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Abstract
Project code: RMUS38007
Project title: The Role of Dengue Virus Nonstructural Protein 5 in Cytokine

Production and Inflammatory Response of Dengue Virus

Infection
Investigator: Associate Professor Thawornchai Limjindaporn, MD, PhD
E-mail address: thawornchai.lim@mahidol.ac.th
Project period: July 2010-June 2013

Optimal levels of cytokines have anti-viral effects during dengue (DENV)
infection; however, the massive cytokine secretion following severe DENV infection may
contribute to the development of the disease rather than protection. Increased levels of
cytokines—the so-called ‘cytokine storm’ relates to the pathogenesis of severe DENV
infection. In this study, the expression of cytokine and inflammatory genes was
compared between DENV-infected hepatic cell line, HepG2 and mock-infected HepG2
cell line using a real-time PCR array. The highly up-regulated cytokines including CXCL-
10, TNF-OL, and RANTES, were subsequently verified. In addition, molecular
mechanism how DENV nonstructural protein 5 (DENV NS5) regulated cytokine
secretion was characterized. A yeast two-hybrid assay was firstly performed to identify
human proteins interacting with DENV NS5 and Daxx, which is an NF-KB inhibitor, was
identified. The in vivo relevance of this interaction was suggested by co-
immunoprecipitation and nuclear co-localization of these two proteins in HEK293 cells
expressing DENV NS5. HEK293 cells expressing DENV NS5-K/A, which were mutated
at the nuclear localization signals (NLS), were created in this study. In the absence of
NLS, DENV NS5 could neither translocate into the nucleus nor interact with Daxx to
increase RANTES production. As binding of DENV NS5 and Daxx, which is NF-KB
inhibitor, may influence binding of NF-KB and Daxx, luciferase reporter and ChIP
assays were performed and the result showed that interaction of DENV NS5 and Daxx
might influence interaction binding between NF-KB and Daxx thereby liberating NF-KB
to activate RANTES promoter in HEK293 cells expressing DENV NS5.

Keywords: Dengue Virus Infection, Nonstructural Protein 5, Cytokine Production,

Inflammatory Response, NF-KB, RANTES
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Introduction

Dengue virus (DENV) infection is a mosquito-borne viral disease and is endemic
in several countries (1). Clinical severity of the disease ranges from a predominantly
febrile disease, dengue fever (DF), to dengue hemorrhagic fever (DHF) and dengue
shock syndrome (DSS) (2). The patients with DHF generally present hemorrhagic
tendencies, plasma leakage, thrombocytopenia, and hemoconcentration. Furthermore,
hepatic dysfunction is a feature of DENV infection (3, 4). Elevation of aminotransferases
and hepatic failure are observed in the patients with DHF/DSS (5).

Optimal levels of cytokines have anti-viral effects during DENV infection (6-8);
however, the massive cytokine secretion following severe DENV infection may
contribute to the development of the disease rather than protection (9-12). Increased
levels of cytokines —the so-called ‘cytokine storm’, which relate to the pathogenesis of
severe DENV infection, are observed both in vitro and in vivo models of DENV infection
(13-20).

A complex interaction between DENV proteins and the host immune response
contributes to DHF/DSS (21-27). Both inhibition of the antiviral response and stimulation
of cytokine production by DENV proteins have been reported. DENV NS2B3 complex,
DENV NS4B and DENV NS5 contribute to the inhibition of type | IFN response (21, 23,
25). DENV NS4B and DENV NS5 also enhance the production of DHF-associated
cytokines (26, 27). DENV NS5 is a bi-functional enzyme containing three domains (28-
30). The N-terminus from residues 1 to 368 contains a 2'-O-methyltransferase while the
C-terminus from residues 405 to 900 contains an RNA-dependent RNA polymerase.
The interdomain region contains nuclear localization sequences (NLS), which are
divided into aNLS and bNLS, respectively. Mutations in both aNLS and bNLS result in
the accumulation of DENV NS5 in the cytoplasm (31). DENV NS2B3 complex, DENV
NS4B and DENV NS5 contribute to the inhibition of type | IFN response (21, 23, 25).
DENV NS4B and DENV NS5 also enhance the production of DHF-associated cytokines
(26, 27).

In this study, we firstly compared the expression of cytokine genes between
mock-infected and DENV-infected HepG2 cells using a real-time PCR array. The highly
up-regulated cytokines were subsequently verified at both the mRNA and protein levels.
Secondly, the potential therapeutic agent to reduce massive cytokine production,

namely compound A, was used to inhibit cytokine production. Thirdly, the molecular



mechanisms how DENV NS5 contributed to cytokine production was shown by
comparing the expression of cytokine genes between HEK293T expressing DENV NS5
and HEK293T expressing vector control. Finally, a yeast two-hybrid assay was
performed to identify host proteins interacting with DENV NS5 and a death-domain-
associate protein (Daxx), which serves as transcription repressor was identified. Nuclear
NS5 interacted with an NF-KB inhibitor, Daxx, thereby liberating NF-KB to activate
RANTES promoter as revealed by luciferase reporter assay. Increased DNA-binding
activity of NF-KB on RANTES promoter was also demonstrated by ChIP assay. The
roles of DENV NS5 in nuclear translocation, Daxx interaction, and cytokine production
were tested and DENV NS5 was demonstrated to interact with human Daxx to increase

RANTES production.

Materials and Methods

Part I: Expression of cytokine genes between mock-infected and DENV-infected
HepG2 cells using a real-time PCR array and the potential therapeutic agent,
namely compound A, in reduction of massive cytokine production in DENV-

infected cells.

1.1 Cell culture and Infection of HepG2 cells

Up to 2 x1 06 HepG2 cells were seeded in a 60 mm dish and cultured for 24 h
before infection. HepG2 cells were grown in DMEM medium (Gibco-BRL),
supplemented with 10% fetal bovine serum (FBS), 2mM L-glutamine, 1% non-essential
amino acids, 1mM sodium pyruvate, 100U/ml of penicillin and streptomycin at 37°Cin a
humidified atmosphere containing 5% CO,. HepG2 cells were washed with PBS and
infected with DENV serotype 2 (DENV-2) strain 16681 at a multiplicity of infection (MOI)
of 5. Cells were collected at 12, 24, 36 or 48 h post-infection. DENV NS1 antibody
staining analysed by flow cytometry demonstrated DENV infection (32). Cell viability

was determined by the trypan blue exclusion test (33).



1.2 Real-time PCR array

Total RNA was isolated either from mock-infected HepG2 cells or from DENV-
infected HepG2 cells at 24 h post-infection using the High Pure RNA isolation kit
(Roche). RNAs with an ODg0,m/ODogonm absorbance ratio of at least 2.0 were used.
Total RNA was reverse-transcribed into cDNA using the RT2 First strand Kit
(SABiosciences), mixed with RT2 gPCR mastermix containing SYBR Green (SA
Biosciences), and aliquoted in equal volumes to each well of the real-time PCR arrays.
The Human Cytokine RT? Profiler™ PCR Array (SA Biosciences) has 84 genes related
to the cytokine pathway. The real-time PCR cycling program was run on a Roche Light
Cycler 480. The threshold cycle (Ct) of each gene was determined and subsequently
analysed by RT2 Profiler PCR Array data Analysis software
(http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php).  The  highly  up-
regulated chemokine gene, CXCL10, and cytokine gene, TNF-OL, were selected and
confirmed at the mRNA level by quantitative Real-time PCR using different sets of
primers, including CXCL10 F5'GAATCGAAGGCCATCAAGAA3Z, CXCL10
R5AAGCAGGGTCAGAACATCCA 3 ; TNF-OLF5STGCTTGTTCCTCAGCCTCTT3',TNF-
O R 5’ATGGGCTACAGGCTTGTCACT3').

1.3 ELISA

The effect of CpdA on CXCL10 and TNF-OU production was determined
following infection of HepG2 cells with DENV-2 at a MOI of 5 for 2 h, washing and

incubation for 24 h in the presence of PBS, 5lUM CpdA, 10LLM CpdA , 20UM CpdA or
50UM dexamethasone (Dex) (Sigma Aldrich), respectively. The levels of cytokines were

then measured from CpdA-untreated and CpdA-treated DENV-infected HepG2 cells by
ELISA (R&D Systems).

1.4 Chemotaxis assay

To test the effect of CpdA on leukocyte migration, the DENV-infected HepG2
cells were treated with CpdA as described in the preceding experiment. The
chemotaxis assay was performed using the protocol described previously (34). Briefly,
600 LU of cell culture supernatant collected from either CpdA-untreated or CpdA-treated
DENV-infected HepG2 cells was added to the lower chambers of the transwell cassette

(Corning Costar, Lowell, MA, USA). Up to 1x105 monocyte THP-1 cells were added to



the upper chamber and incubated at 37°C in 5% CO, for 6 h. A 500 LU aliquot of the
cells migrated to the lower chamber was counted by flow cytometry in a FACCalibur
acquiring events for a fixed time period of 60 sec using CellQuest software (Becton

Dickinson, Basel, Switzerland).

1.5 Focus-Forming Unit (FFU)

Firstly, viability of mock-infected or DENV-infected HepG2 cells in the presence
or absence of CpdA were first measured by trypan blue exclusion test (33). Secondly,
DENV-infected HepG2 cells were treated with CpdA as described in the preceding
experiment. Focus-forming unit (FFU) was performed using the protocol described
previously (35). Briefly, titration of DENV was carried out using 96-well plates. Vero
cells were seeded at 3><1O4 cells/well 24 h prior to infection. Ten-fold serially diluted
culture media was added to Vero cells at room temperature (RT) for 2 h. After
adsorption, the cells were overlaid with 100 LUl of 1.5% gum tragacanth containing 2%
FBS in MEM before further incubation at 37 °C for 3 days. The cultures were then fixed
with 3.7% formaldehyde for 10 min at RT, treated with 1% Triton X-100 in PBS for
another 10 min, washed three times with PBS, and incubated with anti-DENV E (4G2)
for 30 min at 37 °C in a humidified chamber. Cells were washed with PBS and
incubated with rabbit anti-mouse IgG-HRP at the dilution 1: 1000 for 30 min at 37 °C in
a humidified chamber. After triple washing, the substrate solution was added. Stained
foci were visible and the reaction was terminated by washing cells with PBS. DENV-
infected foci were counted with a light microscope and viral concentration in the

supernatant calculated as focus-forming units (FFU) per milliliter.

1.6 Statistical analysis
All data were obtained from three independent experiments and reported as the
mean + SEM. Statistical differences between the groups were tested with an unpaired t-

test using StatView version 5.0 and P value less than 0.05 was considered significant.



Part II: Functional studies for the role of DENV NS5 in cytokine production and

inflammatory response

2.1 Yeast two-hybrid screening. Two-hybrid screening was performed by the
interaction mating method described by Finley and Brent(36). DENV NS5 was PCR
amplified by Pfu DNA polymerase from a cDNA clone of DENV serotype 2 strain
16681(37) using nucleotide primers, 5TTG ACT GTA TCG CCG GGA ACT GGC AAC
ATA 3 and 5°CCG GAA TTA GCT TGG CTG CAG CCA CAG AAC TCC TCG 3. The
PCR reaction was carried out in a GeneAmp PCR System 9700 (Applied Biosystems)
with an initial denaturation step of 94°C for 5 min and followed by 35 cycles of
denaturation at 94°C for 45 sec, annealing at 55°C for 30 sec, extension at 72°C for 3
min, and one cycle of final extension at 72°C for 10 min. Subsequently, the amplified
DNA was cloned by yeast recombination (38) into the yeast expression vector pEG-
NRT(39), which was derived from pEG202(40), and contains a HIS3 selectable marker.
The constitutive ADH promoter is used to express DENV NS5 with the DNA binding
domain protein LexA. Nuclear localization signal (NLS), 5’recombination tag (5’'RT),
multiple cloning site (MCS) and 3’recombination tag (3'RT) were inserted between LexA
and ADH terminator. The resulting bait plasmid, pEG-NS5, was verified by DNA
sequencing and transformed into S. cerevisiae strain RFY 206 (MATa his3A200 leu2-3
lys2A201 ura3-52 trp1A::hisG) containing a Lexop-lacZ reporter plasmid, pSH18-34 (36).
A galactose inducible HelLa cell cDNA prey library was constructed in plasmid pJZ 4-5

containing a TRP1 selectable marker and transformed into strain RFY 231 (MATQU his3
leu2::3Lexop-LEU2 ura3 trp1 LYS2)(36). The bait strain then was mated with the library
strains and plated on galactose drop-out medium lacking histidine, tryptophan, uracil
and leucine (gal/raf -u, -h, -w, -l) to select for diploids. The production of a DENV NS5
binding protein by a prey plasmid was expected to activate the 3Lexop-LEU2 reporter.
Putative positive clones were patched to four indicator plates: (glu/-u, -h, -w, -I), (gal/raf
-u, -h, -w, -l), (glu/X-Gal-u, -h, -w), and (gal/raf/ X-Gal-u, -h, -w). Prey plasmids were
rescued from clones exhibiting a galactose-inducible Leu” lacZ' phenotype by
transformation into a Trp Escherichia coli strain KC8(36). Putative positive library

plasmids were purified and subjected to DNA sequencing and BLAST analysis.



2.2 Generation of HEK293 cells expressing DENV NS5, or DENV NS5-K/A. DENV
NS5 with a C-terminal FLAG-tag was PCR amplified by Pfx DNA polymerase
(Invitrogen) from plasmid pET-DENV-2-NS5 using nucleotide primers, 5ACA GGA TCC
ACC ATG GGA ACT GGC AAC ATA GGA GAG ACG 3 and 5 TGT CTC GAG TTA
CTT GTC ATC GTC ATC CTT GTA ATC CCA CAG AAC TCC TGC TTC TTC C3'. The
PCR reaction was carried out in a GeneAmp PCR System 9700 with an initial
denaturation step of 94°C for 5 min and followed by 30 cycles of denaturation at 94°C
for 30 sec, annealing at 55°C for 30 sec, extension at 68°C for 3 min, and one cycle of
final extension at 68°C for 10 min. The PCR product was sub-cloned into plasmid
pcDNAS3.1/Hygro (Invitrogen) and the fidelity of the insert in the resulting plasmid,
pcDNA3.1/ DENV NS5, was verified by DNA sequencing.

Site-directed mutagenesis was employed to generate plasmid pcDNA3.1/DENV
NS5 (K371A, K372A, K387A, K388A, K389A), namely DENV NS5-K/A. Firstly, DENV
NS5 (K387A, K388A, K389A) was amplified by PCR using plasmid pcDNA3.1/DENV
NS5 as a template and nucleotide primers, 55GGA AAG AAT TAG GGG CGG CAG
CGA CAC CCA GGA TGT G 3' and 5CAC ATC CTG GGT GTC GCT GCC GCC CCT
AAT TCT TTC C 3. The PCR reaction was carried out in a GeneAmp PCR System
9700 with an initial denaturation step of 94°C for 2 min and followed by 18 cycles of
denaturation at 94°C for 30 sec, annealing at 55°C for 1 min, extension at 68°C for 18
min. The PCR product was digested with Dpnl to eliminate methylated parental DNA
template and transformed into competent E.coli strain DH5. The correct mutant clone
with K387A, K388A, K389A was verified by digestion with Fnu4HI and DNA sequencing.
Secondly, DENV NS5 (K371A, K372A, K387A, K388A, K389A), was amplified by PCR
using plasmid pcDNA3.1/DENV NS5(K387A, K388A, K389A) as a template and
nucleotide primers, 5CCG AAA GAA GGC ACG GCG GCA CTA ATG AAA ATA AC 3’
and 5GTT ATT TTC ATT AGT GCC GCC GTG CCT TCT TTC GG3'. The PCR
reaction and transformation is similar to those described previously. The correct mutant
clone with K371A, K372A, K387A, K388A, K389A, namely DENV NS5-K/A, was verified
by digestion with Fnu4HI and DNA sequencing.

HEK 293 cells were transiently transfected with pcDNA3.1 or pcDNA3.1/DENV
NS5 or pcDNA3.1/DENV NS5-K/A by Lipofectamine® 2000 transfection (Invitrogen).
Two days after transfection, the cells were collected, fixed and permeabilized with 0.1%
Triton X-100 in PBS. Re-suspended cells were blocked with DMEM containing 1% BSA

before incubation with mouse anti-FLAG (Sigma) antibody for 1 h. After incubation, the



cells were washed twice with chilled DMEM containing 1% BSA. Then, goat anti-mouse
antibody conjugated with FITC (Molecular Probes) was used as secondary antibody for
30 min. The cells were washed again and analyzed by using FACSortTNI flow cytometer
(Becton—Dickinson). HEK293 cells expressing either DENV NS5, or DENV NS5-K/A
were also tested for the presence of DENV NS5 by Western blot analysis using anti-

FLAG (Sigma).

2.3 Co-immunoprecipitation. Forty-eight h post-transfection, HEK293 cells expressing
either DENV NS5 or DENV NS5-K/A were lysed in RIPA buffer containing 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 20 mM Tris—HCI; pH 7.4, 5 mM

EDTA, and protease inhibitor cocktail. Five |lg of goat anti-Daxx antibody (Santa Cruz

Biotechnology) or 5 Llg of mouse anti-FLAG antibody were added to lysates. The
mixture was incubated with gentle rotation at 4°C for 6 h. The incubation was continued
24 h after addition of Protein G Sepharose (Amersham Pharmacia Biosciences).
Subsequently, Protein G Sepharose was collected by centrifugation at 13,000 x g for 5
min and washed twice with 0.1% Triton X-100, 150 mM NacCl, 20 mM Tris—HCI; pH 7.4,
5 mM EDTA. The bound proteins were eluted by boiling in SDS-PAGE loading buffer,
separated by SDS-PAGE, and transferred to nitrocellulose membrane. After blocking
with 5% skim milk, the membranes were incubated with either a mouse anti-FLAG
antibody or a rabbit anti-Daxx antibody followed by probing with either a rabbit anti-
mouse antibody conjugated-horseradish peroxidase (HRP) or a swine anti-rabbit
antibody conjugated-HRP (DakoCytomation) respectively. Chemiluminescent signals
generated by SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific)

were detected using a G:BOX chemiluminescence imaging system (Syngene).

2.4 Co-localization. HEK293 cells were grown on coverslips and then tranfected with
plasmid expressing either DENV NS5 or DENV NS5-K/A for 48 h. The transfected cells
were fixed with 0.1% formaldehyde in PBS, rinsed, permeabilized with 0.1% Triton X-
100 in PBS and blocked with 1% BSA. The cells were stained at RT for 1 h with both a
mouse anti-FLAG and a rabbit anti-Daxx primary antibodies, washed and incubated at
RT for 1 h with both an Alexa 488-conjugated rabbit anti-mouse Ig antibody (Molecular
Probes) and a Cy3-conjugated donkey anti-rabbit Ig antibody (Jackson Immunoresearch
Laboratories) as secondary antibodies. Fluorescent images were captured with a

confocal microscope (model LSM 510, Carl Zeiss).



2.5 Real-time RT-PCR. Total RNA from HEK293 cells expressing either DENV NS5, or

DENV NS5-K/A and cultured in the presence of 50 ng/ml TNF-OU (Santa Cruz
biotechnology) was isolated using Trizol reagent (Invitrogen). Cytokines were quantified
by real-time RT-PCR using the following primer pairs: IL-8: 5-TCC TGC AGA GGA TCA
AGA CA-3' and 5-GAG CAC TTG CCA CTG GTG TA-3' , CXCL9: 5-CAG ATT CAG
CAG ATG TGA AGG A-3’ and 5-GAA ATT CAA CTG GTG GGT GGT-3’, RANTES: 5-
CAA GGA AAA CTG GGT GCA GA-3and 5-TCT CCC GTG CAA TAT CTA GGA A-3,
respectively. The assay was performed using LightCycIer® 480 SYBR Green | Master
Mix (Roche) and a LightCycIer® 480 Instrument equipped with a 96-well thermal cycler
(Roche). Briefly, RNA samples were reverse-transcribed using the SuperScript ! First-
Strand Synthesis System (Invitrogen). Then cDNA templates were subjected to a 10-
min initial denaturation at 95°C prior to 50 cycles of PCR (95°C for 10 sec, 60°C for 10
sec, and 72°C for 20 sec) in the presence of Tag DNA polymerase and the gene-

specific primer pairs. The mRNA level was normalized with human beta-actin mRNA

using the AAct method(41).

2.6 ELISA. Production of RANTES in HEK293 cells expressing either DENV NS5 or

DENV NS5-K/A in the presence or absence of TNF-OL, was measured by Instant

ELISA® (eBioscience) according to the manufacturer's instruction.

2.7 Luciferase reporter gene assay. This technique is widely used to study eukaryotic
gene expression regulation, receptor activity, transcription factors, and intracellular
signaling. DuaI-Luciferase® Reporter Assay System was chosen to be a tool for this
study. The term of “dual reporter” refers to “experimental reporter”, which correlates with
the effect of specific experimental conditions and “control reporter”, which provides an
internal control and serves as the baseline response. These 2 reporters are
simultaneous co-transfected, expressed and measured within single sample. The
experimental reporter activity is normalized to control reporter activity to minimize
experimental variability caused by differences in cell viability or transfection efficiency.
The experimental reporter activity is due to the activity of firefly (Photinus pyralis)
luciferase whist control reporter activity is due to the activity of Renilla (Renilla
reniformis) luciferase. In this system, fiefly luciferase and Renilla luciferase are
engineered in pGL3-basic plasmid and pRL-SV40 plasmid, respectively. All steps of

luciferase reporter gene assay were performed according to the manufacturer’s



instruction. Briefly, cells were lysed with sufficient volume of Passive Lysis Buffer (PLB)
by direct adding on the cells in cultured plate. Then, cultured plate was placed on the
rocking platform with gently rocking and incubated at room temperature for 15 min. To
ensure the complete lysis, cells were gently scraped and homogenized by pipetting cells
up and down before transferring to the new sterile tube. The luciferase activities were
measured sequentially in which fiefly luciferase was firstly measured by adding its
substrate (LAR Il reagent). After quantifying the firefly luminescence, this reaction was
quenched, and the Renilla luciferase reaction was simultaneously initiated by adding
Stop & Glo® Reagent to the same tube. The Stop & GIo® Reagent stopped the activity
of fiefly luciferase and was a substrate for Renilla luciferase. The experimental reporter
activity was calculated as the formula shown below and the activity was presented as a

relative light unit (RLU).

2.8 Chromatin immunoprecipitation (ChlP) assay. To study the interaction between
protein and DNA, ChIP assay is a powerful and versatile technique used for studying
protein-DNA interactions within the natural chromatin context of the cells (42). In this

study, SimpleChIP® Emzymatic Chromatin IP Kit was applied for study the interaction
between p65 subunit of NF-KB and RANTES promoter. Steps of ChIP assay were

followed according to the manufacturer’s instruction.

2.9 Real-time PCR array

Total RNA was isolated either from HEK293T expressing DENV NS5 and HEK293T
expressing vector control. at 48 h posttransfection using the High Pure RNA isolation kit
(Roche). RNAs with an ODyg0,m/ODogonm absorbance ratio of at least 2.0 were used.
Total RNA was reverse-transcribed into cDNA using the RT2 First strand Kit
(SABiosciences), mixed with RT2 gPCR mastermix containing SYBR Green (SA
Biosciences), and aliquoted in equal volumes to each well of the real-time PCR arrays.
The Human Cytokine RT? Profiler™ PCR Array (SA Biosciences) has 84 genes related
to the cytokine pathway. The real-time PCR cycling program was run on a Roche Light
Cycler 480. The threshold cycle (Ct) of each gene was determined and subsequently
analysed by RT2 Profiler PCR Array data Analysis software

(http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php).



