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West Nile virus (WNV)-mediated neuronal death is a hallmark of WNV meningitis and encephalitis.
However, the mechanisms of WNV-induced neuronal damage are not well understood. We investigated
WNYV neuropathogenesis by using human neuroblastoma cells and primary rat hippocampal neurons. We
observed that WNV activates multiple unfolded protein response (UPR) pathways, leading to transcrip-
tional and translational induction of UPR target genes. We evaluated the role of the three major UPR
pathways, namely, inositol-requiring enzyme 1-dependent splicing of X box binding protein 1 (XBP1)
mRNA, activation of activating transcription factor 6 (ATF6), and protein kinase R-like endoplasmic
reticulum (ER) kinase-dependent eukaryotic initiation factor 2a (eIF2a) phosphorylation, in WNV-
infected cells. We show that XBP1 is nonessential or can be replaced by other UPR pathways in WNV rep-
lication. ATF6 was rapidly degraded by proteasomes, consistent with induction of ER stress by WNV. We
further observed a transient phosphorylation of el[F2a and induction of the proapoptotic cyclic AMP
response element-binding transcription factor homologous protein (CHOP). WNV-infected cells exhibited
a number of apoptotic phenotypes, such as (i) induction of growth arrest and DNA damage-inducible gene
34, (ii) activation of caspase-3, and (iii) cleavage of poly(ADP-ribose) polymerase. The expression of WNV
nonstructural proteins alone was sufficient to induce CHOP expression. Importantly, WNV grew to
significantly higher viral titers in chop ™'~ mouse embryonic fibroblasts (MEFs) than in wild-type MEFs,
suggesting that CHOP-dependent premature cell death represents a host defense mechanism to limit viral
replication that might also be responsible for the widespread neuronal loss observed in WNV-infected

neuronal tissue.

West Nile virus (WNV) is a neurotropic virus that has re-
emerged as a pathogen of serious concern to the U.S. popu-
lation, accounting for more than 20,000 reported human cases
since the 1999 outbreak in New York (21, 40). Forty percent of
the reported WNV-infected patients have neurological disease
manifest as meningitis, encephalitis, and poliomyelitis. Immu-
nocompromised and aged individuals are especially vulnerable
to WNV infection. WNV belongs to the Flaviviridae family,
which includes dengue virus, Japanese encephalitis virus
(JEV), yellow fever virus, and the more distantly related hep-
atitis C virus (HCV), all of which are global health threats. The
flaviviruses are characterized by a single-stranded positive-
sense RNA genome of approximately 11,000 nucleotides that
encodes a single polyprotein. The polyprotein is cleaved by
host and viral proteases into three structural (capsid [C], mem-
brane [M], and envelope [E]) and seven nonstructural (NS1,
-2A, -2B, -3, -4A, -4B, and -5) proteins (21, 40).

Translation of the WNV polyprotein is associated with the
endoplasmic reticulum (ER) membranes, and the ER is also
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the site of viral encapsidation and envelopment. Therefore, it
is likely that WNV infection imposes a tremendous protein
load on the ER, leading to perturbation of ER homeostasis.
The unfolded protein response (UPR) is an ER-mediated re-
sponse to the accumulation of large amounts of unfolded or
misfolded proteins in the ER (12, 42). Induction of the UPR
facilitates the recovery of the stressed ER by upregulating the
expression of the protein folding machinery, such as the ER
chaperones immunoglobulin heavy chain binding protein (BiP)
and protein disulfide isomerase (PDI). Additionally, the UPR
enhances the ER-assisted degradation (ERAD) of misfolded
proteins. The UPR is mediated by the sequential and con-
certed activation of three key players, namely, protein kinase R
(PKR)-like ER kinase (PERK), activating transcription factor
6 (ATF6), and inositol-requiring enzyme 1 (IRE1), whose
functions are regulated by BiP (Fig. 1). Activation of PERK
leads to phosphorylation of eukaryotic initiation factor 2a
(eIF2a), resulting in the inhibition of protein translation (13).
However, proteins such as ATF4 can bypass the translation
inhibition and induce the expression of genes that help the ER
to cope with the stress (28). ER stress leads to the transloca-
tion of ATF6, a bZIP family transcription factor, to the Golgi
apparatus, where ATF6 is activated by limited proteolysis (5,
57). The cleaved N-terminal fragment of ATF6 is transported
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FIG. 1. WNV induces the expression of ER chaperones. (A) Schematic representation of the three arms of the mammalian UPR pathways.
PERK, ATF6, and IREI regulate ER homeostasis by promoting prosurvival signals. Under prolonged ER stress, these proteins initiate apoptotic
pathways to eliminate sick cells. See the introduction for a detailed description. (B) SK-N-MC cells were infected with WNV (MOI, 10), and lysates
were harvested at the indicated times p.i. and analyzed by Western blotting for the indicated ER chaperones, B-actin, and WNV NS4B.

to the nucleus, where it activates the transcription of genes
with ER stress response elements (ERSEs), which include ER
chaperones and X box binding protein 1 (XBP1) (60). Finally,
activation of IRE1, which consists of a serine-threonine kinase
domain and an endoribonuclease domain, leads to splicing of
the xbpl mRNA (excision of a 26-nucleotide intron), resulting
in the expression of the XBP1s protein. XBP1s acts as a tran-
scription factor, regulating the expression of ER chaperones
and other genes that function to terminate the UPR by nega-
tive feedback inhibition of PERK (3, 25).

