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Stress granules (SG) are cytoplasmic aggregates of stalled translation preinitiation complexes that form in
cells exposed to various environmental stresses. Here, we show that stress granules assemble in cells infected
with Theiler’s murine encephalomyelitis virus (TMEV) mutants carrying alterations in the leader (L) protein,
but not in cells infected with wild-type TMEYV. Stress granules also formed in STAT1-deficient cells, suggesting
that SG formation was not a consequence of increased type I interferon (IFN) production when cells were
infected with the mutant virus. Ectopic expression of the wild-type L protein was sufficient to inhibit stress
granule formation induced by sodium arsenite or thapsigargin treatment. In conclusion, TMEV infection
induces stress granule assembly, but this process is inhibited by the L protein. Unlike poliovirus-induced stress
granules, TMEV-induced stress granules did not contain the nuclear protein Samé68 but contained poly-
pyrimidine tract binding protein (PTB), an internal ribosome entry site (IRES)-interacting protein. Moreover,
G3BP was not degraded and was found in SG after TMEYV infection, suggesting that SG content could be virus
specific. Despite the colocalization of PTB with SG and the known interaction of PTB with viral RNA, in situ
hybridization and immunofluorescence assays failed to detect viral RNA trapped in infection-induced SG.
Recombinant Theiler’s viruses expressing the L protein of Saffold virus 2 (SAFV-2), a closely related human
theilovirus, or the L protein of mengovirus, an encephalomyocarditis virus (EMCYV) strain, also inhibited
infection-induced stress granule assembly, suggesting that stress granule antagonism is a common feature of

cardiovirus L proteins.

Theiler’s murine encephalomyelitis virus (TMEV) belongs
to the Cardiovirus genus, within the picornavirus family. Other
cardioviruses are Saffold virus (SAFV), a recently described
human virus closely related to TMEV, and encephalomyocar-
ditis virus (EMCV). The genomes of these viruses are com-
posed of nonsegmented positive-stranded RNA molecules of
approximately 8 kb. During infection, these viruses produce a
short protein cleaved from the amino-terminal end of the viral
polyprotein and therefore called leader (L) protein (21).

The DA strain of TMEV is responsible for persistent infec-
tion of the central nervous system of the mouse, leading to
chronic demyelinating lesions reminiscent of those found in
multiple sclerosis (5, 22). Disruption of the host immune re-
sponse is critical for the establishment of viral persistence, and
the L protein of the virus plays a crucial role in this process.
Cardiovirus L proteins are closely related multifunctional pro-
teins shown to interfere with critical cellular processes such as
interferon (IFN) and chemokine production (16, 32), nucleo-
cytoplasmic trafficking (4, 8, 17, 27, 30), apoptosis (12, 31), and
mitogen-activated protein (MAP) kinase activity (28). Cardio-
virus L proteins are very small proteins (about 70 amino acids)
in which several domains have been described (Fig. 1): (i) an
amino-terminal zinc finger, (ii) a glutamate/aspartate-rich do-
main, which confers a very acidic character to the protein (pl
about 3.8), (iii) a serine/threonine-rich domain, and (iv) a
carboxy-terminal domain, present in the L proteins of TMEV
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and SAFV (theilovirus species) but lacking in EMCV L and
therefore called the Theilo domain. Mutations introduced ei-
ther in the zinc finger or in the Theilo domain strongly inhibit
all the known activities of the TMEV L protein (29).

Polypyrimidine tract binding protein (PTB) is a RNA-bind-
ing protein involved in splicing regulation and 3" end process-
ing of RNA molecules. In TMEV-infected cells, PTB was
found to relocalize from the nucleus to the cytoplasm (8),
where it is believed to interact with the internal ribosome entry
site (IRES) of viral RNA (24). Binding of PTB to the IRES is
thought to stabilize the RNA structure, thereby promoting
translation of viral proteins. Such translation-modulating ac-
tivity of PTB has been confirmed for the GDVII TMEYV strain
(25).