Results and Discussion

Part I: Expression of cytokine genes between mock-infected and DENV-infected
HepG2 cells using a real-time PCR array and the potential therapeutic agent,
namely compound A, in reduction of massive cytokine production in DENV-

infected cells.

1.1 Cytokine expression profile in DENV-infected HepG2 cells

The average percent of HepG2 cells infected with MOI of 5 at 24 h, 36 h and 48
h were 80, 92, and 90, respectively (Fig.1A, 1B). We selected DENV-infected HepG2
cells at 24 h post-infection for accessing changes in expression of cytokine genes as
DENV-infected HepG2 cells underwent cell death at 36 h and 48h post infection
(Fig.1C).
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Total RNA was prepared from mock-infected HepG2 cells or DENV-infected HepG2
cells and used to probe microarrays. Table 1 and Fig.2A demonstrated the genes

exhibiting a change in cytokine gene expression more than 2 fold.

Table 1
Gene No. Fold change Gene name Gene deseription
1 660.77 CXCLIO Chemokine (C-X-C motif) ligand 10
2 191.08 CCLs Chemokine (C-C molif} ligand 5
3 168 66 TNE-2 Tumor necrosis factor (TNF superfamily, member2)
4 141 CCla Chemokine (C-C molif} ligand 4
5 4457 CXCL3 Chemokine (C-X-C motif) ligand 3
G 2439 oXcL2 Chemokine (C-X-C motil) ligand 2
7 2291 LTR Lymphotoxin beta (TNF superfamily, member3)
H 2275 L8 Interleukin &
9 17.85 CXCLY Chemokine (C-X-C motif) ligand 1 (melanoma growth stimulating activity, alpha}
10 1401 CXCLS Chemokine (C-X-C motil) ligand 5
1 11.78 FOS Y-fos FB| murine osteosarcoma viral oncogene homaolog
12 11.46 LTA Lymphotoxin alpha (TNF superfamily, member1)
13 6.76 IL23A Interleukin 23, alpha subunit p19
14 4.02 CEBPH CCAAT]enhancer binding protein (C/EBP), beta
15 3.48 [aaks Chemokine (C-C molif} ligand 3
16 3.38 CXCLa Chemokine (C-X-C motif) ligand 9
17 2.84 NOS2A Nitric oxide synthase 24 {induable, hepatocytes)
18 2.7 TLE3 Toll-like receptor 3
19 2.46 114 Interleukin 9
20 2.5 L6 Interleukin 6 (interferon betal)
21 2.16 CCR3 Chemakine (C-C motif} receptor 3
n 2.10 ocL2 Chemokine (C-C molif} ligand 2
] 207 TNFSF14 Tumor necrosis factor (ligand) superfamily, member14
24 205 ILTF10 Interleukin 1 family, member 10 (theta)
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Figure 2

CXCL10 and TNF-QU were selected as representatives for DENV-induced cytokines in
further analyses, as CXCL10 and TNF-OQU are the highly up-regulated cytokines in
patients with DHF (11, 13, 19, 43, 44). CXCL10 is a potent chemokine elevated during
DENV infection. The early induction of CXCL10 during DENV infection plays a role in
innate immunity through the recruitment and activation of NK cells (8). However,
intrahepatic infiltrating NK and T cells cause liver cell death in DENV infection (45). Our
results demonstrated that CXCL10 mRNA and protein expression in DENV-infected
HepG2 cells are highly increased post DENV infection, respectively (Fig.2B, 3A, 3C).
Also, TNF-OL mRNA and protein expression increased significantly post DENV infection,
respectively, in DENV-infected HepG2 cells (Fig.2C, 3B, 3D) supporting the massive

cytokine secretion followed after severe DENV infection (9-12).



1.2 CpdA reduced DENV-induced CXCL10, and TNF-OL secretion in HepG2 cells
Proinflammatory cytokines in DENV infection may increase vascular
permeability, damage organs, and lead to hypovolumic shock (46). Glucocorticoids

(GCs) are among the most effective anti-inflammatory drugs. Dexamathasone was used

to inhibit TNF-QU secretion in DENV-infected monocyte cell line (47). However, the side
effects of steroidal ligands may deteriorate the patients in clinical setting. We therefore
asked whether the dissociated glucocorticoid receptor modulator, CpdA, which has no
metabolic side effects as compared to steroidal ligands, would inhibit DENV-induced
CXCL10 and TNF-OL secretion in HepG2 cells, an approach that might alleviate the
DENV-induced cytokine storm. An animal model of DENV-induced liver injury showed
the up-regulation of CXCL10. Neutralization of CXCL10 abrogated NK cell recruitment
to the liver and diminished liver cell death(45). In addition, intrahepatic CD8+ cells are
cytotoxic against DENV-infected cells (45). In vitro and in vivo models implicate TNF-CL

in DENV-induced tissue damage (12, 48, 49). CXCL10 and TNF-QL secretion form mock
or DENV-infected HepG2 cells were measured in the presence or absence of CpdA.
The results showed that CpdA significantly reduced DENV-induced CXCL10 and TNF-
QL secretion at both mRNA and protein levels in a dose-dependent manner (Fig.3A-D).
The decreased production of CXCL10 by CpdA may decrease immune cell migration,

thereby decreasing the cytokine secretion in the DENV-infected liver.
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We then asked whether CpdA would inhibit DENV-induced leukocyte migration. As
expected, CpdA reduced DENV-induced leukocyte migration about 3-fold in a dose-

dependent manner (Fig. 4A). Therefore, CpdA may have a therapeutic potential in

decreasing massive CXCL10 and TNF-QOL during DENYV infection.

1.3 CpdA reduced DENV production in HepG2 cells

The candidate for a therapeutic agent against DENV should not only decrease massive
cytokine production in DENV-infected cells, but should also decrease DENV production
in the DENV-infected cells. DENV replication in HepG2 cells activates NF-KB
concomitantly with viral protein synthesis, before the appearance of apoptotic cells (50).
We therefore asked whether CpdA, which interferes with NF-KB-driven expression,
would inhibit DENV production in HepG2 cells, an approach that might decrease the
production of DENV in infected hepatocytes. The results showed that 20 LLM of CpdA

significantly decreased yield of viral progeny a minimum of 30% and 50 LM of CpdA
significantly decreased yield of viral progeny a minimum of 70% demonstrating for the
first time that CpdA inhibited virus production in HepG2 cells (Fig. 4B). The decreased
DENV production was not from the decreased viable cells as the number of mock-
infected and DENV-infected HepG2 cells was similar at the 24 h post infection (Fig.
4C). Similar to our study, addition of reduced glutathione (GSH) to the medium of
DENV-infected HepG2 cells was also shown to inhibit activity of NF-KB thereby
decreasing DENV production(51). It is interesting to ask and further investigate why
inhibition of NF-kB decreases DENV production. This study revealed the up-regulation
of several cytokine genes, including CXCL10 and TNF-QL, during DENV infection in
HepG2 cells. CpdA reduced massive DENV-induced secretion of CXCL10 and TNF-OL
cytokines, decreased leukocyte migration and decreased DENV production in HepG2

cells. The molecular mechanisms how CpdA inhibits NF-KB signaling in DENV infection

merits further investigation.
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Part ll: Functional studies for the role of DENV NS5 in cytokine production and

inflammatory response

2.1 Identification of DENV NS5 interacting proteins by a yeast two-hybrid screen

To identify human proteins that interacted with DENV NS5, we screened over 107
clones from a HelLa cDNA library using DENV NS5 as bait. Thirty putative positive
clones were obtained. To verify the interaction, recovered prey plasmids were
introduced into yeast strain RFY 231 along with the lacZ plasmid and bait plasmid and
again tested on the indicator plates. Twelve library plasmids were purified and subjected
to DNA sequencing. BLAST analysis revealed that the twelve clones corresponded to
the proteins Daxx, Fas-associated factor 1 (FAF1), Calpain 2, Protein phosphatase 1
(PP-1), Splicing factor (SF3a), and Double-strand break repair protein (Mre11A).

The specificity of the interaction between DENV NS5 and Daxx, is shown in Fig. 5A
wherein cells containing the DENV NS5 and Daxx, exhibited galactose-dependent
leucine prototrophy and lacZ expression. Daxx has a strong transcriptional repression
activity and can bind to several transcription factors in the nucleus (52, 53). In addition,
the majority of Daxx is present in the nucleus similar to that of DENV NS5 (54, 55).

Daxx is a 740 amino acid protein that contains amino-terminal amphipathic helices



(PAH1, PAH2), a coiled-coiled domain (CC), an acidic domain (D/E), and a carboxyl-
terminal serine/proline/threonine rich domain (S/P/T). Among them, the S/P/T domain
can mediate the interaction of Daxx with numerous proteins. The region of Daxx that
interacted with DEN NS5 was verified in the prey plasmid by DNA sequencing and
BLAST analysis and the 211 carboxyl-terminal residues, which cover the S/P/T domain
than can bind to multiple proteins including DENV capsid protein in the nucleus of

DENV-infected cells, were identified (56) (Fig. 5B).

Figure 5

2.2 Interaction of DENV NS5 and Daxx in the nucleus of HEK293 cells expressing
DENV NS5

The interaction of DENV NS5 and Daxx was confirmed in mammalian HEK293
cells. Co-immunoprecipitation of DENV NS5 and Daxx was observed in HEK293 cells
expressing DENV NS5. Anti-flag antibody co-immunoprecipitated Daxx protein and,
conversely, anti-Daxx antibody co-precipitated DENV NS5 (Fig. 6A, B). Co-localization
of DENV NS5 and Daxx was evident in the nucleus of HEK293 cells expressing DENV
NS5 (Fig. 6C). These data supported the proposed interaction of DENV NS5 and Daxx
and further suggested that association occurs mainly in the nucleus of HEK293 cells

expressing DENV NS5.



Figure 6

2.3 Interaction DENV NS5 and Daxx modulates RANTES production

DENV NS5 was previously shown to enhance the production of IL-8 (27). In
addition, enhancement of TNF-O-stimulated NF-KB activation by DENV NS5 was
reported (48). In the present study, the level of DHF-associated cytokines including IL-8,
CXCL-9 and RANTES was measured in HEK293 cells expressing DENV NS5 in the

presence of TNF-QL. The mRNA expression of RANTES was significantly up-regulated
in HEK293 cells expressing DENV NS5 compared to empty vector-transfected HEK293
cells (Fig. 7A). RANTES is a member of the C-C chemokine family and its expression
was increased both in DENV-infected cell lines and DENV-infected patients (17) and

activation of RANTES production by other viral infections was reported to be regulated

by NF-KB (57, 58). Therefore, enhancement of TNF-Ol-stimulated NF-KB activation of
RANTES production may modulated by DENV NS5.

Interaction between DENV NS5 and Daxx, which normally interacts with NF-KB
(59), may modulate RANTES production. Therefore, HEK293 cells expressing either
DENV NS5 or DENV NS5-K/A were created to assess in the role of NS5 nuclear
translocation in Daxx interaction and RANTES production. Site-directed mutagenesis
was employed to generate mutant DENV NS5 (K371A, K372A, K387A, K388A, K389A),
namely DENV NS5-K/A, Whilst DENV NS5 was present in the nuclei of HEK293 cells
expressing DENV NS5, HEK293 cells expressing DENV NS5-K/A had no detectable
DENV NS5 protein in the nucleus (Fig. 6C). Secondly, co-immunoprecipitation and co-
localization of DENV NS5-K/A and Daxx was examined. Co-immunoprecipitation of
DENV NS5 and Daxx was observed only in HEK293 cells expressing DENV NS5, but
not in HEK293 cells expressing DENV NS5-K/A. Anti-flag antibody co-



immunoprecipitates Daxx protein and, conversely, anti-Daxx antibody co-precipitated
DENV NS5 in HEK293 cells expressing DENV NS5 but not in HEK293 cells expressing
DENV NS5-K/A. (Fig. 6A, B). Furthermore, co-localization of DENV NS5 and Daxx was
evident in the nucleus of HEK293 cells expressing DENV NS5 but not in HEK293 cells
expressing DENV NS5-K/A. (Fig. 6C). Finally, the RANTES production in either HEK293
cells expressing DENV NS5 or DENV NS5-K/A. was measured by real-time RT-PCR
and ELISA, respectively. As expected, both mRNA expression and RANTES production
were significantly higher in HEK293 cells expressing DENV NS5 than those in HEK293
cells expressing DENV NS5-K/A (Fig. 7B, C). This difference was not due to differences
in transfection efficiency or protein expression since DENV NS5 and DENV NS5-K/A
were expressed at similar levels as determined by immunofluorescence staining (Fig.
7D). Thus, in the absence of a functional NLS, DENV NS5 could neither translocate

into the nucleus nor interact with Daxx to increase RANTES secretion.
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As TNF-QU signaling activates NF-KB and RANTES production during DENV
infection (13, 14) and NF-KB is known to activate the RANTES promoter (58), DENV
NS5 may increase the amount of NF-KB available to activate RANTES expression

through its interaction with Daxx, which normally interacts with NF-KB (59) (Fig.8).
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Figure 8

2.4 DENV NS5 increased the amount of NF-KB available to activate RANTES
expression

To examine whether NF-KB is a major transcription factor for DENV NS5-
activated RANTES promoter, 2 binding sites of NF-KB on RANTES promoter were
mutated using PCR-based site-directed mutagenesis as described previously. DENV
NS5 plasmid was then transfected in HEK293 cells either with plasmid pGL3-basic or
with reporter plasmid contains RANTES promoter or with reporter plasmid contains
RANTES promoter with mutated NF-KB binding sites. After 48 h post transfection,
RANTES promoter activity was present in term of RLU normalized with DENV NS5 co-
transfected with empty pGL3-basic (1). Results shown are typical of three independent

experiments. The significant difference was tested with an unpaired t-fest using

GraphPad Prism 5. Figure 9 showed that when both binding sites of NF-KB on



RANTES promoter were mutated, the ability of NS5 to induce the luciferase activity

decreased approximately 12 fold compared to that of WT-RANTES promoter.

Figure 9

In this study, SimpleChIP® Emzymatic Chromatin IP Kit was applied for study the

interaction between p65 subunit of NF-KB and RANTES promoter in the presence of
DENV NS5. HEK 293 cells were transfected with DENV NS5 plasmid. After 48 h post

transfction, cells were subjected of DNA-protein cross-linking, chromatin digestion, and

cell sonication. Anti-p65 antibody was used to immunoprecipitate the NF-KB-RANTES
promoter complex. Then, RANTES promoter fragments were purified and subjected to
PCR using primers, which were specific for NF-KB binding sites on RANTES promoter.
Fig.10 A, and 10B showed the increased band intensity of NF-KB binding site on
RANTES promoter from HEK 293 cells expressing DENV NS5 immunoprecipitated by
anti-p65 (Lane 5) when compared to that from HEK 293 cells expressing empty vector
(Lane2). HEK 293 cells expressing DENV NS5 or empty vector immunoprecipited by

isotype control were shown in lane 6 and lane 3, respectively.
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2.5 DENV NS5 increased the expression of other NF-KB-regulated cytokines

We next asked whether DENV NS5 increased the expression of other NF-KB-
regulated cytokines beside RANTES. Total RNA was isolated either from HEK293T
expressing DENV NS5 and HEK293T expressing vector control at 48 h posttransfection
using the High Pure RNA isolation kit (Roche). RNAs with an ODyg0,m/OD2gonm
absorbance ratio of at least 2.0 were used. Total RNA was reverse-transcribed into
cDNA using the RT2 First strand Kit (SABiosciences), mixed with RT2 gPCR mastermix
containing SYBR Green (SA Biosciences), and aliquoted in equal volumes to each well
of the real-time PCR arrays. The Human Cytokine RT? Profiler™ PCR Array (SA
Biosciences) has 84 genes related to the cytokine pathway. The real-time PCR cycling
program was run on a Roche Light Cycler 480. The threshold cycle (Ct) of each gene
was determined and subsequently analysed by RT2 Profiler PCR Array data Analysis

software (http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php). The result
showed in Fig.11 that expression of other NF-KB-regulated cytokines including IL-10

and lymphotoxin-OL was also up-regulated. These cytokines were also shown to

correlated with dengue severity(44, 60).
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Figure 11

In conclusion, the expression of cytokine genes between mock-infected and
DENV-infected HepG2 cells was compared using a real-time PCR array. The highly up-
regulated cytokines including CXCL-10, and TNF-OL were subsequently verified at both
the mRNA and protein levels. The potential therapeutic agent, namely compound A,
was used in this study to reduce massive CXCL-10, and TNF-OL production. The
molecular mechanisms how DENV NS5 contributed to cytokine production were
characterized by several methods. Firstly, a yeast two-hybrid assay was performed to
identify host proteins interacting with DENV NS5 and a death-domain-associate protein

(Daxx), which serves as transcription repressor was identified. Nuclear NS5 interacted

with an NF-KB inhibitor, Daxx, thereby liberating NF-KB to activate RANTES promoter
as revealed by luciferase reporter assay and ChIP assay. The roles of DENV NS5 in
nuclear translocation, Daxx interaction, and RANTES production were tested and DENV

NS5 was demonstrated to interact with human Daxx to increase RANTES production. In

addition, a real-time PCR array was used and identified several putative NF-KB-

regulated cytokines beside RANTES governed by DENV NS5.
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Dengue Virus (DENV) infection is an important mosquito-borne viral disease and its clinical symptoms
range from a predominantly febrile disease, dengue fever (DF), to dengue hemorrhagic fever (DHF) and
dengue shock syndrome (DSS). Increased levels of cytokines - the so-called ‘cytokine storm’, contribute
to the pathogenesis of DHF/DSS. In this study, we compared the expression of cytokine genes between
mock-infected and DENV-infected HepG2 cells using a real-time PCR array and revealed several up-reg-
ulated chemokines and cytokines, including CXCL10 and TNF-o.. Compound A (CpdA), a plant-derived
phenyl aziridine precursor containing anti-inflammatory action and acting as a dissociated nonsteroidal
glucocorticoid receptor modulator, was selected as a candidate agent to modulate secretion of DENV-
induced cytokines. CpdA is not a glucocorticoid but has an anti-inflammatory effect with no metabolic
side effects as steroidal ligands. CpdA significantly reduced DENV-induced CXCL10 and TNF-a secretion
and decreased leukocyte migration indicating for the first time the therapeutic potential of CpdA in

decreasing massive immune activation during DENV infection.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Dengue virus (DENV) infection is a mosquito-borne viral disease
and is endemic in several countries [1]. Clinical severity of the dis-
ease ranges from a predominantly febrile disease, dengue fever
(DF), to dengue hemorrhagic fever (DHF) and dengue shock syn-
drome (DSS) [2]. The patients with DHF generally present hemor-
rhagic tendencies, plasma leakage, thrombocytopenia, and
hemoconcentration. Furthermore, hepatic dysfunction is a feature
of DENV infection [3,4]. Elevation of aminotransferases and hepatic
failure are observed in the patients with DHF/DSS [5].

Optimal levels of cytokines have anti-viral effects during DENV
infection [6-8]; however, the massive cytokine secretion following
severe DENV infection may contribute to the development of the
disease rather than protection [9-12]. Increased levels of cytokines
- the so-called ‘cytokine stormy’, which relate to the pathogenesis of

* Corresponding author. Address: Department of Anatomy, Faculty of Medicine
Siriraj Hospital, Mahidol University, Bangkok 10700, Thailand.
E-mail address: thawornchai.lim@mahidol.ac.th (T. Limjindaporn).

0006-291X/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
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severe DENV infection, are observed both in vitro and in vivo mod-
els of DENV infection [13-20].

Compound A (CpdA) or 2-(4-acetoxyphenyl)-2-chloro-N-
methyl-ethylammonium chloride, from the Namibian shrub Salsola
tuberculatiformis, is a dissociated glucocorticoid receptor (GR) li-
gand, which has an anti-inflammatory effect as steroidal ligands
but has no metabolic side effects [21-23]. CpdA favors GR
monomer formation over GR dimer formation and interferes with
NF-kB-driven expression of inflammatory cytokines [21-23].
However, CpdA cannot stimulate glucocorticoid-responsive enhan-
cer elements (GREs) in the target gene promoters. Therefore, the
metabolic side effects of steroidal ligands do not occur. CpdA was
previously shown to reduce inflammation with less side effects
in both mouse models of asthma and autoimmune neuritis [22,24].

In this study, we firstly compared the expression of cytokine
genes between mock-infected and DENV-infected HepG2 cells
using a real-time PCR array. The highly up-regulated cytokines,
including CXCL10 and TNF-o, were subsequently verified at both
the mRNA and protein levels. As expected, CpdA significantly re-
duced DENV-induced CXCL10 and TNF-a secretion indicating for
the first time that modulating the immune responses by CpdA


http://crossmark.dyndns.org/dialog/?doi=10.1016/j.bbrc.2013.05.094&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2013.05.094
mailto:thawornchai.lim@mahidol.ac.th
http://dx.doi.org/10.1016/j.bbrc.2013.05.094
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

284 A. Suttitheptumrong et al./Biochemical and Biophysical Research Communications 436 (2013) 283-288

may have a therapeutic potential in decreasing massive cytokine
production during DENV infection.

2. Materials and methods
2.1. Cell culture and infection of HepG2 cells

Up to 2 x 10° HepG2 cells were seeded in a 60 mm dish and
cultured for 24 h before infection. HepG2 cells were grown in
DMEM medium (Gibco-BRL), supplemented with 10% fetal bovine
serum (FBS), 2 mM L-glutamine, 1% non-essential amino acids,
1 mM sodium pyruvate, 100 U/ml of penicillin and streptomycin
at 37 °C in a humidified atmosphere containing 5% CO,. HepG2
cells were washed with PBS and infected with DENV serotype 2
(DENV-2) strain 16881 at a multiplicity of infection (MOI) of 5.
Cells were collected at 12, 24, 36 or 48 h post-infection. DENV
NS1 antibody staining analysed by flow cytometry demonstrated
DENV infection [25]. Cell viability was determined by the trypan
blue exclusion test [26].

2.2. Real-time PCR array

Total RNA was isolated either from mock-infected HepG2 cells
or from DENV-infected HepG2 cells at 24 h post-infection using
the High Pure RNA isolation kit (Roche). RNAs with an OD,gonm/
ODygonm absorbance ratio of at least 2.0 were used. Total RNA
was reverse-transcribed into cDNA using the RT? First strand Kit
(SA Biosciences), mixed with RT? qPCR mastermix containing SYBR
Green (SA Biosciences), and aliquoted in equal volumes to each
well of the real-time PCR arrays. The Human Cytokine RT? Profil-
er™ PCR Array (SA Biosciences) has 84 genes related to the cyto-
kine pathway. The real-time PCR cycling program was run on a
Roche Light Cycler 480. The threshold cycle (Ct) of each gene was
determined and subsequently analysed by RT? Profiler PCR Array
data Analysis software (http://pcrdataanalysis.sabiosciences.com/
pcr/arrayanalysis.php). The highly up-regulated chemokine gene,
CXCL10, and cytokine gene, TNF-o, were selected and confirmed
at the mRNA level by quantitative Real-time PCR using different
sets of primers, including CXCL10 F5' GAATCGAAGGCCATCAAGAA
3, CXCL10 R5 AAGCAGGGTCAGAACATCCA 3’; TNF-oF5
TGCTTGTTCCTCAGCCTCTT 3’, TNF-ot R 5" ATGGGCTACAGGCTTGTC-
ACT 3').

2.3. Elisa

The effect of CpdA on CXCL10 and TNF-a production was deter-
mined following infection of HepG2 cells with DENV-2 at a MOI of
5 for 2 h, washing and incubation for 24 h in the presence of PBS,
5 uM CpdA, 10 uM CpdA, 20 uM CpdA or 50 pM dexamethasone
(Dex) (Sigma Aldrich), respectively. The levels of cytokines were
then measured from CpdA-untreated and CpdA-treated DENV-
infected HepG2 cells by ELISA (R&D Systems).

