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We have previously shown that a human picornavirus echovirus 1 (EV1) is transported to caveosomes during 2 h together
with its receptor a2f1 integrin. Here, we show that the majority of early uptake does not occur through caveolae. 281
integrin, clustered by antibodies or by EV1 binding, is initially internalized from lipid rafts into tubulovesicular
structures. These vesicles accumulate fluid-phase markers but do not initially colocalize with caveolin-1 or internalized
simian virus 40 (SV40). Furthermore, the internalized endosomes do not contain glycosylphosphatidylinositol (GPI)-
anchored proteins or flotillin 1, suggesting that clustered a2f1 integrin does not enter the GPI-anchored protein enriched
endosomal compartment or flotillin pathways, respectively. Endosomes mature further into larger multivesicular bodies
between 15 min to 2 h and concomitantly recruit caveolin-1 or SV40 inside. Cell entry is regulated by p21-activated kinase
(Pak)1, Racl, phosphatidylinositol 3-kinase, phospholipase C, and actin but not by dynamin 2 in SAOS-a2f1 cells. An
amiloride analog, 5-(N-ethyl-N-isopropanyl) amiloride, blocks infection, causes integrin accumulation in early tubulove-
sicular structures, and prevents their structural maturation into multivesicular structures. Our results together suggest that
231 integrin clustering defines its own entry pathway that is Pakl dependent but clathrin and caveolin independent and

that is able to sort cargo to caveosomes.

INTRODUCTION

We have shown previously that echovirus 1 (EV1), a small
nonenveloped RNA-containing picornavirus that binds spe-
cifically to a21 integrin on the plasma membrane, is inter-
nalized with this receptor into caveosomes (Marjomaéki et al.,
2002; Upla et al., 2004). EV1 binding to the 21 integrin
induces protein kinase C (PKC)« activation, which is needed
for the rapid delivery of EV1 and integrin to the caveosomes
(Pelkmans et al., 2001; Pietidinen et al., 2004; Upla et al., 2004).
PKC activation and caveosomal targeting can be mimicked
by clustering «2f1 integrin with a sequential treatment of
specific primary and secondary antibodies (Upla et al., 2004).
Caveosomes show complex morphology, high concentration
of caveolin-1, and lack markers of the clathrin-dependent
and secretory pathways (Pelkmans et al., 2001; Marjomaki et
al., 2002; Pietidinen et al., 2004). Our recent coinfection study
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with EV1 and simian virus 40 (SV40) indicated that both
viruses can be found in the same caveosomal structures in
CV-1 and SAOS-a2p1 cells but that their intracellular trans-
port after this step differs remarkably: SV40 is routed to the
endoplasmic reticulum, whereas EV1 has not been found to
be transported to other cellular structures (Pietidinen ef al.,
2004). Live cell imaging also suggested that the entry path-
ways of these two viruses into the caveosomes may be
different because SV40 needed more time to reach the caveo-
somes, and, during the first few minutes of infection, EV1
was not efficiently recruited into the caveolae structures on
the plasma membrane (Pietidinen et al., 2004). These results
led us to search for the early entry pathways that direct EV1
and 21 integrin to caveosomes.

Recent studies have suggested that, besides the clathrin-
and caveolae-dependent routes, there exist several other
internalization pathways that might differ only slightly from
each other (Conner and Schmid, 2003; Kirkham and Parton,
2005; Marjomdki and Schaible, 2005; Marsh and Helenius,
2006; Mayor and Pagano, 2007). Efficient membrane and
fluid uptake has been suggested to occur through these
pathways. They include at least the dynamin-dependent
pathway used by interleukin-2 receptor and dynamin-inde-
pendent pathways, such as macropinocytosis and pathways
used by glycosyl phosphatidylinositol-anchored proteins
(GPI-APs), flotillins 1 and -2, and cholera toxin B (CTxB)
subunit. Vesicles responsible for the traffic in these pathways
have often been suggested to fuse with endosomes of the
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clathrin route (Kirkham and Parton, 2005). In contrast, less is
known about sorting into caveosomes by any other routes
than along the caveolae pathway.

In this study, we have carefully followed the early steps of
EV1 infection, including the uptake and subsequent delivery
of the cargo into caveosomes. The transport of a2p1 integrin
and EV1 was examined in detail by electron and confocal
microscopy and regulation of the initial entry pathway was
analyzed.

MATERIALS AND METHODS

Cells, Viruses, Antibodies, and Reagents

Experiments were performed using a human osteosarcoma cell line, overex-
pressing the o2 integrin subunit (SAOS-a2p1 cells; Ivaska et al., 1999) and
HeLa MZ cells (from Dr. Urs Greber, University of Zurich, Switzerland). EV1
(Farouk strain; American Type Culture Collection) was produced and puri-
fied as described previously (Marjomaki et al., 2002). SV40 was produced and
purified as described previously (Pietidginen et al., 2004). The conjugation of
SV40 to Alexa 568 (Invitrogen, Carlsbad, CA) was performed as described
previously (Pietidinen et al., 2004). In parallel, SV40-Alexa Fluor conjugates
from the laboratory of Prof. Ari Helenius (ETH Ziirich, Switzerland) were
used. In the conjugation, a low amount of succinimidyl ester dye was used
that did not affect the SV40 infectivity. The following antibodies were used:
rabbit antisera against purified EV1 (Marjoméki et al., 2002), caveolin-1 (N20
antibody; Santa Cruz Biotechnology, Santa Cruz, CA) and cation-independent
mannose-6-phosphate receptor (CI-MPR) (Marjomaéki et al., 1990), peptide
antibodies against the conserved sequence of picornavirus 3D polymerase
(Auvinen et al., 1993), p21-activated kinase (Pak)1 (Millipore Bioscience Re-
search Reagents, Temecula, CA), phospho-Pakl (Thr212; Genway, San Diego,
CA), phospho-Pak1/2/3 (Ser141; BioSource International, Camarillo, CA),
and monoclonal antibodies against a2 integrin (MCA2025; Serotec, Oxford,
United Kingdom; HAS6 from Fiona M. Watt, Cancer Research, London,
United Kingdom; A211E10 from Dr. Fedor Berditchevski, Institute of Cancer
studies, Birmingham, United Kingdom), Racl (Millipore, Billerica, MA), myc
peptide (produced from 9E10 hybridoma cells; American Type Culture Col-
lection), CD63 (Zymed Laboratories, South San Francisco, CA), early endo-
some antigen 1 (EEA1; BD Biosciences Transduction Laboratories, Lexington,
KY), and FLAG peptide (Sigma-Aldrich, St. Louis, MO). Tetramethylrhodam-
ine B isothiocyanate (TRITC)-labeled phalloidin was from Sigma-Aldrich, and
10-kDa fluorescent dextrans were from Invitrogen. Cholera toxin B subunit (1
pg/ml; Sigma-Aldrich) was bound on cells for 1 h on ice. Cells were pre-
treated with 100 pg/ml cycloheximide (Sigma-Aldrich) for 4 h before the
experiment, and it was also present during the rest of the experiment. Lyso-
Tracker Red DND99 (100 nM; Invitrogen) was added to cells for 30 min at
37°C. Dynasore (C;gH;4,N,O,; synthesized by Dr. Henry E. Pelish, provided
by the Kirchhausen Lab, Immune Disease Institute, Boston, MA) was used at
final concentration of 80 uM in serum-free DMEM with 30- and 60-min
preincubation.

