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Summary

Enterovirus D68 (EV-D68) is a medically important respiratory plus-strand RNA virus of children 

that has been linked to acute flaccid myelitis. We have determined that EV-D68 induces 

autophagic signaling and membrane formation. Autophagy, a homeostatic degradative process that 

breaks down protein aggregates and damaged organelles, promotes replication of multiple plus-

strand viruses. Induction of autophagic signals promotes EV-D68 replication, but the virus inhibits 

the downstream degradative steps of autophagy in multiple ways. EV-D68 proteases cleave a 

major autophagic cargo adaptor and the autophagic SNARE SNAP29, which reportedly regulates 

fusion between autophago-some to amphisome/autolysosome. Although the virus inhibits 

autophagic degradation, SNAP29 promotes virus replication early in infection. An orphan 

SNARE, SNAP47, is shown to have a previously unknown role in autophagy, and SNAP47 

promotes the replication of EV-D68. Our study illuminates a mechanism for subversion of 

autophagic flux and redirection of the autophagic membranes to benefit EV-D68 replication.

Graphical abstract

Enterovirus D68, a medically important respiratory virus, benefits from signaling to the host 

degradation pathway of autophagy. Corona et al. show that EV-D68 disrupts autophagic 

degradation in multiple ways, including manipulation of cellular SNAREs, to promote replication 

and dissemination. This suggests that redirected autophagy promotes exit of virus from cells.
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Introduction

Enterovirus D68 (EV-D68) is a positive-sense, single-stranded RNA virus of the 

Picornaviridae family, first isolated in 1962, which causes a mild, upper respiratory illness 

(Esposito et al., 2015; Schieble et al., 1967). EV-D68 cases have been increasing in 

frequency and severity over the last decade, with outbreaks in the US in 2014 and 2016 

(Midgley et al., 2015; Wang et al., 2017). It is likely that the number of cases is severely 

under-reported, as only the most severe clinical presentations are tested for EV-D68, 

allowing many infections to go undetected as asymptomatic or mild flu-like cases (Oberste 

et al., 2004). Recently, infections are often correlated with cases of acute flaccid myelitis 

(AFM) (Aliabadi et al., 2016; Messacar et al., 2015). AFM is a rare condition that causes 

weakening in the muscles and is seen most often in children (Andersen et al., 2017; Oster et 

al., 2017, Soc. Neuroped., abstract). Though the link between EV-D68 and AFM is still 

under investigation, a mouse model fulfills Koch's postulates for virus as a cause of 

paralysis, suggesting that EV-D68 may be a cause of AFM cases (Hixon et al., 2017). EV-

D68 remains relatively understudied, and much about the interactions between the cell and 

the virus has yet to be elucidated.

Many pathogens interact positively or negatively with the host autophagic pathway. 

Autophagy is a process of homeostatic degradation in a cell, used to create nutrients in times 

of stress and asa mechanism to recycle damaged organelles or microbes in the cytosol 

(Karanasios and Ktistakis, 2016). Autophagy initiation is regulated by a tightly controlled 

web of post-translational modifications and is monitored by the conversion of microtu-bule-

associated protein 1A/1B-light chain 3 (LC3) from its cytosolic resting state (LC3-I) to the 

lipidated form LC3-II, with the addition of a phosphatidylethanolamine by E3-like 

conjugation enzymes (Nakatogawa, 2013). The process is characterized by the formation of 

a crescent membrane that engulfs cytosolic cargo and forms a double-membraned vesicle, 

termed an autophagosome (Landajuela et al., 2016). The autophagosome fuses with an 
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acidifying endosome, which delivers vacuolar ATPases, and the resultant vesicle is termed 

the amphisome (Seglen, 2008). This acidification is required for lysosomal fusion. The 

amphisome fuses with the lysosome to form an autolysosome, in which autophagic cargo is 

degraded, including cargo adaptor molecules, such as SQSTM1 (Ni et al., 2011). SQSTM1 

levels indicate whether or not autophagosomes are successfully delivering their cargo to 

lysosomes for degradation.

The fusion events in autophagy are coordinated by a class of proteins called soluble N-

ethylmaleimide-sensitive factor attachment receptors (SNAREs) (Wang et al., 2016). 

SNARE fusion bundles require 4 a helices to function: Qa; Qb; Qc; and R (Rizo, 2003). 

STX17 is the Qa SNARE on the autophagosome that coordinates its fusion with other 

vesicles (Itakura et al., 2012). SNAP29 is a cytosolic Qbc SNARE that binds to STX17, 

donating its two helices to the forming fusion bundle (Morelli et al., 2014). VAMP8 is an R 

SNARE, found on lysosomal and endosomal membranes, that binds to STX17-SNAP29, 

tethering the membranes together for fusion (Diao et al., 2015). The family of known Qbc 

SNARES is small, consisting of SNAP25 exclusively in neurons, SNAP23 at plasma 

membranes, SNAP29, and the larger SNAP47, which is thought to be associated with 

endosomes (Holt et al., 2006; Kloepper et al., 2007; Kuster et al., 2015). It has been 

suggested that picornavirus proteins can interact with autophagosomal SNAREs to help form 

the autolyso-some (Lai et al., 2017).

Many pathogens are degraded by autophagy, but some sub-vert the process for their own 

benefit, including several picorna-viruses (Jackson, 2014; Shi and Luo, 2012). Previous 

work by our group has demonstrated that poliovirus 1 (PV) uses acidic amphisomes to 

promote virus replication and maturation (Richards and Jackson, 2012). Coxsackievirus B3 

induces the autophagic pathway but may inhibit degradation of autophagic cargo (Alirezaei 

et al., 2015; Shi et al., 2014; Wong et al., 2008). We report here that EV-D68 induces 

autophagy signaling to benefit its replication and manipulates the autophagosomal SNAREs. 

