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Abstract: Apoptosis-enhancing nuclease (AEN), which shares close evolutionary relationships with
the interferon-stimulated gene 20 protein (ISG20) homologs in humans, is a member of the DEDDh
exonuclease family. Numerous studies on various pathogens have identified the essential roles of
ISG20 in inhibiting virus replication. However, the fundamental functions of AEN during viral
infection remain largely unknown. This study discovered that AEN expression was significantly
upregulated in MARC-145 cells infected with Porcine epidemic diarrhea virus (PEDV) strain 85-7.
In contrast, the amount of AEN protein decreased as viral replication increased. It was found that
PEDV nsp1 and nsp5 mediated the decrease in AEN production, suggesting that an increase in AEN
was not conducive to virus replication. By comparing AEN and its exonuclease-inactive mutant
AEN-4A, we determined that the antiviral activity of AEN was independent of its exonuclease
function. qPCR analyses revealed that AEN and AEN-4A could induce a significant increase in
the transcription levels of IFN-α, IFN-β, and ISGs (OASL, IFI44, IFIT2, ISG15, Mx1, Mx2), and that
AEN-4A has a higher induction ability. Overexpression of AEN and AEN-4A in MARC-145 cells
targeting IFN-β knockdown or IFN-deficient Vero cells showed reduced or a complete loss of antiviral
activity of both, suggesting that AEN may activate the type I IFN immune response and promote the
expression of ISGs, thereby inhibiting PEDV replication. Taken together, our data prove the novel
mechanism of AEN-mediated virus restriction.
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1. Introduction

Porcine epidemic diarrhea virus (PEDV) is an enveloped virus with a single-stranded
positive-sense RNA genome that belongs to the genus Alphacoronavirus (α-CoV) [1]. The
whole viral genome is approximately 28 kb, encoding two polyproteins (pp1a and pp1ab),
four structural proteins (spike, S; envelope, E; membrane, M; and nucleocapsid, N) and an
accessory protein (open reading frame 3, ORF3) [2,3]. PEDV can cause porcine epidemic
diarrhea (PED), which is a highly contagious and severe enteric disease first recognized
in England in 1971 [4], causing lethal watery diarrhea, vomiting, and high mortality in
neonatal piglets, leading to enormous economic losses to the swine industry [5–7].

The IFN immune response is the first barrier of host defense against pathogen infection
associated with multiple mechanisms and proteins [8]. So far, type I IFN has been widely
studied among three identified IFN types (type I, II, and III). Type I IFN production is
secreted extracellularly, binds to IFN receptors 1 (IFNAR1) and 2 (IFNAR2), and triggers the
expression of IFN-stimulating genes (ISGs) via the JAK-STAT pathway, which has direct or
indirect antiviral effects in host cells [9]. Our previous studies confirmed that IFN-β and the
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other ISGs (OASL, IFI44, IFIT2, ISG15, Mx1, Mx2) could inhibit PEDV replication [10,11].
Meanwhile, PEDV escaped the immune response by inhibiting the production of IFN-β [10].
Therefore, it is critical to understand the underlying mechanisms of PEDV replication and
determine how PEDV manipulates the host immune response.

Apoptosis-enhancing nuclease (AEN) shares a high similarity with the exonuclease
III and exhibits nuclear colocalization with apoptotic nuclease such as CAD and AIF after
irradiation, thus it affects the cellular radiation response by enhancing apoptosis [12].
T Kawase et al. [13] verified that AEN targets both single- and double-stranded DNA and
RNA in human, and induces apoptosis. In addition, AEN and BAX are the main targets in
the induction of apoptosis in response to 2-Aminoanthracene exposure [14]. AEN, along
with the closely related interferon-stimulated gene 20 protein (ISG20) and ISG20L2, belongs
to the DEDDh exonuclease family that is named ISG20L1 in human [15]. The members
of this family possess three characteristic exonuclease motifs (Exo I, Exo II, and Exo III)
defined by five conserved amino acids, DEDD, and a histidine residue [16]. Numerous
studies have shown that ISG20 can inhibit viral replication [17–20], such as influenza A
virus [21], bluetongue virus [22], pseudorabies virus [23], and hepatitis B virus [24].

In this study, we verified that AEN and AEN-4A can significantly inhibit PEDV
replication. AEN and AEN-4A can significantly promote the expression of type I IFN
and induce the increase in transcription level of ISGs downstream of IFN in MARC-145
cells; and AEN-4A has a higher induction ability. However, AEN and AEN-4A lost their
antiviral activity completely in IFN-deficient Vero cells, and targeted knockdown of IFN-β
expression level in MARC-145 cells significantly weakened the antiviral effect of both, thus
demonstrating that AEN relies on IFN immune response to exert its antiviral activity.

2. Materials and Methods
2.1. Cells, Viruses, and Plasmids

MARC-145 cells and Vero cells (African green monkey kidney cells) were cultured
in Dulbecco’s modified Eagle’s essential medium (DMEM; Hyclone Laboratories, Logan,
Utah, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, Carlsbad, CA, USA)
and 1% penicillin and streptomycin at 37 ◦C in a 5% CO2 incubator. The porcine epidemic
diarrhea virus (PEDV) 85-7 used in this study was isolated previously in our laboratory
and propagated in MARC-145 cells. PEDV CV777 was kindly provided by Prof. Xiang Mao.
The AEN gene was amplified from the cDNA of MARC-145 cells and cloned into C-terminal
p3 × FLAG-CMV-14, designated as Flag-AEN. The mutant plasmid Flag-AEN-4A, was
prepared using site-directed mutagenesis. The PEDV nsp1 and nsp5 genes were amplified
and cloned into N-terminal pCAGGS-HA, designated as HA-nsp1 and HA-nsp5. The
primers for constructing the plasmids are shown in Table S1.

