% nonfat dry milk; 0.05% Tween 20)
for 1 h at room temperature or overnight at 4°C and probed first with an
anti-protein primary antibody and then with a horseradish peroxidase-conju-
gated secondary antibody diluted in BLOTTO A. The membrane was washed
three times with 1X TBS containing 0.05% Tween 20 and then once with 1X TBS
prior to incubation with chemiluminescence reagent (Santa Cruz Biotechnology)
and detection of the proteins by autoradiography.

Mouse anti-TIAR monoclonal antibody 6E3 was used at 0.8 pg/ml, and goat
anti-TIA-1 polyclonal antibody (Santa Cruz Biotechnology) was used at 0.5
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pg/ml. Horseradish peroxidase-conjugated goat anti-mouse IgG and donkey
anti-goat IgG (Santa Cruz Biotechnology) were used at 0.2 pg/ml.

Indirect immunofluorescence. Cells were grown to about 50% confluence in
the wells of a two-chamber Lab-Tek II slide (Nalge Nunc International) and
infected with WNV at an MOI of 5. At various times after infection, the cells
were fixed with 2% paraformaldehyde for 10 min at room temperature, perme-
abilized with ice-cold methanol for 10 min, stained with a 1:100 dilution of a
hyperimmune mouse anti-WNV antibody (Walter Reed Army Institute of Re-
search) for 1 h, and then washed three times with PBS. The cell nuclei were then
stained with Hoechst dye (33258) and fluorescein isothiocyanate-goat anti-mouse
IgG (Jackson ImmunoResearch Laboratories) for 1 h and washed three times
with PBS. The coverslips were mounted in vinol mounting medium (18) and
viewed with a Nikon Eclipse 800 microscope equipped with epifluorescence
optics and appropriate filters for detection of fluorescein isothiocyanate, Texas
Red, or Hoechst dye.

Preparation of figures. Autoradiographs of gels and membranes were scanned
with an Arcus II Agfa scanner. The digitized images were adjusted using Adobe
Photoshop (version 5.5) software on a Power PC Macintosh G3.

RESULTS

Purification of the WNV 3’(—) SL RNA binding proteins. It
was previously reported that three RPCs, RPC1, -2, and -3,
were detected in gel mobility shift assays done with a 3?P-
labeled WNV 3’(—) SL RNA probe and BHK S100 extracts
(38). UV-induced cross-linking assays indicated that these
complexes contained four cell proteins (p42, p50, p60, and
p108) that bind specifically to the WNV 3’(—) SL RNA. An
RNA affinity column was used to purify these viral RNA bind-
ing proteins.

In a preliminary experiment, a BHK S100 cytoplasmic ex-
tract that was prepared from 10 T150 flasks of cells was sub-
jected to precipitation with different concentrations of ammo-
nium sulfate. The supernatant and pellet fractions were
analyzed for viral RNA binding activity by gel mobility shift
and UV-induced cross-linking assays. Although a pellet was
obtained after precipitation with 16% ammonium sulfate, none
of the four cell proteins that bound to the viral 3’ RNA were
present in this pellet in detectable amounts (data not shown).
After precipitation with 45% ammonium sulfate, there was
good recovery of RPC2 and RPC3, but only a small amount of
RPC1 was detected in the pellet fraction by gel mobility shift
assay (data not shown). p60, p50, and p42, but only a small
amount of pl08, were detected in the pellet fraction with a
UV-induced cross-linking assay (data not shown).

The proteins in the 45% ammonium sulfate pellet were
resuspended in column binding buffer, incubated with nonspe-
cific RNA competitors, and then passed through a WNV 3'(—)
SL RNA affinity column several times (4, 5). The column was
washed, and the bound proteins were eluted. Each eluted frac-
tion was concentrated with a Centricon-30 and assayed for viral
RNA binding activity using gel mobility shift and UV-induced
cross-linking assays. Little or no specific binding activity was
detected in the flowthrough fraction (Fig. 1A, lane 2) or the
wash fractions (Fig. 1A, lanes 3 and 4) by gel mobility shift
assay. The majority of the RNA binding activity was eluted
with 2 M NaCl (Fig. 1A, lane 6). An aliquot of the eluted
protein sample was separated by SDS-10% PAGE, electro-
phoretically transferred to a nitrocellulose membrane, and
stained with GoldBlot (data not shown). Individual bands with
molecular masses similar to those of three of the expected
proteins (p60, p50, and p42), as well as some additional back-
ground bands, were observed. The p42 band was clearly the
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FIG. 1. Analysis of WNV 3’(—) SL RNA binding proteins in frac-
tions eluted from an agarose-adipic acid hydrazide RNA affinity col-
umn. (A) Gel shift assays. Lane 1, free probe; lane 2, final flowthrough
fraction from the RNA affinity column; lane 3, first binding buffer wash
fraction; lane 4, 0.2 M NaCl wash fraction; lanes 5 and 6, fractions
eluted with 1 or 2 M NaCl, respectively; lanes 7 and 8, fractions eluted
from a “beads-only” control column with 1 or 2 M NaCl, respectively.
For each of the fractions, 1 pl of a total of 100 pl was analyzed on the
gel. The positions of the three RPCs are indicated by arrows. M,
multimer of the probe; fp, free probe. (B) Coomassie blue staining of
the eluted fractions from an agarose-adipic acid hydrazide RNA af-
finity column. Lane 1, aliquot of sample loaded on the affinity column
(10 pl out of 3 ml); lane 2, fraction eluted with 2 M NaCl from a
beads-only control column (30 out of 100 wl); lane 3, fraction eluted
with 2 M NaCl from the RNA affinity column (30 out of 100 wl). The
positions of the eluted proteins are indicated by arrows. The protein
markers are shown on the left of the gel.

