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Interference with stress granule (SG) accumulation is gaining increased appreciation as a common strategy used by diverse vi-
ruses to facilitate their replication and to cope with translational arrest. Here, we examined the impact of infection by herpes
simplex virus 2 (HSV-2) on SG accumulation by monitoring the localization of the SG components T cell internal antigen 1
(TIA-1), Ras-GTPase-activating SH3-domain-binding protein (G3BP), and poly(A)-binding protein (PABP). Our results indicate
that SGs do not accumulate in HSV-2-infected cells and that HSV-2 can interfere with arsenite-induced SG accumulation early
after infection. Surprisingly, SG accumulation was inhibited despite increased phosphorylation of eukaryotic translation initia-
tion factor 2� (eIF2�), implying that HSV-2 encodes previously unrecognized activities designed to maintain translation initia-
tion downstream of eIF2�. SG accumulation was not inhibited in HSV-2-infected cells treated with pateamine A, an inducer that
works independently of eIF2� phosphorylation. The SGs that accumulated following pateamine A treatment of infected cells
contained G3BP and PABP but were largely devoid of TIA-1. We also identified novel nuclear structures containing TIA-1 that
form late in infection. These structures contain the RNA binding protein 68-kDa Src-associated in mitosis (Sam68) and were
noticeably absent in infected cells treated with inhibitors of viral DNA replication, suggesting that they arise as a result of late
events in the virus replicative cycle.

Cellular responses to stresses, including heat shock, starvation,
oxidation, and viral infection, can culminate in the arrest of

cap-dependent translation. Translational arrest is problematic for
viruses as all viruses depend on the host cell protein synthetic
machinery for production of their proteins. Consequently, viruses
have evolved many sophisticated strategies to ensure that viral
mRNA translation can continue, often at the expense of cellular
mRNA translation (59, 61, 63). Oftentimes, these strategies are
aimed at blunting innate antiviral responses initiated by stress-
activated kinases. Activation of stress-activated kinases by viral
infection, principally activation of the double-stranded RNA-de-
pendent protein kinase, PKR, results in increased phosphoryla-
tion of the alpha subunit of eukaryotic initiation factor 2�
(eIF2�), leading to failed translational initiation and shutdown of
protein synthesis (64). There are many examples of viral gene
products that act as antagonists of PKR (37), as well as at least one
example of a viral gene product that acts as an antagonist of the
related stress-activated kinase, the PKR-like endoplasmic reticu-
lum kinase, PERK (53). Viruses can also directly modulate the
phosphorylation status of eIF2� (27, 66).

Stress-induced translational arrest results in the accumulation
of messenger ribonucleoproteins (mRNPs) consisting of mRNAs
that remain associated with stalled translational initiation com-
plexes and the 40S ribosomal subunit. Cellular RNA-binding pro-
teins such as T cell internal antigen 1 (TIA-1) and Ras-GTPase-
activating SH3-domain-binding protein (G3BP) bind to mRNPs
and to one another and subsequently other cellular proteins are
recruited into the complex (3). The result is the formation of
cytoplasmic assemblages known as stress granules (SGs). SGs act
as centers for sorting and triaging mRNAs and also provide a cache
of ready-to-use mRNPs, allowing cells to rapidly resume transla-
tion once stress is alleviated (3, 5). Several viruses, including den-
gue virus, hepatitis C virus, human immunodeficiency virus type
1, poliovirus, and West Nile virus, interfere with SG formation by
usurping or degrading specific SG components (1, 2, 4, 20, 39, 65).

Other viruses including human T cell leukemia virus type 1, mam-
malian orthoreovirus, and Semliki Forest virus, have the ability to
manipulate SG formation to benefit their replicative cycle and to
regulate the shutdown of host protein synthesis (38, 50, 57). In
addition, the growth of herpes simplex virus 1 (HSV-1), Sindbis
virus, and vesicular stomatitis virus is considerably enhanced in
TIA-1 knockout cells compared to parental cells (39). These ob-
servations implicate interference with SG formation as another
strategy used by diverse viruses to cope with translational arrest
(52).

Infection of cells by HSV can activate at least two stress-acti-
vated kinases, and yet accumulation of SGs is not observed after
infection by HSV-1 strains F and KOS (17, 21). This may be re-
flective of the combined abilities of the HSV-1 gene products
Us11, ICP34.5, and gB to counteract the activities of PKR and
PERK (11, 12, 14–16, 53, 54). In addition, the HSV virion host
shut off (vhs) protein is capable of degrading most mRNAs (60),
resulting in reduced production of cellular proteins that contrib-
ute to stress responses. Since mRNA is a key starting ingredient for
SG assembly, lower levels of mRNA seen in the presence of vhs
may be a contributing factor to the observed lack of SGs in HSV-
1-infected cells (5). Indeed, SGs do accumulate in cells infected
with vhs-deficient HSV-1 mutants (17, 21).

The importance of TIA-1 and possibly SG formation in sup-
pressing HSV-1 infection is suggested by the enhanced growth of
HSV-1 in TIA-1 knockout cells (39). Since the role of TIA-1
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and/or SG formation in suppressing HSV infection has not been
directly addressed with HSV-2, we examined the impact of HSV-2
infection on SG accumulation. We found that HSV-2 infection
does not lead to the accumulation of SGs and analyzed SG accu-
mulation in HSV-2-infected cells following treatment with mech-
anistically distinct inducers of SG formation. We probe the mech-
anism of inhibition of SG accumulation by HSV-2 and describe
unique nuclear structures containing TIA-1 that form late in in-
fection. Furthermore, we demonstrate that TIA-1 and G3BP, both
widely used markers of SGs, report differently on SG accumula-
tion in HSV-2-infected cells.

MATERIALS AND METHODS
Cells and viruses. African green monkey kidney cells (Vero), cervical
carcinoma cells (HeLa), and T12 cells, life-extended human diploid fore-
skin fibroblasts, were maintained in Dulbecco modified Eagle medium
(DMEM) supplemented with 10% fetal calf serum (FCS) in a 5% CO2

environment. The T12 cells were generously provided by W. A. Bresna-
han, University of Minnesota (8). The HG52 strain of HSV-2 was propa-
gated and titered on Vero cells. Infection of HeLa cells was carried out
using a multiplicity of infection (MOI) of 2 to 10. The times postinfection,
reported as hours postinfection (hpi), refer to the time elapsed following
medium replacement after a 1-h inoculation period. For phosphonoacetic
acid (PAA)-treated infections, 200 �g of PAA (Sigma, St. Louis, MO)/ml
was applied 1 h prior to inoculation, and the cells were maintained in the
continuous presence of 200 �g of PAA/ml for the duration of the experi-
ment. For acyclovir-treated infections, 5 �M acyclovir (Santa Cruz Bio-
technology, Santa Cruz, CA) was applied 1 h prior to inoculation, and the
cells were maintained in the continuous presence of 5 �M acyclovir for the
duration of the experiment. To produce virus-free supernatants for use in
control experiments, virus stocks were subjected to centrifugation at
100,000 � g for 20 min in a MLA 130 rotor in an Optima MAX-XP
benchtop ultracentrifuge (Beckman Coulter, Mississauga, Ontario, Can-
ada) to pellet the virus, and the resulting supernatants were used as the
inoculum.

