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Cellular Vimentin Regulates Construction of Dengue Virus
Replication Complexes through Interaction with NS4A Protein
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Dengue virus (DENV) interacts with host cellular factors to construct a more favorable environment for replication, and the in-
terplay between DENV and the host cellular cytoskeleton may represent one of the potential antiviral targeting sites. However,
the involvement of cellular vimentin intermediate filaments in DENV replication has been explored less. Here, we revealed the
direct interaction between host cellular vimentin and DENV nonstructural protein 4A (NS4A), a known component of the viral
replication complex (RC), during DENV infection using tandem affinity purification, coimmunoprecipitation, and scanning
electron microscopy. Furthermore, the dynamics of vimentin-NS4A interaction were demonstrated by using confocal three-di-
mensional (3D) reconstruction and proximity ligation assay. Most importantly, we report for the first time the discovery of the
specific region of NS4A that interacts with vimentin lies within the first 50 amino acid residues at the cytosolic N-terminal do-
main of NS4A (N50 region). Besides identifying vimentin-NS4A interaction, vimentin reorganization and phosphorylation by
calcium calmodulin-dependent protein kinase IT occurs during DENV infection, signifying that vimentin reorganization is im-
portant in maintaining and supporting the DENV RCs. Interestingly, we found that gene silencing of vimentin by small interfer-
ing RNA induced a significant alteration in the distribution of RCs in DENV-infected cells. This finding further supports the cru-
cial role of intact vimentin scaffold in localizing and concentrating DENV RCs at the perinuclear site, thus facilitating efficient
viral RNA replication. Collectively, our findings implicate the biological and functional significance of vimentin during DENV
replication, as we propose that the association of DENV RCs with vimentin is mediated by DENV NS4A.

Dengue virus (DENV) is an arthropod-borne virus classified as
a member of the Flaviviridae family containing a single-
stranded positive-polarity RNA genome of approximately 10.9 kb.
The genomic RNA consists of a single open reading frame encod-
ing a polyprotein, which is co- and posttranslationally processed
by different host proteases and cytoplasmic viral nonstructural
protein 2B (NS2B)-NS3 protease complex into three structural
proteins, capsid, premembrane, and envelope, and seven NS pro-
teins, NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5 (1, 2). Fla-
viviral replication complex (RC) is believed to comprise the viral
RNA (VRNA) template with the NS proteins and presumably
some host proteins on cytoplasmic membranes (3, 4). The intra-
cellular membranes undergo dramatic rearrangements upon in-
duction by NS proteins to form unique membrane structures lo-
calized at the perinuclear region of infected cells. Flaviviruses are
distinctive, as they induce at least two or three characteristic struc-
tures, including convoluted membranes, paracrystalline arrays,
and vesicle packets (VPs)/smooth membrane structures (5, 6).
The VPs induced by DENV appear as clusters of double-mem-
brane vesicles of 80 to 150 nm in size (7). These virus-induced
endoplasmic reticulum (ER)-derived membranous compart-
ments may serve as a scaffold for the viral RCs that serve as sites of
DENYV RNA replication.

The limited genetic capacity of viruses led to their exploitation
of host cellular factors to facilitate the completion of their life
cycle, starting from entry till egress. Thus, viruses interact with
cellular proteins to carry out activities not encoded in the viral
genome to manipulate cellular pathways in order to create a more
favorable environment for replication. However, few interactions
between DENV and human proteins have been reported thus far.
The major cellular contributors in virus-host interactions are the
host cytoskeletal network, which serve a role for virus entry, trans-

February 2014 Volume 88 Number 4

Journal of Virology p. 1897-1913

port to reach the replication sites, and egress (8, 9). Three cyto-
skeletal polymeric elements—microfilaments (5 to 6 nm in diam-
eter), intermediate filaments (IFs) (7 to 10 nm), and microtubules
(20 to 25 nm)—and a set of accessory proteins cooperate to con-
tribute to the physical integrity and structural organization of the
cytoplasm in eukaryotic cells (10). While the roles of two of the
major cytoskeletal elements, microfilaments and microtubules,
have been widely studied with respect to virus replication, very
little is known about the third element, the IFs.

Vimentin, a 57-kDa protein, is a major component of type III
IFs found in cells of mesenchymal origin and is also present in cells
adapted to tissue culture and many transformed cell lines (11).
Recent research has helped elucidate the significance of vimentin
IFs in vesicular and organelle transport and organelle positioning
and as dynamic elements (12). Vimentin reorganization in cells
involves filament disassembly regulated by phosphorylation of N-
terminal domains by cellular kinases (13), allowing the transport
of filaments along microtubules (14). Vimentin is also redistrib-
uted in cells during virus infections. Many viruses induce the de-
polymerization and rearrangements of cytoskeletal filaments to
alter the diffusion properties of the cytoplasm. However, evidence
for the role of the dynamic vimentin IFs in the DENV replication
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cycle is lacking, and their association is not well characterized. As
such, studies are required to understand the significance of vimen-
tin in DENV replication.

Similarly, little is known about the function of NS4A apart
from its hydrophobic nature. Its hydrophobic nature, as well as
complementation analysis, potentially implicates it in proper lo-
calization of viral proteins and vRNA to sites of RNA synthesis and
virion assembly (3). NS4A is a small protein comprising 150
amino acid residues with a molecular mass of approximately 16
kDa. A study by Miller and coworkers (15) has demonstrated that
NS4A associates with ER membranes via four internal hydropho-
bic regions, where the N-terminal region resides in the cytoplasm,
while the C-terminal region localizes in the ER lumen. They have
also shown that NS4A lacking the 2K fragment induces intracel-
lular membrane alterations which may harbor the DENV RC (15).
Yet, definitive roles of NS4A have not yet been established, and its
proper role for the DENV replication cycle is still unknown.

In order to develop new strategies to prevent and treat DENV
infection, a deeper understanding of the molecular interactions of
DENV proteins with host cellular factors during infection is nec-
essary. In this study, we revealed the interaction between DENV
NS4A and vimentin and further identified the region of NS4A
that specifically interacts with vimentin. We also investigated
the reorganization of vimentin to the perinuclear site during
DENV infection, which involves phosphorylation of vimentin fil-
aments by calcium calmodulin-dependent protein kinase II
gamma (CaMKIIy). Last, we considered the functional signifi-
cance of this interaction and reorganization and the structural role
vimentin plays in supporting the DENV RCs, since reorganization
occurs primarily around sites of dengue viral replication and as-
sembly.

MATERIALS AND METHODS

Cell lines and viruses. The Huh-7 cell line was maintained in Dulbecco
modified Eagle medium (DMEM) (Sigma-Aldrich) supplemented with
10% fetal calf serum (FCS) (Nagase) and was a kind gift from Priscilla
Yang, Department of Microbiology and Immunobiology, Harvard Med-
ical School. BHK-21 cells from ATCC were grown in RPMI 1640 medium
(Sigma-Aldrich) supplemented with 10% FCS. Aedes albopictus-derived
C6/36 cells from ATCC were grown in L-15 medium (Leibovitz) (Sigma)
supplemented with heat-inactivated 10% FCS. Huh-7 cells stably express-
ing different regions of truncated NS4A-EmGFP (emerald green fluores-
cent protein) fusion proteins were additionally supplemented with blas-
ticidin (10 pg/ml) (Invitrogen) to maintain the expression of truncated
NS4A fusion proteins. Huh-7 cells stably expressing dengue virus 2
(DENV-2) pcTAP-NS4A (TAP stands for tandem affinity purification) or
pcTAP vector were supplemented with 500 pg/ml of G418 (PAA Labora-
tories). High-titer stock of DENV-2 New Guinea C (NGC) strain was
propagated in C6/36 cells. For preparation of UV-irradiated DENV-2,
DENV-2 was subjected to UV light irradiation for 2.5 h, and viral
plaque assay was performed to ensure complete inactivation of all
infectious DENV-2. A monolayer of Huh-7 cells was infected with
DENV-2 NGC strain or UV-inactivated DENV-2 at a multiplicity of
infection (MOI) of 10.

Plasmid constructs and transfection. The construction of the plas-
mid pcTAPNS4A and transfection to generate a stable Huh-7 cell line
expressing DENV-2 pcTAPNS4A fusion protein and pcTAP vector were
performed previously by members of the laboratory (16). For the gener-
ation of different truncated NS4A-EmGFP fusion plasmid constructs, the
insertion of the fragments of the gene of interest (gene encoding DENV
NS4A) [amino acids 1 to 50 (N50), amino acids 1 to 74 (N74), amino acids
1 to 100 (N100), amino acids 51 to 125 (N51-127), and full-length NS4A
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lacking the 2K sequence consisting of amino acids 1 to 127 NS4A (—2K)]
into the pcDNA6.2/C-EmGFP-GW/TOPO plasmid vector (Invitrogen)
were carried out according to the manufacturer’s protocol. The sequences
of the primers used for cloning of different regions of NS4A are available
upon request. The cDNA template used is the full-length DENV-2 NGC
strain (NCBI accession no. NC_001474.2). Transfection of Huh-7 cells
was carried out using Lipofectamine LTX reagent (Invitrogen) according
to the manufacturer’s protocol.

Western blot analysis. Protein samples were loaded onto a 10% poly-
acrylamide gel. Proteins resolved by SDS-PAGE were transferred from the
gel onto a nitrocellulose membrane (Bio-Rad). Thereafter, the membrane
was blocked using 5% skim milk for 1 h at room temperature before
incubation with desired primary antibodies of appropriate dilution
(mouse monoclonal antivimentin antibody [Millipore], rat polyclonal
anti-phosphorylated vimentin antibody [MBL], rabbit polyclonal anti-
DENV NS4A antibody [GeneTex], rabbit polyclonal anti-CaMKIIy anti-
body [Upstate], rabbit polyclonal anti-GFP antibody [Invitrogen], and
mouse monoclonal antiactin antibody [Millipore]) at 4°C overnight. Af-
ter three 10-min washes with Tris-buffered saline containing 0.1% Tween
20 (TBST), the membrane was probed using species-specific secondary
antibodies (mouse, rabbit, or rat secondary antibodies conjugated to
horseradish peroxidase [Thermo Scientific]) for 1 h at room temperature.
For detection of protein bands, the membrane was treated with enhanced
chemiluminescent substrate (Thermo Scientific) for 5 min and exposed to
an X-ray film (Thermo Scientific), which was subsequently developed
with a Kodak X-OMAT 2000 processer in the dark.

