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Rotavirus infection is the most common cause of severe infantile gastroenteritis worldwide. These viruses
infect mature enterocytes of the small intestine and cause structural and functional damage, including a
reduction in disaccharidase activity. It was previously hypothesized that reduced disaccharidase activity
resulted from the destruction of rotavirus-infected enterocytes at the villus tips. However, this pathophysio-
logical model cannot explain situations in which low disaccharidase activity is observed when rotavirus-
infected intestine exhibits few, if any, histopathologic changes. In a previous study, we demonstrated that the
simian rotavirus strain RRV replicated in and was released from human enterocyte-like Caco-2 cells without
cell destruction (N. Jourdan, M. Maurice, D. Delautier, A. M. Quero, A. L. Servin, and G. Trugnan, J. Virol.
71:8268–8278, 1997). In the present study, to reinvestigate disaccharidase expression during rotavirus infec-
tion, we studied sucrase-isomaltase (SI) in RRV-infected Caco-2 cells. We showed that SI activity and apical
expression were specifically and selectively decreased by RRV infection without apparent cell destruction.
Using pulse-chase experiments and cell surface biotinylation, we demonstrated that RRV infection did not
affect SI biosynthesis, maturation, or stability but induced the blockade of SI transport to the brush border.
Using confocal laser scanning microscopy, we showed that RRV infection induces important alterations of the
cytoskeleton that correlate with decreased SI apical surface expression. These results lead us to propose an
alternate model to explain the pathophysiology associated with rotavirus infection.

Rotaviruses, members of the Reoviridae family, exhibit a
marked tropism for the differentiated enterocytes of the intes-
tinal epithelium (5) and are recognized as the leading cause of
infantile viral gastroenteritis worldwide (35). Although much is
known about their replication and maturation processes, the
pathophysiologic mechanisms by which rotavirus infection in-
duces diarrhea remain unclear. Extensive studies using animal
models have reported the presence of mild to severe his-
topathologic changes and functional abnormalities in infected
intestinal mucosa, depending on the virulence of the strain
(for a review, see reference 26). Whatever the severity of his-
topathologic changes, the activities of disaccharidases (su-
crase-isomaltase [SI], lactase, and maltase-glucoamylase) are
frequently decreased by rotavirus infection (11, 18). It was
previously thought that this phenomenon was due to the de-
struction of mature enterocytes of the villus tips (18). However,
this hypothesis cannot explain low disaccharidase activities in
the absence of enterocyte destruction (4, 17).

To gain further insight into the mechanism by which rotavi-
rus infection induces a decrease in disaccharidase activities, an
in vitro system representing mature enterocyte would be ben-
eficial. The human intestinal epithelial cell line Caco-2 was
established from a human colon adenocarcinoma (20). Con-
fluent cultures of these cells exhibit many of the morphologic

and biochemical properties of mature enterocytes (55). These
cells are polarized, exhibiting a brush border membrane on
their apical surface that expresses a variety of enterocytic hy-
drolases. In previous work, we used these cells to demonstrate
that the simian rotavirus strain RRV was able to replicate and
be released from Caco-2 cells without cell destruction, in ac-
cordance with some in vivo observations (34).

Among the four brush border disaccharidases expressed in
the small intestine, SI, a heterodimer complex which hydro-
lyzes maltose, maltotriose, and sucrose, has been extensively
studied in vivo as well as in the enterocyte-like model Caco-2
(for a review, see reference 28). SI complex is synthesized as a
single precursor starting from the N terminus of isomaltase
(33). In the endoplasmic reticulum, SI is cotranslationally N-
glycosylated to give an immature and inactive high-mannose
precursor (43). During passage through the Golgi apparatus,
SI is processed to a fully active mature complex glycosylated
form (43). Then, SI is directly targeted from the trans Golgi
network (TGN) to the apical membrane (42). This feature
distinguishes SI from several other brush border hydrolases
that are first delivered basolaterally and then delivered to the
apical pole by transcytosis, as is the case for dipeptidyl pepti-
dase IV (DPP IV) (36, 42). SI activity can be regulated by
several different mechanisms. Decrease of SI activity at the
mRNA level has been induced by change in glucose metabo-
lism (8, 57), high-carbohydrate diet (7, 23, 24), and thyroxin or
glucocorticoid treatment (38, 64). SI activity can also be re-
duced by posttranslational events (61). Defect of processing
(folding and glycosylation), intracellular transport, or insertion
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of the enzyme into the brush border membrane are associated
with congenital SI deficiency (21, 29, 40, 54). Abnormality in SI
glycosylation leading to degradation by rapid proteolytic
breakdown has also been induced experimentally by fructose
and sucrose (15, 16), epidermal growth factor EGF (13), or
heat shock (56) treatment of Caco-2 cells. Impairment of SI
anchorage in the brush border of Caco-2 cells has also been
induced by brush border cytoskeletal alteration (12).