SNAP29 has important roles early in EV-D68 replication and late in cellular exit, when 

SNAP29 is cleaved by EV-D68 viral protease 3C. We show that SNAP47 is required for 

autophagic flux and benefits virus replication. Our data suggest that the manipulation of 

SNAREs can impact the growth and trafficking of picornaviruses.

Results

EV-D68 Is Affected by Autophagy-Altering Treatments

To characterize the effect of autophagy on EV-D68, we treated cells with an autophagy 

inhibitor, bafilomycin A1 (BafA1). BafA1 inhibits acidification of cellular compartments, 

including amphisomes, blocking autolysosome formation. H1HeLa cells were treated with 

BafA1 for 18 hr and then infected with EV-D68. Viral titers were analyzed by plaque assay 

for cell-associated (Figure 1A) and extracellular (Figure 1B) virus. We found a significant 

drop in cell-associated virus in BafA1-treated cells. Parallel uninfected cells were collected 

for western blotting for LC3 and SQSTM1 to assess the effect of the treatment on autophagy 

(Figure 1C) and found buildup of these markers, consistent with autophagic inhibition.

Corona et al. Page 3

Cell Rep. Author manuscript; available in PMC 2018 April 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Because autophagic inhibition was detrimental to virus replication, we wanted to test 

autophagic activation. Cells were incubated in starvation medium and induction of 

autophagy in H1HeLa cells validated by western blot (Figure S1). Cells were starved for 4 

hr, infected with EV-D68, and placed in complete media. Starvation prior to infection caused 

a significant increase in cell-associated (Figure 1D) and extracellular (Figure 1E) virus. 

SQSTM1 levels were analyzed by western blot at the end of the starvation period, 

confirming autophagy induction (Figure 1F). The increase in cell-associated virus supports 

that autophagy benefits viral replication. The increase in extracellular virus may suggest that 

autophagy also promotes exit of viral particles from the cell.

To confirm these data, we used a small-molecule autophagy activator, trifluoperazine, which 

induces a buildup of LC3-II (Zhang et al., 2007). Cells were treated for 18 hr with 8.3 mM 

trifluoperazine and assayed for autophagy markers. LC3-II levels did increase post-treatment 

(Figure S2A). SQSTM1 levels, however, also increased upon treatment, suggesting 

trifluoperazine may block autophagic flux, similar to BafA1 treatment. Trifluo-perazine 

treatment induced a significant drop in both cell-associated and extracellular virus titers 

(Figures S2B and S2C). These data suggest, again, that autophagy is beneficial for the virus 

and open new questions to the mechanism of action of trifluoperazine.

To avoid problems associated with pharmaceutical autophagy regulators, we targeted the 

specific autophagy protein ATG7, a critical player in the LC3 conjugation process required 

for autophagosome formation (Nakatogawa, 2013). We used two different small interfering 

RNAs (siRNAs) to successfully target ATG7, and knockdown caused a significant drop in 

cell-associated and extracellular EV-D68 titers (Figures 1G and 1H). This supports the 

model that EV-D68 benefits from the presence of autophagy in host cells.

EV-D68 Alters Intracellular Morphology during Infection

Picornaviruses manipulate the membrane landscape in a cell during an infection. Membrane 

rearrangements seen in the cell include single-membraned vesicles, tubular structures, and 

autophagic membranes (Belov et al., 2012). Because, as shown in Figure 1, EV-D68 

infection benefits from autophagy, it would be expected that EV-D68 would also generate 

double-membraned vesicles (DMVs) characteristic of induction of the autophagy pathway. 

Cells were infected with an MOI of 25 and prepared for transmission electron microscopy 

(TEM). Figure 2 shows representative images of mock and infected cells. In the infected 

cells, there are increased groupings of vesicles when compared to mock cells, some of which 

were double membraned, as seen on the more magnified image. These DMVs are suggestive 

of autophagic vesicles and demonstrate that EV-D68 induces autophagosome-like vesicles 

during its replicative cycle.

Traditional Autophagy Markers Respond to EV-D68 Infection

We investigated the subcellular localization of LC3 during EV-D68 infection. Previous 

reports have shown that LC3, normally diffuse in the cytosol, aggregates to visible puncta 

when autophagy is stimulated. H1HeLa cells were transfected with a GFP-LC3 plasmid for 

24 hr and then infected with EV-D68 or placed in starvation medium. We show in Figure 3A 

that fed uninfected cells display diffuse cytosolic localization of GFP-LC3 as expected, 
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whereas starvation or infection induces formation of numerous puncta throughout the cell. 

This suggests that autophagosomes increase in both infected and starved cells.

We tested for the presence of LAMP1 and cathepsin B (CTSB) on GFP-LC3-labeled 

vesicles in Figure S3. LAMP1 is a marker of endosomes and target vesicles that have fused 

with endosomes, whereas CTSB is a marker of lysosomes and vesicles that have fused with 

lysosomes. GFP-LC3-transfected H1HeLa cells were infected or starved and then stained for 

LAMP1 or CTSB. Normally, LAMP1 is observed in punctate structures, consistent with 

endosomes, which do not colocalize with GFP-LC3 puncta. During infection, LAMP1 

partially colocalizes with GFP-LC3 puncta, suggesting that some autophagosomes have 

fused with endosomes. This is similar to the result seen during starvation (Figure S3A).

The mock condition for CTSB staining showed a few, punctate, presumably lysosomal 

structures. During infection, GFP-LC3 puncta and CTSB puncta do not significantly 

overlap, in contrast to starvation conditions, in which autophagy progresses to the 

maturation of the autophagosome or amphisome to an autolysosome. An autolysosome is 

expected to be LC3 positive on the outer membrane but CSTB positive in the center of the 

enlarged vesicle. We have denoted structures consistent with this (solid white arrowheads) in 

the starved cell image. However, similar structures do not appear in the EV-D68 condition. 

These data suggest that the autophagosome or amphisome is unable to form autolysosomes 

in virus-infected cells.

