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PREFACE 
 

Autophagy and growth control are two processes critical to organisms that mutually 

antagonize and regulate on each other. Several well known connections between these 

processes have been described, but here I describe a new link. Using Drosophila 

melanogaster as a model system, my thesis research has identified Acinus and Atg1, 

already known for their functions in autophagy, as growth suppressors. Further, my data 

show that this suppression is, at least in part, mediated by Atg1 phosphorylating and 

thereby inhibiting the pro-growth transcriptional co-activator Yorkie. Genetic gain- and 

loss-of function experiments indicate that this Atg1 function depends on Acinus. This 
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work provides a new role for Atg1 in inhibition of growth and thereby adding a new 

regulatory pressure on Yorkie. Furthermore, my data indicate that Acinus’ function in 

promoting basal autophagy is based on its starvation-independent activation of the Atg1 

kinase.
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CHAPTER ONE 
 
 

UNDERSTANDING AUTOPHAGY, GROWTH, AND THEIR INTERACTIONS 

THESIS INTRODUCTION AND LITERATURE REVIEW 

 

Introduction 

Autophagy and growth control are two fundamental processes that an organism 

must balance in order to achieve appropriate size and fitness. Inherently these two 

processes being tightly coupled, yet diametrically opposed makes sense. The word 

“autophagy” derives from the ancient Greek, literally meaning “self-eating” (Yang and 

Klionsky, 2010). Macroautophagy, often simply referred to as autophagy, is the process 

by which cells compartmentalize and break down unnecessary or damaged cellular 

components. These components, such as organelles or other macromolecules, once 

encased in autophagosomes and delivered to lysosomes are broken down into basic 

nutrients that can be reused. Growth, in contrast, requires the conversion of basic 

nutrients into macromolecules that allow a cell or tissue to build organelles and increase 

its size. Both processes are controlled by several complex factors, including genetic 

regulation, growth signals, nutrient limitation, and infections or other cellular stresses 

(Neufeld, 2012). For example, during nutrient starvation, a coordinated response inhibits 

growth and induces autophagy (Neufeld, 2004). As logical as this interplay appears, 

understanding mechanistically how these processes are interdependent remains 

incomplete.  
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I became very interested in this process through my work in the Kramer lab on 

Drosophila Acinus. As described later in this introduction, our lab discovered the 

Drosophila homologue of Acinus in a screen for novel endocytic trafficking mutants, and 

quickly realized it was also a necessary regulator of autophagy. I have worked closely in 

the lab with Dr. Nilay Nandi to answer two fundamental questions about Acinus. The 

first, and the main focus of Dr. Nandi’s research, is understanding how and under what 

conditions Acinus is regulated. The second, and the main focus of my research, is 

understanding how Acinus is acting as a facilitator of endocytic trafficking and 

autophagy. Through this research, we discovered that Acinus along with a second 

protein, Atg1, are regulating Drosophila Yorkie. Yorkie is a transcriptional coactivator 

and linchpin of the Hippo signaling pathway, a growth control pathway discovered and 

extensively characterized in Drosophila.  

 

In this introduction, I will discuss the general state of the autophagy field, 

including a specific, in-depth discussion of Acinus and Atg1. I will then provide a brief 

review of key findings in Hippo signaling, with a focus on Yorkie regulation and function. 

Finally, I will connect these two themes by reviewing the interplay between autophagy 

and cellular growth.  

 

A short overview of Autophagy 

Originally discovered in the 1950s through observations of membrane-bound 
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compartments containing partially digested mitochondria (Novikoff, 1959), autophagy 

has since been extensively characterized in budding yeast, Drosophila, rodent models, 

and human tissues and cell lines. The discovery of several genes in yeast and careful 

molecular characterization of these proteins led by Dr. Yoshinori Ohsumi in the 1990s 

resulted in a wealth of knowledge about starvation-induced macroautophagy 

(Mizushima et al., 2011; Yang and Klionsky, 2010). In parallel, Dr. Daniel Klionsky led 

the discovery of the first form of selective autophagy, the cytoplasm-to-vacuole CVT 

pathway (Harding et al., 1995). Together, these researchers led a call for the 

standardization of gene names in the yeast autophagy field that has largely carried over 

into other model organisms. For this reason, core autophagy genes are commonly 

named as Atg genes (Klionsky et al., 2003). Also in the 1990s, Dr. Beth Levine led the 

discovery of Beclin-1, the mammalian homologue of Atg6, and the first mammalian 

autophagy protein to be identified and characterized. This discovery was the first to 

indicate that autophagy had a role to play in human health by contributing to the 

development of breast cancer (Liang et al., 1999). Together, these seminal findings laid 

the groundwork and opened the field of autophagy to a wealth of future research linking 

autophagy to many fields of human health including cancer, neurodegeneration, 

microbial infection, and lifespan (Klionsky, 2007). One only has to look at the massive 

list of investigators on the periodic guide to autophagy studies, the most recent of which 

is titled “Guidelines for the use and interpretation of assays for monitoring autophagy” to 

see how large the field has become (Klionsky et al., 2016). Since 2006, this guide has 

been published on a regular basis by the journal Autophagy to standardize methods and 
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interpretations of experiments in the field of autophagy (Klionsky, 2016).  

