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Abstract

Zika virus (ZIKV), a member of the Flaviviridae family, is the most recent emerging arbovirus
with pandemic potential. During infection, viruses trigger the host cell stress response, lead-
ing to changes in RNA translation and the assembly of large aggregates of stalled transla-
tion preinitiation complexes, termed stress granules (SGs). Several reports demonstrate
that flaviviruses modulate the assembly of stress granules (SG). As an emerging pathogen,
little is known however about how ZIKV modulates the host cell stress response. In this
work, we investigate how ZIKV modulates SG assembly. We demonstrate that ZIKV nega-
tively impacts SG assembly under oxidative stress conditions induced by sodium arsenite
(Ars), a treatment that leads to the phosphorylation of elF2a. By contrast, no measurable dif-
ference in SG assembly was observed between mock and ZIKV-infected cells treated with
sodium selenite (Se) or Pateamine A (PatA), compounds that trigger elF2a-independent SG
assembly. Interestingly, ZIKV infection markedly impaired the phosphorylation of elF2a trig-
gered in Ars-treated infected cells, and the abrogation of SG assembly in ZIKV-infected
cells is, at least in part, dependent on elF2a dephosphorylation. These data demonstrate
that ZIKV elicits mechanisms to counteract host anti-viral stress responses to promote a cel-
lular environment propitious for viral replication.

Author summary

Zika virus (ZIKV) is transmitted to humans primarily through mosquito bites, but there
have also been cases of sexual, perinatal, and suspected blood transfusion transmission. It
has been associated with fetal malformations and neurological disorders in adults. The ris-
ing concern about this pathogen led the World Health Organization to declare it as a pub-
lic health emergency of international concern regarding neurological disorders. There is
an urgent global scientific effort underway to better understand ZIKV biology and define
interactions that occur between the virus and the host cell. We evaluated how ZIKV infec-
tion counteracts the assembly of dynamic aggregates of RNA and proteins called stress
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granules (SGs). We observed that ZIKV blocks SG assembly induced by sodium arsenite
(Ars), but not by sodium selenite or Pateamine A. We demonstrate that this difference is
related to the ability of ZIKV to modulate the dephosphorylation of eIF2a via its phospha-
tase. Our work demonstrates that ZIKV prevents a host stress response in order to main-
tain a cellular environment propitious for viral replication.

Introduction

Zika virus (ZIKV) is a positive-sense, single-stranded RNA virus that belongs to the genus Fla-
vivirus of the family Flaviviridae, which also includes yellow fever (YFV), West Nile (WNV),
dengue (DENV) and Japanese encephalitis viruses (JEV) [1]. The genome of ZIKV encodes a
large polyprotein precursor that is co- and post-translationally processed by viral and cellular
proteases into three structural proteins [capsid (C), precursor of membrane (prM), and enve-
lope (E)] and seven nonstructural proteins [(NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5)]
that are involved in virus replication, which takes place in the cytoplasm of the host cell [2].
Like other Flavivirus members, ZIKV relies mainly on arthropods such as mosquitoes or ticks
for transmission and thus is classified as an arthropod-borne virus (arbovirus). The main
arthropod vectors of ZIKV are Aedes sp. mosquitoes (A. aegypti or A. albopictus) [3]. Along
with the vector-borne transmission, other routes of ZIKV transmission have been demon-
strated, including sexual transmission, transplacental and perinatal transmission and blood
transfusion [4], raising the concern about the global spread of the disease.

ZIKV was first isolated from a rhesus monkey in the Zika Forest (Uganda) in 1947 [5]. For
more than 50 years, ZIKV was rarely reported to cause disease in humans and was commonly
associated with mild illness. In 2007, there was an outbreak in the Federated States of Microne-
sia [6], followed by outbreaks in French Polynesia in 2013-14, in which severe neurological
complications were reported [7]. Since then, ZIKV is considered to be the most recent emerg-
ing arbovirus with pandemic potential [8]. In 2015, autochthonous transmission of ZIKV was
confirmed in the northeastern region of Brazil [9]. A dramatic increase in reported cases of
microcephaly in the affected Brazilian regions suggested an association between ZIKV infec-
tion and fetal malformations [10] and neurological disorders in adults, including Guillain-
Barré syndrome and meningoencephalitis [11]. In February 2016, the World Health Organiza-
tion declared a public health emergency of international concern regarding neurological disor-
ders associated with the rapid emergence of ZIKV in Oceania and the Americas [12].

In response to conditions of environmental stress, eukaryotic cells activate kinases (HRI,
GCN2, PKR and PERK) that phosphorylate eIF2a. (eukaryotic initiation factor 2 alpha) to ease
cellular injury or, alternatively, to induce apoptosis. Phosphorylation of eIF2a reduces global
translation by impairing the formation of the ternary complex eIF2-GTP-tRNAM®, allowing
cells to conserve resources and to initiate a reconfiguration of gene expression to effectively
manage stress conditions [13]. Protein synthesis arrest triggers the assembly of stress granules
(SG), that are large ribonucleoprotein (mRNP) aggregates formed by stalled translation preini-
tiation complexes [14, 15]. The major components of SG are untranslated mRNAs, eukaryotic
translation initiation factors (eIF4E, eIF4G, elF4A, elF2), the 40S ribosomal subunit and RNA-
binding proteins such as the poly(A) binding protein (PABP), T-cell intracellular antigen 1
(TIA-1), TIA-1-related protein (TIAR), and Ras GTPase activating protein-binding protein 1
(G3BP1) [16]. Distinct cell host processes are interrupted or co-opted during viral infection,
leading to the activation of cell stress responses on many levels. SG assembly lowers the cyto-
solic availability of components of the cellular translation machinery and functions as a
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platform that connects stress and antiviral innate responses, implying an overall antagonistic
relationship between viruses and SGs [17]. In this sense, viruses have evolved a plethora of
strategies to guarantee their replication by preventing or blocking SG assembly in infected
cells, for example by co-opting RNA granule factors and/or blockage of activation of eIF20.
kinases, such as PKR [18].

Cellular stress responses are essential in eliciting immune detection and in the cell’s ability
to shut down viral gene expression in response to viral infection. So far, little is known about
how ZIKV modulates stress responses in infected cells. Recently, it was shown that ZIKV
infection triggers a potent repression of host cell translation initiation, while viral protein syn-
thesis remains unaffected [19]. The interplay between viral replication and the cellular stress
response may contribute to the exacerbated pathogenesis seen in the current epidemic. Eluci-
dation of the interaction of viral components with host factors involved in SG assembly will
provide new insight into the pathology of ZIKV infection. In this work, we investigated how
ZIKV infection modulates SG assembly.

Methods
Cells and viruses

Green African monkey kidney (Vero) (ATCC) cells and human osteosarcoma-derived
U20S containing G3BP1-GFP (a kind gift from Dr. Paul Anderson and Nancy Kedersha,
Harvard Medical School [20]) cells were maintained at 37°C and 5% CO, atmosphere in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) (HyClone) and 1% penicillin/streptomycin (Life Technologies). Cell viability was
evaluated by trypan blue exclusion cytotoxicity assay [21]

To produce viral stocks, Vero cells were infected with ZIKV strain PRVABC59/2015 at a
multiplicity of infection (MOI) of 0.01 and incubated for 3 days at 37°C. Viral supernatants
were then harvested, centrifuged at 300 x g for 10 minutes at 4°C and filtered on a 45 pym
syringe filter. Viral titers were determined by plaque forming assay using culture media sup-
plemented with carboxymethylcellulose (Sigma) as described previously [22]. A stock with a
viral titer of 2 x 10” was used in the experiments.

For immunofluorescence assays, 7.5 x 10* Vero or U20S cells were seeded on 18 mm diam-
eter coverslips the day prior infection. For Western blotting analysis, 7.5 x 10* Vero or U20S
cells were seeded in each well of a 12-well plate. Then, cells were incubated for 1 hour with
ZIKV diluted in DMEM at an MOI of 0.5 [23]. After this period, the viral inoculum was
removed by aspiration and cells were incubated in complete culture media for the periods
specified in each experiment.

