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Invasion of glial cells by the human polyomavirus, JC virus (JCV), leads to a rapidly progressing and uniformly
fatal demyelinating disease known as progressive multifocal leukoencephalopathy. The endocytic trafficking steps
used by JCV to invade cells and initiate infection are not known. We demonstrated that JCV infection was inhibited
by dominant defective and constitutively active Rab5-GTPase mutants that acted at distinct steps in endosomal
sorting. We also found that labeled JCV colocalized with labeled cholera toxin B and with caveolin-1 (cav-1) on early
endosomes following internalization by clathrin-dependent endocytosis. JCV entry and infection were both inhibited
by dominant defective mutants of eps15 and Rab5-GTPase. Expression of a dominant-negative scaffolding mutant
of cav-1 did not inhibit entry or infection by JCV. A single-cell knockdown experiment using cav-1 shRNA did not
inhibit JCV entry but interfered with a downstream trafficking event important for infection. These data show that
JCV enters cells by clathrin-dependent endocytosis, is transported immediately to early endosomes, and is then
sorted to a caveolin-1-positive endosomal compartment. This latter step is dependent on Rab5-GTPase, cholesterol,
caveolin-1, and pH. This is the first example of a ligand that enters cells by clathrin-dependent endocytosis and is
then sorted from early endosomes to caveosomes, indicating that caveolae-derived vesicles play a more important
role than previously realized in sorting cargo from early endosomes.

The human polyomavirus JC virus (JCV) infects 70% of the
population worldwide and is responsible for the fatal central
nervous system demyelinating disease progressive multifocal
leukoencephalopathy (4, 11). This disease is rare and typically
occurs in patients with impaired T-cell immunity. Recently, the
development of progressive multifocal leukoencephalopathy
has been associated with specific therapies designed to inhibit
leukocyte trafficking into inflamed tissue (10, 12, 25).

The early events in infection of cells by JCV have been
described in some detail. JCV interacts initially with �(2-6)-
linked sialic acid and then subsequently binds to the 5-HT2a
receptor to mediate cellular entry (8, 14). Following receptor
interactions, the virus enters cells by clathrin-dependent endo-
cytosis (21, 22). JCV infection is inhibited by drugs that block
the clathrin-mediated pathway as well as by dominant defective
mutants of a key component of clathrin pit formation, eps15 (3,
21, 22). Ligands, such as simian virus 40 (SV40), BK virus, and
cholera toxin B (CT-B) use caveola-dependent endocytosis
and are not affected by these drugs or by eps15 mutants (7, 18,
22). In addition to clathrin- and caveola-mediated endocytosis,
some ligands can also enter cells by caveolae and clathrin-
independent mechanisms (9).

Following clathrin-dependent endocytosis, ligands, including
viruses, are generally trafficked to early endosomes and then
sorted to recycling endosomes or to a late-endosomal/lyso-
somal compartment (1, 5). Early endosomes are highly dynamic
organelles with a mosaic of diverse domains on the endosomal

membrane regulating the proper trafficking of cargo (20). The
trafficking of cargo along the endosomal/lysosomal pathways as
well as through many other cellular organelles is regulated by
the Rab-family GTPases. Rab5 serves as a key organizer of
early events and also is involved in the transport of early
endosomes along microtubules (17, 18, 23, 24). The Rab11
GTPase is segregated into membrane domains on endosomes
that are required for sorting cargo to recycling endosomes
(24). The Rab7 GTPase associates with distinct membrane
domains from Rab11 and is involved in sorting of cargo toward
the late endosome/lysosome pathway (2). Endosomal microdo-
mains expressing different combinations of Rab proteins have
distinct biochemical compositions and pharmacological prop-
erties that are required to properly sort different cargo to
different sites within the cell (23). Viruses and bacteria have
evolved multiple mechanisms allowing them to traffic through
and eventually escape from these endosomal compartments.

To understand the trafficking events involved in JCV infec-
tion, we used dominant defective mutants of several key pro-
teins involved in cellular trafficking. By comparing and con-
trasting the internalization of JCV to the internalization of two
ligands of caveola-mediated endocytosis, SV40 and CT-B, we
describe a novel cellular pathway used by JCV to infect cells.
We conclude that JCV enters cells by clathrin-dependent en-
docytosis followed by a novel Rab5-dependent pathway from
early endosomes to caveolae-derived vesicles. This work sug-
gests that cross talk between different cellular transport mech-
anisms can provide for diverse intracellular pathways that are
exploited by microorganisms.

