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The malfunctioning of the endoplasmic reticulum (ER) of cells in hosts ranging from yeast to mammals can
trigger an unfolded protein response (UPR). Such malfunctioning can result from a variety of ER stresses,
including the inhibition of protein glycosylation and calcium imbalance. To cope with ER stresses, cells may
rely on the UPR to send a signal(s) from the ER to the nucleus to stimulate appropriate cellular responses,
including induction of chaperone expression. During Japanese encephalitis virus (JEV) infection, the lumen of
the ER rapidly accumulates substantial amounts of viral proteins for virus progeny production. In the present
study, we demonstrate that as evidenced by certain chaperone inductions, JEV infection triggers the UPR in
fibroblast BHK-21 cells and in neuronal N18 and NT-2 cells, in which JEV results in apoptotic cell death. By
contrast, no UPR was observed in apoptosis-resistant K562 cells infected by JEV. JEV infection also activates
expression of CHOP/GADD153, a distinctive transcription factor often induced by the UPR, and appears to
trigger activation of p38 mitogen-activated protein kinase, a posttranslational activator of CHOP. Ectopic
enforcement of CHOP expression enhanced JEV-induced apoptosis, whereas treatment with a p38-specific
inhibitor, SB203580, partially blocked JEV-induced apoptosis. Interestingly, bcl-2 overexpression and treat-
ment with a pancaspase inhibitor, z-VAD-fmk, inhibited CHOP induction and diminished JEV-induced apo-
ptosis, suggesting that Bcl-2 and caspases could be the upstream regulators of CHOP. Our results thus suggest
that virus-induced ER stress may participate, via p38-dependent and CHOP-mediated pathways, in the
apoptotic process triggered by JEV infection.

Infection by Japanese encephalitis virus (JEV), a member of
the family Flaviviridae, may cause acute encephalitis with a
high mortality rate in humans and induce severe cytopathic
effects in various types of cultured cells (56). JEV is thought to
replicate primarily in the cytoplasm and to mature on the
intracellular membranes of infected cells. Employing the in-
trinsic secretory pathways in cells, JEV buds from the mem-
branes of the endoplasmic reticulum (ER) and Golgi appara-
tus to release mature virions (46). One of the major
morphological changes in JEV-infected cells, as well as in cells
infected by other flaviviruses, is proliferation and hypertrophy
of the rough endoplasmic reticular (rER) membranes, where
virus particles accumulate (20, 36). Replication of JEV appears
to trigger apoptosis in infected culture cells, and an enforced
expression of the human proto-oncogene bcl-2 in BHK-21
cells, although it does not influence virus production, appears
to delay the process of JEV-induced apoptosis (31). Even
though prominent alterations in ER membrane proliferation
can be readily observed in flavivirus-infected cells, little is
known about the role that the ER plays in virus-induced cyto-
pathicity.

All eukaryotic-cell ER consist of an extensive membranous
network that provides a unique compartment for the posttrans-
lational modification, folding, and oligomerization of newly
synthesized proteins. The ER is also considered to be the
major signal-transducing organelle within the cell, and one of

its action modes is to release calcium from the ER reservoir
when the cell responds to environmental cues (12, 25, 42). The
ER is extremely sensitive to alterations in homeostasis, and in
response to a variety of stimuli, certain signals are transduced
from the ER to both the cytoplasm and the nucleus, resulting
in adaptation for survival or induction of apoptosis (12, 25, 42).
Several endogenous imbalances in cells often contribute to
malfunction of the ER (also called ER stress), including mas-
sive protein production, loss of Ca2� homeostasis, inhibition of
N-linked glycosylation, and accumulation of mutant proteins
(25).

Recent studies have shown that the signals originating from
ER stress are evolutionarily conserved from yeast to mamma-
lian cells and may be involved in the pathogenesis of several
human diseases (12, 25, 42). One such ER response is the
unfolded protein response (UPR), which triggers a unique
signaling cascade from the ER to the nucleus of a cell. The
UPR can be characterized by the enhanced expression of sev-
eral chaperones, such as glucose-regulated proteins (GRPs),
BiP/GRP78, and GRP94 (26), and of other ER-resident pro-
teins, such as calreticulin and protein disulfide isomerase
(PDI). In addition, the UPR triggers a cellular response to
globally inhibit translation at the initiation step, thereby pre-
venting further accumulation of unfolded protein in the ER.
Similar to double-stranded-RNA-activated protein kinase
(PKR), pancreatic eIF-2� kinase (50)/PKR-like ER kinase
(PERK) (19), when activated by the UPR, phosphorylates
eIF-2�, the � subunit of eukaryotic translation initiation factor
2, thus leading to repression of protein synthesis (19, 44).
Recently, a new UPR pathway involving another ER trans-
membrane kinase/RNase, IRE1, which suppresses protein syn-

* Corresponding author. Mailing address: Institute of Biomedical
Sciences, Academia Sinica, No. 128 Yen-Jiou-Yuan Rd., Section 2,
Taipei 11529, Taiwan, Republic of China. Phone: 886-2-2652-3902.
Fax: 886-2-2785-8847. E-mail: yll@ibms.sinica.edu.tw.