Transfections

Subconfluent SAOS-a231 cells were transfected with an expression plasmid
mixed with FuGENE 6 reagent (Roche Diagnostics, Indianapolis, IN). The
cells were used for experiments after an expression time of 48 h. The follow-
ing plasmids were used in the experiments: green fluorescent protein (GFP)
construct of caveolin-1 (cav-GFP) and GPI-anchored GFP (GPI-GFP) were
from Dr. Lucas Pelkmans (ETH Ziirich, Switzerland), dynamin 2 constructs
(wild-type [WT] and K44A mutant) and dynamin 2 polyclonal antibody were
from Mark McNiven (Mayo Clinic College of Medicine, Rochester, MN).
Pak1T423E myc construct was from Dr. Jonathan Chernoff (Fox Chase Cancer
Center, Philadelphia, PA) and flag-tagged Pak1AID was from Dr. Ed Manser
(GSK-IMCB Laboratory, Singapore). Cdc42 WT was from Dr. Lucas Pelkmans
(ETH Ziirich), Cdc42 and Racl mutants (17N) were from Dr. Johan Perédnen,
(University of Helsinki, Finland), and the myc-tagged Racl WT construct was
from Dr. Herma Renkema (IMT, University of Tampere, Finland). Hemag-
glutinin-tagged constructs of WT-caveolin-3, caveolin-3-DGV, and caveolin-
3-KSY were from Dr. Rob Parton (University of Queensland, Australia).

Small Interfering RNA (siRNA) Experiments

siRNAs against Racl (5'-CACCACUGUCCCAACACUCTT-3"), Cdc42 (5'-
GAUAACUCACCACUGUCCATT-3'), RhoA (5'-GAAGUCAAGCAUUUCU-
GUCTT-3’), and dynamin 2 (SMARTpool) were from Dharmacon RNA Tech-
nologies (Lafayette, CO). Nonspecific siRNA (Dharmacon RNA Technologies)
was used as a negative control, whereas siGLO (Dharmacon RNA Technol-
ogies) was used as a transfection marker. SAOS-a2f31 cells were transfected
using Oligofectamine (Invitrogen) according to the manufacturer’s recom-
mendations in the presence of siRNAs.
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Viral Infection and Integrin Clustering Experiments

For EV1 infection, multiplicity of infection 100 was used in all experiments.
EV1 was first bound to cells for 1 h on ice in DMEM (containing 1% serum),
cells were washed extensively, and then they were put to 37°C to allow
internalization. «2f1 integrin clustering was done as described previously
(Upla et al., 2004). Briefly, specific nonfunctional antibody (e.g., HAS6 or
A211E10) against o231 integrin was bound for 1 h on ice. Cells were washed
extensively and incubated with a clustering secondary antibody (e.g., goat
anti-mouse Alexa 488). After washing, the cells were incubated in DMEM
(with 10% serum) at 37°C to allow internalization.

Transferrin and Dextran Uptake Assays

Transferrin, conjugated to Alexa 488 or Alexa 633 (Invitrogen) were internal-
ized at 0.25 mg/ml concentration (in 1% DMEM) in cells for 1 h. Cells were
washed extensively on ice with phosphate-buffered saline (PBS) containing
0.2% bovine serum albumin before fixation in 4% paraformaldehyde (PFA) for
30 min.

Dextran (10 kDa) conjugated to rhodamine, rhodamine green (lysine fix-
able), or fluorescein isothiocyanate (FITC) (lysine fixable; Invitrogen) were
used at 0.25 or 1 mg/ml concentration. Internalization was performed con-
tinuously for 1-2 h or using 1-h pulse followed by 1-h chase (without the
dextran), washed extensively as described above, and fixed with 4% PFA.

Drug Treatments

The following drugs were used: 100 uM 5-(N-ethyl-N-isopropanyl) amiloride
(EIPA; Sigma-Aldrich), 50 uM LY294002 (Calbiochem, San Diego, CA), and 10
uM U73122 (Calbiochem). Cytotoxicity against these drugs was tested by the
CellTiter 96AQueousOneSolutionAssay according to manufacturer’s protocol
(Promega. Madison, WI).

Immunofluorescence and Confocal Microscopy

Cells were fixed with 4% PFA, permeabilized with 0.1-0.2% Triton X-100 in
PBS for 5 min, and treated with antibodies diluted in PBS containing 3%
bovine serum albumin. Highly precross-absorbed goat secondary antibodies
(conjugated to Alexa dyes 488, 555, and 633) against rabbit and mouse
antibodies (Invitrogen) were used. The cells were mounted in Mowiol and
examined with an Axiovert 100 M SP epifluorescence microscope (Carl Zeiss,
Jena, Germany) equipped with a confocal setup (LSM510; Carl Zeiss) or with
an Olympus microscope IX81 with a Fluoview-1000 confocal setup.

Differential labeling of the surface and intracellular ligands were done as
described previously (Upla ef al., 2004). Briefly, cells were incubated with EV1
for 2 h and fixed with 3% paraformaldehyde for 20 min. After fixation, EV1
was labeled without permeabilization by using a primary antibody and then
the anti-rabbit Alexa 555 conjugate. After a 5-min permeabilization with 0.2%
Triton X-100, again EV1 was labeled but now using anti-rabbit Alexa 488
conjugate. Thus, plasma membrane-associated EV1 was stained with both
Alexa 555 and 488 conjugates, and it was seen as yellow when the red and
green channels were merged. Green signal alone representing internalized
EV1 was measured. The double-labeled cells were imaged as z-stack with the
confocal microscope. In parallel experiments, the clusters of a2p1 integrins
were allowed to form in the presence of Alexa-conjugated secondary antibody
and to be internalized. Samples were fixed as described above. The internal-
ized integrins had green color, and the plasma membrane-associated integrins
were labeled with Alexa 555 conjugate. Again yellow color in merge images
represented integrin clusters on the plasma membrane and green signal alone
represented internalized clusters.

Data Analysis of the Microscopic Data

Quantification of internalization and colocalization was determined with a
free, open source software package, BiolmageXD (Kankaanpéi ef al., 2006). To
quantify the level of colocalization, 30 cells from three independent experi-
ments, 10 cells from each experiment, were randomly selected and optically
sectioned using confocal microscope. Levels for the laser power, detector
amplification, and optical sections were optimized for each channel before
starting the quantification. Colocalization was evaluated from the center slice
of the cell by examination of the merged images and analysis was performed
with BiolmageXD. The colocalization thresholds were set manually so that
background fluorescence and fluorescence from diffuse stain were eliminated.
Overlap between channels was expressed as percentage Ch2 voxels colocal-
izing with Ch1 voxels. Statistical significance of observed colocalization was
calculated by Costes algorithm (Costes et al., 2004), embedded in software,
and only colocalization with zero coincidence probability were taken into
account (i.e., p = 1.000).

BiolmageXD contains a simple algorithm for calculating the ratio of sur-
face/internalized virus. The formula is Ch1/(Ch2 — Coloc), where Chl is
number of voxels stained before permeabilization, Ch2 is number of voxels
stained after permeabilization, and Coloc is number of colocalized voxels.
Only voxels with intensity values above thresholds were considered for each
of the three values. The thresholds were determined as described above.

The amount of dextran and transferrin in cells was determined by intensity
threshold segmentation. The threshold was selected so that only clear intra-
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cellular structures were visible. Connected component labeling algorithm was
used to eliminate structures less than 3 voxels.

SDS-Polyacrylamide Gel Electrophoresis (PAGE) and
Immunoblotting

Samples were separated in 12% SDS-polyacrylamide gel and electroblotted
onto polyvinylidene difluoride membrane (Millipore). Primary antibodies
and horseradish peroxidase conjugated secondary antibodies (Bio-Rad, Her-

cules, CA) were used. Bands were detected by chemiluminescence (Pierce
Chemical, Rockford, IL).

