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Coxsackievirus A9 (CAV9) is a member of the human enterovirus B species within the Enterovirus genus of
the family Picornaviridae. It has been shown to utilize oV integrins, particularly V36, as its receptors. The
endocytic pathway by which CAV9 enters human cells after the initial attachment to the cell surface has so far
been unknown. Here, we present a systematic study concerning the internalization mechanism of CAV9 to A549
human lung carcinoma cells. The small interfering RNA (siRNA) silencing of integrin 36 subunit inhibited
virus proliferation, confirming that V6 mediates the CAVY infection. However, siRNAs against integrin-
linked signaling molecules, such as Src, Fyn, RhoA, phosphatidylinositol 3-kinase, and Aktl, did not reduce
CAYVY proliferation, suggesting that the internalization of the virus does not involve integrin-linked signaling
events. CAV9 endocytosis was independent of clathrin or caveolin-1 but was restrained by dynasore, an
inhibitor of dynamin. The RNA interference silencing of 32-microglobulin efficiently inhibited virus infection
and caused CAV9 to accumulate on the cell surface. Furthermore, CAVY infection was found to depend on Arf6
as both silencing of this molecule by siRNA and the expression of a dominant negative construct resulted in
decreased virus infection. In conclusion, the internalization of CAV9 to A549 cells follows an endocytic pathway
that is dependent on integrin aV36, 32-microglobulin, dynamin, and Arf6 but independent of clathrin and

caveolin-1.

Coxsackievirus A9 (CAV9), a member of the human entero-
virus B species in the family Picornaviridae, is a significant
human pathogen. It causes infections of the central nervous
system, myocarditis, and respiratory diseases and may occa-
sionally cause fatal generalized infections in newborns (6, 22,
26). The CAV9 particle is about 30 nm in diameter and con-
sists of a naked capsid with an icosahedral symmetry, sur-
rounding a positive-sense RNA genome of approximately
7,400 nucleotides (30). The capsid is made up of 60 copies of
each of the four proteins VP1 to VP4 and interacts with cell
surface integrins during the early stages of infection via argi-
nine-glycine-aspartic acid (RGD) motif that resides in the C
terminus of the VP1 protein (11). While CAV9 binds to both
integrin VB3 and aVB6 in vitro (53, 61), our recent data show
that integrin aVB6 is the primary receptor of the virus (29).

Viruses can utilize several endocytic pathways to enter mam-
malian cells: macropinocytosis and clathrin-mediated, caveo-
lin-mediated, and clathrin- and caveolin-independent routes
(14, 40-41, 50). Recent studies have shown that some of these
pathways differ only slightly from each other, and certain en-
docytic components can participate in more than just one path-
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way (35, 41, 55). Most of the research carried out on entero-
virus endocytosis has been done with echovirus 1 (EV1),
coxsackievirus B3 (CBV3), and poliovirus (PV). Recently, Kar-
jalainen et al. showed that EV1 enters SAOS cells via tubu-
lovesicular structures in a dynamin-independent manner that
resembles fluid-phase endocytosis and macropinocytosis and
that at later stages of infection is targeted to caveosomes (33).
EV1 entry to CV-1 cells, on the other hand, was shown to be
strictly dynamin dependent (49). PV is endocytosed to HeLa
cells by a rapid clathrin- and caveolin-independent pathway,
whereas in brain microvascular endothelial cells it uses slower,
caveolin- and dynamin-dependent endocytosis (4, 7, 17). CBV3
enters HeLa cells by clathrin-mediated endocytosis (13) and
polarized epithelial CaCo-2 cells by a process that combines
features of caveolar endocytosis and macropinocytosis (16, 18).
Foot-and-mouth-disease virus (FMDV), a member of the Aph-
thovirus genus of the family Picornaviridae, binds to several
aV-integrins, including aVB6, and is internalized through the
clathrin-mediated pathway (5, 19, 31). In the light of these
examples, it is evident that enterovirus internalization to hu-
man cells is a complex phenomenon wherein a virus may use
different mechanisms to enter different cell types.

In the CAV9 infection cycle, the steps that follow the initial
attachment of the virus to the cell surface integrins are still
poorly characterized. An early electron microscopic work by
Hecker et al. has shown that single CAV9 particles enter mon-
key kidney cells in vesicles, which then occasionally fuse and
form larger structures (28). Interestingly, they found that most
internalized virus particles became eventually trapped in large
vacuoles, presumably lysosomes, where they were confined
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without proceeding to capsid uncoating and RNA release.
More recently, a number of cell surface molecules have been
proposed to contribute to CAV9 internalization. A subunit of
major histocompatibility complex class I (MHC-I) complex,
B2-microglobulin (B2M), has been shown to be essential for
the infection of several picornaviruses, including CAV9, and it
is supposed to have a postattachment role (12, 59, 61). In
addition, heat shock 70-kDa protein 5 (HSPAS protein, also
known as glucose-regulated protein 78-kDa, or GRP78) has
been suggested to function as a coreceptor for the virus and to
mediate CAV9 infection by its interaction with 32M on the cell
surface (57). CAVO entry has been proposed to occur through
lipid microdomains, where a number of signaling events takes
place (58).

The aim of this study was to elucidate the internalization
mechanism of CAVY in A549 human lung carcinoma cells. We
used chemical inhibitors, RNA interference (RNAI) silencing,
and the expression of dominant negative constructs combined
to virus infectivity assays and confocal imaging to examine
which cellular molecules are involved in the entry process. The
results indicate that CAVY internalization is dependent on
integrin aVB6, B2M, dynamin 2, and Arf6 (ADP-ribosylation
factor 6) but not clathrin or caveolin-1.

MATERIALS AND METHODS

Cells, viruses, and antibodies. The human lung carcinoma A549 cell line was
obtained from the American Type Culture Collection (ATCC), and the caveolin-
1-negative human hepatocellular carcinoma cell line HuH7 (60) was from Elina
Ikonen (University of Helsinki, Finland). The Phoenix Gag-Pol packaging cell
line (http://www.stanford.edu/group/nolan/index.html) was obtained from Aki
Manninen (University of Oulu, Finland) with authorization by Garry Nolan
(School of Medicine, Stanford, University, Stanford, CA). A549 cells were main-
tained in Ham’s F12 medium supplemented with 7% fetal calf serum (FCS) and
gentamicin. HuH7 and Phoenix cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% FCS and gentamicin.

CAV9 (Griggs strain) (11, 30) was propagated in A549 cells and purified in
sucrose gradient as described previously (1). Culture medium for virus infections
was supplemented with 1% FCS.

Polyclonal rabbit antiserum against CAV9 was produced as described earlier
(51), and mouse monoclonal antibody ([MAb] K6) against CAV9 (9) was ob-
tained from Lucia Fiore (Instituto Superiore di Sanita, Rome, Italy). MAb
against B2-microglobulin and Arf6 and rabbit polyclonal antiserum specific to
caveolin-1 were from Santa Cruz Biotechnology (catalog items sc-51509, sc-7971,
and sc-894, respectively). Rabbit polyclonal hemagglutinin (HA) antiserum was
from Zymed Laboratories Inc. (catalog item 71-5500), and integrin a V6 MAb
(MAB2074Z), which does not block function, was from Chemicon. Rabbit poly-
clonal antiserum specific to Erkl (sc-94) was from Santa Cruz Biotechnology.
Alexa Fluor (AF) 488-, 546-, and 568-labeled anti-mouse and anti-rabbit sec-
ondary antibodies were from Molecular Probes, and horseradish peroxidase
(HRP)-labeled anti-rabbit secondary antibody was from Pierce. The function-inhib-
iting antibodies used in the blocking assays were against integrin «V (L230; ATCC),
integrin a VB3 (MAB1976Z; Chemicon), and integrin aVB6 (MAB2077Z; Chemi-
con).

