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Encephalomyocarditis virus (EMCV) causes encephalitis, myocarditis, neuropathy, reproductive 
disorders, and diabetes in animals. EMCV is known to induce cell autophagy; however, the 
molecular mechanisms underlying this remain unclear. Here, we  show that the type 
III-transmembrane protein, transmembrane protein 39A (TMEM39A), plays a critical role in 
EMCV replication. We showed that EMCV GS01 strain infection upregulated TMEM39A 
expression. Importantly, EMCV induced autophagy in a range of host cells. The autophagy 
chemical inhibitor, 3-MA, inhibited EMCV replication and reduced TMEM39A expression. 
This is the first study demonstrating TMEM39A promoting the replication of EMCV via 
autophagy. Overall, we show that TMEM39A plays a positive regulatory role in EMCV 
proliferation and that TMEM39A expression is dependent on the autophagy pathway.

Keywords: transmembrane protein 39A, encephalomyocarditis virus, replication, autophagy, ATG7

INTRODUCTION

Encephalomyocarditis virus (EMCV) is a positive sense single-stranded RNA virus belonging to 
the Picornaviridae family (Koenen, 2006). EMCV is commonly used to study innate immune 
responses toward double-stranded RNA (dsRNA) (Carocci and Bakkali, 2012). EMCV causes 
encephalitis, myocarditis, neuropathy, reproductive disorders, and diabetes in domestic animals, 
rodents, and primates (Carocci and Bakkali, 2012). EMCV infection is common in large-scale 
pig farms in China (Zhang et  al., 2017). EMCV can also infect humans as the serum prevalence 
rate of EMCV in healthy Chinese people is approximately 30.56% (Feng et  al., 2015). Therefore, 
an in-depth understanding of EMCV has important implications for public health (Oberste et  al., 
2009). EMCV life cycle and molecular epidemiology are well studied (Bai et  al., 2014; Feng et  al., 
2015, 2015; Liu et  al., 2016; Luo et  al., 2017; Zhang et  al., 2017). However, little is known about 
the factors that influence EMCV replication. In a yeast two-hybrid screening, we  previously found 
that transmembrane protein 39A (TMEM39A) interacted with EMCV capsid proteins, VP1 and 
VP2. TMEM39A belongs to the type III-transmembrane protein family and has eight transmembrane 
domains (Tran et  al., 2017). TMEM39A is known to be  associated with autoimmune diseases, 
such as systemic lupus erythematosus and multiple sclerosis (Mccauley et  al., 2010; Lessard et  al., 
2012; Varade et  al., 2012; Sheng et  al., 2015; You et  al., 2015; Wagner et  al., 2017). Furthermore, 
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TMEM39A has been proposed to be  a novel marker for the 
diagnosis of glioma and other tumors (Park et  al., 2017).

Previous studies have shown that EMCV infection can induce 
autophagy in host cells (Zhang et al., 2011); however, the underlying 
molecular mechanism of EMCV-induced autophagy remains elusive. 
Cell autophagy (or autophagocytosis) is the phenomenon of “self-
eating” within eukaryotic cells, which is a ubiquitous mechanism 
that refers to the use of lysosomes to degrade the damaged 
organelles and macromolecular materials, a process that is under 
the regulation of autophagy-related genes (Atg) (Levine, 2005; 
Levine and Deretic, 2007; Schmid and Münz, 2007). The conversion 
of microtubule-associated protein 1 light chain 3 (MAP1LC3/
LC3) and the degradation of sequestosome 1 (SQSTM1, p62) 
are considered the primary indicators of autophagy (Xiao et  al., 
2016). LC3 is first cleaved by ATG4B to form LC3-I, which is 
subsequently lipidated by phosphatidylethanolamine (PE) to form 
LC3-II via an interaction with ATG3 and ATG7 (You et al., 2019). 
In this study, we  show that TMEM39A directly interacts with 
EMCV VP1 and VP2 and played a positive regulatory role in 
the proliferation of EMCV. We show that EMCV induced complete 
autophagy in a number of cell lines. Overexpression of TMEM39A 
upregulated LC3B-II and ATG7 and downregulated SQSTM1 
expression. Consequently, ATG7 and LC3B expressions were 
decreased when TMEM39A was knocked down. Moreover, 
we  showed that the expression of the EMCV capsid protein, 
VP2, increased the expression of TMEM39A and ATG7 and that 
the autophagy inhibitor, 3-MA, inhibited the replication of EMCV 
and the expression of TMEM39A. Overall, these results verify a 
novel role of TMEM39A in positively regulating the replication 
of EMCV via autophagy-dependent pathway. Our findings provide 
novel ideas for clarifying the role of TMEM39A in viral infections.

