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Abstract 

Title of Dissertation: Viral and Cellular Determinants of Picornavirus-mediated 

Autophagy Induction 

Angel F. Corona Velazquez, Doctor of Philosophy, 2019 

Dissertation Directed by: Dr. William T. Jackson, Associate Professor, Department of 

Microbiology and Immunology 

Macro-autophagy is a basal cellular process that involves the degradation and turnover of 

cytosolic components, including elimination of damaged organelles and cytosolic cargo. 

In response to cell stressors, such as but not limited to, starvation and infection from 

xenobiotics, autophagy is upregulated. The process is controlled by the upstream 

autophagy signaling ULK complex, composed of the kinases ULK1 or ULK2, and the 

scaffold proteins ATG13, RB1CC1, and ATG101. This complex serves as a nexus for 

signaling pathways from nutrient sensitive kinase complexes such as MTORC1 or 

AMPK. Poliovirus (PV) has been shown to induce autophagy in infected cells, but the 

mechanism of initiation has not been completely elucidated. Furthermore, the host 

cellular factors that are involved in this virus-induced autophagy are unknown. We 

recently have shown that PV does not require the ULK1/2 complex for replication or 

autophagic signal induction during infection, demonstrating a novel ULK1/2-independent 

autophagic signaling pathway. We show that knockdown of RB1CC1, a vital scaffold 

protein for the ULK1/2 complexes, has no effect on PV replication and does not impede 

the ability of the virus to induce autophagic signals. Furthermore, PV mediates the 

elimination of this complex during infection in a mechanism that is not dependent on the 



 
 

proteasome. PV causes the cleavage of an autophagic cargo receptor SQSTM1, which 

was previously described in CV-B3, and therefore impairs our ability to measure bona 

fide autophagy during infection. We have also found that several members of the 

Enterovirus genus: Enterovirus D68 (EV-D68), Coxsackievirus B3 (CV-B3), and 

Rhinovirus A1 (RV-A1) also do not require the ULK complex for replication or with 

their respective effects on autophagy. We have evidence that suggests that the BECN1 

complex, downstream of the ULK complex, is dispensable for PV. Exogenous expression 

of viral proteins 2BC and 3A from PV and CV-B3 increase the presence of LC3+ puncta 

but show no acidification of autophagosomes, suggesting the presence of a secondary 

acidification signal. We discuss the implications of these findings in regards to the ability 

of picornaviruses to reformat the induction process for their own benefit. 

  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Viral and Cellular Determinants of Picornavirus-mediated Autophagy Induction 

 

 

 

 

 

 

 

by 

Angel Francisco Corona Velazquez 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dissertation submitted to the faculty of the Graduate School of the  

University of Maryland, Baltimore in partial fulfillment 

of the requirements for the degree of 

Doctor of Philosophy 

2019 

  



 
 

 

 

 

 

© Copyright 2019 Angel Francisco Corona Velazquez 

All Rights Reserved



iii 
 

Dedication 

 

 

 

 

 

 

 

I dedicate this dissertation to my loved ones: my parents Carolina Velazquez and Samuel 

Corona, my loving wife Abigail Corona, my extended family, and all my friends. Thank 

you for your support and love. Though far away, your help and support was still felt 

nearby.   



iv 
 

Acknowledgements 

I would first like to acknowledge and thank the members of my doctoral 

committee: 

¶ Dr. Matthew Frieman, for essentially being my co-PI and co-mentor since 

I started in Billôs lab. Thanks for all of the advice and help throughout the 

years. 

¶ Drs. Nicholas Carbonetti and Bret Hassel, for guiding me through the 

GPILS MMI program and helping provide connections and advice 

throughout my graduate degree. 

¶ Dr. Marta Lipinski, for being another expert in autophagy and 

understanding the headaches associated with this field. As well as 

providing invaluable reagents and advice. 

¶ Dr. Carolyn Coyne, for giving a fresh perspective on the virus side of my 

data and making Bill and I consider other options that we hadnôt even 

imagined. 

 

I would also like to thank the members of the Jackson and Frieman labs, both past 

and present, for all of their help and feedback in our group meetings. 

 

I also would like to acknowledge and thank Dr. Heather Ezelle, the coordinator 

for the GPILS MMI program. Her guidance throughout this process has been 

invaluable. 

 

Lastly, I would be remiss if I did not acknowledge and thank my mentor and 

advisor, Dr. William Jackson. Bill, thanks for inspiring my love for writing and 

science, for training me to think critically, and for getting me to the next stage of 

my career. 

   



v 
 

Table of Contents 

Chapter 1: Introduction to Picornaviridae ...................................................................................... 1 

Introduction ................................................................................................................................. 1 

Genome Structure ........................................................................................................................ 4 

Viral Lifecycle ............................................................................................................................. 6 

Picornavirus Relationship with Autophagy ............................................................................... 10 

The Role of Picornavirus Proteins in Autophagy ...................................................................... 14 

Significance ............................................................................................................................... 17 

Specific Aims ............................................................................................................................ 20 

Chapter 2: So Many Roads: the multi-faceted regulation of autophagy induction ....................... 22 

Introduction ............................................................................................................................... 22 

Canonical autophagy induction through MTOR-ULK1/2 ......................................................... 29 

MTOR and AMPK-independent autophagy induction .............................................................. 33 

ULK1/2-independent autophagy induction ............................................................................... 38 

BECN1-independent autophagy induction ................................................................................ 43 

Concluding Remarks ................................................................................................................. 45 

Chapter 3: Materials and Methods ................................................................................................ 48 

Cell Lines and Culture Conditions ............................................................................................ 48 

Generation of ATG13KO HEK-293T Cell Line ....................................................................... 48 

Generation of mCherry-GFP-LC3 Stable Expressing H1-HeLa Cell Line ............................... 49 

Transfections of siRNAs and Plasmids ..................................................................................... 50 

GenePulser Electroporation of ATG13 siRNA ......................................................................... 51 

Viral Production, Infection, and Plaque Assay Analysis ........................................................... 53 

SDS-PAGE and Western Blotting ............................................................................................. 54 

Immunofluorescence Analysis .................................................................................................. 55 

Calf Intestinal Alkaline Phosphatase (CIAP) Treatment ........................................................... 57 

Co-immunoprecipitation Using Protein A beads....................................................................... 57 

Crude Subcellular Fractionation ................................................................................................ 57 

Reagent and Inhibitors ............................................................................................................... 58 

Genomic PCR Confirmation of ULK1/2KO MEFs .................................................................. 60 



vi 
 

DNA Cloning: PCR, Restriction Digest, Ligation, Transformation, and Screening ................. 62 

Statistical Analysis .................................................................................................................... 63 

Densitometry Analysis .............................................................................................................. 63 

Chapter 4: Poliovirus Induces Autophagic Signaling Independent of the ULK1 Complex .......... 65 

Introduction ............................................................................................................................... 65 

Results ....................................................................................................................................... 68 

Discussion ................................................................................................................................. 94 

Materials and Methods ............................................................................................................ 100 

Chapter 5: Role of Enterovirus proteins in viral-induced autophagy .......................................... 109 

Introduction ............................................................................................................................. 109 

Results ..................................................................................................................................... 111 

Discussion ............................................................................................................................... 129 

Material and Methods .............................................................................................................. 132 

Chapter 6: Amino Acid Starvation-induced Autophagy is Independent of the ULK1/2 Complex

 ..................................................................................................................................................... 133 

Introduction ............................................................................................................................. 133 

Results ..................................................................................................................................... 136 

Discussion ............................................................................................................................... 145 

Abridged Materials and Methods ............................................................................................ 151 

Chapter 7: Discussion .................................................................................................................. 152 

Picornaviruses replicate and induce autophagy independent of the ULK1/2 complex ........... 153 

Picornaviruses induce the formation of autophagosomes but not necessarily degradative 

autophagy. ............................................................................................................................... 157 

Enterovirus proteins induce LC3+ autophagosomes. ............................................................. 160 

Amino acid starvation-induced autophagy requirements mimic picornavirus-mediated 

induction .................................................................................................................................. 162 

Future Directions .................................................................................................................... 164 

References ................................................................................................................................... 168 

  



vii 
 

List of Tables 

Table 1.1 Table of picornavirus proteins and their known functions. ........................................... 19 

Table 2.1. Summary of the studies cited in this chapter. ............................................................... 47 

Table 3.1. List of siRNAs utilized. ................................................................................................ 52 

Table 3.2 List of antibodies used. .................................................................................................. 56 

Table 3.3. List of common inhibitors utilized. .............................................................................. 59 

Table 3.4. A list of DNA primers used for various constructs. ..................................................... 61 

  



viii 
 

List of Figures 

Figure 1.1. The phylogenetic organization of selected picornaviruses. .......................................... 4 

Figure 1.2 Schematic representation of the picornavirus genome. .................................................. 5 

Figure 1.3 The picornavirus lifecycle. ............................................................................................. 9 

Figure 2.2. The map of autophagy induction................................................................................. 27 

Figure 2.3. The major domains of the ULK complex. .................................................................. 31 

Figure 2.4. Schematic diagram of BECN1 .................................................................................... 41 

Figure 4.1. Stable knockdown and inhibition of ULK1 and ULK2 does not affect PV replication.

 ....................................................................................................................................................... 69 

Figure 4.S1. Densitometry analysis of Figure 1. ........................................................................... 72 

Figure 4.2. Knockdown of RB1CC1 inhibits basal autophagy but does not affect PV replication or 

autophagic signals. ........................................................................................................................ 73 

Figure 4.3. PV induces cellular membrane rearrangement in the absence of RB1CC1. ............... 75 

Figure 4.S2. EM images of replicates 2 and 3 of HEK-293Ts transfected with siRNA against 

Luciferase or RB1CC1 in mock or PV infection from Fig. 4.3. .................................................... 76 

Figure 4.S3. Knockdown of RB1CC1 has no effect on PV replication in the presence or absence 

of bafilomycin A1. ......................................................................................................................... 78 

Figure 4.4. PV cleaves SQSTM1/p62. .......................................................................................... 81 

Figure 4.S4. Western blots of SQSTM1 and LC3 for replicates 2 and 3 from Fig. 4A and B. ..... 82 

Figure 4.S5. Densitometry analysis of Fig. 4. ............................................................................... 84 

Figure 4.5. ULK1 levels decrease but the protein is not degraded via the proteasome during 

infection. ........................................................................................................................................ 86 



ix 
 

Figure 4.6. The ULK complex levels decrease during PV infection but upstream or downstream 

complexes are unaffected. ............................................................................................................. 89 

Figure 4.S6. Lipidation of LC3 during PV infection is not affected by lysosomal protease 

inhibition. ...................................................................................................................................... 91 

Figure 4.S7. WIPI1 ectopic expression in HEK293T cells results in the formation of puncta 

during infection with PV. .............................................................................................................. 92 

Figure 4.S8. Overexpression of wild-type or kinase-dead ULK1 does not affect PV replication. 93 

Figure 5.1. EV-D68 replication and autophagy induction is independent of RB1CC1............... 113 

Figure 5.2. CV-B3 replication is independent of RB1CC1. ........................................................ 114 

Figure 5.3. RV-A1 replication is independent of RB1CC1. ........................................................ 115 

Figure 5.4 PV replication and autophagy induction is independent of BECN1 and PIK3C3. .... 118 

Figure 5.5. First replicate of PV and CVB3 viral overexpression in GFP-mCherry-LC3 H1 HeLa 

cells. ............................................................................................................................................. 123 

Figure 5.6. Second replicate of PV and CVB3 viral overexpression in GFP-mCherry-LC3 H1 

HeLa cells. ................................................................................................................................... 125 

Figure 5.7. Third replicate of PV and CVB3 viral overexpression in GFP-mCherry-LC3 H1 HeLa 

cells. ............................................................................................................................................. 127 

Figure 6.1. Confirmation of ULK1 and ULK2 genetic knockout in mouse embryonic fibroblasts.

 ..................................................................................................................................................... 138 

Figure 6.2. ULK1/2KO MEFs degrade SQSTM1 during amino-acid starvation. ....................... 140 

Figure 6.3. ULK1/2KO MEFs induce LC3 puncta formation and acidic vesicles. ..................... 143 

Figure 6.4. Inhibition of acidification partially rescues SQSTM1 degradation during amino acid 

starvation. .................................................................................................................................... 144 



x 
 

Figure 7.1. Picornaviruses bypass canonical macro-autophagy regulation to induce 

autophagosomes through direct viral-host interactions. .............................................................. 160 

  



xi 
 

List of Abbreviations 

3-MA ï 3-Methyladenine 

ACC ï Acetyl-CoA Carboxylase 

AKT1S1 ï AKT Serine/Threonine Kinase 1 substrate 1 

AMPK ï 5ô Adenosine Monophosphate Activated Protein Kinase 

ARF ï ADP-ribosylation Factor 

AST-HIS ï Astemizole-Histamine 

ATF2 ï Activating Transcription Factor 2 

ATG1 ï Autophagy Related 1 

ATG5 ï Autophagy Related 5 

ATG12 ï Autophagy Related 12 

ATG13 ï Autophagy Related 13 

ATG14 ï Autophagy Related 14 

ATG16 ï Autophagy Related 16 

ATG101 ï Autophagy Related 101 

AMP ï Adenosine Monophosphate 

ATP ï Adenosine Triphosphate 



xii 
 

BafA1 ï Bafilomycin A1 

BECN1 ï Beclin 1 

BH3 ï Bcl2 Homology Domain 

BSA ï Bovine Serum Albumin 

CAMK1/4 ï Calcium/Calmodulin Dependent Protein Kinase 1 or 4 

CAMKK1/2 ï Calcium/Calmodulin Dependent Protein Kinase Kinase 1 or 2 

CAR ï Coxsackievirus and Adenovirus Receptor 

CASP3 ï Caspase 3 

CCD ï Coiled Coil Domain 

CD155 ï Cluster of Differentiation 155 

CIAP ï Calf Intestinal Alkaline Phosphatase 

CO ï Codon Optimized 

Co-IP ï Co-immunoprecipitation 

CREB1 ï Cyclic Adenosine Monophosphate Responsive Element Binding Protein 1 

CRISPR ï Clustered Regularly Interspaced Short Palindromic Repeats 

CTD ï C-Terminal Domain 

CV-A16 ï Coxsackievirus A16 



xiii 
 

CV-B3 ï Coxsackievirus B3  

DAPK1 - Death Associated Protein Kinase 1 

DAPK3 ï Death Associated Protein Kinase 3 

DENV ï Dengue Virus 

DEPTOR ï DEP Domain Containing MTOR Interacting Protein 

DMEM ï Dulbeccoôs Modified Eagle Medium 

DMSO ï Dimethyl Sulfoxide 

DMV ï Double-Membraned Vesicle 

DUSP1 ï Dual Specificity Phosphatase 1 

EBSS ï Earleôs Balanced Salt Solution 

ECD ï Evolutionary Conserved Domain 

EM ï Electron Microscopy 

ER ï Endoplasmic Reticulum 

ESCRT ï Endosomal Sorting Complexes Required for Transport 

EV-A71 ï Enterovirus A71 

EV-D68 ï Enterovirus D68 

FBS ï Fetal Bovine Serum 



xiv 
 

FMDV ï Foot-and-mouth disease Virus 

FIP200 ï Focal Adhesion Kinase Interacting Protein of 200kDa; previous name of 

RB1CC1 

GABARAP ï Gamma-Aminobutyric Acid Receptor-Associated Protein 

GBF1 ï Golgi Brefeldin A Resistant Guanine Nucleotide Exchange Factor 1 

GFP ï Green Fluorescent Protein 

HAV ï Hepatitis A Virus 

HBSS ï Hanks Balanced Salts Solution 

HBV ï Hepatitis B Virus 

HDR ï Homology Directed Repair 

HORMA ï Hop1 Rev7 Mad2 Associated Domain 

HPI ï Hour(s) post infection 

HRP ï Horse Radish Peroxidase 

HRV-A1/RV-A1 ï Human rhinovirus A1 

IRES ï Internal Ribosomal Entry Site 

JNK ï C-Jun N-Terminal Kinase 

kDa ï Kilo-Dalton 

KD ï Knock Down 



xv 
 

KO ï Knock Out 

LAP ï LC3 Associated Phagocytosis 

LC3 ï Light Chain 3, Abbreviated notation of MAP1LC3B 

LC3-I ï Cytosolic form of LC3 

LC3-II ï Membrane Associated Form of LC3 

LIR ï LC3 Interacting Region 

MAP1LC3B ï Microtubule Associated Protein 1 Light Chain 3 Beta 

MAPK1 ï Mitogen-Activated Protein Kinase 1 

MAPK14 ï Mitogen-Activated Protein Kinase 14 

MAP2K3 ï Mitogen-Activated Protein Kinase Kinase 3 

MAP2K6 ï Mitogen-Activated Protein Kinase Kinase 6 

MEF ï Mouse Embryonic Fibroblast 

MEM ï Minimal Essential Medium 

MERS-CoV ï Middle East Respiratory Syndrome Coronavirus 

MLST8 ï MTOR Associated Protein LST8 

MOI ï Multiplicity of Infection 

MSC ï Mesenchymal Stem Cells 



xvi 
 

MTOR ï Mammalian Target of Rapamycin 

MTORC1 ï Mammalian Target of Rapamycin Complex 1 

NBR1 ï Neighbor of BRCA Gene 1 

NEM ï N-Ethylmaleimide 

NP ï Nucleus Pulposus 

PBS ï Phosphate Buffered Saline 

PCR ï Polymerase Chain Reaction 

PE - Phosphoethanolamine 

PEDV ï Porcine Epidemic Diarrhea Virus 

PGE2 ï Prostaglandin E2 

PI3-P ï Phosphotidylinositol-3-Phosphate 

PIK3 ï Phosphoinositide Kinase Type 3 

PIK3C3 ï Phosphatidylinositol 3-Kinase Catalytic Subunit Type 3 

PIK3R4 ï Phosphoinositide-3-Kinase Regulatory Subunit 4 

PLP ï Papain-Like Proteases 

PP2A ï Protein Phosphatase 2A 

PTK2 ï Protein Tyrosine Kinase 2 



xvii 
 

PV - Poliovirus 

PVDF ï Polyvinylidene Fluoride 

qPCR ï Quantitative Polymerase Chain Reaction 

RB1CC1 ï Retinoblastoma 1 Inducible Coiled Coil 1 

RCE ï Rhus Coriaria Extract 

RdRP ï RNA-dependent RNA polymerase 

RFP ï Red Fluorescent Protein 

RPTOR ï Regulatory Associated Protein of MTOR Complex 1 

RNAi ï Ribonucleic Acid Interference  

ROS ï Reactive Oxygen Species 

S/TK ï Serine/Threonine Kinase 

SARS-CoV ï Severe Acute Respiratory Coronavirus 

SDS-PAGE ï Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 

SERCA ï Sarcoplasmic ER Ca2+ ATPase   

shRNA ï Short Hairpin RNA 

siRNA ï Small interfering RNA 

SNAP29 ï Synaptosome Associated Protein 29 



xviii 
 

SNAP47 ï Synaptosome Associated Protein 47 

SNARE ï Soluble NSF attachment Receptor Protein 

SQSTM1 ï Sequestosome 1 

STING ï Stimulator of Interferon Genes Protein; former name of TMEM173 

STX17 ï Syntaxin 17 

SUMO ï Small Ubiquitin Like Modifier 

TFRC ï Transferrin Receptor 

TG - Thapsigargin 

TMEM173 ï Transmembrane Protein 173; HGNC approved name for STING 

TOR ï Yeast Target of Rapamycin 

TP53 ï Tumor Protein 53 

ULK1 ï Unc51-like Kinase 1 

ULK2 ï Unc51-like Kinase 2 

Unc-51 ï Uncoordinated 51 

UTR ï Untranslated Region 

WIPI1/2 ï WD Repeat Domain Phosphoinositide Interacting 1 or 2
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Chapter 1: Introduction to Picornaviridae 

 

Introduction  

 

The family of viruses known as Picornaviridae are characterized by their small 

genome size. Physically, picornaviruses are amongst the smallest viruses currently 

classified, with a particle size of 30 nanometers (1ï3). They are traditionally considered 

non-membrane bound viruses, containing only an icosahedral protein capsid protecting 

the RNA (1ï3). Recent evidence suggests that several picornaviruses may also exist in 

host derived vesicles from various cellular processes (4ï8).  The name ñpicornavirusò is 

can be defined two different ways. The first comes from ñpicoò, referring to the small 

genome, 7.2 kilobases, and ñrnaò referring to the positive-sense single stranded nature of 

these viruses (9). The second defines ñpicornaò as an  acronym: poliovirus, insensitivity 

to ether, Coxsackievirus, orphanvirus, rhinovirus, and ribonucleic acid (9).  

Picornaviruses are an ancient and highly branched family of viruses, causing a multitude 

of diseases in various organisms besides humans and mammals (10). Within the 

Picornaviridae exist several genera, with Enterovirus, Cardiovirus, and Paraechovirus 

containing some of the more medically and human health relevant viruses (11). (Figure 

1.1).  

The prototypical virus of the Enterovirus genus, Clade A, is poliovirus type 1. 

Poliovirus causes poliomyelitis, a neurological disease characterized by muscle paralysis 

and, at the most extreme pathogenesis, requiring medical intervention in the form of 

assisted breathing machinery that utilized negative pressure, known commonly as ñiron 

lungs.ò Poliovirus epidemics in the United States and globally led to intensive vaccine 
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research development in the 1940s-1950s (12). In 1953, Dr. Jonas Salk developed an 

inactivated poliovirus vaccine that provided effective protection against the virus. By 

1957, poliovirus infections had dropped by 90% in the United States (12). Almost 

concurrently with the Salk vaccine, another researcher by the name of Dr. Albert Sabin 

developed a live attenuated version of poliovirus vaccine. This virus was produced 

through multiple passages in monkey cells, causing attenuation through mutations in key 

residues (13). The Sabin vaccine was successfully tested in Russia, but the Salk vaccine 

dominated in the United States (13). One benefit of the attenuated vaccine was the 

effectiveness of a single dose, where only one shot of the Sabin vaccine resulted in 

protection while the Salk vaccine required a booster (12, 13). Unfortunately, the live 

nature of the Sabin vaccine has led to the rise of ñvaccine-derivedò poliovirus, caused by 

wild-type revertant mutations in the replicating vaccine strain (14).  By 1979, the United 

States was declared ñpolio-freeò as no incidence of poliovirus infections from the 

environment were documented (12). Worldwide, poliovirus is nearing eradication. 

However, there are still pockets where natural infections of poliovirus still occur. 

Primarily, Pakistan and Afghanistan are the front most area of concern, as lack of 

consistent vaccinations have led to poliovirus persisting (14). Additionally, the use of the 

Sabin vaccine, rather than the Salk vaccine, has continued to cause cases of vaccine-

derived poliovirus and is another concern for the world health organization (14). 

In recent years, public health agencies and researchers worldwide have been 

alarmed about the emergence of two other picornaviruses: enterovirus D68 and 

enterovirus A71. Each has a strong correlation with paralytic disease in children (11, 15ï

23). Enterovirus A71 (EV-A71) can cause human hand foot and mouth disease, which 
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primarily affects children. In rare cases, children presenting with acute flaccid myelitis, a 

form of paralysis of neurological origin, have been found to harbor EV-A71 genomes 

(24). EV-A71 has caused outbreaks of paralysis cases in Australia (2013), Cambodia 

(2012), China (2008), and Taiwan (1998, 2000-1), with several neurological paralysis 

cases reported each time (23). Enterovirus D68 (EV-D68) is another picornavirus that 

was originally isolated in 1962. The virus has been associated with sporadic respiratory 

infections but with no severe symptomology. In August of 2014, EV-D68 infections 

spiked during an outbreak in the United States, affecting primarily children (18). There 

was also an increase in the number of acute flaccid myelitis cases in the United States. 

There have been biennial outbreaks since 2014. (18, 25, 26). Though the data has not yet 

been thoroughly examined for 2018, the cause of the biennial trend of EV-D68 outbreaks 

in the United States remains unexplained. While poliovirus is transmitted through a fecal 

oral route, and thus requiring ingestion of contaminated water or food sources, EV-A71 

and EV-D68 are respiratory viruses. This raises problems to possible containment and 

quarantine of infected individuals should a greater outbreak occur. 
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Figure 1.1. The phylogenetic organization of selected picornaviruses.  

On the right of the blue lines are the names of the genus these viruses belong to. Foot-and-mouth 

disease virus (FMDV) is an agricultural pathogen that affects livestock. Hepatovirus A, also 

known as Hepatitis A Virus (HAV), is a liver-specific picornavirus that infects humans. 

Poliovirus type 1 (PV-1) is the causative agent of poliomyelitis and the prototypical picornavirus 

for Enterovirus Clade A. Human Rhinovirus A1 (HRV-A1) is one of \the causative agents of the 

common cold. Enterovirus D68 (EV-D68) is a picornavirus that was initially characterized as a 

rhinovirus. Enterovirus A71 (EV-A71) is another virus that has strong correlation to acute flaccid 

myelitis. Coxsackievirus B3 (CV-B3) is a medically relevant virus that causes not only hand-foot-

and-mouth disease in children but as well as cardiac diseases. Coxsackie virus A16 (CV-A16) is 

another virus that causes hand-foot-and-mouth disease. Phylogenetic tree generated using iTOL 

(27). 

 

Genome Structure 

 

 Picornavirus genomes are typically between 7-10 kilobases (kbs) of single 

stranded RNA, and are considered positive sense because the genome is capable of 

translation (1). Like many positive sense single stranded RNA (+ssRNA) viruses, 

picornaviruses encode a single polyprotein that is proteolytically cleaved by encoded 

viral proteases. The genome has several major structures: (1) The 5ô untranslated region 

(UTR) including an Internal Ribosomal Entry Site (IRES) that enables cap-independent 

translation of viral protein; (2) The P1 region that encodes all of the structural capsid 

proteins; (3) The P2 region that encodes nonstructural proteins including the viral 

protease 2Apro and RNA binding protein 2C; (4) The P3 region encodes viral protease 

3Cpro and viral RNA-dependent RNA polymerase (RdRP) 3D; (5) The 3ôUTR which 

includes a polyA tail-like mimic that is generally conserved amongst picornaviruses, 

though the length may differ (1). (Figure 1.2). Certain genera of Picornaviridae contain 
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one additional component to their genome. Foot-and-mouth-disease virus (FMDV) and 

Erbovirus A,  contain a Leader sequence (L) which encodes an additional protease (10). 

 The polyprotein is further processed by viral proteases 2Apro and 3Cpro into 

precursor intermediates and finally into individual proteins. (Figure 1.2). The 

intermediate products as well as the final processed forms have a function in the life 

cycle of picornaviruses (28ï42). Despite having a small genome, picornaviruses have 

evolved compact multifunctional proteins to replicate their genomes as well as 

completely rewire the host cell into a cellular factory for virus production.  

Figure 1.2 Schematic representation of the picornavirus genome.  

