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Rotavirus is a major cause of infantile gastroenteritis with a multifactorial pathogenesis. As with many other
pathogens, rotavirus infection and replication leads to rearrangement of the cytoskeleton with disorganization
of cytoskeletal elements such as actin and cytokeratin through a calcium-dependent process that has not been
fully characterized. The rotavirus enterotoxin NSP4, shown previously to elevate intracellular calcium levels
when added exogenously as well as when expressed intracellularly, is a key player in intracellular calcium
regulation during rotavirus infection. Here, we investigated the role NSP4 may play in actin rearrangement.
Expression of NSP4 fused to enhanced green fluorescent protein (NSP4-EGFP), but not expression of EGFP
alone, caused stabilization of long cellular projections in fully confluent HEK 293 cells. Cells expressing
NSP4-EGFP for 24 h were also resistant to cell rounding induced by cytochalasin D. Quantification of
filamentous actin (F-actin) content by using rhodamine-conjugated phalloidin and flow cytometry showed an
elevated F-actin content in NSP4-EGFP-expressing and rotavirus-infected cells in comparison with that in
nonexpressing and noninfected cells. Normalization of intracellular calcium levels prevented alterations of
F-actin content. Observed changes in F-actin amounts correlated with the increased activation of the actin-
remodeling protein cofilin. These calcium-dependent actin rearrangements induced by intracellular NSP4
expression may contribute to rotavirus pathogenesis by interfering with cellular processes dependent on

subcortical actin remodeling, including ion transport and viral release.

Rotavirus is a major cause of infantile diarrhea worldwide,
claiming approximately 600,000 lives annually (40). The patho-
genesis of rotavirus is not yet fully understood, but the involve-
ment of multiple signaling pathways has been suggested. It was
shown 30 years ago that rotavirus infects mature enterocytes in
the upper villi in the small intestine of the host (16, 25).
However, rotavirus tissue tropism is not necessarily restricted
to the gut. In tissue culture cells, rotavirus replicates in many
cell types (epithelial as well as nonepithelial), and recent data
show extraintestinal spread of rotavirus in infected children
and animals (2, 7, 8, 15, 21, 34, 35, 50). In polarized human
intestinal Caco-2 cells, rotavirus infection induces calcium-de-
pendent depolymerization of microvillar actin and interferes
with protein trafficking (9, 27) and cell monolayer integrity by
disruption of tight junctions (39). Brunet et al. (9) showed that
a viral protein secreted into the medium of infected Caco-2
cells likewise causes disassembly of microvillar actin in nonin-
fected cells. The best candidate for this extracellular activity is
the rotavirus enterotoxin NSP4, shown to be secreted into the
medium of rotavirus-infected cells (49). When added to the
apical media of polarized MDCK-1 cells, NSP4 causes filamen-
tous actin (F-actin) redistribution accompanied by a reduction
of transepithelial resistance (44). Extracellular NSP4 (eNSP4)
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affects intracellular calcium levels through activation of phos-
pholipase C (PLC) (18). This suggests a role for eNSP4 in actin
cytoskeleton changes via PLC signaling. However, a second,
PLC-independent mode of intracellular calcium elevation is
also recognized for intracellular NSP4 (iNSP4) (6).

In this study, we investigated the effects of iNSP4 expression
and thus the effects of chronic, PLC-independent elevation of
intracellular calcium levels on cell structure. To minimize the
cytotoxicity of NSP4 expression (45), we used an inducible HEK
293-derived cell line that expresses NSP4 fused to enhanced green
fluorescent protein (EGFP) upon activation of a tetracycline
(Tet)-responsive promoter (5, 6). Striking changes observed in
confluent cells expressing NSP4-EGFP were (i) the presence of
long cellular projections, (ii) partial resistance to cytochalasin
D-induced cell rounding, and (iii) increased F-actin content. This
paper reports studies aimed at understanding the molecular basis
of these changes. We found that intracellularly expressed NSP4
causes sub-plasma membrane actin reorganization in a calcium-
dependent manner through decreased phosphorylation of the
actin remodeling protein cofilin.

MATERIALS AND METHODS

Cell culture. The previously described (5, 6) HEK 293 “Tet-on” cells inducibly
expressing NSP4-EGFP (HEK 293/NSP4-EGFP cells) were maintained accord-
ing to recommendations from Clontech Laboratories, Inc. Briefly, cells were kept
at 37°C under 5% CO, in minimal essential medium (MEM) with alpha modi-
fication (Sigma-Aldrich Co., St. Louis, MO), with 10% Tet system-approved fetal
bovine serum (FBS; Clontech Laboratories, Inc., Palo Alto, CA), 2 mM L-
glutamine (Sigma-Aldrich Co., St. Louis, MO), 100 wg/ml Geneticin, and 37.5
pg/ml hygromycin B (both from Gibco BRL, Life Technologies, Inc., Gaithers-
burg, MD). Cells were split at a ratio of 1:3 twice per week. The HEK 293 cells
were maintained under identical conditions with omission of Geneticin and
hygromycin B. The MA104 cells were grown at 37°C under 5% CO, in high-
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glucose Dulbecco’s MEM (DMEM) (Gibco BRL, Life Technologies, Inc., Gaithers-
burg, MD) supplemented with 10% FBS.

