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Abstract 

Regulation of autophagy by the protein complex centered around serine-threonine kinase 

Atg1 has become well-characterized as a response to nutrient deprivation. However, 

understanding of how of the Atg1 autophagy induction complex drives autophagy is 

incomplete. Furthermore, many varied stresses lead to induction of autophagy. While 

many of these stresses have been linked to canonical autophagy regulation through Atg1, 

some have been shown to induce autophagy even in its absence. How the autophagic 

machinery is engaged in the absence of Atg1 remains an open question. Here we describe 

the induction of autophagy in the absence of Atg1 by a previously uncharacterized 

Drosophila protein we have named "Another Drosophila Unc-51-like Kinase" (ADUK) 

after the family of kinases that include ADUK and Atg1. Overexpression of ADUK 

induces autophagy in WT animals or Atg1 mutants, and GFP-ADUK localizes in punctae 

at autophagosomes. Interestingly, autophagy induction by ADUK requires Atg1 binding 

partner Atg13, and, like Atg1, ADUK co-immunoprecipitates with Atg13. Co-expression 

of Atg1 complex member FIP200 with ADUK enhances autophagy induction and GFP-

ADUK punctae formation. Surprisingly, co-expression of Atg13 inhibited both ADUK 

phenotypes. ADUK mutation results in a reduced post-eclosure lifespan, and inhibits 

autophagy in response to a complex stressor, DMSO, but not in response to the canonical 

autophagy stimulus of amino acid deprivation. We conclude that ADUK represents a 

novel regulator of autophagy, likely engaging the downstream autophagic machinery in a 

manner similar to Atg1. As an Atg1-independent inducer, ADUK represents a new 

potential access point for autophagy regulation by non-nutrient stresses. 
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Process and discovery of autophagy 

 Autophagy, literally "self-eating," is the eukaryotic cellular process of introducing 

cellular contents to the vesicular lumen for destruction in catabolic compartments. The 

phenomenon of autophagy was first identified in mammalian cells during study of the 

lysosome, where early electron microscopy observations identified irregular, acid-

phosphatase positive vesicles containing cellular structures including mitochondria, 

ribosomes, and other cellular debris in varying states of decay (Clark 1957; Ohsumi 

2014).  A double-membraned precursor lacking hydrolytic enzymes was later identified, 

and a process symmetric with endocytosis in which a vesicle containing cargo (the 

autophagosome) fuses with the lysosome for degradation was defined (Arstila and Trump 

1968; Ohsumi 2014). 

 The genesis of the autophagosome begins with the formation of a flattened vesicle 

known as the pre-autophagosomal structure (PAS) in the cytosol, which grows to form an 

elongated cup-shaped structure termed the isolation membrane (IM). The IM extends to 

surround doomed cargo, including organelles, proteins, and any other cytosolic 

constituents, before sealing back to itself to form a completed autophagosome. The 

autophagosome must then meet and fuse its outer membrane with a lysosome to create an 

autolysosome capable of degrading the inner membrane and the cargo therein. 

 Two additional methods of introducing cytosol to the lysosome have been 

identified. Microautophagy involves an endocytosis-like method wherein the lysosomal 

membrane invaginates and surrounds cargo, with similar results to fusion of lysosome 

and autophagosome (Li et al. 2012). Chaperone-mediated autophagy is a protein-only 
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degradation pathway involving recruitment of KFERQ motif-bearing proteins by 

chaperone hsc70 to the lysosome for translocation across the lysosomal membrane 

(Cuervo and Wong 2014). Because these processes also represent "autophagy," the 

degradation process requiring the autophagosome is now referred to as macroautophagy 

to distinguish it. As this work focuses exclusively on macroautophagy, however, we will 

continue to refer to it simply as autophagy. 

 

Physiological role for autophagy 

 Turnover of bulk cytosol by autophagy is required for survival during starvation, 

when degradation of cytosolic elements can generate an internal source of nutrients 

(Chang et al. 2009). Autophagy is also required for efficient removal of various 

organelles, including malfunctioning mitochondria (Pua et al. 2009). Up-regulation of 

autophagy been shown to aid in the removal of aggregated proteins (Ravikumar et al. 

2002) and delay onset of related pathologies. As a survival mechanism capable of 

generating an internal source of nutrients during starvation and clearing debris after 

damaging insults, autophagy is also leveraged by cancerous cells to resist treatment and 

survive the stresses particular to excessive growth (Galluzzi et al. 2015). Conversely, 

autophagy can play an opposing role inhibiting cell survival, acting in conjunction with 

apoptosis during developmental cell death (Marino et al. 2014). Finally, autophagy is 

crucial to innate immunity, where invading bacteria in the cytoplasm are captured and 

destroyed through the autophagic pathway (Nakagawa et al. 2004). 
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Chemical Inducers of Autophagy 

 Early observations of autophagy in mammals noted that treatment with the 

hormone glucagon enhanced accumulation of autolysosomes (Ashford and Porter 1962; 

Ohsumi 2014), raising the possibility that autophagy was a process the rate of which is 

variable in response to stimuli. It is now clear that autophagy is tightly regulated to raise 

or lower its flux to respond to cellular demands. In particular, autophagy is a key stress 

response program. Deprivation of nutrients and growth factors are particularly strong and 

well-studied inducers of autophagy, where breakdown of proteins and organelles 

generates an internal source of nutrients permissive to maintaining homeostasis until a 

new external source presents itself (Chang et al. 2009). Inhibition of the mechanistic 

Target of Rapamycin (mTOR) by rapamycin treatment, proteasome inhibition by MG132 

(Suraweera et al. 2012), oxidative insults including hydrogen peroxide and paraquat 

(Xiong et al. 2007), excess ammonia (Cheong et al. 2011), and DMSO (Song et al. 2012) 

are also chemical stressors capable of inducing autophagy. With some stimuli, such as 

proteasome inhibition, it has been demonstrated that secondary amino-acid deprivation 

activates nutrient-dependent autophagy (Suraweera et al. 2012). Other stimuli, such as 

ammonia, do not depend on canonical nutrient dependent autophagy induction through 

Atg1 (Cheong et al. 2011). Still others, such as DMSO, have not been interrogated with 

regard to involvement of autophagy-related genes (Song et al. 2012). In Chapter 2, we 

employ DMSO to induce autophagy. 
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Molecular Regulation of Autophagy 

 The first observation of autophagy in genetically tractable model organism 

Saccharomyces cerevisiae by Yoshinori Ohsumi led to identification of a suite of 

autophagy related genes (atg) (Ohsumi 2014). Efforts in Caenohrabditis elegans, 

Drosophila melanogaster, Mus musculus, and Homo sapiens have demonstrated strong 

conservation of the autophagic machinery (He and Klionsky 2009). In fact, studies in 

plant model Arabidopsis thaliana have identified conservation of the autophagic process, 

indicating a conservation throughout eukarya (Ohsumi 2014). Below are described 

several required elements of autophagy in yeast and their conservation in metazoans. 

 Atg1-13-17(FIP200)-29-31 kinase complex. The first-discovered autophagy 

related gene, Atg1, encodes a serine/threonine kinase required for autophagosome 

formation. Atg1 forms a complex with structural protein Atg13, which is required for its 

pro-autophagy activity (Ohsumi 2014). Atg17 binds the Atg1-13 complex and also binds 

Atg29 and 31, where the 17-29-31 assembly serve as a scaffold to recruit other pro-

autophagy factors (Ohsumi 2014). Atg13 and Atg1 are both conserved in mammals, 

though mammalian systems have developed two described Atg1 paralogs, christened 

Unc51-like kinases (Ulk) 1 and 2 (He and Klionsky 2009). The role of Atg17 in 

mammals appears to be largely fulfilled by an apparently dissimilar protein, FIP200. In 

fact, FIP200 appears to have replaced Atg17 in metazoans generally (Parzych and 

Klionsky 2014). Atg29 and 31 homologs have not at this point been identified, but may 

have been replaced by Atg101 (Ohsumi 2014). The interaction and regulation of the Atg1 
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kinase complex will be discussed further later in this chapter, and will be material to the 

results related in Chapter 2. 

 PI-3K Complex. In yeast, the single PI-3K Vps34 is required for autophagy. 

