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Studies of rotavirus morphogenesis, transport, and release have shown that although these viruses are
released from the apical surface of polarized intestinal cells before cellular lysis, they do not follow the classic
exocytic pathway. Furthermore, increasing evidence suggests that lipid rafts actively participate in the exit of
rotavirus from the infected cell. In this study, we silenced the expression of VP4, VP7, and NSP4 by using small
interfering RNAs (siRNAs) and evaluated the effect of shutting down the expression of these proteins on
rotavirus-raft interactions. Silencing of VP4 and NSP4 reduced the association of rotavirus particles with rafts;
in contrast, inhibition of VP7 synthesis slightly affected the migration of virions into rafts. We found that
inhibition of rotavirus migration into lipid rafts, by either siRNAs or tunicamycin, also specifically blocked the
targeting of VP4 to rafts, suggesting that the association of VP4 with rafts is mostly mediated by the formation
of viral particles in the endoplasmic reticulum (ER). We showed that two populations of VP4 exist, one small
population that is independently targeted to rafts and a second large pool of VP4 whose association with rafts
is mediated by particle formation in the ER. We also present evidence to support the hypothesis that assembly
of VP4 into mature virions takes place in the late stages of transit through the ER. Finally, we analyzed the
progression of rotavirus proteins in the exocytic pathway and found that VP4 and virion-assembled VP7
colocalized with ERGIC-53, suggesting that rotavirus particles transit through the intermediate compartment

between the ER and the Golgi complex.

Rotaviruses are the single most important cause of severe
diarrhea in infants and young children around the world (35).
These viruses are nonenveloped viruses composed of three
concentric layers of protein and 11 segments of double-
stranded RNA (dsRNA) (14). In vivo, these viruses replicate
primarily in the intestinal villus tip epithelial cells of the small
bowel, and in vitro, the viral replication cycle has been primar-
ily studied by using a variety of epithelial cell lines of renal or
intestinal origin (15).The mechanism underlying rotavirus as-
sembly and release is not totally understood. During matura-
tion, rotavirus double-layer particles (DLPs) bud into the
endoplasmic reticulum (ER) by using the virally encoded non-
structural protein NSP4 and acquire an ER-derived lipid mem-
brane that is eventually lost and replaced by two outer cap-
sid proteins, VP7 and VP4 (14). Studies of the transport and
release of the rhesus rotavirus (RRV) showed that, before
cellular lysis, it leaves polarized intestinal Caco-2 cells almost
exclusively from the apical surface by a nonconventional trans-
port pathway that bypasses the Golgi complex (21). In addi-
tion, ultrastructural studies revealed smooth vesicles contain-
ing mature virions underlining the apical plasma membrane of
infected cells, suggesting that vesicular carriers transport viri-
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ons to the apical surface in rotavirus-infected cells (21). To-
gether, these basic observations led to efforts to characterize
the molecular pathways and the cellular machinery involved in
rotavirus exit from the infected cell.

Lipid rafts are dynamic microdomains in cellular mem-
branes enriched in sphingolipids and cholesterol that play a
critical role in apical membrane trafficking (44). Recently, we
demonstrated that rotavirus proteins closely associate with
lipid rafts in RRV-infected Caco-2 cells by isolation of these
microdomains with cold Triton X-100 (TX-100) and equilib-
rium centrifugation (9). Additionally, another group showed
that mature viral particles and recombinant VP4 interact with
model lipid mixtures that resemble rafts and that VP4 from
infected cells associates with rafts as early as 6 h postinfection
(hpi) (40). Further characterizing the association of RRV with
these microdomains during replication, we demonstrated that
infectious triple-layer particles (TLPs) accumulate in rafts and
that this association takes place intracellularly, both in cell
culture and in infected animals (9). Later, Delmas and cowork-
ers, who aimed at determining the site of final assembly of
rotavirus, showed that inhibition of glycosylation in Caco-2
cells with tunicamycin (TM) did not interfere with the associ-
ation of VP4 with rafts, suggesting that VP4 assembly into the
viral particle occurs as an extra-ER event (11).

In order to release proteins or molecules into the external
medium or to target proteins to the plasma membrane, cells
have developed specialized secretory pathways. The early steps
of conventional secretion take place in the ER and involve
transport of the cargo proteins from the ER through the ER-
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Golgi intermediate compartment (ERGIC) to the Golgi appa-
ratus via a vesicle-mediated transport system (19). The ERGIC
is enriched in and can be visualized by a lectin-like transport
protein named ERGIC-53 and the COPI coat subunit 3-COP,
both of which constantly recycle among the ER, the ERGIC,
and the Golgi (19). Numerous studies have used colocalization
of ERGIC-53 and vesicle markers to help follow trafficking of
specific cargo proteins after they leave the ER (1, 18).

Silencing of gene expression by RNA interference (RNAi)
has become a powerful experimental tool used to study gene
function. This mechanism is activated by dsRNA and involves
the generation of small interfering RNAs (siRNAs). Basically,
siRNAs homologous to a region of an mRNA are able to
initiate specific degradation of the target mRNA, leading to
the silencing of its expression (13, 28). Since there is no reverse
genetic system available to engineer the genome of infectious
rotavirus, RNAI has recently been exploited effectively to char-
acterize the function of several rotavirus genes (10, 26, 27, 43).
The formation of particles lacking VP4 with siRNAs suggests
that VP4 is essential neither for assembly nor for release of
DLPs from the ER (10). In this study, we shut down individual
viral mRNAs encoding VP4, VP7, and the multifunctional
nonstructural protein NSP4 with siRNAs and evaluated the
effect of silencing these viral mRNAs on rotavirus particle-raft
interactions in order to better define the role of viral proteins
in the targeting of rotavirus to cellular rafts. We found that
VP4 siRNA and NSP42'° siRNA, but not a VP7 siRNA, sub-
stantially reduced the association of rotavirus particles with
rafts. Interestingly, our data showed that the inhibition of ro-
tavirus particle migration into lipid rafts by both NSP4*"
siRNA and TM also acts on the targeting of VP4 to these lipid
raft microdomains, supporting the conclusion that the primary
association of VP4 with rafts occurs during the initial stage of
particle formation in the ER. Additional characterization of
the transit of rotavirus through the secretory pathway demon-
strated that rotavirus infection induces a reorganization of the
ERGIC and that mature rotavirus particles transit through this
organelle during their maturation process.

MATERIALS AND METHODS

Cell culture and virus replication. MA104 cells (American Type Culture
Collection) were cultured in medium 199 (M199; Invitrogen) supplemented with
10% fetal bovine serum (FBS) at 37°C in 5% CO,. The monoreassortant strain
DXRRYV, containing gene 9 from the D strain of G1 human rotavirus on a
genomic background of RRV (30), was propagated in MA104 cells as previously
described (8).

