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Cell Entry of Avian Reovirus Follows a Caveolin-1-mediated
and Dynamin-2-dependent Endocytic Pathway That Requires
Activation of p38 Mitogen-activated Protein Kinase (MAPK)
and Src Signaling Pathways as Well as Microtubules and

Small GTPase Rab5 Protein™

Received for publication, May 25, 2011, and in revised form, June 24,2011 Published, JBC Papers in Press, June 26, 2011, DOI 10.1074/jbc.M111.257154

Wei R. Huang®, Ying C. Wang*®, Pei I. Chi*®, Lai Wang®, Chi Y. Wang”, Chi H. Lin!, and Hung J. Liu*'

From the *Institute of Molecular Biology, National Chung Ching University, Taichung 402, the SGraduate Institute of
Biotechnology, National Pingtung University of Science and Technology, Pingtung 912, the Department of Veterinary Medicine,
National Chung Ching University, Taichung 402, and the linstitute of Microbiology and Immunology, National Yang-Ming

University, Taipei 11221, Taiwan

Very little is known about the mechanism of cell entry of avian
reovirus (ARV). The aim of this study was to explore the mech-
anism of ARV entry and subsequent infection. Cholesterol
mainly affected the early steps of the ARV life cycle, because the
presence of cholesterol before and during viral adsorption
greatly blocked ARV infectivity. Although we have demon-
strated that ARV facilitating p38 MAPK is beneficial for virus
replication, its mechanism remains unknown. Here, we show
that ARV-induced phosphorylation of caveolin-1 (Tyr'%),
dynamin-2 expression, and Racl activation through activation
of p38 MAPK and Src in the early stage of the virus life cycle is
beneficial for virus entry and productive infection. The strong
inhibition by dynasore, a specific inhibitor of dynamin-2, and
depletion of endogenous caveolin-1 or dynamin-2 by siRNAs as
well as the caveolin-1 colocalization study implicate caveolin-1-
mediated and dynamin-2-dependent endocytosis as a signifi-
cant avenue of ARV entry. By means of pharmacological inhib-
itors, dominant negative mutants, and siRNA of various cellular
proteins and signaling molecules, phosphorylation of caveo-
lin-1, dynamin-2 expression, and Racl activation were sup-
pressed, suggesting that by orchestrating p38 MAPK, Src, and
Racl signaling cascade in the target cells, ARV creates an appro-
priate intracellular environment facilitating virus entry and pro-
ductive infection. Furthermore, disruption of microtubules,
Rab5, or endosome acidification all inhibited ARV infection,
suggesting that microtubules and small GTPase Rab5, which
regulate transport to early endosome, are crucial for survival of
ARV and that exposure of the virus to acidic pH is required for
productive infection.

Viral infection is usually initiated by binding of viral attach-
ment proteins with a specific receptor(s) on the cell membrane,
which subsequently leads to internalization of the virus into

* This work was supported by National Science Council of Taiwan Grants
NSC99-2321-B-005-015-MY3 and NSC97-2313-B-005-048-MY3.

5] The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. 1 and 2.

" To whom correspondence should be addressed. Tel.: 886-4-22840485 (Ext.
243); Fax: 886-4-22874879; E-mail: hjliu5257@nchu.edu.tw.

30780 JOURNAL OF BIOLOGICAL CHEMISTRY

cells. After virus attachment to its respective cell-surface recep-
tor, internalization usually proceeds via either from the plasma
membrane or endocytosis. Two well characterized endocytic
pathways include clathrin-dependent and lipid raft and
caveola-dependent endocytosis. In clathrin-mediated endocy-
tosis, clathrin is first recruited to the plasma membrane in
response to receptor-mediated internalization signals, which
then results in the assembly of CCPs? at the cytoplasmic side of
the cell membrane. Clathrin possessing light chain and heavy
chain forms a unique structure called clathrin triskelion (1).
During the assembly of CCPs, the AP-2 protein provides a con-
nection between receptors’ cargo domain and the clathrin coat,
which occurs through binding of the u2 subunit of AP-2 to both
the receptors’ cargo domain and the clathrin 8 subunit (2).
Once assembled, CCPs pinch off from the cell membrane and
mature into clathrin-coated vesicles (1), which then transfer the
cargo into endosomes. To date, a number of viruses enter into
host cells through the clathrin-dependent endocytosis pathway
(3-5). The clathrin-independent pathways include a caveola-
dependent pathway. Caveolae, small uncoated pits in the mem-
brane, are relatively small vesicles 50-100 nm in diameter,
formed by membrane invagination at the cell surface, and
coated by caveolin-1 (6). Caveolin-1 and -2 are coexpressed in
most cell types, whereas the expression of caveolin-3 is muscle-
specific (7). Membrane rafts are small, mobile, and unstable,
which fluctuate in composition and size (8). Cholesterol is inte-
gral to the formation and maintenance of caveolae, and deple-
tion of cholesterol causes flattening of caveolae (9). They have
been found to mediate many biological events such as signal
transduction pathway, endocytic traffic, synthetic traffic, and
virus replication cycle (9, 10). Dynamin is a GTPase required for
the cellular membrane to pinch off endosomes from the plasma
membrane and is necessary for clathrin- and caveola-mediated
endocytosis and phagocytosis, but it is not required for mac-
ropinocytosis (11, 12). Caveolae have been shown to provide a

2 The abbreviations used are: CCP, clathrin-coated pit; ARV, avian reovirus;
MBCD, methyl-B-cyclodextrin; BEFV, bovine ephemeral fever virus; DN,
dominant negative; CPZ, chlorpromazine; m.o.i., multiplicity of infection;
Csk, C-terminal Src kinase; GTPvS, guanosine 5’-3-O-(thio)triphosphate;
MEM, minimum essential medium.
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vehicle for the entry of many viruses into animal cells (13-16).
For example, simian virus 40 (SV40) utilizes caveolae to be
internalized under a neutral conditions (17). However, inter-
nalization of SV40 was also found in cells that do not express
caveolin-1, suggesting that SV40 utilizes not only the caveola-
dependent pathway but also the lipid raft-dependent and
caveola-independent pathway (18).

Enveloped virus infection is initiated by the viral glycopro-
tein binding to its cellular receptor. The binding event either
triggers membrane fusion at the plasma membrane or internal-
ization of the virus into an endosome. For those viruses that are
endocytosed, subsequent endosomal events lead to fusion of
the viral membrane with the vesicle, releasing the core particle
into the cytoplasm. A number of these pathways traffic through
acidic compartments. Viruses can take advantage of the lower
pH environment to promote events that trigger membrane
fusion (19-21).

ARV belongs to the Reoviridae family, and ARV is an impor-
tant pathogen in poultry. Sharing much similarity with mam-
malian reoviruses, the virion particles of ARV possess two lay-
ers of capsid and 10 genome segments of double-stranded
RNA. The genome segments are grouped into three size classes,
designated L (large), M (medium), and S (small), depending on
their electrophoretic mobility, that encode at least eight struc-
tural and four nonstructural proteins. In the S class segments of
ARV, segment S1 contains three open reading frames that are
translated into p10, p17, and ¢C proteins. ARV differs from
their mammalian counterparts by its ability to cause massive
cell fusion through the protein p10 (22, 23). More recently, the
nonstructural protein p17 is reported to regulate the cell cycle
and host cellular translation (24). The avian reovirus fiber is
formed by capsid protein oC and is encoded by the third open
reading frame of the S1 segment, which is responsible for host
cell attachment (25, 26) and induction of apoptosis (27).

For the past several years, our laboratory has been studying
molecular evolution of ARV and signaling pathways triggered
by ARV required for apoptosis induction, virus replication, and
cell cycle perturbations (22, 27-33). To date, the molecular
events leading to endocytosis by ARV are still completely
unknown. In this study, we have undertaken a comprehensive
investigation of ARV entry to determine how ARV proceeds
from internalization to uncoating. Using specific inhibitors and
hypertonic medium, together with siRNAs, DN mutants, and
Csk, we demonstrate that ARV enters host cells through the
caveolin-1-mediated and dynamin-2-dependent pathways and
that ARV-induced activation of Ras, p38 MAPK, and Src facil-
itates virus entry and activation of Racl that is beneficial for
virus replication. Furthermore, we have first uncovered that the
small GTPase Rab5 and the microtubules regulating transport
to early endosome are required for ARV infection.

