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ABSTRACT Rotaviruses are the causative agents of severe and dehydrating gastro-
enteritis in children, piglets, and many other young animals. They replicate their
genomes and assemble double-layered particles in cytoplasmic electron-dense inclu-
sion bodies called “viroplasms.” The formation of viroplasms is reportedly associated
with the stability of microtubules. Although material transport is an important func-
tion of microtubules, whether and how microtubule-based transport influences the
formation of viroplasms are still unclear. Here, we demonstrate that small viroplasms
move and fuse in living cells. We show that microtubule-based dynein transport
affects rotavirus infection, viroplasm formation, and the assembly of transient envel-
oped particles (TEPs) and triple-layered particles (TLPs). The dynein intermediate
chain (DIC) is shown to localize in the viroplasm and to interact directly with non-
structural protein 2 (NSP2), indicating that the DIC is responsible for connecting the
viroplasm to dynein. The WD40 repeat domain of the DIC regulates the interaction
between the DIC and NSP2, and the knockdown of the DIC inhibited rotaviral infec-
tion, viroplasm formation, and the assembly of TEPs and TLPs. Our findings show
that rotavirus viroplasms hijack dynein transport for fusion events, required for maxi-
mal assembly of infectious viral progeny. This study provides novel insights into the
intracellular transport of viroplasms, which is involved in their biogenesis.

IMPORTANCE Because the viroplasm is the viral factory for rotavirus replication, viro-
plasm formation undoubtedly determines the effective production of progeny rotavirus.
Therefore, an understanding of the virus-host interactions involved in the biogenesis of
the viroplasm is critical for the future development of prophylactic and therapeutic strat-
egies. Previous studies have reported that the formation of viroplasms is associated with
the stability of microtubules, whereas little is known about its specific mechanism. Here,
we demonstrate that rotavirus viroplasm formation takes advantage of microtubule-
based dynein transport mediated by an interaction between NSP2 and the DIC. These
findings provide new insight into the intracellular transport of viroplasms.

KEYWORDS dynein intermediate chain (DIC), dynein transport, fusion, formation,
microtubule based, NSP2, rotavirus, viroplasm

Rotavirus (RV) infections are major causes of severe and dehydrating gastroenteritis
in children, piglets, and many other young animals (1). RVs are divided into 10

groups, ranging from the group A rotaviruses (RVAs) to the group J rotaviruses, based
on VP6 serology (2) and the website of the Rotavirus Classification Working Group
(https://rega.kuleuven.be/cev/viralmetagenomics/virus-classification/rcwg). RVA is the
RV group that most commonly infects humans and swine (3), killing more than
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120,000 children annually throughout the world (4) and causing huge economic losses
in the swine industry. RVs are nonenveloped viruses with three capsids and a genome
consisting of 11 segments of double-stranded RNA, which encodes six structural pro-
teins (VP1 to 24, VP6, and VP7) and five or six nonstructural proteins (NSP1 to 25/6)
(5). In the replication stage of RVs, the viral proteins and viral RNAs assemble into cyto-
plasmic electron-dense inclusion bodies called “viroplasms,” in which the RV genome
is replicated and new double-layered particles (DLPs) are assembled (6, 7). DLPs bud
across the membrane of the endoplasmic reticulum (ER). During this process, the DLPs
acquire a transient lipid envelope to become transient enveloped particles (TEPs). The
transient lipid envelope is subsequently lost to yield the mature infectious triple-
layered particles (TLPs) (8, 9). Viroplasms surrounded by TEPs and TLPs are detectable
by electron microscopy.

The mature viroplasm contains viral proteins VP1, VP2, VP3, VP6, NSP2, and NSP5.
Among these proteins, NSP2 and NSP5 are called the “scaffold proteins” (10). Studies
have shown that the coexpression of NSP2 and NSP5 leads to the formation of viro-
plasm-like structures in uninfected cells (11), and mutation of NSP2 or knockdown of
NSP5 impairs viroplasm formation in cells infected with RV (12–17). Therefore, NSP2
and NSP5 play a nucleation role in the formation of viroplasms. As well as viral pro-
teins, several cellular proteins are also involved in viroplasms, including endoplasmic
reticulum chaperones (18), cellular lipid droplet components (19), and heterogeneous
nuclear ribonucleoproteins (20). Viroplasms have been observed embedded in the
microtubule network, and their growth requires a functional microtubule network (21–
23). In the course of an ongoing infection, smaller viroplasms fuse to form larger ones,
thus increasing considerably in size and decreasing in number (7, 22). Viroplasm fusion
is an undoubtedly dynamic process that is important for the production of progeny
viruses. However, the mechanism of viroplasm movement is still unclear.

Microtubules are a common and highly efficient motorway for the transport of organ-
elles and intracellular macromolecular substances. As members of the cytoskeletal fila-
ments, microtubules are composed of heterodimers of a-tubulin and b-tubulin, an
arrangement that appears to be ubiquitous in eukaryotes (24). Microtubule-based trans-
port is based on two kinds of molecular motors, dyneins and kinesins (25). Most kinesins
transport their cargo molecules to the plus ends, whereas a fraction of kinesins migrate
to the minus ends of microtubules (26). Dyneins can be differentiated into cytoplasmic
dynein 1 and cytoplasmic dynein 2. The function of cytoplasmic dynein 2 is restricted to
the flagella and cilia. Dynein 1 exists in eukaryotic cells and drives its cargo molecules to
the minus ends of microtubules (27). Dynein 1 (referred to here as “dynein”) is a large
polysubunit complex containing double-dynein heavy chains (DHCs), double-dynein
intermediate chains (DICs) (also known as DYNC1I1 and DYNC1I2), double-dynein light
intermediate chains, and three couples of light chains (28–30). DHCs form the motor do-
main of dynein, with a hexameric AAA ring (31, 32). All subunits of dynein, except the
DHCs, are nonmotor domains and have been shown to interact with dynein’s cargo mol-
ecules (33). There are several inhibitors of microtubule-based dynein transport, including
ciliobrevins (34) and dynapyrazole-A. Dynapyrazole-A, in particular, specifically inhibits
the ATPase activity of microtubule-stimulated dynein but has no effect on the microtu-
bule-independent basal activity of dynein (35).

