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ABSTRACT Enteroviruses are single-stranded, positive-sense RNA viruses causing 
endoplasmic reticulum (ER) stress to induce or modulate downstream signaling 
pathways known as the unfolded protein responses (UPR). However, viral and host 
factors involved in the UPR related to viral pathogenesis remain unclear. In the present 
study, we aimed to identify the major regulator of enterovirus-induced UPR and 
elucidate the underlying molecular mechanisms. We showed that host Golgi-specific 
brefeldin A-resistant guanine nucleotide exchange factor 1 (GBF1), which supports 
enteroviruses replication, was a major regulator of the UPR caused by infection with 
enteroviruses. In addition, we found that severe UPR was induced by the expression 
of 3A proteins encoded in human pathogenic enteroviruses, such as enterovirus A71, 
coxsackievirus B3, poliovirus, and enterovirus D68. The N-terminal-conserved residues of 
3A protein interact with the GBF1 and induce UPR through inhibition of ADP-ribosylation 
factor 1 (ARF1) activation via GBF1 sequestration. Remodeling and expansion of ER and 
accumulation of ER-resident proteins were observed in cells infected with enteroviruses. 
Finally, 3A induced apoptosis in cells infected with enteroviruses via activation of the 
protein kinase RNA-like endoplasmic reticulum kinase (PERK)/C/EBP homologous protein 
(CHOP) pathway of UPR. Pharmaceutical inhibition of PERK suppressed the cell death 
caused by infection with enteroviruses, suggesting the UPR pathway is a therapeutic 
target for treating diseases caused by infection with enteroviruses.

IMPORTANCE Infection caused by several plus-stranded RNA viruses leads to dysregu
lated ER homeostasis in the host cells. The mechanisms underlying the disruption 
and impairment of ER homeostasis and its significance in pathogenesis upon enterovi
ral infection remain unclear. Our findings suggested that the 3A protein encoded in 
human pathogenic enteroviruses disrupts ER homeostasis by interacting with GBF1, 
a major regulator of UPR. Enterovirus-mediated infections drive ER into pathogenic 
conditions, where ER-resident proteins are accumulated. Furthermore, in such scenarios, 
the PERK/CHOP signaling pathway induced by an unresolved imbalance of ER homeosta
sis essentially drives apoptosis. Therefore, elucidating the mechanisms underlying the 
virus-induced disruption of ER homeostasis might be a potential target to mitigate the 
pathogenesis of enteroviruses.
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T he endoplasmic reticulum (ER) comprises an extensive network of membranes 
responsible for multiple roles in the cell, including protein production, lipid 

synthesis, and calcium storage (1). Disruption of ER homeostasis, called ER stress, 
activates the unfolded protein responses (UPR). Mild and transient ER stress activates 
UPR to restore ER homeostasis, whereas severe and prolonged ER stress triggers 
the protein kinase RNA-like endoplasmic reticulum kinase (PERK)/C/EBP homologous 
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protein (CHOP) pathway of UPR, resulting in apoptosis (2). UPR is associated with various 
disorders, such as neurodegenerative diseases, cancers, metabolic diseases, and 
infectious diseases (3, 4). Therefore, appropriate levels of UPR must be maintained to 
decrease the risk of undesired health complications.

RNA viruses significantly remodel the cellular endomembrane system, affecting 
functions of subcellular organelles, including the ER. Many positive-stranded RNA viruses 
reportedly induce or modulate UPR. However, the impact of virus-associated UPR on 
virus replication and pathogenesis needs to be better understood (5). Therefore, the 
molecular mechanisms underlying viral infection-induced UPR must be investigated to 
characterize and mitigate their pathogenesis.

The genus Enterovirus (family Picornaviridae) comprises a highly diverse group of 
viruses harboring a single-stranded positive RNA genome, including poliovirus (PV) 
and non-polio viruses, such as enterovirus A71 (EV-A71), D68 (EV-D68), and coxsackie
virus B3 (CVB3). Multiple disorders, including hand-foot-and-mouth disease, poliomyeli
tis, herpangina, and the common cold, are caused by enteroviruses (6). Furthermore, 
enterovirus-induced meningitis, encephalopathy, encephalitis, acute flaccid paralysis, 
and myocarditis pose a threat to child healthcare worldwide; however, the underlying 
pathogenic mechanisms remain unclear. Although potent vaccines nearly eradicated the 
poliovirus, effective vaccines or therapeutic strategies against non-polio enteroviruses 
remain lacking. Therefore, investigating viral and host factors involved in viral pathogen
esis is warranted to control enterovirus-induced diseases.

EV-A71 has caused severe outbreaks of hand-foot-and-mouth disease in the Asia-
Pacific region since the end of the 1990s (7). Genomic RNA of EV-A71 is translated into 
a single polyprotein that is proteolytically processed into four structural (VP1, VP2, VP3, 
and VP4) and seven non-structural (2A, 2B, 2C, 3A, 3B, 3C, and 3D) proteins. Structural 
proteins form the viral capsid, whereas the non-structural proteins are localized in the 
viral replication organelle (RO), recruiting host proteins to support the replication of 
the viral RNA (8). The 3A protein of enterovirus, localized in the RO, is a multifunctional 
protein that, together with the viral 2BC protein, participates in the formation of RO 
(9). Furthermore, the 3A protein inhibits protein trafficking and interacts with multiple 
host proteins, such as Golgi-specific brefeldin A-resistant guanine nucleotide exchange 
factor 1 (GBF1), acyl-CoA binding domain containing 3 (ACBD3), serine protease 3, and 
secretory carrier membrane protein 3, to support virus replication (10–16). However, the 
mechanisms by which 3A regulates host function still need to be better characterized.

Among the positive-stranded RNA viruses, flaviviruses and coronaviruses mainly 
modulate ER membranes for replication (17–20). These viruses disrupt ER homeosta
sis through their encoded proteins (21–23); however, the relationship between ER 
homeostasis and enterovirus infection is not fully understood. The RO of enteroviruses 
is derived from both ER and Golgi membranes (24), which come in contact with ER 
through oxysterol-binding protein 1 (OSBP), thus transferring the lipids necessary for 
viral replication (25). BiP, an ER-localized chaperone protein and UPR marker, circumvents 
the enterovirus-mediated inactivation of the host mRNA translation (26). BiP mRNA 
contains an internal ribosome entry site (IRES), and its expression is enhanced during 
poliovirus infection (26, 27). Furthermore, EV-A71 and CVB3 induce or modulate UPR 
by as yet unknown mechanisms (28–30). Therefore, the molecular mechanisms and 
biological significance of UPR during enterovirus infection warrant further investigation. 
In the present study, we aimed to identify the major regulator of enterovirus-induced 
UPR and elucidate the underlying molecular mechanisms.

RESULTS

EV-A71 infection induces the UPR through viral 3A protein

Consistent with previous reports showing that the UPR pathways are induced or 
modulated during EV-A71 infection (28, 29), we observed that the mRNA level of some 
UPR markers, including BiP, XBP1s, and CHOP, was significantly increased with EV-A71 
infection in a dose-dependent manner (Fig. 1A). Accordingly, the protein level of BiP, 
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FIG 1 EV-A71 infection alters ER homeostasis and morphology. (A) Expression of BiP, XBP1s, CHOP, and 

viral RNA in RD cells infected with EV-A71 at an MOI of 0.001, 0.01, and 0.1 was quantified using qPCR at 

36 h post-infection. (B) Expression levels of BiP, XBP1s, CHOP, and EV-A71 3CD protein in RD cells infected 

with EV-A71 at an MOI of 0.01 and 0.1 were detected using immunoblotting at 36 h post-infection. (C) RD 

cells infected with EV-A71 at an MOI of 0.3 were incubated for 30 h and stained with anti-CANX antibody, 

anti-EV-A71 3CD antibody, and DAPI; fluorescent signals were detected using microscopy (FV-3000, 

OLYMPUS). The scale bar represents 10 µm. (D) RD cells infected with EV-A71 at an MOI of 0.3 were 

incubated for 8 h (early phase), 16 h (intermediate phase), or 30 h (late phase) and stained with anti-CANX 

antibody, anti-EV-A71 3CD antibody, and DAPI. The fluorescent signals were detected using microscopy. 

The arrowhead and straight arrow represent uninfected and EV-A71-infected cells, respectively. The scale 

bars represent 10 µm. (E) RD, HEK293T, and HeLa cells infected with EV-A71 at an MOI of 0.3 were 

incubated for 30 h and stained with anti-CANX antibody, anti-EV-A71 3CD antibody, and DAPI; fluorescent 

signals were detected using microscopy. Arrows indicate EV-A71-infected cells. The scale bar represents 

10 µm. (F) RD cells infected with EV-A71 at an MOI of 0.3 were incubated for 8 h (early phase), 16 h 

(intermediate phase), or 30 h (late phase) and stained with anti-PDI antibody, anti-EV-A71 3CD antibody, 

and DAPI. The fluorescent signals were detected using microscopy. The arrowhead and straight arrow 

represent uninfected and EV-A71-infected cells, respectively. The scale bars represent 10 µm (Left). The 

colocalization analysis was performed using Fiji software (Right). The data presented in A denote mean ±

(Continued on next page)
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XBP1s, and CHOP in EV-A71 infected cells also increased after EV-A71 infection (Fig. 1B). 
To confirm the effect of EV-A71 infection on the ER remodeling, the localization of some 
ER markers was examined using immune-fluorescent staining. We found that calnexin 
(CANX, an ER membrane marker) was distributed in the cytoplasm in uninfected cells 
but concentrated at the juxtanuclear area in response to EV-A71 infection (Fig. 1C and 
D). Similar changes in the accumulation of CANX and ER morphology were observed 
in EV-A71-infected HEK293T and HeLa cells (Fig. 1E). In addition, our immune-fluores-
cent analysis showed that protein disulfide isomerase (PDI, a marker of ER lumen) was 
expressed as discrete puncta at a low level in the cytoplasm of uninfected cells. In 
contrast, the PDI showed accumulated structures in the infected cells, and the PDI signals 
merged with the viral 3CD (Fig. 1F). These data indicate that EV-A71 infection alters ER 
morphology.

As the localization of ER marker proteins drastically remodeled during EV-A71 
infection, we examined the localization of the RO and the modified ER structure. Viral 
proteins 2B, 2C, and 3AB localized in the RO did not merge with the CANX during EV-A71 
infection (Fig. 2A). Furthermore, 3D reconstitution analysis on EV-A71-infected RD cells 
showed distinct localization of CANX and the viral 2B protein (Fig. 2B). Collectively, these 
data indicate that EV-A71 infection alters the ER structure that is distinct from the RO.