Stress granules (SG) are cytoplasmic foci appearing in cells
exposed to various environmental stresses, such as UV expo-
sure, oxidative stress, hypoxia, and heat shock. They are mainly
composed of stalled translation preinitiation complexes that
aggregate in response to stress (3). The best-known event trig-
gering SG assembly is the phosphorylation of the alpha subunit
of eukaryotic translation initiation factor 2 (elF2a). elF2a
phosphorylation can be mediated by four kinases activated in
response to different stress signals: PKR, activated by cytosolic
double-stranded RNA; PERK, activated by endoplasmic retic-
ulum stress; GCN2, activated by amino acid starvation; and
HRI, activated by oxidative stress or heme depletion (9). Phos-
phorylation of elF2a leads to translational arrest and to the
assembly of incomplete translation preinitiation complexes
(lacking eIF2) on the caps of mRNA molecules. In this pro-
cess, TIA-1, a nuclear prion-like protein, delocalizes from the
nucleus to the cytoplasm and binds the eIF2-deficient preini-
tiation complexes, inducing their aggregation and thereby as-
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FIG. 1. Alignment of L protein sequences used in this work. Shown are the sequences of L proteins from TMEV (strain DA1), SAFV-2, and
mengovirus. Protein domains are indicated. Cysteine and histidine residues forming the Zn finger, and the M60/M55 residue of the Theilo domain,

are framed. L mutations are indicated under the alignment.

sembly of SG (13). SG are thought to play a role in translation
inhibition during stress, through sequestration of cellular
mRNA. When cells recover from stress, SG disperse and
mRNA can be sent back to effective translation or targeted to
processing bodies (P-bodies). P-bodies are cytosolic complexes
containing enzymes for decapping and degradation of mRNA,
as well as proteins involved in small interfering RNA (siRNA)-
mediated repression of mRNA translation. Therefore, P-bod-
ies are thought to be a place where mRNA is degraded (2).
Factors regulating the fate of sequestered mRNA during re-
covery are incompletely known.

In recent years, several viruses have been shown to induce a
stress granule response in host cells. Depending on the virus,
the response can be pro- or antiviral. For example, respiratory
syncytial virus (RSV) preferentially replicates in host cells
forming stress granules (18). Conversely, poliovirus inhibits
both P-body and SG formation (11, 33). Poliovirus 3C protease
has been shown to block infection-induced SG formation by
cleaving G3BP, a host cell protein involved in the SG assembly
process. Expression of a noncleavable form of G3BP in host
cells significantly lowered poliovirus replication (33).

Some cellular proteins, such as elF3, TIA-1, and G3BP, are
concentrated in SG and are thus used as ubiquitous SG mark-
ers. However, certain proteins are associated only with a par-
ticular type of SG. For example, Sam68, a nuclear factor in-
volved in splicing regulation, was reported to be associated
with poliovirus-induced SG, but not with oxidative stress or
heat shock-induced SG (26).

We previously observed a stress granule-like cytoplasmic
distribution of PTB in cells infected with TMEV expressing a
mutated L protein, but not in cells infected with a wild-type

(wt) virus. This observation led us to investigate the relation-
ship between TMEYV infection and the stress granule response.

MATERIALS AND METHODS

Cells, viruses, and plasmids. HeLa, U3A 2FTGH (19) (kindly provided by Ian
Kerr), and 1929 cells were maintained in Dulbecco’s modified Eagle medium
(Lonza) supplemented with 10% fetal calf serum (MP Biomedicals), 100 U
penicillin/ml, and 100 pg streptomycin/ml.

Viruses used in this study (Table 1) were derivatives of the DA1 molecular
clone of the persistent Daniels (DA) TMEV strain (7, 20). L-mutant viruses
derived from DA1 were TM564 carrying a deletion encompassing codons 6 to 67
of the L region (LA°°7), TM598 carrying mutations disrupting the L zinc finger
(L7 (32), and FBO5 carrying a M60V substitution in the L Theilo domain
(LMGOV) (29)

For infection of 1.929 and U3A cells, we used virus KJ6 and L. mutants thereof.
KJ6 is a DA1 derivative carrying capsid mutations enabling the virus to infect
1.929 cells with high efficiency (15). This virus is further referred to as wild type
in this work as it expresses a wild-type L protein (L**). L mutant KJ6 derivatives
were SB3 (LA6767), TM659 (L“") (32), and FB09 (LM°%V) (29). KJ6 derivatives
expressing the wild-type L protein of mengovirus (SPA24) and its corresponding
zinc finger mutant (SPA28) were described previously (23). FB26 and FB27 are
KJ6 derivatives expressing the wild-type L protein and an M55V mutant of the
L protein from Saffold virus 2 (SAFV-2; GenBank accession no. AM922293),
respectively. These viruses were constructed as follows. The Lgapy., coding
sequence was subcloned as a BamHI-Xbal restriction fragment from a synthetic
plasmid (ordered to MrGene) in pBS-KS+, giving pFB16. This fragment was
also cloned in pTM624, a pcDNA3 derivative containing the TMEV IRES
followed by the enhanced green fluorescent protein (eGFP) coding sequence,
giving pFB14. Plasmid pFB14 thus allows expression of a bicistonic Lgsgy.o-
IRES-eGFP construct from the cytomegalovirus (CMV) immediate-early pro-
moter. The M55V mutation was introduced in Lga gy, by PCR amplification of
the L region of pFB16 with primers TM952 (5'AAA GGA TCC GCC ACC ATG
GCG TGC) and TM956 (5" GGT AGA TCT GTC CAT TCC ACA TGG AGG
TCA TCA GGA TAA). TM956 encodes the M55V mutation (A;;;TG—GTG).
The resulting PCR product was used to replace the corresponding Ncol-BglII
restriction fragment in pFB16 to yield pFB18. To construct TMEV cDNA clones

