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Abstract

Autophagy is a conserved and highly regulated catabolic process essential for
cellular homeostasis, particularly under stress conditions such as nutrient starvation and
infection. While bulk autophagy facilitates the indiscriminate degradation of cytosolic
components during starvation, selective autophagy targets specific organelles and
intracellular pathogens for turnover. A critical component of autophagy is the ATG16L1-
containing E3-like enzyme, which drives autophagosome formation. Polymorphisms in
ATG16L1, such as the Crohn’s disease-associated T300A variant (caATG16L1), have
been linked to autophagy dysfunction. Our findings demonstrate that ULK1 kinase directly
phosphorylates ATG16L1 in response to infection and starvation, facilitating its
localization to bacterial entry sites and promoting anti-bacterial autophagy. However,
ULK1-mediated phosphorylation of caATG16L1 leads to its destabilization under stress,
highlighting a dual role of ULK1 signaling—enhancing wild-type ATG16L1 function while

compromising the stability of its disease-associated variant.

We next sought to further dissect the kinase-mediated regulation of selective
autophagy targeting specific organelles. We proposed that selective autophagy may be
regulated by distinct upstream signaling from starvation-induced autophagy to promote
organelle turn-over. To investigate this hypothesis, we developed a customized kinome-
wide CRISPR screening platform designed for the parallel interrogation of multiple stress-
induced autophagy pathways. Utilizing a reporter cell line expressing DsRed-IRES-GFP-
p62, we were able to monitor basal autophagy, starvation-induced autophagy, ER-phagy,

and pexophagy. The Brunello kinome library was employed to maximize on-target gene




disruption while minimizing off-target effects, enhancing the overall robustness of the
screen. Through this approach, we identified both known and novel kinases involved in
autophagy regulation, including condition-specific regulators such as CDK11A and NME3

for ER-phagy, and PAN3 and CDC42BPG for pexophagy.

Overall, our study emphasizes the central role of kinase signaling in coordinating
selective autophagy. We demonstrate that ULK1 differentially affects autophagic
outcomes depending on the ATG16L1 allele, revealing an additional layer of regulatory
complexity. Additionally, the datasets generated from our optimized screening strategy
provide valuable insight into the distinct regulatory networks governing bulk versus

selective autophagy, offering a foundation for future mechanistic and therapeutic studies.
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Chapter 1: Introduction

Macroautophagy (hereafter referred to as autophagy) is a tightly regulated
degradative process triggered by various cellular stressors, including nutrient deprivation,
proteotoxic aggregates, and pathogen invasion(Ryter et al. 2013). This process is
orchestrated by a highly conserved group of autophagy-related (ATG) proteins, which
initiate the de novo formation of a double-membraned vesicle known as an
autophagosome(Reggiori et al. 2012). The autophagosome gains its degradative function
upon fusing with the lysosome, which supplies acid hydrolases to break down the

sequestered macromolecules(Reggiori et al. 2012).

1.1 History of autophagy

The term ‘autophagy’ dates back to the 1860s when it was described as the self-
sustaining mechanism of human body, allowing individual to survive periods of nutrient
deprivation by consuming its own resources(Ktistakis 2017; Mizushima 2018). A century
later, in 1963, during the CIBA Foundation Symposium on Lysosomes, Christian de Duve,
a pioneering cell biologist from the University of Louvain in Belgium, reintroduced the term
autophagy after his discovery of the lysosome(Klionsky 2007; Mizushima 2018). Years of
extensive research refined its definition, now recognized as the cellular process in which

intracellular components are transported to the lysosome or vacuole for degradation.




1.1.1 Beginning of an era

In 1949, Christian de Duve was working with his colleagues to study carbohydrate
metabolism and the mechanism of insulin(Opperdoes 2013). Specifically, they decided to
investigate the distribution of an enzyme called glucose-6-phosphatase or hexose
phosphatase, which controls blood sugar(Opperdoes 2013). His research on glucose-6-
phosphatase led to unexpected findings that set the stage for the discovery of
lysosomes(Opperdoes 2013; Sabatini and Adesnik 2013). While analyzing enzyme
distribution in liver cells, his team observed unusual patterns in acid phosphatase activity,
suggesting that certain enzymes were enclosed within membrane-bound structures(de
Duve et al. 1955). Further experimentation confirmed that these "latent enzymes" were
sequestered inside vesicles which de Duve named them “lysosome” to demonstrate their
lytic nature(de Duve et al. 1955). Notably, de Duve came up with the lysosome concept
solely through biochemical analyses, without relying on microscopic examination of his

samples(Sabatini and Adesnik 2013).

In 1955, de Duve collaborated with Alex Novikoff, a microscopy specialist from the
University of Vermont, to capture the first electron microscope image of
lysosomes(Novikoff et al. 1956). They also confirmed the presence of acid phosphatases
in the lysosome through light and electron microscope(Novikoff et al. 1956). For his
groundbreaking discovery of lysosomes, de Duve was awarded the Nobel Prize in
Physiology or Medicine in 1974(NobelPrize.Org, 1974). This discovery paved the way for

more significant scientific breakthroughs.

The next key area of research focused on understanding the biological function of

lysosomes. Initially, de Duve proposed that lysosomes might facilitate the intracellular




digestion of macromolecules in his first paper on activity of acid phosphatase(de Duve
and Wattiaux 1966). Throughout 1950s-1960s, several studies from different research
groups supported this hypothesis, establishing a connection between lysosomal digestion
and the endocytic uptake of materials like pathogens or cellular debris(Clark 1957;
Novikoff et al. 1956; Straus 1964; Ashford and Porter 1962). Around the same time,
Marilyn Farquhar and her colleagues at the University of California identified vesicles
containing enveloped cytoplasmic material and proposed that these were pre-
lysosomes(Smith and Farquhar 1966). These structures originate from a phagophore, a
cup-shaped membrane that expands and seals to form a double-membraned
autophagosome(Smith and Farquhar 1966; Arstila and Trump 1968) (Figure 1).
Autophagosomes capture and transport damaged cellular components to lysosomes for
degradation(Arstila and Trump 1968) (Figure 1). Recognizing this self-digestion process,

de Duve later applied the term autophagy to describe it(Ohsumi 2014).
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Figure 1: Autophagy process. Segments of the cytosol and organelles are enclosed
within a double-membrane structure known as an autophagosome, which subsequently

fuses with a lysosome to form an autolysosome, where their contents are degraded and

recycled by lysosomal enzymes.




1.1.2 Autophagy breakthroughs

From the 1960s to the 1980s, morphological studies of autophagy
flourished(Mizushima 2018). While early research focused on the late stages of the
process, Per Seglen’s lab shifted attention to the initial and intermediate steps using
electroinjected radioactive probes(Klionsky 2005). This work led to the identification of
the phagophore, the precursor to the autophagosome, and the amphisome, a structure
where autophagic and endocytic pathways merge(Gordon and Seglen 1988; Klionsky

2007).

