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Abstract

Project code: RSA 5780012

Project title: Targeting intracellular membrane trafficking to combat dengue virus

Investigator: Associate professor Thawornchai Limjindaporn, MD, PhD

Email address: thawornchai.lim@mahidol.ac.th

Project period: July 2014-June 2017

Once inside the cells, virus hijacks intracellular trafficking mechanisms to generate
sheltered compartments to prepare for its own replication. The assembly and budding process
of enveloped virus utilizes cellular factors to facilitate transport from one membrane bound
compartment to the others. Recent development has led to the design of compounds targeting
keys of these membrane trafficking pathways to prevent infection. In this study, RNA
interference was performed to identify host proteins contributing to each step of trafficking of
dengue viral protein from endocytosis to exocytosis. The candidate host proteins involving in
intracellular trafficking mechanisms include COPs, APs and SNARES proteins. Then, protein
protein interaction study was used to identify interacting domains between DENV E and
identified host proteins. Finally, peptides were designed to inhibit interactions between
DENYV E and identified host proteins. This study provides not only cell biology of DENV but
also highlight the potential development of mimetic peptides as inhibitors by targeting

specifically to interacting domains between DENV-host proteins.

Keywords: Dengue virus, Intracellular membrane trafficking, RNA interference, Protein-

Protein Interaction, Peptides
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Introduction

Dengue virus (DENV) is a positive-stranded RNA virus in the Flaviviridae family,
which is transmitted by mosquito vectors. The genome of DENV has sequences encoding
structural proteins including capsid (C), pre-membrane protein (prM), and envelope (E), and
non-structural proteins (NS) including NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5[1].
DENYV consists of four serotypes, and secondary infection by different serotypes of DENV
contributes to severe dengue [2]. Patients with dengue hemorrhagic fever often present with
plasma leakage, hemoconcentration, thrombocytopenia, and hemorrhagic tendencies.
Additionally, serious complications of dengue hemorrhagic fever, such as organ failure, may
lead to dengue shock syndrome [1-3]. Currently, there are no effective vaccines or antiviral
drugs available; therefore, a better understanding of dengue pathogenesis is required.

DENV needs host cellular machinery for its replication. It binds to receptors and
enters host cells by clathrin-mediated endocytosis [4-16]. Reduced pH in the endosomes
induces fusion of viral and host cell membranes, thereby releasing DENV RNA into the
cytoplasm [17]. Viral replication occurs on the network of modified endoplasmic reticulum
(ER) membranes, including vesicular packets, virus-induced vesicles, and convoluted
membranes [18-20]. Immature viral particles are transported through the trans-Golgi network
(TGN) and mature virions are generated after cleavage of prM protein by host furin. Mature
viruses are finally released from the host cells by exocytosis [21]. Host proteins are
important for the viral life cycle, including endocytosis, virus-induced membrane
rearrangement, viral RNA replication and translation, and virion assembly and production.

Adaptor protein complex (AP) was originally identified as a component of the
clathrin-coated vesicles in the brain [22, 23]. Each member of AP has two large subunits
(v/B1, a/B2, 8/B3, /B4 or C/B5), one medium subunit (u1-u5), and one small subunit (c1-

65). AP-1A consists of one medium subunit (ulA), two large subunits (1 and y), and one



small subunit (c1). In contrast, AP-1B consists of one medium subunit (u1B), two large
subunits (1 and y), and one small subunit (c1). The u subunit mediates a selection of cargo
proteins via its binding with tyrosine-based sorting motif on the cargo protein [24-26]. AP-1A
is expressed ubiquitously and regulates the TGN-basolateral plasma membrane transport.
However, AP-1B is expressed in epithelial cells and regulates the basolateral transport of
proteins from the recycling endosomes. AP-1A, AP-2, AP-3A, AP-4 and AP-5 are expressed
ubiquitously. In contrast, AP-1B and AP-3B are expressed in a tissue-specific manner [23].
Each member of AP has two large subunits (y/B1, o/B2, &/B3, €/p4 or £/B5), one medium
subunit (u1—u5), and one small subunit (c1-c5). AP-1A consists of two large subunits (1
and y), one medium subunit (u1A), and one small subunit (c1). The p subunit mediates a
selection of cargo proteins via its binding with tyrosine-based sorting motif on the cargo
protein [24-26]. AP-1 can be recruited to components required for membrane rearrangement
and interactions between AP-1A and viral proteins are reported in several viruses [27-30].
Dysfunction of AP-1 may affect membrane organization, thereby decreasing viral replication
in infected cells.

Coat proteins and soluble N-ethylmaleimide-sensitive factor attachment protein
receptors (SNARES) are the components of the vesicle trafficking process in cells. There are 3
basic types of coat proteins, including coat protein complex | (COPI), coat protein complex Il
(COPIIl), and clathrin [31]. Clathrin mediates endocytosis while COPIl-coated vesicle
mediates anterograde transport from the ER to the Golgi apparatus, and COPI-coated vesicle
mediates retrograde transport from the Golgi apparatus to the ER [32]. SNAREs are important

for vesicular fusion on the target membrane, and they are formed as the specific determinant

to mediate fusion events in different intracellular membrane trafficking pathways. SNAREs

are structurally classified as either Q-SNARESs or R-SNAREs, according to the central residue



of SNARE motif, which is glutamine or arginine, respectively [33, 34]. SNAREs are
functionally classified as either v-SNAREs or t-SNAREs, depending on whether they are
found on the vesicle membrane or the target membrane, respectively. Previous studies have

demonstrated the role of coat protein complex in several virus infections, including poliovirus

[35, 36], enterovirus 71 (EV71) [37], alphavirus [38], HIV [39], HCV [40], and DENV [41].

In this study, RNA interference was performed to identify host proteins contributing
to each step of trafficking of dengue viral protein from endocytosis to exocytosis. The
candidate host proteins involving in intracellular trafficking mechanisms include Adaptor
proteins (AP-1A, AP-2), Coat proteins (COPI, COPII), and SNAREs proteins (STX 5, NSF)
Then, protein protein interaction study was used to identify interacting domains between
DENV E and AP-1A. Finally, peptides were designed to inhibit interactions between DENV
E and AP-1A. This study provides not only cell biology of DENV but also highlight the
potential development of mimetic peptides as inhibitors by targeting specifically to

interacting domains between DENV-host proteins.

Materials and Methods

Part I. Adaptor Protein 1A Facilitates Dengue Virus Replication

Cell lines, virus, and antibodies

Human hepatocellular carcinoma (Huh7) cells were obtained from the JCRB Cell Bank
(Osaka, Japan) and cultured in RPMI 1640 (Gibco, Carlsbad, CA, USA) supplemented with
10% heat-inactivated fetal bovine serum (FBS; Gibco), 1% non-essential amino acid (Gibco),
37 pg/ml penicillin (Sigma, St Louis, MO, USA) and 60 pg/ml streptomycin (Sigma) at 37°C
in a 5% CO; incubator with a humidified atmosphere. Propagation of DENV-1 (Hawaii),

DENV-2 strain 16681, DENV-3 (H87), and DENV-4 (H241) was performed in C6/36



mosquito cells. Mouse monoclonal antibodies specific for DENV E (clones 3H5 and 4G2),
DENV prM (clone 1C3), and DENV NS1 (clone NS1-3F.1) were produced from previously
established hybridoma cells [42-44]. Mouse polyclonal antibody specific for APIM1 (ulA
subunit) was purchased from Abnova (Taipei, Taiwan). Mouse monoclonal antibody specific
for B-actin was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
AP-1-dependent traffic inhibitor and DENV infection

Huh7 cells were infected with DENV-2 at a multiplicity of infection (MOI) of 1 for 2 h.
Excess viruses were removed and cells were washed three times with PBS. DENV-infected
or mock-infected Huh7 cells were incubated with AP-1-dependent traffic inhibitor (A5)
(Merck KGaA, Darmstadt, Germany) [45] at a final concentration of 0, 25, 50, 100 or 200
UM in 2% FBS-RPMI 1640 for 24 h. DENV-infected Huh7 cells were harvested for
measuring viral protein expression by western blotting using antibody to DENV E (4G2). The
culture supernatants were also collected to measure the amount of DENV production by a
focus forming unit (FFU) assay, as described previously[46]. Cell viability was determined
by PrestoBlue cell viability assay (Invitrogen, Carlsbad, CA, USA). To establish whether AP-
1-mediated traffic was involved in production of four serotypes of DENV, Huh7 cells were
infected with DENV-1, -2, -3 or -4 at a MOI of 1 for 2 h. Unbound virus was removed by
washing with PBS. DENV-infected Huh7 cells were incubated with A5 (200 uM) or culture
medium (control) for 24 h. Virus titer in culture supernatants was measured by FFU assay
[46].

Knockdown of AP-1A

Huh7 cells were seeded onto a 24-well plate in culture medium without antibiotics at a
concentration of 8x10* cells/well. Twenty-four hours later, the medium was replaced with
fresh RPMI 1640 medium and the cells were transfected with duplex AP-1A-specific SIRNA

(AP1IM1 (nl1A) siRNA: 5-CCGAAGGCAUCAAGUAUCGGAAGAA-3', Invitrogen) or



control siRNA (Cat.No. 12935-300; Invitrogen) using Lipofectamine RNAiI Max
(Invitrogen). After incubation with siRNA (100 nM) for 6 h, the cells were supplemented
with maintenance medium and incubated for a further 24 h. The second round of SiRNA
transfection was performed. mRNA and protein expression of AP-1A and B-actin was
subsequently verified by real-time reverse transcription polymerase chain reaction (RT-PCR)
(Lightcycler RNA Amplification Kit; Roche, Basel, Switzerland) using primers including
AP1M1-Forward: 5-CTAGTGTGGAGGCCGAAGAC-3', AP1M1-Reverse: S'-
CGGAGCTGGTAATCTCCATT-3"; ACTB-Forward: 5'-AGAAAATCTGGCACCACACC-
3'; ACTB-Reverse: 5'-CTCCTTAATGTCACGCACGA-3', and western blot analysis [47]
using AP1IM1 and B-actin antibodies, respectively. Cell viability was measured by trypan
blue exclusion, as described previously [48].

Binding assay

Huh7 cells transfected with AP-1A siRNA or control siRNA were detached by trypsinization.
After washing three times with PBS, cells were blocked with 1% bovine serum albumin
(BSA)-PBS for 30 min and incubated with DENV-2 at a MOI of 1 for 30 min on ice to
prevent endocytosis. Cells were washed twice with 1% BSA-PBS and incubated with anti-
DENYV E antibody (3H5) for 30 min on ice. After washing, rabbit anti-mouse 1gG conjugated
with fluorescein isothiocyanate (dilution 1:50) was added and incubated for 30 min on ice.
Cells were washed three times with 1% BSA-PBS and resuspended in 350 pl of 1%
paraformaldehyde-PBS. Virus binding was finally counted by the percentage of surface
DENV-E-positive cells analyzed by flow cytometry.

Internalization assay

Huh7 cells transfected with AP-1A siRNA or control siRNA were incubated with DENV-2 at
a MOl of 1 for 2 h at 37°C to allow penetration of DENV. To remove excess virus, cells were

washed three times with PBS. RNA was extracted from DENV-infected Huh7 cells using the



High Pure RNA isolation kit (Roche) and 0.5 ug RNA was reverse transcribed by random
hexamer primers from the Superscript 11l cDNA synthesis kit (Invitrogen). cDNA was
amplified by PCR using SYBR Green | Master Mix and primers specific to DENV E (DENV
E-Forward: 5-ATCCAGATGTCATCAGGAAAC-3; DENV E-Reverse: S'-
CCGGCTCTACTCCTATGATG-3'). Real-time RT-PCR was performed by LightCycler 480
Il (Roche) with: (i) 40 amplification cycles of denaturation at 95°C for 10 s, annealing at
60°C for 10 s, and extension at 72°C for 10 s; and (ii) melting curve and cooling steps as
recommended by the manufacturer. Relative levels of human AP1M1 mRNA and viral RNA
expression were determined by normalization to the expression levels of human [-actin
according to the 2" method [49].

Real-time RT-PCR

RNA was extracted from DENV-infected Huh7 cells, which were transfected with AP-1A-
specific SIRNA or control siRNA using the High Pure RNA isolation kit (Roche). Reverse
transcription was performed using total RNA (1 ng) and SuperScript 111 reverse transcriptase
(Invitrogen). Oligo(dT) 20 primer or random hexamer primers were used for synthesis of
cDNA template for determination of human AP-1A and B-actin mRNA, as well as DENV
RNA. Real-time RT-PCR was performed by LightCycler 480 1l (Roche) with: (i) 40
amplification cycles of denaturation at 95°C for 10 s, annealing at 60°C for 10 s, and
extension at 72°C for 10 s; and (ii) melting curve and cooling steps as recommended by the
manufacturer’s instructions. Relative levels of human AP-1A mRNA and viral RNA
expression were determined by normalization to the expression levels of human f-actin
according to the 224 method [49].

Viral RNA transfection

DENV RNA was isolated from culture supernatant of DENV-infected C6/36 cells using the

High Pure RNA isolation kit (Roche). In a 24-well plate, cells transfected with AP-1A siRNA



or control siRNA were transfected with DENV RNA (0.5 ug) using Lipofectamine 2000. At
4 h post-transfection, transfection reagent was removed and replaced with complete RPMI
1640 medium. Cells were harvested at 6 and 24 h post-transfection for detection of viral RNA
by real-time RT-PCR. The culture supernatant was collected at 24 h post-transfection for
FFU assay [46].

Western blotting

Clear lysates prepared from Huh7 cells transfected with AP-1A siRNA or control siRNA
were mixed with 4x loading buffer [50 mM Tris—HCI (pH 6.8), 2% SDS, 0.1% bromophenol
blue and 10% glycerol] and heated at 95°C for 5 min. Proteins in the samples were subjected
to 10% SDS-PAGE and transferred to nitrocellulose membranes (GE Healthcare Life
Sciences, Freiburg, Germany) as described previously [50]. The membranes were incubated
with 5% skimmed milk in PBS or in Tris-buffered saline with 0.1% Tween 20 (TBST) for 1 h
to block non-specific binding and with mouse monoclonal antibodies specific for DENV E
(clones 4G2), DENV PrM (clone 1C3), and DENV NS1 (clone NS1-3F.1) or human B-actin
at 4°C overnight. The membranes were washed three times with PBS or TBST and incubated
with horseradish peroxidase (HRP)-conjugated rabbit anti-mouse immunoglobulin antibody
(DAKO, Santa Clara, CA, USA) at a dilution of 1:1000 for 1 h at room temperature, followed
by three further washes. Proteins were visualized using an enhanced chemiluminescence
detection kit (SuperSignal West Pico Chemiluminescent Substrate; Thermo Scientific,
Waltham, MA, USA). Relative expression levels of human AP-1A, and DENV proteins were
assessed by normalization of their protein band intensities to human B-actin intensity using
ImageJ software (National Institutes of Health, Bethesda, MD, USA).

FFU assay

Supernatants collected from DENV-infected Huh7 cells transfected with AP-1A siRNA or

control siRNA were assessed for DENV production. Vero cells were seeded onto a 96-well



plate (Sigma) at 3x10* cells/well in minimal essential medium (MEM) supplemented with
10% FBS, 2 mM L-glutamine, 36 pg/ml penicillin and 60 pg/ml streptomycin, and cultured at
37°C in a 5% CO incubator for 24 h. The medium was removed from each well. DENV was
serially diluted 10-fold in MEM containing 3% FBS, 2 mM L-glutamine, 36 pg/ml penicillin
and 60 ug/ml streptomycin, added to each well (100 pl/well), and incubated at 37°C in a 5%
CO; incubator for 2 h. Overlay medium (MEM containing 3% FBS, 2 mM L-glutamine, 2%
carboxy methyl cellulose, 10% tryptose phosphate broth, 37 pg/ml penicillin and 60 pg/mi
streptomycin was added to each well (100 pl/well), and the culture was incubated for 3 days.
The medium was discarded from DENV-infected cells. The adherent cells were washed three
times with PBS (pH 7.4), fixed with 3.7% formaldehyde (BDH Laboratory Supplies, Poole,
UK) in PBS at room temperature for 10 min, followed by an additional 10 min
permeabilization with 1% Triton X-100 (Fluka, Steinheim, Switzerland). The cells were
incubated sequentially with mouse anti-DENV E monoclonal antibody (clone 4G2) at 37°C
for 1 h and HRP-conjugated rabbit anti-mouse immunoglobulins (DAKO; at a dilution of
1:1000 in PBS containing 2% FBS and 0.05% Tween-20 in the dark at 37°C for 30 min. To
develop an enzymatic reaction, the cells were incubated with a substrate solution containing
0.6 mg/ml diaminobenzidine, 0.03% H,0, and 0.08% NiCl;, in PBS at room temperature in
the dark for 5 min. After washing three times with PBS, dark brown foci of the DENV-
infected cells were counted under a light microscope. Virus titers were reported as FFU/ml.
Transmission electron microscopy (TEM)

Huh7 cells transfected with AP-1A siRNA or control sSiRNA were infected with DENV-2 at a
MOI of 10 for 2 h. Cells were washed three times with PBS and incubated in maintenance
medium (2% FBS-RPMI 1640) for 24 h. Cells were fixed with 2% paraformaldehyde/2%
glutaraldehyde in PBS for 24 h at 4°C, post-fixed with 1% osmium tetroxide and 1%

potassium ferrocyanide for 1 h at room temperature, followed by dehydration in a graded



series of ethanol (25%, 50%, 75%, 95% and 100%) for 20 min. Cells were embedded in
LRW resin and incubated at 60°C for polymerization for 48 h. Sections were obtained with a
Reichert-Jung Ultracut E Ultramicrotome and diamond knife, counterstained with uranyl
acetate and lead citrate for 10 min each, and examined with a JEOL-1010 transmission
electron microscope (JEOL USA, Peabody, MA, USA).

YFP-PCA mammalian two-hybrid system

Mammalian two hybrid system can be used to map the domains required for protein-protein
interaction. The full length of DENV E and host trafficking proteins were constructed.
HEK293T cells were grown in complete Dulbecco's modified eagle's medium (DMEM)
(GIBCO) supplemented with 10% fetal bovine serum (GIBCO), 100 U/ml penicillin and 100
ng/ml streptomycin at 37 ‘C in 5% CO, incubator. On the day before transfection, cells were
plated in 6-well plate with 50% confluence per well. The cultured cells were individually
transfected with 1 pg each of the following constructs; pcDNA3.1/Zeo-YFP[2]-AP-1 mulA,
pcDNA3.1/Zeo-YFP[2]-AP-1 mulB, pcDNA3.1/Zeo-YFP[1]-E_III , pcDNA3.1/Zeo-YFP[1]
and pcDNA3.1/Zeo-YFP[2] by using Lipofectamine 2000 (Invitrogen) and according to the
manufacture’s protocol. The cultured cells were co-transfected with different pair of the
construct (1 pg each) including pcDNA3.1/Zeo-YFP[1] and pcDNA3.1/Zeo-YFP[2] (as a
negative control), pcDNA3.1/Zeo-YFP[1]-kAE1 and pcDNA3.1/Zeo-YFP[2]- AP-1 mulA
(as a positive control), pcDNA3.1/Zeo-YFP[1]-EDIIl and pcDNA3.1/Zeo-YFP[2]-AP-1
mulA and pcDNA3.1/Zeo-YFP[1]-EDIII and pcDNA3.1/Zeo-YFP[2]-AP-1 mulB by using
Lipofectamine 2000 (Invitrogen) and according to the manufacture’s protocol. At 5 hours
post-co-transfection, transfection mixture was removed and replaced with complete DMEM
medium. After 48 h after transfection, cells were observed under fluorescence microscope.

They were detached, centrifugation 2000 rpm 5 minutes at 4° C and then fixed in 2%



paraformaldehyde. Cells were re-suspended again and analyzed by using FACSort flow
cytometer.

Peptide blocking

Peptides were designed base on the sequences of domain Il of DENV E including
RRRRRRRR-MKGMSYSMCTGKFKVVKEIAETQHGTIVIRVQY and RRRRRRRR-

MRGMSYSMCTGKFKVVKEIAETQHGTIVIRVQY, respectively. Mammalian two hybrid
system was performed as previously described. After 24 h after co-transfection, cells were incubated
with 10 uM of peptides. After 48 h after transfection, cells were observed under fluorescence
microscope. They were detached, centrifugation 2000 rpm 5 minutes at 4° C and then fixed in
2% paraformaldehyde. Cells were re-suspended again and analyzed by using FACSort flow
cytometer.

Statistical analysis

Data were statistically analyzed by unpaired t test, with the use of GraphPad Prism version
5.0 (San Diego, CA, USA). Results were expressed as mean and standard error of the mean

(SEM) and P<0.05 was considered significant.

Part 11: Exocytosis Role of Adaptor Protein 2 in Dengue Virus Infection

Cell lines, viruses, antibodies and inhibitor

Human hepatocellular carcinoma (Huh7) cells were obtained from the JCRB Cell Bank
(Osaka, Japan) and cultured in RPMI 1640 (Gibco, Carlsbad, CA, USA) supplemented with
10% heat-inactivated fetal bovine serum (FBS; Gibco), 1% non-essential amino acid (Gibco),
37 pg/ml penicillin (Sigma, St Louis, MO, USA) and 60 pg/ml streptomycin (Sigma) at 37°C
in a 5% CO; incubator with a humidified atmosphere. DENV strains used in this study were
DENV-1 (Hawaii), DENV-2 (16681), DENV-3 (H87) and DENV-4 (H241). Mouse

monoclonal antibodies specific to DENV E (clones 3H5) were kindly provided by Dr.



Chunya Puttikhunt. Sunitinib malate, AAK1 inhibitor was purchased from Sigma-Aldrich,
USA.

siRNA and primers

Control siRNA: Stealth RNAi Negative Control Duplexes, Cat.No. 12935-300

AP2M1 siRNA: 5’-CAGCAGTCACCAAGCAGAATGTCAA-3’

AP2M1-Forward: 5’-CAGCAGGGCATCAAGAGTCAGCA-3’

AP2M1-Reverse: 5>-CACCTGCCCTTGTGGGGACATGA-3’
DENV E-Forward: 5>-ATCCAGATGTCATCAGGAAAC-3’
DENV E-Reverse: 5>-CCGGCTCTACTCCTATGATG-3’

ACTB-Forward: 5°>-AGAAAATCTGGCACCACACC-3’

ACTB-Reverse: 5’-CTCCTTAATGTCACGCACGA-3’

Control and AP2M1 siRNA were purchased from Invitrogen, USA.

Time-of-addition studies of sunitinib

Time-of-addition assay was performed to study an anti-DENV activity of sunininib in DENV
replication cycle. For DENV infection, Huh7 cells were infected with DENV-2 at an MOI of
1 for 2 h. The virus inoculum was removed and cells were washed with PBS for three times.
The fresh growth medium was added and incubated at 37°C in 5% CO, incubator for 24 h.
Cells were treated with sunitinib at concentration 0.5, 1, 2.5, 5 and 10 puM. Time-of-addition
studies including pre-treatment (2 h before DENV inoculation), co-treatment (0 h, during 2 h
inoculation) and post-treatment (2 h after inoculation) were performed. After 24 h post
infection, culture supernatants were collected for determining virus titer by focus forming
assay (FFA).

siRNA transfection

Huh7 cells were transfected with duplex AP2M1 specific sSiRNA or control siRNA using

Lipofectamine 2000 (Invitrogen). After 6 h post transfection, cells were supplemented with



fresh growth medium and incubated for a further 24 h. siRNA transfection was performed
twice in 24 h interval.

DENV naked RNA transfection

DENV RNA was isolated from culture supernatant of DENV-2-infected C6/36 cells using
High Pure RNA isolation kit (Roche). Control or AP2M1 knockdown Huh7 cells were
transfected with 0.5 pg DENV naked RNA by Lipofectamine 2000 (Invitrogen). At 4 h post-
transfection, transfection reagent was removed and replaced with complete RPMI 1640
medium. Cells were harvested at 24 h post-transfection.

Reverse transcription and real-time PCR

Total RNA was extracted from cells using the High Pure RNA isolation kit (Roche). Reverse
transcription was performed using total RNA (1 ug) and SuperScript 111 reverse transcriptase
(Invitrogen). Real-time RT-PCR was performed using SYBR Green | based detection. And
analyzed by LightCycler480 Il instrument (Roche) with: (i) 40 amplification cycles of
denaturation at 95°C for 10 s, annealing at 60°C for 10 s, and extension at 72°C for 10 s; and
(if) melting curve and cooling steps as recommended by the manufacturer’s instructions.
Relative levels of human AP2M1 mRNA and viral RNA expression were determined by

2724C method.

normalization to the expression levels of human B-actin according to the
Indirect immunofluorescence staining

DENV naked RNA transfected Huh7 cells, which were transfected with AP2M1 specific
SiRNA or control siRNA were fixed with 4% paraformaldehyde-PBS, permeabilized with
500 ul of 0.2% Triton X-100-PBS for 10 min each at RT. Subsequently, cells were incubated
with mouse monoclonal antibody to DENV (clone 3H5) for 1 h at RT. After washing three
times with PBS, cells were incubated with donkey anti-mouse 1gG conjugated with Alexa

Fluor 594 for 30 min at RT. Nuclei were stained with Hoechst 33342 dye. The staining cells

were visualized by a confocal microscopy.



Statistical analysis
Data were statistically analyzed by one-way ANOVA or unpaired t test using GraphPad
Prism version 5.0 (San Diego, CA, USA). Results were expressed as mean and standard error

of the mean (SEM) and P<0.05 was considered significant.

Part 111: Coat Protein Complex | Facilitates Dengue Virus Production

Cell lines and virus strains

Human hepatocellular carcinoma Huh7 cell line was grown in RPMI-1640 medium (Gibco,
Carlsbad, CA, USA)complemented with 10% heat-inactivated fetal bovine serum (FBS;
Gibco), 1% non-essential amino acid (Gibco), 100 U/ml penicillin (Sigma Aldrich, St. Louis,
MO, USA), and 100 pgml streptomycin (Sigma Aldrich)at 37°C in a 5% CO, incubator.
EAhy926 cells (human endothelial cell line)were cultured in Dulbecco's Modified Eagle
Medium/Nutrient Mixture F-12 (DMEM/F-12; Gibco) supplemented with 10+ heat-inactivated
FBS (Gibco), 100 Uml penicillin (Sigma Aldrich), and 100 pgml streptomycin (Sigma
Aldrich) at 37°C in a humidified 5% CO2 incubator. DENV serotype 1 (strain Hawaii), DENV
serotype 2 (strain 16681), DENV serotype 3 (strain H87), and DENV serotype 4 (strain H241)
were propagated in mosquito C6/36 cells, which were grown in Leibovitz’s L-15 Medium
(Gibco, CA, USA), complemented with 10« heat-inactivated FBS (Gibco), 10% tryptose
phosphate broth (Sigma Aldrich), 100 U/ml penicillin, and 100 pg/ml streptomycin (Sigma

Aldrichy at 28°C in an incubator without CO».



Antibodies

Mouse monoclonal antibodies against DENV E (clone 4G2), C (clone 1C4), prM (clone 1C3),
and NS1 (clone 2G6) were generated from hybridoma cells, as described previously [42-44].

Mouse monoclonal antibody against GAPDH and goat polyclonal antibody against COPG

(COPI subunit) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).

siRNA transfection and DENYV infection

Huh7 cell line was seeded in complete RPMI medium. On the second and third days, cells
were separately transfected with specific sSiRNA (Invitrogen) or control siRNA (Invitrogen)
using Lipofectamine™ 2000 (Invitrogen) and incubated in a 37°C 5% CO; incubator for 48
hours. Target sequences of SiIRNA included siCOPI

(5"GAGUUCAUCGAGGACUGCGAGUUCAZ'),siCOPII(5'GGGCAGAUCCUUAUCGCC
GACCUCA3Z), SiISTX5(5'GAGUUGGGCUCCAUCUUUCAGCAGU3'), SINSF
(5’GCACCACAATTGCACAGCAAGTCAA3'). Knockdown cells were then infected with

DENV at a multiplicity of infection (MOI) of 1. At 2 hours post-infection, unabsorbed viruses
were removed by washing with PBS three times and further incubated. At 24-hours post-
infection, cells were collected to verify their knockdown efficiencies by real-time RT-PCR
(Lightcycler® RNA Amplification Kit; Roche, Basel, Switzerland) and by Western blot
analysis. Infectious virus production in culture supernatants was determined by focus forming
unit (FFU)assay [51]. Cell viability was detected by trypan blue exclusion, as described

previously [51].



Binding assay

COPI-silenced Huh7 cells and control cells were trypsinized and washed with PBS three
times. Cells were incubated on ice with DENV-2 at an MOI of 1 for 30 minutes. After
removal of unbound virus by washing with 1% BSA-PBS twice, cells were incubated on ice
with mouse anti-DENV E antibody (clone 4G2) for 30 minutes. Upon washing, cells were
incubated on ice with rabbit anti-mouse IgG conjugated with fluorescein isothiocyanate
dilution 1:50) for 30 minutes. After washing three times, cells were resuspended with 1%
paraformaldehyde-PBS. Finally, virus binding on the cell surface was analyzed by flow
cytometry.

Internalization assay

COPI-silenced Huh7 cells and control cells were incubated with DENV-2 at an MOI of 1 at
37°C for 2 hours, after which excessive viruses were removed by washing. Total RNA was
extracted using High Pure RNA Isolation Kit (Roche). Random hexamer primers of the
Superscript 111 cDNA Synthesis Kit (Invitrogen) were used for reverse transcription of total
RNA to cDNA Real-time RT-PCR was then performed using SYBR Green | Master Mix
(Roche) with primers specific to DENV E in a LightCycler® 480 Instrument (Roche). Fold

change of DENV E relative to the GAPDH endogenous control was determined by applying

the 24T method.

gRT-PCR

gRT-PCR was performed using SYBR Green | Reaction Mix (Roche) with primers specific to

individual genes in a LightCycler® 480 Instrument (Roche). cDNA samples were amplified



for 40 cycles using the following temperature and time protocol: denaturation at 95°C for 30
seconds, annealing at 60°C for 40 seconds, and extension at 72°C for 25 seconds. The
threshold cycle (Ctywas obtained and used for calculation. The fold change of target genes
ACT)l

relative to the GAPDH endogenous control was determined using the equation 2

Indirect immunofluorescence staining and Western blot analysis

Huh7 cells were seeded on coverslips and incubated for 24 hours. Later, these cells were
individually transfected with COPI-specific siRNA or control siRNA twice at 24-hour
intervals. At 48 hours after the first round of siRNA transfection, cells were infected with
DENV-2 at an MOI of 1. At 24-hours post-infection, cells were washed once with PBS, fixed
with 49 paraformaldehyde-PBS, and permeabilized with 0.2% Triton X-100-PBS. Cells on

coverslips were incubated with primary antibody specific to either COPI or DENV E protein

at room temperature for 1 hour. Cells were washed to remove excessive primary antibody,

incubated with secondary antibody at room temperature for 30 minutes, and cell nuclei were

stained by Hoechst (Thermo Fisher Scientific). Fluorescence staining was observed under a
laser scanning confocal microscope (Zeiss LSM 510 META). Western blot analysis was

performed, as described in a previous report [51].

Statistical analysis

GraphPad Prism version 5.0 (La Jolla, CA, USA) was used to analyze statistical significance
by unpaired t-test. A p-value of less than 0.05 was regarded as being statistically significant

for all tests.



Results

Part |. Adaptor Protein 1A Facilitates Dengue Virus Replication
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Figure 1. AP-1-dependent traffic inhibitor, A5, inhibited DENV production in Huh7
cells. Huh7 cells were infected with DENV-2 at a MOI of 1 for 2 h. Unbound virus was
removed by washing with PBS. Mock- or DENV-infected cells were incubated with A5 at 0,
25, 50, 100 and 200 uM for 24 h. (A) DENV envelope protein in cell lysates was examined at
24 h post-treatment with A5 by western blotting.Band intensity of DENV envelope protein
was quantified using Image J software.(B)Virus titer in culture supernatants was measured by
FFU assay.(C)Viability of DENV-infected cells was measured using PrestoBlue cell viability
reagent. Statistical significance was analyzed using the unpaired t test. *P<0.05. Error bars

represent SEM from three independent experiments.
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Figure 2. Depletion of AP-1A impaired DENV genome replication. (A) Effect of AP-1A
SIRNA on DENV RNA synthesis. Cells transfected with control and AP-1A siRNA were
transfected with 0.5 pg DENV RNA using Lipofectamine 2000. Viral RNA level was
determined by real-time RT-PCR at 6 and 24 h post-transfection. (B) Quantification of
virions released from cells transfected with DENV RNA. At 24 h post-transfection, culture
supernatants were collected for titration by FFU assay. The results were plotted relative to
cells transfected with control siRNA. Statistical significance was analyzed using unpaired t

test (*P<0.05). Error bars represent SEM from three independent experiments.



Figure 3. AP-1A knockdown affected the DENV replication site. (A) Ultrastructural
analysis of Huh7 cells transfected with control siRNA was observed by TEM at 48 h after
second transfection. (B) Cells transfected with control siRNA. (C) Cells transfected with AP-
1A siRNA. (D) Cells transfected with AP-2siRNA were infected with DENV-2 at a MOI of
10 for 24 h. Cells were fixed, processed and analyzed by TEM. Ve, virus-induced vesicles

(arrow); Vi, virus particles (arrowhead).
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Figure 4. AP-1 was involved in production of four serotypes of DENV. Inhibitory effect
of A5 on virus replication was determined in all four serotypes of DENV. Huh7 cells were
infected with DENV-1, -2, -3 and -4 at a MOI of 1 for 2 h. Unbound virus was removed by
washing with PBS. DENV-infected cells were incubated with A5 (200 uM) or culture
medium (control) for 24 h. Virus titer in culture supernatants was measured by FFU assay.
(A) Titer of DENV-1; (B) titer of DENV-2; (C) titer of DENV-3; (D) titer of DENV-4.
Statistical significance was analyzed using unpaired t test (*P<0.05). Error bars represent

SEM from three independent experiments.
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Figure 5. Domain 3 of DENV binds to AP1A, and AP1B by YFP-PCA mammalian two-
hybrid system. The cultured cells were co-transfected with different pair of the construct
including pcDNAS3.1/Zeo-YFP[1] and pcDNA3.1/Zeo-YFP[2] (as a negative control),
pcDNA3.1/Zeo-YFP[1]-KAE1 and pcDNAS3.1/Zeo-YFP[2]- AP-1 mulA (as a positive

control), pcDNAS3.1/Zeo-YFP[1]-EDIIl and pcDNAS3.1/Zeo-YFP[2]-AP-1 mulA and



pcDNA3.1/Zeo-YFP[1]-EDIIl and pcDNA3.1/Zeo-YFP[2]-AP-1 mulB by using
Lipofectamine 2000 (Invitrogen) and according to the manufacture’s protocol. At 5 hours
post-co-transfection, transfection mixture was removed and replaced with complete DMEM
medium. After 48 h after transfection, cells were observed under fluorescence microscope.
They were detached, centrifugation 2000 rpm 5 minutes at 4° C and then fixed in 2%

paraformaldehyde. Cells were re-suspended again and analyzed by using FACSort flow

cytometer.
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Figure 6. Peptide blocking of DENV E binding to AP1A by YFP-PCA mammalian two-
hybrid system. Peptides were designed base on the sequences of domain Il of DENV E
including RRRRRRRR-MKGMSYSMCTGKFKVVKEIAETQHGTIVIRVQY and RRRRRRRR-
MRGMSYSMCTGKFKVVKEIAETQHGTIVIRVQY, respectively. Mammalian two hybrid
system was performed as previously described. After 24 h after co-transfection, cells were incubated
with 10 uM of peptides. After 48 h after transfection, cells were observed under fluorescence
microscope. They were detached, centrifugation 2000 rpm 5 minutes at 4° C and then fixed in
2% paraformaldehyde. Cells were re-suspended again and analyzed by using FACSort flow

cytometer.
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Figure 1. Time-of-addition studies of sunitinib. Activity of AP-2 is regulated by AP-2-
associated protein kinase 1 (AAK1). To determine the role of AP-2 in DENV replication

cycle, time-of-addition studies of sunitinib, AAK1 inhibitor was performed. Huh7 cells were



treated with sunitinib as following pre-treatment (2 h before infection, -2 h), co-treatment
(during infection, 0 h) and post-treatment (2 h after infection, +2 h) and infected with DENV-
2 for 24 h. Culture supernatant was harvested for determining viral titer by focus forming
assay (FFA). The results showed that sunitinib reduced virus production in all time-of-
addition (Fig. 1A-C). Moreover, post-treatment of sunitinib inhibited DENV production in all

serotypes (Fig. 1D). These results suggested that AP-2 plays role in DENV replication cycle.
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Figure 2. Knockdown of AP2M1 reduces dengue virus production. To confirm the role of
AP-2 in DENV production, the p subunit of AP-2 (AP2M1) was silenced by AP2M1 siRNA
before infection. Knockdown efficiency was determined by real-time RT-PCR (Fig. 2A).
Control and AP2M1 knockdown cells were infected with DENV-2 at the MOI of 1.
Intracellular DENV RNA and extracellular virus were examined at 8 h and 24 h post
infection by real-time RT-PCR and focus forming assay (FFA), respectively. At 8 h post
infection, intracellular DENV RNA was decreased in AP2M1 knockdown cells (Fig. 2B). At

24 h post infection, intracellular DENV RNA was not changed but extracellular virus was



reduced in AP2M1 knockdown cells compared with those in control siRNA-transfected cells
(Fig. 2C). These results suggested that AP-2 plays role in DENV production. Altogether, AP-
2 may play an additional role in post-entry stage of DENV replication cycle.
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Figure 3. Knockdown of AP2M1 increases intracellular DENV RNA and virions. To
characterize the role of AP-2 in post-entry stage, the effect of AP2M1 knockdown on distinct
steps of viral replication cycle was determined in DENV naked RNA transfected cells. Huh7
cells were transfected with control or AP2M1 siRNA twice, 24 h interval. Knockdown
efficiency was determined by real-time RT-PCR (Fig. 3A). After 24 h post second
transfection, cells were transfected with DENV naked RNA to bypass entry step. After 24 h
post transfection, cells were collected for determining intracellular viral RNA, intracellular
virus and culture supernatants were harvested for examining extracellular virus in a single
round of replication. The results showed that knockdown of AP2M1 increased intracellular
viral RNA and virions but reduced extracellular virus (Fig. 3B-D). These results suggested

that knockdown of AP2M1 affected DENV release.
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Fig. 1 RNA interference against COPI and COPII decreased DENV production in Huh?
cells. (A) Knockdown efficacy was analyzed by real-time RT-PCR and shown as relative
MRNA level normalized with GAPDH. (B) At 24 hpi, infectious virus production in culture

supernatants was determined by FFU assay and calculated as a percentage of virus production

relative to siControl. (C) Percentage of cell viability was measured by trypan blue exclusion
assay. The mean of three independent experiments was the recorded result. An asterisk

indicates statistical significance between siControl and specific SIRNAs (p<0.05).
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Fig. 2 COPI did not facilitate binding, entry, or RNA replication of DENV in Huh7 cells.
(A) At 48 h post-transfection, knockdown cells were blocked with 1% BSA-PBS for 30 min
and incubated with DENV-2 at an MOI of 1 for 30 min on ice to inhibit endocytosis. DENV

binding on the cell surface was analyzed by flow cytometry, and results were described as

mean fluorescence intensity (MFI) of the surface of DENV-E-positive cells. (B) Knockdown
cells were infected with DENV-2 at an MOI of 1 for 2 h at 37°C to allow entry of DENV.
DENYV internalization was analyzed by real-time RT-PCR and shown as relative mRNA level
normalized with GAPDH. (C) At 24 hpi, intracellular DENV RNA was analyzed by real-time
RT-PCR. The mean of three independent experiments was the recorded result. An asterisk

indicates statistical significance between siControl and specific sSiRNAs (p<0.05).
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Fig. 3 Depletion of COPI decreased DENV proteins. Huh7 cells were transfected with
siCOPI or siControl twice at 24 h intervals. At 48 h post-transfection, knockdown cells were
infected with DENV-2 at an MOI of 1. (A) At 24 hpi, DENV proteins were analyzed by
Western blot analysis, and shown as (B) intensity normalized with GAPDH. The mean of
three independent experiments was the recorded result. An asterisk indicates statistical
significance between siControl and specific siRNAs (p<0.05). (C) Huh7 cells on coverslips
were transfected with siCOPI or siControl twice and infected with DENV-2 at an MOI of 1
[as performed in (A)y, and double immunofluorescence staining was performed and analyzed
by laser scanning confocal microscope to compare between siControl and siCOPI at 24 hpi.

(D) Knockdown efficacy of COPI was analyzed by Western blot analysis.
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Fig. 4 COPI facilitated virion production in all serotypes of DENV and in other cell line.

(A) At 24 hpi, knockdown efficacy of COPI was analyzed in Huh7 cells infected with all four
DENYV serotypes by Western blot analysis. (B) Infectious virus production from Huh7 culture

supernatants following infection with all four DENV serotypes was determined by FFU

assay, and calculated as a percentage of virus production relative to siControl. (C) EA hy926
cells were used as another target cell. At 24 hpi, knockdown efficacy of COPI was analyzed
by Western blot analysis. (D) Infectious virus production from EA hy926 culture supernatants

was determined by FFU assay and calculated as a percentage of virus production relative to

siControl. The mean of three independent experiments was the recorded result. An asterisk

indicates statistical significance between siControl and siCOPI (p<0.05).



Discussion

Part |. Adaptor Protein 1A Facilitates Dengue Virus Replication

Using a human-genome-wide RNAI screen, clathrin and its adaptor proteins were
shown to decrease DENV infection [52]. A pathway-specific SiRNA library further revealed
the role of clathrin and its adaptor proteins in mediating DENV entry [4] and secretion of
subviral particles [53]. Furthermore, the role of AP-1A in DENV production was shown to
play a role at the egress stage from the TGN to plasma membrane [54]. In the present study,
we showed that treatment with AP-1-dependent traffic inhibitor (A5), or transfection with
AP-1A siRNA decreased replication of DENV, thereby reducing viral protein expression and
production. Thus, AP-1 may have an additional role besides aiding egression of DENV, as
shown previously [54]. This hypothesis was supported by RNAI, which showed that DENV
RNA was significantly reduced in DENV-infected Huh7 cells transfected with AP-1A siRNA
compared with control siRNA. Naked DENV RNA transfection, which bypassed the process
of viral fusion and uncoating, demonstrated decreased production of viral RNA and
infectious virions in cells transfected with AP-1A siRNA compared with control siRNA-
transfected cells. This was indicative of an essential function of AP-1A in the step of DENV
RNA replication. Vesicular packets, which are a proposed replication site for DENV, were
fewer in number in Huh7 cells transfected with AP-1A siRNA compared with control siRNA.

