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Universidad Nacional Autónoma de México, Cuernavaca, Morelos 62210, Mexico

Received 7 July 2003/Accepted 4 November 2003

While recently we have learned much about the viral and cellular proteins involved in the initial attachment
of rotaviruses to MA104 cells, the mechanism by which these viruses reach the interior of the cell is poorly
understood. For this study, we observed the effects of drugs and of dominant-negative mutants, known to
impair clathrin-mediated endocytosis and endocytosis mediated by caveolae, on rotavirus cell infection.
Rotaviruses were able to enter cells in the presence of compounds that inhibit clathrin-mediated endocytosis
as well as cells overexpressing a dominant-negative form of Eps15, a protein crucial for the assembly of clathrin
coats. We also found that rotaviruses infected cells in which caveolar uptake was blocked; treatment with the
cholesterol binding agents nystatin and filipin, as well as transfection of cells with dominant-negative caveo-
lin-1 and caveolin-3 mutants, had no effect on rotavirus infection. Interestingly, cells treated with methyl-�-
cyclodextrin, a drug that sequesters cholesterol from membranes, and cells expressing a dominant-negative
mutant of the large GTPase dynamin, which is known to function in several membrane scission events, were
not infected by rotaviruses, indicating that cholesterol and dynamin play a role in the entry of rotaviruses.

The initial steps in a viral infection involve the specific at-
tachment of the viral particle to a receptor(s) on the cell
surface, followed by internalization of the virus into the cell
and the subsequent uncoating of the virion to release the active
transcription complex. These events are essential for the suc-
cessful initiation of a virus replication cycle and play an im-
portant role in the tissue tropism and pathogenesis of viruses.

In general, viruses can enter cells by fusion of the viral and
cellular membranes at the plasma membrane level or in endo-
cytic vesicles or, more rarely, in the case of nonenveloped
viruses, by a direct mechanism at the cell surface by which the
viral particles are directly translocated into the cytoplasm. The
endocytic pathways used by different viruses include clathrin-
mediated endocytosis, uptake via caveolae, macropinocytosis,
phagocytosis, and a novel nonclathrin, noncaveolar pathway
which is currently not well characterized (55).

Rotaviruses, members of the family Reoviridae, represent
the single most important etiologic agents of viral gastroenter-
itis in the young of many animal species, including humans,
and are responsible for about 800,000 deaths a year in children
under 2 years of age (24). These nonenveloped viruses are
formed by three concentric layers of protein which surround
the viral genome, formed by 11 segments of double-stranded
RNA. The outermost layer of the virion is formed by two
proteins, VP4 and VP7, which are responsible for early inter-
actions of the virus with its host cell, i.e., the attachment of the
viral particle to specific cellular receptors and the penetration
of the virion into the cell’s cytoplasm. The rate of the entry step
is increased by, and most probably dependent on, trypsin treat-
ment of the virus, which cleaves VP4 into two polypeptides,
VP8 and VP5. The cleavage of VP4 does not affect cell binding

and has been associated with entry of the virus by direct cell
membrane penetration (23). Despite recent advances in the
characterization of the viral and cellular proteins involved in
the initial interactions of rotaviruses with host cells (2, 28), the
mechanism by which these viruses reach the cell interior is
poorly understood.

Early electron microscopy studies of rotavirus-infected cells
described the presence of rotavirus particles in coated pits and
in a variety of vesicles (46, 47), and by use of this technique, it
was also proposed that trypsin-treated, infectious rotavirus
particles enter the cells by direct plasma membrane penetra-
tion, while untreated noninfectious viral particles are removed
from the cell surface by endocytosis, a process that does not
lead to a productive infection (57). However, since electron
microscopy studies with viruses are performed with a large
number of particles and since virus preparations usually con-
tain a vast excess of noninfectious particles, it is not possible to
determine by this method alone whether individual events are
part of a pathway leading to productive infection. In the case of
rotaviruses, it is known that the ratio of physical to infectious
viral particles may vary between 100 and 10,000 (33).

