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Abstract: Background: During Enterovirus type 71 (EV71) infection, the structural viral protein 1 (VP1) activates

endoplasmic reticulum (ER) stress associated with peripheral myelin protein 22 (PMP22) accumulation and induces

autophagy. However, the specific mechanism behind this process remains elusive. Methods: In this research, we used

the VP1-overexpressing mouse Schwann cells (SCs) models co-transfected with a PMP22 silencing or Autocrine

motility factor receptor (AMFR/gp78) overexpressing vector to explore the regulation of gp78 on PMP22 and its

relationship with autophagy and apoptosis. Results: The activity of gp78 could be influenced by EV71-VP1, leading to

a decrease in the ubiquitination and degradation of PMP22, resulting in PMP22 accumulation in ER. In VP1-

overexpressing mouse SCs, all three ER stress sensors, including pancreatic endoplasmic reticulum kinase (PERK),

activating transcription factor 6 (ATF6) and inositol-requiring enzyme 1 (IRE1) and the related downstream signals

(C/EBP-homologous protein (CHOP) and Caspase 12) were activated, as well as the ER-resident chaperone Glucose-

regulated protein 78 (GRP78). In addition, VP1 upregulated the autophagy marker Microtubule-associated protein 1

light chain 3 beta (LC3B), while PMP22 silencing or gp78 overexpression reversed the phenomenon. Meanwhile,

PMP22 silencing or gp78 overexpression increased proliferation of EV71-VP1-transfected mouse SCs. Conclusion:

Gp78 could regulate PMP22 accumulation through ubiquitination degradation and cause ER stress and autophagy in

EV71-VP1-overexpressing mouse SCs. Therefore, the gp78/PMP22/ER stress axis might emerge as a promising

therapeutic target for myelin and neuronal damage induced by EV71 infection.

Introduction

Enterovirus 71 (EV71) stands out as a significant contributor
to hand-foot-and-mouth disease (HFMD) among the
pediatric population [1,2]. Since the early 1980s, EV71 has
triggered numerous extensive global outbreaks among
children, particularly in the Asia-Pacific region, evolving
into a significant public health concern within the impacted
nations [3,4]. Although most infected patients exhibit a mild

and self-limiting illness, EV71 can sometimes cause fatal
neurological diseases, including meningitis, brainstem
encephalitis, encephalomyelitis, and acute flaccid paralysis
[5,6]. Even more importantly, there is still no effective
antiviral therapy against EV71. Therefore, it is crucial to
explore the mechanisms of EV71 infection-induced
neurologic injury.

Belonging to the Picornaviridae family, EV71 is a single-
stranded, positive-sense RNA virus. The capsids of EV71 are
comprised of four structural proteins (VP1 to VP4), with
VP1 assuming a pivotal role in both virion formation and
intracellular entry [7]. VP1 can also promote viral
replication by inducing cell autophagy [8]. Previous studies
demonstrated that EV71 possesses strong neurotropism, and
retrograde axonal transport is the major transmission route
[9–11]. Clinical research by the authors’ group revealed the
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manifestations and the neuroimaging changes of EV71-
infected patients and indicated that the neural invasion of
EV71 infection was from peripheral to central nerves [12,13].

The neuron’s axons are wrapped by the Schwann cells
(SCs) membrane (myelin), and SCs play central roles in the
propagation of the nervous signals in the peripheral nerves
[14]. Myelination increases the speed of action potential
propagation and plays an important role in the development
and regeneration of neuron axons [15]. Peripheral myelin
protein 22 (PMP22) is a tetraspan membrane protein that
constitutes 2%–5% of total peripheral myelin protein [16]. It
plays crucial roles in developing and maintaining compact
myelin sheaths in the peripheral nervous system [17].
Accumulated mutated PMP22 in the endoplasmic reticulum
(ER) leads to inherited neuropathies like Charcot-Marie-
Tooth (CMT) disease [17,18]. A previous study by the
authors’ group showed that EV71 VP1 could upregulate
the expression of ER stress-mediated PMP22, induce the
accumulation of PMP22 in the ER, and ultimately promote
mouse SC autophagy [8]. Methyltransferase-like protein 3
(METTL3) is required for SC autophagy during EV71
infection [19]. Nevertheless, the mechanism through which
PMP22 accumulates in the ER is unknown.

In normal SCs, approximately 80% of the recently
synthesized PMP22 undergoes degradation predominantly
within a 30-min timeframe, facilitated by the ubiquitin–
proteasome system (UPS)-endoplasmic reticulum-associated
degradation (ERAD) system [20,21]. Recently, it has been
demonstrated that the UPS plays a role in supervising
crucial quality control stages in the formation of protein
complexes [22]. Autocrine motility factor receptor (AMFR/
gp78), as an ER membrane-anchored ubiquitin ligase (E3),
functions as a crucial element in ERAD. Its role involves
averting the harmful accumulation of various misfolded
proteins through a multifactorial mechanism [23]. As
demonstrated in an earlier study using a mouse model of
CMT disease type 1A, diminished proteasome function in
neuropathological nerves is linked to the buildup of
ubiquitinated substrates. Additionally, there is a recruitment
of components from the proteasomal pathway to the
aggregates [24]. Therefore, a decreased proteasome activity
could lead to insufficient ubiquitylation and degradation of
PMP22 and promote PMP22 aggregate formation,
negatively impact cellular proteostasis, and result in SCs
dysfunction. Our team recently discovered positive
regulation of myelination and ubiquitin-specific protease
binding enrichment in EV infected patients with
neurological involvement, as well as gp78. Pleckstrin
homology containing family A, number 4 (PLEKHA4),
which is a regulator of the E3 ubiquitin ligase and
controlling disheveled ubiquitination, was also found to be
significantly enriched [25]. Those results indicated that
abnormal PMP22 ubiquitination and degradation may be
involved in EV induced neuronal damage.