The dynamics of RV viroplasms and the association of RV viroplasm functions with
microtubules prompted us to speculate that viroplasms require microtubular transport
to complete their fusion, and microtubule-based transport cannot be separated from
the motor proteins dynein and kinesins. Eichwald et al. have shown that kinesin partici-
pates in the fusion and localization of RV viroplasms (22). However, the role of dynein
in RV infection, and especially in viroplasm formation, remains poorly understood. In
this study, we clarify the mechanism by which RV viroplasms hijack microtubule-based
dynein transport to complete their fusion via a direct interaction between NSP2
and the DIC, extending our understanding of the biological characteristics of RV
viroplasms.
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RESULTS
Rotavirus infection requires microtubule-based dynein transport. To investigate

whether microtubule-based dynein transport is involved in RVA strain pig/China/NMTL/
2008/G9P[23] (RVA-NMTL) infection, a specific inhibitor of microtubule-based dynein
transport, dynapyrazole-A (35), was used. First, to investigate the possible toxicity of
dynapyrazole-A on MA-104 cells, the viability of drug-treated cells was determined with
a CCK-8 (Cell Counting Kit-8) assay. The results showed no significant difference between
the viabilities of the untreated cells and dynapyrazole-A-treated cells (Fig. 1A), indicating
that treatment with ,3 mg/ml dynapyrazole-A had no effect on MA-104 cell prolifera-
tion. Moreover, the 50% cytotoxic concentration (CC50) of dynapyrazole-A in MA-104
cells was 10.90 mg/ml (data not shown). Second, the influence of dynapyrazole-A on
RVA-NMTL was examined by 50% tissue culture infective dose (TCID50) assays, Western
blotting (WB), and immunofluorescence assays (IFAs). The timeline of the experimental
procedure is shown in Fig. 1B. Compared with dimethyl sulfoxide (DMSO)-treated cells
and untreated cells, the viral titers in cells treated with 1 to 3 mg/ml dynapyrazole-A
decreased 5- to 1,000-fold, in a dose-dependent manner (P , 0.05, P , 0.01, or P ,

0.0001) (Fig. 1C). The 50% effective concentration (EC50) of dynapyrazole-A was 0.73 mg/
ml (data not shown). The expression of VP6, NSP2, and NSP5 was significantly reduced in
the dynapyrazole-A-treated cells (Fig. 1D). We used the number of cells positive for NSP2
to indicate the infection rate of RV. The rate of RVA-NMTL infection was lower in the
dynapyrazole-A-treated cells than in the DMSO-treated cells (Fig. 1E). These results sug-
gest that microtubule-based dynein transport is involved in RV replication.

Small viroplasms move and fuse. MA-104 cells were transfected with pEGFP-N1-
NSP5 to visualize the viroplasms in living cells, according to the study by Eichwald et
al. (7). The cells were simultaneously stained with SiR (Si—Rhodamines)-tubulin (a dye
specific for microtubules in living cells) to visualize the microtubules. Under Airyscan
microscopy, two viroplasms were observed to attach to microtubules and move. The
two viroplasms moved increasingly closer as infection progressed and finally fused at
3 min 29 s. After 3 min 29 s, there was only one viroplasm in view (Fig. 2; see also
Movie S1 in the supplemental material). These results indicate that small viroplasms
move and fuse.

Microtubule-based dynein transport is involved in both the early and late
stages of viroplasm formation. We found that RVA-NMTL started to be released at 5 h
postinfection (hpi) and was released in large quantities at 6 hpi (data not shown), so most
viruses had completed their first replication cycle at 6 hpi. Therefore, we divided the stages
of viroplasm formation into the early stage (before 6 hpi) and the late stage (after 6 hpi).
Because dynein is the motor of microtubule-based transport, we investigated whether it is
involved in viroplasm formation in the early or late stage of viral replication. To study viro-
plasm formation in the early stage, the experiment shown in Fig. 3A was performed. RVA-
NMTL-neutralizing hyperimmune serum was added to block infection by the progeny
viruses. When dynapyrazole-A and RVA-NMTL-neutralizing hyperimmune serum were
added starting at 1.5 hpi, the viroplasms in the dynapyrazole-A-treated cells appeared
smaller and fewer than those in the DMSO-treated control cells at 6 hpi (Fig. 3B). Statistical
analysis showed that the viroplasms in the dynapyrazole-A-treated cells were about half
the size of those in the DMSO-treated cells (Fig. 3C). Most of the dynapyrazole-A-treated
cells contained ,3 viroplasms per cell, whereas most of the DMSO-treated cells contained
.4 viroplasms per cell (Fig. 3D). There was no difference in the expression of VP6, NSP2, or
NSP5 between dynapyrazole-A-treated cells and untreated cells (Fig. 3E). These results
demonstrate that dynapyrazole-A disrupts viroplasm formation as early as the first replica-
tion cycle of RV, indicating that microtubule-based dynein transport participates in viro-
plasm formation in the early stage of RV replication.

According to studies by Eichwald et al., the fusion of viroplasms mainly occurs in the
late stage of viroplasm formation, and the viroplasms increase in size and decrease in
number as they fuse during RV infection (7, 22). Therefore, we examined the effect of
dynapyrazole-A on viroplasm fusion in the late stage of replication. The experiment was
performed as shown in Fig. 4A. The viroplasms in the dynapyrazole-A-treated cells looked
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dramatically smaller but were more numerous than those in DMSO-treated cells (Fig. 4B).
Statistical analysis of the sizes of the viroplasms indicated that those in the dynapyrazole-
A-treated cells were about one-quarter of the size of those in the DMSO-treated cells
(P , 0.0001) (Fig. 4C). In contrast, statistical analysis of the number of viroplasms per cell

FIG 1 An inhibitor of microtubule-based dynein transport, dynapyrazole-A, suppresses RVA-NMTL infection. (A) MA-
104 cells were treated with 1 mg/ml, 2 mg/ml, and 3 mg/ml dynapyrazole-A for 14 h, and cell viability was analyzed
using a CCK-8 assay. ns, not significant. (B to E) MA-104 cells were treated with 1 mg/ml, 2 mg/ml, and 3 mg/ml
dynapyrazole-A or DMSO or remained untreated 1 h before infection and were then infected with RVA-NMTL at a
multiplicity of infection (MOI) of 0.1. The concentrations of dynapyrazole-A used in panels C and D are 1 mg/ml,
2 mg/ml, and 3 mg/ml. The concentration of dynapyrazole-A used in panel E is 3 mg/ml. (B) Timeline of the
experimental procedure. (C) Viral titers determined as TCID50s. Error bars represent the standard errors of the means
(n = 3). *, P , 0.05; **, P , 0.01; ****, P , 0.0001. (D) VP6, NSP2, NSP5, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) expression in the cell lysates was analyzed by Western blotting (WB) with mouse anti-VP6
monoclonal antibody (1F4), rabbit anti-NSP2 polyclonal antibody, mouse anti-NSP5 monoclonal antibody (5E11),
and rabbit anti-GAPDH polyclonal antibody, respectively. GAPDH was used as the loading control. (E) The infection
rate of RVA-NMTL was determined by an immunofluorescence assay (IFA). NSP2 was stained with a rabbit anti-NSP2
polyclonal antibody (red), and the cell nuclei were stained with DAPI (blue).
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indicated that the dynapyrazole-A-treated cells contained more small viroplasms per cell
than the DMSO-treated cells (Fig. 4D). There was no significant difference in the expression
of VP6, NSP2, or NSP5 between dynapyrazole-A-treated cells and untreated cells (Fig. 4E).
These results establish that viroplasm fusion is disrupted by dynapyrazole-A in the late
stage of viroplasm formation, which was unrelated to the expression of RV proteins.
Moreover, washing out dynapyrazole-A rescued the formation of larger viroplasms (data
not shown). In summary, microtubule-based dynein transport is involved in viroplasm for-
mation in both the early and late stages of RV replication.