4162



thesis via cleavage of rRNA, was reported (24). Conceivably,
both chaperone induction and translational repression are nor-
mal cellular responses that relieve ER stress in cells.

Under attack by certain harsh ER stresses, some cells are
unable to adjust themselves in time and may send signals from
the ER to induce apoptosis. In fact, in response to ER stress,
a death-related transcription factor, CHOP (C/EBP homolo-
gous protein), is robustly expressed (6, 27, 59). CHOP is also
known as GADD153 (growth arrest- and DNA damage-induc-
ible gene 153), which was originally identified by treatment of
cells with a variety of DNA-damaging agents (17). In cultured
cells, overexpression of CHOP triggers not only cell cycle ar-
rest but also apoptosis in several types of cells (3, 33, 67).
Mouse embryonic fibroblasts derived from chop�/� animals
displayed less apoptosis when treated with ER stress inducers;
moreover, compared to the wild-type and heterologous ani-
mals, chop�/� mice treated with tunicamycin, a glycosylation
inhibitor, exhibited a more attenuated apoptotic appearance in
the renal epithelium cells of the kidney (68). The role of
CHOP in the apoptotic process was further revealed in a re-
cent report, which demonstrated that elevated CHOP expres-
sion gave rise to the down-regulation of Bcl-2 and the produc-
tion of reactive oxygen species (34). These results suggest that
death signals stemming from the ER can be sent to the nucleus
and that CHOP is likely one of the downstream components in
the UPR-mediated apoptotic pathway.

The transcription activity of CHOP can also be enhanced by
a stress-inducible p38 mitogen-activated protein kinase
(MAPK) (59). The MAPK signaling pathway is one of the
major signal transduction systems for eukaryotic cells to man-
age extracellular stimuli (8). Among the MAPK superfamily,
p38 MAPKs play essential roles in inflammatory responses, cell
differentiation, cell growth, and cell death (41). The p38
MAPKs activated by proinflammatory cytokines participate in
the recruitment of leukocytes to the inflammation sites (21).
Treatment by a specific p38 MAPK inhibitor, SB203580 (SB),
appears to attenuate both p38 activation and the degree of
disease severity in inflammation, arthritis and other joint dis-
eases, septic shock, and myocardial injury (28). In addition,
ample evidence suggests a correlation between p38 MAPK
activation and the apoptotic pathway (40). Infections by sev-
eral viruses, including DNA viruses (51, 65), RNA viruses (22,
23, 35, 39), and retroviruses, have been shown to activate p38
MAPKs (15, 43, 49). However, the exact roles of p38 MAPKs
in virus replication and virus-induced cytopathic effect (CPE)
remain largely unidentified.

The ER is the central factory where JEV performs its pro-
tein synthesis, virus assembly, and final maturation (46). JEV
infection has been shown to cause marked cellular hypertrophy
and extensive proliferation of the secretory apparatus, includ-
ing the rER and Golgi complexes, in PC12 (rat pheochromo-
cytoma) (20) and BHK-21 (baby hamster kidney) cells (57, 58).
Previously, we also showed that the four small hydrophobic
JEV nonstructural proteins, which are primarily ER mem-
brane associated, possess the ability to permeabilize the mem-
branes (9). In the present study, we investigated ER stress
induced by JEV infection and found that JEV triggers the
UPR in infected cells. This ER-mediated signaling cascade
appears not only to induce CHOP expression but also to in-
volve p38 MAPK activation. Bcl-2 and caspases appear to

function upstream to regulate CHOP activation. Our results
suggest that the UPR triggered by JEV infection may play a
crucial role in the JEV-induced apoptotic process.

MATERIALS AND METHODS

Viruses and cell lines. A neurovirulent JEV strain, RP-9, was employed
throughout this study (13). The propagation of virus was carried out in BHK-21
cells utilizing RPMI-1640 medium containing 2% fetal calf serum (FCS;
GIBCO). Virus titers were determined by a plaque-forming assay on BHK-21
cells as previously described (31). N18, a mouse neuroblastoma cell line (2)
(kindly provided by D. E. Griffin, Johns Hopkins University, Baltimore, Md.),
and K562 (ATCC CCL-243) were grown in RPMI-1640 medium containing 10%
FCS. NT-2 (ATCC CRL-1973), a human neuronal precursor cell line, was cul-
tured in Opti-MEM (GIBCO) supplemented with 10% FCS.

