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ABSTRACT Rotavirus (RV) is one of the most significant pathogens in humans and 
animals with diarrhea worldwide. Cell entry is the first step in viral infection, and the 
outer capsid protein VP4 is crucial for RV attachment and internalization. In order to 
discover novel candidate host factors involved in RV cell entry, a proximity labeling 
method was applied to systematically investigate the VP4 and host protein interactions. 
A total of 174 high-confidence host proteins were identified using proximity labeling. 
Further analysis showed that 88 proteins were located in the cytoskeleton, plasma 
membrane, and extracellular region, which could be involved in RV entry. Importantly, 
vimentin (VIM) and actin-related protein 2 (ACTR2) were identified to promote RV 
infection at an early step. The results of co-immunoprecipitation assay showed that VIM 
or ACTR2 physically interacted with VP4. Blocking VIM or ACTR2 function by silencing 
with small interfering RNA or inhibition by specific antibodies significantly restricted RV 
infection. Furthermore, increasing the amounts of VIM or ACTR2 by overexpression from 
transfected recombinant proteins or incubation with recombinant proteins promoted RV 
infection. Collectively, this study revealed that RV VP4 interacted with host proteins and 
demonstrated that interaction with VIM and ACTR2 promoted RV replication, providing 
valuable resources and potential drug targets for better understanding and treating this 
disease.

IMPORTANCE Rotavirus (RV) is an important zoonosis virus, which can cause severe 
diarrhea and extra-intestinal infection. To date, some proteins or carbohydrates have 
been shown to participate in the attachment or internalization of RV, including HGBAs, 
Hsc70, and integrins. This study attempted to indicate whether there were other proteins 
that would participate in the entry of RV; thus, the RV VP4-interacting proteins were 
identified by proximity labeling. After analysis and verification, it was found that VIM and 
ACTR2 could significantly promote the proliferation of RV in intestinal cells. Through 
further viral binding assays after knockdown, antibody blocking, and recombinant 
protein overexpression, it was revealed that both VIM and ACTR2 could promote RV 
replication.
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R otavirus (RV), which belongs to Reoviridae family, is one of the most important 
pathogens in humans and animals with diarrhea, especially in infants and children 

aged under 5 years old (1). RV can be divided into 10 types, and type A, which was 
discovered in 1973, is the most serious and well-studied pathogen (2).

The entry of RV is a significant research field, which is a complex process and remains 
elusive (3). As an outermost viral protein of RV, VP4 is crucial for RV entry and tropism 
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(3, 4). In terms of host cells, some carbohydrates and proteins have been demonstrated 
to participate in RV entry. To date, histo-blood group antigens were considered as the 
most important factors for RV attachment (5), and sialic acid (SA) also participates in RV 
entry for certain strains (6). Additionally, several proteins have been found to participate 
in attachment or post-attachment. Heat shock cognate protein 70 (HSPA8; also known as 
HSC70) (7) and certain integrins (8–10) may participate in RV attachment and internaliza­
tion via clathrin-mediated endocytosis pathway.

To date, compared with other viruses, just a few of RV receptors or attachment factors 
have been found. Especially, a limited number of systematic studies on VP4 interacting 
with host proteins were conducted. Thus, there is an urgent need to eliminate the 
above-mentioned limitations so as to explore novel host proteins that may participate in 
RV entry.

A proximity labeling method based on a promiscuous biotin ligase gene (TurboID) 
was developed to covalently label neighbors of a target protein in host protein with 
biotin within 10 min (11, 12), which has been applied to detect various protein-protein 
interactions (PPIs), such as virus-host interaction, including severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) (13), hepatitis B virus (HBV) (14), Lassa virus (LASV) 
(15), or other fields, such as brain science (16), cardiovascular events (17), botany (18, 19), 
and parasitology (20–22).

In the present study, proximity labeling was employed to investigate the PPI networks 
between VP4 of RV and host factors. The VP4 protein was amplified from a type A RV 
strain isolated from bat samples (23), which has a broad-spectrum cellular infection. 
Then, a total of 174 high-confidence proximity labeling host proteins were identified, and 
it was revealed that vimentin (VIM) and actin-related protein 2 (ACTR2) could promote 
RV infection, including type A RV strains of MYAS33 [bat, G3P(10)], MSLH14 [bat, G3P(3)], 
Wa [human, G1P1(8)], and SA11 [monkey, G3P(2)], providing valuable resources and 
potential drug targets for better understanding and treating of this disease.