TAP. DENV-2 NS4A-TAP (tandem affinity purification) fusion pro-
tein-containing complexes were purified using the InterPlay mammalian
TAP system according to the manufacturer’s protocol (Stratagene) with
minor modifications. Briefly, ten 175-cm? flasks of confluent Huh-7 cells
stably expressing DENV-2 NS4A-TAP protein or control TAP protein
were harvested and lysed. Then, 0.5 M EDTA and 14.4 M 3-mercaptoeth-
anol were added to the supernatant collected after the cells had been spun
down for 10 min at 16,000 X gat 4°C. The supernatant was concentrated
using 3-kDa Amicon Ultra centrifugal filter unit and then passed over
streptavidin resin. Following an overnight incubation at 4°C, the eluted
complexes were added to calmodulin resin and incubated at 4°C for 2 h.
The elution of interacting proteins was performed by boiling the resin in
1X SDS-PAGE loading buffer for 5 min. The protein samples were re-
solved on 10% SDS-polyacrylamide gel using Hoefer SE600, fixed in gel-
fixing solution, and stained using Coomassie blue staining solution. After
destaining, the protein bands were excised and sent for mass spectromet-
ric analysis using the TripleTOF 5600 LC/MS/MS (liquid chromatogra-
phy coupled to tandem mass spectrometry) system (AB SCIEX) for iden-
tification of the protein partners.

Coimmunoprecipitation (Co-IP) assay. Two T175-cm? cell culture
flasks containing confluent Huh-7 cells were infected with DENV-2 at an
MOI of 10 and lysed at 24, 48, and 72 h postinfection, or transfected
Huh-7 cells stably expressing different NS4A-EmGEFP fusion proteins
were used. Cells were lysed in cell lysis buffer (mammalian protein extrac-
tion reagent, protease and phosphatase inhibitor cocktail, and 0.5 M
EDTA [Pierce]). Subsequently, supernatant was collected after clearing by
centrifugation for 10 min at 16,000 X g at 4°C. Dynabeads protein G
(Invitrogen) was preincubated with mouse monoclonal antivimentin an-
tibody (Millipore) or rabbit polyclonal anti-DENV NS4A (kind gift from
Ralf Bartenschlager, University of Heidelberg) or rabbit polyclonal anti-
GFP antibody (Santa Cruz) for 20 min at room temperature and then
incubated with cell lysate for 1 h at 4°C on a HulaMixer sample mixer.
Thereafter, the Dynabeads-antibody (Ab)-antigen (Ag) complexes were
washed three times using the washing buffer (Invitrogen) provided, and
the target antigen was eluted in the elution buffer (Invitrogen) provided
for 8 min at room temperature. The samples were analyzed by 10% SDS-
PAGE, and resolved proteins were detected by Western blotting. Isotype
control and mock-infected samples were included as controls for the ex-
periments.
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In situ PLA. An in situ proximity ligation assay (PLA) was performed
to determine protein-protein interaction event in infected cells according
to the manufacturer’s protocol (Olink Biosciences). Huh-7 cells or trans-
fected stable cells were seeded onto sterile coverslips. Cells were infected
with DENV-2 atan MOI of 10 and fixed at every 12-h interval from 0 h up
to 72 h postinfection with cold absolute methanol (Merck) for 10 min at
—20°C. The samples were incubated with primary antibodies in the anti-
body diluents provided overnight at 4°C. The primary antibodies were
mouse monoclonal antivimentin (Millipore) and rabbit polyclonal anti-
DENV NS4A or rabbit polyclonal anti-GFP (Santa Cruz). The secondary
antibodies, PLA probe anti-mouse PLUS and anti-rabbit MINUS, were
used at a 1:5 dilution and incubated for 1 h at 37°C. Thereafter, ligation-
ligase solution was added and incubated for 30 min at 37°C. The signal
development was performed by adding amplification-polymerase solu-
tion and incubating the resulting solution for 100 min at 37°C. Last,
Duolink in situ mounting medium with 4',6’-diamidino-2-phenylindole
(DAPI) was used to mount the coverslips onto glass slides. Imaging was
carried out using a conventional optical fluorescence microscope (Olym-
pus IX81) with oil immersion objectives. Samples immunolabeled with
rabbit polyclonal anticalnexin antibody (Cell Signaling), and mock-in-
fected or GFP-transfected cell samples served as negative controls. The
PLA signals were quantified based on the fluorescence microscopy im-
ages. Image analysis was performed using software program CellProfiler
(17), and quantitative measurements by spot counting were made to
quantify the number of in situ PLA signals per cell (18).

siRNA reverse transfection. The On-TARGET plus SMARTpool
small interfering RNA (siRNA) constructs targeting vimentin (NCBI ac-
cession no. NM_003380) and CaMKIIly (NCBI accession no. NM_
001222), as well as the respective scrambled siRNA constructs, were pur-
chased from Dharmacon (Thermo Scientific). The siRNA gene sequences
are vimentin (UGAAGAAACUCCACGAAGA, GCAGAAGAAUGGUAC
AAAU, UGAAGUGGAUGCCCUUAAA, and AACUAGAGAUGGACAG
GUU) and CaMKIIy (GGAAAGAUCCCUAUGGAAA, GCUCGGAUAU
GUCGACUUC, GCACAAACAUCUC-CACUUU, and GAAGAGAUCU
AUACCCUAA). Scrambled siRNA sequences were designed using
InvivoGen’s siRNA Wizard at http://www.sirnawizard.com/scrambled
.php, and the sequences are vimentin (GCAAUUCGAACAGGCAAAA,
AGACCUACUUGAGGAGAAA, GAGUACCGAUUAGCAUAGU, and
AUCGAUGACGGGAUGUAAA) and CaMKIly (GGAGACACGUAUA
GCUAAA, AUCGCUCGUACCUUGGUAG, ACCUCCGUCCAAU-AA
UCAU, and AUCAUACCGCAAGAUAAUG). Specific gene-targeting
siRNAs and scrambled siRNAs were dissolved in diethyl pyrocarbonate
(DEPC)-treated reverse osmosis water to a stock concentration of 10 M.
The different siRNAs were diluted to desired working concentrations of 5
nM, 15 nM, 25 nM, 35 nM, 45 nM, and 50 nM with DharmaFECT cell
culture reagent (Thermo Scientific) and transfection reagent (Dharma-
fect-4). The siRNAs targeting CaMKIIy and vimentin were then trans-
fected into Huh-7 cells, and the cells were subsequently subjected to
DENV-2 infection 48 or 72 h after transfection, respectively. Viral super-
natant was harvested 72 h postinfection for plaque assay, and cells were
fixed for immunofluorescence microscopy (IFM) and harvested 48 h after
transfection for Western blotting and quantitative reverse transcription-
PCR (qRT-PCR).

Drug treatment assay. Huh-7 cells were seeded on coverslips and
infected with DENV-2 at an MOI of 10 for 36 h before treatment with
KN93 (50 uM) (Abcam) for another 12 h (19). The treated cell monolayer
was fixed for IFM in which rat polyclonal anti-phosphorylated vimentin
antibody (serine-38) (MBL) or mouse monoclonal antivimentin antibody
(Millipore) and rabbit polyclonal anti-DENV NS4A antibody (GeneTex)
were used. Huh-7 cells that had been infected with DENV-2 and treated
with 0.1% dimethyl sulfoxide (DMSO) were used as the solvent control.

Cell viability assay. alamarBlue cell viability assay was used to assess
the viability of cells following siRNA transfection and drug treatments.
Huh-7 cells seeded onto a 96-well plate were treated with siRNA or drugs
at desired concentrations as described above. Then, 48 or 72 h after trans-
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fection and 12 h after treatment as described above, the cells were washed
before the medium was replaced with 90 pl of culture medium and 10 pl
of alamarBlue reagent (Invitrogen). The plate was incubated for 2 h at
37°C in the dark before being analyzed for absorbance using an Infinite
M200 microplate reader (Tecan) and an excitation wavelength of 570 nm
and emission wavelength of 585 nm.

Total RNA extraction and qRT-PCR. Upon gene silencing, Huh-7
cells were harvested for total RNA extraction using the RNeasy minikit
(Qiagen) according to the manufacturer’s instructions. The samples were
assayed in a 20-pl reaction mixture consisting of 10 pl of Maxima SYBR
green/ROX qPCR master mix (Fermentas), 1 pl of Moloney murine leu-
kemia virus (M-MLV) reverse transcriptase (Promega), 0.5 pl of forward
and reverse primer (0.3 wM each), 1 pl of total RNA, and 7 pl of nuclease-
free water. The qRT-PCR was performed using the following primers:
CaMKIIy (forward, 5'-CAGGAGTACGCAGCAAAAATCA-3'; reverse,
5'-CGAGCCTCACGTTCTAGTTTC-3") and actin control (forward, 5'-
AGCGCGGCTACAGCTTCA-3'; reverse, 5'-GGCGACGTAGCACAGC
TTCT-3"). The reaction mixture was subjected to a RT step at 44°C for 30
min to generate the cDNA and initial denaturation of the RNA-DNA
hybrid at 95°C for 5 min, followed by 40 cycles of PCR with denaturation
occurring at 95°C for 15 s, with annealing and extension taking place at
60°C for 30 s. Thermal cycling reactions were carried out using the
StepOne Plus real-time PCR system (Applied Biosystems).

