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Potential Dengue Virus-Triggered Apoptotic Pathway in Human

Neuroblastoma Cells: Arachidonic Acid, Superoxide Anion,
and NF-«kB Are Sequentially Involved
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Direct in vivo evidence for the susceptibility of human neuronal cells to dengue virus has not been reported.
In this study, we demonstrated that type 2 dengue (DEN-2) virus infection induced extensive apoptosis in the
human neuroblastoma cell line SK-N-SH. Phospholipase A, (PLA,) was activated by DEN-2 infection, which
led to the generation of arachidonic acid (AA). Inhibition of PLA, activity by the PLA, inhibitors, AACOCF;
and ONO-RS-082, diminished DEN-2 virus-induced apoptosis. In contrast, the cyclooxygenase inhibitors
aspirin and indomethacin, thought to increase AA accumulation by blocking AA catabolism, enhanced apo-
ptosis. Exogenous AA induced apoptosis in a dose-dependent manner. Superoxide anion, which is thought to
be generated through the AA-activated NADPH oxidase, was increased after infection. Pretreatment with
superoxide dismutase (SOD) protected cells against DEN-2 virus-induced apoptosis. Furthermore, generation
of superoxide anion was blocked by AACOCF;. In addition, the transcription factors, NF-kB and c-Jun, were
found to be activated after DEN-2 virus infection. However, pretreatment of cells with oligodeoxynucleotides
containing NF-kB, but not c-Jun, binding sites (transcription factor decoy) strongly prevented dengue virus-
induced apoptosis. The finding that AACOCF; and SOD significantly block activation of NF-kB suggests that
this activation is derived from the AA-superoxide anion pathway. Our results indicate that DEN-2 virus
infection of human neuroblastoma cells triggers an apoptotic pathway through PLA, activation to superoxide
anion generation and subsequently to NF-kB activation. This apoptotic effect can be either directly derived
from the action of AA and superoxide anion on mitochondria or indirectly derived from the products of

apoptosis-related genes activated by NF-kB.

Dengue virus, a mosquito-borne human pathogen, is a mem-
ber of the Flaviviridae and is classified into four serotypes
(Dengue virus type 1 through 4, designated here DEN-1, -2, -3,
and -4 virus) (27, 74). Dengue disease, which is caused by
dengue virus infection, is considered a major public health
problem in Southeast Asia and Central America (25, 58). As a
consequence of increasing travel to areas of endemicity, den-
gue infection has been imported to many parts of the world.
Classic dengue fever generally presents in older children and
adults with high fever, severe headache and retro-orbital pain,
myalgia, arthralgia, nausea, and rash. The acute phase may last
for up to a week, but prolonged recovery is common and is
sometimes associated with fatigue and depression. In some
cases, hemorrhagic manifestations (dengue hemorrhagic fever)
and signs of circulatory failure occur, leading to sudden and
often hypovolemic shock (dengue shock syndrome) (26, 88).
An increasing number of cases have been reported with man-
ifestations of encephalopathy and encephalitis, which cover a
wide range of symptoms and signs from headache and clouded
sensorium to convulsion, spasticity, and coma (34, 49, 73, 79).
As a result, the etiology of the dengue encephalopathy and
encephalitis has gained increased attention. However, enceph-
alitis is still rare in dengue virus infections, and other flavivi-
ruses, such as Japanese encephalitis virus, are major causes of
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encephalitis. Involvement of the central nervous system (CNS)
has always been thought to be secondary to vasculitis with
resultant fluid extravasation, cerebral edema, hypoperfusion,
hyponatremia, and liver failure (28, 37). Direct involvement of
the brain by the virus was originally thought to be unlikely (22,
60). However, patients with a diagnosis of dengue encephalitis
based on the clinical characteristics of encephalitis and con-
firmed by cerebrospinal fluid (CSF) microscopy and electro-
encephalographic changes have been reported (49, 55, 79). In
these studies, the onset of encephalitis occurred early in the
course of illness (on the second or third day), coinciding with
the viremic phase of the disease as identified by reverse tran-
scription-PCR in both CSF and blood. Using immunohisto-
chemical procedures, dengue virus antigens were identified in
the CNS and numerous immunolabeled cells were found in
brain sections. It has been postulated that dengue virus crosses
the brain-blood barrier (BBB) and directly invades the brain,
causing encephalitis (79). Immunohistochemical analysis of
newborn Swiss mice following intracerebral administration of
DEN-1 virus showed that neurons were the major target cells
of the dengue virus, and neurolysis was apparent when mice
presented severe encephalitis (13, 14). In addition, a study of
C3H/HeN mice also showed that encephalitis could be induced
when DEN-2 virus was administered intravenously, and these
mice subsequently became paralyzed and died (H. K. Sytwu,
unpublished data).

In the present study, we investigated how dengue virus in-
fection causes encephalopathy and encephalitis in humans.
Although the pathogenesis of dengue virus-induced encepha-
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lopathy and encephalitis remains poorly understood, virus-in-
duced neuronal cell death may be a crucial pathogenic event.
Apoptotic cell death has been implicated as a cytopathologic
mechanism in response to dengue virus infection both in vitro
and in vivo (13, 14, 52). Apoptosis is an active process of cell
death which occurs in response to a variety of stimuli, including
various virus infections (16, 39, 43, 59, 78, 83), and is charac-
terized by a number of distinct morphological features and
biochemical processes, such as cell shrinkage, plasma mem-
brane blebbing, chromatin condensation, and intranucleoso-
mal cleavage (15, 36, 76). During the last stage of apoptosis,
the cells break up into apoptotic bodies, which are then elim-
inated by phagocytosis. It has been suggested that apoptosis is
a defense mechanism which allows the organism to control
virus infection by elimination of infected cells (13); however,
several viruses have been shown to induce apoptosis, which is
detrimental to the host (39, 43, 78). The induction of apoptosis
involves the activation of intracellular signaling systems, and
the included pathways are very intricate. In general, in the
downstream apoptotic pathways, release of cytochrome ¢ from
damaged mitochondria and activation of caspase (the so-called
death protease) cascade are commonly observed (48, 70, 85).
However, the upstream reactions have not been conclusively
determined and are considered to vary depending on the type
of apoptotic stimuli. The mechanism of dengue virus-induced
apoptosis has been partially demonstrated by Marianneau et
al. in a human hepatoma cell line (52). They proposed that the
transcription factor NF-kB was involved in the induction of
apoptosis. In the present study, we sought to identify the mech-
anism responsible for apoptosis in human neuroblastoma cells
and to determine the upstream reactions that occur before
NF-kB activation in DEN-2 virus-infected cells.