Labeling and detection of de novo-synthesized viral RNA

Vero cells were seeded on 18 mm coverslips and infected as described above. Viral RNA was
labeled as described in [24]. Briefly, cells were treated for 30 minutes with 1 pg/mL Actinomy-
cin D (Sigma) to block host cellular transcription. Then, cells were transfected with 10 mM
5-bromourudine 50-triphosphate (BrUTP) (Sigma) using Lipofectamine 2000 reagent (Invi-
trogen). After 1 hour, cells were fixed and processed for indirect immunofluorescence
analysis.

Drug treatments

Stress was induced using 500 uM sodium Ars (NaAsO,; Sigma-Aldrich) for 1 h [24], 300 nM
Pateamine A (a kind gift from Jerry Pelletier, McGill University) for 1 h, 1 mM sodium selenite
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(Na,SeOs3; Sigma-Aldrich) for 2 h and 2mM dithiothreitol (DTT; Invitrogen) for 1 h [25]. The
elF2a-dephosphorylation inhibitors Salubrinal (Sigma-Aldrich) and Sal003 (a kind gift from
Colin Crist, McGill University) were used at final concentrations ranging from 5 to 75 uM by
the time described in each experiment.

Antibodies and reagents

Goat anti-TTAR (Santa Cruz Biotechnology) was used for indirect immunofluorescence
microscopy at a dilution of 1:500; rabbit anti-eIF4G (Santa Cruz Biotechnologies) was used for
indirect immunofluorescence at 1:500; mouse anti-Zika NS1 (BioFront Technologies) was
used at 1:500 for indirect immunofluorescence and 1:1,000 for Western blotting; mouse anti-
BrUTP (Enzo Life Sciences) was used for indirect immunofluorescence at 1:100; rabbit anti-
phospho eIF2a. (Ser51) (Cell Signaling Technology) was used for indirect immunofluorescence
and 1:500 and for Western blotting at 1:1,000; mouse anti-eIF2a (Cell Signaling Technology)
was used for Western blotting at 1:1,000; and mouse anti-actin (Abcam) was used for Western
blotting at 1:10,000; rabbit anti-GADD34 (Thermo Fisher Scientific) was used for western
blotting at 1:1000; rabbit anti-PERK antibody (Cell Signaling Technology) was used for west-
ern blotting at 1:1000. Horseradish peroxidase-conjugated secondary antibodies were pur-
chased from Rockland Immunochemicals and used at 1:5,000, and AlexaFluor secondary
antibodies were purchased from Life Technologies and used at 1:500.

Western blot analysis

Cells were lysed in NP40 lysis buffer (50 mM Tris pH 7.4, 150 mM NaCl, 0.5 mM EDTA, 0.5%
NP40). Equal amounts of protein were separated by SDS-PAGE and transferred to a nitrocel-
lulose membrane (Bio-Rad). Blocking was performed using 5% nonfat milk in Tris-buffered
saline with 0.1% Tween 20 (TBST) for 1 hour at room temperature. Membranes were probed
with the indicated primary and appropriate horseradish peroxidase-conjugated secondary
antibodies. For detection of total and phosphorylated forms of proteins, samples were run in
duplicate gels and transferred to independent membranes for western blotting. Membranes
were probed for actin and protein levels were normalized in both membranes for the down-
stream densitometry analysis [26]. Proteins were detected using Western Lightning Plus-ECL
(PerkinElmer). For quantitation, the pixel intensity of each band was determined using the
Image] program (NIH) and then normalized to the indicated control.

Indirect immunofluorescence

Cells were prepared for indirect immunofluorescence as described previously [27]. Briefly,
cells were fixed in 4% paraformaldehyde and permeabilized with 0.2% Triton X-100. To
prevent nonspecific binding, the cells were blocked using Roche Blocking Solution for 30
minutes at room temperature. Primary antibodies were applied followed by incubation
with the appropriate secondary antibody in blocking solution. Stained cells were mounted
in ProLong Gold Antifade Reagent with DAPI (Life Technologies). Laser scanning confocal
microscopy was performed using a Leica DM16000B microscope equipped with a WaveFX
spinning disk confocal head (Quorum Technologies) using a 40X objective lens. Images
were acquired with a Hamamatsu ImageEM EM-charges coupled device (CCD) camera and
collected as Z-stacks that were rendered for image reconstruction using the Imaris software
(v. 8.1.3, Bitplane, Inc.).
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Quantification of stress granule assembly

Twenty-four hours after infection, Vero cells were treated with 500 uM Ars for 1 h, 2mM DTT
for 1 h or 50 nM PatA for 1 h or U20S cells were treated with 1 mM Se for 2 h and then pro-
cessed for immunofluorescence as described above. Infected cells were identified by detection
of viral protein NS1 or BrUTP labeled RNA, and SG-positive cells were defined as having at
least 3 SG as determined by colocalized G3BP1 and TIAR or eIF4G and TIAR puncta. At least
150 cells were analyzed per condition in 10 to 15 fields in 3 independent experiments and the
data are presented as the percentage of cells containing SG.

Statistical analysis

All experiments were performed in triplicate, and the data are presented as the

mean * standard deviation (SD). A p-value <0.05 in a two-way ANOVA test was considered
statistically significant. GraphPad Prism 6 (Graphpad Software Inc.) was used to conduct sta-
tistical analyses and create graphs.

Results
ZIKV recruits TIAR to sites of viral RNA replication

ZIKV is a positive-strand RNA virus that replicates in the cytoplasm but little is known about
redistribution of host proteins in ZIKV infected cells. Sequestering SG components to sites of
viral replication is a strategy used by viruses to impair SG assembly in infected cells [18]. To
determine whether ZIKV replication altered the distribution of SG markers, Vero cells were
infected with ZIKV with an MOI of 0.5 and 6, 12 and 24 hours after, nascent viral RNA was
labeled with BrUTP and detected by indirect immunofluorescence. In ZIKV-infected cells,
viral protein or RNA was not detectable to 12 hpi. TIAR was evenly distributed throughout
mock-infected cells (Fig 1A and 1B), and eIF4G was distributed homogeneously in the cyto-
plasm (Fig 1A and 1B). However, in infected cells, TIAR was still found in both the cytoplasm
and nucleus but also concentrated in foci in the perinuclear region (Fig 1A and 1B), colocaliz-
ing with the ZIKV RNA (Fig 1A) and viral nonstructural protein, NS1 (Fig 1B). No change in
elF4G distribution was observed between mock and infected cells (Fig 1A and 1B). These find-
ings suggest that ZIKV infection induces the redistribution of TIAR to sites of viral RNA
replication.

Cleavage of proteins that nucleate SG assembly has been reported to be a strategy employed
by viruses to overcome cellular stress response [28]. We next evaluated whether ZIKV replica-
tion alters the levels of SG markers. Cells were mock infected or infected with ZIKV and at 24
hpi cells lysates were collected and analyzed by SDS-PAGE followed by Western blotting. No
alteration was observed in the levels of G3BP-1, TIAR and PABP between mock and infected
cells (Fig 1C). These results indicate that ZIKV infection does not induce changes in the levels
of SG-nucleating proteins.