Plasmids and transfections. Green fluorescent protein (GFP)-tagged
TIA-1 was provided by V. Kruys, Université Libre de Bruxelles (58). GFP-
tagged versions of Sam68 were provided by C. Sette, University of Rome
Tor Vergata (10). Transfection of HeLa cells for the purpose of subse-
quent infection, and microscopic analyses of live or fixed specimens was
carried out using FuGene HD (Roche, Laval, Quebec, Canada) according
to the manufacturer’s instructions.

Induction of SGs. To induce SG formation, HeLa cells were treated
with 0.5 mM arsenite (Sigma) for 30 min or 300 nM pateamine A (gener-
ously provided by A. Mouland, Lady Davis Institute for Medical Research)
for 30 min. In addition, the overexpression of GFP-tagged TIA-1 and
GFP-tagged Sam68-GSG for 24 h or longer consistently resulted in SG
formation.

Immunological reagents. Goat polyclonal antiserum against human
TIA-1 (Santa Cruz Biotechnology) was used for indirect immunofluores-
cence microscopy at a dilution of 1:1,000 and for Western blotting at a
dilution of 1:500. Mouse monoclonal antibody against human G3BP (BD
Biosciences, Mississauga, Ontario, Canada) was used for indirect immu-
nofluorescence microscopy at a dilution of 1:1,000. Goat polyclonal anti-
serum against human PABP (Santa Cruz Biotechnology) was used for
indirect immunofluorescence microscopy at a dilution of 1:100. Mouse
monoclonal antibody against HSV-2 ICP8 (Virusys, Taneytown, MD)
was used for indirect immunofluorescence microscopy at a dilution of
1:1,000 and for Western blotting at a dilution of 1:4,000. Mouse mono-
clonal antibody against HSV ICP27 (Virusys) was used for indirect im-
munofluorescence microscopy at a dilution of 1:1,000 and for Western
blotting at a dilution of 1:500. Mouse monoclonal antibody against HSV
ICP5 (Virusys) was used for Western blotting at a dilution of 1:3,000.
Rabbit monoclonal antibody against human phospho-eIF2� (Epitomics,

Burlingame, CA) was used for Western blotting at a dilution of 1:1,000.
Rabbit polyclonal antiserum against human eIF2� (Santa Cruz Biotech-
nology) was used for Western blotting at a dilution of 1:500. Mouse
monoclonal antibody against actin (Sigma) was used for Western blotting
at a dilution of 1:2,000. Alexa Fluor 488 (Alexa 488)-conjugated donkey
anti-goat and Alexa Fluor 568 (Alexa 568)-conjugated donkey anti-mouse
(Molecular Probes, Eugene, OR) were used for indirect immunofluores-
cence at a dilution of 1:500. Finally, horseradish peroxidase (HRP)-con-
jugated goat anti-mouse and HRP-conjugated goat anti-rabbit (Sigma)
were used for Western blotting at a dilution of 1:10,000.

Indirect immunofluorescence microscopy. Cells for microscopic
analyses were grown either on glass coverslips or on glass-bottom dishes
(MatTek, Ashland, MA). Cells to be stained for the presence of PABP were
fixed with cold 100% methanol at 4°C for 20 min; otherwise, the cells were
fixed and stained as described previously (24). Images were captured us-
ing either a Nikon Eclipse TE200 inverted fluorescence microscope and
Metamorph 7.1.2.0 software or an Olympus FV1000 laser scanning con-
focal microscope and Fluoview 1.7.3.0 software. Images from the inverted
fluorescence microscope were captured using a 60� (1.40 NA) oil immer-
sion objective lens. Images from the confocal microscope were captured
using a 60� (1.42 NA) oil immersion objective lens. The relative fluores-
cence intensities of TIA-1 and G3BP or PABP and G3BP in individual SGs
from six independent fields per specimen were quantified by using Flu-
oview 1.7.3.0 software. Composites of representative images were pre-
pared using Adobe Photoshop software.

FRAP analyses. HeLa cells seeded onto glass bottom dishes were
transfected with plasmid DNA encoding GFP-tagged TIA-1 or Sam68. At
24 h after transfection, cells were infected with HSV-2 or mock infected.
At the indicated times postinfection, the medium was replaced with warm
DMEM (lacking phenol red)–10% FCS, and the cells were mounted onto
an Olympus FV1000 confocal microscope and maintained at 37°C in a
humidified 5% CO2 environment. All image acquisition parameters were
controlled using Olympus Fluoview software version 1.7.3.0. GFP was
excited using a 488-nm laser line set at 5% power. For fluorescence recov-
ery after photobleaching (FRAP) experiments, 512-pixel-by-512-pixel
images were obtained using a 60� (1.42 NA) oil immersion objective lens.
Images were collected at a rate of 1.1 frames per s. Five frames were col-
lected before the indicated region was photobleached by repeated scan-
ning of the region of interest with a 405 nm laser set at 100% power for a
total of 300 ms. After photobleaching, an additional 45 frames were col-
lected. The fluorescence intensity in bleached and unbleached control
regions in each frame were measured using Fluoview 1.7.3.0, and the data
were exported into Microsoft Excel for graphical presentation.

Fluorescence loss in photobleaching (FLIP) analyses. HeLa cells
seeded onto glass bottom dishes were transfected with plasmids encoding
GFP-tagged TIA-1. At 24 h after transfection, the cells were infected with
HSV-2. At various times postinfection, cells were placed in warm DMEM
(lacking phenol red)–10% FCS and transferred to an Olympus FV1000
laser scanning confocal microscope and maintained at 37°C in a humid-
ified 5% CO2 environment. All image acquisition parameters were con-
trolled using Fluoview 1.7.3.0 software. Images were collected every 10 s
using a 60� (1.42 NA) oil immersion objective lens and a 488-nm laser at
2 to 5% power to excite the specimen. During the interval between cap-
turing each image, a defined area of the cytoplasm of a transfected HeLa
cell was repeatedly photobleached through eight consecutive rounds of
scanning with a 405-nm laser operating at 100% laser power at scan speed
of 8 �s/pixel. The fluorescence intensities in the nucleus and in the cyto-
plasm of the bleached cells, as well as in the nucleus and the cytoplasm of
neighboring transfected cells, were measured over time using Fluoview
1.7.3.0 software, and the data were exported into Microsoft Excel for
graphical presentation.