 

Several excellent reviews have been published summarizing the key findings in 

autophagy and autophagy’s role in human disease (Choi et al., 2013; Hurley and 

Young, 2017; Mizushima et al., 2011; Wen and Klionsky, 2016; Xie and Klionsky, 2007; 

Yang and Klionsky, 2010), therefore I will only briefly describe macroautophagy as a 

process here. I will then take a closer look at autophagy in Drosophila, including an in-

depth review of the literature on Acinus literature and Atg1.  

 

Macroautophagy, hereafter referred to as autophagy, is characterized by the 

sequestration of cytoplasmic cargo inside of a double-membrane vesicle that is 

subsequently delivered to the lysosome and degraded. Indeed, the term autophagy was 

first introduced by Christian de Duve, the discoverer of lysosomes, in 1963, combining 

the Greek words for “self”, auto, and “eating”, phagy, to name the process by which 

cytoplasmic organelles and other contents in various states of disintegration are bound 

in single or double membrane vesicles (Klionsky, 2008). Autophagy is essentially a 

catabolic process, taking proteins and organelles, and degrading them into free amino 

acids for reuse in an energy-generating manner. The process begins when an open 

vesicle, or phagophore, forms at the PAS (phagophore assembly site or 

preautophagosomal structure) around cytosolic proteins and organelles and elongates, 

eventually closing to form an autophagosome. In mammals, the isolation phagophore 

initiates at a PI(3)P-rich structures, ER subdomains known as the omegasomes (Axe et 
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al., 2008). The proteins making ups the core autophagy machinery participate in this 

process, and are all excluded, with the exception of Atg8, from the mature 

autophagosome. The mature, double membrane autophagosome then fuses with a 

lysosome, whereby lysosomal hydrolyses lyse the inner-membrane compartment of the 

autophagyosome and degrade the cellular contents. A variety of kinases, including Atg1 

and PI(3)K, vacuolar protein sorting (Vps) proteins, ubiquitin-like proteins, and adaptor 

proteins participate in this process. For a full accounting of the core autophagy proteins 

and their specific functions, please see Table 1 in “The Role of Atg Proteins in 

Autophagosome Formation” by Mizushima and colleagues (Mizushima et al., 2011). 

Further discussion of the core autophagy machinery will be limited to the Atg1 kinase 

complex. 

 

Atg1  

Atg1, or Unc-51-like kinase (ULK), is the sole kinase with the Atg nomenclature. 

It is a serine-threonine kinase and serves as a critical bridge between Tor and 

autophagy. Here, I will discuss the main components and actions of the Atg1 complex, 

and I will discuss Tor regulation of the Atg1 complex in the Growth and Autophagy 

section later in this chapter. 

 

Atg1 in Yeast 

The core components of the Atg1 complex in yeast are Atg1, Atg13, Atg17, 

Atg29, and Atg31 (Mizushima et al., 2011). Atg11 is dispensable for macroautophagy, 
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but is a required component of the Atg1 complex for Cvt pathway autophagy (Cheong et 

al., 2008; Kawamata et al., 2008). This complex develops when Atg29, Atg17, and 

Atg31 form a stable complex at the PAS (phagophore assembly site or 

preautophagosomal structure). Under conditions that induce autophagy, Atg1 and Atg13 

are incorporated into this complex, with the association between Atg13 and Atg17 being 

particularly important for Atg1 activation in nutrient poor conditions (Kabeya et al., 2005; 

Kamada et al., 2000). Surprisingly, while the association between Atg13 and Atg17 is 

critical, it is a kinetically weak interaction, suggesting this is a major regulatory step for 

assembly (Stjepanovic et al., 2014).  

 

This complex has long been known to have a kinase-dependent role in 

autophagy induction (Matsuura et al., 1997); however, until 2014 there were no known 

targets of Atg1 in yeast (Papinski and Kraft, 2014). Papinski and colleagues used a 

peptide array approach to identify Atg1 targets in yeast and develop an Atg1 consensus 

sequence. This sequence was then used to identify potential targets of Atg1 and those 

candidates were validated using in vitro kinase assays. Their findings suggest that Atg1 

has a distinct consensus sequence with a core serine residue surrounded by an 

aliphatic residue at the -3 position, as well as a strong preference for aromatic and 

aliphatic residues at the +1 and +2 positions. Interestingly, some kinases, like casein 

kinases and protein kinase A, prefer small, polar, and charged residues at these 

positions, while others prefer prolines, like cyclin-dependent kinases and MAP kinases. 

