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Abstract

African swine fever virus (ASFV), as a member of the large DNA viruses, may regulate autophagy and apoptosis by
inhibiting programmed cell death. However, the function of ASFV proteins has not been fully elucidated, especially the
role of autophagy in ASFV infection. One of three Pyrroline-5-carboxylate reductases (PYCR), is primarily involved in
conversion of glutamate to proline. Previous studies have shown that depletion of PYCR?2 was related to the induction of
autophagy. In the present study, we found for the first time that ASFV E199L protein induced a complete autophagy
process in Vero and HEK-293T cells. Through co-immunoprecipitation coupled with mass spectrometry (CoIP-MS)
analysis, we firstly identified that E199L interact with PYCR2 in vitro. Importantly, our work provides evidence that
E199L down-regulated the expression of PYCR2, resulting in autophagy activation. Overall, our results demonstrate that
ASFV E199L protein induces complete autophagy through interaction with PYCR2 and down-regulate the expression level
of PYCR2, which provide a valuable reference for the role of autophagy during ASFV infection and contribute to the

functional clues of PYCR2.
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Introduction

African swine fever (ASF) is a fatal disease caused by
African swine fever virus (ASFV), leading to severe
hemorrhagic fever in pigs. In 1920s, ASFV was first found
in Kenya and has continued to spread worldwide since then
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(Arzt et al. 2010). The first ASF case broke out in China on
August 3, 2018 in Liaoning and rapidly spread across the
entire country (Zhao et al. 2019). ASFV has seriously
threatened the world’s pig industry due to the lack of
vaccines. To promote vaccine development, improved
knowledge is needed of how the virus interacts with the
host and the mechanism of antiviral defense. The first and
critical step is to explain the function of its viral protein.
The ASFV viral particle displays a unique icosahedral
morphology with a diameter of about 250 nm (Wang et al.
2019). The double-stranded DNA genome of the virus
codes for more than 150 proteins of which many are of
unknown function, including E199L. As early as 1996,
researchers identified the protein E199L, also named j18L,
which was expressed late post-infection and localized in
the viral factories (Sun et al. 1996). But no specific func-
tional studies have been reported until 2020. Matamoros
addressed the role of ASFV protein E199L in virus repli-
cation and results showed that E199L is required for viral
core entry but not for virus morphogenesis due to its inner
envelope transmembrane polypeptide structure containing
intramolecular disulfide bonds (Matamoros et al. 2020).
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Autophagy is a highly conserved catabolic process that
is routinely described as a common strategy for cell pro-
tection. Autophagosomes fuse with lysosomes forming
autolysosomes, resulting in the degradation of the engulfed
components and generating nutrients (Campbell er al.
2018). Lysosomal degradation mediated by autophagy
enhances the immune response to HIV infection in a
variety of ways (Nardacci et al. 2017). However, many
viruses have evolved various methods to escape autophagic
degradation (Choi et al. 2018). In HIV-infected macro-
phages, NEF binds to Beclin-1 to block the degradative
stages of autophagy and the accumulation of autophagic
factors (Kyei et al. 2009). Further on, some viruses, like
Zika virus (Peng et al. 2018) and other flavivirus (McLean
et al. 2011), even can hijack cellular autophagy to benefit
viral replication. This may because the double-membrane
compartment formed during autophagy provides a physical
platform for viral replication and protects viral RNA from
detection and degradation by innate immune sensors (Choi
et al. 2018).

However, the research between autophagy and ASFV
infection is still insufficient. An independent study found
that ASFV inhibited autophagy probably because its
A179L protein interacts with Beclin-1 to control autophagy
(Hernaez et al. 2013). The latest study reported the struc-
tural basis for A179L-mediated inhibition of autophagy
may be by binding to the Beclin-1 BH3 motif (Banjara
et al. 2019). In addition, ASFV infection did not appear to
induce LC3 lipidation or autophagosome formation in Vero
cells. What is interesting, however, is that induction of
autophagy by rapamycin prior to ASFV infection reduces
viral infectivity (Alonso et al. 2013). So, more relevant
research is needed urgently. In general, the role of autop-
hagy in the process of ASFV infection remains unclear and
further studies are needed.