MATERIALS AND METHODS

Cells, Virus, and Plasmids
C2C12, BHK-21, and HEK293 cells were obtained from ATCC 
and cultured in Dulbecco’s modified Eagle’s medium (DMEM; 
Lanzhou Minhai Bio-engineering) supplemented with 10% (v/v) 
newborn bovine serum (NBS; Lanzhou Minhai Bio-engineering) 
in a 37°C incubator. We  used the EMCV GS01 strain in this 
study and was isolated as previously described (Feng et al., 2015). 
pET28a, pET30a, His-VP1, His-VP2, His-VP3, pCMV-HA, 
HA-VP1, HA-VP2, pGEX-6P-1, GST-TMEM39A, pCMV-Myc, 
Myc-EGFP, Myc-TMEM39A, pcDNA3.1(+), 3.1-TMEM39A, 
pDsRed-monomer-N1, Red-LC3, pCMV6-Entry, and Entry-
TMEM39A were all cloned and produced in-house in our laboratory.

Antibodies and Reagents
Anti-HA antibody (A02040) was purchased from Abbkine. 
Antibodies against ACTB (ab6276), 6  ×  His tag (ab18184), GST 
(ab92), and TMEM39A (ab175618) were purchased from Abcam. 
Anti-LC3B antibody (14600-1-AP) was purchased from Proteintech. 
Anti-ATG7 antibody (AA820) was purchased from Beyotime. Anti-
SQSTM1/p62 antibody (WH098631) was purchased from Abclonal. 
Peroxidase AffiniPure goat anti-rabbit IgG (H + L) (111-035-003) 
and anti-mouse IgG (H + L) (115-035-003) were purchased from 

Jackson ImmunoResearch Laboratories. RIPA (P0013K), NP40 
(P0013F) and PMSF (ST506-2) were purchased from Beyotime. 
Lipofectamine™ 2000 (11668019), Pierce™ GST protein interaction 
pull-down kit (21516), and protein G dynabeads™ (10004D) were 
purchased from ThermoFisher. 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, M5655) and 3-methyladenine 
(3-MA, M9281) were purchased from Sigma-Aldrich.

Quantitative Reverse Transcription Real-
Time Polymerase Chain Reaction
Total RNA was extracted from cells and supernatant using the 
RNAiso Plus kit (Takara, 9109) according to the manufacturer’s 
protocol, and RNA was reverse transcribed. RT-qPCR was done 
using the PowerUp™ SYBR Green Master Mix (ThermoFisher, 
A25742) or the Premix Ex Taq Probe qPCR (Takara, RR390A). 
The expression level of each target gene was calculated by 
normalization to ACTB using the ΔΔCT method, and the ratio 
of the two genes in the control group was normalized to 1. All 
RT-qPCR primer sequences are listed in Table 1.

Immunoblotting
Cell monolayers were incubated on ice with RIPA lysis buffer 
(Beyotime, P0013K) containing PMSF (Beyotime, ST506-2). 
Proteins were separated on 15% SDS-PAGE gels and subsequently 
transferred to PVDF membranes (Merck, ISEQ00010) using a 
Trans-Blot Turbo™ RTA Mini PVDF Transfer Kit (Bio-rad, 
1704272). The membranes were then sequentially incubated 
with primary antibodies and peroxidase affinipure goat anti-
rabbit or mouse IgG (H  +  L). Specific protein bands were 
analyzed using an ECL kit (Bio-rad, 1705060).

