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Dengue virus (DENV) pathogenesis is related to the host responses to viral infection within target cells, and
therefore, this study assessed intracellular changes in host proteins following DENV infection. Two-dimen-
sional gel electrophoresis and mass spectrometry identified upregulation of the host endoplasmic reticulum
(ER) chaperone GRP78 in K562 cells following DENV infection, in the absence of virus-induced cell death.
Upregulation of GRP78 in DENV-infected cells was confirmed by immunostaining and confocal microscopy
and by Western blot analysis and was also observed in DENV-infected primary monocyte-derived macrophages,
a natural target cell type for DENV infection. GRP78 was upregulated in both DENV antigen-positive and
-negative cells in the DENV-infected culture, suggesting a bystander effect, with the highest GRP78 levels
coincident with high-level DENV antigen production and infectious-virus release. Transfection of target cells
to express GRP78 prior to DENV challenge did not affect subsequent DENV infection, but cleavage of GRP78
with the SubAB toxin, during an established DENV infection, yielded a 10- to 100-fold decrease in infectious-
virus release, loss of intracellular DENV particles, and a dramatic decrease in intracellular DENV antigen.
However, DENV RNA levels were unchanged, indicating normal DENV RNA replication but altered DENV
antigen levels in the absence of GRP78. Thus, GRP78 is upregulated by DENV infection and is necessary for
DENV antigen production and/or accumulation. This may be a common requirement for viruses such as
flaviviruses that depend heavily on the ER for coordinated protein production and processing.

The pathogenesis of dengue virus (DENV) disease is mul-
tifactorial, and many of the clinical manifestations of the dis-
ease, including the life-threatening DENV-induced hemor-
rhage, may be mediated by the host responses to infection.
Many studies have defined altered host responses during
DENV infection, including activation of T cells (19) and al-
tered levels of circulating factors in patients (13) and altered
release of cytokines and chemokines from DENV-infected
cells (8). Transcriptome analyses of DENV-infected endothe-
lial cells (23, 45), HepG2 cells (9), circulating patient cells (39),
or peripheral blood mononuclear cells from DENV-infected
macaque monkeys (37) have identified alterations in tran-
scripts involved in a variety of cellular processes, including the
innate immune response, cell signaling, and metabolic pro-
cesses. A recent study examined proteomic changes in DENV-
infected HepG2 cells and identified 17 altered cellular pro-
teins, including 2 proteins for which the changes were
confirmed (32). In the current study, we performed a pro-
teomic analysis of changes due to DENV infection in a target
cell population that is relevant to a natural DENV infection
and in which DENV-induced cytopathic effect (CPE) and the
cellular death response are absent. Two-dimensional gel elec-
trophoresis (2DGE) identified upregulation of glucose-regu-
lated protein 78 (GRP78), otherwise known as heat shock

protein A5 or the immunoglobulin heavy chain binding protein
(BiP), in DENV-infected cells. GRP78 is an endoplasmic re-
ticulum (ER)-associated member of the HSP70 family of chap-
erone proteins. GRP78 is part of the cell’s response to ER
stress and is a major regulator of the cell’s unfolded-protein
response (UPR). Sequestration of GRP78 to unfolded pro-
teins releases three cellular factors, protein kinase-like ER-
resident kinase, activating transcription factor 6, and inositol-
requiring enzyme 1, which induces a cascade of activation of
proteins that can inhibit protein translation and assist protein
refolding (2, 18, 41). While GRP78 itself is protective against
cell death (35), prolonged and extensive UPR and ER stress
can induce CHOP-mediated cell death (2, 18, 41). Induction of
the UPR accompanied by GRP78 upregulation and cell death
has been described for a number of viruses, including bovine
viral diarrhea virus (16), Tula virus (21), West Nile virus (28),
and Japanese encephalitis virus (40), the last two of which are
flaviviruses related to DENV. With hepatitis C virus (HCV),
also a member of the family Flaviviridae and related to DENV,
the GRP78 promoter and GRP78 mRNA levels are induced in
cells expressing the HCV subgenomic replicon (43) or HCV
envelope (22). Additionally, expression of the HCV core pro-
tein can induce GRP78 protein, ER stress, and CHOP-medi-
ated apoptosis (1). Recently, GRP78 has been shown to be
upregulated in HCV-infected cells in an in vivo mouse model
of HCV infection in association with ER stress and hepatocyte
apoptosis (17). This study investigated the characteristics of
GRP78 upregulation in DENV-infected cells and the potential
role that GRP78 may play in a DENV infection model that is
not associated with extensive CPE. The results show for the
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first time that GRP78 is upregulated in DENV-infected cells
coincident with high-level intracellular viral-antigen produc-
tion and infectious-virus release. Knockdown of GRP78 re-
sulted in a dramatic reduction in infectious-DENV production
that was mediated by a severe reduction in intracellular DENV
antigen accumulation but without altering RNA replication,
suggesting that GRP78 may act as a chaperone for viral-pro-
tein production during DENV infection. This contrasts with
the previously described roles for GRP78 in human cytomeg-
alovirus (HCMV) and rotavirus infections and highlights di-
versity in viral subversion of host cell proteins.