2.4. Chemotaxis assay

To test the effect of CpdA on leukocyte migration, the DENV-
infected HepG2 cells were treated with CpdA as described in the
preceding experiment. The chemotaxis assay was performed using
the protocol described previously [27]. Briefly, 600 pl of cell cul-
ture supernatant collected from either CpdA-untreated or CpdA-
treated DENV-infected HepG2 cells was added to the lower cham-
bers of the transwell cassette (Corning Costar, Lowell, MA, USA). Up
to 1 x 10° monocyte THP-1 cells were added to the upper chamber
and incubated at 37 °C in 5% CO, for 6 h. A 500 pl aliquot of the
cells migrated to the lower chamber was counted by flow

cytometry in a FACCalibur acquiring events for a fixed time period
of 60s using CellQuest software (Becton Dickinson, Basel,
Switzerland).

2.5. Focus-forming unit (FFU)

Firstly, viability of mock-infected or DENV-infected HepG2
cells in the presence or absence of CpdA were first measured by
trypan blue exclusion test [26]. Secondly, DENV-infected HepG2
cells were treated with CpdA as described in the preceding exper-
iment. Focus-forming unit (FFU) was performed using the proto-
col described previously [28]. Briefly, titration of DENV was
carried out using 96-well plates. Vero cells were seeded at
3 x 10* cells/well 24 h prior to infection. Ten-fold serially diluted
culture media was added to Vero cells at room temperature (RT)
for 2 h. After adsorption, the cells were overlaid with 100 pl of
1.5% gum tragacanth containing 2% FBS in MEM before further
incubation at 37 °C for 3 days. The cultures were then fixed with
3.7% formaldehyde for 10 min at RT, treated with 1% Triton X-100
in PBS for another 10 min, washed three times with PBS, and
incubated with anti-DENV E (4G2) for 30 min at 37 °C in a humid-
ified chamber. Cells were washed with PBS and incubated with
rabbit anti-mouselgG-HRP at the dilution 1: 1000 for 30 min at
37 °C in a humidified chamber. After triple washing, the substrate
solution was added. Stained foci were visible and the reaction
was terminated by washing cells with PBS. DENV-infected foci
were counted with a light microscope and viral concentration in
the supernatant calculated as focus-forming units (FFU) per
milliliter.

2.6. Statistical analysis

All data were obtained from three independent experiments
and reported as the mean + SEM. Statistical differences between
the groups were tested with an unpaired t-test using StatView ver-
sion 5.0 and P value less than 0.05 was considered significant.

3. Results and discussion
3.1. Cytokine expression profile in DENV-infected HepG2 cells

The average percent of HepG2 cells infected with MOI of 5 at
24 h, 36 h and 48 h were 80, 92, and 90, respectively (Fig. 1A).
We selected DENV-infected HepG2 cells at 24 h post-infection for
accessing changes in expression of cytokine genes as DENV-
infected HepG2 cells underwent cell death at 36 h and 48 h post
infection (Fig. 1C). Total RNA was prepared from mock-infected
HepG2 cells or DENV-infected HepG2 cells and used to probe
microarrays. Table 1 and Fig. 2A demonstrated the genes exhibiting
a change in cytokine gene expression more than 2-fold. CXCL10
and TNF-o were selected as representatives for DENV-induced
cytokines in further analyses, as CXCL10 and TNF-a are the highly
up-regulated cytokines in patients with DHF [11,13,19,29,30].
CXCL10 is a potent chemokine elevated during DENV infection.
The early induction of CXCL10 during DENV infection plays a role
in innate immunity through the recruitment and activation of NK
cells [8]. However, intrahepatic infiltrating NK and T cells cause li-
ver cell death in DENV infection [31]. Our results demonstrated
that CXCL10 mRNA and protein expression in DENV-infected
HepG2 cells are highly increased post DENV infection, respectively
(Figs. 2B and 3A and C). Also, TNF-o. mRNA and protein expression
increased significantly post DENV infection, respectively, in
DENV-infected HepG2 cells (Figs. 2C and 3B and D) supporting
the massive cytokine secretion followed after severe DENV
infection [9-12].
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Fig. 1. DENV infection of HepG2 cells. HepG2 cells were infected with DENV serotype 2 at a MOI of 5. DENV NS1 antibody staining was performed at 12, 24, 36 and 48 h post
infection and measured by flow cytometry to show DENV infection (A and B). Cell viabilities of mock and DENV-infected HepG2 cells at the indicated times were also
determined by trypan blue exclusion test (C). The results are the average of three independent experiments.

3.2. CpdA reduced DENV-induced CXCL10, and TNF-u secretion in
HepG2 cells

Proinflammatory cytokines in DENV infection may increase vas-
cular permeability, damage organs, and lead to hypovolumic shock
[32]. Glucocorticoids (GCs) are among the most effective anti-
inflammatory drugs. Dexamethasone was used to inhibit TNF-o
secretion in DENV-infected monocyte cells [33]. However, the side
effects of steroidal ligands may deteriorate the patients in clinical
setting. We therefore asked whether the dissociated glucocorticoid
receptor modulator, CpdA, which has no metabolic side effects as
compared to steroidal ligands, would inhibit DENV-induced
CXCL10 and TNF-a secretion in HepG2 cells, an approach that
might alleviate the DENV-induced cytokine storm. An animal mod-
el of DENV-induced liver injury showed the up-regulation of
CXCL10. Neutralization of CXCL10 abrogated NK cell recruitment
to the liver and diminished liver cell death [31]. In addition, intra-
hepatic CD8+ cells are cytotoxic against DENV-infected cells [31].
In vitro and in vivo models implicate TNF-a in DENV-induced tissue
damage [12,34,35]. CXCL10 and TNF-a secretion form mock or
DENV-infected HepG2 cells were measured in the presence or ab-
sence of CpdA. The results showed that CpdA significantly reduced
DENV-induced CXCL10 and TNF-o secretion at both mRNA and
protein levels in a dose-dependent manner (Fig. 3A-D). The

decreased production of CXCL10 by CpdA may decrease immune
cell migration, thereby decreasing the cytokine secretion in the
DENV-infected liver. We then asked whether CpdA would
inhibit DENV-induced leukocyte migration. As expected, CpdA
reduced DENV-induced leukocyte migration about 3-fold in a
dose-dependent manner (Fig. 4A). Therefore, CpdA may have a
therapeutic potential in decreasing massive CXCL10 and TNF-o
during DENV infection.

3.3. CpdA reduced DENV production in HepG2 cells

The candidate for a therapeutic agent against DENV should not
only decrease massive cytokine production in DENV-infected cells,
but should also decrease DENV production in the DENV-infected
cells. DENV replication in HepG2 cells activates NF-kB concomi-
tantly with viral protein synthesis, before the appearance of apop-
totic cells [36]. We therefore asked whether CpdA, which interferes
with NF-kB-driven expression, would inhibit DENV production in
HepG2 cells, an approach that might decrease the production of
DENV in infected hepatocytes. The results showed that 20 uM
of CpdA significantly decreased yield of viral progeny a minimum
of 30% and 50 uM of Dex significantly decreased yield of viral prog-
eny a minimum of 70% demonstrating for the first time that CpdA
inhibited virus production in HepG2 cells (Fig. 4B). The decreased
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Table 1
Gene No. Fold change Gene name Gene description
1 660.77 CXCL10 Chemokine (C-X-C motif) ligand 10
2 191.08 CCL5 Chemokine (C-C motif) ligand 5
3 168.66 TNF-o Tumor necrosis factor (TNF superfamily, member2)
4 71.41 CCL4 Chemokine (C-C motif) ligand 4
5 44.57 CXCL3 Chemokine (C-X-C motif) ligand 3
6 24.39 CXCL2 Chemokine (C-X-C motif) ligand 2
7 2291 LTB Lymphotoxin beta (TNF superfamily, member3)
8 22.75 IL8 Interleukin 8
9 17.85 CXCL1 Chemokine (C-X-C motif) ligand 1 (melanoma growth stimulating activity, alpha)
10 14.01 CXCL5 Chemokine (C-X-C motif) ligand 5
11 11.78 FOS V-fos FB] murine osteosarcoma viral oncogene homolog
12 11.46 LTA Lymphotoxin alpha (TNF superfamily, member1)
13 6.76 IL23A Interleukin 23, alpha subunit p19
14 4.02 CEBPB CCAAT/enhancer binding protein (C/EBP), beta
15 3.48 CCL3 Chemokine (C-C motif) ligand 3
16 3.38 CXCL9 Chemokine (C-X-C motif) ligand 9
17 2.84 NOS2A Nitric oxide synthase 2A (inducible, hepatocytes)
18 2.77 TLR3 Toll-like receptor 3
19 2.46 IL9 Interleukin 9
20 2.23 IL6 Interleukin 6 (interferon beta2)
21 2.16 CCR3 Chemokine (C-C motif) receptor 3
22 2.10 CCL2 Chemokine (C-C motif) ligand 2
23 2.07 TNFSF14 Tumor necrosis factor (ligand) superfamily, member14
24 2.05 IL1F10 Interleukin 1 family, member 10 (theta)

Fig. 2. CXCL10 and TNF-o. were among the highly up-regulated cytokines in DENV-infected HepG2 cells. The genes exhibiting a change in cytokine gene expression more than
2-fold was shown in (A). CXCL10 (B) and TNF-a. (C) were confirmed at the transcriptional level using different set of primers in DENV-infected HepG2 cells at a MOI of 5 at
using real-time PCR at different time points. The results are the average of three independent experiments.
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Fig. 3. CpdA reduced DENV-induced CXCL10, and TNF-a secretion. HepG2 cells were infected with DENV at a MOI of 5 and incubated for 24 h in the presence of PBS, 5 pM
CpdA, 10 uM CpdA, 20 M CpdA or 50 uM Dex. The expression levels of CXCL10 and TNF-o. were then measured from CpdA-untreated and CpdA-treated DENV-infected

HepG2 cells by Real-time PCR (A and B) and ELISA (C and D), respectively. The results are the average of three independent experiments. The asterisks indicate statistically
significant differences between samples from CpdA-untreated and CpdA-treated DENV-infected HepG2 cells (*p < 0.05).

Fig. 4. CpdA reduced the yield of infectious DENV production. HepG2 cells were infected with DENV at a MOI of 5 and incubated for 24 h in the presence of PBS, 5 uM CpdA,
10 uM CpdA, 20 uM CpdA or 50 puM Dex Leukocyte migration was performed using the chemotaxis assay (A). Supernatant was sampled and analyzed for infectious DENV by
FFU assay (B). Viability of mock-infected or DENV-infected HepG2 cells in the presence or absence of CpdA was measured by trypan blue exclusion test (C). The results are the

average of three independent experiments. The asterisks indicate statistically significant differences between samples from CpdA-untreated and CpdA-treated DENV-infected
HepG2 cells (*p <0.05).
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DENV production was not from the decreased viable cells as the
number of mock-infected and DENV-infected HepG2 cells was
similar at the 24 h post infection (Fig. 4C). Similar to our study,
addition of reduced glutathione (GSH) to the medium of DENV-
infected HepG2 cells was also shown to inhibit activity of NF-xB
thereby decreasing DENV production [37]. It is interesting to ask
and further investigate why inhibition of NF-kB decreases DENV
production.

In summary, this study revealed the up-regulation of several
cytokine genes, including CXCL10 and TNF-a, during DENV infec-
tion in HepG2 cells. CpdA reduced massive DENV-induced secre-
tion of CXCL10 and TNF-o cytokines, decreased leukocyte
migration and decreased DENV production in HepG2 cells. The
molecular mechanisms how CpdA inhibits NF-kB signaling in
DENV infection merits further investigation.
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Dengue fever (DF), dengue hemorrhagic fever (DHF), and dengue shock syndrome (DSS), caused by den-
gue virus (DENV) infection, are important public health problems in the tropical and subtropical regions.
Abnormal hemostasis and plasma leakage are the main patho-physiological changes in DHF/DSS. A
remarkably increased production of cytokines, the so called ‘cytokine stormy’, is observed in the patients
with DHF/DSS. A complex interaction between DENV proteins and the host immune response contributes
to cytokine production. However, the molecular mechanism(s) by which DENV nonstructural protein 5
(NS5) mediates these responses has not been fully elucidated. In the present study, yeast two-hybrid
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Daxx assay was performed to identify host proteins interacting with DENV NS5 and a death-domain-associate
RANTES protein (Daxx) was identified. The in vivo relevance of this interaction was suggested by co-immunopre-

cCL5 cipitation and nuclear co-localization of these two proteins in HEK293 cells expressing DENV NS5.
HEK293 cells expressing DENV NS5-K/A, which were mutated at the nuclear localization sequences
(NLS), were created to assess its functional roles in nuclear translocation, Daxx interaction, and cytokine
production. In the absence of NLS, DENV NS5 could neither translocate into the nucleus nor interact with
Daxx to increase the DHF-associated cytokine, RANTES (CCL5) production. This work demonstrates the
interaction between DENV NS5 and Daxx and the role of the interaction on the modulation of RANTES
production.
© 2012 Elsevier Inc. All rights reserved.

1. Introduction hemorrhagic tendencies, plasma leakage, thrombocytopenia, and

hemoconcentration [1]. In addition, increased levels of cytokines

Dengue virus (DENV) belongs to the Flaviviridae family, which
contain a single positive-stranded RNA genome encoding a single
polypeptide precursor. Host and viral proteases cleave this polypep-
tide into three structural proteins (capsid, membrane, and enve-
lope) and seven nonstructural proteins (NS1, NS2A, NS2B, NS3,
NS4A, NS4B and NS5), respectively. Clinical symptoms of DENV
infection range from a predominantly febrile disease, dengue fever
(DF), to dengue hemorrhagic fever (DHF) and dengue shock
syndrome (DSS), which typically occurs in cases of reinfection with
a different serotype of DENV. Patients with DHF present with
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- so called ‘cytokine storm’, which relate to the pathogenesis of se-
vere DENV infection, are observed in the patients with DHF/DSS [2].

A complex interaction between DENV proteins and the host im-
mune response contributes to DHF/DSS [3-9]. Both inhibition of
the antiviral response and stimulation of cytokine production by
DENV proteins have been reported. For example, DENV NS2B3
complex, DENV NS4B and DENV NS5 contribute to the inhibition
of type I IFN response [3,5,7]. DENV NS4B and DENV NS5 also en-
hance the production of DHF-associated cytokines [8,9].

DENV NS5 is a bi-functional enzyme containing three domains
[10-12]. The N-terminus from residues 1 to 368 contains a 2’-O-
methyltransferase while the C-terminus from residues 405 to 900
contains an RNA-dependent RNA polymerase. The interdomain re-
gion contains nuclear localization sequences (NLS), which are divided
into aNLS and bNLS, respectively. Mutations in both aNLS and bNLS
result in the accumulation of DENV NS5 in the cytoplasm [13].
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In the present study, a yeast two-hybrid assay was performed to
identify host proteins interacting with DENV NS5 and a death-do-
main-associate protein (Daxx) which serves as transcription
repressor was identified. The roles of DENV NS5 in nuclear translo-
cation, Daxx interaction, and cytokine production were tested and
DENV NS5 was demonstrated to interact with human Daxx to in-
crease RANTES production.

2. Materials and methods
2.1. Yeast two-hybrid screening

Two-hybrid screening was performed by the interaction mating
method described by Finley and Brent [14]. DENV NS5 was PCR
amplified by Pfu DNA polymerase from a cDNA clone of DENV sero-
type 2 strain 16681 [15] using nucleotide primers, 5TTG ACT GTA
TCG CCG GGA ACT GGC AAC ATA3' and 5'CCG GAA TTA GCT TGG
CTG CAG CCA CAG AAC TCC TCG3'. The PCR reaction was carried
out in a GeneAmp PCR System 9700 (Applied Biosystems) with
an initial denaturation step of 94 °C for 5 min and followed by 35
cycles of denaturation at 94 °C for 45 s, annealing at 55 °C for
30 s, extension at 72 °C for 3 min, and one cycle of final extension
at 72 °C for 10 min. Subsequently, the amplified DNA was cloned
by yeast recombination [16] into the yeast expression vector
PEG-NRT [17], which was derived from pEG202 [18], and contains
a HIS3 selectable marker. The constitutive ADH promoter is used to
express DENV NS5 with the DNA binding domain protein LexA. Nu-
clear localization sequences, 5'recombination tag (5'RT), multiple
cloning site (MCS) and 3’recombination tag (3'RT) were inserted
between LexA and ADH terminator. The resulting bait plasmid,
PEG-NS5, was verified by DNA sequencing and transformed into
Saccharomyces cerevisiae strain RFY 206 (MATa his3A200 leu2-3
lys2A201 ura3-52 trp1A::hisG) containing a Lexop-lacZ reporter
plasmid, pSH18-34 [14]. A galactose inducible HeLa cell cDNA prey
library was constructed in plasmid pJZ 4-5 containing a TRP1
selectable marker and transformed into strain RFY 231 (MATa
his3 leu2::3Lexop-LEU2 ura3 trp1 LYS2) [14]. The bait strain then
was mated with the library strains and plated on galactose drop-
out medium lacking histidine, tryptophan, uracil and leucine
(gal/raf -u, -h, -w, -1) to select for diploids. The production of a
DENV NS5 binding protein by a prey plasmid was expected to acti-
vate the 3Lexop-LEU2 reporter. Putative positive clones were
patched to four indicator plates: (glu/-u, -h, -w, -1), (gal/raf -u, -h,
-w, -1), (glu/X-Gal-u, -h, -w), and (gal/raf/ X-Gal-u, -h, -w). Prey
plasmids were rescued from clones exhibiting a galactose-induc-
ible Leu® lacZ* phenotype by transformation into a Trp~ Escherichia
coli strain KC8 [14]. Putative positive library plasmids were puri-
fied and subjected to DNA sequencing and BLAST analysis.

2.2. Generation of HEK293 cells expressing DENV NS5, or DENV NS5-K/A

DENV NS5 with a C-terminal FLAG-tag was PCR amplified by Pfx
DNA polymerase (Invitrogen) from plasmid pET-DENV-2-NS5 using
nucleotide primers, 5’ACA GGATCC ACC ATG GGA ACT GGCAACATA
GGA GAG ACG3’ and 5'TGT CTC GAG TTA CTT GTC ATC GTC ATC CTT
GTA ATC CCA CAG AAC TCC TGC TTC TTC C3'. The PCR reaction was
carried out in a GeneAmp PCR System 9700 with an initial denatur-
ation step of 94 °C for 5 min and followed by 30 cycles of denatur-
ation at 94 °C for 30s, annealing at 55 °C for 30s, extension at
68 °C for 3 min, and one cycle of final extension at 68 °C for
10 min. The PCR product was sub-cloned into plasmid pcDNA3.1/
Hygro (Invitrogen) and the fidelity of the insert in the resulting
plasmid, pcDNA3.1/DENV NS5, was verified by DNA sequencing.

Site-directed mutagenesis was employed to generate plasmid
pcDNA3.1/DENV NS5 (K371A, K372A, K387A, K388A, K389A),

namely DENV NS5-K/A. Firstly, DENV NS5 (K387A, K388A,
K389A) was amplified by PCR using plasmid pcDNA3.1/DENV
NS5 as a template and nucleotide primers, 5GGA AAG AAT TAG
GGG CGG CAG CGA CAC CCA GGA TGT G3' and 5'CAC ATC CTG
GGT GTC GCT GCC GCC CCT AAT TCT TTC C3'. The PCR reaction
was carried out in a GeneAmp PCR System 9700 with an initial
denaturation step of 94 °C for 2 min and followed by 18 cycles of
denaturation at 94 °C for 30 s, annealing at 55 °C for 1 min, exten-
sion at 68 °C for 18 min. The PCR product was digested with Dpnl
to eliminate methylated parental DNA template and transformed
into competent E.coli strain DH5. The correct mutant clone with
K387A, K388A, K389A was verified by digestion with Fnu4HI and
DNA sequencing. Secondly, DENV NS5 (K371A, K372A, K387A,
K388A, K389A), was amplified by PCR using plasmid pcDNA3.1/
DENV NS5(K387A, K388A, K389A) as a template and nucleotide
primers, 5°CCG AAA GAA GGC ACG GCG GCA CTA ATG AAA ATA
AC3’ and 5'GTT ATT TTC ATT AGT GCC GCC GTG CCT TCT TTC
GG3'. The PCR reaction and transformation is similar to those de-
scribed previously. The correct mutant clone with K371A, K372A,
K387A, K388A, K389A, namely DENV NS5-K/A, was verified by
digestion with Fnu4HI and DNA sequencing.

HEK 293 cells were transiently transfected with pcDNA3.1 or
pcDNA3.1/DENV NS5 or pcDNA3.1/DENV NS5-K/A by Lipofect-
amine® 2000 transfection (Invitrogen). Two days after transfection,
the cells were collected, fixed and permeabilized with 0.1% Triton
X-100 in PBS. Re-suspended cells were blocked with DMEM con-
taining 1% BSA before incubation with mouse anti-FLAG (Sigma)
antibody for 1 h. After incubation, the cells were washed twice
with chilled DMEM containing 1% BSA. Then, goat anti-mouse anti-
body conjugated with FITC (Molecular Probes) was used as second-
ary antibody for 30 min. The cells were washed again and analyzed
by using FACSort™ flow cytometer (Becton-Dickinson). HEK293
cells expressing either DENV NS5, or DENV NS5-K/A were also
tested for the presence of DENV NS5 by Western blot analysis using
anti-FLAG (Sigma).

2.3. Co-immunoprecipitation

Forty-eight h post-transfection, HEK293 cells expressing either
DENV NS5 or DENV NS5-K/A were lysed in RIPA buffer containing
1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 150 mM Nacl,
20 mM Tris-HCl; pH 7.4, 5 mM EDTA, and protease inhibitor cock-
tail. Five micrograms of goat anti-Daxx antibody (Santa Cruz Bio-
technology) or 5 ng of mouse anti-FLAG antibody were added to
lysates. The mixture was incubated with gentle rotation at 4 °C
for 6 h. The incubation was continued 24 h after addition of Protein
G Sepharose (Amersham Pharmacia Biosciences). Subsequently,
Protein G Sepharose was collected by centrifugation at 13,000g
for 5 min and washed twice with 0.1% Triton X-100, 150 mM Nacl,
20 mM Tris-HCl; pH 7.4, 5 mM EDTA. The bound proteins were
eluted by boiling in SDS-PAGE loading buffer, separated by SDS-
PAGE, and transferred to nitrocellulose membrane. After blocking
with 5% skim milk, the membranes were incubated with either a
mouse anti-FLAG antibody or a rabbit anti-Daxx antibody followed
by probing with either a rabbit anti-mouse antibody conjugated-
horseradish peroxidase (HRP) or a swine anti-rabbit antibody con-
jugated-HRP (DakoCytomation), respectively. Chemiluminescent
signals generated by SuperSignal West Pico Chemiluminescent
Substrate (Thermo Scientific) were detected using a G:BOX chemi-
luminescence imaging system (Syngene).

2.4. Co-localization
HEK293 cells were grown on coverslips and then transfected

with plasmid expressing either DENV NS5 or DENV NS5-K/A for
48 h. The transfected cells were fixed with 0.1% formaldehyde in



400 S. Khunchai et al. / Biochemical and Biophysical Research Communications 423 (2012) 398-403

PBS, rinsed, permeabilized with 0.1% Triton X-100 in PBS and
blocked with 1% BSA. The cells were stained at RT for 1 h with both
a mouse anti-FLAG and a rabbit anti-Daxx primary antibodies,
washed and incubated at RT for 1 h with both an Alexa 488-conju-
gated rabbit anti-mouse Ig antibody (Molecular Probes) and a Cy3-
conjugated donkey anti-rabbit Ig antibody (Jackson Immunore-
search Laboratories) as secondary antibodies. Fluorescent images
were captured with a confocal microscope (model LSM 510, Carl
Zeiss).

