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ABSTRACT

Flaviviruses are a major cause of disease in humans and animals worldwide. Tick-borne encephalitis virus (TBEV) is the most
important arthropod-borne flavivirus endemic in Europe and is the etiological agent of tick-borne encephalitis, a potentially
fatal infection of the central nervous system. However, the contributions of host proteins during TBEV infection are poorly un-
derstood. In this work, we investigate the cellular protein TIA-1 and its cognate factor TIAR, which are stress-induced RNA-
binding proteins involved in the repression of initiation of translation of cellular mRNAs and in the formation of stress granules.
We show that TIA-1 and TIAR interact with viral RNA in TBEV-infected cells. During TBEV infection, cytoplasmic TIA-1 and
TIAR are recruited at sites of viral replication with concomitant depletion from stress granules. This effect is specific, since
G3BP1, another component of these cytoplasmic structures, remains localized to stress granules. Moreover, heat shock induc-
tion of stress granules containing TIA-1, but not G3BP1, is inhibited in TBEV-infected cells. Infection of cells depleted of TIA-1
or TIAR by small interfering RNA (siRNA) or TIA-1~'~ mouse fibroblasts, leads to a significant increase in TBEV extracellular
infectivity. Interestingly, TIAR '~ fibroblasts show the opposite effect on TBEV infection, and this phenotype appears to be re-
lated to an excess of TIA-1 in these cells. Taking advantage of a TBE-luciferase replicon system, we also observed increased lucif-
erase activity in TIA-1~'~ mouse fibroblasts at early time points, consistent with TIA-1-mediated inhibition at the level of the
first round of viral translation. These results indicate that, in response to TBEV infection, TIA-1 is recruited to sites of virus rep-
lication to bind TBEV RNA and modulate viral translation independently of stress granule (SG) formation.

IMPORTANCE

This study (i) extends previous work that showed TIA-1/TIAR recruitment at sites of flavivirus replication, (ii) demonstrates that
TIAR behaves like TIA-1 as an inhibitor of viral replication using an RNA interference (RNAi) approach in human cells that con-
tradicts the previous hypothesis based on mouse embryonic fibroblast (MEF) knockouts only, (iii) demonstrates that tick-borne
encephalitis virus (TBEV) is capable of inducing bona fide G3BP1/elF3/elF4B-positive stress granules, (iv) demonstrates a differ-
ential phenotype of stress response proteins following viral infection, and (v) implicates TIA-1 in viral translation and as a mod-

ulator of TBEV replication.

laviviruses include several medically important arboviruses,

like dengue virus (DENV), yellow fever virus (YFV), West Nile
virus (WNV), Japanese encephalitis virus (JEV), and tick-borne
encephalitis virus (TBEV). They have in common an enveloped
virion containing a capped, single-stranded, positive-sense RNA
genome and comparable genomic organizations and replication
strategies (1, 2). TBEV causes around 10,000 cases of severe en-
cephalitis in Europe and Asia annually (3-5). After entry, the in-
coming capped viral RNA is translated into a polyprotein precur-
sor that is processed by cellular proteases and the viral protease
NS2B/3 to obtain three structural and seven nonstructural (NS)
proteins. NS5, the RNA-dependent RNA polymerase (RdRp), is
required for the synthesis of the negative-strand RNA comple-
mentary to genomic RNA, serving as the template for the synthesis
of new positive-strand viral RNAs. TBEV infection induces im-
portant rearrangements of cytoplasmic membranes, with the for-
mation of vesicles containing double-stranded RNA (dsRNA) and
replicative proteins, which are believed to release progeny viral
genomes in an extravesicular subcompartment, where newly rep-
licated viral RNA accumulates and RNA translation and virus as-
sembly occur (6).

June 2014 Volume 88 Number 12

Journal of Virology p. 6611-6622

To detect and respond rapidly to invading pathogens, mam-
malian cells have evolved a variety of pattern recognition recep-
tors (PRRs) that sense conserved pathogen-associated molecular
patterns and induce the interferon response pathway (7, 8). For
instance, TBEV is able to trigger the retinoic acid-inducible gene 1
(RIG-I)-dependent antiviral pathway that leads to the activation
of the type L interferons (/@ interferon [IFN-a/B]) (9). However,
other cellular mechanisms, such as the stress response pathway,
are also able to limit viral infection (10). Cells react to various
stresses by activating cellular kinases that phosphorylate eukary-
otic translation initiation factor 2a (eIF2a), thereby rendering
elF2a inactive and halting cap-dependent translation. The stalled
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translation preinitiation mRNA complexes, together with the ag-
gregated prion-like T-cell-restricted intracellular antigen 1 (TIA-
1), form the cytoplasmic stress granules (SG) that also include the
TIA-1-related protein (TIAR), the Ras-GAP SH3 domain binding
protein (G3BP), and several other proteins, including initiation of
translation factors (11). TIA-1 and TIAR are highly homologous
RNA-binding proteins involved in pre-mRNA splicing and
mRNA translation inhibition that shuttle between the nucleus and
the cytoplasm. TIA-1 has a strong affinity for uridine-rich se-
quences found in certain cellular transcripts, like B-actin and tu-
mor necrosis factor alpha (TNF-a) (12, 13). G3BP has affinity for
RNA, regulates apoptosis, and has a cytoplasmic localization at
steady state. The stress response blocks cap-dependent transla-
tion, and therefore, DNA viruses and viruses that require cap-
dependent translation, such as flaviviruses, may be directly af-
fected by their induction. Recently, the stress response pathway
has also been linked to the interferon response by demonstrating
localization of PRRs in stress granules (SG) following infection
(14, 15). However, although some lines of evidence are in favor of
SG formation integrating the interferon response and behaving as
a platform for antiviral activity (16), other evidence is challenging
this intriguing hypothesis (15).

As often happens in the virus-host relationship, viruses have
developed strategies to subvert the antiviral response by targeting
SG in various ways. While several viruses target G3BP for SG in-
hibition, flaviviruses like WNV were proposed to recruit TIA-1
and TIAR through their direct binding to the 3" stem-loop of the
complementary minus-strand RNA [3'(—)SL RNA] (17). TIAR
was shown to promote viral replication, as TIAR knockout mouse
embryonic fibroblasts (MEF TIAR /") displayed reduced viral
replication, while MEF TIA-1"/~ showed close to normal WNV
replication. The opposite phenotype was observed for the posi-
tive-strand RNA Sindbis virus and the negative-strand RNA ve-
sicular stomatitis virus (VSV), which both replicate better in MEF
TIA™'~. WNV, and also DENV, were initially believed to be un-
able to induce SG formation, based on TIA-1/TIAR localization
(18). However, accumulation of G3BP1 in SG in WNV-infected
cells was subsequently demonstrated and closely related to the
induction of the interferon response (19).