Chemical inhibitors. A549 cells were incubated at 37°C in medium supple-
mented with 100 wM 5-(N-ethyl-N-isopropyl)amiloride ([EIPA] catalog no.
A3085; Sigma), 25 uM chlorpromazine (C8138; Sigma), 1 mM methyl-B-cyclo-
dextrin ([MBC] C4555; Sigma), 33.2 pM nocodazole (M1404; Sigma), 5 pg/ml
cytochalasin D (C8273; Sigma), 2 pM jasplakinolide (420127; Calbiochem), 1
M latrunculin A (L5163; Sigma), 100 nM wortmannin (W1628; Sigma), or with
the combination of 25 wg/ml nystatin (N3503; Sigma) and 10 pg/ml progesterone
(P8783; Sigma). The inhibitors were present for 30 min prior to and throughout
the CAVY infection assay. The importance of endosome acidification was studied
by incubating the cells with 0.5 mM, 2 mM, 5 mM, or 25 mM NH,Cl at 37°C for
30 min and performing the virus infection assay in the presence of the salt. Cell
viability after the treatment with NH,Cl was determined by the cell viability assay
(see below).

The function of chlorpromazine, MBC, and cytochalasin D was confirmed by
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TABLE 1. Pharmacological inhibitors used in this work

Inhibitor Effect Concn
EIPA Inhibits Na*/H" exchange 100 pM
Chlorpromazine Inhibits clathrin-dependent 25 uM
endocytosis
Methyl-B-cyclodextrin ~ Extracts cholesterol from lipid 1 mM
membranes
Nocodazole Depolymerizes microtubules 332 pM
Cytochalasin D Disrupts actin polymerization 5 pg/ml
Latrunculin A Disrupts actin polymerization 1 uM
Jasplakinolide Stabilizes actin microfilaments 2 uM
Wortmannin Inhibits phosphoinositide-3- 100 nM
kinase
Nystatin + Disrupts caveolae/lipid rafts 25 pg/ml +
progesterone 10 pg/ml

following the uptake of specific endocytic markers. AF 488-conjugated cholera
toxin B (0.2 pg/ml; Molecular Probes) and AF 546-conjugated transferrin (10
png/ml; Molecular Probes) were used to control the function of chlorpromazine
and MBC, while AF 546-conjugated dextran (Molecular Probes) was used to
control the function of EIPA (at 1 pM, 50 uM, 100 uM, and 150 M) and
cytochalasin D (at 250 pg/ml). A549 cells were incubated with the inhibitor for
30 min at 37°C, after which the marker was added. The incubation was continued
for 15 min, the cells were fixed and stained with Hoechst 33342 (Sigma-Aldrich),
and the data were analyzed by confocal imaging.

To analyze the effect of dynasore (D7693; Sigma) on CAV9 infection, A549
cells were incubated at 37°C for 30 min with 80 WM dynasore or 0.4% dimethyl
sulfoxide (DMSO) diluted in serum-free cell medium. The CAVY infection assay
was then performed in the presence of the drug. The effective inhibitory con-
centration of dynamin was determined by incubating the cells with variable
concentrations of dynasore (10 pM, 30 pM, 50 pM, and 80 uM), followed by
feeding the cells with AF 546-conjugated transferrin (10 wg/ml) for 2 min at
room temperature room temperature. Unbound transferrin was removed by
washing the cells with serum-free medium containing dynasore or DMSO, and
the transferrin uptake was followed for 15 min at 37°C. The cell plate was then
transferred onto ice, and transferrin bound to the cell surface was removed by
rinsing with an acidic solution (100 mM glycine, pH 2.5, and 150 mM NaCl). The
internalization of virus and transferrin was visualized by confocal microscopy.

To study the simultaneous internalization of CAV9 and dextran, A549 cells
were washed with ice-cold serum-free medium, and CAV9 was allowed to attach
to cell surfaces on ice for 1 h. Cells were then washed with ice-cold serum-free
medium before the addition of AF 546-conjugated dextran (250 wg/ml) diluted
in prewarmed serum-free medium. Cells were transferred to 37°C, where they
were incubated for the desired times (5 min, 15 min, or 30 min), followed by cell
fixation, permeabilization, staining, and visualization by confocal microscopy.

Plasmid constructs, transfection, and transduction with adenoviral vectors.
HA-tagged caveolin-3 and caveolin-3PSY (an amino-terminal truncation mu-
tant) expression plasmids for wild-type (wt) and dominant negative (DN) caveo-
lin-3, respectively (54), were obtained from Robert Parton (The University of
Queensland, Brisbane, Australia). Green fluorescent protein (GFP)-dynamin
2aa and GFP-dynamin 2aa¥44* (where 2aa®44* is the dynamin 2aa isoform with
a K44A mutation) expression plasmids (10, 47) for wt and DN dynamin 2,
respectively, were from Mark McNiven (Mayo Clinic, Rochester, MN); Eps15-
GFP and Eps15EA95/295-GFP (where Eps15EA95/295 is Eps15E with a deletion
of residues 95 to 295) constructs (2) for wt and DN Eps15, respectively, were
from Alice Dautry-Varsat (Pasteur Institute, Paris, France); and the DN AP180C
construct (23) was from Dieter Blaas (University of Vienna, Austria). Plasmids
pcDNA3 HA Arf6 and pcDNA3 HA Arf6 DN T27N (25) for the expression of
wt and DN Arf6, respectively, were from Addgene (10834 and 10831, respec-
tively; www.addgene.org). Recombinant GFP-tagged Epsl15-adenoviral vectors
rAd:DIIT and rAd:DIIIA2 (3, 36) for wt and DN Epsl5, respectively, were
provided by Yves Rouille (Pasteur Institute, Lille, France).

For transient transfection, A549 cells were cultured up to 50% confluence and
transfected with expression plasmids using FuGENE 6 or FuGENE HD
(Roche), according to the protocol recommended by the manufacturer. Trans-
fection efficiencies were approximately 5 to 10%. The adenovirus vectors were
produced in HEK293T cells and used to transduce semiconfluent A549 cells. The
CAV0 infection assay was done at 48 h after plasmid transfection or adenovirus
transduction.
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FIG. 1. Effects of endocytosis inhibitors on CAVY infection on A549 cells. (A) A549 cells were preincubated at 37°C for 30 min with EIPA (100
wM), chlorpromazine (25 pM), methyl-B-cyclodextrin (MBC; 1 mM), nocodazole (33.2 wM), cytochalasin D (5 pg/ml), jasplakinolide (2 pM),
latrunculin A (1 pM), wortmannin (100 nM), or with a combination of nystatin (25 wg/ml) and progesterone (10 wg/ml). The cells were infected
with CAV9Y at 60% efficiency of infection and incubated on ice for 1 h. The unbound virus was removed, and cells were transferred to 37°C and
incubated for 6 h. The inhibitors were present throughout the experiment. Cells were fixed, permeabilized, and stained with Hoechst and

Dextran
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siRNA transfections. Two individual small interfering RNA (siRNA) mole-
cules for each gene (Qiagen) (see Table S1 in the supplemental material) were
used. To transfect A549 cells in 96-well plates, 0.5 pmol of siRNA in 25 ul of
H,0 was mixed with 0.2 pl of siLentFect (Bio-Rad) diluted in 25 pl of serum-
free medium and incubated for 30 min at room temperature. A total of 13,000
cells were then added in 150 .l of serum-supplemented medium and cultured at
37°C in 5% CO, for 48 h. The transfection conditions were optimized by trans-
fecting the cells with siRNA targeting glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) and measuring the GAPDH enzyme activity with a KDalert
GAPDH assay kit (Applied Biosystems). The optimal conditions that produced
an approximately 70% reduction in the GAPDH activity without being toxic to
the cells were then used throughout the work. To transfect cells on 24-well plates,
the method was scaled up accordingly.