MATERIALS AND METHODS

Cells and virus stocks. Vero African Green monkey cells, K562 human eryth-
roleukemic cells, HEK-293 human embryonic kidney cells (293 cells), and pri-
mary monocyte-derived macrophages (MDM) generated from peripheral blood
mononuclear cells by adherence, as previously described (6), were used for
DENV infection studies. The DENV stock was MON601, a laboratory clone of
the DENV type 2 strain New Guinea C (10), which was produced from in
vitro-transcribed RNA transfected into BHK-21 cells and amplified in C6/36
insect cells and whose titer was determined in Vero cells, as described below.

DENV infection and plaque assay. Cells were infected at a multiplicity of
infection (MOI) of 1 to 5 for 90 min at 37°C, as described previously (34, 46).
Control mock infections were performed with an equal volume of heat-inacti-
vated virus (80°C for 20 min). The cell culture supernatants were collected,
clarified by centrifugation, and frozen at �80°C prior to plaque assay for infec-
tious DENV. The plaque assay was performed in Vero cells, and levels of
infectious virus were quantitated as PFU per milliliter.

Cell lysis and 2DGE. K562 cells were DENV or mock infected as described
above, and at 72 h postinfection (p.i.), total cell lysates were collected in 10 mM
Tris-HCl, pH 7.4, 5 mM MgCl2, 0.5% Triton X-100 (vol/vol) (Sigma), 20 �g/ml
aprotinin (Sigma), and 1 mM dithiothreitol (DTT) (Sigma). Nucleic acids were
digested with 0.2 mg/ml of DNase I and RNase A on ice for 20 min, the mixture
was sonicated, and the proteins were precipitated by the addition of 4 volumes of
ice-cold acetone. The protein precipitate was collected by centrifugation
(13,000 � g; 30 min at 4°C) and dissolved in rehydration buffer (5 M urea, 2 M
thiourea, 40 mM DTT, 2% [vol/vol] CHAPS {3-[(3-cholamidopropyl)-dimethyl-
ammonio]-1-propanesulfonate}, 2% (vol/vol) SB 3-10 [3-decyldimethylammo-
nio-propanesulfonate] (Fluka), 40 mM Tris base, 0.0002% bromophenol blue,
0.2% [wt/vol] ampholytes 3 to 10 [Bio-Rad]). Samples were clarified by centrif-
ugation (13,000 � g; 15 min at 20°C), and the total protein concentration was
determined by RC/DC protein assay (Bio-Rad). The cell lysates were then
subjected to isoelectric focusing (IEF) on 11-cm precast immobilized pH gradi-
ent (IPG) strips with a pH range of 3 to 10 using a Protean IEF cell (Bio-Rad).
Briefly, 0.7 mg protein in 0.185 ml of rehydration solution was used to passively
rehydrate each IPG strip overnight. IEF was run using a linear voltage that
increased to 8,000 V over 2.5 h. Focusing occurred for 35,000 V/h with a 50-�A
per strip current limit, with the temperature maintained at 20°C. After IEF, the
IPG strips were subjected to a two-step equilibration, 20 min for each step, in 2%
DTT in equilibration buffer (6 M urea, 2% [wt/vol] sodium dodecyl sulfate [SDS],
0.05 M Tris-HCl, pH 8.8, 20% [vol/vol] glycerol) with gentle agitation, followed
by incubation in 2.5% iodoacetamide in equilibration buffer. Separation of pro-
teins in the second dimension was performed using 12% precast criterion gels
(Bio-Rad), and the gels were stained with Biosafe Coomassie G250 stain (Bio-
Rad).

PD-Quest analysis of 2DGE spot patterns. The stained gels were scanned
using a GS-800 densitometer and analyzed using PD-Quest software v7.2 (Bio-
Rad). Following spot detection, a match set containing six gels (three indepen-
dent DENV infections and three mock infections) was analyzed to reproducibly
identify up- or downregulated proteins. The spot density was normalized within
each gel with respect to the total spot density across all gels. The difference in the
mean spot density for individual protein spots was then compared between
DENV-infected and mock-infected groups using Student’s t test. Protein spots
showing a statistically significant (P � 0.05) and �2-fold density difference
between DENV-infected and mock-infected samples were identified, excised
from the gel, and identified by mass spectrometry (MS).

MS. Excised protein spots were trypsin digested in gel and subjected to MS
using matrix-assisted laser desorption ionization–time of flight MS (Bruker ul-
traflex III). The spectra and mass lists were exported into BioTools (version 3.0;
Bruker Daltonik GmbH) and submitted to the Mascot database search engine

(Matrix Science). The MOWSE and probability scores calculated by Mascot
were used as the criteria for protein identification.

