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ABSTRACT Rotavirus replicates in unique virus-induced cytoplasmic inclusion bod-
ies called viroplasms (VMs), the composition and structure of which have yet to be
understood. Based on the analysis of a few proteins, earlier studies reported that ro-
tavirus infection inhibits stress granule (SG) formation and disrupts P bodies (PBs).
However, the recent demonstration that rotavirus infection induces cytoplasmic relo-
calization and colocalization with VMs of several nuclear hnRNPs and AU-rich
element-binding proteins (ARE-BPs), which are known components of SGs and PBs,
suggested the possibility of rotavirus-induced remodeling of SGs and PBs, prompt-
ing us to analyze a large number of the SG and PB components to understand the
status of SGs and PBs in rotavirus-infected cells. Here we demonstrate that rotavirus
infection induces molecular triage by selective exclusion of a few proteins of SGs
(G3BP1 and ZBP1) and PBs (DDX6, EDC4, and Pan3) and sequestration of the remod-
eled/atypical cellular organelles, containing the majority of their components, in the
VM. The punctate SG and PB structures are seen at about 4 h postinfection (hpi), co-
inciding with the appearance of small VMs, many of which fuse to form mature
large VMs with progression of infection. By use of small interfering RNA (siRNA)-
mediated knockdown and/or ectopic overexpression, the majority of the SG and PB
components, except for ADAR1, were observed to inhibit viral protein expression
and virus growth. In conclusion, this study demonstrates that VMs are highly com-
plex supramolecular structures and that rotavirus employs a novel strategy of se-
questration in the VM and harnessing of the remodeled cellular RNA recycling bins
to promote its growth.

IMPORTANCE Rotavirus is known to replicate in specialized virus-induced cytoplas-
mic inclusion bodies called viroplasms (VMs), but the composition and structure of
VMs are not yet understood. Here we demonstrate that rotavirus interferes with nor-
mal SG and PB assembly but promotes formation of atypical SG-PB structures by se-
lective exclusion of a few components and employs a novel strategy of sequestra-
tion of the remodeled SG-PB granules in the VMs to promote virus growth by
modulating their negative influence on virus infection. Rotavirus VMs appear to be
complex supramolecular structures formed by the union of the triad of viral replica-
tion complexes and remodeled SGs and PBs, as well as other host factors, and de-
signed to promote productive virus infection. These observations have implications
for the planning of future research with the aim of understanding the structure of
the VM, the mechanism of morphogenesis of the virus, and the detailed roles of
host proteins in rotavirus biology.
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Rotavirus, a leading cause of acute gastroenteritis in infants and young children
worldwide, belongs to the family Reoviridae. Its genome consists of 11 segments of

double-stranded RNA (dsRNA) enclosed in a triple-layered particle (TLP) and encodes six
structural viral proteins (VPs) and six nonstructural proteins (NSPs) (1, 2). The inner
capsid is formed by VP2, the intermediate capsid by VP6, and the outer capsid by VP4
and VP7 (3, 4). While VP4 and VP7 determine the serotype antigenic specificity, VP6
determines the subgroup antigenic specificity of rotavirus (5, 6).

Rotavirus infection induces the formation of unique electron-dense, cytoplasmic,
nonmembranous structures called viroplasms (VMs), which are the specialized sites of
viral genome replication and assembly of immature double-layered particles (DLPs) (1,
7–10). However, the detailed composition and structural organization of VMs have yet
to be understood. Recently, Dhillon et al. (11) demonstrated that VMs are associated
with a large number of nuclear hnRNPs (11–15), AU-rich element-binding proteins
(ARE-BPs) (16–18), and cytoplasmic proteins, which either inhibit or promote virus
growth. Association of the components of lipid droplets with VMs and their positive
role in virus growth were also recently reported (19–21). VMs are formed during the
early stages of rotavirus infection, nucleated by two essential nonstructural proteins,
NSP2 and NSP5, and the inner capsid protein VP2. NSP5 is essential for the recruitment
of the viroplasmic proteins and the architectural assembly of VMs (7–10, 22–24).

In response to various types of stress, including virus infection, eukaryotic cells have
evolved different strategies to limit cellular damage during stress by regulating trans-
lation and mRNA turnover. A general and major cellular defensive response mechanism
by which the cell limits damage against stress is through shutting off protein synthesis
by phosphorylation of the eukaryotic initiation factor 2� (eIF2�) at Ser-51 by the
stress-sensing kinases (25–30), triggering rapid translational arrest, polysome disassem-
bly, molecular triage, and assembly of large, nonmembranous, cytoplasmic ribonucle-
oprotein complexes called stress granules (SGs) and of mRNA processing bodies (P
bodies [PBs]) containing translationally stalled 48S preinitiation mRNA-protein (mRNP)
complexes and other mRNA-associated factors (29–32). SG and PB formation during
stress reprograms host protein synthesis for preferred translation of transcripts of genes
associated with long-term cell survival and antiapoptotic signaling pathways (29, 30, 33,
34). SGs are also formed in a manner independent of eIF2� phosphorylation, including
overexpression of some of the SG markers, such as the Ras-GTPase activating protein
(SH3 domain)-binding protein1 (G3BP1) and TIA1/TIAL-1 (29, 30, 33–35).

SG assembly is finely regulated by the interaction of the two SG-nucleating and
-resident proteins, i.e., G3BP1 and Caprin1 (35–40). SGs can also be formed without the
requirement of G3BP1/2 and Caprin1, suggesting that the SG composition and mech-
anism of assembly can be context specific and that SGs may have different functions
under different stress conditions (38, 41). Besides G3BP1 and Caprin1, SGs contain a
large number of RNA-binding proteins, translation initiation factors, and signaling
molecules (16–18, 29–34, 42–53).

In contrast to the stress-induced assembly of SGs, some PBs may be observed in
unstressed cells. PBs include components of cytoplasmic deadenylase complexes,
nonsense-mediated decay (NMD)-associated Upf proteins, ARE-binding proteins (ARE-
BPs) (33, 34, 42–56), DCP bodies (consisting of the decapping machinery components)
(42, 57–61), and GW bodies, associated with mRNA silencing, surveillance, and decay,
that contain two highly conserved families of proteins (GW-rich/trinucleotide repeat-
containing gene 6 protein [GW182/TNRC6] and Argonauts [Ago]) which form the core
components of the microRNA-induced silencing complex (miRISC) (42, 52, 53, 62–66).

SGs range in size from being below the limit of detection in unstressed cells to being
several micrometers across under conditions of stress (29). Both PBs and SGs are
dynamic and are often observed in close proximity to one another, resulting in fusion
and exchange or sharing of their protein and RNA components. Some components,
except the core nucleating factors, were reported to be shared between SGs and PBs,
but their constituents and functions may vary with the type of stress (34, 42–53, 63).
Being in dynamic transition, SGs and PBs serve as sites for mRNP remodeling and can
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be considered mRNP recycling/modification bins, as the translationally stalled mRNAs
stored in the SGs can later be released either for translation under favorable conditions
or for degradation via transition into PBs under persistently unfavorable conditions,
depending on the physiological state of the cell (34, 42, 48). Different viruses either
inhibit or induce SG and PB formation or cause vacillation in their assembly during the
course of infection. Modulation of SGs and PBs and hijacking of their specific compo-
nents for virus replication and/or protein synthesis represent an emerging field of
interest (29, 42, 47, 50, 67–69).

In recent studies using three SG markers, TIA1, S6, and eIF4E, Montero et al. (70)
reported that SGs are not formed in rotavirus-infected cells. Using G3BP1 as an SG
marker, Dhillon et al. (11) also observed a lack of typical SG formation during rotavirus
infection. Further, by analyzing three decapping complex proteins of PBs, namely,
XRN1, Pan3, and DCP1a, Bhowmick et al. reported that PBs were disrupted in rotavirus-
infected cells (71). However, the recent demonstration by Dhillon et al. (11) that several
ARE-BPs, which are known components of SGs/PBs (16–18, 42–46), relocalize to the
cytoplasm, exist in punctate structures, and colocalize with VMs in rotavirus-infected
cells prompted us to investigate the status of SGs and PBs by analyzing a large number
of their components to understand if rotavirus induces remodeling of SGs and PBs by
selective dissociation of a few of their components and sequestration of the remod-
eled/atypical granules in the VM in virus-infected cells.

