
JOURNAL OF VIROLOGY, Dec. 2011, p. 12442–12454 Vol. 85, No. 23
0022-538X/11/$12.00 doi:10.1128/JVI.05888-11
Copyright © 2011, American Society for Microbiology. All Rights Reserved.

Poliovirus Unlinks TIA1 Aggregation and mRNA
Stress Granule Formation�

James P. White and Richard E. Lloyd*
Department of Molecular Virology and Microbiology, Baylor College of Medicine,

One Baylor Plaza, Houston, Texas 77030

Received 3 August 2011/Accepted 18 September 2011

In response to environmental stress and viral infection, mammalian cells form foci containing translation-
ally silenced mRNPs termed stress granules (SGs). As aggregates of stalled initiation complexes, SGs are
defined by the presence of translation initiation machinery in addition to mRNA binding proteins. Here, we
report that cells infected with poliovirus (PV) can form SGs early that contain T-cell-restricted intracellular
antigen 1 (TIA1), translation initiation factors, RNA binding proteins, and mRNA. However, this response is
blocked as infection progresses, and a type of pseudo-stress granule remains at late times postinfection and
contains TIA but lacks translation initiation factors, mRNA binding proteins, and most polyadenylated mRNA.
This result was observed using multiple stressors, including viral infection, oxidative stress, heat shock, and
endoplasmic reticulum stress. Multiple proteins required for efficient viral internal ribosome entry site-
dependent translation are localized to SGs under stress conditions, providing a potential rationale for the
evolution and maintenance of the SG inhibition phenotype. Further, the expression of a noncleavable form of
the RasGAP-SH3 domain binding protein in PV-infected cells enables SGs whose constituents are consistent
with the presence of stalled 48S translation preinitiation complexes to persist throughout infection. These
results indicate that in poliovirus-infected cells, the functions of TIA self-aggregation and aggregation of
stalled translation initiation complexes into stress granules are severed, leading to novel foci that contain TIA1
but lack other stress granule-defining components.

Poliovirus (PV), a member of the Picornaviridae family and
a prototypical enterovirus, contains an �7.4-kb positive-sense,
single-stranded RNA genome. Upon introduction to the cyto-
plasm, poliovirus RNA begins translating via an internal ribo-
some entry site (IRES)-mediated cap-independent mechanism
to produce viral proteins required for replication of the viral
genome and modulation of the intracellular environment for
maximal efficiency of viral replication (reviewed in reference
47). The poliovirus open reading frame encodes a single poly-
protein, which is then cleaved to intermediates and functional
peptides via the internally encoded 2A and 3C proteases (re-
viewed in reference 47). These proteases also play a crucial
role in the modulation of the intracellular environment by
targeting cleavage of specific cellular proteins to inhibit cellu-
lar processes such as transcription (10, 11, 57), nuclear import
(18, 43), translation (reviewed in reference 32), and protein
transport and export (9, 14, 28).

Stress granules (SGs) are large cytoplasmic mRNP aggre-
gates induced by the inhibition of translation initiation result-
ing from the presence of environmental stress stimuli and are
thought to represent sites of mRNA storage and triage (5, 22,
24). The canonical pathway to inhibit translation during stress
consists of activation of the � subunit of eukaryotic initiation
factor 2 (eIF2�) kinases HRI, PERK, PKR, and GCN2 (23, 25,
35), but eIF2-independent mechanisms exist, such as inhibition
of the RNA helicase eIF4A (12, 26, 34) or inhibition of trans-

lation during viral infection (34, 55). Following the initial re-
duction in translation, the stalled 48S preinitiation complexes
consisting of small ribosome subunits, mRNA, and eIF4E,
eIF4G, eIF4A, eIF4B, and eIF3 are aggregated into SG foci
through an unknown mechanism that involves dynein and ki-
nesin motor proteins and movement along microtubules (8, 20,
33, 54). It has been proposed that certain other RNA binding
proteins are crucial in mediating SG focus formation, princi-
pally via an ability to self-oligomerize in response to stress
stimuli. These proteins are present as markers in SGs, and
overexpression of several of them, including T-cell-restricted
intracellular antigen 1 (TIA1), the homologous TIA1-related
protein TIAR, and RasGAP-SH3 domain binding protein
(G3BP) (25, 52), results in SG formation in unstressed cells.
Further, truncated forms of TIA1 and G3BP function as dom-
inant-negative inhibitors of SG formation and are proposed to
be critical effectors of SG formation (17, 52).

