JVI

Journals.ASM.org
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ABSTRACT

In a previous study, it was observed that cells infected with herpes simplex virus 2 (HSV-2) failed to accumulate stress granules
(SGs) in response to oxidative stress induced by arsenite treatment. As a follow-up to this observation, we demonstrate here that
disruption of arsenite-induced SG formation by HSV-2 is mediated by a virion component. Through studies on SG formation in
cells infected with HSV-2 strains carrying defective forms of UL41, the gene that encodes vhs, we identify vhs as a virion compo-
nent required for this disruption. Cells infected with HSV-2 strains producing defective forms of vhs form SGs spontaneously
late in infection. In addition to core SG components, these spontaneous SGs contain the viral immediate early protein ICP27 as
well as the viral serine/threonine kinase Us3. As part of these studies, we reexamined the frameshift mutation known to reside
within the UL41 gene of HSV-2 strain HG52. We demonstrate that this mutation is unstable and can rapidly revert to restore
wild-type UL41 following low-multiplicity passaging. Identification of the involvement of virion-associated vhs in the disruption
of SG formation will enable mechanistic studies on how HSV-2 is able to counteract antiviral stress responses early in infection.
In addition, the ability of Us3 to localize to stress granules may indicate novel roles for this viral kinase in the regulation of trans-
lation.

IMPORTANCE

Eukaryotic cells respond to stress by rapidly shutting down protein synthesis and storing mRNAs in cytoplasmic stress granules
(SGs). Stoppages in protein synthesis are problematic for all viruses as they rely on host cell machinery to synthesize viral pro-
teins. Thus, many viruses target SGs for disruption or modification. Infection by herpes simplex virus 2 (HSV-2) was previously
observed to disrupt SG formation induced by oxidative stress. In this follow-up study, we identify virion host shutoff protein
(vhs) as a viral protein involved in this disruption. The identification of a specific viral protein involved in disrupting SG forma-
tion is a key step toward understanding how HSV-2 interacts with these antiviral structures. Additionally, this understanding
may provide insights into the biology of SGs that may find application in studies on human motor neuron degenerative diseases,
like amyotrophic lateral sclerosis (ALS), which may arise as a result of dysregulation of SG formation.

Eukaryotic cells respond to environmental stresses such as nu-
trient depletion, oxidation, and heat shock by halting the syn-
thesis of most proteins and shifting cellular resources toward syn-
thesizing proteins required for coping with the stress. Following
translational arrest, mRNAs contained within stalled 48S ribo-
somal preinitiation complexes accumulate in cytoplasmic struc-
tures known as stress granules (SGs). These structures assemble
within minutes in response to stoppages in translation and, like-
wise, disassemble rapidly once stress is alleviated. As the mRNAs
stored within SGs remain associated with translation initiation
proteins, translation can quickly resume once SGs are disassem-
bled. Thus, the dynamic cycle of SG assembly/disassembly can be
viewed as a strategy to cope with disruptions in translation caused
by environmental stress. In keeping with this view, cells with im-
pairments in SG assembly show decreased ability to survive expo-
sure to stressful stimuli (1-3).

The cellular response to environmental stress is primarily me-
diated by four stress-activated kinases, double-stranded RNA-de-
pendent protein kinase (PKR), PKR-like endoplasmic reticulum
kinase (PERK), heme-regulated inhibitor kinase (HRI), and gen-
eral control nonrepressed kinase 2 (GCN?2). Each of these kinases
is activated by a distinct stress. For example, HRI responds to
conditions of oxidative stress (4) and can be evoked experimen-
tally by treating cultured cells with arsenite. Following activation,
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stress-activated kinases phosphorylate the alpha subunit of eu-
karyotic initiation factor 2 (elF2a), leading to translational arrest
and accumulation of mRNAs in stalled preinitiation complexes.
Cellular RNA-binding proteins such as T cell internal antigen 1
(TIA-1) and Ras-GTPase-activating SH3 domain-binding protein
(G3BP) bind to these mRNAs and to one another via prionlike
domains to nucleate SG assembly (5, 6). After nucleation, other
cellular proteins are recruited into the complex to complete SG
formation. Recently, the kinase activity of the dual-specificity ty-
rosine-phosphorylation-regulated kinase 3 (DYRK3) was found
to facilitate the cycle of SG assembly/disassembly and link this
cycle to signaling through the mammalian target of rapamycin
(mTOR) pathway (7). Following the induction of stress, the ki-
nase-inactive form of DYRK3 partitions into SGs along with
mTOR complex 1 (mTORC1) components. Once stress is allevi-

Received 29 May 2014 Accepted 14 August 2014

Published ahead of print 20 August 2014

Editor: R. M. Longnecker

Address correspondence to Bruce W. Banfield, bruce.banfield@queensu.ca.
Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JVI.01554-14

jviasm.org 12727


http://dx.doi.org/10.1128/JVI.01554-14
http://jvi.asm.org

Finnen et al.

ated, restoration of the kinase activity of DYRK3 promotes the
disassembly of SGs and the release of mRNAs and mTORC1 com-
ponents, thereby allowing the initiation of mRNA translation to
resume.