RESULTS
Immunofluorescence confocal microscopy (ICM) analyses reveal that the ma-

jority of SG and PB components are present in punctate structures that colocalize
with VMs in rotavirus-infected cells. Several SG and PB proteins that were examined
in this study are listed in Table 1. Examination of the known SG factors, such as dsRNA
adenosine deaminase 1 (ADAR1), Caprin1, cytoplasmic polyadenylation element-
binding protein (CPEB), eIF2�, 4E-binding protein 1 (4EBP1), dsRNA-dependent protein
kinase (PKR), and Staufen1, at 8 h postinfection (hpi) surprisingly revealed their pres-
ence in punctate structures and colocalization with the VM (Fig. 1a and b), similar to the
results reported recently for several ARE-BPs (11) in infected cells. While ADAR1 and

TABLE 1 Summary of interactions between viroplasmic proteins and SG and PB proteins and of properties of endogenous SG and PB
proteinsa

Protein

Pulldown assay result or interaction

Colocalization
with VM

Total
protein level Reference(s)Localization

RNase-untreated
cells

RNase-treated
cells

NSP5 NSP2 NSP5 NSP2

ADAR1 SG ND ND ND ND � NSC This study; 44, 79–81
Ago2 PB* � � � � � 2 This study; 44, 54
Caf1-p150 PB � � � � � 1 This study; 44, 54
Caprin1 SG � � � � � 1 This study; 40, 44, 50
CPEB SG* ND ND ND ND � NSC This study; 44, 63
DCP1a PB (DCP) � � � � � NSC This study; 44
DCP1b PB (DCP) � � � � � NSC This study; 44
DDX6 PB (DCP) � � � � � (R) 1 This study; 44, 63
EDC4 PB (DCP) � � � � � (R) 2 This study; 44, 58, 66
eIF2� SG � � � � � 1 This study; 44
G3BP1 SG � � � � � NSC This study; 11, 35, 44, 63
GW182 PB � � � � � 1 This study; 44
LSM1 PB ND ND ND ND � ND This study; 44, 50
Pan3 PB (DCP) � � � � � ND This study; 44
PPM1A SG ND ND ND ND � 1 This study; 83, 87, 88
PKR SG � � � � � 1 This study; 44
XRN1 PB (DCP) � � � � � 1 This study; 44, 55
aThe interactions between the SG and PB proteins and the viral proteins NSP2 and NSP5 were identified by PD assays using RNase-treated and untreated MA104
control cell extracts followed by WB analysis, and colocalization of the proteins was identified by ICM analysis. �, positive interaction/colocalization; �, no
interaction/colocalization; �, weak interaction/partial colocalization/weak granule formation; R, reported to be shared/exchanged between SGs and PBs; DCP, present
in distinct DCP bodies/granules; ND, not determined; NSC, no significant change; *, shared between SGs and PBs; 1 and 2, increased and decreased host protein
levels, respectively, in virus-infected cells compared to those in uninfected cells.
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FIG 1 ICM analysis of formation of cytoplasmic granules by the majority of SG proteins and their colocalization with VMs in RRV-infected
MA104 cells. (a and b) Formation of atypical SG granules and their colocalization with VM in RRV-infected cells. MAbs or PAbs against

(Continued on next page)
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4EBP1 were located predominantly in the nucleus, both were present at detectable
levels in the cytoplasm of the uninfected cells (Fig. 1a), but rotavirus infection induced
their cytoplasmic relocalization and sequestration in the VMs. Further, 4EBP1 was
detectable in the cytoplasm of serum-grown control cells and formed punctate struc-
tures in both the nucleus and the cytoplasm in the absence of serum in the uninfected
cells present along with the infected cells on the same slide. The metal-dependent
protein phosphatase M (PPM1A/PP2C�) not only showed colocalization in the VMs but
also was abundantly present in the cytoplasm (Fig. 1b). The eIF2� protein appeared to
be present in both the nucleus and the cytoplasm and showed cytoplasmic accumu-
lation and localization in the VM in infected cells, which appeared to be specific based
on the location at identical sites of the punctate structures of the endogenous protein
and the VM (Fig. 1a). As reported by Dhillon et al. (11) and as shown in Fig. 1b, G3BP1
and the Z DNA-binding protein (ZBP1) did not form punctate structures but exhibited
a dispersed distribution in the cytoplasm of both the uninfected and virus-infected
cells.

Analysis of several PB-associated proteins, namely, AGO2, GW182 (TNRC6A and
TNRC6B), chromatin assembly factor 1 (Caf1-p150 and Caf1-p60), U6 snRNA-associated
Sm-like protein 1 (LSM-1), and poly(A)-specific RNase (PARN), revealed that all these
proteins were present in punctate structures in the virus-infected MA104 cells and
colocalized with the VMs (Fig. 2). Unlike 4FBP1, which assumed punctate structures in
both compartments in the absence of serum, the majority of the SG proteins and PB
components (excluding the DCP granule proteins shown in Fig. 3) that were examined
in this study exhibited a diffuse distribution in the nucleus and/or cytoplasm in the
serum-grown control cells (not shown) similar to that observed in the uninfected cells
(Fig. 1a and b and Fig. 2).

The fluorescence quantification of cytoplasmic/nuclear (C/N) ratios of abundance for
the host proteins in the uninfected and infected cells on the same slide, with the
uninfected cells serving as appropriate controls, and Pearson’s coefficients for colocal-
ization of host and viral proteins in the rhesus monkey rotavirus (RRV)-infected cells
under the serum-lacking conditions of virus infection are shown in bar diagrams in the
rightmost panels of Fig. 1a and b and Fig. 2.

Note that all the polyclonal antibodies (PAbs) against the host proteins and the
secondary antibodies were screened for cross-reactivity with viral proteins by Western
blotting (WB) and enzyme-linked immunosorbent assay (ELISA), using infected cell
lysates, and only those that did not show cross-reactivity with viral proteins were used
in this study.

Differential intracellular dynamics of decapping complex proteins. Interest-
ingly, the decapping complex proteins, such as DEAD box helicase 6 (DDX6/RCK/p54),
enhancer of mRNA decapping 4 (EDC4/Ge-1/HEDL), decapping enzyme components
DCP1a and DCP1b, 5=-3= exoribonuclease XRN1 (57–61), and poly(A)-specific RNase
subunit Pan3 (42, 48, 54–56), existed in distinct subsets of PB granules (called DCP
bodies) in the cytoplasm of serum-grown control cells, with all six decapping complex
proteins colocalizing with each other in the same granules (Fig. 3a). In this context, the
existence of the decapping complex proteins in DCP bodies, whose composition may

FIG 1 Legend (Continued)
different SG proteins, affinity-purified PAb against NSP5, an SGI-specific anti-RRV DLP MAb against VP6, and Cy3-tagged anti-mouse
(green) and Cy5-tagged anti-rabbit (red) IgG secondary antibodies were used. MA104 cells were grown on coverslips and infected for 8
h with RRV at an MOI of 0.5. The cells were incubated with appropriate antibodies, and after mounting in DAPI (4=,6-diamidino-2-
phenylindole), the proteins were visualized by fluorescence microscopy under an LSM Zeiss 710 or LSM 880 immunofluorescence confocal
microscope (63�; oil immersion) as recently described (11). Uninfected and infected cells are indicated by white and red arrows,
respectively, and the plot profile path on the VM is indicated by an orange line. Pearson’s coefficients (P.C.) were calculated to assess the
colocalization of viral proteins (NSP5/VP6) and SG/PB proteins in RRV-infected cells. The values represent averages for 50 infected cells,
and the error bars indicate standard deviations (SD). Fluorescence quantification of each of the host proteins over whole cells was carried
out on 50 infected and 50 uninfected cells from the same slide, and arithmetic averages � SD were calculated. Average C/N ratios from
three independent experiments were also calculated, and the data from one of the experiments are shown. Quantification of the
cytoplasmic/nuclear ratio of the proteins was done using ImageJ software. Uninf, uninfected cells (gray bars); Inf, infected cells (black
bars). Significance was calculated using Student’s t test. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ns, not significant.
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vary in different cell types, has been reported previously (49, 57–61). Except for DDX6,
other DCP body components were observed in both the nucleus and the cytoplasm in
serum-grown control cells.

