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Echovirus 7 Entry into Polarized Caco-2 Intestinal Epithelial Cells
Involves Core Components of the Autophagy Machinery
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Echovirus 7 enters polarized Caco-2 intestinal epithelial cells by a clathrin-mediated endocytic process and then moves through
the endosomal system before releasing its genome into the cytoplasm. We examined the possible role in virus entry of core com-
ponents of the autophagy machinery. We found that depletion of Beclin-1, Atgl2, Atgl4, Atgl6, or LC3 with specific small inter-
fering RNAs inhibited echovirus 7 infection upstream of uncoating but had little or no effect on virus attachment to the cell sur-
face. These data indicate that multiple autophagy-related proteins are important for one or more events that occur after the virus
has bound its receptor on the cell surface but before RNA is released from the virus capsid. Although we have not determined the
mechanism by which each protein contributes to virus entry, we found that stable depletion of Atgl6L1 interfered with virus
internalization from the cell surface rather than with intracellular trafficking. Autophagy gene products may thus participate in

the endocytic process that moves virus into polarized Caco-2 cells.

Picornaviruses are nonenveloped viruses with a positive-sense
single-stranded RNA genome. A number of picornaviruses—
polioviruses, coxsackieviruses, echoviruses, other enteroviruses,
and rhinoviruses—are human pathogens (1, 2). Echoviruses, in-
cluding echovirus 7 (EV7), are a common cause of febrile illnesses
and aseptic meningitis in the United States, particularly during the
summer and fall (3).

Because many human picornaviruses are believed to invade
their hosts by crossing the intestinal epithelium, we have been
interested in the interaction between these viruses and intesti-
nal epithelial cells. We recently observed that EV7 enters po-
larized Caco-2 epithelial cells by clathrin-mediated endocyto-
sis and moves through early endosomes and then to late
endosomes before RNA is released from the capsid into the
cytoplasm (a process referred to as “uncoating”) (4); we also
found that virus entry and uncoating require the function of
Rab7 (4), a GTPase critical for the maturation of late endo-
somes and for endosome-lysosome fusion (5). However, unlike
other viruses that move to late endosomes and/or require Rab7
during the entry process (6-10), EV7 does not depend on en-
dosomal acidification for its entry (4). We therefore considered
the possibility that Rab7 might play a role in entry other than
virus delivery to acidic endosomes.

Because Rab7 has been reported to play a role in autophagy
(11, 12), a cellular process in which cytoplasmic contents are
delivered to lysosomes for degradation (reviewed in references
13 and 14), we examined whether host factors important for
autophagy are required for EV7 entry and infection. We pres-
ent evidence that autophagy-related gene products are impor-
tant for EV7 entry into polarized Caco-2 cells. Surprisingly, at
least one of these proteins, Atgl6L1, is important for virus
internalization from the cell surface rather than for intracellu-
lar trafficking.

MATERIALS AND METHODS

Cells and viruses. Caco-2 cells (ATCC HTB-37) were cultured in minimal
essential medium (MEM) containing 20% fetal bovine serum, sodium
pyruvate, nonessential amino acids, and penicillin-streptomycin. EV7,
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coxsackievirus B3 (CVB3)-RD, and vesicular stomatitis virus (VSV),
preparation of neutral red-loaded virus, and virus labeling with Alexa
Fluor 594 (AF-594) have been described (4).

Antibodies, chemicals, and small interfering RNAs (siRNAs). Rabbit
polyclonal antibody specific for Beclin-1 was purchased from Abgent
(Am1818a). Rabbit polyclonal anti-UVRAG (U7508) antibody was from
Sigma. Rabbit polyclonal antibodies specific for LC3 (PM036), Atgl6L1
(PMO040), and Atg14 (PD026) were from MBL International. Rabbit poly-
clonal anti-Atgl2 antibody was purchased from Cell Signaling Technol-
ogy (catalog no. 2010). The rabbit anti-LC3 antibody used for immuno-
blotting was provided by Ravi Amaravadi (University of Pennsylvania).
Mouse anti-FLAG antibody was from Agilent (catalog no. 200472).
3-Methyladenine (3-MA) was from Sigma (M9281), as were pepstatin A
(P-4245) and E64d (E-8640).

Control siRNA (15) was from Ambion, and siRNAs pools targeting
LC3 and Atgl2 (16) were from Dharmacon. Atgl6L1 (17), UVRAG (18),
and Atgl4 siRNAs 1 (18) were synthesized using previously reported se-
quences. Beclin-1 siRNAs 1 and 2 were synthesized using sequences pub-
lished in references 18 and 19, respectively. Transfection of Caco-2 cells
with siRNAs (20 nM concentration) was performed as described previ-
ously (4).