Metabolic labeling and raft purification from infected cells. Monolayers of
MA104 cells were infected with DXRRYV at a multiplicity of infection (MOI) of
10; 7 h after infection, the cells were starved in methionine-free medium for 1 h
and labeled for 30 min with 200 p.Ci/ml of Pro-mix L[**S] (Amersham Pharma-
cia). The labeling medium was washed out, and the cells were incubated for 1 h
in chasing medium (M199 supplemented with 1 mM cycloheximide [Calbiochem]
and 10 mM L-methionine [Sigma]). At the end of the chase period, the cells were
washed three times with ice-cold phosphate-buffered saline (PBS [Invitrogen]),
scraped, and recovered by centrifugation. Since rafts are insoluble in nonionic
detergents, they were isolated by extraction with cold 1% TX-100 and separated
by equilibrium centrifugation in OptiPrep (Sigma) gradients as previously de-
scribed (9). In some experiments, cells were incubated in medium with 10 mM
methyl-B-cyclodextrin (mBedx) (Sigma) or 10 pg/ml of TM (Calbiochem) 1 h
before the labeling period and the drugs were maintained during the course of
the experiment.

Separation of free VP4 from virion-associated VP4 in the raft fraction. Rafts
were isolated from three 175-cm? flasks of DXRRV-infected MA104 cells as
described above; the purified-raft-enriched fraction, fraction 4 (f4) was then
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diluted and rotavirus particles were pelleted by ultracentrifugation (2 h, 4°C,
178,000 X g). The post-ultracentrifugation supernatant (PUSN) was concen-
trated in a Centriplus YM-10 centrifugal filter device (Amicon; Millipore) ac-
cording to the manufacturer’s recommendations in order that proteins with
molecular masses of =10,000 Da in the PUSN were recovered. Pelleted material
and concentrated PUSN were brought to a final volume of 200 ul, and the
presence of VP4 in both samples was detected by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting. As indi-
cated, half of the volume of the starting raft fraction was solubilized with 60 mM
octylglucoside because it is known that this condition solubilizes proteins asso-
ciated with rafts (4). As a control, semipurified virus (7) was subjected to the
same treatment and analyzed by Western blotting.

SDS-PAGE and Western blotting. To analyze the 3°S-labeled proteins, an
aliquot of each gradient fraction was subjected to gel electrophoresis in 10%
Bis-Tris gels (NuPAGE system; Invitrogen) with morpholinepropanesulfonic
acid running buffer as previously described (9). The gels were treated with 1 M
salicylic acid and exposed to Kodak BioMax MR films at —80°C. For Western
blotting, after electrophoresis, the proteins were transferred to polyvinylidene
difluoride (PVDF) membrane, blocked with 5% nonfat dry milk in PBS, probed
with a 1:2,000 dilution of monoclonal antibody (MAb) HS2 (anti-VP4) (34) or
B4-2 (anti-NSP4) (36), and detected with a 1:5,000 dilution of peroxidase-labeled
anti-mouse immunoglobulin G (IgG) (Chemicon). For expression of NSP4 in
NSP4%1? siRNA-transfected cells, the cells were harvested at 12 hpi in lysis buffer
(10 mM Tris-HCI [pH 7.5], 100 mM NaCl, 1 mM CaCl,, 1% NP-40 [Sigma]), and
10 g of protein was analyzed by Western blotting with MAb B4-2. Gy, was
detected with 0.2 pg/ml of the biotin-labeled B subunit of cholera toxin (Sigma) and
0.1 pg/ml of peroxidase-labeled streptavidin (Kirkegaard & Perry) as previously
described (9). The chemiluminescence signal was generated with enhanced-chemi-
luminescence (ECL) Western blotting detection reagent (Amersham Pharmacia).

siRNA transfection. The sequences and characterization of the effect on ro-
tavirus replication of the VP4 siRNA (named siRNAY®* in reference 10) and
VP7 siRNA (named g9D in reference 43) used in this study have been previously
reported (10, 43). To silence the expression of NSP4, a synthetic siRNA corre-
sponding to nucleotides (nt) 219 to 239 (NSP4%'?) of RRV gene 10 with the
target mRNA sequence 5’AAACGUCAAAGUGUUCAUAUA-3" was de-
signed. Duplex siRNAs were purchased from Dharmacon Research, and siRNA
transfection for all of the experiments was performed basically as described by
Silvestri et al. (43). Briefly, MA104 cells in six-well plates were grown to 80% to
90% confluence, the cells were washed with serum-free medium, and a mixture
of 71.5 pmol of siRNA and 9.5 pl of Lipofectamine 2000 (Invitrogen) in 500 .l
of Opti-MEM (Invitrogen) was added to each well. After 4 to 5 h of incubation,
500 pl of M199-20% FBS was added to each well. The cells were incubated in
this mixture, and after 12 to 14 h, the medium was replaced with fresh M199-10%
FBS until infection. A previously described laminin A/C siRNA (10, 13) or
Lipofectamine 2000 alone was used as a negative control.

Viral yield and rotavirus titer determination. The titer of the viral yield from
mock- or siRNA-transfected-infected MA104 cells and the rotavirus infectivity in
rafts were determined on MA104 cells grown in 96-well plates by focus-forming
unit (FFU) assay as previously described (9). For measurement of virus yield,
cells were frozen and thawed three times after 14 h of infection, the cellular
debris was pelleted, and the infectious-virus titer in the supernatant was deter-
mined by FFU assay. For quantification of rotavirus infectivity in raft fractions,
first the VP6 content in f4 from each condition was determined by enzyme-linked
immunosorbent assay with anti-VP6 MAb 255/60 (17). The virus titer in an
aliquot of each raft fraction containing the same amount of VP6 was determined
on MA104 cells as described above.

Electron microscopy. Eighty to 90% confluent monolayers of MA104 cells grown
in six-well plates were transfected with the indicated siRNA as described above. At
36 h posttransfection, the cells were infected with DXRRYV at an MOI of 10. At 7
hpi, the cells were scraped from the plates, washed twice with PBS, fixed with 2.5%
glutaraldehyde—0.1 M cacodylate buffer (pH 6.7), postfixed with 2% osmium tetrox-
ide, dehydrated, and embedded in Epon resin. Ultrathin sections were double
stained with 2% uranyl acetate and 1% lead citrate, mounted on copper grids, and
observed at 80 kV under a Philips (Eindhoven, The Netherlands) model CM10
electron microscope. Image analysis was carried out with ImageJ software, version
1.34s (National Institutes of Health, Bethesda, Md.).