LC3-I and LC3-II levels over the course of an EV-D68 infection were examined by western 

blot (Figure 3B). LC3-II levels start increasing at 2 hr post-infection. Another set of samples 

was immunoblotted for SQSTM1 (Figure 3C). Full-length SQSTM1 levels decrease late in 

infection; longer exposures reveal the appearance of a minor, approximately 34-kDa band 

beginning at 3 hr post-infection. Similar data from studies of coxsackievirus B3 were 

demonstrated to represent cleavage of SQSTM1 by the 2A viral protease (Shi et al., 2013).

We investigated the similarity between this cleavage of SQSTM1 by EV-D68 and the 

cleavage seen by Shi et al. (2014) and obtained SQSTM1-expressing plasmids from the 

authors. The first plasmid was a SQSTM1 wild-type plasmid, originally sourced from Yu et 

al. (2009). The second plasmid was SQSTM1-MT, which was mutated at G241 (G241E), the 

site found in the prior publication for the protease-mediated cleavage of SQSTM1. Either 

pcDNA vector, SQSTM1-WT, or SQSTM1-MT were transfected into H1HeLa cells for 40 

hr and then infected at an MOI of 25 with EV-D68 for 5 hr (Figure 3D). Cell samples were 

collected and immunoblotted for full-length and cleaved forms of SQSTM1. Our data 

suggest a common mechanism of SQSTM1 cleavage between these two viruses.

To determine whether SQSTM1 cleavage is common among picornaviruses, other family 

members were tested for their ability to induce this cleavage of SQSTM1. Three viruses 

were tested: poliovirus 1 (PV); rhinovirus 1A (RV1A); and coxsackievirus B3-Woodruff 

(CVB3). Our group and others have reported that PV subverts autophagy to benefit its own 

replication, and reduction of full-length SQSTM1 was previously interpreted as an 

indication of active autophagic degradation (Richards and Jackson, 2012). RV1A does not 

require the autophagy pathway to replicate (Quiner and Jackson, 2010). Finally, CVB3 was 
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tested as a positive control (Shi et al., 2013, 2014). At 6 hr post-infection with PV, a strong 

34-kDa band appears cross-reacting with SQSTM1 (Figure 3E). RV1A infection generated a 

minor 34-kDa band, whereas during CVB3-Woodruff infection, essentially all detectable 

SQSTM1 was 34 kDa, indicating that a high percentage of the host protein is cleaved 

(Figure 3E). These data strongly suggest that monitoring full-length SQSTM1 is not a valid 

measurement of degradative autophagy during picornavirus infection.

EV-D68 Infection Affects Autophagosomal SNARE Protein Levels

Because the standard assay for degradation by autophagy pathway cannot be interpreted 

during EV-D68 infection, due to cleavage of SQSTM1, we decided to monitor the SNARE 

complex responsible for fusion of the autophagosome with the lysosome, facilitating the 

delivery of degradative enzymes into the lumen of the autophagosome: STX17; SNAP29; 

and VAMP8. We were interested in autophagy-specific SNAREs, so we focused on SNAP29 

and STX17. H1HeLa cells were infected for 5 hr and lysates immunoblotted for SQSTM1, 

LC3, STX17, and SNAP29 (Figure 4). We observe a surprising increase in STX17 levels; 

because EV-D68 shuts down both RNA Pol II transcription and cap-dependent mRNA 

translation, new production of host proteins is unexpected. An internal ribosomal entry site 

(IRES) would allow more protein translation from existing RNAs during the course of the 

infection, but to our knowledge, STX17 has not been identified in screens for host mRNAs 

that contain an IRES (http://www.iresite.org). It is possible that the actual abundance of the 

protein is not increasing, but that there are changes in its cellular localization or membrane 

association, and that one of these factors makes STX17 more easily detected by western blot 

over the course of the infection.

We detect lower levels of the cytosolic SNARE SNAP29 beginning at 3 hr post-infection. 

SNAP29 is a necessary component of the amphisome-lysosome fusion complex. The timing 

of this loss of full-length SNAP29, at a similar time post-infection as SQSTM1 cleavage and 

about 1 hr after LC3-II protein levels increase, suggests that EV-D68 is inducing 

autophagosomes, but both inhibiting delivery of cargo to the autophagosomes and 

preventing delivery of any surviving cargo to the lysosome. This suggests that EV-D68 

interrupts autophagy at the autophagosome or amphisome stage.

SNAP29 Reduction Is a Result of Cleavage by EV-D68 3C Protease

To understand the mechanism by which SNAP29 protein levels are reduced during infection, 

we infected H1HeLa cells and then treated with pepstatin A and E64D (to inhibit lysosomal 

proteases), MG132 (to inhibit the proteasome), cycloheximide (to inhibit translation), or 

DMSO (as a vehicle control; Figure S4A). SNAP29 levels remained consistent throughout 

the treatments in uninfected cells. SNAP29 levels also remained consistent during 

cycloheximide treatment, suggesting that the reduction in protein is not due to turnover in 

the absence of new host protein synthesis during EV-D68 infection. In cells which were 

infected and then DMSO, pepstatin A/E64D, or MG132 treated, SNAP29 levels were 

reduced. Data in Figures S3B–S3D confirm that treatment of cells with pepstatin A/E64D 

and MG132 did not inhibit virus replication.
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Because the inhibitors failed to rescue SNAP29 levels, we investigated a role for viral 

proteases in eliminating full-length SNAP29. We used two different SNAP29 antibodies to 

probe for SNAP29 in infected cell lysates: one that detects the C-terminal region of SNAP29 

(ab138500) and one that detects the N-terminal domain of SNAP29 (ab181151; Figure 5A). 

We were able to detect an N-terminal fragment of SNAP29 beginning 3 hr into infection at 

approximately 18 kDa. We detected the C-terminal fragment of SNAP29 beginning at 3 hr 

into infection at approximately 11 kDa.

