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Abstract

Title of Dissertation: Viral and Cellular Determinants of Picornavimesliated

Autophagylnduction

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 degradatianraoet of
cytosolic components, including eliminationddmagedrganelles and cytosolic cargo.
In response to cell stresspssich adput not limited tg starvation and infectioffrom
xenobiotics autophagy is upregulated. The process is controlledeoygstream
autophagy signalingLK complex, composed of the kinases ULK1 or ULK2, and the
scaffold proteins ATG13, RB1CC1, and ATG10his complex serves as a nexus for
signaling pathwayfom nutrient sensitive kinase complexes such as MTORCL1 or
AMPK. Poliovirus (PV) has been shown to induce autophagy in infected cells, but the
mechanism of initiation has not been completely elucid&edhermore, the host

cellular factors that are involved ihis virusinduced autophagy atsmknown.We

recently haveshown that PV does not require the UL/IRcomplex for replication or
autophagic signal induction during infection, demonstrating a novelliB-idependent
autophagic signaling pathway. We show that knockdown of RB1CC1, a vital scaffold
protein for the ULKL/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. PVauses the cleavage of an autophagic cargo receptor SQSTM1, which
was previously described in B3, and therefore impairs our ability to measoea

fide autophagy during infectioWVe have also found that several memberhef
Enterovirusgenus: Enterovirus D68 (EW68), Coxsackievirus B3 (GB3), and

Rhinovirus Al (RVAl) also do not require the ULK complex for replication or with

their respective effects on autophagye have evidence that suggests that the BECN1
complex, downstream ofi¢ ULK complex, is dispensable fBNV. Exogenous expression

of viral proteins 2BC and 3A from PV and €B3 increase the presence of LGRincta

but show no acidification of autophagosomes, suggesting the presence of a secondary
acidification signal. We dauss the implications of these findings in regards to the ability

of picornaviruses to reformat the induction process for their own benefit.
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Chapter 1: Introduction t@icornaviridae

Introduction

The family of viruses known d3icornaviridaeare characterized by their small
genome size. Physically, picornaviruses are amongst the smallest viruses currently
classified, with a particle size of 30 nanome(&is8). They are traditionally considered
nonmembrane bound viruses, containing only an icosahedrairpoatpsid protecting
the RNA(Li 3). Recent evidence suggests that several picornaviruses may also exist in
host derived vesicles from various cellular proce¢4ies). The name dApicorna
can be defined wo di fferent ways. The first comes fr
genome, 7.2 kol odfasrersi n gangeosifigemsteandpgdonatird of v e
theseviruseQ). The second def i ne polidvipus,iosensitiviyd as an
to etherCoxsackievirusprphanvirusyhinovirus, and riboucleicacid (9).
Picornaviruses are an ancient and highly branched family of viruses, causing a multitude
of diseases in various organisms besides humans and mafh@&)alithin the
Picornaviridaeexist several genera, winterovirus, CardiovirusandParaechovirus
containing some of the more medlly and human health relevant virug&s). (Figure

1.2).

The prototypical virus of thEnterovirusgenus, 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 utilireéd gat i ve pressur e, known <co

l ungs. 0 Poliovirus epidemics in the United &



research development in the 194®50s(12). In 1953, Dr. Jonas Salk developed an

inactivated poliovirus vaccine thatqwided effective protection against the virus. By

1957, poliovirus infections had dropped by 90% in the United Sth2@sAlmost

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

developed a live attenuated versaifrpoliovirusvaccine This virus was produced

through multiple passages in monkey cells, causing attenuation through mutations in key
residueg13). The Sabin vaccine was successfully tested in Russia, but the Salk vaccine
dominated in thé&Jnited State$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 bood2r 13. Unfortunately, the live

nature of the Sabin vacadieme vieal® Iped itooitriue ,r
wild-type revertant mutations in the replicating vaccine s By 1979, the United

St ates was -leetarad Apol hoidence of poliovir
environment were documentétR). Worldwide, poliovirus is nearing eradication.

However, there are still pliets 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 persigtidy 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 organiZagdan

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 clfildreirs

23). Enterovirus A71 (EVA71) can cause human hand foot and mouth disease, which



primarily affects children. In rare cas, children presenting with acute flaccid myelitis, a
form of paralysis of neurological origin, have been found to harbeAEYV genomes

(24). EV-A71 has caused outbreaks of paralysis cases in Australia (2013), Cambodia
(2012), China (2008), and Taiwan (1998, 2aQpwith several neurological paralysis
cases reported each tirt®8). Enterovirus D68 (EMD68) is another picoavirus that

was originally isolated in 1962. The virus has been associated with sporadic respiratory
infections but with no severe symptomology. In August of 201468 infections

spiked during an outbreak in the United States, affecting primarily ehi(dB). There

was also an increase in the number of acute flaccid myelitis icatbesUnited States.
There have been biennial outbreaks since 2(8}.25, 26) Though the data has not yet
been thoroughly examined for 2018, the cause of the biennial trend-DBB\Wutbreaks

in the United States remains unexplained. While poliovirus is transmittadytheofecal
oral route, and thus requiring ingestion of contaminated water or food sourcég,1IEV
and EVVD68 are respiratory viruses. This raises problems to possible containment and

guarantine of infected individuals should a greater outbreak occur.



Figure 1.1. The phylogenetic organization of selected picornaviruses.

On the right of the blue lines are the names of the genus these viruses belongadadfomith
disease virus (FMDV) is an agricultural pathogen that affects livestock. Hepatovirus A, also
known as Hepatitis A Virus (HAV), is a livepecific picornavira that infects humans.

Poliovirus type 1 (PM) is the causative agent of poliomyelitis and the prototypical picornavirus
for EnterovirusClade A. Human Rhinovirus A1 (HR¥1) is one ofithe causative agents of the
common cold. Enterovirus D68 (EM68) isa picornavirus that was initially characterized as a
rhinovirus. Enterovirus A71 (EM71) is another virus that has strong correlation to acute flaccid
myelitis. Coxsackievirus B3 (C¥B3) is a medically relevant virus that causes not only tiaotd
andmouh disease in children but as well as cardiac diseases. Coxsackie virus AN G
another virus that causes haodt-andmouth disease. Phylogenetic tree generated using iTOL
(27).

Foot-and-mouth disease virus | Aph thovirus

Hepatovirus A | Hepatovirus
Human poliovirus 1
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Enterovirus D68

{Coxsackievirus B3 strain Nancy Enterovirus
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Picornaviridae

Genome Structure

Picornavirus genomes are typically betweelDkilobases (khsof 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,
picornavirugs encode a single polyprotein that is proteolytically cleaved by encoded
viral proteases. The genome has sever al maj o
(UTR) including an Internal Ribosomal Entry Site (IRES) that enablesnclgpendent
translaion 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 2&° and RNA binding protein 2C; (4) The P3 region encodes viral protease
3C?andviralRNAd ependent RNA polymerase (RddRP) 3D;
includes a polyA tailike mimic that is generally conserved amongst picornaviruses,

though the length may diffé¢l). (Figure 1.2). Certain genera d?icornaviridaecontain
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one additional component to their genome. Fnatmouthdisease virus (FMDV) and

Erbovirus A, containa Leader sequence (L) whiehcodesn additional proteagé0).

The polyprotein is further processed by viral proteasé® 2Ad 3C™ into
precursor intermediates and finyalhto individual proteins.Kigure 1.2). The
intermediate products as well as the final processed forms have a function in the life
cycle of picornaviruse@8i 42). 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 VPO,
VP3, and VP1, which will form the immature capsid. Only upon RNA insertion into the capsid

will VPO be cleaved into VP2 and VP4, creating a mature and infectious virion. P2 is processed
further into 2&™ 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 watdgl and serves as a
primer for RNA synthesis, being incorporated into new genomes. 3CD yiel@a8¢ the RNA

dependent RNA polymerase 3D.
IRES
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Viral Lifecycle

The picornavirus capsid binds directly to host receptors on the plasma membrane
of target clis. (Figure 1.3). The entry receptors for PV, CB3, and several other
picornaviruses has been determined. For example, poliovirus requires CD155 to enter
host cell§43). CV-B3 utilizes the Coxsackievirus and adenovirus receptor (GAR)
However, certain picornaviruses such asBE&8 and EVVA71 have no conclusive
receptor, though several candidate receptors have been idef@i&@d). 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 caradidates
co-receptors. Once a sufficient quantity of receptors binds to the picornavirus capsid, a

small entry vesicle forms in a clathvimdependent manner.

The virus is endocytosed and begins to uncoat. The capsid proteins form an
insertion complex that ales viral RNA entry into the cytoplasm. The trigger for
uncoating is not yet well understood, with contradictory reports that acidification is
required(5, 51 55). The picornavirus genome is readily translatable aghis.
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 elF4G through viral protease 2A and pngventi
capdependent translatiq®6, 57) Viral proteases 2A and 3C additionally inhibit cellular
transcription and mRNA export by disrupting the nuclgare complex and targeting
components of RNA Polymerase |l comp(&8, 59) Nonstructural proteins that are not
proteases, such as 3A, also serve gromant function. Poliovirus 3A inhibits ERolgi

trafficking, disrupting the ability of the cell to secrete cytokines and expose-MtaC
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the cell surfac€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 positsense singlstranded viruses,

disrupt the ER and Golgi membranes to generate membi@négsal replication(63,

64).

Once viral replication centers are established, negaguse viral RNA is
generated to allow for the production of more positiease strands. During the early
stages of infection, these positisense strands are used by host ribosomes to generate
more polyproteins. Eventually, when a sufficient quantitseplication 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 VPO, VP1, and VP3. For the virus to
become infectious, an important cleavage step has to occur. The structural protein VPO
cleaved into VP2 and VP4, forming a mature infectious (@} It is not known
whether a viral or cellularrptease is responsible for this cleavage, but viral RNA must
be inside the capsid for this cleavage to 0€68). Mutations in the cleavage site found
in VPO promote the formation of nanfectious proviriong69). Glutathione interactions
within the capsid play a major role in the stability of viral capsids for PV and other
Enterovirs Type C viruseé70). Poliovirus 3CD induces the formation of infectious
virus in a celifree system, though the aot relationship of 3CD to the capsid proteins

was not establishg@1l).

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

in rupture of the plasma membrane and allowing naked virus to escape. From there, the

7



virus can infect neighboring cells ahdgin 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 membraf®mund vesicles containing multiple virio@. 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
TSGL01(4, 72, 73)PV has been known to utilize autophagy and autophagy components
for its replication(74i 76). The mechanisrmo f i a u t o {jmbdatgdesitomtheut

| ysi s 0 PVieable to becdatected in the extracellular medium prior to death of the
host cell was shown over a decade @gd CV-B3 is also found in vesicles in what
appears to be ndgtic release of virug6). This type of exit for picornaviruses suggests a
new mechanism of cetb-cell infection in a single host. The use of vesicles containing
multiple viruses may enable for faster infection as well as rescuplmatése-deficient
viruses through complementation, expanding the psepdoies existing within the host

(77). It is highly doubtful thatheincreasednfectious nature ahese vesicle bound
specieswhich can include viral RNA, replication machinery and defective particies,
survive the harsh environment outside of the host, suggesting tha&hwetoped viruses

are important for host to host transfgroviding stability andongeuvity.



Figure 1.3 The picornavirus lifecycle.

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

entry vesicle is endocytosed in a Clathridependent mechanism. (3) The capsid destabilizes

and formsa translocatiomomplex that inserts the genomic RNA into the host cell cytoplasm. (4)
The IRES containing positiveense singkstranded genome is able to be translated into a
polyprotein by host ribosomes in a eaplependent 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 ERGolgi trafficking. (6) The viral RNAdepemlent RNA polymerase will generate an
antirgenome 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 replicativergers. (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 VPO
will be cleaved into VP2 and VP4, in a maturation step that results in infectrogs (@)

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 demgabrane vesicles during infection
(78). Electron micrographs reveal virus particles inside these double membrane vesicles.
The authors suggested that these deoi®enbrane vesiclesere being generated
through autophagy as a cellular response to infection; therefore, virus was being degraded

by autophagy in an antiral mechanism.

Autophagy is a basal degradative pathway that is characterized by the formation
of characteristic ddue-membraned vesicles known as autophagosomes that take up
cytosolic cargd79). 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 punda formation of LC3B as it associates with autophagosomes, or the puncta
formation of early autophagosome markers such as WIBOIB2). Completionof the
process, the fusion with a lysosome and degradation of cellular components, can be
measured by following the steadtate levels of autophagic cargo receptors, such as

Sequestosomek (SQSTM1), that are degraded witle cargq81).

Since then, various research groups have described and dissected the relationship
between picornaviruses and autophagy. Poliovirus was amongst the first shown to benefit
from autophagyas knockdown of key autophagy components such as LC3 and ATG12
causes decreases of PV titéfd). Further investigation found that point mutations of

LC3 that intefere with covalent attachment of phosphoethanolamine, a hallmark of
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autophagy induction, also inhibit the ability of PV to induce the lipidafithis suggests
that the virugequires the same key residugsLC3as canonical autophag§3). Other
viruses, such as GB3, CV-B4, HRV-14, HRV-2, FMDV, EMCV, EV-A71, and EV

D68 also utilize autophagy and autophagy components for their own repliCatic8¥
89). Ultimately, treatment with autophagyducing compounds (such as rapamycin) or
autophagy inhibitors (such as@thyladenine) seem to have paradoxical effects on
poliovirus and otheripornaviruseg74, 84 89). Induction of autophagy promotes viral
replication while inhibition of awphagy decreases viral replicati@uggesting that these
viruses require the activation of a degradative pathway for their own replicatiendea
that picornaviruses induce a process that leattsetdestructiorof cytosolic components

does not logidéy make sense.

One possible hypothesis could be that these viruses utilize autophagosome
membranes foRNA replication. Picornaviruses do remodel and cause major membrane
rearrangements in host celr poliovirus, the mechanism of membrane rearrangement
is largely unknown but is thought to derive from the disintegration of endoplasmic
reticulum and Golgi nmabranes. Treatment with Brefeldin A, a fungal inhibitor of the
small GTRase family: ADPribosylation factor (ARF), inhibits polioviru®0, 91)

Brefeldin A is well characterized to inhibit Golgi traffickings well asnhibiting
poliovirus. Viral RNA replication is affected by Brefeldin A, as addition of Brefeldin A
in later stagesfdhe viral life cycle had no effect on PV replicati(gl). ARF3 and-5
translocate to membranes of infected cells that are actively translating viral RNA,
providing the mechanismf 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 membrang®2). These proteins play a major role in the secretory pathway of
mammalian cells. Poliarus nonstructural protein 3A recruits GBF1 and BIG1/2 which,

in turn, recruit the appropriate ARF to replication centé8s 92) Therefore, the authors

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

of replicative membranes while preventing host protein secr@B, 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 structureg2, 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 maink/diaglemembrane

structures and not doubieembrane autophagoson(&s, 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 thesstgadylt
length kvels of autophagy cargo receptor SQST(VA). However, the vira does not
require lysosomal proteases, as inhibition through pepstatin A, E64D, and leupeptin have
no effect on viral titer§76). Lysosomal proteases are a key component of degradative
autolysosomes, the eventual conclusion of autophagyritrast treatment with
acidification inhibitors bafilomycin Aand ammonim chloride, which also inhibit
autophagy, reduce viral titers by up tofbld, 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 lifecyf¢ However,
the maturation cleavage step of VPO into VP2 and igR#hpaired in cells treated with
acidification inhibitors, suggesting that PV requires acidification of a compartment for
the final maturation into infectious vir{g6). This acidification requirement is also
demonstrated for END68, in which BafA treatment decreased viral tit¢B9).
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, RVA1, and EVD68 modulate the autophagy degradative steps in a
definitive way: cleavage of autophagy cargo receptors such as SQEBIVE4 96).
SQSTML1 is split into two dominant negative halves, oneliimats LC3 and the other
that binds to cargo, disrupting the recruitment of cargo to forming autophago@fjes
Additionally, EV-D68 cleaves the cytosolic SNARE protein SNAP29, that according to
the literature, is required for fusion of autophagosomes with lysos@ag#nother
SNARE protein, SNAP47, which is an orphan SNARE protein is required by the virus
and for degradative autopha(f§®). Taken together, this recent data suggests that
picornaviruses, like PV and EM68, 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

sub\erted 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
overexprasion of PV and CMB3 2B induces influx of extracellular calciufB0, 32)

One hypothesis for the function of 2B is that the viropdastabilizes the integrity of the
plasma membrane, promoting egress of the {BQs32) Viral protein 2C contains
multiple domains and motifs that each have an identified function. 2C associates with
membranes utilizing the &&rmnus(97). Within 2C is an ATPase/GTPase domglt).

A cysteinerich motif near the @erminus, conserved in many picornaviruses, resembles
a zincfinger motif (28). Poliovirus 2Chinds zindn vitro but that the ability to bind zinc
had no effect on the ATPase activity of &@8). Additionally, 2C also binds to RNA
through two motifs, an Nerminal domain (amino acids 226 in PV) and a @erminus

arginine rich region (amino acid 3319 in PV)(36).

Work in poliovirus demonstrated that exogenousrexpression of 2BC causes
the formation of single membrane vesiq|@8). Overexpression of 2C and 2BC induces
the formation of 5850nm sized vesicles, similar to previous reports of PV 2BC electron
micrographg99). 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 [{88). Inmunoprecip#tion 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 ENA71 interacts with STX17 and SNAP29 via yetso-
hybrid and ceammunoprecipitation$100). STX17 and SNAP29 are two SNARE

proteins that are involved with autophagosdygsmsome fusion.

As LC3 lipidation leads to localization to autophagosomes, miegsiuC3
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 tedted) Overexpression of HAV 2C
has deleterious effects on HepG2 cdil#, 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-B3\2B localizes with LC3
(102) Contrary to C¥B3, CV-A16 2C or 3A, but not 2B, induces the formation of LC3
puncta, suggesting autophagy induct{®@3) 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 capadibymodulate autophagy.