Participation of microtubule-based dynein transport in viroplasm formation is
not associated with the expression of viroplasm proteins. The expression of viro-
plasm proteins inevitably affects viroplasm formation. NSP2, NSP5, and VP6 are impor-
tant viral proteins and the main components of viroplasms. In particular, NSP2 and
NSP5 are essential elements in the assembly of functional viroplasms (7, 11, 12, 14, 36).
Therefore, to understand the mechanism by which dynein transport participates in
viroplasm formation, we determined whether the expression of these viroplasm pro-
teins was inhibited by dynapyrazole-A in MA-104 cells infected with RVA-NMTL, with or
without treatment with RVA-NMTL-neutralizing hyperimmune serum. Surprisingly,
without treatment with RVA-NMTL-neutralizing hyperimmune serum, the expression
levels of NSP2, NSP5, and VP6 were lower in dynapyrazole-A-treated cells than in cells
of the control group (Fig. 5B). However, after treatment with RVA-NMTL-neutralizing
hyperimmune serum (blocking the entry of the progeny viruses), the expression of

FIG 2 Small viroplasms move and fuse. MA-104 cells were transfected with pEGFP-N1-NSP5 for 24 h and then infected with RVA-NMTL (MOI = 1), followed
by incubation with 1 mM SiR-tubulin and 10 mM verapamil after 7 hpi to stain the microtubules (red). The inclusion bodies containing enhanced green
fluorescent protein (EGFP)-NSP5 are viroplasms (green dots). Snapshots were taken with an Airyscan microscope at 9 hpi at intervals of 40 s. The gray
boxes show the magnified images.
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FIG 3 Dynapyrazole-A inhibits the early stage of viroplasm formation. MA-104 cells were infected with RVA-NMTL
(MOI = 0.1) and then treated with 3 mg/ml dynapyrazole-A and RVA-NMTL-neutralizing hyperimmune serum

(Continued on next page)
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NSP2, NSP5, and VP6 did not differ between the dynapyrazole-A-treated and control
cells (Fig. 5C). This indicates that microtubule-based dynein transport does not partici-
pate directly in the expression of viroplasm proteins after blocking the entry of the
progeny viruses. It is noteworthy that although the cells were treated with RVA-NMTL-
neutralizing hyperimmune serum, viroplasm formation was inhibited by dynapyrazole-
A (as described above), indicating that the involvement of microtubule-based dynein
transport in viroplasm formation is not associated with the expression of viroplasm
proteins.

The DIC anchors within viroplasms and interacts with NSP2. To investigate whether
dynein is the motor allowing viroplasms to move along microtubules, the subcellular
localization of dynein and viroplasms in MA-104 cells was observed by Airyscan micros-
copy. The DIC was used to mark dynein, and NSP2 was used to mark the viroplasms.
The DIC was always observed to colocalize with NSP2 and, thus, with viroplasms
(Fig. 6A) and even in two approaching viroplasms (Fig. 6B), indicating that dynein
anchors in the viroplasms. The Pearson, Manders, k1, k2, m1, and m2 colocalization coef-
ficients of the two approaching viroplasms were high, at 0.9137, 0.9780, 0.9047,
0.9222, 0.9734, and 0.9618, respectively (Fig. 6C1 to C3), supporting their colocaliza-
tion. We tested all the antibodies used in this study against purified RVA-NMTL using
WB. DIC-, Myc-, glyceraldehyde-3-phosphate dehydrogenase (GAPDH)-, and hemagglu-
tinin (HA)-directed antibodies did not react with purified RVA-NMTL, whereas the anti-
VP6 antibody reacted with purified RVA-NMTL (data not shown). It demonstrates that
there was free of rotavirus antibodies in these antibodies. These results provide the
first evidence that dynein is the motor for viroplasm transport.

To investigate the colocalization mechanism of the DIC and viroplasms, a coimmu-
noprecipitation assay on the lysates of MA-104 cells infected with RVA-NMTL was per-
formed. The results of protein mass spectrometry analysis showed that NSP2 was the
only viral protein in the precipitates (data not shown). This result was confirmed by
WB, which showed that the DIC interacted with NSP2 but not NSP5 (Fig. 7A). These
results indicate that the DIC interacts with NSP2 in MA-104 cells infected with RVA-
NMTL. Moreover, in a coimmunoprecipitation assay of the lysate of MA-104 cells
infected with RVA-NMTL, the amount of NSP2 that coprecipitated with NSP5 was not
affected by small interfering RNA (siRNA) targeting DIC mRNA (siDIC) (data not shown),
indicating that siDIC did not affect the interaction between NSP2 and NSP5.

The interaction between NSP2 and the DIC was confirmed by WB of HEK-293T cells
cotransfected with pCMV-Myc-DIC and pCAGGS-HA-NSP2 (Fig. 7B), indicating that
NSP2 directly interacts with the DIC. These results provide a second line of evidence
that dynein is the motor of viroplasm transport.

The region of the DIC that interacts with NSP2 was investigated. The DIC was divided
into two segments: the region spanning amino acids (aa) 1 to 280 and the region span-
ning aa 281 to 584 (Fig. 8A). The latter region is the WD40 repeat domain. In a coimmu-
noprecipitation assay, NSP2 coimmunoprecipitated with the region from aa 281 to 584
of the DIC but not with the region from aa 1 to 280 (Fig. 8B), indicating that NSP2 inter-
acts directly with the region from aa 281 to 584, which is the WD40 repeat domain.

Knockdown of the DIC inhibits RVA-NMTL infection and disrupts viroplasm
formation. The direct interaction between NSP2 and the DIC prompted us to study the
role of the DIC in the life cycle of RVA-NMTL infection. Therefore, we constructed siDIC

FIG 3 Legend (Continued)
starting at 1.5 hpi. (A) Timeline of the experimental procedure. (B) LSCM was used to examine viroplasms (green)
stained with a rabbit anti-NSP2 polyclonal antibody. Nuclei were stained with DAPI (blue). (C) Sizes of viroplasms
were measured in 40 cells with Zen 2.3 software and analyzed statistically. (D) The numbers of viroplasms were
analyzed statistically in three parallel experiments with 40 cells each time. Cells containing similar numbers of
viroplasms were grouped, and the proportion of each group of cells of the total number of cells (40 cells) is the
ordinate. (E) VP6, NSP2, NSP5, and GAPDH expression in the cell lysates was analyzed by WB with mouse anti-VP6
monoclonal antibody (1F4), rabbit anti-NSP2 polyclonal antibody, mouse anti-NSP5 monoclonal antibody (5E11),
and rabbit anti-GAPDH polyclonal antibody, respectively. GAPDH was used as the loading control. The error bars
represent the standard errors of the means (n = 3). *, P , 0.05; **, P , 0.01; ***, P , 0.001.
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FIG 4 Dynapyrazole-A inhibits viroplasm fusion in the late stage of viroplasm formation. MA-104 cells were infected
with RVA-NMTL (MOI = 0.1) and then treated with 3 mg/ml dynapyrazole-A and RVA-NMTL-neutralizing hyperimmune

(Continued on next page)
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and a negative-control siRNA (siCON). To assess the possible toxic effects of transfecting
MA-104 cells with siRNA, the viability of the transfected cells was determined with a
CCK-8 assay. The viability of the siDIC-transfected cells did not differ significantly from
that of the siCON-transfected or untreated cells (Fig. 9A). WB analysis confirmed that DIC
expression was significantly reduced in MA-104 cells transfected with siDIC for 36 h
(Fig. 9B). The effect of knocking down the DIC on the expression of VP6, NSP5, and NSP2
in MA-104 cells infected with RVA-NMTL was also determined by WB. The results showed
a significant reduction in viral protein expression in the DIC-silenced cells compared with
that in the siCON-transfected or untreated cells (Fig. 9C). Similarly, the viral titer was
about 10-fold lower (P , 0.01) in the DIC-silenced cells than in the siCON-transfected or
untreated cells according to the results of a TCID50 analysis (Fig. 9D). Together, these
results indicate that the DIC directly and markedly affects RVA-NMTL infection.