EXPERIMENTAL PROCEDURES

Antibodies—A monoclonal antibody against ARV ¢C pro-
tein was from our laboratory stock (34). Rabbit anti-dynamin-2
polyclonal antibody was from Abcam Co. (Cambridge, MA).
Rabbit anti-p-p38 MAPK (Thr'®/Tyr'®?), rabbit anti-p38
MAPK, rabbit anti-p-Src (Tyr*'®), rabbit anti-Src, rabbit anti-
p-caveolin-1 (Tyr'*), and Racl antibodies were from Cell Sig-
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naling Technology (Danvers, MA). Mouse anti-caveolin-1
monoclonal antibody was purchased from BD Biosciences.

Chemical Inhibitors—The mechanism of ARV cell entry was
investigated by using different inhibitors of endocytosis. CPZ,
MPBCD, nystatin, cholesterol, dynasore, sucrose, NH,CI,
nocodazole, chloroquine, PP2 (Src inhibitor), and SB202190
(p38 MAPK inhibitor) were purchased from Sigma. NSC23766
(Racl inhibitor) and bafilomycin Al were from Calbiochem.
Cytochalasin D was purchased from MG Scientific Inc. (San
Diego).

CPZ, known to prevent assembly of coated pits at the plasma
membrane, was used to disrupt clathrin-mediated endocytosis
(35). MBCD and nystatin were used to block cholesterol-de-
pendent, raft/caveola-mediated endocytosis. Dynasore is a
small molecule inhibitor of the dynamin GTPase activity that
prevents the scission of clathrin-coated pits from the plasma
membrane (36). Bafilomycin A1, a specific inhibitor of the vac-
uolar H"-ATPase (37), was used to inhibit the vacuolar
H*-ATPase, and its use leads to alkalinization of acidic organ-
elles, including endosomes and lysosomes. Cytochalasin D and
nocodazole were used to disrupt actin filament and microtu-
bules (38), respectively.

Cells and Viruses—Vero and DF-1 cells were maintained in
minimum essential medium (MEM) supplemented with 10%
FBS and 10 mm HEPES (pH 7.2). Cells were seeded in 6-cm cell
culture dishes with 1 X 10° cells 1 day before each experiment
in a 37 °Cincubator with 5% CO.,. All experimental procedures
were started after refreshing the MEM containing 2% FBS over-
night once cell confluence reached about 75%. The S1133 strain
of ARV was propagated in DF-1 cells. At about 70—80% cyto-
pathic effect, the supernatant was harvested and stored at
—70 °C for further studies.

Virus Titration—Supernatants from ARV-infected cells were
collected after 24 h, and relative progeny virus titer of ARV was
determined by plaque assays in all experiments in this study.
Cells in 6-cm cell culture dishes were incubated with diluted
virus in 100 ul of serum-free MEM. The cells were then washed
twice with MEM to remove unabsorbed virus and overlaid with
0.5 ml of 1% agarose in MEM containing 2% FBS and antibio-
tics. Plaques were visualized after an incubation period of 2-3
days at 37 °C by staining overnight with neutral red.

Effect of Cholesterol Depletion on ARV Production—A phar-
macological approach involves the treatment of cells with
MPBCD that depletes the membrane of cholesterol, a key com-
ponent of membrane rafts and caveolae. To investigate that the
effect of cholesterol depletion on the life cycle of ARV infection,
treatment groups were set as follows: cells were treated with
various concentrations of MBCD or nystatin prior to inocula-
tion with virus. To further examine whether cholesterol plays
an important role during the early step of the ARV life cycle,
cells were treated with MBCD (3.2 mm) for 1 h at 37 °C, fol-
lowed by supplementation with 50 mm cholesterol (Sigma) at
different time points before, during, and after infection with
ARV at an m.o.i. of 5. The drugs were kept in the medium
throughout the infection. The cell lysates and supernatants of
ARV-infected cells were collected 24 h post-infection for West-
ern blot and viral titration, respectively. The level of ARV oC
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protein was analyzed by Western blot. The progeny virus titer
of ARV was determined by plaque assay.

For immunostaining, DF-1 cells in 6-cm cell culture dishes
were treated with MBCD (3.2 mm) for 1 h at different time
points before, during, and after infection with ARV at an m.o.i.
of 5. The inhibitors were present during the whole infection
period. ARV-infected cells were then fixed by methanol and
stained with ARV o¢C antibody. Images were collected with a
Zeiss LSM 510 META confocal microscope. To examine
whether ARV uses a clathrin-dependent endocytotic pathway,
other sets of DF-1 and Vero cells were also pretreated with
various concentrations of CPZ and hypertonic sucrose medium
for 1 hat 37 °C, followed by infection with ARV at an m.o.i. of 5.
The drugs were also kept in the medium throughout the infec-
tion. To confirm that ARV does not use the clathrin-dependent
endocytic pathway, we employed a physiological method, i.e.
the use of hypertonic medium, to interfere with the clathrin
pathway. We examined where transferrin uptake (a positive
control) was inhibited by the hypertonic sucrose (100 mm) in
medium. Furthermore, CPZ and sucrose were also used to
block BEFV entry, which is known to use the clathrin-depen-
dent pathway (a positive control).

Colocalization of ARV with Caveolin-1 by Immunostaining—
DEF-1 cells in 6-cm cell culture dishes were infected with ARV at
an m.o.i. of 50 for 30 min. ARV-infected cells were then fixed by
methanol and stained with ARV ¢C and caveolin-1 antibody.
Images were collected with a Zeiss LSM 510 META confocal
microscope with the pinhole set to achieve 1 airy unit. Colocal-
ization of ARV oC with caveolin-1 was observed by confocal
microscopy.

Knockdown of Caveolin-1 and Dynamin-2 Expression by
siRNA—To explore whether phosphorylation of caveolin-1 was
stimulated by ARV, first sets of Vero and DF-1 cells were
infected with ARV at different multiplicities of infection and
collected at 25 min post-infection. Second sets of Vero and
DE-1 cells were infected with ARV at an m.o.i. of 5. Cells were
infected with virus at 37 °C. Cell lysates were collected at indi-
cated time points for examination of the expression level of
caveolin-1 phosphorylation and dynamin-2 expression.

To define the role of caveolin-1 and dynamin-2 in the entry of
ARV, DF-1 or Vero cells at 75% confluence were transfected
with caveolin-1 gene-specific ShRNA expression of pGFP-V-RS
vector (caveolin-1 siRNA constructs in the pGFP-V-RS plas-
mid) and control siRNAs (29-mer noneffective scrambled
pGFP-V-RS vector and pGFP-V-RS vector) (caveolin-1 mouse
shRNA, TG500281, OriGene Co., Rockville, MD). Different
sets of Vero and DF-1 cells were also transfected with
dynamin-2 gene-specific sShRNA expression of pGFP-V-RS
vector (dynamin-2 siRNA constructs in the pGFP-V-RS plas-
mid) and control siRNAs (29-mer noneffective scrambled
pGFP-V-RS vector and pGFP-V-RS vector) according to the
manufacturer’s instructions (dynamin-2 human shRNA,
TG313406, OriGene Co.). Four different sets of caveolin-1 or
dynamin-2 siRNA constructs in the pGFP-V-RS vector plasmid
were tested in this study. Initial experiments revealed that the
caveolin-1 siRNA construct GI356726 (CGTGTCAAGATT-
GACTTTGAAGATGTGA) and dynamin-2 siRNA construct
GI353617 (CTACGGACCATCGGTGTCATCACCAAGCT)
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resulted in the most significant down-regulation of caveolin-1
and dynamin-2, respectively. Hence, these siRNA constructs
were chosen for our further study. To transfect cells from each
well on a 6-cm cell culture dish, 2 ul of TurboFect was mixed
with 1 ug of plasmid in 100 ul of serum-free MEM for 20 min at
room temperature. After 20 min of incubation, the TurboFect/
plasmid mixture was added dropwise to each well. Cells were
infected with ARV of at an m.o.i. of 5 at 24 h post-transfection.
Cell lysates and supernatants of ARV-infected cells were har-
vested after 24 h post-infection and processed for Western blot
and viral titration, respectively. The effect of caveolin-1 and
dynamin-2 gene silencing in ARV entry was assessed by exam-
ination of the level of phosphorylated caveolin-1, dynamin-2,
and oC protein as well as progeny virus titer of ARV. To further
ensure the role of dynamin-2 in ARV entry, DF-1 or Vero cells
were also pretreated with various concentrations of dynasore
for 1 h and then infected with ARV at an m.o.i. of 5 for 24'h. The
dynasore was present during the whole infection period.

