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Abstract

Coronavirus infection induces the generation ofopldgosomes, and certain host
proteins regulating cellular autophagy are hijackgdome coronaviruses to facilitate
the formation of double membrane vesicles. Howeweechanisms underlying
coronavirus-induced autophagy remain largely unkmown this study, we
demonstrate that autophagosome formation and appautophagic flux is induced in
cells infected with infectious bronchitis virus ¥f8— a gammacoronavirus. Notably,
IBV-induced autophagy was dependent on autophatatete 5 (ATG5) but not
beclinl (BECNL1), although both are essential pnsten the canonical autophagy
pathway. Moreover, the ER stress sensor inositplirmg enzyme 1 (IRE1), but not
its substrate X-box protein 1 (XBP1), was also esak for the induction of
autophagy during IBV infection. Finally, the anpeaptotic extracellular signal-
regulated kinase 1/2 (ERK1/2) also contributed BY-induced autophagy. Our
findings add new knowledge to the regulatory mema governing coronavirus-
induced autophagy, highlighting an extensive ctais-among cellular signaling

pathways during coronavirus infection.



I ntroduction

Macroautophagy (hereafter referred to as autophagyan evolutionarily
conserved “self-eating” process where part of thmasm and/or organelles are
sequestered within a double membrane vesicle (nhamgdphagosome), which
ultimately fuses with the lysosome for bulk degtamta(1). Under basal conditions,
autophagy allows cells to break down long-livedtgiris and damaged organelles.
When cells are under starvation or growth factopr@tion, autophagy is also
induced to recycle amino acids and fatty acids,stmoaintaining the cellular
metabolism and ensuring the cell survival. Autophiagalso activated under a variety
of cellular stress conditions, such as hypoxiactrea oxygen species, DNA damage,
protein aggregation, or infection by intracellulgathogens (2). In most scenarios,
autophagy facilitates stress adaptation and cellival. However, in other settings,

autophagy constitutes an alternative pathway éfdezlth called autophagic cell death

3).

The complete autophagy pathway can be divided fioto steps: initiation,
nucleation, elongation and lysosomal fusion. Eatdp ds tightly regulated by
numerous highly conserved autophagy-related geA&&g) (4). In the canonical
signaling pathway of starvation-induced autophatie coiled-coil, myosin-like
BCL2 interacting protein (BECN1, also known as AT@®6yeast) is an essential
component of the class Il phosphatidylinositol-Bt®inase (PI3K) complex, which
is essential for the isolation membrane nucleadioth phagophore assembly (5,6). On
the other hand, autophagy related 5 (ATG5), togethieh ATG12 and ATGI16,
constitutes a ubiquitination-like system that isesgial for the elongation of isolation

membranes and autophagosome formation (7,8). Acalrievent catalyzed by the



ATG12-ATG5-ATG16L1 complex is the conversion of mnotubule-associated
proteins 1A/1B light chain 3C (MAP1LC3B, hereafteferred to as LC3) from a
soluble form (LC3-I) to a lipidated form (LC3-11.C3-Il is stably associated with
both the inner and outer membrane of autophagosoares its biochemical and

microscopic detection has been commonly used tatorautophagy (9).

Coronaviruses are a group of enveloped viruses laitie (27-32 kb), single-
stranded, positive-sense RNA genomes. Inside feetad cells coronavirus infection
induces the formation of double membrane vesicle$\(s), to which viral
replication/transcription complexes (RTCs) are asded (10-12). The
morphological similarity between autophagosomes emmnavirus-induced DMVs
led to some early speculations that cellular auaggmachineries may be hijacked to
benefit coronavirus replication. However, follow-gfudies have failed to detect the
co-localization of autophagosomal markers and in& veplicase proteins (13,14).
Remarkably, Reggiori et al. have recently showr thause hepatitis virus (MHV)
hijacks short-living, ER-derived and LC3-coatedigles (called EDEMosomes) for
the formation of DMVs, but the conversion of LC®BILC3-II is not required for this
process (15). This is consistent with the finditigs depletion of ATG5 or treatment

with autophagy inhibitor did not affect the coromas replication (16,17).

Although not essential for coronavirus replicatiantophagy is undoubtedly
activated during the infection with different coamiruses including TGEV, MHV,
IBV and other viruses belonging to the order Nidalds (18). Notably,
overexpression of the non-structural protein 6 ghsy IBV, MHV, and SARS-CoV
was shown to induce the formation of autophagosaméise transfected cells (17).
Moreover, the autophagosomes induced by coronamgp§ have smaller diameters

compared with those induced by starvation, sugggghat nsp6 might also restrict



the expansion of autophagosomes (19). However, ms@expression does not
activate the mTOR pathway or the ER stress respaosbow it induces autophagy
remains elusive. Although coronavirus-induced albiégy has been implicated in
critical aspects of virus-host interaction, suchiragate immune response (20) and

apoptosis (21), the detailed mechanisms are @tdely unknown.

In this study, using the gammacoronavirus IBV asaglel, we show that IBV
infection induces autophagosome formation and a&ppaautophagic flux in the
infected cells. By adopting the RNA interferenceraach, it was found that while
ATG5 was required for IBV-induced autophagy, BECNdnother upstream protein
of the canonical starvation-induced pathway is eligable. Among the three sensors
of the unfolded protein response (UPR), only ir@siquiring enzyme 1 (IRE1) was
required for the induction of autophagy during IBWection. Interestingly, neither of
the two known downstream effectors of IRE1 — X-lpoatein 1 (XBP1) and c-Jun N-
terminal kinase (JNK), is required for IBV-inducadtophagy. On the other hand, the
mitogen-activated protein (MAP) kinase extracellutagnal-regulated kinase 1/2
(ERK1/2) was found to be involved in autophagy icttin, which may protect the
infected cells from apoptosis during IBV infectioiaken together, this study
provides new insights into the cellular factors milating coronavirus-induced
autophagy. Moreover, the current data suggest ititatate cross-talks between
multiple cellular signaling pathways contribute the host response during

coronavirus infection.