Determination of silencing efficiencies. The silencing efficiencies were mea-
sured by quantitative reverse transcription-PCR (qRT-PCR) or Western analy-
sis. For qRT-PCR, the mRNA was isolated at 48 h after siRNA transfection with
PolyATract System 1000 (Promega) according to the manufacturer’s instruc-
tions. The cDNA was synthesized using Moloney murine leukemia virus (M-
MLYV) reverse transcriptase (Promega) and oligo(dT),s primer (Finnzymes)
according to the protocol recommended for M-MLV by the manufacturer. The
real-time PCR was done with Maxima SYBR green qPCR Master Mix (Fermen-
tas) using a QuantiTect Primer Assay and primer set (Qiagen) for each studied
gene. The run was performed with a RotorGene 6000 real-time PCR cycler
(Corbett). The expression levels of B2M or GAPDH were used to standardize
the qRT-PCR results.

For Western analysis, the cells were suspended in a lysis buffer (1% Triton
X-100 in Tris-buffered saline [TBS]), supplemented with protease inhibitor cock-
tail and benzonase (both from Sigma-Aldrich), incubated at room temperature
for 15 min, and centrifuged at 5,000 rpm for 5 min in an Eppendorf 5810 R
centrifuge. The soluble fraction was recovered, and the precipitated membrane
fraction was dissolved in one volume of denaturing buffer (8§ M urea—10 mM
B-mercaptoethanol in TBS). The total protein concentration of the soluble
fraction was measured with a bicinchoninic acid (BCA) protein assay kit (Pierce).
Protein samples corresponding to 30 wg of total protein were separated in a 15%
SDS-PAGE gel (Bio-Rad) and transferred onto a Hybond-P membrane (Amer-
sham). The membrane was treated with blocking buffer (5% skim milk in phos-
phate-buffered saline [PBS]) at room temperature for 3 h and incubated over-
night at 4°C with a primary antibody diluted in blocking buffer. The membrane
was washed and incubated with HRP-labeled secondary antibody at room tem-
perature for 1.5 h. After the membrane was washed, it was soaked in enhanced
chemiluminescence (ECL) reagent (Pierce) and exposed to Biomax XAR films
(Kodak). The films were scanned, and band intensities were analyzed with UVP
VisionWorksLS Image Acquisition and Analysis Software.

Cell viability assay. The cell viability at 48 h after siRNA transfection and
NH,CI treatment was tested by double staining the cells with the dead-cell
marker Sytox Orange nucleic acid stain (Molecular Probes) and Hoechst. Cells
incubated with 10 mM MBC for 40 min at 37°C were used as negative controls,
and nontransfected, mock-transfected, and scramble-transfected cells were used
as positive controls. Transfected and MBC-treated cells were incubated in a
solution containing Sytox Orange (1.7 pM) and Hoechst (1 pg/ml) in TBS for 30
min at room temperature. The stain was removed, and fluorescence intensities
were measured with a Victor® multilabel reader (Perkin Elmer). The proportion
of Hoechst signal to Sytox Orange signal was calculated, and the value of each
sample was given as a percentage of the mean value of positive controls. The
experiment was repeated three times, and the mean was considered the final
result. Cutoff values were calculated as the positive-control mean *+ 2 standard
deviations (SDs).

Generation of caveolin-1-silenced cell line by retrovirus-mediated RNAi. A
retroviral vector, RVHI-cavl-KD-puro, a derivative of pQCXIH (Clontech),
bearing a short hairpin RNA (shRNA) target sequence against canine caveolin-1
coding sequence (gi:50979109) (37, 56), and plasmid pMD.G, expressing the
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vesicular stomatitis virus G protein (VSV-G), were obtained from Aki Manninen
(University of Oulu, Finland). Recombinant viruses were generated by transfect-
ing Phoenix cells at 70% confluence with 2 ug of pRVHI-cavl-KD-puro or the
control vector pPRVHI1-puro, 0.2 pg of pMD.G, and 6 pl of FuGENE 6 per well
of a 24-well plate according to the manufacturer’s instructions. The cells were
cultured at 37°C for 24 h, after which the medium was changed, and incubation
was continued at 37°C. The medium was collected at 2, 3, 4, and 5 days post-
transfection; centrifuged for 2 min at 1,000 X g to remove cell debris; and passed
through a 0.2-pwm-pore-size syringe filter. The aliquots were combined and fro-
zen in liquid nitrogen.

To generate caveolin-1-silenced A549 cell line, the cells were seeded onto
24-well plates and cultured overnight in DMEM supplemented with 7% FCS and
gentamicin. After 24 h, the medium was removed from the subconfluent (50 to
70%) cells, and 300 pl of RVH-cavl-KD-puro or RVH-puro retrovirus-contain-
ing supernatant from Phoenix cells was added. Polybrene (hexadimethrine bro-
mide; Sigma-Aldrich) was added to virus preparations prior to use at 4 pg/ml.
One hour later, 1 ml of DMEM-7% FCS was added, and incubation was con-
tinued overnight. The transduction procedure was repeated, after which the cells
were trypsinized and cultured in DMEM containing 2 wg/ml of puromycin (BD
Biosciences) to select retrovirus-transduced cells. Single-cell clones were selected
on 96-well plates from the cell population that survived puromycin treatment.
Silencing efficiencies were determined by Western analysis and confocal micros-
copy.

Virus infectivity assays. In experiments where the efficiency of virus infection
was analyzed by microscopy, the cells were infected with a virus dilution aiming
at 60% efficiency of infection in untreated cells. After 1 h of incubation on ice,
unbound virus was removed by washing with cold medium. Warm medium was
added, and the cells were transferred to 37°C. In all virus infectivity assays, the
addition of warm medium marked 0-min time point. The infection was allowed
to proceed for different time periods, after which the cells were fixed with 4%
formalin and permeabilized with 0.2% Triton X-100 (the 0-min samples were not
permeabilized). The cells were then stained with the desired antibodies and
Hoechst. For the inhibitor assays, the efficiency of infection was determined as
the ratio of infected cells to the total cell number, and the values were calculated
from at least three independent experiments. In the assays concerning transfec-
tion of expression plasmids or adenovirus transduction, the infection efficiency
was determined by enumerating transfected or transduced cells in 5 to 10 images.

In the siRNA screen, transfected cells were inoculated with a CAV9 dilution
that infected approximately 10% of the untreated cells. Noninfected cells were
used as negative controls, and nontransfected, mock-transfected, and scramble-
transfected cells were used as positive controls. After 6 h of incubation at 37°C,
the cells were fixed and permeabilized as above and stained with rabbit poly-
clonal CAVY antiserum combined with AF 488-labeled secondary antibody and
Hoechst. Fluorescence intensities were measured with a Victor® apparatus, and
the ratio of virus-specific signal to Hoechst signal was determined and used as a
measure of the infection efficiency. The assay was repeated for a total of five
times, and the results of the individual experiments were standardized according
to the mean value of positive controls. For each siRNA, the mean of the
standardized values was considered the final result. The cutoff values were
specified as the positive-control mean * 3 SDs.

