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Rotaviruses are a major cause of acute gastroenteritis in children worldwide. Early stages of rotavirus
assembly in infected cells occur in viroplasms. Confocal microscopy demonstrated that viroplasms associate
with lipids and proteins (perilipin A, ADRP) characteristic of lipid droplets (LDs). LD-associated proteins
were also found to colocalize with viroplasms containing a rotaviral NSP5-enhanced green fluorescent protein
(EGFP) fusion protein and with viroplasm-like structures in uninfected cells coexpressing viral NSP2 and
NSP5. Close spatial proximity of NSP5-EGFP and cellular perilipin A was confirmed by fluorescence resonance
energy transfer. Viroplasms appear to recruit LD components during the time course of rotavirus infection.
NSP5-specific siRNA blocked association of perilipin A with NSPS5 in viroplasms. Viral double-stranded RNA
(dsRNA), NSP5, and perilipin A cosedimented in low-density gradient fractions of rotavirus-infected cell
extracts. Chemical compounds interfering with LD formation (isoproterenol plus isobutylmethylxanthine;
triacsin C) decreased the number of viroplasms and inhibited dsRNA replication and the production of
infectious progeny virus; this effect correlated with significant protection of cells from virus-associated cyto-
pathicity. Rotaviruses represent a genus of another virus family utilizing LD components for replication,

pointing at novel therapeutic targets for these pathogens.

Rotaviruses are a major cause of acute gastroenteritis in
infants and young children, producing a high burden of disease
worldwide and over 600,000 deaths per annum, mainly in de-
veloping countries (43). Recently, two live attenuated rotavirus
vaccines (49, 58) have been licensed in various countries, and
their widespread use in universal mass vaccination programs is
being implemented (55).

Rotaviruses form a genus of the Reoviridae family. They
contain a genome of 11 segments of double-stranded RNA
(dsRNA) encoding six structural proteins (VP1, VP2, VP3,
VP4, VP6, and VP7) and six nonstructural proteins (NSP1 to
NSP6). After entry into the host cell the outer layer of the
triple-layered particles (TLPs; infectious virions) is removed in
endocytic vesicles, and the resulting double-layered particles
(DLPs) actively transcribe mRNAs from the 11 RNA segments
and release them into the cytoplasm. The mRNAs are trans-
lated into proteins but also act as templates for dSRNA syn-
thesis (RNA replication). The early stages of viral morphogen-
esis and viral RNA replication occur in cytoplasmic inclusion
bodies termed “viroplasms.” Partially assembled DLPs are re-
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leased from viroplasms and receive their outer layer in the
rough endoplasmic reticulum (RER), forming TLPs (for de-
tails, see Estes and Kapikian [20]).

The rotavirus nonstructural proteins NSP2 and NSP5 are
major components of viroplasms (20, 47). These two proteins
alone are sufficient to induce the formation of viroplasm-like
structures (VLS) (21). Blocking of either NSP2 or NSP5 in
rotavirus-infected cells significantly reduces viroplasm forma-
tion and the production of infectious viral progeny (11, 54, 57).
Until now, host cell proteins involved in viroplasm formation
have not been identified.

Morphological similarities between viroplasms and lipid
droplets (LDs) prompted us to investigate their relationship.
Both structures have phosphoproteins (NSP5 and perilipin A,
respectively) inserted on their surface in ringlike shapes (16,
34). LDs are intracellular organelles involved in lipid and car-
bohydrate metabolism. They consist of a neutral lipid core
surrounded by a phospholipid monolayer containing LD-asso-
ciated proteins; those include proteins of the PAT family con-
sisting of perilipin, adipophilin (adipose differentiation-related
protein [ADRP]), and TIP-47 (9, 37). Lipolysis from LDs is
regulated by hormones such as catecholamines, which trigger
the phosphorylation of hormone-sensitive lipase (HSL) and
perilipin A and induce LD fragmentation. Incubating adipo-
cytes with the B-adrenergic agonist isoproterenol and the phos-
phodiesterase inhibitor isobutylmethylxanthine (IBMX) acti-
vates this pathway (27, 34). LD formation can also be blocked
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TABLE 1. Primary antibodies used for confocal microscopy

Protein” Animal Dilution Source
(catalog no.)

Perilipin A Rabbit 1:500 Abcam (ab3526)
ADRP Rabbit 1:500 Abcam (ab52356)
Perilipin A Goat 1:5,000 Abcam (ab60269)
NSP2 Mouse 1:500 Oscar Burrone
NSP2 Guinea pig 1:200 Oscar Burrone
NSP5 Mouse 1:500 Oscar Burrone
NSP5 Guinea pig 1:1,000 Oscar Burrone
VP1 Guinea pig 1:500 John Patton
VP2 Guinea pig 1:500 John Patton
VP3 Guinea pig 1:500 John Patton
VP6 Guinea pig 1:500 John Patton

“ That is, the protein against which the antibody was raised.

by triacsin C, a specific inhibitor of long chain acyl coenzyme A
synthetases (30, 39).

We demonstrate here that rotavirus viroplasms colocalize
with the LD-associated proteins perilipin A and ADRP and
also with the lipids of LDs. These interactions appear to be
required for the formation of functional viroplasms and the
production of infectious viral progeny, since compounds dis-
persing LDs or blocking LD formation significantly decrease
the number and size of viroplasms and the amount of infec-
tious progeny. Taken together, these findings strongly suggest
a critical role of LDs in rotavirus replication.