Vps34 generates PI3P, which is required at the pre-autophagosomal structure (PAS) and 

is also found on the membranes of completed autophagosomes with preference for the 

inner of the two membranes (Obara et al. 2008; Ohsumi 2014). Treatments with general 

PI3K inhibitors 3-methyladenine (Seglen and Gordon 1982) or wortmannin (Blommaart 

et al. 1997) inhibit autophagy, and PI3P is required for autophagosome formation 

(Ohsumi 2014) indicating that Vps34 PI-3K activity is vital to autophagy progression. A 

complex of Vps34, Vps15, Atg6, and Atg14 are required for the pro-autophagic activity 

of Vps34. Atg14 provides specificity for autophagic promotion, as opposed to other 

Vps34 activities, by localizing the complex to Atg13 (Jao et al. 2013; Parzych and 

Klionsky 2014). The complex members are all conserved in mammals, though Atg6 is 

named Beclin1 in mammalian systems (Parzych and Klionsky 2014). 

 Atg8 lipidation. Two Ubiquitin-like conjugation systems are required for 

autophagosome formation. The first ubiquitin-like protein, Atg8, is particularly 

interesting because of its target of conjugation, namely the head group of the 

phospholipid phosphatidylethanolamine (PE). Atg8 is cleaved by cysteine protease Atg4 

to expose a C-terminal glycine, activated by E1 enzyme Atg7, and then conjugated to PE 

by E2 enzyme Atg3 (Ohsumi 2014). This conjugation serves multiple purposes in 

autophagy. Atg8 content is correlated with autophagosomes size (Xie et al. 2008), 

suggesting a role in elongation of the IM, while it also acts as a target for adaptors 
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bringing specific substrates to the autophagosome to be captured and degraded in the 

autolysosome (He and Klionsky 2009). Atg8 is found on both the inner and outer 

membrane of newly formed autophagosomes, however, it is removed from the outer 

membrane of the autolysosome by deconjugating enzyme Atg4 (Parzych and Klionsky 

2014). Removal of Atg8 from the outer membrane is crucial to autophagosome fusion 

competency (Yu et al. 2012). 

 Eight Atg8 paralogs have been described in mammals and have been categorized 

into two subfamilies: LC3 and GATE-16/GABARAP. Recently, Weidberg et. al 

demonstrated that the two subfamilies are each required during autophagy. LC3 is needed 

for elongation of the isolation membrane, while GATE16/GABARAP are important to 

autophagosome maturation (Weidberg et al. 2010). 

 Atg12 conjugation. The second ubiquitin-like protein, Atg12, is activated by the 

same E1 enzyme as Atg8: Atg7. Activated Atg12 is then conjugated to target protein 

Atg5 by E2 enzyme Atg10. Atg12-5 conjugates bind to Atg16, which is capable of 

forming homodimers to generate Atg12-5-16 oligomers (Ohsumi 2014; Parzych and 

Klionsky 2014). Atg16 is recruited to the PAS by, bringing Atg12-5 with it, where the 

complex is crucial for the progression of autophagy. Atg12-5-16 formation is involved in 

the Atg8-PE conjugation described above, as Atg12-5 drives local Atg8 lipidation by 

acting as an E3-like enzyme enhancing Atg3 activity (Hanada et al. 2007; Sakoh-

Nakatogawa et al. 2013). The complex is required for proper Atg8 recruitment and 

lipidation, as well as to prevent premature removal of Atg8 from autophagosomes. All 

elements of Atg12 conjugation are conserved in mammals (Parzych and Klionsky 2014). 
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 Atg18-2. Atg18 links the generation of PI3P by Vps34 with the recruitment of 

pro-autophagy factors. By directly binding both PI3P and Atg16, Atg18 promotes 

localization of the Atg12-5-16 complex to the PAS, which in turn drives conjugation of 

Atg8 to nearby PE (Dooley et al. 2015). Finally, Atg18 exists in a complex with required 

protein Atg2, the activity of which is poorly understood but appears to promote 

autophagosome closure (Velikkakath et al. 2012). Atg2 and Atg18 are conserved in 

mammals, the latter as paralogs WIPI1 and WIPI2 (Parzych and Klionsky 2014). 

 Atg9. As the sole membrane spanning protein identified as crucial to autophagy 

induction, Atg9 has generated considerable interest but proven to be an equally 

challenging puzzle. The presence of Atg9 in punctae at multiple membrane sources as 

well as at the PAS have made it an appealing element for driving membrane recruitment 

to the phagophore (Ohsumi 2014). Indeed, small Atg9-decorated vesicles are recruited to 

the PAS, however, recent work has demonstrated these are small, golgi derived 

cytoplasmic vesicles, and that only a few of these arrive to drive assembly of the 

autophagosome  (Yamamoto et al. 2012). Thus, Atg9-marked vesicles likely do not 

represent the main source of membrane. Atg9 is, however, required at the PAS for 

efficient recruitment of Atg18 to PI3P (Papinski et al. 2014). After delivery to the PAS, 

Atg9 is retrieved, setting up a cycling movement between other membranes and the PAS. 

This retrograde movement of PAS is dependent on the presence of the Atg1-13, PI3K, 

and Atg18-2 complexes (He and Klionsky 2009). In mammals, the Atg9 homolog has 

been found at the plasma membrane as in yeast. From here, it accumulates at Clathrin-
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coated pits and rides the endocytic pathway to recycling endosomes before trafficking to 

the PAS (Puri et al. 2013). 

 Temporal progression of molecular events. Effort in the Mizushima lab and 

others has led to an understanding of the order of genetic requirement in mammalian 

autophagy. A genetic hierarchy, developed by mutating autophagy related genes in turn 

and observing the point of failure in the autophagic pathway (Itakura and Mizushima 

2010), places ULK1 and FIP200 furthest upstream, where they are required for formation 

of Atg14 punctae. Atg14 is in turn required for WIPI-1 punctae formation, while the 

Atg12-5-16 complex and LC3 are the furthest downstream factors in autophagosome 

biogenesis. The order of action by this hierarchy begins with the Ulk1 kinase complex, 

followed by the PI3K complex, followed by WIPI-1 (Atg18), and finally the two 

ubiquitin-like systems and their binding partners (Itakura and Mizushima 2010). This is 

consistent with determined mechanisms of action and binding for each. 

 mTOR Kinase. Because autophagy is a stress response pathway whose excessive 

activation may lead to cell death, it is necessary to avoid maximal induction of autophagy 

under pro-growth conditions. This is accomplished by linking autophagy induction to the 

acitivity of the mechanistic target of rapamycin (mTOR). Active mTOR phosphorylates 

Atg13 in yeast at multiple serine residues, blocking their activity and thereby inhibiting 

autophagy (Kamada et al. 2010). In metazoans, mTOR integrates insulin signaling and 

amino acid availability, meaning that in the absence of either, mTOR activity is reduced 

in a manner permissive to autophagy (He and Klionsky 2009). 
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 Membrane input in autophagosome biogenesis. The source of the membrane 

used to form the autophagosome has been a topic of some debate. Studies have suggested 

input from several membrane sources including endoplasmic reticulum (ER), 

mitochondria, plasma membrane, recycling endosomes, and golgi (Bernard and Klionsky 

2013). Recent efforts have demonstrated formation of autophagosomes at contact sites 

between ER and mitochondria (Hamasaki et al. 2013), while key autophagic proteins 

Atg9 and Atg16 cycle through the plasma membrane and recycling endosomes (Puri et al. 

2013), creating a convenient theoretical bridge between competing theories. 

 Autophagy receptors. While autophagy is often described as a bulk degradation 

pathway showing little discrimination, it has become increasingly clear that many 

substrates of the autophagosome are there by design. This is because of a class of adaptor 

proteins that link targeted elements to the autophagosomal membrane. In yeast, specific 

delivery of substrates to the vacuole by the autophagosome is known as the cytoplasm-to-

vacuole trafficking (CVT) pathway. It is considered distinct from autophagy primarily 

due to the fact that substrates delivered in this manner, a-aminopeptidase I and a-

mannosidase-I, are active in the vacuole rather than targets for degradation (Ohsumi 

2014). The CVT pathway cargo are recruited to vesicular structures for encapsulation by 

two adaptor proteins, Atg19 and Atg34 (Ohsumi 2014). The concept of adaptor proteins 

recruiting cargo is conserved in the selective autophagy of higher eukaryotes, where the 

model for autophagy adaptor proteins is ubiquitin-binding protein p62. This adaptor 

possesses both an ubiquitin binding domain and a LC3 interacting region (LIR), linking 

ubiquitinated substrates including protein aggregates to lipidated LC3 at the IM, driving 
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their engulfment by the autophagosome (Lippai and Low 2014). A large group of adaptor 

proteins has been identified in mammals, and have been linked to selective autophagy of 

protein aggregates, malfunctioning mitochondria, ER, and nuclear membrane (Lippai and 

Low 2014; Mochida et al. 2015). 

