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Mouse polyomavirus enters host cells internalized, similar to simian virus 40 (SV40), in smooth monopi-
nocytic vesicles, the movement of which is associated with transient actin disorganization. The major capsid
protein (VP1) of the incoming polyomavirus accumulates on membranes around the cell nucleus. Here we show
that unlike SV40, mouse polyomavirus infection is not substantially inhibited by brefeldin A, and colocalization
of VP1 with 3-COP during early stages of polyomavirus infection in mouse fibroblasts was observed only rarely.
Thus, these viruses obviously use different traffic routes from the plasma membrane toward the cell nucleus.
At approximately 3 h postinfection, a part of VP1 colocalized with the endoplasmic reticulum marker BiP, and
a subpopulation of virus was found in perinuclear areas associated with Rab11 GTPase and colocalized with
transferrin, a marker of recycling endosomes. Earlier postinfection, a minor subpopulation of virions was
found to be associated with Rab5, known to be connected with early endosomes, but the cell entry of virus was
slower than that of transferrin or cholera toxin B-fragment. Neither Rab7, a marker of late endosomes, nor
LAMP-2 lysosomal glycoprotein was found to colocalize with polyomavirus. In situ hybridization with poly-
omavirus genome-specific fluorescent probes clearly demonstrated that, regardless of the multiplicity of
infection, only a few virions delivered their genomic DNA into the cell nucleus, while the majority of viral
genomes (and VP1) moved back from the proximity of the nucleus to the cytosol, apparently for their

degradation.

Numerous animal viruses employ endocytic mechanisms for
entry into the host cell. The most extensively studied endocy-
tosis of viruses is that mediated by clathrin-coated pits (5, 7, 18,
20, 32). Individual members of the Polyomaviridae family ap-
parently exploit different endocytic routes. Virions of these
tumorigenic nonenveloped viruses contain the nucleocore
(formed by genomic double-stranded DNA in complex with
cellular histones and viral structural proteins) enclosed by the
isometric capsid, 45 nm in diameter (6). The capsid is com-
posed of 72 pentamers of the major structural protein, VP1.
Two minor proteins, VP2 and VP3, form bridges which extend
from the axial cavities of VP1 pentamers of the capsid shell
into the nucleocore (4, 14).

The human polyomavirus JC recognizes the sialic acid moi-
ety of its protein receptor and apparently enters glial cells by
clathrin-dependent endocytosis (36). On the other hand, sim-
ian virus 40 (SV40), another member of the Polyomaviridae,
binds to a major histocompatibility complex class I molecule on
the surface of the host cell and enters cells in smooth monopi-
nocytic vesicles containing caveolin-1 (2, 3, 29). SV40 infection
is sensitive to cholesterol-sequestering drugs (1) and is also
inhibited by a dominant negative mutant of caveolin (33, 41).
Internalized SV40 virions were shown to enter larger, periph-
eral organelles, rich in caveolin-1, called caveosomes, and later
were seen in tubular, caveolin-free membrane vesicles that
moved along microtubules and delivered SV40 to the smooth
endoplasmic reticulum (33). Recently, it has been reported
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that the transport of SV40 into the endoplasmic reticulum is
brefeldin A sensitive and is mediated by intermediate compart-
ments that contain B-COP, a component of COPI coatomer
complexes employed in retrograde transport from the Golgi
apparatus to the endoplasmic reticulum (30, 39).

Mouse polyomavirus is known to bind to the sialic acid
residue of a not yet identified receptor (16, 45). It enters cells
in tightly fitted monopinocytic vesicles, which are morpholog-
ically similar to those used by SV40 (13, 17, 19, 25). A strong
inhibition of polyomavirus infection by methyl-B-cyclodextrin
suggests an involvement of membrane raft domains in virus
internalization (40). An induction of caveola formation in the
areas of polyomavirus adsorption, fusions of polyomavirus-
carrying vesicles with caveolin-rich vesicles and their move-
ment from the membrane towards the cell nucleus accompa-
nied by a transient disorganization of actin stress fibers
resemble the transport described for SV40 (33, 34, 40). Colo-
calization of VP1 with microtubules in the later stages of poly-
omavirus movement and accumulation of VP1 around the cell
nucleus observed in our laboratory (40) also suggest that poly-
omavirus and SV40 employ similar transport mechanisms. On
the other hand, Gilbert and Benjamin observed little colocal-
ization of polyomavirus with caveolin during viral entry and no
effect of expression of a dominant-negative dynamin I mutant
(required for the formation of both caveola-derived and clath-
rin-coated vesicles) on polyomavirus infection. This suggests
that mouse polyomavirus might use a different class of vesicles
for its trafficking (11).

Confocal microscopy has shown that at 3 h postinfection,
VP1 of the incoming polyomavirus accumulates around the
cell nucleus. However, neither free nor internalized viral par-
ticles that would account for the observed VP1 signal have
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been revealed by electron microscopy (40). No VP1 signal has
been detected inside the nucleus, suggesting either that only a
few entire virions enter the cell nucleus (and are therefore
below the detection level) and the vast majority of viral parti-
cles become disassembled and consequently degraded in the
cytoplasm, or that virion uncoating can take place on cytoplas-
mic or nuclear membrane structures and the nuclear mem-
brane is passed only by the viral nucleocores.