MATERIALS AND METHODS

Cells. The cell lines MA104, Caco-2, BSC-1, and Cos-7 were used and main-
tained in Eagle’s minimal essential medium (EMEM), supplemented with 5 to
10% fetal calf serum (Gibco) and antibiotics. An MA104 cell line expressing
enhanced green fluorescent protein (EGFP)-tagged NSP5 (termed NSP5-EGFP,
tagged at the C terminus) (16) was cultured in EMEM supplemented with 10%
fetal calf serum. For confocal microscopy (CM) assays, cells were grown on glass
coverslips. Cell viability was measured by the trypan blue exclusion assay. For
transfection experiments, MA104 cells were first infected with recombinant vac-
cinia virus expressing the T7 polymerase (24) for 1 h at a multiplicity of infection
(MOI) of 1 and then transfected with 2 to 4 pg of plasmid DNA (see below)
mixed with Lipofectamine 2000 reagent (Invitrogen) according to the manufac-
turer’s instructions. Cells were usually fixed at 6 to 8 h posttransfection (unless
stated otherwise) and analyzed by CM.

Viruses. The bovine rotavirus RF strain (G6P6[1]) and the porcine rotavirus
OSU strain (G5P9[7]) were used and replicated in MA-104 cells. Rotavirus
grown in large amounts was concentrated by ultracentrifugation, treated with
Freon, and TLPs and DLPs were purified by repeated CsCl gradient ultracen-
trifugation as described elsewhere (2). DLPs in CsCl solution were deionized by
passage over a G25 Sephadex column. Infectivity of the virus was determined in
cell culture and expressed as 50% tissue culture infective doses (TCIDs)/ml. The
T7 recombinant vaccinia virus (24) was propagated in BSC-1 cells and infectivity
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expressed in PFU/ml. The MOI of cells was between 0.5 and 5, unless stated
otherwise.

Confocal microscopy. The primary and secondary antibodies used are listed in
Tables 1 and 2, respectively. Cells on coverslips were processed for CM as
described by Nejmeddine et al. (40) with slight modifications. Cell monolayers
were blocked with 1% bovine serum albumin (BSA) plus 0.1% Triton X-100 in
phosphate-buffered saline (PBS) and then washed with PBS. Coverslips were
incubated with primary antibodies diluted in PBS containing 1% BSA, washed
three times, and incubated with appropriate dilutions of secondary antibody (for
details, see Tables 1 and 2) for 1 h in the presence of 2 ug of Hoechst 33342
(Sigma-Aldrich)/ml. (There was no homology between the peptide against which
the perilipin A antibodies were raised and any of the rotavirus proteins. Fur-
thermore, extensive tests excluded cross-reactivity of the perilipin A-specific,
affinity-purified antibodies with rotavirus-specific proteins.) After three washes,
the coverslips were mounted on glass slides with Prolong Gold Antifade mount-
ing medium (Molecular Probes). For lipid staining, unfixed Cos-7 cells infected
with rotavirus were stained at 4 to 8 h postinfection (p.i.) with Nile Red (100
ng/ml) for 4 h at 4°C and fixed with 2% paraformaldehyde in PBS containing 10
mM CaCl, for 1 h at 4°C. Alternatively, Cos-7 cells were fixed with 3% paraform-
aldehyde for 30 min at room temperature and then incubated for 30 min with
BODIPY 493/503 (4,4-difluoro-1,3,5,7,8 pentamethyl-4-bora 3a,4a-diaza-s-inda-
cene; 1 pg/ml, diluted from 1-mg/ml stock in dimethyl sulfoxide; Molecular
Probes) (34). Coverslips were then washed five times with PBS (10 min per wash)
and counterstained with NSP5-, VP2-, and VP6 antibodies for 1 h, followed by
incubation with secondary antibody conjugated with Alexa Fluor 488. The cov-
erslips were then mounted as described above. The samples were analyzed by
CM by using a Leica DM Libre TCS SP instrument.

The numbers of viroplasms per cell were counted in 100 cells, and the average
diameter of viroplasms was measured for ~100 viroplasms (by cophotography of
a calibration bar and use of the ImageJ 1.37c program http://rsbweb.nih.gov/ij/).

Todixanol gradient ultracentrifugation of extracts of rotavirus-infected and
uninfected cells. Discontinuous gradients of iodixanol (Opti-Prep; Axis-Shield,
United Kingdom) (37) were preformed, using different concentrations in 60 mM
Tris-HCI buffer (pH 7.4) containing 0.25 M sucrose, and incubated for several
hours at 4°C according to the manufacturer’s instructions. RV-infected or unin-
fected cells were lysed at 6 h p.i. for 10 min at 4°C using a hypotonic, detergent-
free buffer supplemented with protease inhibitor (Roche Diagnostics, according
to the manufacturer’s instructions) (38) Subsequently, a homogenate was pro-
duced with 20 to 30 strokes of a glass Dounce homogenizer using a tight-fitting
pestle and layered onto the preformed iodixanol gradients. The tubes were
centrifuged at 80,000 X g for 16 h at 10°C using a Beckman SW 50.1 rotor to
produce a flotation gradient (38, 42), and 0.4-ml fractions were obtained man-
ually from the top and analyzed for the presence of viral dSRNA, perilipin A, and
NSP5. The density of fractions was determined by refractometry.

