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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 
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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. 
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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 
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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. 
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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) 
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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). 
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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 
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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).  

mTORC1 (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. 
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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 (eIF4E Binding Protein)(Holz et al. 2005). 

mTORC1-dependent phosphorylation activates S6K1, which subsequently activates 

downstream targets to facilitate mRNA translation initiation(Holz et al. 2005). In addition 

to protein synthesis, mTORC1 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 
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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 mTORC1 and AMPK across 

diverse cellular contexts. 

1.2.1.3 AMPK 

AMPK forms a heterotrimeric complex composed of a catalytic α subunit and two 

regulatory subunits, β and γ(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 CAMKKβ (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 γ 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 γ 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 III phosphoinositide 3-kinase/VPS34 

complex I, 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 III phosphoinositide 3-kinase/VPS34 complex I 

The class III 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 



   
 

 12 

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(Lőrincz 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 mTORC1 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-II, 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 (β-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. mTOR 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 III 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-Tomás, 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 (CALCOCO2), 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 

et al. 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 III 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 Lőw 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 

host cells, Salmonella resides in the Salmonella-containing vacuole (SCV). Damage to 

the SCV by  Type III secretion system (T3SS-1) can lead to one of two outcomes: cytosolic 

escape or vacuolar targeting. Cytosolic Salmonella are ubiquitinated and targeted for 

autophagy via adaptor proteins that recruit LC3. Alternatively, bacteria within damaged 

SCVs are marked for autophagy through the recruitment of galectins, ubiquitin, and 

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). 

 

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, PEX6, 

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 now 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, ATG5, 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 

(HSAN2B), 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), but not to the closely related inflammatory 

condition, ulcerative colitis (UC)(Palomino-Morales et al. 2009). A common single 

nucleotide polymorphism (SNP) in ATG16L1 (T300A) is associated with increased CD 

susceptibility and is prone to caspase-mediated cleavage under stress conditions(Lassen 

et al. 2014). ATG16L1 has been reported to interact with FIP200, a key component of the 

ULK1 complex, suggesting kinase-mediated signaling involved in its regulation(Gammoh 

et al. 2013). These findings support the hypothesis that ULK1 may regulate ATG16L1 

stability and function in response to pathogen-associated stress. 

Hypothesis 1: ULK1 contributes to the stabilization and functional activity of ATG16L1 

during infection-induced autophagy. 

Objective 1.1: Determine whether ULK1 directly phosphorylates ATG16L1 upon 

infection. 

Objective 1.2: Investigate the role of ULK1-mediated phosphorylation in modulating 

ATG16L1 stability and its capacity to mediate pathogen clearance. 

In addition, selective autophagy pathways such as ER-phagy and pexophagy 

remain poorly characterized(Reggiori and Molinari 2022; Cho et al. 2018). This presents 
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an opportunity to dissect their regulatory mechanisms and biological functions more 

thoroughly. We aim to investigate the kinase-mediated regulation of these less 

understood forms of selective autophagy. 

Hypothesis 2: A kinome-wide high-throughput CRISPR screen under multiple stress 

conditions will reveal novel, stress-specific regulators of selective autophagy. 

Objective 2.1: Develop and implement a high-throughput kinome-wide CRISPR 

screening platform to systematically profile autophagy pathways under various stress 

conditions and enable cross-comparative analyses. 

Objective 2.2: Identify and validate novel kinase regulators involved in ER-phagy and 

pexophagy. 
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2.2 Abstract 

Autophagy is a highly regulated catabolic pathway that is potently induced by 

stressors including starvation and infection. An essential component of the autophagy 

pathway is an ATG16L1-containing E3-like enzyme, which is responsible for lipidating 

LC3B and driving autophagosome formation. ATG16L1 polymorphisms have been linked 

to the development of Crohn’s disease (CD), and phosphorylation of CD-associated 

ATG16L1 T300A (caATG16L1) has been hypothesized to contribute to cleavage and 

autophagy dysfunction. Here we show that ULK1 kinase directly phosphorylates 

ATG16L1 in response to infection and starvation. Phosphorylated ATG16L1 localizes to 

the site of internalized bacteria and stable cell lines harbouring a phospho-dead mutant 

of ATG16L1 have impaired xenophagy, indicating a role for ATG16L1 phosphorylation in 

the promotion of anti-bacterial autophagy. In contrast to wild-type ATG16L1, ULK1-

mediated phosphorylation of caATG16L1 drives its destabilization in response to stress. 

In summary, our results show that ATG16L1 is a novel target of ULK1 kinase and that 

ULK1 signaling to ATG16L1 is a double-edged sword, enhancing the function of the wild-

type ATG16L1, but promoting degradation of caATG16L1. 
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2.3 Introduction 

Macroautophagy (hereafter referred to as autophagy) is a cellular degradative 

process capable of degrading a vast array of substrates including cytoplasm, organelles, 

aggregated macromolecules and pathogens(Parzych and Klionsky 2014). Autophagic 

cargo is first sequestered by the formation a double‐membraned vesicle called an 

autophagosome, which matures into a degradative vesicle after fusion with lysosomes. 

Autophagosome formation is driven by a set of autophagy‐related (ATG) genes, which 

include a protein kinase (Unc 51‐like kinase 1; ULK1), a lipid kinase (vacuolar protein 

sorting 34; VPS34) and a trimeric E3‐like enzyme (ATG5‐ATG12/ATG16L1)(Parzych and 

Klionsky 2014). These enzymes are all required for autophagy initiation and are tightly 

regulated by upstream stress‐sensitive signaling. One of the best characterized upstream 

regulators of the autophagy pathway is mTORC1, which potently inhibits autophagy 

induction through direct phosphorylation of the ULK1 and VPS34 kinase complexes(Kim 

et al. 2011; Yuan et al. 2013; Jung et al. 2009; Hosokawa et al. 2009). mTORC1 activity 

is repressed, thereby allowing autophagy induction, in response to a myriad of stressors 

including nutrient or cytokine starvation, reactive oxygen species or infection(Underwood 

et al. 2010; Russell et al. 2014). 

Mammals have two homologues of the yeast ATG1, ULK1 and ULK2, which are 

largely functionally redundant for autophagy induction(McAlpine et al. 2013). Under basal 

conditions, mTORC1‐mediated phosphorylation represses ULK1 activity; however, 

starvation releases this inhibitory phosphorylation and upregulates ULK1(Hosokawa et 

al. 2009). Activated ULK1 then phosphorylates several components of the pro‐autophagic 

ATG14‐containing VPS34 complexes(Russell et al. 2013; Park et al. 2016; Di Bartolomeo 
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et al. 2010). Autophagic VPS34 complexes are recruited to the phagophore where they 

phosphorylate phosphatidylinositol (PtdIns) to produce phosphatidylinositol(3)phosphate 

(PtdIns(3)P)(Fan et al. 2011). PtdIns(3)P functions as a platform bridging downstream 

components like the ATG16L1 complex to promote autophagosome formation. 

Additionally, mTORC1 has been shown to directly mediate the activity of VPS34 

complexes, thereby allowing a tight regulation of autophagy initiation in response to 

stresses(Yuan et al. 2013). Downstream of VPS34, ATG16L1 forms a trimeric complex 

with ATG5 and ATG12. ATG16L1 is the subunit responsible for recruiting the E3‐like 

enzyme to the phagophore(Parzych and Klionsky 2014; Fujita et al. 2008). ATG12 acts 

to recruit microtubule‐associated protein 1 light chain 3 (LC3) to the expanding 

autophagosomal membrane, and ATG5 catalyzes the conjugation of the ubiquitin‐like LC3 

to phosphatidylethanolamine in membranes of nascent autophagosomes, thereby driving 

their development. 

Activation of anti‐bacterial autophagy (hereafter referred to as xenophagy) 

involves these 3‐key enzymes in the autophagy pathway, but also requires xenophagy‐

specific proteins involved in pathogen‐sensing that signal to the autophagy machinery 

during infection(Gomes and Dikic 2014). For instance, galectin‐8 detects damaged 

Salmonella‐containing vacuoles (SCV) and subsequently activates xenophagy through 

recruitment of the autophagy receptor NDP52(Randow and Youle 2014). Immunity‐

related GTPase M (IRGM) has been shown to act as a scaffold bringing together ULK1, 

Beclin‐1‐containing VPS34 complexes and ATG16L1 to promote xenophagy 

initiation(Chauhan et al. 2015). In addition to IRGM, ATG16L1‐containing enzyme is also 

regulated by activation of intracellular (NOD2) sensors of bacterial peptidoglycan, where 
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NOD2 binds ATG16L1 recruiting the LC3‐lipidating enzyme to the site of bacterial 

infection(Travassos et al. 2010). 

Interestingly, several of the proteins involved in xenophagy induction (ATG16L1 

and IRGM) and pathogen detection (NOD2 and TLR4) have been linked to Crohn's 

disease (CD), but are not found in the related chronic inflammatory bowel disease 

ulcerative colitis (UC)(Parkes 2012). Genome‐wide association studies have linked a non‐

synonymous single nucleotide polymorphism (SNP) in ATG16L1 that substitutes 

threonine 300 for alanine with an increased susceptibility for CD(Massey and Parkes 

2007). Molecular characterization of the CD‐associated ATG16L1 (caATG16L1) has 

shown that stresses such as starvation or pathogen infection enhance the susceptibility 

of caATG16L1 to caspase‐mediated cleavage(Sadabad et al. 2015; Murthy et al. 2014; 

Sorbara et al. 2013; Homer et al. 2010). Enhanced cleavage of caATG16L1 has been 

shown to lead to an increase in inflammatory cytokine secretion and a decrease in 

xenophagy, which are thought to contribute to CD(Murthy et al. 2014; Diamanti et al. 2017; 

Gao et al. 2017; Boada-Romero et al. 2016). Interestingly, a recent study has found that 

IκB kinase subunit IKKα is capable of phosphorylating ATG16L1 on serine 278 (S278), 

which regulates the sensitivity of caATG16L1 to caspase cleavage(Diamanti et al. 2017). 

The caspase cleavage site on ATG16L1 lies in between the S278 phosphorylation site 

and the T300A Crohn's SNP. This raises the interesting possibility that phosphorylation of 

ATG16L1 in response to infection leads to inappropriate cleavage if the site is in close 

proximity to the T300A mutation. ATG16L1 contains several conserved serine/threonine 

residues proximal to T300, which may also be phosphorylated and may potentially 

regulate ATG16L1 function. However, it remains to be seen what effect phosphorylation 
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has on wild‐type ATG16L1 and if other stressors or kinases regulate ATG16L1 

phosphorylation. 
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2.4 Results and Discussion 

ATG16L1 is phosphorylated by ULK1/2 

Starvation has been described to trigger caspase‐mediated cleavage of ATG16L1 

containing a common amino acid substitution (T300A)(Murthy et al. 2014). However, IKKα 

has not been implicated in starvation‐induced autophagy. Interestingly, ATG16L1 has 

been shown to bind FIP200, an essential co‐factor of the ULK1 kinase complex. The 

interaction of ATG16L1 with FIP200 has been shown to be involved in regulating 

ATG16L1 localization in autophagy induction(Gammoh et al. 2013; Nishimura et al. 2013). 

Therefore, we hypothesized that ULK1/2, the only protein kinases in the autophagy 

pathway, may phosphorylate ATG16L1 under starvation. To test this hypothesis, we 

performed an in vitro kinase assay using either purified ULK1 or ULK2 with recombinant 

ATG16L1 as substrate. We found that both ULK1 and ULK2 were capable of 

phosphorylating ATG16L1 in vitro (Fig 1A). In order to narrow down the site of 

phosphorylation, we repeated the kinase assay using truncations of ATG16L1. We found 

that the truncation mutant lacking amino acids 254–294 was a very poor substrate for 

ULK1, indicating that the primary site(s) of ULK1‐mediated phosphorylation are located 

in this region (Fig 1B). Amino acids 254–294 are serine/threonine rich, containing 10 

conserved residues (Fig 1C). Therefore, to identify the residue(s) that are phosphorylated 

by ULK1 in this region we repeated the kinase assay on full‐length ATG16L1 and 

performed mass spectrometry analysis. Our results revealed a single high confidence 

phosphorylation site on serine 278 (Fig EV1A and marked in green in Fig 1C) and another 

of slightly lower confidence on serine 287 (Fig EV1A and marked in grey in Fig 1C), both 

of which map to the region of ATG16L1 we previously identified as required for ULK1‐
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mediated phosphorylation (Fig 1B). Peptide coverage in the mass spectrometry was 80% 

across the whole protein, and only two S/T residues were missed in the putative 254–294 

region. To confirm the major site(s) of phosphorylation on ATG16L1, we mutated S278 

and S287 singly in the full‐length protein and performed another in vitro ULK1 kinase 

assay. Interestingly, we observed a significant loss of ULK1‐mediated phosphorylation in 

the S278A mutant and little reduction in the S287A mutant (Fig 1D). This indicates that 

the major site of phosphorylation on ATG16L1 is S278, which is the same residue 

previously identified as a site for IKKα–mediated phosphorylation(Diamanti et al. 2017). 

Next, we created phospho‐specific antibodies against S278 or S287 of ATG16L1 and 

tested its specificity by co‐transfection of wild‐type or mutant ULK1 and ATG16L1. 

Excitingly, we observed that ULK1 phosphorylates ATG16L1 on S278 in cells and that our 

antibody was specific to the phosphorylated form of the protein with little to no signal 

against ATG16L1 (S278A) or wild‐type ATG16L1 co‐transfected with kinase‐dead ULK1 

(Fig 1E). Despite good specificity for our S287 antibody (Fig EV1B and C), we observed 

that the lower probability site obtained by mass spectrometry, S287, was not 

phosphorylated in an ULK1‐dependent manner (Fig 1E). Collectively, these results show 

that ATG16L1 is a direct target of ULK1 and that the primary site of phosphorylation is 

S278. 



   
 

 50 

 

  



   
 

 51 

Figure 1. ATG16L1 is phosphorylated by ULK1. 

(A) in vitro kinase assays were performed using purified recombinant kinases (ULK1 and 

ULK2) and substrate (ATG16L1) in the presence of radiolabelled ATP. ULK and ATG16L1 

inputs were examined by western blot (WB), and substrate phosphorylation was analysed 

by autoradiography (AR). (B) Full‐length or truncated versions of ATG16L1 were 

subjected to an in vitro ULK1 kinase assay. ULK1 and ATG16L1 inputs were examined 

by western blot and target phosphorylation by autoradiography. (C) ATG16L1 was 

phosphorylated in an in vitro ULK1 kinase reaction and analysed by mass spectrometry. 

Phosphorylation of S278 and S287 in humans (S278 marked in green, S287 marked in 

grey) was identified with high and low confidence, respectively. Conservation of amino 

acids 254–294 is shown using the Shapely colour scheme. Mass spectrometry was 

performed on a single experiment. (D) Full‐length or mutated HA‐ATG16L1 was purified 

from mammalian cells and subjected to an in vitro ULK1 kinase assay. Inputs were 

analysed by WB and target phosphorylation by AR. (E) HEK293A cells were transfected 

with wild‐type or phospho‐dead ATG16L1 in the presence of wild‐type or kinase‐dead 

ULK1. Phosphorylation of ATG16L1 (S278 or S287) and inputs were examined by WB. 

Data information: Unless otherwise indicated, experiments were performed three times. 
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ULK1 is required for phosphorylation of ATG16L1 and xenophagy induction 

We next sought to determine whether ULK1 regulated ATG16L1 phosphorylation 

endogenously and whether this signaling was responsive to starvation. ULK1/2 wild‐type 

or ULK1/2 double‐knockout (dKO) cells were starved for amino acids, either with amino 

acid‐free DMEM or HBSS, followed by analysis of pATG16L1 levels by western blot of 

whole‐cell extracts. Starvation potently inhibits mTORC1 signaling, as demonstrated by 

loss of S6K phosphorylation, which is a prerequisite for ULK1 activation. Importantly, we 

observed that starvation resulted in a clear increase in endogenous ATG16L1 

phosphorylation only in cells containing ULK1 (Figs 2A and EV2A, lanes 1–6). We found 

that ablation of ULK1‐mediated phosphorylation of ATG16L1 had no effect on the stability 

of the ATG16L1/5‐12 complex (Fig EV2B). Notably, our phospho‐antibody only 

recognizes the slower migrating ATG16L1β isoform and is observed as a single band. As 

IKKα was previously described to phosphorylate ATG16L1 on S278 under infection, we 

also tested the requirement for IKKα in starvation‐induced ATG16L1 phosphorylation. 

However, we observed that IKKα deficiency had no detectable effect on starvation‐

induced ATG16L1 phosphorylation (Fig 2A, lanes 7–9). This is perhaps expected as IKKα 

has no known role in starvation‐induced autophagy. This result indicates that the 

ATG16L1 subunit of the LC3‐lipidating enzyme is a direct and physiological target of ULK1 

under starvation. We next asked if ULK1/2 or IKKα contributed to ATG16L1 

phosphorylation upon infection or TNFα treatment. ULK1/2 wild‐type, ULK1/2 dKO or 

IKKα KO cells were infected with Salmonella enterica serovar Typhimurium (hereafter 

referred to as Salmonella) or treated with TNFα, and ATG16L1 phosphorylation was 

examined by western blot. Surprisingly, we observed that Salmonella and TNFα‐induced 
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ATG16L1 phosphorylation was abolished in ULK1/2 dKO cells, but was still observed in 

IKKα knockout cells (Figs 2B and EV2C). Of note, phospho‐ATG16L1 signal is 

consistently lower under infection as only a small minority of cells are subjected to the 

stress of internalized bacteria (Fig EV2D). These results clearly indicate that ULK1/2 is 

required for phosphorylation of ATG16L1 under starvation, inflammatory cytokine 

signaling and infection. 

We next sought to determine the requirement for ULK1/2 and IKKα in promoting 

xenophagy. Xenophagic clearance of Salmonella is very well established and its 

intracellular growth is restricted by the pathway, making it an ideal model pathogen for 

this analysis. Wild‐type or knockout cells were infected with Salmonella, and the number 

of LC3B‐positive Salmonella was quantified. LC3B is conjugated to the autophagosomal 

membrane and colocalizes with bacteria targeted for clearance by xenophagy and can 

be used at early time points to monitor xenophagy induction. We found that ULK1/2‐

deficient cells exhibited a potent decrease in LC3B‐positive bacteria, while IKKα loss did 

not significantly affect xenophagy (Figs 2C and EV2E and F). In order to confirm the roles 

for ULK1/2 and IKKα in xenophagy induction and suppression of invasive bacteria, we 

performed colony‐forming unit (CFU) assays in our wild‐type or knockout lines. CFU 

assays measure bacterial viability after internalization and are inversely correlated with 

xenophagy rates(Alonso et al. 2007). Analysis of Salmonella viability 4 h postinfection 

revealed that ULK1/2 dKO cells harboured a much higher number of viable internalized 

bacteria, indicative of an autophagy defect, when compared to wild‐type and IKKα 

knockout cells (Fig 2D). Surprisingly, our results indicate that ULK1/2, but not IKKα, is 

required for ATG16L1 phosphorylation and xenophagy induction.  
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Figure 2. ULK1/2 is required for phosphorylation of ATG16L1 and xenophagy 

induction. 

(A) Wild‐type, ULK1/2 double‐knockout (dKO) or IKKα KO mouse embryonic fibroblasts 

(MEFs) cells were incubated with either complete medium, amino acid‐deficient DMEM 

or HBSS for 1 h. Samples were immunoblotted using the indicated antibodies. (B) Wild‐

type, ULK1/2 dKO or IKKα KO MEFs cells were infected with log phase Salmonella for 2 

h; bacteria‐containing media was then removed, and cells were incubated with 

gentamycin (50 μg/ml)‐containing DMEM for 2 h. Samples were immunoblotted using the 

indicated antibodies. (C) Wild‐type, ULK1/2 dKO or IKKα KO MEFs cells were infected 

with Salmonella for 1 h. Autophagic capture of Salmonella was analysed by 

immunostaining for LPS and LC3B. Representative images are shown (scale bars, 10 

and 3 μm). Quantification was generated from eight fields of view from a representative 

experiment. The experiments were repeated twice. (D) Wild‐type, ULK1/2 dKO and IKKα 

KO MEFs cells were infected with Salmonella for 1 h. Xenophagy rates were examined 

through colony‐forming unit (CFU) assays. Quantification of infection rates by 

immunofluorescence is demonstrated in the right panel. Data information: Unless 

otherwise indicated, experiments were performed three times. Data are represented as 

mean ± standard deviation, and P‐values were determined by Student's t‐test. 
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ULK1 promotes cleavage of caATG16L1 through phosphorylation on S278 

Multiple groups have shown that the T300A substitution in caATG16L1 renders it 

sensitive to caspase cleavage under stress conditions including nutrient starvation and 

infection(Murthy et al. 2014; Diamanti et al. 2017; Santeford et al. 2016). Moreover, it was 

shown that mutation of serine 278 of ATG16L1 to alanine is involved in stress‐induced 

caspase cleavage in the caATG16L1 background(Diamanti et al. 2017). Our data indicate 

that ULK1 is responsible for the phosphorylation of wild‐type ATG16L1 on S278 under 

nutrient starvation and infection. Therefore, we next sought to determine whether ULK1 

signaling was involved in the stress‐induced destabilization of caATG16L1. HEK293A 

cells were transfected with either wild‐type ATG16L1 or caATG16L1 co‐transfected with 

increasing amounts of ULK1 kinase. Importantly, overexpression of ULK1 is known to 

result in autoactivation and induction of downstream signaling in the absence of stress, 

thereby allowing us to determine the isolated effect of ULK1 signaling on ATG16L1 

stability independent of other stress‐responsive pathways. Interestingly, we observed that 

ULK1 is capable of stimulating ATG16L1 cleavage and the level of cleavage is elevated 

in the caATG16L1 background (Fig 3A). In order to determine whether ATG16L1 cleavage 

was a result of ULK1‐mediated phosphorylation on S278, we transfected HEK293A cells 

with wild‐type, T300A or S278/T300A mutants of ATG16L1 in the presence or absence of 

ULK1. Excitingly, we observed that single mutation of the ULK1 phosphorylation site was 

sufficient to reduce ULK1‐driven cleavage (Fig 3B). As expected mutation of S287, the 

low confidence ULK1 phosphorylation site identified by mass spectrometry, had no impact 

on cleavage in the T300A background (Fig EV3A). These results indicate that caATG16L1 

is preferentially cleaved through ULK1‐mediated phosphorylation of S278. Conversely, 
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we found that T300A did not have any effect on ATG16L1 phosphorylation (Fig EV3B). 

Lastly, we repeated this experiment in the presence or absence of Z‐VAD‐FMK, a pan‐

caspase inhibitor, to confirm the faster migrating form of ATG16L1 was indeed a product 

of caspase‐mediated cleavage. Treatment with a pan‐caspase inhibitor resulted in a 

potent reduction in the levels of the faster migrating ATG16L1 band, confirming that the 

ULK1‐driven cleavage product was a caspase cleavage product (Fig 3C). Increasing 

evidence in vitro and in vivo has shown that caspase‐mediated destabilization of 

caATG16L1 is a critical event associated with the pathobiology of this SNP(Murthy et al. 

2014; Diamanti et al. 2017). Moreover, in unstressed conditions caATG16L1 is known to 

have the same stability as wild type(Murthy et al. 2014). To study the effect of ULK1‐

mediated caspase cleavage of ATG16L1 in cells, we knocked out ATG16L1 using 

CRISPR/Cas9 (Fig EV3C) and transfected ATG16L1(T300A) in HEK293A cells and 

infected cells in the presence or absence of ULK inhibitor. Interestingly, we observed 

Salmonella treatment destabilized the T300A mutant, which could be reversed with ULK 

inhibitor (Fig 3D). However, ATG16L1(WT) stability was not drastically affected by either 

Salmonella or ULK inhibition (Fig 3D). We also found ATG16L1(T300A) was stabilized by 

ULK inhibitors under TNFα treatment (Fig EV3D). We next sought to determine the 

function of S278 phosphorylation of ATG16L1 in both the wild‐type and T300A 

background. ATG16L1 knockout cells were transfected with ATG16L1 (WT, S278A, 

T300A or S278A/T300A) at similar levels and treated with Salmonella (Fig EV3E). 

Quantification of Salmonella at 4 h postinfection showed that mutation of S278 

phosphorylation in the wild‐type background resulted in an increase in Salmonella, 

indicating ULK1 phosphorylation may act to promote xenophagy in wild‐type ATG16L1 



   
 

 58 

(Fig 3E, columns 1 and 2). Conversely, in the T300A background S278A mutation 

improved Salmonella clearance, indicating ULK1 phosphorylation is detrimental in this 

background (Fig 3E, columns 3 and 4). 

Collectively, our data shed light on the relationship between stress and caATG16L1 

cleavage showing that: (i) ULK1‐mediated phosphorylation of ATG16L1 is increased 

under infection and starvation, which are known to promote the cleavage of caATG16L1, 

(ii) caATG16L1 is preferentially cleaved upon ULK1 activation, and (iii) mutating the ULK1 

phosphorylation site reduces ULK1‐driven cleavage and improves xenophagy in the 

caATG16L1 background. 
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Figure 3. ULK1 promotes cleavage of T300A ATG16L1 through phosphorylation on 

S278. 