Co-immunoprecipitation  
and Pull-Down Assays
Protein G dynabeads™ (ThermoFisher, 10004D) were mixed 
with the corresponding antibody overnight at 4°C. For Co-IP 
assays, cells were incubated in NP40 lysis buffer (Beyotime, 
P0013F) containing PMSF (Beyotime, ST506-2). The following 
day cell lysates containing the antigen was added to the Protein 
G mixture. The bead-Ab-Ag complexes were washed five times 
by gentle pipetting and subjected to immunoblotting. For the 
pull-down assays, His-labeled VP1, VP2, and VP3, pGEX-6P-1, 
and GST-TMEM39A were expressed in E.coli BL21 strain. GST 
alone or GST-TMEM39A protein was mixed with the glutathione 
agarose resin (Thermo Fisher, 21516) and incubated overnight 
at 4°C. The following day, His-labeled proteins were added 
separately to the above mixture. After conjugation, the unbound 
proteins were washed away and subjected to immunoblotting.

RNA Interference
Cells were seeded in six-well plates and allowed to reach 50% 
confluency. Cells were transfected with 150 nM specific siRNA 
using Lipofectamine™ 2000 (Invitrogen, 11668019) according 
to the manufacturer’s instructions. siRNAs targeting TMEM39A 
(GGACCCTCGTCAATCTCTT) and non-targeting control (NC) 
(ACGTGACACGTTCGGAGAA) were purchased from RiboBio. 
At 48 h post-transfection, knockdown efficiency of endogenous 
TMEM39A was confirmed by RT-qPCR and immunoblotting.
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Encephalomyocarditis Virus Infection and 
Titration of Viral Progeny
HEK293, C2C12 cells, and BHK-21 cells were infected with 
EMCV at a multiplicity of infection (MOI) of 0.0001 and 
cultured in DMEM/3%NBS for a further 24  h post-infection 
(hpi). Cells and another group of the mixture of cells and 
supernatants after repeated freezing and thawing for three times 
were harvested separately for RT-qPCR analysis and the TCID50 
assay (Reed-Muench method).

Cell Viability Assay
Cell viability was detected by the MTT assay as described 
previously (Zhang et  al., 2011).

Statistical Analysis
Results were displayed as the mean  ±  SD. Statistical analysis 
was performed using the Student’s t-test. p <0.05 was considered 
a statistically significant difference between two groups (*p < 0.05; 
**p  <  0.01; ***p  <  0.001).

RESULTS

Transmembrane Protein 39A Binds VP1 
and VP2 Directly
We recently found that TMEM39A interacted with the EMCV 
capsid proteins, VP1 (BHK-21 cell cDNA library) and VP2 
(HUVEC cell cDNA library) via the yeast two-hybrid assay. 
To verify this, we  performed in vitro Co-IP and pull-down 
assays. Since HEK293 cells endogenously express TMEM39A, 
these cells were transfected with HA-labeled VP1 or VP2. 

As expected, overexpressed HA-labeled VP1 and VP2 
co-precipitated with endogenous TMEM39A (Figure 1A). 
Similarly, GST-labeled TMEM39A pulled down His-labeled 

TABLE 1 | Sequences of the RT-qPCR primers.