To determine how EV-A71 modulates ER homeostasis, we transiently over-expressed 
viral proteins and their precursors to identify the effector viral protein. Our qPCR analysis 
showed that the mRNA level of BiP in the 3A over-expressed cells increased approxi
mately 3-fold compared with that in the mock and GFP controls (Fig. 2C). Furthermore, 
the changes in BiP mRNA and protein levels in the presence of the 3A protein were dose-
dependent in RD cells (Fig. 2D and E) and could be reproduced in HEK293 T cells or HT-29 
cells (Fig. 2F). Besides BiP, the increased mRNA level in the presence of 3A protein was 
observed for other UPR-related genes such as XBP1s, CHOP, CANX, GRP94, PDI, EDEM1, or 
HERPD1 (Fig. 2G). Although the expression level of the 3A protein was moderate 
compared with that of the other viral proteins (Fig. 2H through L), only the presence of 
the viral 3A protein specifically increased the expression of UPR-related genes, suggest
ing that EV-A71 modulates ER homeostasis through its 3A protein.

3A protein of EV-A71 activates all branches of the UPR pathways

The UPR can be initiated by the IRE1-, ATF6-, and PERK-mediated pathways. To further 
characterize how the 3A protein induces UPR, we first assessed IRE1 activation with XBP1 
mRNA splicing as the activation marker using a reporter construct expressing mNeon
Green fused to a nuclear localization signal (NLS) (Fig. 3A Upper). The fluorescent signal of 
mNeonGreen was observed in the nuclei of cells co-expressing the reporter construct 
with mCherry-tagged 3A but not in those with mCherry alone (Fig. 3A lower and 3B). 
Furthermore, 3A protein expression enhanced the mRNA and protein levels of XBP1s in a 
dose-dependent manner (Fig. 3C and D).

ATF6 activation leads to its site-1 and site-2 protease-mediated cleavage at the Golgi 
apparatus and subsequent nuclear localization of the N-terminal ATF6 fragment. To 
determine whether the 3A protein modulates the UPR through ATF6, the AcGFP-tagged 
ATF6, and the mCherry-tagged 3A were co-expressed in RD cells to determine the 
localization of the cleaved ATF6. Nuclear localization of ATF6 was observed only in the 
presence of the mCherry-tagged 3A (Fig. 3E), along with ATF6 cleavage by the 3A 
protein, in a dose-dependent manner (Fig. 3F).

To determine whether the 3A protein modulates UPR via the PERK that activates the 
ATF4/CHOP, a reporter construct expressing amino acids 1–28 of ATF4 fused to mScarlet-I 
and NLS under the control of IRES in the 5ʹ non-translated region of ATF4 gene (Fig. 3G 

FIG 1 (Continued)

S.D. of two independent experiments; those in B-F are representative of two independent experiments. 

For the experiment presented in A significance (*P ≤ 0.05; **P ≤ 0.01; ****P ≤ 0.00001; n.s., not significant; 

n.d., not detected) was determined using one-way analysis of variance (ANOVA) test (n = 4).
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FIG 2 EV-A71 infection alters ER homeostasis through viral 3A protein. (A) RD cells infected with EV-A71 

at an MOI of 0.3 were incubated for 16 h (intermediate phase) or 30 h (late phase) and stained with 

anti-CANX antibody, anti-EV-A71 2B, 2C, or 3AB antibody, and DAPI; fluorescent signals were detected 

using microscopy. The scale bar represents 10 µm. (B) RD cells infected with EV-A71 at an MOI of 0.3 were 

incubated for 30 h and stained with anti-CANX and anti-EV-A71 2B antibodies. The fluorescent signals 

were detected using microscopy, and 3D reconstitution was performed using the cellSens imaging 

software (OLYMPUS). Nuc, nucleus. The straight arrows indicate the cytoplasmic structure of EV-A71-infec

ted cells. (C) RD cells were transfected with GFP, viral proteins of EV-A71 (VP1, VP2, VP3, VP4, 2A, 2B, 2C, 

3A 3B, 3C, or 3D), or its precursors (VP0, 2BC, 3AB, or 3CD). BiP expression was quantified using qPCR 

at 48 h post-transfection. RD cells were transfected with an increasing amount of a plasmid encoding 

3A protein, and BiP expression was detected using qPCR (D) and immunoblotting (E) at 48 h post-trans

fection. Tf, transfection. (F) Expression of BiP in HEK293T cells (Left) or HT-29 cells (Right) expressing 

3A was quantified using qPCR at 48 h post-transfection. (G) RD cells were transfected with 3A protein, 

and expression of genes related to UPR (BiP, XBP1s, CHOP, CANX, GRP94, PDI, EDEM1, or HERPD1) was 

quantified using qPCR at 48 h post-transfection. (H-L) Expression of GFP, VP1, VP2, VP3, VP4, VP0, 2A, 2B, 

2C, 3A, 3C, 3D, 2BC, 3AB, or 3CD in RD cells was detected using immunoblotting. The transfected amounts 

of plasmid presented in each figure were calculated based on 24-well plates. The data presented in C, D, 

F, and G denote mean ± S.D. of two independent experiments; those in A, B, E, and H-L are representative 

(Continued on next page)
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Upper) was co-expressed with AcGFP-tagged 3A in RD cells. Nuclear fluorescence of 
mScarlet-I was detected in cells co-expressing AcGFP-tagged 3A but not in those 
expressing AcGFP alone (Fig. 3G Lower and 3H). We also observed the increased expres
sion levels of the CHOP mRNA and protein in a dose-dependent manner by the over-
expressed 3A protein (Fig. 3I and J).

We then examined whether other EV-A71 non-structural proteins, such as 2B, 2C, and 
2BC, induce UPR pathways. In contrast to the expression of the 3A protein, the expression 
of 2B, 2C, or 2BC did not activate the XBP1s or ATF4 reporter (Fig. 4A and B). Similarly, 2B, 
2C, or 2BC did not induce the cleavage of ATF6 (Fig. 4C). Moreover, the expression of 
these proteins did not induce the BiP, XBP1s, or CHOP mRNAs or proteins (Fig. 4D and E). 
These data indicate that the expression of 3A of EV-A71 specifically induces severe ER 
stress and activates all branches of the UPR.

Enterovirus infection induces ER stress-dependent cell death

To further explore the significance of the UPR pathways to EV-A71 during infection, we 
examined virus phenotypes in cells with each UPR branch suppressed by specific 
inhibitors (Fig. 5A), which showed little toxicity up to 10 µM in RD cells (Fig. 5B). Among 
the tested inhibitors, only the PERK inhibitor I (PERKi I) significantly reduced the plaque 
size of EV-A71 (Fig. 5C through E). The plaque size of EV-A71 was similarly reduced when 
treated with AMG PERK 44, another selective inhibitor of PERK (Fig. 5F through H). 
However, virus titers in cells treated with up to 10 µM of these UPR inhibitors were 
comparable with the DMSO control and significantly suppressed by Rupintrivir, a known 
inhibitor against EV-A71 (31, 32) (Fig. 5I). In addition, the intracellular viral RNA level was 
decreased only when treated with a relatively high concentration (10 µM) of the UPR 
inhibitors (Fig. 5J). Collectively, the PERKi I reduced the plaque size of EV-A71 (Fig. 5C and 
D) without a significant impact on virus propagation (Fig. 5I and J), implying an effect on 
cell death that prevented or delayed virus release (Fig. 6A).

To further test this hypothesis, we examined the cleavage of Poly (ADP-ribose) 
polymerase (PARP) to monitor apoptosis. PARP cleavage in EV-A71-infected RD cells was 
inhibited by the treatment with >0.1 µM PERKi I (Fig. 6B and C). The activities of cas
pase-3 and caspase-7, which were induced during EV-A71 infection, were suppressed by 
treatment with 3 µM of PERKi I (Fig. 6D). Besides virus infection, we also confirmed that 
3A protein itself could induce apoptotic activity through the PERK pathway in a dose-
dependent manner (Fig. 3G through J, 6E, and F).

We examined whether the same effect of the 3A protein on the UPR is conserved 
among other human enteroviral pathogens. Enhanced expression of BiP, XBP1s, and 
CHOP was observed in cells infected with CVB3 (strain Kandolf, Enterovirus B), PV1 (strain 
Sabin, Enterovirus C), and EV-D68 (strain Fermon, Enterovirus D) (Fig. 6G) or those with 
over-expressed individual 3A protein (Fig. 6H and I). Moreover, treatment with PERKi I 
significantly reduced the plaque size of these enteroviruses (Fig. 6J and K). These data 
indicate that the enteroviruses induce apoptosis via the PERK pathway.

Ile8 and Ile10 of 3A participate in the UPR via the inhibition of protein trans
port

Next, we generated a series of 3A mutant constructs (Fig. 7A) to identify the amino acid 
residues responsible for the UPR induction. Deleting the C-terminal region of 3A 
impaired its expression in both soluble and pellet fractions of cell lysates owing to 
proteasomal degradation (Fig. 7B and C). Conversely, protein expression of the 3A was 
not affected by the various N-terminal deletions (Fig. 7A, D, and E); however, compared 

FIG 2 (Continued)

of two independent experiments. For the experiments presented in C, D, and F, significance (*P ≤ 0.05; 

**P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.00001; n.s., not significant) was determined using one-way ANOVA test 

(n = 4). For the experiment presented in G, significance (**P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.00001) was 

determined using Student’s t-test (n = 4).
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FIG 3 3A protein of EV-A71 activates UPR pathways. (A) The structure of the reporter vector detecting XBP1 splicing 

(Addgene, #115968) (Upper). RD cells transfected with a plasmid encoding N-terminal mCherry-tagged 3A protein and the 

reporter vector. The fluorescent signals were detected using microscopy at 24 h post-transfection. Arrowhead: mNeonGreen-

positive cells. The scale bar represents 40 µm. (B) The row data of fluorescent images obtained from the experiment in 

Fig. 2A (20× magnification, n = 3 in each experiment) were quantified using Fiji software to determine the percentage 

of mCherry-positive cells expressing mNeonGreen. RD cells were transfected with increasing concentrations of the 3A 

protein, and XBP1s expression was detected using qPCR (C) and immunoblotting (D) at 48 h post-transfection. RD cells were 

transfected with N-terminal AcGFP-tagged ATF6 and N-terminal mCherry-tagged 3A protein; (E) fluorescent signals were 

detected using microscopy at 48 h post-transfection. The scale bar represents 10 µm. (F) Expression levels of full-length ATF6, 

cleaved ATF6, and 3A protein were detected using immunoblotting at 48 h post-transfection using an anti-FLAG antibody. 