Indirect immunofluorescence microscopy. The virus-infected or
mock-infected cell monolayer on coverslips was fixed with cold absolute
methanol (Merck) for 10 min at —20°C or 4% paraformaldehyde (Sigma-
Aldrich) and 0.1% Triton X-100 (Sigma) for 10 min at room temperature.
For staining of the ER, prewarmed ER Tracker Red (BODIPY TR) gliben-
clamide (Invitrogen) was added before fixation and incubated at 37°C
with 5% CO, for 20 min. The cells were then incubated with desired
primary antibodies of appropriate dilution (mouse monoclonal antivi-
mentin antibody [Millipore], mouse monoclonal anti-double-stranded
RNA [anti-dsRNA] antibody [English & Scientific Consulting], rat poly-
clonal anti-phosphorylated vimentin antibody [MBL], goat polyclonal
antivimentin antibody [R & D Systems], rabbit polyclonal anti-DENV
NS4A antibody [GeneTex], and rabbit polyclonal anti-DENV2 antibody
[US Biologicals]) overnight at 4°C. Upon removal of primary antibodies,
cells were incubated with secondary antibodies (Alexa Fluor 488-conju-
gated goat anti-rat IgG [Invitrogen], Alexa Fluor 633-conjugated goat
anti-mouse IgG [Invitrogen], fluorescein isothiocyanate [FITC]-conju-
gated goat anti-rabbit IgG [Millipore], and rhodamine-conjugated don-
key anti-goat IgG [Abcam]) for 2 h at room temperature. Subsequently,
DAPI (Invitrogen) was used to stain cell nuclei before mounting the cov-
erslip on a microscope slide with 1,4-diazabicyclo[2.2.2]octane (DABCO)
(Invitrogen). The specimens were viewed with a 100X oil immersion
lens with a numerical aperture (NA) of 1.6 of a conventional optical-
fluorescence microscope (Olympus IX81) and a laser-scanning confocal
microscope (Olympus Fluoview FV1000). For three-dimensional (3D)
reconstruction of confocal images, cell optical sectioning by confocal mi-
croscope (z-stacks) was performed to achieve 30 optical slices (each slice
0.3 pm thick), and alignment and stacking of the individual optical sec-
tions reconstructed a 3D volume of the cell. Colocalization was quantified
based on the fluorescence microscopy images. The analysis of images (n =
15) was performed using the NIH Image] software (Wright Cell Imaging
Facility) via the colocalization analysis plug-in. Manders overlap coeffi-
cient (MOC) as a measure of colocalization represents the proportion of
normalized pixels in which the two signals are colocalized (20). MOC
ranges from 0 for no colocalization to 1 for perfect colocalization. We
determined the percentage of colocalization between the regions of inter-
est at respective time points based on the quantification of colocalization
coefficients.

Scanning electron microscopy. Huh-7 cells were seeded on coverslips
treated with 0.1% poly-L-lysine (Sigma) and infected with DENV-2 at an
MOI of 10. Forty-eight hours after infection, the cells were rinsed with
phosphate-buffered saline (PBS) and extracted. Extraction of the cells was
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performed to obtain cytosolic free cytoskeleton structures based on pro-
cedures of Svitkina and coworkers (21) and Verkhovsky and Borisy (22)
with minor modifications. For microtubule (MT)-free intermediate fila-
ment (IF)-enriched cytoskeletal preparations, cells were extracted in 100
plof PEM (100 mM PIPES [Sigma] [pH 6.9] [adjusted with KOH], 1 mM
EGTA, and 1 mM MgCl,) buffer with 1% Triton X-100 (Sigma) and 0.4 M
NaCl (Merck) for 6 min at room temperature. Lysed cells were washed
three times with buffer A consisting of 50 mM morpholineethanesulfonic
acid (MES)-KOH (pH 6.3), 0.1 mM CaCl,, 2 mM MgCl,, and 0.5 mM
dithiothreitol (BDH), and incubated in 40 wl of 0.1-mg/ml gelsolin (pu-
rified from human plasma; cytoskeleton) in buffer A for 1 h at room
temperature to remove any residual actin. After incubation in gelsolin, the
cells were washed again with buffer A and then fixed with 4% paraformal-
dehyde (Sigma-Aldrich) and 0.1% glutaraldehyde (electron microscopy
[EM] grade; Sigma) in PBS for 30 min at 4°C. For double immunogold
labeling, the cells were washed with 0.05 M glycine (Fisher Scientific) in
PBS for 20 min, blocked with 5% bovine serum albumin (BSA) (Sigma)
for 30 min, and incubated with the desired primary antibodies in incuba-
tion buffer (0.1% BSA in PBS) overnight at 4°C in a humidified chamber.
The primary antibodies used were mouse monoclonal antivimentin (Mil-
lipore) and rabbit polyclonal anti-DENV NS4A (GeneTex). Thereafter,
the cells were probed with species-specific secondary antibodies, goat an-
ti-mouse antibody conjugated to 5-nm gold and goat anti-rabbit conju-
gated to 10-nm gold (Ted Pella) for 3 h at 4°C. The secondary antibodies
were washed out with incubation buffer, and the cells were fixed with 2%
glutaraldehyde for 20 min. The samples were postfixed in 2% osmium
tetroxide for 10 min before being dehydrated through a series of concen-
trations of ethanol. These preparations were then processed by critical
point drying to dry sample by CO, infiltration (Balzers critical point dryer
030). The coverslips were mounted on scanning electron microscopy
(SEM) stub and transferred to a vacuum evaporator to coat the specimen
with a thin layer of carbon approximately 3 nm thick. The samples were
observed and photographed with a JEOL JSM-6701F field emission scan-
ning electron microscope.

Flow cytometric analysis for annexin V binding assay. The annexin
V-FITCKkit (Miltenyi Biotec) was used to detect early apoptotic events and
to discriminate apoptotic, necrotic, and dead cells during DENV-2 infec-
tion. Upon harvesting by trypsinization, cells were treated with annexin
V-FITC and propidium iodide (PI) (100-pg/ml) solution according to
the manufacturer’s reccommendations. The DENV-2-infected and mock-
infected samples (minimum of 10,000 events per sample) were analyzed
with BD LSR Fortessa flow cytometry analyzer (Beckman Coulter), and
Submit 4.3 software (Beckman Coulter) was then used to calculate the
percentage of apoptotic cells and the mean percentages and standard de-
viations derived at each time point postinfection.

RESULTS
Vimentin is identified as a DENV NS4A-binding protein. The
exact role of NS4A in DENV replication has not yet been well
defined, although it has been documented to be involved in the
replication of flaviviruses (4, 23). Furthermore, the interactions of
DENV NS4A with host cellular proteins are not well-known. To
investigate which host cellular proteins interact with DENV
NS4A, we performed a combination of tandem affinity purifica-
tion (TAP) assay along with mass spectrometry. The purified
NS4A-containing protein complexes were visualized using Coo-
massie blue staining (Fig. 1A). Eight prominent bands were ex-
cised, subjected to reduction and digestion in the gel, and analyzed
by LC-MS/MS for protein sequencing and identification. In the
mass spectrometric analysis, host cellular vimentin was identified
as one of the DENV NS4A-binding proteins (Table 1).

The identification of vimentin as an interacting partner of
NS4A was further confirmed by performing in vitro coimmuno-
precipitation (Co-IP)-Western blotting analyses. Western blot-
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ting with anti-NS4A antibody showed that vimentin coimmu-
noprecipitated NS4A, as an approximately 16-kDa band
corresponding to NS4A being captured specifically by the an-
tivimentin antibody was observed at all three indicated time
points after DENV infection (Fig. 1B, panel 3). Furthermore,
the interaction was further verified by reciprocal Co-IP using
anti-NS4A antibody and Western blot analysis using antivi-
mentin antibody. An approximately 57-kDa band correspond-
ing to vimentin was observed at the stipulated time points,
indicating that vimentin was similarly coimmunoprecipitated
with NS4A (Fig. 1B, panel 4). For negative controls, no specific
protein bands were detected using antivimentin or IgG isotype
control antibodies against the lysates from the mock-infected
cells or infected cells, respectively (Fig. 1B, panels 1 and 2,
respectively). The data from Co-IP and its reciprocal assay con-
firm our initial results obtained with the TAP assay. Altogether,
these findings indicate that vimentin directly interacts with
NS4A, thus leading us to investigate further the role of vimen-
tin-NS4A interaction.