strongest of these. The remainder of the eluted protein sample
was then electrophoresed on one lane of an SDS-10% PAGE
gel and stained with Coomassie blue. pS0 and p42 bands were
clearly visible (Fig. 1B, lane 3). A very faint p60 band was also
observed. The p42 and p50 bands were excised from the gel,
and peptides were generated by trypsin digestion. The peptides
were separated by high-performance liquid chromatography,
and the sequences of selected peptides were determined by
automated liquid chromatography-tandem mass spectrometry
(Beckman Research Institute of the City of Hope). Insufficient
unique sequence for p50 was obtained to allow the identifica-
tion of this protein. The sequences of four peptides obtained
from p42 were identical to sequences found in both TIA-1 and
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FIG. 2. Alignment of regions of the TIAR and TIA-1 amino acid
sequences with peptides obtained from p42. The tall boxes enclose
TIA-1 and TIAR sequences that are identical to peptide sequences
obtained from RNA affinity column-purified p42. The short boxes
enclose sequences found only in TIAR that are identical to p42 pep-
tides. Deletions are indicated by dashes.

TIAR, while the sequences of two additional p42 peptides
were unique to TIAR (Fig. 2). TIAR and TIA-1 are closely
related RNA binding proteins that bind U-rich sequences in-
terspersed with A’s (15). Both proteins contain three N-termi-
nal RNA recognition motif (RRM) domains, each approxi-
mately 100 amino acids in length, and a C-terminal auxiliary
domain of approximately 90 amino acids (Fig. 2; (1). TIAR and
TIA-1 show 80% overall amino acid identity, with the highest
degree of similarity in RRM domain 3 (91% identity) and the
lowest degree of similarity (about 50% identity) in the C-
terminal auxiliary domain. The data suggest that p42 is TIAR.
However, because of the high degree of sequence homology
between TIAR and TIA-1 (Fig. 2), the possibility that TIA-1
also binds specifically to the WNV 3’(—) SL RNA could not be
ruled out.

Studies to identify the other three cell proteins that bind to
the WNV 3’ (—) RNA are in progress. Previous preliminary
studies showed that neither anti-EF-1a nor anti-La antibody
produced a supershift when added to S100 cytoplasmic extracts
incubated with the WNV 3’(—) SL RNA probe (W. Li and
M. A. Brinton, unpublished data).

Confirmation that TIAR and TIA-1 bind to the WNV 3'(—)
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FIG. 3. Immunoprecipitation of UV-induced cross-linking RPCs.
BHK S100 cytoplasmic extracts from BHK cells were incubated with a
32p-labeled WNV 3’(—) SL RNA probe. The complexes were cross-
linked by exposure to UV light and were then precipitated with anti-
TIAR or anti-TIA-1 antibody. The precipitates were analyzed by SDS—
10% PAGE. Lane 1, anti-TIAR antibody added; lane 2, anti-TIA-1
antibody added; lane 3, free probe. The expected UV-induced cross-
linked p42 product is indicated by an arrow. The protein markers are
shown on the right of the gel.

RNA. Anti-TIAR (6E3) and anti-TIA-1 (ML29) antibodies
were used to immunoprecipitate UV-induced cross-linked
WNYV 3’(—) SL RPCs from BHK S100 cytoplasmic extracts
after treatment with RNase. Even though four cell proteins
(p108, p60, p50, and p42) that are able to cross-link to this viral
RNA probe were present in these extracts, the anti-TTIAR
antibody precipitated only the p42-WNV 3’(—) SL RNA com-
plex (Fig. 3, lane 1). The anti-TIA-1 antibody also precipitated
the p42-WNV 3'(—) SL RNA complex (Fig. 3, lane 2). How-
ever, the band obtained after immunoprecipitation with anti-
TIA-1 antibody was much weaker than that seen after immu-
noprecipitation  with  the anti-TIAR antibody. No
immunoprecipitation bands with either of these antibodies
were detected if the UV-induced cross-linking step was omit-
ted (data not shown). Likewise, no immunoprecipitated bands
were detected when the cross-linked complexes were mixed
with antibodies to other cell proteins, such as anti-La and
anti-EF-1a (data not shown).

In subsequent high-sensitivity Western blots, the ML29 anti-
TIA antibody showed a small amount of cross-reactivity with
TIAR. However, the 6E3 anti-TTAR antibody showed no
cross-reactivity with TIA-1 (see Fig. 7). The weak RPC band
immunoprecipitated by the ML29 antibody could therefore
also have contained TIAR. However, these data did not rule
out the possibility that both TIAR and TIA-1 can bind to the
WNYV 3’(—) SL RNA. Recombinant proteins were obtained to
directly assess the ability of each of these proteins to bind to
the WNV 3'(—) SL RNA.