Viral infection is known to activate both PKR and PERK (8, 9).
The resulting translational arrest is problematic for viruses, as all
viruses rely on the host cell protein synthesis machinery for pro-
duction of their proteins. Consequently, viruses have evolved so-
phisticated strategies to cope with translational arrest, including
manipulating or disrupting SGs (10-18). The varied impact of
viral infection on SGs is presently a subject of intense investigation
and the topic of several recent reviews (19-21). In addition to
providing information on virus-host cell interactions, a deeper
understanding of how viruses impact SGs has the potential to
provide fundamental insights into the assembly/disassembly cycle
of SGs. These insights may find application in studies on human
motor neuron degenerative diseases like amyotrophic lateral scle-
rosis (ALS), which may arise as a result of dysregulation of the
assembly/disassembly cycle of SGs (22).

We recently discovered that early after infection with HSV-2,
cells fail to accumulate SGs in response to arsenite treatment (23).
HSV-2-infected cells phosphorylate eIF2« in response to arsenite,
suggesting that HSV-2 disrupts SG formation at a step that is
downstream of e[F2a phosphorylation. We sought to better char-
acterize the mechanism by which HSV-2 disrupts arsenite-in-
duced SG formation by identifying viral proteins that mediate this
disruption. The only herpesvirus protein connected with SGs thus
far is the virion host shutoff protein (vhs), an endoribonuclease
that promotes the decay of both cellular and viral mRNAs and that
is encoded by the UL41 gene (24, 25). SGs were observed to accu-
mulate at late times following infection with vhs-deficient mu-
tants of HSV-1, whereas infection with wild-type (WT) viruses did
not result in the accumulation of SGs (26, 27). These observations
may be indicative of a role for vhs in preventing SG accumulation.
In this report, we establish that disruption of arsenite-induced SG
formation is mediated by a virion component and identify vhs as a
virion component required for this disruption.

MATERIALS AND METHODS

Cells and viruses. African green monkey kidney cells (Vero), cervical
carcinoma cells (HeLa), and transformed keratinocyte cells (HaCaT) were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal calf serum (FCS) in a 5% CO, environment.
HSV-2 strains were propagated in HaCaT or Vero cells and their titers
were determined on Vero cells. Infection of HeLa cells for most SG anal-
yses was carried out using a multiplicity of infection (MOI) of 10 to 20;
infection of HeLa cells for SG analyses, including AUL41 virus, were car-
ried out at an MOI of <0.5. Times postinfection, reported as hours
postinfection (hpi) or minutes postinfection (mpi), refer to the time
elapsed following medium replacement after a 1-h inoculation period. For
phosphonoacetic acid (PAA)-treated infections, 200 pg/ml PAA (Sigma,
St. Louis, MO) was applied 1 h prior to inoculation and cells were main-
tained in the continuous presence of 200 pg/ml PAA for the duration of
the experiment. For actinomycin D (ActD)-treated infections, 2 pg/ml
ActD (Sigma) was applied 30 min prior to inoculation and cells were
maintained in the continuous presence of 2 pg/ml ActD for the duration
of the experiment.

Construction of recombinant HSV-2 strains. pYEbac373, the full-
length infectious HSV-2 186 bacterial artificial chromosome (BAC), was
constructed as described previously (28). The HSV-2 mutant lacking the
UL41 gene (pYEbac373-AUL41) was constructed by the two-step Red-
mediated mutagenesis procedure, using pYEbac373 in Escherichia coli
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GS1783 (29). Primers 5'-AGCTCTGTAGAGAGACCTATCCGCACCTA
CAATCGTGCCGGAATGGAGCTGGTGGAGCACAGGATGACGACG
ATAAGTAGGG-3" and 5'-GATAAGCGATATGACGTACTTGACGTA
TCTGTGCTCCACCAGCTCCATTCCGGCACGATTCAACCAATTAA
CCAATTCTGATTAG-3' were used to amplify a PCR product from pEP-
Kan-S2, a kind gift of Klaus Osterrieder, Freie Universitit Berlin, and used
to remove most of the UL41-coding sequence, leaving only the carboxy-
terminal 82 amino acids. To repair HSV-2 AUL41, the I-Scel-flanked
kanamycin cassette portion of pEP-Kan-S2 was amplified using primers
5'-GATCGGCGCGCCCAAGGATGACGACGATAAGTAGGG-3" and
5'-GATCGGCGCGCCCGAGGGGGCCGCCGGGCCTGGGCCGGCGG
CCCGCGTTCCCCGCTCGAGCGGCCGCCAGTGTGATGG-3', designed
to introduce Ascl sites (italicized) and the additional UL41-derived se-
quence (underlined) to facilitate recombination. This PCR product was
then introduced at the Ascl site of a UL41 expression vector (described
below) to generate pRF87. Primers 5'-ACCTATACAGCTCTGTAGAGA
GACCTATCCGCACCTACAATCGTGCCGGAATGGGTCTGTTTGGCA
TGATGAAGTTTGC-3' and 5'-GATCGTCGACCTACTCGTCCCAGAA
TTTAGCCAGGACGTCC-3" were used to amplify a PCR product from
pRE87. This PCR product was then used in the two-step Red-mediated
mutagenesis procedure to restore the complete UL41 gene (pYEbac373-
AUL41Rep).

Restriction fragment length polymorphism analysis was used to con-
firm the integrity of each recombinant BAC clone compared to the WT
BAC by digestion with EcoRI. Additionally, a PCR fragment that spanned
the region of interest was amplified and sequenced to confirm the deletion
or repair of UL41. Virus was reconstituted from BAC DNA as described
previously (28).