This study focuses on the following questions. (i) What is the
character of membrane structures met by polyomavirus virions
after their internalization? Is their transport towards the cell
nucleus mediated, like that of SV40, by B-COP-containing
vesicles? (ii) To what extent does the observed trafficking of
viral particles represent cell defense mechanisms against viral
infection? What proportion of virions successfully deliver their
genomes into the nucleus?

MATERIALS AND METHODS

Cells and viruses. 3T6 Swiss albino mouse fibroblasts, normal murine mam-
mary gland cells, and CV-1 monkey kidney epithelial cells were grown in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal calf
serum (FCS; Gibco) and 4 mM glutamine. Cells were cultivated at 37°C in a 5%
CO, atmosphere. For virus propagation, 3T6 cells were infected with mouse
polyomavirus, strain A2, at a multiplicity of infection of 0.1 PFU per cell. After
7 days, cells were harvested and virions were isolated by the procedure of Tiirler
and Beard (47). SV40 was a kind gift of V. Vonka.

Immunofluorescence staining. 3T6 cells grown on glass coverslips were incu-
bated with polyomavirus in DMEM (multiplicity of infection given for each
experiment) for 1 h at 37°C. Virus was then removed, and DMEM with FCS was
added. At the times postinfection indicated, the cells were washed three times
with phosphate-buffered saline (PBS), fixed with 3% paraformaldehyde in PBS
(30 min at room temperature), and permeabilized with 0.5% Triton X-100 in
PBS (10 min).

For B-COP staining, the permeabilization step was performed with 0.5%
Triton X-100-0.05% sodium dodecyl sulfate for 4 min. For LAMP-2 staining,
cells were permeabilized with 0.05% saponin for 10 min. Fixed cells were washed
with PBS and blocked with PBS-0.25% bovine serum albumin, 0.25% gelatin.
Incubation with primary and secondary antibodies was carried out for 1.5 h and
0.5 h, respectively, with extensive washing with PBS after each incubation. VP1
was visualized with the mouse anti-VP1 polyclonal antibody (prepared in our
laboratory), followed by the Alexa Fluor-594 (red) goat anti-mouse immuno-
globulin antibody (Molecular Probes) or the Alexa Fluor-488 (green) rabbit
anti-mouse immunoglobulin antibody (Molecular Probes). BiP (GRP78) and
B-COP were stained with the rabbit anti-BiP or anti-B-COP purified antiserum
(Alexis) followed by Alexa Fluor-488 (green) goat anti-rabbit immunoglobulin
antibody (Molecular Probes).

Lamin A/C was visualized with the goat anti-lamin A/C polyclonal antibody
(Santa Cruz Biotechnology) and the Alexa Fluor-546 (red) donkey anti-goat
immunoglobulin antibody (Molecular Probes). Rab5 and Rabl1 were stained
with the respective rabbit antisera (kindly provided by J. Cerny) and the Alexa
Fluor-488 (green) goat anti-rabbit immunoglobulin antibody (Molecular
Probes). Rab6 was visualized with the rabbit polyclonal antibody (Santa Cruz
Biotechnology) and the Alexa Fluor-488 (green) goat anti-rabbit immunoglob-
ulin antibody (Molecular Probes). Lysosome staining was performed with rat
monoclonal anti-LAMP-2 antibody (Developmental Studies Hybridoma Bank,
The University of Iowa, Iowa City) and the Alexa Fluor-488 (green) goat anti-rat
immunoglobulin antibody (Molecular Probes). Transferrin-Alexa Fluor-488
(green; 50 pg/ml), kindly provided by J. Cerny, and fluorescein isothiocyanate-
labeled cholera toxin B-fragment (Sigma; 0.5 wg/ml) were used for colocalization
studies. Colocalization with Rab7 was studied in 3T6 cells transfected with a
recombinant plasmid carrying a gene for a Rab7-green fluorescent protein
(GFP) fusion protein (provided by C. Bucci).

Fluorescence in situ hybridization. Linearized polyomavirus genomic DNA
was used as a template for the preparation of the fluorescently labeled antipoly-
omavirus DNA probe. Incorporation of Chroma Tide Alexa Fluor-488-5-dUTP
(Molecular Probes) by random primer labeling was performed according to the
manufacturer’s protocol; the resultant probe fragments appeared as a smear on
2% agarose gel electrophoresis, with the majority of fragments about 500 bp
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long. 3T6 cells grown on glass coverslips were fixed and permeabilized as de-
scribed above. Cells were incubated with 0.1 M NaOH for 90 s and washed with
2X standard saline citrate buffer (2X SSC) twice for 40 s. Prehybridization buffer
(3% SSC, 50% [vol/vol] formamide, 5X Denhardt’s solution [27], denatured
salmon sperm DNA to a concentration of 100 wg/ml) was added, and the samples
were prehybridized for 1 h at 37°C. Subsequently, samples were sealed with a
minimal volume of hybridization buffer (3x SSC, 50% [vol/vol] formamide, 5X
Denhardt’s solution, 10%[wt/vol] dextran sulfate, 100 pg of salmon sperm DNA
per ml, 1 ng of labeled DNA probe per ul, denatured for 10 min at 95°C),
incubated for 5 min at 85°C, and hybridized overnight at 45°C. Nonspecifically
bound and excess probe was washed out by incubation with 3X SSC (three times
for 5 min each at 37°C) and 0.5X SSC (twice for 5 min each at room tempera-
ture). Cells were rinsed with PBS and either mounted in 70% glycerol or further
processed for indirect immunofluorescence staining of proteins as described
above.