Pyrroline-5-carboxylate reductase 2 (PYCR2), one of
three Pyrroline-5-carboxylate reductases, is primarily
involved in the conversion of glutamate to proline (De
Ingeniis er al. 2012). But over the years, few studies on
PYCR?2 have been reported. Until 2015, Nakayama showed
that mutations in PYCR2 cause microcephaly and
hypomyelination (Nakayama et al. 2015). More research
later confirmed that PYCR2 deficiency is associated with a
rare autosomal recessive genetic disease (Zaki et al. 2016;
Afroze et al. 2020). In addition, PYCR2 collaborates with
RRM2B to protect cells for overt oxidative stress (Kuo
et al. 2016). Likewise, another study also showed that
PYCR?2 has significant antioxidant activity and can inhibit
the upregulation of ROS levels (Nakayama et al. 2015).
Recent research has shown that loss of PYCR2 causes
neurodegeneration by increasing cerebral glycine levels via
SHMT?2 (Escande-Beillard er al. 2020). It is noteworthy
that down-regulation of PYCR2 induces autophagy in

melanoma cells (Ou et al. 2016). This result surprised us by
showing that there may be some association between
PYCR2 and autophagy.

In the present study, transient transfection of recombi-
nant plasmid expressing ASFV-EI99L protein could
induce a complete autophagy process in Vero cells and
human embryonic kidney-293T (HEK-293T) cells. Based
on Co-immunoprecipitation coupled with mass spectrom-
etry (ColP-MS) analysis, we identified 119 potential
E199L-interacting proteins in Vero cell line. After in vitro
validation of E199L/PYCR?2 binding, we investigated the
functional meaning of this novel interaction. Our data
indicate that EI99L can down-regulate the expression level
of PYCR2 and ultimately promote cellular autophagy. In
general, to an extent, our research has filled a gap in the
study on African swine fever virion proteins function.
Moreover, we also supplemented the validation of the
relationship between PYCR2 and autophagy.

Materials and Methods
Cell Cultures and Transfection

Vero cells and HEK-293T cells were maintained at 37 °C
in complete Dulbecco’s modified Eagle’s medium
(C11995500BT, Thermo Fisher) containing 10% fetal
bovine serum (10,099-141, Gibco). Small interfering RNA
(siRNA) targeting PYCR2(5’-UUCAUGGCU-
CUGGACGCAUUGTT-3) and the negative control (5'-
UUCUCCGAACGUGUCACGUTT-3') were synthesized
by Sangon Biotech. Cells grown to approximately 80%
confluence were transfected with plasmid or siRNA by
using Lipofectamine® 3000 Reagent (L3000015,
Invitrogen).

Plasmid Constructions

pPRKS5-Flag, pEGFP-C1 and pmCherry-N1 were preserved
in laboratory. pPRK5-Flag-E199L and pEGFP-E199L were
constructed by synthetizing ASFV EJ99L gene into
pPRKS5-Flag and pEGFP-C1 vector. pPRK5-Flag-E183L,
pPRKS5-Flag-F317L, pPRKS5-Flag-MGF 505-4R, pPRKS5-
Flag-CP530R and pPRKS5-Flag-B602L were constructed by
synthetizing ASFV EI83L/F317L/MGF 505-4R/CP530R/
B602L gene into pPRKS-Flag vector. pPRKS-Flag-PYCR2
and pmCherry-PYCR2 was constructed by cloning pig
PYCR2 (NCBI Reference Sequence: XM_003130542.4)
into pPRKS5-Flag and pmCherry-N1 vector. pmCherry-
ARLSB, pmCherry-BAGS, pmCherry-FLII and pmCherry-
LAMP2 was constructed by cloning pig ARLSB
(NM_001252214.1)/BAGS (XM_021081511.1)/FLII
(XM_021067982.1)/LAMP2  (NM_001244255.1) into
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pmCherry-N1 vector. The method of homologous recom-
bination was used to construct these plasmids and con-
firmed by sequencing.