FRET. The occurrence of fluorescence resonance energy transfer (FRET)
implies that two molecules are in close proximity (<10 nm) (19, 23). FRET was
performed with the use of an in-house-developed instrument based on a confocal
microscope Olympus FluoView 300 (Olympus UK, Ltd., Watford, United King-
dom) coupled with a supercontinuum laser source (SC450; Fianium, Southamp-
ton, United Kingdom) (19). The SC450 provides ~5-ps pulses at a repetition rate
of 40 MHz, suitable for time correlated single photon counting (TCSPC). The
system was upgraded with a PMC.100-20 photomultiplier tube and a SPC.830
board for TCSPC, both supplied by Becker & Hickl GmbH (Berlin, Germany).
EGFP was excited at 485 nm, and the fluorescence emission was collected over
the 513- to 533-nm range. Average count rates were kept at ~10* cps in order to
avoid pulse pile-up. All images were acquired at room temperature over a time

TABLE 2. Secondary antibodies used for confocal microscopy

Antibody Conjugate Dilution Supplier (catalog no.)
Goat anti-mouse IgG (H+L) Alexa Fluor 488 1:500 Invitrogen (A11029)
Donkey anti-goat IgG (H+L) Alexa Fluor 633 1:500 Invitrogen (A21082)
Goat anti-rabbit IgG (H+L) Alexa Fluor 633 1:500 Invitrogen (A21070)
Goat anti-rabbit IgG (H+L) FITC* 1:500 Southern Biotech (4050-02)
Goat anti-guinea pig IgG Texas Red 1:300 Santa Cruz (sc-2996)
Goat anti-guinea pig IgG FITC 1:500 Santa Cruz (sc-2441)
Polyclonal goat anti-mouse immunoglobulin FITC 1:500 Biostat (F047902)
Donkey anti-rabbit IgG (H+L) Cy3 1:500 Jackson Immunoresearch Europe, Ltd. (711-166-152)

¢ FITC, fluorescein isothiocyanate.
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FIG. 1. NSP2 colocalizes with LD-associated proteins perilipin A and ADRP in viroplasms. Confocal images of rotavirus-infected MA104 cells
at 8 h p.. were obtained. (A and B) Viroplasms were detected with anti-NSP2 antibodies, followed by visualization with Alexa Fluor 488
(green)-labeled secondary antibody, whereas LD-associated proteins were detected with anti-perilipin A (A) and anti-ADRP antibodies (B),
followed by reaction with Alexa Fluor 633 (red)-labeled secondary antibody. An individual viroplasm of panel A has been magnified and is shown
in the inserts. (C) Confocal images of uninfected MA104 cells stained for perilipin A or ADRP and both for NSP2 according to the procedure used

in panels A and B. Uninfected cells only show LDs. Scale bar, 10 pm.

period of 90s using a X60 magnification (oil immersion objective lens) and a
large (300-wm) pinhole in order to collect enough photons.

TCSPC data were analyzed with SPCImage (Becker & Hickl GmbH) by fitting
a single-exponential decay and the scattered light (5, 17). Typically, 1,000 to
5,000 photons per LD were collected, and no binning was applied for data
analysis in order to avoid possible edge artifacts. It was possible to discriminate
LDs from the background autofluorescence and scattered light by thresholding
pixels exhibiting more than 10 photons of peak intensity. The images in Fig. 7B
and D were generated by using a binning procedure for representation purposes
(nonbinned data are not shown).

Fluorescence lifetime distributions were exported from SPCImage and pro-
cessed with the Matlab (Mathworks, Natick, MA) toolbox ImFluo (18) (see also
http://laser.ceb.cam.ac.uk and http:/www.quantitative-microscopy.org).

For each cell, FRET efficiencies were computed according to the following
equation: E = 1 — (7/14), where 7 is the fluorescence lifetime of each cell and 7,
is the fluorescence lifetime of the control. T was determined by the median of the
fluorescence lifetime distributions for each cell. In order to minimize sensitivity
to noise and to biases caused by non-normal distributions, medians were com-
puted by finding the fluorescence lifetime value at which cumulative distribution
functions (17) equal a probability of 50%. T, was estimated by the average of the
fluorescence lifetimes (1) computed on a control sample where no acceptor was
present. Statistical testing was performed with a two-tailed Student ¢ test with
Origin (OriginLab Corp., Northampton, MA).

RNA extraction and agarose gel electrophoresis. RNAs of purified virions or
DLPs or of totals or fractions of cell lysates were extracted as described previ-
ously (22). Separation of genomic RNA segments was by electrophoresis through
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FIG. 2. Perilipin A colocalizes with VP1, VP2, VP6, and NSPS5 in viroplasms. Shown are CM images of rotavirus-infected MA104 cells at 6 h
p-i. Viroplasms were detected with anti-perilipin A antibodies visualized by Alexa Fluor 633 (red)-conjugated secondary antibodies, while VP1 (A),
VP2 (B), VP6 (C), and NSP5 (D) were detected by monospecific antibodies raised in guinea pigs, followed by visualization with secondary
antibodies conjugated with Alexa-Fluor 488 (green). Scale bar, 10 um.
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FIG. 3. Rotavirus proteins colocalize with lipids in viroplasms. Confocal images of rotavirus-infected Cos-7 cells costained with Nile Red and
antibodies to VP2 (A, 8 h p.i.), VP6 (B, 8 h p.i.), and NSP5 (C, 4 h p.i.). (D) uninfected cell controls stained with Bodipy (left) and Nile Red

(center). The merged picture is shown on the right. Scale bar, 10 pm.

1% agarose (Invitrogen) gels using 1X TBE buffer (89 mM Tris, 89 mM boric
acid, 2 mM EDTA [pH 8.0]) at 60 to 70 V for 1 h, followed by staining with
ethidium bromide (1 pg/ml) for 20 min and photography in a UV transillumi-
nator. Negative images of the photographs were densitometrically evaluated by
using the ImageJ program (http://rsbweb.nih.gov/ij/).