(A) HEK293A cells were transfected with either flag‐tagged WT ATG16L1 or T300A 

ATG16L1. ULK1 was co‐transfected in increasing amounts where indicated. Cleavage of 

ATG16L1 was analysed by WB of whole‐cell lysates. Levels of ATG16L1 cleavage were 

quantified from three biological repeats (right panel). (B) HEK293A cells were transfected 

with either tagged wild‐type, T300A or S278/T300A ATG16L1 in the presence or absence 

of ULK1. Cleavage of ATG16L1 was analysed by WB. Levels of ATG16L1 cleavage were 

measured from three biological repeats (right panel). (C) HEK293A cells were transfected 

with the indicated plasmids in the presence or absence of a pan‐caspase inhibitor Z‐VAD‐

FMK (15 μM) for 4 h. Cleavage of ATG16L1 was analysed by WB of three biological 

repeats. (D) Wild‐type or T300A‐expressing HEK293A were treated with Salmonella in 

the presence or absence of ULK1/2 inhibitor (16 μM) for the indicated time points. 

Expression of ATG16L1 was analysed by WB. The experiments were performed twice. 

(E) ATG16L1 knock‐out HEK293A cells transfected with the indicated HA GST ATG16L1 

plasmids were infected with Salmonella for 1 h. Xenophagy rates were examined through 

CFU assays. Quantification of infection rates by immunofluorescence is demonstrated in 

the right panel. Data information: Unless otherwise indicated, experiments were 

performed three times. Data are represented as mean ± standard deviation, and P‐values 

were determined by Student's t‐test. 
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ULK1‐mediated phosphorylation is required for ATG16L1 localization to Salmonella 

site and bacterial clearance 

ULK1 kinase has a well‐established role in stimulating autophagy, making it 

unlikely that the primary function of ULK1‐induced ATG16L1 phosphorylation is to activate 

caspase‐mediated cleavage. In order to identify the physiological role of ULK1‐mediated 

ATG16L1 phosphorylation, we performed experiments on the wild‐type protein, which is 

not cleaved as readily after phosphorylation. The best described function of ATG16L1 is 

to promote the correct localization of the E3‐like enzyme that lipidates LC3 to the 

membrane of newly forming autophagosomes. Therefore, we first sought to determine 

whether the localization of pATG16L1 differed from that of total ATG16L1 under infection. 

To compare localization, we infected MEF with Salmonella and immunostained for 

lipopolysaccharides (LPS), pATG16L1 and total ATG16L1. We observed pATG16L1 

primarily in the infected samples, confirming the reactivity of our antibody for IF (Fig 4A). 

Excitingly, we found that pATG16L1 was preferentially localized with internalized bacteria 

(Fig 4A). Analysis of total ATG16L1 staining also showed colocalization with bacteria, but 

also contained significantly more diffuse staining in the cytoplasm (Figs 4A, and EV4A 

and B). This could indicate that either ULK1‐mediated phosphorylation is important for 

ATG16L1 recruitment to bacteria, or that the phosphorylation occurs at the bacteria. We 

reasoned if phosphorylation of ATG16L1 affects bacterial localization, then ULK1‐

deficient cells should exhibit an impairment in ATG16L1 recruitment to pathogen. To test 

this hypothesis, we infected wild‐type or ULK1‐deficient cells and quantified the ability of 

total ATG16L1 to localize to internalized bacteria. Interestingly, we observed that the 



   
 

 62 

proportion of ATG16L1‐positive bacteria in ULK1‐deficient MEF was reduced by over 80% 

compared with the wild‐type controls (Figs 4B, and EV4C and D). 

In order to determine the contribution of S278 phosphorylation on ATG16L1 

localization to bacteria, we reconstituted ATG16L1 KO cells with either wild‐type 

ATG16L1, a truncated form of ATG16L1 that cannot bind the ULK1 complex, or the S278A 

mutant and analysed localization to intracellular bacteria. We observed that mutation of 

S278 or deleting the region of ATG16L1 responsible for binding the ULK1 complex 

resulted in a significant reduction in ATG16L1‐positive bacteria (Figs 4C, and EV4E and 

F). We then looked at colocalization between LC3B and Salmonella in our ATG16L 

mutants. We observed that the S278A mutant of ATG16L1 in the wild‐type background 

resulted in a reduction in LC3B‐positive bacteria (Figs 4D, and EV5A and B). Accordingly, 

the S278A and Δ229–242 mutants of ATG16L1 were both defective in clearing 

intracellular Salmonella as determined by CFU assay (Fig EV5C). In contrast, S278A 

mutation in the T300A background increased the percentage of LC3B‐positive Salmonella 

(Fig EV5A and B), which was also consistent with the decreased bacterial load observed 

in our CFU assay (Fig 3E). 

To determine the role of ULK1‐mediated ATG16L1 phosphorylation in starvation, 

we starved cells reconstituted with either wild‐type ATG16L1 or ATG16L1(S278A). 

Surprisingly, we found that S278 mutation had no effect on starvation‐induced autophagy 

flux (Fig EV5D). These data indicate that either ULK1‐mediated phosphorylation of 

ATG16L1 is more important under infection than starvation or additional functionally 

redundant signaling pathways to ATG16L1 are activated by starvation. Taken together, 

our data indicate that ULK1‐mediated phosphorylation of wild‐type ATG16L1 acts to 
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promote localization to internalized bacteria and thereby enhancing bacterial removal, 

while the same modification is detrimental in caATG16L1 (Fig 4E). 
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Figure 4. ULK1‐mediated phosphorylation is required for ATG16L1 localization to 

Salmonella site and bacterial clearance. 

(A) Wild‐type MEF cells were infected with Salmonella for 25 min. Phospho‐ATG16L1, 

total ATG16L1 and LPS were stained and analysed by immunofluorescence. 

Representative immunofluorescent images are shown (scale bars, 10 and 1 μm). (B) 

Wild‐type and ULK1/2 dKO cells were infected with Salmonella for 25 min. 

Immunofluorescence was performed using antibodies against LPS and ATG16L1. 

Representative immunofluorescent images are shown on the left panel (scale bars, 10 

and 2 μm). Quantification of ATG16L1‐positive bacteria from seven fields of view from a 

representative experiment is shown in the right panel. (C) ATG16L1 knock‐out HCT116 

cells transfected with the indicated GST HA ATG16L1 were infected with Salmonella for 

1 h. Bacteria were stained using anti‐LPS antibodies to analyse localization in addition to 

ATG16L1. Representative immunofluorescent images of ATG16L1 and LPS are shown 

(scale bars, 5 and 1 μm). Quantification of ATG16L1 localizing to bacteria from seven 

fields of view from a representative experiment is shown in the lower panel. (D) ATG16L1 

knock‐out HCT116 cells transfected with the indicated GST HA ATG16L1 were infected 

with Salmonella for 1 h. Bacteria were stained using anti‐LPS antibodies to analyse 

localization in addition to the autophagy marker LC3B. Representative 

immunofluorescent images of LC3B and LPS are shown (scale bars, 5 and 1 μm). 

Quantification of bacteria undergoing autophagic clearance from seven fields of view from 

a representative experiment is shown in the lower panel. (E) A diagram demonstrating 

our working model for the role of ULK1‐mediated phosphorylation at S278 in wild‐type 

and T300A ATG16L1 background. Data information: Unless otherwise indicated, 
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experiments were performed twice. Data are represented as mean, and P‐values were 

determined by Student's t‐test. 
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ULK1 has previously been described to phosphorylate several components of the 

autophagy‐promoting lipid kinase complex to activate the autophagy pathway(Russell et 

al. 2013; Park et al. 2016; Di Bartolomeo et al. 2010). Here we have described that the 

autophagy E3‐like enzyme is also regulated by ULK1 through direct phosphorylation of 

the ATG16L1 subunit. The discovery of a link between ULK1 and the LC3B‐lipidating 

enzyme has raised several interesting lines of inquiry. For example, we have shown that 

wild‐type ATG16L1 is also susceptible to ULK1‐sensitive caspase‐mediated cleavage, 

albeit at a lower level than caATG16L1. However, we currently do not know the 

physiological relationship between phosphorylation and caspase‐mediated cleavage 

outside the context of the caATG16L1 allele. Potentially, caspase‐mediated cleavage of 

ATG16L1 under stress represents a mechanism to curtail autophagy under severe or 

prolonged stress. Understanding the mechanistic link between apoptosis and autophagy 

may yield important conceptual advances. 

Additionally, we have uncovered a role for ULK1 signaling in CD through regulating 

the stability of caATG16L1. Interestingly, the functional significance of the S278 residue 

in CD had already been shown(Diamanti et al. 2017). However, the lack of tools to 

measure endogenous pATG16L1 resulted in IKKα being identified as the kinase 

responsible for the phosphorylation and triggering the cleavage of caATG16L1. Based on 

our data, as well as the previously reported link between starvation and pathogen‐induced 

caATG16L1 dysfunction, we propose that ULK1 is the primary kinase responsible for 

ATG16L1 phosphorylation. However, it is quite possible that IKKα contributes to the 

destabilization of caATG16L1 through the previously reported activation of 

caspases(Diamanti et al. 2017). 
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The preferential localization of pATG16L1 to internalized bacteria is also 

interesting. This is because frameshifts in the gene NOD2 are strongly associated with 

CD development and have also been described to affect ATG16L1 localization to 

internalized bacteria(Travassos et al. 2010). This may imply a common defect of 

ATG16L1 function in CD. Consistent with this idea, CD‐associated SNPs have also been 

described in ULK1, albeit with less strength than ATG16L1 SNPs. Here we have identified 

a functional redundancy between ULK1 and ULK2 in the promotion of ATG16L1 

phosphorylation, which may explain the weak contribution of ULK1 polymorphisms in CD 

susceptibility. Lastly, transcriptional repression of IRGM has also been linked to the 

development of CD. Molecularly, IRGM has been shown to bind both ULK1 and ATG16L1, 

although they have not been shown in a complex together. Therefore, it would be of value 

to determine whether reductions in IRGM protein would have an effect on ULK1‐mediated 

ATG16L1 phosphorylation. Clearly, the identification of ULK1‐mediated ATG16L1 

phosphorylation has opened up several avenues for future research, which will 

undoubtedly expand our understanding of xenophagy and the molecular basis of 

autophagy defects in CD. 
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2.5 Material and Methods 

Antibodies and reagents 

Anti‐IKKα (Cat#2682), HA‐HRP (#Cat 2999), phospho‐NF‐κB S536 (Cat#3033), ATG5 

(Cat#12994), NF‐κB (Cat# 8242) and phospho‐S6K T389 (Cat#9234) antibodies were 

obtained from Cell Signaling Technology. Anti‐LC3B (Cat#PM036 for 

immunofluorescence) and ATG16L1 (Cat#PM040 for immunofluorescence) antibodies 

were purchased from MBL. Beta‐actin (Cat#A5441 clone AC‐15) and vinculin 

(Cat#V9131) antibodies were obtained from Sigma. DYKDDDDK Epitope Tag 

(Cat#NBP1‐06712 for WB) antibody was purchased from Novus Biologicals. Anti‐LPS 

FITC (Cat#sc‐52223) and GST (Cat# sc‐374171) antibodies were purchased from Santa 

Cruz Biotechnology. Anti‐S6K (Cat#ab32529), LPS (Cat#ab128709), ATG16L1 

(Cat#ab187671) antibodies and TNFα (Cat#ab9642) were obtained from Abcam. 

phospho‐ATG16L1 serine 278 was made in collaboration with Abcam. Polyclonal sera 

was affinity purified by phosphopeptide, and recombinant ATG16L1 (non‐phosphorylated) 

was mixed in at a 6:1 molar ratio (Rec. ATG16L1: IgG), prior to immunoblotting. 

Monoclonal phospho‐antibody from a hybridoma generated from this rabbit was used for 

immunofluorescence (Abcam Cat#ab195242). Active GST‐ULK1 (1‐649) and GST‐ULK2 

(1‐478) from insect cells were purchased from CQuential Solutions (Moraga, CA). Anti‐

His‐HRP (Cat#460707) was obtained from Invitrogen. Z‐VAD(OMe)‐FMK (Cat#HY‐

16658‐1MG) was purchased from MedChemExpress. Bafilomycin A1 was obtained from 

Tocris (Cat#133410U). ULK‐inhibitor MRT68921 was obtained from Selleckchem 

(Cat#S7949). Digitonin (Cat#10188‐874) was obtained from VWR. 
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Cell culture 

MEFs, HEK293A and HCT116 cells were cultured in DMEM supplemented with 10% 

bovine calf serum (VWR Life Science Seradigm). IKK wild‐type and IKKα knockout MEF 

cells were a generous gift from Dr. Michael Karin (University of California San Diego)(Hu 

et al. 1999). ULK1/2 double‐knockout MEF cells were a generous gift from Dr. Craig 

Thompson (Memorial Sloan Kettering)(Cheong et al. 2011). Amino acid starvation 

medium was prepared based on Gibco standard recipe omitting all amino acids and 

supplemented as above without addition of non‐essential amino acids and substitution 

with dialysed FBS (Invitrogen). Media was changed 1 h before experiments. 

Transfection 

HEK293A cells were transfected with tagged ATG16L1 (750 ng) and tagged ULK1 (250 

ng) using polyethylenimine (PEI, medistore uOttawa). HCT116 cells were transfected with 

the indicated tagged ATG16L1 (3–5 μg) using PEI. The samples were analysed 48–72 h 

post‐transfection. 

Generation of knock‐out cell lines using CRISPR/Cas9 

ATG16L1 knock‐out lines were generated in the HCT116 or HEK293A backgrounds 

utilizing CRISPR/Cas9 targeting exon 1. Guide RNA sequence: 5′ 

AAACCCGCTGGAAGCGCCACATCTC 3′. 



   
 

 71 

Generation of stable cell lines 

The knock‐out clones were infected with retroviruses or lentiviruses carrying tagged 

ATG16L1 at different amounts in order to achieve near endogenous levels of ATG16L1. 

Site‐directed mutagenesis 

Primers used for T300A mutation are GGACAATGTGGATGCTCATCCTGGTTC (forward) 

and GAACCAGGATGAGCATCCACATTGTCC (reverse). Primers used for S278A 

mutation are GCCTTCTGGATGCTATCACTAATATC (forward) and 

GATATTAGTGATTGCATCCAGAAGGC (reverse). Primers used for S287A mutation are 

TTTGGGAGACGCGCTGTCTCTTCCT (forward) and 

AGGAAGAGACAGCGCGTCTCCCAAA (reverse). T300A followed by S278A or S287A 

mutation was performed to generate double mutations. Site‐directed mutagenesis was 

performed based on KOD Xtreme Hot Start DNA Polymerase kit instructions purchased 

from Thermo Fisher. Specificity of mutagenesis was analysed by direct sequencing. 

Bacterial strains 

Wild‐type (SL1344) Salmonella was a gift from Dr. Subash Sad (University of Ottawa). 

Bacteria were grown in Luria‐Bertani broth (Fisher). 

Bacterial infection 

Salmonella were grown in 4 ml of LB broth at 37°C at 250 rpm. Overnight cultures of 

Salmonella were diluted 30‐fold and grown until OD600 reached 1.5, followed by 

centrifugation of 10,000 g for 2 min, and resuspension in 1 ml of PBS. Bacterial stock was 
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then diluted fivefold (multiplicity of infection of 900) in DMEM supplied with 10% heat‐

inactivated bovine calf serum for infection. Cells cultured in antibiotic‐free medium were 

infected with Salmonella and incubated at 37°C in 5% CO2 for the indicated time. Cells 

were washed in PBS once before direct lysis with 1× denaturing SDS sample buffer. 

Western blot and immunoprecipitation 

Whole‐cell lysates were prepared by direct lysis with 1× SDS sample buffer. Samples 

were boiled for 10 min at 95°C and resolved by SDS–PAGE. Immune complexes were 

harvested from cells lysed in mild lysis buffer [10 mM Tris pH 7.5, 10 mM EDTA, 100 mM 

NaCl, 50 mM NaF, 1% NP‐40, supplemented simultaneously with protease and 

phosphatase inhibitor cocktails—EDTA (APExBIO)], followed by centrifugation at max 

speed for 10 min to remove cell debris. Protein A beads (Repligen) were washed 1× with 

PBS and incubated with antibodies and cell lysates for 1.5–3 h followed by one 5‐m wash 

with MLB and inhibitors and four quick washes with MLB alone. Beads were boiled in 1× 

denaturing sample buffer for 10 min before resolving by SDS–PAGE. 

Statistical analysis 

Error bars for western blot analysis represent the standard deviation between 

densitometry data collected from three unique biological experiments. Statistical 

significance was determined using paired Student's two‐tailed t‐test for two data sets. 

Immunofluorescence 

Cells were plated on IBDI‐treated coverslips overnight. After treatments, cells were fixed 

by 4% paraformaldehyde in PBS for 15 min and subsequently permeabilized with 50 
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μg/ml digitonin in PBS for 10 min at room temperature. Cells were blocked in blocking 

buffer (1% BSA and 2% serum in PBS) for 30 min, followed by incubation with primary 

antibodies in the same buffer for 1 h at room temperature. Samples were then washed 

2× in PBS and 1× in blocking buffer before incubation with secondary antibodies 1 h at 

room temperature. Slides were washed 3× in PBS, stained with DAPI and mounted. 

Images were captured with inverted epifluorescent Zeiss AxioObserver.Z1. In the case of 

outside/inside bacterial staining, before permeabilization, the cells were incubated with 

anti‐LPS antibody and corresponding secondary antibody in blocking buffer, 

accompanied by 3× PBS washes in between. 

Quantification of immunofluorescence 

An automated protocol built in the ImageJ software was used to analyse epifluorescent 

microscopy images to avoid bias. The same protocol was applied to each field of view 

and across samples. An average of eight unique fields of view from representative 

experiments was selected for quantification. 

In vitro ULK1 kinase assay 

HEK293A transiently expressing tagged ATG16L1 was immunoprecipitated. Pull‐down 

proteins were washed 3× with MLB and 1× with MOPS buffer and were used as 

substrates for ULK1 kinase assay. ULK1 proteins were immunoprecipitated and 

extensively washed with MLB (once) and RIPA buffer (50 mM Tris at pH 7.5, 150 mM 

NaCl, 50 mM NaF, 1 mM EDTA, 1 mM EGTA, 1% SDS, 1% Triton X‐100 and 0.5% 

deoxycholate) once, followed by washing with MLB buffer once followed by equilibration 

with ULK1 assay buffer (kinase base buffer supplemented with 0.05 mM DTT, 10 μM cold 
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ATP and 0.4 μCil 32P‐ATP per reaction). Reactions were shaken at 250 rpm at 37°C for 

30 min and stopped by direct addition of 4× sample buffer followed by 10‐min boiling at 

95°C and resolution by SDS–PAGE. The analysis of kinase reactions necessitated the 

separation of the kinase and substrate. In vitro kinase reactions were analysed by 

autoradiograms. 

Colony‐forming unit assay 

Cells were infected with Salmonella (MOI of 180) for 1 h. The infected cells were washed 

2× and incubated with media containing 100 μg/ml Gentamicin for 0.5 h, followed by 4‐h 

incubation with media containing 50 μg/ml Gentamicin. The samples were rinsed 3× with 

PBS and lysed with CFU buffer (0.1% Triton X‐100 and 0.01% SDS in PBS). The 

harvested lysates were serially diluted (1:100, 1:300 and 1:1,000) and plated onto LB 

agar plates containing Streptomycin. The plates were incubated at 37°C for 16–18 h, and 

the colonies were counted to determine the number of CFU. 
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Figure EV1. ATG16L1 is a target of ULK1 kinase. 

(A) Mass spectrometry data for ULK1-mediated ATG16L1 phosphorylation. (B) ATG16L1 

knock-out HEK293A cells were transfected with either flag-tagged wild-type or S287A 

ATG16L1. Phosphorylation of ATG16L1 at S287 was determined by WB. (C) Wild-type 

ATG16L1 substrate and ULK1 were incubated with or without lambda phosphatase. 

Phospho-specificity of ATG16L1(S287) antibody was determined by immunoblot for total- 

and phospho-ATG16L1. 
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Figure EV2. ULK1 is required for phosphorylation of ATG16L1 and xenophagy 

induction. 

(A) Full scan for WB data for phospho‐ATG16L1(S278) is shown in Fig 2A. (B) ATG16L1 

knock‐out HEK293A cells transfected with the indicated GST HA ATG16L1 plasmids were 

immunoprecipitated for HA. WB was used to examine the binding of ATG5/ATG12 to 

ATG16L1. (C) Wild‐type, ULK1/2 dKO or IKKα KO MEFs cells were treated with either 

amino acid‐free media or the indicated amounts of TNFα for 3 h. Samples were 

immunoblotted using the indicated antibodies. Levels of ATG16L1 phosphorylation were 

quantified from three biological replicates. Data are represented as mean ± standard 

deviation, and P‐values were determined by Student's t‐test. (D) Wild‐type, ULK1/2 dKO 

and IKKα KO MEFs cells were infected with Salmonella for 1 h. Quantification of infected 

cells was examined through immunofluorescence of two biological repeats. Data are 

represented as mean ± standard deviation from seven unique fields of view, and P‐values 

were determined by Student's t‐test. (E) Larger field of view for images shown in Fig 2C. 

Extracellular bacteria staining observable in white. MEF cells were infected with 

Salmonella for 1 h in the presence of bafilomycin A1. Endogenous LC3B (red) puncta 

were visualized (scale bars, 20 and 10 μm) by immunofluorescence. Dashed boxes 

represent the cells selected for enlarged display in Fig 2C. (F) Quantification of LC3B‐

positive bacteria of Fig 2C biological replicate. Wild‐type, ULK1/2 dKO or IKKα KO MEFs 

cells were infected with Salmonella for 1 h. Autophagic capture of Salmonella was 

analysed by immunostaining for LPS and LC3B. Data are represented as mean, and P‐

values were determined by Student's t‐test. 
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Figure EV3. ULK1 promotes cleavage of caATG16L1 through phosphorylation on 

S278. 

(A) ATG16L1 knock‐out HEK293A cells were transfected with the indicated GST HA 

ATG16L1 plasmids in the presence or absence of Z‐VAD‐FMK (15 μM) for 4 h. Cleavage 

of ATG16L1 was analysed by WB of two biological replicates. Data are represented as 

mean, and P‐values were determined by Student's t‐test. (B) ATG16L1 knock‐out 

HEK293A cells were transfected with the indicated GST HA ATG16L1 plasmids in the 

presence or absence of Z‐VAD‐FMK (15 μM) for 4 h. Phosphorylation of ATG16L1 was 

analysed by WB. (C) ATG16L1 knock‐out cells were validated by direct sequencing. (D) 

ATG16L1 knock‐out HCT116 cells transfected with the tagged T300A ATG16L1 plasmids 

were treated with TNFα (20 ng/ml) in the presence or absence of ULK1/2 inhibitor for 4 

h. ATG16L1 levels were examined by WB. (E) Inputs for CFU assays in Fig 3E. ATG16L1 

knock‐out HEK293A transfected with tagged ATG16L1 as indicated were lysed and 

examined by WB. 
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Figure EV4. ULK1‐mediated phosphorylation is required for ATG16L1 localization 

to Salmonella site. 

(A) Larger field of view for images shown in Fig 4A. Bacteria staining observable in white. 

MEF cells were infected with Salmonella for 25 min. Phospho‐ATG16L1 (red) and total 

ATG16L1 (green) were visualized (scale bars, 20 and 10 μm) by immunofluorescence. 

Dashed boxes represent the cells selected for enlarged display in Fig 4A. (B) 

Quantification of ATG16L1 localization to the bacteria of Fig 4A biological replicate. Wild‐

type MEF cells were infected with Salmonella for 25 min. Phospho‐ATG16L1, total 

ATG16L1 and LPS were stained and analysed by immunofluorescence. Data are 

represented as mean, and P‐values were determined by Student's t‐test. (C) Larger field 

of view for images shown in Fig 4B. Extracellular bacteria staining observable in white. 

MEF cells were infected with Salmonella for 25 min. Endogenous ATG16L1 (red) puncta 

were visualized (scale bars, 30 and 10 μm) by immunofluorescence. Dashed boxes 

represent the cells selected for enlarged display in Fig 4B. (D) Quantification of ATG16L1 

puncta of Fig 4B biological replicate. Wild‐type and ULK1/2 dKO cells were infected with 

Salmonella for 25 min. Immunofluorescence was performed using antibodies against LPS 

and ATG16L1. Data are represented as mean, and P‐values were determined by 

Student's t‐test. (E) Larger field of view for images shown in Fig 4C and extra data from 

the same experiment were also included. ATG16L1 knock‐out HCT116 cells transfected 

with the indicated GST HA ATG16L1 were infected with Salmonella for 1 h. ATG16L1 (red) 

puncta were analysed by immunofluorescence (scale bars, 10, 5 and 1 μm). The 

experiments were repeated twice. Data are represented as mean ± standard deviation 

from seven unique fields of view, and P‐values were determined by Student's t‐test. (F) 
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Quantification of ATG16L1‐positive bacteria of Fig 4C biological replicate. ATG16L1 

knock‐out HCT116 cells transfected with the indicated GST HA ATG16L1 were infected 

with Salmonella for 1 h. Bacteria were stained using anti‐LPS antibodies to analyse 

localization in addition to ATG16L1. Data are represented as mean, and P‐values were 

determined by Student's t‐test. 
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Figure EV5. ULK1‐mediated phosphorylation is required for xenophagy and 

bacterial clearance. 