The ER is a vital subcellular component in eukaryotic
cells, which plays an important role in the synthesis, post-
translational modifications, and proper folding of proteins,
which are essential for cell survival. When the cells are
subjected to various pathogenic stress signals, several
misfolded and unfolded proteins gather within the ER,

resulting in ER dysfunction, which is called endoplasmic
reticulum stress (ERs) [26]. During this process, ER has two
ways to deal with accumulated proteins: the unfolded
protein response (UPR) and the ERAD, which promotes the
refolding degradation of the misfolded and unfolded
proteins, achieving ER homeostasis. Three transmembrane
proteins of the ER—activating transcription factor 6 (ATF6),
pancreatic endoplasmic reticulum kinase (PERK), and
inositol-requiring enzyme 1α (IRE1)—initiate the UPR by
activating their associated downstream signals [27]. If the
ERs persists and the accumulated proteins surpass the
processing potential of the UPR, the cellular functions
deteriorate, ultimately leading to cell death [28]. Evidence
shows that the ERs is a major contributor to many diseases,
including diabetes, depression, neurodegeneration, cancer,
and infectious diseases [27,29,30]. Previous studies
demonstrated that EV71 could induce ERs and modify the
outcome to assist viral replication [26,31]. In addition,
through ER stress-induced upregulation of PMP22, EV71
VP1 stimulates autophagy in mouse SCs [8]. Still, the
underlying mechanism and the specific signal pathways
remain ambiguous.

In this study, VP1-overexpressing mouse SCs were used
to characterize the potential role of PMP22 on ERs and
autophagy caused by EV71 infection and explore the effect
of gp78-associated ERAD on PMP22 accumulation in the
ER lumen. This study will help understand the molecular
mechanism related to the neurotoxicity of EV71 and could
provide some indication for future research on possible drug
targets against EV71 infection.

Materials and Methods

Study subject and sampling in clinical analysis
An observational and forward-looking cohort investigation
took place from January 2018 to December 2019 at the
Guangzhou Women and Children’s Medical Center. The
clinical attributes, along with the demographic and
neurological symptoms of the enrolled patients, were
previously detailed in other studies [25]. Pediatric patients
confirmed to have an EV infection based on positive EV-Rt-
PCR results were included in our study. The samples for
testing included cerebrospinal fluid (CSF), anal swabs, or
throat swabs. Individuals co-infected with other pathogens
were not considered for the study. Patients were divided
into control and NS groups according to whether they had
neurological symptoms. The controls were matched by age
with the patients of the NS group. For RNA-seq and
MeRIP-seq analysis, lumbar puncture was performed to
collect CSF samples from all individuals.

MeRIP-seq and RNA sequencing combination analysis
The CSF samples underwent total RNA extraction and
purification using the Zymo RNA clean and concentrator-5
kit (Zymo Research, cat. No. R1013, Irvine, CA, USA).
Subsequently, the purified RNA was utilized to generate an
RNA-seq library. To conduct MeRIP-seq analysis, we
subjected purified RNA to hyperthermia, cutting it into
200 nt lengths. The resulting fragments were then introduced

654 DANPING ZHU et al.



into the precipitation buffer alongside the anti-m6A Antibody
(Sigma-Aldrich, ABE572, St. Louis, Missouri, USA). Following
magnetic separation and the removal of the supernatant, an
RNA enzyme inhibitor was introduced and allowed to
incubate for 1–3 h at 4°C. Following rinsing with high and
low salt precipitation buffers, the RNA present in the eluate
underwent purification and was employed for the generation
of a library. Subsequently, RNA Sequencing was performed
using NovaSeq (Illumina NovaSeq 6000) PE150 following
the guidelines provided by the manufacturer. Subsequently,
the combined analysis of MeRIP-seq and RNA-seq data
(MeRIP-seq input library data) was conducted following the
previously outlined methodology [25]. The level of gene
expression was computed based on fragment length, and the
read counts were assigned to these fragments, subsequently
normalized using a variation of the FPKM method. In this
context, we screened and organized differentially expressed
genes based on criteria such as log2FC (log2FC greater than
0 for upregulated genes; log2FC less than 0 for
downregulated genes), p-value, and False Discovery Rates
(FDR) derived from RNA-seq differences. Differential RNA
methylation analysis utilized the tool called “exome Peak”.