 

The Atg1 kinase complex 

 As the initiator of autophagy and the scaffold for assembly of other pro-autophagy 

factors, the complex containing Atg1 kinase has received considerable attention in the 

literature. The complex transduces nutrient status signaling through sensitivity to the 

activity of mTOR. In yeast, hyperphosphorylation of Atg13 by mTOR has been 

demonstrated (Kamada et al. 2010; Ohsumi 2014). Nutrient availability and TOR activity 

regulate Atg1-13 binding in yeast (Kamada et al. 2010), while the association of Atg1 

and 13 in Drosophila and mammals appears constitutive (Chang and Neufeld 2009; Jung 

et al. 2009). Loss of mTOR activity leads to rapid dephosphorylation of Atg13 followed 

closely by increased Atg1 activity and induction of autophagy (Kamada et al. 2010). 

 Atg1 kinase activity, though required for autophagy, is not required for formation 

of the Atg1-Atg13-Atg17 complex or assembly of these factors at the PAS (Cheong et al. 

2008). However, expression of a kinase-defective Drosophila Atg1 or Ulk1 results in a 

block to starvation-induced autophagy (Scott et al. 2007; Cheong et al. 2008; Chan et al. 

2009), likely due to competition with the endogenous form for binding partners. 

Overexpression of wild-type Atg1 in Drosophila induces autophagy, while coexpression 

of Atg13 greatly enhances induction. Overexpression of Drosophila Atg13 alone, 
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however, blocks starvation-induced autophagy in a manner reminiscent of kinase-

defective Atg1, underscoring the importance of correct stoichiometry between Atg1 and 

Atg13 (Chang and Neufeld 2009). 

 The yeast Atg17 gene is not apparently conserved in higher eukaryotes; its 

functions are instead matched by another protein, FIP200. In yeast, Atg17 is the first 

protein aside from Atg1 recruited to the PAS, and is required for further recruitment of 

pro-autophagy elements (Suzuki et al. 2007). In mammals, Ulk1 and FIP200 are first in 

the genetic hierarchy of required autophagy genes, and are required for recruitment of the 

Vps34 PI3kinase complex (Itakura and Mizushima 2010). 

 While Atg29 and 31 (required structural elements of the Atg1 kinase complex in 

yeast) do not appear to be conserved in higher eukaryotes (Mizushima 2010), a novel 

complex member has been identified in mammals. This protein, Atg101, binds Atg13 in a 

nutrient-insensitive manner and is required for autophagy and maintenance of Atg13 and 

Ulk1 stability (Hosokawa et al. 2009).  

 In humans and other mammals, two Atg1 homologs have been identified 

(Mizushima 2010). Named Unc51-like kinase (Ulk) 1 and 2 after C. elegans Unc51, these 

two proteins appear to divide or redundantly cover the duties of Atg1/Unc51. The 

specificity and relative contribution of each, however, remains poorly understood 

(Mizushima 2010; Ohsumi 2014). Ulk1, but not Ulk2, is required for normal Atg9 

cycling, suggesting that Ulk1 represents the primary Atg1 homolog in mammals (Ohsumi 

2014). However, Ulk1 mutant mice demonstrate only a mild anemic phenotype, whereas 

Atg5 mutant mice die within 24 hours of birth (Ohsumi 2014). To complicate matters 
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further, three more genes predicted to produce proteins with Unc51-like kinase domains, 

Ulk3, Ulk4, and STK36, also appear in the mammalian genome (Mizushima 2010). 

 

Cellular roles for Ulk3 

 Unc51-like kinase family member Ulk3 is a mammalian protein possessing the 

defining N-terminal kinase domain as well as a pair of MIT (microtubule interacting and 

trafficking motif) domains in the C-terminal half of its sequence. Ulk3 activity in 

mammals appears to be diverse. 

 A pair of studies by Maloverjan et. al (Maloverjan et al. 2010a; Maloverjan et al. 

2010b) represent the first mechanistic investigations of an Ulk3 activity. In these studies 

they demonstrate that Ulk3 acts as the mammalian fused kinase homolog. Ulk3 

phosphorylates the Gli family of transcriptional modulators, promoting their nuclear 

translocation and subsequent transcriptional control. Ulk3 can bind to mammalian 

Suppressor of Fused, and this interaction blocks Ulk3 activity on Gli proteins.  

 Quite recently, a new study on Ulk3 demonstrated a second, seemingly unrelated 

function for Ulk3 in preventing cytokinetic abcission in response to checkpoint failures. 

Caballe et. al found that Ulk3 binds and phosphorylates ESCRT (Endosomal Sorting 

Complexes Required for Transport)-III subunits via its MIT domains, preventing them 

from driving abcission (Caballe et al. 2015). 

 Human population studies have repeatedly identified polymorphisms at the Ulk3 

locus associated with hypertension in several genome-wide association studies of various 

populations (Levy et al. 2009; Takeuchi et al. 2010; Fox et al. 2011; Lin et al. 2011; 
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Natekar et al. 2014; Lardjam-Hetraf et al. 2015), suggesting a possible link between Ulk3 

and human disease states. A study with the threespine stickleback has corroborated a link 

between the Ulk3 locus and salt handling, a process closely related to blood pressure, 

indicating that the Ulk3 locus's relationship to the maintenance of regular circulation may 

be conserved (Wang et al. 2014). 

 Perhaps the first demonstration of Ulk3 function was by Young et. al (Young et 

al. 2009), who found that during oncogene-induced senescence in IMR90 human diploid 

fibroblast cell culture a group of proteins including Ulk3 were upregulated. They went on 

to demonstrate that overexpression of Ulk3 in IMR90 cells induced a senescent state, and 

that it increased the levels of lipid-conjugated LC3. They also showed limited 

colocalization between Ulk3 and autophagy related protein Atg12. The study did not, 

however, go far enough to be certain of induction of autophagy, nor did it investigate a 

mechanism for the phenotype. 

 Ulk3 is conserved in many species, including D. melanogaster. The D. 

melanogaster homolog, previously identified by procedurally generated name CG8866, 

has not been characterized previously. In one 2013 paper, knockdown of CG8866 by 

shRNA reduced the severity of a rough-eye phenotype in a screen for modulators of 

toxicity caused by overexpression of an aggregate-prone ataxin mutant (Park et al. 2013). 

Further study of CG8866 was not undertaken. The authors proposed that because of the 

role of mammalian Ulk3 in hedgehog signaling, CG8866 fit in with a group of screen hits 

connected to mitogen activated protein kinase pathways. 



 

 15 

 The predicted product of CG8866 possesses the same kinase and MIT domains as 

the mammalian protein, despite being among the most distantly related homologs to 

human Ulk3 identified by protein sequence conservation at 46% (HomoloGene). After 

describing the first mutant of CG8866, we have named this gene "Another Drosophila 

Unc51-like Kinase" (ADUK), in deference to its Unc51 family kinase domain and the 

fact that Atg1 is the direct Unc51 homolog in D. melanogaster. In Chapter 2, its role in 

autophagy is described. 

 

Atg1-independent induction of autophagy 

 The recent advent of cell lines mutant for both Ulk1 and 2 (Alers et al. 2011; 

Cheong et al. 2011), have allowed the novel finding of functional autophagy in the 

absence of an Atg1 homolog. In one study, Cheong et. al noticed that their Ulk1/2 mutant 

cells left in old media initiated autophagy despite the addition of sufficient nutrients 

(Cheong et al. 2011). They found that this was due to an accumulation of ammonia waste 

in the media, and demonstrated that ammonia was sufficient to induce autophagy in 

control and Ulk1/2 mutant cells, but not in Atg5 mutants. The classic autophagy 

induction protocol of serum starvation, on the other hand, only induced autophagy in 

control cells, demonstrating that Ulk1 and 2 requirement during starvation-induced 

autophagy was intact. The authors proposed that ammonia-induced autophagy exists to 

respond to glucose starvation, when breakdown of amino acid glutamine releases excess 

ammonia. They did not find a mechanism for autophagy initiation in the absence of Ulk1 

and 2. Another study of Ulk1 and 2 mutant chicken DT40 cells (Alers et al. 2011) in 
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culture also found autophagy, but in a surprising twist found no perturbation of 

autophagy at all in this cell type. Even in response to serum starvation, autophagy 

proceeded normally, in opposition to the observation in MEFs made by Cheong et. al. 

Requirement for Atg13 remained intact, suggesting two complementary ideas: Ulk1/2 

may be redundant in some contexts with an unknown factor, and Atg13 remains crucial 

to autophagy initiation even in this alternative, tissue-specific mechanism. 

 Previous to the demonstration of Ulk1/2 independent autophagy in mammals, 

Atg1-independent autophagy had been demonstrated in D. melanogaster, though never in 

response to external stimuli. Rather, Chang and Neufeld showed that autophagosome 

induction by overexpression of Jun-N-terminal kinase (JNK) homolog Basket was 

possible even in the absence of both Atg1 and Atg13 (Chang and Neufeld 2009).  

