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ABSTRACT

Autophagy is an essential component of host immunity and used by viruses for survival. However, the autophagy
signaling pathways involved in virus replication are poorly documented. Here, we observed that rabies virus
(RABV) infection triggered intracellular autophagosome accumulation and results in incomplete autophagy by
inhibiting autophagy flux. Subsequently, we found that RABV infection induced the reduction of CASP2/caspase
2 and the activation of AMP-activated protein kinase (AMPK)-AKT-MTOR (mechanistic target of rapamycin) and
AMPK-MAPK (mitogen-activated protein kinase) pathways. Further investigation revealed that BECN1/Beclin 1
binding to viral phosphoprotein (P) induced an incomplete autophagy via activating the pathways CASP2-
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AMPK-AKT-MTOR and CASP2-AMPK-MAPK by decreasing CASP2. Taken together, our data first reveals a
crosstalk of BECN1 and CASP2-dependent autophagy pathways by RABV infection.

Introduction

Autophagy is a cellular regulatory process that removes
unnecessary or dysfunctional cytoplasmic material by deliv-
ering it to the lysosome for degradation."” Autophagy
includes microautophagy, macroautophagy, and chaperone-
mediated autophagy. During macroautophagy, a phagophore
forms around a substrate to generate an autophagic vesicle
surrounded by 2 membranes.” After maturation, such auto-
phagosomes fuse with late endosomes and lysosomes lead-
ing to degradation of the sequestered material.*
Identification of ATG (autophagy related) genes has led to
the elucidation of the molecular mechanisms of auto-
phagy.”” While the complete function of many ATGs and
their protein products is still unknown, 2 ubiquitin-like sys-
tems, ATG12-ATG5 and MAP1LC3/LC3 (microtubule-asso-
ciated protein 1 light chain 3)-phosphatidylethanolamine,
have been shown to mediate the formation of the autopha-
gosome.® These systems are required for the elongation and
the closure of the phagophore (the precursor to the auto-
phagosome) membranes. Finally, the fusion of the autopha-
gosome with the lysosome requires LAMP2 (lysosomal-
associated membrane protein 2) and the GTPase RAB7.”"”
These ubiquitin-like conjugation reactions are initiated by
class III phosphatidylinositol 3-kinase (PtdIns3K) com-
plexes, which include the BECN1/Beclin 1 protein. Interest-
ingly, BECN1-positive complexes that contain ATG14 seem

to promote autophagosome formation, while others that
contain the Uvrag (UV radiation resistance associated)
gene'* may facilitate the fusion between autophagosomes
and lysosomes."*'°

As a highly conserved process, autophagic regulation is
complex.'” Over the past decade, host proteins that regulate
autophagy have been reported to do so by different mecha-
nisms and pathways, such as those involving PtdIns3K, AKT,
MTOR, MAPK, AMPK,”"® CASP2/caspase 2'” and the proteins
encoded by the ATG genes. Recently, autophagy has been
shown to be modulated by intracellular pathogens. Tobacco
mosaic virus induces autophagosome formation by inducing
endoplasmic reticulum stress.”* Herpes simplex virus 1 induces
autophagy via the EIF2AK2/PKR (eukaryotic translation initia-
tion factor 2 « kinase 2)-mediated phosphorylation of EIF2S1
(eukaryotic translation initiation factor 2 subunit «),%! and also
inhibits autophagy by BECN1 binding to viral protein
ICP34.5.” The vesicular stomatitis virus envelope glycoprotein
mediates virus entry and induces autophagy, likely by inhibit-
ing the AKT.* Avibirnavirus capsid protein VP2 binding to
host heat shock protein 90 kDa « induces autophagy by inacti-
vating the AKT-MTOR pathway.** Hepatitis C virus induces
autophagy through the RAB5 and PtdIns3K (whose catalytic
subunit is termed PIK3C3) pathway.”> Human immunodefi-
ciency virus 1 inhibits autophagy through the SRC-AKT and
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STAT3 (signal transducer and activator of transcription 3)
pathway.”® Human papillomavirus-host cell interaction stimu-
lates the phosphoinositide 3-kinase-AKT-MTOR pathway and
inhibits autophagy.””

Rabies virus (RABV), a fatal neurotropic virus, is a prototyp-
ical virus in the genus Lyssavirus genus, family Rhabdoviridae.
RABV has a single-stranded negative sense RNA genome
encoding the nucleoprotein (N), the RNA-dependent RNA
polymerase (L), the nonenzymatic polymerase cofactor phos-
phoprotein (P), the matrix protein (M), and the glycoprotein
(G). During RABYV infection, viral transcription and replication
are performed in intracellular Negri bodies (NBs).”® In the
present study, we address for the first time that incomplete
autophagy can be induced during virulent and attenuated
RABYV infections in vivo and in vitro. We found that RABV
infection activated the CASP2-AMPK-MAPK1/3/11-AKT1-
MTOR dependent autophagy pathways by BECN1. Our study
highlights the role of viral P protein in modulating the BECN1-
linked, CASP2-dependent incomplete autophagy pathways.

Results

RABY infection triggers autophagosome accumulation in
vitro and in vivo

To investigate whether cellular macroautophagy is altered in
response to RABV infection, N2a cells were transiently trans-
fected with green fluorescent protein (GFP)-LC3B, and mice
were infected with attenuated RABV HEP-Flury or virulent
RABV CVS-11. The expression of LC3-II, SQSTM1/p62
(sequestosome 1) and RABV viral protein in N2a cells and
brains of mice was analyzed at different time points postinfec-
tion. In comparison to mock-infected cells, GFP-LC3B has a
colocalization with viral protein N (Fig. 1A) in the HEP-Flury
virus-infected cells and GFP-LC3B autophagosomes increased
visibly at 36 and 48 h postinfection (hpi). The level of endoge-
nous lipidated LC3-II in cells and mice infected with RABV,
which correlates with an increased number of autophagosomes,
was detected by western blotting using anti-LC3A/B antibody
(P < 0.01 or 0.001, Fig. 1B and C). However, the autophago-
some cargo SQSTMI1, which is one of the autophagy markers,”
was not increased (P > 0.05, Fig. 1B and C). Similar autophago-
some accumulation and LC3-II increases were detected in N2a
cells and mice infected with virulent RABV, however SQSTM1
were not increased (Fig. S1). Collectively, these data demon-
strate that both attenuated and virulent RABV induce autopha-
gosome accumulations after in vitro and in vivo infection, and
that components of the macroautophagy signaling cascade are
upregulated during RABV infection.