Plasmids and transfections. To construct expression plasmids con-
taining WT UL41, the UL41 gene was amplified by PCR with forward
primer (5'-GATCGAATTCGAATGGGTCTGTTTGGCATGATGAAGT
TTGC-3') and reverse primer (5'-GATCGTCGACCTACTCGTCCCAG
AATTTAGCCAGGACGTCC-3") using viral DNA templates purified
from infected cells. The amplified DNA was digested with EcoRI and Sall
and ligated into similarly digested pCI-neo vector (Promega, Madison,
WI). All plasmids utilizing PCR in their construction were sequenced to
ensure that no spurious mutations were introduced during their con-
struction. Transfection of HeLa cells with UL41 expression plasmid or
with pCI-neo vector was carried out using X-treme Gene HP DNA trans-
fection reagent (Roche, Laval, QC, Canada) according to the manufactur-
er’s protocols. The mCherry red fluorescent protein expression plasmid
pJR70, a pEGFP-N1-based expression vector in which the enhanced green
fluorescent protein (EGFP) gene was replaced with the mCherry gene
(30), was included in the transfection mixes in order to identify trans-
fected cells.

Immunological reagents. Goat polyclonal antiserum against human
TIA-1 (Santa Cruz Biotechnology, Santa Cruz, CA) was used for indirect
immunofluorescence microscopy at a dilution of 1:500; mouse monoclo-
nal antibody against human G3BP (BD Biosciences, Mississauga, ON,
Canada) was used for indirect immunofluorescence microscopy at a di-
lution of 1:1,000; goat polyclonal antiserum against human poly(A)-bind-
ing protein (PABP; Santa Cruz Biotechnology) was used for indirect im-
munofluorescence microscopy at a dilution of 1:100; mouse monoclonal
antibody against HSV ICP27 (Virusys, Taneytown, MD) was used for
indirect immunofluorescence microscopy at a dilution of 1:1,000 and for
Western blotting at a dilution of 1:500; mouse monoclonal antibody
against HSV ICP8 (Virusys) was used for immunofluorescence micros-
copy at a dilution of 1:1,000; mouse monoclonal antibody against HSV gC
(Virusys) was used for immunofluorescence microscopy at a dilution of
1:300; rat polyclonal antibody against Us3 (30) was used for immunoflu-
orescence microscopy at a dilution of 1:1,000; rabbit polyclonal against
vhs (31) was used for Western blotting at a dilution of 1:3,000; mouse
monoclonal antibody against beta actin (Sigma) was used for Western
blotting at a dilution of 1:2,000; Alexa Fluor 488-conjugated donkey anti-
goat, Alexa Fluor 568-conjugated donkey anti-goat, Alexa Fluor 568-con-
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FIG 1 Disruption of arsenite-induced SG formation is detectable 30 min after infection. (A) Timeline of experiments depicted in panels B and C. (B) HeLa cells
were mock infected and then treated with 0.5 mM arsenite for 30 min or infected at high multiplicity with HSV-2 and treated with arsenite at various times
postinfection as depicted in panel A. Cells were fixed and stained with goat polyclonal antiserum specific for TIA-1 followed by staining with Alexa Fluor
488-conjugated donkey anti-goat IgG. Stained cells were examined by wide-field fluorescence microscopy, and representative images are shown. Numeric values
above the images indicate the fraction of cells containing at least one SG from 30 independent fields of view. (C) Cells stained as described for panel B were
examined by confocal fluorescence microscopy, and images were captured using a 60X oil immersion lens with a zoom factor of 4. Mock-infected cells were
compared with HSV-2-infected cells that received arsenite treatment immediately after the temperature shift. Numbers of SGs per cell were counted in images
of 10 independent fields. From these images, all SGs in 22 cells were analyzed for mock-infected cells and all SGs in 24 cells were analyzed for HSV-2-infected cells.
The numbers of SGs analyzed were 294 and 206 for mock-infected and HSV-2 infected cells, respectively. The area and fluorescence intensity of all resulting SGs
were measured using Fluoview software. Error bars show standard errors of the means. Differences in the number of SGs per cell and the area of the SGs were
statistically very significant (P = 0.0012 and 0.008, respectively), while differences in TIA-1 content were not statistically significant (P = 0.1118).

jugated donkey anti-mouse, and Alexa Fluor 488-conjugated donkey anti-rat
(Molecular Probes, Eugene, OR) were used for indirect immunofluorescence
at a dilution of 1:500; horseradish peroxidase-conjugated goat anti-mouse
and horseradish peroxidase-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, cells were
fixed with 4% paraformaldehyde and stained as described previously (30).
Images were captured using either a Nikon Eclipse TE200 inverted fluo-
rescence microscope and Metamorph 7.1.2.0 software or an Olympus
FV1000 laser scanning confocal microscope and Fluoview 1.7.3.0 soft-
ware. Images from the inverted fluorescence microscope were captured
using a 60X (1.40 numerical aperture [NA]) oil immersion objective.
Images from the confocal microscope were captured using a 60X (1.42
NA) oil immersion objective. Relative fluorescence intensities in images
captured by confocal microscopy were determined using Fluoview 1.7.3.0
software. Composites of representative images were prepared using
Adobe Photoshop software. Unpaired £ tests of data yielded from micro-
scopic analyses were performed using GraphPad software.

