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Flaviviruses, such as dengue virus (DENV), depend on the host
endoplasmic reticulum for translation, replication, and packag-
ing of their genomes. Here we report that DENV-2 infection
modulates the unfolded protein response in a time-dependent
manner. We show that early DENV-2 infection triggers and then
suppresses PERK-mediated eIF2a phosphorylation and that in
mid and late DENV-2 infection, the IRE1-XBP1 and ATF6 path-
ways are activated, respectively. Activation of IRE1-XBP1 corre-
lated with induction of downstream targets GRP78, CHOP, and
GADD34. Furthermore, induction of CHOP did not induce apo-
ptotic markers, such as suppression of anti-apoptotic protein Bcl-2,
activation of caspase-9 or caspase-3, and cleavage of poly(ADP-
ribose) polymerase. Finally, we show that DENV-2 replication is
affected in PERK ™'~ and IRE1~/~ mouse embryo fibroblasts when
compared with wild-type mouse embryo fibroblasts. These results
demonstrate that time-dependent activation of the unfolded pro-
tein response by DENV-2 can override inhibition of translation,
prevent apoptosis, and prolong the viral life cycle.

Dengue virus (DENV)? is a positive-sense, enveloped RNA
flavivirus, with a genome of 10.7 kilobases (kb) in length, com-
posed of four serotypes (DENV-1 to -4). Upon entry into the
host cell, the genomic RNA functions as a messenger RNA
(mRNA) and is translated as a single polyprotein, which is pro-
cessed by cellular and viral proteases into three structural pro-
teins (C, M, and E) and seven nonstructural (NS) proteins (NS1,
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NS2A, NS2B, NS3,NS4A, NS4B, and NS5) (1). DENV and other
members of the Flaviviridae family are endoplasmic reticulum
(ER)-tropic viruses that are dependent on the host ER to trans-
late, replicate, and package their genome (1). The ER is an
extensive membranous network that serves various specialized
functions such as calcium storage and intracellular signal trans-
duction. Additionally, most secreted and transmembrane pro-
teins enter the lumen of the ER to mature prior to being
secreted. To maintain quality control and ensure that only
properly folded proteins are secreted, the ER has evolved three
mechanistically distinct pathways collectively called the un-
folded protein response (UPR). The UPR consists of the inte-
grated stress response (ISR), along with the inositol-requiring
protein-1 (IRE1), and activating transcription factor-6 (ATF6)
pathways (2-5).

The ISR is the arm of the UPR that functions as a first-re-
sponse mechanism induced by various stressors and attenuates
global protein synthesis (2). This is achieved through phosphor-
ylation of the & subunit of eukaryotic initiation factor 2 (eIF2a)
by one of four known kinases (6). The double-stranded RNA
(dsRNA) protein kinase R (PKR) is activated by the presence of
dsRNA intermediates during viral replication and by interferon
(IFN)-a/B. Activation of PKR is induced through binding of
dsRNA; the protein then dimerizes and autophosphorylates,
leading to PKR-mediated elF2« phosphorylation. PKR-like
endoplasmic reticulum kinase (PERK) also phosphorylates
elF2a (6). PERK is an ER-localized type I transmembrane pro-
tein whose lumenal domain senses an excess of unfolded pro-
teins that enter the ER. This excess of misfolded proteins hin-
ders the capacity of the ER to successfully fold nascent proteins.
This imbalance (ER stress) is mitigated by transient adaptation
achieved by decreasing global protein synthesis via e[F2«a phos-
phorylation (6). In addition, two other kinases, general control
non-derepressible-2 kinase (GCN2) and heme-regulated eIF2«
kinase, respond to amino acid starvation and heme deficiency,
respectively, by phosphorylating elF2« (6). Thus, phosphoryla-
tion of eIlF2« is the nexus for an array of cellular responses that
are elicited through the ISR (2, 5).

Cross-talk between the ISR and the other branches of the
UPR is mediated through the PERK pathway. Failure to sup-
press ER stress leads to activation of the ATF6 and IRE1 path-
ways, which act to alleviate the accumulation of misfolded pro-
teins by up-regulating host factors that increase the capacity of
the ER to handle the synthesis of nascent proteins (5, 7). Acti-
vation of IRE1 and ATF6 pathways leads to induction of various
genes involved in the UPR, such as the chaperone glucose-reg-
ulated protein-78/binding immunoglobulin protein (GRP78/

VOLUME 286+NUMBER 16+APRIL 22,2011

TT0Z ‘62 |Udy uo ‘Asjaxiag ‘eluloyijed Jo Alsianiun 1e Bio aglmmm woly papeojumod


http://www.jbc.org/cgi/content/full/M111.222703/DC1
http://www.jbc.org/

BiP), GRP94, and protein-disulfide isomerase (PDI). Under
normal conditions, PERK, ATF6, and IRE1 are suppressed via
their lumenal domains through interaction with GRP78/BiP,
but during ER stress, GRP78 dissociates from these proteins,
leading to their activation (8 —10). Additionally, in cells under
persistent stress conditions, the pro-apoptotic transcription
factor CCAT/enhancer-binding protein (CHOP) is induced,
which can lead to suppression of the anti-apoptotic protein B
cell lymphoma-2 (Bcl-2) (11, 12). Alternatively, CHOP can also
function as a pro-survival transcription factor leading to induc-
tion of growth arrest and DNA damage-inducible protein
(GADD34), a subunit of protein phosphatase 1c (PP1c) that
targets the dephosphorylation of phosphorylated eIlF2« (eIF2a-
P). Thus, depending on the strength, duration, and type of
stress encountered by the cell, CHOP can serve as a pro-apo-
ptotic or pro-survival transcription factor (7, 13, 14).

The activation of individual branches and components of the
UPR by members of the Flaviviridae family of viruses has been
previously reported. Studies with hepatitis C virus (HCV) have
demonstrated activation and suppression of the PERK pathway,
suggesting a mechanism by which HCV establishes a persistent
infection (15). Other reports using the pestivirus bovine viral
diarrhea virus have shown that induction of PERK and subse-
quent elF2a phosphorylation induces the apoptotic pathway
(16). Infection with Japanese encephalitis virus and DENV-2
was shown to induce the IRE-XBP1 pathway and a subset of
XBP1-activated genes involved in the ER-associated degrada-
tion pathway, protecting cells from virus-induced cytopathic
effects (17). In contrast, another group suggested that DENV
induction of IRE1-XBP1 and ATF6 pathways contributed to
dengue pathogenesis (18), whereas WNV induction of the UPR
was shown to lead to CHOP-mediated apoptosis (19). Although
these studies demonstrated that viral infection can lead to
induction of the individual branches of the UPR and their
downstream components, an integrated study of the role the
UPR plays during the DENV life cycle and how DENV may
modulate the UPR is still lacking.