Electron microscopy. The electron microscopy technique used in this article
was previously described (57). Briefly, N18 cells infected with JEV (multiplicity
of infection [MOI] � 1) were collected as cell pellets at 36 h postinfection, fixed
in 2.5% glutaraldehyde containing 0.1 M cacodylate buffer (pH 7.4) for 1 h, and
then washed overnight in PBS. The pellets were dehydrated in a graded series of
ethyl alcohols and then embedded in LR White acrylic resin. Thin sections (100
nm thick) were cut by glass knives and collected on 270-mesh nickel or gold grids.
Samples were stained by floating them on a fresh 50% aqueous saturated solu-
tion of uranyl acetate for 12 min, after which they were rinsed twice with distilled
water and then stained immediately with lead citrate. Ultrastructural micro-
graphs of cells were taken under a Zeiss 900 electron microscope.

Drug treatment and antibodies. Tunicamycin (Sigma) and Ca2� ionophore
A23187 (Sigma) were used as positive controls for the induction of the UPR.
Pharmacological blocking of p38 MAPK and inhibition of caspase activation
were performed with the inhibitors SB (Calbiochem) and z-VAD-fmk (Bachem),
respectively. Mouse monoclonal anti-GRP94, rabbit polyclonal anti-BiP/GRP78,
anti-PDI, and anti-calnexin antibodies were from Affinity BioReagents. Rabbit
anti-p38 MAPK and CHOP/GADD153 polyclonal antibodies were from Santa
Cruz. Specific anti-phosphorylated p38 MAPK antibodies were from New En-
gland BioLabs. Internal control of immunoblotting was performed with anti-
actin antibody (Upstate Biotechnology).

BiP promoter driving CAT ELISA. BHK-21 and N18 cells were transfected
with 1 �g of a BiP/GRP78 promoter driving a chloramphenicol acetyltransferase
(CAT) expression plasmid (10), kindly provided by C. C.-K. Chao (Chang Gung
Medical College, Taoyuan, Taiwan), with Lipofectamine (GIBCO-BRL). Twen-
ty-four hours after transfection, the cells were infected with JEV at an MOI of
5 and incubated further for 12, 24, or 36 h. The cell lysates were harvested, and
the levels of CAT expression were measured by a CAT enzyme-linked immu-
nosorbent assay (ELISA; Boehringer Mannheim) according to the manufactur-
er’s instructions.

Flow cytometry analysis. Apoptotic assays were carried out by surface staining
with Annexin-V–Alexa 568 (Boehringer Mannheim), a Ca2�-dependent phos-
pholipid-binding protein with high affinity for phosphatidylserine, following the
manufacturer’s suggestions. The stained cells were analyzed by FACScaliber
(Becton Dickinson), and the collected data were analyzed using Modfit 2.0
(Becton Dickinson) and WinMDI version 2.8 (Scripp Institute) software. Sam-
ples were gated, according to a two-parameter dot plot showing forward scatter
and side scatter, to exclude any cell debris that was not within the normal cell
size. In the experiment to assess the effect of CHOP on JEV-induced apoptosis,
the cells were transfected with 0.4 �g of pEGFP (Clontech) plus 1.2 (1:3) or 2
(1:5) �g of a plasmid expressing hamster CHOP protein (18), kindly provided by
A. J. Fornace, Jr. (National Cancer Institute, National Institutes of Health,
Bethesda, Md.). The total amounts of DNA were made equal by adding pcDNA3
to each transfection sample. Twelve hours posttransfection, the cells were mock
infected or infected with JEV (MOI � 1) for 32 h before being harvested for
staining with Annexin-V and then analyzed by flow cytometry.

Functional assay of p38 MAPK. Functional assays for JEV-induced p38
MAPK activation were performed with the GAL4-CHOP PathDetect system
(Stratagene). N18 and NT-2 cells were cotransfected with 0.1 �g of the reporter
pFR-Luc plasmid and 0.4 �g of the transactivator pFA-CHOP plasmid for 16 h.
The cells were mock infected or infected with JEV (MOI � 5) for various
periods, and the cell lysates were harvested for luciferase assay (Promega) in a
96-well black plate with a Top-Count luminometer (Biocounter). Activated p38
MAPK can enhance the transcriptional activity of CHOP and consequently drive
luciferase reporter expression. The data shown are the means of three indepen-
dent wells with standard errors.
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Western immunoblot analysis. The cells were disrupted with lysis buffer (1%
NP-40, 150 mM NaCl, 50 mM Tris-HCl [pH 7.5], 1 mM EDTA) containing a
cocktail of protease inhibitors (Boehringer Mannheim). For detection of phos-
pho-p38 MAPK, 100 mM NaF and 17.5 mM �-glycerophosphate were also
added to the lysis buffer. The cell lysates were mixed with an equal volume of
sample buffer (2% sodium dodecyl sulfate, 50 mM Tris-HCl [pH 6.8], 0.1%
bromophenol blue, 10% glycerol, 5% �-mercaptoethanol), separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, and transferred to a nitro-
cellulose membrane (Hybond-C Super; Amersham). The nonspecific antibody-
binding sites were blocked with 5% skim milk in phosphate-buffered saline and
then reacted with the primary antibody. The blots were then treated with horse-
radish peroxidase-conjugated goat anti-mouse immunoglobulin (Cappel) or goat
anti-rabbit antibody (Amersham) and finally developed with an ECL system
(Amersham).

