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A B S T R A C T

Hand, foot and mouth disease (HFMD), mainly caused by enterovirus 71 (EV71), has frequently occurred in the
Asia-Pacific region, posing a significant threat to the health of infants and young children. Therefore, research on
the infection mechanism and pathogenicity of enteroviruses is increasingly becoming important. The 3D poly-
merase, as the most critical RNA-dependent RNA polymerase (RdRp) for EV71 replication, is widely targeted to
inhibit EV71 infection. In this study, we identified a novel host protein, AIMP2, capable of binding to 3D poly-
merase and inhibiting EV71 infection. Subsequent investigations revealed that AIMP2 recruits the E3 ligase
SMURF2, which mediates the polyubiquitination and degradation of 3D polymerase. Furthermore, the antiviral
effect of AIMP2 extended to the CVA16 and CVB1 serotypes. Our research has uncovered the dynamic regulatory
function of AIMP2 during EV71 infection, revealing a novel antiviral mechanism and providing new insights for
the development of antienteroviral therapeutic strategies.
1. Introduction

Enterovirus 71 (EV71) is a positive-sense single-stranded RNA virus
belonging to the Picornaviridae family. It lacks envelope and protrusions,
making it one of the simplest viruses (Baggen et al., 2018; Solomon et al.,
2010). The virus was first isolated from the stool of a female infant with
HFMD in California, USA (Schmidt et al., 1974). EV71 typically causes
large-scale outbreaks of hand, foot and mouth disease (HFMD), and
primarily affects children. The main clinical symptoms include fever, a
blister-like rash on hands and feet (Cox and Levent, 2018; Ooi et al.,
2010; Saguil et al., 2019). In severe cases, it can lead to central nervous
system damage, aseptic meningitis, brainstem encephalitis, and other
diseases (Hu et al., 2015; You et al., 2023). Due to the significant public
health impact, enteroviruses have attracted increasing attention around
the world.

The genome of EV71 comprises two noncoding regions (a 50UTR and
a 30UTR) as well as one coding region. EV71 50UTR contains an internal
ribosomal entry site (IRES) and multiple stem loops that can recruit
numerous IRES trans-acting factors (ITAFs) mediating the initiation of
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viral capsid-independent protein synthesis (Hagiwara et al., 1984). The
coding region is generally considered to encode an open reading frame
(ORF), which is translated into a long polypeptide and then progressively
cleaved into four structural proteins (VP1, VP2, VP3 and VP4) and seven
nonstructural proteins (2A, 2B, 2C, 3A, 3B, 3C and 3D). These different
proteins coordinate to promote the proliferation of EV71 and mutations
of these viral proteins may affect the virus's virulence (Ang et al., 2021;
Wang and Li, 2019; Xia et al., 2015; Yuan et al., 2018). The 3D protein
functions as an RNA-dependent RNA polymerase (RdRp), directly uti-
lizing the viral genomic RNA as a template to synthesize minus-strand
RNA, forming double-stranded RNA (dsRNA), and subsequently partici-
pating in the synthesis of viral genomes and proteins, which play crucial
roles in viral replication (Zhang et al., 2021). Recent research has
revealed the presence of another ORF, which encodes the viral protein
ORF2p and can impact virus infection (Guo et al., 2019; Lulla et al.,
2019).

Aminoacyl-tRNA synthetase interacting multifunctional protein 2
(AIMP2), also known as JTV1 or p38, is a component of the multi-
synthetase complexes (MSCs). It is primarily involved in intracellular
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proteins synthesis (Nechushtan et al., 2009; Ofir-Birin et al., 2013).
AIMP2 has several roles in tumorigenesis. Its excessive accumulation
can accelerate the formation of Parkinson's disease, while it can also
suppress the occurrence of gastric and colorectal cancers by negatively
regulating Wnt/β-catenin signaling (Kim et al., 2011; Shin et al., 2022;
Yum et al., 2016). Several studies have demonstrated that AIMP2 acts
as a multifaceted tumor suppressor by regulating target proteins
through ubiquitin-mediated degradation pathways. AIMP2 directly in-
teracts with p53, preventing its degradation mediated by MDM2-linked
ubiquitination (Han et al., 2008). Additionally, it promotes apoptosis by
down-regulating TNF receptor-associated factor 2 (TRAF2) through the
ubiquitin pathway (Choi et al., 2009a). Heterozygous mice with low
AIMP2 expression exhibit increased tumor susceptibility (Choi et al.,
2009b). However, the function of AIMP2 in viral infection has rarely
been studied, and its role during EV71 infection remains unclear.

In this study, we found that AIMP2 plays a negative regulatory role in
EV71 infection by recruiting the E3 ligase SMURF2 to promote the
degradation of 3D polymerase, thereby inhibiting EV71 genome repli-
cation. This antiviral effect also extends to enterovirus serotypes CVA16
and CVB1. Our findings suggest that AIMP2 affects EV71 replication by
regulating the ubiquitination of 3D polymerase, presenting a new po-
tential target for antiviral therapy.