Immunofluorescence and confocal microscopy. MA104 cells were grown on
BIOCOAT coverslips (Becton Dickinson) and infected with DXRRYV at an MOI
of 0.5. For some experiments, the cells were transfected with NSP4?!” siRNA as
described above and 24 to 36 h posttransfection the cells were infected as
indicated. At 11 hpi, the cells were fixed with 4% paraformaldehyde and per-
meabilized with 0.2% TX-100 as previously described (9). The cells were blocked
with 10% goat serum and then stained for 1 h with the indicated antibodies. All
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incubations and washes were performed at room temperature unless indicated
otherwise; the fluorescently labeled secondary antibodies were incubated for 30
min. Protein disulfide isomerase (PDI) was stained with 1 wg/ml of anti-PDI
(Stressgen) and anti-mouse—fluorescein isothiocyanate (FITC) (1 pg/ml; South-
ern Biotechnologies). To visualize the ERGIC, we labeled MAb G1/93 (Alexis
Biochemical), which recognizes ERGIC-53, with Alexa-Fluor 488 (Molecular
Probes). The cis-Golgi compartment was detected with polyclonal antibody
GPP130 (Covance), and mitochondria were stained with an anti-pyruvate dehy-
drogenase E2/E3bp subunit MAb (Molecular Probes). After three washes of 5
min each, 1 pg/ml of anti-rabbit-FITC or anti-mouse-FITC, respectively (South-
ern Biotechnologies), was added. After staining, the cells were washed and VP4
or virion-assembled VP7 was detected with MAb HS2 (1:4,000) and biotin-
labeled MADb 159 (159B; 1:500); bound antibodies were detected with 1 pg/ml of
anti-mouse-Texas Red or streptavidin-Texas Red, respectively (Southern Bio-
technologies). In some experiments, the nucleus was costained with a 1:20,000
dilution of TOTO-3 (Molecular Probes) in buffer containing 200 pg/ml of RNase
A (QIAGEN) during the last antibody incubation to reduce the background
from cytoplasmic RNA. In some experiments, double-labeled preparations were
then incubated with a 1:10,000 dilution of our polyclonal rabbit anti-rotavirus R3
serum and Cy5-labeled anti-rabbit IgG (1 pg/ml; Abcam). After washing, the
coverslips were air dried and mounted on a glass slide with AquaPoly/Mount
(Polysciences, Inc.). Fluorescence was analyzed in an Eclipse TE300 confocal
microscope (Nikon) and LaserSharp MRC-1024 software (Bio-Rad). Double
staining was analyzed with the 488- to 568-nm band of an argon-krypton laser.

RESULTS

Rotavirus associates with rafts in MA104 cells. Our exper-
imental approach to address the role of VP4, VP7, and NSP4
in the targeting of rotavirus particles to the raft compartment
was to inhibit the expression of these viral proteins by RNAi
and look at the subsequent association of rotavirus proteins
with the raft fraction (f4) in infected cells. We focused our
studies on outer capsid proteins VP4 and VP7 and nonstruc-
tural ER receptor protein NSP4 because these three proteins
had the highest likelihood of being directly involved in rotavi-
rus particle interactions with rafts due to either their location
on the virion or to their role during morphogenesis. It is known
that polarized Caco-2 cells display morphological characteris-
tics and functional similarities to enterocytes (50). Because of
this, these cells have been an excellent in vitro model for
studying rotavirus cell tropism and polarized release (5, 9, 21,
23). However, the transfection efficiency of these cells after
differentiation and polarization is very low (data not shown; 6,
47) and this technical constraint made them unsuitable for our
purposes. In contrast, the monkey kidney cell line MA104
displays transfection efficiencies of 75 to 90% (data not shown;
10, 43) and has been a useful model to study the effect of RNAi
on rotavirus replication. In addition, studies have demon-
strated that MA104 cells, like Caco-2 cells, undergo polarized
release of virus during infection (20, 38). Therefore, we first
investigated if rotavirus particles associate with lipid rafts in
MAI104 cells during infection as they do in Caco-2 cells.
DXRRV-infected MA104 cells were metabolically labeled for
30 min and after 1 h in chasing medium, rafts were extracted by
insolubility in cold TX-100, further separated by equilibrium
centrifugation in OptiPrep density gradients, and analyzed by
gel electrophoresis as described before (9). Similarly to what
was observed in Caco-2 cells, the majority of the labeled viral
proteins were solubilized by TX-100 (Fig. 1A, bottom frac-
tions). However, a substantial portion of rotavirus structural
proteins VP2, VP4, VP6, and VP7 and nonstructural protein
NSP4 was enriched in f4 with respect to the neighboring frac-
tions. In addition, in accordance with previous reports, an
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enrichment of dsRNA was also found in the raft fraction (data
not shown; 9). The partially glycosylated forms of VP7 and
NSP4, as well as dimers of this nonstructural protein (arrow in
Fig. 1A), were also present in f4. The presence of the dimeric
form of NSP4 was confirmed by Western blotting with MAb
B4-2 (data not shown). To confirm that lipid rafts are enriched
in f4, we checked for the presence of Gy, a lipid that is
enriched in these microdomains. For this purpose, we detected
Gy by using its natural ligand, the B subunit of cholera toxin,
by Western blotting (9, 45). As expected, we found G,,; en-
riched in the low-density fractions of the OptiPrep gradient
from rotavirus-infected cells. This finding, together with the
insolubility and flotation indications, demonstrates that f4 cor-
responds to the raft fraction in MA104 cells, as it does in
Caco-2 cells (Fig. 1B). These observations also suggest that the
migration of rotavirus particles into rafts is a conserved process
present in at least two different polarized cell lines.

An siRNA corresponding to nt 219 to 239 (NSP4?'®) of RRV
gene 10 greatly reduces the synthesis of NSP4. Small duplex
siRNAs corresponding to the sequences of gene 4, gene 9, and
gene 10 of DXRRYV were synthesized (Dharmacon Research)
and transfected into MA104 cells to study the role of the outer
capsid proteins and NSP4 in rotavirus-raft association. We first
evaluated the abilities of VP4, VP7, and NSP4?!° siRNAs to
inhibit the synthesis of target protein and block rotavirus rep-
lication. MA104 cells were transfected with the different
siRNAs and 24 h later infected with DXRRV. Virus yield and
protein expression were determined as described in Materials
and Methods. NSP4*'? is a potent inhibitor of rotavirus repli-
cation since the virus yield in cells transfected with this siRNA
was reduced by 92% compared to controls (Fig. 1C). Similar
levels of inhibition were reported when the expression of NSP4
was blocked with an siRNA that binds its mRNA at positions
183 to 203 (26).Transfection with eitherVP4 siRNA or VP7
siRNA also decreased the yield of viral progeny approximately
70% with respect to the controls (Fig. 1C), as previously de-
scribed (10, 43). Western blot analysis of NSP4 in cells trans-
fected with the three different siRNAs showed that NSP42'?
was very efficient at blocking the synthesis of NSP4 (Fig. 1D),
and as expected, neither VP4 siRNA nor VP7 siRNA had an
effect on the synthesis of NSP4. As previously described, the
VP4 and VP7 siRNAs also inhibited the expression of the cognate
proteins (data not shown; 10, 43). Together, these results show
that siRNA homologous to the NSP4 gene sequence between
nt 219 and 239 substantially reduces the synthesis of NSP4 and
inhibits the production of viral progeny.