We constructed a 3C-expressing plasmid that independently expresses GFP to confirm 

transfection. We transfected the construct, the FLAG-SNAP29 plasmid, and/or 

corresponding empty vectors into H1HeLa cells for 48 hr. Lysates were immunoblotted for 

FLAG and GFP (Figure 5B). Upon cotransfection with FLAG-SNAP29 and EV-D68 3C 

protease, a FLAG-reactive band is observed at approximately 25 kDa, the expected 

molecular weight of the N-terminal cleavage fragment with the 3×-FLAG tag. Based on this 

size information and the SNAP29 protein sequence, two putative cleavage sites for the viral 

3C protease were identified, which we would expect to produce fragments of approximately 

11 kDa and 18 kDa (Figure 5C). We generated point mutant-containing versions of the 

FLAG-SNAP29 plasmid for both of the putative cleavage sites, Q156A and Q161A. These 

constructs were transfected into 293T cells for 24 hr and then cells were infected with EV-

D68. We show in Figure 5D that SNAP29 mutant Q156A, although not expressed at high 

levels, was still cleaved during EV-D68 infection. Mutant Q161A, however, was not cleaved. 

Subsequent experiments co-expressing both mutants with the EV-D68 2A and 3C protease-

expressing plasmids indicate that the 3C protease can cleave FLAG-SNAP29-Q156A, but 

not FLAG-SNAP29-Q161A (Figure S5). These data together demonstrate that reduction in 

full-length SNAP29 during EV-D68 infection is the result of cleavage by the viral 3C 

protease at Q161.

SNAP29 Affects EV-D68 Replication in H1HeLa Cells

To further examine the role that SNAP29 plays during EV-D68 infection, siRNA-mediated 

knockdown of SNAP29 was carried out (Figure 6C). After a 48-hr knockdown and 

subsequent low-MOI infection, cell-associated virus (Figure 6A) and extracellular virus 

(Figure 6B) were analyzed by plaque assay. There was an approximately 10-fold reduction 

in cell-associated virus and an approximate 8-fold reduction in extracellular virus. We had 

hypothesized that loss of SNAP29 would have a positive effect on viral replication, because 

SNAP29 levels decrease late in infection (Figure 4); however, as shown here, a reduced level 

of SNAP29 prior to infection results in a significant drop in titer. These data may suggest an 

important role for SNAP29 early in the replication cycle of EVD68.

We next used a FLAG-tagged expression construct for SNAP29 and transfected the plasmid 

into H1HeLa cells 40 hr prior to infection. By overexpressing SNAP29, we hoped to 

maintain a population of full-length SNAP29 throughout the entire EV-D68 infection. 

Uninfected transfected H1HeLa cells were collected to confirm the overexpression by 

western blot (Figure 6F). We found that there was a slight reduction in the cell-associated 

virus but a significant 4-fold increase in extracellular virus in cells still retaining SNAP29 

(Figure 6DE). This suggests that any remaining full-length SNAP29 may play a role in the 

Corona et al. Page 7

Cell Rep. Author manuscript; available in PMC 2018 April 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



release of the virus. It is clear that SNAP29 plays very different roles in the EV-D68 life 

cycle early and late in infection.

Because SNAP29 requires STX17 and VAMP8 to carry out its membrane fusion function, 

we next co-expressed the proteins in multiple combinations (Figure S4C). Overexpression of 

SNAP29-VAMP8 and the combination of SNAP29-STX17-VAMP8 both significantly 

decreased cell-associated EV-D68 (Figures S4A and S4B). We hypothesize that co-

expression creates more fusion complex availability within the cell, decreasing the ability of 

the virus to escape degradative autophagy. Consistent with this hypothesis, overexpression of 

SNAP29 significantly increased extracellular virus levels (Figure 6E). We next analyzed the 

effect on autophagy. SQSTM1 levels were increased slightly in the SNAP29 and VAMP8 

dual cotransfection lanes and then dropped below control levels in the triple SNARE 

overexpression lanes (Figure S4C). LC3-II levels were increased in the single-transfection 

lanes of SNAP29, STX17, or VAMP8 but dropped in co-transfection conditions. This 

suggests that autophagic flux is only enhanced in the presence of the autophagic SNARE 

complex and transfection of a single autophagic SNARE is not sufficient for enhanced flux.

Because our data suggested a role for SNAP29 in early steps of the EV-D68 life cycle, we 

analyzed virus entry, host shutoff, and polyprotein production and processing using 

metabolic labeling of infected cells. Post-infection, cells were either kept in complete media 

or placed in methionine-, glutamine-, and cysteine-free minimum essential medium (MEM) 

supplemented with 100 μCi/mL of 35S-methionine and collected immediately following a 1-

hr treatment. Lysates were subjected to SDS-PAGE and exposed to film (Figure 6H). As 

expected, EV-D68 shuts down host translation beginning 2 or 3 hr into the infection. In 

SNAP29 siRNA-treated samples, there is a reproducible 1-hr delay in host translation 

shutoff, although from these data, we cannot identify the specific step in early virus events 

that SNAP29 affects.

Role of SNAP47 in EV-D68 Replication

We have demonstrated that SNAP29 has a complex role in EV-D68 replication. There are 

two other SNAP homologs in non-neuronal cells, SNAP23 and SNAP47 (Holt et al., 2006; 

Kloepper et al., 2007; Kuster et al., 2015). Because SNAP23 localizes to the plasma 

membrane, we decided to analyze SNAP47, which, due to its putative endosomal 

association, could play a role in autophagosome acidification and maturation (Kuster et al., 

2015). No role for SNAP47 in autophagy or RNA virus infection has been described to date, 

but we have previously demonstrated that autophagosome acidification is crucial for 

picornavirus particle maturation (Richards and Jackson, 2012). We began with siRNA 

knockdown of SNAP47 alone and in combination with SNAP29. Due to the high level of 

homology between these two proteins, we confirmed siRNA specificity (Figure 7A). 