(A) Larger field of view for images shown in Fig 4D, and extra data from the same 

experiment were also included. ATG16L1 knock‐out HCT116 cells transfected with the 

indicated GST HA ATG16L1 were infected with Salmonella for 1 h. LC3B (red) puncta 

were analysed by immunofluorescence (scale bars, 10, 5 and 1 μm). The experiments 

were repeated twice. Data are represented as mean ± standard deviation from seven 

unique fields of view, and P‐values were determined by Student's t‐test. (B) Quantification 

of LC3B‐positive bacteria of Fig 4D biological replicate. ATG16L1 knock‐out HCT116 cells 

transfected with the indicated GST HA ATG16L1 were infected with Salmonella for 1 h. 

Bacteria were stained using anti‐LPS antibodies to analyse localization in addition to the 

autophagy marker LC3B. Data are represented as mean and P‐values were determined 

by Student's t‐test. (C) ATG16L1 knock‐out HEK293A cells transfected with the indicated 

HA GST ATG16L1 plasmids were infected with Salmonella for 1 h. Xenophagy rates were 

examined through CFU assays. Quantification of infection rates by immunofluorescence 

is demonstrated in the middle panel. Expression of ATG16L1 was examined by WB 

(bottom panel). The experiments were repeated three times. Data are represented as 

mean ± standard deviation, and P‐values were determined by Student's t‐test. (D) 

ATG16L1 KO HCT116 cells with or without the indicated reconstituted OLLAS ATG16L1 

were incubated with HBSS media in the presence of bafilomycin A1 for 1 h. LC3B flux 

was analysed by WB. The experiments were repeated three times. Data are represented 

as mean ± standard deviation, and P‐values were determined by Student's t‐test. 



   
 

 87 

Chapter 3: A Pooled CRISPR Screen Protocol for 

Comparative Autophagy Analysis Across Multiple 

Stressors 

Currently preparing for submission to Autophagy Reports. 
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3.2 Abstract 

Autophagy is a highly conserved catabolic pathway utilized by cells to cope with 

cellular stress. Some stresses like nutrient starvation promote a relatively indiscriminate 

degradation of cytosolic components, which is called bulk autophagy. Conversely, 

selective autophagy promotes the specific turnover of targeted cargo. Kinase-mediated 

phosphorylation plays an essential role in both bulk and selective autophagy processes. 

However, unlike bulk autophagy, the role of kinases in regulating selective autophagy 

pathway is less well defined. Here, we detail a modified kinome-wide CRISPR-based 

screen method that was optimized to allow comparative analysis of autophagy regulators 

under different stress conditions, starting from the same population of cells. The 

improvement in this protocol includes proper fixation controls to allow for excellent 

temporal control, enabling parallel analysis of multiple pathways. Fixation or crosslinking 

aids in preserving samples, thereby ensuring consistency in autophagy flux and 

minimizing variability caused by extended sorting times and sample handling processes. 

Using this protocol we can identify kinases that are selectively involved in specific forms 

of autophagy and overlap between other regulators. This methodology can be adapted to 

address several outstanding questions in the autophagy field as we continue to uncover 

distinct mechanisms of regulation in the autophagic response to stress.   
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3.3 Introduction 

Macroautophagy (hereafter referred to as autophagy), a conserved stress-induced 

catabolic pathway, is driven by the activity of highly conserved autophagy-related (ATG) 

proteins, which trigger the formation of a double-membrane structure called an 

autophagosome(Kaur and Debnath 2015). Autophagosomes mature into degradative 

vesicles after fusion with lysosomes, which supply the acid hydrolases necessary for 

breaking down sequestered macromolecules or cargo(Mizushima and Klionsky 2007). 

One of the earliest steps in autophagy initiation is the activation of the protein kinase 

ULK1 (Unc-51-like kinase-1)(Chan et al. 2007). ULK1 phosphorylates and activates 

several ATG proteins, including multiple subunits of the pro-autophagic VPS34 (vacuolar 

protein sorting 34) complexes to promote stress-induced autophagy(Russell et al. 2013; 

Alsaadi et al. 2019; Park et al. 2018; Park et al. 2016; Di Bartolomeo et al. 2010; Zhou et 

al. 2017). Additionally, lipidation of ATG8 family members (LC3A, B and C, GABARAP, 

GABARAPL1 and GABARAPL2) to the lipid phosphatidylethanolamine is critical for  

maturation of the autophagosome and encapsulation of recruited cargo(Martens and 

Fracchiolla 2020). 

Autophagy was initially characterized as a process to promote the indiscriminate 

engulfment and breakdown of cytosolic components(Mortimore and Schworer 1977). 

However, the significance of targeted autophagic degradation of specific cargo (referred 

to as selective autophagy) has been established to be important in normal cell 

homeostasis and disease(Levine and Kroemer 2008;  Svenning and Johansen 2013; Kim 

et al. 2016; Yamamoto et al. 2023). Selective autophagy can be classified into different 

subtypes depending on the specific cellular components recruited for degradation: 
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degradation of captured pathogens (xenophagy), aggregated proteins (aggrephagy), lipid 

(lipophagy), mitochondria (mitophagy), endoplasmic reticulum (ER-phagy), peroxisomes 

(pexophagy), lysosomes (lysophagy), and ribosomes (ribophagy) (Kim et al. 2016; Gatica 

et al. 2018; Germain and Kim 2020; Papadopoulos and Meyer 2017; Lamark and 

Johansen 2012; Cebollero et al. 2012; Rubio-Tomás et al. 2023). Selective autophagy not 

only requires all components of core autophagy machinery but also needs the activity of 

proteins called autophagy receptors(Zaffagnini and Martens 2016; S et al. 2017). 

Autophagy receptors can be classified into ubiquitin-bound and membrane-bound 

groups(Kim et al. 2016; Vargas et al. 2023). Well-known ubiquitin-bound receptors include 

p62/SQSTM1 (sequestosome-1), NBR1, NDP52, and OPTN(Kim et al. 2016). They 

typically contain both LC3-interacting region (LIR) and ubiquitin-binding domains (UBD), 

which allows them to interact with ubiquitinated cargo and sequester them to 

autophagosomal site for degradation(Kim et al. 2016). Additionally, membrane-

associated receptors located on the target organelles are responsible for decorating the 

damaged organelles, rendering them recognizable by the core autophagy 

machinery(Anding and Baehrecke 2017). Notably, dysregulated selective autophagy has 

been associated with several human diseases(Ryter et al. 2013; Ichimiya et al. 2020). 

For example, defective xenophagy results in chronic infectious diseases or inflammatory 

diseases(Shao et al. 2021; Brest et al. 2010; Chandra and Kumar 2016),. Impaired 

mitophagy contributes to neurological diseases and cancer(Denisenko et al. 2021; Zhang 

et al. 2021). Dysregulated ER-phagy is implicated in neurodegenerative disorders due to 

neuronal damage caused by failed clearance of misfolded proteins(Remondelli and 
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Renna 2017). Impaired degradation of damaged peroxisomes contributes to Zellweger 

spectrum disorders(Cho et al. 2018; Till et al. 2012). 

Kinase-mediated phosphorylation is an important signalling mechanism in 

autophagy regulation and is best understood in the context of bulk autophagy induced by 

nutrient starvation(King et al. 2021). Nutrient-sensitive kinases such as mTORC1 

(mechanistic target of rapamycin complex 1) and AMPK (AMP-activated kinase) are well 

implicated in autophagy regulation(Balgi et al. 2009; Garcia and Shaw 2017; Jung et al. 

2010). mTORC1 hinders autophagy by direct inhibitory phosphorylation of multiple 

components associated with autophagy induction including ULK1(King et al. 2021; Kim 

et al. 2011; Shang et al. 2011; Puente et al. 2016). Nutrient starvation inactivates 

mTORC1, which leads to the release of its downstream targets from inhibitory 

phosphorylation and subsequently initiates autophagy pathway(Alers et al. 2012). In 

addition, AMPK modulates autophagy flux through regulation of mTORC1 and ULK1(Kim 

et al. 2011; Alers et al. 2012; Gwinn et al. 2008). AMPK and mTORC1 have been shown 

to directly regulate pro-autophagic VPS34 complexes to induce autophagy(Yuan et al. 

2013; Kim et al. 2013). Notably, several studies have reported the importance of kinase 

signalling in selective autophagy pathways in addition to bulk autophagy. For instance, 

under oxidative stress, ATM kinase phosphorylates pexophagy receptor PEX5, which 

leads to PEX5 ubiquitination, interaction of ubiquitinated PEX5 with p62, and subsequent 

pexophagy induction(Zhang et al. 2015). During mitochondrial stress, PINK1, a 

serine/threonine protein kinase, becomes stabilized on the outer mitochondrial 

membrane (OMM)(Truban et al. 2017). Here, it facilitates Parkin-mediated ubiquitination 

of target proteins, which subsequently recruits the autophagy machinery to engulf and 
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degrade damaged mitochondria(Truban et al. 2017). Moreover, TBK1 kinase has been 

reported to regulate mitophagy and autophagic degradation of pathogens through 

phosphorylation of autophagy receptors(Richter et al. 2016; Pilli et al. 2012). 

Several high throughput screens have been conducted to identify basal autophagy 

regulators using RNAi or CRISPR/Cas9-based approaches(Szyniarowski et al. 2011; 

Lipinski et al. 2010; Hale et al. 2016; Guo et al. 2018; Mimura et al. 2021). Additionally, 

starvation-induced autophagy screens have been performed to elucidate autophagy 

regulators involved in nutrient stress pathways(Chan et al. 2007; McKnight et al. 2012; 

Morita et al. 2018). However, there lacks a comprehensive and comparative analysis of 

kinase signaling, which would provide a more thorough understanding of kinase 

regulation in different selective autophagy pathways. An ideal screen model for this 

analysis should feature the same pool of cells, the same autophagy reporter, and same 

day of treatment or acute treatment timepoints to minimize secondary signaling effects. 

This raises technical hurdles with the above desired conditions, including reporter 

sensitivity across conditions, sorting time, and the impact of wait time on results. In this 

study, we created a screen workflow that allows for analysis of multiple stress-induced 

autophagy processes using fixation and p62.   
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3.4 Materials 

Cell culture 

In this study, HEK293A cells (Thermo Fisher Scientific # R70507) are used to generate 

the reporter cell line as they show optimal responses to several stress conditions and 

have been extensively characterized in the field. Additionally, HEK293A demonstrates 

excellent transfection and transduction efficiency with both viral and non-viral vectors(Tan 

et al. 2021). Alternative cell lines can be chosen for the screening process provided they 

exhibit optimal responses to the stress conditions. HEK293T cells (ATCC# CRL-3216) 

are used to generate lentiviruses carrying either autophagy reporter DsRed-IRES-GFP-

p62 or human kinome CRISPR knockout library. They are cultured in DMEM 

supplemented with 10% bovine calf serum (VWR Life Science Seradigm). 

Amino acid free media 

The recipe for amino acid starvation media is described in Table 1. 

Chemical Working 

concentration (mM) 

Calcium Chloride (CaCl2) 1.8 

Ferric Nitrate Solution (Fe(NO3)3-9H2O, stored at 

4ºC) 

0.000248 

Magnesium Sulfate (MgSO4-7H2O) 0.814 

Potassium Chloride (KCl) 5.33 

Sodium Bicarbonate (NaHCO3) 44.05 

Sodium Chloride (NaCl) 81.9 
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Sodium Phosphate monobasic (NaH2PO4-H2O) 0.906 

D-Glucose (Dextrose) 25 

HEPES 25.03 

Phenol Red (optional) 0.0399 

 

1. Above compounds are added into 800 ml of distilled H2O and the solution is stirred 

till everything is completely dissolved. 

2. pH is adjusted to approximately 7.4. 

3. 20 mL of 100X MEM vitamins (VWR#45000-702) is added so that the final 

concentration is 2X. 

4. The total volume is brought up to 1 L. 

5. The solution is filtered through 0.22 µm Stericup (Thermo Fisher 

Scientific#SCGPU11RE), aliquoted into 50ml tubes, and stored at 4ºC. 

Plasmids 

pLenti-DsRed-IRES-eGFP vector is from Addgene (Cat#92194). Brunello human kinome 

CRISPR knockout library can be obtained from Addgene (Cat#1000000083). To generate 

lentiviruses, lentiviral packaging plasmids psPAX2 (Addgene#12260) and pMD2.G 

(Addgene#12259) are transfected in HEK293T cells along with plasmid carrying either 

Dsred-IRES-GFP-p62 or human kinome CRISPR knockout library. 
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Other chemicals or reagents 

PolyJet, PEI, polybrene, crystal violet, PBS, PFA, EDTA, Tris, BSA, SDS, protein kinase 

K, RNAse A, ammonium acetate, isopropanol, ethanol, 2xQ5 Master Mix (New England 

Biolabs, M0494L), AMPure XP Bead-Based Reagent (Beckman Coulter, A63881), 

Nextera XT Index Kit (Lot#10089169). 

Flow cytometry 

Autophagy flux can be analysed in a rapid and quantitative manner using flow cytometers 

– in this case BD Celesta or BD LSRFortessa analyzers and a Sony Biotechnology SH800 

sorter – equipped with a blue (488 nm) laser and a yellow-green (561 nm) laser. This 

instrumental set-up allows for the sensitive detection of DsRed and GFP-p62 signals. 

These signals are then examined and analysed using FlowJo software. 

Other equipment 

Tissue culture hoods and incubators are required to culture and maintain the cell lines 

needed for the kinome screens. Other general laboratory equipment including vortex, cell 

counter, PCR machine, centrifuge, and -80ºC freezer are also necessary. 
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3.5 Methods 

1. Generation of the reporter cell line 

Sequestosome-1/p62 is an autophagy receptor involved in nearly all selective autophagy 

pathways and can be used as a marker for autophagy flux. To measure changes in 

autophagic regulation, a dual-fluorescence reporter, DsRed-IRES-GFP-p62, is 

constructed. p62 is incorporated into and degraded along with the autophagosomal 

membrane; therefore, the expression level of GFP-p62 is inversely proportional to 

autophagic flux (Figure 1). DsRed serves as an internal control for GFP expression 

(Figure 1). The reporter cell line must express DsRed-IRES-GFP-p62 stably as transient 

transfection will generate fluctuating expression levels of tagged p62 and cause 

inconsistent autophagy baseline, which may affect the screening outcomes and yield 

false positive results. The DsRed-IRES-GFP-p62 construct can be introduced to 

HEK293A using lentivirus approach.  
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Figure 1: Reporter diagram.  

The schematic depicts the autophagic flux reporter consisting of DsRed and GFP-tagged 

p62. p62 is selectively integrated into and degraded alongside the autophagosomal 

membrane. Thus, the expression level of GFP-p62 correlates inversely with autophagic 

flux. 
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Production of lentiviruses carrying DsRed-IRES-GFP-p62 

1. 3 µg of plasmid containing DsRed-IRES-GFP-p62, 1 µg of psPAX2, and 0.25 µg 

of pMD2.G are transfected in 35% confluence (3-4 million) of HEK293T cells in 

one 10-cm plate using PEI. 4 µL of PEI is used for 1 µg of DNA. Media are changed 

5 hours post transfection. 

2. Media are collected four times 12 hours apart starting at 36 hours post transfection. 

3. Viral supernatant is filtered through 0.45 µM Nalgene™ Rapid-Flow™ Sterile 

Disposable Filter Units (Thermo Fisher Scientific#09-740-63A).*Optional 

centrifugation if many cells lift. Cleared supernatants are concentrated using Virus 

Precipitation Kit (Benchmark Bioscience) to 1/100 of the original volume. 

4. The viruses are stored at -80ºC. 

Generation of HEK293A expressing DsRed-IRES-GFP-p62 

1. HEK293A cells are seeded at 20% confluence (approximately 0.34 x 106 cells) in 

a 6-well plate. An extra well can be plated as a negative control for G418 selection. 

2. Virus transduction can be performed when cells reach approximately 40% 

confluence. 

3. HEK293A cells are highly susceptible to transduction, so 1 μL of viruses is added 

to one well and a serial dilution is performed in the presence of polybrene (10 

µg/mL). Notably, polybrene working concentrations (ranging from 1 to 10 µg/mL) 

and the quantity of viruses can be fine-tuned based on the sensitivity to polybrene 

and the susceptibility to viral transduction of the chosen cell line. 
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4. Next day, cells are transferred to 10-cm plates. 

5. 48 hours post transduction, negative or non-transduced and transduced cells are 

incubated with complete DMEM containing G418 (1 mg/mL) for 3-7 days or until 

all negative cells die. The culture media are replaced every day with G418-

containing media if more than 10% of cells lift. 

6. Expressions of tagged p62 in the polyclonal populations are examined using 

western blot (WB). In addition, amino acid-free medium, a potent stress condition 

to induce autophagy, can be employed to investigate the autophagic responses in 

these cells. 

7. We found that the polyclonal cells infected with the least number of viruses exhibit 

extremely elevated levels of tagged p62 compared to the endogenous p62 and 

show no detectable responses to starvation stress (Figure 2A).  

8. The polyclonal reporter line is sorted into monoclonal populations which are first 

evaluated by WB to identify the optimal clone expressing optimal level of tagged 

p62 and showing consistent responses to amino acid-free starvation. WB of the 

ideal clone is shown in Figure 2B. 

9. Our screen design employs fluorescence-activated cell sorting (FACS) to isolate 

populations with changes in autophagic flux as measured by our fluorescence-

based reporter, which are then further investigated through next-generation 

sequencing (NGS) technologies. Thus, following WB test, we use FACS to 

examine the autophagic response to starvation of monoclonal reporter cells. 



   
 

 102 

 

Figure 2: Examination of autophagy flux through examination of p62.  

(A), (B) Polyclonal (A) and optimal monoclonal (B) populations expressing DsRed and 

GFP-p62 were incubated with amino acid-free media for 3 hours. Whole-cell lysates were 

immunoblotted using the antibodies indicated. 
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Validation of the reporter cell line 

To verify that stress-induced changes in p62 levels are mediated by autophagy, 

established autophagy-regulating genes are disrupted, and the impact of these gene 

depletions on p62 regulation can be assessed by WB and flow cytometry. For instance, 

knockout of components involved in autophagy induction including ATG5, ATG7, FIP200, 

or ULK1 should result in p62 accumulation. Perturbation of proteins associated with 

autophagy inhibition such as Rubicon should lead to enhanced degradation of p62. 

sgRNAs targeting autophagy genes of choice can be cloned in the vector backbone used 

to construct the library, which can be used for optimization described in Section 3. 

Examination of the autophagic response of the reporter line to selected stress conditions  

Following the confirmation of validity of the reporter cells, it is important to assess their 

responsiveness to the stress conditions of interest. The stimuli can be pathogen, 

aggregated proteins, hypoxia, redox stress, or chemicals inducing specific organelle 

damage/stress (for example: tunicamycin-ER stress, clofibrate-peroxisomal stress, or 

FCCP-mitochondrial stress). 

2. Establishing the minimum number of cells required for transduction with 

lentiviruses containing the kinome library 

The minimum number of reporter cells to be transduced for each condition can be 

calculated as below. 

𝑐𝑒𝑙𝑙 𝑛𝑜 =
𝑔𝑢𝑖𝑑𝑒 𝑛𝑜  × 𝑟𝑒𝑝 𝑛𝑜 

𝑀𝑂𝐼
 

Cell no: the minimum number of reporter cells to be infected. 
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Guide no: the total number of guides in the library, including non-targeting controls. 

Rep no: the expected representation (usually 1000x). 

MOI: multiplicity of infection. Typically, low MOI of 0.3 is used to ensure that majority of 

the reporter cells receive a single copy of guide RNA. 

For a library size of 3200 guides and 1000x representation, we need to prepare at least 

10.7 million cells (50-60% of a 15-cm plates) for viral transduction per condition. 

3. Optimization of knockout efficiency 

The aim of this section is to identify the earliest time at which the reporter line exhibits the 

highest knockout efficiency post viral transduction. Lentiviruses carrying sgRNAs 

targeting autophagy-regulating genes generated from the previous section can be used. 

The transduced reporter cells are incubated with starvation media and autophagy flux can 

be monitored using flow cytometry starting 10 days post viral infection. To mitigate 

secondary effects and minimize reagent costs, we select the earliest date when the 

reporter line shows the most effective depletion of autophagy genes, evidenced by 

perturbations in autophagy activity as examined through GFP-tagged p62. We found that 

knockout efficiency in HEK293A cells peaks 16 days after transduction. 

4. Optimization of crosslinking conditions 

Autophagy is a stress-responsive process, and prolonged handling or sorting of multiple 

samples over several hours can introduce confounding stress-related variables that may 

impact experimental outcomes. Therefore, an additional step integrated into our workflow 

enabling comparative autophagy analysis across various stress conditions is sample 

crosslinking. However, crosslinking or fixation has been shown to cause changes to 



   
 

 105 

fluorescent signals. In our study, we utilized paraformaldehyde (PFA), a commonly used 

crosslinking reagent, to fix samples. Additionally, we used Tris to quench formaldehyde 

reactivity to prevent excess crosslinking. We investigated various fixation conditions using 

PFA in the presence or absence of Tris and examined fluorescence of fixed samples using 

flow cytometry (Figure 3). We observed that higher concentrations of PFA and longer 

treatment times result in deteriorated fluorescence (Figures 3D and E). Moreover, Tris 

addition helps rescue the signals (right panels of Figures 3B, C, D, and E). The optimal 

condition is described below.  

1. Sample media are aspirated. The cells are washed once with PBS. 

2. The cells are incubated with 2% PFA for 10 minutes at room temperature, followed 

by 15 min incubation with 3M Tris (pH 8, direct addition to 2% PFA to create a final 

concentration of 1 M).  

3. Tris and PFA solution is removed. The samples are washed once with PBS. 

4. After PBS removal, the cells are collected using scrapers, stored in ice-cold flow 

buffer (1% BSA and 2 mM EDTA in PBS), and filtered using cell strainers (70 µM, 

Falcon). 

5. These fixed cells can be stored at 4ºC until analysis by flow cytometry. 

With this approach, we observed sharp fluorescent signals in the fixed samples with 

minimal reduction in signal intensity. 
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Figure 3: Crosslinking/fixation optimization.  

(A), (B), (C), (D), (E) The reporter line underwent fixation with either 2% or 4% PFA for 

durations of 10 or 20 minutes, with or without the addition of Tris, at room temperature. 

Subsequently, the fixed cells were subjected to flow cytometry analysis.  
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5. Optimization of fixed cell sorting and determination of required cell numbers 

prior to exposure to stress conditions 

We observed that fixed cells have reduced cell counts and exhibit slower sort speeds 

compared to live cells. Therefore, to guarantee sufficient representation of each guide, it 

is important to access the sort speed of fixed cells and subsequently determine the 

required number of cells to be plated before incubating them with optimized stress 

conditions. The number of plates prepared for sorted cells for each condition can be 

calculated as below. 

𝑠𝑜𝑟𝑡𝑒𝑑 𝑝𝑙𝑎𝑡𝑒 𝑛𝑜 =  
𝑔𝑢𝑖𝑑𝑒 𝑛𝑜 × 𝑟𝑒𝑝 𝑛𝑜 × 𝑣𝑜𝑙𝑢𝑚𝑒 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 × 𝑝𝑙𝑎𝑡𝑒 𝑛𝑜 𝑝𝑒𝑟 𝑚𝐿 

𝑠𝑜𝑟𝑡 𝑠𝑝𝑒𝑒𝑑 × 3600
 

Sorted plate no: the required number of plates to be sorted for each condition. Typically, 

15-cm plates are used. 

Guide no: total number of guides in the library. 

Rep no: the expected representation (usually 500x to 1000x). 

Volume consumed (mL/hour): the total volume consumed by the cell sorter per hour. This 

value varies depending on the sorter model, sorting mode, and selected pressure. 

Plate no per mL: the number of plates of cells resuspended in 1 mL of flow buffer. 

Sort speed (events per second or eps): the speed that fixed cells are sorted at. 

3600: seconds per an hour. 
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Furthermore, for each condition, additional cells are plated and utilized as a bulk/unsorted 

sample. The number of cells to be plated should be sufficient to ensure a minimum of 

1000x representation. 

6. Genomic DNA extraction from fixed cells 

One obstacle we encountered in this study is the extraction of genomic DNA (gDNA) from 

fixed cells. We endeavored to reverse crosslinking through various methods, such as 

SDS treatment, heating the samples at 65ºC, or incubation with NaCl in combination with 

heat, followed by genomic DNA extraction using a commercial kit. Unfortunately, these 

methods proved unsuccessful in DNA extraction. We further investigated current literature 

and found a working protocol published previously(Chen et al. 2015). This protocol allows 

direct gDNA extraction from up to 2 million fixed cells, —scalable as needed—without a 

reverse crosslinking step, thereby enhancing reproducibility.  

1. In a 15-ml tube, flow buffer is carefully removed. 

2. 600 μL of Lysis Buffer (50 mM Tris, 50 mM EDTA, 1% SDS, pH 8) and 3 μL of 

Proteinase K (20 mg/ml) are added to the cell sample and the mixture is incubated 

at 55ºC overnight.  

3. The next day, 1.5 μL of RNAse A (20 mg/ml) is added to the lysed sample, which 

is then inverted 25 times and incubated at 37ºC for 30 minutes.  

4. The sample tube is cooled on ice for 15 min before addition of 200 μL of pre-chilled 

7.5M ammonium acetate to precipitate proteins.  

5. After adding ammonium acetate, the samples are vortexed at high speed for 20 

seconds and then centrifuged at 10,000 x g for 10 minutes at 4ºC.  



