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ABSTRACT OF THE THESIS 

 

The Role of Atg18 and Atg18-like Proteins in D. melanogaster Autophagy 

 

 

by 

 

 

Michael Ngumi 

 

Master of Science in Biology 

 

University of California, San Diego, 2012 

 

Professor Amy Kiger, Chair 

 

 

Autophagy describes a conserved process that utilizes a double membrane in isolating 

cytoplasmic cargo for lysosomal degradation. Nutrient-regulation can be used to control the 

“off/on” state of the process. In yeast and mammals, the PI(3)P binding protein Atg18, has been 

determined to localize to the omegasome, isolation membranes and autophagosomes, while 

positively regulating autophagy. Drosophila melanogaster encodes for three Atg18 family 
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homologues: Atg18, CG11975 and CG8678. Here, I explored their role in autophagy, by 

analyzing their protein sequences and phylogenetic relationships, autophagy associated 

phenotypes, and regulated cellular localization. I also investigated the possibility of Atg18, 

CG11975 or CG8678 being autophagy or PI(3)P markers. Here, I show that the D. melanogaster 

Atg18 family share conserved sequences and motifs. Phylogenetic analysis revealed close 

ancestry between the D. melanogaster, yeast and mammal Atg18 family.  Overexpression and 

loss of function studies indicated that Atg18 positively regulates autophagy, and partially localizes 

to both acidified compartments and autophagosomes. In addition, overexpression of Atg18 

induced lysosome acidification in larval fat body. In contrast, overexpression of CG11975 

inhibited formation of acidified compartments and autophagosomes. CG11975 also showed low 

localization to acidified compartments and autophagosomes. Furthermore, coexpression of either 

Atg18 or CG11975 with the class II PI3-kinase Pi3K68D, mutually altered localizations, 

suggesting that both Atg18 and CG11975 can detect a Pi3K68D-specific PI(3)P pool. I also show 

that overexpression of CG8678 does not affect starvation-induced autophagy. These studies 

showing D. melanogaster Atg18s autophagy phenotypes and PI(3)P localization establish inroads 

for new markers and functional insights into phosphoinositide-dependent functions in autophagy. 
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INTRODUCTION 

 

 Macroautophagy (hereafter referred to as autophagy) is an evolutionarily conserved 

process that describes the intracellular lysosomal degradation of cytoplasmic materials. Recent 

studies have implicated autophagy in various critical physiological processes and conditions such 

as pathogen infection, neurodegenerative diseases such as Huntington’s, Parkinson’s and 

Alzheimer’s, aging, muscular disorders and cancer (Gozuacik and Kimchi, 2004; Kegel et al., 

2000; Nakagawa et al., 2004; Vellai, 2009; Yang and Mao, 2010). Therefore, understanding the 

cellular regulation and molecular mechanisms of autophagy has broad significance. 

Autophagy is a complex membrane trafficking and remodeling process that via a series of 

steps results in isolation of cytoplasmic cargo destined for lysosomal degradation. A phagophore, 

also known as an isolation membrane, is a double membrane that mediates the process of 

targeting cytoplasmic materials for degradation by autophagy. Induction of the isolation 

membrane has been proposed to occur at the phagophore assembly site (PAS) in yeast cells. 

Although the source membrane for phagophore biogenesis in mammalian cells is controversial, it 

has been suggested that phagophores originate from localized sites within the endoplasmic 

reticulum called omegasomes (Axe et al., 2008). A number of autophagy-related (Atg) proteins 

have been localized to the isolation membrane where they facilitate phagophore expansion and 

eventual fusion, forming a double membrane vesicle referred to as an autophagosome (Fig. 1). 

The autophagosome is then delivered to the lysosome where upon fusion, the autophagosome 

inner membrane and cargo are degraded in the fusion vesicle referred to as an autolysosome 

(Fig. 1). 

The upregulation of autophagy is controlled by a diverse range of signals.  Some of the 

better understood signals include nutrient starvation, heat, oxidative stress or the withdrawal of 

essential cellular factors such as carbon, nitrogen or amino acids (Han et al., 2009; Moriyasu et 

al., 1996; Takeshige et al., 1992; Yoshimoto et al., 2004). Nutrient starvation is the best 

understood signal for autophagy upregulation, which can provide a protective measure for cell 
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survival under stress through the recycling of essential amino acids and energy. Upon starvation, 

inhibition of TOR kinase allows for the activation of the serine/threonine kinase Atg1 and 

upregulation of autophagy (Kijanska et al., 2010; Noda and Ohsumi, 1998). 

Over 30 Atg proteins have been identified in yeast and many have been shown to be vital 

players in a cellular response to starvation-induced autophagy. A key step upon the induction of 

autophagy is the de novo nucleation and induction of the isolation membrane. The Atg1 kinase 

complex and the phosphatidylinositol 3-kinase (PI3-kinase) complex are the most upstream of 

complexes involved in the induction of autophagy (Itakura and Mizushima, 2010). In yeast cells, 

both kinase complexes localize to the PAS and have been identified as being essential for 

autophagy (Kijanska et al., 2010; Matsuura et al., 1997; Obara et al., 2008). A proposed role for 

the PI3-kinase complex which contains the class III PI3-kinase Vps34, is to generate 

phosphatidylinositol 3-phosphate (PI(3)P) on the isolation membrane. This in turn can recruit 

PI(3)P-binding proteins that aid in membrane expansion and eventual fusion of the 

autophagosome with the lysosome. A vital component of the autophagosome is the ubiquitin-like 

protein Atg8, which as the target of the Atg5/Atg12/Atg16 conjugating system, is modified by the 

addition of the membrane lipid phosphatidylethanolamine (PE). Atg8-PE localizes to both the 

inner and outer membrane and mediates fusion of the isolation membrane to form an 

autophagosome (Ichimura et al., 2000; Kabeya et al., 2000; Nakatogawa et al., 2007). Once 

fusion is complete, Atg8 is proteolytically cleaved off of the outer membrane of the 

autophagosome and is released back into the cytosol (Kirisako et al., 2000). However, the Atg8 

that had been conjugated to PE on the inner membrane of the isolation membrane remains 

attached to the membrane lipid within the lumen of the autophagosome (Fig. 1). Thus, detection 

of localized or the lipidated Atg8-PE serves as a key marker for isolation membranes and 

autophagosomes. 

Although the central role for membrane regulation is appreciated, there remain several 

outstanding key issues on the membrane-related mechanisms in autophagosome formation. One 

question is in understanding the sites, effectors and functions of phosphoinositide regulation in 



 

 

3 

autophagy. The availability of PI(3)P on isolation membranes is important to facilitate 

upregulation of autophagy, as has been well characterized by the requirement for the Vps34 

class III PI3-kinase in yeast and starvation-induced flies (Juhász et al., 2008; Stack et al., 1995). 

Consistent with these studies, Vps34 null mouse embryonic fibroblasts do not form 

autophagosomes upon starvation (Jaber et al., 2012), presumably attributed to the lack of a 

PI(3)P pool that is required for autophagy. Interestingly, emerging studies have identified other 

mouse cell types that exhibit Vps34-independent autophagy (Zhou et al., 2010), suggesting that 

either other classes of PI3-kinases or mechanisms can be utilized.  A second outstanding 

question is the identity and utilization of source membrane in the formation of nascent 

autophagosomes. In mammals, the source of the phagophore membrane has been proposed to 

originate from multiple sites. Although there is support for sites in the ER called omegasomes, 

there is also data indicating that the Golgi and the plasma membrane could direct 

autophagosome formation (Axe et al., 2008; Ravikumar et al., 2010). For example, the 

transmembrane protein Atg9, has been implicated as a marker for the source of the isolation 

membrane, and has been localized at the trans-Golgi network and autophagosomes (Young et 

al., 2006). Current thought is that there might be more than one source for phagophore 

biogenesis, although how and to what extent these different mechanisms contribute to the 

phagophore is not well understood. 