To further study the effects of the DIC on viroplasm formation, viroplasms were
observed at 9 hpi by laser scanning confocal microscopy (LSCM) in MA-104 cells that
had been transfected with siDIC or siCON before infection with RVA-NMTL. The viro-
plasms in the DIC-silenced cells were smaller than those in the siCON-transfected cells
(Fig. 10A). Although there was no difference in the viroplasm numbers in the DIC-
silenced cells and siCON-transfected cells (Fig. 10C), statistical analysis showed that the
viroplasms in the DIC-silenced cells were about one-third of the size of those in the
siCON-transfected cells (Fig. 10B). The reduction in the viroplasm size was sufficient to
confirm that the knockdown of the DIC disrupted the formation of large viroplasms,
providing a third line of evidence that dynein is the motor of viroplasm transport.

Dynapyrazole-A or knockdown of the DIC induces the production of small
viroplasms, which are surrounded by fewer TEPs and TLPs. Transmission electron
microscopy (TEM) was used to observe TEPs and TLPs around the viroplasms in MA-
104 cells infected with RVA-NMTL. The viroplasms in dynapyrazole-A-treated cells were
distinctly smaller than those in DMSO-treated cells. Remarkably, far fewer TEPs and
TLPs assembled from the viroplasms in the dynapyrazole-A-treated cells than from
those in the DMSO-treated cells (Fig. 11A). Similar results were observed in DIC-
silenced MA-104 cells. Both the size of the viroplasms and the numbers of TEPs and
TLPs assembled from the viroplasms were reduced by the knockdown of the DIC com-
pared to those in the siCON-transfected cells (Fig. 11B). These results indicate that the
smaller viroplasms induced by dynapyrazole-A or siDIC lacked the ability to assemble
TEPs and TLPs (which determines the production of progeny viral particles).

DISCUSSION

Unlike other viruses, RV replicates its genome and assembles its DLPs in virus-induced
cytoplasmic inclusion bodies called viroplasms. It is known that RV viroplasms are
observed from 2 hpi and increase in number before 6 hpi. Next, after 6 hpi, RV viroplasms
grow in size and decrease in number through fusion. Viroplasm fusion is clearly a dynamic
process (7, 22). Therefore, we hypothesized that the fusion of viroplasms requires their in-
tracellular transport. In recent studies, the mature viroplasms of RVs have been considered
to be organelles, with five concentric layers composed of multiple viral proteins (10, 37).
Of these proteins, NSP2 and NSP5 play key roles in determining viroplasm formation (11,
12, 14), and even the phosphorylation of NSP2 and NSP5 determines viroplasm assembly
(15, 36). However, the effect of intracellular transport on viroplasm biogenesis was still

FIG 4 Legend (Continued)
serum at 5 to 9 hpi. (A) Timeline of the experimental procedure. (B) Confocal microscopy was used to examine
viroplasms (green) stained with a rabbit anti-NSP2 polyclonal antibody. Nuclei were stained with DAPI (blue). (C) The
sizes of viroplasms were measured in 40 cells with Zen 2.3 software and analyzed statistically. (D) The numbers of
viroplasms were analyzed statistically in three parallel experiments with 40 cells each time. Cells containing similar
numbers of viroplasms were grouped, and the proportion of each group of cells of the total number of cells (40 cells)
is the ordinate. (E) VP6, NSP2, NSP5, and GAPDH expression in the cell lysates was analyzed by WB with mouse anti-
VP6 monoclonal antibody (1F4), rabbit anti-NSP2 polyclonal antibody, mouse anti-NSP5 monoclonal antibody (5E11),
and rabbit anti-GAPDH polyclonal antibody, respectively. GAPDH was used as the loading control. Error bars represent
the standard errors of the means (n = 3). *, P , 0.05; **, P , 0.01; ***, P , 0.001.
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unknown. In this study, we have demonstrated that RVA-NMTL viroplasms utilize dynein,
the motor of microtubules to drive retrograde transport, to move along microtubules
through a direct interaction between NSP2 and the DIC. The movement of viroplasms
causes two viroplasms to fuse into a single viroplasm. Microtubule-based dynein transport
promotes the formation of large viroplasms surrounded by more TEPs and TLPs. In other
words, it enhances the reproduction of progeny virions (Fig. 12). Our results clarify the
significant function of NSP2 in viroplasm formation and even in the efficient replication

FIG 5 Expression of viroplasm proteins is inhibited by dynapyrazole-A, but this inhibition is
eliminated by RVA-NMTL-neutralizing hyperimmune serum. (A) Timeline of the experimental
procedure. (B) MA-104 cells were infected with RVA-NMTL (MOI = 0.1) and then treated with 3 mg/ml
dynapyrazole-A or DMSO or left untreated starting at 1.5 hpi. (C) MA-104 cells were infected with
RVA-NMTL (MOI = 0.1) and then treated with 3 mg/ml dynapyrazole-A or DMSO or left untreated and
at the same time with RVA-NMTL-neutralizing hyperimmune serum starting at 1.5 hpi. In panels B
and C, viroplasm proteins NSP2, NSP5, and VP6 were detected by WB with rabbit anti-NSP2
polyclonal antibody, mouse anti-NSP5 monoclonal antibody (5E11), and mouse anti-VP6 monoclonal
antibody (1F4), respectively. As the loading control, GAPDH was immunoblotted with a rabbit anti-
GAPDH polyclonal antibody.
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of RVs. However, the effect of posttranslational modification of NSP2, such as its phospho-
rylation (which can affect viroplasm formation), on dynein transport remains to be
investigated.

Several previous studies support our results. For example, RV viroplasms were
shown to be associated with the microtubule network in space and to require stable
microtubules to grow (23). In fact, it is common among members of the family
Reoviridae that the fusion of viroplasms (also known as “viral factories”) depends on
stabilized microtubules, such as the mammalian orthoreoviruses (38). The fusion of vi-
ral factories in cells infected with infectious bursal disease viruses (members of the
family Birnaviridae) also involves stabilized microtubules (39). Therefore, the fusion of
viroplasms or viral factories in these viruses may also be driven by microtubule-based
transport. Microtubule-based dynein transport may also be used by other viruses to
complete the fusion of their viroplasms or viral factories. This inference is supported by
research on measles virus (MeV), which showed that dynein promotes the formation of
large inclusion bodies (considered the viral factories of MeV) (40).