M aterials and methods

Virusand cdl lines
The egg-adapted Beaudette strain of IBV (ATCC VR-2Zas obtained from
American Type Culture Collection (ATCC) and adaptedvero cells as described
(22). To prepare the virus stock, monolayers ofov&lls were infected and cultured
in plain Dulbecco modified Eagle medium (DMEM, Gifcat 37C for 24 hours.
After three freeze/thaw cycles, cell lysate wasiftdal by centrifugation at 1,500 x g
at 4°C for 30 minutes. The supernatant was aligudtstored at -80°C as virus stock.
The titer of the virus stock was determined by pwaa@ssays. The mock lysate was
prepared by the same treatment of uninfected Velts.c

H1299 cells were cultured in RPMI1640 supplementgtt 5% fetal bovine
serum (FBS) and 1% Penicillin-Streptomycin (Gibail).cells were grown in a 37°C
incubator supplied with 5% COIn all the experiments, a monolayer of cells was
washed twice with the serum-free medium beforeckef@® with IBV at MOI~2 or
incubated with an equal volume of UV-inactivated/IBr mock lysate in serum-free
medium. After 2 hours of adsorption, cells were egbtwice and incubated at 37°C
before harvested at the indicated time points.
Antibodies, chemicals, and reagents
The anti-serum against IBV S and N protein weranfrabbits immunized with
bacterial expressed fusion proteins as previousiciibed (23,24). The antibodies
against LC3 (#3868}-actin (#4967), ATG5 (#2630), ERK1/2 (#9102), GEF%5),
IREL1(#3294), JNK (#9258), PERK(#3192), phosphor-E@R®R101), phosphor-JNK
(#4668) and CHOP(#2895) were purchased from Cgha&ing Technology and used
for Western blot according to the manufacturer'strimctions. The antibody against

BECNL1 (#11427) was from Santa Cruz Biotechnology.



Plasmid constructions and stable transfection
The cDNA of human LC3 was amplified from H1299 sdlly reverse transcriptase-
polymerase chain reaction (RT-PCR) wusing the fodwaprimer: 5'-
CCGGAATTCCATGCCGTCGG AGAAGAC-3' and reverse primer. 5'-
CGGGGTACCAACAATTCTAGAAGAGCTGCA-3). The PCR product was cled
to the C-terminus of the green fluorescent pro{@RP) betweericoRl andKpnl in
pEGFP-C1 (Clontech), and the resulting plasmid was namp&#P-LC3. pmRFP-
GFP-LC3 was obtained from Addgene as previously descriggil

Transfection of plasmids DNA to H1299 cells was fpened using
Lipofectamine 2000 reagent (Invitrogen) accordimghie manufacturer’s instructions.
To select for stably transfected cells, H1299 ceB8% confluent in 35 mm dishes
were transfected with 2 pg plasmid DNA or mock $faoted. At 16 h post
transfection, cells were trypsinized, diluted 108es and plated on 100 mm dishes
with RPMI 1640 containing 0.5 mg/ml G418. The G4déhtaining medium was
replaced every 4 days and cells were selectedddo 1B weeks until all the cells in
the mock-transfected control were dead. Stableomdtinies were transferred to 24-
well plates and expanded.

RNA interference

ATF6 siRNA (+): 5-GCAACCAAUUAUCAGUUUA dTdT-3’, BEQN1 siRNA (+):
5- GAUUGAAGACACAGGAGGC dTdT-3, IRE1 siRNA (+): %
GGACGUGAGCGACAGAAUA dTdT-3’, JNK SiRNA (+): 5'-
AAAGAAUGUCCUACCUUCUTT-3', XBP1 SiRNA (+): 5'-
ACAGCAAGUGGUAGAUUUA dTdT-3' and control EGFP siRNA(+): 5-
GCUGACCCUGAAGUUCAUC dTdT-3' were purchased from @@ ERK1/2

siRNA was from Cell Signaling Technology. The PERBKHOP and non-targeting



control siRNA (siNC) were purchased from Ambion.afisfection of siRNA to
H1299 cells was performed using DhamaFECT transfeceagent according to the
manufacturer’s instructions. At 48 hours post-tfacison, cells were infected with

IBV at MOI~2 or mock infected, and incubated fodicated time before harvested.

RNA extraction and RT-PCR analysis
Total RNA from cultured cells was extracted with IZ&] Reagent (Invitrogen)
according to the manufacturer’s instructions. Byietells were lysed with 1 ml
TRIzol per 10 crheffective growth area and the lysates were mixid & one-fifth
volume of chloroform. After centrifugation at 1208 g at 4C for 15 minutes, the
agueous phase was mixed with an equal volume pfaganol. RNA was pelleted by
centrifugation at 12,000 x g af@ for 15 minutes, washed with 70% ethanol twice
and dissolved in RNase-free®l The concentration of the total RNA was measured
using a NanoDrop 1000 Spectrophotometer (ThermueFiScientific).

The cDNA was reverse transcribed from total RNAhwiligo(dT) with
ImProm-1I™ Reverse Transcription System (Promegajcoeding to the
manufacturer’s instructions. The following primevgere used for PCR: XBP1

forward 5-CAGCGCTTGGGGATGGATGC-3' and XBP1 reverses’-

CCATGGGGAGATGTTCTGGA-3 ATF6 forward 5'-
CATCCGCAGAAGGGGAGACACA-3’ and ATF6 reverse 5'-
CTATTGTAATGACTCAGGGA -3 GAPDH forward 5'-

GGGCTCATCTGAAGGGTGGTGCTA-3 and GAPDH reverse 5'-
GTGGACGCTGGGATGATGTTCTGG-3

SDS-PAGE and Western blot analysis

Cells were infected with IBV and harvested at iatkc times points using cell

scrapers (Corning). After centrifugation at 16,00Q for 1 minute, the supernatant



was discarded and the pellets were lysed in 1x Ritiafer. After clarifying by
centrifugation and determination of protein concatin by spectrophotometer, the
cell lysates were mixed with Laemmli sample buffeontaining 100 mM
dithiothreitol. The protein samples were boile®@tC for 5 minutes and centrifuged
at 16,000 x g for 5 minutes. An equal amount otgirosamples were subjected to
sodium dodecyl sulfate-polyacrylamide gel electamekis (SDS-PAGE) and
transferred to 0.2 um nitrocellulose membranes -@a0). After the nonspecific
antibody binding sites were blocked with 5% skimkmin Tris-buffered saline (20
mM Tris-HCI pH 7.4, 150 mM NaCl) containing 0.1% &en 20, the membranes
were incubated with 1 pg/ml primary antibodies € 4vernight. After washing with
Tris-buffered saline, the membranes were incubatigill 1:2000 diluted anti-mouse
or anti-rabbit IgG antibodies conjugated with hoasiésh peroxidase (DAKO) at
room temperature for 2 hours. The membranes wesa&dand the proteins detected
with a chemiluminescence detection kit (AmershamsBiences) and medical X-ray
films (Fuijifilm) according to the manufacturer’sstnuctions. The films were scanned
as grayscale 8-bit images and the density of bavas determined by the NIH
software ImageJ. All experiments were repeatecatdeast three times with similar
result, and one of the representative results Wwaws.
I mmunofluor escence assay