Pan3-positive granules were not observed in the virus-infected or uninfected cells in
the same field, and the protein showed a uniform distribution in the cytoplasm and
partial relocalization to the nucleus. The protein did not show significant colocalization
with the VMs, suggesting that Pan3 dissociated from the DCP granules under serum
starvation-induced stress (Fig. 3b). XRN1 appeared to dissociate from the DCP bodies
during virus infection and showed partial colocalization with the VMs (Fig. 3b). While
DCP1a exhibited increased cytoplasmic relocalization, DCP1b showed enhanced nu-
clear localization in the infected cells at 8 hpi (Fig. 3b). Both proteins showed partial
colocalization with VMs in the virus-infected cells at 8 hpi, as they were primarily
distributed uniformly in the cytoplasm due to their dissociation from the DCP granules
(Fig. 3b). Some DDX6- and EDC4-positive granules appeared to associate with VMs but
dissociated subsequently during the course of infection, resulting in a diffuse distribu-

FIG 2 Demonstration by ICM of the existence of the majority of the PB proteins in granule structures and their colocalization with VM in RRV-infected cells.
MAbs or PAbs against different PB proteins, affinity-purified PAb against NSP5, an SGI-specific anti-RRV DLP MAb against VP6, and Cy3-tagged anti-mouse
(green) and Cy5-tagged anti-rabbit (red) IgG secondary antibodies were used. MA104 cells were grown on coverslips and infected for 8 h with RRV at an MOI
of 0.5. Uninfected and infected cells are shown by white and red arrows, respectively. The plot profile path on the VM is indicated by an orange line.
Fluorescence quantification analysis of each of the host proteins over whole cells was carried out on 50 infected and 50 uninfected cells from the same slide,
and the arithmetic averages � SD were calculated using ImageJ software and shown in the graphs. Pearson’s coefficients for colocalization of the viral and host
proteins in 50 infected cells were calculated and are shown in bar diagrams. Uninf, uninfected cells; Inf, infected cells. Error bars indicate SD.
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FIG 3 Presence of distinct DCP bodies containing decapping complex proteins in the cytoplasm of serum-grown control cells
and their dissociation in virus-infected cells. (a) Colocalization of selected components of the decapping complex in DCP

(Continued on next page)
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tion of the proteins in the cytoplasm and a smaller number of the remodeled DCP
granules colocalizing with the VMs in the virus-infected cells at 8 hpi (Fig. 3b). The
fluorescence quantification of cytoplasmic/nuclear ratios of the proteins in the unin-
fected and infected cells and Pearson’s coefficients of colocalization of the decapping
complex proteins with VMs in infected cells are shown in the rightmost panels of
Fig. 3b.

Remodeled SG and PB structures colocalize within the same VMs. To investigate
if the SG and PB punctate structures/foci represent independent granules or if both
coexist in the same foci and colocalize within the same VMs in the virus-infected cells,
simultaneous ICM analyses of the viral, SG, and PB proteins for which appropriate
antibodies were available were performed using a combination of monoclonal anti-
bodies (MAbs) and PAbs generated in guinea pigs and rabbits. Figure 4 demonstrates
that the majority of the SG and PB proteins existed in the same or closely associated
granules that colocalized with the same VMs in rotavirus-infected MA104 cells, sug-
gesting sequestration of the large remodeled SG-PB fused structures in the VM.

The colocalization of the ectopically expressed fluorescent protein (FP)-tagged SG
and PB proteins YFP-ADAR1, ECFP-Caprin1, mCH-eIF2�, and YFP-DCP1a with the en-
dogenous SG/PB proteins and the virus-expressed viroplasmic proteins in the same VMs
at identical positions (Fig. 5a and b) further supports the observation of the colocal-
ization of the endogenous SG and PB proteins/structures with VMs (Fig. 1, 2, 4, and 5).

In contrast to endogenous G3BP1, which neither formed granules nor colocalized
with the VM in the infected cells (Fig. 1b), ectopically expressed GFP-G3BP1 induced
SGs in the uninfected cells, as reported previously (11, 35), and the GFP-G3BP1-induced
foci colocalized with the VMs in the infected cells (Fig. 5b and c). Note that the
ectopically expressed YFP-ADAR1, YFP-CPEB, mCH-DCP1a, and ECFP-DDX6 proteins in
the uninfected HEK293T cells localized in the cytoplasm and induced the formation of
SG/PB punctate structures (Fig. 5c). mCH-eIF2� localized in the cytoplasm. ECFP-hnRNP
E1, which was mostly localized to the nucleus, was also present in the cytoplasm but
did not induce formation of SG/PB punctate inclusion bodies in the transfected cells. No
SG/PB structures were observed in cells expressing ECFP-PKR and ECFP-hnRNP K, as the
proteins were primarily localized to the nucleus (Fig. 5c). Note that several RNA-binding
proteins expressed in fusion with enhanced cyan fluorescent protein (ECFP), green
fluorescent protein (GFP), yellow fluorescent protein (YFP), or mCherry (mCH) exhibited
a predominantly nuclear localization in the uninfected transfected cells, as reported
recently (11). Further, no SG/PB punctate structures were observed in HEK293T cells
ectopically expressing the control ECFP, GFP, and mCH proteins (Fig. 5c). The relative
nuclear-cytoplasmic localization and granule-forming properties of the FP-tagged
SG/PB proteins are summarized in Table 2.

z-stack analysis of the SG protein ADAR1 and the PB protein GW182 clearly dem-
onstrated the colocalization of the host proteins and the VMs at identical positions (Fig.
6), confirming that the colocalization of the endogenous SG and PB proteins with VMs
in the infected cells is not an artifact and is authentic.

Time course ICM analysis of formation of SG and PB punctate structures.
Dhillon et al. (11) recently demonstrated that the colocalization of ARE-BPs and hnRNPs

FIG 3 Legend (Continued)
granules in serum-grown control cells. The DCP bodies are negative for GW182-specific PB components. MAbs or PAbs against
the decapping complex proteins and Cy3-tagged anti-mouse (green) and Cy5-tagged anti-rabbit (red) IgG secondary
antibodies were used. The plot profile path over the DCP granule for colocalization of the two DCP complex proteins is
indicated by an orange line. (b) Differential dissociation of the decapping complex proteins during serum starvation-induced
stress and RRV infection. Fluorescence quantification of each of the host proteins over 50 infected and 50 uninfected whole
cells was carried out using ImageJ software, and the data represent the average C/N ratios over 50 infected and 50 uninfected
whole cells from one of three independent experiments and are presented as arithmetic averages � standard errors (SE). The
plot profile path on the VM for colocalization of the viral and DCP complex proteins is shown by an orange line. Uninfected
and infected cells are represented by white and red arrows, respectively. Pearson’s coefficients (P.C.) were calculated to assess
the colocalization of the viral proteins (NSP5/VP6) with the decapping complex proteins in 50 RRV-infected cells incubated in
the absence of serum. Uninf, uninfected cells; Inf, infected cells. The error bars indicate SD. Significance was calculated using
Student’s t test. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ns, not significant.
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with VMs in rotavirus-infected cells starts at around 4 hpi. From the results in the
preceding sections, it is evident that several SG and PB components existed in punctate
structures in the cytoplasm at 8 hpi and colocalized with VMs in virus-infected cells (Fig.
1 to 4). To investigate the time of initiation of formation of the remodeled SG and PB
granules during the course of virus infection, time course ICM analyses of cells infected
with human (KU) and animal (RRV) rotavirus strains were performed. Figure 7a to d
reveal the appearance of GW182-positive punctate structures starting at approximately
4 hpi, coinciding with the time of appearance of small VMs, in MA104 cells infected with
human (KU) and rhesus (RRV) rotavirus strains. As shown in Fig. 3a and b, DDX6- and
EDC4-positive DCP granules existed in the serum-grown and uninfected cells. However,
the number of DDX6- and EDC4-positive DCP granules decreased in the infected

FIG 4 Colocalization of viral viroplasmic proteins and SG and PB proteins in the same inclusion bodies. For colocalization of three different
proteins, a guinea pig PAb against NSP5, MAbs or rabbit PAbs against SG and PB proteins, depending on availability, and anti-guinea pig
IgG–Alexa Fluor 633, anti-rabbit IgG–Cy5, and anti-mouse IgG–Cy3 conjugate secondary antibodies were used. Uninfected and infected
cells are indicated with white and red arrows, respectively. The plot profile path on the VM is indicated by an orange line. The plot profiles
of localization of host proteins in the VM are shown in the graphs to the right of the confocal images.
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cells with the progression of infection in comparison to the number present before
infection or in the uninfected cells, as some of the granules exhibited association
with followed by dissociation of the proteins from the VMs to assume a uniform
diffuse distribution in the cytoplasm between 6 and 8 hpi (Fig. 7). EDC4 dissociation
from the granules, in general, was slower than that of DDX6, and some EDC4
granules that were not associated with VMs persisted even after 8 hpi (Fig. 7c and
d) but were resolved by 10 hpi.

The existence of the majority of the SG/PB components in punctate structures and
their colocalization with each other (Fig. 4) suggest that atypical SGs and PBs contain-
ing the majority of their components are formed in infected cells and undergo fusion
at approximately 4 hpi. But these structures were negative for the SG marker G3BP1
(Fig. 4 and 7a), which appears to be excluded totally from SG-PB-VM structures despite
its high abundance in the cytoplasm (11).