RESULTS

Global analysis of VP4 protein interactions

To comprehensively identify host factors related to VP4 of RV, the proximity labeling 
method was used. The gene encoding RV VP4 (Genbank accession number: KF649187.1) 
protein was amplified from type A RV MYAS33 strain. Cell infection results showed 
that MYAS33 could infect distinct cell lines, including chicken embryo fibroblast cell 
line (DF-1), normal human intestinal epithelial cell line (HIEC-6), rat intestinal epithelial 
cell line (IEC-6), African green monkey kidney cell line (Vero), and intestinal porcine 
enterocyte cell line (IPEC-J2; Fig. 1B and C), suggesting a broad-spectrum infectious 
feature of MYAS33 on the cellular level.

Afterward, the VP4 gene was cloned into a mammalian expression vector pcDNA3.1-
TurboID. The plasmid was transfected to HEK293T cells and was then labeled with biotin 
for 10 min. Mass spectrometry (MS) was performed to identify biotinylated proteins or 
peptides (Fig. 2A), and VP4-interacting partners were established after filtering. A total 
of 174 labeled proteins with high confidence were obtained (Fig. 2B). Among them, 
some proteins have been previously verified with or without functional phenotype, 
such as HSPA8 (7), cortactin (CTTN) (24), filamin A (FLNA) (24), LIM domain 7 (LMO7) 
(24), eukaryotic translation initiation factor 4 gamma 1 (EIF4G1) (25), heat shock protein 
90β (26) (HSP90AB1, also known as HSP90B), and DEAD-box helicase 6 (DDX6) (27). 
Additionally, six proteins, including CTTN, LMO7, ACTR2, dynactin subunit 2 (DCTN2), 
spectrin alpha, non-erythrocytic 1 (SPTAN1), LIM, and calponin homology domains 1 
(LIMCH1), were overlapped to a previous study (24) (Fig. 2C). Thus, the reliability of the 
results of the present study was confirmed.

These 174 proteins were analyzed by the Kyoto Encyclopedia of Genes and Genomes 
(KEGG), Gene Ontology (GO) and reactome analysis (Fig. 2D through F). The top 20 
enriched proteins of KEGG revealed that the majority of these proteins were associated 

Full-Length Text Journal of Virology

December 2023  Volume 97  Issue 12 10.1128/jvi.01376-23 2

https://www.ncbi.nlm.nih.gov/nuccore/KF649187.1
https://doi.org/10.1128/jvi.01376-23


with cytoskeleton function, including tight junction, endocytosis, and focal adhesion 
(Fig. 2D). And KEGG pathway analysis was also conducted (Fig. 2G).

Taken together, 174 high-confidence RV VP4-interacting proteins were detected and 
analyzed by the enrichment and KEGG pathway analysis.

VIM and ACTR2 promoted RV infection

The present study aimed to detect host proteins associated with RV entry, indicating that 
the candidate proteins were located in cytoskeleton, plasma membrane, and extracellu­
lar region. According to the GO cellular component classification (Fig. 3A), 88 proteins 
were located in the subcellular area (Fig. 3B). On the basis of the results of the GO 
analysis of these proteins, the top 20 enriched proteins were presented, and in biological 
level, the majority of proteins were associated with cytoskeleton organization, cellular 
localization, and organelle organization. On the molecular level, most of proteins were 
associated with cadherin binding, cell adhesion, molecular binding, and cytoskeletal 
protein binding (Fig. 3C).

To select appropriate research objects, an upset Venn graph was plotted to compare 
data sets of proteins according to location information, KEGG pathway enrichment 
analysis, omics data (unpublished), and published data (24) (Fig. 3D). The results showed 
that six proteins hit three points: HSPA8, HSP90AB1, FLNA, CTTN, VIM, and ACTR2. 
Importantly, four out of six proteins were verified as whether functional phenotypic 
proteins except for VIM and ACTR2 (7, 24, 26). Besides, BCAP31, which is a membrane 
protein, was also considered to be worthy of further investigation. Therefore, the three 
candidate genes were selected to further verify experimentally (Fig. 3E).

First, knockdown of VIM, ACTR2, and BCAP31 was conducted by small interfering RNA 
(siRNA) in MA104 and HIEC-6 cells, respectively (Fig. 4A). The best siRNAs were selected, 
which showed to have no significant effect on the cell viability (Fig. 4B). After knockdown 
of the three genes, challenged with MYAS33 strain for 24 h, nsp5 gene-derived expres­
sion levels were measured through quantitative reverse transcription-polymerase chain 
reaction (RT-qPCR). As expected, the deletion of VIM and ACTR2 significantly decreased 
nsp5 expression level compared with that induced by nonsense control RNA in both 
HIEC-6 and MA104 cells (Fig. 4C), suggesting that they may affect bat RV MYAS33 strain 
replication. However, BCAP31 reduced the above-mentioned effect only in MA104 cells, 
rather than in HIEC-6 cells.