Transfections/virus infections. HEK 293 and MA104 cells were seeded into
6-well plates and grown at 37°C under 5% CO, as described above. Cells were
transfected with 1.5 ug of p-EGFP-N1 (Clontech Laboratories, Inc., Palo Alto,
CA) or 4 pg of p-EGFP-NSP4 plasmids (5, 6) using Lipofectamine 2000 (Gibco
BRL, Life Technologies, Inc., Gaithersburg, MD) according to the manufactur-
er’s recommendations. The lower concentration of the p-EGFP-N1 plasmid was
used to decrease the number of EGFP-expressing cells in order to allow us to
visualize cell shape in confluent cells.

For small interfering RNA (siRNA) experiments, MA104 cells seeded in
six-well plates were grown to ~70% confluence. The cells were washed in serum-
free medium, and a mixture of 75 pmol of annealed duplex siRNA (Dharmacon
Research, Lafayette, CO) (rhesus rotavirus [RRV] NSP4 siRNA sequence, AA
GGCCUCGGUUCCAACCAUG [31]; SA11 clone 3 siRNA sequence, AAGC
CACAGUCAGCCAUAUCG; Norwalk virus ORF3 siRNA sequence, AAGCG
GCCCUCCAAAGCCAAA) and 9.5 ul of Lipofectamine 2000 (Invitrogen), or
the lipid mixture without siRNA, in 500 ul OptiMEM, was added to each well.
After 4 to 5 h of incubation, 2 ml of DMEM containing 10% FBS was added to
each well. Transfected cells were infected 72 h after transfection with either
RRYV or SA11 clone 3 rotavirus or mock infected.

For virus infections, serum-free medium was put on the cells 1 h before
infection. Rotavirus simian strains SA11 and RRV, and human strain PA169,
diluted in serum-free medium, were inoculated onto cells for 1 h at 37°C at a
multiplicity of infection of 3 or 10. Upon removal of the inoculum, cells were
grown in serum-free regular DMEM or DMEM supplemented with 2 mM
EGTA. Cells were harvested 7 and 18 h postinfection and analyzed by Western
blotting or by flow cytometry.

Immunofluorescence and confocal microscopy. Cells were seeded onto
4-chamber microscope slides (2 X 10* cells/chamber) and induced with 10 pg/ml
doxycycline for 1.5 h. The doxycycline-containing medium was then replaced with
a regular culture medium (without doxycycline). Cytochalasin D was added to
the medium where indicated at a 1 wM final concentration (24). Twenty-four
hours postinduction, cells were fixed with 4% formaldehyde in 0.01 M phos-
phate-buffered saline (PBS) for 30 min at 4°C and permeabilized with 0.5%
Triton X-100 for 30 min. After three washes with PBS, slides were incubated with
10 nM rhodamine-conjugated phalloidin (Molecular Probes, Eugene, OR) in
PBS for 30 min at 4°C. Excess conjugated phalloidin was removed by three
washes with PBS. Slides were then mounted with Vectashield mounting medium
(Alexis PLATFORM, San Diego, CA).

Mounted slides were observed using a Zeiss LSM 510 META confocal micro-
scope with a 63X immersion oil objective (Carl Zeiss, Germany) in multitrack
mode with the excitation wavelengths set to 488 nm (argon laser) and 543 nm
(HeNe laser) and the emission wavelengths set to 505 to 530 nm and >560 nm
for EGFP and rhodamine signal detection, respectively. Single optical slices were
set to 0.8 wM and Z-stack slices to 0.38 wM. Collected images were processed
using LSM Image VisArt (Carl Zeiss, Inc., Thornwood, NY) and saved in a
12-bit tagged-image RGB format.