The molecular mechanisms underlying autophagy remained uncharacterized until
1992 when Yoshinori Ohsumi, a scientist at the University of Tokyo, identified at least 15
autophagy-related genes termed APGs involved in the autophagy pathway through a
large-scale genetic screen in the yeast S. cerevisiae subjected to nitrogen
starvation(Tsukada and Ohsumi 1993). This groundbreaking discovery not only advanced
the understanding of autophagy mechanisms but also earned Ohsumi the 2016 Nobel
Prize in Physiology or Medicine(Mizushima 2018). During the same time, independent
yeast genetic screens also led to the identification of several autophagy-related genes.
Notable contributions came from research groups led by Michael Thumm (AUTs,
autophagy), Daniel J. Klionsky (CVTs, cytoplasm-to-vacuole targeting), William A. Dunn
(GSAs, glucose-mediated selective autophagy), Suresh Subramani (PAGs, peroxisome
degradation by autophagy), Yasuyoshi Sakai (PAZs, pexophagy zeocin-resistant), and
Marten Veenhuis (PDDs, peroxisome degradation-deficient)(Thumm et al. 1994; Harding
et al. 1995; Yuan et al. 1997; Sakai et al. 1998; Mukaiyama et al. 2002; Titorenko et al.

1995). In 2003, these genes were collectively renamed as ‘autophagy-related (ATG)




genes’(Klionsky et al. 2003). So far, over 41 ATG genes have been identified(Mizushima
2018). These ATG genes were found to be highly preserved in higher eukaryotes,
including mammals(Mizushima 2018). This conservation highlights the essential role of
autophagy in cellular homeostasis, stress responses, and disease regulation across

diverse organisms.

1.2 Molecular mechanisms of autophagy

1.2.1 Autophagy initiators

1.2.1.1 ULK1

ATG1 stands as the most upstream autophagy protein discovered in yeast, with
ULK1 and ULK2 (Unc-51-like kinase) serving as its mammalian counterparts. As the only
protein kinases within the autophagy pathway, ULK kinases play a vital role in initiating
autophagy(Wong et al. 2013; Zachari and Ganley 2017). ULK1 and ULK2 are largely
functionally redundant for autophagy induction(McAlpine et al. 2013; Lee and Tournier
2011). This thesis focuses on ULK1 signaling. ULK1 complex comprises ULK1, ATG13,
FIP200 (focal adhesion kinase family interacting protein of 200 kDa, equivalent to yeast
Atg17), and ATG101(Zachari and Ganley 2017). When ULK1 binds with ATG13 or
FIP200, its stability and kinase activity increase, which is essential for initiating the

autophagy process(Zachari and Ganley 2017).

Though the complete structure of the ULK1 complex remains undefined, we have
partial crystallographic information on individual components. ULK1 features a relatively
conventional kinase fold with several unique characteristics, including a substantial,

positively charged loop connecting the N- and C-terminal lobes(Lazarus et al. 2015).




Additionally, ULK1 contains an autophosphorylation site at T180 in the activation loop,

required for its catalytic function(Bach et al. 2011).

The crystal structures of the ATG13-ATG101 heterodimer have been elucidated.
The N-terminus of ATG13 contains a HORMA (Hop1, Rev7, Mad2) domain, while ATG101
consists entirely of a HORMA domain(Qi et al. 2015). ATG101 helps recruit downstream
components to autophagy initiation sites and can stabilize mammalian ATG13 HORMA
through interaction(Qi et al. 2015; Mercer, Kaliappan, and Dennis 2009). Furthermore,
the ATG13-ATG101 heterodimer facilitates the connection between ULK1 and FIP200,
enhancing the enzymatic activity of the ULK1 complex(Papinski and Kraft 2016). When
any of these binding interactions are disrupted, autophagy function becomes

impaired(Papinski and Kraft 2016).

ULK1 activity undergoes tight control by upstream stress-responsive kinases
AMPK (AMP activated kinase) and mTORC1 (mTOR complex 1)(Hosokawa et al. 2009;
Kim et al. 2011; Alers et al. 2012; Mack et al. 2012) (Figure 2). Various cellular stressors
can trigger autophagy activation by altering the balance between inhibitory and activating
phosphorylation of ULK1 - specifically, inhibitory phosphorylation by mTORC1 (at site
S757) and activating phosphorylation by AMPK (at sites S317, S467, S555, S574, S637,
S659 and/or S777)(Egan, Shackelford, et al. 2011; Egan, Kim, et al. 2011; Shang et al.
2011; Kim et al. 2011; Mack et al. 2012; Wong et al. 2013). Interestingly, a recent study
revealed that AMPK suppresses autophagy initiation by inhibiting ULK1, which protects
the autophagy machinery from caspase-mediated degradation during an energy crisis,

thereby preserving cellular capacity to resume autophagy once conditions improve(Park




et al. 2023). These observations underscore dual roles of AMPK in autophagy during

metabolic stress.
1.2.1.2 mTORC1

The target of rapamycin (TOR) gene was first identified in yeast in 1991 and
subsequently discovered in mammals in 1994 (Heitman, Movva, and Hall 1991; Brown et
al. 1994; Sabatini et al. 1994). TOR kinase was quickly recognized for its role in regulating
cell growth, metabolism, and protein synthesis(Saxton and Sabatini 2017). A pivotal
discovery came in 1995 when Fred Meijer's research team observed that rapamycin,

which inhibits TOR, acts as an activator of autophagy(Blommaart et al. 1995).

MmTORC1 (mammalian TOR complex 1) is composed of three essential
components: mTOR, Raptor (regulatory associated protein of mTOR), and mLST8
(mammalian lethal with Sec13 protein 8, also known as GBL)(Laplante and Sabatini
2009). Under basal conditions, mTORC1 is recruited to the lysosomal membrane, a
required step for its activation(Puertollano 2014). Disrupting lysosomal localization of
mTORC1 largely prevents its amino acid-mediated activation(Manifava et al. 2016).
Interestingly, artificially tethering mTORC1 to lysosomes leads to constitutive mTORC1
activation regardless of nutrient availability(Manifava et al. 2016). Additionally, mTORC1
activation relies on Rheb (Ras homolog enriched in brain), which responds to changes in
bound GTP (guanosine 5'-triphosphate) and GDP (guanosine 5'-diphosphate)
levels(Long et al. 2005). In its GTP-bound form, Rheb functions as a potent activator of
mTORC1 kinase activity(Long et al. 2005). Studies have shown that Rheb localizes to

several cellular compartments through farnesylation on its "CAAX" motif(Heard et al.




2014). Mutations of the cysteine in this motif interfere with membrane localization of Rheb

and subsequently inhibit its ability to activate mTORC1(Heard et al. 2014).

The well-established negative regulator of mTORC1 signaling is the Tuberous
Sclerosis Complex (TSC), a heterotrimeric complex consisting of TSC1, TSC2, and
TBC1D7 [Tre2-Bub2-CDC16 (TBC) 1 domain family member 7](Manning and Cantley
2003). Among these subunits, TSC2 contains a GTPase activating protein (GAP) domain
that converts Rheb from its GTP-bound active form to GDP-bound inactive form(Manning
and Cantley 2003). Under basal conditions, several growth factor and mitogen-dependent
pathways promote Akt (Protein kinase B)-mediated phosphorylation of TSC2 on at least
four serine and threonine residues(Yu and Cui 2016). This phosphorylation enhances
TSC dissociation from lysosomes and ultimately its inactivation, which preserves

mTORC1 activity(Yu and Cui 2016).

mTORC1 promotes protein synthesis primarily by phosphorylating two key
effectors, S6K1 (p70S6 Kinase 1) and 4EBP (elF4E Binding Protein)(Holz et al. 2005).
mTORC1-dependent phosphorylation activates S6K1, which subsequently activates
downstream targets to facilitate mMRNA translation initiation(Holz et al. 2005). In addition
to protein synthesis, mMTORC1 drives de novo lipid synthesis through activation of SREBP
(sterol responsive element binding protein) transcription factors, which regulate genes
involved in fatty acid and cholesterol biosynthesis(Porstmann et al. 2008). Recent studies
reported that mTORC1 also regulates nucleotide synthesis necessary for DNA replication

and ribosome biogenesis during cell growth and proliferation(Ben-Sahra et al. 2016).