2.2. Antibodies and Other Reagents

Anti-Flag antibody (F1804) was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Anti-AEN antibody was purchased from Thermo Fisher Scientific (Waltham, MA, USA).
Anti-HA antibody was purchased from Abmart (Shanghai, China). Anti-β-actin antibody
(ab179467) was purchased from Abcam (Cambridge, UK). PEDV N polyclonal antibody was
generated in our laboratory. Horseradish peroxidase (HRP)-conjugated goat anti-mouse
IgG (H + L) and HRP-conjugated goat anti-rabbit IgG (H + L) antibodies were obtained
from Cell Signaling Biotechnology (Danvers, MA, USA). The siRNA specifically designed
to knock down IFNB1 expression, as well as the control siRNA, were purchased from
Genepharma (Shanghai, China).

2.3. Viral Infection and Titer Determination

Briefly, a confluent monolayer of Vero cells or MARC-145 cells were infected with
85-7 strain in DMEM without FBS by incubation at 37 ◦C for 1 h. The cells were then
washed thrice with phosphate-buffered saline (PBS). The cells were cultured in maintenance
medium (DMEM with 2% FBS) at 37 ◦C with 5% CO2. The cells were harvested when a
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cytopathic effect (CPE) of 80~90% was observed. The cell pellet underwent one freeze–thaw
cycle and was then centrifuged at 10,000× g for 15 min at 4 ◦C. The supernatant was
harvested and stored at −80 ◦C. The plaque formation assay was used to determine the
virus titer. Briefly, 10-fold serial dilutions (101–106) of viruses were incubated in MARC-145
cells. Unbound viruses were washed away with PBS after 1 h of incubation at 37 ◦C. The
plate was incubated at 37 ◦C with 5% CO2 for 2 to 3 days before adding an overlay medium
(2% low-melting-point agarose in DMEM containing 2% FBS). Plaque-forming units (PFUs)
per milliliter were calculated after the cells were stained with crystal violet (0.5 g of crystal
violet dissolved in 10 mL of methyl alcohol, 40 mL of formaldehyde, and 50 mL of water).

2.4. RNA Extraction, Reverse Transcription PCR (RT-PCR), and Quantitative PCR (qPCR)

An RNAiso Plus reagent kit (Vazyme, Nanjing, China) was used to extract total
RNA from PEDV-infected and uninfected MARC-145 cells. The qPCR was carried out to
determine the transcription levels of the specific genes, using SYBR® Premix Ex TaqTM II
(Takara, Otsu, Shiga, Japan) on an ABI 7300 real-time PCR system (Foster City, CA, USA).
Table S2 contains a list of the qPCR primers. The data were normalized to the β-Actin
gene’s expression level. The relative quantities of mRNA accumulation were calculated
using the 2−∆∆Ct method. The reported values are from three independent tests.

2.5. Transient Transfection

The highly purified plasmids were extracted using an E.Z.N.A.® Endo-Free Plasmid
Mini Kit I (Omega Bio-tek, Norcross, GA, USA). First, 3 × 105 MARC-145 cells were seeded
into each well of a 12-well plate for 12 h before transfection. The corresponding plasmids
were transfected into MARC-145 cells at a ratio of 1 µg DNA to 2 µL Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA). Other procedures were carried out according to the
manufacturer’s instructions.

2.6. Short Interfering RNA (siRNA) Knockdown of the IFNB1 Gene

The mRNA derived from the IFNB1 gene was depleted by siRNA-mediated gene
silencing on MARC-145 cells. A siRNA (siIFNB1: F: 5′-GCCUCAAGGACAGGAUGAATT-
3′, R: 5′-UUCAUCCUGUCCUUGAGGCTT-3′) targeting the IFNB1 gene was used to knock
down IFNB1, and a scrambled siRNA (SiNC: F: 5′-UUCUCCGAACGUGUCACGUTT-3′,
R: 5′-ACGUGACACGUUCGGAGAATT-3′) was used as the control. The MARC-145 cells
in the 12-well plate were cultured to 30–50% confluency. Then, the siRNA fragments
at 40 pmol were transfected into cells for gene knockdown using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s instructions. The cells
were harvested at 24 h after transfection, and the efficiency of RNA interference was
evaluated using qPCR.

2.7. Western Blotting Analysis

The MARC-145 cells or Vero cells were washed with cold PBS and lysed in RIPA
Lysis or Extraction Buffer (Thermo Fisher Scientific, Waltham, MA, USA). The protease
inhibitor (PMSF, 10%) was added to block the endogenous proteolysis. The cell lysates
were centrifuged at 14,000× g for 20 min at 4 ◦C; the supernatant was collected. The protein
concentration was determined using a BCA Protein Quantification Kit (Thermo Fisher
Scientific, Waltham, MA, USA). An equal amount of protein samples were subjected to
SDS-PAGE, transferred to an NC membrane, and then blocked with 5% skimmed milk in
PBST buffer for 1 h at room temperature. Subsequently, anti-AEN (1:2000), anti-PEDV-N
(1:50,000), anti-Flag (1:5000), and anti-β-Actin (1:5000) were used as the primary antibodies
at 4 ◦C overnight. After being washed with PBST, the membrane was incubated with the
horseradish peroxidase-conjugated goat anti-rabbit, or goat anti-mouse IgG (1:8000) for
1 h at room temperature. The membrane was incubated with ECL regent (Thermo Fisher
Scientific, Waltham, MA, USA) and chemiluminescence was detected with the ChemiDoc
touch imaging system (Bio-Rad, Hercules, CA, USA).
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2.8. Statistical Analysis

All experiments were performed independently thrice, and data are presented as
means ± SEM. The two-tailed Student’s t-test or two-way ANOVA was used for statistical
analysis. Any p values < 0.05 were considered statistically significant.