Biochemical approaches have also been pursued to deter-
mine the entry pathway of rotaviruses. The importance of the
acidification of endosomes for the initiation of a productive
entry has been analyzed by use of several lysosomotropic
agents, such as NH4Cl, chloroquine, methylamine, and aman-
tadine (13, 23, 29). The effects of drugs that block the intra-
cellular traffic of endosomes, such as cytochalasin D, dansylca-
daverin, or bafilomycin A1 (which inhibits the endosomal
proton-ATP pump), have also been tested (4, 8, 13, 23). Thus
far, none of these treatments has resulted in the inhibition of
viral entry, arguing against a classical endocytic pathway. Di-
rect cell membrane penetration has thus been alternatively
proposed as the mechanism of entry for rotaviruses; however,
the evidence that supports this mechanism is rather indirect
and mainly suggests that a nonendocytic route is used.
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Most of the studies that have addressed the mechanism of
rotavirus cell entry have used inhibitory drugs, and they have
been focused on the analysis of virus uptake by clathrin-coated
pits. Recently, however, new techniques and reagents have
allowed the characterization of alternative endocytic pathways,
which include uptake by caveolae, which can be experimentally
disrupted by depletion of plasma membrane cholesterol (1)
and/or by overexpression of dominant-negative caveolin mu-
tants (48, 60), and a novel nonclathrin-, noncaveola-dependent
endocytosis pathway, which is ill defined and currently is only
described in negative terms (7, 55). For this work, we used a
combination of pharmacological, biochemical, and genetic ap-
proaches to study the mechanism by which rotaviruses gain
access into MA104 cells. We found that rotavirus entry is not
mediated by either clathrin-dependent endocytosis or caveola
uptake, but it is dependent on the function of the large GTPase
protein dynamin.

MATERIALS AND METHODS

Cells and viruses. The rhesus monkey epithelial cell line MA104 was grown in
Eagle’s minimal essential medium (MEM) supplemented with 10% fetal bovine
serum and was used for all experiments carried out in this work. Rhesus rotavirus
(RRV) was obtained from H. B. Greenberg, Stanford University, Stanford, Calif.
Simian virus 40 (SV40) was kindly provided by L. Gutiérrez, Instituto Nacional
de Salud Pública, Cuernavaca, Morelos, Mexico. Viruses were propagated as
previously described (1, 8).

Antibodies and reagents. Monoclonal antibodies (MAbs) HS2 and 159, di-
rected against VP4 and VP7, respectively, were provided by H. B. Greenberg. A
rabbit polyclonal serum against NSP5 has been described previously (16). A
MAb against the large antigen of SV40 (anti-SV40 TAg) and mouse and rabbit
anti-hemagglutinin (HA) antibodies were purchased from Santa Cruz Biotech-
nology (Santa Cruz, Calif.). Alexa 488- and 568-conjugated secondary antibodies,
the cholera toxin B subunit (Ctx) and transferrin (Tfr) labeled with Alexa 488,
and Alexa 594 were purchased from Molecular Probes (Eugene, Oreg.). Chlor-
promazine, dansylcadaverine, methyl-�-cyclodextrin (M�CD), filipin, nystatin,
NH4Cl, and sucrose were purchased from Sigma (St. Louis, Mo.).

Infectivity assay. Confluent MA104 cells in 96-well plates (for rotavirus infec-
tion) or 24-well plates (for SV40 infection) were washed twice with phosphate-
buffered saline (PBS), and then about 2,000 focus-forming units (FFU) of rota-
virus RRV or 6,000 FFU of SV40 virus were adsorbed to the cells for 60 min at
37°C. After the adsorption period, the virus inoculum was removed, the cells
were washed once with PBS, MEM was added, and the infection was left to
proceed for 14 h for RRV or 18 h for SV40 at 37°C. RRV-infected cells were
detected by an immunoperoxidase focus detection assay using a rabbit hyperim-
mune serum to porcine rotavirus YM, as described previously (43). The FFU
were counted in a Visiolab 1000 station (Biocom, Les Ulises, France) as reported
previously (17). SV40-infected cells were detected by a fluorescence focus assay
using an anti-SV40 TAg MAb as described previously (56).

Inhibition of endocytosis in MA104 cells treated with endocytotic drugs. Con-
fluent monolayers of MA104 cells in 96-well plates were pretreated or not
treated with 10 �g of chlorpromazine/ml, 0.2 mM dansylcadaverine, 10 mM
M�CD, 15 �g of filipin/ml, or 50 �g of nystatin/ml for 1 h at 37°C; with 25 mM
NH4Cl for 30 min; or with 0.45 M sucrose for 10 min at 37°C. After treatment
with the corresponding compound, the cells were infected with rotavirus or
SV40, as described above, for 1 h at 37°C, and the drugs were maintained in the
cultures during this incubation period. Cells infected with RRV were further
incubated with MAb 159 (diluted 1:2,000) for 15 min to neutralize the virus that
remained on the cell surface, and after this period the infection was left to
proceed for 14 h at 37°C in MEM. At this time, the monolayers were fixed and
the virus-infected cells were detected as described above. Infectivity data are
expressed as percentages of the virus infectivity obtained when the cells were
mock treated with MEM as a control.