Ethics approval and EV71 isolation
Approval for this study was granted by the ethics committee
at Guangzhou Women and Children’s Medical Center
under the reference numbers Nos. 2017122501,
VIVA07201904, and 2021019A01. All actions conducted
with human participants adhered to ethical standards set by
the institution, national research guidelines, and the 1964
Helsinki Declaration, along with subsequent amendments or
equivalent ethical standards. Informed written consent was
acquired from the legal guardians of the patients who were
enrolled in the study. EV71, sourced from the Center for
Disease Control and Prevention of Guangdong Province in
Guangzhou, China, underwent transfection with the VP1
plasmid in mouse SCs, following a previously outlined
procedure [8].

Cell line and culture
Mouse SCs (#M1700) were cultured in SCs medium (#1701),
both products purchased from Sciencell Research
Laboratories, Inc. (Carlsbad, CA, USA), following the
manufacturer’s provided guidelines. SCs stably expressed SC
marker nerve growth factor receptor (NGFR) in confocal
imaging (Suppl. Fig. S1). Cell viability was 90% according to
Trypan blue (Sigma, cat. no. T8154, St. Louis, Missouri,
USA) staining. For the experiments, the cell concentration
was standardized to 1 × 105/ml.

EV71-VP1 and gp78 overexpression vectors
RNA from EV71 was isolated employing TRIzol (Invitrogen
Inc., #15596-026, Carlsbad, CA, USA), and cDNA was
synthesized through reverse transcription using the
ImProm-IITM Reverse Transcription System (Promega,
A3800, Madison, WI, USA). Separate amplification of VP1
and gp78 cDNAs was conducted through PCR (TOYOBO
Co., Ltd., Tokyo, Japan) employing the primers specified in
Suppl. Table S1. After the separation and purification of
PCR amplicons, they were subsequently subcloned into the

pEGFP-c3 expression vector (Takara Bio, Otsu, Japan). To
verify the successful cloning, sequencing was carried out by
Sangon Biotech. Comparison of the results was conducted
with the VP1 and gp78 cDNA sequences documented in the
GenBank database (GenBank accession numbers: U55763
and Query-12825).

Small interfering RNA (siRNA) against PMP22
SiRNA targeting PMP22 (siPMP22, sc-42037) was utilized at a
concentration of 100 nmol and introduced into the cells using
the siRNA transfection reagent (sc-37007), both products
obtained from Santa Cruz Biotechnology, Inc. (CA, USA).
The transfection process took place 24 h before the
commencement of the experiments.

Experimental grouping and cell transfection
The mouse SCs were divided into five groups. The PEGFP-C3
+EV71-VP1 overexpression group (VP1 group) was the
experimental group. In order to investigate the function of
PMP22 and gp78 on EV71 infection, the VP1 group cells
were also transfected with siPMP22 (VP1+siPMP22 group)
or gp78 overexpression vector (VP1+OE-gp78 group). Blank
control (Ctrl group) consisted of normal cells, while
negative control (NC group) included cells transfected with
PEGFP-C3. The cell lines were passaged the day prior to
transfection to achieve a confluence level of 70%–80%.
During transfection, Lipofectamine 2000 (#11668019) and
Opti-MEM medium (#31985070) were employed, following
the provided manufacturer’s instructions. Both products
were purchased from Invitrogen Inc., Carlsbad, CA, USA.

Cell counting Kit‑8 (CCK‑8) assay
Cell harvesting occurred 48 h post-transfection, spanning the
period from 0 to 72 h. The cell concentration was standardized
to 1 × 105/m, and approximately 1 × 104 cells were collected.
Following the combination with 10 µl of CellTiter96AQ Single
solution cell proliferation detection reagent (1:10, Promega,
#G3582, Madison, WI, USA), the cells underwent a 4-h
incubation period. Subsequently, a Multiscan MK3
microplate reader (Thermo Fisher Scientific, Waltham, MA,
USA) was utilized to scan and quantify the optical density
at 490 nm.

TUNEL assay
PBS was used to rinse cultured cells, eliminating the culture
medium. Following this, the cells were subjected to fixation
in 4% paraformaldehyde for 25 min at 4°C, followed by two
washes with PBS. Afterward, the cells underwent labeling
for DNA fragmentation through terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL;
Promega, #G3250, Madison, WI, USA), adhering to the
guidelines provided by the manufacturer. Cellular images
were acquired employing an inverted light microscope
CKX41 U-CTR30-2 (Olympus, Tokyo, Japan) and a
fluorescence microscope DMI6000B (Leica Microsystems,
Wetzlar, Germany).

Quantitative real-time PCR
The cells were subjected to RNA extraction using Trizol
reagent (Invitrogen Inc., #15596-026, Carlsbad, CA, USA),
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following the provided instructions. The obtained RNA was
then reverse transcribed into cDNA utilizing PrimeScript II
1st Strand cDNA Synthesis Kit (Takara Bio, #D6210A, Otsu,
Japan). Utilizing SYBR� Premix Ex TaqTM II (Perfect Real
Time from Takara Bio), qPCR was conducted in accordance
with the provided manufacturer’s guidelines. The primer
sequences can be found in Suppl. Table S2. β-actin was
utilized as the internal reference.