FIG 1 Characterization of RV strain applied in proximity labeling proteome. (A) Phylogenetic tree of RV based on VP4 proteins, which were representative 

of RV strains selected from human, chicken, mouse, bat, monkey, and pig. (B and C) Distinct cell lines that were challenged with MYAS33 were examined by 

immunofluorescence and Western blotting, and an anti-VP6 commercial antibody was used as a primary antibody.
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Taken together, it was concluded that the knockdown of VIM or ACTR2 significantly 
restricted RV infection in both MA104 and HIEC-6 cells. As human cells were targeted in 
the present study, VIM and ACTR2 were selected for further experiments.

VIM or ACTR2 interacted with VP4 and enhanced infection of different RV 
strains

According to the above-mentioned results, the physical interaction between VIM or 
ACTR2 and VP4 was examined, respectively. The results of co-immunoprecipitation 
(Co-IP) assay showed that both VIM and ACTR2 could interact with VP4 protein in HIEC-6 
cells (Fig. 5A and B). Then, three additional species A RV strains, Wa human strain, SA11 

FIG 2 Global analysis of VP4 protein interactions. (A) Flowchart of the TurboID assay. (B) Interactions of VP4 and 174 high confidence proximity labeled host 

proteins. (C) The overlapped proteins of VP4 labeled proximity proteins and previous VP4 PPI data (24). (D through F) Top 20 terms of Kyoto Encyclopedia of 

Genes and Genomes (KEGG), Gene Ontology (GO), and reactome enrichment scheme. (G) KEGG pathway enrichment.
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monkey strain, and MSLH14 bat strain were used to further determine the activities 
of VIM and ACTR2. As expected, knockdown VIM or ACTR2 in HIEC-6 cells significantly 
reduced the infection of the three RV strains at mRNA level (Fig. 5C through E).

These results further demonstrated that both VIM and ACTR2 potentially enhanced 
infection of different RV strains. As human RV was targeted in the present study, the 
human RV Wa strain was selected for further in-depth research.

Loss of function of VIM or ACTR2 restricted infection of the human RV Wa 
strain in HIEC-6 cells

To further examine whether VIM or ACTR2 could decrease RV protein expression or RV 
replication, siRNA knockdown and antibody-blocking experiments were performed. The 
VIM activity was determined by detecting VP6 protein expression using immunofluores-
cence, Western blotting, and flow cytometry. As shown in Fig. 6A and B, compared with 
si-NC negative control (NC) cells, knockdown of VIM significantly decreased fluorescence, 
and the VP6 protein expression was significantly reduced at 12 and 24 h. Then, flow 
cytometry was carried out using fluorescein isothiocyanate (FITC)-conjugated anti-RV 
antibody to measure the proportion of RV-positive cells. After being challenged with RV 
for 24 h, the proportion of FITC-positive cells in NC group was 8.91% ± 1.70%, while it 
was 1.35% ± 0.22% in VIM knockdown HIEC-6 cells (Fig. 6C). Moreover, the RV titer in VIM 
knockdown HIEC-6 cells was subsequently determined at 12 and 24 h. Compared with 
NC cells, the titer was about 10× lower in VIM-KD cells at 12 h (Fig. 6D). Considering the 

FIG 3 Analysis of proximity labeled proteins located in cytoskeleton, cell membrane, and extracellular region. (A) Subcellular distribution of VP4 proximity 

labeled proteins. (B) VP4 proximity labeled proteins located in cytoskeleton, plasma membrane, and extracellular region, (C) and top 20 terms of GO enrichment 

were presented. (D) Four data sets were used for making the comparison, which included VP4 proximity labeled proteins located in cytoskeleton, plasma 

membrane, and extracellular region, KEGG pathway infection-related protein, acetylation omics data, and Li et al. data. The comparison of the four data sets 

was presented as an upset Venn diagram, which suggested that VIM and ACTR2 hit three points. (E) VIM, BCAP31, and ACTR2 were selected to verify functional 

phenotype (white box), and proteins that have been verified function for RV infection were also presented (green box). HSPA8, HSP90, CTTN, DDX6 facilitate RV 

infection, and EIF4G1 inhibit RV infection, while FLNA and LMO7 have no obvious effect on RV infection.
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potential function and location of VIM, we speculated that VIM might affect RV infection 
at an early step, and we detected the earlier time points of RV infection (1, 2, 4, and 6 h), 
which suggested that VIM effect RV infection at the early stage (Fig. 6E). VIM polyclonal 
antibody was applied to block HIEC-6 cell surface VIM, and immunoglobulin G (IgG) was 
added as NC. The cells were then infected at a multiplicity of infection (MOI) of 0.1, 
and RV proliferation was examined by RT-qPCR and titer. The results suggested that the 
VIM antibody decreased RV proliferation at 24 h (Fig. 6F and G). Collectively, loss of VIM 
function restricted the human RV Wa strain infection in HIEC-6 cells.