In this study, we investigate the induction of the three arms of
the UPR and determine its effects on the host cell throughout
the course of DENV-2 infection, demonstrating that DENV
infection leads to induction of the UPR in a time-dependent
manner. The induction of the UPR in DENV-infected cells
results in the adaptation to ER stress without inducing the apo-
ptotic pathway, consequently prolonging cell viability and the
DENV life cycle. By using genetically deficient mouse embry-
onic fibroblast (MEF) cells, we further demonstrate that certain
deficiencies in the UPR signaling pathway (PERK and IRE1) but
not others (PKR, XBP1, and ATF6) affect DENV viral output.
Together, our results indicate that suppression and induction
of various branches of the UPR signaling pathways are modu-
lated during DENV infection in a time-dependent manner and
that DENV has evolved to take advantage of the UPR.

EXPERIMENTAL PROCEDURES

Cell Lines and Viruses—Human fibrosarcoma 2fTGH cells
(kindly provided by Dr. Stark, Cleveland Clinic Foundation,
Cleveland, OH) (20) were grown in Dulbecco’s modified Eagle’s
medium (DMEM) (Invitrogen), 100 units/ml of penicillin, 100
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pg/ml of streptomycin, and 10% fetal bovine serum (FBS)
(HyClone, Logan, UT) at 37 °C in 5% CO,. Baby hamster kidney
cells (BHK-21 clone 15) were grown in minimal essential medi-
um-a (MEM-a; Invitrogen), 100 units/ml of penicillin, 100
pg/ml of streptomycin, and 10% FBS (HyClone). Aedes albopic-
tus (C6/36) cells (American Type Culture Collection, Manas-
sas, VA) were grown in Leibovitz’s L-15 medium (Invitrogen)
with 100 units/ml of penicillin, 100 wg/ml of streptomycin, 10
mM HEPES, and 10% FBS. PERK"’'" and PERK /~ MEFs (kind
gift from D. Ron, New York University School of Medicine,
New York), PKR*/* and PKR™/~ MEFs (kind gift from B. R. G.
Williams, Cleveland Clinic Foundation, Cleveland, OH) (21),
and IRE1a”™", IREa/~, XBP1"/*, XBP1~/~, ATF6a "', and
ATF6a '~ MEFs (kind gift from Randal Kaufman, University
of Michigan, Ann Arbor, MI) were grown in DMEM, 100
units/ml of penicillin, 100 pg/ml of streptomycin, 1X non-es-
sential amino acids, 55 uMm -mercaptoethanol, 1X glutamax
(Invitrogen), and 10% FBS (HyClone). DENV-2 strain PL046
(kindly provided by H.-Y. Lei, National Cheng Kung University,
Tainan, Taiwan) was amplified in C6/36 cells, and plaque-
forming units/ml were determined using BHK cells as previ-
ously described (22). 2fTGH cells were treated with thapsigar-
gin (Sigma) 3 h (h) post-infection (p.i.) for 1 h, then cells were
harvested; in experiments involving cycloheximide (CHX;
Sigma), CHX was added at the time of infection and was present
throughout the experiment.

Western Blot—Cell lysates were prepared using lysis buffer
(1% Triton X-100, 20 mm HEPES, 150 mMm NaCl, 1 mm EDTA, 1
mMm EGTA, 10% glycerol) containing complete EDTA-free pro-
tease inhibitor (Roche Applied Science) and phosphatase inhib-
itors (10 mm tetrasodium pyrophosphate, 100 mm sodium flu-
oride, 17.5 mm B-glycerolphosphate (Sigma), and 1 mm sodium
orthovanadate (Santa Cruz Biotechnologies, Santa Cruz, CA)).
Cell lysates used in the detection of ATF6 and GADD34 were
prepared using RIPA buffer (10 mm Tris-HCI, pH 7.5, 500 mm
NaCl, 1 mm EDTA, 0.5% sodium deoxycholate, 0.1% SDS, and
1% Triton X-100) containing complete EDTA-free protease
inhibitor and phosphatase inhibitors as above. Equal amounts
of protein, as measured by Bradford assay (Bio-Rad), were
resolved on 7 or 11% SDS-PAGE gels. Proteins were transferred
onto Immobilon-P polyvinylidene fluoride (PVDF) membranes
(Millipore, Billerica, MA). Immunoblots were blocked at room
temperature for 1 h using blocking buffer (1X phosphate-buft-
ered saline, pH 7.3 (PBS; 137 mMm NaCl, 2.7 mm KCl, 4.3 mm
Na,HPO,7H,0, 1.4 mm KH,PO,), 5% nonfat dry milk, and
0.1% Tween 20).

Primary antibodies were obtained from the following sources
and were diluted in blocking buffer at the following dilutions:
anti-e[F2a (1:1,000), anti-phospho-specific elF2« (1:1,000),
anti-eI[F2a total (1:1,000), anti-phospho-specific PERK
(1:1,000), anti-phospho-specific GCN2 (1:1,000), anti-GCN2-
total (1:1,000), anti-Bcl-2 (1:1,000), anti-caspase-3 (1:1,000),
anti-caspase-9 (Cell Signaling Technologies, Beverly, MA), anti-
ATF6 (1:200), anti-CHOP (1:200), anti-GADD34 (1:200), anti-
GRP78 (1:1,000), anti-GRP94 (1:1,000), anti-actin horseradish
peroxidase (HRP) (1:1,000) (Santa Cruz Biotechnologies), anti-
PDI (1:1,000) (Transduction Laboratories, Lexington, KY),
anti-PARP (1:1,000) (Chemicon, Temecula, CA), and mouse
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monoclonal anti-NS1 7E11 (1:1,000), which recognizes all 4
DENV serotypes (kind gift from R. J. Putnak, Walter Reed Army
Institute of Research, Washington, D. C.). A mixture of anti-
NS1 monoclonal antibodies previously generated in the labora-
tory were also used.* The blots were incubated overnight (a
minimum of 12 h for phospho-specific antibodies), washed
twice with 1X PBS-T (PBS containing 0.1% Tween 20) at room
temperature, and incubated for 1 h with HRP-conjugated goat
anti-rabbit or goat anti-mouse at 1:10,000 or 1:5,000, respec-
tively. Quantification was performed using the Chemi-Doc sys-
tem (Bio-Rad).

Metabolic Labeling—Cells were washed with DMEM lacking
cysteine and methionine (Invitrogen). After washing, cells were
incubated in DMEM supplemented with 5% dialyzed fetal calf
serum (Invitrogen) for 15 min. Cells were pulse-labeled for 30
min by the addition of 100 1.Ci/ml of [**S]cysteine-methionine,
then harvested and washed twice with ice-cold PBS. Cell lysates
were prepared using RIPA buffer as above. Equal amounts of
protein were resolved on an 11% SDS-PAGE gel, dried, and
exposed on a GE PhosphorScreen (General Electric, Piscat-
away, NJ). Cycloheximide (20 uM final concentration) was pres-
ent in all the media including washes. Thapsigargin (1 um final
concentration) was added just prior to labeling the cells. Images
were visualized on a GE Typhoon Variable Mode Imager.