Western blot
Lysis of mouse SCs was carried out by employing a RIPA lysis
and extraction buffer (#89900). The protein concentration
within the lysates was assessed using the Micro BCA Protein
Assay Kit (#23235). All products were purchased from
Thermo Fisher Scientific, Waltham, MA, USA.
Subsequently, the proteins underwent separation via
SDS‑PAGE and transfer onto polyvinylidene fluoride
membranes. These membranes underwent a 1-h blocking
step at room temperature (RT), followed by incubation with
a primary antibody as detailed in Suppl. Table S3. After
three cold TBST washes (a mixture of Tween 20 and Tris-
Buffered Saline), the membranes underwent incubation with
a peroxidase-conjugated secondary antibody (rabbit anti-
mouse IgG (H+L), 1:4000; SouthernBiotech, #6170-05,
Birmingham, AL, USA or goat anti-rabbit IgG (H+L chain-
specific), 1:5000; SouthernBiotech, #4050-05, Birmingham,
AL, USA) at room temperature for 1 h. Following three
TBST washes, protein expression was identified using an
enhanced chemiluminescent development reagent (BeyoECL
Plus, Beyotime, Beijing, China). Densitometry analysis was
performed utilizing Quantity One software (Bio-Rad,
Hercules, CA, USA), and the intensities of the bands were
standardized against those of GADPH.

Immunofluorescence
Following transfection, cells were cultured on sterile coverslips
and left to incubate overnight at 37°C for immunofluorescence
assays. For immunofluorescence staining, the cells underwent
fixation with 4% paraformaldehyde for 30 min, exposure to
0.2% Triton X-100 for 5 min at 4°C, and then underwent
three washes with ice-cold PBS. After blocking with 10%
normal goat serum from Jackson ImmunoResearch (West
Grove, PA, USA) for half an hour, the cells were exposed
overnight at 4°C to primary antibodies (anti-EV71
polyprotein VP1 (1:1000, Bioss Antibodies, Inc., bs-2297R,
Woburn, MA, USA), anti-LC3B (1:1000, Sigma, St., L7543,
Louis, MO, USA), recombinant anti-SQSTM1/p62 (phospho
S349) antibody (1:1000, Abcam, ab211324, Cambridge,
United Kingdom), or anti-SQSTM1/p62 (1:1000, Abcam,
ab56416, Cambridge, United Kingdom). The cells were
incubated with goat anti-mouse IgG (H+L) secondary
antibody DyLight 594 (1:1000; Thermo Fisher Scientific,
#35510, Waltham, MA, USA) at room temperature for 1 h
following removal of the primary antibody and three PBS
rinses. DAPI staining was performed before visualization
employing a Leica confocal microscope (Leica Microsystems,
Wetzlar, Germany).

Co-immunoprecipitation (Co-IP) experiment
Co-IP assays were conducted with the gp78 antibody (bs-
1219R), PMP22 antibody (bs-0235R), both acquired from
Bioss Antibodies, Inc., Woburn, MA, USA, and the ubiquitin
antibody (Abcam, ab134953, Cambridge, UK). Subsequently,
co-precipitated proteins were analyzed through western
blotting. Lysis of the cells was achieved by employing ice-
cold IP lysis buffer for 5 min, followed by centrifugation at
13,000 ×g for 10 min to precipitate cellular debris.
Transferring the supernatant to a fresh tube, the
determination of protein concentration was conducted using
the Micro BCA Protein Assay Kit (Thermo Fisher Scientific,
#23235, Waltham, MA, USA). The protein lysate from the
mouse SCs that had been transfected with the EV71-VP1
overexpression vector was regarded as the experimental
group, and the protein lysate from empty vector-transfected
cells was used as control. The Co-IP procedure was executed
utilizing a Thermo Scientific Pierce Co-IP kit (Thermo
Fisher Scientific, #26149, Waltham, MA, USA) in
accordance with the provided manufacturer’s guidelines. The
protein samples were separated by SDS-PAGE, with non-
specific mouse IgG utilized as a negative control.

Statistical analysis
The experiments were replicated thrice, and the results were
expressed as means ± standard error (SE). Analysis of
statistics was carried out employing SPSS 22.0 for Windows
from IBM (Armonk, NY, USA). Comparison of data across
multiple groups was conducted through one-way ANOVA
and Dunnett’s post hoc test or adjusted using the Bonferroni
method. Statistical significance was determined for two-
sided p-values less than 0.05.