Autophagic activity was assessed by LC3-II formation and SQSTM1 steady-state levels 

(Figure 7B). Surprisingly, the data show that loss of SNAP47 inhibits autophagic 

degradation to a greater degree than loss of SNAP29, as monitored by both LC3-II formation 

and SQSTM1 degradation. We find that loss of SNAP47 inhibits virus production by more 

than two logs (Figure 7C) and extracellular virus by more than one log (Figure 7D). We 
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conclude that SNAP47 plays a major role in producing infectious virions but inhibits release 

of virus from cells.

During a time course of infection of H1HeLa cells, there is a modest reduction in SNAP47 

protein levels by 5 hr post-infection (Figure 7E). Whereas not a complete loss of detectable 

protein, as observed for SNAP29, it is reproducible, and we investigated the mechanism of 

protein loss. Co-expression of EV-D68 proteases and SNAP47 provided no detection of 

apparent cleavage products (Figure S7A). We also tested whether it was a classical, cell-

mediated method of degradation, utilizing the lysosome or proteasome, or if the cap-

dependent translation shutoff was enough to affect SNAP47 protein levels. There is a 

statistically significant drop in SNAP47 levels when cells are treated with cycloheximide. 

This implicates virus-mediated translation inhibition, although little is known about the half-

life of SNAP47 protein and more investigation is yet required to support this conclusion 

(Figures S7B and S7C). We conclude SNAP47 plays a significant role in both autophagy 

and EV-D68 replication and speculate that these roles are connected.

Discussion

In general, positive-strand RNA viruses have been shown to either benefit from, or be 

indifferent to, the autophagy pathway (Shi and Luo, 2012). Here, we demonstrate, through 

use of pharmacological agents and genetic knockdown, that activating the autophagy 

pathway promotes replication of EV-D68. Inhibition of autophagosome acidification and 

cargo delivery to lysosomes using BafA1 reduced cell-associated EV-D68 titers by more 

than one log. Silencing of ATG7 to disrupt proper autophagic membrane formation also 

significantly decreased viral titers. Induction of autophagy through cell starvation increased 

cell-associated virus by more than two-fold but reduced extracellular titers to approximately 

the same degree (Figure 1). Autophagic signaling is, therefore, a positive force for virus 

replication.

We therefore expected that the virus induces the autophagy pathway during infection, and 

we have identified multiple hallmarks of autophagic activation. Double-membraned 

vesicular structures resembling autophagosomes are generated during infection (Figure 2). 

These vesicles have apparent cytosolic contents and are approximately 100–300 nm in 

diameter, which is consistent with autophagic structures. The LC3 protein islipidated during 

infection, a hallmark of autophagy signaling, and GFP-LC3 puncta are observed, consistent 

with autophagosome formation (Figure 3). We conclude that infection promotes signaling to 

the autophagy pathway and generation of autophagic structures.

Autophagy is regulated at multiple steps, and induction of the pathway does not necessarily 

mean degradation will be induced. Delivery of cargo to autophagosomes, autophagosome 

acidification into amphisomes, and fusion of amphisomes with lysosomes can all be 

regulated. Autophagic degradation is commonly assayed by monitoring the steady-state 

levels of SQSTM1, a primary cargo adaptor for contents destined for the autophagosome. As 

seen in Figure 3, SQSTM1 is cleaved during infection by multiple picornaviruses, including 

PV, RV1A, and EV-D68. This was previously shown for CVB3 by the Luo lab, but here, we 

demonstrate that this is a common viral mechanism (Shi et al., 2014).
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This significance of SQSTM1 cleavage is two-fold. First, because SQSTM1 is the most 

common assay for autophagic degradation, loss of the full-length protein can be 

misinterpreted if a relatively minor 34-kDa species is missed. In our previous work on PV, 

we misinterpreted loss of SQSTM1 as induction of autophagic degradation (Richards and 

Jackson, 2012). At the time, we were puzzled: if non-infectious particles were maturing into 

infectious virions inside amphisomes, how is autophagic degradation occurring without a 

loss of titer? Here, this issue is resolved with the realization that loss of full-length SQSTM1 

during infection does not indicate autophagic degradation. Second, cleavage of SQSTM1 

indicates that cargo is not being delivered to autophagosomes. Not only is this a false 

positive for degradation, it actually means the opposite is taking place: an inhibition of 

degradation.

To further investigate EV-D68 inhibition of the degradative step of autophagy, examination 

of a SNARE complex, which mediates fusion events of autophagic vesicles, was carried out. 

The three members of the complex, STX17, SNAP29, and VAMP8, each contribute coiled-

coil domains to form a tight complex mediating the membrane fusion steps between 

autophagosomes, amphisomes, and autolysosomes (Wang et al., 2016). SNAP29 interacts 

with enterovirus A71 2BC protein, making it a known target for picornavirus regulation (Lai 

et al., 2017). As seen in Figure 4, we observe a distinct loss of full-length SNAP29 during 

infection and an apparent increase in detectable STX17. A loss of SNAP29 should result in 

inhibition of fusion, halting degradative autophagy.