The UPR is a prosurvival signal that restores ER homeosta-
sis by promoting either proper folding or degradation of accu-
mulated misfolded proteins in the ER. However, in situations
such as viral infections, ER stress is persistent and switches the
UPR from being prosurvival to proapoptotic (47). Under these
conditions, the PERK and IRE1 arms of the UPR suppress the
activity of antiapoptotic proteins and induce the expression of
proapoptotic proteins (53). ATF4 (induced by PERK activation)
induces the expression of cyclic AMP (cAMP) response element-
binding transcription factor homologous protein (CHOP; also
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known as growth arrest and DNA damage-inducible gene 153
[GADD153]), which promotes apoptotic cell death (28). The
proapoptotic action of IRE1 is mediated by the activation of the
c-Jun N-terminal kinase (JNK), which promotes apoptosis by
suppressing the activity of antiapoptotic Bcl-2 family proteins (7,
33, 58).

Flaviviruses have been shown to activate one or more UPR
pathways. JEV induces the expression of CHOP, and both JEV
and dengue virus induce splicing of xbp! (46, 61). HCV has
been shown to activate IRE1, inhibit XBP1s activity, and block
elF2a phosphorylation (4, 48-50). Although these viruses dif-
ferentially affect UPR pathways, a clear understanding of how
flaviviruses such as WNV modulate all three arms of the UPR
and the importance of this modulation in viral pathogenesis is
lacking. In this study, we show that WNV-mediated ER stress
affects the three UPR pathways differentially during the course
of infection and provide evidence supporting an important role
for CHOP-mediated apoptosis in limiting WNV growth. Our
results provide insights into the cellular response to WNV
infection and the molecular mechanisms of WNV pathogenesis.

MATERIALS AND METHODS

Cells, cell culture, and virus. SK-N-MC neuroblastoma cells were cultured in
Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum, peni-
cillin, streptomycin, and glutamine. HEK293T cells were cultured in minimal
essential medium containing 10% fetal bovine serum, penicillin, streptomycin,
and glutamine. xbpl ~/~ and xbpI ™/ cells were obtained from Laurie Glimcher
and grown as described previously (24). chop ™/~ cells were obtained from David
Ron and cultured as described previously (63). The WNV strain used in this
study has been described before (56). Viral stocks and infection and plaque
assays were as described previously (15). In some experiments, viruses from
WNV-infected mosquito cell (C6/36) supernatants were used. WNV replicons
were packaged into virus-like particles (VLPs) by using a cell line persistently
expressing a Venezuelan equine encephalitis virus replicon encoding the WNV
structural proteins (10). To obtain high-titer WNV VLPs, we utilized a WNV
replicon (WNR-CNSI1-5) containing a full capsid-encoding region, since this
replicon has been shown to produce high-titer VLP preparations (10; unpub-
lished data). Rat hippocampal neurons were isolated and cultured in Gary
Banker’s laboratory as described previously (18).

Plasmid constructs and transfection. A plasmid encoding the structural region
of WNV (pEF1-WNVstr) was constructed as follows. An infectious WNV clone
(pFL-WNYV) obtained from Pei-Yong Shi (44) was used as a template to amplify
the region encoding the structural proteins (C-prM-E), using the forward primer
5'-ATCTCAGGTACCATGTCTAAGAAACC-3" and the reverse primer 5'-TA
GGATCCATTGATGCCCATCCAC-3'. The PCR product was cloned into the
per2.1 vector (Invitrogen). A positive clone was cut with KpnI-BamHI, and the
released insert was ligated into Kpnl-BamHI sites of pEF1-mycHisB (Invitro-
gen). A stop codon at the end of the protein coding sequence in the vector
abrogates the expression of tags at the C terminus. A positive clone verified by
sequencing was used for transfections.

Transfection. HEK293T cells were transfected with the indicated plasmids in
suspension, using the FUGENES transfection reagent (Roche Diagnostics) ac-
cording to the manufacturer’s instructions. At 16 to 24 h posttransfection, cells
were infected (in the case of ATF6 transfections) with WNV as described above.
Samples were processed at 24 and 48 h postinfection (p.i.) for Western blots or
for RNA preparation as described below.

The pCMV-3xFLAG-ATF6 plasmid was a kind gift from Ron Prywes (43). For
MG115 treatment, cells were treated at 36 h p.i. with dimethyl sulfoxide or 50
M MG115 (Sigma) for 4 h, and cell lysates were prepared as described below
for Western analysis.