Electron Microscopy

For visualizing the internalized «2p1 integrin, cells were incubated with anti
a2 antibody (HAS6) and subsequently with rabbit anti-mouse IgG and pro-
tein A gold, and processed for electron microscopy (EM) as described previ-
ously (Upla ef al., 2004). In horseradish peroxidase (HRP) labeling experi-
ments, the cells were incubated for 5-15 min at 37°C in complete culture
medium containing 10 mg/ml HRP (HRP, type II; Sigma-Aldrich). After the
experiments, the cells were fixed in 4% PFA containing 0.1% glutaraldehyde
in 50 mM Tris buffer, pH 7.6, at room temperature for 1 h or at 4°C overnight.
HRP was detected by incubating the cells first for 30 min with 0.1% diami-
nobenzidine (Sigma-Aldrich), and then again with the same mixture supple-
mented with 0.1% hydrogen peroxide for further 30 min. For immuno-EM
cells were briefly fixed by 4% PFA, shortly treated by 0.1% Triton X-100 in
PBS, and then incubated with rabbit antibodies against caveolin-1 (N20) for
1 h. Cells were then washed, treated with protein A gold for 2 h, washed,
postfixed, and processed for EM (Upla et al., 2004).

Ruthenium red staining was done as described previously (Liberali et al.,
2008). Briefly, after the internalization with integrin, cells were washed in
cacodylate buffer, pH 7.3, fixed, and stained with 1.3% glutaraldehyde con-
taining 0.07 mg/ml ruthenium red in cacodylate buffer for 1 h at room
temperature. The cells were postfixed with 1.7% osmium tetroxide containing
0.07 mg/ml ruthenium red in cacodylate buffer for 3 h at room temperature.
Cells were then dehydrated, stained with 2% uranyl acetate, and embedded
in LX-112 Epon.

Statistical Testing

A t-test was used for pairwise statistical comparison between samples. For
percentages or ratio figures, a t test was applied after arcsine \/ transforma-
tion of the original variable to convert the binomial distribution of the data to
follow normal distribution. Testing the means between samples in EM, bino-
mial f test was applied.

RESULTS

a2p1 Integrin Clustering Sorts EV1 and Fluid-Phase
Markers from the Cell Surface to Caveosomes

We have previously shown that during EV1 infection, the
virus particles and their receptor a281 integrin accumulate
in caveosomes during the first 2 h of infection (Marjomaki et
al., 2002; Upla et al., 2004). However, our previous imaging
of live cells expressing caveolin-GFP suggested that EV1
does not colocalize with caveolin-1 on the plasma membrane
during the first minutes of receptor interaction, suggesting
that EV1 is not mainly internalized via caveolae (Pietidinen
et al., 2004). In this study, we wanted to characterize the
earliest steps of the entry pathway that lead to the caveo-
somes; therefore, we followed the transport and localization
of EV1 and 21 integrin in detail. During the first 5-15 min
of internalization, the colocalization of a2f1 integrin, clus-
tered by sequential incubation with primary and secondary
antibodies, with caveolin-1 was scarce but then increased
gradually (Figure 1A). Similar results were obtained with
caveolin-GFP and EV1 (Figure 1B). For comparison, cluster-
ing studies were performed in HeLa cells, which express
endogenous levels of o231 integrin. These cells also showed
a low amount of colocalization between integrin and caveo-
lin-GFP after 5 min but a higher amount of colocalization
after 2 h (Figure 1B). Live imaging of expressed caveolin-
GFP and clustered 21 integrin for longer times revealed
that colocalization between caveolin-1 and integrin increases
still after 2 h (Supplemental Figure 1A).
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Sorting Pathway to Caveosomes

Because SV40 is the best-characterized virus to use the
caveolae pathway (Pelkmans et al., 2001), we also used SV40
as a marker for caveolae pathway in our assay. SV40 accu-
mulates with slow kinetics in caveosomes before continuing
its journey to endoplasmic reticulum and nucleus (Pelkmans
et al., 2001). Because the step between caveosomes and en-
doplasmic reticulum is blocked by microtubule depolymer-
ization, we used nocodazole to accumulate SV40 in caveo-
somes as described previously (Pietidinen et al., 2004). We
treated the cells first with SV40-Alexa Fluor 568 (AF568) for
1.5h at 37°C and then clustered o281 integrin on the plasma
membrane and allowed simultaneous internalization for
further 5 min, 15 min, or 2 h. After 5 min, the colocalization
between 21 integrin and SV40-AF568 was still rather low
(11.1% =* 1.4 SE; Figure 1C). However, after 15 min and 2 h,
the colocalization had increased (17.1% = 0.5 and 30.5% =
4.5 SE, respectively), and it was evident in cytoplasmic ac-
cumulations (Figure 1C). Caveolin-1 labeling showed that
after 2 h many of the vesicles containing SV40-AF568 and
a2f1 integrin were also positive for caveolin-1, suggesting
that these structures were caveosomes. Quantification of
colocalization between «281 integrin and caveolin-1 in the
same experiment showed very similar values (mean * SE:
9.0 +2.8,17.6 = 1.4, and 29.2 = 2.7% after 5 min, 15 min, and
2 h, respectively) as between integrin and SV40. Without
integrin clustering the colocalization of SV40 with o281
integrin was low (5.8 * 0.6%; Figure 1C).

We then tested whether the pathway used by EV1 and
a2B1 integrin was associated with fluid uptake. For the
purpose we used HRP and 10-kDa dextran as fluid-phase
markers and found that they also accumulated in the struc-
tures positive for a2p1 integrin (Figure 2A and Supplemen-
tal Figure 1B). EM studies indicated that most (>90%) inte-
grin containing vesicles were positive for HRP after 5- and
15-min internalization (Figure 2A). After 5-min internaliza-
tion, the structures were typically tubulovesicular (100% of
the structures; ~200 structures calculated), but after 15 min,
the structures had already changed to larger vesicular struc-
tures showing some internal vesicles (23% of the structures;
~200 structures calculated, Figure 2A). Confocal microscopy
showed that also 10-kDa dextran internalized together with
clustered integrin in both SAOS-a281 and HeLa cells (Sup-
plemental Figure 1B). To test whether integrin clustering
had an effect on sorting of fluid-phase markers in SAOS-
a21 cells, we incubated the cells with lysine fixable 10-kDa
dextran for 2 h (1-h pulse followed by 1-h chase) with or
without integrin clustering (Figure 2B). If the cells were
treated by integrin clustering, 30 * 2% (mean = SE) of
dextran showed colocalization with caveolin-1-positive ves-
icles in the cytoplasm (Figure 2, B and C). Without integrin
clustering, 14 = 2% of internalized dextran showed colocal-
ization with caveolin-1. We also tested whether integrin
clustering affected the amount of dextran internalized to the
cell (Supplemental Figure 1C). Quantification of the dextran
signal after 1-h internalization showed no difference in the
internalized amount of dextran with or without integrin
clustering.