RNA in situ hybridization. Paraformaldehyde-fixed cells on glass
bottom dishes were permeabilized by the addition of phosphate-buffered
saline (PBS) containing 1% bovine serum albumin (BSA) and 0.01% Tri-
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ton X-100 for 5 min at room temperature. Fixed and permeabilized cells
were washed twice with PBS-BSA and twice with 2X SSC (1X SSCis 0.15
M sodium chloride and 0.015 M sodium citrate) and incubated overnight
with 50 ng biotinylated oligo(dT) probe in a hybridization buffer com-
posed of 50% formamide, 2X SSC, 10% dextran sulfate, 0.2% BSA, and 20
mM vanadyl ribonucleoside complex (New England BioLabs, Pickering,
ON, Canada) in a chamber humidified with 2X SSC at 43°C. The follow-
ing day, the hybridization solution was removed and cells were washed
twice with 2X SSC and twice with PBS-BSA. Staining for TIA-1 was car-
ried out as described previously (30) and streptavidin-conjugated Alexa
Fluor 568 (Molecular Probes), reconstituted according to the manufac-
turer’s protocols and diluted 1:3,000, was used to detect biotin bound to
polyadenylated mRNA.

Preparation and analysis of whole-cell extracts. To prepare whole-
cell extracts of infected cells for Western blot analyses, cells were washed
with cold PBS and then scraped into cold PBS containing protease inhib-
itors (Roche) plus 5 mM sodium fluoride (New England BioLabs) and 1
mM sodium orthovanadate (New England BioLabs) to inhibit phospha-
tases. Harvested cells were transferred to a 1.5-ml microcentrifuge tube
containing 3X SDS-PAGE loading buffer. The lysate was repeatedly
passed through a 28 1/2 gauge needle to reduce viscosity and then heated
at 100°C for 5 min. For Western blot analysis, 10 to 20 wl of whole-cell
extract was electrophoresed through SDS-PAGE gels. Separated proteins
were transferred to polyvinylidene difluoride (PVDF) membranes (Milli-
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FIG 2 Disruption of arsenite-induced SG formation is detectable in the presence of actinomycin D. (A) Timeline of the experiment depicted in the top portion
of panel B. (B) HeLa cells were pretreated with actinomycin D (ActD) and then mock infected or infected at high multiplicity with HSV-2 and treated with
arsenite (+ARS) in the continuous presence of ActD as depicted in panel A. Cells were fixed and stained with goat polyclonal antiserum specific for TIA-1 and
mouse monoclonal antibody specific for HSV-2 ICP27 followed by staining with Alexa Fluor 488-conjugated donkey anti-goat IgG and Alexa Fluor 568-
conjugated donkey anti-mouse IgG secondary antibodies. Nuclei were stained with Hoechst 33342. To demonstrate the effectiveness of the ActD treatment,
untreated cells were infected at a high MOI, fixed, and stained in parallel (lower set of images). An example of HSV-2-infected cells treated with arsenite in the
absence of ActD is shown in the rightmost panel of Fig. 1B. Stained cells were examined by confocal microscopy, and representative images are shown. Scale bars,

10 pm.

pore, Billerica, MA) and probed with appropriate dilutions of primary
antibody followed by appropriate dilutions of horseradish peroxidase-
conjugated secondary antibody. The membranes were treated with Pierce
ECL Western blotting Substrate (Thermo Scientific, Rockford, IL) and
exposed to film.

RESULTS
Disruption of arsenite-induced SG formation is mediated by a
virion component. In a previous study, HSV-2 disruption of ar-
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senite-induced SG formation was observed as early as 1 h after
infection (23). To further investigate the kinetics of HSV-2 dis-
ruption of arsenite-induced SG formation, we determined the
percentage of infected cells with SGs, the number of SGs per cell,
and the size of the SGs formed following arsenite treatment at
multiple early time points after infection. Prechilled HeLa cells
were inoculated with HSV-2 strain HG52 at a multiplicity of in-
fection (MOI) of 10 and held on ice to allow virions to bind to
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FIG 3 Investigation of UL41 and vhs in HSV-2 strain HG52. (A) Linear diagram of HSV-2 vhs. Amino acids in red have been implicated in the endoribonuclease
activity of vhs (35) or its ability to bind elF4H in the case of amino acid 438 (43, 44). HG52 contains a frameshift (FS) after amino acid 342 (32), resulting in a vhs
that is smaller than wild-type (WT) vhs. (B) UL41 sequence analysis. Shown are portions of the sequence chromatographs yielded from reactions performed on
PCR products amplified from viral DNA isolated from the first passage of a seed stock of HG52 received from the MRC Virology Unit at the University of Glasgow
(top) and the seventh passage of this stock in which the UL41 FS has reverted to WT (bottom). The vertical arrows indicate the positions of the FS. (C) Analysis
of reisolated HG52 virus with FS in UL41. At the top is a portion of the sequence chromatograph yielded from reactions performed on PCR products amplified
from viral DNA isolated from reisolated FS virus. The vertical arrow indicates the position of the FS. At the bottom is Western analysis of whole-cell lysates
prepared from Vero cells infected with revertant virus (Rev) or FS virus or from mock-infected Vero cells at 9 hpi. Equal volumes of lysates were electrophoresed
through 8% polyacrylamide gels and transferred to PVDF membranes. Membranes were probed with the antisera indicated at the right. Molecular masses in kDa
and the migration position of WT and FS vhs are indicated at the left. (D, E) Serial passage analysis. HaCaT cells were infected at low multiplicity with ES virus
(input) and then serially passaged in HaCaT cells at low multiplicity. (D) Whole-cell lysates were prepared from mock-infected cells, from input virus-infected
cells, or from infected cells at each passage. Lysates were electrophoresed through 8% polyacrylamide gels and transferred to PVDF membranes. Membranes were
probed with the antisera indicated on the right. Molecular masses in kDa and the migration positions of WT and FS vhs are indicated on the left. (E) Portions of
the sequence chromatograph yielded from reactions performed on PCR products amplified from viral DNA isolated from several different passages are shown.
The vertical arrows indicate the positions of the frameshifts.