Nonstructural protein 3AB and its processing products, 3A and 3B, have also
been implicated in affecting autophagy. PV 3Aepression with 2BC generates
doublemembrane vesicles as seen in electron microgri@&)sAddition of recombinant
PV 3AB into a cell freeextract containing liposomes generates douidenbrane
vesicles as well as multilamellar structures, suggesting that 3AB contains the intrinsic
ability to induce membrane curvatyd04) HAV 3A co-localizes with LC3, mirroring
some of the pabvirus fractionation result€L01). Interactias 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, cammunoprecipitations revealed that 3A interacts with viral
proteins 2C, 2BC, 3D, and 3QR05) PV 3A has been described to interact directiyhwit
GBF1, LIS1, and PI4K as shown throughioomunoprecipitations of exogenously
expressed viral proteif®0, 62, 106) Use of recombinant PVith tagged 3A confirms

the coimmunoprecipitation interactions with host factor GBF1 but not LIS1 or P6OK

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 eact 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
auophagy. Previous reports in poliovirus suggest that the virus induces degradative
autophagy due to the loss of autophagy cargo receptor SQ&BYIRecent evidence
has shown, first in CAB3, and then for EMD68, PV, and RVAl, SQSTML1 is cleaved
by 2AP™ resulting in a loss of fullength SQSTM1 that provides a falpositive 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 picornavires 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 @k 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

16



who can induce autoppasome 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-B§8 and
EV-A71 have also been associated with cases of acute flaccid myelitis in children. There
are currently no picornavirus specifietpeutics available, with many current treatment
regimens focused on preventative or supportive @de). The interweaved relationship
of picornaviruses such as PV and-BP88 with autophagy have highlighted potential and
novel new therapeutic targets for these visus®r example, inhibition of acidification of
infected cells severely reduces vitigdrsfor both PV and EMD68 (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-B6&E¥nd EVVA71. We do
not yet understand the cell tropism of 968, with many conflicting reports of potential
receptor candidatdg6, 47, 108)Furthermore, the lifecycle of E®68 remaiis 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 levelulvitiately

provide clearer and more concrete information on these poorly characterized viruses. By
understanding how these picornaviruses are able to manipulate angtrébschost cell
pathways, such as autophagy, for the benefit of viral replicatiertan begin to identify
potential hot spots and targets thatlld 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 HY68 evolve over tira or has the virus always had
neurovirulence capabilities? What role does autophagosoeaéated escape without

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

One other potential significance of our work in elucidatingrét@tionship 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, thidtresuld lead us to
generate an entirely novel vaccine approach. By culturing virus in the presence of
acidification inhibitors such as bafilomycin Ar chloroquine, we may be able to
generate predominantly nanfectious immature viruthat can be isolated through
conventional density centrifugation. As capsid maturation can be determined by the
specific cleavage of VPO into VP2 and VP4, we wouldlide o 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
exploitatonof t he virusoés dependhempatancerofttasut ophagy

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 thactwiral and host cellular

components required for picornavirugluced 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 picornaindigced 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
L

VPO
VP2
VP4
VP1
VP3
2A
2BC

2B
2C

3AB
3A

3B/VpG
3C

3D

Known Function

Additional protease found in certain geneses of picornaviruses
Precursor capsid protein fourdimmature virions; yields VP2 and VP4 when cleave
Capsid proteins found in mature virions

Viral protease involved in polyprotein processing

Protein precursor that yields 2C and 2B; membiassociated; overexpression geites
single membrane vesicles

Viroporin; membrane&ssociated

ATPase/GTPase; contains RNA binding activity; membiassociated; overexpressiol
generates single membrane vesicles

Protein precursor that yields 3A and 3B(VpG); membiasenciatedgenerates double
membrane and multilamellar structuresvitro

membraneassociated; interacts with GBF1; inhibitsERIgi trafficking; coexpression
with 2BC generates doubfeembrane vesicles

Uridylated protein that serves as a primerR)A synthesis

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

RNA-dependent RNA polymerase
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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) irequired in picornavirusnediated autophagic signaling.

Specific Aim 1aRole of the kinases ULK1/ULK2 in poliovirus replication and

autophagic signaling.

Specific Aim 1bAnalysis of the requirements of ULK1 complex members

RB1CC1 and ATG13 in poliovirugeplication.
Specific Aim 1cEnteroviruswide surveillance of ULK1/2 complex requirements.

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

for picornavirusmediated autophagic signaling.

SpecificAim 2a:Analysis of te interactions of upstream nutrient kinase signaling
in the absence of the ULK1 complex on picornavirus replication and autophagic

signaling.

Specific Aim 2bRole of core autophagic machinery on picornavinediated

autophagic signaling and viral replit.

Specific Aim 2ctmpact 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 3aDetermination of the autophagic response to starvation in

ULK1/2 knockout mouse embryonic fibroblasts.

Specific Aim 3bAnalysis of autophagic flux during amino acid starvation in the

absence of ULK1/2.
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Chapter2: So Many Roads: the ntudfaceted regulation of autophagy
induction

Introduction

Autophagy is a degradative cellular process that has been characterized since the
early 1970109). Autophagy plays an important rake cancer biology,
neurodegenerative diseases, aging, innate immunity, and can be upregulated during times
of stress such as nutrient starvation or pathogen infe(id). 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 twong that are in nutriestoor
conditions. Therefore the impact of autophagy is highly dependent on the cancer model
being studied111). Autophagy also plays a major role in the healthy development and
maintenancef neurons, as defects in this pathway have been implicated in
neurodegenerative diseases such as Al zhei mer
dementig112) Defects of autophagy in other tissue types besides neurons have also

been implicated in the detrimental effects of adiht3).

Theword autophagosome was coined by Christian de Duve and comes from the
Greek wordsautosmeaning selfphagosmeaning to eat, argbmameaning body109)
Autophagy can occur in several forms, depending on the induction aiggh&ype of
cargo, such as maceutophagy(includingmitophagy, ERphagy, and lipophagy
micro-autophagy, and chapereneediated autophagMacroautophagy (hereafter

referred to as autophagy) is characterized as the bulk degradative process thidy primar
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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
phagophog/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 endosne 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 autolysosomeF{gure 2.1).

Autophagy can be measured in several ways experimentally. Microtubule
associated protein 1 light chain 3 beta (MAP1LC3B/LC3B/AOS a protein that
localizes to both the nascent phagophore and autophagosome membranes upon lipidation
with phosphoethanolame via a ubiquitidike ligation complex. Recent reports though
have found that LC3 may have an additional-aatophagy role in phagocytosis, known
as LC3 associated phagocytosis (LAP). This process has been characterized to be

generally independent ofast of the regulatory proteins discussed li&fel).

The lipidatiordependent band shift of LC3 on a western blot is widely used as a marker
of autophagy inductio(81). Fluorescentitagged LC3 can be used to monitor autophagy
using immunofluoresence microscopy through quantification of cytosolic pu(@ta

81). Unfortunately, due to the recycling of LdI3o cytosolic LC3I during autophagy
(Figure 2.1), an increase in LG8 levels can result from either induction or blockage of
degradation, making interpretation of LC3 data diffi. An LC3 flux assay was

developed that inhibits lysosomal proteases and allows for a measure of induction, and
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measuring steadstate levels of autophagic cargo receptors gives insight into active
degradatior{81, 115) Two early autophagosome markers, WD repeat domain,
phosphoinositide interacting 1/2 (WIPI1/2), can be used to monitor autophagy induction
via puncta quantificatio(81, 82) The combined use of electron microscopy and a proper
autophagy flux assay can also be utilized as a measure of autopthactyon. For a

more indepth review on autophagy assays and their interpretation, please refer to

Klionsky et al.(81).

Autophagy is evolutionarily conserved from singkdl eukaryotes, such as
Saccharomyces cereviside,multi-cellular organisms such as, plants, fungi, and animals
(110). S. cerevisiaencodes a master regulator protein known as Target of Rapamycin
(Tor) that negatively regulates autophagy, but also reguizey cellular proceq44.16,

117) In an effort to find autophagy specifiegulators, large scale genetic screens were
conducted which led to the discovery of several vital genes that directly impact
autophagy(118 122) One of thdirst genes identified, autophagy relatedATG1), has a
serine/threonine kinase domditii8) ATG1 also contains regulatory domains that either
enhance binding with yeast scaffold protein autophagy related 13 (Atg13p) or inhibit
kinase activity through Tdr120, 122) For the first time since the discovery of

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

Upon signaling induction of autophagy, theqargophagosomeiembrane known as the

phagophore will form. The LC@biquitir-like lipidation complex will take cytosolic LGBand
conjugate it to a phosphoethanolamine to generate membrane associateddu@$phagy

cargo receptors such as SQSTM1 will bring cargo he 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 SNAR#Eediated @ision, the autophagosome will fuse with a late
endosome that contains vacuolar ATPase&TRase). This leads to acidification of the
autophagosome forming the amphisome. Upon acidification, the amphisome can then fuse with a
lysosome to bring in the degiative enzymes that will degrade the cargo including LC3 and
SQSTML1. This forms the autolysosome. L:IC8an be converted back into LE3 located on

the exterior of the autolysosome.
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The link between yeast to a multicellular organism was found when searching for
ATG1lhomologs inCaenorhabiditis elegan®TG1has significant homology to the.
elegangyene Uncoordinated §inc51) which also impacts autophagy. Furthermore
after genomicomparisonslarger eukaryotes were found to have a familyrat51 like
kinases (ULKSs) that shared homologyutoc-51 (109, 123126) Of these kinase§LK1
andULK2 have been characterized as autopksugcific regulators with at least partially
overlapping autophagy functio&09, 127) Since then, the fié 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 formatft@8, 129) Our focus is on complexes
downstream of mammalian mechanistic target of rapamycin (MTOR), tivenakan
homolog of yeast ToiHgure 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 (ATG10M30 135). 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 MT-ORK1/2 signaling axis. Thishapter

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

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

Thecanonical 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 aegLsuibly

the generation of LC3+ autophagosomes. Additionally, AMPK has been shown to directly
phosphorylate BECNL. In yellow are complex members that have been shown to be dispensable
for autophagy induction. In blue are complex members whose requireiaeistisave not been
determined. In blugellow gradient are complex members whose role is ambiguous; with
conflicting reports of induction requirement. ER striggliced autophagy through SERCA

inhibition (pink arrows) activates CAMK1/4, which then induaesophagy 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 réamanknown. 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 BECNL1, although it is not
certain if this pathway also acétes 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 pigeaimoteases (PLPs)

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

arrows) induces autophagy in ULK2it&dependent manner, although the role of the BECN1
complex was not assessed. Poliovirus (PV) induces autophagic signals (blue arrows) independent
of the ULK1/2 @mplex, although the role of the BECN1 complex has not been assessed. Oleate,
Rhus coriaria extract (RCE), and astemidutamine (ASTHIS) induce autophagy (brown

arrow) in a BECNiindependent manner.
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Canonical autophagy induction throughMTOR -ULK1/2

ULK1 and ULK2 containing complexes regulate autophagyglp forms a
complex with Atg13p upon conditions requiring upregulation of autophagy for survival
(122). Atglp and Atg13p only form a complex when Atglp is acth#?) The
mammalian homologs ULK1 and W12 also form complexes, but unlike Atg#ig13p,
the complexes persist under homeostatic (i.e nutrient rich) conditi8as131, 133,
136) The first ULK1/2 complex member was identified in micad ghen humans, as
RB1CC1, originally known as FAK interacting protein of 200 kDa (FIPZ082)
RB1CC1 ceimmunoprecipitates with ULK1 or ULK2 independent of kinase activity,
and the Germinal domain (CTD) of ULK1 is required for interaction with RB1CC1.
RB1CCL1 colocalizes with ATG5, a known member of the vital LC3 lipidatmnplex
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 ULKihteracting partners identified a mammalian gene
that shares weak homology with yeast @helegan#Atg13 (130, 135, 136)Mammalian
ATG13 interacts with ULK1, ULK2, and RB1CC1 via thet€&minal domain and
localizes to phagophore membranes upon autophagy induction, enabling stabilization of
ULK1-RB1CC1 interaction§l30, 135137) Intriguingly, loss of RB1CC1 does not
impact ULK1I-ATG13 binding, suggesting that ULKATG13 association predes
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 membrari30, 135, 136)ULK1 and MTOR regulate
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ATG13 through hypephosphorylation, which regulates the ability of ATG13 to promote
autophagy. Finally, theris a single uniqgue 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 conserveddnelegansD. melanogastem.
musculusandH. sapieng133) ATG101 interacts with ATG13 and RB1CC1, and the

loss of ATG101 inhibits autophagy induction due to instability of the complex, indicating
a chaperondike role for the proteirf133, 138) ULK1, ATG13, and RB1CC1 have LC3
interacting regions (LIR) that may play a role in facilitating complex asse(hB8 141)

(Figure 2.3).
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Figure 2.3. The majordomains 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 Kingd$2TK) domains and conservedt€minal 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 corites two coiledcoil domains (CCD) which may play a role in complex
formation as well as neautophagy related functions. ATG13 and ATG101 interact via the
HORMA domain.
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Nutrientsensing kinases MTOR and AMPK regulate the ULK1 comfsfter. the
discoveryof ULK1 and ULK2, MTOR was shown to phosphorylate the kinases to
prevent autophagy induction under nutrienoh conditiong134) 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



(AKT1S1), and DEP domain containing MTOR interacting protein, (DEPTQ&)

144) MTORCL1 directly phosphorylates ULK134). Another major nutriersensing

regulatory kinase, which is known to directly phosphorylate ULK1/2 during times of
glucoses t a r v a tAM@-activatedgrotdidkinase (AMPK)34, 145) AMPK has

been characterized to have multiple functions aside from the general regulation of cellular
metabolism including but not I imited to diab
NLRP3 inflammasome during aging, amitochondrialhomeostasi§l46 148) AMPK
activates ULK1 by phosphorylating serine 317 and (434, 145) ULK1

phosphorylation at serine 757 by MTORCL1 disrupts UIAMPK interactiong134).

MTORCL1 phosphorylates ATG13 at serine 258 to further inhibit ULK14®). AMPK
activates chaperones that inhibit MTORC1, as well as directly inactivating MTOR.
Phosphorylation of ATG13 at serine 224 by AMPK inhibits starvaitioliced

autophagy(149) ULK1 and ULK2 phosphorylate both MTOR and AMPK:
consequenceasclude 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 activilyring nutrient

starvation condition§150).

ULK1 regulates the activity of the PI3K kinase complex composed of BECN
PIK3C3, ATG14, and PIK3RZhe major downstream target of the ULK1/2 complex is
the Beclin 1 (BECN1) complex, composed of: BECN1; autophagy related 14 (ATG14);
phosphotidylinositol kinase catalytic subunit type 3 (PIK3C3); and phosphoinosgide
kinase regulatory subunit 4 (PIK3R4igure 2.2, green arrowg (110). PIK3C3 exists

in multiple complexes under homeostatic conditions, with many of those complexes
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having norautophagic functiong32i 36). PIK3C3 activity is regulated by the

interactions with the other complex memb@& 36). One of these complexes, the
BECN1 complex, promotes the generation of phosphotidyline3ifsiosphate (PFpP)

lipids that are vital to the formation dfe initial phagophore structu(@10). ULK1
phosphorylates BECN1 at serine 15 and 30 and causes dissociation of BECN1 from the
apoptosis regulatory protein BCI(254i 156). Additionally, ULK1 phosphorylates

ATG14 at serine 29, which enhances ATG14:BECN1 binding and promotes the
formation of the autophagy PIK3C3 compleXx&56). Upon generation of PiB lipids,

WIPI2 binds and recruits the LC3 conjugation complexopliagy related 5 (ATGb5),
autophagy related 12 (ATG12), and autophagy related 16 (AT@G%8) LC3-l is

converted to membradsound LC3II and the phagophore begins expansion into a closed

autophagosome.

MTOR and AMPK -independent autophagyinduction

MTORindependent autophagy inductiofhere 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
lymphocye cells are treated with thapsigargin (TG), a sarcoplasmic ERATRase
(SERCA) pump inhibitor, autophagic signals (i.e detection of LC3 lipidation, formation
of LC3 puncta, and formation of WIPI1 puncta) are detected after 1(h68) Addition
of a divalent cation chelator inhibits the formation of LC3 and WIPI1 puncta, suggesting
that ER C&' influx induces autophagy. Intriguingly, phosphorylation levels of p70S6K,
an MTOR target, are slightly decreased in-ffé@tedcells but not to the same extent as

cells treated with rapamycin, an MTOR inhibitor, suggesting M pendent
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induction(158) TG treatment triggers the unfolded protein response in the ER, inducing
what has beereferred to as Efphagy(159, 160) It was not until after publication of the
mentioned study that TG was found to be a potent inhibitor of autophagbgmeeme
fusion andherefore not an inducer bbna fideautophagy161) TG is hypothesized to
work as an intbitor of flux by inhibiting SERCA, which was shown to be vital for the
fusion of the autophagosome to the lysos@b@2) This new information coupled with

the results observed in the J16 Jurkat cells and DT40 cells suggest that TG promotes
upstream autoplgg 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 serurr4for 2
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 4BP1, an MTOR target, increases upon glucose addition
under starvation conditions, but other targets, such as p70S6K or ULK1, are not
phosphoriated, suggesting targspecific inhibition of MTORCL1. Pretreatment of
starved cells with rapamycin fails to increase LICIgvels in the presence or absence of
glucose addition, suggesting that glucose addition induces Mn@#pendent
autophagy. Impoantly, inhibition of glycolysis, via sodium oxamate, blocks glueose
induced autophagy in starved c€ll$3). These reports suggest that in the case of ER

stresor glucose influx, autophagy is induced in an MTHDRependent mechanism.

Autophagy is not only induced during times of starvation, but also during times of
cellular stress. Mouse oocytes indimmna fideautophagy upon fertilizatio(164).

Additionally, treatment ofinfertilizedoocytes 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 progre€steh 165) The
authors determined that PIK3 signaling is required for fertilizatidnced autophagy

(164). Another group uncovered a different MT@RIependent autophagy induction
mechanism in nucleus pulposus (NP) cells under hypoxic condi{i®). The authors
demonstrated that hypoxia triggers autophagy induction but not degradative autophagy:
LC3 puncta form, and L&II levels increase, but autophagic degradation does not
increase, as measured by a lack of change in protein level of autophagic cargo receptor
Sequestosome (SQSTM1)(166). Furthermore,dvels 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, suggestii@®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 hypokl®6). 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 foliogvsection.

AMPK:-independent autophagy inductiorhe 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 wrvation(134, 145, 167)A MP K/UA M P;Knidckout mouse embryonic
fibroblasts (MEFsyeeminglyinduce autophagy when treated with, T®@wever, as

pointed out previously, these results could besalt®f autophagosome accumulation do
the inhibition of fusion by TG158) Another group found similar results: U20S cells
expressing a stable GRNIPI1 were screened for WIPI1 puncta and LC3 puncta as
markers of autophaginduction 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 trdedP K/UA M P.K U
knockout MEFs, despite a decrease in numbers of basal WIPI1 jL&8)aAs

mentioned above, TG does not indboma fideautophagy, therefore these results
suggest that TG induced ER stress causes the formation of autophagosomes in an AMPK
independent manner but that ultimately these vesicles at#euto fuse with lysosomes

and proceed to degradation.