Beyond regulating macromolecule synthesis, mTORC1 also inhibits catabolic

pathways such as autophagy, establishing a balance between anabolism and catabolism




in response to various environmental conditions(Saxton and Sabatini 2017) (Figure 2). A
critical early event in autophagy initiation is the activation of the ULK1 complex(Zachari
and Ganley 2017). Under normal conditions, mTORC1 directly phosphorylates ULK1 and
inhibits AMPK-mediated ULK1 activation(Alers et al. 2012). Therefore, the level of
autophagy induction depends on the relative activities of mMTORC1 and AMPK across

diverse cellular contexts.

1.2.1.3 AMPK

AMPK forms a heterotrimeric complex composed of a catalytic a subunit and two
regulatory subunits, B and y(Hardie 2013). In humans, multiple isoforms of each subunit
exist, encoded by separate genes(Hardie 2013). AMPK activation occurs through three
main mechanisms. First, LKB1 (liver kinase B1) or CAMKKR (Calcium/calmodulin-
dependent protein kinase) can directly activate AMPK by phosphorylating T172(Hawley
et al. 2003). Second, AMPK responds to intracellular adenosine nucleotide level changes
during cellular stress(Mihaylova and Shaw 2011). When ATP levels drop, AMP or ADP
binding to the y subunits induces conformational changes that protect the activating T172
phosphorylation from phosphatases and enhance AMPK kinase activity(Mihaylova and
Shaw 2011). Third, AMP (but not ATP) interaction can lead to significant allosteric
activation of the kinase(Gowans et al. 2013). Together, AMP and ADP interactions with
the y subunit nucleotide binding pockets link AMPK activation to various cellular

stresses(Mihaylova and Shaw 2011).

During nutrient limitation, AMPK serves as a metabolic checkpoint that inhibits
cellular growth and promotes catabolic pathways like autophagy to generate more

ATP(Mihaylova and Shaw 2011). AMPK regulates cell growth and initiates autophagy
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primarily by suppressing mTORC1 signaling(Alers et al. 2012). When nutrients are
withdrawn, AMPK inhibits mTORC1 by phosphorylating the tumor suppressor TSC2 at
S1387, leading to inhibition of the small GTPase Rheb, an mTORC1 activator(Hong-
Brown et al. 2012). Interestingly, even cells lacking TSC2 can respond to nutrient
starvation, revealing another mode of AMPK-mediated mTORC1 inhibition: AMPK can
directly inhibit mTORC1 by phosphorylating the Raptor subunit on conserved
serines(Gwinn et al. 2008). Beyond mTORC1 regulation, active AMPK can initiate
autophagy through direct regulation of ULK1(Mihaylova and Shaw 2011). Therefore,
AMPK activation induces autophagy through a dual mechanism involving both mTORC1

suppression and direct ULK1 stimulation.

1.2.2 Important components associated with autophagy pathway

In addition to ULK1, there are four critical groups of proteins necessary for
autophagosome formation including: 1) the class Ill phosphoinositide 3-kinase/VPS34
complex |, 2) two ubiquitin-like protein conjugation systems [ATG12-ATG5-ATG16L1 and
MAP1LC3 (LC3), the mammalian ortholog of yeast Atg8], 3) WIPI proteins, and 4)
transmembrane proteins including ATG9(Parzych and Klionsky 2014) (Figure 2). These

protein sets work in concert with ULK1 to promote the formation of autophagosomes.

1.2.2.1 The class lll phosphoinositide 3-kinase/VPS34 complex |

The class lll Ptdins 3-kinase is essential for the normal functioning of the
autophagy pathway, endocytosis, endosomal membrane traffic, and
phagocytosis(Raiborg et al. 2013). VPS34 (vacuolar protein sorting 34), a member of the

PtdIns 3-kinase family of lipid kinases, exists in several distinct complexes that regulate
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various cellular processes(Raiborg et al. 2013). The autophagy-associated VPS34
complexes include the catalytic VPS34 subunit, the VPS15 scaffold, the regulatory Beclin-
1 (yeast Atg6 homologue), and either ATG14 or UVRAG (UV resistance-associated gene)

subunits(Lérincz et al. 2014).

Pro-autophagic VPS34 complex activity is regulated by three upstream initiators:
mTORC1, ULK1, and AMPK(Russell et al. 2013; Yuan, Russell, and Guan 2013; Kim et
al. 2013; Dossou and Basu 2019). During nutrient abundance conditions, when ULK1 and
AMPK signaling is suppressed, active mTORC1 directly inhibits pro-autophagic VPS34
complexes by phosphorylating the ATG14 subunit(Yuan et al. 2013). Interestingly, in vitro
incubation of mMTORC1 with VPS34-VPS15-Beclin-1 complexes does not affect lipid
kinase activity(Munson et al. 2015). However, adding recombinant ATG14 to the VPS34
complex results in inhibition of lipid kinase activity through mTORC1-mediated
phosphorylation, highlighting critical role of ATG14 in connecting the VPS34 complex

substrate to the kinase(Diao et al. 2015).

In amino acid-deprived cells, ULK1 phosphorylates the pro-autophagic VPS34
complex subunits Beclin-1 and ATG14, resulting in phosphorylation of
phosphatidylinositol (Ptdins) at the 3' position on the inositol ring, producing
phosphatidylinositol(3)phosphate (Ptdins(3)P)(Russell et al. 2013; Wold et al. 2016; Park
et al. 2016). This PtdIns(3)P production recruits downstream autophagy pathway
components and is essential for autophagosome formation(Obara and Ohsumi 2011).
Additionally, during starvation, AMPK phosphorylates Beclin-1 at S91/94, which is

sufficient to stimulate VPS34 complex lipid kinase activity(Kim et al. 2013).
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Bcl-2 (B-cell lymphoma 2) and Rubicon (RUN domain Beclin 1-interacting and
cysteine-rich containing protein) are known inhibitors of VPS34 complexes(Kang et al.
2011). Under basal conditions, hydrophobic groove in Bcl-2 interacts with BH3 domain of
Beclin-1, disturbing Beclin-1/VPS34 binding, reducing lipid kinase activity, and inhibiting
autophagy(Decuypere et al. 2012). Conversely, under stress conditions, Bcl-2 dissociates
from Beclin-1(Decuypere et al. 2012). UVRAG promotes autophagy by enhancing the
interaction between released Beclin-1 and VPS34, increasing VPS34 complex
activity(Wu et al. 2018). Besides its role in early autophagy stages, UVRAG mediates
autophagosome maturation by binding to the HOPS (homotypic fusion and vacuole
protein sorting) complex, promoting autophagosome-lysosome fusion(Jiang et al. 2014).
Under nutrient abundance conditions, Rubicon binds to the UVRAG subunit of VPS34
complexes, disrupting UVRAG-HOPS interaction and decreasing VPS34 lipid kinase
activity(Jiang et al. 2014). Additionally, nutrient-activated mTORC1 enhances Rubicon-
UVRAG-containing VPS34 complexes through direct UVRAG phosphorylation(Munson

et al. 2015).