(G) The structure of the reporter vector detecting induction of ATF4 (Addgene, #115969) (Upper). RD cells co-transfected 

with a plasmid encoding N-terminal AcGFP-tagged 3A protein, and the reporter vector and fluorescent signals were detected 

using microscopy at 24 h post-transfection. Arrowhead, mScarlet-I-positive cells. The scale bar represents 40 µm. (H) The 

row data of fluorescent images obtained from the experiment in Fig. 2G (20× magnification, n = 3 in each experiment) 

were quantified using Fiji software to determine the percentage of AcGFP-positive cells expressing mScarlet-I. RD cells were 

transfected with an increasing amount of a plasmid encoding 3A protein, and CHOP expression was detected using qPCR 

(I) and immunoblotting (J) at 48 h post-transfection. The transfected amounts of plasmid presented in each figure were 

calculated based on 24-well plates. The data presented in C and I denote mean ± S.D. of two independent experiments; those 

(Continued on next page)
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with the wild-type 3A, these truncated 3A proteins significantly attenuated the mRNA 
levels of BiP and XBP1s (Fig. 7H). Subsequently, we conducted alanine-scanning muta
genesis of 10 N-terminal amino acids of 3A (Fig. 7A, F, and G), which revealed that the 
substitution of Ile8 or Ile10 in 3A to Ala (3A-I8A or -I10A) significantly reduced the induc
tion of BiP and XBP1s, without affecting the 3A expression (Fig. 7G and I). Although a 
reduced mRNA level of BiP and XBP1s was observed in response to the substitution of 
Arg6 or Arg 9 in 3A to Ala (Fig. 7H), it could be due to the reduced expression of these 
mutant 3A proteins as indicated by the western blot (Fig. 7G). Therefore, we focused on 
3A-Ile8 and Ile10. In addition, our sequence analysis showed that these Ile residues in the 
N-terminus of 3A are highly conserved among various enterovirus species (Fig. 7J). 
Furthermore, structural modeling of the N-terminal region of 3A revealed that the side 
chains of Ile8 and Ile10 were exposed to the protein surface (Fig. 7K).

To examine the significance of the 3A protein as an inducer of UPR pathways 
during EV-A71 infection, we generated recombinant EV-A71 strains that carried alanine 
substitutions of Ile8 (EV-A71-3A-I8A) or Ile10 (EV-A71-3A-I10A). Although EV-A71-3A-I10A 
exhibited an attenuated viral titer at the time of generation of the virus (Fig. 7L), 
EV-A71-3A-I8A showed normal growth kinetics (Fig. 7M). Therefore, we examined the 
ability of EV-A71-3A-I8A to induce BiP or XBP1s mRNA. Upon infection, EV-A71-3A-I8A 
caused reduced expression of BiP or XBP1s compared with the wild-type virus (Fig. 7N); 
however, the infectious titer of both viruses was the same (Fig. 7O). These results suggest 
that the function of the 3A protein is crucial for the activation of UPR pathways during 
the infection.

Since the N-terminal region of 3A is crucial for interaction with multiple host proteins 
(10–16), and 3A-I8A and 3A-I10A failed to induce a comparable mRNA level of BiP and 
XBP1s, we examined the role of the two amino acid positions in mediating UPR. Our 
pull-down assay showed that the wild-type 3A (WT), as well as 3A-I8A and 3A-I10A, 
bound BiP (Fig. 8A). However, 3A-I8A and 3A-I10A failed to increase the BiP mRNA level, 
suggesting that the binding of 3A to BiP may not be directly involved in mediating UPR.

To identify the molecular pathways for the EV-A71 3A to regulate the UPR, we 
performed RNA sequencing (RNA-seq) with cells expressing either WT or mutant 3A (Fig. 
8B). Although the expression levels of genes of various biological functions were affected 
in response to the WT 3A alone (Fig. 8C and D), gene ontology (GO) analysis revealed 
that only genes related to protein trafficking and the UPR processes were differentially 
affected by the WT and mutant 3A proteins (Fig. 8E). Protein trafficking is a critical part 
of UPR, and the EV-A71 3A protein blocks the ER–Golgi transport (33). Additionally, our 
pilot test showed that Brefeldin A (BFA), a protein transportation inhibitor (Fig. 8F) that 
induces UPR (34), enhanced the mRNA and protein expression levels of BiP and XBP1s 
in a dose-dependent manner in RD cells (Fig. 8G and H). Thus, we speculated that the 
EV-A71 3A inhibited protein transport to induce UPR.

GBF1-mediated ARF1 activation is crucial for ER homeostasis

BFA targets guanine nucleotide exchange factors (GEF), such as BIG1, BIG2, GBF1, and 
the small GEF family (Fig. 9A). Among the GEFs, GBF1 is a key target of BFA in mam
malian cells (35–37). Furthermore, GBF1 is a host factor involved in the replication of 
enteroviruses and interacts with 3A (38). Whether inhibition of GBF1 activates the UPR 
pathways is conflicting (39, 40), which led us to examine the correlation between GBF1 
and UPR. Increased mRNA levels of BiP and XBP1s were observed in RD cells treated 
with the GBF1 inhibitor, Golgicide A (GCA) (Fig. 9A), in a dose-dependent manner (Fig. 
9B). Similarly, GBF1 knockdown with siRNA induced the UPR pathway (Fig. 9C). GBF1 
comprises multiple domains, including DCB, HUS, Sec7, HDS1, HDS2, and HDS3 domains 
(Fig. 9D). The inactive GBF1 that carries a substitution from glutamic acid to lysine at 

FIG 3 (Continued)

in A, B, D–H, and J are representative of two independent experiments. Significance (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 

0.00001; n.s., not significant) was determined using one-way ANOVA test (n = 4).
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the 794th amino acid position (E794K) in the catalytic Sec7 domain (41) (Fig. 9D) induced 
the expression of BiP and XBP1s, but not the wildtype GBF1 (Fig. 9E and F). GBF1 
activates the downstream protein, ARF1, to mediate protein transport. Expressing the 
inactive ARF1 that substituted threonine31 to asparagine (ARF1 T31N) (42) also induces 
the expression of BiP and XBP1s mRNA (Fig. 9G and H). These data suggest that the 
GBF1-ARF1 axis may regulate the UPR pathway.

We determined whether the recovery of ARF1 function under the suppression of 
GBF1 reduced UPRs. An ARF1 mutant with Gln71 substituted with Leu (Q71L) remains 
constitutively active even in the absence of GBF1 (42). Expression of ARF1 Q71L during 
GCA-mediated inhibition of GBF1 attenuated the expression of BiP or XBP1s (Fig. 9I and 
J). These data suggest that GBF1-mediated ARF1 activation is crucial for ER homeostasis 
and loss of GBF1 induces UPR.

3A protein sequesters GBF1 to induce the UPR pathways in EV-A71 infection

To determine whether the 3A protein induced the UPR through GBF1 and its down
stream pathway, we co-expressed GBF1 or ARF1 Q71L with 3A in RD cells and observed 
a significantly reduced expression of BiP and XBP1s compared with those in the GFP 
control group (Fig. 10A). In contrast to GBF1, the expression of ACBD3, another major 
interacting partner of 3A protein (11, 12), did not affect the increased expression of BiP 
or XBP1s induced by the 3A protein (Fig. 10B). Moreover, 3A protein expression remained 
unaffected by the co-expression of either GBF1, ARF1 Q71L, or ACBD3 (Fig. 10C through 
E), denying the possibility that these proteins inhibit the expression of the 3A protein 

FIG 4 2B, 2C, or 2BC protein is not involved in UPR responses. (A) RD cells co-transfected with a plasmid encoding N-terminal 

mCherry-tagged 2B, 2C, 2BC, or 3A protein and the reporter vector. The fluorescent signals were detected using microscopy at 

24 h post-transfection. Arrowhead: mNeonGreen-positive cells. The scale bar represents 40 µm. (B) RD cells co-transfected with 

a plasmid encoding N-terminal AcGFP-tagged 3A protein. The reporter vector and fluorescent signals were detected using 

microscopy at 24 h post-transfection. Arrowhead: mScarlet-I-positive cells. The scale bar represents 40 µm. (C) Expression 

levels of full-length ATF6, cleaved ATF6, GFP, 2B, 2C, 2BC, and 3A protein were detected using immunoblotting at 48 h 

post-transfection using an anti-FLAG antibody. (D) Expression of GFP, 2B, 2C, 2BC, 3A, BiP, XBP1s, and CHOP in RD cells was 

detected using immunoblotting. (E) Expression of BiP, XBP1s, or CHOP in RD cells expressing 2B, 2C, 2BC, or 3A was quantified 

using qPCR at 48 h post-transfection. The data presented in E denote mean ± S.D. of two independent experiments; data in 

A-D are representative of two independent experiments. For the experiment presented in E, significance (****P ≤ 0.00001; n.s., 

not significant) was determined using one-way ANOVA test (n = 4).
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FIG 5 Inhibition of PERK reduces the plaque size of EV-A71. (A) The chemical structure of compounds used. (B) RD cells were 

treated with PERKi I, 4µ8C, or Ceapin-A7 for 96 h, and cell viability was determined by CellTiter-Glo (Promega). (C) Plaque 

morphology of EV-A71 in RD cells. The plaque overlay medium was supplemented with or without 3 µM of PERKi I. (D) Plaque 

overlay medium of RD cells infected with EV-A71 was supplemented with or without 3 µM of PERKi I, and plaque formation 

assay was performed in triplicate. The dilution of the viruses was 10−4. All plaques presented in each well were analyzed, and 

their areas were quantified using Fiji software. (E) Plaque morphology of EV-A71-infected RD cells overlayed with medium 

supplemented with/without 3 µM of 4µ8c, or Ceapin-A7. The dilution of the viruses was 10−3. (F) Plaque morphology of EV-A71 

in RD cells. The plaque overlay medium was supplemented with or without 10 µM of AMG PERK 44. (G) The plaque overlay 

medium of EV-A71-infected RD cells was supplemented with or without 10 µM of AMG PERK 44, and plaque formation assay 

was performed in triplicate. The dilution of the viruses was 10−4. All plaques in each well were analyzed, and their areas were 

quantified using Fiji software. (H) RD cells were treated with AMG PERK 44 for 96 h, and cell viability was determined by 

CellTiter-Glo (Promega). (I) RD cells infected with EV-A71 at an MOI of 0.3 were treated with PERKi I, 4µ8C, or Ceapin-A7 at 

concentrations of 1.0, 3.0, or 10 µM. Infectious titers in the culture supernatants were determined using a plaque-forming 

assay, and (J) intracellular EV-A71 RNA levels were determined using qPCR at 24 h post-infection. The data presented in I and 

J denote mean ± S.D. of two independent experiments; those in B–H are representative of two independent experiments. For 

the experiments presented in I and J, significance (*P ≤ 0.05; **P ≤ 0.01; ****P ≤ 0.00001; n.s., not significant) was determined 

using one-way ANOVA test (n = 4). For the experiments presented in D and G, significance (****P ≤ 0.00001) was determined 

using Student’s t-test (n = 3).
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itself. These data suggest that 3A expression induces UPR by impairing GBF1-mediated 
ARF1 function.