Results

AMFR/gp78 of ubiquitin-specific protease binding enrichment
and positive regulation of myelination in EV-infected
children with neurological involvement
In our cohort study in children with EV infection [25], the
gene ontology (GO) molecular functional and biological
process enrichment results of ubiquitin-related input RNA
genes both showed the significant enrichment of AMFR/
gp78 in children with neurological involvement (NS group)
(p = 0.003 and p = 0.01, respectively) (Table 1), whose
ubiquitination substrate proteins include PMP22 [32].
Furthermore, in contrast to individuals with EV infection
lacking neurological symptoms, we detected an
enhancement in positive myelination regulation and
ubiquitin-specific protease binding within the NS cohort.
This was achieved through the combined examination of
MeRIP-seq and RNA-seq data (Suppl. Fig. S2). In addition,
PLEKHA4 enrichment was recognized as a gene specific to
nerve tissue in the NS group (Suppl. Table S4), which was a
regulator of the E3 ubiquitin ligase and controlled
disheveled ubiquitination [33,34]. These findings indicated
that active myelination and abnormal protein ubiquitination
occur when EV infection involves nerves.
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Gp78 participates in PMP22 regulation in VP1-overexpressing
mouse Schwann cells
As an important myelin protein in childhood, PMP22 is
essential for myelin growth and repair, and 80% of it is
degraded by the UPS-ER PQC (protein quality control)
system. When overexpressed PMP22 exceeds the
degradation capacity of this system, it will induce PMP22
aggregation and cause disease [20]. In order to test our
hypothesis that gp78 participates in VP1-induced PMP22
accumulation, we knocked down PMP22 and overexpressed
gp78 in VP1-overexpressing mouse SCs. Immunofluore-
scence staining revealed prominent fluorescent signals for
VP1 in all experimental groups, with no significant
differences in average fluorescence intensity observed among
the VP1, VP1+PMP22si, and VP1+OE-gp78 groups (Fig. 1).
This result confirmed the successful establishment of VP1
overexpressing mouse SC models. As shown in Figs. 2A and
2B, the expression of PMP22 significantly increased in VP1-
overexpressing cells at both the mRNA and protein
concentrations when compared to the Ctrl group. The
protein level exhibited an elevation in gp78 expression;
however, there was no concurrent increase observed at the
mRNA quantity (Figs. 2A and 2B). Compared with VP1-
overexpressing cells, the expression level of PMP22 was
significantly decreased in gp78-overexpressing cells (Figs. 2A
and 2B, p < 0.001). On the other hand, PMP22 silencing
resulted in a downregulated tendency of gp78 expression in
VP1-overexpressing cells (Fig. 2B). These data indicate that

gp78 participates in PMP22 regulation in VP1-
overexpressing mouse SCs.

PMP22 silencing and gp78 overexpression alleviates
VP1-induced ERs
The authors’ group previously indicated that PMP22 was
involved in VP1-mediated ERs and mouse SCs autophagy
[8]. In this study, we detected all three ER transmembrane
receptors and related downstream signal molecules. From
the western blot analysis (Fig. 2 and Suppl. Table S5), the
protein expression levels of PERK, ATF6, and IRE1 were
significantly increased in VP1-overexpressing mouse SCs
compared with the Ctrl and NC groups (Figs. 2C and 2D)
(p < 0.001), the same with two downstream signals of ERs,
caspase12 and CHOP. The ER-resident chaperone GRP78
also had the same tendency (Figs. 2C and 2D). Furthermore,
PMP22 silencing resulted in significantly reduced expression
of PERK, ATF6, IRE1, and GRP78 at the protein level
compared with VP1-overexpressing cells (Figs. 2C and 2D).
the downstream signals, CHOP, and caspase 12, also had a
significantly reduced expression level in PMP22 silencing
combined with VP1-overexpressing cells. The same
phenomenon was observed in gp78-overexpressing cells
compared with VP1-overexpressing mouse SCs (Figs. 2C
and 2D, p < 0.001). In comparison with the PMP22
silencing group, the declined tendency of PERK, ATF6,
IRE1, and GRP78 expression was more significant in gp78-
overexpressing cells, the same with CHOP and caspase12

TABLE 1

GO enrichment analysis of ubiquitin-related input RNA genes in children afflicted by EV infection with neurological involvement

GO GO ID GO term Query
ID

Description p-value FDR Enrichment

MF GO:1990381 Ubiquitin-specific
protease binding

AMFR Autocrine motility factor receptor,
E3 ubiquitin protein ligase

0.003095717 0.095176655 23.68194444

GO:1990381 Ubiquitin-specific
protease binding

PARK7 Parkinson protein 7 0.003095717 0.095176655 23.68194444

BP GO:0006511 Ubiquitin-dependent
protein catabolic process

AMFR Autocrine motility factor receptor,
E3 ubiquitin protein ligase

0.00958181 0.122448069 3.876091229

GO:0006511 Ubiquitin-dependent
protein catabolic process

USP9X Ubiquitin-specific peptidase 9,
X-linked

0.00958181 0.122448069 3.876091229

GO:0006511 Ubiquitin-dependent
protein catabolic process

USP34 Ubiquitin-specific peptidase 34 0.00958181 0.122448069 3.876091229

GO:0006511 Ubiquitin-dependent
protein catabolic process

FBXO22 F-box protein 22 0.00958181 0.122448069 3.876091229

GO:0006511 Ubiquitin-dependent
protein catabolic process

CACUL1 CDK2-associated, cullin domain 1 0.00958181 0.122448069 3.876091229

CC GO:1990452 Parkin-FBXW7-Cul1
ubiquitin ligase complex

FBXW7 F-box and WD repeat domain
containing 7, E3 ubiquitin protein
ligase

0.019634237 0.140788547 50.59943978

GO:0035068 Micro-
ribonucleoprotein
complex

DICER1 Dicer 1, ribonuclease type III 0.04521977 0.186432385 21.68547419

Note: CC, cellular components; BP, biological process; GO, Gene Ontology; MF, molecular function; NS, neurological symptoms.
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(Figs. 2C and 2D). Therefore, PMP22 silencing and gp78
overexpression alleviate VP1-induced ERs.

