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A B S T R A C T

Autophagy triggered by glycoprotein-mediated membrane fusion has been reported for several paramyxoviruses.
However, the function of HN and F glycoproteins of NDV and their role in autophagy induction have not been
studied. Here, we found that co-transfection of HN and F of virulent NDV rapidly induced syncytium formation
and triggered a steady state autophagy flux in adenocarcinomic human alveolar basal epithelial (A549) cells and
chicken embryo fibroblast (DF-1) cells. Furthermore, we clearly identified that F and HN synergistically induced
autophagosome fusion with lysosomes for subsequent degradation. The seven cleavage site mutations of F sig-
nificantly decreased the autophagy induction, compared with those of wildtype virulent F. RNAi and pharma-
cological experiments suggested that autophagy benefitted membrane fusion and syncytium formation induced
by F and HN of NDV. Activated F1 co-operated with HN to stimulate AMPK kinase and downstream ULK1
activation to suppress mTORC1 signaling. Our data described the synergistic role of HN and F in the induction of
completed autophagic flux through the activation of AMPK- mTORC1- ULK1 pathway.

1. Introduction

Autophagy is a conserved catabolic process that delivers cyto-
plasmic contents, including foreign pathogens, such as engulfed viruses
into specific double-membrane autophagosome vesicles, and shuttles to
vacuoles/lysosomes for degradation and cycling (Tanida, 2011).The
process of autophagic regulation is divided into several steps, namely,
initiation, elongation, fusion and degradation (Paul and Munz, 2016).
Autophagy types are divided into complete autophagy and incomplete
autophagy based on the smooth delivery of autophagosomes into ly-
sosome compartments for degradation (Tanida, 2011).

During the constant arms race between dead or alive, viruses ma-
nipulate different strategies to hijack autophagic machineries as a
platform for their immune escape, replication, and release from in-
fected cells for their successful survival (Paul and Munz, 2016). Most
viruses interfere with two autophagy checkpoints, namely, at the early

stage during autophagosome formation, and at the stage of the fusion of
autophagosome with late endosomes or lysosomes (Munz, 2009).
Viruses belonging to the paramyxovirus family like parainfluenza virus
type 5 (Manuse et al., 2010), Measles virus (Joubert et al., 2009),
Morbilliviruses (Delpeut et al., 2012) also utilize autophagy for progeny
survival. Avian avulavirus 1, commonly known as Newcastle disease
virus (NDV), belongs to the genus Avulavirus, family Paramyxoviridae,
and order Mononegavirales (Afonso et al., 2016). NDV is generally ca-
tegorized into three pathotypes based on clinical manifestations in
chickens: highly virulent (velogenic), intermediate (mesogenic) or non-
virulent (lentogenic) (Alexander, 2001; Czegledi et al., 2006). The
genome of NDV is non-segmented, single-stranded, negative-sense with
a length of about 15 kb, and encodes six proteins: nucleocapsid protein
(NP), phosphoprotein (P), matrix protein (M), fusion protein (F), he-
magglutinin-neuraminidase protein (HN), and polymerase protein (L)
(Alexander, 2001). Two additional proteins, namely, V and W, are
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derived from the RNA editing of the P gene (Steward et al., 1993).
Our previous studies revealed that NDV utilizes autophagy to ben-

efit its replication in U251 glioma cells (Meng et al., 2012) and chicken
embryo fibroblast (DF-1) cells (Sun et al., 2014). Another study from
our lab has reported that the structural protein NP and P proteins of
NDV induce autophagy via the endoplasmic reticulum stress pathway
(Cheng et al., 2016). However, the molecular mechanism of autophagy
induced by NDV and the role of glycoproteins remain elusive. The
present study attempted to investigate the role of F and HN of NDV in
the induction of autophagy and elucidate the underlying molecular
mechanism.