Confocal Microscopy—2fTGH cells were seeded at 5 X 10*
cells/well in a 12-well plate containing a microscope coverslip
in each well and left to adhere overnight. Cells were infected at
a m.o.i. of 5 for the indicated times. Coverslips were washed
three times with 1X PBS, fixed in 4% formaldehyde for 10 min,
and washed three times with 1X PBS. Cells were then permea-
bilized using 0.5% saponin in PBS for 10 min. Blocking was done
using 1% BSA in 0.1% Tween PBS buffer for 1 h. Primary anti-
bodies were diluted 1:50 in blocking buffer for 1 h and obtained
from the following sources: anti-GRP78, anti-GRP94, and anti-
XBP1 (Santa Cruz Biotechnologies). Anti-DENV E (4G2;
ATCC) and anti-NS3 (E1D8)* antibodies were directly conju-
gated to Alexa 488 and Alexa 594, respectively. Alexa Fluor™
488 (goat anti-rabbit), Alexa Fluor™" 546 (donkey anti-goat),
and Alexa Fluor™ 647 (goat anti-rabbit) were diluted 1:200
(Molecular Probes, Invitrogen Corporation). Coverslips were
mounted using VECTASHIELD® mounting medium with
DAPI (Vector Laboratories Burlingame, CA). Images were cap-
tured using the X63 objective on a Zeiss LSM 510 UV/visual
Meta laser-scanning confocal microscope (College of Natural
Resource’s Biological Imaging Facility, University of California
at Berkeley, Berkeley, CA).

RESULTS

The ISR and elF2o Phosphorylation during DENV-2 Infection—
To begin evaluating the role of el[F2a in DENV-2 translation,
we first determined the infectivity of the human fibrosarcoma
cell line 2fTGH. Cells were infected with DENV-2 (strain
PL046) at a m.o.i. of 5, and viral progeny in the supernatant
were measured over a 48-h time course. Viral titers were deter-
mined by plaque assay, and as expected, viral progeny were
increased during infection (Fig. 14). Using the same infection

4P.R. Beatty and E. Harris, unpublished results.
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FIGURE 1. DENV-2 infectivity of 2fTGH cells and induction of elF2« phos-
phorylation during infection. A, DENV-2 viral titers as determined by plaque
assay. 2fTGH cells were plated overnight and exposed to DENV-2 infection
(PLO46) at an m.o.i. of 5. Supernatants were collected at the indicated time
points post-infection, and infectious virus titer was determined by plaque
assay using BHK21 cells. B, phosphorylation state of elF2a during DENV-2
infection of 2fTGH cells. Mock and DENV-2-infected 2fTGH cell lysates were
collected at the indicated time points, and equal amounts of proteins were
assayed by Western blot. Phosphorylated elF2a was visualized using phos-
phospecific anti-elF2a antibodies (e/F2a-P) and quantification of elF2a-P was
normalized to total elF2« (elF2«-T). Fold-change was measured within each
time point as compared with mock infected controls that were assigned a
value of 1. Statistical analysis was performed using the Wilcoxon Rank Sum
Test (n = 3). Error bars represent the mean =+ S.E. GCN2-P was detected using
phosphospecific antibodies to GCN2-P, and total GCN2 was visualized with
antibodies directed to GCN2. DENV-2 infection was confirmed by immuno-
blotting for DENV-2 NS1 protein, and actin was used as a loading control.
Shown is an immunoblot representative of 3 independent experiments.

conditions, we next investigated the phosphorylation state of
elF2a during DENV infection over a 48-h time course. Immu-
noblot analysis of 2fTGH cell extracts demonstrated a statisti-
cally significant increase in levels of phosphorylated elF2« at
6 h p.i. compared with mock, which then returned to mock
levels at later time points (Figs. 1B and 5C, and data not shown).

We next sought to determine which signaling branch of the
ISR pathway mediated elF2a phosphorylation (eIF2a-P) early
during DENV infection. We first investigated the role of PKR in
the phosphorylation of eIF2« during DENV infection. Activa-
tion of PKR occurs when dsRNA intermediates are produced
during viral replication. Recognition of dsSRNA by the RNA
binding motif of PKR leads to autophosphorylation and subse-
quent phosphorylation of elF2« (6). Given that elF2a-P is
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FIGURE2.DENV-2translationinhibits PERK-mediated elF2aphosphoryla-
tion during ER stress. A, DENV-2 inhibits PERK-mediated elF2a phosphor-
ylation under ER stress. 2fTGH cells were plated overnight and infected with
DENV-2 (PL046) at an m.o.i. of 5. Three hours p.i., cells were mock treated or
treated with 1T um Tg for 1 h. Levels of elF2a-P and total elF2« were visualized,
quantification of elF2a-P was normalized to elF2a-T, and fold-change was
compared with mock infected cells assigned a value of 1. DENV-2 NS1 protein
expression was detected using a mixture of mouse anti-NS1 monoclonal anti-
bodies. Shown is an immunoblot representative of 3 independent experi-
ments. Aggregate values were statistically analyzed in conjunction with C
(lanes 1-4). B, DENV-2 translation inhibits thapsigargin-induced shutdown of
protein synthesis. Metabolic [**S]cysteine-methionine incorporation was
measured in 2fTGH cells that were mock infected or infected with DENV-2
(PLO46) atam.o.i. of 5 and mock treated or treated with 20 um CHX at the time
of infection. Three hours p.i. cells were mock-treated or treated with 1 um Tg
for 1 h and metabolically labeled with [**S]cysteine-methionine at the time of
treatment. Equal amounts of protein were resolved by SDS-PAGE, gels were
dried, and 3°S incorporation was visualized by autoradiography quantified
using ImageQuant™ (GE Healthcare). Values shown are percent incorpora-
tion normalized to mock infected control. The gel shown is representative of
at least 3 independent experiments. C, viral protein synthesis is necessary to
inhibit PERK-mediated elF2a-P during ER stress. 2fTGH cells were treated as in
B. Mock infected and DENV-2-infected 2fTGH cell lysates were harvested, and
equal amounts of proteins were assayed by Western blot. elF2a-P was visu-
alized and quantified as in A. DENV-2 infection was confirmed by immuno-
blotting for DENV-2 NS1 protein, and actin was used as a loading control.
Statistical analyses were performed using the Wilcoxon Rank Sum Test (n =
3),and error bars indicate mean = S.E; n.s., not significant. D, DENV-2 transla-
tion inhibits GCN2-mediated elF2a phosphorylation during amino acid dep-
rivation. 2fTGH cells were plated overnight and infected with DENV-2 as in A.
Three hours p.i. cells were placed in medium containing or lacking leucine for
3 h. Lysates were collected and analyzed for phosphorylated and total elF2«,
phosphorylated and total GCN2, actin, and NS1 as previously described.
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observed early during DENV-2 infection, we focused primarily
on early time points (3—12 h p.i.). At these time points, we found
no difference in PKR phosphorylation in DENV-2-infected
2fTGH cells compared with mock-infected controls, as deter-
mined by immunoblot analysis (data not shown). These results
are consistent with our previously published reports (23).