Numerous viral systems have been shown to interact with the
SG pathway with different effects. Some viral systems induce
SG formation as part of the mechanism to inhibit host trans-
lation (respiratory syncytial virus [RSV], reovirus, and corona-
viruses) (31, 46, 48, 49). Other viruses induce SG formation but
inhibit their formation as infection progresses (mammalian
orthoreovirus [MRV], poliovirus [PV], Semliki Forest virus
[SFV], and hepatitis C virus [HCV]) (36, 45, 55). Still, other
viruses induce phosphorylation of eIF2� but inhibit the forma-
tion of SGs in response (rotavirus and cardioviruses) (3, 38). In
most instances, the virus-stress granule relationship appears to
be antagonistic; viruses may initially produce SGs in cells and
then progressively inhibit the capacity of cells to form SGs. In
previous work, we showed that poliovirus induced SGs early
during infection but inhibited SG formation later via cleavage
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of G3BP by the viral 3C protease (55). We also showed that ex-
pression of a cleavage-resistant mutant of G3BP, G3BPQ326E,
rescued the formation of SGs in poliovirus-infected cells and
that this rescue inhibited the production of progeny virions
approximately 8-fold. A subsequent study by Piotrowska et al.
reported contrasting findings: that poliovirus-infected cells
maintain the formation of stable SGs throughout infection that
contain TIA1 and polyadenylated mRNA but not cleaved
eIF4GI (44).

In light of the differing conclusions, we further investigated
the interaction of poliovirus with the SG pathway and found
that cells infected with poliovirus can initially form TIA1-
positive stress granules that contain all tested translation ini-
tiation factors, RNA binding proteins, and mRNA. However,
by mid-phase of infection, this response is blocked and pseudo-
stress granules that contain TIA1 and lack all other SG com-
ponents remain. In addition, cleaved eIF4GI and viral IRES
transactivating factors (ITAFs) are localized to SGs under
stress conditions, providing a potential rationale for the evo-
lution and maintenance of the SG inhibition phenotype. Fi-
nally, we show that the expression of a noncleavable form of
G3BP in PV-infected cells preserves SGs throughout infection
that contain many components of stalled 48S translation pre-
initiation complexes. Together, these results indicate that in
poliovirus-infected cells, the functions of TIA1 aggregation
and condensation of translationally stalled mRNPs become
unlinked, leading to novel TIA-positive foci that lack most
stress granule-defining components.

MATERIALS AND METHODS

Cell culture and viral infection. HeLa cells were maintained in Dulbecco
modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) plus penicillin, streptomycin, and glutamine at 37°C in 5% CO2. Poliovirus
type I, Mahoney strain, was grown as previously described (21). For infection,
HeLa cells were seeded on glass coverslips in 12-well plates at a concentration of
3 � 105 cells per well and left overnight at 37°C before being infected at a
multiplicity of infection (MOI) of 20 or 30 for the indicated times in DMEM
containing 2% FBS. Some infections also contained 2 mM guanidine hydrochlo-
ride as indicated. To induce the formation of stress granules, cells were treated
with 0.5 mM sodium arsenite added to DMEM (Sigma) for 30 min or 10 �M
thapsigargin (Calbiochem) for 90 min or heat shocked at 46°C for 40 min prior
to fixation and processing for immunofluorescence.

DNA constructs and transfections. pcDNA3.1-his-G3BPQ326E was previously
described (55). pcDNA3.1-hisPTB was a kind gift from Thomas Cooper,
pcDNA6-V5-UNR was a kind gift from Ann-Bin Shyu, and peGFP-MS2-NLS
was a kind gift from Kenneth Kosik. pcDNA3.1-hisPCBP2 was cloned by inser-
tion of a HindIII-PCBP2-EcoRV fragment into pcDNA3.1-hisPTB cut with the
same enzymes. pTRE2-CVB3-Fluc-4BoxB-4MS2 was produced by PCR ampli-
fication of a 4BoxB-4MS2-containing fragment from pGEM-5Z-globin-4BoxB-
4MS2 (kind gift of Niels Gehring), with primers containing Bsu36I and AgeI and
insertion into pTRE2-CVB3-Fluc (56) with the same enzymes. For stress granule
rescue experiments, HeLa cells were transfected with pcDNA3.1-G3BPQ326E

using FugeneHD (Roche) for approximately 40 h. Transfection of plasmids
expressing PTB, PCBP2, and UNR was conducted overnight with FugeneHD
(Roche). HeLa Tet-On (Clontech) cells were cotransfected with FLuc reporters
and peGFP-MS2-NLS overnight in the presence of 10 �g/ml tetracycline using
FugeneHD (Roche).

Immunofluorescence. After infection as described above, HeLa cells were
fixed for 30 min in 4% formaldehyde in PEM {80 mM PIPES [piperazine-N,N�-
bis(2-ethanesulfonic acid)], pH 6.8, 5 mM EGTA, and 2 mM MgCl2}, perme-
abilized with 0.5% Triton X-100 in PEM, and blocked with 4% powdered milk
in Tris-buffered saline plus Tween 20 (TBS-T). Stress granules were stained for
2 h with antibodies against endogenous TIA1 (1:100; Santa Cruz), eIF3a (1:50;
Cell Signaling), eIF4E (1:100; Cell Signaling), eIF4B (1:250; Abcam), G3BP1
(1:500) (described in reference 55), PABP (1:250) (described in reference 29),
YB1 (1:1,000; gift of Thomas Cooper,), and N- and C-terminal eIF4GI (1:500