Arachidonic acid (AA), a lipid second messenger, is gener-
ated by hydrolysis of membrane phospholipids via phospho-
lipase A, (PLA,) (2, 10, 11). Among the various types of PLA,,
a cytosolic PLA, (cPLA,) which preferentially cleaves sn-2-
arachidonyl-containing phospholipids has been reported to be
activated in response to a variety of stressors, such as tumor
necrosis factor alpha (TNF-a), FasL, and irradiation, and is
essential for the induction of apoptosis (31, 40, 47, 54, 82).
Malewicz et al. reported that dengue virus was able to activate
PLA, in BHK-21 cells and generate AA (50); however, the
effect of AA on these cells was not assessed. In addition,
elevated levels of serum PLA, were observed in dengue pa-
tients (62). While the exact role of AA in the apoptotic path-
way has not been clearly determined, it has been suggested that
AA indirectly activates membrane-associated NADPH oxidase
to generate reactive oxygen species (ROS), such as superoxide
anion and hydrogen peroxide (11, 19, 28, 71). These ROS may
cause mitochondrial membrane damage by peroxidative reac-
tions and finally lead to cell death (44, 65). Furthermore, NF-
kB, a well-known transcription factor, has been widely pro-
posed to be involved in either protecting or promoting cell
death in response to different stimuli in various cell types (3,
21, 46, 52). NF-«kB-activating stimuli generally seem to use
oxidative stress as a common signal transduction pathway to
elicit their response, and ROS have been implicated as mes-
sengers in the activation of NF-kB (4, 51, 68). Based on all this
information, three correlated candidates, AA, ROS, and NF-
kB, were used in the present study to explore the apoptotic
pathway in DEN-2 virus-infected human neuroblastoma cells.
Our results indicate that DEN-2 virus infection of human neu-
roblastoma cells triggers activation of PLA, to generate AA,
which subsequently induces apoptotic cell death by either di-
rectly damaging mitochondrial membrane or by stimulating
generation of ROS, which cause peroxidative reactions on and
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alteration of the integrity of the mitochondrial membrane.
Pretreatment of cells with the PLA, inhibitors, ONO-RS-082
and AACOCEF; (41, 81), or the superoxide anion scaven-
ger, superoxide dismutase (SOD), partially prevented DEN-
2 virus-induced apoptosis. Furthermore, the transcriptional
function of NF-kB may play a very important role in DEN-2
virus-induced apoptosis since double-stranded oligodeoxynu-
cleotides containing the NF-kB binding sequence have been
shown to have very efficient protective effects. These results
suggest that a signaling pathway consisting sequentially of PLA,
activation, AA elevation, superoxide anion generation, and
NF-kB activation is triggered in the DEN-2 virus-infected hu-
man neuroblastoma cells, which eventually leads to apoptosis.

MATERIALS AND METHODS

Virus and cell lines. A local Taiwanese strain of DEN-2 PL046, isolated from
patients with dengue fever, was generously provided by the National Institute of
Preventive Medicine, Taiwan, Republic of China. Virus propagation was carried
out in C6/36 mosquito cells utilizing RPMI 1640 medium containing 5% fetal
bovine serum (FBS) (GIBCO BRL). SK-N-SH cells, a human neuroblastoma cell
line purchased from the American Type Culture Collection, and BHK-21 cells
were grown in RPMI 1640 medium containing 10% FBS and 1X nonessential
amino acids.

Western immunoblot analysis. SK-N-SH cell monolayers were rinsed with
phosphate-buffered saline (PBS; pH 7.4), were lysed with radioimmunoprecipi-
tation assay buffer (50 mM Tris-HCI [pH 7.5], 150 mM NaCl, 10 uM EDTA,
0.1% sodium dodecyl sulfate [SDS], 1% Triton X-100, 1% deoxycholate) (32)
containing a cocktail of protease inhibitors, 20 pg of phenylmethylsulfonyl flu-
oride per ml, 2 pg of leupeptin per ml, and 2 pg of aprotinin per ml, and were
stored in aliquots at —70°C. Expression of proteins was measured by Western
blot analysis using specific antibodies. Briefly, cell lysates were thawed, mixed
with an equal volume of 2X sampling buffer (0.16 M Tris-HCI [pH 6.8], 4% SDS,
0.143 M 2-mercaptoethanol, 33.3% glycerol, 1% bromophenol blue), separated
by SDS-15% polyacrylamide gel electrophoresis, and transferred to a nitrocel-
lulose membrane (Hybond-C extra; Amersham). The nonspecific antibody-bind-
ing sites on the membrane were blocked with 5% skim milk in PBS, and mem-
branes were then reacted with specific antibodies. The blots were treated with
horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit immunoglobu-
lins (Santa Cruz) and developed with an ECL kit system (Amersham).

DNA fragmentation assay. Genomic DNA was extracted from apoptotic SK-
N-SH cells according to a published method (45). Briefly, cell suspensions in PBS
were incubated with 70% ethanol for 24 h at —20°C. The resulting cells were
centrifuged at 500 X g for 5 min to remove ethanol, and the cell pellets were
resuspended in 100 pl of PC buffer (192 mM Na,HPO,, 4 mM citric acid [pH 7.8]
and incubated at room temperature (RT) for 30 min. After centrifugation at
1,000 X g for 5 min, the supernatants were collected and vacuum concentrated
in new microcentrifuge tubes with a SpeedVac for 15 min. Three microliters of
0.25% Nonidet P-40 (NP-40) solution and 3 pl of RNase A solution (1 mg/ml)
were added, followed by incubation at 37°C for 30 min. After incubation, 3 pl of
proteinase K solution (1 mg/ml) was added, followed by incubation at 37°C for
another 30 min. The resulting DNA-containing extracts were then analyzed by
2% agarose gel electrophoresis in 1X Tris-borate-EDTA (TBE) buffer with
ethidium bromide.

PI staining and measurement of apoptotic cells. The mock- and DEN-2-virus-
infected SK-N-SH cells in culture plates were trypsinized and then fixed with
75% ethanol at 4°C for 1 h. The fixed cells were washed twice with PBS and
treated with RNase A (0.5 mg/ml) and propidium iodide (PT) (50 pg/ml) for 15
min at RT. Chromatin condensation of the stained cells was visualized by fluo-
rescence microscopy (Fluovert, FU; Leitz). Percentages of apoptotic cells were
measured by quantifying the subdiploid cells by flow cytometry with Modfit
software (Verity Software House, Inc.).

TUNEL assay. Apoptosis-induced DNA strand breaks were end labeled with
fluorescein isothiocyanate (FITC)-dUTP by use of terminal deoxynucleotidyl-
transferase (TdT) with a commercial kit (In Situ Cell Death Detection Kit;
Boehringer Mannheim) according to the manufacturer’s instructions. Briefly,
1 X 107 to 2 X 107 cells were washed twice with PBS and transferred into a
V-bottom 96-well plate and fixed with paraformaldehyde solution (4% in PBS)
for 30 min at RT. The fixed cells were centrifuged at 500 X g for 5 min to remove
fixative and then were washed twice with PBS. Cells were resuspended in per-
meabilization solution (0.1% Triton X-100 in 0.1% sodium citrate) for 2 min on
ice. After two washings with PBS, cells were resuspended in terminal TdT-
mediated dUTP-biotin nick end labeling (TUNEL) reaction mixture and incu-
bated for 60 min at 37°C in a humidified atmosphere in the dark. Labeled cells
were then washed twice with PBS and visualized under a Leitz fluorescence
microscope.