3. Results
3.1. An Increase in Virus Replication Inhibited AEN Production during PEDV Infection in
MARC-145 Cells

A transcriptome approach was employed to screen the potential antiviral proteins of
MARC-145 cells in our previous work [11]. We found that the AEN gene was upregulated
in MARC-145 cells during PEDV infection. AEN (apoptosis-enhancing nuclease) is a closely
related member of ISG20 from the DEDDh exonuclease family in human [18]. Many studies
have confirmed the antiviral activity of ISG20 in RNA virus infection, suggesting that AEN
may play a similar role during PEDV infection. We identified the characteristics of AEN
in expression and production during PEDV infection. The mRNA levels of AEN were
significantly upregulated 1.7-, 6.9-, and 16.5-fold at 12, 24, and 36 h post infection, respec-
tively, compared with that of uninfected MARC-145 cells (Figure 1A). AEN production
was steady in the MARC-145 cells at 12 hpi, but was significantly downregulated at 24
and 36 hpi (Figure 1B). It should be noted that the virus replication gradually increased
from 12 to 36 hpi, suggesting that the higher virus titers may cause AEN degradation via
an unknown mechanism. Subsequently, the eukaryotic expression plasmid HA-nsp1 or
HA-nsp5 was transfected into the MARC-145 cells, and it was found that overexpression
of HA-nsp1 and HA-nsp5 significantly decreased AEN protein levels compared with an
empty vector (Figure 1C). These results indicate that PEDV infection could activate the
AEN expression, while overall increased virus replication downregulated AEN production
via nsp1 and nsp5.
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Figure 1. The detection of AEN mRNA levels by qPCR and AEN production using Western blot.
(A) MARC-145 cells were infected with PEDV (85-7) at an MOI of 0.1 and harvested at the indicated
times. The AEN mRNA levels were analyzed using qPCR. (B) The production of AEN and PEDV
N proteins were tested by Western blot analyses. Actin was used as the sample-loading control.
(C) MARC-145 cells were transfected with HA-nsp1, HA-nsp5, or the empty vector (1.5 µg). At 24 h
post-transfection, the cells were harvested and protein expression was analyzed with Western blotting
(** p < 0.01, **** p < 0.0001).
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3.2. AEN Overexpression Inhibited PEDV Replication in MARC-145 Cells

To investigate whether AEN could regulate PEDV replication, the MARC-145 cells
were transfected with Flag-AEN and empty vector, and then infected with PEDV 85-7 at an
MOI of 0.1. The cells and supernatants of the infected cells were harvested at the indicated
time points to assay the PEDV viral titers. The results show that the production of PEDV
N protein significantly decreased upon AEN overexpression at 12 and 24 h post-infection
(Figure 2A). Meanwhile, the viral titers in the supernatants transfected with Flag-AEN were
significantly lower (4.2- and 2.9-fold) than those in the cells transfected with empty vector
(Figure 2B). MARC-145 cells were then transfected with increased doses of Flag-AEN before
virus infection and the inhibitory effects on PEDV N protein production and viral titers
were observed in a dose-dependent manner (Figure 2C,D). In addition, we also verified the
impact of AEN on the replication of the other PEDV strain, and the results showed that
overexpression of AEN could also inhibit the replication of PEDV CV777 (Figure 2E,F).
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Figure 2. AEN inhibited PEDV replication in MARC-145 cells. (A,E) MARC-145 cells were transfected
with plasmid Flag-AEN or the empty vector. At 24 h post-transfection, the cells were infected with
PEDV (85-7 and CV777) at an MOI of 0.1 and harvested at the indicated times. Flag-AEN and PEDV
N protein expression was analyzed with Western blotting. Actin was used as the sample-loading
control. (B,F) PEDV titers in the culture supernatants of the MARC-145 cells treated described in
(A,E) were measured as PFUs. (C) MARC-145 cells were transfected with plasmid Flag-AEN 1 µg,
1.5 µg, 2 µg, or empty vector. At 24 h post-transfection, the cells were infected with PEDV (85-7) at
an MOI of 0.1 and harvested at 12 hpi. Flag-AEN and PEDV N protein expression were analyzed
with Western blotting. Actin was used as the sample-loading control. (D) PEDV titers in the culture
supernatants of the MARC-145 cells treated described in (C) were determined by PFUs (* p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001).

3.3. The Antiviral Effect of AEN Was Independent of Its Exonuclease Activity

Alignment of protein sequences of the monkey AEN, human AEN, and human ISG20
showed that the monkey AEN also contains the same three exonuclease motifs (Exo I–III)
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and five conserved amino acids (Figure 3A). ISG20 can inhibit replication of several RNA
viruses dependent on its exonuclease activity [18]. These findings suggest that AEN may
have the potential to inhibit PEDV (an RNA virus) replication via its exonuclease function.
Since DEDD residues are known to be essential for nuclease activity, point mutations of
D212A, E214A, D296A, and D356A were introduced into the catalytic center of Exo I–III to
generate AEN mutant Flag-AEN-4A (Figure 3A). AEN and AEN-4A were overexpressed in
MARC-145 cells for 24 h, and the cells and the supernatants were harvested to determine
the virus yield at 12 hpi. The results showed that the production of PEDV N protein and
the virus titers were obviously downregulated upon overexpressing AEN and AEN-4A in
MARC-145 cells (Figure 3B,C). Unexpectedly, nuclease-activity-deficient AEN-4A showed
100-fold higher antiviral activity than wild-type AEN (Figure 3C). These data suggest
that the antiviral activity of AEN was independent of its exonuclease activity, and its
exonuclease activity might hamper its antiviral activity.

3.4. AEN and AEN-4A Increase the Transcription of Type I IFN and ISGs

In view of the fact that both AEN and ISG20 belong to the DEDDh exonuclease
family proteins, and ISG20 inhibits viral replication by activating the type I IFN immune
responses [22,25], we therefore speculated whether AEN also exerts its antiviral activity
through the IFN pathway, since our previous study also proved that IFN-β can inhibit PEDV
replication [10]. After overexpression of AEN and AEN-4A for 24 h, the transcriptional
expression levels of type I IFN were detected. The results showed that overexpression of
AEN and mutant AEN-4A can significantly induce the transcription of IFN-α and IFN-β,
and the level of type I IFN induced by AEN-4A was significantly higher than that of
AEN (Figure 4). These results suggest that AEN regulates the expression of type I IFN,
and the exonuclease activity may limit the regulation of AEN to type I IFN. AEN and
AEN-4A have been shown to induce IFN-α and -β expression, but whether they activate
the type I IFN response pathway remains unclear. Therefore, we used a qPCR assay to
detect the transcription levels of six ISGs (OASL, IFI44, IFIT2, ISG15, Mx1, Mx2), which
have been reported to inhibit PEDV replication in our previous studies [11]. The results
showed that both AEN and AEN-4A could induce upregulation of these ISGs, and the
induction level of AEN-4A was significantly higher than that of AEN (Figure 5). These
results demonstrate that AEN and AEN-4A can activate the type I IFN response pathway
and suggest that AEN protein may act as an upstream molecule in the type I IFN-mediated
antiviral signaling pathway.