Atg18 is a WD40 repeat containing protein that can bind both PI(3)P and 

phosphatidylinositol (3,5)-bisphosphate (PI(3,5)P2) (Jeffries et al., 2004). Atg18 was first 

characterized as a PI(3,5)P2-binding protein at the yeast vacuole/lysosome in response to 

osmotic stress, with potential roles in membrane efflux (Dove et al., 2004; Guan et al., 2001). In 

addition, Atg18 has been shown in yeast, mammal and fruit fly to be an important player in 

starvation-induced autophagy (Barth et al., 2001; Proikas-Cezanne et al., 2004; Scott et al., 

2004). The WD40 repeat domain, contained within a seven-bladed beta-propeller structure (Fig. 2 

A), binds to PI(3)P via a FRRG binding motif, which upon mutation results in a decrease in 

autophagic bodies (inner membrane structures upon autophagosome-vacuole fusion), suggesting 
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that the binding of Atg18 to PI(3)P is essential for autophagy (Obara et al., 2008). In yeast, 

isolation membranes enriched with PI(3)P, a product of Vps34 kinase activity, provide a binding 

site for Atg18, with its recruitment serving as an early marker for autophagic membranes (Obara 

et al., 2008). Atg18 also interacts with Atg2 at the isolation membrane, and in this way, 

coincidence detection of both PI(3)P and Atg2 specifies Atg18 localization. The PI(3)P-Atg18-

Atg2 complex functions in the recycling of Atg9 from the phagophore to a peripheral pool in yeast 

(Reggiori et al., 2005), and from autophagosomes to the trans-Golgi network in mammalian cells 

(Young et al., 2006). Interestingly, the interaction of Atg18 and Atg2 occurs independent of Atg18-

PI(3)P binding, but binding of Atg18 to PI(3)P is required to facilitate recruitment of Atg2 to the 

isolation membrane. 

Atg18 is part of a larger family of conserved autophagy proteins found in eukaryotes that 

contain the WD40 repeat domain and can bind both PI(3)P and PI(3,5)P2. Yeast contain three 

homologous proteins: Atg18, Atg21 and Ygr223c, all of which have implicated roles in cargo 

turnover (Barth et al., 2001; Krick et al., 2008; Strømhaug et al., 2004). Yeast Atg18 has been 

shown to localize to endosomes and PI(3)P positive structures (Fig. 2 C). In mammals, there are 

four Atg18 homologues called WD repeat domain phosphoinositide-interacting proteins, or WIPIs 

(WIPI1-4) (Proikas-Cezanne et al., 2004). WIPI2 has been shown to localize and regulate the 

formation and maturation of omegasomes. In addition, WIPI2 both localizes to and positively 

regulates the formation of autophagosomes (Fig. 2 B) (Polson et al., 2010). Similarly, WIPI1 also 

localizes to autophagic membranes (Fig. 2 B), but its expression is restricted to fewer cell types 

and cancer cells (Polson et al., 2004). In contrast, much less is understood about WIPI3 and 

WIPI4 in autophagy or other cellular processes. 

Drosophila melanogaster (fruit fly) is an ideal genetic system to study the molecular and 

cellular basis of eukaryotic autophagy due to conservation of the process, the availability of 

genetic tools such as the GAL4/UAS system for tissue specific gene expression, and the short life 

cycle of the organism. The fruit fly larval fat body, a liver equivalent and fat storage organ, 

exhibits a dramatic “off/on” regulation of autophagy in a developmentally and nutritionally-
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controlled manner. While autophagy is off in fat body from well-fed third instar larvae, autophagy 

is highly upregulated in fat body from larvae subjected to several hours of starvation. Unlike in 

most other tissues, there is a striking absence of acidified endosomes-lysosomes in fed 

conditions, making the use of a simple acidophilic dye such as LysoTracker, a relatively easy 

assay for detection of autolysosomes and autophagy flux in fat body (Scott et al., 2004). Previous 

studies in D. melanogaster fat body suggested that Atg18 is required for autolysosome 

accumulation under starved conditions (Scott et al., 2004), consistent with its known role in yeast 

and mammals. However, the use of fly Atg18 (or Atg18 homologues) as a biosensor for PI(3)P or 

PI(3,5)P2 pools, or as a key marker in autophagy, has not been established in flies. 

Our laboratory has used the D. melanogaster fat body to address roles for 

phosphoinositide regulation in autophagy. This work has uncovered a novel class II PI3-kinase 

(Pi3K68D) activity and PI(3)P pool that is able to induce autophagy. In addition, extensive 

previous studies in our laboratory have addressed separable cellular requirements and 

mechanisms for Mtm PI3-phosphatase function in autophagy and endosomal traffic (Velichkova 

et al., 2010). Interestingly, both the Atg18 and MTM phosphatase family of proteins possess the 

same phosphoinositide selectivity for PI(3)P and PI(3,5)P2 (Taylor et al., 2000; Berger et al., 

2002; Kim et al.,2002), raising the interesting but unexplored possibility that the three Mtm and 

three Atg18 family proteins may function together in phosphoinositide regulation. In addition, 

unlike in mammalian systems, important reagents for clearly distinguishing PI(3)P pools at 

autophagosomes versus endosomes, or for detecting PI(3,5)P2, have been lacking in flies. An 

investigation of the Atg18 family protein functions, localization and phosphoinositide interaction in 

vivo could extend knowledge on phosphoinositide pathways, as well as provide new tools for the 

study of discrete PI(3)P and PI(3,5)P2 pools. 

There are three homologous members of the Atg18 family in fruit flies: Atg18, CG11975 

and CG8678. Our laboratory prepared N-terminally GFP tagged Atg18, CG11975 and CG8678 

constructs for expression in transgenic flies. These three transgenes were sequenced and 

expressed in fly cell cultures to validate full-length expression of respective proteins. My 
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experiments were to determine localization, function and PI(3)P-dependence in autophagy of the 

three Atg18 members as determined by expression of the tagged transgenes, by using nutrient-

regulation to control autophagy induction in larval fat body cells. 

Here, I show via phylogenetic analysis that the three D. melanogaster Atg18s share 

common ancestry with the yeast and mammal Atg18 members. I also show that Atg18 or 

CG11975 overexpression affect starvation-induced autophagy, while CG8678 did not. 

Furthermore, I found that in larval fat body, Atg18 overexpression can induce formation of 

acidified compartments, independent of autophagy induction. I also show that Atg18 and 

CG11975 detect class II PI3-kinase-induced PI(3)P pools upon coexpression with the kinase as 

well as conversely alter the kinase localization. Together, my results reveal the significance of 

Atg18 and CG11975 as key regulators of D. melanogaster autophagy, while delineating their 

potential role as markers for class II PI3-kinase-induced PI(3)P pools.  
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Figure 1: Autophagy overview. A schematic model of autophagy progression is shown. Atg9 
cycles between the membrane source and the isolation membrane or autophagosome. The 
Atg18-Atg2 complex mediates the retrograde cycling of Atg9 from the isolation membrane and 
autophagosome, back to the membrane source. Formation of an autolysosome occurs upon 
fusion of an autophagosome to a lysosome. 
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Figure 2: Atg18 structure and localization in yeast and mammalian cells. (A) A human 
protein containing the WD40 repeat domain, the WD repeat-containing protein 61, is shown, 
highlighting the 7-bladed beta-propeller structure. Image was obtained using the Cn3D 
macromolecular structure viewer. (B) Endogenous localization of the human Atg18, WIPI2, is 
shown, indicating WIPI2 localization to GFP-LC3 (Atg8) positive autophagosomes upon 
starvation (Polson et al., 2010). DsRED2 tagged human Atg18 homologue WIPI49 (WIPI1) is 
shown colocalizing with the PI(3)P marker GFP:FYVE in Cos7 cells (Jeffries et al., 2004). (C) In 
yeast cells, GFP-tagged yeast Atg18 is shown colocalizing with the endosome marker Snf7-RFP 
and the endosomal-PI(3)P marker mRFP-FYVE (Krick et al., 2008). 
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RESULTS 

 

Sequence and phylogenetic analysis of Atg18, CG11975 and CG8678. 

D. melanogaster possesses 6 Atg18 polypeptide isoforms, 2 CG8678 isoforms and 1 

CG11975 isoform (see Table 1). The three Atg18 and Atg18-like proteins display a unique peak 

expression profile, with Atg18 peak expression observed at 00-06hr and 12-24hr during 

embryonic development, in late larval and early pupal stages. On the other hand, CG8678 shows 

peak expression only in late larval and early pupal stages, while CG11975 peak expression is 

observed throughout embryogenesis, in late larval stages, early pupal stages, and in adult female 

stages (see Table 1). All three Atg18 homologues are expressed in larval fat body cells. 