Assay for PLA, activity. PLA, activity was determined by analysis of AA gen-
eration as described by Perez et al. (67). Briefly, SK-N-SH cells were prelabeled
with 5 pCi of [5,6,8,9,11,12,14,15-*H]arachidonic acid (208.2 Ci/mmol; Amer-
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sham) per ml for 36 h. After labeling, the cells were washed gently three times
with serum-free RPMI 1640 medium and infected with DEN-2 virus at a multi-
plicity of infection (MOI) of 5 in RPMI 1640 medium containing 1% FBS and
1X nonessential amino acids. At various time points after infection, cells in the
culture plates were washed three times and cultured with fresh RPMI 1640
medium (with 1% FBS) for 1 h. The culture supernatants were then collected
and centrifuged at 2,000 X g for 5 min. Radioactive AA released in the super-
natants was measured by scintillation counting.

Superoxide anion detection. Generation of superoxide anion was determined
using a Lumimax Superoxide Anion Detection Kit (Stratagene) with some mod-
ifications. A total of 2 X 10° SK-N-SH cells in culture plates were trypsinized and
washed twice with PBS. The cells were then resuspended in 200 pl of superoxide
anion assay medium and added to 200 pl of superoxide anion reagent mixture
(10 pl of 4.0 mM luminol solution plus 10 pl of 5.0 mM enhancer medium plus
180 wl of superoxide anion assay medium) and incubated at RT for 30 min. The
relative amounts of superoxide anion were measured by collecting the reaction
mixtures and detecting chemiluminescence with a luminometer (New Horizon).

Isolation of cytosol. Cytosols for detection of cytochrome ¢ were isolated by
the method described by Kluck et al. (38). Briefly, 2 X 107 SK-N-SH cells were
trypsinized and washed twice with PBS and then resuspended in 500 ul of ex-
traction buffer [220 mM mannitol, 68 mM sucrose, 50 mM piperazine-N, N'-
bis(2-ethanesulfonic acid) (PIPES)-KOH [pH 7.4], 50 mM KCI, 5 mM EGTA, 2
mM MgCl,, 1 mM dithiothreitol, 10 uM cytochalasin B, 1 mM phenylmethyl-
sulfonyl fluoride, and protease inhibitors cocktail [Boehringer Mannheim]). Af-
ter 30 min on ice, cells were broken with a glass Dounce homogenizer, using 40
strokes of the B pestle, and centrifuged at 14,000 X g for 15 min. Supernatant
fluids were harvested, and protein concentration was determined by the Bradford
assay (Bio-Rad) with bovine serum albumin as a standard.

Subcellular fractionation. Mitochondrial fractions were prepared by the meth-
od described by Vander Heiden et al. (84). Briefly, 2 x 107 SK-N-SH cells
were trypsinized and resuspended in 0.8 ml of ice-cold buffer A (250 mM sucrose,
20 mM HEPES, 10 mM KCI, 1.5 mM MgCl,, 1 mM EDTA, 1 mM EGTA, 1
mM dithiothreitol, and protease inhibitors cocktail). Suspended cells were then
passed through an ice-cold glass Dounce homogenizer with 40 strokes of the B
pestle. Unlysed cells, cell debris, and nuclei were pelleted by a 10-min, 1,000 X
g centrifugation. The supernatant fluids were then centrifuged at 10,000 X g for
25 min, and pellets were resuspended in buffer A and represented the mitochon-
drial fractions.

Detection of NF-kB and c-Jun activation. Mercury vectors containing either an
NF-kB-like promoter region with four copies of NF-kB consensus sequence
(CGGGAATTTC) or an AP1-like promoter region with four copies of c-Jun—
c-Fos consensus sequence (TGAGTCAG), a downstream reporter gene, and
secreted alkaline phosphatase (SEAP) were purchased from Clontech. SK-N-SH
cells in 12-well culture plates were transiently transfected with each Mercury
vector (5 pg/well) by use of a Lipofectamine reagent (GIBCO BRL) according
to the manufacturer’s instruction. Twenty-four hours after transfection, the cells
were infected with DEN-2 virus at an MOI of 5. At different times after infection,
culture supernatants were collected and the activities of NF-kB and c-Jun were
determined by detecting the activity of SEAP using a 1-step PNPP ELISA
(enzyme-linked immunosorbent assay) Kit (Pierce) with p-nitrophenyl phos-
phate disodium salt (PNPP) as a soluble substrate.

RESULTS

Apoptosis of SK-N-SH cells induced by DEN-2 virus infec-
tion. The cytopathologic effect of DEN-2 virus infection in
SK-N-SH cells became apparent 36 to 48 h postinfection (p.i.),
concurrent with the period in which the infected cells actively
produced large quantities of virus. The cytopathologic effect
was apparent in the pattern of cell death observed by trypan
blue staining. To determine whether apoptosis contributed to
DEN-2 virus-induced cell death, the SK-N-SH cells were fixed
with 75% ethanol and analyzed by PI staining. Subdiploid cells
were then quantified by flow cytometry with Modfit software.
As shown in Fig. 1A, when apoptotic cells were observed at
48 h p.i., the number of apoptotic cells was fewer than, but
positively proportional with, the number of dead cells deter-
mined by trypan blue staining. The numbers of apoptotic cells
and dead cells were very similar when determined at 48 h p.i,;
however, the higher proportion of dead cells at 60 h p.i. was
due to the similar flow cytometric characteristics of these cells
in late apoptosis and necrosis. One well-defined biochemical
hallmark of apoptosis is the internucleosomal DNA fragmen-
tation (ladder formation) generated during the apoptotic pro-
cess, which can be visualized by agarose gel electrophoresis
with ethidium bromide staining. In the present study, DNA
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FIG. 1. Evidence for apoptosis in DEN-2 virus-infected human neuroblas-
toma cells. (A) Comparison of the percentages of apoptotic cells and dead cells.
SK-N-SH cells were infected with DEN-2 PLO046 virus at an MOI of 5 and were
incubated for various time periods as indicated. Apoptotic cells were determined
by PI staining and quantified as subdiploid cells by flow cytometry analysis as
described in Materials and Methods. Dead cells were determined by trypan blue
(0.5% in normal saline) staining and counted under a light microscope. The
values represent the means of triplicate measurements from one of two similar
experiments. Biochemical analyses (B to D) of DNA fragmentation were done as
follows. (B) Genomic DNA laddering. DNA extracted from DEN-2 virus (MOI
of 5)- and mock-infected cells at 60 h p.i. were subjected to a 2% agarose gel
electrophoresis, stained with ethidium bromide, and visualized on a UV light
box. (C) Morphological alteration of nuclei of DEN-2 virus- and mock-infected
cells was examined by chromatin condensation. (D) Morphological alteration of
nuclei of DEN-2 virus- and mock-infected cells was examined by PI staining and
DNA breakage. Breaks in cellular DNA were identified by TUNEL assay using
FITC-dUTP labeling and were observed under a fluorescence microscope as
described in Materials and Methods.