Given our data regarding SQSTM1, we wanted to investigate the mechanism of SNAP29 

loss. We demonstrate an EV-D68 3C-mediated proteolytic cleavage of SNAP29 at Q161 

(Figure 5). Based on size and potential cleavage sites, the data predict that the N-terminal 

coiled-coil domain of SNAP29 (amino acids [aas] 50–132) would be separated from the C-

terminal coiled-coil domain (aas 197–258) by this cleavage event (Scales et al., 2000). The 

two halves should independently interact with STX17 and VAMP8, preventing formation of 

the membrane-fusion complex. It has been reported that, in non-starvation conditions, 

SNAP29 is O-GlcNac modified on residues Ser2, Ser61, Thr130, and Ser153, and these 

modifications inhibit the autophago-some-lysosome fusion process (Guo et al., 2014). These 

modifications are all N-terminal to the two putative cleavage sites, creating an N-terminal 

cleavage fragment that may inhibit fusion. It is possible, as with SQSTM1, that relatively 

minor cleaved species could act as dominant negatives, preventing autophagic cargo delivery 

to lysosomes. Our data support this model. The endosomal marker LAMP1 partially 

colocalizes with LC3 during infection, whereas CTSB does not colocalize with LC3 (Figure 

S3). This indicates that endosome-autophagosome fusion can occur, delivering LAMP1 and 

acidifying vacuolar ATPases, but the subsequent lysosome fusion step is blocked. We 

hypothesize this block is due to SNAP29 cleavage.

SNAP29 promotes both virus replication and virion exit from cells (Figure 6). There is a 

slight delay in an early step, possibly virus entry, translation, or host-shutoff, in the absence 

of SNAP29, as seen in Figure 6H. This difference is reproducible, and we plan to investigate 

the role of SNAP29 early in EV-D68 infection. Overexpression of SNAP29 only slightly 

decreased cell-associated virus. Surprisingly, overexpression increased virus release 

significantly. It is possible that SNAP29 may be able to bind to target SNAREs on the 
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plasma membrane to promote exit in a non-physiological situation, such as overexpression, 

where full-length SNAP29 persists through viral replication. SNAP29 has been shown to 

interact with enterovirus A71 capsid protein (Lai et al., 2017).

The family of Snap Qbc SNAREs is relatively small: the neuron-specific SNAP25; the 

plasma-membrane localized SNAP23; cytosolic SNAP29; and the less-characterized 

membrane-associated SNAP47. We were interested in determining whether SNAP47, which 

is largely cytosolic but associates with endosome- and Golgi-resident VAMP proteins, plays 

a role in EV-D68 replication (Holt et al., 2006; Kuster et al., 2015). We found that 

knockdown of SNAP47 had a larger inhibitory effect on EV-D68 growth than SNAP29 

knockdown (Figure 7). In addition, there was a significant increase in released virus, despite 

the loss of cell-associated virus. We analyzed autophagy in cells knocked down for SNAP47 

and found a major reduction in degradation, with little change in signaling, as would be 

expected for a SNARE protein with a role in autophagy. In fact, our data indicate that 

knockdown of SNAP47 has a more significant effect on autophagy than knockdown of 

SNAP29, paralleling the relative effects of knockdown of these proteins on EV-D68 

replication. Our data indicate that SNAP47 is a major SNARE in the autophagic pathway, 

and the specific role of SNAP47 in autophagy is being investigated.

We hypothesize that, whereas both SNAP29 and SNAP47 play roles during EV-D68's viral 

cycle, they participate at different stages. In Figure 4, we see that SNAP29 protein levels are 

reduced late in infection, which is, as shown in Figure 5, likely to be the result of cleavage 

by a viral protease, such as 3C. However, when SNAP29 protein levels are reduced by 

siRNA knockdown prior to infection, resulting viral titers significantly dropped (Figures 6A 

and 6B). We conclude that SNAP29 plays a positive role early in infection but is not 

required late in infection. How SNAP29 promotes EV-D68 replication early in the virus life 

cycle is still being determined.

The importance of acidification to EV-D68 made us question how the endosome and 

lysosome were able to fuse with the autophagosome in the viral-mediated absence of 

SNAP29. The potential role of SNAP47 in endosome trafficking led us to investigate 

SNAP47 in autophagy and EV-D68's life cycle. After we observed the inhibition of 

SQSTM1 degradation in the absence of SNAP47, we concluded that there may be more than 

one SNAP involved with the autophagic process. A previous study on SNAP47 showed 

subcellular localization to be throughout the cytosol yet often punctate. The same study also 

showed the ability for SNAP47 to substitute for another SNARE, SNAP25, forming an 

active fusion complex (Holt et al., 2006). SNAP47 itself interacts with VAMP7 and VAMP4, 

which are associated with the endosome and trans-Golgi, respectively (Kuster et al., 2015). 

During an infection with EV-D68, a modest decrease of SNAP47 occurs (Figure S7), which 

may be due to the relatively short half-life of the protein and the presence of a translational 

shutoff during infection, common among picornavi-ruses, but which we demonstrate here 

for EV-D68 (Figure 6H). We hypothesize SNAP47 is able promote autophagosome 

acidification, which benefits EV-D68.

In summary, we have identified a major role for autophagic signaling and autophagic 

membrane rearrangements in EV-D68 replication. However, the virus inhibits the 
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downstream, degradative aspects of autophagy at multiple levels by cleaving a major cargo 

adaptor and a SNARE protein, SNAP29, reported to be important for delivering amphisome 

cargo to the lysosome. We have demonstrated that a second SNARE, SNAP47, has major 

effects on autophagic degradation and EV-D68 growth. We suggest that EV-D68 reshapes 

the autophagic pathway to prevent degradation of virus and promote virus replication and 

exit from the cell. In the last several years, it has been demonstrated that multiple 

picornaviruses exit cells in membraned form, and in some cases, these membranes are 

derived from the autophagy pathway (Chen et al., 2015; Feng et al., 2013; Robinson et al., 

2014). We suggest that EV-D68 may be reshaping the autophagy pathway to allow 

autophagosome-like vesicles filled with infectious virus to exit the cell instead of being 

targeted to the lysosome and are currently testing this model. We believe that this may be a 

general model for picornavirus egress from cells, and another paper in this issue of Cell 
Reports by Mohamud et al. (2018), showing similar data for coxsackievirus B3, 

demonstrates the wide potential for understanding the roles of autophagic SNAREs in 

replication of positive-strand RNA viruses.

