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Abstract
Coxsackievirus B3 (CVB3) is a positive single-strand RNA virus of the enterovirus genus
that is implicated in diverse human pathologies from viral myocarditis to neurological disorders.
CVB3 infection has been linked to the cellular activation of the host autophagy pathway but the
underlying mechanisms remain unclear. The central hypothesis of the current dissertation is that
that CVB3 usurps the host autophagy pathway to promote viral propagation. To address this
hypothesis, I proposed to investigate how CVB3 disrupts important steps in the autophagy pathway
including the initiation of autophagosome biogenesis, selective recruitment of cargo, fusion of
autophagosomes with lysosomes, and overall lysosomal function. I have demonstrated that CVB3
infection disrupts multiple stages of the autophagy pathway to favor viral pathogenesis, including
the initiation of autophagosome biogenesis, the selective recruitment of substrates, the fusion of
autophagosomes with lysosomes, as well as lysosomal function. In particular, I uncovered that
CVB3 targets autophagy initiation factors such as ULK1/2, through viral proteinase-mediated
cleavage, to disrupt canonical autophagy signaling that is activated following physiological stimuli
such as starvation. Instead, I showed that CVB3 utilizes viral proteins to initiate non-canonical
autophagy that relies on PI4PKIIIβ kinase. In addition to disrupted autophagosome biogenesis, I
reported that CVB3 also targets the selective autophagy process by cleaving autophagy adaptor
proteins NDP52/CALCOCO2 through the activity of viral proteinase 3C, consistent with our
previous reports on adaptor proteins SQSTM1/p62 and NBR1. Furthermore, I uncovered that
CVB3 impairs the clearance function of autophagy by disrupting the autophagosome-lysosome
fusion process, in part through the cleavage of fusion adaptor and tethering factors SNAP29 and
PLEKHM1, respectively. Lastly, I identified that CVB3 targets the master regulator of lysosomal
biology, TFEB, through viral proteinase 3C-mediated cleavage to disrupt lysosome function.
Collectively, I identify viral proteinases as important pathogenic factors that not only facilitate
viral maturation but also disrupt the cellular recycling machinery of autophagy at multiple stages.
These findings are significant because they provide a strong foundation for targeting autophagy as
a strategy to combat viral pathogenesis.
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Lay Summary
Coxsackievirus B3 (CVB3) is a dangerous virus that can infect humans and lead to diseases
of the pancreas, brain, and heart by replicating inside the cells of these tissues. Recent evidence
shows that CVB3 disrupts autophagy inside cells to promote virus growth and cell death.
Autophagy is a self-digestion process that takes place inside cells to recycle damaged cellular parts
or invading pathogens. To counteract the efforts of the cell to defend itself from viral infection,
CVB3 has evolved to disrupt autophagy at multiple stages including the initial construction of the
autophagosome, the recruitment of cargo, and the late-stage fusion of autophagosome with a
degradative chamber called the lysosome. This thesis outlines the molecular components of
autophagy that are targeted by CVB3 to compromise this process in favor of viral pathogenesis.
Given that many viruses use autophagy to promote disease, the current research provides insight
into potential anti-viral therapy.
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Chapter 1: Introduction
Intertwined within the life cycle of enterovirus is the host autophagy pathway, which in
itself follows a perpetual cycle to maintain cellular homeostasis.1 In 1963, the Belgian biochemist
Christian de Duve first coined the term ‘auto-phagy’ from the Greek word ‘autophagos’ meaning
‘self-digestion’. In 1965, the group of George Emil Palade, a Romanian-American cell-biologist,
first described the emergence of ‘membrane-enclosed structures’ following poliovirus infection.2,
3

Nine years later, both scientists would go on to share the Nobel Prize in Medicine (1974) for their

pioneering discoveries of previously unknown cellular organelles, most notably the lysosome and
ribosome. These early discoveries piqued the interests of many researchers seeking to unravel the
relationship between enteroviruses (EVs) and the autophagy pathway. The current dissertation
describes novel molecular insights gained from exploring this relationship with the ultimate goal
of identifying targets for anti-viral therapy.
EVs, of the Picornaviridae family, are a genus of pathogenic viruses that cause diverse
human disorders. The major members of the EV genus include poliovirus (PV), echovirus,
coxsackievirus, enterovirus, and rhinovirus4. These medically important viruses pose a significant
health burden as evidenced by recent global epidemics across Asia and North America5, 6. EVs are
associated with broad human pathologies, ranging from the common cold to neurological disorder
(i.e., encephalitis, aseptic meningitis, and flaccid paralysis)7, cardiovascular damage (i.e., viral
myocarditis and dilated cardiomyopathy)8, and metabolic disease (i.e., type 1 diabetes)9. With the
exception of the successful PV vaccination beginning in the 1950s, non-polio EVs continue to be
a global health issue.
EVs are a family of small, non-enveloped viruses containing a positive, single-stranded
RNA genome of ~7.5 kb that encodes a single open reading frame flanked by 5’ and 3’
untranslation regions (UTRs)4. The life cycle of an EV begins with viral attachment to one or
multiple designated cellular receptors. Following internalization, viral RNA is released into the
cytoplasm, where it serves as a template for the translation of the viral polyprotein and for the
replication of the viral genome. The 5’UTR of EV genome contains an internal ribosome entry site
(IRES) for viral translation initiation, which allows EVs to bypass the shutoff of cap-dependent
protein translation that occurs during viral infection10. Viral proteins are initially synthesized as a
single polyprotein, which is subsequently processed into structural proteins (VP1, VP2, VP3, and
VP4), nonstructural proteins (2A, 2B, 2C, 3A, 3B, 3C, and 3D), and cleavage intermediates by
1

virus-encoded proteinases 2A and 3C (or 3CD, the precursor) (Figure 1). The viral RNAdependent RNA polymerase 3D then uses protein 3B (also known as viral protein genome-linked
(VPg) that covalently linked to the 5’-end of viral genome) as a primer for both negative- and
positive-stranded RNA synthesis. Viral replication takes place on virus-modified intracellular
membranous structures that not only serve as physical scaffolds but also provide favorable lipid
compositions for viral RNA assembly and replication11, 12. The viral proteins 2B, 2C (or their
precursor 2BC), and 3A (or its precursor 3AB) regulate cellular permeability and vesicular
transport, and constitute essential components of the viral replication complexes13. Finally, the
newly synthesized RNA genome is packaged into a viral capsid of ~30 nm in size to generate the
nascent infectious viral particle. The life cycle is completed when viral progeny are released from
the infected cells following cell lysis or non-cytolytically prior to cell rupture through extracellular
microvesicles14, 15, 16, 17.
EVs can infect across various age groups and are associated with diverse human
pathologies. EV specific disorders include hand-foot-and-mouth disease, poliomyelitis, and
herpangina. Additionally, EVs are associated with viral meningitis, myopericarditis, and
respiratory infections 18. In particular, Coxsackievirus B family have been linked with additional
chronic autoimmune diseases such as type 1 diabetes

19

. The wide spectrum of EV-associated

disease reflects the inherent broad tropism of individual viruses. Infections may be self-limiting
and require no treatment or progressive in nature leading to systemic viremia and worst outcomes
20

. Currently, there is a lack of FDA-approved treatments available for non-polio EV infections.

Various anti-viral drugs have previously been developed to target multiple stages of the EV
replication life cycle. Capsid-binding drugs such as pleconaril have shown promising anti-viral
efficacy by binding to the hydrophobic pockets of viral capsid proteins to limit receptor attachment
and subsequent uncoating. However, moderate side effects and adverse drug cross-reactions have
precluded pleconaril from receiving FDA approval. The guanosine analog, Ribavarin has
demonstrated anti-viral efficacy against various EVs through its ability to integrate into nascent
viral RNA and generate defective viral mutants. Additionally, anti-EV strategies have included the
targeting of viral proteinase 3C, through peptidomimetic drugs such as Rupintrivir. Although
effective against experimental rhinoviral infections in healthy individuals, a lack of efficacy
against natural infections in clinical trials has halted further development of Rupintrivir 21. Except
2

for the successful poliovirus vaccination campaign, therapeutic efforts to combat non-polio EVs
have remained an ongoing challenge.

3

Figure 1. Structure of enterovirus polyprotein. The polyprotein is the translational product of
the single open reading frame of enteroviral positive strand RNA. The Coxsackievirus B3 (Nancy
strain) polyprotein is comprised of 2,185 amino acids encoding 11 viral proteins (A) - 4 structural
capsid proteins (VP1-VP4) that generate the icosahedral structure (B), and 7 non-structural
proteins (2Apro, 2B, 2C, 3A, 3B, 3Cpro, and 3Dpol). The polyprotein is processed by two internal
viral proteinases (2Apro and 3Cpro) into intermediate fragments and individual proteins. The RNAdependent RNA polymerase 3Dpol plays an essential role in the formation of viral replication
complexes (C).

4

Autophagy
Autophagy is a cellular process that targets cytoplasmic proteins and/or organelles to the
lysosomes for degradation22, 23. Over the past decade, extensive research has been conducted to
explore how EVs evolve to harness the cellular autophagy pathway to facilitate the successful
completion of their life cycle. The current review will focus on the recent progress in understanding
the interplay between EV infection and the autophagy pathway. Specifically, I will provide an
overview of how EVs hijack components of this cellular process at the different steps of viral life
cycle to promote viral growth and for immune evasion.
Autophagy is an evolutionarily conserved intracellular degradation pathway that plays a
key role in maintaining cellular homeostasis under both normal and stress conditions22, 23. It exists
in three forms, i.e., macroautophagy, chaperone-mediated autophagy, and microautophagy24. In
this review, I focus on macroautophagy as all current literature about EV-autophagy interaction
has been on this type of autophagy. The process of macroautophagy (or simply referred to as
autophagy) begins with the formation of phagophore (also known as the isolation membrane), a
cup-shaped double-membraned structure that sequesters cellular components. Although the
origin(s) of the phagophore membrane remain not fully elucidated, multiple sources, including the
endoplasmic reticulum (ER)25, mitochondria26, ER-mitochondria contact sites/mitochondriaassociated membranes27, ER-Golgi intermediate compartments28, endosomes, and plasma
membrane29, have been proposed. Following the closure of the phagophore, a double-membraned
vesicle, so-called autophagosome, is generated. The autophagosome or amphisome (the latter is
formed by the merge of an autophagosome with an endosome) then fuses with a lysosome to form
autolysosome and the cargo enwrapped including the inner membrane of the autophagosome is
degraded by hydrolyses23.
In mammalian cells, the molecular processes of autophagy are controlled by a set of more
than 30 ‘autophagy-related’ (ATG) proteins. Proteins encoded by these genes participate in the
initiation and formation of autophagosomes through the action of several protein complexes and
molecules30, 31. Upon autophagy stimulation, the uncoordinated (UNC)-51-like (ULK) complex,
consisting of ULK1/2, ATG13, RB1CC1 (RB1 inducible coiled-coil 1)/FIP200 (focal adhesion
kinase family interacting protein of 200 kDa), and ATG101, translocates to the autophagy
initiation sites and facilitates the recruitment of the class III phosphatidylinositol-3-kinase (PI3K)
complex (Figure 2). The PI3K complex is composed of PI3KC3 (phosphatidylinositol 3-kinase
5

catalytic subunit type 3)/VPS34 (vacuolar protein sorting 34), PIK3R4 (phosphoinositide 3-kinase
regulatory subunit 4)/VPS15, AMBRA1 (activating molecule in beclin-1-regulated autophagy
protein 1), ATG14, and Beclin-1, which promote autophagosome formation by providing
PtdIns(3)P (PI3P) to the phagophores. The PI3P then recruits the downstream ATG2-WIPI (WDrepeat protein interacting with phosphoinositides) complex, comprising of transmembrane protein
ATG9, WIPI, and ATG2, to the phagophore, which in turn facilitates the recruitment of ATG5ATG12-ATG16L1 complex and covalent association of LC3 (microtubule-associated protein light
chain 3) to phosphatidylethanolamine (PE) on the nascent autophagosome membrane, allowing
for autophagosome maturation.
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Figure 2. Schematic overview of the molecular mechanism of autophagy. Autophagosome
formation is initiated by the nutrient sensing kinases (i.e., mTORC1 and AMPK) and through the
function of three protein complexes (i.e., ULK1/2 complex, class III PI3K complex, and ATG2WIPI complex) and two ubiquitin-like conjugation systems (i.e., ATG12-ATG5-ATG16L1 and
LC3-PE). Once formed, the autophagosome then fuses with the lysosome to produce an
autolysosome. Autophagosome can also merge with the endosome to form an amphisome, which
then fuse with a lysosome for cargo degradation. The fusion between an autophagosome and a
lysosome is regulated by multiple proteins, particularly the (STX17-SNAP29-VAMP8) SNARE
complex. Selective cargo degradation is mediated by autophagy receptors, such as SQSTM1,
NBR1, and CALCOCO2, which harbor a UBA domain for substrate recognition, and a LIR for
binding to autophagosome-anchored LC3-II, thereby bridging the substrate to the autophagosome
for degradation. mTORC1, mechanistic target of rapamycin complex 1; AMPK, AMP activated
protein kinase; ATG, autophagy-related; ULK, uncoordinated (UNC)-51-like kinase; RB1CC1,
RB1 inducible coiled-coil 1; PI3KC3, phosphatidylinositol 3-kinase catalytic subunit type 3;
PIK3R4, phosphoinositide 3-kinase regulatory subunit 4; AMBRA1, activating molecule in
Beclin-1-regulated autophagy protein 1; PI3P, PtdIns(3)P; WIPI, WD-repeat protein interacting
with

phosphoinositides;

LC3,

microtubule-associated

protein

light

chain

3;

PE,

phosphatidylethanolamine; SQSTM1, sequestosome 1, NBR1, neighbor of BRCA1; CALCOCO2,
calcium binding and coiled coil domain-containing protein 2; SNAP29, synaptosomal-associated
protein 29; STX17, syntaxin 17; VAMP8, vesicle-associated membrane protein 8; LIR, LC3interacting region; UBA, ubiquitin-associated; Ub, ubiquitin.
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The fusion between autophagosomes and lysosomes is regulated by multiple proteins
involved in the intracellular membrane trafficking, including the Rab GTPases, the soluble Nethylmaleimide-sensitive factor (NSF)-activating protein receptor (SNARE) proteins, and the
membrane-tethering proteins32 (Figure 2). Upon autophagy induction, the SNARE protein
syntaxin 17 (STX17), is recruited to autophagosomes, where it binds to another autophagosomal
SNARE protein, the synaptosomal-associated protein 29 (SNAP29) to form a binary SNARE
protein complex (STX17-SNAP29)33, 34. ATG14 is then recruited to the binary SNARE complex
to facilitate the generation of a ternary SNARE complex with the lysosome/endosome-localized
SNARE protein, vesicle-associated membrane protein 8 (VAMP8), driving autophagosomelysosome fusion35. Beyond the SNARE proteins, several membrane-tethering proteins are also
involved in the fusion step of autophagy. For example, the pleckstrin homology domain containing
protein family member 1 (PLEKHM1) protein was reported to interact with Rab7, homotypic
fusion and protein sorting (HOPS), and LC3 to promote the formation of SNARE complexes
during autophagosome fusion36, 37. For a more in-depth review of autophagic fusion requirements,
please refer to Corona et al.38.
Autophagy can be induced by various stimuli and stressors, including nutrient starvation,
metabolic and oxidative stress (reactive oxygen and nitrogen species), ER stress, hypoxia,
infectious agents, and the presence of damaged organelle, through either a cargo-selective or a
cargo–non-selective pathway39, 40. Under nutrient-stress or normal conditions, autophagy initiates
a non-selective degradation of cytoplasmic contents for energy preservation. However, autophagy
can also facilitate selective clearance of cytoplasmic materials in response to specific cellular
and/or environmental stimuli (termed selective or precision autophagy), such as protein
aggregates, damaged mitochondria, and invading pathogens in a process termed the aggrephagy,
mitophagy, and xenophagy, respectively23. Cargo specificity is mediated by a family of multivalent
autophagy receptors, which harbor ubiquitin-association domains (e.g., UBA (ubiquitinassociated) or UBZ (ubiquitin-binding zinc finger)) for substrate recognition, and LC3-interacting
regions (LIRs) for binding to the autophagosome-localized LC3, thereby bridging ubiquitinated
substrates to the autophagosomes for degradation41, 42. To date, a number of autophagy receptors
have been identified, including sequestosome 1 (SQSTM1)/p62, neighbor of BRCA1 (NBR1),
optineurin, calcium binding and coiled-coil domain-containing protein 2 (CALCOCO2)/nuclear
dot 10 protein 52 (NDP52), and CALCOCO3/Tax1-binding protein1 (TAX1BP1).
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Autophagy is generally considered cytoprotective at both baseline and under various forms
of stresses by providing energy and degrading damaged proteins/organelles. In addition, autophagy
also plays a critical role in host defense43, 44. As part of the cell autonomous innate immunity,
autophagy functions to defend individual cells from invading pathogens such as bacteria, fungi,
parasites, and viruses. At the same time, autophagy initiates signals within infected cells to induce
systemic immune responses43,

44

. Notably, autophagy-mediated degradation in lysosomal

compartments can generate immunogenic peptides that may be loaded onto major
histocompatibility complexes (MHC) for presentation to CD4+ T cells (via MHC class II) or CD8+
T cells (via MHC class I) 45. of In the context of virus infection, autophagy is classically regarded
as an anti-viral mechanism that selectively degrades viral particles or viral components inside
lysosomes in a process referred to as virophagy23. However, many viruses, including EVs, have
evolved to subvert this pathway for pro-viral purposes46, 47.

Endocytic function of autophagy and EV entry
EVs initiate infections by attachment to host receptors, resulting in receptor-mediated
endocytosis, and then undergo uncoating for delivery of the viral genome into the cytoplasm of a
target cell (Figure 3). The cellular tropism observed within EVs relies largely on specific receptors
available on the target cells. For example, PV receptor (PVR, also known as CD155)48,
intercellular adhesion molecule 1 (ICAM-1)49, coxsackievirus adenovirus receptor (CAR)50 and
co-receptor decay accelerating factor (DAF, also known as CD55)51, have been identified as the
receptors for PVes, major groups of rhinoviruses, and type B coxsackieviruses (CVB),
respectively. Despite the discoveries of majority of EV receptors, including the recently identified
EV-D68 and coxsackievirus A (CVA)10 receptors52, 53, the precise mechanism of EV entry and
the exact site of viral genome penetration and uncoating remain poorly understood. Clathrinmediated endocytosis is the best-studied, receptor-mediated endocytic pathway for EV
internalization.

In

addition,

caveolin-dependent

and

clathrin/caveolin-independent

(macropinocytosis is an example of the latter) endocytic mechanisms are also reported54.
Echovirus 7 enters polarized intestinal epithelial cells through a clathrin-mediated
endocytic mechanism and then proceeds to early and late endosomes for viral genome release55.
This process was shown to be independent of endosomal acidification, but require the function of
Rab755. Rab7 is a small GTPase critical for both endocytosis and autophagy by controlling endo10

lysosomal trafficking and autophagosome fusion with lysosomes, respectively56. In addition to
Rab7, several other core components of autophagy were also discovered to be involved in the
regulation of the endocytic pathway. For instance, Beclin 1 was shown to control early endosome
formation as well as late endosome trafficking and maturation through the UVRAG (UV radiation
resistance-associated gene)-PI3KC3/VPS34 complex57. It was also reported that conjugation of
the ubiquitin-like molecule ATG12 to ATG3 (an E2-like enzyme that catalyzes LC3 lipidation)
mediates endo-lysosomal trafficking and late endosome function beyond autophagy58.
Furthermore, ATG5 and ATG16L have recently been linked to endosomal acidification and
exosome biogenesis independent of the canonical autophagy machinery59. Given the demonstrated
significance of autophagy core proteins in regulating the endocytic pathway and the recognized
cross-talk between the endosomal and autophagic pathways via the formation of amphisomes, Kim
et al.60 further investigated the possible involvement of other autophagy-related proteins in
echovirus 7 entry. They found that depletion of Beclin-1, ATG12, ATG14, ATG16, or LC3
prevents internalization of echovirus 7 but not CVB3 at a step after viral attachment to its receptor
but prior to uncoating60. The process of uncoating in these studies, defined as the release of viral
genome from its proteinaceous capsid, appears to be independent of autophagosome and
amphisome formation60. The mechanism associated with this virus-specific requirement for
autophagy proteins in EV entry is not clear; it may be related to differential endocytotic mechanism
(clathrin-dependent versus caveolin-dependent for echovirus 7 and CVB3 entry, respectively) in
polarized cells61.
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Figure 3. Intersection of endocytosis, autophagy, and EV entry. EV cellular tropism is
determined by various viral receptors on host cell plasma membrane. Poliovirus (PV) entry
requires the poliovirus receptor (PVR). Coxsackievirus and adenovirus receptor (CAR) and decay
accelerating factor (DAF) facilitate CVB3 entry. Intercellular adhesion molecule 1 (ICAM1)
facilitates the entry of several human rhinoviruses (HRV). Integrins serve as entry factors for
Coxsackievirus A, foot and mouth disease (FMDV), and echovirus. EV entry can be clathrinmediated, caveolin-mediated, or through clathrin/caveolin-independent mechanisms. Upon entry,
endocytic vesicles may traffick through a series of compartments including the early endosome,
late endosome or multivesicular bodies (MVBs), and finally the lysosome. Uncoating of RNA
from viral capsid can occur at different stages along the endocytic pathway.
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Another example linking autophagy to EV entry is the recent finding that during early viral
infection (PV, CVB1, and CVB3) host factors are recruited to the ruptured endosomes to escape
the autophagy-mediated degradation of viral RNA62 (Figure 3). Using haploid genetic screens,
Staring et al.62 identified PLA2G16, a small phospholipase, to be a key regulator of the uncoating
process whereby viral genome is delivered from its proteinaceous capsid into the cytoplasm.
Further screen for gene mutations that can rescue viral infection in PLA2G16-deficient cells
demonstrated an inhibitory role for galectin-8 in EV infection by promoting autophagy degradation
of viral RNA genome62. A model is proposed to explain the competitive determination of the fate
of viral RNA at the interface of endosomes: after viral endocytosis, endosome fragmentation
occurs, leading to the exposure of -galactosides on the luminal side of the endosomes to galectin8 and consequently initiating selective autophagy for viral clearance; to compete with this process,
PLA2G16 is recruited to the permeated endosomes, allowing for effective viral RNA release into
the cytoplasm for translation62 (Figure 4).

Induction of autophagy and EV replication
Similar to other positive-strand RNA viruses, replication of EVs occurs on distinct
intracellular membranes, which are modified both architecturally and chemically by EVs to
assemble viral replication complexes (also defined as viral replication organelles63)11, 12. Studies
have revealed that EVs modulate host lipid metabolism/distribution and utilize membrane
complexes enriched in phosphatidylinositol 4-phosphate (PI4P) and cholesterol for replication63,
64, 65