   
 

 109 

6. After the spin, a tight pellet is visible in each tube and the supernatant is carefully 

decanted into a new tube.  

7. 600 μL of 100% isopropanol is added to the tube, which is inverted 50 times and 

centrifuged at 10,000 x g for 10 minutes. gDNA is visible as a small white pellet in 

each tube.  

8. The supernatant is discarded, 600 μL of freshly prepared 70% ethanol is added. 

The tube is inverted 10 times, followed by centrifugation at max for 1 minute.  

9. The supernatant is discarded by pouring; the tube is briefly spun, and remaining 

ethanol is removed using a P200 pipette.  

10. After air drying for 10-30 minutes, the DNA changes appearance from a milky white 

pellet to slightly translucent.  

11. At this stage, 50 μL of elution buffer of choice is added, the tube is incubated at 

65ºC for 1 hour and at room temperature overnight to fully resuspend the DNA. 

12. The next day, the gDNA samples are vortexed briefly. The gDNA concentrations 

are examined using a NanoDrop 2000 Spectrophotometer (Thermo Fisher 

Scientific) and can be stored at -20ºC for further analysis. 

7. Sample preparation for next-generation sequencing (NGS) 

We employ a 2-step PCR approach to generate amplicons of gRNA from genomic DNA 

and barcode those amplicons for next-generation sequencing. In addition, AMPure XP 

beads are used to purify amplicons after each round of PCR. 

PCR1: amplification of gDNA from genomic DNA 
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For PCR1, the total number of reactions and the amount of master mix should be 

calculated once gDNA concentrations and volumes are determined using Excel format. 

To minimize unexpected variables among samples during PCR, master mix of all 

reactions are generated by mixing all components except for DNA template and water. 

For sorted samples, all gDNA is used as a template for PCR1. For bulk or unsorted 

samples, the amount of gDNA used for multiple PCR1 reactions is determined to 

guarantee a minimum of 1000x representation is achieved. The amount of gDNA can be 

calculated as follows. 

𝑔𝐷𝑁𝐴 = 𝑔𝑢𝑖𝑑𝑒 𝑛𝑜 ×  𝑟𝑒𝑝 𝑛𝑜 × 𝑔𝐷𝑁𝐴 𝑝𝑒𝑟 𝑐𝑒𝑙𝑙 

gDNA: the amount of gDNA is used to achieve the expected representation. 

Guide no: the number of guides in the library. Our kinome library has approximately 3200 

guides. 

Rep no: the expected representation (usually 1000-1500x). 

gDNA per cell: one cell contains roughly 0.006 ng of gDNA. 

PCR1 primers are designed as below. 

Forward: TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGggactatcatatgcttaccgt 

Reverse: GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGgagccaattcccactccttt 

The capitalized segment of the primer sequence represents a transposase adapter 

compatible with the Nextera Index Kit utilized in PCR2. The lowercase portion serves as 

the vector binding sequence and can be adjusted according to the vector of choice. If the 

vector binding sequence is changed, PCR1 condition should be optimized. 
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PCR1 mixture and condition are prepared as described below. 

 Added volume (µL) 

2x Q5 Master Mix 

MgCl2 (1M) 

5’ primer (100 µM) 

3’ primer (100 µM) 

gDNA (3 µg) 

H2O 

50  

0.2  

0.5  

0.5  

Various 

Up to 100  

 

PCR1 of gRNA 

98ºC     5 minutes 

98ºC    35 seconds 

60ºC    30 seconds 

72ºC    45 seconds 

Repeat steps 2-4 for 24 cycles 

72ºC    10 minutes 

4ºC       hold 

 

PCR1 cleanup 

During this step, AMPure XP beads are employed to isolate the PCR amplicon from 

genomic DNA, free primers, and primer dimer species. PCR products of each sample 

from multiple first PCR reactions are pooled and 200 µL is cleaned up for PCR2. 
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1. The AMPure XP beads are brought to room temperature (minimum 15 minutes) 

and mixed till homogenous by vortexing for at least 20 seconds. 

2. 0.5X volume (100 µL) of AMPure XP beads (DNA: beads= 1:0.5) is added to 

respective 1.5 mL Eppendorf tubes. The beads and PCR1 solution is mixed 

thoroughly and incubated at room temperature without shaking for 15 minutes. 

3. Sample tube is placed on a magnetic rack for 2 minutes or until the supernatant 

has cleared. 

4. The supernatant is transferred to a new 1.5mL tube. Beads are discarded. 

5. 0.8X volume (160 µL, using original DNA volume) of AMPure XP beads is added. 

The beads and PCR1 mixture is incubated at room temperature without shaking 

for 15 minutes. 

6. The tube is placed on a magnetic rack for 2 minutes or until the supernatant has 

cleared. 

7. The supernatant is discarded this time, and beads are kept. 

8. On a magnetic rack, the beads are washed with freshly prepared 70% ethanol 

twice according to manufacturer's instructions. 

9. On a magnetic rack, excess ethanol is removed using aspirator and gel loading 

tips.  

10. On a magnetic rack, the beads are air-dried for <15 minutes and checked in 10 

minutes to make sure the beads are not over dry.  
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11. The sample tubes are removed from the magnetic rack. 50-100 µl of ultra-pure 

water or elution buffer of choice is added.  

12. The solution is gently mixed up and down 10 times to make sure the beads are 

fully resuspended. 

13. The mixture is incubated at room temperature for 10-15 minutes. 

14. The tube is placed on the magnetic rack for 2 minutes or until the supernatant has 

cleared. 

15. The supernatant is carefully transferred to a new appropriately labeled 1.5 mL tube.  

16. 5 µl of PCR1 products are run on a 2% agarose gel to confirm the band size. 

17. These samples are analysed by a NanoDrop 2000 Spectrophotometer and can be 

frozen at -20ºC before proceeding to PCR2. 

PCR2: addition of barcodes to PCR1 amplicons using Nextera Index Kit 

PCR2 reactions are prepared as below. 62.5 ng of PCR1 should correspond to over 1 

billion x representation so there is no need to add more than that. 

 Added volume (µL) 

2x Q5 Master Mix 

XT Index Primer 1 (N7xx) 

XT Index Primer 2 (S5xx) 

PCR1 product (62.5 ng) 

H2O    

50  

5  

5  

Various 

Up to 50  
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PCR2 

98ºC 5 minutes 

98ºC 35 seconds 

58ºC 30 seconds 

72ºC 45 seconds 

Repeat steps 2-4 for 6 cycles 

72ºC 10 minutes 

 4ºC  hold 

 

PCR2 cleanup 

AMPure XP beads are employed to purify PCR2 products from PCR1 amplicons, primers, 

and primer dimers. PCR2 cleanup steps are described below. 

1. The AMPure XP beads are brought to room temperature (minimum 15 minutes) 

and mixed till homogenous by vortexing for at least 20 seconds. 

2. 1.6X volume of AMPure XP beads (DNA: beads= 1:1.6) is added to respective 1.5 

mL Eppendorf tubes. The beads and PCR2 solution is mixed thoroughly and 

incubated at room temperature without shaking for 15 minutes. 

3. Sample tube is placed on a magnetic rack for 2 minutes or until the supernatant 

has cleared. 

4. The supernatant is removed. 
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5. On a magnetic rack, the beads are washed with freshly prepared 70% ethanol 

twice according to manufacturer's instructions. 

6. On a magnetic rack, excess ethanol is removed using aspirator and gel loading 

tips.  

7. On a magnetic rack, the beads are air-dried for <15 minutes and checked in 10 

minutes to make sure the beads are not over dry.  

8. The sample tubes are removed from the magnetic rack. 30-40 µl of ultra-pure water 

or elution buffer of choice is added.  

9. The solution is gently mixed up and down 10 times to make sure the beads are 

fully resuspended. 

10. The mixture is incubated at room temperature for 10-15 minutes. 

11. The tube is placed on the magnetic rack for 2 minutes or until the supernatant has 

cleared. 

12. The supernatant is carefully transferred to a new appropriately labeled 1.5 mL tube.  

13. 5 µl of PCR2 products are run on a 2% agarose gel to confirm the band size. 

14. The products can be frozen at -20ºC or -80ºC before being submitted to next-

generation sequencing facility. 

8. Generation of lentiviruses carrying Brunello human kinome CRISPR knockout 

library 

The library is purchased from Addgene and amplified using the protocol provided. 

Representation in library  should be verified using the 2-step PCR protocol (described 
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above). The prepared library amplicons can be then submitted to a next-generation 

sequencing facility for analysis. Several approaches have been developed to analyse the 

large sequencing data. In this study, we employ CRISPRBetaBinomial (CB2) approach 

on CRISPRCloud2 site to examine the NGS results(Jeong et al. 2019). CB2 is a user-

friendly web-based algorithm which generates key metrics—including total read counts, 

mapped reads, mapping efficiency, and fold coverage—to assess the quality and 

representation of library preparation. Library representation should be 1000-fold coverage 

and minimum representation is important to investigate before proceeding to virus 

preparation. 

1. For a library size of roughly 3200 guides, we packaged in 6-8 15-cm plates, which 

can be scaled accordingly. Cells are plated at approximately 35% confluence (7-8 

million) of HEK293T cells on each of 15-cm plate. 

2. Next day, lentiviral vectors expressing the kinome library and packaging vectors 

(psPAX2 and pMD2.G) are co-transfected using PolyJet reagent into HEK293T 

cells in a 4:3:1 molar ratio, respectively. 3 μL of PolyJet is used for 1 μg of DNA. 

Media are changed 5 hours post transfection. 

3. Media are collected four times 12 hours apart starting at 36 hours post transfection. 

4. Viral supernatant is filtered through 0.45 µM Nalgene™ Rapid-Flow™ Sterile 

Disposable Filter Units (Thermo Fisher Scientific#09-740-63A).*Optional 

centrifugation if many cells lift. Cleared supernatants are concentrated using Virus 

Precipitation Kit (Benchmark Bioscience) to 1/100 of the original volume. 

5. The viruses are stored at -80ºC. 
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9. Titration of lentiviruses carrying CRISPR library 

Following lentivirus production, the viruses will be titrated in the reporter cell line. This 

step is important as it determines the number of gene copies integrated in the transduced 

target cell and is subsequently used for Multiplicity of Infection (MOI) calculation.  

1. Approximately 10-15% confluence (0.8×105) of reporter cells are seeded to each 

well of a 12-well plate in complete DMEM media containing 10% bovine calf serum 

without antibiotics and the cells are incubated overnight at 37ºC, 5% CO2.  

2. On the next day, lentiviruses are thawed on ice and resuspended gently. 5-fold 

serial dilutions of viral stock are performed in a 96-well plate. 

3. Culture medium from each well is removed. The reporter cells are replenished with 

1 mL fresh media in the presence of polybrene (10 µg/mL).  

4. A single viral dilution is gently added to each well of a 12-well plate. The plate is 

mixed gently from one side to another side. 

5. Media are changed to regular complete DMEM 24 hours post transduction. The 

cells are incubated at 37ºC with 5% CO2 for another 24 hours. 

6. Next, the transduced cells are incubated with puromycin (1 µg/mL) for 3 days. The 

culture media are replaced every day with puromycin-containing media if more 

than 10% of cells die. 

7. The cells are incubated with regular complete DMEM for another 4-6 days and 

observed every day to monitor the death of cells that are sensitive to puromycin. 

8. The transduced cells are fixed with 4% PFA for 10 min at room temperature. 
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9. Following one wash with 1xPBS, the cells are stained with 0.1% crystal violet 

solution at room temperature for 20 minutes. After removal of crystal violet solution, 

the samples are washed three times with 1xPBS. 

10. The blue-stained colonies are counted using a microscope at a magnification of 

40×. 

11. The lentiviral titer is calculated using the formula below: 

𝑡𝑖𝑡𝑒𝑟 =  𝑐𝑜𝑙𝑜𝑛𝑦 𝑛𝑜 𝑝𝑒𝑟 𝑤𝑒𝑙𝑙 × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 ×  40  

Titer (transduction unit per mL or TU/mL): the viral particle count added per cell during 

infection. 

Colony no per well: the number of colonies in one well. 

Dilution factor: a measure of how much viral solution has been diluted. 

40: the magnification of microscope used. 

10. Kinome screen workflow 

Once all required conditions have been optimized, the kinome screen can be conducted. 

The workflow for the screen is outlined below. 

1. The reporter cells (Section 1) are plated in a quantity that ensures they reach the 

desired cell count at the time of transduction (Section 2). For example, we notice 

our HEK293A reporter line doubles once every 24 hours. We plate approximately 

4.5-5 million cells per condition to ensure they are prepared for viral transduction 

the following day. Extra cells can be seeded, either for cell counting purposes next 

day or as a negative control for puromycin selection at a later stage. 
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2. Next, the reporter cells are transduced with lentiviruses carrying kinome library in 

the presence of polybrene (10 µg/mL). The number of viruses can be determined 

as below. 

𝑣𝑖𝑟𝑢𝑠 𝑣𝑜𝑙𝑢𝑚𝑒 =
𝑀𝑂𝐼 × 𝑐𝑒𝑙𝑙 𝑛𝑜

𝑣𝑖𝑟𝑎𝑙 𝑡𝑖𝑡𝑒𝑟
 

Virus volume (mL): the amount of viruses added to the reporter cells. 

MOI: multiplicity of infection which is 0.3 

Cell no: the number of cells at the time of infection. 

Viral titer: determined in Section 9. 

3. Next day, if the cells reach close to 100% confluence, they can be passaged at 

20% confluence and transferred to new plates. 

4. 48 hours post transduction, the transduced cells and negative cells are incubated 

with puromycin (1 µg/mL) for 3 days. The culture media are replaced every day 

with puromycin-containing media if more than 10% of cells die. 

5. The transduced reporter cells are cultured for an additional number of days as 

determined in Section 3 to facilitate effective target knockout. 

6. Next, the transduced cells are plated in a quantity that ensures they achieve the 

desired cell count at the time they are subjected to optimized stress conditions as 

determined in Section 5. 

7. Media are changed at least 1 hour prior to the treatments. 
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8. Following the treatments, media are removed, and the cells are washed once with 

PBS. 

9. Next, the samples are fixed with 2% PFA for 10 min at room temperature, followed 

by 15 min incubation with Tris (pH 8, direct addition to 2% PFA to create a final 

concentration of 1 M) (Section 4). 

10. PFA and Tris are removed. The samples are washed with PBS once. 

11. Following aspiration of PBS, the cells are harvested using scrapers, stored in ice-

cold flow buffer, and filtered using cell strainers. 

12. These fixed cells can be stored at 4ºC in the dark for a maximum of one night 

before sorting to ensure that fluorescence remains intact. 

13. The percentage of gated populations expressing high and low GFP/DsRed levels 

can be selected according to preference. Typically, 5-10% gated populations are 

chosen. During sorting, it is recommended to record the total number of sorted 

cells to gauge the representation of each sample. 

14. The sorted and unsorted populations are then pelleted by centrifugation (4000 rpm 

for 10 min at 40C) and stored at -80C freezer. 

15. All replicates should be conducted before proceeding to the next steps. 

16. Next, genomic DNAs from fixed cells are extracted (Section 6). 

17. PCR reactions and purification are conducted according to the instructions 

provided in Section 7 to prepare the samples for next-generation sequencing by 
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amplifying the guide regions and barcoding them. The samples from all replicates 

can be stored at -20ºC or -80ºC until sent to next-generation sequencing core. 

11. Next-generation sequencing (NGS) 

To select the correct NGS setting, the required read depth is calculated as below. 

𝑟𝑒𝑎𝑑 𝑑𝑒𝑝𝑡ℎ = 𝑔𝑢𝑖𝑑𝑒 𝑛𝑜 × ln(𝑔𝑢𝑖𝑑𝑒 𝑛𝑜) × 𝑠𝑎𝑚𝑝𝑙𝑒 𝑛𝑜 × 𝑟𝑒𝑎𝑑 𝑛𝑜 𝑝𝑒𝑟 𝑠𝑎𝑚𝑝𝑙𝑒 

Read depth: the total of reads for all sequenced samples. 

Guide no: the number of guides in the selected library. 

Guide no x ln(guide no): coupon collector’s problem which is the required number of 

sequenced reads to ensure all reads are sequenced at least once. 

Sample no: the total number of samples across all replicates. 

Read no per sample: the expected reads per sample which is typically 300. 

Read length is also determined to ensure the regions of interest are covered. For our 

screen, a read length of 150 cycles is selected. Additionally, 10% - 50% PhiX spike-in is 

employed to control for sequence clustering and diversity. The percentage of PhiX spike-

in to be chosen varies depending on the sequencing platform and should be verified by 

the sequencing facility. Quality control of the samples is performed by the sequencing 

facility to confirm the sample size and concentration prior to sequencing. 

The NGS data are next analyzed using the CRISPRCloud2 platform. Briefly, on 

CRISPRCloud2 site, the Enrichment-based screen option is selected. The kinome library 

(the reference library) obtained from the manufacturer is converted from excel format to 

fasta format. High GFP, low GFP, and unsorted/bulk populations of one condition from all 
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replicates are analyzed concurrently. After providing all the necessary information, the 

web browser initiates the processes of trimming, mapping, and quantifying the sgRNA 

reads. The processed data are accessed through the link provided. CB2 demonstrates 

several metrics regarding the data quality including gene-level corrected p-values or 

false-discovery rate, which is a critical factor in selecting hits. 
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3.6 Results and Discussion 

In this paper, we demonstrated an optimized kinome-wide screen workflow that 

facilitates high-throughput screens of several stress-induced autophagy pathways and 

allows for direct comparison of multiple datasets. Our protocol offers several advantages. 

The employment of autophagy receptor p62 allows for analysis of different selective 

autophagy processes given its capability to interact with several types of ubiquitinated 

cargo. CRISPR-based approach enables precise targeting of specific genomic loci with 

high efficiency and induces permanent gene perturbations compared to traditional RNAi 

screens, which ultimately provides more pronounced signaling. Furthermore, the screen 

design allows cells sufficient time for recovery after genomic perturbation, thereby 

reducing variability in baseline autophagy threshold. An essential addition to our screen 

workflow is sample fixation or crosslinking, which supports simultaneous analysis of 

different stress-induced autophagy pathways, without the need to reverse crosslinking 

prior to library amplification. While our workflow offers clear advantages, it also comes 

with limitations. Although p62 is involved in different types of selective autophagy, p62 as 

autophagy flux reporter can be a disadvantage as the relative degradation of total p62 

under each condition may vary depending on cargo enrichment and preference for other 

autophagy receptors. The use of an LC3-based system may have a more even 

contribution among our conditions, whose advantages would need to be balanced against 

its ambiguity in reporting autophagic flux. Additional screens using organelle specific 

autophagy receptors would be ideal for sensitivity and complement the findings. The 

CRISPR/Cas9 system often leads to complete loss of gene function, which can be 

impractical for studying essential genes or partial loss of functions. Application of RNAi or 
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CRISPRi approaches can address this limitation. The use of fixation is required to prevent 

artifacts from the stress during sorting. However, this fixation step may pose some 

challenges.  We found the read number from these fixed samples is significantly lower 

than in samples that were never fixed. Additionally, we found fixed samples are more 

prone to clogging the sorter, which necessitates lower sort speeds. Given that multiple 

kinome screens are sorted on each run, this is an important practical consideration. 

Collectively, our protocol is a one-stop shop, providing necessary optimizations which can 

be adapted for high throughput genomics screens and chemical screening approaches.  
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Chapter 4: Identification of stress specific autophagy 

regulators from tandem CRISPR screens 
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4.2 Abstract 

Autophagy is a conserved degradative process that promotes cellular homeostasis 

under stress conditions. Under nutrient starvation autophagy is largely non-selective, 

promoting indiscriminate breakdown of cytosolic components. Conversely, selective 

autophagy is responsible for the specific turnover of damaged organelles. We 

hypothesized that selective autophagy may be regulated by distinct upstream signaling 

from starvation induced autophagy to promote organelle turn-over. To address this 

question, we conducted kinome-wide CRISPR screens using the DsRed-IRES-GFP-p62 

reporter line to identify distinct signaling pathways responsible for the regulation of basal 

autophagy, starvation-induced autophagy, and two types of selective autophagy, ER-

phagy and pexophagy.  The Brunello kinome library was designed to enhance on-target 

activity while minimizing off-target effects, ensuring the effectiveness and efficiency of our 

screens. These parallel screens identified established and novel autophagy shared 

regulators under these conditions, as well as kinases specifically required for ER-phagy 

or pexophagy. More specifically, CDK11A and NME3 were further characterized to be 

selective ER-phagy regulators. Meanwhile, PAN3 and CDC42BPG were identified as 

activator or inhibitor of pexophagy, respectively. Collectively, these datasets provide the 

first comparative description of the kinase signaling specificity, separating regulation of 

selective autophagy and bulk autophagy. 
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4.3 Introduction 

Macroautophagy (hereafter referred to as autophagy) is driven by the formation of 

a double membrane vesicle called an autophagosome that sequesters cytosolic cargo for 

degradation(Kaur and Debnath 2015). Autophagosome formation is mediated through the 

activity of a conserved group of autophagy-related (ATG) proteins(Kaur and Debnath 

2015). ULK1, a serine/threonine kinase, promotes autophagosome biogenesis by 

phosphorylating and activating multiple ATG proteins, thereby driving stress-induced 

autophagy(Russell et al. 2013; Alsaadi et al. 2019; Park et al. 2018; Park et al. 2016; Di 

Bartolomeo et al. 2010). Maturation of the autophagosome and sequestration of targeted 

cargo require the lipidation of ATG8 family members (LC3A, B and C, GABARAP, 

GABARAPL1 and GABARAPL2) to the lipid phosphatidylethanolamine(Martens and 

Fracchiolla 2020). LC3B is the best studied member of the ATG8 family in mammals 

(Lystad et al. 2019; Mizushima et al. 2011). Autophagy was originally described as a bulk 

degradation pathway that indiscriminately engulfs and degrades cytosolic 

components(Mortimore and Schworer 1977). However, the importance of autophagy as 

a targeted degradation pathway has been established in normal and disease biology 

(Levine and Kroemer 2008; Yamamoto et al. 2023). 

The targeted degradation of cargo by the autophagy pathway is called selective 

autophagy, which can be categorized into various subgroups based on the specific 

cellular components targeted for degradation(Svenning and Johansen 2013; Kim et al. 

2016). Selective autophagy requires all the core ATG proteins of bulk autophagy, but also 

includes a class of proteins called autophagy receptors(Zaffagnini and Martens 2016; S 

et al. 2017).  Autophagy receptors can be divided into ubiquitin-bound and membrane-
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associated groups(Kim et al. 2016; Vargas et al. 2023). Well-known ubiquitin-bound 

receptors, such as SQSTM1/p62, NBR1, NDP52, and OPTN, typically contain both LC3-

interacting region (LIR) and ubiquitin-binding domains (UBD) that allow them to recruit 

ubiquitinated targets to autophagosomes for degradation(Kim et al. 2016). Membrane-

bound receptors localize to, or are constitutively present on the target organelles and are 

responsible for damaged organelle recognition by autophagy machinery(Anding and 

Baehrecke 2017). Importantly, defective selective autophagy has been implicated in 

several human diseases(Ryter et al. 2013; Ichimiya et al. 2020). Despite increasing 

evidence for defects in selective autophagy receptors in disease, comparatively less is 

known about the upstream regulation governing the selective acquisition of autophagic 

cargo.  

 Mitophagy (mitochondrial degradation) and xenophagy (pathogen clearance) 

have been extensively studied, but ER-phagy (endoplasmic reticulum removal) and 

pexophagy (peroxisomal degradation) remain  underexplored(Reggiori and Molinari 

2022; Cho et al. 2018). Thus, in this study, we chose ER-phagy and pexophagy as our 

models of selective autophagy. Selective autophagic degradation of the ER is a 

homeostatic mechanism that regulates the maintenance of ER size, the removal of 

aggregated or miss-folded proteins, and the turnover of ER membranes following damage 

(Mochida and Nakatogawa 2022). To date, at least six ER-phagy receptors have been 

identified in mammals, including FAM134B, RTN3L, CCPG1, SEC62, TEX264, and ATL3 

(Chen et al. 2019; Smith et al. 2018; Grumati et al. 2017; An et al. 2019; Chino et al. 2019; 

Fumagalli et al. 2016; Khaminets et al. 2015). These receptors localize to ER sub-

compartments and are capable of recruiting autophagy machinery to the ER through 
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LC3/GABARAP-interacting regions (LIR/GIM)(Chino and Mizushima 2020). For instance, 

FAM134B primarily facilitates the degradation of sheet ER, while ATL3 and RTN3L 

mediate degradation of tubular ER(Chen et al. 2019; Grumati et al. 2017; Khaminets et 

al. 2015). Some receptors, such as CCPG1 and TEX264, also interact with upstream 

autophagy complexes like FIP200 and WIPI2 to promote phagophore expansion at the 

ER(Smith et al. 2018; Chino et al. 2019). In addition to autophagy receptors, new 

pathways including mitochondrial metabolism and UFMylation have been reported to 

regulate ER-phagy(Liang et al. 2020). While the key receptors and core machinery 

involved in ER-phagy have been identified, the regulatory pathways that determine its 

activation over other selective autophagy pathways remain poorly understood. 