RESULTS

JEV infection triggers proliferation of ER membranes. JEV
infection often induces severe CPEs in cultured cells, including
baby hamster kidney BHK-21 cells, murine neuroblastoma
N18 cells, and human neuronal progenitor NT-2 cells (31).
Apoptosis, revealed by nuclear condensation and DNA ladder
formation, has been identified in these JEV-infected cells (31).
JEV infection in PC12 and BHK-21 cells has been shown to
cause extensive proliferation of the rER and Golgi complexes
(20, 57, 58). In the present study, we first characterized the
detailed cytopathology of JEV-infected neuronal N18 cells by
electron microscopic examination. The appearance of dilated
and hypertrophic membranous lamellae was evident in JEV-
infected cells (Fig. 1B) but not in mock-infected cells (Fig. 1A).
Numerous scattered virus-like particles were present in the
diluted cisternae of the rER (Fig. 1C). This observation con-
firms that JEV readily stimulates excessive alterations of the
membranous structure of the rER in the infected cells. We
next investigated the role of this virus-induced ER stress in
JEV-mediated CPE.

JEV infection activates the expression of chaperone pro-
teins. The UPR often leads cells to increase their expression of
ER-resident proteins such as chaperones (12, 25). We first
investigated whether BHK-21 cells were susceptible to ER
stress inducers, such as tunicamycin and A23187, to activate

chaperone expression. Compared to an untreated control,
treatment of BHK-21 cells with tunicamycin or A23187 re-
sulted in augmented expression of the chaperones BiP/GRP78,
GRP94, and PDI (Fig. 2A). Calnexin, another ER membrane-
bound chaperone, showed unchanged expression profiles after
drug treatment, as was previously demonstrated (25). In the
experimental group (Fig. 2B and C), BHK-21 cells infected by
JEV indeed produced a higher expression of all the ER-resi-
dent proteins tested compared to mock-infected cells (Fig. 2B).
Notably, the expression of calnexin increased gradually from
6 h postinfection, peaking at 18 h and waning steadily there-
after (Fig. 2B). Calnexin is not well known to be regulated by
ER stress, whereas it is highly induced in JEV-infected cells,
probably due to the large amount of viral glycoproteins accu-
mulated. In the neuronal N18 cells infected by JEV (Fig. 2C),
we also found substantial induction of BiP/GRP78, GRP94,
calnexin, and PDI from 6 to 36 h postinfection. To further
clarify whether the mechanism of chaperone induction occurs
at the transcriptional level, we transfected BHK-21 (Fig. 3A)
and N18 (Fig. 3B) cells with a plasmid carrying a CAT reporter
gene driven by the BiP/GRP78 promoter and examined the
effect of JEV infection on reporter activity. As shown in Fig. 3,
CAT expression was significantly elevated in BHK-21 and N18
cells infected with JEV but not in mock-infected cells. Taken
together, these results establish that JEV infection is a potent
ER stress inducer in BHK-21 and N18 cells, and they also
imply that the virus may trigger the UPR by induction of ER
chaperones, probably via up-regulation at the transcriptional
level.

JEV-induced UPR provokes CHOP expression. Transcrip-
tion factor CHOP/GADD153, a member of the C/EBP family,
can be activated in cells suffering from ER stress (62), and
CHOP activation appears to contribute to subsequent cell
growth arrest and apoptosis (68). We found that JEV infection
activated CHOP expression in BHK-21 cells to a level compa-
rable to that activated by the ER stress inducers tunicamycin
and A23187 (Fig. 4A). In addition, upon JEV infection, CHOP
began to be expressed at approximately 12 h and peaked at

FIG. 1. JEV infection induces hypertrophy of ER membranes. N18 cells were mock infected (A) or infected with JEV at an MOI of 1 (B and
C) and were examined by electron microscopy 36 h postinfection. Magnifications are in parentheses.
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around 18 to 24 h postinfection in BHK-21 and in human
neuronal NT-2 cells (Fig. 4B); the times and the levels of
CHOP induction seemed to match well with the time course
and severity of apoptosis induced by JEV infection (data not
shown). To further investigate the relationship of CHOP in-
duction and apoptosis in JEV-infected cells, we examined
whether overexpression of CHOP could influence the course
of JEV-induced apoptotic cell death. We cotransfected
BHK-21 cells with either a CHOP-expressing plasmid (18) or a
vector control (pcDNA3) plus a green fluorescent protein-
expressing plasmid in different ratios. These transfected cells
were subsequently challenged with JEV infection, and the level
of apoptotic response was analyzed by Alexa 568-conjugated
Annexin-V staining as revealed by flow cytometry analysis. As
shown in Fig. 4C, the population of double-positive cells, rep-

resenting the transfected and apoptotic cells, was increased in
a CHOP dose-dependent manner as the cells were infected by
JEV. These results imply that CHOP may be involved in JEV-
induced UPR signaling and the subsequent apoptosis pathway.