Subcellular dynamics of SG and PB components during the course of rotavirus
infection. Dhillon et al. (11) recently demonstrated that rotavirus infection induces
cytoplasmic relocalization of several hnRNPs and ARE-BPs. A recent study (71) reported

FIG 5 Colocalization of FP-tagged ectopically expressed SG and PB proteins with viral proteins in the VM. (a) Colocalization of ectopically expressed YFP-ADAR1
and mCH-eIF2� with endogenous SG and PB proteins and viroplasmic proteins in the same VMs. HEK293T cells grown on coverslips were cotransfected with
plasmid DNA constructs expressing YFP-ADAR1 and mCH-eIF2� for 36 h, followed by RRV infection (0.5 MOI for 8 h). YFP-ADAR1 and mCH-eIF2� were visualized
by the protein fluorescence, and the endogenous SG/PB proteins and viral proteins were visualized using Cy3-labeled anti-mouse (green) and Cy5-labeled
anti-rabbit (red) IgG secondary antibodies. The transfected-infected cells are indicated with orange arrows. (b) Ectopically expressed YFP-DCP1a, mCH-eIF2�,
ECFP-Caprin1, and ECFP-G3BP1 colocalized with endogenous GW182 and viroplasmic proteins in the same inclusion bodies in infected HEK293T cells. Other
details are the same as those described for panel a. The induction of formation of SGs by ECFP-Caprin1 and GFP-G3BP1 (pseudocolors) overexpressed in the
uninfected cells (white arrows) is clearly seen, while the endogenous G3BP1 is excluded from SGs/PBs/VMs in the infected cells, as shown in Fig. 1, Fig. 3a, and
Fig. 4. (c) Granule-forming properties of ectopically expressed fluorescent protein-tagged SG/PB proteins in HEK293T cells. Cells transfected with the expression
construct DNA are indicated by light green arrows. No formation of granules in cells transfected with vectors expressing hnRNPs, the control fluorescent
proteins, eIF2�, and PKR was observed, but other SG/PB proteins formed foci in the transfected cells. FP-tagged PKR exhibited nuclear localization. Other details
are the same as those described for panel a.
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nuclear relocalization of the PB proteins DCP1a and XRN1 and degradation of Pan3 in
virus-infected cells. The ICM analyses discussed in the preceding sections (Fig. 1 to 4)
revealed the presence of several SG and PB proteins in both compartments as well as

TABLE 2 Properties of ectopically expressed FP-tagged SG and PB proteinsa

Protein
Granule formation in
transfected cells

Intracellular localization in
transfected cells

Localization
to VMNucleus Cytoplasm

YFP-ADAR1 � ��� � �
ECFP-Caprin1 � � ��� �
YFP-CPEB � � �� �
mCH-DCP1a � � �� �
ECFP-DDX6 � � ��� �
mCH-eIF2� � � ��� �
GFP-G3BP1 � � ��� �
ECFP-hnRNPE1 � ��� � �
ECFP-hnRNP K � ��� � �
ECFP-PKR � ��� � ND
ECFP � �� � �
YFP � �� � �
mCH � �� � �

aThe nuclear and cytoplasmic abundances of ectopically expressed FP-tagged proteins are indicated by
relative amounts, i.e., �, �, �, ��, and ���. ND, not determined. YFP, ECFP, and mCH refer to yellow,
enhanced cyan, and mCherry fluorescent reporter proteins, respectively.

FIG 6 z-stack analysis of colocalization of the SG protein ADAR1 and the PB protein GW182 with VMs in RRV-infected MA104 cells. (a and b) Analysis of
colocalization of NSP5 with ADAR1 (a) and of NSP5 with GW182 (b) in RRV-infected MA104 cells (at 8 hpi). The proteins were visualized by ICM using rabbit
anti-NSP5 and mouse anti-ADAR1 and -GW182 primary antibodies and Cy5-tagged (red) anti-rabbit and Cy3-tagged (green) anti-mouse IgG secondary
antibodies. z-stacks of images, collected at 0.30-�m intervals ranging from 0 to 2.70 �m for ADAR1 and at 1.00-�m intervals for GW182, using a 4� zoom and
a 63� objective under a Zeiss LSM 880 microscope, reveal that both the viral and host proteins were enriched in the same punctate structures in the cytoplasm,
suggesting that the colocalization was not due to nonspecific fluorescence or to overlapping diffuse distributions of the two proteins. z-stack analyses of other
SG and PB proteins also revealed similar results.
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relocalization (of DCP1a, DCP1b, Pan3, and XRN1) during virus infection (Fig. 1a and b,
Fig. 2, Fig. 3b, and Fig. 4).

To clearly understand the dynamics and intracellular localization of SG and PB
proteins during rotavirus infection, a large number of them were examined by WB
analysis of the nuclear and cytoplasmic fractions from serum-grown control, mock-

FIG 7 Time course ICM analysis of formation of SG and PB granules in MA104 cells infected with human and animal strains of rotavirus. (a) G3BP1; (b) GW182;
(c) DDX6; (d) EDC4. MA104 cells infected with RRV and human rotavirus strain KU were analyzed at 2, 4, 6, and 8 hpi. Both viruses exhibited similar patterns
of formation of viroplasms and SG-PB granules. The formation of GW182-positive granules, the appearance of viroplasms, and their colocalization coincided
at about 4 hpi. No G3BP1 granules could be detected during the periods of analysis. The colocalization of the PB protein GW182 with VMs and the identical
location of the punctate structures of VMs and GW182 at 4 hpi suggest that the colocalization of the host protein with VMs is specific but not due to an
abundance of the host protein or to cell lysis. In contrast, not all the DDX6 and EDC4 granules showed colocalization with VMs between 4 and 8 hpi, and the
proteins from some of the granules dissociated and attained a diffuse distribution, leading to a reduction in the number of DDX6-EDC4-positive granules at
late time points of infection. Uninfected and virus-infected cells are indicated by white and red arrows, respectively. Infected cells in which DDX6 and EDC4
granules underwent dissociation followed by diffuse distribution of the proteins between 6 and 8 hpi are indicated by dark green arrows. The arithmetic
averages � SD of the numbers of DDX6 and EDC4 granules per KU- or RRV-infected cell at 2, 4, 6, and 8 hpi were calculated using ImageJ software and are
presented in the bar diagrams. The existence of decapping complex proteins in granules in the cytoplasm of serum-grown control cells is described in the
legend to Fig. 3. Bars, 20 �m.
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infected, and virus-infected MA104 cells. For convenience, the proteins are discussed
according to their intracellular localization patterns. ADAR1 (Fig. 8a) was localized
primarily in the nucleus in the serum-grown control cells and showed partial relocal-
ization to the cytoplasm in mock-infected, uninfected, and virus-infected cells. CPEB
was also localized predominantly in the nucleus, but it was also detectable in the
cytoplasm. Both proteins showed increased cytoplasmic relocalization with progression
of infection (Fig. 8a). While no significant change in the nuclear level of ADAR1 was
observed, that of CPEB decreased during late infection. In contrast, DDX6 (Fig. 8b) was
primarily a cytoplasmic protein in serum-grown control and mock-infected MA104 cells
but exhibited partial relocalization to the nucleus during virus infection. The level of
DDX6 in the cytoplasm increased in response to serum starvation-induced stress in the
mock-infected cells, and this was further enhanced during virus infection. EDC4 was
predominantly cytoplasmic, with a low level of the protein detectable in the nucleus,
but it showed decreased levels in both compartments at 8 hpi in the virus-infected

FIG 8 Analysis of nuclear and cytoplasmic distribution of SG and PB components in mock-infected and RRV-infected MA104 cells during the course of infection.
(a) Time course immunoblot analysis of the levels of SG proteins in the nuclear and cytoplasmic fractions. The samples in lane 0 (hpi) represent nuclear and
cytoplasmic fractions from serum-grown control cells. Lanes for 2 to 10 hpi in the left half of the panel represent mock-infected cells incubated for the indicated
periods in medium lacking serum, identical to the conditions under which virus infections were done. Lanes for 2 to 10 hpi in the right half of the panel
represent extracts prepared from RRV-infected cells. VP6 was detected using subgroup I MAb 631/9, which is specific to the viral protein, with no cross-reactivity
to host proteins. �-Tubulin and PCNA were used to determine the purity of the cytoplasmic and nuclear fractions, respectively, and as internal loading controls.
Fifty micrograms of protein was analyzed at each time point. hpi, hours postinfection; C.E., cytoplasmic extract; N.E., nuclear extract. The fold changes in the
levels of the proteins in the mock-infected and virus-infected cells in comparison to those in the serum-grown control cells (0 hpi) are given at the bottom of
each blot. If a protein was undetectable in the serum-grown control cells (S.C.), the time point at which it was first detectable in the respective compartment
was taken as the reference for fold change calculations (11). (b) Analysis of the altered nuclear and cytoplasmic distribution of PB proteins during rotavirus
infection. Details of the analysis are the same as those described for panel a. The absence of bands corresponding to PCNA and ADAR1 in the cytoplasmic
fractions and of those for �-tubulin and VP6 in the nuclear fractions from the serum-grown control, mock-infected, and virus-infected cells when 50 �l of protein
was analyzed indicates the purity of the respective preparations (11). (c and d) Analysis of the total protein levels of SG proteins (c) and PB proteins (d) in control
and virus-infected cells. The fold changes in the levels of the proteins in the infected cells at 8 hpi, shown at the bottom of each blot, were calculated with
reference to the levels in the serum-grown control cells (S.C.).
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cells. The Mg2�/Mn2�-dependent Ser/Thr phosphatase PPM1A, which negatively reg-
ulates stress response pathways, was predominantly cytoplasmic but was also consti-
tutively present in the nucleus, and its level in the cytoplasm increased during later
stages of virus infection (Fig. 8a). Caprin1 (Fig. 8a) was present at significant levels in
both compartments in the control, mock-infected, and virus-infected cells. While the
levels of Caprin1 increased in the nucleus in response to serum starvation-induced
stress, it exhibited increased cytoplasmic accumulation with progression of infection,
with a concomitant decrease in its nuclear levels. G3BP1 was predominantly cytoplas-
mic but was also detectable in the nuclear fractions in the serum control, mock-
infected, and virus-infected cells. No significant change in the level of G3BP1 in the
cytoplasm under different conditions was observed, but there was a small increase in
the nucleus in the mock- and virus-infected cells. Interestingly, the levels of GW182
(TNRC6), a major PB component, increased in the cytoplasm of mock-infected cells
without a significant change in the nuclear level, but its levels were greatly enhanced
in both compartments during virus infection (Fig. 8b). The level of Ago2 in the
cytoplasm increased in response to serum starvation-induced stress, but no significant
change in its level was noticed in the nucleus or cytoplasm during virus infection
(Fig. 8b).