laddering was observed at 48 h p.i. and became most obvious at
60 h p.i. (Fig. 1B). In addition, the morphological alteration of
nuclei was directly observed by fluorescence microscopy. When
the DEN-2 virus- and mock-infected cells were stained with PI
at 48 h p.i., many of the DEN-2 virus-infected cells, but not the
mock-infected cells, exhibited chromatin condensation, a char-
acteristic of apoptosis (Fig. 1C). To determine whether chro-
mosomal DNA breaks could be generated during DEN-2 virus
infection, the DEN-2- and mock-infected cells were labeled
and analyzed by TUNEL assay and microscopy for the pres-
ence of DNA fragmentation in the nuclei. After an appropriate
incubation period of 60 h, at which DNA laddering was most
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FIG. 2. Time course of caspase-3 activation and protection by inhibitors of
caspase and endonuclease. (A) Caspase-3 activation. SK-N-SH cells were in-
fected with DEN-2 PL046 virus at an MOI of 5. At the indicated times, cells were
lysed and lysates were detected for cleavage of the caspase-3 by Western immu-
noblotting analysis using monoclonal antibody specific to caspase-3 p20 subunit
(Santa Cruz). (B) Effects of a pan-caspase inhibitor, Z-VADy,,,, and an endo-
nuclease inhibitor, ZnSO,, on DEN-2 virus-induced apoptosis. SK-N-SH cells
were pretreated or not pretreated with Z-VADy,,, (100 M) or ZnSO, (20 mM)
for 3 h and infected with DEN-2 virus (MOI of 5). Cells were then cultured in
the presence of either inhibitor. After 60 h of infection, apoptotic cells were
determined by PI staining and flow cytometry analysis as described in Materials
and Methods. The values represent the means = SD of triplicate determinations
from one of two similar experiments, and the asterisks indicate a significant
difference between the absence and presence of inhibitor (P < 0.01 by Student’s
t test).

significant, the cells were end labeled with FITC-dUTP by us-
ing TdT. Consistent with the results of PI staining, many of the
DEN-2-infected cells, but not mock-infected cells, exhibited
the characteristics of DNA breakage (Fig. 1D). In the late in-
fection stage, defined as 72 h p.i., the typical apoptotic mor-
phology transitioned to a morphology with the characteristic
appearance of necrosis with diffused DNA in the PI staining
and observations of DNA laddering (data not shown). The
apoptotic response was delayed at a lower MOI (0.1 and 0.5)
for about 12 to 18 h, which is equal to the time for one
generation of dengue virus in SK-N-SH cells (data not shown).

Activation and involvement of caspase-3 in apoptosis of
DEN-2 virus-infected SK-N-SH cells. Activation of the caspase
cascade is an important series of events in the downstream
apoptotic pathway and is essential for the induction of apopto-
sis (48, 61, 63, 70, 85). Caspase-3 is a member of the caspase
family and appears to play an important role as an apoptotic
effector in response to a variety of stimuli. Activation of cas-
pase-3 is the result of cleavage of its 32-kDa precursor into a
20-kDa NH,-terminal fragment (p20 subunit) and 11-kDa
COOH-terminal fragment (pl1 subunit) (63). We assessed
caspase-3 activation in the SK-N-SH cells in response to
DEN-2 virus infection by Western blot analysis using mono-
clonal antibody specific to the p20 subunit. As shown in Fig.
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2A, significant cleavage of the caspase-3 precursor was ob-
served beginning at 24 h p.i. at an MOI of 5. Treatment with
the pan-caspase inhibitor, Z-VADy,,, (Z-Val-Ala-Asp[OME]-
CH,F) (61), and ZnSO,, which is a potential inhibitor of en-
donucleases (5, 86), offered significant protection to SK-N-SH
cells against DEN-2 virus-induced apoptosis (Fig. 2B). The
protection afforded by Z-VADy,,, was dose dependent, and
the daily addition of fresh Z-VADy,,, offered higher protection
(data not shown). ZnSO, at concentrations lower than 20 uM
offered a dose-dependent protection; however, concentrations
beyond 20 wM were cytotoxic (data not shown). These results
indicate that certain Z-VADy,,-inhibitable cysteine proteases,
including caspase-3 and probably caspase-6 or -7 and Zn*"-
inhibitable endonucleases, are involved and necessary for
DEN-2 virus-induced apoptosis of SK-N-SH cells.

AA, an apoptosis mediator, is generated in DEN-2 virus-
infected cells through the activation of PLA,. SK-N-SH cells
were prelabeled with [PHJAA and infected with DEN-2 virus
at an MOI of 5. PLA, activity was measured by counting the
radioactivity of released AA in the culture medium. As shown
in Fig. 3A, an increase in AA was observed at 16 h after
infection and continued to increase during the measurement
period of 32 h. The DEN-2 virus E protein-specific monoclonal
antibody (MAD) 56-3.1, which efficiently protected SK-N-SH
cells from DEN-2 virus-induced apoptosis (data not shown),
also blocked AA production. These results indicate that it is
the DEN-2 virus, but not other mediators existing in the cul-
ture medium, that is responsible for PLA, activation and AA
production. Direct treatment of SK-N-SH cells with exogenous
AA induced apoptosis in a dose-dependent manner (Fig. 3B).
The exact intracellular AA concentrations within the exoge-
nous AA-treated cells were difficult to determine; however,
concentrations of exogenous AA lower than 25 pM were in-
sufficient to induce apoptosis. DNA laddering in electrophore-
sis agarose gel (Fig. 3C) demonstrated exogenous AA-induced
apoptosis, as shown by the extraction of cellular DNA at 48 h
after AA treatment at a concentration of 100 wM.

PLA, inhibitors were protective against DEN-2 virus-in-
duced apoptosis, while cyclooxygenase inhibitors enhanced
apoptosis. To further confirm the inductive role of AA in
DEN-2 virus-induced apoptosis, SK-N-SH cells were pre-
treated with either of the two PLA, inhibitors, ONO-RS-082
(41) and AACOCEF; (71, 81); the latter is a specific inhibitor
for cPLA,. Both inhibitors have been reported to be able to
block AA generation. In addition, cells were also pretreated
with the cyclooxygenase inhibitors, aspirin and indomethacin
(35, 66), that have been reported to cause AA accumulation by
blocking the catabolism of AA. The treated cells were then
infected with DEN-2 virus at an MOI of 5, and apoptotic cells
were determined by PI staining and flow cytometry. The results
show that both ONO-RS-082 and AACOCF; were protective
(percentage of cells reaching apoptosis, 16.53 and 17.88%
treated versus 24.60% untreated; P < 0.01) (Fig. 4A), while
aspirin and indomethacin enhanced apoptosis (percentage of
cells reaching apoptosis, 33.99 and 35.10% treated versus
22.65% untreated; P < 0.01) (Fig. 4B). These results reveal the
involvement and inductive role of AA in DEN-2 virus-induced
SK-N-SH cell apoptosis. All of the four inhibitors were cyto-
toxic to SK-N-SH cells when used in higher concentrations;
therefore, these inhibitors were used at their maximal tolerable
concentrations.