Next, we focused on the role of GCN2 in mediating eIF2a-P
during DENV-2 infection at these early time points. The role of
GCN2 in controlling viral infection has been previously dem-
onstrated with vesicular stomatitis virus, and infection with
Sinbis virus has been shown to lead to elF2a phosphorylation
(22, 24). Given the anti-viral potential of GCN2 and its role in
phosphorylating elF2«a, we wanted to determine whether
GCN2 also contributed to early phosphorylation of eIF2a dur-
ing DENV-2 infection. To test this, we infected 2fTGH cells
with DENV-2 for 3—-12 h and performed an immunoblot anal-
ysis of cell extracts. The levels of phosphorylated GCN2
(GCN2-P) showed no increase between DENV-infected cells
and their time-matched mock infected controls (Fig. 1B).

Last, we focused on the PERK pathway and its role in eIlF2c
phosphorylation. Under conditions of ER stress, the accumula-
tion of unfolded proteins leads to the dissociation of GRP78
from the ER lumenal domain of PERK, which then triggers its
activation through dimerization and autophosphorylation (25,
26). We attempted to directly examine the phosphorylation
state of PERK using specific antibodies to phosphorylated
PERK (PERK-P); however, we were unable to detect PERK-P in
2fTGH cells either infected with DENV-2 or treated with the
ER stress inducers thapsigargin (Tg) or tunicamycin (25, 27).
This negative result might be due to low levels of endogenous
PERK in 2fTGH cells and the difficulty in detecting PERK-P
exceptin a few rare cell lines (8). As an alternative approach, the
role of PERK in the phosphorylation of elF2« early during
DENV-2 infection was examined by using the ER stress-induc-
ing drug Tg to activate PERK in both DENV-2-infected and
uninfected cells. We infected 2fTGH cells with DENV-2 at an
m.o.i. of 5 for 3 h, the earliest time point at which we detect viral
protein synthesis, then treated or mock treated the cells with Tg
for 1 h. Lysates were analyzed for elF2a-P by immunoblot.
Infected cells displayed similar levels of eIF2a-P as compared
with mock infected cells; however, cells that were uninfected
and treated with Tg reproducibly showed higher levels of
elF2a-P compared with cells infected with DENV-2 followed
by Tg treatment (Fig. 2A).

To test more specifically whether active translation of the
viral genome was necessary for DENV-2 inhibition of Tg-in-
duced PERK-mediated elF2a phosphorylation, we used °S-
labeled cysteine-methionine to monitor nascent protein syn-
thesis in 2fTGH cells that were mock infected or infected with
DENV-2 for 3 h in the presence or absence of the translation
elongation inhibitor CHX followed by a 1-h Tg treatment or
mock treatment. 2fTGH cells that were treated with CHX dem-
onstrated complete inhibition of protein synthesis irrespective
of infection or addition of Tg (Fig. 2B). Cells that were mock

Quantification of phosphorylated elF2«a was performed as described in A.
Statistical analysis was performed using the Wilcoxon Rank Sum Test (n = 2)
and error bars indicate mean = S.E.
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FIGURE 3. elF2« phosphorylation during DENV-2 infection in PERK*’* and PERK™'~ cells. A and B, time course of elF2a phosphorylation in DENV-infected
PERK*/* and PERK ™/~ MEF cells. Mock and DENV-2-infected (A) PERK*/* and (B) PERK™/~ cell lysates were collected at the indicated time points, and equal
amounts of protein were assayed by immunoblot. Levels of elF2a-P and total elF2« were visualized as described under “Experimental Procedures.” Actin was
included as a loading control. C, DENV-2 inhibits PERK-mediated elF2a phosphorylation under ER stress. PERK ™" and PERK /™ cells were plated overnightand

infected with DENV-2 (PL046) atan m.o.i. of 5. Three hours p.i. cells were mock-

treated or treated with 1 um Tg for 1 h. Phosphorylated PERK was visualized using

phosphospecific PERK antibody, and levels of elF2a-P and total elF2a were visualized as described previously. DENV-2 infection was confirmed using a mouse

anti-NS1 monoclonal antibody. Actin was used as a loading control.

infected or DENV-2-infected demonstrated comparable levels
of protein synthesis in the absence of CHX. As expected,
2fTGH cells that were mock infected and treated with Tg dis-
played a decrease in levels of protein synthesis compared with
DENV-2-infected cells treated with Tg. We also analyzed cell
lysates for eI[F2a phosphorylation by immunoblot. As demon-
strated in Fig. 2C (second lane versus fourth lane), 2fT GH cells
that were DENV-2 infected and treated with Tg demonstrated a
statistically significant reduction in levels of e[F2a phosphory-
lation compared with mock infected cells treated with Tg.
However, cells treated with CHX at the time of DENV-2 infec-
tion were no longer able to suppress Tg-induced PERK-medi-
ated elF2a phosphorylation (sixth lane versus eighth lane), and
viral protein synthesis was significantly decreased in these cells
as shown by decreased levels of viral protein NS1, further con-
firming that the CHX was active in inhibiting total protein syn-
thesis and that viral protein synthesis is necessary to inhibit
elF2a-P.

Thus far, our data suggest that PERK but not PKR plays a role
in early induction and suppression of elF2a phosphorylation
during DENV infection. As our results demonstrated that
DENV-2 infection inhibits Tg-induced PERK-mediated elF2«
phosphorylation, we decided to test whether DENV-2 infection
could also inhibit GCN2-mediated elF2« phosphorylation. We
tested this by mock infecting or infecting 2fTGH cells with
DENV-2 for 3 h followed by 3 h with or without leucine depri-
vation. Mock infected or DENV-infected cells grown in
medium containing leucine displayed similar levels of GCN2-P
and elF2a-P (Fig. 2D). On the other hand, cells that were unin-
fected and leucine deprived consistently showed higher levels
of eIF2a-P compared with cells infected with DENV-2 followed
by leucine deprivation (Fig. 2D). However, the levels of GCN2-P
in both leucine-deprived mock infected and DENV-infected
cells were similar, suggesting that under these conditions, inhi-
bition of eIF2a phosphorylation occurs downstream of GCN2
phosphorylation.
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Based on our data in 2fTGH cells, we wanted to further ana-
lyze whether PERK was responsible for the transient induction
of elF2a phosphorylation early in DENV-2 infection. For this,
we performed similar experiments to those in Fig. 1B and ana-
lyzed levels of phosphorylated elF2« in PERK*’* or PERK™/~
MEEF cells mock infected or infected with DENV-2 for 3—-12 h.
We found that PERK™'* cells infected with DENV-2 had
increased levels of phosphorylated eI[F2a 9 h p.i. compared with
mock infected controls; however, these levels returned to mock
infected levels at later time points (Fig. 3A). In contrast,
PERK /" cells infected with DENV-2 showed no increase in
levels of phosphorylated eIF2a as compared with mock infected
controls throughout the course of infection (Fig. 3B).