Immunofluorescence (IF). MA104 cells grown on glass coverslips to approxi-
mately 80% confluence were transfected for transient expression assays as de-
scribed below, and at 48 h posttransfection the cells were infected with a mul-
tiplicity of infection of 0.5 of either RRV or SV40. At 8 (for RRV) or 18 (for
SV40) h postinfection, the cells were fixed with 2% paraformaldehyde in PBS for
20 min at 37°C. After this time, the cells were washed twice with PBS containing

50 mM NH4Cl, permeabilized by incubation with PBS–0.5% Triton X-100–50
mM NH4Cl for 15 min at room temperature, and washed twice with PBS with
gentle swirling. The coverslips were then incubated for 1 h at room temperature
with primary antibodies diluted in blocking buffer (50 mM NH4Cl, 1% bovine
serum albumin in PBS), followed by four rinses with PBS. The coverslips were
incubated with the appropriate Alexa-labeled secondary antibodies in blocking
buffer for 1 h at room temperature. The cells were washed four times with PBS
and were mounted on glass slides with Fluoprep (BioMérieux) and the antifading
agent DABCO (100 mg/ml; Sigma). The slides were analyzed with a Bio-Rad
MRC-600 confocal microscope and CoMOS MPL-1000 software or with a Nikon
E600 epifluorescence microscope coupled to a DXM1200 digital still camera
(Nikon). The images were then digitally captured and prepared in Adobe Pho-
toshop 7.0.

Plasmids and transfections. The dominant-negative, GFP-tagged plasmid
construct pE�95/295 (Eps15mut), which encodes an Eps15 deletion mutant
lacking the second and third EH domains, and the control plasmid pD3�2,
expressing a C terminally truncated fragment of Eps15 (Eps15 control) (5), were
kindly provided by A. Benmerah, INSERM, Paris, France; pCINeo/IRES-GFP/
caveolin-1 and pCINeo/IRES-GFP/caveolin-1 DN, which are bicistronic expres-
sion vectors expressing green fluorescent protein (GFP) and wild-type caveolin-1
(cav1-wt) or caveolin-1 from which residues 1 to 81 were deleted (cav1-mut),
respectively (60), were kindly donated by J. Eggermont, Katholieke Universiteit,
Leuven, Belgium; and plasmid pCB6-caveolin-3HA (Cav-3wt), which contains
HA-tagged wild-type caveolin-3, and plasmids pCB6-caveolin-3DGVHA (Cav-
3DGV) and pCB6-caveolin-3KSYHA (Cav-3KSY), expressing two dominant-neg-
ative amino-terminal truncation mutants of caveolin-3 (48), were generously
provided by R. Parton, University of Queensland, Brisbane, Australia. Plas-
mids pUHD15-1, which expresses the tetracycline-controlled transactivator,
pUHD10-3/dynamin2 (pDyn-wt), which expresses N-terminally HA epitope-
tagged dynamin, and pUHD10-3/K44A (pDynK44A), expressing an N-terminally
HA epitope-tagged K44A mutant (9), were kindly provided by S. L. Schmid,
Scripps Research Institute, La Jolla, Calif. The pUHD15-1 and pDyn-wt or
pDynK44A plasmids were cotransfected at a ratio of 1:1, and the expression of
dynamin and the K44A mutant was monitored by using a MAb against the HA
tag. Plasmids were transfected in 80% confluent cell monolayers grown on
coverslips by using Lipofectamine (Invitrogen) according to the manufacturer’s
protocols. Usually, the cells were transfected 48 h before virus infection or before
the Ctx or Tfr uptake assay.

Uptake assays. For analysis of the uptake of Ctx and Tfr, cells grown on
coverslips and pretreated or transfected as described above were chilled on ice
for 10 min and then incubated with 5 �g of Alexa 488- or Alexa 594-Ctx per ml
or with 50 �g of Alexa 594-Tfr per ml on ice for 30 min. The cells were washed
twice with cold medium and then incubated at 37°C in a CO2 incubator for 30
min. At the assay end point, the samples were fixed in 2% paraformaldehyde in
PBS for 20 min and processed for IF as described above. The agents chlorprom-
azine, dansylcadaverine, M�CD, filipin, nystatin, NH4Cl, and sucrose were main-
tained in the medium during incubation with the endocytic ligands.