Rotavirus-raft association is differentially affected by siRNAs.
The preceding results indicate that rotavirus proteins associate
with rafts in MA104 cells and that siRNAs that target mRNAs
of VP4, VP7, or NSP4 efficiently block the expression of their
target proteins in MA104 cells and reduce viral yield. To test
the effects of these three siRNAs on rotavirus-raft interactions,
cell monolayers were transfected with VP4, VP7, NSP4%'°, or
laminin A/C siRNA. At 36 h posttransfection, the cells were
infected with DXRRYV, and 8 h later the cells were metaboli-
cally labeled and rafts were purified as described in Materials
and Methods. As a positive control, we treated cells with 10
mM mpedx since in Caco-2 cells cholesterol depletion with
mpBcdx interferes with the association of rotavirus particles
with rafts (9). As expected, cholesterol sequestration signifi-
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FIG. 1. Isolation of rafts and effects of siRNAs on rotavirus-in-
fected MA104 cells. (A) Pulse-labeled rotavirus proteins associate with
rafts in MA104 cells. MA104 cells were infected with DXRRV (MOI
of 10) and metabolically labeled as described in Materials and Meth-
ods. After lysis in cold 1% TX-100, rafts were purified by equilibrium
centrifugation in OptiPrep gradients, fractionated, and analyzed by
SDS-PAGE and fluorography. The arrow indicates the migration of
the dimeric form of NSP4. (B) Detection of Gy, by Western blotting.
Fractions from panel A were subjected to electrophoresis and trans-
ferred to PVDF membrane, the membrane was incubated with the
biotinylated B subunit of cholera toxin and peroxidase-labeled strepta-
vidin, and a signal was developed by ECL. (C) Effect of siRNAs on
rotavirus yield. MA104 cells were transfected with 71.5 pmol of the
indicated siRNA, and at 24 h posttransfection, the cells were infected
for 14 h with DXRRYV at an MOI of 1. The titer of the viral yield was
determined on MA104 cells by FFU assay. Titers are expressed as
percentages of the virus yield, where 100% represents the titer of virus
grown in control transfected cells. Values are means from three ex-
periments, and the standard error is indicated. *, P < 0.05 (one-sample
t test). (D) Detection of NSP4 by immunoblotting in the presence of
the indicated siRNA. MA104 cells were transfected and infected as
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cantly reduced the floatation of rotavirus particles in the raft-
containing fraction (Fig. 2A, Bedx lane). Similarly, the amount
of rotavirus proteins present in the raft fraction was signifi-
cantly reduced in cells that were transfected with the VP4
siRNA (Fig. 2A, VP4 lane) compared to the mock- and lami-
nin A/C siRNA-transfected cells, suggesting that particles lack-
ing VP4 are not efficiently targeted to cellular rafts. In contrast,
VP7 siRNA was not effective at inhibiting the migration of
viral proteins into f4 (Fig. 2A, VP7 lane). Interestingly, while
the amount of VP7 in f4 was reduced more than threefold
compared to the control in cells transfected with VP7 siRNA
(Fig. 2A, compare VP7 lane with mock and laminin A/C lanes),
the amount of the other viral proteins in f4 remained almost
constant, suggesting that particles lacking VP7 were able to
associate with rafts. When the effect of NSP4 siRNA?'® on
targeting rotavirus particles to rafts was evaluated, we found
that unlike VP7 siRNA, it reduced the association of rotavirus
particles with rafts, suggesting a role for NSP4 in rotavirus
particle-raft association (Fig. 2A, NSP4 lane). Lipofectamine
alone and a rotavirus-unrelated siRNA had no effect on the
partitioning of viral proteins into these lipid microdomains
(Fig. 2A, mock and laminin A/C lanes). Since we did not find
any difference between mock-transfected cells (Lipofectamine
alone) and laminin A/C-transfected cells, for the following
experiments only the results with mock-transfected cells are
shown. Quantitation by densitometry of the percentage of viral
proteins VP2, VP4, VP6, VP7, and NSP4 in f4 from three
independent experiments showed that silencing of the synthe-
sis of VP4, VP7, and NSP4 reduced the migration of rotavirus
proteins into rafts by 64%, 14%, and 44%, respectively (Fig.
2B). Of note, independent quantitation of individual viral pro-
teins in 4 confirmed that VP4 and NSP4%!° siRNAs, but not
VP7 siRNA, altered the migration of rotavirus particles into
rafts (data not shown).

In a previous study, we demonstrated that viral infectious
particles, and not just soluble, unassembled proteins, migrated
into the insoluble raft-containing component of the gradient
(9). To determine if the *>S-labeled proteins migrating in 4
(Fig. 1A and 2A) were assembled into virions, we measured
viral infectivity. For this purpose, the amount of viral particles
present in f4 from VP4, VP7, and NSP4?'? siRNA-transfected
or control transfected cells was normalized to VP6 content, an
aliquot was diluted in M199 and activated with trypsin, and the
virus titer was determined (8). Viral infectivity was found as-
sociated with rafts (7.1 X 107 FFU/ml in control transfected
cells) and was reduced by 72% and 87% when the synthesis of
VP4 or NSP4 was blocked with the corresponding siRNA (Fig.
2C). In accordance with the results observed in Fig. 2B, silenc-
ing of VP7 slightly reduced viral infectivity in f4 by 40% with
respect to the control (Fig. 2C). When we evaluated the pres-
ence of genomic dsRNA in the raft fraction from cells treated