A series of experiments consistent with the study of VIM were conducted to verify the 
effects of ACTR2 on RV infection. The results of immunofluorescence (Fig. 7A), Western 
blotting (Fig. 7B), flow cytometry (Fig. 7C), and viral titer examination (Fig. 7D) suggested 
that knockdown of ACTR2 inhibited RV infection. Besides, ACTR2 also affects RV infection 
at an early stage (Fig. 7E), and blocking HIEC-6 by antibody also restricted RV infection, as 
evidenced by RT-qPCR (Fig. 7F) and viral titer (Fig. 7G).

Taken together, both VIM and ACTR2 significantly promoted RV infection in human 
intestinal cells via knockdown or antibody blockage.

Overexpression or pretreatment with recombinant protein of VIM or ACTR2 
promoted the human RV Wa strain infection in CACO-2 cells

CACO-2 cells were transfected with VIM or ACTR2 expression plasmid for 24 h and 
were then infected with RV. Furthermore, nsp5 relative expression level (Fig. 8A and B) 
and viral titer (Fig. 8C and D) were examined at 24 h, and the results suggested that 
overexpression of VIM or ACTR2 promoted RV infection.

In order to increase the cell surface VIM or ACTR2, recombinant human VIM or ACTR2 
(Fig. 8E and F) was added to CACO-2 cells with concentrations of 0.5 or 1.0 µg, and 
bovine serum albumin (BSA) was added as NC. The cells were then challenged with 0.1 
MOI RV, and nsp5 relative expression level (Fig. 8G and H) and viral titer (Fig. 8I and J) 
were determined at 24 h post-infection. The results showed that recombinant human 

FIG 4 VIM and ACTR2 promoted MYAS33 RV strain infection in both HIEC-6 and MA104 cells.(A) Three siRNAs of each target gene were applied to HIEC-6 and 

MA104 cells, some siRNAs can partially knock down the target protein, and those with the best knockdown effect (red) were applied to the experiments. (B) Cells 

that transfected siRNAs were measured for cell viability by CCK8 at 24 h. (C) Knockdown of VIM and ACTR2 restricted MYAS33 (0.1 MOI) proliferation in both 

HIEC-6 and MA104 cells, and knockdown of BCAP31 restricted MYAS33 (0.1 MOI) proliferation in MA104 cells, rather than in HIEC-6 cells, as examined by RT-qPCR 

(24 h). Statistical significance was determined by the Student’s t-test (*<0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; n.s., not significant).
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VIM or ACTR2 promoted RV infection. Collectively, overexpression or pretreatment with 
recombinant protein of VIM or ACTR2 promoted RV infection in CACO-2 cells.

VIM and ACTR2 increased the efficiency of binding of the human RV Wa strain 
to HIEC-6 cells

Several assays were conducted to explore whether VIM or ACTR2 could increase the 
efficiency of RV binding. VIM or ACTR2 present on the HIEC-6 surface was observed 
by a confocal microscope (z-stack imaging), and the results suggested that some VIM 
or ACTR2 can be observed on the HIEC-6 surface (Fig. 9A). Flow cytometry further 
confirmed the existence of VIM or ACTR2 on the HIEC-6 surface (Fig. 9B and C). Binding 
assays were then conducted to verify whether VIM or ACTR2 could participate in RV 
attachment (24, 28) (Fig. 9D). Moreover, knockdown HIEC-6 cells were challenged with 
RV at an MOI of 10 for 1 h at 4°C, and nsp5 relative expression level and VP6 absolute 
expression level were measured by RT-qPCR, which showed a decrease in VIM or ACTR2 
knockdown cells compared with NC cells (Fig. 9E and F K, and L). The polyclonal antibody 
was then added to HIEC-6 cells and incubated at 37℃ for 1 h, followed by challenging 
with 10 MOI RV for 1 h at 4°C, which showed a reduction of RV infection after incubation 
with VIM or ACTR2 antibody compared with NC group (Fig. 9G and H). Subsequently, 
the same procedure was conducted for RV challenge or pretreatment with recombinant 
protein of VIM or ACTR2, and the results indicated that recombinant VIM or ACTR2 

FIG 5 Knockdown of VIM or ACTR2 also restricted the other three RV strains, and VP4 interacted with VIM or ACTR2. (A and B) Myc-VIM (or Myc-ACTR2) and 

HA-VP4 plasmids were transfected to HEK293T cells, and anti-Myc IPs were analyzed by immunoblotting with HA and Myc antibodies. (C–E) Knockdown of VIM or 

ACTR2 in HIEC-6 cells also restricted the replication of three other RV strains in mRNA level. Statistical significance was determined by the Student’s t-test (*<0.05; 

**P < 0.01; ***P < 0.001; ****P < 0.0001; n.s., not significant).
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increased the efficiency of RV binding (Fig. 9I and J M, and N). Taken together, VIM and 
ACTR2 could be found on HICE-6 cell surface and significantly increased the efficiency of 
binding of the human RV Wa strain to HICE-6 cells.