In this work, we studied the regulation of SI expression in
RRV-infected Caco-2 cells. We found that SI activity and
apical expression were specifically and selectively decreased by
RRV infection in the absence of cell destruction. Using pulse-
chase experiments and cell surface biotinylation, we demon-
strated that RRV infection did not affect SI biosynthesis, mat-
uration, or stability but induced the block of SI transport from
the TGN to brush border membrane. Using confocal laser
scanning microscopy (CLSM), we found that RRV infection
induces an important alteration of the brush border-associated
cytoskeleton that correlates with decreased SI apical surface
expression. These results lead us to propose an alternate ro-
tavirus pathophysiological model in which alteration of entero-
cytic functions depends on perturbation in protein trafficking
and cytoskeleton.

MATERIALS AND METHODS
Reagents. Leupeptin, aprotinin, antipain, benzamidine, pepstatin A, phenyl-

methylsulfonyl fluoride, Gly-Pro p-nitroanilide, L-Ala p-nitroanilide, p-nitrophe-
nylphosphate, 4-aminoantipyrine, glucose oxidase, peroxidase, trypsin, Triton
X-100, salicylic acid, 1,4-diazabicyclo-(2.2.2.)octane (DABCO), and paraformal-
dehyde were purchased from Sigma-Aldrich Chimie SARL, L’Isle d’Abeau
Chesnes, France. Glycergel and propidium iodide were from Dakopatts, Copen-
hagen, Denmark. Ammonium chloride, methanol, and acetic acid were obtained

from Prolabo, Paris, France. Protein A-Sepharose beads were purchased from
Pharmacia Biotech, Saclay, France. Products for cell culture were from Life
Technologies, Eragny, France, except Dulbecco modified Eagle’s medium
(DMEM) without methionine and cysteine, which was obtained from ICN Bio-
medicals Inc., Costa Mesa, Calif. Costar Transwell filters (0.4-mm pore size) were
obtained from Dominique Dutscher, Brumath, France. The bicinchoninic acid
assay kit, NHS-LC-biotin, and streptavidin-agarose beads (all manufactured by
Pierce) were purchased from Interchim, Montluçon, France. Pansorbin beads
were from Calbiochem via France Biochem, Meudon, France. 70% L-[35S]me-
thionine–30% cysteine (PRO-MIX) was obtained from Amersham, Les Ulis,
France. Endoglycosidase H (endo H) was provided by Genzyme (Tebu, Le
Perray en Yveline, France).

Cells and culture conditions. The Caco-2 cell line was established from a
human colon adenocarcinoma by J. Fogh (20). Cells were cultured (passages 60
to 90) in DMEM supplemented with 20% heat-inactivated fetal bovine serum
(FBS), antibiotics (100 U of penicillin and 100 mg of streptomycin per ml), and
13 nonessential amino acids (55). For viral infection studies, the cells were
seeded at a density of 10,000 c/cm2 on tissue culture-treated polycarbonate
Transwell filters containing pores of 0.4-mm diameter. Apical and basal media
were replaced every 2 days. Infections were done late after confluency, i.e., after
20 days in culture. The cells were maintained at 37°C in a 10% CO2–90% air
atmosphere. MA104 cells were cultured in minimal essential medium supple-
mented with 10% FBS, 2 mM glutamine, antibiotics (20 U of penicillin and 40 U
of streptomycin per ml), and 13 nonessential amino acids in a 5% CO2 incubator.
Cells (105/cm2) were seeded in 150-cm2 tissue culture flasks (Falcon; Becton Dick-
inson, LePont-de-Claix, France) and used for production of virus stock 48 h later.

Virus. Rhesus rotavirus RRV was obtained from Jean Cohen (Institut Na-
tional de la Recherche Agronomique, Jouy en Josas, France). Virus stock was
generated in MA104 cells after 24-h preincubation of the cells in a serum-free
culture medium. Viruses were activated by treatment with 0.5 mg of trypsin per
ml (9) at 37°C for 30 min, and MA104 cell monolayers were infected at a
multiplicity of infection of 0.002 PFU/cell. After 1 h of adsorption at room
temperature, the inoculum was removed and infected cells were incubated in
culture medium containing 0.5 mg of trypsin per ml. After a complete cytopathic
effect was obtained, the cultures were freeze-thawed and cell debris was removed
by centrifugation.