Peroxisomes are single membrane-bound organelles essential for reactive oxygen 

species (ROS) metabolism and fatty acid oxidation(Lazarow and de Duve 1976; Mihalik 

et al. 1995; Poirier et al. 2006). Their homeostasis is regulated by peroxin (PEX) proteins, 

and stress conditions like starvation or ROS disrupt this balance, triggering autophagic 

degradation(Walter et al. 2014; Sargent et al. 2016; Zhang et al. 2015; Germain and Kim 

2020). Proper matrix protein import, involving PEX2, PEX5, PEX13, and PEX14, is crucial 

for peroxisome function and quality control(Germain and Kim 2020; Demers et al. 2023). 

Under stress, PEX2 ubiquitinates PMP70 and PEX5, targeting peroxisomes for 

degradation via NBR1 and p62(Sargent et al. 2016; Zhang et al. 2015). PEX14 and 

PEX13 also promote pexophagy during starvation, while elevated ROS and hypoxia 

enhance PEX5 ubiquitination(Hara-Kuge and Fujiki 2008; Demers et al. 2023; Germain 

and Kim 2020; Zhang et al. 2015; Schönenberger and Kovacs 2015). Conversely, the 

AAA-type ATPase PEX1-PEX6-PEX26 and the deubiquitinase USP30 remove 
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ubiquitinated peroxisomal proteins from the membrane, thereby inhibiting 

pexophagy(Law et al. 2017; Marcassa et al. 2018; Riccio et al. 2019). 

Kinase-mediated phosphorylation plays important roles in the regulation of 

autophagy initiation. Induction of the autophagy pathway is best characterized in the 

context of nutrient starvation, where nutrient-sensitive kinases, including mTORC1 and 

AMPK, are critical for modulating autophagy activation(Balgi et al. 2009; Garcia and Shaw 

2017; Kim et al. 2011; Jung et al. 2010). Under nutrient sufficiency mTORC1 suppresses 

autophagy through direct phosphorylation of several components associated with 

autophagy induction including ULK1(King et al. 2021; Kim et al. 2011; Shang et al. 2011; 

Puente et al. 2016). Specifically, upon starvation, mTORC1 is inactivated, which results 

in ULK1 release from inhibitory phosphorylation and subsequent autophagy 

induction(Alers et al. 2012; Kim et al. 2011). AMPK activity under energy and nutrient 

starvation can regulate autophagy through modulation of ULK1 and mTORC1 activity 

(Kim et al. 2011; Gwinn et al. 2008; Alers et al. 2012). In addition, AMPK and mTORC1 

have been reported to directly regulate the activity of the VPS34 kinases, ensuring a 

precisely controlled initiation of autophagy in response to various cellular stresses(Yuan 

et al. 2013; Kim et al. 2013). Collectively, these nutrient-dependent kinases play an 

essential role in mediating the activation of bulk autophagy in response to starvation.  

Several genome- and kinome-wide screens have identified bulk autophagy 

regulators using LC3 or p62 reporters and RNAi or CRISPR/Cas9 targeting(Lipinski et al. 

2010; Szyniarowski et al. 2011; Frankel et al. 2011; Hale et al. 2016; Guo et al. 2018; 

Mimura et al. 2021; DeJesus et al. 2016; Chan et al. 2007; McKnight et al. 2012; Morita 

et al. 2018). Focus has more recently shifted towards selective autophagy regulation. For 
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example, a genome-wide screen using an ER-phagy-specific reporter identified the 

UFMylation pathway as a mediator of ER-phagy(Liang et al. 2020). Meanwhile, a different 

screen for regulators of PARKIN stability revealed transcriptional repression as a mediator 

of mitophagy(Potting et al. 2018). Identification of signaling specificity underlying selective 

autophagy by comparing results in the studies above is significantly limited by the use of 

different reporters, stress conditions, cell lines, and screen-related experimental variation. 

To uncover signaling that demarcates selective vs. bulk autophagy screening conditions 

must be carefully designed to rule out changes in: total autophagy, crosstalk between 

selective and bulk autophagy, reporter limitations, and generation of secondary or 

artifactual hits. 

  We hypothesized that uncharacterized kinase signaling influences cargo-specific 

autophagy, akin to how mTORC1 and AMPK regulate starvation-induced autophagy. To 

explore this, we created a stable monoclonal HEK293A cell line expressing the DsRed-

IRES-GFP-p62 autophagy reporter, enabling sensitive, real-time tracking of both 

selective and bulk autophagy via a single validated readout. Using this cell line, we 

conducted pooled kinome-wide CRISPR screens under different acute stressors, keeping 

the cell population constant. This approach revealed stress-specific signaling pathways 

regulating ER-phagy and pexophagy, distinct from those controlling basal or starvation-

induced autophagy. 
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4.4 Results  

A kinome-scale CRISPR screen using an autophagic flux reporter 

To measure autophagy rates in a high throughput, quantitative manner, we first 

generated a stable cell line with a fluorescent marker of autophagy flux, p62. p62 is 

capable of binding to multiple types of ubiquitinated cargo and recruiting them to 

autophagosomes for degradation. p62 was chosen for this study because it is involved in 

nearly all forms of selective autophagy and as a result can be used as a common reporter 

for direct comparative analysis of both selective and bulk autophagy. To measure changes 

in autophagic flux, we constructed a dual-fluorescence reporter cell line expressing 

DsRed-IRES-GFP-p62 (Fig. 1A). HEK293A cells were stably transduced with constructs 

expressing GFP-tagged p62 with an internal DsRed control (DsRed-IRES-GFP-p62, Fig. 

1A). To mitigate expression changes from lentiviral insertion, we generated monoclonal 

reporter populations and assessed responses to amino acid starvation, a potent inducer 

of autophagy. Flow cytometry was employed to determine the rapid and quantitative 

measurement of relative p62 levels (GFP) while controlling for non-selective changes in 

protein abundance (DsRed control, Fig. 1A, right panel). Levels of p62 decrease during 

autophagy activation, resulting in a left shift in the GFP fluorescence signal (Fig. 1A, right 

panel). Conversely, autophagy inhibition leads to a right shift in the GFP signal (Fig. 1A, 

right panel). We benchmarked our reporter line under acute amino acid deprivation, one 

of the best characterized and strong inducers of autophagy using western blot (WB) and 

flow cytometry to identify the ideal timepoints and concentrations for measuring stress-

selective p62 flux. The DsRed-IRES-GFP-p62 reporter line showed a robust clearance of 

tagged p62 in response to acute amino acid starvation, with no changes in DsRed control 
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(Fig. 1B, left panel). We selected a 3-hour period of starvation for screening purposes, as 

it was the earliest timepoint giving peak p62 degradation. While the induction of 

autophagy by starvation was clear by WB analysis, we next sought to verify whether that 

stress condition triggered similar responses by flow cytometry. Consistently, we observed 

a significant reduction in GFP signal while there was no change in DsRed fluorescence 

in the starved reporter cells compared to the untreated ones (Fig. 1B, right panel).  

Additionally, we also confirmed that the effects on p62 flux were due to autophagy by 

repeating the stress analysis in an autophagy-deficient background (ATG5 KO, DsRed-

IRES-GFP-p62 HEK293A cells). ATG5 KO efficiency was confirmed by WB (Fig. S1A). 

We found that the starvation-induced decrease in GFP-p62 fluorescence was blocked in 

autophagy deficient cells, indicating starvation-induced p62 clearance optimized above 

was a result of autophagic flux (Fig. S1B).  

We next investigated the autophagic response to ER stress and peroxisomal 

stress. ER stress was induced by tunicamycin treatment using established ranges and 

concentrations(Ohoka et al. 2005; Abdullahi et al. 2017). Tunicamycin hinders the first 

stage of N-linked glycan production in proteins and leads to the accumulation of 

improperly folded proteins. Compared to the unstimulated cells, we observed the most 

robust and consistent autophagic flux in the cells exposed to 10 µg/mL of tunicamycin for 

a duration of 6 hours, as shown through substantial reductions in p62 levels (Fig. 1C). 

Thus, we selected this condition to induce ER-phagy for our screening experiments. This 

was further confirmed using flow cytometry, where exposure to tunicamycin produced a 

significant decrease in GFP-p62 fluorescence compared to the untreated cells, with no 

changes in DsRed (Fig. 1C, right panel). Furthermore, we observed that the tunicamycin-
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induced reduction in GFP-p62 fluorescence was lost in autophagy-deficient cells, 

suggesting that the optimized stress-induced p62 clearance described above was due to 

autophagy (Fig. S1C). 

We then characterized the optimal timepoints for inducing p62 flux following 

peroxisomal stress  (Fig. 1D). To initiate peroxisomal stress, we treated cells with 

clofibrate to disrupt peroxisome function and induce pexophagy(Zhang et al. 2015). Using 

previously reported timepoints and concentrations(Zhang et al. 2015), we observed a 

decrease in p62 levels in all clofibrate-treated samples with no changes in DsRed, 

indicating an activation of autophagy (Fig. 1D). Among the conditions tested, the induction 

of peroxisomal stress using clofibrate (1 mM) for a duration of 6 hours elicited a robust 

and consistent response in the reporter cell line via both orthogonal approaches (Fig. 1D). 

We also confirmed that the effects on p62 flux was due to autophagy by repeating the 

clofibrate analysis in autophagy-deficient, ATG5 KO DsRed-IRES-GFP-p62 293A cells 

(Fig. S1D). Collectively, these experiments establish that our reporter cell line gives a 

robust readout of both selective and bulk autophagy flux.  Moreover, we established the 

timepoints that correspond to the first wave of p62 autophagic degradation in response 

to starvation, peroxisomal stress, and ER-stress, which is important to minimize potential 

confounds of secondary or compensatory effects caused by prolonged exposure of these 

stimuli. Notably, all time points chosen were within the dynamic range of the initial p62 

degradation response and demonstrated comparable levels of p62 clearance using flow 

cytometry, which is crucial when comparing these stress responses.  
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Figure 1: Generation of an autophagic flux reporter sensitive to differential 

autophagy-inducing stressors.  

(A) Schematic representation of the autophagic flux reporter DsRed and GFP-tagged p62. 

p62 is selectively incorporated into and degraded along with the autophagosomal 

membrane. Therefore, the level of GFP-p62, relative to DsRed, is inversely proportional 

to autophagic flux. Examples of autophagy activation and inhibition were demonstrated 

using the histogram in the right panel. (B) The HEK293A reporter cell line was treated 

with starvation in time- and concentration-dependent manners. WB was used to examine 

DsRed and GFP-p62 signals. FACS was employed to investigate GFP and DsRed 

fluorescence of the reporter cells treated with amino acid-free media (-AA) for 3 hours. 

Histograms were used to depict changes in GFP-p62 and DsRed levels. (C) The reporter 

cell line was incubated with tunicamycin in time- and concentration-dependent manners. 

DsRed and GFP-p62 were analysed using WB. FACS was used to examine GFP and 

DsRed signals of the reporter cells exposed to tunicamycin (Tm, 10 µg/mL) for 6 hours. 

Histograms were used to depict changes in GFP-p62 and DsRed levels. (D) The reporter 

cells were incubated with clofibrate in time- and concentration-dependent manners. 

DsRed and p62 levels were examined using WB. FACS was employed to investigate GFP 

and DsRed fluorescence of the reporter cells treated with clofibrate (Clo, 1 mM) for 6 

hours. Histograms were used to depict changes in GFP-p62 and DsRed levels.   



   
 

 140 

CRISPR-based screens identify shared and distinct of stress-selective autophagic 

pathways 

To gain insight into differences in signaling that impact selective autophagic flux, 

we conducted kinome-wide CRISPR-based screens using the validated DsRed-IRES-

GFP-p62 reporter line (Fig. 2A). Briefly, cells were transduced with the Brunello kinome 

library, a pooled lentiCRISPRv2 library containing 3,052 unique sgRNAs targeting 763 

human kinases genes (4 guides per target) at a multiplicity of infection of 0.3 to promote 

single virus integration(Doench et al. 2016). Infected cells were selected for 3 days with 

puromycin (1 µg/mL), and expanded for 16 days total, maintaining a minimum of 1000x 

representation. On day 16 post-transduction, one quarter of the infected cells were 

subsequently exposed to either amino acid-free DMEM media (for 3 hours; starvation), 

tunicamycin (at 10 μg/mL, 6 hours; ER stress), clofibrate (at 1 mM, 6 hours; peroxisomal 

stress), or were left untreated (basal). The untreated, starvation-treated, tunicamycin-

treated, and clofibrate-treated cells were briefly fixed with 2 % PFA and harvested on the 

same day to allow for direct comparison among stress conditions from identical replicates 

of edited cells. Fixed samples were analysed by FACS. Top and bottom deciles (“high” 

and “low” populations, respectively) of GFP/DsRed ratiometric populations were selected 

as activators and inhibitors of autophagy (Fig. 2A). Genomic DNA from the fixed sorted 

cells, as well as the corresponding fixed pre-sort population, which controls for 

alternations in sgRNA abundance mediated by changes in cellular fitness, were extracted 

and sgRNA sequences were amplified and analysed by next-generation sequencing 

(NGS). The screen was performed 4 times, each of which included all 4 conditions, for a 

total of 16 individual kinome screens. NGS datasets from our four different conditions 
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were integrated to identify both common and unique autophagy activators and inhibitors 

as detailed below (Fig. 2A). 

We conducted analysis of sgRNA enrichment and depletion between the sorted 

populations and the corresponding unsorted populations across experimental replicates 

for each stress condition using CRISPRBetaBinomial(Jeong et al. 2019). Hits were called 

using false discovery rate (FDR; adjusted p values) and a positive log2 fold change 

(log2FC) (Table 1, Table S1). Log2FC represents enrichment or depletion of each gene 

compared to the corresponding unsorted population, measured by the mean of all four 

sgRNAs targeting the gene, in the sorted high or low GFP/DsRed population. FDR 

indicates the statistical significance of sgRNAs abundance of a gene in the sorted high or 

low GFP/DsRed group compared to the unsorted sample. For both autophagy activators 

and inhibitors, we observed some shared regulators among 4 conditions, but a significant 

portion of the hits were unique to the stress condition tested (Fig. 2B). Volcano plots 

showcasing FDR and log2FC values were constructed to visualize autophagy activators 

and inhibitors (Figs. 2C and 2D). The asymmetric nature of the plot suggests that the 

statistical ability to detect sgRNA enrichment (positive log2FC) was greater than the ability 

to detect sgRNA depletion (negative log2FC) in the sorted population, a feature that has 

been previously reported(Pusapati et al. 2018). Therefore, subsequent analyses focused 

exclusively on genes with FDR <0.1 for enrichment (positive log2FC) in the sorted 

population. Additionally, hits were omitted if they possessed significant FDR values in both 

positive and negative regulator populations (conflicts)(Rousseaux et al. 2018). A 

summary of common and distinct regulators that meet the criteria of FDR cutoff and 
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positive log2FC from both autophagy-activating and inhibiting populations are provided in 

Table 1.  

We performed a gene ontology analysis using PANTHER to determine whether 

the candidate kinases are enriched in any signaling pathways (Fig. 2E, Table S2). We 

found that basal autophagy candidates were significantly enriched in metabolism and 

insulin receptor signaling pathways, whereas candidates involved in stress-induced 

autophagy were enriched in pathways such as autophagy and mitophagy. This analysis 

also identified synthesis of PIPs at the late endosomal membrane as a shared pathway 

among all four screen conditions.  Notably, our gene ontology identified autophagy and 

autophagy-related pathway enrichment, which is consistent with an autophagy regulating 

role for these kinases.  

Autophagy activators 

Our kinome screens identified a total of 66 autophagy activators that met the 

selection criteria above. Notably, the autophagy activators that were found in all four 

conditions have all previously been linked to autophagy activation, reinforcing the quality 

of our screen results. The common activators were ULK1, PIK3C3, PIK3R4, and 

PIKFYVE (Fig. 2C). The protein kinase ULK1 along with the lipid kinase containing 

PIK3R4 and PIK3C3 are important factors in core autophagy machinery and have been 

well characterized to tightly regulate autophagy initiation. The role of PIKFYVE in 

autophagy has been characterized more recently, and was reported to be important for 

lysosomal function in the autophagy pathway, which is a common requirement for bulk 

and selective autophagy. 
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We also found multiple genes encoding members of the casein kinase family 

(CSNK) among the four autophagy screens. Several reports have demonstrated both 

activating and inhibiting roles of this family in autophagy regulation, with the role varying 

based on the cell type and stress condition tested(Li et al. 2020; Chino et al. 2022; 

Hoenigsperger et al. 2024; Carrino et al. 2019). In our analysis, we found CSNK2A1 was 

involved in autophagy activation under basal conditions, while CSNK1A1L and CSNK2A2 

were implicated in activating starvation-induced autophagy. CSNK2A2 was also 

associated with autophagy activation under ER stress and peroxisomal stress (Table 1).  

Autophagy under basal conditions 

We identified 33 basal autophagy activators. Of 33 candidates, 13 have been 

previously linked to autophagy (Table 1 plain face text) and 20 were uniquely identified in 

our screens (Table 1, italic text). Of the 33 hits 24 were only identified in the basal 

autophagy conditions, 4 were common to all conditions, 2 (LATS1 and PHKG1) were 

shared between basal and starvation-induced autophagy, and 3 (FGFRL1, PHKA2, and 

GK2) were shared between basal autophagy and ER stress conditions (Table 1, Fig. 2B).  

Starvation-induced autophagy 

We found a total of 13 candidates involved in autophagy induction. Of these hits, 

8 have been previously reported to modulate autophagy (Table 1 plain face text) and 5 

were unique to our screens (Table 1 italic text). 6 of the 13 hits were identified as 

autophagy activators only under starvation (Table 1, Fig. 2B). LATS1 and PHKG1 were 

shared between starvation-induced and basal autophagy Finally, CSNK2A2 was 
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identified as a shared autophagy activator under starvation, ER stress, and peroxisomal 

stress.  

ER stress-induced autophagy 

We identified 25 (11 established and 14 novel) kinases associated with autophagy 

under ER stress (Table 1). Of the 25 hits, 17 were identified only in the ER stress-induced 

autophagy (Fig. 2B), 4 were common to all conditions, 3 (FGFRL1, PHKA2, and GK2) 

were shared between ER stress conditions and basal autophagy, and 1 (CSNK2A2) was 

found as a shared autophagy activator under starvation, ER stress, and peroxisomal 

stress (Fig. 2B). Notably, our screens identified EIF2AK3 as a unique ER stress-induced 

autophagy activator. EIF2AK3, also known as PERK (protein kinase R-like endoplasmic 

reticulum kinase), is a key player in the unfolded protein response and initiates the 

upstream response to ER stress by activating transcription factors responsible for 

expressions of autophagy proteins(B’chir et al. 2013). Moreover, it was reported that 

EIF2AK3 is selectively required for ER-phagy induced by tunicamycin(Luhr et al. 2019), 

which validates the ability of our screens to recognize selective autophagy modulators.  

Peroxisomal stress-induced autophagy 

We identified 14 candidates (7 established and 7 novel) involved in autophagy 

induction in response to peroxisomal stress (Table 1). Previously, ATM had been the sole 

kinase reported to induce pexophagy(Zhang et al. 2015). We did not identify ATM in our 

screens, which is likely due to the genetic intolerance of HEK293A cells to ATM depletion. 

However, our screens found 9 unique candidates linked to peroxisomal stress-induced 

autophagy (Table 1). CSNK2A2 is the only common hit found in peroxisomal stress-
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induced autophagy and in other autophagy pathways (starvation- and ER stress-induced 

autophagy). 

Autophagy inhibitors 

We identified a total of 63 shared and distinct autophagy inhibitors across the four 

screens. We found that TKFC and MAP4K2 are shared autophagy inhibitors among all 

conditions (Fig. 2D, Table 1). TKFC (triokinase/FMN cyclase) is an enzyme involved in 

cellular processes related to the metabolism of carbohydrates and flavin mononucleotide 

(FMN), which is a type of flavin coenzyme(Rodrigues et al. 2019). There is no known link 

between TKFC and autophagy to date. MAP4K2, mitogen-activated protein kinase kinase 

kinase kinase 2, is a serine/threonine kinase essential for innate immune responses and 

cell signaling(Chuang et al. 2016). Little is known about the relationship between MAP4K2 

and autophagy. However, MAP4K2 has been recently reported to induce autophagy upon 

energy stress through LC3 phosphorylation. MAP4K2 inclusion in all four investigated 

conditions underscores its role as a general inhibitor of autophagy(Seo et al. 2023).  

Our screens also identified genes encoding members of ribosomal protein S6 

kinase (RPS6K) family across four tested conditions. Similar to casein kinases, various 

reports have indicated that this family plays both activating and inhibitory roles in the 

regulation of autophagy(Hać et al. 2021; Blommaart et al. 1995; Scott et al. 2004; Armour 

et al. 2009; Zeng and Kinsella 2008). In this study, we only observed RPS6K presence in 

the negative autophagy regulator screens. Specifically, RPS6KL1 was found in the basal 

condition. RPS6KA4, RPS6KC1, and RPS6KL1 were enriched in starvation-induced 

autophagy conditions. Finally, RPS6KA4 was enriched in both ER stress- and 

peroxisomal stress-induced autophagy. 
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Autophagy under basal conditions 

We identified 13 candidates (4 established, 9 novel) involved in basal autophagy 

(Table 1). 8 of the 13 candidates were identified as autophagy inhibitors only under basal 

conditions (Fig. 2B). NEK1 and RPS6KL1 are two hits involved in basal and starvation-

induced autophagy. CDC42BPG is the sole candidate shared among basal, starvation-

induced, and peroxisomal stress-induced autophagy processes. 

Starvation-induced autophagy 

Our kinome screens found a total of 33 candidates (13 established, 20 novel) 

associated with autophagy inhibition in response to starvation (Table 1). 24 of these were 

identified only in the starvation conditions, 2 were common to all conditions, 2 (NEK1 and 

RPS6KL1) were shared between starvation-induced and basal autophagy, 1 (PMVK) was 

found in autophagy inhibition under starvation and ER stress, 2 (MAP3K11 and ACVR1) 

were identified in starvation- and peroxisomal stress-induced autophagy, 1 (CDC42BPG) 

was shared among basal, starvation-induced, and peroxisomal stress-induced autophagy 

processes, and 1 (RPS6KA4) was found in starvation-, ER stress-, and peroxisomal 

stress-induced autophagy. 

ER stress-induced autophagy 

We identified 17 hits (8 established, 9 novel) involved in autophagy inhibition under 

ER stress (Table 1). We found 11 hits selectively associated with ER-phagy (Fig. 2B). 

Notably, CSNK2B is the only member within the casein kinase family that we identified in 

the context of autophagy inhibition. In addition to the overlapped hits mentioned above, 
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STK11 and MST1 are candidates shared among ER stress- and peroxisomal stress-

induced autophagy. 

Peroxisomal stress-induced autophagy 

Our screens found 17 candidates (9 established, 8 novel) associated with 

autophagy inhibition in response to peroxisomal stress (Table 1). 9 of these were found 

only in the peroxisomal stress conditions, 2 were common to all conditions, 2 (MAP3K11 

and ACVR1) were identified in peroxisomal stress- and starvation- induced autophagy, 2 

(STK11 and MST1) were shared among peroxisomal stress- and ER stress-induced 

autophagy, 1 (CDC42BPG) was found in basal, starvation-, and peroxisomal stress-

induced autophagy processes, and 1 (RPS6KA4) was involved in autophagy inhibition 

under peroxisomal stress, starvation, and ER stress. 

Collectively, our comprehensive kinome screens have identified a total of 129 

kinases with a significant FDR and positive log2FC values. In addition to the common 

activators and inhibitors of all conditions, we also found several kinases that overlapped 

between 2 or more conditions, which may imply common upstream regulation between 

these types of autophagy.  There is a precedent for this type of overlap in selective 

autophagy regulators from the study of autophagy receptors.  For example, BNIP3L has 

been reported to induce pexophagy and mitophagy(Wilhelm et al. 2022).  In addition to 

shared regulators, we found selective regulators of both pexophagy and ER-phagy, 

indicating that selective autophagy is likely governed by signal transduction in addition to 

autophagy receptors.  
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Figure 2: Tandem CRISPR screens identify stress-specific regulators of autophagy.  