ZIKV infection blocks SG assembly triggered by arsenite treatment

Several viruses, including many members of Flaviviridae family, have the ability to modulate
SG assembly to keep the cell environment favorable to their own replication [29, 30]. We
investigated whether ZIKV can interfere with the assembly of SG in infected cells. Vero cells
were infected with ZIKV or mock-infected and treated with sodium arsenite (Ars) at 24 hours
post-infection to induce cellular stress. Ars is an oxidative agent that rapidly induces SG
assembly through phosphorylation of eIF2c. [31]. SG assembly was determined by indirect
immunofluorescence of TIAR and eIF4G and infected cells were identified by the presence of
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Fig 1. ZIKV recruits TIAR to sites of viral RNA replication. Vero cells were infected with ZIKV with an MOI of 0.5 and A. at 24 hpi,
cells were treated with Actinomycin D and the nascent viral RNA was labeled with BrUTP and detected by immunofluorescence/laser
scanning confocal microscopy (IF/LSCM) using a 40X objective lens; B. at 24 hpi, cells were fixed and the viral protein NS1 was
detected by immunofluorescence followed by confocal microscopy. Representative of 2 experiments; C. at 24 hpi, cells were lysed and
lysates were analyzed for G3BP-1, TIAR, PABP, NS1 and B-actin by SDS-PAGE followed by Western blotting.

https://doi.org/10.1371/journal.pntd.0005775.9001

the viral protein NS1. In the absence of stress, mock-infected (blue arrows) and ZIKV-infected
cells (red arrows) exhibited SG assembly at a rate of 0.61% and 0%, respectively (Fig 2A, top
panels and Fig 2B), indicating that ZIKV infection does not induce the assembly of SG. In
mock-infected cells, Ars treatment induced abundant SG assembly as expected, with 81.4% of
the cells presenting TIAR and eIF4G co-localized in cytoplasmic puncta (Fig 2A and 2B). In
contrast, ZIKV infected cells presented SG at a rate of only 21.6% (Fig 2A, bottom panel and
Fig 2B). Similar results were observed when U20S cells were used in place of Vero cells (S1
Fig). These results indicate that ZIKV infection blocks the assembly of type I SGs.

ZIKV does not block elF2a-independent assembly of stress granules

Pateamine A (PatA) is a natural product isolated from a marine sponge that disrupts the trans-
lation initiation by hyperactivating the eIF4A helicase and disrupting the eIF4F complex, lead-
ing to the assembly of SG in an eIF20-independent manner [32]. To test whether ZIKV
infection was also capable of blocking PatA-induced SGs, Vero cells were mock-infected or
infected with ZIKV and at 24 hpi were treated with PatA. SG assembly was determined by
colocalized puncta of TIAR and eIF4G and infected cells were identified by the presence of the
viral protein NSI. PatA treatment, as expected, induced a robust SG assembly in 97.2% of the
mock-infected cells (Fig 3A, top panels, and 3B). Interestingly, ZIKV infection did not impair
PatA-induced SG assembly, as 97.5% of the infected cells presented TIAR and elF4G puncta
(Fig 3A, top panels, and 3B).

Sodium selenite (Se) promotes the assembly of type II SG that differ from canonical SGs in
their morphology, composition and mechanism of assembly, mainly by disrupting the eIF4F
complex formation through 4EBP1 [33]. To test whether ZIKV infection alters Se-induced SG
assembly, U20S cells (S1 Fig) stably expressing GFP-G3BP1 were mock-infected or infected
with ZIKV and at 24 hpi were treated with Se. U20S cells were used in place of Vero cells due
to the high toxicity of Se to the latter ones. SG assembly was determined by colocalized puncta
of TIAR and G3BP-1 and infected cells were identified by the presence of the viral protein
NSI. Similarly to PatA-induced SG, no significant difference was observed in the assembly
of SG between mock and infected cells treated with Se (Fig 3A, bottom panels, and 3B). These
findings indicate that ZIKV infection blockage of SG assembly is eIF20.-dependent.

ZIKV blocks elF2a phosphorylation triggered by arsenite

Many viruses modulate p-eIF2a. levels during replication to assure viral protein synthesis and
avoid cellular stress responses. For example, coronaviruses can induce GADD34 expression to
enhance PP1 activity and consequently the dephosphorylation of eIF2a [34], and herpesviruses
encode a viral protein that mimics the function of GADD34 [35]. We examined the phosphoryla-
tion status of elF2o in ZIKV infected untreated or Ars treated cells. Protein lysates were analyzed
by Western blotting using an antibody specific for eIF20. phosphorylation at S51. As shown in
Fig 4A and 4B, little phosphorylation of eIF2c was detected in mock-infected and untreated
Vero cells, with a slight increase in p-eIlF2c in ZIKV-infected cells. As expected, high levels of
elF20 phosphorylation (40-fold increase) were observed in extracts of mock-infected cells treated
with Ars. However, in ZIKV-infected and Ars treated cells, levels of eIF2a phosphorylation were
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Fig 2. ZIKV infection blocks Ars-induced SG assembly. A. Vero cells were infected with ZIKV with an MOI of 0.5 or mock-infected and treated at 24 hpi
with 500 uM Ars for 1 h to induce cellular stress. The SG markers TIAR and elF4G were observed by IF/LSCM and infected cells were identified by the
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presence of the viral protein NS1. Blue arrows: uninfected cells; red arrows: infected cells. B. At least 150 cells in each condition were analyzed. Cells with
at least 3 SG were considered positive. Data are presented as mean + SD from 3 independent experiments.

https://doi.org/10.1371/journal.pntd.0005775.9g002

consistently lower (10.5-fold increase). ZIKV replication was confirmed by the detection of the
viral protein NS1 in cell extracts. The amount of total eIF20. was similar under all conditions
tested (Fig 4A), indicating that ZIKV replication does not alter its expression. To further confirm
that ZIKV-infected cells exhibit lower levels of p-eIF20 under arsenite treatment, phosphoryla-
tion of eIF20. was also analyzed by IF/LSCM. As shown in Fig 4C, phosphorylation of elF20. is
strongly induced in the cytoplasm of non-infected cells (blue arrows). In contrast, in ZIKV-
infected cells, the phospho-elF2a. signal is visibly weaker (red arrow). Upon arsenite treatment,
the fluorescence intensity of p-eIF2o. in infected cells was in average 30% lower in ZIKV-infected
cells in comparison to mock-infected cells (Fig 4D). These results indicate that ZIKV infection
impairs eIF2o. phosphorylation triggered by oxidative stress.

ZIKV blocks SG assembly and elF2a phosphorylation triggered by ER
stress

Our findings show that ZIKV infection blocks SG assembly and phosphorylation of eIF2a trig-
gered by Ars, an HRI activator. To investigate whether this blockage is dependent on the
elF2a kinase activated upon stress, Vero cells were mock-infected or infected with ZIKV and
at 24 hpi were treated with DTT, an endoplasmic reticulum (ER) stressor that activates PERK.
SG assembly was determined by TIAR puncta and infected cells were identified by the pres-
ence of NS1. DTT treatment induced SG assembly in 81.8% of the mock-infected cells (Fig 5A
and 5B). In contrast, only 28.6% of ZIKV-infected cells presented SG (Fig 5A and 5B). The
blockage of SG assembly correlates with lower levels of p-eIF2o. upon DTT treated in ZIKV-
infected cells (Fig 5C, lane 4) when compared to mock-infected cells (Fig 5C, lane 2). Interest-
ingly, the activation of PERK in DTT-treated cells, demonstrated by an increased PERK mobil-
ity, was similar in mock and ZIKV-infected cells (Fig 5C, compare lanes 2 and 4, position 1:
activate PERK; position 2: inactive PERK), suggesting that the reduced levels of p-eIF2a in
infected cells are a result of an interference downstream the activation of the eIF2a kinases.

elF2a dephosphorylation is modulated by ZIKV

Our results suggest that ZIKV infection might abrogate SG assembly by blocking eIF2a. phos-
phorylation. To test this further, Vero cells were infected with ZIKV and at 24 hpi, the levels of
GADD34, a PP1A cofactor, were evaluated. Our results show that are GADD34 levels are sig-
nificantly higher in ZIKV-infected cells as compared to uninfected cells (Fig 6A and 6B). To
evaluate the role of GADD34/PP1A activity on ZIKV-infected cells, we treated cells with salu-
brinal and its derivative sal003, small molecules that selectively inhibit the PP1/GADD34-me-
diated dephosphorylation of phospho-elF2a. [36, 37]. Vero cells were treated with 75 uM of
salubrinal or 10 uM of sal003 for 3 h prior to the addition of Ars to the cells. The phosphoryla-
tion status of eIF2a was evaluated by western blotting analysis (Fig 6C). In cells treated with
salubrinal prior to Ars-induced stress, ZIKV-infected cells present higher levels of phospho-
elF20 as compared to mock-infected control (Fig 6C, compare lanes 6 and 8). Similar results
were obtained with sal003 [37] (S2 Fig). The assembly of SG in the distinct conditions was
monitored by indirect immunofluorescence. SGs were induced in 23.1+6.5% of ZIKV-infected
cells treated with Ars. This value increased to 47.8+7.0% in cells that were treated with salu-
brinal prior to Ars-induced stress and was not significantly different from mock-infected cells
(Fig 6D and 6E). No significant difference was observed between control or salubrinal pre-
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Fig 3. ZIKV does not block Se- or PatA-induced SG assembly. A. Vero cells were infected with ZIKV with an MOI of 0.5 or mock-
infected and treated at 24 hpi with 50 nM PatA for 2 h to induce cellular stress. B. U20S GFP-G3BP1-expressing cells were infected with
ZIKV or mock-infected and treated at 24 hpi with 1 mM Se for 2 hours. SG assembly was determined by IF/LSCM staining for the SG
markers TIAR and elF4G (Vero cells) or G3BP-1 and TIAR (U20S cells) and infected cells were identified by the presence of the viral
protein NS1. Blue arrows: uninfected cells; red arrows: infected cells. C. At least 150 cells in each condition were analyzed. Cells with at
least 3 SG were considered positive. Data are presented as mean + SD from 3 independent experiments.