3.5. AEN and AEN-4A Exert Antiviral Effects Dependent on IFN

To further clarify whether the inhibitory effect of AEN was dependent on IFN response,
we used siRNA to knock down the expression level of IFN-β. The results showed that
transfection of siRNA (siIFNB1) targeting IFNB1 significantly decreased the expression
of IFN-β compared with the control siRNA (siNC) (Figure 6A). Subsequently, we co-
transfected siRNA with AEN or AEN-4A eukaryotic expression vector, and the results
showed that IFN-β interference could significantly increase the viral N protein expression
and viral titer (Figure 6B,C). Meanwhile, when INF-β is knocked down and AEN or AEN-
4A is overexpressed, the antiviral activity of AEN is almost lost, while the antiviral activity
of AEN-4A is weakened (Figure 6B,C). Considering that Vero cells are also African green
monkey kidney cells and a good cell model for the in vitro study of PEDV [26], and most
importantly, they are type I IFN-deficient cells [27], AEN and AEN-4A were overexpressed
in Vero cells to verify the antiviral effect after infection with PEDV. The results showed that
AEN and AEN-4A had no antiviral effect on Vero cells (Figure 6D,E). These results indicate
that the antiviral effects of AEN and AEN-4A were dependent on IFN.
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Figure 3. AEN and AEN-4A overexpression inhibited PEDV replication in MARC-145 cells.
(A) Schematic presentation of amino acid length of human ISG20, human AEN, and monkey AEN.
Gray represents the total length of the protein, and the dark gray represents three exonuclease do-
mains. The Exo I, Exo II, and Exo III domains of monkey AEN are amino acid residues 208 to 217, 288
to 303, and 349 to 359, respectively. (B) MARC-145 cells were transfected with plasmid Flag-AEN,
Flag-AEN-4A, or empty vector. At 24 h post-transfection, the cells were infected with PEDV at an
MOI of 0.1 and harvested at 12 hpi. Flag-AEN, Flag-AEN-4A, and PEDV N protein expression was
analyzed with Western blotting. Actin was used as the sample-loading control. (C) PEDV titers in
the culture supernatants of the MARC-145 cells treated as described in (B) were measured as PFUs
(** p < 0.01, **** p < 0.0001).
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Figure 6. AEN and AEN-4A exert antiviral effects through IFN. (A) MARC-145 cells were simultane-
ously transfected with siNC and poly I:C or siIFNB1 and poly I:C, respectively. After 24 h transfection,
cell samples were collected and the transcription levels of IFNB1 were detected using a qPCR assay;
(B) MARC-145 cells were co-transfected with siIFNB1 and Flag, flag-AEN, or FLAG-AEN-4A, respec-
tively, and negative controls were set up to co-transfect siNC and Flag, flag-AEN, or flag-AEN-4A,
respectively. After 24 h transfection, the PEDV 85-7 strain with MOI = 0.1 infected MARC-145 cells.
The cell samples and cell supernatant were collected at 12 hpi, and the PEDV N protein levels (B)
were detected using a Western blot test, and the viral titers (C) of the cell supernatant was determined
using a PFUs test, respectively; Vero cells were transfected with Flag, flag-AEN, and flag-AEN-4A,
respectively, for 24 h, and then Vero cells were infected with PEDV 85-7 strain with MOI = 0.1 for
12 h. The cell samples and supernatant were collected and analyzed by Western blot assay to detect
PEDV N protein expression levels (D), and a PFU assay was used to determine viral titers in the
supernatant (E) (* p < 0.05, **** p < 0.0001, ns means not significant).

4. Discussion

PEDV has led to the outbreak of PED and its rapid spread in the world in the past
few decades, and there have been a wide variety of mutations [28–30]. In the process of
interactions between virus and host, viruses have evolved a variety of strategies to evade the
innate immune response [31,32]. With the continuous emergence and recurrence of PEDV, it
is crucial to excavate antiviral proteins and explore antiviral therapies or effective vaccines.

AEN was found to increase apoptosis after exposure to ionizing radiation. It possesses
DNA- and RNA-cleaving Exo I–III exonuclease domains. Meanwhile, it will likely promote
apoptosis in response to ionizing radiation and other stimuli, such as staurosporine [12].
Meanwhile, it is shown that AEN targets both single- and double-stranded DNA and
RNA in human [13]. In this study, AEN was confirmed as an antiviral component, and its
expression was significantly upregulated in MARC-145 cells infected with PEDV. In contrast,
the amount of AEN protein decreased during the progression of the virus replication,
suggesting that the virus may inhibit AEN’s antiviral activity by degrading the AEN protein,
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or inhibiting AEN protein synthesis. These findings suggest that PEDV has developed the
strategies to reduce the expression of AEN protein to evade its antiviral activity. Numerous
studies have demonstrated that PEDV can adopt strategies to evade innate immunity. For
instance, PEDV inhibits interferon signaling by targeting the degradation of STAT1 via
the ubiquitin proteasome system [33]. By cleaving NEMO (NF-κB essential modulator),
PEDV nsp5, a 3C-like protease, prevents type I IFN signaling [34]. PEDV nsp1 interrupts
the binding of CREB-binding protein (CBP) to IRF3 by degrading CBP in a proteasome-
dependent manner, thereby inhibiting the production of type I interferon [35]. Furthermore,
three motifs (amino acids 67 to 71, 78 to 85, and 103 to 110) of PEDV nsp1 create a stable
functional region for inhibiting protein synthesis [36]. PLP2, one of the two papain-like
protease domains (PLP1 and PLP2) of nsp3, antagonizes host innate immune response
by cleaving the interferon-stimulated gene product 15 (ISG15) [37]. Shi et al. [38] found
that nsp5, cleaving porcine gasdermin D (pGSDMD) at the Q193-G194 junction, inhibited
pGSDMD-mediated pyroptosis, and thus facilitated viral replication during the initial
period. In this study, we have confirmed that nsp1 and nsp5 can mediate the reduction
of AEN protein during PEDV replication. Whereas further study is needed to determine
which pathway they depend on to decrease AEN production, and which host or viral
proteins are involved.