Subsequently, we examined the intracellular localization of GBF1, which is typically 
in the Golgi apparatus, and GM130, a marker of Golgi, upon EV-A71 infection. The 
localization of 3A protein in the infected cells was monitored using recombinant EV-A71 
(14) expressing HA-tagged 3A protein (EV-A71-HA-3A). Although the localization of 
GM130 was disrupted upon infection (Fig. 10F), GBF1 was sequestered in the cytosolic 
structure, colocalizing with the 3A protein, as reported previously in CVB3 (43) (Fig. 
10G and H). Moreover, 3D reconstitution of 3A-expressing RD cells revealed a structure 
similar to that observed in EV-A71-infected cells and indicated that GBF1 colocalized with 
EV-A71 3A (Fig. 10I).

The N-terminal region of GBF1 is responsible for interacting with the CVB3 3A 
protein (44). Therefore, we performed an in silico analysis of the potential interaction 
between the N-terminal fragments of GBF1 and EV-A71 3A protein. AlphaFold2 software 
reproduced the expected 3A structure, including the transmembrane helices (α3), the 
cytoplasmic N-terminal domain consisting of two helices (α1 and α2), and an intrinsically 
disordered region (12) (Fig. 11A). Moreover, the generated in silico structure indicated 
that I8 and I10 in the N-terminal disordered region of 3A were near the catalytic Sec7 
domain of GBF1 (Fig. 11B).

Supporting the prediction by AlphaFold2 software, co-localization with GBF1 was not 
observed in RD cells co-expressing GBF1 together with either I8A or I10A mutant of 3A 
(Fig. 11C). Moreover, GBF1 can be pulled down by the wild-type 3A but not the I8A and 
I10A 3A mutants in cells co-expressing these proteins (Fig. 11D). Collectively, our data 
indicate that the I8 and I10 in the 3A protein are responsible for the interaction and 
sequestration of GBF1, having an essential role in activating UPR.

The observed localization of 3A protein in EV-A71-HA-3A-infected cells did not merge 
with the CANX, suggesting that its function in hijacking GBF1 indirectly affects ER 
homeostasis (Fig. 12A). Finally, we sought to determine the actual initiator of UPR during 
the sequestration of GBF1. UPR is typically initiated by the accumulation of proteins 
in the ER (45, 46). Since inhibition of protein transportation causes the concentration 
of some proteins to be localized in the ER (47), we examined the kinetics of the 
proteins typically localized in ER upon EV-A71 infection. Staining with the antibody 
against a common ER retention signal (Lys-Asp-Glu-Leu) revealed significant numbers 
of cytoplasmic foci in the infected cells (Fig. 12B) during EV-A71 infection (Fig. 12C). 
Our data indicate that the 3A-mediated sequestration of GBF1 causes the accumula
ted structures of ER-resident proteins, possibly associated with the initiation of UPR 
pathways. Collectively, our results suggest that the 3A protein sequesters GBF1 to impair 
the ARF1 activation and activates the PERK pathway of UPR, likely through the accumula
tion of proteins in the ER.

DISCUSSION

Data on the molecular mechanism underlying the enterovirus-induced UPR remain 
limited; therefore, this study clarified the virus-host interaction and showed that EV-A71 
infection-induced ER remodeling, caused the accumulation of ER-resident proteins in 
the ER, and resulted in ER-dependent cell death through the PERK pathway. We also 
demonstrated that EV-A71 induced UPR by interacting with the host GBF1 via the 
viral 3A protein and that the Ile8 and Ile10 of the 3A are critical (Fig. 12D). Although 
the correlation between the GBF1 and the 3A protein was extensively studied, to our 
knowledge, this is the first report to characterize the role of the interaction between the 
two in the UPR.

Enteroviruses utilize GBF1 for viral replication, recruiting it to the RO through 
interaction with 3A (10, 43), and evade the immune system by inhibiting the transporta
tion of immunoproteins, such as the cytokines or the major histocompatibility complex 
class I (16, 48–50). To better characterize the GBF1 involvement in the enterovirus 
pathogenesis, we investigated the significance of GBF1 on the UPR pathways. In line 
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FIG 6 Enterovirus infection induces ER stress-dependent cell death. (A) RD cells infected with EV-A71 at an MOI of 0.3 were 

treated with 3 µM of PERKi I, 4µ8C, or Ceapin-A7 for 24 h, and phase contrast images were acquired using microscopy. The 

scale bar represents 40 µm. (B) RD cells infected with EV-A71 at an MOI of 0.3 were treated with 3 µM of PERKi I, and the 

expression of PARP and cleaved PARP was detected using immunoblotting at 24 h post-infection. (C) RD cells infected with 

EV-A71 at an MOI of 0.3 were treated with PERKi I at concentrations of 0.03, 0.1, 0.3, 1.0, or 3.0 µM, and the expression of 

PARP and cleaved PARP was detected using immunoblotting at 48 h post-transfection. (D) RD cells infected with EV-A71 

at an MOI of 0.3 were treated with PERKi I at a concentration of 3 µM, and activity of caspase 3/7 was detected at 24 h 

post-transfection. (E). Expression of PARP and cleaved PARP in RD cells pre-transfected with various amounts of the 3A 

plasmids was detected using immunoblotting at 48 h post-transfection. (F) Caspase-3 and -7 activity in RD cells expressing 

varying levels of 3A protein was detected at 48 h post-transfection. (G) RD cells infected with EV-A71 or EV-D68 at an MOI 

of 0.1 were incubated for 36 h. RD cells infected with CVB3 or PV1 at an MOI of 0.01 were incubated for 18 h. Expression of 

BiP, XBP1s, and CHOP was quantified using qPCR. (H) RD cells expressing GFP or 3A proteins of enterovirus species (EV-A71, 

CVB3, PV1, and EV-D68). Expression of BiP, XBP1s, and CHOP was quantified using qPCR at 48 h post-transfection. (I) RD cells 

expressing GFP or 3A proteins of enterovirus species. Expression of BiP, XBP1s, and CHOP was detected using immunoblotting 

at 48 h post-transfection. (J) Plaque morphology of CVB3, PV1, PV3, and EV-D68 in RD cells. The plaque overlay medium was 

supplemented with or without 3 µM of PERKi I. Dilution of the viruses was 10−4 (CVB3), 10−7 (PV1), 10−7 (PV3), and 10−5 (EV-D68). 

(K) Plaque overlay medium of RD cells infected with CVB3, PV1, PV3, or EV-D68 was supplemented with or without 3 µM of 

PERKi I, and plaque formation assay was performed in triplicate. The dilution of the viruses was 10−4 (CVB3), 10−7 (PV1), 10−7 

(PV3), and 10−5 (EV-D68). All plaques presented in each well were analyzed, and their areas were quantified using Fiji software. 

The transfected amounts of plasmid presented in each figure were calculated based on 24-well plates. The data presented in G

(Continued on next page)
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with a previous study showing that the siRNA-mediated GBF1 knockdown causes the 
UPR (39), we demonstrated that the function of the catalytic Sec7 domain of GBF1 is 
crucial for maintaining ER homeostasis. Expression of a constitutively active mutant of 
ARF1, a downstream effector of GBF1, alleviated the GBF1 inhibition-dependent UPR. 
Next, we demonstrated that hijacking the GBF1-ARF1 axis by the 3A protein caused the 
sequestration of GBF1, accumulation of ER-resident proteins, and induction of the UPR. 
Furthermore, treatment with the UPR inhibitor suppressed the virus-induced cytopathic 
effect. These data provide novel insights into controlling the viral UPR induced by GBF1 
misfunction.

Consistent with previous reports, we confirmed that EV-A71, CVB3, PV, and EV-D68 
activate the UPR (26, 28–30). Induction of UPR is therefore conserved among enterovirus 
species. Our data further indicated that the 3A proteins from all human enteroviruses 
induced UPR, suggesting that 3A proteins encoded in the genus Enterovirus led to UPR 
by hijacking GBF1. However, other viruses belonging to the family Picornaviridae, such as 
the Aichi virus, the foot-and-mouth disease virus (FMDV), and the Encephalomyocarditis 
virus (EMCV) replicate without utilizing GBF1 (51–54); FMDV and EMCV activate UPR (55, 
56). Therefore, further studies remain warranted to characterize the UPR mechanisms 
among various families of Picornaviridae. Meanwhile, multiple viruses, including those 
belonging to the family Flaviviridae, Reoviridae, and Coronaviridae, utilize GBF1 for their 
propagation and induce UPR; therefore, the GBF1-dependent activation mechanism of 
viral UPR might apply to these viruses.

We identified two specific amino acid residues located at the 8th and 10th positions in 
the N-terminus of 3A of EV-A71 that are crucial in inducing the UPR through GBF1. GBF1 
has been reported to support EV-A71 replication (57); however, its interacting domain 
with the 3A remains undetermined. Conversely, the role of the N-terminus of the 3A 
protein has been extensively characterized using CVB3 (10, 16, 44, 58). The Arg6, Glu7, 
Ile8, Lys9, or Ile10 in the 3A of CVB3 is responsible for the inhibition of protein trafficking 
(58) and substituting these amino acids to Ala abolished the interaction with GBF1 
(10). Therefore, the functional domain of 3A protein is conserved in these enteroviruses, 
and our study highlights the association of the known function of 3A protein, such 
as blocking protein transport or interacting with GBF1, with a novel function, that is, 
the induction of UPR by enteroviruses. Additionally, we demonstrated that blocking 
protein transport by the 3A caused the accumulation of ER-resident proteins that are 
possible inducers of the enterovirus-driven UPR. Although we observed a substantial 
amount of ER-resident proteins accumulated in EV-A71-infected cells, it remains unclear 
whether the accumulation of specific proteins in ER is involved in initiating the UPR 
pathway. Additionally, the viral 3CD protein was also accumulated in the ER. Although 
we confirmed that the exogenous expression of 3CD protein alone could not induce UPR, 
the accumulated 3CD in enterovirus-infected cells may enhance viral UPR, which should 
be explored in future studies.