DEN-2 virus infection and AA treatment induced the mito-
chondrial release of cytochrome c¢. Activation of caspase-3 is
mediated by caspase-9, which is proteolytically activated by
binding with Apaf-1 via their respective NH,-terminal CED-3
homologous domains in the presence of cytochrome ¢ and
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FIG. 3. Activation of PLA, in response to DEN-2 virus infection and induc-
tion of apoptosis by AA. (A) Activation of PLA, demonstrated by increased
generation of AA. DEN-2 PL046 virus was incubated with MAb 8-1 specific to
DEN-2 viral NS-1 protein or incubated with neutralizing MAb 56-3.1 specific to
DEN-2 viral E protein for 1 h at 37°C. [°’H]AA-prelabeled SK-N-SH cells were
then infected with these virus-antibody mixtures. At the indicated times, the
culture supernatants containing the mixtures were collected for radioactivity
measurement. (B) Exogenous AA induced apoptosis of SK-N-SH cells in a
dose-dependent manner. The percentages of apoptotic cells were determined at
48 h posttreatment. (C) DNA laddering induced by exogenous AA. SK-N-SH
cells were mock infected or infected with DEN-2 PL046 virus at an MOI of 5. At
48 h p.i., cellular genomic DNA was extracted and subjected to a 2% agarose gel
electrophoresis, stained with ethidium bromide, and visualized on a UV light
box. The values represent the means + SD of triplicate measurements from one
of three similar experiments.

ATP. Activated caspase-9 in turn cleaves and activates cas-
pase-3 (85). Since the present study has demonstrated the
activation of caspase-3 in DEN-2 virus-infected SK-N-SH cells,
the release of cytochrome ¢, which also indicates mitochondrial
damage, should be detectable. SK-N-SH cells were infected
with DEN-2 virus at an MOI of 5, and cell cytosols were
extracted at the indicated times and the presence of cyto-
chrome ¢ was detected by Western blot analysis using specific
monoclonal antibody. The presence of actin in the cytosol
fraction was measured as an internal control. As shown in Fig.
SA, the existence of cytochrome ¢ in the cytosol fraction was
first observed as a very weak band at 24 h p.i. and became
obvious beginning at 28 h p.i. The effect of AA on cytochrome
¢ release was also assessed. SK-N-SH cells were treated with
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exogenous AA at a concentration of 100 uM. Cell cytosols
were collected and cytochrome c levels were measured as de-
scribed above. As shown in Fig. 5B, exogenous AA treatment
rapidly induced cytochrome ¢ release by 1 h. Furthermore,
direct treatment of isolated mitochondrial fraction with AA
also caused cytochrome ¢ release within 1 h, and additional
cytosol did not enhance cytochrome c release (Fig. 5C). These
results indicate that AA may directly exert a detrimental im-
pact on the outer membrane of mitochondria.

Superoxide anion generation was induced by DEN-2 virus
infection in SK-N-SH cells and was involved in induction of
apoptosis. Generation of superoxide anion has been reported
to be induced in response to a variety of stimuli and to cause
apoptotic cell death (44, 65). The generation of superoxide
anion was reported to be mediated by NADPH oxidase or
5-lipooxygenase (11, 21), both of which can be indirectly acti-
vated by AA. Because this study has demonstrated that AA is
overgenerated in DEN-2 virus-infected SK-N-SH cells, the po-
tential involvement of superoxide anion and the relationship
between AA and superoxide anion in DEN-2 virus-induced
apoptosis were assessed. Our results show that the level of
intracellular superoxide anion was increased by 24 h p.i. and
peaked at 48 h p.i. (Fig. 6A). The abrupt decrease in superox-
ide anion detected at 72 h p.i. was due to the few surviving cells
and the short life of superoxide anion. The involvement of
superoxide anion in DEN-2 virus-induced apoptosis was fur-
ther assessed by treating cells with SOD prior to virus inocu-
lation. The results showed that SOD protected SK-N-SH cells
from DEN-2 virus-induced apoptosis in a dose-dependent
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FIG. 4. Effects of inhibitors of PLA, and cyclooxygenase on DEN-2 virus-
induced apoptosis. SK-N-SH cells were pretreated with various inhibitors as
indicated for 2 h and were infected with DEN-2 PLO046 virus at an MOI of 5.
Apoptotic cells were determined at 60 h p.i., and the inhibitors were maintained
in the culture medium continuously for the duration of the experiment. (A)
PLA, inhibitors, AACOCF; (10 M) and ONO-RS-082 (10 pM), protected cells
against DEN-2 virus-induced apoptosis. (B) Cyclooxygenase inhibitors, aspirin (5
mM) and indomethacin (10 M), enhanced DEN-2 virus-induced apoptosis. The
values represent the means = SD of triplicate measurements from one of three
similar experiments, and the asterisks indicate a significant difference between
the absence and presence of inhibitor (P < 0.01 by Student’s ¢ test).
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FIG. 5. Release of cytochrome ¢ from mitochondria in response to DEN-2
virus infection and exogenous AA. SK-N-SH cells were infected with DEN-2
PLO046 virus at an MOI of 5 (A) or treated with exogenous AA at a concentration
of 100 wM (B). At the indicated times, cytosols were isolated and the presence
of cytochrome ¢ was detected by Western immunoblotting analysis using mono-
clonal antibody specific to cytochrome c. The levels of actin in the cytosols were
demonstrated as an internal control. (C) Mitochondrial fractions were isolated
from uninfected SK-N-SH cells and treated with AA (100 wM) in the presence
or absence of cytosol for 30 min. Cytochrome ¢ released into the buffer was
detected as described above.

manner (percentage of cells reaching apoptosis after treatment
with SOD at 1,000 U/ml, 19.73% =+ 1.85% [mean = standard
deviation {SD}]; 500 U/ml, 21.24% = 1.07%; and 0 U/ml,
30.60% = 2.89%; P < 0.01) (Fig. 6B). To determine whether
AA is responsible for DEN-2 virus-induced superoxide anion
generation, SK-N-SH cells were pretreated for 30 min with a
cPLA,-specific inhibitor, AACOCEF;, and intracellular levels of
superoxide anion were measured after DEN-2 virus infection.
The results indicate that treatment with AACOCF; signifi-
cantly delayed superoxide anion generation by about 24 h. As
shown in Fig. 6C, at 24 h p.i., the level of superoxide anion in
AACOCF;-treated cells was less than half of that in the non-
treated cells (38 X 1,000 versus 82 X 1,000 RLU/ml); however,
no difference in the levels of superoxide anion was found in
cells from these groups at 48 h p.i.