SDS-PAGE and Western blotting. Proteins in approximately 5 � 106 cell
equivalents of whole-cell lysate were separated by SDS-polyacrylamide gel
electrophoresis (PAGE) on a 10% gel with a 29:1 ratio of acrylamide to
bis-acrylamide. The proteins were then transferred to polyvinylidene difluo-
ride membranes (GE Healthcare) and subjected to Western blotting with
rabbit anti-GRP78 (H-12a) against the C-terminal 525 to 638 amino acids of
GRP78 (sc-13968; 1:800 dilution; Santa Cruz Biotechnology). Antibody com-
plexes were detected with goat anti-rabbit immunoglobulin G (IgG)-horse-
radish peroxidase (HRP) conjugate (Pierce) and chemiluminescence (Pierce;
WestDura Extend). Membranes were reprobed with mouse anti-actin (1/
1,000 dilution; Chemicon International) and visualized with goat anti-mouse
IgG-HRP conjugate (Pierce) and chemiluminescence.

Immunostaining and confocal microscopy for GRP78 and DENV. Cells were
spotted or grown on glass slides, fixed in 1% (vol/vol) cold formaldehyde for 30
min, and stored at �20°C until they were analyzed. The slides were washed in
phosphate-buffered saline, permeabilized with 0.05% (vol/vol) Igepal (Sigma),
and blocked in 4% (vol/vol) goat serum, 5% (vol/vol) fetal calf serum, 0.4%
(wt/vol) bovine serum albumin in Hanks buffered salt solution (Gibco BRL). The
cells were stained with mouse anti-DENV, raised against DENV1 to -4 proteins
and cross-reacting with a 61-kDa DENV protein (D1 to -11; sc-65659; 1/100;
Santa Cruz Biotechnology Inc.) and rabbit anti-GRP78 (as described above;
1/100), with detection of antibody complexes with goat anti-mouse IgG-Alexa
488 or 647 and goat anti-rabbit IgG-Alexa 647 or 488 (Molecular Probes). Nuclei
were stained with 5 �g/ml Hoescht stain (Molecular Probes) prior to being
mounted (Prolong Gold antifade; Invitrogen). Fluorescence was visualized by
laser scanning confocal microscopy (Bio-Rad; Radiance 2100). Negative control
assays of mock-infected cells or cells with no primary antibodies added were
performed concurrently. All data were analyzed using CAS40 Confocal Assistant
version 4.02 and LaserSharp 2000 version 5.2 (Bio-Rad).

Overexpression of GRP78 and DENV infection. 293 cells were transfected with
pEFIRES-P-BiP (30) or pEGFP (Clontech) to express GRP78 or an irrelevant
protein (green fluorescent protein [GFP]), respectively, using Superfect (Qia-
gen), following the manufacturers’ instructions. At 48 h posttransfection, the
cells were infected with DENV (MOI � 3) as described above, and the super-
natants were sampled for infectious-virus release and quantitated by plaque
assay.

SubAB knockdown of GRP78. Recombinant SubAB and SubAA272B mutant
toxins were produced in Escherichia coli and purified by Ni-nitrilotriacetic acid
chromatography, as previously described (31, 42). The 293 cells were either left
uninfected, mock infected with heat-inactivated virus, or DENV infected, as
described above. At 12 h p.i., the cells were either mock treated or treated with
SubAB or SubAA272B mutant toxin at an initial concentration of 100 ng/ml in
complete medium, followed by incubation at 37°C for 30 min. The toxin-con-
taining medium was then diluted with complete medium to a final concentration
of 25 ng/ml toxin, and incubation at 37°C continued. After 12 h of treatment, the
supernatants were harvested for analysis of infectious-virus release (plaque as-
say; 24 h p.i.), and cells were spotted onto glass slides for immunostaining and
confocal analysis of DENV antigens or fixed for transmission electron micros-
copy (TEM). Cell lysates were collected for Western analysis, and RNA was
extracted to quantitate intracellular DENV negative-strand RNA.

Analysis of DENV-infected cells by TEM. Following infection and treatment as
described above, cells were harvested, washed, and fixed in 2% osmium tetroxide
(OsO4) for 45 min on a rotator. The samples were then dehydrated by serial
increments through ethanol from 70 to 100% (vol/vol) and then treated with
propylene oxide prior to being embedded in resin blocks. Ultrathin (90-nm)
sections were cut and stained with lead citrate (BDH) and uranyl citrate (BDH)
in the presence of sodium hydroxide (ProSciTech), and the sections were viewed
using a Phillips CM 100 transmission electron microscope. All data were ana-
lyzed using the Universal TEM Imaging Platform Software System.

Quantitation of intracellular DENV negative-strand RNA. RNA was extracted
from cell lysates using a QIAamp Viral RNA Kit (Qiagen), heat denatured, and
reverse transcribed at 37°C for 1 h with 20 pmol of DENV-specific primer
attached to a 19-mer-long sequence (tag) (33), 10 U Moloney murine leukemia
virus reverse transcriptase (RT) (New England Biolabs), 10 U RNase inhibitor,
and 0.5 mM of each deoxynucleotide triphosphate (Promega) in 1� Moloney
murine leukemia virus buffer (New England Biolabs). Known amounts of in
vitro-transcribed DENV negative-strand RNA was reverse transcribed in paral-
lel. The tagged DENV cDNA was then subjected to real-time PCR with Quan-
titect SYBER Green PCR mix (Qiagen) and 0.5 �M of each primer, tag, and
DENV3.2, as previously described (46). The data were analyzed using Rotor-
Gene DNA sample analysis system software version 4.6. The real-time RT-PCR

12872 WATI ET AL. J. VIROL.



was normalized against cyclophilin A mRNA, which was reverse transcribed
from total RNA as described above with 0.5 �g oligo(dT)15 (Promega), and
real-time PCR was performed using primers cyclophilin (F) and cyclophilin (R),
as previously described (46).