Excessive or prolonged UPR activates PERK/CHOP signaling, resulting in ER-depend
ent apoptosis. We revealed that the 3A protein can induce the PERK/CHOP-depend
ent apoptotic pathways during virus infection. Prior studies demonstrated that 
the enterovirus-encoded 2A or 3C proteins induced apoptosis through translational 
inhibition or cleavage of the hnRNP A1, respectively (59–61). We confirmed that the 
expression of 2A or 3C in RD cells did not activate the UPR, suggesting that the viral 2A 
or 3C proteins utilize a distinct pathway to induce apoptosis. Consistently, treatment with 
PERKi I efficiently, but not completely, suppressed cell death caused by the enterovirus 
infection. Therefore, it is reasonable to assume that the enterovirus utilizes multiple 

FIG 6 (Continued)

and H denote the mean ± S.D. of two independent experiments; those in A–F and I–K are representative of two independent 

experiments. For the experiment presented in D, F, G, and H, significance (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.00001; 

n.s., not significant) was determined using one-way ANOVA test (n = 4). For the experiment presented in K, significance (****P 

≤ 0.00001) was determined using Student’s t-test (n = 3).

Full-Length Text Journal of Virology

July 2024  Volume 98  Issue 7 10.1128/jvi.00813-2413

https://doi.org/10.1128/jvi.00813-24


FIG 7 Role of Ile8 and Ile10 of the 3A protein in inducing UPR responses. (A) Schematic representation 

of the constructed mutant 3A proteins. (B) RD cells expressing C-terminal deletion mutants of 3A 

protein were lysed with 1% Triton X-100-containing lysis buffer, and both soluble and pellet fractions 

were subjected to immunoblotting. 3A protein was detected using an anti-FLAG antibody. (C) RD cells 

expressing 3A protein were subsequently treated with ALLN (proteasome inhibitor, 20 µM) for 12 h, 

and 3A protein was detected using immunoblotting. (D-G) RD cells expressing mutant 3A proteins 

were subjected to immunoblotting at 48 h post-transfection. (H) Expression of BiP and XBP1s in RD 

cells expressing wild-type or mutants of 3A was quantified using qPCR at 48 h post-transfection. 

(I) Expression of BiP or XBP1s in RD cells expressing wild-type or mutants of 3A protein was quanti

fied using qPCR at 48 h post-transfection. (J) The N-terminal amino acid sequence of 3A proteins of 

enterovirus species (EV-A71, CVB3, PV1, and EV-D68) was aligned using Clustal Omega (upper). Secondary 

structures of 3A protein derived from EV-A71 were indicated. Information on the secondary structures 

was obtained from Protein Data Bank (PDB ID code: 6HLW) and a related article (PMID: 31381608) 

(Lower). (K) Homology modeling of the N-terminal region of 3A protein was performed using the Iterative 

Threading ASSEmbly Refinement (I-TASSER) server. The structure of the 3A protein is shown with a 

cartoon backbone representation (Left) and electrostatic surface representation (Right). (L) Infectious 

titers of the non-passaged EV-A71-I8A or EV-A71-I10A produced in RD cells were determined using a 

plaque-forming assay. (M) RD cells were infected with EV-A71-3A-I8A at an MOI of 0.1, and infectious

(Continued on next page)

Full-Length Text Journal of Virology

July 2024  Volume 98  Issue 7 10.1128/jvi.00813-2414

https://doi.org/10.1128/jvi.00813-24


pathways to cause cell death. The significance of each pathway during the viral infection 
should be clarified via comprehensive studies in the future.

Interestingly, 3A protein can suppress 2A-mediated apoptosis by preventing the 
transportation of TNFα receptors to the cell surface (50). Thus, prevention of protein 
transportation acts as a double-edged sword for cells by inhibiting and inducing 
apoptosis. Considering the life cycle of the enterovirus, the 3A protein may initially 
prevent 2A-mediated apoptosis for efficient replication, which culminates in critical 
disruption of ER homeostasis, triggering apoptosis at the late stage of infection.

Among the pathways involved in ER homeostasis, the 3A protein activates the 
PERK-mediated signaling pathway that triggers ER stress-dependent apoptotic cell 
death. Although the pharmaceutical inhibition of PERK exerted no impact on the 
virus titers and viral RNA replication, we revealed that the inhibition of PERK broadly 
inhibited the apoptosis caused by a wide range of human enteroviruses. Therefore, 
the significance of PERK in enterovirus infection is highlighted mainly in virus-induced 
apoptotic events. The PERK/CHOP signaling is involved in the pathogenesis of several 
positive-stranded RNA viruses. For instance, the PERK signaling contribution to the 
disease severity of infection by the Middle East Respiratory Syndrome coronavirus and 
Japanese encephalitis virus (JEV)-induced apoptosis depends on the PERK signaling, 
and the pathogenesis and survival of the infected mice (21, 23). Furthermore, BCL-XL, 
an anti-apoptotic BCL-2 family member regulated by CHOP, is a therapeutic target 
against JEV (62). Over 110 viruses, categorized as human enterovirus, cause various 
diseases and severe neurological symptoms. The enteroviral infection causes viremia that 
triggers the entry and propagation of the virus in neural cells, irreversibly damaging 
the host cells. Although viral entry receptors and host factors vary among enterovirus 
species, characterizing the mechanisms by which apoptosis caused by GBF1-mediated 
UPR contributes to neurological pathogenesis is essential for developing host-directed 
therapy to alleviate symptoms of various enteroviral infections.

Collectively, our results demonstrate that GBF1 plays a crucial role in enterovirus-
induced UPR, and 3A protein hijacks and sequesters GBF1 to facilitate vital replication, 
simultaneously suppressing the original function of GBF1. Furthermore, we found that 
enterovirus-infected cells exhibited characteristic ER structures and accumulation of 
ER-residue proteins and elucidated the mechanism underlying the disruption of ER 
homeostasis induced by enterovirus infection to affect cell fate. Notably, the activation 
of PERK/CHOP signaling induced apoptosis, which was commonly observed in cells 
infected with EV-A71, CVB3, PV, and EV-D68. This study illustrated a viral hijacking 
machinery of cellular proteins linked to the pathogenic mechanism of common human 
enteroviruses.

MATERIALS AND METHODS

Cell lines and viruses

Human rhabdomyosarcoma cell lines (RD) were obtained from the US Centers for Disease 
Control. The human embryonic kidney cell line (HEK293T), human colorectal adenocarci
noma (HT-29), and human cervical carcinoma cell line (HeLa) were obtained from the 
National Institute of Infectious Disease, Tokyo, Japan. All cell lines were maintained in 

FIG 7 (Continued)

titers were determined using a plaque-forming assay at 4, 8, 16, 24, 36, 48, or 72 h post-infection. 

(N) Expression of BiP (Left) and XBP1s (Right) in RD cells infected with EV-A71 at an MOI of 0.1 was 

determined using qPCR at 36 h post-infection. (O) The infectious titers of EV-A71 and EV-A71-3A-I8A 

obtained from the experiment presented in Fig. 7N were determined using a plaque-forming assay. 

The data shown in H, I, and L-O are the mean S.D. of two independent experiments; those in B-G are 

representative of two independent experiments. Significance (**P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.00001; 

n.s., not significant) was determined using one-way ANOVA test (n = 4).
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Dulbecco’s Modified Eagle Medium (DMEM; High Glucose) with L-Glutamine and Phenol 
Red (Wako, 044–29765) supplemented with 10% fetal bovine serum (FBS), 100 U/mL 
penicillin, and 100 µg/mL streptomycin. The isolated strain of EV-A71 (strain SK-EV006) 
were generated using the DNA-based reverse genetics system for EV-A71, as previously 
described (63, 64). pcDNA3 vector containing EV-A71 full genome was transfected in RD 
cells, and the infectious viruses were collected at 3 days post-transfection. PV (strain, 
Sabin1, and Sabin3) was obtained from the Department of Microbiology and Immunol
ogy, University of California. The isolated strain of CVB3 (strain Kandolf ) was generated 
from pcDNA CVB3 (Addgene, #158645), as described in a previous study with slight 
modifications (65). Subsequently, it was serially passaged in RD cells to allow adaptation 
to the cells (66) before using them in the experiments (Fig. 6G, J, and K). The reference 
strain of EV-D68 (strain Fermon) was obtained from the Institute Pasteur. EV-A71-3A-HA, 
EV-A71-3A-I8A, or EV-A71-3A-I10A was generated using the DNA-based reverse genetics 

FIG 8 Role of Ile8 and Ile10 of the 3A protein in UPR induction and protein transportation. (A) HEK293T cells co-expressing 

HA-tagged BiP with FLAG-tagged GFP, FLAG-tagged wild type or mutants of 3A were immunoprecipitated and subjected to 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotting. (B) Schematic representation of RNA-seq 

performed. RD cells expressing wild-type or mutants of 3A protein were analyzed. (C) Volcano plots depicting the differ-

entially expressed genes (DEGs). RD cells and 3A-expressing RD cells were compared. (D) Gene ontology (GO) biological 

process of RD cells and 3A-expressing RD cells were compared using Integrated Differential Expression and Pathway (iDEP) 

analysis. All biological processes demonstrated significant differences. (E) Gene ontology (GO) biological process of RD cells 

expressing wild type or mutants 3A protein was compared using iDEP analysis. All biological processes that showed significant 

differences were shown. (F) Chemical structure of Brefeldin A (BFA). Expression of BiP and XBP1s in RD cells treated with BFA 

(0.1, 0.3, and 1.0 µM) for 24 h was quantified using qPCR (G) and immunoblotting (H). The data presented in G denote mean ± 

S.D. of two independent experiments; those in A and H are representative of two independent experiments. Significance (**P 

≤ 0.01; ****P ≤ 0.00001; n.s., not significant) was determined using one-way ANOVA test (n = 4).
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system for EV-A71. The HA-tag was inserted after the amino acid residue Pro2 in the 3A 
protein (67).