MATERIALS AND METHODS

Cells, virus, and antibodies. SVG-A cells are a subclone of the original SVG
human glial cell line established by transformation of human fetal glial cells by
an origin-defective SV40 mutant (15). SVG-A cells were cultured in Eagle’s
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minimum essential medium (Mediatech, Inc.) supplemented with 10% heat-
inactivated fetal bovine serum and kept in a humidified 37°C CO2 incubator. The
generation and propagation of the Mad-1/SVE� strain of JCV has been de-
scribed previously (13, 14). As JCV does not form plaques on any cell type, our
input multiplicities of infection are based on the number of DNA-containing
particles contained in one hemagglutination unit (HAU). We have carefully
measured this in the lab using standard and accepted practices in the field and
have determined that 512 HAU per 1 � 105 cells is equivalent to a multiplicity
of infection of 10.0. JCV was purified by sucrose density centrifugation followed
by cesium chloride gradient centrifugation as previously described (22). For
labeling, purified JCV was dialyzed against labeling buffer (0.1 M sodium bicar-
bonate, pH 8.0) and incubated for 1 h at room temperature with 0.1 mg of Alexa
Fluor labeling dye according to the manufacturer’s instructions (Molecular
Probes). The labeled virus was then dialyzed against two exchanges of fresh
buffer A (10 mM Tris, pH 8, 50 mM NaCl, 0.01 mM CaCl2). Viral titers were
determined by hemagglutination and infectivity assays, and the coupling ratio
was determined according to the manufacturer’s instructions. SV40 strain 776
was propagated in the African green monkey kidney cell line CV-1. The PAB597
hybridoma was used as a source of the anti-V antigen monoclonal antibody. The
hybridoma was a gift from Ed Harlow, and the antibody recognizes both JCV and
SV40 V antigen. The monoclonal antibody, PAB962, is specific for JCV T
antigen and was a gift from Satvir Tevethia (Penn State College of Medicine).
Generation of JCV and SV40 polyclonal antiserum has been previously de-
scribed. Other antibodies used were against early endosomal antigen 1 (EEA1)
(BD Biosciences), anti-golgin-97 (Molecular Probes), anti-caveolin-1 (anti-cav-
1), and anti-calregulin (Santa Cruz Biotechnology). Secondary Alexa Fluor-
labeled antibodies were from Molecular Probes.

Indirect immunofluorescent analysis. SVG-A cells grown on coverslips were
infected with virus (either JCV or SV40) at a multiplicity of infection of 10. At
48 and 72 h postinfection, cells were washed in phosphate-buffered saline (PBS)
and fixed in either ice-cold acetone for 10 min or in 4% paraformaldehyde for 30
min, followed by Triton-X permeabilization. Coverslips were stained with
PAB597 or PAB962 for 45 min at 37°C. The coverslips were then washed and
incubated with goat anti-mouse Alexa Fluor 488 (Molecular Probes) diluted in
PBS. Cells were washed three times, and in some cases, counterstained with
0.02% Evan’s blue. The coverslips were then mounted onto slides with fluores-
cence mounting media. (Vector Laboratories, Inc.). Slides were viewed using an
epifluorescence microscope (Eclipse E800; Nikon, Inc.) and scored by counting.
A minimum of eight fields were counted using the 20� objective for each
experimental sample, and all experiments were repeated at least 3 times.

Confocal microscopy/constructs. Green fluorescent protein (GFP)-Rab
constructs GFP-Rab5, GFP-Rab7, GFP-Rab11, GFP-Rab5-S34N, GFP-Rab7-
T22N, and GFP-Rab11-S25N were kind gifts of Stephen Furguson (Robart
Research Institute) and Craig Roy (Yale University). The wild-type and F92A-
V94A Myc-tagged caveolin-1 constructs were generous gifts from M. J. Quon
(National Institutes of Health). The GFP-eps15 constructs D3�2, DIII, and
E95/295 were a generous gift from A. Benmerah (Institut Pasteur). The Rab5-
Q79L mutant was generated with the QuikChange site-directed mutagenesis kit
from Stratagene. SVG-A cells grown on coverslips were transfected with the
indicated constructs for 24 h using FuGENE transfection reagent (Roche) prior
to treatment with drugs, ligands, or labeled virus as indicated. Cells were then
washed in PBS two times and fixed in 4% paraformaldehyde for 30 min. Cover-
slips were then mounted onto slides with mounting media (Vector Laboratories)
and visualized by laser-scanning confocal microscopy using a 63� objective
(LSM 410; Zeiss, Inc.).

For infection inhibition experiments using dominant defective mutants, cells
were transfected with 2.0 �g of each dominant defective Rab-GFP construct
using FuGENE transfection reagent (Roche) for 24 h in serum-free Eagle’s
minimum essential medium. At 24 h posttransfection, when GFP expression was
maximal, cells were infected with 514 HAU of Alexa Fluor 594-labeled JCV or
with 514 HAU of unlabeled JCV for 4 h at 37°C. For infection experiments, cells
were fixed in paraformaldehyde and permeabilized in 0.05% Triton-X, and the
indirect immunofluorescence assay for virus infection was carried out as de-
scribed above except that the secondary antibody was labeled with Alexa Fluor
594 (red). For Rab-GFP confocal experiments, infected cells were washed in PBS
and fixed with 4% paraformaldehyde for 30 min. In cases where antibody staining
was done, cells were permeabilized with 0.2% saponin and quenched with 50 mM
ammonium chloride. Cells were then washed with PBS again and mounted onto
coverslips using fluorescent mounting media (Vector Laboratories). Slides were
visualized by laser-scanning confocal microscopy using a 63� objective (LSM
410; Zeiss, Inc.). All images were analyzed using Adobe Photoshop.