The polyprotein is first proteolytically cleaved into P1, P2, and P3. P1 is then processed into VP0, 

VP3, and VP1, which will form the immature capsid. Only upon RNA insertion into the capsid 

will VP0 be cleaved into VP2 and VP4, creating a mature and infectious virion. P2 is processed 

further into 2Apro and intermediate 2BC. 2BC is then cleaved into 2B and 2C. P3 is processed into 

intermediates 3AB and 3CD. These will yield 3A and 3B. 3B (VpG) is uridylated and serves as a 

primer for RNA synthesis, being incorporated into new genomes. 3CD yields 3Cpro and the RNA-

dependent RNA polymerase 3D. 
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Viral Lifecycle  

 

  The picornavirus capsid binds directly to host receptors on the plasma membrane 

of target cells. (Figure 1.3). The entry receptors for PV, CV-B3, and several other 

picornaviruses has been determined. For example, poliovirus requires CD155 to enter 

host cells (43). CV-B3 utilizes the Coxsackievirus and adenovirus receptor (CAR) (44). 

However, certain picornaviruses such as EV-D68 and EV-A71 have no conclusive 

receptor, though several candidate receptors have been identified (45ï50). Unfortunately, 

complete loss of these receptor candidates does not completely ablate viral infection, 

suggesting an as of yet unidentified receptor and a potential role of these candidates as 

co-receptors. Once a sufficient quantity of receptors binds to the picornavirus capsid, a 

small entry vesicle forms in a clathrin-independent manner.  

The virus is endocytosed and begins to uncoat. The capsid proteins form an 

insertion complex that allows viral RNA entry into the cytoplasm. The trigger for 

uncoating is not yet well understood, with contradictory reports that acidification is 

required (5, 51ï55). The picornavirus genome is readily translatable as is. The 

polyprotein is produced and undergoes autolytic processing into functional viral proteins 

that serve multiple functions in the takeover of the eukaryotic cell. First, cellular 

translation is inhibited by cleavage of eIF4G through viral protease 2A and preventing 

cap-dependent translation (56, 57). Viral proteases 2A and 3C additionally inhibit cellular 

transcription and mRNA export by disrupting the nuclear pore complex and targeting 

components of RNA Polymerase II complex (58, 59). Nonstructural proteins that are not 

proteases, such as 3A, also serve an important function. Poliovirus 3A inhibits ER-Golgi 

trafficking, disrupting the ability of the cell to secrete cytokines and expose MHC-II to 
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the cell surface (38, 60). Ultimately, the key goal of the nonstructural proteins encoded 

by picornaviruses is to establish replication centers on the intracellular membranes of the 

host (61, 62). These viruses, like many other positive-sense single-stranded viruses, 

disrupt the ER and Golgi membranes to generate membranes for viral replication (63, 

64).  

Once viral replication centers are established, negative-sense viral RNA is 

generated to allow for the production of more positive-sense strands.  During the early 

stages of infection, these positive-sense strands are used by host ribosomes to generate 

more polyproteins. Eventually, when a sufficient quantity of replication centers have 

been made, the host translation machinery will be saturated and the additional positive-

sense genomic RNA will begin to be packaged into capsids, forming immature virions 

(65, 66). These virions contain capsid proteins VP0, VP1, and VP3. For the virus to 

become infectious, an important cleavage step has to occur. The structural protein VP0 

cleaved into VP2 and VP4, forming a mature infectious virus (67). It is not known 

whether a viral or cellular protease is responsible for this cleavage, but viral RNA must 

be inside the capsid for this cleavage to occur (68). Mutations in the cleavage site found 

in VP0 promote the formation of non-infectious provirions (69). Glutathione interactions 

within the capsid play a major role in the stability of viral capsids for PV and other 

Enterovirus Type C viruses (70). Poliovirus 3CD induces the formation of infectious 

virus in a cell-free system, though the exact relationship of 3CD to the capsid proteins 

was not established (71). 

In culture, picornaviruses kill the host cell, causing cytopathic effects that results 

in rupture of the plasma membrane and allowing naked virus to escape. From there, the 
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virus can infect neighboring cells and begin the cycle anew. In some cases, 

picornaviruses are capable of exiting the host cell without causing lysis or prior to lysis of 

the host cell. For example, Hepatitis A Virus (HAV) exits the host cell without killing the 

cell, and is found in membrane-bound vesicles containing multiple virions (4). These 

vesicles are derived from the ESCRT pathway. HAV utilizes some ESCRT components, 

such as ALIX and VPS4B, but does not require other canonical components such as 

TSG101 (4, 72, 73). PV has been known to utilize autophagy and autophagy components 

for its replication (74ï76). The mechanism of ñautophagosome-mediated exit without 

lysisò in which PV is able to be detected in the extracellular medium prior to death of the 

host cell was shown over a decade ago (74). CV-B3 is also found in vesicles in what 

appears to be non-lytic release of virus (6). This type of exit for picornaviruses suggests a 

new mechanism of cell-to-cell infection in a single host. The use of vesicles containing 

multiple viruses may enable for faster infection as well as rescue of replicative-deficient 

viruses through complementation, expanding the pseudo-species existing within the host 

(77). It is highly doubtful that the increased infectious nature of these vesicle bound 

species, which can include viral RNA, replication machinery and defective particles, can 

survive the harsh environment outside of the host, suggesting that non-enveloped viruses 

are important for host to host transfer, providing stability and longevity. 
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Figure 1.3 The picornavirus lifecycle.  

(1) Picornaviruses bind directly to their cognate host receptor to form an entry vesicle. (2) The 

entry vesicle is endocytosed in a Clathrin-independent mechanism. (3) The capsid destabilizes 

and forms a translocation complex that inserts the genomic RNA into the host cell cytoplasm. (4) 

The IRES containing positive-sense single-stranded genome is able to be translated into a 

polyprotein by host ribosomes in a cap-independent manner. (5) The polyprotein is cleaved into 

individual proteins that serve various functions besides aiding in the formation of viral replication 

centers. Viral protease will cleave key machinery and inhibit host transcription and translation as 

well as ER-Golgi trafficking. (6) The viral RNA-dependent RNA polymerase will generate an 

anti-genome RNA that will be used as a template for the generation of more genomic RNA. Early 

in replication, this genomic RNA will be used for translation of viral proteins, which will then 

generate more replicative centers. (7) Once host translation machinery is saturated, genomic RNA 

will be packaged rather than utilized for translation. (8) Prior to exit, the viral capsid protein VP0 

will be cleaved into VP2 and VP4, in a maturation step that results in infectious virus. (9) 

Traditionally, picornaviruses are thought to exit the cell via lysis. 
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Picornavirus Relationship with Autophagy 

 

One aspect of the picornavirus lifecycle that was first documented by Dr. George 

Palade in the 1960s was the generation of double-membrane vesicles during infection 

(78). Electron micrographs reveal virus particles inside these double membrane vesicles. 

The authors suggested that these double-membrane vesicles were being generated 

through autophagy as a cellular response to infection; therefore, virus was being degraded 

by autophagy in an anti-viral mechanism.  

Autophagy is a basal degradative pathway that is characterized by the formation 

of characteristic double-membraned vesicles known as autophagosomes that take up 

cytosolic cargo (79). These vesicles can be characterized by the addition of cytosolic 

protein MAP1LC3B/LC3B to the autophagosome membrane via a phosphoethanolamine 

linker (80). Induction of this process can be measured by following the lipidation of 

LC3B, the puncta formation of LC3B as it associates with autophagosomes, or the puncta 

formation of early autophagosome markers such as WIPI1/2 (80ï82). Completion of the 

process, the fusion with a lysosome and degradation of cellular components, can be 

measured by following the steady-state levels of autophagic cargo receptors, such as 

Sequestosome 1 (SQSTM1), that are degraded with the cargo (81). 

Since then, various research groups have described and dissected the relationship 

between picornaviruses and autophagy. Poliovirus was amongst the first shown to benefit 

from autophagy, as knockdown of key autophagy components such as LC3 and ATG12 

causes decreases of PV titers (74). Further investigation found that point mutations of 

LC3 that interfere with covalent attachment of phosphoethanolamine, a hallmark of 
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autophagy induction, also inhibit the ability of PV to induce the lipidation. This suggests 

that the virus requires the same key residues on LC3 as canonical autophagy (83). Other 

viruses, such as CV-B3, CV-B4, HRV-14, HRV-2, FMDV, EMCV, EV-A71, and EV-

D68 also utilize autophagy and autophagy components for their own replication (74, 84ï

89). Ultimately, treatment with autophagy-inducing compounds (such as rapamycin) or 

autophagy inhibitors (such as 3-methyladenine) seem to have paradoxical effects on 

poliovirus and other picornaviruses (74, 84ï89). Induction of autophagy promotes viral 

replication while inhibition of autophagy decreases viral replication, suggesting that these 

viruses require the activation of a degradative pathway for their own replication. The idea 

that picornaviruses induce a process that leads to the destruction of cytosolic components 

does not logically make sense. 

   One possible hypothesis could be that these viruses utilize autophagosome 

membranes for RNA replication. Picornaviruses do remodel and cause major membrane 

rearrangements in host cells. For poliovirus, the mechanism of membrane rearrangement 

is largely unknown but is thought to derive from the disintegration of endoplasmic 

reticulum and Golgi membranes. Treatment with Brefeldin A, a fungal inhibitor of the 

small GTP-ase family: ADP-ribosylation factor (ARF), inhibits poliovirus (90, 91). 

Brefeldin A is well characterized to inhibit Golgi trafficking, as well as inhibiting 

poliovirus. Viral RNA replication is affected by Brefeldin A, as addition of Brefeldin A 

in later stages of the viral life cycle had no effect on PV replication (91). ARF-3 and -5 

translocate to membranes of infected cells that are actively translating viral RNA, 

providing the mechanism of action of Brefeldin A inhibition on poliovirus. An important 

clue to the possible mechanism of rearrangement is the involvement of guanidine 
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exchange factors for ARF, GBF1 and BIG1/2, in the recruitment of ARFs to poliovirus 

replicative membranes (92). These proteins play a major role in the secretory pathway of 

mammalian cells. Poliovirus nonstructural protein 3A recruits GBF1 and BIG1/2 which, 

in turn, recruit the appropriate ARF to replication centers (63, 92). Therefore, the authors 

of these studies hypothesize that PV utilizes these secretory components in the generation 

of replicative membranes while preventing host protein secretion (63, 92).  

 The work of several groups eventually revealed that the vast membrane 

rearrangements that were first observed in the 1960s are actually branching and complex 

tubular structures (62, 93). While there is evidence that poliovirus replication centers can 

be found on autophagosomes, the electron tomography of other groups found that the 

peak of RNA replication occurs when the host cell mainly has single-membrane 

structures and not double-membrane autophagosomes (75, 93). 

 Therefore, based on this evidence, why would picornaviruses induce autophagy? 

Monitoring of the autophagy in poliovirus, the prototypical vanguard model virus, shows 

all the hallmarks of genuine degradative autophagy. Poliovirus induces the formation of 

lipidated LC3, the formation of autophagosomes, and a decrease in the steady-state full-

length levels of autophagy cargo receptor SQSTM1 (76). However, the virus does not 

require lysosomal proteases, as inhibition through pepstatin A, E64D, and leupeptin have 

no effect on viral titers (76). Lysosomal proteases are a key component of degradative 

autolysosomes, the eventual conclusion of autophagy. In contrast, treatment with 

acidification inhibitors bafilomycin A1 and ammonium chloride, which also inhibit 

autophagy, reduce viral titers by up to 10-fold, suggesting that acidification is required by 

poliovirus (76).  
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As mentioned in the viral life cycle section, there is a controversial hypothesis 

that picornavirus uncoating requires acidification. Therefore, acidification inhibitors 

could affect virus entry and early replicative steps. Poliovirus entry, replication, and 

translation are unaffected by treatment with these acidification inhibitors, suggesting that 

PV does not require compartment acidification for entry in its lifecycle (76). However, 

the maturation cleavage step of VP0 into VP2 and VP4 is impaired in cells treated with 

acidification inhibitors, suggesting that PV requires acidification of a compartment for 

the final maturation into infectious virus (76). This acidification requirement is also 

demonstrated for EV-D68, in which BafA1 treatment decreased viral titers (89). 

Therefore, these viruses subvert autophagy to provide compartments that ultimately 

acidify to promote capsid cleavage and maturation into a mature infectious unit. 

CV-B3, PV, RV-A1, and EV-D68 modulate the autophagy degradative steps in a 

definitive way: cleavage of autophagy cargo receptors such as SQSTM1 (89, 94ï96). 

SQSTM1 is split into two dominant negative halves, one that binds LC3 and the other 

that binds to cargo, disrupting the recruitment of cargo to forming autophagosomes (95). 

Additionally, EV-D68 cleaves the cytosolic SNARE protein SNAP29, that according to 

the literature, is required for fusion of autophagosomes with lysosomes (89). Another 

SNARE protein, SNAP47, which is an orphan SNARE protein is required by the virus 

and for degradative autophagy (89). Taken together, this recent data suggests that 

picornaviruses, like PV and EV-D68, cleave autophagic cargo receptors and important 

SNARE proteins to prevent degradative autophagy. Due to the cleavage of SQSTM1, and 

other autophagy cargo receptors, it is difficult to ascertain whether picornaviruses 

completely block degradative autophagy. One of the unanswered questions in the field is 
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whether or not picornaviruses are capable of inducing a complete autophagy or a 

subverted form of the pathway. 

The Role of Picornavirus Proteins in Autophagy 

 

 The viral protein 2BC is an intermediate product in the polyprotein processing 

that eventually yields 2B and 2C. Viral protein 2B is thought to function as a viroporin as 

overexpression of PV and CV-B3 2B induces influx of extracellular calcium (30, 32). 

One hypothesis for the function of 2B is that the viroporin destabilizes the integrity of the 

plasma membrane, promoting egress of the virus (30, 32). Viral protein 2C contains 

multiple domains and motifs that each have an identified function. 2C associates with 

membranes utilizing the N-terminus (97). Within 2C is an ATPase/GTPase domain (31). 

A cysteine-rich motif near the C-terminus, conserved in many picornaviruses, resembles 

a zinc-finger motif (28). Poliovirus 2C binds zinc in vitro but that the ability to bind zinc 

had no effect on the ATPase activity of 2C (28). Additionally, 2C also binds to RNA 

through two motifs, an N-terminal domain (amino acids 21-45 in PV) and a C-terminus 

arginine rich region (amino acid 312-319 in PV) (36).  

 Work in poliovirus demonstrated that exogenous overexpression of 2BC causes 

the formation of single membrane vesicles (98). Overexpression of 2C and 2BC induces 

the formation of 50-350nm sized vesicles, similar to previous reports of PV 2BC electron 

micrographs (99). PV 2BC and 2C localize to these vesicles independent of 2C ATPase 

activity (99).  Additionally, overexpression of 2BC, but not 2B, 2C, or 3A leads to 

lipidation of LC3 as observed via Western blot (83). Immunoprecipitation of 2BC does 

not show interaction with LC3, suggesting that 2BC acts indirectly to induce autophagy. 
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The viral protein 2BC of EV-A71 interacts with STX17 and SNAP29 via yeast-two-

hybrid and co-immunoprecipitations (100). STX17 and SNAP29 are two SNARE 

proteins that are involved with autophagosome-lysosome fusion. 

As LC3 lipidation leads to localization to autophagosomes, measuring LC3 

puncta via immunofluorescence is another widely used approach to measure autophagy 

induction. HAV viral proteins, specifically 2B, induce the formation of LC3 puncta, but 

the effect 2BC or 2C overexpression was not tested (101). Overexpression of HAV 2C 

has deleterious effects on HepG2 cells, but 2B or 2BC have no effect on cell viability. 

CV-B3 2B exogenous expression induces autophagy that is dependent on the stem loop 

structure between the 2 hydrophobic domains of 2B. CV-B3 2B localizes with LC3 

(102). Contrary to CV-B3, CV-A16 2C or 3A, but not 2B, induces the formation of LC3 

puncta, suggesting autophagy induction (103). CV-A16 induction of autophagy is 

dependent on host factor IRGM. Additionally, there may be a role of ERK signaling in 

CV-A16 infection (103). Overall, the viral proteins 2B, 2BC, and 2C from various 

picornaviruses have the capacity to modulate autophagy. 

Nonstructural protein 3AB and its processing products, 3A and 3B, have also 

been implicated in affecting autophagy. PV 3A co-expression with 2BC generates 

double-membrane vesicles as seen in electron micrographs (98). Addition of recombinant 

PV 3AB into a cell free extract containing liposomes generates double-membrane 

vesicles as well as multilamellar structures, suggesting that 3AB contains the intrinsic 

ability to induce membrane curvature (104). HAV 3A co-localizes with LC3, mirroring 

some of the poliovirus fractionation results (101). Interactions of viral and cellular factors 

with PV 3A have been carried out.  Utilizing recombinant PV that incorporated a tagged 
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version of viral protein 3A, co-immunoprecipitations revealed that 3A interacts with viral 

proteins 2C, 2BC, 3D, and 3CD (105). PV 3A has been described to interact directly with 

GBF1, LIS1, and PI4K as shown through co-immunoprecipitations of exogenously 

expressed viral protein (60, 62, 106).  Use of recombinant PV with tagged 3A confirms 

the co-immunoprecipitation interactions with host factor GBF1 but not LIS1 or PI4K (60, 

62, 105, 106). Autophagy proteins have yet to be tested for interactions with 3A, leaving 

a knowledge gap.  

These results demonstrate a role of picornavirus proteins in autophagy, though 

which exact proteins are enough to induce the process is not clear. However, the evidence 

clearly points to 2B, 2C, 2BC, 3A, and 3AB as potentially having a role in this process. 

One other question to address is whether or not picornaviruses induce degradative 

autophagy. Previous reports in poliovirus suggest that the virus induces degradative 

autophagy due to the loss of autophagy cargo receptor SQSTM1 (76). Recent evidence 

has shown, first in CV-B3, and then for EV-D68, PV, and RV-A1, SQSTM1 is cleaved 

by 2Apro resulting in a loss of full-length SQSTM1 that provides a false positive of 

autophagy (89, 94, 96). Therefore, one of the major assays utilized to monitor autophagy 

is not a reliable way to monitor degradative autophagy during picornavirus infections. It 

seems unlikely that picornaviruses would evolve the ability to induce a degradative 

pathway without also evolving mechanisms to prevent their own degradation. Stepping 

aside from the context of infection, the question remains as to whether picornavirus 

proteins expressed exogenously are able to induce genuine autophagy, which can be 

monitored as no viral proteases are present, or if another signal is required. One potential 

explanation for the observed results in the literature is that picornaviruses encode proteins 
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who can induce autophagosome formation, whether in concert with host factors or not is 

not yet known, and at the same time, encode proteins to prevent the pathway from 

becoming degradative.  

Significance 

 

 Picornaviruses can cause a wide range of human diseases ranging from the most 

severe forms of poliomyelitis from poliovirus infection to the common cold from 

rhinovirus infection (10). As mentioned previously, enterovirus infection by EV-D68 and 

EV-A71 have also been associated with cases of acute flaccid myelitis in children. There 

are currently no picornavirus specific therapeutics available, with many current treatment 

regimens focused on preventative or supportive care (107). The interweaved relationship 

of picornaviruses such as PV and EV-D68 with autophagy have highlighted potential and 

novel new therapeutic targets for these viruses. For example, inhibition of acidification of 

infected cells severely reduces viral titers for both PV and EV-D68 (76, 89). If a 

compound could be generated that inhibits autophagy in the cells that can be infected by 

these viruses, viral replication could be slowed down and potentially the duration and 

severity of infection could be reduced. 

 However, while PV remains one of the most studied and understood 

picornaviruses, the same cannot be said for viruses such as EV-D68 and EV-A71. We do 

not yet understand the cell tropism of EV-D68, with many conflicting reports of potential 

receptor candidates (46, 47, 108). Furthermore, the lifecycle of EV-D68 remains poorly 

characterized, with knowledge gaps and assumptions made based on previous work from 

poliovirus. Therefore, our work of fundamentally understanding the basic biology of 
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these viruses, primarily of the viral interactions on the host cell level, will ultimately 

provide clearer and more concrete information on these poorly characterized viruses. By 

understanding how these picornaviruses are able to manipulate and resculpt the host cell 

pathways, such as autophagy, for the benefit of viral replication, we can begin to identify 

potential hot spots and targets that could be exploited to benefit the host. Additionally, by 

characterizing how the virus behaves in host cells, we can begin to address questions 

such as: did neurotropism of EV-D68 evolve over time or has the virus always had 

neurovirulence capabilities? What role does autophagosome-mediated escape without 

lysis play in the context of infection in the host organism for these viruses?  

 One other potential significance of our work in elucidating the relationship of 

picornavirus with autophagy is the key fact that has been mentioned several times before. 

Work from our group has uncovered an important role of acidification for proper 

maturation of these viruses into infectious units. Ideally, this result could lead us to 

generate an entirely novel vaccine approach. By culturing virus in the presence of 

acidification inhibitors such as bafilomycin A1 or chloroquine, we may be able to 

generate predominantly non-infectious immature virus that can be isolated through 

conventional density centrifugation. As capsid maturation can be determined by the 

specific cleavage of VP0 into VP2 and VP4, we would be able to verify the success of 

this procedure. Whether these immature viruses will provide enough of an immunogenic 

response to confer protection from infection remains to be seen. However, the 

exploitation of the virusôs dependence on autophagy highlights the importance of this 

work. 
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 Pertinent to this dissertation, one of the many unanswered questions in relation to 

picornaviruses and autophagy is the exact mechanism of induction of autophagy during 

viral infection. Our hope is that by characterizing the exact viral and host cellular 

components required for picornavirus-induced autophagic signaling, we may be able to 

utilize that knowledge and provide a translational emphasis to this work. Second, by 

better understanding the basic science of picornavirus-induced autophagic signaling, we 

may also better characterize the complex regulation behind autophagy. We can utilize 

viruses such as PV as a tool to uncover new aspects of cellular biology that will lead to 

better understanding of autophagy as a whole. 

Table 1.1 Table of picornavirus proteins and their known functions.  

 

 

 

Viral 

Protein 
Known Function 

L Additional protease found in certain geneses of picornaviruses 

VP0 Precursor capsid protein found in immature virions; yields VP2 and VP4 when cleaved 

VP2 Capsid proteins found in mature virions 

VP4 

VP1 

VP3 

2A Viral protease involved in polyprotein processing 

2BC Protein precursor that yields 2C and 2B; membrane-associated; overexpression generates 

single membrane vesicles 

2B Viroporin; membrane-associated 

2C ATPase/GTPase; contains RNA binding activity; membrane-associated; overexpression 

generates single membrane vesicles 

3AB Protein precursor that yields 3A and 3B(VpG); membrane-associated; generates double-

membrane and multilamellar structures in vitro 

3A membrane-associated; interacts with GBF1; inhibits ER-Golgi trafficking; co-expression 

with 2BC generates double-membrane vesicles 

3B/VpG Uridylated protein that serves as a primer for RNA synthesis 

3C Viral protease involved in polyprotein processing, inhibition of host translation and 

transcription 

3D RNA-dependent RNA polymerase 

 



20 
 

Specific Aims 

 

 This dissertation seeks to address the following specific aims. 

Specific Aim 1: Determine if the autophagic signaling complex (ULK1, ATG13, 

RB1CC1, and ATG101) is required in picornavirus-mediated autophagic signaling. 

Specific Aim 1a: Role of the kinases ULK1/ULK2 in poliovirus replication and 

autophagic signaling. 

Specific Aim 1b: Analysis of the requirements of ULK1 complex members 

RB1CC1 and ATG13 in poliovirus replication. 

Specific Aim 1c: Enterovirus-wide surveillance of ULK1/2 complex requirements. 

Specific Aim 2: Elucidate the necessary signaling and autophagic components required 

for picornavirus-mediated autophagic signaling. 

Specific Aim 2a: Analysis of the interactions of upstream nutrient kinase signaling 

in the absence of the ULK1 complex on picornavirus replication and autophagic 

signaling. 

Specific Aim 2b: Role of core autophagic machinery on picornavirus-mediated 

autophagic signaling and viral replication. 

Specific Aim 2c: Impact of exogenous expression of picornavirus proteins 2BC 

and 3A on the autophagic state of cells. 
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Specific Aim 3: Characterization of amino acid starvation induced autophagy in the 

absence of ULK1/2. 

Specific Aim 3a: Determination of the autophagic response to starvation in 

ULK1/2 knockout mouse embryonic fibroblasts. 

Specific Aim 3b: Analysis of autophagic flux during amino acid starvation in the 

absence of ULK1/2. 
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Chapter 2: So Many Roads: the multi-faceted regulation of autophagy 

induction 
 

Introduction  

 

Autophagy is a degradative cellular process that has been characterized since the 

early 1970s (109). Autophagy plays an important role in cancer biology, 

neurodegenerative diseases, aging, innate immunity, and can be upregulated during times 

of stress such as nutrient starvation or pathogen infection (110). With respect to cancer 

biology, autophagy can serve as an inhibitory process, through elimination of ROS 

generation due to damaged organelles, and prevent cancer formation. Autophagy can also 

promote cancer progression by providing nutrients to tumors that are in nutrient-poor 

conditions. Therefore the impact of autophagy is highly dependent on the cancer model 

being studied (111). Autophagy also plays a major role in the healthy development and 

maintenance of neurons, as defects in this pathway have been implicated in 

neurodegenerative diseases such as Alzheimerôs, Huntingtonôs, Parkinsonôs, and 

dementia (112). Defects of autophagy in other tissue types besides neurons have also 

been implicated in the detrimental effects of aging (113). 

The word autophagosome was coined by Christian de Duve and comes from the 

Greek words autos meaning self, phagos meaning to eat, and soma meaning body (109). 

Autophagy can occur in several forms, depending on the induction signal and type of 

cargo, such as macro-autophagy, (including mitophagy, ER-phagy, and lipophagy), 

micro-autophagy, and chaperone-mediated autophagy. Macro-autophagy (hereafter 

referred to as autophagy) is characterized as the bulk degradative process that primarily 
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degrades nonspecific cytosolic cargo. Autophagic induction directs formation of 

characteristic double membrane vesicles (autophagosomes) that engulf cytosolic cargo 

(2). Autophagy occurs in several key steps starting with the formation of the 

phagophore/omegasome upon autophagy induction. Next, the phagophore membrane 

expands leading to the engulfment of cytosolic cargo, as well as membrane fusion, 

leading to the autophagosome formation. The autophagosome is acidified by fusion with 

an acidic late endosome leading to an amphisome, Final degradation of cargo occurs by 

fusion of an autophagosome or amphisome with the lysosome, leading to the formation of 

the autolysosome. (Figure 2.1).   

Autophagy can be measured in several ways experimentally. Microtubule 

associated protein 1 light chain 3 beta (MAP1LC3B/LC3B/LC3-I) is a protein that 

localizes to both the nascent phagophore and autophagosome membranes upon lipidation 

with phosphoethanolamine via a ubiquitin-like ligation complex. Recent reports though 

have found that LC3 may have an additional non-autophagy role in phagocytosis, known 

as LC3 associated phagocytosis (LAP). This process has been characterized to be 

generally independent of most of the regulatory proteins discussed here (114).  