2. Materials and methods

2.1. Cells and viruses

The human rhabdomyosarcoma (RD) cells, Vero cells (African green
monkey kidney cells), Human HEK293T cells and HeLa cells were
cultured in Dulbecco's modified Eagle's medium (DMEM, Biological In-
dustries, Israel) supplemented with 10% fetal bovine serum (FBS, Bio-
logical Industries) and 1% antibiotics (penicillin and streptomycin,
Gibco, USA). All cell lines were derived from our laboratory and grown at
37 �C and 5% CO2. The EV71 (JX678881.1), CVA16 (KM516102.1) and
CVB1 (JX976769.1) strains were obtained from the State Key Laboratory
of Virology, Wuhan University. All viruses were propagated with RD cells
and viral titers were determined by plaque assay.
2.2. Antibodies and reagents

In this study, the following antibodies were used: anti-AIMP2 rabbit
polyclonal antibody (Proteintech, 10424-1-AP, USA), anti-SMURF2 rab-
bit monoclonal antibody (ABclonal, A2278, China), anti-EV71 VP1
mouse monoclonal antibody (Abcam, ab169442, England), anti-EV71 3D
mouse monoclonal antibody (GenTex, GTX630193, USA), anti-dsRNA
rJ2 monoclonal antibody (Millipore, MABE1134, USA), anti-Flag anti-
body (Sigma, F1804, USA), anti-HA antibody (Sigma, H6908, USA), anti-
Myc antibody (ABclonal, AE070, China), anti-α-Tubulin mouse mono-
clonal antibody (Sigma, T6199, USA), anti-GAPDH rabbit monoclonal
antibody (ABclonal, AC033, China), anti-Vinculin rabbit monoclonal
antibody (ABclonal, A2752, China), HRP-conjugated goat anti-mouse or
anti-rabbit IgG (Jackson Immunology Research Laboratories, 115-035-
174 and 111-005-144, USA), goat anti-mouse or anti-rabbit antibodies
conjugated with Alexa Fluor 488 and 555 (Thermo Fisher Scientific, A-
11001 and A-21422, USA). The main reagents used were as follows: anti-
Flag M2 beads (Sigma, A2220), recombinant protein A agarose (Thermo
Fisher Scientific, 15948-014, USA), recombinant protein G agarose
(Thermo Fisher Scientific, 15920-010, USA), cycloheximide (CHX)
(MedChemExpress, HY-12320, USA), MG132 (MedChemExpress, HY-
13259, USA), chloroquine (CQ) (MedChemExpress, HY-17589A, USA),
3-Methyladenine (3MA) (MedChemExpress, HY-19312, USA), protease
inhibitor cocktail (Sigma, P8340, USA), Opti-MEM (Invitrogen, USA),
Neofect™ DNA transfection reagent (NEOFECT, TF20121201, China),
BOLG-RNA™ reagent (BIOLOGY, BOLG101, China), Dual luciferase re-
porter assay kit (Promega, E1980, USA).
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2.3. Plasmid construction

Total RNA was extracted from HEK293T cells and reverse transcribed
to cDNA, and the genes encoding human AIMP2 and SMURF2 were
amplified from cDNA library by PCR with specific primers. The cDNA
encoding AIMP2was cloned into the EcoRI/BamHI site of pCDH-CMV-SF-
IRES-Blast and the EcoRI/XholI site of pCMV-HA, respectively. The cDNA
encoding SMURF2 was cloned into the EcoRI/BamHI site of pCDH-CMV-
SF-IRES-Blast and the BamHI/HindlII site of pCMV-Myc. The EV71 3C
gene was amplified by PCR from the pACYC-EV-A71-FL plasmid con-
taining the full-length cDNA of EV71, which was donated by Prof. Bo
Zhang (Wuhan Institute of Virology, Chinese Academy of Sciences)
(Shang et al., 2013). The PCR products were inserted into the
p3�Flag-CMV-14 vector at EcoRI and BamHI sites. The EV71 3D plas-
mids, 2C plasmids, pRK-Myc-Ub-WT, pRK-Myc-Ub-K48 and
pRK-Myc-Ub-K63 were derived from the plasmid library in our labora-
tory. Plasmids transfection was performed using polyethylenimine or
Neofect™ DNA transfection reagent according to the manufacturer's
instructions.

2.4. Western blotting and coimmunoprecipitation

Cells were transfected with indicated plasmids for 36–48 h, and then
they were lysed in Western and IP lysis buffer (Beyotime) supplemented
with protease inhibitor cocktail and PMSF at 4 �C for 1 h. Cell debris was
centrifuged at 13,400 �g for 15 min at 4 �C and the supernatant was
collected. Ten percent of the samples were used as an input control. The
remaining lysate was immunoprecipitated with M2 affinity beads or
corresponding antibodies overnight at 4 �C. The beads were washed with
lysis buffer for three times, resuspended in 30 μL 2�SDS loading buffer
and boiled at 100 �C for 10 min. The samples were separated on SDS-
PAGE and transferred to nitrocellulose membranes (Bio-Rad Labora-
tories). The membranes were incubated with the indicated antibodies
overnight at 4 �C and then detected with the HRP-conjugated secondary
antibodies.

2.5. Quantitative real-time PCR

Cells were collected and lysed using TRIzol reagent (Ambion,
USA), and the total cellular RNA was extracted according to standard
instructions. The RNA was reverse transcribed into cDNA using
HiScript III RT Super Mix (Vazyme, China). The cDNA mixture was
then diluted 10-fold and qPCR was performed using SYBR green qPCR
master mix (Vazyme, China) to analyze the RNA levels of the target
genes. The relative abundance of target RNA and viral RNA were
analyzed by the 2�ΔΔCT method and normalized using the house-
keeping gene GAPDH.

The titer of EV71 virus in the supernatant was analyzed by absolute
quantification. The EV71 genome in the supernatant was extracted with
Viral Nucleic Acid Isolation Kit (Simgen), the vRNA was reverse tran-
scribed using HiScript III RT Super Mix (Vazyme), and the plasmid
pACYC-EV-A71-FL was used as a standard sample to draw the standard
curve. The copy number was calculated according to the standard curve.
All qPCR primer sequences used in the study are listed in Supplementary
Table S1.