Analysis of cell extracts or gradient fractions by Western blotting. Western
blotting followed established procedures (2). Full-range protein rainbow markers
(Amersham) were used for calibration. Blots were reacted with anti-NSP2 or
anti-NSP5 antibodies at a dilution of 1:1,000 each, with anti-perilipin A antibody
at a dilution of 1:500 (for details on antibodies, see Table 1) and with mouse
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FIG. 4. (A to E) Time course analysis of viroplasm development in rotavirus-infected MA104 cells showing the recruitment of LD-associated
proteins. MA104 cells on coverslips were infected with rotavirus RF strain at an MOI of 1, and cells were fixed at 2, 4, 6, 8, and 10 h p.i. as indicated.
Viroplasms were detected with anti-perilipin A antibodies visualized by Alexa Fluor 633 (red)-conjugated secondary antibodies, while NSP5 was
detected by monospecific antibodies raised in guinea pigs, followed by visualization with secondary antibodies conjugated with Alexa Fluor 488
(green). (F) MA104 cells on six-well plates were infected with rotavirus RF strain at an MOI of 3 for 6 h. A mock-infected control was also
produced. Cells were lysed, and the extracts were processed for Western blotting as described in Materials and Methods. Detection of perilipin
A, NSP5 and actin was by specific antibodies, followed by reaction with HRP-conjugated secondary antibodies and substrates as described in
Methods. The molecular masses (in kilodaltons) of the calibration protein markers are indicated to the left. Scale bar, 10 wm.

anti-alpha actin antibody (Abcam) at a dilution of 1:5,000. Bound antibody was
reacted with anti-species (mouse, guinea pig, and rabbit) IgG secondary anti-
bodies conjugated with horseradish peroxidase (HRP; Dako, Ely, United King-
dom), and binding of secondary antibody was visualized by a Pierce Western
blotting substrate (Thermo Scientific) or the Amersham ECL Plus Western
blotting detection system (GE Healthcare) using X-ray film.

Treatment of cells with chemicals affecting LD homeostasis. MA104 cells were
incubated in 1X EMEM containing 0.5 to 1 mM IBMX (Sigma) and 10 to 20 pM
isoproterenol (Sigma). When these two chemicals were used in combination,
they were found to disperse and/or fragment LDs in adipocytes (34). The chem-
icals were added immediately or at 1 h p.i. to RV-infected MA104 cells or
uninfected controls. The cells were incubated for 4 to 16 h p.i.

Triacsin C (10 wM; Biomol International) was transfected into uninfected
MA104 cells or at 1 h p.i. using Lipofectamine 2000, according to the manufac-
turer’s instructions.

Statistics. Arithmetic means * the standard deviations (SD) were calculated
and compared by a two-tailed Student ¢ test. Frequencies were compared by
using a chi-square test. Differences at P < 0.05 were regarded as significant.

RESULTS

Components of rotavirus inclusion bodies (viroplasms) co-
localize with LD-associated proteins in MA104 and Caco-2
cells. Using CM on rotavirus-infected MA104 cells (21), we
found colocalization of NSP2 with both ADRP and perilipin A
in viroplasms (Fig. 1A and B). Identical results were obtained

when using a different perilipin A antibody (raised in goats), or
Caco-2 cells, a human gut-derived cell line supporting rotavirus
replication (data not shown). We also found that perilipin A
colocalizes with other rotavirus proteins previously shown to
be components of viroplasms (25, 46, 47), VP1, VP2, VP6, and
NSPS, in viroplasms (Fig. 2). The data indicate close associa-
tion of known rotaviral viroplasm components with major LD-
associated proteins.

Costaining of Cos-7 cells, an African green monkey kidney
derived cell line supporting rotavirus replication, with the flu-
orophore Nile Red, which stains LDs (7, 26), and antibodies to
VP2, VP6, and NSP5, demonstrated colocalization of viral
proteins with lipids in viroplasms (Fig. 3A to C). Some diffuse
cytoplasmic staining of lipids was also seen in uninfected cells
(Fig. 3D); in rotavirus-infected cells, there was no reactivity
with rotavirus-specific proteins in this area. (Figure 3D also
demonstrates that Nile Red and BODIPY react with identical
lipid structures.)

A time course on rotavirus-infected MA104 cells by CM
revealed that viroplasms form separately at early times p.i. (2
to 4 h; Fig. 4A and B) and from 5 to 6 h p.i. onward recruit LD
components (Fig. 4C to E). Western blotting of extracts of
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FIG. 5. NSP5 colocalizes with perilipin A in VLS. MA104 cells were infected with a vaccinia virus recombinant expressing T7 polymerase and
transfected after 1 h. (A) Transfection of plasmid expressing NSP2 only. (B) Transfection of plasmid expressing NSP5 only. (C) Cotransfection
of NSP2- and NSP5-expressing plasmids, leading to the production of VLS (see magnification in inserts). Perilipin A only colocalizes with VLS
and not the individual nonstructural rotavirus proteins. (D) Vaccinia virus-infected and mock-transfected controls. Costaining was by anti-NSP2,
anti-NSP5, and anti-perilipin A antibodies, followed by staining with secondary antibodies labeled with Alexa Fluor 488 and Alexa Fluor 633. Scale
bar, 10 pm.
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FIG. 6. NSP5-EGFP colocalizes with LD-associated proteins perilipin A and ADRP in viroplasms. Confocal images of MA104 cells stably
expressing EGFP-NSP5 infected with rotavirus at 8 h p.i. NSP5-EGFP is visualized by its autofluorescence (green), while LD-associated
proteins were detected with monospecific antibodies, followed by visualization with Alexa Fluor 633 (red)-labeled secondary antibody. Scale

bar, 10 pm.

rotavirus-infected and uninfected cells showed that the overall
expression of perilipin A was not increased in the rotavirus-
infected cells (Fig. 4F).