We next attempted to examine the phosphorylation state of
PERK in DENV-infected PERK*’* MEFs and, as in 2fTGH
cells, we were unable to visualize phosphorylated PERK over an
infection time course. However, using our alternative approach
with the ER stress-inducing drug Tg to activate PERK, we were
able to detect PERK-P in both DENV-2-infected and uninfected
PERK"’" cells; as expected, no PERK-P was observed in
PERK /"~ cells (Fig. 3C). PERK"'" and PERK /"~ cells were
infected with DENV-2 at an m.o.i. of 5 for 3 h, then treated or
mock treated with Tg for 1 h. Lysates were then analyzed by
immunoblot. PERK™/™ cells that were uninfected and treated
with Tg demonstrated higher levels of e[F2a-P compared with
cells infected with DENV-2 followed by Tg treatment (Fig. 3C),
similar to our results in 2fTGH cells (Fig. 2, A and C). No dif-
ference in eIlF2a phosphorylation was observed in PERK '~
cells regardless of treatment conditions.

Previous studies have demonstrated the selective increase in
translation of ATF4 under conditions that induce robust and
persistent e[F2a phosphorylation (28). Consistent with the
elF2a data presented here, we find that expression of ATF4 at
these early time points is not induced (data not shown), sug-
gesting it is not expressed or is transiently expressed and too
faint to detect. Together, these results demonstrate that
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FIGURE 4. DENV-2 induces XbpT mRNA splicing and nuclear localization,
leading to GRP78 up-regulation in 2fTGH cells. A, schematic representa-
tion of the RT-PCR product for uXbpT and sXbp1, indicating the presence or
absence of the Pstl restriction site. B, RT-PCR analysis of uXbp1 and sXbp1
during DENV-2 infection. 2fTGH cells were mock infected (M) or infected with
DENV-2 at an m.o.i. of 5 for the indicated times (in hours). The positive control
consisted of 2fTGH cells that were treated with 1 um Tg for 12 h (Tg). Total
mRNA was extracted, and 1 ng of total mRNA was amplified by RT-PCR with
primers targeting Xbp1. Xbp1 cDNA was subjected to Pstl digestion, and
products were resolved on a 2% agarose gel. uXbp1 or sXbp1 following Pstl
digestion are shown. *, molecular weight marker. C-H, confocal microscopy
visualization of the induction of components of the UPR signaling pathways
in DENV-2-infected 2fTGH cells. Cand D, intracellular staining using anti-XBP1
(green) and anti-ATF6 (red) antibodies followed by secondary antibodies con-
jugated to Alexa Fluor 488 or Alexa Fluor 546, respectively, in mock treated (C)
or DTT-treated (D) 2fTGH cells. £, intracellular staining of mock infected 2fTGH
cells with anti-E (green) or anti-NS3 (red) mouse monoclonal antibodies con-
jugated to Alexa Fluor 488 or Alexa Fluor 594, respectively. F-H, DENV-2-
infected 2fTGH cells were stained intracellularly for the activation and nuclear
localization of XBP1 (F) and ATF6 (G) and GRP78 up-regulation (H). Cells were
infected with DENV-2 for 24 h. Intracellular staining was carried out using
anti-XBP1, anti-ATF6, or anti-GRP78 antibodies followed by secondary
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DENV-2 infection induces elF2a phosphorylation early during
infection in 2fTGH and PERK*’" cells but that this effect is
rapidly reversed. Our 2fTGH data shows that translation of the
viral genome is necessary for inhibition of Tg-induced PERK-
mediated elF2a phosphorylation. Additionally, although
DENV-2 is able to inhibit GCN2-mediated eIF2« under condi-
tions of amino acid deprivation, the MEF results suggest that
PERK and not GCN2 is responsible for the phosphorylation of
elF2a because the transient induction of elF2a phosphoryla-
tion was only observed in PERK™/* cells infected with DENV-2
and not in DENV-2-infected PERK ™/~ cells.

Induction of the IRE1-XBPI1 and ATF6 Pathways in Mid and
Late DENV Infection—Persistent ER stress that is not resolved
through attenuation of global protein synthesis induces the cell
to activate either the IRE1-XBP1 or ATF6 pathways or both to
resolve cellular stress. After showing that DENV infection
modulates the ISR early during infection, we wanted to deter-
mine whether and when during DENV-2 infection the IRE1-
XBP1 and ATF6 pathways are induced. We first focused on the
IRE1-XBP1 pathway. Activation of IRE1 causes post-transcrip-
tional cleavage of the Xbpl mRNA (uXbpI) that produces the
spliced form of Xbp1 mRNA (sXbp1), which encodes the tran-
scriptionally active form of XBP1. 2fTGH cells were mock-in-
fected or infected with DENV-2 over a 36-h time course. Cells
were harvested and total RNA was extracted at the indicated
time points. Using a standard RT-PCR protocol coupled with
restriction enzyme digestion for detection of the sXbpl and
uXbpl mRNA forms (Fig. 44), we found that the IRE1-XBP1
pathway was induced in DENV-2-infected cells. Startingat 12 h
p.i., 2fTGH cells infected with DENV-2 began to accumulate
the sXbpl mRNA, and levels of this mRNA continued to
increase through 36 h p.i. (Fig. 4B). To further confirm the
synthesis and nuclear translocation of the transcriptionally
active XBP1 protein, we used laser scanning confocal micros-
copy (LSCM). Guided by our RT-PCR data, we grew 2fTGH
cells on coverslips and mock infected (Fig. 4E) or infected cells
with DENV-2 at an m.o.i. of 5 (Fig. 4, Fand G) for 24 h, at which
time cells were fixed, stained using conjugated mouse mono-
clonal antibodies against DENV-2 E and NS3 proteins, and
mounted on slides for processing. As positive controls for the
induction of the IRE1-XBP1 and ATF6 pathways, we treated
uninfected cells with the stress-inducing agent dithiothreitol
(DTT) for 6 h (Fig. 4D). Confocal microscopy demonstrated
that at 24 h p.i., XBP1 was synthesized and targeted to the
nucleus of DENV-2-infected cells, consistent with nuclear
localization observed in DTT-treated cells (Fig. 4, D and F).