RESULTS

DENV infection upregulates GRP78. Cells of the monocyte/
macrophage lineage are primary sites for DENV infection and
replication in vivo (11, 12, 38). However, it is difficult to
achieve infection levels higher than 20 to 30% of the total cell
population in primary MDM in vitro (5, 34), and thus, we used
the Fc receptor-bearing K562 erythroleukemic cell line as a
model monocyte-like cell type. Additionally, K562 cells sup-
port high levels of DENV infection (20, 25) without associated
virus-induced CPE or cell death, and thus, proteomic analysis
in this cell type would not include changes in host proteins
associated with a cell death response. K562 cells were DENV
or mock infected with heat-inactivated virus, and viral replica-
tion was monitored by plaque assay, immunostaining, and con-
focal microscopy. At 72 h p.i., DENV-infected K562 cells pro-
duced high levels of infectious virus (Fig. 1A), and 100% of the
cell population was DENV antigen positive (Fig. 1B) in the
absence of any visible CPE (data not shown). At this time
point, the cells were lysed and proteins were separated by
2DGE and visualized by Coomassie blue staining (Fig. 1C).
From six member gels, a match set master gel was created
using the PD-Quest software (Bio-Rad), and 344 protein spots
detected in all gels were used to find reproducible differences
between mock- and DENV-infected cells. Using a cutoff value
of �2-fold change in spot intensity and a P value of �0.05

(Student’s t test) for significance, one protein spot with a mass
of approximately 70 kDa and a pI of approximately 6.0 was
identified as upregulated (2.4- � 0.4-fold) in all three DENV-
infected cell lysates compared with mock-infected cell lysates
(Fig. 1C). This protein spot was excised and subjected to in-gel
trypsin digestion and MS. A Mascot database search identified
a single highly significant match (MOWSE score:cutoff, 242:
54), and MS identified peptides mapping to 52% of the se-
quence for the human ER chaperone, GRP78. The predicted
molecular mass of GRP78 (78 kDa) matched that estimated by
2DGE (Fig. 1C), thus confirming the protein spot identity as
GRP78.

The predicted upregulation of GRP78 in DENV-infected
cells was further validated by immunostaining and confocal
microscopy. K562 cells or primary MDM, a natural cell target
for DENV infection, were DENV or mock infected as de-
scribed above. At 72 h p.i. for K562 and 48 h p.i. for MDM,
infectious-virus release was quantitated at 4 � 106 � 0.2 � 106

PFU/ml and 4.95 � 105 � 0.9 � 105 PFU/ml, respectively, and
cells were analyzed for DENV antigens and GRP78. Upregu-
lation of GRP78 was seen in DENV-infected but not in mock-
infected K562 cells (Fig. 2A) and MDM (Fig. 2B). Notably,
upregulation of GRP78 was observed in both DENV antigen-
positive and antigen-negative cells of the DENV-challenged
population (Fig. 2A and B), suggesting induction of GRP78 via
a bystander effect. Cell lysates from DENV-infected K562 cells
were also subjected to SDS-PAGE and Western blotting for
GRP78. The results again confirmed upregulation of GRP78 in
DENV-infected compared with mock-infected cell lysates (Fig.
2C), estimated to be on the order of two- to threefold, consis-

FIG. 1. Proteomic analysis of DENV-infected K562 cells. K562 cells were mock (i) or DENV (ii) infected at an MOI of 5. (A) Supernatant was
sampled at the indicated time point p.i. and assayed for infectious-virus release by plaque assay. (B) At 72 h p.i., cells were fixed and immunostained
for mouse anti-DENV and visualized with goat anti-mouse Alexa546 and confocal microscopy. (C) At 72 h p.i., cells were lysed, the lysates were
subjected to 2DGE, and the proteins were visualized with Coomassie blue staining. The boxed protein spot was upregulated in DENV-infected
cell lysates and was identified by MS analysis as GRP78. The results are representative of three independent infections.
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tent with that determined from the above-mentioned pro-
teomic analysis.