AP-1, GTPase ADP-ribosylation factor 1(ARF)-1 and phosphatidylinositol-4-
phosphate (PI4P) are the components, which are essential for reorganization of donor
membrane for clathrin-coated vesicle[55]. AP-1A and AP-3A are required for transport
between endosomal/lysosomal systems and the secretory pathway [56, 57]. AP-3A was
previously shown to be involved in replication of DENV [54], therefore, we proposed here
that AP-1A may act in concert with AP-3A to facilitate replication of DENV. AP-1A and AP-

3A coat assembly are controlled by GTPase ARF-1 [58, 59]. ARF-1 plays a key role in



trafficking through the Golgi apparatus, where it is involved in the formation of vesicular
packets, and ARF family siRNAs have an inhibitory effect on DENV recombinant subviral
particle secretion [53, 60]. Rab18, a GTPase involved in vesicular trafficking, also regulates
DENV replication by targeting enzymes required for cellular fatty acid synthesis to the
replication site [61]. Enhanced fatty acid synthesis is required for efficient membrane
proliferation and rearrangement in DENV replication [62-64]. Recruitment of PI4P is also
required for membrane reorganization [65]. DENV may use AP-1A to recruit enzymes
(P14K-111B) for synthesis of PI4P to help its own replication. Purified AP-1 binds to PI4P,
and anti-PI4P inhibits recruitment of cytosolic AP-1 to normal cellular membranes [66];
therefore, disruption of AP-1A by RNAI in the present study may have affected synthesis of
PI4P and membrane organization required for DENV replication. The role of
phosphatidylinositol-4-kinases, including P14K-1lla, as a modulator of hepatitis C virus
(HCV), was demonstrated by co-localization of PI4K-Illao and HCV NS5A in lipid rafts.
Inhibition of web formation by siRNA against PI4K-1llo correlates with the decrease in HCV
replication and infectious virion production. PI4K-1lla is proposed to produce pools of P14P
for HCV replication [67]. In addition, DENV can activate autophagic machinery for viral
replication both in vitro and in vivo [68, 69]. DENV infection can induce an autophagy-
dependent processing of lipid droplets and triglycerides to release free fatty acids for
replication [63], linking of DENV replication through autophagolysosome was demonstrated
[70], and dysfunction of the AP-1A-dependent clathrin coating at the TGN can prevent
autophagosome formation [71]. AP-1A may be a host component, which can recruit enzymes
required for fatty acid synthesis and dysfunction of AP-1A may affect membrane

organization, thereby decreasing replication of virus in infected cells.



Part 11: Exocytosis Role of Adaptor Protein 2 in Dengue Virus Infection

Intracellular vesicular trafficking is a pathway which is hijacked by DENV. Clathrin-
mediated transport plays an important role in cargo sorting by coordinating with clathrin
adaptor protein complexes. The well-characterized clathrin adaptor protein complexes are
AP-1 and AP-2 which mediates vesicular transport in secretory and endocytic pathway,
respectively. Adaptor protein complexes are hijacked by several viruses for their own
replication. It has been reported that AP-1 plays role in DENV secretion [54]. AP-1 is
involved in retroviral budding at plasma membrane by interacting with Gag and mediating
Gag trafficking [72]. Our previous study has been demonstrated that AP-1 plays an additional
role in DENV RNA replication by involving in replication site biogenesis [51]. Based on the
classical role of AP-2 in receptor-mediated endocytosis, AP-2-dependent clathrin-mediated
endocytosis is characterized as a pathway for viral entry. In hepatitis C virus (HCV), AP-2
plays role in HCV entry. AP-2 activity is regulated by host kinases including AAK1 and
GAK. Phosphorylation of the p subunit of AP-2 mediated cargo sorting. Knockdown of the p
subunit of AP-2 and inhibition of AAK1 and GAK by two FDA drug approved, sunitinib and
erlotinib which is AAK1 and GAK inhibitor, respectively decreases HCV entry [73].
Moreover, AP-2 plays an alternative role in HCV assembly. AP-2 interacts with core proteins
and mediates core trafficking to assembly site [74]. Two FDA drug approved, sunitinib and
erlotinib also inhibit HCV assembly. In SIV, AP-2 interacts with SIV Nef and down-
regulates host tethering protein, BST-2 resulting in SIV release [75]. These evidences
demonstrate that AP-2 plays several roles in viral entry, assembly and egress. These studies
revealed that host proteins are subverted by viruses in both the classical and non-classical
functions. Recently, inhibition effect of sunitinib and erlotinib in DENV entry has been

reported. Phosphorylation of T156 in the mu subunit of AP-2 is inhibited by sunitinib and



erlotinib in DENV-infected cells [76]. However, an alternative role of AP-2 in DENV life
cycle is not investigated. In this study, role of AP-2 in DENV replication cycle was
determined by inhibiting AP-2 activity using sunitinib and depleting of the p subunit of AP-2
(AP2M1) by siRNA. Time-of-addition studies of sunitinib including pre-, co- and post-
treatment were performed to verify which step is AP-2 involved. Virus titer was examined at
24 h post infection to determine the effect of sunitinib in a single round of DENV replication
cycle. The results showed that virus titer was reduced in all time of addition. Because
sunitinib targets AAK1 which regulates AP2M1 phosphorylation by competitive binding,
reduction of DENV production in pre-treatment and co-treatment assay confirmed the action
of sunitinib against host protein and suggested the role of AP-2 in DENV entry. Interestingly,
sunitinib reduced virus production in post-treatment assay. To confirm the role of AP-2 in
DENV production, DENV RNA and virus titer were investigated in AP2M1 knockdown cells
at 8 and 24 h post infection. The reduction of intracellular RNA at 8 h post infection
suggested the role of AP-2 in DENV entry resulting in the reduction of virus titer. At 24 h
post infection, knockdown of AP2M1 decreased extracellular virus without affecting
intracellular DENV RNA. From these results, it is possible that AP-2 may affect viral release
at that time. This evidence was further characterized by observing intracellular DENV RNA,
intracellular virions and extracellular virions which were produced in DENV-naked RNA
transfected cells. Transfection of DENV-naked RNA can bypass the entry step. Interestingly,
knockdown of AP2ML1 increased intracellular DENV RNA and intracellular virions but
decreased extracellular virions. After assembly, immature DENV is transported through
endoplasmic reticulum (ER), Golgi apparatus and trans-Golgi network (TGN). At TGN, prM
is cleaved by furin to form mature virion before release. Mature virus will infect target cells
for next round of replication. From this reason, we hypothesized that AP-2 play role in post

assembly step. Immunofluorescence staining of DENV envelope protein showed the pattern



of dot-like structure at cell periphery. It has been reported that DENV release is restricted by
interferon-stimulated protein, BST-2 by tethering viral particles at plasma membrane [77].
However, mechanisms how BST-2 mediated DENV egress is unknown. AP-2 may play role
in DENV release by removing host proteins which trap DENV particles from plasma
membrane. Taken together, this study provides an additional role of AP-2 in DENV

replication cycle.

Part 111: Coat Protein Complex | Facilitates Dengue Virus Production

The role of coat protein complex and SNARE proteins were studied in DENV-
infected Huh7 cells. SNARE proteins, including STX5 and NSF, were previously shown to
be required for the efficient production of infectious virions in other viruses [39, 78];

however, STX5 and NSF were not involved in DENV production in Huh7 cells. As different

SNARE members can be formed into various SNARE complexes to facilitate different
transport events [79, 80], other SNARE members, such as SNAP and VAMP, should be

tested to determine if they facilitate DENV production. In contrast, coat proteins, including
COPI and COPII, facilitated DENV production in Huh7 cells.
COPI does not help DENV relative to binding, internalization, or replication. This

finding contrasts the effect of COPI in other virus infections, whereby COPI can facilitate the

entry of viruses, including influenza [81], vesicular stomatitis virus (VSV) [82], and Semliki

Forest virus [83]. High-throughput screening from siRNA targeting of 779 kinase-related

genes in DENV infection also identified COPB2 and ARCNL1, which are subunits of the

cellular coat protein complex, for their role in reducing infection [38]. The level of DENV

RNA was decreased in inhibitor (golgicide A)-treated compared to that of untreated DENV-

infected cells [84]. The differences between two studies may be due to the specificity of



golgicide A (GCA), given that GCA also targets other host proteins in addition to COPI.

Another target of GCA is GBF1, a guanine nucleotide exchange factor that has several

downstream effectors, including adaptor protein 1 (AP1)complex [85, 86], which was
previously shown to be involved in the replication of DENV RNA [51]. Recently, the GBF1-

Arf-COPI system was shown to be essential for the delivery of viral capsid to lipid droplets of
DENV [87].

DENV C, PrM, E, and NS1 proteins were significantly decreased in COPI-silenced
DENV-infected Huh7 cells, when compared to those of control siRNA-transfected DENV-

infected Huh7 cells. This may be due to either defective translation of viral proteins or

decreased stability of viral proteins in COPI-silenced DENV-infected Huh7 cells. Moreover,

depletion of COPI decreased DENV production in DENV-infected Huh7 cells. This may be

due to defective interactions between COPI and several ER chaperones, such as glucose-
regulated protein-78 (GRP78) and calreticulin [88, 89], which were previously shown to be

essential for DENV production [90, 91]. These ER chaperones were also shown to facilitate

viral protein folding, assembly, and maturation of hepatitis C virus (HCV)and human
immunodeficiency virus (HIV-1)[92-94]. Potential impairment of retrograde recycling of

these chaperones to the ER compartment following COPI knockdown may affect DENV
protein folding, potentially leading to increased viral protein degradation thereby reducing
virion production. However, the molecular mechanisms that dictate how interactions between
this complex and viral and host proteins contributes to the pathogenesis of DENV disease

merit further investigations.
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Abstract

Rearrangement of membrane structure induced by dengue virus (DENV) is essential for
replication, and requires host cellular machinery. Adaptor protein complex (AP)-1 is a host
component, which can be recruited to components required for membrane rearrangement.
Therefore, dysfunction of AP-1 may affect membrane organization, thereby decreasing rep-
lication of virus in infected cells. In the present study, AP-1-dependent traffic inhibitor inhib-
ited DENV protein expression and virion production. We further clarified the role of AP-1A

in the life cycle of DENV by RNA interference. AP-1A was not involved in DENV entry into
cells. However, it facilitated DENV RNA replication. Viral RNA level was reduced significant-
ly in Huh?7 cells transfected with AP-1A small interfering RNA (siRNA) compared with control
siRNA. Transfection of naked DENV viral RNA into Huh7 cells transfected with AP-1A
siRNA resulted in less viral RNA and virion production than transfection into Huh7 cells
transfected with control siRNA. Huh7 cells transfected with AP-1A siRNA showed greater
modification of membrane structures and fewer vesicular packets compared with cells
transfected with control siRNA. Therefore, AP-1A may partly control DENV-induced rear-
rangement of membrane structures required for viral replication.

Introduction

Dengue virus (DENV) is a positive-stranded RNA virus in the Flaviviridae family, which is
transmitted by mosquito vectors. The genome of DENV has sequences encoding structural
proteins including capsid (C), pre-membrane protein (prM), and envelope (E), and non-struc-
tural proteins (NS) including NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5 [1]. DENV con-
sists of four serotypes, and secondary infection by different serotypes of DENV contributes to

PLOS ONE | DOI:10.1371/journal.pone.0130065 June 19,2015

1/20


http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0130065&domain=pdf
http://creativecommons.org/licenses/by/4.0/

@’PLOS ‘ ONE

AP-1A Faciliates DENV Replication

severe dengue [2]. Patients with dengue hemorrhagic fever often present with plasma leakage,
hemoconcentration, thrombocytopenia, and hemorrhagic tendencies. Additionally, serious
complications of dengue hemorrhagic fever, such as organ failure, may lead to dengue shock
syndrome [1-3]. Currently, there are no effective vaccines or antiviral drugs available; there-
fore, a better understanding of dengue pathogenesis is required.

DENV needs host cellular machinery for its replication. It binds to receptors and enters
host cells by clathrin-mediated endocytosis [4-16]. Reduced pH in the endosomes induces fu-
sion of viral and host cell membranes, thereby releasing DENV RNA into the cytoplasm [17].
Viral replication occurs on the network of modified endoplasmic reticulum (ER) membranes,
including vesicular packets, virus-induced vesicles, and convoluted membranes [18-20]. Im-
mature viral particles are transported through the trans-Golgi network (TGN) and mature
virions are generated after cleavage of prM protein by host furin. Mature viruses are finally re-
leased from the host cells by exocytosis [21].

Host genes are important for the viral life cycle, including endocytosis, virus-induced mem-
brane rearrangement, viral RNA replication and translation, and virion assembly and produc-
tion. RNA interference (RNAi) is commonly used as a tool to identify the role of host proteins
during DENV infection [4, 20, 22-28]. One of the host protein complexes identified is adaptor
protein complex [4, 22, 24].

Adaptor protein complex (AP) was originally identified as a component of the clathrin-
coated vesicles in the brain [29, 30]. Each member of AP has two large subunits (y/B1, a/B2,
8/B3, €/p4 or £/P5), one medium subunit (u1-B5), and one small subunit (61-05). AP-1A con-
sists of one medium subunit (11A), two large subunits (B1 and y), and one small subunit (c1).
AP-1B consists of one medium subunit (u1B), two large subunits (31 and 3), and one small
subunit (01). The p subunit mediates a selection of cargo proteins via its binding with tyrosine-
based sorting motif on the cargo protein [31-33]. AP-1A is expressed ubiquitously and regu-
lates the TGN-basolateral plasma membrane transport. AP-1B is expressed in epithelial cells
and regulates the basolateral transport of proteins from the recycling endosomes [34-36].
AP-1A can be recruited to components required for membrane rearrangement. In addition,
interactions between AP-1A and viral proteins are reported [37, 38]. Therefore, dysfunction
of AP-1A may affect membrane organization, thereby decreasing viral replication in DENV-
infected cells.

Materials and Methods
Cell lines, virus, and antibodies

Human hepatocellular carcinoma (Huh?7) cells were obtained from the JCRB Cell Bank
(Osaka, Japan) and cultured in RPMI 1640 (Gibco, Carlsbad, CA, USA) supplemented with
10% heat-inactivated fetal bovine serum (FBS; Gibco), 1% non-essential amino acid (Gibco),
37 ug/ml penicillin (Sigma, St Louis, MO, USA) and 60 ug/ml streptomycin (Sigma) at 37°C in
a 5% CO, incubator with a humidified atmosphere. Human lung carcinoma (A549) cells were
obtained from ATCC and cultured in DMEM (Gibco, Carlsbad, CA, USA) supplemented with
10% heat-inactivated fetal bovine serum (FBS; Gibco), 1% non-essential amino acid (Gibco),
1mM sodium pyruvate (Gibco), 37 ug/ml penicillin (Sigma, St Louis, MO, USA) and 60 pg/ml
streptomycin (Sigma) at 37°C in a 5% CO, incubator with a humidified atmosphere. Propaga-
tion of DENV-1 (Hawaii), DENV-2 strain 16681, DENV-3 (H87), and DENV-4 (H241) was
performed in C6/36 mosquito cells (ATCC). DENV-2 was used in all experiments. Mouse
monoclonal antibodies specific for DENV E (clones 3H5 and 4G2), DENV prM (clone 1C3),
and DENV NS1 (clone NS1-3F.1) were produced from previously established hybridoma cells
[39-41]. Mouse polyclonal antibody specific for AP-1A (ul1A subunit) was purchased from

PLOS ONE | DOI:10.1371/journal.pone.0130065 June 19,2015 2/20



@’PLOS ‘ ONE

AP-1A Faciliates DENV Replication

Abnova (Taipei, Taiwan). Mouse monoclonal antibody specific for B-actin and goat polyclonal
antibody specific for GRP78 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA).

AP-1-dependent traffic inhibitor and DENV infection

Huh?7 cells or A549 cells were infected with DENV-2 at a multiplicity of infection (MOI) of 1
for 2 h. Excess viruses were removed and cells were washed three times with PBS. DENV-in-
fected or mock-infected cells were incubated with AP-1-dependent traffic inhibitor (A5)
(Merck KGaA, Darmstadt, Germany) [42] at a final concentration of 0, 25, 50, 100 or 200 M
in 2% FBS-RPMI 1640 for 24 h. DENV-infected Huh7 cells were harvested for measuring viral
protein expression by western blotting using antibody to DENV E (4G2). The culture superna-
tants were also collected to measure the amount of DENV production by a focus forming unit
(FFU) assay, as described previously [43]. Cell viability was determined by PrestoBlue cell via-
bility assay (Invitrogen, Carlsbad, CA, USA). To test the effect of A5 to ER stress pathway,
DENV-infected or mock-infected cells were incubated with A5 at a final concentration of 0,
100 or 200 uM in 2% FBS-RPMI 1640 for 48 h. Clear lysates were subjected to western blot
analysis using antibody to GRP78, which is a maker for ER stress (SI Fig). To establish whether
AP-1-mediated traffic was involved in production of four serotypes of DENV, Huh?7 cells were
infected with DENV-1, -2, -3 or -4 at a MOI of 1 for 2 h. Unbound virus was removed by wash-
ing with PBS. DENV-infected Huh?7 cells were incubated with A5 (200 ptM) or culture medium
(control) for 24 h. Virus titer in culture supernatants was measured by FFU assay [43].

Knockdown of AP-1A

Huh?7 cells were seeded onto a 24-well plate in culture medium without antibiotics at a concen-
tration of 8x10* cells/well. Twenty-four hours later, the medium was replaced with fresh RPMI
1640 medium and the cells were transfected with duplex AP-1A-specific siRNA (AP1M1
(11A) siRNA: 5-CCGAAGGCAUCAAGUAUCGGAAGAA-3, Invitrogen) or control siRNA
(Cat.No. 12935-300; Invitrogen) using LipofectamineRNAi Max (Invitrogen). After incubation
with siRNA (100 nM) for 6 h, the cells were supplemented with maintenance medium and in-
cubated for a further 24 h. The second round of siRNA transfection was performed. mRNA
and protein expression of AP-1A and B-actin was subsequently verified by real-time reverse
transcription polymerase chain reaction (RT-PCR) (Lightcycler RNA Amplification Kit;
Roche, Basel, Switzerland) and western blot analysis [44] using AP-1A and B-actin antibodies,
respectively. Cell viability was measured by trypan blue exclusion, as described previously [45].

Binding assay

Huh?7 cells transfected with AP-1A siRNA or control siRNA were detached by trypsinization.
After washing three times with PBS, cells were blocked with 1% bovine serum albumin (BSA)-
PBS for 30 min and incubated with DENV-2 at a MOI of 1 or MOI of 10 for 30 min on ice to
prevent endocytosis. Cells were washed twice with 1% BSA-PBS and incubated with anti-
DENV E antibody (3H5) for 30 min on ice. After washing, rabbit anti-mouse IgG conjugated
with fluorescein isothiocyanate (dilution 1:50) was added and incubated for 30 min on ice.
Cells were washed three times with 1% BSA-PBS and resuspended in 350 pl of 1% paraformal-
dehyde-PBS. Virus binding was finally counted by the mean fluorescence intensity of surface
DENV-E-positive cells analyzed by flow cytometry.
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Internalization assay

Huh?7 cells transfected with AP-1A siRNA or control siRNA were incubated with DENV-2 ata
MOI of 1 or MOI of 10 for 2 h at 37°C to allow penetration of DENV. To remove excess virus,
cells were washed three times with PBS. RNA was extracted from DENV-infected Huh7 cells
using the High Pure RNA isolation kit (Roche) and 0.5 ug RNA was reverse transcribed by ran-
dom hexamer primers from the Superscript III cDNA synthesis kit (Invitrogen). cDNA was
amplified by PCR using SYBR Green I Master Mix and primers specific to DENV E. Real-time
RT-PCR was performed by LightCycler 480 II (Roche) with: (i) 40 amplification cycles of dena-
turation at 95°C for 10 s, annealing at 60°C for 10 s, and extension at 72°C for 10 s; and (ii)
melting curve and cooling steps as recommended by the manufacturer. Relative levels of
human AP-1A mRNA and viral RNA expression were determined by normalization to the ex-
pression levels of human B-actin according to the 274" method [46].

Real-time RT-PCR

RNA was extracted from DENV-infected Huh7 cells, which were transfected with AP-1A-spe-
cific siRNA or control siRNA using the High Pure RNA isolation kit (Roche). Reverse tran-
scription was performed using total RNA (1 ug) and SuperScript III reverse transcriptase
(Invitrogen). Oligo(dT) 20 primer or random hexamer primers were used for synthesis of
cDNA template for determination of human AP-1A, AP-2, AP-3A and B-actin mRNA, as well
as DENV RNA. Real-time RT-PCR was performed using primers (SI Table) by LightCycler
480 II (Roche) with: (i) 40 amplification cycles of denaturation at 95°C for 10 s, annealing at
60°C for 10 s, and extension at 72°C for 10 s; and (ii) melting curve and cooling steps as recom-
mended by the manufacturer’s instructions. Relative levels of human AP-1A, AP-2, AP-3A
mRNA and viral RNA expression were determined by normalization to the expression levels of
human B-actin according to the 2724C method [46].

Viral RNA transfection

DENV RNA was isolated from culture supernatant of DENV-infected C6/36 cells using the
High Pure RNA isolation kit (Roche). In a 24-well plate, cells transfected with AP-1A siRNA
or control siRNA were transfected with DENV RNA (0.5 pg) using Lipofectamine 2000. At 4 h
post-transfection, transfection reagent was removed and replaced with complete RPMI 1640
medium. Cells were harvested at 6, 12 and 24 h post-transfection for detection of viral RNA by
real-time RT-PCR. The culture supernatant was collected at 24 h and 48 h post-transfection for
FFU assay [43].

Indirect immunofluorescence staining

Huh?7 cells were plated on coverslips, transfected with a plasmid containing AP-1A [47]and in-
fected with DENV for 24 h. The cells were fixed with 4% paraformaldehyde-PBS (Sigma-Al-
drich) and 0.2% Triton X-100-PBS (Sigma) for 10 min at room temperature. The cells were
incubated with mouse monoclonal anti-double-stranded RNA (anti-dsRNA) antibody (English
& Scientific Consulting), rabbit polyclonal anti-GFP antibody (Abcam) for 1 h at room temper-
ature. Upon removal of primary antibodies, cells were incubated with secondary antibodies
(Alexa Fluor 488-conjugated donkey anti-rabbit IgG (Invitrogen), Alexa Fluor 594-conjugated
donkey anti-mouse IgG (Invitrogen) for 30 min at room temperature. Hoechst 33342 (Molecu-
lar Probe) was used to stain cell nuclei. The stained cells were visualized by a confocal laser-
scanning microscope (LSM 510 Meta).
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Translation assay

PRL-SV40 vector (Promega), which contains Renilla luciferase gene, was linearized with Xbal.
One pg of purified DNA was subjected to in vitro transcription using the RiboMAX Large Scale
RNA Production System-T7 (Promega) in the presence of 20 mM m’G(5' )ppp(5')G RNA cap
structure analog (New England BioLabs, Ipswich, MA, USA) and resultant RNA product was pu-
rified using RNeasy Mini Kit (QIAGEN, Hilden, Germany). To determine the effect of AP-1A
knockdown on translation, Huh7 cells were transfected twice with AP-1A-specific siRNA or con-
trol siRNA in a 96-well plate within a 24-h interval using Lipofectamine 2000 (Invitrogen) ac-
cording to the manufacturer’s instructions. After the second round of siRNA transfection, cells
were transfected with 2.5 nM reporter RNA using Lipofectamine 2000 (Invitrogen) followed by
replacement with fresh culture medium at 4 h later. Following 8 h after transfection with reporter
RNA, cells were harvested and determined for Renilla luciferase expression using Luciferase Re-
porter Assay System (Promega). Renilla luciferase signal was measured by Synergy H1 Hybrid
multi-mode microplate reader (BioTek, Winooski, VT, USA).

Western blotting

Clear lysates prepared from Huh?7 cells transfected with AP-1A siRNA or control siRNA were
mixed with 4x loading buffer [50 mMTris-HCI (pH 6.8), 2% SDS, 0.1% bromophenol blue and
10% glycerol] and heated at 95°C for 5 min. Proteins in the samples were subjected to 10%
SDS-PAGE and transferred to nitrocellulose membranes (GE Healthcare Life Sciences,Frei-
burg, Germany) as described previously [28]. The membranes were incubated with 5%
skimmed milk in PBS or in Tris-buffered saline with 0.1% Tween 20 (TBST) for 1 h to block
non-specific binding and with mouse monoclonal antibodies specific for DENV E (clones
4G2), DENV PrM (clone 1C3), and DENV NS1 (clone NS1-3F.1) or human B-actin at 4°C
overnight. The membranes were washed three times with PBS or TBST and incubated with
horseradish peroxidase (HRP)-conjugated rabbit anti-mouse immunoglobulin antibody
(DAKO, Santa Clara, CA, USA) at a dilution of 1:1000 for 1 h at room temperature, followed
by three further washes. Proteins were visualized using an enhanced chemiluminescence detec-
tion kit (SuperSignal West Pico Chemiluminescent Substrate; Thermo Scientific, Waltham,
MA, USA). Relative expression levels of human AP-1A, and DENV proteins were assessed by
normalization of their protein band intensities to human B-actin intensity using Image] soft-
ware (National Institutes of Health, Bethesda, MD, USA).

Transmission electron microscopy (TEM)

Huh7 cells transfected with AP-1A siRNA or control siRNA were infected with DENV-2 at a
MOI of 10 for 2 h. Cells were washed three times with PBS and incubated in maintenance medi-
um (2% FBS-RPMI 1640) for 24 h. Cells were fixed with 2% paraformaldehyde/2% glutaralde-
hyde in PBS for 24 h at 4°C, post-fixed with 1% osmium tetroxide and 1% potassium ferrocyanide
for 1 h at room temperature, followed by dehydration in a graded series of ethanol (25%, 50%,
75%, 95% and 100%) for 20 min. Cells were embedded in LRW resin and incubated at 60°C for
polymerization for 48 h. Sections were obtained with a Reichert-Jung Ultracut E Ultramicrotome
and diamond knife, counterstained with uranyl acetate and lead citrate for 10 min each, and ex-
amined with a JEOL-1010 transmission electron microscope (JEOL USA, Peabody, MA, USA).

Lipid complementation assay

Huh?7 cells were infected with DENV-2 at MOI of 1 for 2 h. Excess viruses were removed and
cells were washed three times with PBS. DENV-infected were incubated with A5 (200 uM) in
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the presence of oleic acid-BSA (Sigma) or fatty acid free-BSA (Sigma) for 24 h. The culture su-
pernatants were collected to measure the amount of DENV production by a focus forming unit
(FFU) assay, as described previously [43].

FFU assay

Supernatants collected from DENV-infected Huh7 cells transfected with AP-1A siRNA or con-
trol siRNA were assessed for DENV production. Vero cells were seeded onto a 96-well plate
(Sigma) at 3x10* cells/well in minimal essential medium (MEM) supplemented with 10% FBS,
2 mM 1-glutamine, 36 pg/ml penicillin and 60 pg/ml streptomycin, and cultured at 37°Cin a
5% CO, incubator for 24 h. The medium was removed from each well. DENV was serially di-
luted 10-fold in MEM containing 3% FBS, 2 mMt-glutamine, 36 ug/ml penicillin and 60 pg/ml
streptomycin, added to each well (100 pl/well), and incubated at 37°C in a 5% CO, incubator
for 2 h. Overlay medium (MEM containing 3% FBS, 2 mML-glutamine, 2% carboxy methyl cel-
lulose, 10% tryptose phosphate broth, 37 pg/ml penicillin and 60 pg/ml streptomycin was
added to each well (100 ul/well), and the culture was incubated for 3 days. The medium was
discarded from DENV-infected cells. The adherent cells were washed three times with PBS
(pH 7.4), fixed with 3.7% formaldehyde (BDH Laboratory Supplies, Poole, UK) in PBS at room
temperature for 10 min, followed by an additional 10 min permeabilization with 1% Triton X-
100 (Fluka, Steinheim, Switzerland). The cells were incubated sequentially with mouse anti-
DENV E monoclonal antibody (clone 4G2) at 37°C for 1 h and HRP-conjugated rabbit anti-
mouse immunoglobulins (DAKO) at a dilution of 1:1000 in PBS containing 2% FBS and 0.05%
Tween-20 in the dark at 37°C for 30 min. To develop an enzymatic reaction, the cells were in-
cubated with a substrate solution containing 0.6 mg/ml diaminobenzidine, 0.03% H,0, and
0.08% NiCl, in PBS at room temperature in the dark for 5 min. After washing three times with
PBS, dark brown foci of the DENV-infected cells were counted under a light microscope. Virus
titers were reported as FFU/ml.

Statistical analysis

Data were statistically analyzed by unpaired t test, with the use of GraphPad Prism version 5.0
(San Diego, CA, USA). Results were expressed as mean and standard error of the mean (SEM)
and P<0.05 was considered significant.

Results
Inhibition of DENV production by AP-1-dependent traffic inhibitor

AP-1-dependent traffic inhibitor (A5) was previously shown to inhibit transport between TGN
and Golgi in yeast [42]. We first determined whether A5 can inhibit DENV infection. DENV-
infected Huh?7 cells were incubated with different concentrations of A5. DENV viral protein
synthesis was determined by western blotting and DENV production was measured by FFU
assay. Although the viability of the cells was comparable (Fig 1C), A5 inhibited DENV protein
synthesis (Fig 1A) and DENV production (Fig 1B) in a dose-dependent manner. Whether this
effect was occurred in different cell line, DENV-infected A549 cells were tested in the presence
or absence of A5. The result shows that A5 inhibited DENV protein synthesis (Fig 2A) and
DENV production (Fig 2B) without affecting cell viability (Fig 2C). Data suggest that AP-1 is
involved in DENV protein synthesis and production of dengue infectious virions.
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Fig 1. AP-1-dependent traffic inhibitor, A5, inhibited DENV production in Huh7 cells. Huh7 cells were infected with DENV-2 at a MOI of 1 for 2 h.
Unbound virus was removed by washing with PBS. Mock- or DENV-infected cells were incubated with A5 at 0, 25, 50, 100 and 200 uM for 24 h. (A) DENV
envelope protein in cell lysates was examined at 24 h post-treatment with A5 by western blotting. Band intensity of DENV envelope protein was quantified
using Image J software. (B) Virus titer in culture supernatants was measured by FFU assay. (C) Viability of DENV-infected cells was measured using
PrestoBlue cell viability reagent. Statistical significance was analyzed using the unpaired t test. *P<0.05. Error bars represent SEM from three

independent experiments.

doi:10.1371/journal.pone.0130065.g001

AP-1A s notinvolved in steps of binding and internalization

For the AP-1A knockdown experiment, Huh7 cells were transfected twice with duplex AP-1A-
specific siRNA or control siRNA for 24 h. After the second transfection, expression of AP-1A
and B-actin mRNA was measured by real-time RT-PCR. Expression of AP-1A and B-actin pro-
tein was determined by western blotting using anti-AP-1A and anti-B-actin, respectively. Cell
viability was determined by trypan blue exclusion assay. AP-1A mRNA expression and protein
expression were reduced in Huh?7 cells transfected with AP-1A siRNA compared with control
siRNA (Fig 3A and 3B).

For the binding assay, Huh?7 cells transfected with AP-1A siRNA or control siRNA were in-
cubated with DENV at a MOI of 1 or at a MOI of 10 at 4°C to prevent viral internalization.
Viral binding was determined by DENV E surface staining and analyzed by flow cytometry.
The intensity of DENV-E-positive cells in Huh7 cells transfected with AP-1A siRNA or control
siRNA was similar (Fig 3C). Therefore, AP-1A may not be involved in the binding of DENV E
to Huh7 cells.

For the internalization assay, Huh7 cells transfected with AP-1A siRNA or control siRNA
were incubated with DENV at a MOI of 1 or at a MOI of 10 at 37°C for 2 h to allow

PLOS ONE | DOI:10.1371/journal.pone.0130065 June 19,2015 7/20
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Fig 2. AP-1-dependent traffic inhibitor, A5, inhibited DENV production in A549 cells. A549 cells were infected with DENV-2 at a MOI of 1 for 2 h.
Unbound virus was removed by washing with PBS. Mock- or DENV-infected cells were incubated with A5 at 0, 25, 50, 100 and 200 uM for 24 h. (A) DENV
envelope protein in cell lysates was examined at 24 h post-treatment with A5 by western blotting. Band intensity of DENV envelope protein was quantified
using Image J software. (B) Virus titer in culture supernatants was measured by FFU assay. (C) Viability of DENV-infected cells was measured using
PrestoBlue cell viability reagent. Statistical significance was analyzed using the unpaired t test. *P<0.05. Error bars represent SEM from three

independent experiments.

doi:10.1371/journal.pone.0130065.9002

endocytosis. Viral RNA was determined by real-time RT-PCR. The results indicated that the
viral RNA in AP-1A siRNA-transfected Huh7 cells or in control siRNA-transfected Huh7 cells
was not significantly altered (Fig 3D). Therefore, AP-1A may not be involved in the internali-
zation of DENV into Huh?7 cells.

AP-1A facilitates DENV RNA replication

We compared viral RNA in Huh?7 cells transfected with AP-1A siRNA or control siRNA at 24
h post-infection. Viral RNA level in Huh?7 cells transfected with AP-1A siRNA was reduced by
~80% compared with that in cells transfected with control siRNA (Fig 4A), implying a role of
AP-1A in DENV replication. We next determined how early AP-1A became involved in
DENYV replication. Huh7 cells transfected with AP-1A siRNA or control siRNA were infected
with DENV-2 at a MOI of 1 for 2 h. Cells were harvested to measure DENV RNA by real-time
RT-PCR at 0, 4, 8 and 12 h. Relative to the Huh7 cells transfected with control siRNA, DENV
RNA level was lower in cells transfected with AP-1A siRNA at 8 and 12 h post-infection (Fig
4B), suggesting early involvement of AP-1A in DENV replication. Expression of AP-1A post-
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Fig 3. AP-1A was not involved in DENV binding and internalization. (A) Knockdown efficiency of AP-1A siRNA in Huh7 cells was examined by real-time
RT-PCR at 48 h after second transfection. (B) AP-1A protein was measured by western blotting. (C) Quantification of DENV binding on Huh7 cells
transfected with AP-1A siRNA. Cells transfected with control siRNA and AP-1A siRNA were incubated with DENV-2 at a MOI of 1 for 30 min on ice. Cells
were surface stained with antibody to DENV E, followed by staining with the rabbit anti-mouse IgG conjugated with fluorescein isothiocyanate. The surface E-
positive cells were analyzed by flow cytometry. (D) Viral internalization was determined by detecting DENV RNA at 2 h post-infection using real-time
RT-PCR. Statistical significance was analyzed using unpaired t test (*P<0.05). Error bars represent SEM from three independent experiments.

doi:10.1371/journal.pone.0130065.9003

infection is shown in Fig 4C, which confirms that AP-1A was knocked down at each
time point.

Immunofluoresence assay was subsequently performed to determine whether AP-1A is co-
localizaed with viral RNA at the replication site during DENV infection. The result shows that
AP-1A was partially co-localized with dsRNA near the perinuclear region of DENV-infected
Huh?7 cells (Fig 5) suggesting that AP-1A may be recruited into the replication site during
DENYV infection.

Naked DENV RNA was directly transfected into Huh7 cells transfected with AP-1A siRNA
or control siRNA to exclude the role of AP-1A in viral fusion and uncoating. Viral RNA was
measured by real-time RT-PCR at 6, 12 and 24 h post-transfection. DENV RNA was signifi-
cantly decreased in Huh?7 cells transfected with AP-1A siRNA compared with control siRNA at
24 h post-transfection, suggesting that naked DENV RNA replicates in Huh7 cells, but DENV
RNA replication was decreased in the absence of AP-1A (Fig 6A). FFU assay was subsequently
performed. Naked DENV RNA produced infectious virions in Huh7 cells transfected with con-
trol siRNA, but production was significantly decreased in the absence of AP-1A (Fig 6B).

TEM was performed to determine the morphology of Huh7 cells transfected with AP-1A
siRNA or control siRNA and infected with DENV at a MOI of 10. Compared with mock-
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Fig 4. Silencing of AP-1A reduced DENV RNA level. (A) DENV RNA level was measured by real-time RT-PCR at 24 h post-infection. (B) Kinetics of DENV
RNA expression were determined by real-time RT-PCR. Relative expression of DENV RNA in AP-1A knockdown cells was compared with control cells. (C)
Knockdown efficiency of AP-1A siRNA was examined by real-time RT-PCR. The results were plotted relative to cells transfected with control siRNA.
Statistical significance was analyzed using the unpaired t test (*P<0.05). Error bars represent SEM from three independent experiments.

doi:10.1371/journal.pone.0130065.9004

infected cells (Fig 7A), DENV-infected Huh7 cells at 24 h post-infection had virus particles,
and modification of ER membranes including vesicular packets (Fig 7B). However, these pack-
ets were reduced in number in Huh7 cells transfected with AP-1A siRNA (Fig 7C). Modifica-
tion of ER membranes was conserved in Huh7 cells transfected with AP-2 siRNA (Fig 7D).
Our data indicated the role of AP-1A in replication of DENV.

We verified whether DENV protein expression was affected after DENV RNA replication.
Western blotting was performed using lysates prepared from DENV-infected or mock-infected
Huh?7 cells in the presence or absence of AP-1A. Expression of DENV prM, DENV E and
DENV NSI in Huh?7 cells transfected with AP-1A siRNA was decreased compared with that in
cells transfected with control siRNA (Fig 8A). We further tested whether host transcription
and translation were compromised by AP-1A disruption by real-time RT-PCR using primers
specific to AP-2, and AP-3A and by translation assay, respectively. The result in Fig 8B demon-
strated that the mRNA expression of AP-2, and AP-3A was not compromised by AP-1A dis-
ruption. Furthermore, host translation machinery was not compromised by AP-1A disruption
as luminescence intensity of Renilla luciferase activities between Huh?7 cells transfected with
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Fig 6. Depletion of AP-1A impaired DENV genome replication. (A) Effect of AP-1A siRNA on DENV RNA synthesis. Cells transfected with control and
AP-1A siRNA were transfected with 0.5 ug DENV RNA using Lipofectamine 2000. Viral RNA level was determined by real-time RT-PCR at6, 12and 24 h
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Fig 7. AP-1A knockdown affected the DENV replication site. (A) Ultrastructural analysis of Huh7 cells
transfected with control siRNA was observed by TEM at 48 h after second transfection. (B) Cells transfected
with control siRNA. (C) Cells transfected with AP-1A siRNA. (D) Cells transfected with AP-2 siRNA were
infected with DENV-2 at a MOI of 10 for 24 h. Cells were fixed, processed and analyzed by TEM. Ve, virus-
induced vesicles (arrow); Vi, virus particles (arrowhead).

doi:10.1371/journal.pone.0130065.g007

AP-1A siRNA or with control siRNA were relatively similar (Fig 8C). As ER stress may be acti-
vated during AP-1A disruption thereby leading to translation inhibition, which could reduce
expression of viral proteins, western blot analysis was performed using lysates form DENV-in-
fected Huh?7 cells in the presence or absence of AP-1-dependent traffic inhibitor (A5), the re-
sult shows that GRP78 protein expression was relatively similar (S1 Fig); therefore, AP-1A
disruption may not lead to translation inhibition to reduce viral protein expression. All data
suggest that DENV protein expression was reduced after DENV RNA replication in Huh7 cells
transfected with AP-1A siRNA.

Enhanced fatty acid synthesis is required for efficient membrane proliferation and rear-
rangement. Rearrangement of membrane structure induced by dengue virus (DENV) is essen-
tial for replication, and requires host cellular machinery [25, 48, 49]. We next asked whether
disturbance of AP-1 by A5 affect fatty acid synthesis, which is essential for dengue viral replica-
tion. Lipid complementation assay was performed. DENV-infected Huh7 cells were incubated
with A5 in the presence of oleic acid-BSA or fatty acid free-BSA for 24 h. The culture superna-
tants were collected for FFU assay. Oleic acid-BSA could increase DENV production compared
to fatty acid free-BSA (Fig 9) suggesting that AP-1 may involve in lipid synthesis required for
DENV replication.

The final step was to verify DENV production in Huh7 cells transfected with AP-1A siRNA
compared with control siRNA. Although the number of viable cells was similar, AP-1A siRNA
decreased the yield of viral progeny compared with that of control siRNA (Fig 10A and 10B).

AP-1 is involved in virion production for all serotypes

To determine whether AP-1-dependent traffic plays a role in four serotypes of DENV, Huh7
cells were infected with each DENV serotype, followed by treatment with AP-1-dependent
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Fig 8. Expression of DENV protein was decreased in Huh7 cells transfected with AP-1A siRNA. (A) Huh7 cells were transfected with control siRNA and
AP-1A siRNA and infected with DENV-2 for 24 h. DENV proteins were examined at 24 h post-infection by western blotting. Band intensity of DENV proteins
was quantified using Image J software. (B) Expression of AP-1A, AP-2 or AP-3A in Huh7 cells was examined by real-time RT-PCR at 48 h after second
transfection. (C) pRL-SV40 vector, which contains Renilla luciferase gene, was subjected to in vitro transcription. To determine the effect of AP-1A
knockdown on translation, Huh7 cells were transfected twice with AP-1A-specific siRNA or control siRNA. After the second round of siRNA transfection, cells
were transfected with 2.5 nM reporter RNA followed by replacement with fresh culture medium at 4 h later. Following 8 h after transfection with reporter RNA,
cells were harvested and determined for Renilla luciferase expression using Luciferase Reporter Assay System (Promega).

doi:10.1371/journal.pone.0130065.g008

traffic inhibitor (A5).The titer of DENV was measured in culture supernatant by FFU assay.
A5 had an inhibitory effect on all serotypes of DENV (Fig 11A-11D). However, the reduction
for DENV-2 was greater than for the other serotypes.