https://doi.org/10.1371/journal.pntd.0005775.9g003

treated mock-infected cells (Fig 6E). Hence, inhibiting eIF2a dephosphorylation reduces the
ability of ZIKV infection to block Ars-induced SG assembly. These results indicate that eIF2o
dephosphorylation is differentially modulated during ZIKV replication and that this feature
can contribute to ZIKV-mediated blockage of SG assembly.

Salubrinal inhibits ZIKV replication

To further confirm the importance of modulating eIF2a for ZIKV replication, Vero cells were
infected with ZIKV and after 1 hpi, salubrinal was added to culture media in increasing con-
centrations. After 24 h, supernatants of each condition were collected and viral titer was deter-
mined by plaque forming assay and cells were lysed and lysates were processed by SDS-PAGE
followed by Western blotting. Treatment of cells with salubrinal led to a dose-dependent
decrease in the production of infectious particles released to the culture media (Fig 7A, bar
graph and 7B). Cells treated with 75 uM of salubrinal produce only 4.9% of the infectious viral
particles produced by control cells (Fig 7A, bar graph and 7B). Salubrinal had no toxic effects
on treated cells (Fig 7A, line graph). Finally, a dose-dependent decrease in NS1 expression was
observed in salubrinal treated cells (Fig 7C).

Discussion

The relationship between viruses and the cellular stress response is a multifaceted and complex
phenomenon that depends on the structural and genetic characteristics of the virus and the
host cell [38]. Infection by several types of RNA and DNA viruses results in changes in the cel-
lular environment as viral replication co-opts several cellular pathways, including nutrient,
energy and macromolecular synthesis, to produce infectious particles. In this process, viruses
trigger the host cell stress response, which can lead to the assembly of SGs [17]. Since viral rep-
lication relies on the host translational machinery, most viruses suppress the stress response
pathway and SG assembly at some point of their replicative cycle [18]. Interactions between
stress proteins and viral components have been described in a large variety of experimental
models at different stages of the viral lifecycle, depending on the type of virus and host cell [29,
39].

ZIKV has emerged as a global public health threat over the last decade. Many aspects of the
molecular mechanisms involved in the pathogenesis of this emerging virus remain unclear
and require further investigation. In this work, we described that ZIKV replication does not
induce SG assembly in Vero cells (Fig 1). This contrasts with the results recently published by
Roth and colleagues [19] that describe the assembly of SG-like structures on Huh-7 cells
infected with ZIKV. It is possible that those distinct findings are due to the usage of distinct
cell lines. In our work, we also show that ZIKV and blocks SG assembly triggered by treatment
of cells with Ars (Fig 2) and DTT (Fig 5). These finds are similar to the ones described recently
by Roth and colleagues, in which they describe that flaviviruses block SG assembly indepen-
dently of the eIF2a kinase activated by stress [19]. Interestingly, during the review process of
this manuscript, Basu and colleagues [40] reported that ZIKV-mediated blockage of SG assem-
bly was specific for oxidative stress induced by arsenite. The reasons why these differences
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Fig 4. ZIKV blocks Ars-induced elF2a phosphorylation. A. Vero cells were infected with ZIKV with an MOI of 0.5 or mock-infected and treated at
24 hpi with 500 pM Ars for 1 h to induce cellular stress. Lysates were analyzed for S51-phospho(P)-elF2aq, elF2a (total) and NS1 by SDS-PAGE
followed by Western blotting. B. Densitometry quantification of p-elF2a was determined by Imaged analysis. Values presented in the graph are
normalized against the total amount of elF2a in the cell lysate and represent fold change with the untreated mock-infected cells being arbitrarily set to
1. Asterisks represent the statistically significant difference between mock and ZIKV-infected cells (Two-way ANOVA; p < 0.05). C. Cellular stress was
determined by IF/LSCM staining for SG markers, TIAR and phosphor-elF2a and infected cells were identified by the presence of the NS1 viral protein.
Blue arrows: uninfected cells; red arrows; infected cells. D. Quantification of the integrated density of p-elF2a signal by Imaged analysis.

https://doi.org/10.1371/journal.pntd.0005775.g004
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Fig 5. ZIKV infection blocks DTT-induced SG assembly and phosphorylation of elF2a. A. Vero cells were infected with ZIKV with an MOI of 0.5 or
mock-infected and treated at 24 hpi with 2mM DTT for 1 h to induce cellular stress. The SG marker TIAR was observed by IF/LSCM and infected cells
were identified by the presence of NS1. Blue arrows: uninfected cells; red arrows: infected cells. B. At least 150 cells in each condition were analyzed.
Cells with at least 3 SG were considered positive. Data are presented as mean + SD from 3 independent experiments. C. After DTT treatment, cells
were lysed and lysates were analyzed for PERK, S51-phospho(P)-elF2a, elF2a (total) and actin by SDS-PAGE followed by Western blotting.
Densitometry quantification of p-elF2a was determined by ImageJ analysis. Values presented are normalized against the total amount of elF2a in the
cell lysate and represent fold change with the untreated mock-infected cells being arbitrarily set to 1.

https://doi.org/10.1371/journal.pntd.0005775.g005

were observed remain to be determined. Several reports have shown that members of the Fla-
viviridae family modulate SG assembly in infected cells. The 3’ stem loop from the viral minus
strand of WNV and DENV captures TIA-1 and TIAR to promote viral genome RNA synthesis
and inhibit SG assembly [29, 41]. JEV capsid protein interaction with Caprin-1 leads to the
sequestration of several SG components, such as G3BP1 and USP10, in the perinuclear region
of infected cells, resulting in impairment of SG assembly [30] and bovine viral diarrhea virus
(BVDV) blocks Ars-mediated SG assembly [42]. TIA1 and TIAR are recruited to tick-borne
encephalitis virus (TBEV) sites of replication [43]. Finally, hepatitis C virus (HCV) replication
leads to oscillating SG assembly/disassembly in infected cells through controlling the phos-
phorylation of eIF20 and co-opting TTA-1, TIAR and G3BP1 [44, 45]. More recently, Roth
and colleagues [19] demonstrated that DENV and ZIKV uncouple translation suppression
from the stress response by a mechanism that is yet to be identified.

We demonstrate that ZIKV infection did not lead to a blockage in PatA or Se-induced SG
(Fig 3). The assembly of SG triggered by both molecules is independent of the phosphorylation
of eIF2a, suggesting that ZIKV blocks stress granules assembly mainly via eIF2o. signaling.
Interestingly, this does not seem to be a general feature of flaviviral infections, as it has been
demonstrated by Roth and colleagues that DENV inhibits SG assembly induced by hippurista-
nol, an inhibitor of e[F4A RNA binding [19]. The phosphorylation of eIF20. is a key regulator
of mRNA translation initiation, and the level of phospho-elF2o is modulated by the activities
of kinases and phosphatases [46]. Oxidative stress induced by Ars culminates on eIF20 phos-
phorylation by HRI [31], which prevents the recycling of the eIF2-GTP-tRNAM® ternary com-
plex, leading to polysome disassembly and consequent translational arrest and SG assembly
[14].