For the Arf6 silencing assay, the virus infection assay was performed as in the
siRNA screen. Altogether, 33 wells for each sample were analyzed in three
separate assays. The statistical analysis between treated and control cells was
done by a paired-sample # test, and a P value of <0.05 was considered significant.
For the NH,Cl test, the infection assay was done as above. The values were
calculated from five wells for each NH,Cl concentration. The test was done two
times, and the mean indicated the final result.

The antibody blocking assays were performed as described elsewhere (29).

Confocal microscopy and image analysis. Fixed, permeabilized, and immuno-
stained cells were mounted on microscope slides in Mowiol 4-88 (Calbiochem-
Novabiochem), 25% glycerol, and 0.1 M Tris-HCI, pH 8.5, with 25 mg/ml (diazabi-

virus-specific antibody, and the efficiency of infection was calculated from confocal images as the ratio of infected cells to the total cell number.
The experiment was performed three times, and the mean is shown. Statistical significance was calculated with a paired-sample ¢ test, in which a
P of <0.05 was considered significant. Inhibitors showing a statistically significant effect are shown with an asterisk. Effects of chlorpromazine (25
wM) and MBC (1 mM) on the internalization of cholera toxin B and transferrin (B) and of cytochalasin D (5 wg/ml) on the internalization of
dextran (C) are shown. A549 cells were incubated with the inhibitors for 30 min at 37°C, after which AF 488-conjugated cholera toxin B (0.2 pg/ml),
AF 546-conjugated transferrin (10 pg/ml), or AF 546-conjugated dextran (250 wg/ml) was added. The incubation was continued for 15 min, the
cells were fixed and stained with Hoechst, and confocal images were taken. Cholera toxin B is shown in green, transferrin and dextran are in red,

and nuclei are in blue. Bar, 10 pm.
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FIG. 2. Macropinocytosis is not required for CAV9 internalization. (A) A549 cells were preincubated at 37°C for 30 min with EIPA (100 uM)
or DMSO (0.4%). CAV9 was added at 60% efficiency of infection, and cells were incubated on ice for 1 h. Unbound virus was removed by washing,
and cells were transferred to 37°C for incubation for different time periods (0, 5, and 15 min and 6 h). Cells were fixed, permeabilized, and stained
prior to confocal imaging. In the top row, CAV9 is shown as white spots, and the nucleus is shown as a larger circle in the middle. In the lower
row, only the virus is shown in white since the autofluorescence of EIPA stains the cell, making the visualization of the nucleus difficult. (B) A549
cells were preincubated with 100 uM EIPA, and dextran uptake (white) was followed for 15 min at 37°C. Cells incubated with 0.4% DMSO were
used as a control. (C) The simultaneous internalization of CAV9 and dextran was studied by infecting the A549 cells with CAV9 in the presence
of AF 546-conjugated dextran (250 pg/ml) and following the infection for 5, 15, and 30 min before cell fixation, permeabilization, staining, and
confocal imaging. CAVY is shown in green, dextran is in red, and nuclei are in blue. In panel C, the cells at 15 min postinfection were imaged closer
to the nucleus than in panel A; thus, the virus appears near the cell surface. Bar, 10 pm.
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FIG. 3. The effect of siRNA transfections on CAV9 infection on A549 cells. (A) siRNA-transfected A549 cells were cultured for 48 h and
infected with CAV9 at 10% efficiency of infection. Unbound virus was removed, and cells were transferred to 37°C. After 6 h, the wells were fixed,
permeabilized, and stained with CAV9-specific antibody, AF 488-labeled secondary antibody, and Hoechst. Fluorescence intensities were
measured with a Victor® multilabel counter, and the ratio of AF 488 signal to Hoechst signal was considered the measure of efficiency of infection.
The experiment was performed five times, and the mean was calculated. Cutoff values were defined as positive-control mean = 3 SDs. Noninfected
cells served as negative controls; positive controls included nontransfected, mock-transfected, and scramble-transfected cells. Genes whose
silencing increase or decrease the virus infection outside the cutoff values are indicated. (B) The cell viability at 48 h posttransfection was monitored
by staining the cells with a mixture of Hoechst and the dead-cell stain Sytox Orange. Cells treated with 10 mM MBC were used as negative controls;
nontransfected, and mock-transfected, and scramble-transfected cells were used as positive controls. Fluorescence intensities were measured with
a Victor® apparatus; the ratio of Hoechst signal to Sytox Orange signal was calculated, and the value of each sample was given as a percentage
of the mean of positive controls. The experiment was done three times, and the mean was calculated. Cutoff values were defined as positive-control
mean * 2 SDs.

cyclooctane) ([DABCO] Sigma-Aldrich) and examined with a Zeiss LSM510 RESULTS
META confocal microscope using a Plan-Apochromat objective (63X oil objective;
1.4 numerical aperture). The colocalization analysis was performed from three to The role of macropinocytosis in CAV9 internalization. In

four images by quantifying the proportion of colocalizing channel intensities with order to elucidate the endocytic pathway utilized by CAV9 in
BiolmageXD software (32). The statistical significance of the colocalization was . P .
. . : A549 cells, the effects of chemical inhibitors of endocytosis
evaluated using the algorithm of Costes et al.(15) embedded in the software. The N RDR X R
images were converted to TIFF format for the adjustment of brightness and contrast were studied. The inhibitors used and their mode of action are

in the Image]J (http:/rsb.info.nih.gov/ij) or Photoshop CS3 program. described in Table 1. As shown in Fig. 1A, EIPA and jas-
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FIG. 4. CAV9 is not internalized into A549 cells in association with « V6 integrin. A549 cells were grown on coverslips for 24 h and infected
with CAV9 at 60% efficiency of infection. Unbound virus was removed, warm medium was added (0 min), and cells were transferred to 37°C. The
cells were incubated for 5 or 20 min before they were fixed and permeabilized. Cells were stained with virus-specific polyclonal antiserum and AF
488-labeled secondary antibody (green) and with integrin avB6-specific monoclonal antibody and AF 568-labeled secondary antibody (red) prior

to confocal imaging. Bar, 10 pm.

plakinolide caused a statistically significant reduction in CAV9
proliferation (P = 1.6 X 107> and 0.013, respectively), whereas
chlorpromazine, methyl-B-cyclodextrin (MBC), nocodazole,
cytochalasin D, latrunculin A, wortmannin, and a mixture of
nystatin-progesterone had no statistically significant effect. The
functionality of chlorpromazine and MBC was verified by
studying their effects on the internalization of transferrin and
cholera toxin B, and dextran was used to monitor the effect of
cytochalasin D. As expected, chlorpromazine inhibited the in-
ternalization of transferrin but had no effect on cholera toxin
B, whereas MBC inhibited the internalization of cholera toxin
B but did not affect transferrin (Fig. 1B). Cytochalasin D to-
tally blocked the internalization of dextran (Fig. 1C).

The inhibitory effect of EIPA was studied further by confo-
cal imaging of virus infection at different time points. As shown
in Fig. 2A, the virus infection was arrested in EIPA-treated
cells, and virus particles were seen in clusters or in vesicle-like
structures at or close to the cell periphery. This effect is similar
to that found earlier with EV1 (33). To demonstrate that the
concentration of EIPA was effective, it was used to inhibit the
internalization of a fluid-phase marker, AF 568-conjugated
dextran (Fig. 2B).