(A) The screening strategy used to identify positive regulators and negative regulators of 

autophagy pathways. (B) Venn diagrams depict shared and distinct activators or inhibitors 

among 4 examined conditions. (C), (D) Volcano plots from the four screens. For each 

gene, the x-axis indicates its enrichment or depletion, determined by the mean of all four 

sgRNAs targeting the gene, in the sorted population compared to the corresponding 

unsorted population. The y-axis represents the statistical significance, as indicated by the 

false discovery rate (FDR)-corrected p-value. The horizontal dashed line represents an 

FDR-value threshold of 0.1. Red dots on the graph denote shared regulators across all 

four conditions, hits specific to different conditions are colored accordingly, and all other 

genes are represented as gray dots. (E) Gene ontology analysis was performed on 

screen candidates across the 4 examined conditions. The top 5 enriched Reactome 

Pathways and corresponding –log10(p-values) are shown.  
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Table 1: Summary of hits satisfy log2FC and FDR cutoffs. Known hits are displayed 

in normal texts and novel hits are shown in italic texts.  
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Selection of top hits for characterization 

To validate hits that were potential unique regulators of selective autophagy, we 

generated polyclonal knockout (KO) cell lines using CRISPR/Cas9 for the top activators 

or inhibitors for both ER stress-induced and peroxisomal stress-induced autophagy and 

validated them using WB as an orthogonal system. An additional ULK1 positive control, 

which was shared among all conditions, was also generated in the same manner. We 

evaluated p62 flux via WB following the same treatment paradigms used in the screens 

(Figs. S2 and S3).  From this experiment, we chose the top hits for each category (ER-

phagy/pexophagy activator/inhibitor), which showed the largest average regulatory effect 

and had not previously been implicated in regulation of the corresponding selective 

autophagy pathway. These hits were CDK11A (ER-phagy activator), NME1 (ER-phagy 

repressor), PAN3 (pexophagy activator), and CDC42BPG (pexophagy inhibitor); KO 

efficiencies of these cell lines were confirmed by WB (Fig. S4). Throughout our study, we 

utilized multiple approaches to investigate p62 regulation. Fluorescence-activated cell 

sorting (FACS) and WB were used to assess overall changes in p62 levels during the 

autophagy process. Western blot detects a decrease in total p62 upon autophagy 

activation (Fig. S4F)(Klionsky et al. 2016). In contrast, immunofluorescence (IF) provides 

insight into p62 colocalization and capture in autophagosomes within cells. Under stress 

conditions, p62 localizes to autophagosomes, leading to an increase in p62 puncta, which 

can be observed through IF (Fig. S4F). As a result of these differences in detection 

methods, decreased total p62 by WB and FACS and increased p62 puncta by IF are both 

consistent with increases in autophagy flux.  
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CDK11A is a selective ER-phagy activator 

Our analysis suggested that CDK11A may be a novel activator of ER-phagy (Figs. 

3A and S2A). CDK11A (Cyclin-Dependent Kinase 11A), a member of the cyclin-

dependent kinase (CDK) family, is implicated in the regulation of transcription, cell cycle 

control, and basal autophagy regulation(Trembley et al. 2002; Loyer et al. 2005; Wilkinson 

et al. 2011). However, it has no known role in selective autophagy or ER-phagy. We 

treated control 293A and CDK11A KO cells with tunicamycin, and observed a decrease 

of p62 in control cells, but not in CDK11A KO cells (Fig. 3B).  Moreover, we observed an 

increase in basal p62 in CDK11A KO cells, which is expected when an activator of 

autophagy is ablated (Fig. 3B)(Jung et al. 2009). In addition to p62, we also assessed 

autophagy by investigating LC3B signaling, which is the most well-characterized member 

of LC3/GABARAP family and is a reliable indicator of autophagy induction. Increases in 

lipidated LC3B –  LC3B-II (the lower migrating band by WB) – is conjugated to 

autophagosomes and is used as a marker for autophagy flux(Klionsky et al. 2016). 

However, elevated LC3B-II levels may indicate impaired autophagosome clearance. As 

a result, its accumulation should be measured in the presence of bafilomycin A1 (Baf), 

which blocks the autophagic degradation of LC3B. In control, but not CDK11A KO cells, 

we detected induction of autophagy by tunicamycin, as measured by LC3B-II in the 

presence of Baf (Fig. 3B). Tunicamycin is known to induce the expression of genes in the 

unfolded protein response including C/EBP-homologous protein (CHOP)(Lei et al. 2017).  

To determine if CDK11A KO impacted the UPR pathway we performed WB analysis of 

CHOP showed an equivalent activation of the UPR pathway in all cell lines upon 
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tunicamycin treatment, indicating that an altered unfolded protein response was not 

responsible for differences in p62 flux (Fig. 3B).  

p62 directly interacts with LC3B when loading cargo into autophagosomes. Thus, 

we used IF microscopy as an orthogonal approach to measure the impact of CDK11A KO 

on the formation of p62 and LC3B-positive autophagosomes during ER stress. In 

response to ER stress, control cells showed an increase in p62 and LC3B (lipidated 

LC3B) dual positive puncta (Fig. 3C). In CDK11A KO cells we observed a slightly lower 

induction of LC3B puncta that were not p62 positive, indicating a defect in p62 recruitment 

and cargo loading in response to ER stress (Fig. 3C).  

To better link CDK11A function to ER-phagy induction, we sought to analyze the 

ER-resident autophagy receptor FAM134B.  FAM134B is the best characterized ER-

phagy receptor, which, like p62, binds LC3B-II and is degraded in the 

autophagosome(Khaminets et al. 2015; Leonibus et al. 2020).  We treated control and 

CDK11A KO cells with tunicamycin in the presence of Baf and analysed FAM134B levels 

(Fig. 3D).  As anticipated, in control cells, FAM134B was degraded in response to ER-

stress and this degradation could be blocked by inhibiting autophagosome turn-over.  

However, in CDK11A KO cells we observed that FAM134B was insensitive to both ER 

stress and inhibitors of autophagy, further indicating that CDK11A is important for ER-

phagy (Fig. 3D).  To confirm the role of CDK11A on ER-phagy is not limited to the 

HEK293A background, we knocked down (KD) CDK11A in HCT116 cells (Fig. S5A) and 

analyzed FAM134B degradation in response to tunicamycin. We observed that depletion 

of CDK11A reduced FAM134B clearance, consistent with our results in HEK293 cells (Fig. 

S5B). 
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 We next immunostained for FAM134B to determine if FAM134B loading into 

autophagosomes upon ER stress requires CDK11A.  Interestingly, we observed that 

FAM134B puncta were elevated in both tunicamycin-treated control and CDK11A KO cells 

(Fig. 3E). FAM134B interacts with LC3B through LIR motifs, which guides the 

sequestration and engulfment of ER fragments within autophagosomes(Khaminets et al. 

2015). To distinguish if FAM134B puncta were associated with functional 

autophagosomes, we repeated the experiment while co-staining for LC3B. As expected, 

control cells showed an induction of LC3B-associated FAM134B puncta under ER stress 

conditions, indicating an activation of ER-phagy (Fig. 3F).  However, in CDK11A-deficient 

conditions, we could not detect colocalization between FAM134B and LC3B puncta, likely 

indicating stalled autophagic structures (Fig. 3F). This is consistent with our WB analysis 

(Fig. 3D) and previous reports of stalled autophagic structures in autophagy-deficient 

cells(Jung et al. 2009; Komatsu et al. 2005; Zachari et al. 2020).  Interestingly, ER stress 

induced LC3-negative FAM134B puncta in CDK11A KO cells (Fig. 3F), indicating that 

CDK11A regulates ER-phagy at a step downstream of FAM134B oligomerization, but 

upstream of LC3B binding.  

To further investigate the involvement of CDK11A in ER-phagy and to confirm that 

CDK11A-dependent ER-phagy is not limited to the HEK293 background used in the 

screen, we generated an HCT116 ER-phagy reporter line. HCT116 cells were transduced 

to express a doxycycline-inducible probe containing the ER signal sequence, RFP, GFP 

and KDEL ER retention sequence (ss-RFP-GFP-KDEL “KDEL cells”), as previously 

described(Chino et al. 2019). Following doxycycline treatment and the induction of ER-

phagy, the GFP signal is quenched due to its sensitivity to lysosomal proteases and pH, 
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yielding an RFP fragment detectable by WB. The KDEL cells were transfected with either 

non-targeting control siRNA or siRNA targeting CDK11A to create control and CDK11A 

KD cell populations respectively. Depletion of CDK11A by siRNA knockdown was 

examined by WB (Fig. S5A). The functionality of the probe was confirmed in control cells 

that generated a free RFP fragment upon tunicamycin treatment, which was reversable 

with the autophagy inhibitor Baf (Fig. 3G). Additionally, we noticed the absence of free 

RFP fragments in the treated CDK11A KD reporter cells (Fig. 3G). The ss-RFP-GFP-

KDEL reporter can also be analyzed by IF, where the loading of the ER-phagy probe into 

autophagosomes results in discrete dual fluorescent puncta formation, which lose GFP 

signal upon autophagosome maturation and acidification(Chino et al. 2019). As 

anticipated, in control cells, tunicamycin induced RFP single positive puncta, which 

largely colocalized with p62, indicative of ER-phagy induction (Fig. 3H). However, we did 

not observe processing of the ER-phagy probe into autophagosomal structures in 

CDK11A KD cells, consistent with ER-phagy defects observed with the probe by WB (Fig. 

3H).   

We next explored if the requirement for CDK11A for ER-phagy is limited to ER-

stress induced by tunicamycin or extended to other inducers of ER-phagy. Prolonged 

amino acid starvation (6 hours) is known to strongly induce ER-phagy, whereas bulk 

autophagy is typically triggered within a shorter timeframe (1–3 hours). Using our ER-

phagy reporter cell line, we induced ER-phagy by amino acid starvation for 6 hours or 

tunicamycin treatment and observed ER-phagy induction under both stresses in our 

control line (Fig. S5C, S5D). We found that the knockdown of CDK11A abrogated ER-

phagy induction stimulated by prolonged amino acid starvation or tunicamycin treatment 
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(Figs. S5C and S5D). Collectively, these data indicate that CDK11A is essential for the 

induction of ER-phagy in response to diverse ER stressors. 

To determine whether CDK11A acts selectively on ER-phagy, we tested how its 

loss of function affects starvation-induced autophagy. To make this head-to-head 

comparison, we incubated control and CDK11A KO HEK293A cells with amino acid-free 

media or tunicamycin. Amino acid starvation begins to induce ER-phagy after 6 hours, so 

a 1.5-hour amino acid starvation was employed to induce bulk autophagy without 

activating ER-phagy. As expected, we observed an efficient induction of starvation-

induced autophagy and ER-phagy in control cells as shown by the degradation of p62 

and FAM134B, respectively (Fig. 3I). We observed that CDK11A KO cells were competent 

in the induction of starvation-induced autophagy, but deficient for ER-phagy (Fig. 3I). 

Collectively, these data nominate CDK11A as a selective activator of ER-phagy.   
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Figure 3: CDK11A activates ER-phagy.  

(A) CDK11A is represented as a prominent blue dot on the volcano plot. Red dots on the 

graph denote common regulators across all four conditions. (B) The control and CDK11A 

KO HEK293A cells were treated with tunicamycin (10 µg/mL) for 6 hours in the presence 

or absence of bafilomycin A1 (Baf). Levels of p62 and LC3B were analysed using western 

blot. The effectiveness of tunicamycin was assessed through CHOP analysis. (C) The 

control and KO cells were incubated with tunicamycin (10 µg/mL) for 6 hours. p62 and 

LC3B puncta were visualized and quantified by immunofluorescence. Scale bars, 10 µM. 

(D) The control and KO cells were treated with tunicamycin in the presence or absence 

of Baf. FAM134B levels were then examined using western blot. (E) The indicated cells 

were incubated with tunicamycin for 6 hours. FAM134B puncta were quantified by 

immunofluorescence. (F) The control and KO cells were incubated with tunicamycin for 6 

hours. FAM134B and LC3B puncta were visualized and quantified by 

immunofluorescence. White arrows depict LC3B and FAM134B colocalization. Scale 

bars, 10 µM. (G) The control and CDK11A KD HCT116 cells stably expressing the ss-

RFP-GFP-KDEL reporter were incubated with tunicamycin (10 µg/mL) for 6 hours in the 

presence or absence of Baf. ER-phagy was assessed through the processing of ss-RFP-

GFP-KDEL. (H) The control and CDK11A KD cells containing ER-phagy reporter KDEL 

were treated with tunicamycin (10 µg/mL) for 6 hours. GFP, RFP, and p62 signals were 

visualized and quantified by immunofluorescence. Scale bars, 10 µM. (I) The control and 

KO HEK293A cells were incubated with either acute amino acid starvation (1.5 hours, -

AAa) or tunicamycin (10 µg/mL, 6 hours). Whole-cell lysates were immunoblotted using 

the antibodies indicated. 
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Unless otherwise indicated, experiments were performed three times. Data are 

represented as means ± SDs, and p values were determined by two-way ANOVA. 

*p ≤ 0.1; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001; ns, not significant.  
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NME3 is a selective ER-phagy inhibitor  

Nucleoside Diphosphate (NDP) Kinase 3 (NME3) is best known for its ability to 

regulate nucleotide metabolism and signaling(Boissan et al. 2018; Abu-Taha et al. 2017). 

Recent research indicates that NME3 serves two distinct functions, regulation of 

mitochondrial dynamics and NDP kinase activity, both of which are required to maintain 

cell viability under glucose starvation(Chen et al. 2019). Additionally, during the 

preparation of this manuscript, NME3 was reported to be involved in mitophagy 

regulation(Chen et al. 2024). Our analysis of the top screen hits indicated that NME3 may 

be a selective repressor of ER-phagy (Figs. 4A and S2B). We first tested the ability of 

NME3 KO cells to increase autophagic flux upon ER stress. Compared to our control 

cells, we found NME3 KO cells exhibited lower levels of p62 and a more complete 

degradation of p62 under ER stress (Fig. 4B). Furthermore, tunicamycin-treated NME3 

KO cells exhibited a more pronounced increase in LC3B-II levels compared to treated 

control cells in the presence of Baf, consistent with a role for NME3 as an inhibitor of ER-

phagy (Fig. 4B). Next, we analysed the impact of NME3 KO on ER stress-induced p62 

and LC3B loading into autophagosomes.  As expected, we observed an increase in p62 

and LC3B puncta in the treated control cells (Fig. 4C). Conversely, we found that NME3 

KO cells treated with tunicamycin showed more p62 puncta and an increase in p62 and 

LC3B colocalization, compared to control cells (Fig. 4C). Together, these data indicate 

that NME3 regulates autophagy flux in response to ER stress.  

We then examined whether NME3 could regulate ER-phagy receptor, FAM134B. 

Control and KO cells were treated with tunicamycin and FAM134B levels were 

investigated using WB. Consistently, NME3 depletion resulted in a reduction in FAM134B 
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levels compared to those of the control cells upon ER stress (Fig. 4D). Furthermore, 

NME3-dependent FAM134B degradation was blocked in the presence of Baf, linking 

NME3 regulation of FAM134B stability to ER-phagy flux (Fig. 4D). To verify that this effect 

is not restricted to the HEK293A cell background, we depleted NME3 in HCT116 cells 

(Fig. S6A) and examined FAM134B degradation following tunicamycin treatment. 

Consistent with our findings in HEK293 cells, NME3 knockdown enhanced FAM134B 

clearance (Fig. S6B). 

Next, we investigated the effects of NME3 depletion on FAM134B recruitment into 

autophagosomes in response to ER stress. We immunostained FAM134B and LC3B in 

our untreated and treated control or KO cells. We observed NME3 KO cells had an 

enhanced production of LC3B-positive FAM134B puncta upon ER stress compared to 

control cells (Fig. 4E). The increase of autophagosome-associated FAM134B under 

stress is a strong indicator that NME3 inhibits ER-phagy rates. We next investigated the 

effects of NME3 KD on ER-phagy in the doxycycline-inducible ss-RFP-GFP-KDEL ER-

phagy reporter HCT116 cell line. We first confirmed NME3 knockdown efficiency (Fig. 

S6A). Treatment of ER-phagy reporter lines with tunicamycin showed an increase in 

probe processing upon NME3 KD compared to control lines, consistent with the role for 

NME3 in ER-phagy repression (Fig. 4F). Using IF, we also saw a more robust increase in 

RFP-positive p62 puncta in the stressed NME3 KD cells (Fig. 4G).  

To investigate whether NME3-dependent regulation of ER-phagy could be 

triggered by various stimuli, we subjected control and NME3 KD reporter cells to 

prolonged starvation and tunicamycin treatment. As anticipated, we observed a stronger 

production of RFP fragments examined by WB (Fig. S6C) and increased GFP-free RFP 
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puncta detected by IF (Fig. S6D) in both starved and tunicamycin-treated NME3 KD cells 

compared to treated control cells.  

Lastly, we tested whether NME3 regulates ER-phagy selectively by treating the 

control and KO cells with either amino acid-free media or tunicamycin. Amino acid 

starvation induces ER-phagy beginning at 3 hours, so a 1.5-hour amino acid starvation 

used to induce bulk autophagy without activating ER-phagy.  Consistent with the results 

above in the NME3 KO background, we observed an increase in p62 and FAM134B 

degradation upon tunicamycin treatment (Fig. 4H). However, NME3 KO cells showed no 

detectable difference in p62 clearance under acute starvation when compared to control 

cells (Fig. 4H). Taken together, these experiments show that NME3 is a selective 

upstream inhibitor of ER-phagy.   
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Figure 4: NME3 inhibits ER-phagy.  

(A) NME3 is represented as a prominent blue dot on the volcano plot. Red dots on the 

graph denote common regulators across all four conditions. (B) The control and NME3 

KO HEK293A cells were treated with tunicamycin (10 µg/mL) for 6 hours in the presence 

or absence of Baf. Changes in p62 and LC3B levels were analysed using western blot. 

The effectiveness of tunicamycin was assessed through CHOP analysis. (C) The control 

and KO cells were incubated with tunicamycin (10 µg/mL) for 6 hours. p62 and LC3B 

puncta were visualized and quantified by immunofluorescence. Scale bars, 10 µM. (D) 

The control and KO cells were treated with tunicamycin in the presence or absence of 

Baf. FAM134B signaling was then examined using western blot. (E) The indicated cells 

were incubated with tunicamycin. FAM134B and LC3B puncta were visualized and 

quantified by immunofluorescence. White arrows depict LC3B and FAM134B 

colocalization. Scale bars, 10 µM. (F) The control and NME3 KD HCT116 cells stably 

expressing the ss-RFP-GFP-KDEL reporter were incubated with tunicamycin (10 µg/mL) 

for 6 hours in the presence or absence of Baf. ER-phagy was assessed through the 

processing of ss-RFP-GFP-KDEL. (G) The control and NME3 KD cells expressing ER-

phagy reporter KDEL were treated with tunicamycin (10 µg/mL) for 6 hours. GFP, RFP, 

and p62 signals were visualized and quantified by immunofluorescence. Scale bars, 10 

µM. (H) The control and KO HEK293A cells were incubated with either acute amino acid 

starvation (1.5 hours, -AAa) or tunicamycin (10 µg/mL, 6 hours). Whole-cell lysates were 

immunoblotted using the antibodies indicated. 



   
 

 166 

Unless otherwise indicated, experiments were performed three times. Data are 

represented as means ± SDs, and p values were determined by two-way ANOVA. 

*p ≤ 0.1; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001; ns, not significant. 
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PAN3 is an activator of pexophagy  

Our screen validation identified Poly(A)-specific ribonuclease subunit 3 (PAN3) as 

a potential regulator of clofibrate-driven pexophagy (Figs. 5A and S3A). PAN3 plays a 

crucial role in mRNA degradation and regulation of gene expression in eukaryotic 

cells(Chen et al. 2017). It is a component of the PAN2-PAN3 de-adenylation complex 

responsible for shortening the poly(A) tail of mRNA molecules(Wolf and Passmore 2014; 

Wolf et al. 2014). Pan3 has a PKc kinase domain but may be a pseudokinase and has no 

known targets(Wolf et al. 2014).  To test if PAN3 regulates peroxisomal stress-induced 

autophagy we first exposed the control and PAN3 KO cells to clofibrate (1 mM) for 6 

hours. p62 levels were decreased in the stressed control cells, but this reduction was 

prevented in the presence of Baf (Fig. 5B). Interestingly, p62 flux in response to clofibrate 

was also blocked in PAN3 KO cells (Fig. 5B). We noted the accumulation of LC3B-II levels 

in the treated control cells in the presence of Baf, indicating autophagy induction (Fig. 

5B). However, in stressed PAN3 KO cells, there were no changes in LC3B-II levels 

compared to the basal PAN3 KO cells, suggesting that PAN3 plays a role in modulating 

autophagy under peroxisomal stress (Fig. 5B). We next inspected changes in p62 puncta 

formation and its interaction with LC3B in response to clofibrate in control and KO cells. 

We observed an increase in LC3B-positive p62 puncta in response to clofibrate in the 

control (Fig. 5C). However, PAN3 KO cells exhibited a low level of p62 puncta under basal 

conditions that, unlike the control cells, did not change in response to clofibrate (Fig. 5C). 

Together, these data indicate that PAN3 is required for autophagic induction in response 

to peroxisomal damage. 
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Next, to determine the impact of PAN3 on peroxisome turnover, we used an 

established peroxisomal marker, peroxisomal membrane protein 70 (PMP70). Upon 

stress, PMP70 is ubiquitinated by peroxisomal E3 ubiquitin ligase PEX2 and promotes 

pexophagy, thus maintaining peroxisome quality(Sargent et al. 2016). Consistent with 

previous reports, we found that in control cells clofibrate caused a reduction in PMP70 

indicating a reduction in peroxisomes(Zhang et al. 2015).  Peroxisomal loss was 

prevented by autophagy inhibitor Baf treatment, suggesting that PAN3 regulation goes 

through autophagy (Fig. 5D). Interestingly, clofibrate-treated PAN3 KO cells exhibited 

elevated PMP70 levels compared to treated control, indicating a defect in pexophagy 

activation (Fig. 5D).  As with HEK293 cells, PAN3 KD HCT116 cells (Fig. S7A) showed a 

blockage in pexophagy detected by PMP70 analysis, confirming that the role of PAN3 in 

pexophagy is not cell line specific (Fig. S7B).  

Next, to confirm the role of PAN3 in PMP70 regulation, we examined peroxisome 

density in the untreated and treated control and KO cells through PMP70 staining. 

Consistent with previous observations, we found that PMP70 displayed a punctate 

staining pattern(Imanaka et al. 1999). Additionally, we observed a decrease in the PMP70 

signal in the clofibrate-treated control cells (Fig. 5E). Importantly, in PAN3 KO cells we 

observed no loss of peroxisome density in response to clofibrate (Fig. 5E).  Collectively, 

these experiments show that PAN3 is an activator of pexophagy, which is required for 

clearance of peroxisomes damaged by clofibrate.  

To further investigate the role of PAN3 in pexophagy, we developed an HCT116 

cell line with stable expression of a pexophagy reporter, consisting of the peroxisomal 

targeting sequence SKL and the fluorescent proteins RFP and GFP (RFP-GFP-SKL), as 
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previously described(Zheng et al. 2021). Like the KDEL ER-phagy reporter described 

above, this pexophagy reporter displays increased RFP puncta in microscopic analysis, 

and free RPF by WB, upon pexophagy induction. We depleted PAN3 in the reporter line 

via siRNA and confirmed knockdown through WB (Fig. S7A). As expected, in control 

pexophagy reporter cells treated with clofibrate we observed an increase processed 

probe by WB and IF, which was blocked by autophagy inhibitors (Figs. 5F, 5G). 

Conversely, PAN3 KD blocked pexophagy in response to clofibrate as measured by WB 

and IF (Figs. 5F, 5G). Additionally, we observed an induction of p62 puncta in response 

to clofibrate, which colocalized with our pexophagy probe in control, but not PAN3 KD 

reporter HCT116 cells (Fig. 5G).  

We next examined whether PAN3-dependent regulation of pexophagy is specific 

to clofibrate or more broadly to other pexophagy inducers. Prolonged treatment of  Torin1, 

an inhibitor of the mechanistic target of rapamycin (mTOR), has been described to 

stimulate pexophagy and reduce PMP70 levels(Zheng et al. 2021). Using our pexophagy 

reporter cells we treated with both clofibrate (1 mM, 6 hours) and Torin1 (200 nM, 24 

hours) and observed an increase in RFP fragments detected by WB (Fig. S7C) and GFP-

free RFP density examined by IF (Fig. S7D). This effect is lost in PAN3 KD cells (Figs. 

S7C and S7D). Together, these experiments nominate PAN3 as an important activator of 

pexophagy induced by multiple stress conditions. 

Lastly, we asked whether PAN3 specifically regulates pexophagy or is involved in 

bulk autophagy. In addition to clofibrate treatment, we incubated the control and PAN3 

KO cells with the acute starvation media protocol where pexophagy is not activated and 

PMP70 levels are not affected (Fig. 5H). We then investigated the changes in p62 levels. 
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While PAN3 KO cells exhibited a defect in clofibrate-stimulated pexophagy, they exhibited 

a normal induction of starvation-induced autophagy (Fig. 5H). Taken together, these data 

demonstrate that PAN3 is a selective activator of pexophagy.  
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Figure 5: PAN3 activates pexophagy.  

(A) PAN3 is represented as a prominent teal dot on the volcano plot. Red dots on the 

graph denote common regulators across all four conditions. (B) The control and PAN3 

KO HEK293A cells were treated with clofibrate (1 mM) for 6 hours in the presence or 

absence of Baf. Changes in p62 and LC3B levels were analysed using western blot. (C) 

The control and KO cells were incubated with clofibrate (1 mM) for 6 hours. p62 and LC3B 

puncta were visualized and quantified by immunofluorescence. Scale bars, 10 µM. (D) 

The control and KO cells were treated with clofibrate in the presence or absence of Baf. 

Western blot was then used to examine pexophagy receptor, PMP70. (E) The indicated 

cells were incubated with clofibrate. PMP70 signal was visualized and quantified by 

immunofluorescence. Scale bars, 10 µM. (F) The control and PAN3 KD HCT116 cells 

stably expressing the RFP-GFP-SKL reporter were incubated with clofibrate (1 mM) for 6 

hours in the presence or absence of Baf. Pexophagy was assessed through the 

processing of RFP-GFP-SKL. (G) The control and PAN3 KD cells expressing pexophagy 

reporter SKL were treated with clofibrate (1 mM) for 6 hours. GFP, RFP, and p62 signals 

were visualized and quantified by immunofluorescence. Scale bars, 5 µM.  (H) The control 

and KO HEK293A cells were incubated with either acute amino acid starvation (1.5 hours, 

-AAa) or clofibrate (1 mM, 6 hours). Whole-cell lysates were immunoblotted using the 

antibodies indicated. 