The lipidation-dependent band shift of LC3 on a western blot is widely used as a marker 

of autophagy induction (81). Fluorescently-tagged LC3 can be used to monitor autophagy 

using immunofluorescence microscopy through quantification of cytosolic puncta (80, 

81). Unfortunately, due to the recycling of LC3-II to cytosolic LC3-I during autophagy 

(Figure 2.1), an increase in LC3-II levels can result from either induction or blockage of 

degradation, making interpretation of LC3 data difficult. An LC3 flux assay was 

developed that inhibits lysosomal proteases and allows for a measure of induction, and 
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measuring steady-state levels of autophagic cargo receptors gives insight into active 

degradation (81, 115). Two early autophagosome markers, WD repeat domain, 

phosphoinositide interacting 1/2 (WIPI1/2), can be used to monitor autophagy induction 

via puncta quantification (81, 82). The combined use of electron microscopy and a proper 

autophagy flux assay can also be utilized as a measure of autophagy induction. For a 

more in-depth review on autophagy assays and their interpretation, please refer to 

Klionsky et al. (81).    

Autophagy is evolutionarily conserved from single-cell eukaryotes, such as 

Saccharomyces cerevisiae, to multi-cellular organisms such as, plants, fungi, and animals 

(110). S. cerevisiae encodes a master regulator protein known as Target of Rapamycin 

(Tor) that negatively regulates autophagy, but also regulates many cellular process (116, 

117). In an effort to find autophagy specific regulators, large scale genetic screens were 

conducted which led to the discovery of several vital genes that directly impact 

autophagy (118ï122). One of the first genes identified, autophagy related 1 (ATG1), has a 

serine/threonine kinase domain (118). ATG1 also contains regulatory domains that either 

enhance binding with yeast scaffold protein autophagy related 13 (Atg13p) or inhibit 

kinase activity through Tor (120, 122). For the first time since the discovery of 

autophagy, the field had insight into potential signaling regulators.  
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Figure 2.1 The first major steps in autophagy.  

Upon signaling induction of autophagy, the pre-autophagosome membrane known as the 

phagophore will form. The LC3 ubiquitin-like lipidation complex will take cytosolic LC3-I and 

conjugate it to a phosphoethanolamine to generate membrane associated LC3-II. Autophagy 

cargo receptors such as SQSTM1 will bring cargo into the forming phagophore and bind to LC3 

via the LC3 interacting region (LIR) domain. Eventual expansion of the double membrane around 

cytosolic cargo will form the characteristic double membraned vesicle known as an 

autophagosome. Through SNARE-mediated fusion, the autophagosome will fuse with a late 

endosome that contains vacuolar ATPases (v-ATPase). This leads to acidification of the 

autophagosome forming the amphisome. Upon acidification, the amphisome can then fuse with a 

lysosome to bring in the degradative enzymes that will degrade the cargo including LC3 and 

SQSTM1. This forms the autolysosome. LC3-II can be converted back into LC3-I if located on 

the exterior of the autolysosome. 
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The link between yeast to a multicellular organism was found when searching for 

ATG1 homologs in Caenorhabiditis elegans. ATG1 has significant homology to the C. 

elegans gene Uncoordinated 51 (unc-51) which also impacts autophagy. Furthermore 

after genomic comparisons, larger eukaryotes were found to have a family of unc-51 like 

kinases (ULKs) that shared homology to unc-51 (109, 123ï126). Of these kinases, ULK1 

and ULK2 have been characterized as autophagy-specific regulators with at least partially 

overlapping autophagy functions (109, 127). Since then, the field has extensively 

characterized the signaling transduction pathway involved in the generation of LC3+ 

autophagosomes, though there has been evidence that LC3 lipidation is not an absolute 

requirement for autophagosome formation (128, 129). Our focus is on complexes 

downstream of mammalian mechanistic target of rapamycin (MTOR), the mammalian 

homolog of yeast Tor (Figure 2.2). We begin with the ULK1 complex composed of: 

ULK1, autophagy related 13 (ATG13), RB1 inducible coiled coil 1 (RB1CC1), and 

autophagy related 101 (ATG101) (130ï135). While it is widely accepted that ULK1/2 are 

the primary upstream autophagy specific kinases, there have been reports of autophagy 

induction that is not dependent on the MTOR-ULK1/2 signaling axis. This chapter 

highlights that while ULK1/2 play pivotal roles in autophagy and in development, they 

are not the only kinases that induce bona fide (degradative) autophagy.  
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Figure 2.2. The map of autophagy induction.  

The canonical autophagy pathway (shown in the green arrows) is depicted down the center, 

where MTOR negatively regulates and AMPK positively regulates the ULK1/2 complex. These 

then activate the downstream BECN1 complex, leading to autophagy induction and subsequently 

the generation of LC3+ autophagosomes. Additionally, AMPK has been shown to directly 

phosphorylate BECN1. In yellow are complex members that have been shown to be dispensable 

for autophagy induction. In blue are complex members whose requirement status have not been 

determined. In blue-yellow gradient are complex members whose role is ambiguous; with 

conflicting reports of induction requirement. ER stress-induced autophagy through SERCA 

inhibition (pink arrows) activates CAMK1/4, which then induces autophagy but not degradative 

autophagy. The role of the ULK1/2 and BECN1 complexes have not been determined. Glucose 

addition during starvation (orange arrows) activates MAPK14, which induces autophagy, but the 

role of the ULK1/2 and BECN1 complexes remain unknown. Starvation in DT40 cells (black 

arrow) requires RB1CC1 and ATG13, but does not require ULK1/2. Cyclic AMP (dark purple 

arrows) activates MAPK1, Cyclin E, and induces autophagy through BECN1, although it is not 

certain if this pathway also activates the ULK1/2 complex. Hepatitis B Virus X protein (HBx) 

induces ROS (light purple arrows) which activate JNK signaling and induces incomplete 

autophagy via BECN1. Human coronaviruses transmembrane papain-like proteases (PLPs) 

interact with BECN1 (grey arrows) to induce incomplete autophagy. Ammonia (lime green 

arrows) induces autophagy in ULK1/2-independent manner, although the role of the BECN1 

complex was not assessed. Poliovirus (PV) induces autophagic signals (blue arrows) independent 

of the ULK1/2 complex, although the role of the BECN1 complex has not been assessed. Oleate, 

Rhus coriaria extract (RCE), and astemizole-histamine (AST-HIS) induce autophagy (brown 

arrow) in a BECN1-independent manner. 
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Canonical autophagy induction through MTOR -ULK1/2 

 

ULK1 and ULK2- containing complexes regulate autophagy. Atg1p forms a 

complex with Atg13p upon conditions requiring upregulation of autophagy for survival 

(122). Atg1p and Atg13p only form a complex when Atg1p is active (122). The 

mammalian homologs ULK1 and ULK2 also form complexes, but unlike Atg1p-Atg13p, 

the complexes persist under homeostatic (i.e nutrient rich) conditions (130, 131, 133, 

136). The first ULK1/2 complex member was identified in mice, and then humans, as 

RB1CC1, originally known as FAK interacting protein of 200 kDa (FIP200) (132). 

RB1CC1 co-immunoprecipitates with ULK1 or ULK2 independent of kinase activity, 

and the C-terminal domain (CTD) of ULK1 is required for interaction with RB1CC1. 

RB1CC1 colocalizes with ATG5, a known member of the vital LC3 lipidation complex 

suggesting a link between the regulatory ULK1/2 complex and downstream autophagy 

machinery. Loss of RB1CC1 inhibits autophagy in mouse embryonic fibroblasts (MEFs), 

due to ULK1 instability (132).  

Searches for additional ULK1-interacting partners identified a mammalian gene 

that shares weak homology with yeast and C. elegans Atg13 (130, 135, 136). Mammalian 

ATG13 interacts with ULK1, ULK2, and RB1CC1 via the C-terminal domain and 

localizes to phagophore membranes upon autophagy induction, enabling stabilization of 

ULK1-RB1CC1 interactions (130, 135ï137). Intriguingly, loss of RB1CC1 does not 

impact ULK1-ATG13 binding, suggesting that ULK1-ATG13 association precedes 

RB1CC1 binding (22, 27, 28).  ATG13 is a vital member of the complex, as deletion or 

RNAi-mediated knockdown disrupts autophagy induction and interrupts ULK1 

localization to phagophore membranes (130, 135, 136). ULK1 and MTOR regulate 
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ATG13 through hyper-phosphorylation, which regulates the ability of ATG13 to promote 

autophagy. Finally, there is a single unique complex member in larger eukaryotes that is 

not conserved in yeast. Autophagy related 101 (ATG101) was found to not only interact 

with the ULK1 complex, but to be conserved in C. elegans, D. melanogaster, M. 

musculus, and H. sapiens (133). ATG101 interacts with ATG13 and RB1CC1, and the 

loss of ATG101 inhibits autophagy induction due to instability of the complex, indicating 

a chaperone-like role for the protein (133, 138). ULK1, ATG13, and RB1CC1 have LC3 

interacting regions (LIR) that may play a role in facilitating complex assembly (139ï141) 

(Figure 2.3). 
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Figure 2.3. The major domains of the ULK complex.  

The italicized numbers refer to the amino acid sequence of the protein. The red lines and protein 

name refer to known sites of interaction with the corresponding protein. ULK1 and ULK2 contain 

conserved Serine/Threonine Kinase (S/TK) domains and conserved C-terminal domains (CTD) 

that are crucial for binding with RB1CC1. ULK1, RB1CC1, and ATG13 have been characterized 

to contain LC3 interaction regions (LIR) that enable binding to LC3 and the GABARAP family 

members. RB1CC1 contains two coiled-coil domains (CCD) which may play a role in complex 

formation as well as non-autophagy related functions. ATG13 and ATG101 interact via the 

HORMA domain. 

 

Nutrient-sensing kinases MTOR and AMPK regulate the ULK1 complex. After the 

discovery of ULK1 and ULK2, MTOR was shown to phosphorylate the kinases to 

prevent autophagy induction under nutrient-rich conditions (134). MTOR forms a 

complex, known as MTORC1, composed of regulatory associated protein of MTOR 

complex 1 (RPTOR), MTOR associated protein, LST8 (MLST8), AKT1 substrate 1 
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(AKT1S1), and DEP domain containing MTOR interacting protein, (DEPTOR) (142ï

144). MTORC1 directly phosphorylates ULK1 (134). Another major nutrient-sensing 

regulatory kinase, which is known to directly phosphorylate ULK1/2 during times of 

glucose starvation, is 5ô-AMP-activated protein kinase (AMPK) (134, 145). AMPK has 

been characterized to have multiple functions aside from the general regulation of cellular 

metabolism including but not limited to diabetes and ɓ cell biology, regulation of the 

NLRP3 inflammasome during aging, and mitochondrial homeostasis (146ï148). AMPK 

activates ULK1 by phosphorylating serine 317 and 777 (134, 145).  ULK1 

phosphorylation at serine 757 by MTORC1 disrupts ULK1-AMPK interactions (134). 

MTORC1 phosphorylates ATG13 at serine 258 to further inhibit ULK1/2 (149). AMPK 

activates chaperones that inhibit MTORC1, as well as directly inactivating MTOR. 

Phosphorylation of ATG13 at serine 224 by AMPK inhibits starvation-induced 

autophagy (149). ULK1 and ULK2 phosphorylate both MTOR and AMPK: 

consequences include a negative feedback loop with AMPK, phosphorylating and 

inhibiting AMPK activity (150, 151). ULK1 phosphorylates RPTOR at multiple sites and 

interferes with MTORC1 ATP loading, inactivating MTOR activity during nutrient 

starvation conditions (150).  

ULK1 regulates the activity of the PI3K kinase complex composed of BECN1, 

PIK3C3, ATG14, and PIK3R4. The major downstream target of the ULK1/2 complex is 

the Beclin 1 (BECN1) complex, composed of: BECN1; autophagy related 14 (ATG14); 

phosphotidylinositol 3-kinase catalytic subunit type 3 (PIK3C3); and phosphoinositide-3-

kinase regulatory subunit 4 (PIK3R4) (Figure 2.2, green arrows) (110). PIK3C3 exists 

in multiple complexes under homeostatic conditions, with many of those complexes 
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having non-autophagic functions (32ï36). PIK3C3 activity is regulated by the 

interactions with the other complex members (32ï36). One of these complexes, the 

BECN1 complex, promotes the generation of phosphotidylinositol-3-phosphate (PI3-P) 

lipids that are vital to the formation of the initial phagophore structure (110). ULK1 

phosphorylates BECN1 at serine 15 and 30 and causes dissociation of BECN1 from the 

apoptosis regulatory protein BCL2 (154ï156). Additionally, ULK1 phosphorylates 

ATG14 at serine 29, which enhances ATG14:BECN1 binding and promotes the 

formation of the autophagy PIK3C3 complexes (156). Upon generation of PI3-P lipids, 

WIPI2 binds and recruits the LC3 conjugation complex: autophagy related 5 (ATG5), 

autophagy related 12 (ATG12), and autophagy related 16 (ATG16) (157). LC3-I is 

converted to membrane-bound LC3-II and the phagophore begins expansion into a closed 

autophagosome. 

MTOR and AMPK -independent autophagy induction 

 

MTOR-independent autophagy induction. There are several reports of autophagy 

induction that does not require MTOR inhibition, or in which autophagy is induced 

despite MTOR activity. When J16 Jurkat human T lymphocytes or chicken DT40 B 

lymphocyte cells are treated with thapsigargin (TG), a sarcoplasmic ER Ca2+ ATPase 

(SERCA) pump inhibitor, autophagic signals (i.e detection of LC3 lipidation, formation 

of LC3 puncta, and formation of WIPI1 puncta) are detected after 1 hour (158). Addition 

of a divalent cation chelator inhibits the formation of LC3 and WIPI1 puncta, suggesting 

that ER Ca2+ influx induces autophagy. Intriguingly, phosphorylation levels of p70S6K, 

an MTOR target, are slightly decreased in TG-treated cells but not to the same extent as 

cells treated with rapamycin, an MTOR inhibitor, suggesting MTOR-independent 
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induction (158). TG treatment triggers the unfolded protein response in the ER, inducing 

what has been referred to as ER-phagy (159, 160). It was not until after publication of the 

mentioned study that TG was found to be a potent inhibitor of autophagosome-lysosome 

fusion and therefore not an inducer of bona fide autophagy (161). TG is hypothesized to 

work as an inhibitor of flux by inhibiting SERCA, which was shown to be vital for the 

fusion of the autophagosome to the lysosome (162). This new information coupled with 

the results observed in the J16 Jurkat cells and DT40 cells suggest that TG promotes 

upstream autophagy induction signals but does not induce degradative autophagy, 

mimicking results observed in various viral and bacterial infections. 

NIH3T3 cells starved by deprivation of amino acid, glucose, and serum for 2-4 

hours respond to addition of glucose by inducing autophagic signals, as observed by 

monitoring LC3 lipidation and the use of LC3 flux assays, that are MTOR independent 

(163). Phosphorylation of 4E-BP1, an MTOR target, increases upon glucose addition 

under starvation conditions, but other targets, such as p70S6K or ULK1, are not 

phosphorylated, suggesting target-specific inhibition of MTORC1. Pretreatment of 

starved cells with rapamycin fails to increase LC3-II levels in the presence or absence of 

glucose addition, suggesting that glucose addition induces MTOR-independent 

autophagy. Importantly, inhibition of glycolysis, via sodium oxamate, blocks glucose-

induced autophagy in starved cells (163). These reports suggest that in the case of ER 

stress or glucose influx, autophagy is induced in an MTOR-independent mechanism. 

Autophagy is not only induced during times of starvation, but also during times of 

cellular stress. Mouse oocytes induce bona fide autophagy upon fertilization (164). 

Additionally, treatment of unfertilized oocytes with Torin and PP242, which are MTOR 
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inhibitors, fails to induce autophagy in these cells. Fertilized oocytes that are treated with 

cycloheximide, which activates MTOR, continue autophagy progression (164, 165). The 

authors determined that PIK3 signaling is required for fertilization-induced autophagy 

(164). Another group uncovered a different MTOR-independent autophagy induction 

mechanism in nucleus pulposus (NP) cells under hypoxic conditions (166). The authors 

demonstrated that hypoxia triggers autophagy induction but not degradative autophagy: 

LC3 puncta form, and LC3-II levels increase, but autophagic degradation does not 

increase, as measured by a lack of change in protein level of autophagic cargo receptor 

Sequestosome 1 (SQSTM1) (166). Furthermore, levels of the LC3 lipidation machinery 

do not change, nor are there any changes seen in the phosphorylation states of ULK1, 

suggesting no MTOR inhibition. NP cells, placed under hypoxic conditions, do not 

respond further to rapamycin treatment, suggesting MTOR-independent autophagy 

induction. Additionally, NP cells under basal conditions treated with Torin fail to induce 

autophagy (166). Could AMPK be responsible for some of these data? MTOR-

independent autophagy during fertilization of mouse oocytes may be explained by altered 

AMPK signaling, as the study did not investigate the role of AMPK. However, AMPK 

activation was not seen during hypoxia (166). In summary, MTOR signaling can be 

bypassed under conditions that are not directly related to starvation or metabolite 

addition. In the case of TG, glucose, and hypoxia, altered AMPK signaling was not 

observed as discussed in the following section. 

AMPK-independent autophagy induction. The role of AMPK regulation of 

autophagy has been controversial. AMPK has been shown to both induce autophagy 

under low glucose conditions and inhibit autophagy under other conditions, such as 
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amino acid starvation (134, 145, 167). AMPKŬ1/AMPKŬ2 knockout mouse embryonic 

fibroblasts (MEFs) seemingly induce autophagy when treated with TG, however, as 

pointed out previously, these results could be a result of autophagosome accumulation do 

the inhibition of fusion by TG (158). Another group found similar results: U2OS cells 

expressing a stable GFP-WIPI1 were screened for WIPI1 puncta and LC3 puncta as 

markers of autophagic induction against a library of chemicals known to disrupt calcium 

transport (168). Inhibitors of calcium transport induce autophagic signals in both studies, 

while calcium chelators inhibit autophagic signals. This held true in AMPKŬ1/AMPKŬ2 

knockout MEFs, despite a decrease in numbers of  basal WIPI1 puncta (168). As 

mentioned above, TG does not induce bona fide autophagy, therefore these results 

suggest that TG induced ER stress causes the formation of autophagosomes in an AMPK-

independent manner but that ultimately these vesicles are unable to fuse with lysosomes 

and proceed to degradation.  

In regards to glucose starvation, AMPKŬ1/AMPKŬ2 knockout MEFs induce 

autophagic signals, as measured by LC3 lipidation, LC3 flux assays, and LC3 puncta 

quantification, under low-glucose conditions before inducing apoptosis (169). This type 

of autophagy induction was shown to be sensitive to 3-methyladenine (3-MA) treatment, 

which inhibits PIK3 signaling, autophagy, and apoptosis (169). Starved NIH3T3 cells 

that were fed glucose subsequently induce autophagic signals without inducing the 

phosphorylation of AMPKŬ2 threonine 172, a known activating event. Additionally, 

under these conditions phosphorylation of acetyl-CoA carboxylase (ACC), an AMPK 

target, is diminished (163). A similar trend is observed in NP cells under hypoxic 

conditions, in which phosphorylation of ULK1 serine 777, a target of AMPK, does not 
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change despite autophagy induction (166). A recent report investigating the role of 

AMPK in either amino acid or glucose starvation in multiple cell lines found that amino 

acid starvation, but not glucose starvation, induces bona fide autophagy (167). AMPK, 

while active under glucose starvation, does not significantly increase LC3-II l evels or 

LC3 puncta formation. Furthermore, AMPK inhibits ULK1 by phosphorylating ULK1 at 

serine 555 under starvation conditions, as well as inhibiting lysosome activity and 

autophagy flux (167). In conclusion, it appears that AMPK is not an absolute requirement 

for autophagy induction in response to ER stress or glucose addition, suggesting that the 

role of autophagy induction of AMPK may not be as all-encompassing as once thought. 

Therefore, despite the initial characterization of the role of MTOR and AMPK in 

autophagy, these nutrient-sensitive kinases are one of many kinases that can feed into the 

autophagy signaling pathway. 

Autophagy induction through CAMK1 (CaMKI), MAPK1 (ERK)-Cyclin E-

BECN1, and MAPK14 (p38/MAPK) signaling. As discussed previously, ER stress 

through the use of TG induces autophagic signals that are both MTOR and AMPK 

independent (Figure 2.2, pink arrows). The literature provides clues to the mechanism 

of this induction. RNAi-mediated knockdown of calcium/calmodulin dependent protein 

kinase kinase 1/2 (CAMKK1/2), calcium/calmodulin dependent protein kinase 1 

(CAMK1), or CAMK1/4, prevents induction of autophagic signals by TG and other 

calcium transporter inhibitors, suggesting a role for the CAMK pathway (158, 168). 

Mesenchymal stem cells (MSCs) are known to utilize cyclic-AMP as differentiation 

signals (170). Treatment with prostaglandin E2 (PGE2), which increases intracellular 

cAMP levels, induces autophagic signals as measured by LC3 lipidation, LC3 flux 
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assays, and LC3 puncta quantification (171). Addition of the cAMP analogue 8-CPT 

provides the same result. Addition of 3-MA to PGE2-treated MSCs inhibits autophagic 

signals, suggesting a role for PIK3 signaling (Figure 2.2, dark purple arrows). 

Additionally, knockdown of BECN1, Cyclin E, or mitogen-activated protein kinase 1 

(MAPK1/ERK) inhibits cAMP-induced autophagic signals, suggesting a role of MAPK1-

Cyclin E signaling inducing autophagy through interactions with BECN1 (171). The 

PIK3 inhibitor LY294002 abolishes autophagy in starved NIH3T3 cells that were fed 

glucose. This indicates that glucose induction of autophagy in this model is dependent on 

PIK3 signaling (163). Addition of glucose increases the phosphorylation of mitogen-

activated protein kinase 14 (MAPK14/p38), cAMP responsive element binding protein 1 

(CREB1), and activating transcription factor 2 (ATF2). This phosphorylation was not 

dependent on mitogen-activated protein kinase kinase 3/6 (MAP2K3/MAP2K6), the 

kinases known to phosphorylate MAPK14. Inhibition of MAPK14 signaling inhibits 

autophagic signaling, suggesting a role for MAPK14 in autophagy induction (163) 

(Figure 2.2, orange arrows). These three studies did not investigate the role of the 

ULK1/2 complex, leaving the possibility that CAMK1, MAPK1, and MAPK14 may 

interact with the ULK1/2 complex to induce autophagy. In summary, while MTOR is the 

master negative regulator of autophagy, it is evident that multiple upstream kinases can 

initiate autophagic induction, depending on the type of induction signal. 

ULK1/2-independent autophagy induction 

 

 ULK1/2-independent autophagy induction under nutrient starvation. The current 

understanding of autophagy regulation places ULK1/2 as the most upstream, autophagy-

specific kinases and as such, serve as the nexus for signal inputs in the cell. However, an 
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increasing number of reports have illustrated that while ULK1/2 may induce autophagy, 

they are not absolutely required.  

Amino acid starvation fails to induce autophagy in ULK1/2 knockout MEFs but 

glucose starvation still induces autophagy in these cells (Figure 2.2, lime green arrows). 

This suggests that autophagy induction by glucose starvation is ULK1/2 independent 

(172). Ammonia metabolism was shown to be important in this autophagy induction 

pathway: glucose starvation increases intracellular levels of ammonia in MEFs, while 

treatment with methyl-pyruvate, which eliminates ammonia, results in an inhibition of 

autophagy induction (172). Additionally, p70S6K phosphorylation levels do not change 

after addition of ammonia, suggesting active MTOR signaling during autophagy 

induction (172).  

Another study reported that ULK1/2 is dispensable for starvation-induced 

autophagy in chicken DT40 cells cultured in EBSS for 2 h (173). Loss of ATG13 inhibits 

autophagy, and LC3-II levels fail to increase with treatment with bafilomycin A1, a 

Vacuolar-ATPase inhibitor. Knockout of ULK1/2 does not inhibit starvation-induced 

autophagy. Furthermore knockdown of ULK3, another homolog of ULK1 and ULK2, 

fails to inhibit autophagy in DT40 cells (173). Surprisingly, MTOR inhibition through 

rapamycin or Torin fails to induce autophagy under basal conditions in DT40 cells (173). 

Finally, ULK1/2-independent autophagy induction in DT40 cells requires ATG13-

RB1CC1 binding: expression of ATG13 splice variants that lack RB1CC1 binding 

domains in ATG13KO DT40 cells fails to rescue autophagy induction (173) (Figure 2.2, 

black arrow). U2OS cells or mice treated with palmitate or oleate fatty acids induce 

autophagy in vitro and in vivo (174). Surprisingly, ULK1 and ULK2 knockdown affects 
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palmitate induction of autophagy but not oleate, suggesting that oleate induces ULK1/2-

independent autophagy (174) (Figure 2.2, brown arrow).  

One possible mechanism of ULK1/2 bypass would require direct interaction with 

downstream autophagy complexes, such as the BECN1 complex. AMPK regulates 

PIK3C3 complexes during nutrient starvation (152). Glucose starvation was shown to 

increase the formation of pro-autophagy PIK3C3 complexes, containing PIK3C3, 

BECN1, ATG14, and PIK3R4. This equilibrium shift is inhibited in AMPKŬ1/AMPKŬ2 

knockout MEFs (152). Furthermore, overexpression of a kinase dead AMPKŬ in 

AMPKŬ1/AMPKŬ2 knockout MEFs fails to rescue induction of autophagy by glucose 

starvation, suggesting a requirement of active AMPK. AMPK directly phosphorylates 

BECN1 at serines 91 and 94, and is required for stable ATG14 interactions for the pro-

autophagy activation of the BECN1 complex (152). Similar results were found for HEK-

293T cells (175). Cells that were treated with AICAR, an AMPK activator, induce 

autophagic signals as measured by LC3 lipidation and LC3 puncta quantification to the 

same extent as glucose starvation. Treatment with Compound C (Dorsomorphin), an 

AMPK inhibitor, or knockdown of PRKAA1 (human AMPKŬ1), inhibits autophagy 

under glucose starvation conditions (175). AMPK directly phosphorylates BECN1 at 

threonine 388, and that this phosphorylation is required for glucose starvation autophagy 

induction (175). These two findings may suggest a mechanism of ULK1/2 bypass under 

rapid response to starvation conditions (152, 175). It is worth noting, however, that 

AMPK does not constitute the only possible bypass of the ULK1 complex. For example, 

BECN1 is phosphorylated by multiple kinases, many of which may have an impact on 

autophagy signaling (Figure 2.4) (176ï183). 
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Figure 2.4. Schematic diagram of BECN1  

Shown here are the known Bcl2 homology (BH3), coiled-coil (CCD), and evolutionary conserved 

domains (ECD) which is conserved between mammals and yeast. Known phosphorylation sites 

are reflected with red arrows and italicized bold numbers of the cognate residue. In red are the 

kinases that have been reported to phosphorylate that site. In green are phosphatases that are 

known to act on those specific phospho-residues. The asterisk reflects a tentative connection of 

MAPK1/3 to S15 of BECN1 based on the dephosphorylation activity of DUSP1.  

 

 

ULK1/2-independent autophagy induction in the context of infection. While 

autophagy is essential under basal and starvation conditions, pathogens hijack this 

process for their own replication (184ï186). Here we report on three different types of 

viruses utilizing autophagy for their own benefit in a ULK1/2-independent manner, 

coronaviruses, Hepatitis B Virus (HBV), and Poliovirus (PV) (187ï189).  

The transmembrane papain-like proteases (PLPs) in human coronavirus are able 

to induce autophagic signals, measured by LC3 lipidation, but not degradation (187). 