Antibodies. The following commercial antibodies were used in this study:
monoclonal anti-BiP (BD Biosciences), monoclonal anti-calnexin (Affinity
Bioreagents), monoclonal anti-glucose response protein 94 (anti-GRP94), poly-
clonal anti-PDI (both from Stressgen), polyclonal anti-CHOP (Santa Cruz Bio-
technology), anti-FLAG (M2; Sigma), anti-eIF2q, anti-phospho-eIF2a, anti-
caspase 3, and anti-poly(ADP-ribose) polymerase (anti-PARP; Cell Signaling).

NS3, NS4B, and NS5 antisera. Monospecific polyclonal rabbit antisera were
raised against WNV proteins NS3, NS4B, and NS5. Coding sequences were
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amplified by PCR from WNV-NY99 RNA and cloned into the Ndel and BamHI
restriction sites of pET-15B (Novagen) expression plasmid vectors to generate
N-terminally histidine-tagged proteins. Insert-bearing plasmid DNAs were trans-
formed into Escherichia coli BL21(DE3) cells for isopropyl-B-p-galactopyrano-
side (IPTG)-induced expression of recombinant NS3-His, NS4B-His, and NS5-
His. Cells were disrupted by sonication in IMAC buffer (500 mM NaCl, 10%
glycerol, 0.2% Triton X-100, 20 mM Tris-HCI, pH 8) containing 5 mM imidazole
(NS3-His) or 0.1 sodium phosphate (pH 8)-8 M urea containing 5 mM imidazole
(NS4B-His and NS5-His). Proteins were purified on nickel-agarose (QIAGEN),
using IMAC buffer containing 25 mM imidazole (NS3-His) or 0.1 sodium phos-
phate (pH 8)-8 M urea containing 25 mM imidazole (NS4B-His and NS5-His)
for washing and IMAC buffer containing 250 mM imidazole (NS3-His) or 0.1
sodium phosphate (pH 8)-8 M urea containing 250 mM imidazole (NS4B-His
and NS5-His) for elution. Purified proteins were adjusted to 1 to 1.5 pg/ul in
phosphate-buffered saline (PBS) (NS3) or PBS-8 M urea (NS4B and NSS5).
Rabbits were immunized with 0.5 mg purified protein per injection, applying
three consecutive injections at 3-week intervals, using Freund’s complete (day 1)
or incomplete (days 21 and 42) adjuvant.

Cell lysate preparation and Western blotting. Cell lysates were prepared by
washing cells on ice with PBS twice and scraping them into lysis buffer containing
50 mM Tris-HCI, pH 8, 150 mM sodium chloride, 1% NP-40, 0.25% sodium
deoxycholate, 1 mM EDTA, and protease inhibitor cocktail containing aprotinin,
leupeptin, and pepstatin. For phospho-eIF2a Western blots, 1 mM sodium
fluoride, 1 mM sodium orthovanadate, 20 mM B-glycerophosphate, and 20 mM
sodium pyrophosphate were added to the above lysis buffer. After 10 min of
incubation on ice, samples were centrifuged at 13,000 X g for 10 min at 4°C, and
supernatants were used for protein estimation by the method of Bradford (Bio-
Rad). Lysates (25 to 50 wg) were loaded into a sodium dodecyl sulfate-poly-
acrylamide gel, transferred to a polyvinylidene difluoride membrane (Immobilon-
Millipore), and probed with appropriate antibodies followed by horseradish
peroxidase-conjugated anti-rabbit or anti-mouse antibodies (GE Healthcare).
Blots were visualized with the Supersignal West Pico chemiluminescent substrate
(Pierce) according to the manufacturer’s protocol. Signal intensities were quan-
titated by IPLab Gel H software (Analytics Corp.).

Xbpl splicing. Activation of Irelp was determined by measuring the splicing
of its substrate, the mRNA encoding the XBP1 transcription factor. RNA was
harvested using TRIzol reagent per the manufacturer’s instructions (Invitrogen).
Total RNA was treated with DNase I (DNase-free; Ambion) before the synthesis
of cDNA by random hexamers and Superscript III (Invitrogen). To amplify xbp!
mRNA, PCR was performed for 30 cycles (94°C for 30 s, 58°C for 30 s, and 72°C
for 1 min [10 min in the final cycle]), using the primers 5'-CTGGAAAGCAAG
TGGTAGA-3" and 5'-CTGGGTCCTTCTGGGTAGAC-3" with Platinum Tag
DNA polymerase (Invitrogen). Fragments of 398 bp and 424 bp, representing
spliced (XBP1s) and unspliced XBP1, respectively, were documented after stain-
ing 2% agarose gels with ethidium bromide and viewing them by UV illumina-
tion.

qRT-PCR. CHOP-specific quantitative real-time reverse transcription-PCR
(qQRT-PCR) was performed by both primer-probe and SYBR green-based methods.

(i) Primer-probe set. Cells were collected in 0.5 to 1 ml TRIzol reagent
(Invitrogen), and RNAs were prepared according to the manufacturer’s instruc-
tions. One hundred nanograms of RNA was used to determine WNV copy
numbers by one-step RT-PCR analysis (Applied Biosystems). The WNV primers
and probe used have been described before (2). Genome copy numbers were
normalized to B-actin values determined in parallel using Tagman gene expres-
sion assay endogenous control primer-probe sets (Applied Biosystems). Relative
CHOP mRNA levels were measured by qRT-PCR, using primer-probe sets from
the Applied Biosystems inventory (assay Hs99999172_m1).