Virus infection of Caco-2 cells. Caco-2 cells grown on Transwell filters (cul-
tured without FBS during 24 h) were infected with an inoculum of activated

FIG. 1. Enzyme activity and RRV antigen expression in Caco-2 cells infected with RRV. (A) At 24 h p.i., total membrane fraction was prepared and assayed for
SI, DPP IV, g-GTP (g-Glu), APN, and AP activities. Each bar represents the mean 6 SD of six experiments. p, statistically significant difference (P , 0.01). Additional
determination of enzymatic activity indicates that SI activity decreased from 16 to 24 h (not shown). 3, control; h, RRV infected. (B) At the same times p.i., infected
cells were fixed with 3% paraformaldehyde and permeabilized with Triton X-100. RRV antigens were immunostained with a polyclonal anti-group A rotavirus and
fluorescein-labeled anti-rabbit IgG secondary antibodies (left). Infected monolayers were also examined by phase-contrast microscopy (right). The bar indicates 25 mm.
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RRV at a multiplicity of infection of 10 PFU/cell in apical chambers for 1 h at
room temperature. The inoculum was then removed, and fresh medium contain-
ing 0.5 mg of trypsin per ml was added. Infected cells were incubated at 37°C in
a 10% CO2–90% air atmosphere and were processed for experiments at the
indicated time postinfection (p.i.).

Enzyme assays. Cells were washed in ice-cold phosphate-buffered saline
(PBS), scraped off, suspended in PBS, and homogenized. Enzyme activities were
measured in enriched total membrane fraction following centrifugation of the
cell homogenates (1 h, 100,000 3 g, 4°C) (6). SI activity was assayed by the
method of Messer and Dahlquist (45), modified by using a glucose oxidase-
peroxidase reagent that contains 4-aminoantipyrine instead of o-dianisidine as
the chromogen (62). g-Glutamyltranspeptidase (g-GTP) activity was assayed by
the method of Naftalin et al. (50). Alkaline phosphatase (AP) activity was
assayed as described by Eichholz (19). Amino peptidase N (APN) and DPP IV
were assayed as described by Maroux et al. (41) and Nagatsu et al. (51), respec-
tively. Controls to exclude the possibility that an RRV protein could specifically
inhibit the in vitro SI assay were performed. A lysate of noninfected cells was
incubated with increased quantities of virus or with increased quantities of a
lysate of infected cells. In either case, no decrease of SI activity of the control cell
lysate was detected. Enzyme specific activities are expressed as milliunits/milli-
gram of protein (mean 6 standard deviation [SD]). One unit is defined as the
activity that hydrolyzes 1 mmol of substrate/min at 37°C. Protein concentration
was determined by the bicinchoninic acid assay.

Pulse-chase experiments. Filter-grown Caco-2 cells, mock infected or infected
with RRV for 16 h, were incubated for two 30-min periods in DMEM without
methionine-cysteine and then pulsed for 1 h with the same medium (150 ml/filter)
containing 160 mCi of L-[35S]methionine (via the basolateral side). After a wash
with DMEM, the incorporated radioactivity was chased in DMEM containing 1
mM methionine and 2.5 mM cysteine for the indicated time.

Selective cell surface biotinylation. At the end of the chase period, cells were
biotinylated at the apical or basolateral surface with NHS-LC-biotin (0.5 mg/ml
diluted from a 200-mg/ml stock solution in dimethyl sulfoxide) as described
previously (37). Biotinylation was performed twice on ice (20 min each time) and
stopped by repeated washing with PBS and 50 mM NH4Cl.

Immunoprecipitation, streptavidin precipitation, and SDS-PAGE. After bio-
tinylation, filters were excised and cell homogenates were processed for immu-
noprecipitation using specific antibodies and protein A-Sepharose beads as pre-
viously described (3, 22). After immunoprecipitation, a 1/10 aliquot was directly
analyzed to quantify the total amount of immunopurified antigens, and biotin-
ylated proteins were recovered with streptavidin agarose beads from the remain-
ing 9/10 of immunopurified antigens as described by LeBivic et al. (37). Immu-
nopurified antigens and biotinylated proteins were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a 7.5% or 6 to 15%
polyacrylamide gel, and fluorography was performed as described by Sapin et al.
(59). Fluorograms were quantified with a densitometric scanner (AGFA ARCUS
II) and Image 1.57 software.