Confocal microscopy. Immunostained and in situ-hybridized cells were ob-
served with a TNS SP Leica laser scanning confocal microscope. Sequential
scanning of 0.5-wm sections was used for colocalization studies. Images were
processed with TCS NT Leica software and Adobe Photoshop.

Brefeldin A experiment. 3T6 and CV-1 cells were incubated with polyomavirus
and SV40, respectively, for 1 h at 4°C and then shifted to 37°C. At 0, 0.5, 1, 3, and
6 h at 37°C, virus was removed, and DMEM with FCS or DMEM with FCS and
0.5 pg of brefeldin A (Sigma) per ml was added, and cells were further incubated.
Cells were fixed with methanol-acetone (1:1, vol/vol) for 3 min. Large T antigen
of polyomavirus was detected with the rat anti-large T antigen 7 monoclonal
antibody (9) and the Alexa Fluor-488 anti-rat immunoglobulin antibody (Mo-
lecular Probes). VP1 of polyomavirus was visualized as described above. The
rabbit antiserum against SV40 VP1 and the mouse monoclonal anti-SV40 large
T antigen antibody were kindly provided by H. Kasamatsu. Pictures were gen-
erated with an Olympus BX 60 fluorescence microscope equipped with a COHU
high-performance charge-coupled device camera and processed with Lucia 32G
software.

RESULTS

VP1 of incoming virions colocalizes with the endoplasmic
reticulum marker BiP. Our previous studies revealed that
mouse polyomavirus, like SV40, uses vesicles containing caveo-
lin for its movement from the plasma membrane towards the
cell nucleus. Electron microscopy showed that vesicles carrying
viral particles fused with large membranous structures (40). To
determine the character of these structures, the colocalization
of VP1 with the endoplasmic reticulum-resident protein BiP
(GRP78 [glucose-regulated protein 78]) was examined at 1, 3,
and 6 h postinfection in infected 3T6 fibroblasts (Fig. 1). A
significant colocalization was observed first at approximately
3 h postinfection. Six hours postinfection, the majority of VP1
apparently translocated from the endoplasmic reticulum into
the cytosol, as only a few signals of colocalization of VP1 with
BiP were observed.

Brefeldin A does not substantially inhibit mouse polyoma-
virus infection. Next, we addressed the question of whether the
polyomavirus infection is affected by brefeldin A. This drug
blocks the retrograde COPI-dependent transport between the
Golgi complex and the endoplasmic reticulum by inhibiting
guanine nucleotide exchange on the Arfl GTPase that is es-
sential for COPI coat assembly. We used SV40 infection for
comparison. In agreement with the results of Norkin et al. (30)
and Richards et al. (39), infection by SV40 was dramatically
inhibited by brefeldin A treatment of cells. More than 90%
inhibition of SV40 infection, measured by large T antigen
appearance, was detected at 24 h postinfection (Fig. 2). Sur-
prisingly, we did not observe any such effect of brefeldin A on
polyomavirus infection. The decrease in the proportion of in-
fected cells did not exceed 20%. This applied both to cells
infected in the presence of brefeldin A (not shown) and for
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FIG. 1. Immunolocalization of VP1 (red) and BiP (green). 3T6 cells were infected with mouse polyomavirus (multiplicity of infection of 107
PFU per cell) and fixed at the times postinfection (p.i.) indicated (a and b, 1 h postinfection; ¢ and d, 3 h postinfection; e and f, 6 h postinfection).
Indirect immunofluorescence staining of VP1 (mouse polyclonal anti-VP1 antibody followed by Alexa Fluor-594 goat anti-mouse immunoglobulin)
and the endoplasmic reticulum marker BiP (rabbit monoclonal anti-BiP antibody followed by Alexa Fluor-488 goat anti-rabbit immunoglobulin)

was performed. Merged confocal sections are shown. Bars, 5 pm.

those to which brefeldin A was added at various times after
their incubation with polyomavirus at 37°C (Fig. 2).