PMP22 silencing and gp78 overexpression reduce VP1-induced
autophagy
In order to describe the effect of VP1 on mouse SCs autophagy
and investigate whether PMP22 and gp78 are involved in this
process, the autophagy markers LC3B and p62 were measured
in this study. Compared with the Ctrl and NC groups, the
western blot showed that VP1 overexpression upregulated
the expression of LC3B (Fig. 2D) (p < 0.001). When co-
transfected with PMP22 silencing or gp78 overexpression,
the LC3B expression level was reduced compared with VP1-
overexpressing cells (Fig. 2D) (p = 0.02; p < 0.001). Notably,
VP1 overexpression did not change the expression of p62;
PMP22 silencing also showed the same result. While gp78
overexpression reduced the expression level of p62 in VP1-
overexpressing cells (Fig. 2D) (p = 0.03). Furthermore, the
LC3B II to LC3B I ratio in gp78-overexpressing cells was
also significantly lower compared with VP1-overexpressing
cells (Fig. 2E) (p = 0.03). Nevertheless, the ratio of p-p62 to
p62 reduced significantly in VP1-overexpressing cells, and
PMP22 silencing or gp78 overexpression reversed the
phenomenon (Fig. 2F) (p < 0.001). Immunofluorescence
analysis demonstrated similar results (Suppl. Figs. S3–S5).

VP1 reduces the ubiquitination degradation of PMP22 through
gp78
In order to explore the regulation relationship between gp78
and PMP22, Co-IP assays were performed in VP1-
transfected and empty vector-transfected mouse SCs (NC
group). As shown in Figs. 3A and 3B, PMP22 could be
precipitated by the gp78 and ubiquitin antibody in VP1-
transfected and empty vector-transfected mouse SCs. In
addition, gp78 and ubiquitin could also be precipitated by
the PMP22 antibody (Fig. 3C). Those results indicated that
the expression of PMP22 might be regulated by gp78
through ubiquitination. As revealed by quantification
analysis, the interaction between gp78 and PMP22 was
significantly reduced in VP1-overexpressing cells compared
with the negative control (Fig. 3D) (p < 0.001). A similar
trend was observed between PMP22 and ubiquitin (Fig. 3E).
Fig. 3F also demonstrated the same result. From those data,
we speculated that VP1 could reduce the ubiquitination
degradation of PMP22 through gp78, resulting in PMP22
accumulation.

PMP22 silencing or gp78 overexpression improves the
proliferation rate of cells overexpressing EV71-VP1
In order to explore the influence of EV71-VP1 on cell growth
and further elucidate the impact of PMP22 silencing or gp78

FIGURE 1. Immunofluorescence staining of VP1 in mouse Schwann cells (200). VP1 overexpressing Mouse SCs were transfected with
siPMP22 or gp78 overexpression vector, respectively. Mouse SCs were transfected with pEGFP-c3-VP1 for 36 h. Cells transfected with
pEGFP-C3 served as negative control (NC). (A) Quantification of relative VP1 expression level by immunofluorescence staining analysis.
The data are presented as means ± SE. *p less than 0.05 compared to the Ctrl group. #p less than 0.05 compared to the VP1 group. (B)
Representative images of VP1 stain by immunofluorescence assay. Mouse SCs were subjected to laser scanning confocal microscopy after
staining with VP1 stain (emitting green fluorescence) and a nuclear dye (DAPI, emitting blue fluorescence). The scale bars represent a
length of 50 μm.
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overexpression on this process, EV71-VP1 was transfected into
mouse SCs, combined with PMP22 silencing or gp78
overexpression. All cells were cultured and collected at 24,
48, and 72 h. Cell proliferation was evaluated through the
utilization of the CCK-8 test. The findings demonstrated a
notable decline in the growth rate of cells transfected with
VP1 over time when compared to both the Ctrl and NC
groups (Fig. 4A). We also applied the TUNEL assay to
evaluate cell apoptosis (Figs. 4B and 4C). The apoptotic cell
proportion of VP1-overexpressing cells was significantly
increased compared to the Ctrl and NC groups (Fig. 4B)
(38% vs. 4%, p = 0.003; 38% vs. 3%, p = 0.003). Furthermore,
PMP22 silencing did not decrease apoptotic cell proportion
in EV71-VP1-overexpressing cells (25% vs. 38%, p = 0.16).
The results were similar in gp78 overexpression cells (20%
vs. 38%, p = 0.05). In addition, PMP22 silencing and gp78
overexpression improved the proliferation rate of EV71-VP1-
overexpressing cells at 48 and 72 h (Fig. 4D).

Discussion

This research demonstrated that EV71-VP1 has the potential
to impact gp78 activity, leading to a decrease in the

ubiquitination and degradation of PMP22. This results in
the buildup of PMP22 within the ER, triggering ER stress
and autophagy in mouse SCs overexpressing EV71-VP1
(more details in Fig. 5). VP1-overexpressing cells exhibited
activation of all three ER stress sensors (ATF6, PERK, and
IRE1) along with their corresponding downstream signals
(Caspase 12 and CHOP). LC3B was also upregulated, while
PMP22 silencing or gp78 overexpression reversed the
phenomenon. PMP22 silencing or gp78 overexpression
increased proliferation of EV71-VP1-transfected cells. Those
findings help understand how EV71 interacts with host
cells, suggesting possible therapeutic targets against EV71
infection-related neurologic injury.