Antibodies and Reagents

The antibodies used in the study are as follows: Anti-LC3B
(L7543) and anti-SQSTM1 (P0067) antibodies were
obtained from Sigma-Aldrich. Anti-Flag (14793S) and
anti-B-actin (4970S) were obtained from Cell Signaling
Technology. Anti-PYCR2 (17,146-1-AP), horseradish
peroxidase (HRP)-conjugated goat anti-mouse/rabbit sec-
ondary antibodies (SA00001), coralite 594/488 conjugated
goat anti-mouse/rabbit IgG(H + L) antibodies (SA00013)
were obtained from Protein Tech Group. Anti-mCherry
(183,628) antibody was purchased from abcam and anti-
GFP (T0005) antibody was purchased from affinity. PAGE
Gel Fast Preparation Kit (PG112 and PG114), Protein Free
Rapid Blocking Buffer (PS108) and Omni-ECL™
Enhanced Pico Light Chemiluminescence Kit (SQ101)
were obtained from Epi Zyme. Electrophoresis buffer
(FD9001) and Western transfer buffer (FD9002) were
obtained from Fdbio science.

Reverse Transcription-Quantitative PCR

Total RNA was extracted from cultured cells by using
Trizol reagent and 1 pg RNA was reverse-transcribed
using Prime Script RT Reagent Kit (AK2601, Takara Bio).
The qRT-PCR was performed with DyNAmo Flash SYBR
Green qPCR Kit (F415XL, Thermo Fisher). The primer
sequences for PYCR2 were 5-CCTGCATCCGCACAA-
GAGAG-3’ (forward) and 5-GTGGGGGACTC-
CAGTTTCACT-3' (reverse). GAPDH was used as the
internal control and its sequences were: 5'- ATCCCGC-
CAACATCAAATGG -3’ (forward) and 5'- ACTTCT-
CATGGTTCACGCCC -3’ (reverse). Relative expression
of PYCR2 was normalized and the data were analyzed
using the 274" method.

Western Blot

Prepared cells were dissolved in 100 pL. RIPA lysis buffer
(CW2333S, CWBIO) including 100x protease inhibitor
(CW2200, CWBIO). After centrifugation, the lysates were
denatured for 5 min in 5x SDS-PAGE loading buffer
(PO015, Beyotime). Proteins were separated on an SDS-
PAGE gel and transfered to a PVDF membrane. Next, we
block it with 5% skimmed milk powder at 4 °C overnight.
After that, the membrane was incubated with primary
antibodies for 1 h, then the corresponding secondary anti-
bodies at room temperature for 0.5 h. Developed
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membranes were imaged using an Azure c300 digital
imager system (Azure Biosystems, Dublin, CA).

Immunofluorescence and Confocal Microscopy

Vero and HEK-293T Cell monolayers were fixed using 4%
paraformaldehyde (AAPR12-500, Python bio) for 15 min
at room temperature. Then, cells were permeabilized with
0.1% Triton-X 100 (AAPR96-C100, Python bio) for
15 min at room temperature. Next, we block it with 5%
skimmed milk powder at 4 °C overnight. After that, cells
were incubated with primary antibodies for 1 h at room
temperature, then the fluorochrome-conjugated secondary
antibodies for 1 h in the dark. Last, cells were incubated
with DAPI (P36941, Invitrogen) for nuclear staining. The
fluorescence signals were detected with a TCS SP8 con-
focal fluorescence microscope (Leica).

Co-Immunoprecipitation

After transfection with the indicated plasmids, cells were
lysed in ice-cold lysis buffer. Lysates were centrifuged at
12,000 xg for 10 min and then supernatants were incu-
bated with GFP-Trap agarose beads (gta-20, Chromo Tek)
for 1 h at 4 °C. After washing 3 times by wash buffer,
beads were boiled with 2x SDS loading buffer. Proteins of
interest were analyzed by western blotting.

Mass Spectrometry Analysis

Mass spectrometry analysis was performed at Cloud-Seq
Biotech Ltd. Co. (Shanghai, China). FASP method is
mainly used for enzymatic hydrolysis and the specific steps
are as follows (Wisniewski et al. 2009). Each sample was
treated with 500 pL. UA buffer (8 mol/L Urea, 150 mmol/
L Tris—HCI, pH 8.0) after treatment in a 10 kDa ultrafil-
tration centrifuge tube at 5000 xg at 15 °C. 500 uL UA
buffer was added and mixed with DTT until the final
concentration was 100 mmol/L. The mixture was cen-
trifuged at 8000 xg for 15 min. Then 500 uL. UA buffer
was added and centrifuged at 8000 xg for 15 min to dis-
card the filtrate. 500 pL TAA (50 mmol/L IAA in UA) was
added, which was oscillated at 600 rpm for 1 min, and
incubate at room temperature for 30 min in darkness and
centrifuge at 8000 x g for 10 min. 500 pL UA buffer was
added and centrifuged at 8000 xg for 10 min and repeat
twice. Then 4 pL trypsin buffer (2 pg trypsin) and 500 pL
NH4HCO5; were added, which was oscillated at 600 rpm
for 1 min and incubate 16 h at 37 °C. Finally, the filtrate
was collected by centrifugation at 14,000 xg for 10 min
and completely dried down. Gradient elution was per-
formed with mobile phase A (0.1% formic acid solution)
and B (99% ACN/0.1% formic acid). Peptides were eluted
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with a gradient of 2%—-6% B over 2 min, followed by 6%—
30% B over 98 min, 30%—-45% B over 9 min, 45%-90% B
over 2 min and held at 90% B for 10 min.