To verify that dextran was targeted to caveosomes due to
integrin clustering, we tested whether dextran entered SV40-
positive vesicles. Dextran was internalized for 2 h (1-h pulse
followed by 1-h chase) in the presence of nocodazole and
after SV40 pretreatment for 1.5 h. The results showed that
after integrin clustering dextran was found in SV40-positive
vesicles in the cytoplasm (Figure 2D) in a similar manner as
dextran in caveolin-1-positive vesicles (Figure 2C). In con-
trast, without integrin clustering colocalization was lower
(19 * 2% [mean * SE] without integrin clustering and 32 *
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Figure1. Clustered a2f1 integrin and EV1 reach caveosomes from 30 min to 2 h. (A) Colocalization of the clustered o231 integrin (red) with
caveolin-1 (Cav-1) during integrin internalization (colocalizing voxels are presented as white). Colocalization was quantified from 30 cells
from three independent experiments by using BiolmageXD (see Materials and Methods). Bars, 10 um. (B) Colocalization of EV1 or «2p1
integrin («2) with caveolin-1 was studied in HeLa MZ and SAOS-a21 cells transfected with caveolin-GFP (Cav-GFP) at different time points
after EV1 infection or integrin clustering. Labelings are shown as merge images (colocalizing voxels are presented as white). Bars, 10 um. (C)
SV40 was used as a marker for the caveolae pathway. SV40 accumulates with slow kinetics in caveosomes before continuing its journey to
endoplasmic reticulum (ER) and nucleus. Nocodazole was used to depolymerize microtubules and block the step between caveosomes and
ER to accumulate SV40 in caveosomes during 1.5-h preinternalization with SV40. Integrin a2p1 (a2; blue) was then clustered and the
colocalization between internalized o281, SV40, and caveolin-1 was then followed for a further 5 min, 15 min, and 2 h. For the unclustered
integrin control (UC) a2p1 integrin was labeled after fixation. Colocalization was quantified as described in A. Bars, 10 um.

2% after integrin clustering; Figure 2D). Interestingly, when signal was significantly lower (~80%) after internalization
we used the acid-sensitive dextran-FITC instead of dextran- for 2 h without integrin clustering probably due to entry to
Alexa 488 for this experiment, we found that the green an acidic environment (Supplemental Figure 1D). Instead,
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Figure 2. «2f1 integrin clustering sorts fluid-
phase cargo to caveosomes. (A) Clustered B
a2B1 integrin was internalized for 5 and 15
min in the presence of 10 mg/ml HRP (left).
Protein A gold (10 nm) shows the location of

a2f1 integrin in tubulovesicular and multive- =
sicular structures colocalizing with HRP after ;\3‘30’
5 and 15 min, respectively (arrowheads). Per- =25+
centage of a2p1 integrin-positive endosomes £20-
(*SE) containing HRP was quantified from 815

>200 structures. (B) Colocalization of lysine-
fixable dextran (pulsed for 1 h and chased for
1 h) with caveolin-1. The assay was performed
with (a2 clustered) or without (a2 unclus-
tered) a2B1 clustering, and colocalization was
quantified as described in Materials and Meth-
ods by using BiolmageXD (30 cells counted
from three independent experiments). Exam-
ples of cells measured for this quantification
are shown in C. Colocalized voxels are shown
as white color (dextran Alexa 546, red; caveo-
lin-1, green). (D) To verify that dextran was
targeted to caveosomes due to integrin clus-
tering, colocalization between dextran (1
mg/ml FITC-dextran) and internalized SV40
was measured (quantification of colocalization
was from 30 cells from 3 independent experi-
ments). Dextran was internalized for 2 h (1-h
pulse followed by 1-h chase) in the presence of
nocodazole and after SV40 pretreatment for
1.5 h. Bars, 200 nm (A), 10 um (B-D).

with

Colocalization of dextran

FITC-dextran

o2 unclustered @2 clustered O

after integrin clustering the cells showed bright green color,
suggesting that those vesicles were not highly acidic.

These results together suggest that a2p1 integrin, clus-
tered by antibodies or EV1, is initially endocytosed to the
cells together with fluid-phase markers and that integrin
clustering causes routing of dextran to the caveosomal path-
way instead of the default lysosomal pathway.

The Initial Entry of EV1 Is Dynamin and Caveolin
Independent in SAOS-a21 Cells

Because our results proposed that caveolin-1 is not involved
in the earliest steps in EV1 and integrin entry, we tested the
dynamin dependence of their internalization into SAOS-
a2f1 cells. Our earlier results in CV-1 cells suggested that in
those cells EV1 infection was largely dependent on dynamin
(Pietidinen et al., 2004). Surprisingly, the transfection of a
dominant-negative (DN) dynamin 2 (K44A mutation) had
no effect on EV1 infection in SAOS-a2f1 cells (Figure 3A).
Due to this difference to CV-1 cells, we tested the efficacy of
the dynamin constructs with internalized transferrin. Calcu-
lations based on confocal microscopy sections showed that
the dynamin K44A mutant inhibited transferrin entry by
~50% (p < 0.001; Figure 3B). Furthermore, clustered o281
integrin could efficiently enter into SAOS-a2p1 cells despite
inhibition of dynamin function (Figure 3C). Unfortunately,
we could not get a sufficient knockdown of dynamin with a
SMARTpool siRNA to inhibit transferrin entry (data not
shown). Similarly, we did not succeed in inhibiting trans-
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ferrin entry using 80 uM Dynasore with 30- or 60-min pre-
incubation in SAOS-a21 cells (data not shown). Because the
dynamin K44A construct could also only partially block the
transferrin entry, the lack of dynamin dependence of EV1
infection and integrin internalization in SAOS-a2pB1 cells
remains as a tentative conclusion.

We next tested a dominant-negative mutant of caveolin-3
(KSY), which efficiently inhibits SV40 infection (Roy et al.,
1999). Quantification of EV1 infection in transfected cells
showed that the KSY mutant totally inhibited infection in
SAOS-a2p1 cells (Figure 3D). Differential labeling of the
surface-bound and intracellular EV1 in transfected cells
showed that EV1 was not arrested on the plasma membrane
in any of the KSY-transfected cells. This assay was per-
formed by labeling EV1 by using the same antibody before
and after permeabilization with different colors (see Materi-
als and Methods). Because the antibody added after perme-
abilization may still bind to EV1 on the plasma membrane
due to polyclonal nature of the antibody, there is some
overlap of the labels on the surface. However, the green
color alone (added after permeabilization) shows the real
internalized pixels in the fluorescent merge image. All ob-
served cells transfected with the KSY mutant showed inter-
nalized EV1 (50 cells observed; Figure 3E). Confocal images
showed that all EV1 internalization occurred similarly as
after transfection with wild-type caveolin-3 construct (Fig-
ure 3E). Similarly, the internalization of 21 integrin was
not blocked by another dominant-negative mutant of caveo-
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Figure 3. Early entry of EV1 and 281 inte-
grin is not dependent on dynamin 2 and
caveolin in SAOS-a2B1 cells. (A) The cells
transfected with dynamin 2 constructs (wild-
type, WT; DN dynamin 2, K44A) were ana-
lyzed for EV1 infection. For comparison, EV1
infection without transfection, and infection
after mock transfection with yellow fluores-
cent protein (YFP) construct are shown. The
results are mean values of three independent
experiments (*£SE). Transfection protocol
causes a general decrease of EV1 infection (see
also Figure 3B and 7B); therefore, the infectiv-
ity after transfection is always compared with
the respective wild-type construct. (B) The in-
hibitory effect of transfected dynamin con-
structs on internalization of transferrin was
quantified after 1-h internalization (60 cells
from three experiments were quantified for the
number of transferrin-containing vesicles by
using a segmentation tool in BioimageXD; p <
0.001). Localization of transferrin-Alexa 488 af-
ter 1-h internalization is visualized in cells
transfected with dynamin constructs. (C) Inte-
grin a2p1 (red), unclustered («2), or clustered
for 2 h (clust. a2) is shown in transfected cells.
(D) DN mutant of caveolin-3 (Cav-3 KSY) and
wild-type caveolin-3 (Cav-3) were transfected
to the cells and their effects on EV1 infection
was quantified. The result is a mean value of
two independent experiments (£SE). (E) The
effect of mutant (KSY) and wild-type caveo-
lin-3 (Cav-3) on EV1 internalization was re-
vealed by differential labeling of the surface-
bound (red and colocalized red and green

n

Cav-3 Cav 3

voxels) and intracellular EV1 (green alone) in
transfected cells after 2-h internalization (see
Materials and Methods for details). (F) The in-

ternalization of o231 integrin in cells transfected with another DN mutant of caveolin-3 (DGV) or wild-type caveolin-3 was quantified using
the internalization tool in BioimageXD. For the internalization, 30 cells from three experiments were counted for each case. Bars, 10 um.

lin-3 (DGV; Figure 3F). We have shown earlier that this
mutant has a significant, albeit milder, inhibitory effect on
EV1 infection (Marjomaki et al., 2002).