Virus infection assay. Caco-2 cells transfected with siRNAs or treated
with 3-MA were plated in collagen-coated eight-well chamber slides (BD
Biosciences) at 5 X 10* cells per well and used for infection after 2 days,
when morphological polarization had been achieved. To quantify viral
infection, viruses (2 PFU/cell) in binding buffer (MEM containing 20 mM
HEPES) were incubated with polarized monolayers for 1 h at 4°C. Un-
bound virus was then washed away, complete medium was added, and
cells were incubated for 6 h at 37°C. Infected cells were fixed with a 3:1
mixture of ice-cold methanol-acetone for 2 min. Cells were stained with
anti-VP1 antibody (Ncl-Entero; Novocastra) and anti-mouse secondary
antibody conjugated to fluorescein isothiocyanate (FITC). Nuclei were
stained with DAPI (4',6’-diamidino-2-phenylindole). Images were cap-
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tured with a fluorescence microscope (Olympus BX51) using a X20 ob-
jective lens. Three to four fields (700 to 1,000 cells) were captured for each
well. Infected cells and total DAPI-stained cells were counted using
Image] software (http://rsbweb.nuh.gov/ij/).

Neutral red infectious center (NRIC) assays. Monolayers of siRNA-
transfected cells, or monolayers exposed to 3-MA for 1 h, were exposed to
neutral-red-loaded virus for 1 h at 4°C in the dark; buffer was removed,
infection was initiated with prewarmed medium, and monolayers were
incubated in the dark at 37°C to permit entry to proceed. At 90 min,
monolayers were exposed to white light for 10 min, with duplicate control
monolayers kept in the dark as unilluminated controls. Cells were de-
tached with trypsin-EDTA and replated onto fresh monolayers in the
absence of siRNAs or inhibitors. An agarose overlay was added after 3 h,
and plaques were counted after 2 days at 37°C.

LC3 lipidation. Caco-2 cells (3 X 10° cells per well) were plated on
collagen-coated six-well plates and incubated 2 days at 37°C. Cell mono-
layers were incubated with EV7 (300 PFU/cell, purified by sucrose gradi-
ent centrifugation) in binding buffer for 1 h at 4°C. For 0 min, cells were
harvested and remaining cells were changed to complete medium and
incubated for the indicated times at 37°C. In some experiments, cells were
pretreated with pepstatin A (10 wg/ml) and E64d (2.5 pg/ml) or to 10 mM
3-MA beginning 1 h before cells were exposed to virus. Cells were lysed as
described previously (20), and the protein concentration of each sample
was measured with a BCA protein assay kit (Thermo Scientific). Equal
amounts of protein were electrophoresed in 15% sodium dodecyl sulfate
(SDS)-polyacrylamide gels (Bio-Rad) and transferred to polyvinylidene
difluoride membranes. Membranes were probed with anti-LC3 antibody
and developed with horseradish peroxidase-conjugated secondary anti-
body and chemiluminescence reagents (West Dura; Thermo Scientific).
Images were captured, and band intensities were measured using a Gel
Logic 4000 PRO imaging system and software (Carestream Health). Ra-
tios of LC3-1I to GAPDH (glyceraldehyde-3-phosphate dehydrogenase)
intensity were normalized to that observed in the no-virus sample at 0
min, which was set as 1.

EV7 colocalization with LC3, EEA1, and Rab5. Caco-2 cells were in-
cubated with red fluorescence-labeled EV7 (AF594-EV7) for 1 h at 4°C at
300 PFU/cell. After a washing step with phosphate-buffered saline (PBS),
complete medium was added, and the cells were incubated at 37°C to
allow entry to proceed. At intervals, the cells were fixed with 4% parafor-
maldehyde, permeabilized with 100 pg of digitonin/ml for 15 min at
room temperature, stained with anti-LC3 or anti-EEA1 antibodies, fol-
lowed by fluorophore-conjugated secondary antibodies, and examined in
a fluorescence microscope. In some experiments, cells were transfected
with a plasmid encoding Rab5-GFP (provided by George Bloom, Univer-
sity of Virginia) 2 days before infection. Colocalization of red and green
signal was determined for the fields shown in Fig. 5, using the Colocaliza-
tion Test plugin in the WCIF ImageJ bundle to calculate the Pearson
correlation coefficient.

