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Canine distemper virus N protein induces @

autophagy to facilitate viral replication
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Abstract

Background Canine distemper virus (CDV) is one of the most contagious and lethal viruses known to the Canidae,
with a very broad and expanding host range. Autophagy serves as a fundamental stabilizing response against patho-
gens, but some viruses have been able to evade or exploit it for their replication. However, the effect of autophagy
mechanisms on CDV infection is still unclear.

Results In the present study, autophagy was induced in CDV-infected Vero cells as demonstrated by elevated LC3-I
levels and aggregation of green fluorescent protein (GFP)-LC3 spots. Furthermore, CDV promoted the complete
autophagic process, which could be determined by the degradation of p62, co-localization of LC3 with lysosomes,
GFP degradation, and accumulation of LC3-Il and p62 due to the lysosomal protease inhibitor E64d. In addition, the
use of Rapamycin to promote autophagy promoted CDV replication, and the inhibition of autophagy by Wortmannin,
Chloroquine and siRNA-ATG5 inhibited CDV replication, revealing that CDV-induced autophagy facilitated virus repli-
cation. We also found that UV-inactivated CDV still induced autophagy, and that nucleocapsid (N) protein was able to
induce complete autophagy in an mTOR-dependent manner.

Conclusions This study for the first time revealed that CDV N protein induced complete autophagy to facilitate viral
replication.
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Background

Canine distemper virus (CDV) can infect Canidae caus-
ing canine distemper (CD), one of the most contagious
diseases in the Canidae, which can result in high mor-
bidity and mortality in unimmunized host [1]. CDV
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conservation of endangered species worldwide [10], espe-
cially the recent large outbreaks of CD in primate popula-
tions of Macaca mulatta and Macaca fascicularis, which
have raised concerns about possible zoonotic diseases
and public health concerns after measles eradication [11,
12]. CDV is a single-stranded, negative-stranded, non-
segmented RNA virus, which belongs to the Morbilli-
virus genus of the Paramyxoviridae family [13, 14]. The
viral particles have a double-layered envelope with dense
spikes. The full-length genome is 15.69 kb and contains
6 transcription units (N-P-M-F-H-L), and 8 proteins are
encoded, of which the P gene encoding two non-struc-
tural proteins C and V [15].

Autophagy is an evolutionarily conserved cata-
bolic process that begins with the isolation of "cargo”
(unwanted proteins, damaged organelles, invading
microorganisms, etc.) to be degraded into autophago-
some with a double membrane, which then fuse with lys-
osome to form autophagolysosome, in which hydrolytic
enzymes degrade the luminal contents, and metabolic
byproducts can be reused to maintain the dynamic bal-
ance of the intracellular environment [16, 17]. Autophagy
(programmed cell death type II) also occurs at basal lev-
els in normal cells as a cytoprotective mechanism [18,
19]. Autophagy can also be up- or down-regulated in
response to various stress stimuli both inside and out-
side the cell, such as nutrient deficiency, oxidative stress,
endoplasmic reticulum stress, pathogen infection, and
pathogen-associated molecular patterns [20, 21]. In a
process known as “xenophagy’, the isolation of viral par-
ticles within the autophagosome may lead to their degra-
dation and destruction and/or delivery to compartments
involved in pathogen recognition and antigen presenta-
tion to activate immune responses against the virus [22].
On the other hand, viruses have evolved strategies to
evade or hijack autophagy to facilitate their own propaga-
tion, and viruses can use autophagosomal membranes as
replication platforms or interact with autophagy-related-
gene (ATG) proteins to aid in the assembly, maturation,
and encapsulation of viral particles [23-25]. Measles
virus (MeV) [26], peste des petits ruminants virus (PPRV)
[27], newcastle disease virus (NDV), hepatitis C virus
(HCV) [28], foot-and-mouth disease virus (FMDV) [29,
30], and Influenza A virus [31] use the autophagic pro-
cess for replication.

The mammalian target of rapamycin (mTOR) sign-
aling pathway is a key pathway regulating cell growth,
proliferation and survival [32]. mTOR is a serine/thre-
onine kinase belonging to the phosphatidylinositol
3-kinase (PI3K)-related protein kinase family, and the
PI3K/protein kinase B (PKB, generally known as AKT)
pathway is the main upstream regulator of mTORCI,
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whose activation inhibits autophagy [32, 33]. The rela-
tionship between other members of the Paramyxoviri-
dae family and autophagy has been studied. Previous
study found that the number of stained cells and the
intensity of the immunoreaction for autophagy-asso-
ciated microtubule-associated protein 1 light chain 3
(LC3) were significantly elevated in the cerebellums of
CDV-infected dogs, which indicated that autophagy
increased in virus-infected cells [34]. Another study
showed that CDV induced virus-cell or cell-cell fusion
triggering autophagy which in turn enhanced cell-to-
cell transmission of the virus [35]. Both studies suggest
that CDV infection induces the onset of autophagy, but
the impact of the autophagy machinery on CDV infec-
tion remains unclear. In this study, the relationship
between CDV and autophagy was systematically inves-
tigated for the first time. The data provided the first
evidence that CDV induced complete autophagic flux
to promote viral replication. For the first time, it was
revealed that nucleocapsid protein induced complete
autophagy in an mTOR-dependent manner and played
an important role in CDV-induced autophagy to facili-
tate viral replication.

Results

Infection of CDV triggers autophagy in vero cells

The CDV3-CL strain can infect Vero cells and passage
on Vero cells, resulting in syncytial lesions (Fig. 1A).
The microtubule-associated protein 1 light chain 3
(MAPILC3B/LC3B) was known to bind to mature
autophagosome membranes and was a marker of
autophagosome formation [36, 37]. The results showed
that the amount of LC3-II increased with the progres-
sion of CDV infection (Fig. 1B, C), and the level of
LC3-1I were found to increase starting at 20 hpi, con-
sistent with the level of N protein (Fig. 1C, E). Because
the amount of LC3-II was closely related to the num-
ber of autophagosomes, the ratio of LC3-II to B-tubulin
in cells was now considered to be an accurate indica-
tor of autophagic activity [38]. The gray scale ratio of
LC3-II to B-tubulin bands was higher in CDV-infected
Vero cells than that in mock-infected cells from 20
hpi onwards (Fig. 1D). Furthermore, we next per-
formed immunofluorescence assays. Consistent with
the results with immunoblotting, a large amount of
punctate GFP-LC3 protein was observed in or near the
syncytium induced by viral infection, and similarly, in
Rapamycin-treated positive control cells. In contrast,
mock-infected Vero cells exhibited a weak diffuse stain-
ing pattern with almost no LC3 punctate accumulation
(Fig. 1F). These results suggested that CDV infection
induced the onset of autophagy in Vero cells.
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Fig. 1 CDV infection triggers autophagy in vero cells. AThe cytopathm effect (CPE) in CDV-infected Vero cell at 28 hpi (magnification, x 4). B and