Viral protein detection. During RRV infection, viral proteins are oversynthe-
sized and adhere nonspecifically to the protein A-Sepharose beads used to

recover antibody-antigen complexes. Therefore, VP4 rotavirus proteins, in ad-
dition to hydrolases that are specifically immunoprecipitated, were always de-
tected by SDS-PAGE. These background bands did not interfere with the de-
tection of SI. However, there is an overlap between the molecular masses (each
100 kDa) of the high-mannose form (immature form) of DPP IV and of VP4. As
high-mannose DPP IV is endo H sensitive whereas VP4 is endo H resistant, we
performed endo H digestion (according to the manufacturer recommendations)
to increase the mobility of digested high-mannose DPP IV. After endo H diges-
tion, the high-mannose form of DPP IV became deglycosylated and its molecular
mass decreased to 85 kDa, whereas the molecular mass of viral VP 4 did not
change.

Antibodies and lectin. Rabbit polyclonal antirotavirus antibody 8148 was a gift
from Jean Cohen. Rabbit polyclonal anti-human SI antibodies were a gift from
Isabelle Chantret (Institut National de la Santé et de la Recherche Médicale
[INSERM], Villejuif, France) (61). Rat anti-human DPP IV monoclonal anti-
body (MAb) 4H3 and rat anti-human SI MAb 8A9 were a gift from Suzanne
Maroux (INSERM, Marseille, France) (25). Rabbit polyclonal anti-human villin
antibody was a gift from Daniel Louvard (Institut Curie, Paris, France) (12).
Fluorescein isothiocyanate (FITC)-conjugated rabbit anti-rat immunoglobulin G
(IgG) was purchased from Sigma. Tetramethyl rhodamine (TRITC)-conjugated
goat anti-rabbit IgG was from Biosys (Compiègne, France). FITC-conjugated
goat anti-mouse IgG was purchased from Jackson ImmunoResearch Laborato-
ries via Interchim. FITC-conjugated phalloidin was obtained from Molecular
Probes via Interchim.

Immunofluorescence (IF) and CLSM. Caco-2 cells cultured on Transwell
filters were fixed with 2% paraformaldehyde for 15 min at room temperature,
washed three times with PBS, and then permeabilized with 0.2% Triton X-100 in
H2O. After three washes in PBS, cells were stained for SI, DPP IV, RRV,
F-actin, or villin by incubation with the antibodies or lectin as described above for
60 min at room temperature. After three washes in PBS, cells were incubated
with FITC- or TRITC-conjugated secondary antibody for 45 min. Following
three washes in PBS, cells were incubated for 10 min with DABCO antifading
reagent and mounted with Glycergel. Fluorescence was observed in a LEICA
TCS equipped with a DMR inverted microscope and a 63/1.4 objective. A
krypton-argon mixed-gas laser was used to generate two bands: 488 nm for FITC
and 568 nm for TRITC. A band-pass filter was used to recover FITC fluores-
cence, and an LP 590 was used for TRITC. Both fluorochromes were excited and
analyzed in one pass with no interference between the two channels. Image
processing was performed with the on-line Scan Ware software. Numeric images
were transferred to a Power Mac 8100 equipped with an image analysis station
(Image 1.57 and Photoshop), and mounted images were printed on a Kodak XLS
8600 PS printer.

RESULTS

Selective decrease in SI activity and expression in RRV-
infected Caco-2 cells. To characterize disaccharidase abnor-

FIG. 2. Alteration in the apical SI distribution in RRV-infected Caco-2 cells. At 24 h p.i., RRV-infected and mock-infected Caco-2 cells were fixed and
permeabilized as described for Fig. 1. (A) SI was stained with a rat anti-SI MAb and fluorescein-coupled anti-rat IgG secondary antibodies. (B) DPP IV was
immunostained with a rat anti-DPP IV MAb and fluorescein-coupled anti-rat IgG secondary antibodies. Horizontal (XY) sections at the apical level and vertical (XZ)
sections were obtained by direct confocal analysis. Each bar indicates 10 mm.
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malities induced by rotavirus infection of intestinal epithelial
cells, we studied the activities of several brush border enzymes
in RRV-infected Caco-2 cells. In these experiments, RRV-
infected cells, detected by IF staining of viral antigens, repre-
sented 80% of the monolayer (Fig. 1B). In accordance with our
previous work (34), no cell desquamation or destruction was
observed at the level of phase-contrast microscopy (Fig. 1B).
At 24 h p.i., RRV-infected Caco-2 cells were assayed for total
membrane-associated SI, g-GTP, AP, APN, and DPP IV ac-
tivities. As seen in Fig. 1A, only SI activity was markedly
affected by RRV infection. Its specific activity decreased by
66% of control values. No significant changes were observed in
the activities of DPP IV, AP, APN, and g-GTP.