Western blotting/density gradient centrifugation. SVG-A cells grown in 150-
cm2 flasks were infected with 514 HAU of JCV at 4°C for 30 min to allow binding

and then shifted to 37°C for the indicated times to allow entry. Cells were then
washed in cold PBS and lysed in ice cold radioimmunoprecipitation assay buffer
(20 mM Tris HCl, pH 7.4, 0150 mM NaCl, 1% NP-40, 0.25% sodium deoxy-
cholate, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, protease inhibitor
cocktail [Sigma-Aldrich], 1 mM sodium orthovanadate). In cell fractionation
experiments, lysates were disrupted by Dounce homogenization and sonication,
and the nuclei and cellular debris were pelleted. The supernatants were layered
at the bottom of a 40%–30%–5% discontinuous Optiprep gradient. Gradients
were centrifuged at 34,000 rpm overnight in a swinging bucket ultracentrifuge,
and nine 400-�l fractions were collected form the top of the gradient by pipet-
ting. Proteins were transferred to nitrocellulose membranes using a mini-trans
blot apparatus (Bio-Rad) and blocked with 1� casein blocking buffer (Sigma).
Blots were probed with the respective antibodies all diluted in 1� blocking
buffer, washed in PBS containing 0.05% Tween 20, and then incubated with goat
anti-rabbit Alexa Fluor 680 (Molecular Probes) antibody diluted 1:5,000 in
blocking buffer, followed by further washes with PBS-Tween 20 and once in PBS.
Blots were viewed using an infrared scanner (LICOR) and analyzed using
Odyssey software.

shRNA single-cell knockdown of cav-1. Short hairpin RNA (shRNA) was
designed to target the specific sequences of caveolin-1 (GAGCTTCCTGATTG
AGATT)-CVA and (CAAGGCCATGGCAGACGAG)-CVB and cloned into
the RNAi-Ready pSIREN-RetroQ-ZsGreen vector from BD Biosciences.
SVG-A cells were transfected with cav-1 shRNAs or with a control shRNA
targeting luciferase (LUC) using Fugene transfection reagent (Roche). Seventy-
two hours posttransfection, when cav-1 protein levels were reduced, cells were
challenged with either 514 HAU of JCV or 4.8 � 106 PFU of SV40, which
corresponds to a multiplicity of infection of approximately 10 for each virus.
Infection was scored by staining for the viral protein T antigen and counting the
percentage of shRNA-expressing cells that were infected. These values were then
expressed as a percentage of the control (shRNA against luciferase).

RESULTS

JCV infection is dependent on Rab5 but not Rab7 or Rab11.
SVG-A cells were transfected with wild-type and mutant GFP-
tagged versions of Rab5, Rab7, and Rab11 GTPases and then
challenged with virus in a single-cell infection assay. Only the
dominant defective Rab5-GTPase (Rab5S34N) interfered with
JCV infection (Fig. 1a). Cells transfected and expressing dom-
inant defective Rab 7-GTPase or Rab 11-GTPase were equally
susceptible to JCV infection, indicating that JCV does not
need to traffic to recycling endosomes or to a late endosomal/
lysosomal compartment for productive infection to occur (Fig.
1a). To determine if JCV associated with domains containing
GFP-tagged Rab-GTPases, we performed colocalization ex-
periments using Alexa Fluor 594-labeled JCV with each of the
wild-type Rab-GFP proteins. Labeled JCV only colocalized
with Rab5-GFP (GFP-Rab5) (Fig. 1b). No colocalization was
seen between labeled JCV and either Rab7-GFP or Rab11
GFP (data not shown). As expected, expression of the domi-
nant defective Rab5-S34N-GFP mutant reduced viral entry
into cells and subsequent colocalization with Rab5 (Fig. 1c).

As a control, we tested each of the wild-type and mutant
GFP-tagged Rab-GTPases for their ability to localize properly
in the cell and to block endosomal trafficking of known ligands.
Each mutant behaved as expected (see Fig. S1 in the supple-
mental material).

A caveolae-to-early endosome pathway in SVG-A cells. Pro-
ductive infection of SVG-A cells does not require Rab7 or
Rab11 GTPases. This indicates that JCV does not use the
pathway from early endosomes to either late endosomes/lyso-
somes or recycling endosomes to infect cells. A novel pathway
that traffics CT-B from caveolae to early endosomes and the
Golgi has been described and we wanted to determine whether
this pathway was functional in SVG-A cells (16, 18). We found
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that labeled CT-B colocalized with caveolin-1 within 10 min of
exposure, by 30 min, labeled CT-B colocalized with a marker of
early endosomes, EEA1, and by 1 h, CT-B colocalized with a
marker of the Golgi, Golin-97 (Fig. 2a; the red and green
channels of the overlays shown in this figure are shown sepa-
rately in Fig. S2a in the supplemental material).

To confirm that CT-B was getting to endosomes and the
Golgi by clathrin-independent endocytosis, we transfected cells
with an eps15 mutant and found that CT-B was transported to
the Golgi by 1 h postexposure (Fig. 2b). To determine whether
the trafficking of CT-B from caveolae to endosomes was reg-
ulated by Rab5, we transfected cells with the Rab5 dominant
defective mutant (Rab5-S34N) and showed that CT-B was
retained in caveolin-1-positive domains and failed to reach the

Golgi (Fig. 2c). Expression of a caveolin-1 scaffolding mutant
blocked internalization of CT-B into cells (Fig. 2d). These data
demonstrated that CT-B entered SVG-A cells by caveola-me-
diated endocytosis, was transported in a Rab5-GTPase-depen-
dent manner to early endosomal membranes, and subsequently
trafficked to the Golgi.