C Vero cells were mock-infected or infected with CDV (MOl =1) for 2,4, 8,12, 16, 20, 24, 28, 32, and 36 h. The expression levels of LC3B, CDV-N,

and B-tubulin (loading control) were analyzed by western blot with specific antibodies. D The LC3-Il levels relative to the B-tubulin levels were
determined by densitometry. E The CDV-N levels relative to the B-tubulin levels were determined by densitometry. F Vero cells were transfected
with GFP-LC3 for 28 h. The cells were then fixed and processed for indirect immunofluorescence using antibodies against CDV-N protein, followed
by the corresponding secondary antibodies. The fluorescence signals were visualized by confocal immunofluorescence microscopy. The blots were
cropped. The samples derived from the same experiment and that blots were processed in parallel. The data represent the mean 4= SD of three

independent experiments. Two-way ANOVA; ***P <0.001

CDV infection enhances autophagic flux

To investigate whether CDV-induced autophagy is a
complete process, we determined the degradation of
polyubiquitin-binding protein p62/SQSTM1 (sequesto-
some 1), a marker of autophagy-mediated protein deg-
radation pathway, which is considered as a marker of
autophagic flux [37]. As shown in the Fig. 2A, the level
of p62 protein did not change significantly during the

mid to late phase of infection (from 24 to 32 hpi) when
compared to mock cells, but decreased significantly
at late stage of the infection (from 36 to 40 hpi), and
similarly, the gray scale ratio of p62 protein to -tubulin
bands in CDV-infected Vero cells was much lower than
that in negative control cells (Fig. 2B). E64d is a mem-
brane-permeable inhibitor of histones B, H and L. The
upregulation of LC3-II and p62 in the presence of the
lysosomal protease inhibitor represents an increase in
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autophagic flux. Both LC3-1I and p62 degradation were
significantly inhibited in CDV-infected cells treated
E64d. The same results were also obtained from E64d
and Rapamycin-treated Vero cells (Fig. 2C-F).

To further confirm the above results, Vero cells were
transfected with the dual fluorescent-tagged plasmid
mCherry-GFP-LC3B. The green signaling protein (GFP)
is degraded and quenched under low pH conditions
in the lumen of the lysosome, whereas the red signal-
ing protein (mCherry) exhibits more stable fluorescence
under acidic conditions [37, 39]. As shown in Figs. 2G
and S1A, almost all of the green and red fluorescent
puncta colocalized in the CDV-infected Vero cells at
24 hpi. In contrast, the number and intensity of the red
fluorescent dots are greater than the green fluorescent
point at 32 hpi (Figs. 2G, S1B). Subsequently, E64d treat-
ment dramatically recovered green fluorescent puncta
and increased yellow puncta in CDV-infected Vero cells
(Figs. 2G and SI1C). These results showed that CDV
infection could promote GFP to be degraded by autol-
ysosome. Lysosome-associated membrane protein 1
(LAMP1), a lysosomal marker, co-localizes with LC3 dur-
ing autophagosome maturation [40]. There was a puncti-
form distribution of LC3 with LAMP1 in CDV-infected
cells. More importantly, partial overlap of LC3 with
LAMPI1 was observed, and the same phenomenon was
observed in Rapamycin-treated positive control cells. In
contrast, both LC3 and LAMP1 exhibited weaker diffuse
staining in negative control cells (Fig. 2H). In summary,
CDV infection increased autophagosome formation, pro-
moted the fusion of autophagosome with lysosome to
form autophagosome, enhanced autophagic degradation,
and enhanced autophagic flux.

Induction of autophagy with rapamycin promotes virus
replication

Treatment of cells with the autophagy inducer rapamy-
cin did induce autophagy, which not only upregulated the
expression of LC3-II in CDV-infected Vero cells (Fig. 3A,
B), but also decreased the expression of p62 (Fig. 3A, C).
Importantly, rapamycin treatment increased the level
of CDV N protein in a non-dose dependent manner

(See figure on next page.)
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(Fig. 3A, D). In addition, the effect of rapamycin treat-
ment was also found to significantly increase viral RNA
copy numbers and viral titer (Fig. 3E, F). These find-
ings suggested that the autophagy contributed to CDV
replication.

Inhibition of autophagy reduces CDV replication

To further confirm the effect of autophagy on CDV rep-
lication, we treated Vero cells with chloroquine (CQ)
and wortmannin (WM) and examined CDV replication.
CQ can inhibit endosomal acidification, causing accu-
mulation of autophagosomes and autophagolysosomal
contents, and inhibits autophagy at a late stage [41].
Wortmannin, a specific inhibitor of the PI3K pathway,
blocks autophagy at an early stage [42]. In CDV-infected
Vero cells, chloroquine treatment increased the accumu-
lation of LC3-II and p62 (Fig. 4A, B), and Wortmannin
treatment decreased LC3-II expression and p62 degra-
dation (Fig. 4E, F). Importantly, The CDV-N expression
levels were reduced after treatment of cells with CQ
and WM (Fig. 4A, B, E, F). Similarly, Chloroquine and
Wortmannin treatment resulted in a significant reduc-
tion in viral RNA levels and titers (Fig. 4C, D, G, H). In
addition, E64d treatment inhibited autophagic degrada-
tion, resulting in reduction of CDV N protein expression
levels (Fig. 2C, D). These data suggested that pharmaco-
logical inhibition of autophagy negatively regulated CDV
replication.

We next examined the effect of target-specific RNA
interference with reduced expression of the endogenous
autophagy-associated protein ATG5 on CDV replication.
The ATGS5 protein, with ATG12 and ATG16L1, forms a
conjugation system that is essential for the phagophore
elongation process. Knockdown of ATG5 can block the
autophagy process [43]. As shown in the Fig. 5A, C and
D, Vero cells transfected with ATG5-specific small inter-
fering RNA (si-ATG5) exhibited significantly lower lev-
els of endogenous ATG5 and LC3-II protein compared
to cells transfected with scrambled siRNA, indicating
that the expression of the target protein was successfully
suppressed in Vero cells. There was no significant dif-
ference in the effect of syncytial lesions caused by CDV

Fig. 2 CDV infection enhances autophagic flux. A Vero cells were mock-infected or infected with CDV (MOl = 1) for 24, 28, 32, 36 h and 40 h.