Virus binding assay. EV7 was radiolabeled with [**S]methionine-cys-
teine and purified on sucrose gradients as described previously (21).
Caco-2 cells transfected with siRNAs, transduced with lentivirus vectors,
or pretreated with 10 mM 3-MA for 3 h at 37°C were plated in collagen-
coated 24-well plates (1.5 X 10 cells per well). Confluent monolayers
were exposed to >°S-labeled virus (30,000 cpm per well) for 1 h at room
temperature and then washed three times to remove unbound virus; the
cell-bound radioactivity was measured in a scintillation counter (Perkin-
Elmer).

Stable knockdown of Atgl6L1 in Caco-2 cells using lentiviral
shRNA, and characterization of Atgl6L1-depleted cells. The siRNA se-
quence targeting Atgl6L1 (17) was inserted into the lentiviral shRNA
expression plasmid pSIH1-H1-puro (System Bioscience, Mountain View,
CA) (provided by Shengbing Huang, Mayo Clinic), and virus was pro-
duced as described previously (22) by using a self-inactivating HIV-based
vector plasmid pCMV-Delta.8.9.1 and pVSV-G encoding the VSV G pro-
tein (provided by Miroslaw Kozlowski and Marcus Davey, Children’s
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Hospital of Philadelphia). For the transduction of Caco-2 cells, superna-
tant containing virus was added to cells in the presence of with 8 g of
Polybrene (Sigma)/ml. Puromycin (12.5 pg/ml; Sigma) was added at 24 h
after transduction, and puromycin-resistant colonies were isolated and
tested for target gene knockdown.

Expression of DAF on Atgl6L1-depleted cells and control cells (trans-
duced with a lentivirus vector with a nontargeting shRNA insert) was
measured by flow cytometry with monoclonal antibody IA10. To deter-
mine whether there was a postentry block to virus replication in knock-
down cells, cell monolayers were transfected with EV7 RNA, transcribed
in vitro with T7 RNA polymerase from full-length EV7 cDNA cloned into
the pSport vector, essentially as described for the generation of CVB3
RNA (23). Monolayers in 12-well plates were exposed to 2 g of viral RNA
in Lipofectamine 2000 for 4 h at 37°C, and then the medium was replaced,
and infection was permitted to proceed for 6 more hours. Monolayers
were frozen and thawed, and lysate titers were determined by plaque assay
on HeLa cells.

To determine whether expression of shRNA-resistant Atgl6L1 re-
stored susceptibility of knockdown cells to infection of ShRNA, cells were
transfected with a plasmid expression vector encoding FLAG-tagged mu-
rine Atgl6L1 (Addgene 24302) and selected in neomycin. Pooled neomy-
cin-resistant cells were exposed to EV7. Cells expressing murine Atgl6L1
were identified by FLAG staining, and infected cells were identified by
staining for VP1 at 6 h; the percentage of cells infected was determined for
cells that did and did not express murine Atgl6L1.

EV7 entry assay in Caco-2 cells expressing Atg16L1 shRNA. Caco-2
monolayers were incubated with red fluorescence-labeled EV7-AF594 for
1 hat4°Cat 300 PFU/cell. After a PBS wash, complete medium was added,
and the cells were placed at 37°C to allow virus entry. At 0, 60, or 90 min,
cells were fixed with 4% paraformaldehyde (PFA) for 12 min, and excess
PFA was removed by using PBS containing 50 mM NH,CI. Surface virus
was stained with anti-VP1 antibody (Vector Laboratories, Inc., catalog no.
VP-E603) in PBS containing 3% bovine serum albumin (Sigma), followed
by FITC-conjugated goat anti-mouse secondary antibody in PBS contain-
ing 10% normal goat serum. Images of five to eight fields per time point
were captured in a fluorescence microscope using a X63 objective (~50
cells). Fluorescence intensity in the red channel (F,,,) and the green channel
(Fyurface) Was measured using Image] software. The intensity in the green
channel was adjusted for all time points by a factor sufficient to render the red
and green intensities equal at 0 min, when all virus was localized to the cell
surface. The extent of internalization was calculated as (F ) — Fyiface)Frotal-

Analysis of experimental variation. In all figures, error bars indicate
the means and standard deviations of three or more independent samples.
Single asterisks indicate P values of <0.05, as determined by using the
Student ¢ test; double asterisks indicate P values of <0.01.