cells. After 1 h, warm medium was added to initiate virus infec-
tion. Under these infection conditions, greater than 95% of cells
were infected (data not shown). Infected cells were treated with
0.5 mM arsenite for 30 min immediately after the temperature
shift or at 5, 15, 30, or 60 min post-temperature shift (Fig. 1A).
Decreases in the percentage of cells that were able to respond to
arsenite treatment by forming SGs were observed over time, with
a steep decrease noted between 15 and 30 min after arsenite addi-
tion (45 and 60 mpi, respectively [Fig. 1B]). Although the drop in
the percentage of cells containing SGs when arsenite was added
immediately after the temperature shift was negligible in compar-
ison to the drop observed with arsenite-treated mock-infected
cells, differences in the numbers of SGs per cell and in the size of
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the resulting SGs were detected (Fig. 1C). These results indicate
that HSV-2 disruption of arsenite-induced SG formation begins
as early as 30 mpi and suggest that this activity is mediated by a
virion component. In keeping with this argument, disruption of
arsenite-induced SG formation was not detected when virions
were removed from the inoculum (23).

If disruption of arsenite-induced SG formation were mediated
by a virion component, neither viral DNA replication nor viral
gene transcription should be required for this activity. A previous
study demonstrated that inhibition of viral DNA replication with
either phosphonoacetic acid (PAA) or acyclovir had no effect on
the ability of HSV-2 to disrupt SG accumulation (23). To examine
the requirement for viral gene transcription, HeLa cells were pre-
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FIG 4 HSV-2 carrying a defective vhs does not disrupt SG formation. HeLa cells were infected at high multiplicity with the indicated viruses or mock infected.
One hour (A) or 4 h (B) later, 0.5 mM arsenite (+ARS) was applied for 30 min or cells were left untreated. Cells were fixed and stained as described for Fig. 2B.
Stained cells were examined by confocal microscopy, and representative images are shown. Scale bars, 10 pwm.

treated with 2 pg/ml ActD, infected for 1 h, and then treated with
arsenite in the continuous presence of ActD (Fig. 2A). Under these
conditions, mock-infected HeLa cells formed SGs in response to
arsenite treatment whereas HSV-2-infected cells did not (Fig. 2B).
Similar results were observed in an independent experiment. As de
novo viral gene expression is not required for disruption of arsen-
ite-induced SG formation, we conclude that this activity is medi-
ated by a component of the HSV-2 virion.

Investigation of virion host shutoff protein (vhs) in HSV-2
strain HG52. In considering virion components that could medi-
ate the disruption of arsenite-induced SG formation, we initially
dismissed the involvement of vhs, as much of our initial work was
carried out with HSV-2 strain HG52, which was reported to carry
a frameshift (FS) mutation within a homopolymeric tract of de-
oxycytidines in the UL41 gene that encodes vhs (Fig. 3A) (32).
However, cells infected with HSV-1 bearing UL41 mutations ac-
cumulate SGs late in infection (26, 27), consistent with a role for
vhs in preventing SG formation. This prompted us to reevaluate
the status of UL41 and vhs in our stocks of HG52. Sequence anal-
ysis of populations of PCR products generated from viral DNA
templates isolated from low-passage-number HG52 stocks re-
vealed that while the majority of virus genomes contained the
expected FS mutation, a subpopulation of viruses containing the
full-length WT sequence was also present (Fig. 3B, top chromato-
graph). Sequence analysis of PCR products generated from a pas-
saged stock, used in our previous studies, confirmed that the UL41
gene in this virus stock had reverted to the WT (Fig. 3B, bottom
chromatograph). As our previous studies had utilized virus carry-
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ing WT UL41 as opposed to the defective FS reported for HG52,
the contribution of vhs to arsenite-induced SG formation was
further analyzed.

To determine if viruses expressing the truncated, FS-derived
vhs could disrupt arsenite-induced SG formation, we first reiso-
lated HG52 virus that carries the UL41 FS mutation and con-
firmed that this virus stock produced a truncated form of vhs in
comparison to revertant virus (Fig. 3C). Given the potential of
virus with WT UL41 sequence to supplant virus with FS UL41, we
examined the stability of the UL41 FS mutation. FS virus was
serially passaged using alow MOI (=0.01) seven times. After each
passage, the vhs produced was analyzed by Western blotting (Fig.
3D) and the UL41 sequence carried by progeny virus was deter-
mined (Fig. 3E). Remarkably, reversion of FS UL41 to WT UL41
could be detected after just three passages, with the majority of
viruses carrying the WT UL41 sequence and producing WT vhs
after four passages. An independent passaging experiment yielded
similar results (data not shown). These data demonstrate that the
FS mutation in UL41 of HSV-2 strain HG52 is not stable and can
readily revert to restore the WT UL41 sequence and may indicate
that HG52 carrying WT UL41 has a selective advantage over virus
carrying defective UL41.