Based on these results, we concluded that the initial entry
of EV1 and a2p1 integrin is independent of caveolin and
dynamin in SAOS-a2f1 cells. The results further suggest
that the presence of caveolin-1 in the caveosomes may be
important for EV1 infection.

a2 31 Integrin Enters First Tubulovesicular Structures,
Which Quickly Mature into Multivesicular Bodies

In the next series of experiments we tested marker proteins
that have recently been linked to clathrin- and caveolin-
independent fluid-phase pathways, namely, GPI-AP, CTxB,
and flotillins. Our earlier results showed that before cluster-
ing on the plasma membrane, o231 integrin resides on the
raft areas positive for bacterial toxin aerolysin binding to
GPI-AP (Upla et al., 2004). Here, we expressed the green
fluorescent protein-tagged GPI-AP (GPI-GFP). Before the
integrin internalization, the cells were treated with cyclohex-
imide for 4 h to chase the GPI-GFP to the plasma membrane.
Directly after clustering, at 0 min, integrin label showed
small punctate labeling on the plasma membrane as a sign of
cluster formation (Figure 4A), whereas unclustered integrin
showed more diffuse staining (Supplemental Figure 2A).
Confocal microscopy showed that after this rapid clustering
on ice, GPI-GFP showed only a low amount of colocalization
(5.5 = 0.2% [mean * SE]) with integrin, whereas without
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clustering the colocalization was relatively high on the
plasma membrane (44.5 * 1.6%; measured from 35 cells).
After a short warm-up period, colocalization with GPI-GFP
increased to some extent but stayed still rather low during
the whole internalization period (Figure 4A). The colocaliza-
tion of CTxB with clustered integrin was similarly low
through the whole study period with a small peak after 30
min (Figure 4A). After 2 h, CTxB had already accumulated
to a large extent in the perinuclear region, possibly in the
Golgi or late endosomes (Figure 4A and Supplemental Fig-
ure 2A). We also tested the presence of flotillin 1 in these
endosomes. From confocal sections, it was clear that flotillin
1 was not recruited to EV1-positive endosomes (Supplemen-
tal Figure 2B).

We tested the colocalization of internalized EV1 or inte-
grin with EEA1, CI-MPR, and also CD63 (Supplemental
Figure 3A). None of these classical endosomal markers
showed colocalization with EV1 or integrin, suggesting that
EV1 or a2B1 integrin are not efficiently recruited to the
conventional endosomes. Furthermore, live imaging of in-
ternalized integrin with a labeled LysoTracker showed no
colocalization during a 3-h internalization period, suggest-
ing that the integrin structures along the pathway are not
highly acidified (Supplemental Figure 3B). However, this
result does not rule out that integrin positive structures may
become mildly acidic during internalization.

Next, we studied the nature of the cellular structures
involved in early internalization at high resolution. We fol-
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Figure 4. From the plasma membrane rafts
a2p1 integrin enters first simple tubulovesicu-
lar structures, which quickly mature to mul-
tivesicular bodies devoid of GPI-GFP and
CTxB. (A) Expressed GPI-GFP (green; after 4-h
cycloheximide treatment, 100 ug/ml) and ex-
ogenously added CTxB (green; 1 ug/ml) were
internalized in the presence of clustered o231
integrin (red) for different times. The colocal-
ization of o281 with these markers was quan-
tified from 30 cells from three separate exper-
iments by evaluating the number of
colocalized voxels using BiolmageXD. The re-
sults are expressed as percentages of a2f1
voxels colocalizing with marker voxels (£SE).
Bars, 10 um. (B) a2B1 integrin was treated on
ice with a nonfunctional integrin antibody
(HAS6), followed by a clustering secondary
antibody and protein A gold (10 nm), and then
internalized for different times at 37°C. Struc-
tures positive for a281 integrin were classified
for being tubulovesicular (see image for 5-min
time point) or multivesicular structures (im-
ages between 15 min and 2 h). Together, 150—
200 structures were calculated from different
times. a2B1 integrin associated with intralu-
minal membranes are pointed with arrows.
The relative distribution of multivesicular
structures of all integrin structures is plotted
on the right. Bars, 200 nm.

GPI-GFP

CTxB

lowed the routing of a2f1 integrin clusters over time by EM
using protein A gold binding to the secondary antibody,
used in clustering of the integrin (Figure 4B). In parallel
experiments, EV1 was also present to verify that they fol-
lowed the same pathway as the clustered integrin (Supple-
mental Figure 4A). Calculations from those EM images
showed that the structures positive for EV1 were also posi-
tive for internalized 21 integrin (94 and 100% after 5 and
30 min, respectively; 20 cells and >100 positive structures
were calculated), suggesting that they use the same endoso-
mal structures during internalization. The EM samples with
clustered integrin alone showed that 5-15 min after the
clustering at 37°C some «2f1 integrin was still present on
the plasma membrane, but a large pool of o281 integrins
had entered the cell. Integrin a2p1 was often found in
smooth-surfaced vesicles and tubules that were clearly
larger than caveolae and lacked the typical clathrin cage
coating (Figure 4B). The mean size of these vesicles after
5-min internalization was 138 nm (SE 12 nm). After 15 min,
a small fraction (23%) of the structures that were positive for
integrin-linked gold particles showed more complex mor-
phology: they were larger in size and showed internal ves-
icles (Figure 4B). The integrin was often present in the in-
vaginations of the limiting membranes and in the internal
vesicles (Figure 4B, arrows). Quantification of the number of
integrin-positive structures showed that after 5 min the in-
ternalized integrins (100%) were in the tubulovesicular
structures without internal vesicles, whereas after 2 h most
of the integrins (72%) were in the complex multivesicular
structures. The mean size of the structures after 2 h was 383
nm (SE 20 nm). This maturation process to multivesicular
structures seemed to proceed further after 2 h because 1 h
later, 92% of the structures were multivesicular.

The results suggest that EV1 and o281 integrin first enter
tubulovesicular structures that are early sorted away from
raft-derived markers such as GPI-AP, CTxB, and flotillin 1.
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In addition, these structures mature into large multivesicu-
lar structures in the cytoplasm.

Inhibitors of the Na*/H* Exchanger and Phospholipase C
Inhibit EV1 Infection and Concomitantly Restrain the
EV1/a2p1 Integrin Entry Pathway

To test different regulators and markers associated with
fluid-phase entry pathways, drugs such EIPA, an inhibitor
of the amiloride-sensitive Na*/H™" exchanger (Meier et al.,
2002; Nakase et al., 2004); LY294002, an inhibitor of phos-
phatidylinositol 3-kinase (PI3K); and U73122, an inhibitor of
phosphatidylinositol-specific phospholipase C (PLC) (PI-
PLC) (Veithen et al., 1998; Amyere et al., 2000) were used. We
monitored their effects on dextran uptake in our experimen-
tal system and observed that in SAOS-a281 cells, EIPA and
U73122 blocked the dextran uptake to the periphery of the
cells, whereas LY294002 caused only a minor effect on dex-
tran uptake (Supplemental Figure 4B). In addition, we eval-
uated the cytotoxicity of these drugs using a commercial kit
(Promega; see Materials and Methods), and we could verify
that the cell viability was not affected during the experimen-
tal period (Supplemental Figure 4C).