Cells were fixed with 4% paraformaldehyde in phagpkbuffered saline
(PBS) at room temperature for 30 min and permeagulliwith ice-cold absolute
methanol at -20C for 10 min. After washing and blocking with blacg buffer (5%
goat serum and 0.3% Triton-X100 in PBS) at roomperature for 1 h, cells were
incubated with anti-IBV N anti-serum (1:300) af@ overnight (26). After washing,

cells were further incubated in goat anti-rabbitcselary antibody conjugated with



Alexa Fluor 594 (1:1000, Molecular Probes) &C4for 1 h. The cell nuclei were then
stained with 0.5 pg/ml 4’,6-diamidino-2-phenylindadlihydrochloride (DAPI) from

Sigma. The cells were then washed, mounted witherstip using an antifade
mounting medium (DAKO) and sealed with clear naligh. Fluorescence images

were captured using the confocal microscope LSMZ&GS).

Results

IBV infection induces the for mation of autophagosomes

The induction of autophagy has been observed its dafected with several
coronaviruses (16,17). To validate that IBV alsduices autophagy, and to obtain a
temporal profile of IBV-induced autophagy, a tinmicse experiment was performed.
As shown inFigure 1a, H1299 cells were infected with IBV at MOI~2 orcubated
with UV-IBV for the indicated time. The conversiofthe LC3 protein from the non-
lipidated LC3-1 form into the lipidated LC3-1l forrmas widely used as an indicator
of autophagy induction. According to a well-estabéid guideline for autophagy
study, the ratio between LC3-1l and the loadingtodn(such agi-actin orp-tubulin)
should be used as a measurement of autophagy iol{®). The LC3-Il/actin ratio
remained stable from O to 8 hpi in both IBV-infatteells and the UV-IBV-treated
control (Figure 1a). In cells infected with IBV, the LC3-Il/actin iat significantly
increased at 12 hpi, peaked at 16 hpi and remastegule till the end of the time
course. In cells incubated with UV-IBV, the LC3attin ratio also gradually
increased. Serum withdrawal has been known to mautophagy (9). Since cells
were incubated in serum-free medium in both the-IBfcted group (to prevent the
inhibitory effect of serum on IBV replication) arnige UV-IBV-treated control group,

the high LC3-Il/actin ratio observed at later tip@nts may be partially contributed
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by the effect of serum withdrawal. Nonetheless, lt3-1l/actin ratio was always
higher in the IBV-infected cells compared with aohbf the same time point after 12

hpi, and almost 2 times higher at the peak of ligfFigure 1a).

The high basal level of endogenous LC3-1l rendetatifficult to study the
specific effect of IBV infection on autophagy indien. Therefore, we shifted to use
another well-characterized autophagy reporter systewhich the coding sequence
of LC3 was fused with an N-terminal EGFP tag. Wasmned that, since the GFP-
LC3 reporter is overexpressed at a much higherl lthan the endogenous LC3
protein, more pronounced GFP-LC3-I to GFP-LC3-lhwersion would be expected
in IBV-infected cells compared with that of the UBV control. To this end, H1299
cells were stably transfected with the pEGFP-LC&splid DNA to generate the
H1299-GFP-LC3 cell line. As shown iRigure 1b, H1299-GFP-LC3 cells were
treated with the commonly used autophagy induc@amgcin. A considerable
conversion of GFP-LC3-1 into GFP-LC3-Il was obsehia the rapamycin-treated
cells, whereas only a very low basal level of GRE3HI could be detected in the
solvent control, suggesting that the GFP-LC3-llatdin ratio could be used as an
indicator of autophagy induction. The stable ce&llsre then infected with IBV at
MOI~2 or incubated with UV-IBV. As shown iRigure 1c, the protein level of GFP-
LC3-1 in UV-IBV-treated cells was significantly Higr than that of GFP-LC3-II
throughout the time course, with the GFP-LC3-lifachtio steadily reduced. In sharp
contrast, in the IBV-infected H1299-GFP-LC3 celgynificant conversion of GFP-
LC3-1 to GFP-LC3-1l could be observed starting fraéhpi. Indeed, the GFP-LC3-II
to actin ratio significantly increased at 16 andhp4in the IBV-infected cellsRigure
1¢). Band intensities of total GFP-fusion proteinsrevgradually decreased in both

the IBV-infected cells and the UV-IBV control, pddy due to the degradation of the

11



reporter protein. As expected, the GFP-LC3 repostiamtem was less sensitive to
autophagy induced by serum withdrawal (as obsemvdtle UV-IBV control), thus
autophagy specifically induced by IBV infection tbibe determined with a low

background.

Another advantage provided by the GFP-LC3 repoigethat autophagy
induction could be determined by the formation oFRE.C3-1l puncta using
fluorescent microscopy (9). As shownkigure 1d, the GFP-LC3-1 in DMSO-treated
cells was distributed diffusely in the cytoplasmap@mycin treatment caused the
lipidation of GFP-LC3, thus the cytosolic GFP-LA3puncta were clearly visible.
Next, H1299-GFP-LC3 cells were infected with IBV amock infected before
subjecting to immunofluorescence analysis usingaatiserum against IBV N. As
shown inFigure 1e, no specific signal for IBV N was detected in theck-infected
cells and the GFP-LC3 protein had a diffuse patteuggesting an absence of
autophagy induction. In cells infected with IBV fd2 hours, most cells were
positively stained with IBV N protein, featuring @ytoplasmic localization as
previously reported (27). Moreover, clusters ofscekpressing a high level of IBV N
protein fused with each other to form multinuclelasyncytia. Notably, GFP-LC3-II
puncta excluded from the nuclei could be readilieded inside these syncytia. On
the other hand, in the surrounding mononucleatéid eepressing a low level of IBV
N, the GFP-LC3 protein is still diffusely located the cytoplasmKigure 1€). At a
later time point (16 hpi), infected cells underwerdssive fusion and generated large
syncytia that was stained strongly with the IBV Niserum. Moreover, extensive
GFP-LC3-II puncta were observed scattered in theptgsm of the syncytia but were
excluded from the nucleF{gure 1€). The result consolidates the Western blot data

and further suggests that autophagy induction @exdent on the stage of IBV
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infection. Significant LC3 lipidation and punctarfigation can be observed only at a
relatively late stage of infection when extensiyacytia are formed. In the following
experiments where the GFP-LC3 reporter was uséid, were harvested for analysis

at late time points.

