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An autophagy-independent role for LC3 in equine
arteritis virus replication
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Equine arteritis virus (EAV) is an enveloped, positive-strand RNA virus. Genome replication of EAV has been associated
with modified intracellular membranes that are shaped into double-membrane vesicles (DMVs). We showed by immuno-
electron microscopy that the DMVs induced in EAV-infected cells contain double-strand (ds)RNA molecules, presumed
RNA replication intermediates, and are decorated with the autophagy marker protein microtubule-associated protein 1
light chain 3 (LC3). Replication of EAV, however, was not affected in autophagy-deficient cells lacking autophagy-related
protein 7 (ATG7). Nevertheless, colocalization of DMVs and LC3 was still observed in these knockout cells, which only
contain the nonlipidated form of LC3. Although autophagy is not required, depletion of LC3 markedly reduced the
replication of EAV. EAV replication could be fully restored in these cells by expression of a nonlipidated form of LC3. These
findings demonstrate an autophagy-independent role for LC3 in EAV replication. Together with the observation that
EAV-induced DMVs are also positive for ER degradation-enhancing a-mannosidase-like 1 (EDEM1), our data suggested
that this virus, similarly to the distantly-related mouse hepatitis coronavirus, hijacks the ER-derived membranes of

EDEMosomes to ensure its efficient replication.

Introduction

Viruses depend on the cellular machinery of their host for their
multiplication. Therefore they have developed sophisticated
mechanisms to exploit these cellular machineries to their own
benefit. Positive-strand RNA viruses are the largest group of
viruses, to which many notorious pathogens belong. A com-
mon trait of these viruses is the cytoplasmic replication of their
genomes in association with modified cellular membranes.
Membranes of different cellular compartments, including endo-
plasmic reticulum (ER), mitochondria and endosomes, are
hijacked by positive-strand RNA viruses to assemble their repli-
cation/transcription complexes and to replicate their genomes.

Arteriviruses are enveloped, positive-strand RNA viruses of
veterinary importance as exemplified by the equine arterivirus
(EAV) and the porcine respiratory and reproductive syndrome
virus. The Arteriviridae, together with the Coronaviridae and
Roniviridae, have been classified into the order Nidovirales,
because of similarities in both their polycistronic genome orga-
nization and replication strategy.”> Members from the different
virus families, however, differ considerably in virion architecture,
genome size and complexity. Arteriviruses contain two large
open-reading frames (ORF), ORFla and ORFIb, at the 5' end
of their genomic RNA, which occupy approximately two-thirds

of the viral genome and encode for the subunits of the replicase
machinery. The ORFla- and 1b-encoded polyproteins contain
an array of conserved domains, including proteinases, which
process the two polyproteins into nonstructural proteins (NSPs),
and clusters of hydrophobic transmembrane segments, which
anchor the nascent polyproteins into the host cell membranes.

Arteriviruses induce the formation of double-membrane ves-
icles (DMVs) in infected cells, which are derived from the ER
and have been linked to RNA synthesis.®® It has been shown
that coexpression of two transmembrane NSPs of EAV, NSP2
and NSP3, is sufficient for the induction of membrane rearrange-
ments, including DMVs.? The mechanism and the host factors
essential for the generation of these structures remain, however,
largely unknown. The induction of DM Vs by arteriviruses raises
the question whether these viruses hijack the cellular pathway of
autophagy, which is also characterized by DM Vs, for their repli-
cation. Several pathogens have been shown to exploit autophagy
for their efficient propagation in host cells.’*"? Picornaviruses in
particular appear to subvert this pathway to generate DM Vs that
are involved in RNA synthesis.!4!

Autophagy is a conserved degradative pathway that allows
the cell to eliminate large damaged and superfluous intracellular
structures.”>*> Components targeted to destruction are seques-
tered into DMVs called autophagosomes, which then fuse with
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lysosomes thereby exposing their content to the interior of these
lytic organelles. The autophagy protein LC3 plays an essential
role in autophagosome formation and is commonly used as a
marker protein for autophagosomes. LC3 is predominantly pres-
ent in cells in its nonlipidated form, i.e., LC3-1.** When auto-
phagy is induced, a series of conjugation reactions mediated by
a specific set of autophagy-related (ATG) proteins leads to the
covalent linkage of LC3 to the phosphatidylethanolamine pres-
ent on autophagosomal membranes.? The lipidated form of LC3
is called LC3-I1.