The continued burden and accumulation of unfolded viral
proteins in the ER, in addition to activating the PERK and IRE1-
XBP1 pathways, can also lead to activation of the ATF6 path-
way. Activation of the ATF6 pathway targets ATF6 from the ER
to the Golgi, where it is proteolytically cleaved, and its cytosolic
DNA-binding portion targeted to the nucleus to activate gene

antibodies conjugated to Alexa Fluor 647 (magenta). Additionally, the
nucleus was visualized using DAPI (blue), and viral proteins were visualized
using anti-E or anti-NS3 monoclonal antibodies directly conjugated to Alexa
Fluor 488 (green) or Alexa Fluor 594 (red), respectively. All images were cap-
tured using a Zeiss 510 Laser Scanning microscope. All data shown are repre-
sentative of at least three experiments.
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FIGURE 5. DENV-2 infection induces gene expression of UPR components and activation of the ATF6 pathway. A,immunoblot analysis of components of
UPR signaling pathways during a time course of DENV-2 infection. Mock or DENV-2-infected 2fTGH cell lysates were collected at the indicated time points.
Lysates were analyzed for the activation and induction of the indicated UPR proteins and markers of apoptosis by immunoblot analysis, as described under
“Experimental Procedures.” Actin was used as a loading control, and infection was confirmed by detection of the viral protein NS3. B, positive controls for the
induction of UPR proteins and apoptosis markers. Lysates were prepared from 2fTGH cells treated with DTT for 6 h, followed by immunoblot analysis as
described under “Experimental Procedures.” C, mock and DENV-2-infected 2fTGH cell lysates were collected at the indicated time points, and equal amounts
of proteins were assayed by Western blot. elF2a-P was visualized and quantified as previously described. Positive controls for elF2a-P consisted of cells treated
with thapsigargin or tunicamycin (Tu) for 30 min. Actin was added as a loading control; the bottom band is the residual HRP activity after probing for elF2a-P.

All data are representative of at least three independent experiments.

expression. When we used LSCM to determine whether ATF6
is also activated and localized to the nucleus after DENV-2
infection, we found that at 24 h p.i., it remained inactivated and
colocalized to the perinuclear area with DENV-2 proteins E and
NS3 (Fig. 4G), unlike DTT-treated cells where activated ATF6
was found in the nucleus (Fig. 4D). Additional controls showing
staining of XBP1 and ATF6 in wild-type and XBP~/~ and
ATF6a '~ cells are shown in supplemental Fig. S1.

One consequence of activating either the IRE1-XBP1 or
ATF6 pathway is up-regulation of genes involved in protein
folding, such as the chaperone and master regulator GRP78 (29,
30). We demonstrated that DENV-2 infection of 2fTGH cells
for 24 h leads to induction of the IRE1-XBP1 pathway but not
the ATF6 pathway. We next examined GRP78 levels and found
that at 24 h p.i., GRP78 is also up-regulated, suggesting that
IRE1-XBP1 is responsible for the induction of GRP78 (Fig. 4H).
In addition, GRP78 colocalizes with DENV proteins E and NS3.
Interestingly, however, when we used LSCM to analyze the up-
regulation of GRP94, also an ER resident chaperone, we did not
find it to be up-regulated at 24 h p.i. (data not shown).

We wanted to further confirm that up-regulation of GRP78,
but not GRP94, was mediated by induction of the IRE1-XBP1
pathway and not the ATF6 pathway. To do this, we infected
2fTGH cells with DENV-2 over a 60-h time course. Cell lysates

14232 JOURNAL OF BIOLOGICAL CHEMISTRY

were collected at the indicated time points and analyzed by
immunoblot. Using ATF6-specific antibodies that recognize
the intact 90-kDa form of the ATF6 protein (pATF6), we dem-
onstrated that proteolytic processing of pATF6 only occurs
transiently at 48 h p.i. in DENV-2-infected cells compared with
mock-infected cells (Fig. 54). As a positive control, we showed
that the ATF6 pathway was functional by using DTT, a
strong reducing agent and potent ER stress inducer (Fig. 5B).
We next probed for the expression of GRP78, GRP94, and
PDI; all ER-resident chaperone proteins (16). We observed
that levels of GRP78 were elevated compared with mock-
infected controls at 24— 60 h p.i. (Fig. 54). However, consis-
tent with our LSCM results (data not shown), we did not
detect an increase in either GRP94 or PDI protein levels (Fig.
5A). Together, these data suggest that activation of the IRE1-
XBP1 pathway leads to selective up-regulation of GRP78,
based on the similar kinetics of IRE1-XBP1 activation and
GRP78 expression.

The activation IRE1-XBP1 or ATF6 in cells that are exposed
to prolonged ER stress can also lead to the induction and
expression of the pro-survival or pro-apoptotic protein CHOP.
Based on our activation data of IRE1-XBP1 (Fig. 4, A and B) and
ATF6 (Figs. 4D and 5A) pathways at different time points post
infection, we wanted to determine whether induction of CHOP
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expression correlated with the induction of either pathway. To
assess this, we probed cell lysates from DENV-2-infected or
mock infected cells for CHOP expression 24—60 h p.i. We
found that CHOP expression began at 36 h p.i. in DENV-2-
infected cells but not in mock infected cells (Fig. 54). We also
showed that induction of CHOP leads to activation of its down-
stream target GADD34 in DENV-2-infected cells starting at
36 h p.i. and continuing to 60 h p.i. (Fig. 54). The stress-induc-
ing agent DT'T was used as a positive control for the induction
of CHOP and GADD34 during ER stress (Fig. 5B). Expression of
GADD34 has been shown to serve as a negative feedback loop
to aid PP1c in reversing elF2« phosphorylation and suppress-
ing the ISR (31). Consistent with this observation, we do not
observe higher levels of e[F2a-P in DENV-2-infected cells com-
pared with their mock-infected counterparts at 24 or 48 h p.i.
(Fig. 5C). Together, these data suggest that induction of CHOP
and GADD34 is mediated by the IRE1-XBP1 pathway rather
than the ATF6 pathway, as the timing of their induction corre-
lated with activation of the IRE1-XBP1 pathway but not the
ATEF6 pathway. Furthermore, this illustrates how DENV virus is
able to suppress elF2a-P early in infection, via a yet undeter-
mined mechanism, whereas also eliciting the induction of genes
involved in the feedback mechanism, GADD34, which targets
elF2« for dephosphorylation later in the course of infection.

Additionally, we found that induction of CHOP during
DENV-2 infection did not lead to the apoptosis-signaling cas-
cade (Fig. 5A). Previous reports have demonstrated that expres-
sion of CHOP can lead to decreased levels of the anti-apoptotic
protein Bcl-2 (19); however, we did not detect changes in Bcl-2
expression in DENV-2-infected cells compared with mock-in-
fected cells (Fig. 5A). It has also been demonstrated that ER
stress activates pro-apoptotic factors pro-caspase-9, pro-
caspase-3, and poly(ADP-ribose) polymerase (PARP) via pro-
teolytic processing (32—34), as evidenced in positive controls
showing cleavage of these proteins after pharmacological
induction of ER stress by DTT (Fig. 5B). However, we found
that levels of intact pro-caspase-9, pro-caspase-3, and PARP
were equivalent in mock-infected cells compared with DENV-
2-infected cells throughout the time course of infection (24 — 60
h), further indicating that apoptosis is not taking place (Fig. 54).
Lack of apoptosis was further confirmed by propidium iodide
and annexin V staining of DENV-infected 2fTGH cells 48 h
after infection (data not shown).