As the Atg18 family of proteins is well conserved among eukaryotes, I set out to 

determine the evolutionary relationship between the D. melanogaster Atg18 family and their yeast 

and mammal homologues. Phylogenetic analysis of the three D. melanogaster Atg18 proteins 

revealed that they share close ancestry to various members of yeast and mammal Atg18 

proteins. Fruit fly Atg18 is grouped together with human WIPI1 and 2 (Fig. 3), exhibiting 63% 

identity with WIPI2 and 40% identity with its closest yeast homologue Atg18 (see Table 1). 

CG8678 is also grouped together with human WIPI1 and 2 (Fig. 3), and displays 49% identity 

with human WIPI2 and 35% identity with yeast Atg18 (see Table 1). Lastly, CG11975 is grouped 

with human WIPI3 (Fig. 3), with the two displaying 68% identity, and the yeast homologue 

Ygr223c displaying 34% identity with CG11975 (see Table 1). Overall, these results indicate that 

Atg18 and CG8678 do share common recent ancestry with human WIPI1, WIPI2 and to a lesser 

degree yeast Atg18, while CG11975 displays shared ancestry with human WIPI3 and to a lesser 

degree with yeast Ygr223c. 

Cluster analysis of Atg18, CG11975 and CG8678 revealed that they share many 

conserved residues, but more so within the region encoding for the beta-propeller structure, 

which for Atg18, protein structure prediction by phyre predicts the beta-propeller structure starts 

at D43 and ends at P350 (Fig. 4). Conservation of residues is however relatively low in regions 



 

 

proximal to the N-terminus and C

repeats of the WD40 repeat sequence within the globular structure. Sequence analysis of the 

three proteins revealed a FRRG PI(3)

CG8678, and a similar motif between L222 and G225 in Atg18, and between L224 and G227 in 

CG11975. The availability of the two arginines within the motif has been shown to be crucial for 

PI(3)P and PI(3,5)P2 binding (Dove et al., 2004). I also found that CG11975 possess the Atg8

family interacting motif WXXL (Noda et al., 2010), located between W85 and L88 (Fig. 

Together, this data shows that Atg18, CG8678 and CG11975 do share many conserved residues, 

including a PI(3)P and PI(3,5)P

that CG11975 is the only D. melanogaster

 

Table 1: Properties of D. melanogaster
length, chromosome location, isoforms, and peak 
CG11975 were obtained from flybase database. Analysis of the closest yeast and
homologue was performed using BLASTP and 
 

 

Accumulation of acidified compartments is 

CG11975 overexpression, and not affected by CG8678

It was previously established in 

mutant results in a decrease in 

acidophilic LysoTracker staining, 

terminus and C-terminus of the proteins (Fig. 4). All three proteins contain two 

repeats of the WD40 repeat sequence within the globular structure. Sequence analysis of the 

three proteins revealed a FRRG PI(3)P and PI(3,5)P2 binding motif between F208 and G211 in 

if between L222 and G225 in Atg18, and between L224 and G227 in 

CG11975. The availability of the two arginines within the motif has been shown to be crucial for 

binding (Dove et al., 2004). I also found that CG11975 possess the Atg8

mily interacting motif WXXL (Noda et al., 2010), located between W85 and L88 (Fig. 

Together, this data shows that Atg18, CG8678 and CG11975 do share many conserved residues, 

including a PI(3)P and PI(3,5)P2 interacting motif within their sequence. The results also show 

D. melanogaster Atg18 that possesses an Atg8-family interacting motif

. melanogaster Atg18 and Atg18-like proteins. Data on amino acid
length, chromosome location, isoforms, and peak expression profile for Atg18, CG8678

G11975 were obtained from flybase database. Analysis of the closest yeast and
homologue was performed using BLASTP and Saccharomyces Genome Database

Accumulation of acidified compartments is positively regulated by Atg18, inhibited by 

, and not affected by CG8678 overexpression. 

It was previously established in D. melanogaster larval  fat body, that an

results in a decrease in starvation-induced autophagy, as detected by lack of the 

LysoTracker staining, that detects autolysosomes/lysosomes (Scott et al, 2004). 

10

). All three proteins contain two 

repeats of the WD40 repeat sequence within the globular structure. Sequence analysis of the 

binding motif between F208 and G211 in 

if between L222 and G225 in Atg18, and between L224 and G227 in 

CG11975. The availability of the two arginines within the motif has been shown to be crucial for 

binding (Dove et al., 2004). I also found that CG11975 possess the Atg8-

mily interacting motif WXXL (Noda et al., 2010), located between W85 and L88 (Fig. 4). 

Together, this data shows that Atg18, CG8678 and CG11975 do share many conserved residues, 

results also show 

family interacting motif. 

Data on amino acid 
expression profile for Atg18, CG8678 and 

G11975 were obtained from flybase database. Analysis of the closest yeast and human 
Genome Database (SGD). 

 

positively regulated by Atg18, inhibited by 

n Atg18 null 

induced autophagy, as detected by lack of the 

(Scott et al, 2004). 
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However, neither is the precise role of Atg18, nor any contribution of the other two Atg18 family 

members, known. Therefore, I set out to investigate whether overexpression Atg18, CG11975 

and CG8678 can result in autophagy phenotypes, and whether these proteins could be used as 

markers for sites of autophagy. To accomplish this, I targeted overexpression of GFP-tagged 

constructs of each, in both fed and starved larval fat body. I predicted that Atg18 family members 

may differentially induce gain of function or dominant negative phenotypes, or localize to sites 

involved in autophagy 

With maximal overexpression (29°C), under fed condi tions, overexpression of GFP:Atg18 

in fat body cells resulted in an increase in the number of acidified compartments compared to 

control conditions (Fig. 5 A and D), consistent with a positive role in autophagy or lysosome 

acidification. In contrast, GFP:CG11975 overexpression resulted in a starvation-dependent 

decrease in the number of starvation-induced acidified compartments (Fig. 5 B and D), 

suggesting either a negative role in autophagy or that it acts as a dominant negative. As for 

GFP:CG8678, overexpression showed no change in starvation-induced autophagy (Fig. 4 C and 

D). Together, these results suggest that Atg18 overexpression induces autophagy. The results 

also suggest that CG11975 overexpression inhibits autophagy, and that CG11975 might act as a 

negative regulator. Lastly, the results also show that overexpression of CG8678 has no effect on 

the conserved process.  

  

Atg18 shows partial, CG11975 shows low, and CG8678 does not localize to acidified 

compartments. 

As lysosome membranes contain PI(3,5)P2 (Dove et al., 2009), I predicted that the PI(3)P 

and PI(3,5)P2 binding motif of the Atg18 family proteins could localize to acidified compartments. 

At 29°C, GFP:Atg18 showed robust puncta formation, which upon switching from fed to starved 

conditions, increased in both size and intensity (Fig. 6 B). Colocalization between GFP:Atg18 and 

LysoTracker puncta was quantified at 15.5% ± 1.0% of the GFP:Atg18 puncta colocalizing with 

20.1% ± 3.8% of the LysoTracker positive puncta under fed conditions, while starvation resulted 
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in a minor increase to 18.5% ± 1.0% of the GFP:Atg18 puncta colocalizing with 26.1% ± 3.6% of 

the LysoTracker positive puncta (Fig. 6 E). On the other hand, while overexpression of 

GFP:CG11975 inhibited formation of LysoTracker positive puncta under starved conditions, 

relatively low colocalization between GFP:CG11975 and LysoTracker puncta was observed (Fig. 

6 C and E). Similar to the GFP control (Fig. 6 A), GFP:CG8678 remained diffused in fat body cells 

(Fig. 6 D), with only 1/18 fed and 4/19 starved fat bodies showing low level GFP:CG8678 puncta 

formation, and as a result no colocalization analysis was performed. Together, this data indicate 

that Atg18 partially localizes to acidified compartments, CG11975 shows low localization to 

acidified compartments, while CG8678 does not exhibit any localization. 

 

Atg18 is required for autolysosome/lysosome formation. 

To go hand-in-hand with the overexpression experiments, loss of function studies were 

performed to determine if Atg18 or CG11975 are required for autophagy. As previous studies had 

already shown that under starved conditions, Atg18 is required for accumulation of acidified 

compartments, I predicted that using a mutant Atg18 or expressing an Atg18 RNAi hairpin in D. 

melanogaster larval fat body will inhibit accumulation of acidified compartments under starved 

conditions. Since the CG11975 overexpression experiments hinted that CG11975 might be a 

negative regulator of autophagy, I predicted that if CG11975 is a negative regulator of autophagy, 

CG11975 knockdown using an RNAi hairpin will result in an upregulation of autophagy under fed 

conditions. 