2. Materials and methods

2.1. Cells, pharmacological reagents and antibodies

DF-1 and A549 cell lines (American Type Culture Collection,
Manassas, VA, USA) were cultured in Dulbecco’s modified eagle
medium (DMEM) and Dulbecco’s modified medium nutrient mixture F-
12 (DMEM-/F-12) supplemented with 10% fetal bovine serum (FBS)
(Thermo Fisher Scientific, Waltham, MA, USA), respectively. Carbonyl
cyanide 3-chlorophenylhydrazone (CCCP), a drug reagent, was used as
a positive control (Sigma-Aldrich, St. Louis, MO, USA).
Hydroxychloroquine sulfate (HCQ) was purchased from Selleck com-
pany (S4430). Primary antibodies, including mouse anti-NP mono-
clonal antibody, were prepared by our laboratory (Sun et al., 2014).
Anti-β-actin, anti-Flag, anti-LC3 and anti-p62/SQSTM1 were purchased
from Sigma-Aldrich. Anti-ATG5, anti-HA, anti-phospho p70S6K (Thr
389), anti- p70S6K, anti-phospho 4EBP1 (Thr 37/Thr46), anti-4EBP1
and ULK1 antibody sample kit comprising phospho-AMPKα (Thr 172),
AMPKα, phospho-Raptor (Ser792), Raptor, phospho-ULK1 (Ser555),
phospho-ULK1 (Ser757) and ULK1were purchased from Cell Signaling
Technology (Beverly, MA, USA). Secondary antibodies, including
horseradish peroxidase-conjugated (HRP) goat anti-rabbit or goat anti-
mouse IgG antibodies (Merck Millipore, Billerica, MA, USA) were va-
lidated for use in western blotting. Goat anti-mouse and goat anti-rabbit
Alexa Fluor secondary antibodies including Alexa Fluor® 488, 594, and
633 (Molecular Probes) used for indirect immunofluorescence, were
purchased from Thermo Fisher Scientific.

2.2. Plasmids

Flag-F and HA-HN plasmids were kindly gifted from Prof. Sa Xiao
(Northwest A&F University, Shaanxi, China). Both viral protein plas-
mids were constructed on the basis of the sequence of F48E9 strain
(Genbank Accession Number: MG456905), which is a standard velo-
genic strain. DsRed-LC3 and GFP-LC3 plasmids were prepared in our
laboratory (Sun et al., 2014). The tandem technical reporter plasmid
mRFP-GFP-LC3 was obtained from Prof. Tamotsu Yoshimori (Osaka
University, Osaka, Japan) (Kimura et al., 2007). Seven F protein mu-
tation plasmids were constructed by following the manufacturer’s in-
struction of Mut Express® MultiS Fast Mutagenesis Kit V2 (Vazyme,
Nanjing, China). In brief, mutation primers (Table 1) were designed to
amplify the target plasmids and digested with DpnI enzyme. The am-
plification products were transformed into DH5α. Positive colonies
were confirmed by sequencing.

2.3. Transfection and siRNA transfection

Cells were cultured at approximately 70%–80% confluence in 6-well
plates and transfected with 1 μg–2 μg each of expression plasmids (GFP-
LC3, ptf-LC3, DsRed-LC3, EGFP-LAMP1, Flag-F, and HA-HN) by using
Lipofectamine™ 2000 Transfection Reagent (Thermo Fisher Scientific,
Waltham, MA, USA) or FuGEN® HD (Promega, Madison, WI, USA) in
accordance with the manufacturer’s guidelines. In brief, the calculated
plasmid DNA solution was mixed with a transfection reagent in an Opti-

MEM reduced-serum medium for 15min at room temperature. The
mixture was added dropwise to the cells. The cells were incubated at 37
℃ with 0.25% CO2 for 4 h, washed twice with an Opti-MEM medium,
and cultured in DMEM-/F-12 supplemented with 10% FBS for further
experiments.

Three chemically synthesized siRNA oligonucleotides were obtained
from Gene Pharma Company (Shanghai, China), diluted into working
concentration (20 μM), and stored at −80℃ for further research. RNA
interference experiment was performed in accordance with manu-
facturer’s guidelines. In brief, A549 cells were seeded to 60% confluent
in a 6-well plate. Next, an siRNA duplex with mixed with diluted
Lipofectamine™ 2000 (1:1 ratio) and incubated for 15min at room
temperature. The RNA-lipid complexes were added dropwise to cells.
The cells were incubated for 4 h and refreshed with 10% FBS DMEM-/F-
12 for further experiments. The oligonucleotide siRNA sequences (5′ to
3′) targeting ATG5 were as follows. ATG5(#1) GACCUUUCAUUCAGA
AGCUTT, ATG5(#2) GACGUUGGUAACUGACAAATT, and ATG5(#3)
GUCCAUCUAAGGAUGCAAUTT.