EIPA is inhibits macropinocytosis and is sometimes consid-
ered the main diagnostic test for this pathway (42). Yet its
function has been shown to be cell type dependent and in some

cases unspecific (24). We found that even though actin-stabi-
lizing jasplakinolide inhibited CAVY infection in a statistically
significant manner, the actin-disrupting agents cytochalasin D
and latrunculin (Fig. 1A) did not cause statistically significant
inhibition on CAVY infection. This contradicts the involve-
ment of macropinocytosis in CAV9 internalization. To further
study the role of macropinocytosis in CAV9 entry, a cointer-
nalization assay with CAV9 and dextran was performed. Dex-
tran entered A549 cells clearly faster than CAV9 (Fig. 2C) as
it had entered the cytoplasm by 5 min postinfection when
CAV9 was still closer to the cell surface. Furthermore, siRNAs
against macropinocytosis-regulatory molecules (phosphatidyl-
inositol 3-kinase [PI(3)K], Racl, Pacl, Cdc42, and Rab5) did
not reduce CAV9 proliferation (see below). In conclusion, our
results suggest that the endocytosis of CAV9 to A549 cells does
not depend on macropinocytosis.

siRNA screen. In order to obtain more information about
the cell entry mechanism of CAVY9 and cellular molecules
involved in its infectious cycle, an siRNA panel was designed.
The panel included siRNAs targeting central endocytosis ef-
fectors and regulators as well as a selected set of signaling
molecules. Two individual siRNA molecules for each gene
were used (see Table S1 in the supplemental material), and
siRNAs against reported CAVY receptor genes, integrin sub-
units B3 and B6, were chosen as controls. The effects of the
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FIG. 5. Clathrin route markers Epsl5 and AP180C are not in-
volved in CAVY infection. (A) Plasmids expressing dominant negative
constructs Eps1SEA95/295 and AP180C were transiently transfected
into A549 cells. Eps15 wild-type was used as a control. (B) A549 cells
were transduced with adenovirus vectors carrying wild-type (DIIIA2)
and a dominant negative (DIII) Eps15 gene. In both assays, cells were
cultured for 48 h and infected with CAV9 at 60% efficiency of infec-
tion. After 1 h of incubation on ice, unbound virus was removed, and
the cells were transferred to 37°C. The cells were incubated for 6 h
before they were fixed, permeabilized, and stained with virus-specific
antibody. Infection efficiency was counted from microscopic images of
300 to 500 transfected or transduced cells in three separate experi-
ments, and the infection in control cells was set to 100%. Error bars
indicate SD.

siRNA panel on CAVY infection of A549 cells are shown in
Fig. 3A and Table S1 in supplemental material. The siRNAs
increasing CAV9 proliferation are shown as values exceeding
the cutoff (positive-control mean = 3 SDs), and the siRNAs
inhibiting the virus are shown as values below the cutoff. The
strict cutoff was used to avoid the identification of false siR
NAs, even at the expense of missing weak effects. The silencing
efficiencies of some of the siRNAs were measured by qRT-
PCR (Table S1 in supplemental material), but as exact data
about protein knockdown levels are missing, the siRNA results
need to be considered preliminary. To evaluate cell viability
after siRNA transfections, the cells were stained with the dead-
cell indicator Sytox Orange. As shown in Fig. 2B, the transfec-
tions did not cause significant cell death, indicating that the
observed changes in virus proliferation were due to the silenc-
ing of the specific gene and not to the overall effects on cell
viability.

One out of two siRNAs against integrin g6 inhibited CAV9
infection. The reason for the different outcome of the B6
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siRNAs was most probably their different silencing efficiency
(89% versus 57%). Neither of the B3 siRNAs suppressed
CAV9 infection even though one of them had very good si-
lencing efficiency (>99%). The other genes whose silencing
inhibited virus proliferation were 32M and Pumilio homolog 1
(PUML1). For B2M, both siRNAs silenced their target effi-
ciently (91% and 80%) and showed a similar effect on virus
infection. The dependence on B2M will be discussed below.
For the siRNAs targeting PUM1, the one showing higher si-
lencing efficiency (85% versus 70%) inhibited CAV9 infection.
However, as PUM1 was recently shown to be a central regu-
lator that regulates the expression of over 10% of human genes
(43), it is very difficult to deduce the reason for this suppres-
sion. To our surprise, there were more siRNAs that enhanced
CAV9 infection than inhibited it. The siRNAs that promoted
virus proliferation targeted genes involved in endocytosis and
cell signaling and will be discussed below.

Role of integrins in CAV9 cell entry. CAV9 has previously
been shown to utilize «VB6 and o VB3 as its receptors (53, 61).
However, our recent results demonstrate that the virus binds to
integrin «VB6 with higher affinity than to VB3 (29). In our
siRNA screen, the silencing of integrin subunit 86 but not of
B3 inhibited the virus infection (Fig. 3A), which strengthens
the hypothesis that «VB6 is the main receptor for CAV9 in
A549 cells. A further support to this result came from an
experiment showing that function-blocking antibody against
aVB6 could inhibit CAVY infection by 60%, whereas aVB3
antibody inhibited the virus by only 30%. Function-blocking
aV antibody inhibited CAV9 by 80% (not shown).

To our surprise, double labeling of CAV9 and integrin aVB6
in CAV9-infected A549 cells (Fig. 4) revealed that there is no
significant colocalization or clustering between the virus and
integrin at the 0-min, 5-min, or 20-min time points (2%, 3%,
and 6% of the virus colocalized with a V6, respectively). The
colocalization was calculated as the mean of four images at
each time point (data not shown). This finding is in clear
contrast to that with echovirus 1, which has been shown to
cluster and internalize into the cells in association with its
receptor integrin a2B1 (39), and with FMDYV, which colocal-
izes with a«VB6 both on the cell surface and inside the cells at
5 min postinfection (5). These results thus indicate that even
though the integrin aVB6 is crucial for the CAVY infection, the
virus and aVB6 are not internalized in association with each
other. Interestingly, the siRNAs targeting integrin-linked sig-
naling molecules either did not alter CAVY infection or in-
creased it, with the enhancing effect being seen with one out of
two siRNAs against Src, Fyn, RhoA, PI(3)K, and Aktl (Fig.
3A; see also Table S1 in the supplemental material). The
siRNA results are supported by the finding that wortmannin, a
PI(3)K inhibitor, did not inhibit CAV9 infection (Fig. 1A).
Based on these observations, it seems that integrin-linked sig-
naling is not required for CAV9 entry to A549 cells.

Collectively, the above results indicate that integrin V6
and, to a lesser extent, « VB3 mediate CAVY infection in A549
cells. However, the virus is not internalized to the cell together
with the integrin, and integrin-linked signaling does not appear
to have a role in CAV9 infection.

Clathrin-mediated endocytosis is not involved in CAV9 cell
entry. Since the internalization of CAV9 into A549 cells did
not seem to follow the macropinocytic pathway, it was essential
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to examine whether the central endocytic molecules, clathrin,
caveolin, and dynamin, participate in the cell entry of the virus.
Chlorpromazine did not inhibit viral infection (Fig. 1A), sug-
gesting that clathrin-dependent endocytosis does not play a
role in CAV9 internalization. To confirm this observation, the
ability of two DN constructs of clathrin route markers,
Eps15EA95/295 and AP180C, to inhibit virus infection was
studied. As shown in Fig. 5A, cells transfected with these con-
structs were infected with CAV9 as efficiently as control cells
transfected with wt Eps15-GFP plasmid. A similar result was
obtained with cells transduced with adenovirus vectors carrying
wt and DN Epsl15 (Fig. 5B).