We then tested whether EV1 infection and entry could be
prevented by these pharmacological inhibitors (Figure 5).
The drugs were added at different time points to analyze in
more detail whether they were inhibiting the initial entry or
also some later trafficking steps (Figure 5A). Control infec-
tion without any drug treatment showed that after 7 h (the
total incubation time in the experiment), infectivity was
~70%. Measurement of the infectivity by confocal micros-
copy showed that EV1 infection was totally inhibited by
EIPA and by U73122 and 70% with LY294002, when the
drugs were administered 30 min before or directly after the
virus binding (Figure 5A). When the drugs were adminis-
tered to cells later (1-5 h post infection [p.i.]) it was clear that
U73122 was an efficient blocker of infection only during the
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early entry period. When this inhibitor was added 1 h p.i,,
some EV1-infected cells were detected, whereas EIPA com-
pletely blocked EV1 infection when added after 2 h p.i. The
results of this infectivity titration also suggest that the viral
genome is released around 2-3 h p.i. from the structures to
start replication, which is in line with our previous results
from real-time PCR measurements (Upla et al., 2008). The
inhibitory effect of these drugs was also followed by the
emergence of the 3D polymerase in the host cells marking
the onset of viral replication (Figure 5B). Again, EIPA and
U73122 totally inhibited the emergence of 3D polymerase,
whereas LY294002 treatment inhibited but could not totally
block the replication (Figure 5B).

We also wanted to visualize the cellular structures where
EV1 accumulated after a treatment with the chemical inhib-
itors (Figure 5C). After 7 h in control condition, cells have
had time to start the virus replication and the mass produc-
tion of new viruses. Thus, the cytoplasm was full of newly
synthesized EV1 capsid proteins in infected control cells. In
contrast, the drug treatments blocked the viral infection as
the incoming virus was blocked in vesicular structures or on
the plasma membrane (Figure 5C). U73122 and EIPA caused
accumulation of the virus close to the plasma membrane,
whereas with LY294002 treatment, virus could enter mem-
branous structures deeper in the cytoplasm.

To quantify the blocking effect of the inhibitors on inter-
nalization, we differentially labeled plasma membrane asso-
ciated and internalized pools of EV1 and 2Bl integrin
(Figure 5C; see Materials and Methods). After 2 h, a large
amount of EV1 or a2p1 integrin was internalized into the
cytoplasm in control cells. In U73122- and EIPA-treated
cells, the virus and integrin remained close to the periphery
(Figure 5D). We calculated the proportional amount of in-
tracellular versus surface staining using the internalization
algorithm of BiolmageXD (Kankaanpaa et al., 2006). In the
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assay, the surface signal for EV1 is comprised of the fluo-
rescent signal added before permeabilization (red) and of
the colocalized signal from the dye added after permeabili-
zation (green). Thus, the green signal alone added after
permeabilization (not colocalizing with the red) represents
the true internalized voxels. In the case of clustered integrin,
the labeling is done differently as the internalized dye
(green) represents already the internalized signal. After fix-
ation, the second dye (red) is added without permeabiliza-
tion to label the surface signal. The quantification of this
internalization showed that U73122 effectively inhibited the
internalization of both EV1 and a2p1 integrin (Figure 5D). In
contrast, EIPA did no inhibit internalization per se but ar-
rested further transport from the peripheral cytoplasm (Fig-
ure 5D).

Thus, our results show that these inhibitors that have
recently been associated with fluid-phase endocytosis and
macropinocytosis inhibited EV1 infection and blocked inter-
nalization of EV1 and 21 integrin albeit at different stages
and apparently by different mechanisms.

EIPA Prevents Maturation of Tubulovesicular Structures
into Multivesicular Bodies and Inhibits Caveolin-1 Entry
to These Structures

Because we discovered that the internalization of a2f1 inte-
grin and EV1 was affected by EIPA and U73122 at different
stages, we wanted to study whether the targeting to the
caveosomes was also altered. Without the inhibitors a2B1
integrin accumulated efficiently in the multivesicular struc-
tures after 2- to 3-h internalization period (72 and 92%,
correspondingly, Figures 2A, 4B, and 6A). U73122 treatment
caused a total block of a21 integrin transport on the plasma
membrane (Figure 6A). EM images showed no integrin pos-
itive cytoplasmic structures in the cells treated with U73122.
This verifies the results shown in Figure 5C, indicating a
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Figure 6. EIPA prevents maturation of tubu-
lovesicular structures into multivesicular bod-
ies and caveolin-1 entry to these structures.
(A) EM images of internalized and clustered
21 integrin after 2 h with EIPA or U73122 or
without drugs (CONTROL). Bars, 200 nm. The
proportional distribution of 21 integrin in
tubulovesicular versus multivesicular struc-
tures after EIPA treatment was counted from
150 to 200 structures. (B) Cells were labeled for
caveolin-1 (green) and internalized «2f1 inte-
grin (red) after 2 h. Drugs were added 30 min
before the experiment. Colocalization between
internalized integrin and endogenous caveo-
lin-1 was calculated from 30 cells for each case
from three independent experiments. Bars, 10
pm. (C) Immuno-EM labeling of caveolin-1
(5-nm protein A gold) and a2pB1 integrin
(10-nm protein A gold) after 2-h internaliza-
tion in control cells or after EIPA treatment.
Caveolin-1 was immunolabeled after fixation
and permeabilization of the cells, whereas
a2p1 integrin was immunolabeled on the
plasma membrane before internalization. Ar-
rows indicate some of the caveolin-1 labels in
the sections. Bars, 200 nm.

clear block at the level of the plasma membrane. In contrast,
EIPA caused accumulation of «21 integrin in tubulovesicu-
lar structures close to the cell periphery (Figure 6A). This is
similar to the effect on virus/integrin uptake measured by
fluorescence methods (Figure 5C). Quantification of the EM
data showed that only 8% of the integrin-positive structures
were multivesicular bodies after EIPA treatment even after
2 h. Additional ruthenium red staining in EM verified that
the tubulovesicular structures after EIPA treatment for 2 h
were truly intracellular and not connected to the plasma
membrane (p < 0.001; Supplemental Figure 4D). After con-
trol internalization, 90 = 5% of the vesicles were without
ruthenium red stain and, similarly, after EIPA treatment
95 * 2% of the structures were without ruthenium red stain.
This suggests that EIPA allows early sorting into the simple
tubulovesicular structures but prevents their further matu-
ration into complex multivesicular structures.

Confocal microscopy and quantification of colocalization
verified our earlier results that EV1 and «2f1 integrin are
targeted into caveolin-1-positive caveosomes during 2 h p.i.
(Figure 6B) (Marjomaki et al., 2002; Pietidinen et al., 2004;
Upla et al., 2004). The PI-PLC inhibitor U73122 caused a clear
block of integrin internalization on the plasma membrane
and prevented colocalization with caveolin-1 in the cyto-
plasm (p < 0.001; Figure 6B). In the presence of EIPA,
confocal images and quantification of colocalization showed
that the vesicles positive for clustered a21 integrin gained
only a low amount of caveolin-1 during a 2-h incubation in
the presence of the drug (p < 0.001; Figure 6B). We also
performed immuno EM to see the caveolin-1 together with
clustered integrin at higher resolution (Figure 6C). This dou-
ble labeling showed the complex morphology and large size
of integrin positive structures with caveolin-1 inside (Figure
6C). After the 2-h treatment with EIPA the peripheral tubu-
lar structures showed very low amount of caveolin-1 at-
tached to the limiting membrane confirming our confocal
microscopy results (Figure 6C).