Rotavirus NSP2 and NSP5 in VLS colocalize with perilipin
A in MA104 cells. VLS can be produced in uninfected cells by
coexpression of NSP2 and NSP5 (21). Perilipin colocalizes with
VLS but not with the individually expressed viral proteins (Fig.
5). Thus, coexpression of these two viral proteins alone is
sufficient to drive interaction of VLS with LD components,
indicating an interplay of viral and cellular components inde-
pendent of rotavirus replication.

FRET demonstrates proximity of NSP5-EGFP and perilipin
A. Uninfected MA104 cell lines stably expressing an NSP5-
EGFP fusion protein showed diffuse cytoplasmic localization
of this protein by autofluorescence. Upon rotavirus infection,
NSP5-EGFP colocalized with the other viral components in
viroplasms (16) and also with perilipin A and ADRP (Fig. 6).
Close spatial proximity of NSP5-EGFP with perilipin A was
further demonstrated by Fluorescence Resonance Energy
Transfer (FRET) (33, 59). Figure 7 shows the fluorescence
intensity (panels A and C) and fluorescence lifetime (panels B
and D) of NSP5-EGFP in viroplasms of rotavirus-infected cells
measured by time-correlated single photon counting as well as
probability and cumulative distribution functions (panels E to
G). Cells labeled with donor and acceptor fluorophores exhib-

ited 5.0% = 0.7% FRET efficiency (mean * the SD, n = 34)
compared to 0.0% = 0.7% for the cells containing only the
donor fluorophore in viroplasms (n = 19). The computation of
FRET efficiencies was mostly based on nonbinned data (details
not shown).

The redistribution of perilipin A in virus-infected cells de-
pends on viroplasm formation. Perilipin A was observed to be
redistributed in rotavirus-infected cells only when viroplasms
are formed (Fig. 1 and 6). MA104 cells transfected with sSIRNA
against the NSP5 mRNA of the porcine OSU rotavirus strain
(11) showed a significant reduction in both, the number of cells
forming viroplasms and perilipin A redistribution (data not
shown). As expected (11), cells infected with the OSU rotavi-
rus and treated with OSU NSPS5-specific siRNA replicated
significantly less viral RNA (data not shown) and produced 100
times less infectious progeny virus (Table 3).

Viroplasm components and perilipin A colocalize in low-
density fractions of rotavirus-infected cell extracts separated
by iodixanol gradient ultracentrifugation. Equilibrium ultra-
centrifugation of rotavirus-infected cell extracts through
iodixanol gradients showed that most of the viral dsSRNA was
found in the same low-density fractions (1.11 to 1.15 g/ml) as
both NSP5 and perilipin A (Fig. 8A), again implying that
nascent subviral particles are in viroplasms and associated with
LD components. As a control, noninfected MA104 cell extract,
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FIG. 7. FRET between NSP5-EGFP and perilipin A in viroplasms of rotavirus-infected cells (at 6 h p.i.). Cells expressing NSP5-EGFP were
imaged by TCSPC. EGFP fused to the C terminus of NSP5 acted as the donor fluorophore, and Cy3-antibody targeted PerA served as acceptor
for FRET. Panels A and C show the fluorescence intensities, and panels B and D show the fluorescence lifetimes. Panels A and B represent the
autofluorescence controls; panel C and D show cells in which perilipin A is detected by Cy3-labeled antibody. Fluorescence lifetime probabilities
are recorded in panels E and F. In panel E, fluorescence lifetime histograms computed on individual cells show a shift toward lower values. The
average shift can be clearly resolved in the cumulative histograms (F) and in the cumulative distribution functions (cdf; panel G, derived from panel
F). (E to G) Results from experiment ii. Dashed lines in panel G show the median of the fluorescence lifetime for both control cells and
cells exhibiting FRET. FRET efficiencies were statistically significant in three independent experiments (panel H: experiments i to iii; *, P <
0.01; numbers in brackets indicate numbers of cells compared, with control cells to the left and cells exhibiting FRET to the right of

experiments i to iii).

spiked with CsCl gradient-purified and deionized DLPs, was
subjected to the same procedure. Free DLPs sedimented to the
bottom fractions of the gradient without interaction with low
density fractions (Fig. 8B). Perilipin A was found in the same
low-density fractions of uninfected and rotavirus-infected cell
extracts. In addition, there was a perilipin A band in fraction 2
(density of 1.01) of the gradient of the uninfected cell extract
which was not seen in the corresponding fraction of rotavirus-
infected cell extract, suggesting that this material was usurped
by rotavirus viroplasms as shown above by CM (Fig. 4). (The
perilipin A band in fraction 2 of the uninfected cell extract

TABLE 3. Infectious porcine rotavirus OSU recovered at 16 h p.i.
from MA104 cells transfected with OSU NSP5 siRNA and with
irrelevant siRNA and from untransfected MA104 cells

Difference
Log TCIDs, for cell group®: (group B —
Parameter group C)
A B C Log Antilog
Titration 1 8.3 8.5 6.2 23 200
Titration 2 8.3 8.5 6.4 2.1 126
Mean = SD 83x0 85*+0 6.3 0.1 2.2 158

“ Cell groups: A, rotavirus infected only; B, rotavirus infected and transfected
with SA11 NSP5-specific small interfering RNA (siRNA); C, rotavirus infected
and transfected with OSU NSP5-specific siRNA.

gradient migrates slightly slower than the bands in fractions 5
to 8 and may represent a higher phosphorylated form.) In the
rotavirus-infected cell extract gradient (Fig. 8A), viral dsSRNA
(although not the majority) is also found in the bottom frac-
tions, originating either from free DLPs or DLPs released from
viroplasms that are broken during the ultracentrifugation pro-
cedure.