described for panel C, and at 12 hpi they were lysed in 1% NP-40 lysis
buffer and 10 pg of protein was separated by SDS-PAGE. Electropho-
resed proteins were transferred to PVDF membrane, and the mem-
brane was blocked and incubated with MAb B4-2. Bound antibody was
detected with peroxidase-labeled anti-mouse IgG and ECL. MW, mo-
lecular weight marker (in thousands).
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FIG. 2. Rotavirus-raft association is differentially affected by siRNAs. (A) MA104 cells were mock transfected or transfected with the siRNAs
that silence the expression of the indicated protein. AT 36 h posttransfection, the cells were infected with DXRRV (MOI, 10) and pulse-labeled
as described for Fig. 1A, and rafts were purified by OptiPrep density gradients. After fractionation, 250 wg of 3S-labeled protein of the raft
fractions was analyzed by SDS-PAGE and fluorography. For an mBecdx control, 10 mM mpcdx was added to infected cells during starvation and
maintained until the end of the experiment. One gel representative of at least three experiments is shown, and the migration of the viral structural
proteins and NSP4 is indicated, including the dimeric form of NSP4 (arrow). (B) Densitometric analysis of rotavirus proteins in f4. The radioactive
signal for rotavirus proteins VP2, VP4, VP6, VP7, and NSP4 in f4 from gels like the one shown in panel A was quantified with the Chemilmager
4400 low-light imaging system (Alpha Innotech Corp.). Results are expressed as the percentage of these proteins in the raft fraction, where 100%
represents the overall amount of these proteins in control transfected cells. (C) Rotavirus infectivity in the raft fraction. Raft fractions from MA104
cells infected with DXRRYV and transfected with the indicated siRNAs were normalized to VP6 content by enzyme-linked immunosorbent assay,
and virus titers were determined on MA104 cells by FFU assay. Results are expressed as the percentage of infectivity in f4, where 100% represents
the infectivity in control lipofected cells. Values are means *+ standard errors from at least three experiments. *, P < 0.05 (one-sample 7 test). Ctrl,

control.

with the different siRNAs, we found that the amount of
dsRNA in each fraction correlated with the amount of viral
proteins and infectivity shown in Fig. 2 (data not shown).
Together, these results show that siRNA-mediated depletion
of VP4 and NSP4, but not VP7, substantially reduce the asso-
ciation of rotavirus particles with rafts.

NSP4 indirectly contributes to the association of rotavirus
particles with rafts. The inhibition of the partitioning of viral
proteins into lipid microdomains in cells transfected with
NSP4%'? siRNA could be caused by (i) an indirect contribution
of NSP4 to rotavirus particle-raft association during either
transport or maturation of the virus in the ER or (ii) the lack
of particles available for transit. In order to elucidate the role
of NSP4 in this association, we looked at the effect of glycosyl-
ation inhibition in the presence of TM on rotavirus particle-
raft interaction and checked for the cellular localization of

rotavirus particles in the absence of NSP4 by double indirect
immunofluorescence staining and confocal microscopy. For
the TM experiment, monolayers of MA104 cells were infected
and treated with TM as described in Materials and Methods.
Lipid rafts were then purified, and the fractionated gradients
were analyzed by SDS-PAGE. TM treatment prevented the
glycosylation of VP7 and NSP4, as indicated by the appearance
of their unglycosylated protein precursors (Fig. 3B). In addi-
tion to the blockage of glycosylation, the dimeric form of NSP4
is also affected by TM, as the band migrating above VP6 (arrow
in Fig. 3A) disappeared in cells treated with TM (Fig. 3B),
suggesting that glycosylation is a prerequisite for dimer forma-
tion. Of note, only small amounts of rotavirus proteins were
found floating in the detergent-resistant fraction in the pres-
ence of TM (compare f4 in Fig. 3A and B), and as expected
(11), the rotavirus infectivity in this fraction was reduced by
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FIG. 3. Role of NSP4 in targeting of virions and VP4 to rafts. (A and B) TM treatment prevents the association of rotavirus particles with rafts.
Rafts were purified from untreated (A) or TM-treated (B), DXRRV-infected MA104 cells as described in Materials and Methods. OptiPrep
density gradients were fractionated and analyzed by SDS-PAGE and fluorography. TM treatment (10 wg/ml) started at 6 hpi and continued to the
end of the experiment (B). The positions of viral proteins are indicated at the right, including unglycosylated precursors of VP7 and NSP4 (B) and
the dimeric (arrow) form of NSP4 (A). A set of gels representative of at least three experiments is shown. (C) Most of the VP4 associated with
rafts comes from viral particles. MA104 cells were infected with DXRRYV at an MOI of 10, and at 9 hpi, rafts were purified by cold 1% TX-100
extraction and OptiPrep gradient centrifugation. The rotavirus particles present in the isolated raft fraction were pelleted by ultracentrifugation,
and the PUSN was concentrated in a Centriplus YM-10 unit. The presence of VP4 in the pellet (lanes 2 and 5), supernatant (lanes 3 and 6), and
semipurified TLPs (lanes 4 and 7) was detected by SDS-PAGE and immunoblotting with MAb HS2. Before ultracentrifugation, aliquots of f4
(lanes 2 and 3) or semipurified TLPs (lane 4) were adjusted to 60 mM octylglucoside, incubated for 30 min at 37°C (lanes 2 to 4), and subjected
to ultracentrifugation as described above. Lane 1 represents an aliquot of the starting f4. (D to J) Virion-assembled VP7 colocalizes with PDI in
control cells but not in NSP4?'” siRNA-transfected cells. MA104 cells grown on coverslips were mock transfected (D to F) or transfected with
NSP4?" siRNA (G to J), and at 24 h posttransfection, the cells were infected with DXRRV (MOI, 0.5) for 12 h. The cells were then fixed,
permeabilized, and stained with anti-PDI and anti-mouse-FITC. After washing, rotavirus VP7 was detected with MAb 159B (D to H) or 60B (I
and J). Bound antibodies were detected with streptavidin-Texas Red. The double-labeled preparations were then incubated with a 1:10,000 dilution of
polyclonal rabbit serum (anti-rotavirus R3) and Cy5-labeled anti-rabbit IgG. The coverslips were mounted in glass slides and analyzed in an Eclipse
TE300 confocal microscope (Nikon). The left part shows the distribution of PDI in green, and the colocalization with VP7 is shown in yellow. The
signal of MAb 159B for panels D and E is shown in panel F. The right part shows the same field but colocalization of rotavirus antigen (R3 stained,

blue signal) with VP7 (red signal). All images were obtained with a 60X objective and processed with Adobe Photoshop software. MW, molecular
weight marker (in thousands).