Bioinformatics Analysis

The mass—charge ratio of peptides and fragments of
peptides are collected as follows. After each full scan (MS1
scan), 12 fragments (MS2 scan) were collected. MS1 scan
represented profile mode with a resolution of 70,000 and
MS2 scan represented profile mode with a resolution
of 17,500. Collision energy: 27.0%, isolation window:
1.2 m/z. Raw File used Max Quant 1.6.0.16 to analyze data
(Cox et al. 2008), and Max Quant’s built-in algorithm was
used to identify polypeptides and proteins, and relative
quantitative information (LFQ) was given (Cox et al.
2014). The LFQ value was converted by log10 and quantile
standardized (LIMMA package), then the differential
polypeptides and proteins were screened by the use of
volcanic diagrams, and the clustering, scatter, and volcanic
diagrams were drawn. The GO and KEGG pathways of
related genes were analyzed.

Statistical Analysis

Western blot and Co-IP results are representatives of three
independent experiments. All statistics were calculated
using Prism 8 (Graph pad). The Student t test was used to
evaluate the statistical significance and P < 0.05 was
considered statistically significant.

Results

ASFV E199L Protein Triggers Autophagy in VERO
and HEK-293T Cells

To investigate whether individual ASFV proteins trigger
autophagy, we transfected Flag-tagged ASFV EI83L,
E199L, F317L, MGF 505-4R, CP530R and B602L
expression plasmids into Vero cells and used Western blot
to measure the conversion of LC3-I to LC3-II and P62
degradation, which is a general method for evaluating
autophagy process (Bjorkoy et al. 2005). As shown in
Fig. 1A, transient transfection of E199L protein induced
the conversion of LC3-I to LC3-II and P62 degradation.
We carried out densitometry analysis of the density band
and the statistical results also confirmed the induction of
autophagy (Fig. 1B). In contrast, E183L, F317L, CP530R
and B602L proteins did not induce autophagy.

To confirm autophagy induction by ASFV E199L pro-
tein, we measured induction over time after transfection of
ASFV E199L protein. The conversion of LC3-I to LC3-1I

was monitored at 6, 12, 24, and 36 h post-transfection with
empty vector (EV) treatment as a negative control. As
demonstrated in Fig. 1C, E199L-transfected Vero cells had
significant conversion of LC3-I to LC3-II since 12 h. To
quantify these results, we further used densitometry anal-
ysis to measure band intensity. The ratio of LC3-II to
LC3-I was increased at 12, 24, and 36 h in ASFV E199L-
transfected cells but not in untreated control cells at the
corresponding time points (Fig. 1D). Accordingly, we
detected similar phenomena in HEK-293T cells (Fig. 1E,
1F).

To further confirm that the conversion of LC3-I to
LC3-II was indeed related to the induction of autophagy,
we further observed the formation of LC3 fluorescent
puncta from the morphological point of view. Vero and
HEK-293T cells were transfected with pPRK5-Flag-E199L
for 24 h. In ASFV E199L-transfected cells, the amount of
LC3 fluorescent puncta noticeably increased while a lar-
gely dispersed fluorescence distribution was observed in
EV-treated groups (Fig. 1G, 1H). Collectively, these data
demonstrate that pPRKS5-Flag-E199L transfection indeed
induced an autophagic response in Vero and HEK-293T
cells.