As little is known about how arteriviruses induce the forma-
tion of their DM Vs, we have investigated the involvement of host
cellular pathways in arterivirus replication and the generation of
DM Vs using EAV as the prototype for this virus family. Our data
showed that the nonlipidated form of LC3 is associated to the
EAV-induced DMVs. Although EAV needs LC3 for its efficient
replication, an intact autophagy machinery is not required. These
observations and the colocalization of the DMVs with EDEM1
suggest that EAV, similarly to the distantly-related mouse hepati-
tis coronavirus,”?¢ hijacks EDEMosomes,”” ER-derived vesicles
that deliver short-lived ER chaperones to the endolysosomal sys-
tem, to ensure its efficient replication.

Results

dsRNA produced by EAV colocalize with LC3 and EDEM1. To
get more insight into the mechanism and host factors involved
in the generation of EAV-induced DM Vs, we decided to explore
whether they colocalize with marker proteins for specific cel-
lular organelles by immunofluorescence. As a marker for the
EAV-induced DM Vs, we used a monoclonal antibody recogniz-
ing dsSRNA. The same antibody has previously successfully been
used to detect dsRNA generated by other positive-strand RNA
viruses.?®32 In the cells infected by these viruses, the dsRNA mol-
ecules have been shown to localize to the virus-induced mem-
brane rearrangements involved in RNA synthesis.

Vero EG6 cells were thus infected with EAV and fixed at
16 h post infection (p.i.) before being processed for immuno-
fluorescence analysis. As expected, no dsRNA was detected in
noninfected cells (Fig. S1 and S2). In contrast, cells infected
with EAV displayed the presence of numerous cytoplasmic
puncta in keeping with the idea that dsRNA could represent
a specific marker for EAV-induced DMVs (Fig. 1A).% First, we
analyzed whether these structures were associated with marker
proteins of different subcellular compartments, including the
ER, lysosomes, autophagosomes and EDEMosomes, by using
antibodies recognizing the proteins disulfide isomerase (PDI),
lysosomal-associated membrane protein 1 (LAMP1), LC3 or
EDEM]I, respectively. While we found that PDI and LAMPI
were not colocalizing with the dsRNA, LC3 and EDEMI were
distributed in numerous punctate structures, several of which
were colocalizing with dsRNA-positive puncta induced by
EAV (Fig. 1A). Statistical analysis of the immunofluorescence
images confirmed these observations demonstrating that indeed
a much higher number of dsRNA puncta are positive for LC3 or
EDEMI than for PDI or LAMP1 (Fig. 1B). A similar degree of
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colocalization was detected during the entire course of the EAV
infection (data not shown).

EAV-induced DMVs contain dsRNA and are positive for
LC3. Subsequently, we explored whether the puncta positive for
both dsRNA and LC3 corresponded to the EAV-induced DMVs.
First, we confirmed the formation of DMVs in cells infected
with EAV at the ultrastructural level. To this end, BHK-21 cells
were infected with EAV and incubated at 37°C for 16 h before
being processed for conventional electron microscopy (EM).%
Numerous DM Vs were readily observed in the cytoplasm of cells
exposed to EAV but not in the control sample (Fig. 2A). In agree-
ment with previous studies,®’ ribosomes were associated onto the
surface of the EAV-induced DMVs, which were often found in
close proximity of the ER and occasionally in continuous associa-
tion with it. Essentially the same results were obtained using Vero
EG6 cells as well (data not shown).