Meanwhile, relevant studies have confirmed that the antiviral effect of ISG20 proteins
depends on its exonuclease function [18]. However, after overexpression of AEN and
AEN-4A, we were surprised to find that AEN-4A had a better antiviral effect, and the key
amino acids of exonuclease even hindered the antiviral effect of AEN. It has been reported
that ISG20 can enhance type I IFN production and upregulate ISGs, thus inhibiting viral
replication. Our previous studies confirmed that PEDV inhibits the expression of IFN-
β during virus infection, and the presence of INF-β inhibits PEDV replication [10]. We
then speculated whether AEN might induce an increase in IFN production. The results
demonstrated that both AEN and AEN-4A could significantly induce an increase in the
transcription level of IFN-α and -β, and the induction ability of AEN-4A was higher
than that of AEN, which could also explain why the antiviral effect of AEN-4A was
significantly higher than that of AEN. The production of type I IFN is known to activate
the transcription levels of many ISGs through the JAK/STAT pathway, thereby acting as
an antiviral agent [39]. Therefore, we selected six ISGs (OASL, ISG15, IFIT2, IFI44, Mx1,
and Mx2) that could inhibit PEDV replication to verify whether AEN and AEN-4A can
promote an increase in their transcription levels. As expected, both AEN and AEN-4A
can promote their expression levels, and AEN-4A induces significantly higher levels than
AEN. It is worth noting that transfection of IFNB1-specific siRNA could counteract the
inhibitory effect of AEN and AEN-4A on PEDV replication, and the antiviral effect was
completely lost in IFN-deficient Vero cells. Combining the above findings suggests that
AEN protein inhibits PEDV replication through the antiviral pathway mediated by type I
IFN, and PEDV mediates the decrease of AEN production through nsp1 and nsp5 to evade
immune response (Figure 7).

The above results also suggest that the increase in type I IFN and ISGs induced by AEN
may be involved in the upstream regulation of the type I IFN signaling pathway. Typically,
cellular-pattern-recognition receptors (PRRs) [40,41] recognize the corresponding pathogen-
associated molecular patterns (PAMPs) and thus lead to the activation of transcription
factors such as IRFs and NF-κB [42] through a signaling cascade, which in turn is imported
into the nucleus to induce IFN production [43]. Therefore, it is still necessary to explore
which proteins in the IFN signaling pathway are regulated by AEN and AEN-4A to activate
the IFN immune response, and how they are regulated.

In another study, the ability to activate type I IFN was lost after the mutation of key
amino acids in the Exo II region of ISG20 [25], while in our study, the ability to activate
type I IFN was significantly increased after the mutation of four key amino acids in three
nuclease functional regions of AEN. This suggests that these four amino acids play a key
role in activating the IFN immune response, or that non-homologous regions with ISG20
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also have corresponding functions. It was found that the N-terminal region of human AEN
(aa 1–109) is involved in binding with DAPK1 and p53 upon arsenite exposure [44], while
this region was also present in monkey AEN, but not in human ISG20. Therefore, the ability
of AEN to activate the IFN immune response may be related to the interaction between this
region and other proteins. In addition, there are few studies on human AEN and almost
none on monkey AEN, so more studies are needed to discuss its biological characteristics.

Pathogens 2024, 13, x FOR PEER REVIEW 12 of 15 
 

 

also have corresponding functions. It was found that the N-terminal region of human 
AEN (aa 1–109) is involved in binding with DAPK1 and p53 upon arsenite exposure [44], 
while this region was also present in monkey AEN, but not in human ISG20. Therefore, 
the ability of AEN to activate the IFN immune response may be related to the interaction 
between this region and other proteins. In addition, there are few studies on human AEN 
and almost none on monkey AEN, so more studies are needed to discuss its biological 
characteristics. 

 
Figure 7. The pathogenicity in the relations between PEDV infection, IFN, and AEN. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Table S1: Primers used in constructing plasmids; Table S2: Primers used in 
qPCR. 

Figure 7. The pathogenicity in the relations between PEDV infection, IFN, and AEN.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pathogens13010024/s1, Table S1: Primers used in constructing
plasmids; Table S2: Primers used in qPCR.

https://www.mdpi.com/article/10.3390/pathogens13010024/s1
https://www.mdpi.com/article/10.3390/pathogens13010024/s1


Pathogens 2024, 13, 24 12 of 13

Author Contributions: M.L.: Conceptualization, investigation, data curation, writing. J.M., X.P. and
X.Z.: resources, formal analysis. H.Y.: supervision, project administration, funding acquisition. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Key Research and Development Program of
China (2022YFD1800904), and the “Young Scholars” cultivation program of the College of Veterinary
Medicine in Nanjing Agricultural University.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in this article and
supplementary materials.

Acknowledgments: The authors thank Xiang Mao for linguistic revision of the manuscript and Rui
Liu for data analysis.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Pensaert, M.B.; de Bouck, P. A new coronavirus-like particle associated with diarrhea in swine. Arch. Virol. 1978, 58, 243–247.