Note that DCP1a and DCP1b were present in both compartments in serum control
and mock-infected MA104 cells but showed contrasting intracellular relocalization
during virus infection. While DCP1a showed increased cytoplasmic accumulation with
a concomitant decrease in the nucleus during late times of virus infection, DCP1b
exhibited increased nuclear accumulation with a concomitant decrease in the cyto-
plasm (Fig. 8b). XRN1 was also present in both compartments but showed nuclear
relocalization during virus infection (Fig. 8b). The results obtained by WB analyses of the
nuclear and cytoplasmic fractions closely corresponded with those observed for ICM
analyses (Fig. 1 to 3). The relative changes in the levels of the SG and PB proteins during
virus infection and mock infection compared to the levels in the serum-grown control
cells are shown at the bottom of the WB for each protein (Fig. 8a and b). Tables 1 and
2 summarize the relative localization and abundance levels of different proteins in the
infected cells at 8 hpi compared to those in the serum-grown control cells. The relative
changes in the nuclear and cytoplasmic levels of different proteins in the infected cells
at 8 hpi with reference to those in the serum-grown control cells (Fig. 8a and b) closely
correlated with the total protein levels in the infected cells at 8 hpi (Fig. 8c and d).

Interaction of SG and PB components with viroplasmic proteins NSP2 and
NSP5. Recently, many ARE-BPs and hnRNPs and some cytoplasmic proteins were
shown to interact directly with NSP2 and/or NSP5 and to colocalize with the VMs in
virus-infected cells (11). Since SG and PB proteins also showed colocalization with the
VMs, their possible interaction with the viroplasmic proteins NSP2 and NSP5 was
examined by a pulldown (PD) assay using RNase-treated and untreated control cell
extracts and recombinant proteins to understand the possible molecular basis for their
sequestration in the VM. Note that infected cell extracts were deliberately not used in
the PD assays, as it would not be possible to understand whether the SG/PB protein
was directly interacting with the bead-bound viral protein or was indirectly recruited
through its interaction with other viral or host proteins present in different SG, PB, and
viroplasmic complexes, as recently described by Dhillon et al. (11). Figure 9a demon-
strates that the majority of the SG and PB proteins interacted with NSP2 and/or NSP5
in an RNA-independent manner. Note that the PB protein Pan3 did not bind to either
NSP5 or NSP2. Caf1-p150 showed RNA-dependent binding to NSP2 but not to NSP5.
The eIF2� interaction with NSP2 was RNA independent, but that with NSP5 was RNA
dependent. In contrast, PKR showed RNA-independent binding to NSP5 but no binding
to NSP2. Ago2 and Caprin1 bound to NSP5 in an RNA-independent manner and also
showed RNA-dependent binding to NSP2. The other SG and PB proteins that were
examined exhibited RNA-independent binding to both NSP2 and NSP5. The observa-
tion that the majority of the SG and PB components directly interacted with NSP2
and/or NSP5 was further confirmed by a direct-binding PD assay (Fig. 9b and c) using
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RNase-treated purified N-His (NH)-, glutathione S-transferase (GST)-, or maltose-binding
protein (MBP)-tagged recombinant viroplasmic proteins and selected NH- or GST-
tagged SG and PB proteins (Fig. 9d). Purified NH-G3BP1 (Fig. 9e) failed to bind to
purified NSP2 or NSP5 (Fig. 9e and f).

FIG 9 Demonstration of interaction of host SG and PB proteins with viroplasmic proteins by pulldown (PD) assays and coimmunoprecipitation (co-IP) analyses.
(a) Analysis of interactions between recombinant viral NSP2 and NSP5 and host SG and PB proteins. The NH-tagged NSP5 and NSP2 proteins were purified from
E. coli by affinity chromatography using Ni2�-nitrilotriacetic acid (NTA)-agarose beads. Control Ni2�-NTA-agarose beads used for mock binding were prepared
by incubation with a lysate of E. coli harboring the pET22-NH vector lacking the viral gene. Both the control and viral protein-bound beads were further
saturated by storage at 4°C in 0.5% bovine serum albumin (BSA) to minimize nonspecific binding of cellular proteins. The RNase-treated purified recombinant
NSP2 and NSP5 proteins bound to Ni2�-NTA-agarose beads and the control beads (mock binding) were incubated with equal amounts (500 �g) of cell extracts,
prepared from serum-grown control MA104 cells, that were either treated or not treated with RNase A as indicated above the panels. The cellular proteins
bound to the beads were resolved by SDS-PAGE, and the interacting SG and PB proteins were detected by immunoblotting as described recently (11). In the
lane representing 10% input, 50 �g of RNase-treated or untreated cell extract was used. The same blot was used to detect two host proteins by sequential
deprobing and reprobing, depending on clear differences in their molecular weights to confirm the presence of more than one protein in the protein complex,
as described previously (11). Each PD assay was repeated 3 or 4 times to confirm reproducibility. RNase treatment of cell extracts and other details were
described recently (11). (b and c) Demonstration of direct interactions between purified NH-NSP2 and NH-NSP5 and glutathione bead-bound, GST-tagged SG
and PB proteins. Ten micrograms of purified NH-NSP2 or NH-NSP5 was incubated with approximately 2 �g of bead-bound recombinant GST-tagged eIF2�, HuR,
TIA1, DCP1a, DDX6, or Caprin1 treated with RNase A (10 mg/ml), and the bound viral protein was detected by Western blotting using specific antibodies against
NSP2 and NSP5. Direct binding assays using GST-PKR and GST-Caf1-p60 were not performed, as the full-length proteins could not be purified due to their
cleavage into several fragments when expressed in E. coli. (d and e) Expression and purification of GST-tagged recombinant SG and PB proteins (d) and of
NH-G3BP1, maltose-binding protein (MBP)-tagged NSP2, and GST-tagged NSP5 (e). The bacterial cell extracts were incubated with RNase A (100 mg/ml) for
45 min at room temperature prior to purification of the proteins. The purified proteins were resolved by SDS-PAGE and detected by staining with Coomassie
blue R250. (f) G3BP1 does not bind to NSP2 or NSP5. Eluted MBP-NSP2 and GST-NSP5 were incubated with bead-bound NH-G3BP1, and bound NSP2 and NSP5
were detected using specific antibodies. (g) Demonstration of association of SG and PB proteins with viroplasmic complexes in infected cells by co-IP analyses.
Immune complexes with SG and PB proteins and protein-specific antibodies were captured with BSA-saturated protein A-agarose beads, and the viral proteins
in the complexes were detected by WB. CE and ICE represent control co-IPs performed using control cell extract and infected cell extract, respectively,
demonstrating that the detection of viral proteins in the co-IPs is specific.
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The association of SG and PB components with the VMs or subviroplasmic com-
plexes in the infected cells was further examined by coimmunoprecipitation (co-IP)
analyses using RNase-treated infected cell lysates. With the exception of G3BP1 and
Caf1-p150, antibodies against other SG/PB proteins coimmunoprecipitated the viral
proteins NSP2, NSP5, and/or VP6 (Fig. 9g). Note that the viral proteins were undetect-
able in the co-IP complexes of G3BP1, which neither interacted with NSP2 or NSP5 in
the PD assay nor colocalized with the VM (Fig. 1a and 9a). The observation that
Caf1-p150 bound only to NSP2 in an RNA-dependent manner and was undetectable in
the co-IP complexes from RNase-treated cell extracts suggests a loss of its association
with VMs upon RNase treatment. The interactions between the SG/PB proteins and the
viroplasmic proteins NSP2 and NSP5 and their colocalization with the VM are summa-
rized in Table 1.