Phosphorylation of Caveolin-1 and Dynamin-2 Expression
Triggered by ARV via Activation of p38 MAPK and Src—To
investigate whether activation of p38 MAPK and Src was trig-
gered by ARV in the early stages of the virus life cycle, Vero and
DEF-1 cells were infected with ARV atan m.o.i. of 5at 37 °C. The
cell lysates were collected at different time points. Aliquots of
cell lysates were examined for phosphorylation statuses of p38
MAPK and Src. The other two sets of DF-1 cells were treated
with inhibitor SB202190 (5 um) before and after ARV adsorp-
tion with an m.o.i. of 5 at 37 °C. The ARV-infected cells or cell
lysates were collected at 24 h post-infection to assess cell syn-
cytium formation or the level of oC, respectively. Another set of
DE-1 cells was also treated with various concentrations of PP2
inhibitor for 1 h and then infected at an m.o.i. of 5. These inhib-
itors (SB202190 and PP2) were present during the whole infec-
tion. Infected cell lysates and supernatants of ARV-infected
cells were collected at 24 h post-infection for examination of ¢C
protein synthesis and viral titration, respectively.

Considering the finding that ARV induced activation of p38
MAPK and Src as well as phosphorylation of caveolin-1 and
dynamin-2 expression, we then tested the hypothesis that Ras,
p38 MAPK, and Src are upstream elements in the signaling
cascades that induce the tyrosine phosphorylation of caveolin-1
and dynamin-2 expression. Suppression of phosphorylation of
caveolin-1 and dynamin-2 expression by overexpression of Csk
and DN mutants (p38 MAPK AF and Ras N17) as well as inhib-
itors (SB202190, PP2, and NSC23766) were carried out. Csk
and DN mutants (p38 MAPK AF and Ras N17) were kindly
provided by Professor W. L. Shih, National Pingtung University
of Science and Technology, Taiwan. DE-1 cells were pretreated
with inhibitors for 1 h and then infected with ARV at an m.o.i. of
5 for 25 min. The working concentrations of these inhibitors
were as follows: 5 um SB202190, 20 wMm PP2, and 100 um
NSC23766. Cells treated with MBCD were also carried out to
investigate whether cholesterol loss affects caveolin-1 phos-
phorylation and p38 MAPK and Src activation. All inhibitors
used in this study were present during the whole infection
period. In addition, another set of DF-1 cells were transfected
with DN mutants and Csk expression plasmid for 24 h, respec-
tively, and then infected with ARV S1133 at an m.o.i. of 5 for 25
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min. Total cell lysates were subjected to Western blot using the
respective antibodies for examination of the level of dynamin-2,
p-caveolin-1 (Tyr'*), p-p38 MAPK, and p-Src.

To investigate whether caveolin-1 and dynamin-2 can medi-
ate p38 MAPK and Src signaling pathways, DF-1 cells were also
transfected with caveolin-1 siRNA or dynamin-2 siRNA for
24 h and then infected with ARV at an m.o.i. of 5 for 25 min. In
addition, DF-1 cells were also pretreated with dynasore for 1 h
and then infected with ARV at an m.o.i. of 5 for 25 min. Total
cell lysates were subjected to Western blot using the respective
antibodies for examination of the level of dynamin-2, p-caveo-
lin-1 (Tyr'*), p-p38 MAPK, and p-Src.

Coimmunoprecipitation of Caveolin-1, Dynamin-2, p38
MAPK, Src, and Racl— 6-cm cell culture dishes were seeded
with 1 X 10° DF-1 or Vero cells, and then the cells were cultured
in media containing 2% FBS overnight. Cells were mock- or
ARV-infected at an m.o.i. of 5 and then incubated for 30 min at
37 °C, after which the cells were incubated in maintenance
media. The cells were washed twice in phosphate-buffered
saline and scraped in 200 ul of lysis buffer. The cells were col-
lected for immunoprecipitation by using the Catch and Release
kit (Upstate Biotechnology; Lake Placid, NY) according to the
manufacturer’s protocol. About 500 ug of cellular proteins was
incubated with 4 ug of rabbit anti-caveolin-1 polyclonal anti-
bodies (Santa Cruz Biotechnology) at 4 °C overnight. The
immunoprecipitated proteins were separated by SDS-PAGE
followed by Western blotting, and then proteins were detected
using the following antibodies: caveolin-1, dynamin-2, p38
MAPXK, Src, and Racl. Rabbit IgG was used as negative control.
Experiments were also performed in reverse in which p38
MAPK, dynamin-2, or Racl antibodies were used for
immunoprecipitation.

Racl Pulldown Assay—GTP-bound Racl was isolated from
DE-1 cell lysates using a Racl activation assay kit (Millipore;
San Diego) according to the manufacturer’s protocol. In brief,
DE-1 cells were grown in 6-cm cell culture dishes to 75% con-
fluence, and the cells were then cultured in serum-free media
overnight. DF-1 cells were infected with ARV at an m.o.i. of 5.
Cell lysates were collected at the indicated times or 30 min for
detection of GTP-Racl. The cells were then rinsed with ice-
cold PBS and lysed with Mg®* lysis/wash buffer. After clarifying
the cell lysates with glutathione-agarose and quantifying the
protein concentrations, aliquots with equal amounts of pro-
teins were incubated with Rac assay reagent at 4 °C for 45 min,
using the GTP+S- and GDP-pretreated lysates as positive and
negative controls. The precipitated GTP-bound Racl was then
eluted in Laemmli reducing sample buffer, resolved in 10%
SDS-PAGE, and immunoblotted using a specific antibody
against Racl.

To further examine whether Racl plays an important role
during the early steps of ARV life cycle, DF-1 cells were also
pretreated with NSC23766 at different time points before, dur-
ing, and after ARV adsorption at 37 °C. Cell lysates and super-
natants of ARV-infected cells were collected at 24 h post-infec-
tion for Western blot and viral titration, respectively. To
examine whether p38 MAPK and Src are upstream inducers of
Racl, DF-1 cells were pretreated with various concentrations of
inhibitors (SB202190 and PP2) for 1 h, respectively, and then
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infected with ARV at an m.o.i. of 5 for 30 min. Cell lysates were
collected at 30 min post-infection for detection of GTP-Racl.
The inhibitors (NSC23766, SB202190, and PP2) used in this
study were present during the whole infection period.

Inhibition of Microtubules and Rab5 by Means of Nocodazole
and DN Mutants of Rab5—To investigate the potential role of
microtubules in ARV productive infection, we assessed the
effect of nocodazole or cytochalasin D on ARV infection. Vero
and DF-1 cells were pretreated with different concentrations of
nocodazole or cytochalasin D for 1 h and then infected with
ARV at an m.o.i. of 5 for 24 h at 37 °C. To further examine
whether microtubules play an important role during the early
steps of the ARV life cycle, DF-1 cells were treated with nocoda-
zole (1.25 um) for 1 h at different time points before, during, and
after absorption with ARV at an m.o.i. of 5. The inhibitors were
present during the whole infection period.

To define the exact endosomal compartments traversed by
endocytosed ARV, we used the DN mutants of Rab5 (S34N and
Q79L) to study the requirement of transport to early endo-
somes in ARV infection. The Rab5 DN mutants were kindly
provided by Professor Chi-Hung Lin, National Yang-Ming Uni-
versity, Taiwan. Cell lysates and supernatants of ARV-infected
cells were collected at 24 h post-infection for Western blot and
viral titration, respectively. The level of oC protein was ana-
lyzed by Western blot. The progeny virus titer of ARV was
determined by plaque assay.