and 1:250, respectively) (described in reference 7). Exogenous PTB, PCBP2,
G3BP, and G3BPQ326E were imaged using anti-T7 (1:500; Bethyl), while UNR
was imaged using anti-V5 monoclonal antibody (1:500; Invitrogen). Poliovirus
3Cpro was stained with anti-3Cpro rabbit polyclonal antibody (1:1,000). After
incubation with primary antibody, coverslips were washed in blocking buffer
before incubation with anti-goat Alexa Fluor 594, anti-rabbit Alexa Fluor 488,
or anti-mouse Alexa Fluor 488 (1:1,000; Molecular Probes) secondary antibody
for 30 min at room temperature. Coverslips were then washed in TBS-T and fixed
for 30 min in 4% formaldehyde in PEM before counterstaining with DAPI
(4�,6-diamidino-2-phenylindole; Invitrogen) and mounting for imaging in No-
Fade mounting medium (Invitrogen). Images were taken on a Zeiss Axioplan II
or DeltaVision deconvolution image restoration microscope in the Baylor Col-
lege of Medicine Integrated Microscopy Core, and images were compiled using
Adobe Photoshop. Stress granule foci in images were enumerated and analyzed
with ImageJ software.

RNA in situ hybridization. HeLa cells were plated and transfected as described
above. After infection, cells were fixed in phosphate-buffered saline (PBS) plus
2% formaldehyde for 10 min and permeabilized in 100% ice-cold methanol at
�20°C for 10 min. The fixed and permeabilized cells were then washed with 2�
SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and incubated
overnight with 50 ng biotinylated oligo(dT) probe in hybridization buffer (50%
formamide, 2� SSC, 10% dextran sulfate, 0.2% bovine serum albumin [BSA],
and 20 mM vanadyl ribonucleoside complex [NEB]) at 43°C. The following day,
the cells were washed with 2� SSC and incubated with streptavidin-Alexa Fluor
647 (1:3,000; Molecular Probes) for 45 min at room temperature. The cells were
then washed with 4� SSC, incubated with biotinylated rabbit anti-streptavidin
polyclonal antibody (1:1,000; Abcam) and goat anti-TIA1 polyclonal antibody
(1:100; Santa Cruz) in 4� SSC plus 0.1% Triton X-100 for 1 h, washed in 2�
SSC, and incubated with streptavidin-Alexa Fluor 647 and rabbit anti-goat flu-
orescein isothiocyanate (1:1,000; Zymed) in 2� SSC plus 0.1% Triton X-100.
The cells were then washed with 2� SSC, counterstained with DAPI, and
mounted for imaging as described above.

Immunoblot analysis of cell lysates. PV-infected cells were harvested and
lysed in NP-40 lysis buffer (10 mM Tris, pH 7.4, 100 mM NaCl, 1 mM EDTA, and
1% NP-40). Lysates were cleared by centrifugation at 10,000 � g, and equal
volumes were resolved by SDS-PAGE. Gels were transferred to nitrocellulose
membranes (ISC Bioexpress) at 0.35 amps for 80 min and probed with anti-
eIF4GI rabbit polyclonal antibody (1:1,000; N-terminal specific) or anti-G3BP1
rabbit polyclonal antibody (1:1,500; N-terminal specific) in 4% powdered milk in
TBS-T overnight at 4°C. Proteins were detected by incubation with horseradish
peroxidase-conjugated anti-rabbit secondary antibody (1:4,000; Bio-Rad) for 2 h
at room temperature and visualized with SuperSignal West Pico substrate
(Pierce).

RESULTS

Virus-induced stress granules diminish during infection.
Two previous studies analyzing the status of stress granules in
poliovirus-infected cells produced differing conclusions; how-
ever, both displayed a persistent formation of TIA1-positive
(44, 55) or TIAR-positive (55) foci. Thus, we examined in
greater detail the constituents of TIA1-containing foci during
the course of infection. We first determined whether PV in-
hibits the formation of virus-induced SGs (V-SGs) containing
translation components in HeLa cells as infection progresses.
To probe V-SGs for stalled preinitiation complexes, we stained
foci with TIA1 and counterstained with antibodies for three
translation initiation factors, eIF3a, eIF4E, and eIF4B (Fig.
1A). None of these initiation factors are cleaved during PV
infection, and both eIF3 and eIF4B function in PV IRES-
mediated translation (13, 40). Analysis by immunofluorescence
microscopy revealed that no significant foci containing TIA1 or
initiation factors were found in mock-infected cells. Some ini-
tiation factors were found to be partly distributed into small
punctae in uninfected cells, particularly eIF3 subunits and
eIF4E. The significance of these microfoci are unknown; how-
ever, eIF4E enters some processing bodies in cells (larger foci
boxed in Fig. 1A) (24). By 2 to 3 h postinfection (hpi), approx-
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imately 15% of infected HeLa cells mounted a V-SG response
and contained numerous large foci containing TIA1 and eIF3a,
eIF4E, and eIF4B. Many other cells contained TIA1 foci that
did not colocalize with initiation factors (Fig. 1A, white arrow-
heads). However, by 4 hpi, when virus protein synthesis and
RNA replication are building to a peak (56; data not shown),

cells no longer contained foci with initiation factors. As we
previously observed with TIAR (55), foci stained with TIA1
persisted in numerous cells. From examination of a large num-
ber of cells, we noted that at 3 to 4 hpi, the capacity of cells to
form V-SGs was inversely proportional to the degree of nu-
clear margination and deformation (data not shown). To de-