. Despite notable progress in understanding cellular membrane remodeling and its significance

in EV infection, the contribution of autophagy in such event remains largely undefined.
It has been well documented that EV infection induces the formation of autophagyassociated membrane scaffolds, favoring viral RNA synthesis. Almost all major groups of the EVs,
including PV66, CVB367, 68, CVB469, CVA1670, EV-A7171, 72, EV-D6873, and human rhinovirus 2
(HRV2)74, have been shown to facilitate the production of autophagosomes, as demonstrated by
LC3 lipidation and puncta formation, as well as detection of intracellular double-membraned
vesicles. Disruption of autophagy using chemical inhibitors (such as 3-methyladenine, a class III
PI3K inhibitor) or through deletion of critical genes involved in autophagosome
formation/maturation (such as ATG5, ATG7, Beclin 1, PI3KC3/VPS34, ATG14, and UVRAG)
inhibits viral replication both in vitro and in vivo68, 73, 75, 76, 77. The mechanism underlying the pro13

viral function of autophagy is still unclear. Electron microscopy analysis of CVB3-infected acinar
cells revealed that the highly organized lattice structures (likely viral replication organelles)
observed in normal mice are barely detected in ATG5-deficient mice67, 75. In addition, research
utilizing an antibody against double-stranded RNA (dsRNA, a replicating intermediate of viral
RNA used as a marker for viral replication complexes) showed that dsRNA colocalizes with LC3positive puncta (as a marker for autophagosomes and autophagy-independent LC3 accumulation)
during late PV infection78, in line with the 3D ultrastructural results that PV induces early
convoluted single-membraned structures and late autophagosome-like double-membraned
vesicles79. These findings, together with recent evidence that PI4P lipids accumulate on
autophagosomes upon autophagy stress to promote autophagosome-lysosome fusion80, support the
premise that autophagosomes serve as sites, at least during late phase of maximal viral replication,
for viral RNA replication. It is important to note that previous studies on the role of autophagy in
EV replication have been conducted predominantly through deletion of individual autophagyrelated genes. Some of the ATG proteins are known to have unconventional functions beyond
autophagy81, 82. Thus, further investigations are required to determine whether the pro-viral role of
these ATG proteins is truly or exclusively via the autophagy pathway. Indeed, both autophagydependent and –independent function of LC3 has been described to benefit CVB3 replication in
vivo83. Moreover, knockdown of ATG13 and RB1CC1/FIP200, components of the ULK1/2
complex, has been found to enhance CVB3, EV-A71, and CVA21 replication; this effect seems to
be unrelated to autophagy function as depletion of genes encoded for other ULK1/2 components
(such as ULK1, ULK2, and ATG101) does not affect viral replication84.
Although the precise mechanism by which EVs induce autophagy remains to be elucidated,
several studies have examined the upstream pathways that can potentially be co-opted to initiate
autophagy. Canonical autophagy receives signaling input through nutrient-sensing kinases such as
AMP activated protein kinase (AMPK) and mechanistic target of rapamycin complex 1
(mTORC1) that converge on autophagy initiating kinase complexes, such as the ULK1/2 complex
and the class III PI3K complex23. In response to augmented AMP/ATP ratio, AMPK is activated,
which in turn deactivates mTORC1 and/or provokes ULK1 and Beclin1 activity directly. The
nutrient sensing kinase mTORC1 is a negative regulator of autophagy through inhibitory
phosphorylation of ATG13 and ULK123. Monitoring of mTORC1 activity by checking the
phosphorylation status of its substrates has revealed controversial results in EV infection. It was
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reported that infection with CVA16 and EV-A71 results in a reduction of mTORC1 activity70, 72,
whereas CVB3 infection presented no evident changes in the activity of mTORC168, 84. Consistent
with the latter result, a recent study showed that phosphorylation and activity of mTORC1 do not
alter throughout PV infection85. Further study demonstrates that PV-induced autophagy is
independent of the ULK1 complex85, suggesting the existence of alternate mechanisms by which
EV induces autophagy. Similarly, CVB3 was shown to benefit from a non-canonical form of
autophagy that appears to bypass the requirement for core autophagy initiation components, such
as Beclin 1, UVRAG, and ATG1476. Finally, several studies revealed that viral components of the
RNA replication machinery, such as viral proteins 2B, 2BC, 3A, and 3AB, are sufficient to induce
LC3-lipidation and/or autophagosome formation66, 86, 87, 88, 89. Collectively, the current evidence
suggests that EVs can employ multiple strategies to induce the accumulation of autophagosomes;
however, the mechanism is likely independent of the canonical autophagy pathway.
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Figure 4. Interplay between enteroviruses and the host autophagy pathway. Major members
of enteroviruses have been shown to subvert the host autophagy machinery at different phases of
viral life cycle to enhance viral growth and for immune escape. (1) Viral entry. Autophagy core
proteins benefit echovirus 7 entry, likely through regulation of the endocytic pathway. During PV,
CVB1, and CVB3 infection, PLA2G16 is recruited to the fragmented endosome to antagonize the
function of galectin-8 in initiating autophagic degradation of viral RNA genome. (2) Viral
replication. Autophagosome-lysosome fusion is blocked during CVB3, PV, and EV-D68 infection.
Accumulation of autophagosomes appears to favor viral replication by offering replication
membranes for PV, CVB3, EV-D68, and EV-A71. (3) Viral maturation. Formation of acidified
amphisomes is required for EV (e.g., PV, EV-D68, EV-A71) maturation to generate infectious
viruses. (4) Viral release through AWOL. EVs (e.g., PV, EVD68, EV-A71, CVB3, and HRV2)
16

utilize autophagosomes as envelopes for non-lytic viral exit. (4) Immune evasion. Autophagy
receptor SQSTM1 is cleaved by viral proteinase 2A during CVB3, PV, EV-D68, and HRV1A
infection (cleavage of NBR1 is also observed during CVB3 infection) to counteract virophagymediated clearance of viral particles/components. Enhanced autophagy during EV-A71 and
CVA16 infection was shown to benefit viruses by suppressing TLR7-mediated type I IFN
signaling. PV, poliovirus; CVB, coxsackievirus B; CVA, coxsackievirus A; EV, enterovirus;
HRV, human rhinovirus; SQSTM1, sequestosome 1, NBR1, neighbor of BRCA1; AWOL,
autophagosome-mediated exit without lysis; IFN, interferon.
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Fusion machinery of autophagy, EV maturation and release
As noted earlier, autophagy is a dynamic process starting with autophagosome formation,
followed by fusion with lysosomes and consequent degradation of enclosed cargo. It is now clear
that accumulation of autophagosomes could be due to increased induction of autophagosome
biogenesis and/or reduced autophagosome fusion with lysosomes. To evaluate the effects of EV
infection on autophagy flux (a measure of the completion of degradative autophagy), early
research focused on monitoring the stability of the cargo receptor SQSTM1/p62 that is well known
to be degraded during complete autophagy90. It was found that PV infection causes a decrease in
protein levels of SQSTM1/p62, prompting the authors to conclude that PV infection enhances
autophagy flux91. However, it was later revealed that SQSTM1/p62 is not only a substrate of
autophagy, but also targeted by viral proteinase 2A during CVB3 infection92, raising the concern
whether it serves as a dependable marker to assess autophagy flux. The cleavage of SQSTM1/p62
was recently confirmed upon PV, EV-D68, and HRV1A infection73. Therefore, the question of
whether EVs increase or decrease autophagic flux still remains.
EVs have traditionally been considered to escape the infected cell by causing it to rupture.
However, emerging evidence highlights the significance of EVs in being able to spread through
non-lytic mechanisms93, such as via autophagosome-mediated exit without lysis (AWOL)94. Apart
from its central role in cargo degradation, autophagy also has a function in unconventional
secretion of cytosolic proteins, such as the release of inflammatory cytokines95. Secretory
autophagy’ is originally identified as an alternative disposal strategy under conditions of impaired
lysosomal function95. A growing body of work has documented that EVs, including PV, EV-D68,
EV-A71, CVB3, HRV2, can indeed hijack the autophagic machinery to usurp its abundant
membranes by repurposing them as envelopes for non-lytic viral egress14,

15, 17, 73, 96, 97

. This

strategy seems to provide unique advantages for EV93. For example, by cloaking inside hostderived vesicles, EVs adopt a Trojan horse-like strategy to propagate within their host organism,
thereby shielding their pathogen-associated patterns from the adaptive immune detection. In
addition, the use of quasi-envelopes that enclose multiple viral particles within a single vesicle was
discovered to deliver viral particles more efficiently than infection with individual “naked”
virions15. The mechanisms by which EVs use autophagy as a means of non-lytic spread is largely
undefined. Recent studies on CVB3 and EV-D68 postulate that inhibition of autophagosomelysosome fusion benefits viruses by re-directing autophagosome and/or amphisome vesicles from
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degradative autophagy to secretory autophagy, ultimately resulting in AWOL73, 98, 99. Similarly,
there was a report describing that CVB3 infection induces the generation of mitochondrioncontaining autophagosomes (coined mitophagosomes)96. Instead of being targeted and degraded
by lysosomes, these mitophagosomes are released along with the enclosed viral particles from the
infected cells96. However, the process of how autophagosomes and/or amphisomes are guided to
merge with plasma membranes for viral release remains elusive. The SNARE proteins are known
to have an important role in vesicle exocytosis via regulating membrane fusion100 (Figure 5);
however, the exact SNARE(s) that mediate docking and subsequent fusion of autophagosomes
with the plasma membranes have not been identified, and warrants further investigations.
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Figure 5. Autophagosome-lysosome fusion machinery. Autophagic vesicles are positioned in
close proximity to lysosomes by tethering factor pleckstrin homology domain containing, family
M (PLEKHM1) through direct interaction with autophagosome-anchored LC3-II and lysosomeanchored Rab7. The homotypic fusion and protein sorting (HOPS) complex is a multi-subunit
tethering complex that also participates in this process. Membrane fusion between the outer
membrane of autophagosome and lysosomes is mediated by autophagic soluble NSF attachment
protein REceptors (SNARE) composed of autophagosome-localized Qa SNARE syntaxin17
(STX17) and the R-SNARE vesicle-associated membrane protein 8 (VAMP8). The Qbc SNARE
synaptosomal-associated protein 29 (SNAP29) bridges with STX17 and VAMP8 to form a ternary
SNARE complex that drives membrane fusion.
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Selective autophagy and EV evasion of host anti-viral immunity
It is well documented that autophagy are involved in both innate and adaptive immunity44,
101

. One of the best-appreciated functions for autophagy in immunity is to defend against microbial

invasion102,

103

.

For this reason, autophagy has traditionally been considered an anti-viral

machinery. In particular, autophagy can selectively target invading viruses through a process,
called virophagy, for clearance23 (Figure 6). Similar to other types of selective autophagy,
virophagy is mediated through autophagy receptors, including SQSTM1/p62, NBR1, optineurin,
CALCOCO2/NDP52, and TAXBP1104. The first-identified virophagy receptor is SQSTM1/p62
that was discovered to interact with capsid proteins of Sindbis and Chikungunya viruses, which
are positive-sense RNA viruses in the Togaviridae family, and target viral particles and/or capsid
proteins for autophagic degradation105, 106. To counteract the anti-viral action of virophagy, EVs
have developed strategies to directly target autophagy receptors. For example, infection with
several EVs, including CVB3, EV-D68, PV, and HRV1A, has been shown to cause the cleavage
of SQSTM1/p6273, 92, suggesting a conserved EV strategy to subvert the host virophagy efforts.
Additional research demonstrated that NBR1, a functional homolog of SQSTM1/p62, is also
cleaved upon CVB3 infection, excluding a possible compensatory role for NBR1 when
SQSTM1/p62 is disturbed. Of note, it was found that cleavage of SQSTM1/p62 and NBR1 not
only results in a loss-of-function but also produces a dominant-negative fragment against native
proteins92.
Toll-like receptors (TLRs) are important mediators in innate anti-viral immunity. It is well
characterized that EV infection activates the TLR signaling to initiate the host innate immune
response107. Current evidence suggests a dual role for autophagy in the regulation of the TLR
signaling during EV infection108, 109. Research of CVB3 demonstrated that virus-activated, TLR3dependent type I interferon signaling requires autophagy108. Results from this study support a
model that autophagosomes fuse with TLR3-positive endosomes to form amphisomes, which
serve as platforms to sense the viral pathogen-associated molecular patterns (delivered by
autophagosomes) and consequently activate the downstream anti-viral signaling. In contrast, it was
recently reported that enhanced autophagy in response to EV-A71 and CVA16 infection benefits
viruses by inhibiting TLR7-mediated type I interferon signaling, although the detailed mechanism
remains to be determined109.
21

Figure 6. Selective autophagy receptors. Selective autophagy provides specificity to substrate
degradation through the autophagy pathway. Selective autophagy receptors harbor domains that
recognize and bind ubiquitin (e.g. UBA, UBZ) as well as LC3-interaction regions (LIR) that bridge
various ubiquitinated substrates for autophagy mediated clearance. Sequestosome 1
(SQSTM1/p62), neighbor of BRCA1 (NBR1), calcium binding and coiled-coil domain 2/ nuclear
dot protein 52 (CALCOCO2/NDP52), calcium binding and coiled-coil domain 3/Tax1-binding
protein 1 (CALCOCO3/TAX1BP1), and optineurin (OPTN) are among the first identified
autophagy receptors. E.g. of selective autophagy include mitophagy, the selective degradation of
damaged mitochondria; aggrephagy, the selective degradation of protein aggregates; virophagy,
the selective degradation of virus and/or viral components through autophagy.
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Rationale, hypothesis, and specific aims:
Collectively, current evidence highlights a convergence between EV and the host
autophagy pathway, but the underlying molecular mechanisms require further elucidation. The
goal of this thesis project is to further characterize the molecular details by which EVs subvert the
autophagy pathway. To accomplish this, four specific aims are proposed:
The central hypothesis of my thesis is that CVB3 hijacks the host autophagy pathway at
multiple stages to promote viral propagation. To address this hypothesis, I have proposed the
following aims.
Specific aims:
Aim 1: Characterize the mechanism by which CVB3 initiates autophagy.
Aim 2: Elucidate the role of selective autophagy receptors in CVB3 propagation.
Aim 3: Determine the mechanism by which CVB3 disrupts autophagy flux.
Aim 4: Investigate the mechanism by which CVB3 impairs host lysosomal function.

The specific aims have been structured to reflect the natural progression of the autophagy
process. In aim 1, I explored the early stages of autophagy and how CVB3 targets protein
complexes (e.g. ULK1/2 complex) required for autophagosome biogenesis. In aim 2, I explored
the mechanism of viral subversion that disrupts cargo recruitment to autophagosomes by
identifying novel host proteins (e.g. NDP52/CALCOCO2) that are targeted by CVB3. In aim 3, I
studied the underlying mechanism by which CVB3 targets the autophagosome-lysosome fusion
process by identifying novel host factors (e.g. SNAP29 and PLEKHM1) which are bona fide
substrates of viral proteinases. Lastly, in aim 4, I investigated the mechanism by which CVB3
disrupts lysosomal function by identifying TFEB, a master regulator of lysosome biogenesis, as a
novel viral target. Each specific aim demonstrates CVB3’s capacity to target distinct stages of the
autophagic process and reveals a unique theme of pathogenic viral proteinases targeting critical
autophagy proteins.
This thesis is composed of an introductory Chapter 1. The research derived from specific
aims 1-4 is discussed in Chapters 2-5. A brief summary chapter is provided in Chapter 6.
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Chapter 2: Coxsackievirus B3 initiates non-canonical autophagy
Background
Evidence dating back to the 1950s revealed the emergence of double-membrane vesicular
structures following PV infection of HeLa cells3. The resemblance of these virus-induced
structures to autophagosomes prompted researchers to closely examine the potential relationship
between EV infection and autophagy. Despite numerous studies that have linked EV infection to
autophagosome induction110, very little is known about the underlying mechanism.
Rationale: Available evidence has suggested that EVs may initiate autophagy through a
novel mechanism that is distinct from the well characterized starvation-induced ‘canonical’
autophagy pathway. It was shown that PV induces autophagy independent of the ULK1/2
complex111. Further, CVB3 was demonstrated to initiate autophagy independent of BECN1,
ATG14, UVRAG 76. The objective of this chapter is to characterize the role of canonical factors
in CVB3-induced autophagy as well as identify novel protein(s) involved in CVB3-induced
autophagy. The specific aims of chapter 2 are to (1) investigate the role of ULK1/2 complex,
PI3K-complex, WIPI2-ATG9 complex, as well as the ubiquitin-like ATG conjugation system in
CVB3-induced autophagy, and (2) investigate the role of phosphoinositide kinase(s) as potential
novel host factors involved in this process.
Materials and methods
Cell culture, viral infection, and chemicals
HeLa, HEK293A, and NSC-34 were from American Type Culture Collection (ATCC).
ATG5-/- and ATG5+/+ mouse embryonic fibroblasts (MEF) were kind gifts from Dr. Noboru
Mizushima112, and obtained through BIKEN BioResource Research Center (RCB2711 and
RCB2710, respectively). These cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and a penicillin/streptomycin cocktail
(100 µg/mL). Jurkat cells were from ATCC and cultured in Roswell Park Memorial Institute
(RPMI) 1640 medium.
For CVB3 infection, cells were seeded at a density of approximately 0.5 × 106 cells/mL.
Upon reaching ~70% confluency (16h-24h), cells were either sham-infected with PBS or
inoculated with CVB3 (Kandolf strain) at multiplicity of infections (MOI) of 100 or as specified
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in the Figure Legends. The following chemicals were used for the treatment of cells: general
caspase inhibitor Z-VAD-FMK (BD Biosciences, #550377), lysosome inhibitor bafilomycin A1
(Sigma-Aldrich, B1793), ULK1/2 kinase inhibitor MRT68921 HCl (Selleck, S7949). Cells were
starved by culturing in Hank’s Balanced Salt Solution (HBSS) medium (Thermofisher Scientific,
14025076) for 2h.

Generation of knockout cells using CRISPR-Cas9 system
Knockout (KO) HEK293A cell lines for ATG5, ATG16L1, FIP200, BECN1, WIPI2,
ATG9A, and PI4KIIIβ were generated using the CRISPR-Cas9 system as previously described113.
Briefly, custom synthesized guide RNA (gRNA) (IDT) were cloned into the pSpCas9 (BB)-2APuro V2.0 (Addgene #62988) following BbsI digestion. Positive insertion of guide RNA was
verified by Sanger sequencing using at UBC Sequencing + Bioinformatics Consortium. The
gRNA sequences used in this study are ATG5(5’-GAACTTGTTTCACGCTATATC-3’),
ATG16L1(5’-GATTCTCTGCATTAAG CCGAT-3’), FIP200
CAGGTGCTGGTGGTCAATGG

-3′),

(5′-

BECN1(5’-GCACA

CGAAGCTCACCTGCA-

3’),WIPI2(5’-GCAGCTACTCCAACACGATTC-3’),ATG9A(5’-GCCTGTTGGTGCACGTCG
CCG-3’), and PI4KIIIβ

(5’-GTGTGGGGTACACGGACC ACG-3’). Positive clones from

plasmid-transfected cells were isolated by single-cell selection using serial dilution in 96-well
plates following 48h puromycin treatment (2-7 μg/ml). Colonies from single cells were monitored
for up to 14 days before splitting and re-seeding in 6-well plates. Growing clones were verified for
knockout efficiency by western blot analysis.

Plasmids and small interfering RNA (siRNA)
The myc-tagged wild-type CVB3-3C (3Cwt) and C147A mutant CVB3-3C (3Cmut)
constructs were generous gifts from Dr. Carolyn Coyne at the University of Pittsburgh
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GFP-LC3 plasmid was from Dr. Sharon Tooze at the Francis Crick Institute London
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. The

. The

mRFP-GFP-LC3 plasmid was a gift from Dr. Tamotsu Yoshimori (Addgene, 21074). The GFPSTX17TM was generated by cloning STX17TM into the pEGF-C1 backbone at the BglII and
EcoRI

cut-sites

with

the

AGATCTCTGGCAGCTCTGCCTGTGG-3’;

following

primers
reverse:

(forward:

5’5’25

GAATTCTTAACTGCATTTCTTGTCAGTTTGGCTGGGAAGAT-3’).

The

3×Flag-ULK1,

3×Flag-ATG16L1, and 3×Flag-PI4KIIIβ plasmids were generated using a multiple cloning site
modified CMV10 vector backbone with the corresponding cut sites for ULK1 (EcorI/BamHI),
ATG16L1 (EcorI/XbaI) and PI4KIIIβ (EcoRV/XbaI). Mutant 3×Flag-ULK1 Q524L was
generated using a gBLOCKS fragment (Integrated DNA Technologies) harbouring the point
mutation A1571T in the ULK1 coding sequence and cloned using restriction enzymes FseI and
AflII. The GFP-UVRAG was generated using the pEGF-C1 backbone at the BspEI and KpnI cut
sites. The scrambled siRNA (sc-37007) and the siRNAs targeting FIP200 (sc-38211), ATG13 (sc97013), BECN1 (sc-29797), PIK3C3 (sc-62802), WIPI2 (sc-72212), ATG9 (sc-72586), and
PIKfyve (sc-39142) were purchased from Santa Cruz Biotechnology. The siRNA targeting
PI4KIIIβ was obtained from Dharmacon (D-006777-02). For transfection, cells were transiently
transfected with plasmid cDNAs or siRNAs using Lipofectamine 2000 (Invitrogen, 11668-019)
following the manufacturer’s instructions.

Western blot analysis
Cells were lysed for 15min on ice in lysis buffer (10mM HEPES pH 7.4, 50mM
NaPyrophosphate, 50 mM NaF, 50mM NaCl, 5 mM EDTA, 5mM EGTA, 100 µM Na3VO4, 0.1%
Triton X-100) supplemented with cOmplete Mini, EDTA-free protease inhibitor cocktail tablets
(Sigma, #11836170001). Lysates were centrifuged at 4°C for 15min at 12,000g and supernatant
transferred to new Eppendorf tubes. Protein concentration was measured using Bio-Rad Protein
Assay Dye Reagent (Bio-Rad, #5000006). Equal concentration of protein (~30ug) was used for
western analysis. Western blotting was conducted using the following primary antibodies: LC3
(Novus Biologicals, NB100-2220), actin-beta (ACTB, Sigma-Aldrich, A5316), ATG5 (Santa
Cruz, sc-33210), FIP200 (Cell Signaling Technology, D10D11), ATG13 (Cell Signaling
Technology, D4P1K), BECN1 (Santa Cruz, sc-48341), PIK3C3 (Santa Cruz, sc365404), WIPI2
(Cell Signaling Technology, #8567), ATG9A (Cell Signaling Technology, D4O9D), ULK1 (Santa
Cruz, sc-390904), ULK2 (GeneTex, GTX111476), UVRAG (Santa Cruz, sc-293268), ATG14
(Cell Signaling Technology, #5504), ATG7 (Santa Cruz, sc-376212), ATG12 (Santa Cruz, sc271688), ATG16L1 (Santa Cruz, sc-393274), cleaved-caspase 3 (Cell Signaling Technology,
#9661), viral capsid protein 1 (VP1, Dako, M706401-1), FLAG (Sigma, F1804), GFP (Life
Technologies, A-6455), PI4KIIIβ (Sigma 06578), PIKfyve (Santa Cruz, sc-100408), and Rubicon
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(Cell Signaling Technology, D8B2). Primary antibodies were used at 1:1000 dilution. Secondary
anti-mouse HRP (Invitrogen, #31430) or anti-rabbit HRP (Invitrogen, # 31460) were used at
1:5000 dilution. Western blotting was performed on a Bio-Rad Mini Trans-Blot Electrophoretic
System (Bio-Rad, #1703930).

Densitometry Analysis
Densitometry of protein bands was measured using NIH Image J software. Briefly, gel
images were saved in high resolution TIFF format using Syngene software of the GBOX (Model:
Chemi XRQ). Images were exported to Image J software and manually processed using the gel
analysis function. Images were carefully selected to avoid oversaturation and non-linear signal
intensities. Individual bands were selected to generate intensity peaks, and each intensity peak was
segregated to generate area under measurements. Background intensity was equally subtracted
from all intensity peaks using the linear segregation tool. Area under the curve was averaged
among biological replicates (n=3) for quantification analysis.

Immunofluorescence and confocal microscopy
After fixation with 4% paraformaldehyde and permeabilization (0.1% Triton), cells were
blocked for 1h with 3% bovine serum albumin, followed by incubation with primary antibodies at
4ºC overnight and then secondary antibodies at room temperature for 1h. After PBS washes,
coverslips were mounted using Fluoroshield with 4, 6-diamidino-2-phenylindole (DAPI, SigmaAldrich, F6057). Images were captured with the Zeiss LSM 880 Inverted Confocal Microscopy/
Zen Black Software using the 63x oil immersion objective. LC3 puncta per cell was quantified
using the Spot Detector plugin in the open source bio-imaging software Icy 1.9.5.0. as previously
described 116.

Animals
The breeding pairs of autophagic reporter mice expressing GFP-LC3 were obtained from
the RIKEN BioResource Center (#00806) and the background C57BL/6 mice were purchased
from the Jackson Laboratories (#000664). These mice were bred in the Center for Heart Lung
Innovation animal facility. PCR genotyping was performed to identify wild-type (WT),
hemizygous (WT/Tg) and homozygous (Tg/Tg) GFP-LC3 mice as described
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. Male
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homozygous GFP-LC3 and C57BL/6 mice at the age of ~5 weeks were inoculated
intraperitoneally with 104 plaque-forming units (pfu) of CVB3 (Charles Gauntt strain) or shaminfected with PBS as previously described 118. At 3 or 9 days post-infection, mice were sacrificed
and tissues were harvested for confocal imaging, immunohistochemical staining, Western blotting,
and plaque assay. Heart tissue was perfused with PBS to remove excess blood and equally
portioned into three segment separating the base (for plaque assay), mid-section (for ICC and H&E
staining), and apex (for western analysis). Base segment was weighed and supplemented with
sterile DMEM at a ratio of 50mg tissue/ 1 mL DMEM. Tissue was crushed in a sterile dounce
homogenizer and subjected to serial dilution for subsequent plaque assay. Cardiac mid-segment
was placed in tissue cassette and fixed for 24h in 4% formalin. Tissue blocks where submitted to
HLI Histology Laboratory for embedding/cutting of paraffin blocks and routine hematoxylin and
eosin staining. Apex segment was frozen in mortar chamber containing liquid nitrogen and crushed
to fine powder. Dried tissue was reconstituted in MOSLB lysis buffer and protein concentration
was assessed with Bio-Rad Protein Assay Dye Reagent. All mouse studies were carried out in
accordance with the Guide for the Care and Use of Laboratory Animals of the Canadian Council
on Animal Care. The protocol (A13-0321) for this research was approved by the Animal Care
Committee of the University of British Columbia.
Results
CVB3-induced LC3 puncta and lipidation require ATG5 and ATG16L1
To measure the effect of CVB3 infection on autophagy initiation, human embryonic kidney
(HEK293A) cells were selected due to their low levels of background autophagy under basal
conditions119, 120. HEK293A cells were infected with CVB3 for different time-points. Protein
expression of autophagosome-associated LC3-II, a marker of autophagosomes, was analyzed by
western blotting. Figure 7A demonstrated that, as compared to sham-infected cells, there was a
significant increase in LC3-II protein levels upon CVB3 infection, starting at ~8h and persisting
for up to 24h post-infection. To determine the molecular mechanism by which CVB3 triggers
autophagy, I first examined the role of canonical autophagy factors in this process. The established
upstream autophagy pathways induced by amino acid deprivation are illustrated in Figure 7B. A
previous study made the surprising observation that Vaccinia virus can induce LC3 lipidation
independent of ATG5 and ATG7
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. Thus, I initially investigated whether ubiquitin-like
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conjugation systems are required for CVB3-induced LC3 lipidation. Utilizing the CRISPR-Cas9
system, I knocked out (KO) ATG5 or ATG16L1 in HEK293A cells. As shown in Figure 7C,
compared to wild-type (WT) cells, CVB3 infection failed to induce LC3-II formation in both
ATG5-KO and ATG16L1-KO cells, suggesting an ATG5- and ATG16L1-dependent process. This
finding was confirmed in ATG5-/- mouse embryonic fibroblasts (MEFs) transiently transfected
with mRFP-GFP-LC3 plasmid that has been widely used to monitor autophagic flux
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. Figure

7D showed that, in WT-MEFs, CVB3 infection led to a marked increase of cells with LC3 puncta.
However, cells positive for LC3 puncta were significantly reduced when ATG5 was deleted.
Together, these results suggest that unlike Vaccinia virus, CVB3-induced LC3 lipidation and
puncta require the ubiquitin-like conjugation enzymes of the autophagy pathway.
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Figure 7. CVB3-induced LC3 puncta and lipidation are dependent on ATG5 and ATG16L1.
(A) HEK293A were either sham-infected with PBS or infected with CVB3 (MOI=100) for
indicated time-points. Western blotting was performed to detect LC3 lipidation and ACTB
expression (loading control). Levels of LC3-II were quantified by densitometric analysis as
described in materials and methods, normalized to ACTB and presented as fold changes in the
right panel (mean±SD, n=3, analyzed by one-way ANOVA with Tukey’s post-test). (B) Schematic
diagram of canonical autophagy pathway induced by amino acid deprivation. (C) ATG5- or
ATG16L1-knockout (KO) HEK293A cells generated via CRISPR-Cas9 editing, or wildtype
(WT)-HEK293A cells were either sham- or CVB3-infected for 16h. Cell lysates were harvested
and probed for LC3, ATG5, and ATG16L1 by Western blotting. Densitometric analysis was
carried out as above (the first lane is arbitrarily set a value of 1) and the results are presented under
each blot. (D) WT- or Atg5-/- MEFs transfected with mRFP-GFP-LC3 construct were sham- or
CVB3-infected for 8h. GFP and RFP signal was captured by confocal microscopy. Mean LC3
puncta per cell was quantified (n≥10 cells) and analyzed by one-way ANOVA with Tukey posttest (right).
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CVB3-induced LC3 lipidation occurs independent of FIP200 and ATG13
Next I sought to more closely address whether CVB3-induced LC3 lipidation utilizes the
upstream canonical autophagy initiation machinery. As illustrated in Figure 7B, during starvation,
autophagy induction is regulated by the ULK complex that consists of ULK1/2 kinases, ATG13,
RB1CC1/FIP200, and ATG101
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. RB1CC1/FIP200 is an essential component of the ULK

complex and its genetic ablation was previously demonstrated to abrogate the canonical autophagy
pathway
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. FIP200-KO HEK293A cells were generated through CRISPR-Cas9 gene editing

(Figure 8A, left). To recapitulate previous findings and validate our FIP200-KO cells, I performed
starvation treatment in the absence or presence of bafilomycin A1 (BAF), a vacuolar-ATPase
inhibitor that blocks the autophagosome-lysosome fusion process required for degradative
autophagy. Autophagy flux can be measured by comparing the levels of LC3-II in the absence or
presence of BAF. As expected, starvation-induced autophagy flux was dramatically impaired in
FIP200-KO compared to WT cells, supporting an important role for FIP200 in starvation-induced
autophagy (Figure 8A, middle). Following the recommended guidelines for the use and
interpretations of assays for monitoring autophagy, LC3-II was normalized to the loading control,
ACTB, as opposed to LC3-I. These recommendations take into account the instability of LC3-I
during freeze-thaw processing of lysates, differential abundance of LC3-I across multiple tissues,
and differential sensitivity of anti-LC3 antibodies for LC3-I.