TABLE 1. Plasmids carrying full-length viral genomes

Plasmid Virus L protein® Virus background, characteristics
pTMDAL1 DAl L Molecular clone of TMEV DA strain
pTM564 TMS564 LA667 DAl
pTM598 TM598 L DA1
pFB05 FBO05 LMeoV DAl
pKJ6 KJ6 L DAL, capsid adapted to infect 1929 cells
pSB3 SB3 LA6-67 KJ6, capsid adapted to infect 1.929 cells
pTM659 TM659 L KJ6, capsid adapted to infect 1929 cells
pFB09 FB09 LMooV KJ6, capsid adapted to infect 1.929 cells
pFB26 FB26 SAFV-2 L™ KJ6, capsid adapted to infect 1929 cells
pFB27 FB27 SAFV-2 LMV KJ6, capsid adapted to infect 1.929 cells
pSPA24 SPA24 Mengovirus L™ KJ6, capsid adapted to infect 1929 cells
pSPA28 SPA28 Mengovirus L%" KJ6, capsid adapted to infect 1.929 cells

“ Unless specified, the leader protein was that of TMEV DAL.
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expressing the SAFV-2 L protein, the mutated coding region of the Ly, gene
was then transferred back from pFB18 to pFB14 as a BamHI-Xbal restriction
fragment. The resulting plasmid was called pFB19. The wild-type and mutated
Lsapv.2 gene coding sequences were then PCR amplified from pFB14 and
pFB19 with primers TM952 and TM954 (5" AAA CCT GAG GAC TGG GAG
TTA CTC TTG TCA GAT GAA GAG GCG TTT CCT TGT GGT TCC ATT
TCA ATG TC). The resulting PCR products were cloned into pTMS565 (a
subclone of pTMDAL1) as Ncol-Bsu36I restriction fragments to yield pFB20 and
pFB21. Finally, the Xbal-Mscl fragment carrying the L gene coding region was
extracted from these plasmids and used to replace the corresponding fragment in
pKJ6. The resulting plasmids, pFB26 and pFB27, carry the full-length cDNA of
KJ6 derivatives coding for the wild-type and M55V mutant SAFV-2 L proteins,
respectively. Synthetic and PCR-amplified regions of all constructs were se-
quenced to check that no unexpected mutation occurred during the cloning
steps. Plasmid constructs carrying full-length virus cDNA and the corresponding
viruses are presented in Table 1.

All wild-type and mutant viruses were produced from the corresponding
c¢DNA clones, as described previously (20). Viruses were collected 48 to 72 h
after electroporation of BHK-21 cells with in vitro-transcribed viral RNA. Vi-
ruses were titrated in parallel by standard plaque assay in BHK-21 cells.

Bicistronic constructs expressing IRES-eGFP alone (pTM624), Ly~
IRES-eGFP (pTM625), or Ly ™MV-IRES-eGFP (pCER48) were described
previously (30).

Immunostaining and ir sifu hybridization. Immunostainings and in situ hy-
bridizations were performed on cells cultivated on glass coverslips treated with
poly-L-lysine and placed in 24-well plates. Prior to immunostaining, cells were
fixed for 4 to 10 min in 300 pl of phosphate-buffered saline (PBS)-4% paraform-
aldehyde (PFA). Cells were then washed in 500 pl of PBS and permeabilized for
5 min at room temperature in 500 wl of PBS-0.1% Triton X-100. Blocking
occurred for 1 h at room temperature in 300 wl of TNB blocking reagent (Perkin
Elmer). Cells were next incubated with the primary antibody diluted in TNB at
the following dilutions: PTB (mouse; Zymed 32-4800), 1/50; VP1 (mouse; F12B3
clone; kind gift from M. Brahic), 1/10; eIF3 (goat; Santa Cruz sc-16377), 1/200;
TIA-1 (goat; Santa Cruz sc-1751 C20), 1/100; K1 or J2 (mouse, anti-double-
stranded RNA [anti-dsRNA], English & Scientific Consulting Bt.), 1/200; Sam68
(rabbit; Santa Cruz sc-333; C20), 1/100; G3BP (mouse; BD Transduction Lab-
oratories 611126), 1/500. After 1 h of incubation at room temperature, cells were
washed 3 times for 5 min in 500 pl PBS-0.1% Tween 20. Secondary antibodies
(Alexa Fluor 488- or 594-conjugated antibodies; Invitrogen) were incubated for
1 h at a 1/800 dilution in TNB. Finally, cells were washed 3 times in 500 pl
PBS-0.1% Tween 20 and mounted with Mowiol for fluorescence microscopy.