Preparation and analysis of whole-cell extracts. To prepare whole-
cell extracts of HeLa cells for Western blot analyses, the cells were washed
once with cold phosphate-buffered saline (PBS) and then scraped into
cold PBS containing protease inhibitors (Roche) plus 5 mM sodium flu-
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oride (New England Biolabs, Pickering, Ontario, Canada) and 1 mM so-
dium orthovanadate (New England Biolabs, Pickering, Onrario, Canada)
to inhibit phosphatases. Harvested cells were transferred to a 1.5-ml mi-
crofuge tube containing 3� SDS-PAGE loading buffer. The lysate was
repeatedly passed through a 28.5-gauge needle to reduce the viscosity and
then heated at 100°C for 5 min. For Western blot analysis, 10 to 20 �l of
whole-cell extract was electrophoresed through SDS-PAGE gels. Sepa-
rated proteins were transferred to polyvinylidene difluoride (PVDF)
membranes (Millipore, Billerica, MA) and probed with appropriate dilu-
tions of primary antibody, followed by appropriate dilutions of HRP-
conjugated secondary antibody. The membranes were treated with Pierce
ECL Western blotting substrate (Thermo Scientific, Rockford, IL) and
exposed to film.

Analysis of protein synthesis. HeLa cells growing in six-well cluster
dishes were infected with HSV-2 strain HG52 at an MOI of 5 or mock
infected. At 3.5 hpi, the cells were rinsed three times with warm PBS before
methionine-free DMEM containing 5% dialyzed FCS was added to the
cells to deplete cellular stores of methionine. At 4 hpi, the medium was
removed and methionine-free DMEM–5% dialyzed FCS containing 50
�M L-homopropargylglycine (Invitrogen, Burlington, Ontario, Canada),
an alkyne-containing methionine analog, with or without 0.5 mM arsen-
ite, was added to cells. At 5 hpi, the medium was removed, and the cells
were rinsed three times with cold PBS. The cells were lysed in 200 �l of
lysis buffer (1% SDS in 50 mM Tris-HCl [pH 8.0]) containing 250 U of
benzonase (Santa Cruz Biotechnology) and protease inhibitors (Thermo
Scientific) for 30 min on ice. Newly synthesized proteins containing L-
homopropargylglycine were covalently linked to biotin azide (PEG4 car-
boxamide-6-azidohexanyl biotin) via a copper-catalyzed click reaction
using the Click-iT protein reaction buffer kit (Invitrogen) according to
the manufacturer’s instructions. Proteins were separated on 10% SDS-
PAGE gels and transferred to PVDF membranes (Millipore). Biotinylated
proteins were detected using HRP-conjugated streptavidin (Invitrogen).
The membranes were treated with Pierce ECL Western blotting substrate
(Thermo Scientific) and exposed to film.

RESULTS
HSV-2 infection does not cause accumulation of SGs. To inves-
tigate whether SGs accumulate during HSV-2 infection, HeLa
cells were infected at an MOI of 10 and then stained with antisera
specific for TIA-1, a marker of SGs (35), at various times postin-
fection. TIA-1 was diffusely localized throughout the cytoplasm in
infected cells at all time points examined and SGs were not readily
detected (Fig. 1A). This cytoplasmic staining pattern was indistin-
guishable from that observed in mock-infected cells. HeLa cells
used in our experiments were competent to make SGs as demon-
strated by the relocalization of TIA-1 to discrete cytoplasmic
puncta when cells were treated for 30 min with 0.5 mM arsenite
(see Fig. S1 in the supplemental material; see also Fig. 4 and Fig.
7A). Curiously, at 8 and 20 hpi, distinct nuclear structures that
contained TIA-1 were detected in many infected cells (indicated
by arrows in Fig. 1A). At 10 hpi, �86% of infected cells contained
these nuclear TIA-1 structures. FRAP analyses were performed to
assess the kinetics of TIA-1 recruitment into these structures.
HeLa cells were transfected with plasmids encoding GFP-tagged
TIA-1 and infected with HSV-2, and then the nuclear TIA-1 struc-
tures formed at 10 hpi were subjected to FRAP. These analyses
demonstrated that TIA-1 was rapidly recruited into these struc-
tures, allowing fluorescence intensity to recover within 14 s after
photobleaching (Fig. 2A; see Movie S1 in the supplemental mate-
rial), a rate comparable to the rate of recruitment of TIA-1 into
SGs in uninfected cells (Fig. 2B; see Movie S2 in the supplemental
material) (34). Importantly, these data also indicated that these
nuclear TIA-1 structures are dynamic and do not represent insol-

uble aggregates of protein. Nuclear TIA-1 structures appeared to
be located at the nuclear periphery often in close proximity to
Hoechst-stained chromatin (Fig. 1B). These structures did not
contain G3BP, another reliable marker of SGs (62) (Fig. 1B) and
were not formed when virus-free supernatants were used as inoc-
ula (data not shown). In keeping with our observations using
TIA-1 as a marker of SGs, no evidence of SG accumulation at 10
hpi was observed using G3BP as a marker (Fig. 1B). In summary,
while HSV-2 infection of HeLa cells does not evoke the accumu-
lation of SGs, it does cause a component of SGs, TIA-1, to accu-

FIG 1 TIA-1 localization and SG accumulation in HSV-2-infected cells. (A)
HeLa cells were mock infected or infected with HSV-2 strain HG52 at an MOI
of 10. Infected cells were fixed at the indicated times postinfection and stained
with goat polyclonal antiserum specific for TIA-1 and mouse monoclonal
antibody specific for HSV-2 ICP8, followed by staining with Alexa 488-conju-
gated donkey anti-goat IgG and Alexa 568-conjugated donkey anti-mouse IgG
secondary antibodies. Nuclei were stained with Hoechst 33342. Stained cells
were examined by fluorescence microscopy, and representative images are
shown. Arrows indicate nuclear TIA-1 structures that accumulate at late times
postinfection. (B) HeLa cells were mock infected or infected with HSV-2 strain
HG52 at an MOI of 10. Infected cells were fixed at 10 hpi and stained with goat
polyclonal antiserum specific for TIA-1 and mouse monoclonal antibody spe-
cific for G3BP, followed by staining with Alexa 488-conjugated donkey anti-
goat IgG and Alexa 568-conjugated donkey anti-mouse IgG secondary anti-
bodies. Nuclei were stained with Hoechst 33342. Stained cells were examined
by confocal microscopy, and representative images of sections through the
midpoint of the nuclei are shown. The arrow indicates a nuclear TIA-1
structure.
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mulate in dynamic structures located at the inner periphery of the
nucleus. Lack of SG accumulation and the appearance of similar
nuclear TIA-1 structures were also observed in HSV-2-infected
T12 cells (see Fig. S2 in the supplemental material).