 

Unc76: a substrate of Atg1 kinase activity with multiple 

roles 

 C. elegans Atg1 homolog Uncoordinated 51 is so named in recognition of a 

second role for the kinase. Loss of Unc51 results in uncoordinated animal movement, 

possibly due to poor synaptic development (Ogura and Goshima 2006). Studies of Atg1 

in D. melanogaster have further demonstrated a role for the kinase in synaptic vesicle 

trafficking, where Atg1 phosphorylates kinesin heavy chain cargo adaptor protein 

Uncoordinated 76 (Unc76), permitting normal synaptic vesicle trafficking (Toda et al. 

2008). As a consequence of Atg1 loss in D. melanogaster, larvae demonstrate a pupal-
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lethal phenotype that can be rescued by neuronal expression of Atg1 (communication 

from Yu-Yun Chang) and an accumulation of synaptic vesicles in segmental nerve axons 

that can be rescued by expression of phospho-mimetic Unc-76 (Toda et al. 2008). This 

mechanism appears to represent a role separate from autophagy for Atg1 in another 

vesicular trafficking pathway. To what extent autophagy-related proteins share duties in 

synaptic vesicle trafficking is poorly understood; however, a role for Unc76 in regulation 

of autophagy has been suggested in a report of results from a screen conducted by 

McKnight et. al of the Tooze lab (McKnight et al. 2012). In this screen, knockdown of 

mammalian Unc76 homolog Fez1 by RNA interference resulted in elevated accumulation 

of autophagosomes, suggesting that Fez1 negatively regulates mammalian autophagy. In 

fact, further exploration demonstrated a dual role for Fez1 in autophagy as part of two 

Ulk1-containing complexes: a pro-autophagy complex including Fez1 binding partner 

SCOC and an anti-autophagy complex lacking SCOC (McKnight et al. 2012). Previous to 

the publication of the McKnight paper, the relationship between Unc76 and Atg1 caused 

us to consider the role of Unc76 in autophagy phenotypes in the Drosophila fat body. 

This role appears to differ from the mammalian observations published since. Our 

findings on Unc76 are briefly described at the end of Chapter 2. 

 

Study of autophagy in Drosophila. 

 Study of autophagy in Drosophila has demonstrated strong conservation of the 

process and regulation of autophagy. As a model system, Drosophila has been well-

developed in the past decade for monitoring every stage of autophagy. Amino acid 
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starvation of Drosophila larvae by transfer from standard food to 20% sucrose results in 

accumulation of mCherry-Atg8a punctae indicative of autophagosome formation, similar 

to the manner in which withdrawal of growth factors leads to accumulation of GFP-LC3 

(Mauvezin et al. 2014).  These colocalize with lysosomal associated membrane protein 

(LAMP)-GFP, suggesting autolysosome formation (Mauvezin et al. 2014). Autolysosome 

acidification is tracked by acidotropic dye Lysotracker and fluorescent fusion protein 

GFP-mCherry-Atg8a: Lysotracker punctae appear only after expansion of the acidic 

compartment by autolysosome formation, while GFP signal is quenched in acidic 

environments, resulting in punctae positive only for mCherry (Mauvezin et al. 2014). 

Whether amino acid efflux from lysosomes is successful as a temporary resource can be 

monitored by assessing mTOR activity. Phosphorylation of mTOR substrate S6-kinase, 

which is high under well-fed conditions, is reduced or lost shortly after initiation of 

amino acid starvation. S6-kinase phosphorylation is recovered, however, around 6 hours 

into starvation treatment in a manner dependent on an intact autophagic pathway (Yu et 

al. 2010; Rong et al. 2011), indicative of nutrient efflux and mTOR reactivation. 

 Work in Drosophila has successfully recapitulated and at times expanded on the 

understanding of autophagy obtained in other models. Atg1 and 13 homologs are 

required for starvation-induced autophagy (Scott et al. 2004; Chang and Neufeld 2009), 

and form nutrient-sensitive complexes (Chang and Neufeld 2009). Atg1 

hyperphosphorylates Atg13 in a direct manner, and Atg1 kinase activity is required for 

functional starvation-induced autophagy (Scott et al. 2007). Autophagy induction is 

regulated by insulin and mTOR signaling, with the added Drosophila-specific caveat that 
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active Atg1 inhibits mTOR activation, suggesting a feed-forward loop is involved in 

driving maximal autophagy activation once mTOR activity becomes sufficiently low 

(Scott et al. 2004). Recently, the role of the Drosophila FIP200 homolog in autophagy 

was verified (Kim et al. 2013; Nagy et al. 2014). Of the Drosophila homologs to the 

mammalian Atg1/Ulk1 kinase complex, only the role of Atg101 remains to be tested for 

conservation of function (Chang and Neufeld 2010). The Vps34 complex is also recruited 

for membrane nucleation: Vps34, Vps15, and Atg6 are conserved and have confirmed 

roles in autophagy, while a homolog of Atg14 has been identified but remains untested 

(Chang and Neufeld 2010). 

 As mentioned above, Atg8 conjugation to PE on autophagic membranes is intact 

and represents a useful readout for autophagy induction (Mauvezin et al. 2014). 

Likewise, Atg12-5 conjugation occurs in similar fashion and with identically named 

homologous effectors to those in yeast (Chang and Neufeld 2010). 
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Chapter 2: Regulation of autophagy by the Unc-51 like 

kinase family in Drosophila melanogaster 
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ADUK, an Ulk3 homologue, induces autophagy and 

localizes to autophagosomes in Drosophila 

 While considering possible mechanisms for Atg1-independent autophagy 

regulation, we identified the mammalian protein Ulk3 as a strong candidate for its Atg1-

family kinase domain and ability to induce accumulation of autophagic markers in cell 

culture (Young et al. 2009). We then sought to identify non-mammalian homologues, and 

found that unstudied gene CG8866 in Drosophila melanogaster encodes a protein with 

similar predicted kinase and MIT (microtubule interacting and trafficking motif) domains 

(Figure 1A). No such Ulk3 homologue was readily identified in Caenorhabditis elegans 

or Saccharomyces cerevisiae (not shown). To examine the effect of CG8866 (hereafter 

referred to as ADUK) on autophagy in Drosophila, we generated transgenic lines capable 

of overexpressing ADUK. To detect autophagic vesicles, we co-expressed mCherry-

tagged Atg8a, an ubiquitin-like molecule that labels the membranes of autophagosomes 

and autolysosomes. Clonal overexpression of ADUK in the fat body of well-fed 

Drosophila larvae led to accumulation of mCherry-Atg8a punctae, whereas autophagy 

was limited to basal levels in surrounding control cells (Figure 1B-B'').  

 An increase in the number of autophagic vesicles can be indicative of either 

autophagy induction or a late-stage block in autophagosome-lysosome fusion or 

acidification, leading to an accumulation of early or defective structures with no means of 

turnover (Klionsky et al. 2012; Mauvezin et al. 2014). We therefore asked whether 

autophagosomes colocalized with lysosomes and whether autolysosome acidification was 

intact in ADUK-expressing cells, both necessary steps in the formation of functional 
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autolysosomes. ADUK-induced mCherry-Atg8a punctae did indeed co-localize with the 

lysosomal marker LAMP1-GFP (Figure 2A-A''). Use of the acidic compartment dye 

Lysotracker showed normal development of acidic vesicles in ADUK overexpression 

clones (Figure 2B-B''), consistent with formation of autolysosomes during autophagy 

(Scott et al. 2004). To further explore the possibility of a late stage block, we tested the 

effect of ADUK overexpression during a stimulus known to induce autophagy, amino 

acid starvation. During starvation-induced autophagy, a downstream block in 

autophagosome maturation or turnover results an excessive size and number of 

autophagosomes (Mauvezin et al. 2015). However, clonal overexpression of ADUK in 

starved animals did not perturb the appearance of autophagosomes compared with those 

in wild-type neighboring cells (Figure 2C-C''), further suggesting that a block in 

turnover is not the reason for ADUK-induced mCherry-Atg8a punctae. Together, these 

results indicate that ADUK overexpression leads to an increase in the number of 

autophagic vesicles by inducing autophagy, rather than by blocking progression of basal 

autophagy. 