Analysis of the specificities of the viral RNA-cell protein
interactions. Purified glutathione S-transferase (GST)-TIAR
and GST-TIA-1 fusion proteins (42) were tested for the ability
to bind to the WNV 3’(—) SL RNA in a gel mobility shift assay.
The results of preliminary experiments showed that at least a
four-times-higher concentration of GST-TIA-1 than GST-
TIAR was required to detect binding in gel mobility shift
assays (data not shown). Therefore, different concentrations of
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FIG. 4. Analysis of the specificities of the interactions between the WNV 3’(—) SL RNA and recombinant TIAR or TIA-1 proteins.
(A) Competition gel shift assays with a purified GST-TIA-1 fusion protein. Lane 1, free probe; lane 2, probe plus 200 nM purified GST-TIA-1
fusion protein; lanes 3 to 14, probe plus 200 nM purified GST-TIA-1 fusion protein and the indicated competitor RNA. sc, specific-competitor-
unlabeled 75-nucleotide WNV 3'(—) SL RNA; M, multimer of the probe; fp, free probe. (B) Competition gel shift assays with a purified
GST-TIAR fusion protein. Lane 1, free probe; lane 2, probe plus 50 nM purified GST-TIAR fusion protein; lanes 3 to 14, probe plus 50 nM
purified GST-TIAR fusion protein and the indicated competitor RNA. (C) Purified GST fusion proteins (500 nM), each containing a single RRM
domain of TIA-1, were analyzed by gel mobility shift assay. Lane 1, free probe; lane 2, probe plus GST-TIA-1 RRMI; lane 3, probe plus
GST-TIA-1 RRM2; lane 4, probe plus GST-TIA-1 RRM3. M, multimer of the probe. (D) Purified GST fusion proteins (200 nM), each containing
a single RRM domain of TIAR, were analyzed by gel mobility shift assay. Lane 1, free probe; lane 2, probe plus GST-TIAR RRM1,; lane 3, probe

plus GST-TIAR RRM2; lane 4, probe plus GST-TIAR RRM3.

GST-TIA-1 (200 nM) and GST-TIAR (50 nM) were used for
the representative competition gel shift assays shown in Fig.
4A and B. Although the predominant gel shift band observed
with both of the fusion proteins migrated to the middle of the
gel, additional slower- and faster-migrating complexes were
also observed. The slower-migrating bands most likely con-
tained aggregated complexes, since the densities of these bands
increased with increasing protein concentrations (data not
shown). The faster-migrating bands most likely contained
breakdown fragments that retained the RRM2 region contain-
ing the viral RNA binding site (Fig. 4C and D).

Unlabeled WNV 3’(—) SL RNA (50 or 100 ng) was used as
the specific competitor and competed efficiently with the la-
beled probe (Fig. 4A, lanes 3 and 4, and B, lanes 3 and 4). The
nonspecific competitors, poly(I-C), poly(A), poly(G), and
poly(C), showed little or no competition even at concentra-
tions of 500 ng or 1 pg (Fig. 4A and B). tRNA (100 or 500 ng)
partially competed, but with a lower efficiency than the specific
competitor (Fig. 4A, lanes 6 and 7, and B, lanes 6 and 7). As

expected from previous studies showing that TIAR and TIA-1
bound to U-rich sequences (15), poly(U) competed efficiently
(Fig. 4A, lane 14, and B, lane 14). These data indicate that both
the GST-TIAR and GST-TIA-1 proteins bind specifically to
the WNV 3’(—) SL RNA.

Mapping the WNV 3’(—) SL RNA binding domain in the
TIAR and TIA-1 proteins. TIA-1 and TIAR each contain three
RRM domains, each of about 100 amino acids (Fig. 2). To
determine whether one of these RRM domains contains the
major binding site for the WNV 3’(—) SL RNA, purified trun-
cated GST fusion proteins, GST-TIA-1 RRM1, GST-TIA-1
RRM2, and GST-TIA-1 RRM3 (Fig. 4C, lanes 2 to 4) and
GST-TIAR RRMI1, GST-TIAR RRM2, and GST-TIAR
RRM3 (Fig. 4D, lanes 2 to 4), were tested for the ability to
bind to the WNV 3’(—) SL RNA in gel mobility shift assays.
Only GST-TIA-1 RRM2 (Fig. 4C, lane 3) and GST-TIAR
RRM2 (Fig. 4D, lane 3) were able to bind the WNV 3'(—) SL
RNA. These data suggest that the major WNV 3'(—) SL RNA
binding site in both TIAR and TIA-1 is RRM 2.
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FIG. 5. Quantification of RNA-protein interactions. (A) Representative gel mobility shift assay done with increasing amounts of the GST-
TIA-1 RRM2 protein and a constant amount of WNV 3’(—) SL RNA. Lane 1, free probe; lanes 2 to 9, probe plus GST-TIA-1 RRM2 in the
amounts indicated. M, multimer of the probe; fp, free probe. (B) The percent **P-WNV 3’(—) SL RNA bound was plotted against the
concentration of TIA-1 to generate a theoretical saturation binding curve. (Inset) Data from the saturation binding curve were transformed as
described previously (29, 44). The stoichiometry of the interaction of TIA-1 with the WNV 3’(—) SL RNA, as determined by the slope of the line
in the inset graph, was about 1:1. The dissociation constant was calculated using the equation log (percent bound/percent unbound) + 2 =
n{log[TIA-1 (nM)] + 1} — log K. The K, was estimated to be 112 nM for TIA-1. (C) Representative gel mobility shift assay done with increasing
amounts of GST-TIAR RRM2 protein and a constant amount of WNV 3’(—) SL RNA. Lane 1, free probe; lanes 2 to 9, probe plus GST-TIAR
RRM2 in the amounts indicated. (D) The percent **P-WNV 3’(—) SL RNA bound was plotted against the concentration of TIAR to generate
a theoretical saturation binding curve. (Inset) The data from the saturation binding curve were transformed. The K, was estimated to be 15 nM
for TIAR. The stoichiometry of the interaction of TIAR with the WNV 3'(—) SL RNA, as determined by the slope of the lines of the inset graph,