Microtubule-based dynein transport has been shown to be involved in viroplasm
formation (Fig. 3 and 4), and the viroplasms move and fuse in cells infected with RV
(Fig. 2). However, the effect of microtubule-based dynein transport on the movement
of viroplasms should be investigated further to better understand why microtubule-
based transport is involved in viroplasm formation. Unfortunately, we failed to deter-
mine the movement velocity of the viroplasms because the viroplasm moved too fast
and did not move in straight lines, which resulted in the trajectory being difficult cap-
ture. Although the current experimental conditions did not allow statistical analysis of

FIG 6 The DIC colocalizes with viroplasms. MA-104 cells were infected with RVA-NMTL (MOI = 0.1) and fixed at
9 hpi. Airyscan microscopy was used to examine viroplasms (red) stained with a rabbit anti-NSP2 polyclonal
antibody, dynein stained with a mouse anti-DIC monoclonal antibody (green), and nuclei stained with DAPI
(blue). Panel C1 is a magnification of the gray box in panel B. In panels C2 and C3, scatterplot analysis of the
fluorescence intensity and analysis of the colocalization coefficients from panel C1 were performed using Zen
2.3 software. The closer the colocalization coefficient is to 1, the more reliable the colocalization relationship is.
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viroplasm movement along microtubules, the effect of microtubule-based dynein
transport on the movement of viroplasms warrants further research in the future.

Dynapyrazole-A inhibited RVA-NMTL entry (data not shown), but it was added at 1.5 hpi
and 5 hpi in Fig. 3 and 4, respectively, after RV had completed its entry (in general, RV com-
pletes its entry within 10 min [41]). Therefore, dynapyrazole-A did not affect RVA-NMTL entry
in Fig. 3 and 4. Multiple rounds of RV infection were avoided by the addition of RVA-NMTL-
neutralizing hyperimmune serum, which neutralized the progeny virus shown in Fig. 3 and
4. In summary, when RVA-NMTL-neutralizing hyperimmune serum was added and the time
of drug administration was controlled, dynapyrazole-A acted only on the replication stage of
RVA-NMTL. siDIC also inhibited RVA-NMTL entry (data not shown). There are two possible
explanations for the inhibition of viroplasm size by siDIC, as shown in Fig. 10. One is that
siDIC inhibited viroplasm formation by disrupting dynein transport. The other is that siDIC
reduced the number of virions that infected the cells by inhibiting RV entry.

NSP2 is reported to interact with NSP5 and is located in viroplasms (7). Moreover,
NSP2 and NSP5 are considered to be the proteins that determine viroplasm formation
(12–14). In this study, the DIC is shown to interact with NSP2 and localize in viroplasms,
and dynein transport is shown to be involved in viroplasm formation. However, siDIC
did not affect the interaction between NSP2 and NSP5 (data not shown). Therefore, the
involvement of dynein transport in viroplasm formation does not result from the

FIG 7 The DIC interacts directly with NSP2. (A) A coimmunoprecipitation assay was performed on
lysates of RVA-NMTL-infected or uninfected cells. The lysates were precipitated with a mouse anti-DIC
monoclonal antibody. The precipitates were analyzed by WB with a rabbit anti-DIC monoclonal
antibody, mouse anti-NSP5 monoclonal antibody 5E11, a rabbit anti-NSP2 polyclonal antibody, and a
rabbit anti-GAPDH polyclonal antibody. IB, immunoblotting. (B) HEK-293T cells were cotransfected
with pCMV-Myc-DIC and pCAGGS-HA-NSP2, pCMV-Myc-DIC and pCAGGS-HA-NSP5, pCMV-Myc-DIC
and pCAGGS-HA, pCMV-Myc and pCAGGS-HA-NSP2, or pCMV-Myc-DIC and pCAGGS-HA-NSP5. The cell
lysates were coimmunoprecipitated with a mouse anti-Myc monoclonal antibody. The precipitates
were analyzed by WB with a mouse anti-Myc monoclonal antibody, a rabbit anti-HA polyclonal
antibody, and a rabbit anti-GAPDH polyclonal antibody.
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disruption of the interaction between NSP2 and NSP5 by the interaction between
NSP2 and the DIC.

Viroplasms are mainly responsible for the assembly of DLPs, from which both TEPs
and TLPs assemble (6, 7), and microtubule-based dynein transport demonstrably
affects the assembly of TEPs and TLPs (Fig. 11A) and viroplasm formation (Fig. 3B and

FIG 8 The region spanning aa 281 to 584 of the DIC interacts with NSP2. HEK-293T cells were
cotransfected with pCMV-Myc-DIC1–280aa and pCAGGS-HA-NSP2 or with pCMV-Myc-DIC281–584aa and pCAGGS-
HA-NSP2. (A) Timeline of the experimental procedure. (B) Cell lysates were coimmunoprecipitated with a
mouse anti-Myc monoclonal antibody. The precipitates were analyzed by WB with a mouse anti-Myc
monoclonal antibody, a rabbit anti-HA polyclonal antibody, and a rabbit anti-GAPDH polyclonal antibody.

FIG 9 DIC knockdown inhibits RVA-NMTL infection. (A) MA-104 cells were transfected with siDIC or siCON for 48 h,
and cell viability was analyzed by a CCK-8 assay. (B) Western blotting was performed on the cells with a rabbit anti-
DIC monoclonal antibody and a rabbit anti-GAPDH polyclonal antibody (loading control). (C and D) MA-104 cells
transfected with siDIC or siCON for 36 h were infected with RVA-NMTL for 12 h (MOI = 0.1). (C) The expression of
VP6, NSP5, NSP2, and GAPDH was analyzed by WB with mouse anti-VP6 monoclonal antibody 1F4, a rabbit anti-
NSP2 polyclonal antibody, mouse anti-NSP5 monoclonal antibody 5E11, and a rabbit anti-GAPDH polyclonal
antibody, respectively. GAPDH was the loading control. (D) Viral titers determined as TCID50s.
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FIG 10 DIC knockdown disrupts viroplasm formation. MA-104 cells were transfected with siDIC or siCON for 36 h and then infected
with RVA-NMTL for 9 h (MOI = 0.1). (A) Viroplasms were immunofluorescently stained with a rabbit anti-NSP2 polyclonal antibody
and observed by LSCM at 9 hpi. (B) The sizes of the viroplasms in 40 cells were measured with Zen 2.3 software and analyzed
statistically. (C) The numbers of viroplasms were analyzed statistically in three parallel experiments with 40 cells each time. Cells
containing similar numbers of viroplasms were grouped, and the proportion of each group of cells of the total number of cells (40
cells) is the ordinate. Error bars represent the standard errors of the means (n = 3). ****, P , 0.0001.
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Fig. 4B). We infer that microtubule-based dynein transport promotes the assembly of
DLPs by participating in the formation of large viroplasms. However, this inference
must be tested with further experiments. Why viroplasm formation affects the assem-
bly of DLPs by viroplasms is still unknown.