VIM and ACTR2 exhibited to have synergistic effects on promoting RV 
infection

Due to the similar functions of VIM and ACTR2, it was attempted to indicate whether 
they have synergistic effects. Then, VIM and ACTR2 were simultaneously or separately 
knocked down to identify the relationship. The results revealed that the simultaneous 
knockdown of VIM and ACTR2 had a more significant restrictive effect than separate 
knockdown (Fig. 10), suggesting that VIM and ACTR2 synergistically promoted RV 
infection.

DISCUSSION

RV is one of the most important pathogens for humans and animals with diarrhea. 
Although several studies have concentrated on RV entry, further research should be 
conducted to eliminate some gaps. To date, numerous proteins or carbohydrates have 
been reported to participate in RV entry, such as HGBAs, SA, HSPA8, integrins, etc. (3).

FIG 6 Knockdown of VIM or blocking cell surface of VIM restricted Wa RV strain infection in HIEC-6 cells. Knockdown of VIM in HIEC-6 cells restricted RV infection, 

as examined by (A) immunofluorescence (24 h) and (B) Western blotting (12 and 24 h) with anti-VP6 antibody as a primary antibody, and (C) flow cytometry with 

FITC-conjugated anti-RV antibody. (D) Viral titer was detected at 12 h and 24 h p.i.. (E) More earlier time points of RV infection were further detected by RT-qPCR, 

which suggested VIM affects RV infection at an early stage. HIEC-6 cells were plated into 96 wells and pretreated with VIM antibody, challenged with 0.1 MOI RV, 

and (F) RT-qPCR and (G) viral titer examinations were then performed.
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It is noteworthy that VP4 was considered as the most significant viral protein. 
Although there has been an excellent systematic research to detect VP4 and host-patho­
gen PPI network (24), not many generally accepted attachment factor of RV has yet 
been reported; thus, a proximity interactome labeling technique was applied to detect 
VP4 and host-pathogen PPI network in the present study. The VP4 was amplified from 
a type A RV, and it was verified that this strain had a broad-spectrum cellular infection. 
Additionally, HIEC-6 and DF-1 cells were first applied to RV infection research, providing 
new cell lines for research of RV in vitro. From our perspective, HIEC-6 is a normal human 
intestinal cell line, which may possess advantages over the carcinoma cell line, and DF-1 
is an avian cell line, which may benefit to avian RV research. As for the research method, 
the proximity labeling approach was employed to detect VP4 protein and host-patho­
gen PPI network. In total, 174 high-confidence proximity-labeled host proteins were 
detected, and a series of analyses were conducted. Among the host proteins, HSPA8, 
CTTN, HSP90AB1, and EIF4G1 have been reported to participate in RV infection, and 

FIG 7 Knockdown of ACTR2 or blocking cell surface of ACTR2 restricted Wa RV strain infection in HIEC-6 cells. Knockdown of ACTR2 in HIEC-6 cells restricted 

RV infection, as examined by (A) immunofluorescence (24 h) and (B) Western blotting (12 and 24 h) with anti-VP6 antibody as a primary antibody, and (C) flow 

cytometry with FITC-conjugated anti-RV antibody. (D) Viral titer was detected at 12 and 24 h. (E) More earlier time points of RV infection were further detected 

by RT-qPCR, which suggested ACTR2 affects RV infection at an early stage. HIEC-6 cells were plated into 96 wells and pretreated with ACTR2 antibody, challenged 

with 0.1 MOI RV, and (F) RT-qPCR, and (G) viral titer examinations were then performed.
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FLNA and LMO7 exhibited to have no significant phenotypic effect on RV infection (24), 
these reported proteins proved the reliability of our atlas to some extent.

The subcellular location of candidate receptors or attachment factors is crucial, which 
are supposed to be distributed in cytoskeleton, plasma membrane, or extracellular 
region. Additionally, proteins that were detected in both Li et al. research (24) and, in 
the present study, may be considered to be more reliable. Besides, we also consulted 
infectious disease pathway and our unpublished acetylation omics. The sample of this 
acetylation omics was HIEC-6 cell line that was challenged with MYAS33, and acetylation 
affected multiple biological functions, containing the PPI network. Finally, six proteins 
(HSPA8, VIM, CTTN, HSP90AB1, FLNA, and ACTR2) were selected. Importantly, except for 
VIM and ACTR2, the other four proteins have verified whether had the function in RV 
infection.