 In larval fat body cells containing a mutant Atg18 (Atg18∆) and incubated at 29°C, 

accumulation of acidified compartments was inhibited in both fed and starved conditions (Fig. 7 A 

and B). As predicted, the results showed that Atg18 is required for starvation-induced autophagy. 

Interestingly, the results also showed that Atg18 is required for basal autophagy under fed 

conditions. 

In order to address Atg18 family gene functions in fat body, I pursued knockdown 

experiments by RNAi. RNAi-mediated knockdown of Atg18 and CG11975 was performed in larval 
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fat bodies by expressing a single RNAi hairpin. Reverse transcription polymerase chain reaction 

(RT-PCR) using fat body extracts was performed to validate the knockdown of both gene 

products. However, regardless of both Atg18 and CG11975 being depleted by a single respective 

RNAi hairpin as indicated by RT-PCR, there was no discernible LysoTracker phenotype that 

could be attributed to the depletion of either Atg18 or CG11975 (data not shown). This was 

surprising for Atg18 knockdown, since previous experiments using the mutant Atg18 had already 

established that Atg18 is required for starvation-induced autophagy, suggesting insufficient 

knockdown with one RNAi hairpin. Therefore, to increase the level of Atg18 knockdown, loss of 

function experiments were conducted using flies expressing two Atg18 RNAi hairpins, aiming to 

increase the level of knockdown as measured by RT-PCR. In starved fat body cells highly 

expressing the two Atg18 RNAi hairpins (29°C), Lyso Tracker staining revealed a decrease in 

acidified compartments as compared to the GFP control condition (Fig. 8 A and B). These results 

indicate that Atg18 is required for accumulation of starvation-induced acidified compartments, and 

together with the overexpression results, I propose that Atg18 is a positive regulator of 

autophagy. Performing a similar knockdown of CG11975 was not possible, since only one 

CG11975 RNAi hairpin fly stock was available. 

 

Autophagosome formation inhibited by overexpression of either Atg18 or CG11975, and 

not affected by CG8678 overexpression. 

My experiments have established that overexpression of either Atg18 or CG11975 affects 

the number of acidified compartments in larval fat body cells. However, in the case of Atg18, 

accumulation of acidified compartments under fed conditions could indicate either upregulation of 

autophagy, or lysosome acidification independent of autophagy induction. As for CG11975 

overexpression, a decrease in the number of acidified compartments under starved conditions 

could mean either CG11975 is inhibiting autophagy or that CG11975 is inhibiting acidification of 

lysosomes. In order to distinguish between the two possibilities in each case, I set out to 

determine whether autophagosome numbers were being affected by overexpression of Atg18, 
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CG11975 or CG8678. To facilitate this, GFP-tagged transgenes of Atg18, CG11975 or CG8678 

were coexpressed in fat body cells with the autophagosome marker mCherry:Atg8. If Atg18 

overexpression induces autophagy under fed conditions, coexpressing Atg18 with Atg8 should 

also induce Atg8 puncta formation under fed conditions. Similarly, if CG11975 overexpression 

inhibits starvation-induced autophagy, then Atg8 puncta should also be inhibited under starved 

conditions. Since LysoTracker experiments had hinted that CG8678 does not have a role in 

starvation-induced autophagy, I hypothesized that coexpressing it with Atg8 will not affect Atg8 

puncta formation in either fed or starved conditions.  

Similar to the GFP control, fed fat body cells coexpressing GFP:Atg18 and mCherry:Atg8 

(at 29°C) did not exhibit positive mCherry:Atg8 pun cta. Starvation of larvae did result in an 

accumulation of mCherry:Atg8 puncta in fat body cells in both the GFP control and GFP:Atg18 

condition. However, the total number of mCherry:Atg8 puncta visualized in the GFP:Atg18 

condition was slightly less than in the GFP control condition (Fig. 9 A), and this was validated as 

being significant by quantification of the total number of mCherry:Atg8 puncta (Fig. 9 D). These 

results together with the LysoTracker results indicate that Atg18 overexpression induces 

lysosome acidification and not autophagy upregulation under fed conditions. In contrast, Atg18 

overexpression also had the ability to reduce numbers of starvation-induced Atg8 puncta, 

suggesting it may act at two different sites. 

 In a similar experiment, overexpression of GFP:CG11975 did not affect mCherry:Atg8 

puncta formation under fed conditions, but strongly inhibited their formation upon starvation (Fig. 

9 B). Quantification confirmed a significant difference in the mCherry:Atg8 puncta numbers 

observed between the GFP control and the GFP:CG11975 under starved conditions (Fig. 9 D). 

The few starvation-induced mCherry:Atg8 puncta visualized in the GFP:CG11975 condition were 

abnormally large and likely represented mCherry:Atg8 aggregates rather than mature 

autophagosomes. Since I had identified that CG11975 contains an Atg8-family WXXL interacting 

domain (Fig. 4), the large mCherry:Atg8 puncta might represent a functional role of CG11975 in 

inhibiting formation of autophagosomes. These results indicate that CG11975 potentially is a 



 

 

15

negative regulator of autophagy, or has a dominant negative effect unrelated to its normal 

function, as its overexpression inhibits both acidified compartments and autophagosomes.  

As for GFP:CG8678, overexpression did not affect autophagosome formation in either 

fed or starved conditions (Fig. 9 C and D). These results together with the LysoTracker results 

indicate CG8678 does not have a role in starvation-induced autophagy, as its overexpression 

does not affect either acidified compartment or autophagosome numbers. 

 

Atg18 shows partial, CG11975 shows low, and CG8678 does not localize to 

autophagosomes. 

Previous research has reported that human WIPI2 localizes to autophagosomes under 

both fed and starved conditions (Polson et al., 2010). Since autophagosome membranes are rich 

in PI(3)P (Juhász et al., 2008), and as shown with WIPI2 localization, I hypothesized that Atg18 

will localize to autophagosomes under both fed and starvation conditions. In addition, since 

CG11975 contains both an Atg8-family interacting motif and a PI(3)P-binding motif, I  predicted 

that CG11975 will localize to autophagosomes in both fed and starved fat body cells. As for 

CG8678, which in the LysoTracker experiments remained diffused and did not form punctate 

structures, no colocalization between CG8678 and Atg8 was expected.  

Localization analysis between GFP:Atg18 and mCherry:Atg8 revealed that under fed 

conditions, 9.5% ± 2.3% of GFP:Atg18 puncta localized to 22.8% ± 3.7% of mCherry:Atg8 

positive structures, and upon starvation this increased to 17.7% ± 3.9% of GFP:Atg18 puncta 

localizing to 23.5% ± 2.1% of the mCherry:Atg8 puncta (Fig. 10 B and E). As for colocalization 

between GFP:CG11975 and mCherry:Atg8 puncta, under fed conditions 11.7% ± 6.7% of 

GFP:CG11975 puncta localized to 5.9% ± 3.9% of the mCherry:Atg8 puncta, which upon 

starvation increased to 28.3% ± 5.1% of the GFP:CG11975 puncta colocalizing with 22.3% ± 

6.0% of the mCherry:Atg8 puncta (Fig. 10 C and E). This starvation-induced colocalization 

increase between mCherry:Atg8 and GFP:CG11975 mainly occurred at sites of abnormally large 

mCherry:Atg8 puncta and GFP:CG11975 aggregates. Similar to the GFP control (Fig. 10 A), 
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GFP:CG8678 remained diffused upon coexpression with mCherry:Atg8 (Fig. 10 D), and hence no 

localization analysis was performed.  

In summary, these results indicate that Atg18 partially localizes to autophagosomes in 

both fed and starved conditions. The CG11975 results show that localization of CG11975 to 

autophagosomes is low under fed conditions, but increases upon starvation due to abnormally 

large CG11975 and Atg8 aggregates. It is unclear whether colocalization of large CG11975 

puncta and aberrant Atg8 puncta is as a result of a functional role for CG11975 in Atg8 

regulation, or whether it is a gain of function phenotype due to overexpression. As for CG8678, 

the results indicate that it does not show any localization. 

 

Atg18 is required for starvation-induced autophagosome formation. 