RESULTS

Role of caveolae in rotavirus entry. To determine if rotavi-
ruses enter cells through a caveola-mediated pathway, we
treated cells with drugs that are known to inhibit this type of
endocytosis and then infected them with a rotavirus. Choles-
terol is a prominent component of lipid rafts, which are in-
volved in caveola formation, and sequestration of cholesterol
with the sterol-binding drugs filipin and nystatin or depletion
of this compound from the membranes with M�CD has been
shown to impair caveola-mediated endocytosis (55). The ef-
fects of these drugs on caveolar endocytosis were examined by
measuring the uptake of Alexa-Ctx by cells that were treated or
not treated with the drugs, since this toxin is targeted to caveo-
lae through its receptor, the ganglioside GM1, and its uptake is
blocked by sterol-binding compounds (41, 59). Figure 1 shows
that mock-treated cells internalized Alexa-Ctx, with the fluo-
rescence concentrated around the nuclei. In contrast, the cells
that were treated with the sterol-binding drugs (filipin and
nystatin) poorly internalized Alexa-Ctx, or the label appeared
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as diffuse fluorescence in the cell’s cytoplasm (nystatin and
M�CD), demonstrating the specificity of these drugs for
caveola-mediated uptake. Next, we assayed the effects of these
drugs on the infectivity of RRV and SV40, which has been
shown to enter cells through the caveolar route (1, 56). We
found that both filipin and nystatin, at the concentrations used,
reduced the infectivity of SV40 by about 50%, as has been
previously observed (1, 56), whereas the infectivity of RRV was
not significantly affected by either of these drugs (Table 1). In
contrast, the treatment of cells with M�CD severely decreased
(�90%) the infectivity of both viruses (Table 1), as was previ-
ously reported for rotaviruses (17).

As a more specific way to examine uptake by caveolae, we

analyzed the effects of dominant-negative mutants of caveo-
lin-1 and caveolin-3 on the infectivity of RRV and SV40. Cells
were transfected with a wild-type (cav-1wt) or dominant-neg-
ative form of caveolin-1 (cav-1mut) (60) or with HA-tagged
wild-type caveolin-3 (cav-3wt) and dominant-negative mutants
Cav-3DGV and Cav-3KSY, which are amino-terminal deletions
of caveolin-3 (48). At 48 hours posttransfection, the cells were
infected with RRV or SV40, and the fraction of the transfected
cells infected by the viruses was scored (Fig. 2). The expression
of wild-type caveolin-1 and -3 had no effect on the infectivity of
RRV or SV40, whereas in cells transfected with the dominant-
negative caveolin mutants, the infectivity of SV40 was clearly
decreased (Fig. 2 and 3B). In contrast, none of the caveolin
dominant-negative mutants affected the infectivity of RRV,
indicating that the entry of this virus is independent of caveo-
lae (Fig. 2 and 3A).

Role of clathrin-mediated endocytosis in rotavirus entry. To
reevaluate the role of clathrin-dependent endocytosis in the
entry of rotaviruses, we undertook several different approaches
to avoid a possible misinterpretation of the results as a conse-
quence of pleiotropic effects caused by the treatments, espe-
cially when drugs were used. Dansylcadaverine and NH4Cl,
which have been previously assayed (4, 8), were included in this
study for comparative purposes. We also tested the effect of

FIG. 1. Uptake of cholera toxin into MA104 cells treated with
sterol-binding drugs. MA104 cells were mock treated (A and B) or
pretreated with M�CD (10 mM) (C and D), filipin (15 �g/ml) (E and
F), or nystatin (50 �g/ml) (G and H), as detailed in Materials and
Methods, and then were incubated with Alexa 488-Ctx. The fluores-
cent signals are shown in panels B, D, F, and H; panels A, C, E, and
G show the corresponding phase-contrast images.

TABLE 1. Effect of sterol-binding drugs on rotavirus infectivity

Treatment Concn (�g/ml)
% Infectivitya

RRV SV40

M�CD 10 mM 9 � 2* 10 � 3*
Filipin 5 102 � 5 ND

15 130 � 11 52 � 4*
Nystatin 50 84 � 7 54 � 10*

100 90 � 18 ND

a Expressed as a percentage of the FFU observed in control, untreated cells.
The average numbers of FFU representing 100% infectivity were 269 and 252 for
RRV and SV40, respectively. The arithmetic means and standard deviations
from three experiments performed in duplicate are shown. ND, not determined.
*, P � 0.05 (paired t test).