2.6. Plaque assay

Plaque assays were performed according to the protocol previously
described (Baer and Kehn-Hall, 2014). RD cells were seeded in 12-well
plates one day in advance and cultured in an incubator until cell den-
sity reached 90%–100%. The cells were then infected with a series of
10-fold dilutions of virus for 1 h at 37 �C, washed once with PBS and
covered with the agarose mixture (low melting point agarose, 2�MEM,
2% fetal bovine serum). After agarose had solidified, the cells were
incubated with the virus for another 48 h. They were then fixed with 4%
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paraformaldehyde and stained with 1% crystal violet. Virus titers were
determined based on the number of plaques.

2.7. Immunofluorescence microscopy

Cells were seeded onto coverslips of 24-well plates for transfection as
indicated. After 24 h, cells were fixed with 4% paraformaldehyde for 30
min or infected with virus at an MOI of 1 for 12 h before fixation. Cells
were permeabilized with 0.2% Triton-X 100 for 15 min and then blocked
with 5% bovine serum albumin (BSA) for 1 h at 26 �C, followed by in-
cubation with the specific primary antibodies at 4 �C overnight. Subse-
quently, the cells were stained with the indicated fluorescent secondary
antibodies for 1 h at 26 �C. Nuclei were stained with DAPI (Beyotime) for
10 min, and finally images were analyzed using fluorescence microscopy.

2.8. RNA interference

HEK293T/RD cells were transfected with a negative control siRNA or
one of two siRNA against the target gene using BOLG-RNA™ reagent
according to the manufacturer's instructions. Cells were harvested after
36 h of transfection and assessed for RNA interference efficiency using
immunoblotting or RT-qPCR. All siRNA sequences used in the experi-
ments are listed in Supplementary Table S1.

2.9. EV71 attachment and entry assay

For virus attachment assays, cells were infected with EV71 at an MOI
of 3. After treatment at 4 �C for 1 h, the cells were washed twice with PBS,
and cell lysates were collected for analysis of viral RNA by RT-qPCR. For
the entry assays, the cells were incubated for 1 h at 4 �C after virus
infection, and the cells were washed twice with PBS. The cells were then
incubated at 37 �C for 1 h. Cellular RNAwas extracted and viral RNA was
analyzed by RT-qPCR.

2.10. Dual-luciferase reporter assay

The plasmid pRHF-EV-A71-50UTR was constructed as previously
described to evaluate the IRES-driven translational activity of EV71
(Tang et al., 2020; Zhang et al., 2015). The plasmids were transfected
into HEK293T cells according to the instructions, and the plasmid
pRL-TK expressing Renilla luciferase was used as a control. Cell lysates
were collected after 36 h of transfection to detect luciferase activities
using Dual luciferase reporter assay kit (Promega).

2.11. Ubiquitination assay

HEK293T cells were transfected with the indicated plasmids for 36 h
and then treated with DMSO or MG132 (20 μM) for another 12 h. Cells
lysates were subjected to immunoprecipitation with the indicated anti-
bodies. The protein level was then measured by Western blotting.

2.12. Protein stability assay

HEK293T cells were transfected with indicated plasmids. After 36 h of
incubation, the cells were treated with 100 μg/mL cycloheximide (CHX)
for indicated time. Cells were collected and lysed for immunoblot anal-
ysis. The intensity of each band of 3D polymerase was normalized to
Tubulin protein intensity.

2.13. Statistical analysis

The data were analyzed by unpaired Student t-test. Statistical results
were analyzed using Prism GraphPad 8. The data were shown as the
mean � standard deviation (SD) from three independent experiments. P
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value< 0.05 means significant (*, P< 0.05; **, P< 0.01; ***, P < 0.001;
****, P < 0.0001), P value > 0.05 means no significant (NS).

3. Results

3.1. AIMP2 mRNA and protein level was downregulated during EV71
infection

To identify host proteins crucial for disrupting or antagonizing EV71
infection, we analyzed bulk RNA-seq data from the GEO public database
(GSE103308), and found that AIMP2 RNA levels were significantly
downregulated during EV71 infection (Fig. 1A). We thus speculated that
AIMP2 may play a role in EV71 infection. First, we infected RD cells with
EV71 (MOI ¼ 1) and harvested the cells at the indicated time points to
assess AIMP2 RNA levels via RT-qPCR and AIMP2 protein levels via
immunoblotting (Fig. 1B and C). Consistent with the results of the
database analysis, AIMP2 expression decreased under EV71 infection
conditions. To determine whether this phenomenon is cell-specific, we
repeated the infection experiments in Vero cells, where the degradation
of AIMP2 was also observed, suggesting that the downregulation of
AIMP2 is not cell-specific (Fig. 1D). These results suggest that AIMP2 is
downregulated during EV71 infection.

3.2. Overexpression of AIMP2 inhibits EV71 infection

AIMP2 have been previously identified as a component of MSCs,
primarily involved in protein synthesis. However, an increasing number
of studies have shown that AIMP2 can function as a tumor suppressor,
regulating the development of cancer and tumors (Nechushtan et al.,
2009). Previous studies have indicated that AIMP2 can be downregulated
during EV71 infection. Thus, to investigate the role of AIMP2 in EV71
infection, Vero or RD cells were transfected with increasing amounts of
the AIMP2-Flag plasmid and subsequently infected with EV71 (MOI¼ 1).
Western blot analysis was performed to determine tEV71 protein levels,
and we found that the expression of VP1 gradually decreased with
increasing AIMP2 plasmid dosage (Fig. 2A and C). RT-qPCR analysis was
performed to determine EV71 RNA levels, showing a similar gradual
decrease in EV71 RNA levels in Vero cells with increasing AIMP2 plasmid
dosage (Fig. 2B). The above results indicate that overexpression of
AIMP2 inhibits EV71 infection in a dose-dependent manner. We also
observed a significant reduction in the intensity of green fluorescence in
Vero cells by immunofluorescence staining, suggesting that the number
of EV71 virions was reduced in the presence of AIMP2 (Fig. 2D). To
further validate the role of AIMP2 in EV71 infection, RD cells were
transfected with the AIMP2-Flag plasmid and were then treated with
EV71 at an MOI of 0.1 for 0–36 h. Western blot and RT-qPCR analyses
indicated that AIMP2 overexpression reduced the intracellular EV71
protein levels (Fig. 2E) and RNA transcript levels (Fig. 2F), and the EV71
genome copy number in the supernatant (Fig. 2G). Moreover, we
analyzed the viral plaque formation, and found that viral plaque for-
mation was reduced in AIMP2-overexpressing cells compared to control
cells (Fig. 2H). Immunofluorescence analysis revealed that the intensity
of green fluorescence was significantly reduced in RD cells transfected
with the AIMP2-Flag plasmid (Fig. 2I). Taken together, these results
suggest that overexpression of AIMP2 inhibits EV71 replication.