ASFV E199L Protein-Induced Autophagy Is
a Complete Process

The accumulation of autophagosomes may be due to
autophagy induction or a block in autophagosome matu-
ration (Klionsky et al. 2016). To further explore whether
the autophagic response triggered by E199L was a com-
plete process, the expression level of P62 was measured by
western blot analysis. As an adaptor of LC3-II, P62 was
generally considered a marker to asses autophagic flux
(Yasui et al. 2016). Compared to EV-treated group, P62
was not significantly degraded at early stages, but signifi-
cantly decreased at later stages (24 and 36 h) (Fig. 2A,
2B), suggesting that the E199L protein induced complete
autophagy. Furthermore, we observed the similar results in
HEK-293T cells (Fig. 2C, 2D).

Subsequently, to investigate the accumulation of
autophagosomes, cells were labeled with Lyso-Tracker
Red to label acidic compartments or organelles in living
cells (Gu et al. 2019). Autophagosomes and Lyso-Tracker
Red were co-localized in cells following E199L-trans-
fected. By contrast, in EV-treated group, almost no co-
localization was observed between Autophagosomes and
Lyso-Tracker Red (Fig. 2E, 2F). These results suggested
that autophagosomes could fuse with acidic compartments
or organelles following the transfection of E199L. Taken
together, these data indicate that E199L protein-induced
autophagy is a complete process in Vero and HEK-293T
cells.
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Fig. 1 ASFV E199L protein triggers autophagy in Vero and HEK-
293T cells. A Vero cells were transfected with empty vectors or
various plasmids expressing Flag-tagged ASFV EI83L, E199L,
F317L, MGF 505-4R, CP530R, B602L proteins and empty vector
(EV). At 24 h post-transfection, cells were harvested and Western
blotting was performed. Blots are representative of the 3 independent
experiments. B-actin was used as sample-loading control. B Densit-
ometric LC3-II/LC3-1 and P62/B-actin ratios from at least 3
independent experiments were shown. Error bars show standard error
of the mean (SEM). Significance was analyzed with two-tailed
Student’s test. ***P < 0.001. C and E Vero and HEK-293T cells
were transfected with ASFV E199L protein expression plasmids

ASFV E199L Protein Interacts with Host Protein
PYCR2

The study of protein—protein interactions is an essential
process to understand the biological functions of proteins
and the underlying mechanisms. Co-immunoprecipitation
coupled with mass spectrometry (CoIP-MS) is one of the
most extensively used high-throughput techniques to dis-
cover novel protein—protein interactions (Ngounou er al.
2014). To explore this issue, we preformed mass spec-
trometry analysis of E199L protein and screened 119
potential interacting proteins (Supplementary Table S1).
To identify putative functional processes associated with
E199L-interacting proteins, we used GO cluster analysis to
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(E199L) or empty vectors (EV). Cells were harvested at indicated
time points (6, 12, 24 and 36 h) and detected with anti-LC3B
antibody. Blots are representative of the 3 independent experiments.
B-actin was used as sample-loading control. D and F Densitometric
LC3-II/LC3-I ratios from at least 3 independent experiments were
shown. Error bars show standard error of the mean (SEM).
Significance was analyzed with two-tailed Student’s test.
*P < 0.05, **P < 0.01, ***P < 0.001. G and H Vero and HEK-
293T cells were transfected with ASFV E199L protein expression
plasmids or empty vectors. The fluorescent puncta of LC3B were
observed by confocal microscopy with scale bars indicating 10 pm.

provide relevant information about biological processes
(BP), cellular components (CC) and molecular functions
(MF) and KEGG pathway analysis (Supplementary
Fig. S1). We have noted that the GO term intracellular and
membrane-bounded organelle were enriched in the CC
category, while the binding-associated GO terms were
enriched in the MF category, and various metabolic pro-
cesses were enriched in the BP category. The top 10 KEGG
pathways enriched by the target genes included ribosome,
tight junction and endoplasmic reticulum pathways.
Furthermore, we have chosen 5 possible interaction
proteins (ARL8B, LAMP2, PYCR2, BAGS5 and FLII)
which are related to cell autophagy and constructed
eukaryotic expression plasmid respectively (Table 1). Co-
immunoprecipitation assays and Western blot analysis
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Fig. 2 ASFV EI99L protein-induced autophagy is a complete
process. A and C Vero and HEK-293T cells were transfected with
ASFV E199L protein expression plasmids or empty vectors. Cells
were harvested at indicated time points (6, 12, 24 and 36 h) and
detected with anti-P62 antibody. Blots are representative of the 3
independent experiments. -actin was used as sample-loading control.
B and D Densitometric P62/B-actin ratios from at least 3 independent