[CrossRef] [PubMed]
2. Kocherhans, R.; Bridgen, A.; Ackermann, M.; Tobler, K. Completion of the porcine epidemic diarrhoea coronavirus (PEDV)

genome sequence. Virus Genes 2001, 23, 137–144. [CrossRef] [PubMed]
3. Duarte, M.; Gelfi, J.; Lambert, P.; Rasschaert, D.; Laude, H. Genome organization of porcine epidemic diarrhoea virus. Coronaviruses

Mol. Biol. Virus-Host Interact. 1993, 342, 55–60. [CrossRef]
4. Wood, E.N. An apparently new syndrome of porcine epidemic diarrhoea. Vet. Rec. 1977, 100, 243–244. [CrossRef] [PubMed]
5. Li, W.; Li, H.; Liu, Y.; Pan, Y.; Deng, F.; Song, Y.; Tang, X.; He, Q. New variants of porcine epidemic diarrhea virus, China, 2011.

Emerg. Infect. Dis. 2012, 18, 1350–1353. [CrossRef] [PubMed]
6. Debouck, P.; Pensaert, M. Experimental infection of pigs with a new porcine enteric coronavirus, CV 777. Am. J. Vet. Res. 1980, 41,

219–223. [PubMed]
7. Stevenson, G.W.; Hoang, H.; Schwartz, K.J.; Burrough, E.R.; Sun, D.; Madson, D.; Cooper, V.L.; Pillatzki, A.; Gauger, P.; Schmitt,

B.J.; et al. Emergence of Porcine epidemic diarrhea virus in the United States: Clinical signs, lesions, and viral genomic sequences.
J. Vet. Diagn. Investig. 2013, 25, 649–654. [CrossRef] [PubMed]

8. Takeuchi, O.; Akira, S. Innate immunity to virus infection. Immunol. Rev. 2009, 227, 75–86. [CrossRef]
9. Stark, G.R.; Darnell, J.E., Jr. The JAK-STAT pathway at twenty. Immunity 2012, 36, 503–514. [CrossRef]
10. Sun, M.; Yu, Z.; Ma, J.; Pan, Z.; Lu, C.; Yao, H. Down-regulating heat shock protein 27 is involved in porcine epidemic diarrhea

virus escaping from host antiviral mechanism. Vet. Microbiol. 2017, 205, 6–13. [CrossRef]
11. Sun, M.; Yu, Z.; Luo, M.; Li, B.; Pan, Z.; Ma, J.; Yao, H. Screening Host Antiviral Proteins under the Enhanced Immune Responses

Induced by a Variant Strain of Porcine Epidemic Diarrhea Virus. Microbiol. Spectr. 2022, 10, e0066122. [CrossRef] [PubMed]
12. Lee, J.H.; Koh, Y.A.; Cho, C.K.; Lee, S.J.; Lee, Y.S.; Bae, S. Identification of a novel ionizing radiation-induced nuclease, AEN, and

its functional characterization in apoptosis. Biochem. Biophys. Res. Commun. 2005, 337, 39–47. [CrossRef] [PubMed]
13. Kawase, T.; Ichikawa, H.; Ohta, T.; Nozaki, N.; Tashiro, F.; Ohki, R.; Taya, Y. p53 target gene AEN is a nuclear exonuclease

required for p53-dependent apoptosis. Oncogene 2008, 27, 3797–3810. [CrossRef] [PubMed]
14. Gato, W.E.; McGee, S.R.; Hales, D.B.; Means, J.C. Time-Dependent Regulation of Apoptosis by AEN and BAX in Response to

2-Aminoanthracene Dietary Consumption. Toxicol. Int. 2014, 21, 57–64. [CrossRef] [PubMed]
15. Couté, Y.; Kindbeiter, K.; Belin, S.; Dieckmann, R.; Duret, L.; Bezin, L.; Sanchez, J.C.; Diaz, J.J. ISG20L2, a novel vertebrate

nucleolar exoribonuclease involved in ribosome biogenesis. Mol. Cell. Proteom. 2008, 7, 546–559. [CrossRef]
16. Degols, G.; Eldin, P.; Mechti, N. ISG20, an actor of the innate immune response. Biochimie 2007, 89, 831–835. [CrossRef]
17. Feng, J.; Wickenhagen, A.; Turnbull, M.L.; Rezelj, V.V.; Kreher, F.; Tilston-Lunel, N.L.; Slack, G.S.; Brennan, B.; Koudriakova, E.;

Shaw, A.E.; et al. Interferon-Stimulated Gene (ISG)-Expression Screening Reveals the Specific Antibunyaviral Activity of ISG20.
J. Virol. 2018, 92, e02140-17. [CrossRef]

18. Zhou, Z.; Wang, N.; Woodson, S.E.; Dong, Q.; Wang, J.; Liang, Y.; Rijnbrand, R.; Wei, L.; Nichols, J.E.; Guo, J.T.; et al. Antiviral
activities of ISG20 in positive-strand RNA virus infections. Virology 2011, 409, 175–188. [CrossRef]

19. Wu, N.; Nguyen, X.N.; Wang, L.; Appourchaux, R.; Zhang, C.; Panthu, B.; Gruffat, H.; Journo, C.; Alais, S.; Qin, J.; et al. The
interferon stimulated gene 20 protein (ISG20) is an innate defense antiviral factor that discriminates self versus non-self translation.
PLoS Pathog. 2019, 15, e1008093. [CrossRef]