We did not observe any accumulating input polyomavirus
virions in the intermediate compartment as described by Nor-
kin et al. (30) for SV40 and as visible in Fig. 2A. We detected
a lower intensity of polyomavirus large T antigen expression
(but not a lower proportion of large T antigen-expressing cells)
and significantly delayed appearance of VP1 expression in the
brefeldin A-treated cells (24 h postinfection) in comparison
with the nontreated ones, but we did not observe any substan-
tial difference in VP1 production after prolonged incubation of
cells in the presence of brefeldin A (44 h postinfection).

VP1 of polyomavirus virions colocalizes only rarely with the
COPI marker 3-COP. Colocalization of VP1 with B-COP, a
coatomer protein of the COPI coat and a marker of the Golgi-
endoplasmic reticulum intermediate compartment and COPI
transport vesicles, was examined next (Fig. 3A). A substantial
colocalization of SV40 and B-COP at the early stages of infec-
tion was observed recently (30). We found only a rare signal of
colocalization of B-COP and polyomavirus VP1 during the
interval from 10 min to 3 h postinfection. Moreover, in many
cells, the VP1 signal appeared on the opposite side of B-COP-
marked structures at 3 h postinfection (Fig. 3A).

Similar results were obtained both for infected mouse 3T6
fibroblasts (Fig. 3A) and normal murine mammary gland epi-
thelial cells (not shown).

The results of both the brefeldin A inhibition experiments

and B-COP colocalization experiments indicated that SV40
and mouse polyomavirus use different subclasses of vesicles for
their trafficking towards the nucleus.

VP1 does not colocalize with Rab6 GTPase. To trace the
endocytic traffic of polyomavirus to the endoplasmic reticulum,
colocalization with different members of Rab family GTPases
was examined. As COPI-coated vesicles are apparently not
involved in polyomavirus transport, we examined the possibil-
ity of an alternative retrograde transport from Golgi to endo-
plasmic reticulum, like that used by Shiga toxin. This pathway
is known to be connected with the Rab6 GTPase (48). How-
ever, no significant colocalization was detected (Fig. 3B).

Minor subpopulation of virions found associated with Rab5.
We observed previously (40) that, like SV40, polyomavirus
becomes internalized in smooth monopinocytic vesicles that
fuse with larger vesicles which are mostly stainable with anti-
caveolin antibody, presumably with caveosomes. Vesicles con-
taining SV40 exhibited lack of the EEA1 marker of classical
early endosomes (33). We used another marker of early endo-
somes, Rab5 GTPase (44), to examine its association with
endosomes carrying polyomavirus. No massive colocalization
of VP1 with Rab5 was observed in the early step of 3T6 fibro-
blast and normal murine mammary gland cell infection; nev-
ertheless, clear association of a minor subpopulation of virus
with Rab5 was identified (Fig. 4A).

It was observed (15) that transport from early endosomes is
blocked at 20°C. Polyomavirus, when adsorbed and incubated
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FIG. 2. Effect of brefeldin A treatment on polyomavirus and SV40 infection. (A) 3T6 cells were incubated with mouse polyomavirus (Py)
(multiplicity of infection, 50 PFU per cell) for 1 h at 4°C and 0.5 h at 37°C. After that, FCS-containing medium without brefeldin A (—~BFA) or
with 0.5 pg of brefeldin A per ml (+BFA) was added, and cells were incubated until fixation (24 h postinfection for large T antigen (LT) and 44 h
postinfection for VP1 immunodetection). CV-1 cells were infected with SV40 and treated with brefeldin A in the same manner as in the
polyomavirus experiment, and cells were fixed at 24 h p.i and immunostained for large T antigen and VP1. Indirect immunofluorescence was done
as described in the text. Photographs of representative microscopic fields are shown. (B) 3T6 or CV-1 cells were incubated with polyomavirus or
SV40, respectively, for 1 h at 4°C. At 0, 0.5, 1, 3, or 6 h (for polyomavirus) after the shift to 37°C, medium containing FCS and 0.5 pg of brefeldin
A per ml (+BFA) or without brefeldin A (—~BFA) was added, and cells were further incubated. Cells were fixed at 44 h postinfection for
immunostaining of VP1 or at 24 h postinfection for immunostaining of large T antigen. Positive cells were scored from 20 microscopic fields, and
the averages are shown (standard deviations were lower than eight in all experiments).

for a 3-h interval at 20°C, mostly remained adsorbed to the cell
surface. and part could be seen inside the cell in the periphery
of the cytoplasm, not moving into perinuclear areas (Fig. 4B).
No colocalization with cholera toxin B-fragment was found in
the cytoplasm at 20°C, suggesting that internalized virus did
not enter early endosomes at this temperature. However, little