 To monitor the sub-cellular localization of ADUK during autophagy, we 

generated a GFP-tagged ADUK transgene and followed its localization during ADUK-

induced autophagy. Interestingly, GFP-ADUK localized to punctate structures throughout 

the fat body, most of which colocalized with or adjacent to mCherry-Atg8a labeled 

vesicles (Figure 2D-D''). Thus, ADUK both induces and localizes to autophagic vesicles, 

as described for other Ulk-family kinases (Scott et al. 2007; Young et al. 2009; Nagy et 

al. 2014; Noda and Fujioka 2015). 
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Figure 1: The Drosophila Ulk3 homolog ADUK induces accumulation of autophagic 
vesicles 

 

A: Conservation of domain composition and amino acid sequence between human Ulk3 

and Drosophila ADUK. B: Overexpression of ADUK in GFP-marked fat body clones of 

well-fed animals results in mCherry-Atg8a punctae accumulation, compared with diffuse 

mCherry-Atg8a in neighboring control cells. Nuclei are counterstained with DAPI. Scale 

bar represents 10 µm. 
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Figure 2: ADUK induces autophagy and colocalizes with autophagic markers. 
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Figure 2: ADUK induces autophagy and colocalizes with autophagic markers. 
 
 
A-A’’: mCherry-Atg8a punctae co-localize with Lamp-GFP-marked lysosomes in 

response to ADUK overexpression throughout the fat body of well-fed animals. Closeup 

of single punctum in insets. B-B’’: Overexpression of ADUK in GFP-marked clones 

induces formation of enlarged acidic vesicles under fed conditions, as indicated by 

Lysotracker staining. C-C’’: mCherry-Atg8a punctae formation in control cells and GFP-

marked ADUK overexpression clones of animals starved for amino acids. D-D’’: GFP-

ADUK co-localizes with mCherry-Atg8a labeled autophagosomes in well-fed animals. 

Closeup of two punctae in insets. Scale bar represents 10 µm. Nuclei counterstained with 

DAPI.  
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ADUK is an Atg1 independent inducer of autophagy, but 

interacts with other Atg1 complex members 

 As we initially set out in search of Atg1-independent mechanisms, we next tested 

the requirement for Atg1 in ADUK-induced autophagy. Null mutation of Atg1 has been 

shown to block autophagy induction in response to starvation and developmental cues in 

the larval fat body. Interestingly, clonal overexpression of ADUK in the fat bodies of 

Atg1-null mutant animals led to a robust formation of mCherry-Atg8a punctae (Figure 

3A-A''), indicating that autophagy was induced by ADUK expression despite a lack of 

Atg1. To further explore the relationship between Atg1 and ADUK, we examined the 

effect of ADUK on Atg1-induced phenotypes in the Drosophila eye. Atg1 

overexpression in the eye results in a reduced area (Scott et al. 2007), a phenotype that 

can be suppressed by depleting FIP200 (Figure 3E). Because ADUK and Atg1 

overexpression each induces autophagy, we expected co-expression of ADUK would 

enhance the Atg1 reduced-eye phenotype. Consistent with this idea, overexpression of 

ADUK in the eye also reduced eye size, though to a lesser degree than Atg1. 

 Surprisingly, co-expression of ADUK with Atg1 significantly suppressed the 

Atg1-induced eye size reduction phenotype (Figure 3E). This suggests that rather than 

enhancing Atg1-induced autophagy, ADUK either opposes Atg1 or competes for binding 

partners, thereby blunting the response to Atg1 overexpression. To test for competition 

between ADUK and Atg1, we attempted to block ADUK overexpression-induced 

autophagy in the fat body by co-expressing a dominant negative, kinase-defective Atg1. 
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This ablated the autophagic response to ADUK overexpression (Figure 3B&C), 

suggesting that dominant negative Atg1 is capable of interfering with factors necessary 

for ADUK-induced autophagy. Together, our results indicate that ADUK promotes 

autophagy independently of Atg1 and that these kinases potentially share required 

regulatory factors. 

 One of the best characterized Atg1 binding partners is Atg13, a structural protein 

required for starvation-induced autophagy. To ask whether autophagy induction by 

ADUK requires Atg13, we overexpressed ADUK in larvae mutant for a null allele of 

Atg13. In contrast to its effects in Atg1 mutant and wild type control cells, ADUK 

overexpression in Atg13 mutant cells did not lead to autophagy induction (Figure 3D-

D''), indicating that the function of Atg13 is required either together with or downstream 

of ADUK.  

 The ability of ADUK to induce autophagy in the absence of Atg1, but not in the 

absence of Atg13 or in the presence of a dominant negative Atg1, is consistent with 

ADUK competing with Atg1 for binding to Atg13. Although Atg1/Ulk1 and 

ADUK/ULK3 share no apparent sequence identity beyond their kinase domains, the C 

terminal region of both proteins contains structurally similar MIT domains that in the 

case of yeast Atg1 and mammalian Ulk1 have been shown to be required for Atg13 

binding (Row et al. 2007; Chan et al. 2009; Fujioka et al. 2014). To ask whether ADUK 

and Atg13 form a complex in vivo, we tested whether tagged versions of these proteins 

were capable of interacting by co-immunoprecipitation. As previously reported (Chang 

and Neufeld 2009), Flag-Atg13 readily co-immunoprecipitated with GFP-Atg1 from 
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extracts of larval fat body cells (Figure 3F). Similarly, GFP-ADUK was capable of 

pulling down Flag-Atg13, bolstering the idea of an autophagy initiating complex 

containing ADUK in place of Atg1. Interestingly, whereas overexpression of Atg1 led to 

phosphorylation and reduced gel migration of Atg13 as previously shown (Chang and 

Neufeld 2009), ADUK overexpression did not affect the migration properties of Atg13 

(Figure 3F, input). 

 To further explore the relationship between ADUK and Atg1 complex members, 

we examined the effects of Atg13 and FIP200 co-expression on ADUK overexpression 

phenotypes. For these experiments we used a GFP-ADUK transgenic stock that 

demonstrated weaker GFP-ADUK punctae formation and autophagy induction to allow 

for modulation of these phenotypes (Figure 4A and A', compare with Figure 2D-D''). 

Atg1-dependent autophagy has previously been shown to be enhanced by co-expression 

of Atg13 or FIP200 (Chang and Neufeld 2009; Nagy et al. 2014). Similarly, co-

expression of FIP200 with GFP-ADUK significantly enhanced the formation of both 

GFP-ADUK (Figure 4B) and mCherry-Atg8a punctae (Figure 4B'), consistent with 

cooperative activity between FIP200 and ADUK. In contrast, co-expression of Atg13 

with GFP-ADUK suppressed GFP-ADUK and mCherry-Atg8a punctae formation 

(Figure 4C and C'). Given that Atg13 participates in complex with ADUK and is 

required for its pro-autophagy function during overexpression, the failure of 

overexpressed Atg13 to form functional complexes with GFP-ADUK may represent a 

requirement for positive regulation at the level of Atg13. Proper stoichiometry of these 

subunits is also critical for their function, as overexpression of Atg13 on its own  
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Figure 3: ADUK-induced autophagy is Atg1-independent, but requires Atg13. 
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Figure 3: ADUK-induced autophagy is Atg1-independent, but requires Atg13. 
 
 
A-A’’: mCherry-Atg8a punctae accumulate in GFP-marked ADUK overexpression 

clones in well-fed animals homozygous for the Atg1∆3d null mutation. B&C: ADUK-

induced Lysotracker punctae formation (B) is blocked by co-expression of kinase-

defective Atg1K38Q (C). D-D’’: Overexpression of ADUK in GFP-marked clones does 

not induce mCherry-Atg8a punctae in well-fed animals homozygous for the Atg13∆81 null 

mutation. E: Adult eye area under GMR-GAL4 driven eye-specific overexpression of the 

indicated transgenes. **** = p<0.00005 vs. Con, #### = p<0.00005 vs. Atg1; Student’s 

t-test.  F: Flag-Atg13 co-immunoprecipitates from fat body lysates with GFP-Atg1 and 

GFP-ADUK but not with GFP. Scale bar represents 10 µm. Nuclei counterstained with 

DAPI.  
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Figure 4: ADUK overexpression phenotypes are modulated by coexpression of 
canonical Atg1 complex members. 

 
A-E: Autophagosome formation detected by mCherry-Atg8a punctae in response to 

independent overexpression of GFP-ADUK (A’), FIP200 (D), or Atg13 (E), or to co-

expression of GFP-ADUK with FIP200 (B’) or with Atg13 (C’). A'-C': GFP-ADUK 

punctae formation alone (A) or with FIP200 (B) or Atg13 (C) co-expression. I: GFP-

ADUK punctae per cell in genotypes shown in A'-C'. * = p<0. 05, ** = p<0. 005 vs. 

GFP-ADUK; Student’s t-test. J: mCherry-Atg8a punctae per cell in genotypes shown in 

A-E. All larvae raised in well-fed conditions. ** = p<0. 005 vs. ADUK, ## = p<0. 005 vs. 