Experiments involving in situ hybridization coupled to eIF3 immunostaining
were performed according to a protocol adapted from that of Chakraborty et al.
(6) using a 3’ biotinylated DNA probe (Eurogentec) complementary to the
positive strand of viral RNA (5" AGG GGT GCC TTT TCT TTC CAG GTG
AGC CAT ATT CGG GAG AAA ATT). All reagents were prepared in 0.5%
diethyl pyrocarbonate (DEPC)-treated water or PBS. Cells were fixed for 8 min
in 500 pl of PBS-4% PFA prior to in situ hybridization. After 3 washes in 500 .l
PBS, cells were permeabilized for 5 min at 4°C in 500 wl PBS-0.1% Triton X-100.
Fifty microliters of prehybridization solution (2X SSC [1X SSC is 0.15 M NaCl
plus 0.015 M sodium citrate] containing 1 mg/ml of Escherichia coli tRNA
[Roche 109 541], 10% dextran sulfate [Sigma D-6001], and 25% formamide) was
then carefully pipetted over the cells on the coverslips, which were in a humid-
ifying chamber. After incubations of 15 min at room temperature and 15 min at
42°C, the coverslips were drained on a piece of Tork paper and flipped over a
50-pl drop of hybridization solution (prehybridization solution containing 100
pg/ml of the biotinylated DNA probe) in the humidifying chamber at 42°C. After
one night, the cells were washed two times in 2X SSC and one time in 0.5X SSC
at 42°C for 15 min. Cells were then fixed for 8 min in PBS-4% PFA and washed
3 times in PBS. Coverslips were then turned on a drop of PBS containing
Cy3-conjugated streptavidin (Sigma) diluted at 1/100 and anti-eIF3 antibody
diluted at 1/200. After 1 h, the cells were washed two times in PBS-0.2% Triton
X-100 and incubated with the secondary antibody (chicken anti-goat IgG-Alexa
488) diluted at 1/400 in PBS. Cells were washed twice for 15 min in PBS-0.2%
Triton X-100 and twice for 15 min in PBS before being mounted with Mowiol for
microscopy.

Fluorescence microscopy was performed with a DMIRB inverted microscope
(Leica) equipped with a DC200 digital camera (Leica), a microscope (Zeiss)
equipped for confocal microscopy (Bio-Rad; MRC-1024), or a spinning disk
confocal microscope (Zeiss). Intensity, contrast, and color balance of images
were equilibrated using ImageJ or Adobe Photoshop.

Plasmid transfection. Transfection of plasmid DNA was performed on cells
grown on poly-L-lysine-treated coverslips placed in 24-well plates. Cells were
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plated the day before transfection at a density of 6 X 10* cells per well. TransIT-
LT1 (Mirus) was used as the transfection reagent, with a DNA/transfection
reagent ratio of 1 ug/3 pl, according to the manufacturer’s recommendations.

Immunoblotting. Protein extracts were run on Tris-glycine-sodium dodecyl
sulfate-8 or 10% polyacrylamide gels and transferred on polyvinylidene difluo-
ride (PVDF) membranes (Immobilon P; Millipore). Primary antibodies were
anti-VP1 (F12B3 monoclonal antibody; kindly provided by M. Brahic) and anti-
G3BP (reference no. 611126; BD Transduction Laboratories).