FIG. 1. Virus-induced stress granules are inhibited during infection. (A) HeLa cells were infected and immunostained for TIA1 (red) and
eIF3a, eIF4E, or eIF4B (green). DAPI (blue) counterstained the nuclei. White boxes indicate the locations of fields magnified in the right-hand
panels. (B) Infected HeLa cells were immunostained for TIA1 (red) or PV 3Cpro (green), and nuclei were marked with DAPI (blue) at the
indicated time points postinfection. (C) TIA1-positive foci were quantitated in 3Cpro-positive cells, and results are displayed with box diagrams.
Horizontal lines indicate the means, boxes indicate 25th to 75th percentiles, and error bars indicate 95th percentiles. Circles indicate individual
cells with statistical outliers.
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termine whether the presence of TIA1 foci correlated with
levels of robust virus replication and gene expression, we per-
formed similar experiments and costained with antibody and
poliovirus 3Cpro. Cytoplasmic TIA1 foci were visible at 3 hpi
and persisted to some degree through 6 hpi in cells that stained
positive for viral 3Cpro (Fig. 1B); however, there was no cor-
relation observed between higher intensities of 3Cpro staining
and persistent TIA1-positive foci once 3Cpro staining became
apparent. Quantification of TIA1-positive foci in infected cells
showed that although foci were still present in numerous cells
at 6 hpi, the average number of foci per cell steadily decreased
during the course of infection (Fig. 1C). Together, these data
indicate that viral infection initially induces aggregation of
TIA1 and initiation factors into V-SGs that are disrupted by 4
hpi and that the prevalence of TIA1-containing foci decreases
over the course of infection.

TIA1-positive foci induced by oxidative stress in infected
cells lack initiation factors and RNA binding proteins. Emerg-
ing evidence suggests that SGs induced under different stress
conditions can contain unique protein constituents and thus
may form via overlapping but unique processes (25, 44, 50). To
determine whether stress granules containing stalled preinitia-
tion complexes could be induced by oxidative stress (Ox-SGs)
in infected cells, we treated PV-infected cells with sodium

arsenite at 4 and 6 hpi. As seen in Fig. 2, eIF3, eIF4E, and
eIF4B colocalize extensively with TIA1 in large Ox-SGs in
uninfected HeLa cells subjected to arsenite treatment. Upon
infection with PV, colocalization of these factors with TIA1 in
stressed cells declined rapidly after 2 hpi (data not shown),
with little to no colocalization observed at 4 hpi or 6 hpi (Fig.
2). eIF4GI was previously screened with similar results (55).
These data indicate that poliovirus infection inhibits the inclu-
sion of translation initiation factors in TIA1-positive foci as
infection progresses.

To determine whether the inhibition of localization with
TIA1-positive foci was specific only to translation initiation
factors, we also monitored the localization of RNA binding
proteins G3BP, YB1, and PABP, which are known to enter
SGs (8, 25, 55). As was observed with translation initiation
factors, the concentration of these RNA binding proteins
with TIA1-positive foci during infection waned nearly com-
pletely by 4 hpi and was inhibited at 6 hpi (Fig. 3). Similar
results were obtained when other RNA binding proteins
were assayed (data not shown). Quantification of G3BP-
positive foci and TIA1-positive foci in PV-infected cells
(Fig. 4) revealed that G3BP-positive foci formed more read-
ily in response to oxidative stress and also at slightly higher
numbers in uninfected cells but decreased rapidly in fre-

FIG. 2. PV infection inhibits the inclusion of initiation factors in Ox-SGs. HeLa cells were infected for the indicated times and stressed with
0.5 mM arsenite for 30 min before fixation and processing for analysis. Ox-SGs were immunostained with TIA1 (red) and costained for the
indicated translation initiation factors (green). Cell nuclei were stained with DAPI (blue). White boxes indicate fields magnified in the right-hand
panels.
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quency as infection progressed, until they were essentially
absent at 4 to 6 hpi. In contrast, the frequency of TIA1-
positive foci decreased at a lower rate and foci remained in
many cells at 6 hpi. Particle analysis of TIA1 foci revealed
that a progressive decrease in the size of foci occurred as

infection progressed (Fig. 4). Taken together, these data
indicate that many RNA binding proteins and translation
initiation factors that enter Ox-SGs are excluded from
TIA1-positive foci by mid-phase of PV infection, yet TIA1-
positive foci persist but also decrease in frequency and size.

FIG. 3. PV infection inhibits the inclusion of mRNA binding proteins in Ox-SGs. HeLa cells were infected for the indicated times and stressed
with 0.5 mM arsenite. SGs were visualized by immunostaining with TIA1 (red) and the indicated mRNA binding proteins (green). Cell nuclei were
immunostained with DAPI (blue). Fields magnified in the right-hand panels are outlined in white.