In regards to glucose starvatighM P K/UA M P; Kndckout MEFs induce
autophagic signals, as measured by LC3 lipidation, LC3 flux assays, and LC3 puncta
guantification, under lovglucose conditions lbere inducing apoptosid69) This type
of autophagy induction was shown to be sersitov3methyladenine (MA) treatment,
which inhibits PIK3 signaling, autophagy, and apopt(s#®) Starved NIH3T3 cells
that were fed glucose subsequently induce autophagic signals without inducing the
phosphor yl atthreonined72, akmdRrKkattivating event. Additionally,
under these conditions phosphorylation of ac€yA carloxylase (ACC), an AMPK
target, is diminishe63). A similar trend is observed in NP cells under hypoxic

conditions, in which phosphorylation of ULK1 serine 7&Target of AMPK, does not
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change despite autophagy induct{@66) A recent report investigating the role of

AMPK in either amino acid or glucose starvation in multiple cell lines fohatlamino

acid starvation, but not glucose starvation, indie® fideautophagy(167). AMPK,

while active under glucose starvation, does not significantly increasellL&aels 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 fluX167) 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 asesltompassing as once thbtig
Therefore, despite the initial characterization of the role of MTOR and AMPK in
autophagy, these nutriesénsitive kinases are one of many kinases that can feed into the

autophagy signaling pathway.

Autophagy induction through CAMK1 (CaMKMAPK1 (ERK)Cyclin &
BECN1, and MAPK14 (p38/MAPK) signalimgs discussed previously, ER stress
through the use of TG induces autophagic signals that are both MTOR and AMPK
independentKigure 2.2, pink arrows). The literature provides clues to the mechani
of this induction. RNAimediated 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 transpder inhibitors, suggesting a role for the CAMK pathwa$8, 168)
Mesenchymal stem cells (MSCs) are known to utilize cy8MP as differentiation
signals(170) Treatment with prostdgndin E2 (PGE), which increases intracellular

CAMP levels, induces autophagic signals as measured by LC3 lipidation, LC3 flux
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assays, and LC3 puncta quantificat{@@1) Addition of the cCAMP analogue8PT

provides the same result. Addition 6fVBA to PGE-treated MSCs inhibits autophagic
signals, suggesting a role for PIK3 signalifrggre 2.2, dark purple arrows).

Additionally, knockdown of BECN1, Cyclin E, or mitogewtivated protein kinase 1
(MAPK1/ERK) inhibits cAMRinduced autophagic signals, suggesting a role of MAPK1
Cyclin E signaling inducing autophagy through interactions with BE(QIN1). The

PIK3 inhibitor LY294002 abolishes autophagy in starved NIH3T3 cells that were fed
glucose. This indicatesat glucose induction of autophagy in this model is dependent on
PIK3 signaling(163) Addition of glucose increases the phosphorylation of mitogen
activated prtein kinase 14 (MAPK14/p38), cCAMP responsive element binding protein 1
(CREB1), and activating transcription factor 2 (ATF2). This phosphorylation was not
dependent on mitogesctivated protein kinase kinase 3/6 (MAP2K3/MAP2K6), the
kinases known to phosptylate MAPK14. Inhibition of MAPK14 signaling inhibits
autophagic signaling, suggesting a role for MAPK14 in autophagy indy@if®)

(Figure 2.2, orange arrowg. 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 autophatig 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 starvaiit. 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

38



increasing number of reports have illustrated that while ULK1/2indyce autophagy,

they are not absoluterequired.

Amino acid starvation fails to induce autophagyiok1/2 knockout MEFs but
glucose starvation still induces autophagy in these datisife 2.2, lime greenarrows).
This suggests that autophagy indoietby glucose starvation is ULK1/2 independent
(172) Ammonia metabolism was shown to be important in this autophagy induction
pathway: glucose starvation increasdgaicellular levels of ammonia in MEFs, while
treatment with methypyruvate, which eliminates ammonia, results in an inhibition of
autophagy inductiofil72). Additionaly, p70S6K phosphorylation levels do not change
after addition of ammonia, suggesting active MTOR signaling during autophagy

induction(172)

Another study reported & ULK1/2 is dispensable for starvationduced
autophagy in chicken DT40 cells cultured in EBSS for(248). Loss of ATG13 inhibits
autophagy, and LG8 levels fail to increase wittreatment with bafilomycin A a
VacuolarATPase inhibitor. Knockout of ULK1/2 does not inhibit starvatioduced
autophagy. Furthermore knockdown of ULK3, another homolog of ULK1 and ULK2,
fails to inhibit autophagy in DT40 cel{273) Surprisingly, MTOR inhibition through
rapamycin or Torin fails to induce autophagyar basal conditions in DT40 ce{ls73).
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 indu¢tié®) (Figure 2.2,
black arrow). U20S cells or mice treated with palate or oleate fatty acids induce

autophagyn vitro andin vivo (174). Surprisingly,ULK1 andULK2 knockdown affects

39



palmitate induction of autophagy but notate, suggesting that oleate induces ULK1/2

independent autophad$74) (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 starvat{@2). Glucose starvation was shown to
increase the formation of pautophagy PIK3C3 complexes, containing PIK3C3,
BECN1, ATG14, and PIK3R4. Thiquilibrium shift is inhibited itA MP K/UA M P K U
knockout MEFg152) Furt her more, overexpression of a
A MP K/UA M P:Kndckout MEFs dils to rescue induction of autophagy by glucose
starvation, suggesting a requirement of active AMPK. AMPK directly phosphorylates
BECNL1 at serines 91 and 94, and is required for stable ATG14 interactions for-the pro
autophagy activation of the BECN1 comp(152) Similar results were found for HEK
293T cells(175) Cells that were treated with AICAR, an AMPK activatodune
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 i nhibitor, or knockdown of PRKAA1l ( huma
under glucese starvation conditior(d75) 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 conditi¢hS2, 175) It is worth noting, however, that
AMPK does not constitute the only possible bypass of the ULK1 complex. For example,
BECNL1is phosphorylated by multiple kinases, many of which may have an impact on

autophagy signaling={gure 2.4) (176 183)
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Figure 2.4. Schematic diagram of BECN1

Shown here arthe known Bcl2 homology (BH3), coilezbil (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 cogniatieerds red are the
kinases that have been reported to phosphorylate that site. In green are phosphatases that are
known to act on those specific phosplesidues. The asterisk reflects a tentative connection of
MAPK1/3 to S15 of BECN1 based on the deptasylation activity of DUSP1.
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ULK1/2-independent autophagy induction in the context of infeciidnle
autophayg is essential under basal and starvation conditions, pathogens hijack this
process for their own replicatiq@84i 186). Here we report on three different types of
viruses utilizing autophagy for their own benefit in a ULKird@ependent manner,

coronaviruses, Hepatitis B Virus (HBV), and Poliovirus (P17 189)

The transmembrane papdike proteases (PLPs) in human coronavirus are able
to induce autophagic signals, measured by LC3 lipidation, but not degradain
Severe acute respiratory coronavirus (SARS/), Middle East respiratory syndrome
coronavirus (MER-CoV), and porcine epidemic diarrhea virus (PEDV) encode PLPs

that induce a similar response that is independent of the protease activity ofFRjUPs (
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2.2, grey arrows). These PLPs inhibit the ability of autophagosotoeacidify, and
enhance BECNL1 interactions with transmembrane protein 173 (TMEM173), formally
known as STING, which is an antiral host signaling protein. Knockdown BECN1
inhibits PLPsinduced autopdgic signals, as well ashibits 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 autoplusgpmes 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 nalegradative autophagy through
BECN21(188) Overexpression of HBx leads to increased MTOR activity but rapamycin
did not increase LGA levels. Knockdown oBECNZ1or PIK3C3inhibits HBx induction
of autophagy, as does treatment withl3, suggesting a requirement of the BECN1
PIK3 signaling for autophagil88) This study also found that loss of JNK signaling, by
knockdown or inhibition, prevents HBrduced autophagy, demonstrating another
potential bypass of the MTORLK1/2 signaling for autophagy induction. Reactive
oxygen species (ROS) were found to be increased during HBx overexpression or during
HBYV infection, suggesting that ROS serve as the indaodignal for JNK to signal for
autophagy through the BECN1 compl@88) (Figure 2.2, light purple arrows). HBV
may utilize HBx to promote viral replication, limantiviral 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 autophagy74, 76, 186)One unanswered question in the field is the role of

42



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 sif proteins

remains poorly characterizé@3, 98, 104, 190Wefound that poliovirus (PV) induces
autophagicignals, as measured by LC3 lipidation and WIPI1 puncta, independently of
ULK1/2 (189) Knockdown ofULK1, ULK2, andRB1CC1ldoes not impact viral

replication or autophagic induction, as seen by increased levels ofILEGrprisingly,

we found that PV mediates instability of the ULK1/2 complex, as the protein levels of all
ULK-complex members decrease during infec{it89) Whether PV inducédsona fide
autophagy has yet to be determined; PV and other picornaviruses cleave SQSTM1 during
infection, confounding our ability to measure autophagic (8% 94, 189)PV also does

not significantly alter the levels and phosphorylation states of MTOR and AMPK,
suggestig that P\Vmediated autophagic induction is independent of the MR 1/2
signaling axig189) (Figure 2.2, blue arrows. While ULK1/2 are developmentally vital,
their requirement in autophagy induction varies on the context of starvatitsient

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 aplainautophagynduction
that is independent of these major playeith the idea that all signaling pathways must
eventually convergento conserved autophagy machinery that are proximal to membrane
formation, such as the LC3 lipidation complex. Surprisingly, there bege reports of
BECNI1- and PIK3C3independent autophagy induction, suggesting that even conserved

downstream autophagy proteins may not be required for autophagy inductionf MCF
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cells treated with astemizelestamine (ASTHIS) not only undergo apoptosisut also
induction of autophagic signals as measured by LC3 lipidéti&h) (Figure 2.2, brown
arrow). SQSTM1 levels dropped with ASHIS treatment, suggesting that tinas
genuine degradative autophagy. Surprisingly, knockdovBE&@N1in MCF-7 cells
treated with ASTHIS fails to inhibit autophagy, suggesting a BECiNdependent
pathway of autophagy inducti@¢f®91) 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 oBECN1 Another study found that knockdownBECNZ, PIK3C3 and
ATG14inhibits palmiateinduced, but not oleat@duced, autophagy. This suggests that
oleateinduced autophagy is independent of the entire BECN1 confipfe (Figure

2.2, brown arrow). Treatment of U20S cells withIi A also has no effect on oleate
induction of autophagyl SC2knockout MEFs, in which MTOR is constitutively active,
have lower levels of palmitatand oleatenduced autophagy, suggesting that while
ULK1/2 and BECNL1 are not required, MTOR is still able to inhibit fatty -@dticed
autophagy(174). Finally, oleatenduced, BECN4independent autophagy was replicated
in S. cerevisia@andC. eleganssuggestin@gn evolutionary conserved pathway for oleate
and similar fatty acid€174) The differential regirements 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 129 and Cace is inhibited by the
extract ofRhus coiaria (RCE), more commonly known as the Sicilian surfi&2)
RCE treatment inducdsona fideautophagy in H129 and Cace cells(192)

Intriguingly, BECNl1levels decrease, in a dose dependent manner, in these cells, and
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knockdown oBECN1has no effect on RCE induction of autophagy. RCE does not
impact BECNL1 transcript levels, but targets BECN1, MTOR, AKT, TP53, and Caspase 3
(CASP3) for proteasomal degrdida (192). There is a teporal association between
autophagy and apoptosis. Autophagy occurs within 12 hours of treatment with RCE
while apoptosis is detected at 48 hours post treat(@®@) Inhibition of autophagy is

shown to prevent apoptosis in FZB and Cac cells treated with RCE. This suggests

that RCE induces BECNihdependent autophagy, leading to apoptosis in colon cancer
cells(192) (Figure 2.2, brown arrow). The BECNlindependent autophagy pathway has
not been as well characterized as the MTANMPK-ULK1/2 independent pathways, it

will be interesting to uncover what camatophagy proteins and complexes are required

for degradativebona fideautophagy induction.

Concluding Remarks

Since the discovery of autophagy several decades ago, much progress has been
made to elucidate the regulatory mechanism behinditiaiscellular 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 esbjair 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 utiliabte(1.1).
There is a difference between amino acid, gdec@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 prddeecharacterizing 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 bypasdwgether. 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 bypassearder 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 sigin
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Table 2.1. Summary of the studies cited in thishapter.

Each induction condition is listed on the left. Cell types utilized in each study are listed as either
human HU), chicken CK), mouse iS), or rat RT). Each condition has alscsammarized 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 conditi@httedegradative autophagy was not

accessed.

Induction Cells Independent Requires? Degradative Ref
Condition of? Autophagy?
ER Stress J16 T lymphocytes MTOR, AMPK  ULK1/2 No (158, 168)
(SERCA (HU), DT40 B complex?,
Inhibition) lymphocytes CK) BECN1
complex,
CAMK1/4
Starvation + NIH3T3 (MS) MTOR, AMPK  ULK1/2 Yes (163)
Glucose complex?,
Addition BECN1
complex?,
MAPK14
Fertilization Oocytes K1S) MTOR AMPK?, ? (164)
ULK1/2
complex?,
BECN1
complex
Hypoxia Nucleuspulposus  MTOR, AMPK  ULK1/2 No (166)
cells RT, HU) complex?
BECN1
complex?
Glucose Embryonic AMPK ULK1/2 ? (169)
Starvation fibroblasts MS) complex?,
BECN1
complex
cAMP Mesenchymal stem AMPK ULK1/2 ? (171)
cells HU) complex?,
BECN1,
MAPK1,
Cyclin E
Ammonia Embryonic ULK1/2, BECN1 ? (a72)
fibroblasts MS) MTOR complex?,
AMPK?
Amino acid DT40 B ULK1/2/3, ATG13, ? 173)
starvation lymphocytesCK) MTOR RB1CC1,
BECN1
complex?
Oleate U20S HU), Heart, ULK1/2, ATGS5, Yes (174)
liver, muscle tissue BECN1, ATG7,
(MS) PIK3C3 MTOR
Coronavirus HEK-293T HU), ULK1/2 BECN1, No (187)
infection HelLa HU), MCF7 complex PIK3C3?
(HU)
Hepatitis B HepG2 HU) ULK1/2 JINK, No (188)
Virus infection complex BECN1,
PIK3C3?
Poliovirus HEK-293T HU),  ULK1/2 BECN1 No (189)
infection H1-HelLa HU) complkex complex?
Astemizole MCF-7 (HU) BECN1 ULK1/2 Yes (191)
Histamine complex?,
(AZT -HIS) PIK3C3?
Rhus coriaria ~ HT-29 HU), BECN1, MTOR ULK1/2 Yes (192)
extract Caco2 HU) complex?,
PIK3C3?
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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
HelLa cells (CREL1958) were obtained from ATCC and grown in minimal essential
medium (MEM) from Gibco (11095098) supplemented with 1 mM sodium pyruvate
(Invitrogen, 1136000) and 10% heat inactivated fetal bovine serum (Invitrogen,
25300062). HEK293T cells (CRE3216) were obtained from ATCC and grown in

Dul beccods Modified Eagle Medium ( DMEM)
with glucose, Eglutamine, 1 mM sodium pyruvatgvitrogen, 11360070), and 10% heat
inactivated FBS (Invitrogen, 25300062). Parental and knockout Mouse Embryonic
Fibroblasts (MEFs) were obtained from Dr. Craig Thom@44i2)and cultured in

DMEM (Invitrogen, 11965118) supplemented with glucoseg]utamine, 1 mM sodium

pyruvate (Invitrogen, 11360070), and 10% heat inactivated FBS (Invitrogen, 25300062).

H1-HelLa and HEK293T cells were subultured at ratios 1:4:20 and passgged in 10
cm polystyrene plates. MEF cell lines were-guiftured at ratios 1:2@:40 and passaged

in 10cm plates.

Generation of ATG13KO HEK-293T Cell Line

Puromycin titration curves were carried out for HE83T cells prior to cell line
generation. Theptimal concentration that kills puromyesensitive cells in 3 days is 1
pg/mL of puromycin (Sigma Aldrich, P8833). The day prior to transfection, 25T

cells of low passage number were plated 1:6 in six 10 cm plates. Lyophilized ATG13
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CRISPR plasmidSanta Cruz, sd04702) and ATG13 homologgirected repair (HDR)
plasmid (Santa Cruz, 40470#DR) were resuspended in nucledisee water to a
concentration of 0.1 pg/uL. Cells were transfected using Effectene (Qiagen, 301425) per
the manufacturers protocdlells 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 selectioprocessPuromycin media was replenished every 48 hours.

By day 5 post transfection, surviving cells were split inteiOplates at a low dilution
(2:20-1:40) or split into 96 well plates for serial dilution to generate single clonal
knockout cell line. 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 serlly passaged from 24 well to 6 well to 6¢cm 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 HiHelLa Cell
Line

Puromycin titration curves were carried out for-HéLa cells prior to cell line
generation. The optimal concentration that kilsomycinsensitiveH1-HeLa cells in 3
days is 0.5ug/mL of puromycin. The day prior toansfection, a range of FHelLa cells
(20,0001 40,000 cells/well) were plated in 12 well plates in media containing no
antibiotics. The mCherrsFRLC3 lentivirus (a gift from Dr. Marta Lipinski) was

thawed on ice. The following solutions were made in M&Mtaining 10% FBS and 1
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mM sodium pyruvate with no antibiotics: media control containing no polybrene
(AmericanBio, AB016430001) or lentivirus; sample containing 6 pg polybrene and no
lentivirus; sample containing 6 pg polybrene and 0.5 pL lentiveas)ple containing 6

Hg polybrene and 1.0 pL lentivirus; and 6 ug polybrene with 2.0 L lentivirus.

Media from the cellsvasaspirated and the cells washed with sterile 1X PBS. Each
sample was added to the appropriate 12 well. Cells were incubated indifiedm

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 pg/mL of puromycin. &girvivi

cells were passaged into 6 well pladematsfollowed 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 analyzedém wies

analysis and epifluorescence.

Transfections of sSiRNAs and Plasmids

All target cells were cultured in antibioticee 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 hydroiddale 3.1)Oligonucleotides

were then incubated at 90°C for 1 minute and then 37°C for 1 hour. Annealed siRNAs
were tten aliquoted and stored-&0°. For siRNA transfections, cells were plated 6 a

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
manufacturerdos recommendations. Cells were i
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 manufacture
humidified incubator at 37°C at 5% carbon dioxide fod84hours before downstream

apdications.

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 trypdiefore 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 focell/mL. Electroporation cuvettes with a 0.4 cm gap

(BioRad, 1652081) were prepared by adding 400 uL of the cell solution. The cells were

pul sed using the preset program A293T0 on th
1652661). The cells were thénmediately plated into 2 mL of psearmed DMEM.

Cells were incubated in a humidified incubator at 37°C at 5% carbon dioxide-4& 24

hours before downstream applications.
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Table 3.1. List of siRNAs utilized.
The target, sequence, concentration, madufacturer are listed.