was about 1:1.

Determination of the relative dissociation constants (K;s)
for the viral RNA-cell protein interactions. Gel mobility shift
assays were performed using different amounts of GST-TIA-1
RRM2 or GST-TIAR RRM2 protein and a constant amount
of the **P-WNYV 3’(—) SL RNA. Although gel shift bands were
observed with 10 nM GST-TIAR RRM2, bands for GST-
TIA-1 RRM2 were first observed when 50 nM protein was
used (Fig. 5A and C). A theoretical saturation binding curve
was generated by plotting the percentage of bound WNV
3’(—) SL RNA versus the concentration of either GST-TIA-1
RRM2 or GST-TIAR RRM2. The data from the saturation
binding curve were transformed as described previously (29,
44). The relative K, for the interaction between GST-TIA-1
RRM2 and the WNV 3’(—) SL RNA was estimated to be
about 1.12 X 1077 M (Fig. 5A), while the relative K, for the
interaction between GST-TIAR RRM2 and the WNV 3'(—)
SL RNA was estimated to be about 1.5 X 10~® M (Fig. 5C).
The slope (n) of the line represents the ratio of GST-TIA-1
RRM2 or GST-TIAR RRM2 molecules to WNV 3'(—) SL
RNA molecules in each RPC (Fig. 5B and D, insets). For both
proteins, the slope was calculated to be about 1 (1.1 for TIA-1
and 1.2 for TIAR), suggesting that approximately one TIAR or
TIA-1 molecule binds to each WNV 3’(—) SL RNA molecule.
Similar K, and n values were obtained from four independent

experiments with standard deviations of =15 nM and *=0.15
for GST-TIA-1 RRM2 and =5 nM and *0.1 for GST-TIAR
RRM2, respectively. These data indicate that the relative bind-
ing activity of TIAR RRM2 for the WNV 3’(—) SL RNA is
>10 times higher than that of the TIA-1 RRM2 for the same
RNA. Although the RRM2 domain was shown to contain the
main binding site for the viral RNA (Fig. 4), both proteins also
contain two additional RRM domains that are likely to partic-
ipate in stabilizing the RNA-protein interaction. The relative
binding activities of the complete proteins for the viral 3’
RNA, therefore, would be expected to be somewhat higher. In
previous filter binding studies with a selected synthetic U-rich
RNA, the K, of the TTAR RRM2 fragment was calculated to
be 5 X 10~% M while the K, of full-length TIAR was calculated
to be 8 X 1072 M (15). K s for the interaction between TIA-1
or TIA-1 RRM2 and U-rich RNAs were not reported previ-
ously.

Effect of TIAR and TIA-1 on the replication of WNV. As one
means of assessing the effect of the TIAR and TIA-1 proteins
on WNV replication, virus growth was compared in TIAR
knockout, TIAR-REC, TIA-1 knockout, and control murine
embryo fibroblast cell lines. Confluent cell monolayers were
infected with WNV at an MOI of 1. Culture fluid samples were
taken at 2, 8, 12, 24, 28, and 32 h p.i. Representative growth
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curves of WNV in control (W4; TIAR"" TIA-17/"), TIAR
knockout (NaR4; TIAR ™/~ TIA-1"/"), and TIA-1 knockout
(a~/743; TIAR™" TIA-1"/7) cells are shown in Fig. 6A. The
virus titers were expressed as PFU per cell because the various
cell lines grew to different but characteristic densities when
confluent. The actual virus titers in PFU per milliliter were
>10,000 times higher than the PFU-per-cell titers.

The peak titer of WNV produced by TIAR knockout cells
was significantly (six- to eightfold) lower than that produced by
control cells (Fig. 6A). WNV grew to comparable peak titers in
TIA-1 knockout cells and control cells, but the peak virus level
was not attained until 6 h later in TIA-1 knockout cells. Each
growth curve was repeated two or three times, and although
the absolute values of the titers obtained varied somewhat
from experiment to experiment, the relative differences be-
tween the virus yields produced by the different cell types were
consistent from experiment to experiment. Similar results were
also obtained with an additional set of separately derived con-
trol and knockout cell lines (data not shown), suggesting that
the decrease in WNV replication observed in the knockout
cells was not due to a peculiarity of a single knockout cell line.
The drop in the WNV titer in the control cells at 28 h was
consistently observed and likely represented a period during
which the production of virus from the cells infected by the
inoculum was waning and virus production from secondarily
infected cells was not yet at the peak level.