To localize proteins to the EAV-induced DMVs, we next
performed immuno-EM (IEM) on ultrathin cryo-preparations
of noninfected and infected cells (Fig. 2B). The general cellu-
lar architecture as well as many EAV-induced DM Vs were well
preserved. Labeling of cryo-sections with the antibodies rec-
ognizing dsRNA revealed that dsRNA is principally localized
into the interior of the DM Vs (Fig. 2B), thereby confirming the
dsRNA-positive puncta observed by immunofluorescence are
DMVs. Importantly, these structures were also labeled by anti-
bodies against LC3 and double labeling for LC3 and dsRNA
revealed that these two components are on DMVs when colocal-
izing. These results proved that dsRNA is localized to the DM Vs
interior and this molecule is consequently a marker for these
structures. In addition, they show that LC3 is associated to the
EAV-induced DM Vs.

EAV replication does not require an intact autophagy
machinery. Association of LC3 with EAV-induced DM Vs indi-
cated a possible role of autophagy in EAV replication as already

shown for several other viruses,!*"?

including poliovirus, which
also triggers the formation of DMVs.** Furthermore, infection
of cells with EAV resulted in both the redistribution of the auto-
phagy marker protein GFP-LC3 into puncta and increase of
the cellular levels of LC3-II similarly to starved cells, indicat-
ing an induction of autophagy (Fig. S2). Therefore we investi-
gated whether deletion of a2g7, a gene essential for autophagy,”
affected the replication of EAV. As expected, GFP-LC3 positive
foci were observed upon starvation of wild-type (22¢7*"*) murine
embryonic fibroblasts (MEFs) but not in ATG7-deficient (atg7")
MEFs (Fig. S3).% In parallel, we analyzed the complete life cycle
of EAV in atg7*"* and atg7’- MEFs by determining the 50% tis-
sue culture infectious dose (TCID50) of an EAV stock on these
cells. Our results show that no significant differences in viral
titer could be observed between autophagy-deficient azg7/~ and
wild-type atg7** MEFs (Fig. 3A). Subsequently, we studied the
formation of DMVs in the same cells by immunofluorescence.
In agreement with the TCID50 data, replication of EAV in
autophagy-deficient cells was unaffected because numerous
dsRNA-positive puncta could be readily detected, which were
furthermore still colocalizing with LC3 (Fig. 3B). To exclude a
possible role for Atg5/Atg7-independent alternative autophagy
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Figure 1. LC3 and EDEM1 colocalize with A
EAV-induced dsRNA foci. (A) Vero E6 cells were

infected with EAV at a multiplicity of infection

of 1 TCID50/cell and fixed at 16 h p.i before

being processed for immunofluorescence

analysis using antibodies against dsRNA and

either PDI, LAMP1, LC3 or EDEMI. Insets show Lamp1
enlargements of the boxed areas. (B) Sum-

mary statistics of the samples shown in (A)

expressed as the percentage of dsRNA puncta
colocalizing with the indicated marker protein

signals. Error bars represent the standard

deviations from counting 50 cells in 3 inde-

pendent experiments.

in the replication of EAV, we performed PDI

a similar experiment using MEFs lacking

RbIccllFip200, a gene essential for this

type of autophagy.®® Replication of EAV

was normal in these cells as well (Fig. S4).

All together, these results indicate that rep-

lication of EAV does not depend on the

presence of an intact autophagy pathway.
Nonlipidated LC3-I is associated with LC3

DMYVs. ATG7 is part of the set of ATG

proteins that mediate lipidation of LC3-1

into LC3-I1.¥ Thus, the colocalization

of dsRNA with LC3 in the azg7’~ MEFs

(Fig. 3B) implied that nonlipidated LC3-1

associates with the EAV-induced DM Vs in

these cells. To confirm this assumption, we

next investigated the localization of LC3 EDEM1

carrying a mutation at its C terminus that

prevents the conjugation to phosphatidyl-

ethanolamine and thus its association with

autophagosomes (Fig. $5).>%” Importantly,

this ectopically expressed C-terminally B

HA-tagged, nonlipidated LC3, ie.,

LC3-HA, localized to the EAV-induced

DMVs (Fig. 4A).% In contrast, ectopically

expressed N-terminally GFP-tagged LC3

(GFP-LC3), a conventional protein marker

for autophagosome membranes®”*® did

100
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not show appreciable colocalization with
the dsRNA-positive structures (Fig. 4B;
Fig. S2). Taken together, these results
show that lipidation is not required for
LC3 recruitment onto the EAV-induced
DMVs. In addition, they confirm that
dsRNA puncta are not autophagosomes, in
agreement with EAV replication not being 0

40

dsRNA puncta co-localizing [%]

20 A1

ﬁ

dependent on a functional pathway.