2.5. Real-time RT-PCR

Total RNA from HEK293 cells expressing either DENV NS5, or
DENV NS5-K/A and cultured in the presence of 50 ng/ml TNF-a
(Santa Cruz biotechnology) was isolated using Trizol reagent
(Invitrogen). Cytokines were quantified by real-time RT-PCR using
the following primer pairs: IL-8: 5'-TCC TGC AGA GGA TCA AGA
CA-3' and 5'-GAG CAC TTG CCA CTG GTG TA-3’, CXCL9: 5'-CAG
ATT CAG CAG ATG TGA AGG A-3' and 5-GAA ATT CAA CTG GTG
GGT GGT-3/, RANTES: 5-CAA GGA AAA CTG GGT GCA GA-3’and
5'-TCT CCC GTG CAA TAT CTA GGA A-3’, respectively. The assay
was performed using LightCycler® 480 SYBR Green I Master Mix
(Roche) and a LightCycler® 480 Instrument equipped with a 96-
well thermal cycler (Roche). Briefly, RNA samples were reverse-
transcribed using the SuperScript! First-Strand Synthesis System
(Invitrogen). Then cDNA templates were subjected to a 10-min ini-
tial denaturation at 95 °C prior to 50 cycles of PCR (95 °C for 105,
60 °C for 10 s, and 72 °C for 20 s) in the presence of Tag DNA poly-
merase and the gene-specific primer pairs. The mRNA level was
normalized with human beta-actin mRNA using the AACt method
[19].

2.6. Enzyme-linked immunosorbent assay (ELISA)

Production of RANTES in HEK293 cells expressing either DENV
NS5 or DENV NS5-K/A in the presence of TNF-a, was measured
by Instant ELISA® (eBioscience) according to the manufacturer’s
instruction.

A
DENV NS5 EmptyV DENV NS1
Daxx
glu/X-Gal-u, -h, -w
Daxx
glu/-= u, -h, -w, -l
B
PAH1 PAH2 cc D/E

3. Results and discussion

3.1. Identification of DENV NS5 interacting proteins by a yeast two-
hybrid screen

To identify human proteins that interacted with DENV NS5, we
screened over 107 clones from a HeLa cDNA library using DENV
NS5 as bait. Thirty putative positive clones were obtained. To verify
the interaction, recovered prey plasmids were introduced into
yeast strain RFY 231 along with the lacZ plasmid and bait plasmid
and again tested on the indicator plates. Twelve library plasmids
were purified and subjected to DNA sequencing. BLAST analysis re-
vealed that the twelve clones corresponded to the proteins Daxx,
Fas-associated factor 1 (FAF1), Calpain 2, Protein phosphatase 1
(PP-1), Splicing factor (SF3a), and Double-strand break repair pro-
tein (Mre11A).

The specificity of the interaction between DENV NS5 and Daxx,
is shown in Fig. 1A wherein cells containing the DENV NS5 and
Daxx, exhibited galactose-dependent leucine prototrophy and lacZ
expression. Daxx has a strong transcriptional repression activity
and can bind to several transcription factors in the nucleus
[20,21]. In addition, the majority of Daxx is present in the nucleus
similar to that of DENV NS5 [22,23]. Daxx is a 740 amino acid pro-
tein that contains amino-terminal amphipathic helices (PAH1,
PAH2), a coiled-coiled domain (CC), an acidic domain (D/E), and
a carboxyl-terminal serine/proline/threonine rich domain (S/P/T).
Among them, the S/P/T domain can mediate the interaction of
Daxx with numerous proteins. The region of Daxx that interacted
with DEN NS5 was verified in the prey plasmid by DNA sequencing
and BLAST analysis and the 211 carboxyl-terminal residues, which
cover the S/P/T domain than can bind to multiple proteins includ-
ing DENV capsid protein in the nucleus of DENV-infected cells,
were identified [24] (Fig. 1B).

3.2. Interaction of DENV NS5 and Daxx in the nucleus of HEK293 cells
expressing DENV NS5

The interaction of DENV NS5 and Daxx was confirmed in mam-
malian HEK293 cells. Co-immunoprecipitation of DENV NS5 and

DENV NS5 EmptyV  DENV NS1

gal/raf/ X-Gal-u, -h, -w

gal/raf -u, -h, -w, -I

S/P/T rich domain

DENV NS5-binding(529-740)

Fig. 1. DENV NS5-human Daxx interaction in a yeast two-hybrid system. (A) Yeast strain RFY231 was co-transformed with a bait plasmid, a Daxx prey plasmid and lacZ
reporter plasmid. The bait plasmids used were pEG-NS5, expressing the lexA-DEN NS5 fusion protein, the empty bait plasmid pEG202, or an unrelated bait plasmid pEG-NS1
(DENV NS1). A specific interaction was indicated by galactose-dependent B-galactosidase expression, as evidenced by blue colonies on the galactose containing X-Gal plate
and white colonies on the glucose containing X-Gal plate, and by galactose-dependent growth on the leucine deficient plate. (B) The region of Daxx that interacted with DEN
NS5 was the 211 carboxyl-terminal residues, a region which binds multiple cellular proteins.
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Fig. 2. Interaction between DENV NS5 and human Daxx. (A) Lysates of HEK293 cells expressing DENV NS5 or DENV NS5-K/A were immunoprecipitated with a mouse anti-
FLAG antibody. Immune complexes were detected by Western blot analysis using either a mouse anti-FLAG or a rabbit anti-Daxx antibodies. Lane 1, and 4: input; Lane 2, and
5: IP with no antibody; Lane 3 and 6: IP with anti-FLAG antibody. (B) Lysates of HEK293 cells expressing DENV NS5 or DENV NS5-K/A were immunoprecipitated with a rabbit
anti-Daxx antibody. Immune complexes were detected by Western blot analysis using either a mouse anti-FLAG antibody or a rabbit anti-Daxx antibody. Lane 1, and 4: input;
Lane 2, and 5: IP with no antibody; Lane 3 and 6: IP with anti-Daxx antibody. (C) HEK293 cells expressing DENV NS5 or DENV NS5-K/A were fixed and immunostained with
rabbit anti-Daxx antibody (panel a, d, and g) and mouse anti-FLAG antibody (panel b, e, and h). The merged image (panel c, f, and i) demonstrated co-localization between
DENV NS5 and Daxx.

Fig. 3. Interaction between DENV NS5 and human Daxx modulates RANTES production. (A) The amount of mRNA of DHF-associated cytokines was measured in HEK293 cells
expressing DENV NS5 in the presence of TNF-o. Relative gene expression (fold change) was determined by real-time PCR using primers specific to IL-8, CXCL-9 and RANTES.
The results are the average of three independent experiments. The asterisks indicate statistically significant differences between HEK293 cells expressing DENV NS5 and
empty vector (*p < 0.05). (B) The mRNA expression of RANTES was measured in HEK293 cells expressing DENV NS5 in the presence of TNF-o. Relative gene expression (fold
change) of RANTES was determined by real-time PCR. The results are the average of three independent experiments. The asterisks indicate statistically significant differences
between HEK293 cells expressing DENV NS5 and DENV NS5-K/A (*p < 0.05, **p < 0.01). (C) The production of RANTES was measured by ELISA in HEK293 cells expressing DENV
NS5 in the presence of TNF-o. The results are the average of three independent experiments. The asterisks indicate statistically significant differences between HEK293 cells
expressing DENV NS5 and DENV NS5-K/A (*p < 0.05, **p < 0.01). (D) The expression of DENV NS5 or DENV NS5-K/A was determined by flow cytometry using a mouse anti-
FLAG antibody.
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Daxx was observed in HEK293 cells expressing DENV NS5. Anti-
flag antibody co-immunoprecipitated Daxx protein and, con-
versely, anti-Daxx antibody co-precipitated DENV NS5 (Fig. 2A
and B). Co-localization of DENV NS5 and Daxx was evident in the
nucleus of HEK293 cells expressing DENV NS5 (Fig. 2C). These data
supported the proposed interaction of DENV NS5 and Daxx and
further suggested that association occurs mainly in the nucleus
of HEK293 cells expressing DENV NS5.

3.3. Interaction DENV NS5 and Daxx modulates RANTES production

DENV NS5 was previously shown to enhance the production of
IL-8 [9]. In addition, enhancement of TNF-a-stimulated NF-xB acti-
vation by DENV NS5 was reported [25]. In the present study, the
level of DHF-associated cytokines including IL-8, CXCL-9 and RAN-
TES was measured in HEK293 cells expressing DENV NS5 in the
presence of TNF-o.. The mRNA expression of RANTES was signifi-
cantly up-regulated in HEK293 cells expressing DENV NS5 com-
pared to empty vector-transfected HEK293 cells (Fig. 3A).
RANTES is a member of the C-C chemokine family and its expres-
sion was increased both in DENV-infected cell lines and DENV-in-
fected patients [26] and activation of RANTES production by other
viral infections was reported to be regulated by NF-xB [27,28].
Therefore, enhancement of TNF-a-stimulated NF-kB activation of
RANTES production may modulated by DENV NS5.

Interaction between DENV NS5 and Daxx, which normally
interacts with NF-kB [29], may modulate RANTES production.
Therefore, HEK293 cells expressing either DENV NS5 or DENV
NS5-K/A were created to assess in the role of NS5 nuclear translo-
cation in Daxx interaction and RANTES production. Site-directed
mutagenesis was employed to generate mutant DENV NS5
(K371A, K372A, K387A, K388A, K389A), namely DENV NS5-K/A,
Whilst DENV NS5 was present in the nuclei of HEK293 cells
expressing DENV NS5, HEK293 cells expressing DENV NS5-K/A
had no detectable DENV NS5 protein in the nucleus (Fig. 2C). Sec-
ondly, co-immunoprecipitation and co-localization of DENV NS5-
K/A and Daxx was examined. Co-immunoprecipitation of DENV
NS5 and Daxx was observed only in HEK293 cells expressing DENV
NS5, but not in HEK293 cells expressing DENV NS5-K/A. Anti-flag
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antibody co-immunoprecipitates Daxx protein and, conversely,
anti-Daxx antibody co-precipitated DENV NS5 in HEK293 cells
expressing DENV NS5 but not in HEK293 cells expressing DENV
NS5-K/A. (Fig. 2A and B). Furthermore, co-localization of DENV
NS5 and Daxx was evident in the nucleus of HEK293 cells express-
ing DENV NS5 but not in HEK293 cells expressing DENV NS5-K/A.
(Fig. 2C). Finally, the RANTES production in either HEK293 cells
expressing DENV NS5 or DENV NS5-K/A. was measured by real-
time RT-PCR and ELISA, respectively. As expected, both mRNA
expression and RANTES production were significantly higher in
HEK293 cells expressing DENV NS5 than those in HEK293 cells
expressing DENV NS5-K/A (Fig. 3B and C). This difference was
not due to differences in transfection efficiency or protein expres-
sion since DENV NS5 and DENV NS5-K/A were expressed at similar
levels as determined by immunofluorescence staining (Fig. 3D).
Thus, in the absence of a functional NLS, DENV NS5 could neither
translocate into the nucleus nor interact with Daxx to increase
RANTES secretion.

As TNF-a signaling activates NF-kB and RANTES production
during DENV infection [2,30] and NF-kB is known to activate the
RANTES promoter [28], DENV NS5 may increase the amount of
NF-kB available to activate RANTES expression through its interac-
tion with Daxx, which normally interacts with NF-xB [29] (Fig. 4).
The molecular mechanisms that control the competitive binding of
DENV NS5, Daxx, and NF-kB require further investigation. How-
ever, this work is the first to demonstrate the in vivo interaction be-
tween DENV NS5 and Daxx and its role in modulating RANTES
production.
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Abstract

The four divergent serotypes of dengue virus are the causative agents of dengue fever, dengue hemorrhagic fever and
dengue shock syndrome. About two-fifths of the world’s population live in areas where dengue is prevalent, and thousands
of deaths are caused by the viruses every year. Dengue virus is transmitted from one person to another primarily by the
yellow fever mosquito, Aedes aegypti. Recent studies have begun to define how the dengue viral proteins interact with host
proteins to mediate viral replication and pathogenesis. A combined analysis of these studies, however, suggests that many
virus-host protein interactions remain to be identified, especially for the mosquito host. In this study, we used high-
throughput yeast two-hybrid screening to identify mosquito and human proteins that physically interact with dengue
proteins. We tested each identified host protein against the proteins from all four serotypes of dengue to identify
interactions that are conserved across serotypes. We further confirmed many of the interactions using co-affinity
purification assays. As in other large-scale screens, we identified some previously detected interactions and many new ones,
moving us closer to a complete host — dengue protein interactome. To help summarize and prioritize the data for further
study, we combined our interactions with other published data and identified a subset of the host-dengue interactions that
are now supported by multiple forms of evidence. These data should be useful for understanding the interplay between
dengue and its hosts and may provide candidates for drug targets and vector control strategies.
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Introduction during which the virus disseminates from the midgut and
proliferates in salivary glands, the mosquito is capable of infecting
another person [1,7,8]. Because of the essential role of the
mosquito in the virus transmission cycle, a number of efforts to
combat dengue have focused on vector control strategies [1,9-13].

A better understanding of how dengue interacts with its mosquito

Infection with one of the four serotypes of dengue virus can
result in dengue fever and the life-threatening sequalae, dengue
hemorrhagic fever and dengue shock syndrome [l]. Dengue
infects as many as 50 million people each year, resulting in
thousands of deaths, especially in children [2]. Currently, there is
no effective antiviral drug available and intense efforts to develop a
vaccine are still ongoing [2-4]. About 2.5 billion people around
the world live in areas where there is a significant risk of dengue
infection and recently the virus has expanded into areas where it

host to allow replication and dissemination would be helpful in the
development of these strategies.

Dengue belongs to the Flaviviridae family, which includes the
West Nile and Yellow fever viruses [14]. There are four distinct
serotypes of dengue virus (DENV1-4), which are as different from

previously did not exist or had been eradicated [5,6]. Dengue is an
arthropod-borne virus (arbovirus) that is transmitted by mosquito
vectors, primarily the urban-dwelling species Aedes aegypti [1].
Mosquitoes become infected by taking a blood meal from an
infected human, and after an incubation period of 7-14 days,
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each other as are other separately classified viruses, such as the
West Nile and Japanese Encephalitis viruses [15,16]. Here we will
refer to all serotypes generically as dengue virus unless we are
talking about a specific serotype. The dengue viral genomes consist
of a positive single-stranded RNA encoding ten proteins; capsid
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(C), membrane protein (M), envelope protein (E), and seven
nonstructural proteins, NS1, NS2A, NS2B, NS3, NS4A, NS4B
and NS5 [17]. These proteins are translated as a polyprotein
(Figure 1A), which is cleaved into individual proteins during
maturation by the host proteases furin and signalase on the
lumenal side of the ER, and by the dengue NS2B/NS3 protease
complex on the cytoplasmic side [17,18]. A mature virion contains
a molecule of viral RNA encapsulated in capsid and enveloped by
a membrane that contains M and E proteins [17]. NS5 is a large
multifunctional protein with a C-terminal RNA-dependent-RNA
polymerase domain that is required for viral replication [19] and
an N-terminal methyltransferase domain required for RNA
capping [20]. The functions of the remaining nonstructural
proteins, NS1, NS2A, NS4A and NS4B, are less well understood.
A number of functional studies, however, have shown that these
proteins are involved in dengue pathogenesis and immune
response in humans. Individual expression of NS2A, NS4A, or
NS4B proteins, for example, can enhance replication of an
mterferon (IFN)-sensitive virus and down-regulate the expression
of IFN-B-stimulated reporter genes, suggesting that these proteins
contribute to inhibition of the IFN-mediated viral defense system
[21]. NS5 also inhibits expression of IFN-stimulated genes [22].
NS1, which is a secreted protein, contributes to immune evasion at
least in part by interfering with the complement system [23,24].
Although viral replication and maturation occur in the cytoplasm,
endoplasmic reticulum, and Golgi apparatus [17], the capsid and
NS5 proteins are also detected in the nucleus [25-27]. The
potential nuclear roles of these proteins are poorly understood
[28,29].

A more detailed picture of how dengue virus interacts with its
hosts has begun to emerge from studies aimed at identifying
interactions between dengue proteins and host proteins. Several
studies have focused on specific genes or pathways that relate to
dengue pathogenesis. For example, an interaction between dengue
capsid and human Death-domain Associated protein (DAXX) was

Expanding the Dengue-Host Interactome

identified and shown to increase Fas-mediated and CD137-
meditated apoptosis of liver cells [25,30,31]. In another example,
NS5 was found to bind either directly or indirectly to the critical
IFN signaling pathway transcription factor, Signal Transducer and
Activator of Transcription 2 (STAT2) leading to STAT2
degradation [22,32]. Meanwhile, several recent large-scale studies
have identified novel dengue-host protein interactions. Khadka et
al., used vyeast two-hybrid screens to identify 139 protein
interactions involving 105 human liver proteins and fragments of
eight dengue serotype 2 proteins [33]. They went on to show that
RNAi-mediated knock down of a few of these human proteins
mnhibited a dengue replicon suggesting that these host factors may
be important for the dengue life cycle. In another study, Le Breton
et al., used yeast two-hybrid screens to identify interactions
involving 108 human proteins and the NS3 and NS5 proteins from
dengue serotype 2 and several other flaviviruses [34]. In yet
another study, a bacterial two-hybrid screen was used to detect 31
dengue-interacting human proteins [35]. To date, however, no
large-scale two-hybrid screens have been reported to detect
dengue-mosquito protein interactions. In the largest study
reported thus far for mosquito proteins, Colpitts et al., used
tandem affinity purification assays in an Aedes albopictus cell line to
identify protein interactions involving 19 mosquito proteins and
four dengue proteins including capsid, envelope protein, NS2A,
and NS4B [36]. Several of the mosquito proteins were histones
and in a follow-up study the same group reported that dengue
capsid can interfere with nucleosome assembly in human liver cells
[29]. Computational approaches have also been used to predict
dengue-host protein interactions. Doolittle et al., for example,
predicted 4,376 human-dengue and 176 mosquito-dengue protein
interactions based on structural similarity between dengue proteins
and host proteins [37]. In another study a number of interactions
were predicted between mosquito and dengue proteins or RNA
based on potential conservation of host-flavivirus interactions [38].

Figure 1. Dengue virus proteins. (A) The dengue polyprotein in the ER membrane prior to processing. (B) The coding regions for the fourteen
dengue virus proteins and partial peptides shown were separately cloned into yeast two-hybrid plasmids.

doi:10.1371/journal.pone.0053535.g001
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Despite the valuable insights that can be derived from protein
interactions, the available data suggest that the dengue-host
interactome is still noisy and incomplete. Protein interaction data
from high throughput screens and even from literature-curated
databases can include many false positive interactions that have no
biological relevance [39-41]. One way to address this problem is
to focus on interactions detected by multiple independent
experiments because those interactions are more likely to be
biologically relevant [42-50]. However, very few dengue-host
protein interactions have been identified in more than one
experiment. For example, the large-scale two-hybrid screens
[33,34] detected only one interaction in common (between NS5
and human Matrin 3) and only one previously published
interaction (between NS5 and human STAT2 [22,32]). Colpitts
et al., identified only one mosquito-dengue protein interaction,
between NS2A  and myelin  protein  expression factor
(AAEL003670) [36], that was also predicted by Doolittle et al
[37]. The lack of overlap between different large-scale datasets is
likely due in part to false positives that are detected in one screen
but not another. However, even most of the interactions that have
been confirmed and functionally validated were detected in only
one study, suggesting that the screens also have high false negative
rates. Thus, additional large-scale screens may be used to identify
new protein interactions and to provide additional evidence for
previously identified interactions. In this study, we used yeast two-
hybrid screens to identify interactions between proteins from
dengue virus and its hosts, mosquito and human. We indepen-
dently tested most of the interactions by co-purification from insect
cells. Furthermore, we tested interactions of host proteins against
all four serotypes of dengue virus to identify either serotype-
specific or serotype-independent interactions. Our data help define
a more complete dengue-host interactome. When combined with
the data from previous studies, the data presented here provide a
higher confidence set of dengue-host protein interactions support-
ed by multiple forms of evidence.

Results and Discussion

Intraviral protein-protein interactions

To 1identify interactions with dengue proteins we subcloned
open reading frames (ORFs) from dengue virus serotype 2 (strain
16681) into the yeast two-hybrid bait vector for expression of the
proteins with an N-terminal LexA DNA binding domain (DBD).
We constructed a total of 14 baits (Figure 1B). These included
baits for all ten full-length dengue proteins: nascent capsid protein
(C), precursor of membrane protein (PrM), E, NS1, NS2A, NS2B,
NS3, NS4A, NS4B and NS5. These ten proteins are individually
cleaved from the viral polypeptide during maturation [17,51,52].
We also constructed baits for mature capsid protein (CV) [53],
mature membrane protein (M) [54], domain III of envelope
protein (Eiii), and a fragment of NS3 lacking the N-terminal 160
amino acids (NS3A1-160) (Figure 1B). We subcloned the same 14
dengue ORFs into the yeast two-hybrid activation domain (AD)
vector. This enabled us to test for interactions among the 14
dengue proteins. We used a two-hybrid matrix mating assay to test
all 14 DBD fusion proteins against all 14 AD fusion proteins
(Materials and Methods). We detected interactions between NS5
and both NS3 and NS3A1-160 (Figure S1). The interaction
between NS5 and the C-terminal region of NS3, which contains
the helicase domain, was previously demonstrated by yeast two-
hybrid and co-immunoprecipitation assays [27,55] and NS3 was
shown to be associated with cytoplasmic NS5 in dengue-infected
cells [56]. The complex of NS3 and NS5 may be essential for viral
replication since NS3 contributes the helicase to unwind a viral
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dsRNA intermediate allowing NS5 to synthesize a new RNA
molecule. We also detected an interaction between the NS5 DBD
and NS5 AD clones suggesting a homodimer. An NS5 homodimer
was also observed in another yeast two-hybrid study [57]. No
other novel interactions were detected. We failed to detect
previously reported interactions between NS2B and NS3 [58] or
between PrM and E, which were originally detected by co-
purification assays and not by yeast two-hybrid [27,58,59]. It was
not possible to detect the interaction corresponding to that
reported between the precursor proteins NS2B-NS3 and NS4B-
NS5 [60] because we did not express these fusion proteins or co-
express NS2B with NS3, or NS4B with NS5 in our screen.

Dengue-mosquito protein-protein interactions

To identify mosquito proteins that interact with dengue
proteins, we constructed a yeast two-hybrid AD library for Aedes
aegypti using mRNA pooled from ten stages of development
ranging from egg to adult (see Materials and Methods). We used a
library mating assay to screen the mosquito library with each of 14
individual dengue bait proteins (Materials and Methods). To verify
two-hybrid interactions, we subcloned the mosquito cDNAs from
initial positives into new AD vectors and retested for interaction
with the original dengue bait proteins. At the same time we tested
for interactions with baits unrelated to the dengue baits to identify
proteins that may nonspecifically interact with random proteins. In
all we identified 102 interactions that were reproducible and
specific by this definition (Table S1). These interactions involved
eight viral bait proteins representing C, NS3, NS5, or variants of
these proteins and PrM (Table 1). We did not find mosquito
proteins interacting with the membrane proteins M, E, NS2A and
NS2B, or with the luminal proteins Eiii and NSI1. This is likely
because these proteins are unable to locate or fold properly in the
yeast nucleus, consistent with data from other large-scale two-
hybrid screens that are generally depleted for membrane proteins
[42,61,62]. None of the mosquito-dengue interactions that we
identified had previously been identified.