3.3. Knockdown of AIMP2 promotes EV71 infection

Since AIMP2 overexpression plays a negative regulatory role in EV71
infection, we hypothesized that AIMP2 knockdown facilitates EV71
infection. First, endogenous AIMP2 was knockdown in RD cells via
siRNA, and the knockdown efficiency was assessed via RT-qPCR and
Western blotting. Both siRNAs targeting AIMP2 effectively reduced the
intracellular AIMP2 RNA transcript level by 78% and 90% (Fig. 3A), and



Fig. 1. AIMP2 mRNA and protein levels were downregulated during EV71 infection. A Analyze the changes in AIMP2 RNA levels under EV71 infection status in the
GEO database (GSE103308). B–D RD or Vero cells infected with EV71 (MOI ¼ 1) for the indicated times. The EV71 VP1 and AIMP2 protein levels were measured by
Western blotting (C and D), and the relative EV71 RNA levels were determined by RT-qPCR, and normalized to those of GAPDH (B). The results represent the means
� SD from three independent experiments. Statistical significance was analyzed using Student's t-test (**P < 0.01; ns, not significant). MOI, multiplicity of infection.
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decreased the AIMP2 protein level by 67% and 82% (Fig. 3B) compared
to the non-targeting control (NC) group. Next, RD cells were incubated
with EV71 (MOI¼ 1) for 0–12 h. The intracellular protein and RNA levels
were measured, and the EV71 VP1 protein (Fig. 3C) and RNA levels
(Fig. 3D) were significantly increased by transfection of the indicated
siRNAs compared to those in the NC group. We further investigated EV71
genome copy number in the supernatant along with the plaque formation
ability of EV71. Titer determination indicated that AIMP2 knockdown
increased the extracellular viral titer (Fig. 3E), and the number of plaque-
forming units also increased after AIMP2 knockdown (Fig. 3F).
Furthermore, immunofluorescence analysis revealed that the intensity of
green fluorescence was significantly increased in RD cells transfected
with the indicated siRNAs (Fig. 3G). Taken together, these results suggest
that AIMP2 knockdown effectively facilitates EV71 infection.
3.4. AIMP2 affects the replication of EV71, but does not affect the
attachment, entry and translation of EV71

Many studies have demonstrated that the antagonistic effects of host
proteins on viral infection are mediated primarily through interference
with the viral life cycle (Lin et al., 2009; Shih et al., 2011). To determine
the specific stage of the EV71 life cycle is affected by AIMP2, we con-
ducted an assessment of EV71's attachment, entry, replication and
translation. For the attachment and entry assays, RD cells were trans-
fected with the AIMP2-Flag plasmid, and incubated with EV71 at an MOI
of 3 at 4 �C for 1 h (attachment assay). Subsequently, the cells were
infected with EV71 by incubation at 37 �C for 1 h (entry assay). RD cells
were subjected to the same treatment after AIMP2 was knocked down.
Evaluation of the attachment and entry steps by RT-qPCR revealed that
neither overexpression nor knockdown of AIMP2 resulted in significant
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differences in viral attachment (Fig. 4A and B) or entry (Fig. 4C and D)
compared to the NC group.

To further explore whether AIMP2 affects IRES-mediated viral RNA
translation, a bicistronic luciferase reporter system containing the 50UTR
of the EV71 genomewas employed. This system facilitated the expression
of firefly luciferase (Fluc), while Renilla luciferase (RLuc) served as a
control for translational activity. The ratio of FLuc to RLuc (FLuc/RLuc)
represents the ability of AIMP2 to modulate IRES-mediated translation
initiation (Li and Brewer, 2020; Lin et al., 2009). HEK293T cells were
transfected with both the AIMP2-Flag plasmid and the bicistronic plas-
mids for 36 h. Afterwards, the cells were lysed, and luciferase activity
was assayed. Cell lysates were also subjected to Western blot analysis
(Fig. 4E). Similarly, HEK293T cells were transfected with the
dual-luciferase plasmids after the knockdown of endogenous AIMP2. Cell
lysates were then collected and analyzed (Fig. 4F). The results revealed
that neither overexpression nor knockdown of AIMP2 significantly
affected IRES-mediated translational activity.

To evaluate the replication step, we measured the fluorescence in-
tensity of dsRNA synthesized during EV71 replication. Using immuno-
fluorescence analysis, we found that the fluorescence intensity of dsRNA
(green fluorescence) was significantly greater compared to the control
cells after AIMP2 knockdown (Fig. 4G). The relative abundance of dsRNA
and DAPI staining was quantified using Image J software (Fig. 4H).
Taken together, these results indicate that AIMP2 affects the replication
step of EV71 life cycle.