In contrast, Atg1 appears to have a strong selection bias against these properties.  
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In addition to identifying these elements of the Atg1 consensus sequence, Papinski and 

colleagues also identified and validated multiple Atg1 targets, including Atg9, which is 

crucial for autophagosome formation beginning with the recruitment of Atg2 and Atg18 

to the PAS. Additionally, Atg1-mediated phosphorylation of Atg9 promotes both Atg18 

and Atg8 recruitment to the PAS, and further promotes elongation of the isolation 

membrane. In addition, in vivo Atg1 autophosphorylates, as well as phosphorylates 

Atg2 (Papinski et al., 2014).  

 

ULK1 in Mammals 

In mammals, Atg1 has two primary homologues, ULK1 and ULK2, and inhibiting 

both is necessary to completely abolish autophagy. ULK1 and 2 are part of a family of 

ULK kinases, of which there are 4; however, ULK1 is the most well characterized and 

appears to be the most important to autophagy induction (Hurley and Young, 2017). In 

mammals, two ULK homologues, ULK1 and 2, associate with Atg13, FIP200, and 

Atg101 to form a stable Atg1 complex (Ganley et al., 2009; Hara et al., 2008; Hosokawa 

et al., 2009; Jung et al., 2011; Mercer et al., 2009). Although not a direct ortholog in 

terms of sequence or structural similarity, FIP200 replaces Atg17 in mammals, providing 

the scaffolding function for the ULK1 complex (Hara et al., 2008). As in yeast, ULK1 is 

known to autophosphorylate, which is a critical step in its activation (Bach et al., 2011; 

Lazarus et al., 2015).  

 

In a similar effort to Papinski and colleagues, Egan and colleagues developed 
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and validated a consensus sequence for ULK1 in an attempt to develop a small 

molecule inhibitor for ULK1 and identify its target proteins that promote autophagy 

(Egan et al., 2015). Importantly, their findings of the ULK1 consensus sequence were 

almost identical to Papinski and colleagues. They found that ULK1 greatly prefers a 

serine surrounded by hydrophobic amino acids and the same critical positions of -3, +1, 

and +2. At -3, ULK1 strongly prefers leucine or methionine at -3, a slightly more narrow 

preference than yeast Atg1. Additionally, they found ULK1 had the same requirements 

for the +1 and +2 positions as yeast Atg1, preferring aliphatic and aromatic hydrophobic 

amino acids. In mammalian cells, ULK1 targets its own complex members for 

phosphorylation, Atg13, Atg101, and FIP200 (Egan et al., 2015). Additionally, they 

confirmed both Beclin 1 and Vps34, which reside in the same autophagic complex, as 

targets of ULK1.  

 

Atg1 in Drosophila 

In Drosophila, as in yeast and mammals, Atg1 forms a complex with Atg13; 

however, there are some differences in the complex components and regulation. The 

Drosophila Atg1 complex contains Atg1, Atg13, Atg101, and Atg17. Among them, 

Atg17, as previously mentioned, is considered an orthologue to FIP200 because of their 

similar functions, but is not a true homologue in terms of structural or sequence 

similarity (Chang and Neufeld, 2009; Hara et al., 2008; Nagy et al., 2014). As in 

mammals, Atg1 phosphorylates Atg13; the resulting hyperphosphorylation of Atg13, 

however, does not inhibit Atg1-Atg13 binding as it does in yeast. Further, Atg13 
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stimulates Atg1’s activity, but over-expression of Atg13 appears to inhibit Atg1 via a 

dominant-negative effect (Chang and Neufeld, 2009). Finally, over-expression of Atg1 in 

Drosophila induces autophagy, inhibits cell growth, and induces apoptotic cell death. 

Unlike yeast, when overexpressed, Atg1’s kinase activity was required for the induction 

of autophagy (Matsuura et al., 1997; Mizushima et al., 2011). Over-expression of Atg1 

mediates cell death through a caspase-dependent route, suggesting that excessive 

autophagy can promote caspase-dependent cell death in Drosophila (Scott et al., 2007).  