Transcription activity of NF-kB, but not c-Jun, was required
for DEN-2 virus-induced apoptosis. Apoptosis is achieved
through various signal transductions, and AA has been impli-
cated in some of the signal transduction pathways resulting in
apoptosis. It has been reported that cPLA, is activated by
mitogen-activated protein kinase (45), the activity of which can
be blocked by the protein kinase inhibitor 6-dimethylaminopu-
rine (DMAP) (53). To assess the involvement of protein phos-
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FIG. 6. Superoxide anion is generated downstream of PLA, and is essential
for apoptosis. (A) Generation of superoxide anion. SK-N-SH cells were infected
with DEN-2 PL046 virus at an MOI of 5. At the indicated times, culture super-
natants were collected and the amount of superoxide anion was detected using a
Lumimax Superoxide Anion Detection Kit as described in Materials and Meth-
ods. (B) DEN-2 virus-induced apoptosis is blocked by SOD. SK-N-SH cells were
pretreated with SOD at 1,000, 500, and 0 U/ml for 1 h and then were infected
with DEN-2 PLO046 virus at an MOI of 5. After 60 h of infection, apoptotic cells
were determined by PI staining and flow cytometry analysis. (C) A cPLA,-
specific inhibitor, AACOCF;, delayed DEN-2 virus-induced superoxide anion
generation. SK-N-SH cells were pretreated with AACOCF; (10 uM) for 1 h and
then were infected with DEN-2 PL046 virus at an MOI of 5. At 24 and 48 h p.i.,
culture supernatants were collected and the amount of superoxide anion was
measured. The values represent the means = SD of triplicate measurements
from one of two similar experiments. An asterisk indicates a significant difference
between the absence and presence of SOD (B) and AACOCF; (C) (P < 0.01 by
Student’s ¢ test). Ctl, control.
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FIG. 7. Kinase reactions and activity of NF-«kB, but not c-Jun, are required
for DEN-2 virus-induced apoptosis. (A) A protein kinase inhibitor, DMAP,
significantly decreased DEN-2 virus-induced apoptosis. SK-N-SH cells were pre-
treated with DMAP (5 mM) for 1 h and then were infected with DEN-2 PL046
virus at an MOI of 5. Apoptotic cells were counted by PI staining and flow
cytometry at 60 h p.i. (B) NF-kB TFD, but not c-Jun TFD, blocked DEN-2
virus-induced apoptosis. SK-N-SH cells were pretreated for 6 h with 100 pM
concentrations of each of the following oligonucleotides competing for transcrip-
tion factor binding: NF-kB TFD (5'-AGTTGAGGGGACTTTCCCAGGC-3"),
NF-«kB mTFD (5'-AGTTGAGGCGACTTTCCCAGG-3'), c-Jun TFD (5'-CGC
TTGATGACTCAGCCGGAA-3'), and c-Jun mTFD (5'-CGCTTGATGACTT
GGCCGGAA-3’") (boldface characters represent the oligonucleotide substitu-
tion in the binding motif). The cells were then infected with DEN-2 PLO046 virus
at an MOI of 5. Apoptotic cells were measured at 60 h p.i. The values represent
the means * SD of triplicate measurements from one of three similar experi-
ments. An asterisk indicates a significant difference between the absence and
presence of DMAP (A) and NF-kB TFD (B) (P < 0.01 by Student’s ¢ test). Ctl,
control.

phorylation reactions in the DEN-2 virus-triggered apoptotic
signaling pathways, SK-N-SH cells were pretreated with DMAP
before DEN-2 virus infection and 60 h after infection, and the
percentage of apoptotic cells was then determined. The results
show that DMAP protected cells against apoptosis (percentage
of cells reaching apoptosis, 21.85% * 2.32% [mean * SD] of
DMAP pretreated versus 33.68% = 1.54% of untreated; P <
0.01) (Fig. 7A). DMAP exerted no obvious effect on either the
quantity or the time course of viral protein synthesis or on
progeny virus production during the first 24 h of infection (data
not shown). Since phosphorylation reactions were probably
involved in DEN-2 virus-induced apoptosis, two transcription
factors, NF-kB and c-Jun, which require phosphorylation for
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their activity and have been reported to be downstream medi-
ators of AA (4, 11, 28), were assessed for their involvement in
DEN-2 virus-induced apoptosis. Both of these transcription
factors are known to be important mediators of apoptosis in
response to a variety of stresses (11, 46, 71, 80). To investigate
the involvement of these transcription factors, we pretreated
SK-N-SH cells with synthetic oligonucleotides (transcription
factor decoy [TFD]) consisting of the binding motifs for NF-xB
and c-Jun and mutant oligonucleotides (mTFDs) with one
nucleotide substitution in the binding motif prior to DEN-2
virus infection. This single nucleotide substitution diminished
transcription factor binding. The percentage of apoptotic cells
was measured at 60 h p.i., and the results indicate that NF-«B,
but not c-Jun, plays a determinant role in the DEN-2 virus-
induced apoptosis. The percentages of apoptotic cells were
as follows: 13.91% = 1.37% (mean = SD) for NF-«kB TFD,
30.04% = 3.67% for NF-kB mTFD, 34.97% =+ 1.69% for c-Jun
TFD, and 35.79% = 2.85% for c-Jun mTFD (Fig. 7B). The
protection of NF-kB TFD was dose dependent; a concentra-
tion under 25 pM showed no significant protection. In contrast
to the study of Marianneau et al. with HepG2 cells (52), which
showed that 1 uM NF-kB TFD blocked apoptosis, our results
show that much higher doses of the NF-kB TFD are required
for SK-N-SH cells. The reason for the different requirement is
not really understood; however, our explanation according to
our work on HepG2 cells is that SK-N-SH cells are much more
susceptible to dengue virus than HepG?2 cells. First, the infec-
tion rate of SK-N-SH cells with dengue virus is almost 100%,
but it is only 30% or less for HepG2 cells. Second, SK-N-SH
cells produced a much higher titer (>10” PFU/ml) of dengue
virus than HepG?2 cells produced (10° to 10° PFU/ml). These
results indicate that SK-N-SH cells suffer more stress than
HepG?2 cells during dengue virus infection.

NF-kB activation in DEN-2 virus-infected cells through
the AA-superoxide anion pathway. SK-N-SH cells transient-
ly transfected with Mercury vectors containing NF-kB and
c-Jun promoter regions were infected with DEN-2 virus at an
MOI of 5. The transfection process and transcription activity
assay were done as described in Materials and Methods. Ac-
tivation of NF-«kB occurred at 12 to 16 h p.i., while activation
of c-Jun occurred early at 4 h p.i. (Fig. 8A). The multiple peaks
of c-Jun activity found after infection were probably due to
different transcription factors, such as c-Fos, which shares
the same promoter-binding motif as c-Jun. The activation of
NF-«B by DEN-2 virus was dose dependent, with a higher
MOI of inoculating virus inducing stronger NF-kB activity
(Fig. 8B). Pretreatment of cells with AACOCF; and SOD sig-
nificantly blocked NF-kB activation. The values of NF-«B
activity were as follows, as a percentage of mock infection:
109.2% = 3.9% (mean = SD) (AACOCF; treated) and
105.6% = 5.2% (SOD treated) versus 136.8% = 8.4% (un-
treated), (P < 0.05) (Fig. 8C). These results indicate that
NF-kB activation in DEN-2 virus-infected SK-N-SH cells is at
least partially dependent on AA-dependent generation of su-
peroxide anion.