Experiments in human cells have shown that depletion of WIPI2 inhibits formation of 

starvation-induced autophagosomes, suggesting that WIPI2 positively regulates autophagy 

(Polson et al., 2010). In order to determine if Atg18 is required for starvation-induced autophagy, I 

examined the effect of Atg18 depletion on autophagosome formation. I used the previously 

mentioned flies that contained two Atg18 RNAi hairpins and crossed them to flies expressing 

mCherry:Atg8. I hypothesized that similar to WIPI2 depletion, Atg18 knockdown will inhibit 

formation of autophagosomes under starved conditions. An analysis performed on larval fat 

bodies obtained from this cross showed no effect on autophagosome formation under fed 

conditions, but an inhibition on autophagosome formation upon starvation (Fig. 11 A and B). 

Together with the overexpression data, these results indicate that Atg18 positively regulates 

autophagosome formation as had been previously shown in other cell types (Barth et al., 2001; 

Polson et al., 2010). 

 

The class II PI3-kinase Pi3K68D, regulates Atg18 and CG11975 localization, just as both 

Atg18 and CG11975 alter Pi3K68D distribution. 
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Our laboratory has shown that the D. melanogaster class II PI3-kinase Pi3K68D, has 

roles that are necessary and sufficient for autophagy. When moderately overexpressed (at 22°C), 

Pi3K68D does not induce autophagy, and mCherry:Pi3K68D puncta are retained in peripheral 

regions adjacent to the plasma membrane. However, when highly overexpressed (29°C), 

mCherry:Pi3K68D protein undergoes a kinase-dependent shift from the cell peripheral/plasma 

membrane to more internally localized puncta, where mCherry:Pi3K68D puncta colocalize with 

the pre-autophagosome marker Atg5 and abnormally induces autophagy under fed conditions 

(data not shown). To determine if Atg18 or CG11975 can be used to identify Pi3K68D-specific 

PI3P pools or are possible effectors that contribute towards Pi3K68D localization, at room 

temperature (22°C), mCherry:Pi3K68D was coexpressed  with either GFP:Atg18 or 

GFP:CG11975 in larval fat body cells. To determine whether there was altered puncta distribution 

upon coexpression, single fat body cells were identified and segmented into either internal or 

periphery regions (Fig. 13 A), with the internal region accounting for 56% of total cell area and the 

peripheral region accounting for the remainder 44%. With coexpression of Pi3K68D with Atg18 or 

CG11975, I hypothesized that through their PI(3)P binding motif, both Atg18 and CG11975 would 

localize to Pi3K68D-specific PI3P pools. 

When GFP:Atg18 was coexpressed with an mCherry control, GFP:Atg18 puncta 

appeared small and low in intensity in fed fat body cells, but increased in both size and intensity 

upon starvation (Fig. 12 A). In a similar experiment where GFP:Atg18 was coexpressed with 

mCherry:Pi3K68D at room temperature, GFP:Atg18 distribution was perturbed under both fed 

and starved conditions, with GFP:Atg18 forming large and high intensity puncta that localized to 

the cell periphery (Fig. 13 C). This GFP:Atg18 localization is similar to what our laboratory 

observed with GFP:2XFYVE, a second PI(3)P reporter, when it was coexpressed with 

mCherry:Pi3K68D (data not shown). As expected with room temperature level expression, 

mCherry:Pi3K68D puncta maintained a mainly peripheral localization under both fed and starved 

conditions (Fig. 13 C). Visual analysis suggested that under both fed and starved fat body cells, 

there was a general increase in mCherry:Pi3K68D puncta numbers with GFP:Atg18 
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coexpression. However, only starved cells showed a significant change in mCherry:Pi3K68D 

puncta distribution, with a lower fraction of total mCherry:Pi3K68D puncta localizing to the 

periphery, and a higher fraction localizing internally (Fig. 13 E).  

Unlike GFP:Atg18, GFP:CG11975 when coexpressed with mCherry control at room 

temperature  did not form puncta in fed cells, but formed few and low intensity puncta under 

starved conditions (Fig. 12 B). Upon coexpression of GFP:CG11975 with mCherry:Pi3K68D at 

room temperature, GFP:CG11975 showed the same altered distribution observed with 

GFP:Atg18, where under both fed and starved conditions, robust GFP:CG11975 puncta formed 

along the cell periphery (Fig. 13 D and F). Visual analysis of the fat body cells suggested a 

decrease in peripheral mCherry:Pi3K68D puncta under both fed and starved conditions (Fig. 13 

D), of which quantification revealed that GFP:CG11975 coexpression significantly altered 

mCherry:Pi3K68D puncta distribution under fed conditions, with a lower fraction of total 

mCherry:Pi3K68D puncta localizing to the periphery, and a higher fraction localizing internally 

(Fig. 13 E). Visually, I was also able to identify that some of the GFP:CG11975 puncta in the fed 

condition showed partial colocalization with mCherry:Pi3K68D puncta (Fig. 13 D).  

Together, these results show that upon coexpression of Pi3K68D with Atg18 or 

CG11975, both their localizations are altered, with Atg18 and CG11975 localizing to a possible 

Pi3K68D-specific PI3P pool at the plasma membrane. The results also show that either Atg18 or 

CG11975 overexpression alters Pi3K68D distribution, suggesting that they might have a role in 

determining Pi3K68D localization. 

 

Atg18 depletion alters fed-dependent Pi3K68D distribution. 

Having identified that overexpression of GFP:Atg18 affects mCherry:Pi3K68D distribution 

under starved conditions, I embarked to determine whether Atg18 is required for Pi3K68D 

localization in autophagy. Larval fat bodies expressing mCherry:Pi3K68D were depleted of Atg18 

by expressing two Atg18 RNAi hairpins. I predicted that knockdown of Atg18 should not alter 

mCherry:Pi3K68D localization under starved conditions, since under this condition GFP:Atg18 
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overexpression altered mCherry:Pi3K68D distribution, hinting at a possible starvation-induced 

role for Atg18 in Pi3K68D localization. Fed cells coexpressing mCherry:Pi3K68D and two Atg18 

RNAi hairpins showed an increase in internal mCherry:Pi3K68D puncta, while peripheral 

mCherry:Pi3K68D localization was maintained upon starvation (Fig. 14 A). Quantification 

determined that Atg18 depletion significantly altered mCherry:Pi3K68D distribution under fed 

conditions, with an increased fraction localizing internally, and a decreased fraction localizing 

peripherally compared to the GFP control condition (Fig. 14 B). Together with the overexpression 

data, these results indicate that Atg18 influences Pi3K68D distribution.  

 

Atg18 partially localizes to PI(3)P, while CG11975 shows partial starvation-induced PI(3)P 

localization. Both inhibit PI(3)P accumulation. 

In order to better understand whether Atg18 and CG11975 bind Pi3K68D-specific PI(3)P 

pools when coexpressed with the class II PI3-kinase, experiments were performed to determine 

whether D. melanogaster Atg18 or CG11975 localize to PI(3)P positive structures. With yeast and 

human Atg18 and yeast Ygr223c having been shown to localize to PI(3)P (Dove et al., 2004; 

Jeffries et al., 2004; Krick et al., 2008), I predicted that D. melanogaster Atg18 and CG11975 will 

also localize to PI(3)P positive structures. To analyze GFP:Atg18 and GFP:CG11975 localization 

to PI(3)P positive structures at room temperature, each was coexpressed with mCherry:2XFYVE, 

a PI(3)P marker. Compared to the GFP control condition, cells overexpressing GFP:Atg18 

showed decreased mCherry:2XFYVE puncta numbers in both fed and starved conditions (Fig. 15 

A and B), suggesting that Atg18 might inhibit PI(3)P accumulation. Colocalization was observed 

between GFP:Atg18 and mCherry:2XFYVE, quantified at 24.8% ± 3.6% of the GFP:Atg18 puncta 

localizing to 21.6% ± 3.2% of the mCherry:2XFYVE puncta under fed conditions, while 33.7% ± 

2.0% of the GFP:Atg18 puncta localized to 19.0% ± 1.5% of the mCherry:2XFYVE puncta under 

starved conditions (Fig. 15 D). These results suggest that 2XFYVE and Atg18 are targeting the 

same PI(3)P pools. Under fed conditions, overexpression of GFP:CG11975  resulted in a near 

complete inhibition of mCherry:2XFYVE puncta formation (Fig. 15 C). Starved cells also showed 
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decreased mCherry:2XFYVE puncta numbers compared to the GFP control, in addition to low 

level colocalization between GFP:CG11975 and mCherry:2XFYVE (Fig. 15 C). The starvation-

dependent colocalization between GFP:CG11975 and mCherry:2XFYVE was quantified at 18.4% 

± 0.8% of the GFP:CG11975 puncta colocalizing with 4.6% ± 1.0% of the mCherry:2XFYVE 

puncta (Fig. 15 D).  