Name Primer Sequence

Homo-TMEM39A-qF 5′-GGACCCTCGTCAATCTCTTTC-3′
Homo-TMEM39A-qR

Homo-ACTB-qF

5′-TACTGCCTCGTGCTGAACC-3′

5′-TGGCACCCAGCACAATGAA-3′
Homo-ACTB-qR

Homo-LC3B-qF

Homo-LC3B-qR

Mus-ATG7-qF

Mus-ATG7-qR

Mus-ATG3-qF

Mus-ATG3-qR

Mus-ATF4-qF

Mus-ATF4-qR

Mus-ACTB-qF

Mus-ACTB-qR

Mus-TMEM39A-qF2

Mus-TMEM39A-qR2

EMCV-3D-qF

EMCV-3D-qR

EMCV-probe

5′-CTAAGTCATAGTCCGCCTAGAAGCA-3′

5′-GAGAAGCAGCTTCCTGTTCTGG-3′

5′-GTGTCCGTTCACCAACAGGAAG-3′

5′-CCTGTGAGCTTGGATCAAAGGC-3′

5′-GAGCAAGGAGACCAGAACAGTG-3′

5′-TAAGGCTGACGCTGGAGGTGAA-3′

5′-GTGCTCAACTGTTAAAGGCTGCC-3′

5′-AACCTCATGGGTTCTCCAGCGA-3′

5′-CTCCAACATCCAATCTGTCCCG-3′

5′-CATTGCTGACAGGATGCAGAAGG-3′

5′-TGCTGGAAGGTGGACAGTGAGG-3′

5′-CCTCAATCTCCTGTTCCTTGGC-3′

5′-TCCTCTACTGCCTGGTGCTGAA-3′

5′-GTCATACTATCGTCCAGGGACTCTAT-3′

5′-CATCTGTACTCCACACTCTCGAATG-3′

5′(FAM)CACTTCGATCACTATGCTTGCCGTT(Eclipse)-3′

A

B

FIGURE 1 | TMEM39A binds VP1 and VP2 via a direct interaction.  
(A) Endogenous TMEM39A interacted with HA-labeled VP1 and VP2 in a 
Co-IP assay. HEK293 cells were transfected with HA-VP1, HA-VP2, or empty 
vector for 48 h. (B) In vitro assay of the interaction between GST/GST-
TMEM39A protein and His-VP1, His-VP2, or His-VP3.
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VP1 and VP2 but not VP3 (Figure 1B). These results suggest 
that TMEM39A directly interacts with EMCV VP1 and 
VP2 proteins.

Transmembrane Protein 39A Plays a 
Positive Regulatory Role in the Replication 
of Encephalomyocarditis Virus
To further investigate the role of TMEM39A in EMCV infection, 
we  overexpressed TMEM39A in HEK293 cells. TMEM39A 

mRNA and protein expression levels were significantly increased 
48 h post-transfection (Figures 2A,B). Compared to the control, 
EMCV copy number and titer were markedly higher in the 
TMEM39A-transfected group (Figures 2C,D), indicating that 
TMEM39A overexpression increased EMCV replication. 
Furthermore, knockdown of TMEM39A (Figures 2E,F) suppressed 
the EMCV proliferation (Figures 2G,H). Taken together, these 
results indicate that TMEM39A played a positive regulatory 
role in EMCV replication.

A B C

D E F

G H

FIGURE 2 | TMEM39A plays a positive regulatory role in the replication of EMCV. (A) RT-qPCR analysis of the mRNA expression level of TMEM39A in HEK293 cells 
transfected with 3.1-TMEM39A or pcDNA3.1(+) for 48 h. The level of TMEM39A mRNA was normalized to that of ACTB. (B) Immunoblotting of TMEM39A 
expression in HEK293 cells transfected with 3.1-TMEM39A or pcDNA3.1(+) for 48 h. ACTB was used as an internal reference. (C) HEK293 cells were transfection 
with 3.1-TMEM39A or pcDNA3.1(+) for 48 h and further infected with 0.0001 MOI EMCV GS01 strain at 24 hpi. Total RNA was extracted followed by RT-qPCR 
analysis of EMCV copies in the TMEM39A and empty vector groups. (D) TCID50 assay for viral titer detection in the mixture after repeated freezing and thawing of 
the 3.1-TMEM39A and pcDNA3.1(+) using the Reed-Muench method. (E) RT-qPCR analysis of the mRNA expression of TMEM39A in HEK293 cells transfected 
with 150 nM siRNA against TMEM39A or NC for 48 h. The level of TMEM39A mRNA was normalized to that of ACTB. (F) Immunoblotting of TMEM39A expression 
in HEK293 cells transfected with 150 nM siRNA against TMEM39A or NC for 48 h. ACTB was used as an internal reference. (G) HEK293 cells were transfection 
with 150 nM siRNA against TMEM39A or NC for 48 h and further infected with 0.0001 MOI EMCV GS01 strain at 24 hpi. Total RNA was extracted followed by RT-
qPCR analysis of EMCV copies in the si-TMEM39A and si-NC groups. (H) TCID50 assay for viral titer detection in the mixture after repeated freezing and thawing of 
the si-TMEM39A and si-NC groups using the Reed-Muench method. Data are expressed as mean ± SD, n = 3. **p < 0.01, ***p < 0.001.
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Encephalomyocarditis Virus GS01 Strain 
Infection Induces Autophagy in a Range of 
Different Host Cells
Previous work has shown that EMCV HB10 infection can 
induce autophagy in BHK-21 cells and that autophagy promotes 
the replication of EMCV (Zhang et  al., 2011). We  wanted 
to see whether this could occur with the EMCV GS01 strain. 
We see a remarkable increase in LC3B-I to LC3B-II conversion 
in EMCV-infected BHK-21 cells at 12 and 24 hpi, and a 
decrease in SQSTM1 expression (Figure 3A), which is a 
marker of autophagy progression. Similar findings were 
observed in C2C12 cells (Figure 3B) and HEK293 cells 
(Figure 3C), although increase in LC3B-I to LC3B-II conversion 
was slightly delayed in HEK293 cells. Overall, we  show that 
EMCV GS01 strain infection induced autophagy in different 
host cells.