In this work, we take advantage of our recently developed
TBEV replicon, which allows visualization of viral RNA in living
cells, to explore selected cellular RNA-binding factors for their
association with the viral genomes (20). We found that TIA-1 and
TIAR are specifically recruited to perinuclear sites of virus repli-
cation, consistent with previous findings for DENV and WNV. SG
enriched with G3BP1, eIF3, and eIF4B are formed in infected cells,
and their number increases when cells are exposed to heat shock.
At variance with this, the number of TIA-1-containing SG is re-
duced in infected cells upon heat shock compared to uninfected
cells. We also show that TIA-1 binds TBEV RNA and that its
depletion results in an increase of viral replication and early rep-
licon translation, suggesting a repressive role at the level of viral
translation. This evidence suggests that TIA-1 activity on TBEV
infection in the cytoplasm is not topologically restricted to SG but
is brought to the sites of viral replication.

MATERIALS AND METHODS

Cells, viruses, and replicons. Cells were grown under standard condi-
tions in Dulbecco’s modified Eagle medium supplemented with 10% fetal
bovine serum and antibiotics.

6612 jviasm.org

TIA-1knockout MEF (MEF TIA-1"/7) or TIAR knockout MEF (MEF
TIAR /") and the control wild-type MEF (MEF WT) were obtained from
Paul Anderson (12, 21). Human U20S_EGFP and U20S_EGFP_TIA-1
cells were cloned after transfection of plasmids encoding enhanced green
fluorescent protein (EGFP) (pEGFP-N1; Clontech) or encoding EGFP-
_TIA-1 (isoform a obtained from Juan Valcarcel) into U20S cells (22).

Working stocks of TBEV strain Neudoerfl were routinely propagated
and titrated on Vero E6 cells. The TBEV replicon pTNd/AME_24XMS2;
the replication-deficient TNd/AME_24XMS2_GAA replicon carrying a
GDD-to-GAA mutation in the viral NS5 protein; the TNd/
AME_C17_fluc replicon expressing the luciferase reporter; and its con-
trol, TNd/AME_CI17_fluc_GAA, have been previously described
(C17_fluc_TaV2A backbone) (20, 23).

RNA transcription and transfection. Subgenomic replicon RNAs
were transcribed as described in detail previously (20, 24). Cells (4 X 10°)
were resuspended in 400 p.l ice-cold phosphate-buffered saline (PBS) and
mixed in a 0.4-cm gene pulser cuvette with 10 g of RNA to be electro-
porated with a Bio-Rad Gene Pulser apparatus at 0.25 kV with a capaci-
tance of 960 pF. After electroporation, the cells were washed in complete
growth medium without antibiotics and seeded in the same medium. To
assess the efficiency of electroporation, particularly of the TNd/
AME_24XMS2_GAA replicon that does not express viral proteins, we
incorporated fluorescein-12-UTP (Roche) in the transcribed RNA and
measured the fluorescence of cells after electroporation with a cytofluo-
rimeter.

IF and immunoblot analyses. Immunofluorescence (IF) analysis was
performed 24 and 48 h after treatment (infection, electroporation, and
heat shock). U20S cells were washed with PBS, fixed with 4% paraformal-
dehyde (PFA) for 15 min, incubated for 5 min with 100 mM glycine, and
permeabilized with 0.1% Triton X-100 for 5 min. Subsequently, the cells
were incubated at 37°C for 30 min with PBS, 1% bovine serum albumin
(BSA), and 0.1% Tween 20 before incubation with antibodies. The cov-
erslips were rinsed three times with PBS, 0.1% Tween 20 (washing solu-
tion) and incubated for 1 h with secondary antibodies. Donkey or goat
antibodies specific for rabbit or mouse immunoglobulin G and conju-
gated to Alexa Fluor 488, 594, or 647 (Invitrogen) were used for this
analysis. The coverslips were finally washed three times with washing so-
lution and mounted on slides using Vectashield mounting medium (Vec-
tor Laboratories). Fluorescence images of fixed cells were captured on a
Zeiss LSM510 Meta confocal microscope with a 63 X -numerical-aperture
(NA) 1.4 Plan-Apochromat oil objective. The pinhole of the microscope
was adjusted to get an optical slice of less than 1.0 pm for any wavelength
acquired.

For immunoblotting (IB), whole-cell lysates were resolved by SDS-
PAGE and blotted onto nitrocellulose membranes (Reinforced NC;
Whatman). The membranes were blocked in 4% nonfat milk in Tris-
buffered saline (TBS) plus 0.05% Tween 20 (TBST), followed by incuba-
tion with the primary antibody diluted in the same solution at 4°C over-
night. After washing three times with TBST, secondary horseradish
peroxidase (HRP)-conjugated antibodies (Dako) were incubated for 1 h
atroom temperature. The blots were developed using a chemiluminescent
HRP substrate (Millipore).

The antibodies used in this work were as follows: polyclonal rabbit
anti-human elF2a (Santa Cruz; 1B, 1:1,000), polyclonal rabbit anti-hu-
man phospho-eIF2a (Ser 51) (Cell Signaling; IB, 1:500), mouse monoclo-
nal antibody anti-NS1 (25) (provided by Connie Schmaljohn; IB,
1:1,000), rabbit polyclonal anti-TBEV serum (26) (provided by Franz X.
Heinz; IF, 1:100), mouse monoclonal anti-dsRNA antibody (J2; English
and Scientific Consulting; IF, 1:200), goat polyclonal anti-human TIA-1
(Santa Cruz; IF, 1:200; 1B, 1:1,000), goat polyclonal anti-human TIAR
(Santa Cruz; IF, 1:200; IB, 1:1,000), mouse monoclonal anti-human
G3BP1 (BD; IF, 1:100; IB, 1:500), rabbit polyclonal anti-green fluorescent
protein (GFP) (Molecular Probes; IB, 1:1,000), goat polyclonal anti-eIF3
(Santa Cruz; IF, 1:200), HRP-conjugated mouse monoclonal B-actin
(Sigma; 1:10,000); rabbit polyclonal anti-eIF4B (Abcam; IF, 1:100), and
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rabbit polyclonal anti-polypyrimidine tract binding protein (PTB) (pro-
vided by Francisco Baralle; IF, 1:200).