Experimental Procedures

Viral Infections

Viral infections were carried out in H1HeLa cells, except where noted. Adsorptions were 

carried out in PBS with added calcium chloride and magnesium chloride (PBS+) for 30 min 

at 37°C and then rinsed with PBS and covered in complete media for the incubation period.

Drug Treatments

Bafilomycin A1 was prepared in ethanol and used at 0.1 mM for an 18-hr pre-treatment 

before and during viral infection. Starvation media as described in Axe et al. (2008) was 

used prior to viral infection. Pepstatin A (10 mg/mL) and E64D (100 mM) were prepared in 

DMSO. MG132 (20 mM) and cycloheximide (100 mM) were purchased ready made in 

DMSO.

Plaque Assays

Extracellular virus was collected by taking a 1-mL sample of the supernatant. Cell-

associated virus was collected by aspirating supernatant off the cell monolayer, adding 1 mL 

PBS+, and scraping the cells into a microcentrifuge tube. Samples were freeze thawed, and 

viral titers were then determined by plaque assay. Samples were serially diluted in PBS+ and 

added to H1HeLa cells. After adsorption, plates were overlaid with a 23 MEM/2% agar 

mixture and incubated for 40 hr. Agar was removed, and cells were fixed and stained.

Western Blotting

Cell samples were lysed and loaded onto polyacrylamide tris-glycine gels for SDS-PAGE. 

Gels were run at 90 V and transferred to polyvinylidene fluoride (PVDF) via iBlot 2 

(Invitrogen). Blots were blocked in 5% milk/TBS-T for 1 hr and then incubated with 

primary antibody overnight at 4°C. Blots were washed three times and incubated with 

secondary antibody for 1 hr at room temperature. Blots were developed using Western 

Lightning ECL on a Bio-Rad ChemiDoc.

Corona et al. Page 12

Cell Rep. Author manuscript; available in PMC 2018 April 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



siRNA Knockdowns

siRNAs against ATG7, SNAP29, and SNAP47 were manufactured by Sigma and sequences 

provided in Supplemental Experimental Procedures. Either Mission siRNA Universal 

Negative Control 1 or gene-of-interest siRNAs were transfected using Lipofectamine 2000 

into H1HeLa cells 40 hr prior to experiment. Knockdown efficiency was analyzed by 

immunoblotting each experiment.

Plasmid Overexpression

FLAG-SNAP29, FLAG-STX17, and FLAG-VAMP8 plasmid constructs were obtained 

through Addgene as a gift from Noboru Mizushima (Addgene plasmids 45915, 45911, and 

45912, respectively). EVD68-2A and 3C, FLAG-SNAP29-Q156A and -Q161A plasmids 

were generated by PCR cloning. SQSTM1-WT and SQSTM1-MT plasmids were a gift from 

Honglin Luo. GFP-SNAP47 was purchased from OriGene Technologies. Plasmid-of-interest 

or pcDNA empty vector was transfected into H1HeLa cells or 293T cells for 24 hr prior to 

experiment, except where noted. Expression of protein was analyzed by western blot.

Fluorescence Microscopy

Coverslips were fixed in cold methanol for 15 min and blocked in PBS/5% normal goat 

serum and either 0.1% saponin or 0.3% Triton X-100 where noted. Coverslips were stained 

as described in Supplemental Experimental Procedures and mounted using Vectashield 

(H-1200). Images were obtained on a Zeiss LSM 710 using a 1003 oil-immersion objective.

Electron Microscopy

Samples were fixed in 2% paraformaldehyde/2.5% glutaraldehyde 5 hr postinfection. 

Samples were prepared for imaging as described in Supplemental Experimental Procedures 

and examined on a FEI Tecnai T12 electron microscope.

Autoradiography

Cells were incubated in a methionine and cysteine-free MEM that contained 100 mCi/mL 
35S methionine. Cells were treated for an hour at a time throughout the course of infection 

and collected after for SDS-PAGE. Gel dried was exposed to X-ray film for 24 hr.

Statistical Analysis

Statistical testing was done using Student's unpaired t tests, with significance defined as 

***p < 0.001, **p < 0.01, and *p ≤ 0.05. p > 0.05 was deemed not significant. “N” 

represents sum total of technical and biological replicates. All experiments were performed 

2–4 times.

Additional details for all methods can be found in the Supplemental Expermental 

Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Enterovirus D68 (EV-D68) induces and benefits from autophagy

• The autophagic SNARE SNAP29 promotes EV-D68 in early infection but is 

later cleaved

• The orphan SNARE SNAP47 promotes EV-D68 infection

• SNAP47 plays a major role in autophagy and EV-D68 replication
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Figure 1. EV-D68 Is Affected by Autophagy-Altering Treatments
(A and B) H1HeLa cells were treated with 0.1 mM BafA1 for 18 hr prior to infection and 

then infected at an MOI of 0.1 with EV-D68 for 6 hr. Viral titers were analyzed by plaque 

assay for both cell-associated virus (A; p = 0.0017) and extracellular virus (B).

(C) Autophagy markers SQSTM1 and LC3 were analyzed by western blot of parallel 

samples from (A) and (B).

(D and E) H1HeLa cells were treated with starvation medium for 4 hr prior to infection and 

then infected at an MOI of 0.1 with EV-D68 for 5 hr. See also Figure S1. Viral titers were 

analyzed byplaque assay for both cell-associated virus (D; p = 0.046) and extracellular virus 

(E; p = 0.0019).

(F) Parallel samples from (D) and (E) were analyzed by western blot. (G and H) H1HeLa 

cells were transfected with a control siRNA or one of two different siRNAs against ATG7 

for 40 hr. Cells were infected at an MOI of 0.1 with EV-D68 for 5 hr.