Discussion

Using a human-genome-wide RNAi screen, clathrin and its adaptor proteins were shown to
decrease DENV infection [22]. A pathway-specific siRNA library further revealed the role of
clathrin and its adaptor proteins in mediating DENV entry [4] and secretion of subviral parti-
cles [24]. Furthermore, the role of AP-1A in DENV production was shown to play a role at the
egress stage from the TGN to plasma membrane [38]. In the present study, we showed that
treatment with AP-1-dependent traffic inhibitor (A5), or transfection with AP-1A siRNA de-
creased replication of DENV, thereby reducing viral protein expression and production. Thus,
AP-1 may have an additional role besides aiding egression of DENV, as shown previously [38].
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'.@.' PLOS | ONE AP-1A Faciliates DENV Replication

3- &
L [
) v
pe— e
2-

Virus titer ( x 10° FFU/mlI)
(-

(=

]
AS A5+ BSA A5+ FFA

Fig 9. Exogenous fatty acid increased DENV production after A5 treatment. DENV-infected Huh7 cells
were incubated with A5 in the presence of oleic acid-BSA or fatty acid free-BSA for 24 h. The culture
supernatants were collected for FFU assay. Statistical significance was analyzed using the unpaired t test.
*P<0.05. Error bars represent SEM from three independent experiments.

doi:10.1371/journal.pone.0130065.g009

This hypothesis was supported by RNAi, which showed that DENV RNA was significantly re-
duced in DENV-infected Huh7 cells transfected with AP-1A siRNA compared with control
siRNA. Naked DENV RNA transfection, which bypassed the process of viral fusion and
uncoating, demonstrated decreased production of viral RNA and infectious virions in cells
transfected with AP-1A siRNA compared with control siRNA-transfected cells. This was indic-
ative of an essential function of AP-1A in the step of DENV RNA replication. Vesicular pack-
ets, which are a proposed replication site for DENV, were fewer in number in Huh7 cells
transfected with AP-1A siRNA compared with control siRNA.
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Fig 10. Silencing of AP-1A reduced virus production. Huh7 cells were transfected with control siRNA and AP-1A siRNA and infected with DENV-2 for
24 h. (A) Virus titer in culture supernatants was measured by FFU assay. (B) Cell viability was measured by trypan blue exclusion. Statistical significance was
analyzed using unpaired t test. *P<0.05. Error bars represent SEM from three independent experiments.

doi:10.1371/journal.pone.0130065.g010
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AP-1, GTPase ADP-ribosylation factor 1 (ARF)-1 and phosphatidylinositol-4-phosphate
(PI4P) are the components, which are essential for reorganization of donor membrane for cla-
thrin-coated vesicle [50]. AP-1A and AP-3A are required for transport between endosomal/ly-
sosomal systems and the secretory pathway [51, 52]. AP-3A was previously shown to be
involved in replication of DENV [38], therefore, we proposed here that AP-1A may act in con-
cert with AP-3A to facilitate replication of DENV. AP-1A and AP-3A coat assembly are con-
trolled by GTPase ARF-1 [53, 54]. ARF-1 plays a key role in trafficking through the Golgi
apparatus, where it is involved in the formation of vesicular packets, and ARF family siRNAs
have an inhibitory effect on DENV recombinant subviral particle secretion [24, 55]. Rab18, a
GTPase involved in vesicular trafficking, also regulates DENV replication by targeting enzymes
required for cellular fatty acid synthesis to the replication site [56]. Enhanced fatty acid synthesis
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Fig 11. AP-1 was involved in production of four serotypes of DENV. Inhibitory effect of A5 on virus replication was determined in all four serotypes of
DENV. Huh?7 cells were infected with DENV-1, -2, -3 and -4 at a MOl of 1 for 2 h. Unbound virus was removed by washing with PBS. DENV-infected cells
were incubated with A5 (200 uM) or culture medium (control) for 24 h. Virus titer in culture supernatants was measured by FFU assay. (A) Titer of DENV-1;
(B) titer of DENV-2; (C) titer of DENV-3; (D) titer of DENV-4. Statistical significance was analyzed using unpaired t test (*P<0.05). Error bars represent SEM

from three independent experiments.
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is required for efficient membrane proliferation and rearrangement in DENV replication [25, 26,
57]. Recruitment of PI4P is also required for membrane reorganization [58]. DENV may use AP-
1A to recruit enzymes (PI4K-IIIB) for synthesis of PI4P to help its own replication. Purified AP-1
binds to PI4P, and anti-PI4P inhibits recruitment of cytosolic AP-1 to normal cellular mem-
branes [59]; therefore, disruption of AP-1A by RNAI in the present study may have affected
synthesis of PI4P and membrane organization required for DENV replication. The role of phos-
phatidylinositol-4-kinases, including PI4K-1Ilo, as a modulator of hepatitis C virus (HCV), was
demonstrated by co-localization of PI4K-IIIo and HCV NS5A in lipid rafts. Inhibition of web for-
mation by siRNA against PI4K-IIIo correlates with the decrease in HCV replication and infec-
tious virion production. PI4K-IIla is proposed to produce pools of PI4P for HCV replication
[60]. In addition, DENV can activate autophagic machinery for viral replication both in vitro and
in vivo [61, 62]. DENV infection can induce an autophagy-dependent processing of lipid droplets
and triglycerides to release free fatty acids for replication [26], linking of DENV replication
through autophagolysosome was demonstrated [63], and dysfunction of the AP-1A-dependent
clathrin coating at the TGN can prevent autophagosome formation [64]. AP-1A may be a host
component, which can recruit enzymes required for fatty acid synthesis and dysfunction of AP-
1A may affect membrane organization, thereby decreasing replication of virus in infected cells.

Conclusion

AP-1A was characterized to establish its role during the DENV life cycle, using an inhibitor
and RNAi. RNAi specific to AP-1A decreased viral RNA and protein levels, and virion produc-
tion in Huh?7 cells.

Supporting Information

S1 Fig. AP-1-dependent traffic inhibitor, A5, did not induce ER stress. Huh7 cells were in-
fected with DENV-2 at a MOI of 1 for 2 h. Unbound virus was removed by washing with PBS.
Mock- or DENV-infected Huh7 cells were incubated with A5 at different concentrations (0,
100 or 200 uM) for 48 h. The cells were lysed and subjected to western blot analysis using anti-
bodies specific to human GRP78 and B-actin.

(TIF)

S1 Table. Primers used for real-time RT-PCR analysis. RNA was extracted from DENV-in-
fected Huh?7 cells, which were transfected with AP-1A-specific siRNA or control siRNA. After
cDNA synthesis, Real-time RT-PCR was performed using primers listed in SI Table. Relative
levels of human AP-1A, AP-2, AP-3A mRNA and viral RNA expression were determined by
normalization to the expression levels of human B-actin.

(PDF)
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Dengue virus (DENV) infection is a worldwide public health problem with an increasing magnitude. The
severity of disease in the patients with DENV infection correlates with high viral load and massive
cytokine production — the condition referred to as “cytokine storm”. Thus, concurrent inhibition of DENV
and cytokine production should be more effective for treatment of DENV infection. In this study, we
investigated the effects of the antiviral agent — ribavirin (RV), and the anti-inflammatory compound —
compound A (CpdA), individually or in combination, on DENV production and cytokine/chemokine
transcription in human lung epithelial carcinoma (A549) cells infected with DENV. Initially, the cells
infected with DENV serotype 2 (DENV2) was studied. The results showed that treatment of DENV-
infected cells with RV could significantly reduce both DENV production and cytokine (IL-6 and TNF-a)
and chemokine (IP-10 and RANTES) transcription while treatment of DENV-infected cells with CpdA
could significantly reduce cytokine (IL-6 and TNF-a) and chemokine (RANTES) transcription. Combined
RV and CpdA treatment of the infected cells showed greater reduction of DENV production and cytokine/
chemokine transcription. Similar results of this combined treatment were observed for infection with
any one of the four DENV (DENV1, 2, 3, and 4) serotypes. These results indicate that combination of the
antiviral agent and the anti-inflammatory compound offers a greater efficiency in reduction of DENV and
cytokine/chemokine production, providing a new therapeutic approach for DENV infection.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

2002; Murray et al., 2013; Shepard et al., 2011). DENV is a member
of Flaviviridae family and Flavivirus genus; its genome is a single

Dengue virus (DENV) infection, a mosquito-borne viral disease,
is a major public health problem worldwide (Gubler, 2011;
Halstead, 2007). DENV is transmitted by Aedes aegypti and Aedes
albopictus mosquitoes, which are widespread in the tropical and
subtropical regions (Bhatt et al., 2013; Kyle and Harris, 2008).
Approximately 390 million people worldwide are at risk for DENV
infection (Bhatt et al., 2013) with 500,000 dengue hemorrhagic
fever (DHF) cases and more than 22,000 deaths each year (Gubler,
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positive-strand RNA with approximately 10.6 kilobases (Qi et al.,
2008). It consists of four antigenically related serotypes, DENV 1,
DENV 2, DENV 3, and DENV 4 (Blok, 1985).

The clinical manifestations of DENV infection range from
asymptomatic or undifferentiated febrile illness, dengue fever (DF),
dengue haemorrhagic fever (DHF), to dengue shock syndrome
(DSS) (Simmons et al., 2012). Currently, there is neither licensed
vaccine for prevention nor specific antiviral drug for treatment of
DENV infection. Several studies have shown that severity of disease
in the patients with DENV infection correlates with high viral load
and host immune response, especially elevation of cytokines
(Green and Rothman, 2006; Guilarde et al., 2008; Tricou et al., 2011;
Vaughn et al., 2000, 1997). In the severe forms of DENV infection,
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DHF/DSS, there are marked increases of pro-inflammatory cyto-
kines, immunosuppressive cytokines, and chemokines such as IL-6,
IP-10, RANTES, TNF-a, and IFN-vy (Castro et al., 2011; Malavige et al.,
2012; Nguyen et al., 2004; Rathakrishnan et al., 2012; Restrepo
et al, 2008; Suharti et al, 2003). The correlation between
severity of DENV infection and high viral titer as well as extreme
cytokine production — the condition referred to as “cytokine storm”
prompts us to hypothesize that concurrent inhibition of DENV and
cytokine production should be more effective for treatment of
DENV infection. Thus, the use of combined antiviral and anti-
inflammation drugs or a single drug with both effects is a prom-
ising therapeutic strategy for DENV infection.

An antiviral drug, ribavirin (RV), has been used for treatment
of hepatitis C virus (HCV) infection (Abdel-Hady et al., 2014;
Bansal et al., 2015) and in experimental studies with flavivi-
ruses including DENV (Diamond et al., 2002; Lee et al., 2012;
Takhampunya et al., 2006), suggesting potential for use in com-
binations against other flaviviruses such as DENV. Combination
of RV with a-glucosidase inhibitor efficiently inhibited DENV
infection of cultured human cells (Chang et al., 2011). As anti-
inflammatory drug, dexamethasone (DEX) — a synthetic gluco-
corticoid, was tested for its modulation in DENV infection,
showing optimistic results in both decreasing cell infection rates
and inhibiting TNF-o, IFN-o. and IL-10 production (Reis et al,,
2007). However, the use of the glucocorticoid for treatment of
DENV infection is controversial because of its efficacy and side
effects (Halvorsen et al., 2003; Heimdal et al., 1992; Vardy et al.,
2006). Our group has recently reported the results of in vitro
studies using compound A (CpdA) as anti-inflammatory
compound in DENV infection (Khunchai et al, 2015;
Suttitheptumrong et al., 2013). CpdA is a plant-derived phenyl
aziridine precursor extracted from Salsola tuberculatiformis Bot-
schantzev, a Namibian shrub (De Bosscher et al., 2005; Louw and
Swart, 1999; Louw et al, 1997), that contains an anti-
inflammatory effect and acts as a dissociated non-steroidal
glucocorticoid receptor modulator. CpdA has been studied in
inflammatory diseases such as rheumatoid arthritis (Dewint
et al., 2008; Gossye et al., 2009; Rauch et al.,, 2011) and multi-
ple sclerosis (Wust et al., 2009). Our recent study showed that
CpdA reduced DENV-induced cytokine secretion and DENV pro-
duction in the infected human hepatocellular carcinoma (HepG2)
cell line (Suttitheptumrong et al., 2013). CpdA reduced inflam-
matory cytokines via inhibition of NF-kB transcriptional factors
(Gossye et al., 2009; Rauch et al., 2011; Reber et al., 2012). We
also demonstrated that CpdA, which acts as an NF-kB inhibitor,
could suppress RANTES in DENV-infected human embryonic
kidney cells (Khunchai et al., 2015).

In this study, we investigated the effects of the antiviral drug
(RV) and the anti-inflammatory compound (CpdA), individually
and in combination, on DENV production and cytokine tran-
scription in human lung epithelial carcinoma (A549) cells, which
were primarily infected with DENV2. The effects of combined
treatment were then observed for the infection with either
DENV1, 2, 3 or 4. The results of our study indicate that combi-
nation of RV and CpdA offers greater effects on reduction of
DENV and cytokine production, paving a new way for treatment
of DENV infection.

2. Materials and methods
2.1. DENV propagation

DENV serotype 1 (DENV1) strain Hawaii, DENV serotype 2
(DENV2) strains 16681, DENV serotype 3 (DENV3) strains H87, and

DENV serotype 4 (DENV4) strains H241 were propagated in C6/36
cells. The C6/36 cells were separately infected with each DENV
serotype at a multiplicity of infection (MOI) of 0.1 in maintenance
medium and incubated for 3 h at room temperature on a shaker.
Subsequently, unbound viruses were removed and fresh mainte-
nance medium was added. Then, the infected cells were incubated
at 28 °C for 5—7 days or until cells showed cytopathic effect (CPE).
The culture supernatant containing DENV was collected and stored
at —70 °C until used.

2.2. Foci-forming unit assay (FFU)

The Vero cells were cultured with ten-fold dilutions of DENV
and incubated at 37 °C, 5% CO, for 2 h. After virus absorption,
overlay medium was added and incubated for 3 days. The overlay
media was removed and the infected cells were saved. Cells were
fixed with formaldehyde/PBS and permeabilized with 0.2%
Triton-X100/PBS for 15 min. Infected cells containing DENV an-
tigen were identified by incubation with mouse monoclonal anti-
DENV-E protein (4G2) antibody followed by HRP-conjugated
rabbit anti-mouse IgG for 60 min (Dako, Denmark) and then
stained with DAB (3,3’-diaminobenzidine) substrate solution. The
foci-forming units were counted under light microscope.

2.3. A549 cell culture

The A549 cells were maintained in Dulbecco's modified Eagle's
medium (DMEM) (GIBCO BRL, USA), supplemented with 10% fetal
bovine serum (FBS, GIBCO, USA), 36 pg/ml penicillin G (Sigma,
USA), 60 pg/ml streptomycin (Sigma, USA), 2 mM L-glutamine
(Sigma, USA), 1 mM non-essential amino acids (GIBCO BRL, Invi-
trogen, USA), and 1 mM sodium pyruvate (Sigma, USA), at 37 °C on
a humidified atmosphere with 5% CO,.

2.4. DENV infection and compound treatment

DENV1-4 serotypes were prepared in 2% DMEM and then
taken to infect in A549 cells at MOI 5. The A549 cells without
DENV infection were used as mock control. After absorption onto
the cells, unbound DENV was removed. After 24 h post-infection,
the infected cells were treated individually or in combination
with RV (Sigma, USA) dissolved in PBS, CpdA [Laboratory of
Eukaryotic Gene Expression & Signal Transduction (LEGEST),
Department of Physiology, Ghent University, Belgium] dissolved
in PBS, or DEX (Sigma, USA) dissolved in DMSO at concentrations
as indicated in the experiments, which was then added into 2%
DMEM for 24 h. The supernatant were then collected to deter-
mine DENV production by the FFU assay. The treated A549 cells
were collected to measure cytokine transcription by real-time
PCR method.

2.5. Real time reverse transcription-polymerase chain reaction (RT-
PCR)

To examine cytokine/chemokine transcription, total RNA was
prepared from mock and DENV-infected cells, with or without
treatment as indicated, by using Trizol™ reagent (Invitrogen, New
Zealand), following the manufacturer's procedure. Cytokine/che-
mokine mRNA was quantified by real-time RT-PCR technique using
specific primers (Table 1). cDNA was synthesized using Super-
script®lll reverse transcriptase (Invitrogen, New Zealand). The
cDNA synthesis was performed by following the manufacturer's
guidelines. Amplification of cDNA by real-time PCR was carried out
in a reaction mixture (Roche, Germany). The real-time PCR profile
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Table 1
Sequences of primers for cytokine transcription study.

Primer Orientation Sequence (5'-3)

IP-10_F Forward GAATCGAAGGCCATCAAGAA
IP-10_R Reverse AAGCAGGGTCAGAACATCCA
RANTES_F Forward TCCTGCAGAGGATCAAGACA
RANTES_R Reverse TCCTGCAGAGGATCAAGACA
IL-6_F Forward GTACATCCTCGACGGCATC
IL-6_R Reverse AGCCACTGGTTCTGTGCCT
TNF-o_F Forward TGCTTGTTCCTCAGCCTCTT
TNF-0_R Reverse ATGGGCTACAGGCTTGTCACT
GAPDH_F Forward CGACCACTTTGTCAAGCTCA
GAPDH_R Reverse AGGGGTCTACATGGCAACTG

was set for: (i) pre-incubation at 95 °C for 5 min; (ii) PCR for 35
cycles (consisting of 95 °C for 10 s, 60 °C for 10, and 72 °C for 20 s,
per cycle); (iii) melting curve analysis. The relative mRNA expres-
sion was normalized against GAPDH mRNA level by using a
comparative Ct (delta delta Ct) method.

2.6. Calculation of additive and synergistic effects

The combinatory effects of RV and CpdA on DENV production
and cytokine transcription were calculated by comparing theoret-
ically additive effect with combinatory effect of two agents ac-
cording to the fractional product method (Webb, 1961). The
formula is as follows:

Theoretically additive (or predicted) effect = (fu)gy x (fu)cpga

(fu)gry = fractional unaffected or the result from experiment
with RV treatment alone.

(fu)cpaa = fractional unaffected or the result from experiment
with CpdA treatment alone.

Combinatory (or actual) effect = fractional unaffected or the
result from experiment with combined treatment.

The result of theoretically additive effect and combinatory effect
were plotted to compare and evaluate the combined effect. Addi-
tive effect was assigned when the theoretically additive effect was
found to be equal to the combinatory effect. Synergistic effect was
assigned when the combinatory reduction was found to be greater
than the theoretically additive reduction.

2.7. Enzyme-linked immunosorbent assay (ELISA)

The level of I>-10 and RANTES production were measured in the
supernatant collected from RV and CpdA treated DENV2 infected
A549 cells by ELISA (R&D Systems) by following the manufacturer's
instruction.

2.8. Statistical analysis

Statistical analyses were conducted by using Graph-Pad Prism 6
Software (GraphPad Software, Inc.). Mean and standard error of
mean (SEM) from three independent experiments were calculated.
The difference in experimental results was analyzed by one-way
ANOVA, followed by Tukey's pos hoc test. A p-value less than 0.05
were considered statistically significant.

3. Results

3.1. RV and CpdA reduced DENV production and cytokine/
chemokine transcription in DENV2-infected A549 cells

Initially, the experiments were conducted by using DENV2. Cell
viability in each condition was more than 90% (Fig. 1A) and the
infection efficiency was examined by flow cytometry (Fig. 1S). The
supernatant was collected to determine DENV production by the
FFU assay. The mRNA levels of IL-6, TNF-a, IP-10, and RANTES were
determined by real-time RT-PCR method.

The anti-viral drug (RV) reduced DENV2 production in dose
dependent manner (Fig. 1B) when compared to untreated, PBS-
treated or DMSO-treated controls, while DENV2 production was
not significantly reduced by treatment with either CpdA at 5, 10, or
20 uM (p > 0.99, p = 0.98, and p = 0.52, respectively) or DEX at
50 uM (p = 0.90). Treatment of DENV2-infected cells with RV
decreased the transcription of IL-6 (Fig. 1C), TNF-a (Fig. 1D), IP-10
(Fig. 1E) and RANTES (Fig. 1F), when compared to that of PBS-
treated. CpdA at 20 uM reduced cytokine/chemokine transcrip-
tion in DENV2-infected cells (Fig. 1C, D, and F), although IP-10
(Fig. 1TE) mRNA level reduction was not statistically significant
(p = 0.06). DEX at 50 pM also reduced cytokine/chemokine tran-
scription in DENV2-infected cells (Fig. 1C, D, and E), although
RANTES (Fig. 1F) mRNA level reduction was not statistically sig-
nificant (p = 0.19). Thus, individual treatment of DENV2-infected
cells with RV reduced DENV production, and IL-6, TNF-a, IP-10,
and RANTES transcription while CpdA reduced IL-6, TNF-a, and
RANTES transcription but did not reduce DENV production and IP-
10 transcription.

3.2. Combined treatments of RV and CpdA on DENV production and
cytokine/chemokine transcription in DENV2-infected A549 cells

To investigate combined effects of RV and CpdA on DENV2
production and cytokine/chemokine transcription, RV and CpdA
were tested with DENV2-infected A549 cells. The combined RV
(at 50 and 100 pM) and CpdA (at 5, 10, and 20 pM) treatments to
DENV2-infected A549 cells showed significant reduction of
DENV2 production (Fig. 2B) when compared with that of indi-
vidual treatments, with cell viability greater than 90% (Fig. 2A).
The infection efficiency of DENV2-infected cells was examined
by flow cytometry (Fig. 2S). Similarly, the combined RV and
CpdA treatments also showed significant reduction of cytokine/
chemokine transcription, including IL-6 (Fig. 2C), TNF-a
(Fig. 2D), IP-10 (Fig. 2E), and RANTES (Fig. 2F), in the DENV2-
infected A549 cells. The effect of combined RV and CpdA treat-
ments on the reduction of DENV2 production and cytokine/
chemokine transcription was greater than that of the individual
treatments.

3.3. Individual and combined treatments of RV and CpdA reduced
DENV production and cytokine/chemokine transcription in A549
cells infected with DENV1, DENV2, DENV3, or DENV4

To examine whether or not individual or combined RV and
CpdA treatment could reduce virus production and cytokine/
chemokine transcription in A549 cells infected with other DENV
serotypes, A549 cells were infected with DENV1, DENV2, DENV3
or DENV4 at MOI 5. Then, the infected cells were incubated,
individually or in combination, with RV at 50 uM and CpdA at
20 pM. The cell viabilities were more than 90% (Fig. 3A). The
infection efficiency of DENV-infected were observed by flow
cytometry (Fig. 3S).

The results showed that treatments of A549 cells infected
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Fig. 1. Effects of ribavirin (RV) and compound A (CpdA) on DENV production and cytokine transcription. A549 cells were infected with DENV2 at MOI 5 and then individually
treated with RV or CpdA. (A) Cell viability (presented as percentage) was determined by trypan blue exclusion assay of DENV2-infected A549 cells that were individually incubated
with RV or CpdA at the indicated concentrations. (B) DENV production in cell culture supernatant analyzed by the foci-forming unit (FFU) assay. (C—F) Transcription of IL-6, TNF-a,
IP-10, and RANTES in DENV2-infected A549 cells determined by real-time RT-PCR technique. The results were conducted in five independent experiments and mean + SEM were

calculated and plotted (* = p < 0.05, ** = p < 0.01, *** = p < 0.001).

with either DENV1, DENV2, DENV3 or DENV4 with combined RV
at 50 uM and CpdA at 20 uM could significantly reduce DENV
production for all DENV serotypes (Fig. 3B). Treatment of A549
cells infected with either DENV1, DENV2, DENV3 or DENV4 with
combined RV at 50 pM and CpdA at 20 pM could also signifi-
cantly reduce IL-6 (Fig. 3C), TNF-a (Fig. 3D), IP-10 (Fig. 3E), and
RANTES (Fig. 3F) transcription.

The effects of combined RV and CpdA treatments on the
reduction of DENV1, DENV2, DENV3, and DENV4 productions and
cytokine/chemokine transcription were generally greater than that
of individual treatments with RV at 50 pM.

3.4. Calculation of additive and synergistic effects of RV and CpdA

The combinatory effects of RV and CpdA on DENV production
and cytokine/chemokine transcription were calculated by
comparing the theoretically additive (or predicted) effects of RV
and CpdA with the combinatory (or actual) effects of the two
agents from the experiments by using fractional product method.
The results of theoretically additive effect and combinatory effect
were plotted (Fig. 4) to evaluate their combined effects. The ef-
fects of combined RV and CpdA treatments on DENV2 production
and cytokine/chemokine transcription obtained from the
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calculation for theoretically additive effect and combinatory ef-
fect were compared (Fig. 4A—E). It was found that combined RV
and CpdA treatments on the DENV2-infected A549 cells resulted
in the reduction of DENV2 production and cytokine (IL-6, and
TNF-a) transcription in additive effect model, since the theoret-
ical additive effects were equal to the combinatory effects
(Fig. 4A—C). An effect in which two substances or actions used in
combination produced a total effect on the DENV2-infected A549
cells led to the reduction of chemokine (IP-10 and RANTES)
transcription in synergistic effect model, since synergistic effect
was assigned when the combinatory effect was significantly
more than expected for a theoretically additive effect (Fig. 4D
and E).

The additive or synergistic effect model of combined treatments
was then evaluated by using fractional product method for four

DENV serotypes. The results supported the previous finding that
the combined RV and CpdA treatments of the A549 cells infected
with either DENV1, DENV2, DENV3 or DENV4 resulted in the
reduction of virus production (Fig. 5A) in additive model because
the combinatory effects were not greater than the theoretically
additive effect (p = 0.34, p = 0.46, p = 0.85, and p = 0.17, respec-
tively). The additive effect was also observed with cytokine (IL-6
and TNF-a) transcription (Fig. 5B and C). In contrast, the combined
RV and CpdA treatment of the A549 cells-infected with either
DENV1, DENV2, DENV3 or DENV4 led to the reduction of chemo-
kine (IP-10 and RANTES) transcription in the synergistic effect
model (Fig. 5D and E). Thus, combined RV and CpdA treatment
reduced virus production and cytokine/chemokine transcription in
the A549 cells infected with any one of the 4 DENV serotypes. The
combined treatment showed an additive effect on virus production
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Fig. 3. Combined effects of ribavirin (RV) and compound A (CpdA) on DENV production and cytokine transcription in A549 cells infected with DENV serotypes 1, 2, 3, and 4.
A549 cells were infected with each serotype of DENV at MOI 5 and then incubated with RV at 50 uM or CpdA at 20 uM or their combination. (A) Cell viability (presented as
percentage) determined by the trypan blue exclusion assay of DENV-infected A549 cells that were incubated with RV or CpdA alone or their combination. (B) DENV production in
cell culture supernatants analyzed by the foci-forming unit (FFU) assay. (C—F) Transcription of IL-6, TNF-a, IP-10, and RANTES in DENV-infected A549 cells determined by the real-
time RT-PCR technique. The results were conducted in five independent experiments and mean + SEM were calculated and plotted (* = p < 0.05, *** = p < 0.001).

and cytokine transcription but a synergistic effect on chemokine
transcription.

Since the synergistic effect of the combined RV (50 pM) and
CpdA (20 uM) on the DENV-infected A549 cells in the reduction of
IP-10 and RANTES transcription was observed, the protein levels of
IP-10 and RANTES in the supernatants of DENV2-infected A549
cells were determined by ELISA. As shown in Fig. 6, the protein
levels of IP-10 (Fig. 6A) was reduced when treated with RV alone.
The protein levels of RANTES (Fig. 6B) were not significantly
reduced by RV alone (p = 0.07). Individual treatment of CpdA
reduced IP-10 and RANTES proteins but did not reach significant
levels (p = 0.74 and p = 0.47, respectively). The combined

treatment of RV and CpdA significantly reduced IP-10 and RANTES
protein levels, when compared with the result of either RV or CpdA
treatment alone.

4. Discussion

We conducted the in vitro study by infecting A549 cells with
DENV and treating the infected cells with the antiviral drug —
ribavirin (RV) and anti-inflammatory compound — compound A
(CpdA) for inhibition of DENV production and the cytokine/che-
mokine expression, respectively. The A549 cells were used in this
study because they are susceptible to DENV infection and showed
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the highest virus replication rate when compared to other cells
(Yohan et al., 2014). Moreover, lung is a human organ affected by
DENV infection (Povoa et al., 2014; Rodrigues et al., 2014). The anti-
viral drug, RV, is a broad antiviral agent that is currently used for
treatment of HCV infection and has previously been reported to
reduce DENV production in hepatoma cell lines (Diamond et al.,
2002). Although it failed to inhibit DENV infection in AG129
mouse model (Schul et al., 2007), the combination between RV and
glucosidase inhibitor enhanced the antiviral activity in this animal
model in synergistic manner (Chang et al, 2011). The anti-
inflammatory compound, CpdA, has recently been tested with
DENV-infected HepG2 cells by our group (Suttitheptumrong et al.,
2013), in which it was found to reduce cytokine (CXCL10 and
TNFa) secretion and also DENV production. CpdA also suppressed
RANTES production in DENV-infected HEK293 cells (Khunchai
et al,, 2015).

By using DENV?2 at the beginning, we have shown in the present
study that at the concentrations that did not affect A549 cell
viability, RV could significantly reduce both DENV2 production and
cytokine/chemokine (IL-6, TNF-a, IP-10 and RANTES) transcription
(Fig. 1) while CpdA could significantly reduce cytokine/chemokine
(IL-6, TNF-0, and RANTES) transcription but did not reduce DENV
production and IP-10 transcription. Since RV could significantly
reduce DENV production, which may subsequently lead to the
reduction of cytokine/chemokine transcription in DENV infected
cells. In addition to anti-DENV, RV may also have immune modifi-
cation mechanisms. However, when it was combined with CpdA,
DENV production could be greatly reduced. This indicates that,
possibly in the initial phase of its infection, DENV may require
cytokine/chemokine for activation of the cells to promote DENV
replication.

The combination of RV and CpdA could even more
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significantly reduce DENV2 production and cytokine/chemokine
transcription in dose-dependent manner, when it was compared
with that of individual treatments to the DENV2-infected A549
cells (Fig. 2). This combined effect of RV and CpdA on the
reduction of both virus production and cytokine/chemokine
transcription in the infected A549 cells was not only observed for
the infection with DENV2 but also for that with all four DENV
serotypes (Fig. 3). Interestingly, the combined RV and CpdA
treatment on the DENV2-infected A549 cells resulted in the
reduction of viral production and cytokine (IL-6, and TNF-a)
transcription in an additive effect model (Fig. 4A—C), whereas the
same treatments caused the reduction of chemokine (IP-10 and
RANTES) transcription in a synergistic effect model (Fig. 4D—4E).
Additionally, similar findings were observed for the infection
with all four DENV serotypes (Fig. 5). It has been known that
TNF-o. and IL-6 are pro-inflammatory cytokines, that promote
systemic inflammatory response (Hernandez-Rodriguez et al.,
2004), while IP-10 and RANTEs are chemokines that have the
action to recruit immune cells to the site of infection, resulting in
tissue damage (Agostini et al., 1998; Rathakrishnan et al., 2012;

Sundstrom et al., 2001). These cytokines/chemokines were
frequently investigated in the patients with severe DENV infec-
tion (Castro et al., 2011; Nguyen et al., 2004; Rathakrishnan et al.,
2012; Restrepo et al., 2008; Suharti et al., 2003; Vennemann
et al,, 2012). The additive effect model of the combined RV and
CpdA treatment on the reduction of DENV production and
cytokine (IL-6, and TNF-o,) transcription might result from the
collective direct-inhibitory effects of RV and CpdA on the DENV-
infected cells. However, the synergistic effect model of the
combined RV and CpdA treatment on the reduction of chemokine
(IP-10 and RANTES) transcription, and also resulting in the
reduction of their protein levels, may be explained by the inhi-
bition in two fold, from both direct-inhibitory effects of RV and
CpdA, and also from the indirect inhibitory effect on the reduc-
tion of cytokine (IL-6, and TNF-a) expression that might in turn
affect the reduction of chemokine. The transcription of chemo-
kines (IP-10 and RANTES) is regulated by TNF-a (Ammit et al.,
2002; Yeruva et al.,, 2008), which was also reduced by com-
bined treatment of RV and CpdA. Taken together, the result of
this study indicates that the combined treatment by anti-viral
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(RV) and anti-inflammatory (CpdA) agents offers a greater
inhibitory effect on DENV production and host cytokine/chemo-
kine transcription than the treatment by individual compound.
Thus, the therapeutic approach using combined anti-viral and
anti-inflammatory drugs for treatment of DENV infection is
proposed, which merits further studies.
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worldwide. Virus-host interactions appear to play significant roles in DENV replication and the pathogenesis
of DENV infection. Nonstructural protein 1 (NS1) of DENV is likely involved in these processes; however, its as-
sociations with host cell proteins in DENV infection remain unclear. In this study, we used a combination of tech-
niques (immunoprecipitation, in-solution trypsin digestion, and LC-MS/MS) to identify the host cell proteins that
interact with cell-associated NS1 in an in vitro model of DENV infection in the human hepatocyte HepG2 cell line.
Thirty-six novel host cell proteins were identified as potential DENV NS1-interacting partners. A large number of
these proteins had characteristic binding or catalytic activities, and were involved in cellular metabolism.
Coimmunoprecipitation and colocalization assays confirmed the interactions of DENV NS1 and human NIMA-
related kinase 2 (NEK2), thousand and one amino acid protein kinase 1 (TAO1), and component of oligomeric
Golgi complex 1 (COG1) proteins in virus-infected cells. This study reports a novel set of DENV NS1-interacting
host cell proteins in the HepG2 cell line and proposes possible roles for human NEK2, TAO1, and COG1 in
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1. Introduction

Dengue virus (DENV) is the causative agent of dengue hemorrhagic
fever and dengue shock syndrome, potentially life-threatening diseases
affecting the human population globally. Approximately 390 million
people acquire DENV infection through mosquito bites each year, and
96 million of them present varying degrees of clinical manifestations
[1]. Nevertheless, the underlying mechanisms of these severe dengue
diseases remain unclear and neither a dengue vaccine nor a specific an-
tiviral drug is commercially available.

DENV is a positive-sense, single-stranded, enveloped RNA virus of
the family Flaviviridae, which produces three structural proteins (cap-
sid, C; premembrane, prM; envelope, E) and seven nonstructural

* Corresponding author at: Medical Biotechnology Research Unit, National Center for
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Agency, Bangkok 10700, Thailand.
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proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) in virus-
infected cells. The nonstructural protein NS1 is an essential viral product
implicated in DENV replication [2-7] and the pathogenesis of dengue
hemorrhagic fever and dengue shock syndrome [8-11]. DENV NS1 ex-
ists in multiple forms, which are found inside and on the surfaces of
virus-infected cells and in the extracellular milieu [12-17]. Intracellular
NS1 can be detected in the same localities as double-stranded viral RNA
in virus-induced membrane structures, which are possible sites of viral
replication [2,18], and interacts with NS4A and NS4B as part of the viral
replication complex [6,19-21]. Complementation of NS1 in trans re-
stored viral RNA synthesis and replication in defective flaviviruses (yel-
low fever virus and West Nile virus) [5,22]. These lines of evidence
suggest that NS1 is a cofactor in flavivirus replication. The level of se-
creted NS1 in the circulation also appears to correlate with viremia
and the severity of dengue diseases [23-25]. This soluble NS1 protein
participates in the formation of the immune complex, complement acti-
vation [9,26-30], and the immune evasion of DENV [31-33]. It also acti-
vates immune cells via toll-like receptors and triggers the release of
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proinflammatory cytokines, endothelial permeability, and vascular leak,
which may contribute to the pathogenesis of dengue diseases [34-36].

Interactions between DENV NS1 and host cell proteins have been
demonstrated previously using in vitro binding assays and yeast two-
hybrid systems with human bone-marrow and liver cDNA libraries
[32,33,37-39]. These interactions include those between DENV NS1
and the complement regulatory protein clusterin [39], complement
components C1s, C4, and C1q, C4-binding protein [32,33,38], and signal
transducer and activator of transcription 33 (STAT3() [37] and may
contribute to viral immune escape and the immune-mediated patho-
genesis of dengue diseases. In our previous study using immunoprecip-
itation and two-dimensional (2D) gel electrophoresis, heterogeneous
ribonucleoprotein (hnRNP) C1/C2 is a DENV NS1-interacting partner
in virus-infected HEK293T cells [40]. Because the sensitivity of 2D gel
electrophoresis in protein detection is limited, we used a similar immu-
noprecipitation technique combined with in-solution trypsin digestion
and subsequent liquid chromatography-tandem mass spectrometry
(LC-MS/MS) in this study to identify the host cell proteins that interact
with DENV NS1 in DENV-infected human hepatocyte HepG2 cells,
which represent relevant target cells for DENV infection in vitro
[41-45]. Thirty-six novel host cell proteins were identified as DENV-
NS1-interacting proteins in this model of DENV-infected human hepa-
tocyte cells.

2. Materials and methods
2.1. Cell lines, virus, and antibodies

Human hepatocellular carcinoma (HepG2) cells were cultured in
DMEM (Invitrogen, Carlsbad, CA, USA) supplemented with 10% heat-
inactivated FBS (Invitrogen), 0.1 mM nonessential amino acids
(Merck, Darmstadt, Germany), 1 mM sodium pyruvate (Merck), 2 mM
L-glutamine (Sigma, St. Louis, MO, USA), 36 pg/ml penicillin (Sigma),
and 60 pg/ml streptomycin (Sigma) at 37 °C in a 5% CO, incubator
with a humidified atmosphere. A DENV serotype 2 (strain 16681)
stock was propagated in C6/36 mosquito cells. Mouse monoclonal anti-
bodies specific for DENV NS1 (clones NS1-3F.1 and 1A4) and DENV E
(clone 3H5) were produced from previously established hybridoma
cells [46-48]. Mouse monoclonal antibodies specific for human never
in mitosis A-related kinase 2 (NEK2) and human thousand and one
amino acid protein kinase 1 (TAO1) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). A rabbit anti-human TAO1 anti-
body was purchased from Assay Biotechnology (Sunnyvale, CA, USA).
Goat and rabbit polyclonal antibodies specific for human component
of oligomeric Golgi complex 1 (COG1) were purchased from Everest
Biotech (Oxfordshire, UK) and Bioss USA (Woburn, MA, USA), respec-
tively. Mouse isotype-matched control IgG1 and IgG2a antibodies
(clones MOPC 21 and UPC 10) and a mouse anti-FLAG monoclonal anti-
body were purchased from Sigma. A goat IgG antibody was purified
from normal goat serum (Vector Laboratories, Burlingame, CA, USA)
by protein G affinity chromatography [49].

2.2. DENV infection

HepG2 cells were seeded and cultured in tissue culture flasks (Co-
star, Cambridge, MA, USA) for 24 h. The adherent cells were incubated
in culture medium with DENV-2 at a multiplicity of infection (MOI) of
5 or with culture medium alone (uninfected control) at 37 °C in a 5%
CO, incubator for 2 h. After the supernatant was discarded, the culture
was maintained in fresh medium under the same conditions. At 48 h
postinfection, the uninfected and DENV-infected HepG2 cells were har-
vested and assessed for viability with a Trypan blue dye exclusion assay
and for percentage DENV infection with an immunofluorescent staining
assay for DENV E and NS1 proteins, as previously described [50]. The
immunofluorescently stained cells (10,000 events) were analyzed

with flow cytometry to determine the percentages of DENV E- and
DENV NS1-expressing cells, which represented the efficiency of DENV in-
fection. Six independent experiments were performed to analyze the per-
centages of cell viability and DENV E-and DENV NS1-expressing cells.

2.3. Immunoprecipitation of DENV NS1 protein

At 48 h postinfection, the uninfected and DENV-infected cells (107)
were washed with PBS by centrifugation at 470 x g for 5 min. The cell
pellets were resuspended in RIPA buffer containing 20 mM Tris-HCl
(pH 7.5), 5 mM EDTA, 150 mM NaCl, 1% NP-40, 0.1% SDS, and 0.5%
deoxycholate, with a protease inhibitor cocktail (Roche, Mannheim,
Germany), incubated on ice for 30 min, and centrifuged at 9100 x g at
4 °C for 5 min. The clear lysates were subjected to immunoprecipitation
by incubating them at 4 °C overnight with a 50% slurry of protein-G-
conjugated Sepharose 4B beads (GE Healthcare, Uppsala, Sweden)
that had been coated with 20 pg of mouse isotype-matched control
IgG2a antibody or mouse anti-DENV NS1 monoclonal antibodies (clones
NS1-3F.1 and 1A4, recognizing different DENV NS1 epitopes), followed
by centrifugation at 15,300 xg at 4 °C for 5 min. The immuno-
precipitated samples were washed three times with RIPA and then
three times with 10 mM Tris-HCI (pH 7.5). One set of the immuno-
precipitated samples was resuspended in loading buffer (50 mM Tris-
HCI [pH 6.8], 2% SDS, 0.1% bromophenol blue, 10% glycerol) and subject-
ed to an immunoblotting analysis to confirm the presence of the DENV
NS1 protein, as previously described [50]. The other set was resuspend-
ed in 0.1% RapiGest SF surfactant (Waters Corporation, Milford, MA,
USA) in 50 mM ammonium bicarbonate to be further processed for
the proteomic analysis of the DENV NS1-interacting host cell proteins.

24. Preparation of immunoprecipitated samples for LC-MS/MS

Three samples were prepared for one set of experiments: DENV-
infected cell lysate immunoprecipitated with an anti-NS1 antibody
(test sample), uninfected cell lysate immunoprecipitated with an anti-
NS1 antibody (control sample), and DENV-infected cell lysate
immunoprecipitated with an isotype-matched control antibody (con-
trol sample). The latter two samples were used as background controls
for the immunoprecipitation process. All three immunoprecipitated
samples on the Sepharose 4B beads were resuspended in 0.1% RapiGest
in 50 mM ammonium bicarbonate, and then heated at 100 °C for 5 min,
incubated with 5 mM dithiothreitol at 60 °C for 30 min, and cooled to
room temperature. The samples were then incubated with 15 mM
iodoacetamide at room temperature for 30 min in the dark and centri-
fuged at 15,300 x g for 5 min. The clear supernatants were harvested
and incubated with 80 ng of trypsin (sequencing grade; Promega, Mad-
ison, WI, USA) at 37 °C for 1 h and then with 0.5% trifluoroacetic acid at
37 °C for 45 min, followed by centrifugation at 15,300 x g for 10 min to
precipitate the RapiGest SF. The clear supernatants were collected and
dried with a speed vacuum concentrator. The dried peptides were re-
suspended in 10 pl 0.1% formic acid and subjected to LC-MS/MS analy-
sis. Three independent sets of experiments were performed. Each set of
the resultant peptides was injected three times into LC-MS/MS.