Sam68 colocalizes with nuclear TIA-1 structures formed
during HSV-2 infection. During the course of infection, DNA
viruses such as HSV-2 cause profound modifications in the nuclei
of cells, including the margination of chromatin. Since the nuclear
TIA-1 structures resulting from HSV-2 infection are found late in
infection in cells displaying margination of chromatin and are
often found in close proximity to chromatin, we speculated that
they may arise as a result of cellular responses to DNA damage.
One protein recently implicated to respond to DNA damage is the
68-kDa Src-associated in mitosis protein, Sam68 (9). Sam68 is a
RNA-binding protein (44) that can be bound and recruited to SGs
by TIA-1 in response to oxidative stress (28) and can also be re-
cruited to SGs during poliovirus infection (56). DNA-damaging
agents cause Sam68 and other RNA-binding proteins, including
TIA-1, to relocalize into distinct nuclear foci (9). Consequently,
we wanted to investigate whether Sam68 localized to the nuclear
TIA-1 structures formed during HSV-2 infection. HeLa cells were
transfected with plasmids encoding GFP-tagged Sam68 or a GFP-
tagged derivative of Sam68, Sam68-GSG, which lacks the region
implicated in TIA-1 binding. Transfected cells were infected with
HSV-2 and then stained for TIA-1 at 4 and 10 hpi. The localization
of Sam68 changed dramatically 10 h after HSV-2 infection (Fig.
3). In mock-infected cells and in cells infected for 4 h, Sam68 was
evenly distributed throughout the nucleus or found in a few dis-
tinct puncta reminiscent of perinucleolar Sam68 nuclear bodies
(13, 31), indicated by asterisks in Fig. 3. In contrast, Sam68 local-
ized primarily to nuclear TIA-1 structures in infected cells at 10
hpi (compare the top three panels of Fig. 3). Furthermore, relo-
calization to nuclear TIA-1 structures was not as dramatic when
GFP-Sam68-GSG was used in these assays (bottom two panels of
Fig. 3). FRAP analysis of GFP-Sam68 nuclear structures in HSV-
2-infected cells at 10 hpi indicated rapid recruitment of Sam68
into these structures at a rate indistinguishable from that observed
for TIA-1 (Fig. 2C; see Movie S3 in the supplemental material).
These results raise the possibility that nuclear TIA-1 structures
form as a result of DNA damage evoked by HSV-2 infection.

HSV-2 interferes with arsenite-induced SG accumulation.
Our observation that HSV-2-infected cells failed to accumulate
SGs led us to question whether infected cells would be able to
accumulate SGs in response to additional stress. To pursue this,
infected HeLa cells were treated with 0.5 mM arsenite for 30 min
and probed for the presence of SGs by staining for TIA-1. Arsenite
treatment promotes the phosphorylation of eIF2� (19) in a heme-
regulated inhibitor kinase (HRI)-dependent manner (43, 49),
leading to translational arrest and the subsequent formation of
SGs (35, 49). The arsenite treatment conditions used induced the
formation of readily detectable SGs in the majority of mock-in-
fected cells (compare the top two panels of Fig. 4). Comparable
accumulation of SGs in response to arsenite was not observed in
HSV-2-infected cells at 2, 4, and 10 hpi (bottom three panels of
Fig. 4) and the fraction of infected cells accumulating SGs in re-

FIG 2 Dynamics of structures formed by TIA-1 and Sam68. HeLa cells were
transfected with plasmids encoding GFP-tagged TIA-1 (A and B) or GFP-
tagged Sam68 (C). At 24 h after transfection, cells were infected with HSV-2
strain HG52 at an MOI of 5 (A and C) or mock infected (B), and live cells were
imaged at 10 hpi (A and C) or 24 h after mock infection (B). Shown in each
panel are selected images of cells immediately before, immediately after, or at
a later time after the region indicated by the arrow was photobleached. The
region indicated by the arrowhead on each image was not photobleached and
serves as a control. The scale bar in panel A is 5 �m and 10 �m in panels B and
C. For full sets of images corresponding to panels A, B, and C, see Movies S1,

S2, and S3, respectively, in the supplemental material. The corresponding
quantitation of fluorescence intensity of the photobleached region, as well as
the control region over time, is shown below each set of images.
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sponse to arsenite decreased over the course of the infection. Lack
of SG accumulation in infected cells following arsenite treatment
was observed as early as 30 min postinfection; however, the expo-
sure of cells to virus-free supernatants did not prevent arsenite-
induced SG formation (data not shown), indicating that the pres-
ence of virus was required for this effect. These results indicate
that HSV-2 is able to interfere with SG accumulation caused by
arsenite treatment early after infection. Nuclear TIA-1 structures
were still observed in many cells following arsenite treatment at
late times postinfection (Fig. 4). Interference with arsenite-in-
duced SG accumulation was also observed in HSV-2-infected T12
cells (see Fig. S2 in the supplemental material).

If prevention of arsenite-induced SG accumulation by HSV-2
were an early event, then inhibition of viral DNA replication
would not be expected to interfere with this process. Cells were
treated with PAA to prevent viral DNA replication and the tran-
scription of true late genes (30, 45). Lack of SG accumulation after
infection and arsenite treatment was observed in the presence of
PAA at all time points examined (Fig. 5A). The effectiveness of the
PAA treatment at blocking late events in HSV-2 infection is evi-
denced by the differential appearance of ICP8 staining in PAA-
treated cells (Fig. 5A), by the lack of chromatin margination in
PAA-treated cells (Fig. 5A), and by the specific decrease in a leaky
late gene product, ICP5 (40), in whole-cell extracts prepared from
PAA-treated cells (Fig. 5B). Control analyses on mock-infected

cells demonstrated that treatment with PAA alone did not induce
SG accumulation and that the ability of arsenite treatment to in-
duce SG accumulation was not adversely affected by the presence
of PAA (see Fig. S1 in the supplemental material). Interestingly,
nuclear TIA-1 structures were not observed at 10 hpi in the pres-
ence of PAA (compare lower 2 panels of Fig. 5A). Inhibition of
viral replication with 5 �M acyclovir also resulted in the absence
of nuclear TIA-1 structures (see Fig. S3 in the supplemental ma-
terial). These results are consistent with the prevention of SG ac-
cumulation occurring early in HSV-2 infection and also imply
that late events in HSV-2 infection are required for the formation
of nuclear TIA-1 structures.