In summary, mTORC1, ULK, and AMPK directly regulate pro-autophagic VPS34
kinase activity, ensuring tightly controlled autophagy initiation in response to cellular

stresses and emphasizing the importance of VPS34 regulation.

1.2.2.2 Ubiquitin-like protein conjugation systems [ATG12-ATG5-ATG16L1 and

MAP1LC3 (LC3)]

In the autophagy pathway, ATG12 and microtubule-associated protein 1 light chain
3 (LC3, the primary characterized homologue of yeast ATG8) share structural similarities

with the ubiquitin conjugation machinery(Geng and Klionsky 2008). Each forms a distinct
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ubiquitin-like conjugation system essential for autophagosome formation(Geng and

Klionsky 2008) (Figure 2).

In the first system, ATG12 is activated by the E1-like enzyme ATG7 through
thioester bond formation(Tanida et al. 1999). The activated ATG12 is then transferred to
the E2-like enzyme ATG10, resulting in conjugation to its target protein ATG5(Shintani et
al. 1999) (Figure 2). This interaction is irreversible, causing ATG12 and ATG5 to exist
predominantly in conjugated forms(Shintani et al. 1999). ATG5 then recruits the complex
to the coiled-coil protein ATG16L1, forming a trimeric ATG16L1-ATG5-ATG12
complex(Mizushima et al. 1999). This complex plays a crucial role in autophagosome
formation and elongation through its function in LC3 lipidation(Mizushima et al. 1999)

(Figure 2).

The second ubiquitin-like conjugation system involves the conjugation of LC3 to
phosphatidylethanolamine (PtdEth), commonly known as LC3 lipidation(Kirisako et al.
2000). Initially, the C-terminus of the ubiquitin-like protein LC3 is cleaved by ATG4 to form
LC3-I, enabling its transfer to and activation by the E1-like enzyme ATG7(Kirisako et al.
2000) (Figure 2). The activated LC3-I is subsequently transferred to the E2-like enzyme
ATG3(Kirisako et al. 2000). The ATG16L1-ATG5-ATG12 complex functions as an E3-like
enzyme, recruiting LC3-I to the membrane lipid PtdEth to form LC3-Il, the lipidated form
of LC3(Fujita et al. 2008). The LC3 lipidation catalyzed by the ATG16L1 complex is vital
to the autophagy pathway and serves as a measurement for autophagy induction(Geng

and Klionsky 2008).
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1.2.2.3 WIPI proteins

WIPI proteins (WD-repeat proteins interacting with phosphoinositides) are
members of the human PROPPIN (B-propellers that bind phosphoinositides) family,
consisting of four core paralogs—WIPI1, WIPI2, WIPI3 (also known as WDR45B), and
WIPI4 (also known as WDR45)—along with various splice variants(Proikas-Cezanne et
al. 2015). Among them, WIPI1 and WIPI2 have been specifically observed to localize to
both the inner and outer membranes of forming autophagosomes, likely resulting from
their specific interaction with Ptdins(3)P through evolutionarily conserved
residues(Proikas-Cezanne et al. 2015). In addition to their role as PtdIns(3)P-binding
proteins, WIPIs serve as critical Ptdins(3)P effectors during early stages of
autophagy(Dooley et al. 2014). Particularly, WIPI2 functions as a scaffold that recruits the
ATG12-ATG5-ATG16L1 complex to the phagophore assembly site(Dooley et al. 2014)
(Figure 2). This recruitment is essential for the lipidation of LC3, a key step in

autophagosome biogenesis(Dooley et al. 2014).

1.2.2.4 Transmembrane proteins

In the autophagy pathway, ATG9 and VMP1 (vacuole membrane protein 1)
function as crucial transmembrane proteins(Yoshii and Mizushima 2015). During
starvation conditions, ATG9 relocates from the Golgi network and late endosomes to
peripheral regions that overlap with LC3-positive autophagosomes(Takahashi et al.
2011). This starvation-induced cycling of ATG9 requires both ULK1 and VPS34
complexes(Young et al. 2006; Burman and Ktistakis 2010). Notably, ATG9 cycling
contributes significantly to the delivery of membrane components necessary for

autophagosome formation(Zhuang et al. 2017) (Figure 2).
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The stress-responsive induction of autophagy, whether triggered by starvation or
rapamycin administration, depends on VMP1 functionality(Molejon et al. 2013).
Remarkably, VMP1 overexpression is sufficient to initiate autophagy even in nutrient-
replete conditions(Molejon et al. 2013). Furthermore, VMP1 has been documented to
interact with Beclin-1, a constituent of the VPS34 complex(Molejon et al. 2013). Recent
research has identified TP53INP2 (tumor protein 53-induced nuclear protein 2) as a novel
VMP1-binding protein that translocates from the nucleus to autophagosomes upon
autophagy induction, where it appears to facilitate the recruitment of Beclin-1 and LC3 to
autophagosomal sites, potentially through its interaction with VMP1(Nowak et al. 2009).
Intriguingly, TP53INP2 selectively binds to LC3 and VMP1, but not to Beclin-1(Nowak et
al. 2009). Collectively, these findings suggest that VMP1 functions as a transmembrane
scaffold that directs downstream components to the phagophore during autophagosomal

biogenesis.
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Figure 2: Schematic overview of the autophagy process and its key regulatory
components. mMTOR and AMPK serve as key regulators of autophagy, functioning as a
negative and positive regulator, respectively. The process is initiated with the formation of
a phagophore that engulfs cytoplasmic material, subsequently maturing into an
autophagosome. Fusion of the autophagosome with a lysosome forms an autolysosome,
where the cargo is degraded. Autophagy is tightly regulated by autophagy-related
proteins (ATGs), including the ULK1 initiation complex and the class Il PI3K nucleation
complex. The ATG12-ATG5-ATG16L1 complex functions as an E3-like ligase to facilitate
the lipidation of LC3, a key step in autophagosome formation. ATG12 is covalently
conjugated to ATG5. This complex associates with ATG16L1 to localize at the phagophore
membrane, where it promotes LC3 conjugation to PtdEth. In addition, ATG9-containing

vesicles contribute to membrane expansion.
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1.3 Selective autophagy

Although autophagy was initially characterized as a bulk degradation pathway that
indiscriminately engulfs and degrades cytosolic components in response to starvation
conditions, du Duve proposed the potential existence of selective autophagy pathways
that could target particular macromolecules in 1966(de Duve and Wattiaux 1966; Klionsky
2007). In the 1970s, researchers began identifying selective forms of autophagy(Klionsky
2007). Particularly in 1973, Robert Bolender and Ewald Weibel provided the first evidence
of autophagic degradation specifically targeting the smooth endoplasmic
reticulum(Bolender and Weibel 1973). This was followed in 1977 by Jacques Beaulaton
and Richard Lockshin, who observed selective mitochondrial degradation during insect
metamorphosis in Antheraea polyphemus(Beaulaton and Lockshin 1977). Later, Marten
Veenhuis's group showed the targeted removal of peroxisomes in the yeast Hansenula
polymorpha(Veenhuis et al. 1983). Several follow-up studies validated these findings
across various yeast species and higher eukaryotes, leading to the conclusion that
selective autophagy plays an important role in cellular metabolism by facilitating the

removal of unnecessary and damaged organelles(Klionsky 2007).