Overall, these results indicate that Atg18 partially localizes to the same PI(3)P pool as 

2XFYVE. As for CG11975, localization to the same PI(3)P pool as 2XFYVE is only observed 

under starved conditions. The results also suggest that both Atg18 and CG11975 might be PI(3)P 

regulators, since they both inhibit PI(3)P accumulation. I propose that overexpression of Atg18 

increases retrograde recycling of Atg9, and as a result reducing the amount of isolation 

membranes and PI(3)P. As for CG11975, overexpression might be inhibiting PI(3)P formation, 

either by possibly inhibiting the PI3-kinase, upregulating the PI3-phosphatase, or upregulating the 

conversion of PI(3)P to PI(3,5)P2 by PI3Kfyve. These results complicate the use of either Atg18 

or CG11975 as PI(3)P biosensors, as they both appear to be regulators of PI(3)P pools. 
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FIGURES 
 
 
 

 
 
 

Figure 3: Atg18 phylogeny. An Atg18 molecular phylogenetic analysis by Maximum Likelihood 
method is shown, comparing the fruit fly (D. melanogaster) Atg18, CG8678 and CG11975 to 
human and yeast homologues. Analysis was performed using MEGA5 which deduced 
evolutionary history using the Maximum Likelihood method based on the JTT matrix-based model 
(Jones et al., 1992; Tamura et al., 2011). The tree with the highest log likelihood (-5853.9496) is 
shown. Initial tree for the heuristic search were obtained automatically as follows. When the 
number of common sites was < 100 or less than one fourth of the total number of sites, the 
maximum parsimony method was used; otherwise BIONJ method with MCL distance matrix was 
used. The tree is drawn to scale, with branch lengths measured in the number of substitutions per 
site (next to the branches). The analysis involved 10 amino acid sequences. All positions 
containing gaps and missing data were eliminated. There were a total of 293 amino acids in the 
final dataset. Legend information was obtained using MEGA5. 
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Figure 4: Atg18, CG8678 and CG11975 protein sequence analysis. A protein sequence 
alignment is shown inferring homology between Atg18, CG8678 and CG11975. Alignment was 
performed using ClustalW2 Multiple Sequence Alignment software. Conserved residues are 
labeled with an asterisk (*), conservative substitutions are labeled with a colon (:) while 
semiconservative substitutions are labeled with a period (.). Double underlined is the Atg8-family 
WXXL interacting motif present in the CG11975 sequence. The PI(3)P and PI(3,5)P2 binding motif 
contained in all three proteins is shown enclosed in a red border. Shown in bold are the two 
WD40 repeat domain sequences present in each protein. Identification of WD40 repeat domain 
sequences was performed using ELM - the database of Eukaryotic Linear Motifs. 
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Figure 5: Overexpression: Atg18 upregulates, CG11975 inhibits, while CG8678 does not 
affect acidified compartments. Z-projections of fat bodies obtained from larvae incubated at 
29°C, with LysoTracker (LT) detection of acidified compartments, an indicator of autolysosomes, 
in conditions with overexpression of GFP control and (A) GFP:Atg18, (B) GFP:CG11975 or (C) 
GFP:CG8678. (D) Quantification of LysoTracker positive puncta was done using CellProfiler. 
Total number of fat bodies analyzed per condition are indicated below each graph. Quantitative 
data are presented as a mean ± SEM of total number of LysoTracker positive puncta per image, 
normalized to fat body area. Scale bar on main image, 25µm. Scale bar on crop, 10µm. 
. 
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Figure 5: continued 
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Figure 6: Atg18 shows partial, CG11975 shows low, while CG8678 does not localize to 
acidified compartments. Fluorescence microscopy was used to analyze the localization of (A) 
GFP control and (B) GFP:Atg18, (C) GFP:CG11975 or (D) GFP:CG8678 in fat bodies obtained 
from larvae incubated at 29°C in both fed and starv ed conditions, in relation to LysoTracker (LT) 
detection of acidified compartments. The images represent a single Z-section of a representative 
fat body. (E) Quantification of colocalization was done using JACoP (Just Another Colocalization 
Plugin), an Object Based Colocalization Analysis plugin on ImageJ. Quantitative data are 
presented as a mean ± SEM of percent puncta per image in one channel colocalizing with puncta 
in the other channel. Scale bar on main image, 25µm. Scale bar on crop, 10µm. 
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Figure 6: continued 
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Figure 7: Atg18∆ inhibits lysosome acidification. Z-projections of fat bodies obtained from fed 
and starved larvae incubated at 29°C, with LysoTrac ker (LT) detection of acidified compartments, 
an indicator of acidified compartments, in conditions with (A) WT control and Atg18∆. (B) 
Quantification of LysoTracker positive puncta was done using CellProfiler. Total number of fat 
bodies analyzed per condition are indicated below each graph. Quantitative data are presented 
as a mean ± SEM of total number of LysoTracker positive puncta per image, normalized to fat 
body area. Scale bar on main image, 25µm. Scale bar on crop, 10µm. 
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Figure 8: Atg18 depletion inhibits lysosome acidification. Z-projections of fat bodies obtained 
from fed and starved larvae incubated at 29°C, with  LysoTracker (LT) detection of acidified 
compartments, an indicator of acidified compartments, in conditions with overexpression of (A) 
GFP negative control and IRAtg18; IRAtg18. (B) Quantification of LysoTracker positive puncta 
was done using CellProfiler. Total number of fat bodies analyzed per condition are indicated 
below each graph. Quantitative data are presented as a mean ± SEM of total number of 
LysoTracker positive puncta per image, normalized to fat body area. Scale bar on main image, 
25µm. Scale bar on crop, 10µm. 
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Figure 9: Overexpression: Atg18 and CG11975 inhibit, CG8678 has no effect on 
autophagosome formation. Z-projections of fat bodies obtained from larvae incubated at 29°C, 
with coexpression of mCherry:Atg8, an autophagosome marker, with GFP control and (A) 
GFP:Atg18, (B) GFP:CG11975 or (C) GFP:CG8678. (D) Quantification of mCherry:Atg8 positive 
puncta was done using CellProfiler. Total number of fat bodies analyzed per condition are 
indicated below each graph. Quantitative data are presented as a mean ± SEM of total number of 
mCherry:Atg8 positive puncta per image, normalized to fat body area. Scale bar on main image, 
25µm. Scale bar on crop, 10µm. 
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Figure 9: continued
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Figure 10: Atg18 shows partial, CG11975 localization increase upon starvation, CG8678 
does not localize to autophagosomes. Fluorescence microscopy was used to analyze the 
localization of (A) GFP control and (B) GFP:Atg18, (C) GFP:CG11975 or (D) GFP:CG8678 in fat 
bodies obtained from larvae incubated at 29°C in bo th fed and starved conditions, in relation to 
the coexpressed autophagosome marker mCherry:Atg8. The images represent a single Z-section 
of a representative fat body. (E) Quantification of colocalization was done using JACoP (Just 
Another Colocalization Plugin), an Object Based Colocalization Analysis plugin on ImageJ. 
Quantitative data are presented as a mean ± SEM of percent puncta per image in one channel 
colocalizing with puncta in the other channel. Scale bar on main image, 25µm. Scale bar on crop, 
10µm. 
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Figure 10: continued 
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Figure 11: Atg18 depletion inhibits autophagosome formation. Z-projections of fat bodies 
obtained from larvae incubated at 29°C, with coexpr ession of mCherry:Atg8, an autophagosome 
marker, with (A) GFP negative control or IRAtg18; IRAtg18, are shown. (B) Quantification of 
mCherry:Atg8 positive puncta was done using CellProfiler. Total number of fat bodies analyzed 
per condition are indicated below each graph. Quantitative data are presented as a mean ± SEM 
of total number of mCherry:Atg8 positive puncta per image, normalized to fat body area. Scale 
bar on main image, 25µm. Scale bar on crop, 10µm. 
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Figure 12: Atg18 puncta increase in size upon starvation. CG11975 only forms puncta 
under starved conditions. Fluorescence microscopy was used to analyze the localization of (A) 
GFP:Atg18 or (B) GFP:CG11975 coexpressed with mCherry control, in fat bodies obtained from 
larvae incubated at room temperature (22°C) in both  fed and starved conditions. The images 
shown represent a single Z-section of a representative fat body. 
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Figure 13: Distribution of both Pi3K68D and either Atg18 or CG11975 is altered upon 
coexpression. (A) An overview of the method used to segment a selected fat body cell into 
either peripheral (P) or internal (I) regions is shown. Fluorescence microscopy was used to 
analyze the localization of mCherry:Pi3K68D and (B) GFP control, (C) GFP:Atg18 or (D) 
GFP:CG11975 in fat bodies obtained from larvae incubated at room temperature (22°C) in both 
fed and starved conditions. The images represent a single Z-section of a representative fat body. 
Fat body cell identification was done using Adobe Photoshop while segmentation and distribution 
quantification of (E) mCherry:Pi3K68D puncta and (F) GFP:Atg18 or GFP:CG11975 puncta was 
done using CellProfiler. Quantitative data are presented as a mean ± SEM of the fraction of total 
puncta found per cell region in a representative fat body cell. Scale bar on main image, 25µm. 
Scale bar on crop, 10µm. ND = not done. 
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Figure 13: continued 
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Figure 13: continued 
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Figure 14: Atg18 depletion alters fed-dependent Pi3K68D distribution. Fluorescence 
microscopy was used to analyze the localization of mCherry:Pi3K68D in fat bodies obtained from 
larvae incubated at room temperature (22°C) express ing (A) GFP control or IRAtg18; IRAtg18. 
The images represent a single Z-section of a representative fat body. Fat body cell identification 
was done using Adobe Photoshop while segmentation and distribution quantification of (B) 
mCherry:Pi3K68D puncta was done using CellProfiler. Quantitative data are presented as a 
mean ± SEM of the fraction of total puncta found per cell region in a representative fat body cell. 
Scale bar on main image, 25µm. Scale bar on crop, 10µm. 
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Figure 15: Atg18 localizes to PI(3)P positive structures. CG11975 shows starvation-
dependent localization to PI(3)P positive structures. Fluorescence microscopy was used to 
analyze the localization of mCherry:2XFYVE and (A) GFP control, (B) GFP:Atg18 or (C) 
GFP:CG11975 in fat bodies obtained from larvae incubated at room temperature (22°C) in both 
fed and starved conditions. The images represent a single Z-section of a representative fat body. 
Quantification of colocalization was done using JACoP (Just Another Colocalization Plugin), an 
Object Based Colocalization Analysis plugin on ImageJ. Quantitative data are presented as a 
mean ± SEM of percent puncta per image in one channel colocalizing with puncta in the other 
channel. Scale bar on main image, 25µm. Scale bar on crop, 10µm. ND = not done. 
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Figure 15: continued 
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DISCUSSION 