Concentration Catalog

Target Gene Sequence (53") (um) Supplier Number Ref
CCAUGUGUGUGGAGAUUUCA

ATG13 CUUAA 100 | SigmaAldrich | N/A (135)
GAAAGGACCUGGACAAGUU/C M-

ATG13 CAUGGAGCUGGAAAUAUG/GA 100 | Dharmacon 020765
AGAAUGUCCGCGAGUUU/GUU 01-005
UGGAAAUACCGAGCUA
GGAUGACAGUGAACAGUUA/U M-

BECN1/Beclin 1 | AAGAUGGGUCUGAAAUUUIGC 100 | Dh 010552

CNLBeclin 1 | A ACAGCUUCACUCUGAIUUG Amacon 1 ioos
AAAACCAGAUGCGUUA

BECN1/Beclin 1

#1 CAGUUUGGCACAAUCCAAUA 100 | SigmaAldrich | N/A (193)

BECN1/Beclin 1

#2 CAGGAACUCACAGCUCCAU 100 | SigmaAldrich | N/A (193)

Luciferase ProprietarySequence 20 | Invitrogen 12935146

PIK3C3/VPS34 | ACGGUGAUGAAUCAUCUCC 100 | SigmaAldrich | N/A

POMP/Humpl-1l | GCAAGUGGACCUUUUGAAA 100 | SigmaAldrich | N/A (194)

POMP/Humpl-2 | CCUGAGAAUUUCUGCUCAA 100 | SigmaAldrich | N/A (194)

PSMG1/PAC1 CCAGAAGCUUGAAGGGUUU 100 | SigmaAldrich | N/A (195)

PSMG2/PAC2 GCAUAAAUGCUGAAGUGUA 100 | SigmaAldrich | N/A (195)

PSMG3/PAC31 | CCGUGAAGGACAAAAGCAU 100 | SigmaAldrich | N/A (195)

PSMG3/PAC32 | GAUCAAUUGUAGGAGGAAA 100 | SigmaAldrich | N/A (195)
ACGCAAAUCAGUUGAUGAUU

RB1CC1/FIP200 | A 100 | SigmaAldrich | N/A (196)

ULK1 CGCGA@GGUACCUCCAGAGCAA 100 | SigmaAldrich | N/A (197)
CGCAUGGACUUCGAUGAGUU TRCNO0O

ULK1 (shl) U 100 | SigmaAldrich | 0195477
CAGCCUGAGAUACGUGCCUU

ULK2 A 100 | SigmaAldrich | N/A (197)

ULK2 (shl) AACCCUGAGCUGUGCACAUCU 100 | SigmaAldrich | N/A
CCAAAGACUCUGCGAGUAAU TRCNO0O

ULK2 (sh2) A 100 | SigmaAldrich | 0196752

ULK2 (sh3) ACCCUGAGCUGUGCACAUC 100 | SigmaAldrich | N/A

ULK2 (sh4) UGCCUAGUAUUCCCAGAGA 100 | SigmaAldrich | N/A
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Viral Production, Infection, and Plaque Assay Analysis

Poliovirus Mahoney Type 1, Enterovirus D68, Coxsackievirus B3, and Rhinovirus Al
were generated as previously descrif@B) Linearized viral cDNA was reverse

transcribed into positiveense RNA and transfected into-HgLa cells using DMRIEC
(Invitrogen, 10459014). Cells were overlaid with MEM and ag&,(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 HiHeLa cells, before isolation via thregid freezethat cycles and

centrifugation to remove cell debris. Virus was then titered usinglélia cells.

To carry out infections, target cells were washed with 1X phosphate buffered saline (140
mM sodium chloride, 2 mM potassium chloride, 10 ratlium 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 Higchidicubator at

37°C at 5% carbon dioxide. Mock samples were adsorbed with 1X PBS+ containing no
virus. Prewarmed (37°) media was added to cells post adsorption and incubated further
depending on the experiment. Media was collected for extracelluddisaimples. Cell
associated virus is collected by collecting target cells, centrifuging the cells, and

resuspending in 1 mL of 1X PBS+. All samples are store2l04C.

Plaque assays were carried out by frethasving viral samples 3 times in a dry
ice/etranol 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 tenperature. Cells were then incubated for48hours 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

guantfied.

SDSPAGE and Western Blotting

Samples were lysed in RE®P40 buffer (10 mM Tris pH 7.5, 10 mM sodium chloride,

1.5 mM magnesium chloride, 1% NP, and 5% protease inhibitor (Roche,

11697498001) cocktail) on ice for at least 30 minutes. Samplesaleified 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 SIPBGE using polyacrylamide gels-(&%, dependent on

molecular weight of target proteins) in a F@dycine buffer system at a constant 90

volts. Protein was transferred to PVDF (Invitrogen, 1B24001 & 1B24002) using the semi

dry iBlot2 apparatus (Il nvi tpraogotbow | B21001)
mol ecul ar weight proteins (010 kDa) were t
Membranes were blocked in 5% nonfat skim milk in TBST (100mM Tris hydrochloride

pH 7.4, 2.5M sodium chloride, 0.125% Twe20) for 1 hour at room temperature hwit

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 ardbbit HRRconjugated secondary
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antibody (BioRad, 178515). Membranes incubated with mouse primaries were

incubated with goat anthouse HRRconjugated secondary antibody (BioRad,-170

6516). All secondary antibody incations 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 ChemiD&SXwith Image Lab (BioRad,

1708265). Membranes were rinsed with TBST fatestelopment and stripped with

RestoreE Western Blot Stripping Buffer (Ilnvi
incubated with 5% nonfat skim milk in TBST for 1 hour at room tentpezavith

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%ohrX-100 for 1 hour at room temperature.
Coverslips were then placed on parafilm containing 50 pL of primary antibody at a 1:200
dilution in 1X PBS with 1% BSArd 0.3% Triton X100 overnight in the dark.

Coverslips were then washed 4 times with 1X PBf®te 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 hardmsetong glass mounting medium

(Invitrogen, P36984). Slides were left to cure overnight before imaging.

55



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
ACTB
ATG5
ATG13
ATG14
phosphcATG14

(S29)
ATG101
BECN1
FLAG (M2)
GAPDH
GFP

HA

LC3B

MTOR

phosphacMTOR
(S2448)

Myc

PI3 Kinase
Class Il

PRKAA2

phospho
PRKAA1
(T183)/PRKAA2
(T172)
SQSTM1

TUBA

ULK1

ULK2

Species
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Mouse
Rabbit
Rabbit
Rabbit
Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Mouse

Rabbit

Rabbit

Rabbit

Clonality
polyclonal
polyclonal
monoclonal
monoclonal
polyclonal
monoclonal
polyclonal
monoclonal
monoclonal
polyclonal
monoclonal
polyclonal

polyclonal

monoclonal
polyclonal
monoclonal
polyclonal

monoclonal

monoclonal
(Clone
2C11)

polyclonal

monoclonal

polyclonal

Dilution

1:1000
1:1000
1:1000
1:1000
1:1000

1:1000

1:1000

1:10006

1:10@0

1:1000

1:1000

1:1000

1:1000

1:1000

1:1000

1:1000

1:1000

1:1000

1:1000

1:5000

1:10000

1:1000

1:1000

1:1000

56

Buffer

1% Milk/1X TBST

5% BSA/ 1X TBST

1% Milk/1X TBST

5% BSA/ 1X TBST

5% BSA/ 1X TBST

1% Milk/1X TBST

1% Milk/1X TBST

1% Milk/1X TBST

1% Milk/1X TBST

5% BSA/ 1X TBST

5% BSA/ 1X TBST

1% Milk/1X TBST

1% Milk/1X TBST

5% BSA/ 1X TBST

1% Milk/1X TBST

5% Milk/ 1X TBST

1% Milk/1X TBST

1% Milk/1X TBST

1% Milk/1X TBST

1% Milk/1X TBST

5% BSA/ 1X TBST

1% Milk/1X TBST

Company
Novus Bio
CST
CST
CST
CST
CST
ThermoFisher
Sigma
Aldrich
CST
CST
CST
Novus Bio

Abcam

CST

CST

CST

Abcam

Abcam

Abnova

CST

CST

Abcam

Catalog Nurr
NB600-532
2630
13468
96752
13155
13492
PA5-20172
F1804
2118
2555
3724
NB600-1384

ab2732

5536

2272

3358

ab3760

ab133448

HO0008878M(

2144

8054

ab97695



Calf Intestinal Alkaline Phosphatase (CIAP) Treatmert

Cell lysate protein content was determined using a Bradford assay. Reaction solutions
contained 20 ug total protein, 1X CIAP buffer, and 20 Units/uL of CIAP (Promega,
M2825). All reaction solutions were incubated at 37°C for 1 hour in ecimoulating

water bath. Samples were then processed for-BRGE.

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 (€3178) was

prepared by mixing the beads 1:1 with 1X PBS. Samples containing 1 mg/mL total
protein were incubated with 15 pL of the 50% slurry solution and incubated at 4°C for 1
hour with rotation to preclear samples. Beads were pelleted using a magde{(iCST,

7017) and the preleared 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 L of the
50% Protein A slurry was added. Samples were then incubatedidf @tation for 1

hour. Beads were pelleted with the magnetic separation rack and the supernatant
collected as the flothrough. Beads were then washed five times with 100 pL of 1X

PBS, keeping each wash. The beads were then resuspended in 20 pul-IPRGB

buffer and stored at 4°C until use.

Crude Subcellular Fractionation

Target cell lysates were fractionated based off of a published pré1®@)l Buffer 1, the

cytosolic isolation buffer, containetb0 mM sodium chloride, 50 mM HEPES pH 7.4,
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and 30 pg/mL of Digitonin. Buffer 2, the mémaneisolation buffer, containet’50 mM
sodium chloride, 50 mM HEPESHp/ .4, and 1% w/v NP40. Buffer 3, the nuclear
memnbrane isolation buffer, containd®0mM sodium chloride, 50 mM HEPES ph 7.4,
0.5% w/v sodium deoxycholate, 0.1% w/v sodium dodecyl sulfat&)YSDUnit/mL

DNase | (NEB, M0303), and 50 pg/uL of RNase A (Qiagen, 19101). Buffer théor
insoluble fraction containet50 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 muspended 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 {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 87°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 minutesThis 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%.CO
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Table 3.3. List ofcommon inhibitors utilized.
Bafilomycin A; is a vATPase inhibitor that prevents compartment acidification. Cycloheximide
inhibits eukaryotic translation. Guanidine HCI inhibits picornavirus replication by inhibiting 2C
activity. Pepstatin A and E64D dsesosomal 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.

Bafilomycin 100 mM 0.1 uM Ethanol Overnight Santa sG

A1 pretreatment Cruz 20155(C
and A
concurrent
with
experiment

Cycloheximid 355 mM 100 pM DMSO  Concurrent = Sigma C4859

e with Aldrich
experiment

Guanidine 2M 2 mM Water  Addition after Sigma 36908(

Hydro- adsorption of Aldrich

chloride virus to cells

E64D 10 mM 100 uM DMSO  Must be used Sigma E8640
in Aldrich
conjunction
with
Pepstatin A

Lactacystin 1.063 mM 10 pM DMSO Concurrent  Sigma L6785
with Aldrich
experiment

MG132 21 mM 5umM DMSO  Concurrent = Sigma M8699
with Aldrich
experiment

MRT68921 9.85 mM 10 pM DMSO Concurrent  Sigma SML16
with Aldrich 44
experiment

Pepstatin A 14.57 mM 14.57 uM DMSO  Must be used Sigma 11359(
in Aldrich 53001
conjunction
with E64D
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Genomic PCR Confirmation of ULK1/2KO MEFs

DNA primers wee designed for exons3 and 1721 of mouse ULK1 and exons3land

21-22 of mouse ULK2 (Table 3.4.CRreactions were made up to contain 0.2 uM of

forward and reverse primers, 100 ng of genomic DNA isolated from the parental and KO

cell lines using a gemmic DNA isolation kit (Qiagen, 69504), and the required buffer,

nucl eotides, and DMSO per the manufacturerds

polymerase (NEB, M0530). PCR reactions were conducted with the following program:

Initial denaturing at 98°C for 2 mites
Denaturing at 98°C for 1 minute
Annealing at 71°C for 2 minutes
Extension at 72°C for 3 minutes
Cycle steps 2 thirty times

Final Extension at 72°C for 3 minutes
Hold at 4°C

NooabkwdhE

PCR products were then analyzed using a 1% agarose gel containing etinainiche

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 weoxerexpression constructs of viral proteins and knockout or mutation
verification. All DNA primers are made by Sigma Aldrich and made up to 100 uM stock.

youpy-ewbis|ooT 1011910991 110VI9LIVIO9VOI.LIOVOV.LOLDDD A3Y
youplv-ewbis|oot OVVOLLYVYIOVYODL1DOVOOOLOLVOOVOYVYOVYILILVYILOVVYVYVYIVVYOOLYOID9DID9I9VLO9919919.19V) amd AN AVE 8903
yauplv-ewdis|oot OVWWWYVYIOVIIV.IVWOLOVLOOVOILOVOVLDLDDD LEL]
youpv-ewdis|oot OVVOLLYVYOVODL1DJVOOOLOLVOOVOVVOVYILILYILOVVYVYVYIVYOOLYOIDDID9I9V.LI991991919V) amd AN VEB9aN3
yauplv-ewdis|oot WYW.LOLLO999VIVWWOLLY.LOOVOD1LDD109vODIL A3H
youplv-ewdis|oot OWWLLO9D9LVOLVWOLOVWWYLYOLYOLYO LVOVWVLYLLVYOLLVY.IVOLVOLVOVYWYLY LLYO DD LVO LV LVOVWY LY LLYOOLYID9DI9DI9V.LO99L09vWIID amd OV1dXE Oc89an3
yauplv-ewbis|oot WYW.LOLLO999VIVWWYOLLY.LOOVOI1LDD109vODIL e ]
youpv-ewdis|oot V1VOVLLVOLOV.LLY.LOOVWWIVOLVO LV LVOVWVLV.LLYO LLV.LVO VO LVOVWY LY LLYO D9 LVO LVO LYOVWY LV LLYOO LYO DD D099V I99.L09WWIDD amd OV1dXE Oz 89an3
yaupv-ewbisfoot O99V.LVIVIOOVLOLOLIVIDOOVODLODLO9VOID L ek ]
youplv-ewdis|oot V1VOVLLVOLOVLLY.LIOOVWWIVOLVO LV LVOVWVLVLLYO LLV.IVO VO LVOVWY LY LLYO IO LVO LVO LVOVWY LV LLVOO LYO D9 20909V I99.L09WWIDD amd OV1dXE 9289an3
youpy-ewbis|oot 91109.11110VI9LLO09V.LOOVOILOVOV.LDO.LODD| A3d
youpv-ewbis|oot YOVOV.LVLOVYIOVIIVOOODLOLVOOVOVVOVI LI LVI LOVVYVYVYIVVYOOLVYIDDIDDIOV.LIDD 1991919V [} AN GBEIS °
youpy-ewbis|oot OL1011191VIVOLIVOIIV.LOOVOILIVOVLDLDDD A m
youpv-ewbis|oot YOVIV.LV.L19VIIVIIVOOI LD LVOOVOVWOVI LD LVI LOVWWWYIWWOOLYIDDDI9OI9V.LO9D 1991919 [} AN SRS W
Ydup|v-ewpIS|00T OYVO.LD0919VIOVWOOLIVLOOVOI.LODLOOVODDL A3 w
youpy-ewhis|o0T WOLLVOLIVWOVO LYWWV LVOLVO LVOVWVLVY LLVO LIV LVO LVILVOVW LV LIVO D9 LVOLVOLVOVYWY LV LLVOO LYDIDID909V.L 099 L 09VVI DI (=] OV1dXE SERE \.M
YoUp|v-ewbiS 00T OVVO.LOD919VIVVYODLOV.LOOVOILODLODVODD L A M
4oup|y-ewbiS{00T OVOWOOLVVIOLVYO LVOVYW LYO LVO LVO LVOVWV LV LLVO LLVIVO LV LVOVWY LV LLVO DO LVOLVOLVOVWYLY LLVOO LVID9 D09 I9V.LO99.LI9VWIID (=] OV1dXE BN m
Yaup|v-ewbIS 00T OLLVOOLV.LO9VIVOLLLY.LOOVOILDDLD9VODIL A <
youpy-ewbis|o0T OVOWOOLYVIOLVYO LVOVW LVO LVO LVO LVOVWV. LV LLVO LLV.IVO LV LVOVWYLVLLVO DO LVO LV LVOVWY.LVY.LLVOOLVID9 D09 I9V.LI99.LI9VVWIID (=] OV1dXE CEES
yaLpv-ewbis|oot 900191091 L100V.I9LIVLIO9VOILOVOVLDLDDD LEL:]
yauplv-ewbisfoot YVWW1V.19VDOLOVOIVOOD LD LVOOVOVYOVILIOLYILOVWWYYIVWOOLYOIIDIDODLIVWOOLOD LD 1OV amd AN AvENd
yaLpv-ewbis|oot OVOVYWYWYIOVIIL919910V.LO9VOILIOVOV.LOLDDD LEL]
youplv-ewbis|oot YWYV.LV.LOVDD.LOVIOVOOOLOLVOOVOVYOVILILVO LOVVVYWYIVVOO LYOIDODD9ILIVWOO 19O 1O 1OV amd AN VEAd
yaLpv-ewbis|ooT 1VODLO09VWVIOVWWOLLY.LDDIVIO9D.L09VOIDL A3d
youplv-ewbis|oot OVWOLLODLLOVIVOLOOVWYLVOLVYOLYO LVOVVY LY LLVOLLVY.IVOLVOLVOVYYLY LIVODOOLVO LVOLVOVYVWYLVLLVOOLVYIDODD929V.LO99.109vWwIODD amd OV IdXE| oend
youplv-ewdis|oot 1VODL009VWWIOVWWOLLY1DDIVIO9D.L09VOIDL LEL]
youplv-ewbis|oot OV 1VOV.LLVYVYIOVILVIOOVWYLVOLVOLYO LVYOVVY LY LLVOLLV.IVOLVOLVOVYY LY LIVOOOOLVO LVO LVOVYVWYLVLLVYOOLVIDODD929V.LO99109vvIODD amd OV IdXE| o8end
youpv-ewdis|oot OOWLVIVOLVYOLLO9LIVIDIOIVIOOD.LOOVOIDL LEL]
youpv-ewdis|oot OV 1VOV.LLYVYIOVOLVIOOVVWYLVOLYOLYO LYOVYYY LV LLVOLLVY.IVOLVOLVOVYY LY LLVOOODLVO LVOLYOVVYV LV LLVOOLYIDOID9I29V.LO99 L 09VVIDD amd OV 1dXE| 9end
yaLpy-ewbis|ooT OLOOVOVOLYWWLIOVOLLOLV.LLOOV.IOVO LEL]
yauplv-ewbisfoot OLV.11919VO91V.IVOYWODDOLLVYIVIOVOD amd V/N| 22-T¢ Uox3 - 2X1IN
youplv-ewdis|oot OVOVLLOLOIVIOLLDD919L11L1ID1I9VD A3 _m
yaupv-ewbisfoot OVOVIVOVWOOVO LYOVWWVYOOVLIWWLLDLOD amd V/N| €T-CT UoX3 - 211N W
yaLpv-ewbis|oot 991919119191VIOVWIVLLVOVOLIVLIO LEL] o
youplv-ewbis{oot OLOV.IVVIOOOVVYIVOLOVOLOV.IVLIIVODD amd VIN €-T uox3 - 211N M
youplv-ewdis|oot VOOLVOVOVOLWOVIVOLIOLIOLLOV.IVO LEL] M
youplv-ewbis|oot O.LOV.IVIVOO9OLVVYVOVYIOOLYOVOVIVLIDLDO amd V/N| TZ-LT Uox3 - TMIN 2
yauplv-ewdis|oot OVOLLYOVOLOLLOV.IVOVOVIIWD LEL] W
youplv-ewbis{oot O0L1100.L1LIVOLLLIVOOVYOLLOOVOLOO9L amd VIN €-T uox3 - TMIN w.
yauplv-ewdis|oot VOLLLLID9911190VOLIO9WOLD ek ]
youplv-ewdis|oot 0.19199VOLVVLLOJL1OLVOVOIOVYIVWWOOOO amd VN €-T Uox3 - THIN
YoupIv-ewbis|o0t OLLD19919909ILL] amd VN sbes-N[ o
youplv-ewbis|oot OL19VVI99919D0V| amd VN Zbes-IN| 2§ =
youplv-ewdis|oot O9OVWI9DIDD1ILLOV| amd VN thes-Tiin| 3 < F
yauplv-ewdis|oot OLLIVOVYWLV1OVIILOVIIVOOOLILVOOVOWWOVILILYI LOVWYWYIWOO LVOD I D999 1OV amd AN VEAd
youplv-ewdis|oot OLLOVOVWYLVY.1OVOILOVOIVOOLODIV.LLYOVIILLO1VOIV.IVOIIV.LOLVIDDI99I09.190V amd YH VEAd
yauplv-ewdis|oot O1VIOVOLIVOIDIOWWLIOVODLIL1ODVY el ] -
youpv-ewdis|oot OLVOVOVOVIV.LVY.LOVOOVIIVOD VWVLVOLYOLVOLVOVWYLY LLYOLLVIVOLYOLVOVWY LV LLYVOOOD LVO LVOLVOVWY LV LLYOD LY DD D 2990919IV amd OV1dXE VEEND wm
yauplv-ewdis|oot 0.100919VIOVWOOLIVLIOVODLIL1ODV A3 %
youplv-ewdis|oot WYWOOLOLVLOVOOWOLOVOOOVD YWVLVOLVOLVOLVOVYWWLVLIVOLLVYIVOLVOLVOYWLY LLYODOOLVO LV LVOVWWLVYLLYOO LVOIDD09909.190V amd OV1dXE Q82 E8AD <
yaupv-ewdisfoot O1VOL19100091V.L09VODLO1ODV| LEL] m
youplv-ewdis|oot OLLOVOVYWYLYLOVOILOVIOIVOO YWWLVOLVOLVOLVOYWLVLLVOLLVIVOLVOLVOYWY LY LLYODOOLVO LV LVOVWW LV LLVOO LVOIDD09909.190V amd OV1dXe vEAd <
youplv-ewbis|oot D09OVWYOVWWYOLLY.LOOVOOLO1ODV| A3
youplv-ewdis|oot VOLOVOV.LVOV.LLYWIOOVOLYIOO WVLVOLYOLVOLVOVWYLVLLVYO LLV.LIVO LYD LVOVWY LV LLVO DO LVOLVI LYOVWY LY LLYOO LVOD I D999 1OV amd OV14XE Ofend
1911ddns () (,£-.5) @2uanbas SR Bey aueo 18bre]
- uoIeNUIU0D /pIemios
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DNA Cloning: PCR, Restriction Digest, Ligation, Transformation, and
Screening