The efficiency of infection of these cells with WNV was
investigated by indirect fluorescence. Control, TIAR knockout,
and TIA-1 knockout cells were infected with WNYV for 24, 28,
or 32 h, fixed, and then stained with Hoechst dye and anti-
WNYV antibody. At 24 h p.i., bright virus-specific perinuclear
staining was observed in about 40% of the control and TIA-1
knockout cells. However, the stained perinuclear rings and
areas in the control cells were generally wider than those in the
TIA-1 knockout cells. Although a similar percentage of TIAR
knockout cells showed virus-specific perinuclear staining at
24 h, the fluorescence in these cells was faint and the arcas of
staining were focal (data not shown). The intensity of the
perinuclear staining in the infected TIAR knockout cells in-
creased somewhat by 28 h p.i., and thin perinuclear rings were
observed in some cells. At 32 h, although the intensity and
distribution of the fluorescence had increased in the WNV-
infected TIAR knockout cells, only about 10 to 20% of the
cells contained broad, brightly stained perinuclear rings (data
not shown). These results suggest that WNV infects similar
numbers of cells in the three types of cultures but that virus
replication is most efficient in the control cells, slightly less
efficient in the TIA-1 knockout cells, and least efficient in the
TIAR knockout cells.

Growth of other types of viruses in TIAR knockout and
TIA-1 knockout cells. To determine whether other types of
viruses also showed reduced growth in TIAR knockout cells,
control, TIAR knockout, and TIA-1 knockout cells were in-
fected with Sindbis virus, vaccinia virus, VSV, or HSV-1 at an
MOI of 1. Sindbis virus is another plus-strand RNA virus but
from the alpha togavirus family. VSV, a rhabdovirus, is a
minus-strand RNA virus, while vaccinia virus, a poxvirus, is a
DNA virus. Similar to WNV, these three viruses replicate in
the cytoplasm of infected cells. HSV-1, a herpesvirus, is a DNA
virus that replicates in the nucleus. Culture fluid samples were
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harvested at various times after infection and titered by plaque
assay. Representative growth curves obtained for each of the
viruses are shown in Fig. 6C through F. All virus titers were
expressed as PFU per cell because the various cell lines grew to
different but characteristic densities when confluent. VSV (Fig.
6C) and Sindbis virus (Fig. 6D) grew to similar titers in TIAR
knockout and control cells, whereas in TIA-1 knockout cells
both of these viruses grew to significantly higher titers, sug-
gesting that the presence of TIA-1 had a negative effect on the
growth of these viruses. HSV-1 also grew to significantly higher
levels in TIA-1 knockout cells than in control cells (Fig. 7E).
However, the growth of HSV-1 in TIAR knockout cells was
also more efficient than in control cells but not as efficient as in
TIA-1 knockout cells. The efficiencies of growth of vaccinia
virus (Fig. 6F) in all three types of cells were similar. Because
the majority of the vaccinia progeny virus are cell associated,
the extracellular virus titers detected were significantly lower
than those for the other viruses. Each growth curve was re-
peated two or three times, and although the absolute values of
the titers obtained varied somewhat from experiment to exper-
iment, the relative differences between the virus yields pro-
duced in the different cell types by the different viruses were
consistent. These results indicate that the growth of WNV, but
not that of the other viruses tested, was less efficient in the
TIAR knockout cells.

WNV growth in TIAR-REC cells. To further investigate the
effect of TIAR on viral growth, the growth of WNV in a
TIAR-reconstituted stable cell line, TIAR-REC, was tested.
Another stable cell line, Cont-REC, which had been trans-
fected with the same vector but did not express TIAR at
detectable levels (Fig. 7E), was used as a control for possible
nonspecific effects of the vector. Figure 6B shows representa-
tive WNV growth curves obtained with TTAR-REC and Cont-
REC cells. Although the peak titer of WNV produced by
TIAR-REC cells was consistently higher than that produced by
Cont-REC cells, it did not reach as high a level as that normally
produced by control cells (Fig. 6A and B).

Comparison of relative amounts of TIAR and TIA-1 pro-
teins in various cell lines. The relative amounts of TIAR and
TIA-1 in cytoplasmic extracts from each of the cell lines were
estimated by immunoblotting using protein-specific antibody.
Previous studies showed that two isoforms generated by alter-
native splicing exist for both TIA-1 and TIAR (1). The two
TIA-1 isoforms, 42-kDa TIA-1la and 40-kDa TIA-1b, differ
from each other by an 11-amino-acid deletion. These isoforms
are usually found in cells in a 1:1 ratio. The two TIAR iso-
forms, 42-kDa TIARa and 40-kDa TIARD, differ from each
other by a 17-amino-acid deletion. Because TIARD is six times
more abundant in cells than TIARa, it is the only isoform that
is detected by Western blotting.