Silencing of genes involved in clathrin-mediated endocytosis
either increased CAVY infection or did not have any effect on
it (Fig. 3A; see also Table S1 in the supplemental material).
siRNAs against EEA1 (1/2), Rab5 (2/2), and AAKI1 (2/2) en-
hanced CAVY infection, whereas siRNAs against clathrin
heavy chain showed no effect. The silencing efficiencies of the
siRNAs, however, were variable (Rab5, 98% and 52%; EEAL,
67% and 17%; and AAKI, 35% and 0%); thus, the results
need to be interpreted with some caution. The silencing effi-
ciencies of clathrin siRNAs were not measured.

Endosomal acidification is often linked to clathrin-mediated
endocytosis (48), and the dependence of an acidic pH may
indicate that a virus utilizes clathrin-mediated endocytosis. The
incubation of cells with 0.5 mM, 2 mM, 5 mM, and 25 mM
NH,CI did not inhibit CAV9 proliferation (data not shown).
This indicates that CAV9 infection is not sensitive to inhibition
of endosomal acidification, giving further support to the as-
sumption that CAV9 entry does not rely on clathrin-mediated
endocytosis. Altogether, the results obtained with chlorprom-
azine, dominant negative Eps15 and AP180 constructs, and
siRNA transfections indicate that clathrin-mediated endocyto-
sis does not play a role in CAV9 internalization.

Caveolae-mediated endocytosis is not required for CAV9
internalization. Enteroviruses have been shown to be internal-
ized through caveolin-mediated endocytosis in some cell lines
(16-17, 39). Thus, we wanted to find out whether this is also
the case for CAV9. As shown in Fig. 1A, a mixture of nystatin-
progesterone, an inhibitor of caveolar endocytosis, did not
significantly affect CAV9 infection. However, the overexpres-
sion of the DN form of caveolin-3 inhibited the virus in a
statistically significant way (P = 0.0026), with inhibition of
approximately 50% compared to the corresponding wt con-
struct (Fig. 6A). Caveolin-3 is considered a muscle-specific
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isoform, but the DN caveolin-3 construct used in this study has
earlier been shown to efficiently suppress caveolar endocytosis
of simian virus 40 (SV40) infection in different cell types (54).

In the siRNA screen, caveolin-1 siRNAs did not affect
CAV?9 proliferation (Fig. 2A and Table S1 in the supplemental
material). The silencing efficiencies of the siRNAs were 83%
and 75% by Western analysis (data not shown). Since the
results with the caveolin-3 DN construct and caveolin-1 siR
NAs were rather contradictory, a caveolin-1-silenced cell line,
AS549-C9, was generated by using a retroviral RNAI vector. A
caveolin-1 silencing efficiency of about 69% in A549-C9 was
verified by confocal imaging and Western analysis (Fig. 6B). As
shown in Fig. 6C, CAV9 was endocytosed into the caveolin-1-
silenced cell line as efficiently as into the vector control cells
(A549-RVHL1). To confirm that this result was not due to the
residual caveolin-1 expression, the ability of CAV9 to infect
HuH?7 cells, shown to be devoid of caveolae (60), was tested.
The CAV?Y infection in HuH7 cells was very efficient (Fig. 6D),
demonstrating that caveolin-1 is not required for CAV9Y inter-
nalization.

Dynamin 2 is needed for CAV9 endocytosis. Dynamin is a
large GTPase that promotes the fission of endocytic mem-
branes. It was originally considered to participate in clathrin-
dependent endocytosis only but has recently been implicated in
several other endocytic pathways (20). Since dynamin 2 has
been shown to be required for the internalization of numerous
viruses, we analyzed its role in CAV9 infection. For this, the
effect of the dominant negative form of dynamin 2 was tested.
The expression of DN dynamin 2aa™*** resulted in approxi-
mately 50% inhibition compared to the corresponding wt con-
struct (Fig. 7A), but the inhibition was not statistically signif-
icant (P = 0.082). In the siRNA panel, dynamin 2 siRNAs did
not exhibit any effect on virus proliferation (Fig. 3A and Table
S1 in the supplemental material). The silencing efficiencies of
the siRNAs were relatively good (80% and 82%), but it is still
possible that the remaining 20% dynamin 2 expression is suf-
ficient to promote the virus entry. Therefore, the role of dy-
namin 2 in CAVY infection was further studied by dynasore, a
cell-permeable, noncompetitive dynamin GTPase activity in-
hibitor. Dynasore effectively blocked the virus infection and
caused CAV9 accumulation at the cell periphery (Fig. 7B).
The function of dynasore was verified by its ability to inhibit
transferrin uptake (Fig. 7C). The result with dynasore thus
confirmed that dynamin 2 is needed for CAV9 endocytosis.

FIG. 6. Caveolin-1 is not needed for CAV9Y infection. (A) Plasmid constructs expressing wild-type and dominant negative caveolin-3 were
transiently transfected to A549 cells. After 48 h, the cells were infected with CAV9 at 60% efficiency of infection, incubated on ice for 1 h, and
washed. Warm medium was added, and the cells were transferred to 37°C. The cells were incubated for 6 h prior to fixation and staining. Infection
efficiency was counted from microscopic images of 100 to 200 transfected cells in three separate experiments, and the infection in wild-type control
cells was set to 100%. Error bar indicates SD. (B) The caveolin-1-silenced cell line A549-C9 was generated by infecting A549 cells with retrovirus
vector carrying caveolin-1-silencing sShRNA. The vector RVH1 was used as a control. The silencing efficiency was analyzed by confocal imaging
and Western analysis. For confocal imaging, the cells were cultured for 24 h on coverslips, fixed, and permeabilized, after which caveolin-1 was
stained with rabbit polyclonal antiserum and AF 546-labeled secondary antibody (red). For Western analysis, protein samples (30 pg) were
separated in a 15% SDS-PAGE gel and transferred to a Hybond-P membrane. Caveolin-1-specific antibody combined to HRP-labeled secondary
antibody was used for detection, and Erk1-specific antibody was used as a loading control. (C) Cell lines A549-RVH1 and A549-C9 were infected
with CAV9 as above. The infection was allowed to proceed for 30 or 90 min before fixation, permeabilization, and immunostaining. CAV9 is shown
in green, caveolin-1 is in red, and nuclei are in blue. Bar, 10 pm. (D) A549, A549-C9, and HuH-7 cells were infected with CAV9 as above. After
6 h of incubation at 37°C, cells were fixed, permeabilized, and stained with CAV9-specific antibody. Infection efficiency was counted from
microscopic images of 100 to 200 cells, and the infection in A549 cells was set to 100%.
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CAYV9 internalization is dependent on 32-microglobulin and
Arf6. The dependence of CAV9 on B2-microglobulin has ear-
lier been shown by antibody blocking (59). The role of f2M in
virus infection has remained speculative, with indications that
it is not required for virus attachment to the cell surface but is
involved in some postattachment step(s) (59). In the siRNA
screen, both 32M siRNAs efficiently inhibited CAV9 infection
in A549 cells (Fig. 3A and Table S1 in the supplemental ma-
terial). In the antibody blocking assay, B2M antibody inhibited
CAV?9 proliferation by 80% (data not shown).