2.5. LC-MS/MS analysis

Protonated peptides in 0.1% formic acid were injected into a
NanoAcquity system (Waters Corporation) equipped with a Symmetry
C18 5 um, 180 pm x 20 mm Trap column and a BEH130 C18 1.7 um,
100 pm x 100 mm analytical reversed-phase column (Waters Corpora-
tion). The samples were initially passed through the trap column at a
flow rate of 15 pl/min for 1 min. Mobile phase A was 0.1% formic acid
in water and mobile phase B was 0.1% formic acid in acetonitrile. The
peptides were separated with a gradient of 15%-50% mobile phase B
over 15 min at a flow rate of 600 nl/min, followed by a 3 min rinse
with 80% mobile phase B. The column temperature was maintained at
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35 °C. For all measurements, a SYNAPT HDMS mass spectrometer (Wa-
ters Corporation) was operated in V-mode with a resolution (full-width
half-maximum) of at least 10,000. All analyses were performed in nano-
electrospray positive-ion mode. Accurate mass LC-MS data were
acquired in the direct data acquisition mode. The trap was set at colli-
sion energy of 6 V. In the transfer collision energy control, low energy
was set at 4 V. The quadrupole mass analyzer was adjusted to allow
the efficient transmission of ions in an m/z range of 300-1800. The
MS/MS survey was in the range of 50-1990 Da and the scan time was
0.5 s. The DeCyder MS Differential Analysis Software version 2.0 (GE
Healthcare Life Sciences, Pittsburgh, PA, USA) was used for the differen-
tial quantitation of the peptides based on the MS signal intensities at dif-
ferent retention times. The peptide ion signal intensities in the range of
retention times of 7-18 min were quantified using the PepDetect mod-
ule for the automated detection of peptides and the assignment of
charge states with the following parameters: typical peak width,
0.25 min; TOF resolution, 5000; charge states, 1-3; m/z shift tolerance,
0.1 U. Peptides with low-quality LC peaks were removed from the anal-
ysis. Different peptide ion signal intensity maps of the test and control
groups were evaluated to establish an average abundance ratio for
each peptide using the PepMatch module, with a retention time toler-
ance of 1 min and m/z tolerance of 0.5 Da. The NCBInr database (taxon-
omy: Homo sapiens) was searched with the LC-MS/MS data from the
DeCyder MS analysis and the proteins were identified with the
MASCOT search engine (Matrix Science, London, UK), with the follow-
ing parameters: enzyme, trypsin; allowance of missed cleavages, 3;
fixed modification, carbamidomethylation of cysteine residues; variable
modification, oxidation of methionine residues; mass values, monoiso-
topic; peptide mass tolerance, 1.2 Da; MS/MS tolerance, 0.6 Da; peptide
charge states, 1+, 2+, 3 +; data format, Mascot generic; instrument,
ESI-Q-TOF mass spectrometer. The GI numbers of identified peptides
were mapped to the UniProt database (http://www.uniprot.org/
uploadlists/) to obtain the protein accession numbers. The identified
proteins were classified based on their molecular functions and biolog-
ical processes using the PANTHER Classification System version 9.0
(http://go.pantherdb.org/).

One-way ANOVA and Benjamini and Hochberg multiple testing cor-
rection with a threshold of 5% false discovery rate [51] were applied to
analyze statistically significant differences in average peptide ion inten-
sities between the test sample and two control samples from three in-
dependent experiments. Human host proteins that had Benjamini and
Hochberg adjusted p value between sample groups < 0.05 and an aver-
age (peptide ion intensity of test sample)/(peptide ion intensity of ei-
ther control sample) ratio > 1.5 were considered candidate DENV
NS1-interacting proteins.

2.6. Coimmunoprecipitation of DENV NS1 and host cell proteins

Uninfected and DENV-infected cells were processed for immunopre-
cipitation with an isotype-matched control antibody or anti-DENV NS1
monoclonal antibodies, as described above. The immunoprecipitated
complexes were eluted with loading buffer in the presence or the ab-
sence of 5% 3-mercaptoethanol, and subjected to an immunoblotting
analysis to determine the presence of human NEK2, TAO1, or COG1
and DENV NS1 using the specific antibodies described above. Reciprocal
immunoprecipitation was performed with anti-NEK2, anti-TAO1 and
anti-COG1 antibodies, or their respective control antibodies using the
similar methods described above with minor modifications. The
immunoprecipitated samples were assessed for the presence of corre-
sponding host proteins and DENV NS1 by immunoblotting analysis.

2.7. Colocalization of DENV NS1 and host cell proteins
HepG2 cells were grown in a poly-p-lysine-coated chamber slide or a

96-well plate for 24 h. The adherent cells were infected with DENV-2 at
an MOI of 2.5 or left uninfected (uninfected control) for 8 h, and then

transfected with 1.0-2.5 pg of empty pcDNA Hygro vector (vector con-
trol) or pcDNA Hygro encoding the human NEK2A, NEK2B, TAO1, or
COG1 protein fused to the FLAG tag at the N-terminus using Lipofecta-
mine 3000 (Invitrogen), according to the manufacturer's instructions,
with minor modifications. At 48 h postinfection, the cells were proc-
essed for double immunofluorescent staining for DENV NS1 and host
cell proteins using a previously described method [50]. Briefly, the
cells were fixed with 4% paraformaldehyde in PBS for 20 min and
permeabilized with 0.2% Triton X-100 in PBS for 10 min. The nonspecific
binding sites on the cells were blocked with 10% human AB serum for
30 min at room temperature. The cells were then incubated successively
with 1 pg/ml mouse anti-FLAG monoclonal antibody (Sigma) for 1 h and
Cy3-conjugated goat anti-mouse IgG antibody (Jackson Immuno-
Research Laboratories, West Grove, PA, USA), diluted 1:2000, for
30 min at room temperature. Following three washes with PBS, the
stained cells were incubated with 10% normal mouse serum in PBS for
30 min and with a mixture of 3.75 pg/ml mouse anti-NS1 monoclonal
antibody (clone 1A4) conjugated with Alexa Fluor 488 and 10 pg/ml
Hoechst 33342 (Molecular Probes, Eugene, OR, USA) for 30 min. The
stained cells were postfixed with 1% paraformaldehyde in PBS for
30 min and visualized with the EVOS FL Cell Imaging System (Invitrogen)
or under a confocal laser-scanning microscope (LSM 510 Meta; Carl Zeiss,
Jena, Germany). Captured cell images were analyzed for pixel intensities
of the fluorescent signals to generate histogram profiles by LSM Software
version 3.2 (Carl Zeiss).

2.8. Statistical analysis

Differences in peptide ion intensities between the samples in the test
group (DENV-infected cell lysate immunoprecipitated with anti-NS1
antibody) and the samples in the two control groups (uninfected cell ly-
sate immunoprecipitated with anti-NS1 antibody or DENV-infected cell
lysate immunoprecipitated with isotype-matched control antibody)
were analyzed statistically with one-way ANOVA using GraphPad
Prism version 6.0 and Benjamini and Hochberg multiple testing correc-
tion at a false discovery rate of 5% [51]. The peptide ion intensities for all
three sample groups were compared. Differences in the peptide ion in-
tensities of the sample groups were considered significant at p < 0.05.

3. Results

To identify potential host cell proteins that interact with DENV NST1,
HepG2 cells were infected with DENV at MOI 5 or left uninfected (unin-
fected control), and harvested at 48 h postinfection to analyze the per-
centage DENV infection and cell viability. In immunofluorescent
staining for the expression of viral antigen which reflects the efficiency
of viral infection, the percentages of DENV E- and DENV NS1-expressing
cells among the DENV-infected cells were 81.7 + 3.5% and 80.0 + 5.2%,
whereas the background staining levels were 2.9 4- 0.9% and 4.7 & 1.1%,
respectively, in the uninfected control (Fig. 1A). In the analysis of cell vi-
ability with a Trypan blue dye exclusion assay, the majority of DENV-
infected cells (75.5 + 3.6%) were viable under these infection condi-
tions, compared with 95.2 4 0.7% viability of the uninfected control
cells (Fig. 1B). Uninfected and DENV-infected HepG2 cells prepared
under the same conditions were then immunoprecipitated with DENV
NS1-specific antibodies or an isotype-matched control antibody. The
presence of DENV NS1 in the immunoprecipitated samples was verified
with an immunoblotting analysis, and the samples were subsequently
processed for a proteomic analysis with LC-MS/MS. Three independent
sets of uninfected and DENV-infected samples were prepared for the
proteomic analysis. A schematic diagram of the experimental strategy
is shown in Supplementary Fig. 1.

In the immunoblotting analysis, DENV NS1 was detected specifically
in the DENV-infected sample immunoprecipitated with the anti-NS1 an-
tibody (Fig. 2, lane DENV-aNS1 Ab), but not in the DENV-infected sample
immunoprecipitated with the isotype-matched control antibody (Fig. 2,
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Fig. 1. DENV infection rate of HepG2 cells. HepG2 cells were infected with DENV at MOI 5
or left uninfected (uninfected control), and harvested at 48 h postinfection. The
percentage DENV infection was determined with immunofluorescent staining for DENV
E and NS1 antigens with a subsequent flow-cytometric analysis (A), and cell viability
with a Trypan blue dye exclusion assay (B).

lane DENV-control Ab) or the uninfected samples immunoprecipitated
with either antibody (Fig. 2, lanes mock-control Ab and mock-aNS1
Ab). The three independent sets of prepared samples showed similar
outcomes. The immunoprecipitated samples containing DENV NS1
were then subjected to in-solution digestion with trypsin and processed
for LC-MS/MS. The DeCyder MS Differential Analysis Software was used
to align and quantify the primary MS protein data based on the ion
intensities of the tryptic peptides from the DENV-infected sample
immunoprecipitated with the anti-NS1 antibody (test sample,
DENV-aNS1), the DENV-infected sample immunoprecipitated with

Control Ab aNS1 Ab
kDa Mock DENV Mock DENV

— —— — ‘
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Fig. 2. Immunoprecipitation of DENV NS1 from DENV-infected cells. Uninfected (Mock)
and DENV-infected (DENV) cells were immunoprecipitated with anti-DENV NS1
monoclonal antibodies (aaNS1 Ab) or an isotype-matched control antibody (Control Ab).
The immunoprecipitated samples were subjected to an immunoblotting analysis using
mouse anti-DENV NS1 monoclonal antibody and rabbit anti-mouse IgG conjugated with
HRP as primary and secondary antibodies. A specific band of DENV NS1 (about 46 kDa)
was detected under reducing and heated conditions. Approximately 50-kDa and 25-kDa
protein bands observed in all samples tested are heavy and light chains of mouse IgG
used for immunoprecipitation.

the isotype-matched control antibody (control sample, DENV-
IgG2a), and the uninfected sample immunoprecipitated with the
anti-NS1 antibody (control sample, mock-aNS1). After the peptide
ion intensity maps of the test and control samples were aligned,
the NCBInr database (Homo sapiens) was searched for all the
matched peptides using the MASCOT search engine to identify the
proteins. The peptides with the highest ID scores were determined
for their average peptide ion intensities from three independent ex-
periments. All the peptide ion intensities of 392 identified proteins
were compared between the test sample and two control samples
using one-way ANOVA and Benjamini and Hochberg multiple testing
correction with a threshold of 5% false discovery rate. The peptide
ion intensities of these proteins in the test sample were normalized
against that of each control sample and any protein with an average
(peptide ion intensity in test sample)/(peptide ion intensity in either
control sample) ratio > 1.5 was selected from the overall data.

When the criteria described above were used, 36 host cell proteins
were identified as potential DENV NS1-interacting host proteins in the
DENV-infected cells (Table 1, Fig. 3, and Supplementary Table 1).
These protein identifications were based on single peptide assignments
and the sequences of identified peptides were presented in Supplemen-
tary Table 1. The average peptide ion intensity ratios between the test
sample (DENV-aNS1) and the control samples (DENV-IgG2a and
mock-aNS1) for the 36 identified proteins, derived from three inde-
pendent experiments (three LC-MS/MS injections of each sample in
each experiment), are shown in Table 1. Statistically significant differ-
ences in the peptide ion intensities were evident between the test sam-
ple and both control samples for 19 proteins (protein IDs 1-13 and 17-
22) and between the test sample and single control samples for 17 pro-
teins (protein IDs 14-16 and 23-36) (Fig. 3).

In further analysis of the 36 identified host proteins, the majority of
these proteins could be mapped to the UniProt database, either with pre-
viously reported functions (24/36 proteins, 67%) or with uncharacterized
functions (3/36 proteins, 8%), whereas 9/36 proteins (25%) could not be
mapped to this database (Fig. 4A). The peptide ion intensities, peptide se-
quences, and molecular masses of the unmapped host proteins (protein
IDs 1, 10, 16, 18, 19, 30, 33, 35, and 36) are shown in Table 1, Fig. 3, and
Supplementary Table 2. The mapped human proteins were further cat-
egorized with the PANTHER classification system based on their molec-
ular functions and biological processes. Approximately 39% and 34% of
the human proteins identified had binding activities (i.e., ATP, ion,
nucleic acid, lipid, and protein binding) and enzymatic activities
(i.e., transferase, hydrolase, kinase, phosphatase, isomerase, ligase,
lyase, and oxidoreductase), respectively (Fig. 4B, left panel). Other mo-
lecular functions of the identified proteins included structural molecule
(11%), enzyme regulator (5%), receptor (5%), transporter (4%), and
transcription factor/transcription regulator (2%) activities (Fig. 4B, left
panel). A major group of the identified human proteins (about 26%)
were involved in biological processes associated with cellular metabo-
lism, including protein metabolism and modification, carbohydrate me-
tabolism, nucleic acid metabolism, and lipid and fatty acid metabolism
(Fig. 4B, right panel). Other biological processes in which the identified
proteins were involved included transport (11%), cell structure and mo-
tility (10%), signal transduction (8%), immunity and defense (8%), cell
communication (8%), cell cycle (7%), response to stimulus (5%), cell ad-
hesion (4%), apoptosis (3%), cell proliferation and differentiation (3%),
developmental process (3%), homeostasis (1%), sensory perception
(1%), and protein targeting and localization (1%) (Fig. 4B, right panel).
The molecular functions and biological processes of all the DENV NS1-
interacting proteins identified are shown in Supplementary Tables 3
and 4, respectively.

To confirm that the identified host proteins interact with DENV
NS1 in virus-infected cells, the three mapped human proteins with
the highest significant differences (>2.5-fold) in the peptide ion in-
tensities between the test sample and the two control samples
(Table 1 and Fig. 3) were assessed for their association with DENV
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Table 1
DENV NS1-interacting host proteins identified in DENV-infected HepG2 cells.

T. Dechtawewat et al. / Biochimica et Biophysica Acta 1864 (2016) 1270-1280

ID Protein name GI number UniProt accession ~ UniProt entry Intensity ratio of  Intensity ratio of
number name DENV-aNS1 to DENV-aNS1
DENV-IgG2a to mock-aNS1

1 Chromosome 21 open reading frame 70 gi|119629776 - - 8.67 3.80
2 Serine/threonine-protein kinase Nek2 gi|4505373 P51955 NEK2_HUMAN 4.94 uD
3 Serine/threonine-protein kinase TAO1 8145439370 Q7L7X3 TAOK1_HUMAN 3.52 4.68
4 Conserved oligomeric Golgi complex subunit 1 gi|71052081 Q4GOL8 Q4GOL8_HUMAN 2.75 3.69
5 Protein phosphatase 1 M gi|34526234 Q96MI6 PPM1M_HUMAN 2.80 1.99
6 Folylpolyglutamate synthetase mitochondrial isoform gi|15911844 Q96LE4 Q96LE4_HUMAN 2.40 2.46
7 Protein AHNAK2 gi|156766050  Q8IVF2 AHNK2_HUMAN 2.25 2.01
8 Melanin-concentrating hormone receptor 1 gi|12804625 Q99705 MCHR1_HUMAN 2.18 2.09
9 WD repeat-containing protein 78 8155665586 Q5VTH9 WDR78_HUMAN 14.47 1.57
10  hCG2040936 gi|119620382 - - 2.30 1.71
11 Transmembrane and coiled-coil domain-containing protein 3 gi|15214846 Q6UW]J1 TMCO3_HUMAN 1.91 1.54
12 Actin-related protein 10 gi|10433978 QINZ32 ARP10_HUMAN 10.59 1.61
13 Trifunctional enzyme subunit alpha, mitochondrial gi|20127408 P40939 ECHA_HUMAN 1.75 3.54
14 Serpin A9 gi]|28207593 Q86WD7 SPA9_HUMAN 8.54 1.72
15  Zinc finger protein 1 homolog gi|119226229  Q6P2D0 ZFP1_HUMAN 3.00 1.53
16 hCG1777996 gi|119615085 - - 2.29 1.65
17  Centrin-3 gi]|2246401 015182 CETN3_HUMAN 1.59 141
18  Hypothetical protein LOC85007, isoform 2 gi|119574225 - - 1.81 143
19  hCG1995002 gi|119602612 - - 6.75 1.24
20  Golgin subfamily A member 5 £i|30260188 Q8TBA6 GOGA5_HUMAN 2.84 1.39
21 Receptor-type tyrosine-protein phosphatase epsilon gi| 15866730 P23469 PTPRE_HUMAN 1.64 1.26
22 TBC1 domain family member 31 gi|119612424  Q96DN5 TBC31_HUMAN 1.64 1.34
23 Tctex1 domain-containing protein 3 gi|28372535 Q8IZS6 TC1D3_HUMAN 1.77 1.19
24 Complement C1q tumor necrosis factor-related protein 5 gi|20810469 Q9BX]JO C1QT5_HUMAN 2.68 1.15
25 Spectrin beta chain, non-erythrocytic 1 gi|338443 Q01082 SPTB2_HUMAN 2.26 1.32
26 Ubiquitin-protein ligase E3B gi|35493952 Q7Z3v4 UBE3B_HUMAN 1.55 1.19
27  Neurolysin, mitochondrial precursor gi|14149738 Q9BYT8 NEUL_HUMAN 2.03 1.31
28  LIM domain only protein 7 gi|122889104  Q8WWI1 LMO7_HUMAN 1.91 1.26
29  GTPase-activating Rap/Ran-GAP domain-like protein 3 gi|207448705  Q5VVW2 GARL3_HUMAN 1.73 1.35
30 hCG2041987 gi|119609347 - - 2.08 134
31 PH domain leucine-rich repeat-containing protein phosphatase 1 gi]291219891 060346 PHLP1_HUMAN 1.63 1.18
32 Histone H2A.V 81162087582 Q71U19 H2AV_HUMAN 1.75 1.20
33  hCG1654831 gi|119587008 - - 1.58 113
34  Collagen alpha-2(V) chain gi]|27696688 P05997 CO5A2_HUMAN 1.76 1.13
35  hCG2041166 gi|119627144 - - 1.64 1.29
36  Unnamed protein gi]|56462555 - - 1.38 7.65

UD, unable to determine the peptide ion intensity ratio: DENV-aNS1/mock-aNS1 (intensity of DENV-aNS1 = 6.22; intensity of mock-aNS1 = 0).

NS1 using coimmunoprecipitation and colocalization assays with specific
antibodies. Anti-NS1 monoclonal antibodies immunoprecipitated DENV
NS1, together with never in mitosis A (NIMA)-related kinase 2 (NEK2),
thousand and one amino acid protein kinase 1 (TAO1), and component
of oligomeric Golgi complex 1 (COG1), from DENV-infected HepG2 cell ly-
sate, but not from uninfected control (Fig. 5A, B, and C, anti-NS1 Ab). Re-
ciprocal immunoprecipitation with antibodies specific against human
NEK2, TAO1 and COG1 also confirmed coimmunoprecipitation of the cor-
responding host proteins with DENV NS1 in DENV-infected cells (Fig. 5A,
B, and C, anti-NEK2 Ab, anti-TAO1 Ab and anti-COG1 Ab). Immunoprecip-
itation with control antibodies did not yield any specific bands of human
NEK2, TAO1, and COG1 in uninfected and DENV-infected samples, but rel-
atively low background of non-specific DENV NS1 binding could be ob-
served under certain control conditions (Fig. 5A, B and C, Control Ab).
Consistent with the results of coimmunoprecipitation, TAO1, COG1, and
two isoforms of NEK2 (NEK2A and NEK2B) partially colocalized with
DENV NST1 in the cytoplasmic region of virus-infected cells (Fig. 6A and
B and Supplementary Fig. 2). No cross-reactions of DENV NS1- and
FLAG-specific antibodies with other host proteins were observed in the
colocalization assay (Fig. 6A and B, anti-FLAG-pcDNA Hygro and Supple-
mentary Fig. 3, anti-NS1). These findings indicate the interactions be-
tween the identified human host proteins and DENV NS1 during DENV
infection.

4. Discussion

Investigation of the interplay between viral and host cell proteins is
of particular importance in understanding the mechanisms of DENV

infection and the host cellular response. In this study, we used a combi-
nation of techniques, coimmunoprecipitation, in-solution trypsin diges-
tion, and LC-MS/MS, to investigate the human host cell proteins that
interact with DENV NS1 during DENV infection. Thirty-six host proteins
were identified as potential DENV NS1-interacting partners in DENV-
infected HepG2 cells. The majority of these proteins had characteristic
binding or enzymatic activities and were involved in several cellular
metabolic processes.

Several attempts have been made in previous studies to screen for
host cell proteins that interact with DENV proteins [52]. However,
only limited success has been reported in identifying DENV NS1-
interacting partners. When a GAL4 yeast two-hybrid system was used
to screen a human bone-marrow cDNA library, STAT3[3 protein was
identified as an interacting partner of DENV NS1 and this interaction is
probably inducing the production of tumor necrosis factor o and inter-
leukin 6, which may take part in dengue pathogenesis [37]. In other two
studies using a similar GAL4 yeast two-hybrid system to screen a human
liver cDNA library, completely different sets of host cell proteins
interacted with DENV NS1. Specifically, one study used full-length NS1
and different NS1 fragments as baits and identified 12 host cell proteins
as their interacting partners: EIFAG2, FAM123B, FGB, LAMBI,
MAP3K7IP2, PAIP1, PTBP1, SERPIND1, SPTBN2, SRFBP1, TCF7L2, and
WWTC1. However, these interactions were not confirmed in DENV-
infected cells [53]. Using the same technique, the other study identified
50 potential DENV NS1-interacting host proteins, most of which are se-
creted into the plasma and are classified as acute-phase proteins, and
verified the interaction between complement C1q and DENV NS1 [38].
Unlike these previous studies, no host cell proteins that interacted
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Fig. 3. Peptide ion signal intensities of immunoprecipitated samples. Uninfected and DENV-infected cells were immunoprecipitated with anti-NS1 antibodies (NS1) or isotype-matched
control antibody (IgG2a). The immunoprecipitated samples were processed and analyzed with LC-MS/MS. At a threshold of 5% false discovery rate, 36 host cell proteins, for which the
peptide ion intensities in the test samples (DENV-aNS1) were 1.5-fold higher than the peptide ion intensities in either control sample (mock-aNS1 or DENV-IgG2a), were identified
as potential DENV NS1-interacting host cell proteins. The protein IDs correspond to the host cell proteins listed in Table 1. Data show the peptide ion intensities (means + SEM) of the
proteins identified in three independent experiments. Statistically significant differences in the peptide ion intensities between all the sample groups were analyzed with one-way

ANOVA and Tukey's multiple comparison test (*p < 0.05; **p < 0.01; ***p < 0.001).

with DENV NS1 were detected when a LexA yeast two-hybrid system
was used to screen mosquito Aedes aegypti and human peripheral
blood leukocyte cDNA libraries [54]. A recent study using two different
strategies, affinity chromatography and immunoprecipitation assays,
identified 64 host cell proteins that interacted with DENV NS1 in
Huh7 cells, and demonstrated the roles of 60S ribosomal protein L18
in DENV translation/replication and DENV production [55]. In a similar
immunoprecipitation assay in HUVEC-C cells, DENV NS1 interacted
with glyceraldehyde-3-phosphate dehydrogenase and enhanced its
glycolytic activity [56]. These findings suggest that different host sys-
tems and different types of screening assays produce different outcomes
in the identification of DENV NS1-interacting partners, possibly because
the DENV NS1 protein conformation is highly complex in these systems.

To investigate DENV NS1-interacting proteins in an in vitro system
closely related to natural infection, we used a coimmunoprecipitation
technique to collect any host cell proteins that potentially interacted
with DENV NS1 in DENV-infected cells, and then analyzed their identi-
ties with MS. Our previous work using 2D gel electrophoresis to
separate the proteins before Q-TOF MS/MS identified only the hnRNP
C1/C2 proteins as DENV NS1-interacting partners in virus-infected
human embryonic kidney epithelial HEK293T cells [40]. The restricted
number of proteins identified with that technique could be attributable
to the limitations of 2D gel electrophoresis and subsequent Coomassie
Blue staining, which can only detect a minimum of approximately
10-30 ng of protein [57]. To overcome this potential constraint and to
better profile the DENV NS1-interacting proteins in target cells that
are more relevant to DENV infection in the present study, we used

DENV-infected HepG2 hepatocytes for immunoprecipitation experi-
ments with specific antibodies, and the immunoprecipitated proteins
were directly processed for in-solution trypsin digestion and LC-MS/
MS analysis. Some background levels of detectable peptide ions were
observed in the control samples (mock-aNS1 and DENV-IgG2a) (Fig.
3) and these were normalized to the peptide ion intensities of the test
sample (DENV-aNS1). When we used a cutoff value, 36 potential
DENV NS1-interacting host proteins were identified (Table 1 and Fig.
3). Of all the identified DENV NS1-interacting host proteins, NEK2,
TAO1, and COGT1 proteins displayed the greatest statistically significant
differences (>2.5-fold) in their average peptide ion intensities between
the test sample and both control samples (Table 1 and Fig. 3). Therefore,
they were selected to verify their associations with DENV NS1. The
coimmunoprecipitation and partial colocalization of human NEK2,
TAO1, and COG1 with DENV NS1 (Fig. 5A, B and C, Fig. 6A and B, and
Supplementary Fig. 2) confirmed their interactions in DENV-infected
HepG2 cells.

NEK2 is a host cell protein in the NIMA-related kinase family, which
has 11 member serine/threonine kinases, NEK1-NEK11 [58]. The NEK2
protein has three alternative splice variants, NEK2A, NEK2B, and NEK2C,
which share an N-terminal kinase domain, a leucine zipper motif in-
volved in dimerization, autophosphorylation, and activation processes,
and a microtubule-binding site, but partly differ in their C-terminal se-
quences [58]. NEK2A is a 445-amino-acid protein (about 48 kDa) that
contains a protein-phosphatase-1-binding site and two anaphase-
promoting complex/cyclosome-dependent degradation motifs, a KEN
(Lys-Glu-Asn) box, and a methionine-arginine dipeptide tail at the C-
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Fig. 4. Mapping and classification of DENV NS1-interacting host cell proteins. Thirty-six identified DENV NS1-interacting host cell proteins were mapped to the UniProt database. A pie
chart (A) illustrates the percentages of the mapped proteins with previously reported functions or with uncharacterized functions and the unmapped proteins. All the mapped
proteins with previously reported functions were further analyzed with the PANTHER classification system. Pie charts (B) illustrate the molecular functions and biological processes of
these DENV NS1-interacting proteins. Numbers in parentheses represent the number of identified proteins in that particular category among the total 36 host cell proteins identified.

terminus. These specific regions are absent in NEK2B, which includes
only 384 amino acids (about 44 kDa) [59]. NEK2A and NEK2C have rel-
atively similar compositions, but an internal 8-amino-acid deletion at
residues 371-378 in NEK2C generates a strong splice-site-spanning nu-
clear localization signal that increases NEK2C accumulation, mainly in
the nucleus [60]. In our study, the specific antibody used to detect
human NEK2 protein in the samples coimmunoprecipitated with the
anti-DENV NS1 antibody does not distinguish between the three differ-
ent isoforms of the NEK2 protein. Unlike NEK2C, NEK2A has a weak nu-
clear localization signal and NEK2B has no nuclear localization signal. As
a result, NEK2A is distributed equally in the nucleus and cytoplasm,
whereas NEK2B tends to occur predominantly in the cytoplasm [60].
However, the NEK2A and NEK2B proteins were observed in both the nu-
cleus and cytoplasm of DENV-infected HepG2 cells in our study (Fig. 6A
and B). Because previous work [2] and our results (Fig. 6A and B) have
shown that intracellular DENV NS1 predominantly localizes in the
perinuclear regions of DENV-infected cells, human NEK2A and NEK2B
were the only isoforms chosen for further verification of their interac-
tion with DENV NS1 in the present study, and were confirmed to partly
colocalize with DENV NS1 in virus-infected cells.

NEK2 protein has important functions in centrosome splitting,
mitotic spindle assembly, spindle checkpoint signaling, negative

regulation of microtubule stability, cell-cycle control, and cell surviv-
al [61-66]. The expression levels, dynamic subcellular localization,
and functions of the NEK2 protein probably depend on the stage of
the cell cycle [67,68]. The catalytic activity and levels of NEK2 are
high during the S and G2 phases, but low during the M and early
G1 phases of the cell cycle [68]. Knockdown of NEK2 induced the ex-
pression of proapoptotic splice variants of BCL-X, BIN1, and MKNK2,
and increased the cleavage of PARP1 and caspase 3, thus enhancing
apoptosis [66]. Based on these roles of human NEK2, it is possible
that the interaction between DENV NS1 and NEK?2 is involved in
the regulation of the cell cycle and cell survival, providing a favorable
environment for DENV replication in virus-infected cells.

TAO1 is another human serine/threonine kinase identified as a
DENV NS1-interacting protein in our study. TAO1, also known as PSK2,
MARKK, or hKFC-B, is a member of the sterile 20 protein (Ste20p)-relat-
ed kinase family and contains 1001 amino acids (about 116 kDa)
[69-71]. It is one of three TAO family members (TAO1, TAO2 and
TAO3), which consist of an N-terminal catalytic domain, a small
serine-rich region, and a C-terminal coiled-coil regulatory domain,
with different sequence homology [70,72]. Similar to NEK2, the catalytic
activity of TAO1 is regulated by the cell cycle because it increases in G2/
M phase and declines when the cell exits mitosis [73,74]. The cell cycle
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Fig. 5. Coimmunoprecipitation of DENV NS1 and human NEK2, TAO1, and COG1 proteins in DENV-infected cells. Uninfected (Mock) and DENV-infected (DENV) cells were subjected to
coimmunoprecipitation assays as described in the Materials and methods. (A) Coimmunoprecipitation of DENV NS1 and human NEK2. (B) Coimmunoprecipitation of DENV NS1 and
human TAOT1. (C) Coimmunoprecipitation of DENV NS1 and human COG1. Uninfected and DENV-infected cell lysates without immunoprecipitation were included as the controls for

the immunoblotting analysis (input).

seems to have some influence on DENV production, depending on the
cell type and the DENV serotype, because cell-cycle arrest is observed
in DENV-infected cells and certain stages of the cell cycle support high
levels of DENV infection and the production of infectious virus
[75-77]. TAO1 binds to mitogen-activated protein (MAP)/extracellular
signal-regulated protein kinase (ERK) kinase 3 (MEK3), resulting in
the activation of the p38 MAP kinase pathway [71]. In addition, TAO1
activates the c-Jun-N-terminal kinase (JNK) and stimulates the cleavage
of Rho kinase 1 (ROCK1) and caspase 3, inducing apoptotic morpholog-
ical changes [78,79]. All three subgroups of the MAPK pathway, includ-
ing the ERK1/2, JNK, and p38 cascades, are activated following DENV
infection and play important roles in virus production and the virus-
induced inflammatory response [80,81]. These findings suggest that
TAO1, in association with DENV NS1, may have a role in DENV produc-
tion and the host cell responses to DENV infection, possibly by control-
ling the cell cycle, the MAPK pathway and apoptosis. TAO1 also acts as a
microtubule affinity-regulating kinase kinase (MARKK), which regu-
lates microtubule dynamics that can be controlled by signals from the
actin cytoskeletal network to maintain microtubule stability [70,82,
83]. Alterations in the actin cytoskeleton assembly have been observed
in DENV-infected cells and are possibly involved in the pathogenesis of
dengue diseases [84]. Therefore, it is tempting to speculate that the as-
sociation between microtubule dynamics and the actin cytoskeletal net-
work is influenced by the DENV NS1-TAO1 interaction.

COG1, previously known as LDLB, is a 109-kDa host cell protein that
is a central component required for the normal assembly, processing,
and stability of the conserved oligomeric Golgi (COG) complex, which
comprises eight distinct subunits (COG1-COG8) [85-88]. COG1

localizes primarily in peri-Golgi vesicles, Golgi cisternal rims, and asso-
ciated vesicles, and to a lesser extent, in the cytoplasm and flattened
Golgi cisternal membranes [89]. The COG complex is essential for estab-
lishing and maintaining the Golgi structure and function [90], regulates
the glycosylation of glycoproteins and glycolipids [91], and is involved
in the retrograde vesicular transport of Golgi-resident proteins within
the Golgi apparatus [86,92]. In DENV-infected cells, DENV NS1 protein
is initially synthesized as a monomer, subsequently becomes a homodi-
mer, and undergoes glycan modification while it is transported along
the host secretory pathway before its release into the extracellular mi-
lieu as a hexameric lipoprotein [13-16]. It also associates with lipid
rafts on the host cell membrane [17]. It is feasible that the interaction
between the COG1 protein and DENV NS1 is involved in the glycosyla-
tion of viral NS1 or its associated lipid components to maintain the func-
tions of DENV NS1 in virus-infected cells. Furthermore, the COG
complex is crucial for double-membrane vesicle formation during au-
tophagy, and the deletion of COG1 caused the strongest inhibition of
nonspecific autophagosome formation when the COG subunits were
deleted individually [93]. Autophagosomes have been detected in
DENV-infected cells and DENV-induced autophagy promotes efficient
DENV replication, possibly through the regulation of the cellular lipid
metabolism [94-97]. Therefore, the interaction between COG1 and
DENV NS1 may also participate in the control of autophagy and DENV
production.

Using an LC-MS/MS analysis, we have identified a set of host cell
proteins that interact with DENV NS1 in DENV-infected HepG2 cells,
and confirmed the interactions between DENV NS1 and human NEK2,
TAO1, and COGT in virus-infected cells. Whether these host cell proteins
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Fig. 6. Colocalization of DENV NS1 and human NEK2, TAO1, and COG1 proteins in DENV-infected cells. DENV-infected HepG2 cells were transfected with the empty pcDNA Hygro vector
(vector control) or pcDNA Hygro encoding human NEK2A, NEK2B, TAO1, or COG1 fused to the FLAG tag. At 48 h postinfection, the cells were harvested and subjected to double
immunofluorescent staining for human NEK2A, NEK2B, TAO1, or COG1 (red) and DENV NS1 (green), and nuclear staining (blue). Fluorescent images of the stained cells were captured
with the EVOS FL Cell Imaging System with a 20x objective lens (A) and a confocal laser-scanning microscope with a 63 x objective lens (B). Scale bars in (A) and (B) represent
200 pm and 20 pum, respectively.

interact with DENV NS1 directly or require the presence of other host 5. Conclusions

cell components and/or other viral proteins for their associations in

virus-infected cells remains to be investigated. Further studies are re- In this study, we used a combination of techniques, immunoprecip-
quired to determine the detailed mechanisms of the DENV NS1- itation, in-solution trypsin digestion, and LC-MS/MS, to investigate the
interacting host proteins identified here in the processes related to host proteins that interact with DENV NS1 in DENV-infected HepG2
DENV production and the host cell responses. cells. Thirty-six host cell proteins were identified as DENV NS1-
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interacting proteins, most of which are involved in binding and catalytic
activities, or in cellular metabolism. Human NEK2, TAO1, and COG1
were the three host proteins identified that showed the greatest statis-
tically significant differences (more than 2.5-fold) between the test and
control samples, and were confirmed to interact with DENV NS1 in
virus-infected cells. The associations between the NEK2 and TAO1 pro-
teins and DENV NS1 may be involved in DENV production, potentially
through the regulation of the cell cycle and apoptosis, whereas the in-
teraction of COG1 with DENV NS1 probably facilitates the posttransla-
tional modification and transport of DENV NS1 in virus-infected cells.
Our findings demonstrate another novel set of DENV NS1-interacting
proteins and the possible importance of NEK2, TAO1, and COG1 in
DENV infection. Further research into the functional mechanisms of
these host cell proteins in DENV production and the host cell responses
is required.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbapap.2016.04.008.
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Dengue virus is the causative agent of dengue fever, dengue hemorrhagic fever, and dengue shock
syndrome. High rates of dengue virus replication and virion production are related to disease severity. To
identify anti-DENV compounds, we performed cell-based ELISA testing to detect the level of DENV E
protein expression. Among a total of 83 inhibitors, eight were identified as inhibitors with antiviral
activity. Epidermal growth factor receptor inhibitor II (EGFR/ErbB-2/ErbB-4 inhibitor II) and protein
tyrosine phosphatase inhibitor IV (PTP inhibitor IV) significantly inhibited dengue virus production and
demonstrated low toxicity in hepatocyte cell lines. Our results suggest the efficacy of tyrosine kinase/
phosphatase inhibitors in decreasing dengue virus production in HepG2 cells.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Dengue virus (DENV), a virus that is endemic to tropical and
subtropical regions, is one of the most important mosquito-borne
viruses that infects humans. There are an estimated 390 million
DENV infections annually [1]. Clinical manifestations of DENV
infection include dengue fever, dengue hemorrhagic fever, and
dengue shock syndrome. Hepatic dysfunction is an important
clinical feature of DENV infection [2—5]. DENV RNA can be detected
in post-mortem liver tissues by reverse transcriptase polymerase
chain reaction [6]. Enhanced viral replication and viremia are sus-
pected of causing more severe illness in DENV infection [7]. Pre-
vious studies have shown that DENV replicates in hepatic tissue,
both in mouse models [8] and humans [9].

Protein kinases and phosphatases are key regulators of cellular
function and they constitute one of the largest and most func-
tionally diverse gene families. Of the 518 human protein kinases,
several are involved in viral replication, such as influenza A and B

* Corresponding author. Department of Anatomy, Faculty of Medicine Siriraj
Hospital, Mahidol University, 2 Wanglang Road, Bangkoknoi, Bangkok 10700,
Thailand.
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viruses [10,11], measles virus [12,13], hepatitis C virus (HCV) [14],
coxsackievirus [15], and hepatitis B virus [16]. Genistein, a protein
tyrosine kinase inhibitor, was previously shown to inhibit replica-
tion of HIV-1 [17], herpes simplex virus-1 [ 18], and arenavirus [19].
Recent advances have shown that the protein tyrosine phosphatase
(PTP) family of enzymes, such as PTP1B, protein tyrosine phos-
phatase SHP1, and protein tyrosine phosphatase SHP2, are involved
in the etiology of several human diseases, including cancer [20,21],
diabetes [22,23], and infection [24,25]. PTP1B was also shown to be
a target for antiviral therapy [26].

In this work, we selected a tyrosine kinase/phosphatase inhib-
itor library containing 83 inhibitors to identify the inhibitors that
can diminish DENV infection in HepG2 cells. Eight inhibitors were
identified as being inhibitors of viral replication. We found that
EGFR/ErbB-2/ErbB-4 inhibitor II and PTP inhibitor IV can decrease
DENV production in hepatocyte cell lines.

2. Materials and methods
2.1. Cell culture and DENV infection in HepG2 cells

HepG2 cells (ATCC® HB 8065™) were cultured in Dulbecco's
Modified Eagle's Medium (DMEM) (Gibco; Thermo Fisher Scientific,


mailto:thawornchai.lim@mahidol.ac.th
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2017.01.006&domain=pdf
www.sciencedirect.com/science/journal/0006291X
www.elsevier.com/locate/ybbrc
http://dx.doi.org/10.1016/j.bbrc.2017.01.006
http://dx.doi.org/10.1016/j.bbrc.2017.01.006
http://dx.doi.org/10.1016/j.bbrc.2017.01.006

T. Limjindaporn et al. / Biochemical and Biophysical Research Communications 483 (2017) 58—63 59

Inc., Waltham, MA, USA), supplemented with 10% heat-inactivated
fetal bovine serum (FBS), 2 mM L-glutamine, 1% non-essential
amino acids, 1 mM sodium pyruvate, and 100 U/ml penicillin and
streptomycin at 37 °C in a humidified atmosphere containing 5%
CO, for 1 day before infection with DENV serotype 2 (DENV-2)
strain 16681 at a multiplicity of infection (MOI) of 5. After DENV
infection, HepG2 cells were grown in DMEM supplemented with 2%
heat-inactivated FBS, 2 mM L-glutamine, 1% non-essential amino
acids, 1 mM sodium pyruvate, and 100 U/ml penicillin and strep-
tomycin at 37 °C in a humidified atmosphere containing 5% CO,.

2.2. Antibodies

Supernatant from 4G2 hybridoma cell (HB-112, ATCC, USA)
culture was collected for anti-DENV E antibody testing. Horseradish
peroxidase (HRP)-conjugated rabbit anti-mouse antibody and HRP-
conjugated swine anti-rabbit antibody were purchased from Dako
(Glostrup, Denmark).

2.3. Screening of the tyrosine kinase and phosphatase inhibitor
library

HepG2 cells were seeded on a 96-well plate at 20,000 cells/well
and incubated at 37 °C in 5% CO, for 1 day. The cells were infected
with DENV-2 at a MOI of 5 for 2 h. Unbound virus was removed by
washing twice with 1 x DMEM. DENV-infected HepG2 cells were
incubated with tyrosine kinase and phosphatase inhibitors (Cal-
biochem, Darmstadt, Germany) at 37 °C in 5% CO, for 48 h. The
InhibitorSelect 96-Well Protein Tyrosine Kinase & Protein Tyrosine
Phosphatase Inhibitor Library IV consists of 83 pharmacologically
active and potent protein kinase and phosphatase inhibitors. An
equal volume of DMSO (Sigma-Aldrich Corporation, St. Louis, MO,
USA) was used as a vehicle control. All tyrosine kinase/phosphatase
inhibitors were diluted 1:1000 before being added to DENV-
infected HepG2 cells. After 48 h of incubation, cell viability assay
and cell-based ELISA were performed.

2.4. Cell viability assay

Prestoblue cell viability assay (Invitrogen, Grand Island, NY,
USA) was performed in compound treated and untreated DENV-
infected HepG2 cells in a 96-well assay plate. PrestoBlue reagent
was added to the HepG2 cells and incubated at 37 °C for 45 min
with avoidance of light. Dual absorbance was measured at 570/
595 nm. Mock-infected HepG2 cells were used as the absorbance
baseline. For percentage cell viability, experiment data were
compared with mock-infected HepG2 cell data (cell control) using
the following formula:

(OD570 — OD595)experiment

cell viability =100 x (OD570 — OD595)cell control

[(OD) experiment = average absorbance of DENV-infected HepG2
cells; and, (OD) cell control = average absorbance of mock-infected
HepG2 cells].

2.5. Cell-based ELISA

HepG2 cell monolayers were fixed with 3.6% formaldehyde and
permeabilized with 1% Triton-X. Three percent (3%) H,O, was then
added to the wells to block endogenous peroxidase for 45 min at
room temperature. Cell monolayers were incubated with 4G2 anti-
body (anti-DENV E protein), followed by the secondary antibody
conjugated with HRP. After adding 3,3',5,5,-tetramethylbenzidine
(Invitrogen, Camarillo, CA, USA), H,SO4 was added to stop the

reaction. The plate was read at 450 nm. For percentage of viral
infection, experiment data were compared with DENV-infected
HepG2 cell data (virus control) using the following formula:

(ODof experiment — ODof cell control)
(ODof viruscontrol — ODof cellcontrol)

%viralinfection = 100 x

[(OD) experiment = absorbance of DENV-infected HepG2 cells that
were treated with tyrosine kinase and phosphatase inhibitors; (OD)
virus control = absorbance of DENV-infected HepG2 cells; and,
(OD) cell control = absorbance of mock-infected HepG2 cells].