Determination of Endosomal Acidification Required for ARV
Entry—DE-1 or Vero cells were pretreated with different con-
centrations of NH,Cl, bafilomycin A1, and chloroquine for 1 h,
followed by infection with ARV at an m.o.i. of 5 at 37 °C. The
inhibitors were present during the whole infection period. Cell
lysates and supernatants of ARV-infected cells were collected at
24 h post-infection for Western blot and viral titration, respec-
tively. The cells were photographed at 24 h post-infection to
assess cytopathic effect. The level of oC protein of ARV was
analyzed by Western blotting. The progeny virus titer was
determined by plaque assay.

Electrophoresis and Western Blot Assay—All the tested cells
in 6-cm cell culture dishes were washed twice with phosphate-
buffered saline, lysed in 60 ul of 2.5X Laemmli loading buffer,
and then harvested by scraping and boiling for 10 min. Equal
amounts of samples were separated by 10% SDS-PAGE and
transferred to PVDF membranes. Expression level of individual
protein was examined using respective antibodies, followed by
the secondary antibodies (goat anti-mouse or goat anti-rabbit
immunoglobulin G conjugated with HRP). After incubation
with enhanced chemiluminescence (ECL Plus; Amersham Bio-
sciences), the membranes were exposed to x-ray films (Eastman
Kodak Co.). The intensity of each protein was calculated using
Photocapt (Vilber Lourmat).

Statistical Analysis—All data were analyzed using indepen-
dent sample ¢ test and are expressed as averages of three inde-
pendent experiments. p values of less than 0.05 were considered
significant.

RESULTS

Cholesterol Is Required for an Early Stage of ARV Life Cycle— To
determine whether more than one entry pathway was utilized
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FIGURE 1. Abrogation of lipid raft-dependent endocytosis blocks ARV infection. DF-1 cells were pretreated with various concentrations of MBCD (A) or
nystatin (B) for 1 h, followed by infection with ARV at an m.o.i. of 5 in the presence of MBCD or nystatin. C, various concentrations of MBCD plus cholesterol (50
ng/ml) were added to the medium before ARV adsorption at 37 °C. Cell lysates and supernatants of ARV-infected cells were collected 24 h post-infection for
Western blot and viral titration, respectively. The level of oC protein of ARV was analyzed by Western blot. The progeny virus titer of ARV was determined by
plaque assay. D and E, DF-1 and Vero cells were pretreated with various concentrations of CPZ and hypertonic sucrose medium for 1 h, followed by infection
with ARV at an m.o.i. of 5. The supernatants of ARV-infected cells were collected 24 h post-infection. The progeny virus titer of ARV was determined by plaque
assay. F, Vero cells were pretreated with 100 mm sucrose for 1 h; Alexa 568-labeled transferrin was bound and internalized, and uninternalized transferrin was
removed by an acid wash. Fluorescence of Alexa 568-labeled transferrin is shown, along with a Hoechst 33258 counterstain for cell nuclei. G, Vero cells were
pretreated with various concentrations of CPZ and hypertonic sucrose medium for 1 h, followed by infection with BEFV at an m.o.i. of 2. The supernatants
of BEFV-infected cells were collected at the 24 h post-infection. The progeny virus titer of BEFV was determined by plaque assay. The result is from three

triplicate experiments; error bars indicate the means = S.D. The B-actin was used as an internal control for normalization.

by ARV, we examined the role of cholesterol in viral entry. To
study the role of cholesterol in ARV infection, we used MBCD
to deplete cholesterol in DF-1 cells for disruption of lipid raft.
We tested the inhibitory effect of MBCD and nystatin in ARV-
infected and mocked-infected DF-1 cells. The oC protein syn-
thesis and progeny virus titer of ARV decreased dramatically in
a dose-dependent manner in cells treated with MBCD (Fig. 1A4).
In a control experiment, we found that MBCD was unable to
block BEFV entry in a dose-dependent manner (data not
shown). The oC protein synthesis and progeny virus titer of
ARV decreased to a lesser extent in a dose-dependent manner
in cells treated with nystatin (Fig. 1B). To confirm the role of
cholesterol, cholesterol (50 ug/ml) was supplemented after
depletion of cellular cholesterol by MBCD for 1 h. The produc-
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tion of ARV was reversed by cholesterol supplementation, as
demonstrated by the results seen with oC protein synthesis and
progeny virus titer (Fig. 1C, upper and lower panels). These
results reveal that the reduction of virus production was specif-
ically due to the cholesterol depletion from host cells and that
this effect was reversible. A similar trend was also seen in Vero
cells. No significant reduction in virus production was observed
in CPZ and sucrose-treated Vero or DF-1 cells (Fig. 1, D and E).
In the control experiments, the transferrin internalization was
significantly blacked by the presence of hypertonic sucrose
medium, suggesting that hypertonic medium effectively blocks
clathrin-mediated internalization (Fig. 1F). We also found that
CPZ and sucrose were able to block BEFV entry, which is
known to use the clathrin-dependent pathway (Fig. 1G). In this
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FIGURE 2. Effects of MBCD are compensated by coincubation with choles-
terol. A, before, during, and after viral entry groups, MBCD (3.2 mm) was
added to the medium during ARV (5 m.o.i.) adsorption at 37 °C. The cell
lysates and supernatants of ARV-infected cells were harvested 24 h post-in-
fection (h.p.i.) for Western blot and viral titration, respectively. Infected cells
were also detected by immunofluorescence at 24 h post-infection using a
monoclonal antibody against oC and then observed by confocal microscopy
to visualize viral protein expression (green). The cell nuclei were stained with
DAPI (blue). The results were merged using the program ImageJ. B, MBCD (3.2
mm) plus cholesterol (50 wg/ml) was added to the medium before, during,
and after ARV adsorption at 37 °C. In the “after viral entry” group, MBCD (3.2
mm) plus cholesterol (50 wg/ml) was added to the medium after ARV (5 m.o.i.)
adsorption at 37 °C. The cell lysates and supernatants of ARV-infected cells
were harvested at 24 h post-infection for Western blot and viral titration,
respectively. The resultis from three triplicate experiments, error bars indi-
cate the means = S.D. The B-actin was used as an internal control for
normalization.

study, neither CPZ nor a hypertonic medium (39) which con-
tains sucrose inhibited ARV infection (Fig. 1, D and E), although
MPBCD was able to block virus entry in a dose-dependent man-
ner. To investigate whether lipid rafts play a role in replication
steps, cells were pretreated with MBCD (3.2 mm) before, dur-
ing, and after ARV absorption for 1 h. When MBCD was added
during or before the adsorption period, oC protein expression
detected by Western blot or immunostaining as well as progeny
virus titer of ARV decreased greatly (Fig. 24, upper and lower
panels); however, only a limited effect was observed on ¢C pro-
tein expression and virus production at the post-entry stage
(Fig. 2A). The production of ARV was reversed by cholesterol
supplementation before, during, and after the adsorption
period, as demonstrated by the results seen with ¢C protein
synthesis and progeny virus titer of ARV (Fig. 2B). These results
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suggested that the cholesterol present in host cytoplasmic
membranes is important for early steps of ARV infection.

ARV Enters Host Cells via Caveolin-1-mediated Endocytosis—
As shown in Fig. 3, A and B, the level of p-caveolin-1 (Ter)
upon ARV infection was elevated in a dose- and time-depen-
dent manner in the early stage of the ARV life cycle. ARV
induced an increase in caveolin-1 phosphorylation as early as
10 min post-infection in both Vero and DF-1 cells, attaining a
maximal level at 30 min post-infection (Fig. 3B). Colocalization
of ARV with caveolin-1 in ARV-infected DF-1 cells was also
observed by confocal microscopy (Fig. 3C). We also used siRNA
to specifically knock down the expression of caveolin-1. A sig-
nificant reduction in the caveolin-1 and oC protein synthesis as
well as progeny virus titer of ARV in the presence of caveolin-1
siRNA was seen in both Vero and DF-1 cells compared with the
presence of control siRNAs (29-mer noneffective scrambled
pGFP-V-RS vector and pGFP-V-RS vector) (Fig. 3D, upper and
lower panels). Taken all findings together, these data reinforce
the essential role of caveolin-1 during ARV entry into host cells.