PCR primers utilized to create various constructs are list€dbte 3.4 All primers were

ordered from Sigma Aldrich and resuspended in nuclease free water. PCR reactions were

set up according to the manufacturerds recon

(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°Qor 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
manufacturerd6s recommendation for T4 DNA

incubated atadom temperature for 1.5 hours before inactivation at 65°C for 15 minutes.

Ligations were then tr &gcdifnotroges d8265017)o0 DHS5 U

foll owi ng the man wnpratacol ararsformants weptatedorf LBr mat i o

agar plates containing the appropriate selection antibiotic and incubated at 37°C

overnight.

Colonies were screened by restriction enzyme digesib$erve 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 a80°C.
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Statistical Analysis

All experimental errors were determined by finding the standard error of the mean of

sever al (NO3) independent experiments and ar
appropriate. Statistical significance was determined using -daieal Studeth O-test, &

oneway ANOVA with a Tukey/TukeyKramer post hoc test, or a repeated measures

ANOVA with a Tukey/TukeyKramer 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 selectaamind 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 medensity valuesvereadjusted for
background by subtracting the mean intensity of the background from all sample values

(Equation 3.1).

O'QQO IGNGOE 0 Qi ddonu Q
G QEeE 0 Qeii ORI WQWRE & MBOGOQQI ¢ 6¢Q

Equation 3.1Background 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).

TYTY Q06 GOBOEOE | QO 1 & Q
W QO350 06 | dIQ@GHE n o Q

Equation 3.2 Intensity per area of sample.
To determine the intensity of signal relative to the loading control equation 3.3 was used.

ARPE Qg an a
PE o GOTEED | ¢ 4

YQa @b Qo PARD QIDBOWNCNE ED | 6

Equation 3.3Sample intensity relative to loading control.
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Chapter 4Poliovirus 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 lgrthation

of a transient doublenembraned structure, known as a phagophore, that can encapsulate
cytosolic cargo nospecifically or through specific interactions with an autophagic
receptor on the nascent membré2@0). Initiation ofthis process in mammals is

regulated by a regulatory kinase complex composed of 4 proteins: ULK1/3{uike
autophagy activating kinase 1/2), RB1CC1 (RB1 inducible caitedl), ATG13
(autophagy related 13), and ATG101 (autophagy related(ZO)1)The complex is itself
regulated through phosphytaition by MTOR (mechanistic target of rapamycin kinase),
56 a d emomoghosphatactivated protein kinase (AMPK), and other nutrient
sensing signaling pathways34, 201) The ULK1 complex, upon activation, activates a
downstream initiation complex composed of BECN1 (beL)ilATG14 (autophagy

related 14), and PIK3C3 (phosphatidylinositetiBase catalytic subunit type @)54).

In the presence of an activating signal, multiple phosphorylation events regulate
recruitment of ULK1 or ULK2 to ATG13 and RB1CC1. Other phospladigh sites
regulate ULK1/ULK2 kinase activity134, 149, 202)ATG101 plays a role in
maintaining complex stability by promoting ULKATG13 interactions and maintaining

the phosphorylation states @mplex membergl33) Therefore, MTOR and AMPK

65



phosphorylations affect complex stability and this, in turn, regulates autophagic signaling

through the ULK complexes.

While most cells have a basal level of eetautophagy, 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 (micrdiule 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/p&eQuestosome) and NBRI(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 autophagycan be induced by telike receptors and is important in the
immune recognition of some virusg€¥)3) However, some pathogens have evolved
mechanisms to subvert the autophagy pathway to their own benefit. Many psisdive
RNA viruses, including several members of heornaviridaefamily, also subvert the
autophagy ptaway (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 infedfrdn 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 inductioraofophagy by
picornaviruses. Expression of the PV protein 2BC is sufficient to induce the lipidation of
LC3 but does not induce the formation of autophagosq¢&®sCo-expression of 2BC
and 3A leads to the formation of doulsileembraned vesicles that contain markers for
autophagosomg34, 98) Footandmouth diseaseinus (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 ndmtic exit pathway in motor neunslike NSG-34 cells that is
independent of apoptosis and may be linked to autopf2®®y Additionally, EV-71
induces LC3lI lipidation and the formation cdutophagosomkke structuresn vitro and

in vivo (87).

Here we show that poliovirus does not require th&Ukctomplex 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 complexgthout
infection and this degradation required actively replicating virus. Poliovirus did not affect
BECNL1 levels during infection; suggesting that only the ULK1 signaling complex was
purposely disrupted during viral infection. Overexpression of ULK1dwrainant
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 multiprotein signaling complexg9). Evidence suggests that the ULK1

containing complex sends the primary signal for autophagjication, with ULK2

playing a minor rol€127, 206) We generated ULK1 knockdown cell lines from HEK

293T and HiHelLa cells using shRNA construcEd. 4.1A). The selected cell lines

were infected with PV at a multiplicity of infection M) = 0.1 and celhssociated virus

was assessed at 6 h pogection (hpi) by plague assaki¢. 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 againstiferaseor ULK1 and inculated for 48
h. These cells were then infected with PNAMOI = 50 and cell lysates were collected at
various points during the time course of infectibig(4.1C). Western blotting for ULK1
confirms that the protein levels were efficiently and consilsté&mocked down via
densitometry analysis-(g. 4.S1). As autophagy signaling increases, LC3, a marker for
autophagic induction, is converted from the #ipidated LC31 form with an apparent
molecular mass (MM) of 18 kDa, to the lipidated l-LBorm, which appears as an
apparent 1&Da band. In HEK293T cells, the 2 forms of LC3 are present with HQ3
greater amount than LGB In siLuciferasetreated HEK293T cells, PV induces a
similar buildup of total LC3 and increase in L-@3elative to LC3I (Fig. 4.1C andFig.
4.S1A). This buildup of LC3ll also occurs irJLK1 KD cells, indicating that ULK1 is

not required for LC3l formation during PV infection.Kig. 4.1C andFig. 4.S1A).
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Figure 4.1. Stable knockdown and inhibition of ULK1 and ULK2 does nbaffect PV

replication.

(A) Stable cell lines expressing shRNA towaldk1 were generated in HER93T and H1

Hela cells. Knockdown of ULK1 was confirmed via western blot. ParentaUaKd

knockdown ULK1 KD) HEK-293T and HiHelLa cell lines were infected with poliovirus (PV) at
aMOI = 0.1 and intracellular titers analyzed 6 Wigi plaque assay. Error bars represent standard
error of the mean of n=3 experimenB) Parental antlLK2 KD H1-Hela cells were infected

with PV ataMOI = 0.1 and assayed for intracellular virus via plaque assay at 0 and 6 hpi. Error
bars represent stdard error of the means for n=3 experimer@$.HEK-293T cells were
transfected with siRNA towardsuciferaseor ULK1 and incubated 48 h. Cells were then mock
infected or infected with PV @MOI = 50 and collected at 0, 3, or 6 hpi for western blot

andysis. Densitometry of n=3 independent experiments is providEd)irS1A (D) Intracellular

viral titers for DMSQ and MRT68924treated HiHelL a cells. HiHeLa cells were treated with
DMSO or 10 uM MRT68921 for 1 h, cells were then mock infected or iefleatith PV ata 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 twailed paired $t d e n-tesh ketween 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 dighortly after birth(207). To exploe the effects of the loss of ULK2
containing signaling complexes on PV replication, we generated ULK2 knockdown H1
HelLa cells using shRNA constructad. 4.1B). Knockdown and parental cells were
infected ala MOI = 0.1 and intracellular virus was assesaed and 6 hpi via plaque
assay. Similar to the results seen for ULKig(4.1A), the knockdown of ULK2Kig.

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 suc¢28gjul o
circumvent this difficulty, we utilized a chemical inhibitor, known as MRT68921, of both
ULK1 and ULK2 to disrupt combined signaling from ULKand ULKZ2containing
complexeg208). H1-HelLa cells were pr&reated wih DMSO or MRT68921 for 1 h,
before infection with PV 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 asdayg.(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 MRT6892&ated cells were assessed
for autophagic initiation signals and flwxa LC3 and SQSTM1 levels, there was a
statistically significant increase of SQSTML1 levels and a statistically significant decrease
in LC3-1I:LC3-I ratios, suggesting that the drug treatment was successfully inhibiting

ULK-mediated autophagyFig. 44D & 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 ATG1(B2). Based on this evidence, we
expect that knockdown of RECC1 will disrupt ULKZ or ULK2-containing signaling
complexes. HEK293T cells were transiently transfected with an siRNA against
RB1CC1 and an siRNA againsiuciferaseas a control. As seen Kig. 4.2A RB1CC1
was consistently knocked down in HEX3T ells and the knockdown was reproducible.
When we tested the functionality of this knockdown via western blot analysis of
SQSTM1 and LC3Kig. 4.2B), we found that loss of RB1CC1 increased basal SQSTM1
levels and decreased La@Bevels. Densitometry analissshowed that the increase in
basal SQSTML1, and the decrease in {Caéd LC311:LC3-I was statistically
significant. This suggests that knockdown of RB1CC1 functionally inhibits basal

autophagy.
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Figure 4.S1. Densitometryanalysis of Figure 1.

(A) Densitometry of ULK1, LC3, LC3-1l, and LC3II: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 determinedrefgeated measures
ANOVA with a Tukey/TukeyKramer posthoc test where * p<0.05, ** p<0.01, *** p<0.00B)
Densitometry of SQSTM1, LGB LC3-1l, and LC3II:LC3-I for Fig. 1D of n=3 independent
experiments. Intensity was corrected to ACTB. Error baresgmt standard error of the mean of

n=3 independent experiments. Statistical significance was determined viataileédopaired

St ud etedst Besveeh DMSO and MRT68921 or moelkd P\iinfected 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 towatdeiferase(siLuciferase siLuc) or
RB1CCI1(siRB1CC1 siRB1) for 48 h before being used ttmwnstream applicationsA]

Western blot and densitometry analysis of HE,3T 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 wasedetined viaatwa ai | e d
* p<0.05. B) Western blot analysis of SQSTM1 and LC3 levels of HERT cells after

RB1CCIKD. Intensity was corrected to GAPDH. Error bars represent standard error of the mean
of n=3 independent exgments. Statistical significance was determined via atbiled paired

St u d etest where *1p<0.05 and ** p<0.0XC) Transfected HEKR93T cells were infected

with PV ataMOI = 0.1 and intracellular virus titers determined via plaque assay at 0a2d 6

hpi. Error bars represent standard error of the mean of n=3 independent experiaftsstern

blot analysis of LC3 levels in transfected H2KR3T cells that were mock infected with PBS+ or
infected with PV aa MOI = 50. Intensity was correcteéd GAPDH intensity. Statistical

significance was determined viaativoa i | e d
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To determine if PV replication was affected by knockdown of RB1CC1,
transfected HEK293T cells were infected with PV aMOI = 0.1 andcell-associated
titers were assayed via plaque assay at 0, 2, 4, and 6 hpi as sHewiAaC. In
comparison to the Luciferase control, there was no difference in PV titers at any of the
assayed points in tiRB1CCIKD cells, suggesting that PV replication does not require
the presence of RB1CCl1l. When we &RBKE&Yyed
knockdown HEK293T cells, we saw that Rivifected cells (MOI = 50) were still able to
induce LCa3IlI lipidation regardless of the presence or absence of RB1EE1 4.2D).
Additionally, when RB1CC1 knockdowiRB1CCI1KD) cells were infected with PV for
3.5 h and imaged via transmission electron microscopy (EN) 4.3), PV infection was
able to induce membrane rearmggments and doubleembraned vesicle (DMV)
formations 20eB00 nm in diameterHig. 4.3C and4.3E), which were absent in the
mock-infected cellsFig. 4.3D and4.3F). These vesicles were remarkably similar in
appearance in both thd_aciferase (Fig. 4.3C) and sRB1CCttreated 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 knockdwn was functional as observed by the
significant increase of SQSTML1 levels in knockdown céllg.(4.3B). Additional
replicate EM images are suppliedriy. 4.S2 Collectively, these data suggest that PV
does not require RB1CC1 for replication, autapbanduction in host cells, and host

membrane rearrangement.

74

PV©b6s



Figure 4.3. PV induces cellular membrane rearrangement in the absence of RB1CC1.
HEK-293T cells were transfected with siRNA againstiferaseor RB1CC1land incubated for
48 h. Cells were then collected for western blot verification of knockdévand B). (A)
Representative western blots of RB1CC1 and SQSTML levels in-randkP \finfected
transfected cellsB) Densitometry analysis of western blotsnfr¢A). Error bars represent the
standard error of the mean of n=3 independent experiments. Statistical significance was
determinedviaatwb ai | ed p ai-testwher&*tpa0dg, i p<®.O1, and *** p<0.001.
Concurrent transfected cells were maatetted D and F) or infected with poliovirus@ and E)
for 3.5 h before being fixed and prepared for transmission EM ima@inig) Representative EM
images of mockor PV-infected transfected cells. Replicate images are supplieig.i.S2
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Figure 4.S2 EM images of replicates 2 and 3 of HEKR93Ts transfected with siRNA against
Luciferaseor RB1CC1in mock or PV infection from Fig. 4.3

Sikuciferase
Mock

Replicate 2
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To show that PV replication can be affected iniauritro system, HEK293T
cells that were transfected with siRNA againgtiferaseor RB1CClwere pretreated
with bafilomycin A, a V-ATPase inhibitor, and then mock or PV infected for 6Hng.(
4.S3. As inFig. 4.2, RB1CC1 knockdown wagproducible and efficienF{g. 4.S3A).
Bafilomycin As inhibits general vesicular acidification in cells, blocking autophagic
degradation and resulting in an increase of LICR09). Indeed, when LC3 levels were
assayed via western blot, bafilomycin-theated cés showed a statistically significant
increase of LC3l, and LC3II:LC3-I ratio regardless of the presence or absence of
RB1CCL1. Fig. 4.538). When celassociated virus levels were assayed via plaque assay,
PV replication was not affected by the presemcabsence of RB1CC1, as seefrig.
4.2C. (Fig. 4.S3C). PV replication was affected in cells treated with bafilomycin A
losing up to 1€fold amount of plaguéorming units when compared to vehicle titers.
(Fig. 4.S3C). These results suggest that wharbafilomycin A 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 A

HEK-293T cells that were transfected with siRNA agalnstiferaseor RB1CC1for 48 h were
treated with 0.1 uM bafilomycin Zor 18 h and then either collected for western blot analysis or
infected with PV for 6 hpi.A) Western blot and densitometry aysa$ of RB1CC1 levels of
transfected cells after overnight treatment with bafilomycinrAethanol. Error bars represent the
standard error of the mean of n=3 independent experiments. Statistical significance was
determined via a twitailed paired Studedtstest between where * p<0.08)(Western blot and
densitometry analysis of LCBand LC3I11:LC3-I levels of transfected cells after overnight
treatment with bafilomycin for ethanol. Error bars represent the standard error of the mean of
n=3independent experiments. Statistical significance was determined viatailedopaired

St u d etest bétweert where * p<0.0%)Intracellular PV titers determined via plague assay
of transfected cells treated with or without bafilomycin Brror bas represent the standard error
of the mean of n=3 independent experiments. Statistical significance was determined via a two
tail ed pai-testhbtw&n whdre *pk0i0S and ** p<0.01.
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The ability of PV to inducéona fideautophagy has beeneasured in the past
using autophagic assays that depend on the degradation of the autophagic cargo receptor
SQSTM1/p6274, 76, 83) However, when we probed for SQSTM1 by western blot in
PV-infectedRB1CCI1KD cells with our monoclonal SQSTM1 antibody, we observed the
appearance of an ~3@a band under the band of SQSTM1 (MM = 62 kDaPV-
infected cells.Fig. 4.4A andFig. 4.S5F. When overexposedrig. 4.4B), the lower
molecular weight band was observed to be stronger in intensity than the nonspecific
bands that were seen in the mactected cells.Fig. 4.S4). This result waseproducible
and observed multiple timeBi§. 4.4A, 44C,4.4D, 4 5E, Fig.4.S4, Fig.4.S5B,andFig.