Regulation of protein synthesis by eIF2a phosphorylation plays an important role in the
cellular defense against viral infection, thus viruses evolved diverse strategies to prevent it. Our
results show that ZIKV attenuates eIF2a phosphorylation triggered by Ars (Fig 4) and DTT
(Fig 5) and this ability is, at least in part, a consequence of modulating its dephosphorylation,
as supported by the observation that treatment of cells with salubrinal reverses the ZIKV-
mediated blockage of SG assembly induced by Ars (Fig 6). Similar to the finding of Wang and
colleagues using coronavirus [34], we demonstrated that ZIKV infection induces a moderate
increase in GADD34 expression (Fig 6A and 6B). Recently, Buchman and colleagues [47]
described a mechanism by which trehalose modulates p-eIF20: levels and stress granule assem-
bly/disassembly by enhancing the expression of GADD34 and CReP. The increase in the cellu-
lar levels of the PP1 phosphatase subunits could lead to faster dephosphorylation of p-eIF2a
and disassembly of SGs, thereby rendering the cells able to recover more quickly from stress. It
is possible that the enhanced levels of GADD34 found in ZIKV-infected cells play a similar
role in response to stress.

Treatment of cells with salubrinal causes an accumulation of phospho-eIF2a through an
inhibition of PP1/GADD34-mediated dephosphorylation of eIF2a without increasing
elF2a kinase activity [36]. Modulation of PP1 activity by viral infection was demonstrated
for human cytomegalovirus [48], African swine fever virus [49], Newcastle disease virus
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Fig 6. ZIKV modulates elF2a dephosphorylation. A. Vero cells were infected with ZIKV at an MOI of 0.5 or mock-infected. At
24 hpi, cells were lysed and cells were lysed and lysates were analyzed for GADD34 and actin by SDS-PAGE followed by
Western blotting. B. Densitometry quantification of GADD34 and actin were determined by ImageJ analysis. Values presented are
normalized against the total amount of GADD34 in the cell lysate and represent fold change with the mock-infected cells being
arbitrarily set to 1. C. Vero cells were infected with ZIKV or mock-infected and treated at 24 hpi with 75 pM salubrinal for 3 h to
block the dephosphorylation of elF2a and then treated with 500 uM Ars for 1 h to induce cellular stress. Lysates were analyzed for
S51-phospho(P)-elF2a and elF2a (total) by SDS-PAGE followed by Western blotting. Values of p-elF2a fold change were
normalized by the corresponding elF2a levels of the same condition. D. Vero cells were infected with ZIKV or mock-infected and at
24 hpi were treated with 75 uM salubrinal for 3 h and then oxidative stress was induced by treatment with 500 pM Ars for 1 h. SG
assembly was determined by IF/LSCM staining for the SG markers TIAR and elF4G and infected cells were identified by the
presence of the viral protein NS1. Blue arrows: uninfected cells; red arrows: infected cells.E. At least 150 cells in each condition
were analyzed. Cells with at least 3 SG were considered positive. Data are presented as mean + SD from 3 independent
experiments and asterisks represent the statistically significant difference between mock and ZIKV-infected cells (Two-way
ANOVA; p <0.05).

https://doi.org/10.1371/journal.pntd.0005775.g006

[50], papillomavirus [51] and herpes simplex virus [52]. ICP34.5 is a protein homologous
to GADD34 encoded by HSV that is essential for HSV replication in some cell types. It
binds cellular PP1 and promotes eIF20. dephosphorylation, ensuring viral replication
despite activation of PKR [35]. Treatment of HSV-infected cells with salubrinal inhibits
viral replication in a dose-dependent manner and leads to higher phospho-elF2a levels
[36, 52]. Similarly, our results demonstrate that ZIKV replication is severely impaired in
salubrinal-treated cells (Fig 7), indicating that ZIKV relies to some extent on eIF2a dephos-
phorylation for its replication. These findings are distinct from the model proposed by
Roth and colleagues [19], in which modulation of SG assembly in ZIKV-infected cells was
independent of elF20 dephosphorylation promoted by elevated GADD34 levels. Cell type-
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Fig 7. Salubrinal inhibits ZIKV replication. Vero cells were infected with ZIKV at an MOI of 0.5 or mock-infected and after 1 h of adsorption, cells were

incubated with 5 to 75 pM salubrinal. Cells were incubated for 24 h and A. supernatants of each condition were collected and viral titer was determined by
plaque forming assay (bar graph) and cell viability of mock-infected cells was determined by trypan blue exclusion (line graph); B. representative result of
the plaque forming assay in A; C. Cell lysates were analyzed for NS1 and 3-actin by SDS-PAGE followed by Western blotting.

https://doi.org/10.1371/journal.pntd.0005775.g007
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specificities can be responsible for those contrasting results. It remains to be determined
whether treatment with salubrinal has secondary effects on the infected cells that could act
in synergy with the PP1/GADD34 inhibition and the mechanism by which ZIKV modu-
lates this activity.

In conclusion, our work provides new insights into the ZIKV biology by demonstrating that
ZIKYV inhibits SG assembly in a phospho-eIlF20 dependent way. This ability may reflect one of
the many strategies that ZIKV has evolved to control the host stress response and demonstrate
that ZIKV elicits mechanisms to counteract host anti-viral stress responses to promote a cellular
environment propitious for viral replication. Elucidation of the interaction of viral components
with host factors involved in SG assembly may provide new insights into the pathology of ZIKV
infection and lead to the identification of novel targets for therapeutic intervention.

Supporting information

S1 Fig. ZIKV infection blocks Ars-induced SG assembly in U20S cells. A. U20S cells were
infected with ZIKV with an MOI of 0.5 or mock-infected and treated at 24 hpi with 500 uM
Ars for 1 h to induce cellular stress. The SG markers G3BP-1 and eIF4G were observed by IF/
LSCM and infected cells were identified by the presence of the viral protein NS1. Blue arrows:
uninfected cells; red arrows: infected cells. B. At least 150 cells in each condition were analyzed.
Cells with at least 3 SG were considered positive. Data are presented as mean + SD from 3
independent experiments. C. U20S cells were infected with ZIKV with an MOI of 0.5 or
mock-infected and treated at 24 hpi with 500 pM Ars for 1 h to induce cellular stress. Lysates
were analyzed for S51-phospho(P)-elF2o. and elF2a (total) by SDS-PAGE followed by West-
ern blotting. B. Densitometry quantification of p-eIF2a was determined by Image] analysis.
Values presented in the graph are normalized against the total amount of eIF2c in the cell
lysate and represent fold change with the untreated mock-infected cells being arbitrarily set to
1. Asterisks represent the statistically significant difference between mock and ZIKV-infected
cells (Two-way ANOVA; p < 0.05)

(TIF)

S2 Fig. eIF2a. dephosphorylation modulated by ZIKYV is inhibited by sal003. Vero cells
were infected with ZIKV or mock-infected and treated at 24 hpi with 10 uM sal003 for 3 h to
block the dephosphorylation of eIF2a. and then treated with 500 uM Ars for 1 h to induce cel-
lular stress. Lysates were analyzed for S51-phospho(P)-elF2a. and eIF2a (total) by SDS-PAGE
followed by Western blotting. Values of p-eIF2a: fold change were normalized by the corre-
sponding elF2a levels of the same condition.

(TIF)

Acknowledgments

We would like to thank Gary Pignac-Kobinger, Nancy Kedersha, Paul Anderson, Jerry Pelle-
tier and Colin Crist for generous provision of cell lines, viruses and reagents, Meijuan Niu for
technical help, and Shringar Rao and Alessandro Cinti for helpful comments on the
manuscript.

Author Contributions
Conceptualization: Raquel Amorim, Andrew J. Mouland.
Formal analysis: Raquel Amorim, Abdelkrim Temzi, Andrew J. Mouland.

Funding acquisition: Andrew J. Mouland.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0005775 July 17,2017 17/20


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0005775.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0005775.s002
https://doi.org/10.1371/journal.pntd.0005775

@ PLOS | RSHEAE Biseases

Zika virus inhibits stress granule assembly

Investigation: Raquel Amorim, Abdelkrim Temzi.