It was previously reported that

modulation of vesicle acidification, including treatment with BAF1, significantly impairs
enteroviral replication 73, 91. To eliminate this confounding variable, CVB3 infected cells were not
treated with BAF-A1. I next tested whether loss of FIP200 would have an effect on CVB3-induced
LC3 lipidation. Compared to control cells, FIP200-KO HEK293A cells that are infected with
CVB3 demonstrated comparable accumulation of LC3-II (Figure 8A, right). Similar buildup of
LC3-II was observed in CVB3-infected cells in which FIP200 was transiently silenced using
siRNA as compared to cells treated with a scrambled siRNA (Figure 8B). To corroborate these
observations, I also examined whether gene-silencing of ATG13, another essential component of
the ULK complex 125, would impact CVB3-induced LC3 lipidation. Indeed, knockdown of ATG13
using siRNA resulted in a comparable accumulation of LC3-II in CVB3-infected cells as that
observed in control siRNA-treated cells (Figure 8C). Given that ULK1/2 are required for
starvation-induced autophagy, I also tested whether ULK1/2 kinase activity plays a role in CVB3induced LC3 lipidation using the chemical compound MRT68921, a potent inhibitor of both
32

ULK1/2
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. Whereas treatment of HEK293A cells with MRT68921 completely abrogated

starvation-induced autophagy, similar treatment in CVB3-infected cells did not reduce LC3-II
accumulation (Figure 8D). Collectively, these data suggest that the ULK complex is dispensable
for CVB3-induced LC3 lipidation, in agreement with a previous finding with PV 111.
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Figure 8. CVB3-induced LC3 lipidation occurs independent of FIP200 and ATG13. (A)
FIP200-KO HEK293A cells were established through CRISPR-Cas9 gene editing. Knockout
efficiency was validated by western blotting (left panel). WT-HEK293A or FIP200-KO cells were
cultured in either normal medium, HBSS starvation medium, or starvation medium supplemented
with 200nM bafilomycin (BAF) for 2h (middle panel). WT or FIP200-KO cells were sham (PBS)
- or CVB3-infected (MOI=100) for 16h (right panel). Western blotting was performed for analysis
of LC3 lipidation. Multiple FIP200-KO clones were assessed during screening of CRISPR-KO
cells whereas data presented in panel A is representative of a single FIP200-KO clone. (B & C)
Schematic of siRNA-based gene silencing and CVB3 infection schedule (left), HEK293A cells
were transiently transfected with scrambled siRNA control (siCON) or siRNAs against FIP200
(B) or ATG13 (C) for 48h. Cells were then subjected to sham or CVB3 infection for an additional
16h. Western blotting was conducted to determine knockdown efficiency and LC3 lipidation.
Densitometry was measured as above and the results are presented either underneath the blots or
in the right panel (mean±SD, n=3, analyzed by one-way ANOVA with Tukey’s post-test). (D)
HEK293A cells were treated with a selective ULK1/2 kinase inhibitor (MRT68921, 5µM) under
starvation for 2h in the presence or absence of 200nM BAF (left panel). HEK293A cells were
sham- or CVB3-infected for 16h with or without 5µM MRT68921 (right panel). Western blotting
was performed to examine LC3 levels and the quantified results are shown underneath the blots.
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CVB3-induced LC3 lipidation is independent of BECN and PIK3C3
Downstream of the ULK complex is the PI3P-generating PI3K complex that consists of
BECN1, ATG14, PIK3C3, PIK3R4, and AMBRA1 (Figure 7B)
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. To determine the possible

involvement of the PI3K complex in CVB3-induced LC3 lipidation, BECN1-KO HEK293A cells
were generated using CRISPR-Cas 9 approach. Upon verification of the KO efficiency through
western blot analysis (Figure 9A, left), the cells were subjected to starvation treatment in the
presence or absence of BAF. Similar to the observation in FIP200-KO cells, starvation-induced
autophagy was impaired in BECN1-KO cells (Figure 9A, middle). However, CVB3-induced
LC3-II accumulation was comparable between control and BECN1-KO cells, suggesting that the
process is independent of BECN1 (Figure 9A, right). LC3-II accumulation was also observed in
CVB3-infected cells subjected to transient silencing of BECN1 (Figure 9B) or PIK3C3, the active
catalytic subunit of the PI3K complex (Figure 9C). Taken together, these data suggest that CVB3
infection promotes LC3-II production independent of BECN1 and PIK3C3.

CVB3-induced LC3 lipidation is independent of ATG9 and WIPI2
With the evidence that CVB3-induced autophagy is independent of the ULK1/2 and PI3K
complexes, I next set out to address whether CVB3 can bypass upstream autophagy initiators to
directly influence autophagosome biogenesis. During canonical autophagy, the activity of the lipid
kinase PI3K complex results in the enrichment of autophagic membranes with PI3P.
Phosphorylated lipids then serve as recruitment hubs for downstream proteins harboring PI3P
interacting domains such as WIPI2 and DFCP1, that may further recruit LC3-lipidation complexes
and membranes via ATG9 (Figure 7B)
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. WIPI2 and ATG9A were transiently silenced in

HEK293A cells using siRNAs, followed by sham or CVB3 infection. Similar to the observations
above, LC3 lipidation was induced upon CVB3 infection independent of WIPI2 and ATG9
(Figure 10A & B). Moreover, WIPI2-KO and ATG9A-KO cells generated via CRISPR-Cas9
engineering showed no significant impairment in CVB3-induced LC3 lipidation (Figure 10C).
Collectively, these data indicate that CVB3 initiates autophagy independent of ATG9 and WIPI2.
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Figure 9. CVB3-induced LC3 lipidation is independent of BECN1 and PIK3C3. (A) BECN1KO HEK293A cells were established through CRISPR-cas9 editing. Knockout efficiency was
verified by western blotting (left panel). WT or BECN1-KO cells were cultured in either normal
medium, HBSS starvation medium, or starvation medium supplemented with 200nM BAF for 2h,
followed by western blot analysis of LC3 (middle panel). Multiple BECN1-KO clones were
assessed during screening of CRISPR-KO cells whereas data presented in panel A is representative
of a single BECN1-KO clone. WT or BECN1-KO cells were sham (PBS)- or CVB3-infected
(MOI=100) for 16h, followed by western blot assessment of LC3 (right panel). (B & C) BECN1
(B) and PIK3C3 (C) were transiently silenced in HEK293A cells via siRNA treatment for 48h.
Cells were then subjected to sham or CVB3 infection for 16h. Cells were harvested and subjected
to western blot analysis of LC3, BECN1, and PIK3C3. Densitometric results are presented either
underneath the blots or in the right panel (mean±SD, n=3, analyzed by one-way ANOVA with
Tukey’s post-test).
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Figure 10. CVB3-induced LC3 lipidation is independent of ATG9 and WIPI2. (A & B) WIPI2
(A) and ATG9A (B) were transiently silenced in HEK293 cells through siRNA treatment for 48h.
Cells were then sham- or CVB3-infected for 16h. Western blotting was conducted to verify the
knockdown efficiency and to examine LC3 levels. Densitometric results are presented either
underneath the blots or in the right panel (mean±SD, n=3, analyzed by one-way ANOVA with
Tukey’s post-test). (C) WIPI2-KO and ATG9A-KO HEK293A cells, generated through CRISPRCas9 gene editing, were sham (PBS)- or CVB3-infected (MOI=100) as above, followed by western
blot analysis of LC3, WIPI2, and ATG9A. Densitometry was measured as described in materials
and methods and presented as above.
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Several autophagy proteins are targeted during CVB3 infection
To investigate the direct effects of CVB3 infection on critical components of the canonical
autophagy pathway, I proceeded to closely measure the levels of autophagy proteins during a 24h
time-course of CVB3 infection in HEK293A cells. I first examined components of the ULK1/2
complex and observed a significant reduction in protein levels of ULK1, ULK2, RB1CC1/FIP200,
and ATG13. Of note, the protein loss of ULK1 was accompanied by the emergence of lower
molecular weight fragments (~75kDa) at ~8h post-infection (Figures 11A). Similarly, protein
levels of major components of the PI3K and WIPI complexes, including BECN1, UVRAG,
PIK3C3, ATG14, WIPI2, and ATG9A, were also decreased following CVB3 infection (Figures
11B-C). The decrease in autophagy proteins following CVB3 infection was most pronounced
when cells were infected in the absence of transient transfection (e.g. during RNAi or plasmid
overexpression) as transient transfection was previously reported to impair and/or delay viral
replication 130.
The significant reduction in ULK1 protein levels accompanied by the detection of lower
molecular weight fragments prompted us to explore the potential role of virus-encoded proteinases.
In vitro cleavage assay was performed using cell lysates incubated with either vehicle control,
purified WT viral proteinase 3C (3Cwt) or catalytically inactive 3C (C147A) mutant (3Cmut). I
found that 3Cwt, but not 3Cmut, was able to significantly reduce the full-length proform and
recapitulate cleavage fragments observed in CVB3-infected cells (Figure 12A). Similarly, cells
co-transfected with 3×Flag-ULK1 (~135 kDa) and myc-tagged 3Cwt but not myc-3Cmut displayed
the 75kDa-cleavage fragments (Figure 12B). To exclude the possible role of host caspases that
are activated during the late stage of CVB3 infection in the cleavage of ULK1, I utilized the pancaspase inhibitor zVAD-fmk. I found that caspase inhibition failed to attenuate CVB3-induced
cleavage of ULK1 (Figure 13C). Site-directed mutagenesis was utilized to further identify the site
of viral proteinase 3C cleavage of ULK1. Figure 13D showed that ULKQ524L mutant was resistant
to CVB3-induced cleavage, suggesting that the cleavage takes place at this position although it
cannot be excluded that additional cleavages may take place. This cleavage led to the separation
of the N-terminal kinase domain and the GABARAP interacting region (GIR) from the C-terminal
domain (CTD) of substrate binding (Figure 12E). Of interest, expression of wild-type ULK1 led
to impaired viral replication compared to vector control while non-cleavable ULK1Q524L further
reduced viral titers (Figure 12F). Taken together, these data support that viral proteinase 3C is
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responsible for the cleavage of ULK1 during CVB3 infection and that cleavage of ULK1 may
enhance viral replication.
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Figure 11. CVB3 targets several autophagy proteins in HEK293A cells. (A-C) HEK293A cells
were sham (PBS) - or CVB3-infected (MOI=100) for 8h, 16h, or 24h as indicated. Cell lysates
were harvested and probed for ULK1, ATG13, FIP200, and ULK2, components of the ULK1/2
complex (A), BECN1, UVRAG, PIK3C3, and ATG14, components of the PI3K complex (B), and
WIPI2 and ATG9A, components of the WIPI complex (C). Protein levels were quantified and
presented underneath each western blot as described in materials and methods.
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Figure 12. Viral proteinase 3C cleaves ULK1 after glutamine 524. (A) In vitro cleavage assay
was performed by incubating lysates from HeLa cells with vehicle (−), purified wildtype 3C
(3Cwt), or catalytically inactive 3C (C147A) mutant (3Cmut) proteins, followed by western blot
analysis of ULK1 using an antibody that recognizes an internal region (amino acids 511 to 750)
of ULK1. Arrow denotes the cleavage fragment. (B) HeLa cells were transfected with 3×FlagULK1 together with either empty vector, myc-3Cwt, or myc-3Cmut as indicated. After 24h, cell
lysates were collected and analyzed by western blotting with antibodies against FLAG. (C) HeLa
cells were infected with CVB3 for 7h in the presence or absence of a pan-caspase inhibitor z-VADFMK (zVAD, 50 µM) or DMSO (vehicle). Western blotting was performed with antibodies
against ULK1. Activation of caspase-3 was examined using an anti-cleaved caspase-3 antibody.
Densitometry was measured as above. (D) HeLa cells were co-transfected with 3×FLAG-ULK1WT
or 3×FLAG-ULK1Q524L (Glutamine 524 mutated to Leucine), together with empty vector, myc3Cwt, or myc-3Cmut. Western blotting was performed with an anti-FLAG antibody. (E) Schematic
illustration of the structural domains, the identified cleavage site, the antibody recognition regions,
and the resulting cleavage products of ULK1. GIR, GABARAP interacting region; CTD, Cterminal domain. (F) HEK293 cells were transfected with either vector control, WT-ULK1 or noncleavable ULK1 (ULK1-Q524L) for 24 h followed by CVB3 infection for an additional 8 h.
Supernatant was collected for viral titer measurement (mean±SD, n=3, analyzed by unpaired
Student t-test).
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PI4KIIIβ is an upstream factor in CVB3-induced autophagy
Our observations that canonical autophagy factors are dispensable for CVB3-induced
autophagy, coupled with the findings that viral proteinase(s) target key autophagy proteins for
degradation, suggest the existence of non-canonical, alternate autophagy pathways in initiating
CVB3-induced autophagy. In addition to PI3P, both PI4P and PI5P have been identified as
alternative phospholipids to induce autophagy 131, 132. During EV infection, membrane-anchored
viral protein 3A has been shown to recruit PI4KIIIβ to the viral replication organelles to promote
the production of PI4P. PI4P in turn recruits viral polymerase 3D to initiate viral RNA synthesis
(Figure 13A) 63, 133. To test the role of PI4P in CVB3-induced autophagy, I genetically silenced
PI4KIIIβ, a major enzyme regulating PI4P synthesis. I discovered that CVB3-induced LC3
lipidation is markedly inhibited in cells depleted of PI4KIIIβ compared to control siRNA-treated
cells, suggesting a PI4P-dependent mechanism (Figure 13B). I next compared the role of PI4KIIIβ
to PIK3C3 (a PI3P kinase) and PIKfyve (FYVE finger-containing phosphoinositide kinase, a PI5P
kinase) in a single experiment. I found that the viral dose utilized in this study (MOI=100) had no
major influence on viral replication, as evidenced by equal viral protein production among three
groups. I confirmed that gene-silencing of PI4KIIIβ, but not PIK3C3 or PIKfyve, was responsible
for the attenuation of CVB3-induced LC3 lipidation (Figure 13C).
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Figure 13. PI4KIIIβ is involved in CVB3-induced LC3 lipidation. (A) Schematic diagram of
the proposed role of PI4KIIIβ in autophagy (left) and the known function in enterovirus replication
(right). (B) PI4KIIIβ was transiently silenced in HEK293A cells using siRNA for 48h. Cells were
then subjected to sham or CVB3 infection for 16h, followed by western blot analysis of LC3 and
PI4KIIIβ. Arrow indicates the cleavage product. (C) HEK293A cells, transfected with control or
PIK3C3, PI4KIIIβ, or PIKfyve siRNAs for 48h, were sham- or CVB3-infected. Western blotting
was performed for detection of LC3, VP1, PIK3C3, PI4KIIIβ, or PIKfyve. Right panel, LC3-II
protein densitometry was quantified and normalized to ACTB as described in materials and
methods and presented as bar plots (mean±SD, n=3). Viral capsid VP1 was normalized to ACTB
and presented as yellow triangles (mean±SD, n=3).

Discussion
EVs have been shown to induce autophagosome accumulation as a viral strategy to
facilitate productive infection. The initiation of autophagy allows EVs to hijack autophagic
membranes as topological surfaces that can be repurposed as replication organelles for viral RNA
synthesis

66, 67, 75.

Additionally, the acidification of autophagosomes/amphisomes has been

proposed to act as a maturation chamber for newly synthesized virions

73, 91,

which may also

commandeer autophagosomes as quasi-envelopes that act as vehicles for non-lytic viral
propagation 14, 15, 17. These insights have established a complex relationship between EV and the
autophagic process during various stages of the viral life cycle.
The production of double-membraned vesicles, development of LC3 puncta, and
accumulation of LC3-II marker following viral infection have been documented for many EVs 66,
67, 68, 72, 73.

A recent study has provided evidence that PV-induced autophagy is independent of the

ULK complex 111; however the precise mechanisms by which EVs initiate autophagy remain to be
fully elucidated. The current study was designed to use CVB3 as a model system to investigate
how EVs trigger autophagosome biogenesis. Lipidation of LC3 by the ubiquitin-like ATG
conjugation system plays an essential role in host autophagy by facilitating membrane curvature,
recruitment of selective autophagy receptors and/or cargo, closure of autophagosomes, and
membrane fusion with endolysosmal compartments

134.

Our present study has uncovered that

CVB3-induced LC3 lipidation requires the ATG ubiquitin-like conjugation system, but
independent of the canonical starvation-induced upstream signaling pathways such as ULK1/2
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signaling and PI3P production. In addition, PI3P-binding effectors, such as WIPI2 that facilitates
LC3 lipidation by recruitment of ATG5-ATG12-ATG16L1 complex, were also found to be
dispensable for CVB3-induced LC3 lipidation.
Our observations that canonical autophagy factors are not required for CVB3-induced
autophagy, coupled with the findings that viral proteinase(s) target key autophagy proteins for
cleavage, suggest the existence of non-canonical, alternate autophagy pathways in initiating
CVB3-induced autophagy. Several instances of non-canonical autophagy have been previously
described, such as ULK1/2-independent autophagy. It was shown that ammonia-induced
autophagy is dependent on ATG5, but does not require ULK1/2 135. Rubicon was identified as a
key modulator of ULK-independent, LC3-associated phagocytosis (LAP) 136, 137, a form of ‘noncanonical’ autophagy that occurs in immune cells and utilizes some components of the autophagy
machinery (e.g. ATG conjugation machinery) to process extracellular cargo through single
membrane endocytic vesicles
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. Interestingly, I found that the protein levels of Rubicon were

undetectable in neural cells and very low in HeLa and HEK293 cells compared to Jurkat cell (not
shown), indicating that Rubicon may not play a major role in CVB3-induced autophagy.
Class III PI3K-independent autophagy was also previously reported 132. It was shown that
PIK3C3-dependent PI3P production is dispensable for glucose deprivation-induced autophagy 132.
Further research identified PI5P, synthesized by PIKfyve (FYVE finger-containing
phosphoinositide kinase), as an alternative phospholipid to induce autophagy 132. However, I found
that knockdown of PIKfyve was unable to block CVB3-elicited LC3 lipidation (not shown),
suggesting that PI5P is not a key autophagy initiating factor upon CVB3 infection.
In addition to PI3P and PI5P, recent studies also suggest a role for PI4P in autophagosome
biogenesis. PI4P is a lipid that is predominantly found on the membranes of the trans Golgi
network (TGN)

63, 139

. It was recently shown that ATG9A recruits PI4KIIIβ, a major enzyme

regulating PI4P synthesis, to the autophagosome initiation site for PI4P production and deletion
of PI4KIIIβ disrupts the process of autophagy 131. Interestingly, during CVB3 and PV infection,
the replication organelles of viruses were found to be enriched in PI4P, partly through the TGNanchored viral membrane protein 3A that recruits PI4KIIIβ to the viral replication organelles.
Enhanced PI4P production further recruits viral polymerase 3D to initiate viral RNA synthesis 63,
65

. I discovered that CVB3-induced LC3 lipidation is markedly inhibited in cells depleted of
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PI4KIIIβ compared to control siRNA-treated cells. Since PI4KIIIβ is needed for effective viral
replication, knockdown of this gene results in reduced viral growth, interfering with the data
interpretation of LC3-II accumulation. Therefore, a firm conclusion about the role of PI4KIIIβPI4P in CVB3-induced autophagy initiation cannot be made at this moment and further
investigation is needed.
In conclusion, our study reveals that CVB3 initiates a novel form of autophagy depending
on ATG5-ATG12-ATG16L1 complex, but being distinct from the physiological, starvationinduced ‘canonical’ autophagy. The current study adds CVB3 as a novel stimulus in the emerging
field of non-canonical autophagy.
In Chapter 2, I explored the mechanisms by which CVB3 initiates autophagy. Given that
cells can initiate different forms of autophagy to target diverse cellular cargo, in Chapter 3 I
sought to further explore the mechanism by which CVB3 disrupts selective autophagy.
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Chapter 3: NDP52/CALCOCO2 and p62/SQSTM1 differentially regulate
CVB3 propagation

Background
Cells are evolutionarily equipped with a defense system to combat invading pathogens that
is broadly described as cell autonomous immunity. Selective autophagy proteins are components
of this defense system that are able to detect, sequester, and eliminate invading microbes including
EV, but the mechanisms remain poorly defined. Previous evidence demonstrated that CVB3 can
target selective autophagy receptors SQSTM1 and NBR1 through viral proteinase-mediated
degradation

92, 140

, however the functional consequence of such targeting and whether other

autophagy receptors are also targeted remains unclear.
Rationale: To better understand how CVB3 evades cell autonomous immunity, I sought
to investigate the relationship between CVB3 and the host selective autophagy receptors
CALCOCO2 and SQSTM1. These autophagy receptors were selected in particular because of their
previously reported interactions with other viral pathogens such as Sindbis and Chikungunya virus
105, 106

.

The specific aim of this chapter is to define the role of CALCOCO2 and SQSTM1 in

CVB3 replication and characterize the mechanism of viral subversion.

Materials and methods
Cell culture and viral infection
HeLa cells (American Type Culture Collection) were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and a
penicillin/streptomycin cocktail (100 µg/mL). CALCOCO2 knockout (KO) HeLa cells were
generated through the CRISPR-Cas9 system141. The guide RNA sequence targeting exon 6 of
CALCOCO2

was:

5’-GAAGCAGAACTCAGACATGC-3’,

which

was

cloned

into

pSpCas9(BB)-2A-Puro vector (Addgene #62988). Following transfection, positive cells were
selected using puromycin (7 g/ml) for up to two days. For CVB3 infection, cells were either
sham-infected with PBS or inoculated with CVB3 (Kandolf strain) at different multiplicity of
infection (MOI=0.1,1, or 10) as specified in the Figure Legends.
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Plasmids and small interfering RNA (siRNA)
The myc-tagged wild-type CVB3-3C (3Cwt) and C147A mutant CVB3-3C (3Cmut)
constructs were generous gifts from Dr. Carolyn Coyne at the University of Pittsburgh 114. The
PHAGE-GFP-CALCOCO2 plasmid was a kind gift from Dr. Richard Youle at the National
Institute of Neurological Disorders and Stroke, USA142. Flag-N-SQSTM1 (aa 1-241) and Flag-CSQSTM1 (aa 242-440) was generated as previously described

92

. The 3×Flag-CALCOCO2,

3×Flag-N-CALCOCO2, 3×Flag-C-CALCOCO2 constructs were generated using CMV10
backbone with the following primers: full-length CALCOCO2 (forward: AAA TTT GAA TTC C
ATG GAG GAG ACC ATC AAA GAT C; reverse: AAA TTT GGA TCC TCA GAG AGA GTG
GCA GAA CA); N-CALCOCO2 (forward: AAA TTT GAA TTC CAT GGA GGA GAC CAT
CAA AG; reverse: AAA TTT GGA TCC TCA CTG AGT GGT AAC AAC C); C-CALCOCO2
(forward: AAA TTT GAA TTC CGG AGA GGT GGA AGA GAT TGA G; reverse: AAA TTT
GGA TCC TCA GAG AGA GTG GCA GAA CAC). GFP-CALCOCO2Q139L mutant was
generated using the QuikChange Site-Directed Mutagenesis kit (Agilent, #200518) according to
the manufacture’s protocol with the following primers: forward: CTG GTT GTT ACC ACT CTG
GGA GAG GTG GAA GAG; reverse: CTC TTC CAC CTC TCC CAG AGT GGT AAC AAC
CAG. The siRNAs targeting CALCOCO2 (sc-93738) and SQSTM1 (M-010230-00-0005) were
purchased from Santa Cruz Biotechnology and Dharmacon, respectively. The scrambled siRNA
(sc-37007) was purchased from Santa Cruz Biotechnology. For transfection, HeLa cells were
transiently transfected with plasmid cDNAs or siRNAs using Lipofectamine 2000 (Invitrogen,
11668-019) following the manufacturer’s instructions.
Real-time quantitative RT-PCR
Total RNA was extracted using the RNeasy Mini kit (Qiagen, 74104). To determine the
expression level of IFN-α and IFN-β, quantitative PCR targeting IFN-α (forward primer: GCC
TCG CCC TTT GCT TTA CT; reverse primer: CTG TGG GTC TCA GGG AGA TCA), and IFNβ (forward primer: GTC TCC TCC AAA TTG CTC TC; reverse primer: ACA GGA GCT TCT
GAC ACT GA) was performed in a 10-µl reaction containing 1 μg of RNA, using the TaqMan™
RNA-to-CT™ 1-Step Kit (Life Technologies, 4392653) and normalized to GAPDH mRNA
according to the manufacturer’s instructions. The PCR reaction was performed on a ViiA 7 RealTime PCR System (Applied Biosystems). Samples were run in triplicate and analyzed using
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comparative CT (2-ΔΔCT) method with control samples and presented as relative quantitation
(RQ).

Western blot analysis
Cells were lysed in buffer (10 mM HEPES pH 7.4, 50 mM NaPyrophosphate, 50 mM NaF,
50 mM NaCl, 5 mM EDTA, 5 mM EGTA, 100 µM Na3VO4, 0.1% Triton X-100) supplemented
with cOmplete Mini, EDTA-free protease inhibitor cocktail tablets (Sigma, #11836170001).
Western blotting was conducted using the following primary antibodies: CALCOCO2/NDP52
(Santa Cruz Biotechnology, sc-376540), SQSTM1/p62 (PROGEN Biotechnik GmbH,
GSQSTM1-C), cleaved-caspase 3 (Cell Signaling Technology, #9661), LC3 (MBL International,
PM036), VP1 (Dako, M706401-1), NBR1 (Santa Cruz Biotechnology, sc-130380), HA (Roche,
11867423001), Flag (Sigma, F1804), ubiquitin (Cell Signaling Technology, #3933), GFP (Life
Technologies, A-6455), K63-ubiquitin (Cell Signaling Technology, #12930), K48-ubiquitin (Cell
Signaling Technology, #12805), MAVS (Cell Signaling Technology, #24930), p-TBK1 (Cell
Signaling Technology, #5483), TBK1 (Cell Signaling Technology, #3504), ACTB (SigmaAldrich, A5316), and GAPDH (Cell Signaling Technology, 14C10). Primary antibodies were used
at 1:1000 dilution. Secondary anti-mouse HRP (Invitrogen, #31430) or anti-rabbit HRP
(Invitrogen, # 31460) were used at 1:5000 dilution. Western blotting was performed on a Bio-Rad
Mini Trans-Blot Electrophoretic System (Bio-Rad, #1703930).