3.5. AIMP2 interacts with EV71 3D polymerase

In the above study, we found that AIMP2 influenced EV71 replica-
tion. Given that the EV71 3D protein is a crucial RdRp for viral repli-
cation, we speculated that might AIMP2 inhibit EV71 replication by



Fig. 2. Overexpression of AIMP2 inhibits EV71 infection. A, B Vero cells were transfected with AIMP2-Flag plasmid (0, 1, or 2 μg) for 36 h, and were then infected
with EV71 (MOI ¼ 1) for 12 h. The EV71 VP1 and AIMP2 protein levels were measured by Western blotting using the indicated antibodies (A). The relative EV71 RNA
levels were determined by RT-qPCR, and normalized to the level of GAPDH (B). C RD cells were transfected with increasing amounts of the AIMP2-Flag plasmid (0,
0.5, 1, or 2 μg) for 24 h and then infected with EV71 (MOI ¼ 1) for 12 h. EV71 VP1 protein expression was then measured by Western blotting. D Vero cells were
transfected with AIMP2-Flag for 24 h, infected with EV71 for 12 h and subjected to immunostaining with an anti-VP1 antibody (green) and staining with DAPI (blue).
The presented images were acquired using fluorescence microscopy. Scale bars ¼ 100 μm. E RD cells were transfected with the AIMP2-Flag plasmid and then infected
with EV71 (MOI ¼ 0.1) for the indicated times. The EV71 VP1 and AIMP2 protein levels were measured by Western blotting using the indicated antibodies. F The
relative EV71 RNA levels were determined by RT-qPCR and normalized to the level of GAPDH. G The EV71 genome copy number in the supernatant was analyzed by
RT-qPCR and calculated based on a standard curve. H EV71 in cell supernatants was evaluated by a plaque formation assay. I RD cells transfected with AIMP2-Flag
plasmid were infected with EV71 (MOI ¼ 1) for 12 h and then subjected to immunostaining for VP1 (green) and staining with DAPI (blue). The presented images were
acquired using fluorescence microscopy. Scale bars ¼ 100 μm. The results represent the means � SD from three independent experiments. Statistical significance was
analyzed using Student's t-test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). PFU, plaque-forming units.
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Fig. 3. Knockdown of AIMP2 promotes EV71 infection. A, B RD cells were transfected with a negative control siRNA or one of two siRNAs targeting human AIMP2,
and after 36 h, the knockdown efficiency of AIMP2 was determined via RT-qPCR (A) and Western blot (B). C RD cells were transfected with control siRNA or one of
two siRNAs targeting human AIMP2 for 24 h and were then infected with EV71 (MOI ¼ 1) for the indicated times. The EV71 VP1 and AIMP2 protein levels were
measured by Western blotting using the indicated antibodies. D The relative EV71 RNA levels in RD cells at the indicated times were determined by RT-qPCR and
normalized to the level of GAPDH. E The EV71 genome copy number in the supernatant was analyzed by RT-qPCR and calculated based on a standard curve. F EV71 in
cell supernatants was subjected to a plaque formation assay. G RD cells were transfected with AIMP2-Flag for 24 h, infected with EV71 (MOI ¼ 1) for 12 h and
subjected to immunostaining with an anti-VP1 antibody (green) and staining with DAPI (blue). The presentative images were acquired using fluorescence microscopy.
Scale bars ¼ 100 μm. The results represent the means � SD from three independent experiments. Statistical significance was analyzed using Student's t-test (**P <

0.01, ***P < 0.001, ****P < 0.0001).
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affecting 3D polymerase. To further explore this possibility, we per-
formed exogenous coimmunoprecipitation assays. The results indicated
that exogenous AIMP2 coimmunoprecipitated with 3D polymerase
(Fig. 5A and B). We also investigated the potential interaction between
AIMP2 and EV71 helicase 2C, but found no interaction between them
(Supplementary Fig. S3). In addition, we performed an endogenous
immunoprecipitation assay. In this assay, RD cells were not infected
(Mock) or infected with EV71 at an MOI of 1 for 12 h, and then cell
lysates were subjected to immunoprecipitation with an anti-AIMP2
antibody or control IgG. The results suggested that there was a signif-
icant interaction between AIMP2 and 3D polymerase during EV71
infection (Fig. 5C). To further verify the above results, we investigated
whether AIMP2 and 3D polymerase are located in the same cellular
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compartment via confocal microscopy. The results indicate that exog-
enous AIMP2 and 3D polymerase were primarily colocalized in the
cytoplasm (Fig. 5D). Additionally, endogenous AIMP2 and 3D poly-
merase were also colocalized in the same regions during EV71 infection
(Fig. 5E). Taken together, these results demonstrate that AIMP2 in-
teracts with 3D polymerase.

3.6. AIMP2 degrades 3D polymerase through the ubiquitin-proteasome
pathway

The above results demonstrated that AIMP2 inhibits EV71 replication
and interacts with 3D polymerase. We hypothesized that AIMP2 affects
viral replication by influencing the stability of 3D polymerase. To test this