RABY infection inhibits autophagy flux

Autophagosomes are transient vesicles that fuse with lysosomal
vesicles and deliver their cargo for degradation by lysosomal
hydrolysis. Therefore, the accumulation of autophagosomes
could result from increased formation or decreased degradation
of these vesicles.” To investigate autophagosome accumulation
during RABV infection, cells were infected with HEP-Flury
strain and labeled with LysoTracker Red, which allows for

identification of acidic compartments or organelles in live cells.
As expected, GFP-LC3B and LysoTracker Red colocalized in
N2a cells with and without HEP-Flury infection upon rapamy-
cin (Rapa) treatment. However, in RABV-infected cells without
Rapa treatment, essentially no colocalization between autopha-
gosomes and LysoTracker Red was observed, and most of the
large autophagosomes were devoid of LysoTracker Red staining
(Fig. 2A and Fig. S2). This data suggests that autophagosomes
do not fuse with acidic compartments after RABV infection. To
rule out the possibility that autophagosomes fuse with lyso-
somes but were not efficiently acidified in infected cells, we
investigated the colocalization of GFP-LC3B with the LAMP1
in RABV-infected cells. Similarly, GFP-LC3B had a colocaliza-
tion with LAMP1 in Rapa-treated cells with and without RABV
infection. In contrast, GFP-LC3B did not colocalize with
LAMPI1 in RABV-infected cells without Rapa treatment and
the large GFP-LC3B vesicles were LAMP1-negative (Fig. 2B
and Fig. S2). These data suggest that autophagosomes do not
efficiently fuse with lysosomes in RABV-infected cells.

To confirm the blockage of autophagosome fusion with lyso-
somes in RABV-infected cells, we analyzed the turnover of auto-
phagosomes. The 24 hpi RABV-infected and mock-infected cells
were treated with chloroquine (CQ), a lysosomal proteolysis inhibi-
tor, for 6 h, and the levels of LC3-II, SQSTM1 and NBR1 (NBRI,
autophagy cargo receptor), a member of sequestosome-like recep-
tors’>! were analyzed by western blotting, In mock-infected cells,
lipidated LC3-II accumulated upon CQ treatment, indicating that
turnover of autophagosomes efficiently occurred by lysosomal pro-
teolysis (P < 0.001, Fig. 2C). In contrast, in RABV-infected cells,
no further accumulation of LC3-II could be observed in response
to CQ treatment, demonstrating that turnover of autophagosomes
did not occur at a significant rate by lysosomal proteolysis in
RABV-infected cells. In addition, SQSTM1, a common constituent
of protein aggregates widely used to monitor autophagy flux, and
NBR1 were then determined in RABV-infected cells upon CQ
treatment. However, there was no significant increase (P < 0.05,
Fig. 2C) in SQSTM1 and NBR1, revealing that degradation of mac-
roautophagy substrates did not occur during RABV infection.
Taken together, these data suggest that RABV infection inhibits the
fusion of autophagosomes with lysosomes and that autophagy flux
is inhibited.

Autophagic induction enhances RABYV replication

To further determine the effect of autophagy activity on RABV
replication, we investigated the autophagosome induction. N2a
cells were treated with different concentration of Rapa or with
Earle’s balanced salt solution (EBSS) or with 3-methyladenine
(3-MA) or with wortmannin. Following Rapa or EBSS starva-
tion-induced autophagy, conversion of LC3-I to LC3-II
increased significantly in RABV HEP-Flury strain-infected cells
(P < 0.001, Fig. 3A and B) and the RABYV titer increased signif-
icantly (P < 0.01, Fig. 3F), indicating that autophagic induction
enhanced RABV replication. Next, 3-MA, an inhibitor with
activity against class III PtdIns3K that is widely used for sup-
pression of autophagy by blocking the formation of autophago-
somes, and wortmannin, an inhibitor of autophagosome
initiation, were used to inhibit autophagy. Figure 3C and G
showed that the inhibition of autophagy induced by 3-MA or
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Figure 1. RABV infection induces autophagosome accumulation in N2a cells and brain of mice. (A) N2a cells transfected with GFP-LC3B for 12 h, and then infected with
RABV strain Flury at MOl = 2 for 36 h and 48 h. The cells were fixed, immunostained with mouse anti-N mAb (red), and autophagosomes (green) were observed under a
confocal microscopy. DAPI (blue) was used to stain nuclear DNA. Scale bar: 10 ;wm. (B) N2a cells were infected with RABV strain Flury at MOl = 2 or mock-infected for 4 h,
8h, 12 h, 24 h, 36 h and 48 h. (C) 3-d-old-ICR mice were injected intracerebrally with RABV strain Flury at a dose of 100 TCIDs, or PBS (100 wl per mouse) for 24 hpi and
80 hpi, and the brains of the mice were isolated. The cellular and cerebullar samples in (B) and (C) were then analyzed by western blotting with mouse anti-N mAb, and
rabbit anti-LC3A/B, anti-SQSTM1 and anti-GAPDH antibodies. The ratio of SQSTM1, LC3-Il to GAPDH was normalized to control conditions. Error bars: Mean 4 SD of 3
independent tests. Two-way ANOVA; *P < 0.05; *P < 0.01; ***P < 0.001. (D) Quantification of viral DNA by real-time quantitative PCR. The quantification results were
expressed as viral DNA copy numbers per ml of genomic DNA from the brain of RABV-infected mice. All experiments were performed in triplicate.