Our results also show that dynapyrazole-A inhibited the expression of viral proteins
during multiple rounds of infection (Fig. 5B). However, this inhibition was eliminated by
blocking the invasion of progeny viruses with RVA-NMTL-neutralizing hyperimmune serum
(Fig. 5C). It has been demonstrated that secondary transcription is the main source of rota-
viral proteins in infected cells (42). It is clear that in the absence of RVA-NMTL-neutralizing
hyperimmune serum, the inhibition of viral protein expression by dynapyrazole-A resulted
from its effect on the production of progeny viruses because it disrupted secondary or
subsequent viral infection. The expression of NSP2, NSP5, and VP6 was not influenced by
dynapyrazole-A when dynapyrazole-A disrupted the formation of viroplasms (Fig. 3 and 4).
Therefore, the inhibition of viral protein expression by dynapyrazole-A during normal

FIG 11 Dynapyrazole-A or DIC knockdown prevents the assembly of DLPs from viroplasms. (A) MA-
104 cells were infected with RVA-NMTL (MOI = 0.1) and then treated with 3 mg/ml dynapyrazole-A or
DMSO and RVA-NMTL-neutralizing hyperimmune serum starting at 1.5 hpi. (B) MA-104 cells were
transfected with siDIC or siCON for 36 h and then infected with RVA-NMTL (MOI = 0.1). In panels A
and B, TEM was used to analyze the cells at 12 hpi. “V” represents viroplasms. Arrows show DLPs
assembled from viroplasms. Black boxes show magnified images.
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infection is an indirect result of the involvement of microtubule-based dynein transport in
viroplasm formation and enlargement.

The RV genome has been detected in the cerebrospinal fluid of RV-infected children
(43–45), suggesting that RV can spread from the site of initial infection to the central
nervous system (CNS). In general, RV infection occurs through the fecal-oral route, but
how it spreads to the CNS is unknown. In this study, microtubule-based dynein transport
has been shown to be involved in the formation of viroplasms. It is noteworthy that sev-
eral viruses can use microtubule-based transport to spread along axons and invade the
CNS, including poliovirus and rabies virus (46–48). Whether RV viroplasms can spread
along axons by microtubule-based transport to invade the CNS warrants investigation.

Rotavirus gastroenteritis is a serious diarrheal disease with high infection and mor-
tality rates in children under 5 years old in middle- and low-income countries (4, 49,
50). Moreover, the economic losses in livestock-breeding industries caused by RV
should not be underestimated. At present, inhibiting RV viroplasm formation has
become a novel and effective antiviral strategy in the development of new drugs, such
as thiazolides, a new class of anti-RV agents (51). In the present study, an inhibitor of
dynein transport, dynapyrazole-A, was shown to effectively inhibit viroplasm formation
(Fig. 3B to D). Therefore, dynapyrazole-A and other inhibitors of dynein transport
potentially offer new anti-RV drugs. Small-molecule drugs that directly break protein-
protein interactions have also successfully reached clinical development (52), and
NSP2 has been shown to interact directly with the WD40 repeat domain of the DIC
(Fig. 7A and B). The WD40 repeat domain can form a propeller-like donut structure,
and the central cavity of the propeller often mediates its interactions with other pro-
teins. It also has the appropriate size and physical properties to allow it to bind to
drug-like small molecules with high affinity (53). Therefore, drugs targeting the WD40
repeat domain of the DIC, which interacts with NSP2, offer a new direction in anti-RV
drug development.

FIG 12 Schematic model depicting the formation of RV viroplasms via microtubule-based dynein transport. The dynein intermediate chain (DIC) is located
in the RV viroplasms, where the DIC interacts with NSP2. RV viroplasms utilize the interaction to move along microtubules (MTs). The movement of
viroplasms not only causes two viroplasms to fuse into a single viroplasm but also increases the ability of viroplasms to assemble DLPs. DLC, dynein light
chain; DLIC, dynein light intermediate chain; DHC, dynein heavy chain.
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In summary, it is known that microtubule-based dynein transport participates in
various stages of viral replication (54–56), and RV viroplasms are associated with micro-
tubules (21, 22). In this study, we have shown that microtubule-based dynein transport
facilitates RV replication by promoting the formation of viroplasms. Our findings pro-
vide insights into the development of therapeutic anti-RV strategies.

MATERIALS ANDMETHODS
Cells and hyperimmune serum.MA-104 cells (Cercopithecus aethiops embryo kidney epithelial cells)

were cultured in RPMI 1640 basic medium (catalog number C11875500BT; Gibco) with 10% fetal bovine
serum (catalog number 10099-141C; Gibco) at 37°C under 5% CO2–air. Human embryonic kidney cells
expressing simian virus 40 (SV40) T antigen (HEK-293T) were cultured in Dulbecco’s modified Eagle’s me-
dium (catalog number RNBJ2913; Gibco) containing 10% fetal bovine serum (catalog number 10099-
141C; Gibco) at 37°C under 5% CO2–air. The RVA-NMTL-neutralizing hyperimmune serum was prepared
with purified RVA-NMTL (see below) in guinea pigs, and the neutralization titer was 1:1,200.

Virus and infection. Rotavirus A strain pig/China/NMTL/2008/G9P[23] (abbreviated RVA-NMTL) of
genotype G9P[23] was isolated from a pig farm in China and propagated in MA-104 cells, as previously
described (57). Before infection, RVA-NMTL was treated with 8 ml/ml 0.25% trypsin (catalog number
15050-065; Gibco) for 1.5 h at 37°C, and MA-104 cells were washed three times with phosphate-buffered
saline (PBS). The MA-104 cells were then incubated with RVA-NMTL for 1 h at 37°C under 5% CO2–air.
The cells were then cultured in RPMI 1640 basic medium containing 0.5ml/ml 0.25% trypsin.

Rotavirus purification. The rotavirus-containing culture (500 ml) was centrifuged at 10,000 � g at
4°C for 10 min. The supernatant was centrifuged at 30,000 � g at 4°C for 15 h. The pellet was suspended
in 15 ml of PBS (virus suspension). Next, 9 ml of a 70% sucrose solution was placed at the base of a 38.5-
ml ultracentrifuge tube and overlaid with 13 ml of a 30% sucrose solution. The virus suspension (15 ml)
was placed on top of the 30% sucrose solution. The ultracentrifuge tube containing the virus suspension
was ultracentrifuged with an SW 32 Ti swinging-bucket rotor at 175,000 � g at 4°C for 2 h. The white
band above the 70% sucrose solution (crude viral fraction) was extracted.