HSV-2-infected cells phosphorylate eIF2� in response to ar-
senite treatment. Since our studies indicate that SGs do not accu-
mulate in HSV-2-infected cells, even following arsenite-induced
stress, we wanted to determine whether infected cells could still
respond to arsenite in terms of phosphorylating eIF2�. Infected
HeLa cells were mock treated or treated with 0.5 mM arsenite for
30 min. Whole-cell extracts were prepared and analyzed by West-
ern blotting with antisera specific for phospho-eIF2� or total
eIF2� (Fig. 6). Arsenite treatment consistently resulted in in-
creased levels of phospho-eIF2� in mock-infected cells while the
level of total eIF2� remained constant. This same pattern was
observed in HSV-2-infected cells at 2 and 4 hpi. However, by 10

FIG 3 Sam68 localization in HSV-2-infected cells. HeLa cells were transfected
with a plasmid encoding GFP-tagged Sam68 or GFP-tagged Sam68-GSG. At
24 h after transfection, the cells were mock infected or infected with HSV-2
strain HG52 at an MOI of 5. Infected cells were fixed at 4 or 10 hpi and stained
with goat polyclonal antiserum specific for TIA-1 and Alexa 568-conjugated
donkey anti-goat IgG secondary antibody. Stained cells were examined by
confocal microscopy, and representative images of sections through the mid-
point of the nuclei are shown. Asterisks are placed above examples of peri-
nucleolar Sam68 nuclear bodies; arrows indicate nuclear TIA-1 structures. The
arrowheads indicate a SG in the cytoplasm of a cell overexpressing GFP-
Sam68-GSG. Scale bar, 10 �m.

FIG 4 SG accumulation in HSV-2-infected cells following arsenite treatment.
HeLa cells were mock infected or infected with HSV-2 strain HG52 at an MOI
of 10. At the indicated times postinfection, cells were treated with 0.5 mM
arsenite (�ARS) for 30 min. The cells were then fixed and stained with goat
polyclonal antiserum specific for TIA-1 and mouse monoclonal antibody spe-
cific for HSV-2 ICP8, followed by staining with Alexa 488-conjugated donkey
anti-goat IgG and Alexa 568-conjugated donkey anti-mouse IgG secondary
antibodies. Nuclei were stained with Hoechst 33342. Stained cells were exam-
ined by fluorescence microscopy, and representative images are shown.
Numeric values in the merged image panels indicate the fraction of cells con-
taining SGs from 30 independent fields of view; for infected cells, only ICP8-
positive cells were scored. Arrowheads indicate SGs in the cytoplasm. Note that
in the images shown in the 2- and 4-hpi panels, SGs can be detected in cells that
lack detectable ICP8 signal. The arrow indicates a nuclear TIA-1 structure.
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hpi the level of phospho-eIF2� was elevated in HSV-2-infected
cells in the absence of arsenite relative to earlier times after infec-
tion and did not increase appreciably upon arsenite treatment.
These data demonstrate that the ability to phosphorylate eIF2� is
not compromised in HSV-2-infected HeLa cells. Since lack of SG

accumulation does not correspond with lack of eIF2� phosphor-
ylation in infected cells, we conclude that HSV-2 interference with
SG accumulation is downstream of eIF2� phosphorylation.

HSV-2 prevents SG accumulation by eIF2�-independent in-
ducers of SGs. The data thus far show a disconnect between eIF2�
phosphorylation and SG accumulation in HSV-2-infected cells.
Therefore, we tested whether HSV-2 would interfere with SG ac-
cumulation caused by inducers that operate independently of
eIF2� phosphorylation. Overexpression of either TIA-1 or
Sam68-GSG is known to result in the formation of SGs (26, 29). In
keeping with these studies, HeLa cells transfected with plasmids
encoding either GFP–TIA-1 or GFP-Sam68-GSG displayed SGs in
203 of 454 cells examined or in 164 of 374 cells examined, respec-
tively. When HeLa cells transfected with plasmids encoding either
protein were subsequently infected with HSV-2, the number of
infected cells with SGs was considerably diminished: in the case of
GFP–TIA-1, 9 of 290 infected cells examined and 3 of 209 infected
cells examined at 4 and 10 hpi, respectively, and in the case of
GFP-Sam68-GSG, 1 of 279 infected cells examined and 1 of 118
infected cells examined at 4 and 10 hpi, respectively. These data are
consistent with the notion that HSV-2 interference with SG accu-
mulation occurs irrespective of eIF2� phosphorylation.

Another SG inducer that works independently of eIF2� phos-
phorylation is pateamine A. Pateamine A modulates the activity of
another key translation initiation protein, eIF4A, leading to trans-
lational arrest and SG formation (6, 7, 42, 48). To examine
whether HSV-2 interfered with SG accumulation induced by
pateamine A, infected HeLa cells were treated with either 0.5 mM
arsenite or 300 nM pateamine A for 30 min and probed for the
presence of SGs by staining for TIA-1. In control analyses on
mock-infected cells, treatment with either arsenite or pateamine A
resulted in comparable levels of SGs that contained robust and
roughly equivalent amounts of both TIA-1 and G3BP (Fig. 7A).
The percentage of mock-infected cells with SGs after either treat-
ment was 98% or greater when either TIA-1 or G3BP was used for
quantification (Fig. 7A). In contrast, HSV-2-infected cells showed
a lack of SG accumulation at all time points examined after treat-
ment with either arsenite or pateamine A when TIA-1 was fol-
lowed as a SG marker (Fig. 7B). Similar results were observed in
infected T12 cells treated with pateamine A (see Fig. S2 in the
supplemental material). These data, along with the data described
above for HeLa cells over expressing GFP–TIA-1 or GFP-Sam68-