2.6. Real-time reverse transcriptase polymerase chain reaction

Atotal of 3 x 10° HepG2 cells were seeded into a 12-well plate and
incubated at 37 °Cin 5% CO, for 1 day. Cells were infected with DENV-
2 ata MOI of 5 for 2 h. Unbound virus was removed by washing twice
with 1 x DMEM. DENV-infected HepG2 cells were incubated with
10 uM tyrosine kinase and phosphatase inhibitors (Calbiochem) at
37 °C in 5% CO; for 48 h. An equal volume of DMSO was used as a
vehicle control. Total RNA from cell pellets was extracted using a High
Pure RNA Isolation Kit (Roche Diagnostics, Mannheim, Germany).
Total RNA was reverse-transcribed into cDNA using SuperScript III
First Strand Synthesis Kit (Invitrogen). GAPDH was used as a
housekeeping gene for each sample. D2L and D2R primers were used
to detect the DENV genome. Amplification was monitored using
SYBR Green I Reaction Mix (Roche Diagnostics) in a Roche Light
Cycler 480 system (Roche Applied Science). The Ct of each mRNA and
GAPDH control was measured. The relative expression values
(2784Ct) petween untreated DENV-infected HepG2 cells and
inhibitor-treated DENV-infected HepG2 cells were determined.

2.7. Immunofluorescent assay

HepG2 cell monolayers were grown on coverslips. Cells were
fixed with 3.6% formaldehyde and permeabilized using 0.2% Triton-
X. Ten percent (10%) FBS was then added to the wells to block
nonspecific protein for 30 min at room temperature. Cell mono-
layers were incubated with the 4G2 antibody (anti-DENV E pro-
tein), followed by incubation with the secondary antibody (Alexa-
Fluor-488-conjugated goat anti-mouse antibody). Hoechst 33342
was used to stain cell nuclei. Coverslips were mounted using 50%
glycerol. The images were captured by fluorescent microscopy.

2.8. Focus forming unit (FFU) assay

Atotal of 3 x 10* Vero cells were seeded into a 96-well plate and
incubated at 37 °C in 5% CO; for 1 day. Serial 10-fold dilutions of
viral supernatant were added to the Vero cells. The cells were
incubated for 2 h and overlaid with 1.5% gum tragacanth containing
2% FBS in minimal essential medium before further incubation at
37 °C for 72 h. Vero cell monolayers were fixed with 3.6% formal-
dehyde and permeabilized using 1% Triton-X. Cell monolayers were
incubated with 4G2 antibody (anti-DENV E protein), followed by
incubation with secondary antibody conjugated with HRP. After
adding 3,3’-diaminobenzidine, the plate was incubated at room
temperature for 10 min. The plate was then washed twice with PBS.
Finally, stained foci were visible and counted under light micro-
scopy to determine the number of extracellular virions.

2.9. Statistical analysis

Results are presented as mean + standard error of the mean
(SEM) using data obtained from three independent experiments.
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Statistical differences between groups were tested with one-way
analysis of variance (ANOVA) using Dunnett's test and GraphPad
Prism version 5 (GraphPad Software, Inc., La Jolla, CA, USA). A p-
value<0.05 was regarded as being statistically significant for all tests.

3. Results

3.1. Identification of tyrosine kinase/phosphatase inhibitors with
anti-DENV activity

In the primary screening, percentage cell viability was assessed
by PrestoBlue cell viability assay. The percentage of DENV
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E expression was assessed by cell-based ELISA. Viral envelope pro-
tein in DENV-infected HepG2 cells was detected using specific
antibody 4G2. Eight compounds showed an inhibitory effect on
DENV E expression, while percentage cell viability was not
decreased compared to that of DENV-infected HepG2 cells (Fig. 1A
and B). EGFR/ErbB-2/ErbB-4 inhibitor Il and PTP inhibitor IV (Fig. 2A
and B) were selected for further investigation, as they decreased
DENV E expression by ~50% without affecting cell viability
(compared with that of DENV infection). As shown in dose response
curves (Fig. 2C and D), DENV E expression in HepG2 cells was
inhibited in a dose-dependent manner after treatment with EGFR/
ErbB-2/ErbB-4 inhibitor II and PTP inhibitor IV. The IC50 (half

Fig. 1. Candidate antiviral compounds from primary screening. Eight inhibitors were selected from primary screening with 75% cutoff in <75% viral antigen: (A) Percentage of
cell viability; and, (B) Percentage of DENV E antigen. Results were derived from data from three independent experiments.
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Fig. 2. Chemical structures and inhibitory effects of EGFR/ErbB-2/ErbB-4 inhibitor Il and PTP inhibitor IV. (A) EGFR/ErbB-2/ErbB-4 inhibitor II; (B) Protein Tyrosine Phosphatase

inhibitor IV; (C) IC50 of EGFR/ErbB-2/ErbB-4 inhibitor II; and, (D) IC50 of PTP inhibitor IV.

maximal inhibitory concentration) of EGFR/ErbB-2/ErbB-4 inhibitor
Il and PTP inhibitor IV was demonstrated as 11.32 pM and 14.15 uM,
respectively. Synthesis of DENV proteins in HepG2 cells was then
confirmed by immunofluorescent assay (IFA). As shown in Fig. 3,
envelope protein of DENV-infected cells was decreased after treat-
ment with EGFR/ErbB-2/ErbB-4 inhibitor Il and PTP inhibitor IV.

MOCK DENV

: -..-

3.2. EGFR/ErbB-2/ErbB-4 inhibitor Il and PTP inhibitor 1V inhibited
DENV RNA synthesis, protein synthesis, and DENV production

DENV infection comprises several steps, including attachment

and entry, fusion and uncoating, protein translation and RNA
replication, and assembly and exocytosis [27]. In this study, we set

DENV + inhibitor

EGFR inh. PTP inh.

o E----
o -.--

Fig. 3. Immunofluorescent staining of DENV E-expressing cells. HepG2 cells were incubated with DENV-2 strain 16681 at MOI 5 for 2 h. Unbound virus was removed by washing
with serum-free medium. HepG2 cells were incubated with inhibitors. DENV E protein was detected by IFA at 48 hpi. 4G2 antibody was used to detect DENV E protein. Hoechst

33342 was used to stain cell nuclei.
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Fig. 4. EGFR/ErbB-2/ErbB-4 inhibitor II and PTP inhibitor IV reduced DENV RNA synthesis, protein synthesis, and DENV production. (A) HepG2 cells were incubated with
DENV-2 strain 16681 at MOI 5 and inhibitors for 2 h. The mixture was removed by washing with serum-free medium, and maintenance medium was added. DENV E protein was
detected by ELISA at 48 h post-infection (hpi). (B) HepG2 cells were incubated with DENV-2 strain 16681 at MOI 5 and inhibitors for 48 h. DENV intracellular RNA was detected at
48 hpi. (C) HepG2 cells were incubated with DENV-2 strain 16681 at MOI 5 and inhibitors for 48 h. Unbound virus was removed by washing with serum-free medium. DENV-
infected HepG2 cells were incubated with inhibitors. DENV E protein was detected by Western blotting at 48 hpi. (E) Percentage of infectious virions was determined by FFU
assay. Supernatant was collected from untreated and inhibitor-treated DENV-infected HepG2 cells at 48 hpi.

forth to establish whether or not EGFR/ErbB-2/ErbB-4 inhibitor II
and PTP inhibitor IV affects DENV entry. We found that the per-
centage of DENV entry was not decreased by treatment with EGFR/
ErbB-2/ErbB-4 inhibitor II or PTP inhibitor IV (Fig. 4A). Intracellular
RNA was extracted from treated and untreated cells to determine
the effect of EGFR/ErbB-2/ErbB-4 inhibitor Il and PTP inhibitor IV on
DENV RNA replication. Interestingly, we observed a statistically
significant reduction in DENV RNA among inhibitor-treated cells
compared with untreated cells (Fig. 4B). These results suggest that
EGFR/ErbB-2/ErbB-4 inhibitor II and PTP inhibitor IV had no effect
on DENV binding and entry, but they affected DENV RNA synthesis.
Reduction in DENV protein level after compound treatment was
shown by Western blot analysis (Fig. 4C). We also performed an FFU
assay to measure the level of extracellular virus production. Serial
10-fold dilutions of supernatant from inhibitor-treated and un-
treated cells were incubated with Vero cells. Cells treated with
EGFR/ErbB-2/ErbB-4 inhibitor I and PTP inhibitor IV had 50% and
49.7% of infectious virions, respectively, as compared to the pro-
portion of virions observed in the untreated group (Fig. 4D).

4. Discussion

Kinase and phosphatase inhibitors were used in this study to
clarify the mechanism of anti-viral activity. Epidermal growth factor
receptor (EGFR) and EphA2 were previously shown to be host fac-
tors for entry of hepatitis C virus entry, which is one of the members
of the Flaviviridae family [28]. Host tyrosine C-terminal Src kinase
(Csk) was identified as being involved in DENV replication via
regulation of Src family kinase (SFK) [29]. The assembly of dengue
virions is inhibited by disatinib, a c-Src protein kinase inhibitor [30].
Inhibition of EGFR signaling impairs phosphorylated STAT3 level,
which leads to enhancement of interferon response gene (IRG)
expression and antiviral activity [31]. The kinase inhibitor SFV785
prevents the recruitment and assembly of nucleocapsids in the
endoplasmic reticulum during DENV assembly thereby decreasing
infectious virion production [32]. PTP inhibitor IV is an uncharged,
1,4-di-substituted, phenyl-linked bis-trifluoromethylsulfonamido
phosphate mimetic that acts as a potent, reversible, competitive,
and active-site-directed inhibitor of protein tyrosine phosphatases
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(SHP-2, PTP1B, PTP-¢, PTP-Meg-2, PTP-¢, PTP-B, and PTP-u). Zhang
et al. published important evidence regarding the role of SHP-2 PTP
in receptor-tyrosine-kinase-mediated ERK1/2 activation via Src ki-
nases [33]. PTP1B regulates IFNAR1 endocytosis and is a target for
antiviral therapy [26]. In conclusion, the results of this study suggest
that EGFR/ErbB-2/ErbB-4 inhibitor II and PTP inhibitor IV demon-
strate anti-DENV replication activities during the DENV RNA syn-
thesis step, which leads to reduction in DENV protein synthesis and
decrease in new DENV virion production.
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Abstract

Hepatic dysfunction is a feature of dengue virus (DENV) infection. Hepatic biopsy speci-
mens obtained from fatal cases of DENV infection show apoptosis, which relates to the
pathogenesis of DENV infection. However, how DENV induced liver injury is not fully under-
stood. In this study, we aim to identify the factors that influence cell death by employing an
apoptosis-related siRNA library screening. Our results show the effect of 558 gene silencing
on caspase 3-mediated apoptosis in DENV-infected Huh7 cells. The majority of genes that
contributed to apoptosis were the apoptosis-related kinase enzymes. Tumor necrosis factor
superfamily member 12 (TNFSF12), and sphingosine kinase 2 (SPHK2), were selected as
the candidate genes to further validate their influences on DENV-induced apoptosis. Trans-
fection of siRNA targeting SPHK2but not TNFSF12 genes reduced apoptosis determined
by Annexin V/PI staining. Knockdown of SPHKZ2 did not reduce caspase 8 activity; however,
did significantly reduce caspase 9 activity, suggesting its involvement of SPHK2in the intrin-
sic pathway of apoptosis. Treatment of ABC294649, an inhibitor of SPHK2, reduced the
caspase 3 activity, suggesting the involvement of its kinase activity in apoptosis. Knockdown
of SPHK2 significantly reduced caspase 3 activity not only in DENV-infected Huh7 cells but
also in DENV-infected HepG2 cells. Our results were consistent across all of the four sero-
types of DENV infection, which supports the pro-apoptotic role of SPHK2 in DENV-infected
liver cells.

Introduction

Dengue virus (DENV) infection is a mosquito-borne disease, which is characterized by symp-
toms that range from mild systemic illness to hemorrhagic fever and circulatory shock.
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Abnormalities in hematologic parameters, including thrombocytopenia and leucopenia, are
seen in severe DENV infection [1]. From the site of infection, the viral particles spread to mul-
tiple target organs via the circulatory system and lymphatic circulatory system [2].

Hepatic dysfunction is one of the important features of DENV infection. [3]. Liver injury
due to hepatocyte apoptosis was observed in severe DENV cases [4-7]. Viral antigens were
detected in hepatocytes and Kuppfer cells in patients with hepatomegaly and raising level of
serum transaminases [8-12]. BALB/c mouse models of DENV infection [13-15] revealed that
high levels of apoptosis were found in livers with high viral load [13, 14, 16]. World Health
Organization (WHO) guideline suggested organ injury as one of the criteria for determining
severity of DENV disease [17]. Viral components, including DENV membrane (DENV M)
and capsid (DENV C), were found to contribute to apoptosis [18-20]. DENV induces hepato-
cyte apoptosis via caspase 8 and 9 suggests the involvement of both intrinsic and extrinsic
pathways of apoptosis. The extrinsic pathway involves extracellular death ligands-receptors
signaling such as tumor necrosis factor oo (TNF-o) signaling whereas the intrinsic pathway
activates the mitochondrial membrane permeabilization (MMP) event, which is triggered by
intracellular stress, such as endoplasmic reticulum stress and oxidative stress [21]. Both intrin-
sic and extrinsic pathways contribute to caspase 3 activation both in vitro cultures [22, 23] and
in animal models [13, 14].

Delivery of gene-specific small interfering RNA (siRNA) is a transient gene silencing tool
that is widely used to investigate the biological function of a gene of interest [24]. The combi-
nation of siRNAs and a high-throughput screening platform can help to identify how multiple
genes contribute to a specific molecular signaling mechanism [25]. Genome-scale knockdown
experiments in flaviviral infections have been conducted by several research groups [26-28].
Two of these groups characterized a number of host factors that are mutually required for
mosquito-borne flavivirus infections, including DENV, West Nile virus (WNV), and yellow
fever virus (YFV) [26, 28], while the other group demonstrated the important host factors
required for DENV to infect insect cells [27]. Interestingly, a pathway-focused siRNA library
screening experiment explained the role of human trafficking genes in DENV entry to the host
cells [29]. However, apoptosis siRNA library screening to identify genes required for DENV-
induced apoptosis has never been investigated.

In this study, we employed an apoptosis pathway-focusing siRNA library, which contains a
smart pool of 558 siRNAs targeting apoptotic genes to identify the genes, which were involved
in apoptosis based on the level of caspase 3 activity in DENV-infected Huh7 cells. Our results
show that SPHK?2 contributes to DENV-mediated apoptosis in hepatic cells.

Materials and methods
Cell culture and preparation of DENV

Huh?7 cells were obtained from the Japanese Collection of Research Bioresources Cell Bank
(JCRB0403). HepG2 cells and A549 cells were obtained from American Type Culture Collec-
tion (ATCC, Manassas, VA, USA). All cells were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented
with 10% heat inactivated fetal bovine serum (FBS) (Gibco; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) and 100 U/ml of penicillin and streptomycin in 37°C, 5% CO, and
humidified incubator. DENV serotype 1 strain Hawaii, serotype 2 strain 16881, serotype 3
strain H87, and serotype 4 strain H241 were propagated in C6/36 mosquito cell lines. Briefly,
confluent monolayers of C6/36 cells were separately infected with the four serotypes of DENV
at a multiplicity of infection (MOI) of 10. Six days after infection, the supernatants were col-
lected by centrifugation at 5,000 rpm for 10 minutes. Virus titer was quantified according to
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standard plaque forming unit (PFU) assay using BHK-21 cells. Supernatant containing virus
was aliquoted in microcentrifuge tubes and frozen at -80°C until use.

Assay for cell viability and caspase 3 activity

Huh?7 cells were seeded at 1.5 x 10* cells in a 96-well white plate with a clear bottom for one day
before infection. Cells were inoculated with DENV at MOI 1, 5, and 10 for 2 hours. Cells were
then replenished with 100 ul of DMEM maintenance media containing 2% FBS and 100 U/ml
of penicillin and streptomycin. Cells were cultured for 24, 48, 72, and 96 hours post infection
(hpi). Morphological cell death was observed using phase-contrast light microscopy. Cell viabil-
ity and caspase 3 activity were determined using ApoLive-Glo™ Multiplex Assay (Promega Cor-
poration, Madison, WI, USA). This assay includes a substrate for both live-cell protease and
caspase 3 protease, which are used to measure cell viability and apoptosis as a proportional fluo-
rescent and luminescent signal, respectively. Briefly, 10 ul of viability reagent was added to cells
and incubated at 37°C for 1 hour. Fluorescent signal was measured at 400.,-500.,, nanometer
using an Infinite 200 PRO microplate reader (Tecan Group Ltd., Mdnnedorf, Switzerland).
Thereafter, 100 pl of caspase 3 activity reagent was added and incubated for 1 hour at room
temperature. Luminescent signals were analyzed using a GloMax®-96 Microplate Lumin-
ometer (Promega Corporation, Madison, WI, USA). Data were presented in relative fluorescent
units (RFUs) and relative light units (RLUs) or percentage compared to control group.

Reverse transfection of siRNAs in Huh7 cells

Transfection was performed using DharmaFECT 4 transfection reagent (GE Dharmacon,
Lafayette, CO, USA) in a 96-well white plate with a clear bottom. A smart pool of non-target-
ing control (NTC) siRNA (D-001206-13; GE Dharmacon) and caspase 3 siRNA (L-004307-00;
GE Dharmacon) were used as negative and positive control, respectively. siRNA was diluted in
DharmaFECT cell culture reagent (GE Dharmacon) and used at a final concentration of 50
nM. Transfection reagent and siRNA were mixed and incubated at 25°C for 30 minutes to
form siRNA-liposome complex. Huh7 cells at 1.5 x 10 cells per well were allowed to plate
onto the transfection mixture and were then incubated for 24 hours. The media were then
aspirated out and the transfected cells were infected with supernatant containing DENV at
MOI 10 and incubated for 48 hours. Cell viability and caspase 3 activity were measured as pre-
viously described.

siRNA library

Human ON-TARGETplus®™ siRNA Library—Apoptosis—SMART pool (Catalogue #G-
103900-E2-01) was purchased from GE Dharmacon (Lafayette, CO, USA). The library con-
tains a smart pool of siRNAs that includes four siRNA duplexes design to target each of the
558 apoptosis-related genes. This allows specific knockdown with high efficiency, as well as
prevention of gene compensation of a specific isotype. Deconvolution of this smart pool in the
following experiment demonstrated the specific knockdown effect mediated by these siRNAs.

siRNA library screening

Lyophilized siRNAs in the library were resuspended in DEPC-treated water to make a stock
concentration of 100 pM. Stock siRNA was diluted to working concentration of 5 pM freshly
before experiments. Transfection was performed in a 384-well white plate with a clear bottom
and the final concentration of each siRNA is 50 nM. For each well, 0.04 pl of transfection
reagent and 0.5 pl of 5 uM working siRNA were separately diluted in 2 pl of DharmaFECT cell
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culture transfection media. siNTC was used as the negative control. After separately incuba-
tion at 25°C for 5 minutes, the reagents were combined to form siRNA-liposome complex at
25°C for 30 minutes. At optimized conditions, 2 x 10° Huh7 cells in 46 pl of growth media
were added directly to the transfection mixture and incubated for 24 hours to ensure knock-
down efficiency. The media were then aspirated out and the transfected cells were infected
with 50 pl of supernatant containing DENV at MOI 10 and further incubated for 48 hours.
Cell viability and caspase 3 activity were measured, as previously described. All liquid handling
steps were performed using Multidrop™ Combi Reagent Dispenser (Thermo Fisher Scientific,
Inc., Waltham, MA, USA) and Embla Microplate Washer (Molecular Devices, LLC, Sunny-
vale, CA, USA).

Real-time RT-PCR

Huh?7 cells were transfected with either 50 nM of siNTC or 50 nM of siTNFSF12 (5’ - GC
UCCUCCCUUGAGAAUUC-3’, J-010629-08; GE Dharmacon, Lafayette, CO,
USA) and siSPHK2 (5’ -GAGACGGGCUGCUCCAUGA-3’, J-004831-10; GE Dhar-
macon, Lafayette, CO, USA). Total RNA was isolated from transfected cells using High Pure
RNA Isolation Kit (Roche Applied Science, Penzberg, Germany). RNAs concentration and
purity were measured using a Nano Drop ND-1000 Spectrophotometer (Thermo Fisher Scien-
tific, Inc., Waltham, MA, USA). Equivalent concentrations of RNAs were reverse transcribed
to cDNA using SuperScript™ III Reverse Transcription System (Invitrogen, Carlsbad, CA,
USA). cDNAs were then mixed with LightCycler™ 480 SYBR Green I Master Mix (Roche
Diagnostics, Basel, Switzerland) and individual primer sets for amplification. The following
primers were used in this study: TNFSF12-F: 5'—CCT CGC AGA AGT GCA CCT AAA—
3’; TNFSF12-R: 5'—TCA GGT AGA CAG CCT TCC CC—3'; SPHKZ2-F: 5'- CTG
ACT AGC CGG GCG ATA AC—3'; SPHKZ2-R: 5’'- CCT GAC CTT CAG CTC TCC
AAC—3’; ACTB-F: 5'- AGA AAA TCT GGC ACC ACA CC—3’; and, ACTB-R:
5’- CTC CTT AAT GTC ACG CAC GA—3' . PCR amplification was performed on a
LightCycler™ 480 Real-Time PCR System (Roche Applied Science, Penzberg, Germany) with
a program profile of pre-incubation at 95°C for 10 minutes, followed by 40 cycles of denatur-
ation at 95°C for 10 seconds, annealing at 60°C for 10 seconds, and extension at 72°C for 20
seconds. Gene fold change was calculated according to 2™*““" values compared between test
and control.

Apoptosis assay using Annexin V/propidium iodide staining

Apoptosis assay was conducted using BD Pharmingen™ Annexin V-FITC Apoptosis Detection
Kit I (Bectin, Dickinson and Company, Franklin Lakes, NJ, USA). Briefly, siRNA transfected
and DENV-infected Huh?7 cells were harvested and washed with cold 1X BD Pharmingen™
Annexin V Binding Buffer. Cells were then resuspended in 100 ul of 1X Annexin V Binding
Buffer and incubated with 5 pl of Annexin V-FITC on ice in the dark for 15 minutes. Thereaf-
ter, 2.5 ul of propidium iodide (PI) was added and the final volume of reaction was adjusted to
300 pl. Stained cells were immediately subject to analysis using FACSORT™ (Bectin, Dickinson
and Company). Green channel (FL-1) and red channel (FL-2) were used to detect Annexin
V-FITC and P], respectively. Annexin V-positive/PI-negative cells were considered to be apo-
ptotic cells and were analyzed as a percentage of the entire cell population.

Assays for caspase 8 and caspase 9 activities

The cells were subjected to measure the activity of caspase 8 and caspase 9 using a specific-sub-
strates, luminescent-based commercial kit, Caspase-Glo™ 8 Assay and Caspase-Glo™ 9 Assay
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Systems from Promega. Briefly, the cells in 100 pl of culture medium were combined with

100 pl of Caspase-Glo™ 8 or Caspase-Glo®™ 9 working reagents. The reagents provide lysis
buffer, luminescent-conjugated substrates of caspase8 or caspase 9 and MG132. MG132 was
added to lower the background signal. The reaction mix was incubated for 30 minutes at room
temperature and total luminescent light was measured using Synergy H1 Multi-Mode Reader
(BIOTEK, Winooski, VT, USA)

Treatment of ABC294640, a SPHK2 inhibitor

ABC294640 was purchased from Echelon Biosciences, Inc. (Salt Lake City, UT, USA) and dis-
solved in DMSO to create a 10 mM concentration of inhibitor stock, which was stored at
-20°C in a dark condition until use. The working solution was freshly prepared in 2.5, 5, and
10 uM concentrations before treatment. Growth media and 0.01% DMSO were used as paren-
tal and vehicle controls, respectively. For cytotoxicity testing, Huh7 cells were seeded into
96-well culture plates, treated with ABC294640 at different concentrations, and incubated for
48 hours. Cell viability was measured using PrestoBlue Assay (Invitrogen Carlsbad, CA, USA).
For determination of caspase 3 activity and sub G1 cells population, Huh7 cells were pre-
treated with 2.5, 5, and 10 uM concentrations of ABC294640 for 2 hours. Cells were then
washed with PBS and inoculated with DENV at MOI 10 for 2 hours. After washing, the cells
were cultured in the presence or absence of ABC294640 for 48 hours. Caspase 3 activity was
then measured as previously described. Sub G1 cells population was detected by fixing the cells
in ice-cold 70% ethanol overnight, followed by treatment of 2 mg/ml of RNAse in 1% Triton
X-100 for 5 minutes at room temperature. The cells were stained with 10 pg/ml of PI for 30
minutes at room temperature in the dark. The stained cells were subject to analysis using a
flow cytometer. Red channel (FL-2) was used to detect DNA content, which was stained by PI.

Immunofluorescent assay (IFA)

Cells were seeded on a glass cover slip for 24 hours before experiment. HepG2 cells were
infected with DENV at the MOI of 5. Huh7 cells and A549 cells were infected with DENV at
the MOI of 1. After 24 hours post infection, cells were fixed by incubation with 4% paraformal-
dehyde at room temperature for 20 minutes. Cells were washed and permeabilized by incuba-
tion with 0.2% Triton-X (Sigma-Aldrich Corporation, St. Louis, MO, USA) at room
temperature for 10 minutes. Thereafter, cells were incubated with both mouse anti-DENV E
monoclonal antibody (Clone 4G2) and rabbit anti-SPHK2 (ab37977, Abcam) at a dilution of
1:50 at 37°C for 60 minutes. Cells were washed and incubated with secondary antibodies con-
taining goat anti-mouse IgG-Cy3 (A10521, Molecular Probes) and donkey anti-rabbit IgG-A-
lexa 488 (A21206, Molecular Probes) at a dilution of 1:500 at 37°C in the dark for 1 hour.
Hoechst 33342 solution (H3570, Molecular Probes) was added at a dilution of 1:1000 for
nuclear detection. After the washing step, cover slips were mounted onto a glass slide using
50% glycerol, sealed, and subject to fluorescent image capture using confocal microscopy
(LSM 510 Meta; Carl Zeiss Microscopy GmbH, Jena, Germany).

Statistical analysis

For the siRNA screening experiment, each siRNA reverse transfection was performed in tripli-
cate wells and data were shown as percentage of caspase 3 activity compared to the siNTC con-
trol. The rest of the experiments were performed at least three independent experiments. Data

were analyzed using GraphPad Prism Software version 5 (GraphPad Software, Inc., San Diego,
CA, USA) and presented as mean =+ standard deviation (SD). Statistical analysis was performed
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using Student’s unpaired t-test. A p-value less than 0.05 was considered to be statistically
significant.

Results

DENV infection induces Huh7 cells apoptosis in a time- and dose-
dependent manner

To determine the apoptosis inducing condition, Huh7 cells were infected with DENV MOI 1,
5, and 10 and were incubated for 24, 48, 72, and 96 hpi. Cell morphology, cell viability, and cas-
pase 3 activity were determined to characterize DENV-induced cell death. No change in cell
morphology was observed at 24 hpi (Fig 1A), whereas shrinking, rounding, and floating of
cells were visualized at 48 hpi for MOI 5 and 10. Cell death became more obvious at 72 and 96
hpi, with commensurate increases being observed at higher MOI (Fig 1A). Decreased cell via-
bility was consistently observed at all-time points from 48 hpi to 96 hpi (Fig 1B). As expected,
increased caspase 3 activity became observable at 48 hpi for MOI 5 and 10, but it declined at
72 and 96 hpi (Fig 1C). These results suggest that DENV infection of Huh7 cells induced apo-
ptosis in both a time-dependent and MOI-dependent manner. The apoptosis inducing condi-
tion for the screening was determined to be 48 hpi at DENV MOI 10, since the maximum
increase in caspase 3 activity was observed at those parameters.

Optimization of siRNA screening platform

Optimization of a suitable siRNA screening platform according to the parameters of 48 hpi at
DENV MOI of 10 was conducted. Since siRNA screening was miniaturized into a 384-well
plate format, the seeding condition had to be optimized first. Huh7 cells were seeded at a den-
sity of 1000, 2000, 3000, 4000, and 5000 cells and then cultured for 72 hours. Cell morphology
and confluency were then studied under a light microscope. Our results show progressive cell
growth and spontaneous cell death in wells seeded with more than 2000 cells (Fig 2A). How-
ever, the seeding condition of 2000 cells per well showed an appropriate density and mono-
layer culture. As a result, 2000 cells per well was selected as the seeding condition for the
experiments in this study.

To evaluate the accuracy and reliability of the screening, we undertook knockdown experi-
ments with siRNA specific to caspase 3 as a positive control. Cells were reverse transfected
with a non-targeted control siRNA (siNTC) or caspase 3 siRNA (siCaspase 3) for 24 hours and
then infected with DENV MOI 10 for 48 hours. The results from 15 repeated caspase 3 knock-
down wells precisely showed the reduction in caspase 3 activity upon DENV infection (Fig
2B).

siRNA library screening identifies genes, which affect caspase 3 activity
in DENV-infected Huh7 cells

The SMART pool apoptosis human siRNA library comprises siRNAs that target apoptosis-
related genes for the comprehensive analysis of apoptotic signaling. The siRNA targets include
both cytoplasmic and membrane-bound proteins associated with programmed cell death. A
SMART pool of 4 different siRNA duplexes designs for an individual gene to enhance knock-
down efficiency. Complete list of the alteration of caspase 3 activity in DENV-infected Huh7
cells affected by siRNA library transfection can be found at S1 Table. Our siRNA library
screening verified various genes related to apoptotic signals. Based on the highest ability to
reduce caspase 3 activity in DENV-infected Huh7 cells, 20 siRNA targeted genes were reported
in Table 1. Tumor necrosis factor superfamily, member 12 (TNFSF12), which is known as
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Fig 1. DENV-infected Huh7 cells undergo apoptosis in a time- and dose-dependent manner. Huh7 cells
were infected with DENV at MOls of 1, 5, and 10 and incubated at different time points of 24, 48, 72, and 96
hpi. Cell morphology was monitored using phase contrast light microscopy. Cell viability and caspase 3
activity were measured using multiplex detection kit: (A) Cell morphology; (B) Cell viability; and (C) Caspase 3
activity are shown. For (B) and (C), the results are expressed as percentage to that of mock control that
obtained from the average of three independent experiments + SD. The asterisks indicate statistically
significant differences between groups (p < 0.05) (Student’s ttest). The arrow indicated the condition chosen
for screening assay.

https://doi.org/10.1371/journal.pone.0188121.9001
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Fig 2. Optimized siRNA screening condition. (A) Huh7 cells were seeded into a 384-well plate with 1000,
2000, 3000, 4000, and 5000 cells per well. Cell morphology and confluency were observed and an image was
captured 72 hours later using a phase contrast microscopy. The arrow indicates the optimized seeding
condition for siRNA screening assay. (B) Huh7 cells were reverse transfected with a siNTC or siCaspase 3 for
24 hours before infected with DENV at MOI of 10 for 48 hpi. Conditions were replicated in 15 wells within the
same plate. Caspase 3 activity was measured and plotted across the 15 wells.

https://doi.org/10.1371/journal.pone.0188121.9002

Table 1. List of top 20 genes identified from siRNA library screening.

Gene symbol Gene description Percentage of caspase 3 activity (compare to siNTC) | S.D. | p-value

1 TNFSF12 Tumor necrosis factor ligand superfamily member 12 44.25% 6.95 | 0.0002

2 RIPK2 Receptor-interacting serine/threonine protein kinase 2 45.02% 13.36 | 0.0022

3 STK17A Serine/threonine kinase 17a 47.46% 7.58 | 0.0003

4 CARD14 Caspase recruitment domain family member 14 48.12% 6.05| 0.0001

5 PDCD2 Programmed cell death-2 48.51% 4.56 | <0.0001

6 HDACS3 Histone deacetylase 3 48.82% 7.15| 0.0003

7 PSEN2 Presenilin 2 48.99% 6.86 | 0.0002

8 PIM1 Serine/threonine-protein kinase Pim-1 51.28% 17.36 | 0.0374

9 SST Somatostatin 52.20% 14.23 | 0.0047

10 RAD21 RAD21 homolog (S. pombe) 53.45% 11.91 | 0.0027
11 SPHK2 Sphingosine kinase 2 54.68% 16.96 | 0.0107
12 RASA1 RAS P21 protein activator (GTPase activating protein) 1 54.71% 1.79 | <0.0001
13 NME3 NME/NM23 nucleoside diphosphate kinase 3 54.96% 8.82 | 0.0010
14 CASP3 Caspase 3, apoptosis-related cysteine peptidase 55.20% 8.89 | 0.0009
15 CYCS Cytochrome C 55.76% 7.28 | 0.0005
16 NME5 NME/NM23 nucleoside diphosphate kinase 5 56.02% 8.31 0.0008
17 CARD11 Caspase recruitment domain family member 11 56.23% 2.63 | <0.0001
18 STK17B Serine/threonine kinase 17b 57.00% 9.32 | 0.0014
19 SIVA1 SIVA1, Apoptosis-Inducing Factor 57.09% 8.50 | 0.0010
20| CTNNAL1 Catenin alpha-like protein 57.13% 8.03 | 0.0008

https://doi.org/10.1371/journal.pone.0188121.t001
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TNF-related weak inducer of apoptosis (TWEAK), show the strongest reduction of caspase 3
activity upon silencing. Nine of the 20 genes selected by having the most reduction in caspase
3 activities were categorized as kinase enzymes, including STK17A, STK17B, CARDI1,
CARDI14, NME5, NME3, RIPK2, and SPHK2. siRNAs targeted genes encoding caspase 3 and
cytochrome C, which are the known regulators of apoptosis, were also shown to reduce cas-
pase 3 activity.

SPHK2 knockdown reduces DENV-induced apoptosis in Huh7 cells

TNFSF12and SPHK2 were selected for further analysis as the contribution of these genes in
DENV-mediated apoptosis has never been investigated in DENV infection. To demonstrate
the knockdown efficiency, specific mRNA expression in siTNFSF12- and siSPHK2-transfected
Huh?7 cells were determined using real-time RT-PCR. Both mRNA expression of TNFSF12
and SPHK2 were more than 50% silenced in Huh?7 cells after transfection with their specific
siRNAs, as compared to rates observed after reverse transfection with siNTC (Fig 3A and 3B)
suggesting the efficiency of the knockdown assay.

Annexin V/PI staining was performed to confirm the role of TNFSF12 and SPHK2 in the
apoptosis of DENV-infected Huh7 cells. Our results show that DENV infection in Huh7 cells
induced apoptosis, while reverse transfection with siSPHK2 significantly reduced the rate of
apoptotic cell death (Annexin V+/PI-) from 32.66% to 24.87% compared to that of the siNTC
transfection control (Fig 4A). However, silencing of SPHK2 reduced the proportion of primary
apoptotic cells, not that of secondary necrotic cell population. In contrast to result of SPHK2,
reverse transfection with siTNFSF12 was not able to reduce the rate of apoptosis (32.66% to
34.15%) (Fig 4A). Statistical analysis of data from three independent experiments is shown in
Fig 4B.

SPHK2 knockdown in DENV-infected Huh7 cells modulates the intrinsic
pathway of apoptosis

To gain insight into how SPHK2 modulates apoptosis in DENV-infected Huh7 cells, the activi-
ties of caspase 8 and caspase 9, which represented extrinsic and intrinsic pathways of apoptosis
were investigated. Elevated caspase 8 activity (Fig 5A) and caspase 9 activity (Fig 5B) was
observed in siNTC-transfected DENV-infected Huh7 cells. Knockdown of SPHK2 in DENV-
infected Huh?7 cells significantly reduced caspase 9 activity without affecting caspase 8 activity
(Fig 5B and 5A). These results explain the contributory role of SPHK2 in the intrinsic pathway
of apoptosis in DENV-infected Huh7 cells.

ABC294640, a selective inhibitor of SPHK2, reduces DENV-induced
apoptosis in Huh7 cells

To determine whether the kinase activity of SPHK2 has any influence on the DENV-induced
apoptosis of Huh7 cells, studies with ABC294640, a selective inhibitor of SPHK2, were per-
formed. Cytotoxicity of ABC294640 was initially studied to determine the effective dose. Both
ABC294640 and its solvent control (0.01% DMSQO) were found to be non-toxic to Huh?7 cells
at the tested concentrations of 2.5, 5, and 10 uM (S1 Fig). Pre- and post-treatment with
ABC294640 showed significant reduction in caspase 3 activity of DENV-infected Huh7 cells
in a dose-dependent manner (Fig 6A). Measurement of sub G1 cells, a representative of the
DNA fragmented apoptotic cells, consistently showed the significant reduction of apoptosis
from 55.52% in untreated cell to 21.34% in ABC294640-treated DENV-infected Huh7 cells
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Huh? cells. Huh7 cells were reverse transfected with siRNA directed against TNFSF12 or SPHK2 genes for
24 hours before being infected with DENV for 48 hours. Apoptotic cells were determined by Annexin V/PI
staining and flow cytometry analysis. (A) Dot plot indicates cell death; and, (B) Apoptotic cells (Annexin V+/PI-
) were plotted and compared with percentage of cell population. The results are expressed as the average of
three independent experiments + SD. The asterisks indicate statistically significant differences between
groups (p < 0.05) (Student’s ttest).

https://doi.org/10.1371/journal.pone.0188121.9004
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(p <0.05) (Student’s ttest).

https://doi.org/10.1371/journal.pone.0188121.g005

(Fig 6B and 6C). These results suggest that the kinase activity of SPHK2 affects the DENV-
induced apoptosis of Huh7 cells.

Knockdown of SPHK2 does not affect virus production and viral protein
expression

To exclude the possibility that knockdown of SPHK2 impeded the virus infection thus indi-
rectly affected apoptosis, the kinetic of virion production as well as the level of viral protein
synthesis were determined in SPHK2 knockdown cells. The results show that no significant
difference in kinetic of virus production was observed between siNTC and siSPHK2-trans-
fected cells over 0-48 hpi (Fig 7A). In consistency, DENV envelope (DENV E) expression was
not affected by the transfection of siSPHK2 (Fig 7B). These results indicate that knockdown of
SPHK?2 gene does not perturb the activity of DENV infection of Huh7 cells.

SPHK2 knockdown reduces apoptosis in DENV-infected hepatic cell
lines

To determine whether the apoptosis role of SPHK2 was restricted to the infected hepatic cell
line, SPHK2 knockdown and DENV infection experiments were additionally performed in
HepG2 cells, another hepatic cell line and in A549, a lung cell line. Caspase 3 activity was ele-
vated in both HepG2 cells and A549 cells upon infected with DENV suggesting the susceptibil-
ity of these cells in DENV-induced apoptosis (Fig 8A and 8B). Interestingly, knockdown of
SPHK2 significantly reduced the caspase 3 activity in infected HepG2 cells but failed to reduce
that in infected-A549 cells (Fig 8A and 8B). These results suggest a role of SPHK2 in DENV-
induced apoptosis of liver cell lines. We next asked whether the expression and localization of
SPHK2 in different cell lines may influence apoptosis during DENV infection. IFA double
staining of SPHK2 and DENV E proteins was performed in Huh?7 cells, HepG2 cells and A549
cells, respectively. Based on the fluorescent intensity, the basal level of SPHK2 protein expres-
sion was higher in Huh7 cells and HepG2 cells compared to that in A549 cells (Fig 9A, 9B and
9C). Up-regulation and altered subcellular localization of SPHK2 protein was also observed in
DENV-infected liver cell lines compared to that in A549 cells (Fig 9A, 9B and 9C). Partial co-
localization between DENV E and SPHK2 protein, especially in the perinuclear region, was
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Fig 6. ABC294640 treatment reduces apoptosis in DENV-infected Huh7 cells. Huh7 cells were pre-
treated with 0.01% v/v DMSO or 2.5, 5, and 10 uM concentrations of ABC294640 for 2 hours. The treated
cells were infected with DENV at MOI 10 and were cultured in the presence of corresponding concentrations
for 48 hours. Caspase 3 activity was measured and is represented in relative luminescent unit (RLU) (A).
Huh? cells were pre- and post-infection treated with 0.01% v/v DMSO or 10 uM concentration of ABC294640.
Sub G1 cells population was detected by Pl staining and flow cytometry at 48 hpi. (B) Histogram plot of sub
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G1 cells and (C) bar graph represents the average percentage of three independent experiment + SD. The
asterisks indicate statistically significant differences between groups (p < 0.05) (Student’s ttest).

https://doi.org/10.1371/journal.pone.0188121.9006

evident in DENV-infected liver cell lines compared to that in A549 cells (Fig 9A, 9B and 9C).
Data imply that expression and subcellular localization of SPHK2 may influence its role in
apoptosis. The difference in expression and subcellular localization of SPHK2 between DENV-
infected liver and lung cell lines may partly explain the different apoptotic phenotypes
observed in this study. To conclude whether the apoptosis role of SPHK2 was restricted to the
infected liver cell lines, additional cell lines that also undergo apoptosis during DENV infec-
tion should be further tested.

SPHK2 knockdown in Huh7 cells infected with other serotypes of DENV
show reduced apoptosis

To determine whether SPHK? is involved in the apoptosis of Huh7 cells infected with the
other three serotypes of DENV (DENV1, DENV3, and DENV4), SPHK2 knockdown
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Fig 7. Knockdown of SPHK2 does not interfere with virus production and viral protein synthesis.
Huh7 cells were reverse transfected with siRNA targeted SPHK2 gene for 24 hours before being infected with
DENV for 0, 12, 24, 36 and 48 hours. (A) Virus production in supernatant was quantified by FFU assay. (B)
DENV E protein expression was determined at 48 hpi using western blot analysis. The results are expressed
as the average of three independent experiments + SD. The asterisks indicate statistically significant
differences between groups (p < 0.05) (Student’s ttest).

https://doi.org/10.1371/journal.pone.0188121.9g007
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experiments were conducted in the other three serotypes of DENV. Caspase 3 activity was
found to be elevated in Huh?7 cells infected with the other three serotypes of DENV (Fig 10A,
10B and 10C). Transfection with siSPHK2 in Huh?7 cells separately infected with DENV1,
DENV3, and DENV4 show a significant decrease in caspase 3 activity. Data suggest that all
four serotypes of DENV share the function of host protein SPHK2 to induce apoptosis at least
in part of caspase-3 activity induction.