Colocalization of vimentin with NS4A, ER, and dsRNA in-
volved rearrangement of vimentin during DENV replication.
We next examine the interaction and colocalization of vimentin
with NS4A using an immunofluorescence assay. Since it is be-
lieved that the virus-induced ER-derived membranous compart-
ments serve as a scaffold for the DENV RCs and NS4A associates
with ER membranes, we analyzed the colocalization of DENV RCs
with vimentin as well as NS4A. The distribution patterns of vi-
mentin and ER in mock- and DENV-infected cells were studied.
In mock-infected cells, vimentin displayed an extended network
arrangement from the perinuclear region outwards to the cell
plasma membrane (Fig. 2A, B, and C, panels ii), and the ER pre-
sented the typical reticular structure appearance across the indi-
cated time points (Fig. 2A, B, and C, panels iii). However, changes
in the vimentin network and ER structure and intensity were ob-
served in the DENV-infected cells (Fig. 2A, B, and C, panels vii to
viii). DENV infection induced a significant change in the mor-
phology of vimentin structure. Vimentin filaments have retracted
from the cell periphery at 24 h postinfection (Fig. 2A, panel vii)
and reorganized into dense structures around the perinuclear re-
gion whereby aggregation was more extensive at 48 h postinfec-
tion (Fig. 2B, panel vii). Flaviviruses induce proliferation and hy-
pertrophy of the ER membranes during a productive infection (6).
Similarly, the number of cytoplasmic foci of ER increased in in-
fected cells, and the intensity of the ER was greater than in the
mock-infected cells. In addition, it has lost the reticular structure
appearance and appeared to have a punctuate staining pattern
(Fig. 2A, B, and C, panels viii). A similar staining pattern was
observed for DENV NS4A, and it appeared as dot-like structures
which concentrated in the region occupied by the DENV RC:s (Fig.
2A, B, and C, panels viiii) and displayed colocalization with ER
and vimentin (Fig. 2A, B, and C, panels x). To quantify this colo-
calization, we determined the percentage of vimentin that colo-
calized with NS4A at the three stipulated time points based on
MOC. The colocalization quantification showed a trend of in-
creasing colocalization from 24 h postinfection (p.i.) to 48 h p.i.
and peaked at 48 h p.i. (82%) before decreasing at 72 h p.i. (Fig.
2G). Since NS4A is assumed to serve as a scaffold for the formation
of RCs (15, 24) and it localized to DENV-induced ER-derived
structures, the colocalization studies suggest that substantial vi-
mentin reorganization induced by DENV may occur jointly with
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FIG 1 Vimentin is identified as a DENV NS4A-binding protein. (A) Huh-7 cells stably transfected with the pcTAP-NS4A or pcTAP vector (control) constructs
were lysed, and the DENV-2 NS4A protein complexes were sequentially purified first by using streptavidin resin and then by using calmodulin resin. The samples
were resolved on a 10% SDS-polyacrylamide gel, and bands were visualized using Coomassie blue staining. The box in the NS4A-TAP lane indicates the band
identified as vimentin by mass spectrometry, and the black arrows mark the positions of the seven other proteins identified. The positions of the protein markers
(M) (in kilodaltons) are indicated to the left of the gel. (B) Huh-7 cells were infected with DENV-2 at an MOI of 10 and lysed at the three stipulated time points.
Infected and mock-infected total cell lysates were incubated with vimentin, NS4A, or IgG isotype antibodies and Dynabeads protein G were added to capture the
protein complexes. Samples with eluted target proteins were analyzed by Western blotting using anti-NS4A or antivimentin antibodies. Mock-infected samples
and IgG isotype control are shown in gels 1 and 2, respectively, and are the negative controls. Gels 3 and 4 show the infected samples in which Co-IP of NS4A with
vimentin and its reciprocal assay, respectively, confirmed the interaction. The specific protein bands representing vimentin and NS4A are shown by arrows to the

right of the gels.

the construction of DENV RCs. Furthermore, vimentin may as-
sociate with the RCs wherein it contributes to a structural role in
anchoring and supporting the RCs.

Previous studies by Miller and coworkers have revealed that
NS4A localizes largely in ER-derived cytoplasmic structures
that contain double-stranded RNA (dsRNA) as well, suggesting
that NS4A is a component of the DENV RCs (15). Since vimentin
may associate with DENV RCs (Fig. 2A, B, and C), we investigated
whether vimentin also colocalizes with dsRNA by performing im-
munofluorescence analysis, which leads to its proposed structural
role during dengue virus VRNA replication. In mock-infected
cells, no NS4A protein and dsRNA was detected (Fig. 2D, E, and F,
panelsiii and iv). On the other hand, the distribution of NS4A was
observed to be analogous to what has been described earlier, in
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which it colocalized with vimentin across the indicated time
points postinfection (Fig. 2D, E, and F, panels vii and viii). The
punctuate staining pattern of dsRNA exhibited striking resem-
blance to the staining pattern of NS4A with only slight dissimilar-
ities (Fig. 2D, E, and F, panels viii and viiii), thus confirming that
NS4A indeed colocalized strongly with dsRNA and is a compo-
nent of DENV RCs. Therefore, it was determined whether dsSRNA
colocalized with vimentin as well, and it was observed that reor-
ganized vimentin not only colocalized with NS4A but also with
dsRNA at 24, 48, and 72 h postinfection (Fig. 2D, E, and F, panels
x). The quantification of colocalization between vimentin and
dsRNA also showed a similar trend of increasing colocalization
from 24 h p.i. to 48 h p.i. and peaked at 48 h p.i. (76%) before
decreasing at 72 h p.i. (Fig. 2G). Taken together, vimentin colo-
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TABLE 1 Mass spectrometry results obtained with NS4A-TAP eluate

Protein® Protein identification Accession no. %Cov? Peptides (95%)°
1 Vimentin (Homo sapiens) sp|P08670| 69.1 43

2 Pyruvate kinase isoenzymes M1/M2 (Homo sapiens) sp|P14618| 64.8 32

3 Alpha-enolase (Homo sapiens) sp|P06733| 84.8 109

4 Glucose-6-phosphate 1-dehydrogenase (Homo sapiens) sp|P11413| 61.4 28

5 Tubulin beta chain (Homo sapiens) sp|P07437| 79.3 74

6 Elongation factor 1-alpha (Homo sapiens) sp|P68104| 83.6 44

7 Actin, cytoplasmic 1 (Homo sapiens) sp|P60709| 86.4 80

8 Rab GDP dissociation inhibitor beta (Homo sapiens) sp|P50395| 73.3 26

“ Protein numbers as in Fig. 1A.

¥ 9%Cov, percent sequence coverage [(number of the matched residues/total number of residues in the entire sequence) X 100%].

¢ Peptides (95%), number of peptides identified with more than 95% confidence.

calized with both NS4A and dsRNA at the sites of RNA replication
upon DENV infection. This supports the idea of vimentin being
one of the host cell factors that plays a part in the RNA amplifica-
tion machinery consisting of VRNA and other viral proteins. Also,
the findings from colocalization studies may suggest that DENV RCs
may be tethered with vimentin in DENV-infected cells and that vi-

A DAPI

Vimentin ER

Mock

DENV

mentin may consequently facilitate VRNA replication by anchoring
the replication machineries in membrane compartments.

Dynamic interaction of vimentin with NS4A during DENV
infection. In order to further elucidate how vimentin forms a
structural framework for anchoring NS4A, we examined the vi-
mentin-NS4A interactions and vimentin reorganization by recon-
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FIG 2 Colocalization of vimentin with NS4A, ER, and dsRNA involved rearrangement of vimentin during DENV replication. Huh-7 cells were infected with
DENV-2 at an MOI of 10 and fixed with ice-cold methanol at 24, 48, and 72 h postinfection before processing for immunofluorescence analysis. (A, B, and C)
Subcellular localization of vimentin (green), ER (red), and DENV NS4A (yellow) were visualized using LSCM, with the nuclei stained with DAPI (blue). ER
Tracker Red (BODIPY TR) glibenclamide (Invitrogen) was used for the staining of ER. Colocalization was denoted by white arrowheads in panels x. The images
were taken at a magnification of X100. (D, E, and F) Subcellular localization of vimentin (red), DENV NS4A (green), and dsRNA (violet) were visualized using
LSCM, with the nuclei stained with DAPI (blue). White arrows denote NS4A, and white arrowheads denote dsRNA. The images were taken at a magnification
of X200 (the images were enhanced by a X2 magnification in addition to 100X). (G) Colocalization quantification was based on MOC using whole-cell
immunofluorescence (WCIF) Image]J software (20) and represented as percent colocalization at the respective time points postinfection.
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FIG 3 Dynamic interaction of vimentin with NS4A during DENV infection. (A) Colocalization of vimentin (green) with NS4A (red) was observed in
DENV-infected cells (white arrowheads). The white cross denotes the site of xz-section and yz-section, and orthogonal sections at the indicated levels were
presented. Magnification, X100. Bar = 10 wm. (B) Colocalization quantification was based on MOC using WCIF Image] software (20) and represented as
percent colocalization at the respective time points postinfection. VIM, vimentin. (C) Serial xy-planes were performed to obtain a 3D reconstruction of the
vimentin scaffold. Snapshots of Video S1 in the supplemental material from confocal 3D reconstruction of the DENV-infected cells are shown, revealing the close
interaction (white arrowheads) of vimentin and NS4A. Thirty optical slices of 0.3-um z-section were obtained, and images were further processed using Imaris
software. (D) Immunofluorescence detection of PLA signals (white arrows) in DENV-infected cells at various indicated time points. The red signals represent the
vimentin-NS4A interactions, and the nuclei were stained with DAPI (blue). Vimentin- and NS4A-specific primary antibodies were used. Individual events of red
PLA signal were used as reading output and quantified. (E) Cells infected and treated with anticalnexin antibody (panel i) and mock-infected cells (panel ii) served
as negative controls. The images were taken at a magnification of X100. (F) Numbers of PLA-positive foci detected in Huh-7 cells with wild-type DENV-2
infection across indicated time points. The number of in situ PLA signals represents vimentin-NS4A interactions at different time points postinfection. In situ
PLA signals were quantitated on a per-cell basis using the software program CellProfiler (17) and the Image] program by spot counting (18). The numbers of cells

counted (n) are shown, and average values are indicated in red.

structing three-dimensional (3D) confocal images of the entire
vimentin network and NS4A protein distribution using laser-
scanning confocal microscopy (LSCM), as it facilitates the gener-
ation of high-resolution 3D images from sections of cells. The
colocalization studies led to the postulation that vimentin reorga-
nization may lead to the formation of a physical scaffold that sup-
ports the DENV RCs, mediated by NS4A interaction. In mock-
infected cells, vimentin was arranged in a filamentous network
reaching the cellular periphery (Fig. 3A, panels i to iii). Upon
DENV-2 infection, vimentin was observed to have lost the long
filamentous shape by 24 h postinfection and showed colocaliza-
tion with NS4A (Fig. 3A, panel iv). At 48 h postinfection, the
vimentin was further rearranged and aggregated into dense short
filaments (squiggles) that have strong colocalization with NS4A
around the perinuclear site (Fig. 3A, panel v). Interestingly, re-
modeling of vimentin occurred at 72 h postinfection, when an
enclosure surrounding the site where NS4A localized formed (Fig.
3A, panel vi). Indeed, the quantification of colocalization exhib-
ited a parallel trend of increasing colocalization from 24 h p.i.
(71%) to 48 h p.i., which peaked at 48 h p.i. (84%) before decreas-
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ing at 72 h p.i. (41%) (Fig. 3B). From the confocal 3D reconstruc-
tion images, we observed that there was indeed close association
between vimentin and NS4A. Vimentin filaments had clustered
together, but it was clear that NS4A aligned closely on the remain-
ing filamentous vimentin at 24 h postinfection (Fig. 3C, panel i;
see Video S1 in the supplemental material). Dynamics of vimentin
allowed further aggregation of the filaments toward the cell center,
constructing a physical scaffold at 48 h postinfection (Fig. 3C,
panel ii). This suggests that the scaffolding framework of vimentin
may hold the DENV RCs in place during RNA replication. Despite
the conversion of vimentin from aggregates into cage-like struc-
tures surrounding NS4A during late infection, colocalization was
still observed at 72 h postinfection (Fig. 3C, panel iii), as sup-
ported by Co-IP (Fig. 1B). This shows the dynamics of vimentin-
NS4A protein interactions and thus led us to explore the pattern of
interactions across various time points during the course of
DENV infection.