Flow cytometry analysis. HEK 293/NSP4-EGFP or MA104 cells were seeded
on 6-well plates (1 X 10° cells/well) and induced with doxycycline or infected with
rotavirus as described above. Twenty-four hours postinduction/18 h postinfec-
tion, cells were collected from each well by scraping and pipetting, followed by a
slow-speed centrifugation (500 rpm for 10 min). HEK 293/NSP4-EGFP cells
were fixed with 500 pl CytoFix/CytoPerm solution (Pharmingen, San Diego, CA)
for 30 min at 4°C and subsequently washed three times with 1 ml of Perm/Wash
buffer (Pharmingen, San Diego, CA). Washed cells were incubated with 500 pl
of rhodamine-conjugated phalloidin for 30 min at 4°C. Rotavirus-infected
MA104 cells were detached by a brief treatment with trypsin and collected in
PBS. Cells were then fixed by addition of ice-cold methanol during vortexing and
incubated for 15 min on ice. Upon removal of methanol, cells were washed with
PBS and then incubated with a primary rabbit anti-rotavirus antibody for 1 h at
room temperature (RT). The cells were washed in PBS and subsequently incu-
bated with a fluorescein isothiocyanate (FITC)-conjugated mouse anti-rabbit
secondary antibody (BD Pharmingen, San Jose, CA) and rhodamine-conjugated
phalloidin as described above. After three washes, cells were suspended in 500 pl
of 2% FBS in PBS and analyzed by Beckman-Coulter EPICS XL-MCL (Beckman-
Coulter, Inc., Fullerton, CA) using FITC and phycoerythrin filters for detection
of EGFP/FITC and rhodamine-phalloidin fluorescence, respectively.

Manipulation of intracellular calcium levels. The HEK 293/NSP4-EGFP cells
were seeded and induced as described above or left uninduced. To lower intra-
cellular calcium levels in NSP4-EGFP-expressing cells, cells were grown in MEM
with alpha modification (Sigma-Aldrich Co., St. Louis, MO), supplemented with
10% Tet system-approved fetal bovine serum (Clontech Laboratories, Inc., Palo
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Alto, CA) and 2 mM EGTA, and analyzed 24 h postinduction. To increase
intracellular calcium levels, cells were incubated for 8 h before analysis with 200
nM thapsigargin (Molecular Probes, Eugene, OR).

Measurement of intracellular calcium levels. The HEK 293/NSP4-EGFP cells
were seeded onto poly-p-lysine (Sigma-Aldrich Co., St. Louis, MO)-coated cov-
erslips. After a 1.5-h adherence/induction period, the seeding medium was re-
placed with doxycycline-free regular culture medium (as above). To lower intra-
cellular calcium levels in NSP4-EGFP-expressing cells, MEM with alpha
modification (Sigma-Aldrich Co., St. Louis, MO) supplemented with 10% Tet
system-approved fetal bovine serum (Clontech Laboratories, Inc., Palo Alto,
CA) and 2 mM EGTA was used. Twenty-four hours postinduction, coverslips
were mounted on measurement chambers, and the cells were loaded for 60 min
at 30°C with 8 M Fura-2 in sodium HEPES buffer with or without 1 mM CacCl,
for measurement of normal and lowered intracellular calcium levels, respec-
tively. Fura-2-loaded cells were then continuously washed with sodium HEPES
buffer (with or without 1 mM CaCl,) for 20 min at 37°C to remove any extra-
cellular dye. Cells were subjected to a dual-excitation, single-emission ratio
imaging of intracellular calcium concentrations using a modified high-resolution
camera/image-intensifier system as described previously (6, 33).

Western blotting. Cells were seeded onto tissue culture dishes, collected in
PBS, and lysed in Laemmli buffer. Lysates were then boiled for 10 min and
analyzed by electrophoresis on 15% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gels. Separated proteins were then transferred
from the gel to a nitrocellulose membrane (Amersham Biosciences, Piscataway,
NJ). Membranes were blocked in 5% Blotto (5% fat-free Carnation milk in 0.01
M PBS) and incubated with a rabbit anti-NSP4, amino acids 120 to 147, anti-
cofilin, anti-phosphocofilin antibody (Chemicon International, Inc., Temecula,
CA), mouse monoclonal antibodies to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), and actin (Chemicon International, Inc., Temecula, CA), all in 0.5%
Blotto overnight at RT. Primary antibodies were removed, and membranes were
washed three times with 0.5% Blotto. An alkaline phosphatase-conjugated sec-
ondary goat anti-rabbit immunoglobulin G antibody and a goat anti-mouse
immunoglobulin G antibody (Sigma-Aldrich Co., St. Louis, MO) were incubated
with the membranes for 4 h at RT and subsequently washed three times with
0.5% Blotto. Membranes were then developed with 5-bromo-4-chloro-3-in-
dolylphosphate-p-nitroblue tetrazolium chloride substrate (Amersham Bio-
sciences, Piscataway, NJ).