IBV infection induces apparent autophagic flux

The elevated level of LC3 lipidation/punctation yslggests an increased formation
of autophagosomes, which may result from eithernibeease ofle novo autophagy
activation or the inhibition of autophagosome ddgten. To differentiate these two
potential mechanisms, cells were treated with dgome (CQ), a chemical that
inhibits the lysosomal degradation of autophagosonfes shown inFigure 2,
H1299-GFP-LC3 cells were infected with IBV at MOIe2 mock infected, and cells
were also simultaneously treated with either 5 ud @ the same volume of PBS.
Treatment of CQ slightly increased GFP-LC3-Il/acatio in the mock-infected cells,
suggesting that the basal level of autophagosomgeadation was inhibited by CQ.
Treatment of CQ at 5 uM did not significantly atféBV replication, as indicated by
similar levels of IBV S protein in CQ-treated catlsmpared with the PBS control. As
expected, IBV infection significantly increased G&P-LC3-ll/actin ratio compared
with the mock-infected cells. Notably, treatment @ in the IBV-infected cells
further increased the GFP-LC3-Il/actin ratiéidure 2a). The result suggested that
IBV infection led to further autophagosome accurtiafa even when lysosomal
degradation was blocked. Therefore, the increaseel bf LC3 lipidation/punctation
observed in IBV-infected cells was at least pdstiebntributed by ale novo increase

of autophagy induction.
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On the other hand, to determine whether IBV infgcmight affect autophagy
flux by inhibiting autophagosome degradation, wepedd another well-characterized
reporter system featuring tandem fluorescence-¢ab&lC3 (tfLC3) (25). In this
system, LC3 is fused with monomeric red fluoreseepmtein (MRFP) and GFP in
tandem at the N-terminal. Inside the pH neutraloplidgosomes, both GFP and
MRFP could be detected. However, as the autophagesstuse with the lysosomes,
GFP is quenched by the acidic lysosomal environmédrdgreas mRFP retained its
fluorescence. Therefore, only red but not greearéiacence could be detected for the
autolysosomes. As a result, in a GFP/mRFP channefged image, the
autophagosomes will appear as yellow puncta (cokethGFP and mRFP), while the
autolysosomes will appear as red puncta (MRFP-oRI¥299 stably expressing the
tfLC3 reporter was generated (referred to H129%8). As shown irFigure 2b (first
row), in the mock-infected and PBS-treated celld;PGsignal was diffusely
distributed in the cytoplasm (similar to GFP-LC8dbzation in mock-infected cells),
while mRFP exhibited both a diffusely cytoplasmiocdaa punctated localization.
Consequently, no yellow puncta could be detecteitienGFP/mRFP merged image.
This result suggested that autophagy flux was kigfficient in the mock-infected
untreated cells, as the autophagosomes were ramdiyerted to the autolysosomes.
On the other hand, in the mock-infected cells ge@atith 5 uM CQ, both GFP and
MRFP formed a large number of punckg(re 2b, second row). The GFP/mRFP
merged image indicated almost complete colocatimatf GFP and mRFP, with
bearly any mRFP-only puncta. Therefore, the CQtrmeat almost completely
inhibits the conversion of autophagosomes into lgsbsomes, resulting in the
blockage of autophagy flux. Notably, both GFP arlRFRR signals were significantly

higher in CQ-treated cells compared with untreatdts. This likely resulted from the
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accumulation of tfLC3 reporter protein due to thehibition of its lysosomal

degradation.

When H1299-tfLC3 was infected with IBV in the abserof 5 uM CQ, a
considerable level of GFP puncta was detectediléino GFP-LC3 localization in
IBV-infected cells), while the mRFP puncta werereweore pronounced-(gure 2b,
third row). In the GFP/mRFP merged image, bothoyelautophagosomes and red
autolysosomes could be observed. This result stegyéisat IBV infection saturated
the autophagy flux, thus some autophagosomes cooldonger be immediately
converted to autolysosomes and accumulated in itiiected cells. However,
autophagy flux was not effectively blocked in IBhfécted cells, as a considerable
amount of the mRFP-only puncta could still be detc indicating that a large
proportion of autophagosomes could still be comeeiinto autolysosomes in IBV-
infected cells. In contrast, when H1299-tfLC3 cellere treated with 5 uM CQ and
infected with IBV, a complete colocalization of GRRd mRFP puncta was observed,
suggesting a complete blockage of autophagy fkigufe 2b, fourth row). Taken
together, studies using CQ and tfLC3 reporter ssiggethat IBV infection induced
apparent autophagic flux in the infected cells, amhproceeded to the stage of

lysosomal fusion.

ATGS5 but not Beclinl isrequired for IBV-induced autophagy

Autophagy is regulated by a number of proteins dadoby the autophagy-related
genes. In the canonical starvation-induced autoppathway, BECNL1 is essential for
the early step of nucleation of the isolation meanier, while ATG5 is required for the
later step of membrane expansion and autophago$ommtion. To see whether

these two canonical proteins were required for iB¥aced autophagy, the siRNA-
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mediated knockdown approach was adopted. H129% eeflre transfected with
SIATG5, siBECN1, or SiEGFP before infected with IBAY MOI~2. As shown in
Figure 3a, the knockdown of ATG5 and BECNL1 could be detesdiby the reduced
protein levels in the Western blot. Notably, a #igant level of LC3 lipidation was
detected even in the SIEGFP-transfected mock-iedecells. The high basal level of
autophagy induction most likely resulted from tifaetion with cationic liposomes,
which has been reported by others previously (28y.ertheless, knockdown of either
gene did not significantly affect IBV replicatioas suggested by the similar levels of
IBV N protein compared with the SIEGFP control. Agpected, IBV infection
induced a ~2-fold increase of the LC3-ll/actin @ain the sSiEGFP control, as
compared with the mock-infected cellidure 3a). Notably, no significant increase
of the LC3-Il/actin ratio could be detected in tA&G5-knockdown cells infected
with IBV compared with the mock-infected control Icells transfected with
SIBECN1 and infected with IBV, LC3-Il/actin ratioas considerably higher than the
mock-infected cells, although slightly lower thdre tIBV-infected siEGFP control

(Figure 3a).