DENV upregulates GRP78 in both antigen-positive and an-
tigen-negative bystander cells at the time of high-level DENV
antigen production. Next, the timing of GRP78 upregulation
in relation to viral replication was analyzed. K562 cells were

infected at a lower MOI to allow visualization of both infected
and any uninfected bystander cells, and the cells were fixed, per-
meabilized, and immunostained for DENV and GRP78 (Fig. 3).
Upregulation of GRP78 coincided with high-level viral-antigen
production, and again, this was evident in both DENV antigen-
positive and antigen-negative bystander cells. The highest GRP78
levels corresponded to high-level DENV antigen expression at
72 h p.i. (Fig. 3), and quantitation of the fluorescent image inten-
sity at this time point (n � 6) showed significantly greater GRP78
staining in DENV-infected cells (45.9 � 2.5) than in mock-in-
fected (19.5 � 0.8) or uninfected cell cultures (25 � 1.5) (P �
0.05; Student’s unpaired t test), again consistent with the two- to
threefold upregulation observed by proteomic analysis (Fig. 1C)
and Western blotting (Fig. 2C). Thus, DENV infection upregu-
lates GRP78 in K562 cells and primary MDM, in both DENV
antigen-positive and antigen-negative bystander cells, with the
highest levels of GRP78 observed coincident with high-level
DENV antigen production.

To investigate the mechanisms of upregulation of GRP78 in
DENV antigen-negative bystander cells, K562 cells were
treated with supernatants from DENV- or mock-infected K562
cells. After 1 h or 10 h of exposure, the cells were fixed,
costained for DENV antigens and GRP78, and analyzed by
confocal microscopy. One hour of exposure of the cells to
DENV- or mock-infected cell supernatants did not result in
DENV antigen-positive cells or any change in GRP78 staining
(data not shown). In contrast, 10-h exposure of the cells to
DENV-infected cell supernatants yielded a strong upregula-
tion of GRP78 in comparison to that seen in cells treated with
supernatants from mock-infected cells (Fig. 4). Upregulation
of GRP78 was observed without accompanying productive
DENV infection, as indicated by the absence of DENV anti-
gen-positive cells (Fig. 4). Given that GRP78 induced by a
single-round DENV infection is not apparent until 72 h p.i.,
this suggests the action of soluble factors released from
DENV-infected cells that can upregulate GRP78 indepen-
dently of productive DENV infection.

DENV replication requires GRP78 to assist viral-protein
production. GRP78 is a known protein chaperone and thus
may act to chaperone newly produced viral protein or particles,
but GRP78 has additionally been reported as part of a DENV
receptor complex (15) and thus may act to enhance DENV
uptake. We therefore assessed the role of GRP78 during
DENV infection by DENV challenge of cells overexpressing
GRP78 at the time of infection and knockdown of GRP78 in
DENV-infected cells at the time of peak virus production. For
these experiments, we utilized 293 cells, since they can be
readily transfected and can replicate DENV to high titers by
24 h p.i. (S. Wati, R. A. Ivanov, and J. M. Carr, unpublished
data). 293 cells were transfected to express GRP78 or GFP as
a control, and expression of GRP78 was confirmed by Western
blot analysis (Fig. 5A). At 48 h posttransfection, the cells were
challenged with DENV, and infectious-virus release was ana-
lyzed at 24 h p.i. The results showed no difference in infectious-
virus release from cells expressing GRP78 or GFP or untrans-
fected control cells (Fig. 5B). Thus, high levels of GRP78 in
DENV target cells prior to infection do not affect subsequent
DENV entry or virus production.

Next, the effect of reduction of GRP78 levels on DENV
infection was assessed. Eighty to 90% knockdown of GRP78

FIG. 2. GRP78 is upregulated in DENV-infected K562 cells and
MDM. (A) K562 cells were mock or DENV infected at an MOI of 3,
and at 72 h p.i., the cells were fixed and immunostained for mouse
anti-DENV and anti-mouse Alexa488 (column 1) or rabbit anti-
GRP78 and goat anti-rabbit Alexa647 (column 2), and images were
collected by confocal microscopy. (B) MDM were generated from
peripheral blood mononuclear cells derived from healthy donor blood
by adherence and mock or DENV infected at an MOI of 1, and at 48 h
p.i., the cells were fixed and immunostained as for panel A. (C) K562
cells were infected as for panel A, and at 72 h p.i., the cells were lysed
and subjected to one-dimensional SDS-PAGE and Western analysis
with rabbit anti-GRP78 with detection of complexes with goat anti-
rabbit IgG-HRP conjugate and chemiluminescence. The Western blots
were reprobed with mouse anti-actin and visualized with goat anti-
mouse IgG-HRP and chemiluminescence.
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protein can be achieved using short hairpin RNA, but a more
complete and rapid knockdown can be achieved using the
SubAB toxin (3). SubAB is an AB5 toxin derived from Shiga-
toxigenic E. coli strains, and its catalytic A subunit can cleave
GRP78 into 44-kDa and 28-kDa fragments, corresponding to
the N- and C-terminal regions of GRP78, respectively (30).
The SubAA272B mutant is a point mutant that lacks the cata-
lytic ability of SubAB to cleave GRP78 (30). Based on previous
literature (3), 293 cells were mock treated or treated with 100
ng/ml SubAB or the SubAA272B mutant for 30 min, and then
the toxin was diluted to 25 ng/ml and incubated for 12 h.
SubAB or SubAA272B treatment had no major cytotoxic effect
with no change in cell viability as determined by trypan blue
staining (Fig. 6A) or cell morphology as viewed by light mi-