The 102 interactions involved 93 unique mosquito proteins, 58
of which have clear human orthologs. Two of the mosquito-
dengue interactions that we detected had been previously detected
for the human orthologs (Table S2). These included NS5
interactions with the mosquito E3 ubiquitin ligase Seven In
Absentia (AAEL009614) and the human Seven In Absentia
Homolog, SIAH2 (ENSG00000181788), which was previously
detected by Le Breton et al. [34]; and the interactions between
NS5 and mosquito Paramyosin (AAEL010975) and human
cingulin like-1 (ENSG00000128849) previously detected by
Khadka et al [33]. None of the other mosquito-dengue interac-

Table 1. Number of host interactors for each dengue protein
identified in this study by yeast two-hybrid screens.

Dengue Protein Mosquito Human
C 16 20
PrM/M 1 0

NS3 34 15
NS4A 1 0

NS4B 1 0

NS5 49 11

E, NS1, NS2A, NS2B 0 0

doi:10.1371/journal.pone.0053535.t001
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tions that we detected have human-dengue counterparts found in
other studies. While some of these may be genuine species-specific
dengue interactions, it is also likely that the lack of overlap with
previous studies is largely due to differences in the techniques and
libraries used. We used library screening and directed assays
(described further below), to detect 9 additional human-dengue
interactions that correspond to 8 of the mosquito-dengue
Interactions, indicating that at least some of the mosquito-dengue
interactions may be conserved (Table S1). It has been reported
that some human proteins interact with proteins from a range of
different viruses, perhaps because these human proteins are
common viral targets or part of common cellular responses to viral
infections [33,63]. We found that 15 of the mosquito proteins that
we identified have human orthologs that interact with other viral
proteins (Table S2). These include several that could be considered
conserved interactions or interologs because they involve ortho-
logous proteins from Hepatitis C virus (HCV). For example, we
detected an interaction between dengue NS3 and mosquito titin
(AAEL002565), an ortholog of human obscurin (OBSCN), which
was shown to interact with HCV NS3 in a large-scale two-hybrid
screen [64]. Similarly, we detected an interaction between NS3
and mosquito nucleosome assembly protein (AAEL005567), an
ortholog of human Nucleosome Assembly Protein 1-Like 1
(NAP1L1), which was shown to interact with HCV NS3 [64].
The NS3 proteins from both dengue and HCV contain serine
protease and RNA helicase domains and function similarly during
the maturation of the viruses [17].

We looked at the expression data available for the mosquito
genes that we identified. Several studies have examined the
transcription response of mosquito tissues or cells to infection with
dengue [65-67]. We found that genes for relatively few of the
dengue interacting proteins appeared to be regulated in response
to dengue infection. Among the transcripts that were modestly
downregulated in the mosquito carcass in response to dengue [66],
were four encoding NS3 interactors: three heat shock proteins
(AAELO014845, AAEL014843, AAELO11708) and an uncharacter-
ized ATPase (AAEL010585) that is orthologous to human valosin
containing protein (VCP or p97). Interestingly, VCP, which is
involved in protein processing in the endoplasmic reticulum
[68,69], is also required for replication of poliovirus [70] and has
been linked to the pathogenesis of hepatitis B virus [71]. None of
the dengue interactors were shown to be regulated in midgut after
infection [65]. Another study identified genes that are regulated in
response to dengue infection in salivary glands, a key site of
secondary infection in the mosquito [67]. Transcripts for two of
the interactors are upregulated by dengue in the salivary gland,
including one of the NS3-interacting heat shock proteins
(AAELO14843) and a carboxypeptidase (AAEL010782) that
interacted with capsid. Expression studies have found that genes
associated with the innate immune response are regulated in
response to dengue infection, including genes in the Toll-like
receptor pathway and the JAK/STAT pathway [66]. We did not
identify interactions involving any of these regulated genes.
However, we did find that NS3 and NS5 interacted with
endoplasmin (AAEL012827), a heat shock protein in the
endoplasmic reticulum. Transcripts for endoplasmin are highly
enriched in the salivary gland [67]. Endoplasmin, also known as
gp96, is a chaperone required for proper folding of Toll-like
receptors [72-74]. It is tempting to speculate that the interactions
of endoplasmin with NS3 and NS5 may be a primary step in the
innate immune response to dengue infection, or in the virus’s
attempt to circumvent the response.

In all we identified 34 NS3-interacting mosquito proteins. To
explore the NS3 domains that may interact with the host proteins,
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we tested all of them against both full-length NS3 and NS3A1-160
(Table S3). As expected, all of the host proteins interacted with
full-length NS3, including the three proteins that were originally
isolated with NS3A1-160. Interestingly, most host proteins also
interacted with NS3A1-160, indicating that they interact with the
C-terminal half of NS3, which contains the helicase domain. Five
host proteins were incapable of interacting with NS3A1-160,
suggesting that they require the N-terminal protease domain of
NS3 for interaction (Table S3). The NS3-interacting proteins were
enriched for proteins with the gene ontology annotation ‘“‘response
to stress” and for proteins with the domain “heat shock protein”
(Table S4), primarily because they include several heat shock
proteins. Human Hsp90 and Hsp70 have been found in the
dengue virus receptor complex [75], but no intracellular role for
heat shock proteins during virus replication has been reported.

We identified 49 NS5-interacting mosquito proteins. The top
enriched domains among these interactors were associated with
myosin, found in non-muscle or smooth muscle myosin heavy
chain (AAEL005656 and AAEL005733), myosin v (AAEL009357),
long form paramyosin (AAEL010975), and a hypothetical protein
(AAELO14104) (Table S4). Although there is no evidence linking
myosin and NS5, myosin Vc was reported to be involved in the
release of dengue virus from HepG2 cells [76]. Colpitts et al.,
detected several myosin proteins by co-affinity purification from
mosquito cells; however, NS5 was not used in their study [36].

We identified 16 capsid-interacting mosquito proteins. Three of
these were identified using the anchored capsid bait that contained
the C-terminal membrane-spanning domain, while the others
were identified using the mature capsid bait. We tested all of the
capsid-interacting proteins to see if they were capable of
interacting with each capsid bait protein and found that all but
two proteins were capable of interacting with both baits (Table
S5). The two-hybrid reporter activity was generally less with the
anchored capsid compared to the mature capsid, which could
explain our failure to isolate these proteins with the anchored
capsid bait even though they were capable of interacting with it.
This could be due to a lower expression level of the anchored
capsid or to the impaired ability of the membrane domain to enter
the yeast nucleus and fold properly. The capsid-interacting
mosquito proteins are enriched for “nucleic acid binding” proteins
and proteins with “Zn finger” domains (Table S4). Among the
nucleic acid binding capsid-interacting proteins we three poten-
tially RNA-binding proteins according to the functions of their
human orthologs: a hypothetical protein (AAEL011985), putative
myosin I (AAEL003676), and DEAD box ATP-dependent RNA
helicase (AAEL009285). Moreover, the top protein domain
enriched among the capsid interactors was the “G-patch” domain,
which functions as an RNA-binding domain found in mRNA
processing proteins and some retroviruses [77,78]. Since dengue
capsid also directly binds to viral genomic RNA [79], it may be
interesting to investigate whether interaction between capsid and
G-patch proteins has any role in packaging the genome into the
viral particle.

Dengue-human protein-protein interactions

While dengue-human protein interactions have been explored
more extensively than dengue-mosquito protein interactions, the
lack of overlap among validated interactions from different screens
suggests that the dengue-human interactome is still incomplete. To
complement the dengue-mosquito interactome and other dengue-
human studies, we conducted two-hybrid screens using the 14
dengue protein baits (Figure 1B) and a cDNA library from human
peripheral blood leukocytes (PBL). PBL contains a population of
cells of the mononuclear phagocyte lineage, which are the primary

January 2013 | Volume 8 | Issue 1 | e53535



target of dengue virus infection in human [80-82]. The library
screens and the reproducibility and specificity tests were conducted
as in the mosquito library screens (Materials and Methods).
Similar to the mosquito library screen, we did not find human
proteins interacting with M, E, NS1, NS2A, NS4A and NS4B; nor
did we find interactors for PrM. In total we identified 46
reproducible specific interactions between 35 human proteins and
five bait proteins representing variants of dengue C, NS3, and NS5
(Table 1 and Table S6). Only six of the interactions had previously
been detected or predicted (Table S6). These included two
interactions (Capsid — Beta Hemoglobin (HBB) and Capsid -
Ribosomal Protein L5 (RPL5)) that had been predicted based on
structural similarity between dengue virus and host proteins [37]
and four interactions (NS3 — Nuclear Factor of Kappa light
polypeptide gene enhancer in B-cells Inhibitor, Alpha (NFKBIA),
NS3 — Nuclear Receptor Binding Protein 1 (NRBP1), NS3 —
Golgin Bl (GOLGBI), and NS5 — Rab Interacting Lysosomal
Protein-Like 2 (RILPL2)) that were identified in separate two-
hybrid screens [33,34,83].

Our library screens identified four putative conserved interac-
tions, where both human and mosquito orthologs were identified
as interacting with the same dengue proteins (Table S1). 54 out of
the remaining 93 mosquito genes that we identified have human
orthologs that we failed to isolate in screens of the human PBL
library. Our failure to isolate human orthologs of these 54
mosquito genes could be because they are missing from the PBL
c¢DNA library, or because the human orthologs actually do not
interact with dengue proteins. To distinguish between these
possibilities and to identify additional human-dengue interactions,
we set out to test whether human orthologs of the mosquito
proteins interact with the same dengue protein. Sequence analysis
identified 96 potential human orthologs for the 54 mosquito genes
(Table S1). We were able to retrieve and subclone 55 of these from
a library of full-length human ORFs [84]. These 55 human genes
are potential orthologs of 31 mosquito genes. We made two-hybrid
AD clones for these 55 full-length ORIs and screened them
against the corresponding dengue virus proteins. This resulted in
identification of an additional five human-dengue interactions
corresponding to four of the mosquito-dengue protein interactions
(Table S1).

Combined, our human cDNA library screens and directed
assays of mosquito orthologs identified 52 interactions involving 47
human proteins and three dengue proteins, capsid, NS3 and NS5
(TableS1 and Table S6). These include 46 novel interactions that
were not previously detected or predicted; nine of these were
detected with both human and mosquito orthologs. A global
analysis of the human dengue-interacting proteins reveals no
enriched GO annotations or protein domains. Similar to our
finding with the mosquito proteins, a significant proportion of the
dengue-interacting human proteins (19 out of 47) have been
shown to interact with proteins from other viruses (Table S7) [85—
91]. These include at least two interactions that could be thought
of as conserved: Dengue NS3 interacted with Zinc Finger Protein
410 (ZNF410) and Calcium Binding and Coiled-Coil domain 2
(CALCOCO?2), both of which have been shown to interact with
HCV NS3 by a two-hybrid screen [64].

It has been shown that proteins from other viruses frequently
interact with hub proteins, which are host proteins that have a
large number of interactions in the host interactome [63]. To
evaluate the numbers of interactions for the host proteins that we
identified, we assembled a human protein interactome from
several public databases (Materials and Methods). The human
interactome contains 43 (92%) of the 47 dengue-interacting
proteins that we identified. It also contains 144 (89%) of the 161
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dengue-interacting human proteins identified exclusively in other
screens [22,24,27-30,32-35,55,75,92-105], and 53 (84%) of the
63 human orthologs of mosquito proteins that we identified. For
each of these gene sets, we found that the average number of
interactions (or degree) per protein was significantly higher than
for random samples of similar numbers of proteins. For example,
the average degree of dengue-interacting proteins in our dataset
was 44.0, whereas the average degree of similarly sized random
samples of proteins was 22.4 (p-value = 9.3 x10™% (Figure S2). The
dengue interactors from mosquito were also enriched for proteins
with many interactions (p-value =2.7x107?), as were the dengue-
interacting  proteins identified by other studies (p-val-
uc=6.4x10"") (Figure S2). It has been suggested that the
tendency of viral proteins to interact with hub proteins may
represent a feature of viral pathogenesis, since the disruption of a
hub is more likely to impair the cell’s protein network than the
disruption of a non-hub [63,106]. While our results are consistent
with this hypothesis, they could also be explained by the possibility
that some proteins are particularly interactive in the protein
interaction assays that have been used to detect the human
interactome, including yeast two-hybrid. Thus a more thorough
test of the hypothesis that dengue viral proteins tend to target hubs
will require a larger set of functionally validated dengue-host
interactions.

We identified a number of potentially relevant human NS3
interactors. CALCOCO?2 (also known as NDP2) is a component of
Nuclear Domain 10 (ND10) bodies, which play a role in the
intrinsic cellular defense mechanisms against some viruses [107].
Interestingly, another major component of ND10 is DAXX, which
has been shown to interact with dengue capsid [30]. Another NS3
interactor, Osteosarcoma amplified 9 (OS9), plays an important
role in the unfolded protein response (UPR) [108], which is often
observed in dengue-infected cells [109]. NS3 also interacted with
three proteins that play roles in the Toll-like receptor-signaling
pathway, which is important for the innate immune response to
infection with many viruses [110,111]. This is the case also in
mosquito where the homologous Toll pathway is known to be
important for the immune response to dengue. It is has been
shown, for example, that a negative regulator of the Toll pathway,
Cactus, (AAEL000709), is downregulated in response to dengue
infection, while RNAI silencing of Cactus can reduce dengue
infection [66]. It is still unclear, however, how or whether dengue
proteins directly interface with the Toll pathway in mosquito or
with the Toll-like receptor pathway in humans. The interactions
that we identified with NS3 may provide clues. One NS3
interactor that we found, as did Le Briton et al. [34], is a human
ortholog of Cactus, NFKBIA, a protein that inhibits Toll-like
receptor signaling by inhibiting the NF-kappaB transcription
factor [112,113]. Another NS3 interactor that we identified is
Coronin-1 (CORO1A), an actin-binding protein that is capable of
inhibiting Toll-like receptor signaling [114]. Finally, we found that
NS3 interacted with a protein named Leucine Rich Repeat (in
FLII) Interacting Protein 1 (LRRFIP1). LRRFIP1 is a regulator of
the Toll-like receptor-signaling pathway and has been shown to
associate with dsRNA-containing endosomes/lysosomes [115],
which are generated in response to viral dsRNA intermediates
during replication [116]. It seems likely that at least some of these
human NS3-interacting proteins may be involved in the interplay
between the host defense mechanisms and the viral strategies to
circumvent them. As we did for the mosquito proteins, we tested
the human NS3 interacting proteins against both variants of NS3
baits (Figure 1B) and found that the N-terminal 160 amino acids of
NS3 was required for only three interactions, including the
previously identified interaction NS3 — NRBP1 (Table S3). The
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remaining human proteins interacted with both the full-length and
the C-terminal half of NS3.

The capsid interactors were isolated using the anchored capsid
bait or the cytoplasmic capsid bait (Figure 1B). We tested all of the
capsid interactors against both baits and found that most were able
to interact with both the anchored and the cytoplasmic capsid
proteins (Table S5), indicating that the C-terminal membrane
spanning domain is not required for and does not dramatically
interfere with most interactions. GO and protein domain
enrichment analysis of the 20 capsid interactors failed to implicate
any specific biological function or process (Table S8). However,
the capsid interactors include a preponderance of ribosomal
proteins, including RPL5, RPL6, RPL7, and RPL27, all of which
are subunits of the 60S ribosome. Capsid also interacted with
mosquito RPL23, and with a ribosomal RNA processing protein
(RRP12) from both mosquito and human. Based in part on these
ribosomal proteins and on a GTP-binding protein, GTPBP4, the
capsid-interacting proteins are enriched for proteins annotated as
being associated with the nucleolus (Table S8). Interestingly,
dengue capsid has previously been found to accumulate in nucleoli
in several cell lines [117-119], though the functional significance
of this localization has not been determined. Many other viruses
interact with nucleoli, and in some cases nucleoli have been shown
to be essential for virus replication [120,121]. The capsid proteins
from two other flaviviruses, West Nile virus and Japanese
encephalitis virus, for example, each interact with specific
nucleolar proteins, and in each case, these nucleolar proteins
have been shown to be important for efficient viral replication
[122—-124]. Further studies with the proteins that we identified to
interact with dengue capsid may provide insights into the role and
mechanisms for accumulation of dengue capsid in the nucleolus.

Among the human NS5 interactors, “unfolded protein response
(UPR)” is the top enriched GO annotation (Table S8). This
enrichment is based on interactions with DERL2, an ER
membrane protein involved in targeting misfolded glycoproteins
for degradation [125,126], and HSPA5/Grp78/BiP, an ER
protein involved in protein folding [127,128]. The UPR is known
to be activated during dengue infection; however, its importance
for virus replication is still undetermined [109,129-131].

Confirmation of protein interactions using additional

assays

Yeast two-hybrid studies frequently detect false positive
interactions that have no biological relevance. One way to gain
confidence in a two-hybrid interaction is to detect it using
additional assays. We used two approaches to test the confidence
of interactions that we identified in the library screens. First, we
reasoned that biologically relevant virus-host protein interactions
are likely to be conserved across the four dengue serotypes. There
is 63-68% amino acid sequence homology among the four
serotypes [17]. An interaction between a host protein and the
same dengue protein from multiple serotypes may imply that the
interaction is more likely to have functional relevance because
significant variation in the dengue protein does not interrupt the
interaction. To test for conservation of interactions we repeated
two-hybrid assays for all dengue-host interactions using dengue
proteins from serotypes 1, 3 and 4. We found that 57 out of 102
(56.9%) dengue-mosquito protein interactions and 34 out of 46
(73.9%) dengue-human protein interactions were serotype inde-
pendent; i.e., the host proteins interacted with the corresponding
dengue proteins from all four serotypes (Figure 2; Tables S1 and
S6). This provides additional evidence that these host proteins
genuinely interact with the dengue proteins, and further points to
conserved sequences or structural elements in the dengue proteins
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as potential interaction interfaces. A minority of the host proteins
interacted with only one or a subset of the dengue serotypes
(Figure 2; Tables S1 and S6). While some of these interactions may
be false positives, others may be biologically relevant serotype-
specific dengue-host interactions. If so, such interactions may
mediate some of the serotype-specific dengue characteristics that
are clinically observed [132]. Further investigation will be required
to validate serotype specific interactions.

Next we employed an orthogonal assay, co-affinity purification
(co-AP), to test most of the dengue-host interactions that we
identified by yeast two-hybrid assays. We expressed myc-tagged
versions of the mosquito and human proteins in cultured Drosophila
cells along with NTAP-tagged dengue proteins (Materials and
Methods). We purified the tagged dengue proteins and tested for
co-purification of the host proteins by immunoblotting with myc
antibodies (Figure 3 and Figure S3). If one of the two proteins
failed to express in the cell lysate, we tried the experiment in the
opposite orientation by expressing the dengue protein with a myc
tag and the host protein with an NTAP tag. We were able to
express and test by co-AP 136 pairs of proteins, and we detected
38 interactions (27.9%) (Table S1 and S6). This confirmation rate
is similar to that reported for other large-scale tests of protein
interactions by orthogonal assays [133,134], but lower than the
rate reported in some individual two-hybrid studies [61,135]. One
possible explanation for the discrepancy is that we define a two-
hybrid positive based on reproducible activity of a highly sensitive
LEU? reporter, and thus we may detect weaker protein-protein
interactions than studies that require activation of multiple less
sensitive two-hybrid reporters. The combined two-hybrid reporter
activity (LEUZ and lacg) that we observed was only slightly higher
for interactions that were positive by co-AP assays (average 3.4)
than for interactions that were negative in co-AP assays (average
2.9), but this difference was not statistically significant. Thus, the
numbers of active reporters and their levels in the two-hybrid assay
was not a strong predictor of reproducibility by co-AP assay.

Figure 4 shows a summary of the dengue-host interactions that
we identified. The dengue-human interaction map includes 13
proteins that have orthologs in the dengue-mosquito map and that
were involved in protein-protein interactions (PPI) in both species.
Three human proteins and seven mosquito proteins interacted
with more than one dengue protein. The maps also show whether
or not each interaction was detected with all four dengue serotypes
and whether or not it was also detected by co-AP.

A snapshot of the dengue-host interactome

It is often noted that a virus such as dengue with only 10
proteins of its own should need to interact with a number of host
proteins to carry out its replication cycle. Our study combined
with other large-scale and small-scale studies [22,24,27-30,32—
36,55,75,83,92-105] have identified 403 interactions between
proteins from dengue and its hosts, not counting the more than
4,000 interactions that have been computationally predicted [37].
Since we know that most protein interaction screens and assays
produce false positives, it seems likely that a number of the
dengue-host PPI detected thus far are not relevant to the virus or
the host’s defenses against it. Among the 403 experimentally
detected PPI, only seventeen PPI [23,28,33,93,94,100,103-105]
have been studied further and shown to potentially have functional
significance. How then can we decide which of the remainder of
the interactions merit further investigation? The number of
validated PPI is too small to use as a gold standard for developing
a statistical scoring system to rank all PPI, as has been done for
other interactomes [48,50,136]. Thus, we propose the use of two
criteria for prioritizing the dengue-host PPI for further study. The
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Figure 2. Pie charts showing the number of host proteins that interacted with the corresponding proteins from one, two, three, or

all four dengue serotypes. (A) Mosquito proteins. (B) Human proteins.

doi:10.1371/journal.pone.0053535.9g002

first criterion is based on the observation that PPI detected by
multiple independent assays or studies are more likely to be
biologically relevant [42-47,137]. Assuming that this is also true
for the dengue-host interactions, we counted the number of assays
and the number of studies that detected each of the physical
interactions. Any orthogonal assay was counted as an individual
piece of evidence. Two similar assays detecting the same PPI, but

conducted by two independent groups, was also counted as two
pieces of evidence. By this criterion, 67 of the 403 dengue PPI
were detected thus far by more than one assay or study.

The second criterion proposed here is based on the fact that
many biologically relevant PPI are conserved [138], and thus
detection of the same interaction in two different species is
tantamount to detecting the interaction more than once. Applying

Figure 3. Examples of co-AP results. Host proteins were fused to a myc-tag while dengue proteins were fused to an NTAP-tag. The fusion
proteins were expressed in S2R+ cells. NTAP-dengue proteins were purified from cell lysates, and then host proteins were detected with a-myc. (A) An
a-myc immunoblot of cell lysates shows expression of mosquito and human proteins. (B) An a-myc immunoblot of NTAP-tag affinity-purified
samples. Additional co-AP results are in Figure S3.

doi:10.1371/journal.pone.0053535.9003
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Figure 4. Dengue - host protein networks derived from two-hybrid screens and co-AP assays in this study. (A) Human-dengue
interaction map. (B) Mosquito-dengue interaction map. Edges represent protein-protein interactions. Green nodes are dengue proteins, yellow nodes
are host proteins, and blue nodes are host proteins found in both the human and mosquito maps. Red edges represent protein-protein interactions
universally detected for all four serotypes. Blue edges represent protein-protein interactions confirmed by co-AP assays. Green edges represent the
universal interactions that were confirmed by co-AP assays. Additional details are available in Cytoscape files in supplemental data (Data S1).

doi:10.1371/journal.pone.0053535.g004

this criterion to the dengue-host interactions, we counted a PPI as
a potentially conserved interolog if it was found in both mosquito
and human. 28 PPI (14 PPI for each species) were detected in both
species. We also counted an interaction as having multiple forms
of supporting evidence if it was experimentally detected and also
computationally predicted [37]. Taking these criteria together, we
derive a list of 35 dengue-mosquito PPI and 65 dengue-human PPI
that have multiple forms of supporting evidence (Figure 5; Table
S10). The list is biased against dengue and host membrane
proteins, largely because the primary techniques that have been
used to detect protein interactions, yeast two-hybrid and complex
pull downs, are poor at detecting interactions involving membrane
proteins [62]. The application of additional methods, such as
protein fragment complementation [139] or co-complex purifica-
tions optimized for membrane proteins [140], will likely enable
expansion of the list both by identifying new dengue-host
interactions and by providing additional evidence for interactions
that were thus far detected by only one method. In the meantime,
using multiple forms of evidence as a guide can prioritize the
existing protein interactions that merit further investigation.