Drug-induced fragmentation of LDs decreases viroplasm
formation, viral RNA replication and the yield of infectious
progeny. Isoproterenol and IBMX raise cellular cyclic AMP
and, in combination, disperse LDs into smaller microdroplets
in adipocytes (27, 34). Rotavirus-infected MA104 cells were
incubated with 1 mM IBMX and 20 wM isoproterenol for 4
and 8 h. The average numbers and sizes of viroplasms in the
treated cells were significantly reduced at both time points
(Fig. 9A, B, D, and E). After 4 h of treatment, NSP2 appeared
to be uniformly dispersed in minute foci (Fig. 9C). At 16 h p.i.,
in the presence of IBMX and isoproterenol, the amount of
viral dsSRNA was decreased by ~4-fold (Fig. 9F; details of the
densitometric evaluation are not shown), and the titers of
infectious viral progeny were 120 to 200 times lower (Fig. 9G).
Viability tests indicated that the drugs had no toxic effect on
the cells (Fig. 9H). In contrast, at 16 h p.i., the drug-treated
cells showed significantly higher viability compared to the un-
treated control (Fig. 9H). This reduction in cytopathicity cor-
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FIG. 8. Fractions of iodixanol gradients in which extracts of rota-
virus-infected (A) and uninfected cells spiked with CsCl gradient-
purified and deionized DLPs (B) have been separated by ultracentrif-
ugation (for details, see Materials and Methods). Fractions were
analyzed for the presence of rotavirus dsSRNA, NSP5, and perilipin A.
Fractions 6 and 7 of the rotavirus-infected cell extract showed maximal
colocalization of all three components at densities of 1.11 to 1.15 g/ml.
Fractions of uninfected cell extracts were also probed for the presence
of NSP5, which was negative as expected (results not shown). The sizes
of marker proteins are indicated in kilodaltons.

related well with the decreases in viral RNA replication and in
the amount of infectious viral progeny in drug-treated cells
(Fig. 9F and G).

To further investigate the significance of LD components for
rotavirus replication, we used the LD-blocking compound tri-
acsin C (10, 30, 39). Transfection of rotavirus-infected cells
with 10 wM triacsin C led to a significant decrease in the
number of cells containing viroplasms (Fig. 10A, B, and D), the
number of viroplasms/cell (Fig. 10A, B, and C), the amount of
viral RNA replication by ~4-fold (Fig. 10E; details of the
densitometric evaluation not shown), and the yield of infec-
tious viral progeny (Fig. 10F). The reduction in viroplasm
formation was again associated with an increased cell viability
at 21 h p.i. (Fig. 10G).
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DISCUSSION

Rotaviruses begin their assembly in cytoplasmic inclusion
bodies termed viroplasms, also described as “factories” of RV
particle production (3). We have shown by structural and func-
tional analyses that viroplasms associate with components of,
and physically resemble, LDs. Ringlike staining of perilipin A
has been observed, particularly on larger viroplasms (Fig. 1A),
as has also been seen for NSP5 (16), another phosphoprotein.
Second, we demonstrated that chemical compounds affecting
the integrity of LDs also disrupt viroplasms, leading to a de-
crease in both viral RNA replication and the production of
infectious viral progeny.

LDs are the main sites of lipid storage in eukaryotic cells and
are evolutionarily conserved. They consist of a hydrophobic
core containing mainly triacylglycerides surrounded by a phos-
pholipid monolayer containing cholesterol (56) into which nu-
merous cellular proteins are inserted. Best characterized are
proteins of the PAT family but, recently, more than 100 pro-
teins have been found to be associated with LDs (4, 28), some
of which are recognized as regulators of lipid metabolism,
governing lipid homeostasis, intracellular trafficking, and cell
signaling, often through phosphorylation pathways (4, 28, 53,
60). However, the functions of many of these proteins remain
largely uncharacterized (28, 56). LDs are highly dynamic or-
ganelles interacting with various cellular compartments (36).

The CM data demonstrated that perilipin A and ADRP, two
LD-associated proteins, colocalize with the rotaviral proteins
found in viroplasms, i.e., with the nonstructural proteins NSP2
and NSPS5 (Fig. 1 and 2) and the structural proteins VP1, VP2,
and VP6 (Fig. 2). This association was further confirmed using
perilipin A antibodies raised in a different host species (goat)
and infecting Caco-2 cells. Interestingly, perilipin A appears as
a ring-shaped structure around the viroplasms (Fig. 1A, inset),
as has been observed for perilipin A and other LD-associated
proteins on the surface of LDs (34-36, 48). It was confirmed
that NSP5 colocalized with NSP2, VP1, VP2, VP6, and perili-
pin A in viroplasms (Fig. 2). All controls, omitting either pri-
mary or secondary antibodies or both, had the expected out-
come (data not shown). The close association of rotavirus
viroplasms with LD components was also demonstrated by ob-
serving colocalization of rotavirus proteins with lipids in viro-
plasms (Fig. 3A to C). The detection of perilipin A in NSP2/
NSP5-induced VLS indicated that these two nonstructural viral
proteins suffice to successfully recruit LD components (Fig. 5),
i.e., independently of a natural rotavirus infection. A time course
analysis of rotavirus infection demonstrated the recruitment of
LD components to viroplasms very clearly (Fig. 4). Rotavirus
proteins are not normal components of LDs, and their large
concentration in viroplasms likely alters the morphology of LD
components, particularly at later stages of the rotavirus replica-
tion cycle (Fig. 4). Such changes appear to be less prominent in
LDs of HCV-infected cells (48).