wortmannin reduced the level of viral N protein (P < 0.001) decrease of viral N protein expression and lower yield of RABV
and RABV progeny (P < 0.01 or 0.05). Similarly Atg5 knock- progeny, compared with the cells transfected with nontargeting
down, which is an essential factor for activation of autophago- short hairpin RNA (shRNA) (P < 0.001, Fig. 3D and H). In
some formation and maturation,”” exhibited a significant addition, to exclude the possibility that Atg5 knockdown caused
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Figure 2. Autophagosomes fail to fuse with lysosomes in RABV-infected cells.
N2a cells transfected with a plasmid encoding GFP-LC3B for 12 h, and then
infected with RABV HEP-Flury strain at MOl = 2 for 24 h. (A) Cells were incu-
bated with LysoTracker Red (50 nM) for 15 min; GFP-LC3B-labeled autophago-
some (green) colocalization with LysoTracker Red-stained acidified vesicles
(red) were observed by confocal microscopy (white arrows). (B) Cells were
fixed, and immunostained with the lysosome marker rabbit anti-LAMP1 (red)
and mouse anti-N mAb (blue), and observed by confocal microscopy to ana-
lyze fusion of autophagosomes with lysosomes (white arrows). Scale bars:
10 um. (C) RABV-infected N2a cells with 5.6 uM chloroquine treatment of
24 h, and tested by western blotting using mouse anti-N mAb, and rabbit
anti-LC3A/B, anti-SQSTM1 anti-NBR1 and anti-GAPDH antibodies. The ratio of
SQSTM1, NBR1 and LC3-Il to GAPDH was normalized to control conditions.
Error bars: Mean + SD of 3 independent tests. Two-way ANOVA; *P < 0.05;
P < 0.01; **P < 0.001.

innate antiviral immune responses,33 we further knocked down
Lc3b RNA message with shRNA. Similar results were observed
(P < 0.001, Fig. 3E and H) compared with Atg5-knockdown
cells. Taken together, these findings suggest that cellular auto-
phagy benefits RABV replication.

The AKT-MTOR signaling pathway is activated in RABV-
induced incomplete autophagy

To investigate the incomplete autophagy pathway regulating
RABYV infection, we next determined the MTOR-dependent sig-
naling pathway. Compared to mock-infected cells, the levels of
phosphorylated AKT (P < 0.001) and MTOR (P < 0.01) in
RABV-infected cells was significantly increased (P < 0.001, Fig. 4A
and C), suggesting that AKT and MTOR was relevant to RABV-
mediated incomplete autophagy. Subsequently, to analyze whether
the AKT-MTOR pathway was an essential step in RABV-induced
incomplete autophagy, the AKT-MTOR pathway was knocked
down by shRNA targeting Aktl or Mtor before RABV infection.
The results showed that the MTOR phosphorylation decreased
remarkably in cells treated with shAktl interference compared
with the RABV-infected cells without shRNA interference (P <
0.001, Fig. 4A and C). In contrast, the AKT phosphorylation was
not interfered with significantly in shMtor-treated cells in compari-
son with RABV-infected cells without shRNA (P > 0.05, Fig. 4B
and C). However, the level of LC3-II significantly diminished in
RABV-infected cells treated with shAkt1 or shMtor (P < 0.001),
indicating that the autophagic induction was inhibited by shAktI
and shMtor during RABV infection. Correspondingly, titer of
RABYV showed a slight decrease in shAktI- and shMtor-treated cells
(Fig. 4D). Moreover, RABV infection did not alter significantly the
phosphorylation and expression of AKT and MTOR in cells treated
with shAktI or shMtor (Fig. 4C). Collectively, these observations
indicate that RABV infection stimulates incomplete autophagy by
activating the AKT-MTOR pathway, but does not directly affect
the phosphorylation of AKT and MTOR.

The AMPK-MAPK pathway is involved in incomplete
autophagy induction during RABV infection

The AMPK and MAPK proteins are reported to play a key role in
regulating autophagy. Also, AMPK positively regulates MAPK
activity.>**” Thus, we examined whether PRKAA/AMPKa and
MAPK (MAPKI1/ERK2, MAPK3/ERK1, MAPK11/p38b) were
involved in inducing incomplete autophagy in RABV-infected N2a
cells. Figure 5 showed that the phosphorylation level of PRKAA,
MAPK1/3, and MAPK11 were significantly upregulated in RABV-
infected cells compared with mock-infected cells (P < 0.001). To
further investigate their role in incomplete autophagy, we inacti-
vated PRKAA by small interfering RNA (siRNA) targeting Prkaal
before RABV infection. The results showed that the AKT, MTOR,
MAPK1/3, and MAPK11 phosphorylation levels were significantly
decreased in RABV-infected cells treated with siRNA against
Prkaal (P < 0.001, Fig. 5A and C) compared with the RABV-
infected cells without siRNA treatment, suggesting that the Prkaal
silencing suppresses the phosphorylation of AKT, MTOR,
MAPK1/3, and MAPKI11. To further explore the relationship
between MAPK and AKT-MTOR, the Mapkl gene was knocked
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Figure 3. Effect of autophagy on RABV replication. (A) N2a cells were pretreated in DMEM containing 1 M, 2 M, 4 M Rapa for 2 h, then were infected with RABV HEP-
Flury strain at MOl = 2 and cultured in DMEM containing Rapa for 24 h. (B) N2a cells were pretreated with 1 M of Rapa or EBSS for 2 h, then were infected with RABV
HEP-Flury strain at MOl = 2 for 1 h and further incubated in DMEM containing Rapa or EBSS for 24 h. (C) N2a cells were pretreated with 5 mM 3-MA or 1 #M wortmannin
for 2 h, then were infected with RABV HEP-Flury strain at MOl = 2 and incubated in the absence or presence of 5 mM 3-MA or 1 ©M wortmannin for 24 h. (D) and (E) N2a
cells were transfected with nontargeting shCtrl and shRNA for Atg5 (shAtg5) or Lc3b (shLc3b) for 12 h, then were infected with RABV and incubated for 36 h. Cellular
supernatant and lysates in (A) to (E) were harvested for virus titer detection and for western blotting with mouse anti-N mAb, rabbit anti-LC3A/B and anti-GAPDH antibod-
ies. Virus titers in N2a cells were determined by TCIDs, assay. The ratio of LC3-Il or N to GAPDH was normalized to control conditions. (F) RABV titer of EBSS or Rapa
treated cells. (G) RABV titer of 3-MA or wortmannin treated cells. (H) RABV titer of shAtg5 or shLc3b treated cells. Error bars: Mean £ SD of 3 independent tests. Data
were analyzed with 2-way ANOVA in (A) to (E) and one-way ANOVA in (F) to (H); *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 4. The MTOR and AKT signaling pathway is activated during RABV infection. (A) N2a cells were infected with RABV HEP-Flury strain at MOl = 2 for 24 h. (B) N2a
cells were transfected with shRNA targeting AktT or Mtor for 24 h, then cells were infected with RABV HEP-Flury strain at MOl = 2 for 36 h. Infected cells were then har-
vested for further western blotting analysis with mouse anti-N mAb, and rabbit anti-p-MTOR, anti-MTOR, anti-p-AKT, anti-AKT, anti-LC3A/B, and anti-GAPDH antibodies.
(C) The ratio of p-MTOR:MTOR, p-AKT:AKT and LC3-I:GAPDH was normalized to control conditions. (D) Virus titers in N2a cells were determined by TCIDs, assay. Error
bars: Mean =+ SD of 3 independent tests. One-way ANOVA; “P < 0.05; **P < 0.01; ***P < 0.001.