Biological significance of SG and PB components for viral protein expression
and rotavirus growth. The biological significance of the nuclear-cytoplasmic dynamics
of the SG and PB proteins and colocalization of the remodeled SGs and PBs with VMs
or diffuse distribution of some of their components in the cytoplasm was assessed by
small interfering RNA (siRNA)-mediated downregulation of expression and/or ectopic
overexpression of selected proteins. Analysis of the influence of some of the SG and PB
proteins on the levels of expression of the viroplasmic proteins NSP2, NSP5, and VP6
revealed that, except for ADAR1, the majority of the proteins that were examined
negatively affected the expression of all three viral proteins (Fig. 10a to c). Figure 10d
represents the quantification of the levels of individual viroplasmic proteins from three
independent experiments. The positive or negative influence of the SG and PB proteins
on virus infection was further examined by determining the infectious virus yield in
HEK293T cells transfected with siRNA or an expression plasmid construct followed by
virus infection. Figure 11 demonstrates that siRNA-mediated downregulation of expres-
sion of the majority of the SG and PB proteins significantly enhanced the infectious
progeny virus yield, by 1.2 to 2.2 orders of magnitude. Since EDC4 and DDX6 are
associated with scaffolding and helicase activities but not directly associated with
decapping activity, the effect of downregulation of expression of these two DCP body
proteins appeared to be significantly less than that observed when DCP1a was down-
regulated. Further, the free EDC4-positive granules that were not associated with VMs
were two times more abundant than the DCP1-positive free granules in the infected
cells at 8 hpi (Fig. 3b), suggesting that downregulation of expression of EDC4 or DDX6
and DCP1 may have differential effects on viral protein expression and the progeny
virus yield. Ectopic expression of G3BP1 and Caprin1 inhibited virus growth to similar
extents. G3BP1 appears to be a potent negative regulator of rotavirus infection.
Rotavirus infection appears to inhibit the formation of G3BP1-positive normal func-
tional SGs by selective exclusion of G3BP1, which is a critical SG nucleating component.
Although the precise underlying principle for exclusion of G3BP1 from SGs is not
understood, rotavirus appears to inhibit normal stress granule formation so that their
normal functions are altered or modulated to promote viral protein synthesis under the
stress conditions of virus infection. While the activities of the host proteins can be
modulated by sequestration in the VM, exclusion of G3BP1 from the SGs and VMs also
appears to serve the same function. Overexpression of G3BP1 is known to drive
formation of SGs (11, 35). Our demonstration of the negative influence of G3BP1 on
viral protein expression and progeny virus production when it is ectopically overex-
pressed (Fig. 10c and d and Fig. 11) further suggests that G3BP1-driven SG formation
is detrimental for productive rotavirus infection despite the lack of its direct interaction
with the viroplasmic proteins. The phosphatase PPM1A also had a negative effect on
virus growth. Among the SG/PB proteins that were investigated, only ADAR1 exhibited
a positive effect on the infectious virus yield (Fig. 11).

DISCUSSION

The present study, involving analysis of a large number of SG-PB components,
demonstrated that rotavirus induces formation and sequestration in the VMs of atyp-
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ical/remodeled SGs and PBs containing the majority of their components, with selective
exclusion of a few proteins. This finding is in contrast to previous observations based
on the lack of detection of a few SG and PB components in punctate structures in
rotavirus-infected cells (11, 70, 71).

In a previous study, Bhowmick et al. (71) reported disruption of PBs in rotavirus-
infected cells based on the analysis of only three decapping complex proteins, DCP1a,
XRN1, and Pan3, in the absence of knowledge on the status of the large number of

FIG 10 Effects of siRNA-mediated knockdown and ectopic expression of SG and PB proteins on viral protein expression. (a) Western blot analysis
of effects of siRNA-mediated downregulation of expression and ectopic expression of SG proteins on viroplasmic protein expression. HEK293T
cells were transfected with 30 pmol of siRNA against the host protein for 48 h, followed by infection with purified RRV at an MOI of 5. At 8 hpi,
cell extracts were prepared, and 50 �g of total protein was used for detection of NSP2 and NSP5 by use of PAbs and of VP6 by use of MAb 631/9
in WB as described by Dhillon et al. (11). Control cells were transfected with Accell nontarget siRNA as a negative control. (b) Analysis of the effect
of siRNA-mediated downregulation of expression of PB proteins on viral protein expression. (c) Effect of ectopic expression of SG and PB proteins
on viroplasmic protein expression. HEK293T cells were transfected with plasmid DNA (0.75 �g/well) expressing GFP-G3BP1 or ECFP-Caf1-p60 for
48 h, followed by infection with purified RRV at an MOI of 5. Viral proteins were analyzed at 8 hpi. (d) Quantification of expression levels of viral
proteins in virus-infected cells in which the expression of SG/PB proteins was downregulated or overexpressed. The fold changes in protein levels
in the siRNA-transfected virus-infected cells in comparison to those in serum-grown control cells transfected with control siRNA were calculated
from three independent experiments and are presented in the bar diagrams as means � SD. While enhanced expression of all three viroplasmic
proteins upon knockdown of expression of the selected SG/PB proteins was observed, knockdown of ADAR1 resulted in reduced levels of
expression of the viral proteins. Ectopic expression of G3BP1 and Caf1-p60 reduced the level of viral protein expression in comparison to that in
cells transfected with the control plasmid pECFP. Expression of the control GFP and ECFP proteins had no significant effect on viral protein
expression. Statistical analysis was done using Student’s t test, and the significance of the results is as described in the legend to Fig. 1.

Role of Atypical SGs and PBs in Rotavirus Infection Journal of Virology

December 2018 Volume 92 Issue 24 e01363-18 jvi.asm.org 17

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
18

 A
ug

us
t 2

02
2 

by
 1

4.
13

9.
12

8.
34

.

https://jvi.asm.org


other PB components. The present study clearly demonstrates the existence of a large
number of granules, called DCP bodies (consisting of decapping complex proteins) (49,
53, 56, 58–61), which are negative for other SG and PB markers, such as G3BP1, GW182,
and Caprin1, in serum-grown control cells (Fig. 3a and b). Rotavirus infection appears
to induce destabilization of the DCP bodies by differential dissociation and intracellular
relocalization of the components of the decapping complex. In contrast to the previous
report (71), our studies involving nuclear-cytoplasmic relocalization and ICM analyses
demonstrate that DCP1a accumulates in the cytoplasm and shows partial colocalization
with VMs, besides being present in diffuse form, in infected cells. The transient
association of DDX6- and EDC4-positive DCP granules with VMs and their subsequent
dissociation from the VMs, resulting in diffuse distribution and reduction in the number
of DCP granules with progression of infection, are interesting. Some EDC4-positive
granules could be seen for a longer period than those positive for DDX6 (Fig. 7c and d),
probably due to the scaffolding function of EDC4 in the granules (58). Association of the
functional decapping complex with the mRNA decay activators hUPF1 and TTP en-
hances decapping of the target AU-rich mRNAs (45, 46). In this context, with rotaviral
mRNAs being 57% to 68% AU rich (11), destabilization of the decapping machinery in
the cytoplasm appears to be an important viral strategy for promoting productive virus
infection.

In contrast to the presence of the decapping complex proteins in granules in the
cytoplasm in the serum-grown control cells, other SG and PB proteins primarily existed
in a dispersed state in the nucleus and/or cytoplasm in control and mock-infected cells
(Fig. 1a and b, Fig. 2, and Fig. 3a and b), suggesting that rotavirus infection induces
molecular triage and remodeling of the SGs and PBs by selective exclusion of the key
SG marker G3BP1 and of ZBP1 (Fig. 1b). While the decapping complexes in the PBs were
subjected to destabilization by differential dissociation of the components, leading to
partial colocalization with the VMs during rotavirus infection, the majority of the SG and
PB components existed in granules in rotavirus-infected cells and colocalized with the
VMs until the end of the virus life cycle. It is significant that the appearance of the
remodeled SG and PB granules coincided with that of the VMs in the virus-infected cells
at 4 hpi (Fig. 7). Co-IP analyses of selected proteins by use of infected cell lysates (Fig.
9g), the direct interaction of SG and PB proteins with the viroplasmic proteins (Fig. 9b
and c), and the colocalization with VMs of the ectopically expressed fluorescent
protein-tagged SG/PB proteins (Fig. 5) further confirmed the association of SG/PB
components with the VMs.