Methodology: Raquel Amorim, Bryan D. Griffin.

Project administration: Andrew J. Mouland.

Supervision: Andrew J. Mouland.

Visualization: Raquel Amorim, Abdelkrim Temzi.

Writing - original draft: Raquel Amorim.

Writing - review & editing: Raquel Amorim, Abdelkrim Temzi, Andrew J. Mouland.

References

1.

10.

11.

12.

13.

14.

15.

16.

Gould EA, Solomon T. Pathogenic flaviviruses. Lancet (London, England). 2008; 371(9611):500-9.
Epub 02/12. https://doi.org/10.1016/s0140-6736(08)60238-x PMID: 18262042.

Lindenbach BD, Rice CM. Molecular biology of flaviviruses. Advances in virus research. 2003; 59:23—
61. Epub 12/31. PMID: 14696326.

Musso D, Gubler DJ. Zika Virus. Clinical microbiology reviews. 2016; 29(3):487-524. Epub 04/01.
https://doi.org/10.1128/CMR.00072-15 PMID: 27029595.

Lessler J, Chaisson LH, Kucirka LM, Bi Q, Grantz K, Salje H, et al. Assessing the global threat from Zika
virus. Science (New York, NY). 2016; 353(6300):aaf8160. Epub 07/16. doi: 10.1126/science.aaf8160.
Epub 2016 Jul 14. PMID: 27417495.

Dick GWA, Kitchen SF, Haddow AJ. Zika Virus (1). Isolations and serological specificity. Transactions of
the Royal Society of Tropical Medicine and Hygiene. 1952; 46(5):509—-20. http://dx.doi.org/10.1016/
0035-9203(52)90042-4. PMID: 12995440

Lanciotti RS, Kosoy OL, Laven JJ, Velez JO, Lambert AJ, Johnson AJ, et al. Genetic and serologic
properties of Zika virus associated with an epidemic, Yap State, Micronesia, 2007. Emerging infectious
diseases. 2008; 14(8):1232-9. Epub 08/06. https://doi.org/10.3201/eid1408.080287 PMID: 18680646.

Cauchemez S, Besnard M, Bompard P, Dub T, Guillemette-Artur P, Eyrolle-Guignot D, et al. Associa-
tion between Zika virus and microcephaly in French Polynesia, 2013—15: a retrospective study. Lancet
(London, England). 2016; 387(10033):2125-32. Epub 03/20. doi: 10.1016/S0140-6736(16)00651-6.
Epub 2016 Mar 16. PMID: 26993883.

Cao-Lormeau VM, Musso D. Emerging arboviruses in the Pacific. Lancet (London, England). 2014; 384
(9954):1571-2. Epub 12/03. doi: 10.1016/S0140-6736(14)61977-2. Epub 2014 Oct 31. PMID:
25443481.

Zanluca C, Melo VC, Mosimann AL, Santos Gl, Santos CN, Luz K. First report of autochthonous trans-
mission of Zika virus in Brazil. Memorias do Instituto Oswaldo Cruz. 2015; 110(4):569—-72. Epub 06/11.
doi: 10.1590/0074-02760150192. Epub 2015 Jun 9. PMID: 26061233.

Schuler-Faccini L, Ribeiro EM, Feitosa IM, Horovitz DD, Cavalcanti DP, Pessoa A, et al. Possible Asso-
ciation Between Zika Virus Infection and Microcephaly—Brazil, 2015. MMWR Morbidity and mortality
weekly report. 2016; 65(3):59-62. Epub 01/29. https://doi.org/10.15585/mmwr.mm6503e2 PMID:
26820244.

Araujo AQ, Silva MT, Araujo AP. Zika virus-associated neurological disorders: a review. Brain: a journal
of neurology. 2016. Epub 07/01. https://doi.org/10.1093/brain/aww158 PMID: 27357348.

Organization WH. WHO | WHO statement on the first meeting of the International Health Regulations
(2005) (IHR 2005) Emergency Committee on Zika virus and observed increase in neurological disor-
ders and neonatal malformations. WHO. 2016. /entity/mediacentre/news/statements/2016/1st-emer-
gency-committee-zika/en/index.html.

Holcik M, Sonenberg N. Translational control in stress and apoptosis. Nature reviews Molecular cell
biology. 2005; 6(4):318—-27. Epub 04/02. https://doi.org/10.1038/nrm1618 PMID: 15803138.

Kedersha NL, Gupta M, Li W, Miller I, Anderson P. RNA-Binding Proteins Tia-1 and Tiar Link the Phos-
phorylation of Eif-2a to the Assembly of Mammalian Stress Granules. J Cell Biol. 1471999. p. 1431—42.

Kimball SR, Horetsky RL, Ron D, Jefferson LS, Harding HP. Mammalian stress granules represent
sites of accumulation of stalled translation initiation complexes. American journal of physiology Cell
physiology. 2002; 284(2):C273-84. Epub 10/22. https://doi.org/10.1152/ajpcell.00314.2002 PMID:
12388085.

Anderson P, Kedersha N. Visibly stressed: the role of elF2, TIA-1, and stress granules in protein trans-
lation. Cell Stress Chaperones. 2002; 7(2):213-21. PMID: 12380690.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0005775 July 17,2017 18/20


https://doi.org/10.1016/s0140-6736(08)60238-x
http://www.ncbi.nlm.nih.gov/pubmed/18262042
http://www.ncbi.nlm.nih.gov/pubmed/14696326
https://doi.org/10.1128/CMR.00072-15
http://www.ncbi.nlm.nih.gov/pubmed/27029595
https://doi.org/10.1126/science.aaf8160
http://www.ncbi.nlm.nih.gov/pubmed/27417495
https://doi.org/10.1016/0035-9203(52)90042-4
https://doi.org/10.1016/0035-9203(52)90042-4
http://www.ncbi.nlm.nih.gov/pubmed/12995440
https://doi.org/10.3201/eid1408.080287
http://www.ncbi.nlm.nih.gov/pubmed/18680646
https://doi.org/10.1016/S0140-6736(16)00651-6
http://www.ncbi.nlm.nih.gov/pubmed/26993883
https://doi.org/10.1016/S0140-6736(14)61977-2
http://www.ncbi.nlm.nih.gov/pubmed/25443481
https://doi.org/10.1590/0074-02760150192
http://www.ncbi.nlm.nih.gov/pubmed/26061233
https://doi.org/10.15585/mmwr.mm6503e2
http://www.ncbi.nlm.nih.gov/pubmed/26820244
https://doi.org/10.1093/brain/aww158
http://www.ncbi.nlm.nih.gov/pubmed/27357348
https://doi.org/10.1038/nrm1618
http://www.ncbi.nlm.nih.gov/pubmed/15803138
https://doi.org/10.1152/ajpcell.00314.2002
http://www.ncbi.nlm.nih.gov/pubmed/12388085
http://www.ncbi.nlm.nih.gov/pubmed/12380690
https://doi.org/10.1371/journal.pntd.0005775

@ PLOS | RSHEAE Biseases

Zika virus inhibits stress granule assembly

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Onomoto K, Yoneyama M, Fung G, Kato H, Fujita T. Antiviral innate immunity and stress granule
responses. Trends in immunology. 2014; 35(9):420-8. Epub 08/26. doi: 10.1016/}.it.2014.07.006. Epub
2014 Aug 19. PMID: 25153707.

Poblete-Duran N, Prades-Perez Y, Vera-Otarola J, Soto-Rifo R, Valiente-Echeverria F. Who Regulates
Whom? An Overview of RNA Granules and Viral Infections. Viruses. 2016; 8(7). Epub 07/02. https://
doi.org/10.3390/v8070180 PMID: 27367717.

Roth H, Magg V, Uch F, Mutz P, Klein P, Haneke K, et al. Flavivirus Infection Uncouples Translation
Suppression from Cellular Stress Responses. mBio. 2017; 8(1). Epub 01/12. https://doi.org/10.1128/
mBio.02150-16 PMID: 28074025.