down by the siRNA specific for MapklI; we found no significant
alteration in the AKT, MTOR and PRKAA phosphorylation levels
in RABV-infected cells with siMapkl treatment in comparison
with RABV-infected cells without siMapkl treatment (Fig. 5),
showing that the MAPK inhibition did not disturb the phosphory-
lation of AKT, MTOR and PRKAA. Similarly, the conversion of
LC3-I to LC3-II in cells treated with siRNA targeting Prkaal or
Mapkl was significantly downregulated compared with that in
RABV-infected cells without siRNA treatment (P < 0.001, Fig. 5),
demonstrating that the knockdown of the genes Prkaaland Mapkl
downregulates incomplete autophagic induction. Moreover,
RABYV infection did not significantly alter the phosphorylation and
expression of AKT, MTOR, PRKAA, MAPK1/3 and MAPK11 in
cells treated with siPrkaal or siMapkl (Fig. 5C). These results sug-
gest AMPK is the upstream regulator of MAPK, AKT and MTOR
in RABV-mediated incomplete autophagy and RABV infection
not directly affects the activation of AMPK and MAPK.

CASP2 is inhibited in RABV-mediated incomplete
autophagy

During the experiment we also observed that RABV infec-
tion significantly downregulated CASP2 expression and
increased markedly the LC3-II level (P < 0.001, Fig. 6B).
CASP2 has previously been reported as a negative auto-
phagy regulator of AMPK upstream.'” To do this, the
Prkaal were knocked down by siRNA, respectively. The

data showed that the expression profile of CASP2 had no
significant alteration in siPrkaal treated cells infected with
RABV compared with RABV-infected cells without siPrkaal
treatment (Fig. 6A), manifesting that RABV suppressed
CASP2 expression was not activated obviously by knocking
down Prkaal. To further detect the role of CASP2 in
PRKAA activity, cells were treated with shCasp2. As shown
in Figure 6B and C, in comparison with RABV-infected
cells, Casp2 knockdown significantly downregulated the
phosphorylation of MTOR, AKT, and PRKAA and the
LC3-1I level (P < 0.001) but not total amount of these pro-
teins, validating that CASP2 located at the upstream regula-
tor of AMPK, and Casp2 knockdown inhibited autophagic
induction and did not perceptibly affect CASP3, 8 or 9
expression. However, the PRKAA phosphorylation and
LC3-II level had no significant difference in Casp2 knock-
down cells with or without RABV infection, indicating that
RABYV infection did not play the role in stimulating auto-
phagy under the condition of Casp2 knockdown. These
observations suggest that RABV infection stimulates incom-
plete autophagy by decreasing CASP2.

RABV N/P protein promotes incomplete autophagic
responses by inhibiting CASP2 expression

As the main structural protein of RABV, viral proteins N
and P are important components of NBs and are involved
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further western blotting analysis with mouse anti-N mAb, and rabbit anti-AKT, anti-p-AKT, anti-p-MTOR, anti-MTOR, anti-p-PRKAA, anti- PRKAA, anti-p-MAPK1/3,
anti-MAPK1/3, anti-p-MAPK11, anti-MAPK11, anti-LC3A/B and anti-GAPDH antibodies. (C) The ratio of p-MTOR:MTOR, p-AKT:AKT, p-PRKAA:PRKAA, p-MAPK1/3:
MAPK1/3, p-MAPK11:MAPK11and LC3-II:GAPDH was normalized to control conditions. Error bars: Mean + SD of 3 independent tests. One-way ANOVA; *P <

0.05; P < 0.01; P < 0.001.

in viral transcription and replication.”® The RABV genomic
RNA is encapsidated by the viral protein N, forming the
N-RNA template for transcription and replication by the
viral RNA-dependent RNA polymerase whose major com-
ponents are L and P protein. To identify viral proteins that
are responsible for autophagic activity in RABV-infected
cells, N2a cells were cotransfected with GFP-LC3B and with
Flag-tagged plasmids pCMV-N-Flag (Flag) encoding viral N
(Flag-N) or P (Flag-P) or L (Flag-L) or G (Flag-G) or M
(Flag-M) gene. The results revealed that the N or P-trans-
fected cells but not L, G, M-transfected cells had a strong
accumulation of GFP-LC3B by confocal microscopy analysis
(Fig. 7A and Fig. S3). Consistent with this, the levels of

LC3-II were dramatically increased in N or P transfected
cells compared with the empty vector transfected cells by
western blotting, and only viral protein P revealed a dose-
dependency for increasing LC3-II level (P < 0.001, Fig. 7B).
However, all viral proteins of RABV did not caused signifi-
cant increases in SQSTMI levels (P > 0.05, Fig. 7B and
Fig. $3). In addition, further investigation showed that both
viral proteins N and P dramatically upregulated the phos-
phorylation level of AKT, MTOR, PRKAA, MAPK1/3 and
MAPKI11 (P < 0.001, Fig. 7C), and reduced CASP2 level (P
< 0.001, Fig. 7C), These data indicate that the RABV N
and/or P proteins are sufficient for activating incomplete
autophagy by decreasing CASP2.
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Figure 6. CASP2 is the upstream regulator of AMPK in RABV-mediated autophagy.
N2a cells were transfected with siRNA targeting Prkaal (A) or shRNA specific for
Casp2 (B) for 24 h, then the cells were infected with RABV at MOl = 2 and sub-
jected to further incubation for 36 h. Infected cells were then harvested for further
western blotting analysis with mouse anti-N mAb, and rabbit anti-CASP2, anti-p-
MTOR, anti-MTOR, anti-p-AKT, anti-AKT, anti-p-PRKAA, anti- PRKAA, anti-CASP3,
anti-CASP8, anti-CASP9, anti-LC3A/B and anti-GAPDH antibodies. (C) The ratio of
p-MTOR:MTOR, p-AKT:AKT, p- PRKAA:PRKAA, and CASP2, CASP3, CASP8, CASP9,
and LC3-Il to GAPDH was normalized to control conditions. (D) Virus titers in N2a
cells were determined by TCIDs, assay. Error bars: Mean £ SD of 3 independent
tests. One-way ANOVA; *P < 0.05; P < 0.01; “**P < 0.001.