RESULTS

The actin network is altered in NSP4-EGFP-expressing
cells. To study the effects of intracellular NSP4 expression, we
constructed an NSP4-EGFP fusion protein and subsequently
generated a HEK 293-based cell line inducibly expressing
NSP4-EGFP (5, 6). An obvious difference observed by visual
inspection of EGFP- and NSP4-EGFP-expressing cells was the
presence of long cellular projections in NSP4-EGFP-express-
ing cells. This morphological phenotype was apparent in HEK
293 and MA104 cells transiently transfected with a pEGFP-
NSP4 plasmid (Fig. 1), as well as in the induced HEK 293/
NSP4-EGFP cells. Long projections are normally present in
low-density HEK 293 cell cultures (Fig. 1A, B, and C) and
reflect the processes of cell spreading and substratum adhesion
(20) but are lost in high-density (confluent) cell layers (Fig. 1D
and E) following the formation of cell-cell contacts and the
physical constraints of cell packing. To quantify the differences
between EGFP- and NSP4-EGFP-expressing cells, six random
optical fields of confluent EGFP- and NSP4-EGFP-expressing
cultures were analyzed for the number of cells with projections
longer than the cell diameter. NSP4-EGFP expression corre-
lated with a 5.1-fold increase in the number of cells with such
projections compared to cells expressing EGFP alone (P <
0.001 by chi-square analysis). The continued presence of long
projections in confluent HEK 293 and MA104 cell layers ex-
pressing NSP4-EGFP (Fig. 1F and H) suggested differences in
cytoskeleton organization.
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FIG. 1. NSP4-EGFP expression causes retention of long cellular projections in HEK 293 cells and MA104 cells. Cells were transfected with an
EGFP- or NSP4-EGFP-expressing plasmid, and cell morphology was observed under white light (A, C, E, and G) or fluorescent light (B, D, F,
H, and I) at X20 magnification. (A) Low-density HEK 293 cell culture; (B and C) EGFP fluorescence and bright-field images of EGFP-expressing
low-density HEK 293 cells 24 h posttransfection; (D and E) EGFP fluorescence and bright-field images of EGFP-expressing confluent HEK 293
cells 24 h posttransfection; (F and G) NSP4-EGFP fluorescence and bright-field images of NSP4-EGFP-expressing confluent HEK 293 cells 24 h
posttransfection. (H) NSP4-EGFP fluorescence in MA104 cells; (I) EGFP fluorescence in MA104 cells. Arrows indicate long projections.
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FIG. 2. NSP4-EGFP expression in HEK 293 cells increases F-actin staining and confers partial resistance to cytochalasin D. HEK 293/NSP4-
EGFP cells were seeded and induced or left uninduced as control cells. At the indicated times, cells were incubated with 1 wM cytochalasin D and
fixed. After fixation, cells were stained with rhodamine-conjugated phalloidin and Hoechst blue and were observed under a confocal microscope.
(A and B) Uninduced HEK 293/NSP4-EGFP cells 24 h postseeding. (C, D, and E) Induced HEK 293/NSP4-EGFP cells 24 h after seeding and
induction. (F, G, and H) Induced cells 24 h after induction with cytochalasin D treatment. (I, J, and K) Induced cells 48 h after induction with
cytochalasin D treatment for the last 24 h. Green, NSP4-EGFP fluorescence; red, rhodamine-phalloidin-stained F-actin; blue, Hoechst blue.

NSP4-EGFP-negative cells are asterisked (G).

The actin network is involved in the formation of cell pro-
trusions (28). To look for possible modifications of the actin
network in NSP4-EGFP-expressing cells, we took advantage of
the specific binding of phalloidin to polymerized F-actin (14).
The F-actin staining of uninduced and induced HEK 293/
NSP4-EGFP cells with rhodamine-conjugated phalloidin re-
vealed thick finger-like protrusions and overall higher periph-
eral (subcortical) cytoplasmic staining when NSP4-EGFP was
expressed intracellularly (Fig. 2, panel B versus panel D).
Treatment of induced cells with the actin network untethering
agent cytochalasin D (14) from the time of doxycycline induc-
tion caused cell rounding and condensation of F-actin into the
perinuclear region (Fig. 2F to H) irrespective of NSP4-EGFP

expression (Fig. 2G). However, treatment of cells with cytocha-
lasin D 24 h post-NSP4-EGFP induction failed to elicit similar
morphological changes. Instead, NSP4-EGFP-expressing cells
retained their irregular shape, projections were still visible, and
dispersed F-actin foci were identified throughout the cyto-
plasm (Fig. 2I to K). This resistance to cytochalasin D-induced
changes in cell shape indicated that expression of NSP4-EGFP
affected the subcortical actin network via actin tethering and/or
the stabilization of actin polymerization.

The amount of F-actin is elevated in NSP4-EGFP-express-
ing cells and rotavirus-infected cells. The presence of thicker
and more frequent finger-like projections and overall higher
subcortical F-actin staining in NSP4-EGFP-expressing cells
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FIG. 3. NSP4-EGFP expression increases F-actin amounts in HEK
293 cells as detected by flow cytometry. Cells were seeded and induced
or left uninduced as a control. Twenty-four hours after seeding/induc-
tion, cells were collected, lightly fixed, and stained with rhodamine-
conjugated phalloidin. Labeled cells were then analyzed by flow cy-
tometry for the intensity of EGFP and rhodamine fluorescence.
(A) Uninduced cells. (Top) EGFP fluorescence intensity analysis.
(Bottom) F-actin staining as the fluorescence intensity of rhodamine-
conjugated phalloidin. (B) Induced cells. (Top) EGFP fluorescence
intensity. (Bottom) F-actin staining as intensity of rhodamine-conju-
gated phalloidin in the EGFP-positive population. (C) Ratios of F-
actin staining for induced nonexpressing cells versus uninduced control
cells (light gray), induced NSP4-EGFP-expressing cells versus unin-
duced control cells (black), and induced NSP4-EGFP-expressing cells
treated with cytochalasin D versus uninduced cells (gray). Data represent
eight and six pairs of induced and uninduced cell populations in three
separate experiments. P values were calculated using the Student # test.