Severe acute respiratory coronavirus (SARS-CoV), Middle East respiratory syndrome 

coronavirus (MERS-CoV), and porcine epidemic diarrhea virus (PEDV) encode PLPs 

that induce a similar response that is independent of the protease activity of PLPs (Figure 
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2.2, grey arrows). These PLPs inhibit the ability of autophagosomes to acidify, and 

enhance BECN1 interactions with transmembrane protein 173 (TMEM173), formally 

known as STING, which is an anti-viral host signaling protein. Knockdown of BECN1 

inhibits PLPs-induced autophagic signals, as well as inhibits viral replication of PEDV 

(187). Furthermore, PLPs directly interact with BECN1, suggesting a ULK1/2 bypass 

mechanism that upregulates autophagy induction without proceeding to degradation 

(187). The promotion of immature autophagosomes is hypothesized to help play a role in 

coronavirus replication as well as inhibiting antiviral responses during infection.  

Hepatitis B Virus X (HBx) protein induces non-degradative autophagy through 

BECN1 (188). Overexpression of HBx leads to increased MTOR activity but rapamycin 

did not increase LC3-II levels. Knockdown of BECN1 or PIK3C3 inhibits HBx induction 

of autophagy, as does treatment with 3-MA, suggesting a requirement of the BECN1 

PIK3 signaling for autophagy (188). This study also found that loss of JNK signaling, by 

knockdown or inhibition, prevents HBx-induced autophagy, demonstrating another 

potential bypass of the MTOR-ULK1/2 signaling for autophagy induction. Reactive 

oxygen species (ROS) were found to be increased during HBx overexpression or during 

HBV infection, suggesting that ROS serve as the induction signal for JNK to signal for 

autophagy through the BECN1 complex (188) (Figure 2.2, light purple arrows). HBV 

may utilize HBx to promote viral replication, limit antiviral activity in the infected cell, 

as well as interfering with the utilization of autophagy as a defense mechanism during 

infection.  

As discussed in Chapter 1, poliovirus (PV) has been known to induce and benefit 

from autophagy (74, 76, 186). One unanswered question in the field is the role of 
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ULK1/2 on the ability of PV to induce autophagy in host cells. Previous reports have 

highlighted the potential role of viral proteins but the requirement of host proteins 

remains poorly characterized (83, 98, 104, 190). We found that poliovirus (PV) induces 

autophagic signals, as measured by LC3 lipidation and WIPI1 puncta, independently of 

ULK1/2 (189). Knockdown of ULK1, ULK2, and RB1CC1 does not impact viral 

replication or autophagic induction, as seen by increased levels of LC3-II. Surprisingly, 

we found that PV mediates instability of the ULK1/2 complex, as the protein levels of all 

ULK-complex members decrease during infection (189). Whether PV induces bona fide 

autophagy has yet to be determined; PV and other picornaviruses cleave SQSTM1 during 

infection, confounding our ability to measure autophagic flux (89, 94, 189). PV also does 

not significantly alter the levels and phosphorylation states of MTOR and AMPK, 

suggesting that PV-mediated autophagic induction is independent of the MTOR-ULK1/2 

signaling axis (189) (Figure 2.2, blue arrows). While ULK1/2 are developmentally vital, 

their requirement in autophagy induction varies on the context of starvation, nutrient 

availability, and under the context of infection. 

BECN1-independent autophagy induction 

 

 Autophagy induction does not always require MTOR inhibition, AMPK 

activation, or ULK1/2 signaling. Mechanistically, we can explain autophagy induction 

that is independent of these major players with the idea that all signaling pathways must 

eventually converge onto conserved autophagy machinery that are proximal to membrane 

formation, such as the LC3 lipidation complex. Surprisingly, there have been reports of 

BECN1- and PIK3C3-independent autophagy induction, suggesting that even conserved 

downstream autophagy proteins may not be required for autophagy induction. MCF-7 
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cells treated with astemizole-histamine (AST-HIS) not only undergo apoptosis, but also 

induction of autophagic signals as measured by LC3 lipidation (191) (Figure 2.2, brown 

arrow ). SQSTM1 levels dropped with AST-HIS treatment, suggesting that this was 

genuine degradative autophagy. Surprisingly, knockdown of BECN1 in MCF-7 cells 

treated with AST-HIS fails to inhibit autophagy, suggesting a BECN1-independent 

pathway of autophagy induction (191). The role of PIK3C3 or PIK3 signaling in general 

was not assessed, so there is the potential that PIK3 signaling is not impacted by 

knockdown of BECN1. Another study found that knockdown of BECN1, PIK3C3, and 

ATG14 inhibits palmitate-induced, but not oleate-induced, autophagy. This suggests that 

oleate-induced autophagy is independent of the entire BECN1 complex (174) (Figure 

2.2, brown arrow). Treatment of U2OS cells with 3-MA also has no effect on oleate 

induction of autophagy. TSC2 knockout MEFs, in which MTOR is constitutively active, 

have lower levels of palmitate- and oleate-induced autophagy, suggesting that while 

ULK1/2 and BECN1 are not required, MTOR is still able to inhibit fatty acid-induced 

autophagy (174). Finally, oleate-induced, BECN1-independent autophagy was replicated 

in S. cerevisiae and C. elegans, suggesting an evolutionary conserved pathway for oleate 

and similar fatty acids (174). The differential requirements of autophagy induction 

dependent on the fatty acid substrate may have consequences as to the lipid makeup or 

composition of cellular membranes.  

Proliferation of the colon cancer cell lines HT-29 and Caco-2 is inhibited by the 

extract of Rhus coriaria (RCE), more commonly known as the Sicilian sumac (192). 

RCE treatment induces bona fide autophagy in HT-29 and Caco-2 cells (192). 

Intriguingly, BECN1 levels decrease, in a dose dependent manner, in these cells, and 
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knockdown of BECN1 has no effect on RCE induction of autophagy. RCE does not 

impact BECN1 transcript levels, but targets BECN1, MTOR, AKT, TP53, and Caspase 3 

(CASP3) for proteasomal degradation (192). There is a temporal association between 

autophagy and apoptosis. Autophagy occurs within 12 hours of treatment with RCE 

while apoptosis is detected at 48 hours post treatment (192). Inhibition of autophagy is 

shown to prevent apoptosis in HT-29 and Caco-2 cells treated with RCE. This suggests 

that RCE induces BECN1-independent autophagy, leading to apoptosis in colon cancer 

cells (192) (Figure 2.2, brown arrow). The BECN1-independent autophagy pathway has 

not been as well characterized as the MTOR-AMPK-ULK1/2 independent pathways, it 

will be interesting to uncover what core autophagy proteins and complexes are required 

for degradative, bona fide autophagy induction. 

Concluding Remarks 

 

 Since the discovery of autophagy several decades ago, much progress has been 

made to elucidate the regulatory mechanism behind this vital cellular process. While 

MTOR, AMPK, and ULK1/2 play significant roles in the regulation and induction of 

autophagy under many circumstances, an increasing number of reports have shown that 

not all of the components of the autophagy pathway are required all of the time. It is our 

hope that this review has illustrated that autophagy induction and required components 

vary depending on the type of induction signal and the types of cells utilized (Table 1.1). 

There is a difference between amino acid, glucose, and serum deprivation. Different 

small molecules and compounds, such as palmitate and oleate, elicit different autophagy 

responses. Even pathogens that benefit from the autophagy pathway have different 

requirements for autophagy induction. As we proceed in characterizing the vast network 
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of interactions and regulation mechanisms of autophagy, it is vital that researchers define 

and classify which type of autophagy induction is being tested, which components are 

required, and which components are bypassed altogether. Throughout the literature, the 

length and nature of starvation or induction treatment varies, and the speed at which pro-

autophagy signals are fed into the autophagy pathway may be a major factor in 

determining which components are bypassed in order to allow for cell survival under 

those conditions. We must change our understanding of autophagy induction as a linear 

pathway to a web of different key players, that all can induce autophagy, differing only 

on the type and length of induction signal. 
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Table 2.1. Summary of the studies cited in this chapter.  

Each induction condition is listed on the left. Cell types utilized in each study are listed as either 

human (HU), chicken (CK ), mouse (MS), or rat (RT). Each condition has also a summarized list 

of autophagy proteins found to be dispensable or required. Whether each induction condition 

induced degradative autophagy is also noted. Question marks denote that the requirement of the 

marked proteins or whether the induction condition led to degradative autophagy was not 

accessed. 

 

Induction 

Condition 

Cells Independent 

of? 

Requires? Degradative 

Autophagy? 

Ref 

ER Stress  

(SERCA 

Inhibition)  

J16 T lymphocytes 

(HU), DT40 B 

lymphocytes (CK )  

MTOR, AMPK ULK1/2 

complex?, 

BECN1 

complex, 

CAMK1/4 

No (158, 168) 

Starvation + 

Glucose 

Addition  

NIH3T3 (MS) MTOR, AMPK ULK1/2 

complex?, 

BECN1 

complex?, 

MAPK14 

Yes (163) 

Fertilization  Oocytes (MS) MTOR AMPK?, 

ULK1/2 

complex?, 

BECN1 

complex 

? (164) 

Hypoxia Nucleus-pulposus 

cells (RT, HU) 

MTOR, AMPK ULK1/2 

complex? 

BECN1 

complex? 

No (166) 

Glucose 

Starvation 

Embryonic 

fibroblasts (MS) 

AMPK ULK1/2 

complex?, 

BECN1 

complex 

? (169) 

cAMP Mesenchymal stem 

cells (HU) 

AMPK ULK1/2 

complex?, 

BECN1, 

MAPK1, 

Cyclin E 

? (171) 

Ammonia Embryonic 

fibroblasts (MS) 

ULK1/2, 

MTOR 

BECN1 

complex?, 

AMPK? 

? (172) 

Amino acid 

starvation 

DT40 B 

lymphocytes (CK ) 

ULK1/2/3, 

MTOR 

ATG13, 

RB1CC1, 

BECN1 

complex? 

? (173) 

Oleate U2OS (HU), Heart, 

liver, muscle tissue 

(MS) 

ULK1/2, 

BECN1, 

PIK3C3 

ATG5, 

ATG7, 

MTOR 

Yes (174) 

Coronavirus 

infection 

HEK-293T (HU), 

HeLa (HU), MCF-7 

(HU) 

ULK1/2 

complex 

BECN1, 

PIK3C3? 

No (187) 

Hepatitis B 

Virus infection 

HepG2 (HU) ULK1/2 

complex 

JNK, 

BECN1, 

PIK3C3? 

No (188) 

Poliovirus 

infection 

HEK-293T (HU), 

H1-HeLa (HU) 

ULK1/2 

complex 

BECN1 

complex? 

No (189) 

Astemizole-

Histamine 

(AZT -HIS) 

MCF-7 (HU) BECN1 ULK1/2 

complex?, 

PIK3C3? 

Yes (191) 

Rhus coriaria 

extract 

HT-29 (HU), 

Caco2 (HU) 

BECN1, MTOR ULK1/2 

complex?, 

PIK3C3? 

Yes (192) 
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Chapter 3: Materials and Methods 

 

Cell Lines and Culture Conditions 

 

All cells were maintained in a humidified incubator at 37°C at 5% carbon dioxide. H1-

HeLa cells (CRL-1958) were obtained from ATCC and grown in minimal essential 

medium (MEM) from Gibco (11095098) supplemented with 1 mM sodium pyruvate 

(Invitrogen, 11360070) and 10% heat inactivated fetal bovine serum (Invitrogen, 

25300062). HEK-293T cells (CRL-3216) were obtained from ATCC and grown in 

Dulbeccoôs Modified Eagle Medium (DMEM) from Gibco (11965118) supplemented 

with glucose, L-glutamine, 1 mM sodium pyruvate (Invitrogen, 11360070), and 10% heat 

inactivated FBS (Invitrogen, 25300062). Parental and knockout Mouse Embryonic 

Fibroblasts (MEFs) were obtained from Dr. Craig Thompson (172) and cultured in 

DMEM (Invitrogen, 11965118) supplemented with glucose, L-glutamine, 1 mM sodium 

pyruvate (Invitrogen, 11360070), and 10% heat inactivated FBS (Invitrogen, 25300062). 

H1-HeLa and HEK-293T cells were sub-cultured at ratios 1:5-1:20 and passaged in 10 

cm polystyrene plates. MEF cell lines were sub-cultured at ratios 1:20-1:40 and passaged 

in 10 cm plates. 

Generation of ATG13KO HEK-293T Cell Line 

 

Puromycin titration curves were carried out for HEK-293T cells prior to cell line 

generation. The optimal concentration that kills puromycin-sensitive cells in 3 days is 1 

µg/mL of puromycin (Sigma Aldrich, P8833). The day prior to transfection, HEK-293T 

cells of low passage number were plated 1:6 in six 10 cm plates. Lyophilized ATG13 
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CRISPR plasmid (Santa Cruz, sc-404702) and ATG13 homology-directed repair (HDR) 

plasmid (Santa Cruz, 404702-HDR) were resuspended in nuclease-free water to a 

concentration of 0.1 µg/µL. Cells were transfected using Effectene (Qiagen, 301425) per 

the manufacturers protocol. Cells were incubated in a humidified incubator at 37°C at 5% 

carbon dioxide and monitored for GFP and RFP expression. This was observed as early 

as 24 hours post transfection. After 48 hours, puromycin was introduced into the media to 

begin the selection process. Puromycin media was replenished every 48 hours.  

By day 5 post transfection, surviving cells were split into 10 cm plates at a low dilution 

(1:20-1:40) or split into 96 well plates for serial dilution to generate single clonal 

knockout cell lines. Clones were maintained in puromycin media during the clonal 

isolation process. Clones derived from the low dilution passaging were isolated using 

clonal cylinders and 0.05% trypsin/EDTA. These clones were plated into 24 well format. 

All clones were serially passaged from 24 well to 6 well to 6cm plate formats, at which 

point knockout efficiency was determined via western blot analysis. Clones with 

confirmed knockouts were frozen down for cryogenic storage in liquid nitrogen. 

Generation of mCherry-GFP-LC3 Stable Expressing H1-HeLa Cell 

L ine 

 

Puromycin titration curves were carried out for H1-HeLa cells prior to cell line 

generation. The optimal concentration that kills puromycin-sensitive H1-HeLa cells in 3 

days is 0.5 µg/mL of puromycin. The day prior to transfection, a range of H1-HeLa cells 

(20,000 ï 40,000 cells/well) were plated in 12 well plates in media containing no 

antibiotics. The mCherry-GFP-LC3 lentivirus (a gift from Dr. Marta Lipinski) was 

thawed on ice. The following solutions were made in MEM containing 10% FBS and 1 
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mM sodium pyruvate with no antibiotics: media control containing no polybrene 

(AmericanBio, AB01643-00001) or lentivirus; sample containing 6 µg polybrene and no 

lentivirus; sample containing 6 µg polybrene and 0.5 µL lentivirus; sample containing 6 

µg polybrene and 1.0 µL lentivirus; and 6 µg polybrene with 2.0 µL lentivirus.  

Media from the cells was aspirated and the cells washed with sterile 1X PBS. Each 

sample was added to the appropriate 12 well. Cells were incubated in a humidified 

incubator at 37°C at 5% carbon dioxide and GFP/mCherry expression was followed 

daily. Media was changed on the transduced cells 24 hours post transfection. Puromycin 

selection began at 3 days post transduction, using 0.5 µg/mL of puromycin. Surviving 

cells were passaged into 6 well plate formats followed by 6cm plate format. Polyclonal 

populations of cells were cryogenically frozen and stored in liquid nitrogen. Populations 

were assessed for autophagy induction through starvation and analyzed by western blot 

analysis and epifluorescence.   

Transfections of siRNAs and Plasmids 

 

All target cells were cultured in antibiotic-free media prior to transfections. All siRNAs 

were ordered from Sigma Aldrich, except the BECN1 smart pool library, and 

resuspended in annealing buffer (100 mM potassium acetate, 30 mM HEPES, and 2 mM 

magnesium acetate) at pH 7.2 with potassium hydroxide. (Table 3.1). Oligonucleotides 

were then incubated at 90°C for 1 minute and then 37°C for 1 hour. Annealed siRNAs 

were then aliquoted and stored at -20°. For siRNA transfections, cells were plated in a 6-

well format. For plasmid transfections, cells were plated in a 6 well or 6 cm plate format. 

Target cells were transfected with siRNAs using Lipofectamine 2000 (Invitrogen, 
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11668027) or Oligofectamine (Invitrogen, 12252011) for the BECN1 siRNAs per the 

manufacturerôs recommendations. Cells were incubated in a humidified incubator at 37ÁC 

at 5% carbon dioxide for 48 hours before downstream applications. Plasmid transfections 

were carried out using Effectene (Qiagen, 301425) or TransIT 293 (Mirus, MIR 2700) for 

viral protein expression per the manufacturerôs protocol. Cells were incubated in a 

humidified incubator at 37°C at 5% carbon dioxide for 24-48 hours before downstream 

applications. 

GenePulser Electroporation of ATG13 siRNA 

 

HEK-293T cells were plated 1:5 in five 10 cm plates a day before electroporation. Media 

was aspirated and cells were treated with 0.05% Trypsin/EDTA for 2 minutes. Cells were 

resuspended in the trypsin before 8 mL of DMEM was added. Cells were then pooled and 

counted. After counting, cells were centrifuged at 400 xg at room temperature for 7 

minutes. The supernatant was discarded and cells were resuspended in OptiMEM for a 

final cell density of 1.41 x 106 cell/mL. Electroporation cuvettes with a 0.4 cm gap 

(BioRad, 1652081) were prepared by adding 400 µL of the cell solution. The cells were 

pulsed using the preset program ñ293Tò on the Gene Pulser Xcell electroporater (BioRad, 

1652661). The cells were then immediately plated into 2 mL of pre-warmed DMEM. 

Cells were incubated in a humidified incubator at 37°C at 5% carbon dioxide for 24-48 

hours before downstream applications.  
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Table 3.1. List of siRNAs utilized.  

The target, sequence, concentration, and manufacturer are listed. 

  

Target Gene Sequence (5'-3') 

Concentration 

(µm) Supplier 

Catalog 

Number Ref 

ATG13 
CCAUGUGUGUGGAGAUUUCA

CUUAA 100 Sigma-Aldrich N/A (135) 

ATG13 

GAAAGGACCUGGACAAGUU/C

CAUGGAGCUGGAAAUAUG/GA

AGAAUGUCCGCGAGUUU/GUU

UGGAAAUACCGAGCUA  

100 Dharmacon 

M-

020765-

01-005 

 

BECN1/Beclin 1 

GGAUGACAGUGAACAGUUA/U

AAGAUGGGUCUGAAAUUU/GC

CAACAGCUUCACUCUGA/UUG

AAAACCAGAUGCGUUA  

100 Dharmacon 

M-

010552-

01-005 

 

BECN1/Beclin 1 

#1 CAGUUUGGCACAAUCCAAUA 100 Sigma-Aldrich  N/A (193) 
BECN1/Beclin 1 

#2 CAGGAACUCACAGCUCCAU 100 Sigma-Aldrich  N/A (193) 

Luciferase Proprietary Sequence 20 Invitrogen 12935146  
PIK3C3/VPS34 ACGGUGAUGAAUCAUCUCC 100 Sigma-Aldrich N/A  
POMP/Hump1 -1  GCAAGUGGACCUUUUGAAA 100 Sigma-Aldrich N/A (194) 

POMP/Hump1 -2  CCUGAGAAUUUCUGCUCAA 100 Sigma-Aldrich N/A (194) 

PSMG1/PAC1 CCAGAAGCUUGAAGGGUUU 100 Sigma-Aldrich N/A (195) 

PSMG2/PAC2 GCAUAAAUGCUGAAGUGUA 100 Sigma-Aldrich N/A (195) 

PSMG3/PAC3 -1 CCGUGAAGGACAAAAGCAU 100 Sigma-Aldrich N/A (195) 

PSMG3/PAC3 -2 GAUCAAUUGUAGGAGGAAA 100 Sigma-Aldrich N/A (195) 

RB1CC1/FIP200 
ACGCAAAUCAGUUGAUGAUU

A 100 Sigma-Aldrich N/A (196) 

ULK1 CGCGCGGUACCUCCAGAGCAA 100 Sigma-Aldrich N/A (197) 

ULK1 (sh1) 
CGCAUGGACUUCGAUGAGUU

U 100 Sigma-Aldrich 

TRCN000

0195477  

ULK2 
CAGCCUGAGAUACGUGCCUU

A 100 Sigma-Aldrich N/A (197) 

ULK2 (sh1) AACCCUGAGCUGUGCACAUCU 100 Sigma-Aldrich N/A  

ULK2 (sh2) 
CCAAAGACUCUGCGAGUAAU

A 100 Sigma-Aldrich 

TRCN000

0196752  
ULK2 (sh3) ACCCUGAGCUGUGCACAUC 100 Sigma-Aldrich N/A  
ULK2 (sh4) UGCCUAGUAUUCCCAGAGA 100 Sigma-Aldrich N/A  
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Viral Production, Infection, and Plaque Assay Analysis 

 

Poliovirus Mahoney Type 1, Enterovirus D68, Coxsackievirus B3, and Rhinovirus A1 

were generated as previously described (198). Linearized viral cDNA was reverse 

transcribed into positive-sense RNA and transfected into H1-HeLa cells using DMRIE-C 

(Invitrogen, 10459014). Cells were overlaid with MEM and agar (BD, 214010) at a final 

concentration of 1X and 1%, respectively. Infected cells were then incubated for 48 hours 

in a humidified incubator at 37°C at 5% carbon dioxide. Plaques were picked and 

amplified twice in H1-HeLa cells, before isolation via three rapid freeze-that cycles and 

centrifugation to remove cell debris. Virus was then titered using H1-HeLa cells. 

To carry out infections, target cells were washed with 1X phosphate buffered saline (140 

mM sodium chloride, 2 mM potassium chloride, 10 mM sodium phosphate dibasic, and 1 

mM potassium phosphate monobasic, pH 7.4). Viral dilutions were made in 1X PBS 

containing 10 mM magnesium chloride and 10 mM calcium chloride (1X PBS+) and 

added to target cells. Virus was adsorbed for 30 minutes in a humidified incubator at 

37°C at 5% carbon dioxide. Mock samples were adsorbed with 1X PBS+ containing no 

virus. Pre-warmed (37°) media was added to cells post adsorption and incubated further 

depending on the experiment. Media was collected for extracellular viral samples. Cell-

associated virus is collected by collecting target cells, centrifuging the cells, and 

resuspending in 1 mL of 1X PBS+. All samples are stored at -20°C. 

Plaque assays were carried out by freeze-thawing viral samples 3 times in a dry 

ice/ethanol bath and 37°C. Viral dilutions were made in 1X PBS+ and adsorbed to H1-

HeLa cells for 30 minutes in a humidified incubator at 37°C at 5% carbon dioxide. After 
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adsorption, a mixture of 1X MEM and 1% agar was overlaid and allowed to solidify at 

room temperature. Cells were then incubated for 30-48 hours in a humidified incubator at 

37°C at 5% carbon dioxide. Agar was then removed and cells were stained with a 1% 

crystal violet solution containing 20% ethanol and washed with water. Plaques were then 

quantified.  

SDS-PAGE and Western Blotting 

 

Samples were lysed in RSB-NP40 buffer (10 mM Tris pH 7.5, 10 mM sodium chloride, 

1.5 mM magnesium chloride, 1% NP-40, and 5% protease inhibitor (Roche, 

11697498001) cocktail) on ice for at least 30 minutes. Samples were clarified by 

centrifugation at 2500xg for 5 minutes at room temperature. Whole cell lysates were not 

clarified. Protein content was quantified using Bradford assays (Sigma Aldrich, B6916).  

Samples were analyzed by SDS-PAGE using polyacrylamide gels (8-15%, dependent on 

molecular weight of target proteins) in a Tris-Glycine buffer system at a constant 90 

volts. Protein was transferred to PVDF (Invitrogen, IB24001 & IB24002) using the semi-

dry iBlot2 apparatus (Invitrogen, IB21001) per the manufacturerôs protocol. Low 

molecular weight proteins (Ò10 kDa) were transferred at 20 volts, for 6 minutes. 

Membranes were blocked in 5% nonfat skim milk in TBST (100mM Tris hydrochloride 

pH 7.4, 2.5M sodium chloride, 0.125% Tween-20) for 1 hour at room temperature with 

rocking. Membranes were then incubated with primary antibody dependent on the 

antibody buffer (Table 3.2) at 4°C with rocking overnight. Membranes were then washed 

3 times with TBST, 10 minutes each wash with rocking. Membranes incubated with 

rabbit primaries were incubated with goat anti-rabbit HRP-conjugated secondary 
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antibody (BioRad, 170-6515). Membranes incubated with mouse primaries were 

incubated with goat anti-mouse HRP-conjugated secondary antibody (BioRad, 170-

6516). All secondary antibody incubations were carried out for 1 hour at room 

temperature with rocking. Membranes were then washed 3 more times with TBST, 10 

minutes each wash with rocking. Membranes were developed using Western Lightning 

ECL Pro (Perkin Elmer, NEL122001) using a ChemiDoc XRS with Image Lab (BioRad, 

1708265). Membranes were rinsed with TBST post-development and stripped with 

RestoreÊ Western Blot Stripping Buffer (Invitrogen, 21059). Membranes were then re-

incubated with 5% nonfat skim milk in TBST for 1 hour at room temperature with 

rocking.  

Immunofluorescence Analysis 

 

Target cells plated on glass coverslips were fixed in 4% paraformaldehyde at room 

temperature for 20 minutes. Cells were then washed with 1X PBS and blocked in PBS 

containing 5% normal goat serum and 0.3% Triton X-100 for 1 hour at room temperature. 

Coverslips were then placed on parafilm containing 50 µL of primary antibody at a 1:200 

dilution in 1X PBS with 1% BSA and 0.3% Triton X-100 overnight in the dark. 

Coverslips were then washed 4 times with 1X PBS before incubation with the appropriate 

Alexa-Fluor secondary antibody at a 1:500 dilution. Coverslips were incubated for 1 hour 

at room temperature in the dark. Afterwards, coverslips were washed with 1X PBS 4 

times before mounting to slides using hard set prolong glass mounting medium 

(Invitrogen, P36984). Slides were left to cure overnight before imaging.   
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Table 3.2 List of antibodies used.  

Each antibody is identified by their target protein, species that they were purified from, clonality, 

working dilutions used, antibody dilution buffer, and the company of origin with catalog 

numbers.   