As expected, no TIA-1 protein was detected in cytoplasmic
extracts from TIA-1 knockout cells (Fig. 7A) and no TIAR
protein was detected in cytoplasmic extracts from TIAR
knockout cells (Fig. 7B). The level of the TIAR protein in
cytoplasmic extracts from TIA-1 knockout cells (a~/~43;
TIAR™" TIA-1"/") was slightly decreased compared to the
level of this protein in control cells (Fig. 7B and C). In contrast,
the amount of TIA-1 protein in the cytoplasm of TIAR knock-
out cells (NaR4; TIAR™/~ TIA-1*/") was significantly in-
creased (3.3-fold) compared to that present in the control (W4;
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FIG. 6. Growth of virus in TIAR and TIA-1 knockout cell lines. Confluent monolayers of wild-type (CONT) (W4; TIAR*'* TIA-1"/"), TIA-1
knockout (TIA-1-KO) (a~/~43; TIAR"'* TIA-1"/7), and TIAR knockout (TTAR-KO) (NaR4; TIAR '~ TIA-1*/") cells were infected with WNV
(A), VSV (C), Sindbis virus (D), HSV-1 (E), or vaccinia virus (F) at an MOI of 1, and confluent monolayers of TIAR-REC or Cont-REC cells
were infected with WNV (B) at an MOI of 1. Culture fluid samples were taken at the indicated hours p.i. and titered in duplicate by plaque assay
in the cell lines indicated in Materials and Methods. Each growth curve was repeated two or three times, and representative growth curves are
shown. All virus titers were expressed as PFU per cell because the various cell lines grew to different but characteristic densities when confluent.
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TIAR ™" TIA-17") cells (Fig. 7A and C). These data indicate
that the level of TIA-1 is down-regulated by TIAR. No signif-
icant differences in the cytoplasmic levels of either of these
proteins were observed at either 5 or 8 h p.i. with WNV in the
various cell lines tested (data not shown).

The amount of TIAR protein detected in the reconstituted
TIAR-REC cells was about 80% of that detected in control
(W4) cells (Fig. 7E and F), while no TIAR protein was de-
tected in the nonexpressing Cont-REC cells (Fig. 7E). The
amount of TIA-1 protein in the TIAR-REC cells was 2-fold
higher, while the amount of TIA-1 protein in Cont-REC cells
was 3.5-fold higher, than that in control (W4) cells (Fig. 7D
and F). The Cont-REC cells were considered the best controls
for the TTAR-REC cells, since both of these cell lines had been
transfected with the expression vector and selected for drug
resistance. Comparison of the protein levels showed that Cont-
REC cells contained higher levels of TIA-1 than TIAR-REC
cells. The extent of the increase in TIA-1 levels corresponded
to the extent of the decrease in TIAR levels. These data fur-
ther demonstrate the regulation of TIA-1 levels by TIAR.

Comparison of TIAR and TIA-1 cDNA sequences from cells

obtained from flavivirus-resistant and -susceptible mice. A
single dominant gene that maps to chromosome 5 confers a
flavivirus resistance phenotype in mice. Data from previous
studies showed that resistant mice, as well as cells obtained
from a number of different tissues in resistant mice, produced
significantly lower titers of flaviviruses than did congenic sus-
ceptible mice or cells and that genomic RNA levels, but not
minus-strand viral RNA levels, were lower in resistant cells (7;
Y. Li and M. A. Brinton, unpublished). Since both TIAR and
TIA-1 bind to the WNV 3’(—) SL RNA and this SL is located
at the site of initiation of genomic RNA synthesis, it was of
interest to determine whether the sequences of TIAR and
TIA-1 cDNAs differed in cells from resistant C3H/He and
congenic susceptible C3H.RV mice. Cell RNAs were extracted
from resistant and susceptible embryo fibroblasts with
TRIZOL-LS (Gibco-Life) according to the manufacturer’s in-
structions. Using primers designed from mouse (strain 129
SVIJ) TIA-1 and TIAR c¢DNA sequences previously reported
by Beck et al. (1), cDNAs were amplified by reverse transcrip-
tion-PCR from cell mRNA and TA cloned into pCR 2.1-
TOPO (Invitrogen). At least three cDNA clones for each iso-



11998 LI ET AL.

form were sequenced. The sequences obtained for the two
TIAR isoform cDNAs and for the two TIA-1 isoform cDNAs
from resistant C3H.RV cells were identical to those of the
comparable isoforms obtained from susceptible C3H/He cells.
These sequences were also identical to the sequences for these
proteins from 129 SVJ mice (accession numbers U55861 and
U55862) previously reported by Beck et al. (1). As assessed by
Western blotting, the expression levels of the TIAR and TIA-1
proteins in resistant and susceptible cells were similar (data not
shown). These data indicate that neither TIAR nor TIA-1 is
the product of the Flv gene.

DISCUSSION

p42, one of the four cell proteins previously reported to bind
specifically to the WNV 3’(—) SL RNA, has been identified as
TIAR/TIA-1. This is the first report of the identification of a
host protein that interacts specifically with the 3’ SL of a
flavivirus minus-strand RNA, the site of initiation for nascent
genome RNA synthesis. TIA-1 and TIAR are closely related
multifunctional RNA binding proteins (21, 41) that have at
least partial redundancy in their cellular functions (19, 34). The
data obtained suggest that the binding of TIAR to the WNV
3’(—) SL RNA is functionally important for viral replication.