Discussion

DENV infection induces caspase 3 activity and apoptosis [22, 30]. Apoptosis-related gene
expression profiling in DENV-infected HepG2 cells [31] and animal models [13, 14] was pre-
viously conducted. In this study, we set forth to screen for a list of apoptosis-related genes
using siRNA library screening based on the alteration of the level of caspase 3 activity. The
screening identified several genes, which involved in apoptosis of DENV-infected Huh7 cells.
Knockdown of TNFSF12 shows the strongest reduction of caspase 3 activity. TNFSF12, which
is known as TNF-related weak inducer of apoptosis (TWEAK), induces apoptosis extrinsically
by binding to its receptor on the cell surface [32]. TNFSF12 was shown to be upregulated in
DENV-infected HepG2 cells [33]. TNFSF12 was also identified as the gene involved in influ-
enza virus-induced apoptosis in lung cells [34]. However, transfection of siRNA targeting
TNFSF12 gene did not reduce DENV-induced apoptosis determined by Annexin V/PI staining
(Fig 4A and 4B). The failure in reducing DENV-induced apoptosis with siRNA targeting
TNFSF12 gene could be related to the minimal presence of TNFSF12 protein after knocking
down can still function to maintain apoptosis phenotype. Kinase enzymes are the majority of
the identified genes in this study. Among those kinase genes, RIPK2 was shown to be upregu-
lated in DENV-infected HepG2 cells [33], and upregulated expression of RIPK2 is previously
shown to be essential for DENV-induced apoptosis [31]. RIPK2 is capable of mediating apo-
ptosis via several transduction pathways, including the NF-«B, p38, and JNK signaling path-
ways [35, 36]. In addition, RIPK2 is directly activated via caspase 1 [37], which is reported to
be essential for DENV-induced cell death [38]. In the present study, the apoptotic role of
RIPK2 in DENV-induced apoptosis was verified in siRNA library screening of DENV-infected
Huh?7 cells, suggesting its importance in DENV-mediated apoptosis of liver cells. As kinase
enzymes are the majority of the identified genes in this study and SPHK2 was shown to be
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Fig 10. SPHK2 knockdown reduces apoptosis in the other three serotypes of DENV. Huh7 cells were
reverse transfected with siSPHK2 or siNTC for 24 hours and then infected with different serotypes of DENV at
MOI 10 for 48 hours. Caspase activity was measured and is represented individually for (A) DENV1-; (B)
DENV3-; and, (C) DENV4-infected Huh7 cells. The results are represented in relative luminescent unit (RLU).
The results are expressed as the average of three independent experiments + SD. The asterisks indicate
statistically significant differences between groups (p < 0.05) (Student’s ttest).

https://doi.org/10.1371/journal.pone.0188121.g010
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upregulated in DENV-infected HepG2 cells [33], SPHK2 was selected as the candidate kinase
for functional analysis.

Sphingosine kinases (SPHKSs) are sphingosine lipid metabolism enzymes, which specifically
catalyze the phosphorylation of sphingosine to generate sphingosine-1-phosphate (S1P), a bio-
active sphingolipid [39]. Up to date, two isoforms of SPHKs were characterized including
SPHK]1 and SPHK?2 [40, 41]. S1P generated from SPHK1I mediates pro-survival signals either
by intracellularly activation of NF-kB [42] or extracellularly activation of the ERK1/2, PI3K/
AKT, and PLC pathways [43, 44]. SPHKI can act as the anti-apoptotic molecule in DENV-
infected HEK293 cells, where reduced SPHK1 activity enhanced cell death [45, 46]. However,
knock down of SPHKI in DENV-infected Huh7 cells in the present study did not affect the
level of caspase 3 activity (S2 Fig). The discrepancy may be originated from the different cell
types as well as the different experiment conditions used in each study. SPHKI was also shown
to modulate DENV infection by alteration of innate responses that regulate susceptibility to
DENV infection [47]. Increased plasma level of S1P was also observed in DENV-infected
patients [48, 49]. Unlike SPHK1, roles of SPHK2 in both anti-apoptosis and pro-apoptosis are
previously reported. SPHK2 can be one of the targets for cancer treatment as SPHK2 functions
as the pro-survival molecule in tumor growth and metastasis [50-53]. Inhibition of SPHK2
attenuated tumor growth by induction of caspase 3-mediated cell apoptosis via enhancing the
degradation of anti-apoptotic protein Mcl-1, and increasing the expression of a pro-apoptotic
protein Noxa [54]. In contrast, SPHK2 can function as the pro-apoptosis molecule. Silencing
of SPHK?2 decreased TNF-a-induced apoptosis in HEK-293 cells and mouse embryonic fibro-
blasts [55, 56]. In addition, the mesangial cells isolated from SPHK2-deficient mice exhibited
the resistance to staurosporine-induced apoptosis [57]. Furthermore, inhibition of SPHK?2 sig-
nificantly reduced liver damage and improved the survival rate of mice suffering hepatic ische-
mic reperfusion. This protective effect was specifically due to the reverse of mitochondrial
permeabilization event in the intrinsic pathway of apoptosis [58]. Similarly, our study also
demonstrates that knockdown of SPHK?2 significantly reduced the level of caspase 3 activity in
DENV-infected Huh?7 cells and the reduction in caspase 3 activity was correlated with the
increasing of viable cells in the SPHK2 inhibitor-treated DENV-infected Huh7 cells at 48 and
72 hours post infection (S3 Fig). Although the role of SPHK2 in DENV-induced apoptosis was
validated by at least three assays including caspase 3 activity, subG1 staining, and Annexin V/
PI staining, primary necrotic cells within Annexin V-positive/PI-negative staining phenotype
should be carefully interpreted as not only apoptotic but also primary necrotic cells can have
Annexin V-positive/PI-negative staining phenotype [59]. The necrotic cells (Annexin V-posi-
tive/PI-positive) was further counted and the similar level of necrotic cells was observed
between siNTC- and siSPHK2-transfected DENV-infected Huh7 cells (54 Fig). In this study,
knockdown of SPHK2 did not reduce caspase 8 activity; however, did reduce caspase 9 activity,
suggesting its involvement of SPHK2 in the intrinsic pathway of apoptosis. As SPHK2 also
plays roles in TNF-o-mediated extrinsic pathway of apoptosis in several apoptosis models [55,
56], the contribution of SPHK2 in TNF-o. signaling and in the extrinsic pathway of DENV-
induced apoptosis needs further investigations.

Up-regulation of SPHK2, subcellular localization of SPHK?2, and its co-localization with
DENV proteins may influence apoptosis in DENV-infected cells. Several studies demonstrates
the relationship between the pro-apoptotic function and its subcellular localization of SPHK2
[60]. SIP from ER-localized SPHK?2 serves as the fuel for ceramide synthesis [41]. Ceramide
can induce lysosomal membrane permeabilization (LMP) thereby affecting the cathepsin pro-
tease release [61, 62]. ER stress, which is a common feature of DENV-infected cells [63, 64],
also up-regulates expression of SPHK2 [65]. The up-regulated ER-localized SPHK2 may pro-
duce ceramide to induce LMP leading to releasing of cathepsin protease. Our group previously
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reported the significance of cathepsin B, which mediates DENV-induced apoptosis via the
intrinsic pathway in HepGz2 cells [30]. Secondly, S1P from mitochondria-localized SPHK2 can
induce Bak-dependent mitochondrial membrane permeabilization (MMP) induction and
cytochrome c releasing [55, 66]. DENV infection was reported to influence the mitochondrial
fission process to favor its own replication [67], whether S1P from mitochondria-localized
SPHK2 contributes to DENV-induced apoptosis should be further investigated. Finally, S1P
from nuclear-localized SPHK2 can bind and inhibit the function of histone deacetylase
(HDAC) [68], which influences infection and apoptosis in other viruses [69]. Interactions of
DENV capsid (DENV C) and Daxx was implicated in DENV-induce apoptosis [19], whether
S1P from nuclear-localized SPHK?2 influence apoptosis in the nucleus of infected cells via
DENV C, Daxx, and HDAC merits further investigation. However, SPHK2 may play the indi-
rect role in DENV-induced apoptosis as proteomic study of DENV-infected Huh7 cells
recently reveals several altered proteins related to apoptosis following DENV infection [33]
but these proteins does not directly interact with SPHK2.

Conclusion

Based on the caspase 3 activity, siRNA library screening platform identifies SPHK2 as one of
the candidate genes involved in the apoptosis of DENV-infected hepatic cells. Functional stud-
ies demonstrate that knockdown of SPHK2 reduces DENV-induced caspase 3 activity and cas-
pase 9 activity in Huh?7 cells suggesting its pro-apoptotic role via intrinsic pathway. In
addition, SPHK2 specifically contributes to apoptosis of DENV-infected liver cell lines. Knock-
down of SPHK2 in Huh?7 cells infected with the four serotypes of DENV shows similar results,
explaining the vital role of SPHK2 in contribution to DENV-induced apoptosis.

Supporting information

S1 Fig. ABC294640 treatment does not induce toxicity in Huh7 cells at the tested concen-
trations. Huh?7 cells were treated with doses of 2.5, 5, and 10 uM of ABC294640 or 0.01% v/v
DMSO for 48 hours. Huh?7 cells, which were cultured in media alone, were maintained as a
parental control. Cell toxicity was determined using Presto-Blue dye assay and spectrophotom-
etry analysis. Percentage of cell viability compared to that of parental control is shown from
the average of three independent experiments. Statistical analysis was analyzed using Student’s
t test.

(TIF)

$2 Fig. Knockdown of SPHK1 does not reduce caspase 3 activity in DENV-infected
Huh7 cells. In the screening assay, Huh7 cells were reverse transfected with siRNA directed
against the SPHK1 gene for 24 hours before being infected with DENV at MOI of 10 for 48
hours. Caspase 3 activity was measured and represented as RLU. The results are expressed as
the average of triplicate experiments + SD. Statistical analysis was analyzed using Student’s ¢
test.

(TIF)

S3 Fig. Treatment of ABC294640 increases cellular viability of DENV-infected Huh?7 cells
at 48 and 72 hours post infection. Huh7 cells were pre-treated with 0.01% v/v DMSO or

10 uM concentrations of ABC294640 for 2 hours. The treated cells were infected with DENV
at MOI 10 and were cultured in the presence of corresponding concentrations for 48, 72 and
96 hours. Cellular viability was determined using Presto-Blue dye assay and spectrophotome-
try analysis. Percentage of cell viability compared to that of mock cells-treated with DMSO
control is shown from the average of three independent experiments. The asterisks indicate
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statistically significant differences between groups (p < 0.05) (Student’s ¢ test).
(TIF)

$4 Fig. Comparison of necrotic cells (Annexin V+/PI+) between siNTC- and siSPHK2-
transfected cells. Huh7 cells were reverse transfected with siRNA directed against SPHK2
genes for 24 hours before being infected with DENV for 48 hours. Necrotic and apoptotic cells
were determined by Annexin V/PI staining and flow cytometry analysis. Bar graph repre-
sented the percentage of necrotic cells (Annexin V+/PI+), which was plotted and compared
between those of siNTC- and of siSPHK2-transfected cells. The results are expressed as the
average of three independent experiments + SD. Statistical analysis was analyzed using Stu-
dent’s ¢ test.

(TIF)

S1 Table. List of 558 human genes targeted by apoptosis siRNA library, and the alteration
level of caspase 3 activity after siRNA library screening in DENV-infected Huh7 cells. To
explore the involvement of the apoptotic genes in DENV-infected Huh7 cells, human apopto-
sis siRNA library (Dharmacon) screening was performed in DENV-infected Huh7 cells. The
full list of the alteration of caspase 3 activity upon siRNA transfection was shown in the S1
Table. The results were analyzed as the percentage of caspase 3 activity compared to siNTC-
transfected cells.

(PDF)
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ARTICLE INFO ABSTRACT

Article history:

Dengue virus infection is one of the most common arthropod-borne viral diseases. A complex interplay
between host and viral factors contributes to the severity of infection. The antiviral effects of three
antibiotics, lomefloxacin, netilmicin, and minocycline, were examined in this study, and minocycline was
found to be a promising drug. This antiviral effect was confirmed in all four serotypes of the virus. The
effects of minocycline at various stages of the viral life cycle, such as during viral RNA synthesis, intra-
cellular envelope protein expression, and the production of infectious virions, were examined and found
to be significantly reduced by minocycline treatment. Minocycline also modulated host factors, including
the phosphorylation of extracellular signal-regulated kinase1/2 (ERK1/2). The transcription of antiviral
genes, including 2’-5'-oligoadenylate synthetase 1 (OAS1), 2’-5'-oligoadenylate synthetase 3 (OAS3), and
interferon o (IFNA), was upregulated by minocycline treatment. Therefore, the antiviral activity of
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minocycline may have a potential clinical use against Dengue virus infection.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Dengue virus (DENV) infection is a mosquito-borne viral disease
transmitted by mosquitoes of the Aedes family and is mainly
endemic in the tropical and subtropical regions of the world [1].
The clinical severity of DENV infection, which ranges from a mild
febrile illness, dengue fever (DF), to severe forms, such as dengue
hemorrhagic fever (DHF) and dengue shock syndrome (DSS), pre-
dominantly results from the existence of four distinct serotypes of
DENV (DENV1—4). The serious manifestations associated with DHF
include hemorrhage, thrombocytopenia, plasma leakage, and
hemoconcentration, which can lead to DSS, which is associated
with lethal shock [2,3]. Another serious complication of DENV
infection is hepatic dysfunction, apparent as increased liver trans-
aminase levels and hepatomegaly, and in severe cases, bleeding,
hepatic cell apoptosis, and further liver damage [4,5].

Many complex factors contribute to the severity of DENV
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infection, including the massive activation of cytokines and the
interplay between host and viral factors [2]. DENV replicates using
the host machinery and therefore manipulates the innate and
adaptive immune responses, resulting in uncontrolled cytokine
production, which favors viral replication [6,7]. Vaccines and anti-
viral agents are two important ways to control viral diseases, but
even after decades of research, there is no effective antiviral ther-
apy for DENV infection.

Several antibiotics and antiviral agents have been investigated
for the treatment of DENV infection. For example, an analogue of
the antibiotic teicoplanin and a plant-derived alkaloid, castano-
spermine, were shown to reduce DENV infection [8,9]. Compounds
like narasin, geneticin, and lanatoside C, have also demonstrated
antiviral activity against DENV [10—12]. The antibiotics used in this
study are U.S. Food and Drug Administration (FDA) approved and
have been previously shown to be effective against infectious
agents [13]. Lomefloxacin belongs to the fluoroquinolone group of
drugs and is mainly used to treat bacterial infections, such as uri-
nary tract infections and bronchitis. Netilmicin is an aminoglyco-
side family antibiotic and is mainly bacteriostatic in action.
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Minocycline is a second-generation semisynthetic tetracycline de-
rivative with anti-inflammatory and immunomodulatory effects,
and has been widely used in the treatment of rheumatoid arthritis,
acne, and urinary tract infections [14,15]. The antiviral potential of
minocycline against other viruses has also been reported; these
include Human immunodeficiency virus, Japanese encephalitis virus,
and West Nile virus [16—18].

In this study, we examined the effects of lomefloxacin, netil-
micin, and minocycline on DENV infection. Minocycline was found
to be effective in reducing DENV infection, and this antiviral effect
was confirmed in all four serotypes of the virus. Minocycline
reduced viral RNA synthesis, intracellular viral protein synthesis,
and infectious virus production. Minocycline was then found to
reduce the phosphorylation of ERK1/2, which is associated with
enhanced pathogenesis and organ injury in DENV infection [19].
We also investigated whether the reduction of DENV-induced
ERK1/2 phosphorylation by minocycline affects the expression of
antiviral genes, because ERK signaling has been reported to
downregulate the expression of antiviral genes in Hepatitis C virus
(HCV) infection [20]. As expected, the mRNA expression of antiviral
genes, such as those encoding 2’-5'-oligoadenylate synthetase 1
(OAS1), OAS3, and interferon o (IFNA), was upregulated after
treatment with minocycline. Therefore, minocycline treatment
may reduce DENV infection in HepG2 cells by reducing the phos-
phorylation of ERK and subsequently upregulating antiviral gene
expression.

2. Materials and methods
2.1. Cell culture, virus infection and drugs treatment

The human hepatocarcinoma cell line, HepG2 (American Type
Culture Collection, VA, USA) was used in this study. DENV serotype
2 (DENV2; strain 16681) was used for the major part of the study.
DENV1 (strain Hawaii), DENV3 (strain H87), and DENV4 (strain
H241) were also used. HepG2 cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco-BRL, NY, USA) supple-
mented with 10% fetal bovine serum, 2 mM t-glutamine, 1%
nonessential amino acids, 1 mM sodium pyruvate, and 100 U/ml
penicillin—streptomycin, at 37 °C in a humidified chamber under
5% CO,. The antibiotics, lomefloxacin, netilmicin, and minocycline
(Sigma Aldrich, MO, USA) were dissolved in sterile water. For the
study, HepG2 cells were infected with DENV2 at a multiplicity of
infection (MOI) of 1 and treated with the antibiotics at doses 100,
200, and 400 pM. For studying other DENV serotypes, HepG2 cells
were infected with DENV1, DENV3 and DENV4 at an MOI of 1 and
treated with minocycline (100, 200, and 400 uM). All the experi-
ments were performed 48 h after treatment.

2.2. Cytotoxicity assay

The cytotoxicity of the drugs was analyzed with the 50% cyto-
toxic concentration (CCsg, defined as the concentration at which
50% of the cells are viable). The drugs were serially diluted in
maintenance DMEM and administered to HepG2 cells; untreated
cells were used as the control. The plates were incubated for 48 h at
37 °Cin a CO; incubator and then PrestoBlue Cell Viability Reagent
(10 ul/well; Invitrogen, CA, USA) was added. The plates were
incubated in the dark at 37 °C for 30 min and then the absorbance
was measured at 570—595 nm with a Synergy microplate reader
(BioTek, VT, USA). The percentage viability was calculated for each
dilution of the drugs by normalizing the result to the untreated
mock control (100% viability). CCsg was calculated and analyzed
with GraphPad Prism version 5.01 (GraphPad Software, Inc.).

2.3. Real-time reverse transcription (RT)—PCR

DENV2-infected and minocycline-treated HepG2 cells were
collected at 48 h after treatment, the total RNA was extracted (High
Pure RNA Isolation Kit, Roche, Mannheim, Germany), and the cDNA
was synthesized (GoScript™ Reverse Transcription System, Prom-
ega, WI, USA). Using specific primers, the expression of the genes of
interest was measured with RT—PCR using SYBR Green I reaction
mix (Roche) in the Roche Light Cycler 480. The primer sequences
for each gene are shown in Table 1.

2.4. Enzyme-linked immunosorbent assay (ELISA)

DENV2-infected and minocycline-treated HepG2 cells were
successively stained with a mouse monoclonal antibody against
DENV E protein (4G2 clone) and horseradish peroxidase (HRP)-
conjugated rabbit anti-mouse immunoglobulin antibody (diluted
1:1000; Dako, CA, USA) at 48 h after treatment. A substrate
(3,3',5,5'-tetramethylbenzidine; Invitrogen, CA, USA) was added
and the absorbance was measured at 495—620 nm using a Synergy
microplate reader. Cell viability was also checked by adding Pres-
toBlue Cell Viability Reagent (Invitrogen) and the cells were incu-
bated for 30 min in the dark. The absorbance at 570—595 nm was
measured with Synergy microplate reader and the percentage cell
viability was calculated relative to that of the mock control.

2.5. Focus-forming unit (FFU) assay

The supernatants were collected 48 h after minocycline treat-
ment and an FFU assay was performed [21]. Briefly, the collected
supernatants were added to Vero cells in a 96-well plate, incubated
for 2 h, and then overlain with 1.5% gum tragacanth in 2 x minimal
essential medium. After incubation for 72 h, the cells were washed
with PBS, fixed with 3.7% formaldehyde, and permeabilized with 1%
Triton X-100. The cells were then washed and incubated with a
primary antibody directed against DENV E (4G2 clone) for 1 h and
with HRP-conjugated rabbit anti-mouse secondary antibody (Dako)
for 30 min. The 3,3’-diaminobenzidine substrate (Sigma Aldrich)
was added to develop the foci of infected cells. The foci were
counted under a microscope and FFUs calculated as the number of
foci/ml.

2.6. Western blotting analysis

DENV2-infected cells were collected 48 h after minocycline
treatment. The cell lysates were prepared and subjected to a
western blotting analysis, as previously described [22]. The protein
concentrations were measured with the Bradford Protein Assay

Table 1
Primer sequences for real time RT—PCR. Primer sequences for each gene
(5" — 3’ direction; F, forward; R, reverse).

Primer name Primer sequences (5 — 3)

DENV E-F ATCCAGATGTCATCAGGAAAC
DENV E-R CCGGCTCTACTCCTATGATG
OAS1-F CTCAAGAGCCTCATCCG
OAS1-R GCAGAGTTGCTGGTAGTTTA
OAS2-F GCTTTGATGTGCTTCCTGCCTT
OAS2-R ACCCCTTTGGCTTCAGTTTCCTT
OAS3-F GATGGACTTGTACAGCACCCC
OAS3-R TCACACAGCAGCCTTCACTG
IFN-o-F TTTCTCCTGCCTGAAGGACAG
IFN-o-R GCTCATGATTTCTGCTCTGAC
GAPDH-F CGACCACTTTGTCAAGCTCA
GAPDH-R AGGGGTCTACATCGCAACTG
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(Bio-Rad Laboratories, CA, USA) and equal protein concentrations
were loaded onto an SDS-polyacrylamide gel after denaturation at
95 °C for 5 min. The proteins in the cell lysates were separated with
SDS-PAGE, and blotted onto a nitrocellulose membrane. The
membrane was blocked for 1 h with 5% bovine serum albumin in
Tris-buffered saline containing 0.1% Tween 20 to detect phos-
phorylated ERK1/2, and with 5% skim milk in PBS containing 0.1%
Tween 20 to detect total ERK1/2 and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). After the membrane was washed, it was
incubated overnight at 4 °C with a primary antibody directed
against phosphorylated ERK1/2 (rabbit anti-human; diluted
1:1000; Cell Signaling Technology, MA, USA), total ERK1/2 (mouse
anti-human; diluted 1:2000; Cell Signaling), or GAPDH (mouse
anti-human; diluted 1:2000; Santa Cruz Biotechnology, CA, USA).
After the membrane was washed, the corresponding HRP-
conjugated swine anti-rabbit or rabbit anti-mouse secondary
antibody (diluted 1:2000; Dako) was added and the membrane was
incubated for 1 h. SuperSignal West Pico Chemiluminescent Sub-
strate (Thermo Fisher Scientific, MA, USA) was added and the signal
was visualized by exposing the membrane to X-ray film. The band
intensities from three independent experiments were quantified
with the Image] software version 1.46r (http://imagej.nih.gov/ij).

(A) 1w

2.7. Statistical analysis

The data obtained from three independent experiments are
presented as means + SEM. Statistical differences were analyzed
with one-way ANOVA or two-way ANOVA using GraphPad Prism
software. p values < 0.05 were considered significant.

3. Results and discussion
3.1. Effects of antibiotics on DENV infection

First, the cytotoxicity of each antibiotic (lomefloxacin, netilmi-
cin, or minocycline) was analyzed as CCsq (Fig. 1A). Concentrations
very much lower than the CCsq of each drug were used in subse-
quent experiments. The antiviral effect of each drug on DENV2 was
examined. For this, DENV2-infected HepG2 cells were treated with
the antibiotics. The intracellular DENV E protein level was exam-
ined with an ELISA by staining with an antibody (4G2) against the
DENV E protein. Levels were expressed as the percentage of intra-
cellular E protein relative to that in the vehicle-treated control cells
(Fig. 1B). Simultaneously, the corresponding percentage -cell
viability was examined with the PrestoBlue Cell Viability Assay.

1501 1501
CC50=4855
> CC50=814 uM > uM S
= 400 = 100 3 = CC50=1482 uM
3 . 3 E = 100
® K i
> > L] =
3 3 z
e 50+ . 50+ 3 s
-3
o 1 2 3 & o 1 2 3 &5 0 . . v
Log Conc. of Lomefloxacin (uM) Log C f Netilmicin (uM : k 2 3 4 5
. og Conc. of Netilmicin " .
9 in (M) Log Conc. of Minocycline (uM)
( ) -~ DENV2+Vehicle Control -~ DENV2+Vehicle Control -~ DENV2+Vehicle Control
1204 - DENV2+Lomefloxacin 120 -# DENV2+Netilmicin 120+ - DENV2+Minocycline

1001 }—‘iq;

s =
2 2 2
o o °
a S &
w
<1004 - - o £1004
: z B
= =] =
< 804 < 804 < 80
3 3 3
£ £ g
£ 601 = 604 < 604
° ° °
* T T T *® T T T = T T T
100 uM 200 uM 400 uM 100 uM 200 pM 400 uM 100 uM 200 uM 400 pM
( ) = 1204 = 1204 = 1204
s K] 3
2 H s
o = =
J w w
> 100 < 100+ < 1004
& g g
) * a a .
< 80- * < 80- T < 804 T .
£ 6o £ 60 £ 60-
° ° °
*® T T T T ® T T T T * T T T T
DENV1 + + + + DENV3 + + + + DENV4 + + + +
Minocycline 0 100 200 400 Minocycline 0 100 200 400 Minocycline 0 100 200 400
(uM) (uM) (uM)

Fig. 1. Minocycline reduced DENV infection in HepG2 cells. (A) The CCsps of the drugs were examined in HepG2 cells. HepG2 cell line was infected with DENV2 at an MOI of 1 and
treated separately with the antibiotics lomefloxacin, netilmicin, and minocycline, at doses 100 pM, 200 pM, and 400 pM, or with vehicle. (B) At 48 h after treatment, the levels of
intracellular DENV E protein were examined by staining with the 4G2 antibody directed against DENV E protein. To examine the effects of minocycline on the other DENV serotypes,
the HepG2 cell line was infected separately with different DENV serotypes and treated with minocycline (100 uM, 200 uM, or 400 uM) or vehicle. (C) At 48 h after treatment, the
intracellular DENV E protein levels were examined as described above. Results are the means of three independent experiments. Asterisks indicate statistically significant dif-

ferences between the minocycline-treated and untreated groups (*p < 0.05).


http://imagej.nih.gov/ij

S.L. Leela et al. / Biochemical and Biophysical Research Communications 478 (2016) 410—416 413

Minocycline displayed significantly greater antiviral activity against
DENV infection than the other antibiotics, without being cytotoxic
to the cells. Therefore, minocycline was selected for further study.
To determine whether the antiviral action of minocycline is specific
to all DENV serotypes, the intracellular DENV E levels in cells
infected with DENV serotype 1, DENV serotype 3, or DENV serotype
4 were measured after minocycline treatment (Fig. 1C). Treatment
with minocycline significantly and dose-dependently reduced the
intracellular viral E protein expression, but did not induce cell
cytotoxicity (Supplementary Fig. 1). Therefore, the antiviral effects
of minocycline on the other serotypes of DENV (DENV1, DENV3,
and DENV4) were confirmed, indicating that minocycline acts
against all DENV serotypes.

3.2. Effects of minocycline on different stages of the DENV
replication cycle

The antiviral effects of minocycline against DENV2 were studied
at different stages of the viral life cycle. First, the expression of
DENV RNA was examined with real-time RT—PCR, and was reduced
dose-dependently after treatment with minocycline, suggesting
that minocycline affects viral RNA synthesis (Fig. 2A). Second,
intracellular DENV E protein levels were analyzed with an ELISA,
and were significantly reduced by minocycline treatment, consis-
tent with the real-time RT—PCR result, implying that minocycline
interrupts the synthesis of viral proteins (Fig. 2B). Finally, the pro-
duction of infectious virus was examined with an FFU assay and ~2
log reduction in virus production was observed after the minocy-
cline treatment (Fig. 2C). Cell viability after minocycline treatment
was also examined simultaneously to confirm that the observed
reduction in virus was not attributable to reduced cell viability
(Fig. 2D). Therefore, significant reductions in viral RNA and protein
expression, and the production of infectious virus after minocycline
treatment indicate the important roles of minocycline in reducing
DENV infection.
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3.3. Effect of minocycline on DENV-induced activation of ERK

To determine whether the effects of minocycline are exerted via
host signaling pathways, we studied ERK1/2 signaling, which has
already been shown to be involved in the pathogenesis of DENV.
ERK1/2 phosphorylation was recently shown to be associated with
the severity of DENV infection by increasing DENV-induced liver
injury in vivo [19]. The inhibition of ERK1/2 phosphorylation
resulted in a dose-dependent inhibition of DENV infection [23].
Minocycline was also shown to have an inhibitory effect on ERK1/2
phosphorylation in microglia [24] and neurons [25]. Therefore, in
this study, to clarify the mechanism by which minocycline reduces
DENYV infection, the levels of phosphorylated ERK1/2 were exam-
ined after treatment with minocycline. Minocycline-treated
DENV2-infected HepG2 cells were collected 48 h after treatment
and a western blotting analysis was used to detect phosphorylated
ERK (p-ERK) and total ERK (t-ERK) in the cell lysates. ERK phos-
phorylation, specifically phosphorylated ERK (p-ERK1 and p-ERK2),
was significantly and dose-dependently reduced by minocycline
treatment, whereas the level of t-ERK was relatively unchanged
(Fig. 3A). A densitometry analysis of p-ERK1 and t-ERK1 (Fig. 3B)
and p-ERK2 and t-ERK2 normalized to GAPDH (Fig. 3C) was per-
formed in three independent experiments with the Image] soft-
ware. We show here that the DENV-induced phosphorylation of
ERK1/2 was reduced by minocycline (Fig. 3D). This demonstrates
that the action of minocycline in reducing DENV infection may be
mediated by the inhibition of the ERK1/2 signaling pathway.

3.4. Expression of antiviral genes after minocycline treatment

ERK1/2 activation has been reported to inhibit IFN-induced
antiviral gene expression in HCV, which increases the survival of
virus [20,26]. The IFN system (mainly IFN-a, IFN-f, and IFN-y) is
the major antiviral pathway that helps to block early viral repli-
cation and the associated pathogenesis, mediated by the expres-
sion of antiviral genes [27,28]. The IFN system plays an antiviral
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Fig. 2. Minocycline affected different stages of DENV life cycle. HepG2 cells were infected with DENV2 at an MOI of 1, treated with minocycline (100 uM, 200 pM, or 400 uM) or
vehicle. After incubation for 48 h, (A) relative mRNA expression of DENV E was determined with real-time RT—PCR, and normalized to GAPDH. (B) Intracellular DENV E protein was
determined with an ELISA. (C) Infectious virus production was quantified in the culture supernatants with an FFU assay. (D) Percentage cell viability was analyzed with the
PrestoBlue Cell Viability Assay. Results are the averages of three independent experiments. Asterisks indicate statistically significant differences between the minocycline-treated

and untreated groups (*p < 0.05).
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Fig. 3. Minocycline reduced DENV-induced ERK phosphorylation. HepG2 cell line was infected with DENV2 at an MOI of 1, treated with minocycline (100 uM, 200 puM, or
400 uM) or vehicle, and incubated for 48 h. (A) Western blotting analysis was performed for phosphorylated ERK, total ERK, and GAPDH. Corresponding Image] analyses were
performed of (B) phosphorylated ERK1 and total ERK1, normalized to GAPDH; (C) phosphorylated ERK2 and total ERK2, normalized to GAPDH; (D) minocycline treatment reduced

the phosphorylation of ERK1/2. Results are the means of three independent experiments. Asterisks indicate statistically significant differences between the minocycline-treated and
untreated groups (*p < 0.05).

role in DENV infection, and DENV evades this antiviral milieu by
downregulating the IFN response in different ways [29,30].
Because minocycline treatment reduced virus production and the

(A) (B)

phosphorylation of ERK, the analysis of the expression of antiviral
genes is important in this context. Therefore, the transcription of
some antiviral genes was examined in the minocycline-treated
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Fig. 4. Minocycline increased the expression of IFN-induced antiviral genes. HepG2 cell line was infected with DENV2 at an MOI of 1, treated with minocycline (100 pM, 200 pM,
or 400 uM) or vehicle, and incubated for 48 h. Relative transcription of (A) OAS1, (B) 0AS3, (C) 0OAS2, and (D) IFNA was measured with real-time RT—PCR. (E) Illustration of the
proposed mechanism of action of minocycline against DENV infection. Results are the means of three independent experiments. Asterisks indicate statistically significant differ-
ences between the minocycline-treated and untreated groups (*p < 0.05).
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DENV2-infected HepG2 cell line. Two isoforms of OAS, including
OAS1 (Fig. 4A) and OAS3 (Fig. 4B), were significantly upregulated
after minocycline treatment, whereas OAS2 showed a decreasing
trend (Fig. 4C). The expression of the OAS genes in humans during
viral infection provides the antiviral role. Viruses counteract this
antiviral effect, thus upregulating their replication [31—33]. OAS-
mediated antiviral activity has been reported during DENV infec-
tion, where the OAS1 and OAS3 isoforms, but not OAS2, are
upregulated by the host as an antiviral mechanism [34,35]. In this
study, we also observed a significant upregulation of OAS1 and
OAS3 expression, but not OAS2 expression, after minocycline
treatment, suggesting that OAS1 and OAS3 play major roles in
antiviral activity against DENV. IFNA expression was also upregu-
lated by minocycline treatment (Fig. 4D), consistent with the
activation of OAS1/3. Thus, minocycline effectively upregulated the
expression of antiviral genes, such as OAS1 and OAS3, and increased
IFNA expression in DENV2-infected HepG2 cells. The proposed
mechanism of the antiviral activity of minocycline is illustrated
(Fig. 4E).

In summary, DENV infection was significantly reduced after
minocycline treatment, and the antiviral effect of minocycline was
confirmed in all four serotypes of DENV. Reduced ERK1/2 phos-
phorylation and the upregulated transcription of certain antiviral
genes were observed after minocycline treatment. How minocy-
cline promotes IFN-a-mediated antiviral activity against DENV via
the ERK1/2 pathway warrants further investigation.
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Abstract

Dengue virus (DENV) infection causes organ injuries, and the liver is one of the most impor-
tant sites of DENV infection, where viral replication generates a high viral load. The molecu-
lar mechanism of DENV-induced liver injury is still under investigation. The mitogen
activated protein kinases (MAPKSs), including p38 MAPK, have roles in the hepatic cell apo-
ptosis induced by DENV. However, the in vivo role of p38 MAPK in DENV-induced liver
injury is not fully understood. In this study, we investigated the role of SB203580, a p38
MAPK inhibitor, in a mouse model of DENV infection. Both the hematological parameters,
leucopenia and thrombocytopenia, were improved by SB203580 treatment and liver trans-
aminases and histopathology were also improved. We used a real-time PCR microarray to
profile the expression of apoptosis-related genes. Tumor necrosis factor a, caspase 9, cas-
pase 8, and caspase 3 proteins were significantly lower in the SB203580-treated DENV-
infected mice than that in the infected control mice. Increased expressions of cytokines
including TNF-a, IL-6 and IL-10, and chemokines including RANTES and IP-10in DENV
infection were reduced by SB203580 treatment. DENV infection induced the phosphoryla-
tion of pP88MAPK, and its downstream signals including MAPKAPK2, HSP27 and ATF-2.
SB203580 treatment did not decrease the phosphorylation of p38 MAPK, but it significantly
reduced the phosphorylation of MAPKAPK2, HSP27, and ATF2. Therefore, SB203580
modulates the downstream signals to p38 MAPK and reduces DENV-induced liver injury.
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Introduction

Dengue virus (DENV) infection is one of the most important mosquito-borne viral diseases
with high incidence in tropical and subtropical regions. The clinical signs of DENV infection
reflect the different levels of severity including dengue fever or dengue hemorrhagic fever, or
dengue shock syndrome (DSS). Patients with more severe forms of the disease display hemor-
rhagic disorders, including plasma leakage, thrombocytopenia, hemoconcentration, and multi-
organ failure [1-6]. Liver transaminase (alanine transaminase [ALT] and aspartate transami-
nase [AST]) levels increase in both DENV-infected patients [7-10] and murine models of
DENYV infection [11-15].

Hepatic cell apoptosis, which is related to the pathogenesis of DENV infection, has been
observed both in vitro and in vivo [16-18]. DENV infection contributes to apoptosis by induc-
ing the expression of cytokine TRAIL, observed in the hepatic cell line, HepG2 [19]. DENV
infection with increased cytokine expression can proceed to liver injury. The expression of
tumor necrosis factor o. (TNF-a), one of the predominant pro-inflammatory cytokines, is
increased in DENV infection [20-25]. The Fas receptor (FasR) is the member of the TNF
death receptor family and its signaling also contributes to DENV-mediated apoptosis [26, 27].
Furthermore, DENV infection causes mitochondrial dysfunction, which contributes to hepatic
cell injury [28, 29]. Activation of caspase 9 and caspase 3 is seen in DENV-infected human
umbilical vascular endothelial cells (HUVECs) suggesting the involvement of mitochondrial
caspase and the intrinsic pathway of apoptosis [30]. The involvement of intrinsic pathway in
DENYV infection is also reported in other cell types [31, 32]. Therefore, DENV infection
induces both extrinsic and intrinsic pathways of apoptosis.

Mitogen-activated protein kinase (MAPK) family has been suggested to play a role in apo-
ptosis [33]. Extracellular-signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and
P38 MAPK represent the classical type of MAPKSs and are activated during various disease con-
ditions. Phosphorylation of MAPK signaling activates MAPKs, which then induce cytokine
production [34-37]. The p38 MAPK undergoes dual phosphorylation at Thr182 and Tyr180 in
the Thr-Gly-Tyr activation loop by MAP kinase kinase 6 (MKK6) [38-40]. Upon activation,
P38 MAPK phosphorylates multiple substrates, including MAPK activated protein kinase 2
(MAPKAPK?2) and activating transcription factor 2 (ATF-2) [41, 42]. Heat Shock Protein 27
(HSP27), which is a downstream signaling molecule to MAPKAPK2, is reported to be
increased in DENV infection [43]. Upon DENV infection, phosphorylated p38 MAPK
increases [20, 44-46]. In addition, DENV induces the phosphorylation of ERK and JNK, and
the inhibition of ERK and JNK phosphorylation reduces the infectivity of DENV and protects
the liver from injury [45, 47, 48].

SB203580 is a pyridinyl imidazole inhibitor of p38 MAPK, which controls the various
inflammatory responses and cellular stresses [26, 49-52]. Interestingly, in human dendritic
cells infected with Zaire ebolavirus, SB203580 treatment reduces cytokine stimulation [53]. In
addition, SB203580 reduces the apoptosis of DENV-infected HepG2 cells by inhibiting RIPK2
expression [17]. The role of p38 MAPK in the apoptosis of DENV-infected HepG?2 cells has
been investigated, and the DENV-mediated apoptosis of HepG2 cell line is attributed to the
increased phosphorylation of p38 MAPK [20]. In a recent study in AG129 immuno-compro-
mised mice (deficient in Type I and II interferon receptors), SB203580 was shown to improve
the clinical manifestations of DENV infection. This study shows that oral administration of
SB203580 decreased the circulation of pro-inflammatory cytokines. However, the high viral
load was still presented in livers of infected mice [54]. In a recent study of intra-cerebral inocu-
lation of DENV in Balb/c mice also shows viremia and the induction of host immune response
with organ damage including liver. This study shows the relationship of the elevated pro-
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inflammatory cytokines in response to DENV infection in Balb/c mice [55]. However, the
mechanisms by which SB203580 protects against liver injury during DENV infection in vivo,
within the complex immune response, need further investigation. Therefore, we further inves-
tigated the role of SB203580 in controlling the symptom of DENV-induced liver injury and
clarified the molecular mechanism by which SB203580 controls liver injury in a Balb/c mouse
model of DENV infection [48].

Materials and Methods
DENV-infected mice and SB203580 treatment

Male Balb/c mice, aged 8 weeks and weighing 20-25 g, were purchased from the National Lab-
oratory Animal Center, Mahidol University, Thailand. The animals were strictly maintained
under highly sterile conditions, with four mice per cage, at 23 + 2°C with a 12 h light/dark
cycle, and given autoclaved pelleted food and water ad libitum. The animal health was moni-
tored by a veterinarian throughout the study period. All the experiments were conducted in
compliance with the institutional policies for animal care and the protocol was approved by
the Siriraj Animal Care and Use Committee, Mahidol University (SI-ACUP 004/2556) and the
Siriraj Biosafety Risk Management Taskforce, Mahidol University (SI-2013-11). DENV-2
(Thailand strain 16881) propagated in the mosquito cell line C6/36 (purchased from the Amer-
ican Type Culture Collection and further sub-cultured) was used in all experiments. The viral
titers were determined with a standard protocol, the Focus Forming Unit (FFU) assay [56].
SB203580 was purchased from Abcam, Cambridge, UK (ab120162) and solubilized in 2%
dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA). Mice were randomized into
the experiments and were infected intravenously with 4 x 10° FFU/ml of DENV-2 through the
lateral tail vein. Twelve mice were infected with DENV, and half of them were treated with the
control vehicle, 2%DMSO (n = 6). The other six mice (n = 6) were treated with 5 mg/kg
SB203580. Treatments with 2%DMSO alone or SB203580 dissolved in 2%DMSO were given 1
h before and 1 h and 24 h after DENV infection intravenously. In addition, other six mice,
which were not infected with DENV, were treated with the control vehicle alone. The volume
of all injections was 0.4 ml. At 7 days after infection, the mice were euthanized with an over-
dose intraperitoneal injection of sodium pentobarbital anesthesia. Intraperitonial injection of
sodium pentobarbital anesthesia is applied to minimize animal sufferings. The blood samples
for hematological analysis were processed instantly and the sera were prepared for clinical bio-
chemical analysis. Liver tissues were collected and sliced into pieces for analysis. The liver tis-
sues were weighed, and kept frozen in RNALater (Invitrogen, Carlsbad, CA, USA) or RPMI
medium for the subsequent isolation of RNA and protein or the FFU assay, respectively. Dupli-
cate independent experiments were performed. Therefore, a total of 36 mice were used in the
experiments.

Quantification of DENV NS1 viral RNA with Real-Time Quantitative
Reverse Transcription PCR (qRT-PCR)

In vitro transcription-derived DENV NS1 RNA with known copy number is served as a stan-
dard control for qRT-PCR [48]. Total RNA was extracted from the livers of 2%-DMSO-treated
(n = 6), 2%-DMSO-treated DENV-infected (n = 6), and SB203580-treated DENV-infected
mice (n = 6) with the Invitrap Spin Universal RNA Mini Kit (Stratec Molecular) and was quan-
tified with a NanoDrop ND-1000 spectrophotometer. Equivalent amounts of RNA from each
sample were converted to cDNA with SuperScript ™ III First-Strand Synthesis System (Invitro-
gen) with a reverse primer, NS1-R 5’ GCC ATC AAT GAG AAA GGT CTG G 3'. Amplification
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was performed using the SYBR Green I reaction mix (Roche) in the presence of NS1 specific
primers including NS1-F 5’ CCG GCC AGA TCT GGA GAC ATC AAA GGA ATC 3’ and the
NSI-R in a Roche Light Cycler 480. The Ct of viral RNA was measured and compared to the
standard control.