Transmembrane Protein 39A Promotes 
Encephalomyocarditis Virus  
Proliferation and Can Regulate the 
Autophagic Machinery
To investigate the effect of EMCV infection on TMEM39A 
expression, we  evaluated the expression of TMEM39A in 
different cells by immunoblotting. We  found that the 
TMEM39A was markedly upregulated in EMCV-infected 
HEK293 and C2C12 cells at 24 hpi (Figures 4A,B). Since 
the expression levels of TMEM39A were significantly 
upregulated and EMCV GS01 strain infection could induce 
complete autophagy in different cells, we  speculate that 
TMEM39A may play a positive regulatory role in the 
proliferation of EMCV relying on autophagic signaling. To 
test this hypothesis, BHK-21 and HEK293 cells were transfected 

with Entry-TMEM39A or Myc-TMEM39A, respectively. 
Overexpression of TMEM39A had a significant effect on 
ATG7 but not ATF4 or ATG3 mRNA expression in BHK-21 

A

C

B

FIGURE 3 | EMCV GS01 strain infection can induce complete autophagy. (A) Immunoblotting of the expression of VP1, LC3B, and SQSTM1 in BHK-21 cells 
which were infected with 0.0001 MOI EMCV GS01 strain at different times. ACTB was used as an internal reference. (B) Immunoblotting of the expression of VP1, 
LC3B, and SQSTM1 in C2C12 cells which were infected with 0.0001 MOI EMCV GS01 strain at different times. ACTB was used as an internal reference.  
(C) Immunoblotting of the expression of VP1, LC3B, and SQSTM1 in HEK293 cells which were infected with 0.0001 MOI EMCV GS01 strain at different times. 
ACTB was used as an internal reference.

A

B

FIGURE 4 | EMCV infection upregulates the expression of TMEM39A. (A) 
Immunoblotting of VP1 and TMEM39A expression in HEK293 cells which 
were infected with 0.0001 MOI EMCV GS01 strain at 24 hpi. ACTB was used 
as an internal reference. (B) Immunoblotting of VP1 and TMEM39A 
expression in C2C12 cells which were infected with 0.0001 MOI EMCV GS01 
strain at 24 hpi. ACTB was used as an internal reference.
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cells (Figures 5A−D). In addition, overexpression of 
TMEM39A upregulated the protein expression levels of 
LC3B-II and ATG7 and downregulated SQSTM1  in HEK293 
cells (Figure  5E). Conversely, TMEM39A knockdown 
decreased ATG7 and LC3B-II expression and increased 
SQSTM1 levels (Figure 5F). To assess whether TMEM39A 
is located downstream of the autophagy signaling pathway, 
we  transfected HEK293 cells with Red-LC3. LC3B 
overexpression had no effect on TMEM39A mRNA expression 
(Figures 5G,H). Earlier we  showed that TMEM39A could 

directly interact with EMCV VP1 and VP2 (Figure 1). To 
verify whether the expression of VP1 or VP2 can affect 
TMEM39A expression levels, BHK-21 cells were transfected 
with HA-VP1 or HA-VP2. Interestingly, TMEM39A and 
ATG7 increased with VP2 overexpression (Figure 6). These 
findings reveal that overexpression of the EMCV capsid 
protein, VP2, facilitated the expression of TMEM39A. Overall, 
these results verify that TMEM39A played a positive regulatory 
role in the proliferation of EMCV and that TMEM39A can 
regulate the autophagic machinery.