BECNT1 binding to viral protein P is crucial for incomplete
autophagy induction by the CASP2-mediated signaling
pathway

To further investigate the role that viral N and P proteins in
inducing incomplete autophagy, we examined whether BECNI1,
PRKAA, CASP2 and MAPK11 had an interaction with viral
proteins N and P in CASP2-mediated autophagic induction,

respectively. Confocal analysis showed that BECN1 strongly
colocalized with viral proteins N and P in cells cotransfected
with the genes N, P and Becnl (Fig. 8A). Meanwhile, by coim-
munoprecipitation (ColIP) analysis, only viral protein P had a
strong interaction with host BECN1 (Fig. 8B) in cells cotrans-
fected with genes Becnl and P but not N. Regrettably, the inter-
action of PRKAA, CASP2 and MAPK11 with viral proteins N
and P was not detected in confocal and ColP analyses (Fig. 8B).
Moreover, we knocked down cellular Becnl by siBecnl to fur-
ther show whether the viral protein P or BECN1 affected the
expression of CASP2, CASP3, CASP8 and CASP9 (Fig. S4).
The results showed that there was a detectable downregulation
of CASP2 and phosphorylated PRKAA (P < 0.01, Fig. 8C), and
an insignificant alteration of CASP3, CASP8 and CASP9
(Fig. S4) in Becnl-knockdown cells with viral gene P transfec-
tion or infected with RABV (data not shown). To verify an
upstream activity of BECN1, we further detected the dynamics
of PIK3C3 (phosphatidylinositol 3-kinase catalytic subunit type
3) and ULKI (unc-51 like autophagy activating kinase 1) as the
components of the BECN1 complex. The results showed that
the expression of PIK3C3 and the phosphorylation of ULK1
protein were upregulated in cells infected with RABV and
transfected with gene P (Fig. 8D), indicating that viral protein
P stimulates ULK1 phosphorylation and PIK3C3 expression.
Collectively, these data demonstrate that viral protein P binding
to BECNI1 induces incomplete autophagy by reducing CASP2.

Discussion

Autophagy is known to be an important pathway involved in
the removal of intracellular pathogens, including bacteria and
viruses. In addition to its role in innate immunity, autophagy
also contributes to the adaptive immune response, participating
in the presentation of pathogen antigens on major histocom-
patibility complex molecules.”® Many viruses have been shown
to subvert the autophagic machinery to enhance viral replica-
tion.”*** In this study, we demonstrate accumulation of auto-
phagosomes and no change in SQSTMI levels in RABV-
infected cells (Fig. 1). Also, GFP-LC3B colocalization with
LAMPI (a lysosome marker) cannot be detectable in RABV-
infected cells (Fig. 2). These results suggest that in vitro and in
vivo RABV infection induces an incomplete autophagy in
which autophagosomes do not efficiently fuse with lysosomes.

In all eukaryotes, MTOR leads to a swift response to various
environmental cues, regulating cell metabolism and immune
responses by regulating the kinase AKT.*>*! Recent data also
demonstrate that the AKT-TSC-MTOR pathway was inacti-
vated by hepatitis C virus for inducing autophagy,** avian influ-
enza viruses result in autophagic cell death by inhibiting
MTOR,* and vesicular stomatitis virus induces autophagy by
regulating the phosphoinositide 3-kinase-AKT signaling path-
way.”> However, the relationship between pathogen and the
autophagy signaling pathway was poorly understood.

CASP2, a well-known regulator of apoptosis, has been
shown to be an endogenous negative regulator of autophagy
upstream of the AMPK-MTOR and AMPK-MAPK pathways
during oxidative stress, and loss of CASP2 upregulates endoge-
nous autophagy under normal conditions."” In this report, we
demonstrate that RABV infection induces autophagy by
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Figure 7. RABV N/P inhibited CASP2 expression and were sufficient for inducing autophagy by the phosphorylation of AKT, MTOR, AMPK and MAPK. (A) N2a cells cotrans-
fected with Flag-N or P and GFP-LC3B (green) for 24 h, fixed, and immunostained with mouse anti-Flag antibody (red), and observed under confocal microscopy. DAPI
(blue) was used to stain nuclear DNA. Scale bar: 10 «m. (B) Cells were transfected with the vector Flag-N or P at a dose of 1 or 2 ug for 48 h, harvested and analyzed by
western blotting using mouse anti-Flag mADb, rabbit anti-LC3A/B, anti-SQSTM1, and anti-GAPDH antibodies. The ratio of SQSTM1 and LC3-Il to GAPDH was normalized to
control conditions. (C) Cells were transfected with the vector Flag-N/P for 48 h, harvested and analyzed by western blotting using mouse anti-Flag mAb, and rabbit anti-
p-MTOR, anti-MTOR, anti-p-AKT, anti-AKT, anti-CASP2, anti-p-PRKAA, anti- PRKAA, anti-p-MAPK1/3, anti-MAPK1/3, anti-p-MAPK11, anti-MAPK11 and anti-GAPDH antibod-
ies. The ratio of p-MTOR:MTOR, p-AKT:AKT, p-PRKAA:PRKAA, p-MAPK1/3:MAPK1/3, p-MAPK11:MAPK11 and CASP2:GAPDH was normalized to control conditions. Error
bars: Mean =+ SD of 3 independent tests. Two-way ANOVA in (B) and one-way ANOVA in (C); *P < 0.05; **P < 0.01; ***P < 0.001.

increasing the phosphorylation of AMPK, MAPK, AKT and
MTOR, and decreasing CASP2 (Figs. 4 and 7). Moreover, either
P-transfected cells or Becn1 knockdown cells showed the reduc-
tion of CASP2 (Figs. 7 and 8). Interestingly, BECN1 was con-
firmed to have an interaction with the RABV P protein.
Therefore our data demonstrates for the first time a connection

between BECN1 and the CASP2-mediated autophagy pathway
and that RABV induces incomplete autophagy by activating
the pathways BECNI1-CASP2-AMPK-AKT-MTOR and
BECNI1-CASP2-AMPK-MAPK by BECNI1 binding to viral pro-
tein P. Moreover, recent data also show an incomplete autopha-
gic response stimulated by the viral protein M of the wild-type