Expression of the Rab5-Q79L mutant inhibits JCV infec-
tion. We next asked whether this pathway was bidirectional
and possibly exploited by JCV to infect the cell. To address
this, we transfected cells with the Rab5-Q79L constitutively
active mutant and confirmed that this mutant caused endo-
somal fusion and the formation of enlarged early endosomes
(Fig. 2e). Expression of this mutant has also been shown to
cause shunting and docking of caveola-derived vesicles on

FIG. 1. Role of Rab GTPases in JCV infection. (a) Effects of Rab GTPases on JCV infection. SVG-A cells grown on coverslips were transfected
with GFP-Rab5, GFP-Rab7, GFP-Rab11, GFP-Rab5S34N, GFP-Rab7T22N, or GFP-Rab11S25N. Twenty-four hours posttransfection, cells were
infected with 512 HAU of JCV. At 48 h postinfection, cells were fixed and stained for the early viral protein T antigen. The fraction of
Tag-expressing cells of at least 150 transfected cells from three different experiments was determined and presented as a percentage of that of the
nontransfected control cells. (b) A representative cell showing colocalization of Alexa Fluor 594-labeled virus (JCV-15�) with GFP-Rab5
(Rab5WT-GFP). Cells were viewed by confocal microscopy using a 63� objective. The merged signal is shown in the far right panel (yellow). (c)
The Rab5-S34N mutant (Rab5-S34N-GFP) blocks Alexa Fluor 594-labeled virus (JCV-1h) entry into cells. Bars, 10 �m.
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FIG. 2. A pathway of intracellular trafficking from caveolae to early endosomes exists in SVG-A cells and is exploited by JCV. (a) Trafficking of CT-B
through the cell. SVG-A cells on coverslips were allowed to internalize 200 pg of Alexa Fluor 647-labeled CT-B for the indicated times at 37°C. Cells were then
fixed and stained with antibodies to caveolin-1 (caveolae), EEA1 (early endosomes), and Golgin-97 (Golgi), followed by Alexa Fluor 594-labeled secondary
antibodies. The merged yellow signal indicated colocalization of CT-B with caveolin-1 at 10 min (top), with EEA1 at 30 min (middle), and with Golgin-97 at 60
min (bottom). (b) CT-B does not enter cells by clathrin-dependent endocytosis. SVG-A cells were transfected with an eps15 mutant that blocks clathrin assembly
and then exposed to CT-B for 1 h. When clathrin endocytosis is blocked, CT-B can still efficiently be trafficked to the Golgi, as seen by the merged (magenta)
signal. Stars indicate cells expressing dominant defective eps15. Enlarged images of a control cell and an eps15-expressing cell are shown. (c) Rab5 is required
for proper CT-B trafficking. SVG-A cells were transfected with the Rab5-S34N mutant for 24 h. Cells were then exposed to CT-B for 1 h, fixed, and then stained
for Golgin-97 or caveolin-1. In cells expressing the Rab5-S34N mutant, CT-B is retained in caveolae and fails to accumulate in the Golgi. Stars indicate cells
expressing dominant defective Rab5S34N. Images at right show that expression of Rab5S34N prevents CT-B from trafficking from caveolae to early endosomes.
(d) CT-B does not enter cells expressing a caveolin-1 scaffolding mutant (cav-1 SM). SVG-A cells were transfected with a caveolin-1 scaffolding mutant for 24 h.
Cells were then exposed to CT-B for 1 h, fixed, and then stained for Golgin-97. In cells expressing the caveolin-1 scaffolding mutant, CT-B was unable to efficiently
enter cells, and none is seen in the Golgi or even to enter the cell by 1 h. Stars indicate cells expressing a scaffolding mutant of caveolin-1. Panels at right indicate
that CT-B fails to enter cells expressing the cav-1 scaffolding mutant. (e) Expression of the Rab5Q79L mutant causes endosomal fusion and the formation of
enlarged endosomes. SVG-A cells on coverslips were transfected with the Rab-Q79L mutant for 24 h. Cells were then fixed and stained for the early endosomal
antigen EEA1, followed by Alexa Fluor 594 secondary antibodies. (f) Expression of the Rab5-Q79L mutant inhibits JCV infection. SVG-A cells on coverslips
were transfected with the Rab-Q79L mutant for 24 h and then infected with either JCV or SV40. Forty-eight hours postinfection, cells were fixed and stained
for the early viral protein T antigen. The results are plotted as a percentage of nontransfected control cells from three independent experiments. Bars, 10 �m.
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early endosomes that can disrupt the normal trafficking of
ligands, such as SV40, along the caveolae-caveosome pathway
(18). We found that expression of the Rab5Q79L mutant re-
duced infection of SVG-A cells by both JCV and SV40 (Fig.
2f). These data led us to hypothesize that JCV may traffic from
early endosomes to caveosomes.