colocalization of virions with cholera toxin B-fragment was
detected on the cell surface (Fig. 4B). Results similar to those
with the cholera toxin B-fragment were also obtained with
transferrin (Fig. 4B), which was described to accumulate in
early and recycling endosomes in HeLa cells incubated at 20°C
(26).
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FIG. 3. Immunolocalization of VP1 (red) and B-COP (green) or VP1 (red) and Rab6 (green). 3T6 cells were infected with mouse polyomavirus
(multiplicity of infection, 10> PFU per cell) and fixed at the times postinfection (p.i.) indicated (a, b, and e, 1 h postinfection; ¢, d, and f, 3 h
postinfection). (A) Indirect immunofluorescence staining of VP1 (mouse polyclonal anti-VP1 antibody followed by Alexa Fluor-594 goat
anti-mouse immunoglobulin) and COPI marker B-COP (rabbit monoclonal anti-3-COP antibody followed by Alexa Fluor-488 goat anti-rabbit
immunoglobulin) was performed. (B) Staining of VP1 (mouse polyclonal anti-VP1 antibody followed by Alexa Fluor-594 goat anti-mouse
immunoglobulin) and Rab6 GTPase (rabbit polyclonal anti-Rab6 antibody and Alexa Fluor-488 goat anti-rabbit immunoglobulin). Merged

confocal sections are shown. Bars, 5 pm.

Substantial fraction of virus colocalizes with recycling en-
dosome markers. Colocalization of VP1 with Rab11, a marker
of perinuclear recycling endosomes (44), was observed at 3 h
postinfection, when a substantial part of incoming virus
reached the perinuclear area (Fig. 5A, b and c). Much less
colocalization with Rab11 could be seen sooner (Fig. 5A, a).
We further investigated whether transferrin, traveling from
early to recycling endosomes, also meets the virus. A consid-
erable part of the viral population clearly colocalized with
transferrin at 3 h postinfection (Fig. 5B, e and f) although, to
a small extent, some colocalizations were detected sooner (1 h
postinfection; Fig. 5B, d).

Rabl11 is assumed to be a sorting modulator at the exit of the
recycling compartment, required for efficient transport from
early endosomes via recycling endosomes to the trans-Golgi
network (the pathway employed, e.g., by Shiga toxin). (26, 49)
However, negative results of colocalization of virus with chol-
era toxin B-fragment, which accumulates at 37°C in the Golgi
(not shown), as well as with B-COP and Rab6 markers sug-
gested that polyomavirus probably bypasses the Golgi appara-
tus.

Neither late endosomes nor lysosomes are involved in
mouse polyomavirus trafficking. Another route from recycling
endosomes could be directed via late endosomes to lysosomes.
Recently, canine parvovirus, which enters cells in clathrin-
coated pits, was shown to use this pathway for delivery of its

genomes into the cell nucleus (46). Confocal microscopy of the
3T6 cell line expressing the Rab7-GFP fusion protein did not
reveal any connection of polyomavirus virions with this marker
of late endosomes (43) at 1 or 3 h postinfection (Fig. 6A) or
later postinfection (not shown). Also, double staining of cells
with anti-LAMP-2 (lysosomal glycoprotein) and anti-VP1 an-
tibodies proved the different locations of these proteins (Fig.
6B). Thus, the route of polyomavirus via late endosomes and
lysosomes could be excluded.

Only a small proportion of virions deliver their genomic
DNA to the cell nucleus. At about 3 h postinfection, we could
see partial colocalization of VP1 with Rab11 and transferrin,
which suggests that at least a subpopulation of virions ap-
peared in recycling endosomes. At the same time, the marker
for the endoplasmic reticulum, BiP, also colocalized in part
with VP1. It has been reported that BiP, an endoplasmic re-
ticulum lumenal chaperone, is involved in the export of abnor-
mal proteins from the endoplasmic reticulum to the cytosol for
their degradation (38). Considering this, we were interested to
know the effectiveness of successful genome delivery by virions
into the nucleus. Fluorescence microscopy analysis of cells
double stained with antibodies against lamin A/C and against
VP1 (3 h postinfection) revealed that the vast majority of the
VP1 (if not all) remained spread around the nucleus. Only a
few weak but distinct signals of VP1 on the lamina, which
might represent VP1 of virions or nucleocores that crossed the
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A VP1 (r)/Rab5 (g)