FIG. 4. TIA1-containing foci persist during infection but decrease in number and size. Foci positive for G3BP (A) and TIA1 (B) were counted
at the indicated times postinfection. (C) TIA1-positive focus areas were calculated using ImageJ software. Lines indicate means, boxes indicate
25th to 75th percentiles, and error bars indicate 95th percentiles. Circles denote statistical outliers.
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Multiple factors are absent from SGs formed by other stres-
sors in infected cells. Recently, a number of reports have
indicated that SGs formed by different stressors may not con-
tain equivalent mRNP constituents (25, 44, 50). To determine
whether the localization of translation initiation factors and
RNA binding proteins to TIA1-positive foci is inhibited under
other stress conditions, we subjected PV-infected HeLa cells to
heat shock or thapsigargin treatment and monitored the sub-
cellular localization of the same factors. Heat shock treatment
induced inclusion of eIF3, eIF4B, and PABP into heat shock
SG (HS-SG) foci that colocalized with TIA1 (Fig. 5) in more
than 80% of cells (data not shown). However, translation ini-
tiation factors were inhibited from inclusion in TIA1-posi-
tive foci in heat-shocked cells at 4 hpi and at 6 hpi except in
rare instances; two of these examples are shown in Fig. 5.
Treatment with thapsigargin to induce endoplasmic reticu-
lum (ER) stress granules (ER-SGs) resulted in colocaliza-
tion of initiation factors and TIA1 in a smaller subset of cells
(�60%). Cells were imaged at 2, 4, and 6 hpi, and effects on
ER-SGs were observed to be very similar to effects on HS-
SGs. Cells could still form ER-SGs at 2 hpi (data not
shown); however, when thapsigargin-treated infected cells
were imaged at 4 hpi (Fig. 6) or 6 hpi (data not shown),
mobilization of initiation factors into TIA1-positive foci was
not observed. Similar results were obtained with other fac-

tors (eIF4E, YB1, and PABP) for both heat shock and
thapsigargin treatments (data not shown). Overall, these
data indicate that during PV infection, TIA1-positive foci
that lack initiation factors and RNA binding proteins form
under multiple conditions of oxidative stress, heat shock,
and ER stress. This suggests that poliovirus inhibits the
formation of SGs at a point shared by multiple stress path-
ways.

Cleaved eIF4GI fragments localize to SGs. One possible
mechanism to explain the inhibition of localization of some
factors to SGs during PV infection is their cleavage by virus-
encoded proteases as previously suggested (44). To test this,
we infected HeLa cells treated with guanidine hydrochloride to
inhibit viral RNA replication and therefore the normal repli-
cative cycle (51). Upon application of arsenite treatment at 6
hpi, we observed the efficient colocalization of both the N- and
C-terminal fragments of eIF4GI with both TIA1 and G3BP
into large, abundant SGs (Fig. 7A). Immunoblot analysis of
lysates from these cells showed that eIF4GI is completely
cleaved at 6 hpi but that G3BP is not, which is consistent with
the ability of these infected cells to form SGs (Fig. 7B). These
results indicate that, at least in the case of eIF4GI, cleavage by
a viral protease does not preclude the inclusion of either the N-
or C-terminal fragment of an initiation factor in Ox-SGs.

FIG. 5. Initiation factors are excluded from HS-SGs in PV-infected cells. HeLa cells infected with PV were immunostained for TIA1 (red) and
additional protein factors (green) in cells subjected to heat shock prior to fixation at the indicated times postinfection. Cell nuclei were stained with
DAPI (blue). Fields magnified in the right-hand panels are outlined in white.
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TIA1-positive foci lacking mRNA accumulate during infec-
tion. Central to the concept of stress granules is their role as
storage and triage centers for mRNA under stress conditions
(22, 24). After observing a lack of translation initiation factors
and RNA binding proteins in TIA1-positive foci during PV
infection, we wanted to determine whether PV was selectively
inhibiting the inclusion of protein components or whether PV
infection blocked the inclusion of entire mRNPs into TIA1-
positive foci. To test this, we monitored the distribution of total
polyadenylated mRNA in PV-infected cells by in situ hybrid-
ization together with TIA1 coimmunostaining. In mock-in-

fected cells, the application of heat shock or arsenite treatment
induced large SGs with TIA1 and poly(A) RNA localization.
As described above, we consistently observed the formation of
smaller TIA1-positive foci at 4 hpi in both arsenite-treated and
heat-shocked cells (Fig. 8A and B). Surprisingly, we also ob-
served a lack of inclusion of polyadenylated mRNA in many,
but not all, foci at 4 hpi, similar to what we observed with
initiation factors and RNA binding proteins (Fig. 8A to C,
white arrowheads). Quantification of TIA1-positive foci and
mRNA-positive foci in infected cells stressed with arsenite
revealed that TIA1 and mRNA colocalized within foci exten-

FIG. 6. Initiation factors are excluded from ER-SGs in PV-infected cells. HeLa cells were infected for 4 h and treated with thapsigargin, and
then SGs were visualized by immunostaining for TIA1 (red) and the indicated initiation factors (green). Cell nuclei were stained with DAPI (blue),
and white boxes indicate fields magnified in the right-hand panels.