Effects of Genetic Deficiencies in UPR Components on
DENV-2 Viral Output—We have demonstrated that DENV-2
infection leads to the induction of proximal transducers and
downstream targets of the UPR without leading to apoptosis.
Although several reports have demonstrated that flavivirus
infection activates the UPR (18, 19), the effect of genetically
knocking out individual components of the UPR on DENV-2
production has not been addressed. We began by testing com-
ponents that affect the ISR arm of the UPR. For this, we
obtained congenic PKR™'* or PKR™/~ MEFs and assessed
viral titers over a 48-h course of infection. Induction of PKR
by the dsRNA replication intermediates of DENV could lead
to an induction of eIF2a-P and attenuation of protein syn-
thesis, resulting in reduction or elimination of viral replica-
tion. However, we did not observe any effect on DENV-2
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FIGURE 6. Effects of UPR mutants on DENV-2 virus production. Congenic
MEF cells deficientin PKR (A), PERK (B), IRE1« (C), XBP1 (D), and ATF6« (E) were
infected for the indicated times, and viral production was measured by
plague assay as previously described (see “Experimental Procedures”). Error
bars indicate mean * S.D.; n = 3.

growth kinetics in PKR™/~ compared with PKR™'" cells,

consistent with our previous observations (Fig. 64 and data
not shown) (16, 19).

Next, we examined the role of PERK in controlling DENV
infection. Using congenic MEF cells that were PERK"’" or
PERK /", we assessed viral titers as above. PERK '~ cells
reproducibly displayed 1-2 logs higher viral titers as compared
with their PERK*/* counterparts (Fig. 6B). These data indicate
that PERK plays an antiviral role in regulating the synthesis of
DENV-2 viral proteins, and that the loss of PERK results in an
increase in virion production. This result is consistent with our
previous observation that DENV-2-infected cells are able to
suppress Tg-induced PERK-mediated e[F2a-P and further sug-
gest that PERK is the kinase responsible for phosphorylation of
elF2a early in DENV-2 infection.

Failure to suppress ER stress early on leads to activation of
the IRE1-XBP1 and ATF6 pathways. Given the activation kinet-
ics of the IRE1-XBP1 and ATF6 pathways in 2fTGH cells, we
first tested the effect of mutations in the IRE1-XBP1 pathway
on DENV-2 viral progeny output. Using both IREla~/~ and
XBP ™/~ congenic MEF cell lines, we hypothesized that muta-
tions in either component of the IRE-XBP1 pathway would lead
to a decrease in viral progeny output given its role in inducing
GRP78 (Fig. 4A). IRE1a /™ cells reproducibly displayed 10-fold
lower viral titers as compared with their IRE1la*/* counter-
parts (Fig. 6C). However, when XBP1*/" and XBP1~/~ MEF
cells were infected with DENV-2, we observed no difference in
viral progeny output (Fig. 6D), suggesting redundancy in this
part of the UPR pathway. Last, we tested the ATF6 signaling
component of the UPR to determine whether mutations in this
pathway had any adverse effects on DENV-2 viral production.
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Congenic ATF6a*’" or ATF6a '~ MEF cells were infected
with DENV-2, supernatants were collected, and viral titers were
determined over a 48-h course of infection. No differences were
observed in viral titers in ATF6a™*’* cells compared with

ATF6a ™’ cells (Fig. 6F).
DISCUSSION

In this study, we investigated the activation and modulation
of the three arms of the UPR during DENV-2 infection. We
demonstrate that induction of the UPR in DENV-2-infected
2fTGH cells occurs in a time-dependent manner that does not
lead to the induction of apoptosis. Very early during DENV-2
infection, we observed a transient up-regulation in the phos-
phorylation of elF2¢, indicating the activation and suppression
of the ISR pathway. We found that PKR, a component of the
ISR, did not play a role in controlling DENV-2 infection, in
agreement with previous reports (23). This is likely due to
exclusion of PKR from DENV replication sites, where dsRNA
intermediates are shielded in virally induced ER vesicle com-
partments (35, 36). Instead, we showed that PERK, another
component of the ISR, plays an antiviral role, as viral titers are
increased in PERK /" cells. Through the use of immunoblot
analysis and metabolic labeling, we demonstrated that DENV-
2-infected cells are able to suppress PERK-mediated elF2«
phosphorylation, suggesting that PERK is responsible for phos-
phorylation of elF2« early in infection.

The induction and subsequent suppression of PERK-medi-
ated eIF2a phosphorylation during DENV-2 infection are con-
sistent with previous reports regarding HCV, also a member of
the Flaviviridae family. HCV encodes the E2 protein, which
binds to PERK and inhibits PERK-mediated eIF2« phosphory-
lation by acting as a pseudosubstrate (15). We postulate that
DENYV may encode a viral protein that functions similarly to the
E2 protein of HCV, as we do not detect activation of down-
stream components of the PERK pathway early during infec-
tion. The involvement of DENV proteins is supported by the
fact that suppression of PERK-mediated elF2a phosphoryla-
tion is lost when viral protein synthesis is inhibited. Although
we do show that DENV-2 infection can also inhibit GCN2-
mediated elF2a phosphorylation, we do not believe that the
conditions needed to induce this pathway (i.e. amino acid star-
vation) are present in a human DENV infection, nor did we
observe induction of GCN2 phosphorylation after DENV infec-
tion in vitro. Overall, our results indicate that PERK but not
PKR is an important component of the UPR involved in con-
trolling viral infection.

Additionally, we find that mid-course during DENV infec-
tion (24 -36 h), the IRE1-XBP1 pathway is activated, as demon-
strated by the presence of the sXbpI mRNA and nuclear local-
ization of XBP1, in agreement with previous reports for
Japanese encephalitis virus and DENV (17). Activation of the
IRE1-XBP1 pathway occurs during the phase of the viral life
cycle in which protein synthesis and viral particle formation are
taking place, causing both ER stress and phospholipid deple-
tion. The up-regulation of downstream genes that reduce ER
stress, such as GRP78 (Figs. 4C and 5A), is consistent with pre-
viously published reports for bovine viral diarrhea virus (16),
WNV (19), and Japanese encephalitis virus (32); however, con-
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trary to these reports, we do not observe changes in expression
levels of GRP94 or PDI proteins, both of which are also involved
in maintaining ER homeostasis.