FIG 11 Effect of siRNA-mediated knockdown and/or ectopic expression of selected SG/PB proteins on progeny virus yield.
HEK293T cells in duplicate wells in a 24-well plate were transfected with siRNAs against the SG and PB proteins or with
the ECFP-, GFP-, YFP-, or mCH-tagged SG/PB protein expression constructs for 48 h as described in the legend to Fig. 10,
followed by infection with 400 FFU of purified RRV. Nontarget fluorescent Accell siRNA was used as a control. At 8 hpi, cell
lysates were prepared in DMEM by the freeze-thaw method. For progeny virus titer determination, confluent MA104 cells
were infected with serial dilutions of lysates from transfected-infected HEK293T cells, and the progeny virus titers in two
wells each from three independent experiments were determined by ELIFA as described in Materials and Methods. VP6
MAb was used for detection of infected cells, and the deep brown foci were counted under a microscope (11, 132). The
progeny virus yields per milliliter from three different experiments were plotted independently. For control infections,
untransfected control HEK293T cells and cells transfected with either pc-DNA 3.0 or pc-GFP expression vectors were used.
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Different viruses modulate the composition of SGs and PBs, inhibit or promote their
formation, or hijack or inactivate a few specific components of these bodies to promote
productive virus infection (29, 42, 47, 50, 61, 67–69, 72–80). However, rotavirus appears
to employ sequestration of the large remodeled SG and PB granules in the VM,
selectively excluding a few of their components, as a novel strategy to promote virus
replication. siRNA-mediated knockdown and ectopic expression analyses of selected
SG/PB proteins revealed that the majority of the SG and PB proteins, including those of
the decapping complex, negatively influence virus growth. Only ADAR1, which is
present in the nucleus and the cytoplasm in infected cells and is also localized in the
VM (Fig. 1a and Fig. 4), promoted the infectious progeny virus yield (Fig. 11). Previous
studies reported a positive influence of ADAR1 on the growth of other viruses by
inhibition of PKR activity and SG formation (81–83). Interestingly, the phosphatase
PPM1A, which negatively regulates host stress response pathways and antiviral defense
mechanisms (84, 85), is upregulated and is also localized to the VM in rotavirus-infected
cells. The enhanced viral protein expression and progeny virus yield in cells in which
PPM1A protein expression is downregulated by siRNA suggest that its phosphatase
activity is detrimental to virus growth (86). The PP2C family phosphatases play impor-
tant roles in several cellular processes, including nuclear transport, and their activities
are regulated by posttranslational modifications, such as phosphorylation and
N-myristoylation (87–90). It is of interest to investigate the mechanism(s) by which the
phosphatase activity is regulated in rotavirus-infected cells to promote virus growth
(86).

It could be argued that the interactions between the recombinant viral proteins and
the host proteins in the in vitro PD assays are nonspecific due to the improper folding
of the recombinant proteins and lack of posttranslational modifications that occur in
proteins expressed in mammalian cells. Although the in vitro interactions between the
viral proteins and the SG and PB proteins appear to be RNA independent, it is likely that
RNA-mediated interactions play a very important role in the assembly of the complex
supramolecular rotavirus replication organelles inside the infected cell, since the ma-
jority of the SG and PB proteins as well as NSP2 and NSP5 are RNA-binding proteins.
Further, it is unlikely that a single NSP2 or NSP5 molecule simultaneously interacts with
several host proteins. Since VMs contain a large number of NSP2 and NSP5 molecules,
it is likely that individual NSP2 and NSP5 molecules interact with one or two different
host proteins. The fact that the majority of the SG and PB proteins and other host
proteins (11) are associated with viral proteins in the VMs inside the cell, as revealed by
ICM analyses and co-IP analyses using infected cell extracts, renders irrelevant the
argument that the interactions between viral and host proteins in the in vitro PD assays
are nonspecific.

It is intriguing that the viroplasmic proteins NSP2 and/or NSP5 showed interaction
with a large number of host hnRNPs, ARE-BPs, cytoplasmic proteins (11), and SG and PB
components that are associated with VMs. It is tempting to speculate that the mech-
anism of assembly of the VM and its association with a plethora of host proteins are
analogous to the assembly of SGs and PBs. Many proteins of SGs and PBs contain
intrinsically disordered regions (IDRs), low-complexity domains (LCDs), or prion-like
domains (30, 91–95), which promote liquid-liquid phase separation via multivalent
weak protein-protein, RNA-protein, and RNA-RNA interactions (96, 97), causing liquid
demixing, formation of phase-separated liquid droplets, and reversible aggregation of
the translationally stalled preinitiation mRNP complexes (30, 91–97). The transient
association with and dissociation from the VMs of the decapping complex components
likely reflect the dynamic nature of interaction of some of the host proteins with the
VMs. In this context, the N-terminal half of NSP5 was reported to be a low-sequence-
complexity and disordered/unstructured region and the C-terminal region to be a
helical region, which is required for decamerization of the protein, interaction with
other viral proteins, and VM formation (98–102). Both the N- and C-terminal regions of
NSP5 were reported to interact with NSP2 (9, 23, 100). NSP2 binding induces hyper-
phosphorylation of NSP5, which is required for mature VM formation (100, 102).
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Turning next to NSP2, the C-terminal helical tail (CTH) was reported to assume a
phosphorylation-dependent open conformation that is important for mature VM for-
mation and its interaction with viral and cellular proteins, such as tubulin (103–107).
Based on these observations, it is tempting to speculate that the N- and C-terminal
regions in NSP5 and the CTH in NSP2 are important not only for the assembly of
viroplasmic proteins in the VM but also for the sequestration of host proteins by weak
protein-protein and RNA-protein interactions, but these speculations require detailed
investigations.

Protein phosphorylation, methylation, acetylation, glycosylation, and PARylation
affect assembly and disassembly of SGs and PBs, suggesting a potential link between
signal transduction and mRNA stability (30, 37, 91, 108–116). Many host RNA-binding
proteins also undergo posttranslational modifications, such as phosphorylation, meth-
ylation, acetylation, and SUMOylation, in response to environmental stimuli, stress, and
virus infection, which influence their functions associated with nuclear-cytoplasmic
localization, RNA binding, protein-protein interactions, and RNA metabolism (117–123).
The viral viroplasmic proteins are also known to undergo phosphorylation, glycosyla-
tion, methylation, and/or SUMOylation in virus-infected cells (98–100, 102, 106, 124–
127). The events leading to the assembly of mature VMs are modulated by phosphor-
ylation of NSP2 and NSP5 (106). The roles of other posttranslational modifications in the
viroplasmic proteins in VM formation need to be investigated. Since several signaling
pathways are activated in rotavirus-infected cells (128–131), it is important to investi-
gate the role of posttranslational modifications in the interactions between the viral
proteins and host proteins leading to the sequestration of the host proteins in the VM
during virus infection.

The finding that rotavirus sequesters the complex SG-PB cellular organelles that
are associated with translational suppression and mRNA degradation in the VM is
quite unexpected. The coexistence of the majority of the components of SGs and
PBs with the VM through the virus life cycle suggests that the translationally stalled
host mRNAs are destined for degradation and are not released further for transla-
tion. By hitchhiking in the host mRNA degradation organelles, the virus may derive
benefit by harnessing their RNA degradation property to channel a continuous and
rapid supply of nucleotides from the degraded cellular RNAs to the viral genome
replication machinery for efficient replication of the viral genome within the short
period of the virus life cycle. However, the nucleoside monophosphates (NMPs)
generated from degradation of host mRNAs in the SG-PB complexes have to be
converted into nucleoside diphosphates (NDPs), which may then serve as substrates
for NSP2 for their conversion into nucleoside triphosphates (NTPs) directly in the
VM by its NDP kinase activity (132). Our unpublished observation of sequestration
of host NMP kinases, as well as that of NDP kinase (nm23) (133, 134), in the VM
appears to support this hypothesis. Moreover, by sequestration of the remodeled
SGs and PBs in the VM and dissociation of DCP bodies, the virus appears to
inhibit/seclude them from accessing the translating viral mRNAs in the cytosol and
protect them from translational repression and mRNA degradation. The coincidence
of the time of appearance of the remodeled SGs and PBs and the VMs appears to
be significant in that a significant proportion of the host mRNAs could have been
sequestered in the SG-PB complexes by 4 hpi, setting the stage for hijacking the
host translational machinery for selective translation of viral mRNAs. It is possible
that sequestration and/or posttranslational modification of a large number of
hnRNPs, ARE-BPs (11), and SG and PB proteins in the VM leads to suppression of
some of their functions as well as cooption/modulation of the functions of some of
the components to promote viral genome replication and virus assembly, in the
absence of which the majority of the host proteins would negatively influence virus
growth.

The demonstration in the present study that the rotavirus replication organelles
represent a union of the triad of the viral replication complexes, SGs, and PBs as well
as many hnRNPs, ARE-BPs, cytoplasmic proteins (11), and lipid droplets (19–21) adds
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a new dimension to the compositional and structural complexity of the VM,
signifying the need for a conceptual change in our current understanding of the
composition of the VM and a rationalization for future strategies to unravel the
structural organization of the supramolecular VM and the mechanism of morpho-
genesis of rotavirus.