Selective autophagy can be classified into several types based on the substrate
involved, including mitophagy (mitochondria), pexophagy (peroxisomes), ER-phagy
(endoplasmic reticula), lipophagy (lipids), lysophagy (lysosomes), ribophagy (ribosomes),
aggrephagy (protein aggregates), and xenophagy (intracellular pathogens)(Gatica, Lahiri,
and Klionsky 2018; Germain and Kim 2020; Papadopoulos and Meyer 2017; Ossareh-
Nazari et al. 2010; Lamark and Johansen 2012; Rubio-Tomas, Sotiriou, and Tavernarakis

2023; Narendra et al. 2008). This thesis will explore the characterization of selective
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autophagy pathways in mammalian systems, with particular emphasis on three specific
types: xenophagy, which involves the targeted degradation of intracellular pathogens; ER-
phagy, the selective clearance of endoplasmic reticulum components; and pexophagy,

the specific elimination of peroxisomes.

While selective autophagy share the requirement for the core autophagy
machinery (ATG proteins) with bulk autophagy, it also involves specialized proteins known
as autophagy receptors(Zaffagnini and Martens 2016). These receptors recognize and
bind to specific cargo, directing them to autophagosomes via interactions with LC3(Kim
et al. 2016). Autophagy receptors can be categorized into ubiquitin-bound and

membrane-associated groups(Kim, Kwon, and Song 2016; Vargas et al. 2023).

1.3.1 Ubiquitin-bound autophagy receptors

Selective autophagy relies on precise substrate recognition, typically mediated by
the ubiquitylation of target components(Vainshtein and Grumati 2020). Ubiquitinated
substrates are identified and sequestered by a group of ubiquitin-binding autophagy
receptors, such as p62 (also known as sequestosome-1 or SQSTM1), TAX1BP1 (Tax1-
binding protein 1), NDP52 (CALCOCOZ2), NBR1, and OPTN (optineurin), and
others(Johansen and Lamark 2020). These receptors possess both LC3-interacting
regions (LIR) and ubiquitin-binding domains (UBD), which enable them to recruit
ubiquitinated cargos to autophagosomal sites for degradation(Kim, Kwon, and Song

2016; Kirkin and Rogov 2019; Johansen and Lamark 2020).

Furthermore, functions of ubiquitin-bound receptors are regulated through post-

translational modifications(Vargas et al. 2023). For instance, ubiquitination of p62 by E3
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ligase TRIM21 or KEAP1—cullin 3 enhances its cargo sequestration capacity(Pan et al.
2016; Lee et al. 2017). TBK1-mediated phosphorylation of NDP52 and OPTN increases
their binding affinity to ubiquitin chains, thereby promoting an elevated flux of selective

autophagy(Heo et al. 2015; Moore and Holzbaur 2016; Richter et al. 2016).

1.3.2 Membrane-associated autophagy receptors

Membrane-associated receptors are either inherently present on, or recruited to,
the surface of target organelles where they facilitate the recognition of damaged
organelles by the autophagy machinery(Anding and Baehrecke 2017). Examples of
membrane-bound autophagy receptors include FAM134B, which is involved in ER-phagy;
PEX14 and PMP70, receptors for pexophagy; and FUNDC1, which mediates
mitophagy(Chen et al. 2022; Cho et al. 2018; Li et al. 2021). FAM134B (also known as
Reticulophagy Regulator 1), the first and most extensively studied ER-phagy receptor, is
anchored in ER sheets via its transmembrane regions(Mo et al. 2020). It contains two key
domains: the LC3-interacting region (LIR), which facilitates the recruitment of autophagy
machinery, and the reticulon-homology domain (RHD), which contributes to ER-phagy
regulation and the maintenance of ER homeostasis(Mo et al. 2020). PEX14 (Peroxin 14),
a peroxisomal membrane protein, has been shown to interact with LC3 to facilitate
pexophagy in response to starvation conditions(Jiang et al. 2015). Meanwhile,
ubiquitination of PMP70 (70 kDa peroxisomal membrane protein) promotes its interaction
with NBR1 and p62 and subsequently initiates pexophagy(Sargent et al. 2016; Deosaran
etal. 2013; Cho et al. 2018). FUNDC1 (FUN14 domain-containing 1) resides on the outer
mitochondrial membrane (OMM) and features an N-terminal LIR motif that extends into

the cytosol(Li et al. 2021). This structural arrangement enables FUNDC1 to facilitate the
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recognition and autophagic degradation of mitochondria, particularly in response to

hypoxic stress(Liu et al. 2012; Li et al. 2021).

1.4 Xenophagy

The earliest indication of involvement of autophagy in eliminating harmful
pathogens was reported by Yasuko Rikihisa’s group in 1984, when they observed the
initiation of autophagy in response to Rickettsia bacterial infection(Rikihisa 1984).
Nevertheless, the antibacterial role of autophagy was not conclusively demonstrated until
2004, when Tamotsu Yoshimori's team analyzed Streptococcus pyogenes in autophagy-
deficient embryonic stem cells, and the research groups led by Vojo Deretic and Maria
Colombo reported the autophagic degradation of Mycobacterium tuberculosis(Nakagawa
et al. 2004; Gutierrez et al. 2004). Subsequent studies also confirmed these

observations(Ogawa et al. 2005).

1.4.1 Salmonella as a model pathogen

The genus Salmonella includes two species: S. bongori and S. enterica
(Salmonella bongori and Salmonella enterica, respectively), with the latter responsible for
most infections in humans and animals(Brenner et al. 2000; Andino and Hanning 2015).
S. enterica is further divided into six subspecies and over 2,500 serovars, distinguished
by surface structures such as flagella, carbohydrates, and lipopolysaccharides(Brenner
et al. 2000). Among them, Salmonella enterica serovar Typhimurium (hereafter referred
to as Salmonella) is the most extensively studied in relation to host autophagy and serves
as a model pathogen in this study(Garai et al. 2012). Salmonella can infect a range of

host cell types, both phagocytic and non-phagocytic, including macrophages and
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epithelial cells(Andino and Hanning 2015). Key virulence factors are encoded within
Salmonella pathogenicity islands (SPIs), with SPI-1 and SPI-2 being the most
characterized(Rychlik et al. 2009). These regions encode two distinct type Ill secretion
systems (T3SS-1 and T3SS-2), which inject bacterial effectors into host cells to
manipulate host signaling and facilitate bacterial invasion, replication, and survival(Kato
et al. 2018). After internalization, Salmonella resides in specialized membrane-bound
compartments known as Salmonella-containing vacuoles (SCVs), which support

intracellular replication(Steele-Mortimer 2008) (Figure 3).