showed that PYCR2 can interact with EI99L (Fig. 3A)
whereas others do not (Supplementary Fig. S2). In addi-
tion, confocal immunofluorescence suggested that host
protein PYCR2 (mCherry) co-localized with ASFV-E199L
(EGFP) in the cytoplasm (Fig. 3B). This further illustrates
the interaction between PYCR2 and E199L. Interestingly
enough, we found that the expression levels of PYCR2
seem to be regulated by E199L. After ASFV EI199L-
transfected, the fluorescence puncta of PYCR2 signifi-
cantly decreased as shown in Fig. 3B.

To further clarify the detailed interaction between
E199L and PYCR2, the expression levels of PYCR2 were
measured in E199L-transfected cells. As we expected, the
overexpression of E199L down-regulated the expression of
PYCR2 both in mRNA and protein levels (Fig. 3C, 3D).
These data demonstrate that the ASFV E199L protein
interacts with host protein PYCR2 and down-regulates the
expression level of PYCR2.

GFP-LC3 Lyso -Tracker

experiments were shown. Error bars show standard error of the mean
(SEM). Significance was analyzed with two-tailed Student’s test.
*¥#%P < 0.001. E and F Vero and HEK-293T cells were transfected
with ASFV E199L protein expression plasmids or empty vectors for
24 h and then treated with Lyso-Tracker for 2 h. The fusion between
the autophagosomes and lysosomes were observed by confocal
microscopy with scale bars indicating 10 pum.

Host Protein PYCR2 Regulates Autophagy
Activation

There is little known about the function of PYCR2 and only
one literature suggests that the down-regulation of PYCR2
seems to be associated with autophagy (Ou et al. 2016). We
therefore hypothesized that the E199L-induced autophagy
was mediated by down-regulation of PYCR2. To put this
hypothesis to the test, we knocked down the expression of
PYCR2 and detected the changes of autophagy markers.
First, we verified the interference efficiency of siRNA by
Western blot analysis. As shown in Fig. 4A, 4B, siRNA-1
has the highest interference effect in 24 h. After that, we
collected cellular proteins treated by siRNA-1 at different
time points. In siRNA-treated cells, the conversion of LC3-I
to LC3-II and the degradation of P62 were observed as
against NC-treated cells. Densitometry analysis also sup-
ports the results (Fig. 4C, 4D). These data indicate that
depletion of PYCR2 promotes autophagy and it is consistent
with previous studies (Ou et al. 2016).
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Table 1 Potential E199L-interacting proteins which are related to cell autophagy.

Gene Protein name Fold change  LFQ intensity LFQ intensity = Functional description References
name E199L-IP E199L-1gG
ARLSB  ADP-ribosylation factor- 3.428346353 44,963,000 0 A critical regulator of cargo (Garg et al.
like protein 8B delivery to lysosomes 2011)
LAMP2 lysosomal associated 3.365582298 36,729,000 0 An important role in (Fukushima
membrane protein 2 autophagosome formation et al. 2020)
(Nguyen et al.
2018)
PYCR2  Pyrroline-5-carboxylate 58.15290957 351,840,000 0 Downregulation of PYCR2 (Ou et al.
reductase 2 induces the autophagy 2016)
BAGS BAG family molecular 32.82806482 101,330,000 0 Bcl-2-associated BAGS regulates (De snoo et al.
chaperone regulator 5 autophagy 2019)
FLII Protein flightless 1 3.152638472 16,234,000 0 FLII interacts with p62 to block  (He et al.
homolog its recognition of LC3 2018)
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Fig. 3 ASFV EI199L protein interacts with host protein PYCR2.
A Vero cells were co-transfected with pEGFP-C1, pEGFP-E199L,
pmCherry-N1 and pmCherry-PYCR?2 plasmid in pairs and immuno-
precipitation was performed with anti-EGFP antibody. Immunoblot-
ting analysis was performed with anti-EGFP antibody and anti-
mCherry antibody. Blots are representative of the 3 independent
experiments. B Vero cells were co-transfected with pEGFP-CI,
pEGFP-E199L, pmCherry-N1 and pmCherry-PYCR2 plasmid in
pairs. The fluorescence signals were visualized by confocal
immunofluorescence microscopy with scale bars indicating 10 pm.
C Vero cells were transfected with ASFV E199L protein expression
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plasmids or empty vectors. Quantitative real-time PCR of the mRNA
expression levels of PYCR2 were detected. GAPDH, as an inner
reference, was used as sample-loading control. D Vero cells were
transfected with ASFV E199L protein expression plasmids or empty
vectors. At 24 h post-transfection, cells were harvested and western
blotting was performed with anti-PYCR2 antibody. Blots are
representative of the 3 independent experiments. B-actin was used
as sample-loading control. Densitometric PYCR2/B-actin ratios from
at least 3 independent experiments are shown. Error bars show
standard error of the mean (SEM). Significance was analyzed with
two-tailed Student’s test. ***P < (0.001.
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To further investigate the regulation of PYCR2 on
autophagy, we made use of a PYCR2 overexpression
vector (pPRKS5-Flag-PYCR2). We checked the influence of
PYCR2 overexpression on autophagy as assessed by
monitoring the conversion of LC3-I to LC3-II and the
degradation of P62. Out of our expectation, overexpression
of PYCR2 had no impact on these processes, which indi-
cated the existence of complicated mechanism in this
regulation (Fig. 4E, 4F).