RESULTS

TMEYV infection induces SG assembly, but the process is
inhibited by the leader protein. We analyzed whether stress
granules (SG) are formed during infection of cells with TMEV.
Therefore, HeLa cells were infected with the wild-type DA1
strain of TMEV or with L-mutant viruses carrying a deletion
encompassing residues 6 to 67 of the L region (L**°7), muta-
tions in the Zn finger domain of L (L*"), or an M60V substi-
tution in the Theilo domain of L (LM®°Y). Twelve and 16 h
postinfection, cells were immunostained for viral capsid anti-
gen VP1 and for eIF3, used as an SG marker. As shown in Fig.
2A and C, elF3 was distributed homogeneously in the cyto-
plasm of mock-infected cells or of cells infected with the wild-
type virus. In contrast, granular cytoplasmic aggregates of
elF3, evoking SG, were clearly visible in cells infected with the
three L-mutant viruses. Identical results were obtained after
immunostaining of TIA-1, another SG marker (Fig. 2B). In
time course experiments, SG appeared from 8 h postinfection
in HeLa cells infected with the L-mutant viruses and did not
disappear before the development of cytopathic effect (CPE),
around 24 h postinfection (Fig. 2D). In the case of the wild-
type virus, SG were not detected in infected cells at any time
point. In contrast to what was observed for poliovirus (26), we
did not detect transient SG assembly early after infection with
either the wild-type virus or mutant viruses (data not shown).
The lack of SG in cells infected with the wild-type virus was not
a consequence of faster CPE occurrence for this virus since SG
were detected from 8 h postinfection, long before CPE devel-
opment with either virus (Fig. 2D).

Thus, our results suggest that TMEV infection triggers SG
formation but that this process is inhibited by the L protein.

L protein blocks SG formation, independently of its inhibi-
tion of interferon production. Due to L’s antagonism of type I
interferon (IFN) production, viruses carrying mutations in the
Zn finger or in the Theilo domain of L were shown to trigger
enhanced IFN production in infected cells, compared to wild-
type virus. Since type I IFN can sensitize cells to translation
blockade and apoptosis through PKR-mediated eIF2a phos-
phorylation, we tested whether SG formation in cells infected
with L-mutant viruses was a consequence of the type I IFN
response. To this end, SG formation was monitored in STAT-
1-deficient U3A cells, which are unresponsive to type I IFN. As
in other cell types, SG were detected in U3A cells after infec-
tion with the L-mutant viruses but not with the wt virus (Fig.
3). Kinetics of SG appearance did not differ from that observed
in STAT-1"/" parental 2ftgh cells (data not shown). In con-
clusion, type I IFN is not required for SG formation in TMEV-
infected cells and L-mediated inhibition of SG formation is not
a consequence of IFN antagonism by L.

L can block the assembly of SG induced by nonviral
stresses. The absence of SG in cells infected with the wild-type
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FIG. 2. TMEYV infection induces stress granule assembly. (A) HeLa cells were infected with 10 PFU/cell of wild-type TMEV (L") or with
LA6S7 L2 or LMY mutant virus. Twelve hours postinfection cells were fixed, coimmunostained for the VP1 capsid viral antigen (red) and eIF3
(green), and examined by confocal microscopy. Arrowheads point to infected cells (i.e., VP1 positive). The right column (zoom) shows a
higher-magnification view of the region framed in the middle column. Note that some VP1-negative cells also display SG in the wells infected with
the L-mutant viruses. This is probably due to the fact that VP1 had not reached a detectable level at the time when the cells were fixed. (B) Same
experiment as in panel A but with immunostaining of VP1 (red) and TIA-1 (green). (C) Histogram showing the percentage (mean of two
independent experiments) of VP1-positive cells displaying SG according to the virus used. Note that cells presenting CPE were excluded from the
counts. (D) Percentages (means of two independent experiments) of cytopathic effect observed in HeLa cells infected with the wild-type and

mutant viruses at 16 and 24 h postinfection.

virus can result either from a lack of SG induction, possibly due
to a lack of virus detection by cell sensors, or from an “active”
blockade of the SG formation process. To discriminate be-
tween these possibilities, we checked if the virus was able to
inhibit SG assembly induced by stresses other than infection.
To this end, HeLa cells infected for 12 h with wild-type and
L-mutant viruses were treated with sodium arsenite, a strong

SG inducer. eIF3 labeling was performed 45 min after sodium
arsenite treatment. As shown in Fig. 4A, oxidative stress-in-
duced SG formation was strongly inhibited in cells infected by
the wild-type virus. This was due to the L protein because SG
formation was not inhibited in cells infected with L-mutant
viruses (not shown). These results show that inhibition of in-
fection-induced SG results from an active process of TMEV L.



9618 BORGHESE AND MICHIELS

'
'

J. VIROL.

|_M60V

FIG. 3. Inhibition of SG assembly is independent of L inhibition of interferon production. U3A cells were infected with 5 PFU/cell of wild-type
TMEV (L) or with L?" and LM%Y mutant viruses. At 8 hours postinfection, cells were processed for VP1 and eIF3 coimmunolabeling and
examined by fluorescence microscopy. SG appear as bright spots of eIF3 staining in the cytoplasm.