FIG 5 SG accumulation in HSV-2-infected cells in the presence of PAA. (A)
HeLa cells were infected with HSV-2 strain HG52 at an MOI of 5 in the pres-
ence or absence of 200 �g of phosphonoacetic acid/ml (�PAA or �PAA,
respectively). At the indicated times postinfection, the cells were treated with
0.5 mM arsenite (�ARS) for 30 min. The cells were then fixed and stained with
goat polyclonal antiserum specific for TIA-1 and mouse monoclonal antibody
specific for HSV-2 ICP8, followed by staining with Alexa 488-conjugated don-
key anti-goat IgG and Alexa 568-conjugated donkey anti-mouse IgG second-
ary antibodies. Nuclei were stained with Hoechst 33342. Stained cells were
examined by fluorescence microscopy, and representative images are shown.
Numeric values in the merged image panels indicate the fraction of cells con-
taining SGs from 10 independent fields of view; for infected cells, only ICP8-
positive cells were scored. The arrow indicates a nuclear TIA-1 structure. Note
that nuclear TIA-1 structures do not accumulate at late times postinfection in
the presence of PAA. (B) HeLa cells were mock infected or infected with HSV-2
strain HG52 at an MOI of 5 in the presence or absence of 200 �g of phospho-
noacetic acid/ml, and whole-cell extracts were prepared at 6 hpi. Equal vol-
umes of whole-cell extracts were electrophoresed through 8% polyacrylamide
gels and transferred to PVDF membranes. Membranes were probed with an-
tisera indicated on the right.

FIG 6 Phosphorylation status of eIF2� in HSV-2-infected cells. HeLa cells
were mock infected or infected with HSV-2 strain HG52 at an MOI of 2. At the
indicated times postinfection, cells were treated with 0.5 mM arsenite (ARS)
for 30 min or mock treated (� and �, respectively). After treatment, whole-
cell extracts were prepared, and equal volumes of whole-cell extracts were
electrophoresed through 10% polyacrylamide gels and transferred to PVDF
membranes. Membranes were probed with antisera indicated on the right side
of each panel.
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GSG, provide independent support for our conclusion that
HSV-2 interference with SG accumulation occurs downstream of
eIF2� phosphorylation. Nuclear TIA-1 structures were still ob-
served in many cells following pateamine A treatment at late times
postinfection.

Assessment of SG accumulation in HSV-2-infected cells us-
ing G3BP. We also wanted to verify whether an independent
marker of SGs, G3BP, would report similarly on SG accumulation
in cells infected with HSV-2 and subjected to either arsenite- or
pateamine A-induced stress. Surprisingly, SGs containing G3BP
were detected in �98% of infected cells treated with pateamine A
at 4 and 10 hpi (Fig. 8A), a level indistinguishable from that ob-
served in mock-infected cells treated with pateamine A (Fig. 7A).
Similar results were also observed at 2 hpi (data not shown). This
robust accumulation of SGs containing G3BP was not observed in
untreated and arsenite-treated infected cells. Closer inspection of
the SGs that accumulate in HSV-2-infected cells following
pateamine A treatment confirmed that they were cytoplasmic
(Fig. 8B) and contained poly(A)-binding protein (PABP), another
common marker of SGs (Fig. 8C), and yet only occasionally con-
tained detectable TIA-1 (indicated by the arrowheads in Fig. 8B).
In mock-infected cells treated with pateamine A, all SGs examined
contained detectable TIA-1 (n � 132). In contrast, in infected cells
treated with pateamine A, only 43% of G3BP containing SGs had
detectable TIA-1 at 4 hpi (n � 132). Furthermore, TIA-1 in those
SGs was 8 times less abundant than TIA-1 in SGs produced in
mock-infected cells. PABP was detectable in 89 and 84% of G3BP
containing SGs (n � 150) induced by pateamine A treatment of
mock-infected and HSV-2-infected cells, respectively, and the
abundance of PABP in these SGs in mock-infected versus HSV-2-
infected cells was comparable. Thus, G3BP and TIA-1 report dif-
ferently on SG accumulation in HSV-2-infected cells. Under con-
ditions of arsenite-induced stress, SG accumulation, as measured
by both TIA-1 and G3BP localization, is prevented in HSV-2-
infected cells. Conversely, under conditions of pateamine A-in-
duced stress, SG accumulation, as measured by G3BP and PABP
localization, is not prevented, and the composition of the SGs
produced is distinct.

Nuclear export of TIA-1 is not diminished in HSV-2-infected
cells. TIA-1 continuously shuttles between the nucleus and cyto-
plasm (67). Since TIA-1 accumulates in nuclear structures late in
HSV-2 infection and is present in reduced quantities in pateamine
A-induced SGs, we considered that nuclear export of TIA-1 might
be blocked in infected cells. To address this possibility, we exam-
ined nucleocytoplasmic trafficking of TIA-1 in live HeLa cells us-
ing fluorescence loss in photobleaching (FLIP) assays (36). HeLa
cells were transfected with plasmids encoding GFP-tagged TIA-1
then infected with HSV-2 for various lengths of time prior to FLIP
analysis. In live cells expressing GFP–TIA-1, a decrease in fluores-
cence intensity in the nucleus over time was observed specifically
in photobleached cells (solid black lines in Fig. 9B to E), demon-
strating that TIA-1 was able to be exported from the nucleus in
both mock-infected and HSV-2-infected cells at both early and

FIG 7 SG accumulation after pateamine A treatment. (A) SG accumulation in
HeLa cells treated with arsenite or pateamine A. HeLa cells were treated with
0.5 mM arsenite (�ARS) or 300 nM pateamine A (�PATA) or left untreated
for 30 min. The cells were then fixed and stained with goat polyclonal antise-
rum specific for TIA-1 and mouse monoclonal antibody specific for G3BP,
followed by staining with Alexa 488-conjugated donkey anti-goat IgG and
Alexa 568-conjugated donkey anti-mouse IgG secondary antibodies. Nuclei
were stained with Hoechst 33342. Stained cells were examined by fluorescence
microscopy, and representative images are shown. Numeric values in the
merged image panels indicate the fraction of cells containing SGs from 30
independent fields of view. Arrowheads indicate SGs in the cytoplasm. Note
that SGs formed following either arsenite or pateamine A treatment contain
robust and roughly equivalent amounts of TIA-1 and G3BP. (B) SG accumu-
lation in HSV-2-infected cells after arsenite or pateamine A treatment. HeLa
cells were infected with HSV-2 strain HG52 at an MOI of 5. At the indicated
times postinfection, the cells were treated with 0.5 mM arsenite (�ARS) or 300
nM pateamine A (�PATA) for 30 min. The cells were then fixed and stained
with goat polyclonal antiserum specific for TIA-1 and mouse monoclonal
antibody specific for HSV ICP27, followed by staining with Alexa 488-conju-
gated donkey anti-goat IgG and Alexa 568-conjugated donkey anti-mouse IgG
secondary antibodies. Nuclei were stained with Hoechst 33342. Stained cells
were examined by fluorescence microscopy, and representative images are