ASFV E199L Protein Induces Autophagy
by Down-Regulating PYCR2

In order to clarify the interaction between E199L and
PYCR2 on autophagy, we transfected cells with multiple
plasmids either individually or co-transfected. As shown in
Fig. 5, overexpression of E199L or knockdown of PYCR2
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promoted autophagy to varying degree, and when E199L
was co-transfected with si-PYCR2, the results were the
same. Nevertheless, when PYCR2 was overexpressed, the
activity of P62 inhibited by E199L was completely
recovered; and the level of LC3-1I/LC3-I was decreased.
These results further confirmed that E199L induce autop-
hagy by interacting with PYCR2 and down-regulating the
expression level of PYCR2.

Discussion

Within global range, ASFV leads to devastating effect on
pig production (Costard et al. 2009). However, owing to
complex virus structure and unknown protein function, it is
difficult to make a breakthrough in vaccine development
(Arias et al. 2017). In order to better explain the pathogenic
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Fig. 4 Host protein PYCR2 regulates autophagy activation. A and
B Vero cells were transfected with si-PYCR2 and si-NC treatment
was used as negative control. At 36 h post-transfection, cells were
harvested and western blotting was performed with anti-PYCR2
antibody. Blots are representative of the 3 independent experiments.
B-actin was used as sample-loading control. Densitometric PYCR2/(-
actin ratios from at least 3 independent experiments were shown.
Error bars show standard error of the mean (SEM). Significance was
analyzed with two-tailed Student’s test. ***P < 0.001. C and E Cells
were harvested at indicated time points (24, 36 and 48 h) and detected

Hours post transfection

Hours post transfection

with anti-P62 antibody and anti-LC3B antibody. Blots are represen-
tative of the 3 independent experiments. B-actin was used as sample-
loading control. C: Vero cells were transfected with si-PYCR2 and si-
NC. E: Vero cells were transfected with ASFV EI99L protein
expression plasmids or empty vectors. D and F Densitometric LC3-I1/
LC3-I and P62/B-actin ratios from at least 3 independent experiments
are shown. Error bars show standard error of the mean (SEM).
Significance was analyzed with two-tailed Student’s test. **
P < 0.01, ***P < 0.001. ns:not significant.
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Fig. 5 ASFV EI199L protein induces autophagy by down-regulating
PYCR2. A and C Vero cells were transfected with various expression
plasmids. At 24 h post-transfection, cells were harvested and western
blotting was performed with anti-PYCR2 antibody. Blots are
representative of the 3 independent experiments. B-actin was used

mechanism of ASFV and promote vaccine development, it
is an important step to reveal the unknown protein func-
tions of ASFV. We first concentrate efforts on autophagy
because it is closely related to viral infection. For viruses,
cell autophagy is a double-edged sword. In general,
autophagy is described as a strategy for cell protection. In
part that is because autophagy can be utilized to degrade
viral particles. Some viruses, however, can subvert this
autophagic degradation and even help themselves survive
by promoting cell autophagy (Choi et al. 2018). As is
known to all, ASFV infection is a complex physiological
process and whether autophagy is involved in it is still
uncertain. In this study, we first confirmed that ASF viral
protein E199L can induce autophagy in Vero and HEK-
293T cells.