Determination of viral titers in liver homogenates with focus forming unit
(FFU) assay

Seven days after DENV infection, the mice were euthanized and the liver tissues were collected
from the 2%-DMSO-treated (n = 6), 2%-DMSO-treated DENV-infected (n = 6), and
SB203580-treated DENV-infected (n = 6) mice under sterile conditions. The cropped tissues
from each groups were equally-weighed. The collected tissues from individual mouse were sep-
arately stored in eppendroff tube containing pre-cooled RPMI medium and immediately stored
at —80°C. The samples were homogenized in liquid nitrogen with a pestle, and all the samples
from each group were centrifuged simultaneously for 5 min at 6,000 x g, and centrifugation
was repeated until clear supernatants were obtained. All the centrifugation products were
stored at 4°C and the supernatants were filter sterilized. An FFU assay was conducted to deter-
mine the viral titers in the centrifuged supernatants, with a previously established protocol

[48, 56], and the results were presented as FFU/mg of liver tissue.

Hematology and measurement of liver enzymes

Blood was collected from the 2%-DMSO-treated (n = 12), 2%-DMSO-treated DENV-infected
(n = 12), and SB203580-treated DENV-infected (n = 12) mice, stored in vacutainer tubes con-
taining EDTA, and rapidly processed at the National Laboratory Animal Center, Mahidol Uni-
versity, Thailand. The complete blood count was analyzed with a CELL-DYN™ 3700
hematological auto analyzer (Abbott, Abbott Park, IL, USA). To prepare the sera, the blood
samples were permitted to clot and then centrifuged. The serum ALT and AST levels were
measured with an automated analyzer (Model 902, Hitachi Company, Japan).

Histopathology

Liver tissues from 2%-DMSO-treated (n = 3), 2%-DMSO-treated DENV-infected (n = 3), and
SB203580-treated DENV-infected (n = 3) mice were fixed in 10% formalin in PBS and stored.
The fixed tissues were paraffin embedded, sectioned, and conventionally stained with hematox-
ylin and eosin (H&E).

Expression of host mRNA with real-time PCR array

The Mouse Apoptosis RT? Profiler™ PCR Array (Qiagen, Valencia, CA, USA; cat. # PAMM-
012) is a primer preset microarray widely used to analyze the roles of 84 genes involved in apo-
ptosis. RNA was extracted from the liver tissues of the 2%-DMSO-treated, 2%-DMSO-treated
DENV-infected, and SB203580-treated DENV-infected mice with the InviTrap Spin Universal
RNA Mini Kit (Stratec Molecular). The concentration and purity of the total RNA were mea-
sured with a NanoDrop spectrophotometer and same amount of RNA from each group was
converted to cDNA with the SuperScript™ III First-Strand Synthesis System (Invitrogen). The
samples were then mixed with SYBR Green RT> qPCR Mastermix (Qiagen), and equal volumes
were aliquoted into each well of the real-time PCR arrays. The Roche LightCycler 480 instru-
ment was used to run the PCR thermal cycling program. The Ct value for each gene was
recorded on a Microsoft Excel spreadsheet and the data were uploaded to the web program

http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php for 274" analysis. The
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calculated values were presented as fold increases or reductions compared relative to the con-
trol group value.

Cytokine and Chemokine mRNA expression by Real-time RT-PCR

Total RNA from the liver tissues of 2%DMSO treated (N = 3), DMSO treated DENV -infected
(N = 3), and DENV-infected SB203580 treated (N = 3) mice was extracted using Invitrap Spin
Universal RNA Mini Kit (Stratec Molecular) and converted to cDNA with SuperScript™ III
First-Strand Synthesis System (Invitrogen). Amplification was continued using specific primers
(TNF-o: TNF-F 5’ CCC CCAGTC TGT ATC CTT CT 3’ and TNF-R 5’ TTT GAG TCC TTG
ATGGTGGT 3’ , IL-6: IL-6-F 5 AGT TGCCTT CTT GGGACT GA 3’ and IL-6-R 5%’
TCCACGATT TCCCAGAGAAC 3" , IL-10: IL-10-F 5 CCAAGCCTT ATC GGA AAT
GA 3" and IL-10-R 5 TTT TCA CAG GGG AGAAATCG 3’ , CCL-5: CCL-5-F 5’ CCC
TCA CCA TCA TCC TCACT 3’ and CCL-5-R 5’ CCT TCGAGT GAC AAACACGA 3,
CXCL-10: CXCL-10-F 5 GGA TGG CTG TCC TAGCTC TG 3’ and CXCL-10-R 5" ATA
ACC CCT TGG GAA GAT GG 3’ , GAPDH: GAPDH-F 5" TGA ATA CGG CTA CAG CAACA

3" and GAPDH-R 5’ AGG CCC CTC CTG TTA TTA TG 3’ ) in a Roche Light Cycler 480 using
SYBER Green I reaction mix (Roche). Threshold Ct value of each gene of interest and GAPDH
(housekeeping gene) were measured and the differences between the gene of interest to the
GAPDH (ACt) were calculated. The relative expression values (27aact
Results were obtained from three independent experiments for three independent mice per
individual group.

) were then determined.

Western blotting analysis

Total protein was extracted from the liver tissues of the 2%-DMSO-treated, 2%-DMSO treated
DENV-infected, and SB203580-treated DENV-infected mice in RIPA buffer containing a pro-
tease inhibitor (Roche), and was subjected to western blotting analysis [57]. To detect the phos-
phorylated proteins, a phosphatase inhibitor cocktail (Roche) was also added. The
concentrations of the extracted proteins were estimated with a Bradford Protein Assay (Bio-
Rad Laboratories, Inc. Hercules, CA, USA). Equivalent protein concentrations from the indi-
vidual groups were mixed with 4x loading dye (50 mM Tris-HCI [pH 6.8], 2% SDS, 0.1% bro-
mophenol blue, and 10% glycerol) and denatured at 95°C for 5 min in a thermocycler. The
samples were separated with SDS-PAGE and blotted onto nitrocellulose membrane (GE
Healthcare Life Sciences, Freiburg, Germany). The membrane was blocked with 5% bovine
serum albumin or 5% skim milk in Tris-buffered saline containing 0.1% Tween 20 (TBST) to
restrict nonspecific binding. The membrane was washed three times and hybridized with rabbit
anti-total p38 MAPK (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at a dilution of
1:2000, or mouse anti-phosphorylated p38 MAPK (Santa Cruz Biotechnology) at a dilution of
1:1000, or rabbit anti-total HSP27 (Cell Signaling Technology, MA, USA) at a dilution of
1:1000, or rabbit anti-phosphorylated HSP27 (Cell Signaling) at a dilution of 1:1000, or rabbit
anti-total MAPKAPK2 (Santa Cruz Biotechnology) at a dilution of 1:1000, or rabbit anti-phos-
phorylated MAPKAPK?2 (Cell Signaling Technology) at a dilution of 1:2000, or rabbit anti-
total ATF2 (Santa Cruz Biotechnology) at a dilution of 1:1000, or mouse anti-phosphorylated
ATEF?2 (Santa Cruz Biotechnology) at a dilution of 1:1000, or goat anti-TNF-o (Santa Cruz Bio-
technology) at a dilution of 1:2000, or rabbit anti-caspase 8 (Santa Cruz Biotechnology) at a
dilution of 1:1000, or mouse anti-caspase 9 (Cell Signaling Technology) at a dilution of 1:1000,
or rabbit anti-GGT1 antibody (Santa Cruz Biotechnology) at a dilution of 1:2500, or rabbit
anti-GAPDH (Cell Signaling Technology) at a dilution of 1:2500, or rabbit anti-cleaved caspase
3 antibody (Cell Signaling Technology) at a dilution of 1:2000. The membrane was washed
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three times with TBST and incubated for 1 h in the dark at room temperature with horseradish
peroxidase (HRP)-conjugated secondary antibody, HRP-conjugated rabbit anti-mouse IgG
antibody for phosphorylated p38 MAPK, phosphorylated ATF2 and Caspase 9 (Dako, Santa
Clara, CA, USA), HRP-conjugated rabbit anti-goat IgG antibody for TNF-a. (Dako, Santa
Clara, CA, USA), or HRP-conjugated swine anti-rabbit IgG antibody for the all other proteins
(Dako, Santa Clara, CA, USA). The membranes were washed three times with TBST in the
dark and the immune complexes were detected with enhanced chemiluminescence (Super-
Signal West Pico Chemiluminescent Substrate; Thermo Scientific, Waltham, MA, USA).
GAPDH is used as the housekeeping gene for all the western blot analysis.

Statistical analysis

For the estimation of hematology and liver enzymes, the results were pooled from the two inde-
pendent experiments (total of twelve mice per group from two independent experiments). For
the quantification of viral NS1, a total of six mice per group were used. For the all other experi-
ments, at least three independent experiments from three independent mice per individual group
(n = 3) were performed. All the results were presented as means + SEM and the data were ana-
lyzed using the GraphPad Prism Software version 5. Statistical analysis was conducted by One-
way ANOVA and p value less than 0.05 were considered as statistically significant (p < 0.05).

Results

SB203580 treatment modulates hematological parameters in DENV-
infected mice

In this study, Balb/c mice were intravenously injected with the vehicle control alone (2%DMSO)
or were infected with DENV and treated with 2%DMSO or SB203580. All mice survived the
challenge protocol, with no any clinical symptoms observed till the end of the protocol. However,
the white blood cell (WBC) and platelet counts decreased significantly in the DENV-infected
mice, suggesting leucopenia and thrombocytopenia, respectively. The hematological phenotype
of the Balb/c mice was improved significantly by SB203580 treatment (Fig 1A and 1B).

SB203580 treatment reduces liver injury in DENV-infected mice

Mice were intravenously infected with DENV, and their liver transaminases ALT and AST
were found to be significantly increased compared with those of the uninfected control group
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Fig 1. The hematological phenotype of the DENV-infected mice was improved by SB203580
treatment. Mice were infected with DENV and treated with 2%DMSO or SB203580. The uninfected control
group was also treated with 2%DMSO alone. Seven days after infection, their blood was collected in EDTA
tubes for hematological analysis. (A) WBC counts, and (B) platelet counts. The results were pooled from two
independent experiments, and are presented as means + SEM (a total of 12 mice per group from two
independent experiments). The asterisks indicate statistically significant differences between groups

(p <0.05).

doi:10.1371/journal.pone.0149486.g001
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Fig 2. SB203580 treatment reduces liver enzymes in DENV-infected mice. Mice were infected with DENV and treated with 2%DMSO or SB203580. The
uninfected control group was also treated with 2%DMSO. Seven days after infection, blood was collected and sera prepared to estimate liver transaminases.
(A) ALT, and (B) AST. The pooled results of two independent experiments are presented as means + SEM (12 mice per group in two independent
experiments). The asterisks indicate statistically significant differences between the groups (p < 0.05).

doi:10.1371/journal.pone.0149486.9002

(Fig 2A and 2B) on day 7. However, after the DENV-infected mice were treated with
SB203580, their liver AST levels were significantly reduced, but the changes in ALT were failed
to reach statistical significance (Fig 2A and 2B).

Gamma-glutamyl transpeptidase (GGT) is reported as a biomarker for hepatocellular and
cholestatic damage [58]. Elevated level of GGT was observed in various liver injuries [59-62].
Therefore, western blot analysis with antibody directed against GGT was conducted and nor-
malized to GAPDH. The results show that the expression of GGT in liver of 2% DMSO treated
DENV-infected mice was significantly higher than that of 2%DMSO treated mice (Fig 3A).
Intravenous treatment of SB203580 reduced the GGT expression in livers of DENV-infected
mice suggesting the decreased liver injury in SB203580 treated mice. Three independent exper-
iments were conducted and densitometry analysis was conducted using Image] for three inde-
pendent mice from each group (Fig 3B).

Histological analysis of the liver tissues of the uninfected 2%DMSO-treated mice (Fig 4A),
2%DMSO-treated DENV-infected mice (Fig 4B), and SB203580-treated DENV-infected mice
(Fig 4C) was conducted. The 2%DMSO-treated DENV-infected mice showed classical signs of
liver injury, with dilated sinusoid capillaries and numerous hyperplastic Kupffer cells around
them, and the hepatocytes were enlarged by cytoplasmic vacuolization. Specifically, marked
cellular necrosis and apoptosis were also noted in a histological analysis of the 2% DMSO-
treated DENV-infected mice. Interestingly, the SB203580-treated DENV-infected mice showed
less liver injury than that of the 2%DMSO-treated DENV-infected mice.

SB203580 does not reduce dengue virus production

To test whether SB203580 treatment modulates dengue virus production or host immune
responses, the viral RNA copies in the liver of mice from each group were quantified. A known
copy number of in vitro-transcribed DENV NS1 was used as the standard control PCR tem-
plate. A standard curve was plotted with the Ct values for known copy numbers of DENV NS1,
as shown in Fig 5A. The RNA from the liver tissue homogenates of mice treated with 2%
DMSO alone, 2%DMSO-treated DENV-infected mice, and SB203580-treated DENV-infected
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Fig 3. SB203580 treatment reduces GGT expression in DENV-infected mice. Mice were infected with 4 x 10° FFU/ml of DENV and treated with 2%
DMSO (v/v) or SB203580 dissolved in 2%DMSO. The control (uninfected) group was treated with 2%DMSO (v/v) alone. Treatments were given 1 h before
and after DENV infection and again at 24 h after infection. On day 7 after infection, the liver tissues were collected, and the proteins were extracted for
western blotting analysis using antibody directed against (A) GGT normalized to GAPDH. The results shown are representatives of three independent
experiments with three mice (n = 3) from each group. A densitometry analysis using the Imaged software is shown in (B).

doi:10.1371/journal.pone.0149486.9003

mice was prepared and subjected to QqRT-PCR with primers specific for DENV NS1. When six
mice from each group were analyzed, 1 pg of total RNA from the 2%DMSO-treated DENV-
infected mice contained an average of 3.843 x 10° DENV NSI copies and that from
SB203580-treated DENV-infected mice contained 3.147 x 10° DENV NSI copies (Fig 5B). No
DENV NSI copies were detected in any mouse not infected with DENV and treated with 2%
DMSO alone. The viral FFUs in the liver homogenates were determined with the FFU assay.
The liver tissues from the 2%DMSO-alone-treated, 2%DMSO-treated DENV-infected, and
SB203580-treated DENV-infected mice were collected on day 7 in RPMI medium. The

DMSO
DENV

S$B203580 - -

Fig 4. SB203580 treatment reduces DENV-induced liver pathology in DENV-infected mice. Mice were infected with DENV and treated with 2%DMSO
or SB203580 dissolved in 2%DMSO. The uninfected control group was also treated with 2%DMSO. Seven days after infection, liver tissues were collected in
10% formalin for histopathological analysis and H&E staining. (A) 2%DMSO alone (B) 2%DMSO-treated DENV-infected (C) SB203580-treated DENV-
infected. The results shown are representative of > 3 mice from each group.

doi:10.1371/journal.pone.0149486.9004

PLOS ONE | DOI:10.1371/journal.pone.0149486 February 22, 2016 8/26



el e
@ ' PLOS ‘ ONE SB203580 Reduces MAPKAPK2, HSP27, and ATF2 Phosphorylation in Dengue Virus-Infected Mice

A B 1.0x1015+

Standard Curve <Zt
[CSTD.cuve + samples ] =
Error: 0.338 24 §
or : E | X
Ergzlee:n-%}./igéoee 22 g 1.0x1010 —
Yintercept: 32.09 520 s
Link: 0.000 £18 E -Gty &
=016 > Doyt ©
14 g
3 S 1.0x1005
©10 =
. E
=
6 , , ‘ E
2 3 4 5 6 7 8 9 10
Log Concentration
1.0x1000 . i .
DMSO + + +
DENV - + +
SB203580 - - +

@]

1.0x10104

1.0x1008

—— *—

W%

1.0x1006

1.0x1004

Viral Titer (FFU/mg Liver)

1.0x1002

1.0x1000

DMSO + + +

DENV - + +
$B203580 - - +

Fig 5. SB203580 does not reduce DENV production in DENV-infected mice. Mice were infected with 4 x 10° FFU/ml of DENV and treated with 2%DMSO
alone or SB203580 in 2%DMSO. The uninfected control group was also treated with 2% DMSO. Seven days after infection, the liver tissues were collected,
preserved in RNALater for the quantification of viral NS1, and in RPMI medium for an FFU assay. Total RNA was extracted to quantify viral NS1 with gRT—
PCR. (A) Standard curve plotted from the Ct values for 10-fold serially diluted cDNA of known copy number (10'-10'° copies). The dots represent the Ct
values of each 10-fold dilution. (B) Viral NS1 copies in 1 ug of total RNA from 2%DMSO-treated (uninfected), 2%DMSO-treated DENV-infected, and
SB203580-treated DENV-infected groups of mice (viral copies/ug). The supernatant was prepared from the liver tissue homogenates for the FFU assay. (C)
Viral titers in the 2%DMSO-treated (uninfected), 2%DMSO-treated DENV-infected, and SB203580-treated DENV-infected groups of mice are expressed in
FFU per milligram (FFU/mg). The results were obtained from six animals per group (n = 6). The data were analyzed with One-way ANOVA using GraphPad
Prism 5 and are presented as means + SEM. Asterisks show the level of significance (p < 0.05 is considered statistically significant).

doi:10.1371/journal.pone.0149486.g005

homogenates were prepared and centrifuged to obtain the supernatants, which were analyzed
with FFU assay. There was no significant difference of in the liver homogenate FFUs of the
SB203580-treated DENV-infected mice and those of 2%DMSO treated DENV-infected mice
(Fig 5C).

SB203580 treatment modulates the apoptotic gene expression profile in
DENV-infected mice

To explore the molecular mechanism by which SB203580 reduces liver damage, screening
experiments were conducted with a commercially available Mouse Apoptosis RT> Profiler™
PCR Array System (Qiagen). Total RNA was isolated from the 2%DMSO-alone group, 2%
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Table 1. Apoptotic gene expression profiles of DMSO-treated DENV-infected mice and SB203580 treated DENV-infected mice (both are normalized
with those of DMSO-treated uninfected mice).

Gene Gene Description DMSO+DENV DENV+SB203580
Apafi Apoptotic peptidase activating factor 1 2.5669 1.8404
Bax Bcl2-associated X protein 3.3173 1.1729
Bcl2ala B-cell leukemia/lymphoma 2 related protein Ala 11.3924 6.4082
Casp1 Caspase 1 41411 5.4642
Caspi2 Caspase 12 4.7899 21737
Caspl4 Caspase 14 2.5491 1.1407
Casp2 Caspase 2 2.4284 1.8531
Casp3 Caspase 3 2.1886 1.8277
Casp8 Caspase 8 2.1140 1.9588
Casp9 Caspase 9 1.9588 1.1647
Cd40 CDA40 antigen 3.0314 1.3850
Cd40lg CDA40 ligand 1.7411 0.5323
Cidea Cell death-inducing DNA fragmentation factor, alpha subunit-like effector A 8.3977 2.3295
Cradd CASP2 and RIPK1 domain containing adaptor with death domain 4.6268 2.4286
Fadd Fas (TNFRSF6)-associated via death domain 2.4623 2.0705
Fasl Fas ligand (TNF superfamily, member 6) 11.9588 7.8904
10 Interleukin 10 10.1261 1.0278
Pycard PYD and CARD domain containing 3.3870 1.7413
Tnf Tumor necrosis factor 2.5491 1.1407
Tnfsf10 Tumor necrosis factor (ligand) superfamily, member 10 11.3924 3.8370

doi:10.1371/journal.pone.0149486.t001

DMSO-treated DENV-infected group, and SB203580-treated DENV-infected group, converted
to cDNA, and amplified with the LightCycler 480 PCR system. The full list of gene expression
profile of the apoptosis related genes in DENV-infected mice and the effect of SB203580 treat-
ment to those genes were separately shown in S1 Table. Table 1 lists the gene expression profile
of the selected apoptosis related genes whose expression is increased in 2% DMSO-treated
DENV infected mouse and reduced by SB203580-treated DENV-infected mouse, which is nor-
malized to un-infected 2%DMSO treated mouse. Actin is used as the housekeeping gene for
normalizing the expression profile.

SB203580 treatment reduces apoptosis

We confirmed the efficacy of SB203580 in modulating apoptosis in DENV-infected mice by
western blot analysis. The expression of both pro and cleaved forms of caspase 3 in un-infected
2%DMSO treated, 2% DMSO-treated DENV-infected and SB203580 treated DENV-infected
mice were evaluated. The pro-caspase 3 was decreased in 2% DMSO-treated DENV-infected
mice (Fig 6A and 6B) compared to that of un-infected 2%DMSO-treated mice. Interestingly,
SB203580-treated DENV-infected mice show significant increase in the pro-caspase 3. To fur-
ther verify the results, an antibody that detects the cleaved form of caspase 3 was used in west-
ern blot analysis. The results show an increased expression of cleaved caspase 3 expression in
the 2%DMSO-treated DENV-infected mice (Fig 6C and 6D) compared to that of un-infected
2%DMSO-treated control mice. A significant reduction in the expression of cleaved caspase 3
was observed in SB203580 treated DENV -infected mice (Fig 6C and 6D). Our results confirm
that SB203580 treatment in DENV-infected mice restrict the cleavage of caspase 3 thereby
reducing cellular apoptosis.

PLOS ONE | DOI:10.1371/journal.pone.0149486 February 22, 2016 10/26



el e
@ ' PLOS ‘ ONE SB203580 Reduces MAPKAPK2, HSP27, and ATF2 Phosphorylation in Dengue Virus-Infected Mice

A B

Pro caspase 3~ WES————— - a— 32kD -
ez i r—*—
§% 1.0
0o
EE_ - T
DMSO + + + iz
DENV - + + o [ ]
58203580 - - + DMSO + + +
DENV = + +
$B203580 = - +

(@)
O

Cleaved caspase 3 R 1 19 kD

——— SRR ——— 17 kD — % — — *—

37kD
CAPDI e e ——

normalized to GAPDH

Intensity of Cleaved Caspase 3

i T
DMSO + + + B
DENV B + + DMSO ) + + &
SB203580 - - + DENV - + +
$B203580 = - +

Fig 6. SB203580 treatment reduces caspase 3 expression. Mice were infected with 4 x 10° FFU/ml of DENV and treated with 2%DMSO (v/v) or
SB203580 dissolved in 2%DMSO. The control (un-infected) group was treated with 2%DMSO (v/v) alone. Treatments were given 1 h before and after DENV
infection and again at 24 h after infection. On day 7 after infection, the liver tissues were collected, and the proteins were extracted for western blotting
analysis using antibodies directed against (A) pro caspase 3 and (C) cleaved caspase 3. The results shown are representative of three independent

experiments with three mice (n = 3) from each group. A densitometry analysis using the Imaged software is shown in (B) pro caspase 3 and (D) cleaved
caspase 3.

doi:10.1371/journal.pone.0149486.g006

To further characterize in what way the apoptosis is controlled by SB203580 in DENV
infected mice, we explored the specific markers for extrinsic and intrinsic apoptosis pathways.
To characterize the extrinsic pathway, an antibody that detects both pro caspase 8 and cleaved
caspase 8 was used for western blot analysis. Pro-caspase 8 in the 2%DMSO-treated DENV-
infected mice was significantly less to that of un-infected mice treated with 2%DMSO alone
(Fig 7A), whereas SB203580 treatment reversed the pro-caspase 8 of DENV-infected mice (Fig
7A). As expected, cleaved caspase 8 was activated in the 2%DMSO-treated DENV-infected
mice (Fig 7A), whereas treatment with SB203580 reduced the cleaved caspase 8 expression (Fig
7A). Our results confirm that caspase 8 is activated in DENV infection and SB203580 treat-
ment significantly restricts this activation, suggesting the role of SB203580 in reduction of the
extrinsic pathway of apoptosis.

We further investigated the role of intrinsic pathway using an antibody against caspase 9,
one of the classical markers for mitochondrial cell death. Pro caspase 9 was significantly
reduced in 2%DMSO treated DENV infected mice compared to that of un-infected 2%DMSO
control mice. SB203580 reversed the pro caspase 9 expression in DENV infected mice (Fig 8A).
Interestingly, the cleaved caspase 9 was significantly higher in the 2% DMSO-treated DENV-
infected mice than that of un-infected 2%DMSO treated control mice and SB203580 treatment
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Fig 7. SB203580 treatment reduces caspase 8 expression. Mice were infected with 4 x 10° FFU/ml of DENV and treated with 2%DMSO (v/v) or
SB203580 dissolved in 2%DMSO. The control (uninfected) group was treated with 2%DMSO (v/v) alone. Treatments were given 1 h before and after DENV
infection and again at 24 h after infection. On day 7 after infection, the liver tissues were collected, and the proteins were extracted for western blotting
analysis using antibody directed against the pro and p18 subunit of the cleaved form of (A) caspase 8. The results shown are representative of three
independent experiments with three mice (n = 3) from each group. A densitometry analysis using the Imaged software is shown in (B).

doi:10.1371/journal.pone.0149486.g007

reduced the cleaved caspase 9 expression in DENV infected mice (Fig 8A). The results shown
are representative of three independent experiments with three mice (n = 3) from each group.
A densitometry analysis using the Image]J software is shown in (Fig 8B). Our results show that
the reduced pro caspase 9 in 2%DMSO-treated DENV infected mice was found, as it is cleaved
to 37 and 39 sub units of cleaved caspase 9 and SB203580 treatment restricted this cleavage and

Pro caspase 9
B3 Cleaved caspase 9
44
x
g
3 —*arr
Pro caspase 9 51 kDa 2 34
E
S 24
Cleaved caspase 9 "EE_—: - — 33 l]ig: > :
g
E
GAPDH “ 37 kDa
0
DMSO
DENV - + + - + +
$B203580 = - + N = i

Fig 8. SB203580 treatment reduces caspase 9 expression. Mice were infected with 4 x 10° FFU/ml of DENV and treated with 2%DMSO (v/v) or
SB203580 dissolved in 2%DMSO. The control (uninfected) group was treated with 2%DMSO (v/v) alone. Treatments were given 1 h before and after DENV
infection and again at 24 h after infection. On day 7 after infection, the liver tissues were collected, and the proteins were extracted for western blotting
analysis using antibodies directed against the pro and cleaved forms of (A) caspase 9. The results shown are representative of three independent
experiments with three mice (n = 3) from each group. A densitometry analysis using the Imaged software is shown in (B).

doi:10.1371/journal.pone.0149486.9008
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modulated the caspase 9 expression in DENV-infected mice. Specifically, our results confirm
that SB203580 modulate the intrinsic pathway of apoptosis in DENV-infected mice.

SB203580 treatment modulates the cytokine and chemokine gene
expression profile in DENV-infected mice

The mRNA expression of cytokines including Tumor Necrosis Factor-o. (TNF-a), IL-6 and IL-
10, chemokines including CCL-5 (RANTES) and CXCL-10 (IP-10) were analyzed by RT-PCR.
An mRNA expression of GAPDH is used to normalize the cytokine and chemokine expres-
sions. The results were expressed in fold times to that of un-infected 2%DMSO control.
DENV-infection resulted with significant up-regulation of cytokines and chemokines in
DENV-infected mice on Day 7. Our results show up-regulated expression of cytokines includ-
ing TNF-a. (Fig 9A), IL-6 (Fig 9B) and IL-10 (Fig 9C) in 2%DMSO-treated DENV-infected
mice and SB203580 treatment significantly reduced the TNF-o,, IL-6 and IL-10 expression
upon DENV-infection (Fig 9A, 9B and 9C). Similarly, the chemokines including CCL-5 (Fig
6D) and CXCL-10 (Fig 9E) were also up-regulated in 2%DMSO-treated DENV-infected mice
and SB203580 treatment significantly reduced the mRNA expression of RANTES and IP-10
(Fig 9D and 9E). Interestingly, our results suggest the efficacy of SB203580 in controlling the
cytokine and chemokine expression in DENV-infected mice.
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Fig 9. SB203580 modulates the cytokine and chemokine gene expressions in DENV infection Mice were infected with 4 x 10° FFU/ml of DENV and
treated with 2%DMSO (v/v) or SB203580 dissolved in 2%DMSO. The control (uninfected) group was treated with 2%DMSO (v/v) alone. Treatments were
given 1 h before and after DENV infection and again at 24 h after infection. On day 7 after infection, the liver tissues were collected, and RNA was extracted,
cDNA were prepared and which undergone Real-time RT PCR analysis with individual primer set. GAPDH is used as the house keeping gene. The mRNA
expression of (A) TNF-a (B) IL-6 (C) IL-10 (D) CCL-5 (E) CXCL-10 are shown. Results were represented in the graph by three independent experiments for at
least 3 independent mice from each group. Statistical analysis is conducted by One Way ANOVA using GraphPad Prism Software Version 5. The asterisks
indicate statistically significant differences between groups (o< 0.05).

doi:10.1371/journal.pone.0149486.9009
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Fig 10. SB203580 treatment reduces TNF-a in DENV-infected mice. Mice were infected with 4 x 10° FFU/ml of DENV and treated with 2%DMSO (v/v) or
SB203580 dissolved in 2%DMSO. The control (uninfected) group was treated with 2%DMSO (v/v) alone. Treatments were given 1 h before and after DENV
infection and again at 24 h after infection. On day 7 after infection, the liver tissues were collected, and the proteins were extracted for western blotting
analysis using antibodies directed against (A) TNF-a. The results shown are representative of three independent experiments with three mice (n = 3) from

each group. A densitometry analysis using the ImageJ software is shown in (B).

doi:10.1371/journal.pone.0149486.9010

To validate the RT-PCR analysis, we investigated the protein expression of the prominent
pro-inflammatory cytokine, TNF-a, in the liver tissue by western blot analysis. As expected,
increased expression of TNF-o was observed in the 2% DMSO-treated DENV-infected mice
(Fig 10A) compared to that of un-infected 2%DMSO treated mice and SB203580 significantly
reduced the TNF-o production in the DENV-infected mice (Fig 10A). The results shown are
representative of three independent experiments with three mice (n = 3) from each group. A
densitometry analysis using the Image] software is shown in Fig 10B.

SB203580 does not reduce the phosphorylation of p38 MAPK

To explore the molecular mechanism by which the p38 MAPK inhibitor, SB203580 involves in
the apoptotic pathways, we firstly tested whether DENV induces the phosphorylation of p38
MAPK in DENV-infected mice and further the ability of SB203580 to reduce the phosphory-
lated p38 MAPK. Our results show that DENV infection induced the phosphorylation of p38
MAPK and the treatment of with SB203580 in DENV-infected mice caused no reduction of
P38 MAPK phosphorylation in vivo (Fig 11A). The total p38 MAPK remains equal in all group
of mice (Fig 11B). The results were normalized to the house keeping gene GAPDH. The results
were representative of at least three independent experiment obtained from three animals per
group (n = 3). Densitometry analysis was conducted using Image] software and shown in Fig

11C.

SB203580 reduces phosphorylation of the downstream signaling

molecules to p38 MAPK

Our results show that SB203580 treatment does not reduce the phosphorylated p38 MAPK in
DENV-infected mice, we further examined how SB203580 reduces apoptosis in DENV-
infected mice. We hypothesized whether the phosphorylation of any of the downstream signal-
ing molecules to p38 MAPK is controlled by SB203580 treatment. We investigated whether
DENV infection induces the phosphorylation of MAPKAPK2, the downstream target to p38
MAPK. Western blot analysis with antibodies directed against phosphorylated MAPKAPK2
and total MAPKAPK2 was conducted. We found that DENV infection induces

PLOS ONE | DOI:10.1371/journal.pone.0149486 February 22, 2016
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Fig 11. SB203580 does not reduce the phosphorylation of p38 MAPK. Proteins were extracted from the
liver tissue samples of 2%DMSO-treated (uninfected), 2%DMSO-treated DENV-infected, and
SB203580-treated DENV-infected groups of mice. An additional cocktail of phosphatase inhibitors was
added for maintaining the phosphorylated proteins and subjected to western blot analysis with specific
antibodies. Results were shown for (A) phosphorylated p38 MAPK and (B) total p38 MAPK. The results
shown are representative of three independent experiments with three mice (n = 3) from each group. A
densitometry analysis was conducted for the individual blots, normalized to the respective GAPDH, is shown
in (C) phosphorylated p38 MAPK and total p38MAPK.

doi:10.1371/journal.pone.0149486.g011

phosphorylation of MAPKAPK?2 (Fig 12A) and SB203580 is able to restrict the MAPKAPK2
phosphorylation. Our results confirm SB203580 treatment reduces the phosphorylated form of
MAPKAPK?2 in DENV infected mice (Fig 12A). The total MAPKAPK2 remains equal in each
group of mice (Fig 12A). We suggest that the reduced phosphorylation of MAPKAPK2 by
SB203580 treatment contributes to the reduced apoptosis in DENV-infected mice. We further
investigated the downstream signaling molecules to MAPKAPK?2, namely HSP-27. Western
blot analysis with antibodies directed against phosphorylated HSP27 and total HSP27 was con-
ducted. Our results show that DENV infection induces the phosphorylation of HSP27 (Fig
12C) in DENV-infected mice and SB203580 treatment reduces the phosphorylation of HSP27
(Fig 12C). The total HSP-27 remains equal in each group of mice (Fig 12C). Interestingly, we
suggest that SB203580 didn’t reduce the phosphorylation of p38 MAPK, but blocks the phos-
phorylation of its downstream signals including MAPKAPK2 and HSP-27. Individual blots
were normalized to individual GAPDH. The results were representative of at least three
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Fig 12. SB203580 treatment reduces the phosphorylation of MAPKAPK2 and HSP27. Proteins were
extracted from the liver tissue samples of 2%DMSO-treated (un-infected), 2% DMSO-treated DENV-infected,
and SB203580-treated DENV-infected groups of mice. An additional cocktail of phosphatase inhibitors was
added for maintaining the phosphorylated proteins and allowed them to standard Western blot analysis with
specific antibodies. The results were shown (A) phosphorylated MAPKAPK2 and total MAPKAPK2 and (C)
phosphorylated HSP27 and total HSP27, which is normalized to their respective GAPDH. The results shown
are representative of three independent experiments with three mice (n = 3) from each group. A densitometry
analysis was conducted with the individual blots normalized to GAPDH and is shown in (B) phosphorylated
MAPKAPK2 and total MAPKAPK2 and (D) phosphorylated HSP27 and total HSP27.

doi:10.1371/journal.pone.0149486.9012
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Fig 13. SB203580 treatment reduces the phosphorylation of ATF-2. Proteins were extracted from the liver tissue samples of 2%DMSO-treated
(uninfected), 2%DMSO-treated DENV-infected, and SB203580-treated DENV-infected groups of mice. An additional cocktail of phosphatase inhibitors was
added for maintaining the phosphorylated proteins and allowed them to standard Western blot analysis with specific antibodies. The result is shown (A)
phosphorylated ATF-2 and total ATF-2 normalized to GAPDH. The results shown are representative of three independent experiments with three mice (n = 3)
from each group. A densitometry analysis is conducted using the Imaged software and is shown in (B).

doi:10.1371/journal.pone.0149486.9013

independent experiment obtained from three animals per group (n = 3). Densitometry analysis
was conducted using Image]J software and represented in Fig 12B and 12D.

We further explored the other downstream arm of p38 MAPK signaling, by investigating
the role of ATF2, the downstream signaling molecules to p38 MAPK in DENV infection. Pro-
teins were prepared from un-infected 2% DMSO treated, 2%DMSO-treated DENV-infected
and SB203580-treated DENV-infected mice. Western blot analysis with antibodies directed
against phosphorylated ATF2 and total ATF2 was conducted and normalized to GAPDH. Our
results explains that DENV infection induced phosphorylation of ATF2 (Fig 13A) and
SB203580 treatment in DENV-infected mice reduced expression of phosphorylated ATF2. The
total ATF2 remains equal in each group of mice (Fig 13A). Densitometry analysis was also con-
ducted and shown in Fig 13B.

We report here that DENV infection induces the phosphorylation of p38 MAPK, and the
downstream signaling molecules to p38 MAPK including MAPKAPK2, HSP-27 and ATF-2 in
DENV-infected mice (Fig 14). SB203580 didn’t directly reduce the phosphorylation of p38
MAPK but actually modulates both MAPKAPK2/HSP27 and ATF-2 arms of p38 MAPK sig-
naling. Therefore, the modulation of downstream signaling to p38 MAPK by SB203580 reduces
the DENV-induced liver injury.

Discussion

Balb/c mice are susceptible to DENV infection and offer a convenient in vivo model of it [11-
13]. An intravenous injection of DENV was used to study liver injury in Balb/c mice [11-13]
because it produces prominent symptoms compared to DENV-infected mice infected by any
other route [14, 48]. Viral particles were detectable in the liver and the classical markers of liver
injury seen in patients were confirmed, including the elevation of liver transaminases and the
characteristic histopathological changes. The WBC and platelet counts of the DENV-infected
mice were reduced, suggesting leucopenia and thrombocytopenia, respectively, which are com-
monly seen in patients infected with DENV. These results are consistent with other models of
DENV infection [63-65] and are similar to the symptoms in C57BL/6 mice [66] and human
patients [67]. Although SB203580 improves the hematological profile, the levels of leucopenia
and thrombocytopenia in the DENV-infected mice are still decreased relative to those in
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Fig 14. SB203580 does not directly reduce the phosphorylation of p38 MAPK but actually reduces both MAPKAPK2/HSP27 and ATF-2 arms of p38
MAPK signaling in DENV-infected mice.

doi:10.1371/journal.pone.0149486.9014

uninfected mice, similar to the results obtained with the chemical inhibitor of ERK1/2,
FR180204 [48]. Therefore, SB203580 may be another option that can control the clinical
parameters of DENV infection from the MAPK inhibitor family, but this requires confirmation
by testing the additive or synergistic effects.

Elevated liver transaminases (ALT and AST) are used as clinical markers of the classical
liver injury that occurs in mice infected with DENV, and are reported to be significantly ele-
vated on day 7 after infection [11, 14, 68]. ALT and AST are also elevated in humans infected
with DENV [69, 70]. No difference in ALT was seen with the addition of SB203580, though
AST levels were altered in this study. It may be due to AST is more specific for liver inflamma-
tion than ALT, because the amount of AST in the liver is very much higher than that of ALT
[8,70, 71]. Elevated serum level of liver enzyme, gamma-glutamyl transpeptidase (GGT) was
also correlated well with histology to study liver damage in alcoholism [72]. Similarly, in a
mouse model of drug-induced chronic hepatitis GGT is significantly elevated [73]. A patient
with DENV-induced fulminant hepatitis show increased GGT level [74]. The GGT expression
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in the livers of DENV-infected mice in our study is consistent with the above findings. A histo-
logical analysis of the liver tissues from DMSO-treated DENV-infected mice shows the classical
signs of liver injury seen in DENV-infected patients [13, 75, 76]. These conditions were allevi-
ated by treatment with SB203580, suggesting the efficacy of SB203580 in controlling the liver
injury induced by DENV infection.

We explored the molecular mechanism by which SB203580 controls this liver injury with a
commercially available Mouse Apoptosis RT* Profiler™ PCR Array System (Qiagen). The
increased pro-inflammatory cytokine expression induced by DENV is consistent with various
other studies. The expression of TNF-o family increases in patients with severe DENV disease
[24, 25, 77-80]. In vitro hepatic cell lines also show similar results for TRAIL [19, 81]. In
DENV-infected HepG2 cells, TNF-a is increased and the inhibition of p38MAPK reduces
TNF-o expression [20]. Interestingly, in the present study, Cd40L and Cd40 mRNA expression
is also up-regulated in the DENV-infected mice. An important TNF receptor family member,
CDA40, and its ligand, Cd40L, are important modulators of the antiviral immune responses
[82-85]. In DENV-infected dendritic cells, CD40-CD40L signaling underlies the immune-
mediated responses [86]. This finding requires further investigation primarily in hepatic cell
line to determine the immuno-regulatory role of CD40-CD40L signaling in DENV-induced
liver cell apoptosis. FAS/FASL pathway induces apoptosis in vascular endothelial cells [26].
FAS-mediated apoptosis is also induced DENV-infected HepG2 cells and the interaction of
DENV capsid protein with DAXX is involved in this induction [27]. FAS-associated death
domain (FADD) is also up-regulated during DENV infection, with concurrent increases of
TNEF-a and IL-10 expression [87]. Our results from mRNA expression profile suggest the
involvement of FAS-mediated cell death in DENV-infected mice. The activation of the cyto-
plasmic apoptotic caspase was also observed in the present study. Increased cleaved caspase 3
expression is seen during DENV infection [88, 89] and explains the apoptosis and organ injury
during DENV infection [83, 90-94]. We observed similar results of increased cleaved caspase 3
expression and SB203580 treatment restricted the cleaved caspase 3 expression, thereby
decreasing the DENV -induced liver injury.

Very specifically, we questioned how the apoptotic signals were modulated by SB203580
treatment. Our results in DENV-infected mice confirmed increased expressions of caspase 8
and caspase 9, and we observed SB203580 treatment reduces the activation of both caspase 8
and caspase 9 in DENV-infected mice. In a previous in vitro study, DENV infection induced
apoptosis through both intrinsic and extrinsic pathway, by the activation of caspase 8 and cas-
pase 9 [95]. Our results were consistent in the liver tissues of DENV-infected mice and we
show here that SB203580 is able to modulate apoptosis in both extrinsic and intrinsic path-
ways. Finally, we validated the previous findings, the apoptotic pathway by DENV infection in
mice is in a caspase dependent manner and reports the efficacy of SB203580 in controlling the
DENV induced apoptotic pathways.

Increased apoptosis is observed with increased pro-apoptotic cytokines including TNF-o,
IL-6 and TRAIL [78]. In our study, mRNA expressions of cytokines including TNF-o,, IL-6 and
IL-10, and chemokines including RANTES and IP-10 are up-regulated in DENV-infected mice
and SB203580 treatment reduces these expressions in DENV-induced liver injury. Our results
are consistent with the inclined serum levels of IL-10 and IP-10 in patients with severe DENV
infection and are associated with T cell apoptosis [96]. Children with DENV infection show
increased levels of and IL-6, and IL-10 and correlates with the severity of disease progression
[97], [98]. Increased IL-6 expression in the lung epithelial cells by DENV infection was found
to be NF-kB dependent and is associated with RANTES expression [99]. Increased expression
of RANTES in DENV-infected mice show liver damage, with leukocyte activation and
increased IL-6 expression [66]. Increased expression of RANTES is observed in intra-cerebral
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inoculation of DENV, which induces behavioral changes and encephalitis in C57BL/6 mice.
Both RANTES and IP-10 were shown to be induced in human lung epithelial carcinoma cells
(A549) infected with DENV [100]. Our research group also found similar results in DENV-
infected HEK 293 cells and reported this is by NF-kB activation [101]. However, further infor-
mation on these in in vivo models of DENV infection is still required. Interestingly, the efficacy
of SB203580 in controlling the expression of other important cytokines involved in DENV
infection also requires further investigations.