Labeled JCV, but not other markers of clathrin-dependent
endocytosis, associates with CT-B and cav-1 on endosomal
membranes. To determine whether JCV localized with CT-B
on early endosomes, we transfected cells with the GFP-
Rab5Q79L mutant and then exposed cells to Alexa Fluor 594-
labeled JCV. The Rab5Q79L mutant causes fusion and en-
largement of early endosomes, allowing for easy visualization
of the early endosomal membrane. When we performed a
colocalization experiment in cells expressing Rab5-Q79L, la-
beled JCV, and labeled CT-B, we found that JCV and CT-B
colocalized in CT-B-containing domains on early endosomes
(Fig. 3a). In the same experiment, we also demonstrate that
labeled JCV colocalizes with caveolin-1 on these same endo-
somal domains (Fig. 3b). Note that JCV associates with early
endosomes under normal conditions as shown in Fig. 1b.

To determine the specificity of this interaction, other

ligands were tested for their ability to localize with CT-B-
containing domains in Rab5-Q79L-transfected cells. Rab5-
Q79L-transfected cells were exposed to labeled CT-B, to the
clathrin-dependent ligand transferrin, or to the fluid phase
marker dextran. When analyzed by confocal microscopy, we
found that CT-B clearly associated with specific domains on
Rab5-Q79L endosomal membranes but that transferrin and
dextran accumulated inside the lumen of enlarged endo-
somes (Fig. 4). This suggests that not all ligands that enter
cells by clathrin-dependent endocytosis or by other means
use CT-B-containing domains on endosomes for trafficking,
and this is most likely a unique event specific to some ligands
and exploited by JCV.

An early event in JCV infection following entry is sensitive to
cholesterol disruption. As caveolar function is disrupted by the
cholesterol-sequestering drug M�CD, we sought to determine
whether M�CD could inhibit JCV infection. We found that
pretreatment of SVG-A cells with M�CD reduced JCV infec-
tion (Fig. 5a). Infection was partially restored by the addition
of exogenous cholesterol (Fig. 5a). Note that treatment of cells
with M�CD did not inhibit clathrin-dependent endocytosis of
transferrin, indicating that the effect of M�CD was down-

FIG. 3. Labeled JCV colocalizes with CT-B and cav-1 in domains on Rab5-Q79L enlarged endosomes. (a) SVG-A cells on coverslips were
transfected with Rab5-Q79L-GFP for 24 h. Cells were then exposed to Alexa Fluor 594-labeled JCV (red) for 1 h at 4°C to synchronize binding,
followed by a 1-h shift to 37°C to allow virus internalization. The cells were then exposed to Alexa Fluor 647-labeled CT-B (blue) for 15 min. Cells
were fixed and viewed via laser-scanning confocal microscopy. JCV colocalizes with CT-B (magenta) in the same domains on the Rab5-Q79L
enlarged endosomes. Bars, 10 �m. (b) SVG-A cells grown on coverslips were transfected with Rab5-Q79L for 24 h, exposed to labeled JCV (red)
for 30 min, and then fixed and stained for caveolin-1(blue). The panels at the right show that JCV colocalizes with caveolin-1 in patches on
endosomal membranes (arrow). Bars, 5 �m.
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stream of virus entry (see Fig. S3 in the supplemental mate-
rial). To determine when during the course of JCV infection
the drug was acting, we performed a time course experiment
where the drug was added to cells before or at various times
following virus exposure. We found that M�CD reduced in-
fection when added up to 20 min following virus internaliza-
tion, suggesting that the drug affected a step downstream of
clathrin-dependent endocytosis which occurs within 10 min
(21) (Fig. 5b). To further show that M�CD was inhibiting a

step downstream of virus binding and entry, we performed a
Triton X-100 wash-out experiment. Labeled JCV was bound to
SVG-A cells at 4°C and then shifted to 37°C. The cells were
then washed with Triton X-100 immediately or at 5, 10, 30, and
60 min following the shift to 37°C. Labeled virus was com-
pletely washed-out of the cells at the 0-, 5-, and 10-min time
points (Fig. 5c). Labeled virus could not be washed out at
either 30 min or at the 1-h time point, indicating that the virus
does not interact with the Triton-insoluble membrane mi-