92% in the presence of TM in comparison with control in- the perinuclear region (green signal in Fig. 3D, G, and I).

fected cells. We also analyzed the distribution of TLPs in the
ER with MAb 159B (which primarily recognizes a conforma-
tion of VP7 found on assembled mature viral particles) (12)
and an anti-PDI MAb as an ER marker (16). In control or
NSP4%%° siRNA-transfected cells, localization of PDI followed
the pattern of a continuous network with major abundance in

When we compared the distribution of virion-associated VP7
(red signal in Fig. 3D and E and insert in panel F) with that of
PDI, we found that in the majority of infected cells these two
markers colocalized (Fig. 3D). This in agreement with a pre-
vious report that showed that mature, virion-associated VP7
interacts with PDI (31). In contrast, in NSP4?'® siRNA-trans-
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fected cells we could not find TLPs inside the ER, as indicated
by the lack of red staining with MAb 159B in transfected cells
(Fig. 3G). Note that a couple of cells in Fig. 3G and H do
demonstrate virion-associated VP7 in the ER (red cells in
Fig. 3G and H); however, since the transfection efficiency is
not 100%, these cells presumably were not transfected with
NSP4%'? siRNA. The lack of staining with MAb159B was not
due to the lack of infection since all cells were positive for
rotavirus antigen when immunostained with a polyclonal anti-
rotavirus serum (blue signal in Fig. 3E, H, and J), nor was it
due to the absence of VP7 since we found positive staining for
VP7 with biotin-labeled MAb 60 (60B), which primarily rec-
ognizes a non-virion-associated form of VP7 (Fig. 3I and J).
These results support the hypothesis that the contribution of
NSP4 to rotavirus-raft association involves particle assembly or
maturation of the virus in the ER.

VP4 association with rafts is primarily due to incorporation
into viral particles in the ER. Close examination of Fig. 2A
(NSP4 lane) and 3B reveals that when the amount of NSP4 was
decreased by either NSP4?'"® siRNA or TM treatment, the
amount of VP4 in the raft fraction was also reduced. When we
measured the radioactive signal of VP4 over the 13 fractions of
the gradient by densitometry, we found that there was a 43.5%
reduction in VP4 in f4 in cells treated with TM in comparison
with f4 from control cells. These observations suggested that
the inhibition of rotavirus particle migration into lipid rafts
also reduced the targeting of VP4 to these microdomains. In
order to determine if particle assembly mediates targeting of
VP4 to rafts, rafts were isolated from infected MA104 cells as
described for Fig. 1. The purified f4 was then diluted, and
rotavirus particles in rafts were pelleted by ultracentrifugation.
The PUSN was concentrated, and the presence of VP4 in
pelleted material and concentrated PUSN was detected by
immunoblotting. To rule out the possibility that membrane
aggregates in the raft fraction were trapping free VP4 during
ultracentrifugation, half of the volume of the raft fraction was
solubilized with 60 mM octylglucoside (4). As seen in Fig. 3C,
both in the presence and in the absence of octylglucoside, very
small amounts of non-virion-associated free VP4 could be re-
covered from the concentrated PUSN of the raft fraction
(lanes 3 and 6 in Fig. 3C). In contrast, a ninefold enrichment of
VP4 was detected in the pelleted material (lanes 2 and 5 in Fig.
3C). Since the treatment of semipurified virus with 60 mM
octylglucoside does not solubilize VP4 from TLPs (lanes 4 and
7 in Fig. 3C), these results suggest that the most of the VP4
associated with rafts in MA104 cells is virion associated rather
than soluble and likely comes from viral particles derived from
the ER and not from a cytoplasmic source.

Silencing the expression of VP4 results in accumulation of
nonenveloped immature particles within the ER. Our results
showed that in the absence of VP4 the rotavirus virion does not
migrate into the raft fraction. To further characterize the cel-
lular location of particles lacking VP4 or VP7 or particles
assembled in the absence of NSP4, we studied siRNA-trans-
fected cells infected with rotavirus by transmission electron
microscopy. As shown in Fig. 4, in mock-transfected cells,
viroplasms were observed adjacent to the ER membrane with
DLPs budding into the lumen of the ER. The presence of
membrane-enveloped intermediate particles, as well as mature
TLPs that had lost their envelope, is clearly visible within the
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dilated cisternae of the ER (filled arrow, upper left panel of
Fig. 4). In NSP4?" siRNA-transfected cells, however, viro-
plasms were observed free in the cytoplasm with DLPs present
in the cytoplasm and not in the ER (open arrow, upper right
panel of Fig. 4). These results correlate with our confocal
microscopy observations, in which we did not find colocaliza-
tion between mature particles and PDI in NSP4?' siRNA-
transfected cells (Fig. 3G) and with previous observations that
suggest that the lack of NSP4 reduces the formation of viral
particles (26). Interestingly, a lack of ER membranes in prox-
imity to the viroplasms was a consistent observation in cells
transfected with NSP42'? siRNA (upper right panel of Fig. 4),
suggesting that in the absence of NSP4, viroplasms cannot bind
to the ER, causing more extensive “drifting” of viroplasms and
DLPs in the cytoplasm of the infected cell. Transfection of cells
with VP7 siRNA resulted in the accumulation of enveloped
particles within the ER (filled arrowhead, bottom left panel of
Fig. 4), suggesting that VP7 is required for proper removal of
the transient envelope. An analogous phenotype has been re-
ported when cells were transfected with a different siRNA that
also inhibits the expression of VP7 (26) and when cells were
treated with agents that disrupt the proper folding of VP7,
such as TM (39), dithiothreitol (46), or calcium-blocking drugs
like thapsigargin (29). In VP4 siRNA-transfected cells, DLPs
budding normally from viroplasms into the ER were observed
and a small amount of enveloped intermediates was seen in-
side the ER. Strikingly, there was an unusual accumulation of
nonenveloped immature particles inside the distended ER in
these cells (open arrowhead, bottom right panel of Fig. 4), and
this accumulation was reproducibly found when VP4 expres-
sion was inhibited. The immature particles tightly aggregate
together to form a lattice or paracrystalline array (bottom right
panel of Fig. 4). It is hard to tell if VP7 is present in these
particles, but a close examination of some particles inside the
paracrystalline array showed an electron-dense core surrounded
by a lighter zone, suggesting that VP7 was present.