LC3 is required for EAV replication.
Because our data indicated that LC3-I
is associated with EAV-induced DMVs, we explored whether
this protein is required for viral replication. Efficient deple-
tion of LC3A and LC3B, two of the three forms of LC3, was
obtained by specific RNA interference using siRNA probes and

Lamp1 PDI LC3 EDEM1

was confirmed with antibodies recognizing these two proteins
(Fig. 5A). Reduction of LC3 levels resulted in a decreased replica-
tion of EAV as judged by the much lower production of nucleo-
capsid (N) protein during infection (Fig. 5A). In agreement
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Figure 2. EAV infection
induces the formation of
dsRNA- and LC3-positive
DMVs. (A) BHK-21 cells infected
with EAV or mock treated were
chemically fixed at 16 h p.i. and
embedded with Epon resin.
Numerous DMVs associated
with ribosomes were found
mostly in the perinuclear
region of the EAV-infected
cells (left panel). Asterisks
indicate some of the DMVs.

(B) BHK-21 cells (mock)-infect-
ed with EAV and fixed at 16 h
p.i. were processed for [EM.
Cryo-sections were labeled
with antibodies against dsRNA
(top right panel), LC3 (top or

bottom left panel) or both
(bottom right panel). Arrow-
heads indicate some of the
DMVs. Insets show examples of
labeled vesicles at high mag-
nification. The size of the gold
particles is indicated in the
image double labeled sample.
ER, endoplasmic reticulum;

M, mitochondria; N, nucleus.

herewith a substantial drop in infectivity was also observed as
measured by the TCID50 assay in LC3-depleted Vero E6 cells
when compared with control cells (Figs. 5B). Furthermore, much
less dsRNA was synthesized in infected cells upon depletion of
LC3 as determined by immunofluorescence. This latter analysis
confirmed again the efficient depletion of LC3A and LC3B after
transfection with the LC3-specific siRNAs (Fig. 5C).
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To confirm that the negative effect on EAV replication of the
used siRNA probes was due to the specific depletion of LC3, a
back-transfection experiment was performed. Cells transfected
with the siRNAs targeting LC3A and LC3B were additionally
transfected with a plasmid expressing a version of LC3-HA that
carried silent mutations rendering the mRNA transcripts resis-

tant to the action of the designed LC34/LC3B siRNAs. EAV
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Figure 3. EAV replication and association of LC3 with the DMVs does not depend on an intact autophagy machinery. (A) End point 10-fold dilutions

of an EAV stock were titrated on Atg7"* and atg7~- MEFs. Cytopathic effects were scored at 4 d p.i. and TCID50 units per ml were calculated. Similar
titers were observed, indicating that Atg7 deletion does not affect EAV entry, replication or egress. Values presented in the graph are calculated and
expressed as the log10 of TCID50 units per ml of supernatant, and the plotted values represent the average of 3 experiments. Standard deviations are
indicated. (B) The Atg7* and atg7/~ MEF cells were infected with EAV and fixed and processed for immunofluorescence analysis as described in Materi-

als and Methods using antibodies against LC3 and dsRNA.

replication assessed by the appearance of dsRNA puncta, was
detected in a large fraction of the cells expressing LC3-HA but
not in the ones not carrying this construct, proving that the nega-
tive effect of the LC3-specific siRNAs on EAV replication is due
to LC3A and LC3B depletion (Fig. 6A and B). We concluded
that the nonlipidated form of LC3 is required for efficient replica-
tion of EAV.