748 JLUETAL.

RED-BECN1

B wmvyc-BECN1 - + +
Flaer” ; * FlagP -  +
MYG: & . ) Flag + -
Flag = + =
MYC — — P -
WB PRKAA
WB
Flao - - CASP2 M —
MYC
A — - MAPK11 (S ——
IP:anti-Flag
Flag s - - _—
MYC - - PRKAA IP:anti-P
IP:anti-MYC CASP2
Flag e MAPK11
C Flag-P % + = +
siBecn1 = - + N % -
P-PRICGA g WD siBecni+Flag-P
4 27 ﬁ E=3 siBecnt
o |
PRKAA — o ph
14
CASP2 s s o — “& %
LC3-I  —— : - - .
-
LC3-|| | —-— -
1.0
% D siBecni+Flag-P
P | — — E3 siBecnt
o &8 Flag-P
2 051 __Em Mock

SQSTM1 S T S ——

GAPDH s s am— om— 0.0- T

3 39 I L
5Y Em Mok B3 siBecnt %—-5—_i|_|—~"——{

2
i & mm

24 Flag-P OO0 siBecn+Flag-P

M siBecn1+Flag-P
E3 siBecnt

8 Flag-P

Mock

=i

(N)
h

LC3-I:GAPDH
Q)

SQSTM1:GAPDH

D L L 4 Mock E= Flag
- s+, @ RABV OO Flag-P
P-ULKY s sy == s p-ULK1 34 A ey

ULKY —— — _— K1
PIK3C3 ™ -  — PIK3C3

N - e I

GAPDH s s s s GAPDH

Target: GAPDH
e

p-ULK1/ULK1 PIK3C3

Figure 8. Viral protein P has an interaction with BECN1 in the CASP2-mediated signaling pathway. (A) N2a cell were cotransfected with Flag-N, GFP-P, RED-BECN1 plas-
mids for 24 h, and BECN1 (red) colocalization with viral protein N (blue) or P (green) was detected by using the indicated antibodies in confocal microscopy. White arrows
indicated the colocalization sites. Scale bar: 10 .«m. (B) N2a cells were cotransfected with Flag-P and Myc-BECN1 for 48 h, and the interactions between P and BECN1 was
determined by using the indicated antibodies. * indicates immunoglobulin heavy chain of the antibodies used for immunoprecipitation. WB, western blotting; IP, immu-
noprecipitation. (C) N2a cells were cotransfected with Flag-P and siRNA targeting Becn1 for 48 h, and then harvested for western blotting analysis with mouse anti-P and
anti-BECN1 mAbs, rabbit anti-CASP2, anti-p-PRKAA, anti-PRKAA, anti-LC3A/B, anti-SQSTM1 and anti-GAPDH antibodies. The ratio of p-PRKAA:PRKAA, and CASP2, LC3-Il
and SQSTM1 to GAPDH was normalized to control conditions. (D) ULK1 phosphorylation and PIK3C3 expression. N2a cells were infected with RABV Flury strain at MOl =
2 or transfected with Flag-P for 24 h, harvested and detected ULK1 phosphorylation and PIK3C3 expression by western blotting with mouse anti-Flag antibody, rabbit
anti-p-ULK1, anti-ULK1, anti-PIK3C3 and anti-GAPDH antibodies. Error bars: Mean = SD of 3 independent tests. One-way ANOVA; “P < 0.05; **P < 0.01; ***P < 0.001.



virulent RABV strain GD-SH-0lin NA cells,** implying that
the different components of RABV participate probably in the
induction of incomplete autophagy during infection.

BECNI, as an interacting partner for the mammalian class
III PtdIns3K PIK3C3, is required for macroautophagy in nutri-
ent-starved cells,**” for normal lysosomal enzyme sorting and
for cell cycling.*®* In contrast with its documented role in
macroautophagy, the possible role of BECNI as an essential
chaperone or adaptor for PIK3C3 in normal trafficking path-
ways has received little attention.*” Some reports show that the
interaction between BECN1 and the antiapoptotic protein
BCL2 is the regulating switch between the autophagic and apo-
ptotic machinery.”®>" Binding of BECN1 to BCL2 inhibits
BECNI1-mediated autophagy via sequestration of BECN1 away
from class III PtdIns3K.”'® Autophagy initiation signaling
requires both the ULK1 kinase and the BECN1- PIK3C3 core
complex to generate autophagosomes,”* and the recruitment of
PIK3C3 to the phagophore requires the activity of ULK
kinase.”>® In our experiment, we observed the upregulation of
PIK3C3 and phosphorylated ULKI, and the interaction
between BECN1 and viral protein P. These results imply that
RABYV protein P binding to BECN1 may form a P-BECN1-
ULK1-PIK3C3 complex to regulate the autophagy pathway and
that BECN1 may serve as an interaction platform for a bridge
for the RABV protein P and PIK3C3.

In conclusion, RABV P binding to BECNI1 can induce
incomplete autophagy through the pathways BECN1-CASP2-
AMPK-MAPK and BECN1-CASP2-AMPK-AKT-MTOR and
RABV-induced incomplete autophagy provides the scaffolds
for the replication of RABV genome (Fig. 9). Our study pro-
vides evidence that incomplete autophagy is induced in
response to RABV infection through CASP2-mediated AMPK-
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MAPK1/3/11-AKT1-MTOR pathways activation triggered by
the BECN1-P complex. Our study provides the possibility that
controlling the CASP2-mediated AMPK-MAPK-AKT-MTOR
pathways might serve as a strategy for antiviral autophagy.