The high basal level of autophagy in the mockeétdd cells prompted us to
shift to the H1299-GFP-LC3 cells. As shown kigure 3b, a similar knockdown
experiment was performed in H1299-GFP-LC3 cells #madknockdown efficiency
was determined as described above. A non-targsiiRi§A (siNC) was used in place
of SIEGFP, because siEGFP would suppress the esxpnesf the GFP-LC3 reporter.
A similar low level of GFP-LC3 lipidation was obsed in the mock-infected cells,
providing a relatively low background to examindaginagy specifically induced by
the IBV infection. Compared with the mock-infecteélls, ~5-fold and ~3-fold

increase in the GFP-LC3-ll/actin ratio could be elisd in cells transfected with
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siNC at 16 hpi and 20 hpi respectively, indicatagpotent induction of autophagy
(Figure 3b). Similarly, ~5-fold increase in the GFP-LC3-Illfimc ratio could be
observed in the IBV-infected BECN1-knockdown celtenpared with mock-infected
control. In sharp contrast, in ATG5-knockdown cefifected with 1BV, the GFP-
LC3-Il/actin ratio remained at a similar level astihe mock-infected cells, indicating
that IBV-induced autophagy was significantly intdal by the depletion of ATGS.
The result was further confirmed by the GFP-LC3 gtananalysis. As shown in
Figure 3c, significant levels of GFP-LC3-l1l punta formatianduced by IBV
infection could be observed in the siNC or siBECQihsfected cells. In contrast, the
GFP-LC3 puncta formation was detected at a mucleddevel in the IBV-infected
ATG5-knockdown cells compared with the siNC contrisl summary, our result

shows that IBV-induced autophagy is only dependemATG5 but not BECN1.

The ER stresssensor IRE1lisinvolved in IBV-induced autophagy

Since IBV-induced autophagy seems to require ATGSnot BECN1, it is possible
that early steps (initiation and nucleation) of H\duced autophagy might utilize
separate pathway(s) distinct from the BECN1-dependeanonical pathway.
Previously, we have shown that IBV infection indsideR stress and activates the
inositol-requiring protein 1 (IRE1) branch of urded protein response (29). Notably,
ER stress has been shown to induce cytoprotectivepbhagy through the IRE1
pathway (30). Therefore, we proceeded to investijad involvement of IRE1 and its
downstream effector XBP1 in IBV-induced autophaby.this end, H1299 cells were
transfected with silRE1, siXBP1, or SiEGFP beforected with IBV at MOI~2. As
shown inFigure 4a, the knockdown of IRE1 could be determined by Wesblot.
No specific protein band could be detected for XBBRius its knockdown was

determined by RT-PCR. The knockdown of IRE1 and XBfd not significantly
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affect IBV replication, as indicated by similar &% of IBV N protein compared with
the siEGFP control. Compared to the mock-infectedtrol, both siXBP1- and
SIEGFP-transfected cells had a significant increas¢he LC3-ll/actin ratio after
infected with IBV for 20 hours. In contrast, knockeh of IRE1 slightly inhibited

IBV-induced autophagy, as indicated by the redudge8-ll/actin ratio compared with
the IBV-infected SIEGFP controlF(gure 4a). Consistent with our previous
publication, more prominent PARP cleavage was ofesem the IBV-infected IRE-

knockdown cells compared to the control, suggestingro-survival role of IRE1l

during IBV infection.

To validate this result, H1299-GFP-LC3 cells wersilarly transfected, with
SIATGS also included as a positive control. As shawFigure 4b, the knockdown
of ATG5, IRE1, and XBP1 was determined by eithers®m blot or RT-PCR. The
levels of IBV N protein were similar, suggestingtthe gene knockdown did not
significantly affect IBV replication. Consistent tlvithe data presented above, IBV
infection induced autophagy in cells transfectethwiNC, indicated by the increased
GFP-LC3/actin ratio compared to the mock-infectedtmol. A similar degree of
autophagy induction was detected in the XBP1-knowkdcells infected with IBV.
In contrast, IBV-induced lipidation of GFP-LC3 wamnificantly reduced in cells
transfected with siATG5 or silRE1Figure 4b). The result was then further
confirmed by the GFP-LC3 puncta analysis. Whileaagé amount of GFP-LC3-II
puncta could be readily observed in the IBV-infdcteontrol and the XBP1-
knockdown cells, they were only detected at a \ewy level in either ATG5- or
IRE1-knockdown cells infected with IBVF(gure 4c). Therefore, the ER stress sensor

IRE1 was indeed required for IBV-induced autophagy.
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The ER stress sensors ATF6 and PERK are not required for IBV-induced
autophagy

Apart from the IRE1 branch, the unfolded proteisp@nse consists of two additional
pathways, regulated by the sensor proteins ATF6 RIBRK respectively. To see
whether these two sensors were also involved in-ilBWiced autophagy, similar
knockdown experiments were performed in H1299-GER-kells. The transcription
factor C/EBP homologous protein (CHOP) downstredith® PERK pathway is also
investigated, as it has been shown to be inducedgliBV infection and promotes
IBV-induced apoptosis (31). As shown kingure 5a andb, efficient knockdown of
ATG5, PERK or CHOP could be determined by Westdat &nalysis. No specific
protein band could be detected for ATF6, thus itsdkdown was determined by RT-
PCR. The replication of IBV was not significantlifexcted by the silencing of ATG5,
ATF6, PERK or CHOP, as indicated by the similarlswof IBV N protein compared
with the siNC control of the same time point. Cstest with the above results, the
knockdown of ATG5 reduced the lipidation of GFP-L@Gring IBV infection. In
contrast, in the ATF6-, PERK-, or CHOP-knockdowriscenfected with 1BV, the
GFP-LC3-ll/actin ratios were all similar to that thie SINC control of the same time
points Figure 5a and b). Taken together, it appeared that ATF6, PERK, @R®DP

were not required for autophagy induction duriny lifection.

MAP kinase ERKZ1/2, but not JNK, is required for IBV-induced
autophagy

MAP kinases are important regulators of major datlprocesses during coronavirus
infection (32). Previously, we have shown that JNosphorylation is negatively
regulated by IRE1 and serves a pro-apoptotic raiend IBV infection (29,33).

Importantly, previous studies have shown that diggathrough the IRE1-JNK

19



pathway is crucial for the induction of pro-sundi@atophagy in cells under ER stress

(30). Therefore, we went on to look at the potémtizolvement of INK.

H1299 cells were transfected with siJNK or siEGEB fiegative control)
before infected with IBV at MOI~2. As shown fgur e 6a, the protein expression of
total INK was almost completely abolished in cetimsfected with siJNK compared
with the control. INK phosphorylation could be d&te at a high level in the control
cells infected with IBV, but was markedly reducadhe JNK-knockdown cells of the
same time point. Replication of IBV was not sigeafntly affected by the knockdown
of IJNK, as indicated by the similar levels of IBVaxbtein. Consistent with the result
above, IBV infection led to a significant increasfeLC3ll/actin ratio in the control
cells. Notably, a similar level of LC3 lipidationas observed in JNK-knockdown
cells compared with the control at 16 and 20 hquost-infection Figure 6a),
although a lower LC3ll/actin ratio was detecte@4tpi. This result suggests that the
activation of JNK is not essential for autophagguction during IBV infection.
Consistent with our previous finding, a lower leeéPARP cleavage was detected in
JNK-knockdown cells at 24 hpi, suggesting that JN&s pro-apoptotic at the late

stage of IBV infection.