RESULTS

EV7 infection and entry depend on PI3-kinase, Beclin-1, and
Atgl4. Autophagy is a process in which cytoplasmic contents are
delivered to lysosomes for degradation. It begins with formation
of a membranous precursor, the isolation membrane or phago-
phore, which elongates and fuses, capturing cytoplasm within a
double-membrane vesicle referred to as an autophagosome. Ulti-
mately, fusion of the autophagosome with lysosomes (or earlier
components of the endosomal pathway) delivers autophagosome
contents to lysosomes for degradation and recycling. Because
Rab7—which we recently found to be important for EV7 entry
(4)—is required for autophagosome fusion with lysosomes and
endosomes (11, 12), we considered the possibility that the au-
tophagy and EV7 entry pathways might intersect. In a recent re-
port, adenovirus 2 was observed in vesicles with both early endo-
some markers and autophagosome markers, and it was suggested
that early endosomes carrying this virus may fuse with autopha-
gosomes during the entry process (24).
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Formation of the autophagosome is a complex process involv-
ing multiple cellular proteins, many of which were first identified
as the products of autophagy-related genes (Atg) in yeast, and
most of which function in multiprotein complexes (13, 14). For-
mation of the isolation membrane is initiated by a complex of the
class III phosphatidylinositol 3-kinase (PI3-kinase) Vps34 with
Beclin-1 (also known as Atg6) and Atg14. Formation of the isola-
tion membrane also depends on a complex of Atgl2, Atg5, and
Atgl6, which is further required for elongation and closure of the
membrane, and which regulates the conjugation of LC3 (also
known as Atg8) to phosphatidyl-ethanolamine, permitting LC3 to
associate with the membrane of the maturing autophagosome.
Autophagosomal membranes have been proposed to arise from a
variety of sources, including the endoplasmic reticulum, the Golgi
apparatus, the mitochondria, and the plasma membrane (25). To
test for a possible role for autophagy in EV7 infection, we treated
cells with 3-methyladenine (3-MA), an inhibitor of Vps34 and
other PI3-kinases commonly used to suppress autophagy (26),
exposed them to EV7 or CVB3 (2 PFU per cell), and then deter-
mined the numbers of infected cells at 6 h by staining for the viral
capsid protein VP1; under these conditions, input virus is not
detected (not shown), and VP1 staining is a marker of viral protein
synthesis. 3-MA had a marked inhibitory effect on EV7 infection
but had no effect on infection by CVB3-RD (Fig. 1A and B).

We then tested whether 3-MA inhibited virus entry, using
the previously described neutral red infectious center (NRIC)
assay to measure virus uncoating (4, 27). When virus is grown
in the presence of neutral red (NR), dye is concentrated inside
the virion, in close proximity to the RNA. When exposed to
light, NR damages the RNA and inactivates the virus; however,
once RNA has been released from the capsid, exposure to light
has no effect. We previously found that plaque formation by
neutral-red-loaded EV7 (NR-EV7) is inhibited when Caco-2
monolayers are exposed to light at 30 and 60 min postinfection,
whereas the majority of NR-EV7 becomes insensitive to light
by 90 min (4), indicating that EV7 uncoating largely occurs by
90 min. We pretreated Caco-2 cells with 3-MA, exposed them
to NR-EV7, and allowed infection to proceed in the dark for 90
min. Cells were then exposed to light, harvested, replated on
cell monolayers, overlaid with agar, and incubated to permit
the appearance of infectious centers. To control for nonspecific
effects of the inhibitor, parallel assays were performed in which
the illumination step was omitted. If a chemical inhibitor or an
siRNA prevents or significantly delays cellular events upstream
of RNA release, we expect it to reduce the formation of infec-
tious centers in illuminated—but not in unilluminated— cells.
3-MA inhibited infectious center formation in illuminated
samples, with little inhibitory effect in unilluminated samples
(Fig. 1C) and with no effect on infectious center formation by
CVB3-RD (Fig. 1D). These results indicate that 3-MA inhibits
EV7 infection upstream of uncoating and suggest that PI3-
kinase activity is needed for EV7 entry.

This suggested a possible role for the Vps34—Beclin-1-Atg14
complex in EV7 infection. Depletion of Beclin-1 with specific
siRNAs inhibited infection by EV7 but not by CVB3 (Fig. 1E and
F). Further, depletion of Beclin-1 inhibited EV7 upstream of un-
coating, as determined by the NRIC assay (Fig. 1G), indicating a
role for Beclin-1 in some aspect of virus entry. Similarly, depletion
of Atgl4 specifically inhibited infection by EV7, but not CVB3
(Fig. 2A), and inhibited EV7 entry, as determined by the NRIC
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assay (Fig. 2B). In contrast, depletion of UVRAG (UV radiation
resistance-associated gene protein), which is involved in a sepa-
rate Vps34—Beclin-1 complex that does not include Atgl4 (18)
had no effect on infection by EV7 (Fig. 2C). These results suggest
that the Vps34—Beclin-1-Atgl4 complex, which functions in ini-
tiation of autophagosome formation, is specifically required for
EV7 entry and infection.