The expression levels of p62/SQSTM1, CDV-N, and 3-tubulin (loading control) were analyzed by western blot with specific antibodies. B The p62
levels relative to the B-tubulin levels were determined by densitometry. C Vero cells pre-treated with rapamycin for 4 h and then mock-infected
with DMEM, and cells infected with CDV (MOl = 1) were further cultured in the absence and presence of 10 mg/mL E64d for 24 and 28 h. The

cell samples were then analyzed by western blot with anti-CDV-N, anti-LC3B, anti-p62, and anti-B-tubulin (loading control) antibodies. D, E and

F The CDV-N, LC3B and p62 levels relative to the B-tubulin levels were determined by densitometry in mock-infected, rapamycin-pre-treated,

and CDV-infected Vero cells in the absence and presence of E64d. G Cells were transfected with pmCherry-GFP-LC3B for 24 h, followed by CDV
infection (MOI=1) and treatment with E64d. The fluorescence signals were visualized by confocal immunofluorescence microscopy. H Vero cells
were mock-infected or infected with CDV (MOI= 1) for 28 h. The cells were fixed and processed for indirect immunofluorescence using antibodies
against LC3 and LAMP1 protein. The blots were cropped. The samples derived from the same experiment and that blots were processed in parallel.
The data represent the mean 4 SD of three independent experiments. Two-way ANOVA; # P> 0.05; **P < 0.01; ***P<0.001
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Fig. 3 Induction of autophagy with rapamycin promotes virus replication. A Vero cells were pre-treated with rapamycin for 4 h and then infected
with CDV (MOIl=1) for 26 and 30 h. The cell samples were then analyzed by western blot with anti-CDV-N, anti-LC3B, anti-p62, and anti-B-tubulin
(loading control) antibodies. B, C and D The CDV-N, LC3B and p62 levels relative to the 3-tubulin levels were determined by densitometry. E and F
Vero cells were pre-treated and infected as described in (A). At 26 and 30 hpi, copy numbers of CDV were measured by gRT-PCR; virus titers were
measured by TCIDg,. The blots were cropped. The samples derived from the same experiment and that blots were processed in parallel. The data
represent the mean = SD of three independent experiments. Two-way ANOVA; # P> 0.05; *P < 0.05; **P < 0.01; ***P <0.001

infection of the two cell types (Fig. 5B). Importantly,
ATG5 knockdown significantly inhibited CDV-induced
autophagy (Fig. 5C, E). These results suggested that CDV
infection can induce autophagy in Vero cells through an
ATG5-dependent pathway. More importantly, inhibition
of autophagy strongly reduced CDV N protein expres-
sion (Fig. 5C, E), viral RNA copy number and viral titer
(Fig. 5F, G). These data further revealed that inhibition
of autophagy at the genetic level is detrimental to CDV
replication.

CDV N proteins induce autophagy in an mTOR-dependent
manner

We inactivated CDV by ultraviolet (UV) irradiation [28].
Infectious CDV could infect cells producing significant
syncytial lesions and viral titers, whereas the cells treated
with UV-inactivated CDV after 72 hpi produced none
(Fig. 6A, B). These data suggested that UV-inactivated
CDV had lost its ability to infect and replicate. More
importantly, both infectious CDV and UV-inactivated
CDV inoculated Vero cells increased the expression level
of LC3-II compared to mock-infected cells (Fig. 6C, D).
This indicated that UV-inactivated CDV can also induce
the onset of autophagy. Therefore, structural proteins of

CDV may play an important role in the process of virus-
induced autophagy.

To analyze the effect of different viral proteins of CDV
on autophagy induction. We constructed expression vec-
tors with flag-tagged proteins and transfected them with
Vero cells. Western blot assays revealed that Flag-N,
Flag-P, Flag-V, Flag-C proteins were expressed in Vero
cells (Figs. 6E, S2A). When we transfected the same con-
centration of plasmids, Flag-N caused the LC3-II level to
increase the most significantly (Fig. S2B). Additionally,
Flag-N promoted the degradation of p62 protein (Fig. 6F,
G). This suggested that CDV N protein induces complete
autophagic flux. The mammalian target of rapamycin
(mTOR) is an important signaling molecule that nega-
tively regulates autophagy and is also a downstream target
of phosphatidylinositol 3 kinase (PI3K) and AKT path-
ways [44]. The expression of phosphorylated AKT (Ser
473) and phosphorylated mTOR (Ser 2448) was reduced
in Vero cells expressing Flag-N protein compared to con-
trols, but there was no significant change in total AKT
or mTOR expression (Fig. 6F, G). These data suggested
that CDV N protein induced autophagy by inhibiting the
AKT-mTOR pathway, indicating that N protein play an
important role in CDV-induced autophagy.
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Fig. 4 Autophagy inhibition reduces CDV replication. A and E Vero cells were pre-treated with Chloroquine and Wortmannin for 4 h and then
infected with CDV (MOI=1) for 26 and 30 h. The cell samples were then analyzed by western blot with anti-CDV-N, anti-LC3B, anti-p62, and
anti-B-tubulin (loading control) antibodies. B and F Vero cells were pre-treated and infected as described in (A and E). At 26 and 30 hpi, the target
protein levels relative to the B-tubulin levels were determined by densitometry in control, chlorogquine- and wortmannin-pre-treated cells. C-D and
G-H Vero cells were pre-treated and infected as described in (A and E). At 26 and 30 hpi, copy numbers of CDV were measured by gRT-PCR; virus
titers were measured by TCIDs,. The blots were cropped. The samples derived from the same experiment and that blots were processed in parallel.
The data represent the mean 4 SD of three independent experiments. Two-way ANOVA; # P>0.05; *P < 0.05; **P <0.01; ***P<0.001

Discussion

Autophagy relies on lysosomal degradation and plays
an important role in maintaining intracellular homeo-
stasis by recycling long-lived proteins and obsolete or
damaged organelles during nutrient deficiency, energy
recycling, and cell survival. Subsequently, it has been
shown that autophagy can also play an important role
in defense against pathogens as an immune mecha-
nism after pathogen invasion of cells [45, 46]. Although
autophagy can transport viruses to the lysosomal com-
partment for degradation [47], it has been shown that

sindbis virus, tobacco mosaic virus and vesicular stoma-
titis virus infection-induced autophagy exerts a protec-
tive function by limiting intracellular virus replication
[48-50]. However, an increasing number of pathogens
have evolved strategies to avoid or hijack autophagy for
their own benefit. Members of the Paramyxoviridae fam-
ily have been shown to induce autophagy in target cells,
including MeV [26], PPRV [27], NDV [51], sendai virus
(SeV) [52], human parainfluenza virus type 3 (HPIV3)
[53], human respiratory syncytial virus (HRSV) [54], and
simian parainfluenza virus 5 (SV5) [55]. In this study,
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the date suggested that CDV infection of Vero cells led
to increased autophagosome formation and induced
autophagy. Consistent with the results of our study, the
number of GFP-LC3 spots increased and autophagosome
accumulation increased after infection of GFP-LC3-
transfected VerodogSLAMtag cells by CDV wild-type
strain 5804P and MeV vaccine strain MeVvac [35]. Appli-
cation of immunohistochemistry to detect the expression
of microtubule-associated protein 1 light chain 3 (LC3)
protein showed increased autophagy in CDV-infected
canine cerebellums [34].