For the above analysis we considered only evidence of direct
protein-protein interactions. An alternative approach would be to
consider other forms of evidence that may support the involve-
ment of specific host proteins in dengue infection. Strong
supporting evidence for a functionally relevant protein interaction,
for example, can come from experiments showing that the host
protein is required for efficient infection or propagation of the
virus. Below we consider a number of protein interactions that,
although detected by only one method, are supported by such
functional data. Khadka et al. [33] used RNAI to test whether the
expression of several human dengue-interacting proteins was
required for efficient replication of a transfected dengue replicon.

PLOS ONE | www.plosone.org

They showed that knockdown of six human proteins (CALR,
DDX3X, ERC1, GOLGA2, TRIP11, and UBE2I) reduced the
expression of a dengue reporter gene. Interactions involving two of
these proteins (UBE2I and CALR) are supported by multiple
forms of evidence (Figure 5A), yet the functional assay added
additional support, particularly for interactions that had only been
detected by the yeast two-hybrid assay. These include GOLGA2 —
NS5, ERC1 — NS3, TRIP11 — NS3, TRIPI1 — NS5, and the
mteraction of DDX3X with E, NS2A, NS4B, and NS5. Support
for the functional significance of protein interactions has also come
from genome-wide RNAi knockdown studies. Krishnan et al.,
[141] identified genes that when knocked down enhanced or
inhibited infection of human cells with West Nile Virus, and then
retested the hits for their effects on DENV2 infectivity. That study
lends additional support to two interactions from our study
(DERL2 — NS5 and ANP32B — NS3), and to another interaction
(VPS11 — NS)), originally detected by two-hybrid [34]. In another
study, Sessions et al., [142] identified Drosophila genes that were
required for DENV2 propagation in Drosophila cells and then
tested human orthologs of a subset of the hits in a similar assay.
That study provided functional evidence supporting several
protein interactions that had been detected only by yeast two-
hybrid assays, including ENOX2 — NS3 [34], and as noted by
Khadka et al. [33], SCLT1 — NS2A, ERC1 — NS5, and TTC1 —
NS5. The genome-wide knockdown studies also support two
interactions that we detected with mosquito genes, AAEL003750 —
C and AAEL004783 — NS5. Knockdown of the human orthologs
of AAEL003750, nucleoplasmin 3 (NPM3), enhanced dengue
infection in human cells [141]; Guo et al., previously used this data
to predict the involvement of AAEL003750 in dengue infection
[38]. Knockdown of the Drosophila ortholog of AAEL004783,
ornithine decarboxylase antizyme (Oda), inhibited propagation of
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Figure 5. Dengue-host interactions supported by multiple forms of evidence. (A) Dengue-human interactome. (B) Dengue-mosquito
interactome. Pink nodes represent host proteins. Green nodes represent dengue proteins. Red edges represent PPl with conserved interologs.
Additional details are available in Cytoscape files in supplemental data (Data S1).

doi:10.1371/journal.pone.0053535.9g005

dengue in Drosophila cells [142]. These examples show how
integration of physical protein interaction data with functional
data from high throughput studies can be used to prioritize host-
dengue protein interactions for further analysis. Further investi-
gation of these high-priority PPI and those supported by multiple
forms of evidence (Figure 5) may lead to a better understanding
the interplay between dengue and its hosts. Furthermore, these
data should be useful for identifying host proteins or pathways that
may be candidates for drug targets and vector control strategies.

Materials and Methods

Plasmids and subcloning

pHZ12 and pHZ13 are vectors containing the Gal4-responsive
upstream activating sequence (UAS) driving expression of proteins
with an N-terminal myc tag or TAP tag. Both vectors were made
by modifying pUASattB [143], which contains the Drosophila
marker gene mini-white and the phiC31 phage attachment site
(attB) enabling targeted integration into specific attP sites
engineered into Drosophila chromosomes. To construct pHZ12, a
PCR fragment from pAS1 [144] was inserted downstream of the
UAS in pUASattB. The PCR fragment contained a Drosophila
translational start sequence followed by codons for 6 histidines and
3 myc tags, and recombination target sequences, S5RT (5'-
TTGACTGTATCGCCG-3") and 3RT (5'-CCGGAAT-
TAGCTTGGCTGCAG-3"); these sequences allow insertion of
open reading frames (ORFs) using recombination in E. coli or yeast
[145]. pHZ13 was constructed by inserting a fragment containing
the NTAP tag from pUAS-NTAP [146] followed by 5RT and
3RT downstream of the UAS in pUASattB. pHZ12_attR and
pHZ13_attR were constructed by inserting a Gateway destination
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vector cassette (Invitrogen) into the cloning sites of pHZ12 and
pHZ13. Briefly, the Gateway cassette was PCR amplified from
pJZ4_attR with primers, DM138 and DM139 (see Table S9 for
sequences) and then digested with Xbal and inserted into pHZ12
and pHZ13 digested with Pmel and Xbal. The ligations were used
to transform E. coli, OmniMAXII (Invitrogen). Transformants
with plasmids containing a Gateway cassette were selected on LB-
Chloramphenicol/ Ampicillin media. pJZ4_attR is a gateway destina-
tion plasmid containing an activation domain for yeast two-hybrid
assays [147].

Dengue virus prototype strains for serotypes 1 (Hawaii), 2 (16681),
3(H87) and 4 (H241) were cultured in C6/36 cell lines. Viral RNA was
extracted from the culture supernatant with the QIAamp Viral RNA
Kit (Qiagen). cDNAs encoding each dengue virus 2 protein were
generated from an infectious clone, a gift from Dr. Nopporn Sittisombut
(Chiang Mai University, Chiang Mai, Thailand). cDNA synthesis was
performed with primers targeting the 3" end of each viral genome —
Hawii and 16681 CACCATTCCATTTTCTGGCGTTC, H87
TGGCGTTCTGTGCCTGGAATGAT and H241 TCAACAA-
CACCAATCCATCTTGCGG - using SuperScript II Reverse
Transcriptase (Invitrogen) according to the product manual. Individual
viral genes or gene fragments were PCR amplified from the cDNA with
specific primers (Table S9). Each 5 primer included the atBl
sequence, 5 — GGGG-ACA-AGT-TTG-TAC-AAA-AAA-GCA-
GGC-T — 3/, and each 3’ primer included the attB2 sequence, '5 —
GGGG-ACC-ACT-TTG-TAC-AAG-AAA-GCT-GGG-T- 3'. The
PCR products were cloned into pPDONR221 and then into destination
vectors using BP Clonase II and LR Clonase (Invitrogen) according to
the manufacturer’s protocol. The entry clones were sequenced with
M13F(-21) and M13R sequencing primers. Each viral gene or gene
fragment was transferred to the following destination vectors:
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pNLex_attR and pJZ4_attR for two-hybrid assays [147], and
pHZ12_attR and pHZ13_attR for co-AP assays. Human open reading
frames (ORFs) were similarly cloned into these destination vectors from
entry vectors obtained from the human ORFeome collection [84]
obtained from Open Biosystems. For co-AP assays, individual mosquito
or human cDNAs were subcloned from the yeast two-hybrid library
vectors into pHZ12 and pHZ 13 by recombination cloning as previously
described [145].

Mosquito cDNA libraries for yeast two-hybrid screens

An  Aedes aegypti colony was established and maintained
according to a published protocol [148]. Briefly, a mosquito
colony was maintained at 27°C, 70-90% relative humidity in an
8-hour dark/16-hour light cycle. Newly hatched larvae were fed
with ground rat food. One-day-old larvae were counted, and a
group of 200-250 larvae were added in a tray containing 700—
800 ml of water. Three pellets of cat food (Friskies Senior) were
added to each tray. Adults were fed with either 10% sucrose or
blood from a mouse. RNA was isolated separately from ten stages
of development including 1) less than three-month-old embryos, 2)
one-day-old larvae, 3) two-day-old larvae, 4) three-day-old larvae,
5) four-day-old larvae, 6) five-day-old larvae, 7) six-day-old larvae,
8) pupae, 9) adults and 10) adults collected three hours after a
blood meal. In order to collect enough RNA, eggs from several
layings were independently collected and pooled; the oldest eggs in
the pool were aged less than three months. Eggs were synchro-
nously hatched by applying a vacuum (13 to 15 inHg) for 20—
40 minutes. Larvae were collected every 24 hours for six days.
Pupae were collected at 120144 hours after egg hatching. Adults
were collected 3 days after emerging from pupae. The adults fed
with a blood meal were collected three hours later so that the
genes responding to blood ingestion were sufficiently expressed
[149]. Samples were homogenized with a dounce homogenizer
and RNA was isolated from tissue homogenate with an RNeasy
Midi kit (Qiagen). The RNA was treated with RNase-free DNase
(Qiagen) at room temperature for 15 minutes. Poly(A) RNA was
enriched with the Poly(A)Purist kit (Ambion). 0.5 ug of poly(A)
RNA from each of the ten stages was pooled and used for cDNA
synthesis with the directional cDNA Synthesis kit (Stratagene),
which uses an oligo dT 3’ primer containing an Xhol site, 5'-
GAGAGAGAGAGAGAGAGAGAACTAGTCTCGAGTTTTT-
TTTTTTTTTTTTT -3’. Next, the cDNA was ligated with an
EcoRI adapter, 5'-OH-AATTCGGCACGAGG-3' 3'-GCCGT-
GCTCCp-5'

The cDNA was digested with Xkol, fractionated on Sepharose
CL-2B gel filtration medium and then ligated into the yeast two-
hybrid activation domain (AD) vector, pRF4-50 [150] cut with
EcoRI and Xhol. Ligation reactions were cthanol precipitated,
washed in 80% ethanol, resuspended in sterile distilled water, and
then used to transform E.coli, MegaX DHIOB™ TIR Electro-
comp™ Cells (Invitrogen), by eclectroporation. 188 E. coli
transformant colonies were randomly picked for colony PCR.
64% of the colonies had inserts with various sizes from 300 to
4,000 bp. The average size of the inserts was 1,400 bp. More than
107 E. coli colonies were collected for plasmid extraction with a
QJAGEN Plasmid Giga kit.

Yeast two-hybrid screens and assays

The LexA version of the two-hybrid system from the Brent
laboratory [151] was used to screen for host proteins (human or
mosquito) that interact with LexA-fused dengue proteins essen-
tially as described [152] (Table S10). A summary of the screening
results is available in Table S11. The mosquito cDNA library
(described above) was used to transform yeast strain RFY231
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(MATo trpl:hisG his3 ura3-1 leu2:3Lexop-LEU2) using the
lithium acetate method [153] and Trp+ colonies were selected.
1.1x10° transformant colonies were harvested and frozen in 1 ml
aliquots at —80°C. Similarly, a human ¢DNA library (Origene
Technologies) with cDNA from peripheral blood leukocytes (PBL)
cloned into the AD vector pJG4-5 [154] was used to transform
RFY231 and 2.2x10° transformant colonies were harvested and
frozen in aliquots. Bait strains were created by transforming
RFY206 (MATa trplA:hisG his3A200 leu2-3 lys2A201 ura3-52
mal-), which also contained the /lacg reporter plasmid, pSH18-
34(URA3+), with pNLex bait plasmids expressing dengue
proteins. Each screen was carried out by mating a freshly grown
aliquot of a bait strain with a thawed aliquot of yeast containing
the human or mosquito libraries. About 2x10% colony-forming
units (cfu) of the bait strain were mated with 0.5-1x10° cfu of the
library strains on a YPD plate. Diploids were collected, induced in
liquid galactose medium for 4 hours at 30°C, and plated on
galactose medium lacking leucine. cDNA inserts from galactose-
dependent Leu+ yeast were PCR amplified and re-cloned into the
AD vector in fresh RFY231 yeast by gap repair [155]. The freshly
transformed yeast were then used in 96-well interaction mating
assays as previously described [150,156] to confirm an interaction
with the original bait protein. To test for specificity, interactions
were also tested between each host protein and two unrelated bait
proteins, Drosoplila  Eip63E  (FBgn0005640) and Cyclin J
(FBgn0010317). cDNAs that passed the tests were PCR amplified
and digested with A/ul to identify unique digestion patterns, which
may represent unique genes [152]. These ¢cDNAs were then
sequenced and identified. Human or mosquito proteins that were
confirmed to interact with the dengue serotype 2 bait used to
isolate them were also tested against the same dengue protein in all
four serotypes using the 96-well interaction mating assays. cDNA
from confirmed clones was PCR amplified, sequenced, and the
genes were identified by nucleotide BLAST analysis.

Co-affinity purification (Co-AP) assays

D. melanogaster S2R+ cells were obtained from the Drosophila
Genomics Resource Center at Indiana University. The cells were
cultured in Schneider’s media (GIBCO) supplemented with 10%
FBS (Gemini) and 1%Gentamycin (GIBCO). S2R+ cells were
incubated at 25°C. The cells were passaged once per week at 1:10
dilution. Co-AP assays were performed essentially as described
[144]. Briefly, S2R+ cells were co-transfected with pHZI12
plasmids containing human or Aedes aegypti cDNA, pHZI13
plasmids containing dengue ORFs, and the expression driver
plasmid pMT-GAL4 using the tranfection reagent, Effectene
(Qiagen). pMT-Gal4 expresses Gald from the Cu™-inducible
metallothionine promoter [157]. 1x10° cells were seeded onto
cach well of a 12-well cell culture plate 18-24 hours before
transfection with 250 ng of each plasmid, pHZ12, pHZ13 and
pMT-GAL4. 12-18 hours after transfection the media was
supplemented with 1 mM CuSOy to induce protein expression.
Three days after CuSO, induction the cells were harvested and
lysed. Expression of fusion proteins was determined by Western
blot analysis of cell lysates using anti-NTAP (Rockland Immuno-
chemicals) and anti-Myc (Santa Cruz Biotechnology) antibodies
for proteins expressed from pHZ13 and pHZ12, respectively. For
lysates with detectable expression of both the Myc-tagged and
NTAP-tagged proteins, IgG beads were used to purify the NTAP-
tagged protein complexes, the complexes were run on SDS-PAGE
gels, and the gels were immunoblotted with anti-Myc to probe
whether the Myc-tagged protein was co-purified. For interactions
involving proteins with undetectable expression, the co-AP assay
was attempted by swapping the inserts between pHZ12 and
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pHZ13. Interactions were only considered tested if both tagged
proteins could be detected in cell lysates.

Computational analyses

For enrichment analysis of Aedes aegypti mosquito dengue interactors,
a gene ontology annotation (GOA) file was downloaded from
UniProt-GOA  (ftp.ebi.ac.uk/pub/databases/ GO/ goa/proteomes/
31436.A_aegypti.goa) [158], and an OBO file version 1.2 was
downloaded from The Gene Ontology project (www.geneontology.
org/ontology/obo_format_1_2/gene_ontology_ext.obo) [159]. A
tree for InterPro domains was downloaded from EMBL-EBI
(ftp.ebi.ac.uk/pub/databases/interpro/interpro.xml.gz) [160]. Cytos-
cape [161] with the BINGO plug-in [162] was used to analyze GO
annotation and InterPro domain enrichments of dengue interactors.
For analysis of the degree of dengue-interacting host proteins we
assemble a human PPI interactome by combining the unique PPI
collected from IntAct [163], MINT [164], BioGRID [165], Reactome
[166] and HPRD [167] on 11 November 2010. The identifiers of the
interacting proteins from these databases were all converted to
Ensembl gene identifiers and a human PPI network having 134,050
unique interactions among proteins from 11,982 genes. Three gene
sets were considered: human interactors identified in our screen,
human interactors identified in other screens, and human orthologs of
Aedes aegypti interactors identified in our screen. For each gene set the
degrees of all the genes were calculated and averaged. Next, random
sets of genes of equal size to each of the three gene sets were picked
and the average degrees for each random set were calculated. This
was repeated for one million random sets. The distribution of these
averages is plotted in Figure S2. The p-value significance of the
average degree for each gene set was calculated from the respective
distribution using a two-tailed test.
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Table S4 Gene Ontology (GO) and domain enrichment
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ABSTRACT

Hepatic dysfunction is a well recognized feature of dengue virus (DENV) infection. However, molecular
mechanisms of hepatic injury are still poorly understood. A complex interaction between DENV and the host
immune response contributes to DENV-mediated tissue injury. DENV capsid protein (DENV C) physically
interacts with the human death domain-associated protein Daxx. A double substitution mutation in DENV
C(R85A/K86A) abrogates Daxx interaction, nuclear localization and apoptosis. Therefore we compared the
expression of cell death genes between HepG2 cells expressing DENV C and DENV C (R85A/K86A) using a
real-time PCR array. Expression of CD137, which is a member of the tumor necrosis factor receptor family,
increased significantly in HepG2 cells expressing DENV C compared to HepG2 cells expressing DENV C
(R85A/K86A). In addition, CD137-mediated apoptotic activity in HepG2 cells expressing DENV C was signif-
icantly increased by anti-CD137 antibody compared to that of HepG2 cells expressing DENV C (R85A/K86A).
In DENV-infected HepG2 cells, CD137 mRNA and CD137 positive cells significantly increased and CD137-
mediated apoptotic activity was increased by anti-CD137 antibody. This work is the first to demonstrate

the contribution of CD137 signaling to DENV-mediated apoptosis.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

DENV infection is an important mosquito-borne viral disease
and its clinical symptoms range from a predominantly febrile dis-
ease, dengue fever (DF), to dengue hemorrhagic fever (DHF) and
dengue shock syndrome (DSS), which typically occurs in cases of
subsequent infection with a different serotype of DENV. Patients
with DHF present with hemorrhagic tendencies, plasma leakage,
thrombocytopenia, and hemoconcentration [1]. Hepatic dysfunc-
tion in DENV infection is demonstrated by hepatomegaly and
increases in transaminase levels [2,3]. Clinically severe liver
involvement results in severe bleeding [4]. Hepatic biopsy speci-
mens obtained from fatal cases of DSS show cellular apoptosis,
which may relate to the pathogenesis of DSS [5-7].

A complex interaction between DENV and the host immune
response contributes to DENV-mediated apoptosis [8-10]. Both

* Corresponding author. Fax: +66 2 418 4793.
E-mail address: limjindaporn@yahoo.com (T. Limjindaporn).

0006-291X/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2011.05.151

the cell death receptor and the mitochondrial apoptotic pathways
are affected [11-17]. Using a yeast two-hybrid screen, we found
that DENV C physically interacts with the human death
domain-associated protein Daxx. The interaction between DENV
C and Daxx in DENV-infected liver cells was demonstrated by
co-immunoprecipitation and double immunofluorescence staining.
The two proteins were predominantly co-localized in cellular
nuclei [12]. DENV C contains three nuclear localization signals
(NLS), ®KKAR®, 7°KKSK’®, and the bipartite signal 8°RKeigrml-
nilnRRRR'%. Substitution mutations in DENV C (R85A/K86A) result
in loss of nuclear localization, Daxx interaction and apoptosis [13].

In this study, we compared the expression of cell death
genes between HepG2 cells expressing DENV C and DENV C
(R85A/K86A) using a real-time PCR array. Expression of CD137 in-
creased significantly in HepG2 cells expressing DENV C compared
to HepG2 cells expressing DENV C (R85A/K86A). CD137-mediated
apoptotic activity in HepG2 cells expressing DENV C was signifi-
cantly increased by anti-CD137 antibody compared to HepG2 cells
expressing DENV C (R85A/K86A). CD137-mediated apoptotic
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Table 1
Genes exhibiting a change in expression between HepG2 cells expressing DENVC and
HepG2 cells expressing DENVC (R85A/K86A).

Gene Fold Gene Gene description
no. change name
1 3.12 TNF-a Tumor necrosis factor-o (TNF superfamily,
member 2)
2 3.12 TP73 Tumor protein p73
3 2.46 CD38 CD38 molecule
4 2.22 PLG Plasminogen
5 1.99 PRKCE Protein kinase C, epsilon
6 1.85 NLRP2 NLR family, pyrin domain containing 2
7 1.79 LCK Lymphocyte-specific protein tyrosine
kinase
8 1.71 HRK Harakiri, BCL2 interacting protein
9 1.64 PDCD5 Programmed cell death 5
10 1.62 IFI16 Interferon, gamma-inducible protein 16
11 1.61 SIPA1 Signal-induced proliferation-associated 1
12 1.56 CUL3 Cullin 3
13 1.56 PMAIP1 Phorbol-12-myristate-13-acetate-induced
protein 1
14 1.45 TRAIL Tumor necrosis factor ligand superfamily,
member 10
15 141 CD137 Tumor necrosis factor receptor superfamily,
member 9

activity in DENV-infected HepG2 cells was also increased by anti-
CD137 antibody indicating for the first time the apoptotic role of
CD137 signaling in DENV infection.

2. Materials and methods
2.1. Apoptotic gene expression profiling using a real-time PCR array

The transient transfection of plasmid pcDNA3.1/His C-DENV C
or pcDNA3.1/His C-DENV C (R85A/K86A) or pcDNA3.1/His C in
HepG2 cells was performed using FuGene HD (Roche-applied
science, Germany). Up to 1 x 10° HepG2 cells were seeded into a
6-well plate for 24 h prior to transfection. Four micrograms of plas-
mid DNA were pre-incubated with 12 pl of FuGene HD reagent at a
ratio 1:3 to generate a complex in serum-free media, Optimem
(Gibco-BRL, USA). This complex was then added to the HepG2 cells
in 3% FBS culture medium. Twenty-four hours post-transfection,
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the old medium was removed and transfected cells were triggered
with 0.5 pg/ml anti-Fas mAb (Sigma) and 1 pg/ml cycloheximide
(CHX) containing 2% FBS culture medium for 24 h. Subsequently,
both detached and adherent cells were harvested and stained for cell
surface phosphatidyl serine (Annexin V assay) to assess apoptosis.
Total RNA was isolated from transfected cells using the High Pure
RNA isolation kit (Roche). RNAs with an OD3gpnm/OD2gonm absor-
bance ratio of at least 2.0 were used. Total RNA was reverse-tran-
scribed into cDNA using the RT? First strand Kit (Qiagen), mixed
with RT? gPCR mastermix containing SYBR Green (Qiagen), and ali-
quoted in equal volumes to each well of the real-time PCR arrays.
The Human Apoptosis RT? Profiler™ PCR Array (Qiagen) interro-
gates 384 genes related to the apoptotic pathway. The real-time
PCR cycling program was run on a Roche Light Cycler 480. The
threshold cycle (Ct) of each gene was determined and subse-
quently analyzed by RT? Profiler PCR Array data Analysis software;
http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php.