Antibodies and reagents

The following antibodies and reagents were purchased from the sources indica
ted: Enterovirus 71 2B antibody (GTX132343; GeneTex), Enterovirus 71 2C antibody 
(GTX132354; GeneTex), Enterovirus 71 3AB antibody (GTX132344; GeneTex), Enterovirus 
71 3CD antibody (GTX132355; GeneTex), Anti-Calnexin monoclonal antibody (M178-3; 
MBL Life science), Anti-Calnexin pAb (PM060; MBL Life science), Anti-KDEL monoclonal 
antibody (M181-3; MBL Life science), Anti-GM130 monoclonal antibody (M179-3; MBL 
Life science), PDI monoclonal antibody (66422-1-Ig; Proteintech), GRP78/BIP polyclonal 

FIG 9 GBF1-induced ARF1 activation is crucial for ER homeostasis. (A) Schematic representation of inhibitors used in this 

study and their targets. BFA broadly targets GEF families, whereas Golgicide A (GCA) specifically targets GBF1. (B) Expression 

of BiP (Left) and XBP1s (Right) in GCA-treated RD cells (1, 3, 10 µM) for 24 h was quantified using qPCR. (C) Expression of 

BiP (Left) or GBF1 (Right) in RD or GBF1-knockdown RD cells was quantified using qPCR. (D) Schematic representation of 

the domain structure of GBF1. The E794K mutation introduced in GBF1 is located in the Sec7 domain. (E) Expression of BiP 

(Upper) and XBP1s (lower) in RD cells transfected with wild type or E794K mutant of GBF1 was quantified using qPCR at 

48 h post-transfection. (F) Expression of GBF1 in RD cells transfected with wild type or E794K mutant of GBF1 was confirmed 

using immunoblotting at 48 h post-transfection. (G) Expression of BiP (Upper) and XBP1s (Lower) in RD cells transfected with 

wild type or T31N mutant of ARF1 was quantified using qPCR at 48 h post-transfection. (H) Expression of ARF1 in RD cells 

transfected with wild type or T31N mutant of ARF1 was assessed using immunoblotting at 48 h post-transfection. (I) RD 

cells expressing ARF1 Q71L at varying levels were treated with GCA (10 µM) 24 h post-transfection. The expression of BiP 

(Upper) and XBP1s (Lower) was quantified using qPCR at 48 h post-transfection. (J) RD cells expressing ARF1 Q71L at varying 

levels were treated with GCA (10 µM) 24 h post-transfection. The expression of ARF1 was detected using immunoblotting 

at 48 h post-transfection. The amount of the transfected plasmids presented in each figure was calculated based on 24-well 

plates. The data presented in B, C, E, G, and I denote mean ± S.D. of two independent experiments; those in F, H, and J are 

representative of two independent experiments. Significance (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.00001; n.s., not 

significant) was determined using one-way ANOVA test (n = 4).
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FIG 10 3A protein sequesters GBF1 in the cytosolic structure and induces UPR. (A) Expression of BiP and 

XBP1s in RD cells co-expressing 3A protein with either GFP, GBF1, or ARF1 Q71L was quantified using 

qPCR at 48 h post-transfection. (B) Expression of BiP and XBP1s in RD cells co-expressing 3A protein with 

either GFP or ACBD3 was quantified using qPCR at 48 h post-transfection. (C) RD cells co-expressing 3A 

with GFP or GBF1 were subjected to immunoblotting at 48 h post-transfection. (D) RD cells co-expressing 

3A with GFP or ARF1 Q71L were subjected to immunoblotting at 48 h post-transfection. (E) RD cells 

co-expressing 3A with GFP or ACBD3 were subjected to immunoblotting at 48 h post-transfection. (F) RD 

cells infected with EV-A71 at an MOI of 0.3 were stained with anti-GM130 antibody, anti-EV-A71 3CD 

antibody, and DAPI at 30 h post-infection, and fluorescent signals were detected using microscopy. 

Arrowhead and straight arrow denote uninfected and EV-A71-infected cells, respectively. The scale bar 

represents 10 µm. (G) RD cells infected with EV-A71 expressing HA-tagged 3A protein (EV-A71-HA-3A) at 

an MOI of 0.3 were stained with anti-GBF1 antibody, anti-HA antibody, and DAPI at 24 h post-infection, 

and fluorescent signals were detected using microscopy. The scale bar represents 10 µm. (H) RD cells 

infected with recombinant EV-A71-HA-3A at an MOI of 0.3 were stained with anti-GBF1 antibody, anti-HA 

antibody, and DAPI at 24 h post-infection, and fluorescent signals were detected using microscopy. The 

scale bar represents 5 µm. The colocalization analysis was performed using Fiji software (Right). (I) RD 

cells co-expressing N-terminal mCherry-tagged 3A protein with N-terminal AcGFP-tagged GBF1 were 

examined using fluorescent microscopy at 48 h post-transfection. 3d reconstitution was performed

(Continued on next page)
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antibody (11587-1-AP; Proteintech), XBP1S-specific polyclonal antibody (24868-1-AP; 
Proteintech), CHOP; GADD153 polyclonal antibody (15204-1-AP; Proteintech), PARP 
antibody #9542 (9542S; Cell Signaling), Living Colors A.v. monoclonal antibody (JL-8) 
(CAT#632381; Clontech), GBF1 polyclonal antibody (25183–1-AP; Proteintech), Alexa 
Fluor (AF) 488-conjugated anti-mouse IgG antibodies (A-11001; Life Technologies), 
AF488-conjugated anti-rabbit IgG antibodies (A-11008; Life Technologies), AF594-con
jugated anti-mouse IgG antibodies (A-11032; Life Technologies), AF594-conjugated 
anti-rabbit IgG antibodies (A-11037; Life Technologies), anti-FLAG M2-Peroxidase (HRP) 
monoclonal antibody produced in mouse (A8592; Merck), Anti-HA-tag mAb (M180-3; 
MBL Life science), anti-β-Actin monoclonal antibody produced in mouse (A2228; 
Merck), Peroxidase AffiniPure Goat anti-mouse IgG (H + L) (115-035-003; Jackson 
Immuno Research Laboratories, Inc.), Peroxidase AffiniPure Goat anti-Rabbit IgG (H + 
L) (111-035-003; Jackson Immuno Research Laboratories, Inc.), InSolution™ PERK Inhibitor 
I, GSK2606414 - CAS 1337531-89-1 - Calbiochem (508340; Merck), 4μ8C (HY-19707; 
MedChemExpress), Ceapin-A7 (SML2330; Merck), AMG PERK 44 (SML3049; Merck), 
(+)-Brefeldin A (BVT-0190; AdipoGen LIFE SCIENCES), and Golgicide A (HY-100540; 
MedChemExpress).

Plasmids

pLVX-XBP1 mNeonGreen NLS and pLVX-ATF4 mScarlet NLS were gifts from 
David Andrews (Addgene plasmid #115968; http://n2t.net/addgene:115968; RRID:Addg
ene_115968 and Addgene plasmid #115969; http://n2t.net/addgene:115969; RRID:Addg
ene_115969). pcDNA CVB3 was a gift from Kevin Janes (Addgene plasmid #158645; 
http://n2t.net/addgene:158645; RRID:Addgene_158645). All the plasmid vectors used 
in this study are listed in Table 1. The Tks Gflex DNA Polymerase (Takara-Bio) was 
used to amplify all complementary DNAs (cDNAs). The amplified cDNAs were cloned 
into linearized vectors using an In-Fusion HD cloning kit (Clontech) or In-Fusion Snap 
Assembly Master Mix (Clontech). The sequences of all the plasmids have been confirmed 
using SeqStudio Genetic Analyzer (Thermo Fisher Scientific), and they were transfected 
into cells using TransIT-LT1 Transfection Reagent (Mirus).

Quantitative RT-PCR (qPCR)

Total RNAs were prepared using ISOGEN II (Nippon Gene) according to the manu
facturer’s protocol. The extracted RNAs were then used to synthesize cDNAs by a 
High-Capacity RNA-to-cDNA kit (Applied Biosystems), according to the manufacturer’s 
protocol. The mRNA levels of BiP, XBP1s, CANX, GRP94, PDI, EDEM1, HERPD1, CHOP, 
EV-A71, and GBF1 were determined using Fast SYBR Green Master Mix (Thermo Fisher 
Scientific) and Applied Biosystems 7500 Fast (Thermo Fisher Scientific), QuantStudio 
3 (Thermo Fisher Scientific), or QuantStudio 5 Real-Time PCR Systems (Thermo Fisher 
Scientific). The ddCt method was used to quantify the amount of each mRNA using 
GAPDH as an internal control. The following primers were used: GAPDH 5ʹ-TGTAGTTGAGG
TCAATGAAGGG-3′ and 5′-ACATCGCTCAGACACCATG-3′; BiP 5′-CGAGGAGGAGGACAAGAA
GG-3′ and 5′-CACCTTGAACGGCAAGAACT-3′; XBP1s 5′-TGCTGAGTCCGCAGCAGGTG-3′ and 
5′-GCTGGCAGGCTCTGGGGAAG-3′; CANX 5′-GCTGGTTAGATGATGAGCCTGAG-3′ and 5′-AC
ACCACATCCAGGAGCTGACT-3′; GRP94 5′-GGAGAGTCGTGAAGCAGTTGAG-3′ and 5′-CCAC
CAAAGCACACGGAGATTC-3′; PDI 5′-GGAATGGAGACACGGCTTC-3′ and 5′-TTCAGCCAGTT
CACGATGTC-3′; EDEM1 5′-ACGAGCAGTGAAAGCCCTTTGG-3′ and 5′-CCACTCTGCTTTCCAA
CCCAGT-3′; HERPD1 5′-CCAATGTCTCAGGGACTTGCTTC-3′ and 5′-CGATTAGAACCAGCAGG

FIG 10 (Continued)

using the cellSens imaging software (OLYMPUS). The arrows indicate the co-localization of GBF1 and 3A 

proteins. The data presented in A and B denote mean ± S.D. of two independent experiments; those in C-I 

are representative of two independent experiments. Significance (***P ≤ 0.001; ****P ≤ 0.00001; n.s., not 

significant) was determined using one-way ANOVA test (n = 4).
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TABLE 1 List of plasmids used in this study