We next asked whether the L protein inhibited SG assembly
when expressed ectopically, in the absence of other virus com-
ponents. HelLa cells were transfected with bicistronic con-
structs coexpressing eGFP and either L™ or LMY or with a
control plasmid expressing eGFP alone. Sixteen hours post-
transfection, cells were treated with sodium arsenite for 45
min, and the formation of SG was monitored by immunofluo-
rescent staining of eIF3 (red) in transfected cells expressing
eGFP (green) (Fig. 4B). Transfection of pTM624, expressing
eGFP alone, did not induce SG formation in untreated cells
and did not affect SG formation in cells treated with sodium
arsenite (not shown). In contrast, expression of L™ clearly
inhibited sodium arsenite-induced SG assembly (Fig. 4B and
C). This inhibition was not observed in cells expressing the
mutated LMV protein (Fig. 4B and C).

Thapsigargin treatment of the cells induced SG that were
less conspicuous than those induced by sodium arsenite treat-
ment. Again, assembly of these SG was inhibited after ectopic
expression of the wild-type protein but not of the mutant
LMY protein (Fig. 4B and C). When SG assembly was in-
duced by heat shock (50 min at 44°C), ectopic expression of L™
triggered rapid apoptosis of most cells, preventing assessment
of SG formation (not shown).

Taken together, these results show that TMEV infection
triggers SG assembly but that the L protein produced by the
virus inhibits this process, in a way that is independent of its
antagonism of IFN production.

PTB but not Samé68 partially colocalizes with TMEV-in-
duced SG. To further characterize the composition of SG in-
duced by mutant TMEVs, we performed different combina-
tions of double immunofluorescent labeling in infected and, as
a control, in sodium arsenite-treated Hela cells. Granules
induced by TMEV infection were much more heterogenous
than sodium arsenite-induced SG (not shown). However, in
both infected and arsenite-treated cells, we observed a perfect
match between elF3-G3BP and G3BP-TIA-1 localizations,
suggesting that infection, like arsenite treatment, triggered the
assembly of bona fide SG (Fig. 5A).

We previously observed PTB aggregates in the cytoplasm of

1929 and HelLa cells infected with L-mutant viruses. We thus
explored whether these PTB aggregates colocalized with SG
using confocal fluorescence microscopy. As shown in Fig. 5B,
all infection-induced SG contained PTB. In contrast, some
PTB aggregates did not colocalize with SG, as detected by elF3
labeling. These additional granules are either not SG or SG
with prominent PTB and low eIF3 content. Similar results
were obtained after PTB/TIA-1 coimmunostaining. Interest-
ingly, small amounts of PTB were also systematically detected
in sodium arsenite-induced stress granules (not shown).

Samo68 is a nuclear protein that was shown to be incorpo-
rated into poliovirus-induced SG but not into oxidative stress-
induced SG (26). We tested whether Sam68 incorporation into
SG was a hallmark of virus-induced SG or whether the com-
position of SG varied according to the virus involved. As pre-
viously observed in the case of PTB, the virus expressing L™
induced some diffusion of Sam68 out of the nucleus. However,
unlike PTB, Sam68 failed to form visible spots in the cytoplasm
of cells infected by L-mutant viruses and was therefore not
visible in SG (Fig. 5C). Thus, stress granule composition ap-
pears to vary according to the inducing stimulus. Figure 5D
sums up the detected SG markers, according to the stress
stimulus used.

Viral RNA is not detected in stress granules. Stress granules
have been shown to trap cellular mRNA during stress (2). We
hypothesized that infection-induced SG could sequester viral
RNA and thereby negatively impact the viral cycle. The as-
sumption that SG could sequester viral RNA was reinforced by
the fact that PTB, which is reported to interact with TMEV
RNA, was detected in TMEV-induced SG. To test whether
viral RNA was trapped in SG, we used combined in situ hy-
bridization for detection of positive-stranded viral RNA and
immunofluorescence for detection of eIF3. In cells infected
with the wild-type virus, positive-stranded viral RNA was de-
tected in dense and large, sometimes focal perinuclear areas
(Fig. 6A). Intriguingly, in cells infected with L-mutant viruses,
positive-stranded viral RNA was detected in a punctated pat-
tern. Yet the spots of viral RNA did not colocalize with SG.