20. Espert, L.; Degols, G.; Gongora, C.; Blondel, D.; Williams, B.R.; Silverman, R.H.; Mechti, N. ISG20, a new interferon-induced
RNase specific for single-stranded RNA, defines an alternative antiviral pathway against RNA genomic viruses. J. Biol. Chem.
2003, 278, 16151–16158. [CrossRef]

https://doi.org/10.1007/BF01317606
https://www.ncbi.nlm.nih.gov/pubmed/83132
https://doi.org/10.1023/A:1011831902219
https://www.ncbi.nlm.nih.gov/pubmed/11724265
https://doi.org/10.1007/978-1-4615-2996-5_9
https://doi.org/10.1136/vr.100.12.243
https://www.ncbi.nlm.nih.gov/pubmed/888300
https://doi.org/10.3201/eid1803.120002
https://www.ncbi.nlm.nih.gov/pubmed/22840964
https://www.ncbi.nlm.nih.gov/pubmed/6245603
https://doi.org/10.1177/1040638713501675
https://www.ncbi.nlm.nih.gov/pubmed/23963154
https://doi.org/10.1111/j.1600-065X.2008.00737.x
https://doi.org/10.1016/j.immuni.2012.03.013
https://doi.org/10.1016/j.vetmic.2017.04.031
https://doi.org/10.1128/spectrum.00661-22
https://www.ncbi.nlm.nih.gov/pubmed/35762780
https://doi.org/10.1016/j.bbrc.2005.08.264
https://www.ncbi.nlm.nih.gov/pubmed/16171785
https://doi.org/10.1038/onc.2008.32
https://www.ncbi.nlm.nih.gov/pubmed/18264133
https://doi.org/10.4103/0971-6580.128796
https://www.ncbi.nlm.nih.gov/pubmed/24748736
https://doi.org/10.1074/mcp.M700510-MCP200
https://doi.org/10.1016/j.biochi.2007.03.006
https://doi.org/10.1128/JVI.02140-17
https://doi.org/10.1016/j.virol.2010.10.008
https://doi.org/10.1371/journal.ppat.1008093
https://doi.org/10.1074/jbc.M209628200


Pathogens 2024, 13, 24 13 of 13

21. Qu, H.; Li, J.; Yang, L.; Sun, L.; Liu, W.; He, H. Influenza A Virus-induced expression of ISG20 inhibits viral replication by
interacting with nucleoprotein. Virus Genes 2016, 52, 759–767. [CrossRef] [PubMed]

22. Kang, D.; Gao, S.; Tian, Z.; Zhang, G.; Guan, G.; Liu, G.; Luo, J.; Du, J.; Yin, H. ISG20 inhibits bluetongue virus replication. Virol.
Sin. 2022, 37, 521–530. [CrossRef] [PubMed]

23. Chen, X.; Sun, D.; Dong, S.; Zhai, H.; Kong, N.; Zheng, H.; Tong, W.; Li, G.; Shan, T.; Tong, G. Host Interferon-Stimulated Gene 20
Inhibits Pseudorabies Virus Proliferation. Virol. Sin. 2021, 36, 1027–1035. [CrossRef] [PubMed]

24. Liu, Y.; Nie, H.; Mao, R.; Mitra, B.; Cai, D.; Yan, R.; Guo, J.T.; Block, T.M.; Mechti, N.; Guo, H. Interferon-inducible ribonuclease
ISG20 inhibits hepatitis B virus replication through directly binding to the epsilon stem-loop structure of viral RNA. PLoS Pathog.
2017, 13, e1006296. [CrossRef]

25. Weiss, C.M.; Trobaugh, D.W.; Sun, C.; Lucas, T.M.; Diamond, M.S.; Ryman, K.D.; Klimstra, W.B. The Interferon-Induced
Exonuclease ISG20 Exerts Antiviral Activity through Upregulation of Type I Interferon Response Proteins. mSphere 2018, 3,
e00209-18. [CrossRef]

26. Chen, Q.; Li, G.; Stasko, J.; Thomas, J.T.; Stensland, W.R.; Pillatzki, A.E.; Gauger, P.C.; Schwartz, K.J.; Madson, D.; Yoon, K.J.; et al.
Isolation and characterization of porcine epidemic diarrhea viruses associated with the 2013 disease outbreak among swine in the
United States. J. Clin. Microbiol. 2014, 52, 234–243. [CrossRef]

27. Desmyter, J.; Melnick, J.L.; Rawls, W.E. Defectiveness of interferon production and of rubella virus interference in a line of African
green monkey kidney cells (Vero). J. Virol. 1968, 2, 955–961. [CrossRef]

28. Lin, F.; Zhang, H.; Li, L.; Yang, Y.; Zou, X.; Chen, J.; Tang, X. PEDV: Insights and Advances into Types, Function, Structure, and
Receptor Recognition. Viruses 2022, 14, 1744. [CrossRef]

29. Hu, Y.; Xie, X.; Yang, L.; Wang, A. A Comprehensive View on the Host Factors and Viral Proteins Associated With Porcine
Epidemic Diarrhea Virus Infection. Front. Microbiol. 2021, 12, 762358. [CrossRef]

30. Jung, K.; Saif, L.J.; Wang, Q. Porcine epidemic diarrhea virus (PEDV): An update on etiology, transmission, pathogenesis, and
prevention and control. Virus Res. 2020, 286, 198045. [CrossRef]

31. Li, M.; Wu, Y.; Chen, J.; Shi, H.; Ji, Z.; Zhang, X.; Shi, D.; Liu, J.; Tian, J.; Wang, X.; et al. Innate Immune Evasion of Porcine
Epidemic Diarrhea Virus through Degradation of the FBXW7 Protein via the Ubiquitin-Proteasome Pathway. J. Virol. 2022, 96,
e0088921. [CrossRef] [PubMed]

32. Zheng, L.; Wang, X.; Guo, D.; Cao, J.; Cheng, L.; Li, X.; Zou, D.; Zhang, Y.; Xu, J.; Wu, X.; et al. Porcine epidemic diarrhea virus E
protein suppresses RIG-I signaling-mediated interferon-β production. Vet. Microbiol. 2021, 254, 108994. [CrossRef]

33. Guo, L.; Luo, X.; Li, R.; Xu, Y.; Zhang, J.; Ge, J.; Bu, Z.; Feng, L.; Wang, Y. Porcine Epidemic Diarrhea Virus Infection Inhibits
Interferon Signaling by Targeted Degradation of STAT1. J. Virol. 2016, 90, 8281–8292. [CrossRef] [PubMed]