Densitometry Analysis
Densitometry of protein bands was measured using NIH Image J software. Briefly, gel
images were saved in high resolution TIFF format using Syngene software of the GBOX (Model:
Chemi XRQ). Images were exported to Image J software and manually processed using the gel
analysis function. Images were carefully selected to avoid oversaturation and non-linear signal
intensities. Individual bands were selected to generate intensity peaks, and each intensity peak was
segregated to generate area under measurements. Background intensity was equally subtracted
from all intensity peaks using the linear segregation tool. Area under the curve was averaged
among biological replicates (n=3) for quantification analysis.
Immunoprecipitation
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Immunoprecipitation was performed using EZviewTM Red ANTI-FLAG ® M2 Affinity Gel
(Sigma-Aldrich, F2426) according to the manufacturer’s instructions. Immunoprecipitation (IP)
of VP1 was performed using anti-VP1 antibody (Dako, M706401-1) pre-incubated with
Dynabeads Protein G (Invitrogen, 1003D) according to the manufacturer’s instructions. In brief,
HeLa cells were lysed with Flag Lysis Buffer (50 mM Tris HCl, pH 7.4, with 150 mM NaCl, 1
mM EDTA, and 1% TX-100) for 15min on ice. Lysates were cleared with a centrifugation at
12,000g for 15min. Supernatants (50uL) was partitioned for input control and the remaining lysate
was incubated overnight with anti-Flag M2 agarose beads with end-over-end rotation at 4°C. After
three washes with lysis buffer, the bound proteins were eluted with 2 SDS sample buffer and then
subjected to Western blot analysis.
Immunofluorescence and confocal microscopy
HeLa cells were fixed in methanol-free 4% PFA for 15min at room temperature. Cells were
rinsed with 100mM glycine/PBS solution for 15min and subsequently permeabilized with a 3minute incubation in 0.1% Triton X-100. Fixed and permeabilized cells were blocked for 1 h with
3% bovine serum albumin, followed by incubation with primary antibodies overnight at 4ºC. After
15min washes with PBS, cells were incubated with fluorescent secondary antibodies (Anti RbAlexa 488 and Anti-Ms-Alexa 647 at 1:1000 dilution) for 1 h. After the final 15min washes,
coverslips were mounted using Fluoroshield with DAPI (Sigma-Aldrich, F6057). Images were
captured with the Zeiss LSM 880 Inverted Confocal Microscopy.

Results
CALCOCO2/NDP52 and SQSTM1/p62 differentially regulate CVB3 propagation
To determine the role of autophagy receptors, SQSTM1 and CALCOCO2, in
coxsackievirus infection, I first examined the effects of gene-silencing of each receptor on viral
propagation. As shown in Figure 14A & B, knockdown of SQSTM1 led to enhanced viral capsid
protein (VP1) expression and increased cell-associated viral titers after 24 h infection with a low
dose of CVB3 (multiplicities of infection (MOI) of 0.1). In contrast, depletion of CALCOCO2
caused a significant attenuation of viral growth. Given the possible impacts of different viral
dosages and infectious cycles, I further confirmed our observations in CALCOCO2-depleted cells
by treating the cells with 3 logarithmic doses of CVB3 (MOI of 10, 1, and 0.1) for 3 respective
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time-points (7 h, 16 h, 24 h) that spanned 3 viral replication cycles. In agreement, results from all
3 conditions concluded that depletion of CALCOCO2 resulted in a concomitant decrease of viral
protein synthesis as well as infectious viral titers (Figure 14C & D). In line with these
observations, ectopic expression of 3×Flag-tagged CALCOCO2 showed an enhancement in both
VP1 expression and intracellular viral titers (Figure 14E & F), whereas cells expressing
exogenous Flag-SQSTM1 exhibited a reduction in both metrics (Figure 14G & H). Collectively,
our results demonstrated opposing roles for SQSTM1 and CALCOCO2 in CVB3 infection.
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Figure 14. CALCOCO2 and SQSTM1 differentially regulate CVB3 propagation. (A) HeLa
cells were transiently transfected with siRNAs targeting CALCOCO2 (siCALCOCO2) or
SQSTM1 (siSQSTM1), or a scramble siRNA control (siCON) for 48 h, followed by CVB3
infection (MOI=0.1) for 24 h. Western blotting was performed to examine protein expression of
CALCOCO2, SQSTM1, VP1, and ACTB. Protein levels of VP1 were quantified by densitometric
analysis using NIH ImageJ, normalized to ACTB and presented underneath as fold changes
compared to sham (the first lane of sham is arbitrarily set a value of 1). (B) HeLa cells were treated
as above. Cell-associated virus titers were determined by TCID50. Data are represented as mean ±
SD from 3 replicates. (C, D) HeLa cells were treated with siCALCOCO2 as above, and then
subjected to infection with different doses of CVB3 for various times as indicated. Western
blotting and densitometric analysis were conducted (C) and virus titers (mean ± SD, n=3) were
measured (D) as above. (E-H) HeLa cells were transfected with constructs overexpressing FlagCALCOCO2 (E, F) or Flag-SQSTM1 (G, H) for 24 h and then subjected to CVB3 infection
(MOI=0.1) for 16 h. Cell lysates were analyzed by Western blotting for VP1 protein levels (E, G)
and cell-associated virus titers were quantified as above (F, H). Results in this Figure represent
data from 2 to 3 independent experiments.
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Both SQSTM1 and CALCOCO2 physically interact with CVB3 capsid protein VP1
Previous studies have shown that SQSTM1 can interact with capsid proteins of Sindbus
virus143 and Chikungunya virus105. I therefore questioned whether CVB3 capsid proteins are also
recognized by SQSTM1. HeLa cells transiently expressing Flag-SQSTM1 were infected with
CVB3 at an MOI of 10 for 5 h, followed by co-immunoprecipitation using anti-Flag M2 beads.
Figure 15A showed that Flag-SQSTM1, but not a vector control, was able to immunoprecipitate
viral capsid protein, VP1. Likewise, immunostaining revealed the co-localization of viral capsid
protein and SQSTM1 in CVB3-infected cells (Figure 15B). I have previously demonstrated that
SQSTM1 is cleaved before glycine 241 during CVB3 infection through the activity of CVB3encoded proteinase 2A92. Here I found that the binding affinity to VP1 for both the resulting Nand C-terminal cleavage fragments of SQSTM1 was markedly decreased (Figure 15C).
Furthermore, immunoprecipitation also demonstrated the interaction between CALCOCO2 and
viral protein VP1 (Figure 15D). Given the pro-viral role of CALCOCO2, I further examined its
interaction with VP1 through co-localization studies. Similar to SQSTM1, depletion of
CALCOCO2 in virus-infected cells showed impaired co-localization with the autophagosome
marker (LC3). However, the association of VP1 with the lysosomal and late endosome marker
LAMP2 was only reduced in SQSTM1-silenced cells but not CALCOCO2 (Figure 15E).
Together, our data suggest a potential role for SQSTM1 in virophagy through interacting with viral
capsid proteins. Our findings in this study also indicate that cleavage of SQSTM1 may serve as a
viral strategy to counteract the role of SQSTM1 in viral clearance.
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Figure 15. SQSTM1 and CALCOCO2 physically interact with CVB3 capsid protein VP1.
(A) HeLa cells were transfected with Flag-tagged SQSTM1 for 24 h, followed by CVB3 infection
(MOI=10) for 5 h. After immunoprecipitation (IP) with an anti-Flag antibody, Western blotting
was performed for detection of viral capsid protein 1 (VP1) and Flag-SQSTM1. Blots for antibody
IgG heavy chain and ACTB were shown as loading controls for IP and input, respectively. (B)
Confocal microscopy analysis of the co-localization of endogenous SQSTM1 and viral capsid
protein VP1. HeLa cells were infected with CVB3 (MOI=10) for 3 h. Cells were then fixed and
immunostained for SQSTM1 and VP1. The nucleus was stained with DAPI. (C, D) HeLa cells
were transfected with Flag-SQSTM1, Flag-N-SQSTM1 (aa 1-241), Flag-C-SQSTM1 (aa 242440), 3×Flag-tagged CALCOCO2, or empty vector as indicated for 24 h, followed by CVB3
infection (MOI=10) for 5 h. Co-IP and Western blotting were conducted as above in (A). Blots for
IgG light chain and ACTB were used as loading controls for IP and input, respectively. Similar
results were observed in 2 independent experiments. (E) Confocal microscopy analysis of the colocalization of VP1 and LC3 (autophagosome marker) or LAMP2 (lysosome marker). HeLa cells
were treated with either control siRNA (siCON), si-CALCOCO2, or si-SQSTM1 for 48 h,
followed by CVB3 infection (MOI=10) for 3 h. Cells were then immunostained for VP1, LC3, and
LAMP2 as indicated. The nucleus was stained with DAPI. Co-localization between VP1 and LC3
or VP1 and LAMP2 was quantified using ImageJ and presented as Pearson Correlation (Rr).
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CVB3 capsid protein VP1 undergoes ubiquitination
Since autophagy receptors recognize the targets via their ubiquitin-association domains, I
then questioned whether ubiquitin or ubiquitination process plays a role in linking
SQSTM1/CALCOCO2 with viral capsid protein. To test this model, I initially examined whether
VP1 itself can associate with ubiquitin by performing co-immunoprecipitation of exogenously
expressed HA-ubiquitin in CVB3-infected HeLa cells. I found that VP1 indeed interacted either
directly or indirectly, with ubiquitin or ubiquitinated proteins (Figure 16A). Moreover, reverse
immunoprecipitation of VP1 from CVB3-infected HeLa cells revealed a significant pull-down of
ubiquitinated species, which may include ubiquitinated VP1 and other viral and host ubiquitinated
proteins (Figure 16B). Of note, immunoprecipitation of VP1 routinely showed the presence of 4
distinct protein bands in immunoblots incubated with anti-VP1 antibody (Figure 16B).

I

concurred that these 4 distinct bands likely represent VP1-positive fragments, which are generated
following viral processing of the polyprotein (Figure 16C). To further characterize the status of
ubiquitinated species observed following VP1 immunoprecipitation, I utilized the ubiquitinspecific antibodies, which recognize lysine-63 (K63) or lysine-48 (K48) linkages, in the presence
or absence of the lysosome (bafilomycin A1) or proteosome (MG132) inhibitors. Western blotting
with anti-K63-ubiquitin or anti-K48-ubiquitin antibody showed the detection of distinct protein
bands that were unresponsive to degradative blockade and migrated at the same molecular weight
as those observed following VP1 immunoprecipitation, suggesting that the ubiquitin-specific
antibodies recognize VP1-associated fragments (Figure 16D). Our data indicate a possible
mechanism by which autophagy receptors recognize the invading viral pathogens through
association with viral capsid proteins.
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Figure 16. CVB3 capsid protein VP1 undergoes ubiquitination. (A) HeLa cells were transiently
transfected with HA-tagged ubiquitin (HA-Ub) or empty vector for 24 h, and then infected with
CVB3 (MOI=10) for 5 h. Co-IP was performed with an anti-HA antibody, followed by Western
blot analysis of HA-Ub using antibodies against HA tag or VP1. (B) HeLa cells were infected with
CVB3 (MOI=10) for 5 h, followed by IP using anti-VP1 antibody. Western blotting was conducted
using antibodies against Ub, VP1, or SQSTM1 as indicated. (C) Schematic illustration of the
CVB3 polyprotein and the respective VP1-linked ubiquitinated fragments. Arrows depict sites of
cleavage by virus-encoded proteinases. (D) HeLa cells were infected with CVB3 (MOI=10) for 5
h in the presence or absence of a proteasome inhibitor MG132 (10 μM) or a lysosome inhibitor
bafilomycin A1 (200 nM) as indicated. IP was conducted using an anti-VP1 antibody, followed by
Western blotting was performed using anti-K63-linked or anti-K48-linked Ub antibody and antiVP1 antibody as indicated. Similar results were observed in 3 independent experiments.
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CALCOCO2 attenuates type I interferon signaling
Despite the possible role of CALCOCO2 in virophagy, the overall function of CALCOCO2
is to enhance CVB3 infection (Figure 14). Thus, I next sought to determine the pro-viral
mechanism of CALCOCO2. Type I interferon (IFN) signaling is a broad anti-viral pathway and
was previously reported to inhibit CVB3 replication144, 145. Recent studies have suggested an
important role for CALCOCO2 in the deactivation of type I IFN signaling through autophagymediated clearance of the mitochondrial anti-viral signaling (MAVS)146. To test the hypothesis
that CALCOCO2 facilitates CVB3 replication by inhibiting the type I IFN response, I examined
the effects of knockdown of CALCOCO2 on the protein levels of MAVS, phosphorylation of
TANK-binding kinase 1 (TBK1, a downstream target of MAVS147), and mRNA production of
IFN-α/IFN-β. I showed that depletion of CALCOCO2 led to increased protein accumulation of
MAVS (Figure 17A) and elevated phosphorylation of TBK1 (Figure 17C). No evident effects of
knockdown of SQSTM1 on MAVS accumulation (Figure 17B) and TBK1 phosphorylation
(Figure 17D) were observed. Lastly, quantitative PCR results demonstrated that gene-silencing of
CALCOCO2, but not SQSTM1, caused increased mRNA levels of IFN-α/IFN-β (Figure 17E &
F). Taken together, our data suggest that CALCOCO2 acts as a suppressor of type I IFN signaling,
which likely contributes to its pro-viral activity.
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Figure 17. Knockdown of CALCOCO2 results in increased protein levels of MAVS and pTBK1 as well as elevated production of type I interferons. (A, C, E) HeLa cells were treated
with siCALCOCO2 or siCON for 48 h. Cell lysates were harvested and probed for MAVS (A), pTBK1/TBK1 (C) by Western blotting. Knockdown efficiency was verified by probing with antiCALCOCO2 antibody. Densitometry was carried out as above. Total RNA was extracted and realtime qRT-PCR was performed to measure mRNA levels of IFN-α and IFN-β normalized to
GAPDH mRNA (E), and presented as relative quantification (RQ) with respect to siCON (RQ ±
SE, n=3, confidence interval at 95%). (B, D, F) HeLa cells were transfected with siSQSTM1 or
siCON for 48 h, followed by Western blot analysis of MAVS (B) and p-TBK1/TBK1 (D) and
qRT-PCR measurement of IFN-α and IFN-β (F) as above. Similar results were observed in 3
independent experiments.
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CALCOCO2 is cleaved after Q139 following CVB3 infection by viral proteinase 3C
During our characterization of CALCOCO2 as a pro-viral autophagy receptor, I made the
surprising observation that CVB3 infection resulted in a marked reduction in CALCOCO2 protein
levels, accompanied by the appearance of a ~36-kDa protein fragment using an anti-CALCOCO2
antibody targeting to the C-terminal region (Figure 18A). This result suggests a likely cleavage of
CALCOCO2. In line with this, HeLa cells transiently expressing 3×Flag-CALCOCO2 showed an
equally significant decrease in full-length CALCOCO2 levels following CVB3 infection, although
no apparent fragment was observed with the N-terminal anti-Flag antibody (Figure 18B). Further
ectopic expression using an N-terminally tagged GFP-CALCOCO2 demonstrated a decrease in
full-length GFP-CALCOCO2 and the detection of an additional band at ~42 kDa using anti-GFP
antibody (Figure 18C), corresponding to an N-terminal cleavage fragment of CALCOCO2 which
complemented our previously observed endogenous CALCOCO2 C-terminal fragment (Figure
18C).
We then studied whether CVB3-encoded proteinases are responsible for the cleavage of
CALCOCO2. Co-transfection of GFP-CALCOCO2 with constructs expressing viral proteinase
3Cwt, but not a catalytically inactive 3C mutant (3Cmut), led to the production of the same ~42 kDa
N-terminal cleavage fragment, as that observed following CVB3 infection (Figure 18D).
Similarly, in vitro cleavage assays using recombinant proteinases 3Cwt, but not 3Cmut, showed the
detection of CALCOCO2 cleavage fragment (Figure 18E), suggesting that viral proteinase 3C is
responsible for the cleavage of CALCOCO2. To rule out the possible involvement of viral
proteinase 2A and host caspases, which are activated during CVB3 infection, I conducted an in
vitro cleavage assay using recombinant 2Awt or 2Amut (Figure 18F) and Western blotting using the
pan-caspase inhibitor zVAD-fmk (Figure 18G). I found that addition of viral proteinase 2Awt or
inhibition of general caspase activity failed to induce the cleavage of CALCOCO2, indicating that
CALCOCO2 cleavage is independent of 2A and caspase activation.
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Figure 18. CALCOCO2 is cleaved following CVB3 infection by viral proteinase 3C. (A-C)
HeLa cells (A), HeLa cells transfected with 3×Flag-CALCOCO2 (B), or GFP-CALCOCO2 (C)
for 24 h, were sham- or CVB3-infected (MOI=10) for the indicated time-points. Western blotting
was conducted for detection of CALCOCO2 using anti-CALCOCO2 that recognizes the Cterminal region of CALCOCO2 (A), anti-Flag (B), or anti-GFP antibody (C). Densitometry was
carried out as above. (D) HeLa cells were transfected with GFP-CALCOCO2, together with either
empty vector, wild-type 3C (3Cwt), or catalytically inactive 3C (C147A) mutant (3Cmut). After 24
h, cells lysates were collected and analyzed by Western blotting with an anti-GFP antibody. (E) In
vitro cleavage assay was performed by incubation of lysates (30 μg) from HeLa cells transfected
with GFP-CALCOCO2 with vehicle (-), purified 3Cwt, or 3Cmut proteins (0.1 μg) for 16 h. Shamand CVB3-infected (MOI=10, 7 h) HeLa cell lysates were included (right two lanes) as a control.
Cleavage products of CALCOCO2 were analyzed by Western blotting with anti-GFP antibody.
(F) In vitro cleavage assay was conducted as above with vehicle (-), recombinant 2Awt, or 2Amut
proteins (0.3 μg) for 16 h. Cleavage of NBR1 by 2A, which was previously demonstrated 140, was
shown as evidence of the activity of 2A. (G) HeLa cells were infected with CVB3 (MOI=10) for
7 h in the presence or absence of a pan-caspase inhibitor z-VAD-FMK (zVAD, 50 µM) or vehicle
(-). Western blotting was then performed with an anti-CALCOCO2 antibody. Activation of
caspase-3 was examined using an anti-cleaved caspase-3 antibody. Results in this Figure represent
data from 3 independent experiments.

71

Having identified that CALCOCO2 is cleaved by viral proteinase 3C, I performed sitedirected mutagenesis based on the enteroviral 3C consensus sequence148 to identify the potential
cleavage sites on CALCOCO2. Both in vivo (in cells transfected with 3Cwt proteinase construct,
Figure 19A) and in vitro (using recombinant purified viral proteinase, Figure 19B) cleavage assay
showed that GFP-CALCOCO2Q139L (glutamine 139 mutated to leucine) is resistant to 3C-mediated
cleavage, suggesting that CALCOCO2 is cleaved by viral proteinase 3C after Q139. This cleavage
separates the N-terminal skeletal and kidney-enriched inosital phosphatase (SKIP) carboxyl
homology (SKICH) and LC3C-interacting region (CLIR) of CALCOCO2 from its C-terminal LIR,
coiled-coil (CC) and ubiquitin-binding zinc finger (UBZ) domains (Figure 19C).
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Figure 19. CALCOCO2 is cleaved after Q139 by viral proteinase 3C. (A) HeLa cells were
transfected with 3Cwt together with GFP-CALCOCO2WT or GFP-CALCOCO2Q139L as indicated.
After 24 h, cell lysates were harvested and subjected to Western blot analysis using an anti-GFP
antibody. (B) In vitro cleavage assay was conducted by incubation of lysates of HeLa cells
transfected with GFP-CALCOCO2WT or GFP-CALCOCO2Q139L with recombinant 3Cwt, 3Cmut, or
vehicle (-) as above in (E). (C) Schematic illustration of the structural domains, the identified
cleavage site, the antibody recognition regions, and the resulting cleavage products of
CALCOCO2. SKICH, skeletal muscle and kidney-enriched inositol phosphatase (SKIP) carboxyl
homology; CLIR, LC3C-interacting region; LIR, LC3-interacting region; CC, coiled-coil domain;
UBZ, ubiquitin-binding zinc-finger region. Arrows denote the cleavage fragments. NS, nonspecific bands. Results in this Figure represent data from 2 independent experiments.

The C-terminal cleavage fragment of CALCOCO2 retains the function of full-length
CALCOCO2 in promoting viral replication
We next sought to evaluate the functional consequence of CALCOCO2 cleavage by
generating recombinant fragments corresponding to the N-terminal (N1-139) and C-terminal
(C140-446) cleavage products. Of note, I found that the N-CALCOCO2 fragment was less stable
as compared to full-length and C-CALCOCO2 fragment (Figure 20A & B), consistent with the
finding that the Flag-N-CALCOCO2 was undetectable following CVB3 infection (Figure 18B).
Further experiments using proteasome and lysosome inhibitors showed that the N-CALCOCO2
fragment was degraded mainly through the proteasome pathway, as evidenced by the accumulation
of N-CALCOCO2 in the presence of proteasome inhibitor MG132 (Figure 20A), but not lysosome
inhibitor bafilomycin A1 (Figure 20B). Based on these findings, our study hereafter focused on
the C-CALCOCO2 fragment to further elucidate its functional significance. Similar to full-length
CALCOCO2WT, I found that expression of C-CALCOCO2 caused a significant increase in viral
titers (Figure 20C), suggesting that viral cleavage of CALCOCO2 does not impair its pro-viral
activity. To further understand the pro-viral mechanism of C-CALCOCO2, I examined whether
C-CALCOCO2 has a direct effect on MAVS. To rule out the possible interference from
endogenous CALCOCO2, I utilized CRISPR-Cas9 gene editing system to generate CALCOCO2
knockout cells (Figure 20D). The cells were then reconstituted with either a vector control,
CALCOCO2WT, or truncated C-CALCOCO2 by transient transfection. As shown in Figure 20E,
74

protein levels of MAVS were reduced in CALCOCO2 knockout cells expressing either
CALCOCO2WT or C-CALCOCO2 as compared to vector control, indicating that MAVS is also a
target of C-CALCOCO2. I further examined whether C-CALCOCO2 retains its capacity to
behave as an autophagy receptor by evaluating its ability to interact with the autophagosome
marker LC3 as well as degradative signals such as ubiquitin. Consistent with the observation that
both wild-type and truncated CALCOCO2 can degrade MAVS, both forms demonstrated the
capacity to interact with exogenously expressed GFP-LC3 as well as HA-Ubiquitin conjugates
(Figure 20F & 20G).