Another target of the IRE1-XBP1 pathway is CHOP, a tran-
scriptional factor that can activate both pro-survival and pro-
apoptotic proteins (11-13, 37). One of these pro-survival pro-
teins is GADD34, a phosphatase regulatory subunit that forms
acomplex with PP1c and targets dephosphorylation of eIF2a-P,
ensuring protein synthesis during later phases of the ISR (2, 31).
We find that activation of the IRE1-XBP1 pathway correlates
with expression of CHOP and GADD34 and that at these time
points we detect similar levels of e[F2a-P in DENV-2-infected
cells and time-matched mock infected controls. This contrasts
with previous reports, where elF2a-P was detected late in
DENV and WNV infection (18, 19). These differences with
respect to DENV infection might be due in part to the mock
infected controls chosen for comparison. In the previous
report, only one mock infected control at a single time point
was used for comparison to DENV-infected cells at multiple
time points (18), whereas we included a mock infected control
at every time point to account for levels of eIF2a-P over time.
For example, we found that a mock infected control plated for
12 h displayed a lower level of eIF2a-P than the mock infected
controls at 24 and 48 h. Alternatively, the differences we
observe compared with DENV (18) and WNV (19) could be
attributed to the different cell types used. Furthermore, infec-
tion with bovine viral diarrhea virus and WNV has been
reported to induce CHOP expression late in infection, leading
to reduced levels of Bcl-2 and cleavage of PARP. However, we
found that the induction of CHOP during DENV-2 infection of
2fTGH cells does not lead to decreased expression of Bcl-2 or
proteolytic cleavage of pro-caspase-9, pro-caspase-3, or PARP.
The observation that late eIF2a phosphorylation or induction
of apoptotic markers late in DENV-2 infection are not present
in our system may be due to the increased expression of GRP78
and GADD34, which prevents CHOP-mediated induction of
the apoptotic signaling cascade and is consistent with previous
reports (31, 37, 38).

A distinctive morphological characteristic of flavivirus-in-
fected cells is the proliferation and hypertrophy of the ER (1).
These changes to the ER can lead to activation of IRE1-XBP1
and ATF6 pathways to expand the ER and also to compensate
for phospholipid depletion during viral particle production (5,
39). Although we did not directly examine endomembrane pro-
liferation or phospholipid biosynthesis after DENV infection,
we tested whether deletion of IRE1 or XBP1 had any effect on
viral production. We found that XBP1~/~ and XBP1*/* MEF
cells yielded similar numbers of viral progeny, even though ear-
lier experiments demonstrated XBP1 activation (Fig. 4). These
results suggest that redundant pathways might compensate for
mutations in this arm of the UPR, as previously reported for
WNV (19). When IREa /~ MEF cells were infected with
DENV-2, we found viral titers to be 10-fold lower than in con-
genic IREa"’" MEFs. Given that IRE1 has two functions, one as
an endoribonuclease involved in the IRE1-XBP1 pathway and a
second function as a kinase involved in the IRE1-JNK signaling
pathway (40), it is possible that signaling through this latter
pathway may be important during DENV infection, with IRE1
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FIGURE 7. Model of DENV modulation of the unfolded protein response. Schematic diagram illustrating the effects of DENV-2 infection on the UPR
according to the results presented in this study, demonstrating the time-dependent activation of the three branches of the UPR and showing that induction
of the UPR does not lead to the induction of apoptosis. Arrows indicate activation or induction by DENV-2, and T-lines and X indicate inhibition as a result of

DENV infection.

coupling ER stress with the activation of JNK, a mitogen-acti-
vated protein kinase (MAPK). Previous reports have demon-
strated the activation of two MAPKs, p38 and ERK1/2, in
DENV-infected endothelial cells, leading to the up-regulation
of protease-activated receptor type-1 and tissue factor receptor
via phosphorylation and suggesting an involvement in DENV
pathogenesis (41). Interestingly, a recent report showed a link
between cholesterol and JNK signaling and demonstrated its
importance for DENV replication in infected macrophages
(42). In addition, several studies on WNV have reported the
cellular redistribution of cholesterol and its requirement for
viral entry and replication (43, 44). Finally, using DENV sub-
genomic luciferase replicon-expressing cell lines, treatment
with various anti-cholesterol pharmacological drugs were
shown to affect replication (45). These findings, along with
those presented in this study, lead us to hypothesize that signal-
ing through the ER via IRE1-JNK pathway might be important
during the DENV life cycle.

We have demonstrated that activation of the ATF6 pathway
is transient and occurs late in DENV-2 infection. The observa-
tion that the ATF6 pathway is activated is in agreement with
previous studies for WNV and DENV; however, here we report
that this activation is transient and is preceded by activation of
the IRE1-XBP1 pathway. Umareddy et al. (18) reported that
induction of the ATF6 pathway led to up-regulation of uXbp1
mRNA in DENV-infected cells; however, these studies did not
address the contribution of XBP1 to its own up-regulation (46).
We also speculated that activation of ATF6 up-regulates the
synthesis of uXbpI, thus restoring the depleted message and

APRIL 22,2011 +VOLUME 286+-NUMBER 16

allowing for a sustained induction of the UPR as long as IRE1
remains active. However, when we infected ATF6a~/~ MEFs
with DENV, we found no difference in viral titers, suggesting
that ATF6 is dispensable or that XBP1 transactivation of itself is
sufficient.

Here we have demonstrated that DENV infection of 2fTGH
cells leads to sequential activation of the individual branches of
the UPR, allowing DENV to adapt the cell to the stress of infec-
tion and preventing the activation of pro-apoptotic events. Our
proposed model (Fig. 7) shows that translation of the viral
genome early in infection triggers the ISR, specifically activat-
ing the PERK pathway. PERK activation and subsequent elF2«
phosphorylation exposure is short-lived, as DENV soon sup-
presses this pathway. This transient activation, however, allows
for resetting of the cellular translational program, liberating
ribosomes and translational factors that accumulate as free
subunits, of which the viral RNA can take advantage (2). Accu-
mulation of viral proteins and the formation of mature viral
particles then trigger the IRE-XBP1 pathway, which serves var-
ious functions. One is to induce the expression of the chaper-
one protein GRP78 to allow translocation of nascent viral poly-
proteins into the lumen of the ER, and another is to activate the
downstream transcription factor CHOP that subsequently trig-
gers the expression of GADD34. Expression of GADD34 targets
PP1c to dephosphorylate elF2a-P, allowing for the continued
synthesis of viral and cellular proteins. This is further supported
by experiments performed using the drug salubrinal, a specific
GADD34/PP1c inhibitor, which demonstrated that salubrinal
treatment of A549 cells infected with DENV2 resulted in
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decreased viral output throughout the course of infection (18).
Finally, overexpression of GRP78 prevents CHOP-mediated
induction of the apoptotic signaling cascade, consistent with
previous reports. Further accumulation of viral proteins and
the proliferation of the ER induce ATF6. Activation of the
ATF6 pathway enhances the UPR response, presumably by
activating the transcription of uXbpI and allowing for a sus-
tained amount of uXbp1 precursor to be spliced into its active
form.

By adapting its viral life cycle to the UPR, DENV is able to
manipulate the sequence of events to activate and suppress the
three different branches of the UPR in a time-dependent man-
ner to prevent premature apoptosis and prolong the viral life
cycle. Our results also have broader implications with respect to
understanding how the cell regulates activation of the individ-
ual branches of the UPR in response to distinct environmental
stressors. Last, our model system will allow further investiga-
tion of the role that UPR plays in lipid biosynthesis and ER
expansion during a DENV infection.
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