croscopy (Fig. 6B). Following 12 h of SubAB treatment, the
cells were lysed and the lysates were subjected to Western
blotting using an antibody specific for the C-terminal region of
GRP78 and thus the 28-kDa SubAB-cleaved fragment. The
results showed the presence of the 28-kDa GRP78 cleavage
product in SubAB-treated but not mock- or SubAA272B-
treated cells, which represented the major form of GRP78
protein in these cells (Fig. 7A). We next assessed the effects of
SubAB cleavage and knockdown of GRP78 on infectious
DENV production and DENV RNA replication. 293 cells
were DENV infected and at 12 h p.i. were treated with SubAB
or the SubAA272B mutant or mock treated as described above.
Following 12 h of treatment, the supernatants (24 h p.i.) were
harvested for analysis of infectious-DENV release by plaque

FIG. 3. GRP78 is upregulated coincident with high-level viral-protein production. K562 cells were DENV or mock infected at an MOI of 1,
and at the indicated times p.i., they were fixed, permeabilized, and costained for mouse anti-DENV (column 1) and rabbit anti-GRP78 (column 2), with
detection using goat anti-mouse IgG-Alexa488 and goat anti-rabbit IgG-Alexa647, respectively, and analysis by confocal microscopy. Cumulative
infectious-virus release was determined by plaque assay of cell supernatants (n � 2). The results represent means � standard deviations.
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assay, and the cells were lysed and RNA was extracted for
analysis of DENV negative-strand RNA, which is a marker of
active DENV replication (46). The results showed a reproduc-
ible 10- to 100-fold decrease in production of infectious DENV
(Fig. 7B) in the SubAB-treated culture without an accompa-
nying change in the level of intracellular RNA (Fig. 7C). Thus,
GRP78 does not affect DENV RNA replication but is required
for efficient production of infectious DENV virions.

Importantly, GRP78 knockdown with SubAB toxin has the
potential to reduce global protein synthesis. Our previous pub-
lished data had shown by [35S]methionine protein labeling and
detection of phosphorylated eIF2� (the � subunit of eukary-
otic initiation factor 2) that global protein synthesis is reduced
following as little as 0.5 h of SubAB treatment of cells, but this
response is transient and protein synthesis recovers by 4 h of
SubAB treatment (47). Under the conditions used here, we
observed cleavage of GRP78 without an associated decrease in
the levels of the abundant cellular 14-3-3 protein (Fig. 7A).
Additionally, control cells were transfected to express a GFP
reporter construct and then, at 36 h posttransfection, were
mock, SubAB, or SubAA272B treated for 12 h, as described
above. Analysis of GFP-positive cells by flow cytometry showed
no change in the number or intensity of GFP-expressing cells
(data not shown). Therefore, treatment with SubAB for 12 h
specifically cleaved GRP78 but did not significantly affect cell
viability or morphology and did not reduce the total levels of
major host cell proteins or the expression of an exogenous
transfected protein. Thus, under these conditions, SubAB
toxin treatment is not cytotoxic and does not reduce global
cellular protein levels.

For HCMV infection, GRP78 knockdown similarly leads to
reduced virion production and is accompanied by accumula-
tion of intracellular virions (3). We thus assessed whether the
decreased levels of infectious DENV in supernatant from cells
lacking GRP78 was due to a block in DENV virion production
or at virus release. 293 cells were infected with DENV and
mock, SubAB, or SubAA272B mutant treated for 12 h, and the
cells were then fixed and analyzed by TEM (Fig. 8A). Cells

were also fixed, immunostained for DENV antigens, and ana-
lyzed by confocal microscopy (Fig. 8B). EM analysis showed
normal cellular morphology in uninfected SubAB-treated cells,
confirming the lack of major CPE of SubAB treatment (Fig.
8A, a1 to a3). ER proliferation, characteristic of flavivirus and
DENV infection, was present in all DENV-infected cells, re-
gardless of SubAA272B or SubAB treatment (Fig. 8A, b to d).
In DENV-infected cells that were mock treated or treated with
the SubAA272B mutant toxin, viral particles measured at
35.8 � 0.5 nm (n � 51), consistent with the reported size of
DENV particles, were present within membranous structures
(Fig. 8A, b3 and d3). In contrast, there was a substantial re-
duction in the number of DENV particles visualized in SubAB-
treated cells (Fig. 8A, c3). Immunostaining for DENV antigen
and analysis by confocal microscopy clearly showed high-level
DENV antigen in mock- and SubAA272B mutant-treated
DENV-infected cells but a dramatic reduction in DENV anti-
gen reactivity in SubAB-treated cells (Fig. 8B). Together, these
results show that GRP78 protein knockdown by SubAB treat-
ment had no gross detrimental effect on the cell and did not
affect DENV RNA replication or DENV induction of ER
proliferation but reduced DENV antigen levels, resulting in
reduced numbers of intracellular virions and reduced produc-
tion of infectious DENV particles. Thus, DENV infection in-