ARV Infection Is Sensitive to Dynamin-2 Inhibition by Dyna-
sore and Dynamin-2 siRNA—Dynamin is a GTPase required
for the cellular membrane to pinch off endosomes from the
plasma membrane and is necessary for clathrin- and caveola-
mediated endocytosis and phagocytosis, but it is not required
for macropinocytosis (11, 12). In this study, dynamin-2 was
found to be unregulated in the early stage of the ARV life cycle.
The level of dynamin-2 expression upon ARV infection was
enhanced in a dose- and time-dependent manner in both Vero
and DF-1 cells (Fig. 4, A and B). An increase in the level of
dynamin-2 expression was seen as early as 10 min post-infec-
tion, attaining a maximal level at 30 min post-infection (Fig.
4B). As showed in Fig. 4C, dynasore significantly inhibited oC
protein synthesis in a dose-dependent manner in DF-1 cells
(Fig. 4C, upper panel). In the presence of dynasore, progeny
virus titer of ARV was also decreased dramatically in a dose-de-
pendent manner (Fig. 4C, lower panel). A similar trend was also
seen in Vero cells. To further confirm our findings, an
siRNA-mediated gene silencing against dynamin-2 was used.
Vero and DF-1 cells transfected with dynamin-2 siRNA
reduced dynamin-2 expression in comparison with Vero or
DF-1 cells transfected with control siRNAs (29-mer noneffec-
tive scrambled pGFP-V-RS vector and pGFP-V-RS vector) (Fig.
4D, upper and lower panels). A significant decrease in the level
of oC protein and progeny virus titer of ARV in the dynamin-2
siRNA-transfected cells was seen as compared with that of cells
transfected with control siRNAs (Fig. 4D, upper and lower pan-
els). Taken together, our results indicate that ARV entry into
host cells takes place by caveolin-1-mediated endocytosis,
which requires dynamin GTPase activity.

ARV Activates Src and p38 MAPK During the Very Early
Stage of Life Cycle—More recently, we have demonstrated that
activation of p38 MAPK and Src has been shown to up-regulate
p53 upon ARV infection that is required for induction of apo-
ptosis (33). In this study, we found that a significant increase in
the phosphorylation level of Src and p38 MAPK in ARV-in-
fected Vero and DF-1 cells was seen as early as 5 min post-
infection, attaining a maximal level at 10 or 15 min post-infec-
tion, respectively (Fig. 5A4). To explore which signaling
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FIGURE 3. ARV promotes the phosphorylation of caveolin-1 and is inhibited in cells transfected with siRNAs specific to caveolin-1. A, Vero and DF-1 cells
were infected with ARV at different multiplicities of infection (MOI). Cell lysates were collected at 25 min post-infection. B, Vero and DF-1 cells were infected with
ARV at an m.o.i. of 5. Cell lysates were collected at the indicated times. Western blot was performed using the indicated antibodies against Tyr(P)'*-caveolin-1.
The level of phosphorylated caveolin-1 was quantitated by densitometric analysis using ImageJ and normalized to actin. C, colocalization of ARV with
caveolin-1 was detected 30 min post-infection by immunofluorescence using antibody against oC or caveolin-1, respectively, and then observed by confocal
microscopy. Arrows indicate the colocalization sites. The results were merged using the program Imagel. D, Vero or DF-1 cells were transfected with caveolin-1
siRNA and control siRNAs (29-mer noneffective scrambled pGFP-V-RS vector and pGFP-V-RS vector) for 24 h and then infected with an m.o.i. of 5. Infected cells
and supernatants of ARV-infected cells were collected at 24 h post-infection for Western blot and viral titration, respectively. Cell lysates were analyzed by
Western blot using anti-caveolin-1, anti-oC, and anti- 8 actin antibodies. The progeny virus titer of ARV was measured by plaque assay. The result is from three
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molecules may involve ARV entry, we blocked p38 MAPK and
Src using SB202190 and PP2 inhibitors, respectively. A signifi-
cant decrease in cell syncytium formation and viral C protein
synthesis in the cells treated with SB202190 was seen before,
during, and after absorption stage (Fig. 5, Band C). The expres-
sion level of oC protein and progeny virus titer of ARV in the
cells treated with PP2 was decreased dramatically in a dose-de-
pendent manner (Fig. 5D).

Inhibition of Ras, p38 MAPK, and Src Suppressed ARV-induced
Caveolin-1 Phosporylation and Dynamin-2 Expression— DN
mutants (Ras N17 and p38 MAPK AF), Csk, and inhibitors were
used to investigate whether Ras, p38 MAPK, and Src signaling
molecules are required for regulating caveolin-1 tyrosine 14
phosphorylation and dynamin-2 expression. The DN mutant
expression and inhibitor working concentrations were not del-
eterious to the cells, as determined by measuring lactate dehy-
drogenase activity (data not shown). Overexpression of DN
mutants and Csk in DF-1 cells was detected by Western blot
(data not shown). To test whether there may be an upstream
activator in our experimental system, the DN mutant of Ras
N17 was ectopically expressed and then infected with ARV at
an m.o.i. of 5. As shown in Fig. 6A (right panel), p-p38 MAPK
was dramatically suppressed. Therefore, we conclude that
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ARV-induced p38 MAPK signaling activation is Ras-depend-
ent. It is interesting to note that overexpression of DN mutants,
Csk, and inhibitors abolished ARV-induced caveolin-1 tyrosine
14 phosporylation and dynamin-2 expression (Fig. 6, A—C) but
not in DF-1 cells treated with NSC23766 (Fig. 6D). Therefore,
the results strongly suggested that Ras, p38 MAPK, and Src but
not Racl are required for regulating ARV-mediated caveolin-1
tyrosine 14 phosphorylation and dynamin-2 expression. As
shown in Fig. 6C, p-p38 MAPK was not suppressed by PP2
inhibitor or overexpression of Csk, suggesting that Srcis not the
upstream inducer of p38 MAPK. These data are in agreement
with our earlier report (33). It is also interesting to note that the
expression level of p38 MAPK and Src in caveolin-1 or
dynamin-2 siRNA-treated cell lysates was not significantly
altered (Fig. 6E). It was found that cholesterol loss was unable to
affect p38 MAPK and Src activation but down-regulated phos-
phorylation of caveolin-1 (Fig. 6F, left panel). In addition,
dynamin inhibition by dynasore was also done to examine cells
inhibited by dynasore for virus-dependent phosphorylation of
caveolin-1, p-p38 MAPK, and p-Src. Similar results were
obtained as dynamin-2 siRNA treatment (Fig. 6F, right panel).
These results suggested that neither caveolin-1 nor dynamin-2
can regulate p38 MAPK and Src signaling pathways. Our results
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FIGURE 4. ARV infection was impaired by inhibition of dynamin activity. A, Vero and DF-1 cells were infected with ARV at different multiplicities of infection
(MOI). Cell lysates were collected at 25 min post-infection. B, Vero and DF-1 cells were infected with ARV at an m.o.i. of 5. Cell lysates were collected at the
indicated times. Western blot was performed using antibodies against dynamin-2. The expression level of dynamin-2 was quantitated by densitometric
analysis using ImageJ and normalized to actin. C, DF-1 cells were treated with different concentrations of dynasore for 1 h and then infected with ARV at an
m.o.i. of 5.Infected cells and supernatants of ARV-infected cells were collected at 24 h post-infection for Western blot and viral titration, respectively. Cell lysates
were analyzed by Western blot using ARV ¢C antibody, with B-actin as an internal control. The level of oC protein was quantitated by densitometric analysis
using ImageJ and normalized to actin. The progeny virus titer of ARV was determined by plaque assay. The result is from three triplicate experiments, error bars
indicate the means = S.D. D, Vero or DF-1 cells were transfected with dynamin-2 siRNA (pGFP-V-RS) and control siRNAs (29-mer noneffective scrambled
pGFP-V-RS vector and pGFP-V-RS vector) for 24 h and then infected with an m.o.i. of 5. Infected cells and supernatants of ARV-infected cells were collected at
24 h post-infection for Western blot and viral titration, respectively. Cell lysates were analyzed by Western blot using anti-dynamin-2, anti-oC, and anti-B-actin
antibodies. The B-actin was served as an internal control for normalization. The virus titer was determined by plaque assay. The result is from three triplicate
experiments, error bars indicate means = S.D..