Kedersha N, Tisdale S, Hickman T, Anderson P. Real-time and quantitative imaging of mammalian
stress granules and processing bodies. Methods in enzymology. 2008; 448:521-52. Epub 12/30.
https://doi.org/10.1016/S0076-6879(08)02626-8 PMID: 19111193.

Strober W. Trypan Blue Exclusion Test of Cell Viability. Current protocols in immunology. 2015; 111:A3.
b.1-3. Epub 11/04. https://doi.org/10.1002/0471142735.ima03bs111 PMID: 26529666.

Baer A, Kehn-Hall K. Viral Concentration Determination Through Plaque Assays: Using Traditional and
Novel Overlay Systems. J Vis Exp. 2014;(93):€52065. https://doi.org/10.3791/52065 PMID: 25407402.

Garcez PP, Loiola EC, Madeiro da Costa R, Higa LM, Trindade P, Delvecchio R, et al. Zika virus impairs
growth in human neurospheres and brain organoids. Science (New York, NY). 2016; 352(6287):816-8.
Epub 04/12. doi: 10.1126/science.aaf6116. Epub 2016 Apr 10. PMID: 27064 148.

Panas MD, Kedersha N, Mclnerney GM. Methods for the characterization of stress granules in virus
infected cells. Methods (San Diego, Calif). 2015; 90:57—-64. Epub 2015/04/22. https://doi.org/10.1016/.
ymeth.2015.04.009 PMID: 25896634.

Linero FN, Thomas MG, Boccaccio GL, Scolaro LA. Junin virus infection impairs stress-granule forma-
tion in Vero cells treated with arsenite via inhibition of elF2alpha phosphorylation. The Journal of gen-
eral virology. 2011; 92(Pt 12):2889-99. Epub 08/05. doi: 10.1099/vir.0.033407-0. Epub 2011 Aug 3.
PMID: 21813702.

Janes KA. An Analysis of Critical Factors for Quantitative Immunoblotting. Sci Signal. 2015; 8(371):rs2.
https://doi.org/10.1126/scisignal.2005966 PMID: 25852189.

Vyboh K, Ajamian L, Mouland AJ. Detection of viral RNA by fluorescence in situ hybridization (FISH). J
Vis Exp. 2012;(63):€4002. Epub 05/17. https://doi.org/10.3791/4002 PMID: 22588480.

White JP, Cardenas AM, Marissen WE, Lloyd RE. Inhibition of cytoplasmic mRNA stress granule forma-
tion by a viral proteinase. Cell host & microbe. 2007; 2(5):295-305. Epub 11/17. https://doi.org/10.1016/
j.chom.2007.08.006 PMID: 18005751.

Emara MM, Brinton MA. Interaction of TIA-1/TIAR with West Nile and dengue virus products in infected
cells interferes with stress granule formation and processing body assembly. Proceedings of the
National Academy of Sciences of the United States of America. 2007; 104(21):9041-6. Epub 05/16.
https://doi.org/10.1073/pnas.0703348104 PMID: 17502609.

Katoh H, Okamoto T, Fukuhara T, Kambara H, Morita E, Mori Y, et al. Japanese encephalitis virus core
protein inhibits stress granule formation through an interaction with Caprin-1 and facilitates viral propa-
gation. Journal of virology. 2012; 87(1):489-502. Epub 10/26. doi: 10.1128/JVI1.02186-12. Epub 2012
Oct 24. PMID: 23097442.

McEwen E, Kedersha N, Song B, Scheuner D, Gilks N, Han A, et al. Heme-regulated inhibitor kinase-

mediated phosphorylation of eukaryotic translation initiation factor 2 inhibits translation, induces stress
granule formation, and mediates survival upon arsenite exposure. The Journal of biological chemistry.
2005; 280(17):16925-33. Epub 02/03. https://doi.org/10.1074/jbc.M412882200 PMID: 15684421.

Dang Y, Kedersha N, Low WK, Romo D, Gorospe M, Kaufman R, et al. Eukaryotic initiation factor
2alpha-independent pathway of stress granule induction by the natural product pateamine A. The Jour-
nal of biological chemistry. 2006; 281(43):32870-8. https://doi.org/10.1074/jbc.M606149200 PMID:
16951406.

Fujimura K, Sasaki AT, Anderson P. Selenite targets elF4E-binding protein-1 to inhibit translation initia-
tion and induce the assembly of non-canonical stress granules. Nucleic Acids Res. 2012; 40(16):8099—
110. https://doi.org/10.1093/nar/gks566 PMID: 22718973; PubMed Central PMCID:
PMCPMC3439927.

Wang X, Liao Y, Yap PL, Png KJ, Tam JP, Liu DX. Inhibition of protein kinase R activation and upregula-
tion of GADD34 expression play a synergistic role in facilitating coronavirus replication by maintaining
de novo protein synthesis in virus-infected cells. Journal of virology. 2009; 83(23):12462—72. Epub 09/
25. doi: 10.1128/JV1.01546-09. Epub 2009 Sep 23. PMID: 19776135.

He B, Gross M, Roizman B. The gamma(1)34.5 protein of herpes simplex virus 1 complexes with pro-
tein phosphatase 1alpha to dephosphorylate the alpha subunit of the eukaryotic translation initiation fac-
tor 2 and preclude the shutoff of protein synthesis by double-stranded RNA-activated protein kinase.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0005775 July 17,2017 19/20


https://doi.org/10.1016/j.it.2014.07.006
http://www.ncbi.nlm.nih.gov/pubmed/25153707
https://doi.org/10.3390/v8070180
https://doi.org/10.3390/v8070180
http://www.ncbi.nlm.nih.gov/pubmed/27367717
https://doi.org/10.1128/mBio.02150-16
https://doi.org/10.1128/mBio.02150-16
http://www.ncbi.nlm.nih.gov/pubmed/28074025
https://doi.org/10.1016/S0076-6879(08)02626-8
http://www.ncbi.nlm.nih.gov/pubmed/19111193
https://doi.org/10.1002/0471142735.ima03bs111
http://www.ncbi.nlm.nih.gov/pubmed/26529666
https://doi.org/10.3791/52065
http://www.ncbi.nlm.nih.gov/pubmed/25407402
https://doi.org/10.1126/science.aaf6116
http://www.ncbi.nlm.nih.gov/pubmed/27064148
https://doi.org/10.1016/j.ymeth.2015.04.009
https://doi.org/10.1016/j.ymeth.2015.04.009
http://www.ncbi.nlm.nih.gov/pubmed/25896634
https://doi.org/10.1099/vir.0.033407-0
http://www.ncbi.nlm.nih.gov/pubmed/21813702
https://doi.org/10.1126/scisignal.2005966
http://www.ncbi.nlm.nih.gov/pubmed/25852189
https://doi.org/10.3791/4002
http://www.ncbi.nlm.nih.gov/pubmed/22588480
https://doi.org/10.1016/j.chom.2007.08.006
https://doi.org/10.1016/j.chom.2007.08.006
http://www.ncbi.nlm.nih.gov/pubmed/18005751
https://doi.org/10.1073/pnas.0703348104
http://www.ncbi.nlm.nih.gov/pubmed/17502609
https://doi.org/10.1128/JVI.02186-12
http://www.ncbi.nlm.nih.gov/pubmed/23097442
https://doi.org/10.1074/jbc.M412882200
http://www.ncbi.nlm.nih.gov/pubmed/15684421
https://doi.org/10.1074/jbc.M606149200
http://www.ncbi.nlm.nih.gov/pubmed/16951406
https://doi.org/10.1093/nar/gks566
http://www.ncbi.nlm.nih.gov/pubmed/22718973
https://doi.org/10.1128/JVI.01546-09
http://www.ncbi.nlm.nih.gov/pubmed/19776135
https://doi.org/10.1371/journal.pntd.0005775

@ PLOS | RSHEAE Biseases

Zika virus inhibits stress granule assembly

36.

37.

38.

39.

40.

M,

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Proceedings of the National Academy of Sciences of the United States of America. 1997; 94(3):843-8.
Epub 02/04. PMID: 9023344.