shown. Numeric values in the merged image panels indicate the fraction of
cells containing SGs from 30 independent fields of view; for infected cells, only
ICP27-positive cells were scored. Arrowheads indicate SGs in the cytoplasm.
Note that in the images shown in the 2 hpi panels, SGs can be detected in cells
that lack detectable ICP27 signal. Arrows indicate nuclear TIA-1 structures.
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late times postinfection. The rate of nuclear export, indicated by
the slope of the solid black lines in Fig. 9, was observed to be slower
for GFP–TIA-1 than for EGFP, a protein small enough to passively
diffuse between the nucleus and the cytoplasm. These results are
consistent with an active mechanism for nuclear export of TIA-1.
Furthermore, the rates of GFP–TIA-1 nuclear export did not vary
greatly between mock-infected and HSV-2-infected cells. These
analyses demonstrated that nuclear export of TIA-1 is not blocked
during HSV-2 infection and therefore is not the reason for the
failure of HSV-2-infected cells to accumulate TIA-1 containing
SGs. Moreover, the formation of nuclear TIA-1 structures does
not occur because of a failure of TIA-1 to be exported from the
nucleus in HSV-2-infected cells.

DISCUSSION
SGs are complex, dynamic cytoplasmic assemblages that form in
response to stress induced disruption of translation initiation (3).
The impacts of a wide variety of viruses, predominantly RNA vi-
ruses, on these structures and their core components have been
described in recent years (5, 52). A central theme arising from
these studies is that viruses can target SGs for their own benefit: by

utilizing SG components to enhance their replication or to avoid
the effects of translational arrest associated with SG formation
(52). In the present study, we examined the impact of HSV-2
infection on SGs. Our results indicate that SGs do not accumulate
in HSV-2-infected cells, that HSV-2 can interfere with arsenite-
induced SG accumulation early after infection and, mechanisti-
cally, that this interference occurs downstream of eIF2� phos-
phorylation. These findings imply that HSV-2 encodes previously
unrecognized activities designed to maintain translation initiation
downstream of eIF2�.

The ability of HSV-2 to block SG accumulation in the presence
of arsenite may imply that this is not simply a passive effect and,
instead, that HSV-2 actively prevents SG accumulation. While our
data support interference with events downstream of eIF2� phos-
phorylation, we cannot yet distinguish whether SG accumulation
in infected cells is prevented by blocking SG assembly and/or by
enhancing SG disassembly. However, one observation supports
the possibility of enhanced SG disassembly in HSV-2-infected
cells. We noted that the number of cells containing SGs as a result
of over expression of GFP–TIA-1 or GFP-Sam68-GSG was notice-

FIG 8 SG accumulation in HSV-2-infected cells using different SG markers. (A) HeLa cells were infected with HSV-2 strain HG52 at an MOI of 5. At the
indicated times postinfection, cells were treated with 0.5 mM arsenite (�ARS) or 300 nM pateamine A (�PATA) or left untreated for 30 min. The cells were then
fixed and stained with goat polyclonal antiserum specific for TIA-1 and mouse monoclonal antibody specific for G3BP, followed by staining with Alexa
488-conjugated donkey anti-goat IgG and Alexa 568-conjugated donkey anti-mouse IgG secondary antibodies. Nuclei were stained with Hoechst 33342. Stained
cells were examined by fluorescence microscopy, and representative images are shown. Arrowheads indicate SGs in the cytoplasm. Note that SGs detectable by
G3BP accumulate in infected cells after pateamine A treatment. Arrows indicate nuclear TIA-1 structures. (B) HeLa cells were infected with HSV-2 strain HG52
at an MOI of 5. At the indicated times postinfection, cells were treated with 300 nM pateamine A (�PATA) for 30 min. The cells were then fixed and stained with
goat polyclonal antiserum specific for TIA-1 and mouse monoclonal antibody specific for G3BP, followed by staining with Alexa 488-conjugated donkey
anti-goat IgG and Alexa 568-conjugated donkey anti-mouse IgG secondary antibodies. Nuclei were stained with Hoechst 33342. Stained cells were examined by
confocal microscopy and representative images of sections through the midpoint of the nuclei are shown. Arrowheads indicate SGs that contain a detectable
amount of TIA-1 in addition to G3BP. (C) HeLa cells were mock infected or infected with HSV-2 strain HG52 at an MOI of 5. At 4 hpi, cells were treated with
300 nM pateamine A (�PATA) or untreated for 30 min. The cells were then fixed and stained with goat polyclonal antiserum specific for PABP and mouse
monoclonal antibody specific for G3BP, followed by staining with Alexa 488 conjugated donkey anti-goat IgG and Alexa 568 conjugated donkey anti-mouse IgG
secondary antibodies. Nuclei were stained with Hoechst 33342. Stained cells were examined by confocal microscopy, and representative images of sections
through the midpoint of the nuclei are shown. Arrowheads indicate SGs in the cytoplasm.
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FIG 9 FLIP analysis of TIA-1 nuclear export. HeLa cells were transfected with plasmids encoding GFP (A) or GFP–TIA-1 (B to E). In panels A and B, the cells
were analyzed at 24 h posttransfection; in panel C, the cells were analyzed at 48 h posttransfection; in panels D and E, cells were infected at 24 h posttransfection
with HSV-2 strain HG52 at an MOI of 5 and analyzed at 4 and 24 hpi, respectively. Changes in fluorescence in the nucleus and cytoplasm of bleached and control
cells over time are shown on the left. For all compartments shown, the total fluorescence was measured in a fixed area using Fluoview 1.7.3.0 software. The total
fluorescence measured immediately prior to the first round of bleaching was set to 100%, and subsequent measurements were scored relative to this value. Images
corresponding to each graphic representation are shown on the right. Images were captured immediately prior to bleaching and at 420 and 834 s after bleaching.
Rectangular boxes indicate the area subjected to repeated bleaching, and the arrows indicate control cells that were not subjected to bleaching.
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ably diminished when these cells were subsequently infected.
These results imply that disassembly of preformed SGs may be
enhanced in the presence of HSV-2.