4.S5P.

Previous work using coxsackievirus B3 (CVB3) has shown that SQSTML1 is
cleaved during infection by the viral protease(84). The SQSTM1 cleavage product
acts in a dominant negative manner, theoretically preventing degeadatophagy95).
To determine if the appearance of the lower molecular weight SQSTM1 was specific to
PV infection, we infected HHeLa cells with PV, PV in the presence of the replication
inhibitor guanidine hydrochloride, or Uwactivated virus, and collected cells for
western blot analysis for the stated time points. We then assessed ULK1, SQSTM1, and
LC3 protein levels by western bldti@y. 4.4C). We observed the cleavage product only in
the PV infected cells and not in the inhibited or-hdctivated PWreated cells. fis
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 SQSTML1 in the presence of the ULKitoihi

MRT68921, we found that PV was still able to cleave SQSTML1 in the presence or
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absence of the inhibitoF{g. 4.4D). Whereas SQSTML1 is transcriptionally upregulated
upon stress conditions in the cell, PV infection has been historically shown to be a
powerful inhibitor of host transcription and cdppendent translatiq210/ 212).

Therefore, in the context of infectioBQSTMranscriptional 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 ocouRV-infected cells.
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Figure 4.4. PV cleaves SQSTM1/p62.

(A and B) HEK-293T cells were transfected with siRNA againstiferaseor RB1CClas in

Fig. 4.2and then mock infected with PBS+ or P\a#MIOl = 50 for 6 h. A) Representative

western blot of SQSTM1 after 6 hpi with PV. Densitometry analysis of n=3 independent
experiments is supplied Fig. S5F (B) Representative western blot analysis of SQSTM1 levels
with a longer exposure thaA). Further replicates are prided inFig. 4.S4 (C) H1-HelLa cells

were either infected with PV (MOI = 50), infected and then treated with guanidine HCI (GuHCI)
(2 mM), or treated with UMnactivated PV for the listed times. A representative western blot of
ULK1, LC3, and SQSTML1 levslis shown. Densitometry analysis of n=3 independent
experiments and intracellular viral titers of PV, PV with guanidine HCI, oiindétivated PV are
supplied inFig. 4.S5 (C) H1-HelLa cells were treated with DMSO or 10 uM MRT68921 for 1 h,
cells were thie mock infected or infected with PV aMOI = 50 along with concurrent treatment
with drug, and collected for western blot analysis. Densitometry of n=3 independent experiments
is provided inFig. 4.S1B
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Figure 4.S4 Western blots of SQSTM1 and LCJor replicates 2 and 3 from Fig. 4A and B
HEK-293T cells were transfected with siRNA againstiferaseor RB1CC1for 48 h and then
mock or PV infected (MOI = 50) for 6 h.
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In the experiment ifrig. 4.1C, we noticed a decrease in ULK1 levels late in
infection. To investigate loss of ULK1 late in infection, we transfected 2BKT cells
with siRNA against.uciferase PSMG1 or PSMG2 PSMG1 and PSMG2 are essential
proteasome chaperones that are vital tp@rdormation of an active proteasome in cells
(194). After 48 h, these cells were moeak PV-infected aia MOI = 50 for 6 h. The
siRNA-mediated knockdown of these chaperones was assessed via gPCR and shown to
be highly efficient and reproduciblé=i@y. 4.5B). Additionally, when celassociated virus
titers were assessed, there were no significant differenoasgathe knockdowns when
compared to the lsuciferasecontrol. 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. 45C). As seen irFig. 45A, weobserved a decrease in ULKL1 levels in
response to infection by 6 hpi. Inhibition of the proteasome due to the loss of PSMGL1 and
PSMG2 had no significant effect on ULK1 levels in unaffected cells. During infection,
ULK1 levels were not rescued by proteasbimhibition, suggesting that PV mediated

ULK1 degradation in a proteasorimelependent fashior-{g. 4.5A).
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Figure 4.S5.Densitometry analysis of Fig. 4.

(A-D) Densitometry analysis of n=3 independent experiments figm4.4C 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 ANOYA wi
Tukey/TukeyKramer posthoc test where * p<0.05, ** p<0.01, *** p<0.00E) Intracellular
viral titers of PV, PV treated with guanidine HCI, or WhActivated PV were determined via
plague assay. Error bars represent standard error of the meaninflep@ndent experiments.
Statistical significance was determined via a-orag ANOVA with a Tukey/TukeyKramer
posthoc test where * p<0.05, ** p<0.01, *** p<0.00F)(Densitometry analysis of n=3
independent experiments feig. 4.4A Error bars represethe standard error of the mean of n=3
independent experiments. Statistical significance was determined viatailebpaired
St u d etest where *1p<0.05 and ** p<0.01.
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Because PV is an efficient inhibitor of cellular transcription and translatie
were concerned that ULK1 protein turnover was responsible for the loss of ULK1 protein
relatively late in infectiorf213) We compared HHela cells that were infected with PV
ataMOI = 50 for 6 h to HiHeLa cells treated with cycloheximide for 6 Rigd. 4.5D).
As observed ifrig. 4.1C, PV mediated a statistically significant decrease in ULK1
levels. Cycloheximide also led to a statistically significant decrease, but not torthe sa
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 pasomal 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 g id.1C,
then treated cells with guanidine HCI, asific inhibitor of viral RNA replicatior(214)

(Fig. 4.4C). We found that ULK1 levels did not change and HC@id not build up. We
also infected witiUV-inactivated PV, which had no effect on ULK1 levels. Viral
inhibition was tested by assessing -@tociated viral titers compared to the wyde

PV (Fig. 4.S5E). As expected, guanidine hydrochloride and-ldsctivation dropped

viral titers1,000,00010,000,006fold, 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 virasid not hostmediated degradation of ULK1. We
also tested ULK2evels and found that they also decreased during PV replic&iign (

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 againstiferase PSMG1 or PSMG2and
incubated for 48 h. Cells were then collected for gPCR analysis, or mock or PV infected (MOI =
50 or MOI = 0.1) for 6 h before collection for western blot or plague assaysis. £) Western

and densitometry analysis of ULK1 levels in mook PV-infected transfected cells. Intensity

was corrected to ACTB. Error bars represent standard error of the mean of h=3 independent
experiments. Statistical significance was deteediviaatwet ai | ed pai-testwher&t udent 0
* p<0.05, ** p<0.01, and *** p<0.001 K) Relative expression levels BEMGlandPSMG2as
determined via gPCR analysis. Cell counts were normalized to TFRC (transferrin receptor) levels
before subsequenath analysis. Error bars represent standard error of the mean of n=3
independent experiments. Statistical significance was determined viatailedopaired

St u d etest where *t** p<0.0001.¢) Intracellular PV titers as determined via plaque assay.
Error bars represent standard error of the mean of n=3 independent experiments. Statistical
significance was determinedviaativea i | e d p ai-testwher&*tpa0dDel) Wéstern t

blot and densitometry analysis of ULK1 levels in-HéLa cellstrea ed wi t h DMSO, 100 ¢
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 ttadled pai e d St -tedt evhrete § 5<0.05 and **

p<0.01. E) Western blot and densitometry analysis of ULK2 and SQSTML levels in-rapck
PV-infected (MOI = 50) HiHeLa cells for the indicated time points. Intensity was corrected to

T U B Atubulin. Error bars reresent standard error of the mean of n=3 independent

experiments. Statistical significance was determined via a repeated measures ANOVA with a
Tukey/TukeyKramer postoc test where * p<0.05 and ** p<0.01
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The remaining members of the ULK1/ULK2 complexes are RB1CC1, ATG13, and
ATG101. To assess their status during PV infectionHelLa 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 inFig. 46A, 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
HelLa cells werenfected with PV (MOI = 50) and MTOR, pgotho-MTOR (S2448), the
PRKAA2/ AMPKU2 s uRRKAAR (T172),pahdoBEPN1 devels assayed via
western blot at 0, 3, and 6 hpiig. 4.6B). At all time points assayed, BECNL1 levels were
constant and consistenttivimockinfected 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 remainednitially constant but decreased at 6 hpi, activating phosphorylation on
threonine 172 did not chang€id. 4.6B). Additionally, the ratio of phosphorylated to non
phosphorylated MTOR or PRKAA2 did not significantly change during infection. This
suggests that \P 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 @uction 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 moelknfected with PBS+ or PV @&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 ekpents. Statistical significance was determined via a
repeated measures ANOVA with a Tukey/Tulkéyamer posthoc test where * p<0.05Bj

Western blot and densitometry analysis of MTOR, phosgfloOR ( S2448) , PRKAA2/ AMI
subunit, phosph®RKAA2 (T172) sbunit, and BECNL1 levels in HHeLa cells that were moek
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/Rtk@er 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 inducingrgenu
autophagosomes, we assessed-Ld&vels during PV infection aa MOI = 50 for 6 h in
the presence or absence of lysosomal inhibitors pepstatin A and Eog2L.$6).
Whereas LC3l levels increased during infection, as seen previously. ¢.1C, 4.2D,
4.4C,4.54) they decreased upon inhibition with the lysosomal inhibitors. However,
when corrected to LGBlevels, the ratio of LC3I to LC3-I in PV infection with or
without inhibition was not statistically significant. Due to the ambiguity ofghisicular
experiment, we then explored whether PV induces the formation of WIPI1 puncta in
infected cells, which are another marker of early autophagoséiiged .S7). HEK-293T
cells were transfected with an expression plasmid of-@GMP for 40 h befoe either
being mock infectedHig. 4.S7A), infected with PV aa MOI = 10 for 5 h Fig. 4.57C),
or placed in starvation medium for 5.5 Rig. 4.57C). 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 formatidona fideautophagosomes.

Because the ULK1 complex is disrupted during infection, we asked what effect
overexpression of ULK1 has on PV replication. Constructs overexpressing a mouse
hemagglutinin (HAjtagged ULK1 and a kinas#ead ULK1 mutant (K48) were
transfected into HER93T cells and then infected with PV at an MOI = 0.1 48 h-post
transfection123). Intracellular PV titers were assayed at 0 and 6 hpi, while parallel
uninfected cells were assayed via western blot to confirm overexpreSgjoa.§9).

When wildtype ULK1 was overexpressefig. 4.S8A) in cells, PV titers were
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unaffected in comparison to the vector contfag(4.S8B). When the kinasdead
ULK1K4®N\was overexpressed in cellig. 4.58C), PV titers were similarly unaffected
by the overexpression in comparison to the vector corirgl 4.S8D). The kinasealead
ULK1 is a dominant negative regulator of autophagy, actively competing with

endogenous ULK1 and inhibiting signaligL5).

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 bamssest standard error of

the mean of n=3 independent experiments. Statistical significance was determined weag one
ANOVA with a Tukey/TukeyKramer postoc test where * p<0.05, ** p<0.01, *** p<0.001.
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Figure 4.S7. WIPI1 ectopicexpression in HEK293T cells results in the formation of puncta
during infection with PV.

HEK293T cells were transfected with GFAPI1 and imaged by fluorescence microscopy). (
HEK-293T cells were transfected with GFWAPIL1 and were fixed 46 h post trd@stion as a
negative control. A representative image is shoBhWHEK-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 representatage is shown.q) HEK-293T cells
transfected with GFWVIPI1 for 40 h were then infected with PVait1Ol = 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 wiletype or kinase-dead ULK1 does not affect PV
replication.

H1-HelLa cells were transiently transfected with overexpression constructs expressing HA
mULK1 or HA-mULK1K46N (kinase dead) for 48 hAj Western blot analysis of transfected-H1
HelLa cells that wermockinfected with PBS+ or infected with PV (MOI = 50R)(Cell-
associated PV titers at 0 and 6 hpi inAAJLK1-transfected H-HeLa cells analyzed via plaque
assay. Error bars represent standard error of the mean of n=3 experi@ewesfern blot
analysis of HAmULK1X4N-transfected HHeLa cells that were mock infected or PV infected
(MOI = 50). D) Cell-associated PV titers at 0 and 6 hpi in4HAJLK1X*®N-transfected HHeLa
cells analyzed via plaque assay. Error bars represent standard error cduthef mve3
experiments.
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Discussion

Here we demonstrate an unusual relationship between poliovirus and the autophagic
signaling machinery. The ULKRB1CCXATG13-ATG101 complex, which is thought

to be essential for most autophagic signaling, is dispén&athinduction 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 unsuccedsiocking out both

ULK1 and ULK2 in the same cells. Therefore, many of our assays focus on RB1CC1,
which is part of the ULK1and ULK2containing complexes; thus, knockdown of

RB1CCL1 eliminates signals from both Utd6ntaining complexel32, 202)

We considered that RBLCC1 may be specifically dispensable in a PV infection
and that the virus somehow rescues the ULK1 complex for viral induction of autophagy.
However, oudata suggest the opposite. A ULK1/ULK2 inhibitor did not affect virus
replication Fig. 4.1D) nor autophagic signaling during infectidfid. 4.4D). When we
observed ULK1, RB1CC1, ATG13, and ATG101 protein levels throughout infection, we
saw a loss of ULKIFig. 4.1C andFig. 4.6A) and ULK2 Fig. 4.5E), and a marked
decrease in RB1CC1, ATG13, and ATG1&1g( 4.6A) in comparison to mochkfected
cells. Additionally, LC3 lipidation appeared to occur at timepoints-pdsttion at
which there was little toamULK1 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 klealge, only been reported in cells treated with
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ammonia to induce autophagy, so it is possible that the amydependent mechanism

and the mechanism used by picornaviruses are si(hifa)

Levels of BECN1, an essential component of downstream signaling from ULK1,
do not change during infectioRify. 4.6B) suggesting that PV targets the ULK complex
and not its major downstream effector complex. FMDV 2C binds BECN1jso0 i
possible that picornaviruses do not engage the ULK1 complex because they directly
signal to the downstream BECNPIK3C3-ATG14 complex204) 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 relton. CVB3 has been reported to induce
autophagy via signaling to AMRKIAP2K/MEK-MAPK/ERK, although whether this is
a bypass of the ULK1 complex or signaling directly to it has not been eluci@dted
Other groups have shown that activattdrAMPK may actually be detrimental to CVB3
replication, because activation of AMPK through specific agonists decreases CVB3
replication, and knockdown of AMPK increases CVB3 viral replicatiiv). Our own
investigations into AMPK and MTOR signaling reveal nangigant changes in the

activation states of AMPK or MTORF{g. 4.6B).

As previously mentioned, FMDV nonstructural protein 2C interacts with BECN1
(204). 1t is possible that PV 2C may also interact with BECN1, potentially reugutitie
BECNL1 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
FMDYV structural protein VP1 (rVP1) induces LC3 lipidation and the formatidrC&f

puncta in macrophages. Interestingly, BECNL1 is dispensable for this autophagic
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induction(218) This may be a host antiviral response to viral path@gsociated
molecular paerns, which lead to autophagy upregulation and subsequentlyIMHC

presentation.

Our group and others have previously reported that PV can ihduneefide
autophagy using loss of fditngth SQSTM1 as our primary asg&g, 83) We have
been unable to explain how active autophagy is compatible with the role of the
amphisome as a site of virion maturat{@®). If autophagosomes become degradative,
we would expect loss of mature virions instead of their release from the cell. While PV
does indeed deease the levels of @2Da SQSTML1 in the celFig. 44A), here we
report that the loss of the fidized SQSTM1/p62 band is not primarily due to autophagic
degradation. While observing the reduction of-fabhgth SQSTM1 would suggest that
autophagic degdation is increased, the appearance of a lower molecular weight species
indicates not all SQSTM1/p62 is being completely degraBegd 4.4AB).
Coxsackievirus B3 cleaves SQSTM1 during infection, and the C&&®ded 2A
protease is responsible for thisalage(94). This lower molecular weight form of
SQSTM1 was not observedmmockinfected cells, cells infected with UMactivated
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 afalse positivdor autophagy, especially in the case of virus infection. We also
observed a higher molecular weight nonspecific b&igl 4.S4) that was present
regardless of infection, although the lower molecular weight band was viral specific. We
are currently carrying owxperiments 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 SQSTML1 cleavage data in particular alter the model for poliovirus and
autophagy. These data bringdrguestion whether PV induces degradative autophagy, as
has been previously assumed. This is further complicated by the fact that SQSTM1
protein |l evels are one the fieldbds primary r
autophagy(81). CVB3 has been shown to cleave other autophagic cargo receptors, such
as NBR1, so this may be a general picornavirus strg8sgyWe used transmission EM
to assess the ability of PV to induce membrane rearrangements and DMV formation in
thepresence or absence of RB1CEig(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
conclusionthat 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 membramearrangements.