1.4.2 Xenophagy

Ubiquitination of Salmonella and Salmonella-containing vacuoles (SCVs) marks
internalized bacteria for host defense, triggering autophagy via M1- and K63-linked
ubiquitin chains(Herhaus and Dikic 2018) (Figure 3). These chains are recognized by
autophagy receptors such as p62, NDP52, and OPTN, which recruit the bacteria to LC3-
positive autophagosomes for degradation(Lippai and Léw 2014). In addition to the
ubiquitination pathway, damaged SCVs can also be detected by galectin-8, a cytosolic
lectin(Thurston et al. 2012) (Figure 3). NDP52 specifically interacts with galectin-8 and
facilitates its recruitment to LC3 via its LC3-interacting region (LIR), effectively linking the
bacteria to phagophores to initiate autophagy(Thurston et al. 2012). Additionally, NDP52

works with OPTN to mediate the autophagic clearance of Salmonella(Richter et al. 2016).

Several studies have shown that xenophagy shares upstream regulators with
starvation-induced autophagy. For instance, Salmonella-induced membrane damage can

reduce intracellular amino acid levels, relieving mTORC1 repression and triggering
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autophagy(Tattoli et al. 2012). Furthermore, the immunity-related GTPase IRGM, specific
to xenophagy, regulates core autophagy components including VPS34, ULK1, and
AMPK(Chauhan et al. 2015). While dispensable for starvation-induced autophagy, IRGM
is essential for bacterial clearance and is a common viral target(Grégoire et al. 2011).
These findings underscore that xenophagy integrates both shared autophagy pathways
and unique pathogen-specific responses, though the precise upstream signals remain to

be characterized.
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Figure 3: Salmonella-induced xenophagy (adapted from Wu et al. 2020). After entering
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adaptors to the compromised vacuolar membrane.
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1.5 ER-phagy

The endoplasmic reticulum (ER) is a dynamic organelle that regulates multiple
cellular functions including detoxification, redox regulation, lipid synthesis, and calcium
storage(Alberts et al. 2002). Autophagy plays a critical role in maintaining the ER
homeostasis by targeting ER fragments and membranes for lysosomal
degradation(Chino and Mizushima 2020). The targeted removal of ER via autophagy is
mediated by ER-phagy receptors, which include FAM134B, RTN3L, CCPG1, SEC62,
TEX264, and ATL3 in mammals(Mo, Chen, and Zhang 2020; Grumati et al. 2017; Smith
et al. 2018; Fumagalli et al. 2016; Chino et al. 2019; Chen et al. 2019) (Figure 4). These
ER-phagy receptors are localized to ER subdomains and facilitate recruitment of
autophagy machinery via their LC3/GABARAP/ATG8-interacting motifs (LIR, GIM or
AIM)(Chino and Mizushima 2023) (Figure 4). Additionally, phosphorylation of residues
located upstream of the LIR sequence can regulate its binding affinity(Chino and
Mizushima 2023). For instance, casein kinase 2-mediated phosphorylation of upstream
serine residues in the LIR of TEX264 enhances its interaction with ATG8 family
proteins(Chino et al. 2022). Notably, studies have shown that the LC3-conjugating system
is dispensable for the ER association with autophagosomes, suggesting ER receptors
can interact with other upstream autophagy complexes(Chino and Mizushima 2023). For
example, CCPG1 can bind directly to a member of ULK1 complex-FIP200, which is
activated by phosphorylation(Zhou et al. 2021). ATL3 has been reported to directly
interact with ULK1 and ATG13, promoting the recruitment and assembly of the ULK1

complex on the ER membrane to initiate ER-phagy(Liu et al. 2021). TEX264 has likewise
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been shown to associate with proteins involved in the early stages of autophagosome

biogenesis, such as FIP200 and WIPI2(Chino et al. 2019).

Membrane-bound ER-phagy receptors are categorized based on their structural
features: those with a single transmembrane domain, like CCPG1 and TEX264, likely act
as basic receptors or luminal sensors, while receptors with reticulon homology domains
(RHDs), such as FAM134B and RTN3L, have ER-fragmentation capabilities(Chino and
Mizushima 2023). RHDs promote membrane curvature by inserting partially into the
membrane(Zurek et al. 2011). Overexpression or multimerization of receptors like
FAM134B or RTN3L can trigger ER fragmentation(Grumati et al. 2017; Bhaskara et al.
2019). Additionally, FAM134B contains amphipathic helices that further facilitate

membrane bending(Brady et al. 2015; Bhaskara et al. 2019).

In addition, ER-phagy receptors in mammals possess both functional redundancy
and specialization(Chino and Mizushima 2023). For instance, while some receptors like
TEX264, FAM134B, and CCPG1 work cooperatively in basal and starvation-induced ER-
phagy, they also perform distinct roles(Chino et al. 2019; Chino and Mizushima 2023).
This diversity reflects the structural complexity of the ER, which includes specialized
domains such as the nuclear envelope, sheets, and tubules—each with unique functions.
Specific ER-phagy receptors target different ER regions; for instance, FAM134B,
TEX264, CCPG1, and SEC62 primarily mediate degradation of ER sheets, whereas
RTN3L and ATL3 target ER tubules(Grumati et al. 2017; Chen et al. 2019; Mo, Chen, and

Zhang 2020; An et al. 2019; Hoyer et al. 2024).

Beyond autophagy receptors, additional pathways have been identified that

regulate ER-phagy. Disruption of mitochondrial oxidative phosphorylation impairs this
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process(Liang et al. 2020). DDRGK1 has been found to recruit the UFMylation
machinery—a ubiquitin-like post-translational modification system—to the ER membrane,

a step essential for the autophagic clearance of ER sheets(Liang et al. 2020).
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Figure 4: ER-phagy diagram (adapted from Liu et al. 2024). ER-phagy receptors recruit
damaged ER subdomains to the autophagosomal sites for degradation through

interaction with LC3/GABARAP/Atg8.
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1.6 Pexophagy

Peroxisomes, first described in the 1960s by Christian de Duve, are small, single-
membrane-bound organelles found in most eukaryotic cells(de Duve and Baudhuin
1966). Each mammalian cell contains several hundred of these dynamic and
multifunctional structures(Zhukov and Popov 2023). Peroxisomes are involved in both
catabolic and anabolic processes and contribute to various biological functions across
different tissues and organisms, including bile acid synthesis, ether phospholipid
synthesis, regulation of fatty acid beta-oxidation, and detoxification of hydrogen
peroxide(Jo and Cho 2019; Dixit et al. 2010; Fransen et al. 2012). Peroxisomes are highly
dynamic organelles whose number, shape, and size are regulated by environmental and
developmental signals(He et al. 2021). Their biogenesis is complex and involves over 30
peroxin (PEX) proteins(He et al. 2021). Since peroxisomes lack their own genome and
protein synthesis machinery, they rely on the import of matrix proteins from the
cytosol(Mahalingam et al. 2021). PEX proteins are critical for targeting and inserting
peroxisomal membrane proteins (PMPs), importing matrix proteins, regulating

peroxisome size, and maintaining overall peroxisomal function(Mahalingam et al. 2021).