EV7infection and entry depend on Atg12, Atgl6L1,and LC3.
Elongation and closure of the isolation membrane depends on the
complex involving Atg5-Atgl2-Atgl6L1, as well as on LC3. De-
pletion of Atgl2, Atgl6L1, or LC3 with siRNAs inhibited EV7
infection (Fig. 3A, C, and E) and inhibited upstream of uncoating,
as measured by the NRIC assay at 90 min (Fig. 3B, D, and F). These
results provided additional evidence that EV7 entry depends spe-
cifically on the core autophagy machinery.

Autophagic signaling is constitutively active in Caco-2 cells
and showslittle increase during EV7 entry. During the induction
of autophagy, LC3 protein is conjugated to phosphatidylethano-
lamine, which permits its association with the developing au-
tophagosome (28, 29), and mature autophagosomes can be iden-
tified by immunofluorescence staining for LC3 (30). In uninfected
Caco-2 cells, staining for LC3 revealed multiple punctate struc-
tures, which were not seen when LC3 was depleted with siRNA
(Fig. 4A); similar numbers of punctate structures were seen after
starvation or exposure to rapamycin (data not shown), two treat-
ments commonly used to induce autophagy (30). These results
were consistent with a high constitutive level of autophagy in
Caco-2 cells, as has been previously reported for some Caco-2 cell
clones (31).

The lipidated form of LC3 (LC3-II) migrates more rapidly
than unmodified LC3 protein (LC3-I) in SDS-PAGE, and the
conversion of LC3-I to LC3-II is commonly used as a marker
for the induction of autophagy (30). Strong LC3-II bands and
weak LC3-1 bands were seen on immunoblots of lysates of un-
infected monolayers (Fig. 3E and 4B, control siRNA), again
consistent with a high baseline level of autophagic signaling in
the absence of specific stimuli. In 293T cells LC3-1 and LC3-1I
bands were of equal intensity (data not shown), demonstrating
that the antibody was capable of recognizing LC3-I, and both
bands were reduced in intensity in Caco-2 cells treated with
LC3 siRNA, confirming their identity (see Fig. 3E, inset). Fur-
ther, the intensity of the LC3-II band was reduced, and the
intensity of the LC3-1 band slightly increased, in cells treated
with siRNA targeting Atgl6L1 (Fig. 4B), which is required for
LC3 lipidation (32).

Aswe had observed a relationship between autophagy proteins
and EV7 entry, we measured whether autophagic signaling in-
creased early in infection. Caco-2 monolayers were exposed to
EV7 (or mock infected) at 4°C and then shifted to 37°C to allow
infection to proceed; at intervals, lysates were prepared, and LC3
was detected by immunoblotting (Fig. 4C). The amount of LC3-
II, measured relative to GAPDH, showed little, if any increase (Fig.
4E). Taken together, these results indicate that virus infection does
not further increase the already high baseline level of autophagic
signaling in these cells.

EV7 shows little association with autophagosomes during
entry. To determine whether EV7 associates with autophago-
somes during its entry process, cells were exposed to EV7 conju-
gated with red fluorescent dye (EV7-AF594) at 4°C and then in-
cubated at 37°C for 30, 60, or 90 min. After fixation and
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FIG 1 PI3-kinase, Beclin-1, and Atgl4 are important for EV7 entry and infection. (A) 3-MA inhibits infection by EV7 but not by CVB3. Caco-2 cells in polarized
monolayers were exposed to 3-MA or to control medium and exposed to EV7 or CVB3-RD as described in Materials and Methods. Infected cells were identified by
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not inhibit CVB3-RD entry in the NRIC assay. (E) siRNAs targeting Beclin-1 inhibit EV7 infection but not CVB3 infection; the inset shows an immunoblot to measure
Beclin-1 depletion. (F) Quantitation of results shown in panel E. (G) Beclin-1 siRNA inhibits EV7 entry in the NRIC assay. To understand why an siRNA may inhibit
infection in the routine assay (as in panels D and F) but still may inhibit only in illuminated cells in the NRIC assay (as in panels E and G), it is important to remember
that these assays are configured quite differently. In the infection assay, cells are stained at 6 h to detect VP1; if an siRNA inhibits replication only partially during the 6-h
period, it may still prevent the synthesis of sufficient VP1 for the cell to be scored positive. However, in the NRIC assay, cells are infected and then resuspended and
replated on a fresh monolayer for 2 days. If an siRNA permits even a single infectious virion to escape the cell, that virion may well have time, over the 2-day course of the
assay, to infect the monolayer, replicate, and form a plaque. However, if the siRNA has kept the virus from uncoating at 90 min, the light flash effectively kills the virus,
and there is no escape. In this and all subsequent figures, single asterisks indicate P values of <0.05, and double asterisks indicate P values of <0.01.
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permeabilization, cells were stained with anti-LC3 antibody and
fluorescein isothiocyanate (FITC)-labeled secondary antibody
(green) (Fig. 5). Although some virus-containing vesicles were
associated with vesicles expressing LC3 (Fig. 5, 3-fold-enlarged
images), very little colocalization was observed (Pearson coeffi-
cient 0.15 at 30 min, 0.16 at 60 min, and 0.15 at 90 min). Although
we cannot exclude the possibility that virus- and LC3-associated
vesicles associate at times we did not observe, these results provide
no evidence that virus moves through LC3-expressing vesicles
during entry.