FIG. 4. CT-B localizes in distinct domains on the outside of Rab-5-Q79L endosomes. SVG-A cells on coverslips were transfected with
Rab5-Q79L for 24 h. Cells were then exposed to Alexa Fluor 594-labeled CT-B (a marker of caveolae-dependent endocytosis) (a), dextran (a
marker of clathrin-dependent endocytosis) (b), or transferrin (a marker of clathrin-dependent endocytosis) (c). Cells were fixed and viewed by
laser-scanning confocal microscopy with a 63� objective. Ligands that use clathrin-dependent endocytosis (dextran and transferring) are trafficked
to early endosomes and accumulate in the lumen of Rab5-Q79L enlarged endosomes. A marker of caveolae-dependent endocytosis, CT-B,
localizes to distinct domains around the outside of the enlarged Rab5-Q79L endosomes. The small boxes at right are enlargements of individual
endosomes. Bars, 10 �m.
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FIG. 5. The early events in JCV infection are dependent on cholesterol. (a) Pretreatment of SVG-A cells with the cholesterol-sequestering drug
M�CD reduced JCV infection, and addition of exogenous cholesterol partially restored the ability of JCV to infect M�CD-treated cells. (b) M�CD
was added before or at the indicated times postinfection (PI). M�CD was inhibitory when added up to 20 min postinfection, indicating that the
drug affected a postentry step. (c) Alexa Fluor 594-labeled JCV (594-JCV) or Alexa Fluor 594-labeled transferrin (594-Trans) was allowed to
internalize into SVG-A cells for the indicated times. The cells were then washed in Triton X-100, and the distribution of labeled virus or transferrin
was visualized by confocal microscopy. Triton X-100 washed out the transferrin label at all time points tested, indicating that transferrin does not
associate with Triton X-100-insoluble membrane microdomains. In contrast, JCV was found to enter a Triton X-100-resistant compartment by 30
min postentry. (d) Isolation of low-density, Triton X-100-insoluble membrane microdomains. Membrane microdomains were isolated from SVG-A
cells by density gradient centrifugation. Fractions were taken by pipetting from the top of the gradient and subjected to Western blotting with
antibodies specific for rafts/caveolae (caveolin-1/flotilin) or soluble material (tubulin). The membrane microdomains float to low-density fractions
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crodomains on the cell surface but rather interacts with these
domains at a postentry step (Fig. 5c). The clathrin-dependent
endocytic ligand transferrin does not associate with Triton-
insoluble membrane microdomains and it was completely
washed out by Triton X-100 at both 5 min and 30 min post-
adsorption (Fig. 5c).

We next biochemically confirmed that JCV associated with
detergent-resistant membrane microdomains that could be dis-
rupted by M�CD. To do this, JCV was bound to cells at 4°C

and then shifted to 37°C for 30 min. The cells were lysed then
layered at the bottom of a 40%–30%–5% density gradient.
Fractions were collected from the top of the gradient and
analyzed by Western blotting. We found that JCV associated
with a low-density Triton-insoluble compartment in fractions 3
and 4 and cofractionated with known lipid raft markers and
caveolin-1 (Fig. 5d and e). Furthermore, pretreatment of cells
with M�CD blocked the association of JCV with the low-
density Triton-insoluble domains (Fig. 5f).

3 and 4, whereas soluble material is found in the more highly dense fractions, primarily 7 to 9. (e) JCV localizes to a low-density membrane
microdomain in fractions 3 and 4. The same experiment performed for panel d, except cells were first incubated for 1 h at 4°C with JCV and then
shifted to 37°C for 30 min prior to cell lysis. (f) M�CD effects on JCV localization to the microdomains. The same experiment as done for panel
e with the exception that some cells were pretreated with M�CD and only fractions 3 and 4 are shown, A lane containing just virus was used as
a control. Treatment with M�CD disrupts the association of JCV with the low-density Triton-insoluble microdomain fractions 3 and 4.

FIG. 6. A caveolin-1 scaffolding domain mutant does not inhibit entry or infection of cells by JCV. (a) Cells were transfected with a WT
myc-tagged caveolin-1 construct (WT-Cav-myc) or with a Myc-tagged scaffolding mutant of cav-1 (MUT-Cav-myc), then exposed to Alexa Fluor
594-labeled CT-B (CT-B) for 30 min, and viewed by confocal microscopy. Only the scaffolding mutant blocked entry of CT-B, whereas the wild
type had no effect. (b) Expression of the caveolin-1 mutant inhibits infection by SV40 and modestly enhances infection by JCV. SVG-A or
HeLa-5HT cells were transfected with the cav-1 scaffolding mutant or with the wild-type construct. At 24 h posttransfection, cells were infected
with JCV or SV40, and infection was scored at 48 h in Myc-expressing cells by staining with anti-T antigen antibodies. The percentage of
Myc-positive cells expressing T antigen is expressed as a percentage of untransfected controls. (c) The caveolin-1 mutant has impaired plasma
membrane localization. Antibody staining for cav-1 (left panel), Myc in WT-cav-1-transfected cells (second from left), or Myc in cells transfected
with the scaffolding mutant (right two panels) is shown. In untransfected cells or in cell overexpressing the WT cav-1, the majority of the cav-1 is
localized to the plasma membrane. The scaffolding mutant is not expressed at the plasma membrane and remains in the cytosol, as expected. (d)
Alexa Fluor 594-labeled JCV (JCV-1h) can enter cells expressing the cav-1 scaffolding mutant. Bars, 5 �m.
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JCV infection is not inhibited by expression of a caveolin-1
scaffolding mutant. To further examine if caveola-derived ves-
icles played a role in JCV infection, we transfected cells with
either the wild type (WT) or a scaffolding domain mutant of
caveolin-1. Compared to the wild type, the mutant impaired
internalization of CT-B and reduced infection of cells by SV40
(Fig. 6a and b). In contrast, this mutant did not inhibit inter-
nalization of labeled JCV and did not inhibit infection (Fig. 6b
and d). Expression of the mutant instead caused a redistribu-
tion of caveolin-1 from the plasma membrane to the cytosol,
and this was associated with a modest increase in infection by
JCV (Fig. 6b and c).