DISCUSSION

Although dengue virus can infect a variety of cells in vitro,
only very few cell types have been identified to be infected in
vivo. The most recognized target cells for dengue virus in
humans are the mononuclear phagocytes (24). In recent years,
dengue viral antigens have been found by immunofluorescence
staining and in situ hybridization in liver (23, 52, 72) and
vascular tissues (W. J. Shieh, personal communication) of pa-
tients with fatal dengue infections. In addition, evidence of
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FIG. 8. NF-kB is activated downstream of PLA, activation and superoxide anion generation. (A) Activation of NF-«kB and c-Jun following DEN-2 virus infection.
SK-N-SH cells were pretransfected with pNFkB-SEAP and pAP1-SEAP mercury vectors by Lipofectamine as described in Materials and Methods. At 24 h post-
transfection, cells were mock infected (control [CTL]) or infected with DEN-2 PL046 virus at an MOI of 5 and maintained at 4°C for 1 h to allow virus binding. The
virus inoculum was replaced by fresh culture medium before shifting to an incubator at 37°C. Activities of NF-kB and c-Jun were measured by detecting the activity
of SEAP using the 1-Step PNPP ELISA kit as described in Materials and Methods. (B) DEN-2 virus activated NF-kB in a dose-dependent manner. pNFkB-SEAP-
transfected SK-N-SH cells were infected with various MOIs of DEN-2 PL046 virus, and the NF-kB activity was measured at 14 h p.i. (C) AACOCF; and SOD blocked
DEN-2 virus-induced NF-kB activation. pNFkB-SEAP-transfected SK-N-SH cells were treated with AACOCF; (10 pM) or SOD (1,000 U/ml) for 1 h and then were
infected with DEN-2 PLO046 virus at an MOI of 5. Activities of NF-kB were determined at 14 h p.i. The values represent the means * SD of triplicate measurements
from one of two similar experiments. An asterisk indicates a significant difference between the absence and presence of inhibitor (P < 0.05 by Student’s ¢ test).

CNS infection has also been reported (13, 14, 49, 60). Isolation
of DEN-3 virus and detection of DEN-2 virus by PCR in CSF
provided strong evidence that dengue virus has neurovirulent
properties and can cause encephalitis in both primary and
secondary infections (49, 60). An increasing number of dengue
patients with severe manifestations of encephalitis and enceph-
alopathy has been reported (49, 73). Although the pathoge-
netic mechanism of the neural manifestations remains unclear,
it has been strongly suggested that the neural pathology is
induced by the detrimental effects of cytotoxic cytokines, such
as TNF-a (30), interleukin-1 (9), and cytotoxic factors (77)
released from virus-infected monocytes and activated T lym-
phocytes. However, the possibility that direct damage of neu-
ronal cells occurs with dengue virus infection cannot be ex-
cluded, since only a few encephalitis cases have been reported.
Vascular endothelial cells have demonstrated a similar suscep-
tibility to dengue virus infection. Dengue virus infects endo-
thelial cells in vitro and causes apoptosis (1); however, vascular
leakage is common while evidence for infection in vivo in
endothelial cells is rare. An explanation for the few cases of
neural cell infection has been suggested as being due to the low
titer of virus in blood, which does not allow virus to pass the
BBB during the short viremia period. In addition, although

there is no ideal animal model available for dengue studies, a
mouse model has been widely employed and results in an
encephalitis outcome after dengue virus inoculation via an
intracerebral or intravenous route. Dengue virus can be iso-
lated from the brains of infected mice, and neurons are the
main infected cells. Since dengue virus can infect and directly
cause damage to mouse neuronal cells, dengue virus may have
a similar potential to infect human neuronal cells if it can pass
through the BBB. Although the in vivo evidence for dengue
virus infection in human neuronal cells is lacking, in vitro
studies of the susceptibility of human and mouse neuroblas-
toma cells have been reported (13, 69). We have found that the
DEN-2 virus is able to cause a productive infection in the
human neuroblastoma cell line SK-N-SH. The infection was
very efficient, since the SK-N-SH cells produced a titer of virus
similar to that of BHK-21 cells (up to >2 X 107 PFU/ml),
which are very susceptible to dengue virus infection and widely
used for dengue virus titration. In addition, the well-known
antibody-dependent enhancement (ADE) phenomenon was
not observed in the SK-N-SH cells although they also bear the
similar levels of Fc receptors (20), which play a role as an
alternative port of entry for dengue virus in human monocytes/
macrophages. A 65-kDa trypsin-sensible protein has been re-
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ported to be a putative receptor for dengue virus on the SK-
N-SH cell surface (69). It is not known whether monocytes/
macrophages also share the same protein for dengue virus
binding (12).

Dengue virus has been demonstrated to induce apoptosis in
a variety of cultured cell lines, including mouse neuroblastoma
cell lines (13). However, the detrimental impact of dengue
virus on human neuroblastoma cells has not yet been deter-
mined. The present study is the first to demonstrate the in-
volvement of a signaling pathway consisting sequentially of
activation of PLA,, generation of superoxide anion, and finally
activation of NF-kB in DEN-2 virus-induced apoptosis of hu-
man neuroblastoma cells. PLA, plays a key role in cellular
signaling by generating a wide array of biologically active lipid
mediators (31, 40, 82). PLA,-mediated hydrolysis of phospho-
lipids results in the release of AA, which may either exert
direct effects or serve as a substrate for the generation of other
lipid messengers, such as prostaglandins and leukotrienes (2).
At least two types of PLA, have been identified: 85-kDa PLA,,
which when present in the cytosol is named cPLA,, and 14-kDa
PLA,, which is present in cellular granules and is secreted into
the extracellular medium upon stimulation and is named se-
cretory PLA, (SPLA,) (54). In the present study, it is not
known whether DEN-2 virus activated both of these types of
PLA,; however, it is clear that at least cPLA, was activated
since a cPLA,-specific inhibitor, AACOCEFj;, was shown to be
protective. AA generation as a result of PLA, activation has
been reported in signal transduction pathways resulting in apo-
ptosis. The involvement of AA in dengue virus infection was
first reported by Malewicz et al. (50). In their studies, rapid
PLA, activation was detected in BHK-21 cells during the ini-
tiation of dengue virus infection. More recently, Nevalainen et
al. reported that dengue virus infection caused elevation of
serum PLA, (62). Nevertheless, the former study did not offer
observations concerning fatal outcome or discussion of the
pathogenetic mechanism of the infected cells. In the present
study, we have demonstrated that DEN-2 virus can cause apo-
ptosis of human neuroblastoma cells characterized by DNA
fragmentation through the direct or indirect actions of AA
generated by activated PLA,. The involvement of AA in apo-
ptosis has been implicated in previous studies involving various
apoptotic stimuli. Activation of cPLA, has been indicated to be
essential for TNF-mediated cytotoxicity in L929, MCF-7S,
WEHI, and U937 cells (18, 31, 90); L929 mutants that had lost
the expression of cPLA, could be rendered TNF sensitive by
exogenous expression of cPLA,. Moreover, inhibition of
cPLA, expression by antisense oligonucleotides has been
shown to render melanoma cells resistant to TNF-mediated
cytotoxicity. Our results demonstrate that AA was generated
after DEN-2 virus infection and that pretreatment of human
neuroblastoma cells with a cPLA,-specific inhibitor,
AACOCEF;, or a PLA, inhibitor, ONO-RS-082, which pre-
vented DEN-2 virus-induced apoptosis, supports a role of
PLA, in the mediation of DEN-2 virus-induced apoptosis. The
mechanism by which AA mediates apoptosis is not fully un-
derstood. Wissing et al. indicated that activation of cPLA, was
inhibited by caspase inhibitors, revealing that AA functions
downstream of caspase activity (87). In the present study, we
demonstrated that treatment of SK-N-SH cells with exogenous
AA induced rapid cytochrome c release within 1 h, and more-
over, direct treatment of mitochondrial fractions with AA in
the absence of cytosolic fractions was able to stimulate cyto-
chrome ¢ release. Cytochrome ¢ has been recognized as an
effector for caspase activation, and release of cytochrome ¢
into the cytosol is an indicator of mitochondrial outer mem-
brane damage. Although the detailed mechanism of this det-
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rimental impact remains unclear, it has been reported that AA
could alter cell membrane integrity and cause lipid peroxida-
tion (8). In addition, it has been proposed that neuronal mi-
tochondrial dysfunction may be a critical event in neuronal cell
death, and AA was indicated to be able to mediate alteration
of mitochondrial function (6). Our results reveal that part of
the DEN-2 virus-mediated apoptotic effect is derived from the
direct action of AA on mitochondria and suggest that AA is
also active upstream as a caspase inducer by stimulating cyto-
chrome c release.