HSV-2 carrying a defective vhs does not disrupt arsenite-in-
duced SG formation. We compared the ability of HG52 viruses
with WT UL41 sequence to that of viruses with FS UL41 sequence
(designated Rev and FS, respectively, in Fig. 4) to disrupt SGs
induced by arsenite treatment at 1 and 4 hpi. In keeping with our
previous observations (23) and the data presented in Fig. 1 and 2,
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FIG 5 Recombinant HSV-2 carrying a large deletion in vhs does not disrupt SG formation. (A) Western analysis of recombinant HSV-2 generated from
pYEbac373. Whole-cell lysates were prepared from HeLa cells infected at low multiplicity for 16 h with the indicated viruses or from mock-infected cells. An
arrowhead indicates the migration position of WT vhs; an asterisk indicates a prominent background band detected in all samples. Equal volumes of lysates were
electrophoresed through a 10% polyacrylamide gel and transferred to a PVDF membrane. The membrane was probed with the antisera indicated on the right.
An arrowhead indicates the migration position of WT vhs; an asterisk indicates a prominent background band detected in all samples. Molecular masses in kDa
are indicated on the left. (B) HeLa cells were infected at low multiplicity with the indicated viruses or mock infected. Four hours later, 0.5 mM arsenite (+ARS)
was applied for 30 min or cells were left untreated. Cells were fixed and stained as described for Fig. 2B. Stained cells were examined by confocal microscopy. Note
that SGs were not detected following arsenite treatment in the majority of cells infected with all three viruses carrying the WT UL41 sequence; examples are
indicated by the arrows. Scale bars, 10 pm. (C) Quantitative analysis of SG formation following arsenite treatment of infected cells. The percentage of infected
cells with at least one SG was scored in at least 100 infected cells in approximately 30 independent fields of view for each virus under both treatment conditions.
Error bars show standard errors of the means.

cells infected with Rev virus did not form SGs in response to ar-
senite treatment. By contrast, cells infected with FS virus formed
SGs positive for both TIA-1 and G3BP (Fig. 4B) in response to
arsenite treatment. These observations are consistent with the in-
volvement of vhs in HSV-2-mediated disruption of arsenite-in-
duced SG formation.

To further confirm the involvement of vhs in disruption of
arsenite-induced SG formation, we utilized en passant mutagene-
sis to construct an HSV-2 strain 186 virus carrying a large deletion
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in UL41 (AUL41) and a virus carrying a repair of this mutation
(AUL41Rep). The deletion in AUL41 removes all but the last 82
amino acids of vhs. Western blot analysis confirmed that vhs was
not detectable in cells infected with AUL41 virus and that full-
length vhs was produced in cells infected with AUL41Rep virus
(Fig. 5A). We compared the ability of parental 186, AUL41, and
AUL41Rep viruses to disrupt SGs induced by arsenite treatment.
The FS and Rev viruses described above were also included in this
analysis. Due to the low titers yielded by AUL41 virus, low MOlIs
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FIG 6 SGs accumulate spontaneously in infections with HSV-2 carrying a defective vhs. (A) HeLa cells were infected at high multiplicity with FS virus. At the
indicated times postinfection, cells were fixed and stained as described for Fig. 2B, and percentages of infected cells with at least one SG were determined from
20 independent fields of view. Error bars show standard errors of the means. (B) HeLa cells were pretreated with phosphonoacetic acid (PAA) or left untreated
and then infected at high MOI with ES virus in the continuous presence of PAA (+PAA) or in the absence of PAA (—PAA). At the indicated times postinfection,
cells were fixed and stained as described for Fig. 2B, and percentages of infected cells with at least one SG were determined from 20 independent fields of view.
Error bars show standard errors of the means. (C) HeLa cells were infected at high multiplicity with FS virus. Seven hours later, cells were fixed and stained with
goat polyclonal antiserum specific for TIA-1 and mouse monoclonal antibody specific for G3BP (upper images) or goat polyclonal antiserum specific for PABP
and mouse monoclonal antibody specific for G3BP (lower images), followed by staining with Alexa Fluor 488-conjugated donkey anti-goat IgG and Alexa Fluor
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(<0.5) were used for all viruses analyzed in this experiment to
facilitate comparisons between infections. Rev, parental 186, and
AUL41Rep viruses all disrupted SG formation in response to ar-
senite. While this disruption was detectable for all three viruses
(indicated by the arrows in Fig. 5B), it was not complete (Fig. 5C),
presumably due to the lower multiplicities of infection used in this
experiment. Images shown in Fig. 5B depict both types of staining
patterns observed in infections with viruses carrying WT UL41;
quantitative analysis of the experiment depicted in Fig. 5B is
shown in Fig. 5C. Both FS and A41 viruses failed to disrupt arsen-
ite-induced SG formation. These data demonstrate that vhs is in-
volved in HSV-2-mediated disruption of arsenite-induced SG for-
mation, regardless of background strain, and indicate that vhsis a
virion component required for this disruption. In keeping with
the view that vhs is sufficient for this disruption, HeLa cells trans-
fected with a plasmid expressing WT vhs and treated with arsenite
showed an extremely significant decrease in the percentage of cells
with SGs in comparison to cells transfected with vector alone and
treated with arsenite (62.0% = 18.6% versus 96.4% * 4.6%, re-
spectively, from 30 fields in experiment 1 and 78.9% * 11.0%
versus 98.7% * 1.6%, respectively, from 30 fields in experiment 2;
P = <0.0001 in both experiments).