Fig. 4. AIMP2 affects the replication of EV71, does not affect the attachment, entry and translation of EV71. A, C RD cells were transfected with the AIMP2-Flag
plasmid for 36 h and were then infected with EV71 (MOI ¼ 3) for the indicated times. After treatment at 4 �C for 1 h (A) the cells were infected by incubation at
37 �C for another hour (C). Relative EV71 RNA levels were determined by RT-qPCR and normalized to the GAPDH RNA level. B, D RD cells were transfected with
control siRNA or one of two siRNAs targeting human AIMP2 for 36 h and were then infected with EV71 (MOI ¼ 3) for indicated times. After treatment at 4 �C for 1 h
(B) the cells were infected by incubation at 37 �C for another hour (D). Relative EV71 RNA levels were determined by RT-qPCR and normalized to the GAPDH RNA
level. E HEK293T cells were transfected with the AIMP2-Flag plasmid, 200 ng of pRHF-EV-A71 50UTR and other plasmid DNA as indicated. After 36 h of transfection,
the cells were lysed, and luciferase activity was analyzed. Cell lysates were also subjected to western blot analysis. F HEK293T cells were transfected with control
siRNA or one of two siRNAs targeting human AIMP2 for 12 h and were then transfected with 200 ng of pRHF-EV71 50UTR and other plasmid DNA as indicated. After
36 h transfection, the cells were lysed, and luciferase activity was analyzed. Cell lysates were also subjected to western blot analysis. G RD cells were transfected with
control siRNA or one of two siRNAs targeting human AIMP2 for 36 h and were then infected with EV71 (MOI ¼ 1) for 7 h. After treatment at 4 �C for 1 h, the cells were
further incubated at 37 �C for 6 h. Uninfected cells served as controls. Then, the cells were fixed for immunostaining using an anti-dsRNA rJ2 monoclonal antibody
(green), and nuclei were labeled with DAPI (blue). Scale bars ¼ 10 μm. H The dsRNA/DAPI ratio was quantified using ImageJ software (n ¼ 3). The results represent
the means � SD from three independent experiments. Statistical significance was analyzed using Student's t-test (***P < 0.001, ****P < 0.0001; ns, not significant).
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Fig. 5. AIMP2 interacts with EV71 3D polymerase. A HEK293T cells were transfected with the HA-3D plasmid alone, the AIMP2-Flag plasmid alone or HA-3D in
combination with AIMP2-Flag. After 36 h of transfection, the cell lysates were immunoprecipitated with M2 beads and subjected to Western blot analysis with the
indicated antibodies. B HEK293T cells were transfected with 3D-Flag alone, HA-AIMP2 alone or 3D-Flag in combination with HA-AIMP2. After 36 h of transfection,
the cell lysates were subjected to immunoprecipitation with M2 beads, followed by Western blot analysis with the indicated antibodies. C RD cells were not infected
(mock) or infected with EV71 (MOI ¼ 1) for 12 h, and cell lysates were subjected to immunoprecipitation with an anti-AIMP2 antibody or control IgG, followed by
Western blot analysis with the indicated antibodies. D HeLa cells were transfected with HA-3D alone, AIMP2-Flag alone or HA-3D in combination with AIMP2-Flag.
After 36 h of transfection, the cells were treated with anti-Flag mouse antibody and anti-HA rabbit antibody overnight at 4 �C, and then incubated with Alexa Fluor 488
(green) and Alexa Fluor 555 (red). Nuclei were stained with DAPI (blue). Scale bars ¼ 10 μm. E Endogenous colocalization between AIMP2 and the EV71 3D po-
lymerase was detected in HeLa cells after 12 h of infection with EV71 (MOI ¼ 1) by using anti-3D and anti-AIMP2 antibodies. Uninfected cells served as controls. Scale
bars ¼ 10 μm.
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hypothesis, HEK293T cells were co-transfected with HA-3D and AIMP2-
Flag plasmids. The Western blot results showed that AIMP2 degraded 3D
polymerase in a dose-dependent manner (Fig. 6B). We also measured the
mRNA level of 3D polymerase and found no effect (Fig. 6A). On the other
hand, the HA-3D plasmid was transfected into HEK293T cells after
knockdown of endogenous AIMP2. As expected, the immunoblot results
indicated that knockdown of AIMP2 increased the protein level of 3D
polymerase (Fig. 6C). In addition, we also investigated the effect of
AIMP2 on the half-life of 3D polymerase. AIMP2-Flag and HA-3D
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plasmids were co-transfected into HEK293T cells. After 36 h of incuba-
tion, the cells were treated with CHX. The Western blot results revealed
that AIMP2 reduced the half-life of 3D polymerase compared to the
control group (Fig. 6D and E). In summary, AIMP2 reduces the stability of
3D polymerase.

To date, twomain protein degradation pathways have been identified
in eukaryotic cells: the ubiquitin-proteasomepathway and the autophagy-
lysosome pathway (Rivett, 1990). Therefore, we further explored the
mode of 3D polymerase degradation. First, HEK293T cells were
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transfected with the HA-3D and AIMP2-Flag plasmids for 36 h and were
then treated with the proteasome inhibitor MG132, lysosome inhibitor
chloroquine (CQ) or autophagy inhibitor 3-methyladenine (3MA) for
another 12 h. The immunoblot results suggested that after MG132 treat-
ment, the reduction in 3D polymerase protein level was partially reversed
(Fig. 6F). However, CQ (Fig. 6G) or 3MA (Fig. 6H) treatment did not
rescue the degradation of 3D polymerase. In contrast, AIMP2 knockdown
upregulated the expression of 3D polymerase. Compared to the NC group,
the expression of 3D polymerase in MG132-treated group was signifi-
cantly greater (Fig. 6I). These results demonstrate that AIMP2 mediates
the degradation of the 3D polymerase via the ubiquitin-proteasome
pathway.

To further verify the above results, we evaluated the effect of AIMP2
on 3D polymerase ubiquitination. HEK293T cells were transfected with
the HA-AIMP2 and 3D-Flag plasmids for 36 h, and cell lysates were
subjected to immunoprecipitation with M2 beads. Western blot results
showed that the ubiquitin levels were significantly higher in cells co-
transfected with AIMP2-Flag and HA-3D than in control cells (Fig. 6J).
Taken together, these results demonstrate that AIMP2 increases the
polyubiquitination of 3D polymerase and promotes its proteasome-
mediated degradation.