Confocal imaging of cells transfected with 2M and nega-
tive-control siRNAs showed that CAV9 was attached effi-
ciently to the surface of cells lacking B2-microglobulin, but the
endocytosis was arrested, and the virus still remained on the cell
periphery at 20 min postinfection. In comparison, in the control
siRNA-transfected cells, the virus had already begun to enter
the cytoplasm after 5 min (Fig. 8). Interestingly, at 1 h postin-
fection, the CAV9 endocytosis also continued in the B2M-
silenced cells, but this delayed entry never resulted in the
production of a new virus progeny (data not shown). This
might indicate that CAVY is directed to an unproductive en-
docytic pathway in the absence of B2M. The proportion of the
virus that was colocalized with 2M at 0 min, 5 min, and 20 min
postinfection was quantified from three confocal images at
each time point, and the mean colocalization values were 40%,
16%, and 18%, respectively (data not shown).

Arf6 (ADP-ribosylation factor 6) is a small GTPase involved
in the regulation of endosomal membrane traffic and structural
organization of the cell (21). It is known to mediate the inter-
nalization of several ligands, including major histocompatibil-
ity class I (MHC-I) proteins and B1 integrin (8, 45, 52). Arf6
was recently shown to be needed for baculovirus entry into 293
cells (34) and to direct CBV3 into an unproductive internal-
ization pathway (38). We studied the involvement of Arf6 in
CAV9 endocytosis by measuring virus proliferation in cells
transfected with two individual Arf6 siRNAs. Figure 9A shows
that one of the siRNAs inhibited CAVY infection in a statisti-

FIG. 7. CAV?Y infection is dependent on dynamin 2. (A) A549 cells
transiently transfected with plasmids expressing wild-type and domi-
nant negative (K44A) forms of dynamin-2 were infected with CAV9 at
60% efficiency of infection and incubated on ice for 1 h. Unbound virus
was removed by washing, and cells were transferred to 37°C, where
they were incubated for 6 h. Cells were fixed, permeabilized, and
stained with CAV9-specific antibody, and confocal images were taken.
Infection efficiency was counted from microscopic images of 100 to 200
transfected cells in three separate experiments, and the infection in
wild-type control cells was set to 100%. Error bar indicates SD.
(B) A549 cells were preincubated with 80 wM dynasore or 0.4%
DMSO for 30 min before CAVY infection. The infection was per-
formed as above and incubated at 37°C for 0 min, 5 min, 15 min, and
6 h before fixation, permeabilization, staining with CAV9-specific an-
tibody, and confocal imaging. Dynasore was present throughout the
assay. The virus is shown in green, and nuclei are in blue. (C) To verify
the function of dynasore, A549 cells were preincubated with 80 pM
dynasore, and the control cells were preincubated with DMSO. AF
546-conjugated transferrin was added and incubated for 2 min at room
temperature. The cells were washed with medium containing dynasore
or DMSO, and the cells were incubated for 15 min at 37°C. The cell
plate was then transferred onto ice, and transferrin bound to the cell
surface was removed by acidic washing. The internalization of trans-
ferrin was visualized by confocal microscopy. Bar, 10 pm.
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FIG. 8. B2M is required for CAVY infection. A549 cells were transfected with control siRNA or 32M siRNA (Hs_B2M_3) and cultured for
48 h. The cells were infected with CAV9 at 60% efficiency of infection, incubated on ice for 1 h, and washed. Warm medium was added at the 0-min
time point; the cells were transferred to 37°C and incubated for 5 min, 20 min, and 6 h before fixing, permeabilization (except for the 0-min sample),
staining with CAV9- and B2M-specific antibodies, and confocal imaging. CAV9 is shown in green, 32M is in red, and nuclei are in blue. A silenced

cell in the 0-min images is indicated by an arrow. Bar, 10 pm.

cally significant manner (P = 2.4 X 10~*), whereas the other
had no effect. The silencing efficiencies of the siRNAs were
89% and 91% by qRT-PCR. In order to verify the siRNA
result, A549 cells were transfected with plasmid constructs
overexpressing wt and DN forms of Arf6. As shown in Fig. 9B,
the expression of DN Arf6 resulted in an 85% decrease in
CAVY infection efficiency compared to cells expressing wt
Arf6. Confocal imaging and colocalization analysis of CAV9
and Arf6 at 0 min, 5 min, and 20 min postinfection showed a
similar pattern of staining (Fig. 9C). The colocalization (cal-
culated as the mean of four images at each time point [data not
shown]) was modest, with 7%, 9%, and 9% of CAV9 colocal-
izing with Arf6 at the indicated time points, respectively. To
conclude, the results obtained with Arf6 siRNA and overex-
pression of DNA Arf6 indicate that CAV9 internalization in
A549 cells is dependent on Arf6.

DISCUSSION

Enteroviruses utilize several mechanisms to enter their host
cells. The early steps of CAVY infection have earlier been
reported to be dependent on aV integrins, 32-microglobulin,
and lipid microdomains (29, 58-59, 61). In this work, we con-
ducted a systematic study in order to identify the internaliza-
tion mechanism of CAV9 in A549 lung carcinoma cells.

Integrins «VB3 and aVB6 have previously been shown to

function as receptors for CAV9 (53, 61). A recent work from
our group illustrated that soluble «VB6 but not « VB3 bound to
immobilized CAV9 and that soluble aVB6 but not «VB3
blocked virus infectivity (29). The results presented in this
study show that siRNA silencing of integrin subunit 6 but not
of B3 inhibited CAV9 infection, and a similar effect was seen
with antibody blocking. It thus seems that aVB6 and, to a
lesser extent, « VB3 mediate CAVY infection in this cell model.
The role of aVB6 as an internalizing agent was, however,
complicated by the observation that no clustering or colocal-
ization between integrin aVB6 and the virus was seen at the
early time points of infection. The situation seems thus sub-
stantially different from FMDV, where a V36 serves to deliver
the virus to acidic endosomes via clathrin-dependent endocy-
tosis (5). The siRNA silencing of a number of integrin-linked
signaling molecules did not inhibit CAV9 infection; on the
contrary, several of these siRNA molecules enhanced virus
proliferation. This implies that integrin-linked signaling is not
required for CAVY infection in A549 cells. It has earlier been
shown by Triantafilou and Triantafilou that CAV9 infection
activates the Raf/mitogen-activated protein kinase (MAPK)
pathway in GMK cells (58). However, these investigators did
not examine whether this activation was essential for the in-
fection. It is thus possible that signaling cascades become ac-
tivated upon the contact of CAV9 and integrin, but this acti-
vation does not promote virus entry and proliferation. In
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conclusion, integrin aVB6 is essential for CAV9 infection in
A549 cells, but the virus is not internalized in association with
it. In addition, integrin-linked signaling does not seem to be
involved in the process. The exact role of integrin aVB6 in
CAV9 infection is not yet understood and still needs further
study. One explanation might be that it mediates the primary
binding and concentration of CAVY on the cell surface. Since
our protocol included an incubation of the infected cells for 1 h
on ice before cells were fixed and stained, it is possible that a
weak and transient association was missed.

The finding that EIPA inhibited CAV9 endocytosis suggests
that CAV9 might enter A549 cells through the macropinocytic
pathway. However, several lines of evidence illustrate that this
is not the case: siRNAs targeting regulators of macropinocy-
tosis [Cdc42, Racl, Pakl, and PI(3)K] did not reduce CAV9
infection, and a similar result was obtained with wortmannin, a
PI(3)K inhibitor. Chemicals inhibiting actin dynamics either
had no effect on virus proliferation or caused only partial
inhibition. Furthermore, the kinetics of virus internalization
was clearly different from that of dextran, a generally used
fluid-phase marker. The criteria for macropinocytic entry of
viruses, proposed by Mercer and Helenius, include the sensi-
tivity to actin inhibitors and to inhibition of the above-men-
tioned regulators (42). Thus, we conclude that CAV9 is not
internalized in A549 cells through macropinocytosis. Even
though EIPA is generally considered an inhibitor of macropi-
nocytosis, it may have a number of other effects, such as the
alteration of the morphology and subcellular localization of
early and late endosomes and lysosomes (24). In a recent work,
EIPA was shown to inhibit CBV3 replication, most probably by
inhibiting the virus RNA polymerase (27). Since CAV9 and
CBV3 RNA polymerases are highly similar, having 95% amino
acid identity (11), it is possible that the inhibitory effect of
EIPA on CAV9Y proliferation is due to its effect on CAV9
replication.