2.4. Western blot analysis

Cell samples were washed with phosphate-buffered saline (PBS) and
lysed with lysis buffer (2%SDS, 10% glycerin, 5% 2-mercaptoethanol
and 0.1% bromophenol blue). The Lysates was collected into 1.5ml
tube on ice for 30min and centrifuged at 12, 000 rpm at 4 ℃ for 15min
for clarification. The lysates were diluted into 5× SDS buffer to a
1× SDS final concentration. Denatured at 100 ℃ for 10min. An equal
amount of these prepared samples was subjected to sodium dode-
cylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred onto a nitrocellulose blotting membrane (GE Healthcare Life
Science, Amersham™, Protran™ 0.2 or 0.45 NC, Germany). The mem-
branes were then blocked with 5% skimmed milk in 0. 05% Tris-buf-
fered saline containing 0.05% Tween 20 (TBST) for 30min at room
temperature. The membranes were washed 3 times with 0.05% TBST
(5min/each), and inoculated with primary antibodies for at least 6 h at
4 °C. The membranes were washed thrice again with 0.05% TBST
(5min/each), and incubated with HRP-conjugated secondary anti-
bodies at room temperature for 2 h. Lastly, after wash thrice again, the
antibody-antigen complex was exposed with a chemiluminescence
(ECL) reagent solution kit (Share-bio Biotechnology, Shanghai, China)
by using multi-chemiluminescence image analysis system (Tanon 5200,
Tanon, Guangzhou, China).

2.5. Indirect immunofluorescence assay

The A549 cells were grown on coverslips in a 6-well plate and
transfected. After transfection was performed, coverslips were washed
with PBS and fixed with 4% paraformaldehyde for 30min at room
temperature. Then, the cells were permeabilized with 0.5% Triton X-
100 for 10min at room temperature, washed thrice with PBS, blocked
with 3% BSA at 37 °C for 30min, inoculated with a primary antibody
for 2 h, and washed thrice with PBS. Antibody binding was detected by
using secondary antibodies conjugated with Alexa Fluor 488, 594, or
633 for 1 h in a moist container in the dark at 37 °C. Then, the cells were
stained with DAPI (0.1 μg/ml) for 8min at 37 °C. Finally, the coverslips
were mounted on microslides and air dried. Fluorescent images were
visualized and captured on a confocal fluorescence microscope (ZEISS
LSM880, Germany).

3. Results and discussion

3.1. F and HN of virulent NDV induce syncytium formation in A549 cells
and DF-1 cells

Autophagy triggered by viral glycoprotein has been reported for
many paramyxoviruses, such as like Nipah virus, Hendra virus, Measles
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viruses, and Mumps virus (Delpeut et al., 2012). NDV infects cells by
initially attaching to a sialic-containing cellular receptor via HN protein
and subsequently fusing with the plasma membrane by interacting with
F protein (Chang and Dutch, 2012; Smith et al., 2009). However, stu-
dies have yet not to elucidate the involvement of F and HN glycopro-
teins in NDV induced autophagy and the underlying mechanism. As
such, we co-transfected F and HN plasmids in DF-1 and A549 cells. As
expected, the significant syncytium formation was observed in HN and
F co-transfected DF-1 cells (Fig. 1A). HN and F co-transfection also
triggered obvious syncytia in A549 cells (Fig. 1A and B). Those data

suggested that F cooperating with HN induced an efficient membrane
fusion in DF-1 and A549 cells. The number of syncytia formed in DF-1
and A549 cells increased in a time- and dose-dependent manner (Data
not shown). Taken together, all these data suggested the virulent F and
HN triggered syncytium formation in A549 cells and DF-1 cells, sug-
gesting that they could be used as a cell model to study the function of
both glycoproteins.