Indirect IF staining and CLSM experiments were conducted
to investigate whether alterations in SI distribution were asso-
ciated with its decreased activity. At 24 h p.i., RRV-infected
Caco-2 cells were fixed with paraformaldehyde, permeabilized
with Triton X-100, and labeled with anti-SI or anti-DPP IV
antibodies. In Caco-2 control cells, horizontal sections (XY) of
the apical region (Fig. 2A) showed normal SI staining (30, 55).
Vertical sections perpendicular to the plane of the monolayer
(XZ) showed, as expected, that SI staining was exclusively
localized at the apical domain of Caco-2 cells. In RRV-in-
fected cells, SI staining was strikingly decreased at the apical
surface of the cells (Fig. 2A). This observation was confirmed
on XZ sections of the same monolayer. In contrast, the apical
expression of DPP IV, which does not exhibit decreased activ-
ity upon RRV infection, was the same as for control cells (Fig.
2B). However, the basolateral expression of DPP IV was
greater in infected cells than in control cells.

Altogether, these results demonstrate that the selective low
level of SI activity induced by RRV infection is associated with
a specific reduction of SI expression at the apical domain of
Caco-2 cells and does not result from enterocytic destruction.

Effect of RRV infection on biosynthesis, maturation, and
stability of SI. To define which step(s) of SI processing is
altered by RRV infection, we used 35[S]methionine pulse-

chase experiments to study the biosynthesis, maturation, and
stability of SI and of DPP IV. Infected and mock-infected
Caco-2 cells were pulse-labeled for 1 h and then chased for
various time periods. SI and DPP IV were quantitatively im-
munoprecipitated and analyzed by SDS-PAGE.

In Caco-2 control cells, biosynthesis and processing of SI
followed the same kinetics as previously described (30, 43).
After 30 min of chase, SI was present in the 200-kDa band
representing the high-mannose form. After 1 h of chase, a
small fraction was processed to the 210-kDa complex form.
This fraction increased after 3 h of chase and was the only SI
form after a 6-h chase period (Fig. 3A, lanes C). RRV-infected
Caco-2 cells exhibited an identical pattern of SI synthesis.
Furthermore, densitometric scanning of the fluorogram indi-
cates that RRV-infected cells synthesized the same amount of
SI as did control Caco-2 cells (Fig. 3B). SI processing in RRV-
infected cells also followed the same patterns and kinetics as in
control cells (Fig. 3A). These findings indicate that SI biosyn-
thesis, maturation, and stability are not impaired in RRV-
infected cells.

DPP IV biosynthesis, maturation, and stability were exam-
ined by comparison. In control Caco-2 cells receiving a 1-h
pulse, newly synthesized DPP IV was expressed as the imma-
ture 100-kDa high-mannose form, which was processed to the
110-kDa complex glycosylated form following a chase for 1 to
6 h (Fig. 4A, lanes C). For RRV-infected cells, as mentioned in
Materials and Methods, interpretation of the gel was compli-
cated by viral VP4 protein migrating at the same position as

FIG. 3. SI biosynthesis, maturation, and stability in RRV-infected Caco-2
cells. At 16 h p.i., RRV-infected (I) and mock-infected (C) Caco-2 cells were
pulse-labeled for 1 h with [35S]methionine-cysteine and chased for 0, 1, 3, and
6 h. Cells were then extracted, and SI was detected by immunoprecipitation with
an anti-SI MAb followed by SDS-PAGE (7.5% gel) and fluorography (A). (B)
Densitometric quantification of the fluorogram shown in panel A. Values are
means 6 SD of three independent experiments.