Unless otherwise indicated, experiments were performed three times. Data are 

represented as means ± SDs, and p values were determined by two-way ANOVA. 

*p ≤ 0.1; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001; ns, not significant.   
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CDC42BPG is an inhibitor of pexophagy 

CDC42-binding protein kinase gamma (CDC42BPG) is a serine/threonine protein 

kinase known to interact with the small GTPase CDC42 and is involved in cytoskeletal 

organization, cell division, and cell migration(Unbekandt and Olson 2014). To date 

CDC42BPG has not been linked to autophagy regulation or peroxisomes. Our kinome 

screen and subsequent analysis revealed involvement of CDC42BPG in the suppression 

of autophagy triggered by peroxisomal stress (Figs. 6A and S3B). Notably, CDC42BPG 

is the shared candidate inhibiting autophagy under basal condition, starvation, and 

peroxisomal stress. We decided to further validate CDC42BPG as it appears as a top 

novel hit displaying highly significant FDR and log2FC values and its depletion showed 

the most robust response upon clofibrate treatment (Fig. S3B). Treatment of CDC42BPG 

KO cells to clofibrate resulted in a reduction of p62 that was significantly higher than in 

the control cells. CDC42BPG-dependent changes in p62 stability were blocked in the 

presence of autophagy inhibitors, indicating CDC42BPG may inhibit autophagy induced 

by peroxisomal stress (Fig. 6B). Consistent with p62 clearance, we observed a more 

substantial increase in LC3B-II levels in the treated CDC42BPG cells compared to the 

treated control cells (Fig. 6B). Additionally, p62 levels were not significantly changed 

under basal conditions in control and CDC42BPG KO cells, suggesting that it is 

dispensable for basal autophagy (Fig. 6B). We further examined clofibrate-induced p62 

and LC3B puncta formation by IF. In line with previous observations, we observed a more 

significant increase in LC3B-positive p62 puncta in the treated CDC42BPG compared to 

those of the treated control cells (Fig. 6C).  Collectively, these data show that CDC42BPG 

plays a role in inhibiting clofibrate-induced autophagic flux.  
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Next, we investigated the effects of CDC42BPG on PMP70 protein levels. We 

observed a more pronounced downregulation in PMP70 levels in the clofibrate-treated 

CDC42BPG KO HEK293A cells and CDC42BPG KD HCT116 cells, compared to those 

of stressed control cells (Figs. 6D, S8B).  Furthermore, reductions in PMP70 levels in the 

stressed CDC42BPG KO and KD cells were blocked in the presence of Baf, confirming 

that CDC42BPG regulates PMP70 through autophagy pathway (Figs. 6D, S8B). We next 

investigated stress-dependent changes in peroxisome density by IF in the control and KO 

cells through PMP70 staining. We observed a more robust stress-induced clearance of 

peroxisome staining in the CDC42BPG KO cells compared to stressed control cells (Fig. 

6E). Collectively, these experiments demonstrate that CDC42BPG is a negative regulator 

of pexophagy. 

We next depleted CDC42BPG in our pexophagy reporter line (Fig. S8A).  Upon 

CDC42BPG KD we observed an increase in pexophagy in response to clofibrate, which 

was blocked with autophagy inhibitors (Fig. 6F). Consistently, CDC42BPG knockdown 

increased RFP-positive p62 puncta, indicative of pexophagy, in the treated cells (Fig. 6G).  

To determine whether CDC42BPG-dependent pexophagy is limited to clofibrate 

induction, we treated CDC42BPG KD and control cells with prolonged Torin1 (200 nM, 24 

hours). We observed CDC42BPG KD cells showed increased pexophagy in response to 

both clofibrate and Torin1 compared to control (Figs. S8C, S8D). These findings indicate 

that CDC42BPG is a negative regulator of pexophagy triggered by diverse stressors. 

Lastly, we tested the specificity of CDC42BPG on pexophagy by exposing the 

control and KO cells with either amino acid-free media or clofibrate. As expected, we saw 

stress-induced p62 downregulations in the treated control cells (Fig. 6H). Starvation-
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induced p62 degradation in CDC42BPG KO cells was higher than that in control cells 

(Fig. 6H). This was not unexpected as CDC42BPG also appeared as a negative regulator 

in the starvation condition. In summary, our findings suggest that CDC42BPG is capable 

of inhibiting autophagy, with its most robust inhibition impacting pexophagy.  

  



   
 

 176 

  



   
 

 177 

Figure 6: CDC42BPG inhibits pexophagy.  

(A) CDC42BPG is represented as a prominent teal dot on the volcano plot. Red dots on 

the graph denote common regulators across all four conditions. (B) The control and 

CDC42BPG KO HEK293A cells were treated with clofibrate (1 mM) for 6 hours in the 

presence or absence of Baf. Changes in p62 and LC3B levels were analysed using 

western blot. (C) The control and KO cells were incubated with clofibrate (1 mM) for 6 

hours. p62 and LC3B puncta were visualized and quantified by immunofluorescence. 

Scale bars, 10 µM. (D) The control and KO cells were treated with clofibrate in the 

presence or absence of Baf. Western blot was then used to examine pexophagy receptor, 

PMP70. (E) The indicated cells were incubated with clofibrate. PMP70 signal was 

visualized and quantified by immunofluorescence. Scale bars, 10 µM. (F) The control and 

CDC42BPG KD HCT116 cells stably expressing the RFP-GFP-SKL reporter were 

incubated with clofibrate (1 mM) for 6 hours in the presence or absence of Baf. Pexophagy 

was assessed through the processing of RFP-GFP-SKL. (G) The control and CDC42BPG 

KD cells expressing pexophagy reporter SKL were treated with clofibrate (1 mM) for 6 

hours. GFP, RFP, and p62 signals were visualized and quantified by immunofluorescence. 

Scale bars, 5 µM. (H) The control and KO HEK293A cells were incubated with either acute 

amino acid starvation (1.5 hours, -AAa) or clofibrate (1 mM, 6 hours). Whole-cell lysates 

were immunoblotted using the antibodies indicated. 

Unless otherwise indicated, experiments were performed three times. Data are 

represented as means ± SDs, and p values were determined by two-way ANOVA. 

*p ≤ 0.1; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001; ns, not significant.   
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4.5 Discussion 

In this study, we used a pooled CRISPR screening workflow to systematically 

identify both activators and inhibitors of autophagy under multiple conditions, including 

basal state, starvation, ER stress, and peroxisomal stress.  Some of these regulators 

were common to selective and bulk autophagy and have been previously linked to 

autophagy. These include PIK3C3 (VPS34), PIKFYVE, PIK3R4 (VPS15), and ULK1. In 

addition, we identified shared autophagy inhibitors that are not currently described to 

supress autophagy including MAP4K2 and TKFC. TKFC is a member of the 

dihydroxyacetone kinase family, which is best described to phosphorylate glyceraldehyde 

to glyceraldehyde-3-phosphate(Rodrigues et al. 2014). It will be interesting to determine 

if the metabolic impacts of TKFC knockout are responsible for autophagy activation, or if 

the autophagy regulation is through an alternate function of TKFC.  Notably, TKFC 

phosphorylation of glyceraldehyde is utilized in the metabolism of fructose, which is not 

present in our culture media, highlighting the possibility of an alternate mechanism of 

regulation(Rodrigues et al. 2014). Interestingly, MAP4K2 came up as an inhibitor in our 

screen, but has been described in one study as an autophagy activator(Seo et al. 2023). 

However, there were notable differences in the studies, which might explain the 

differences between our observations. For example, MAP4K2 activated autophagy under 

20-hour glucose starvation, while we identified MAP4K2 as an autophagy inhibitor under 

3-hour amino acid starvation. Chronological dissection of nutrient deprivation will help 

tease out its potential dual role in autophagy regulation. It will also be interesting to test 

whether MAPK4K2-linked inhibition is mediated by its kinase activity towards LC3, which 

may be functionally impacted by competing or proximal phosphorylation by PKA or 
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PKCλ(Cherra et al. 2010). These open questions raised from the hits described above 

indicate that further characterization of our hits for regulators of bulk autophagy may also 

provide insight into basal and starvation-induced autophagy.  While not the focus of our 

screens, we identified: 25 potential novel regulators of starvation-induced autophagy, and 

29 potential novel regulators of basal autophagy.   

In response to ER stress our screen identified an enrichment of 25 kinases linked 

to autophagy activation and 17 with inhibition. To validate the specificity of these 

regulators we characterized CDK11A and NME3 as selective regulators of ER-phagy. 

Specifically, we found CDK11A was a selective activator of ER-phagy and not required 

for starvation-induced autophagy. CDK11 has established role in control of RNA splicing, 

transcription, and the cell cycle control. In humans, CDK11 is encoded by two highly 

identical genes, CDC2L1 (also referred to as CDK11B) and CDC2L2 (also known as 

CDK11A)(Zhou et al. 2016). Interestingly, dual siRNA-mediated knockdown of CDK11A 

and CDK11B has previously been linked to an acute activation of basal autophagy, 

followed by an inhibition of autophagy at a later time point(Wilkinson et al. 2011).  

However, the mechanism of regulation remains unknown.  In our study, disruption of 

CDK11A was sufficient to significantly impair ER-phagy induction, without any detectible 

enrichment in basal or starvation conditions. However, it remains to be seen if a dual 

knockout of CDK11A and CDK11B would impact basal autophagy, or if the basal 

autophagy phenotype previously observed may involve a defect in ER homeostasis. 

CDK11A and CDK11B are activated in multiple cancer types and have been linked to 

acquisition of oncogenic properties, including proliferation. This newly described function 
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of CDK11A in ER-phagy begs the question of whether ER stress dysregulation may be 

integral to these oncogenic properties.  

We found that NME3 is a selective repressor of ER-phagy. NME3 belongs to a 

more conserved group of nucleoside diphosphate kinase (NDPK) family, which regulates 

cellular nucleotide homeostasis and is associated with GTP-dependent cellular 

processes(Schlattner 2021). However, independent of its NDPK activity, NME3 has been 

described to regulate mitochondrial dynamics(Chen et al. 2019). Both NDPK and 

mitochondrial functions are important for cellular survival under glucose starvation(Chen 

et al. 2019). Moreover, it has been recently reported that NME3 is important for mitophagy 

induction(Chen et al. 2024).  It will be interesting in future studies to determine whether 

NME3-mediated repression of ER-phagy is linked to its involvement in mitophagy and to 

elucidate the mechanisms by which NME3 performs conflicting roles in selective 

autophagy.  An inactivating autosomal recessive mutation NME3 was found in a case 

study of rare consanguineous fatal neurodegenerative disorder(Chen et al. 2019).  While 

homozygous inactivating mutations are lethal early in life, the impact of heterozygous 

inactivation of NME3 on ER-phagy and any potential physiological consequences is an 

interesting area for investigation.   

In response to peroxisomal stress we identified an enrichment of 14 autophagy 

activators and 17 inhibitors. To validate the specificity of these regulators we chose to 

characterize the activator PAN3 and inhibitor CDC42BPG. PAN3 is a component of PAN2-

PAN3 complex, which modulates mRNA stability or translational efficiency and has not 

been implicated in autophagy(Wolf et al. 2014). Additional work is required to determine 

if PAN3 regulates gene expression of pexophagy promoters, or whether its promotion of 
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peroxisomal autophagy is mediated by an alternate mechanism. CDC42BPG is a less 

well characterized member of the Myotonic dystrophy-related Cdc42-binding kinases 

(MRCK), which play an important role in actin-myosin regulation and other functions such 

as cell invasion, motility, and adhesion(Unbekandt and Olson 2014). While neither of 

these genes linked to disease, the mechanisms of peroxisomal disorders such as 

Zellweger’s disease have not been fully elucidated and exhibit dysregulation of 

pexophagy. Therefore, it would be interesting to test the involvement of hits from our 

pexophagy screen, including these proteins in cases which do not have a reported 

Zellweger-associated PEX mutations. 

Beyond detailed analysis of these top hits, our gene ontology analysis revealed 

candidates unique to ER stress that were significantly enriched in RhoJ and RhoG 

GTPase cycle pathways (Table S2). While Rho GTPases have been implicated in 

mitophagy regulation, their potential role in ER-phagy remains an open avenue for future 

research(Safiulina et al. 2019).  In addition, analysis of candidates unique peroxisomal 

stress were enriched in TP53 expression and degradation pathways. The transcription 

factor TP53 has been shown to promote the expression of genes involved in peroxisomal 

fatty acid β-oxidation(Zhao et al. 2023). It will be interesting to determine whether this is 

an underlying mechanism through which the TP53 pathway could regulate pexophagy. 

Our screen design offers several advantages. First, the employment of 

CRISPR/Cas9 system provides higher efficiency and lower off-target effects compare to 

traditional RNAi screens. Permanent gene perturbation provides more robust signals. The 

screen design allows cells to have more time to recover and have more optimal responses 

to stress conditions. Utilization of p62 reporter enables investigation of different selective 
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autophagy processes owing to its ability to bind diverse ubiquitinated substrates. Finally, 

fixation of samples prior to sorting allows for concurrent analysis of different stress-

induced autophagy pathways. Although this screening approach has clear benefits, it also 

possesses limitations. This CRISPR/Cas9 system typically results in complete loss of 

function of genes, making it impractical for studying essential genes or partial loss of 

functions. Adaptations of RNAi or CRISPRi to this read-out can help complement these 

findings. Another limitation of this study is the choice of reporter. While p62 is linked to 

several types of selective autophagy, the relative clearance of total p62 under each 

condition may be different depending on cargo abundance and preference for other 

autophagy receptors. As such, the detection threshold was likely different among the 

conditions tested.  Organelle-specific autophagy receptors would be ideal for sensitivity, 

with the trade-off of losing the ability to directly compare each stress condition.  

Together, these screens have identified a heretofore underappreciated role for 

signal transduction pathways in the regulation of selective autophagic pathway. This 

resource thus provides a host of putative regulators, paving the way for tighter, selective 

control of different forms of autophagy and potential therapeutic inroads to target these 

pathways in clinically relevant scenarios. 
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4.6 Material and methods 

Antibodies and reagents 

Anti-ULK1 (Cat#6439S, 1:1000) antibody was obtained from Cell Signaling Technology. 

Anti-LC3B (Cat#PM036 for immunofluorescence, 1:2000) and anti-p62 (Cat#M162-3 for 

immunofluorescence, 1:400) antibodies were purchased from MBL. Anti-PMP70 

(Cat#ab3421 for immunofluorescence, 1:1000) antibody was purchased from Abcam. 

Anti-beta-actin (Cat#A5441 clone AC-15, 1:30K), anti-vinculin (Cat#V9131, 1:30K), anti-

PMP70 (Cat#SAB4200181 for WB, 1:1000) antibodies, and doxycycline hyclate 

(Cat#24390-14-5) were obtained from Sigma. Anti-p62 (Cat#sc-28359, 1:1000), anti-

PAN3 (Cat#sc-376434, 1:500), and anti-CDC42BPG (Cat#sc-517148, 1:500) antibodies 

were obtained from Santa Cruz Biotechnology. Anti-FAM134B (Cat#21537-1-AP, 1:1000), 

anti-NME3 (Cat#15136-1-AP, 1:500), and anti-CHOP (Cat#15204-1-AP, 1:1000) 

antibodies was obtained from Proteintech Group. Anti-tRFP (Cat#AB233, 1:1000) was 

purchased from Evrogen. Anti-CDK11A (Cat#ARP61814_P050, 1:500) was obtained 

from Aviva Systems Biology. Anti-RFP (Cat# 600-401-379) was obtained from Cedarlane. 

Bafilomycin A1 (Cat#133410U) was purchased from Tocris. Torin1 (Cat#inh-tor1) was 

obtained from InvivoGen.  

Cell culture and treatments 

HEK293A and HCT116 cells were cultured in DMEM supplemented with 10% bovine calf 

serum (VWR Life Science Seradigm). Media was changed 24 h before experiments. 

Amino acid starvation media was prepared based on Gibco standard recipe omitting all 

amino acids and supplemented as above without addition of non-essential amino acids 
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and substitution with dialysed FBS (Invitrogen). A 1.5- to 3-hour, acute starvation, 

treatment was used to solely engage the starvation protocol, whereas a 6-hour starvation 

treatment was used to engage ER-phagy (prolonged AA starvation). Tunicamycin (10 

µg/mL) or clofibrate (1 mM) was added to the cells for 6 hours as indicated. Bafilomycin 

A1 (200 nM) was introduced during the final 2 hours of incubation with tunicamycin or 

clofibrate. Torin1 (200 nM) was added to the cells for 24 hours. Doxycycline treatment of 

cells stably expressing ER-phagy probe was performed as previously described(Chino et 

al. 2019). 

Virus generation and concentration  

Lentiviral vectors (LentiCRISPRv2 or pCLIP-dual) and their corresponding packaging 

vectors (psPAX2 and pMD2G) were co-transfected into HEK293T cells in a 4:3:1 molar 

ratio, respectively. Media was changed 16 hr following transfection to low volume media 

(5 mL for a 10 cm dish). Media was collected at 48 hr following transfection, replaced with 

fresh media (5 mL), and collected again at 72 hr. Viral supernatant was filtered through a 

0.45 µM polyethersulfone membrane (VWR). Cleared supernatants were concentrated 

using Virus Precipitation Kit (Benchmark Bioscience) to 1/100 of the original volume.  

Generation of knock-out cell lines using CRISPR/Cas9 

sgRNA pairs targeting genes of interest were selected from the transEDIT-dual CRISPR 

Whole Genome Arrayed Library (Transomic Technologies, Huntsville, AL). They were 

used in conjunction with a Cas9 expression vector containing neomycin (G418) 

resistance transcript (Addgene #98292). H293T cells were transfected with lentivirus 

packaging plasmids and plasmids carrying either sgRNAs or Cas9. The media was 
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collected 4 times throughout the course of 3 days and was filtered through a 0.45 µm 

syringe filter. Next, wild-type HEK293A cells were infected with both lentiviruses harboring 

the Cas9 and sgRNAs. The transduced cells were then selected with puromycin (1 µg/mL; 

3 days) followed by G418 (1 mg/mL; 6 days). CDK11A sgRNA sequences (5'à3'): 

GATTGTGGTGGGCAGCAACA and GATCGATTTCCGAATTCCCG. NME3 sgRNA 

sequences: CCGCGGGGATTTCTGCATCG and CTTCGCTAACCTCTTCCCCG. PAN3 

sgRNA sequences: GTCTCCAGTCTCTGACCAAG and 

CCGCCCGCGACGGCTCCCGG. CDC42BPG sgRNA sequences: 

CCATCGATGTGTTTGACGTG and TCGACTTGCGCTTGGCACCG. 

Generation of stable cell lines 

HEK293A cells were transduced with lentiviruses carrying DsRed-IRES-GFP-p62. These 

cells underwent G418 selection and were sorted into single cell populations. FACS was 

utilized to identify a monoclonal population expressing optimal GFP:DsRed ratio and 

responses to known autophagy stimuli. Knockout populations used for screen validation 

were generated by transducing parental HEK293A with sgRNAs targeting potential hits 

and Cas9. These cells were subjected to puromycin and G418 selection. HCT116 cells 

were infected with lentiviruses containing either ss-RFP-GFP-KDEL to monitor ER-phagy 

or RFP-GFP-SKL to track pexophagy, as described previously(Chino et al. 2019; Zheng 

et al. 2021). 

Flow cytometry 

Following defined treatments, cells were fixed with 2% paraformaldehyde (PFA) for 10 

min and incubated with Tris (pH 8, direct addition to 2% PFA to create a final concentration 
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of 1 M) for 15 min at room temperature. Media were removed. The cells were then 

harvested using scrapers, resuspended in ice-cold flow buffer (1% BSA and 2 mM EDTA 

in PBS), and filtered using cell strainers (70 µM, Falcon). The fixed samples were 

analysed using a BD FACSCelesta flow cytometer. For sorting, the cells were subjected 

to FACS on a Sony SH800S cell sorter. 

Pooled kinome-wide CRISPR/Cas9 screens 

Cell culture 

The 293A cells expressing the DsRed_IRES-GFP-p62 transgene were plated at 

approximately 7.5 million cells on 15-cm plates. Next day, these cells were transduced 

with lentiviruses carrying human kinome CRISPR knockout pooled library at Multiplicity 

of Infection of 0.3 (13 million cells were infected with 3.86 million Transduction Units to 

achieve approximately 1000-fold representation of each sgRNA) in the presence of 10 

mg/ml polybrene. The library was purchased from Addgene (Cat#1000000083) and 

amplified using the protocol provided by Addgene. The transduced cells were then 

selected with puromycin (1 µg/mL) for 3 consecutive days and cultured for an additional 

11 days to allow for effective target knockout(Shalem et al. 2014). We found that day 16 

was the earliest for achieving an optimal autophagic response following knockout and 

recovery from selection.  Thus, on day 16, the cells were treated with the stress conditions 

described above and fixed with 2% PFA for 10 min at room temperature, followed by 15 

min incubation with Tris (pH 8, direct addition to 2% PFA to create a final concentration of 

1 M). Following aspiration of media, the cells were collected using scrapers, stored in ice-

cold flow buffer (1% BSA and 2 mM EDTA in PBS), and filtered using cell strainers (70 
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µM, Falcon). The samples were then sorted into high and low GFP populations. These 

populations were then pelleted by centrifugation (4000 rpm for 10 min at 40C) and stored 

at -80C freezer for downstream analysis. The screens were carried out in biological 

replicates, under identical conditions, on four different occasions. Sample processing 

(below) was performed on all samples at the same time to avoid batch effects. 

Genomic DNA extraction, PCR amplification, and next generation sequencing 

Frozen cell pellets were thawed at room temperature. Genomic DNA of the sorted and 

unsorted fixed cells were then extracted using the protocol described previously(Chen et 

al. 2015). The sgRNA library was amplified by a two-step PCR protocol for NGS(Doench 

et al. 2016; Kim et al. 2023). One cell consists of approximately 6 pg of DNA and the 

lowest representation calculated from all samples is 224x(Bäumer et al. 2018). All gDNA 

of sorted samples were used to maximize the representations. For the unsorted/bulk 

samples, 22890 ng of gDNA, which is relevant to 1250 x representation, was used for 

PCR1. The entire gDNA was amplified using the following primers (NGS-1st PCR Fwd: 5’-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGggactatcatatgcttaccgt-3’ and NGS-

1st PCR Rev: 5’- 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGgagccaattcccactccttt-3’). Each 100 

µL PCR1 reaction contains 50 µL of 2xQ5 Master Mix (New England Biolabs, M0494L), 

0.2 µL of MgCl2 (stock concentration at 1M), 0.5 µL of each primer (stock at 100 µM), 

DNA, and water. PCR1 conditions: an initial 5 minutes at 98°C; followed by 35 seconds 

at 98°C, 30 seconds at 60°C, 45 seconds at 72°C, for 24 cycles; and a final 10 minute 

extension at 72°C. PCR products from multiple first PCR reactions were pooled and 200 

µL was cleaned up for the second step PCR using Nextera XT Index Kit (Lot#10089169). 
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The barcodes used are combinations of N701-712, and S502-508,517. Each 50 µL PCR2 

reaction contains 25 µL of 2xQ5 Master Mix (New England Biolabs, M0494L), 5 µL of 

each index primer (N7xx or S5xx), 62.5 ng of PCR1 product, and water. PCR2 conditions: 

an initial 5 minutes at 98°C; followed by 35 seconds at 98°C, 30 seconds at 58°C, 45 

seconds at 72°C, for 6 cycles; and a final 10 minute extension at 72°C. PCR1 and PCR2 

products were purified using AMPure XP Bead-Based Reagent (Beckman Coulter, 

A63881) according to manufacturer's instructions.  

The samples were sent to OHRI StemCore Laboratories for next generation sequencing 

where Qubit HS DNA assay was used to measure concentration and Fragment analyzer 

HS NGS assay (Agilent) was used to assess library fragment size. Sequencing was 

performed on a NextSeq500 at 150 Cycles High Output 400 million of single-end reads 

using a 30% PhiX spike-in to control for sequence clustering and diversity. 

CRISPRCloud2 site was employed to analyse files received from the DNA core. The 

Enrichment-based screen option was selected. All FASTQ files were uploaded 

concurrently and assigned to the corresponding groups. After providing all the necessary 

information, the web browser would initiate the processes of trimming, mapping, and 

quantifying the sgRNA reads. The processed data were accessed through the link 

provided. 

siRNA transfection  

Dharmacon siGENOME non-targeting control siRNA and SMARTpool siRNAs targeting 

human CDK11A, NME3, PAN3, and CDC42BPG were reverse transfected into reporter 
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HCT116 cells. Cells were lysed or fixed after 48-72hrs. Lipofectamine RNAiMAX 

transfection reagent was used for all knockdown experiments. 

Western blot  

Whole-cell lysates were prepared by direct lysis with 1× SDS sample buffer. Samples 

were boiled for 10 min at 95°C and resolved by SDS–PAGE. Briefly, samples were spun 

down and run on a 6-18% polyacrylamide gel, transferred to a PVDF membrane, and 

blocked for 15 min with 5 % non-fat milk prior to overnight primary antibody incubation. 