Besides JNK, another MAP kinase — ERK1/2 is alstivaied during
coronavirus infection. Previously, we have showat tBRK1/2 phosphorylation is
negatively regulated by the PERK-etF€HOP branch of UPR and promotes the
survival of IBV-infected cells (31). A similar knkdown experiment was performed
as shown irFigure 6b. The knockdown of ERK was determined by Westeaon, laind
reduced protein levels of both total ERK and phosyplated ERK could be detected

in the siERK-transfected cells compared with thate® cells. The knockdown of
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ERK did not affect IBV replication, as indicated ktye similar levels of IBV N
protein compared with the control cells of the same point. Notably, while IBV
infection induced significant LC3Il lipidation inhé sSiEGFP control cells, the
LC3ll/actin ratio remained low in the ERK-knockdowells §Figure 6b). Also
consistent with our published data, a significahilygher level of PARP cleavage was
detected in ERK-knockdown cells infected with IBd@mpared with the control cells
of the same time point. Taken together, ERK1/2 rggsiired for autophagy induction

in IBV-infected cells, and served a pro-survivderat the late stage of IBV infection.

Discussion

Autophagy is a highly conserved cellular processrdouting to the homeostasis and
stress adaptation in cells under various stimutatidn this study, we found that
autophagy was induced in cells infected with theng@coronavirus IBV. Using the
inhibitor CQ and the tfCL3 reporter system, we sbdwhat IBV infection induced
apparent autophagic flux that proceeded to theestdysosomal fusion. Moreover,
using RNA interference, we demonstrated that IBWuiced autophagy was
dependent on ATGS5, but was independent on BECNhpwadgh both proteins are
essential for the canonical pathway in starvatimhiced autophagy. In an attempt to
identify potential regulatory host factors, we sleoMmthat the ER stress sensor IRE1
and the MAP kinase ERK were both involved in autgph triggered by IBV
infection.

Previous studies on coronavirus-induced autophagynlyn relied on the
biochemical detection of LC3 lipidation (16) or thHeiorescent detection of
endogenous LC3 redistribution (17). There are sg\enitations with either of these

methods. For instance, commercial LC3 antibodies larown to display higher
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specificity against LC3-1l than LC3-I, therefore d@&ometry analysis comparing
LC3-I and LC3-II bands is usually misleading, ahdg autophagy induction should
be gauged by the ratio of LC3-Il normalized to inté control such ag-actin (9). On

the other hand, because LC3 is known to be hijadkgdcoronaviruses for the
formation DMVs (15), the LC3-IlI puncta detected fliyorescent microscopy might
represent coronavirus-induced, LC3-I-coated vesiblgt not genuine LC3-ll-coated
autophagosomes. Moreover, an elevated level of L@8ation/punctation only

indicates the accumulation of autophagosomes, wiuchld be resulted from

increasedle novo autophagy induction or a blockage of autophagynason.

In this study, we validated the induction of autagy during coronavirus
infection, using both the endogenous LC3 lipida@ssay and the GFP-LC3 reporter.
Compared with the endogenous LC3, the GFP-LC3 praseexpressed at a much
higher level and thus more sensitive to autophadiyation. Also, because Western
blot is performed using an antibody against GFRnmarison of the intensities of
GFP-LC3-I and GFP-LC3-ll bands is meaningful andoresents their true
stoichiometric ratio. Importantly, compared to egelmous LC3, the GFP-LC3
reporter is also far less sensitive to the “backgdd autophagy induced by the
siRNA/plasmid DNA transfection and/or the serumhdiawal during IBV infection,
making it possible to determine the autophagy $igatly induced by IBV infection.
Furthermore, we also examine the apparent autopflagyusing the lysosomal
inhibitor chloroquine and the tfLC3 reporter systddecause the lipidation of GFP-
LC3 was further increased by the chloroquine treatmand mRFP-only
autolysosomes could be observed in H1299-tfLC3sceltected with IBV, it was

concluded that IBV infection did not significantlghibit the lysosomal fusion of
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autophagosomes. Therefore, our result suggestedapiparent autophagic flux was

induced in cells infected with IBV.

In a previous study by Cottam et al., autophagy wesvated in cells
overexpressing nsp6 of IBV, MHV or SARS-CoV, or hspof the related arterivirus
porcine reproductive and respiratory syndrome iRRRSV) (17). Coronavirus nsp6
is an ER-localized, highly hydrophobic protein thahtains multiple transmembrane
domains (34). Notably, the co-expression of SARS+CGwsp3, nsp4 and nsp6 is
sufficient to induce DMV formation in the transfedtcells (35). However, it is worth
noting that in coronavirus-infected cells, non-stawal proteins are usually produced
at levels significantly lower than those in the nskected cells where their
overexpression was driven by a strong promoterreffbee, the phenotypes observed
in the transfection studies might not always bespiiggically relevant, and further
characterization is required using suitable recohi viruses in a genuine time
course infection experiment. Unfortunately, despmite best efforts, FLAG-tagged
IBV nsp6 could not be expressed at a detectabd ieveither H1299 or H1299-GFP-
LC3 cells (data not shown). However, our resultgased that neither the BECN1-
dependent signaling of the canonical autophagywstmor the PERK-CHOP branch
of UPR is required for IBV-induced autophagy, which consistent with the
previously published result that nsp6 overexpressiiol not activate the starvation-
induced mammalian target of rapamycin (mTOR)-mediaignaling or induce the

expression of CHOP (17).

In starvation-induced autophagy, BECNL1 is requifed the production of
PI3P and the nucleation of autophagosomes (36)8i8reas ATG5 constitutes one of
the ubiquitin-like conjugation systems required fibre expansion of isolation

membranes (38,39). Previously, it has been shouirtlie inhibition of PI3K does not
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affect autophagy induction in MHV-infected cellshie the knockdown or knockout
of ATG5 significantly reduces autophagy inductiondells infected with MHV or
IBV (16,17). Consistently, we found that the GFP3Llipidation/punctation during
IBV infection was not affected in BECN1-knockdowells, but almost abolished in
ATG5-knockdown cells. Therefore, autophagy sigrlin IBV-infected cells may
utilize alternative upstream pathways independéBECN1, eventually converging
with the canonical autophagic signaling at the AJdependent stage of isolation

membrane expansion.