(Fig. 2D and B, respectively) implied a possible increase in
cellular F-actin content within NSP4-EGFP-expressing cells.
To quantify the amount of F-actin in induced and uninduced
cells, we analyzed rhodamine-conjugated phalloidin-stained
cells by flow cytometry. The degree of phalloidin binding re-
flects the degree of cellular actin polymerization (14); thus, the
fluorescence intensity correlates with the amount of F-actin
within the cells. The quantitative cellular fluorescence output
(gated at emission wavelengths of 525 = 25 nm for EGFP-
NSP4 and 580 = 15 nm for rhodamine-phalloidin) of a repre-
sentative pair of uninduced and induced cell populations is
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shown in Fig. 3A and B, respectively. Higher rhodamine-phal-
loidin intensity values corresponding to F-actin staining were
observed in NSP4-EGFP-positive cell populations compared
to uninduced cell populations (bottom panels of Fig. 3B and A,
respectively), while comparable values of F-actin staining were
detected in uninduced and induced nonexpressing cell popu-
lations (Fig. 3C). The mean (population-averaged) F-actin
staining value of NSP4-EGFP-expressing cells (Fig. 3C) was
approximately 1.5 times higher (P < 0.0001) than that of un-
induced cells and 1.8 times higher than that recorded for the
non-pair-matched, nonexpressing cells (data not shown), while
there was no statistically significant difference between unin-
duced and nonexpressing cell populations. Cytochalasin D
treatment of NSP4-EGFP-expressing cells failed to signifi-
cantly affect the mean (population-averaged) F-actin staining
value of induced cells (Fig. 3C) as well as uninduced controls
(data not shown). This result is to be expected from the un-
tethering properties of cytochalasin D (14).

We next determined if the increased F-actin content in
NSP4-EGFP-expressing cells was also observed in rotavirus-
infected cells. The F-actin content in rotavirus-infected MA104
cells (average rhodamine-phalloidin intensity value, 1.97 *
0.34) versus mock-infected controls (1.34 + 0.026) showed an
F-actin ratio of 1.5. This ratio was identical to that observed for
NSP4-EGFP-expressing cells versus nonexpressing cells, indi-
cating that NSP4 expression alone or in the context of rotavi-
rus-infected cells increased the cellular F-actin content.

Increased cellular F-actin content is dependent on NSP4-
EGFP expression-induced increases in intracellular calcium
levels. The results presented so far indicate that NSP4-EGFP
cells contain larger amounts of F-actin and that their actin
network is also more resistant to cytochalasin D-induced reor-
ganization. In our previous work, we showed that HEK 293
cells inducibly expressing NSP4-EGFP have intracellular cal-
cium levels more than twofold higher than those of uninduced
control cells (6). This raised the question of whether the ele-
vation of cellular F-actin content observed in NSP4-EGFP-
expressing cells by flow cytometry was related to NSP4-induced
changes in intracellular calcium concentrations. To address
this question, doxycycline induced HEK 293/NSP4-EGFP-ex-
pressing cells were grown in calcium-free medium to normalize
their intracellular calcium levels to values comparable with
those recorded in nonexpressing cells (Fig. 4A) (5). Flow cy-
tometry analysis showed that the population-averaged cellular
F-actin content of NSP4-EGFP-expressing cells under these
conditions fell to values comparable with those recorded in
non-NSP4-EGFP-expressing cell populations maintained in
regular culture medium (Fig. 4B). These results indicated that
NSP4-EGFP-mediated changes in intracellular calcium signal-
ing are involved in the elevation of F-actin content.