FIG 8 Overexpression or pretreatment with recombinant of VIM or ACTR2 promoted Wa RV strain infection in CACO-2 cells. VIM or ACTR2 was overexpressed 

in CACO-2 cells, challenged with 0.1 MOI RV at 24 h post-transfection, and examined (A and B) RT-qPCR and (C and D) viral titer examinations at 24 h 

post-infection, the expression control of VIM and ACTR2 were presented below. (E and F) The purification of VIM and ACTR2 was identified by sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) staining with Coomassie brilliant blue. VIM or ACTR2 recombinant protein was incubated, challenged 

with 0.1 MOI RV, and (G and H) RT-qPCR and (I and J) viral titer examinations were carried out. E.V.: empty vector. Statistical significance was determined by the 

Student’s t-test (*<0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; n.s., not significant).
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VIM is one of the intermediate filament proteins, which is widely expressed in 
multiple cell lines and is located in the extracellular region, cytoskeleton (29). VIM has 
been demonstrated to promote viral entry as an attachment factor for SARS-CoV-2 (30, 
31), SARS-CoV (32), enterovirus 71 (33), Japanese encephalitis virus (JEV) (34, 35), and 
human papillomavirus 16 (HPV16) (36). As for RV, Brunet JP et al. found that the VIM 
network disorganization detected in undifferentiated CACO-2 cells was not found in fully 

FIG 9 VIM and ACTR2 increased the efficiency of binding of Wa RV strain to HIEC-6 cells. (A) HIEC-6 cells were stained with VIM or ACTR2 antibodies, WGA and 

hoechst. They were captured by a confocal microscope (z-stack imaging) and showed VIM or ACTR2 (green), WGA (red), and hoechst (blue). (B and C) HIEC-6 

cells were stained with VIM antibody or ACTR2 antibody (red) or rabbit IgG as isotype antibody (blue) as a primary antibody and anti-rabbit FITC antibody as 

a secondary antibody, and the results were examined by flow cytometry. (D) The schematic model of RV binding assays. (E and F) VIM or ACTR2 siRNAs were 

transfected to HIEC-6 cells for 24 h and incubated with 10 MOI RV at 4°C, and the nsp5 relative level were examined by RT-qPCR. HIEC-6 cells were then plated 

into 96 wells, pretreated with VIM or ACTR2 antibody or recombinant protein for 2 h at 37°C, and incubated with 10 MOI RV for 1 h at 4°C, and the (G through 

J) nsp5 relative level and (K through N) VP6 absolute quantification were examined by RT-qPCR. Statistical significance is determined by the Student’s t-test 

(*<0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; n.s., not significant).
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differentiated cells (37), and in the present study, VIM was selected to further determine 
whether VIM would be an attachment factor for RV.

ACTR2 is recognized as a major constituent of the ARP2/3 complex, which is mainly 
located at the skeleton, and it is essential to cell shape and motility (38). It has been 
reported that ACTR2 participates in various viral infections, such as respiratory syncytial 
virus (39, 40), Ebola virus (41), vaccinia virus (42), and JEV (43).

In the present study, it was confirmed that both VIM and ACTR2 could facilitate RV 
infection in human intestinal cells. According to previous research or GO enrichment, 
both VIM and ACTR2 could be located in the extracellular region, so we wonder whether 
VIM and ACTR2 could promote RV attachment. Additionally, it was revealed that they 
could promote RV binding through knockdown, antibody blockade, and recombinant 
protein incubation. Of course, these proteins may promote RV infection through other 
ways, such as whether ARP2/3 complex plays an important role in RV infection, whether 
VIM can promote RV infection by inhibiting interferon production (44), and we will 
explore the further mechanisms in the future.

In conclusion, we provide an atlas of RV VP4 PPI network, and it was demonstrated 
that both VIM and ACTR2 could significantly promote RV infection.

FIG. 10 VIM and ACTR2 promoted RV infection. VIM and ACTR2 were knocked down simultaneously or separately in HIEC-6 cells and challenged with 0.1 MOI RV 

for 24 h, and the results were examined by Western blotting.
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MATERIALS AND METHODS

Cells and viruses

HIEC-6 and MA104 cells were purchased from BeNa Culture Collection, and HEK293T, 
DF-1, CACO-2 cells were preserved in our laboratory. All cells were cultured in a 
Dulbecco’s modified Eagle’s medium (DMEM; Gibco, New York, NY, USA) containing 10% 
fetal bovine serum (Gibco) and 1% penicillin-streptomycin solution (Hyclone Laborato­
ries, Logan, UT, USA).