FIG. 5. Overexpression of GRP78 does not affect DENV produc-
tion. (A) 293 cells were transiently transfected with pEFIRES-P-BiP to
express GRP78 or pEGFP. At 48 h posttransfection, the cells were
lysed and the lysates were subjected to Western blotting with rabbit
anti-GRP78 and detection of complexes with goat anti-rabbit IgG-
HRP conjugate and chemiluminescence. The Western blots were re-
probed with mouse anti-actin and visualized with goat anti-mouse
IgG-HRP and chemiluminescence. (B) At 48 h posttransfection, the
cells were infected with DENV at an MOI of 1 or mock infected. At
24 h p.i., the supernatant was sampled and assayed for infectious virus
by plaque assay. The results represent means plus standard errors of
the mean from three independent transfection/infection experiments.

FIG. 4. Supernatant from DENV-infected cells induces GRP78 in
the absence of productive DENV infection. K562 cells were incubated
for 10 h with supernatant (s/n) from mock-infected (A) or DENV-
infected (B) K562 cells. The cells were washed, spotted onto glass
slides, fixed, and costained for mouse anti-DENV (column 1) and
rabbit anti-GRP78 (column 2), with detection using goat anti-mouse
IgG-Alexa488 and goat anti-rabbit IgG-Alexa647, respectively, and
analysis by confocal microscopy.
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duces GRP78 protein levels, which the virus utilizes to assist
DENV antigen production.

DISCUSSION

The clinical outcome of DENV infection in humans is vari-
able and is believed to be determined by the host responses to
infection. Many studies have characterized circulating changes
or altered cellular release of cytokines and chemokines (8, 13,
19) or altered mRNA transcripts during DENV infection (9,
23, 37, 39, 45). DENV infection has also been associated with

upregulation of the UPR and activation of its downstream
components (eIF2� phosphorylation, CHOP, and XBP-1) that
can be associated with induction of cell death (44, 50). In this
study, we performed a proteomic analysis to assess changes at
the intracellular-protein level in a cell model that avoids the
major cellular changes associated with a cytopathic UPR and
cell death. To this end, the study utilized K562 cells, which
support high-level DENV infection (20, 25) without cell death
and also have been shown to lack a UPR-mediated cell death
response during Japanese encephalitis virus infection (40).

FIG. 6. SubAB treatment does not affect cell viability. 293 cells were mock or DENV infected, and then at 12 h p.i. they were mock (i), SubAB
(ii), or SubA272B mutant toxin (iii) treated for a further 12 h. (A and B) Live and dead cells were enumerated with trypan blue (A), and the visible
morphology was assessed by light microscopy (B).

FIG. 7. SubAB treatment cleaves GRP78 and reduces infectious-DENV production. (A) 293 cells were mock, SubAB, or SubA272B mutant
toxin treated for 12 h, and then the cells were lysed and subjected to Western analysis against the C-terminal region of GRP78 (rabbit anti-GRP78
[525 to 638]). Antibody complexes were detected with anti-rabbit IgG-HRP conjugate and chemiluminescence. The filters were reprobed with
rabbit anti-14-3-3 zeta, and mouse anti-actin and antibody complexes were detected with anti-rabbit or anti-mouse IgG-HRP conjugate and
chemiluminescence. (B and C) 293 cells were mock or DENV infected at an MOI of 3, and at 12 h p.i., they were mock, SubAB, or SubA272B
mutant toxin treated. At 24 h p.i. (after 12 h of mock, SubAB, or SubA272B mutant toxin treatment), the supernatants were assayed for
infectious-virus release by plaque assay (B), and RNA was extracted and subjected to real-time RT-PCR for DENV negative-strand RNA (C).
DENV controls (bars 1 to 3) were serial 1/10 dilutions of in vitro-transcribed DENV negative-strand RNA. The results are representative of three
independent infections.
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K562 cells also have some properties reflecting the natural
monocyte/macrophage DENV target cell type, including the
presence of Fc receptors. Proteomic analysis identified 344
unique protein spots and 1 protein spot that was significantly
altered, approximately two- to threefold, by DENV infection.
The total number of spots detected was low and could be
improved technically by cup loading rather than passive rehy-
dration of IEF strips, use of a more sensitive protein stain, and
fractionation of cell lysates to reduce protein complexity. A
proteomic study of DENV-infected HepG2 cells identified 800
protein spots and 17 differentially expressed proteins, only 7 of
which were altered by �2-fold, the cutoff used in our pro-
teomic study (32). Of these seven proteins, altered protein
expression was confirmed by Western analysis for two proteins;
elongation factor Tu (EF-Tu) mitochondrial precursor and

vinculin. Altered GRP78 protein levels were not identified in
this study (32). Using 2DGE and MS analysis, we successfully
identified GRP78 as significantly upregulated in DENV-in-
fected cells. Upregulation of GRP78 was confirmed by West-
ern blotting, immunostaining, and confocal microscopy in
K562 cells and also in MDM, a relevant natural target cell type.
Additionally, upregulation of GRP78 was observed in both
DENV antigen-positive and -negative bystander cells within
the DENV-infected cell culture, and GRP78 could be upregu-
lated by exposure of cells to cell culture supernatants from
DENV-infected cells in the absence of a productive DENV
infection. The observed timing of upregulation of GRP78 co-
incided with high-level DENV antigen production. DENV in-
fection induces the release of a variety of chemokines and
cytokines and factors such as nitric oxide (26, 29, 49) that are