Fluorescence lifetime imaging (Fig. 7) revealed energy
transfer between NSP5-EGFP and perilipin A labeled with a
Cy3-conjugated secondary antibody, confirming close spatial
proximity between NSP5 and perilipin A within viroplasms.

Analysis of extracts of rotavirus-infected cells on iodixanol
gradients showed colocalization of viral dsSRNA, NSP5, and
perilipin A in low-density fractions (Fig. 8A), also indicating
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FIG. 9. LD fragmenting chemicals IBMX and isoproterenol disperse viroplasms and decrease their number and size. (A and B) Confocal
images of MA104 cells infected with rotavirus in the absence (A) or presence (B) of 1 mM IBMX and 20 pM isoproterenol at 8 h p.i. Viroplasms
were reacted with anti-NSP2 antibodies and visualized with Alexa Fluor 488 (green)-labeled secondary antibody. Scale bar, 20 um. (C) Individual
rotavirus-infected cells stained for NSP2 in the absence or presence of drugs. The drugs lead to the fragmentation of viroplasms as shown for LDs
by Marcinkiewicz et al. (34). (D and E) Numbers of viroplasms per cell and average diameters of viroplasms at 4 and 8 h p.i. All cells were infected
with rotavirus at an MOI of 10. Only typical viroplasms were counted, not the apparently fragmented organelles (see panel C). Significant
differences (P values) were determined by two-tailed Student ¢ tests. (F) IBMX and isoproterenol decreases viral RNA replication (by 4-fold;
densitometrically evaluated by the ImageJ program). An ethidium bromide-stained agarose gel (1%) shows the dsRNA profiles of rotavirus in
MA104 cells infected for 16 h in the presence (lane 1) or absence (lane 2) of IBMX and isoproterenol, as well as uninfected and chemically treated
cell controls (lane 3). The 11 RNA segments are denoted to the left. (G) Infectious rotavirus recovered from MA104 cells infected for 16 h in the
presence or absence of different concentrations of IBMX and isoproterenol. (H) Viability of uninfected and rotavirus-infected MA104 cells at 4,
8, and 16 h after treatment with 1 mM IBMX and 20 pM isoproterenol.

close interaction between viroplasms and LD components.
(This experiment was controlled by a gradient of uninfected
cells spiked with purified DLPs [Fig. 8B], which sedimented
through the gradient to the bottom fractions without interac-
tion with low-density fractions.) Intimate involvement of LD
components with viral replication has previously been demon-
strated for hepatitis C virus (HCV) (8, 29, 38, 48), for the
related GB virus B (29), for dengue virus (50), and to some
extent for orthoreovirus (12). Interaction of the 2C protein of
human parechovirus 1 with LDs has been observed (31); how-

ever, the significance of this interaction for viral replication is
not clear. The core and some nonstructural proteins of HCV
were found to colocalize with LDs in infected hepatocytes (38).
However, HCV is not synthesized in separate “virus factories,”
as has been shown for members of the Reoviridae family (3,
41). HCV mutants, in which the core protein cannot associate
with LDs, produce less infectious virus (8), demonstrating that
LDs are essential for HCV replication (38). Propagation of the
obligate intracellular parasite Chlamydia was also shown to
depend on functionally intact LDs (32). For dengue virus,



6794 CHEUNG ET AL. J. VIROL.

-TriacsinC

Perilipin A

+TriacsinC

Perilipin A
C, * * t test *2 test
n (p < 0.001, 35 (p <0.001)
3 N=100) 5 %0
= 123
E, 30 § 25
£ 25 =
ch 20 z 15
S 15 =
% 10
10 2
5 ° s —
0 0
Mock-transfected Transfected with 10pM triacsin C Mock-transfected Transfected with 10uMtriacsin C

FIG. 10. Triacsin C decreases viroplasm number and percentage of cells infected. (A and B) Confocal images of MA104 cells infected with
rotavirus in the absence (A) or presence (B) of 10 uM triacsin C which was transfected with Lipofectamine 15 min after infection, which lasted
for 6 h. Viroplasms were reacted with anti-NSP2 and anti-perilipin A antibodies and visualized with Alexa Fluor 488 (green)-labeled secondary
antibody and Alexa Fluor 633 (red)-labeled secondary antibody, respectively. Scale bar, 20 pm. (C and D) Numbers of viroplasms/cell (C) and
percentages of cells (D) carrying viroplasms in RV-infected MA104 cells at 16 h p.i. The numbers were compared by the Student ¢ test (C) and
the chi-squared test (D), respectively. (E) MA104 cells were infected with rotavirus at an MOI of 3 for 16 h (inf) in the absence of any other
chemical, in the presence of Lipofectamine (inf + lipo), or in the presence of both Lipofectamine and triacsin C (inf + lipo + triacsin C, applied
15 min p.i.). At 16 h p.i., RNA was extracted from the supernatant of both fractions, separated on a 1% agarose gel, and detected by ethidium
bromide staining. Under triacsin C treatment, the yield of dsSRNA was decreased by 4-fold (densitometric evaluation using the ImageJ program).
(F) Yield of infectious rotavirus progeny from mock-transfected or triacsin C-transfected MA104 cells at 16 h p.i. (G) Viability of uninfected and
rotavirus-infected MA104 cells at 8 and 21 h after no further treatment, mock transfection with Lipofectamine 2000 and transfection with
Lipofectamine 2000 containing 10 wM triacsin C.