RNA immunoprecipitation. Following infection or heat shock, U20S
cells were lysed in RIPA buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1%
NP-40, 0.1% SDS, 1 mM EDTA, RNase/proteinase inhibitors), and the
cellular extracts were incubated for 4 h with the TIA-1 rabbit polyclonal
antibody (Santa Cruz; Sc1751) bound to A/G Plus agarose beads (Santa
Cruz). The immunoprecipitates were spun down and washed six times in
ice-cold PBS for 5 min each time at 4°C. The beads were then resuspended
in 50 mM Tris, pH 7.5, 5 mM EDTA, 10 mM dithiothreitol (DTT), and
1% SDS for further RNA extraction or IB.

RT-PCR. Total cellular RNA or RNA coming from TIA-1 immuno-
precipitation (IP) was extracted by isol-RNA lysis reagent (5-Prime),
treated with DNase (Invitrogen), and quantified; 600 ng of RNA was used
for reverse transcription (RT) using Moloney murine leukemia virus
(MMLV) reverse transcriptase (Invitrogen). Real-time quantitative PCR
(qPCR) using Kapa SYBR-Fast (Kapa Biosystems) was performed from
c¢DNA samples. Signals of inducible cellular mRNAs or viral RNAs were
normalized to the B-actin mRNA signal. Amplification and detection
were carried out on a CFX96 Real Time system (Bio-Rad).

The primers for quantitative RT-PCR used in this study were as
follows: TBEV RNA, 5'NCRA1l-fw (5'-GCGTTTGCTTCGGA-3') and
5'NCRAl-rv (5-CTCTTTCGACACTCGTCGAGG-3'); B-actin, BAl
(5"-CATGTGCAAGGCCGGCTTCG-3") and BA4 (5'-GAAGGTGTGGT
GCCAGATTT-3"). Those for RT-PCR were as follows: TBEV RNA,
3'NCR-fw (5'-TTGGCAGCTCTCTTCAGGAT-3") and 3'NCR-rv (5'-A
GCGGGTGTTTTTCCGAGTC-3"); U6 RNA, U6-fw (5'-GCTTCGGCA
GGACATATACTAAAAT-3") and U6-rv (5'-CGCTTCACGAATTTGCG
TGTCAT-3"); and B-actin primers as described above.

RNA interference. Pools of small interfering RNAs (siRNAs) were
obtained from Dharmacon. Nontargeting siGenome pool 3 was used as a
control in all experiments. On-Target plus SmartPool TIA-1 and TIAR
were used for the depletion of TIA-1 and TIAR, respectively. U20S cells
were transfected with siRNAs at a concentration of 100 nM, using HiPer-
Fect transfection reagent (Qiagen) according to the manufacturer’s in-
structions.

Luciferase assay. Beetle-Juice and Renilla-Juice (p.j.k.) were used ac-
cording to the manufacturer’s instructions to simultaneously measure
both firefly and Renilla luciferase activity. After electroporation with RNA
and/or DNA, cells were washed in culture medium and seeded in 96-well
plates. Triplicate wells were lysed at individual time points, followed by
measurement with the Envision Multimode Plate Reader (PerkinElmer).
For normalization of the firefly luciferase values, replicon RNA contain-
ing the firefly luciferase gene was cotransfected with a plasmid encoding
Renillaluciferase (phRL-CMV). For only the early time points (1 to 6 h) of
the time course, 3 pg of in vitro-transcribed phRL-CMV RNA was
cotransfected with the replicon RNA instead. Samples were processed
exactly as described previously to obtain normalized values of luciferase
activity (23).

Statistics. A minimum of three independent experiments in triplicate
repeats were conducted for each condition examined (in the figure leg-
ends, 7 is the number of independent experiments). Average values are
shown with standard deviations and P values, measured with a paired
two-tailed t test. Significant P values are indicated by asterisks in the
graphs.

RESULTS

Recruitment of TIA-1/TIAR to sites of TBEV replication. TBEV
is a positive-strand RNA virus that replicates in the cytoplasm.
Little is known about the host factors that target TBEV RNA. In
order to explore cellular proteins that colocalize with viral RNA,
we took advantage of a method for the visualization of TBEV
replicated RNA previously developed in our laboratory (20, 27).
The system consists of a capped viral RNA transcribed in vitro in
which the structural proteins have been deleted and an array of 24
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binding sites for the MS2 protein have been engineered in the 3’
noncoding region (NCR) (TNd/AME_24XMS2). Transfection of
the replicon RNA in cells expressing a tagged form of MS2 (en-
hanced yellow fluorescent protein [EYFP]-MS2nls) allows the vi-
sualization of replicated TBEV RNA. A U20S cell line stably ex-
pressing EYFP-MS2nls (U20S-EYFP-MS2nls) was electroporated
with TNd/AME_24XMS2 or with a control replicon with a mu-
tation of the catalytic domain of NS5 that is unable to replicate
(TNd/AME_24XMS2_GAA). The transfection efficiency of rep-
licon RNA was routinely above 70% (data not shown). At 24 h
postelectroporation (p.e.), cells were fixed and stained with anti-
bodies for the following host factors. First, we analyzed the local-
ization of the SG component TIA-1. As shown in Fig. 1A, TIA-1
clearly relocalized to perinuclear sites of viral replication defined
by the accumulation of EYFP-MS2nls and by costaining with both
polyclonal antibody against viral proteins and an antibody against
dsRNA replication intermediates (Fig. 1B, top). TIA-1 redistribu-
tion was not observed when using the replication-defective TBEV
replicon, indicating that viral replication is required for the ob-
served phenotype (Fig. 1B, bottom). To address whether this re-
localization was a specific feature of TIA-1, we choose the PTB
protein, which has been implicated in the life cycles of DENV and
JEV (28-30). PTB shares several features with TIA-1, since both
proteins (i) are RNA-binding proteins with several RNA recogni-
tion motifs; (ii) are shuttling proteins with a predominant nuclear
localization; (iii) are involved in nuclear processes, such as alter-
native splicing; and (iv) are involved in cytoplasmic processes,
such as translation (31). As shown in Fig. 1C, the nucleocytoplas-
mic distribution of PTB did not change in U20S cells expressing
TNd/AME_24XMS?2 replication compared to those transfected
with TNd/AME_24XMS2_GAA, demonstrating that TIA-1 re-
cruitment was not the result of an aspecific accumulation of RNA-
binding proteins resulting from the presence of large amounts of
viral RNA in the cytoplasm. To confirm the relocalization of
TIA-1, we also infected U20S cells with TBEV at a multiplicity
of infection (MOI) of 2 PFU/cell. At 24 h postinfection (p.i.),
TIA-1 accumulated in perinuclear sites of viral replication, as has
been previously observed for replicon-expressing cells, and this
relocalization was maintained at 48 h p.i. (Fig. 1D). Although the
efficiency of infection, determined by dsRNA staining, was ~95%
(data not shown), the number of cells showing recruitment of
TIA-1 at the perinuclear sites of TBEV replication was approxi-
mately 25% of the cells, with a slight increase at 48 h (low-magni-
fication staining at 24 h p.i. in Fig. 1D). The TIA-1-related protein
TIAR was also recruited to TBEV replication sites at 24 h p.i. (Fig.
1E) and at 48 h p.i. (data not shown).