Rotavirus particles colocalize with the ER-Golgi intermedi-
ate compartment. Rotavirus progeny are released in polarized
cells by a nonconventional secretory pathway that bypasses the
Golgi, and it has been proposed that during this nonlytic re-
lease the virus uses vesicular carriers to reach the apical cell
surface (21). Since our studies indicate that both surface pro-
teins of the mature virion appear to associate with particles in
the ER, at the beginning of the secretory process, we began to
analyze the progression of rotavirus proteins through the exo-
cytic pathway. For this purpose, we performed double immu-
nofluorescence staining of rotavirus proteins and proteins spe-
cific for certain cellular organelles along the secretory pathway.
Rotavirus proteins were detected with MAbs HS2 and 159B,
which recognize VP4 and virion-assembled VP7, respectively
(12, 34). To visualize the ERGIC, we used MAb G1/93, which
recognizes ERGIC-53 (41). The cis-Golgi compartment was
detected with polyclonal antibody GPP130, and mitochondria
were stained with an anti-pyruvate dehydrogenase E2/E3bp
subunit MAD. To avoid cross-reactivity, we stained first for cellu-
lar markers and then for rotavirus proteins. In noninfected
MA104 cells, the lectin ERGIC-53 exhibited a punctate staining
that is typical for the ERGIC in tissue culture cells (41). When
this organelle is seen at higher magnification, the distribution
resembles vesicular or tubelike structures concentrated in the
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FIG. 4. Electron microscopy of MA104 cells transfected with different siRNAs. MA104 cells grown in six-well plates were control transfected
or transfected with the indicated siRNA as described in Materials and Methods. At 36 h posttransfection, the cells were infected with DXRRV
at an MOI of 10. After 7 h of infection, the cells were recovered, fixed in glutaraldehyde, and processed for transmission electron microscopy.
V, viroplasm inclusions; filled arrow, TLPs inside the distended cisternae of the ER; open arrow, DLPs in the cytoplasm; filled arrowhead,
enveloped intermediate particle inside the ER; open arrowhead, nonenveloped immature particle inside the ER next to the paracrystalline array.
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FIG. 5. Colocalization of ERGIC-53 and rotavirus proteins. MA104 cells grown on coverslips were not infected (A) or infected with DXRRV
at an MOI of 0.5 (B to P), and at 12 hpi, cells were fixed and permeabilized and incubated with anti-G1/93 (A to I and P), anti-GPP130 (J to L),
and anti-pyruvate dehydrogenase E2/E3bp subunit (M to O) antibodies as markers for the ERGIC, the cis-Golgi, or mitochondria, respectively.
After washing, the appropriate secondary antibody was added and then the cells were stained for VP4 with MAb HS2 (C to F) or for
virion-assembled VP7 with MADb 159B (G to P) as described in Materials and Methods. The nucleus was costained with a 1:20,000 dilution of
TOTO-3, and the preparations were mounted and analyzed by confocal microscopy as described in the legend to Fig. 3. In all images, the green
signal shows the distribution of a cellular organelle and the red signal shows the distribution of rotavirus proteins. (P) Representative sequential
sections with a thickness of 1 pm acquired from the bottom to the top of panel I. All images were obtained with a 60X objective; panels A, B, and

F show a 2X zoom image. The digital images were processed with Adobe Photoshop.

juxtanuclear region (Fig. 5A). In DXRRV-infected cells, a
clear change in the distribution of ERGIC-53 was observed;
the tubovesicular structures were lost, and a more diffuse stain-
ing of ERGIC-53 over the entire cytoplasm was observed (Fig.
5B and C). When VP4 was costained in infected cells (Fig. 5D),
a small but readily detectable fraction of ERGIC-53 colocal-
ized with this viral protein (Fig. SE) and this colocalization was
more prominent in areas where ERGIC-53 was concentrated
(Fig. 5F). To determine if TLPs also colocalize with ERGIC-
53, we used MAD 159B. Like VP4, mature VP7 partially colo-
calizes with the lectin ERGIC-53 and this colocalization is also
concentrated in the regions where ERGIC-53 most accumu-
lates (Fig. 5I). The localization of ERGIC-53 and rotavirus
particles in the same confocal plane was confirmed by a stack
of optical sections with a thickness of 1 wm (Fig. 5P). As
predicted from prior studies (21), we could not find colocal-
ization of either cis-Golgi (Fig. 5J to L) or mitochondrial mark-

ers with rotavirus particles (Fig. SM to O), confirming that
rotavirus particles do not associate with these organelles dur-
ing maturation and secretion.

DISCUSSION

In this work, we inhibited the expression of rotavirus outer
capsid proteins VP4 and VP7 and nonstructural protein NSP4
in order to understand their role in the targeting of rotavirus
particles to the raft compartment during secretion from the
cell. We have shown that silencing of VP4 reduces the associ-
ation of rotavirus particles with rafts and that inhibition of the
synthesis of VP7 does not have a drastic effect on the migration
of virions into rafts. At first glance, we could attribute the
reduction of viral proteins in rafts in siRNA-transfected cells to
the absence of viral particles; however, this seems not to be the
case because the assembly of particles lacking either VP4 or
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VP7 has been previously reported (10, 26, 43) and because we
found that the amount of these particles in the soluble frac-
tions of the OptiPrep gradient was the same under both con-
ditions (data not shown). Since both VP4 and VP7 siRNAs are
equally efficient at shutting down the expression of their target
proteins but only VP4 siRNA blocks the migration of particles
into rafts, we conclude that VP4, but not VP7, plays a direct
role in the association of virus with rafts. We also described a
new siRNA that was able to block the synthesis of NSP4 and to
substantially reduce viral replication. We hypothesized that
after NSP4 inhibition by NSP4** siRNA, we would not be able
to detect an association of rotavirus particles with rafts because
of several reasons. First, it was already known that NSP4 func-
tions as an intracellular receptor that binds VP6 and facilitates
the budding of DLPs into the ER; second, glycosylation of this
nonstructural protein is required for removal of the lipid coat
from the transient enveloped particle in the ER; and third, it
had been recently shown that in the absence of NSP4, the
assembly of DLPs and TLPs is greatly reduced (26). As pre-
dicted, NSP4?'° siRNA reduced the association of rotavirus
particles with rafts and this reduction could be explained by
an indirect contribution of NSP4 to the migration of rota-
virus to rafts, involving either one of the steps in the exo-
cytosis of the virion particle, i.e., transport or maturation of
the virus in the ER, or by blocking the formation of DLPs,
which is a step prior to entry into this organelle. Since
previous studies have found that the effect of TM on NSP4
is not related to the reduction of the synthesis of this protein
or to the production of viral particles, our TM data support
the hypothesis of an indirect contribution of NSP4 to rota-
virus-raft association by blocking the transit of particles in
the ER.