Autophagy is a dynamic process and the accumulation
of LC3 dot may be the result of increased autophago-
some formation or decreased autophagosome degrada-
tion [36]. Many date have recently shown that viruses
can induce the early stages of autophagy but prevent the
fusion of autophagosomes with lysosomes, such as cox-
sackievirus B3 (CVB3) [56], herpes simplex virus [57],
influenza A virus [58], porcine reproductive and respira-
tory syndrome virus [59] and hepatitis C virus [60]. MeV
[26], PPRV [27], NDV [51], SeV [51], and RSV [54], mem-
bers of the Paramyxoviridae family, induce increased
autophagic flux, whereas HPIV3 induces incomplete
autophagy by blocking autophagosome-lysosome fusion
[53]. In this study, we found that CDV infection induced
complete autophagy and increased autophagic flux.
The previous study showed that CDV or MeV infection

of VerodogSLAMtag cells induced the formation of
autophagosome, but prevented their subsequent fusion
with lysosomes [35]. Another study showed no change in
the intensity of LC3 expression in cerebellar tissue during
the chronic phase of CDV infection as in the acute phase,
suggesting that the virus delayed or prevented the degra-
dation of autophagosome [34].

Several members of the Paramyxoviridae fam-
ily, including MeV [26], HRSV [54], PPRV [26], NDV
[51], and HPIV3 [53], can promote replication using an
autophagic mechanism. Kabak et al. suggested that CDV
does not use autophagy for replication and supported the
suggestion by Delpeut et al. that CDV induces autophagy
through virus-cell and cell—cell fusion and that autophagy
enhances cell-to-cell transmission of morbilliviruses
rather than replication [34, 35]. Our data showed that
both pharmacological and genetic promotion and inhi-
bition of autophagy were important for CDV replication
in Vero cells. The reason for the difference between the
results of the above study and our study may be the dif-
ference in the CDV strains used and the infected cells.
This also suggests that the autophagic response is virus
and cell type specific and even related to cellular patho-
gen receptor. It has been shown then that infection of
different cells with the same rabies virus strain induces
different autophagic flux responses [61].
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mTOR signaling is essential for many cellular pro-
cesses such as growth, survival, and proliferation [32].
As a major autophagy regulator, mTOR negatively regu-
lates autophagy when activated by signals from nutri-
ents, growth factors, and stress stimuli [62]. Among
them, the PI3K/Akt/mTOR signaling pathway plays
a key role in autophagy [33]. PPRV [27], CVB3 [63],
FMDYV [29], Avian influenza H5N1 virus and avian reo-
virus trigger autophagy by inhibiting AKT-mTOR sign-
aling [64, 65]. Our data suggested that CDV N protein
induced autophagy by inhibiting the AKT-mTOR path-
way, suggesting that N protein plays an important role
in CDV-induced autophagy for viral replication. The

nucleoprotein of MeV and the cytoplasmic nucleocapsid
of CDV interact with 70 K heat shock proteins (HSP70K)
[66, 67]. PPRV-N interacts with HSPA1A to play an
important role in PPRV-induced second autophagic wave
[27]. Which key nodal proteins interact with CDV pro-
teins to affect autophagy deserve further investigation.

Conclusions

This study is the first systematic investigation of the
relationship between autophagy and CDV replica-
tion. For the first time, it was demonstrated that CDV
induces complete autophagic flux in Vero cells to pro-
mote viral replication. It was revealed for the first time
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that nucleocapsid protein induces complete autophagy in
an mTOR-dependent manner, which plays an important
role in CDV-induced autophagy to facilitate viral replica-
tion. Given that autophagy facilitates CDV replication,
our study reveals a novel approach to improve the effi-
ciency of live attenuated CDV vaccine production that
may enhance its immune effect in host cells by targeting
the autophagic pathway. Our study also provides novel
mechanisms of CDV-cell interactions and may provide
theoretical references for the development of strategies
against CDV infection and CDV-host cell interactions.

Materials and methods

Antibodies, reagents and plasmids

The primary antibodies used in this study included anti-
bodies against rabbit LC3B (Abcam, UK); SQSTM1/p62,
Phospho-mTOR (Ser2448), Phospho-Akt (Ser473), AKT
(all from Cell Signaling Technology, USA); LAMP1 (Pro-
teintech, USA), ATG5 (Novus Biologicals, USA); mouse
mTOR (Proteintech, USA); B-Tubulin (Affinity, USA);
CDV-NP (VMRD, USA). Secondary antibodies were goat
anti-mouse IgG-HRP, goat anti-rabbit IgG-HRP antibody
(Bioworld, USA); Alexa Fluor 488 goat anti-rabbit IgG,
Alexa Fluor 594 goat anti-mouse IgG (Invitrogen, USA);
Alexa Fluor 594 goat anti-rabbit IgG (Abmart, China).
Pharmaceuticals were Rapamycin, Wortmannin, E64d
(Selleck, USA); Chloroquine (Sigma-Aldrich, USA). Plas-
mids pEGFP-LC3B (Cat.: P0199) and pmCherry-EGFP-
LC3B (Cat.: P0446) was obtained from miaolingbio
(Wuhan, China). Most of the primary antibodies used in
the study are against human, and the similarities between
the target proteins from the two species (human and
monkey) are high.

Cell culture and virus propagation

African green monkey kidney epithelial cell line (Vero)
was obtained from ATCC. Cells were grown in DMEM
medium (JSBio, China) supplemented with 10% fetal
bovine serum (FBS), 100 U/mL penicillin and 100 pg/mL
streptomycin (B, ISR) at 37 °C with 5% CO, in a humidi-
fied atmosphere. The CDV3-CL vaccine strain was
obtained from the Institute of Special Animal and Plant
Sciences, Chinese Academy of Agricultural Sciences
(Changchun, China). The CDV3-CL strain were passaged
in Vero cells. The viral titer was determined by the Reed-
Muench method in 96-well plates and expressed as a 50%
tissue culture infectious dose (TCID) [68].