FIP200; Student’s t-test. Scale bar represents 10 µm. Nuclei counterstained with DAPI. 
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has previously been shown to suppress starvation-induced autophagy (Chang and Neufeld 

2009).  

 

Loss of ADUK reduces lifespan and perturbs autophagic 

response to a complex stressor 

 The findings that ADUK induces autophagy Atg1-independently, interacts with 

Atg1 binding partners, and bears a similar kinase domain to Atg1 are consistent with 

ADUK representing a parallel pathway to Atg1, converging at the level of Atg13 and 

FIP200. It is also possible, however, that ADUK acts downstream of Atg1 in a second 

complex requiring similar elements. To distinguish between these possibilities and to 

further explore the role of ADUK during autophagy, we generated an ADUK deletion 

allele by imprecise P-element excision. The deletion, designated ∆3b, eliminates 705 

nucleotides. This removes the majority of the conserved kinase domain, including the 

putative ATP-binding pocket, and creates a frame-shift leading to a premature stop after 6 

codons (Figure 5A). Animals homozygous for the ADUK∆3b mutation demonstrated no 

obvious defect, though mutant survival post-eclosure was reduced compared with wild-

type animals (Figure 5B). In comparison, loss of Atg1 results in a more severe pupal-

lethal phenotype, due in part to essential non-autophagic functions of Atg1 in neuronal 

trafficking and development (Scott et al. 2004; Toda et al. 2008).  

 ADUK∆3b mutant clones displayed no ectopic autophagy under non-stressed 

conditions, consistent with the pro-autophagy role demonstrated by overexpression (data 
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not shown). ADUK mutants also displayed normal autophagosome formation in 

response to amino acid starvation (Figure 5C-C'') and during wandering phase 

developmental autophagy (Figure 5D-D''), both of which are Atg1-dependent autophagy 

stimuli. Thus ADUK is not required downstream of Atg1, further supporting that these 

kinases act in parallel. 

 If ADUK represents an Atg1-independent parallel mechanism for engaging the 

autophagic machinery, the question becomes whether ADUK represents a redundant 

Atg1-like protein or an effector required for autophagy in response to a different stimulus 

or set of stimuli. Of several potential alternative autophagy stimuli examined, we found 

that ADUK was required for induction of autophagy in response to the amphipathic 

solvent DMSO, which was recently shown to decrease triglyceride accumulation through 

induction of autophagy in hepatocytes (Song et al. 2012). Subjecting larvae to DMSO-

containing food induced autophagy in wild type fat body cells, and this response was 

blunted in ADUK∆3b mutant clones (Figure 5E-E''). DMSO has been shown to have 

diverse effects on Ca2+-dependent signaling, nucleotide metabolism and global patterns 

of transcription and protein phosphorylation, suggesting that its effects on autophagy are 

likely complex (Scher et al. 1982; Faille et al. 1986; Morley and Whitfield 1993). 

Overall, the finding that ADUK is involved in autophagy induction in a manner that 

cannot be compensated for by Atg1 alone demonstrates that these kinases can function 

non-redundantly and in parallel to activate autophagy in response to distinct cues. 
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Figure 5: Loss of ADUK reduces adult survival and blunts autophagic response to 

DMSO. 
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Figure 5: Loss of ADUK reduces adult survival and blunts autophagic response to 
DMSO. 
 

A: Schematic showing the extent of the ADUK∆3b deletion. Scale indicates the genomic 

region on the right arm of chromosome 3. B: Animals homozygous for ADUK∆3b 

demonstrate reduced adult survival. C-E’’: ADUK∆3b mutant clones (GFP negative cells) 

demonstrate normal formation of mCherry-Atg8a-marked autophagic vesicles in response 

to amino acid starvation (C-C’’) and during wandering stage developmental autophagy 

(D-D’’) but not in response to 5 hour feeding with food containing 5% DMSO. Scale bar 

represents 20 µm. Nuclei counterstained with DAPI. 
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Stimuli of alternative autophagy mechanisms require Atg1 

and not ADUK 

 In an effort to find upstream regulators of ADUK-dependent autophagy we 

examined the ability of several external stressors to induce autophagy in control and 

mutant animals. In particular, ammonia-induced autophagy and paraquat-induced 

autophagy represented appealing candidates. Ammonia, as previously discussed, induces 

autophagy in mammalian cell culture independently of Ulk1 and Ulk2 (Cheong et al. 

2011). Paraquat is a viologen capable of shunting electrons from the electron transfer 

chain to molecular oxygen, and thus forms reactive oxygen species (ROS), an insult 

believed to induce autophagy through activation of JNK, a known Atg1-independent 

inducer of autophagy in Drosophila (Chang and Neufeld 2009). 

 Control larvae given food containing 100mM paraquat accumulated Lysotracker 

punctae over 3.5h in fat body tissue (Figure 6A). Consistent with Atg1-independent 

JNK/Bsk induction of autophagy, Atg1 mutant animals also accumulated Lysotracker 

punctae in response to paraquat (Figure 6C). Likewise, ADUK mutants accumulated 

Lysotracker punctae in a similar manner (Figure 6B). This is consistent with published 

data on Bsk, which does not require Atg1 or Atg13 to induce autophagy (Chang and 

Neufeld 2009). As we have already demonstrated, ADUK induction of autophagy is 

Atg13 dependent, making it unlikely that it is required for induction of autophagy 

through Bsk. 

 Addition of 2.5 mM ammonium sulfate to larval food resulted in accumulation of 

mCherry-Atg8a punctae over 4h in control animals (Figure 6D). ADUK mutant animals 
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likewise accumulated mCherry-Atg8a punctae (Figure 6E), indicating that ADUK is not 

required for ammonia-induced autophagy in Drosophila. Contrary to mammalian work 

(Cheong et al. 2011), Atg1 mutants were not capable of inducing autophagy in response 

to excess ammonia (Figure 6F). 

Loss of Atg1 kinase target Unc76 differentially affects 

markers of autophagy 

 In considering candidate genes related to Unc51 family regulation of autophagy, 

the matter of the dual roles of Atg1 in autophagy and synaptic vesicle trafficking created 

an interesting opportunity to interrogate whether known Atg1 effector Unc76 possessed a 

similar dual role. Previous work by Toda et. al has demonstrated that publicly available 

P-element insertion G0310 represents a null Unc76 allele (Toda et al. 2008). Examination 

of Lysotracker punctae formation during starvation of Un76 mutants showed little or no 

response, while heterozygous control animals displayed strong punctae formation 

(Figure 7A&B). This phenotype was not observed in Unc76 mutant clones, indicating a 

non-autonomous mechanism (Figure 7D-D''). Surprisingly, mCherry-Atg8a punctae still 

formed in Unc76 mutant animals (Figure 7C), suggesting autophagosomes form but fail 

to acidify. To verify this interpretation, we assessed the ability of autophagosomes in 

Unc76 mutants to quench GFP. GFP-mCherry-Atg8a is a useful tool for separation of 

acidified and non-acidified autophagic vesicles, as GFP fluorescence is lost in acidic 

conditions while mCherry retains signal. Thus, while acidified vesicles display only 
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Figure 6: Alternative autophagy stimuli paraquat and ammonia do not require 

ADUK. 
 
A-C: Autophagosome formation detected by Lysotracker punctae in response to 3.5h 

feeding with standard food containing 100mM paraquat in animals with indicated 

mutations D-F: mCherry-Atg8a punctae formation in response to 4h feeding with 

standard food containing 2.5mM ammonia in animals with the indicated mutations. All 

larvae raised in well-fed conditions. Scale bar represents 10 µm. Nuclei counterstained 

with DAPI. 

 
 
  



 

 39 

 
 mCherry fluorescence, vesicles with higher pH display both mCherry and GFP signal . 

GFP-mCherry-Atg8a expressed in both control (Figure 8A-A'') and Unc76 mutant 

animals (Figure 8B-B'') formed largely mCherry-only punctae, indicating that these 

vesicles do acidify. Because the pH required for Lysotracker staining and GFP quenching 

are not defined, it was not possible to know from these experiments whether the 

disagreement between these two indicators represents an intermediate pH or a failure in 

Lysotracker retention through another unknown mechanism. 
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Figure 7: Unc76 is required for Lysotracker punctae formation non-autonomously 
but is not required for mCh-Atg8a punctae formation. 

 
A&B: Lysotracker punctae in response to 4h starvation in control (A) and Unc76 mutant 

(B) animals. C: Autophagosome formation detected by mCherry-Atg8a in Unc76 mutant 

animals in response to 4h starvation. D-D'': Lysotracker punctae formation in response to 

4h starvation in GFP negative Unc76 mutant cell is similar to neighboring control cell. 

