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Recent investigations on the pathway of cell entry by polyomavirus (Py) and simian virus 40 (SV40) have
defined specific gangliosides as functional receptors mediating virus binding and transport from the plasma
membrane to the endoplasmic reticulum (B. Tsai et al., EMBO J. 22:4346–4355, 2003; Gilbert and Benjamin,
in press). These studies were carried out with C6 rat glioma cells, a heterologous host chosen for its known
deficiency in ganglioside biosynthesis. Here, a cell genetic approach was undertaken to identify components
required for the early steps of infection using mouse cells as the natural host for Py. Receptor-negative (R�)
mouse cells, screened based on resistance to Py infection, were shown to bind Py but failed to allow entry of the
virus. R� cells were also found to be resistant to SV40. Infectibility was restored or enhanced by the addition
of the same specific gangliosides found in earlier studies with C6 cells. In one R� line, overexpression of
caveolin-1 also increased infectibility. These results support and extend findings on gangliosides in lipid rafts
as functional receptors and mediators of internalization for Py and SV40.

Screening for R� cells. Mouse cell lines were screened for
resistance to polyomavirus (Py) at early stages of infection
according to the following criteria: (i) failure to develop cyto-
pathic effects following a high-multiplicity infection and failure
to produce progeny virus and (ii) ability to produce a high yield
of infectious virus following transfection with viral DNA. A
dozen lines, chosen randomly from the American Type Cul-
ture Collection catalogue or derived in our laboratory, were
screened. Three were found to meet these criteria. These have
been denoted as R� cell lines for being functionally “receptor
negative.” RAG-1 is a spontaneous renal adenocarcinoma cell
line (purchased from the ATCC); A1-1 and A2855 were de-
rived from Py-induced mammary tumors and are virus free.
Besides failing to develop cytopathic effects following infection
by small- and large-plaque Py strains, these R� cell lines were
a hundred-fold less infectible than NIH 3T3 cells as judged by
the lower single-cycle yields following infection at a low mul-
tiplicity of infection (MOI). Their resistance is not due to an
intracellular block in replication since they produced levels of
virus comparable to those in NIH 3T3 cells following transfec-
tion with viral DNA (Table 1).

Ganglioside addition restores infectibility without increas-
ing overall levels of virus binding. Recent studies of the C6
rat glioma cell line defective in glycolipid biosynthesis (8)
showed that preincubation with ganglioside GD1a substan-
tially enhanced infectibility by Py while addition of the re-
lated ganglioside GM1 enhanced susceptibility to simian
virus 40 (SV40) (3a, 11). Screened for resistance only to Py,
R� cells also proved to be resistant to SV40. Though not

selected based on any known defect in ganglioside biosyn-
thesis, R� cells showed greatly enhanced susceptibility to
viral infection following addition of the same specific gan-
gliosides (Table 2). Addition of GD1a to R� cells had little
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TABLE 1. Relative efficiencies of infection and
transfection in R� cells

Cell line
Virus yielda

Relative efficiencyb

Infection Transfection

NIH 3T3 3.7 � 106 6.2 � 105 1.00
RAG-1 3.4 � 104 3.9 � 105 0.015
A1-1 5.8 � 104 8.3 � 105 0.012
A2855 2.0 � 104 5.6 � 105 0.006

a Virus yields from each cell line were measured 48 h pi (infected at an MOI
of 2 to 5 PFU/cell) or transfection as PFU per milliliter on UCI-B cells.

b Relative efficiencies are calculated for each cell line as the ratio of virus yields
(infection/transfection) normalized to the ratio on NIH 3T3 cells.

TABLE 2. Effect of gangliosides on infection of R� cells
by polyomavirus and SV40

Cell line

% LT antigen positivea

Polyomavirus SV40

�GD1a �GD1a �GM1 �GM1

RAG-1 0 8 � 1 0 1.4 � 0.5
A1-1 1.1 � 1 24 � 4 3.1 � 0.5 38 � 3.5
A2855 0 12 � 1.5 6 � 1.2 30 � 1

a Cells were infected at an MOI of �200 and were fixed 32 h postinfection and
analyzed for LT antigen expression by indirect immunofluorescence; values in-
dicate the percentage of total cells that were LT antigen positive. Each experi-
ment was performed three times. The data presented are an average of the three
experiments.
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FIG. 1. Compounds affecting Py infectivity on R� cells. R� cells supplemented with GD1a were treated with MBCD (methyl-�-cyclodextrin),
nystatin, latrunculin A, jasplakinolide, demecolcine, or taxol for 1 h at 37°C prior to infection. Cells were infected at an MOI of �500 in the presence
or absence of these compounds, as indicated. Infected cells were processed and analyzed for Py LT antigen (LTAg) by indirect immunofluorescence. Each
individual experiment was performed three times in triplicate. The data presented are an average of the three experiments.

FIG. 2. Binding of toxins to R� cells. R� cells with or without GM1 or GD1a supplementation bind Alexa fluor 488-labeled LT-IIb (A) or
Alexa fluor 488-labeled cholera toxin B (B) at 4°C for 1 h. Samples were washed, fixed, permeabilized, and examined by epifluorescence microscopy.
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or no effect on overall levels of binding of biotinylated Py
(data not shown). These results indicate that GD1a provides
specific functional binding sites amidst an abundance of
nonspecific sites that either fail to mediate internalization
and infection or do so inefficiently.