Table 1
Primers used for the mutation amplification of F cleavage site in this study.
Primer Name Primer sequence (5’ - 3’)
F112 Forward TCCGGAGGAGGGAGGCAGAGACGCTTTATAGGTGCCATTATC

F112 Reverse TGCCTCCCTCCTCCGGACGTAGTC GCAGACTCTTGTATCC

F115 Forward AGGCAGGGGCGCTTTATAGGTGCCATTATCGGCAGTGTAGCTC

F115 Reverse ATAAAGCGCCCCTGCCTCCTTCCTCCGGACGTAGTCGCAGACTCTTG

F117 Forward AGAGACGCCTTATAGGTGCCATTATC GGCAGTGTAGCTCTTGGGG

F117 Reverse GCACCTATAAGGCGTCTCTGCCTCCTTCCTCCGGACGTAGTC

F112+115 Forward AGGAGGGAGGCAGGGGCGCTTTATAGGTGCCATTATCGGCAGTGTAGC

F112+115 Reverse AAGCGCCCCTGCCTCCCTCCTCCGGACGTAGTCGCAGACTCTTGTATC

F112+117 Forward AGGAGGGAGGCAGAGACGCCTTATAGGTGCCATTATCGGCAGTGTAGC

F112+117 Reverse ATAAGGCGTCTCTGCCTCCCTCCTCCGGACGTAGTCGCAGACTCTTG

F115+117 Forward AGGAAGGAGGCAGGGGCGCCTTATAGGTGCCATTATCGGCAGTGTAGCTC

F115+117 Reverse CTATAAGGCGCCCCTGCCTCCTTCCTCCGGACGTAGT CGCAGACTCTTGTATCC

F112+115+117ForwardAGGAGGGAGGCAGGGGCGCCTTATAGGTGCCATTATCGGCAGTGTAGCTCTTGGGGTTG

F112+115+117 ReverseCCTATAAGGCGCCCCTGCCTCCCTCCTCCGGACGTAGTCGCAGACTCTTGTATCCTGCGG

The F sequence above was referred to as F48E9 (Genbank Accession Number: MG456905), which is a standard velogenic strain. In this study, the velogenic NDV
(F48E9) F amino acids R, R, and F were mutated into the lentogenic NDV (La Sota) F amino acids G, G, and L through a single mutation at 112, 115, and117, through
double mutations at 112/115, 112/117, and 115/117, and through triple mutations at 112/115/117, respectively. The velogenic F nucleotides at 112 A, 115 A and
117 T were mutated into the lentogenic F nucleotides G, G,and C, respectively. The mutated nucleotides were marked in bold red italics above.

Fig. 1. F and HN of virulent NDV induce syncytium formation in A549 cells and DF-1 cells.
(A) Observation of syncytium formation in DF-1 cells and A549 Cells. DF-1 cells and A549 Cells were transfected with plasmids Flag-F, HA-HN, or both. After 30 h
post-transfection (h.p.t), gray images were visualized and captured using a microscope. Syncytium formation could be observed on the basis of nuclei and indicated
by a white quadrangle.
(B) IFA assay of Syncytium formation in A549 cells. At18 h.p.t, fluorescent images were visualized and captured using a confocal fluorescence microscope. Syncytia
were observed on the basis of nuclei and indicated by a white dot circle.
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3.2. F and HN cooperate synergistically to induce autophagic flux in A549
cells and DF-1 cells

Autophagic flux was monitored using several methods, such as
microtubule-associated protein light chain 3 (LC3)-II turnover assays,
GFP-LC3 processing assay, and examination of the punctum formation
of green fluorescent protein (GFP)-LC3 (Klionsky et al., 2016). In gen-
eral, the LC3 II turnover assay is used as classical method to investigate
the autophagic flux dynamics (Tanida et al., 2005). To investigate
whether F and HN induced autophagy in A549 cells or DF-1 cells, we
co-transfected both glycoproteins in A549 and DF-1 cells (Fig. 2A and
C). As shown in Fig. 2B and D, western blot analyses revealed that co-
transfection of F and HN in both cell types leads to increased ratio of
LC3-II to LC3-I in a time-dependent manner. Previous studies reported
that p62/SQSTM1 protein was incorporated into a complete autopha-
gosome and degraded in autolysosomes by linking an autophagic ma-
chinery and ubiquitinated substrates via the LC3-interacting region