CHOP induction by JEV can be down-regulated by Bcl-2
overexpression and treatment with caspase inhibitor. Overex-
pression of antiapoptotic Bcl-2 delays JEV-induced apoptosis
in BHK-21 cells (30, 31). The protective effects of Bcl-2 pri-
marily involve stabilization of mitochondrial membrane poten-
tial and prevention of the release of cytochrome c and other
apoptosis-inducing factors from mitochondria to the cytosol (1,
11). Bcl-2, which is also located on the ER membrane and the
outer nuclear envelope, appears to slow down CHOP-medi-
ated apoptosis (33, 34). To investigate whether Bcl-2 could
influence the JEV-induced UPR, the levels of CHOP induc-

FIG. 2. JEV infection enhances the expression of chaperones. (A) BHK-21 cells treated with 2 �g of A23187/ml (lane A), 2 �g of tunicamy-
cin/ml (lane T), or left untreated (lane M) were harvested 12 h later for Western immunoblotting using antibodies specific for BiP/GRP78, GRP94,
calnexin, PDI, and actin as indicated at the left. (B and C) BHK-21 (B) and N18 (C) cells were mock infected (lanes M) or infected with JEV at
an MOI of 1, and the cell lysates at the indicated time points (shown above the lanes) were prepared and determined for the expression of
chaperone proteins by immunoblotting as described for panel A.

FIG. 3. Transcriptional activity of BiP/GRP78 promoter is enhanced by JEV infection. The BiP/GRP78/CAT plasmid, which carries the
full-length promoter of BiP/GRP78 to drive the CAT reporter gene, was transfected into BHK-21 (A) or N18 (B) cells. Twelve hours posttrans-
fection, the cells were infected with JEV at an MOI of 1, and the cell lysates were collected for CAT assay at the indicated time points postinfection
using a CAT-ELISA kit. The results shown are representative data from two independent experiments. The asterisks indicate significant differences
between mock- and JEV-infected cells by Student’s t test (P � 0.05).
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tion in BHK-21 cells were compared to those in a bcl-2-over-
expressing BHK-21 cell line, B2-5 (31). As the results in Fig.
5A show, compared to the parental cells, not only was the
kinetics of CHOP induction delayed, but CHOP levels were
also reduced in JEV-infected B2-5 cells. To explore whether
CHOP induction by JEV involves caspase activities, 50 �M
z-VAD-fmk, a cell-permeable pancaspase inhibitor, was used
to treat infected cells. We found that after JEV infection,
z-VAD-fmk treatment diminished CHOP induction compared
to that in untreated cells (Fig. 5B). This observation suggests
that the CHOP-mediated apoptotic pathway triggered by JEV
is a Bcl-2-inhibitable and caspase-dependent process. Since in
the experiments described above we employed cells that were
susceptible to JEV-induced apoptosis, we next examined
whether UPR and CHOP activation could also be seen in cells
resistant to apoptosis triggered by JEV infection. Similar to
our previous dengue virus study (32), we found that human
erythroleukemia K562 cells, even though they support produc-
tive JEV replication (Fig. 6A) to a level similar to that in
BHK-21 cells (13), were completely resistant to JEV-induced
CPE as measured by trypan blue exclusion (Fig. 6B). Notably,

as shown in Fig. 6C, following JEV infection, K562 cells
showed unchanged patterns of both chaperone induction and
CHOP activation over time, indicating that JEV failed to elicit
the UPR in these cells. These results suggest a correlation
between the ability of JEV infection to induce the UPR and
CPE in target cells.

p38 MAPK is involved in JEV-induced apoptosis. Infection
by viruses from several families activates p38 MAPK, which
could stimulate CHOP induction at the posttranslational level
(59). In Fig. 7A, we show that the phosphorylated form of p38
MAPK was inducibly elevated in JEV-infected N18 and NT-2
cells but not in mock-infected cells; the total amounts of p38
protein remained steady during these periods (Fig. 7A). To
determine whether activated p38 MAPK in JEV-infected cells
stimulates downstream CHOP activation, we employed a
GAL4-CHOP reporter system for the p38 functional assay. In
this assay, only if the cytoplasmic GAL4-CHOP fusion protein
is phosphorylated by the upstream p38 MAPK can it translo-
cate into the nucleus and trigger the gal4 promoter-driven
reporter system. The data in Fig. 7B show that, compared to
that in mock-infected cells, luciferase activity was dramatically