Virus infection and pharmaceutical treatment

Vero cells were not treated or treated with 200 nM,
500 nM, 1000 nM Rapamycin, 5 uM Chloroquine,
200 nM (final concentration) Wortmannin for 4 h,
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followed by CDV infection (multiplicity of infection,
MOI=1). Cells were covered with DMEM medium con-
taining 2% FBS and certain concentration of the above
inducer or inhibitor and cultured at 37 °C with 5% CO2.

Plasmid construction

CDV N gene was amplified from the CDV3-CL genomic
c¢DNA used in this study and cloned into the p3 x Flag-
CMYV vectors according to the manufacturer’s instruc-
tions of the ClonExpress MultiS Cloning Kit (Vazyme,
China).

Plasmid transfection

Vero cells were cultured in Petri dishes until 70% fusion.
2 ug of plasmid was diluted in 200 pL of JetPRIME buffer,
then 4 pL of JetPRIME transfection reagent was added,
mixed well and incubated at room temperature for
10 min. The mixture was added to each dish and mixed
well. If transfection is performed in laser confocal-spe-
cific Petri dishes, the plasmids and reagents are halved.

Transfection and gene silencing with siRNAs

siRNAs targeting the Vero cell ATG5 were designed using
the online design tool Block-iTRNAi Designer (Invitro-
gen, USA). siRNAs were synthesized by GENEWIZ Bio-
technology (Suzhou, China). Vero cells were transfected
with 100 pmol siRNA using JetPRIME transfection rea-
gent (Ployplus, FR) at a 35 mm dish according to the
manufacturer’s instructions. Scrambled siRNA was used
as a negative control. Silencing efficiency was measured
by Western blot analysis. The sequence of the siRNA tar-
geting ATG5 used in this study: GATTCATGGAATTGA
GCCA (5-3)).

Immunoblotting

Cells were collected and lysed with RIPA strong lysis
buffer (Beyotime) containing the protease inhibi-
tor PMSF (Beyotime, China), and 5 x loading buffer
(BOSTER, China) was added, and the mixture was soni-
cated on ice for 15 s. Denaturation was performed at
100 °C for 10 min. Proteins were separated on an elec-
trophoretic sodium dodecyl sulfate—polyacrylamide gel
and then transferred to polyvinylidene difluoride (PVDEF)
membranes (Millipore, USA). The membranes were
blocked for 1 h or more with 5% skim milk (BBI, China)
and cut according to the size of the target protein before
hybridization with the antibody. The membranes were
incubated with primary antibody overnight at 4 °C, then
incubated with peroxidase-coupled secondary antibod-
ies. Protein bands were detected using chemilumines-
cence image analysis system (Amersham Imager 600,
GE, USA), with an ECL kit (Advansta, USA). The inten-
sity of the target protein blots was analyzed using Image]
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Table 1 The dilution of all
immunoblotting

the antibodies used for the

Antibodies Dilution
LC3B 1:2000
p62 1:1000
p-mTOR 1:1000
mTOR 1:2000
p-AKT 1:1000
AKT 1:1000
ATG5 1:2000
CDV-N 1:5000
R-Tubulin 1:5000
goat anti-mouse IgG-HRP 1:8000
goat anti-rabbit IgG-HRP 1:8000
Table2 The dilution of all the antibodies used for
immunofluorescence

Antibodies Dilution
LC3B 1:300
CDV-N 1:500
LAMP1 1:300
Alexa Fluor 488 goat anti-rabbit IgG 1:500
Alexa Fluor 594 goat anti-mouse IgG 1:500
Alexa Fluor 594 goat anti-rabbit IgG 1:300

software (NIH, USA). The relative protein level was nor-
malized to p-tubulin. The dilution ratios of antibodies
were shown in Table 1.

Immunofluorescence and confocal microscopy

Cells were grown in glass-bottom culture dishes (NEST,
China). The CDV-infected at 1 MOI or plasmids-trans-
fected or pharmaceutical-treated cells fixed with 4%
paraformaldehyde (Beyotime, China) for 15 min. and
then treated with 0.2% Triton X-100 (Solarbio, China)
for 15 min and blocked with 5% bovine serum albumin
(MP, USA) for 1 h. Cells are then incubated with primary
antibody overnight at 4 °C or 2 h at 37 °C, followed by
incubation with the appropriate fluorescent dye-con-
jugated secondary antibody for 1 h at 37 °C under dark
conditions. Cells were then stained with DAPI (Beyo-
time, China) for 5 min. Samples were then imaged using
a confocal fluorescence microscope (Objective magnifi-
cation, x 60) (Leica SP8, Germany). The dilution ratios of
antibodies were shown in Table 2.

Quantitative real-time PCR
Vero cells were treated with pharmaceuticals or siRNA,
and infected with CDV (MOI=1). Total RNA was
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extracted using the Viral RNA/DNA Extraction Kit
(TaKaRa, China) according to the manufacturer’s proto-
col. cDNA was synthesized by reverse transcription using
PrimeScript RT Master Mix reagent (TaKaRa, China).
Luna Universal qPCR Master Mix (New England Bio-
labs, USA) was used to perform quantitative real-time
PCR. For CDV-specific detection, primer pairs targeting
the region corresponding to the N gene were used, and
a recombinant plasmid containing the CDV N gene was
used to construct a standard curve for calculating the
viral RNA copy number in different samples. qPCR was
performed with the primers shown below:

CDV N Forward: 5-GAGAATTAACAACTATTG
AATC-3'
CDV N Reverse: 5'-CATAGCATAACTCCAGAG-3/

Statistical analysis

The Data are expressed as mean =+ standard deviation
(SD). The significance of the variability between treat-
ment groups was analyzed by two-way analysis of vari-
ance (ANOVA) test by GraphPad Prism software (version
8.3, USA). Differences were considered statistically sig-
nificant at P<0.05.

Abbreviations

Ccbv Canine distemper virus

cQ Chloroquine

FBS Fetal bovine serum

hpi Hours post-infection

LC3B Microtubule-associated protein 1 light chain 33
PBS Phosphate buffered saline

TCIDg, The median tissue culture infective dose

WM Wortmannin

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512917-023-03575-7.