Spontaneous SGs accumulate in cells infected with HSV-2
strains defective in vhs. As cells infected with HSV-1 bearing
UL41 mutations have been reported to accumulate SGs late in
infection (26, 27), we wished to test whether this was also true for
HSV-2. HeLa cells infected with FS at an MOI of 10 formed SGs
starting at 4 hpi with the majority of infected cells containing SGs
by 7 hpi (Fig. 6A). This is in sharp contrast to cells infected with
HSV-2 carrying WT vhs, where SGs do not accumulate over time
(23). Spontaneous SG formation was reduced when viral DNA
replication was inhibited with PAA, indicating that late events in
the infectious cycle are required for their formation (Fig. 6B).
Spontaneous SGs were observed in 20.6% * 17.6% and 43.6% *
19.6% of infected cells at 10 and 13 hpi, respectively, in low-mul-
tiplicity infections of HeLa cells with AUL41 virus (data not
shown).

Spontaneous SGs contained the SG marker proteins TIA-1,
G3BP, and poly(A) binding protein (PABP) as well as polyadenyl-
ated mRNA (Fig. 6C and D). Intriguingly, they also contained the
viral proteins Us3 and ICP27 (Fig. 7), raising the possibility that
these viral proteins contribute to the formation of these structures
or that these viral proteins may become passively sequestered
within these structures.

DISCUSSION

In our previous study, HSV-2 was found to impact SG accumula-
tion (23), thereby adding HSV-2 to an increasing list of viruses
that impact these cellular structures (20). We now demonstrate

HSV-2 vhs Disrupts Stress Granule Formation

that HSV-2 virion components are sufficient to mediate the dis-
ruption of arsenite-induced SG formation and identify the tegu-
ment protein vhs as a necessary virion component. The conclu-
sion that vhs is a required virion component is based on (i) the
reduced ability of defective forms of vhs from two different HSV-2
strains to mediate the disruption of arsenite-induced SG forma-
tion, (ii) the recovery of this disruption when a large deletion
within UL41 is specifically repaired, and (iii) the ability of vhs to
mediate this disruption in the absence of other viral proteins.

It is well established that vhs is an endoribonuclease whose
activity in vivo is directed toward cellular and viral mRNAs (24, 25,
33-35). Packaging of vhs into the tegument of virions allows this
endoribonuclease to be delivered to the cytoplasm immediately
upon fusion of viral and cellular membranes and to commence the
degradation of cellular mRNAs well in advance of de novo viral
gene expression. Degradation of cellular mRNAs in combination
with disruptions in cellular mRNA biogenesis mediated by the
immediate early viral protein ICP27 (36, 37) leads to considerable
suppression of cellular protein synthesis. Later in infection, the
association of newly synthesized vhs with the viral proteins VP16
and VP22 has been proposed to dampen vhs endoribonuclease
activity, thereby permitting robust production of late viral mRNAs
(38—41). Targeting of vhs activity toward mRNAs in vivo may be
facilitated by its ability to associate with the cellular translation
initiation factors elF4A, elF4B, and elF4H (42—-44). However,
these associations may also be indicative of a direct role for vhs in
translation. Indeed, enhanced translation of viral late mRNAs has
recently been ascribed to vhs (26). As vhs may interact with
mRNA in two distinct manners and has the ability to associate
with multiple viral and cellular proteins, predicting how vhs is able
to disrupt arsenite-induced SG formation is not straightforward.
For example, the defective form of vhs synthesized by the FS virus
used in this study is lacking C-terminal residues that, in the case of
the highly related protein from HSV-1 (32), have been implicated
in vhs endoribonuclease activity (amino acids 399, 426, and 438
[Fig. 3A]). While this may implicate the involvement of vhs en-
doribonuclease activity in the disruption of SG formation, one of
these residues, amino acid 438, is also required for eIF4H binding
(43). In addition, packaging defects have been noted with defec-
tive forms of HSV-1 vhs (45, 46), raising the possibility that de-
creases in the amount of vhs delivered to an infected cell as a result
of a packaging defect could contribute to a lack of ability to disrupt
SG formation. Future studies will take advantage of the wealth of
knowledge about functional domains and residues within vhs to
define which activities contribute to disruption of SG formation
while taking possible packaging defects into consideration.

Our studies demonstrate that the homopolymer-based frame-
shift mutation (HFM) in the UL41 gene of HSV-2 strain HG52,
identified by Everett and Fenwick nearly 25 years ago (32), is un-