Materials and methods
Antibodies and reagents

Rabbit anti-LC3A/B (4108), anti-p-AKT (Ser473) (4060), anti-
AKT (4691), and anti-p-MTOR (Ser2448; 5536), anti-MTOR
(2983), anti-p-PRKAA (4185), anti-PRKAA (2532), anti-p-
MAPK1/3 (4370), anti-MAPK1/3 (4695), anti-p-MAPKI11
(4511), and anti-MAPKI1 (9212), NBR1 (9891) antibodies
were purchased from Cell Signaling Technology. Rabbit anti-
CASP2 (ab179520), anti-PIK3C3 (ab124095), anti-p-ULK1
(ab133747), anti-ULK1 (ab128859), anti-CASP3 (ab179517),
anti-CASP8 (ab25901), anti-CASP9 (ab2014) and anti-ATG5
(ab108327) antibodies were purchased from Abcam. Anti-
BECNI1 (sc-48341) antibody was purchased from Santa Cruz
Biotechnology. Rabbit anti-SQSTM1 (3340-1), anti-MYC
(R1208-1) and anti-GAPDH/glyceraldehyde-3-phosphate
dehydrogenase (2251-1) antibodies were purchased from Epit-
omics. Mouse monoclonal antibodies (mAbs) to N and P pro-
teins of RABV were produced in our laboratory.”” Dulbecco’s
modified Eagle’s medium (DMEM, 11995), Donkey anti-mouse
IgG secondary antibody, Alexa Fluor® 647 (A-31571) and 546
(A10036) conjugate were obtained from Thermo Scientific.
Rapa (R8781), wortmannin (W1628) and 3-MA (M9281) were
purchased from Sigma-Aldrich. EBSS (14155-063) was pur-
chased from Gibco. CQ (50-63-5[tlrl-chq]) was purchased
from Invivogen. EXFectTM Transfection Reagent (T101-01/
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Figure 9. Proposed model of RABV-induced incomplete autophagy via the CASP2-AMPK- MAPK1/3/11-AKT1-MTOR pathways. RABV-encoded P protein leads to a CASP2
decrease by binding to BECN1. CASP2 reduction activates the phosphorylation of AMPK. The phosphorylated AMPK then activates the phosphorylation of AKT, MAPK11
and MAPK1/3. The phosphorylated AKT results in phosphorylation of MTOR. The phosphorylated MAPK11, MAPK1/3 and MTOR activates autophagosome formation. The

autophagosome engulfs RABV virions, and does not deliver them to lysosomes.
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02) was purchased from Vazyme Biotech and LysoTracker Red
DND-99 (L-7528) was purchased from Invitrogen.

Cells culture and viruses

Mouse neuroblastoma N2a cells (CCL™131) and human 293T
cells (CRL-3216) from ATCC were maintained in DMEM sup-
plemented with 10% fetal bovine serum, 100 U of penicillin
mg/ml, and 100 pg of streptomycin/ml.

RABYV strains HEP-Flury and CVS-11 were propagated in
N2a cells. Briefly, cells were infected with RABV at a multiplic-
ity of infection (MOI) of 2. After 1 h absorption, the superna-
tant was removed, and the cells were washed 3 times with
sterile phosphate-buffered saline (PBS: 8.4 mM Na,HPO,,
1.5 mM KH,PO,, 136.9 mM NaCl, 2.7 mM KCI, pH 7.2) to
remove unbound viruses. The infected cells were grown in fresh
medium at 37°C and 5% CO, for the indicated times. For auto-
phagy alteration, cells were pretreated with Rapa, EBSS, wort-
mannin, or 3-MA for 2 h before virus infection.

Construction of expression plasmids and transfection

The GFP-P, Flag-N and Flag-P plasmids were constructed and
stored in our laboratory.®® The mouse Lc3b gene (GenBank
accession number: NM026160.4) was PCR-amplified from total
cellular RNA of N2a cells with gene-specific primers (upstream
primer: 5CCCAAGCTTGGGAT GCCGTCCGAGAAGACCT
3, downstream primer: 5GGGGTACCCCTTACACAGC
CATTGC TGTC3') by Mastercycler® pro (Eppendorf AG,
6321XQ201070, Hamburg, Germany) and cloned into the GFP
vector (Clontech, 6082-1). Mouse Becnl was amplified from
N2a genomic ¢cDNA using the 2 pairs of specific primers
(upstream  primer 5 CGGAATTCCGATGGAGGGGTCTA
AGGCGTCC3  and downstream  primer 5 CCGCT
CGAGTCACTTGTTATAGAACTGTGAGS3' for the plasmid
pCMV-N-Myc [Myc, Clontech, 635689], upstream primer
5 CGGAATTCCGATGGAGGGGTCTAAGGCGTCC?,
downstream primer 5 CGGGATCCCGCTTGTTATAGA
ACTGTGAGGACS' for the plasmid pDsRed2-N1 [RED, Clon-
tech, 632406]) and cloned into the vector Myc and RED,
respectively. The full-length G and M genes as well as the trun-
cated L (951 and 1524bp) gene of RABV were amplified via
PCR from the cDNA of HEP-Flury and then cloned into Flag
(Clontech, 635688), respectively. The PCR specific primers
used are as follows: upstream primer 5° CCCAAGCTTGG-
GATGGTTCCTCAGGTTCTTTTG 3’ and downstream primer
5" GGGGTACCCCTCACAGTCTGGTCTCGCC3' for the G
gene, upstream primer 5° CCCAAGCTTGGGATGAACTTTC-
TATGTAAG 3’ and downstream primer 5 GGGGTACCCCT-
TATTCTAAAAGCAGAGAAG 3’ for the M gene, upstream
primer 5 CCCAAGCTTGGGATGCTGGATCCGGGAGAG 3’
and downstream primer 5 GGGGTACCCCTTACC-
TAAACTTCTCTGC 3’ for the L (951bp), and upstream
primer 5° CCCAAGCTTGGGATGCTGGATCCGGGAGAG 3’
and downstream primer 5 GGGGTACCCCTTAAAT-
GACCTTCTCGCTAGG 3’ for the L (1524bp). Transfection of
these plasmids DNA was performed with ExFectTM Transfec-
tion Reagent.

The following shRNAs targeting mouse (Mus musculus,
abbreviated as Mm) MmAtg5, MmLc3b, MmAktl, MmMtor
and MmCasp2-shRNA in a pGPU6/GFP/Neo vector, were pur-
chased from Genepharma. siRNA targeting MmBecnl
(5GGAGUGGAAUGAAAUCAAUTT?'), MmPrkaal
(5GCGUGUACGAAGGAAGAAUTT?), MmMapkl
(5GUGCUCUGCUUAUGAUAAUTT3') and negative control
(5UUCUCCGAACGUGUCACGUT3') were also synthesized
by Genepharma. The shRNA and siRNA were transfected into
N2a cells with EXFectTM Transfection Reagent according to
the manufacturer’s instructions, respectively. The cells were
infected with RABV at 24 h post-transfection and incubated at
37°C for 36 h. Infected cells were then harvested for further
analysis. The efficiency of shRNA and siRNA knockdown was
evaluated by western blotting using the specific antibodies.