A B

C D

E F

G H

FIGURE 5 | TMEM39A promotes the proliferation of EMCV via autophagy pathway. (A) RT-qPCR of the mRNA expression of TMEM39A in BHK-21 cells 
transfected with 0.5, 1, or 2 μg Entry-TMEM39A or 2 μg pCMV-Entry for 48 h. The mRNA level of TMEM39A was normalized to that of ACTB. (B–D) RT-qPCR of 
the mRNA expression of ATF4, ATG3 and ATG7 in BHK-21 cells transfected with 0.5, 1, or 2 μg Entry-TMEM39A or 2 μg pCMV-Entry for 48 h. The mRNA levels 
were normalized to that of ACTB. (E) Immunoblotting of TMEM39A, ATG7, LC3B, and SQSTM1 expression in HEK293 cells transfected with 2 μg Myc-TMEM39A 
or pCMV-Myc for 48 h. ACTB was used as an internal reference. (F) Immunoblotting of TMEM39A, ATG7, LC3B, and SQSTM1 expression in HEK293 cells 
transfected with siRNA against TMEM39A or NC for 48 h. ACTB was used as an internal reference. (G) RT-qPCR of the mRNA expression of LC3B in HEK293 cells 
transfected with 2 μg Red-LC3B or pDsRed-monomer-N1 for 48 h. The mRNA level of LC3B was normalized to that of ACTB. (H) RT-qPCR of the mRNA 
expression of TMEM39A in HEK293 cells transfected with 2 μg Red-LC3B or pDsRed-monomer-N1 for 48 h. The mRNA level of TMEM39A was normalized to that 
of ACTB. Data are expressed as mean ± SD, n = 3. **p < 0.01, ***p < 0.001.
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Autophagy Blockade Inhibits 
Encephalomyocarditis Virus  
Proliferation and Transmembrane  
Protein 39A Expression
3-Methyladenine (3-MA) is a widely used autophagy inhibitor, 
which can impede the activity of class III PI3K (Wu et al., 2010). 

3-MA alone has no effect on cell viability (Figure  7A). 
However, 3-MA inhibited the proliferation of EMCV 
(Figure  7B) and reduced the expression of LC3B-II and 
VP1 (Figure 7C). Overexpression of TMEM39A upregulated 
the expression of LC3B-II and downregulated the expression 
of SQSTM1; however, this phenomenon appeared restitutio 
ad  integrum, and the expression of TMEM39A was inhibited 
by 3-MA treatment (Figure 7C). These data indicate that 
the autophagy inhibitor, 3-MA, may inhibit the proliferation 
of EMCV associated with TMEM39A.

DISCUSSION

TMEMs are not only used as “carrier terminals” or channels 
to selectively allow the transport of substances into cells or 
on biofilms but also as “carriers” to transport substances 
out of cells (Moon and Fleming, 2011). At present, the 
function and localization of TMEM family proteins remain 
unclear. In many cancers, TMEMs can regulate cancer 
processes in a myriad of ways (Guo et  al., 2015; Wrzesiński 
et  al., 2015) and the TMEM39A family member has been 
a recent attention in cancer research (Tran et  al., 2017). 
TMEM39 family members, TMEM39A and TMEM39B, are 
formed by alternative splicing (Hao et  al., 2015) and belong 
to the type III-transmembrane protein family. It has been 
reported to be associated with autoimmune diseases, glioma, 
and other cancers (Mccauley et  al., 2010; Lessard et  al., 
2012; Varade et  al., 2012; Sheng et  al., 2015; You et  al., 
2015; Park et  al., 2017; Wagner et  al., 2017); however, 
knowledge regarding the biological function of TMEM39A 
remains limited. This is the first study to clarify the role 
of TMEM39A in viral infection and also hints that there 
may be  a interplay between TMEM39A and the ATG7-
dependent autophagy pathway. A recent study using large-
scale siRNA screening demonstrated that TMEM39A may 
be  involved in Parkin-mediated mitophagy (Orvedahl et  al., 
2011). However, the underlying molecular mechanism is not 
yet known. Therefore, it is necessary to investigate the role 
of TMEM39A on autophagy and mitophagy pathways.