(i) SYBR green method. For qRT-PCR of CHOP from primary rat neurons,
RNAs were harvested as described above and total RNA was treated with DNase
I (DNase-free; Ambion) before synthesis of cDNA by random hexamers and
Superscript III (Invitrogen). Primers were selected by using Primer Express
software (Applied Biosystems). Relative levels of the following mRNAs were
measured by qRT-PCRs using the following primers: rat CHOP forward primer,
5'-GGAAAGTGGCACAGCTTGCT-3'; rat CHOP reverse primer, 5'-CTGGT
CAGGCGCTCGATT-3'; L32 ribosomal protein forward primer, 5'-GAAGAT
TCAAGGGCCAGATCC-3'; and L32 ribosomal protein reverse primer, 5'-GT
GGACCAGAAACTTCCGGA-3'. For qRT-PCR of human samples, the primer
sets shown in Table 1 were used to amplify the indicated mRNAs.

Reactions were performed using SYBR green PCR core reagents. Relative
expression values between mock and infected samples at each time point were
calculated by the comparative cycle threshold method as previously described
(1a). Dissociation curves were done after each amplification run to control for
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TABLE 1. Primers used to amplify mRNAs from human cell lysates
Primer sequence
Gene
5" Primer 3" Primer

CHOP AGCTGGAACCTGAGGAGAGA TGGATCAGTCTGGAAAAGCA

ATF6 CTTTTAGCCCGGGACTCTTT TCAGCAAAGAGAGCAGAATCC
GADD34 GGAGGAAGAGAATCAAGCCA TGGGGTCGGAGCCTGAAGAT

WNV GGCGGTCCTGGGTGAAGTCAA CTCCGATTGTGGTTGCTTCGT

3-Actin CAGGGGAACCGCTCATTGCCAATGG TCACCACACACTGTGCCCATCTACGA

primer dimers. Absolute standard curves were generated from a plasmid encod-
ing the WNV NSI or NS3 cDNA.

Statistical analysis. P values were obtained by two-tailed, unpaired Student’s
t test.

RESULTS

WNY infection leads to induction of ER chaperones. We
investigated the modulation of the UPR by WNV in SK-N-MC
neuroblastoma cells, which are susceptible to WNV infection,
as shown previously (15). In order to determine if WNV in-
fection elicits an ER stress response, cells were infected with
WNYV and the expression levels of the ER chaperones BiP,
PDI, glucose response protein 94 (GRP94), calnexin, and cal-
reticulin were monitored over the course of infection by West-
ern blot analysis. As shown in Fig. 1B, ER chaperones were
induced upon WNYV infection, starting at 16 h p.i., and at 48 h
p.i. we observed two- to threefold increases in BiP, PDI, cal-
reticulin, and calnexin protein levels, with a modest increase in
GRPY4 levels at 24 and 32 h p.i. The kinetics of chaperone
induction coincided with the expression of WNV protein
NS4B, suggesting that the viral protein load in the ER induces
ER stress and the upregulation of ER chaperones. B-Actin
levels remain unchanged during the course of infection, indi-
cating that the induction is chaperone specific and not due to
global upregulation of protein translation.

WNV activates IRE1, leading to XBP1 splicing. Because
induction of chaperones is a characteristic feature of the acti-
vation of the UPR, we investigated the activation of all three
arms of the UPR in WNV-infected cells. Activation of the
IRE1 endoribonuclease leads to mRNA splicing of the tran-
scription factor XBP1 by removing a 26-bp intron from the
xbp1 transcript, which generates a frameshift in the XBP1 open
reading frame. This results in the expression of the active form
of the protein, XBP1s, which acts as a transcription factor.
XBP1s is involved in the transcriptional induction of a subset
of UPR target genes and also of the genes involved in ERAD
pathways (60). Analysis of xbp1 splicing in WNV-infected cells
revealed that splicing occurred by 24 h p.i. and that by 45 h p.i.
most of the xbp mRNA was spliced (Fig. 2A). The kinetics of
splicing corresponded with the increase in WNYV titers in cul-
ture supernatants, suggesting that the activation of IRE1 is due
to an increasing viral load in the ER (Fig. 2A). XBP1 has been
shown to be essential for the expression of only a subset of
UPR target genes (24). In order to determine if XBP1 plays an
essential role in WNV replication, we performed growth curve
experiments with mouse embryonic fibroblasts (MEFs) derived
from xbpl '~ and xbpI ™" embryos. As shown in Fig. 2B, the
lack of xbp! had no effect on the growth of WNV, indicating
that XBP1 is dispensable for WNV growth.