Previous studies showed that several viruses could induce
ERs and activate the UPR signaling pathways, such as the
West Nile virus and dengue virus [35,36]. The authors’
group also previously reported ERs activation in autophagy
of EV71-VP1-overexpressing mouse SCs and PMP22 were
involved in this process, but without exploring the exact
pathways involved. In this study, it was found that EV71-
VP1 could affect the activity of gp78 to induce decreased
ubiquitination and degradation of PMP22, resulting in the
accumulation of PMP22 in the ER, causing a series of ERs

FIGURE 2. Effect of PMP22 Silencing and gp78 overexpression in VP1 overexpressing mouse Schwann cells. VP1 overexpressing Mouse SCs
were transfected with siPMP22 or gp78 overexpression vector, respectively. Mouse SCs underwent transfection with pEGFP-c3-VP1 over a
duration of 36 h, utilizing PEGFP-C3-transfected cells as the negative control (NC). (A) mRNA expression levels of PMP22 and gp78. (B)
Quantification of relative PMP22 and gp78 expression levels by western blot analysis. (C) Representative images of PMP22, gp78, ER
stress-associated signal molecules, and autophagy markers expression by western blot analysis. (D) Quantification of relative ER stress-
associated signal molecules and autophagy markers expression levels by western blot analysis. (E) Ratio of LC3B II to LC3B I. (F) Ratio of
p-p 62 to p62. The results are presented as means ± SE from three distinct repetitions. *p < 0.05 compared to the Ctrl group. #p < 0.05
compared to the VP1 group.
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responses in the mouse SCs. Accumulating evidence shows
that gp78 is crucially involved in regulating cell division,
ERAD pathway, maintenance of cellular proteostasis, and
mitophagy [32]. Furthermore, gp78 is involved in
neuroprotection and several neurodegenerative diseases [32].

In the classical Parkinson’s disease model, gp78 was
significantly decreased, and its overexpression could protect
neurons against MPP+-induced cell death [37]. In the case
of CMT disease, a previous study also demonstrated that
gp78 employs the proteasomal pathway to break down

FIGURE 3. Co-immunoprecipitation analysis of the relationship between PMP22 and gp78. SCs underwent transfection with pEGFP-c3-VP1
over a duration of 36 h, utilizing PEGFP-C3-transfected cells as the negative control (NC). Positive and negative references were employed as
input and non-specific mouse IgG, respectively. (A) Representative western blot image of PMP22 expression precipitated by gp78 antibody. (B)
Representative western blot image of PMP22 expression precipitated by ubiquitin protein antibody. (C) Representative western blot image of
gp78 and ubiquitin protein expression precipitated by PMP22 antibody. (D) Quantification of relative PMP22 expression. (E) Quantification of
relative ubiquitinated PMP22 expression. (F) Quantification of relative gp78 and ubiquitin expression. Results are presented as means ± SE.
Statistical significance is denoted by *p < 0.05 compared to the NC group.

FIGURE 4. Effect of PMP22 silencing and gp78 overexpression on proliferation and apoptosis of mouse SCs overexpressing VP1. VP1-
overexpressing mouse SCs underwent transfection with either siPMP22 or a gp78 overexpression vector. Mouse SCs underwent
transfection with pEGFP-c3-VP1 over a duration of 36 h, utilizing PEGFP-C3-transfected cells as the negative control (NC). For the CCK-
8 test, all cells were collected after transfection for 48 h, at a series of times from 0~72 h. (A) Growth curve of different experiment cells, the cell
proliferation rate was evaluated by the CCK-8 method. (B) The apoptotic cell proportion of different experiment cells. The proportion was
represented by the percentage of DNA fragmentation. (C) Fluorescence microscope observation of different experiment group mouse SCs.
DNA fragmentation was assessed by TUNEL assay; green-staining cells have DNA fragmentation. Nuclear (DAPI) was stained by blue
fluorescence. Scale bars are 100 μm. (D) Cell proliferation status in different incubation times from 0 to 72 h. The results are expressed as
means ± SE. Statistical significance is denoted by *p < 0.05 compared to the Ctrl group and #p < 0.05 compared to the VP1 group.

660 DANPING ZHU et al.



mutated PMP22, which is the causative factor for the disease
[17]. Moreover, gp78 is involved in promoting innate immune
responses to microbial infections. Depleting gp78 leads to a
significant reduction in vesicular stomatitis virus infection
and a simultaneous amplification of type I interferon
signaling [38]. In another study, it was found that gp78 has
the ability to mediate the ubiquitination of NOD-, LRR-,
and pyrin domain-containing protein 3 (NLRP3), thereby
inhibiting the activation of the inflammasome [39]. In the
present study, the overexpression of gp78 could help reduce
the ERs induced by EV71-VP1, alleviate autophagy, and
reduce the apoptosis of SCs. These results indicated the
protective role of gp78 during EV71 infection, and its
depletion could aggravate nervous system damage. Whether
medications targeting gp78 would be helpful to alleviate
EV71-induced myelin cells and neuronal damage needs
further study.