Evolutionary conservation of TIA-1/TIAR. TIAR and TIA-1
are evolutionarily conserved proteins; homologs in different
mammalian species show 96 (TIA-1) and 99% (TIAR) identity
(1), while homologs in divergent species, such as Drosophila
melanogaster (6, 24) and Caenorhabditis elegans (45), each show
about 46% amino acid identity with human TIA-1 and TIAR.
Because flaviviruses replicate efficiently in a large number of
divergent host species and cycle between invertebrate and ver-
tebrate hosts during their natural transmission cycles, it is
expected that these viruses would need to interact with evolu-
tionarily conserved cell proteins to replicate efficiently in dif-
ferent hosts. TIAR and TIA-1 proteins were initially discov-
ered in T cells (hence their names) but have since been found
to be expressed in good quantities in many tissues, including
brain, spleen, and macrophages (1), which are sites of flavivirus
replication in vivo.

Cellular localization of TIA-1/TIAR. Both TIAR and TIA-1
shuttle between the nucleus and the cytoplasm in viable cells.
Flaviviruses replicate in the cytoplasm. Interestingly, the level
of TIAR in the cytoplasm of BHK cells was about 10 times
higher than in several mouse embryo fibroblast cell lines (data
not shown), and WNV grows to about 10-times-higher titers
(peak titer, about 107> PFU/ml) in BHK cells than in the
mouse cell lines (peak titer, about 10°° PFU/ml).

RNA binding characteristics of TIA-1/TIAR. In selection
and amplification experiments with pools of randomized syn-
thetic RNAs, both TIAR and TIA-1 bound with high affinity to
RNAs that contained one or more short uridylate stretches
(usually three or more) (15). Replacement of the U’s in these
stretches with C’s eliminated the protein-RNA interaction
(15). Although both proteins selected RNAs containing
stretches of U’s, the RNA sequences selected by TIA-1 were
not identical to those selected by TIAR. Although the RRM2
domains in both proteins mediated specific binding to the
uridylate-rich RNAs, the presence of the other two RRM do-
mains increased the affinity of the interaction with the U-rich
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RNAs (15). In the 3’ NCR of tumor necrosis factor alpha
(TNF-a) mRNA, a large fragment of AU-rich sequence con-
taining clustered AUUUA pentamers was required for TIAR/
TIA-1 binding, although the binding sites within this RNA
were not finely mapped (19, 34).

The data presented here indicate that both TIAR and TIA-1
can bind specifically to the WNV 3’(—) SL RNA and that the
RRM2 domain mediates this interaction. Since poly(U) com-
peted efficiently with the WNV 3’(—) SL RNA in the compe-
tition gel mobility shift assays (Fig. 4), it is expected that the
viral sequence(s) recognized by TIAR and TIA-1 contains U’s.
Although the WNV 3'(—) SL RNA is not AU rich, two of the
single-stranded loops in this structure contain the sequences
UAAU and UUAAU. These sequences are also conserved in
the predicted single-stranded loops in the SLs of other mos-
quito-borne flaviviruses (data not shown). The observed K, for
the interaction between TIAR RRM2 and the WNV 3'(—) SL
RNA was 1.5 X 10~% M, which is similar to the K, reported for
the interaction between the TIAR RRM2 and U-rich synthetic
RNA sequences and also to the K,s for other functionally
relevant RNA-protein interactions, such as the interaction be-
tween the cellular UlA protein and the Ul RNA (20). The
binding activity of the TIA-1 RRM2 (K,, 1077 M) for the
WNV 3’(—) SL RNA was about 10 times lower than that of the
TIAR RRM2. The putative viral binding sites do not contain
stretches of at least three U’s, as do the optimal selected
synthetic sequences (15). Mapping studies are under way to
identify the individual nucleotides in the WNV 3'(—) RNA
required for binding by each of these proteins.

Comparison of the TIA-1 and TIAR RRM2 domain se-
quences (Fig. 2) indicated that they differ at 8 amino acid
residues and that TIAR also contains an 11-amino-acid dele-
tion at the beginning of RRM2 (Fig. 2) (1). The 10-fold-lower
binding activity of TIA-1 for the WNV 3’(—) SL RNA would
be expected to result in TIAR outcompeting TIA-1 for binding
to the viral RNA affinity column and would significantly reduce
the likelihood of detecting unique TIA-1 peptides in the pro-
tein eluted from the viral-RNA affinity column. However, the
interaction of TIA-1 with the WNV 3’(—) SL RNA both in the
presence and absence of TIAR may be functionally important
for viral replication. Both TIAR and TIA-1 were found to be
present in complex 1, which binds to the 3" NCR of the TNF-«
mRNA (19, 34).