From the confocal micrographs and 3D reconstructed images,
we hypothesized that vimentin may assume different structural
platforms across the infection time in which interaction with
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NS4A occurred. The postulation that dynamic vimentin-NS4A
interactions may exist led us to investigate the pattern of interac-
tions across various time points postinfection using the in situ
proximity ligation assay (PLA). This recently developed proximity
ligation technique allows the examination of subcellular localiza-
tion of protein-protein interactions at single-molecule resolution
and visualization and quantification of individual interacting
pairs of protein molecules (25). The localization of interactions in
situ is not lost, and the distribution of interacting proteins within
individual cells can be demonstrated. It was observed that the red
PLA fluorescent signals increased consistently from 12 to 36 h
postinfection and that interaction between vimentin and NS4A
was most prominent at 48 h postinfection when the number of
PLA-positive foci representing sites of colocalization of vimentin
with NS4A was greatest (Fig. 3D). In addition, the localization of
vimentin-NS4A interactions was distributed around the perinu-
clear site, therefore further suggesting that vimentin was recruited
to the perinuclear region by its reorganization mediated by NS4A
interactions. As infection time progressed, the number of PLA
signals declined, but there were still considerable interactions, in-
dicating that the two proteins were still in close proximity (Fig.
3D). Interestingly, the localization of interactions at 72 h postin-
fection seems to be further away from the perinuclear region,
which supports the observation of the cage-like structure of vi-
mentin during late infection (Fig. 3A, panel vi). There were sub-
stantially fewer PLA-positive foci detected in cells treated with
anticalnexin antibody (Fig. 3E, panel i) or in mock-infected cells,
which served as controls (Fig. 3E, panel ii). From Fig. 3F, a trend
was observed in the vimentin-NS4A interaction across the time
after DENV infection. The association of vimentin with NS4A
changed at different time points. The proximity study data and
colocalization analysis showed that the strongest colocalization
occurred 48 h postinfection and subsequently decreased at 72 h
postinfection. Taken together, the data further imply that there is
adynamicinterplay of vimentin and NS4A in DENV-infected cells
and suggest a role for vimentin as a dynamic scaffold for
DENV RCs.

Ultrastructural studies illustrate the close association of vi-
mentin and NS4A. To further examine the interaction between
vimentin cytoskeleton and NS4A at an ultrastructural level of
higher resolution, scanning electron microscopy (SEM) was per-
formed. This was done using a technique which involves the ex-
traction of cells and removal of the MTs and microfilaments
(MFs) while preserving the IFs, and followed by double immuno-
gold labeling procedure (21; see Materials and Methods). Accu-
racy and reliability in the visualization and identification of vi-
mentin IFs can thus be achieved with the removal of MTs and MFs
by gelsolin, followed by immunogold labeling of vimentin. The
vesicles observed in Fig. 4 were likely to be the VPs that harbor the
DENV RCs. DENV VPs are induced by DENV NS proteins such as
NS4A, which appear as clusters of double-membrane vesicles of
80 to 150 nm in size (7). The NS4A (Fig. 4, gray arrowheads,
10-nm gold conjugate) was observed to associate with the VPs,
and this observation is in agreement with previous studies that
NS4A is a component of the DENV RCs. Gold particles labeling
NS4A were aligned along and associated directly with the vimen-
tin network (Fig. 4, gray arrows, 5-nm gold conjugate) or concen-
trated in its vicinity. These individual VPs and clusters of VPs were
closely associated with the vimentin network in the absence of
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FIG 4 Ultrastructural studies illustrate the close association of vimentin and
NS4A. Huh-7 cells were infected for 48 h and then subjected to detergent
extraction, chemical fixation, and immunogold labeling for electron micro-
scopic visualization of vimentin cytoskeleton. The enlarged image (panel iii)
represents the overlay of the secondary electron image (panel i) and the back-
scattered electron image (panel ii). A close association of vimentin (gray ar-
rows) with NS4A (gray arrowheads) is shown. Magnification, X50,000. Bars =
100 nm.

MTs and MFs. These results thus illustrate the strong interaction
of host cellular vimentin with DENV NS4A.

N50 is the specific interacting region of DENV NS4A with
vimentin. Once vimentin-NS4A interactions have been estab-
lished, we proceeded to narrow down the specific region of NS4A
that interacts with vimentin. Molecular cloning of different seg-
ments of DENV NS4A was performed to generate different plas-
mids consisting of fragments of the gene of interest in tandem with
the EmGFP gene. Based on the proposed membrane topology
model of DENV NS4A by Miller and coworkers (15), the follow-
ing four segments of DENV NS4A were cloned: amino acids 1 to
50, 1 to 74, 1 to 100, and 51 to 127, designated N50, N74, N100,
and N51-127, respectively, as well as the full-length NS4A lacking
the 2K sequence consisting of amino acids 1 to 127 [NS4A (—2K)]
(Fig. 5A). Subsequently, the plasmids carrying genes encoding dif-
ferent segments of NS4A were stably expressed in Huh-7 cells, and
the subcellular localization of the EmGEFP fusion proteins was ver-
ified by confocal immunofluorescence microscopy (IFM). The
subcellular localization of N50-EmGFP fusion protein was ob-
served to be distributed throughout the cell, signifying that the
N50 region localized at the cytoplasmic N-terminal region lacks
the transmembrane domain. In contrast, the other clones [N74,
N100, N51-127, and NS4A (—2K)] having at least one predicted
transmembrane segment (pTMS) displayed localization at the pe-
rinuclear region (Fig. 5B). In addition, a punctuate staining was
observed, indicating that all three pTMSs are able to mediate
membrane association which is consistent with the observations
of Miller and coworkers (15). It was also observed that the N100,
N51-127, and NS4A (—2K) clones have a stronger dot-like stain-
ing pattern, suggesting that the EmGFP fusion proteins with at
least two pTMSs may induce more membrane association. Plas-
mids carrying genes encoding NS2A-EmGFP and E-protein—
EmGFP were also transfected into Huh-7 cells, and these served as
controls for subsequent biochemical assays. NS2A and E protein,
which are known to associate with ER membranes, were enriched
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FIG 5 Molecular cloning of different fragments of DENV NS4A and subcellular localization studies. (A) Schematic representations of different segments of
DENV NS4A cloned to generate the respective NS4A-EmGFP fusion proteins. Yellow boxes represent the predicted transmembrane segments (pTMSs) of NS4A.
(B) Huh-7 cells were stably transfected with the plasmids carrying genes encoding the NS4A-EmGFP fusion proteins before processing for immunolabeling.
Confocal IFM showing subcellular localization of NS4A-EmGFP recombinant fusion proteins (green) and vimentin (red). (C) Stable cell clones expressing
NS2A- and E-protein—-EmGFP served as controls. The images were analyzed using LSCM and taken at a magnification of X100. White arrows denote the
subcellular localization. (D) Colocalization quantification was based on MOC using WCIF Image] software (20) and represented as percent colocalization of the
respective NS4A-EmGFP fusion proteins and control proteins. Statistical analyses were carried out using one-way analysis of variance (ANOVA) and Bonferroni
post hoc test (GraphPad Software). Values that are significantly different from those for the control proteins (P < 0.001) are indicated by three asterisks.

at the perinuclear region as well (Fig. 5C). From Fig. 5D, it can be
observed that the average colocalization of 75% was significantly
greater in the clones (NS4A (—2K), N50, N74, and N100) than in
the N51-127 clone (41%) and control proteins (33%).

To delineate the region of interaction of NS4A with vimentin,
we performed in situ PLA to determine the specific region of NS4A
that has the strongest interaction with vimentin as determined by
the number of PLA signals. The PLA signals were significantly
stronger in cells expressing plasmids with genes encoding NS4A
(—2K), N50, N74, and N100, compared to N51-127 (Fig. 6A and
C). This indicates the importance of a sequence that is present in
the former four plasmids expressed yet lacking in the latter for the
interaction with vimentin, the region with amino acids 1 to 50. For
controls, the PLA signals observed for cells expressing NS2A and E
protein were not significantly different from those for N51-127
(Fig. 6B and C). GFP empty vector was used as a negative control
to exclude the nonspecific signals, and a significant difference was
observed compared to other cells expressing the protein of inter-
est. Therefore, the region comprising the N-terminal 50 residues
without the membrane-spanning segment (N50 region) may be
the one interacting with vimentin, since it resides in the cyto-
plasm.