Statistical analysis 

Statistical analysis was performed on three biological repeats. Error bars represent the 

standard deviation in fold changes in observed induction or repression. Statistical 

analyses were performed using GraphPad Prism 6. Statistical significance was 

determined using two-way ANOVA. Differences with a p value <0.1 or lower were 

considered significant. *p ≤ 0.1; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001; ns, not significant. 

All statistical parameters for assays in this study are shown in the corresponding figure 

legends. 

Immunofluorescence 

Cells were plated on coverslips 48 hours prior to treatments. After treatments, cells were 

fixed by 4% PFA in PBS for 15 min at room temperature, followed by permeabilization 

with 50 μg/mL digitonin (VWR) in PBS for 10 min at room temperature. Cells were blocked 

in blocking buffer (1% BSA and 2% serum in PBS) for 30 min, then incubated with primary 

antibodies in the same buffer for 1 h at room temperature. Slides were then washed 2× 



   
 

 190 

in PBS and 1× in blocking buffer before incubation with secondary antibodies 1 h at room 

temperature. Samples were washed 3× in PBS, stained with DAPI (Sigma-Aldrich),  and 

mounted. Images were captured with inverted epifluorescent Zeiss AxioObserver 7 

equipped with a 63x, 1.4NA, Oil, Plan-Apochromat objective using Zen 3.0 Pro software 

at room temperature. Excitation wavelengths used were 405, 488, 561, and/or 647 nm. 

This system is located at the Cell Biology and Image Acquisition (CBIA) Core Facility, 

University of Ottawa, Canada. 

Quantification of immunofluorescence 

A protocol built in the ImageJ software was used to analyse epifluorescent microscopy 

images to avoid bias. Briefly, channels were first split to examine either number of cells 

or puncta of interest. The images were changed to 8-bit and set as binary default. 

Thresholds were then adjusted to identity nuclei or puncta. Finally, particles were 

analysed and a table summarizing puncta/nuclei quantity and size were provided. The 

same protocol was applied to each field of view and across samples. For the quantification 

of peroxisome density, the area of peroxisomal structures and the area of cells were 

quantified. The density of peroxisomes was calculated by dividing the total peroxisome 

area by the total area of cells. For the free RFP density quantification, a ROI (region of 

interest) was generated to identify free RFP area. The density of free RFP signals was 

calculated by dividing the total free RFP area by the total area of cells. Quantification was 

performed on representative experiments with an average of 9 fields of view per replicate. 
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Accession Number 

Sequencing data have been deposited in the NCBI Gene Expression Omnibus under 

accession number GSE292757. 

Online supplemental material 

Fig. S1 shows that stress-induced effects on p62 regulation in the DsRed-IRES-GFP-p62 

reporter line is through autophagy pathway. Fig. S2 displays the validation of potential 

ER-phagy activators and inhibitors using WB approach. Fig. S3 presents the validation of 

potential pexophagy activators and inhibitors through WB approach. Fig. S4 shows 

knockout efficiency of the control ULK1, ER-phagy hits, and pexophagy hits. Fig. S5 

provides further characterization of CDK11A role in ER-phagy regulation using ss-RFP-

GFP-KDEL system. Fig. S6 demonstrates the importance of NME3 as an ER-phagy 

inhibitors using ss-RFP-GFP-KDEL system. Fig. S7 validates the function of PAN3 in 

pexophagy regulation through RFP-GFP-SKL system. Fig. S8 confirms the role of 

CDC42BPG as a pexophagy inhibitor using RFP-GFP-SKL system. Table 1 shows 

potential autophagy activators and inhibitors from four conditions that satisfy log2FC and 

FDR cutoffs. Table S1 provides sgRNA enrichment and depletion for each stress condition 

using CRISPRBetaBinomial. Table S2 lists the results of a PANTHER gene ontology 

analysis of total and unique screen candidates across the 4 examined conditions. The top 

5 enriched Reactome Pathways with corresponding number of hits, fold enrichment, and 

p-values are listed. 
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4.8 Supplementary Information 
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Figure S1: Analysis of autophagy flux in ATG5 KO cells.  

(A) ATG5 knockout efficiency was examined by WB. (B), (C), (D) The HEK239A reporter 

cells were transduced with viruses carrying sgRNA targeting ATG5. These cells were then 

treated with amino acid-free media for 3 hours (B), tunicamycin (10 µg/mL) for 6 hours 

(C), or clofibrate (1 mM) for 6 hours (D). Next, they were examined using FACS. 

Histogram overlays compare either GFP or DsRed signals of the treated ATG5 KO 

reporter cells with those signals of the untreated ATG5 KO ones.  
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Figure S2: Validation of candidates associated with ER stress-induced autophagy.  

(A), (B) Wild-type HEK293A cells were infected with both lentiviruses harboring both Cas9 

and sgRNA targeting indicated positive (A) or negative (B) regulators. Polyclonal KO cells 

were then incubated with tunicamycin (10 µg/mL) for 6 hours. Autophagy flux was 

examined through blots of p62. Experiments were repeated 6 times. p values denote 

statistical significance of treated KO cells compared to treated control cells and were 

determined by two-way ANOVA. *p ≤ 0.1; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001; ns, not 

significant.  
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Figure S3: Validation of candidates associated with peroxisomal stress-induced 

autophagy.  

(A), (B) Wild-type HEK293A cells were infected with both lentiviruses harboring both Cas9 

and sgRNA targeting indicated positive (A) or negative (B) regulators. Polyclonal KO cells 

were then incubated with clofibrate (1 mM)  for 6 hours. Autophagy flux was examined 

through blots of p62. Experiments were repeated 6 times. p values denote statistical 

significance of treated KO cells compared to treated control cells and were determined 

by two-way ANOVA. *p ≤ 0.1; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001; ns, not significant.  
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Figure S4: Depletion efficiency of KO cells.  

(A), (B), (C), (D), (E). Whole-cell lysates of polyclonal KO cells were immunoblotted for 

the levels of depleted proteins using the antibodies indicated. (F) A diagram and table 

illustrating p62 patterns detected through WB, IF, or FACS approaches.   
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Figure S5: Validation of CDK11A role in ER-phagy regulation using ss-RFP-GFP-

KDEL approach.  

(A) CDK11A knockdown efficiency was examined by WB. (B) The control and CDK11A 

KD HCT116 cells stably expressing the ss-RFP-GFP-KDEL reporter were incubated with 

tunicamycin (10 µg/mL) for 6 hours in the presence or absence of Baf. FAM134B levels 

were then examined using western blot. (C), (D) The control and KD ER-phagy reporter 

cells were incubated with tunicamycin (10 µg/mL) or prolonged amino acid starvation (-

AAp) for 6 hours. The processing of ss-RFP-GFP-KDEL was analyzed by western blot 

(C) or visualized by immunofluorescence (D). Scale bars, 10 µM. 

Unless otherwise indicated, experiments were performed three times. Data are 

represented as means ± SDs, and p values were determined by two-way ANOVA. 

*p ≤ 0.1; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001; ns, not significant.   
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Figure S6: Validation of NME3 role in ER-phagy regulation using ss-RFP-GFP-KDEL 

approach.  

(A) NME3 knockdown efficiency was examined by WB. (B) The control and NME3 KD 

HCT116 cells stably expressing the ss-RFP-GFP-KDEL reporter were incubated with 

tunicamycin (10 µg/mL) for 6 hours in the presence or absence of Baf. FAM134B levels 

were then examined using western blot. (C), (D) The control and KD ER-phagy reporter 

cells were incubated with tunicamycin (10 µg/mL) or prolonged amino acid starvation (-

AAp) for 6 hours. The processing of ss-RFP-GFP-KDEL was analyzed by western blot 

(C) or visualized by immunofluorescence (D). Scale bars, 10 µM. 

Unless otherwise indicated, experiments were performed three times. Data are 

represented as means ± SDs, and p values were determined by two-way ANOVA. 

*p ≤ 0.1; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001; ns, not significant.   
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Figure S7: Validation of PAN3 role in pexophagy regulation using RFP-GFP-SKL 

approach.  

(A) PAN3 knockdown efficiency was examined by WB. (B) The control and PAN3 KD 

HCT116 cells stably expressing the RFP-GFP-SKL reporter were incubated with clofibrate 

(1 mM) for 6 hours in the presence or absence of Baf. PMP70 levels were then examined 

using western blot. (C), (D) The control and KD pexophagy reporter cells were incubated 

with clofibrate (1 mM, 6 hours) or Torin1 (Tor, 200 nM, 24 hours). The processing of RFP-

GFP-SKL was analyzed by western blot (C) or visualized by immunofluorescence  (D). 

Scale bars, 5 µM. 

Unless otherwise indicated, experiments were performed three times. Data are 

represented as means ± SDs, and p values were determined by two-way ANOVA. 

*p ≤ 0.1; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001; ns, not significant.   
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Figure S8: Validation of CDC42BPG role in pexophagy regulation using RFP-GFP-

SKL approach.  

(A) CDC42BPG knockdown efficiency was examined by WB. (B) The control and 

CDC42BPG KD HCT116 cells stably expressing the RFP-GFP-SKL reporter were 

incubated with clofibrate (1 mM) for 6 hours in the presence or absence of Baf. PMP70 

levels were then examined using western blot. (C), (D) The control and KD pexophagy 

reporter cells were incubated with clofibrate (1 mM, 6 hours) or Torin1 (Tor, 200 nM, 24 

hours). The processing of RFP-GFP-SKL was analyzed by western blot (C) or visualized 

by immunofluorescence  (D). Scale bars, 5 µM. 

Unless otherwise indicated, experiments were performed three times. Data are 

represented as means ± SDs, and p values were determined by two-way ANOVA. 

*p ≤ 0.1; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001; ns, not significant.   
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Chapter 5: General discussion 

5.1 ULK1-mediated phosphorylation of ATG16L1 promotes xenophagy, but 

destabilizes the ATG16L1 Crohn’s mutant 

Autophagy is a conserved degradative mechanism and is critical for cellular 

homeostasis maintenance(Ryter et al. 2013). ULK1 has been previously known to 

activate autophagy by phosphorylating various components of the autophagy-related lipid 

kinase complex(Russell et al. 2013; Di Bartolomeo et al. 2010). Our study identifies 

ATG16L1, a subunit of the autophagy E3-like enzyme complex, as a direct 

phosphorylation target of ULK1. This interaction links ULK1 to the regulation of the LC3B 

lipidation machinery, a key step in autophagosome formation. Furthermore, we found that 

wild-type ATG16L1 can also undergo caspase-mediated cleavage dependent on ULK1 

activity, although to a lesser extent than the Crohn’s disease–associated mutant form, 

caATG16L1 (T300A). However, the physiological interplay between phosphorylation and 

caspase-mediated cleavage remains unclear outside the context of the caATG16L1 

allele. It is possible that, under severe or prolonged stress, caspase-mediated cleavage 

of ATG16L1 serves as a regulatory mechanism to suppress autophagy. 

The T300A variant of ATG16L1 is more vulnerable to cleavage by caspase-3, 

leading to its degradation and impaired autophagy during stress(Murthy et al. 2014; 

Lassen et al. 2014). Due to the absence of tools to detect endogenous phosphorylated 

ATG16L1 (pATG16L1), IKKα was initially proposed as the kinase responsible for 

phosphorylating and promoting cleavage of the caATG16L1(Diamanti et al. 2017). This 

hypothesis stemmed from early findings that the T300A variant of ATG16L1 is destabilized 
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under stress but remains stable under normal conditions, which was also observed by 

other research groups(Murthy et al. 2014; Fang et al. 2017). Supporting this, Gao et al. 

demonstrated that in cells expressing wild-type IKKα, TNFα treatment leads to cleavage 

of wild-type ATG16L1(Gao et al. 2002). This observation contradicts the model proposed 

by Diamanti et al., which suggests that IKKα signaling should instead stabilize 

ATG16L1(Diamanti et al. 2017). Interestingly, both infection and starvation—conditions 

known to destabilize ATG16L1—are also known to activate ULK1, supporting our 

hypothesis that ULK1-mediated phosphorylation contributes to stress-induced cleavage 

of ATG16L1, particularly in the context of CD(Kim et al. 2011; Losier et al. 2019). These 

findings reinforce the model that stress promotes destabilization of the T300A variant. 

Additionally, Diamanti et al. suggested that mutating serine 278 to alanine (S278A) 

reduces ATG16L1 stability in a similar manner to the T300A mutation(Diamanti et al. 

2017). According to their model, combining both mutations (S278A and T300A) should 

result in an even less stable protein. In contrast, our model predicts that phosphorylation 

at S278 contributes to the destabilization of T300A ATG16L1, and therefore the double 

mutant (S278A, T300A) should be more stable. Our experiments confirmed this: the 

double mutant was significantly more stable than T300A alone. Additionally, blocking 

S278 phosphorylation in the Crohn’s-associated form of ATG16L1 enhanced antibacterial 

autophagy, aligning with our conclusion that S278 phosphorylation is harmful in this 

disease context. 

Based on our data, we propose that ULK1 is the main kinase responsible for 

ATG16L1 phosphorylation under most physiological conditions. While we cannot 

completely exclude the possibility that IKKα contributes under certain scenarios not tested 
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here, we caution that the evidence for IKKα as a kinase came solely from in vitro assays 

using purified proteins, without cellular validation. Such assays are known to generate 

misleading results, as illustrated by the detection of an artificial S287 phosphorylation site 

in our own in vitro ULK1 kinase experiments. By developing a phospho-specific antibody 

against S278, we were able to monitor this modification in cells and confirm that 

phosphorylation occurs only in the presence of ULK1 or ULK2. Although we hypothesize 

that ULK is the primary kinase mediating ATG16L1 phosphorylation, we acknowledge that 

IKKα may still play a role in destabilizing caATG16L1 through its known activation of 

caspases, as previously reported(Diamanti et al. 2017). 

Another notable observation is the selective accumulation of phosphorylated 

ATG16L1 around internalized bacteria. NOD2 was the first gene involved in xenophagy 

to be associated with CD(Ogura et al. 2001). Like the T300A variant of ATG16L1, certain 

NOD2 polymorphisms are linked to impaired protein function and increased risk of 

developing CD(Hugot et al. 2001; Wehkamp et al. 2004). The recruitment of ATG16L1 to 

bacterial entry points at the plasma membrane is mediated by NOD1 and NOD2, 

independently of IKK signaling(Travassos et al. 2010). This suggests a shared functional 

defect in ATG16L1 activity across multiple Crohn’s-associated genetic backgrounds. 

In line with this, genome-wide studies have identified single-nucleotide 

polymorphisms (SNPs) in ULK1 that are also associated with CD, although their effect is 

weaker than those found in ATG16L1(Henckaerts et al. 2011). Our discovery of 

overlapping roles between ULK1 and ULK2 in regulating ATG16L1 phosphorylation may 

explain why ULK1 variants contribute less significantly to disease susceptibility. 
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In addition, reduced expression of IRGM has been implicated in CD(Murdoch et 

al. 2012). IRGM plays a crucial role in cell-intrinsic defense mechanisms by regulating 

autophagy and is considered a molecular switch that modulates the activity of the 

autophagy pathway(Howard, Hunn, and Steinfeldt 2011; Deretic 2012). Several SNPs in 

IRGM, including rs13361189 (C>T), rs10065172 (C>T), and rs4958847 (A>G), have been 

linked to altered expression levels and increased disease risk(Waterman et al. 2011; 

Moon et al. 2013). Molecularly, IRGM has been shown to interact with both ULK1 and 

ATG16L1, though not necessarily as part of the same complex(Chauhan et al. 2015). 

Therefore, it would be worthwhile to explore whether decreased IRGM levels affect ULK-

mediated phosphorylation of ATG16L1. 

5.2 A Pooled CRISPR Screen Protocol for Comparative Autophagy Analysis 

Across Multiple Stressors  

The specific degradation of organelles by autophagy pathway plays an important 

role in normal cell homeostasis and disease; therefore, understanding the regulatory 

mechanisms involved in these processes holds significant therapeutic potential. In this 

study, we sought to investigate the kinase-mediated regulation of the organelle-targeted 

selective autophagy; particularly, we aimed to conduct a direct comparative analysis of 

these pathways to identify regulators unique to each. While several high-throughput 

screens have been performed to uncover autophagy regulators under various conditions, 

existing protocols do not align with our research goal of identifying both shared and 

distinct autophagy regulators across multiple samples simultaneously(Morita et al. 2018; 

Potting et al. 2018; Shalem et al. 2014). Thus, we developed a kinome-wide CRISPR 

screening workflow that enables high-throughput analysis of multiple stress-induced 
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autophagy pathways and allows for direct comparison across datasets. In this protocol, 

we used an autophagy reporter line expressing DsRed-IRES-GFP-p62 which enables 

detection of various forms of selective autophagy due to its ability to bind different types 

of ubiquitinated cargo(Lin et al. 2013; Yamada et al. 2019; Pankiv et al. 2007; Germain 

and Kim 2020). We found that this reporter line is responsive to acute stress conditions, 

reducing secondary effects and enabling accurate identification of upstream regulatory 

kinases. Furthermore, utilization of CRISPR/Cas9 system enhances specificity and 

efficiency of gene targeting, providing permanent gene disruption and stronger 

phenotypic signals than traditional RNAi(Boettcher and McManus 2015). Since 

autophagy is a stress-responsive process, CRISPR-based genetic perturbations may 

introduce artificial variables affecting autophagy flux measurements. Therefore, we 

incorporated post-perturbation recovery times. Additionally, to analyze multiple autophagy 

pathways in parallel while reducing sorting-related artifacts, we implemented a sample 

fixation or crosslinking step. We determined that brief fixation with low concentrations of 

PFA in the presence of Tris for quenching preserves fluorescent signals comparable to 

those of unfixed samples. 

Despite these strengths, our approach also has certain limitations. Although p62 

participates in several selective autophagy processes, its use as a flux reporter can be 

problematic, as the extent of its degradation may vary depending on the specific cargo or 

the involvement of alternative receptors. LC3-based reporters could offer more uniform 

flux readouts across conditions, although they come with interpretative 

challenges(Mizushima and Murphy 2020). Alternately, secondary screens involving 

organelle-specific autophagy receptors would enhance sensitivity and broaden the scope 
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of findings. Furthermore, while CRISPR/Cas9 efficiently disrupts gene function, it may not 

be suitable for studying essential genes or partial loss-of-function phenotypes(Boettcher 

and McManus 2015). In such cases, RNAi or CRISPRi techniques would provide more 

nuanced insights(Boettcher and McManus 2015). The fixation step, although essential to 

prevent artifacts during cell sorting, introduces practical challenges. Fixed samples yield 

lower sequencing read counts and are more prone to clogging the sorter, requiring slower 

sort speeds—an important consideration when processing multiple screens in one 

session. 

5.3 Identification of stress specific autophagy regulators from tandem CRISPR 

screens 

Using our customized CRISPR screening platform, we identified novel autophagy 

regulators—both activators and inhibitors—across multiple conditions, including basal 

state, nutrient deprivation, ER stress, and peroxisomal stress. Several of these regulators 

overlapped between bulk and selective autophagy and include well-established 

autophagy components such as PIK3C3 (VPS34), PIKFYVE, PIK3R4 (VPS15), and 

ULK1. In addition to these, we discovered novel autophagy inhibitors, including MAP4K2 

and TKFC, which have not previously been associated with autophagy suppression. 

TKFC, a dihydroxyacetone kinase, is primarily known for phosphorylating glyceraldehyde 

to generate glyceraldehyde-3-phosphate(Rodrigues et al. 2014). It remains to be 

determined whether autophagy activation upon TKFC loss is due to changes in 

metabolism or a separate, uncharacterized function. Since our culture media lacks 

fructose—one of known substrates of TKFC—an alternative regulatory mechanism is 

likely involved. Interestingly, MAP4K2 was identified as an autophagy inhibitor in our 
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screen, although a prior study described it as a positive regulator under prolonged 

glucose deprivation(Seo et al. 2023). Our study, however, focused on a shorter amino 

acid starvation window (3 hours), which could account for the contrasting results. This 

suggests MAP4K2 may play a context-dependent role in autophagy, potentially acting as 

both an activator and inhibitor depending on the nutrient stress and duration. Future work 

should investigate whether effect of MAP4K2 is mediated through direct LC3 

phosphorylation and whether this effect is modulated by kinases such as PKA or 

PKCλ(Cherra et al. 2010). These findings highlight how deeper exploration of hits from 

our screen could clarify the molecular control of both basal and starvation-induced 

autophagy. Although not the primary goal of our screens, we found 25 candidate 

regulators of starvation-induced autophagy and 29 candidate regulators of basal 

autophagy that may represent previously uncharacterized components of these 

pathways. 

Our study aimed to identify novel regulators of ER-phagy and pexophagy. To 

enhance the reliability of hit validation, we employed multiple complementary strategies. 

First, beyond assessing effects on p62, we examined non-ubiquitin autophagy marker 

LC3B signaling in the absence or presence of autophagy inhibitor Bafilomycin A1 (Baf). 

Additionally, to determine whether the observed changes in ER and peroxisomal content 

in stressed hit-depleted cells were autophagy-dependent, we evaluated the behavior of 

the ER-phagy receptor FAM134B and the pexophagy receptor PMP70 in the presence 

and absence of Baf(Leonibus, Cinque, and Settembre 2020; Germain and Kim 2020). 

Furthermore, to better define the role of kinase candidates in selective autophagy, we 

generated HCT116 cell lines stably expressing either the ER-phagy flux reporter ssRFP-
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GFP-KDEL or the pexophagy reporter RFP-GFP-SKL(Chino et al. 2019; Zheng et al. 

2021). Upon induction of ER-phagy or pexophagy, GFP fluorescence is quenched in the 

acidic lysosomal environment, leaving only RFP detectable via western blot or 

immunofluorescence(Kimura et al. 2007). We then assessed the impact of kinase hits on 

these selective autophagy reporters in the presence of Baf to evaluate their role in 

autophagic flux. Collectively, these complementary approaches reinforce the findings that 

the observed effects result from autophagy dysregulation—particularly selective 

autophagy—and are reproducible across multiple cell lines, thereby supporting the 

robustness of our screening workflow. 

In the ER stress screen, we found 25 kinases that potentially activate autophagy 

and 17 that inhibit it. Using the approaches described above, we validated two regulators 

specific to ER-phagy: CDK11A, which we found to be a selective ER-phagy activator, and 

NME3, a repressor. We found that CDK11A, part of a family involved in RNA splicing, 

transcription, and cell cycle control, was necessary for ER-phagy but not for starvation-

induced autophagy(Zhou et al. 2016). Although previous studies showed that dual 

knockdown of CDK11A and its identical protein CDK11B initially triggers autophagy and 

later inhibits it, the underlying mechanism remains unclear(Wilkinson et al. 2011). Our 

findings suggest that CDK11A specifically supports ER-phagy, and it remains to be tested 

whether dual knockout impacts basal autophagy or indirectly affects ER homeostasis. 

Given that CDK11A/B are overactive in multiple cancers, their potential link to ER stress 

and oncogenesis warrants further investigation(Zhou et al. 2016). NME3, which we found 

to repress ER-phagy, is part of the nucleoside diphosphate kinase (NDPK) family, 

involved in nucleotide balance and GTP-regulated processes(Boissan et al. 2018). 
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Beyond this, NME3 also contributes to mitochondrial dynamics and has recently been 

shown to promote mitophagy(Chen et al. 2024). Whether its suppression of ER-phagy is 

functionally connected to its role in mitophagy remains an open question. A recessive 

loss-of-function mutation in NME3 has been reported in a rare neurodegenerative 

disorder, but the effects of heterozygous mutations—particularly on ER-phagy—are still 

unknown(Chen et al. 2019). 

In our pexophagy screen, we uncovered 14 candidate autophagy activators and 

17 inhibitors. PAN3, an mRNA decay regulator, was validated as a pexophagy activator, 

although its role in autophagy has not been previously reported(Wolf et al. 2014; Wolf and 

Passmore 2014). It remains to be determined whether PAN3 regulates transcriptional 

programs of pexophagy or functions through an alternate pathway. Additionally, we 

identified CDC42BPG as a pexophagy inhibitor. CDC42BPG is a relatively 

uncharacterized kinase from the MRCK family, which regulates cytoskeletal dynamics 

and cellular motility(Unbekandt and Olson 2014). Although neither of these genes has 

been directly linked to disease, the underlying mechanisms of peroxisomal disorders, 

such as Zellweger syndrome, remain incompletely understood and are characterized by 

dysregulated pexophagy(Cho et al. 2018). Thus, it would be of interest to investigate 

whether the candidates identified in our pexophagy screen, including these proteins, 

contribute to disease pathology in cases lacking known Zellweger-associated PEX 

mutations. 



   
 

 218 

5.4 Conclusion 

Together, our findings emphasize the critical role of kinase-mediated signaling in 

the regulation of autophagy. The identification of ULK as a key regulator of ATG16L1 

phosphorylation provides novel insight into xenophagy and contributes to a broader 

understanding of autophagy dysregulation in Crohn’s disease. Notably, phosphorylated 

ATG16L1 has been developed as a valuable early-stage autophagy marker that 

overcomes limitations associated with conventional markers such as LC3B and p62. To 

further dissect the regulatory landscape of selective autophagy, we established a robust 

kinome-wide CRISPR screening platform. This optimized workflow enables high-

throughput interrogation of autophagy pathways under diverse stress conditions and is 

broadly applicable for genetic and pharmacological screening. Our screens reveal a 

previously underappreciated contribution of signal transduction pathways to selective 

autophagy regulation, yielding a rich compendium of candidate genes that may inform 

more targeted therapeutic strategies in autophagy-related diseases. 
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