2.2. Verification of apoptotic gene expression profiling using
quantitative real-time PCR and flow cytometry analysis

The mRNA expression changes of TNF-o, TRAIL and CD137 in
HepG2 cells expressing DENV C and HepG2 cells expressing DENV
C (R85A/K86A) were confirmed by quantitative real-time PCR
using a different set of gene-specific primers. The primers used
were as follows: for TNF-o:: 5'-TGCTTGTTCCTCAGCCTCTT-3' (for-
ward) and 5'-ATGGGCTACA GGCTTGTCACT-3' (reverse), for TRAIL:
5-TGGGACAGACCTGC GTGCTGAT-3' (forward) and 5'-ACGAGCT-
GAC GGAGTTGCCACT-3' (reverse), for CD137: 5'-TCACTGCCTGGGG
GCAGGAT-3' (forward) and 5'-GGCGGGGTCACAGAGGATGC-3'
(reverse), and for ACTB; 5'-ACAGAGCCTCGCCTTTGCCGATC-3’ (for-
ward) and 5'-CCCCGTCACCG GAGTCCATCA-3' (reverse), respec-
tively. Amplification was monitored using SYBR Green I reaction
mix (Roche) and Roche Light Cycler 480. The Ct of each mRNA
and ACTB control was measured and the difference between their
ACt was calculated. The relative expression values (2724 was
then determined. Results were obtained from three independent
experiments. Unpaired t-test was used for statistical analysis by
StatView program and p value less than 0.05 was considered
significant.
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Fig. 1. CD137 mRNA and CD137 positive cells (%) in HepG2 cells expressing DENV C or DENV C (R85A/K86A). (A) Relative gene expression (fold change) was determined by
real-time PCR using specific primers to CD137, TNF-a, TRAIL, and ACTB. (B) CD137 positive cells (%) were subsequently measured by flow cytometric analysis using antibody
to CD137. The bar graph is the average of three independent experiments. Asterisks indicate a significant difference among two groups (“p < 0.01, **p < 0.001).
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Fig. 2. Induction of DENV C-mediated apoptosis by CD137 signaling. (A) Forty-eight hours post transfection, HepG2 cells expressing DENV C, or DENV C (R85A/K86A) or
pcDNA3.1/His C were treated either with 2 pg/ml antibody to CD137 or an isotype control antibody for 6 h and examined for the presence of apoptotic cells by annexin V/FITC
and PI double staining and quantitation by flow cytometry. (B) Plotted is the average from three independent experiments in A. (C) The expression of DENV C was determined
by DENV C staining with mAb to DENV C [18] and quantitation by flow cytometry. The bar graph is the average of three independent experiments. Asterisks indicate a

significant difference among two groups (*p <0.01).

CD137 positive cells (%) were subsequently measured in both
HepG2 cells expressing DENV C and HepG2 cells expressing DENV
C (R85A/K86A) by flow cytometric analysis using antibody to
CD137 (Santa Cruz Biotechnology). Unpaired t-test was used for
statistical analysis by StatView program and p value less than
0.05 was considered significant.

2.3. Induction of apoptosis in HepG2 cells expressing DENV C by
antibody to CD137

The transient transfection of plasmid pcDNA3.1/His C-DENV C
or pcDNA3.1/His C-DENV C (R85A/K86A) or pcDNA3.1/His C in
HepG2 cells was performed using FuGene HD. Up to 1 x 10 HepG2
cells were seeded into a 6-well plate for 24 h prior to transfection.
After 48 h post transfection, up to 1 x 10° HepG2 cells expressing
DENV C, or DENV C (R85A/K86A) or pcDNA3.1/His C were treated
either with 2 pg/ml anti-CD137 antibody or an isotype control
antibody for 6 h in culture medium containing 2% FBS and exam-
ined for the presence of apoptotic cells using annexinV/PI staining
(BD Biosciences). Briefly, detached and adherent cells were har-
vested, suspended in annexin V buffer and incubated on ice with
FITC-conjugated annexin V for 15 min. Immediately prior to analy-
sis, propidium iodide was added and samples were analyzed by
flow cytometry. In addition, the expression of DENV C was

determined by DENV C staining with mAb to DENV C [18] and
quantitation by flow cytometry. Results were obtained from three
independent experiments. Unpaired t-test was used for statistical
analysis by StatView program and p value less than 0.05 was con-
sidered significant.

2.4. Expression of CD137 in DENV-infected HepG2 cells

Upto 1 x 10° HepG2 cells were seeded in a 60 mm dish and cul-
tured for 24 h before infection. HepG2 cells were grown in DMEM
medium (Gibco-BRL) supplemented with 10% FBS, 2 mM L-gluta-
mine, 1% non-essential amino acids, 1 mM sodium pyruvate,
100U/ml of penicillin and streptomycin at 37 °C in a humidified
atmosphere containing 5% CO,. Cells were infected with DENV
serotype 2 strain 16681 at a multiplicity of infection (MOI) of 5.
Mock and DENV-infected HepG2 cells were harvested at 36, 48,
and 60 h post infection and analyzed for CD137 mRNA expression
by quantitative real-time PCR, for CD137 positive cells (%) by flow
cytometric analysis using antibody to CD137 and for apoptosis
using annexinV/PI staining. DENV E (3H5) staining was used to
demonstrate DENV infection [19,20]. Results were obtained from
three independent experiments. Unpaired t-test was used for sta-
tistical analysis by StatView program and p value less than 0.05
was considered significant.
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Fig. 3. Induction of DENV-mediated apoptosis by CD137 signaling. HepG2 Cells were infected with DENV at a MOI of 5 and incubated for 36, 48 and 60 h post infection. (A)
Relative gene expression (fold change) was determined by real-time PCR using specific primers to CD137 and ACTB. (B) CD137 positive cells (%) were subsequently measured
by flow cytometric analysis using antibody to CD137. (C) Apoptotic cells (%) were examined by annexin V/FITC and PI double staining and quantitation by flow cytometry. (D)
HepG2 cells infected with DENV at a MOI of 5 and incubated for 48 h were treated either with 2 pug/ml antibody to CD137 or isotype control antibody for 6 h. The bar graph is
the average of three independent experiments. Asterisks indicate a significant difference among two groups (*p < 0.01, *'p < 0.001).

2.5. Induction of apoptosis in DENV-infected HepG2 cells by antibody
to CD137

Up to 2 x 10° HepG2 cells infected with DENV serotype 2 strain
16681 at MOI of 5 for 48 h were treated either with 2 pg/ml anti-
body to CD137 or isotype control antibody for 6 h. Both detached
and adherent cells were collected to examine the effect of CD137
antibody on apoptosis of mock and DENV-infected HepG2 cells.
Apoptosis (%) was examined by flow cytometry after staining with
annexinV/PI. Results were obtained from three independent exper-
iments. Unpaired t-test was used for statistical analysis by Stat-
View program and p value less than 0.05 was considered
significant.

2.6. Results and discussion

Our previous work showed that DENV C interacts with at least
one death pathway associated protein, Daxx (13), and raised the
possibility that it may have other death pathway interactions. To
explore this possibility total RNA was prepared from HepG2 cells
expressing either DENV C or mutated DENV C (R85A/K86A) and
used to probe real-time PCR arrays containing death pathway tar-
gets. Table 1 lists gene exhibiting a change in expression between
HepG2 cells expressing DENV C and HepG2 cells expressing DENV

C (R85A/K86A). Death ligands and receptors including TNF-a,
TRAIL, and CD137 were up-regulated in HepG2 cells expressing
DENV C compared to cells expressing the mutated DENV C. How-
ever, the role of CD137(4-1BB), which is a member of the tumor
necrosis factor receptor family [21,22], in DENV infection has not
been previously investigated. Therefore, mRNA expression of
CD137 was confirmed using quantitative real-time PCR. CD137
mRNA levels were increased 6.5-fold in DENV C expressing cells
relative to control cells and over 2-fold compared to cells transfec-
ted with mutant DENV C (Fig. 1A). Similarly, CD137 positive cells
(%) increased 2-fold in HepG2 cells expressing DENV C compared
to cells expressing mutated DENV C (Fig. 1B). These results demon-
strate that DENV C affects CD137 transcription and the failure of
the R85A/K86A mutant to elicit a similar enhancement suggests
that increased expression of CD137 requires nuclear localization
of DENV C. In contrast, expression of TNF-o and TRAIL were also in-
crease several folds in DENV C expressing cells, but the mutation of
the nuclear localization signal had no effect on this induction
(Fig. 1A). The differences in CD137 expression were not due to dif-
ferences in transfection efficiency or expression of the DENV C pro-
teins, as demonstrated in the following experiment.

The potential effects of enhanced CD137 expression in DENV
C-expressing cells were assessed by examining the ability of
anti-CD137 mAb treatment to induce apoptosis in these cells.
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between Daxx and NF-xp thereby releasing NF-kf to activate CD137 promoter, which eventually activate caspase cascades and apoptosis.

Anti-CD137 antibody stimulated apoptosis nearly 2-fold in cells
expressing DENV C (Fig. 2A and B). In contrast, anti-CD137 mAb
had little or no effect on DENV C (R85A/K86A) transfected cells
or HepG2 His control cells (Fig. 2A and B). This difference was
not due to differences in transfection efficiency or expression since
DENV C and DENV C (R85A/K86A) were expressed at similar levels
(Fig. 2C). These data indicate that CD137 may play a signaling role
in DENV C-mediated apoptosis.

To determine if similar effects occur during DENV infection,
CD137 expression was examined in DENV-infected HepG2 cells by
quantitative real-time PCR and flow cytometric analysis. CD137
mRNA expression increased 60-fold by 36 h post DENV infection
and 80-fold by 48 h post DENV infection (Fig. 3A). CD137 positive
cells also increased, but less dramatically, 3-fold by 48 h post infec-
tion and 5-fold by 60 h (Fig. 3B and Fig. S1). This correlates with the
level of apoptosis induced by DENV infection, which increased 4-
fold by 48 h post DENV infection and 5-fold by 60 h post DENV infec-
tion (Fig. 3C and Fig. S2). As CD137 signaling induces cell death by
apoptosis [23], we asked whether CD137 signaling contributed to
DENV-induced apoptosis by examining the effect of anti-CD137
mADb on apoptosis of DENV-infected HepG2 cells. Anti-CD137 mAb
increased apoptosis by about 50% (Fig. 3D) indicating a role of
CD137 signaling in DENV-mediated apoptosis.

We propose that CD137 mediates apoptosis in DENV-infected
liver cells, which may partly explain the mechanism of hepatocyte
injury during DENV infection (Fig. 4). In human hepatoma cells,
DENV infection induces cell death typical of apoptosis late in the
virus cycle. The transcription factor NF-kf is activated before apop-
tosis [24] and NF-k is known to activate CD137 promoter. DENV C
may facilitate this by binding Daxx, [12,13], which normally inter-
acts with NF-k [25], thereby releasing NF-kp to activate CD137
promoter [26]. As CD137 ligand was also expressed in HepG2 cells
[27] and CD137 ligand mRNA expression increased 3-fold by 60 h
post DENV infection (data not shown), CD137 ligand and CD137
interaction may eventually activate caspase cascades and apopto-
sis in DENV-infected liver cells. How DENV C affects NF-xf, and
Daxx requires further investigation. However, this work is the first
to demonstrate that CD137 signaling contributes to DENV-medi-
ated apoptosis.
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Abstract

cells restored DENV-induced apoptosis in HepG2 cells.

038 MAPK.

Background: Hepatic injury in dengue virus (DENV) infection is authenticated by hepatomegaly and an upsurge in
transaminase levels. DENV replicates in hepatocytes and causes hepatocyte apoptosis both in vitro and in vivo.
Understanding the molecular mechanisms of DENV-induced hepatic injury could facilitate the development of
alternate chemotherapeutic agents and improved therapies.

Findings: The p38 mitogen-activated protein kinase (MAPK) participates in both apoptosis-related signaling and
pro- inflammatory cytokine production. The role of p38 MAPK in DENV-infected HepG2 cells was examined using
RNA interference. The results showed that DENV infection activated p38 MAPK and induced apoptosis. The p38
MAPK activation and TNF-a production were controlled by p38 MAPK and CD137 signaling in DENV-infected
HepG2 cells as activated p38 MAPK, TNF-a and apoptosis were significantly decreased in p38 MAPK and CD137
depleted DENV-infected HepG2 cells. Addition of exogenous TNF-a to p38 MAPK depleted DENV-infected HepG2

Conclusion: DENV induces CD137 signaling to enhance apoptosis by increasing TNF-a production via activation of

Keywords: Dengue virus, Apoptosis, TNF-a, p38MAPK, CD137

Findings
Hepatic dysfunction is a crucial feature of DENV infec-
tion. Hepatic biopsy specimens obtained from fatal cases
of dengue shock syndrome (DSS) show cellular apoptosis,
which may relate to the pathogenesis of DSS [1,2]. DENV
replicates in hepatocytes and apoptosis of DENV-infected
hepatic cells has been observed both in vitro and in vivo.
Both the cell death receptor and the mitochondrial apop-
totic pathways are affected [3-9].

DENYV capsid protein (DENV C) activates both extrin-
sic and intrinsic apoptotic pathways in hepatic cell lines
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[10-12]. DENV C localizes to both the cytoplasm and
nucleus of DENV-infected HepG2 cells. DENV C contains
three nuclear localization signals (NLS), SKKAR’,
73KKSK”® and the bipartite signal *’RKeigrmInilnRRRR"®.
Substitution mutations in DENV C (R85A/K86A) result
in loss of nuclear localization, Daxx interaction, and
apoptosis [11]. Comparison of the apoptotic gene ex-
pression profile of DENV C and DENV C (R85A/K86A)
transfected HepG2 cells showed a significant increase in
expression of CD137, a member of TNF receptor family,
in HepG2 cells expressing DENV C. In DENV-infected
Hep@G2 cells, CD137 and CD137 ligand mRNA expression
increased 60-fold and 3-fold post DENV infection, re-
spectively. CD137 positive cells increased, but less dramat-
ically, about 3-fold post infection and correlates with the
level of apoptosis induced by DENV infection of HepG2
cells, which increased 4-fold post DENV infection [13].

© 2013 Nagila et al, licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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CD137 recruits TNF receptor associated factor 2
(TRAF2) and activates apoptosis signal regulating kinase 1
(ASK1), resulting in activation of cJun N-terminal kinase
(JNK) and p38 mitogen-activated protein kinase (MAPK)
[14]. p38 MAPK is primarily implicated in apoptosis-
related signaling [15]. However, activation of p38 MAPK
increases inflammatory cytokine production [16]. Activa-
tion of p38 MAPK may contribute to the pathogenesis of
DENV-induced apoptosis via both mechanisms.

Inhibition of DENV-induced apoptosis in HepG2 cells by
siRNA against p38 MAPK

We first asked whether RNAi knockdown of p38a MAPK,
which is a crucial mediator of proinflammatory cytokine
production, would inhibit DENV-induced apoptosis in
HepG2 cells, an approach that might alleviate DENV-
mediated hepatic injury. At 24 h after seeding, HepG2
cells were transfected with 200 pmol of siRNA directed
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against p38a MAPK, 5’CAGACCATATTAACCAGCTTC
AGCA3' or with siControl, 5 CACGCCTCTTTGTCTT
GTTTCGAAA 3’ (Invitrogen), using lipofectamine 2000
(Invitrogen). Twenty-four hours post transfection, the cells
were infected with DENV serotype 2 strain 16681 at an
MOI of 5 using the methods described previously [13].
The percentage of apoptotic cells was determined by
annexin V/FITC and PI double staining (BD Biosciences)
and quantitation by flow cytometry. The efficiency of
p38a MAPK knockdown by siRNA was examined by real-
time RT-PCR using p38a MAPK-specific primers (p38a
MAPK-E, 5’CGACTTGCTGGAGAAGATGC3/, and p38a
MAPK-R, 5TCCATCTCTTCTTGGTCAAGG3') and by
Western blot analysis using primary antibodies against
p38 MAPK and p-actin (Santa Cruz Biotechnology).
About 30% decreases in both mRNA and protein expres-
sion levels of p38 MAPK were observed (Figure 1A, 1B).
In addition, treatment with siRNA against p38 MAPK
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P value less than 0.05 was considered significant.

Figure 1 Decreased apoptosis in p38 MAPK knockdown DENV-infected HepG2 cells. HepG2 cells were transfected either with siRNA
directed against p38 MAPK or with control siRNA. Twenty-four hours post transfection, cells were infected with DENV at MOI 5 for 60 h. Cells
were harvested and analyzed for (A) mRNA level of p38 MAPK (B) protein level of p38 MAPK. (C) Apoptosis by flow cytometry. Apoptosis cells
have annexin V+/PI- staining. (D) Bar graph represents apoptosis experiments. All data were obtained from three independent experiments and
reported as the mean + SEM. Statistical differences between the groups were tested with an unpaired t-test using StatView version 5.0 and
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reduced apoptosis from 23.43% to 16.53% in DENV-
infected HepG2 cells (Figure 1C, D) suggesting a role for
p38 MAPK in DENV-mediated apoptosis. The result of
siRNA directed against p38 MAPK in DENV-infected
HepG2 cells is agreeable to our previous study of pharma-
cological inhibition of p38 MAPK by SB203580 in DENV-
infected HepG2 cells [17]. Therefore, genetic inhibition of
p38 activity reproduces pharmacological inhibition of the
enzyme and confirms the contribution of p38 MAPK to
apoptotic events induced by DENV [17]. DENV infected
HepG2 cells equally in the presence or absence of
S$B203580 [17] but DENV production in BHK-21 cells was
decreased in the presence of SB203580 [18].

Inhibition of DENV C-induced apoptosis in stable HepG2
cell expressing DENV C by siRNA against p38 MAPK

We next asked whether DENV C activates p38 MAPK-
induced apoptosis by examining the effect of siRNA
against p38a MAPK on apoptosis of HepG2 cells stably
expressing DENV C. HepG2 cells stably expressing
DENV C were constructed in this study using retroviral
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system (Stratagene). Briefly, 70% confluent of HEK
293T cells was transfected with p-VPack-GP, p-VPack-
VSV-G and pFB-Neo-DENV C using lipofectamine
2000 (Invitrogen). The culture supernatant containing
infectious viral particles was collected after 24 h post
transfection and added to HepG2 cells, which were pre-
incubated with 8 pg / ml of polybrene. Twenty-four h
after incubation, stable HepG2 cells expressing DENV C
were selected with media containing 0.5 mg/ml G418
(Calbiochem). The G418-resistant cells were grown and
maintained in DMEM medium containing 0.5 mg/ml
G418, and the expression of DENV C was examined by
flow cytometry and Western blot analysis using anti-
body to DENV C [19]. Up to 5 x 10° the stably express-
ing cells were plated for 24 h prior to transfection. The
cells were then transfected with siRNAs as described in
the preceding experiment. Knock-down efficiency was
assessed by Western blot analysis. The 15 kDa capsid
protein was expressed in stable HepG2 cells expressing
DENV but not in HepG2 cells expressing control plas-
mid (Figure 2A). To activate the extrinsic apoptotic
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Figure 2 Decreased apoptosis in p38 MAPK knockdown HepG2 cells expressing DENV C. HepG2 cells expressing DENV C or control
plasmid were transfected either with siRNA directed against p38 MAPK or with control siRNA and then treated with 0.5 pug/ml anti-Fas mAb and
1 ug/ml cycloheximide for 24 h. Cells were collected and analyzed for (A) p38 MAPK, DENV C and actin (B) Bar graph represents apoptosis
experiments. All data were obtained from three independent experiments and reported as the mean + SEM. Statistical differences between the
groups were tested with an unpaired t-test using StatView version 5.0 and P value less than 0.05 was considered significant. (C) Apoptosis by
flow cytometry.
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pathway, cells were treated with 0.5 pg/ml anti-Fas mAb
(Sigma) and 1 ug/ml cycloheximide (Sigma) for 24 h in
culture medium. Both adherent and floating cells, as well
as culture supernatants, were collected and assessed for
apoptosis by annexinV/PI staining (BD Biosciences). As
with DENV-infected cells, siRNA p38ax MAPK resulted in
a substantial reduction in p38 MAPK protein, but had no
effect on DENV C expression (Figure 2A). In the presence
of anti-Fas and cycloheximide, apoptosis of HepG2 cells
expressing DENV C increased from 7.79% to 32.83% com-
pared to that of HepG2 cells expressing control plasmid.
HepG2 cells expressing DENV C transfected with p38
MAPK siRNA reduced apoptosis from 32.83% to 23%
(Figure 2B, 2C). In our previous study without anti-Fas
mAb and cycloheximide treatment, HepG2 cells were
transiently transfected with a DENV C or control plasmid
and incubated in the presence of DMSO or 10 uM of
SB203580 for 24 h. The percentage of apoptotic cells
was then determined by annexin V/FITC and PI double
staining and quantitation by flow cytometry. Compar-
able to apoptosis of HepG2 cells expressing control
plasmid, apoptosis of HepG2 cells expressing DENV C
increased from 10.11% to 24.40%. Apoptosis of HepG2
cells expressing DENV C decreased from 24.40% to 5.69%
in medium with SB203580 [17]. Therefore, genetic inhib-
ition of p38 activity reproduces pharmacological inhibition
of the enzyme and verifies the contribution of p38 MAPK
to apoptotic events induced specifically by DENV C. How-
ever, not all DENV-induced cell death is caused by DENV
C, other DENV proteins including M, NS3 protease and
NS2B-NS3 precursor also induces apoptosis [20,21].

Inhibition of DENV-induced phosphorylated p38 MAPK,
TNF-a production and apoptosis in HepG2 cells by siRNA
against CD137

To further define the molecular mechanisms involved,
we asked whether CD137 signaling regulates p38 MAPK
activation and apoptosis in DENV-infected HepG2 cells.
siRNA knockdown of CD137 was performed as de-
scribed for p38 MAPK using the CD137-specific oligo
5'CACGCTCCGTTTCTCTGTTGTTAAA 3’ (Invitrogen).
The efficiency of knockdown was examined by real-time
RT-PCR using CD137-specific primers CD137-F, 5’CCA
AAA TGT TCT GCT GAT CG3' and CD137-R, 5" AAG
ACT GTG GCG CCC TG3'. The number of CD 137 posi-
tive cells was measured by flow cytometry using a primary
antibody against CD137 (Santa Cruz Biotechnology).
Transfection of HepG2 cells with siRNA against CD137
resulted in a nearly 2-fold reduction in CD137 mRNA and
CD137-positive cells (Figure 3A, 3B). The effect of CD137
depletion on p38 MAPK activation during DENV
infection and apoptosis were measured by Western blot
analysis using primary antibody against phosphorylated
p38 MAPK (Santa Cruz Biotechnology), and by annexinV/
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PI staining (BD Biosciences), respectively. Knockdown of
CD137 expression reduced the amount of phosphorylated
p38 MAPK (Figure 3C) and apoptosis (Figure 3D). These
results indicate a role of CD137 signaling in regulation of
p38 MAPK activation and apoptosis in DENV-infected
HepG2 cells. As DENV induced CD137 expression only
30% of the infected cells (Figure 3B) and expressed at the
late stage of infection [13], CD137 and p38 MAPK signal-
ing may support other apoptotic signaling pathways [3-9]
to aggravate apoptosis at the late stage of DENV infection.
Multiple studies in vitro and in vivo models implicate
TNF-a in DENV-induced tissue damage [8,22]. In
addition, TNF-a induced apoptosis via p38 MAPK activa-
tion was shown in pseudorabies virus infection [23].

We next asked whether TNF-a mediated DENV-
induced apoptosis via CD137 signaling. TNF-a expres-
sion in CD137 depleted DENV-infected HepG2 cells was
examined by real-time RT-PCR using TNF-a-specific
primers TNF-o-F, 5 TGCTTGTTCCTCAGCCTCTT3 ,and
TNF-a-R, 5 ATGGGCTACAGGCTTGTCACTS3' and
by ELISA (R&D Systems). DENV infection of HepG2
cells resulted in a dramatic increase in TNF-a mRNA
and protein (Figure 3E, 3F). However, CD137 siRNA
treatment reduced of TNF-a production about 30%
(Figure 3E, 3F), which correlates well with the compar-
able reduction in apoptosis of CD137 knockdown cells
(Figure 3D).