In recent years, studies have shown that many viruses, such 
as EMCV, hepatitis C virus (HCV), coxsackie virus B (CVB), 
porcine reproductive and respiratory syndrome virus (PRRSV), 
foot-and-mouth disease virus (FMDV), and classical swine 
fever virus (CSFV) can induce autophagy in host cells, while 
promoting viral replication using autophagy mechanisms (Yoon 
et  al., 2008; Zhang et  al., 2011; Gladue et  al., 2012; Liu et  al., 
2012; Mohl et  al., 2012; Pei et  al., 2014). Subsequently, it has 
been demonstrated that certain proteins in these viruses play 
an important role in the induction of autophagy, such as NS4B, 
a non-structural protein of HCV, and VP2 of FMDV, which 
are involved in the process of virus-induced autophagy via 
activating the EIF2S1-ATF4 pathway (Li et al., 2009; Sun et al., 
2018). One study showed that EMCV HB10 infection can 
induce autophagy in BHK-21 cells (Zhang et  al., 2011). In 
2014, our laboratory isolated an EMCV strain from dead piglets 
in Lanzhou, Gansu province, which was then named the GS01 

A

C

B

FIGURE 7 | 3-MA inhibits the expression of TMEM39A. (A) MTT assay of the 
viability of HEK293 cells treated with 3-MA (5 mM) or DMSO for 6 h.  
(B) TCID50 assay for viral titer detection using the Reed-Muench method in the 
HEK293 cells which were treated with 3-MA (5 mM) or DMSO for 6 h.  
(C) HEK293 cells were first transfected with 2 μg Myc-TMEM39A or Myc-EGFP 
for 48 h and further infected with 0.0001 MOI EMCV GS01 strain at 24 hpi, and 
treated 3-MA (5 mM) or DMSO for 6 h. Immunoblotting of VP1, EGFP, LC3B, 
SQSTM1, and TMEM39A expression in these cells, respectively. ACTB was used 
as an internal reference. Data are expressed as mean ± SD, n=3. **p < 0.01.

FIGURE 6 | Overexpression of VP2 facilitates the expression of TMEM39A. 
Immunoblotting of HA, TMEM39A and ATG7 expression in HEK293 cells 
transfected with 2 μg HA-VP2 or pCMV-HA for 48 h. ACTB was used as an 
internal reference.
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strain (Feng et  al., 2015). The nucleotide homology of the 
GS01 strain to other strains was 79.9–99.9%, among which 
VP1 had the most mutations, and this strain also showed 
high pathogenicity and lethality in mice. Here, we  show that 
the EMCV GS01 strain can also induce complete autophagy 
in different host cells (BHK-21, C2C12, and HEK293 cells). 
We  found that EMCV infection upregulated the expression of 
TMEM39A and that overexpression of VP2 facilitated the 
expression of TMEM39A. Thus, we speculate that the upregulation 
of TMEM39A expression by EMCV may be  related to the 
role of TMEM39A interaction with VP2; however, the effect 
of the interaction of VP1 and TMEM39A on EMCV infection 
is not yet known. Since both EMCV and FMDV are members 
of the Picornaviridae family, and the key amino acids involved 
in VP2-induced autophagy are the same, we intend to investigate 
whether the VP2 protein of EMCV can induce autophagy. 
There have been no reports to date suggesting TMEM39A as 
an interferon (IFN)-inducible gene. However, GWS studies have 
implicated TMEM39A in lupus, an autoimmune disease 
characterized with dysfunctional IFN responses. We have included 
these references in our manuscript (Lessard et  al., 2012; You 
et  al., 2015). Whether IFNs directly plays a role in TMEM39A 
expression is unknown and would warrant further work. Given 
that EMCV is commonly used as a model virus to study 
innate immune responses towards double-stranded RNA (dsRNA) 
(Carocci and Bakkali, 2012), screening the ability of other 
RNA viruses and poly I:C, a dsDNA mimic, to regulate 
TMEM39A expression would be  interesting to explore. One 
of the limitations of our work is the use of already virally 
transformed cells, such as HEK293 cells. Future work investigating 
EMCV infection in host primary cells is crucial as this would 
allow us to pin point the exact transcriptional timing of 
TMEM39A regulation.

In the present study, we  showed that TMEM39A directly 
interacted with EMCV VP1 and VP2 and played a positive 
regulatory role in the proliferation of EMCV. This is the first 
study to clarify the role of TMEM39A in viral infection and 
provide evidence of a relationship with autophagy pathway. 
Our findings provide novel ideas for clarifying the role of 

TMEM39A in the process of viral infection and clinical therapy 
of certain autoimmune diseases and cancers related to TMEM39A.
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