FIG. 4. JEV infection triggers CHOP induction. (A) BHK-21 cells were treated with 2 �g of A23187/ml (lane A) or 2 �g of tunicamycin/ml
(lane T) or were infected with JEV (lane JEV) or left untreated as a control (lane M). After a 12-h incubation, CHOP expression in the cell lysates
was analyzed by Western immunoblotting, and the amounts of actin were used as internal controls for sample loading. (B) Kinetics of CHOP
expression in JEV-infected BHK-21 and NT-2 cells. The cells were either mock infected (lanes M) or infected with JEV for the indicated periods
(as shown above the lanes), and the cell lysates were harvested for Western immunoblotting using anti-CHOP or anti-actin antibodies. p.i.,
postinfection. (C) Overexpression of CHOP enhanced JEV-induced apoptosis. The hamster CHOP gene was transfected into BHK-21 cells in a
3-to-1 or 5-to-1 ratio with a green fluorescent protein (GFP) plasmid (Clontech). After 12 h of transfection, the cells were infected with JEV at
an MOI of 1 for 32 h. The cells were then stained with Alexa 568-conjugated Annexin-V (Boehringer Mannheim) to determine the apoptotic ratio.
The numbers shown in the right upper corner in each plot are the percentages of double-positive cells, representing the ratio of transfected
apoptotic cells in each cell population.
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increased in JEV-infected N18 cells; similarly, JEV infection
induced a significant elevation of luciferase activity in NT-2
cells at 18 h postinfection (Fig. 7C). This activation was sup-
pressed by treatment of the cells with a specific p38 inhibitor,
SB, but not by its ineffective analog, SB202474 (SBa) (Fig. 8A),
indicating the specific role of p38 MAPK in this assay system.

We next examined the role of p38 MAPK in JEV-induced
apoptosis. Compared to solvent- or SBa-treated N18 cells, the
p38-inhibitor SB significantly diminished the amount of apo-
ptotic population induced by JEV infection at 24 h postinfec-
tion (Fig. 8B). SB also appeared to blunt JEV-induced CPE, as
measured by lactate dehydrogenase release, in a dose-depen-
dent manner (data not shown). This inhibitory effect of SB on
JEV-induced apoptosis did not appear to involve blocking vi-
rus yields, since treatment with 10 �M SB did not interfere
with JEV production in N18 cells (Fig. 8C). Together, these
results suggest that JEV infection activates the p38 MAPK,
which in turn phosphorylates and thereby activates its down-
stream substrate, CHOP, to transmit the death signal to the
nuclei of stressed cells.

DISCUSSION

In this study, we demonstrated that JEV infection initiates
the UPR by inducing expression of chaperones in cells doomed
to die (Fig. 2) but not in cells naturally resistant to JEV-
induced cell death (Fig. 6). We also found that the level of

FIG. 5. Bcl-2 overexpression and pancaspase inhibitor attenuate
CHOP expression induced by JEV infection. (A) Kinetics of CHOP
induction followed by JEV infection in parental BHK-21 or in B2-5, a
bcl-2-overexpressing BHK-21 cell line, were determined by Western
immunoblotting as described in the legend to Fig. 4. (B) JEV-mediated
CHOP induction was delayed by treatment of BHK-21 cells with a
pancaspase inhibitor, z-VAD-fmk. JEV-infected BHK-21 cells were
treated with either dimethyl sulfoxide (upper panel) or 50 �M z-VAD-
fmk (lower panel) for the indicated periods postinfection. M, mock-
infected cells.

FIG. 6. Productive infection with JEV did not cause cytotoxicity and UPR in K562 cells. (A) One-step growth curve of JEV and dengue virus
serotype 2 (DEN-2) on K562 cells. K562 cells with JEV or DEN-2 (MOI � 5) adsorbed were incubated for various times before their culture
supernatants were harvested for plaque-forming assays on BHK-21 cells to determine the virus titers (PFU per milliliter). (B) K562 cell viability
after JEV or DEN-2 infection. The numbers of viable mock-, JEV-, or DEN-2-infected K562 cells were determined by trypan blue exclusion 1,
2, or 3 days postinfection. The error bars indicate standard errors. (C) Expression profiles of chaperones and CHOP in JEV-infected K562 cells.
K562 cells were mock infected (lane M) or infected with JEV for the indicated periods, and the lysates were harvested for Western immunoblotting
assays. The antibodies used in each assay are shown at the right.
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CHOP induced seems to correlate with how cells will respond
to the viral assault. Obvious CHOP induction in JEV-infected
BHK-21 cells appeared to cause apoptosis; delay of CHOP
stimulation by either overexpression of Bcl-2 or a broad-spec-
trum caspase inhibitor, z-VAD-fmk, reduced the apoptotic
process, whereas in the absence of CHOP induction, K562 cells
appeared to exhibit no apoptosis at all following JEV infection
(Fig. 5 and 6). In response to JEV infection, the generation of
the UPR, therefore, correlates well with the extent of CHOP
induction in the apoptotic process. Although it is not clear
exactly how the UPR triggers CHOP induction, our results
clearly show that JEV is an ER stress inducer capable of
provoking the UPR that either copes with the stress or leads
the stressed cells to undergo apoptotic death.