 

Target Species Clonality Dilution Buffer Company Catalog Number 

ACTB Rabbit polyclonal 1:1000 1% Milk/1X TBST Novus Bio NB600-532 

ATG5 Rabbit polyclonal 1:1000 5% BSA/ 1X TBST CST 2630 

ATG13 Rabbit monoclonal 1:1000 1% Milk/1X TBST CST 13468 

ATG14 Rabbit monoclonal 1:1000 5% BSA/ 1X TBST CST 96752 

phospho-ATG14 

(S29) 

Rabbit polyclonal 1:1000 5% BSA/ 1X TBST CST 13155 

ATG101 Rabbit monoclonal 1:1000 1% Milk/1X TBST CST 13492 

BECN1 Rabbit polyclonal 1:1000 1% Milk/1X TBST ThermoFisher PA5-20172 

FLAG (M2)  Mouse monoclonal 1:1000-

1:10000 

1% Milk/1X TBST Sigma 

Aldrich 

F1804 

GAPDH Rabbit monoclonal 1:1000 1% Milk/1X TBST CST 2118 

GFP Rabbit polyclonal 1:1000 5% BSA/ 1X TBST CST 2555 

HA Rabbit monoclonal 1:1000 5% BSA/ 1X TBST CST 3724 

LC3B Rabbit polyclonal 1:1000 1% Milk/1X TBST Novus Bio NB600-1384 

MTOR  Rabbit polyclonal 1:1000 1% Milk/1X TBST Abcam ab2732 

phospho-MTOR 

(S2448) 

Rabbit monoclonal 1:1000 5% BSA/ 1X TBST CST 5536 

Myc Rabbit polyclonal 1:1000 1% Milk/1X TBST CST 2272 

PI3 Kinase 

Class III  

Rabbit monoclonal 1:1000 5% Milk/ 1X TBST CST 3358 

PRKAA2 Rabbit polyclonal 1:1000 1% Milk/1X TBST Abcam ab3760 

phospho 

PRKAA1 

(T183)/PRKAA2 

(T172) 

Rabbit monoclonal 1:1000 1% Milk/1X TBST Abcam ab133448 

SQSTM1 Mouse monoclonal 

(Clone 

2C11) 

1:5000-

1:10000 

1% Milk/1X TBST Abnova H00008878-M01 

TUBA Rabbit polyclonal 1:1000 1% Milk/1X TBST CST 2144 

ULK1  Rabbit monoclonal 1:1000 5% BSA/ 1X TBST CST 8054 

ULK2  Rabbit polyclonal 1:1000 1% Milk/1X TBST Abcam ab97695 
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Calf Intestinal Alkaline Phosphatase (CIAP) Treatment 

 

Cell lysate protein content was determined using a Bradford assay. Reaction solutions 

contained 20 µg total protein, 1X CIAP buffer, and 20 Units/µL of CIAP (Promega, 

M2825). All reaction solutions were incubated at 37°C for 1 hour in a non-circulating 

water bath. Samples were then processed for SDS-PAGE. 

Co-immunoprecipitation Using Protein A beads 

 

Whole cell lysates of target cells were prepared such that total protein concentration was 

greater or equal to 1 mg/mL. A 50% slurry of Protein A beads (CST, 73778) was 

prepared by mixing the beads 1:1 with 1X PBS. Samples containing 1 mg/mL total 

protein were incubated with 15 µL of the 50% slurry solution and incubated at 4°C for 1 

hour with rotation to preclear samples. Beads were pelleted using a magnetic rack (CST, 

7017) and the pre-cleared lysate transferred to a new tube. Primary antibody was added at 

a dilution of 1:100 and incubated at 4°C with rotation overnight. Afterwards, 30 µL of the 

50% Protein A slurry was added. Samples were then incubated 4°C with rotation for 1 

hour. Beads were pelleted with the magnetic separation rack and the supernatant 

collected as the flow-through. Beads were then washed five times with 100 µL of 1X 

PBS, keeping each wash. The beads were then resuspended in 20 µL of RSB-NP40 

buffer and stored at 4°C until use. 

Crude Subcellular Fractionation 

 

Target cell lysates were fractionated based off of a published protocol (199). Buffer 1, the 

cytosolic isolation buffer, contained 150 mM sodium chloride, 50 mM HEPES pH 7.4, 
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and 30 µg/mL of Digitonin. Buffer 2, the membrane isolation buffer, contained 150 mM 

sodium chloride, 50 mM HEPES pH 7.4, and 1% w/v NP40. Buffer 3, the nuclear 

membrane isolation buffer, contained 150mM sodium chloride, 50 mM HEPES ph 7.4, 

0.5% w/v sodium deoxycholate, 0.1% w/v sodium dodecyl sulfate (SDS), 1 Unit/mL 

DNase I (NEB, M0303), and 50 µg/µL of RNase A (Qiagen, 19101). Buffer 4 for the 

insoluble fraction contained 150 mM sodium chloride, 50 mM HEPES pH 7.4, 0.5% w/v 

sodium deoxycholate, 1% w/v SD, and 100 mM dithiothreitol.  

Cell pellets were resuspended in cold (4°C) Buffer 1 and incubated at 4°C with rotation 

for 10 minutes. Samples were then centrifuged at 2000 xg for 5 minutes at room 

temperature. The supernatant was saved as the cytosolic fraction. The pellets were then 

resuspended in cold (4°C) Buffer 2 and incubated on ice for 30 minutes. The samples 

were then centrifuged at 7000 xg for 5 minutes at room temperature. The supernatant was 

saved as the membrane fraction. The pellets were resuspended in room temperature 

Buffer 3 and incubated at 37°C for 30 minutes. Samples were then centrifuged at 7000 xg 

for 10 minutes at room temperature. The supernatant was saved as the nuclear fraction. 

The remaining pellet was resuspended in room temperature Buffer 4 before boiling at 

100°C for 5 minutes. This fraction was saved as the insoluble fraction. 

Reagent and Inhibitors 

 

Please see Table 3.3 for a list of all inhibitors utilized. Unless otherwise stated, all 

inhibitors were used at 37°C in a humidified incubator with 5% CO2.  
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Table 3.3. List of common inhibitors utilized.  

Bafilomycin A1 is a v-ATPase inhibitor that prevents compartment acidification. Cycloheximide 

inhibits eukaryotic translation. Guanidine HCl inhibits picornavirus replication by inhibiting 2C 

activity. Pepstatin A and E64D are lysosomal protease inhibitors. Pepstatin A and E64D must be 

used in conjunction to inhibit lysosomal degradation. MG132 and Lactacystin are proteasome 

inhibitors. MRT68921 is a ULK1/2 inhibitor.  

 

Name 
Stock 

Concentration 

Working 

Concentration 
Solvent 

Treatment 

Conditions 
Company Catalog 

Bafilomycin 

A1 

100 mM 0.1 µM Ethanol Overnight 

pre-treatment 

and 

concurrent 

with 

experiment 

Santa 

Cruz 

sc-

201550

A 

Cycloheximid

e 

355 mM 100 µM DMSO Concurrent 

with 

experiment 

Sigma 

Aldrich 

C4859 

Guanidine 

Hydro-

chloride 

2 M 2 mM Water Addition after 

adsorption of 

virus to cells 

Sigma 

Aldrich 

369080 

E64D 10 mM 100 µM DMSO Must be used 

in 

conjunction 

with 

Pepstatin A 

Sigma 

Aldrich 

 E8640 

Lactacystin 1.063 mM 10 µM DMSO Concurrent 

with 

experiment 

Sigma 

Aldrich 

L6785 

MG132 2.1 mM 5 µM DMSO Concurrent 

with 

experiment 

Sigma 

Aldrich 

M8699 

MRT68921 9.85 mM 10 µM DMSO Concurrent 

with 

experiment 

Sigma 

Aldrich 

SML16

44 

Pepstatin A 14.57 mM 14.57 µM DMSO Must be used 

in 

conjunction 

with E64D 

Sigma 

Aldrich 

113590

53001 
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Genomic PCR Confirmation of ULK1/2KO MEFs 

 

DNA primers were designed for exons 1-3 and 17-21 of mouse ULK1 and exons 1-3 and 

21-22 of mouse ULK2 (Table 3.4). PCR reactions were made up to contain 0.2 µM of 

forward and reverse primers, 100 ng of genomic DNA isolated from the parental and KO 

cell lines using a genomic DNA isolation kit (Qiagen, 69504), and the required buffer, 

nucleotides, and DMSO per the manufacturerôs protocol for the Phusion DNA 

polymerase (NEB, M0530). PCR reactions were conducted with the following program: 

1. Initial denaturing at 98°C for 2 minutes 

2. Denaturing at 98°C for 1 minute 

3. Annealing at 71°C for 2 minutes 

4. Extension at 72°C for 3 minutes 

5. Cycle steps 2-4 thirty times 

6. Final Extension at 72°C for 3 minutes 

7. Hold at 4°C 

PCR products were then analyzed using a 1% agarose gel containing ethidium bromide 

and imaged utilizing a GeneFlash imaging system (Syngene). 
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Table 3.4. A list of DNA primers used for various constructs. 

These constructs were overexpression constructs of viral proteins and knockout or mutation 

verification. All DNA primers are made by Sigma Aldrich and made up to 100 µM stock.  
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DNA Cloning: PCR, Restriction Digest, Ligation, Transformation, and 

Screening 

 

PCR primers utilized to create various constructs are listed in Table 3.4. All primers were 

ordered from Sigma Aldrich and resuspended in nuclease free water. PCR reactions were 

set up according to the manufacturerôs recommendation for the Q5 DNA polymerase 

(NEB, M0491). PCR products were first analyzed by gel electrophoresis for success 

before being cleaned up using a Monarch PCR clean up kit (NEB, T1030). 

PCR products and the target vector were then digested with the appropriate restriction 

enzyme at 37°C for greater than or equal to 1 hour. Digested products were separated by 

gel electrophoresis and gel extracted for purification. Ligation reactions were set up per 

manufacturerôs recommendation for T4 DNA ligase (NEB, M0202). Ligations were 

incubated at room temperature for 1.5 hours before inactivation at 65°C for 15 minutes. 

Ligations were then transformed into DH5Ŭ competent E.coli (Invitrogen, 18265017) 

following the manufacturerôs transformation protocol. Transformants were plated on LB 

agar plates containing the appropriate selection antibiotic and incubated at 37°C 

overnight. 

Colonies were screened by restriction enzyme digest to observe insert drop outs via gel 

electrophoresis. Potential clones were sent for Sanger Sequencing for confirmation. 

Glycerol stocks of successful clones were made by mixing an LB culture of the clone 1:1 

with 50% glycerol and storing at -80°C. 

  



63 
 

Statistical Analysis 

 

All experimental errors were determined by finding the standard error of the mean of 

several (NÓ3) independent experiments and are represented by error bars where 

appropriate. Statistical significance was determined using a two-tailed Studentôs t-test, a 

one-way ANOVA with a Tukey/Tukey-Kramer post hoc test, or a repeated measures 

ANOVA with a Tukey/Tukey-Kramer post hoc test where appropriate. Statistical 

significance levels were set such that *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, 

and *****p<0.00001. 

Densitometry Analysis 

 

Densitometry analysis was conducted on the raw tiff images obtained from Image Lab 

(BioRad). Raw images were imported into ImageJ and the values inverted. A rectangular 

area was drawn using the rectangle select tool around the largest band observed. This 

same selection area was used to analyze intensity of each band using the measure 

function of Image J. A background reading was obtained by placing the selection area on 

an area of the blot with no ECL signal. The mean intensity values were adjusted for 

background by subtracting the mean intensity of the background from all sample values 

(Equation 3.1).  

 

ὥὨὮόίὸὩὨ άὩὥὲ ὭὲὸὩὲίὭὸώίὥάὴὰὩ

άὩὥὲ ὭὲὸὩὲίὭὸώ ίὥάὴὰὩάὩὥὲ ὭὲὸὩὲίὭὸώὦὥὧὯὫὶέόὲὨ 

Equation 3.1 Background adjustment of sample intensity values. 
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Adjusted mean intensity was then divided by the area of the selection to yield mean/area 

values (Equation 3.2).  

 

άὩὥὲ
ὥὶὩὥϳ

ὥὨὮόίὸὩὨ άὩὥὲ ὭὲὸὩὲίὭὸώ ίὥάὴὰὩ

άὩὥόίὶὩὨ ὥὶὩὥ ίὥάὴὰὩ
 

Equation 3.2. Intensity per area of sample. 

 

To determine the intensity of signal relative to the loading control equation 3.3 was used. 

 

ὙὩὰὥὸὭὺὩ ίὥάὴὰὩ ὭὲὸὩὲίὭὸώ ὸέ ὰέὥὨὭὲὫ ὧέὲὸὶέὰ 
άὩὥὲ

ὥὶὩὥϳ ίὥάὴὰὩ
άὩὥὲ

ὥὶὩὥϳ ὰέὥὨὭὲὫ ὧέὲὸὶέὰ
 

Equation 3.3 Sample intensity relative to loading control. 
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Chapter 4: Poliovirus Induces Autophagic Signaling Independent of the 

ULK1 Complex 
 

Introduction  

 

Macro-autophagy, hereafter referred to as autophagy, is a cellular homeostatic process 

that is involved in nutrient and organelle turnover. Autophagy is marked by the formation 

of a transient double-membraned structure, known as a phagophore, that can encapsulate 

cytosolic cargo non-specifically or through specific interactions with an autophagic 

receptor on the nascent membrane (200). Initiation of this process in mammals is 

regulated by a regulatory kinase complex composed of 4 proteins: ULK1/2 (unc-51 like 

autophagy activating kinase 1/2), RB1CC1 (RB1 inducible coiled-coil 1), ATG13 

(autophagy related 13), and ATG101 (autophagy related 101) (79). The complex is itself 

regulated through phosphorylation by MTOR (mechanistic target of rapamycin kinase), 

5ô adenosine-monophosphate-activated protein kinase (AMPK), and other nutrient-

sensing signaling pathways (134, 201). The ULK1 complex, upon activation, activates a 

downstream initiation complex composed of BECN1 (beclin 1), ATG14 (autophagy 

related 14), and PIK3C3 (phosphatidylinositol 3-kinase catalytic subunit type 3) (154). 

 In the presence of an activating signal, multiple phosphorylation events regulate 

recruitment of ULK1 or ULK2 to ATG13 and RB1CC1. Other phosphorylation sites 

regulate ULK1/ULK2 kinase activity (134, 149, 202). ATG101 plays a role in 

maintaining complex stability by promoting ULK1-ATG13 interactions and maintaining 

the phosphorylation states of complex members (133). Therefore, MTOR and AMPK 
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phosphorylations affect complex stability and this, in turn, regulates autophagic signaling 

through the ULK complexes.  

 While most cells have a basal level of active autophagy, that level increases in 

response to stressors such as nutrient starvation or infection by intracellular pathogens. 

Measurement of autophagic signaling initiation is monitored by lipidation and membrane 

association of the MAP1LC3B/LC3B (microtubule associated protein 1 light chain 3 

beta) protein, which is a marker of the phagophore and the autophagosome, which 

designates the compartment that forms upon closure of the phagophore. Autophagy 

receptors, such as SQSTM1/p62 (Sequestosome 1) and NBR1 (NBR1, autophagy cargo 

receptor), recognize ubiquitinated targets and sequester cytosolic cargo into the forming 

autophagosome. Monitoring turnover of these receptors, particularly of SQSTM1, is a 

standard assay for active autophagy.  

 Antiviral autophagy can be induced by toll-like receptors and is important in the 

immune recognition of some viruses (203). However, some pathogens have evolved 

mechanisms to subvert the autophagy pathway to their own benefit. Many positive-strand 

RNA viruses, including several members of the Picornaviridae family, also subvert the 

autophagy pathway (186). Poliovirus (PV) has been previously shown to induce 

autophagy based on observed lipidation of LC3 and a reduction in levels of the 

autophagic cargo receptor SQSTM1/p62 during infection (74, 76, 83). Additionally, PV 

requires the acidification of the autophagosome, but does not need degradative autophagy 

for replication (76).  
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 Very little is known about the mechanism of induction of autophagy by 

picornaviruses. Expression of the PV protein 2BC is sufficient to induce the lipidation of 

LC3 but does not induce the formation of autophagosomes (83). Co-expression of 2BC 

and 3A leads to the formation of double-membraned vesicles that contain markers for 

autophagosomes (74, 98). Foot-and-mouth disease virus (FMDV) also interacts with the 

autophagic pathway through interactions with BECN1 and nonstructural protein 2C 

(204). The authors hypothesized that 2C directly interacts with BECN1 and prevents 

fusion of the autophagosome with the lysosome. Recent research into enterovirus 71 

(EV-71) has shown a non-lytic exit pathway in motor neuron-like NSC-34 cells that is 

independent of apoptosis and may be linked to autophagy (205). Additionally, EV-71 

induces LC3-II lipidation and the formation of autophagosome-like structures in vitro and 

in vivo (87). 

 Here we show that poliovirus does not require the ULK1 complex to induce 

autophagy, as measured through LC3 lipidation and SQSTM1/p62 degradation. The loss 

of ULK1, ULK2, and RB1CC1 do not affect PV replication, but do affect basal 

autophagy. Interestingly, PV induced the degradation of the ULK1 complex throughout 

infection and this degradation required actively replicating virus. Poliovirus did not affect 

BECN1 levels during infection; suggesting that only the ULK1 signaling complex was 

purposely disrupted during viral infection. Overexpression of ULK1 or a dominant-

negative ULK1 also did not affect viral replication. The data shown here demonstrate that 

poliovirus induces autophagy through a novel mechanism that is completely independent 

of the ULK1 complex.  
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Results 

 

Canonical signaling to the autophagy pathway is carried out through activating 

phosphorylations of the ULK1 and ULK2 kinases, the enzymatically active component of 

these multi-protein signaling complexes (79). Evidence suggests that the ULK1-

containing complex sends the primary signal for autophagic activation, with ULK2 

playing a minor role (127, 206). We generated ULK1 knockdown cell lines from HEK-

293T and H1-HeLa cells using shRNA constructs (Fig. 4.1A). The selected cell lines 

were infected with PV at a multiplicity of infection (MOI) = 0.1 and cell-associated virus 

was assessed at 6 h post-infection (hpi) by plaque assay (Fig. 4.1A). No difference in 

viral replication was observed between the ULK1 knockdown and parental cell lines.  

 To determine if autophagic signals were being sent during PV infection, HEK-

293T cells were transfected with siRNA against Luciferase or ULK1 and incubated for 48 

h. These cells were then infected with PV at a MOI = 50 and cell lysates were collected at 

various points during the time course of infection (Fig. 4.1C). Western blotting for ULK1 

confirms that the protein levels were efficiently and consistently knocked down via 

densitometry analysis (Fig. 4.S1). As autophagy signaling increases, LC3, a marker for 

autophagic induction, is converted from the non-lipidated LC3-I form with an apparent 

molecular mass (MM) of 18 kDa, to the lipidated LC3-II form, which appears as an 

apparent 16-kDa band. In HEK-293T cells, the 2 forms of LC3 are present with LC3-I in 

greater amount than LC3-II. In siLuciferase-treated HEK-293T cells, PV induces a 

similar buildup of total LC3 and increase in LC3-II relative to LC3-I (Fig. 4.1C and Fig. 

4.S1A). This buildup of LC3-II also occurs in ULK1 KD cells, indicating that ULK1 is 

not required for LC3-II formation during PV infection. (Fig. 4.1C and Fig. 4.S1A). 
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Figure 4.1. Stable knockdown and inhibition of ULK1 and ULK2 does not affect PV 

replication.  

(A) Stable cell lines expressing shRNA towards ULK1 were generated in HEK-293T and H1-

HeLa cells. Knockdown of ULK1 was confirmed via western blot. Parental and ULK1 

knockdown (ULK1 KD) HEK-293T and H1-HeLa cell lines were infected with poliovirus (PV) at 

a MOI = 0.1 and intracellular titers analyzed 6 hpi via plaque assay. Error bars represent standard 

error of the mean of n=3 experiments. (B) Parental and ULK2 KD H1-HeLa cells were infected 

with PV at a MOI = 0.1 and assayed for intracellular virus via plaque assay at 0 and 6 hpi. Error 

bars represent standard error of the means for n=3 experiments. (C) HEK-293T cells were 

transfected with siRNA towards Luciferase or ULK1 and incubated 48 h. Cells were then mock 

infected or infected with PV at a MOI = 50 and collected at 0, 3, or 6 hpi for western blot 

analysis. Densitometry of n=3 independent experiments is provided in Fig. S1A. (D) Intracellular 

viral titers for DMSO- and MRT68921-treated H1-HeLa cells. H1-HeLa cells were treated with 

DMSO or 10 µM MRT68921 for 1 h, cells were then mock infected or infected with PV at a MOI 

= 0.1 along with concurrent treatment with drug, and collected for plaque assay analysis. Error 

bars represent standard error of the mean of n=3 independent experiments. Statistical significance 

was determined via a two-tailed paired Studentôs t-test between DMSO and MRT68921 where * 

p<0.05.  
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 Whereas knockdown of ULK1 does not affect PV replication, mammals contain a 

homolog of ULK1 known as ULK2. Knockout mice studies have shown that the loss of 

ULK1 or ULK2 is not detrimental, but the double knockout of these kinases causes 

mouse pups to die shortly after birth (207). To explore the effects of the loss of ULK2-

containing signaling complexes on PV replication, we generated ULK2 knockdown H1-

HeLa cells using shRNA constructs (Fig. 4.1B). Knockdown and parental cells were 

infected at a MOI = 0.1 and intracellular virus was assessed at 0 and 6 hpi via plaque 

assay. Similar to the results seen for ULK1 (Fig. 4.1A), the knockdown of ULK2 (Fig. 

4.1B) had no effect on viral titers at the assayed time points.  

 It has been reported that ULK1 and ULK2 may have overlapping functions, but 

our attempts to remove both proteins in the same cells were not successful (207). To 

circumvent this difficulty, we utilized a chemical inhibitor, known as MRT68921, of both 

ULK1 and ULK2 to disrupt combined signaling from ULK1- and ULK2-containing 

complexes (208). H1-HeLa cells were pre-treated with DMSO or MRT68921 for 1 h, 

before infection with PV at a MOI = 50 for western blot analysis or MOI = 0.1 for plaque 

assay analysis with concurrent incubation with the ULK inhibitor. When intracellular PV 

titers were determined via plaque assay (Fig. 4.1D), there was no significant effect on 

overall titer between vehicle and inhibitor samples. This suggests that ULK inhibition has 

no effect on PV replication. Additionally, when MRT68921-treated cells were assessed 

for autophagic initiation signals and flux via LC3 and SQSTM1 levels, there was a 

statistically significant increase of SQSTM1 levels and a statistically significant decrease 

in LC3-II:LC3-I ratios, suggesting that the drug treatment was successfully inhibiting 

ULK-mediated autophagy. (Fig. 4.4D & Fig. 4.S1B).  
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Another strategy used to circumvent this difficulty was to target another member 

of the signaling complex, known as RB1CC1. RB1CC1 binds ULK1 and recruits the 

kinase into a complex with ATG13 and ATG101 (132). Based on this evidence, we 

expect that knockdown of RB1CC1 will disrupt ULK1- or ULK2-containing signaling 

complexes. HEK-293T cells were transiently transfected with an siRNA against 

RB1CC1, and an siRNA against Luciferase as a control. As seen in Fig. 4.2A, RB1CC1 

was consistently knocked down in HEK-293T cells and the knockdown was reproducible. 

When we tested the functionality of this knockdown via western blot analysis of 

SQSTM1 and LC3 (Fig. 4.2B), we found that loss of RB1CC1 increased basal SQSTM1 

levels and decreased LC3-II levels. Densitometry analysis showed that the increase in 

basal SQSTM1, and the decrease in LC3-II and LC3-II:LC3-I was statistically 

significant. This suggests that knockdown of RB1CC1 functionally inhibits basal 

autophagy. 
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Figure 4.S1. Densitometry analysis of Figure 1.  

(A) Densitometry of ULK1, LC3-I, LC3-II, and LC3-II:LC3-I for Fig. 1C of n=3 independent 

experiments. Intensity was corrected to ACTB. Error bars represent standard error of the mean of 

n=3 independent experiments. Statistical significance was determined via a repeated measures 

ANOVA with a Tukey/Tukey-Kramer post-hoc test where * p<0.05, ** p<0.01, *** p<0.001. (B) 

Densitometry of SQSTM1, LC3-I, LC3-II, and LC3-II:LC3-I for Fig. 1D of n=3 independent 

experiments. Intensity was corrected to ACTB. Error bars represent standard error of the mean of 

n=3 independent experiments. Statistical significance was determined via a two-tailed paired 

Studentôs t-test between DMSO and MRT68921 or mock- and PV-infected samples where * 

p<0.05, ** p<0.01. 
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Figure 4.2. Knockdown of RB1CC1 inhibits basal autophagy but does not affect PV 

replication or autophagic signals.  

HEK-293T cells were transfected with siRNA towards Luciferase (siLuciferase, siLuc) or 

RB1CC1 (siRB1CC1, siRB1) for 48 h before being used for downstream applications. (A) 

Western blot and densitometry analysis of HEK-293T cells 48 h post transfection. Intensity was 

corrected to GAPDH. Error bars represent standard error of the mean of n=4 independent 

experiments. Statistical significance was determined via a two-tailed paired Studentôs t-test where 

* p<0.05. (B) Western blot analysis of SQSTM1 and LC3 levels of HEK-293T cells after 

RB1CC1 KD. Intensity was corrected to GAPDH. Error bars represent standard error of the mean 

of n=3 independent experiments. Statistical significance was determined via a two-tailed paired 

Studentôs t-test where * p<0.05 and ** p<0.01. (C) Transfected HEK-293T cells were infected 

with PV at a MOI = 0.1 and intracellular virus titers determined via plaque assay at 0, 2, 4, and 6 

hpi. Error bars represent standard error of the mean of n=3 independent experiments. (D) Western 

blot analysis of LC3 levels in transfected HEK-293T cells that were mock infected with PBS+ or 

infected with PV at a MOI = 50. Intensity was corrected to GAPDH intensity. Statistical 

significance was determined via a two-tailed paired Studentôs t-test where * p<0.05. 
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To determine if PV replication was affected by knockdown of RB1CC1, 

transfected HEK-293T cells were infected with PV at a MOI = 0.1 and cell-associated 

titers were assayed via plaque assay at 0, 2, 4, and 6 hpi as shown in Fig. 4.2C. In 

comparison to the Luciferase control, there was no difference in PV titers at any of the 

assayed points in the RB1CC1 KD cells, suggesting that PV replication does not require 

the presence of RB1CC1. When we assayed PVôs ability to induce autophagy in RB1CC1 

knockdown HEK-293T cells, we saw that PV-infected cells (MOI = 50) were still able to 

induce LC3-II lipidation regardless of the presence or absence of RB1CC1 (Fig. 4.2D). 

Additionally, when RB1CC1 knockdown (RB1CC1 KD) cells were infected with PV for 

3.5 h and imaged via transmission electron microscopy (EM) (Fig. 4.3), PV infection was 

able to induce membrane rearrangements and double-membraned vesicle (DMV) 

formations 200-300 nm in diameter (Fig. 4.3C and 4.3E), which were absent in the 

mock-infected cells (Fig. 4.3D and 4.3F). These vesicles were remarkably similar in 

appearance in both the siLuciferase- (Fig. 4.3C) and siRB1CC1-treated (Fig. 4.3E) cells, 

which indicates normal cellular levels of RB1CC1 are not required for DMV formation. 

Knockdown efficiency of RB1CC1 was efficient and reproducible as observed previously 

(Fig. 4.3A & 4.3B). Additionally, the knockdown was functional as observed by the 

significant increase of SQSTM1 levels in knockdown cells (Fig. 4.3B). Additional 

replicate EM images are supplied in Fig. 4.S2.  Collectively, these data suggest that PV 

does not require RB1CC1 for replication, autophagic induction in host cells, and host 

membrane rearrangement. 
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Figure 4.3. PV induces cellular membrane rearrangement in the absence of RB1CC1.  