We conclude that TBEV infection induces the specific recruit-
ment of TIA-1 and TIAR to perinuclear sites of viral replication in
U20S cells.

Formation of stress granules in TBEV-infected cells. SG are
defined by the translation initiation factors that form the stalled
initiation complexes, which are still bound to mRNA and re-
cruited to SG from disassembling polysomes (32). These factors
include the eukaryotic initiation of translation factors elF3, eIF4F
(comprising eIF4E, elF4A, and eIF4G), and eIF4B; small ribo-
somal subunits; and PABP-1. These core SG components are uni-
versal markers for all SG. Therefore, we analyzed the relocalization
of resident SG proteins, such as G3BP1, eIF3, and eIF4B. At 24 h
p.i., G3BP1 foci were clearly visible in the cytoplasm of about 30%
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FIG 2 Formation of stress granules in TBEV-infected cells. (A) U20S cells were either infected with TBEV at an MOI of 2 (TBEV) (top row) or mock infected
(mock) (bottom row). At 24 h p.i., the cells were fixed and incubated with the monoclonal anti-G3BP1 antibody (G3BP1) (Alexa Fluor 488; green) and with the
anti-TBEV antiserum (TBEV) (Alexa Fluor 594; red). Formation of G3BP1 SG in TBEV-infected cells (top row), but not in mock-infected cells (bottom row),
is shown. (B) U20S cells were infected as for panel A. At 24 h p.i., the cells were fixed and incubated with the monoclonal anti-G3BP1 antibody (G3BP1) (Alexa
Fluor 488; green) and with the polyclonal anti-eIF3 antibody (eIF3) (Alexa Fluor 594; red). Formation of G3BP1 SG in TBEV-infected cells colocalizing with eIF3
(top row), but not in mock-infected cells (bottom row), is shown. (C) U20S cells were infected as for panel A. At 24 h p.i., the cells were fixed and incubated with
the monoclonal anti-G3BP1 antibody (G3BP1) (Alexa Fluor 488; green) and with the polyclonal anti-eIF4B antibody (eIF4B) (Alexa Fluor 594; red). Formation
of G3BP1 SG in TBEV-infected cells colocalizing with eIF4B (top row), but not in mock-infected cells (bottom row), is shown. (D) U20S cells were either infected
with TBEV at an MOI of 2 (TBEV) or heat shocked for 40 min at 45°C (heat-shock). The cell lysates were immunoblotted for total elF2« and phosphorylated
elF2a (top rows). Loading control (B-actin) and infection control (NS1) are also shown.

of infected cells (Fig. 2A). Also, eIF3 and elF4B colocalized with
G3BP1 in SG following viral infection (Fig. 2B and C).

To confirm that the stress response pathway of translation
inhibition and SG formation was activated following infection,

we measured el[F2a phosphorylation. Consistent with the in-
duction of G3BP1/elF3/elF4B-containing SG, elF2a appeared
to be phosphorylated upon TBEV infection (Fig. 2D). We con-
clude that TBEV infection of U20S cells induces elF2a phos-

FIG 1 Localization of TIA-1 and TIAR in TBEV-infected cells. (A) U20S-MS2-YFPnls cells were electroporated with the TNd/AME_24XMS2 replicon RNA. At 24 h
p-e., the cells were fixed and incubated with anti-TBEV antiserum (Alexa Fluor 624; blue) and with the anti-TIA-1 antibody (TIA-1) (Alexa Fluor 594; red). Colocal-
ization of replicated RNA (MS2-EYFPnls) (yellow) with TIA-1 (top row) or of TBEV proteins with TIA-1 (bottom row) is shown. (B) U20S-MS2-YFPnls cells were
electroporated with the TNd/AME_24 XMS?2 replicon RNA (top row) or with the nonreplicating control TNd/AME_24XMS2_GAA (bottom row). At24 h p.e., the cells
were fixed and incubated with the J2 anti-dsRNA antibody (dsRNA) (Alexa Fluor 488; green) and with the anti-TIA-1 antibody (TIA-1) (Alexa Fluor 594; red).
Colocalization of dsSRNA with TIA-1 in cells electroporated with a replicating TBEV replicon (top row), but not in cells electroporated with a nonreplicating RNA
(bottom row), is shown. (C) U20S-MS2-YFPnls cells were electroporated as for panel B, and 24 h p.e., the cells were fixed and incubated with the monoclonal anti-PTB
antibody (PTB) (Alexa Fluor 594; red). Lack of colocalization of replicated RNA (MS2-EYFPnls) (yellow) with PTB is shown (merge). (D) U20S cells were either infected
with TBEV atan MOI of 2 for 24 h (TBEV 24 h p.i.) or 48 h (TBEV 48 h p.i.) or mock infected (mock). The cells were fixed and incubated with the ]2 anti-dsRNA antibody
(dsRNA) (Alexa Fluor 488; green) and with the anti-TIA-1 antibody (TIA-1) (Alexa Fluor 594; red). Colocalization of dsRNA with TIA-1 in cells infected with TBEV (top
and middle), but not in mock-infected cells (bottom), is shown. An additional image at 24 h p.i. was taken at low magnification to show more cells. (E) U20S cells were
infected for 24 h and treated as for panel C except that the anti-TTAR antibody (TIAR) (Alexa Fluor 594; red) was used.
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FIG 3 Induction of SG by heat shock following TBEV infection. (A) U20S cells were electroporated with the TNd/AME_24 XMS2 replicon RNA (TBEV) or with
the nonreplicating control TNd/AME_24 XMS2_GAA (GAA). At 24 h p.e., the cells were exposed to heat shock and then fixed and stained for TIA-1 and dsRNA.
In cells electroporated with the replication-competent RNA, the number of SG per infected cell (stained with dsRNA) was determined, while the number of SG
in cells transfected with the control replicon was determined per cell. A total of 100 cells per condition were counted in triplicate. Average values are shown, with
standard deviations and P values, measured as described in the text. (B) U20S cells were treated exactly as described for panel A except that they were stained for
G3BP1. (C) U20S cells were either infected with TBEV (TBEV) (MOI = 2) or mock infected (mock). At 24 h p.i., the cells were exposed to heat shock and then
fixed and stained for TIA-1 and dsRNA. In TBEV-infected cells, the number of SG per infected cell (stained with dsSRNA) was determined, while the number of
SG in mock-infected cells was determined per cell. Counts were performed and represented as for panel A. (D) U20S cells were infected exactly as described for