FIG. 7. Cleaved eIF4GI can mobilize to SGs in response to arsenite treatment. (A) HeLa cells were infected in the presence of 2 mM
guanidine-HCl and were coimmunostained for TIA1 or G3BP (red), N-terminal or C-terminal eIF4GI fragment (green), and cell nuclei (blue)
after arsenite treatment. White boxes indicate fields magnified in the right-hand panels. (B) Immunoblot analysis of eIF4GI in guanidine-HCl-
treated, PV-infected HeLa cells.
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sively in uninfected cells, although occasional foci with only a
TIA or poly(A) signal could be found (Fig. 8E). However, the
frequency of mRNA-positive foci decreased more rapidly than
that of TIA1-positive foci, and the frequency of mRNA-posi-
tive foci remained consistently lower throughout later times in
infection (Fig. 8D). As infection progressed, a high percentage
(average of 50 to 60%) of TIA1-positive foci was detected in
PV-infected cells that lacked an mRNA signal (Fig. 8E). This
indicates that during PV infection, TIA1-positive foci are
forming in response to stressors that do not contain initiation
factors, RNA binding proteins, or polyadenylated mRNA, and
thus, the ability of TIA1 to aggregate and its ability to mediate
Ox-SG or HS-SG formation become unlinked. We also exam-
ined colocalization of TIA1 and poly(A) RNA within V-SGs in
the absence of other stressors (Fig. 8C). In cells infected for
4 h, TIA1 foci were present as expected, and similar to the

results described above, not all TIA1 foci stained for poly(A)
RNA. This indicates that TIA1 aggregation and V-SG forma-
tion also become unlinked.

IRES transactivating factors localize to SGs. In order to
efficiently recruit ribosomes for translation initiation, picorna-
virus IRES elements require critical cellular RNA binding
proteins to bind to the IRES and recruit initiation factors and
ribosomes (reviewed in reference 15). In the case of PV, these
IRES transactivating factors (ITAFs) include cellular polypy-
rimidine tract binding protein (PTB), poly(rC) binding protein
2 (PCBP2), upstream of N-ras (UNR), and La autoantigen (2,
4, 19, 37). One possible explanation for the evolution and
maintenance of SG inhibition by PV is that these required
RNA binding proteins, along with a large portion of the cel-
lular translation apparatus, may be sequestered in SGs and
become inaccessible for use by viral mRNA. Considering the

FIG. 8. Loss of polyadenylated mRNA from TIA1-positive foci in PV-infected cells. TIA1-positive foci (green) induced by arsenite treatment
(A), heat shock (B), or PV infection (C) were costained with an oligo(dT) probe for polyadenylated mRNA (red) at 4 hpi. Cell nuclei were stained
with DAPI (blue). (D) Quantification of TIA1- and poly(A)-positive foci in HeLa cells at the indicated times postinfection. (E) Colocalization of
TIA1- and poly(A)-positive foci was quantified, and data are shown as the percentage of TIA1-positive foci that lacked poly(A) staining. In box
plots showing TIA1 focus quantification (D, E), lines indicate means, boxes represent 25th to 75th percentiles, error bars indicate 95th percentiles,
and circles denote individual cells with statistical outliers.
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observed localization of many other RNA binding proteins to
SGs, including PCBP2 (16), we investigated the localization of
exogenously expressed PTB, PCBP2, and UNR in cells sub-
jected to arsenite treatment. Figure 9 shows that all three
ITAFs strongly localize to Ox-SGs, indicating that factors es-
sential to viral RNA translation, including initiation factors
and ITAFs, are sequestered in SGs under stress conditions.

Rescue of SG formation restores localization of initiation
factors and RNA binding proteins to SGs. In a previous study,
we identified the cleavage of G3BP as a mechanism by which
PV inhibits the formation of SGs. We also showed that the ex-
pression of a cleavage-resistant mutant of G3BP, G3BPQ326E,
rescues SG formation late in infection, as measured by eIF4GI
and TIAR colocalization in PV-infected, arsenite-stressed cells
(55). To further extend that study, we expressed G3BPQ326E

and tested the distribution of additional translation initiation
factors in response to multiple stressors in infected cells. Ec-
topic expression of G3BP is known to induce the formation of
very large SGs in a subset of uninfected unstressed cells (24,
52; data not shown). Figure 10A shows that under arsenite
treatment, PV-infected cells expressing G3BPQ326E display ex-
tensive localization of eIF3 and eIF4E with G3BPQ326E in
large Ox-SG foci at 6 hpi, similar to that observed in uninfected
cells. Parallel experiments revealed Ox-SGs rescued under the
same conditions contained other initiation factors and RNA
binding proteins (eIF4B, PABP, and YB1) (data not shown).
We also tested the ability of G3BPQ326E to rescue stress gran-
ule formation in response to heat shock and found extensive
colocalization of G3BPQ326E and eIF3 in large foci in both
uninfected and infected cells at 6 hpi (Fig. 10B). Other initia-
tion factors and RNA binding proteins (eIF4B, eIF4E, PABP,
and YB1) were also tested with heat shock, and similar results
were observed (data not shown). Together, these data indicate
that the rescue of SGs by the expression of G3BPQ326E also
rescues the localization of translation initiation factors to both
Ox-SGs and HS-SGs in poliovirus-infected cells.