HEK-293T cells were transfected with siRNA against Luciferase or RB1CC1 and incubated for 

48 h. Cells were then collected for western blot verification of knockdown (A and B). (A) 

Representative western blots of RB1CC1 and SQSTM1 levels in mock- and PV-infected 

transfected cells. (B) Densitometry analysis of western blots from (A). Error bars represent the 

standard error of the mean of n=3 independent experiments. Statistical significance was 

determined via a two-tailed paired Studentôs t-test where * p<0.05, ** p<0.01, and *** p<0.001. 

Concurrent transfected cells were mock infected (D and F) or infected with poliovirus (C and E) 

for 3.5 h before being fixed and prepared for transmission EM imaging. (C-F) Representative EM 

images of mock- or PV-infected transfected cells. Replicate images are supplied in Fig. 4.S2.  
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Figure 4.S2. EM images of replicates 2 and 3 of HEK-293Ts transfected with siRNA against 

Luciferase or RB1CC1 in mock or PV infection from Fig. 4.3.  
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 To show that PV replication can be affected in our in vitro system, HEK-293T 

cells that were transfected with siRNA against Luciferase or RB1CC1 were pretreated 

with bafilomycin A1, a V-ATPase inhibitor, and then mock or PV infected for 6 h. (Fig. 

4.S3). As in Fig. 4.2, RB1CC1 knockdown was reproducible and efficient (Fig. 4.S3A). 

Bafilomycin A1 inhibits general vesicular acidification in cells, blocking autophagic 

degradation and resulting in an increase of LC3-II (209). Indeed, when LC3 levels were 

assayed via western blot, bafilomycin A1-treated cells showed a statistically significant 

increase of LC3-II, and LC3-II:LC3-I ratio regardless of the presence or absence of 

RB1CC1. (Fig. 4.S3B). When cell-associated virus levels were assayed via plaque assay, 

PV replication was not affected by the presence or absence of RB1CC1, as seen in Fig. 

4.2C. (Fig. 4.S3C). PV replication was affected in cells treated with bafilomycin A1, 

losing up to 10-fold amount of plaque-forming units when compared to vehicle titers. 

(Fig. 4.S3C). These results suggest that whereas bafilomycin A1 affects PV replication, 

the presence or absence of RB1CC1 has no impact on PV replication. 
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Figure 4.S3. Knockdown of RB1CC1 has no effect on PV replication in the presence or 

absence of bafilomycin A1.  

HEK-293T cells that were transfected with siRNA against Luciferase or RB1CC1 for 48 h were 

treated with 0.1 µM bafilomycin A1 for 18 h and then either collected for western blot analysis or 

infected with PV for 6 hpi. (A) Western blot and densitometry analysis of RB1CC1 levels of 

transfected cells after overnight treatment with bafilomycin A1 or ethanol. Error bars represent the 

standard error of the mean of n=3 independent experiments. Statistical significance was 

determined via a two-tailed paired Studentôs t-test between where * p<0.05. (B) Western blot and 

densitometry analysis of LC3-II and LC3-II:LC3-I levels of transfected cells after overnight 

treatment with bafilomycin A1 or ethanol. Error bars represent the standard error of the mean of 

n=3 independent experiments. Statistical significance was determined via a two-tailed paired 

Studentôs t-test between where * p<0.05. (C) Intracellular PV titers determined via plaque assay 

of transfected cells treated with or without bafilomycin A1. Error bars represent the standard error 

of the mean of n=3 independent experiments. Statistical significance was determined via a two-

tailed paired Studentôs t-test between where * p<0.05 and ** p<0.01.  
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 The ability of PV to induce bona fide autophagy has been measured in the past 

using autophagic assays that depend on the degradation of the autophagic cargo receptor 

SQSTM1/p62 (74, 76, 83). However, when we probed for SQSTM1 by western blot in 

PV-infected RB1CC1 KD cells with our monoclonal SQSTM1 antibody, we observed the 

appearance of an ~34-kDa band under the band of SQSTM1 (MM = 62 kDa) in PV-

infected cells. (Fig. 4.4A and Fig. 4.S5F). When overexposed (Fig. 4.4B), the lower 

molecular weight band was observed to be stronger in intensity than the nonspecific 

bands that were seen in the mock-infected cells. (Fig. 4.S4). This result was reproducible 

and observed multiple times (Fig. 4.4A, 4.4C, 4.4D, 4.5E, Fig. 4.S4, Fig. 4.S5B, and Fig. 

4.S5F).  

 Previous work using coxsackievirus B3 (CVB3) has shown that SQSTM1 is 

cleaved during infection by the viral protease 2A (94). The SQSTM1 cleavage product 

acts in a dominant negative manner, theoretically preventing degradative autophagy (95). 

To determine if the appearance of the lower molecular weight SQSTM1 was specific to 

PV infection, we infected H1-HeLa cells with PV, PV in the presence of the replication 

inhibitor guanidine hydrochloride, or UV-inactivated virus, and collected cells for 

western blot analysis for the stated time points. We then assessed ULK1, SQSTM1, and 

LC3 protein levels by western blot (Fig. 4.4C). We observed the cleavage product only in 

the PV infected cells and not in the inhibited or UV-inactivated PV-treated cells. This 

finding suggests that the band is specific to actively replicating virus. We hypothesize 

that the band is the result of direct cleavage by a viral protease. Additionally, when we 

tested the ability of PV to cleave SQSTM1 in the presence of the ULK inhibitor 

MRT68921, we found that PV was still able to cleave SQSTM1 in the presence or 
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absence of the inhibitor (Fig. 4.4D). Whereas SQSTM1 is transcriptionally upregulated 

upon stress conditions in the cell, PV infection has been historically shown to be a 

powerful inhibitor of host transcription and cap-dependent translation (210ï212). 

Therefore, in the context of infection, SQSTM1 transcriptional regulation is not expected 

to play a major role. These results suggest that we can no longer use SQSTM1 as an 

assay for degradative autophagy during infection with PV, and raises the question of 

whether actual degradative autophagy occurs in PV-infected cells.  
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Figure 4.4. PV cleaves SQSTM1/p62.  

(A and B) HEK-293T cells were transfected with siRNA against Luciferase or RB1CC1 as in 

Fig. 4.2 and then mock infected with PBS+ or PV at a MOI = 50 for 6 h. (A) Representative 

western blot of SQSTM1 after 6 hpi with PV. Densitometry analysis of n=3 independent 

experiments is supplied in Fig. S5F. (B) Representative western blot analysis of SQSTM1 levels 

with a longer exposure than (A). Further replicates are provided in Fig. 4.S4. (C) H1-HeLa cells 

were either infected with PV (MOI = 50), infected and then treated with guanidine HCl (GuHCl) 

(2 mM), or treated with UV-inactivated PV for the listed times. A representative western blot of 

ULK1, LC3, and SQSTM1 levels is shown. Densitometry analysis of n=3 independent 

experiments and intracellular viral titers of PV, PV with guanidine HCl, or UV-inactivated PV are 

supplied in Fig. 4.S5. (C) H1-HeLa cells were treated with DMSO or 10 µM MRT68921 for 1 h, 

cells were then mock infected or infected with PV at a MOI = 50 along with concurrent treatment 

with drug, and collected for western blot analysis. Densitometry of n=3 independent experiments 

is provided in Fig. 4.S1B 
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Figure 4.S4. Western blots of SQSTM1 and LC3 for replicates 2 and 3 from Fig. 4A and B.  

HEK-293T cells were transfected with siRNA against Luciferase or RB1CC1 for 48 h and then 

mock or PV infected (MOI = 50) for 6 h.  
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 In the experiment in Fig. 4.1C, we noticed a decrease in ULK1 levels late in 

infection. To investigate loss of ULK1 late in infection, we transfected HEK-293T cells 

with siRNA against Luciferase, PSMG1, or PSMG2. PSMG1 and PSMG2 are essential 

proteasome chaperones that are vital to proper formation of an active proteasome in cells 

(194). After 48 h, these cells were mock- or PV-infected at a MOI = 50 for 6 h. The 

siRNA-mediated knockdown of these chaperones was assessed via qPCR and shown to 

be highly efficient and reproducible. (Fig. 4.5B). Additionally, when cell-associated virus 

titers were assessed, there were no significant differences among the knockdowns when 

compared to the siLuciferase control. This suggests that PV replication is not affected by 

the loss of these proteasome chaperones and that the infection was consistent across the 

replicates. (Fig. 4.5C).  As seen in Fig. 4.5A, we observed a decrease in ULK1 levels in 

response to infection by 6 hpi. Inhibition of the proteasome due to the loss of PSMG1 and 

PSMG2 had no significant effect on ULK1 levels in unaffected cells. During infection, 

ULK1 levels were not rescued by proteasomal inhibition, suggesting that PV mediated 

ULK1 degradation in a proteasome-independent fashion (Fig. 4.5A). 
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Figure 4.S5. Densitometry analysis of Fig. 4.  

 (A-D) Densitometry analysis of n=3 independent experiments from Fig. 4.4C. Intensity was 

corrected to ACTB. Error bars represent standard error of the mean of n=3 independent 

experiments. Statistical significance was determined via a repeated measures ANOVA with a 

Tukey/Tukey-Kramer post-hoc test where * p<0.05, ** p<0.01, *** p<0.001.(E) Intracellular 

viral titers of PV, PV treated with guanidine HCl, or UV-inactivated PV were determined via 

plaque assay. Error bars represent standard error of the mean of n=3 independent experiments. 

Statistical significance was determined via a one-way ANOVA with a Tukey/Tukey-Kramer 

post-hoc test where * p<0.05, ** p<0.01, *** p<0.001. (F) Densitometry analysis of n=3 

independent experiments for Fig. 4.4A. Error bars represent the standard error of the mean of n=3 

independent experiments. Statistical significance was determined via a two-tailed paired 

Studentôs t-test where * p<0.05 and ** p<0.01. 
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 Because PV is an efficient inhibitor of cellular transcription and translation, we 

were concerned that ULK1 protein turnover was responsible for the loss of ULK1 protein 

relatively late in infection (213). We compared H1-HeLa cells that were infected with PV 

at a MOI = 50 for 6 h to H1-HeLa cells treated with cycloheximide for 6 h. (Fig. 4.5D). 

As observed in Fig. 4.1C, PV mediated a statistically significant decrease in ULK1 

levels. Cycloheximide also led to a statistically significant decrease, but not to the same 

extent as infection. This observation suggests that whereas translation inhibition may be 

involved to some extent with the disappearance of ULK1, it is not the only mechanism 

utilized during infection.  

 Another concern was the possibility that the proteasomal degradation was a result 

of an antiviral host response and not necessarily active infection. To determine whether 

active virus replication was required for loss of ULK1, we infected cells as in Fig. 4.1C, 

then treated cells with guanidine HCl, a specific inhibitor of viral RNA replication (214) 

(Fig. 4.4C). We found that ULK1 levels did not change and LC3-II did not build up.  We 

also infected with UV-inactivated PV, which had no effect on ULK1 levels. Viral 

inhibition was tested by assessing cell-associated viral titers compared to the wild-type 

PV (Fig. 4.S5E). As expected, guanidine hydrochloride and UV-inactivation dropped 

viral titers 1,000,000-10,000,000-fold, suggesting successful inhibition of PV.  All 

together, these data show that active viral replication is required for reduction of ULK1 

levels, suggesting that this is a virus- and not host-mediated degradation of ULK1. We 

also tested ULK2 levels and found that they also decreased during PV replication (Fig. 

4.5E) with minimal levels detectable late in infection.  
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Figure 4.5. ULK1 levels decrease but the protein is not degraded via the proteasome during 

infection.  

(A-C) HEK-293T cells were transfected with siRNA against Luciferase, PSMG1, or PSMG2 and 

incubated for 48 h. Cells were then collected for qPCR analysis, or mock or PV infected (MOI = 

50 or MOI = 0.1) for 6 h before collection for western blot or plaque assay analysis. (A) Western 

and densitometry analysis of ULK1 levels in mock- or PV-infected transfected cells. Intensity 

was corrected to ACTB. Error bars represent standard error of the mean of n=3 independent 

experiments. Statistical significance was determined via a two-tailed paired Studentôs t-test where 

* p<0.05, ** p<0.01, and *** p<0.001. (B) Relative expression levels of PSMG1 and PSMG2 as 

determined via qPCR analysis. Cell counts were normalized to TFRC (transferrin receptor) levels 

before subsequent data analysis. Error bars represent standard error of the mean of n=3 

independent experiments. Statistical significance was determined via a two-tailed paired 

Studentôs t-test where **** p<0.0001. (C) Intracellular PV titers as determined via plaque assay. 

Error bars represent standard error of the mean of n=3 independent experiments. Statistical 

significance was determined via a two-tailed paired Studentôs t-test where * p<0.05. (D) Western 

blot and densitometry analysis of ULK1 levels in H1-HeLa cells treated with DMSO, 100 ɛM 

cycloheximide (Chx), or infected with PV (MOI = 50) for 6 h. Intensity was corrected to ACTB. 

Error bars represent standard error of the mean of n=3 independent experiments. Statistical 

significance was determined via a two-tailed paired Studentôs t-test where * p<0.05 and ** 

p<0.01. (E) Western blot and densitometry analysis of ULK2 and SQSTM1 levels in mock- or 

PV-infected (MOI = 50) H1-HeLa cells for the indicated time points. Intensity was corrected to 

TUBA/Ŭ-tubulin. Error bars represent standard error of the mean of n=3 independent 

experiments. Statistical significance was determined via a repeated measures ANOVA with a 

Tukey/Tukey-Kramer post-hoc test where * p<0.05 and ** p<0.01 



87 
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 The remaining members of the ULK1/ULK2 complexes are RB1CC1, ATG13, and 

ATG101. To assess their status during PV infection, H1-HeLa cells were infected with PV 

(MOI = 50) and levels of the complex assayed via western blot at 0, 2, 4, and 6 hpi. As 

seen in Fig. 4.6A, the levels of all the complex members were reduced as infection 

progressed. To determine if the virus targeted upstream signaling complexes AMPK and 

MTOR or downstream autophagic machinery, we monitored the BECN1 complex. H1-

HeLa cells were infected with PV (MOI = 50) and MTOR, phospho-MTOR (S2448), the 

PRKAA2/AMPKŬ2 subunit, phospho-PRKAA2 (T172), and BECN1 levels assayed via 

western blot at 0, 3, and 6 hpi (Fig. 4.6B). At all time points assayed, BECN1 levels were 

constant and consistent with mock-infected cells, suggesting that BECN1 is not targeted 

for degradation by PV. Levels of MTOR did not change throughout infection. Activating 

phosphorylation at serine 2448 was not significantly altered during infection. PRKAA2 

levels remained initially  constant but decreased at 6 hpi, activating phosphorylation on 

threonine 172 did not change. (Fig. 4.6B). Additionally, the ratio of phosphorylated to non-

phosphorylated MTOR or PRKAA2 did not significantly change during infection. This 

suggests that PV does not alter upstream signaling of the ULK1 complex or the 

downstream autophagic machinery. These data collectively suggest that PV purposely 

disrupts the ULK1 complex during infection and that the host signaling complexes may no 

longer regulate the induction of autophagy in infected cells.  
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Figure 4.6. The ULK complex levels decrease during PV infection but upstream or 

downstream complexes are unaffected.  

(A) H1-HeLa cells were mock-infected with PBS+ or PV at a MOI = 50 and collected at 0, 2, 4, 

or 6 hpi. RB1CC1, ULK1, ATG13, and ATG101 levels were assessed via western blot and 

densitometry analysis. Intensities were corrected to GAPDH. Error bars represent the standard 

error of the mean of n=3 independent experiments. Statistical significance was determined via a 

repeated measures ANOVA with a Tukey/Tukey-Kramer post-hoc test where * p<0.05.  (B) 

Western blot and densitometry analysis of MTOR, phospho-MTOR (S2448), PRKAA2/AMPKŬ2 

subunit, phospho-PRKAA2 (T172) subunit, and BECN1 levels in H1-HeLa cells that were mock-

infected or infected with PV (MOI = 50) for 0, 3, or 6 hpi. Intensities were corrected to ACTB.  

Error bars represent the standard error of the mean of n=3 independent experiments. Statistical 

significance was determined via a repeated measures ANOVA with a Tukey/Tukey-Kramer post-

hoc test where * p<0.05.  
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 The ULK1 complex has been canonically understood to be the major regulator of 

autophagy in mammalian cells. To understand if PV was inducing genuine 

autophagosomes, we assessed LC3-II levels during PV infection at a MOI = 50 for 6 h in 

the presence or absence of lysosomal inhibitors pepstatin A and E64D. (Fig. 4.S6). 

Whereas LC3-II levels increased during infection, as seen previously (Fig. 4.1C, 4.2D, 

4.4C, 4.S4), they decreased upon inhibition with the lysosomal inhibitors. However, 

when corrected to LC3-I levels, the ratio of LC3-II to LC3-I in PV infection with or 

without inhibition was not statistically significant. Due to the ambiguity of this particular 

experiment, we then explored whether PV induces the formation of WIPI1 puncta in 

infected cells, which are another marker of early autophagosomes (Fig. 4.S7). HEK-293T 

cells were transfected with an expression plasmid of GFP-WIPI for 40 h before either 

being mock infected (Fig. 4.S7A), infected with PV at a MOI = 10 for 5 h (Fig. 4.S7C), 

or placed in starvation medium for 5.5 h. (Fig. 4.S7C). Under mock conditions, WIPI1 

was diffuse in the cytosol. Upon starvation, WIPI1 formed clear puncta, suggesting 

successful autophagic induction. Under infection with PV, WIPI1 also formed puncta, 

suggesting that the virus did indeed induce the formation of bona fide autophagosomes.    

 Because the ULK1 complex is disrupted during infection, we asked what effect 

overexpression of ULK1 has on PV replication. Constructs overexpressing a mouse 

hemagglutinin (HA)-tagged ULK1 and a kinase-dead ULK1 mutant (K46N) were 

transfected into HEK-293T cells and then infected with PV at an MOI = 0.1 48 h post-

transfection (123). Intracellular PV titers were assayed at 0 and 6 hpi, while parallel 

uninfected cells were assayed via western blot to confirm overexpression (Fig. 4.S8). 

When wild-type ULK1 was overexpressed (Fig. 4.S8A) in cells, PV titers were 
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unaffected in comparison to the vector control (Fig. 4.S8B). When the kinase-dead 

ULK1K46N was overexpressed in cells (Fig. 4.S8C), PV titers were similarly unaffected 

by the overexpression in comparison to the vector control (Fig. 4.S8D). The kinase-dead 

ULK1 is a dominant negative regulator of autophagy, actively competing with 

endogenous ULK1 and inhibiting signaling (215).  

Figure 4.S6. Lipidation of LC3 during PV infection is not affected by lysosomal protease 

inhibition.  

H1-HeLa cells were treated with DMSO, infected with PV (MOI = 50) or infected with PV and 

treated concurrently with pepstatin A and E64D (PepA/E64D) for 6 h. Cells were then collected 

for western blot and densitometry analysis of LC3 levels. Error bars represent standard error of 

the mean of n=3 independent experiments. Statistical significance was determined via a one-way 

ANOVA with a Tukey/Tukey-Kramer post-hoc test where * p<0.05, ** p<0.01, *** p<0.001.  
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Figure 4.S7. WIPI1 ectopic expression in HEK293T cells results in the formation of puncta 

during infection with PV.  

HEK293T cells were transfected with GFP-WIPI1 and imaged by fluorescence microscopy. (A) 

HEK-293T cells were transfected with GFP-WIPI1 and were fixed 46 h post transfection as a 

negative control. A representative image is shown. (B) HEK-293T cells transfected with GFP-

WIPI1 for 40 h were placed into a starvation medium for 5.5 h. Cells were fixed 5.5 h post 

starvation as a positive autophagy control. A representative image is shown. (C) HEK-293T cells 

transfected with GFP-WIPI1 for 40 h were then infected with PV at a MOI = 10 for 5 h. Cells 

were fixed 5 h post infection. A representative image is shown.  
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Figure 4.S8. Overexpression of wild-type or kinase-dead ULK1 does not affect PV 

replication.  

H1-HeLa cells were transiently transfected with overexpression constructs expressing HA-

mULK1 or HA-mULK1K46N (kinase dead) for 48 h. (A) Western blot analysis of transfected H1-

HeLa cells that were mock-infected with PBS+ or infected with PV (MOI = 50). (B) Cell-

associated PV titers at 0 and 6 hpi in HA-mULK1-transfected H1-HeLa cells analyzed via plaque 

assay. Error bars represent standard error of the mean of n=3 experiments. (C) Western blot 

analysis of HA-mULK1K46N-transfected H1-HeLa cells that were mock infected or PV infected 

(MOI = 50). (D) Cell-associated PV titers at 0 and 6 hpi in HA-mULK1K46N-transfected H1-HeLa 

cells analyzed via plaque assay. Error bars represent standard error of the mean of n=3 

experiments.  
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Discussion 

 

Here we demonstrate an unusual relationship between poliovirus and the autophagic 

signaling machinery. The ULK1-RB1CC1-ATG13-ATG101 complex, which is thought 

to be essential for most autophagic signaling, is dispensable for induction of autophagic 

signals and generation of autophagosomes by PV. Since ULK1 and ULK2 have 

redundant functions, substituting for one another in the complex, knocking out one does 

not mean the complex cannot exist. We have been unsuccessful in knocking out both 

ULK1 and ULK2 in the same cells. Therefore, many of our assays focus on RB1CC1, 

which is part of the ULK1- and ULK2-containing complexes; thus, knockdown of 

RB1CC1 eliminates signals from both ULK-containing complexes (132, 202). 

 We considered that RB1CC1 may be specifically dispensable in a PV infection 

and that the virus somehow rescues the ULK1 complex for viral induction of autophagy. 

However, our data suggest the opposite. A ULK1/ULK2 inhibitor did not affect virus 

replication (Fig. 4.1D) nor autophagic signaling during infection (Fig. 4.4D). When we 

observed ULK1, RB1CC1, ATG13, and ATG101 protein levels throughout infection, we 

saw a loss of ULK1 (Fig. 4.1C and Fig. 4.6A) and ULK2 (Fig. 4.5E), and a marked 

decrease in RB1CC1, ATG13, and ATG101 (Fig. 4.6A) in comparison to mock-infected 

cells. Additionally, LC3 lipidation appeared to occur at timepoints post-infection at 

which there was little to no ULK1 or ULK2 protein detectable in the cell. These data 

suggest that PV is able to induce autophagy independent of the ULK complex, indicating 

a novel autophagic induction mechanism independent of ULK1. ULK1 complex-

independent autophagy has, to our knowledge, only been reported in cells treated with 
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ammonia to induce autophagy, so it is possible that the ammonia-dependent mechanism 

and the mechanism used by picornaviruses are similar (172). 

 Levels of BECN1, an essential component of downstream signaling from ULK1, 

do not change during infection (Fig. 4.6B) suggesting that PV targets the ULK complex 

and not its major downstream effector complex. FMDV 2C binds BECN1, so it is 

possible that picornaviruses do not engage the ULK1 complex because they directly 

signal to the downstream BECN1-PIK3C3-ATG14 complex (204). AMPK can directly 

phosphorylate BECN1 and presumably bypass MTOR and the ULK complex to induce 

autophagy (175). CVB3 interacts with AMPK; however, this has been reported to be both 

beneficial and detrimental to virus replication. CVB3 has been reported to induce 

autophagy via signaling to AMPK-MAP2K/MEK-MAPK/ERK, although whether this is 

a bypass of the ULK1 complex or signaling directly to it has not been elucidated (216). 

Other groups have shown that activation of AMPK may actually be detrimental to CVB3 

replication, because activation of AMPK through specific agonists decreases CVB3 

replication, and knockdown of AMPK increases CVB3 viral replication (217). Our own 

investigations into AMPK and MTOR signaling reveal no significant changes in the 

activation states of AMPK or MTOR. (Fig. 4.6B).  

 As previously mentioned, FMDV nonstructural protein 2C interacts with BECN1 

(204). It is possible that PV 2C may also interact with BECN1, potentially recruiting the 

BECN1 complex to active sites of replication to induce the formation of autophagosomes 

in a ULK-independent fashion. Recently, it was shown that treatment of recombinant 

FMDV structural protein VP1 (rVP1) induces LC3 lipidation and the formation of LC3 

puncta in macrophages. Interestingly, BECN1 is dispensable for this autophagic 
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induction (218). This may be a host antiviral response to viral pathogen-associated 

molecular patterns, which lead to autophagy upregulation and subsequently MHC-II 

presentation.  

 Our group and others have previously reported that PV can induce bona fide 

autophagy using loss of full-length SQSTM1 as our primary assay (76, 83). We have 

been unable to explain how active autophagy is compatible with the role of the 

amphisome as a site of virion maturation (76). If autophagosomes become degradative, 

we would expect loss of mature virions instead of their release from the cell. While PV 

does indeed decrease the levels of 62-kDa SQSTM1 in the cell (Fig. 4.4A), here we 

report that the loss of the full-sized SQSTM1/p62 band is not primarily due to autophagic 

degradation. While observing the reduction of full-length SQSTM1 would suggest that 

autophagic degradation is increased, the appearance of a lower molecular weight species 

indicates not all SQSTM1/p62 is being completely degraded (Fig. 4.4AB). 

Coxsackievirus B3 cleaves SQSTM1 during infection, and the CVB3-encoded 2A 

protease is responsible for this cleavage (94). This lower molecular weight form of 

SQSTM1 was not observed in mock-infected cells, cells infected with UV-inactivated 

virus, or cells infected in the presence of the virus replication inhibitor guanidine 

hydrochloride (Fig. 4.4C). This finding indicates, importantly, that loss of SQSTM1 can 

be a false positive for autophagy, especially in the case of virus infection. We also 

observed a higher molecular weight nonspecific band (Fig. 4.S4) that was present 

regardless of infection, although the lower molecular weight band was viral specific. We 

are currently carrying out experiments to determine if PV 2A carries out the cleavage of 

SQSTM1, as has been shown for CVB3, or whether another viral protein is responsible.  
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 These SQSTM1 cleavage data in particular alter the model for poliovirus and 

autophagy. These data bring into question whether PV induces degradative autophagy, as 

has been previously assumed. This is further complicated by the fact that SQSTM1 

protein levels are one the fieldôs primary reliable assays to measure degradative 

autophagy (81). CVB3 has been shown to cleave other autophagic cargo receptors, such 

as NBR1, so this may be a general picornavirus strategy (95). We used transmission EM 

to assess the ability of PV to induce membrane rearrangements and DMV formation in 

the presence or absence of RB1CC1 (Fig. 4.3 &  Fig. 4.S2). We observe that regardless of 

RB1CC1 knockdown, PV was still able to induce membrane rearrangements and the 

formation of DMVs 3.5 h post infection. This further substantiates and supports our 

conclusion that PV induction of autophagosome formation is independent of the ULK 

complex. We do not yet know which components of the cellular autophagic machinery, 

such as the LC3 lipidation complex or BECN1 complex, are engaged by the virus to 

induce these membrane rearrangements.  