Finally, we decided to address the hypothesis that ULK1 degradation is important
for a successful infection. We overexpressed-yifze and kinase dead (dominant
negative) ULK1 to examine if either would affect PV replication. If ULKdswruly
dispensable during PV infection, then we would hypothesize that PV replication would
not be affected in either case. Indeed, we found that P\Assticiated titers were similar
to vector control titers in the witype ULK1 and kinase dead ULKDbditions at 0 and
6 hpi (Fig. 4.S8B and4.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 P\¢@sdu
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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 Kéked ubiquitnation, and the
chaperone protein C1QBP inhibits tregulatorymodification(219) Recently, it was
shown that ULK1 was used as a mechanistic switch for the regulation of autophagy
during periods of ongoing stress or starva(@20). This work showed that ULK1
protein levels decreased after 2 h of starvation and that the dewasadeae to
proteasomenmediated degradation followingpiquitinationby the E3 protein NEDD4L
(neural precursor cell expressed, developmentally degulated 4ike, E3 ubiquitin
protein ligase). P\induced degradation of ULK1 was proteaseim#ependentKig.
45A). The authors also showed that ULK1 protein levels return to basal levels after
prolonged starvation in an MTO&ependent 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 shu(2ii., 222) These results may be a

possible explanation for why ULK1 degradation is so readily observed during infection.

Furthermore, a relatively recent RNAI sereagainst mammaliakT Ggenes in
the context of infection with encephalomyocarditis virus (EMCV), a member of the
Picornaviridaefamily, assessed the role of the ULK complex members during infection
(190). The work found similar results as the knockdost ULK1 and ULK2 did not

significantly affect EMCYV 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 EX1. This led the ahors 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 maicadpldifferently from

EMCV, CVB3, and EV71 in the context of RB1CC1 and ATG13 antiviral functions.

To our knowledge, this is the first time that WHikdependent 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 co(tp@BxWhether
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-HelLa cells were purchased from ATCC (GR258) and grown in minimal essential
media (MEM; Invitrogen11095098)containing Ll-glutamine, phenol red, sodium

pyruvate, penicillin/streptomycin, and 10% fetal bovine serum (FBS) at 37°C, %% CO
HEK-293T cells were purchased from ATCC(CRL216) and grown i n
Modified Eagle Medium (DMEM; Invitrogerl,1965118) containing high glucose, L
glutamine, phenol red, sodium pyruvate, penicillin/streptomycin, and 10% FBS at 37°C,
5% CQ. Unless otherwise noted, all transfections utilized the above media formulations
without antibiotics. Cells were passaged émoving spent media, treating cells with
0.05% TrypsirREDTA (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, B48), cycloheximide (Sigma Aldrich, C7698), and E64D
(Sigma Aldrich, 8640) were purchased from Sigma Aldrich and made up in ethanol.
Guanidine HCI (Sigma Aldrich, G3272) was purchased from Sigma Aldrich and made up
in nucleasdree, proteaséree, sterilevater. Bafilomycin A (s¢201550) was purchased

from Santa Cruz Biotechnology and diluted in nucld€ase, proteasdree, sterile water.
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Plasmids

Plasmid constructs pME188HA-mULK1 (Addgene, 22896), pME18BHA-MULK1
K46N (Addgene 22897), and pMXB GFRWIPI1 (Addgene, 38272) were a gift from

Masaaki Muramats(.23, 223)

Antibodies

ULK1 antibody was purchased from Cell Signaling Technology (8054S) and used at a
1:1000 dilution. ULK2 antibody wsapurchased from Abcam (ab97695) and used at a
1:1000 dilution. MTOR antibody was purchased from Abcam (ab2732) and used at a
1:1000 dilution. PhosphBTOR antibody was purchased from Cell Signaling
Technology (5536S) and used at a 1:1000 dilution. PRK#&#nit antibody was
purchased from Abcam (ab3760) and used at a 1:1000 dilution. PHRRYRA2

subunit antibody was purchased from Abcam (ab133448) and used at a 1:1000 dilution.
GAPDH antibody was purchased from Cell Signaling Technology (2178) ancuaed
1:2000 dilution. ACTB antibody was purchased from Novus Biologicals (N&32)

and used at a 1:1000 dilution. MAP1LC3B/LC3B antibody was purchased from Novus
Biologicals (NB6001384) and used at a 1:1000 dilution. RB1CC1 antibody was
purchased fronCell Signaling Technology (12436) and used at a 1:1000 dilution.
SQSTM1/p62 antibody was purchased from Abnova (HOOOO88YB) and used at a
1:20,000 dilution. ATG13 antibody was purchased from Cell Signaling Technology
(13468) and used at a 1:1000 dilutidATG101 antibody was purchased from Cell
Signaling Technology (13492) and used at a 1:1000 dilution. BECN1 antibody was

purchased from Thermo Fisher (R26171) and used at a 1:1000 dilution. PV 3A
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antibody was as previously descrid@8). HA antibody was purchased from Covance
(MMS-101P) and used at a 1:1000 dilution. Goat-amtuse HRRconjugated antibody

was purchased from BiBad (1766516) and used at a 1:10,000 dilution. Goat-eatiibit
HRP-conjugated antibody was purchased from-Red(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 +2BET and H1

HelLa cells. Puromycin was used at 1.5 pg/mL of media to kiltnesistant cells withi2

days in selection medium. HERO3T cells were plated at €9% confluency in €m

plates and transfected using Tranr2d3 (Mirus Bio, MIR2700) with lentivirus plasmid

constr uct-§, aglScra@npled gHRMA or shRNA agaldsK1 or ULK2

accordingt t he manufact WekKes OBNAroe¢guehce Theed wa:
CCGGCGCATGGACTTCGATGAGTTTCTCGAGAAACTCATCGAAGTCCATGCG

TTTTTTG36 (Sigma Al dri ch, UIKRDRNAGEOeAcE Gsdd7 7) . The
was- 50

CCGGGATTGGGAGGTAGCTATTAAACTCGAGTTTAATAGCTACCTCCCAATCT

TTTTTG36 ( Sigma Al drich, TRCNOOO0O196752) . Fol l
media was removed and fresh media containing-b@hne serum albumin (BSA;

Thermo Fisher, BP1600D00) was added. Media was collected at 48 h, filtered through a

0.45pum filter, andstored at 4°C while fresh higBSA media was added and the cells

incubated for an additional 24 h. Target cells were treated with 8 pg/mL hexadimethrine

bromide before transduction with lentivirus containing media at various dilutions with

high-BSA media ad incubated overnight at 37°C, 5% £0entiviruscontaining media
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from 72 h post transfection was collected from the HEXTS, filtered through a 0.45
pum filter and used to replace the transduced target cell media. Target cells were incubated

overnightat 37°C, 5% C@

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-wtdl 24
format in selection medium and allowed to grow. Clones were transferreget) 6

format and then into-6m plates and analyzed via westélot to verify knockdown.

Transient ULK1, RB1CC1, PSMG1, and PSMG2 knockdawn

As previously reported, siRNA agairRB1CClwas generated via Sigma Aldrich and
the target s e-AAGEAAAUBCAGUUSAUGAUUA S :0196). Bs
previously reported, siRNA againdt. K1 was generated via Sigma Aldrich and the
target sequeCBCEGGCGUACCULCAEAGAGCAA3SMA7) As previously
reported, siRNA again 'SMGlandPSMG2was generated via SignAldrich and the
target sequeCCAGRAGCUYIGAAGGGHWYU3 65@SMGla nd- 56
GCAUAAAUGCUGAAGUGUA-3 6 PISKM@®2(195) The siRNA duplex was annealed
in annealing buffer containing 100 mM potassium acetate, 30 mM HERESpH 7.2,

2 mM magnesium acetate. The resuspended duplex was incubated at 90°C for 1 min and
then 37°C for 1 h. Anreded duplex was then aliquoted and store@@tC. The control
SiRNA against.uciferasewas purchased from Invitrogen (12935146). HER3T cells
were plated at 4565% confluency in media containing antibiotics in-aél format.

Transfections of sSiRNAs &re 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% CO
Viral production, infection, and plaque assay

Poliovirus Mahoney type 1 was generated as previously des¢i®8y Briefly,

linearized PV cDNA was transfected into4HELa cells and overlaid with a final
concentration of 1X MEM and 1% agar (BD, 214010) for 48 h. Plagues were picked and
amplified twice in uninfected cells. Poliirus was isolated via 3 rapid freetteaw cycles

and centrifugation to remove cellular debris. Virus was then titered uskifeHa cells.

Cells were infected with PV by removal of the culture medium and addition of PBS+
(phosphate buffered saline 140 nsigidium 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% C£After adsorption, culite medium was added to the cells and
incubated at 37°C, 5% C@r the appropriate incubation time. Viral samples were
freezethawed 3 times in a dry ieethanol bath then incubated at 37°C and added to H1
HelLa cells in serial dilutions. After adsorptidiX MEM-1% agar was overlaid on the

cells and incubated 48 h at 37°C, 5% Xgar was removed and the cells stained with
fixative containing crystal violet and washed with water. Plaques were then quantified to

calculate plaguéorming units.
Poliovirus UV inactivation

Poliovirus in PBS+ was inactivated using a{S$¥atalinker (Stratagene, 400075). PV

was exposed to 100000F/in autocrosslink mode and then exposed to another
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100000J/rAdose. UVinactivated samples were titered via plaqusaggo verify

inactivation in HiHelLa cells.
Western blot

Cells were lysed in buffer containing 10 mM THEI, pH 7.5, 10 mM sodium chloride,

1.5 mM magnesium chloride, 1% NP (Sigma Aldrich, NP40S) and protease inhibitor
cocktail (Thermo Fisher, 88§ for 3060 min on ice. Lysates were clarified by
centrifugation at 2500xg, for 5 min at room temperature. Total protein levels were
guantified either by BCA or Bradford assays (Sigma Aldrich, BCA1, B6916). Lysates
were loaded into polyacrylamide gels aedolved using Trisslycine SDSPAGE at a
constant 90 volts. Gels were transferred onto PVDF membrane (Invitrogen, 1B24001,
IB24002) using the sentlry iBlot2 apparatus (Invitrogen, IB21001) per the
manufacturer's protocol. Membranes were blocked in S8fatoskim milk in Tris

buffered saline (100 mM Tris hydrochloride pH 7.4, 2.5 M sodium chloride) containing
0.125% TweerR0 (Sigma Aldrich, P1379) (TBST) for 1 h at room temperature.
Membranes were then incubated with primary antibody in 1% skimTBKT at 4°C
overnight, washed 3 times with TBST 10 min each wash, and incubated with secondary
antibody in 1% skim milkiBST 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 Ré¥tvestern

Blot Stripping Buffer (Invitrogen, 21059) andotecked with 5% skim milkTBST.

Electron microscopy.
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Cells were transfected as described and fixed in the dish with 2.5% glateméd-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 mheubes, post fixed with 1% osmium tetroxideg%

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%
acetme exchanges and infiltration with an increasing concentration of arajubteresin
(Araldite 502Embed 812; Electron Microscopy Sciences, 13940). After 2 exchanges of
pure resin, specimens were embedded in Aralgiten 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 Mcroscopy Techniques, MA, USA).
Fluorescence microscopy of WIPI1

HEK293T cells were seeded 1 day before transfections ontelRPlylsine-coated (Sigma
Aldrich, P7280) 18mm coverslips (VWR, 47001900) for 70% confluence on the day

of transfections. GFR®VI P1 1 and 1. 5 -293traddieatian seagént @imus | T
Bio, MIR 2700) were used per 24ell plate, complexed in OpMEM (Gibco,

31985070) for 30 min at room tempéure. 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 andlsevere fixed in cold 4% paraformaldehyde for 10 min.
Cells were washed 2x in PBS, then coverslips mounted using Vectashield (Vector

Laboratories, HLO0O0). Images were acquired a Zeiss LSM 710 microscope.
gPCR analysis o0PSMG1 and PSMG2 transcript leels

RNA was isolated from HERO3T cells 48 h post transfection with eitherusiiferase

siPSMG1lor sPSMG2(as described above) using Trizol (Invitrogen, 15596026)

extraction and collection dysatesinto microcentrifuge tubes. RNA extractions were
paformed using Direect 0| E RNA Mi ni Prep Kit from Zymo Re
Using the Applied Biosystems TaqMCRE Gene EX
were performed usi n-8tepMasteMéix(TherfcaFsher, Vi rus 1
4444432) foPSMG1landPSMG2 using assay IDs Hs00186605 _m1 and
HS00220315_ml1, respecti verwascalciatedusmmg si on anal
TFRC (transferrin receptor) as a housekeeping control (assay number #Hs00951083 _m1

from Applied Biosystems).
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Statisticalmethods.

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 determinedviaa-twa i | ed pai-testwheréS't udent 0s
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 posthoc test where * p<0.05, ** p<0.01, *** p<0.001.
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Chapter 5Role ofEnterovirus proteins in virahduced autophagy

Introduction

Poliovirus does not require the ULK1/2 complex to induce autop(i$) This
processnay not proceed to degradation as the virus cleaves autophagic cargo receptors
such as SQSTM(5, 189, 224, 225Recent evidence in E68 suggests
picornaviruses also cleave key autophagy SNARE proteins, vital fusion members
between autophagosomes and lysosdi224) The noressential role of the ULK1/2
complex in virus infections is not surprising, as mather stimuli that induce autophagy
can bypass members of the ULK1/2 comy226). One potential hypothesis that
explains these results is thgect or indirecinteraction of picornavirus proteins with the
key membrane forming complexes of autophdgigornaviruses 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, AG14, PIK3R4, and the kinase PIK3(Cl%4, 156, 227)This
complex generates PhosphotidylinosBgbhosphate (PBP) which enrich the pre
autophagosome phagophdi®3, 154) This enrichment is recognized by lipid binding
proteins: WIP1/2228). 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 bbave a different function. MAP1LC3B, also known as
LC3B, is conjugated to phosphoethanolamine (PE) upon autophagy indid&#yri39)
Lipidated LC3B decorates the forming autophagosome, serving functions in membrane

curvature to generate the unique double nramd 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 ithe 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 3ABavebeen showr83, 104) Overexpression of 2BC and 3A
generated double membrane vesiahegitro while recombinant ¥ 3AB generated
multilamellar liposomes when expressed in a-frel 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 (EY68), Coxsackievirus B3 (GB3), and
rhinovirus Al (RVAA1) infection. Additionally, to explore whether exogenous expression
of picornavirus proteins affected the autophagic state of the host cell, we genarated

overexpression systeta explore viral protein function outside of arfieiction.

We found that RB1CC1 knockdown did not impact the autophagic signaling or
viral replication of EVD68, C\-B3, or R\*Al. Additionally, knockdown of BECN1 or
PIK3C3 had no impact on poliovirus replication, though lipidation of LC3 appears
reducedvith BECN1KD. Utilization of a pcDNA expression system allowed for
successful expression of 2BC and 3A from PV andB3V Exogenous expression of
viral proteins 2BC and 3A from PV and €BAB in a stably tandem fluorophore tagged
LC3B expressing cells resatt 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 whethseaond signal is required for acidification is

unknown.

Results

To determine the role of the ULK1/2 complex in 68 replication, HEK293T
cells transfected with siRNA againsiciferaseor RB1CClwere infected with EMD68
48 hours post transfection. Cells were either collected for Western Blot analysis or for
plaqueassay analysis 5 hours post infectibig(ire 5.1). Recent work has demonstrated
an important roldor autophagy in EMD68 replication, as inhibition of autophagy
through inhibitors or knockdown of key lipidation components negatively atteet
virus. Asseen in Chapter 4, RB1CC1 knockdown inhibits basal autoplfragyré
5.1A). Like poliovirus, EVD68 induces lipidated LG8 (Figure 5.1A and C), leading
to an increase in the LC3 Il:l rati®ifure 5.1D). Interestingly, RB1CC1 knockdown
does not affect C3 lipidation, suggesting that autophagy induction by[BB8 is also
independent of the ULK1/2 complex. H¥68 replication is not impacted by the loss of
RB1CC1 5 hpiFigure 5.1B), mirroring the results of poliovirus. EM68 also appears to
induce the degdation of RB1CC1 underlsiciferaseconditions Figure 5.1C)

suggesting that END68 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, HEK293T cellsweretransfected with siRNA againkticiferaseor
RB1CC1theninfected with C\\B3. Autophagy markers were assayed by Western blot
analysis and intracellular viral titers determined through plague asgayd 5.2). As

expected, RB1CC1 knockdovimhibits basal autophagy¥igure 5.2A). CV-B3 infection
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does not induce significant LC3 lipidatioRigure 5.2A and C). CV-B3 has been
documented to induce autophagy, though this may be a strain specific rqid)se
Like PV and EVD68, RB1CQ knockdown does not impact G&3 replication 6 hours
post infection Figure 5.2B). Unlike PV and EVD68. C\-B3 infection does not result in
the degradation of RB1CC1, highlighting another difference from PV anD&B/
(Figure 5.2C). These results suggekat the ULK1/2 complex plays no role in €B8

infection, and that this strain of GB3 does not induce an autophagic response.

Rhinovirus Al is not an obvious choice to test for ULK1/2 dependence.
Rhinovirus Al belongs to the subfamily of picornavirugeg are one of the causative
agents of the human cold. Rhinovirus Al, 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 eplication of RVAl. Similar to EVD68 and CVB3, transfected cells
were infected with RVA1 (Figure 5.3) and assayed for autophagy markers as well as
viral titers. RVAL infection induces small amount oL C3-11 lipidation 6 hours post
infection, thoughhe increase is not significant as determined through 3 independent
experimentsKigure 5.3A and C). The presence or absence of RB1CC1 does not affect
this lipidation. Unsurprisingly, R\ is not affected by the loss of RB1CC1.
Collectively, these dataiggest 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-pi@ornavirus.

112



Figure 5.1. EV-D68replication and autophagy induction is independent of RB1CC1.

(A) HEK-293T cells were transfected with_atiferaseor SRB1CC1 Cells were then moek
infected or infected with EAD68 ata MOI=50 and collected for Western blot analysis 5 hpi.

RB1CC1, SQSTM, and LC3 levels were analyzed by Western blots. (B) 2B&T cells

transfected with the corresponding siRNA were infected witHJB8 48 hours post transfection
ataMOI=0.1. Cells were then collected and intracellular viral titers quantified by plagag.a
Error bars represent the standard error of the mean of N=3 independent experiments. (C)

Densitometry analysis of RB1CC1, SQSTM1, and dUavels of N=3 independent
experiments. Error bars represent standard error of the mean. Statistical sicgeasn

det er mi ned -Testwh8re PO t* H<6.01t ***p<0.001. (D) LABLC3-I ratios
of N=3 independent experiments. Error bars represent standard error of the mean. Statistical
dTest weheretp<0.85F p<d0.91, *Sp<0.@DE. nt 6 s

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

(A) HEK-293T cells were transfected with_atiferaseor SRB1CC1 Cells were then moek
infected or infected with CAB3 ata MOI=50 and collected for Western blot analysis 6 hpi.
RB1CC1, SQSTM1, and LC3 levels were analyzed by Western blots. (B)29BK cells
transfected with the corresponding siRNA were infected @WhB3 48 hours post transfection
ataMOI=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, SQ\81, and LC3Il levels of N=3 independent

experiments. Error bars represent standard error of the mean. Statistical significance was
det er mi ned -Testwhsre O3 t* 6<6.01f (D) LCB.LC3-I ratios of N=3
independent experiments. Error beepresent standard error of the mean. Statistical significance
was det er mi neldstvihgre*st0.05d ent 6 s t
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Figure 5.3. RV-Al replication is independent of RB1CC1.