Caveolin-1 single-cell knockdown inhibits JCV infection.
Two independent shRNAs against cav-1 were designed (CVA
and CVB), and both reduced the expression of caveolin-1
protein levels in individual cells following transfection (Fig.
7a). A control shRNA (LUC) did not inhibit caveolin-1 ex-
pression in transfected cells (Fig. 7a). Cells transfected with
CVA, CVB, or LUC shRNA were then challenged with JCV
and infection scored at 48 h postinfection using an antibody
that was specific for JCV T antigen. Expression of both the
CVA and CVB shRNA reduced JCV and SV40 infection (Fig.
7b). The LUC shRNA did not inhibit infection by either virus
(Fig. 7b). The effect of cav-1 knockdown was not at the level of

virus entry, as JCV entered cells transfected with both CVA
and CVB shRNA (Fig. 7c; the red and green channels of the
overlays shown in this figure are shown separately in Fig. S2b
in the supplemental material). These results indicate that
caveola-derived vesicles play a role in JCV infection at a step
following entry but before virus early gene expression.

JCV traffics from caveola-derived vesicles docked on endo-
somes to caveosomes and the ER. To examine the downstream
pathway of JCV infection, we monitored the trafficking of
labeled JCV over the course of 16 h. We found that, by 2 h
postentry, JCV (JCV-2 h) extensively colocalized with cav-1 in
perinuclear compartments resembling caveosomes (Fig. 8a).
As SV40 traffics from caveolae to the ER, we sought to deter-
mine whether JCV may also intersect with this compartment.
Our first approach was to determine whether the drug brefel-
din A, an inhibitor of the ARF1 GTPase, could inhibit JCV
infection. We found that brefeldin A inhibited infection of
SVG-A cells by both JCV and SV40, indicating that, like SV40,
productive trafficking of JCV to the ER is dependent on the
ARF1 GTPase (Fig. 8b). This indicates that these related vi-
ruses intersect the same intracellular pathways from their quite
distinct modes of initial entry. To confirm that JCV trafficked
to the ER, we exposed cells to labeled JCV for either 12 h or
16 h and examined the colocalization of the virus with the ER

FIG. 7. Caveolin-1 single-cell knockdown inhibits JCV infection. (a) Cells were transfected with GFP-tagged constructs expressing either
luciferase shRNA (LUC) or two shRNA constructs targeting caveolin-1 (CVA and CVB). At 72 h posttransfection, cells were stained with
antibodies to caveolin-1 to assess the extent of knockdown (red). Both CVA and CVB diminished cav-1 protein expression, while the LUC control
had no effect. (b) Cells were transfected with the same three shRNA constructs for 72 h and then exposed to either JCV or SV40. Infection was
scored by examining viral T antigen expression in cells expressing the shRNAs. Representative cells expressing the shRNAs (green) that were
infected with JCV and then stained for the viral protein T antigen (red) are shown in the bottom of panel b. (c) Alexa Fluor 594-labeled virus (red)
can efficiently enter cells expressing the cav-1 shRNAs, showing that knockdown of cav-1 does not inhibit JCV entry. (The red and green channels
of the overlays shown in panel C are shown separately in Fig. S2a in the supplemental material.)
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marker, calregulin (calreticulin). We saw some colocalization
at 12 h and significantly more colocalization by 16 h postentry
(Fig. 8c). At these time points, JCV did not colocalize with
Golgi or with lysosomal markers (not shown).

DISCUSSION

Understanding the mechanisms that viruses use to invade
cells has given us a clearer picture of the diversity and com-
plexity of normal cellular transport and sorting pathways. We
provide evidence that JCV uses a novel pathway to infection
that is both clathrin and caveolin-1 dependent and involves
Rab5-GTPase-dependent sorting both to and from early en-

dosomes. A Rab5 dominant defective mutant (Rab5-S34N)
was the only dominant defective Rab-GTPase mutant tested
that reduced JCV infection. These data are consistent with our
earlier work showing that JCV entry and infection are inhib-
ited by drugs and dominant defective mutants that specifically
antagonize clathrin-dependent endocytosis (22). Drugs and
dominant defective mutants that inhibit caveola-dependent en-
docytosis have no effect on JCV infection but do inhibit infec-
tion by SV40 and BK virus (7). We also show here that JCV
initially resides in a Triton X-100-soluble compartment and
becomes Triton X-100 insoluble only after it is endocytosed.
This suggests that initial entry is clathrin dependent and caveolae
and lipid raft independent. Additionally, wild-type Rab5 was