Finally, I assessed the effects of C-CALCOCO2 on IFN- production

induced by poly I:C (a synthetic analogue of double-stranded RNA). I found that treatment with
poly I:C for 12 h resulted in a marked increase in IFN- transcript levels (Figure 20H). Addition
of CALCOCO2WT or C-CALCOCO2 significantly decreased mRNA and protein levels of IFN-
(Figures 20H & 20I). Collectively, our results support a pro-viral mechanism of the CCALCOCO2 fragment through attenuating the IFN- signaling by targeting the MAVS protein.
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Figure 20. The C-terminal cleavage fragment of CALCOCO2 retains the function of fulllength CALCOCO2 in promoting CVB3 growth. (A, B) HeLa cells were transfected with
3×FLAG-tagged CALCOCO2WT, N- or C-terminal cleavage fragments of CALCOCO2 (NCALCOCO2 or C-CALCOCO2) in the presence of vehicle (DMSO), proteasomal inhibitor
(MG132, 10µM) (A), or lysosome inhibitor (bafilomycin, 200nM) (B) for 6 h. Protein levels of
full-length and the respective cleavage fragments of CALCOCO2 were verified by Western
blotting with an anti-Flag antibody. Ubiquitin (A) and LC3 (B) were probed by Western blotting
to confirm the inhibition of proteasome and lysosome activities, respectively. Densitometry was
conducted as above. (C) HeLa cells were transfected with 3×FLAG-tagged CALCOCO2WT, CCALCOCO2, or empty vector for 24 h, followed by CVB3 infection (MOI=10) for 7 h. Virus titer
(mean ± SD, n=3) were measured by TCID50 and Western blotting was performed to confirm the
expression of exogenous CALCOCO2 using an anti-Flag antibody. (D) Knockout (KO) efficiency
of the CALCOCO2 KO HeLa cells was verified by Western blotting with anti-CALCOCO2
antibody. (E) CALCOCO2 KO cells were transfected with empty vector, 3×FLAG-tagged
CALCOCO2WT, or C-CALCOCO2 for 16 h. Western blot analysis was conducted to examine the
protein expression of MAVS, CALCOCO2, and ACTB. Protein levels of MAVS were quantitated
by densitometric analysis, normalized to ACTB, and presented as fold changes (meanSD, n=3)
compared to vector control. (F,G) HeLa cells were transfected with 3×FLAG-tagged
CALCOCO2WT, C-CALCOCO2, or empty vector and co-transfected with either GFP-LC3 (F) or
HA-Ubiquitin (G) for 16 h. Co-IP and Western blotting were conducted as above. Blots for IgG
light chain and ACTB were used as loading controls for IP and input, respectively. Similar results
were observed in 2 independent experiments. (H, I) CALCOCO2 KO cells were transfected with
empty vector, 3×FLAG-tagged CALCOCO2WT, or C-CALCOCO2 for 16 h, followed by addition
of poly I:C (1 μg/ml) or vehicle for another 12 h. Cells were collected for RNA extraction and
qRT-PCR was conducted to determine the mRNA levels of IFN-β (F, mean ± SD, n=3). Culture
supernatants were harvested for the measurement of IFN- secretion by ELISA (G, mean ± SD,
n=3). Results in this Figure represent data from 2-3 independent experiments.
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Discussion
Enterovirus replication is tightly associated with host cellular machinery, including the
autophagy pathway, which has been previously shown to be beneficial for viral growth by
providing physical scaffolds for viral replication68, 75, 149, and through facilitating autophagosomeassociated non-lytic viral spread15, 17, 97. Additional support was provided from a recent study,
which used a high-throughput genetic screen to identify autophagy and membrane trafficking
genes as critical regulators of susceptibility to Picornaviruses infection150. I have previously
demonstrated that CVB3 infection promotes the formation of autophagosomes while at the same
time targeting several autophagy receptor and adaptor proteins, including SQSTM1/p62, NBR1,
synaptosomal-associated protein 29 (SNAP29), and pleckstrin homology domain-containing
family M member 1(PLEKHM1) to disrupt its degradative capacity 68, 92, 140, 151. The current study
provides further insights into the mechanism by which CVB3 subverts autophagy by identifying
the autophagy receptor CALCOCO2 as a novel viral substrate that is co-opted to facilitate viral
propagation.
CALCOCO2 is generally considered a xenophagic receptor; this is mainly based on
previous evidence on bacteria, most notably Salmonella152,

153, 154

. For viral infection, it was

previously reported that CALCOCO2 binds the non-structural protein 2 of Chikungunya virus to
promote viral replication in humans but not mice, suggesting not only a pro-viral function but also
a species-specific role for CALCOCO2105. Other studies also showed a pro-viral role for
CALCOCO2 in Influenza and Measles viral infection155, 156. However, the mechanism has not been
investigated and CALCOCO2 interaction with various viral proteins has been proposed to be
relevant105, 155, 157. In this study, I demonstrated that in addition to its role in selective autophagy,
CALCOCO2 has an indirect effect on CVB3 propagation by regulating a broader host anti-viral
response. Type I IFN signaling provides a potent host innate immunity against enteroviral
infection. Indeed, CVB3 has been shown to disrupt this pathway through virus-mediated cleavage
of MAVS protein158, 159. Consistent with a recent report146, I found that loss of CALCOCO2 causes
increased accumulation of MAVS and phosphorylation of TBK1, a prerequisite for the
downstream production of IFN α/β cytokines. I also showed that depletion of CALCOCO2, but
not SQSTM1, results in an elevated production of IFN-α/IFN-β mRNA, providing a plausible
mechanism by which autophagy receptors differentially regulate CVB3 replication.
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We previously reported that perturbation of SQSTM1, either through genetic silencing or
exogenous overexpression, does not contribute to viral replication92. The current study addresses
the limitations of our previous research, in which viral propagation was assessed after challenging
cells with a high dose of CVB3, which I now realize may fail to capture the subtle nuances of viral
replication. The present study utilized a low dose of CVB3 infection to re-examine the role of
SQSTM1 in viral propagation and demonstrated an anti-viral function of SQSTM1.
It was first identified by Beth Levine’s laboratory that SQSTM1 binds and targets the
capsid proteins of Sindbis virus for autophagic degradation143. Later, SQSTM1 interaction with
capsid proteins was also reported during Chikungunya viral infection105. Our current study
revealed that both SQSTM1 and CALCOCO2 are able to interact with CVB3 capsid protein VP1.
I further demonstrated that VP1 undergoes ubiquitination, a substrate signal recognized by
autophagy receptors, but whether intact infectious capsids are also ubiquitinated remains to be
shown160. Autophagy receptors can initiate virophagy either in a ubiquitin-dependent or
independent manner161. With regards to SQSTM1, both ubiquitin-dependent and independent
targeting have been reported for Chikungunya and Sindbis virus105, 143. An important consideration
in virophagy is the nature of ubiquitin-association i.e. whether autophagy substrates, such as viral
capsid proteins, are either directly ubiquitinated via the activity of E3 ubiquitin ligases, or rather
indirectly associate with host ubiquitinated factors. In both cases, the presence of ubiquitin can
signal for the recruitment of autophagy receptors162. But an additional consideration should be
made for the former in which direct ubiquitin-conjugation can occur through various linkages.
Using linkage-specific ubiquitin antibodies, our study revealed that CVB3 capsid proteins can
potentially exhibit multiple forms, including K48 and/or K63–linked ubiquitination by a yet
unidentified E3 ligase, although the precise number of ubiquitin linkages is not clear. One potential
candidate, the E3 ligase SMURF1 (Smad ubiquitin regulatory factor 1), was previously shown to
not only interact with SQSTM1 but to also regulate virophagy of Sindbis and herpes simplex virus,
albeit in a ubiquitin-conjugation independent manner163. Another likely candidate is the SQSTM1associoated E3 ligase TRAF6 (tumor necrosis factor receptor (TNF)-associated factor 6), which
plays an important role in anti-viral signaling via the NF-κB pathway. Of note, our previous report
demonstrated that CVB3-mediated cleavage of SQSTM1 occurs within its respective TRAF6binding domain, leading to disrupted NF-κB signaling92. In addition to CVB3, cleavage of
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SQSTM1 has recently been confirmed upon poliovirus, rhinovirus, and enterovirus D68
infection164, suggesting a common enteroviral strategy to counteract selective autophagy receptor.
In summary, our study provides novel insight into the mechanisms by which CVB3 evades
host virophagy, through viral-mediated cleavage of CALCOCO2 and SQSTM1, to promote viral
propagation.
In Chapter 3, I demonstrated that CVB3 can target selective autophagy receptors for
cleavage as a strategy to enhance viral propagation and disrupt the innate immune function of
autophagy receptors. In addition to disrupting the normal function of selective autophagy, I sought
to explore additional mechanisms by which CVB3 evades autophagic degradation. In Chapter 4,
I identified novel molecular insights by which CVB3 targets the autophagosome-lysosome fusion
process to impair autophagic clearance.
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Chapter 4: CVB3 Inhibits Autophagic Flux Via Disruption of the SNARE
Complex

Background
Numerous studies have reported that EVs initiate autophagy to facilitate viral replication.
Given that autophagy is generally regarded as an anti-microbial pathway, the question emerged as
to how EVs circumvent the anti-viral capacity of autophagy. Research presented in Chapter 3
revealed that CVB3 can degrade selective autophagy receptors such as SQSTM1 and CALCOCO2
to evade capture inside autophagosomes. However, it remains unclear whether EV infection can
regulate the late stage autophagosome-lysosome fusion process. Recent advances in the field of
autophagy have identified SNARE proteins as critical factors for autophagosome-lysosome fusion
34, 35

. In particular, the SNARE complex of syntaxin 17/STX17, SNAP29, and VAMP8 was shown

to be a major driver of autophagic membrane fusion.

The rationale of this study was to

understand the underlying mechanism by which CVB3 regulates autophagosome-lysosome fusion.
The specific aim was to investigate whether CVB3 targets the autophagic SNARE complex,
particularly the STX17-SNAP29-VAMP8 complex that is implicated in autophagosome-lysosome
fusion processes.

Materials and methods
Animals
The breeding pairs of autophagic reporter mice expressing GFP-LC3 were obtained from
the RIKEN BioResource Center (00806), and the background C57BL/6 mice were purchased from
the Jackson Laboratories (000664). These mice were bred at the Center for Heart Lung Innovation
animal facility. PCR genotyping was performed to identify wild-type (WT), hemizygous (WT/
Tg), and homozygous (Tg/Tg) GFP-LC3 mice as previously described (Kuma and Mizushima,
2008). Male homozygous GFP-LC3 and C57BL/6 mice at the age of 5 weeks were inoculated
intraperitoneally with 104 plaque-forming units (pfu) of CVB3 (Charles Gauntt strain) or shaminfected with PBS as previously described (Wang et al., 2015). At 3 or 9 days post-infection, mice
were sacrificed, and tissues were harvested for confocal imaging, immunohistochemical staining,
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western blotting, and plaque assay. All mouse studies were carried out in accordance with the
Guide for the Care and Use of Laboratory Animals of the Canadian Council on Animal Care. The
protocol (A13- 0321) for this research was approved by the Animal Care Committee of the
University of British Columbia. Statistical Analysis Results are presented as mean ± SD. Statistical
analysis was performed using unpaired Student’s t test. A p value < 0.05 was considered to indicate
statistical significance. The survival curves were plotted using Kaplan-Meier methods, and
significance was determined using the log rank test.

Cell culture and viral infection
HEK293 cells stably expressing mRFP-EGFP-LC3 were provided from Dr. Sharon Gorski
at the BC Cancer Agency (Vancouver, BC, Canada). HEK293 and HeLa cells (American Type
Culture Collection) were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and a penicillin/streptomycin cocktail (100
µg/mL). Cell starvation was induced by incubating cells in Hank’s Balanced Salt Solution
(Invitrogen, #14175095) for the indicated times. For CVB3 infection, cells were either shaminfected with PBS or inoculated with CVB3 (Kandolf strain) at different multiplicity of infection
(MOI) as indicated. The following chemicals were used for the treatment of cells: general caspase
inhibitor Z-VAD-FMK (BD Biosciences, #550377), proteasome inhibitor MG132 (SigmaAldrich, C2211), lysosome/endosome inhibitor bafilomycin A1 (Sigma-Aldrich, B1793),
autophagy activator rapamycin (Sigma-Aldrich, R8781).
Plasmids and small interfering RNA (siRNA)
The myc-tagged wild-type CVB3-3C (3Cwt) and C147A mutant CVB3-3C (3Cmut)
constructs were generous gifts from Dr. Carolyn Coyne at the University of Pittsburgh

114.

The

3×Flag-SNAP29, Flag-STX17, and Flag-VAMP8 constructs were gifts from Dr. Qing Zhong at
the University of Texas Southwestern Medical Center

35.

The PLEKHM1-HA plasmid was

purchased from Addgene (#89300). 3×Flag-SNAP29Q161L and PLEKHMQ668L-HA mutants were
generated using the QuikChange Site-Directed Mutagenesis kit (Agilent, #200518) according to
the manufacture’s protocol with the following primers: SNAP29 forward - CAG GAA GCA AAG
TAC CTG GCC AGC CAC CCA AAC; SNAP29 reverse - GTT TGG GTG GCT GGC CAG GTA
CTT TGC TTC CTG; PLEKHM1 forward-CCC GCG GCC CTC CTG GGC ACA CAG TTT G,
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PLEKHM1 reverse - CAA ACT GTG TGC CCA GGA GGG CCG CGG G. HA-VAMP8 and HASTX17 constructs were generous gifts from Dr. Mingzhou Chen at the Wuhan University, China
165.

The siRNAs targeting SNAP29 (sc-76531) and PLEKHM1 (sc-93882), and the scrambled

siRNAs (sc-37007) were purchased from Santa Cruz Biotechnology. For transfection, HeLa cells
were transiently transfected with plasmid cDNAs or siRNAs using Lipofectamine 2000
(Invitrogen, 11668-019) following the manufacturer’s instructions.
Western blot analysis
Cells were lysed in buffer (10mM HEPES pH 7.4, 50mM NaPyrophosphate, 50 mM NaF,
50mM NaCl, 5 mM EDTA, 5mM EGTA, 100 µM Na3VO4, 0.1% Triton X-100) supplemented
with cOmplete Mini, EDTA-free protease inhibitor cocktail tablets (Sigma, #11836170001) .
Western blotting was conducted using the following primary antibodies: p-eIF2α (Cell Signaling
Technology, #9721), eIF2α (Cell Signaling Technology, #9722), ATG5 (Novus Biologicals,
NB110-53818), Rab7 (Santa Cruz Biotechnology, sc-10767), LAMP2 (Santa Cruz Biotechnology,
sc-8101), SNAP29 (Abcam, ab181151), STX17 (Sigma-Aldrich, HPA001204), VAMP8 (Abcam,
ab76021), cleaved-caspase 3 (Cell Signaling Technology, #9661), p62/SQSTM1 (PROGEN
Biotechnik GmbH, GSQSTM1-C), LC3 (MBL International, PM036), PLEKHM1 (Cell Signaling
Technology, #66012), VP1 (Dako, M706401-1), Nbr1 (Santa Cruz Biotechnology, sc-130380),
EGFR (Cell Signaling Technology, #4267), HA (Roche, 11867423001), Flag (Sigma, F1804),
ubiquitin (Cell Signaling Technology, #3933), LRP6 (Cell Signaling Technology, #2560), β-actin
(Sigma-Aldrich, A5316), GAPDH (Cell Signaling Technology, 14C10), and GFP (Life
Technologies, A-6455).
Immunofluorescence and confocal microscopy
Cells were fixed in 4% methanol-free paraformaldehyde for 15min at room temperature.
Unreacted aldehyde was quenched with 100 mM glycine/PBS solution for 15min. Cells were
subsequently permeabilized with 3-minute incubation in 0.1% Triton X-100. Fixed and
permeabilized cells were blocked for 1 h with 3% bovine serum albumin, followed by incubation
with primary antibodies (anti-LC3, anti-VP1, anti-STX17, and anti-dsRNA) at 4ºC overnight and
then secondary antibodies for 1 h. After washes, coverslips were mounted using Fluoroshield with
DAPI (Sigma-Aldrich, F6057). Lysosomes and late endosomes were visualized using Lysotracker
Red DND-99 (life technologies, L7528) according to the manufacturer’s instructions. Images were
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captured with the Zeiss LSM 880 Inverted Confocal Microscopy. Quantification of the localization
of LC3 and Lysotracker Red (LTR) was conducted using ImageJ and presented as Pearson
coefficient (Rr) by counting at least 50 LC3+/LTR+ cells. HeLa cells positive for LC3 peripheral
staining were counted and normalized to total cells (70+ cells) and expressed as % positive cells
(mean ± SD) with LC3 periphery accumulation.
Histological examination
Heart specimens were stained with hematoxylin and eosin (H&E) as described previously
118

. Sections were then graded blindly for the damage of heart based on the relative lesion area,

cellular vacuolization, calcification, necrosis, and inflammatory infiltration, with the following
scales: 0, no or questionable presence; 1, limited focal distribution; 2-3, intermediate severity; and
4-5, coalescent and extensive foci over the entirety of the transversely sectioned tissue.
Extracellular microvesicle (EMV) isolation
EMV isolation was performed as previously described 97. Briefly, cell culture medium was
harvested from HeLa cells infected with CVB3 at an MOI of 0.1 for 16 h. After spinning down to
pellet cellular debris, the supernatant was collected and incubated with exosome isolation reagent
(Life Technologies, #4478359) overnight at 4°C. Following centrifugation at 14,000g for 1 h, the
EMVs were resuspended in PBS and air-dried on coverslips for subsequent analysis by
immunostaining.
Cell fractionation
Following infection, cells were incubated with hypotonic lysis buffer (20 mM HEPES, pH
7.4, 10 mM KCl with phosphatase and protease inhibitors) for 20 minutes on ice. Cell lysates were
subjected to 25 strokes of dounce homogenization followed by a brief centrifugation to remove
cell debris. The supernatant was further centrifuged at 64,000 g for 1 h to separate the membrane
from the cytoplasm fraction. The membrane fraction was confirmed by the detection of the
membrane protein, low-density lipoprotein receptor-related protein 6 (LRP6).
Plaque assay
Following CVB3 infection of HeLa cells, cell supernatant was harvested for the
measurement of extracellular virus titers. Intracellular virus was extracted from infected cells using
hypotonic burst lysis as described previously 166. In brief, cells were scraped and agitated through
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repeated pipetting to ensure complete lysis. Cellular debris and nuclei were cleared and the
supernatant containing intracellular virus was resuspended in equal volume 2×DMEM for viral
titer measurement. The amount of extracellular and intracellular CVB3 titers in cultures and total
virus titers in CVB3-infected hearts were determined by agar overlay plaque assay as previously
described 92. The samples were serially diluted and overlaid on 6-well plates of ~90% confluent
HeLa cells. Following a period of 1-h incubation at 37ºC, medium was replaced with 0.75% agar
overlay for 72 h. Cells were then fixed in Carnoy’s fixative of 75% ethanol and 25% acetic acid.
The numbers of plaques were quantified in triplicates and viral titers were measured as pfu/ml or
g of tissue.
Statistical analysis
Results are presented as mean ± standard deviation (SD). Statistical analysis was performed
with unpaired Student’s t-test or analysis of variance (ANOVA). A P-value <0.05 was considered
to be statistically significant. The survival curves were plotted using the Kaplan-Meier methods
and significance was determined by the log-rank test.
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Results
CVB3 infection results in an increased accumulation of autophagosomes in vivo
Our previous in-vitro study has found that autophagosome is accumulated in CVB3infected cells and serves as a site for viral replication

68

. Here I explored the interplay between

CVB3 and the autophagic pathway in-vivo using the autophagy reporter mice with GFP-labeled
microtubule-associated protein 1 light chain 3 (LC3) 167. After verification by genotyping (Figure
21A), adolescent male homozygous GFP-LC3 mice or the background C57BL/6 mice were
inoculated with CVB3 or sham-infected for 3 or 9 days. Confocal microscopy analysis showed
that, in sham-infected heart, GFP-LC3 signal was low and diffusely distributed in the cytosol of
cardiomyocytes, while in virus-infected heart, the signal of GFP-LC3 was markedly increased and
formed puncta (a marker of autophagosomes) (Figure 21B). In line with this observation, Western
blotting demonstrated elevated conversion of both endogenous and exogenous non-modified LC3I to lipidated LC3-II in infected heart (Figure 21C), suggesting an augmented autophagosome
formation and/or a blockade of autophagosome fusion with lysosomes/endosomes. The eukaryotic
initiation factor 2α (eIF2α) signaling is an important upstream regulator shown to control
autophagosome formation/maturation in response to viral infection and under ER stress 168. Similar
to our findings in-vitro 68, I showed here that phosphorylation of eIF2α was greatly increased in
virus-infected heart (Figure 21D), revealing a possible upstream mechanism contributing to
elevated autophagosome formation. Interestingly, consistent with a previous report 83, I found that
GFP-LC3 mice were more permissive to CVB3 infection than the control mice. When compared
with the C57BL/6 littermates, GFP-LC3 mice had a significantly higher mortality rate (Figure
21E), greater viral loads (Figure 21F), and developed more severe virus-induced myocarditis
(Figure 1G), indicating a pro-viral role for LC3, probably by providing autophagy-dependent and
–independent intracellular membrane scaffolds for viral replication as proposed previously

83

.

Together, our in-vivo data suggest that CVB3 infection induces an accumulation of
autophagosomes in virus-infected heart, which is partly attributable to increased formation as a
consequence of the activation of the upstream signaling pathway. However, whether the
accumulation of LC3 puncta could also be caused by decreased autophagosome clearance remains
elusive.
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Figure 21. CVB3 infection leads to an increased accumulation of autophagosomes in vivo.
Male homozygous GFP-LC3 transgenic mice or the background C57BL/6 control mice at ~5
weeks were infected intraperitoneally with 104 pfu of CVB3 or sham-infected with PBS for 3 or 9
days. (A) Genotyping identification of wild-type (WT), hemizygous (WT/Tg), and homozygous
(Tg/Tg) GFP-LC3 mice by PCR. (B) Representative confocal images of GFP-LC3 signal (green)
in mouse heart at 3 or 9 days post-infection. The nucleus was counterstained with DAPI (blue).
The LC3 puncta was detected at different virus-infected area across the whole section (n=3, in
each group). (C and D) Western blot analysis of endogenous LC3 and exogenous GFP-LC3 (C),
p-eIF2α and total eIF2α (D) in three independent mouse hearts using antibodies against LC3, GFP,
p-eIF2α, and eIF2α. GAPDH was probed as a protein loading control. Protein levels of LC3-II and
p-eIF2α were quantitated by densitometric analysis using NIH ImageJ, normalized to GAPDH and
eIF2α, respectively, and presented underneath as fold changes compared to sham (the first lane of
sham is arbitrarily set a value of 1). (E) Kaplan-Meier survival curves of GFP-LC3 (n=18) and
C57BL/6 control mice (n=8) over a time-course of 9-day infection. P<0.05 between two groups
by the log-rank test. (F) Virus titers in CVB3-infected mouse heart at 9 days post-infection by
plaque assay. Data are presented as mean ± SD (n=5 mice in each group). (G) Histological
examination of CVB3-infected heart at 9 days post-infection by H&E staining. The level of virusinduced myocarditis was graded based on the intensity and character of injury and inflammatory
and expressed as mean ± SD (n=6 mice in each group) in the right panel. Scale bar=50µM
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CVB3 infection inhibits autophagic flux in-vitro
Autophagy is a dynamic process comprised of autophagosome formation and degradation,
termed autophagic flux, thus autophagosome accumulation could be a result of increased
production and/or decreased clearance. To measure autophagic flux in the context of CVB3
infection, I utilized a tandem fluorescent-tagged mRFP-GFP-LC3 reporter construct that monitors
autophagosome-lysosome/endosome fusion based on different pH stability of GFP and RFP

122

.

This system is advantageous because the GFP fluorescence signal is unstable in acidic
environments, such as lysosomal and late endosomal compartments. For this reason, following
autophagosome-lysosome/endosome fusion in response to autophagic stimuli, i.e., starvation
(Figure 22A, HEK293 cells stably expressing mRFP-GFP-LC3), the GFP signal was lost due to
quenching while RFP fluorescence remained strong. Addition of bafilomycin A1, an inhibitor of
vacuolar

type

proton

ATPase

that

prevents

the

fusion

of

autophagosomes

with

lysosomes/endosomes, rescued the loss of GFP-LC3 puncta. Following CVB3 infection, I found
that puncta GFP and RFP signal increased and always co-localized with or without bafilomycin
A1, indicating an inhibition of autophagosome fusion (Figure 22A).
Furthermore, I assessed the turnover of p62/sequestosome1 (SQSTM1), a target of
autophagy and widely used as a marker for monitoring autophagic flux. I recognized that
endogenous p62/SQSTM1 could not be used to measure flux as it is cleaved upon CVB3 infection
by virus-encoded proteinase 2A 92. Here I applied a CVB3 non-cleavable form of p62 (p62G241E)
to monitor its stability. As shown in Figure 22B, after 2-h starvation, the protein levels of p62G241E
decreased, suggesting a degradation event or complete autophagy. However, no apparent reduction
in p62G241E protein levels was seen after CVB3 infection, indicating an inhibition of autophagic
flux. Lastly, I used Lysotracker Red, a weak base that accumulates in acidic organelles, to visualize
lysosomes and late endosomes. To avoid potential artifacts with overexpression system, I stained
for endogenous LC3 instead of using GFP-LC3 construct. Figure 22C showed that the colocalization of LC3 puncta and the LysoTracker dye, which was observed in starved cells,
significantly reduced in virus-infected cells, further supporting a blockade in the late stage of
autophagy following infection.
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Figure 22. CVB3 infection inhibits autophagic flux in vitro. (A) Monitoring of autophagic flux
in CVB3-infected reporter cells by confocal microscopy. HEK293 cells stably expressing mRFPEGFP-LC3 were either sham- or CVB3-infected (MOI=20) for 7 h in the presence or absence of
a lysosome/endosome inhibitor bafilomycin A1 (BAF, 200 nM). Cells underwent starvation for 6
h were included as a positive control for autophagy. Co-localization between GFP-LC3 and mRFPLC3 puncta was quantified using ImageJ and presented as Pearson Correlation (Rr). Arrows
indicate nuclear condensation, a marker of CVB3-induced apoptosis. (B) Stability of viral
proteinase-resistant p62/SQSTM1 in CVB3-infected cells. HeLa cells were transfected with Flagp62G241E, a CVB3 non-cleavable p62 mutant, for 24 h, followed by 2-h starvation or CVB3
infection (MOI=10) for various time-courses. Protein level of Flag-p62-G241E was measured by
Western blotting with an anti-Flag antibody. Densitometry was conducted as above. Similar results
were observed 2 independent experiments. (C) Confocal microscopy analysis of the colocalization of LC3 and Lysotracker Red. HeLa cells were starved for 6h or infected with CVB3
(MOI=10) for 5 h, followed by an additional hour of incubation with Lysotracker Red (LTR). Cells
were then immunostained for LC3. Co-localization between LC3 and LTR was quantified as in
(A).
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SNAP29 and PLEKHM1 are cleaved following CVB3 infection by viral proteinase 3C
We next sought to delineate the mechanisms responsible for the impaired fusion. I focused
on proteins previously reported to be involved in such process. Firstly, I examined the protein
levels of Ras-related protein in brain 7 (Rab7, a small GTPase localized on lysosomes and late
endosomes) and lysosome-associated membrane protein 2 (LAMP2, a major component of
lysosomal and late endosomal membrane), two proteins shown to play a role in autophagosomelysosome/endosome fusion

169, 170

. However, no evident changes over the course of CVB3

infection were observed.
We then analyzed the soluble N-ethylmaleimide-sensitive factor activating protein receptor
(SNARE) proteins that were identified to be key regulators for autophagosome fusion