WNYV infection leads to degradation of ATF6. ATF6 is a
bZIP family transcription factor associated with the ER. Upon
induction of ER stress, ATF6 transits to the Golgi complex,
where resident proteases cleave ATF6 at the N terminus. The
N-terminal fragment is translocated into the nucleus, where it
upregulates the expression of various chaperones, including
BiP (5). We analyzed the activation of ATF6 in WNV-infected
cells by transient transfection of 293T cells with FLAG
epitope-tagged ATF6 (43), followed by infection with WNV.
Cleavage of ATF6 was analyzed by Western blotting of the
lysates from infected cells. We observed that WNV-infected
lysates had much less ATF6 than did uninfected controls (Fig.
2C). Additionally, we analyzed endogenous a#f6 mRNA levels
in WNV-infected SK-N-MC cells and did not observe any
changes, indicating that the difference occurs at a posttran-
scriptional step (data not shown). Previous studies have shown
rapid degradation of ATF6 upon ER stress, in a proteasome-
dependent manner (16). To confirm if ATF6 degradation in
WNYV infection occurs in a similar fashion, WNV-infected cells
were treated at 36 h p.i. with the proteasomal inhibitor MG115
for 4 h, and cell lysates were analyzed by Western blotting for
a reduction of ATF6 degradation. As expected, MG115 treat-
ment by itself caused ER stress and led to some degree of
cleavage of ATF6 (Fig. 2C). Nevertheless, we observed a par-
tial rescue (about 30% increase) of ATFG6 levels in lysates from
MG115-treated cells (Fig. 2C). These results suggest that the
ER stress in WNV-infected cells causes rapid degradation of
ATF6 by the proteasome.

WNYV infection leads to eIF2a phosphorylation. Activation
of PERK leads to phosphorylation of eIF2«, resulting in global
inhibition of protein translation (13). We analyzed eIF2« phos-
phorylation in lysates from WNV-infected cells as a measure of
PERK activation by Western blotting. As a positive control, we
used cell lysates treated with thapsigargin, which perturbs ER
calcium levels and causes ER stress. As shown in Fig. 3A,
elF2a was phosphorylated upon WNV infection at 24 h p.i.;
however, this effect was not sustained, as phospho-elF2a sig-
nals were back to basal levels at later stages of infection (48 h
p.i.). The eIF2a phosphorylation induced by WNV was similar
to that observed in response to thapsigargin (Fig. 3A), indicat-
ing that WNV is a highly potent ER stressor. The total levels
of elF2a in the lysates over the course of infection were un-
changed. These results suggest that WNV infection also acti-
vates the PERK arm of the UPR but that eIF2a phosphory-
lation is overcome by WNYV at later stages in the infection.

WNYV infection induces proapoptotic CHOP expression.
WNV infection has been shown to induce apoptosis in neurons
and various other cell types (41, 45). PERK activation and
elF2a phosphorylation lead to the activation of ATF4, which
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FIG. 2. WNV infection induces xbp! splicing and ATF6 degradation. (A) SK-N-MC cells were infected with WNV (MOI, 10), and total RNA
was isolated from cells at the indicated times p.i. xbp! splicing was analyzed by PCR as described in Materials and Methods. Unspliced (xbplu)
and spliced (xbpls) forms are shown. WNYV titers in the culture supernatants were determined by plaque assay on Vero cells. Results are
representative of two independent experiments. Data are means * standard deviations (SD). (B) Wild-type (wt) and xbpI '~ cells were infected
with WNYV at an MOI of 3. Supernatants were collected on the indicated days p.i., and WNYV titers were determined by plaque assay on Vero cells.
Three independent experiments were performed with duplicate samples. Data are means * SD. (C) HEK293T cells were transfected with a
plasmid expressing 3X FLAG-ATF6 followed by infection with WNV at an MOI of 5. At 36 h p.i., cells were treated with dimethyl sulfoxide or
50 M MG115 for 4 h, and cell lysates were analyzed by Western blotting using anti-FLAG, anti-B-actin, and anti-WNV NS4B antibodies. ATF6
expression levels (averages = SD) from two independent experiments are indicated.

upregulates genes involved in restoring ER homeostasis. How-
ever, under persistent ER stress, ATF4 induces the expression
of CHOP, which initiates apoptosis (28). To determine if
CHOP expression is induced by WNV, we analyzed the levels
of chop mRNA by qRT-PCR and of CHOP protein by Western
blotting with RNA samples and cell lysates prepared from
WNV-infected cells. We found that CHOP mRNA levels were
persistently induced by WNV at 24 and 48 h p.. (Fig. 3B).
CHOP was barely detectable in the lysates under normal con-
ditions. We observed an induction of CHOP protein levels in
WNV-infected cell lysates (Fig. 3C), confirming the qRT-PCR

results. These results suggest a possible mechanistic link be-
tween WNV-induced apoptosis and CHOP induction.