(LIR) and a ubiquitin binding domain (UBA) (Bjorkoy et al., 2005). As
such, the p62/SQSTM1 turnover assay was also performed to determine
the autophagy flux activity. As expected, p62/SQSTM1 protein de-
graded in time-dependent manner in DF-1 cells, suggesting the smooth
activation of the autophagy flux (Fig. 2C). However, surprisingly, the
degradation of p62/SQSTM1 was not observed in the co-transfected
A549 cells (Fig. 2A). Here, we speculated that the difference in the
results of p62/SQSTM1 level in A549 and DF-1 cells mainly because of
the difference in cell lines, because the degradation of the p62/SQSTM1
was specific to cell type and context (Klionsky et al., 2016). In some cell
types, p62/SQSTM1 remains unchanged despite strong autophagy flux
(Klionsky et al., 2016). The robust loss of p62/SQSTM1 was even re-
lated to a blockage of autophagy, because of the cleavage by other
autophagic proteins, such as caspases or calpains (El-Khoury et al.,
2014). For example, in acute myeloid leukemia cells, an increase au-
tophagic flux is induced by all-trans-retinoic acid concomitant with
increased p62/SQSTM1 levels (Trocoli et al., 2014, 2011). These

Fig. 2. F and HN cooperate synergistically to induce autophagic flux in A549 cells and DF-1 cells.
(A) LC3-I conversion and LC3-II turnover assay in A549 cells.
(B) Intensity band ratio of LC3 II to LC3 I. Data were presented as means from three independent statistical experiments. The intensities of protein bands were
quantified using Image J (National Institutes of Health, Bethesda, MD, USA). Significance was analyzed using a one-tailed Student’s t-test. NS, no significance; **, p-
value< 0.01.
(C) LC3-I conversion and LC3-II turnover assay in DF-1cells.
(D) Intensity band ratio of LC3 II to LC3 I. Data were presented as means from three independent statistical experiments. The intensities of protein bands were
quantified using Image J.
(E) GFP-LC3 cleavage turnover assay. Western-blot samples corresponding to the marked time-points were collected and analyzed in accordance with procedures in
the Materials and Methods.
(F) Accumulation of the punctum formation of EGFP-LC3 positive punctum assay. A549 cells were transfected with F, HN, and both. At 24 h.p.t, fluorescent images
were visualized and captured using a confocal fluorescence microscope. The representative LC3 puncta were indicated with a white arrow.
(G) Sequence of targeted mutation sites for the synthesis of F protein cleavage site mutation plasmid. F sequence was referred to as F48E9 (Genbank Accession
Number: MG456905), which is a standard velogenic strain, and La Sota (Genbank Accession Number: JF950510.1), which is a standard lentogenic strain. In this
study, the velogenic F nucleotides (upper panel) at 112 A, 115 A, and 117 T were mutated into the lentogenic F nucleotides G, G, and C (lower panel), respectively,
which were marked in red italics. Eventually, the velogenic NDV F amino acids R, R and F (upper panel) were mutated into the lentogenic NDV F amino acids G, G,
and L (lower panel) through single mutations at 112, 115, and 117, through double mutations at 112/115, 112/117, and 115/117, and through triple mutations at
112/115/117, respectively.
(H) Cleavage site motif of F influences the autophagy induction. In A549 cells, wild type HN plasmid was co-transfected with wild-type F, F112G, F115G, F117L,
F112G+115G, F112G+117L, F115G+117L and F112G+115G+117L, respectively. Western-blot samples corresponding to the marked time-points were collected and analyzed in
accordance with procedures in the Materials and Methods.
(I) Intensity band ratio of LC3 II to LC3 I. Data were presented as means from three independent statistical experiments. The intensities of protein bands were
quantified using Image J (National Institutes of Health, Bethesda, MD, USA). Significance was analyzed using a one-tailed Student’s t-test. *, p-value< 0.05; **, p-
value< 0.01; ***, p-value<0.001.
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findings suggested that p62/SQSTM1 degradation was not always po-
sitively correlated with autophagic flux. The transfected GFP-LC3 was
delivered to a lysosome or a vacuole, and the LC3 part of the chimera
was easily degraded. Conversely, the free GFP was relatively resistant to
hydrolysis (Klionsky et al., 2016). Thus, the detection of free GFP by
using western blot could be used to monitor the lysis of inner autop-
hagosome membrane. In this study, we examined the cleaved free GFP
in the co-transfected A549 cells. In Fig. 2E, the cleaved GFP in the co-
transfected A549 cells demonstrated the lysosomal delivery and partial
proteolysis of GFP-LC3. An increased number of the GFP-positive
puncta was found in the co-transfected A549 cells by using a GFP-
tagged LC3 plasmid (Fig. 2F), indicating autophagosome accumulation.
In general, virulent NDV strains contain a multi-basic amino acid-rich
region (112R/K-R-X-R/K-R-F117) in the cleavage site, whereas avirulent
strains possess a 112G/E-K/R-X-G/E-R-L117 motif cleaved by the se-
creted trypsin-like protease into an active F protein, which consists of
disulphide-linked F1 and F2 polypeptides (Glickman et al., 1988; Nagai
et al., 1976; Smith et al., 2009). Seven F cleavage site mutative plas-
mids were prepared (Fig. 2G) to examine the role of the cleavage site
motif of F protein, along with HN on autophagy induction. As show in
Fig.2H, those seven site mutations significantly affected the autophagy
induction compared with the wild type F protein, as indicated by the
ratio of LC3-II to LC3-I (Fig.2 I). Therefore, the cleavage ability of F
protein precursor (F0) was essential for F and HN synergistic autophagy
induction.