NSP2-3-induced membrane rearrangements are not positive
for LC3. Expression of part of the EAV ORFla, which encodes
a fusion protein of NSP2 and 3 (NSP2-3), has previously been

168 Autophagy

shown to induce the formation of membrane rearrangements and
DMVs in the absence of EAV infection.” Expression of NSP3
singly, in contrast, did not have the same effects. As the role of
LC3 in the replication of EAV is not understood, we determined
whether depletion of LC3 would inhibit the membrane modifica-
tions observed after the expression of NSP2-3. First we analyzed
the localization of GFP-tagged NSP3 and NSP2-3 using the vac-
cinia virus T7 expression system (Fig. 7A). NSP3-GFP exhib-
ited a reticular expression pattern, in agreement with the fact
that this protein localizes to the ER when singularly expressed,’
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Figure 4. EAV-induced DMVs are associated with LC3-I but not with N-terminally GFP-tagged LC3. Vero E6 cells were transfected with plasmids
expressing either C-terminally HA-tagged nonlipidated LC3-I (LC3-HA) (A) or N-terminally GFP-tagged LC3 (GFP-LC3) (B), and subsequently infected

with EAV for 16 h before being processed for immunofluorescence analysis.

although it was also found to some extent in puncta. In contrast,
NSP2-3-GFP exhibited a very different localization pattern as
it exclusively localized in puncta, in agreement with its ability
to induce membrane rearrangements and DMVs.” Subsequently,
we analyzed whether LC3 and EDEM1 were recruited to NSP2-
3-positive structures. As is shown in Figure 7B, no appreciable
colocalization between NSP2-3-GFP and LC3 or EDEMI
was observed. Finally, we studied whether the membrane rear-
rangements observed after expression of NSP2-3 depend on the
presence of LC3 as was observed for the DMVs present in the
EAV-infected cells. Cells in which LC3 was depleted, displayed
a similar NSP2-3GFP distribution pattern as cells positive for
LC3 (Fig. 7C). Together, these results suggest that LC3 is not
recruited to and it is not essential for the formation of membrane
rearrangements induced by NSP2-3.

Discussion

In this work we have studied the involvement of host cellular
pathways in the replication of EAV. We showed that the DM Vs
induced upon infection of cells by EAV contain dsRNA mol-
ecules, which are presumed to be RNA replication intermediates.
Consequently, dsSRNA can serve as a marker for these structures,
a conclusion that is supported by data presented in a recent study
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that appeared during the preparation of this manuscript.® These
dsRNA-positive puncta contain the EDEMosome and auto-
phagosome marker proteins EDEM1 and LC3, respectively, but
not those of the ER (PDI) or lysosomes (LAMP1). The associa-
tion of LC3 to the DMV surface was subsequently confirmed
by IEM. Although infection of cells with EAV results in the
induction of autophagy similarly to coronaviruses* and LC3
is required for efficient replication of EAV, we showed that the
important role of this protein in the EAV life cycle is independent
of its known function in autophagy. Several lines of evidence sup-
port this conclusion: (i) LC3 associates with EAV-induced DM Vs
as shown by immunofluorescence and IEM; (ii) EAV replica-
tion is impaired in LC3-depleted cells; (iii) EAV life cycle is not
affected in autophagy-deficient azg7~~ MEFs; (iv) N-terminally
GFP-tagged LC3, a marker protein for autophagosomes, does not
colocalize with the EAV-induced DM Vs; (v) a nonlipidated form
of LC3, which cannot be recruited onto autophagosomes, binds
to EAV-induced DMVs and is able to rescue EAV replication in
cells lacking endogenous LC3.

An autophagy-independent function for LC3 is not without
precedent. For example, studies from several groups have indi-
cated that LC3 is associated with the DMVs induced in cells
upon infection with severe acute respiratory syndrome (SARS)-
coronavirus or mouse hepatitis coronavirus (MHV).244 In
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A siRNAscr siRNALC3 siRNAscr Figure 5. LC3 is required for EAV life cycle.
Vero E6 cells were transfected with siRNAs

LC3I- D directed against LC3A and LC3B (siR-
LC3II- —— NALC3) or with control, scrambled siRNAs