FIG. 8. JCV traffics from caveola-derived vesicles on early endosomes, to caveosomes, and then to the ER. (a) SVG-A cells were exposed to
labeled JCV for 1 h at 4°C to allow binding and then for 2 h at 37°C to allow internalization. Cells were then fixed and stained for caveolin-1 (green).
JCV colocalizes with caveolin-1 in caveosomes, as shown by the merged yellow signal (yellow). Bars, 10 �m. (b) Disruption of ER trafficking with
brefeldin A (BrefA) inhibits both JCV and SV40 infection of SVG-A cells. Cells were infected with either JCV or SV40, treated with brefeldin
A to disrupt the ER, and then fixed and stained for the earl viral protein T antigen 48 h postinfection. (c) JCV traffics to the ER. JCV was bound
to cells at 4°C and then shifted to 37°C to allow internalization for either 12 or 16 h. Cells were then fixed and stained for the ER marker calregulin
(green). By 12 h, some JCV colocalized with calregulin, but by 16 h, nearly all of the labeled JCV colocalized with calregulin. Bars, 10 �m.
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the only Rab-GTPase protein tested that colocalized with la-
beled JCV. Rab7 and Rab11 dominant defective mutants that
blocked transport along the late-endosomal/lysosomal route
and transport to recycling endosomes, respectively, had no
effect on JCV infection, suggesting that JCV invasion did not
follow either of these pathways.

A pathway of intracellular trafficking from caveolae to early
endosomes has been previously described, and we show here
that the pathway is intact in SVG-A cells and, more impor-
tantly, that it is bidirectional and exploited by JCV (16, 18).
This pathway involves the transient docking of caveola-derived
vesicles onto early endosomes. The caveola-derived vesicles do
not fuse with the early endosome but rather retain their struc-
ture and release cargo, such as CT-B, into the endosomal
membrane in a pH-dependent manner (18). This process is
dependent on Rab5-GTPase, as a dominant defective Rab5-
GTPase mutant (RabS34N) blocks CT-B transport to early
endosomes by preventing caveola-derived vesicles from dock-
ing on the endosomes (18). A constitutively active mutant of
Rab5-GTPase, Rab5Q79L, causes accumulation of caveola-de-
rived vesicles docked on early endosomes. This mutant inhibits
infection of SV40 by shunting internalized caveola-derived ves-
icles away from caveosomes and to early endosomes (18).
When we expressed this mutant in cells that are permissive to
JCV and SV40, we found that JCV infection was reduced to a
level similar to that in SV40 infection. This suggested that JCV,
which enters cells by clathrin-dependent endocytosis, also re-
quired caveola-derived vesicles for further trafficking. We also
demonstrated that the association of JCV with cav-1 in the
endosomal membranes is inhibited by treating cells with
NH4Cl, indicating that the reverse pathway from early endo-
somes to cav-1-containing compartments is also pH dependent
(see Fig. S4 in the supplemental material). Our data on the
Rab5 dependence of CT-B trafficking to the Golgi is consistent
with that of Pelkmans et al. but differs from that of Nichols et
al. (16, 18). This discrepancy may be due to the different cell
types used in these studies.

To further define the role of early endosome-associated
caveolae-derived vesicles in JCV infection, we transfected cells
with a scaffolding mutant of caveolin-1. Expression of this
mutant inhibited caveola-dependent endocytosis of CT-B and
inhibited SV40 infection. In contrast, expression of this mutant
did not inhibit infection by JCV but instead led to a modest
enhancement of infection. We observed a redistribution of
caveolin-1 in cells expressing the dominant-negative mutant
and suggest that increased cytosolic levels of caveolin-1 can
facilitate the intracellular sorting of ligands, such as JCV, from
early endosomes to cav-1-containing compartments. These data
also suggest that the process involved in docking of caveolin-1 at
the plasma membrane and on endosomes is regulated differently.
This is supported by data showing that caveolae-mediated endo-
cytosis at the plasma membrane is a ligand-induced event, whereas
docking and undocking of stable caveola-derived vesicles on en-
dosomes occurs constitutively to promote proper endosomal sort-
ing of ligands (6, 19).

Expression of the Rab5-Q79L mutant also caused endo-
somal fusion and the formation of enlarged endosomes, which
made it possible to better visualize endosomes by confocal
microscopy and examine where JCV localized following clathrin-
dependent endocytosis. We found that labeled JCV localized to

endosomal membrane domains and that other ligands that
enter cells by clathrin-dependent endocytosis, such as trans-
ferrin, accumulated in the lumen of these endosomes. Further-
more, labeled JCV colocalized with CT-B and cav-1 in endo-
somal membrane domains, suggesting that they reside within
the same compartment, most likely on docked caveola-
derived vesicles.

As expression of a caveolin-1 scaffolding domain mutant
enhanced JCV infection, we wanted to determine whether
JCV required caveola-derived vesicles for productive infection
by knocking down caveolin-1 using shRNA. Expression of two
different shRNAs targeting cav-1 significantly knocked down
caveolin-1 protein expression and reduced JCV infection. Im-
portantly, expression of these shRNAs had no effect on the
ability of the virus to enter cells, further validating that caveo-
lin-1 and caveolae-derived vesicles play a role only after endo-
cytosis of the virus. At time points of 1 h, we clearly saw JCV
colocalize with caveolin-1 on enlarged endosomes, and by 2 h,
we saw JCV colocalizing with caveolin-1 in perinuclear heter-
ogeneously sized caveosomes. From there, labeled virus pro-
ceeded through a brefeldin A-sensitive transport pathway to
the ER where, by 16 and 18 h, we saw strong colocalization
with an ER marker, calregulin.
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