Viral double-stranded RNA, considered to be characteristic
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FIG. 4. Ectopic expression of L is sufficient to inhibit arsenite- or thapsigargin-induced SG assembly. (A) HeLa cells were infected with a
wild-type TMEV (L") or with L-mutant viruses (not shown). Twelve hours postinfection, cells were treated with 0.5 mM sodium arsenite for 45
min, fixed, and processed for coimmunolabeling of VP1 and eIF3 (confocal microscopy images). (B) HeLa cells were transfected with bicistronic
constructs expressing L™ and eGFP or LM’V and eGFP. Sixteen hours posttransfection cells were mock treated or treated with 0.5 mM sodium
arsenite for 45 min or with 15 wM thapsigargin for 50 min, fixed, and processed for eIF3 immunolabeling. White arrowheads indicate transfected
cells. Note that cells transfected with the L™-IRES-eGFP construct had a much lower eGFP fluorescence level because L™ expression represses
eGFP expression (30). Moreover, eIF3 exhibited a partially nuclear localization in many cells expressing L™, in agreement with the reported effect
of this protein on nucleocytoplasmic transport. (C) Histogram showing the percentages of transfected (eGFP-positive) cells displaying total or
partial inhibition or no inhibition of arsenite- and thapsigargin-induced SG. In view of ectopically expressed L protein toxicity, only cells with

unaltered morphology were taken into account.

of replication complexes, was detected in infected cells using
the J2 or K1 anti-dsSRNA monoclonal antibodies. Here, dou-
ble-stranded RNA was detected as a spotted pattern for the
wild-type and mutant viruses. Again, this form of viral RNA
was not detected in stress granules (Fig. 6B).

Inhibition of SG assembly is a common activity of cardio-
virus L proteins. The L proteins of TMEV and EMCYV share
35% identity. This percentage increases to 60% for identity
between TMEV and Saffold virus L proteins (Fig. 1). We used
recombinant TMEV derivatives to test whether EMCV L
(mengovirus strain) or Saffold virus L (SAFV-2 strain) also
antagonized SG formation. Therefore, U3A cells were infected
in parallel with wild-type TMEV or with TMEV derivatives
expressing TMEV L#", TMEV LM%V SAFV-2 L™, SAFV-2
LMY mengovirus L™, or mengovirus L*". Coimmunolabel-
ing of elF3 and VP1 was performed 8 h postinfection. As
shown in Fig. 7A, SG appeared in cells infected with the re-
combinants expressing mutated L proteins but not in cells
infected with the recombinant viruses expressing the wt L pro-
tein of TMEV, SAFV-2, or EMCV. Thus, the L proteins of the
different cardioviruses share the ability to inhibit infection-
induced SG assembly. Western blot analysis of infected cell

extracts failed to show G3BP degradation, suggesting that L
proteins act in a different fashion than poliovirus 3C (Fig. 7B).

DISCUSSION

The leader proteins of cardioviruses are very small proteins
endowed with pleiotropic functions (1). They interfere with
IFN and chemokine production, thereby slowing down innate
immune responses against the virus; they promote hyperphos-
phorylation of nucleoporins that are critical components of the
nuclear pore complex and perturb nucleocytoplasmic traffick-
ing of mRNA and proteins; they also modulate the apoptotic
response of the cell, either positively or negatively, according
to the experimental conditions. Recently, EMCV L protein
was found to trigger activation of extracellular signal-regulated
kinase 1/2 (ERK1/2) and p38 kinase (28). Here, we report a
new activity of cardiovirus L proteins: the inhibition of stress
granule formation in infected cells. It is not clear how this new
L activity relates to the previously identified L functions. We
could exclude the possibility that SG formation inhibition was
a mere consequence of IFN production antagonism by L. In-
deed, SG formation was also promoted by L-mutant viruses in
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Proteins detected in TMEV- or sodium arsenite-induced SG.

Arsenite TMEYV infection
elF3 Yes Yes
TIA1 Yes Yes
G3BP Yes Yes
Sam68 No No
PTB Yes Yes
(weak)

FIG. 5. PTB, but not Sam68, partially colocalizes with TMEV infection-induced SG. (A) Confocal microscopy images showing coimmunos-
taining of eIF3 and G3BP or TIA-1 and G3BP in HeLa cells infected for 16 h (10 PFU/cell) with the LM®Y mutant virus. (B) Confocal microscopy
images showing coimmunostaining of eIF3 and PTB in HeLa cells infected for 12 h (10 PFU/cell) with wild-type TMEV or with L?" and LMY
mutant viruses. Yellow arrowheads indicate colocalization between PTB and stress granules. Red arrowheads indicate cytoplasmic PTB foci in
which no eIF3 was detected. (C) Double fluorescence microscopy images showing representative U3A cells coimmunostained for Sam68 and eIF3,
8 h after infection with 5 PFU/cell of wild-type or L-mutant (LM°°V) TMEV. (D) Detected stress granule markers associated with arsenite-induced

SG or TMEYV infection-induced SG.

STAT-1-deficient cells, which are not responsive to IFN. The
effect of L on SG formation might relate to nucleocytoplasmic
trafficking alteration since factors involved in SG assembly, like
TIA-1, are known to shuttle between nucleus and cytoplasm. In
favor of a link between the different activities of L is the
observation that mutations in either the Zn finger or in the
Theilo domain abrogate all known activities of TMEV L (29),
including SG formation inhibition (this work).