 Finally, we decided to address the hypothesis that ULK1 degradation is important 

for a successful infection. We overexpressed wild-type and kinase dead (dominant 

negative) ULK1 to examine if either would affect PV replication. If ULK1 was truly 

dispensable during PV infection, then we would hypothesize that PV replication would 

not be affected in either case. Indeed, we found that PV cell-associated titers were similar 

to vector control titers in the wild-type ULK1 and kinase dead ULK1 conditions at 0 and 

6 hpi (Fig. 4.S8B and 4.S8D). Thus, our data suggest that because the presence or 

absence of ULK1 does not affect PV replication, ULK1 and ULK2 are not required 

during infection. Considering our data collectively, we propose that PV induces 
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autophagic signals not dependent on the ULK1/2 complex in order to induce LC3 

lipidation and autophagosome formation, though whether the process completes to 

degradation is still unknown. 

 ULK1 activity and stability is regulated by K63-linked ubiquitination, and the 

chaperone protein C1QBP inhibits this regulatory modification (219). Recently, it was 

shown that ULK1 was used as a mechanistic switch for the regulation of autophagy 

during periods of ongoing stress or starvation (220). This work showed that ULK1 

protein levels decreased after 2 h of starvation and that the decrease was due to 

proteasome-mediated degradation following ubiquitination by the E3 protein NEDD4L 

(neural precursor cell expressed, developmentally down-regulated 4-like, E3 ubiquitin 

protein ligase). PV-induced degradation of ULK1 was proteasome-independent (Fig. 

4.5A). The authors also showed that ULK1 protein levels return to basal levels after 

prolonged starvation in an MTOR-dependent fashion. However, we do not see the 

recurrence of ULK1 during infection, nor did our control experiments demonstrate a loss 

of ULK1 during starvation (data not shown.) We suspect that this is because ULK1 

protein levels are maintained by new protein synthesis, and during picornavirus infections 

host cellular transcription and translation are shut off (221, 222). These results may be a 

possible explanation for why ULK1 degradation is so readily observed during infection.  

 Furthermore, a relatively recent RNAi screen against mammalian ATG genes in 

the context of infection with encephalomyocarditis virus (EMCV), a member of the 

Picornaviridae family, assessed the role of the ULK complex members during infection 

(190). The work found similar results as the knockdown of ULK1 and ULK2 did not 

significantly affect EMCV replication, despite inhibiting basal autophagy. Interestingly 
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enough, the authors found that ATG13 and RB1CC1 knockdown significantly enhance 

viral replication for EMCV, CVB3, and EV-71. This led the authors to conclude that 

ATG13 and RB1CC1 may play an antiviral role for picornaviruses. We do not observe an 

antiviral function for RB1CC1 against PV specifically, because knockdown of RB1CC1 

does not affect viral replication. This suggests that PV may replicate differently from 

EMCV, CVB3, and EV-71 in the context of RB1CC1 and ATG13 antiviral functions. 

 To our knowledge, this is the first time that ULK-independent autophagic 

signaling has been shown during infection. Our data conclusively shows that PV is able 

to induce autophagic signals in the absence of a complete ULK1 complex (172). Whether 

this bypassing of the canonical signaling pathway is limited to viral infection or whether 

ULK1-independent autophagy plays other roles has yet to be determined.  
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Materials and Methods 

 

Cell lines and culture conditions.  

H1-HeLa cells were purchased from ATCC (CRL-1958) and grown in minimal essential 

media (MEM; Invitrogen, 11095098) containing L-glutamine, phenol red, sodium 

pyruvate, penicillin/streptomycin, and 10% fetal bovine serum (FBS) at 37°C, 5% CO2. 

HEK-293T cells were purchased from ATCC (CRL-3216) and grown in Dulbeccoôs 

Modified Eagle Medium (DMEM; Invitrogen, 11965118) containing high glucose, L-

glutamine, phenol red, sodium pyruvate, penicillin/streptomycin, and 10% FBS at 37°C, 

5% CO2. Unless otherwise noted, all transfections utilized the above media formulations 

without antibiotics. Cells were passaged by removing spent media, treating cells with 

0.05% Trypsin-EDTA (Invitrogen, 253200062) and resuspending cells. Trypsin was 

inactivated by the addition of media containing FBS and the cells subcultured into new 

plates. 

Reagents.  

Pepstatin A (Sigma Aldrich, P5318), cycloheximide (Sigma Aldrich, C7698), and E64D 

(Sigma Aldrich, 8640) were purchased from Sigma Aldrich and made up in ethanol. 

Guanidine HCl (Sigma Aldrich, G3272) was purchased from Sigma Aldrich and made up 

in nuclease-free, protease-free, sterile water. Bafilomycin A1 (sc-201550) was purchased 

from Santa Cruz Biotechnology and diluted in nuclease-free, protease-free, sterile water.  
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Plasmids.  

Plasmid constructs pME18S-3HA-mULK1 (Addgene, 22896), pME18S-3HA-mULK1 

K46N (Addgene 22897), and pMXs-IP GFP-WIPI1 (Addgene, 38272) were a gift from 

Masaaki Muramatsu (123, 223). 

Antibodies.  

ULK1 antibody was purchased from Cell Signaling Technology (8054S) and used at a 

1:1000 dilution. ULK2 antibody was purchased from Abcam (ab97695) and used at a 

1:1000 dilution. MTOR antibody was purchased from Abcam (ab2732) and used at a 

1:1000 dilution. Phospho-MTOR antibody was purchased from Cell Signaling 

Technology (5536S) and used at a 1:1000 dilution. PRKAA2 subunit antibody was 

purchased from Abcam (ab3760) and used at a 1:1000 dilution. Phospho-PRKAA2 

subunit antibody was purchased from Abcam (ab133448) and used at a 1:1000 dilution. 

GAPDH antibody was purchased from Cell Signaling Technology (2178) and used at a 

1:2000 dilution. ACTB antibody was purchased from Novus Biologicals (NB600-532) 

and used at a 1:1000 dilution. MAP1LC3B/LC3B antibody was purchased from Novus 

Biologicals (NB600-1384) and used at a 1:1000 dilution. RB1CC1 antibody was 

purchased from Cell Signaling Technology (12436) and used at a 1:1000 dilution. 

SQSTM1/p62 antibody was purchased from Abnova (H00008878-M01) and used at a 

1:20,000 dilution. ATG13 antibody was purchased from Cell Signaling Technology 

(13468) and used at a 1:1000 dilution. ATG101 antibody was purchased from Cell 

Signaling Technology (13492) and used at a 1:1000 dilution. BECN1 antibody was 

purchased from Thermo Fisher (PA5-20171) and used at a 1:1000 dilution. PV 3A 
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antibody was as previously described (75). HA antibody was purchased from Covance 

(MMS-101P) and used at a 1:1000 dilution. Goat anti-mouse HRP-conjugated antibody 

was purchased from Bio-Rad (170-6516) and used at a 1:10,000 dilution. Goat anti-rabbit 

HRP-conjugated antibody was purchased from Bio-Rad (170-651) and used at a 1:2000 

dilution. 

Generation of ULK1 and ULK2 knockdown cells.  

Puromycin (Sigma Aldrich, P8833) kill curves were determined for HEK-293T and H1-

HeLa cells. Puromycin was used at 1.5 µg/mL of media to kill non-resistant cells within 2 

days in selection medium. HEK-293T cells were plated at 65-90% confluency in 6-cm 

plates and transfected using TransIT-293 (Mirus Bio, MIR2700) with lentivirus plasmid 

constructs ȹ8.9, VSV-G, and scrambled shRNA or shRNA against ULK1 or ULK2 

according to the manufacturerôs protocol. The ULK1 shRNA sequence used was 5ô-

CCGGCGCATGGACTTCGATGAGTTTCTCGAGAAACTCATCGAAGTCCATGCG

TTTTTTG-3ô (Sigma Aldrich, TRCN0000195477). The ULK2 shRNA sequence used 

was 5ô-

CCGGGATTGGGAGGTAGCTATTAAACTCGAGTTTAATAGCTACCTCCCAATCT

TTTTTG-3ô (Sigma Aldrich, TRCN0000196752). Following 18 h post transfection, 

media was removed and fresh media containing high-bovine serum albumin (BSA; 

Thermo Fisher, BP1600-100) was added. Media was collected at 48 h, filtered through a 

0.45-µm filter, and stored at 4°C while fresh high-BSA media was added and the cells 

incubated for an additional 24 h. Target cells were treated with 8 µg/mL hexadimethrine 

bromide before transduction with lentivirus containing media at various dilutions with 

high-BSA media and incubated overnight at 37°C, 5% CO2. Lentivirus-containing media 
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from 72 h post transfection was collected from the HEK-293Ts, filtered through a 0.45-

µm filter and used to replace the transduced target cell media. Target cells were incubated 

overnight at 37°C, 5% CO2.  

 Media was then removed from transduced plates and puromycin selection 

medium was added. Selection media was removed and replaced every 48 h until foci 

were detected. Individual foci were picked using a pipette tip and seeded into 24-well 

format in selection medium and allowed to grow. Clones were transferred to 6-well 

format and then into 6-cm plates and analyzed via western blot to verify knockdown.  

Transient ULK1, RB1CC1, PSMG1, and PSMG2 knockdown.  

As previously reported, siRNA against RB1CC1 was generated via Sigma Aldrich and 

the target sequence listed as: 5ô-ACGCAAAUCAGUUGAUGAUUA-3ô (196). As 

previously reported, siRNA against ULK1 was generated via Sigma Aldrich and the 

target sequence listed as: 5ô-CGCGCGGUACCUCCAGAGCAA-3ô (197). As previously 

reported, siRNA against PSMG1 and PSMG2 was generated via Sigma Aldrich and the 

target sequence listed as: 5ô-CCAGAAGCUUGAAGGGUUU-3ô for PSMG1 and 5ô-

GCAUAAAUGCUGAAGUGUA-3ô for PSMG2 (195). The siRNA duplex was annealed 

in annealing buffer containing 100 mM potassium acetate, 30 mM HEPES-KOH pH 7.2, 

2 mM magnesium acetate. The resuspended duplex was incubated at 90°C for 1 min and 

then 37°C for 1 h. Annealed duplex was then aliquoted and stored at -20°C. The control 

siRNA against Luciferase was purchased from Invitrogen (12935146). HEK-293T cells 

were plated at 45-65% confluency in media containing antibiotics in a 6-well format. 

Transfections of siRNAs were done utilizing Lipofectamine 2000 (Invitrogen, 11668019) 
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per the manufacturer's protocol. Media of transfected cells was changed to media without 

antibiotics during complex formation. Cells were incubated for 48 h at 37°C, 5% CO2. 

Viral production, infection, and plaque assay.  

Poliovirus Mahoney type 1 was generated as previously described (198). Briefly, 

linearized PV cDNA was transfected into H1-HeLa cells and overlaid with a final 

concentration of 1X MEM and 1% agar (BD, 214010) for 48 h. Plaques were picked and 

amplified twice in uninfected cells. Poliovirus was isolated via 3 rapid freeze-thaw cycles 

and centrifugation to remove cellular debris. Virus was then titered using H1-HeLa cells. 

Cells were infected with PV by removal of the culture medium and addition of PBS+ 

(phosphate buffered saline 140 mM sodium chloride, 2 mM potassium chloride, 10 mM 

sodium phosphate dibasic, and 1 mM potassium phosphate monobasic with 10 mM 

magnesium chloride and 10 mM calcium chloride) with or without PV and incubated for 

30 min at 37°C, 5% CO2. After adsorption, culture medium was added to the cells and 

incubated at 37°C, 5% CO2 for the appropriate incubation time. Viral samples were 

freeze-thawed 3 times in a dry ice-ethanol bath then incubated at 37°C and added to H1-

HeLa cells in serial dilutions. After adsorption, 1X MEM-1% agar was overlaid on the 

cells and incubated 48 h at 37°C, 5% CO2. Agar was removed and the cells stained with 

fixative containing crystal violet and washed with water. Plaques were then quantified to 

calculate plaque-forming units. 

Poliovirus UV inactivation.  

Poliovirus in PBS+ was inactivated using a UV-Stratalinker (Stratagene, 400075). PV 

was exposed to 100000J/m2 in auto-crosslink mode and then exposed to another 
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100000J/m2 dose. UV-inactivated samples were titered via plaque assay to verify 

inactivation in H1-HeLa cells.  

Western blot.  

Cells were lysed in buffer containing 10 mM Tris-HCl, pH 7.5, 10 mM sodium chloride, 

1.5 mM magnesium chloride, 1% NP-40 (Sigma Aldrich, NP40S) and protease inhibitor 

cocktail (Thermo Fisher, 8866) for 30-60 min on ice. Lysates were clarified by 

centrifugation at 2500xg, for 5 min at room temperature. Total protein levels were 

quantified either by BCA or Bradford assays (Sigma Aldrich, BCA1, B6916). Lysates 

were loaded into polyacrylamide gels and resolved using Tris-Glycine SDS-PAGE at a 

constant 90 volts. Gels were transferred onto PVDF membrane (Invitrogen, IB24001, 

IB24002) using the semi-dry iBlot2 apparatus (Invitrogen, IB21001) per the 

manufacturer's protocol. Membranes were blocked in 5% non-fat skim milk in Tris-

buffered saline (100 mM Tris hydrochloride pH 7.4, 2.5 M sodium chloride) containing 

0.125% Tween-20 (Sigma Aldrich, P1379) (TBST) for 1 h at room temperature. 

Membranes were then incubated with primary antibody in 1% skim milk-TBST at 4°C 

overnight, washed 3 times with TBST 10 min each wash, and incubated with secondary 

antibody in 1% skim milk-TBST at room temperature for 1 h. Membranes are then 

washed 3 times with TBST, 10 min each wash, and developed using Western Lightning 

ECL Pro (Perkin Elmer, NEL122001). Membranes were stripped with RestoreTM Western 

Blot Stripping Buffer (Invitrogen, 21059) and reblocked with 5% skim milk-TBST. 

Electron microscopy.  
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Cells were transfected as described and fixed in the dish with 2.5% glutaraldehyde+2% 

paraformaldehyde in 0.1 M PIPES buffer, pH 7.4, for 60 min at room temperature. Cells 

were then scraped off the wells, collected and enrobed in agarose. Agarose containing 

cells was trimmed into ~1 mm3 cubes, post fixed with 1% osmium tetroxide, 1.5% 

potassium ferrocyanide in PIPES buffer for 60 min, washed and en bloc stained with 1% 

uranyl acetate in water. Specimens were then washed and dehydrated using 30%, 50%, 

70%, 90% and 100% ethanol in series, 10 min each. This was followed by 2 100% 

acetone exchanges and infiltration with an increasing concentration of araldite-epon resin 

(Araldite 502-Embed 812; Electron Microscopy Sciences, 13940). After 2 exchanges of 

pure resin, specimens were embedded in Araldite-Epon resin and polymerized at 60°C 

overnight. Silver colored (~70 nm) ultrathin sections were cut and collected using a Leica 

UC6 ultramicrotome (Leica Microsystems, Inc., Bannockburn, IL,USA), and examined 

in a transmission electron microscope (Tecnai T12, FEI) operated at 80 kV. Digital 

images were acquired using an AMT bottom mount CCD camera and AMT600 software 

(Advanced Microscopy Techniques, MA, USA). 

Fluorescence microscopy of WIPI1.  

HEK293T cells were seeded 1 day before transfections onto Poly-D-lysine-coated (Sigma 

Aldrich, P7280) 15-mm coverslips (VWR, 470019-000) for 70% confluence on the day 

of transfections. GFP-WIPI1 and 1.5 ɛL Mirus TransIT-293 transfection reagent (Mirus 

Bio, MIR 2700) were used per 24-well plate, complexed in Opti-MEM (Gibco, 

31985070) for 30 min at room temperature. Transfection complexes were added to each 

well and cells were incubated under normal conditions. Forty h post infection, wells were 

either left as mock, starved for 5.5 h or infected with PV at an MOI = 10 for 5 h. Final 
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medium was aspirated and cells were fixed in cold 4% paraformaldehyde for 10 min. 

Cells were washed 2x in PBS, then coverslips mounted using Vectashield (Vector 

Laboratories, H-1000). Images were acquired on a Zeiss LSM 710 microscope. 

qPCR analysis of PSMG1 and PSMG2 transcript levels.  

RNA was isolated from HEK-293T cells 48 h post transfection with either siLuciferase, 

siPSMG1 or siPSMG2 (as described above) using Trizol (Invitrogen, 15596026) 

extraction and collection of lysates into microcentrifuge tubes. RNA extractions were 

performed using Direct-zolÊ RNA MiniPrep Kit from Zymo Research (RPI, ZR2050). 

Using the Applied Biosystems TaqManÊ Gene Expression Assay systems, qRT-PCRs 

were performed using TaqManÊ Fast Virus 1-Step Master Mix (Thermo Fisher, 

4444432) for PSMG1 and PSMG2, using assay IDs Hs00186605_m1 and 

HS00220315_m1, respectively. Expression analysis of ȹȹC-T was calculated using 

TFRC (transferrin receptor) as a housekeeping control (assay number #Hs00951083_m1 

from Applied Biosystems).  
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Statistical methods. 

Error was determined by finding the standard error of the mean of either N=3 or 

N=4 independent experiments as referred to in each figure legend. Where appropriate, 

statistical significance was determined via a two-tailed paired Studentôs t-test where * 

p<0.05, ** p<0.01, *** p<0.001, and **** p<0.0001. Where appropriate, statistical 

significance was determined via a repeated measures ANOVA with a Tukey/Tukey-

Kramer post-hoc test where * p<0.05, ** p<0.01, *** p<0.001. 
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Chapter 5: Role of Enterovirus proteins in viral-induced autophagy 

 

Introduction  

 

 Poliovirus does not require the ULK1/2 complex to induce autophagy (189). This 

process may not proceed to degradation as the virus cleaves autophagic cargo receptors 

such as SQSTM1 (95, 189, 224, 225). Recent evidence in EV-D68 suggests 

picornaviruses also cleave key autophagy SNARE proteins, vital fusion members 

between autophagosomes and lysosomes (224). The non-essential role of the ULK1/2 

complex in virus infections is not surprising, as many other stimuli that induce autophagy 

can bypass members of the ULK1/2 complex (226). One potential hypothesis that 

explains these results is the direct or indirect interaction of picornavirus proteins with the 

key membrane forming complexes of autophagy. Picornaviruses encode membrane 

associated viral proteins that, in theory, may be able to facilitate these interactions. 

 Downstream of the ULK1/2 complex is the BECN1 complex, composed of 

scaffold proteins BECN1, ATG14, PIK3R4, and the kinase PIK3C3 (154, 156, 227). This 

complex generates Phosphotidylinositol-3-phosphate (PI-3P) which enrich the pre-

autophagosome phagophore (153, 154). This enrichment is recognized by lipid binding 

proteins: WIP1/2 (228). These proteins serve as chaperones, recruiting ATG16, ATG10, 

ATG12, ATG5, ATG4, ATG3, and ATG7. These complexes resemble the E1, E2, and E3 

ubiquitin ligase complexes but have a different function. MAP1LC3B, also known as 

LC3B, is conjugated to phosphoethanolamine (PE) upon autophagy induction (129, 139). 

Lipidated LC3B decorates the forming autophagosome, serving functions in membrane 

curvature to generate the unique double membrane characteristic of autophagosomes 
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(129, 139). Logically, if poliovirus does not require the upstream regulator (ULK1/2), 

perhaps the virus uses viral proteins to mediate the recruitment of the BECN1 complex 

and LC3 lipidation complexes. 

 There is evidence in the literature that suggests that exogenous expression of 

specific picornavirus proteins may induce membrane rearrangements reminiscent of 

autophagy. (See Chapter 2). Primarily, in regards to poliovirus, membrane associated 

proteins 2BC, 3A, and 3AB have been shown (83, 104). Overexpression of 2BC and 3A 

generated double membrane vesicles in vitro while recombinant PV 3AB generated 

multilamellar liposomes when expressed in a cell-free extract. To better understand 

whether ULK1/2 independence was specific to only poliovirus, we explored the role of 

the ULK1/2 complex in enterovirus D68 (EV-D68), Coxsackievirus B3 (CV-B3), and 

rhinovirus A1 (RV-A1) infection. Additionally, to explore whether exogenous expression 

of picornavirus proteins affected the autophagic state of the host cell, we generated an 

overexpression system to explore viral protein function outside of an infection.  

 We found that RB1CC1 knockdown did not impact the autophagic signaling or 

viral replication of EV-D68, CV-B3, or RV-A1. Additionally, knockdown of BECN1 or 

PIK3C3 had no impact on poliovirus replication, though lipidation of LC3 appears 

reduced with BECN1KD. Utilization of a pcDNA expression system allowed for 

successful expression of 2BC and 3A from PV and CV-B3. Exogenous expression of 

viral proteins 2BC and 3A from PV and CV-B3 in a stably tandem fluorophore tagged 

LC3B expressing cells resulted in an increase in LC3 positive puncta compared to vector 

controls, though the percent acidified autophagosomes remained unchanged. Ultimately, 

these results demonstrate a possible role of 2BC and 3A in the generation of 
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autophagosomes, though whether a second signal is required for acidification is 

unknown. 

Results 

 

 To determine the role of the ULK1/2 complex in EV-D68 replication, HEK-293T 

cells transfected with siRNA against Luciferase or RB1CC1 were infected with EV-D68 

48 hours post transfection. Cells were either collected for Western Blot analysis or for 

plaque assay analysis 5 hours post infection (Figure 5.1). Recent work has demonstrated 

an important role for autophagy in EV-D68 replication, as inhibition of autophagy 

through inhibitors or knockdown of key lipidation components negatively affects the 

virus. As seen in Chapter 4, RB1CC1 knockdown inhibits basal autophagy (Figure 

5.1A). Like poliovirus, EV-D68 induces lipidated LC3-II (Figure 5.1A and C), leading 

to an increase in the LC3 II:I ratio (Figure 5.1D). Interestingly, RB1CC1 knockdown 

does not affect LC3 lipidation, suggesting that autophagy induction by EV-D68 is also 

independent of the ULK1/2 complex. EV-D68 replication is not impacted by the loss of 

RB1CC1 5 hpi (Figure 5.1B), mirroring the results of poliovirus. EV-D68 also appears to 

induce the degradation of RB1CC1 under siLuciferase conditions (Figure 5.1C) 

suggesting that EV-D68 behaves like poliovirus with regards to autophagy induction.  

 To understand the impact of RB1CC1, and by extension the ULK1/2 complex, on 

CV-B3 infection, HEK-293T cells were transfected with siRNA against Luciferase or 

RB1CC1, then infected with CV-B3. Autophagy markers were assayed by Western blot 

analysis and intracellular viral titers determined through plaque assay (Figure 5.2). As 

expected, RB1CC1 knockdown inhibits basal autophagy (Figure 5.2A). CV-B3 infection 
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does not induce significant LC3 lipidation (Figure 5.2A and C). CV-B3 has been 

documented to induce autophagy, though this may be a strain specific response (216). 

Like PV and EV-D68, RB1CC1 knockdown does not impact CV-B3 replication 6 hours 

post infection (Figure 5.2B). Unlike PV and EV-D68. CV-B3 infection does not result in 

the degradation of RB1CC1, highlighting another difference from PV and EV-D68 

(Figure 5.2C). These results suggest that the ULK1/2 complex plays no role in CV-B3 

infection, and that this strain of CV-B3 does not induce an autophagic response.  

 Rhinovirus A1 is not an obvious choice to test for ULK1/2 dependence. 

Rhinovirus A1 belongs to the subfamily of picornaviruses that are one of the causative 

agents of the human cold. Rhinovirus A1, however, is not dependent on autophagy for 

replication (229). Therefore, we expect that the role of the ULK1/2 complex will be 

minimal in the replication of RV-A1. Similar to EV-D68 and CV-B3, transfected cells 

were infected with RV-A1 (Figure 5.3) and assayed for autophagy markers as well as 

viral titers. RV-A1 infection induces a small amount of  LC3-II lipidation 6 hours post 

infection, though the increase is not significant as determined through 3 independent 

experiments (Figure 5.3A and C). The presence or absence of RB1CC1 does not affect 

this lipidation. Unsurprisingly, RV-A1 is not affected by the loss of RB1CC1. 

Collectively, these data suggest that ULK1/2 independence is not unique to poliovirus 

and may be a general feature of picornaviruses. Ultimately, a wider selection of viruses 

needs to be tested to determine if this is truly pan-picornavirus. 
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Figure 5.1. EV-D68 replication and autophagy induction is independent of RB1CC1.  

(A) HEK-293T cells were transfected with siLuciferase or siRB1CC1. Cells were then mock-

infected or infected with EV-D68 at a MOI=50 and collected for Western blot analysis 5 hpi. 

RB1CC1, SQSTM1, and LC3 levels were analyzed by Western blots. (B) HEK-293T cells 

transfected with the corresponding siRNA were infected with EV-D68 48 hours post transfection 

at a MOI=0.1. Cells were then collected and intracellular viral titers quantified by plaque assay. 

Error bars represent the standard error of the mean of N=3 independent experiments. (C) 

Densitometry analysis of RB1CC1, SQSTM1, and LC3-II levels of N=3 independent 

experiments. Error bars represent standard error of the mean. Statistical significance was 

determined by Studentôs t-Test where *p<0.05, ** p<0.01, ***p<0.001. (D) LC3-II:LC3-I ratios 

of N=3 independent experiments. Error bars represent standard error of the mean. Statistical 

significance was determined by Studentôs t-Test where *p<0.05, ** p<0.01, ***p<0.001.  
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Figure 5.2. CV-B3 replication is independent of RB1CC1.  

(A) HEK-293T cells were transfected with siLuciferase or siRB1CC1. Cells were then mock-

infected or infected with CV-B3 at a MOI=50 and collected for Western blot analysis 6 hpi. 

RB1CC1, SQSTM1, and LC3 levels were analyzed by Western blots. (B) HEK-293T cells 

transfected with the corresponding siRNA were infected with CV-B3 48 hours post transfection 

at a MOI=0.1. Cells were then collected and intracellular viral titers quantified by plaque assay. 

Error bars represent the standard error of the mean of N=3 independent experiments. (C) 

Densitometry analysis of RB1CC1, SQSTM1, and LC3-II levels of N=3 independent 

experiments. Error bars represent standard error of the mean. Statistical significance was 

determined by Studentôs t-Test where *p<0.05, ** p<0.01, (D) LC3-II:LC3-I ratios of N=3 

independent experiments. Error bars represent standard error of the mean. Statistical significance 

was determined by Studentôs t-Test where *p<0.05.  
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Figure 5.3. RV-A1 replication is independent of RB1CC1.  

(A) HEK-293T cells were transfected with siLuciferase or siRB1CC1. Cells were then mock-

infected or infected with RV-A1 at a MOI=50 and collected for Western blot analysis 6 hpi. 

RB1CC1, SQSTM1, and LC3 levels were analyzed by Western blots. (B) HEK-293T cells 

transfected with the corresponding siRNA were infected with RV-A1 48 hours post transfection 

at a MOI=0.1. Cells were then collected and intracellular viral titers quantified by plaque assay. 