further suggested that signaling occurs before uptake, and
uptake depends on signal activation. Similar results were also
observed in Vero cells.

p38 MAPK and Src Are Associated with Caveolin-1 and
Dynamin-2—As shown in supplemental Fig. 14, immunopre-
cipitation of caveolin-1 using anti-caveolin-1 antibody and
Western blotting with caveolin-1, dynamin-2, p38 MAPK, and
Src antibodies revealed that these proteins are associated. In
reciprocal experiments in which cell lysates were immunopre-
cipitated with p38 MAPK or dynamin-2 antibody, caveolin-1,
dynamin-2, p38 MAPK, and Src but not Racl, were detected by
Western blotting (supplemental Fig. 1, B and C). In reciprocal
experiments in which cell lysates were immunoprecipitated
with Racl antibody, caveolin-1, dynamin-2, and p38 MAPK
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were not detected by Western blot (supplemental Fig. 1D),
suggesting that Racl does not interact with these proteins.
As a control, there was an absence of caveolin-1, dynamin-2,
p38 MAPK, and Src coimmunoprecipitation when normal
rabbit IgG was used as the precipitating antibody. In an
attempt to detect the phosphorylated Src and p38 MAPK,
however, we only detected their unphosphorylated total pro-
teins and not the phosphorylated form of proteins in our
experimental conditions.

Activation of p38 MAPK and Src by ARV Is Required for Acti-
vation of Racl—Suppression of ARV-activated Racl by
NSC23766 (100 um) in DF-1 cells was seen (Fig. 7A). Racl trig-
gered by ARV occurred as early as 10 min post-infection, attain-
ing a maximal level at 30 min post-infection (Fig. 7B, upper
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FIGURE 6. Inhibition of ARV-induced caveolin-1 phosphorylation and dynamin-2 by inhibitors as well as overexpression of Csk and DN mutants.
Suppression of phosphorylation of Tyr(P)'“-caveolin-1 and dynamin-2 expression by overexpression of DN mutants (Ras N17 and p38 MAPK AF) (A) and Csk (C)
as well as inhibitors SB202190 (B), PP2 (C), and NSC237662 (D). DF-1 cells were preincubated with inhibitors for 1 h and then infected with ARV at an m.o.i. of 5.
Other sets of DF-1 cells were transfected with DN mutants and Csk expression plasmids for 24 h, respectively, and then infected with ARV at an m.o.i. of 5. Cell
lysates were collected at 25 min post-infection and immunoblotted with respective antibodies. E, DF-1 cells were transfected with caveolin-1 or dynamin-2
siRNA for 24 h, respectively, and then infected with ARV at an m.o.i. of 5 for 25 min. F, DF-1 cells were pretreated with MBCD or dynasore for 1 h, respectively,
and then infected with ARV at an m.o.i. of 5 for 25 min. Total cell lysates were subjected to Western blot using the respective antibodies, respectively. B-Actin
was included as an internal control. The level of respective protein was quantitated by densitometric analysis using ImageJ and normalized to actin. The values

shown are the means of three independent experiments. p-, phospho-.

panel). As shown in Fig. 7B (lower panel), viral oC protein syn-
thesis and progeny virus titer of ARV in the DF-1 cells treated
with NSC23766 (100 M) decreased dramatically before
absorption stage, suggesting that Racl plays an important role
in the early stage of virus life cycle. Upon Racl inhibition, the
ability of ARV to induce cell syncytium formation was also
inhibited (22), as seen in SB202190-treated cells (Fig. 5C). Sim-
ilar results were also obtained in Vero cells. The level of GTP-
Racl was greatly decreased by inhibitors SB201290 and PP2 in a
dose-dependent manner (Fig. 7C), suggesting that p38 MAPK
and Src are upstream inducers of Racl. Similar trend was also
seen in Vero cells.

Microtubules and Small GTPase RabS Are Required for ARV
Productive Infection—Microtubules contribute to regulation of
cargo trafficking within endosomal compartments and serve as
scaffolding structures for a variety of cellular proteins, includ-
ing Rab5 (40). Consistent with this, microtubules have been
reported in cell entry of several viruses (41). To examine the
potential role of microtubules in ARV productive infection, we
assessed the effect of nocodazole on ARV infection. In this
study, treatment of DF-1 cells with nocodazole (1.25 um) before
and during absorption reduced the oC protein synthesis or
progeny virus titer of ARV up to 9-fold (Fig. 84). Treatment of

Vero and DF-1 cells with various concentrations of nocodazole
reduced significantly progeny virus titer of ARV (Fig. 8B). Actin
cytoskeleton has been reported in cell entry of several viruses
(38). To determine whether actin cytoskeleton also played a
role during the early stage of the ARV life cycle, DF-1 and Vero
cells were pretreated with cytochalasin D at various concentra-
tions for 1 h prior to ARV absorption. It was found that cytocha-
lasin D did not exert an adverse effect on ARV replication (Fig.
8C), suggesting that actin filaments are not necessary for ARV
productive infection. Taken together, we demonstrated that
microtubules, but not actin dynamics, play an important role in
the early stage of ARV life cycle.

Rab5 GTPase is the key regulator of transport to early endo-
somes (42, 43) and blockage of Rab5 has been widely utilized to
study viral entry (35, 44). To identify the exact endosomal com-
partment(s) traversed by endocytosed ARV, overexpression of
the DN mutants of Rab5 (S34N and Q79L) was carried out to
examine the requirement of transport to early endosomes in
the entry of ARV. Overexpression of DN mutants of Rab5
reduced the oC protein synthesis and progeny virus titer of
ARV up to 10-fold (Fig. 8D).

ARV Infection Requires a Low pH Compartment—Based on
the observation that ARV enters the host cells via caveolin-

FIGURE 5. Time course of ARV activating the phosphorylation of p38 MAPK and Src and their effects on ARV multiplication. A, Vero and DF-1 cells were
infected with ARV atan m.o.i. of 5, and cell lysates were collected at the indicated times. Aliquots of cell lysates were examined for phosphorylation statuses of
p38 MAPK and Src (Tyr*'®). Total p38 MAPK, Src, and B-actin were probed as loading controls. Western blot was performed using antibodies against p38 MAPK
and Src. The expression level of p38 MAPK and Src was analyzed by Western blot. The level of p-p38 MAPK and p-Src was quantitated by densitometric analysis
using ImageJ and normalized to actin. Similar results were obtained in three independent experiments. B, DF-1 cells were treated with inhibitor S8202190 (5
um) before and after ARV adsorption with an m.o.i. of 5. The cells were photographed at 24 h post-infection (h.p.i.) to assess cell syncytium formation. Arrows
indicate the sites of cell syncytium formation. C, DF-1 cells were treated with inhibitor SB202190 (5 um) before and after ARV adsorption with an m.o.i. of 5. Cell
lysates were collected at 24 h post-infection. The level of oC protein of ARV was examined by Western blot, with B-actin as an internal control. D, DF-1 cells were
treated with various concentrations of PP2 inhibitor for 1 h and then infected with an m.o.i. of 5. The cell lysates and supernatants of ARV-infected cells were
collected 24 h post-infection for examination of oC protein synthesis and progeny virus titer, respectively. Actin was included here as an internal control. The
values shown are the means of three independent experiments, and the error bars indicate means =+ S.D. p-, phospho.
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FIGURE 7. ARV-activated Rac1 through activation of p38 MAPK and Src. DF-1 cells were grown in 6-cm? cell culture dishes to 75% confluence, and then the
cells were cultured in serum-free media overnight. Pulldown assay for GTP-Rac1 was performed. A, DF-1 cells were infected with ARV at an m.o.i. of 5, and then
celllysates were collected at 30 min post-infection for Western blot using the GTP+yS-and GDP-pretreated lysates as positive and negative controls. B, DF-1 cells
were infected with ARV atan m.o.i. of 5 and collected at indicated times for detection of the expression level of GTP-Rac1. Another set of experiments, DF-1 cells
were treated with inhibitor NSC23766 (100 um) before, during, and after ARV adsorption with ARV at an m.o.i. of 5. The cell lysates and supernatants were
collected at 24 h post-infection for examination of the level of oC protein and determination of progeny virus titer of ARV, respectively. B-Actin was probed as
aloading control. The values shown are the means of three independent experiments, and the error bars indicate means = S.D. C, DF-1 cells were pretreated
with different concentrations of inhibitors SB202190 and PP2, respectively, for 1 h and then infected with ARV at an m.o.i. of 5. Aliquots of cell lysates were
collected at 30 min post-infection for examination of the expression level of GTP-Rac1. The level of GTP-Rac1 was quantitated by densitometric analysis using