 

 Phylogenetic analysis of the three fruit fly Atg18s showed that they share close 

ancestry with Atg18 proteins in both yeast and mammals. I have shown that both D. 

melanogaster Atg18 and CG8678 share close ancestry to yeast Atg18 and human WIPI2, while 

CG11975 shares close ancestry to yeast Ygr223c and human WIPI3 (Fig. 3, Table 1). Protein 

sequence alignment of Atg18, CG8678 and CG11975 revealed that they share many conserved 

residues within the sequence coding for the beta-propeller structure. The results also showed that 

CG8678 contains the FRRG PI(3)P and PI(3,5)P2 binding motif, while CG11975 and Atg18 

containing a similar LRRG motif (Fig. 4). All three proteins have the motif located within the 

second WD40 repeat sequence. CG11975 was also found to contain the Atg8-family WXXL 

interacting motif (Fig. 4). This observation points towards a possible interaction between 

CG11975 and Atg8, as potentially revealed by the colocalization of Atg8 and CG11975 

aggregates upon coexpression. 

 

Atg18 positively regulates autophagy. 

 Previous research has established that Atg18 is required for starvation-induced 

autophagy (Scott et al., 2004). In determining D. melanogaster Atg18 autophagy phenotypes, and 

whether Atg18 is a good autophagy marker, I have shown that under fed conditions, 

overexpression of Atg18 induces lysosome acidification (Fig.5 A) without upregulating autophagy 

(Fig. 9 A). In fed and starved cells, Atg18 formed punctate structures that partially localized to 

both acidified compartments (Fig. 6 B) and autophagosomes (Fig. 10 B). This was expected as it 

had already been described in yeast that Atg18 localizes to endosomes (Krick et al., 2008), while 

the mammal homologue WIPI2 was noted to localize to autophagosomes (Polson et al., 2010). 

Furthermore, I expected D. melanogaster Atg18 to localize to both autophagosomes and acidified 

compartment, as autophagosomes contain PI(3)P (Juhász et al., 2008), while lysosomes contain 

PI(3,5)P2 (Dove et al., 2009).The results also indicate that Atg18 might not be a good marker for 
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autophagy, as its localization to either autophagosomes or acidified compartments does not 

constitute upregulation of autophagy. Similar to WIPI2 (Polson et al., 2010), Atg18 did positively 

regulate autophagy, as Atg18 depletion resulted in an inhibition of both acidified compartments 

(Fig. 8 A and B) and autophagosomes (Fig. 11 A and B). Surprisingly, overexpression of Atg18 

did slightly inhibit autophagosome accumulation under starved conditions (Fig. 9 A and D). As 

Atg18 has been implicated in recycling Atg9 from isolation membranes and autophagosomes, I 

propose that overexpression of Atg18 upregulates this retrograde process, resulting in increased 

membrane-bound Atg9 retrograde recycling, decreasing isolation membranes and 

autophagosome formation. Upon knockdown of Atg18, Atg9 ends up being degraded in the 

autolysosome since it is not being recycled back to the membrane source. As Atg9 has been 

proposed to function as a membrane-carrier (He and Klionsky., 2007), less Atg9 at the membrane 

source due to decreased retrograde recycling would result in less isolation membranes and 

autophagosomes, and hence resulting in inhibition of autophagy under starved conditions. 

Another possibility to explain the Atg18 autophagosome phenotype is since Atg18 has been 

shown to be crucial in recruiting Atg2 to isolation membranes, Atg18 might also be functioning in 

recruiting proteins that mediate autophagosome-to-lysosome flux, in a way that overexpression of 

Atg18 results in an increase in flux, resulting in decreased autophagosomes and increased 

autolysosomes. Future experiments using a RFP:GFP:Atg8 marker, which upon autolysosome 

formation results in GFP quenching, would determine whether Atg18 regulates autophagosome-

to-lysosome flux.  

Expression of the class II PI3-kinase Pi3K68D induced a shift in Atg18 localization to 

peripheral cellular regions (Fig. 13 C and F), similar to the PI(3)P marker 2XFYVE (data not 

shown). Since Atg18 and 2XFYVE partially colocalize (Fig. 15 B and D), suggesting that they bind 

the same PI(3)P pool, the results suggest that Atg18 might be binding a Pi3K68D-specific PI(3)P 

pool that is near the plasma membrane. In addition, overexpressed Atg18 contributed to altered 

Pi3K68D localization under starved conditions (Fig. 13 C and E). However, when Atg18 was 

depleted, Pi3K68D localization was altered under fed conditions (Fig. 14 A and B). Visual 
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analysis of cells coexpressing both Atg18 and Pi3K68D showed that in both fed and starved 

conditions, there was a general increase in Pi3K68D puncta. However, upon Atg18 depletion, 

visual analysis indicated that Pi3K68D puncta increased only under fed conditions (Fig. 14 A). 

These results indicate that Atg18 might be a regulator of Pi3K68D distribution, however, the 

mechanism by which Atg18 performs this role is currently unclear. I cannot currently conclude 

whether Atg18 can be used as a marker for Pi3K68D-specific PI(3)P pools, as further 

experiments would need to be performed to analyze Atg18 localization upon Pi3K68D depletion 

and upon coexpression with a kinase-dead Pi3K68D.  

These results indicate a possible role for Atg18 in Pi3K68D distribution, PI(3)P regulation, 

and lysosome acidification. However, the results could be gain of function phenotypes due to 

Atg18 overexpression, resulting in Atg18 contributing to processes it normally does not function 

in. To address this, I have been working on identifying a suitable Atg18 peptide sequence that 

can be used to generate an Atg18 antibody. An Atg18 antibody would allow for future 

experiments to determine endogenous Atg18 localization, so as to better understand the 

processes modulated by D. melanogaster Atg18. 