EV7 binding to cells is not significantly affected by 3-MA or
by siRNAs targeting autophagy proteins. EV7 binds to a recep-
tor, DAF, on the apical surface of Caco-2 cells, and we consid-
ered the possibility that depletion of autophagy proteins might
affect virus entry by altering receptor recycling and virus bind-
ing. To test this, we measured the attachment of *>S-labeled
EV7 to Caco-2 cells treated with 3-MA or specific siRNAs (Fig.
6). 3-MA, or siRNAs targeting Beclin-1, LC3, or Atgl6L1, had
no effect on EV7 attachment, and siRNAs targeting Atgl2 and
Atgl4 had small effects that were not statistically significant. In
contrast, depletion of DAF with siRNA markedly reduced virus
attachment, as expected. These results indicate that autophagy
proteins are important for events that occur after virus has
bound to DAF on the cell surface. To identify the specific entry
events in which autophagy gene products are involved, we at-
tempted to examined entry of fluorescent virions into Caco-2
cells treated with 3-MA or siRNAs.

3-MA interferes with endosome maturation. In control
Caco-2 cells, EV7 accumulated at 60 min in perinuclear vesicles
marked by the early endosome antigen EEA1, a Rab5 effector mol-
ecule important for endosome fusion events (Fig. 7). In contrast,
in cells treated with 3-MA, virus concentrated at 60 min in peri-
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nuclear vesicles that were abnormally large and devoid of the early
endosomal protein EEAI, a Rab5 effector important for endo-
some fusion events (33); these vesicles expressed Rab5, as indi-
cated by association with green fluorescent protein (GFP)-tagged
Rab5 (Fig. 7, lower panels). PI3-kinase activity is known to be
important for recruitment of EEA1 to Rab5-positive early endo-
somes, and our observations were consistent with a previous re-
port that wortmannin, another inhibitor of PI3-kinase, causes
rapid dissociation of EEAl from endosomal membranes (34).
These results indicate that 3-MA inhibits normal endosome mat-
uration in these cells, independently of any effects on autophago-
some formation.

Stable depletion of Atgl6L1 impairs virus internalization
from the cell surface. In cells treated with siRNAs targeting spe-
cific autophagy gene products we found considerable cell-to-cell
variation, making it difficult to determine how virus entry and
trafficking were perturbed (data not shown). This variation most
likely reflected heterogeneous transfection and knockdown effi-
ciency, which was evident when we stained monolayers for one of
the targeted proteins, Atgl6L1 (not shown).

Therefore, to examine the mechanism by which an autophagy
protein might contribute to virus entry, we generated a Caco-2 cell
line stably expressing an shRNA targeting Atg16L1. As expected,
stable depletion of Atgl6L1 inhibited infection by EV7 (Fig. 8A);
the fact that inhibition was only partial suggests that, although
Atgl6L1 is important for EV7 infection, it may not be indispens-
able. Notably, depletion of Atg16 did not prevent infection by VSV
(Fig. 8A), another virus that depends on traffic through the endo-
somal system, indicating that these cells had no gross defect in
endosomal maturation or traffic.