Inhibition of p38 MAPK activity by SB203580 decreased
TNF-a production in DENV-infected HepG2 cells

As p38 MAPK is one of the downstream targets of CD137
signaling, it is important to assess whether inhibition of
p38 MAPK activity in DENV-infected HepG2 cells would
reduce TNF-a expression. HepG2 cells were infected with
DENV serotype 2 at a MOI 5 and incubated 48 h in the
presence of either DMSO or 10 uM SB203580 (Santa
Cruz Biotechnology). TNF-a mRNA expression of DENV-
infected HepG2 cells and TNF-a protein expression in
supernatant of DENV-infected HepG2 cells were subse-
quently examined by real-time RT-PCR and by ELISA, re-
spectively. As expected, treatment with 10 uM SB203580
significantly reduced TNF-« expression in DENV-infected
HepG2 cells (Figure 4A, 4B) indicating that pharmaco-
logical inhibition of p38 MAPK reduced TNF-a secretion
in DENV-infected HepG2 cells. Whether inhibition of
both p38 and CD137 signalings has the additive effect on
TNF-a production merits further investigation.

The role of TNF-a expression in apoptosis of DENV-
infected HepG2 cells

It would be important to evaluate the effect of TNF-«
expression in apoptosis of DENV-infected HepG2 cells.
Supernatants containing DENV from mock-infected or
DENV-infected HepG2 cells in the presence of either
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Figure 3 Reduced DENV-induced phosphorylated p38 MAPK, TNF-a and apoptosis in HepG2 cells by siRNA against CD137. HepG2 cells
were transfected with either CD137 siRNA or control siRNA. Twenty-four hours post transfection, cells were infected with DENV at MOI 5 for 60 h.
Cells were collected and analyzed for (A) CD137 mRNA (B) CD137 positive cells (C) phosphorylation of p38 and (D) Apoptosis by flow cytometry.
The cells were collected and analyzed for TNF-a mRNA (E) and the culture supernatant was analyzed for TNF-a protein (F). All data were obtained
from three independent experiments and reported as the mean + SEM. Statistical differences between the groups were tested with an unpaired
t-test using StatView version 5.0 and P value less than 0.05 was considered significant.
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DMSO or 10 uM SB203580. TNF-a mRNA (A) and TNF-a protein (B) expression of DENV-infected HepG2 cells was subsequently examined by real-
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DMSO or 10 uM SB203580 was isolated and further
incubated with HepG2 cells in the presence or absence
of recombinant TNF-a (250 ng/ml)(Sigma). The
percentage of apoptotic cells was then determined at
72 h by annexin V/FITC and PI double staining and
quantitation by flow cytometry. The result in Figure 4C
showed that apoptosis of DENV-infected HepG2 cells
decreased from 22% to 11.59% when HepG2 cells were
incubated with supernatant containing virus from
S$B203580 treated DENV-infected HepG2 cells. Ad-
dition of recombinant TNF-a to supernatant from
SB203580 treated DENV-infected HepG2 cells in-
creased apoptosis of DENV-infected HepG2 cells from
11.59% to 17.89% (Figure 4C) suggesting that TNF-«
production affects DENV-induced apoptosis of HepG2

cells. Our result supports the previous studies for the
role of TNF-a expression in DENV-induced apoptosis
in other cell lines. TNF-a produced from macrophage
was shown to enhance DENV-induced endothelial cell
death [24] and inhibition of peripheral blood mono-
nuclear cell (PBMC) apoptosis by etanercept, which is
the antibody to TNF-a, was also reported [25]. In sum-
mary, we propose in Figure 4D that DENV induces
phosphorylated p38 MAPK to stimulate apoptosis and
inhibition of p38 MAPK and CD137 pathway reduce
DENV-induced TNF-a secretion and apoptosis of
HepG2 cells.
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ABSTRACT

Dengue virus (DENV) infection is one of the most important mosquito-borne viral diseases, which is
endemic in the tropical and sub-tropical regions. Patients with dengue hemorrhagic fever (DHF) generally
present hemorrhagic tendencies, plasma leakage, thrombocytopenia, and hemoconcentration. Hepatic
dysfunction is also a crucial feature of DENV infection. Hepatic biopsy specimens obtained from fatal
cases of DENV infection show cellular apoptosis, which apparently relate to the pathogenesis. Cathepsins,
which are cysteine proteases inside the lysosome, were previously reported to be up-regulated in
patients with DHF. However, their functions during DENV infection have not been thoroughly investi-
gated. We show for the first time that DENV induces lysosomal membrane permeabilization. The result-
ing cytosolic cathepsin B and S contributed to apoptosis via caspase activation. The activity of caspase 3
was significantly reduced in DENV-infected HepG2 cells treatedwith cathepsin B or S inhibitors. Treat-
ment with cathepsin B inhibitor also reduced the activity of caspase 9, suggesting that cathepsin B acti-
vates both caspase-9 and caspase-3. Reduced cathepsin B expression, effected by RNA interference,
mimicked pharmacological inhibition of the enzyme and confirmed the contribution of cathepsin B to

apoptotic events induced by DENV in HepG2 cells.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Dengue virus (DENV) infection is one of the most important
mosquito-borne viral diseases and is endemic in several countries.
DENV has four serotypes (DENV-1, -2, -3 and -4). Clinical manifes-
tations of infection include febrile disease, dengue fever (DF), den-
gue hemorrhagic fever (DHF), and dengue shock syndrome (DSS).
The last occurs in cases of subsequent infection with a different
serotype of DENV [1]. Patients with DHF present with hemorrhagic
tendencies, plasma leakage, thrombocytopenia, and hemoconcen-
tration. Evidence of hepatic injury is also demonstrated by hepato-
megaly and increases in transaminase levels [2-4]. Hepatic biopsy
specimens obtained from fatal cases of DSS show cellular apopto-
sis, which may relate to the pathogenesis of DSS [5-7].

Following DENV infection, apoptosis of hepatic cells was ob-
served both in vitro and in vivo [6-17]. DENV infection promotes
apoptosis in the hepatoma cell line, HepG2, partly through the
induction of TRAIL, a member of the death receptor pathway
[18]. TNFR and Fas signaling also contribute to DENV mediated

* Corresponding author at: Department of Anatomy, Faculty of Medicine Siriraj
Hospital, Mahidol University, Bangkok, Thailand.
E-mail address: thawornchai.lim@mahidol.ac.th (T. Limjindaporn).

0006-291X/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bbrc.2013.07.009

apoptosis [11,15]. Changes in mitochondria typical of the apoptotic
process have also been demonstrated in DENV-infected HepG2
cells, indicating a role of the mitochondrial pathway [16]. In
Huh-7 cells, another hepatoma cell line, DENV infection also in-
creases mitochondrial membrane potential and p53 expression
[19,20]. In a mouse model of DENV infection, intrahepatic infiltrat-
ing CD8" T cells cause liver cell death [21]. A contribution of apop-
tosis to the pathogenesis of fatal DHF/DSS in humans is suggested
by immunolocalization studies [7]. Apoptotic cells were present in
the livers offive of six patients from a Cuban dengue epidemic [7].

Lysosomes are membrane-bound organelles filled with hydro-
lytic enzymes including cysteine proteases and cathepsins [22].
Whereas intra-lysosomal cathepsins can degrade proteins and par-
ticipate in several cellular processes, such as autophagy, antigen
presentation and cytokine maturation, cytosolic cathepsins medi-
ate apoptosis. [23,26-28]. In hepatocytes, cathepsins process Bid
or caspase 2, degrade Bcl-2, and trigger the intrinsic apoptosis
pathway. Although cathepsin genes have been shown to be up-reg-
ulated in DENV-infected HepG2 cells [13] and in patients with DHF
[29], the role of cathepsins in DENV-mediatedapoptosis has not
been investigated.

This study aims to characterize the role of cathepsins in DENV-
mediated apoptosis. We show here that DENV induces lysosomal
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membrane permeabilization thereby releasing cathepsins to in-
duce apoptosis and that cathepsin B contributes to DENV-mediated
apoptosis in HepG2 cells.

2. Materials and methods
2.1. Culture and infection of HepG2 cells

HepG2 cells were cultured for 24 h before infection in DMEM
medium (Gibco-BRL), supplemented with 10% fetal bovine serum
(FBS), 2 mM L-glutamine, 1% non-essential amino acids, 1 mM so-
dium pyruvate, 100 U/ml of penicillin and streptomycin at37 °C
in a humidified atmosphere containing 5% CO,. Cells were infected
with DENV serotype 2 (DENV-2) strain 16681 at a multiplicity of
infection (MOI) of 5. The fraction of cells infected was measured
by flow cytometry following immunofluorescent staining of DENV
envelope protein (DENV E) [30,31].

2.2. Apoptosis assay

About 1 to 2 x 10° HepG2 cells were seeded in a 12-well culture
plate, infected with DENV-2 for 2 h, washed with PBS, and incu-
bated for 24 h, 36 h and 48 h, respectively. Following incubation,
cells were stained with annexin V/FITC and propidium iodide (PI)
(BD Biosciences). Apoptotic cells, which were annexin V+/Pl—,
werequantitated by flow cytometry.

To assess the caspase activity, up to 2 x 10* HepG2 cells were
seeded in a 96-well plate and pre-treated with 50 uM cathepsin
B inhibitor (CA-074 Me, Calbiochem), 10 M cathepsin L inhibitor
(Z-FY (t-Bu)-DMK, Calbiochem) or 5 uM cathepsin S inhibitor (Z-
FL-COCHO, Calbiochem) for 3 h before infection with DENV-2. All
concentrations tested in this study were proven to be non-toxic
to the HepG2 cells (data not shown). An equal volume of DMSO

(Sigma) was used as a vehicle control. The cells were infected with
DENV-2 for 48 h. The activity of caspases 3 and 7 was measured
using the fluorescence-based assay, Apo-One® Homogeneous Cas-
pase-3/7 assay (Promega). In addition, the activity of caspase 8
and caspase 9 was separately measured using luminescence-based
assays, Caspase-Glo™ 8 Assay andCaspase-Glo™ 9 Assay (Prome-
ga), respectively.

2.3. Lysosome permeability assay

About 1 to 2 x 10° HepG2 cells were seeded in a 12-well culture
plate, infected with DENV-2 for 2 h, washed with PBS, and incu-
bated for 24 h, 36 h and 48 h, respectively. At the indicated time
points, lysosomes were labeled by incubation of cells with
0.5 png/ml of acridine orange (Molecular Probes) for 15 min at
37 °C using the protocol described previously [32,33]. Acridine or-
ange accumulates in intact lysosomes and fluoresces red. Fluore-
sence was analyzed with flow cytometry. The reduced red
fluorescence of DENV-infected cells relative tomock-infected cells
was taken as a measure of lysosome permeabilization. The role
of reactive oxygen species (ROS) in lysosomal membrane perme-
abilization was assessed. HepG2 cells were seeded in a 12-well cul-

Table 1
Primers used for quantitative real time PCR.
Gene Primer sequence (5'-3") Product
Forward Reverse size
(bp)

CTSB  TGTGTATTCGGACTTCCTGCT
CTSS GGGTACCTCATGTGACAAG
CTSL  CAGTGTGGGAGAAGAACATG
CTSD  GTTTCGTGCATTGGAAGACC
ACTB AGAAAATCTGGCACCACACC

GTGTGCCATTCTCCACTCC 113
TCACTTCTTCACTGGTCATG 400
TGATTCTTCACAGGAGTCAC 247
GGTTTTGTCCCCTCTCACTC ~ 302
CTCCTTAATGTCACGCACGA 395

Fig. 1. DENV induced lysosomal membrane permeabilization, partly mediated by ROS in HepG2 cells. HepG2 cells were infected with DENV-2 at a MOI of 5 for 24, 36 and
48 h. Apoptosis was determined by annexin V/PI staining (C). Lysosomal membrane permeabilization was determined by acridine orange staining (A and B). To determine the
role of ROS in mediating lysosomal membrane permeabilization, HepG2 cells were infected with DENV-2 at a MOI of 5 and cultured in the presence or the absence of 5 mM of
NAC for 48 h (D). The results were obtained from flow cytometry analysis and expressed as the average of three independent experiments + SEM. The asterisks indicate

statistically significant differences between groups (p < 0.05).
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ture plate, infected with DENV-2 for 2 h, washed with PBS, and
incubated in the presence or the absence of 5 mM N-acetyl cys-
teine (NAC) (Calbiochem) for 24 h, 36 h and 48 h, respectively. At
the indicated time points, lysosomes were labeled by incubation
of cells with 0.5 pg/ml of acridine orange (Molecular Probes) for
15 min at 37 °C using the protocol described previously [32,33].

2.4. Real-time PCR

Up to 2 x 10° HepG2 cells were seeded in a 60 mm dish and
were infected with DENV-2 for 24 h and 48 h, respectively. Total
RNA from mock-infected or DENV-infected cells was isolated and
reverses transcribed using the High Pure RNA isolation kit (Roche)
and SuperScript® III First-Strand Synthesis System (Invitrogen),
respectively. CTSB, CTSD, CTSL, CTSS or ACTB mRNA were PCR ampli-
fied using gene-specific primers (Table 1). Amplification was mon-
itored using SYBR Green I Reaction Mix (Roche) in a Roche Light
Cycler 480. The Ct of each mRNA and ACTB control was measured
and the difference between their ACt was calculated. The relative
expression values (2722 between mock-infected and DENV-in-
fected HepG2 cells was then determined.

2.5. RNA interference

Up to 1.5 x 10° HepG2 cells were seeded in a 12-well culture
plate and transfected either with 200 nM of small interfering

RNA (siRNA) directed against CTSB (5’ UCU CUU UGA UGG UGG
GAC ACU GUG G 3')(Invitrogen) or with siControl (stealth RNAi
negative control Hi GC) (Invitrogen) using lipofectamine 2000
(Invitrogen). At 24 h post transfection, cells were infected with
DENV-2 and harvested 48 h later. The cells were lysed in RIPA buf-
fer and subjected to Western blot analysis [34] using primary anti-
bodies against CTSB(Cell Signaling), cleaved caspase 3 (Cell
signaling), DENV E [30, 31] or B-actin (Santa Cruz Biotechnology),
respectively.

2.6. Statistical analysis

All data were obtained from three independent experiments
and reported as the mean + SEM. Statistical differences between
the groups were tested with an unpaired t-test using StatView ver-
sion 5.0 and P values less than 0.05 were considered statistically
significant.

3. Results and discussion
3.1. DENVinduced lysosomal membrane permeabilization in HepG2cells

Following DENV infection, apoptosis of hepatic cells was ob-
served both in vitro and in vivo [6-17] However, the role of cathep-
sins in DENV-mediated apoptosis has not been investigated.
Different stimuli have been shown to cause lysosomal membrane

Fig. 2. DENV mediated up-regulation of cathepsin genes, which involved in apoptosis in HepG2 cells. HepG2 cells were infected with DENV-2 at a MOI of 5 for 24 and 48 h.
CTSB, CTSS, CTSL and CTSD gene expression was determined by real time PCR using specific primers (A). To determine the role of cathepsins in mediating apoptosis, HepG2
cells were pre-treated with the specific inhibitors of CTSB (50 uM), CTSS (5 uM) and CTSL (10 uM) or an equal volume of DMSO vehicle control (0.2%) for 3 h before infection
with DENV-2 at a MOI of 5. The cells were cultured in the presence of the inhibitors or DMSO for 48 h post infection before measurement of caspase 3 activity (B) and the
percentage of infection (C). The results are expressed as the average of three independentexperiments + SEM. The asterisks indicate statistically significant differences

between groups (p < 0.05).
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permeabilization and the released cytosolic cathepsin can mediate
apoptosis [24-28]. We first asked whether DENV infection induced
lysosomal membrane permeabilization. At 24 h post infection, 6%
of the cell population exhibited an apoptotic phenotype and this
increased to 10% at 36 h and 21% at 48 h (Fig. 1C). Theincrease in
apoptotic cells was paralleled by an increase in the number of cells
with reduced acridine orange red fluorescence. As show in Fig. 1A
and B, reduced lysosomal fluorescence was evident in 3% of cells at
24 h, increasing to 14% and 53% at 36 and 48 h, respectively. The
data suggested that DENV-induced apoptosis was accompanied
by lysosomal membrane permeabilization.

DENV infection is known to induce ROS accumulation [36] and
increased ROS has been shown to mediate lysosome destabiliza-
tion [35]. Consequently, we next asked whether ROS contributed
to lysosomal destabilization during DENV infection. HepG2 cells
were infected with DENV in the presence or the absence of 5 mM
N-acetyl cysteine (NAC), which confers antioxidant effect and isa-
ble to reduce free radicals. As expected, NAC partially reversed
the effects of DENV-induced lysosomal destabilization (Fig. 1D)
implying that DENV-induced ROS contributes to lysosomal mem-
brane permeabilization. However, NAC reduced permeabilization
by only 25%, implying that factors other than ROS make a signifi-
cant contribution to this effect [37]. In other stimuli, death receptor
engagements by their ligands, including TNF-o or TRAIL, result in
activation of caspase 8 and lysosomal destabilization in mouse
hepatocytes [27,38].

3.2. DENV-induced apoptosis in HepG2 cells is mediated by cathepsin B

Previous gene expression studies from our laboratory and oth-
ers identified cathepsin B and Sas differentially expressed during
DENV infection [13,29,39]. However, a role of cathepsins in
DENV-mediated apoptosis has not been investigated. Cathepsin
B, D, L and S were selected for further study as they were shown
to contribute to apoptosis of hepatocytes [27, 40-42]. HepG2 cells
were infected with DENV-2 for 24 h and 48 h and the change in
cathepsin mRNAs were evaluated. The average percent of HepG2
cells infected with DENV-2 were 80 and 90, respectively (data
not shown). Our results (Fig. 2A) showed that CTSB, CTSL, CTSS
but not CTSD mRNA expression increased in DENV-infected cells.
CTSS expressionincreased most dramatically, 5-fold by 24 h post
infection and 10-fold by 48 h. CTSB and CTSL mRNA expression
each increased 2-fold by 48 h post infection while CTSD was not in-
creased at both time points. We then tested whether cathepsin B, L,
and S were involved in DENV-mediated apoptosis. HepG2 cells
were pre-treated with cathepsin B, L, and S inhibitors before infec-
tion with DENV-2 and incubating for 48 h. The results showed that
caspase 3 activity was significantly decreased in DENV-infected
cells treated with cathepsin B and S inhibitors but not with cathep-
sin L inhibitor (Fig. 2B). The decrease was not due to a reduction in
DENV infection since similar levels of infection were seen between
vehicle- and inhibitor-treated cells (Fig 2C).This data suggest that
DENV-induced apoptosis was mediated by cathepsin B and S in
HepG2 cells.

Fig. 3. Cathepsin B mediated caspase 9 and caspase 3 activation in DENV-infected HepG2 cells. HepG2 cells were transfected either with 200 nM of siRNA directed against
CTSB or siControl Hi GC for 24 h before infection with DENV-2 at a MOI of 5 for 48 h. Cell lysates were subjected to Western blot analysis to determine the knock down
efficiency and the effect to apoptosis using CTSB and cleaved caspase 3 antibodies, respectively (A). To determine the apoptosis pathway influenced by cathepsin B, HepG2
cells were pre-treated with the specific inhibitors of CTSB (50 M) or equal volume of DMSO vehicle control (0.2%) for 3 h before infection with DENV-2 at a MOI of 5. The cells
were cultured in the presence of the inhibitors or DMSO for 48 h post infection before measurement of caspase 3 activity (B), caspase 8 activity (C) and caspase 9activity (D).
The results are expressed as the average of three independent experiments + SEM. The asterisks indicate statistically significant differences between groups (p < 0.05).
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Fig. 4. The proposed model of the lysosomal pathway of apoptosis after DENV infection in HepG2 cells. DENV infection of HepG2 cells induces lysosomal membrane
permeabilization, and up-regulation of cathepsin B, which turns on the intrinsic pathway of apoptosis by activation of caspase 9 and caspase 3. Lysosomal membrane
permeabilization is partly mediated by ROS and possibly by caspase 8 through ligands/receptors signaling.

Since treatment with cathepsin B inhibitor strongly inhibited
activation of caspase 3 activity, we next tested the specificity of
this effect by RNAi knockdown of cathepsin B. HepG2 cells were
transfected with siRNA directed against CTSB before infection with
DENV. The efficiency of cathepsin B knockdown by siRNA and the
effect on apoptosis were examined by Western blot analysis using
primary antibodies against CTSB and cleaved caspase 3, respec-
tively. CTSB protein expression was up-regulated in DENV-infected
HepG2 cells (Fig. 3A, siControl, Mock vs. DENV) and siRNA against
CTSB prevented this increase (Fig. 3A, DENV, siControl vs. siCTSB).
In addition, treatment with siRNA directed againstCTSB reduced
the amount of cleaved caspase 3 in DENV-infected cells (Fig. 3A,
DENYV, siControl vs. siCTSB) suggesting a role for CTSB in DENV-
mediated apoptosis. The result of siRNA directed against CTSB in
DENV-infected HepG2 cells is in agreement with the result of phar-
macological inhibition of CTSB (Fig. 3B). Therefore, genetic inhibi-
tion of CTSB expression reproduces pharmacological inhibition of
the enzyme and confirms the contribution of CTSB to apoptotic
event induced by DENV. Cathepsin B was previously shown to in-
volve in cell death in herpes simplex virus-infected monocytic
cells[33]. In addition, cathepsin B secreted from HIV-infected mac-
rophages contributes to neuronal apoptosis [43]. Interestingly,
inhibition ofcathepsin B was shown to protect glioma cells from
pavovirus-induced cytolysis [44].

3.3. Cathepsin B mediates caspase 9 activation in DENV-infected
HepG2 cells

The initiator caspase 8 of the death receptor pathway and the
initiator caspase 9 of the mitochondrial pathway activate the effec-
tor caspase 3. Activated caspase 3 then cleaves cellular target pro-
teins leading to cell death [45]. We next asked whether caspase 8
or caspase 9 pathways were activated by cathepsin B. HepG2 cells
pre-treated with cathepsin B inhibitor were infected with DENV-2
and the activity of caspase 8 and 9 were measured using a lumines-
cence-based assay. In the absence of cathepsin B inhibitor, the

activities of both caspase 8 and caspase 9 were drastically in-
creased in DENV-infected cells suggesting the involvement of both
extrinsic and intrinsic pathways (Fig. 3C and D). However, treat-
ment with cathepsin B inhibitor significantly prevented the in-
crease of caspase 9, but not caspase 8 (Fig. 3C and D). These
results suggested that caspase 8 is not the downstream of cathep-
sin B and that cathepsin B activation of caspase 3 occurs via cas-
pase 9. The data are in agreement with in vivo studies
demonstrating that cathepsin B inhibition suppresses LPS/D-
GalN-induced caspase-9 and caspase-3 activation and prevents he-
patic failure in mice [46]. Furthermore, caspase 8 was previously
shown to be the upstream of cathepsin B, which subsequently in-
duced downstream caspase 9 and caspase 3 in TNF-alpha-medi-
ated hepatocyte apoptosis [27].

We propose a lysosomal pathway of apoptosis after DENV infec-
tion in HepG2 cells (Fig. 4). DENV induces lysosomal membrane
permeabilization partly via ROS thereby releasing cathepsins to in-
duce apoptosis and cathepsin B contributes to DENV-mediated
apoptosis in HepG2 cells via caspase-9 and caspase-3 activation.
The molecular mechanisms by which cathepsin B mediates apop-
tosis merit further investigation.
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