3.3. Autophagy benefits syncytium formation induced by F and HN

To analyze the effect of complete autophagy on syncytium forma-
tion induce by F and HN of virulent NDV, we examined pharmacolo-
gical inhibition. Hydroxychloroquine Sulfate (HCQ) is a potent in-
hibitor of autophagy at the late stage, thereby preventing lysosomal
acidification and causing the accumulation of sequestered materials. In
this study, comparison with the F and HN co-transfection group, the
HCQ treatment group significantly decreased the fusogenically active
F1 expression (Fig. 3A), indicating that autophagy facilitated the clea-
vage of F0 into F1. HCQ drug treatment significantly decreased the
number of syncytia induced by both glycoproteins (Fig. 3B), suggesting
that the pharmacological inhibition of autophagy significantly reduced
syncytium formation ability. Meanwhile, to avid the pharmacological
non-specific effect on the cell, we next experimentally studied the
knockdown of autophagy-related genes (ATGs) with small interfering
RNAs(siRNAs). Autophagy related 5 (ATG5) is a key protein involved in
the extension of the phagophoric membrane in autophagic vesicles,
which is necessary for LC3 I conjugation to phosphatidylethanolamine
to form LC3 II (Klionsky et al., 2016). In Fig. 3 C, ATG5 siRNAs (#3)
exhibited an obvious inhibition efficiency of endogenous ATG5. In
comparison with F and HN positive group, the siATG5(#3) group sig-
nificantly decreased the ratio of LC3I/LC3II (Fig. 3D and E), suggesting
that F could not smoothly cooperate with HN to synergistically induce
autophagic flux in A549 cells. We also found the knockdown of