Plasmid name Genes expressed in cell lines cDNA (ORFs) Sources Epitope tags Cloning vectors (Sources)

pLVX-XBP1 mNeonGreen NLS XBP1s, mNeonGreen NLS - - Addgene (#115968)

pLVX-ATF4 mScarlet NLS ATF4, mScarlet NLS - - Addgene (#115969)

pcDNA CVB3 CVB3 - - Addgene (#158645)

pCAGGS FLAG-GFP eGFP - N-terminus FLAG pCAGGS

pCAGGS FLAG-VP1 EV-A71 VP1 (strain SK-EV006) EV-A71 cDNA (strain SK-EV006) N-terminus FLAG pCAGGS

pCAGGS FLAG-VP2 EV-A71 VP2 (strain SK-EV006) EV-A71 cDNA (strain SK-EV006) N-terminus FLAG pCAGGS

pCAGGS FLAG-VP3 EV-A71 VP3 (strain SK-EV006) EV-A71 cDNA (strain SK-EV006) N-terminus FLAG pCAGGS

pCAGGS FLAG-VP4 EV-A71 VP4 (strain SK-EV006) EV-A71 cDNA (strain SK-EV006) N-terminus FLAG pCAGGS

pCAGGS FLAG-VP0 EV-A71 VP0 (strain SK-EV006) EV-A71 cDNA (strain SK-EV006) N-terminus FLAG pCAGGS

pCAGGS FLAG-2A EV-A71 2A (strain SK-EV006) EV-A71 cDNA (strain SK-EV006) N-terminus FLAG pCAGGS

pCAGGS FLAG-2B EV-A71 2B (strain SK-EV006) EV-A71 cDNA (strain SK-EV006) N-terminus FLAG pCAGGS

pCAGGS FLAG-2C EV-A71 2C (strain SK-EV006) EV-A71 cDNA (strain SK-EV006) N-terminus FLAG pCAGGS

pCAGGS FLAG-3A EV-A71 3A (strain SK-EV006) EV-A71 cDNA (strain SK-EV006) N-terminus FLAG pCAGGS

pCAGGS FLAG-3B EV-A71 3B (strain SK-EV006) EV-A71 cDNA (strain SK-EV006) N-terminus FLAG pCAGGS

pCAGGS FLAG-3C EV-A71 3C (strain SK-EV006) EV-A71 cDNA (strain SK-EV006) N-terminus FLAG pCAGGS

pCAGGS FLAG-3D EV-A71 3D (strain SK-EV006) EV-A71 cDNA (strain SK-EV006) N-terminus FLAG pCAGGS

pCAGGS FLAG-2BC EV-A71 2BC (strain SK-EV006) EV-A71 cDNA (strain SK-EV006) N-terminus FLAG pCAGGS

pCAGGS FLAG-3AB EV-A71 3AB (strain SK-EV006) EV-A71 cDNA (strain SK-EV006) N-terminus FLAG pCAGGS

pCAGGS FLAG-3CD EV-A71 3CD (strain SK-EV006) EV-A71 cDNA (strain SK-EV006) N-terminus FLAG pCAGGS

pCAGGS FLAG-3A (aa 1–41) EV-A71 3A (aa 1–41) (strain 

SK-EV006)

pCAGGS FLAG-3A N-terminus FLAG pCAGGS

pCAGGS FLAG-3A (aa 1–56) EV-A71 3A (aa 1–56) (strain 

SK-EV006)

pCAGGS FLAG-3A N-terminus FLAG pCAGGS

pCAGGS FLAG-3A (aa 1–71) EV-A71 3A (aa 1–71) (strain 

SK-EV006)

pCAGGS FLAG-3A N-terminus FLAG pCAGGS

pCAGGS FLAG-3A (aa 4–86) EV-A71 3A (aa 4–86) (strain 

SK-EV006)

pCAGGS FLAG-3A N-terminus FLAG pCAGGS

pCAGGS FLAG-3A (aa 7–86) EV-A71 3A (aa 7–86) (strain 

SK-EV006)

pCAGGS FLAG-3A N-terminus FLAG pCAGGS

pCAGGS FLAG-3A (aa 10–86) EV-A71 3A (aa 10–86) (strain 

SK-EV006)

pCAGGS FLAG-3A N-terminus FLAG pCAGGS

pCAGGS FLAG-3A (aa 13–86) EV-A71 3A (aa 13–86) (strain 

SK-EV006)

pCAGGS FLAG-3A N-terminus FLAG pCAGGS

pCAGGS FLAG-3A (aa 16–86) EV-A71 3A (aa 16–86) (strain 

SK-EV006)

pCAGGS FLAG-3A N-terminus FLAG pCAGGS

pCAGGS FLAG-3A (aa 31–86) EV-A71 3A (aa 31–86) (strain 

SK-EV006)

pCAGGS FLAG-3A N-terminus FLAG pCAGGS

pCAGGS FLAG-3A (aa 46–86) EV-A71 3A (aa 46–86) (strain 

SK-EV006)

pCAGGS FLAG-3A N-terminus FLAG pCAGGS

pCAGGS FLAG-3A (G1A) EV-A71 3A (G1A)

(strain SK-EV006)

pCAGGS FLAG-3A N-terminus FLAG pCAGGS

pCAGGS FLAG-3A (P2A) EV-A71 3A (P2A)

(strain SK-EV006)

pCAGGS FLAG-3A N-terminus FLAG pCAGGS

pCAGGS FLAG-3A (P3A) EV-A71 3A (P3A)

(strain SK-EV006)

pCAGGS FLAG-3A N-terminus FLAG pCAGGS

pCAGGS FLAG-3A (K4A) EV-A71 3A (K4A)

(strain SK-EV006)

pCAGGS FLAG-3A N-terminus FLAG pCAGGS

pCAGGS FLAG-3A (F5A) EV-A71 3A (F5A)

(strain SK-EV006)

pCAGGS FLAG-3A N-terminus FLAG pCAGGS

pCAGGS FLAG-3A (R6A) EV-A71 3A (R6A)

(strain SK-EV006)

pCAGGS FLAG-3A N-terminus FLAG pCAGGS

(Continued on next page)
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CTCCT-3′; CHOP 5′-GCACCTCCCAGAGCCCTCACTCTCC-3′ and 5′-GTCTACTCCAAGCCTTCCC
CCTGCG-3′; EV-A71 5′-GCCCCTGAATGCGGCTAAT-3′ and 5′-ATTGTCACCATAAGCAGCCA-3′ 
and GBF1 5′-GGGAACGCATTGACTGTTTT-3′ and 5′-CTCGGGCTTCTCAAAGTCAC-3′; GBF1 
5ʹ-GGGAACGCATTGACTGTTTT-3ʹ and 5ʹ-CTCGGGCTTCTCAAAGTCAC-3ʹ.

siRNA

For the experiment presented in Fig. 9C, silencer select negative control No. 1 siRNA 
(Cat#4390843) and siGBF1 silencer select pre-designed siRNA (Cat#4427037; ID s16634 
and s16635) were obtained from Thermo Fisher Scientific. The siRNAs were transfec
ted into RD cells using Lipofectamine RNAiMAX Transfection Reagent (Thermo Fisher 

TABLE 1 List of plasmids used in this study (Continued)

Plasmid name Genes expressed in cell lines cDNA (ORFs) Sources Epitope tags Cloning vectors (Sources)

pCAGGS FLAG-3A (P7A) EV-A71 3A (P7A)

(strain SK-EV006)

pCAGGS FLAG-3A N-terminus FLAG pCAGGS

pCAGGS FLAG-3A (I8A) EV-A71 3A (I8A)

(strain SK-EV006)

pCAGGS FLAG-3A N-terminus FLAG pCAGGS

pCAGGS FLAG-3A (R9A) EV-A71 3A (R9A)

(strain SK-EV006)

pCAGGS FLAG-3A N-terminus FLAG pCAGGS

pCAGGS FLAG-3A (I10A) EV-A71 3A (I10A)

(strain SK-EV006)

pCAGGS FLAG-3A N-terminus FLAG pCAGGS

pCAGGS mCherry mCherry - - pCAGGS

pCAGGS mCherry-3A EV-A71 3A (strain SK-EV006) pCAGGS FLAG-3A N-terminus mCherry pCAGGS

pCAGGS mCherry-3A (I8A) EV-A71 3A (I8A)

(strain SK-EV006)

pCAGGS FLAG-3A N-terminus mCherry pCAGGS

pCAGGS mCherry-3A (I10A) EV-A71 3A (I10A)

(strain SK-EV006)

pCAGGS FLAG-3A N-terminus mCherry pCAGGS

pCAGGS mCherry-2B EV-A71 2B (strain SK-EV006) EV-A71 cDNA (strain SK-EV006) N-terminus mCherry pCAGGS

pCAGGS mCherry-2C EV-A71 2C (strain SK-EV006) EV-A71 cDNA (strain SK-EV006) N-terminus mCherry pCAGGS

pCAGGS mCherry-2BC EV-A71 2BC (strain SK-EV006) EV-A71 cDNA (strain SK-EV006) N-terminus mCherry pCAGGS

pCAGGS AcGFP AcGFP - - pCAGGS

pCAGGS AcGFP-3A EV-A71 3A (strain SK-EV006) pCAGGS FLAG-3A N-terminus AcGFP pCAGGS

pCAGGS AcGFP-2B EV-A71 2B (strain SK-EV006) EV-A71 cDNA (strain SK-EV006) N-terminus AcGFP pCAGGS

pCAGGS AcGFP-2C EV-A71 2C (strain SK-EV006) EV-A71 cDNA (strain SK-EV006) N-terminus AcGFP pCAGGS

pCAGGS AcGFP-2BC EV-A71 2BC (strain SK-EV006) EV-A71 cDNA (strain SK-EV006) N-terminus AcGFP pCAGGS

pCAGGS One-Strep-FLAG 

(OSF)-eGFP

eGFP - N-terminus OSF pCAGGS

pCAGGS OSF-3A EV-A71 3A (strain SK-EV006) pCAGGS FLAG-3A N-terminus OSF pCAGGS

pCAGGS OSF-3A (I8A) EV-A71 3A (I8A)

(strain SK-EV006)

pCAGGS FLAG-3A N-terminus OSF pCAGGS

pCAGGS OSF-3A (I10A) EV-A71 3A (I10A)

(strain SK-EV006)

pCAGGS FLAG-3A N-terminus OSF pCAGGS

pCAGGS FLAG-3A (CVB3) CVB3 3A (strain Kandorf ) CVB3 cDNA (strain Kandorf ) N-terminus FLAG pCAGGS

pCAGGS FLAG-3A (PV1) PV1 3A (strain Sabin1) PV1 cDNA (strain Sabin1) N-terminus FLAG pCAGGS

pCAGGS FLAG-3A (EV-D68) EV-D68 3A (strain Fermon) EV-D68 cDNA (strain Fermon) N-terminus FLAG pCAGGS

pCAGGS AcGFP-ATF6 ATF6 cDNA from RD cells N-terminus AcGFP pCAGGS

pCAGGS FLAG-ATF6 ATF6 cDNA from RD cells N-terminus FLAG pCAGGS

pCAGGS AcGFP-GBF1 GBF1 cDNA from RD cells N-terminus AcGFP pCAGGS

pCAGGS AcGFP-GBF1 (E794K) GBF1 (E794K) pCAGGS AcGFP-GBF1 N-terminus AcGFP pCAGGS

pCAGGS ARF1-HA ARF1 cDNA from RD cells C-terminus HA pCAGGS

pCAGGS ARF1 (T31N)-HA ARF1 (T31N) pCAGGS ARF1-HA C-terminus HA pCAGGS

pCAGGS ARF1 (Q71L)-eGFP ARF1 (Q71L) pCAGGS ARF1-HA C-terminus eGFP pCAGGS

pCAGGS AcGFP-ACBD3 ACBD3 cDNA from RD cells N-terminus AcGFP pCAGGS

pCAGGS BiP-HA BiP cDNA from RD cells C-terminus HA pCAGGS
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Scientific) according to the manufacturer’s protocol. The knockdown efficiency was 
confirmed using immunoblotting and/or qPCR.