Atgl6-depleted cells had no defect in expression of surface
DAF (compared to control cells by flow cytometry with anti-

Journal of Virology


http://jvi.asm.org

Autophagy Gene Products in EV7 Entry

A EmEV7 B I Not illuminated
——1CVB3-RD 3 —llluminated
3 120+ £ 1201
- 'I' e
S 100+ S 100
5 T :
S 804 & 80+
2 ”
% 60 haid C Atg12 qg’- 60+
8 40 Alg12- | ey 3 401 =
- Atgb 5
£ 20 o 20
& GAPDH [ g
£ 0= T T g 0=
c Atg12 z c Atg12
C . EV7 D I Not illuminated
—1CVB3-RD %* —llluminated
= 1o VSV E
5 120 = g 120+
€ " O .
§ 100 = b - J.IE C AgieL1 g 1%
S 804 : * 804
: == 7
= GAPDH >3
8 40 3 404
K S
5 20- » 20+
2 8
£ o . r € oO-
c Atg16L1 2 c Atg16L1
E F I Not illuminated
-:E:W =°~ —llluminated
~ 120 [ESICVE3RD £ 150+
[+]
= [
T 100- o O 1254
g C LC3 5
“3: 801 = LC3-I = %100'
S 6o LC3-I |- = 2 754 =
ERN GAPDH | S i:’ -
T ) Y
Q
3 204 S 254
2 3
£ 0- T T £ 0=
C LC3 3 c LC3

FIG 3 Atgl2, Atgl6L1, and LC3 are important for EV7 infection and entry. (A) Atgl2 siRNA inhibits EV7 infection. (B) Atg12 siRNA inhibits EV7 entry in the
NRIC assay. (C) AtgL1 siRNA inhibits infection by EV7 but not by CVB3-RD or VSV. (D) Atgl6L1 siRNA inhibits EV7 entry in the NRIC assay. (E) LC3 siRNA

inhibits EV7 infection. (F) LC3 siRNA inhibits EV7 entry in the NRIC assay.

DAF antibody, not shown) and showed no defect in the binding
of *>S-labeled EV7 (Fig. 8B). Further, the Atgl6L1-depleted
cells showed no defect in virus production when transfected
with EV7 RNA, confirming that infection was blocked up-
stream of uncoating. To eliminate the possibility of off-target
effects of the Atgl6 shRNA, we restored Atgl6L1 by transfec-
tion with murine Atgl6L1, which is not susceptible to knock-
down by the shRNA targeting human Atgl6L1. A significantly
higher level of infection was noted in cells that expressed mu-
rine Atgl6L1 than in those that did not (Fig. 8C), indicating
that the shRNA effect depended specifically on Atgl6L1 knock-
down.

To examine virus entry in the Atgl6-depleted cells, we per-
mitted EV7-AF594 (red) to bind to cells in the cold, and then
incubated the cells at 37°C to permit entry to proceed. At in-
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tervals, cells were fixed without permeabilization and stained
with anti-VP1 antibody and FITC (green)-tagged secondary
antibody (Fig. 8D). Under these conditions, virus that has en-
tered the cell is inaccessible to antibody and appears red,
whereas virus on the cell surface shows both red and green
fluorescence and appears yellow in merged images. In control
cells, the majority of virus appeared to have entered the cells by
60 min, whereas in Atgl6L1-depleted cells most virus appeared
to be retained on the cell surface. To quantify these results, we
collected images of multiple microscopic fields, measured the
total red and green fluorescence intensity and calculated an
internalization index (as described in Materials and Methods).
The results (Fig. 8E) confirmed that virus entered control cells
by 60 min, whereas internalization was significantly reduced in
Caco-2 cells stably depleted of Atgl6L1.
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DISCUSSION

The results we report here indicate that several core components
of the autophagy machinery—Beclin-1, Atgl2, Atgl4, Atgl6Ll,

FIG 5 EV7 shows little colocalization with LC3 during entry. Fluorescence-
labeled EV7 (EV7-AF594, red) was permitted to bind Caco-2 monolayers in
the cold; then, unbound virus was removed, and monolayers were incubated at
37°C to allow entry to occur. At intervals, monolayers were fixed and stained
with anti-LC3 antibody (green). Higher-magnification images show only lim-
ited colocalization of EV7 and LC3 in perinuclear vesicles at 60 and 90 min.
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and LC3—are important for EV7 entry into polarized Caco-2
cells. Depletion of Beclin-1, Atgl2, Atgl4, Atgl6, or LC3 with
specific siRNAs inhibited EV7 infection upstream of uncoating
but had little or no effect on virus attachment to the cell surface.
These data indicate that multiple autophagy-related proteins are
important for one or more events that occur after virus has bound
DAF on the cell surface and before RNA is released from the virus
capsid.