Our results revealed that the increase in ubiquitination
was not sufficient to cause the degradation of the
significantly elevated PMP22 protein, although EV71
infection can simultaneously upregulate PMP22 and induce
ubiquitination to some extent. Excessive accumulation of
PMP22 induces autophagy and causes myelin damage
[40,41]. This was further evidenced by a significant
reduction in the damage of the infected cells after
overexpression of gp78. PMP22 silencing improves the
proliferation rate of EV71-VP1-overexpressing cells in our
study. Previous research found that inhibiting PMP22
boosts etoposide-induced cell apoptosis, and the negative
regulation of PMP22 by MiR-139-5p hinders cell
proliferation in Gastric Cancer [42,43]. During peripheral
nerve regeneration, the dysregulated interaction of
miR‑29a‑3p and PMP22 within Schwann cells (SCs) could
impact cellular proliferation and migration [44]. All those
results indicate that PMP22 can be a potential treatment
target. The present study showed that the accumulation of

PMP22 triggered the UPR and all three ERs sensors (ATF6,
PERK, and IRE1), and their related signaling pathways were
activated. In addition, the ER-resident chaperone GRP78
was also activated. A different investigation uncovered that
EV71 infection could potentially lead to the elevation and
abnormal redistribution of GRP78 into the cytosol, thereby
aiding in virus replication [31]. Some other viruses can
activate a subset or only one protein of the UPR pathways.
For instance, the IRE1 pathway is induced in severe acute
respiratory syndrome virus infection [45], and rotavirus
activates the IRE1 and ATF6 pathways [46]. In addition,
raised PERK-P and phosphorylated eukaryotic initiation
factor 2 alpha (eIF2a-P) are detected in mice affected by
prion disease [47]. Furthermore, mice subjected to
GSK2606414, a highly selective inhibitor of PERK, showed
no clinical symptoms associated with prion disease.
Neuroprotection was evident throughout the brain [48],
indicating a promising application of PERK inhibition in the
prevention of neurologic diseases and neurodegeneration. In
this study, activated UPR was observed in VP1-
overexpressing SCs and related to autophagy and cell
apoptosis. It could partly explain the mechanisms of central
nervous system damage during EV71 infection. The
potential therapeutic impact of inhibiting UPR, as well as
the associated sensors and signals, in neuroprotection
during EV71 infection requires further exploration.

An earlier investigation demonstrated that EV71
infection has the ability to trigger ERs but alters the
outcome to support viral replication [26]. In this research,
the heightened expression of the autophagy marker LC3B
confirmed that autophagy was induced in VP1-
overexpressing cells. Furthermore, through the CCK‑8 and
TUNEL assays, delayed cell proliferation and increased
apoptosis were observed in mouse SCs and were probably
caused by VP1-induced ERs. Those data showed that VP1-
induced ERs accelerated cell death, contributing to the

FIGURE 5. EV71-VP1 induces the PMP22 accumulation through gp78 and causes ER stress and autophagy in mouse Schwann cells. EV71-
VP1 could affect the activity of gp78 to decrease the ubiquitination and degradation of PMP22, resulting in PMP22 accumulation in ER.
Accumulated PMP22 triggered the UPR, induced the up-regulation of three ER stress sensors (ATF6, PERK, and IRE1) and the related
downstream signals (CHOP and Caspase 12), as well as the ER-resident chaperone GRP78. In addition, VP1 upregulated the autophagy
marker LC3B but did not change the expression of p62.
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central nervous system lesion in some EV71 cases. Therefore,
it can be speculated that EV71 infection could induce
excessive ERs, leading to cell death and facilitating virus
invasion.

There are some limitations to this study. In GO analysis
of clinical samples from patients, myelination was
upregulated, and our clinical samples were from children.
Previous studies have shown that when the nervous system
is damaged in adults, myelination is upregulated [14,49,50],
but whether the same mechanism is observed in children is
unknown. When a child’s nervous system is damaged, the
body usually initiates a series of repair and regeneration
mechanisms to rebuild the myelin sheath of the damaged
nerve fibers, resulting in myelination upregulation [51]. This
upregulated myelination facilitates the protection and repair
of nerve fibers. However, upregulated myelination does not
imply a re-establishment of normal function since it appears
that remyelination after demyelination never restores the
myelin sheath to its original characteristics [51]. In
conclusion, our study showed that the overexpression of
VP1 in cells actually leads to apoptosis of myelin cells. We
intend to conduct further future studies using clinical
samples from adults.

In conclusion, the current investigation strongly
indicates that gp78 controls the build-up of PMP22 in the
ER and induces ERs in EV71-VP1-overexpressing cells. This
process is associated with autophagy activation and cell
apoptosis. Unlike apoptosis, autophagy is a protective
mechanism for cells, but both were activated in VP1-
overexpressing cells. Based on those findings, it can be
speculated that in the early stage of EV71 infection, EV71-
VP1 activates autophagy to eliminate the ERs, but the
constant ERs ultimately lead to cell apoptosis. Increased
gp78 or reduced aggregation of PMP22 could help protect
mouse SCs from VP1-induced cell damage. Exploring the
therapeutic potential of the gp78/PMP22/ER stress axis
appears to be a promising strategy for addressing EV71
infection and warrants further investigation before
advancing to clinical trials.
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