FIG. 2. Rotavirus infectivity is not mediated by a caveolin-depen-
dent pathway. MA104 cells were transfected with the plasmid cav-1wt,
cav-1mut, cav-3wt, cav-3DGV, or cav-3KSY, and at 48 h posttransfection
the cells were infected with RRV for 8 h or with SV40 for 18 h. The
cells were then fixed and immunostained to detect viral and plasmid-
expressed proteins by IF. Cav-1-transfected cells were detected by the
coexpression of the GFP protein (see Materials and Methods). Cav-3
expression was detected by an anti-HA tag antibody. The infection by
RRV was monitored by using an anti-NSP5 rabbit antibody, and the
SV40 infection was detected by using an anti-SV40 TAg MAb. The
numbers of infected cells in the positively transfected cells were scored,
and the infectivities are expressed as percentages of the infected cell
numbers in the control cells transfected with wild-type constructs. The
average numbers of FFU representing 100% infectivity for the cells
transfected with cav-1wt were 252 and 118 for RRV and SV40, respec-
tively, and for cav-3wt-transfected cells were 89 and 87 for RRV and
SV40, respectively. The data shown represent the arithmetic means
and standard deviations from three independent experiments.
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treating the cells with a hypertonic medium (0.45 M sucrose),
which results in the dissociation of clathrin vesicles from the
plasma membrane (18, 20), or with chlorpromazine, which
causes clathrin lattices to assemble on endosomal membranes
and at the same time prevents the assembly of coated pits at
the cell surface (62). The effectiveness of these treatments for
inhibition of clathrin-mediated endocytosis was first tested by
determining the ability of MA104 cells to endocytose Tfr la-
beled with Alexa 594 (Alexa-Tfr). In control, mock-treated
cells, the Alexa-Tfr appeared concentrated around the nuclei,
whereas the uptake of Alexa-Tfr in cells treated with the en-
docytotic drugs appeared as diffuse fluorescence in the cells
(Fig. 4), indicating that all treatments were effective. The ef-

fects of these treatments on the infectivity of RRV were then
determined (Table 2). As previously reported (4, 8), treatment
of the cells with dansylcadaverine or NH4Cl did not affect the
entry of rotaviruses, while the same treatments reduced the
infectivity of reovirus by around 60% compared to the infec-
tivity of this virus in control, untreated cells (results not shown)
(8). The two other conditions tested, the sucrose hypertonicity
treatment and incubation with chlorpromazine, had no appar-
ent effect on the ability of RRV to infect cells.

To further explore the role of clathrin-mediated endocytosis
in rotavirus entry, we used an expression construct coding for
a dominant-negative Eps15 protein. It has been reported that
the overexpression of an Eps15 protein lacking the second and

FIG. 3. Effect of the expression of caveolin-1 dominant-negative mutants on the infectivity of RRV and SV40. MA104 cells were transfected
with the plasmid cav-1wt or cav-1mut, and 48 h after transfection the cells were infected with RRV for 8 h (A) or with SV40 virus for 18 h (B).
The cells were then fixed and processed for IF. The expression of cav-1wt or cav-1mut was detected by the coexpression of the GFP protein, since
the respective plasmid constructs also directed the synthesis of this protein. The cell infection by RRV was monitored by using an anti-NSP5 rabbit
antibody (�-RRV), and the SV40 infection was detected by using an anti-SV40 TAg MAb (�-SV40), followed by incubation with anti-rabbit Alexa
568 and anti-mouse Alexa 568 antibodies, respectively.

VOL. 78, 2004 ROTAVIRUS CELL ENTRY 2313



third EH domains results in the inhibition of clathrin-mediated
endocytosis (5). MA104 cells were transfected with either the
GFP-tagged plasmid construct pE�95/295 (Eps15mut) or plas-
mid pD3�2 (Eps15control), and the entry of RRV and SV40
and the uptake of Tfr, as a control, were monitored by IF
microscopy. Figure 5A shows that RRV was able to infect cells
that were transfected either with the control or with the trun-
cated version of Eps15. Cells transfected with the dominant-
negative mutant were not able to internalize Alexa-Tfr, while
cells transfected with the control construct did, confirming that
the dominant-negative mutant of Eps15 prevented the inter-
nalization of this protein (Fig. 5B). When the infectivity of
RRV and SV40 was scored for these cells, we found that both
viruses were able to infect the cells transfected with the mutant
protein as effectively as they infected the cells transfected with
the control plasmid (Table 3). These results indicate that RRV
is capable of entering cells lacking a functional clathrin-medi-
ated endocytic pathway.