In order to identify the internalization route of CAV9Y, we
analyzed whether clathrin- and caveolin-mediated pathways
are involved. We found that chlorpromazine, endosomal acid-
ification with NH,CI, the expression of Eps15 and AP180 dom-
inant negative constructs, and siRNA silencing of genes par-
ticipating in the clathrin route all allowed efficient CAV9
infection. This implies that clathrin-mediated endocytosis is
not involved in CAV9 cell entry.

INTERNALIZATION OF CAVY9 3679

Methyl-B-cyclodextrin has earlier been shown to inhibit
CAV9 infection, which has been considered to indicate the
dependence of the virus on lipid microdomains (58). In addi-
tion, it has been suggested that caveolin-mediated entry is
involved in the endocytosis of other enteroviruses (16-17, 39).
In our work, silencing of caveolin-1 either by siRNA or retro-
viral RNAI vector did not prevent virus proliferation. Further-
more, CAVY9 was able to efficiently infect the caveolin-1-neg-
ative cell line HuH7. On the other hand, the overexpression of
DN caveolin-3 caused approximately 50% inhibition in CAV9
infection. The reason for this inhibition is not totally clear, but
it might resemble the situation with EV1, where DN caveolin-3
does not prevent endocytosis but inhibits infection at later
stages (33). In conclusion, our results indicate that caveolin-1 is
not essential for CAV9 entry.

Dynamin is a high-molecular-weight GTPase involved in
membrane fission during endocytic events. Its function is nec-
essary for clathrin-mediated endocytosis, but it has also been
implicated in other internalization pathways, such as phagocy-
tosis and caveolin-1-, ILRB2-, and flotillin-dependent path-
ways (20). Since dynamin is a central regulator of endocytosis
and is needed for the internalization of numerous viruses, we
wanted to analyze whether it is involved in the entry process of
CAV9. The DN form of dynamin-2 inhibited virus infection by
approximately 50%. Even though this inhibition was not sta-
tistically significant, it might suggest that dynamin 2 has a role
in CAV9 endocytosis. The dynamin 2 siRNAs had no effect on
virus proliferation, but this may be explained by the function-
ality of residual dynamin. To further elucidate the role of
dynamin, we used dynasore, a recently introduced chemical
inhibitor. Dynasore completely blocked CAV9 infection and
resulted in the trapping of the virus close to the cell surface.
This finding thus confirmed that dynamin-2 is required for the
internalization of CAVO.

In our siRNA screen, the siRNAs targeting 32-microglobu-
lin effectively inhibited CAVY infection. The dependence of
CAYV) infection on B2M has earlier been shown by antibody
blocking (59, 61), but the role of B2M in virus infection has not
been identified. Although CAV9 is not directly bound to 32M
on the cell surface (59), our confocal imaging revealed that
B2M and the virus are in close association at early time points
of infection. In cells depleted of B2M, endocytosis was ar-
rested, and the virus remained close to the cell surface even at

FIG. 9. Arf6 mediates CAV9 endocytosis. (A) A549 cells transfected with negative-control siRNA and two individual Arf6 siRNAs were
infected with a CAV9 at 10% efficiency of infection, incubated on ice for 1 h, and washed. Warm medium was added, and the cells were transferred
to 37°C and incubated for 6 h, after which they were fixed and permeabilized. The cells were stained with CAV9-specific antibody, AF 488-labeled
secondary antibody, and Hoechst. Fluorescence intensities were measured with a Victor® multilabel counter, and the ratio of AF 488 signal to
Hoechst signal was considered the measure of efficiency of infection. For each sample, 33 wells in three separate assays were analyzed. Statistical
significance between control siRNA- and Hs_ARF6_5 and Hs_ARF6_7 siRNA-silenced cells was calculated with a paired-sample ¢ test, in which
a P value of <0.05 was considered significant. In the box plot, mean, median, upper and lower quartiles, upper and lower 95% values, and maximal
and minimal values are indicated by square, horizontal line, box boundaries, vertical lines, and a cross, respectively. Statistically significant
difference is shown with an asterisk. (B) Plasmids expressing HA-conjugated wild-type and dominant negative Arf6 were transfected into A549 cells
and cultured for 48 h. The cells were infected with CAV9 at 60% efficiency of infection by a procedure described above. Cells were stained with
CAV9-specific antibody combined with AF 488-labeled secondary antibody and with HA-specific antibody combined with AF 568-labeled
secondary antibody and Hoechst. The efficiency of CAV9 infection was calculated by counting the proportion of infected cells in cells transfected
with wt and DN Arf6 (total values of six and seven images, respectively). HA tag is shown in red, CAV9 is in green, and nuclei are in blue. (C) A549
cells were infected with CAV9 as above and incubated at 37°C for 0 min, 5 min, and 20 min prior to fixation, permeabilization (not in the 0-min
sample), and staining with antibodies specific to CAV9 and Arf6 and with Hoechst. Arf6 is shown in red, CAV9 is in green, and nuclei are in blue.
Bar, 10 pm.
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20 min postinfection. After 1 h, the virus also began to enter
the B2M-silenced cells, but this delayed entry did not result in
the production of new virus progeny. Thus, without B2M,
CAV9 seems to be directed to an unproductive endocytic path-
way The existence of such an unproductive pathway is sup-
ported by the early finding of Hecker et al., who showed that
most endocytosed CAVY particles became accumulated in ly-
sosomes without causing an infection (28).

Arf6 is a small GTPase that has multiple roles in the regu-
lation of endosomal membrane traffic and other cellular func-
tions (19). The dependence of CAVY infection on 32M and the
finding that Arf6 regulates the endocytosis of MHC-I proteins
(44) directed us to study whether Arf6 is involved in the entry
process of the virus. One of two Arf6 siRNAs inhibited CAV9
infection in a statistically significant manner, and overexpres-
sion of DN Arf6 resulted in a clear decrease in the infection
efficiency compared to the corresponding wt construct. The
results thus indicate that Arf6 controls the endocytosis of
CAV9 to A549 cells.

In conclusion, we propose a model for CAV9 entry into
A549 cells in which the virus is first attached to the cell surface
by a process requiring integrin o« V6 and then rapidly trans-
ferred forward to form an association with B2M It is possible
that other molecules are also involved. The virus is then inter-
nalized by an Arf6-controlled route, perhaps still in association
with B2M. The function of dynamin 2 is needed for the path-
way, but its exact role and relation to Arf6 are still unclear.
Although dynamin is not generally thought to be involved in
Arf6-dependent endocytosis, there is a report by Nishi and
Saigo showing that herpes simplex virus structural protein
VP22 is internalized in HeLa cells in an Arf6- and dynamin-
dependent manner (46). Interestingly, the endocytoses of
CAV9 and VP22 appear very similar in being independent of
clathrin, caveolin, and the Rho family GTPases RhoA, Racl,
and Cdc42 while requiring dynamin and Arf6. We thus present
the first demonstration of an infectious virus entering the cell
via a dynamin/Arf6-dependent endocytosis pathway.
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