It is not uncommon for RNA viruses to utilize ordysubset of the components
of the canonical autophagic pathway. A recent stltywed that three RNA viruses
(poliovirus, dengue virus, and Zika virus) utili2d G9 for membrane sculpting and
recruit LC3 directly to the membranes, bypassirggrdguirement of ATG5-mediated
LC3 lipidation (40). Additionally, BECN1 is not raged for the replication of
poliovirus or dengue virus, while the upstream Wke-autophagy-activating kinase
may or may not be required for poliovirus-inducedophagy (40,41). Similarly, it
has been previously shown that LC3 is hijacked By\Mnfected cells to facilitate
the formation of DMVs, although this process appeiar be independent of LC3
lipidation (15). In this study, we found that ATG@as required for LC3
lipidation/punctation in IBV-infected cells, butsitknockdown did not affect IBV
replication. Thus, the proteins co-opted to supporbnavirus replication (such as
LC3-1) may constitute only a subset of the compasen the autophagic pathway,
while other proteins (such as ATG5) may still bguieed for autophagy induction in

the coronavirus-infected cells.

Coronavirus replication is structurally (42,43ddnnctionally (15) associated

with the ER, and has been shown to induce ER samedsactivate all three branches
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of the UPR (29,31,44). In this study, we found thaong the three ER stress sensors,
only IRE1, but not ATF6 or PERK, was required fata@hagy induction during IBV
infection. As for the two proteins downstream ofEIRsignaling pathway, neither
XBP1 nor JNK was required for the induction of gaitagy in IBV-infected cells.
This is quite different from cells treated with tceamycin or thapsigargin, where ER
stress engages the IRE1-JNK pathway to induce ymoval autophagy (30).
Presumably, during IBV infection, some unknown phofs) may be responsible to
mediate the signaling from activated IRE1 to AT®5 @¢ther ATGs in the complex),

thereby bridging the signaling pathways of ER sti@sd autophagy.

Similar to IRE1, ERK also serves an anti-apoptatie during IBV infection
(31). While a direct signaling pathway between IRl ERK has not been reported,
ERK-dependent autophagy has been described inaesgstems, such as human
colon cancer HT29 cells depleted of amino acid ,(#b)ynan breast cancer MCF-7
cells treated with TNF: (46), and cells infected with coxsackievirus AXY) or
porcine circovirus type 2 (48). ERK-dependent ab#gy is sometimes characterized
by extensive cell rounding and the formation of opyasmic macrovacuoles
associated with autophagic cell death (49,50). l@ndther hand, signaling through
the IRE1-ASK1-JNK pathway is required for ER strdspendent cell death (51).
Therefore, proteins such as IRE1 and ERK may bthatcenter of an integrated
signaling network, modulating autophagy, cell deatid other important pathways in

coronavirus-infected cells.

A growing number of viruses have been demonstratedduce autophagy in
infected cells (52-54). For certain viruses suclp@®virus, coxsackievirus B3 and

hepatitis C virus, autophagy is induced by thesasj which in turn promotes viral
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replication. Whereas for other viruses such asIs&drus, vesicular stomatitis virus
and herpes simplex virus-1, autophagy acts as adefsnse mechanism to either
eliminate the virus or to activate the innate immuesponse (55). For coronaviruses,
the membrane-associated papain-like protease 22(Ph#s been shown to interact
with BECN1 and induce incomplete autophagy, whiehturn modulates antiviral
innate immunity (20). On the other hand, selecawophagy of mitochondria was
observed in cells infected with TGEV, which couat#s oxidative stress and
apoptosis induced by TGEV infection (21). Therefoa#though not essential for
coronavirus replication, autophagy constitutes ay waucial aspect of virus-host
interaction. Further investigation of coronavirashiced autophagy will lead to a

better understanding of the biology and pathoger@dhis important virus family.
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Figurelegends

Figurel  Autophagy isinduced in cellsinfected with IBV

(@ Lipidation of endogenous LC3 during IBV infaxti H1299 cells were
infected with IBV at MOI~2 or incubated with UV-IBV Protein lysates were
harvested at the indicated time points and sulgeteéWestern blot analysis using
antibodies against LC3 and IBV N. Beta-actin waduded as the loading control.
Sizes of protein ladders in kDa were indicated len left. The ratio of LC3-II to the
corresponding3-actin band was determined and normalized to thé-itBected O

hour sample. The experiment was repeated threes twitd similar results, and the

result of one representative experiment is shown.

(b) H1299-GFP-LC3 cells were treated with (M6 rapamycin or the same
volume of DMSO for 5 hours before harvested for Wesblot with EGFP antibody.
Beta-actin was included as the loading controleSiaf protein ladders in kDa were
indicated on the left. The ratio of GFP-LC3-II teetcorrespondin@-actin band was
determined and normalized to the solvent contrpl The experiment was repeated
three times with similar results, and the resultook representative experiment is

shown.

(© H1299-GFP-LC3 cells were infected with IBV as (@) and subjected to
Western blot using antibodies against EGFP and MBVBeta-actin was included as
the loading control. Sizes of protein ladders inak®ere indicated. GFP-LC3II to
actin ratio was determined as in (b) and normalipetthe IBV-infected O hour sample.
The experiment was repeated three times with simdsults, and the result of one

representative experiment is shown.
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(d) H1299-GFP-LC3 cells were treated as in (b) &mdd. Cell nuclei were
stained with DAPI. Fluorescent images were captwvetd a confocal microscope.
The square region was enlarged in the bottom penélighlight the GFP-LC3II
puncta. The experiment was repeated three timdssivitilar results, and the result of

one representative experiment is shown.

(e) H1299-GFP-LC3 cells were infected as in (c)ll<Ceere harvested at the
indicated time points, fixed and stained with antifp against IBV N (red). Nuclei
were stained with DAPI. The experiment was repetiesk times with similar results,

and the result of one representative experimesttasvn.

Figure2 IBV infection induces apparent autophagic flux.

(@) H1299-GFP-LC3 cells were infected with IBVMOI~2 or mock infected.
After 2 hours of adsorption, cells were washedateé with 5uM chloroquine or an
equal volume of PBS, and incubated before harvesiell lysates were subjected to
Western blot as ifrigure 1c except for that antibody of IBV S was usedha place
of IBV N. Beta-actin was included as the loadingitcol. Sizes of protein ladders in
kDa were indicated. GFP-LC3II to actin ratio wasedmined as irFigure 1b and
normalized to the mock infected PBS treated conffbke experiment was repeated
three times with similar results, and the resultoaE representative experiment is

shown.