Scale bar represents 10 µm. Nuclei counterstained with DAPI. 
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Figure 8: Unc76 is not required for GFP-mCh-Atg8a punctae formation or for 
quenching of GFP. 

 
A-D'': Autophagosomes detected in control (A-A'') and Unc76 mutant (B-B'') animals 

by GFP-mCherry-Atg8a demonstrates GFP quenching (A'&B') at mCherry punctae 

(A&B). All larvae starved 4h. Scale bar represents 10 µm. Nuclei counterstained with 

DAPI. 
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Chapter 3: Discussion 
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Atg1 independent induction of autophagy by the 

Drosophila Ulk3 homolog ADUK 

 The Unc51-like family of protein kinases has undergone considerable 

diversification across species, from a single gene in yeast and nematodes to five known 

members in humans. While Ulk1 and Ulk2 each have demonstrated roles in autophagy, 

the involvement of Ulk3, Ulk4, and STK36 remains unknown. Drosophila, with two 

known Unc51-like kinases: Atg1 and Ulk3 homolog ADUK, represents an intriguing 

opportunity to understand how Ulk3 homologs are involved in autophagy. 

 Previous work by Cheong et. al on Ulk3 in mammalian cell culture (Cheong et al. 

2011) demonstrated three things: First, oncogene induced senescence (OIS) activates 

autophagy and up-regulates a set of known and suspected autophagy related genes. 

Second, autophagy inhibition blunts the senescence program in response to OIS. Finally, 

Ulk3, as a gene up-regulated in response to OIS, is capable of inducing accumulation of 

lipidated LC3 and a senescent phenotype through its overexpression. While this work 

highlighted an exciting link between autophagy and senescence, it did not suffice to 

establish Ulk3 as an inducer of autophagy. This is because both induction of autophagy 

and late-stage blocks in the process at autophagosome-lysosome fusion or autolysosome 

acidification can result in accumulation of autophagic markers (Mauvezin et al. 2014). 

We have now demonstrated that Ulk3 homolog ADUK is an inducer of autophagy by 

examining not only the accumulation of mCherry-Atg8a punctae (autophagosomes), but 

also colocalization of autophagosomes with LAMP-GFP (late endosomes/lysosomes) and 
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formation of acidified autolysosomes. We further find that adding a second inducing 

stimulus, starvation, does not result in enhanced accumulation of autophagosomes, 

consistent with intact autophagic flux.  

 Up to now no mechanism for plausibly circumventing Atg1 during autophagy 

induction has been demonstrated. ADUK and potentially its mammalian counterpart Ulk3 

represent an appealingly simple method for sidestepping the requirement for Atg1 during 

autophagy induction. Our data show that ADUK is capable of inducing autophagy even 

in the absence of Atg1, and furthermore that it requires and physically interacts with 

Atg13. ADUK phenotypes are also enhanced by co-expression of FIP200, another 

member of the canonical Atg1 autophagy initiation complex. It seems reasonable to infer 

that ADUK, which shares a kinase domain with Atg1, may simply supplant Atg1 in the 

autophagy initiation complex and go on to act similarly on downstream targets. Recently, 

work in DT40 lymphoma cells showed that autophagy induction requires Atg13 but not 

Ulk1 or Ulk2, suggesting that the promiscuity of Atg13 is conserved (Alers et al. 2011). 

 Given the ability of ADUK to induce autophagy in the absence of Atg1 in a 

manner involving two of the three known remaining induction complex members, our 

model is that ADUK forms a separate induction complex sensitive to one or more 

alternative upstream stimuli. The next obvious question is: which upstream stimuli? 

While we tested several environmental and chemical stressors, only DMSO-induced 

autophagy was clearly sensitive to ADUK mutation. DMSO is a complex stressor whose 

application affects cellular signaling and metabolism broadly, meaning the search for a 

physiologically relevant ADUK-dependent stressor remains a challenge. 
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 Two other stimuli of note were paraquat and ammonia feeding regimens. 

Autophagy induced by paraquat required neither ADUK nor Atg1, suggesting that 

another alternative autophagy induction pathway remains to be discovered in Drosophila. 

This is consistent with the fact that both ADUK and Atg1 require Atg13 to induce 

autophagy, while overexpression of known ROS response element Bsk/JNK induces 

autophagy in a manner independent not only of Atg1 but also Atg13 (Chang and Neufeld 

2009). Meanwhile, ammonia-induced autophagy appears to require Atg1 in Drosophila, 

despite being independent of Atg1 homologs Ulk1 and Ulk2 in mammals. This fact does 

not entirely rule out a role for Ulk3 in mammalian ammonia-induced autophagy, as 

mammalian Ulk3 appears to have acquired a number of functions unlikely to be found in 

ADUK. 

 Mammalian cell culture work on Ulk3 has yielded an interesting pair of papers 

establishing a role for the kinase in the Hedgehog signaling pathway, where it acts as a 

homologue to the Drosophila Fused kinase by phosphorylating and promoting the nuclear 

translocation of Gli transcription factors (Maloverjan et al. 2010a). This is of potential 

relevance to our work, as a link between Hedgehog signaling and autophagy exists in 

both mammalian and Drosophila models (Jimenez-Sanchez et al. 2012). However, active 

Hedgehog signaling inhibits autophagy, meaning that mammalian Ulk3's roles as both 

pro-Hedgehog and pro-autophagy conflict and may represent separate populations of the 

kinase. Furthermore, we observed no obvious cell growth modulation, developmental 

timing change, or morphological defects in Drosophila ADUK mutant or overexpression 
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lines, making it unlikely that ADUK plays a major role in the Drosophila Hedgehog 

signaling pathway. 

 The most recently attributed mammalian Ulk3 function, regulation of cytokinetic 

abcission (Caballe et al. 2015), seems equally unlikely to be conserved in Drosophila. 

Again, loss of ADUK has minimal consequence to the viability of mutant animals, 

suggesting that its role is not crucial to development.  

 Though ADUK appears to fulfill the duties of Atg1 in autophagy induction, its 

relationship with Atg13 seems more complex. Co-expression of Atg1 with Atg13 results 

in high levels of autophagy and increased phosphorylation of Atg13, but neither is 

observed when ADUK and Atg13 are co-expressed. While the consequences of Atg13 

phosphorylation remain unknown, the inhibition of starvation- and ADUK-induced 

autophagy by Atg13 overexpression suggests that ADUK may be a less potent activator 

than Atg1, or that another unknown activating signal may be required at the level of 

Atg13 for ADUK-induced autophagy to progress. Alternatively Atg13 might sequester 

binding partners necessary for ADUK-induced autophagy in a way that is not relevant to 

Atg1-induced autophagy. Each of these possibilities offers the opportunity for further 

distinction between ADUK- and Atg1-dependent autophagy with further study. 

 ADUK induces autophagy by a novel type of Atg1-independent mechanism, 

likely replacing Atg1 in the canonical autophagy-initiation complex containing Atg13 

and FIP200 to engage autophagic machinery. Future efforts toward investigation of this 

previously unappreciated regulatory access point to a crucial catabolic process stand to 
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significantly enhance the picture of autophagic regulatory signaling and render our 

understanding of homeostatic maintenance more complete.  

 

Role for Unc76 in autophagy 

 The dual role of Atg1 in neuronal development/synaptic vesicle trafficking and 

induction of autophagy demonstrates its role as director of diverse vesicular movements. 

To what extent the machinery of these two processes is shared remains poorly 

understood. Because it is a direct target of Atg1 kinase activity, we tested whether Unc76 

is also shared between the two programs. Oddly, Unc76 appears to be required for 

formation of Lysotracker punctae, despite the fact that autophagosomes form and acidify 

sufficiently to quench the GFP signal of GFP-mCherry-Atg8a. This is surprising, as 

Lysotracker and GFP-quenching are each measures of autolysosome acidification. How, 

then, is mutation of Unc76 able to block Lysotracker formation? 

 Lysotracker and GFP-quenching are each pH-sensitive readouts. GFP 

fluorescence decreases rapidly at low pH, reaching 0 below pH 4, due to protonation at 

Tyr-66 of the chromophore with a pKa of 5.8 (Haupts et al. 1998). GFP-quenching is 

driven by distortion of the tertiary structure of the chromorophore, leading to signal loss. 

The exact maximum pH leading to a positive response from Lysotracker under 

physiologic conditions is not known (per the product manual). Lysotracker is a 

membrane-permeable fluorophore that likely becomes incapable of crossing membranes 

when protonated (product manual). It is possible that autolysosomes are partially 
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acidified in the absence of Unc76 to a degree sufficient for GFP quenching but not for 

Lysotracker punctae formation. 