Immunoblotting

For preparing lysates, the cells were washed once with phosphate-buffered saline (PBS) 
and lysed in lysis buffer consisting of 20 mM Tris⋅HCl (pH 7.4), 135 mM NaCl, 1% Triton 
X-100, 1% glycerol, and protease inhibitor mixture tablets (Roche). The cell lysates were 
incubated on ice for 20 min and centrifuged at 15,000 rpm for 5 min at 4°C. The 
supernatants from the cell lysates were collected and mixed with an equal volume 
of sodium dodecyl sulfate (SDS) gel-loading buffer (2×) containing 50 mM Tris-HCl 
(pH = 6.8), 4% SDS, 0.2% bromophenol blue, 10% glycerol, and 200 mM β-mercap
toethanol at 4°C for 1 h. For the experiments presented in Fig. 6B and C, samples 
were subsequently incubated at 95°C for 5 min. The samples were resolved using SDS 
polyacrylamide gel electrophoresis (NuPAGE gel, Life Technologies) and transferred onto 
nitrocellulose membranes (iBlot2, Life Technologies). The membranes were blocked with 

FIG 11 Interaction of Ile8 and Ile10 of the 3A protein with GBF1. (A) The protein complex of 3A and the N-terminal half of 

GBF1 was generated using the AlphaFold2 algorithm. The DCB, HUS, and Sec7 domains of GBF1 are indicated in yellow, 

blue, and green, respectively. (B) A close-up view of the interaction interface of 3A and GBF1. The 3A interacts with GBF1 via 

amino acid residues I8 and I10. (C) RD cells expressing N-terminal AcGFP-tagged GBF1 and N-terminal mCherry-tagged wild 

type or mutants of 3A protein and fluorescent signals were detected using microscopy at 48 h post-transfection. The scale 

bar represents 10  µm. The colocalization analysis was performed using Fiji software (Right). (D) HEK293T cells co-expressing 

GFP-tagged GBF1 with One-STrEP-tagged GFP, One-STrEP-tagged wild type or mutants of 3A protein were subjected to 

immunoprecipitation assay. Immunoprecipitated samples (IP) and whole-cell lysates (WCL) were subjected to sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis and immunoblotting. The data presented in C and D are representative of two 

independent experiments.
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FIG 12 EV-A71 infection induces accumulation of proteins localized in ER. (A) RD cells infected with 

recombinant EV-A71-HA-3A at an MOI of 0.3 were stained with anti-CANX antibody, anti-HA antibody, 

and DAPI at 24 h post-infection, and fluorescent signals were detected using microscopy. The scale bar 

represents 5 µm. (B) RD cells infected with EV-A71 at an MOI of 0.3 were incubated for 30 h and stained 

with anti-KDEL antibody, anti-EV-A71 3CD antibody, and DAPI. The fluorescent signals were detected 

using microscopy. The scale bars represent 10 µm. (C) RD cells infected with EV-A71 at an MOI of 0.3 were 

incubated for 8 h (early phase), 16 h (intermediate phase), or 30 h (late phase) and stained with anti-KDEL 

antibody, anti-EV-A71 3CD antibody, and DAPI. The fluorescent signals were detected using microscopy. 

The arrowhead and straight arrow represent uninfected and EV-A71-infected cells, respectively. The 

scale bars represent 10 µm (Left). The cytoplasmic structures of ER-resident proteins were analyzed, and 

their areas were quantified using Fiji software (n = 30 in each group) (Right). (D) Schematic representa

tion of GBF1 hijacking by 3A. Expression of 3A upon infection induces sequestration of GBF1 at RO, 

inhibiting ARF1 activation. The inhibition of GBF1 affects ER homeostasis, causing activation of the 

PERK/CHOP-mediated apoptotic branch of UPR. The data presented in A-C are representative of two 

independent experiments. Significance (**P ≤ 0.01; ***P ≤ 0.001; n.s., not significant) was determined 

using one-way ANOVA test (n = 30).
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PBS containing 0.05% Tween20 (PBST) supplemented with 5% skim milk for 1 h at room 
temperature. These membranes were incubated with primary antibodies at 4°C for 24 h, 
washed thrice with PBST, incubated with secondary antibodies at room temperature 
for 1 h, and washed thrice with PBST again. The dilutions of primary and secondary 
antibodies were determined according to the manufacturer’s protocol. The blots were 
developed using the Amersham ECL Western Blotting Detection Reagents (GE Health
care), and the protein expression was visualized using the LAS-3000 imaging system 
(FUJIFILM).

Immunoprecipitation

HEK293T cells (2 × 106 cells in 10 mL of culture medium) were seeded on a 10 cm dish 
and incubated at 37°C for 24 h. The cells were transfected with plasmids using polye
thyleneimine (PEI, 1 mg/mL; MW, 25,000) (Polysciences, Inc.) and Opti-MEM (Thermo 
Fisher Scientific). The cells were harvested at 48 h post-transfection. For the experiment 
presented in Fig. 8A, cell lysates were incubated with the antibody at 4°C for 24 h 
and with Protein G Sepharose 4 Fast Flow (Cytiva) at 4°C for 1 h. For the experiment 
presented in Fig. 11D, cell lysates were incubated with Strep-Taction Sepharose resin 
(IBA Lifesciences) at 4°C for 24 h. The protein G Sepharose or Strep-Taction beads were 
washed five times with lysis buffer and incubated with the sample buffer at 60°C for 
20 min. The resultant samples were subjected to immunoblotting.

RNA sequencing

ISOGEN II (Nippon Gene) was used to extract total RNAs from RD cells. The sequencing 
libraries were prepared from the RNAs using a TruSeq stranded mRNA sample prep 
kit (Illumina, San Diego, CA) according to the manufacturer’s protocol. The library was 
sequenced using an Illumina NovaSeq 6000 platform in a 100 bp single-end mode. The 
sequenced reads were then mapped to the human reference genome sequences (hg19) 
using TopHat v2.0.13 in combination with Bowtie2 ver. 2.2.3 and SAMtools ver. 0.1.19. 
Cufflinks version 2.2.1. was used to calculate the fragments per kilobase of exon per 
million mapped fragments (FPKMs). GO analysis was performed using iDEP.96 server 
(http://bioinformatics.sdstate.edu/idep96/) to identify the biological processes (Fig. 8E).

Immunofluorescence staining

Cells (3 × 104 cells in 0.3 mL of culture medium) were seeded on cover glass cham
bers (IWAKI, 5232-008), incubated at 37°C for 24 h, and subjected to subsequent 
experiments. Cells fixed with 4% paraformaldehyde in PBS at room temperature for 
20 min were washed twice with PBS and permeabilized with 0.2% Triton X-100 in PBS 
for 20 min. Subsequently, the cells were washed twice with PBS and incubated with 
primary antibodies at 4°C for 24 h. The concentrations of primary antibodies were 
determined according to the manufacturer’s protocol. The cells were washed twice with 
PBS, incubated with secondary antibodies (1:1,000 dilution) at room temperature for 
1 h, and washed twice with PBS. The cells were then incubated with Cellstain DAPI 
solution (Dojindo, D523) (1:5,000 dilution) at room temperature for 20 min to visualize 
the nuclei. The fluorescent signals were observed using microscopy (FV-3000; OLYMPUS) 
and analyzed using cellSens imaging software (OLYMPUS).

Plaque formation assay

RD cells (1.5 × 105 cells in 0.5 mL of culture medium) seeded on a 24-well plate were 
incubated at 37°C for 24 h, infected with a serially diluted virus, incubated at 35°C for 1 h, 
and washed thrice with DMEM supplemented with 2% FBS. After removing the culture 
supernatants, the infected cells were incubated with DMEM supplemented with cellulose 
(MERCK, 435244) and 2% FBS. The cellulose in the plaque overlay medium was 0.3% 
final concentration for EV-A71 and EV-D68, 1.2% for CVB3, or 1% for PV1 and PV3. Cells 
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were incubated with 4% paraformaldehyde (PFA) in PBS for 4 h after incubation at 35°C 
for 72 h (EV-A71, PV1, and PV3), 48 h (CVB3), and 96 h (EV-D68) and stained with 20% 
ethanol in PBS containing 0.5% crystal violet.

Caspase activity assay

For the experiments presented in Fig. 6D, RD cells infected with EV-A71 at an MOI of 0.3 
were incubated with PERKi I at a concentration of 3 µM for 24 h. For the experiments 
presented in Fig. 6F, RD cells were transfected with an increased concentration of 3A 
plasmid and incubated for 48 h. Caspase activity was determined using the Caspase-Glo 
3/7 Assay System (G8091; Promega) according to the manufacturer’s protocol.

Structural modeling of the 3A protein and GBF1

For the experiment presented in Fig. 7K, a structural model of the N-terminal domain 
of the 3A protein was developed using the I-TASSER (Iterative Threading ASSEmbly 
Refinement) server (https://zhanggroup.org/I-TASSER/). For the experiment presented 
in Fig. 11A and B, the complex structure of the 3A protein and GBF1 was predic
ted using AlphaFold2_advanced (https://colab.research.google.com/github/sokryp
ton/ColabFold/blob/main/beta/AlphaFold2_advanced.ipynb). The electric potential was 
calculated using an Adaptive Poisson–Boltzmann Solver (APBS) tool. The structure 
images were obtained using PyMOL (the open-source PyMOL Molecular Graphics System 
1.8.4.0).

Statistical analysis

For the experiments presented in Fig. 1F, 10H, and 11C, the colocalization analysis 
and the image area calculations were performed using Fiji software (ImageJ2 Version: 
2.3.0/1.53 f ). All statistical analyses were performed using GraphPad Prism version 9.5.1 
(GraphPad). The significant differences were determined using the ANOVA test or the 
Student’s t-test, and the statistical analysis employed in each experiment is described in 
the figure legends.
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