Fig. 3. Complete autophagic flux benefits syncytium formation induced by F and HN.
(A) Western blot results of autophagic flux inhibited by CQ. A549 cells were initially pretreated with CQ (10 μM) for 2 h before transfection and subsequently co-
transfected with Flag-F and HA-HN plasmids in the absence or presence of CQ. At different time points, lysates were collected and analyzed through immunoblot
analysis with indicated antibodies. WST-1 assay showed that the viability of A549 cells was not significantly affected by CQ treated at 10 μM (data not shown).
(B) Observation of syncytium formation in A549 cells. A549 cells were co-transfected with both Flag-F and HA-HN plasmids in the absence or presence of CQ.
Syncytium formation could be observed on the basis of the number of nuclei. Numerical data were the average number of syncytia in different microscope fields in at
least three independent experiments. Significance was analyzed using a one-tailed Student’s t-test. *, p-value<0.05; **, p-value< 0.01.
(C) Detection of the inhibition efficiency of ATG5 by ATG5-specific siRNAs.
(D) Detection of ATG5 siRNA through Western blot analysis.
A549 cells were transfected with scrambled siRNA or ATG5 siRNA (#3) for 24 h.p.t, and co-transfected with Flag-F and HA-HN. At different time points, the lysates
were collected and analyzed through immunoblot analysis with the indicated antibodies. Scramble siRNA was used as a negative control.
(E) Intensity band ratio of LC3 II to LC3 I. Data were presented as means from three independent statistical experiments. The intensities of protein bands were
quantified using Image J. Significance was analyzed using a one-tailed Student’s t-test. *, p-value<0.05; **, p-value<0.01.
(F) Observation of syncytium formation in A549 cells. A549 cells were transfected with scrambled siRNA or ATG5 siRNA (#3) for 24 h.p.t and co-transfected with F
and HN. Syncytium formation could be observed on the basis of the nuclei number. Numerical data were the average number of syncytia at different microscope
fields in at least three independent experiments. Significance was analyzed using a one-tailed Student’s t-test. *, p-value<0.05; **, p-value<0.01.
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endogenous ATG5 significantly reduced F and HN proteins compared
with that of the positive control, indicating that an autophagic ma-
chinery was required for the effective interaction between F and HN
complex (Fig. 3D). The knockdown of endogenous ATG5 significantly
decreased the number of syncytia as induced by F and HN (Fig. 3F),
suggesting that autophagy benefitted syncytium formation. Therefore,
RNAi and pharmacological experiments indicated that autophagy con-
tributed to membrane fusion and syncytium formation induced by F
and HN of NDV.

3.4. F with HN cooperates synergistically to induce a complete autophagic
flux in A549 cells

Considering that exogenous GFP-LC3 punctum accumulation and
increase in endogenous LC3 II might be the result of an increased for-
mation or a decreased degradation of autophagosomes. We assessed the
colocalization between autophagosomes and lysosomes, marked with
the targeted plasmids DsRed-LC3 and EGFP-LAMP1, respectively.
Lysosomal-associated membrane protein 1 (LAMP1) is the late endo-
some and lysosome marker that localizes with LC3 during autolysosome
maturation. Confocal microscopy imaging revealed the co-colocaliza-
tion of DsRed-LC3 and EGFP-LAMP1 in co-transfected and CCCP re-
agent-treated A549 cells (Fig.4A), indicating the smooth fusion of the
autophagosomes with lysosomes. To confirm these results, we assessed
the fluorescent changes by using a tandem both green fluorescent
protein (GFP) and red fluorescent protein (RFP) reporter technical

plasmid, named ptf-LC3 (Kimura et al., 2007). GFP quickly quenches
the fluorescence in a lysosomal environment with acidic pH and un-
dergoes proteolysis, whereas RFP retains fluorescence in an acidic pH
environment (Klionsky et al., 2016). Increased RFPs were observed in
the co-transfected A549 cells (Fig.4B) marked with a white arrow,
compared with those in the single transfected and mock-A549 cells,
suggesting that an autophagic flux fuses with lysosomes for subsequent
degradation. In summary, those data demonstrated F and HN sy-
nergistically triggered complete autophagy.

3.5. F cooperates with HN and synergistically activates AMPK-ULK1-
mTORC1 signaling in A549 cells

The main autophagic signal pathway was determined to clarify the
molecular mechanism of complete autophagy induced by F and HN.
From a system point of view, autophagy is the result of imbalance in
key metabolic sensors. Adenosine monophosphate-activated protein
kinase (AMPK) is an enzyme that acts as a fine-tuned sensor of the
overall cellular energy status and maintains energy homeostasis
(Carling et al., 2011). The enzymatic activity of AMPK depends on the
phosphorylation of the AMPK1α subunit on Thr172 (Hawley et al.,
1996). An increased expression of the phosphorylation of AMPK at
Thr172 (Fig. 4A) indicated the activation of AMPK enzymatic activity.
The mammalian target of rapamycin complex 1 (mTORC1), another
major sensor of the energy state, is composed of mTORC1, Raptor,
PRAS40, mLST8, and DEPTOR (Inoki et al., 2002). In mammalian cells,