Additional file 1: Figure S1. Fluorescence intensity and co-localization
analysis of Cherry and GFP. Figure S2. N protein significantly increased the
level of LC3-Il.

Additional file 2. The original blots for the figures.

Acknowledgements
Not applicable.

Authors’ contributions

FC performed the experiments and wrote the manuscript. FC, ZG, RZ, ZZ* par-
ticipated in the design and coordination of the study and helped to draft the
manuscript. ZZ', BH, LB, SZ, YW contributed methodology and materials. FC,
ZG,RZ,ZZ*,YL participated in the review and editing. ZZ*, YL* was responsible
for conceptualization, supervision, writing-review, and funding acquisition. All
authors have read and approved the final version of the manuscript.


https://doi.org/10.1186/s12917-023-03575-7
https://doi.org/10.1186/s12917-023-03575-7

Chen et al. BMC Veterinary Research

(2023) 19:60

Funding

This study was supported by the Natural Science Foundation of Sichuan Prov-
ince (2022NSFSC0073), Southwest Minzu University Research Startup Funds
(16011211013) and Fundamental Research Funds for the Central Universi-
ties/Southwest Minzu University(2021115).the Southwest Minzu University
Research Startup Funds (2021115; 125900/16011211013), the Natural Science
Foundation of Sichuan Province (2022NSFSC0073) and Gansu Province Sci-
ence and Technology Planning Project (20YF3WAQ08).

Availability of data and materials

All data analysed during this study are included in this published article. The
raw data generated during the current study are available from the corre-
sponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 22 October 2022 Accepted: 13 January 2023
Published online: 15 March 2023

References

1.

Ke GM, Ho CH, Chiang MJ, Sanno-Duanda B, Chung CS, Lin MY, Shi YY,
Yang MH, Tyan YC, Liao PC, et al. Phylodynamic analysis of the canine
distemper virus hemagglutinin gene. BMC Vet Res. 2015;11:164.

Lempp C, Spitzbarth |, Puff C, Cana A, Kegler K, Techangamsuwan S,
Baumgartner W, Seehusen F. New aspects of the pathogenesis of canine
distemper leukoencephalitis. Viruses. 2014,7(6):2571-601.

Zhao J, ShiN, Sun'Y, Martella V, Nikolin V, Zhu C, Zhang H, Hu B, Bai X, Yan
X. Pathogenesis of canine distemper virus in experimentally infected rac-
coon dogs, foxes, and minks. Antiviral Res. 2015;122:1-11.

Rendon-Marin S, Da Fontoura BR, Canal CUW, Ruiz-Saenz J. Tropism and
molecular pathogenesis of canine distemper virus. Virology journal.
2019;1(16):30-30.

Laksono BM, de Vries RD, Mcquaid S, Duprex WP, de Swart RL. Measles
Virus Host Invasion and Pathogenesis. Viruses. 2016;8(8):210.

Da FBR, von Messling V. Morbillivirus Experimental Animal Models:
Measles Virus Pathogenesis Insights from Canine Distemper Virus. Viruses.
2016;10(8):274.

Duque-Valencia J, Sarute N, Olarte-Castillo XA, Ruiz-Saenz J. Evolution
and Interspecies Transmission of Canine Distemper Virus-An Outlook

of the Diverse Evolutionary Landscapes of a Multi-Host Virus. Viruses.
2019;7(11):582.

Michelazzo M, de Oliveira T, Viana NE, de Moraes W, Cubas ZS, Headley
SA. Immunohistochemical evidence of canine morbillivirus (canine
distemper) infection in coatis (Nasua nasua) from Southern Brazil. Trans-
bound Emerg Dis. 2020;67(Suppl 2):178-84.

Rodriguez-Cabo-Mercado R, Martinez-Hernandez F, Arechiga-Ceballos N,
Lopez-Diaz O, Munoz-Garcia Cl, Aguilar-Setien A, Villalobos G, Villanueva-
Garcia C, Verdugo-Rodriguez A, Iturbe-Ramirez R, et al. Canine distemper
in neotropical procyonids: Molecular evidence, humoral immune
response and epidemiology. Virus Res. 2020;290:198164.

Martella V, Bianchi A, Bertoletti |, Pedrotti L, Gugiatti A, Catella A, Cordioli
P, Lucente MS, Elia G, Buonavoglia C. Canine distemper epizootic among
red foxes, Italy, 2009. Emerg Infect Dis. 2010;12(16):2007-9.

. Kapil S, Yeary TJ. Canine distemper spillover in domestic dogs from urban

wildlife. Vet Clin North Am Small Anim Pract. 2011;6(41):1069-86.
de Vries RD, Ludlow M, Verburgh RJ, van Amerongen G, Yuksel S,
Nguyen DT, Mcquaid S, Osterhaus AD, Duprex WP, de Swart RL. Measles

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Page 12 of 13

vaccination of nonhuman primates provides partial protection against
infection with canine distemper virus. J Virol. 2014;8(88):4423-33.

. Maes P Amarasinghe GK, Ayllon MA, Basler CF, Bavari S, Blasdell KR,

Briese T, Brown PA, Bukreyev A, Balkema-Buschmann A, et al. Tax-
onomy of the order Mononegavirales: second update 2018. Arch Virol.
2019/4(164):1233-44.

. Woo PC, Lau SK, Wong BH, Fan RY, Wong AY, Zhang AJ, Wu Y, Choi GK, Li

KS, Hui J, et al. Feline morbillivirus, a previously undescribed paramyxovi-
rus associated with tubulointerstitial nephritis in domestic cats. Proc Natl
Acad Sci U S A, 2012;14(109):5435-40.

. Da FBR, Streck AF, Nunes WM, Maboni SF, Muniz GR, Wageck CC. Influence

of vaccine strains on the evolution of canine distemper virus. Infect
Genet Evol. 2016;41:262-9.

. Klionsky DJ. Autophagy: from phenomenology to molecular understand-

ing in less than a decade. Nat Rev Mol Cell Biol. 2007;11(8):931-7.

. Maiuri MC, Zalckvar E, Kimchi A, Kroemer G. Self-eating and self-killing:

crosstalk between autophagy and apoptosis. Nat Rev Mol Cell Biol.
2007,9(8):741-52.

Yang Z, Klionsky DJ. An overview of the molecular mechanism of
autophagy. Curr Top Microbiol Immunol. 2009;335:1-32.

. HaraT, Nakamura K, Matsui M, Yamamoto A, Nakahara Y, Suzuki-

Migishima R, Yokoyama M, Mishima K; Saito |, Okano H, et al. Suppression
of basal autophagy in neural cells causes neurodegenerative disease in
mice. Nature. 2006;7095(441):885-9.