Poliovirus, which also belongs to the picornavirus family, was
similarly reported to inhibit SG formation. However, in the
case of poliovirus, SG formation inhibition involves the pro-

teolytic activity of protein 3C, which was shown to cleave
G3BP, a factor involved in the formation of SG (11, 33). In
contrast, G3BP clearly accumulated in TMEV-induced SG.
Moreover, in cells infected with TMEV derivatives expressing
the various cardiovirus L proteins, there was no evidence of
G3BP cleavage. This is in line with the fact that cardiovirus L
does not possess protease activity. It is interesting to note the
convergent evolution of cardiovirus L proteins and of poliovi-
rus and rhinovirus proteases. Although these proteins appear
to act by totally different mechanisms, they play very similar
roles (10). Among the functions exerted by L proteins, IFN
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FIG. 6. Viral RNA is not detected in TMEV-induced SG. (A) In
situ hybridization (ISH) to detect positive-stranded viral RNA coupled
to immunolabeling of eIF3. HeLa cells were mock infected or infected
with wild-type or LM%Y TMEV at 10 PFU per cell. After 12 h of
infection, cells were fixed and processed for ISH (red) and immuno-
labeling of eIF3 (green) (confocal microscopy images). (B) Coimmu-
nolabeling of the viral double-stranded RNA (dsRNA; detected with
the K1 antibody; red) and eIF3 (green). Experimental conditions were
the same as in Fig. 2. (conventional microscopy images).

antagonism and nucleocytoplasmic trafficking perturbation are
exerted by the poliovirus and rhinovirus 2A proteases while SG
formation inhibition is exerted by poliovirus protease 3C.

A negative impact of SG assembly on viral replication has
previously been demonstrated in the case of poliovirus (33). A
mechanism by which SG could affect viral production would be
the sequestration of viral RNA and the consequent inhibition
of viral RNA translation. However, in situ hybridization exper-
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FIG. 7. Inhibition of SG assembly is a common activity of cardio-
virus L protein. (A) U3A cells were infected in parallel with a wild-type
TMEV or with TMEV recombinants expressing TMEV L*", TMEV
LMV SAFV-2 L™, SAFV-2 LM%V mengovirus L*!, or mengovirus
L“". At 8 hours postinfection cells were fixed and processed for coim-
munolabeling of VP1 (not shown) and eIF3. Each picture shows the
distribution of eIF3 in a VP1-positive cell (not shown), except for the
control, which was VP1 negative. (B) Western blot detection of G3BP
in extracts from U3A cells infected as in panel A. No sign of G3BP
cleavage or decrease in band intensity was observed when comparing
wild-type and L-mutant viruses. Note that lower VP1 expression in
SPA24 (L“" mengovirus)-infected cells was noticed previously (23) and
is thought to result from an altered synchronism between viral repli-
cation and L activity, which can indirectly impair viral replication.

iments and immunolabeling experiments failed to detect any
viral RNA in infection-induced SG. A similar observation was
made in the case of poliovirus (26). One cannot, however,
exclude the possibility that the sensitivity of the method used to
detect viral RNA is not high enough to detect a minor pool of
viral RNA trapped in SG. Another hypothesis to explain the
negative impact of SG on viral replication would be that trans-
lation factors and other proteins required for the expression of
the picornavirus genome (eIF3, PTB, etc.) would be made un-
available for virus genome translation when sequestered in SG.

An intriguing observation is the fact that positive-stranded
TMEV RNA from wild-type and L-mutant strains yielded
quite different patterns in infected cells. Although wild-type
positive-stranded genomes were detected in large focal areas,
generally perinuclear, genomes from L-mutant viruses were
detected as small patches scattered into the cell cytoplasm. The
reason for this is unknown.

Finally, it appears that SG formed in different experimental
conditions might differ in their content: PTB was associated
with TMEV-induced SG, while Sam68 was detected in polio-
virus-induced but not in TMEV-induced SG. However, such
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differences might be more subtle than they appear since im-
munofluorescent labeling does not allow comparisons of the
relative abundances of different proteins and since detection
thresholds might vary according to the experimental set-up.
For instance, conflicting data regarding Sam68 detection in
oxidative stress-induced SG have been reported (14, 26).

In conclusion, it comes to light that more and more viruses
have developed strategies to affect the stress granule response
in host cells. However, the impact of SG formation on virus
replication and spread and on cell resistance to viral infection
is still not fully understood and warrants further studies.
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