ImageJ and normalized to actin. Similar results were obtained in three independent experiments.

mediated and dynamin-dependent endocytosis, we next inves-
tigated whether ARV infection needs the acidic environment of
the endosomal compartment. We first tested the requirement
of low endosomal pH for ARV entry using the endosomotropic
weak base NH,Cl, because it instantaneously raises the pH of
cellular vacuolar compartments. NH,Cl strongly inhibited cell
syncytium formation induced by ARV (supplemental Fig. 24,
left panel) and showed a marked inhibitory effect on progeny
virus production in a dose-dependent manner (supplemental
Fig. 2A, right panel). We further tested the involvement of
acidic pH in the ARV entry by inhibition of vacuolar ATPase.
Incubation of cells with the bafilomycin A1 resulted in a strong
inhibitory effect on oC protein synthesis (supplemental Fig. 2B,
left panel) and progeny virus production (supplemental Fig. 2B,
right panel) in a dose-dependent manner, whereas chloroquine
had a moderate effect on virus production (supplemental Fig.
2C), confirming the requirement of low endosomal pH for
infection. A similar trend was also seen in DF-1 cells. The
results obtained using several inhibitors of endosome acidifica-
tion revealed that ARV uses a low pH-dependent entry pathway
(17, 36).

DISCUSSION

The use of chemicals to inhibit or modify the cellular process
has provided important insights into the early events of viral
infections. It was an extension of earlier studies by our labora-

30790 JOURNAL OF BIOLOGICAL CHEMISTRY

tory in which it was discovered that p38 MAPK and Src signal-
ing pathways triggered by ARV that are beneficial for ARV rep-
lication and apoptosis induction (31, 33). In this study, the use
of a panel of chemical inhibitors, DN mutants together with
siRNAs targeting caveolin-1 and dynamin-2 to characterize
ARV entry into host cells revealed that ARV uses a cholesterol
and caveolin-1-mediated and dynamin-2-dependent endocyto-
sis that requires activation of Ras, p38 MAPK, and Src signaling
pathways. The participation of the microtubules and small
GTPase Rab5 in regulating transport to the early endosome was
also found in ARV entry. To my knowledge, this is the first
report to elucidate that Ras-p38 MAPK and Src signaling path-
ways as well as microtubules and small GTPase Rab5 play an
important role in ARV entry and replication.

MBCD that disrupts the cholesterol-rich microdomain
results in the inhibition of both the caveolin-dependent endo-
cytosis and caveola-independent lipid raft-dependent endocy-
tosis (45, 46). Previous reports suggest that the cholesterol-rich
lipid rafts are involved in distant steps of the life cycle in a
number of enveloped and even nonenveloped viruses (17,
45-48). The nonstructural proteins of flaviviruses (DEN-2 and
Japanese encephalitis virus) were reported to be associated with
detergent-resistant membranes, and their replication complex
may be located in the lipid raft structures of infected cell mem-
branes (49). In the case of human immunodeficiency virus
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infection, cholesterol depletion affects virus entry, thereby
reducing the viral infectivity (45). Furthermore, it has been
implicated that hepatitis C virus RNA replication occurs on a
lipid rafts recruited from the intracellular membranes (48). In
this work, our results reveal that the plaque-forming ability of
ARV was enhanced by the cholesterol supplementation. How-
ever, the effect of this phenomenon was reversed for some
viruses, such as DEN-2 and Japanese encephalitis virus, as cho-
lesterol greatly blocked their infectivity (49). Further decipher-
ing any role of membrane rafts in the replication cycle of ARV
and experiments elucidating the underlying molecular mecha-
nisms or evidence for the specific raft-targeting motif interact-
ing with the viral proteins are now in progress. Thi study first
demonstrated the importance of membrane cholesterol for
ARV entry. Previous studies suggested that cholesterol plays an
important role in the formation of caveolae and that the N-ter-
minal end of the caveolin scaffolding domain of caveolin-1 con-
tains a conserved serine residue mediating cholesterol binding
(50). In this study, cholesterol depletion by pretreatment of cells
with MBCD inhibited the entry and production of ARV, which
probably interfere with the formation of caveolae or acts by
either changing the receptor levels on the cell surfaces or pre-
venting virus binding to the target cells. The inhibitory effect of
MPBCD was reversed by replenishment of cholesterol, suggest-
ing that cellular cholesterol levels are tightly controlled by bio-
synthesis, efflux, and influx of cholesterol into cells. The mem-
brane association may provide a structural framework for
replication, with the advantages of increasing the local concen-
trations of necessary components and protecting the viral RNA
molecules. In this study, we provide evidence demonstrating
that disruption of lipid raft formation by either MBCD or nys-
tatin decreased ARV infection, mainly at viral entry and a lesser
extent at intracellular replication step(s). However, MBCD was
unable to block BEFV entry that is known to use the clathrin-
dependent pathway (as a control).? Therefore, elucidation of
the importance of rafts in the ARV life cycle should help to
define precisely the main events of the ARV infectious cycle and
to provide some clues to develop new antiviral strategies.

In this study, we discovered up-regulation of both caveolin-1
and dynamin-2 by ARV via activation of p38 MAPK and Src
signaling pathways in the very early stage of the virus life cycle.
To examine more precisely the role of caveolin-1- and
dynamin-2-mediated endocytosis in ARV entry, we utilized
caveolin-1 and dynamin-2 siRNAs to disrupt endocytic path-
ways. By silencing caveolin-1 and dynamin-2, ARV infection
was specifically reduced. By means of dynamin-2 siRNA and
dynasore to disrupt dynamin-dependent endocytosis, even

3W.R. Huang, Y.C. Wang, P. I. Chi, L. Wang, C. Y. Wang, C. H. Lin, and H. J. Liu,
unpublished data.

though the assays are different, both led to similar conclusions,
indicating that ARV entering cell is dynamin-2-dependent. The
involvement of dynamin-2 and the low pH dependence in ARV
infection suggest that caveolin-1-mediated endocytosis is the
pathway for ARV entry. Colocalization of ARV virions with
caveolin-1 as demonstrated by confocal microscopy during the
very early stage of the life cycle and the reduction of infection by
silencing the caveolin-1 gene further support our conclusion.
These results restrict the studies to the caveolin-1-mediated
and dynamin-2-dependent routes by endocytosis.