These results showed that EIPA caused an enrichment of
tubulovesicular structures in the cell periphery and pre-
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vented morphological maturation into multivesicular struc-
tures, concomitantly inhibiting caveolin-1 entry into these
structures during the 2-h period.

Pak1 Regulates EV1 and o231 Integrin Entry

Paks are a group of serine/threonine kinases that were
originally discovered as targets of Rho GTPases Rac and
Cdc42 (Manser et al., 1994). Because Paks are also associated
with fluid-phase endocytosis and macropinocytosis (Dhar-
mawardhane et al., 2000), we wanted to study whether they
also regulate EV1 and integrin entry. First, we tested the
effects of the dominant-negative (Pakl AID) and highly ki-
nase active (Pakl T423E) Pakl constructs for dextran and
transferrin uptake (Figure 7A). The Pakl AID blocked dex-
tran uptake efficiently on the plasma membrane, but it al-
lowed normal entry of transferrin to the cells (Figure 7A).
Quantification of this blocking effect showed that dextran
entry was inhibited by 94% in Pakl AID-transfected cells
(p < 0.001). Furthermore, this construct also totally blocked
EV1 infection, whereas after transfection with highly kinase
active mutant (Pakl T423E) or with wild-type Pakl the
infection was close to the values gained from mock plasmid
transfection (N1-YFP; Figure 7B). Control infection without
any transfection shows typically higher level of infection as
the transfection protocol itself decreases infection. This phe-
nomenon is not restricted to virus type used as we have
encountered this with all tested viruses so far. Confocal
microscopy after 2 h p.i. revealed that the Pakl AID con-
struct also clearly decreased the amount of EV1 in the cells
(Figure 7C). After 6 h p.i. the cells transfected with Pakl AID
construct did not promote new viral protein synthesis,
whereas other cells showed typically high amounts of newly
synthesized capsid proteins (Figure 7C).

Because Paks are often regulated upstream by the Rho
GTPases Racl and Cdc42, we tested their involvement in
EV1 infection as well. We performed knockdown of Cdc42,
Racl, and RhoA, a Rho GTPase that does not activate Pak
(Manser et al., 1994), by using siRNA and we studied EV1
infection in siRNA-transfected cells (Figure 8A). Despite the
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p-i. show very low amount of virus (red) in the transfected cells (marked as dotted line; in merged images Pak1 transfected cells are labeled

as green). Bars, 10 um.

efficient knockdown of Cdc42 (92% drop in protein expres-
sion), it showed very little effect in EV1 infection (Figure 8A).
siRNA against RhoA showed a 64% knockdown of RhoA
protein level, but we did not observe any effect on EV1
infectivity. Racl (63% knockdown of Racl expression) had a
stronger and statistically significant inhibitory effect on EV1
infection suggesting that it may be involved in Pakl regu-
lation. Evaluation of the siRNA effects on dextran and trans-
ferrin endocytosis showed that Racl inhibited dextran entry
in 75% of the siGLO-positive cells (marking efficient trans-
fection of the siRNA), but it had no effect on transferrin entry
(data not shown).

We wanted to verify the effects of Cdc42, Racl, and RhoA
using their wild-type and dominant-negative constructs.
Similar to the siRNA experiment, transfection of dominant-
negative constructs for Cdc42 and RhoA had no effect on
EV1 infection compared with the respective wild-type con-
structs (Figure 8B). In contrast, as the siRNA already sug-
gested, the dominant-negative construct of Racl caused a
clear inhibition of EV1 infection.

Because Paks and RhoGTPases are known regulators of
actin dynamics, we decided to monitor the appearance of
actin filaments in more detail (Figure 8C). In control SAOS-
a2p1 cells actin was located in stress fibers and in the cortical
actin meshwork (Figure 8C). Actin labeling also colocalized
with Pakl in stress fibers in control cells. After 5-min incu-
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bation with EV1, the stress fibers were, to a large extent,
depolymerized (in 46% of all the cells; Figure 8C). The stress
fibers reappeared in later time points (Figure 8, C and D).
Strikingly, 5 min p.i., and coinciding with actin depolymer-
ization, Pakl showed extensive accumulation in the nucleus
and some colocalization with depolymerized actin in the
cytoplasm. After 2 h, Pakl had relocated to the cytoplasm
but was still found close to the nucleus.

We wanted to verify the effect of Pakl by using specific
antibodies against the activated phospho Pakl. Fluorescent
imaging of phosho-Pakl showed that, after overnight star-
vation, the level of phospho-Pakl was low in the cells but
increased already during 5 min of EV1 entry (p < 0.01;
Figure 8D and Supplemental Figure 5A). Quantification of
20 cells in each time point revealed that phospho-Pakl was
even more active after 15-30 min p.i. (p < 0.001). Active
Pakl was still observed after 2 h p.i., but the signal was
already lower than after 15-30 min p.i. (Supplemental Fig-
ure 5A).

We also monitored the direct effects of actin polymerizing
and stabilizing drugs on viral infection (Supplemental Fig-
ure 5B). Depolymerizing drugs such as cytochalasin D partly
inhibited EV1 infection when the cells were preincubated
with the drug for 30 min. However, by increasing the pre-
incubation time the infection was concomitantly blocked.
The stabilizing drug (jasplakinolide) inhibited EV1 infection
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Figure 8. EV1 infection is regulated by Racl and actin
dynamics. (A) RhoGTPases Cdc42, Racl and RhoA were
knocked down using specific siRNA or control siRNA
(scr) in the presence of a siGLO transfection marker.
EV1 infection was quantified in these cells 6 h p.i. The
result is a mean value of two independent experiments
(*SE). Together, 300-400 siGLO-positive cells were
counted for each construct. The knockdown effect was
verified by Western blotting using tubulin as loading
control. (B) The effects of Racl, Cdc42, and RhoA were
also verified by EV1 infection assay in cells transfected
with WT and DN constructs. The result is a mean value
of three independent experiments (*=SE). (C) Pakl (ma-
genta) and actin (TRITC-phalloidin; red) were visual-
ized after EV1 infection for 5 min and 2 h p.. Bars, 10
pm. (D) Phospho Pakl (green) was immunolabeled and
actin (TRITC-phalloidin; red) was visualized after star-
vation (control) and EV1 treatment of SAOS-a21 cells
for different times (between 5 min and 2 h). Bars, 10 pm.
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very efficiently even after a short preincubation period (Sup-
plemental Figure 5, B and C). Confocal microscopy showed
that the depolymerizing drugs caused accumulation of EV1
at the periphery of the cells, but jasplakinolide treatment
caused a total block of EV1 transport from the plasma mem-
brane (data not shown).

The results suggest that Pakl regulates EV1 entry and
infection and is itself activated very early coincident with
rapid actin depolymerization. Furthermore, the results sug-
gest that the Rho GTPase Racl regulates EV1 infection and
may be the upstream regulator of Pakl.

DISCUSSION

We have studied the cell entry pathway of a human picor-
navirus, EV1, as a model system to understand events that
occur during integrin-dependent uptake of cargo (Marjo-
maéki et al., 2002; Pietidinen et al., 2004; Upla et al., 2004; Xing
et al., 2004). Our earlier biochemical and imaging studies
have shown that EV1 is internalized in complex with its
receptor, a2f1 integrin, and further targeted into caveo-
somes.

This study showed that EV1 reaches the caveolin-1-posi-
tive compartment only after 15 min, suggesting that an entry
pathway other than caveolae is mainly used during the first
minutes of internalization. The recruitment of caveolin-1 or
SV40 to integrin-positive endosomes was a gradual process,
suggesting that the integrin-containing vesicles fused with
internalized caveolae or caveosomal vesicles in the cyto-
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plasm. A striking feature, associated with «2pB1 integrin
clustering, was the sorting of fluid-phase markers into
caveosomes. Without integrin clustering, internalized dex-
tran was not found in caveosomes but rather seemed to be
sorted to the default pathway, to the acidic endosomes of the
clathrin pathway. The results thus suggest that this pathway
is triggered after integrin clustering.