The RV strain MYAS33 and MSLH14 were originally isolated by C.C.Tu’s laboratory 
as described previously (23, 45). The human RV Wa and SA-11 RV strain were kindly 
provided by Prof. Wu Yuzhang, Institute of Immunology, PLA, Army Medical University, 
and propagation and titration of MA104 cells were carried out as previously described 
(46, 47). For RV infection, the virus was diluted in DMEM, activated with 10 µg/mL trypsin 
(Solarbio, Beijing, China; T1350) for 30 min at 37°C, and was then added to confluent 
target cells that were previously thrice washed with phosphate-buffered saline (PBS). 
After 2 h of incubation at 37°C, the excessive virus was removed; the cells were then 
twice washed with PBS and incubated in a DMEM with 2 µg/mL trypsin at 37°C until use.

Proximity labeling with TurboID assays, MS analysis, data processing, and 
bioinformatics analysis

VP4 protein coding sequence was amplified from MYAS33 and cloned into pcDNA3.1-
TurboID vector. The plasmid was transfected into HEK293T cells and added to biotin 
(50 µm) for 10 min. The protocols of proximity labeling with TurboID assays, MS analysis, 
data processing, and bioinformatics analysis were the same as those that were previously 
described (13, 48, 49).

Antibodies and reagents

Antibodies against VIM (cat# 10366–1-AP), ACTR2 (cat# 10922–1-AP), and BCAP31 (cat# 
11200–1-AP) were purchased from Proteintech (San Diego, CA, USA). Antibody against 
RV VP6 protein (cat# sc-101363) was purchased from Santa Cruz Biotechnology (Dallas, 
TX, USA). Anti-RV antibody (FITC; cat# ab31435) was purchased from Abcam (Cambridge, 
UK). Antibodies against GAPDH (cat# 5174) and Myc (cat# 2276) were purchased from 
Cell Signaling Technology (Danvers, MA, USA). HA Tag rabbit polyclonal antibody (cat# 
AF0039), horseradish peroxidase (HRP)-labeled goat anti-rabbit IgG(H + L; cat# A0208), 
HRP-labeled goat anti-mouse IgG (H + L; cat# A0216), Cy3-labeled goat anti-rabbit IgG 
(H + L; cat# A0516), and FITC-labeled goat anti-mouse IgG (H + L; cat# A0568) antibodies 
were purchased from Beyotime Institute of Biotechnology (Shanghai, China).

Lipofectamine RNAiMAX (cat# 13778030) and Lipofectamine 3,000 (cat# L3000150) 
were purchased from Invitrogen (Carlsbad, CA, USA). Recombinant human VIM protein 
(cat# 10028-H08B) was obtained from Sinobiological Co., Ltd. (Shenzhen, China). 
Recombinant ACTR2 protein (cat#P03403) and iFluor 555 WGA (Cat#I3310) were 
purchased from Solarbio Co., Ltd. Rabbit IgG (cat#A7016), BSA (cat# ST023), and cell 
counting kit-8 (cat# C0037) were purchased from Beyotime Institute of Biotechnology.

Plasmids, siRNA, and transfection

Human VIM and ACTR2 coding sequences were amplified from HIEC-6, which were 
identical to NCBI reference sequences of NM_003380.5 and NM_005722.4, respectively, 
and were then cloned to pcDNA3.1–3Myc vector, which was digested by BamHI and 
NotI previously. RV VP4 protein was cloned to pcDNA3.1–3HA vector for immunopreci­
pitation. All the ligation products were transformed into Trans-T1 competent cells and 
plated on ampicillin-resistant agar plates, single clones were picked and shaken in a 37°C 
incubator, and plasmids were extracted and identified.
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The cells were grown to 80% confluence prior to transfection, and plasmids were 
transfected with Lipofectamine 3,000 for 24 h according to the manufacturer’s instruc­
tions.

Moreover, siRNAs of VIM (cat# SIGS0005747-1), ACTR2 (cat# SIGS0004877-1), and 
BCAP31 (cat# SIGS0003096-1) were purchased from RiboBio Co., Ltd. (Guangzhou, China). 
The cells were grown to 80%–90% confluence prior to transfection, transfected with 
siRNAs using Lipofectamine RNAiMAX for 48 h, and were then detected or used for 
further experiment.