To further confirm that N50 is indeed the region of DENV
NS4A responsible for the interaction with vimentin, we carried
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out Co-IP. In cell lysate containing N51-127—-GFP fusion proteins,
N51-127 was not coimmunoprecipitated with vimentin using an-
tivimentin antibody, as no protein band of approximately 35 kDa
corresponding to N51-127—-GFP fusion protein was observed (Fig.
6D, panel 1). In the reciprocal assay, a protein band corresponding
to vimentin was also not detected (Fig. 6D, panel 5). Conversely,
N74-,N50-, NS4A (—2K)-GFP fusion proteins were coimmuno-
precipitated with vimentin using antivimentin antibody. Western
blotting using anti-GFP antibody revealed protein bands of ap-
proximately 35 kDa, 32 kDa, and 40 kDa corresponding to N74,
N50, and NS4A (—2K), respectively (Fig. 6D, columns 2 to 4).
These results were verified by reciprocal Co-IP using anti-GFP
antibody, and vimentin (~57 kDa) similarly coimmunoprecipi-
tated with N74-, N50-, NS4A (—2K)-GFP fusion proteins (Fig.
6D, panels 6 to 8). With our study, we report for the first time the
discovery of the specific region of NS4A that interacts with vimen-
tin lies within the first 50 amino acid residues at the cytosolic
N-terminal domain of NS4A (N50 region).

DENV-2 infection induces vimentin reorganization by alter-
ing phosphorylation levels of vimentin. Vimentin was found to
undergo reorganization and recruitment to the perinuclear site upon
DENV infection (Fig. 2 and Fig. 3A). Vimentin reorganization in cells
involves filament disassembly regulated by phosphorylation of the
N-terminal domains by cellular kinases (13). Therefore, to further
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FIG 6 N50 is the specific interacting region of DENV NS4A with vimentin. In situ PLA exhibits interaction of vimentin with NS4A-EmGFP fusion proteins. (A)
Immunofluorescence detection of PLA signals (white arrows) in transfected cells stably expressing different regions of NS4A. Vimentin- and GFP-specific
primary antibodies were used. The number of in situ PLA signals represents the vimentin-NS4A fusion protein (region of interest) interactions, and the nuclei
were stained with DAPI. Individual events of PLA signal were used as reading output and quantified. (B) Plasmids expressing NS2A protein, E protein, and GFP
alone were used as controls. The images were taken at a magnification of X 100. (C) Quantification of PLA-positive foci detected in stably transfected Huh-7 cells.
Insitu PLA signals per cell were quantitated using the software program CellProfiler (17) and Image] program by spot counting (18).The numbers of cells counted
(n) are shown, and the average values are shown in gray. Statistical analyses were carried out using one-way ANOVA and Bonferroni post hoc test (GraphPad
Software). Values that are significantly different (P < 0.001) from each other are indicated by a bar and three asterisks. (D) Co-IP of vimentin with different
NS4A-GFP recombinant fusion proteins. Total cell lysates were incubated with vimentin or GFP antibodies, and Dynabeads protein G were added to capture the
protein complex. Samples with eluted target proteins were analyzed by Western blotting (WB) using anti-GFP or antivimentin antibodies. Panels 1 to 4 represent
Co-IP procedure, and panels 5 to 8 represent reciprocal Co-IP. The specific protein bands representing different truncated NS4A-GFP fusion proteins and the

bands representing vimentin are indicated by the arrows.

investigate the induction of vimentin reorganization, the phos-
phorylation levels of vimentin were examined by Western blot
analysis. In view of the fact that serine-38 is one of the in vivo
phosphorylation sites that are of major importance in maintain-
ing and regulating vimentin structure (26), it was used as a re-
porter of vimentin phosphorylation in our study. In the mock-
infected and UV-irradiated DENV-2 control setups, a constant
level of phosphovimentin (serine-38) was detected across the
three time points (Fig. 7A). In contrast, there was a distinct change
in the phosphorylation levels of vimentin upon DENV-2 infec-
tion. We observed a transition state whereby the expression level
of phosphovimentin increased markedly at 48 h postinfection
from 24 h postinfection before it declined at 72 h postinfection.
The significant increase in the level of phosphovimentin in
DENV-infected cells at 48 h postinfection (Fig. 7A and B) was
correlated with the colocalization study results (Fig. 2 and Fig. 3A)
and proximity study results (Fig. 3D), as evident by the prominent
reorganization and the strongest colocalization and interaction
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between vimentin and NS4A. These findings may indicate a rela-
tionship between vimentin phosphorylation levels and vimentin
reorganization and its interaction with NS4A. An increased phos-
phorylation of vimentin IFs favors a depolymerized state, which
allows its reassembly at the perinuclear site, and consequently
forms an anchorage scaffold for the DENV RCs mediated by NS4A
interaction. Interestingly, DENV-2 infection also upregulated vi-
mentin expression, wherein the highest vimentin protein expres-
sion level occurred at 72 postinfection (Fig. 7A and C). This may
further illustrate the crucial role of vimentin during the course of
DENV infection.

Modifications in the cytoskeletal organization can occur dur-
ing early apoptosis, and rearrangement of vimentin networks is
induced, which is followed by proteolysis and disassembly (27).
To exclude the possibility that vimentin reorganization occurred
due to early apoptosis, we performed annexin V binding assay and
flow cytometric analysis to quantitate the extent of apoptosis in
DENV-2-infected cells at all three time points. As depicted in
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FIG 7 DENV-2 infection induces vimentin reorganization by altering phosphorylation levels of vimentin. (A) Western blot analysis of the phosphorylation
levels of vimentin. Huh-7 cells subjected to the three treatments (DENV infection, mock infection, and UV irradiation) were lysed at 24, 48, and 72 h
postinfection, and equal amounts of protein were separated by SDS-PAGE. The blots were probed with antiphosphovimentin (serine-38) or antivimentin
antibodies. B-Actin was used as the loading control. (B) Quantification of protein bands detected by Western blotting. Intensity of bands representing
phosphovimentin (serine-38). (C) Intensity of bands representing vimentin. Band intensities were quantitated and made reference to actin control bands (at each
individual time points). (D) Bivariate annexin V/PI analysis of DENV-2-infected cells across all time points. DENV-2-infected Huh-7 cells were double labeled
with annexin V (x axis) and PI (y axis). The top left quadrant (quadrant 1 [Q1]) contains the damaged (annexin V—/PI+) population, the top right quadrant
(Q2) contains the necrotic (annexin V+/PI+) cells, the bottom left quadrant (Q3) contains the viable (annexin V—/PI—) cell population, and the bottom right
quadrant (Q4) contains the apoptotic (annexin V+/PI—) cells. (E) Using flow cytometry, apoptosis was quantitated as the percentage of cells showing annexin
V-positive staining. Three replicate experiments were carried out, and the error bars show the standard deviations (SD). Statistical analyses were performed using
one-way ANOVA and Bonferroni’s multiple comparison test (GraphPad Software). Values that are significantly different (P < 0.001) from each other are

indicated by a bar and three asterisks. Values that are not statistically significant (ns) (P > 0.05) are indicated by bars labeled ns.

Fig. 7D, the viable cell population (bottom left quadrant [quad-
rant 3 {Q3}]) formed the largest fraction of the cells, and DENV-
2-infected cells were comparable to mock-infected cells across all
three time points. At 72 h p.i., there was an increase in the fraction
of necrotic (annexin V-positive [annexin V +]/PI-positive [P1+])
cells (top right quadrant [Q2]), which was expected. Although the
apoptotic (annexin V+/PI-negative [PI—]) cell fraction at 72 h
postinfection was higher (with statistical significance) than its
parallel mock-infected setup, this assay revealed that the extent of
apoptosis at all three time points postinfection was very low, even
at 72 h postinfection (lower right quadrant [Q4]). This subpopu-
lation comprised 0.9%, 0.8%, 1.9% of the DENV-infected cells at
24, 48, and 72 h p.i,, respectively (Fig. 7E). These fractions repre-
sented the early apoptotic cells which constituted only a small
percentage of the total cell population. Therefore, it was con-
cluded that indeed the observed vimentin reorganization was not
induced due to early apoptotic cell death events but DENV infec-
tion of viable cells.

Calcium/calmodulin-dependent protein kinase II gamma
gene knockdown significantly reduces DENV-2 titer. Reorgani-
zation of vimentin IFs is regulated by phosphorylation in a site-
specific manner (28) through cellular protein kinases such as
Cdc42 and p70 S6 kinase (29), as well as stimulus-specific kinases,
for example, CaMKII (30). In addition, serine-38 of vimentin is
also one of the major in vitro and in vivo phosphorylation sites by
CaMKII (28), and CaMKIIvy directly binds to vimentin and colo-
calizes with them (31). We went on further to examine the effects
of gene knockdown of these cellular protein kinases, Cdc42, p70 S6
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kinase, and CaMKIIy, on DENV-2 replication. Among the three ki-
nases, the reduction in DENV-2 titer was observed to be greatest with
CaMKIIy gene knockdown, compared to that of Cdc42 and p70 S6
kinases (data not shown). CaMKII is expressed as four isoforms: o, 3,
d,andy. The a and 3 isoforms are predominantly expressed in neural
tissue (32), whereas the v isoform is expressed in liver tissue (33);
therefore, the vy isoform was selected for our study.