Confocal microscopy

N2a cells were transfected with GFP-LC3B for 12 h, Flag-N or
treated with Rapa for 24 h, and cotransfected with GFP-LC3B and/
or RED-BECNland Flag-N, or Flag-P, Flag-M, Flag-G, Flag-L
(951bp), Flag-L (951bp) for 24 h. The cells were washed with PBS,
fixed, and permeabilized with 4% paraformaldehyde in PBS at 4°C
for 20 min and then washed again with PBS. The resultant cells
were incubated with the monoclonal or polyclonal antibodies to
the target protein as the first antibody and the corresponding sec-
ondary antibody. Nuclei were stained with 4, 6-diamidino-2-phe-
nylindole (DAPI). The stained cells were washed 5 times with PBS-
0.1% Tween 20 (Sigma-Aldrich, 9005-64-5). For staining of acidic
compartments, 50 nM LysoTracker Red DND-99 was added to the
medium. The medium was removed after 15 min and the live cells
rinsed 3 times with PBS. The stained and live cells were examined
under a Zeiss LSM 510 laser confocal microscopy (Zeiss, Oberko-
chen, Baden-Wiirttemberg, Germany).

Western blotting

Cells were harvested and lysed immediately in RIPA buffer
(Beyotime, P0013B). Lysate protein quantification was per-
formed by bicinchoninic acid assay kit (Pierce, 23225). An
equal volume of each sample was separated by sodium dodecyl
sulfate polyacrylamide-gel electrophoresis and the protein
bands were transferred onto polyvinylidene fluoride mem-
branes (Millipore, ISEQ00010). After blocking with 5% nonfat
dry milk containing 0.1% Tween 20 for 1 h at 37°C, the mem-
branes were incubated with primary antibody for at 4°C over-
night, followed by horseradish peroxidase-conjugated anti-
mouse/rabbit IgG (Kirkegaard & Perry Laboratories, 074-1806/
074-1506) and visualized using a SuperSignal West Femto Sub-
strate Trial Kit (Thermo Scientific, 34096). Three independent
biological experiments were performed for western blotting
quantification analysis. ImageJ software (National Institutes of
Health, Bethesda, MD, USA) was used to quantify the intensity
of protein bands.

Coimmunoprecipitation

ColP was performed as described previously, with some modi-
fications.™ Briefly, the infected or transfected N2a cells were



washed twice with cold PBS, and lysed for 3 h in cell lysis buffer
with NP-40 (Beyotime, P0013F) with 1 mM phenylmethylsul-
fonyl fluoride protease inhibitor (Beyotime, ST505) at 4°C. Cell
lysates were centrifuged at 12,000 x g for 10 min at 4°C to
remove insoluble fractions. The soluble fractions were pre-
treated with protein A/G agarose beads (Santa Cruz Biotech-
nology, sc-2003) for 1 h at 4°C. Pretreated supernatants were
further incubated with IP antibody overnight at 4°C. Fresh pro-
tein A/G agarose was then added at 4°C for 8 h before washing
with PBS. The bound proteins were eluted by boiling in 4 x
SDS-PAGE loading buffer and subjected to western blotting
analysis.

Drug treatment and viral titers detection

N2a cells grown in 6-well culture plates (Corning, 3506) were
pretreated with DMSO (control), Rapa, 3-MA, or wortmannin,
or EBSS for 2 h, or transfected with control shRNA (shCtrl),
MmAtg5 shRNA or Mm Lc3b shRNA for 12 h. The cells were
then infected with RABV at a MOI of 2. At various time postin-
fection, cell culture supernatants were collected, and the cells
were subjected to 3 freeze-thaw cycles for detecting 50% tissue
culture infectious doses (TCIDs,). Extracellular viruses were
determined by inoculating 10-fold dilutions of the cell culture
supernatant onto confluent N2a cells in 96-well culture plates
(Corning, 3596). After 48 h of incubation, supernatant was
removed, and the cells were fixed with 80% cold acetone and
viral antigen was detected using immunofluorescence. Virus
titers were calculated using the Reed-Muench method and
expressed as TCIDso/ml.

Animal experiments

Animal experiments were conducted in the animal facility at
the Institute of Basic Medical Sciences, Zhejiang University, in
accordance with governmental and institutional guidelines.
Kunming 3-d-old Institute of Cancer Research (ICR) mice
were purchased from the experimental animal center of Zhe-
jiang Province. The mice were housed in a pathogen-free facil-
ity in groups of 5 or fewer mice and were fed ad libitum. Three-
d-old Kunming mice were intracerebrally injected with either
vehicle control (DMEM) or RABV strain HEP-Flury or CVS-
11 (100 TCIDs, per mouse). The mice that died within 3 d
were not used for data analysis. At 24 h and 80 h postinfection,
mice were killed and brain tissues were collected from each
mouse, homogenated, and subjected to western blotting. All
experimental protocols involving animals have been approved
by the Scientific Ethical Committee of the Zhejiang University
(No. ZJU2013105002), China.

Statistical analysis

Statistically significant differences between groups and treat-
ments were determined by 2-way analysis of variance
(ANOVA) and between groups were determined by one-way
with the Tukey Multiple Comparison Test and using GraphPad
Prism 5 software. A P value of less than 0.05 was considered
statistically significant.
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ColIP coimmunoprecipitation
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L the RNA-dependent RNA polymerase

LAMP lysosomal-associated membrane protein
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3-MA 3-methyladenine

MAPK mitogen-activated protein kinase
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MOI multiplicity of infection

MTOR mechanistic target of rapamycin

Myc pCMV-N-Myc

N nucleoprotein

NBRI1 NBRI, autophagy cargo receptor
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PBS phosphate-buffered saline

PtdIns3K phosphatidylinositol 3-kinase (class III)

RABV rabies virus

Rapa rapamycin

RED pDsRed2-N1

shCtrl control shRNA

shRNA short hairpin RNA

siRNA small interfering RNA
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ULK1 unc-51 like autophagy activating kinase 1
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