MATERIALS AND METHODS
Cells and viruses. Embryonic African green monkey kidney-derived MA104 cells and transformed

human embryonic kidney HEK293T cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) (Invitrogen). Rhesus monkey rotavirus (RRV)
and the human rotavirus strain KU were obtained from Harry B. Greenberg, Stanford University, USA.
Infection, growth, and purification of viruses were done in medium lacking FBS as described by Dhillon
et al. (11, 135). MA104 cells were used for large-scale virus culture, and HEK293T cells were used in
experiments involving plasmid DNA or siRNA transfections followed by virus infection to study the effect
of ectopic expression or downregulation of expression of the cellular proteins on virus growth.

Enzymes and reagents. Nucleotides, DNA purification kits, restriction endonucleases, T4 DNA ligase,
and 2� PCR mix were from Fermentas. General laboratory chemicals were from Sigma-Aldrich, Promega,
USA, and Merck, Germany. Oligonucleotides were obtained from Sigma-Aldrich or Eurofins, India.

Antibodies. In this study, MAbs and rabbit and guinea pig PAbs were used. Rabbit PAbs were used
when appropriate MAbs against the host proteins were not available. The PAbs against host proteins
obtained from commercial sources were examined for cross-reactivity with rotaviral proteins before their
use in experiments, as described recently (11), and those that showed cross-reactivity to viral proteins in
WB and ELISA were not used in this study. Anti-NSP5 and -NSP2 antibodies raised in guinea pigs were
generously provided by O. Burrone, ICGEB, Trieste, Italy. The generation of anti-NSP5 and anti-NSP2
rabbit PAbs and their purification were described by Dhillon et al. (11). Rotavirus subgroup I (SGI) and
subgroup II (SGII) DLP-specific MAbs were kindly provided by Harry B. Greenberg, Stanford University,
USA. Anti-RRV DLP antibodies were generated in rabbits by use of purified DLPs (11, 135). PAbs against
the host proteins Ago2 (sc32877), GW182 (sc66915), PKR (sc708), and p-eIF2� (sc101670) and MAbs
against adenylate kinase (sc165981), guanylate kinase (sc365026), UMP-CMP kinase (sc376153), nucleo-
tide diphosphate kinase nm23 (sc166677), GW182 (sc377006 and sc376939), DCP1a (sc100706), EDC4
(sc374211 and sc376382), p-eIF2� (sc293100), and Staufen (sc90992) were from Santa Cruz Biotechnol-
ogies. Rabbit PAbs against Caprin1 (HPA018126 and SAB1101135) and a goat anti-rabbit IgG–Alexa Fluor
488 secondary antibody (AP132JA4) were from Sigma-Aldrich. Rabbit PAbs against DCP1b (PA5-26885),
DDX6 (PA5-27786), DCP1a (PA5-40931), ZBP1 (PA5-20455), CPEB (PA1-1100), EDC4 (PA5-30485), eIF2�

(PA5-27660), PPM1A (PA5-29041), Staufen (PA5-28479), DDX6 (PA5-27786), and XRN1 (PA5-57110 and
PA5-41888) and MAbs against p-eIF2� (MA5-15133), ADAR1 (MA5-17285), �-actin (MA5-15739), and
�-tubulin (MA-16308) were from Thermo Fisher-Pierce. MAbs against Caf1-p150 (04-1522), Caf1-p60
(04-1523), PCNA (1742353), and LSM1 (MABE893) were obtained from Millipore. G3BP1 MAb (611126)
was from BD Biosciences. PAbs against Pan3 (PA5-24880) and DCP1b (PA5-58894) and a goat anti-guinea
pig IgG–Alexa Fluor 633 secondary antibody were obtained from Invitrogen. Donkey anti-rabbit IgG–
horseradish peroxidase (HRP) conjugate (NA934v), sheep anti-mouse IgG–HRP conjugate (NA931v), goat
anti-rabbit IgG–Cy5 conjugate (PA-45004), goat anti-mouse IgG–Cy3 conjugate (PA43002), and goat
anti-rabbit IgG–Cy3 conjugate (PA-43004) secondary antibodies were from GE Healthcare. Details of
other antibodies and use of the antibodies for WB and ICM were described previously by Dhillon et al.
(11).

Transfections. HEK293T cells were transfected with plasmid DNAs (0.75 �g/well) by use of 2 �l of
either X-treme DNA or X-treme siRNA transfection reagent and with siRNAs (30 pmol/well) by use of 3 �l
X-treme siRNA transfection reagent (Roche Applied Science) in 24-well plates according to the supplier’s
protocol. Transfected cells were then infected with rotavirus between 36 and 48 hpi, depending on the
experiment, as described by Dhillon et al. (11).

Plasmid vectors and cDNAs. The cDNAs (GenBank accession numbers) for G3BP1 (BC108278),
Caprin1 (BC001731), CAF1-p60 (BC021218), CPEB1 (BC050629), ADAR1 (BC038227), DCP1a (BC007459),
DDX6 (BC065007), EDC4 (BC064567), eIF2� (BC002513), and PKR (BC093676) were obtained from Thermo
Fisher Scientific-Dharmacon. The open reading frames (ORFs) of these genes were amplified by PCR and
were cloned as N-terminal fusions with the reporter mCherry, YFP, or ECFP in the pcDNA3.0 vector. The
reporters were cloned between HindIII and BamHI or HindIII and EcoRI sites, and the cellular genes were
cloned downstream of the reporters, between BamHI and XhoI or EcoRI and XhoI sites, depending on the
gene. The codon-optimized reporter genes for expression in mammalian cells were from Clontech. The
ORFs of DDX6, Caprin1, Caf1-p60, PKR, and TIA1 were cloned between BamHI and XhoI sites in the
pGEX-4T2 vector, and those of eIF2�, HuR, and DCP1A between EcoRI and XhoI sites, for expression of
the proteins in fusion with glutathione S-transferase (GST) in Escherichia coli. The viral proteins NSP2 and
NSP5 from the IS2 human strain and the G3BP1 protein were expressed in fusion with an N-terminal
histidine (NH) tag (11). NSP2 and NSP5 were also expressed in fusion with maltose-binding protein (MBP)
and GST, respectively. Expression of hnRNPs in fusion with fluorescent proteins was described recently
(11). Details of cloning of viral and cellular genes into expression vectors and purification of the proteins
by affinity chromatography have been described previously (11, 135).

ICM. The growth of MA104 and HEK293T cells on glass coverslips in 6-well plates and virus infection,
antibody staining, and image analysis methods were described recently by Dhillon et al. (11). Images
were taken at a magnification of �63 by use of LSM Zeiss 710 or LSM Zeiss 880 Airyscan confocal
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microscopes. Anti-rabbit secondary antibodies tagged with Alexa Fluor 488 or Cy5 (emission at 670 nm;
red), anti-mouse secondary antibody conjugated to Cy3 (emission at 570 nm; green), and anti-guinea pig
secondary antibody conjugated to Alexa Fluor 633 (cyan) were used in this study at a dilution of 1:200
for detection of three different proteins simultaneously. Images were processed with Adobe Photoshop
(Adobe Systems, Inc., San Jose, CA) and ImageJ freeware (http://rsb.info.nih.gov/ij/index.html) as de-
scribed previously (11). Plotting of the plot profile curves and quantification of band intensities in
Western blots were also carried out using ImageJ software. Fluorescence quantification of the ratios of
cytoplasmic to nuclear abundances of proteins in the cells was done by calculating the corrected total
cell fluorescence (CTCF) [using the formula CTCF � integrated density – (area of selected cell � mean
fluorescence background reading)] and the cytoplasmic to nuclear fluorescence ratio for 50 virus-
infected and 50 uninfected cells in each of three independent experiments, using ImageJ software. The
normalized ratios from one experiment were plotted in the graphs next to the confocal images to show
the relative fold changes, as recently described (11). Colocalization analyses to calculate Pearson’s
coefficients were performed on more than 50 infected cells per experiment by using Zen Black software
(Carl Zeiss). Statistical analyses were performed using Student’s t test.

Preparation of nuclear and cytoplasmic extracts and Western blotting. Preparation of nuclear
and cytoplasmic fractions from serum-grown control MA104 cells, virus-infected cells, and mock-infected
cells by use of an NE-PER nuclear cytoplasmic fractionation reagent kit (Thermo Scientific) and WB of the
host and viral proteins were described previously by Dhillon et al. (11). For preparation of infected cell
extracts, cells were infected at a multiplicity of infection (MOI) of 10. For study of the effects of host
proteins and siRNAs on the level of viral protein expression by WB, HEK293T cells were infected at an MOI
of 5.0.

ELIFA. Rotavirus titers in virus preparations and the effects of ectopic expression of cellular proteins
and their downregulation of expression by siRNAs on the progeny virus yield were determined using an
enzyme-linked immunoperoxidase focus assay (ELIFA) as previously described (11, 136). HEK293T cells
were infected with 400 focus-forming units (FFU) per well in 24-well plates, and the progeny virus titers
in MA104 cells were determined as described by Dhillon et al. (11).
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