We have also shown that JEV infection activates p38
MAPK, which in turn activates the CHOP pathway by trigger-
ing translocation of phosphorylated CHOP into the nucleus to
activate gene expression (Fig. 7). In Fig. 8, we show that block-
age of p38 MAPK activity by its specific inhibitor, SB (29),
attenuated the extent of CHOP induction and subsequent cell
death by JEV infection, strongly suggesting a crucial role for
CHOP in JEV-induced apoptosis. CHOP is a transcription

factor with a leucine zipper motif, whose induction has been
closely linked to the perturbation of homeostasis in the ER
(62) and the development of apoptosis (68). A set of genes
termed DOCs (for downstream of CHOP) has recently been
shown to mediate the CHOP-dependent signaling pathway
(61). However, the hierarchical relationship between the UPR
and p38 MAPK activation by JEV infection remains unclear
and needs to be further studied. Conceivably, JEV may first
induce the UPR, which then sends a signal to activate p38
MAPK and the downstream CHOP induction. Alternatively,
p38 MAPK may be activated first by JEV infection, which
subsequently renders the cells more sensitive to ER stresses as
the virus replicates so that the UPR results. It is also possible
that JEV simultaneously stimulates the UPR and p38 MAPK
in a parallel manner and that both of them activate the down-
stream CHOP pathway. In any case, it is interesting to study
further the exact role of p38 MAPK in the JEV-induced UPR.

We also found that the antiapoptotic Bcl-2 protein (1) sup-
pressed CHOP induction upon JEV challenge (Fig. 5). A pre-
vious study utilizing intracellular cytostaining revealed that the
subcellular distribution of Bcl-2 is on the membrane of not
only mitochondria but also the ER, as well as on the outer

FIG. 7. JEV infection triggers p38 MAPK activation. (A) The lysates of JEV-infected N18 and NT-2 cells were tested for p38 activation by
Western immunoblotting using antibodies specific for the phosphorylated form of p38 (phos-p38) and total p38 proteins (p38). p.i., postinfection.
(B and C) Functional assays of JEV-induced p38 activation in N18 (B) and NT-2 (C) cells were performed using the GAL4-CHOP PathDetect
system as described in Materials and Methods. The cells were first cotransfected with the reporter pFR-Luc and the transactivator pFA-CHOP,
and the resulting cells were mock infected or infected with JEV for the indicated periods. The cell lysates were then prepared for luciferase assay.
The data shown here are the means of three independent experiments with standard errors. The asterisks indicate significant differences between
mock- and JEV-infected cells by Student’s t test (P � 0.05).
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membrane of the nuclear envelope (14). Bcl-2 is a multifunc-
tional protein which directly or indirectly prevents the release
of cytochrome c from mitochondria and subsequent pro-
caspase-9 activation (45). A recent report linked CHOP-me-
diated apoptosis induced by ER stress to a mechanism that
involves down-regulation of Bcl-2 expression, depletion of in-
tracellular glutathione, and a burst of free radicals (34). Con-
ceivably, Bcl-2 overexpressed on the ER membrane might at-
tenuate the UPR induced by JEV infection, thereby lessening
the virus-triggered apoptosis (31), which might contribute to
the establishment of persistent JEV infection in bcl-2-overex-
pressing cells (30). Alternatively, since activation of p38
MAPK has been shown to result in Bcl-2 protein degradation
(66), the ability of enforced Bcl-2 expression to protect JEV-
infected cells from apoptosis (31) might be due to its adequate
compensation for Bcl-2 lost through the p38-mediated apopto-
tic pathway.

The activation of PERK, as revealed by a mobility shift assay
for PERK phosphorylation, has been conveniently used as an
early marker for ER stress since the discovery of the gene (19,
50). Employing a similar approach, we have tried to determine
the activation status of PERK in JEV-infected BHK-21 cells by
using an anti-PERK antibody (kindly provided by David Ron,
New York University Medical School). Nonetheless, for JEV
infection, and even for positive control using the ER stress

inducers thapsigargin and A23187, we failed to see any PERK
signals in BHK-21 cells. This observation could be because the
endogenous level of PERK in BHK-21 cells was too low to be
detected. Thus, the potential role of PERK activation in the
JEV-induced UPR is unclear from our present study. Further-
more, Ire1p and Hac1p of Saccharomyces cerevisiae are two of
the major players found in the yeast UPR (25, 48); after being
activated by ER stress, Ire1p, an ER-resident protein kinase as
well as an endonuclease, triggers production of Hac1p, a tran-
scription factor that binds to the UPR element present in
promoters of certain genes regulated by the UPR. The mam-
malian Ire1p homologues have been identified as IRE1� (52)
and IRE1� (60), which have been proven to play roles in the
mammalian UPR, although in a much more complex manner
than in yeast (37, 53). Mammalian IRE1s have been shown to
activate c-Jun N-terminal kinases (54) and an alternative ER
stress-signaling pathway mediated by the transcription factor
ATF6 (64). These results illustrate that the UPR is a novel
cellular signaling pathway involving transduction of ER-de-
rived signals into the nucleus. The possible roles of IRE1 and
PERK in the JEV-induced UPR is of interest and should be
further characterized to clarify whether they are the initial
kinases responsible for transducing the signal out of the ER.