We undertook these studies because we suspected that au-
tophagy gene products might be related to the traffic of virus to the
intracellular site where uncoating occurs. Instead, we found that
depletion of Atgl6L1 interfered with internalization of virus par-
ticles from the cell surface, suggesting a role for Atgl6L1 in the
endocytic process that brings virus into the cell. Our previous
work indicates that EV7 entry depends on factors associated with
clathrin-mediated endocytosis (CME), including clathrin heavy
chain, dynamin II, and the clathrin-adaptor protein eps15 (4).
Although autophagy gene products are not generally considered
to function in CME, Atgl6L1 has been found to interact directly
with clathrin heavy chain, and clathrin- and dynamin-dependent
uptake of plasma membrane has been found to contribute to the
formation of preautophagosomal vesicles marked by Atgl6Ll,
Atg5, and Atg12 (35). These vesicles, often located at the cell pe-
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measured as described in Materials and Methods.

riphery, subsequently recruit LC3 and evolve into mature au-
tophagosomes (35). It has been suggested that the plasma mem-
brane, by serving as a large reservoir for rapid synthesis of
precursor vesicles, may be particularly important when autophagy
is highly active (35). We found that autophagy is constitutively
active in Caco-2 cells (and in two other polarized intestinal cell
lines [not shown]), as indicated by multiple LC3-positive vesicles
at baseline and high levels of LC3-II. In these cells, the rapid up-
take of plasma membrane to form autophagosome precursors
may facilitate internalization of membrane-associated virus, pro-
viding a possible explanation for why EV7 internalization involves
Atgl6L1 in addition to clathrin and dynamin. We do not yet know
whether autophagy gene products are involved in EV7 entry in
other cell types.

In addition, we do not yet know whether other autophagy
gene products function during virus internalization from the
cell surface, as is the case for Atgl6L1. We have not determined
the precise functions of Beclin-1, Atg12, Atgl4, or LC3, and our
conclusion that they are involved in the entry process is based

control

FIG 7 3-MA interferes with endosome maturation. In the top panels, cells
were treated with 3-MA, then exposed to EV7-AF549 (red), incubated at 37°C
for 60 min, and stained to detect EEA1 (green). In the lower panels, cells
transfected with Rab5-GFP (green) were infected with EV7-AF549 and stained
to detect EEA1 (blue).
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on the NRIC assay, in which specific siRNAs prevented forma-
tion of infectious centers only in samples exposed to light be-
fore uncoating had occurred. In our previous experience, re-
versible inhibitors of clathrin-mediated endocytosis—which
block virus internalization from the cell surface—and siRNAs
targeting the same endocytic pathway, both had specific effects
in the NRIC assay (4); similarly, siRNAs that trap CVB3 on the
cell surface inhibit infectious center formation only in illumi-
nated samples (Kim and Bergelson, unpublished). We are
therefore confident that the NRIC data indicate a role for mul-
tiple autophagy proteins in EV7 entry— either for internaliza-
tion or for other events in the entry process, such as intracel-
lular trafficking or the destabilization of the virus capsid. We
can speculate that, because the PI3-kinase-Beclin-Atgl4 com-
plex, as well as Atg5, Atgl2, and Atgl6, are—like Atgl6—es-
sential for initiation of phagophore formation, these factors
may be required for recruitment of plasma membrane during
autophagosome generation and thus may also be involved in
virus internalization. However, we are unaware of any evidence
linking LC3 to the internalization of ligands from the cell sur-
face. Further, the observation that 3-MA did not prevent virus
from accumulating in perinuclear vesicles suggests that the
PI3-kinase activity of Vps34 is not essential for internalization
from the cell surface and that the Vps34—Beclin-1-Atg14 com-
plex may be involved in some other entry event.

Autophagy has been implicated in several steps in picornavirus
life cycles (36), but our results provide the first direct evidence that
autophagy-related proteins promote entry by a picornavirus. In-
fection by poliovirus stimulates LC3 activation and autophago-
some formation by a mechanism that involves the direct effects of
viral nonstructural proteins (16, 37); inhibition of autophagy in-
terferes with poliovirus replication and replication of other en-
teroviruses in vitro (16, 38—40), and autophagy is involved in the
pathogenesis of coxsackievirus-induced pancreatitis in vivo (41).
Another picornavirus, foot-and-mouth disease virus (FMDV),
stimulates autophagosome formation early in infection, before
viral nonstructural proteins are synthesized, and FMDV colocal-
izes with LC3, presumably in autophagosomes, within 2 h of in-
fection (42). These results suggest a role for autophagy during
FMDV entry, although this has not yet been demonstrated di-
rectly.

Viruses have evolved to make use of normal host functions,
and studies of virus entry have been instrumental in our under-
standing of normal endocytic processes. The unexpected observa-
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