 

CG11975 is potentially a negative regulator of autophagy. 

My results indicate that CG11975 might be a negative regulator of autophagy. 

Overexpression of CG11975 inhibited both acidified compartments (Fig. 5 B) and 

autophagosome formation (Fig. 9 B). However, these results could also be gain of function or 

dominant negative phenotypes as a result of CG11975 overexpression. To determine if this is the 

case, or whether CG11975 is a negative regulator of autophagy, loss of function experiments 

would need to be performed to analyze autophagy upon CG11975 depletion. Furthermore, 

CG11975 did show low localization to both acidified compartments and autophagosomes. This 

was not surprising, as its closest yeast homologue Ygr223c, has been shown to localize to 

endosomes and PI(3)P positive structures (Krick et al., 2008). My experiments were however 

unable to effectively deduce whether CG11975 localization is dependent on the Atg8-family 
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WXXL interacting motif. Future localization experiments with a mutated WXXL motif on CG11975 

would indicate whether the motif is required for CG11975s localization to autophagosomes and 

its function in autophagy. 

In determining if CG11975 is an effective PI(3)P marker, I discovered that Pi3K68D 

induced CG11975 localization to the periphery (Fig. 13 D). Since 2XFYVE also localizes to the 

periphery when coexpressed with Pi3K68D (data not shown), I propose that CG11975 and 

2XFYVE are binding to the same Pi3K68D-specific PI(3)P pool. To confirm this, future 

experiments using a CG11975 antibody would need to be performed to analyze whether 

endogenous CG11975 binds the same Pi3K68D-specific PI(3)P pool as 2XFYVE. Pi3K68D 

depletion and coexpression of CG11975 with a kinase-dead Pi3K68D would also need to be 

performed, to determine whether a Pi3K68D-specific PI(3)P pool is the cause of CG11975 

peripheral localization, and whether CG11975 is an effective marker for this PI(3)P pool. 

CG11975 however does inhibit PI(3)P accumulation (Fig. 15 C), and when coexpressed with 

Pi3K68D, under fed conditions, contributes toward altered Pi3K68D distribution. This result 

suggests that CG11975 could be a regulator of both PI(3)P and Pi3K68D distribution. I propose 

that CG11975 acts as a negative regulator of autophagy, by potentially inhibiting PI3-kinase in 

autophagy. Nonetheless, much more remains to be determined as to how CG11975 functions in 

autophagy. 

 

CG8678 is not an effective autophagy marker. 

Overexpression of CG8678 did not affect acidified compartments (Fig. 5 C) or 

autophagosome formation (Fig. 9 C). GFP-tagged CG8678 formed puncta only in 1/18 fed and 

4/19 starved fat bodies in LysoTracker experiments. Since a majority of fat bodies did not exhibit 

GFP:CG8678 puncta formation, I can report that CG8678 does not localize to acidified 

compartments (Fig. 6 D) or autophagosomes (Fig. 10 D). These results show that CG8678 is not 

a good autophagy marker, and that CG8678 appears to not have an effect on starvation-induced 

autophagy. This could be due to CG8678 possessing a longer C-terminus sequence as 
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compared to Atg18 or CG11975 (Fig. 4), which might impair CG8678 from functioning in 

autophagy.  
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MATERIALS and METHODS 

 

Phylogenetic and protein sequence analysis. 

 Human WIPI1-4 protein sequences were obtained using NCBI BLAST searches. Yeast 

Atg18, Atg21, and Ygr223c protein sequences were obtained using the Saccharomyces Genome 

Database (SGD). D. melanogaster Atg18, CG8678 and CG11975 protein sequences were 

obtained using FlyBase: a database for Drosophila genetics. Of the 6 Atg18 and 2 CG8678 

isoforms, isoforms Atg18-PA and CG8678-PA protein sequences was used for phylogenetic 

analysis and protein sequence alignment.  

 Phylogenetic analysis of the yeast, human and fruit fly Atg18s was done using MEGA5; 

there were a total of 293 amino acids in the final dataset. Protein sequence alignment of Atg18, 

CG8678 and CG11975 was achieved using ClustalW2 Multiple Sequence Alignment software. 

Determining the sequences encoding for the WD40 repeat domain was performed using ELM - 

the database of Eukaryotic Linear Motifs. Phyre (Protein Homology/analogY Recognition Engine) 

was used to predict the residues on Atg18 encoding for the beta-propeller structure. 

 

Fly genetics 

 Prior to preparing crosses, fly stocks were reared at 18°C. Stocks used include w; UAS-

GFP, w; Cg-GAL4, w; UAS-GFP:Atg1810, w; UAS-GFP:CG11975/TM6C Sb Tb, w; UAS-

GFP:CG8678/TM6C Sb Tb, w; Cg-GAL4, UAS-mCherry:Atg82L, w; Cg-GAL4, UAS-

mCherry:Pi3K68D9, w; Cg-GAL4, UAS-2XeGFP, w; Cg-GAL4, UAS-GFP:Atg18/Cyo, w; Cg-

GAL4, UAS-GFP:CG11975/Cyo, w Cg-GAL4, UAS-mCherry11, w; Cg-GAL4, UAS-

mCherry:2XFYVE7, w; UAS-IRAtg182, w; UAS-IRAtg183, w; UAS-IRCG86782, w; UAS-

IRCG86783,  w; UAS-IRCG119753,  w; UAS-IRAtg182; UAS-IRAtg183, and w;Atg18∆/TM6B Hu Tb 

(Shen and Ganetzky, 2009).  
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Fat body dissection and staining 

Fly crosses were made and incubated at room temperature for 3 days. On the 3rd day (1 

day after egg laying or 1 ael), flies from crosses were discarded and the old vials containing the 

fly eggs were either kept at room temperature (22°C ) or transferred to a 29°C incubator, 

depending on the experimental procedure. Cultures were incubated in respective condition for 2 

days, upon which on the 3rd day (3 ael), approximately 15 second instar larvae were selected and 

transferred to a new vial containing fly food (fed condition). On the 4th day (4 ael), 15 third instar 

larvae were selected from the old vial and placed in a vial containing a wet KimWipe (starved 

condition). Larvae were then starved for 3-4 hours. 6-10 larvae were then selected from both fed 

and starved vials and fat bodies were dissected in either 1000µl PBS or LysoTracker (1:1000) in 

PBS. Fat bodies were then placed on a glass slide containing 35 µl PBS and covered with a 

cover slip, making sure fat bodies were not squashed. 

 

Fluorescence microscopy 

Live fat bodies were imaged with a 40x magnification (oil immersion) using a Zeiss LSM 

700 confocal microscope and ZEN software. 

 

mCherry:PI3K68D, GFP:Atg18 and GFP:CG11975 distribution analysis 

Four images detailing representative fat bodies were selected for each condition. 

Individual cells were identified using the peripheral localization of either mCherry:PI3K68D, 

GFP:Atg18 or GFP:CG11975 as a marker for the plasma membrane. 3 cells per image were then 

drawn out manually using Adobe Photoshop. CellProfiler was then used to segment the cell by 

establishing concentric rings starting from the cell center, each ring being equidistant from the 

next, resulting in subdivision of the cell into 4 concentric bins. CellProfiler was also used to 

determine the fraction of total identified puncta located within specified bins per cell. Two Z-

sections per cell were analyzed. 
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Analysis methods 

 Quantification of the number of LysoTracker or mCherry:Atg8 puncta was done using 

CellProfiler. The data presented in each graph are a combination of three biological repeats. 

JACoP (Just Another Colocalization Plugin), an Object Based Colocalization Analysis plugin on 

ImageJ, was used in quantifying colocalization. Two puncta on different channels were deemed 

as colocalizing if the distance between their centers was less than the resolution of the 

microscope used. The colocalizing graphs represent data from three biological repeats.  

 Visual analysis was used to determine a change in the number of mCherry:Pi3K68D 

puncta numbers when colocalized with GFP:Atg18 or GFP:CG11975. Delineating the plasma 

membrane of fat body cells was done manually using Adobe Photoshop. Quantification of a 

change in puncta distribution within the outlined cell was done using CellProfiler.  

 

Statistical analysis 

Statistical significance of observed differences per condition was measured with the 

student’s t-test, and considered significant when p < 0.05. 
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