34. Wang, D.; Fang, L.; Shi, Y.; Zhang, H.; Gao, L.; Peng, G.; Chen, H.; Li, K.; Xiao, S. Porcine Epidemic Diarrhea Virus 3C-Like
Protease Regulates Its Interferon Antagonism by Cleaving NEMO. J. Virol. 2016, 90, 2090–2101. [CrossRef]

35. Zhang, Q.; Shi, K.; Yoo, D. Suppression of type I interferon production by porcine epidemic diarrhea virus and degradation of
CREB-binding protein by nsp1. Virology 2016, 489, 252–268. [CrossRef]

36. Shen, Z.; Ye, G.; Deng, F.; Wang, G.; Cui, M.; Fang, L.; Xiao, S.; Fu, Z.F.; Peng, G. Structural Basis for the Inhibition of Host Gene
Expression by Porcine Epidemic Diarrhea Virus nsp1. J. Virol. 2018, 92, e01896-17. [CrossRef]

37. Durie, I.A.; Dzimianski, J.V.; Daczkowski, C.M.; McGuire, J.; Faaberg, K.; Pegan, S.D. Structural insights into the interaction of
papain-like protease 2 from the alphacoronavirus porcine epidemic diarrhea virus and ubiquitin. Acta Crystallogr. Sect. D Struct.
Biol. 2021, 77, 943–953. [CrossRef]

38. Shi, F.; Lv, Q.; Wang, T.; Xu, J.; Xu, W.; Shi, Y.; Fu, X.; Yang, T.; Yang, Y.; Zhuang, L.; et al. Coronaviruses Nsp5 Antagonizes Porcine
Gasdermin D-Mediated Pyroptosis by Cleaving Pore-Forming p30 Fragment. mBio 2022, 13, e0273921. [CrossRef]

39. Li, S.; Yang, J.; Zhu, Z.; Zheng, H. Porcine Epidemic Diarrhea Virus and the Host Innate Immune Response. Pathogens 2020, 9, 367.
[CrossRef]

40. Li, D.; Wu, M. Pattern recognition receptors in health and diseases. Signal Transduct. Target. Ther. 2021, 6, 291. [CrossRef]
41. Isazadeh, A.; Heris, J.A.; Shahabi, P.; Mohammadinasab, R.; Shomali, N.; Nasiri, H.; Valedkarimi, Z.; Khosroshahi, A.J.;

Hajazimian, S.; Akbari, M.; et al. Pattern-recognition receptors (PRRs) in SARS-CoV-2. Life Sci. 2023, 329, 121940. [CrossRef]
[PubMed]

42. Kusiak, A.; Brady, G. Bifurcation of signalling in human innate immune pathways to NF-kB and IRF family activation. Biochem.
Pharmacol. 2022, 205, 115246. [CrossRef] [PubMed]

43. Carty, M.; Guy, C.; Bowie, A.G. Detection of Viral Infections by Innate Immunity. Biochem. Pharmacol. 2021, 183, 114316. [CrossRef]
[PubMed]

44. Zou, S.; Zhang, C.; Xu, H.; Liu, Z.; Hu, Y.; Wang, W.; Liu, K.; Wen, Q.; Song, L. ISG20L1 acts as a co-activator of DAPK1 in the
activation of the p53-dependent cell death pathway. J. Cell Sci. 2023, 136, jcs260915. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s11262-016-1366-2
https://www.ncbi.nlm.nih.gov/pubmed/27342813
https://doi.org/10.1016/j.virs.2022.04.010
https://www.ncbi.nlm.nih.gov/pubmed/35513266
https://doi.org/10.1007/s12250-021-00380-0
https://www.ncbi.nlm.nih.gov/pubmed/33830434
https://doi.org/10.1371/journal.ppat.1006296
https://doi.org/10.1128/mSphere.00209-18
https://doi.org/10.1128/JCM.02820-13
https://doi.org/10.1128/jvi.2.10.955-961.1968
https://doi.org/10.3390/v14081744
https://doi.org/10.3389/fmicb.2021.762358
https://doi.org/10.1016/j.virusres.2020.198045
https://doi.org/10.1128/jvi.00889-21
https://www.ncbi.nlm.nih.gov/pubmed/34495699
https://doi.org/10.1016/j.vetmic.2021.108994
https://doi.org/10.1128/JVI.01091-16
https://www.ncbi.nlm.nih.gov/pubmed/27384656
https://doi.org/10.1128/JVI.02514-15
https://doi.org/10.1016/j.virol.2015.12.010
https://doi.org/10.1128/JVI.01896-17
https://doi.org/10.1107/S205979832100509X
https://doi.org/10.1128/mbio.02739-21
https://doi.org/10.3390/pathogens9050367
https://doi.org/10.1038/s41392-021-00687-0
https://doi.org/10.1016/j.lfs.2023.121940
https://www.ncbi.nlm.nih.gov/pubmed/37451397
https://doi.org/10.1016/j.bcp.2022.115246
https://www.ncbi.nlm.nih.gov/pubmed/36088989
https://doi.org/10.1016/j.bcp.2020.114316
https://www.ncbi.nlm.nih.gov/pubmed/33152343
https://doi.org/10.1242/jcs.260915

	Introduction 
	Materials and Methods 
	Cells, Viruses, and Plasmids 
	Antibodies and Other Reagents 
	Viral Infection and Titer Determination 
	RNA Extraction, Reverse Transcription PCR (RT-PCR), and Quantitative PCR (qPCR) 
	Transient Transfection 
	Short Interfering RNA (siRNA) Knockdown of the IFNB1 Gene 
	Western Blotting Analysis 
	Statistical Analysis 

	Results 
	An Increase in Virus Replication Inhibited AEN Production during PEDV Infection in MARC-145 Cells 
	AEN Overexpression Inhibited PEDV Replication in MARC-145 Cells 
	The Antiviral Effect of AEN Was Independent of Its Exonuclease Activity 
	AEN and AEN-4A Increase the Transcription of Type I IFN and ISGs 
	AEN and AEN-4A Exert Antiviral Effects Dependent on IFN 

	Discussion 
	References