WNYV induces elF2a phosphorylation and CHOP in primary
neurons. The most severe cases of WNV disease involve viral
invasion of the central nervous system and subsequent encepha-
litis and/or meningitis. Pathology studies of WNV-infected pa-
tients and animals have shown a rapid loss of neurons by apo-
ptosis (1, 11, 38, 39, 41, 45). Our results with neuroblastoma cells
implicate a potential role for UPR-mediated apoptosis in neuro-
nal death. We used primary rat hippocampal neuronal/glial cul-
tures as a model to understand the mechanism of neuronal ap-
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FIG. 4. WNV induces elF2a phosphorylation and CHOP in pri-
mary rat hippocampal neurons. (A) One-week-old primary rat neurons
were infected with WNV at an MOI of 10. At 24 h p.i,, lysates were
prepared and analyzed for phospho-elF2a and total eIF2a by Western
blotting. (B) Total RNA was isolated from WNV-infected neurons at
24 h p.i., and chop mRNA levels were quantitated by real-time RT-
PCR. The chop message was normalized to the ribosomal protein 1.32
message, and x-fold changes were calculated as described in Materials
and Methods. WNV infection was verified by WNV NS1 amplification
from the samples. ND, not detected. Data represent three independent
experiments and are means * SD.

optosis. Cultures were infected with WNV, and subsequently,
elF2a phosphorylation was monitored in the lysates. We ob-
served a twofold increase in phospho-eIF2a levels at 24 h p.i. (Fig.
4A), while the total level of elF2a remained unchanged. We
further isolated RNAs from WNV-infected neurons, and induc-
tion of chop was analyzed by qRT-PCR. As shown in Fig. 4B, we
saw a four- to fivefold increase in the chop mRNA level relative
to that in uninfected samples. These results suggest a potential
role for CHOP in WNV-induced neuronal apoptosis.

WNYV induces expression of GADD34, activation of caspase
3, and PARP cleavage. CHOP promotes cell death by a dual
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mechanism, i.e., by activation of proapoptotic genes and by
downregulation of antiapoptotic genes (30, 31, 35, 54). One of
the downstream effectors of CHOP is GADD34, the regulatory
subunit of the elF2a-specific phosphatase complex (20, 34).
GADD34 activity dephosphorylates elF2a, relieving transla-
tion attenuation, promoting protein synthesis, and thereby ag-
gravating the accumulation of unfolded and misfolded proteins
in the ER. In order to further characterize the role of CHOP
effectors such as GADD34 in WNV-mediated apoptosis, we
examined the expression of GADD34 in WNV-infected cells.
qRT-PCR analysis of RNAs from WNV-infected samples
showed a persistent twofold induction of GADD34 compared
to the level in uninfected samples (Fig. 5A). These results
suggest that WNV upregulation of GADD34 counteracts
elF2a phosphorylation and relieves translation inhibition to
facilitate the synthesis of viral proteins.

CHOP induction activates apoptotic pathways, culminating
in cell death. ER stress-mediated apoptotic signals ultimately
converge on caspase 3, which is the effector caspase activated
by proteolytic cleavage. Caspase 3 has been shown to play a
role in neuronal apoptosis in WNV-infected animals (41). We
analyzed the activation of caspase 3 during the course of WNV
infection in WNV-infected cell lysates. As shown in Fig. 5B,
caspase 3 was activated at 48 h p.i., as observed by the appear-
ance of 17-kDa cleavage fragments. We next looked at the
proteolytic cleavage of PARP by caspases, which is another
hallmark of apoptosis (23). Western blot analysis of WNV-
infected lysates revealed PARP cleavage at 48 h p.i. (Fig. 5C),
which correlated with the activation of caspase 3 (Fig. 5B).
Taken together, our results indicate that the persistent activa-
tion of UPR pathways by WNV leads to the induction of
apoptosis.

CHOP induction by WNV is mediated by NS proteins. WNV
particle formation has been proposed to occur in close associ-
ation with the ER membranes. Both structural and NS proteins
could be responsible for activating the UPR, inducing the
expression of CHOP, and promoting apoptosis. In order to
identify the region of the WNV polyprotein responsible for
CHOP induction, we investigated the involvement of structural
and NS proteins in inducing CHOP expression. HEK293T cells
were transfected with a plasmid encoding the WNV structural
region (C, prM, and E) or infected with WNV or with WNV-
derived VLPs expressing replicons encoding capsid and NS1 to
-5 (WNR-CNSI1-5) (10). Western blotting of E and NS5 from
cell lysates revealed comparable expression levels between
plasmid transfection and VLP infection. However, WNV-in-
fected lysates had much higher levels of E and NS5 (Fig. 6A).
chop expression was analyzed by qRT-PCR, as mentioned
above. We observed a threefold induction of chop mRNA in
WNV-infected samples (Fig. 6A). WNV structural proteins
failed to induce chop, while the VLPs expressing NS proteins
induced chop expression to levels almost similar to those for
WNV. These results demonstrate that one or more NS pro-
teins of WNV induce CHOP expression, leading to apoptosis.

CHOP-deficient cells release larger amounts of WNV. MEFs
derived from chop '~ embryos provided further insights into
the role of CHOP in ER stress-induced apoptosis. chop™/~
cells have been shown to be partially resistant to apoptosis
induced by ER stress (63). In order to determine if CHOP
plays a role in WNYV replication, we analyzed the growth of
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FIG. 5. WNV infection leads to apoptosis. (A) SK-N-MC cells were infected with WNV (MOI, 10), and total RNA was prepared from cells
at the indicated times p.i. The GADD34 message was quantitated by real-time RT-PCR. WNV NS1 was quantitated from the same samples to
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SK-N-MC lysates isolated at 24 and 48 h post-WNV infection were analyzed by Western blotting for caspase 3, PARP, and WNV NS3/5.