568-conjugated donkey anti-mouse IgG secondary antibodies. Nuclei were stained with Hoechst 33342. Stained cells were examined by confocal microscopy, and
representative images are shown. Scale bars, 10 um. The graphs on the right show the fluorescence intensity across an approximately 8-pm line indicated on the
merged image panels. (D) HeLa cells were infected at high multiplicity with FS virus. Seven hours later, cells were fixed, permeabilized, and hybridized to a
biotinylated oligo(dT) probe. As procedural controls, mock-infected cells treated with 0.5 mM arsenite for 30 min were hybridized to a biotinylated oligo(dT)
probe or to a hybridization solution lacking probe; FS-infected cells incubated with hybridization solution lacking probe were also analyzed (data not shown).
Following hybridization, cells were stained with goat polyclonal antiserum specific for TIA-1 followed by staining with Alexa Fluor 488-conjugated donkey
anti-goat IgG and Alexa Fluor 568-conjugated streptavidin. Nuclei were stained with Hoechst 33342. Stained cells were examined by confocal microscopy, and
representative images are shown. Scale bars, 10 um. For comparative purposes, the confocal acquisition setting on the —probe samples was the same as that used
for the +probe samples. The level of background staining in FS-infected cells without probe was comparable to that shown for mock-infected arsenite-treated
cells without probe shown in the top panel of images. Similar results were observed in an independent fluorescent in situ hybridization experiment.
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FIG 7 Spontaneous SGs contain viral proteins. HeLa cells were infected at high MOI with FS virus. Seven hours later, cells were fixed and stained with goat
polyclonal antiserum specific for TIA-1 and mouse monoclonal antibody specific for ICP27, ICP8, or gC or with rat polyclonal antiserum specific for Us3
followed by staining with Alexa Fluor 488- or Alexa Fluor 568-conjugated donkey anti-goat IgG and Alexa Fluor 568-conjugated donkey anti-mouse 1gG
secondary antibodies or Alexa Fluor 488-conjugated donkey anti-rat IgG antibodies. Nuclei were stained with Hoechst 33342. Stained cells were examined by
confocal microscopy, and representative images are shown. The percentage of colocalization observed between TIA-1 and viral protein in approximately 200
spontaneous SGs is shown on the merged image panels. Scale bars, 10 pm. The graphs on the right show the fluorescence intensity across an approximately 8-pm
line indicated on the merged image panels. For comparative purposes, the confocal acquisition settings used for the secondary-antibody-alone samples were the

same as those used for the corresponding viral protein(s).

stable and will rapidly revert to restore the WT UL41 sequence. As
a practical consequence, stocks of HG52 that have undergone re-
peated low-multiplicity passaging will very likely carry WT UL41.
The basis for the selective pressure that favors WT UL41 over the
ES version found in HG52 is not known. We can routinely grow
HG52 with FS UL41 to peak titers that are 5- to 10-fold lower than
those of HG52 with WT UL41 in both HaCaT and Vero cells and
have not observed differences in either size or morphology of
plaques yielded from HG52 with FS UL41 on Vero cells in com-
parison to those yielded from HG52 with WT UL41. Despite this,

12736 jviasm.org

the selection of WT UL41 over FS UL41 in HaCaT cells proceeds
rapidly. It has been demonstrated that HSV-2 strain 333 carrying
an internal deletion, or a point mutation (D215N), in vhs is hy-
persensitive to type I interferon (IFN), resulting in impaired viral
replication (47, 48). As the type I IFN signaling pathway is present
and functional in HaCaT cells (49, 50), it is possible that a growth
advantage gained by acquiring vhs-mediated interference with
type I IFN responses drives the selection of WT UL41. The dom-
inance of HSV-1 strain KOS carrying WT UL41 over HSV-1 strain
KOS carrying a defective UL41 (vhsl; T2141) was also observed
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following serial passaging of mixed infections (51). Regarding the
restoration of the WT UL41 sequence, homopolymeric tracts of
nucleotides such as that found within UL41 are known to be mu-
tational hot spots. Two well-known examples of HSV open read-
ing frames with HFMs that have functional consequences are
UL23, which encodes thymidine kinase (52-55), and Us4, which
encodes glycoprotein G (56, 57). Szpara and colleagues have re-
cently identified many other examples of HFMs within the HSV
genome in a comparative survey of the complete genomes of 26
different HSV-1 isolates (58). In this survey, instances of HFMs
were found in one-third of the genomes analyzed, and so it seems
very probable that a copying error by the viral DNA polymerase
within the homopolymeric nucleotide tract of UL41 occurred to
restore the WT sequence.

Finally, we confirm that cells infected with HSV-2 strains car-
rying a defective vhs form SGs spontaneously late in infection as
has been observed for HSV-1 strains carrying defects in vhs (26,
27). The increased presence of spontaneous SGs at late times
postinfection coupled with their decreased presence when viral
DNA replication is inhibited argues that late events in the infec-
tious cycle are required for their formation. Dauber et al. have
proposed an “mRNA overload” model to explain their formation,
whereby in the absence of the mRNA-destabilizing function of
vhs, viral mRNAs eventually accumulate to levels that exceed the
capacity of the host translational machinery, leading to SG forma-
tion (26, 59). We also demonstrate that these spontaneous SGs
contain the viral proteins ICP27 and Us3. One of the many roles
that ICP27 plays during viral infection is to facilitate the export of
viral mRNAs via direct interactions with both mRNA and cellular
RNA export proteins (60—-62). ICP27 also has the ability to boost
the translation of viral mRNAs (63, 64) and can associate with the
cellular translation initiation factors PABP, eIF3, and eIF4G (65),
all of which are core SG components (5). Thus, there are multiple
ways that ICP27 could passively localize to SGs. The direct associ-
ation of the viral serine/threonine kinase Us3 with mRNA, mRNA
binding proteins, or other SG components has not been described.
In yeast two-hybrid analyses performed using pseudorabies virus
Us3 as bait, eIF4A (a core SG component), ribonucleoprotein L
(an mRNA binding protein), and ribosomal protein S26 (a com-
ponent of the small ribosomal subunit) were all identified as po-
tential binding partners for Us3 (M. G. Lyman and B. W. Banfield,
unpublished data). Association of Us3 with any of these proteins
could allow it to passively localize to SGs. As both ICP27 and Us3
are multifunctional viral proteins, there is a possibility that they
could play more-active roles in SG formation.

Future studies will aim to define which activities of vhs con-
tribute to its ability to disrupt SG formation and to probe the
relevance of this ability to viral infection. Further investigation
into Us3’s ability to localize to SGs has the potential to uncover
novel roles for Us3 in the regulation of translation.
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