Virgin HW, Levine B. Autophagy genes in immunity. Nat Immunol.
2009;5(10):461-70.

Kroemer G, Marino G, Levine B. Autophagy and the integrated stress
response. Mol Cell. 2010;2(40):280-93.

Kudchodkar SB, Levine B. Viruses and autophagy. Rev Med Virol.
2009;,6(19):359-78.

Alavian SM, Ande SR, Coombs KM, Yeganeh B, Davoodpour P, Hashemi M,
Los M, Ghavami S. Virus-triggered autophagy in viral hepatitis - possible
novel strategies for drug development. J Viral Hepat. 2011;12(18):821-30.
Dreux M, Gastaminza P, Wieland SF, Chisari FV. The autophagy machinery
is required to initiate hepatitis C virus replication. Proc Natl Acad Sci U S A.
2009;33(106):14046-51.

Guevin C, Manna D, Belanger C, Konan KV, Mak P, Labonte P. Autophagy
protein ATG5 interacts transiently with the hepatitis C virus RNA polymer-
ase (NS5B) early during infection. Virology. 2010;1(405):1-7.

Richetta C, Gregoire IP, Verlhac P, Azocar O, Baguet J, Flacher M, Tangy

F, Rabourdin-Combe C, Faure M. Sustained autophagy contributes to
measles virus infectivity. PLoS Pathog. 2013;9(9):e1003599.

Yang B, Xue Q, Guo J, Wang X, Zhang Y, Guo K, LiW, Chen S, Xue T, Qi

X, et al. Autophagy induction by the pathogen receptor NECTIN4 and
sustained autophagy contribute to peste des petits ruminants virus
infectivity. Autophagy. 2020;5(16):842-61.

Wang L, Ou JJ. Regulation of Autophagy by Hepatitis C Virus for Its Repli-
cation. DNA Cell Biol. 2018;4(37):287-90.

Sun P, Zhang S, Qin X, Chang X, Cui X, Li H, Zhang S, Gao H, Wang P,
Zhang Z, et al. Foot-and-mouth disease virus capsid protein VP2 activates
the cellular EIF2S1-ATF4 pathway and induces autophagy via HSPB1.
Autophagy. 2018;2(14):336-46.

Zhang R, Qin X, Yang Y, Zhu X, Zhao S, Zhang Z, Su Q, Zhao Z, Yin X,
Meng X, et al. STING1 is essential for an RNA-virus triggered autophagy.
Autophagy. 2022;4(18):816-28.

Kuo SM, Chen CJ, Chang SC, Liu TJ, Chen YH, Huang SY, Shih SR. Inhibition
of Avian Influenza A Virus Replication in Human Cells by Host Restriction
Factor TUFM Is Correlated with Autophagy. mBio. 2017;3(8):e00481-17.
Saxton RA, Sabatini DM. mTOR Signaling in Growth, Metabolism, and
Disease. Cell. 2017:6(168):960-76.

Songyang Z, Baltimore D, Cantley LC, Kaplan DR, Franke TF. Interleukin
3-dependent survival by the Akt protein kinase. Proc Natl Acad Sci U S A.
1997,21(94):11345-50.

Kabak YB, Sozmen M, Yarim M, Guvenc T, Karayigit MO, Gulbahar MY.
Immunohistochemical detection of autophagy-related microtubule-
associated protein 1 light chain 3 (LC3) in the cerebellums of dogs
naturally infected with canine distemper virus. Biotech Histochem.
2015;8(90):601-7.

Delpeut S, Rudd PA, Labonte P, von Messling V. Membrane fusion-medi-
ated autophagy induction enhances morbillivirus cell-to-cell spread. J
Virol. 2012;16(86):8527-35.



Chen et al. BMC Veterinary Research (2023) 19:60

36.

37.

38.

39.

40.

41.

42.

43.

44

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

Klionsky DJ, Cuervo AM, Seglen PO. Methods for monitoring autophagy
from yeast to human. Autophagy. 2007;3(3):181-206.

Klionsky DJ, Abdelmohsen K, Abe A, Abedin MJ, Abeliovich H, Acevedo
AA, Adachi H, Adams CM, Adams PD, Adeli K, et al. Guidelines for the
use and interpretation of assays for monitoring autophagy (3rd edition).
Autophagy. 2016;1(12):1-222.

Joubert PE, Meiffren G, Gregoire IP, Pontini G, Richetta C, Flacher M, Azo-
car O, Vidalain PO, Vidal M, Lotteau V, et al. Autophagy induction by the
pathogen receptor CD46. Cell Host Microbe. 2009;4(6):354-66.
Mizushima N, Yoshimori T, Levine B. Methods in mammalian autophagy
research. Cell. 2010;3(140):313-26.

Jackson WT, Giddings TJ, Taylor MP, Mulinyawe S, Rabinovitch M, Kopito
RR, Kirkegaard K. Subversion of cellular autophagosomal machinery by
RNA viruses. PLoS Biol. 2005;5(3):e156.

Verschooten L, Barrette K, Van Kelst S, Rubio RN, Proby C, De Vos R, Ago-
stinis P, Garmyn M. Autophagy inhibitor chloroquine enhanced the cell
death inducing effect of the flavonoid luteolin in metastatic squamous
cell carcinoma cells. PLoS ONE. 2012;10(7):e48264.

Fukuchi K, Watanabe H, Tomoyasu S, Ichimura S, Tatsumi K, Gomi K. Phos-
phatidylinositol 3-kinase inhibitors, Wortmannin or LY294002, inhibited
accumulation of p21 protein after gamma-irradiation by stabilization of
the protein. Biochim Biophys Acta. 2000;2-3(1496):207-20.

Komatsu M, Waguri S, Ueno T, Iwata J, Murata S, Tanida |, Ezaki J,
Mizushima N, Ohsumi Y, Uchiyama Y, et al. Impairment of starvation-
induced and constitutive autophagy in Atg7-deficient mice. J Cell Biol.
2005;3(169):425-34.

He C, Klionsky DJ. Regulation mechanisms and signaling pathways of
autophagy. Annu Rev Genet. 2009;43:67-93.

Kirkegaard K, Taylor MP, Jackson WT. Cellular autophagy: surrender,
avoidance and subversion by microorganisms. Nat Rev Microbiol.
2004/4(2):301-14.

Espert L, Codogno P, Biard-Piechaczyk M. Involvement of autophagy in
viral infections: antiviral function and subversion by viruses. J Mol Med
(Berl). 2007;8(85):811-23.