In light of the rescue of initiation factor localization to SGs
in G3BPQ326E-expressing cells during infection, we also mon-
itored the localization of IRES-containing reporter RNA and
total polyadenylated mRNA in SGs in poliovirus-infected cells
at 6 hpi. The cytoplasmic distribution of firefly luciferase re-
porter mRNA bearing the CVB3 IRES and MS2 binding loops
was monitored using a previously described system that tethers
a coexpressed green fluorescent protein (GFP)-MS2-coat pro-
tein fusion that also contains three nuclear localization signals

(24). As expected, distribution of the GFP signal was skewed
toward the nucleus in unstressed cells and stressed cells not
expressing the reporter RNA (data not shown). In stressed
cells expressing the fusion protein, reporter RNA, and
G3BPQ326E, most of the GFP signal was still retained in the
nucleus; however, the GFP signal entered cytoplasmic SG foci
in PV-infected cells (Fig. 11A). The mRNA-tethered GFP
fusion protein colocalized with TIA1, eIF3a, and eIF4B in
infected cells. This indicates that the expression of G3BPQ326E

rescues the localization of mRNA to reconstituted Ox-SGs
even when the mRNA contains an enteroviral IRES element.
Additionally, staining for total polyadenylated mRNA in cells
expressing G3BPQ326E and subjected to poliovirus infection for
6 h showed a similar relocalization of mRNA to SGs formed in
response to oxidative stress and viral infection (Fig. 11B).
Taken together, these results indicate that the expression of
noncleavable G3BP results in the rescue of the SG response
and the localization of initiation factors and mRNA. Further,
the data indicate that mRNA containing virus IRES elements
is capable of entering SGs in virus-infected cells.

DISCUSSION

Stress granules are cytoplasmic aggregates of stalled preini-
tiation complexes, containing polyadenylated mRNA, 40S ri-
bosomal subunits, associated initiation factors and mRNA
binding proteins, and key marker proteins, notably G3BP and
TIA1 or TIAR. Here, we report that in poliovirus-infected
cells, novel TIA1-positive granules that lack initiation factors
and polyadenylated mRNA are present in infected cells
treated with different stressors, indicating that the ability of
TIA1 to form aggregates is separated from its ability to form
stress granules in poliovirus-infected cells. Further, the expres-
sion of noncleavable G3BP resulted in the relocalization of
initiation factors, mRNA binding proteins, and mRNA to Ox-
SGs formed in response to arsenite stress late in infection (6
hpi), when control-infected cells did not mount this response.
Finally, analysis of IRES transactivating factors PCBP2, PTB,
and UNR as well as the eIF4GI cleavage fragments and IRES-
containing RNA revealed that these crucial factors localize to
stress granules, providing a potential rationale for poliovirus
evolving and maintaining the function of inhibiting stress gran-
ules.

Several results reported here are consistent with previous
reports of SG formation during PV infection. We previously

FIG. 9. PV IRES transactivating factors (ITAFs) localize to SGs. HeLa cells expressing the indicated ITAFs were stressed with 0.5 mM sodium
arsenite and immunostained for exogenously expressed ITAFs (green), TIA1 (red), and nuclei (blue). Fields magnified in the right-hand panels
are outlined in white.
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reported that the expression of cleavage-resistant G3BP could
rescue SGs in PV-infected cells that contained transgenic
G3BP and endogenous TIAR. In this case, those cells not
ectopically expressing G3BP did not contain G3BP-stained
SGs, but a subset did contain small foci that stained only with
TIAR (Fig. 6) (55). We have determined that TIAR-stained
pseudo-SG foci also form that are similarly devoid of initiation
factors and that are indistinguishable from the TIA1 foci re-
ported here (data not shown). We have no evidence that TIA1
and TIAR behave differently in PV infections; rather, they
consistently enter the same structures, likely together. Pi-
otrowska et al. also described foci containing both TIA1 and
mRNA in PV-infected cells at 4 hpi but did not examine
initiation factors other than eIF4GI, which displayed a marked
decline in focus formation at 4 hpi (44). Our results indicate
that TIA1- and mRNA-containing foci still exist at 4 hpi,
though many TIA foci are becoming devoid of mRNA at this
time point. We also note that at 4 hpi, the capacity to inhibit
SG formation on an individual cell basis is inversely propor-
tional to the degree of nuclear chromatin margination and
nuclear deformation observed. Those few cells displaying low
cytopathic effect (CPE) retain some residual capacity to form
SGs; however, those displaying marked CPE do not mount this
response.