Before a viral plaque assay was performed to determine the
virus titer, Western blotting and qRT-PCR were carried out to
verify gene knockdown efficiency. There was a dosage-dependent
reduction in the protein expression level, thus showing that the
knockdown was effective despite low levels of CaMKIIy expres-
sion still being detected (Fig. 8A, panel i, and Fig. 8B). Addition-
ally, the decrease in DENV-2 titer despite the modest reduction in
CaMKIIy expression observed at lower siRNA concentrations
may be due to the continuous siRNA knockdown effect and sus-
tained depletion of CaMKIIy encoded by the targeted mRNA dur-
ing the 72-h infection period. This was further verified by the
scrambled siRNA treatment, as no knockdown was observed
throughout the spectra of siRNA concentrations used (0 nM to 50
nM) (Fig. 8A, panel ii, and Fig. 8B). The qRT-PCR data demon-
strated a reduction in the mRNA level of CaMKIIy upon knock-
down, whereas with scrambled siRNA treatment, the mRNA level
remained fairly constant (Fig. 8C). Knockdown of the CaMKIIvy
gene indeed caused a dosage-dependent reduction in the infec-
tious viral titer of DENV-2, with a reduction of 1.5 log units at 50
nM, relative to the positive transfection control (PTC) sample
(Fig. 8D). Furthermore, minimal cellular cytotoxicity was ob-

jviasm.org 1907


http://jvi.asm.org

Teo and Chu

A i. CAMKIly targeting SiRNA treatment D
CaMKilly S 8 100
. 7
) - = X & 80
B-Actin =, k | 42kDa £ 6 = CaMKIly
- - E’ * % = 70 2 targeting
O(PTC) S 15 25 35 45 50 g 5 * N 60 E SiRNA
siRNA concentration (nM) & 50 3 lzg‘;l;/ln}:gred
Pl >
g 4 w0 3 SIRNA
ii. CAMKIF bled siRNA treat t 2
ke _ R 30 ——Cell
CaMKily 5 viability
10

prActn | QS DD W S e | 2° ’ o
o(PTC) S 15 25 35 45 S0

0 (PTC) 5 15 25 35 45 50 siRNA concentration (nM)
siRNA concentration (nM)
B 200, E
1.50 4 —e— CAMKIly o
= . <
B tgrgetmg a
3 SiRNA o
E 100 | e oAb A AT >
° - 4 - CAMKIly G
8 scrambled (=]
0.50 1 siRNA
0.00 T T T T T T ]
O e p e
N F
siRNA concentration (nM)
~ 100.0 4
g 90.0
c120 % '
2 80.0 1
g 100 2 7001
$ 80 |CaMKilly § 60.0 1
i’ targeting «é> 50.0 1
E 60 SiRNA g 40.0 4
3 OCaMKily S 300
= 40 scrambled =
= SiRNA Z 2001
3 20 o 1004
0.0 4

Scr O(PTC) S 15 25 35 45 50

O(PTC) S 15 25 35 45 50
siRNA concentration (nM)

siRNA concentration (nM)

FIG 8 Calcium/calmodulin-dependent protein kinase II gamma gene knockdown significantly reduces DENV-2 titer. Verification of CaMKIIy gene knock-
down with siRNA treatment. (A) Western blot analysis for detecting protein expression levels of CaMKIIvy, with B-actin as the loading control. Parallel
transfection of scrambled siRNA served as a knockdown control. (B) Band intensity of CaMKIIy gene knockdown verification. The intensities of protein bands
representing CaMKIIy protein expression level were quantitated and made reference to actin control bands (for each of the individual concentrations) and PTC.
The intensities of protein bands representing protein expression level were quantitated using the Image] Gel Analysis program. (C) qRT-PCR data were analyzed
using ABI StepOnePlus software. Cross threshold values of CaMKIIy and 3-actin were obtained and used for the calculation of the mRNA levels of CaMKIIy,
represented in percentages which made reference to the PTC. The effects of CaMKIIy gene knockdown on replication of DENV-2 are shown. Values are means =
standard deviations (SD) (error bars). (D) Cell viability assay was performed, and the titers of virus in the supernatants of siRNA-transfected cells were analyzed
by viral plaque assay. Three replicate experiments were carried out, and the SD are indicated by error bars. Statistical analyses were performed using one-way
ANOVA and Dunnett’s test (GraphPad Software). Values that are significantly different are indicated as follows: ¥, P < 0.05; **, P < 0.005. (E) siRNA-treated
DENV-infected cells were fixed at the same time points, and intracellular viruses were detected by indirect IFM. Immunofluorescence detection of DENV-2
proteins (green) with the nuclei stained with DAPI (blue) is shown. The images were taken at a magnification of X10. (F) Quantification of DENV-2
antigen-positive cells from the IFM images, represented in percentages which made reference to the PTC. Three replicate experiments were carried out, and the
error bars show SD. Statistical analyses were performed using one-way ANOVA and Dunnett’s test (GraphPad Software). Values that are significantly different
are indicated as follows: *, P < 0.05; **, P < 0.001. Scr, scrambled siRNA.

served across all the concentrations of siRNA used (Fig. 8D). In
cells transfected with scrambled siRNA, the viral titer remained
constant with minimal inhibition. Indirect IFM was used to ob-
serve the intracellular viral infectivity upon CaMKIIy gene knock-
down (Fig. 8E), and the immunofluorescence signals were quan-
titated. The decrease in the intracellular infectivity of DENV-2 was
more significant, with a reduction of 79.9% using 50 nM siRNA
compared to the PTC (Fig. 8F). These findings propose that
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CaMKIIy may also be involved in DENV-2 replication through
phosphorylation of vimentin at serine-38.

Additionally, to assess the link between CaMKII'y, vimentin
phosphorylation, and colocalization of vimentin with NS4A in
DENV replication, gene silencing and inhibition of CaMKIIvy us-
ing siRNA and KN93 inhibitor were used, respectively. Upon
knockdown of the CaMKIIvy gene, there was a substantial decrease
in the immunofluorescence signal for phosphovimentin (serine-
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FIG 9 Gene silencing and inhibition of CaMKIIy reduce vimentin phosphorylation and diminish vimentin-NS4A colocalization. Huh-7 cells were transfected
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DENV-infected cells were fixed, and vimentin phosphorylation and vimentin-NS4A colocalization were investigated by indirect IFM. P-Ser*®, phosphorylated
serine at position 38. (A and D) Immunofluorescence detection of phosphovimentin (serine-38) (green) with the nuclei stained with DAPI (blue). Huh-7 cells
infected with DENV-2 and treated with 0.1% DMSO served as a solvent control. (B and E) Subcellular localization of vimentin (green) and DENV NS4A (red)
were visualized using LSCM, with the nuclei stained with DAPI (blue). Colocalization of vimentin (white arrows) with NS4A (white arrowheads) was indicated.
The images were taken at a magnification of X 100. (C and F) Colocalization quantification was based on MOC using WCIF Image] software (20) and represented
as percent colocalization which made reference to the PTC and DMSO control, respectively. Statistical analyses were carried out using one-way ANOVA and

Bonferroni post hoc test (GraphPad Software). Values that are significantly different (P < 0.001) are indicated by three asterisks.

38) (Fig. 9A, panels vii to viiii and xiii to xv), indicating that
CaMKIIvy silencing impacts vimentin phosphorylation in DENV
infection. Interestingly, the colocalization of vimentin with NS4A
was lost upon knockdown of CaMKIIy (Fig. 9B, panels xii and xx),
and this phenomenon was quantified wherein the colocalization
coefficients showed a significant reduction from 80% to 34% (Fig.
8C). Furthermore, there was decreased vimentin reorganization
(Fig. 9B, panels x and xviii) and significantly reduced immunoflu-
orescence signal for NS4A (Fig. 9B, panels xi and xviiii). This
could further support the reduction in the infectious viral titer of
DENV-2 (Fig. 8D). Likewise, inhibition of vimentin phosphory-
lation using KN93 showed similar phenotypes wherein immuno-
fluorescence signal for phosphovimentin (serine-38) decrease
substantially (Fig. 9D, panels iv to vi) and colocalization of vimen-
tin with NS4A was significantly decreased from 78% to 25% (Fig.
9E, panels v to viii, and Fig. 9F).

Vimentin is essential for anchorage of DENV replication
complexes mediated by NS4A interaction. It is essential to un-
derstand the biological and functional significance of vimentin
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and its interaction with DENV NS4A during DENV replication.
With this aim, we executed gene knockdown of vimentin using
targeting siRNA and studied the effect of knockdown on the dis-
tribution of DENV RCs. In the PTC setup, vimentin was intact
and reorganized to form the structural scaffold that supports the
RCs. The DENV RCs, which are known to be derived from ER,
were expected to be localized at the perinuclear region as observed
(Fig. 10A, panelsato e). In contrast, the vimentin expression levels
were substantially reduced upon vimentin knockdown. Despite
having residual vimentin expression level attributed to vimentin
being a housekeeping gene critical for cellular maintenance (34),
the RCs were evidently redistributed to the periphery of cells with
the use of 25 nM targeting siRNA (Fig. 10A, panels k to o). For a
control, parallel transfection of scrambled siRNA was carried out,
and vimentin organization and RC distribution were similar to
that of the PTC (Fig. 10A, panels f to j). To increase the effect of
vimentin knockdown, we tested a higher concentration of target-
ing siRNA, and the RCs appeared to be extensively diffused and
spread throughout the cell cytoplasm (Fig. 10A, panels u to y). In

jviasm.org 1909


http://jvi.asm.org

Teo and Chu

50 nM 25nM 25nM PTC
scrambled targeting scrambled

50 nM
targeting

w

dkk Fkk

NN
o
o o

Pixel area size (%)

siRNA concentration (nM)

FIG 10 Vimentin is essential for anchorage of DENV replication complexes mediated by NS4A interaction. (A) Huh-7 cells were treated with vimentin targeting
or scrambled siRNA and fixed after DENV-2 infection for immunofluorescence analysis. The subcellular localization of vimentin (green), ER (red), and DENV
NS4A protein (violet) were visualized by LSCM, with the nuclei stained with DAPI (blue). The images were taken at a magnification of X 100. White arrowheads
denote the punctuate ER staining (concentrated localization), and white arrows denote diffused ER staining (dispersed localization). (B) Quantification analysis
of the distribution of immunofluorescence signals from the IFM images, shown as percentages of pixel area size which made reference to the PTC. Statistical
analyses were performed using one-way ANOVA and Dunnett’s test (GraphPad Software). Values that are significantly different (P < 0.001) are indicated by
three asterisks. Immunofluorescence signals were quantitated on a per-cell basis using the ImageJ software program. The number of cells counted per sample is

10. Values are means * SD (error bars).

the parallel control setup, the ER exhibited the punctuate staining
pattern (Fig. 10A, panels p to t), unlike the diffused pattern ob-
served in the vimentin knockdown cells. Upon vimentin gene
knockdown, the area of distribution of DENV RCs was quantified,
and the difference in area was largely significant compared to the
control setups (Fig. 10B). Taken together, our findings further
demonstrated the active role of vimentin as a supportive anchor-
age for the DENV RCs during DENV replication.