(siRNAscr). At 48 h post transfection, cells
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were inoculated with EAV. (A) Cells (mock-)
infected with EAV for 16 h were lysed and
protein extracts were processed for western

blot analysis using antibodies recognizing
LC3, N protein or tubulin. Tubulin was used
as a loading control. (B) End point 10-fold
dilutions of an EAV stock were titrated on
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addition, we have recently shown that DMV formation and virus
replication in MH V-infected cells is independent of autophagy,
but requires LC3.%% Similarly as observed for EAV, the nonlipi-
dated form of LC3 is associated with a large proportion of the
MHV-induced DMVs. DsRNA foci that do not colocalize with
LC3, might represent intermediate structures or DM Vs that lost
their LC3 coat.?>2° Furthermore, EDEMosomes, which are vesi-
cles that remove short-lived chaperones such as EDEM1 and OS-9
from the ER lumen and deliver them to the endolysosomal system
for degradation, also display LC3-1 at their limiting membranes.”

170 Autophagy

the indicated transfected cells. Cytopathic
effects were scored at 3 d p.i. and TCID50
units per ml were calculated. (C) Immuno-
fluorescence examination using antibodies
against the indicated proteins. Dotted lines
highlight the cell contours.

In addition, an autophagy-independent
role for LC3 was recently demonstrated
during the replication of the intracellu-
lar propagation of Chlamydia trachoma-

Jo 44

tis.** LC3 was shown to interact with
C. trachomatis inclusions, while depletion
of LC3 repressed the infectivity of this
pathogen. The replication C. trachoma-
tis, however, was enhanced rather than
decreased in the absence of a functional
autophagy pathway. Furthermore, the
inclusions were devoid of N-terminally
GFP-tagged LC3 and only labeled with
endogenous LC3 similarly to EAV-,
MHV- and SARS coronavirus induced
DMVs. > Why the GFP-tagged LC3
does not behave like endogenous LC3 is
not yet clear, but may indicate an impor-
tant role for the N-terminal domain in
the autophagy-independent function of
this protein. It has recently been shown
that LC3-I is recruited to EDEMosomes
and possibly MHV-induced DMVs
through binding to the cytosolic tail of
the transmembrane protein suppressor
of lin-12-like protein 1 (SEL1L).* One
could imagine that the large GFP tag
interferes with this interaction.
Although the DMVs observed in
arterivirus-infected cells are reminiscent to those induced by the
distantly-related coronaviruses,?®#*4 they display some signifi-
cant differences. First, they are dissimilar in size, with the EAV-
induced DMVs having a diameter approximately 3-fold smaller
than their coronaviral counterparts. Second, the DM Vsinduced in
coronavirus-infected cells are connected to additional membrane
rearrangements, the so-called convoluted membranes,?®3 which
have not been detected in EAV-infected cells.®® Despite these dif-
ferences, DM Vs induced by viruses of both families recruit LC3-
I, while their replication does not require an intact autophagy
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machinery.” Previously, the EDEMosome cargo A
proteins EDEMI, OS-9 and SelLL1 were shown to
colocalize with the MHV-induced DM Vs.»% As
EDEMosomes also display LC3-1, but not ectopi-
cally expressed GFP-LC3 or the lipidated form of
LC3 (LC3-1I),”” we proposed that the mechanism
regulating the formation of EDEMosomes may
be hijacked by MHYV, and possibly other corona-
viruses to ensure their efficient replication.” The
observed colocalization between EDEMI1 and
EAV-induced DM Vs suggests that this could also

LC3-HA

dsRNA

merged

be the case for arteriviruses. =

The mechanism by which LC3 functions dur-
ing the replication of EAV and MHV remains
elusive.?*” While our results indicate that LC3
is required for efficient replication of EAV, LC3
is not recruited to or required for the mem-
brane rearrangements induced by expression of
an EAV NSP2-3 fusion protein. Although it is
not yet clear to what extent the DM Vs induced
by expression of EAV Nsp2-3 resemble DM Vs
observed in EAV-infected cells or rather corre-
spond to biogenesis intermediates, we speculate
that LC3 is not necessary for the induction of the
initial membrane rearrangements per se, but may
rather play a role during later stages of DMVs
formation or eventually during RNA synthesis.
Thus, while it seems clear that arteriviruses and
coronaviruses require LC3 independently from
the role that this protein has in autophagy, more
investigations are needed to fully understand the
contribution of LC3 and EDEMosomes in the
replication of these viruses.
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Figure 6. Nonlipidated LC3 restores EAV replication in LC3-depleted cells. (A) Vero E6
cells were cotransfected with siRNA directed against LC3A and LC3B (siRNALC3) and the
plasmid expressing nonlipidated LC3-HA, which is not targeted by the siRNA probes.
Cells were then infected with EAV at 48 h post transfection and fixed at 16 h p.i. before
being processed for immunofluorescence analysis using antibodies against the indicated
proteins. (B) Statistical analysis of the experiment shown in (A). The graph illustrates the
percentage of cells, positive or negative for LC3-HA that contained dsRNA puncta, i.e.,