panel C except that they were stained for G3BP1. *, P < 0.05 (significant); **, P < 0.01 (highly significant).

phorylation and the formation of SG containing G3BP1, elF3,
and eIF4B.

TIA-1 recruitment to cytoplasmic sites of viral replication
resists heat shock. SG are formed in response to various kind of
stresses. As shown in Fig. 2D, both heat shock and TBEV infection
induced elF2a phosphorylation in U20S cells, most likely through
protein kinase R (PKR) (19, 33). To determine if TBEV prevents SG
formation in response to heat shock, U20S cells were electroporated
with TNd/AME_24XMS2. At 24 h p.e., the temperature was in-
creased to 45°C for 40 min before fixation and staining for TIA-1. SG
were counted in the context of both replication-competent and -in-
competent (GAA mutant) replicons. As shown in Fig. 3A, heat shock
induced the formation of an average of 6 SG/cell in mock-infected
cells (electroporated with TNd/AME_24XMS2_GAA), while in cells
replicating TNd/AME_24 XMS2, the number of SG was significantly
reduced. Representative images are shown for the two conditions
observed following heat shock with TIA-1 either in SG or in viral
replication sites. We repeated the experiment, staining with an anti-
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body against G3BP1. G3BP1-SG induced by heat shock showed the
opposite behavior, with an increase of granules in the context of
TBEV replication compared to the presence of SG induced by heat
shock in TNd/AME_24XMS2_GAA-electroporated cells (Fig. 3B).
The same pattern was observed upon TBEV infection, reinforcing the
notion that TBEV-mediated recruitment of TIA-1 to sites of viral
replication competes with TIA-1-containing SG formation in re-
sponse to heat shock (Fig. 3C and D). We have previously shown that
TBEV-infected cells already contain SG, and therefore, the number of
SGininfected cells following heat shock represents a mixture of those
formed prior to the treatment (by infection itself) and those induced
afterward. We conclude that TBEV infection induces G3BP1-SG for-
mation but recruits TIA-1 to sites of viral replication that compete
with SG for TIA-1 localization, indicating differential responses to
viral stress.

TIA-1 binds TBEV RNA. TBEV infection of cells leads to a
pronounced accumulation of TIA-1 and TIAR to sites of viral
replication that are rich in transcribed viral RNAs. Since both are
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FIG 4 RNA immunoprecipitation of TIA-1 and TIAR in TBEV-infected cells. (A) U20S cells were either infected with TBEV or heat shocked. At 24 h p.i. or after
40 min of heat shock, the cells were immunoprecipitated with the TIA-1 antibody. Immunoblotting shows specific TIA-1 IP compared to an irrelevant
immunoglobulin (IgG). TIAR was coimmunoprecipitated with TIA-1 following both heat shock and TBEV infection, while TBEV NS1, G3BP1, and control
{3-actin were not. (B) U20S cells treated as described for panel A were subjected to total-RNA extraction and RT-PCR with primers specific for the 3’ noncoding
region of TBEV (3'-NCR), for B-actin as a positive control for TIA-1 RNA IP, and for the negative-control U6 snRNA. (C) U20S cells were either infected with
TBEV or heat shocked. At 24 h p.i. or after 40 min of heat shock, the cells were immunoprecipitated with the TIAR antibody. Immunoblotting shows specific
TIAR IP compared to an irrelevant immunoglobulin (IgG). TIA-1 was coimmunoprecipitated with TIAR following both heat shock and TBEV infection, while
control B-actin was not. (D) U20S cells treated as described for panel C were subjected to total-RNA extraction and RT-PCR with primers specific for the 3’

noncoding region of TBEV (3'-NCR), for B-actin as a positive control for TIAR RNA IP, and for the negative-control U6 snRNA.

RNA-binding proteins, we explored their association with viral
RNA. To this end, U20S cells were either heat shocked or infected
with TBEV and lysed in RIPA buffer 24 h p.i. Cell extracts were
incubated with the specific TIA-1 or TIAR antibody, subjected to
IP, and then processed for immunoblotting or RT-PCR. As shown
in Fig. 4A, specific enrichment for the TIA-1 protein using a spe-
cific antibody, but not using an irrelevant IgG, was obtained. TTAR
was found associated with TIA-1 both in heat-shocked and in
infected cells while no association could be detected with B-actin
control, G3BP1, or TBEV NSI. Both for TIA-1 and TIAR, a dou-
blet of bands was visible in the immunoblot, consistent with the 2
splice variants, which lead to an inclusion in the protein of 11 or 17
amino acids, respectively. Next, we explored the co-IP of RNA. A
TBEV 3’ NCR amplification product was detected in TIA-1 beads
from infected cells, but not from heat-shocked cells (Fig. 4B). As a
negative control, we chose the cellular non-protein-coding small
nuclear RNA U6 (U6 snRNA), and as a positive control, B-actin
mRNA, which has been shown to coprecipitate with TIA-1 upon
heat shock (13). Interestingly, while U6 snRNA was not bound by
TIA-1 following heat shock or infection, B-actin mRNA was de-
tected in pulldowns of heat-shocked cells, as previously demon-
strated, and also in pulldowns from cells infected by TBEV. This
finding is consistent with a described feature of TIA-1, i.e., being
able to bind various housekeeping transcripts following different
stresses (13). We also conducted a reverse IP with a TTAR-specific
antibody. As shown in Fig. 4C, TIA-1 was found associated with
TIAR both in heat-shocked and in infected cells, while no associ-
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ation could be detected with the B-actin control. Also for TIAR,
infection led to the co-IP of TBEV RNA (Fig. 4D). Intriguingly, in
both IPs, the fraction of TIAR/TIA-1 that is coimmunoprecipi-
tated confirms the hypothesis that only a fraction of cellular TIA-1
and TIAR forms a protein-protein interaction. In the specific case
of TBEV infection, both TIA-1 and TIAR are recruited at the site
of viral replication and interact with viral RNA.