Stress granules are defined as aggregates composed of
stalled initiation complexes induced by the inhibition of trans-
lation initiation by various forms of environmental stress (5).
Virus infection produces cell stress on multiple levels that
could signal SG formation. PV shuts off host translation prin-
cipally from cleavage of eIF4GI and PABP but also induces
significant levels of eIF2� phosphorylation (41, 56). As sites of
storage and triage of stalled 48S preinitiation complexes (22,
24), stress granules contain eIF2, eIF4GI, eIF4A, eIF4E,
eIF4B, 40S ribosomal subunits, and polyadenylated mRNA (6,
23, 27, 34). Although the precise mechanism by which stress
granules aggregate is still unknown, it is known that several
proteins induce the spontaneous formation of stress granules
upon overexpression, and evidence suggests that G3BP1 and
TIA1 (17, 52), as well as other factors such as metastatic lymph
node 51, HDAC-6, ataxin 2, and Grb7 (1, 30, 39, 53), play
important roles in the stress granule formation process. Both
TIA1 and G3BP contain self-oligomerization domains pro-
posed to be instrumental in the process of SG formation, as
evidenced by the dominant-negative effect on SG formation
exerted by either oligomerization domain when overexpressed
(17, 52). In this report, we show that in poliovirus-infected
cells, the ability of TIA1 to aggregate is separated from its
ability to form stress granules, as evidenced by the continued

FIG. 10. Initiation factors localize to SGs containing cleavage-resistant G3BP. HeLa cells expressing G3BPQ326E were infected for 6 hpi and
subjected to arsenite treatment (A) or heat shock (B). Rescued SGs were immunostained for G3BPQ326E (red) and translation initiation factors
(green), and cell nuclei were stained with DAPI (blue). White boxes indicate fields magnified in the right-hand panels.
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presence of TIA1-positive foci that lack any other tested
marker, including mRNA (Fig. 1, 2, 3, 5, 6, and 8). This indi-
cates that, as previously indicated (55), poliovirus actively in-
hibits the inclusion of translation initiation factors and mRNA
binding proteins in stress granules. Also in agreement with
previous data (55), we found that the rescue of stress granules
by the expression of cleavage-resistant G3BP results in the
relocalization of initiation factors, RNA binding proteins, and
mRNA in poliovirus-infected cells (Fig. 10 and 11). This im-
plicates the cleavage of G3BP in the release of these factors
from stress granules or, conversely, the inhibition of their in-
clusion in response to stress. Together with the finding that PV
infection unlinks TIA1 aggregation and SG formation under
multiple stress conditions, our data indicate that by cleaving
G3BP, PV inhibits canonical SG formation caused by the ac-
tivation of several different pathways. This suggests that al-
though SG compositions can vary under different stress con-
ditions (25, 44, 50), central effectors to SG formation are
common between SG pathways, with G3BP being one of these
primary effectors. Further biochemical analysis of TIA1 and
TIAR is required under these conditions, as the mechanism

behind the unlinking of TIA1-mediated SG formation and
TIA1 self-oligomerization is unknown.

Enteroviruses require RNA binding proteins termed
IRES transactivating factors (ITAFs) to bind to their IRES
in order to efficiently mediate ribosome recruitment (for
reviews, see references 15 and 42). In the case of poliovirus,
the IRES requires UNR (4), PTB (19), PCBP2 (2), and La
autoantigen (37). PCBP2 and PTB have been shown to
localize to stress granules (16, 49), and here we show that
PCBP2, PTB, and UNR localize to stress granules in re-
sponse to stress (Fig. 9). In addition, the poliovirus IRES
requires the C-terminal cleavage fragment of eIF4GI pro-
duced during infection, which localized to stress granules in
response to stress (Fig. 7). During PV infections of HeLa
and 293 cells, virus protein synthesis reached peak levels
between 4 and 5 hpi (56), after most SGs were blocked or
dispersed. Together, these data suggest that cellular pro-
teins required for viral replication, both ITAFs and trans-
lation initiation factors, localize to stress granules, possibly
reducing the local concentration in the cytoplasm and in-
hibiting viral translation and therefore viral replication early

FIG. 11. RNA localizes to SGs in cells expressing G3BPQ326E. (A) Cartoon of reporter RNA containing a hammerhead ribozyme to remove
the cap structure and four MS2 binding loops. HeLa cells expressing luciferase reporter and GFP-MS2-NLS in the presence of G3BPQ326E were
treated with 0.5 mM arsenite, and reporter localization (green) with initiation factors (red) was monitored. (B) Polyadenylated mRNA (red) was
monitored along with TIA1 (green) in cells expressing G3BPQ326E. Cell nuclei were stained with DAPI (blue).
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during infection. While circumstantial, the possibility exists
that stress granules can play an antiviral role, at least in the
case of enteroviruses. We also report evidence that RNA
containing an enterovirus IRES can enter SGs. Further in-
vestigation is required to determine whether this IRES
mRNA is actually translationally silenced in the context of
infection.

Overall, the findings in this report indicate that the forma-
tion of SGs is a multilayered process involving multiple factors,
providing an explanation for the requirement of several pro-
teins for SG formation. Of specific interest is the cleavage of
G3BP, the kinetics of which correspond to the observed loss of
initiation factors from SGs during infection but not mRNA.
The expression of a cleavage-resistant form of G3BP results in
the inhibition of this dispersal of initiation factors and mRNA
from SGs despite the continued cleavage of endogenous G3BP
(55). Additional studies are under way to further investigate
the role of G3BP in the recruitment of initiation factors to SGs
as well as the effects of this recruitment on viral replication. In
addition, the novel TIA1 pseudo-stress granules reported in
this study highlight the importance of utilizing multiple mark-
ers during analysis of SGs in infected cells, specifically trans-
lation initiation factors and G3BP.
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