Thus far, the only HSV protein with a reported connection to
SG accumulation is vhs, the product of the UL41 gene, which
promotes the decay of both cellular and viral mRNAs (60). Cyto-
plasmic structures that contained TIA-1 and the related SG
marker protein TIAR were observed to accumulate at late times
following infection with vhs-deficient mutants of HSV-1, whereas
infection with wild-type viruses did not result in the accumulation
of similar cytoplasmic structures (17, 21). These structures were
subsequently demonstrated to contain G3BP, PABP, and eIF4A
(17). The HSV-2 HG52 strain is deficient in host cell shutoff and
contains a frameshift in UL41 resulting in the truncation of the
carboxy-terminal 150 amino acids of vhs (22). This truncation
encompasses one of the three regions of vhs reported to suppress
expression of a reporter gene in cotransfection assays (23, 33).
While HG52 has been described as weak in terms of its ability to
shut off host cell protein synthesis (22), presumably due to the
truncation in its vhs, we did not observe the appearance of cyto-
plasmic structures similar to those observed in vhs-deficient mu-
tants of HSV-1 at late times postinfection with HG52 (see Fig. 1, 4,
5A, 7B, 8A, and 8B). As expected, HSV-2 strain G, which has been
reported to have strong vhs activity (22), performed similarly to
HG52 in our SG assays (data not shown).

During the course of these studies we discovered that distinct
nuclear structures containing TIA-1 form following HSV-2 infec-
tion. These dynamic structures can be detected starting at 8 hpi,
are found in close proximity to chromatin, contain Sam68, and do
not form in the presence of viral replication inhibitors. Distinct
nuclear structures containing both Sam68 and TIA-1 have been
described in PC-3 cells treated with the DNA-damaging agent,
mitoxantrone (9). However, the nuclear structures described in
that study were evenly distributed throughout the nucleus,
whereas the nuclear TIA-1 structures described here tended to
localize to the periphery of the nucleus. Chromatin becomes dis-
placed to the periphery of the nucleus in HSV-infected cells at late
times postinfection due to the expansion of viral replication com-
partments (51), and so the peripheral localization of nuclear
TIA-1 structures may be indicative of their association with chro-
matin. Our suggestion that nuclear TIA-1 structures form as a
result of cellular responses to DNA damage evoked by HSV-2
infection fits our current understanding; however, other mecha-
nisms are plausible. Over 25 years ago, it was reported that small
nuclear ribonucleoprotein complex (snRNP) antigens condense
and migrate during HSV-1 or HSV-2 infection, giving rise to
punctate structures at the periphery of the nucleus (46). The pos-
sibility that nuclear TIA-1 structures are coalesced snRNPs fits
nicely with the roles of both TIA-1 and Sam68 in alternative
mRNA splicing (18, 25, 47). A particularly unique aspect of her-
pesvirus biology is localized disruptions of the nuclear lamina re-
quired for nuclear egress of capsids (32). Perhaps the formation
and localization of nuclear TIA-1 structures is related to these
focal disruptions of the nuclear lamina. Nuclear TIA-1 structures
were not reported in previous studies using TIA-1 to follow SG
accumulation in cells infected with HSV-1 at 12 or 16 hpi (17, 21).
Since the late events in the virus life cycle that induce these struc-
tures would also be expected to occur following HSV-1 infection,
perhaps longer infection times are required to visualize similar
structures in HSV-1-infected cells.

Our observations that SGs do not accumulate in infected cells
following arsenite treatment and yet do accumulate following
pateamine A treatment may reflect fundamental differences in the
way that HSV-2 copes with stalled translational initiation caused
by these mechanistically distinct SG inducers. Arsenite treatment
results in increased phosphorylation of eIF2� via HRI (49), which
disrupts formation of the 43S preinitiation complex, leading to
stalled translational initiation and SG formation (35). Conversely,
pateamine A targets eIF4A, an mRNA helicase that is a central
component of the eIF4F cap recognition complex (7, 42, 55). In
the presence of pateamine A, eIF4A becomes sequestered on RNA
thereby lowering free levels of eIF4A, which disrupts formation of
eIF4F leading to stalled translational initiation and SG formation
(6). Hippuristanol, another eIF4A inhibitor (41, 48), also causes
SG accumulation in HSV-1-infected cells (17). Our preliminary
analyses indicate that overall viral protein synthesis is repressed
the presence of arsenite (see Fig. S4 in the supplemental material).
It will be of considerable interest to determine whether this is the
case in the presence of a mechanistically distinct SG inducer such
as pateamine A and to examine the levels of specific viral proteins
in the presence of SG inducers to determine whether the observed
differences in SG accumulation correspond to differences in viral
protein synthesis.

It is noteworthy that the majority of SGs accumulating in HSV-
2-infected cells following pateamine A treatment lack detectable
TIA-1. This observation contradicts the general view of TIA-1 as a
seminal protein required for initiating SG assembly (3, 35). TIA-1
is typically found in readily detectable levels in SGs induced by a
variety of stimuli, including pateamine A treatment (see Fig. 7A)
and, furthermore, TIA-1 knockout cells displayed impaired ability
to form SGs in response to arsenite and heat shock (26). Our data
may suggest that other cellular RNA-binding proteins can func-
tionally substitute for TIA-1 in initiating SG assembly or that only
minuscule amounts of TIA-1, below the threshold of detection by
immunofluorescence staining, are required to initiate SG assem-
bly. While TIA-1 containing structures accumulated in the nuclei
of infected cells, we observed no block in nuclear export of TIA-1
in infected cells that might account for lower levels of TIA-1 in the
cytoplasm. In addition, no striking decreases in total cellular levels
of TIA-1 were observed in HSV-1-infected cells (21) or in HSV-
2-infected cells (see Fig. S5 in the supplemental material). Another
possibility is that there is a differential requirement for TIA-1 in
SG formation induced by arsenite versus pateamine A, and this
difference is exposed upon HSV-2 infection. More detailed anal-
yses of both trafficking and cellular levels of TIA-1 in infected cells
following pateamine A treatment should provide insights into
why TIA-1 is underrepresented in the SGs formed in HSV-2-in-
fected cells treated with this particular SG inducer.

Interference with SG accumulation by HSV-2 occurs early in
infection, whereas the accumulation of nuclear TIA-1 structures
occurs much later in infection. Because of this temporal distinc-
tion, we currently view interference with arsenite-induced SG ac-
cumulation as mechanistically separate from the formation of nu-
clear TIA-1 structures. The characteristics of TIA-1 localization
and SG accumulation in HSV-2 infections, established by the
present study, provide the crucial foundation for studies proceed-
ing on two different fronts. Our continued efforts to understand
how HSV-2 interferes with SG accumulation will provide funda-
mental insights into the effects of HSV-2 infection on protein
synthesis as well as insights into SG biology. In addition, experi-
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ments directed at understanding the formation of novel nuclear
TIA-1 structures in infected cells should provide unique insights
into nuclear disruptions caused by late events in the HSV-2 infec-
tious cycle.
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