Rotavirus infects cells in which both caveola- and clathrin-
mediated endocytosis are inhibited. Our data indicated that
rotavirus infection was not affected by the inhibition of caveola-
or clathrin-mediated endocytosis. To determine if rotaviruses
were able to use alternatively the caveola- or clathrin-mediated
pathway when one of them is blocked, we inhibited both routes
at the same time. For this inhibition, MA104 cells were tran-
siently transfected with either the Eps15 control or Eps15mut
plasmid for 48 h, and the cells were then treated with nystatin
for 1 h at 37°C and infected as described in Materials and
Methods, with maintenance of the drug during the infection
period. The entry of RRV and SV40 was monitored by IF.
Table 3 shows that the infection of rotavirus was not modified
under these conditions, as previously observed with each of the
individual treatments. In contrast, infection by SV40 was re-
duced when nystatin was added to the cells, to a level similar to
that found when the drug was used alone. Similar to SV40
infection, the uptake of Ctx was inhibited only when nystatin
was present, while the uptake of Tfr was inhibited in the Eps15
mutant-expressing cells with or without nystatin in the medium
(data not shown). These results indicate that RRV enters cells
through a route that is different from the clathrin-mediated
and caveolin-mediated endocytic pathways.

Role of dynamin in rotavirus entry. Dynamin is a GTPase
that seems to be a master regulator of membrane trafficking
events at the cell surface, since it is required for phagocytosis
and caveola-mediated and clathrin-mediated endocytosis as

FIG. 4. Uptake of Tfr into MA104 cells treated with drugs that
affect clathrin-mediated endocytosis. MA104 cells were mock treated
(A and B) or pretreated with chlorpromazine (10 �g/ml) (C and D),
NH4Cl (50 mM) (E and F), dansylcadaverine (0.2 mM) (G and H), or
sucrose (0.45 M) (I and J), as detailed in Materials and Methods, and
then were incubated with Alexa 594-Tfr. The fluorescent signals of
Alexa-Tfr are shown in panels B, D, F, H, and J; panels A, C, E, G, and
I show the corresponding phase-contrast images.

TABLE 2. Effect of drugs that affect clathrin-mediated
endocytosis on the infectivity of RRV

Treatment Concn (mM, unless
otherwise indicated)

% RRV
infectivitya

Dansylcadaverine 0.2 109 � 9
NH4Cl 25 100 � 6
Sucrose 0.45 M 103 � 7
Chlorpromazine 10 �g/ml 116 � 18

a Expressed as the percentage of the FFU observed in control, untreated cells.
The average number of FFU of RRV representing 100% infectivity was 119. The
arithmetic means and standard deviations for three independent experiments
performed in duplicate are shown.

TABLE 3. Effect of dominant-negative mutants of Eps15 and
dynamin on the infectivity of RRV and SV40

Transfected plasmid

% Infectivitya

(no. of transfected cells scored)

RRV SV40

Eps15 controlb 100 (472) 100 (286)
Eps15mut 106 � 12 (279) 95 � 14 (137)
Eps15 control plus nystatin 104 � 20 (220) 57 � 11 (296)*
Eps15mut plus nystatin 106 � 14 (155) 65 � 20 (212)*
Dynamin wtc 100 (392) 100 (193)
K44A 16 � 2 (454)* 34 � 5 (399)*

a Data are expressed as percentages of virus infectivity obtained in cells trans-
fected with the control plasmids. The arithmetic means and standard deviations
for three independent experiments are shown. *, P � 0.05 (paired t test).

b Control for Eps15mut, Eps control plus nystatin, and Eps15mut plus nystatin.
The average numbers of FFU representing 100% infectivity were 148 and 89 for
RRV and SV40, respectively.

c Control for K44A mutant. The average numbers of FFU were 128 and 60 for
RRV and SV40, respectively.
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well as for some clathrin- and caveola-independent endocytosis
pathways (7, 19, 21, 40). A dominant-negative mutant form of
dynamin I, the mutant K44A, contains a single amino acid
change in the GTPase domain and has been extensively used to
inhibit both caveolar and clathrin-mediated endocytosis and to
define the role of these pathways in the cell entry of several
viruses (14, 22, 27, 32, 45). In order to define the role of
dynamin in the entry of rotaviruses, we transiently cotrans-
fected MA104 cells with either plasmid pUHD10-3/dynamin
(Dyn-wt) or pUHD10-3/K44A (Dyn-K44A), which expresses
the wild-type or mutant K44A form of dynamin, respectively,
under the control of the Tet-responsive promoter, and with
plasmid pUHD15-1, which expresses the tetracycline-con-
trolled transactivator, which is a regulatory protein that acti-
vates the expression of genes under the Tet-responsive pro-