WNV in wild-type and chop™'~ MEFs. As shown in Fig. 6B,
chop™'~ MEFs supported robust WNV infection, leading to
titers significantly higher than those in the wild-type MEFs at
both 24 and 48 h p.i. Analysis of WNV protein levels showed
significantly larger amounts of NS3 in lysates from chop "/~
cells than in lysates from wild-type controls. These results
suggest that CHOP-mediated apoptosis functions to control
WNV replication in vitro and that this process may represent
an important in vivo mechanism of control of WNV replication
and pathogenesis as well.

DISCUSSION

In the current study, we have shown that WNV infection
triggers the activation of all three arms of the UPR. In WNV-
infected cells, we observed induction of the expression of the

ER chaperones BiP, PDI, calreticulin, calnexin, and GRP9%4.
BiP is the master regulator of the UPR pathways and regulates
the activation of PERK, ATF6, and IRE1 (42). Overloading of
the ER with unfolded or misfolded proteins results in the
sequestration of BiP and in activation of the UPR. It is likely
that in WNV-infected cells, the abundance of ER-localized
viral proteins triggers this process. WNV infection activates
IRE], resulting in the splicing of xbpI mRNA. However, the
growth of WNV is unchanged in xbpl '~ cells compared to
that in wild-type cells, indicating that this arm of the UPR does
not affect WNV replication or that its effects are redundant.
XBP1 is essential for the expression of a subset of ER stress-
responsive genes involved in ER biogenesis (24). Flavivirus
replication is associated with extensive proliferation of intra-
cellular membranes, which are, in part, derived from the ER.
However, it is possible that other UPR pathways compensate
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FIG. 6. WNV NS proteins induce CHOP expression and WNV growth in chop ™'~ MEFs. (A) HEK293T cells were transfected with the

indicated plasmids or infected with VLPs or WNV. At 42 h posttransfec

tion/infection, total RNA was isolated and chop mRNA levels were

quantitated as mentioned above. Expression of WNV E and NS5 in the transfected/infected cell lysates was verified by Western blotting.

B-Actin is shown as a loading control. (B) Wild-type (wt) and chop™/~

MEFs were infected with WNV at an MOI of 1, and supernatants

were collected at 24 and 48 h p.i. WNV titers were determined by plaque assay on Vero cells. Data representative of three independent
experiments performed with triplicate values are shown. Data are means = standard errors of the means. The respective P value for each

sample compared with the vector alone is indicated as follows: ns, not si
lysates isolated at 24 and 48 h p.i. from WNV-infected wild-type (wt) and
NS3, and B-actin.

for the absence of XBP1 in these cells. Our results are consis-
tent with reports on other flaviviruses, such as JEV and dengue
virus, where knockdown of XBP1 expression by small interfer-
ing RNA had minimal effects on viral growth (61). XBP1 is
also involved in ERAD by the induction of ER degradation-
enhancing a-mannosidase-like protein (EDEM) (52, 59). In-
terestingly, expression of the HCV replicon induces XBP1
splicing but inhibits XBP1s activity by targeting the protein for
proteasomal degradation, thus blocking the induction of
ERAD. We have not investigated whether or not WNV inhib-
its XBP1s activity. However, we show that ATFG6 is rapidly
degraded in a proteasome-dependent manner following WNV
infection. ATF6 activation is upstream of IRE1 activation, and
cleavage of ATF6 is required for the induction of XBP1

gnificant (P > 0.221); #*, P < 0.037; and ***, P < 0.0009. (C) Cell
chop~'~ MEFs were analyzed by Western blotting for CHOP, WNV

mRNA (25). Therefore, WNV and HCV may inhibit ERAD by
acting on different proteins in the same pathway. There are no
reports of viruses inducing ATF6 degradation so far, and
whether WNV-mediated degradation of ATF6 results in the
inhibition of ERAD by negative regulation of xbpl warrants
further investigation.

WNYV infection leads to transient phosphorylation of eIF2q,
presumably via activation of PERK, in both SK-N-MC cells
and primary rat hippocampal neurons. Furthermore, we
showed that persistent ER stress due to WNV infection finally
leads to the induction of the proapoptotic genes chop
(gadd153) and gadd34 and that WNV-infected cells exhibit
caspase 3 activation and PARP cleavage, indicating that apop-
tosis of infected cells does indeed occur. The UPR often func-
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tions as a prosurvival signal to promote the restoration of ER
homeostasis. However, persistent stress inflicted upon the ER
by viral proteins switches UPR signals from being prosurvival
to prodeath by inducing the expression of genes involved in
apoptosis. Induction of CHOP is observed following expres-
sion of the WNV NS, but not structural, proteins, demonstrat-
ing that one or more of these proteins is sufficient to trigger
this process. WNV titers in chop™/~ cells were significantly
higher than those in wild-type MEFs, strongly suggesting that
apoptosis functions to limit viral replication.