Virus-binding assay

HIEC-6 cells were seeded into 24-well or 96-well plates and grown to 80%–90% 
confluence. In 24-well plates, HIEC-6 cells were transfected with VIM or ACTR2 siRNA for 
48 h, and in 96-well plates, HIEC-6 cells were incubated with VIM or ACTR2 recombinant 
protein or antibody for 2 h at 37°C. After pretreatment, the cells were twice washed with 
pre-cooled PBS and incubated with RV (10 MOI) at 4°C for 1 h. The cells were then twice 
washed with PBS and detected by RT-qPCR.

Western blotting

The main method of western blotting was described previously (49). Cells were collected 
and lysed, and protein concentrations were determined by a bicinchoninic acid (BCA) 
protein assay kit (P0010; Beyotime Institute of Biotechnology). The proteins were 
mixed with loading buffer and denatured by boiling. Then, equal amounts (30 µg) 
were electrophoresed, transferred onto nitrocellulose filter membranes, and were then 
incubated overnight at 4°C with primary antibodies. After further incubation with 
HRP-conjugated secondary antibodies, the membranes were detected by the Amersham 
Imaging 600 system, with Pierce ECL Western blotting substrate (32106; Thermo Fisher 
Scientific).

Immunoprecipitation

In the present study, 2 µg of 3HA-VP4, 3Myc-VIM (or ACTR2), or vector were transfected 
into 2 × 106 HEK293T cells in 6-well plates, harvested after 30 h, and lysed by 200 µL lysis 
buffer (P0013; Beyotime Institute of Biotechnology). Twenty percent of the cell lysates 
were separated as an input, and the remaining lysates were incubated with 20 µL of 
anti-Myc (Bimake; B26301) magnetic beads on a roller at 4°C overnight. The beads were 
washed five times with 1 mL lysis buffer and boiled at 100°C for 10 min. Cell lysates and 
IPs were analyzed by Western blotting.

RNA isolation and quantitative real-time PCR analysis

Cells were collected, and total RNA was isolated by an RNA extractor (TRIzol; B511311; 
Sangon Biotech Co., Ltd., Shanghai, China) and were then reversely transcribed by a 
premix reverse transcriptase (R222-01; Vazyme Co., Ltd., Nanjing, China), 1 µg RNA and 4 
µL 5× Hiscript II qRT SurperMix were mixed and added H2O to 20 μl, and put the mixture 
in a 50°C water bath for 15 min and 85°C for 5 s.

The qPCR was then conducted by an SYBR Green qPCR Mix kit (A6001; Promega, 
Beijing, China) and a CFX96 system. All experiments were performed according to the 
manufacturer’s instructions. The specific primers used to RT-qPCR were as follows: for the 
GAPDH, 123 bp (amplicon), 5′-CTACATGGTTTACATGTTCC-3′ (Forward) and 5′-GGATCTCG
CTCCTGGAAGAT-3′ (Reverse); for the nsp5, 178 bp (amplicon), 5′-CGTCAACTCTTTCTGG
AAAATC-3′ (Forward) and 5′-GCATTTGTCTTAACTGCATTCG-3′ (Reverse); for VP6, 147 bp 
(amplicon), 5′-CATGCGCCATAAATGCACCA-3′ (Forward) and 5′-TCGCGCCATCAGCTGAATTA
-3′ (Reverse).
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Immunofluorescence and confocal assay

Cells were fixed with 4% paraformaldehyde solution (P1110; Solarbio) for 1 h. Washed 
thrice, and the cells were blocked by BSA for 1 h. After washing thrice, specific primary 
antibodies were added and incubated overnight at 4°C. Cells were then washed and 
incubated with the anti-rabbit or anti-mouse fluorescent secondary antibodies for 1 h. 
Images were captured by a fluorescence or a confocal microscope.

Flow cytometry

Cells were digested by trypsin and collected. After twice washing with PBS, the cells 
fixed by 4% paraformaldehyde, were incubated with the FITC-conjugated RV antibody for 
30 min at 4°C (for RV staining, permeabilized before staining), or incubated with primary 
antibody for 30 min at 4℃, washed thrice with PBS, then incubated with secondary 
antibody for 30 min at 4℃ (for cell surface staining, not permeabilized, the same isotype 
control was applied and compared to VIM and ACTR2 respectively.). After washing thrice 
with PBS, the cells were re-suspended in 200  μL PBS solution per sample. Fluorescence 
intensity was determined and analyzed using the CytoFlEX system (Beckman Coulter, 
Brea, CA, USA).

Statistical analysis

Statistical significance between groups was determined using GraphPad Prism 8.0 
software (GraphPad Software Inc., San Diego, CA, USA). Data were presented as mean 
± SEM in all experiments and analyzed using t-test or analysis of variance, followed by 
two-tailed t-test. P ＜ 0.05 was considered statistically significant.
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