Cellular functions of TIA-1/TIAR. A number of cellular
functions have been attributed to the RNA binding properties
of TIA-1/TTAR. Both TIAR and TIA-1 regulate the general-
ized translational arrest that occurs following an environmen-
tal stress. Stress-induced phosphorylation of the translation
initiation factor eIF-2a is followed by recruitment of poly(A)™
RNA into cytoplasmic stress granules by TIAR and TIA-1
(23). Stress granules and polysomes appear to be in equilib-
rium in cells (22). TIA-1/TIAR also function as specific trans-
lational silencers (19, 34). For example, TNF-a translation is
blocked by the binding of TIAR and TIA-1 to specific U-rich
sequences in the 3" NCR of this mRNA. Upon stimulation with
lipopolysaccharides, this translational repression is overcome
by the binding of an additional protein, p55, to the 3" NCR of
the TNF-a mRNA (27). TIA-1 and TIAR have recently been
shown to function as alternative splicing regulators by binding
to specific U-rich intron (IAS1) sequences adjacent to cryptic



VoL. 76, 2002

5’ splice sites and enhancing the use of these 5’ splice sites (14,
26). Such intron sequences exist in a subset of pre-mRNAs,
including those of TIA-1 and TIAR, and it is thought that both
proteins can regulate their own expression at the level of splic-
ing, as well as the expression of some other proteins (17). The
yeast protein Nam8p, a component of the Ul snRNP, is dis-
tantly related to TIA-1 and TIAR. It is interesting that even
though the majority of the known cellular functions of TIAR
and TIA-1 involve interactions with cellular mRNAs, it is the
terminal region of the WNV minus strand, not the positive-
strand genome, that interacts with these proteins.

Although both TTAR and TIA-1 were previously implicated
as effectors of apoptotic cell death, the specific roles of these
proteins in apoptosis have not as yet been delineated. Intro-
duction of purified TIAR or TIA-1 into the cytoplasm of thy-
mocytes permeabilized with digitonin resulted in fragmenta-
tion of genomic DNA into nucleosome-sized oligomers (21,
41). Increased amounts of TIAR were translocated from the
nucleus to the cytoplasm in response to exogenous triggers of
apoptosis (40). TIA-1 is phosphorylated by a serine/threonine
kinase that is activated during Fas-mediated apoptosis (42).
Although not rigorously tested, no evidence of apoptosis was
observed when rodent cells infected with WNV were exam-
ined, at intervals up to 32 h after infection, after fixation and
nuclear staining with Hoechst dye (data not shown). A previ-
ous study with WNV indicated that apoptosis occurred by 72 h
in infected human mononuclear (K562) cells and mouse neu-
roblastoma (Neuro 2a) cells via the BAX pathway (33).

Both TIAR and TIA-1 appear to play important roles in
embryo development (2). However, the specific functions of
these proteins during development are not known. It was not
possible to produce double-knockout mice because of lethality
prior to embryonic day 8 (N. Kedersha and P. Anderson, un-
published data). Without a more complete understanding of
the normal cell functions of TIAR/TIA-1, it is not possible to
rule out the possibility that secondary effects of cell manipu-
lation by gene knockout or cDNA reconstitution could be
responsible for some of the observed effects on virus replica-
tion.

Effect of TIA-1/TIAR on virus replication. Interestingly, of
the five types of viruses tested in the TIAR and TIA-1 knock-
out cells, only the growth of the flavivirus, WNV, was de-
creased in cells lacking TIAR. In contrast, the growth of the
four other types of viruses was more efficient in one or both
types of knockout cells than in control cells. These data suggest
that in the control cells, the presence of one or both of these
proteins has a negative effect on the production of the viruses.
However, the negative effect that the loss of TIAR and, to a
lesser extent, TIA-1 have on WNYV replication suggests that
these proteins provide a necessary function for WNV during its
replication cycle.

One possible reason why the growth of WNV was not re-
duced to a greater extent in TIAR knockout cells could be that
the TIA-1 protein, which is present in increased amounts in the
TIAR knockout cells (Fig. 7), can substitute for TIAR by
providing the function needed by WNV. However, WNV rep-
lication in cells lacking TIAR was never as efficient as when
TIAR was present. Also, although the efficiency of virus rep-
lication increased when TIAR knockout cells were reconsti-
tuted with vector-expressed TIAR (Fig. 6 and 7), neither the
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amount of TIAR nor the efficiency of WNV replication
reached control cell levels in these reconstituted cells. WNV
replication in a double-knockout cell line, if such a cell line
were available, would be expected to be much less efficient
than in the single-knockout cells.

The only known function of the flavivirus minus-strand RNA
is as a template for the synthesis of nascent genomic RNA.
Specific binding of TIA-1/TIAR to the 3’ terminus of the viral
minus-strand RNA template appears to play a positive role in
virus replication. Possible functions of this interaction include
assisting in the formation or stabilization of the 3’'-terminal
(=) SL in replication complexes and/or in the recognition of
the minus template by the polymerase.

Whether the ability of TIA-1/TIAR to associate with stress
granules is utilized by flaviviruses and/or the other types of
viruses tested is not known. Flavivirus infections do not shut off
host cell translation (28), and flaviviral nonstructural proteins
and double-stranded RNA (indicative of viral replication in-
termediates) have been colocalized to redistributed endoplas-
mic reticulum, trans-Golgi, and intermediate-compartment
membranes (30, 31). Further studies are needed to investigate
whether stress granules are present in flavivirus-infected cells
and, if so, whether they are associated with viral replication
complexes. If the binding of TIA-1/TIAR to viral minus-strand
RNAs in replicative intermediates results in their colocaliza-
tion with stress granules, this could provide an environment in
which the translation of growing nascent plus strands would be
inhibited. Alternatively, the binding of TIAR/TIA-1 to the
WNYV 3'(—) RNA may reduce the likelihood of the formation
of stress granules in infected cells.
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