Hernaez B, Cabezas M, Munoz-Moreno R, Galindo |, Cuesta-Geijo MA,
Alonso C. A179L, a new viral Bcl2 homolog targeting Beclin 1 autophagy
related protein. Curr Mol Med. 2013;2(13):305-16.

Orvedahl A, Macpherson S, Sumpter RJ, Talloczy Z, Zou Z, Levine B.
Autophagy protects against Sindbis virus infection of the central nervous
system. Cell Host Microbe. 2010;2(7):115-27.

Liu'Y, Schiff M, Czymmek K, Talloczy Z, Levine B, Dinesh-Kumar SP.
Autophagy regulates programmed cell death during the plant innate
immune response. Cell. 2005;4(121):567-77.

Shelly S, Lukinova N, Bambina S, Berman A, Cherry S. Autophagy is an
essential component of Drosophila immunity against vesicular stomatitis
virus. Immunity. 2009;4(30):588-98.

SunY,Yus, Ding N, Meng C, Meng S, Zhang S, Zhan Y, Qiu X, Tan L, Chen
H, et al. Autophagy benefits the replication of Newcastle disease virus in
chicken cells and tissues. J Virol. 2014;1(88):525-37.

Lee NR, Ban J, Lee NJ, Yi CM, Choi JY, Kim H, Lee JK, Seong J, Cho NH,
Jung JU, et al. Activation of RIG-I-Mediated Antiviral Signaling Triggers
Autophagy Through the MAVS-TRAF6-Beclin-1 Signaling Axis. Front
Immunol. 2018;9:2096.

Ding B, Zhang G, Yang X, Zhang S, Chen L, Yan Q, Xu M, Banerjee AK,
Chen M. Phosphoprotein of human parainfluenza virus type 3 blocks
autophagosome-lysosome fusion to increase virus production. Cell Host
Microbe. 2014;5(15):564-77.

Li M, Li J, Zeng R, Yang J, Liu J, Zhang Z, Song X, Yao Z, Ma C, LiW, et al.
Respiratory Syncytial Virus Replication Is Promoted by Autophagy-Medi-
ated Inhibition of Apoptosis. J Virol. 2018;8(92):e02193-e2217.

Manuse MJ, Briggs CM, Parks GD. Replication-independent activation of
human plasmacytoid dendritic cells by the paramyxovirus SV5 Requires
TLR7 and autophagy pathways. Virology. 2010;2(405):383-9.

Wong J, Zhang J, Si X, Gao G, Mao |, Mcmanus BM, Luo H. Autophago-
some supports coxsackievirus B3 replication in host cells. J Virol.
2008;18(82):9143-53.

Santana S, Bullido MJ, Recuero M, Valdivieso F, Aldudo J. Herpes simplex
virus type | induces an incomplete autophagic response in human neu-
roblastoma cells. J Alzheimers Dis. 2012;4(30):815-31.

Gannage M, Dormann D, Albrecht R, Dengjel J, Torossi T, Ramer PC, Lee
M, Strowig T, Arrey F, Conenello G, et al. Matrix protein 2 of influenza A

Page 13 of 13

virus blocks autophagosome fusion with lysosomes. Cell Host Microbe.
2009;4(6):367-80.

59. Sun MX, Huang L, Wang R, Yu YL, Li C, Li PP, Hu XC, Hao HP, Ishag HA,
Mao X. Porcine reproductive and respiratory syndrome virus induces
autophagy to promote virus replication. Autophagy. 2012;10(8):1434-47.

60. Sir D, Chen WL, Choi J, Wakita T, Yen TS, Ou JH. Induction of incomplete
autophagic response by hepatitis C virus via the unfolded protein
response. Hepatology. 2008;4(48):1054-61.

61. PengJ, ZhuS,Hu L, Ye P, Wang Y, Tian Q, Mei M, Chen H, Guo X. Wild-type
rabies virus induces autophagy in human and mouse neuroblastoma cell
lines. Autophagy. 2016;10(12):1704-20.

62. Wong PM, Puente C, Ganley IG, Jiang X. The ULK1 complex: sensing nutri-
ent signals for autophagy activation. Autophagy. 2013;2(9):124-37.

63. ChangH, Li X, Cai Q Li C, Tian L, Chen J, Xing X, Gan Y, Ouyang W, Yang Z.
The PI3K/Akt/mTOR pathway is involved in CVB3-induced autophagy of
Hela cells. Int J Mol Med. 2017;1(40):182-92.

64. ChiPl, Huang WR, Lai IH, Cheng CY, Liu HJ. The p17 nonstructural protein
of avian reovirus triggers autophagy enhancing virus replication via
activation of phosphatase and tensin deleted on chromosome 10 (PTEN)
and AMP-activated protein kinase (AMPK), as well as dsRNA-dependent
protein kinase (PKR)/elF2alpha signaling pathways. J Biol Chem.
2013;5(288):3571-84.

65. Ma J, Sun Q, Mi R, Zhang H. Avian influenza A virus H5N1 causes
autophagy-mediated cell death through suppression of mTOR signaling.
J Genet Genomics. 2011;11(38):533-7.

66. Gruet A, Dosnon M, Blocquel D, Brunel J, Gerlier D, Das RK, Bonetti
D, Gianni S, Fuxreiter M, Longhi S, et al. Fuzzy regions in an intrinsi-
cally disordered protein impair protein protein interactions. FEBS J.
2016;283(4):576-94.

67. Oglesbee M, Ringler S, Krakowka S. Interaction of canine distemper
virus nucleocapsid variants with 70K heat-shock proteins. J Gen Virol.
1990;71(Pt 7):1585-90.

68. Reed L, Muench H. A simple method of estimating fifty percent end-
points. Am J Epidemiol. 1938;3(27):493-7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Canine distemper virus N protein induces autophagy to facilitate viral replication
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	Infection of CDV triggers autophagy in vero cells
	CDV infection enhances autophagic flux
	Induction of autophagy with rapamycin promotes virus replication
	Inhibition of autophagy reduces CDV replication
	CDV N proteins induce autophagy in an mTOR-dependent manner

	Discussion
	Conclusions
	Materials and methods
	Antibodies, reagents and plasmids
	Cell culture and virus propagation
	Virus infection and pharmaceutical treatment
	Plasmid construction
	Plasmid transfection
	Transfection and gene silencing with siRNAs
	Immunoblotting
	Immunofluorescence and confocal microscopy
	Quantitative real-time PCR
	Statistical analysis

	Anchor 26
	Acknowledgements
	References