FIG. 4. (A) Immunolocalization of VP1 (red) and Rab5 (green).
3T6 cells were infected with mouse polyomavirus (multiplicity of in-
fection, 10* PFU per cell) and fixed 1 h postinfection. Immunofluo-
rescence staining of VP1 (mouse polyclonal anti-VP1 antibody fol-
lowed by Alexa Fluor-594 goat anti-mouse immunoglobulin) and a
marker of early endosomes, Rab5 GTPase (rabbit polyclonal anti-
Rab5 antibody and Alexa Fluor-488 goat anti-rabbit immunoglobulin)
was performed. Merged confocal sections are shown. Bars, 5 pm.
(B) Colocalization study of VP1 (red) and CTxB (green) or Tf (green)
at 20°C. 3T6 cells were incubated with mouse polyomavirus (multiplic-
ity of infection, 10> PFU per cell) and fluorescein isothiocyanate-
labeled cholera toxin B-fragment (CTxB, 0.5 wg/ml) or transferrin—
Alexa Fluor-488 (Tf, 50 pg/ml) at 20°C for 3 h. Cells were fixed, and
VP1 was visualized by immunostaining (mouse polyclonal anti-VP1
antibody followed by Alexa Fluor-594 goat anti-mouse immunoglobu-
lin). Merged confocal sections are shown. Bars, 5 um.
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FIG. 5. (A) Immunolocalization of VP1 (red) and Rabl1 (green).
3T6 cells were infected with mouse polyomavirus (multiplicity of in-
fection, 10> PFU per cell) and fixed 1 h postinfection (a) or 3 h
postinfection (b and c). Immunofluorescence staining of VP1 (mouse
polyclonal anti-VP1 antibody followed by Alexa Fluor-594 goat anti-
mouse immunoglobulin) and a marker of recycling endosomes, Rab11
GTPase (rabbit polyclonal anti-Rab11 antibody and Alexa Fluor-488
goat anti-rabbit immunoglobulin), was performed. Merged confocal
sections are shown. Bars, 5 um. (B) Colocalization study of VP1 (red)
and transferrin (green). 3T6 cells were incubated with mouse poly-
omavirus (multiplicity of infection, 10> PFU per cell) and transferrin-
Alexa Fluor-488 (Tf, 50 wg/ml) for 1 h (d) or 3 h (e and f) at 37°C. Cells
were fixed, and VP1 was visualized by immunostaining (mouse poly-
clonal anti-VP1 antibody followed by Alexa Fluor-594 goat anti-mouse
immunoglobulin). Merged confocal sections are shown. Bars, 5 pm.

membrane, were noticed (Fig. 7A). However, their precise
location towards the nuclear membrane remains to be deter-
mined.

In order to follow the fate of the genomes of incoming
virions, we applied the in situ DNA hybridization technique
combined with confocal fluorescence microscopy. In situ hy-
bridization of infected cells with polyomavirus genome-specific
fluorescent probes clearly demonstrated not only that the ma-
jority of VP1 did not enter cell nuclei (when a multiplicity of
infection of 100 PFU and more was used) but that this applied
to the majority of viral genomes as well (Fig. 7B).
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FIG. 6. (A) Colocalization study of VP1 (red) and Rab7-GFP. The
3T6 cell line expressing the Rab7-GFP fusion protein was infected with
mouse polyomavirus (multiplicity of infection, 10> PFU per cell). Cells
were fixed at 1 h (a) or 3 h (b) postinfection (p.i.), and VP1 was
immunostained with mouse polyclonal anti-VP1 antibody followed by
Alexa Fluor-594 goat anti-mouse immunoglobulin. Merged confocal
sections are shown. Bars, 5 wm. (B) Immunolocalization of VP1 (red)
and LAMP-2 (green). 3T6 cells were infected with mouse polyomavi-
rus (multiplicity of infection, 10> PFU per cell) and fixed at 1 h postin-
fection (c) or 3 h postinfection (d). Immunofluorescence staining of
VP1 (mouse polyclonal anti-VP1 antibody followed by Alexa Fluor-
594 goat anti-mouse immunoglobulin) and LAMP-2, a marker protein
of lysosomes (rat monoclonal anti-LAMP-2 antibody and Alexa Fluor-
488 goat anti-rat immunoglobulin) was performed. Merged confocal
sections are shown. Bars, 5 pm.

The polyomavirus genomes inside the nucleus could first be
detected at 6 h postinfection, when a few very weak green dots
of the DNA hybridization signal appeared in the interior of the
nucleus (besides a strong signal in the cytoplasm caused by
those polyomavirus genomes that failed to reach the cell nu-
cleus). Later postinfection (10 and 15 h), the points of the
hybridization signal became more apparent as the replication
of virus genomes proceeded. We have never detected such
signals in control, mock-infected cells. (Fig. 7B) The strong
DNA signal, which remained in the cytoplasm at 3 and 6 h
postinfection, disappeared after several further hours.

DISCUSSION

Previous electron and confocal microscopy studies have re-
vealed that internalization and intracellular transport of mouse
polyomavirus and SV40 display several common features: both
viruses are prevalently internalized into smooth monopinocytic
vesicles that can fuse with caveolin-1-rich endosomes. Both
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simian and mouse polyomaviruses seem to use the actin and
tubulin cytoskeleton for their movements, and their infections
are sensitive to methyl-B-cyclodextrin (13, 17, 19, 25, 34, 40).

Despite the observed similarities, we revealed a crucial dif-
ference in the movement of both viruses: only rare colocaliza-
tion of the COPI marker B-COP with polyomavirus virions was
observed in 3T6 fibroblasts (Fig. 3A) as well as in normal
murine mammary gland epithelial cells (not shown), while ex-
tensive colocalization was reported for SV40 VPl at3 and 5 h
postinfection (30). Moreover, brefeldin A displayed substan-
tially different effects on the infection efficiencies of the two
viruses. While SV40 infection was inhibited dramatically by
this drug (30, 39) (Fig. 2), that of polyomavirus was delayed
when followed for 24 h postinfection and only slightly affected
(measured by the number of cells positive for late viral expres-
sion) after 44 h of incubation in the presence of the drug.
These data suggest that these viruses use different vesicles for
their movement toward the cell nucleus.