moter (9). Dyn-wt- and Dyn-K44A-transfected cells were then
infected with rotavirus or with SV40, and the number of trans-
fected cells (as detected with an anti-HA tag antibody) that
were infected was scored (Fig. 6 and Table 3). The cells trans-
fected with the dominant-negative variant of dynamin were
found to be less infectable by both RRV and SV40 than cells
transfected with the wild-type form of the protein. Table 3
shows that the infection of SV40 was reduced to about 34%
with respect to the infectivity obtained in control cells trans-
fected with the wild-type dynamin, as has been previously re-
ported (45). The infectivity of RRV was also reduced, being
only 16% that of control cells. The uptake of Alexa-labeled Ctx
and Tfr was also reduced in the Dyn-K44A-expressing cells
(data not shown). These results suggest that dynamin is in-
volved in the cell entry of rotaviruses.

FIG. 5. Rotavirus entry into cells expressing a dominant-negative mutant of Eps15. MA104 cells were transfected with the GFP-tagged
construct Eps15D3�2 (Eps15 control) or pE�95/295 (Eps15-mut) and were infected with RRV (A) or incubated with Alexa-Tfr (B). The
expression of Eps15 proteins was monitored by GFP fluorescence. RRV was detected as described in the legend for Fig. 3.
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DISCUSSION

While detailed information about the entry of several envel-
oped viruses is now available (11, 25, 50, 61), the mechanism by
which nonenveloped viruses enter cells is not well understood.
Viral fusion proteins at the surfaces of enveloped viruses me-
diate apposition and fusion of the viral and cellular mem-
branes, allowing the viral nucleocapsid to enter the cell.
Whether this fusion event occurs at the cell surface or in an
endosomal vesicle is mostly determined by the optimum pH of
the viral fusion protein (49). The cell entry mechanism of
nonenveloped viruses possesses the complication that a large,
hydrophilic virus particle must traverse a lipid membrane with-
out having the resource of fusing two lipid membranes.

In the case of rotaviruses, the reports that have so far eval-
uated the endocytic route as the pathway for virus cell entry

have only explored the involvement of clathrin-mediated en-
docytosis (8, 23, 29, 47, 57). In this work, by using new molec-
ular and biochemical tools, we reevaluated the role of this type
of endocytosis and of other recently described endocytic path-
ways in the entry of rotaviruses to MA104 cells.

To determine if rotaviruses enter cells through clathrin-
mediated endocytosis, we tested the effects of raising the in-
traendosomal pH and of treating cells with dansylcadaverine,
chlorpromazine, or a hypertonic medium on the infectivity of
RRV. None of these treatments affected the entry of RRV,
even though all of them were able to block the uptake of Tfr
into cells, thus demonstrating that the treatments were effec-
tive for blocking the clathrin-mediated pathway. Also, we
tested the effect of a dominant-negative mutant of Eps15,
which arrests clathrin-coated pit assembly (5). The expression

FIG. 6. Rotavirus entry into cells expressing a dominant-negative mutant of dynamin. MA104 cells were cotransfected with plasmid pUHD10-
3/dynamin (Dyn-wt) or pUHD10-3/K44A (Dyn-K44A) and plasmid pUHD15-1, which expresses the response regulator factor that promotes the
expression of Dyn-wt and Dyn-K44A. The transfected cells were infected with RRV (A) or SV40 (B) and processed for IF. Wild-type dynamin
and Dyn-K44A proteins were detected with an anti-HA tag MAb. RRV and SV40 infections were detected as described in the legend for Fig. 3.
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of this dominant-negative mutant in MA104 cells did not affect
the entry of RRV, contrasting with the negative effect exerted
on the uptake of Tfr. Taken together, these results indicate
that rotaviruses do not enter cells through classical clathrin-
mediated endocytosis.