FIG. 4. DPP IV biosynthesis, maturation, and stability in RRV-infected cells.
After the immunoprecipitation with an anti-SI MAb (Fig. 3), the supernatants
depleted of SI were immunoprecipitated with an anti-DPP IV MAb. The immu-
noprecipitates were then analyzed by SDS-PAGE on a 6 to 15% (A) or 7.5% (B)
polyacrylamide gel without endo H treatment (panel B, lanes 1, 3, 5, 7, 9, and 11)
or after endo H treatment (panel B, lanes 2, 4, 6, 8, 10, and 12) in order to
differentiate the high-mannose DPP IV form from viral protein VP4 as described
in Materials and Methods. After endo H treatment, the immature form of DPP
IV became deglycosylated and its molecular mass decreased to 85 kDa, whereas
the molecular mass of VP4 did not change. Labeled proteins were visualized by
fluorography (black square, immature 100-kDa DPP IV; white square, deglyco-
sylated 85-kDa DPP IV; black arrowhead, mature 110-kDa DPP IV; white
arrowhead, viral protein VP4). I, RRV-infected Caco-2 cells; C, mock-infected
Caco-2 cells.
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the immature 100-kDa high-mannose DPP IV form (Fig. 4A,
lanes I). Therefore, to differentiate between these two pro-
teins, we performed endo H experiments. As shown in Fig. 4B,
the amount of DPP IV as well as the maturation patterns and
kinetics of the enzyme were the same in RRV-infected cells as
in control cells (Fig. 4B; compare lanes 2, 6, and 10 [control]
with lane 4, 8, and 12 [infected cells]).

These results show that RRV infection does not perturb SI
or DPP IV biosynthesis, stability, and maturation rates.

Effect of RRV infection on delivery of SI to the cell surface.
We next studied cell surface delivery of SI and DPP IV in
RRV-infected Caco-2 cells by radioactive pulse-chase and se-
lective surface domain biotinylation.

In agreement with previous studies (36, 42), SI accumulation
at the apical domain of control cells increased progressively
during a 2- to 6-h chase (Fig. 5A). SI was barely detectable at
the basolateral side of Caco-2 cells (not shown). In RRV-
infected cells, while SI was still undetectable at the basolateral
surface (not shown), the amount present at the apical surface
was much less than in control cells (Fig. 5A). Scanning of the
fluorograms (Fig. 5B) confirmed that apical expression of SI
was greatly reduced following a 6-h chase.

DPP IV membrane delivery was also examined. In control
cells, its polarized cell surface delivery followed essentially the
same pattern and kinetics as previously reported (42). The
enzyme was first inserted into both apical and basolateral cell
surface domains. During 3 to 6 h of chase, DPP IV decreased
at the basolateral surface but increased in the apical mem-
brane, compatible with its rapid transcytosis to the apical sur-
face (42) (Fig. 6A). In RRV-infected cells, while the total
amount of membrane DPP IV was the same as in control cells,
its pattern and kinetics of domain-specific expression were
different (Fig. 6A). After a 3-h chase (by which time DPP IV
was entirely processed and migrated as the upper 110-kDa
band), the amount of newly synthesized DPP IV in the apical
membrane of RRV-infected cells was slightly lower than in

control cells (30% of the total membrane DPP IV, versus 40%
in control cells). Moreover, between 3 and 6 h of chase, the
amount of DPP IV delivered to the apical surface via transcy-
tosis from the basolateral pole increased by 7% in RRV-in-
fected cells, compared to 24% in control cells (Fig. 6B). How-
ever, after an overnight chase, the level of apical DPP IV
reached control values in infected cells (Fig. 6). These results
show that RRV infection induced an almost complete block-
ade of SI targeting to the apical surface, while apical DPP IV
targeting was only delayed.

RRV infection perturbs the organization of microvillar cy-
toskeleton in Caco-2 cells. Alteration of brush border-associ-
ated cytoskeleton has been shown to impair apical SI expres-
sion (12, 58). For this reason, we used CLSM to study the
spatial distribution of two major brush border-associated cy-
toskeleton components, actin microfilaments and villin, an ac-
tin-associated protein, in RRV-infected Caco-2 cells. At 24 h
p.i., RRV-infected and mock-infected Caco-2 cells were fixed,
permeabilized, and stained with phalloidin-fluorescein, which
specifically binds to F-actin, or stained with a monoclonal an-
tivillin antibody. Selected horizontal sections from the apex to
the base of the cells are shown in Fig. 7 and 8.

In control cells, most F-actin was localized within the apical
FIG. 5. Delivery of SI to the apical surface is blocked by RRV infection. At

16 h p.i., RRV-infected (I) and mock-infected (C [control]) Caco-2 cells were
pulse-labeled for 1 h with [35S]methionine-cysteine and chased for 2, 3, or 6 h.
The monolayers were then biotinylated on the apical surfaces and extracted, and
SI reaching the apical surface was determined by immunoprecipitation, strepta-
vidin precipitation, SDS-PAGE (7.5% gel), and fluorography. (A) SI apical
arrival; (B) densitometric quantification of the fluorogram in panel A. Values are
means 6 SD of three independent experiments.