Western blotting. For Western blotting (WB), the cell samples were lysed with radioimmunoprecipi-
tation assay (RIPA) buffer (catalog number R0278; Sigma) and boiled with 5� SDS-PAGE protein loading
buffer (catalog number P0015L; Beyotime). The samples were subjected to 12.5% SDS-PAGE and then
transferred to nitrocellulose membranes (catalog number 66485; Pall). The nitrocellulose membranes
were blocked with 5% skim milk (catalog number 232100; BD) after protein transfer for 2 h at room tem-
perature and then washed three times with PBS containing 0.05% Tween (PBS-T). The membranes were
incubated with the appropriate primary antibodies (Table 1) for 2 h at room temperature, washed three
times with PBS-T, incubated with the corresponding secondary antibodies (Table 1) for 2 h at room tem-
perature, and washed three times with PBS-T. The membranes were scanned and analyzed with a near-
infrared bicolor fluorescence imaging system (Odyssey CLX; Licor).

Indirect immunofluorescence assay. Cells were fixed with 4% paraformaldehyde at 4°C for 30 min
and then washed three times with PBS. The cell membranes were permeabilized with 0.25% Triton X-
100 (catalog number 2235C022; Amresco) diluted in PBS for 15 min and washed three times with PBS.
They were then blocked with 5% skim milk diluted in PBS for 2 h at 37°C and washed three times with
PBS. The cells were incubated with the appropriate primary antibodies (Table 2) overnight at 4°C and
washed three times with PBS. They were then incubated with the corresponding secondary antibodies
(Table 2) for 1 h at 37°C and washed three times with PBS. The nuclei were stain with 1mg/ml 49,6-diami-
dino-2-phenylindole (DAPI) (catalog number C1006; Beyotime) for 15 min. The cells were washed three
times with PBS and covered with Fluoroshield mounting medium (catalog number ab104135; Abcam).
Images were taken with an inverted fluorescence microscope (Evos M5000; Life), by laser scanning con-
focal microscopy (LSCM) (LSM800; Zeiss), or with an Airyscan microscope (LSM800; Zeiss). The Alexa
Fluor 594-labeled goat anti-rabbit immunoglobulin G (IgG), Alexa Fluor 488-labeled goat anti-rabbit IgG,
and Alexa Fluor 488-labeled goat anti-mouse IgG antibodies and DAPI emitted signals at 617 nm,
517 nm, 517 nm, and 461 nm, respectively. LSCM and Airyscan microscopic images were taken at a �63
magnification and processed with Zen 2.3 software (Zeiss, Germany).

Live-cell imaging microscopy. MA-104 cells were seeded in a 35-mm dish (catalog number D35-10-1.5-
N; Cellvis). To analyze the movement of the viroplasms, the cells were first transfected with pEGFP-N1-NSP5

TABLE 1 Antibodies for Western blotting

Proteins Primary antibody (dilution, catalog no.; source) Secondary antibody (dilution, catalog no.; source)
NSP5 Mouse anti-NSP5 monoclonal antibody 5E11 (1:1,000; prepared in our laboratory) Goat anti-mouse IgG (1:20,000, 926-32210; Licor)
VP6 Mouse anti-VP6 monoclonal antibody 1F4 (1:1,000; prepared in our laboratory)
Myc Mouse anti-Myc monoclonal antibody (1:1,000, M4439; Sigma)

GAPDH Rabbit anti-GAPDH polyclonal antibody (1:1,000, G9545; Sigma) Goat anti-rabbit IgG (1:20,000, 926-32211; Licor)
DIC Rabbit anti-DIC monoclonal antibody (1:1,000, ab171964; Abcam)
NSP2 Rabbit anti-NSP2 polyclonal antibody (1:1,000; prepared in our laboratory)
HA Rabbit anti-HA polyclonal antibody (1:5,000, ab9110; Abcam)
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(see below) for 24 h and then infected with RVA-NMTL at a multiplicity of infection (MOI) of 1, as described
above. At 7 h postinfection (hpi), the cell microtubules were stained with 1 mM SiR-tubulin (catalog number
CY-SC002; Cytoskeleton) and 10 mM verapamil (catalog number CY-SC002; Cytoskeleton). The movement of
the viroplasms was recorded starting at 9 hpi at 40-s intervals by Airyscan microscopy (LSM800; Zeiss).

Viral titer quantification.MA-104 cells were seeded in 96-well plates. The viral samples to be tested
were treated with 8 ml/ml 0.25% trypsin (catalog number 15050-065; Gibco) for 1.5 h at 37°C. The MA-
104 cells were then inoculated with serially 10-fold-diluted viral samples. Each dilution was tested eight
times. The median tissue culture infective dose (TCID50) was calculated using the Karber method (58, 59),
and the cytopathic effect was observed at 72 hpi with an optical microscope. Statistical analysis of the
TCID50 and EC50 values was performed with GraphPad Prism 6.

Plasmid construction and transfection. To construct plasmids pCMV-Myc-DIC, pCMV-Myc-DIC1–280aa,
and pCMV-Myc-DIC281–584aa, the total RNA of MA-104 cells was extracted with the RNeasy minikit (catalog
number 74106; Qiagen). The cDNA of MA-104 cells was prepared by reverse transcription (RT) using total
RNA with the PrimeScript II 1st-strand cDNA synthesis kit (catalog number 6210A; TaKaRa). The DIC gene,
the DIC1–280 gene, and the DIC281–584 gene were amplified from the cDNA of MA-104 cells by PCR using the
corresponding primers listed in Table 3 and PrimeSTAR Max DNA polymerase (catalog number R045Q;
TaKaRa). The plasmids pCMV-Myc-DIC, pCMV-Myc-DIC1–280aa, and pCMV-Myc-DIC281–584aa were constructed
from the DIC gene, the DIC1–280 gene, and the DIC281–584 gene, respectively, and the plasmid pCMV-Myc
(linearized at the EcoRI restriction site) was constructed by homologous recombination with the In-Fusion
HD cloning kit (catalog number 639649; TaKaRa).

To construct plasmids pCAGGS-HA-NSP2 and pCAGGS-HA-NSP5, RNA of RVA-NMTL was extracted
with the QIAamp viral RNA minikit (catalog number 53706; Qiagen). The NSP2 and NSP5 genes were
amplified from RNA of RVA-NMTL by PCR using the corresponding primers (the primers HA-NSP5-F and
HA-NSP5-R were used for the NSP5 gene) in Table 3 and the PrimeScript one-step RT-PCR kit (catalog
number RR055A; TaKaRa). The plasmids pCAGGS-HA-NSP2 and pCAGGS-HA-NSP5 were constructed
from the NSP2 gene and the HA-NSP5 gene, respectively, and the plasmid pCAGGS-HA (linearized at the
EcoRI restriction site) was constructed by homologous recombination with the In-Fusion HD cloning kit

TABLE 2 Antibodies for IFA

Protein(s) Primary antibody (dilution, catalog no.; source) Secondary antibody (dilution, catalog no.; source)
NSP2 Rabbit anti-NSP2 polyclonal antibody (1:500; prepared in our

laboratory)
Fig. 1E, Alexa Fluor 594-labeled goat anti-rabbit IgG (1:500,
A11012; Thermo Fisher Scientific)

Fig. 3B, Fig. 4B, and Fig. 10A, Alexa Fluor 488-labeled goat
anti-rabbit IgG (1:500, A11034; Thermo Fisher Scientific)