Beyond their role in peroxisome biogenesis, PEX proteins also participate in the
pexophagy pathway(Mahalingam et al. 2021). Upon cellular stress, the peroxisomal E3
ubiquitin ligase PEX2 becomes active and ubiquitinates peroxisomal membrane proteins
such as PMP70 and PEX5(Platta et al. 2016; Sargent et al. 2016) (Figure 5). These
ubiquitinated peroxisomes are then targeted for autophagic degradation via the
autophagy receptors NBR1 and p62(Sargent et al. 2016). PEX14, a component of the

peroxisomal docking complex, has been found to preferentially bind to LC3, thereby
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directly promoting the sequestration of peroxisomes into autophagosomes during
starvation-induced pexophagy(Jiang et al. 2015). In the early stages of starvation, levels
of PEX13—a peroxisomal membrane protein involved in matrix protein import—are
rapidly decreased(Demers et al. 2023). This downregulation appears to be a prerequisite
for the efficient induction of pexophagy, possibly by altering the import machinery and
signaling a shift toward peroxisome turnover(Demers et al. 2023). Environmental
stressors such as elevated reactive oxygen species (ROS) and hypoxia further stimulate
pexophagy by enhancing the ubiquitination of PEX5(Zhang et al. 2015). Conversely, the
cell possesses mechanisms to limit or reverse pexophagy when it is no longer needed.
The AAA-type ATPase complex composed of PEX1, PEX6, and their anchoring partner
PEX26, along with the deubiquitinating enzyme USP30, works to remove ubiquitinated
proteins from the peroxisomal membrane(Law et al. 2017; Riccio et al. 2019) (Figure 5).
By reversing ubiquitination and extracting these proteins, this system prevents the
premature or unnecessary degradation of peroxisomes, thereby preserving essential

organelle function and contributing to cellular balance(Cho et al. 2018).
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Figure 5: Pexophagy diagram (adapted from Liu et al. 2024). Upon stress conditions,
PMP70 and PEX5 are ubiquitinated by active PEX2, which triggers pexophagy through
p62 and NBR1 interaction. The AAA-type ATPase complex composed of PEX1, PEX®6,
and PEX26, along with the deubiquitinating enzyme USP30, prevents pexophagy by

removing ubiquitinated proteins from the peroxisomal membrane.
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1.7 Autophagy in disease

1.7.1 Core autophagy machinery in disease

Dysregulation of autophagy has been implicated in a variety of diseases(Yang and
Klionsky 2020). A key breakthrough came in 1999 when it was shown that monoallelic
deletion of the Beclin-1 gene promotes tumorigenesis(Liang et al. 1999). Beclin-1,
frequently deleted in ovarian (75%) and breast (50%) cancers, is how recognized as a
haploinsufficient tumor suppressor(Qu et al. 2003). Restoring Beclin-1 expression can
inhibit tumor growth in mouse models(Qu et al. 2003). Similarly, loss-of-function mutations
in other core autophagy (ATG) genes—such as ATG2B, ATGS5, ATG9B, and ATG12—are
found in cancers like gastric and colorectal tumors with microsatellite instability(Kang et
al. 2009). In mice, loss of upstream ATG genes (e.g., FIP200, Atg13, Beclin-1) causes
embryonic lethality, while loss of downstream ATG genes (e.g., Atg3, Atg5, Atg12) results
in perinatal death(Kuma et al. 2017). These genetic differences also affect immune
responses, as seen in macrophage-specific ATG knockouts showing distinct phenotypes

in lung inflammation and influenza resistance(Lu et al. 2016).

In addition, mutations in core autophagy genes have been linked to
neurodegenerative diseases(Yang and Klionsky 2020). Parkinson’s disease (PD) is a
progressive neurological disorder marked by motor impairments and the accumulation of
alpha-synuclein (SNCA) aggregates, a key component of Lewy bodies(Stefanis 2012).
Growing evidence suggests that autophagy contributes to PD development(Nechushtai
et al. 2023). Genetic studies in PD patients have linked altered expression of autophagy-

related genes—such as ATG5, ATG7, ATG12, and LC3—to the disease(Chen, Zhu, et al.
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2013; Chen, Pang, et al. 2013; Li et al. 2017; Xu et al. 2013). Dysregulated autophagy
process has also been observed in the brain tissues of PD patients and animal
models(Friedman et al. 2012). Motor neuron (MN) diseases are a group of
neurodegenerative disorders characterized by the selective degeneration of MNs, with
amyotrophic lateral sclerosis (ALS) being the most common form(Salameh et al. 2015).
Elevated levels of autophagy-related proteins, including LC3, Beclin-1, p62, and the Atg5—
Atg12 complex, have been observed in spinal MNs of both sporadic and familial ALS
patients, as well as in animal models(Hetz et al. 2009; Tian et al. 2011; Li, Zhang, and Le
2008). In vivo imaging studies of ALS mouse models have further demonstrated
increased GFP-LC3 signals in MNs, indicating autophagosome accumulation throughout
disease progression, from early to late symptomatic stages(Tian et al. 2011).
Furthermore, impaired autophagy has been associated with the pathogenesis of
Huntington’s disease (HD), a condition marked by the accumulation of mutant huntingtin
(mHTT) protein caused by polyglutamine expansion(Luo and Yang 2024). Specifically,
dysregulated ULK1-mediated phosphorylation of ATG14 has been observed in HD
genetic cell models and animal models(Wold et al. 2016). mHTT also disrupts Beclin-1
stability, thereby reducing autophagy activity(Ashkenazi et al. 2017). ATG7 gene variants
are also associated with earlier HD onset(Metzger et al. 2010). Although autophagy
generally suppresses HTT aggregates, deleting the autophagy receptor p62
unexpectedly reduces nuclear inclusions and disease symptoms in HD mouse model,
suggesting complex roles for autophagy components(Kurosawa et al. 2015). Further
research is needed to clarify how both core autophagy genes and cargo receptors affect

HD pathology.
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1.7.2 Selective autophagy in disease

While autophagy was initially described as a non-specific process that degrades
bulk cytosolic content, it is now well established that autophagy also functions as a
selective degradation pathway, playing crucial roles in normal physiology and in various
diseases(Ma et al. 2024). In fact, numerous studies have shown that disruption of
selective autophagy components is linked to the development of distinct pathological
conditions. Interestingly, defects in selective autophagy are often related to the specific
biology and environment of the cell or tissue. For instance, in the brain, where neurons
persist for the lifetime of the organism, disruptions in proteome homeostasis are the
predominant issue(Sin and Nollen 2015). In contrast, in rapidly dividing cells of the gut,

impairments in the innate immune response are prevalent(Wiertsema et al. 2021).

Xenophagy plays a critical role in human inflammatory disorders by facilitating the
direct clearance of intracellular bacteria and activation of pattern recognition receptor
(PRR) signaling(Sharma et al. 2018). Importantly, genome-wide association studies have
linked single nucleotide polymorphisms of xenophagy-specific protein IRGM to
progression of Crohn’s disease (CD), a chronic gastrointestinal inflammatory condition
caused by an impaired immune response to pathogens in genetically predisposed

individuals(Verstockt et al. 2018).