AA has been reported to stimulate the generation of ROS,
which are generated in all aerobic cells (4, 11). ROS are mainly
produced during normal mitochondrial respiration and are
used by specialized phagocytic cells to destroy invading patho-
gens. ROS can react rapidly with a range of biological mole-
cules, making them highly destructive. Fortunately, aerobic
cells are endowed with a complex network of antioxidants to
scavenge ROS or repair the damage; however, the overwhelm-
ing majority of these defenses, termed oxidative stress, are
implicated in numerous disease states. Infection of mice T
lymphocytes with dengue virus both in vitro and in vivo pro-
duced a cytotoxic factor, which stimulates macrophages to pro-
duce cytotoxin (CF2) (56). It was observed that CF2 induced
production of superoxide anion by the spleen cells and that
treatment with SOD inhibited superoxide anion production
and cytoxicity. The enzymes for superoxide anion production
include NADPH oxidase and 5-lipoxygenase, depending on the
various cell types (4, 11). Our results show that superoxide
anion was produced in human neuroblastoma cells in response
to DEN-2 virus infection. The protective effect of SOD treat-
ment demonstrates that superoxide anion was involved in the
induction of DEN-2 virus-induced apoptosis. The production
of superoxide anion was probably due to the elevation of
intracellular AA, since treatment with the PLA, inhibitors
AACOCF; and ONO-RS-082 reduced superoxide anion pro-
duction in DEN-2 virus-infected cells. AA has been reported
to be able to activate NADPH oxidase (11), which suggests
that NADPH oxidase is the enzyme that stimulated superoxide
anion generation in the DEN-2 virus-infected cells. Although
ROS have been widely suggested to be involved in apoptosis, it
is still not clear how superoxide anion can induce apoptosis.
Except for their role in mediating oxidative modification of
critical cellular targets, including proteins or lipids, and forma-
tion of peroxynitrite with nitric oxide, evidence has suggested
that ROS can be utilized in signal transduction events. Two
transcription factors, c-Jun and NF-kB, have been reported to
be activated downstream of ROS. c-Jun, a transcription factor
activated by c-Jun N-terminal kinase, is stimulated by a variety
of stresses and required for the induction of apoptosis (71).
NF-«kB, another important transcription factor, is known to
mediate the inducible expression of a wide variety of genes that
are involved in inflammatory and other cytotoxic reactions in
numerous cell types (3, 21, 46). Several genes implicated in
apoptosis, such as those for transforming growth factor g (42),
c-myc (17), pS3 (89), and interleukin-1f converting enzyme
(ICE) (7), have consensus NF-«B sites in their promoters.
Activation of NF-«kB in response to dengue virus infection has
been identified in human hepatoma cells and was implicated to
induce apoptosis (52). The results of the present study show
that NF-kB is also activated in DEN-2 virus-infected human
neuroblastoma cells. Significant blocking of NF-«kB activation
by AACOCF; and SOD indicate that this activation was in-
duced through the AA-superoxide anion pathway. Our exper-
iments using NF-kB and c-Jun decoys indicated that NF-kB,
but not c-Jun, is involved in DEN-2 virus-induced apoptosis of
human neuroblastoma cells and that it is the product of NF-
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FIG. 9. Proposed model of the DEN-2 virus-induced apoptotic signaling
pathways.

kB-activated genes but not the subunits of NF-kB such as p65
or p50 (80), that is essential for the induction of apoptosis. An
alternative strategy to confirm the involvement of NF-kB in
induction of apoptosis was performed by overexpression of
dominant-negative mutant IkBa. Our preliminary results in
transiently transfected SK-N-SH cells also show protection
(data not shown), which support the importance of NF-kB in
dengue virus-induced apoptosis. One of the target genes for
NF-«B is the p53 gene, a tumor suppressor gene. The best
known activities of p53 protein are cell cycle arrest and induc-
tion of apoptosis. Both of these activities probably require
activation of latent p53 protein by incoming signals, often cou-
pled with a substantial increase in overall cellular p53 levels
(64). In the present study, we have observed a dramatic in-
crease of p53 protein at 14 h p.i. in DEN-2 virus-infected
SK-N-SH cells, which is consistent with the NF-kB peak
(data not shown).

In conclusion, as illustrated in Fig. 9, DEN-2 virus-triggered
apoptotic signaling includes the activation of PLA,s that se-
quentially generate AA, superoxide anion, and NF-«kB activa-
tion, all of which are capable of inducing apoptotic damage but
to different extents. The detrimental impacts may come from
the direct action of AA and probably superoxide anion on the
mitochondrial membrane and proteins that were generated by
NF-kB which induce and/or enhance the apoptosis. It is not
known how dengue virus could activate PLA, to start the
apoptotic signaling. In general, cPLA, is believed to be activat-
ed by an upstream ligand-receptor interaction. Probable me-
diators within this pathway include phospholipase C (75), pro-
tein kinase C (57), ceramide-activated protein kinase (75, 91),
Ca?*-calmodulin-dependent protein kinase (10), and mitogen-
activated protein kinase (46). Our results show that the protein
kinase inhibitor DMAP provides significant protection against
apoptosis, indicating that a series of protein phosphorylation
reactions occur during dengue virus infection and are essential
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for the induction of apoptosis. Although it has always been
thought that intracellular synthesis of viral proteins seems to
be essential to activate apoptotic pathways in the host cells,
nevertheless, our previous Sindbis virus studies indicate that
apoptotic signaling may first be triggered by the interaction of
viral envelope protein with the endosomal membrane during
the fusion process while newly synthesized viral proteins may
enhance apoptosis (33). Lin et al. reported that a virus may
trigger apoptotic signaling during the very early stage of infec-
tion before viral protein synthesis in their NF-«B studies (46).
In addition, their results also indicate the involvement of
NF-«B in mediating apoptosis. Further studies of the detailed
interactions between dengue virus and susceptible cells are
necessary to identify the key molecules on either cell or virus
that are responsible for triggering apoptotic signaling.
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