Error bars represent the standard error of the mean of N=3 independent experiments. (C) 

Densitometry analysis of RB1CC1, SQSTM1, and LC3-II levels of N=3 independent 

experiments. Error bars represent standard error of the mean. Statistical significance was 

determined by Studentôs t-Test where *p<0.05, ** p<0.01, ***p<0.001 (D) LC3-II:LC3-I ratios 

of N=3 independent experiments. Error bars represent standard error of the mean. Statistical 

significance was determined by Studentôs t-Test where *p<0.05.  
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 Poliovirus 2A protease cleaves SQSTM1, as seen in chapter 4, and in published 

work (95, 189, 224, 225). EV-D68, CV-B3, and RV-A1 also cleave SQSTM1 (Figure 

5.1A, 5.2A, 5.3A), which has been published elsewhere as well (224). Intriguingly, 

knockdown of RB1CC1 seems to have an effect on SQSTM1 cleavage. In EV-D68, CV-

B3, and RV-A1, SQSTM1 cleavage products are more prevalent in RB1CC1 than in 

siLuciferase KD conditions. The cleavage of SQSTM1 complicates the ability to interpret 

the degradative aspect of autophagy, as loss of full length SQSTM1 is not autophagy 

specific in a viral infection. SQSTM1 cleavage products may be more readily prevalent in 

knockdown conditions due to the inhibition of basal autophagy. With more full-length 

SQSTM1 present at the start of the infection, it makes sense that there will be more 

cleavage products. 

 The non-essential role of ULK1/2 suggests that picornaviruses are able to bypass 

regulatory components of autophagy induction. One attractive hypothesis could be that 

picornavirus proteins directly interact with autophagy proteins involved in generation of 

the membranes, bypassing regulatory and signaling autophagy proteins. Downstream of 

the ULK1/2 complex is the BECN1 complex. Unlike ULK1/2, which primarily serve as 

signaling and regulatory kinases, the BECN1 complex generates phosphatidylinositol-3-

phosphate lipids that are required for autophagosome biogenesis. The active enzyme, 

PIK3C3, is not autophagy specific. Only when the kinase is bound by BECN1 and 

ATG14 does the kinase generate phospholipids for autophagy. As this is one of the first 

complexes involved in autophagosome biogenesis, we hypothesized that picornaviruses 

directly recruit the complex for their own replication.  
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To test the dependence of BECN1 and PIK3C3 on PV, we carried out knockdown 

and infections of HEK-293T in a similar method to RB1CC1. We assayed autophagy 

markers SQSTM1 and LC3 as well as assaying viral titers 6 hpi (Figure 5.4). 

Knockdown of BECN1 was efficient and reproducible (Figure 5.4A and B), though 

knockdown did not affect SQSTM1 levels or LC3 lipidation, suggesting no inhibition of 

basal autophagy. Surprisingly, knockdown of BECN1 did not affect the viral induction of 

LC3-II (Figure 5.4B and C) or viral replication (Figure 5.4D), suggesting that BECN1 

is dispensable for PV induced-autophagy. Alternatively, due to the nature of RNAi, the 

knockdown of BECN1 may not have been sufficient to eliminate all PIK3C3 kinase 

activity. Ultimately, knockout of BECN1 may be necessary to validate our conclusion. 

BECN1 is characterized as a vital component of canonical autophagy, as various groups 

have found impaired autophagic responses in cells lacking BECN1 (175, 180, 227). 

Though BECN1 independent autophagy has been reported before in fatty acid induced 

autophagy, it is difficult to understand how PV infection has rendered BECN1 

dispensable (174). One possible explanation is that the virus has co-opted PIK3C3 

directly, eliminating the necessity of association with BECN1 or ATG14.  
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Figure 5.4 PV replication and autophagy induction is independent of BECN1 and PIK3C3.  

(A) HEK-293T cells were transfected with siLuciferase or siBECN1. Cells were then mock-

infected or infected with PV (MOI=50, 6hpi). BECN1 levels were assayed by Western blot. 

(B&C) SQSTM1 and LC3 levels were assayed from mock or PV-infected transfected cells from 

(A). Densitometry analysis was conducted on N=3 independent experiments. Error bars represent 

standard error of the mean. Statistical significance was determined by Studentôs t-Test where 

*p<0.05, ** p<0.01. (D) Cell associated viral titers 6 hpi were determined by plaque assay. Error 

bars represent standard error of the mean for N=3 independent experiments. (E) PIK3C3 

transcript levels were assayed by qPCR relative to transferrin receptor (TFRC) for H1-HeLa and 

HEK-293T cells. Error bars represent standard error of the mean of N=3 independent 

experiments. Statistical significance was determined by Studentôs t-Test where *p<0.05, ** 

p<0.01 (F) Cell associated viral titers were determined by plaque assay. Error bars represent 

standard error of the mean of N=3 independent experiments.  
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To test for the requirement of PIK3C3, HEK-293T and H1-HeLa cells were 

transfected with siLuciferase or siPIK3C3 and infected with PV 48 hours post 

transfection. Preliminary attempts to assay PIK3C3 protein levels by Western blot 

analysis met with failure, as two different commercial antibodies failed to detect PIK3C3 

(101 kDa). To circumvent this, PIK3C3 transcript levels were assayed by qPCR in 

comparison to housekeeping gene transferrin receptor (TFRC) to assess knockdown 

efficiency (Figure 5.4E). Knockdown efficiency varied by cell line, with ~40% 

knockdown in H1-HeLa versus ~60% knockdown in HEK-293T cells. PV replication, 

assayed by cell associated viral titers, showed no drastic change in comparison to 

siLuciferase conditions (Figure 5.4F). Overall, these results suggest that PV-mediated 

autophagy induction may independent of the BECN1 complex, though additional work 

through the use of knockouts and inhibitors is needed before being able to definitively 

draw this conclusion. This result poses a paradox as far as canonical autophagy is 

understood. The BECN1 complex is required for autophagosome biogenesis, but PV does 

not require the complex to induce the biogenesis of autophagosome like vesicles. 

Furthermore, without the PI-3P lipid enrichment from the BECN1 complex, it is unclear 

how the virus is able to recruit the LC3 lipidation machinery to forming phagophores. 

Perhaps viral proteins directly interact with these complexes and recruit them to active 

replication centers, thereby insuring that autophagosome biogenesis is occurring in 

proximity to replication centers.  

Ultimately, elucidating the mechanism of induction of picornavirus-mediated 

autophagy remains challenging. In the context of infection, multiple different process, 

cell mechanisms and viral mechanisms are working in concert with autophagosome 
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biogenesis only being a small sliver of infection. It is therefore impossible to find the key 

viral determinants with so many overlapping factors. We, therefore, opted to generate 

expression constructs of individual viral proteins that are likely candidates to affect 

autophagy. Due to the nature of the polyprotein, exogenous expression of individual 

picornavirus genes requires the addition of several components that normally would not 

need to be added in the cloning process. The first addition is an ATG start codon at the 

beginning of the gene. As the genome is translated into a single polyprotein, 

picornaviruses will only encode a single ATG start codon at the beginning of P1 (or L 

depending on the genera) which encodes the structural components of the capsid. 

Secondly, in a similar rationale, a STOP codon is required at the end of the picornavirus 

gene of interest.  

 We generated pcDNA 3.1 (+) constructs of PV and CV-B3 2BC and 3A that 

were tagged with N-terminal 3X FLAG to exogenously express viral proteins. We 

transfected these plasmids into our stably expressing GFP-mCherry-LC3 H1 HeLa cell 

line and carried out immunofluorescence analysis to measure the effect on autophagic 

flux. This was carried out for 3 independent experiments whose results are shown in 

Figures 5.5-5.7. Through these 3 replicates, we observed consistent patterns for each of 

the viral proteins tested.  

PV 2BC overexpression led to an increase in GFP and mCherry positive LC3 

puncta, mCherry positive puncta, as well as total puncta per cell in replicates 2 and 3 

(Figures 5.6-5.7). The acidification rate, measured as the ratio of mCherry positive 

puncta (where GFP was quenched by acidification) over total puncta, was not 

significantly different from vector control. This suggests that PV 2BC is able to induce 
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the formation of LC3 positive autophagosomes but does not increase the rate of 

acidification, suggesting that PV 2BC induction is not enough to trigger acidification into 

amphisomes or autolysosomes. 

PV 3A was tested in two ways in these experiments. We generated a Myc-tagged 

PV 3A that matched PV Mahoney Type 1 genomically (PV 3A) as well as a 3X-FLAG 

tagged PV 3A whose codons were optimized for expression in human cells (PV 3A CO). 

Both the genomic and codon optimized 3A increased the number of GFP/mCherry 

positive, mCherry alone, and total puncta (Figures 5.5-5.7). PV 2BC and 3A both 

seemed to induce the same number of puncta consistently. However, the rate of 

acidification in both PV 3A constructs was similar to PV 2BC (Figure 5.5B, 5.6B, 5.7B). 

Therefore, these data suggest that PV 3A is also able to induce LC3 puncta and 

presumably autophagosomes, that do not acidify. We also observed that cells transfected 

with the codon optimized 3A also had several large puncta in comparison to vector. 

These large puncta could be a result of aggregation due to higher translation efficiency 

afforded by the codon optimization. 

Assessing the effect on autophagic flux of CV-B3 2BC and 3A revealed similar 

results to PV. Overexpression of CV-B3 2BC showed an increase in GFP/mCherry 

positive, mCherry alone, and total puncta per cell (Figures 5.5-5.7). CV-B3 2BC 

induction levels were similar to PV 2BC, suggesting that induction of LC3+ 

autophagosomes may be intrinsic to 2BC. Furthermore, the acidification rate of cells 

expressing CV-B3 2BC was not significantly greater than vector control. CV-B3 3A also 

generally increased the levels of GFP/mCherry positive, mCherry alone, and total puncta 

(Figures 5.5-5.7). These levels were similar to PV 3A as well as PV and CV-B3 2BC. In 
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agreement with the other viral proteins, CV-B3 3A overexpression did not impact 

acidification. Collectively, these results suggest that PV and CVB3 2BC and 3A contain 

an intrinsic capacity to induce the formation of LC3+ puncta, but lack the ability to push 

these vesicles towards acidification. 

Figure 5.5. First replicate of PV and CVB3 viral overexpression in GFP-mCherry-LC3 H1 

HeLa cells.  

Cells were transfected with the corresponding plasmid construct and incubated in a humidified 

incubator at 37°C, 5% CO2, for 24 hours. Cells were then fixed with 4% paraformaldehyde before 

probing for the corresponding viral protein. Cells were imaged using a 60X oil emersion 

objective using the Echo Revolve Fluorescence microscope. (A) The black and white images 

depict viral protein expression while the color images depict GFP and mCherry fluorescence. PV 

2BC, 3A Codon Optimized (CO), CV-B3 2BC, and CV-B3 3A, are 3X-FLAG tagged. PV 3A is 

Myc-tagged. (B) Quantification of N=15 individual cells from (A), quantifying GFP-mCherry 

positive LC3 puncta, mCherry alone, and total puncta. The ratio of mCherry puncta to total 

puncta measures acidification of each condition. Statistical significance versus pcDNA vector 

control was determined by Studentôs T-test where * p<0.05, **p<0.01, ***, p<0.001, 

****p<0.0001, *****p<0.00001. Error bars represent standard error of the mean. 
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Figure 5.6. Second replicate of PV and CVB3 viral overexpression in GFP-mCherry-LC3 

H1 HeLa cells.  

Cells were transfected with the corresponding plasmid construct and incubated in a humidified 

incubator at 37°C, 5% CO2, for 24 hours. Cells were then fixed with 4% paraformaldehyde before 

probing for the corresponding viral protein. Cells were imaged using a 60X oil emersion 

objective using the Echo Revolve Fluorescence microscope. (A) The black and white images 

depict viral protein expression while the color images depict GFP and mCherry fluorescence. PV 

2BC, 3A Codon Optimized (CO), CV-B3 2BC, and CV-B3 3A, are 3X-FLAG tagged. PV 3A is 

Myc-tagged. (B) Quantification of N=15 individual cells from (A), quantifying GFP-mCherry 

positive LC3 puncta, mCherry alone, and total puncta. The ratio of mCherry puncta to total 

puncta measures acidification of each condition. Statistical significance versus pcDNA vector 

control was determined by Studentôs T-test where * p<0.05, **p<0.01, ***, p<0.001, 

****p<0.00 01, *****p<0.00001, *******p<1.0 x 10 -8. Error bars represent standard error of the 

mean. 
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Figure 5.7. Third replicate of PV and CVB3 viral overexpression in GFP-mCherry-LC3 H1 

HeLa cells.  

Cells were transfected with the corresponding plasmid construct and incubated in a humidified 

incubator at 37°C, 5% CO2, for 24 hours. Cells were then fixed with 4% paraformaldehyde before 

probing for the corresponding viral protein. Cells were imaged using a 60X oil emersion 

objective using the Echo Revolve Fluorescence microscope. (A) The black and white images 

depict viral protein expression while the color images depict GFP and mCherry fluorescence. PV 

2BC, 3A Codon Optimized (CO), CV-B3 2BC, and CV-B3 3A, are 3X-FLAG tagged. PV 3A is 

Myc-tagged. (B) Quantification of N=15 individual cells from (A), quantifying GFP-mCherry 

positive LC3 puncta, mCherry alone, and total puncta. The ratio of mCherry puncta to total 

puncta measures acidification of each condition. Statistical significance versus pcDNA vector 

control was determined by Studentôs T-test where * p<0.05, **p<0.01, ***, p<0.001, 

****p<0.0001, *****p<0.00001, *******p<1.0 x 10 -8, and ********p<1.0 x 10 -9. Error bars 

represent standard error of the mean. 
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Discussion 

 

 Our initial discovery of poliovirus-mediated autophagy induction being 

independent of ULK1/ULK2 has led us to want to uncover the underlying mechanism 

that appears to be unique to picornaviruses. We have now demonstrated that multiple 

picornaviruses are also independent of the ULK1/2 complex, suggesting a more general 

phenotype that may in fact expand to be pan-picornavirus. However, multiple viruses, 

including viruses that are evolutionarily distinct from poliovirus, must be tested first 

before we can conclude how general this phenotype may be. It is not surprising that 

picornaviruses have evolved a mechanism to circumvent the regulation of ULK1/2, and 

directly interact with downstream components. 

 Logically, our efforts turned to investigating the role of the BECN1 complex and 

the lipid kinase PIK3C3. We hypothesized initially that the viruses bypassed ULK1/2 to 

directly utilize the BECN1 complex to generate the phospholipid enrichment that brings 

in key autophagosome biogenesis machinery. As this complex has been described as to 

be essential in canonical macro-autophagy, we assumed that knocking down components 

of this complex would harm viral replication. When we tested this hypothesis by 

knocking down BECN1 and PIK3C3, we were surprised to find no significant impact on 

poliovirus replication, suggesting an unheard of BECN1/PIK3C3 independent autophagy 

induction mechanism. The collective data now suggest that poliovirus and other 

picornaviruses are capable of bypassing several key, and canonically essential, events in 

inducing autophagosome formation. Ultimately, these results reveal how efficiently and 

elegantly these viruses have evolved a mechanism that truly re-sculpts a basic cellular 

process for their own benefit. 
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 If PIK3C3 was dispensable, this suggested that phosphatidylinositiol-3-phosphate 

lipids were not essential for poliovirus-induced autophagosome biogenesis. The major 

function of these phospholipids is to serve as a signal for WIPI1/2 to recruit LC3 

lipidation complexes to the forming phagophore. Therefore, one potential mechanism of 

action for picornaviruses would be the direct recruitment of these complexes by viral 

proteins. This would bypass the host signaling requirement while also allowing direct 

viral control of the membrane formation process. Evidence does exist that suggest a role 

in this process for poliovirus 2BC, 3A, and 3AB (83, 104). We hypothesized that these 

membrane bound viral proteins could serve as chaperones that recruit autophagosome 

biogenesis proteins directly to areas where these proteins had enriched the membrane. 

These viral proteins are thus able to induce de novo autophagosome formation at sites of 

viral replication.  

 To explore this hypothesis, we developed an expression system using pcDNA 3.1.  

Using a GFP-mCherry-LC3 expressing H1 HeLa cell line, we could assess autophagic 

flux through GFP quenching. We found that all the viral proteins tested, PV and CV-B3 

2BC and 3A, were able to increase the number of GFP/mCherry positive, mCherry alone, 

and total puncta per cell compared to vector control. Surprisingly, though the number of 

puncta increased, the percent acidified autophagosomes remained unchanged across all 

viral proteins tested when compared to vector control. These results suggest that while 

PV and CVB3 2BC and 3A have an intrinsic capability to induce LC3+ puncta, they are 

not able to trigger acidification. This suggests that a second trigger may be required to 

induce acidification, and flux, in this system. Whether the combination of 2BC and 3A 

are enough to provide the second signal for acidification is unknown at this time, further 
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exploration into the co-expression of these viral proteins may reveal key insights into the 

picornavirus-mediated process of autophagy induction. 

 Ultimately, through the use of these expression systems, we may be able to 

directly probe interactions between 2BC and 3A and host factors, further elucidating the 

mechanism of induction. Through the use of immunoprecipitation and mass spectrometry 

analysis, our goal of identifying key host determinants in picornavirus-mediated 

autophagy induction has become a tangible possibility. Furthermore, validation of these 

potential candidates and the potential in vitro reconstitution of this viral mechanism will 

enable us to identify new therapeutic targets and new potential inhibitors that may have a 

broad acting efficacy in picornaviruses.  

  



132 
 

Material and Methods 

 

For a more detailed Material and Methods. See Chapter 3. 

 

Plasmid Construction 

Poliovirus and Coxsackievirus B3 plasmids were constructed by digesting pHAGE 

plasmids containing the inserts of interest with NheI and XhoI individually for 1 hour at 

37°C, followed by inactivation at 65°C for 15 minutes. Inserts were gel purified out and 

ligated to digested pcDNA 3.1 (+) using T4 DNA ligase. Ligation reactions were kept at 

room temperature for 2 hours, followed by inactivation at 65°C. Ligation reactions were 

then transformed into DH5Ŭ- chemically competent E. coli, plated, and colonies allowed 

to grow overnight at 37°C. Colonies were screened via colony PCR using the pHAGE 

primers listed in Table 3.4. Positive colonies were made into glycerol stocks and verified 

via Sanger sequencing. 
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Chapter 6: Amino Acid Starvation-induced Autophagy is Independent of the 

ULK1/2 Complex 

 

Introduction  

 

 While autophagy maintains cellular homeostasis, the entire process can be up 

regulated in certain situations. As discussed in Chapter 4, pathogens such as poliovirus 

can increase autophagy induction while later manipulating downstream events to 

facilitate their own replication. Autophagy upregulation is not unique to infection and 

many of the non-pathogenic activating stimuli for autophagy are metabolic in nature. 

Nutrient starvation, for example, has been shown to induce higher levels of autophagy in 

cells both in vivo and in vitro (153, 163, 172, 181, 230). Glucose starvation, growth factor 

deprivation, amino acid depletion, and serum starvation can all induce autophagy as a 

mechanism of cell survival (163, 169, 231, 232). By degrading cytosolic components to 

provide carbon sources such as sugars, amino acids, and lipids, cells can temporarily 

survive the conditions that induced autophagy. There is a limit to cell survival through 

autophagy (233ï235). If low nutrient conditions persist, the cell may activate cell death 

pathways should autophagy stall or be interrupted (236). Furthermore, extended 

activation of autophagy also triggers negative feedback mechanisms that will eventually 

down-regulate the degradative pathway through post-translational modifications and 

changing the expression of key autophagy genes (151, 167, 237).  

 As discussed in depth in Chapter 2, macro-autophagy is regulated by the ULK1/2 

complex, which serves as a signal nexus for upstream nutrient-sensing kinases. MTOR is 

sensitive to amino acid concentrations in the cell, as the levels of certain amino acids 
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such as glutamine, can cause MTOR inactivation and subsequently lead to ULK1/2 

activation (232). AMPK is sensitive to glucose levels in the cell, as glucose starvation can 

activate AMPK and overcome MTORC1 inhibition of the ULK1/2 complex (134, 145). 

AMPK has also been shown to inhibit autophagy activation during glucose starvation, 

signifying a complex relationship between AMPK and autophagy induction (167). 

Despite ULK1/2 being required for autophagy induction, there have been several reports 

of autophagy induction independent of various members of the autophagy regulatory 

complexes. Chapter 1 covers these various cases in detail. Ultimately this suggests that 

certain stimuli of autophagy can circumvent core autophagy proteins. A recent 

publication focusing in on amino acid starvation, a commonly accepted method to induce 

autophagy, observed independence from ULK1/2. 

 Mejlvang et al. utilized a proteomic approach to identify changes in protein levels 

between A549 or BJ (primary fibroblasts) cells under amino acid starvation versus cells 

in nutrient-sufficient conditions (238). By feeding the cells with carbon-12 labeled 

arginine, starving in Hanks Balanced Salts Solution (HBSS) for 4 hours, and then using 

SILAC mass spectrometry, protein expression was shown to have decreased for up to 

10% of the total proteome. The most affected proteins were autophagy related proteins, 

primarily autophagy cargo receptors SQSTM1, NBR1, NDP52, and TAX1BP1, with a 

decrease of over 80% during starvation. LC3 also decreased significantly, at 50% (238). 

To determine if the proteomic decreases observed was due to lysosomal degradation, and 

therefore macro-autophagy, the same experiment was conducted in the presence of 

bafilomycin A1, which should prevent general vesicular acidification and inhibit 

lysosomal function. This approach ultimately revealed that 3% of the proteome of these 
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cells was rapidly degraded by the lysosome during amino acid starvation. These 

lysosome dependent proteins included plasma membrane proteins, such as SLC38A2 and 

SERINC1 (238).  

 Due to the composition of HBSS, cells were deprived of amino acids as well as 

serum (239). Serum starvation alone did not replicate the results observed by Mejlvang 

et. al. and was not additive in combination with amino acid starvation, suggesting that 

this rapid turnover is due primarily to amino acid starvation. Surprisingly, inhibition of 

MTOR and MTORC1 by incubation with rapamycin, had no effect on a panel of 

substrates such as NBR1, SQSTM1, TAX1BP1, NDP52, NDFIP1, GABL2, which had 

been identified through SILAC as targets of rapid degradation upon starvation (238). 

MTORC1 inhibition was confirmed through western blot analysis of the phosphorylation 

state of MTORC1 target S6K as well as LC3B puncta formation in cells. Autophagy 

induction through MTOR inhibition requires longer incubation times than starvation. 

Even in the presence of cycloheximide, which activates MTOR, starvation still causes a 

decrease of the cargo receptors, despite no LC3 puncta formation (165, 238). This 

evidence suggests that macro-autophagy may not play a role in the degradation of these 

proteins. This hypothesis is supported as inhibition of vital members of macro-autophagy: 

PIK3C3, RB1CC1, ULK1/2, ATG7, and ATG5, does not prevent degradation of 

autophagy cargo receptors NBR1, TAX1BP1, and NCOA4. The authors implicate 

endosomal micro-autophagy mediated through ESCRT proteins as an immediate 

response to starvation within 30 minutes, followed by canonical macro-autophagy. 

 The work of Mejlvang et. al. mirrors what we have uncovered for the starvation 

response in ULK1/2KO mouse embryonic fibroblasts. We show that under amino acid 
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starvation, both wildtype and ULK1/2KO MEFs degrade SQSTM1, though ULK1/2KO 

MEFS fails to induce LC3 lipidation. MEFs overexpressing GFP-RFP-LC3 were able to 

induce puncta formation within 1 hour of starvation, and autophagosome acidification 

occurred by 6 hours regardless of the presence or absence of ULK1/2. Treatment with 

MG132 and Pepstatin A/E64D failed to rescue SQSTM1 during starvation conditions for 

both cell lines, while bafilomycin A1 treatment partially restored SQSTM1 levels in both 

wild-type and ULK1/2KO cell lines. Whether this ULK1/2 independent autophagy 

induction is due to micro-autophagy and not macro-autophagy is unknown. 

Results 

 

 To confirm the genetic knockout of ULK1 and ULK2 in mouse embryonic 

fibroblasts, primers were generated that amplified regions between exons 2 and 3, where 

the knockout was generated, and further downstream in the locus, exons 17-21 for ULK1, 

and exons 21-22 for ULK2 (Figure 6.1A). Genomic DNA was extracted from parental 

and knockout MEFs and the regions of interest amplified through PCR (Figure 6.1B and 

C). ULK1/2 MEFs failed to amplify a product between exons 1-3, validating the genetic 

knockout. Western blot analysis of ULK1, ULK2, SQSTM1, and LC3 from these MEFs 

(Figure 6.1D) confirmed the loss of ULK1 protein product. Strangely, a commercial 

monoclonal ULK2 antibody detected a protein product of approximately the correct 

molecular weight (~112 kDa) in both the parental and ULK1/2KO cell lines. Other 

commercial ULK2 antibodies were tested, showing similar results, despite the PCR 

confirmation of a genetic ULK2 knockout.  
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This may suggest that current commercially available ULK2 antibodies are not 

suitable for use in these cell lines. However, due to the design of our ULK2 probe, we are 

not able to rule out the possibility of an alternatively spliced ULK2. This may explain the 

presence of the observed ULK2 band in the ULK1/2KO MEFs, though whether this 

protein product is functional remains uncertain. 
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Figure 6.1. Confirmation of ULK1 and ULK2 genetic knockout in mouse embryonic 

fibroblasts.  

(A) Exon map of the mouse ULK1 and ULK2 locuses. Primer sets were created between exons 1 

and 3, where Cre-Recombination eliminated this section, and further downstream: exons 17-21 

for ULK1 and exons 21-22 for ULK2. (B&C) Genomic DNA was extracted and PCR amplified 

with the designed primers. PCR products were run on a 1.0% agarose gel. (D) Western blot 

analysis of ULK1, ULK2, SQSTM1, and LC3 levels between parental and knockout cells. 
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 To determine the starvation response of these cell lines, both parental and 

ULK1/2 knockout cells were starved using a media containing no amino acids or serum 

but similar concentrations of glucose as MEM (240). SQSTM1 and LC3 protein levels 

were monitored by Western blot analysis (Figure 6.2A). Wild type MEFs followed a 

pattern that corresponds with traditional macro-autophagy. LC3-II lipidation is up-

regulated as soon as 2 hours into the starvation, peaking at 6 hours, and decreases shortly 

after (Figure 6.2A and B). SQSTM1 levels begin to drop as early as 2 hours and plateau 

at 6 hours into starvation (Figure 6.2A and C). The ULK1/2KO MEFs showed no LC3 

lipidation throughout starvation (Figure 6.2A and B). Surprisingly, SQSTM1 levels also 

decreased in response to starvation, occurring as early as 2 hours into starvation and 

plateauing at 6 hours into starvation, reminiscent of the wildtype MEFs. As LC3 

lipidation is a marker of macro-autophagy induction, these results raise the question of 

how SQSTM1 is degraded in the absence of LC3 membrane association, which is thought 

to be essential for macro-autophagy. The LC3-II:LC3-I ratio, a measure of autophagy 

induction, is unchanged in the ULK1/2KO MEFs as opposed to the wildtype, which 

readily increase the ratio as starvation continues. However, the experimental conditions 

tested for LC3 are not able to differentiate from a lack of autophagy induction or an 

increased turnover of LC3 in the ULK1/2KO MEFs. A proper autophagy flux assay, in 

which degradation is blocked through the use of inhibitors such as bafilomycin A1 would 

be able to differentiate between induction or rapid turnover. Indeed, as seen in Figure 

6.4A, we can detect LC3-II in ULK1/2KO MEFs treated with bafilomycin. Taken 

together, these results suggest that ULK1/2 may be dispensable for amino-acid starvation 

induced autophagy and that SQSTM1 loss may not be measuring macro-autophagy. 