NSP4-EGFP-expressing cells have increased activation of
cofilin. The immunofluorescence findings, which demonstrated
that NSP4-EGFP failed to colocalize with actin into subcortical
networks that line the finger-like structures (Fig. 2C to E), ex-
cluded the possibility that a direct physical interaction between
NSP4-EGFP and cortical actin was responsible for the recorded
changes in cellular morphology (Fig. 1) or increased actin poly-
merization (Fig. 3). However, for the latter, NSP4-EGFP-con-
trolled changes in intracellular calcium signaling were predicted
(Fig. 4). To further address NSP4-EGFP-induced signaling events
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FIG. 4. Increase of F-actin levels in HEK 293 cells expressing
NSP4-EGFP is dependent on intracellular calcium levels. Cells were
seeded, induced, and incubated in regular or low-calcium medium.
Twenty-four hours after seeding/induction, cells were loaded with
Fura-2 for measurement of intracellular calcium levels or collected and
stained with rhodamine-conjugated phalloidin to measure F-actin con-
tent. (A) Fura-2 340/380 fluorescence ratio reflecting intracellular cal-
cium levels in nonexpressing cells (n = 80) (white), NSP4-EGFP-
expressing cells 24 hpi (n = 30) (gray), and NSP4-EGFP-expressing
cells grown in a low-calcium medium for 24 h postinduction (n = 37)
(black). (B) Ratio of F-actin staining for induced nonexpressing cells
versus uninduced control cells (white), and for induced NSP4-EGFP-
expressing cells grown in low-calcium medium 24 h postinduction
versus uninduced controls (black). Data represent six sets of cell pop-
ulations from two separate experiments. P values were calculated using
the Student ¢ test.

linked to these changes, we looked at the primary signaling path-
ways known to regulate actin polymerization and cellular actin
redistribution. Actin homeostasis in all cells is regulated by a
number of major signaling GTPases: Rho, Rac, and CDC-42 (41).
These enzymes regulate key changes in actin-mediated plasma
membrane turnover, leading to morphological shape changes in
quiescent, dividing, and locomoting cells (see Discussion). To
detect differences in the activation state of each enzyme, we used
EZ-Detect Rho, Rac, and CDC-42 activation kits (Pierce Bio-
technology, Inc., Rockford, IL) to pull down active GTP-bound
GTPases from NSP4-EGFP-expressing (doxycycline-induced)
and non-NSP4-EGFP-expressing (uninduced) cell lysates. Al-
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FIG. 5. NSP4-EGFP expression and thapsigargin treatment sup-
press cofilin phosphorylation in HEK 293 cells as detected by Western
blotting. (A) Induced (Dox +) and uninduced (Dox —) HEK 293/
NSP4-EGFP cells were grown in the regular (Calcium +) or low-
calcium (Calcium —) medium. Cells were harvested 24 to 48 h postin-
duction. (B) HEK 293 cells were grown in regular medium and, 8 h
prior to harvesting, were treated with 200 nM thapsigargin. Whole-cell
lysates were separated by SDS-PAGE, and the indicated proteins were
detected by Western blotting with GAPDH as the loading control.

though each enzyme was found, we failed to observe any differ-
ence in their activation status following NSP4-EGFP induction
(data not shown).

The failure to detect involvement for any of these three signal-
ing GTPases in NSP4-induced changes in actin homeostasis may
reflect a low signal-to-noise ratio for immunodetection in our cell
system because of low levels of endogenous enzymes. Alterna-
tively, it also predicted that NSP4-signaling events linked to sub-
cortical actin reorganization distal to these signaling molecules
may be more important. To test the latter hypothesis, calcium-
regulated proteins proximal to actin polymerization but distal to
the signaling effects of the GTPases studied above were investi-
gated further.

One possible candidate was the actin-remodeling protein
cofilin, whose actin turnover activity is regulated by phosphor-
ylation/dephosphorylation on Ser3 (1, 38). Elevated intracel-
lular calcium levels have been shown to activate cofilin by
decreasing cofilin phosphorylation by two mechanisms: via
downregulation of LIM kinase (46) and by activation of Sling-
shot phosphatase (47). Further, the expression of the caged
phosphorylation-resistant and thus inducibly active cofilin mu-
tant S3A has been shown to increase F-actin content by 40% (a
1.4-fold increase) in MLTn3 cells (23). We tested the hypoth-
esis that lowered cellular phosphocofilin content would accom-
pany the observed changes in subcortical actin polymerization
in NSP4-EGFP-expressing cells because of an NSP4-induced
elevation of intracellular calcium levels.

Cellular lysates prepared from paired NSP4-EGFP-express-
ing (doxycycline-induced) and nonexpressing (uninduced)
HEK 293 cells were probed by Western blotting for total cel-
lular cofilin and phosphocofilin levels (Fig. SA). In agreement
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FIG. 6. Cofilin phosphorylation is also suppressed in rotavirus-in-
fected MA104 cells. (A) Total cofilin and phosphocofilin were detected
by Western blotting in whole-cell lysates of rotavirus SA114F-infected
(RV infected +) and uninfected (RV infected —) MA104 cells grown
in regular (Calcium +) or low-calcium (Calcium —) medium. (B) Ro-
tavirus strain RRV and SAll-infected MA104 cells transfected with
RRYV and an SAll-specific siRNA (RRV gl10 and SA11 g10) to sup-
press NSP4 expression. A Norwalk virus ORF3 siRNA was used as a
negative control.