EM studies showed the emergence of tubulovesicular en-
dosomes in the cell periphery after a2p1 integrin clustering.
The raft-derived GPI-AP is also endocytosed into tubulove-
sicular structures that have recently been termed GPI-anchor
enriched early endosomal compartments (GEECs) (Sabha-
ranjak et al., 2002; Kirkham and Parton, 2005). After inter-
nalizing via GEECs, GPI-AP is efficiently sorted into recy-
cling early endosomes or early endosomes en route to late
endosomes, depending on the cell type (Fivaz et al., 2002;
Sabharanjak et al., 2002; Kalia et al., 2006). Our results
showed that clustered «2f1 integrin did not enter GEECs
nor to any structures of the clathrin pathway, together sug-
gesting that there is no overlap with the pathway used by
GPI-AP. CTxB showed a small peak of colocalization after
30-min internalization, possibly representing colocalization
in caveosomal structures on its way to the Golgi. Flotillins 1
and -2 have recently been shown to define their own path-
way to the cytoplasm (Glebov et al., 2006). Here, confocal
microscopy showed that flotillin 1 was not recruited on
integrin-related endosomes, suggesting that integrin path-
way differed also from the flotillin pathway.
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EV1 infection and uptake of a2p1 integrin were not ap-
parently regulated by dynamin 2 in SAOS-a2f1 cells in
contrast to previous results obtained using the CV-1 cell line
(Pietidinen et al., 2004). The lack of dynamin dependence in
SAOS-a21 cells was suggested based on the lack of effect by
the expressed DN dynamin 2 constructs. The mutant K44A
dynamin inhibited the transferrin entry by 50%, in contrast
to SMARTpool dynamin siRNA or Dynasor tested in SAOS-
a21 cells, which showed no effect on transferrin entry. Due
to the moderate effect on transferrin uptake, however, the
lack of dynamin dependence remains as a conclusion. The
difference of dynamin dependence between CV-1 cells and
that of SAOS-a2p1 cells may be linked to other observed
differences in the overall uptake in these cells. Namely, in
our previous study, we found that the stabilizing drug jas-
plakinolide had no effect for EV1 infection in CV-1 cells
(Pietidinen ef al., 2004) in contrast to the opposite results
from SAOS-a21 cells here. Interestingly, our recent results
showed that in SAOS-a2p1 cells EV1 and integrin entry are
regulated by the carboxy-terminal binding protein 1/brefel-
din A-ribosylated substrate (CtBP1/BARS; Liberali et al.,
2008), which has been shown to regulate dynamin-indepen-
dent entry in some cell lines (Bonazzi et al., 2005).

The endosomes containing clustered integrin went
through a maturation process from tubulovesicular endo-
somes into more complex multivesicular structures. This
maturation started 15 min p.i. and continued for 3 h. Re-
cently, the epidermal growth factor (EGF) receptor was
shown to enter smooth-surfaced vesicles that went through
a rapid maturation into multivesicular bodies lacking mark-
ers of the classical late endosomes (White et al., 2006). Inte-
grin-positive multivesicular structures were also reminis-
cent of membranous caveolin-1-enriched structures
containing transforming growth factor-B receptor (Di
Guglielmo et al., 2003). Recent data suggest that also SV40
may be found in multivesicular structures in CV-1 cells (Ari
Helenius, personal communication), further suggesting that
multivesicular structures may be associated with the caveo-
lae pathway. Interestingly, EIPA blocked this morphological
maturation, with a concomitant block in EV1 infection.
Whether this block is directly linked to morphological mat-
uration or some other effect remains to be studied.

While looking for factors that regulate entry of EV1 and
a2p1 integrin, it became clear that most of them have re-
cently been associated with macropinocytosis. Macropino-
cytosis may be elicited by phorbol myristate acetate (PMA)
and growth factors such as EGF (Racoosin and Swanson,
1992). We have previously shown that EV1 infection and
integrin clustering activate PKCa to a similar extent as PMA
treatment and this activity is also needed for EV1 internal-
ization (Upla et al., 2004). In addition to PKC activity (Grim-
mer et al., 2002), macropinocytosis is suggested to depend on
Racl (Ridley et al., 1992), Pakl (Manser et al., 1997), PLC
(Amyere et al., 2000), PI3K (Amyere et al., 2000), and recently
also CtBP1/BARS (Liberali ef al., 2008). Treatment with EIPA
(Liu et al., 2002; Wadia et al., 2004) and inhibition of PI-PLC,
PI3K, Racl, and especially Pakl, all had an effect on EV1
infection and integrin internalization, suggesting that many
of the players in entry are shared with macropinocytosis.
Our recent results showing that CtBP1/BARS regulates EV1
and integrin entry (Liberali et al., 2008) further confirm that
conclusion.

Inhibition of Pakl by overexpressing the AID domain
caused a block of fluid-phase and EV1 entry, probably by
inhibiting the depolymerization of actin filaments as has
been shown for the AID mutant previously (Papakonstanti
and Stournaras, 2002). After activation, e.g., by EGF, Pakl
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Figure 9. The proposed model for entry of EV1 and clustered a231
integrin into cell. Internalized tubulovesicular structures mature
into multivesicular bodies, and they are able to fuse with internal-
ized caveolae or caveosomal structures containing caveolin-1 and
SV40. The resulting fused structures may be considered as late
caveosomes.

has been shown to accumulate in the nucleus (Singh et al.,
2005). Similarly, EV1 treatment caused a rapid nuclear lo-
calization of Pakl suggesting that it is indeed activated very
early during EV1 infection. This further confirms that Pakl
is a crucial kinase regulating EV1/integrin internalization.
Paks regulate the actin-myosin cytoskeleton and have been
shown to be downstream targets of Cdc42 and Racl (Manser
et al., 1997; Dharmawardhane ef al., 2000). Inhibition of Racl
and the concomitant inhibition of EV1 infection suggest that
Racl is involved in the regulation of EV1/a2pB1 integrin
entry and possibly in Pakl activation.

Majority of the data suggest that clathrin- and caveolin-
independent carriers fuse with classical endosomes, prefer-
ably early or recycling early endosomes (Kirkham and Par-
ton, 2005; Kalia et al.,, 2006; Marsh and Helenius, 2006;
Mettlen et al., 2006; Mayor and Pagano, 2007). Putative fu-
sion with caveosomes has been suggested as one alternative
(Marsh and Helenius, 2006). a2p1 integrin and EV1 showed
colocalization with caveosomal markers but no apparent
colocalization with markers of early endosomes, recycling
early endosomes, or late endosomes/lysosomes, or accumu-
lation in acidic structures along their entry route, suggesting
that there is no clear connection to the clathrin-dependent
pathway.

We propose that a2p1 integrin clustering triggers a novel
sorting pathway to caveosomes (Figure 9). In our model, the
initial uptake is independent of clathrin and caveolin, and
dynamin in some cell types, but occurs together with fluid-
phase markers to peripheral tubulovesicular endosomes.
Transient actin depolymerization is needed for successful
entry and the process is blocked by inhibitors of PI-PLC,
PI3K, and PKC, regulated by Pakl and Racl, and inhibited
by EIPA. GPI-AP, CTxB, and flotillin 1 do not follow integrin
and EV1 to the intracellular endosomes. These vesicles un-
dergo maturation into multivesicular structures that are able
to fuse with internalized caveolae or caveosomal structures
containing caveolin-1 and SV40. The resulting fused struc-
tures may be considered as late caveosomes.
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