Cholesterol and cytoskeletal requirements for Py infection
of GD1a-supplemented R� cells. Previous studies have given
different results concerning the role of caveolae and depen-
dence on cholesterol for infection by Py in different cells (2,
3, 4, 5, 10). Results in a recent study using C6 cells suggested
the existence of two entry pathways that were at least par-
tially distinct, a GD1a-mediated pathway exhibiting colocal-
ization with caveolin-1 (Cav-1) and that was inhibitable by
cholesterol-sequestering drugs and by microfilament-alter-
ing agents, and a less efficient pathway of basal infection in
nonsupplemented cells that was not blocked by the same
cholesterol-disrupting agents or agents affecting actin mi-
crofilaments (3, 3a). Py infection of GD1a-supplemented
R� cells also required cholesterol and was dependent on
intact microtubules (Colcemid sensitive and taxol resistant)
as well as on a dynamic state of the microfilament system
(Table 2). These results are essentially the same as found for
GD1a-supplemented C6 cells (3a).

Bacterial toxins as a probe for cell surface gangliosides in
R� cells. To determine whether R� cells are deficient in the
cell surface expression of gangliosides, cells were exposed to

fluorescent derivatives of the Escherichia coli heat-labile
toxin LT-IIb that utilizes GD1a as its receptor (12) and of
cholera toxin that utilizes GM1 (1, 13). Unsupplemented
A1-1 and RAG-1 showed no detectible staining with LT-IIb,
indicating absence of GD1a. In contrast, A2855 clearly
stained. Addition of GD1a but not GM1 gave clear staining
by LT-IIb in all three cells, as expected (Fig. 1A). Using
labeled cholera toxin B subunit, A2855 cells were again
positive while the other two lines were negative. Supplemen-
tation with GM1 but not GD1a led to positive staining by
cholera toxin in all cells (Fig. 1B). These results support the
conclusion that the absence or insufficiency of cell surface
gangliosides accounts for virus resistance in at least two of
the R� cells.

Caveolin is limiting in one R� cell line. A2855 cells are
of particular interest because they constitutively express gan-
gliosides on the cell surface yet become highly infectible only
after preincubation with exogenous gangliosides (Fig. 2 and
Table 2). In intestinal epithelial cells, gangliosides must asso-
ciate with lipid rafts to carry toxins from the plasma membrane
to the endoplasmic reticulum where they unfold, rearrange,
and translocate to the cytosol (1, 13). Gangliosides that do not
associate with lipid rafts bind toxin, which is then conveyed to
an endosomal compartment and fails to induce toxicity (1, 13).
To investigate the failure of endogenous gangliosides in A2855
cells to mediate infection, we tested whether the gangliosides
were dependent on caveolae for their function as virus recep-
tors. Immunoblots of cell extracts with anti-Cav-1 showed that
A2855 expressed very small amounts of Cav-1 compared to
RAG-1 or NIH 3T3. Clones of A2855 and RAG-1 expressing
exogenous myc-tagged Cav-1 (7) were isolated and tested to
see if raising the levels of Cav-1 expression could rescue Py
infectibility without addition of GD1a (Fig. 3). Increased ex-
pression of Cav-1 in A2855 cells was correlated with a roughly
15-fold increase in susceptibility to Py in the absence of added
GD1a. A lesser enhancement (two- to threefold) was seen in
RAG-1 cells that expressed a much higher level of endogenous
Cav-1 along with the exogenous protein. Thus, in A2855 cells,
the low level of Cav-1 appears to be a limiting factor along with
GD1a for virus uptake. Overall, the results strongly suggest
that the binding of virus to its ganglioside receptor in lipid rafts
associated with caveolae leads to efficient virus uptake and
infection.

Defects in R� cells. In principle, R� cells could be defective
at any stage of infection, from virus attachment, entry, intra-
cellular transport to sites of uncoating, possible cofactors in
disassembly per se, to nuclear entry and the initiation of
viral gene expression. In the three R� lines examined thus
far, however, the only defects observed were in expression of
appropriate levels of gangliosides in association with caveo-
lae. R� cells have an abundance of nonfunctional binding
sites corresponding most likely to sialoglycoproteins. The
low efficiency of basal infection in some R� cells as well as
C6 cells (3a) may occur via glycoprotein receptors in a
non-caveola-dependent pathway (2). Alternatively, uptake
in the basal pathway may be mediated by gangliosides not
present in cholesterol-rich membrane domains associated
with caveolae.

The R� cells as well as C6 cells were all derived from tu-
mors and may share common defects in the synthesis or dis-

FIG. 3. Cav-1 expression. (A) Cav-1 and myc-tagged Cav-1 expres-
sion in R� clones expressing pCB7 (vector alone) or pCB7/myc-cav
(vector containing myc-tagged Cav). Western blots were probed with
antibody to Cav (�-Cav-1) or antibody to the myc tag (�-myc). (B) Ef-
fect of expression of exogenous Cav on infectibility of R� clones by Py
in the absence of added GD1a. Infected cells were processed and
analyzed for Py LT antigen (LTAg) by indirect immunofluorescence.
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tribution of gangliosides on the cell surface. For the Py tumor
lines, loss of functional receptors could be a consequence of
selection in vivo for virus resistance (10). The underlying basis
of the defect(s) is unknown. Heterogeneity in the ceramide
portion of the gangliosides may conceivably play a role in sort-
ing virus-containing vesicles along the retrograde pathway to
the endoplasmic reticulum. Thus, A2855 cells may express gan-
gliosides lacking the proper ceramide structure to function
efficiently as virus receptors. Loss of the enzyme GM2/GD2
synthase may also underlie the phenotype in some R� cells.
This enzyme functions as an N-acetylgalactosaminyltransferase
in an early step in ganglioside biosynthesis (4, 9) and is re-
quired to form the precursors of both GD1a and GM1.
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