with our hypothesis, the amount of phosphorylated cofilin de-
tected in NSP4-EGFP-expressing cells grown in regular culture
medium (with doxycycline and calcium) was significantly lower
(almost undetectable) than the amount of phosphorylated co-
filin detected in uninduced cells (without doxycycline) grown in
either regular (with calcium) or calcium-free culture medium.
Densitometric analysis revealed that levels of phosphocofilin
relative to total cellular cofilin were more than 40-fold lower in
NSP4-EGFP-expressing cells (with doxycycline and calcium)
than in uninduced cells (with calcium but without doxycycline)
and more than 25-fold lower than in NSP4-EGFP-expressing
cells cultured in low-calcium medium to normalize intracellu-
lar calcium levels (with doxycycline but without calcium) (5).
Corroborating these findings, the level of phosphocofilin was
also significantly decreased in HEK 293 cells transiently ex-
pressing an NSP4-DsRed chimeric fusion protein, but not red
fluorescent protein (DsRed) alone (data not shown). To fur-
ther confirm that elevation of intracellular calcium levels af-
fects the phosphorylation status of cofilin, we treated HEK 293
cells with the calcium-mobilizing agent thapsigargin. Treat-
ment of cells with 200 nM thapsigargin for 8 h was shown
previously to induce an endoplasmic reticulum stress response
due to an alteration of calcium homeostasis similar to that
induced by NSP4 (48). Thapsigargin treatment decreased co-
filin phosphorylation in HEK 293 cells (Fig. 5B). These find-
ings confirmed that NSP4-EGFP expression altered cellular
cofilin phosphorylation levels and hence that the activation
status of cofilin through signaling pathways linked to intracel-
lular calcium homeostasis.
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Levels of the phosphorylated form of cofilin are decreased in
rotavirus-infected cells. To validate the data obtained with our
stable NSP4-EGFP-expressing cell line and with transiently
transfected cells, we next analyzed by Western blotting the
phosphorylation state of cofilin in MA104 cells infected with
both the neuraminidase-sensitive rotavirus strain SA11 (Fig.
6A) and the neuraminidase-resistant rotavirus strain PA169
(data not shown). In both instances, almost undetectable levels
of phosphocofilin were observed in rotavirus-infected cells
grown in regular medium (with calcium) (Fig. 6A). In agree-
ment with the results obtained following inducible NSP4-
EGFP expression (Fig. 5A), phosphocofilin was detected in
rotavirus-infected cells grown in low-extracellular-calcium me-
dium to normalize the effects of viral NSP4 production on
intracellular calcium levels (Fig. 6A). To further prove the
involvement of NSP4 in the observed suppression of phospho-
cofilin in rotavirus-infected cells, we used siRNA technology to
interfere with NSP4 expression in infected cells. As expected,
NSP4 siRNA reduced NSP4 expression and increased phos-
phocofilin levels in rotavirus-infected cells (Fig. 6B), while a
control Norwalk virus ORF3 siRNA had no effect. These find-
ings confirmed that the phosphorylation status of cofilin is
similarly affected by intracellular NSP4 expression in trans-
fected and rotavirus-infected cells and is related to calcium
homeostasis.

DISCUSSION

The rotavirus enterotoxin NSP4 is a pleiotropic protein in-
volved in virus pathogenesis and morphogenesis (3, 19). To
date, most studies of the role of NSP4 in virus pathogenesis
have focused on extracellular NSP4, due to its ability to elevate
intracellular calcium levels through activation of PLC (4, 18).
In the studies reported here, we aimed to elucidate whether
there is a possible role of intracellular NSP4, shown to chron-
ically elevate intracellular calcium levels (6), in rotavirus
pathogenesis. Here we report that NSP4-EGFP expression in
HEK 293 cells causes changes in cellular morphology and the
organization of the cellular subcortical actin network. HEK
293 cells grown on tissue culture plates into densely packed
multicell layers exhibit few cellular protrusions. However,
when NSP4-EGFP is expressed in the confluent cells, long
cellular protrusions reminiscent of cells growing at low density
were observed. These projections characteristically contain
large areas of subcortical actin packed into “finger-like”
plasma membrane protrusions. This effect, together with the
partial resistance of NSP4-EGFP-expressing cells to the cellu-
lar actin cytoskeleton-disrupting agent cytochalasin D, points
to the possibility that NSP4 intracellular signaling remodels the
actin network during viral infection and mucosal pathogenesis.
NSP4-EGFP-expressing cells and rotavirus-infected cells also
contained increased cellular F-actin levels, strongly suggesting
that changes in subcortical actin polymerization (41) underlie
this altered morphology and are regulated by NSP4-stimulated
signaling pathways. As we show in the present report, NSP4-
induced increased actin polymerization is a calcium-regulated
process linked to changes in the activation status of the actin-
remodeling protein cofilin in both NSP4-expressing and rota-
virus-infected cells. When cells were maintained under condi-
tions that normalized their intracellular calcium levels (5),
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both F-actin and phosphocofilin levels were comparable to
those in control cells.