elF2a phosphorylation by PERK plays a key role in the
UPR by promoting translational shutoff to allow proper fold-
ing of unfolded and misfolded proteins accumulated in the ER
(13). eIF2a is also phosphorylated by other kinases, such as the
general control nondepressible 2 kinase and interferon-induc-
ible PKR, which is activated by double-stranded RNA (8).
However, there are no reports linking these kinases to ER
stress. PKR-deficient MEFs do not show any defects in ER
stress-induced translation inhibition, suggesting that PKR is
not involved in the UPR (13). Additionally, a cytopathic strain
of bovine viral diarrhea virus, a related member of the Flavi-
viridae family, has been shown to activate PERK and to induce
elF2a phosphorylation (17). Our studies are consistent with
this observation and implicate PERK activation in eIF2« phos-
phorylation in both neuroblastoma cells and primary neurons.
Nevertheless, PKR and general control nondepressible 2 ki-
nase may also be involved in elF2a phosphorylation at early
stages of infection in response to viral RNA replication. Trans-
lation inhibition has a deleterious effect on viral growth, and
viruses have been shown to overcome this inhibition by various
mechanisms. For example, the herpes simplex virus-encoded
protein ICP34.5 binds to a host serine/threonine phosphatase,
protein phosphatase 1o, which dephosphorylates elF2q, reliev-
ing translation inhibition (14). The human papillomavirus type
18 E6 oncoprotein has been shown to associate with GADD34,
which facilitates translation recovery by dephosphorylating
elF2a (19). The HCV envelope protein E2 has been shown to
inhibit PERK by direct binding (37). We show that transient
phosphorylation of eIF2a in WNV-infected cells leads to per-
sistent activation of the proapoptotic transcription factor
CHOP. CHOP plays a critical role in ER stress-induced apop-
tosis, as demonstrated by the partial resistance of CHOP-
deficient MEFs to apoptosis by chemical agents inducing ER
stress (63). Numerous genes have been identified as down-
stream targets of CHOP, one of which is gadd34 (54).
GADD34 has been shown to recruit PP1 to dephosphorylate
elF2a, thereby relieving translation attenuation and increasing
the client protein load in the ER, leading to apoptosis (34).
Our data suggest that WNV overcomes the host translation
inhibition response by upregulating GADD34 activity via chop
induction.

A number of studies have reported upregulation of the UPR
and other markers of ER stress, including CHOP, in neurode-
generative disorders, such as Alzheimer’s disease, Parkinson’s
disease, and spinocerebellar ataxias (29, 35, 62). Increased
levels of CHOP, JNK, and caspase 12 activation have been
observed in neurons undergoing apoptosis due to perturba-
tions in ER calcium levels (35, 51). CHOP mRNA is induced
in the rat hippocampus subjected to global cerebral ischemia,
which occurs due to depletion of calcium stores from the ER
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(22, 36). Induction of CHOP expression has been implicated in
the apoptosis of Purkinje neurons infected with Borna disease
virus (55). A number of neurovirulent viruses, including JEV,
have been shown to modulate CHOP expression, indicating an
important role for CHOP-mediated apoptosis in viral patho-
genesis (9, 26, 27, 32, 46). Neurological manifestations of
WNV fever include a rapid loss of motor neurons, a primary
cause of WNV encephalitis and paralysis (6). Neuronal loss is
one of the characteristic features observed in brains and spinal
cords of WNV-infected mice and in brain tissue autopsies of
infected humans (1, 11, 38, 39, 45). Previous studies have
shown that WNV infection causes apoptosis in the neurons,
but the underlying mechanism remained unclear. Our results
implicate a crucial role for CHOP in WNV-induced apoptosis
of both SK-N-MC cells and primary neurons. Apoptosis has
opposing effects on viral pathogenesis by either preventing
viral dissemination due to the death of infected cells or pro-
moting viral spread by release of the progeny virus from cells
undergoing apoptosis. Apoptosis in nonrenewable cell popu-
lations, such as neurons, has serious consequences for the host.
CHOP induction leads to a number of changes in cellular
homeostasis, culminating in apoptosis. CHOP induction leads
to transcriptional downregulation of the proapoptotic gene
bcl2. Tt has been reported that overexpression of CHOP results
in thiol depletion, which results in redox imbalance and in-
creased production of reactive oxygen species (31). chop™/~
cells are probably protected from these deleterious effects, and
this could enable robust WNV replication in these cells, as
observed in our study. Characterizing WNV growth and patho-
genesis in chop’~ mice should help us to further understand
the exact role of CHOP in WNV spread and disease in various
organs. Furthermore, identification of the specific WNV pro-
tein(s) involved in CHOP induction will provide insights into
the mechanistic details of CHOP-mediated apoptosis in WNV
infection. Our study provides a comprehensive picture of the
activation of UPR pathways in WNV infection. Understanding
the mechanism of WNYV interactions with the UPR pathways
will help to elucidate the positive and negative consequences of
these pathways on WNYV pathogenesis and ultimately provide
clues to the design of new therapies for flavivirus-induced
disease.
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