FIG. 6. Apical and basolateral delivery of DPP IV is delayed by RRV infec-
tion. After immunoprecipitation with an anti-SI MAb (Fig. 5), the supernatants
depleted of SI were immunoprecipitated with an anti-DPP IV MAb. Apical (Ap)
and basolateral (Bl) biotinylated DPP IV were subjected to streptavidin precip-
itation, SDS-PAGE (15% gel), and fluorography. After a 3-h chase, DPP IV was
entirely processed to the 110-kDa complex glycosylated form and represented
only by the upper 110-kDa band. The 100-kDa band represents the viral protein
VP 4 (A). (B) Densitometric quantification of the DPP IV bands shown in panel
A. Values are means 6 SD of three independent experiments. C, control; I,
infected.
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domain (Fig. 7A). Only weak staining of microfilaments was
observed along the lateral membrane (Fig. 7B), and stress
fibers were poorly represented in the basal region, as is usual
for confluent Caco-2 cells (Fig. 7C). In RRV-infected cells, the
F-actin staining completely disappeared from the apex of the
cells (Fig. 7A). Lateral F-actin and basal stress fibers were only
slightly affected (Fig. 7B and C) compared to control cells.
Villin expression was also strongly altered by infection (Fig. 8).
Apical staining had, to a great extent, disappeared (Fig. 8A),
and subcortical staining appeared irregular and organized into
patches (Fig. 8B) compared to control cells. Altogether, these
results show that RRV infection induces significant changes in
the distribution of brush border-associated cytoskeletal pro-
teins in polarized intestinal Caco-2 cells.

DISCUSSION

Rotavirus infection is known to reduce the level of disaccha-
ridase activity in intestinal epithelial cells in vivo. In this study,
we used the human intestinal epithelial cell line Caco-2 to
demonstrate that RRV infection specifically and selectively
decreased the activity and apical expression of SI without al-
tering activity and apical expression of other brush border
hydrolases. This alteration occurs without apparent cell de-
struction, a result that confirms our previous finding that RRV
can replicate and be released from intestinal epithelial cells
without cell lysis (34). We also demonstrate that the reduction
of SI apical expression was due to a block in its transport from
the TGN to the brush border membrane. Finally, we show that
RRV infection perturbs the brush border-associated cytoskel-

eton, which may explain the block in SI transport to the apical
surface.

In 1977, Davidson and collaborators proposed a mechanism
to explain the low level of disaccharidase activity induced by
rotavirus infection; they hypothesized that the enterocytes that
repopulate the villi after virus-induced tip cell destruction
could be crypt-like, with a reduced digestive capacity (18).
However, this mechanism cannot account for the low disac-
charidase activities that are still observed in rotavirus-infected
enterocytes exhibiting little, if any, cytopathological abnormal-
ities (4, 17). Interestingly, recent in vivo results have led to the
conclusion that disaccharidase deficiency could not result from
repopulation of villi with immature enterocytes but more likely
reflected a specific functional alteration of infected enterocytes
(10). Using the intestinal epithelial cell line Caco-2, we clearly
show that decrease of SI activity did not result from enterocyte
or brush border destruction. Furthermore, DPP IV shows a
normal enzymatic activity and is correctly expressed at the
apical surface of RRV-infected cells. These results are consis-
tent with decrease of disaccharidase activity observed in vivo in
the absence of enterocyte destruction and any physiopatho-
logic changes (4, 10, 17).

Our results show that rotavirus infection perturbs the last
step of SI processing, transport from the TGN to the brush
border. Polarized transport of membrane proteins in epithelial
cells involves carrier vesicles, the specific fusion of these vesi-
cles with the appropriate membrane domain, and protein re-
tention across the membrane. RRV infection may interfere
with such mechanisms. However, while intracellular transport
of SI to the brush border was dramatically impaired upon RRV