Cofilin is a highly conserved, actin dynamics-regulating pro-
tein, ubiquitously expressed in all eukaryotes, and is directly
involved in actin polymerization and the formation of protru-
sions (17). Expression of the inducibly active cofilin mutant
S3A leads to a 1.4-fold increase in F-actin content, while,
surprisingly, the inactive mutant has no effect on F-actin con-
tent in MLTn3 rat mammary adenocarcinoma cells (23). Two
functions of cofilin are involved in actin dynamics: severing of
actin filaments to generate more barbed ends (13) and actin
depolymerization at the pointed ends (11). The interplay of
those two functions may differ by cell type. More recent data
support the notion that the severing activity of cofilin amplifies
the nucleation ability of the Arp2/3 complex, resulting in in-
creased actin polymerization through a synergy between the
two (17, 26). This can explain the increased F-actin content in
NSP4-EGFP-expressing cells described in this paper. Cytocha-
lasin D interferes with actin organization by binding to the
barbed ends and thus releasing actin from the periplasmic
region, resulting in the formation of F-actin foci (14). The
increased number of barbed ends in NSP4-EGFP-expressing
cells during cofilin-induced peripheral subcortical network ac-
tin remodeling may explain the resistance of NSP4-EGFP-
expressing cells to cytochalasin D.

Cofilin activity is regulated by a reversible phosphorylation
of the Ser3 residue, and it is under strict spatial control via
specific localization of kinases and phosphatases (37). At least
one of the kinases involved in cofilin regulation, LIM kinase 1
(LIMKT1), has been shown to be transcriptionally downregu-
lated by calcineurin in response to calcium influx causing ele-
vation of intracellular calcium levels (46). Conversely, the co-
filin phosphatase Slingshot is known to be activated by elevated
intracellular calcium levels via calcineurin-induced dephos-
phorylation (47). However, the recently identified downregu-
lation of LIMKI activity by Slingshot (43) complicates the
delineation of which one of these calcium-regulated effectors
of cofilin plays the lead role in changing cofilin’s phosphoryla-
tion status in NSP4-EGFP-expressing cells. The paucity of
readily available assays to measure the activity of either en-
zyme is a technical barrier which requires future studies. From
the results presented here, it is intriguing to speculate that
through chronic PLC-independent intracellular calcium mobi-
lization (6), NSP4 affects the phosphorylation level of cofilin,
and thus its cofilin activation status via a direct calcineurin-
mediated regulation of cofilin kinase and/or phosphatase, with-
out the need to engage Rho, Rac, or CDC-42 upstream in the
signaling pathways.

How do NSP4-mediated changes in subcortical actin benefit
the virus? Rotavirus infection leads to a calcium-dependent
loss of microvillar actin and a disorganization of microtubules
in infected polarized (differentiated) Caco-2 cells (9, 10). Since
the HEK 293-derived cells used in our study are rapidly grow-
ing transformed embryonic cells, which are relatively undiffer-
entiated and nonpolarized, they lack a brush border (apical
surface) and are thus a model for the epithelial basolateral
membrane (32). The observed changes in actin dynamics fol-
lowing NSP4-EGFP expression described here are, therefore,
best extrapolated to NSP4-signaling events occurring at the
basolateral membrane of virus-infected small intestinal epithe-
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lial cells. We speculate that virus infection leads to stiffening of
the basolateral subcortical network, providing an additional
fence across this membrane, possibly directing nascent viral
release across the apical membrane into the intestinal lumen.

Gardet et al. (22) recently described a rotavirus VP4 inter-
action with actin in EGFP-VP4-transfected and rotavirus-in-
fected cells causing dissolution of apical microvilli, in agree-
ment with an earlier report of loss of apical microvillar actin in
rotavirus-infected polarized cells (9). Our results describe an
effect of NSP4 expression on subcortical actin organization,
namely, increased polymerization. Thus, it appears that the
VP4 and NSP4 rotavirus proteins elicit geographically separate
but synergistic functions related to polarized virus release:
weakening of the apical membrane actin network by direct
interaction with VP4 (22) and stiffening of the basolateral actin
network mediated by NSP4-induced calcium-dependent acti-
vation of cofilin.

Changes in subcortical actin dynamics and dysregulation of
cofilin can affect endo- and exocytosis, receptor internalization,
channel activity, and ion gradients (29, 30, 36, 42), thus directly
contributing to rotavirus pathogenesis. Translocation of inac-
tive/dephosphorylated cofilin into mitochondria has been
shown to be directly linked to apoptosis (12, 14). Although we
did not observe increased annexin V staining in NSP4-EGFP-
expressing cells (data not shown), the effect of NSP4 on apop-
totic signaling should be further investigated. Future studies of
the effects of NSP4 on actin network organization and their
relationship to rotavirus infection and pathogenesis should be
carried out on NSP4-expressing polarized cell lines when they
become available.
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