33

. It was

demonstrated that upon autophagic stimulation, the SNARE protein syntaxin 17 (STX17), is
recruited specifically to mature autophagosomes where it interacts with another autophagosomal
SNARE protein, synaptosomal-associated protein 29 (SNAP29), and the lysosomal/endosomal
SNARE protein, vesicle-associated membrane protein 8 (VAMP8), driving the fusion of
autophagosomes with lysosomes/endosomes. As shown in Figure 23A, following infection,
protein levels of all three SNARE proteins decreased, with the highest reduction being observed
in SNAP29. Of interest, decreases in full-length SNAP29 were accompanied by the appearance of
an additional band at ~19 kDa, suggesting a possible cleavage of SNAP29. Experiments in HeLa
cells transiently expressing 3×Flag-SNAP29 confirmed SNAP29 cleavage by the detection of a
comparable N-terminal cleavage fragment with an anti-Flag antibody (Figure 23B). The cleavage
products of SNAP29 detected by different antibodies are illustrated in Figure 24B. Moreover, I
conducted both in-vivo (in cells transfected with proteinase constructs) and in-vitro (using
recombinant purified proteinases) cleavage assay to identify the proteinase that contributes to this
cleavage. Figure 23C showed that expression of a wild-type CVB3 proteinase 3C (3Cwt), but not
its catalytically inactive mutant (3Cmut) in cells, caused the generation of a similar cleavage product
of SNAP29 as observed under viral infection, indicating that SNAP29 is a target of 3C. The role
of 3C in SNAP29 processing was verified by an in-vitro cleavage assay using recombinant
proteinases (Figure 23D). Figure 23D also showed that poliovirus infection resulted in a similar
cleavage of SNAP29 as detected upon CVB3 infection. No effects of viral proteinase 2A on
SNAP29 were observed (Figure 23E). Lastly, I investigated the possible participation of the
apoptotic, proteasomal, and lysosomal pathways in the regulation of SNAP29 stability using a
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general caspase inhibitor (Z-VAD-FMK), a proteasome inhibitor (MG132), and a
lysosome/endosome inhibitor (bafilomycin A1). Our data revealed that SNAP29 cleavage upon
infection was independent of caspase activation (Figure 23F) and proteasome/lysosome-mediated
degradation (data not shown).
In addition to SNARE proteins, adaptor/tethering proteins, such as pleckstrin homology
domain containing protein family member 1 (PLEKHM1), also participate in the fusion step by
facilitating the formation of SNARE complexes via its interaction with homotypic fusion and
protein sorting (HOPS), Rab7, and LC3 37. Similar to what I have observed for SNAP29, I found
that both endogenous and exogenous PLEKHM1 were cleaved upon infection (Figure 23G & H)
via the catalytic activity of CVB3 proteinase 3C (Figure 23I & J), independent of the activation
of 2A (Figure 23K) and caspase (Figure 23L). The cleavage fragments of PLEKHM1 detected
by different antibodies are elucidated in Figure 24D. Collectively, our results suggest a potential
mechanism by which CVB3 inhibits autophagic flux via dysregulating proteins involved in
SNARE-mediated autophagosome fusion.
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Figure 23. SNAP29 and PLEKHM1 are cleaved following CVB3 infection by viral proteinase
3C. (A, G) Western blot analysis of SNARE proteins (A) and PLEKHM1 (G) in CVB3-infected
cells. HeLa cells were sham- or CVB3-infected (MOI=10) for various time-points. Western
blotting was conducted for detection of SNAP29, STX17, and VAMP8 (A), or PLEKHM1 (G).
Densitometry was carried out as above. NS = non-specific bands. (B, H) Cleavage of exogenously
expressed SNAP29 (B) or PLEKHM1 (H). Hela cells were transfected with an empty vector or a
plasmid expressing 3×Flag-SNAP29 (B) or PLEKHM1-HA (H) for 24 h, followed by CVB3
infection (MOI=10) for 7 h. Western blotting was carried out with anti-Flag (B) or anti-HA (H)
antibodies. (C, I) Viral proteinase 3C-dependent cleavage of SNAP29 (C) and PLEKHM1 (I).
HeLa cells were transfected with 3×Flag-SNAP29 (C) or PLEKHM1-HA (I), together with either
empty vector, wild-type 3C (3Cwt), or catalytically inactive 3C (C147A) mutant (3Cmut). After 24
h, cells lysates were collected and analyzed by Western blotting with anti-Flag (C) or anti-HA (I)
antibodies. (D, J) Cleavage of SNAP29 (D) or PLEKHM1 (J) by recombinant 3C. In vitro cleavage
assay was performed by incubation of HeLa cell lysates (30 μg) with vehicle (-), purified 3Cwt, or
3Cmut proteins (0.1 μg) for 16 h. Sham- and CVB3- or poliovirus-infected HeLa cell lysates were
included (right four lanes) as controls. Cleavage products of SNAP29 or PLEKHM1 were analyzed
by Western blotting with anti-SNAP29 (D) or anti-PLEKHM1 (J) antibodies, respectively. (E, K)
Viral proteinase 2A-independent cleavage of SNAP29 (E) and PLEKHM1 (K). In vitro cleavage
assay was conducted as above with vehicle (-), recombinant 2Awt, or 2Amut proteins (0.3 μg) for
16 h. Cleavage of Nbr1 by 2A, which was previously demonstrated 140, was shown as evidence of
the activity of 2A. (F, L) Caspase-independent cleavage of SNAP29 (F) and PLEKHM1 (L) in
CVB3-infected cells. HeLa cells were transfected with 3×Flag-SNAP29 (F) or PLEKHM1-HA
(L) for 24 h, followed by CVB3 infection (MOI=10) for 7 h in the presence or absence of a pancaspase inhibitor Z-VAD-FMK (zVAD, 50 µM) or vehicle (-). Western blotting was performed
with an anti-Flag (F) or an anti-HA (L). Activation of caspase-3 was examined using an anticleaved caspase-3 antibody. Arrows denote the cleavage fragments. Results in this Figure
represent data from 2 to 4 independent experiments. NS = non-specific bands.
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SNAP29 is cleaved after Q161 and PLEKHM1 after Q668
Having confirmed that SNAP29 and PLEKHM1 undergo cleavage by 3C, I next wished to
identify the cleavage site. Using a bioinformatics approach tailored towards mapping of 3C
consensus sequence

171

, I identified several potential cleavage sites. To verify our prediction, I

constructed individual point mutation plasmids by site-directed mutagenesis. I found that wildtype SNAP29 and PLEKHM1, but not the SNAP29Q161L [the glutamine (Q) residue at position 161
was replaced with leucine (L)] and PLEKHM1Q668L mutants, were able to yield cleavage fragments
when co-expressed with 3Cwt but not with 3Cmut (Figure 24A & C), suggesting that Q161 and
Q668 are the cleavage sites on SNAP29 and PLEKHM1, respectively. As illustrated in Figure
24B & D, CVB3-induced cleavage of SNAP29 separates its N-terminal coiled-coil domain from
the C-terminal SNARE motif, while cleavage of PLEKHM1 results in the dissociation of the Nterminal RUN (RPIP8, UNC-14, and NESCA), PH1 (Pleckstrin homology 1), and LIR (LC3interacting region) domains from the C-terminal PH2 and C1 (Cysteine-rich) domains.

CVB3 infection leads to impaired formation of SNARE complexes
Given the established role of SNAP29 and PLEKHM1 in the formation of SNARE
complexes, I suspected that the STX17-SNAP29-VAMP8 complex is disrupted upon CVB3
infection as a result of SNAP29/PLEKHM1 cleavage. To address this hypothesis, I conducted
studies to assess the physical interaction between STX17 and VAMP8 under viral challenge. Coimmunoprecipitation with pull-down of Flag-STX17 using anti-Flag M2 beads revealed that the
STX17-VAMP8 interaction was markedly reduced following infection (Figure 25A), which was
further confirmed by reverse co-IP (Figure 25B). Our data here support a model that CVB3
reduces autophagic flux by disrupting the formation of SNARE complexes.
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Figure 24. SNAP29 is cleaved after Q161 and PLEKHM1 after Q668 following CVB3
infection. (A, C) Identification of the cleavage sites on SNAP29 (A) and PLEKHM1 (C). HeLa
cells were transfected with 3Cwt or 3Cmut, together with 3×Flag-SNAP29WT or 3×FlagSNAP29Q161L (A), or with PLEKHM1WT-HA or PLEKHM1Q668L-HA (C) as indicated. After 24 h,
cell lysates were harvested and subjected to Western blot analysis using anti-Flag (A) or anti-HA
antibodies (C). Data are representative of 3 independent experiments. (B, D) Schematic illustration
of the structural domains, the interacting proteins, the identified cleavage sites, the antibody
recognition regions, and the resulting cleavage products of SNAP29 (B) and PLEKHM1 (D). RUN
= RPIP8, UNC-14, and NESCA; PH = pleckstrin homology; LIR = LC3-interacting region; C1 =
cysteine-rich domain/zinc-finger-like motif; HOPS = homotypic fusion and protein sorting.
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Figure 25. Physical interaction between STX17 and VAMP8 is decreased after CVB3
infection. (A, B) Reduced STX17-VAMP8 interaction in CVB3-infected cells. HeLa cells were
co-transfected with Flag-STX17 and HA-VAMP8 (A), or Flag-VAMP8 and HA-STX17 (B) for
24 h, followed by CVB3 infection (MOI=10) for 5 h. After immunoprecipitation with an anti-Flag
antibody, Western blotting was conducted for detection of HA-VAMP8 (A, right panels) or HASTX17 (B, right panels) by anti-HA antibody. Immunoprecipitated STX17 (A, right panels) or
VAMP8 (B, right panels) was verified by Western blot analysis using anti-Flag antibody, Blots for
antibody IgG heavy or light chain were shown as loading controls. Densitometry was conducted
to quantify the amount of HA-VAMP8 or HA-STX17 over precipitated Flag-STX17 or FlagVAMP8, respectively. Western blots of inputs for immunoprecipitation were shown in the left
panels. Similar results were observed in 3 independent experiments.
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Knockdown of SNAP29/PLEKHM1 inhibits autophagic flux and facilitates viral replication
Since multiple proteins involved in autophagosome fusion, including (but probably not to
limited to) SNAP29, PLEKHM1, STX17, and VAMP8, are targeted by CVB3, it would be difficult
to rescue this process by introducing one or two proteins. In fact, I observed no significant
differences in LC3 levels and viral replication between control and cells expressing cleavageresistant SNAP29Q161L and/or PLEKHM1Q668L mutants (data not shown). Thus, to elucidate the
functional significance of SNAP29/PLEKHM1 cleavage, I decided to knock down their expression
by small-interfering RNAs (siRNAs) in cells infected with a low titer of CVB3. By lowering the
virus titers, I minimized the amount of SNAP29/PLEKHM1 that are cleaved in control siRNAtreated cells (Figure 26A), thus providing an accurate comparison between control and
siSNAP29/siPLEKHM1 cells. Consistent with previous reports

33, 37

, ablation of either SNAP29

or PLEKHM1 alone was able to induce an accumulation of LC3-II, indicative of reduced
autophagic flux (Figure 26A). However, the inhibitory effect was notably much more profound in
cells depleted of SNAP29 than PLEKHM1. Apart from their function in autophagosome fusion,
SNAP29 and PLEKHM1 are also implicated in vesicular trafficking of the endocytic pathway 172,
173

. As expected, knockdown of SNAP29/PLEKHM1 resulted in an increase of epidermal growth

factor receptor (EGFR), an endocytic cargo degraded by lysosome, suggesting a likely engagement
of the endocytic pathway in viral infection (Figure 26A). Of note, combined knockdown had no
evident synergy in blocking LC3-II and EGFR degradation, indicating a shared common
downstream pathway.
Following CVB3 infection, viral capsid protein was barely detectable in control cells by
Western blotting due to low-dose of viral infection, whereas in cells depleted of
SNAP29/PLEKHM1 viral protein synthesis was markedly elevated (Figure 26A). Furthermore,
plaque

assay

demonstrated

significantly

higher

cell-associated

virus

yields

in

SNAP29/PLEKHM1-depleted cells as compared to control cells (Figure 26B), corresponding well
with the elevated levels of LC3-II and EGFR. The big differences in fold-changes between viral
protein expression and titers may reflect the variation of methodological sensitivities. Finally, cell
fractionation experiment revealed a strong association of viral protein with membrane fraction of
the cells (Figure 26C). Together, our data suggest that loss of SNAP29/PLEKHM1 blocks
autophagy flux, resulting in the accumulation of LC3-II-positive membrane structures that likely
provide sites for viral assembly and replication.
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Ablation of SNAP29 restricts CVB3 spread
Previous studies also suggest a role for autophagy in non-lytic spread of CVB3 17. I next
decided to determine whether CVB3 inhibition of autophagic flux promotes viral release. I found
that CVB3 infection led to increased peripheral accumulation of LC3 puncta (data not shown).
Similar to previous report, autophagosome marker LC3 was detected in EMVs isolated from
CVB3-infected cells and co-localized with viral protein (Figure 27A), supporting a non-lytic
egress route for CVB3 via autophagosomes. I further demonstrated that EMVs isolated from virusinfected cells contained infectious viral particles as evidenced by the detection of double-stranded
RNA (dsRNA), an intermediate of viral RNA during replication, and viral protein in EMV-treated
cells (Figure 27B). To investigate the impact of SNAP29/PLEKHM1 loss on viral spread, I
conducted plaque assay to examine intracellular and extracellular virus titers in HeLa cells
undergoing a single life-cycle of viral infection. No cell death was observed for this infection (data
not shown), indicating that the extracellular virus particles are mainly released via a non-lytic
pathway. As shown in Figure 27C, knockdown of PLEKHM1 resulted in a significant increase in
extracellular virus yields, suggesting that increased viral release is likely a result of elevated
intracellular viruses. Of note, depletion of SNAP29 alone or together with PLEKHM1 significantly
facilitated intracellular virus growth, but had no apparent influences on virus yields in the
supernatant, suggesting a possible role for SNAP29 in suppressing viral spread.
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Figure 26. Knockdown of SNAP29 and PLEKHM1 inhibits autophagic flux and facilitates
viral

replication.

(A)

Induction

of

viral

protein

synthesis

by gene-silencing of

SNAP29/PLEKHM1. HeLa cells were transfected with siRNAs targeting SNAP29 (siSNAP29)
and/or PLEKHM1 (siPLEKHM1), or a scramble siRNA control (siCON) for 48 h, followed by
CVB3 infection (MOI=0.1) for 16 h. Western blotting was performed to examine protein
expression of SNAP29, PLEKHM1, EGFR, LC3, VP1, and β-actin. Densitometry was carried out
as above. (B) Elevated CVB3 yields in cells depleted of SNAP29/PLEKHM1. HeLa cells were
treated as above. Intracellular virus titers were determined by plaque assay. Data are represented
as mean ± SD from 3 replicates. (C) Association of viral protein with cellular membrane fraction.
HeLa cells infected with CVB3 (MOI=10) were harvested for cell fractionation, followed by
Western blot detection of VP1, LRP6 (a membrane marker), and -actin. Data in this Figure are
representative of 2 to 4 independent experiments.

105

106

Figure 27. Depletion of SNAP29 limits spread of CVB3. (A) CVB3 infection causes non-lytic
release of autophagosome-derived EMVs that are positive for viral protein. HeLa cells were shamor CVB3-infected (MOI=0.1) for 16 h. EMVs were then isolated from cell culture medium,
followed by immunostaining for LC3 (red) and VP1 (green). (B) EMVs isolated from CVB3infected cells contain infectious viral particles. HeLa cells were treated with EMVs isolated as
above and resuspended in PBS for 24 h. EMVs were then harvested for immunostaining of STX17
(green) and dsRNA (red, left panel) and cells for Western blot analysis of VP1 (right panel). (C)
Effects of SNAP29/PLEKHM1 knockdown on viral release. HeLa cells were transfected with
siSNAP29/siPLEKHM1 for 48 h, followed by CVB3 infection for 5 h. Plaque assay was conducted
to determine intracellular and extracellular virus titers (mean ± SD from 3 replicates). Total virus
titers were calculated as the sum of intracellular and extracellular virus titers.
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Discussion
The current study identifies a novel mechanism by which CVB3 hijacks the autophagic
pathway to permit effective viral propagation. I have previously discovered that p62/SQSTM1 is
a bona fide substrate of CVB3 proteinase 2A 92, which is confirmed later upon poliovirus infection
(data not shown). In light of this, endogenous p62/SQSTM1 is not a reliable marker to evaluate
autophagic flux in the context of CVB3 and poliovirus infection, perhaps other picornavirus
infection as well. Therefore, it is important to carefully examine autophagic flux using a
combination of assays. By different approaches, including mRFP-GFP-LC3 reporter, noncleavable p62/SQSTM1 degradation, and Lysotracker/LC3 co-localization, I demonstrate that
CVB3 infection results in a significant, albeit incomplete, inhibition of autophagic flux by limiting
the fusion of autophagosomes with lysosomes/endosomes. Our finding is in accordance with an
early in-vivo report showing that CVB3 limits autophagosome-lysosome fusion, leading to the
formation of megaphagosomes in virus-infected pancreatic acinar cells 67. However, in contrast to
the result from the same study that CVB3 permits autophagosome fusion with endosomes to form
amphisomes, I found that the fusion between autophagosomes and late endosomes is also impaired.
This result is further supported by the findings that CVB3 disrupts the SNARE complexes
controlling not only autophagosome fusion with lysosomes but also with late endosomes. I
speculate that methodological differences may account for this discrepancy. Furthermore, the
reason for the inconsistency between our study and a recent report that CVB3 induces autophagic
flux is not clear, but may relate to the differences in cell types, virus titers, infection duration, and
the detection of endogenous versus exogenous LC3 174.
Unlike the process of autophagosome formation, the underlying mechanism responsible
for autophagosome fusion is poorly understood until the past few years. Studies suggest a pivotal
role for the SNARE proteins, including the autophagosome-localized STX17, the
lysosome/endosome-anchored VAMP8, and the adaptor protein SNAP29, in the fusion process 33.
Moreover, several tethering/adaptor proteins have also been reported to be involved in the fusion
step of autophagy. For example, the PLEKHM1 protein was found to interact with Rab7, HOPSSNARE complexes that are formed upon autophagy induction, and LC3 to facilitate
autophagosome fusion 36, 37. Another example is ATG14, which is an autophagy-specific regulator
of the class III PI3K and was shown to directly bind to the binary SNARE protein complex
(STX17-SNAP29) on autophagosomes to promote fusion by forming a complex with the
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lysosomal/endosomal VAMP8

35

. In addition to the observed cleavage for SNAP29 and

PLEKHM1 and downregulation for STX17 and VAMP8 in the current report, I also found that
ATG14 protein levels are decreased after infection (data not shown), indicating a mechanism by
which CVB3 inhibits fusion via targeting different proteins at multiple levels. I suspect that
disrupted formation of the SNARE complexes is a converging point for the diverse strategies that
virus has evolved.
We are the first group to report cleavage of SNAP29 and PLEKHM1 as a mechanism of
CVB3 evasion of autophagy. SNAP29 is a critical component of the SNARE complex and during
the fusion step of autophagy, it serves as an adaptor protein that interacts directly with STX17 and
VAMP8 via its N-terminal coiled-coil domain and C-terminal SNARE motif to form a ternary
SNARE complex, driving fusion between autophagosomes and lysosomes/endosomes 35. Previous
studies have shown that loss or post-translational modification of SNAP29 by O-GlcNAcylation
is sufficient to block autophagosome-lysosome/endosome fusion

33, 175

. The present data reveal

another level of the regulatory mechanism of SNAP29. I show that CVB3-induced cleavage of
SNAP29 takes place after Q161 in the loop region that separates its coiled-coil domain from the
SNARE motif, resulting in the disruption of the STX17-SNAP29-VAMP8 complex. Similarly, I
found that PLEKHM1 is also proteolytically targeted during CVB3 infection. Cleavage of
PLEKHM1 occurs after Q668 to disassociate the N-terminal LIR and RUN domains that bind to
LC3 and HOPS, respectively, from the C-terminal PH2 and C1 domains that interact with Rab7,
leading to impaired formation of the LC3-PLEKHM1-Rab7-HOPS complexes. In addition to lossof-function, I postulate that the resulting cleavage fragments of SNAP29 and PLEKHM1 can also
negatively regulate the function of their respective native proteins in autophagosome fusion via a
gain-of-function mechanism by competing for the same binding sites.
The CVB3 proteinase 3C, responsible for majority of the viral polyprotein processing, also
mediates the cleavage of cellular proteins for viral advantages 171. A number of 3C target proteins
have been identified. The current study adds two additional substrates, i.e., SNAP29 and
PLEKHM1, to the list and demonstrates the significance of such cleavage events in viral
pathogenesis. Although it has yet to be determined in our model, overexpression of coxsackievirus
A16 3C alone was shown to be sufficient to induce LC3 puncta formation and inhibits autophagic
flux 70. Given the conserved nature of 3C among all known picornaviruses, presumably, cleavage
of SNAP29/PLEKHM1 would explain this observation of incomplete autophagy. Viral targeting
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of the SNARE complexes has been previously reported for other viruses. For instance, infection
with human parainfluenza virus was found to induce incomplete autophagy via a mechanism
whereby viral phospho-protein binds to SNAP29 to prevent STX17-SNAP29 interaction

165

,

whereas direct interaction detected between non-structural protein 2BC of enterovirus A71 and the
SNARE proteins, SNAP29 and STX17, was proposed to be responsible for virus-triggered
complete autophagy although the detailed mechanism remains to be defined

176

. It was also

reported that hepatitis C virus infection results in decreased levels of STX17 and overexpression
of STX17 rescues the formation of autolysosomes

177

. There are currently no studies concerning

viral targeting of PLEKHM1. However, other microorganisms, most notably the Salmonella were
found to bind to the PH2 domain of PLEKHM1 to limit the formation of the PLEKHM1-Rab7HOPS tethering complex 178.
The functional significance or consequence of CVB3 modification of the autophagic
pathway may be at least three-fold. First, CVB3 inhibition of autophagosome degradation results
in its accumulation to favor the replication of viral genomes by offering additional cytoplasmic
membranes for the assembly of viral replication complex. It has long been known that RNA
viruses, including picornaviruses, rely largely on intracellular membranous structures for
replication

12

. Depending on the availability and abundance of other source of cytoplasmic

membranes, such as ER, endosome, or mitochondrial membranes, autophagosome may not be
absolutely required, but it does provide an additional option to be utilized by virus to maximize its
replication. As noted earlier, SNAP29 and PLEKHM1 are ubiquitously expressed and participate
in a wide range of intracellular vesicular trafficking events. Apart from regulating autophagosome
fusion, they also play a vital role in the endocytic and exocytic (secretory) pathways 172, 173. Thus,
it is conceivable that loss of SNAP29/PLEKHM1 not only results in the accumulation of
autophagosomes, but also leads to defective transport and recycling of endosomes and ER/Golgiderived vesicles, contributing, at least partially, to the single- and double-membrane structures
detected in infected cells and associated with viral RNA synthesis

79

. Whether absence of

SNAP29/PLEKHM1 has a role in the modification of vesicular components, for example,
transporting cholesterol to membranous replication sites, which has been shown to regulate viral
polyprotein processing and promote viral RNA synthesis 64, has yet to be examined and warrants
further investigation. Second, CVB3 inhibits autophagic flux to prevent viral RNA/protein
degradation. Complete autophagy has been implicated as a host defense mechanism against
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multiple viral infections, including picornavirus infection. It was recently shown that the danger
receptor, galectin-8, responsible for monitoring endosomal integrity and pathogen-induced
breaching can target picornavirus RNA for autophagic degradation

62

. Thus, it is expected that

inhibition of a complete autophagy will also block autophagy-induced clearance of virus. Third,
besides viral advantage, disrupted autophagy can also cause insufficient clearance of toxic protein
aggregates/damaged organelles that are generated upon viral challenge 179, contributing to disease
progression. Given that the removal of protein aggregates and damaged organelles is mainly
through the lysosome pathway, our present data reveal a disease mechanism, in which CVB3
infection disrupts the function of protein quality control by preventing autophagy-mediated
degradation, resulting in the accumulation of toxic protein conjugates/damaged organelles and
consequent tissue damage.
Apart from its primary function in targeting cellular components for degradation (referred
to as degradative autophagy), autophagy also plays a role in unconventional secretion of cytosolic
cargo (termed secretory autophagy), such as the release of inflammatory cytokines and the
transmission of protein aggregates 180. Recent studies highlight the significance of non-lytic spread
of picornavirus in viral pathogenesis and suggest a role for secretory autophagy and exosome
pathway in such process

14, 15, 16, 17

. Although the exact mechanism remains uncertain, Altan-

Bonnet et al propose a model that enterovirus-bearing autophagosomes, which fail to fuse with
lysosomes, traffic to the cell periphery where they fuse with the plasma membrane to release inner
vesicles

181

. Our results in this study appear to suggest that viral infection not only restricts

autophagosome fusion with lysosomes, but also with plasma membrane, as evidenced by the
observation that SNAP29 silencing limits viral egress despite significant elevation in viral
replication. Indeed, a recent study has identified SNAP29 as a key component of the secretory
autophagy pathway required for autophagosome fusion with plasma membranes

182

. Given the

known function of SNAP29 in general membrane trafficking, this finding may not seem
particularly surprising. However, it is unclear why CVB3 would target a protein that would
otherwise help facilitate its non-lytic propagation. One explanation is that CVB3 only affects a
particular

pool

of

SNAP29

(e.g.,

SNAP29

specifically

mediating

autophagosome-

lysosome/endosome fusion), whereas our experiments here systematically knocked down
SNAP29. Alternatively, loss of SNAP29 prevents autophagosome recycling via fusion with
plasma membrane to offer additional viral replication sites. Additionally, as enteroviruses have
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only one open reading frame, it is conceivable that viral modulation of the function of essential
host proteins involved in replication may hinder viral processes at different stages

183

. Future

studies are warranted to determine whether virus is able to fine-tune the processing during various
stages of the viral life cycle to maximize its propagation.
In conclusion, our data in this study provide compelling evidence that CVB3 targeting of
the vesicular trafficking adaptor proteins, SNAP29 and PLEKHM1, ensures successful viral
replication and acts as a novel mechanism to circumvent host xenophagic efforts.
In Chapter 4, I identified novel host factors that are targeted by CVB3 to disrupt
autophagosome-lysosome fusion. Given the significance of the lysosome as an important cellular
disposal chamber, in Chapter 5 I explored the mechanisms by which CVB3 regulates lysosome
biology and identified a novel host factor that is co-opted to facilitate viral pathogenesis.
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Chapter 5: Coxsackievirus B3 targets TFEB to disrupt lysosomal function
Background
TFEB (transcription factor EB) is a master regulator of lysosome biogenesis and
autophagy184, 185, 186. Expression, localization, and activity of TFEB is tightly regulated by posttranslational modifications, including phosphorylation, ubiquitination, and acetylation187, 188, 189.
Under physiological conditions, TFEB is phosphorylated by MTOR (mechanistic target of
rapamycin kinase) complex 1 (MTORC1) on lysosomes and maintained in the cytosol. Upon
starvation and cellular stress, MTORC1 is inactivated and/or PPP3/calcineurin phosphatase is
activated, leading to the subsequent dephosphorylation and nuclear translocation of TFEB184.
Nuclear TFEB then binds to a network of promoters (CLEAR; Coordinated Lysosomal
Enhancement and Regulation) to induce the transcriptional activation of autophagy and lysosome
target genes.
Rationale: Despite the demonstrated importance of autophagy in EV infections, the exact
mechanism by which EVs subvert this pathway, particularly the interplay between EVs and the
TFEB network, remains largely unclear. In the current study, I identified TFEB as a novel target
of CVB3 that undergoes nuclear translocation, but transcriptional inactivation following infection.
Further investigation revealed that TFEB is a bona fide substrate of viral proteinase 3C, leading to
disrupted lysosomal function and enhanced viral propagation. The specific aim of this study was
to investigate the mechanism by which CVB3 disrupts the host lysosome machinery.
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Materials and methods
Plasmids and small interfering RNA (siRNA)
The 4×CLEAR luciferase reporter (66800), pEGFP-N1-TFEB (38119), pEGFP-N1-MITFA (38132), and pEGFP-N1-TFE3 (38120) plasmids were obtained from Addgene (deposited by
Albert La Spada and Shawn Ferguson). pEGFP-N1-TFEB [Δ60] plasmid was generated in the Luo
lab.

TFEB

[Δ60]

insert

AAATTTAAGCTTGCCACC

was

amplified

by

PCR

with

ATGGGATCGCCACCACCTGTGC

Forward

and

Reverse

primer:
primer:

AAATTTGGTACCTTCAGCACATCGCCCTCCTC and cloned into pEGFP-N1 at HindIII and
KpnI sites. 3×Flag-TFEB [Δ60] was generated in the current laboratory. TFEB [Δ60] insert was
amplified by PCR with Forward primer: AAATTTGAATTCCTCGCCACCACCTGTGC and
Reverse primer: AAATTTGGATCCTCACAGCACATCGCCCTCCTC and cloned into CMV10
vector at EcoRI and BamHI sites. TFEBQS60LP, TFEBQS73LP, and TFEBQS86LP were generated
through

site-directed

mutagenesis

with

the

following

QS73LP

GTGTTGAAGGTGCTGCCCTACCTGGAG-3'
CTCCAGGTAGGGCAGCACCTTCAACAC-3';
CTACCATCTGCAGCTGCCGCAGCATCAG-3'

(QS60LP

Reverse:

5'CCGTCCACTTCCTGCCGCCACCAC-3’
GTGGTGGCGGCAGGAAGTGGACGG-3';

primers

5’
Forward:

Reverse:
QS86LP

Forward:

5'
5'

Forward:
Reverse:

5'
5'

CTGATGCTGCGGCAGCTGCAGATGGTAG-3'). The myc-tagged wild-type CVB3-3C (WT
3C) and C147A mutant CVB3-3C (3CC147A) constructs were generous gifts from Dr. Carolyn
Coyne at the University of Pittsburgh 190. The siRNA targeting TFEB (sc-38509) and scrambled
siRNA (sc-37007) were purchased from Santa Cruz Biotechnology. For transfection, cells were
transiently transfected with plasmid cDNAs or siRNAs using Lipofectamine 2000 (Invitrogen,
11668-019) following the manufacturer’s instructions.