NSP2 and DIC Rabbit anti-NSP2 polyclonal antibody (1:500; prepared in our
laboratory)

Fig. 6A–C, Alexa Fluor 594-labeled goat anti-rabbit IgG
(1:500, A11012; Thermo Fisher Scientific)

Mouse anti-DIC monoclonal antibody (1:20, ab23905; Abcam) Alexa Fluor 488-labeled goat anti-mouse IgG (1:500,
A10680; Thermo Fisher Scientific)

TABLE 3 Primers

Gene Primer Sequence (59!39)
Product
size (bp)

DIC DIC-F ATGGAGGCCCGAATTATGTCAGACAAAAGTGAATTAAAGG 1,869
DIC-R TCGGTCGACCGAATTCTAAGCAGGTATTCGGGTAGC

DIC1–280 DIC1–280aa-F ATGGAGGCCCGAATTATGTCAGACAAAAGTGAATTA 873
DIC1–280aa-R TCGGTCGACCGAATTTTAAGGGGCATCTTCATTGTTATT

DIC281–584 DIC281–584aa-F ATGGAGGCCCGAATTCATGAGCCTGATGGTGTGGCC 945
DIC281–584aa-R TCGGTCGACCGAATTTTATTCATCATTGCGGGGAACAGC

NSP2 NSP2-F AGATTACGCTGAATTCGCTGAGCTAGCTTGCTT 985
NSP2-R CGATGAGCTCGAATTTTAAATTCCGACATGTGAAACTTCA

NSP5 HA-NSP5-F AGATTACGCTGAATTCATGTCTCTCAGCATTGACGTA 621
HA-NSP5-R CGATGAGCTCGAATTTTACAAATCTTCGATCAATTG

NSP5 NSP5-F CGCGGGCCCGGGATCCATGTCTCTCAGCATTGACGTA 621
NSP5-R GCGACCGGTGGATCCAAATCTTCGATCAATTGCAT

VP6 VP6-qPCR-F CCACAATCTGAAGCACTAAGGA 187
VP6-qPCR-R GCGCTGGCTGTGATCTATTC
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(catalog number 639649; TaKaRa). Plasmid pEGFP-N1-NSP5 was constructed using a method similar to
that used to construct pCAGGS-HA-NSP2. After amplification with primers NSP5-F and NSP5-R (Table 3),
the RVA-NMTL NSP5 gene was inserted into plasmid pEGFP-N1 at the BamHI restriction site. HEK-293T or
MA-104 cells were transfected with these plasmids using X-tremeGENE HP DNA transfection reagent
(catalog number 06366546001; Roche), according to the manufacturer’s instructions.

Real-time absolute fluorescence quantitative PCR. Viral RNA was extracted with the QIAamp viral
RNA minikit (catalog number 52906; Qiagen). The copies of VP6 mRNA were detected with primers VP6-
qPCR-F and VP6-qPCR-R (Table 3) and probe 59-TTGGAATTTACAAAACAGACGACAGCG-39. Real-time
absolute fluorescence quantitative PCR was performed with the one-step PrimeScript RT-PCR kit (catalog
number RR064A; TaKaRa) on the QuantStudio 5 real-time PCR system (Applied Biosystems), according to
the manufacturers’ instructions.

Coimmunoprecipitation assay. For the coimmunoprecipitation assay of MA-104 cells infected with
RVA-NMTL, the cells were seeded in 75-cm2 bottles (catalog number 430720; Corning) and then infected with
RVA-NMTL at an MOI of 0.1 for 18 h. The control cells were not infected. The cells were then lysed with 1 ml of
Pierce immunoprecipitation (IP) lysis buffer (catalog number 87788; Thermo Scientific) containing phenylmeth-
ylsulfonyl fluoride (catalog number ST506; Beyotime) and a protease inhibitor (catalog number 4693132001;
Roche) for 30 min at 4°C and centrifuged at 12,000 � g for 5 min at 4°C. An aliquot (80ml) of the supernatant
was boiled with 20 ml of 5� SDS-PAGE protein loading buffer. To avoid nonspecific reactions, the remaining
supernatant was shaken with protein A/G magnetic beads (catalog number UI287210A; Thermo) and negative
mouse IgG (catalog number A7028; Beyotime) for 2 h at 4°C. The beads were removed, and the supernatant
was shaken overnight with a mouse anti-DIC monoclonal antibody (catalog number ab23905; Abcam) at 4°C.
Protein A/G magnetic beads were added, and the samples were shaken again at 4°C for 4 h. The beads were
washed five times with Pierce IP lysis buffer and boiled in 5� SDS-PAGE protein loading buffer. All the samples
were analyzed by Western blotting, as described above. For the coimmunoprecipitation assay in HEK-293T
cells, the cells were transfected with plasmids pCMV-Myc-DIC and pCAGGS-HA-NSP2 for 48 h, as described
above. The control group of cells was cotransfected with pCMV-Myc-DIC and pCAGGS-HA, pCMV-Myc-DIC and
pCAGGS-HA-NSP5, pCMV-Myc and pCAGGS-HA-NSP2, or pCMV-Myc and pCAGGS-HA-NSP5. The remaining
procedures were the same as those described above for the MA-104 cells but with a mouse anti-Myc monoclo-
nal antibody (catalog number M4439; Sigma) instead of the mouse anti-DIC monoclonal antibody.

Knockdown by small interfering RNA. Based on the coding sequence of the DIC gene in MA-104
cells, a small interfering RNA (siRNA) targeting DIC mRNA (siDIC) (targeting sequence, 59-GCAUGGAGUU
GGUUCAUAA-39) and a negative-control siRNA (siCON) (targeting sequence, 59-UUCUCCGAACGUGUCAC
GU-39) were designed and synthesized by Shanghai GenePharma Co., Ltd. MA-104 cells were transfected
with these siRNAs using Lipofectamine RNAiMAX reagent (catalog number 13778-150; Invitrogen),
according to the manufacturer’s instructions.

Cell viability assay. After treatment with various concentrations of dynapyrazole-A for 12 h or trans-
fection with siRNA for 48 h, MA-104 cells were incubated with CCK-8 (catalog number NN699; Dojindo)
for 2 h at 37°C. The optical density at a wavelength of 450 nm (OD450) was then determined. Statistical
analysis of cell viability and calculation of CC50 values were performed with GraphPad Prism 6.

Transmission electron microscopy. MA-104 cells were fixed with 2.5% glutaraldehyde prepared in
0.1 M phosphate buffer (pH 7.2), postfixed with osmium tetroxide, dehydrated with acetone, and em-
bedded in Epon 812 resin. Sections were cut and stained with uranyl acetate and lead citrate. Images
were taken on a Hitachi H-7650 electron microscope (Hitachi, Tokyo, Japan).

Statistical analysis. All statistical differences identified in the comparisons of experimental data sets
with the controls were assessed with Student’s t test, and the results are presented as means6 standard
deviations (SD) from at least three independent experiments. The results were plotted with GraphPad
Prism 6 software. Asterisks indicate the significance of differences (*, P , 0.05; **, P , 0.01; ***,
P, 0.001; ****, P, 0.0001).
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