SV40 uses a COPI-mediated retrograde transport pathway
to the endoplasmic reticulum similar to that of cholera toxin,
which also uses caveolae for its internalization (22, 23, 31). It
was found that COPI plays a critical role in the appearance of
the endoplasmic reticulum-Golgi intermediate compartment,
which is composed of clusters of vesicles and small tubules
(35). Pelkmans et al. described a two-stage pathway of SV40
trafficking: the monopinocytic vesicles containing SV40, with
the help of actin tails, first fuse with caveosomes, large periph-
eral organelles, where SV40 is sorted into tubular, caveolin-
free membrane vesicles that move rapidly along microtubules
toward the endoplasmic reticulum (33, 34). A similar tubular
membrane network containing SV40 virions was also observed
by Kartenbeck et al. (19). We have never detected such tubu-
lar, caveolin-free membrane structures in the polyomavirus-
infected cells, but caveolin-1 seemed to accompany at least a
subpopulation of incoming polyomaviruses into perinuclear
areas (40).

Surprisingly, our confocal studies with markers of different
endocytic compartments strongly suggested the association of
polyomavirus with recycling endosomes. At approximately 3 h
postinfection, when VP1 appeared closer to the cell nucleus,
considerable colocalization of VP1 with the recycling endo-
some marker Rab11 was detected. At the same time, a similar
extent of colocalization was observed with transferrin when
both transferrin and virus were added to cells at 37°C.

The observed occasional colocalization of Rab5 and VP1
could also reflect a connection of virions with early endosomes.
However, when transferrin and virus were adsorbed at 0°C and
then shifted for 30 to 60 min to 37°C, little or no colocalization
of VP1 and transferrin was observed. Colocalization with Rab5
was also sporadic. The explanation could be that internaliza-
tion and movement of virus was slowed down, e.g., by disturbed
cytoskeleton structures, and transferrin, internalized in clath-
rin-coated vesicles, overtook the virus and was already local-
ized in recycling endosomes. Moreover, the kinetics of poly-
omavirus uptake is slower than the internalization of viruses
utilizing clathrin-coated pits (25, 32; our unpublished results),
and the transit of transferrin through early endosomes was
found to be extremely rapid (50).

However, the sporadic colocalization of Rab5 and VP1
could reflect the possibility that monopinocytic vesicles and
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VP1 (g)/lamin A/C (r) 3 h p.i.

Py DNA (g)/lamin A/C (r)

FIG. 7. (A) Immunolocalization of VP1 (green) and lamin A/C (red). 3T6 cells were infected with mouse polyomavirus ([a and b] multiplicity
of infection, 5 X 10? PFU per cell; [¢] multiplicity of infection, 10* PFU per cell) and fixed at 3 h postinfection. Indirect immunofluorescent staining
of VP1 (mouse polyclonal anti-VP1 antibody followed by Alexa Fluor-488 rabbit anti-mouse immunoglobulin) and lamin A/C (goat polyclonal
anti-lamin A/C antibody followed by Alexa Fluor-546 donkey anti-goat immunoglobulin) was performed, and merged confocal sections are shown.
Bars, 5 wm. (B) Localization of polyomavirus DNA (green) and lamin A/C (red). 3T6 cells were infected with mouse polyomavirus (Py) ([d and
€] multiplicity of infection, 5 X 10? PFU per cell; [f and g] multiplicity of infection, 10? PFU per cell). Cells were fixed at 6 h postinfection (d and
e), 10 h postinfection (f), or 15 h postinfection (g), and polyomavirus DNA was detected by in situ hybridization with the Alexa Fluor-488-5-
dUTP-stained random-primed probes against the polyomavirus genome (see text). Indirect immunofluorescence staining of lamin A/C (goat
polyclonal anti-lamin A/C antibody followed by Alexa Fluor-546 donkey anti-goat immunoglobulin) was performed after in situ hybridization.
Merged confocal sections are shown. As a negative control, in situ hybridization and immunostaining of lamin A/C on noninfected 3T6 cells were

done (h and i). Bars, 5 pm.

larger caveolin-1-rich vesicles carrying viral particles fuse pre-
dominantly with recycling endosomes, mostly bypassing early
endosomes. While the EEA1 endosomal marker (Rab5 effec-
tor protein) is restricted to early endosomes, RabS GTPase can
also be detected in recycling endosomes, although at low abun-
dance. It agrees with the observations that this GTPase is able
to function through more than one effector (44). The experi-
ment of adsorption and incubation of virus at 20°C, a temper-
ature at which the cargo is trapped in early endosomes, showed
(i) considerable inhibition of virion internalization, (ii) block of
movement of the internalized virion minority from the periph-
ery of the cytoplasm, and (iii) no viral association with early
endosomes inside the cell as partial colocalization with Rab5
(not shown), cholera toxin B-fragment, or transferrin could be
seen only on the plasma membrane. Sensitivity of SV40 inter-
nalization to 20°C was also noticed (39). However, no staining

of SV40 was found either on the surface of or inside the cells
infected at 20°C, suggesting even inefficient surface binding.