Confocal microscopy
HeLa cells were cultured in 8-well chamber slides (Labtek, 155411) for 24 h prior to
treatment. Cell membrane integrity was assessed with the amine-reactive dye LIVE/DEAD
(L34958; Thermo Fisher Scientific) according to the manufacturer’s instructions. After fixation in
4% paraformaldehyde, cells were washed thrice in PBS. For LAMP1 staining, cells were
permeabilized with 0.1% Triton X-100 (Sigma, T8787), blocked with 3% BSA (Sigma, A7030),
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and incubated overnight with Alexa Fluor 594-conjugated anti-LAMP1 (Santa Cruz
Biotechnology, sc20011) before mounting with fluoroshield with 4, 6-diamidino-2-phenylindole
(DAPI; Sigma-Aldrich, F6057). Images were captured with the Zeiss LSM 880 Inverted Confocal
Microscopy using a 63×objective lens.
Measurement of nuclear TFEB was performed using HeLa cells expressing GFP-TFEB,
GFP-TFEB [Δ60], or GFP-TFEBQS60LP. Confocal images of control and treated cells were obtained
from Zen Black software. Cells were manually quantified as positive for nuclear TFEB when
nuclear GFP signal intensity was greater than cytoplasmic. A total of 30 GFP-positive cells across
3 biologically independent chambers was used for quantification and presented as percentage of
positive cells (mean ± SD).

LysoTracker staining
Lysosomal colocalization was monitored using LysoTracker Red (LTR) DND-99 (L7528;
Thermo Fisher Scientific) following the manufacturer’s guideline. Briefly, HeLa cells were
cultured in 8-well chamber slides (Labtek, 155411) for 24 h prior to treatment. Following construct
transfection (24 h) and/or CVB3 infection (5 h), LTR (75 nM) was added into the culture medium
and incubated at 37°C for 60 min. Cells were fixed in methanol-free 4% PFA and counterstained
with DAPI. Images were captured with the Zeiss LSM 880 Inverted Confocal Microscopy/ Zen
Black software using a 63×oil immersion lens. LTR mean intensity was analyzed using ImageJ
software.

4×CLEAR luciferase assay

TFEB transcriptional activity was measured using the dual-luciferase reporter system
(Promega, E1910). Briefly, HeLa cells were co-transfected with 4×CLEAR luciferase reporter
(Addgene, 66800; deposited by Albert La Spada) and Renilla control luciferase plasmid (Addgene,
87121; deposited by Sanjiv Sam Gambhir). Cells were harvested at 16 h post transfection, and cell
lysates were transferred to an opaque 96-well microplate (Greiner, 655074). Luciferase activity
was detected using SpectraMax i3 Detection System.
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Western blot analysis
Cells were lysed in buffer (10 mM HEPES, pH 7.4, 50 mM NaPyrophosphate, 50 mM NaF,
50 mM NaCl, 5 mM EDTA, 5 mM EGTA, 100 µM Na3VO4, 0.1% Triton X-100) supplemented
with cOmplete Mini, EDTA-free protease inhibitor cocktail tablets (Sigma, #11836170001) and
western blotting was conducted using the following primary antibodies: TFEB (Cell Signaling
Technology, D2O7D), phospho (Ser211)-TFEB (Cell Signaling Technology, 376815), VP1
(Mediagnost, Cox mAb 31A2), ACTB (Sigma-Aldrich, A5316), GFP (Sigma-Aldrich,
SAB5300167), FLAG (Sigma, F1804), and PPP3C/calcineurin (Santa Cruz Biotechnology, sc17808).
Ex vivo cleavage assay
Ex vivo or cellular cleavage assay was performed as previously described191. Briefly, HeLa
cells were transfected with TFEBQS60LP, TFEB-QS73LP, or TFEB-QS86LP and either CVB3 WT
3C or catalytically inactive (C147A) mutant 3Cmut for 16 h. Lysates were harvested and subjected
to western blot analysis with anti-GFP and anti-TFEB antibody to detect cleavage fragments.

Electrophoretic mobility shift assay (EMSA)
In vitro transcription/translation of TFEB and TFEB [Δ60] were performed using the
TNT® T7 Quick Coupled Transcription/Translation System (Promega, L1170) according to the
manufacturer’s protocol. EMSA was carried out in 20 µl reaction containing 1 µl of reticulocyte
translation product in binding buffer (5% glycerol, 100 mM KCl, 10 mM MgCl2, 10 mM Tris, pH
7.4, 1 mM DTT) supplemented with 0.5 ng of TFEB consensus oligonucleotide sequence
corresponding to an 18-nucleotide dsDNA sequence of 5’-GTAGGCCACGTGACCGGG-3’
(Santa Cruz Biotechnology, sc-2621). Control reaction was supplemented with 1 μg of anti-TFEB
antibody (Cell Signaling Technology, D2O7D). Reaction mixtures were incubated at room
temperature for 20 min. and separated by 6% non-denaturing polyacrylamide gel. Nucleic acid
was visualized with SYBR™ Safe DNA Gel Stain (Thermofisher Scientific, S33102) and imaged
using the GBOX Chemi XRQ.

Immunoprecipitation
Immunoprecipitation (IP) of Flag-tagged TFEB [Δ60] was performed using EZviewTM Red
ANTI-FLAG

®

M2 Affinity Gel (Sigma-Aldrich, F2426) according to the manufacturer’s
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instructions. In brief, HeLa cells were lysed with Flag Lysis Buffer (50 mM Tris HCl, pH 7.4, with
150 mM NaCl, 1 mM EDTA, and 1% TX-100) for 15min on ice. Lysates were cleared with a
centrifugation at 12,000g for 15min. Supernatants (50uL) was partitioned for input control and the
remaining lysate was incubated overnight with anti-Flag M2 agarose beads with end-over-end
rotation at 4°C. After three washes with lysis buffer, the bound proteins were eluted with 2 SDS
sample buffer and then subjected to Western blot analysis.
Viral entry assay
Viral particle uptake was performed as described previously192. In brief, HeLa cells treated
with control or TFEB-targeting siRNA were infected with CVB3 for 1.5 h. After three washes
with PBS, cells were harvested and subjected to RNA extraction. qPCR was performed to
determine levels of viral genomic RNA using primer pairs of CVB3 2A (forward: 5′-GCT TTG
CAG ACA TCC GTG ATC-3′; reverse: 5′-CAA GCT GTG TTC CAC ATA GTC CTT CA-3′)
and normalized to β-actin mRNA (ACTB, forward primer: 5′-ACT GGA ACG GTG AAG GTG
AC-3′; reverse primer: 5′-GTG GAC TTG TTG GGA GAG GAC TG-3′) levels.

Real-time quantitative RT-PCR
Total RNA was extracted using the RNeasy Mini kit (Qiagen, 74104). To determine gene
expression

levels,

quantitative

PCR

targeting

M6PR

(forward

primer:

CTCAGTGTGGGTTCCATCTTAC; reverse primer: GGGAAACTGCTCCATTCCTT), CTSB
(forward

primer:

GGACAAGCACTACGGATACAA;

GTAGAGCAGGAAGTCCGAATAC)

ATP6V1H

reverse
(forward

primer:
primer:

CCCTGAAGAGAAGCAAGAGATG, reverse primer: TGCAGCATATCATCCACCATAG)
RAB7A

(forward

primer:

CCTGGAGTCTTGGCCATAAAG,

GAGAAGGTCCAAGTTCTGGTTC)

MCOLN1

reverse

(forward

primer:
primer:

GGAAAGCAGCTCCAGTTACA reverse primer: GATGAGGCTCTGGAGGTTAATG) was
performed in a 10 µl reaction containing 1 μg of RNA using the TaqMan™ RNA-to-CT™ 1Step Kit (Life Technologies, 4392653) and normalized to ACTB mRNA according to the
manufacturer’s instructions. The PCR reaction was performed on a ViiA 7 Real-Time PCR System
(Applied Biosystems). Samples were run in triplicate and analyzed using comparative CT (2ΔΔCT) method with control samples and presented as relative quantitation (RQ).
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In vitro cleavage assay
In vitro cleavage assay was performed as previously described 171. Briefly, HeLa cells were
lysed with 25 strokes of dounce homogenization in 1X cleavage buffer assay buffer (20mM
HEPES pH 7.4, 150 mM potassium acetate, and 1mM DTT). Lysates were clarified with a 15min
centrifugation at 12,000g. Lysates (30 µg) was incubated with purified wild-type or catalytically
inactive CVB3 proteinase 3C (0.1 µg) or 2A (0.3 µg) in a cleavage assay buffer for 16 h at 37ºC.
Reaction was terminated with 6 SDS sample buffer, followed by 95ºC denaturation and
subsequent Western blot analysis. Purified proteases were produced as described below.
Purification of CVB3 2Apro and 3Cpro
pET-28a plasmids encoding wild-type (WT) CVB3 2Apro and WT CVB3 3Cpro were
transformed into C41 (DE3) E. coli and subsequently plated onto kanamycin (50 µg/mL) agar
plates. A starter culture from a single colony was grown overnight and then diluted 100-fold in
Terrific Broth [Sigma, T9179]. Expression was induced with 1mM isopropyl -D-1thiogalactopyranoside (IPTG) after cultures reached an OD600 of 0.6-0.8 and proceeded at 25°C
for 5 additional hours. Protein was purified using Ni-NTA Fast Start (Qiagen, #30600) according
to the manufacturer’s instructions. Catalytically inactive 2Amut (C109A) and 3Cmut (C147A) were
generated as previously described 171.

Median Tissue Culture Infectious Dose (TCID50)
Samples were serially diluted and overlaid on 60-well micro test Terasaki plates (Sarstedt,
#83.9923.972) of HeLa cells. After 48 h incubation, 50% tissue culture infective dose titer
(TCID50) was calculated by the statistical method of Reed and Muench193. Titers were expressed
as plaque forming unit (PFU)/mL with 1 infectious unit equal to 0.7 TCID50 as described
previously 194.
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Results
CVB3 induces nuclear localization but functional attenuation of TFEB
To evaluate the role of CVB3 infection in lysosomal biology, I first investigated the cellular
protein TFEB, a master regulator of lysosomal biogenesis and autophagy. TFEB is basally situated
in the cytoplasm but undergoes nuclear localization upon activation. HeLa cells were infected with
CVB3 (multiplicity of infection [MOI] =10) following a time-course infection (i.e., 1, 3, or 5 h) to
monitor the cellular distribution of TFEB. TFEB was predominantly localized in the cytoplasm in
mock-infected cells, while infection with CVB3 caused the re-distribution of TFEB to the nucleus,
most evidently at 5 h post-infection (Figure 28A & B). It was previously established that nuclear
localization of TFEB promotes transcriptional activation of the CLEAR network195. To investigate
whether CVB3-induced nuclear localization of TFEB similarly activated the CLEAR network, I
performed RT-qPCR to analyze several downstream gene targets of TFEB, including M6PR
(mannose-6-phosphate receptor, cation dependent), CTSB (cathepsin B) encoding a lysosomal
cysteine protease, ATP6V1H (ATPase H+ transporting V1 subunit H) encoding a vacuolar (V)type proton ATPase subunit, RAB7A (RAB7A, member RAS oncogene family) encoding an
endolysosomal trafficking small GTPase, and MCOLN1 (mucolipin 1) encoing a lysosomeassociated ion channel. Gene expression for all the aforementioned members of the CLEAR
network was significantly reduced, while the mRNA level of house-keeping genes, ACTB and
GAPDH, remained unaltered following CVB3 infection (Figure 28C), indicating impaired
expression of TFEB target genes.
We next examined the effect of CVB3 infection on the transcriptional activity of TFEB,
which can be measured using a luciferase reporter construct with 4 tandem CLEAR elements 196.
Consistent with transcriptional inactivation shown in Figure 28C, the 4×CLEAR luciferase
activity was significantly disrupted in CVB3-infected cells (Figure 28D). I then biochemically
assessed TFEB protein in CVB3-infected HeLa lysates. Western blot analysis following various
time-points of CVB3 infection revealed a reduction in full-length TFEB and the emergence of a
63 kDa anti-TFEB reactive fragment at 5 h post-infection (Figure 28E), concomitant with the
nuclear translocation of TFEB observed in Figure 28A and appearance of the proteolytically
processed viral capsid protein VP1 (Figure 1E). Together, our data suggest that CVB3 infection
causes nuclear translocation, but transcriptional inactivation and downregulation of full-length
TFEB.
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Viral proteinase 3C cleaves TFEB after Q60
Given that viral polyprotein processing is primarily mediated by the viral proteinase 3C197,
I next investigated whether the lower-molecular-weight band observed with anti-TFEB antibody
was a by-product of 3C. To that end, I conducted in vitro cleavage assays using purified
recombinant wild-type (WT) 3C or the catalytically inactive (C147A) mutant of 3C (3CC147A).
Figure 29A showed the time-dependent emergence of a 63 kDa anti-TFEB-reactive fragment in
the WT 3C-treated but not catalytically inactive 3CC147A-incubated condition. The observed
fragment in the in vitro reaction was similar in size to that observed following CVB3 time-course
infection. Consistent with this, HeLa cells co-transfected with TFEB-GFP and WT 3C, but not
3CC147A, recapitulated the appearance of the lower-molecular-weight TFEB fragment (Figure
29B), further supporting the requirement for 3C proteinase activity in TFEB cleavage.
To identify the precise location of proteolytic processing, I screened the TFEB open
reading frame for potential cleavage sites with a focus mainly on the highly conserved glutamine
(Q) residue at the P1 position (Figure 29C). I identified 6 potential sites that matched the
consensus cleavage residues at the P1-P1’ interface with variability being expanded at the P1’
position to account for previously reported residues including glycine (G), asparagine (N), serine
(S), and alanine (A)198, 199, 200. Site-directed mutagenesis was used to generate TFEB mutants in
the N-terminal region by mutating glutamine (Q) and alanine (A) residues, designated as QA, to
leucine (L) and proline (P) residues, which are designated as LP. The resulting mutants included
QA15LP/QA28LP, Q112L, QS60LP, QS73LP, and QS86LP mutants (Figure 2D).