FIG. 7. Three-dimensional F-actin alteration induced by RRV infection. At 24 h p.i., RRV-infected and mock-infected Caco-2 cells were fixed, permeabilized, and
stained with fluorescein-phalloidin, which binds to F-actin. Horizontal sections were generated by CLSM along an axis perpendicular to the monolayer, at the apex (A),
the middle (B), and the base (C) of the cell. Bars, 10 mm.
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infection, DPP IV arrival to the brush border was merely
delayed. This difference in effect may account for the different
apical transport pathways followed by the two enzymes. In-
deed, SI is targeted directly to the apical membrane (36, 42),
whereas DPP IV is first inserted into the basolateral mem-
brane and subsequently retrieved by transcytosis to the apical
surface (42). Moreover, SI but not DPP IV has been detected
in Triton X-100-resistant microdomains of glycosphingolipids
(GSL) (22) in charge of the direct transport of glycosylphos-
phatidylinositol-anchored proteins from the TGN to the apical
membrane (22, 39). Interestingly, we previously observed that
RRV was transported and released at the apical membrane of
Caco-2 cells by vesicular transport (34). Furthermore, prelim-
inary studies from our laboratory have shown that in infected
Caco-2 cells, RRV proteins are detected in the Triton X-100-
insoluble fraction (unpublished data), suggesting that rotavi-
rus-containing vesicles interact with GSL microdomains. Fur-
ther studies will determine if rotavirus interferes with the
apical transport of SI by perturbing these GSL microdomains.

Another hypothesis to explain the specific reduction in SI
expression at the apical surface involves reorganization of the
microvillar cytoskeleton. Costa de Beauregard and collabora-
tors (12) used an antisense RNA strategy to inhibit synthesis of
villin. The results of these experiments showed that the brush
border microvilli were disassembled. Furthermore, concomi-
tantly apical localization of SI, but not other brush border
enzymes, was specifically impaired. Salas and collaborators
have also disorganized the microvillar cytoskeleton by reducing
expression of cytokeratin 19; this also perturbed apical target-

ing for SI as well as AP (58). In MDCK cells, the protein gp135
is maintained on the apical cell surface through interaction
with actin microfilaments of the apical cytoskeleton (53). In the
same cellular model, preferential basolateral retention of
Na1,K1-ATPase is due to ankyrin and fodrin, two actin-bind-
ing proteins of the basolateral membrane cytoskeleton (27,
52). The apical actin and villin disassembly induced by RRV
infection is in accordance with the aberrantly shaped microvilli
observed in RRV-infected Caco-2 cells by electron microscopy
(34) and could also explain the block in apical SI transport.

In many viral infections, alterations of the cytoskeleton are
caused by a direct interaction between virus or viral proteins
and components of the cytoskeleton, thus contributing to rep-
lication, assembly, transport, and/or release of virions (1, 14,
49, 63). Two RNA-binding nonstructural proteins of rotavirus,
NSP1 and NSP2, associate with the cytoskeleton (32, 44), sug-
gesting that replication and/or capsid assembly may require a
cytoskeleton framework. In our study, microvillus cytoskeleton
changes were observed at a late stage of infection (from 16 [not
shown] to 24 h p.i.), corresponding to the release of virions.
Therefore, interaction between rotavirus and components of
microvillus cytoskeleton during virion release is possible. An-
other possibility is that rotavirus infection indirectly changes
the organization of the cytoskeleton through biochemical
events. For example, increase of intracytoplasmic calcium is
caused by rotavirus infection (46, 60) and is known to induce
disassembly and alterations in microvilli (31, 47, 48). It is thus
conceivable that rotavirus infection can trigger cytoskeleton
alteration by a Ca21-dependent mechanism. Such a mecha-

FIG. 8. Alteration of villin organization induced by RRV infection. At 24 h p.i., RRV-infected and mock-infected Caco-2 cells were fixed, permeabilized, and
immunostained with polyclonal antivillin antibodies and fluorescein-labeled anti-rabbit IgG antibodies. Apical (A) and subcortical (B) horizontal sections were
generated by CLSM. Bars, 10 mm.
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nism would be in accordance with the new concept of viral
enterotoxin proposed by Ball and collaborators (2) for the
rotavirus nonstructural glycoprotein NSP4. Indeed, NSP4 is
capable of inducing dose-related diarrhea in young CD1 mice
by stimulating a Ca21-dependent pathway that would alter
intestinal epithelial transport (2).

In conclusion, Caco-2 cells have proved to be a powerful
enterocyte-like model with which to study mechanisms by
which rotavirus infection induces alterations in disaccharidase
activities. In the absence of enterocyte destruction, rotavirus
infection induces a specific alteration of SI arrival to the apical
surface that may involve interaction with GSL transport or/and
the microvillus cytoskeleton. Our results provide an alternate
model of rotavirus pathophysiology.
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