productively infected by EAV.

Materials and Methods

Cell lines and viruses. BHK-21, Vero EG, azg7*"* and atg7- MEFs
(the latter two cell lines are a kind gift of Masaaki Komatsu,
The Tokyo Metropolitan Institute Medical Science),® Rblccl/
Fip200* and rblccl/fip200~"- MEFs* were grown in Dulbecco’s
modified Eagle’s medium (Lonza, BE12-741F) supplemented
with 10% (v/v) fetal bovine serum (FCS), 100 units/ml of peni-
cillin and 0.1 mg/ml of streptomycin. BHK-21 cells were used to
propagate the wild-type Bucyrus strain of EAV.*” Recombinant
vaccinia virus encoding the bacteriophage T7 RNA polymerase
(vVI'F7-3) was obtained from Bernard Moss (NIAID).>
Immunofluorescence microscopy. Cells were grown on cover-
slidesand processed forimmunofluorescence analysis as previously
described.”’ When indicated, cells were transiently transfected
with a plasmid expressing either GFP-LC3* (a kind gift of Karla
Kirkegaard, Department of Microbiology and Immunology,
Stanford University) or LC3-HA® using Lipofectamine 2000
(Invitrogen, 11668-019) according to the manufacturer’s proto-
col. Primary immunological reactions were performed with poly-
clonal antisera against LC3 (Novus Biologicals, NB600-1384),
PDI (a kind gift of Masakazu Kikuchi, Department of Physiology,
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Kansai Medical University) or EDEM1 (Sigma, E8406), or
monoclonal antibodies recognizing the HA tag (a kind gift of
Guojun Bu, Washington University), dsSRNA (J2; English and
Scientific Consulting Bt., 10010200) or LAMP1 (Dianova, ABR-
30253). The Alexa Fluor 488-conjugated goat anti-rabbit and
Alexa Fluor 568-conjugated rabbit anti-mouse secondary
antibodies were purchased from Invitrogen (A-11008 and
A-11010). The fluorescence signals were analyzed using a
TCS SPE-II,

Rijswijk, Netherlands). All experiments were repeated two

confocal laser-scanning microscope (Leica,
or three times, and the presented images show representative
fluorescence profiles.

Electron microscopy. EM and IEM experiments were per-
formed essentially as described previously.** Cryo-sections were
labeled with specific antibodies against dsSRNA and LC3 (the lat-
ter is a kind gift of Takashi Ueno, Department of Biochemistry,
Jutendo University School of Medicine).

Western blot analyses. Western blot analyses were performed
as described previously.” In brief, cell extracts were prepared
with lysis buffer (200 mM NaCl, 50 mM HEPES pH 6.8, 2%
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A NSP2-3 NSP3 CHAPS and protease inhibitors) before
adding sample buffer and boiling for
5 min. Proteins were then separated by
SDS-PAGE and transferred onto PVDF
membranes before being analyzed with
antibodies against LC3 (Nanotools,
0231-100/LC3-5F10), N protein (a
kind gift from Stuart Siddell, University
of Bristol) or tubulin (Sigma-Aldrich,
T9028). Horseradish peroxidase-con-
= NSP2-3 merged gugated secondary antibodies and the
ECL-TM Western Blotting Analysis
System kit (Amersham, RPN2132) were
used for detection.