Co-

transfection of WT 3C with TFEB-QA15LP/QA28LP (Figure 29E), TFEB-Q112L (Figure 29F),
TFEB-QS73LP or TFEB-QS86LP mutants (Figure 29G) resulted in cleavage of mutant TFEB,
suggesting that these sites are not the targets of proteinase 3C. In contrast, co-expression of WT
3C with TFEBQS60LP led to complete blockage of 3C-mediated cleavage (Figure 29G).
Collectively, these data demonstrate that TFEB is cleaved by viral proteinase 3C after Q60, leading
to the generation of a TFEB fragment lacking the N-terminal 60 amino acids, designated as the
TFEB [Δ60] fragment (Figure 29H).
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Figure 28. CVB3 induces nuclear localization but functional attenuation of TFEB. (A)
Intracellular distribution of TFEB in HeLa cells following CVB3 infection. Immunocytochemical
staining was performed to examine the localization of TFEB following time-course infection of
CVB3 (MOI=10). Cell nuclei were counterstained with DAPI. Scale bars: 10 µm. (B)
Quantification of percentage of TFEB nuclear localization in (A). More than 30 cells were
analyzed. (C) mRNA levels of TFEB transcriptional targets in HeLa cells after CVB3 infection.
Following 7-h CVB3 infection (MOI=10), the expression of several TFEB target genes as
indicated was measured by real-time quantitative PCR and normalized to ACTB (mean ± SD, n=3).
Transcriptional levels of house-keeping genes ACTB and GAPDH are shown on the right. (D)
TFEB transcriptional activity in HeLa cells after CVB3 infection. TFEB transcriptional activity
was measured using 4×CLEAR luciferase reporter (mean ± SD, n=3) following 5-h CVB3
infection (MOI=10). (E) Protein expression of TFEB in HeLa cells after CVB3 infection. Western
blot analysis was conducted to examine protein levels of TFEB following CVB3 infection
(MOI=10) at different time-points. Viral capsid protein (VP1) and ACTB were probed as controls
for viral infection and protein loading, respectively. Arrow denotes lower molecular weight protein
reactive to TFEB antibody.
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Figure 29. Viral proteinase 3C cleaves TFEB after Q60.
(A) Viral proteinase 3C-mediated cleavage of TFEB by in vitro cleavage assay. HeLa lysates (30
μg) were subjected to in vitro cleavage assay by incubation with 0.1 µg of purified CVB3 wildtype proteinase 3C (WT 3C) or catalytically inactive (C147A) mutant of 3C (3CC147A) for the
indicated times. Cleavage product of TFEB was analyzed by western blotting with anti-TFEB
antibody. Arrow denotes cleavage fragment.
(B) Viral proteinase 3C-dependent cleavage of TFEB by ex vivo (cellular) cleavage assay. HeLa
cells were transfected with TFEB-GFP together with either empty vector, WT 3C, or 3CC147A.
After 24 h, cell lysates were collected and analyzed by western blotting with anti-GFP antibody.
Arrow denotes TFEB cleavage fragment.
(C) Schematic of 3Cpro consensus cleavage sequence. Q, Glutamine; G, Glycine; N, Asparagine;
S, Serine; A, Alanine.
(D) Potential cleavage sites within open reading frame of TFEB. P4-P1’ residues are provided in
central column.
(E-G) Identification of the cleavage site on TFEB. HeLa cells were transfected with WT 3C or
3CC147A, together with either TFEB QA15LP/QA28LP (E), TFEB-Q112L (F), or TFEBQS60LP,
TFEB-QS73LP, or TFEB-QS86LP (G). After 24 h, cell lysates were harvested and subjected
to western blot analysis using anti-TFEB and/or anti-GFP antibodies as indicated. Arrows denote
TFEB cleavage fragments.
(H) Schematic illustration of the structural domains of TFEB, the identified cleavage site, the
antibody recognition regions, and the resulting cleavage products of TFEB.
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TFEB [Δ60] is non-phosphorylated and nuclear localized
To further study the function of the cleaved TFEB, I generated a GFP-labelled TFEB [Δ60].
Consistent with the results shown in Figure 28A, WT TFEB was predominantly distributed in the
cytoplasm in mock-infected cells and underwent nuclear redistribution upon CVB3 infection. In
contrast, TFEB [Δ60] was localized to the nucleus in either mock- or CVB3-infected cells (Figure
30A & B).
It was previously reported that a subset of cytoplasmic TFEB is anchored to lysosomal
membranes and co-localized with LysoTracker Red (LTR, a red-fluorescent dye used as a marker
of lysosome or acidic compartments)201. Unlike WT-TFEB, I found that TFEB [Δ60] failed to
effectively co-localize with lysosomes (Figure 30C & D).
The lysosome-associated MTORC1 can suppress TFEB activity through inhibitory
phosphorylation on Ser211187. As expected, expression of WT-TFEB resulted in the detection of
Ser211 phosphorylation in mock-infected cells, while CVB3 infection led to decreased
phosphorylation of WT-TFEB on Ser211 (Figure 30E). Remarkably, TFEB [Δ60] did not undergo
phosphorylation at Ser211 in both mock- and CVB3-infected cells (Figure 30E). As a control, I
showed that the exogenous WT-TFEB was cleaved whereas non-cleavable TFEBQS60LP and the
truncated TFEB [Δ60] remained unaffected following CVB3 infection (Figure 30F). Together,
our results reveal that the cleavage fragment of TFEB, TFEB [Δ60], is non-phosphorylated and
localized to the nucleus.
TFEB [Δ60] impairs the signaling of lysosomal biogenesis
The nuclear localization nature of TFEB [Δ60] prompted us to evaluate whether this
fragment retains the transcriptional activity of WT-TFEB. Following mock infection, cells
expressing TFEB [Δ60] had significantly reduced 4×CLEAR transcriptional activity compared to
WT-TFEB (Figure 31A). CVB3 infection further attenuated the transcriptional activity of both
WT- and TFEB [Δ60] (Figure 31A). Most interestingly, I found a significant downregulation in
gene targets of TFEB following the expression of TFEB [Δ60] as compared to the expression of
vector control in HeLa cells (Figure 31B), suggesting a possible dominant-negative function of
TFEB [Δ60] by competing with the endogenous WT-TFEB.
LTR serves as a functional proxy to assess the luminal acidity required for lysosomal
protease activity202. Compared to control, I showed that CVB3-infected cells had significantly
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reduced LTR intensity (Figure 31C). Furthermore, expression of TFEB [Δ60] alone in the absence
of viral infection was able to recapitulate the impairment in lysosomal pH observed following
CVB3-infection (Figure 31D), indicating disruption of the lysosomal function. Finally, I
compared the impact of the TFEB [Δ60] mutant on lysosomes using lysosome-associated
membrane protein 1 (LAMP1) as a marker. Figure 31E showed that compared to WT-TFEB,
expression of TFEB [Δ60] mutant is associated with a significant reduction in the number of
LAMP1-positive structures.
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Figure 30. TFEB [Δ60] is non-phosphorylated and nuclear-localized.
(A) Intracellular localization of TFEB and TFEB [Δ60] following CVB3 infection. HeLa cells
were transfected with TFEB-GFP or TFEB [Δ60]-GFP for 24 h, followed by CVB3 infection
(MOI=10) for an additional 5 h. GFP fluorescence was used to monitor TFEB localization. Scale
bars = 10 µm.
(B) Quantification of percentage of TFEB-GFP and TFEB [Δ60]-GFP nuclear localization in (A).
More than 30 cells were counted for statistical analysis and presented as mean ± SD as described
in materials and methods.
(C) Lysosomal localization of TFEB or TFEB [Δ60]. HeLa cells transfected as above were
incubated in medium containing the lysosome tracking dye Lysotracker Red DND-99 (75 nM).
Scale bars=10 µm.
(D) Quantification of lysosome-localized TFEB-GFP or TFEB [Δ60]-GFP in (C) by ImageJ and
presented as Pearson’s correlation coefficient (Rr). More than 30 cells were counted.
(E) Dephosphorylation of TFEB following CVB3 infection. HEK293 cells were transfected with
either vector, WT-TFEB-GFP, or TFEB [Δ60]-GFP for 24 h, followed by CVB3 infection
(MOI=100) for 8 h. Cell lysates were analyzed by western blotting with anti p-TFEB (Ser211) and
anti-ACTB antibodies.
(F) Cleavage of exogenous WT-TFEB-GFP following CVB3 infection. HeLa cells were
transfected with either WT-TFEB-GFP, TFEBQS60LP-GFP, or TFEB [Δ60]-GFP for 24 h followed
by CVB3 infection (MOI=10) for 8 h. Cell lysates were analyzed by western blotting with antiGFP antibody. Arrow denotes TFEB cleavage fragment.
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Figure 31. TFEB [Δ60] impairs the signaling of lysosomal biogenesis.
(A) Transcriptional activity of WT-TFEB and TFEB [Δ60]. TFEB transcriptional activity was
measured using 4×CLEAR luciferase reporter (mean ± SD, n=3) following 5 h CVB3 infection
(MOI=10).
(B) mRNA levels of TFEB transcriptional targets following expression of TFEB [Δ60]. HeLa cells
were transfected with control vector or TFEB [Δ60] for 24 h. Cellular RNA was analyzed by realtime quantitative PCR for the expression of several TFEB target genes as indicated and normalized
to ACTB (mean ± SD, n=3).
(C-D) Lysotracker Red (LTR) signals following CVB3 infection (C) or expression of TFEB [Δ60].
HeLa cells were either sham or CVB3 infected (MOI=10) for 5 h (C) or transfected with control
vector or TFEB [Δ60]-GFP for 24 h (D). Nuclear localized TFEB [Δ60] was visualized with GFP
fluorescence (D). LTR dye was used as proxy for lysosomal pH measurement and mean LTR
intensity was quantified in right panels. More than 30 cells were counted for statistical analysis.
Scale bars=20 μm.
(E) LAMP1 signals following expression of WT-TFEB or TFEB [Δ60]. HeLa cells were
transiently transfected with WT-TFEB-GFP or TFEB [Δ60]-GFP for 48 h. Cells were fixed and
immunostained with anti-LAMP1 antibody. The number of LAMP1-positive structures was
visualized by confocal microscopy and quantified from n=30 cells per condition and presented in
the right panel. Scale bars=20 μm.
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TFEB [Δ60] retains the ability to interact with CLEAR motif and MITF-family proteins
We next sought to determine the mechanism of TFEB [Δ60] functional deficiency. The
transcriptional activity of WT-TFEB relies on its ability to recognize and bind the
conserved CLEAR-box sequence (5'-GTCACGTGAC-3') that is present in the regulatory region
of lysosomal target genes (Figure 32A). Electrophoretic mobility shift assay (EMSA) revealed
that similar to WT-TFEB, the TFEB [Δ60] fragment retained its ability to bind the CLEAR E-box
sequence (Figure 32B & C), consistent with a previous report in which deletion of 120 amino
acids of the N-terminus did not impair DNA binding203. As expected, co-incubation with antiTFEB antibody showed reduced mobility shift of the CLEAR probe (Figure 32B & C). In addition
to nucleotide binding, TFEB transcriptional activity is dependent on hetero- or homodimerization
of TFEB with members of the MITF-TFE family of transcription factors204. Coimmunoprecipitation studies demonstrated that TFEB [Δ60] could interact with members of the
MITF/TFE family, including WT-TFEB (Figure 32D), MITF-A (Figure 32E), and TFE3 (Figure
32F). Collectively, these studies suggest that the functional deficiency of TFEB [Δ60] fragment is
not due to impaired CLEAR E-box recognition/binding or hetero/ homodimerization with
MITF/TFE transcription factors.
Non-cleavable TFEB rescues 3C-mediated disruption of TFEB
To test whether non-cleavable TFEB (QS60LP mutant) can rescue the functional
deficiency of 3C-induced cleavage of TFEB, I first examined the cellular localization of
TFEBQS60LP following CVB3 infection. Similar to WT-TFEB, non-cleavable TFEB was
predominately cytoplasmic during mock infection. However, despite its resistance to cleavage,
TFEBQS60LP was significantly trafficked to the nucleus following CVB3 infection (Figure 33A).
Moreover, CVB3 infection resulted in the loss of the lysosomal localization of TFEBQS60LP (Figure
33B), suggesting that cleavage by viral proteinase 3C is unlikely the sole factor in regulating TFEB
cellular distribution. To evaluate whether non-cleavable TFEB can rescue 3C-induced functional
deficiency of TFEB, I expressed either WT- or TFEBQS60LP in the presence of the viral proteinase
3C in HeLa cells and found that non-cleavable TFEB was largely resistant to viral proteinase 3Cmediated disruption of TFEB transcriptional activity (Figure 33C).
The re-distribution of TFEBQS60LP to the nucleus following CVB3 infection prompted us
to evaluate the mechanism of cleavage-independent trafficking of TFEB. Dephosphorylation of
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TFEB by the calcium responsive phosphatase calcineurin was previously shown to regulate TFEB
nuclear trafficking following lysosomal damage184. To investigate the potential involvement of
calcineurin in CVB3-induced TFEB dephosphorylation, I infected TFEBQS60LP expressing cells
treated with either siRNA targeting PPP3C (the catalytic subunit of calcineurin) or scrambled
siRNA with CVB3. Protein expression of PPP3C was confirmed to be markedly reduced in
siRNA-treated cells compared to scrambled control (Figure 33D). In a parallel experiment, the
distribution of non-cleavable TFEBQS60LP was monitored following CVB3 infection. Compared to
control cells, calcineurin-depleted cells had significantly reduced nuclear TFEBQS60LP (Figure
33E) and elevated phospho(p)-Ser211 (Figure 33F) without apparent alteration in viral replication
as measured by VP1 expression (Figure 33F). Collectively, these results suggest that, in addition
to processing TFEB, CVB3 infection also triggers a calcineurin-dependent trafficking of WTTFEB to the nucleus.
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Figure 32. TFEB [Δ60] retains the ability to interact with CLEAR and MITF-family
proteins.
(A) Schematic depiction of WT-TFEB and TFEB [Δ60] in vitro translation and EMSA assay.
(B) Binding of WT-TFEB and TFEB [Δ60] to TFEB consensus element. WT-TFEB and TFEB
[Δ60] were PCR amplified with T7 promoter for in vitro transcription/translation (left). EMSA
assay was performed with TFEB consensus binding element (CLEAR) in the presence of either
WT-TFEB, TFEB [Δ60], or WT-TFEB supplemented with anti-TFEB antibody (1 µg).
(C) Quantification of EMSA assay in (B).
(D-F) Interaction of TFEB [Δ60] with WT-TFEB, MITF-A, and TFE3. HeLa cells were cotransfected with Flag-TFEB [Δ60] and either WT-TFEB-GFP (D), MITF-GFP (E) or TFE3-GFP
(F) for 24 h. Immunoprecipitation was conducted with anti-Flag antibody coupled agarose beads,
followed by western blot analysis with anti-GFP and anti-Flag antibodies. Densitometry was
conducted by ImageJ to quantify the amount of WT-TFEB, MITF-A, and TFE3, normalized to
level of antibody IgG light-chain. The fold changes are presented underneath the blots. Western
blots of inputs for immunoprecipitation are shown in the right panels.
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Figure 33. Non-cleavable TFEB rescues 3C-mediated disruption of TFEB.
(A) Nuclear localization of non-cleavable TFEB. HeLa cells were transfected with TFEBQS60LPGFP for 24 h, followed by sham or CVB3 infection (MOI=10) for 5 h. Cells were fixed and nuclei
were counterstained with DAPI. Percentage of nuclear localization of non-cleavable TFEB was
quantified (right). More than 30 cells were selected for the analysis. Scale bar=20 µm.
(B) Lysosomal localization of non-cleavable TFEB. HeLa cells were transfected with TFEBQS60LPGFP for 24 h, followed by sham or CVB3 infection (MOI=10) for 5 h in medium containing
lysosomal tracking dye LTR (75 nM). Lysosome-localized non-cleavable TFEB was quantified by
ImageJ and presented as Pearson’s correlation coefficient (right). More than 30 cells were
analyzed. Scale bar=10 µm.
(C) Transcriptional activity of WT- and non-cleavable TFEB following WT 3C expression. HeLa
cells were co-transfected with WT-TFEB or TFEBQS60LP and control vector or WT 3C with the
addition of 4×CLEAR luciferase reporter construct. Luciferase activity was measured (mean ± SD,
n=3).
(D) Knockdown of calcineurin/PPP3C by siRNA in HeLa cells. Cells were transfected with either
control (si-CON) or PPP3C siRNA (si-PPP3C) for 48 h. Knockdown efficiency was validated by
western blot analysis with anti-PPP3C antibody.
(E) Impairment of CVB3-induced trafficking of TFEB after gene-silencing of PPP3C. HeLa cells
transfected with si-CON or si-PPP3C as above were infected with CVB3 (MOI=10) for 5 h. GFPlabeled TFEBQS60LP was analyzed by immunofluorescence. Nuclei were counterstained with
DAPI. Nuclear TFEB was quantified in the right panel (number of analyzed cells >30). Scale
bars=10 μm.
(F) Rescue of CVB3-induced dephosphorylation of TFEBQS60LP after gene-silencing of PPP3C.
HeLa cells expressing TFEBQS60LP were treated with either si-CON or si-PPP3C for 48 h prior to
CVB3 infection (MOI=10) for 5 h. Cell lysates were subjected to western blot analysis of p-TFEB
(Ser211), TFEBQS60LP-GFP, VP1 and ACTB. Densitometry was conducted to analyze the ratio of
p-TFEB to TFEB and VP1/ACTB. Results (mean ± SD, n=3) are presented in the right panel.
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TFEB [Δ60] enhances viral infection
EVs, such as CVB3, rely on various cellular factors for effective replication. To investigate
the role of TFEB in viral infection, HeLa cells were transfected with siRNA targeting TFEB (siTFEB) or scrambled siRNA (si-CON) for 48 h. Cells were subsequently infected with CVB3
(MOI=10) for an additional 7 h and the supernatant was collected for measurement of viral titers.
Compared to control treatment, gene-silence of TFEB resulted in a significant attenuation of
extracellular CVB3 titers without evident impacts on viral protein production (Figure 34A). To
exclude the potential involvement of TFEB in viral entry, cells treated with si-CON or si-TFEB
were incubated with CVB3 for 1.5 h. After thorough washes, cellular RNA was harvested and
assessed for viral RNA expression. It was observed that two groups of cells had comparable postentry viral RNA, suggesting that TFEB is dispensable for CVB3 entry (Figure 34B).
To further evaluate the functional consequence of TFEB cleavage in viral infection, HeLa
cells were transiently transfected with constructs expressing either WT-TFEB, TFEB [Δ60],
TFEBQS60LP, or vector control for 24 h, followed by CVB3 infection (MOI=0.1) for an additional
24 h. A lower MOI and longer duration of infection was used to discern any subtle changes in viral
propagation. I demonstrated that expression of TFEB [Δ60] was associated with a significant
enhancement of viral titers, which appeared to be more evident than WT- and non-cleavable TFEB
at this given MOI and length of viral infection (Figure 34C), suggesting a pro-viral function for
the cleaved TFEB fragment. To assess the role of TFEB in non-lytic egress, I monitored cell
membrane integrity following CVB3 infection with the amine-reactive LIVE/DEAD dye. These
dyes can penetrate dead cells and fluoresce via laser excitation following chemical reactions with
free amines (Figure 34D). During sham infection, the dye fluoresced on the surface of cells
whereas prolonged CVB3 infection at 7 h and 9 h resulted in strong cytoplasmic signal, suggesting
disrupted membrane integrity at these time-points (Figure 34E). Since the membrane integrity of
cells was comparable between sham and 5 h infection, 5 h post-infection was selected for
measurement of non-lytic egress. HeLa cells pre-treated with either control or si-TFEB for 48 h
were subsequently reconstitution with WT-TFEB or TFEB [Δ60]. Following 24 h, cells were
infected with CVB3 (MOI=10) for an additional 5 h and supernatants were collected for viral titer
measurements. I showed that gene-silence of TFEB resulted in attenuated egress of CVB3
compared to control cells whereas expression of WT-TFEB was able to rescue this deficit (Figure
34F). Of note, expression of TFEB [Δ60] was associated with enhanced egress of CVB3.
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Altogether, our data suggest that TFEB and TFEB [Δ60] have roles in viral egress albeit through
differing mechanisms.
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Figure 34. TFEB [Δ60] enhances viral infection.
(A) Reduced viral titers after gene-silence of TFEB. HeLa cells were treated with si-CON or siTFEB for 48 h, followed by CVB3 infection (MOI=10) for 7 h. Extracellular medium was
harvested and viral titers were analyzed by TCID50 (mean ± SD, n=3. left). Cell lysates were
subjected to western blotting with anti-TFEB and anti-VP1 antibodies (middle). Densitometry was
performed and the fold changes of TFEB and VP1 over ACTB are presented underneath the blots.
VP1/ACTB is also shown in the bar plot (mean ± SD, n=3, right). Arrow denotes TFEB cleavage
fragment.
(B) No impact on CVB3 entry after gene-silence of TFEB. HeLa cells were treated with si-CON
or si-TFEB as in (A). Cells were incubated with CVB3 for 1.5 h, rinsed thrice with PBS, and
subjected to RNA extraction. Viral RNA was assessed by RT-qPCR (mean ± SD, n=3).
(C) Enhanced CVB3 titers after overexpression of TFEB [Δ60]. HeLa cells were transfected with
control vector, WT-TFEB, TFEB [Δ60], or TFEBQS60LP for 24 h. Cells were subsequently infected
with CVB3 (MOI=0.1) for 24 h. Viral titers in the supernatant were analyzed by TCID 50 (mean ±
SD, n=3). Protein expression was verified by western blotting using anti-GFP antibody.
(D) Schematic illustration of membrane integrity probe following CVB3 infection.
(E) HeLa cells were sham-infected or infected with CVB3 for the indicated time-points and stained
with the LIVE/DEAD membrane integrity probe. Cells were fixed and visualized under confocal
microscopy with an excitation wavelength of 580 nm. Scale bar=20 µm
(F) Enhanced non-lytic release after overexpression of TFEB [Δ60]. HeLa cells were transfected
with si-CON or si-TFEB for 48 h, followed by reconstitution with either control vector, WT-TFEB,
or TFEB [Δ60], for 24 h. Cells were subsequently infected with CVB3 for 5 h. Viral titers in the
supernatant were analyzed by TCID50 (mean ± SD, n=3) as a measure of non-lytic egress.
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Figure 35. Proposed model of TFEB dysregulation following CVB3 infection.
(1) TFEB is dephosphorylated in a calcineurin-dependent manner following CVB3 infection. (2)
TFEB is cleaved by viral proteinase 3C to generate TFEB [Δ60]. (3) TFEB [Δ60] interacts with
TFEB and other members of MITF/TFE family as well as CLEAR elements. (4) TFEB [Δ60] is
associated with attenuation of CLEAR network. (5) TFEB and TFEB [Δ60] play a role in nonlytic egress of CVB3.
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Discussion
The subversion of cellular autophagy by EVs has become a topic of great interest ever since
the first reported studies documenting the proliferation of double-membraned vesicles reminiscent
of autophagosomes following EV infection3, 205. The normal function of autophagosomes is to
enwrap cellular cargo, such as protein aggregates, damaged organelles, and invading pathogens,
for clearance in lysosomes; but certain pathogens, such as EVs, have evolved strategies to evade
the degradative capacity of autophagy. For example, CVB3 and EV-D68 can utilize viral
proteinase 3C to target autophagic SNAREs that are required for autophagosomes-lysosome fusion
for viral benefits206, 207. The current study identifies an additional mechanism by which EVs evade
lysosomal degradation. Lysosomes are increasingly being recognized as more than a disposal
chamber for cellular waste, being involved in various cellular processes from signaling and energy
metabolism to secretions and membrane repair208, 209. I demonstrate that the viral proteinase 3C of
CVB3 targets the master transcriptional regulator of lysosome biogenesis, TFEB, to impair
lysosomal function and enhance viral propagation.
Following CVB3 infection, TFEB is re-distributed to the nucleus but paradoxically, gene
expression of downstream targets is significantly attenuated. It was further identified that TFEB is
cleaved by viral proteinase 3C at the N-terminus following Q60 to generate a fragment, designated
as TFEB [Δ60]. This fragment retains the capacity to recognize and bind CLEAR-box elements as
well as homo- and heterodimerize with members of the basic helix-loop-helix-leucine-zipper
(bHLH-Zip) family of MITF/TFE transcription factors, but loses its function in transcriptional
activation. Since TFEB [Δ60] lacks the Q-rich domain (residues 10-44), I speculate that functional
deficiency in TFEB [Δ60] is related to this missing domain. Indeed, Q-rich domains are highly
enriched in eukaryotic transcription factors and have been shown to modulate transcriptional
activation210. It was reported that addition of homopolymeric stretches of the Q residues activates
transcription when fused to the DNA binding domain of GAL4211. The precise cleavage of TFEB
to eliminate its transactivation capacity while retaining its binding capabilities may be an
unappreciated viral strategy to generate a dominant negative function. Additionally, the attenuation
of TFEB transactivation may contribute to the downregulation of downstream CLEAR genes such
as the vacuolar H+ ATPase, ATP6V1H, which acts to facilitate lysosome acidification.
Subcellular localization and activity of TFEB is controlled by its phosphorylation status at
key residues such as Ser211. p-Ser211 serves as a docking site for the YWHA/14-3-3 family of
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chaperones that sequester TFEB in the cytosol187. Phosphorylation of TFEB is mediated by
MTORC1, which takes place at the lysosomal surface212. Our study reveals that CVB3 infection
promotes the dephosphorylation of TFEB, consistent with recent findings by Alirezaei et al 213.
TFEB harbors a lysosome localization signal (LLS) within the first 30 amino acids at its Nterminus that mediates lysosomal localization of TFEB and consequent phosphorylation 187. I
therefore postulate that cleavage of TFEB after Q60 and the subsequent loss of the LLS contribute
to the nuclear re-localization of TFEB observed following CVB3 infection. Interestingly, I found
that, in addition to the cleavage fragment, non-cleavable TFEB is also re-localized to the nucleus
following CVB3 infection, suggesting that CVB3 triggers additional mechanisms that facilitate
nuclear redistribution of TFEB. Lysosomal calcium release was reported to activate the serinethreonine phosphatase calcineurin and promote the subsequent dephosphorylation of its substrate
TFEB184. Using non-cleavable TFEB (QS60LP), I demonstrate that nuclear re-distribution of
TFEB is partially mediated by calcineurin in a cleavage-independent manner. A proposed model
of CVB3-induced dysregulation of TFEB and role in viral egress is summarized in Figure 35.
EVs have evolved to fine-tune efficient replication by differentially regulating host factors
at various stages of the viral replication cycle. Certain host factors may be required during an early
replicative stage but become dispensable or anti-viral during late infection183. In the present study,
I demonstrate that gene-silencing of TFEB prior to infection leads to the attenuation of CVB3
titers, supporting recent evidence that TFEB serves as a pro-viral factor to facilitate viral
replication [30] and non-lytic egress214 at early viral infection. Interestingly, I discovered that
during late stage of viral infection, TFEB is proteolytically processed and the cleavage fragment
further enhances viral propagation. Our finding suggests that CVB3 has evolved to co-opt TFEB
to shut-off its transcriptional activity and lysosomal repair mechanisms as a viral strategy to evade
lysosomal degradation during late viral infection. The evidence of impaired transactivation by
TFEB following CVB3 infection coupled with cleaved TFEB [Δ60] retaining its capacity to
interact with full-length TFEB, likely supports that CVB3 may employ a two-pronged approach
to incapacitate TFEB: (1) cleaved TFEB [Δ60] traffics to the nucleus to impair CLEAR network
activation and/or (2) TFEB [Δ60] complexes with full-length TFEB to impair its transactivation
capacity. Both outcomes result in the downregulation of lysosomal signaling that may ultimately
favour CVB3 subversion of autophagy. EV proteinases are reported to target many host substrates
leading to complex functional interplay within infected cells199. Although the current study
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characterizes TFEB as a novel substrate of viral proteinase 3C, the complex interplay this event
generates with other cleaved host-proteins still merits further study.
In summary, our study reveals that CVB3 directly targets TFEB for proteolytic cleavage
and transcriptional inactivation, leading to impaired lysosomal function and increased viral
propagation. These insights ultimately provide a better understanding of how EVs subvert cellular
autophagy to promote viral pathogenesis.
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Chapter 6: Closing remarks

Research summary and conclusions
Chapter 2: PI4KIIIβ is novel host factor in Coxsackievirus B3 induced non-canonical autophagy.
The major findings of this chapter are:
1. CVB3 initiates autophagy independent of canonical factors
2. CVB3 cleaves several autophagy proteins, notably ULK1/2
3. PI4KIIIβ facilitates CVB3-induced autophagy
Chapter 3: CALCOCO2/NDP52 and SQSTM1/p62 differentially regulate Coxsackievirus B3
propagation. The major findings of this chapter are:
1. CALCOCO2 and SQSTM1 differentially regulate CVB3 replication
2. CALCOCO2 is cleaved by viral proteinase 3Cpro after Q139
3. CALCOCO2 modulates type I IFN through MAVS
Chapter 4: Enterovirus infection inhibits autophagic flux via disruption of the SNARE complex
to enhance viral replication. The major findings of this chapter are:
1. CVB3 infection blocks autophagic flux.
2. CVB3 cleaves fusion adaptor proteins SNAP29 and PLEKHM1 through viral
proteinase 3Cpro.
Chapter 5: Coxsackievirus B3 targets TFEB to disrupt lysosomal function. The major findings of
this chapter are:
1. CVB3 disrupts lysosomal functions
2. CVB3 cleaves TFEB through viral proteinase 3Cpro
3. Cleaved TFEB[Δ60] has dominant negative effects on lysosome function
Collectively, the individual studies presented in this dissertation demonstrate that EV
proteinases target multiple autophagy proteins at various stages of the autophagic pathway
ultimately leading to disruption of cellular homeostasis in favour of viral pathogenesis.
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Research significance
The hypothesis of this thesis is that CVB3 usurps the host autophagy pathway to promote
viral propagation. In this dissertation, I outline the progress I have made in understanding the
underlying mechanisms by which CVB3 disrupts cellular autophagy at multiple stages. As a small
RNA virus equipped with only 11 viral proteins, CVB3 must heavily rely on its small arsenal to
generate large disruptions in the infected host. In addition to processing the viral polyprotein, viral
proteinases have demonstrated versatility in targeting many additional host proteins. As
exemplified in this thesis, a significant advantage of viral proteinase versatility is the disruption of
important cellular pathways including the host autophagy pathway. In addition to pro-viral
functions, the disruption of autophagy is associated with detriments to the infected host with
significant implications for human health. In particular, the significance of these findings is evident
when examining the typical hallmarks of neurodegenerative and cardiovascular diseases which are
characterized by loss of protein quality control and aberrant accumulation of toxic protein
aggregates.
Autophagy is a cellular process that clears and recycles cellular waste including protein
aggregates, damaged organelles, and invading pathogens. Although it is appreciated that CVB3
can hijack the host autophagy pathway to induce neurological and cardiovascular disorders, the
underlying mechanisms remain poorly defined and novel therapeutic strategies are severely
lacking. In this dissertation, I describe novel molecular insights by which CVB3 subverts cellular
autophagy. In chapter 2, I demonstrate that CVB3 initiates autophagy independent of previously
established canonical factors and identify the host factor PI4KIIIβ to be an important component
of this process. In chapter 3, I also reveal that the process of selective autophagy is significantly
compromised during EV infection in part through virus-mediated degradation of autophagy
receptor proteins. Finally, I uncover in chapters 4 that CVB3 impairs the critical step of autophagy
whereby cellular waste inside autophagosome is degraded upon fusion with lysosome and in
chapter 5, that lysosomal function in particular is compromised during infection. Collectively,
these insights clarify our understanding of viral pathogenesis via the disruption of autophagy at
multiple stages of the pathway including the initiation, proper recruitment of cellular waste, and
appropriate clearance in disposal chambers. Ultimately the molecular targets identified in this
dissertation may be useful in the development of anti-viral therapeutics to efficiently combat an
emerging viral threat.
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As mentioned in the introduction, autophagy can exist in multiple forms including
macroautophagy, chaperone-mediated autophagy (CMA), and microautophagy. Much of the
knowledge that exists in the literature and in the current thesis regarding enteroviral subversion of
autophagy is limited to macroautophagy. There is a lack of appreciation and understanding of the
underlying role of CMA and microautophagy in enteroviral propagation and pathogenesis. The
findings from this dissertation clearly outline the mechanisms of enteroviral subversion of
macroautophagy as much of the existing literature and understanding of autophagy pertains to this
pathway. Additionally, chapters 2-4 demonstrate how EVs target autophagosomes specifically to
disrupt initiation, sequestration, and fusion processes. Given that other forms of autophagy,
particularly CMA and microautophagy rely directly on lysosome organelles, these forms of
autophagy may be more enticing as therapeutic targets. Recent evidence from this dissertation
(chapter 5) suggests that EVs can subvert lysosome function but consequences of EV infection on
other forms of autophagy such as CMA and microautophagy require further investigation.
Maintaining the integrity and function of lysosomes can serve as a potent anti-enteroviral strategy
to bypasses the subversion of macroautophagy in favour of CMA and microautophagy signaling.
Similar to other RNA viruses, EVs usurp intracellular lipid surfaces to enhance viral
replication and propagation. The early replicative stages in particular are characterized by viral
replication organelle assembly (e.g. RNA-dependent RNA polymerases/ 3Dpol) on topological
lipid surfaces that help to orient and orchestrate viral genome expansion. It is widely appreciated
that diverse RNA viruses including EVs, coronaviruses, noroviruses, and hepaciviruses generate
viral-induced double membrane vesicles (DMV) in infected cells 215. These replication organelles
not only resemble autophagosomes in structure but also share molecular markers. The origin and
biological significance of these structures has been a topic of keen interest to virologist and
autophagy enthusiasts alike and continues to promise exciting therapeutic avenues for a diverse
array of viral pathogens. Emerging research in this field is revealing DMVs as potential conduits
for enhanced and concentrated viral dissemination
neutralizing antibodies
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as well as defensive shields against host

. Leveraging biotechnological advances may one day provide an

opportunity to closely investigate potent and evasive populations of quasi-enveloped virus that
uniquely hijack cellular membranes. Additionally, mechanistic understanding of how diverse
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viruses acquire quasi-envelopes and the precise nature by which such membranes aid in viral
migration across susceptible tissues promises to provide novel insights into viral pathogenesis.
Viruses have emerged as important environmental factors in the initiation and progression
of neurological diseases such as amyotrophic lateral sclerosis (ALS)
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. EVs such as poliovirus

have long been suspected as etiological agents for ALS due to the identification of viral RNA
signatures in the diseased tissue of ALS patients 7. Recent experimental findings in murine models
also support that EV infection can recapitulate the hallmark molecular phenotypes of ALS such as
TDP-43 pathology and disrupted autophagy 219, 220. Additionally, in vitro studies have recapitulated
the role of EV proteinases in TDP-43 pathology 221. Collectively, these studies point to a disease
mechanism by which EV infection can trigger ALS pathogenesis and highlight the importance of
studying viral infections outside of the typical infectious disease setting. Given that disrupted
autophagy is a typical hallmark of neurodegenerative diseases
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, investigating the underlying

mechanisms of autophagy disruption are paramount for future therapeutics. The current
dissertation provides novel molecular insights by which pathogenic viruses such as CVB3 can
disrupt autophagy. Targeting autophagy may serve as a novel therapeutic strategy to combat
neurological diseases such as ALS for which no cure currently exists.
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Figure 36. Remaining questions in EV subversion of autophagy. EV subversion of autophagy
has primarily focused on the role of macroautophagy. Questions remain as to whether EV subverts
other forms of autophagy including chaperone-mediated autophagy or microautophagy that bypass
the requirement for autophagosomes in favour of direct lysosome mediated degradation.
Additionally, understanding the mechanisms by which EVs subvert autophagy to facilitate nonlytic egress and precisely how these quasi-enveloped viruses facilitate host pathogenesis is a topic
that warrants continued research effort.
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Limitations and future direction
A major strength of the work presented in this thesis is the knowledge and insight gained
by focusing on particular host proteins that are essential for cellular autophagy. Although this
approach provides deeper molecular insights by dissecting the unique interactions of individual
proteins during viral infection, it fails to fully grasp the complexity of viral pathogenesis.
Challenges in capturing the complexity of viral pathogenesis are largely due to limitations in the
simultaneous assessment of multiple viral targets, the appropriate considerations of temporal
significance, and the differential susceptibilities and disruptions to unique biological tissues.
Ongoing advances in EV research continue to identify novel host proteins that are targets
of viral proteinases. In an effort to address the complexity of viral pathogenesis, recent biotechnical
advances have developed novel strategies to identify and study viral substrates on a global scale
171, 198, 223

. Techniques such as terminal amine isotopic labeling of substrates (TAILS) are

proteomic-based approaches that allow for the simultaneous assessment of many substrates. One
added benefit to utilizing TAILS is the ability to identify unique virally-induced cleavage
fragments but this approach still requires researchers to experimentally validate the biological
significance of individual fragments. As the technology continues to improve, future studies would
benefit from investigating the proteomic signatures of virus-infected tissues. This in vivo approach
may identify unique signatures across different organs/tissues that may be therapeutically targeted.
A second limitation in the field is the continuing challenges to better understand the
temporal significance of identified cleavage events. It is appreciated that viral proteinases may
target unique substrates at distinct stages of the viral life cycle and the significance of early, middle,
and/or late cleavage events is only recently being appreciated. Recent advances in this area are
beginning to address the temporal nature of host protein targeting224. These studies may shed
additional light on the temporal significance of viral events and the special role this plays in the
process of viral pathogenesis. For e.g., EVs routinely target certain host factors such as nucleoporin
98 (NUP98) and eukaryotic translation initiation factor 4G (EIF4G) at early stages of viral
replication and these events have been proposed to facilitate enhanced viral replication by
redirecting host cellular resources towards viral production. Additionally, viruses may utilize
certain substrates for early pro-viral replication while dispensing such factors during late stages
225

. Understanding which factors are critical during the early stages of viral replication may instruct

future therapeutic efforts to limit viral pathogenesis and preserve tissue function.
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Lastly, a major limitation in our understanding of EV-induced pathogenesis particularly
via disruptions of the host autophagy pathway is the relative contributions of differing viral tropism
and susceptibilities of diverse tissues. In living organisms, terminally differentiated organs such as
heart, pancreas, and brain are particularly susceptible to the damages of EV infection.
Understanding the role of autophagy in viral pathogenesis needs to acknowledge the complex
architecture of these organ systems and the presence of biologically diverse cell types. Recent
findings suggest that cell-type specific autophagy may play an important role in disease
progression226. Whether specific cell types with differing autophagy phenotypes are differentially
susceptible to viral subversion requires further investigation.
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