interaction of hydrophobic regions of the capsid protein with stimulants and phosphodiesterase inhibitors) can fragment and

LDs was shown to occur and to be essential for viral replica- disperse LDs (34); these chemicals were shown to interfere
tion, and the fatty acid synthase inhibitor C75 (decreasing the with the formation of viroplasms, viral RNA replication, and
number of LDs in treated cells) was found to reduce dengue the production of infectious rotavirus progeny.

virus replication significantly (50). NSP5 is phosphorylated and hyperphosphorylated to various

LD metabolism is regulated by its associated proteins, phos- degrees (1). It is plausible that NSP5 is anchored into the
phorylation of some of them leading to lipolysis (27, 34). phospholipid monolayer of LDs by its predicted C-terminal
Chemicals active in promoting this pathway (B-adrenergic amphipathic helix (51), where it then can have access to the
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phosphorylation pathways characteristic of LD-associated cel-
lular proteins. This would be consistent with the documented
ringlike structures formed by NSP5 in viroplasms (16), as is
observed for LD-associated proteins (34, 36).

NSP5-EGFP has a diffuse cytoplasmic distribution in unin-
fected MA104 cells but becomes associated with viroplasms
and LD-specific proteins as soon as the cells are infected with
rotavirus. VLS formed in uninfected cells after cotransfection
with NSP2- and NSP5-expressing plasmids (21) also associate
with LD-specific proteins.

A model of the sequence of events (Fig. 11) envisages that
NSP2 and NSPS5 recruit LD proteins and lipids and establish an
amphipathic assembly complex, which could then interact with
VP1 (2) before or after VP1 binds rotavirus single-stranded

RNA. The building blocks for rotavirus precores (2, 25, 45)
may be assembled on the surface of the phospholipid LD
monolayer (Fig. 11). At some stage, these assemblies become
viroplasms containing cores and DLPs and may lose some or
all of their lipids (Fig. 11). Further details of this transition are
not clear (14) and remain to be investigated (Immune electron
microscopy work is in progress.) After leaving viroplasms, ge-
nome-containing DLPs enter the RER using NSP4 as an in-
tracellular receptor (20), and further maturation into TLPs
takes place (Fig. 11). A somewhat analogous model has been
proposed for the production of HCV virions for which the
presence of LDs is essential (38).

The association of RV- and LD-associated cellular proteins
was found to be of functional significance. Chemicals which
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inhibit LD formation, either by enhancing the phosphorylation
of perilipin A, leading to lipolysis (IMBX and isoproterenol)
(34), or by inhibiting the formation of LDs (triacsin C) (10),
were reproducibly shown to interfere with the RV replication
cycle, significantly reducing the number and size of viroplasms
formed, viral RNA replication, and the production of infec-
tious progeny (Fig. 9 and 10). Fragmentation of viroplasms by
(IBMX plus isoproterenol) may affect their recognized func-
tions of subviral particle assembly and viral RNA replication.
The chemicals used are unlikely to affect viral particle adsorp-
tion, penetration, and early transcription since their effect was
identical when applied to cells at 1 h p.i. (unpublished data).
The effect of other inhibitors of LD formation on rotavirus
replication is under investigation, and it is likely that more
active compounds will be found. The data provided strengthen
the proposition that association of rotavirus proteins with LD
components is essential for RV replication and that viroplasms
at 5 to 10 h p.i. may be considered as rotavirus-modified forms
of LDs.

The reduction in the production of infectious rotavirus prog-
eny by the chemicals used was not due to a toxic effect on cell
viability (Fig. 9 and 10). On the contrary, at 16 to 21 h p.i,
rotavirus-infected cells treated with the chemicals showed sig-
nificantly less cell death than untreated, rotavirus-infected
cells. These results are in line with the fact that the rotavirus
replication cycle is completed by 12 h p.i. (20), after which time
the cells usually are lysed.

The association of viroplasms with LD components presents
another example of a virus hijacking a cellular organelle for its
own replication. This finding raises many questions that remain
at present unanswered. The number and nature of the inter-
actions of RV proteins with LD-associated proteins need to be
studied further. Identification of LD proteins important for
rotavirus replication will lead to a better understanding not

only of the early stages of rotavirus morphogenesis but also of
the functions of LD-associated proteins (36). The rotavirus
protein NSP4 has recently been found to associate with auto-
phagosomal marker LC3-positive vesicles which form caplike
structures on viroplasms (6). Studies in hepatocytes have indi-
cated an interaction of autophagosomal components with LDs
and involvement of autophagy in LD metabolism under stress
conditions (52). Rotavirus infection elicits upregulation of a
number of stress-related genes (15), and thus it is possible that
NSP4 is involved in the lipolysis of viroplasms via “macrolipo-
phagy” (52). Rotavirus NSP4 also interacts with caveolin-1 (44)
which has been shown to be involved in the modulation of LD
biogenesis and metabolism (13). All of these interactions re-
quire further study. The cytoplasmic “virus factories” (3) of
other genera of the Reoviridae (Orthoreovirus, Orbivirus, etc.)
may also depend on interaction with LD-associated compo-
nents.

The antiviral effect of LD-fragmenting drugs as described
here for rotavirus-infected cells in vitro is promising in terms of
the development of novel therapeutics; however, it needs to be
confirmed in animal models of rotavirus infection and disease.
Such data may open the door for the development of effective
therapies of disease after infection with rotaviruses and other
viruses whose replication depends on the interaction with LDs.
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