The occurrence of autophagy usually includes three
indicators: the formation of LC3 fluorescent spot, the
accumulation of LC3-II and the degradation of P62 (Zhang
et al. 2016). Western blot analysis demonstrated an
increase in the ratio of LC3-II/LC3-I band density at dif-
ferent time points (12, 24 and 36 h) after transfections with
E199L eukaryotic expression plasmid. At the same time,
through confocal microscopy, we observed the formation
of LC3 fluorescent spots. In addition, the degradation of
P62 was occurred starting at 24 h after E199L protein
transfections. We also discovered the co-location of GFP-
LC3 and Lyso-Tracker Red by confocal microscopy. These
observations confirmed that ASF viral protein E199L
promotes the fusion of autophagosomes with lysosomes
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as sample-loading control. B and D Densitometric LC3-II/LC3-I and
P62/B-actin ratios from at least 3 independent experiments were
shown. Error bars show standard error of the mean (SEM).
Significance was analyzed with two-tailed Student’s test.
*#P < 0.01, #**P < 0.001.

and induces complete autophagy in Vero and HEK-293T
cells.

To further investigate the function of E199L, we per-
formed affinity purification-mass spectrometry analysis of
E199Linteractome. A total 119 proteins were identified in
FLAG-EI99L immunocomplexes after subtracting the
proteins found in the immunocomplexes control experi-
ments with FLAG-empty vector. The 119 E199L interac-
tors were assigned to 498 GO categories and the terms
were summarized by the three main GO categories and 30
subcategories (Supplementary Fig. S1). For biological
processes, most proteins were linked to various metabolic
process. For cellular component, most proteins were
associated with intracellular and membrane-bounded
organelle. These results partly explain the functional basis
of EI99L for membrane fusion and core penetration
(Matamoros et al. 2020). For molecular function, E199L
interactors showed significant enrichment in binding-as-
sociated GO terms, such as DNA/RNA binding, protein
binding and heterocyclic compound binding. According to
the KEGG pathways analysis, E199L-interacting proteins
were enriched in ribosome, tight junction and endoplasmic
reticulum pathways. In conclusion, these results provide
references for further study of the function of ASF-E199L
protein.

Host protein pyrroline-5-carboxylate reductase 2
(PYCR2) was identified as target protein by Co-immuno-
precipitation. Laser confocal experiments also verified the
interaction between them. Interestingly, down-regulation of
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the PYCR2 fluorescence puncta was observed under con-
focal microscopy in E199L-overexpressed group. More-
over, we perform RT-qPCR experiments and western blot
analysis to demonstrate that EI99L can down-regulate the
expression level of PYCR2 at mRNA and protein levels,
respectively. To further confirm our hypothesis that E199L
promotes autophagy by down-regulating PYCR2, we
transfected cells with multiple plasmids either individually
or co-transfected. These results of western blot experiments
strongly support this view.

PYCR?2 is primarily involved in conversion of glutamate
to proline (De Ingeniis ef al. 2012). There are few reports
on its more extensive functional studies. But we note that
the down-regulation of PYCR2 seems to be closely related
to autophagy (Ou er al. 2016). We found that the depletion
of PYCR2 promotes cellular autophagy, but overexpres-
sion had no significant impact on these processes. PYCR2
has been shown to have significant antioxidant activity,
including inhibition of ROS levels, maintenance of mito-
chondrial function, and promotion of cancer cell survival
(Nakayama et al. 2015; Kuo et al. 2016). This may explain
the association between PYCR2 reduction and increased
autophagy. Because the moderate increase of ROS leads to
oxidoreduction imbalance, and autophagy is induced fol-
low as (Yuan et al. 2018). However, inhibition of ROS
levels does not inhibit autophagy in the same way. More
importantly, whether the overexpression of PYCR2 can
recover the autophagy level induced by oxidative stress
imbalance deserves further study. In fact, in this study,
E199L-induced autophagy could be recovered by overex-
pression of PYCR2.

Overall, our results confirmed that ASF viral protein
E199L triggers autophagy by interacting with PYCR2 and
down-regulates the expression level of PYCR2. These
conclusions provide a valuable reference for studying the
relationship between ASF viral proteins and autophagy,
and also contribute to the functional clues of PYCR2.
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