DISCUSSION

The molecular mechanisms of DENV replication can affect the
clinical outcomes (35). It is apparent that an understanding of the
DENV replication cycle will require characterization of the phys-
ical and functional interactions of the proteins that form the
DENV RC, including unidentified host proteins. Here, the com-
plex interplay of DENV NS4A and host cytoskeleton vimentin has
been revealed. In this study, one of the key findings was the iden-
tification of a direct interaction between human cytoskeleton vi-
mentin and DENV NS4A (Fig. 1). Our data suggested that there
was close physical interaction between vimentin and NS4A
throughout the replication cycle and thus led to the investigation
of the relationship between these two proteins and their signifi-
cance in DENV replication. Other studies have reported the inter-
actions of host cellular polypyrimidine tract-binding protein with
NS4A and its localization in the replication machinery (16). This
may suggest a similar role for vimentin during vRNA replication.
Studies on the interaction of vimentin with DENV proteins are
limited, seeing that only one group has proposed the association
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of vimentin with DENV NS1 and its crucial role in DENV repli-
cation (36). Hence, vimentin was being worked on, as we are in-
terested in finding out the functional significance of vimentin in-
termediate filaments with respect to DENV replication, which has
been studied less, compared to microtubules and microfilaments.
Further work is required to reveal specifically what biological
functions vimentin serve and with which DENV proteins it inter-
acts directly. This led us to explore vimentin further with various
downstream experiments, as we identified vimentin as one of the
DENV NS4A-binding proteins.

Subcellular colocalization studies revealed that vimentin in-
deed colocalized with NS4A at the perinuclear site where DENV-
induced ER-derived membranous compartments localized (Fig.
2A, B, and C). The dramatic rearrangements of proliferating ER
membranes were induced by NS4A to form unique membrane
structures—DENV RCs, suggesting its role in RNA replication
(37-39). This suggests that substantial vimentin rearrangement
induced by DENV occurs jointly with the construction of DENV
RCs in which compartmentalization within the induced mem-
branes ensures a more efficient replication process, and vimentin
may contribute a structural role in anchoring the RCs. Flaviviral
RC is believed to comprise the vVRNA template with the NS pro-
teins and presumably some host proteins on cytoplasmic mem-
branes (3, 4). Hence, the role of vimentin in DENV RNA replica-
tion was further elucidated, as vimentin was found to colocalize
with dsRNA as well (Fig. 2D, E, and F), suggesting that vimentin is
one of the host cellular factors that associates with the RNA am-
plification machinery and may play a direct role in DENV RNA
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replication. Furthermore, SEM has also demonstrated the strong
association of vimentin network and DENV components at the
ultrastructural level where DENV RCs aligned closely along the
highly interconnected vimentin network (Fig. 4). IFs are known to
control adaptor protein 3 (AP3)-dependent membrane traffic and
help in vesicle formation, vesicle budding, and vesicle uncoating
(40). It is also intriguing to conjecture on how vimentin might
help in the formation of the ER-derived RCs, mediated by the
interaction with NS4A, and potentially stabilizes the RC localiza-
tion at the perinuclear site.

It is interesting to notice the dynamics of vimentin-NS4A in-
teractions (Fig. 3) attributed to vimentin remodeling during
DENV infection. These findings seem to be in accord with the fact
that IFs are performing certain key cellular functions rather than
being just rigid structures providing mechanical resilience to the
cells, thus gaining greater significance as dynamic elements (40).
We describe the pattern of interaction and show that the strongest
interaction occurs at 48 h postinfection, which may imply a sig-
nificance of this particular time point in the DENV replication
cycle. There are some possible reasons as to why a dynamic inter-
action exists. During late infection, a host cellular response may be
elicited to provide cytoprotective function by the remodelling of
vimentin, since a greater amount of viral proteins are produced.
Stefanovic and coworkers have reported the induction of vimen-
tin rearrangement into a cytoprotective cage during African swine
fever virus (ASFV) infection (19). The enclosure of viral proteins
may prevent viral components spreading throughout the cyto-
plasm (41). Another possibility could be that the modified vimen-
tin plays a more dynamic role, such as organizing the interior of
viroplasm foci and incorporating viral proteins inside immature
viral particles (42).

The amino-terminal domains of the IF proteins are thought to
protrude from the surfaces of the filaments (43); thus, these se-
quences are likely to participate in interactions between the vi-
mentin filaments and associated proteins. Even though the data
are not sufficient to conclude the exact details of the biochemical
interactions between vimentin and NS4A, our data have revealed
for the first time that the specific region of NS4A that interacts
with vimentin lies within the first 50 amino acid residues at the
cytosolic N-terminal domain of NS4A (N50 region) (Fig. 6C and
D). To complement this finding, a recent study has identified an
amphipathic helix in the N-terminal region of DENV NS4A that
mediates oligomerization and is essential for DENV replication
(44). The oligomerization of membrane proteins can form a scaf-
fold that can locally bend membranes (7, 45); this could mean that
NS4A undergoes homo-oligomerization to form the DENV RCs.
Our new findings may shed light on the function of NS4A for
DENV replication, in particular the potential functional signifi-
cance of the cytosolic N-terminal region, where the N50 region
may serve as one of the potential antiviral targeting sites. The
determination of the exact mechanism of interaction between vi-
mentin and NS4A will require future investigations, which may
lead to significant insights into antiviral strategies.

Rearrangement of vimentin was believed to be required for the
formation of the virus assembly site, by providing a mechanical
scaffold for the recruitment of viral proteins necessary for ASFV
DNA replication (19). Risco and coworkers also showed that vi-
mentin filaments and elements of the ER Golgi intermediate com-
partment concentrate in the viral factories of vaccinia virus (42).
Our results indicated the evident reorganization of vimentin in-
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duced upon DENV infection. Furthermore, DENV replication
seems to modulate vimentin phosphorylation in a specific way by
altering the phosphorylation levels, which regulate vimentin reor-
ganization. We detected a significant increase in the level of phos-
phovimentin at 48 h postinfection (Fig. 7A), which correlated
strongly with the evident reorganization at the same time point
(Fig. 3A). Our finding is in line with the fact that there is increased
phosphorylation of vimentin when the filaments undergo marked
redistribution (46). There are several ways in which the induction
of vimentin reorganization during DENV infection could be ex-
plained. First, NS4A could directly induce vimentin reorganiza-
tion through processes mediated by its preceding direct interac-
tion. Alternatively, NS4A could indirectly induce vimentin
reorganization through the activation of CaMKIIvy, which in turn
phosphorylates vimentin at serine-38, leading to vimentin reorga-
nization. Last, vimentin rearrangements to enclose the viral as-
sembly site prevent the invasion of host cellular factors into the
assembly site and maintain the accumulation of viral proteins
(47). Thus, vimentin may emerge to be essential to confer struc-
tural integrity of the dengue virus assembly site and help organize
the ER-derived membranous compartments into a more efficient
3D assemblage of replication machineries comprising interacting
viral and host cell components.

Our findings point to the second hypothesis in which the vi-
mentin-NS4A interaction leads to downstream signaling events
that activate CaMKIIy and phosphorylate vimentin. It has been
reported previously that CaMKIIy directly binds to cytoskeletal
proteins such as vimentin and colocalizes with them (31). The
phosphorylation of vimentin at serine-38 by CaMKIIy was coin-
cident with vimentin reorganization which colocalized with NS4A
in place with the DENV RCs. However, it remains to be resolved
whether phosphorylation was a bystander effect of CaMKIIy ac-
tivation during DENV infection. Another speculation to demon-
strate a potential link between DENV NS4A and CaMKII activa-
tion relates to the cellular unfolded protein response (UPR)
exploited by viruses. A study identified rotavirus gene-encoded
hydrophobic viroporin nonstructural protein 4 that oligomerizes
to form a transmembrane aqueous pore which releases Ca** from
the ER into the cytoplasm, thereby activating a calcium/calmod-
ulin-dependent kinase kinase 3 signaling (48). Interestingly, some
of the flaviviral nonstructural proteins are hypothesized to be vi-
roporins (49) and may cause homeostasis imbalance of Ca** and
other ions in the ER, thus eliciting a stronger UPR. Other studies
have also reported that DENV infection induces and regulates the
UPR signaling cascades (50), and Flavivirus West Nile virus strain
KUNYV hydrophobic NS4A is a potent inducer of the UPR (51). As
such, it can be hypothesized that the hydrophobic DENV NS4A
which induces the local bending of ER membranes may lead to the
release of Ca>* from the ER Ca®* store via the ER stress response,
also called UPR. As a result, the released Ca>* activates CaMKII
via Ca®>"-bound calmodulin, leading to vimentin phosphoryla-
tion and reorganization.

Prior to this work, several studies employed the use of an acryl-
amide drug after treatment for chemical disruption of the vimen-
tin network (52); however, few or no studies have shown the effect
of siRNA-mediated vimentin gene knockdown on DENV replica-
tion. Here, we employed siRNA-mediated gene knockdown for
our functional studies to investigate the role of vimentin in DENV
replication. Subcellular localization studies further unraveled the
structural role of vimentin and its interaction with DENV repli-
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cation machinery. The dispersed localization of DENV ER-de-
rived RCs upon vimentin knockdown suggests its active role as
supportive anchorage for the RCs during viral replication (Fig.
10A). Our findings indicate that an intact vimentin network is
indeed essential in DENV-2 replication. Finally, this leads to the
proposed role of vimentin in dengue virus replication and pro-
moting efficient VRNA replication.
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