Gene silencing by siRNA interfer-
ence. Sets of three different siRNA
duplexes targeting different sites within
the coding sequences of LC34 and LC3B
were designed by and obtained from
Applied Biosystems/Ambion.” One day
after seeding, the Vero E6 cells were
transfected with 40 nM of siRNA using
Lipofectamine 2000. Experiments were
conducted at 48 h post-transfection.
Antibodies against LC3 (Nanotools,
0231-100/LC3-5F10) were used to assess
by western blot the depletion of the tar-
geted proteins.

s NSP2-3 LC3 merged TCID50 assay. This endpoint dilu-

tion assay quantifies the amount of virus

LC3

EDEM1

required to produce a cytopathic effect
in 50% of the wells containing inocu-
lated cells (TCID50 unit). Cells were
plated in 96-well plates after which serial
dilutions of the virus were added. After
4 d of incubation, cytopathic effects
were observed and recorded for each

siRNAscr

virus dilution and used to calculate the
amount of TCID50 units in the stock for
the particular experimental conditions
or employed cell type.

Plasmid construction. The plas-
mid encoding a C-terminally GFP-
tagged fusion of EAV NSP2-3, under
the control of a bacteriophage T7

siRNALC3

transcription-regulatory element (des-

ignated pI'UG31Nsp2-3EAVGFP) was
Figure 7. EAV NSP2-3-induced membrane rearrangements do not colocalize with LC3 and are constructed by conventional cloning
formed independently of LC3. Vero E6 cells were infected with vTF7-3 and subsequently transfected as follows. First, the NSP2-3 encodin
with plasmids expressing GFP fusion proteins with either EAV NSP2-3 or NSP3. Cells were fixed at 5 h ) ’ &

p.i. and processed for immunofluorescence analysis. (A) Comparison of the subcellular distribution fragment was amphﬁed by PCR reac-

of NSP2-3 and NSP3. (B) Cells expressing NSP2-3 were immuno-stained using antibodies against tion from a plasmid containing a cDNA
LC3 or EDEMT. (C) Cells were transfected with siRNAs directed against LC3A and LC3B (siRNALC3) or clone of EAV (pEAV515)** using appro-
control siRNAs (siRNAscr) 48 h prior to infection with vTF7-3. Cells were processed for immunofluo- priate primers and subsequently cloned

rescence analysis using the LC3-specific antibodies.

into the pPGEM-T Easy vector (Promega,
A1360) to generate the pGEMNsp2-
3EAV  plasmid. Subsequently, the
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NSP2-3-coding sequence was cut from pGEMNsp2-3EAV using
EcoRI and cloned into the pTUG31 expression vector,” yield-
ing the pTUG31Nsp2-3 construct. Finally, the DNA fragment
encoding GFP was excised from the pN1-EGFP vector® by diges-
tion with BamHI and Notl, and treated with Klenow polymerase
(Invitrogen, AM2008). This fragment was cloned into Smal-
treated pI'UG31Nsp2-3 thereby yielding the pT'UG31Nsp2-
3EAVGFP plasmid. The plasmid encoding a C-terminally
GFP-tagged fusion of NSP3 was constructed in a similar way.

vI'F7-3 infection and transfection. For expressions using the
vI'F7-3 system, subconfluent monolayers of Vero E6 cells grown in
10 cm? tissue culture dishes were infected with vI'F7-3% at a multi-
plicity of infection of 10. After 1 h, the medium was replaced by a
transfection mixture consisting of 0.5 ml of DMEM without FCS
but containing 10 units of Lipofectin (Invitrogen, 18324-020)
and 1 g of the pTUG3I expression plasmids. After a 5 min incu-
bation at room temperature, 0.5 ml of DMEM were added, and
incubation was continued at 37°C for another 3 h. Subsequently,
the culture medium was replaced by fresh FCS-containing culture
medium and the incubation was continued until cells were fixed
and processed for immunofluorescence analysis.

Quantification of colocalized puncta. The numbers of colo-
calized puncta per cell were counted using the Image] software.
The data represent the percentage of dsRNA foci colocalizing
with each tested organelle protein marker per cell. Error bars
represent the standard deviations from counting of 50 cells in
3 independent experiments.
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