Viral infections are known to activate various cellular signal-
ing pathways to facilitate replication. An increasing amount of
information has demonstrated that many viruses activate the
p38 MAPK pathway to augment their efficient replication (51—
55). To this end, although in our earlier study we have demon-
strated that p38 MAPK activation is beneficial for ARV replica-
tion (31), its precise role in regulating ARV entry and
replication remains elusive so far. Thus, we attempted to eluci-
date the p38 MAPK and Src signaling pathways by characteriz-
ing the cross-talk with cellular proteins caveolin-1 and
dynamin-2. The requirement of the caveolin-1-mediated and
dynamin-2-dependent endocytic pathway as well as concomi-
tant activation of p38 MAPK and Src signal pathways to assist
ARV entry is first demonstrated. By means of DN mutants and
specific inhibitors to Ras, p38 MAPK and Src signaling allow us
to dissect the individual role of these pathways in ARV entry.
Here, we provide evidence demonstrating a novel role for p38
MAPK and Src signaling in exerting positive effects on ARV
entry and productive infection. Inhibition of p38 MAPK and
Src was associated with the marked reduction of the dynamin-2
expressions and phosphorylated level of caveolin-1, along with
the apparent reduction of viral protein synthesis and viral prog-
eny titer, suggesting that multiple signaling pathways triggered
by ARV play a crucial role in mediating ARV entry and replica-
tion. This hypothesis is further supported by our results that
p38 MAPK and Src are associated with caveolin-1, the major
marker of caveolae. A number of signaling proteins interact
with the binding motif of caveolin-1 scaffolding domain (56).
Hence, the signaling triggered by ARV may interact with the
scaffolding domain of caveolin-1. Based on our data, we pro-
pose that the interaction between caveolin-1 and dynamin-2
and these signaling proteins is crucial for ARV entry. As several
kinases are inextricably linked to endocytic machinery (57), the
interaction of p38 MAPK and Src with caveolin-1 may also be
important in bringing together components of the endocytic
machinery mediating ARV entry and subsequent replication.
Aside from their role in mediating ARV entry, both p38 MAPK
and Src facilitate Racl activation. The well studied members of
the Rho-GTPase family are RhoA, Cdc42, and Racl (58-60).
Besides its role in cytoskeletal regulation, Rho-GTPases also

FIGURE 8. Inhibition of ARV infection by the disrupted microtubule assemble and repression of Rab5. A, DF-1 cells were pretreated with nocodazole (1.25
M) or with DMSO as a mock control for 1 h at different time points before, during, and after ARV absorption at an m.o.i. of 5. The cell lysates and supernatants
of ARV-infected cells were collected at 24 h post-infection (h.p.i.) for viral titration, respectively. Band C, Vero or DF-1 cells were treated with various concen-
trations of nocodazole (B) or cytochalasin D (C) for 1 h and then infected with ARV at an m.o.i. of 5. The cell lysates and supernatants of ARV-infected cells were
collected at 24 h post-infection for Western blot and viral titration, respectively. D, DF-1 cells transfected with DN mutants of Rab5 (S34N and Q79L) for 24 h and
then infected with ARV at an m.o.i. of 5 for 24 h. Cells lysates and supernatants were collected for Western blot and viral titration, respectively. The level of aC
protein was examined by Western blot, with B-actin as an internal control. The progeny virus titer of ARV was determined by plaque assay. The result is from

triplicate experiments, and the error bars indicate means =+ S.D.
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participate in a variety of cellular processes (58 —62). In this
study, activation of Racl is required for ARV productive infec-
tion, because inhibition of Rac1 or its upstream signals strongly
reduced cell syncytium formation and virus production. It is
interesting to note that although activation of Racl is required
for ARV productive infection, the actin modulator Rac1 did not
regulate actin in our case. In this study, we have demonstrated
that p38 MAPK and Src play important roles in mediating virus
entry and cell syncytium formation that is beneficial for virus
replication. Taking all findings together, by orchestrating the
signaling cascades, ARV may create a better intracellular envi-
ronment to facilitate its productive infection.

Modulation of cytoskeleton organization is important for
efficient replication of several viruses (63—65). Nef protein in
HIV virions functions to allow the viral genome to penetrate the
cortical actin network beneath the cytoplasmic membrane (64).
The VP40 protein of Ebola virus directly enhances tubulin
polymerization, suggesting that microtubules may play an
important role in the virus life cycle (65). In the case of Junin
virus, cytoskeleton is important for the initiation of the assem-
bly and budding processes at the plasma membrane. Inhibition
of assembly of cytoskeletons by chemicals can dramatically
reduce viral protein expression or virus production (63). In this
study, microtubule disruption impaired ARV infectivity.
Because early endosomal transport requires microtubules, it is
very likely that ARV requires transport from early to late endo-
somes for infection. Because microtubule disruption also
affects multiple cellular functions, the specificity of the require-
ment of early endosomal compartments for the completion of
the life cycle of ARV was also examined. Data obtained in this
study provide evidence demonstrating that microtubules play a
crucial role during the early stage of the ARV life cycle. In addi-
tion to regulating membrane docking and fusion in the early
endocytic pathways, Rab5 sorting to the early endosome has
also been proved to mediate both association of early endo-
somes with microtubules and early endosome motility toward
the minus ends of microtubules (40). To further elucidate
whether Rab5 is essential for ARV entry, we therefore used DN
mutants of Rab5 to examine the requirement of transport to
early endosomes in the entry of ARV. By investigating the
molecular mechanisms that underlie ARV endocytosis, we have
further observed that Rab5 has been implicated in ARV entry
because depletion of Rab5 had a strong impact on ARV produc-
tion, indicating that the participation of both microtubules and
Rab5 for the early endosomes of ARV entry is required. Taken
together, our results provide evidence suggesting that ARV cell
entry via the caveolinl-mediated and dynamin-2-dependent
endocytic pathway requires delivery to early endosome.

The ability of ARV to infect cells was greatly restricted using
a specific inhibitor (bafilomycin Al) of the vacuolar proton-
ATPase activity as well as lysomotropic agents, such as NH,Cl
and chloroquine. Notably, bafilomycin A1 may interfere with
the endocytic route in two different ways. Bafilomycin A1l is
known to prevent endosomal acidification by blocking vacuolar
proton ATPase, but it also blocks the transport from early to
late endosomes (37, 66). Direct support for the relevance of
endocytic uptake for cell entry was provided by the inhibition of
ARV infection with MBCD and nystatin together with
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FIGURE 9. Model of ARV entry and signal pathways involved in this pro-
cess. The incoming virion initially attached to the cell receptor is mediated by
the outer capsid protein oC (25, 26) followed by receptor-mediated endocy-
tosis. This study establishes the endocytic pathway used by ARV and the roles
of various signaling molecules during ARV entry by examining the effects of
selective inhibitors, DN mutants together with siRNAs targeting the caveo-
lin-1 and dynamin-2. Left side depicts the major route of ARV entry, and the
right side shows the signal pathways triggered by ARV. ARV induces Ras, p38
MAPK, Src, and Rac1 signaling during the early stage of the virus life cycle.
Both p38 MAPK and Src were associated with caveolin-1 and dynamin-2 as
demonstrated by reciprocal coimmunoprecipitation assays. p38 MAPK and
Srcsignaling pathways triggered by ARV are involved in mediating phospho-
rylation of caveolin-1 and dynamin-2 expression. p38 MAPK and Src are
upstream inducers of Rac1 facilitating cell syncytium formation.

dynamin-2 and caveolin-1 siRNA. ARV infection was strongly
inhibited by inhibitors of endosomal acidification, indicating
that ARV enters host cells by caveolin-1-mediated and
dynamin-2-dependent endocytosis in a pH-dependent manner.
Our findings suggest that the pH dependence of ARV entry and
acidification of virus-containing endosomes are required for
the ARV to uncoat and replicate within the host cells (67).

In summary, we have demonstrated that ARV has evolved to
manipulate multiple signal pathways to enhance its entry and
the formation of endocytic vesicles and subsequent trafficking.
The signal pathways triggered by ARV play an important role in
regulating both caveolin-1 and dynamin-2 expression, thereby
increasing the rate of vesicle formation and subsequent traffick-
ing. Furthermore, we have also provided evidence that ARV
traffics to early endosomes in a process that requires the par-
ticipation of microtubules and small GTPase Rab5. Taken
together, our data strongly suggest that caveolin-mediated and
dynamin-2-dependent endocytosis is a major route of ARV
entry. After endocytosis, ARV requires transport to early endo-
somes before an acidic pH-dependent step presumably leads to
the release of viral genome into the cytoplasm, resulting in pro-
ductive infection. A schematic diagram depicting the signaling
pathways and endocytic pathways required for ARV entry is
shown in Fig. 9. The molecular mechanism identified in this
study broadens our understanding of the pathways required for
productive ARV and facilitates new strategies for combating
ARV-caused diseases.
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