Emara et al. mapped the interaction of TIA-1/TTAR within a
short AU sequence (UAAUU) located in two internal loops of the
WNV3'(—)SL RNA structure, while Lopez de Silanes et al.
showed that the TIA-1 motif was a U-rich, 30- to 37-nucleotide-
long bipartite element forming loops of variable size and a bent
stem, localizing preferentially to the 3’ untranslated region of tar-
get mRNAs (13, 34). The common features of these elements are
the U-rich stretch and an RNA secondary structure. However, the
latter study also showed that this motif applies only to a portion of
the TIA-1-bound mRNA, indicating that other, as-yet-unknown
signature motifs might exist on TIA-1 target mRNAs. Direct com-
parison of the 3'(—) untranslated RNAs of WNV and TBEV by
M-fold (http://mfold.rit.albany.edu/?q=mfold) analysis did not
show obvious similarities, although several U-rich stretches and
RNA secondary structures could be found (data not shown).

We conclude that infection of cells with TBEV induces the
formation of a subcomplex of viral RNA, TIA-1, and TIAR local-
ized at the sites of viral replication.

TIA-1 is a negative regulator of TBEV replication. To inves-
tigate the functional role of TIA-1 in TBEV replication, we pro-
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ceeded to siRNA-mediated depletion of TIA-1, TIAR, or both in
U20S cells. As shown in Fig. 5A, transfection of siRNA led to a
consistent depletion of TIA-1 and TIAR compared with the non-
targeting control siRNA (siNTG). Two days posttransfection, the
cells were infected with TBEV and processed to measure extracel-
lular virus release. Viral yields showed a 10-fold increase com-
pared to siNTG at 24 h p.i., which was maintained at 48 h p.i. (Fig.
5B). Knockdown of the single factors showed similar effects, while
the combination of siRNAs targeting both TIA-1 and TIAR did
not show an improvement of the viral yields, indicating that each
protein is equally required for the phenotype.

Next, we investigated TBEV infection in MEF TIA-1 /7 Infec-
tion of TIA-17'" cells with TBEV led to a significant increase in
virus yields at 24 to 48 h p.i. (Fig. 5C). On the other hand, infection
of TIAR knockout MEF resulted in a decrease in infectious-virus
yields (compare Fig. 5D with C). This result could be explained by
the upregulation of TIA-1 in TIAR '~ cells, as previously ob-
served (17, 22). Accordingly, we could measure in replica blots a
2.3- * 0.2-fold increase of TIA-1 expression in MEF TIAR /",
while TIAR levels were not affected in MEF TIA-1"/~ (Fig. 6A).
To further confirm that TIA-1 overexpression resulted in inhibi-
tion of TBEV replication, we engineered U20S cells stably ex-
pressing EGFP-TIA-1 or EGFP alone (Fig. 6B). These cells showed
nuclear localization of EGFP-TIA-1 and responded to heat shock
by the formation of SG enriched in endogenous TIA-1 and EGFP-
TIA-1 (Fig. 6C). As shown in Fig. 6D, overexpression of TIA-1-
GFP resulted in a decrease in viral yields at 24 h p.i. consistent with
an inhibitory effect of TIA-1 on TBEV replication. Accordingly,
viral-RNA levels were also reduced in U20S EGFP-TIA-1 com-
pared to U20S EGFP cells (Fig. 6E). In U20S cells expressing
EGFP-TIA-1, the infection quickly recovers from weak inhibition
by EGFP-TIA-1, which could be explained by the presence of the
bulky EGFP, which would limit its functionality. However, the
effect of EGFP-TIA-1 overexpression was significant at 24 h p.i.,
in terms of both viral yields and viral RNA (Fig. 6D and E). We
conclude that TIA-1, and most likely also TIAR, exerts an inhibi-
tory effect on TBEV replication.