While examining the role of NSP4 in rotavirus-raft associa-
tion, we found that inhibition of rotavirus migration into these
lipid microdomains by either siRNAs or TM treatment also
blocked the targeting of VP4 to rafts. This observation was
surprising since Delmas et al. recently showed that although
inhibition of glycosylation with TM in Caco-2 cells reduced the
amount of mature viral particles associated with rafts, it did not
interfere with the targeting of VP4 to these microdomains (11).
Technical differences such as the cell line and stage of differ-
entiation of the cells may account for this apparent discrep-
ancy, since it is known that functional differences exist between
MA104 cells and highly polarized Caco-2 cells (5). On the
other hand, the fact that the reduction of VP4 in the raft
fraction of TM-treated cells is not proportional to the reduc-
tion of the other viral proteins (compare f4 in Fig. 3A and B)
may indicate the presence of two populations of VP4, one that
is independently targeted to rafts and whose association is not
affected by TM or the absence of NSP4, and a second, larger
pool of VP4 whose association with rafts is mediated by par-
ticle formation in the ER. The concept of dual compartmen-
talization of rotavirus surface proteins is not new since it was
shown that VP7 also exists in two forms; a membrane-associ-
ated form and a virus-associated one (22). In order to deter-
mine if two populations of VP4 coexist in rafts, we separated
VP4-containing rotavirus particles from non-virion-associated
VP4 in the raft fraction by ultracentrifugation and showed that
most, but not all, of the VP4 in rafts is found in particles
probably assembled in the late stages of transit through the
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ER. If VP4 is crucial for the association of rotavirus particles
with rafts and the assembly of this protein into the viral particle
takes place at a late stage of viral morphogenesis in the ER, we
would expect an accumulation of viral particles in the ER in
the absence of VP4. This hypothesis is supported by our elec-
tron microscopy observations, in which we found that the si-
lencing of VP4 during rotavirus assembly directs virions to a
close packaging of the particles in paracrystalline arrays. Our
proposed interpretation of these ultrastructural findings is that,
in the absence of VP4, the carbohydrate moieties on the sur-
face of VP7 bind the particles together, leading to the forma-
tion of these arrays and consequently the aggregation of par-
ticles in the ER. Recently Déctor et al. showed the presence of
enveloped and nonenveloped particles inside the ER in VP4
siRNA-transfected cells, but those authors did not find the
paracrystalline array of particles reported in this work (10),
possibly because at early times postinfection a higher MOI is
needed to reach a critical concentration of particles inside the
ER that promotes this paracrystalline arrangement. This ob-
servation and the purification of spikeless TLPs by cesium
chloride gradients led those authors to conclude that VP4 is
essential for neither assembly nor release of DLPs from the
ER. However, purification of the spikeless particles recovered
from VP4 siRNA-transfected cells in the study by Déctor et al.
was performed at 18 hpi, which in MA104 cells likely reflects
release of viral progeny by cellular lysis. In any case, our
observations extend their findings and support the idea that
in order to leave the ER via a nonlytic mechanism, TLPs
require VP4. In this regard, the recent characterization of
rotavirus membrane enveloped viral intermediates from in-
fected MA104 cells showed that these contain VP4, VP7, and
NSP4 and that even after detergent extraction, VP4 remained
attached to the DLP (M. Zayas, M. Camacho, T. Lépez, C. F.
Arias, and S. Lopez, Abstr. Int. Meet. Virol., abstr. V-386,
2005). Moreover, Trask and Dormitzer recently reported that
in order to reconstitute infectious TLPs from noninfectious
DLPs and purified recombinant VP4 and VP7, assembly of
VP4 onto the recoated particle has to take place before the
assembly of VP7 (P. Dormitzer, personal communication).
These findings support the idea that VP4 assembly into parti-
cles takes place inside or in the vicinity of the ER and not at a
later time point in the exocytic pathway when VP4 is added to
VP7-coated particles. Several lines of evidence suggest a clear
participation of the ER in targeting proteins to rafts. First,
TX-100-resistant membranes have been detected in isolated
membranes from the ER (42); second, ER proteins have been
identified associated with lipid rafts in T cells and monocytes
(25, 48); and finally, recent findings have shown that in mam-
malian cells the commitment of components of glycolipid-
enriched membranes to enter these microdomains takes place
inside the ER (37).

Increasing evidence suggests participation of the intermedi-
ate compartment in rotavirus maturation. The differential sen-
sitivity of NSP4 and VP7 to endoglycosidase H during brefeldin
A treatment implies that VP7 maturation takes place in the
ERGIC (32). Xu et al. found that NSP4 accumulates in this
organelle when it is transfected into COS-7 cells (49), and
Delmas et al. recently proposed that VP4 assembly occurs in a
post-ER compartment (11). Finally our studies indicate that
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both rotavirus surface proteins on the mature virion appear to
associate with particles in the ER at the beginning of the
secretory process. Given these observations, we decided to
analyze the progression of rotavirus proteins through the exo-
cytic pathway. We found that rotavirus infection significantly
changes the distribution of ERGIC-53 from a juxtanuclear
vesicle-like pattern to a more dispersed one. A change in the
distribution of ERGIC-53 has been previously reported when
NSP4 alone was transiently expressed in COS-7 cells (49);
however, the redistribution of ERGIC-53 induced by NSP4
alone exhibited a pattern different from the one observed here,
presumably due to the coexpression of other rotavirus pro-
teins. The role of individual viral proteins in this ERGIC re-
arrangement is an important question that will be addressed in
future studies. Since live-imaging microscopy and ultrastruc-
tural studies have shown that ERGIC-53 predominantly local-
izes near the cis side of the Golgi (3, 24) and we did not find
any colocalization between gppl130 and mature virions, we
propose that at some stage during maturation or release, ro-
tavirus particles transit through an ERGIC-53-containing or-
ganelle, presumably the ER-Golgi intermediate compartment,
but exit the traditional secretory pathway before the cis-Golgi.
In this regard, the diffuse staining of ERGIC-53 observed dur-
ing rotavirus infection resembles what is seen when cells are
rewarmed to 37°C after exit from the ERGIC has been blocked
by incubation at 15°C (24). Interestingly, these rewarming ex-
periments suggested that the retrograde traffic from the ERGIC
to the ER bypasses the Golgi apparatus. Since nonlytically
released rotavirus also bypasses the Golgi, one might speculate
that during this retrograde traffic, the virus and ERGIC-53
colocalize to the same vesicles or organelle. Nevertheless, due
to the constant recycling of ERGIC-53 between the ER and
the ERGIC, we cannot rule out the possibility that some of the
colocalization observed between VP4 or VP7 and ERGIC-53
actually occurs in the budding structures of the ER where
ERGIC-53 concentrates (2, 24, 41).

It is generally accepted that in the secretory pathway, newly
synthesized exocytic proteins leave the ER in COPII vesicles at
the transitional elements of the rough ER and migrate to the
Golgi apparatus through the ERGIC (1, 2, 24). However, dur-
ing the last decade, intensive research in the area of cellular
trafficking has shown the existence of new routes of transport.
Endosomal recycling, plasma membrane transporters, mem-
brane flip-flop, and membrane blebbing are now generally
accepted as alternative exocytic mechanisms (33). The likely
presence of rotavirus particles in the ERGIC raises several
interesting questions to be addressed in future studies. Does
the virus follow an as-yet-undescribed route from the ER to
the ERGIC to the plasma membrane, and if so, do any
cellular proteins also use this pathway? Is virus traveling to
the cell membrane carried in vesicles? If so, what types of
vesicles are involved? How and where does the virus-raft
association take place? Blocking the recycling of ERGIC-53
either in the ER or in the ERGIC by different biochemical
or thermal manipulations, as well as costaining of transport
vesicle markers and viral proteins, should help clarify which
transport pathways are directly involved in rotavirus matu-
ration and release.
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