 Perhaps even more surprising is the fact that the Unc76 mutant phenotype appears 

to be non cell-autonomous. How only global loss of Unc76 could affect autolysosome 

acidification but not formation is a challenging puzzle. Furthermore, it remains to be seen 

whether failure to accumulate Lysotracker represents a true functional defect. Loss of 

lysosomal hydrolases in Drosophila results in an accumulation of massive dysfunctional 

autolysosomes during starvation (Mauvezin et al. 2015), which is not the case in Unc76 

mutants. 

 What seems most clear is that the role for Unc76 mammalian homolog Fez1 in 

autophagy that has been published since the initiation of our work in Drosophila is not 

clearly conserved. While loss of Fez1 resulted in increased autophagy in mammalian cell 

culture (McKnight et al. 2012), loss of Unc76, on the contrary, seems to have only 

impaired autophagic phenotypes. 

 

Summary 

 The Unc51-like kinase family holds a key role in the induction of autophagy. 

While previous work has focused on direct Atg1 kinase homologs, we have demonstrated 

the capacity of another Un51-like kinase to replace Atg1 in the Drosophila autophagy 

induction complex and thereby induce autophagy even in the absence of Atg1. This work 

opens new doors to understanding of non-canonical autophagy induction, both through 

further study of signaling up- and downstream of ADUK/Ulk3 and through consideration 
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of other potential kinase modules in higher eukaryotes. We also see that at least one other 

unappreciated path to autophagy induction exists, as while Atg1 and ADUK each require 

Atg13 to induce autophagy, previous work has shown that Drosophila JNK homolog Bsk 

does not. Furthermore, differing roles for Unc76 between Drosophila and mammalian 

models makes it clear that there is more to learn about canonical regulation of autophagy 

by Atg1 homologs. 
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Chapter 4: Materials and Methods 
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Drosophila Stocks and Genetic Manipulations 

Flies were raised at 25°C on standard cornmeal/molasses/agar media. The following D. 

melanogaster strains were used: UAS-mCherry-Atg8a, UAS-Atg13 and Atg13 [∆81] 

(Chang and Neufeld 2009), UAS-LAMP- GFP (gift of Helmut Krämer, University of 

Texas, Dallas, TX), Atg1[Δ3D] (Scott et al. 2004), UAS-Atg1[GS10797] and UAS-

Atg1[K38Q] (Scott et al. 2007). Additional strains were obtained from the Bloomington 

Drosophila Stock Center (Bloomington, IN). 

Deletions in the CG8866/ADUK locus were generated by transposase-mediated imprecise 

excision of the P element CG8866[EY18321] (Bloomington Drosophila Stock Center, 

Bloomington, IN), which is inserted 14 bases downstream of the annotated 

CG8866 translation start site. Potential deletions were screened by PCR using primers 

flanking the locus and confirmed by sequence analysis.  

Heat shock-induced Flippase (hsFLP)/Flippase Recognition Target (FRT)-mediated loss-

of-function clones in the larval fat body were induced in 0–6 h embryos by 1-h heat 

shock at 37°C and were marked by fat body–specific activation of Upstream Activating 

Sequence (UAS)-green fluorescent protein (GFP) lines on FRT-linked chromosomes. 

Gain-of-function (flip-out) clones were generated through spontaneous hsFLP-dependent 

activation of Act>CD2>GAL4. 

 

Transgenic Lines 
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UAS-ADUK: Drosophila ADUK cDNA GM08204 (Drosophila Genomics Resource 

Center, Bloomington, IN) was amplified with flanking Not1 and Xba1 sites and ligated 

into the NotI/XbaI sites of pUAST.  

UAS-GFP-ADUK was generated by the Gateway System (Invitrogen, Carlsbad, CA). 

The ADUK coding sequence was amplified from cDNA GM08204 with 

flanking attB sites and then recombined into pDONOR 221 to produce the ADUK entry 

clone. This entry clone was subsequently recombined into pTGW (Drosophila Genomic 

Resource Center) to create UAS:GFP-ADUK.  

UAS constructs were co-injected with Δ2–3 helper plasmid into yw embryos according to 

standard methods by the Genetivision Corporation (Houston, TX). 

 

Survival 

For each genotype, 20 freshly-eclosed adults, 10 male and 10 female, were collected over 

an 8 h period and added to each of 5 separate vials (100 total animals per genotype) 

containing fresh fly media. Survivors were counted and transferred to fresh fly media 

daily for the duration of the experiment. 

 

Autophagy Induction and Detection 

For starvation and DMSO treatments, larvae were collected 72 h after egg laying, raised 

in fresh fly media under uncrowded conditions for 16–24 h, and then transferred to 

treatment conditions: Starvation - 20% sucrose (Macron Fine Chemicals, Center Valley, 

PA) solution for 4 h before dissection, DMSO - 5% DMSO in fresh fly media for 5 h 
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before dissection, Ammonia - 2.5mM ammonium sulfate in fresh fly media for 4 h before 

dissection, Paraquat - 100mM paraquat in fresh fly media. For developmental autophagy, 

wandering larvae were collected 120 hours after egg laying. LysoTracker Red 

(Invitrogen) staining was performed as described (Juhasz and Neufeld 2008). 

 

Imaging 

Larvae were bisected, inverted and fixed in 3.7% formaldehyde at 4˚C overnight with 

rocking. After 3 washes of 15 minutes each in PBS with 0.1% Triton X-100 (PBS-T) and 

DAPI counterstain at 1 µg/ml, the fat bodies were dissected out and mounted in 

Vectashield (Vectorlabs, Burlingame, CA). Images were captured on a Zeiss LSM710 

confocal microscope equipped with a 40X (W) objective lens (APO DIC III NA 1.2), or, 

in the case of Atg13 null experiments, on a Zeiss Axioplan-2 microscope (Thornwood, 

NY) equipped with a CARV spinning disk system and a Hamamatsu ORCA-ER digital 

camera (Bridgewater, NJ), using a 63X Plan-Apochromat 1.4 NA objective lens and 

Axiovision software. One unique image per fat body tissue on the nuclear (DAPI) focal 

plane was captured. Laser lines used in this study were 405, 488,and 561. RGB and 

grayscale images were further processed with ImageJ (NIH, Bethesda, MD) or Photoshop 

CS5 and assembled into figures using InDesign CS5 (Adobe, San Jose CA). For punctae 

number analysis, nuclear staining regions were eliminated using Photoshop CS5 to 

restrain the analysis to the cytosol. Punctae were counted with the Analyze Particles 

feature in ImageJ. Student t-test was performed between relevant data sets. 
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Live images of LysoTracker Red (Invitrogen, Grand Island, NY)–stained fat body cells 

were obtained on a Zeiss Axioscope-2 microscope after incubation for 3 minutes at room 

temperature in Lysotracker Red working solution (1:1000) (Juhasz and Neufeld 2008). 

 

Immunoprecipitation and Western Blot Analysis 

Larvae were collected 72–96 h after egg laying. hsGAL4-mediated expression of GFP-

ADUK, GFP-Atg1 and Flag-Atg13 transgenes was induced by a 2-h heat shock at 37°C, 

followed by a 3-h recovery under well fed conditions. 30 carcasses of each genotype 

were lysed in 500 μl ice-cold extraction buffer (50mM HEPES, 150mM NaCl, 1mM 

EDTA, 0.5mM EGTA, 0.9M glycerol, 0.1% TritonX-100, 0.5mM DTT, and EDTA free 

Complete protease inhibitor cocktail (Roche, Indianapolis IN). Cell lysate was 

centrifuged to clear debris and lipid and then incubated with anti-GFP nanobody-linked 

agarose gel beads (Allele Biotech, San Diego, CA) at 4°C for 1 h. After incubation, the 

gel was washed with ice-cold extraction buffer and then boiled in SDS sample buffer. 

Purified samples and input lysates were separated by polyacrylamide gel electrophoresis, 

and transferred to Immobilon-P membranes (Millipore, Billerica MA). Membranes were 

incubated with the primary antibody overnight at 4˚C, washed with 1X PBS containing 

0.1% Tween 20 (Fisher Scientific, Waltham, MA), incubated with secondary antibody for 

2 h at room temperature, and washed with 1X PBS containing 0.1% Tween 20.  

SuperSignalWest Pico chemiluminescent substrate (Thermo Scientific, Rockford, IL) was 

used for visualization of signals on the membrane with HyBlot CL autoradiography film 

(Denville Scientific, Metuchen NJ). The following antibodies were used: mouse anti-Flag 
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M5 1:10,000 (Sigma-Aldrich, St. Louis, MO) and rabbit anti-GFP ab6559 (Abcam, 

Cambridge, MA) 1:15,000. 
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