Increased apoptosis is also observed with increased cytokine expression of TNF-a, which
contribute to increased phosphorylation of p38 MAPK in DENV infected HepG2 cells [20]. In
DENV-infected HepG2 cells, SB203580 reduces the expression of RIPK2 and DENV-induced
apoptosis [17]. Recently, SB203580 has been shown to improve the clinical manifestations and
systemic inflammation in an animal model of DENV infection. This interesting study shows
oral administration of SB203580 in immuno-competent AG129 mice, decreases the circulation
of pro-inflammatory cytokines (TNF-o, IL-6 and MMP-9) and reduces the leakage resulting a
better survival rate [54]. But interestingly, there is neither in vitro nor in vivo study which
shows the mechanism by which SB203580 treatment modulates apoptosis in DENV infection.

To provide insight into this, we investigated whether DENV infection influences the phos-
phorylation of p38 MAPK in DENV-induced liver injury. We used the immuno-competent
Balb/c mouse to understand the host immune responses, especially apoptosis in contribution
to liver injury. Our results demonstrate that DENV infection induces the phosphorylation of
p38 MAPK in mice and SB203580 treatment did not control the phosphorylation of p38
MAPK in DENV infected mice. This suggests SB203580 does not directly inhibit the phosphor-
ylation of p38 MAPK. Similar results were observed in a cell-based system, treatment with
TNF-o shows increased phosphorylation of p38 MAPK signaling, but treatment with
SB203580 does not reduce the phosphorylation of p38 MAPK, but interestingly inhibits its
downstream kinases, including MAPKAPK?2 and ATF2 at both arms of p38 MAPK signaling
[102].

We examined the same path, whether SB203580 reduces the phosphorylation of its down-
stream kinases including MAPKAPK2 and ATF-2 in DENYV infection. We found that
SB203580 treatment reduces the phosphorylation of both MAPKAPK2 and ATF-2 in DENV-
induced liver injury. MAPKAPK2, is one of the direct downstream target of p38 MAPK signal-
ing and its deficiency is reported as an important controlling factor in protecting brain from
ischemic injury in mice [83]. The inhibition of MAPKAPK?2 is also reported to block the p38
MAPK signaling on reperfusion, thereby reducing redox stress and apoptotic cell death [103].
Our results were consistent with these observations that DENV also induces p38 MAPK phos-
phorylation and we confirmed the ability of SB203580 to decrease the phosphorylation of
MAPKAPK?2 in DENV-induced liver injury. At the other arm of p38 MAPK signaling, ATF-2
is reported to be activated by signals from stress-activated protein kinases, including JNK and
P38 MAPK [104]. In varicella-zoster virus infections, both p38 MAPK and JNK are activated,
thereby activating of the downstream signal ATF2 [105]. In an animal model of Human immu-
nodeficiency virus infection, ATF2 phosphorylation is also inhibited by SB203580 treatment
without inhibiting the phosphorylation of p38 MAPK [106]. Our results explains in DENV-
infected mice, where SB203580 treatment reduces the phosphorylation of ATF-2 at another
arm of p38 MAPK pathway, which give us more clues for decreased liver injury observed in
this study.

HSP27 is a member in the family of small heat shock proteins that act in various cellular
responses, including apoptosis [107]. The activation of MAPKAPK?2 is also reported to increase
vascular permeability, together with activated HSP27, the direct downstream signal to MAP-
KAPK2 and SB203580 is reported to be effective in controlling vascular permeability [108]. In
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another study of respiratory syncytial virus (RSV) infection, both p38 MAPK and HSP27 are
required for increased human epithelial membrane permeability, and SB203580 controls the
infectivity of RSV by attenuating this membrane permeability [109]. We also found increased
phosphorylation of HSP27 in DENV-infected mice, which may directly come from the p38
MAPK and MAPKAPK2 phosphorylation signaling. SB203580 treatment decreases the phos-
phorylation of HSP27 by the inhibition of MAPKAPK2. As DENV infection also contributes
to vascular permeability [110-113], this aspect needs further investigation.

Our results confirm that p38 MAPK and its downstream targets plays important roles in
DENV-induced liver injury. DENV induces apoptosis by the induced phosphorylation of
MAPKAPK?2, HSP27 and ATF-2 and SB203580 treatment reduces the DENV-induced apopto-
sis, by inhibiting the phosphorylation of MAPKAPK2, HSP27 and ATF2. Since the inhibitor
did not reduce p38 MAPK phosphorylation, there is a possibility that SB203580 may be acting
directly on downstream molecules as well as p38 MAPK. Our study supports the previous stud-
ies, as p38 MAPK plays an important role in the induction of pro-inflammatory cytokine TNF-
o during DENV infection [20] and modulation of inflammation and pathology in DENV
infected mice by p38 MAPK inhibitor, SB203580 [54]. However, we open up the path to further
investigate the downstream signals towards MAPK pathway, which is very important to better
understand the pathogenesis of DENV infection.

Conclusion

The p38 MAPK inhibitor, SB203580 treatment in DENV-infected mice reverses the AST, GGT
and histopathology of the liver and controls the cytokine and chemokine responses. The apo-
ptosis signaling in DENV-infected mice via both intrinsic and extrinsic pathway is modulated
by SB203580, by reducing the phosphorylation of downstream signaling molecules to p38
MAPK including MAPKAPK?2, HSP27 and ATF-2.

Supporting Information

S1 Table. SB203580 treatment modulates the apoptotic gene expression profile in DENV-
infected mice. To explore the molecular mechanism by which SB203580 reduces liver damage,
screening experiments were conducted with a commercially available Mouse Apoptosis RT>
Profiler™ PCR Array System (Qiagen). The full list of gene expression profile of the apoptosis
related genes in DENV-infected mice and the effect of SB203580 treatment to those genes were
shown in the S1 Table. The results were normalized to un-infected 2%DMSO-treated mouse.
Actin is used as the housekeeping gene for normalizing the expression profile.
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High viral load with liver injury is exhibited in severe dengue virus (DENV) infection. Mitogen activated
protein kinases (MAPKs) including ERK1/2 and p38 MAPK were previously found to be involved in the
animal models of DENV-induced liver injury. However, the role of JNK1/2 signaling in DENV-induced
liver injury has never been investigated. JNK1/2 inhibitor, SP600125, was used to investigate the role
of JNK1/2 signaling in the BALB/c mouse model of DENV-induced liver injury. SP600125-treated DENV-
infected mice ameliorated leucopenia, thrombocytopenia, hemoconcentration, liver transaminases and
liver histopathology. DENV-induced liver injury exhibited induced phosphorylation of JNK1/2, whereas
SP600125 reduced this phosphorylation. An apoptotic real-time PCR array profiler was used to screen
how SP600125 affects the expression of 84 cell death-associated genes to minimize DENV-induced liver
injury. Modulation of caspase-3, caspase-8 and caspase-9 expressions by SP600125 in DENV-infected
mice suggests its efficiency in restricting apoptosis via both extrinsic and intrinsic pathways. Reduced
expressions of TNF-o. and TRAIL are suggestive to modulate the extrinsic apoptotic signals, where
reduced p53 phosphorylation and induced anti-apoptotic Bcl-2 expression indicate the involvement of
the intrinsic apoptotic pathway. This study thus demonstrates the pivotal role of JNK1/2 signaling in
DENV-induced liver injury and how SP600125 modulates this pathogenesis.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

et al, 2010) where apoptosis is evident (Limonta et al., 2007).
Elevated alanine transaminase (ALT) and aspartate transaminase

Dengue virus (DENV) infection is one of the most important
arbo-viral diseases of the 21st century, most prevalent in tropical
and sub-tropical countries (Gubler, 2002). DENV-infected patients
show different levels of disease severity; dengue fever, dengue
hemorrhagic fever, or the most severe dengue shock syndrome. The
hemorrhage signs of DENV infection are represented by plasma
leakage and hematologic disorders. Severe infection may lead to
hypovolemic shock in DENV infection (Halstead, 2007) with mul-
tiple organ injuries (Ghosh et al.,, 2011; Schmitz et al., 2011).

Liver injury is reported in severe DENV-infected patients (Trung
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(AST) are observed in the patients (Arora et al., 2015; Nguyen et al.,
1997; Treeprasertsuk and Kittitrakul, 2015) and animal models
(Franca et al., 2010; Paes et al., 2005, 2009; Sreekanth et al., 2016;
Sreekanth et al., 2014) of DENV infection. Histopathology corre-
lated with transaminase level is used to understand the severity of
liver injury (de Macedo et al., 2006; Huerre et al., 2001). Histopa-
thology of DENV-induced liver injury in Balb/C mice was thor-
oughly studied (Sakinah et al., 2016). DENV infection induces
apoptosis in HepG2 cells (Morchang et al., 2011; Thepparit et al.,
2013; Thongtan et al., 2004). DENV infection undergoes apoptosis
via activated caspase-8 (Liao et al., 2010), and overexpression of
pro-inflammatory cytokines and chemokines including TNF-a, IL-8
and RANTES leads to vascular permeability in DENV-infected pa-
tients (Chareonsirisuthigul et al., 2007; Pang et al., 2007). DENV-
induced TNF-o. mediates apoptosis (Cardier et al., 2005), and TNF-
related apoptosis-inducing ligand (TRAIL) modulates type I and
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type Il interferon responses (Warke et al., 2008). The role of p53 in
cellular functions including apoptosis is studied (Yan et al., 2016).
The anti-apoptotic protein Bcl-2 depletion promotes death signals
in DENV-infected HepG2 cells via the mitochondrial pathway of
apoptosis (Catteau et al., 2003).

Mitogen-activated protein kinases (MAPKs) including p38
MAPK, JNK (c-Jun N-terminal kinase) and ERK1/2 (Extracellular-
signal Regulated Kinase) are involved in apoptosis and cytokine
responses. Phosphorylation of ERK1/2 and p38 induces liver injury
in DENV-infected mice and treatments with ERK1/2 and p38 in-
hibitors minimized the liver injury (Sreekanth et al., 2014, 2016).
JNK, the stress-activated protein kinase, is phosphorylated during
inflammatory responses and an anthrapyrazolone inhibitor of
JNK1/2, SP600125 was reported to inhibit this phosphorylation
(Bennett et al., 2001). JNK phosphorylation is vital for DENV
infection in human monocyte-derived macrophages (Ceballos-
Olvera et al, 2010). However, the role of JNK1/2 in animal
models of DENV-induced liver injury has never been investigated.
We therefore investigated the effect of SP600125 on the inhibition
of JNK1/2 and its molecular signaling in DENV-induced liver
injury.

2. Materials and methods
2.1. Mouse infection, SP600125 treatment and sample collection

Male BALB/c mice were purchased from National Laboratory
Animal Center (NLAC), Mahidol University, Thailand, and experi-
ments were performed in compliance with ethics principles and
institutional policies, with the protocol approved by the Siriraj
Animal Care and Use Committee, Mahidol University (SI-ACUP
004/2556) and Siriraj Biosafety Risk Management Taskforce,
Mahidol University (SI-2013-11). Eight week-old mice were
infected with 4 x 10° FFU of DENV-2 (Strain 16881) intravenously
via lateral tail vein. An un-infected group of mice is maintained
with 2%-dimethyl sulfoxide (DMSO) treatment via the same route.
DENV-infected mice were treated with 2%-DMSO (v/v) or
SP600125 (dose of 20 mg/kg dissolved in 2%-DMSO). The volume
of all injections was 0.4 ml and the SP600125 treatment was given
1 h before and 1 h and 24 h after DENV-infection. Blood samples
were collected on both day 3 and 7 for serum preparations. At day
7 post-infection, the mice were euthanized with an intraperitoneal
injection of sodium pentobarbital and liver tissues were collected
and stored. For a total of three groups, six mice per group were
challenged. Two independent experiments were conducted with a
total of 36 mice.

2.2. DENV-NS1 viral RNA quantification and focus forming unit
(FFU) assay

RNA was extracted from the serum and livers of uninfected,
DENV-infected, and DENV-infected and SP600125-treated mice.
DENV-NS1 viral RNA was quantified by real-time quantitative
reverse transcription polymerase chain reaction (qRT-PCR) using
specific primers as previously described (Sreekanth et al., 2016). For
FFU assay, liver tissues were homogenized in RPMI medium and
centrifuged at 6000xg for 5 min repeatedly till clear supernatants
were obtained. Supernatants were filter-sterilized for standard FFU
assay (Jirakanjanakit et al., 1997).

Table 1
The specific primer set for each individual gene of interest.

Primer Gene description

TNF-a. F 5 CCC CCA GTC TGT ATC CTT CT 3’
TNF-o. R 5 TTT GAG TCC TTG ATG GTG GT 3’
TRAIL F 5" GAT GTT GGT GCC TGG AGT TT 3’
TRAIL R 5" AAG CAA AGG GCA GAAAGT CA 3’
GAPDH F 5" TGA ATA CGG CTA CAG CAACA 3’
GAPDH R 5" AGG CCC CTC CTG TTA TTA TG 3’

2.3. Histopathology and immunohistochemistry

Liver tissues were fixed in 10% formalin and paraffin embedded.
Hematoxylin and eosin (H&E) staining was conducted for histo-
pathology. The paraffin embedded liver tissues were allowed for
standard immunohistochemistry staining with DENV-E antigen as
previously mentioned (Aye et al., 2014).

2.4. Apoptotic mRNA expression profiler

RNA samples extracted from the liver tissues were converted to
cDNA using SuperScript® III First-Strand Synthesis System (Invi-
trogen). The cDNA was further mixed with SYBR Green RT? qPCR
Mastermix (Qiagen), and were aliquoted into the Mouse Apoptosis
RT? Profiler™ PCR Array (Qiagen) containing 84 apoptosis related
genes. The PCR amplification steps were performed in a Roche
LightCycler 480 instrument and Ct values were copied and
uploaded to the web program http://pcrdataanalysis.
sabiosciences.com/pcr/arrayanalysis.php for 2AACE analysis using
B-actin as housekeeping gene control. The results were presented
as fold increased or decreased compared to those of the uninfected
group of mice.

2.5. Expression of pro-inflammatory cytokines by real-time RT-PCR

RNA samples were prepared from the liver tissues and reverse
transcribed to cDNA, allowed to mix with LightCycler® 480 SYBR
Green Mastermix (Invitrogen) and the specific primer set for each
individual gene of interest (Table 1). The reactions were allowed
to run in a Roche LightCycler 480 instrument for the Ct values.
GAPDH (house-keeping gene control) was used to normalize the
Ct values. The results were further analyzed by 2722Ct apalysis
and the expressions were represented as fold increased or
decreased.

2.6. Western blot analysis

Proteins from the livers were extracted in protease inhibitor pre-
mixed RIPA buffer and a cocktail of phosphatase inhibitor was
added to detect phosphorylated proteins. Bradford assay (Bio-Rad
Laboratories) was used to estimate the protein concentration.
Proteins were separated with SDS-PAGE, blotted onto nitrocellulose
membrane and further blocked with 5%-BSA or 5%-skim milk.
Membranes were incubated overnight with rabbit anti-total JNK1/2
or mouse anti-phosphorylated JNK1/2 or rabbit anti-total p53 or
rabbit anti-phosphorylated p53 (ser15) or rabbit anti-total p38
MAPK or mouse anti-phosphorylated p38 MAPK or mouse anti-
total ERK1/2 or rabbit anti-phosphorylated ERK1/2 or goat anti-
TNF-o or rabbit anti-caspase-8 or mouse anti-caspase-9 or goat
anti-pro caspase-3 or rabbit anti-cleaved caspase-3 or rabbit anti-
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Fig. 1. SP600125 treatment modulated the hematology of DENV-infected mice.
Balb/c mice were infected with 4 x 10° FFU/ml of DENV and treated with 2% DMSO
alone or SP600125 dissolved in 2% DMSO. The uninfected 2% DMSO alone treated
control group was also maintained. Seven-day post infection; blood sample was
collected for hematological analysis. (A) WBC (B) PLT and (C) RBC. The results were
obtained from two independent experiments and the values were pooled together as
Mean + SEM (12 mice per individual group from two independent experiments). The
asterisks indicate statistically significant differences between groups (p < 0.05).
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Fig. 2. SP600125 treatment did not reduce DENV in the serum. Mice were infected
with 4 x 10° FFU/ml of DENV and treated with 2% DMSO or SP600125 dissolved in 2%
DMSO. An uninfected 2% DMSO alone treated control group was also maintained.
Blood was collected on three and seven-day post infection, serum was prepared and
DENV-NS1 was quantified. Viral NS1 copies in the serum on (A) Day 3 and (B) Day 7 is
shown. Results were obtained from six animals from each group (n = 6). ND shows Not
Detected.

Bcl-2 which were purchased from either Cell Signaling Technology
or Santa Cruz Biotechnology. The membrane was further incubated
for 1 h in the dark at room temperature with horseradish peroxi-
dase (HRP)-conjugated secondary antibody. For the blots with a
primary antibody generated from rabbit, mouse, and goat, the
secondary antibodies were HRP-conjugated swine anti-rabbit IgG
antibody, HRP-conjugated rabbit anti-mouse IgG antibody and
HRP-conjugated rabbit anti-goat IgG antibody (Dako, Santa Clara,
CA, USA), respectively. The immune complexes were detected by
enhanced chemiluminescence (SuperSignal West Pico Chemilu-
minescent Substrate; Thermo Scientific, Waltham, MA, USA).
GAPDH was used as the housekeeping gene control and the results
were represented from at least three independent mice from each
group. Densitometry analysis normalized with GAPDH was con-
ducted using Image] software (National Institutes of Health,
Bethesda, MD, USA).
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Fig. 3. SP600125 treatment minimized the DENV-induced liver injury. Mice were
infected with 4 x 10° FFU/ml of DENV and treated with 2% DMSO or SP600125 dis-
solved in 2% DMSO. An uninfected 2% DMSO alone treated control group was also
maintained. Seven-day post infection; blood was collected for serum preparations and
liver tissues were fixed in 10% Formalin for histopathology analysis and H&E Staining.
(A) Histopathology analysis (B) ALT and (C) AST is shown. For (A), the result shown is a
representative of >3 independent mice from individual group. For (B) and (C), the
results were obtained from two independent experiments and the values were pooled
together as Mean + SEM (12 mice per individual group from two independent ex-
periments). The asterisks indicate statistically significant differences between groups
(p < 0.05).

2.7. Statistical analysis

The results were analyzed by either One-Way ANOVA or un-
paired t-test, using GraphPad Prism Software and represented as
mean + SEM. The p value less than 0.05 was considered to be sta-
tistically significant difference between groups (p < 0.05).
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Fig. 4. SP600125 treatment did not reduce DENV in the liver. Mice were infected
with 4 x 10° FFU/ml of DENV and treated with 2% DMSO or SP600125 dissolved in 2%
DMSO. An uninfected 2% DMSO alone treated control group was also maintained.
Seven-day post infection, animals were sacrificed, liver tissues were harvested and
stored. (A) Immunohistochemistry staining with DENV-E antigen (B) DENV-NS1
quantification and (C) FFU assay is shown. Results were obtained from six animals
from each group (n = 6). ND shows Not Detected.

3. Results

3.1. SP600125, improved hematology parameters in DENV-infected
mice

Mice were infected with DENV-2 intravenously and 2%-DMSO
or SP600125 treatments were given intravenously. An un-
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Fig. 5. SP600125 treatment reduced the phosphorylation of JNK in the liver of
DENV-infected mice. Mice were infected with DENV at a dose of 4 x 10° FFU and
treated with 2% DMSO (v/v) or SP600125 in 2% DMSO. The un-infected control group
of 2% DMSO (v/v) alone was also maintained. At day 7 post infection, liver tissues
were harvested, homogenized for protein preparation and Western blot analysis.
GAPDH was used as the housekeeping gene. Results shown are representative from
3 independent experiments from 3 independent mice (n = 3) for each group.
Densitometry analysis was conducted for individual blots and normalized with
GAPDH. (A) Western blot analysis of phosphorylated JNK1/2 and total JNK1/2
normalized to GAPDH (B) Densitometry analysis of phosphorylated JNK1/2 and total
JNK1/2.

infected 2%-DMSO-treated group of mice was also maintained. All
the mice survived the challenge protocol. However, the hema-
tology analysis show decreased white blood cell (WBC) and
platelet count in DENV-infected mice compared to that of un-
infected mice (Fig. 1A and B). These results suggest that DENV-
infected mice exhibited leucopenia and thrombocytopenia,
respectively. JNK1/2 inhibitor-SP600125 treatment improved the
leucopenia and thrombocytopenia in DENV-infected mice (Fig. 1A
and B). In addition, DENV-infected mice exhibited a significant
rise in red blood cell (RBC) count and SP600125 reduced it in
DENV-infected mice (Fig. 1C).

3.2. SP600125 did not reduce the DENV production in the serum

DENV-NS1 viral RNA from the serum samples (day 3 and day
7) of DENV-infected as well as DENV-infected and SP600125-
treated mice were quantified. An in vitro-transcribed DENV-NS1
standard with known copy number was ten-fold serially diluted

Table 2
The selected apoptosis-related gene expression profile normalized to B-actin before
and after SP600125 treatment.

Gene Gene description Fold times to DMSO (uninfected)

Name DMSO + DENV DENV + SP600125
Aifm1 Apoptosis-inducing factor, 4.6935 2.5315
mitochondrion-associated 1
Apafl Apoptotic peptidase activating 5.9053 1.8658
factor 1
Api5  Apoptosis inhibitor 5 0.5476 0.8467
Bax Bcl2-associated X protein 4.0279 1.6598
Bcl2 B-cell leukemia/lymphoma 2 0.3320 0.6137
Bid BH3 interacting domain death 1.9453 1.0994
agonist
Casp12 Caspase 12 2.9849 1.4044
Casp3 Caspase 3 3.9862 1.9727
Casp7 Caspase 7 1.9096 1.3526
Casp8 Caspase 8 3.0943 2.0867
Casp9 Caspase 9 2.2226 1.3737
Cd40  CDA40 antigen 2.6139 1.4506
Cd40lg CDA40 ligand 1.5801 1.2381
Cflar  CASP8 and FADD-like apoptosis 2.9659 1.8827
regulator
Cidea Cell death-inducing DNA 6.9013 44204
fragmentation factor, alpha
subunit-like effector A
Cideb Cell death-inducing DNA 2.8950 1.9993
fragmentation factor, alpha
subunit-like effector B
Cradd CASP2 and RIPK1 domain 5.8123 1.6373
containing adaptor with death
domain
Dadl Defender against cell death 1 0.1141 0.8975
Dapkl Death associated protein kinase 1  3.4641 1.8236
Fadd  Fas (TNFRSF6)-associated via death 6.0121 2.7071
domain
Fas Fas (TNF receptor superfamily 2.8967 1.3526
member 6)
Fasl Fas ligand (TNF superfamily, 14.5157 5.3404
member 6)
1110 Interleukin 10 16.4641 9.9381
Naip1 NLR family, apoptosis inhibitory 0.5322 3.0525
protein 1
Naip2 NLR family, apoptosis inhibitory 0.4340 0.6329
protein 2
Nfkb1 Nuclear factor of kappa light 2.8351 1.6598
polypeptide gene enhancer in B-
cells 1, p105
Pycard PYD and CARD domain containing 3.8701 1.4719
Tnf Tumor necrosis factor 3.5404 2.0630
Tnfsf10 Tumor necrosis factor (ligand) 5.4581 2.0279
superfamily, member 10
Xiap  X-linked inhibitor of apoptosis 0.5692 0.9013

and obtained Ct values were used to plot the standard curve (data
not shown). No reduction in the DENV-NS1 copies in the serum
collected either on day 3 or day 7 (Fig. 2A and B) was observed
upon SP600125 treatment in DENV-infected mice. Although no
reduction in DENV between groups of mouse, we observed a
significant reduction of virus on day 7 compared to day 3 (Fig. 2A
and B).

3.3. SP600125, improved liver injury in DENV-infected mice

Histopathology analysis of DENV-infected mice exhibited signs
of liver injury including widespread tumefaction of hepatocytes
and focal mononuclear inflammatory cell infiltration in portal tri-
ads compared to that of un-infected mice (Fig. 3A). DENV-infected
and SP600125-treated mice showed lesser degree of hepatocyte
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Fig. 6. SP600125 treatment reduced both extrinsic and intrinsic pathways of apoptosis during DENV-induced liver injury. Liver tissues were harvested and proteins were
extracted from un-infected control mice of 2% DMSO (v/v) alone treated and from two other groups of mice infected with DENV at a dose of 4 x 10° FFU, those were treated with
either 2% DMSO (v/v) or SP600125 dissolved in 2% DMSO (v/v). Western blot analysis and densitometry analysis normalized to GAPDH was conducted. Western blot analysis of (A)
Pro-caspase-3 and Cleaved caspase-3 (C) Pro-caspase-8 and Cleaved caspase-8 and (E) Pro-caspase-9 and Cleaved caspase-9. Densitometry analysis of (B) Pro-caspase-3 and Cleaved
caspase-3 (D) Pro-caspase-8 and Cleaved caspase-8, and (F) Pro-caspase-9 and Cleaved caspase-9 is shown. Results were represented from at least 3 independent experiments from

3 independent mice (n = 3).

tumefaction (Fig. 3A). The liver transaminases (ALT, AST) were
elevated in DENV-infected mice and SP600125 treatment reduced
both transaminases (Fig. 3B and C).

3.4. SP600125 did not reduce the DENV production in the liver

DENV-E antigen was detected in the liver of both DENV-infected
as well as SP600125-treated DENV-infected mice (Fig. 4A). Immu-
nostaining shows DENV-infected hepatocytes and Kupffer cells. A
bundle of positive staining was observed in the spleen compared to
that of liver (data not shown). Upon quantification of DENV-NST,
we did not observe any significant reduction of virus in the liver

of DENV-infected or SP600125-treated DENV-infected mice
(Fig. 4B). FFU assay confirmed that SP600125 treatment in DENV-
infected mice did not reduce virus production in the liver on day
7 post-infection (Fig. 4C).

3.5. SP600125 reduced JNK1/2 phosphorylation to decrease DENV-
induced liver injury

We investigated how the JNK signaling contributes to liver
injury in DENV-infected mice. Western blot analysis shows that the
phosphorylated JNK1/2 of DENV-infected mice was higher than
that of control mice, while SP600125 treated mice exhibited a
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Fig. 7. SP600125 modulated pro-inflammatory cytokines in the liver of DENV-
infected mice. Mice were infected with DENV and treated with 2% DMSO or
SP600125 dissolved in 2% DMSO. The uninfected 2% DMSO alone treated control
group were also maintained. RNA is extracted from the liver tissues which were
converted to cDNA and further undergone Real-time RT-PCR analysis using indi-
vidual set of primer for each gene of interest. GAPDH was used as the house keeping
gene. The mRNA expression of (A) TNF-o. and (B) TRAIL is represented. Results were
obtained from three independent experiments, for 3 independent mice from each
group. The asterisks indicate statistically significant differences between groups
(p < 0.05).

reduced expression of the phosphorylated JNK1/2 (Fig. 5A). No
significant change in the total ]NK1/2 expressions between groups
of mice was observed. Densitometry analysis is shown in Fig. 5B.
Our result shows that JNK1/2 phosphorylation induced liver injury
in DENV-infected mice, and JNK1/2 inhibitor-SP600125 was able to
reduce this phosphorylation.

3.6. SP600125 restricted apoptotic signals in the liver of DENV-
infected mice via both extrinsic and intrinsic pathways

To identify the mechanism by which SP600125 reduced liver
injury in DENV-infected mice, 84 apoptosis-related gene
expression profile normalized to B-actin gene expression was
conducted and the most remarkable fold changes are shown in

Table 2. A detailed gene expression list is available in
Supplementary Table 1.

We further investigated the caspase-3 expression to well-
explain the efficacy of SP600125 in inhibiting DENV-induced
apoptosis. Reduced pro-caspase-3 and higher cleaved caspase-3
(Fig. 6A) expression were observed in DENV-infected mice.
Interestingly, SP600125 treatment reduced the caspase-3 cleav-
age and existed as pro-form (Fig. 6A). Densitometry analysis is
shown in Fig. 6B. The expressions of both pro and active forms of
caspase-8 protein were studied to examine the role of SP600125
in the extrinsic pathway of apoptosis. DENV-infected mice
exhibited reduced pro and elevated active forms of caspase-8
protein (Fig. 6C). SP600125 could reverse this finding in DENV-
infected mice (Fig. 6C). Densitometry analysis is shown in
Fig. 6D. Expressions of both pro and active forms of caspase-9
protein were used to investigate the efficiency of SP600125 in
regulating the intrinsic pathway of apoptosis. DENV-infected
mice presented with reduced pro form of caspase-9 and
increased active form of caspase-9, whereas the treatment with
SP600125 reversed these situations indicating its inhibition of the
intrinsic pathway of apoptosis (Fig. 6E). Densitometry analysis is
shown in Fig. 6F.

3.7. SP600125 modulated the pro-inflammatory cytokines in the
liver of DENV-infected mice

The mRNA expressions of prominent pro-inflammatory cyto-
kines including TNF-o. and TRAIL were investigated by using the
primer sets as shown in Table 1. In DENV-infected mice exhibiting
liver injury, TNF-a (Fig. 7A) and TRAIL (Fig. 7B), were up-regulated,
while SP600125 treatment reduced their expressions. Similarly, the
protein expressions of these cytokines in the liver of SP600125-
treated mice upon DENV-infection were reduced to those of
DENV-infected controls (Fig. 8A—D).

3.8. SP600125 reduced p53 phosphorylation in the liver of DENV-
infected mice

The protein expressions of phosphorylated and total forms of
p53 were investigated. An increased phosphorylation of p53 in
DENV-infected mice (Fig. 9A) was observed, however, upon
SP600125 treatment the phosphorylated p53 was decreased
(Fig. 9A). No significant change in the total p53 expressions be-
tween any groups of mice was observed (Fig. 9A). Densitometry
analysis is shown in Fig. 9B.

3.9. SP600125 modulated the anti-apoptotic Bcl-2 expression in the
liver of DENV-infected mice

To additionally characterize the intrinsic pathway of apoptosis,
the protein expression of Bcl-2 was investigated. DENV-infection in
mice reduced the Bcl-2 expression, whereas SP600125 treatment
reversed the Bcl-2 expression close to the normal level (Fig. 10A and
B).

3.10. SP600125 reduced the phosphorylation of p38 MAPK, but not
the phosphorylation of ERK1/2

To insight into the cross reactivity of SP600125 towards other
classical MAPKs including p38 MAPK and ERK1/2, western blot
analysis was performed. Increased phosphorylation of p38 MAPK
was observed in DENV-infected mice and SP600125 treatment
could reduce this phosphorylation (Fig. 11A and B). However, no
reduction in the ERK1/2 phosphorylation was seen upon SP600125
treatment in DENV-infected mice suggesting its inefficiency to
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Fig. 8. SP600125 treatment modulated the TNF-o. and TRAIL protein expression in the liver of DENV-infected mice. Mice were infected with DENV at a dose of 4 x 10° FFU and
treated with 2% DMSO (v/v) or SP600125 in 2% DMSO. The un-infected control group of 2% DMSO (v/v) alone was also maintained. Liver tissues were harvested and proteins were
extracted for western blot analysis, and densitometry analysis normalized to GAPDH was conducted. Western blot analysis of (A) TNF-a and (C) TRAIL normalized to individual
GAPDH. The densitometry analysis of (B) TNF-a and (D) TRAIL expression is shown. Results are representative from 3 independent experiments for 3 independent mice (n = 3) from

individual group.

block the ERK1/2 phosphorylation (Fig. 11C and D).

4. Discussion

Liver involvement in DENV infection is more evidently re-
ported in BALB/c mouse models (Barreto et al., 2004; Franca et al.,
2010; Paes et al., 2005, 2009), which is persistent with our pre-
viously established mouse model (Sreekanth et al., 2014). Leu-
copenia, thrombocytopenia, polycythemia and increased liver
transaminases are observed in DENV-infected mice which were
consistent with the DENV-infected patients (Azin et al., 2012;
Binh et al, 2009; Kalayanarooj and Nimmannitya, 2003;
Kittitrakul et al., 2015; Lee et al., 2012; Rathakrishnan et al.,
2012). Liver histopathology with classical signs of injury was
evident in DENV-infected patients as well as in animal models
(Franca et al., 2010; Goncalves et al., 2012; Povoa et al., 2014;
Sarathy et al., 2015; Sreekanth et al., 2014; Tan et al.,, 2010).
Liver injury in DENV-infected mice was evident on Day 7, but a
high level of viremia was observed in the serum on Day 3
compared to that of Day 7. Improved laboratory parameters on
Day 7 post infection suggest the efficacy of SP600125 in DENV-
induced liver injury. Other MAPK inhibitors reported similarly
(Fu et al, 2014; Sreekanth et al., 2014, 2016), suggesting
SP600125 as a compound for reducing the liver injury in DENV
infection; however, this requires proper validation in clinical trial
before using in clinical setup.

The amelioration of liver injury did not result from the
reduction of DENV, but it is likely to be due to the modulation of
host immune responses. Without reducing the number of viral
particles, SB203580 reduces apoptosis, inflammation and liver
injuries in DENV-infected mice (Fu et al., 2014; Sreekanth et al,,
2016). An ERK1/2 inhibitor, FR180204, also suppressed the
ERK1/2 phosphorylation to reduce DENV-induced liver injury
without influencing the virus (Sreekanth et al.,, 2014). Induced
JNK phosphorylation and viral load were shown in DENV-infected
macrophages, where SP600125 inhibited JNK phosphorylation
with a clearance in the virus titer (Ceballos-Olvera et al., 2010).
Similarly, induced JNK phosphorylation was observed in DENV-
induced liver injury in this study. However, SP600125 did not
show any reduction in DENV production either in serum or liver
samples. However, our finding is consistent with the observation
in another mosquito-borne flavivirus, JEV where SP600125
increased cell viability and reduced cell apoptosis but did not
alter viral replication (Huang et al., 2016).

JNK phosphorylation associated with apoptosis is observed in
pseudorabies virus (Yeh et al., 2008) and rabbit hemorrhagic
disease virus (Garcia-Lastra et al., 2010). Apoptosis and phago-
cytic cell activation in DENV infection causes tissue injury or
transient imbalance in the homeostasis (Marianneau et al., 1998).
We characterized how SP600125 affects the expression of 84
apoptosis-related genes in DENV-infection. DENV-infection in-
duces cleaved caspase-3 (de Miranda et al., 2012; Sung et al,,
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Fig. 9. SP600125 restricted the phosphorylation of p53 in the liver of DENV-
infected mice. Liver tissues were harvested and proteins were extracted from un-
infected control mice of 2% DMSO (v/v) alone treated and from two other groups of
mice infected with DENV at a dose of 4 x 10° FFU, those were treated with either 2%
DMSO (v/v) or SP600125 dissolved in 2% DMSO (v/v). Western blot analysis was
conducted and results shown are representative from 3 independent experiments
from at least 3 independent mice (n = 3) from each group. Densitometry analysis was
conducted and normalized with GAPDH. (A) Western blot analysis of phosphorylated
p53 and total p53 normalized to GAPDH (B) Densitometry analysis of phosphorylated
p53 and total p53 normalized to GAPDH.

2012; Vasquez Ochoa et al., 2009) and DENV-infected HepG2
cells associates to multiple apoptotic pathways (Limonta et al.,
2007; Marianneau et al, 1997; Netsawang et al, 2010;
Thepparit et al, 2013). DENV-induced overexpression of
caspase-9 reduced mitochondrial membrane potential (Qi et al.,
2015), which can contribute to vascular pathology (Lin et al.,
2004). WNV is reported to induce caspase-3 and caspase-9 to
initiate mitochondrial pathway of apoptosis (Chu and Ng, 2003).
The reduction of active caspase-8 and caspase-9 in our study
indicates the ability of SP600125 in modulating both extrinsic
and intrinsic pathways of apoptosis.

Phosphorylation of MAPKs induces cytokine production (Hui
et al,, 2009; Lin et al., 2008; Rajendra Kumar et al., 2005; Regan
et al, 2009), which was reported in various viral diseases
(Garcia-Lastra et al., 2010; Rahaus et al., 2004; Rajendra Kumar
et al,, 2005; Strong et al.,, 2008; Wei et al., 2014; Yang et al.,
2010). Excessive cytokine production may lead to DENV-
induced liver injury and increase vascular permeability (Pagliari
et al,, 2014). The increased expressions of TNF-a. and TRAIL are
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Fig. 10. SP600125 treatment modulated the anti-apoptotic Bcl-2 expressions in the
liver of DENV-infected mice. Mice were infected with DENV at a dose of 4 x 10° FFU
and treated with 2% DMSO (v/v) or SP600125 in 2% DMSO. An un-infected control
group of 2% DMSO (v/v) alone is also maintained. Proteins were extracted from the
liver tissue for Western blot analysis. Densitometry analysis normalized to GAPDH was
conducted using Image] software. (A) Western blot analysis of Bcl-2 normalized to
GAPDH, and (B) Densitometry analysis of Bcl-2 is shown. Results are representative
from 3 independent experiments for 3 independent mice (n = 3) from individual
group.

associated with DENV-induced apoptosis, which may increase the
disease severity (Arias et al., 2014; Suksanpaisan et al., 2007).
Increased TRAIL expression is observed in DENV-infected hepatic
cells, immune cells (Matsuda et al., 2005; Suksanpaisan et al.,
2007; Warke et al., 2008) and patients (Limonta et al., 2014).
TNF-0, and TRAIL initiates apoptosis via the activation of Fas and
caspase-8, suggesting the involvement of extrinsic pathway (Liao
et al., 2010; Torrentes-Carvalho et al., 2009). We report here the
role of SP600125 in modulating the DENV-induced extrinsic
pathway of apoptosis by decreasing the expressions of TNF-a and
TRAIL.

Serine/threonine kinases including stress activating kinases are
reported to phosphorylate p53 at multiple sites (Brooks and Gu,
2003), which was evident in UVB-induced JNK activation (She
et al, 2002). In avian reo-virus (ARV) -induced apoptosis,
SP600125 blocked the JNK1/2 induced p53 phosphorylation (Lin
et al, 2009). Overexpression of bcl-2 is reported to delay
apoptosis in DENV-infected fibroblast-like BHK-21 cells and allows
the surviving cells to be persistent to infection (Su et al., 2001). Bcl-
2 protects HepG2 cells from DENV M-ecto-domain-induced
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Fig. 11. SP600125 restricted the phosphorylation of p38 MAPK but not the ERK1/2 phosphorylation in the liver of DENV-infected mice. Liver tissues were harvested and
proteins were extracted from un-infected control mice of 2% DMSO (v/v) alone treated and from two other groups of mice infected with DENV at a dose of 4 x 10° FFU, those
were treated with either 2% DMSO (v/v) or SP600125 dissolved in 2% DMSO (v/v). Western blot analysis was conducted and results were normalized to GAPDH. The results
shown are representative from 3 independent experiments from at least 3 independent mice (n = 3) from each group. Densitometry analysis was conducted and normalized
with individual GAPDH. (A) Western blot analysis of phosphorylated p38 MAPK and total p38 MAPK (B) Densitometry analysis of phosphorylated p38 MAPK and total p38
MAPK (C) Western blot analysis of phosphorylated ERK1/2 and total ERK1/2 (D) Densitometry analysis of phosphorylated ERK1/2 and total ERK1/2 is shown.

apoptosis suggesting its anti-apoptotic role (Catteau et al., 2003). In
hepatic ischemia-reperfusion injury, overexpressed Bcl-2 in-
fluences the JNK signaling to modulate apoptosis (Wang et al,,
2014). Induced JNK and p53 phosphorylation reduces the Bcl-2
expression and this is responsible for the mitochondrial
cytochrome-c release, and caspase-3 activation (Sarker et al., 2003).
The involvement of mitochondria-mediated apoptosis via p53 has
been reported in DENV-infected cell lines (Nasirudeen et al., 2008).
We found that induced p53 phosphorylation contributes to DENV-
induced liver injury and SP600125 treatment reduced this effect,
which is consistent with the findings in ARV infection (Lin et al.,
2009).

DENV infection in mice induces phosphorylation of p38 MAPK,
the p38 MAPK inhibitor (SB203580) treatment did not directly
reduce the phosphorylated form of p38, but modulates its down-
stream signals including MAPK-Activated Protein Kinse-2/Heat
Shock Protein-27 (MAPKAPK2/HSP27) and Activating Transcrip-
tion Factor-2 (ATF-2) to reduce DENV-induced liver injury
(Sreekanth et al., 2016). Although SB203580 is inefficient to reduce
the phosphorylation of p38 MAPK, SP600125 was found to be
promising to reduce the phosphorylation of p38 MAPK. ERK1/2
phosphorylation contributes to DENV-induced liver injury in both
DENV-infected HepG2 cells and mice (Leela et al., 2016; Sreekanth
et al., 2014); however, no change in the DENV-induced ERK1/2

phosphorylation was observed with SP600125 treatment. Even
though we clarified the cross reactivity of SP600125 in controlling
other MAPKs including p38 MAPK, further studies in DENV-
induced liver injury of knock out mice may be needed to clearly
understand the specificity of each MAPK in modulation of DENV
induced organ injury.

In this study, we elucidate the molecular mechanism by which
JNK1/2 contributes to DENV-induced liver injury (Fig. 12A) and the
effect of JNK1/2 inhibitor, SP600125 in modulating the liver injury
in DENV infection (Fig. 12B). Even though, our effort was to find out
the role of JNK signaling in DENV-induced liver injury and to sort
out the contribution of SP600125 towards DENV-induced apoptotic
cell death, further functional studies with causations are required
to clearly clarify the pathogenesis.

5. Conclusion

DENV infection increases phosphorylation of JNK1/2 and p38
MAPK to induce liver injury via both intrinsic and extrinsic
apoptotic pathways and SP600125 treatment reduces apoptosis via
inhibiting phosphorylation of JNK1/2 and p38 MAPK, thereby cur-
tailing the DENV-induced liver injury.
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Fig. 12. Role of JNK signaling and effect of JNK1/2 inhibitor-SP600125 in DENV-
induced liver injury. (A) JNK signaling in DENV-induced liver injury (B) SP600125
modulates the DENV-induced liver injury.
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