(A) HEK-293T cells were transfected with_atiferaseor SRB1CC1 Cells were then moek
infected or infected with RVMA1 ata MOI=50 and collected for Western blot analysis & hpi
RB1CC1, SQSTM1, and LC3 levels were analyzed by Western blots. (B)29BK cells
transfected with the corresponding siRNA were infected withAR\A8 hours post transfection
ataMOI=0.1. Cells were then collected and intracellular viral titers quadtlfiy plaque assay.
Error bars represent the standard error of the mean of N=3 independent experiments. (C)
Densitometry analysis of RB1CC1, SQSTM1, and {08vels of N=3 independent
experiments. Error bars represent standard error of the mean. &tiagigtnificance was

det er mi ned -Testwhsre O3 t* H<6.01f ***p<0.001 (D) LEBLC3-I ratios

of N=3 independent experiments. Error bars represent standard error of the mean. Statistical
significance was dlestwaremp<0.6bd by Student ds t
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Poliovirus2A proteaseleaves SQSTMJas seen in chapter d@nd inpublished
work (95, 189, 224, 225EV-D68, CV-B3, and RVAL also cleave SQSTMF{gure
5.1A, 5.2A, 53A), which has been published elsewhere as (@&1). Intriguingly,
knockdown of RB1CC1 seems to have an eftecSQSTM1 cleavage. In EM68, C\-
B3, and RVA1, SQSTM1 cleavage products are more prevaleRBhCC1lthan in
siLuciferaseKD conditions. The cleavage of SQSTM1 complicates the ability to interpret
the degradative aspect of autophagy, as loss of fgtheBQSTM1 is not autophagy
specific in a viral infection. SQSTML1 cleavage products may be more readily prevalent in
knockdown conditions due to the inhibition of basal autophagy. With morkefgth
SQSTML1 present at the start of the infection, it maleese that there will be more

cleavage products.

The nonessential 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 intettawith 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@N1 complex generates phosphatidylinosgol
phosphate lipids that are required for autophagosome biogenesis. The active enzyme,
PIK3C3, is not autophagy specific. Only when theakmis bound by BECN1 and
ATG14does the kinase generate phospholipidaf@ophagy. 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 HEK293T in a similar method to RB1CC1. We assayed autophagy
markers SQSTM1 and LC3 as well as assaying viral titers @-ffpire 5.4).

Knockdown of BECN1 was efficient and reproduciliggre 5.4A and B), though
knockdown did not affdcSQSTML1 levels or LC3 lipidation, suggesting no inhibition of
basal autophagy. Surprisingly, knockdown of BECN1 did not affeatithkeinduction of
LC3-II (Figure 5.4B and C) orviral replication Figure 5.4D), suggesting that BECN1

is dispensable forWPinducedautophagyAlternatively, 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.
BECNL1 is characterized asvital component of canonical autophagy, as various groups
have found impaired autophagic responses in cells lacking BECT%]1 180, 227)

Though BECNL1 independent autophagy has been reported before in fatty acid induced
autophagy, it is difficult to understand how PV infection has rendered BECN1
dispensabl€174) One possible explanation is that the virus haspted PIK3C3

directly, eliminating the necessity of association with BECNATDTG14.
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Figure 5.4 PV replication and autophagy induction is independent of BECN1 and PIK3C3.

(A) HEK-293T cells were transfected withLatciferaseor SBECN1 Cells were then moek

infected or infected with PV (MOI=50, 6hpi). BECNL1 levels were assayed by Western blot.

(B&C) SQSTM1 and LC3 levels were assayed from mock cirf®&€ted transfected cells from

(A). Densitometry analysis was conducted on N=3 indepeineixperiments. Error bars represent
standard error of the mean. Stati-estwherl signific
*p<0.05, ** p<0.01. (D) Cell associated viral titers 6 hpi were determined by plague assay. Error

bars represent standardarof the mean for N=3 independent experiments. (E) PIK3C3

transcript levels were assayed by gPCR relative to transferrin receptor (TFRC}Hmlidiand

HEK-293T cells. Error bars represent standard error of the mean of N=3 independent

experiments. Stagit i cal signi fi cance -Teatsvhec &k006,mi ned by St i
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 requireméenf PIK3C3, HEK293T and HiHelL a cells were
transfected with &iuciferaseor siPIK3C3and infected with PV 48 hours post
transfection. Preliminary attempts to assay PIK3C3 protein levels by Western blot
analysis met with failure, as two different commatreintibodies 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 byetl line, with ~40%
knockdown in HiHeLa versus ~60% knockdown in HE2O3T cells. PV replication,
assayed by cell associated viral titers, showed no drastic change in comparison to
siLuciferaseconditions Figure 5.4F). Overall, these results suggest tAstmediated
autophagy inductiomayindependent of the BECN1 compleékough additional work
through the use of knockouts and inhibitors is needed before being able to definitively
draw this conclusion. This resyloses a paradox as far as canonical dnatgp is
understood. The BECN1 complex is required for autophagosome biogenesis, but PV does
not require the complex to induttee biogenesis of autophagosome like vesicles
Furthermore, without the FAP lipid enrichment from the BECN1 complex, it is uacle
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 isngciturri

proximity to replication centers.

Ultimately, elucidating the mechanism of induction of picornavinesliated
autophagy remains challenging. In the context of infection, multiple different process,

cell mechanisms and viral mechanisms are workirgpircert 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 proithat are likely candidates to affect
autophagyDue 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.fiFeeaddition 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 thetatal 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.1 (+) constructs of PV and CB3 2BC and 3A that
were tagged with Merminal 3X FLAG to exogenously express viral proteins. We
transfected these plasmids into our stably expressingm@EterryLC3 H1 Hela cell
line and carried out immunofluorescencelgsia to measure the effect on autophagic
flux. This was carried out for 3 independent experiments whose results are shown in
Figures 5.55.7. Through these 3 replicates, we observed consistent patterns for each of

the viral proteins tested.

PV 2BC overepression 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 5.65.7). The acidification rate, measured as the ratio of mCherry positive
puncta (where GFP wasignched 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 P\BEZ induction is not enough to trigger acidification into

amphisomes or autolysosomes.

PV 3A was tested in two ways in these experiments. We generated-i@adfed
PV 3A that matched PV Mahoney Type 1 genomically (PV 3A) as well askLAG
tagged PV 3A whbse 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 pundtgg(ires 5.5-5.7). PV 2BC and 3A both
seemed to induce the same nuntfgruncta consistently. However, the rate of
acidification in both PV 3A constructs was similar to PV 2B@gre 5.5B, 5.6B, 5/B).
Therefore, these data suggest that PV 3A is also able to induce LC3 puncta and
presumably autophagosomes, that do notifgcid/e 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-8% 2BC and 3A revealed similar
results to PV. Overexpression of €B8 2BC showed an increase in GFP/mCherry
positive, mCherry alone, and total puncta per ¢atiifres 5.5-5.7). CV-B3 2BC
induction levels wersimilar to PV 2BC, suggesting that induction of 'C3
autophagosomes may be intrinsic to 2BC. Furthermore, the acidification rate of cells
expressing CWB3 2BC was not significantly greater than vector control-EB3/3A also
generally increased the levels@FP/mCherry positive, mCherry alone, and total puncta

(Figures5.55.7). These levels were similar to PV 3A as well as PV aneB3\2BC. In
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agreement with the other viral proteins, B8 3A overexpression did not impact
acidification. Collectively, theseesults suggest that PV and CVB3 2BC and 3A contain
an intrinsic capacity to induce the formation of L@8incta, but lack the ability to push

these vesicles towards acidification.

Figure 5.5. First replicate of PV and CVB3 viral overexpression in GFPmCherry-LC3 H1

Hela cells.

Cells were transfected with the corresponding plasmid construct and incubated in a humidified
incubator at 37°C, 5% CQfor 24 hours. Cells were then fixed with 4% paraformaldehyde before
probing for the orresponding 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), G883 2BC, and CWB3 3A, are 3XFLAG tagged. PV 3A is
Myc-tagged. (B) Quantification of N=15 individual cells from (A), quantifying GR€herry

positive LC3 puncta, mCherry alone, and total puncta. The ratio of mCherry puatal t

puncta measures acidification of each condition. Statistical significance versus pcDNA vector
control was det etesmwhare*p<00y, **150.QL o0&, p<t0O6CL, T
**+%n<0.0001, ****p<0.00001. Error bars represent standard error & thean.
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Figure 5.6. Second replicate of PV and CVB3 viral overexpression in GFRCherry-LC3

H1 Hela cells.

Cells were transfected with the corresponding plasmid construct and incubated in a humidified
incubator at 37°C, 5% CQfor 24 hours. Cells wetthen 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 wWhithe color images depict GFP and mCherry fluorescence. PV
2BC, 3A Codon Optimized (CO), CB3 2BC, and CWB3 3A, are 3XFLAG tagged. PV 3Ais
Myc-tagged. (B) Quantification of N=15 individual cells from (A), quantifying GiF€herry
positive LC3 puncta, @herry alone, and total puncta. The ratio of mCherry puncta to total
puncta measures acidification of each condition. Statistical significance versus pcDNA vector
control was det etesmwhare <00y, **150.QL o0, p<t0O60CL, T
*%n<0.00 01, *****p<0.00001, *******pn<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 GFPmCherry-LC3 H1

Hela cells.

Cells were transfected with the corresponding plasmrstruct and incubated in a humidified
incubator at 37°C, 5% CQfor 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 Revolf#uorescence 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), CB3 2BC, and CWB3 3A, are 3XFLAG tagged. PV 3Ais
Myc-tagged. (B) Quaiftcation of N=15 individual cells from (A), quantifying GFRRCherry

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
contr ol was det er-tastwherd* pkOy05, Sp<Q.0Le*rt, (p<OH0L,T
**%p<0.0001, *****p<0.00001, *******n<1.0 x 10 8 and ********p<1.0 x 10 °. Error bars
represent standard error of the mean.
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Discussion

Our initial discovery of poliovirusnediated autophagy induction being
independent of ULK1/ULK2 has led uswant to uncovethe underlying mechanism
that appears to be unique to picornaviruses. We have now demonstrated that multiple
picornaviruses are s independent of the ULK1/2 complex, suggesting a more general
phenotype that may in fact expand to be-pmornavirus. However, multiple viruses,
including viruses that are evolutionarily distinct from poliovirus, must be tested first
before we can cohuede 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 roldltd 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 comptekden described as to
be essential in canonical maeatophagy, 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 signifimpact 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 essestis! in
inducing autophagosome formation. Ultimately, these results reveal how efficiently and
elegantly these viruses have evolved a mechanism that tretyhgts a basic cellular

process for their own benefit.
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If PIK3C3 was dispensable, this sugtgsl that phosphatidylinositi@-phosphate
lipids were not essential for polioviriisduced 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 phagopioTherefore, 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 formatiornopess. Evidence does exist that suggest a role
in this process for poliovirus 2BC, 3A, and 3483, 104) We hypohesized that these
membrane boundral proteinscould 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 inddeenovoautophagosomefmation at sites of

viral replication.

To explore this hypothesis, we developed an expression system using pcDNA 3.1.
Using a GFAMCherryLC3 expressing H1 HelLa cell line, we could assess autophagic
flux through GFP quenching. We found that all th@Maroteins tested, PV and €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 autopb@ages 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 lgt®cta, they are
not able to trigger acidification. This suggettat 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 cexpression ofhese viral proteins may reveal key insights into the

picornavirusmediated 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, feftleedating the
mechanism of induction. Through the use of immunopretipitand mass spectrometry
analysis, our goal of identifying key host determinants in picornawediated
autophagy induction has become a tangible possibility. Furthermomatiat of these
potential candidates and the potenitiabitro 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.
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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 Nhel and Xhol 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 reactioms kept at

room temperature for 2 hours, followed by inactivation at 65°C. Ligation reactions were
t hen tr ansf ochenscdly comgeterE. RdH, Hlated, and colonies allowed

to grow overnight at 37°C. Colonies were screened via colony PCRthsiptAGE

primers listed in Table 3.4. Positive colonies were made into glycerol stocks and verified

via Sanger sequencing.
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Chapter6: Amino Acid Starvatiorinduced Autophagy is Independent of the
ULK1/2 Complex

Introduction

While autophagynaintains 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 repliation. Autophagy upregulation is not unigue to infection and
many of thenon-pathogeni@ctivating stimuli forautophagyare metabolic in nature.
Nutrient starvation, for example, has been shown to induce higher levels of autophagy in
cells bothin vivoandin vitro (153, 163, 172, 181, 230klucose starvation, growth factor
deprivation, amino acid depletiomaserum starvation can all induce autophagy as a
mechanism of cell survivdll63, 169, 231, 232By degrading cytosolic components to
provide carbon sources such as sugars, amino acids, anddglidsan temporarily
survive the conditions that induced autophagy. There is a limit to cell survivagjthrou
autophagy(233 235) If low nutrient conditions persist, the cell may activate cell death
pathways should autophagy stall or be intpted(236). Furthermore, extended
activation of autophagy also triggers negative feedback mechanisms that will eventually
downregulatethe degradative pathway through ptrsinslational modifications and

changing the expression of key autophagy géhes, 167, 237)

As discussed in depth in Chap&macreautophagy is regulated by the ULK1/2
complex, which serves as a signal nexus for upstream neggasing 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 MTORCL inhibition of the ULK1/2 com§lEe34, 145)

AMPK has also been shown to inhibit autophagy activation during glucose starvation,
signifying a complex relationghibetween AMPK and autophagy inductid®7).

Despite ULK1/2 being required for autophagy induction, there have been several reports
of autophagy induction independent of vadanembers 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 starvatiompanmonly accepted method to induce

autophagy, observed independence from ULK1/2.

Mejlvang et al. utilized a proteomic approachdentify changes in protein levels
between A549 or BJ (primary fibroblasts) celteder amino acid starvation versiels
in nutrientsufficient conditiong238). By feeding the cells with carbeli? labeled
arginine, starving in Hanks Balanced S&tdution (HBSS) for 4 hours, and then using
SILAC mass spectrometry, protein expressi@s shown to haveecreasedbr up to
10% of the total proteome. The most affected proteins were autophagy related proteins,
primarily autophagy cargo receptors SQSTMBR1, NDP52, and TAX1BP1, with a
decrease of over 80% during starvation. LC3 also decreased significantly, 238)%
To determine if the proteomic decreases observed was due to lysosomal degradation, and
therefore macr@autophagy, the same experiment was conducted in the presence of
bafilomycin A;, which should prevent general vesicular acidification and inhibit

lysosomal @éinction. This approach ultimately revealed that 3% of the proteome of these
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cellswas rapidly degraded by the lysosome during amino acid starvation. These
lysosome dependent proteins incldggasma membrane proteins, such as SLC38A2 and

SERINC1(238)

Due to the composition of HBSS, celeredeprived of amino@ds 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 atagdv&tion, suggesting that
this rapid turnover is due primarily to amino acid starvation. Surprisingly, inhibition of
MTOR and MTORC Dy incubation with rapamycin, had no effect on a panel of
substrates such as NBR1, SQSTM1, TAX1BP1, NDP52, NDFIP1, GABhZh had
been identified through SILAC as targets of rapid degradation upon star{Zg®n
MTORCIL1 inhibition was confirmethrough western blot analysis of the phosphorylation
state of MTORCL1 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 cycloheximigdyich activates MTOR, starvation still causes
decrease of the cargo receptors, despite no LC3 puncta forr{ilemi238) This
evidence suggests that maewatoghagy may not play a role in the degradation of these
proteins. This hypothesis is supporgedinhibition of vital members of maceutophagy:
PIK3C3, RB1CC1, ULK1Z, ATG7, and ATG5, doesot prevent degradation of
autophagy cargo receptors NBR1, TAX1BRagd NCOA4. The authors implicate
endosomal micrautophagy mediated through ESCRT proteins as an immediate

response to starvation within 30 minutes, followed by canonical rsatophagy.

The work of Mejlvang etd. mirrors what we have uncovered for gtarvation

response in ULK1/2KO mouse embryonic fibroblasts. We show that under amino acid

135



starvation, both wildtype and ULK1/2KO MEFs degrade SQSTM1, though ULK1/2KO
MEFS fails to induce LC3 lipidation. MEFs overexpressing (GFHRLC3 were able to
inducepuncta 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 celllines, while bafilomycin Atreatment partially restored SQSTML levels in both
wild-type and ULK1/2KO cell lines. Whether this ULK1/2 independent autophagy

induction is due to micrautophagy and not maceutophagy is unknown.

Results

To confirm thegenetic 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, exphdatULK1,
and exons 222 for ULK2 (Figure 6.1A). Genomic DNA was extracted from parental
and knockout MEFs and the regions of interest amplified through PigR¢ 6.1B and
C). ULK1/2 MEFs failed to amplify a product between exor Yalidating the genetic
knockout. Western blot analysis OLK1, 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 paréatad 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 maysuggest that current commercially available ULK2 antibodies are not
suitable for use in ttse cell linesHowever, 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 isunctional 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 locusBsmer sets were created between exons 1
and 3, where CrRecombination eliminated this section, and further downstream: exeis 17
for ULK1 and exons 222 for ULK2. (B&C) Genomic DNA was extracted and PCR amplified
with the designed primers. PCR pratiiwere 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 MEMO). SQSTM1 and LC3 protein levels
were monitored by Western blot analy@tsggure 6.2A). Wild type MEFs followed a
patten that corresponds with traditional ma@watophagy. LC3l lipidation is up
regulated as soon as 2 hours into the starvation, peaking at 6 houtscesabses shortly
after(Figure 6.2A and B). SQSTML1 levels begin to drop as early as 2 hourgpkaidau
at 6 hours into starvatiofrigure 6.2A and C). The ULK1/2KO MEFs showed no LC3
lipidation throughout starvatiorrigure 6.2A and B). Surprisingly, SQSTML1 levels also
decreased in response to starvation, occurring as early as 2 hours into stanatio
plateauing at 6 hours into starvation, reminiscent of the wildtype MEFs. As LC3
lipidation is a marker of macrautophagy induction, these results raise the question of
how SQSTML1 is degraded the absence of LC3 membrane association, which is kitoug
to be essential for macautophagyThe LC311: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 bafilomyeaioutd
be able to differentiate between induction or rapid turnover. Indeed, as dagora
6.4A, we can detect LC3l in ULK1/2KO MEFs treated with bafilomyciflaken
together, these results suggest that ULK1/2 may be dispensable foramitirstarvation

induced autophaggnd thatSQSTML1 lossnay not beneasuringnacreautophagy.
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