More recently, caveola-mediated endocytosis and nonclath-
rin-, noncaveola-mediated endocytosis routes have been de-
scribed (7, 37, 55). Caveolae are cholesterol- and sphingolipid-
rich smooth invaginations of the plasma membrane which are
generally associated with caveolin. Caveola-mediated endocy-
tosis can be disrupted either by drugs that sequester the cho-
lesterol from the plasma membrane or by overexpression of
dominant-negative mutants of caveolin. By use of these ap-
proaches, it was found previously that echovirus 1, filoviruses,
respiratory syncytial virus, and SV40 are internalized via caveo-
lae (1, 12, 30, 63). In order to define the role of caveola-
mediated endocytosis in the entry of rotavirus RRV into
MA104 cells, we used several drugs that affect this pathway,
such as nystatin, filipin, and M�CD. In our hands, nystatin and
filipin did not affect the infectivity of rotavirus, while M�CD
was able to severely block the infectivity of RRV, as was pre-
viously shown by Guerrero et al. (17). These results, together
with the fact that dominant-negative caveolin-1 or caveolin-3
mutants did not affect virus infectivity, suggest that the deple-
tion of cholesterol by M�CD inhibits rotavirus entry, not by
interfering with caveola-mediated endocytosis, but most prob-
ably by altering the integrity of membrane lipid microdomains
(17). In support of the involvement of rafts in rotavirus entry,
we have found that rotavirus infectious particles, as well as the
molecules that have been implicated as receptors for rotavirus,
such as integrins �2�1, �v�3, and the heat shock protein hsc70,
are associated with lipid rafts (P. Isa, M. Realke, P. Romero, S.
López, and C. F. Arias, submitted for publication). Altogether,
these findings indicate that caveola-mediated endocytosis, or at
least caveolin-1 and -3, is not involved in the productive entry
of rotaviruses, in agreement with the observation that rotavi-
ruses are able to efficiently infect the colon carcinoma cell line
Caco-2, which is devoid of caveolin-1 and -3 (35, 58).

Furthermore, the fact that a mixed treatment in which both
clathrin-mediated endocytosis and entry via caveolae were si-
multaneously inhibited (by expression of a dominant-negative
mutant of Eps15 and treatment of the cells with nystatin) did
not block the entry of RRV suggests that the virus might
employ a nonclathrin-, noncaveola-mediated endocytic route
to enter the cells. Recently, Chemello et al. (6) proposed that
since the inhibition of the vacuolar H�-ATPase pump by
bafilomycin A1 inhibits rotavirus infectivity, an endocytic
mechanism of entry could be involved. It would be interesting
to determine if the vacuolar H�-ATPase is present in vesicles
that are internalized in a caveola- and clathrin-independent
manner.

Interestingly, the overexpression of a dominant-negative
form of dynamin blocked rotavirus entry, suggesting that it is
involved in this process. Dynamin has been described as a
mechanochemical enzyme needed for the release of internal-
ized vesicles from the plasma membrane (21, 51, 52) and as a
regulatory molecule that recruits or activates effectors in its
GTP-bound form (42, 53, 54). Although dynamin activity was
previously thought to be specific for clathrin-mediated endo-
cytosis, it is now clear that it is required for phagocytosis,

caveola- and clathrin-mediated endocytosis, and some clathrin-
and caveola-independent endocytic pathways (15, 19, 21, 34,
38). Several reports have described that dynamin is needed for
the cell entry of different viruses due to its role in either
caveola- or clathrin-mediated endocytosis (10, 14, 22, 44, 48).

Altogether, the results described in this work show that
rotavirus entry is a clathrin- and caveolin-independent, choles-
terol-sensitive pathway which depends on the function of dy-
namin. In this regard, rotaviruses might use a recently defined
cell internalization pathway, referred to as caveola- and raft-
dependent endocytosis, that is defined by its clathrin indepen-
dence, its dependence on dynamin, and its sensitivity to cho-
lesterol depletion (36). We cannot overlook, however, the idea
that rotaviruses could enter the cell at the plasma membrane
level by using a nondefined direct entry mechanism in which
the depletion of cholesterol could either alter the fluidity of the
membrane or disrupt the organization of the lipid rafts that
might be holding together the rotavirus receptors, thus impair-
ing virus entry. In addition to its property of severing mem-
branes, dynamin has been recently implicated in numerous
actin-membrane processes, such as the formation of podo-
somes, membrane extension and protrusion during lamellipo-
dial advance, and vesicle comet motility (3, 26, 31, 39). Thus,
the dynamin dependence of rotavirus entry observed in this
work might not only be the result of its participation in the
endocytosis pathway per se, but since it is clear that this mul-
tidomain GTPase plays an important role in processes that
involve membrane dynamics, its role during rotavirus entry
might also occur at a later step during the movement of the
virus from the plasma membrane to the cytosol. These possi-
bilities could be explored by using different dynamin mutants
with functional defects in various domains of the protein which
have been shown to have different cell phenotypes.
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