Mutations in ER-phagy receptors have been implicated in several diseases.
Mutations in FAM134B cause hereditary sensory and autonomic neuropathy type 2B
(HSANZ2B), a autosomal recessive disorder marked by loss of sensory fibers and impaired
pain, temperature, and touch perception due to degeneration of dorsal root and

autonomic ganglia(Kurth et al. 2009; Davidson et al. 2012; Aydinlar et al. 2014). FAM134B
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mutations or altered expression are also linked to colorectal cancer (CRC) and its
aggressiveness(Kasem et al. 2014; Islam et al. 2017; Islam et al. 2018). TEX264 also
serves as a CRC marker and is highly expressed in glioblastoma cells under ER stress
and autophagy-inducing treatments(X.-X. Liu and Liu 2015; Reggiori and Molinari 2022).
Furthermore, mutations in ATL3 cause hereditary sensory and autonomic neuropathy 1
(HSAN1), a peripheral nervous system disorder; specifically, the Y192C and P338R
mutations impair interaction of ATL3 with GABARAP and its role in ER-phagy(Xu et al.
2019; Fischer et al. 2014; Chen et al. 2019). RTN3L, enriched in neurons, is associated
with AD and has been found to harbor multiple variants in patients with sporadic early and
late-onset forms of the disease(Zou et al. 2018). Additionally, alterations in SEC62, such
as mutations, amplification, and overexpression, have been implicated in cancer
development(Linxweiler et al. 2017). Dysregulated SEC62 expression is commonly found
in prostate, cervical, thyroid, liver, lung, and other cancers(Bergmann et al. 2017). High
SEC62 levels enhance tumor invasiveness, metastatic potential, and resistance to ER
stress-induced cell death, resulting in decreased patient survival rates(Bergmann et al.

2017).

Mutations in PEX proteins, which are essential for peroxisome biogenesis and
pexophagy, are implicated in peroxisome biogenesis disorders (PBDs)—a group of
autosomal recessive diseases marked by defective peroxisome assembly and
function(Cho et al. 2018). Among these, Zellweger syndrome (ZS) is one of the most
severe(Zellweger et al. 1988). Most PBDs are linked to mutations in the peroxisomal AAA-
type ATPase complex (PEX1, PEX6, PEX26), which plays a vital role in peroxisome

formation and recycling of ubiquitinated PEX5(Nazarko 2017). Notably, this complex has
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been shown to prevent excessive pexophagy and PBDs pathogenesis(Law et al. 2017).
Evidence suggests that up to 65% of PBDs are caused by dysregulated pexophagy rather
than impaired biogenesis(Nazarko 2017). Furthermore, exposure to autophagy inhibition
such as chloroquine can improve peroxisomal function in PBD patient-derived cells(Law
et al. 2017). These findings highlight the critical role of pexophagy regulation in the

development of PBDs.

1.8 Autophagy genetic screens

Autophagy has been implicated in numerous diseases, making the investigation of
its regulatory mechanisms essential for advancing human health(Ichimiya et al. 2020).
Major breakthroughs in elucidating autophagy mechanisms have stemmed from genetic
approaches used to map the autophagy pathway in Saccharomyces cerevisiae(Tsukada
and Ohsumi 1993). This foundational work has naturally inspired the application of
genetic screening strategies in mammalian systems to deepen our understanding of

autophagy in higher eukaryotes.

A widely used method to measure autophagic flux in these screens involves
monitoring the turnover rate of ATG8 family proteins, which associate with
autophagosomal membranes(Orhon and Reggiori 2017). Among these, LC3 is the most
commonly tracked marker, particularly in high-throughput settings where imaging-based
assays are employed to quantify total protein levels versus the number of fluorescent
puncta(Mizushima and Murphy 2020). Furthermore, the tandem fluorescent-tagged LC3
(tFLC3) reporter, which fuses red (RFP or mCherry) and green (GFP) fluorescent proteins

to the N-terminus of LC3, enables distinction between autophagosomes (yellow puncta,
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indicating both red and green signals) and autolysosomes (red puncta, due to quenching
of GFP in acidic lysosomal conditions)(Kimura et al. 2007). This approach allows dynamic
tracking of autophagy: an increase in yellow and red puncta following autophagy induction
indicates autophagosome formation and subsequent fusion with lysosomes,
respectively(Kimura et al. 2007). Conversely, lysosomal inhibition results in accumulation
of yellow puncta, reflecting impaired fusion or degradation(Mizushima and Murphy 2020).
Inhibition of autophagy induction leads to a reduction in both puncta types(Mizushima and
Murphy 2020). In addition to LC3, autophagy receptors like p62 are used to assess flux
and complement the tfLC3 system, as p62 is not efficiently recruited to single-membrane
compartments(Pankiv et al. 2007; Romao et al. 2013). Importantly, tf reporters do not
require lysosome inhibition to assess flux and can be adapted to analyze the total cellular

autophagic flux(Gump and Thorburn 2014; Kaizuka et al. 2016).

Substantial progress has been made in adapting LC3 and autophagy cargo
adaptor assays including p62 for arrayed and pooled high-throughput RNAI
screens(Mizushima and Murphy 2020). However, with the advancement of CRISPR-Cas9
genome-editing technologies, genome-wide and kinome-wide CRISPR knockout screens
have become increasingly favored due to their lower false-negative rates and greater
robustness compared to RNAi(Boettcher and McManus 2015). The high-throughput
screens have led to novel mechanistic insights into the regulation of basal
autophagy(Lipinski et al. 2010; Szyniarowski et al. 2011; Hale et al. 2016; Guo et al. 2018;
Mimura et al. 2021). In parallel, starvation-induced autophagy screens have been
employed to uncover regulatory mechanisms activated under stress conditions(Chan, Kir,

and Tooze 2007; McKnight et al. 2012; Morita et al. 2018). More recently, attention has
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shifted toward understanding the regulation of selective autophagy. For instance, a
genome-wide CRISPR interference screen using an ER-phagy-specific reporter identified
the UFMylation pathway as a critical regulator of ER-phagy(Liang et al. 2020). Similarly,
a separate screen investigating PARKIN stability revealed that transcriptional repression

plays a role in mitophagy regulation(Potting et al. 2018).

A critical step in interpreting results from screens using exogenous autophagy
reporters is the validation of findings against endogenous proteins or markers, since
overexpression of tagged proteins may induce cellular stress or
mislocalization(Mizushima and Murphy 2020). Alternately, a secondary screen using a
mini-library consisting of single guide RNAs (sgRNAs) targeting hits can be performed to
validate promising candidates(Morita et al. 2018). Notably, it was reported that some
sgRNAs were found to selectively affect GFP-tagged p62 reporters without altering
endogenous p62, highlighting potential artifacts of exogenous reporter systems and
underscoring the importance of orthogonal validation strategies(Mizushima and Murphy

2020).

1.9 Statement of Research Problem, Rationale, and Objectives

The biogenesis of autophagosomes is mediated by a tightly regulated cascade of
autophagy-related (ATG) proteins, which are well characterized(Glick et al. 2010). Among
known regulators of autophagy induction, kinase-mediated phosphorylation has been well
characterized in starvation-induced autophagy(Sridharan et al. 2011). However, the

signaling upstream of selective autophagy is less well understood.
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While autophagy was initially regarded as a bulk degradation process,
accumulating evidence has underscored the importance of selective autophagy in
targeting specific substrates(Kirkin and Rogov 2019; Reggiori et al. 2012). Of particular
interest is the kinase-mediated regulation of selective autophagy processes such as
xenophagy, which plays a critical role in host defense(Sharma et al. 2018). Notably,
several xenophagy-associated proteins, including ATG16L1 and IRGM, have been
genetically linked to Crohn’s disease (CD), bu