Gagescu et al. (10) isolated and investigated recycling endo-
somes in Madin-Darby canine kidney cells and found a high
content of lipids (cholesterol and sphingomyelin) and proteins
(e.g., flotillin-1 or caveolin-1) associated in plasma membrane
rafts. Moreover, glycosylphosphatidyl inositol-anchored pro-
teins, which are also associated with rafts on the cell surface,
were found to follow the same pathway as transferrin receptor
after endocytosis into nonpolarized cells, albeit with slower
kinetics (28). All those findings fit with our previous observa-
tions of the presence of the caveolin-1 label on monopinocytic
vesicles carrying polyomavirus virions and the fact that caveo-
lin staining accompanied VP1 from the plasma membrane to
the perinuclear areas (40).

One of the questions remaining to be answered is the further
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route of virions from recycling endosomes. The pathway from
recycling endosomes to late endosomes and lysosomes recently
described for canine parvovirus (46) is not used by mouse
polyomavirus, as colocalization with neither the Rab7 GTPase
nor the LAMP-2 lysosomal glycoprotein has been detected.
Another route, employed by, e.g., Shiga toxin, leads from the
recycling endosomes to the Golgi apparatus (26). From the
Golgi apparatus, COPI-independent and brefeldin A-insensi-
tive retrograde transport to the endoplasmic reticulum was
described for this toxin (12, 48). To investigate whether poly-
omavirus exploits this pathway, we examined colocalization
with Rab6, a Golgi-associated GTPase, accompanying Shiga
toxin B-fragment during retrograde transport from the Golgi
to the endoplasmic reticulum (48). However, no convincing
Rab6 association with the polyomavirus transport system was
found. Cholera toxin B-fragment, which is known to accumu-
late in the Golgi (21), did not colocalize with VP1 either (not
shown). Thus, the Golgi apparatus seems to be bypassed by
mouse polyomavirus, and the route of the virus from recycling
endosomes to the endoplasmic reticulum remains unclear. The
observed delay of polyomavirus infection in the presence of
brefeldin A might account for the role of recycling endosomes
in productive infection and could be explained by a sorting
delay due to an altered endosome morphology caused by
brefeldin A (24).

Another possibility, the direct transport of a subpopulation
of polyomavirus in monopinocytic (or/and larger, fused) vesi-
cles from the plasma membrane to the endoplasmic reticulum,
cannot be ruled out either. Several direct fusions of monopi-
nocytic vesicles carrying virus particles with the endoplasmic
reticulum detected by electron microscopy of cell sections (40)
account for this possibility. Smart et al. studied the movement
of caveolin in response to cholesterol oxidation and found that
it moves first from caveolae into the endoplasmic reticulum
and thereafter to the Golgi apparatus. Brefeldin A did not
prevent the initial movement of caveolin from the plasma
membrane into the cell, but did prevent it from reaching the
Golgi apparatus (42).

An endocytic route targeted into the endoplasmic reticulum
might also play a role in the cell defense against invading
pathogens. Eukaryotic cells possess a complex degradation ma-
chinery that eliminates misfolded, unassembled proteins from
the endoplasmic reticulum. These degradation mechanisms re-
quire retrograde translocation of proteins from the endoplas-
mic reticulum back to the cytosol. It has been reported that
BiP, an endoplasmic lumenal chaperone (which colocalized at
3 h postinfection with polyomavirus VP1) is involved in the
export of abnormal proteins from the endoplasmic reticulum
to the cytosol (38).

Following the possibility that the observed trafficking of
polyomavirus is a part of the cell defense mechanisms, we
examined the effectiveness of successful genome delivery by
virions into the nucleus. In situ hybridization of viral genomes
with fluorescently labeled polyomavirus DNA proved that, in-
deed, the majority of virions observed traveled to their destruc-
tion. Their trafficking may represent an endocytic process
leading to the endoplasmic reticulum-associated protein deg-
radation pathway (37). Several protein toxins, including the A
chain of ricin, enter mammalian cells by endocytosis and sub-
sequently reach their cytosolic substrates by translocation
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across the endoplasmic reticulum membrane. Such toxins ex-
ploit the endoplasmic reticulum-associated protein degrada-
tion pathway but must escape (at least in part) the normal fate
of endoplasmic reticulum-associated degradation pathway sub-
strates, i.e., degradation (8).

It is possible that mouse polyomavirus uses this mechanism,
too. If that is the case, the translocation of viral particles across
the endoplasmic reticulum membrane into the cytosol and
their partial proteolysis by the endoplasmic reticulum-associ-
ated degradation pathway might help to release nucleocores, a
minor fraction of which escape into the nucleus before it would
be degraded. Thus, the polyomavirus might misuse the path-
way destined by cells for its destruction. However, the possi-
bility that successful virions and those targeted to degradation
use different trafficking routes cannot be excluded. The fate of
virions may be decided already during their internalization,
and the protein composition of raft structures delivering viri-
ons into recycling endosomes might play a role in their sorting.
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