Boyce M, Bryant KF, Jousse C, Long K, Harding HP, Scheuner D, et al. A selective inhibitor of elF2al-
pha dephosphorylation protects cells from ER stress. Science (New York, NY). 2005; 307(5711):935-9.
Epub 02/12. https://doi.org/10.1126/science.1101902 PMID: 15705855.

Zismanov V, Chichkov V, Colangelo V, Jamet S, Wang S, Syme A, et al. Phosphorylation of elF2alpha
Is a Translational Control Mechanism Regulating Muscle Stem Cell Quiescence and Self-Renewal. Cell
stem cell. 2015; 18(1):79-90. Epub 11/10. doi: 10.1016/j.stem.2015.09.020. Epub 2015 Nov 5. PMID:
26549106.

Sage VL, Cinti A, Amorim R, Mouland A. Adapting the Stress Response: Viral Subversion of the mTOR
Signaling Pathway. Viruses. 2016; 8(6):152. hitps://doi.org/10.3390/v8060152 PMID: 27231932

Valiente-Echeverria F, Melnychuk L, Vyboh K, Ajamian L, Gallouzi IE, Bernard N, et al. eEF2 and Ras-
GAP SH3 domain-binding protein (G3BP1) modulate stress granule assembly during HIV-1 infection.
Nature communications. 2014; 5:4819. https://doi.org/10.1038/ncomms5819 PMID: 25229650.

Basu M, Courtney SC, Brinton MA. Arsenite-induced stress granule formation is inhibited by elevated
levels of reduced glutathione in West Nile virus-infected cells. PLoS pathogens. 2017; 13(2):e1006240.
Epub 02/28. doi: 10.1371/journal.ppat.1006240. eCollection 2017 Feb. PMID: 28241074.

LiW, Li Y, Kedersha N, Anderson P, Emara M, Swiderek KM, et al. Cell proteins TIA-1 and TIAR inter-
act with the 3’ stem-loop of the West Nile virus complementary minus-strand RNA and facilitate virus
replication. Journal of virology. 2002; 76(23):11989—2000. Epub 11/05. PMID: 12414941. https://doi.
org/10.1128/JV1.76.23.11989-12000.2002

Jefferson M, Whelband M, Mohorianu |, Powell PP. The Pestivirus N Terminal Protease Npro Redistrib-
utes to Mitochondria and Peroxisomes Suggesting New Sites for Regulation of IRF3 by Npro. PLoS
One. 92014.

Albornoz A, Carletti T, Corazza G, Marcello A. The stress granule component TIA-1 binds tick-borne
encephalitis virus RNA and is recruited to perinuclear sites of viral replication to inhibit viral translation.
Journal of virology. 2014; 88(12):6611-22. Epub 04/04. doi: 10.1128/JV1.03736-13. Epub 2014 Apr 2.
PMID: 24696465.

Garaigorta U, Heim MH, Boyd B, Wieland S, Chisari FV. Hepatitis C virus (HCV) induces formation of
stress granules whose proteins regulate HCV RNA replication and virus assembly and egress. Journal
of virology. 2012; 86(20):11043-56. Epub 08/03. https://doi.org/10.1128/JVI.07101-11 PMID:
22855484.

Ruggieri A, Dazert E, Metz P, Hofmann S, Bergeest JP, Mazur J, et al. Dynamic oscillation of translation
and stress granule formation mark the cellular response to virus infection. Cell host & microbe. 2012; 12
(1):71-85. Epub 07/24. https://doi.org/10.1016/j.chom.2012.05.013 PMID: 22817989.

Sonenberg N, Hinnebusch AG. Regulation of Translation Initiation in Eukaryotes: Mechanisms and Bio-
logical Targets. Cell. 2009; 136(4):731—-45. https://doi.org/10.1016/j.cell.2009.01.042 PMID: 19239892.

Buchman PD, Annamaria Q, Tatyana AS, Vladimir L. Modulation of p-elF2a cellular levels and stress
granule assembly/disassembly by trehalose. Scientific Reports, Published online: 9 March 2017; |
https://doi.org/10.1038/srep44088. 2017.

Hakki M, Geballe AP. Cellular serine/threonine phosphatase activity during human cytomegalovirus
infection. Virology. 2008; 380(2):255—-63. Epub 09/02. doi: 10.1016/j.virol.2008.07.028. Epub 2008 Aug
30. PMID: 18757073.

Zhang F, Moon A, Childs K, Goodbourn S, Dixon LK. The African swine fever virus DP71L protein
recruits the protein phosphatase 1 catalytic subunit to dephosphorylate elF2alpha and inhibits CHOP
induction but is dispensable for these activities during virus infection. Journal of virology. 2010; 84
(20):10681-9. Epub 08/13. doi: 10.1128/JVI.01027-10. Epub 2010 Aug 11. PMID: 20702639.

Liao Y, Gu F, Mao X, Niu Q, Wang H, Sun Y, et al. Regulation of de novo translation of host cells by
manipulation of PERK/PKR and GADD34-PP1 activity during Newcastle disease virus infection. The
Journal of general virology. 2016; 97(4):867—79. Epub 02/13. doi: 10.1099/jgv.0.000426. Epub 2016
Feb 11. PMID: 26869028.

Kazemi S, Papadopoulou S, Li S, Su Q, Wang S, Yoshimura A, et al. Control of alpha subunit of eukary-
otic translation initiation factor 2 (elF2 alpha) phosphorylation by the human papillomavirus type 18 E6
oncoprotein: implications for elF2 alpha-dependent gene expression and cell death. Molecular and cel-
lular biology. 2004; 24(8):3415-29. Epub 04/03. PMID: 15060162. https://doi.org/10.1128/MCB.24.8.
3415-3429.2004

Bryant KF, Macari ER, Malik N, Boyce M, Yuan J, Coen DM. ICP34.5-Dependent and—Independent
Activities of Salubrinal in Herpes Simplex Virus-1 Infected Cells. Virology. 2008; 379(2):197—204.
https://doi.org/10.1016/j.virol.2008.06.028 PMID: 18684481.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0005775 July 17,2017 20/20


http://www.ncbi.nlm.nih.gov/pubmed/9023344
https://doi.org/10.1126/science.1101902
http://www.ncbi.nlm.nih.gov/pubmed/15705855
https://doi.org/10.1016/j.stem.2015.09.020
http://www.ncbi.nlm.nih.gov/pubmed/26549106
https://doi.org/10.3390/v8060152
http://www.ncbi.nlm.nih.gov/pubmed/27231932
https://doi.org/10.1038/ncomms5819
http://www.ncbi.nlm.nih.gov/pubmed/25229650
https://doi.org/10.1371/journal.ppat.1006240
http://www.ncbi.nlm.nih.gov/pubmed/28241074
http://www.ncbi.nlm.nih.gov/pubmed/12414941
https://doi.org/10.1128/JVI.76.23.11989-12000.2002
https://doi.org/10.1128/JVI.76.23.11989-12000.2002
https://doi.org/10.1128/JVI.03736-13
http://www.ncbi.nlm.nih.gov/pubmed/24696465
https://doi.org/10.1128/JVI.07101-11
http://www.ncbi.nlm.nih.gov/pubmed/22855484
https://doi.org/10.1016/j.chom.2012.05.013
http://www.ncbi.nlm.nih.gov/pubmed/22817989
https://doi.org/10.1016/j.cell.2009.01.042
http://www.ncbi.nlm.nih.gov/pubmed/19239892
https://doi.org/10.1038/srep44088
https://doi.org/10.1016/j.virol.2008.07.028
http://www.ncbi.nlm.nih.gov/pubmed/18757073
https://doi.org/10.1128/JVI.01027-10
http://www.ncbi.nlm.nih.gov/pubmed/20702639
https://doi.org/10.1099/jgv.0.000426
http://www.ncbi.nlm.nih.gov/pubmed/26869028
http://www.ncbi.nlm.nih.gov/pubmed/15060162
https://doi.org/10.1128/MCB.24.8.3415-3429.2004
https://doi.org/10.1128/MCB.24.8.3415-3429.2004
https://doi.org/10.1016/j.virol.2008.06.028
http://www.ncbi.nlm.nih.gov/pubmed/18684481
https://doi.org/10.1371/journal.pntd.0005775