Current studies indicate that K48-linked and K63-linked poly-
ubiquitination are the two main types of polyubiquitination. Thus, we
sought to determine which linkage of polyubiquitylation is present in 3D
polymerase. To this end, HEK293T cells were transfected with the HA-3D
and AIMP2-Flag plasmids together with the Ub-Myc (Fig. 6K), K48-Myc
(Fig. 6L) or K63-Myc (Fig. 6M) plasmid, and the cell lysates were sub-
jected to ubiquitination assay. The results suggest that AIMP2 can in-
crease the ubiquitination of 3D polymerase via the K63 ubiquitin linkage
but not the K48 ubiquitin linkage.

3.7. AIMP2 recruits the E3 ligase SMURF2 to promote the degradation of
3D polymerase

AIMP2 functions as a scaffold protein andmediates the degradation of
3D polymerase. Since AIMP2 is not an E3 ligase, we further explored the
E3 ligases recruited by AIMP2 to target 3D polymerase. Kim et al.
analyzed several E3 ligases that interact with AIMP2 (Kim et al., 2016),
and Choi et al. reported that AIMP2 can interact with the E3 ligase TRAF2
(Choi et al., 2009a). We successfully constructed the E3 ligase plasmids
CBL-Myc, TRAF3-Myc, TRAF2-Myc, SMURF2-Myc, ITCH-Myc and
TRAF6-Myc, and then investigated whether the encoded ligases affect 3D
polymerase stability. The results showed that AIMP2-mediated degra-
dation of 3D polymerase was enhanced in the presence of the E3 ligase
SMURF2 (Fig. 7A). We also verified the interaction between AIMP2 and
SMURF2 (Fig. 7B). To further investigate the role of SMURF2, SMURF2
was knocked down in HEK293T cells, and the cells were transfected with
the HA-3D and AIMP2-Flag plasmids for 36 h. The Western blot results
showed that the inhibitory effect of AIMP2 on 3D polymerase expression
was reversed after knockdown of endogenous SMURF2 (Fig. 7C). To
further confirm that AIMP2 recruits SMURF2 to affect the stability of 3D
polymerase, we knocked down endogenous AIMP2 in HEK293T cells,
and then co-transfected the cells with HA-3D and SMURF2-Myc. The
results suggested that the degradation of 3D polymerase was partially
reversed after AIMP2 knockdown (Fig. 7D). Taken together, these results
demonstrate that AIMP2 recruits the E3 ligase SMURF2 to promote the
degradation of 3D polymerase.

Due to the recruitment of the E3 ligase SMURF2 by AIMP2 affecting
the stability of 3D polymerase, we further investigated whether knocking
down SMURF2 would affect EV71 infection. We knocked down SMURF2
in RD cells, transfected them with the AIMP2-Flag plasmid, and then the
cells were infected with EV71 (MOI ¼ 1). Immunoblot analysis was
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performed to detect viral proteins, and RT-qPCR was used to measure
viral RNA levels. The results showed that knocking down SMURF2
rescued the inhibitory effect of AIMP2 on EV71 infection (Fig. 7E).

4. Discussion

Numerous studies in cancer and oncology research have demonstrate
that AIMP2, a member of the AIMP family, serves as a tumor suppressor,
primarily by regulating the polyubiquitination of target proteins (Zhou
et al., 2020a, 2020b). Previous research has revealed that the interaction
between AIMP2 and NS2 triggers a switch in the modification of M1, con-
verting from ubiquitination to SUMOylation, thereby promoting influenza
A virus replication (Gao et al., 2015). In this work, for the first time, we
explored the role of AIMP2 in EV71 infection and found that AIMP2 over-
expression inhibited EV71 replication and infection. Similarly, AIMP2
knockdown by siRNA promoted EV71 infection. In addition, we found that
the inhibitory effect of AIMP2 on EV71 infection extends to other entero-
virus serotypes, including CVA16 and CVB1 (Supplementary Fig. S1A and
S1B). Given that CVA16 and EV71 are the primary causative pathogens of
HFMD, AIMP2 may be useful as a novel therapeutic agent for HFMD.

Previous studies have demonstrated that host-mediated post-
translational modifications play an important role in RNA virus patho-
genesis (Kumar et al., 2020). For example, TRIM24 promotes cellular
antiviral immunity by mediating K63-linked TRAF3 ubiquitination (Zhu
et al., 2020); Cullin 4-mediated PB2 ubiquitination contributes to influ-
enza A virus infection (Karim et al., 2020); and TRIM69 directly interacts
with NS3 of dengue virus and mediates its polyubiquitination and
degradation (Wang et al., 2018). Regarding the posttranslational modi-
fication of the EV71 3D polymerase, the acetylation of 3D polymerase has
been demonstrated to enhance the binding affinity of 3D polymerase to
viral RNA and promote viral proliferation (Hao et al., 2022). Moreover,
SUMOylation of 3D polymerase can increase its stability and promote
viral infection (Liu et al., 2016); in contrast, SUMOylation of 3C can
inhibit viral infection (Chen et al., 2011). These findings suggest that
posttranslational modifications of EV71 proteins are crucial for the
antagonism between the host and the virus. Our study revealed that
AIMP2 exerts antiviral effects by promoting polyubiquitination of 3D
polymerase, and provided additional evidence that posttranslational
modifications of 3D polymerase can affect viral infection. Moreover, the
EV71 3D polymerase is an essential protein for enterovirus replication.
Many current antienteroviral drugs target 3D polymerase to suppress
viral replication and thereby hinder viral proliferation (Liu et al., 2023;
Wang et al., 2023). Our work also identifies novel mechanisms that could
be evaluated for the development of antienteroviral drugs.