FIG. 8. SubAB knockdown of GRP78 reduces intracellular DENV virion and viral-antigen levels. 293 cells were mock or DENV infected at
an MOI of 3, and at 12 h p.i., they were mock, SubAB, or SubA272B mutant toxin treated. (A) At 24 h p.i., uninfected cells or DENV-infected
cells were treated for 12 h with SubAB or SubA272B mutant toxin or mock treated and then harvested, fixed, and subjected to TEM. a1, uninfected,
no toxin; a2, uninfected, SubAB toxin; a3, uninfected, SubA272B mutant toxin treated; b1 to d3, DENV-infected cells. Row 1, original field; rows
2 and 3, enlargement of the field shown in row 1. The arrows indicate examples of viral particles. (B) Immunostaining against mouse anti-DENV
and visualization of complexes with goat anti-mouse Alexa488. a4, uninfected cells; b4 to d4, DENV-infected cells.
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well described as inducing the expression of GRP78 (48).
Taken together, these data suggest that GRP78 could be up-
regulated in DENV-infected cultures by two mechanisms: (i)
as a direct response to productive infection in DENV-infected
cells and (ii) as a secondary consequence, in both DENV-
infected and bystander cells, of the release of factors from
DENV-infected cells that can induce GRP78 expression.

The literature has suggested a role for GRP78 in hepato-
cytes (4, 15), and for HSP70 in monocytic cell types (36), as
part of a receptor complex for DENV entry. Additionally, heat
shock treatment of cells prior to DENV challenge, which
would be expected to upregulate both GRP78 and HSP70,
enhances DENV entry and replication (7). However, in this
study, transfection of 293 cells to express high levels of GRP78
at the time of DENV challenge did not affect the subsequent
production of infectious virus, and these results thus do not
support a role for GRP78 alone in 293 cells as a rate-limiting
factor for DENV entry or virus production.

Additionally, GRP78 is known to function as a major ER
chaperone and can bind to many unfolded proteins, including
viral proteins (14). Recently, using a yeast two-hybrid screen, it
has been shown that GRP78 can interact with the DENV E
protein, and consistent with the results of our study, small
interfering RNA knockdown of BiP (GRP78) in DENV-in-
fected Vero cells decreased infectious-virus production (24).
This study extends this observation by showing that when
GRP78 is cleaved by SubAB toxin treatment, which effectively
reduces functional GRP78 chaperone levels in the cell, release
of infectious DENV is dramatically reduced with an accompa-
nying reduction in intracellular virion particles and DENV
antigen levels but without any effect on DENV RNA produc-
tion. This suggests that GRP78 may function in its traditional
role in binding and chaperoning proper DENV protein folding
and/or protein production and accumulation in the cell. Fur-
ther experiments are needed to determine if this role for
GRP78 is specific for particular DENV proteins or is a more
generalized requirement for DENV polyprotein production.
This role for GRP78 in chaperoning DENV protein produc-
tion contrasts with the lack of a requirement for HMCV pro-
tein production for GRP78 (3, 27). Knockdown of GRP78 in
HCMV infection leads to intracellular viral-particle accumu-
lation, and thus, HCMV needs GRP78 to chaperone virion
particle egress but not HCMV protein production itself. Dur-
ing rotavirus infection, knockdown of GRP78 impairs the spe-
cific cleavage of the oligosaccharide chains of NSP4 and thus
reduces the infectivity of the released virion (25). These con-

trasting viral requirements for GRP78 are summarized in Ta-
ble 1, suggesting that GRP78 may be utilized as a chaperone in
different ways by different viruses: by HMCV for virion egress,
by rotavirus for infectious-virion maturation, and by DENV for
viral-antigen production. These differing requirements for
GRP78 highlight the diverse ways in which viruses may utilize
the same host factors for replication. In addition to an essential
role in DENV antigen production, GRP78 may also assist
DENV virion assembly, but a role in this specific step cannot
be delineated from the current experiments.

In summary, we have shown for the first time that the host
ER chaperone GRP78 is upregulated in DENV-infected cells
that are not undergoing viral CPE or a cell death response.
Furthermore, bystander cells also showed an increase in
GRP78, and this could prime neighboring cells for subsequent
DENV production. The timing of GRP78 upregulation coin-
cides with high-level viral-antigen production, and knockdown
of GRP78 severely reduces the production of infectious virus,
intracellular viral particles, and intracellular viral antigen. This
occurs without any change to viral-RNA replication and is
consistent with a requirement for GRP78 to chaperone DENV
antigen production during DENV infection. These results
demonstrate the importance of the ER and its associated host
cell machinery for productive DENV infection.
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