Effect of TIA-1 on TBEYV early translation. The overall effect
of TIA-1 depletion/overexpression was consistent with its activity
as an inhibitor of TBEV infection. We wished to recapitulate the
phenotype using a TBEV replicon expressing the luciferase re-
porter gene (TNd/AME_C17_fluc) (23). U20S cells expressing
EGFP-TIA-1 and control cells expressing EGFP were electropo-
rated with TNd/AME_C17_{fluc, and luciferase activity was as-
sessed at 24 h p.e. and 48 h p.e. As shown in Fig. 7A, overexpres-
sion of EGFP-TIA-1 reduced the luciferase levels at 24 h p.e., but
in this case, the reduction was also significant at 48 h p.e. (compare
Fig. 7A with 6D). Next, we electroporated MEF TIA-1"/" with
TNd/AME_C17_fluc and measured luciferase activity at 24 h p.e.
and 48 h p.e. To our surprise, we observed a huge increase in
luciferase activity in MEF TIA-1"'" that exceeded 100-fold (Fig.
7B). This result gave us a hint as to its possible function. To con-
firm this observation, we repeated the experiment in U20S cells
treated with TIA-1 siRNA, which also resulted in an increase in
luciferase activity compared with cells treated with an irrelevant
siRNA (Fig. 7C). The control of siRNA efficiency is shown in Fig.
7D. We reasoned that TIA-1 is a cellular factor with many func-
tions, including translation inhibition. In the course of TBEV in-
fection, there is an early first round of translation of the incoming
viral RNA, followed by further rounds after newly synthesized
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FIG 5 Functional analysis of TIA-1/TIAR depletion in TBEV-infected cells.
(A) U20S cells were transfected with siNTG, with TIA-1/TIAR-specific siRNA
(siTTIA-1), or with a combination of both. After 48 h, the cells were infected
with TBEV (MOI = 2) and harvested for immunoblotting at 24 and 48 h p.i.
B-Actin was the loading control. (B) Supernatants from infected cells treated
as for panel A were used to infect Vero cells to measure virus yields (PFU/ml)
from siTIA-1, siTIAR, siTIA-1/TIAR, or siNTG samples. Average values of
triplicate independent experiments (n = 3) are shown, with standard devia-
tions and P values, as described in the text. (C) MEF TIA-1"/" or their control
(MEF WT) were infected with TBEV at an MOI of 2. Cell supernatant collected
24 and 48 h p.i. was used to infect Vero cells to measure virus yields (PFU/ml)
from infected MEF TIA-1~'~ or infected MEF WT samples. Values were plot-
ted as for panel B (n = 6). (D) MEF TIAR '~ or their control (MEF WT) were
infected with TBEV at an MOI of 2. Cell supernatant collected 24 and 48 h p.i.
was used to infect Vero cells to measure virus yields (PFU/ml) from infected
MEF TIAR /™ or infected MEF WT samples. Values were plotted as for panel
B (n=6).%, P<0.05 (significant); **, P < 0.01 (highly significant).
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FIG 6 Functional analysis of TIA-1 overexpression in TBEV-infected cells. (A) Whole-cell extracts of MEF WT, MEF TIA-1"/7, and MEF TIAR ™/~ were
immunoblotted in parallel for TIAR (top) and TIA-1 (middle). B-Actin was the loading control (bottom). (B) Whole-cell extracts from U20S (mock),
U20S_EGFP_TIA-1, and U20S_EGFP cells were subjected to immunoblotting with anti-EGFP (left) and anti-TIA-1 (right) antibodies. (C)
U20S_EGFP_TIA-1 cells (top row) and U20S_EGEFP cells (bottom row) show nuclear and nucleocytoplasmic localization of EGFP-TIA-1 and EGFP, respec-
tively (left column). After heat shock, SG are readily formed in the cytoplasm of both cell lines (right columns). EGFP in U20S_EGFP_TIA-1 (top), but not in
U20S_EGFP (bottom), costained with anti-TIA-1 antibodies. (D) U20S_EGFP_TIA-1 cells or their control U20S_EGFP cells were infected with TBEV at an
MOI of 2, and 24- and 48-h p.i., the cell supernatants were used to infect Vero cells to measure virus yields (PFU/ml) from infected U20S_EGFP_TIA-1 or
infected MEF WT samples. Average values of triplicate independent experiments (n = 3) are shown, with standard deviations and P values, as described in the
text. (E) Total RNA was extracted from cells infected as for panel D and used as a template for real-time qPCR using primers specific for TBEV (5'-NCR). TBEV
amplification products were normalized to B-actin RNA. The relative increase in TBEV RNA in U20S_EGFP_TIA-1 cells with respect to U20S_EGFP is shown.
Values are plotted as in Fig. 5B (n = 3). *, P < 0.05 (significant); **, P < 0.01 (highly significant).

RNA becomes available later in infection. Distinguishing these
two phases is not easily accomplished with infectious virus, but it
has been previously demonstrated that with a replicon expressing
luciferase it is possible to temporally distinguish between the two
distinct translation phases (23). Therefore, we proceeded by elec-
troporating TNd/AME_C17_fluc in MEF TIA-1"'", monitoring
luciferase activity at various time points. As shown in Fig. 7E,
TIA-1 depletion favored early TBEV replicon RNA translation,
leading to a sharp increase of the luciferase signal 4 h postelectro-
poration, which was sustained at later time points. A control rep-
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licon carrying a mutation in NS5 (TNd/AME_C17_fluc_GAA)
was able to translate only the incoming viral RNA, and in this case
as well, there was a remarkable increase in luciferase activity at
early time points.

DISCUSSION

In this work, we propose that the host cell stress response protein
TIA-1 inhibits TBEV translation and is recruited to sites of viral
replication, together with its close homolog, TIAR. We also show
that G3BP-enriched SG are formed following TBEV infection
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FIG 7 Functional analysis of TIA-1 following TBEV replicon transfection. (A) U20S_EGFP_TIA-1 cells and U20S_EGEFP cells were electroporated with
replicon TNd/AME_C17_fluc, encoding the firefly luciferase reporter, and with a plasmid encoding Renilla luciferase for normalization. At 24 and 48 h p.e., the
cells were lysed, and dual-luciferase activity was measured (n = 3). Values are shown as normalized firefly/Renilla relative light units (RLU). (B) MEF TIA-1"/~
and their control MEF WT were electroporated, and dual-luciferase activity was measured 24 and 48 h p.e,. as described for panel A. (C) U20S cells were
transfected with siNTG or with the TIA-1-specific siRNA (siTIA-1). After 48 h, the cells were electroporated with replicon TNd/AME_C17_fluc and with a
plasmid encoding Renilla luciferase for normalization. At 24 and 48 h p.e., the cells were lysed, and dual-luciferase activity was measured (n = 3). Values are
shown as normalized firefly/Renilla relative light units (RLU). (D) Cells treated as for panel C were harvested for immunoblotting at 24 and 48 h p.e. 3-Actin was
the loading control. (E) MEF TIA-1"/" and their control MEF WT were electroporated with TNd/AME_C17_fluc. A time course of firefly luciferase activity
normalized to the internal Renilla luciferase control is shown as relative light units calculated as described previously (n = 3) (23). (F) MEF TIA-1~'" and their
control MEF WT were electroporated with TNd/AME_C17_fluc_GAA. A time course, as described for panel C, is shown. ¥, P < 0.05 (significant); **, P < 0.01
(highly significant).

lacking TTA-1/TTAR. Our observations stem from the pioneering  they reinterpreted their own data, this time looking at G3BP1 as a
work of Emara and Brinton, who demonstrated recruitment of —marker for SG, showing that natural WNV genotypes, such as
TIA-1 and TIAR to sites of WNV and DENV replication (18). Egl01, induced SG less efficiently than the lineage 2/1 chimeric
They concluded that these viruses inhibit SG formation by target- WNV infectious clone W956IC, which produced high levels of
ing TIA-1/TIAR either through the nonstructural protein NS3, early viral RNA (19). They proposed that induction of SG by
which could be immunoprecipitated by both TIA-1 and TIAR, or  'WNV is closely linked to the availability of dsRNA to PKR signal-
through the viral 3'(—)SL RNA, which was earlier shown to bind  ing and that fast-replicating genotypes, such as W956IC, release
TIAR and, to a lesser extent, TIA-1 (17). However, more recently, more dsRNA from virus-induced vesicles, thus triggering the
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stress response pathway. In our work, we also show that TBEV
infection induces the recruitment of TIA-1/TIAR to sites of TBEV
replication, but at the same time, eIF2a becomes phosphorylated,
and SG enriched in G3BP1/eIF3/eIF4B are formed in the cyto-
plasm. Therefore, flaviviruses are indeed capable of inducing gen-
uine SG in infected cells. These viruses may only delay the shutoff
of host cell translation and the induction of the interferon re-
sponse, possibly by shielding viral replication intermediates in the
highly organized membranous vesicles that have been described
for WNV, DENV, and TBEV (6, 9, 35-37).