Fig. 4. F with HN cooperates synergistically to induce complete autophagic flux in A549 cells.
(A) Detection of the colocalization between autophagic flux and lysosomes. DsRed-LC3 and EGFP-LAMP1 plasmids were co-transfected into A549 cells with plasmid
Flag-F, HA-HN or both for 24 h. After transfection was performed, fluorescent images were visualized and captured using a confocal fluorescence microscope. The
representative co-localization dots among LC3 and LAMP1 were indicated by yellow puncta. White arrows point to typical examples of the colocalized particles of
LC3 and LAMP1 signals.
(B) Detection of GFP and mRFP signals of tandem fluorescent LC3. The ptf-LC3 plasmid was co-transfected into A549 cells with Flag-F, HA-HN or both. At 24 h.p.t,
fluorescent images were visualized and captured using a confocal fluorescence microscope. These typical examples of red fluorescence signals were marked with
white arrows.
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in response to growth factors, mTORC1 directly phosphorylates the
eukaryotic translation initiation factor 4E binding protein (4EBP1, also
known as EIF4EBP1) at Thr 37 and Thr 46 and ribosomal protein S6
kinase (p70S6k, also known as RPS6K) at Thr389 to promote protein
synthesis (Shimobayashi and Hall, 2014; Yip et al., 2010). Under nu-
trient-rich conditions, mTORC1 phosphorylates unc-51 like autophagy
activating kinase 1(ULK1), a kinase specifically involved in early steps
of autophagosome, to inhibit its interaction with AMPK, leading to the
suppression of autophagy (Kim et al., 2011). On the contrary, cellular
energy depletion induces AMPK-mediated mTORC1 inhibition and then
leads to autophagy induction (Klionsky et al., 2016). We also monitored
mTORC1 activity by directly assessing the phosphorylation state of
mTORC1, 4EBP1, p70S6k, and Raptor. We found that F and HN de-
creased the phosphorylation level of mTORC1, regulator Raptor and
downstream protein 4EBP1 and p70S6k, especially p70S6k (Fig. 5A),
suggesting the functional inhibitory effect of mTORC1. AMPK and
mTORC1 regulate autophagy through the coordinated phosphorylation
of ULK1 (Klionsky et al., 2016). Under sufficient nutrient conditions, a
high mTORC1 activity suppresses ULK1 activation by disrupting the
interaction between ULK1 and AMPK and by phosphorylating ULK1
residues. The phosphorylation of ULK1 at Ser 555 is indicative of an
increased autophagy in response to nutrient stress, in which Ser 757 is
targeted by mTOR to inhibit autophagy (Klionsky et al., 2016). The co-
expression of F and HN directly regulates the phosphorylation state of
ULK at Ser 555 and at Ser 757 to ultimately initiate autophagy by
evading mTOR inhibition (Fig. 5A). In summary, the activated F1
protein cooperated with HN to synergistically activate AMPK-mTOR-
ULK1 signaling for the initiation of a complete autophagic flux and the

subsequent degradation in lysosomes (Fig.5B).

4. Conclusion

HN and F of virulent NDV significantly induce syncytium formation
and trigger a steady state autophagy flux in A549 cells and DF-1 cells,
which smoothly fuse with lysosomes for subsequent degradation. The
cleavage site of F significantly affects autophagy induction. RNAi and
pharmacological experimental data suggest that autophagy benefits
membrane fusion and syncytium formation induced by F and HN of
NDV. After F0 is cleaved into F1 and F2, fusogenically active F1 co-
operates with HN to stimulate AMPK kinase and downstream ULK1
activation to suppress mTORC1 activity. Our results describe the sy-
nergistic role of HN and F of NDV in the induction of complete au-
tophagic flux and subsequent degradation through the activation of
AMPK-mediated mTORC1, and ULK1 pathway.
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