(G and H) Viral titers were analyzed by plaque assay for both cell-associated virus (G; p = 

0.044) and extracellular virus (H; p = 0.0078 and p = 0.0042, respectively). (I) Parallel 

samples from (G) and (H) were analyzed by western blot for knockdown efficiency. Western 

blots are representative from one of the 3 independent experiments. Viral titers are 

represented as the mean ± SEM. Statistical tests were done using an unpaired Student's t test 

with statistical significance set at **p < 0.01 and *p ≤ 0.05.

Corona et al. Page 18

Cell Rep. Author manuscript; available in PMC 2018 April 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. EV-D68 Changes Lipid Morphology upon Infection in H1HeLa Cells
(A–D) H1HeLa cells were infected with EV-D68 at an MOI of 25 for 5 hr. Cells were 

collected, fixed, and subjected to transmission electron microscopy preparations and 

imaging. Mock (A and B) and EV-D68-infected (C and D) samples were imaged. Images 

shown are representative of the dataset.
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Figure 3. Traditional Autophagy Markers Respond to EV-D68 Infection
(A) H1HeLa cells were transfected with GFP-LC3 for 24 hr prior to experiment. Cells were 

either untreated/mock, EV-D68 infected at an MOI of 25 for 4 hr, or treated with starvation 

medium for 4 hr. Cells were imaged for GFP fluorescence. Images shown are representative 

of 3 experiments.

(B and C) H1HeLa cells were infected with EV-D68 for 5 hr and samples collected every 

hour during infection. Samples were subjected to western blot analysis and immunoblotted 

for LC3 (B) or SQSTM1-FL and SQSTM1-CL (C).

(D) H1HeLa cells were transfected with pcDNA,SQSTM1-WT, or SQSTM1-MT 24 hr prior 

toinfection. Cells were infected at an MOI of 25 with EV-D68 for 5 hr. Parallel samples 

were immuno-blotted for SQSTM1.

(E) H1HeLa cells were infected with PV, RV1A, or CVB3 for 6 hr. Samples were subjected 

to western blot analysis for SQSTM1. CL, cleavage fragment;FL, full length.
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Figure 4. EV-D68 Infection Affects Autophagosomal Fusion SNARE Protein Levels
H1HeLa cells were infected at an MOI of 25 with EV-D68. Cells were collected every hour 

for 5 hr. Samples were prepared and subjected to western blotting analysis and then 

immunoblotted for SQSTM1, LC3, STX17, and SNAP29.

Corona et al. Page 21

Cell Rep. Author manuscript; available in PMC 2018 April 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. SNAP29 Reduction Is a Result of Cleavage by EV-D68's 3C Protease
(A) H1HeLa cells were infected at an MOI of 25 for 5 hr, and cells were collected every 

hour. Samples were subjected to western blot analysis and probed for SNAP29 using 

antibodies recognizing the C terminus and N terminus of the protein. Both short and long 

exposures are provided.

(B) H1HeLa cells were transfected with pcDNA, FLAG-SNAP29, PHAGE, or PHAGE + 3C 

for 48 hr. Samples immunoblotted for FLAG and GFP are shown.

(C) Amino acid alignment of SNAP29, with putative cleavage sites italicized and boxed.

(D) 293T cells were transfected with pcDNA, FLAG-SNAP29, FLAG-SNAP29 Q156A, or 

FLAG-SNAP29 Q161A for 24 hr. Cells were then infected with EV-D68 for 5 hr, and 

samples were collected. Samples were then immunoblotted for FLAG; full-length and 

cleavage bands are marked.
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Figure 6. SNAP29 Affects EV-D68 Infection in H1HeLa Cells
(A and B) Cells were transfected with a siRNA targeting SNAP29 40 hr prior to infection 

and then infected with EV-D68 at an MOI of 0.1 for 5 hr. Viral titers were analyzed by 

plaque assay for both cell-associated virus (A; p = 0.018) and extracellular virus (B; p = 

0.012).

(C) Parallel samples were analyzed by western blot for SNAP29. H1HeLa cells were 

transfected with a plasmid containing FLAG-SNAP29 40 hr prior to infection.

(D and E)Transfected H1HeLa cells were infected at an MOI of 0.1 with EV-D68 for 5 hr. 

Viral titers were analyzed by plaque assay for both cell-associated virus (D) and 

extracellular virus (E; p = 0.017).

(F) Western blot to examine FLAG-SNAP29 ectopic expression. Western blots are 

representative of 3 independent experiments.

(G and H) H1HeLa cells were transfected with siSNAP29 40 hr prior to infection, infected at 

an MOI of 25 with EV-D68, and metabolically labeled each hour with 35-S methionine.

(G) Samples were analyzed for SNAP29 in knockdown cells.

(H) Samples were subjected to SDS-PAGE and exposed to X-ray film.

Viral titers are represented as the mean ± SEM. Statistical tests were done using Student's t 

test with statistical significance set at *p ≤ 0.05.
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Figure 7. SNAP47 Is Essential for Degrada-tive Autophagy and Negatively Affects Viral Exit
H1HeLa cells were transfected with siControl, siSNAP29, or siSNAP47 40 hr prior to 

infection.

(A) Immunoblot for SNAP29 and SNAP47.

(B) Transfected cells were either starved for 5 hr, infected at an MOI of 25 with EV-D68, or 

untreated as control. Samples were immunoblotted for LC3 and SQSTM1. Densitometry is 

taken from 3 independent experiments.

(C and D) Transfected cells were infected at an MOI of 0.1 for 5 hr and collected for plaque 

assay analysis. Cell-associated (C; p = 0.00021) and extracellular virus (D; p = 0.0051) were 

analyzed via plaque assay. Viral titers are represented as the mean ± SEM. Statistical tests 

were done using an unpaired Student's t test with statistical significance set at ***p < 0.001, 

**p < 0.01, and *p % 0.05.

(E) H1HeLa cells were infected with EV-D68 at an MOI of 25 for 5 hr. Samples were 

collected each hour and a mock sample collected at 5 hr. Samples were immunoblotted for 

SNAP47.
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