In light of these findings, the role of TIA-1/TIAR becomes
much less clear, because the simplest explanation, that their re-
cruitment inhibits SG formation, is no longer supported by the
data. In order to clarify their roles in flavivirus replication, it
would be helpful to review what is known so far. First, TIAR and
TIA-1 were identified by affinity purification using synthetic oli-
gonucleotides as host factors that specifically bind the WNV
3’(—)SL RNA (17). In our study, we demonstrate that TIA-1 and
TIAR bind viral RNA in infected cell extracts, but we did not
address its polarity. By confocal microscopy, we could show that
TIA-1 and TIAR colocalized with dsRNA (Fig. 1B, C, and D) and
TBEV nonstructural proteins, while newly replicated viral RNA,
tagged by MS2-EYFPnls, showed a more diffused distribution
(Fig. 1A). Previously, we demonstrated that MS2-tagged viral
RNA consisted of replicated RNA not associated with replication
vesicles but diffused in the extravesicular space (6). This is consis-
tent with a model in which the replication complex and viral rep-
lication intermediates, such as (—)RNA and dsRNA, remain con-
fined in replication vesicles while genomic (+)RNA translocates
in the extravesicular space for further rounds of translation or
assembly. Therefore, we propose that TIA-1 and TIAR remain
associated with viral RNA within replication vesicles. Indeed, heat
shock, which potently induces SG, was unable to shift TIA-1 from
viral replication sites to SG in infected cells (Fig. 3), despite TTA-
I’s ability to shuttle continuously in and out of SG (38). However,
although this model fits the association of TIA-1 and TIAR with
(—)RNA proposed by Brinton’s group, it is very difficult to con-
ceive their recruitment to viral RNA in preassembled replication
vesicles. Most likely, TIA-1 and TIAR bind viral RNA before the
formation of the vesicles at the level of the incoming viral
(+)RNA. This interpretation requires that TIA-1/TIAR associate
with viral (+)RNA that is then delivered to replication vesicles,
where dsRNA intermediates are formed only after complete as-
sembly of the vesicle to protect them from cytoplasmic sensors,
such as RIG-I or PKR. TIA-1/TIAR could then be transferred to
high-affinity binding sites on (—)SL RNA to exert their putative
functions in viral replication. Alternatively, TIA-1 may also act by
inhibiting translation of replicated viral RNA to promote assem-
bly. In this case, the differential distribution of TIA-1 and repli-
cated MS2-tagged TBEV RNA could be explained by the low res-
olution of fluorescence microscopy in detecting a few molecules of
TIA-1 bound to RNA compared to 24 doublets of MS2.

Functionally, the effect of the depletion of TIA-1/TIAR on viral
replication is controversial. WNV showed a lower virus yield in
MEF TIAR ™", while was slightly affected in MEF TIA-1"'~ (17).
This observation led to the hypothesis that these proteins provide
a necessary function for WNV during its replication cycle. How-
ever, when we depleted TIA-1 and TIAR in human cells, we ob-
served an increase in virus production (Fig. 5B). The same pheno-
type was observed in MEF TIA-1"/~ (Fig. 5C), while in MEF
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TIAR™/~, TBEV growth was inhibited similarly to what has been
reported for WNV (Fig. 5D). The latter phenotype could be ex-
plained by the well-described upregulation of TIA-1 in MEF
TIAR™'~ (Fig. 6A) (17, 22). Consistently, infection of U20S cells
overexpressing EGFP-TIA-1 showed impaired virus growth and
reduced levels of viral RNA (Fig. 6D and E).

Although the above-mentioned results consistently indicate
that TIA-1/TIAR work as inhibitors of TBEV replication, the over-
all effect of their depletion is rather weak and could be explained
by incomplete depletion by siRNA. Indeed, a small quantity of
TIA-1/TIAR protein would be sufficient to function on the few
viral RNA molecules that become accessible between virion un-
coating and genomic-RNA translation/replication. To overcome
this limitation, we exploited the TBEV replicon technology, which
introduces large amounts of unprotected viral (+)RNA into the
cytoplasm. Transfection of the TBEV replicon RNA in MEF TIA-
17/~ and in U20S cells depleted of TIA-1 by siRNA resulted in a
significant increase of the luciferase reporter signal 24 h p.i. (Fig.
7B and C). However, at this late time point, we could not distin-
guish between an effect on translation or on replication. Since the
TBEV luciferase replicon can be used as a sensitive reporter of viral
translation, we performed a time course of replicon transfection
(Fig. 7E and F) (23). By this method, we could distinguish two
waves of luciferase signal: the first corresponds to translation of
the incoming viral (+)RNA, as demonstrated by the presence of a
peak also for the control replicon carrying a mutation in NS5; the
second requires viral replication and could be detected only for
fully replication-competent replicons. Transfection of MEF
TIA-1"'" showed a huge increase in luciferase starting at early
time points compared to MEF WT, indicating that TIA-1 acts
directly on translation of viral (+)RNA. However, we cannot rule
out the possibility that depletion of TIA-1 from the cytoplasmic
pools during viral infection also indirectly affects the expression of
cellular genes that could positively affect virus growth.

Our data are consistent with a model in which TIA-1 works
together with TIAR as a translation inhibitor of TBEV. TIA-1
could function at two steps of the viral life cycle: on incoming
genomic viral (+)RNA that is translated into the polyprotein
and/or on replicated viral (+)RNA extruded from replication ves-
icles. Translation competes with replication, with the same RNA
also being the template for (—)RNA, and with assembly of new
virions. Therefore, TIA-1-dependent modulation of translation
could determine the amount of (+)RNA available for replication
and/or assembly, suggesting that fine-tuning of this factor may
modulate the viral replication cycle.
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