Dramatic proliferation of intracellular ER membranous
structures is one of the hallmarks of flavivirus infection (36,

FIG. 8. Inhibition of p38 MAPK activity alleviates JEV-induced apoptosis. (A) SB (5 �M) inhibited JEV-induced p38 activation. The specific
p38 inhibitor SB and its ineffective analog, SBa, were added to the medium of JEV-infected N18 cells after adsorption. Activity of p38 MAPK was
measured as described in the legend to Fig. 6. The resulting data are the means of three independent experiments with standard errors. The
asterisks indicate significant differences between the mock- and the JEV-infected cells by Student’s t test (P � 0.05). (B) Flow cytometry analysis
of JEV-induced apoptosis by annexin-V staining in infected (MOI � 5) N18 cells treated with dimethyl sulfoxide (DMSO), SB, or SBa 24 h
postinfection. (C) Effects of p38 inhibitor on JEV production in N18 cells. The virus titers from the culture supernatants of JEV-infected N18 cells
treated with 10 �M SB or SBa or left untreated were determined by plaque-forming assays. The error bars indicate standard errors.
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46). In fact, many positive-strand RNA viruses need to modify
intracellular membranes of their host cells in order to create a
compartment suitable for virus replication (5, 47, 55, 63). Al-
though this phenomenon has been well documented, little is
known about how viruses induce intracellular membrane pro-
liferation. ER proliferation can be achieved when the cells
coordinately augment the biosynthesis of ER-resident proteins
and lipid components for the membrane. These two pathways
are intimately connected (16) and can be regulated at the
transcriptional level in the signaling pathway (12). Our data
here show that JEV infection, similar to other ER stimuli (25),
can trigger not only intracellular-membrane proliferation but
also ER chaperone induction (Fig. 2), probably through tran-
scriptional regulation (Fig. 3). These results imply that JEV-
induced ER membrane proliferation may be closely associated
with the virus-induced UPR. How does JEV infection induce
the UPR? In JEV-infected cells, three viral proteins are gly-
cosylated and accumulated in the ER lumen, namely, the pre-
cursor of membrane protein (prM), the envelope protein (E),
and the nonstructural protein NS1. Accumulation of viral gly-
coproteins misfolded in the ER may contribute to UPR induc-
tion. In addition, several small hydrophobic nonstructural pro-
teins of JEV located on the ER membrane have the ability to
modify membrane permeability (9). These viroporins (7) may
cause homeostasis imbalance of calcium and other ions in the
ER, thereby triggering the UPR. Moreover, during virus mat-
uration, virions budding out from the ER appear to consume
the constituents of phospholipid and sterol of the ER mem-
brane, which may not only activate the UPR but also induce
ER proliferation.

The pancaspase inhibitor z-VAD-fmk delayed the onset of
JEV-triggered CHOP induction (Fig. 5B). Still, it remains un-
clear which caspases may function upstream and be responsi-
ble for regulation of such CHOP induction. Recently, a new
apoptotic pathway identified from stressed ER was found to
execute its death signal through the activation of ER-resident
caspase-12 (38). Caspase-12 activation is a somewhat late event
in response to accumulation of misfolded proteins in the ER,
which can be inhibited by the inhibitor z-VAD-fmk (38). In-
fection by respiratory syncytial virus activates caspase-12, and
inhibition of caspase-12 by antisense oligonucleotides mark-
edly attenuates respiratory syncytial virus-induced apoptosis
(4). These observations raise the possibility that the UPR uti-
lizes caspase-12 and/or other caspases to transduce the apo-
ptotic signal from the ER. Although a direct association be-
tween CHOP-induced apoptosis and caspase activation has not
yet been established, our data (Fig. 5B) suggest a possible
connection between the two. It will be interesting to determine
whether Bcl-2 overexpression can also blunt the activation of
ER-resident caspase-12 during the occurrence of the UPR.

In conclusion, this study demonstrates that as an ER stress
inducer, JEV infection is capable of triggering a characteristic
UPR, which is essential for stressed cells to consequently un-
dergo the apoptotic process. This signal pathway appears to
involve p38 MAPK activation and CHOP induction. Thus, our
results here strongly suggest an important role for the ER in
JEV-induced apoptosis, which together with the mitochondrial
pathway ensures that infected cells commence their suicidal
process if they are not able to calmly coexist with the virus.
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