(b) H1299-tfLC3 cells were infected with IBV or wmicinfected as in (a). After 2
hours of adsorption, cells were treated with CQuorequal volume of PBS as in (a).
Cells were harvest and fixed, and cell nuclei wst@&ned as irFigure 1d. The

confocal images from GFP and mRFP channels werggedeto show the co-
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localization of GFP and mRFP. The experiment wasagd three times with similar

results, and the result of one representative @xpet is shown.

Figure 3 IBV-induced autophagy is ATG5-dependent but BECN1-

independent.

€)) H1299 cells were transfected with siATG5, siBECor SiEGFP before
infected with IBV at MOI~2 or mock infected. Pratdiysates were harvested at the
indicated time points and subjected to Western &talysis using antibodies against
ATG5, BECN1, LC3, and IBV N. Beta-actin was inclddas the loading control.
Sizes of protein ladders in kDa were indicatedtanleft. The LC3-1l/actin ratio was
determined as ifigure 1a and normalized to the mock-infected siEGFProbnthe
experiment was repeated three times with similaulte, and the result of one

representative experiment is shown.

(b) H1299-GFP-LC3 cells were transfected and isf@cts in (a) except that SINC
was used to replace siEGFP. Western blot analyssspsrformed as in (a). Beta-actin
was included as the loading control. Sizes of pndtedders in kDa were indicated on
the left. GFP-LC3II to actin ratio was determinedimFigure 1¢c and normalized to

the mock-infected siNC control. The experiment weggeated three times with similar

results, and the result of one representative @xpet is shown.

(c) H1299-GFP-LC3 cells were transfected and ief@cas in (b). Cells were
harvested at the indicated time, fixed and staimgd antibody against IBV N (red).
Nuclei were stained with DAPI. Fluorescent imagessevcaptured as iRigure le.
The experiment was repeated three times with simdsults, and the result of one

representative experiment is shown.
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Figure4  IBV-induced autophagy requiresthe ER stress sensor IREL.

@ H1299 cells in duplicate were transfected vatKBP1, silRE1 or SiEGFP
before infected with IBV at MOI~2 or mock infectdérotein lysates were harvested
at the indicated time points and subjected to Wediot analysis using antibodies
against IRE1, LC3 and IBV N. Beta-actin was inclddes the loading control. Sizes
of protein ladders in kDa were indicated on thd. |dhe LC3-ll/actin ratio was
determined as ifrigure 3a. The percentage of PARP cleavage [PARP CIV] (a3
calculated as the intensity of cleaved PARP [PARP(@ivided by the total
intensities of full-length PARP [PARP(FL)] and PARH). In the second set of cells,
total RNA was extracted and subjected to RT-PCRguprimers specific for XBP1
and GAPDH. Sizes of DNA ladders in bp were indddapn the left. The experiment
was repeated three times with similar results, @&l result of one representative

experiment is shown.

(b) H1299-GFP-LC3 cells induplicate were transfdces in (a) except that
SIATG5 was also included and siNC was used to cepssEGFP. Cells were infected
with IBV or mock infected and western blot was peried using antibodies against
ATG5, IRE1, GFP, and IBV N. Beta-actin was includgedthe loading control. Sizes
of protein ladders in kDa were indicated on the. IEFP-LC3Il to actin ratio was
determined as ifrigure 3b. In the second set of cells, total RNA was aoted and
subjected to RT-PCR using primers specific for XBftl GAPDH. Sizes of DNA
ladders in bp were indicated on the left. The eixpent was repeated three times with

similar results, and the result of one represergakperiment is shown.

(© H1299-GFP-LC3 cells were infected with IBV oook infected. Cells were

harvested at the indicated time, fixed and stausdg antibodies against IBV N (red).
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Nuclei were stained with DAPI. Fluorescent imagesevcaptured as iRigure le.
The experiment was repeated three times with simdsults, and the result of one

representative experiment is shown.

Figure5 ATF6 and PERK isnot involved in IBV-induced autophagy.

@) H1299-GFP-LC3 cells in duplicate were transdatith SiATG5, SiATF6 or
siNC and infected with IBV or mock infected. Westdslot was performed using
antibodies against ATG5, GFP and IBV N. Beta-agias included as the loading
control. Sizes of protein ladders in kDa were iatkd on the left. GFP-LC3II to actin
ratio was determined as figure 3b. In the second set of cells, total RNA was
extracted and subjected to RT-PCR using primersifspdor ATF6 and GAPDH.
Sizes of DNA ladders in bp were indicated on tHe TEhe experiment was repeated
three times with similar results, and the resultoaE representative experiment is

shown.

(b) H1299-GFP-LC3 cells were transfected with &RE siCHOP or siNC and
infected with IBV or mock infected. Protein lysatesre harvested at the indicated
time points and subjected to Western blot analysiag antibodies against PERK,
CHOP and IBV N. Beta-actin was included as the ilegaontrol. Sizes of protein
ladders in kDa were indicated on the left. The UZ&etin ratio was determined as in
Figure 1a and normalized to the mock-infected siEGFProanthe experiment was
repeated three times with similar results, and tésult of one representative

experiment is shown.

Figure 6 IBV-induced autophagy requiresthe MAP kinase ERK but not JNK.
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(@) H1299 cells were transfected with siJNK or sHEGand infected with IBV or

mock infected. Protein lysates were harvested at itfdicated time points and
subjected to Western blot analysis using antibodgainst LC3, PARP, phosphor-
JNK, total JNK, and IBV N. Beta-actin was includasl the loading control. Sizes of
protein ladders in kDa were indicated on the Idfhe LC3-ll/actin ratio and

percentage of PARP cleavage was determined Bggure 4a and normalized to the
mock-infected siEGFP control. The experiment wageated three times with similar

results, and the result of one representative @xpet is shown.

(b) H1299 cells were transfected with sSiERK orGHP and infected with IBV or

mock infected. Protein lysates were harvested at itldicated time points and
subjected to Western blot analysis using antibodgainst LC3, PARP, phosphor-
ERK, total ERK, and IBV N. Beta-actin was includasl the loading control. Sizes of
protein ladders in kDa were indicated on the |&fthe LC3-ll/actin ratio and

percentage of PARP cleavage was determined a9 em¢hnormalized to the mock-
infected SiEGFP control. The experiment was rekthiteee times with similar results,

and the result of one representative experimesttasvn.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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