Anti-restriction mechanisms have gradually evolved to allow viruses
to counter host antagonism during viral infection. Recent studies have
shown that the nonstructural protein 3C of EV71 functions as a protease
capable of cleaving both EV71 precursor proteins and gasdermin D,
thereby inhibiting pyroptosis (Lei et al., 2017). Enterovirus infection can
induce RIG-I-mediated interferon responses. However, the protease ac-
tivity of 3C reduces RIG-I expression, inhibiting the RIG-I signaling
pathway and subsequently antagonizing the host's innate immune
response (Xiao et al., 2021). Zhou et al. also reported that the 3C protease
can cleave the host antiviral factor OAS3 and enhance viral replication
(Zhou et al., 2022). In our study, AIMP2 was found to be degraded by the
EV71 3C protein (Supplementary Fig. S2A and S2B). Therefore, we
speculate that AIMP2 is similarly affected by the cleavage activity of 3C
protease, and the precise mechanism is worth further exploration.

The process of viral replication is very complex, and our exploration
focused solely on elucidating the regulatory mechanism of AIMP2 on 3D
polymerase. Whether AIMP2 can affect other pathways in the replication
step merits further investigation. In summary, our findings suggest that
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Fig. 6. AIMP2 degrades 3D polymerase through the ubiquitin-proteasome pathway. A HEK293T cells were transfected with the HA-3D and AIMP2-Flag plasmids for
36 h. The mRNA level of 3D polymerase was measured by RT-qPCR analysis. B HEK293T cells were transfected with the HA-3D and AIMP2-Flag plasmids (0, 0.5, 1, or
2 μg) for 36 h. The protein expression of 3D polymerase and AIMP2 was measured by immunoblotting with the indicated antibodies. C HEK293T cells were transfected
with siRNA as indicated for 12 h and transfected with the HA-3D plasmid for another 36 h. The protein expression of 3D polymerase and AIMP2 was evaluated by
immunoblotting with the indicated antibodies. D, E HEK293T cells transfected with AIMP2-Flag and HA-3D. After 36 h of incubation, the cells were treated with 100
μg/mL CHX for indicated time. The protein levels of HA-3D and AIMP2-Flag were analyzed by Western blot (D). The relative levels of HA-3D were quantified by signal
intensity measurements and normalized to Tubulin levels (E). F–H HEK293T cells were transfected with the HA-3D and AIMP2-Flag plasmids for 36 h and treated with
or without MG132 (20 μM) (F), chloroquine (CQ) (50 μM) (G) or 3MA (0.5 mM) (H) for 12 h. Then, the cells were lysed, and the protein expression of 3D and AIMP2
was analyzed by immunoblotting with the indicated antibodies. I HEK293T cells were transfected with siRNA as indicated for 12 h and were then transfected with the
HA-3D plasmid for 24 h. Afterward, the cells were treated with MG132 for 12 h. The cells were lysed for immunoblotting with the indicated antibodies. J HEK293T
cells were transfected with the 3D-Flag and HA-AIMP2 plasmids for 36 h and treated with MG132 (20 μM) for another 12 h, and the cell lysates were then subjected to
immunoprecipitation with M2 beads and immunoblot analysis with an anti-ubiquitin antibody. K‒M The Ub-Myc (K), K48-Myc (L) or K63-Myc (M) plasmid was
transfected into HEK293T cells with AIMP2-Flag and HA-3D. The cell lysates were subjected to ubiquitination assay. The results represent the means � SD from three
independent experiments. Statistical significance was analyzed using Student's t-test (ns, not significant).
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AIMP2 is released from the MSC complex upon EV71 infection to recruit
the E3 ligase SMURF2,whichpromotes theK63-linked polyubiquitination
of 3D polymerase and exerts antiviral effects. To counteract this host de-
fense mechanism, the 3C protease potentially sustains viral infection by
Fig. 7. AIMP2 recruits the E3 ligase SMURF2 to promote the degradation of 3D polym
E3 ligases expression plasmids. After 36 h, the cells were lysed and analyzed by Wes
alone, the AIMP2-Flag plasmid alone or SMURF2-Myc in combination with AIMP2-Fl
and subjected to Western blot analysis with the indicated antibodies. C HEK293T
transfected with the HA-3D and AIMP2-Flag plasmids or the corresponding empty vec
antibodies. D HEK293T cells were transfected with siRNA as indicated for 12 h and
lysates were subjected to Western blotting using the indicated antibodies. E After tr
AIMP2-Flag for 24 h, the cells were infected with EV71 (MOI ¼ 1). Subsequently, the
by RT-qPCR. The results represent the means � SD from three independent experime
< 0.001; ns, not significant).
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degrading the host protein AIMP2. In this study, we illustrate the dynamic
regulatory mechanism of AIMP2 during EV71 infection. These findings
are highly important for exploring the mechanism of 3D polymerase in
EV71 replication and developing novel antiviral targets.
erase. A HEK293T cells were transfected with HA-3D, AIMP2-Flag and different
tern blotting. B HEK293T cells were transfected with the SMURF2-Myc plasmid
ag plasmid. After 36 h, the cell lysates were immunoprecipitated with M2 beads
cells were transfected with siRNA as indicated for 12 h. Then, the cells were
tor for 36 h, and the lysates were subjected to immunoblotting with the indicated
were then cotransfected with HA-3D and SMURF2-Myc plasmids for 36 h. Cell
ansfecting RD cells with specific siRNA for 12 h, followed by transfection with
protein levels were detected by Western blot, and the RNA levels were measured
nts. Statistical significance was analyzed using Student's t-test (**P < 0.01, ***P
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5. Conclusions

In conclusion, our study demonstrates that the host protein AIMP2
exerts an antagonistic effect by recruiting the E3 ligase SMURF2 to
promote the degradation of 3D polymerase, thereby inhibiting EV71
replication and weakening EV71 infectivity. At the same time, this
antiviral effect also extends to the enterovirus serotypes CVA16 and
CVB1. These findings provide a new target for the treatment of entero-
viral infections and new insights for the development of antienteroviral
drugs.
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