 

Acinus 

Discovering Drosophila Acinus  

A Drosophila acinus mutation was originally recovered in our lab in a screen for 

endocytic trafficking mutants (Haberman et al., 2010). The gene, originally known as 

CG10473 or hook-like based on its endocytic trafficking phenotype, is henceforth known 

as Drosophila Acinus (or dAcn) after its mammalian homologue. FLP/FRT-mediated 

Acinus whole-eye mutant clones have two phenotypes indicative of impaired endocytic 

trafficking, improper eye color and perturbed trafficking of intercellular ligands. Further 

experiments showed that this trafficking defect was a result of unstable early 

endosomes, leading to premature degradation of endocytic cargo (Haberman et al., 

2010). Additionally, pigment cells contained abundant glycogen granules, leading to an 

investigation of Acinus’ role in autophagy. Acinus is both necessary for starvation-

induced autophagy, and Acinus overexpression is sufficient to induce autophagy in the 

absence of starvation. Another key finding is that Acinus levels are dynamically 
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regulated in the eye disc, as Acinus staining is variable among photoreceptor cells 

depending on cell type and developmental age. Finally, Drosophila Acinus was found to 

be not strictly required for DNA destruction during apoptosis. This was distinct from 

previously published reports of mammalian Acinus, which indicated it was required for 

either chromatin condensation (Hu et al., 2005; Sahara et al., 1999) or chromatin 

fragmentation (Joselin et al., 2006) during apoptosis. In Drosophila, however, both DNA 

condensation and chromatin fragmentation were unimpeded in acn mutant primary 

hemocytes once apoptosis was induced. These findings constituted the foundation for 

the projects Dr. Nilay Nandi and I have pursued in the lab trying to answer two main 

questions. How is Acinus regulated and how does it regulate autophagy and endocytic 

trafficking?  

 

As I mentioned above, at the time the Kramer lab began its studies into 

Drosophila Acinus, there was already a small body of literature describing Acinus in 

mammals. This research indicated Acinus is required for DNA destruction during 

apoptosis and is also a part of the ASAP RNA splicing complex. The chromatin 

destruction literature is controversial, as conflicting reports have been published on 

Acinus’ role in chromatin destruction and no clear mechanism has emerged supporting 

its function in chromatin condensation or fragmentation. However, there are several 

corroborating reports of Acinus’ role in the ASAP complex, both in Drosophila and 

mammals.  Here, I will review the published literature on Acinus, with an in-depth look at 

Acinus’ role in both DNA destruction and the ASAP complex; review of this literature is 
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helpful because it provides important context in which to understand much of our work 

on how Acinus is regulated.   

 

Introduction to Human Acinus 

The human genome encodes three isoforms of Acinus, L, S, and S’.  For all 

three, internal proteolytic cleavage can produce the p17 fragment first described by 

Sahara et al 1999 (see diagrams of dAcn in Chapter 2, Figure 1 and Figure 9, (Sahara 

et al., 1999)). Drosophila Acinus most closely resembles human Acinus S isoforms. 

Functional differences between the three human isoforms have not yet been described 

despite their structural differences. The expanded N-terminal region in Acinus L 

contains a SAP domain, a PIAS domain, and an RS domain (Deka and Singh, 2017). 

SAP domains are putative DNA-binding domains named after SAF-A/B, Acinus, and 

PIAS, three proteins known to contain this domain (Aravind and Koonin, 2000). Protein 

inhibitor of activated STAT (PIAS) was named for its ability to inhibit signal transducer 

and activator or transcription (STAT) proteins, potentially acting as a scaffold to swap 

out regulatory proteins in transcriptional complexes (Palvimo, 2007). An RS domain is 

rich in arginine and serine residues, and typically found with an RRM domain in proteins 

known to interact with RNA and other proteins, simultaneously (Shepard and Hertel, 

2009). All three Acinus isoforms contain a highly conserved RNA recognition motif 

(RRM), a conserved RNPS1-Sap18 binding domain (RSB), and two additional RS 

domains (Deka and Singh, 2017).  
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Acinus in DNA destruction during apoptosis 

Originally, Sahara and colleagues identified Acinus as a nuclear factor cleaved 

by Caspase-3 that induced DNA condensation, but not fragmentation in vitro (Sahara et 

al., 1999). They incubated permeabilized HeLa cells with Caspase-3 treated cell lysates 

from Jurkat cells and verified that only the combination of the caspase-3 and Jurkat 

lysates caused chromatin destruction. They reasoned that there were chromatin 

destruction factors present in the Jurkat lysate that required caspase-3 activation and 

nuclear transport into the HeLa cells. They then repeated this experiment with bovine 

thymus lysates, and after protein purification identified the Acinus p17 fragment as a 

critical protein inducing DNA condensation but not fragmentation.  Their in vitro 

experiments indicated that Acinus is cleaved by Caspase-3 and another unknown 

protease, and the resulting p17 fragment is responsible for chromatin condensation. 

Importantly, recombinant Acinus S protein was incapable of inducing chromatin 

condensation, indicating the caspase-3 cleavage and/or N-terminal cleavage event are 

necessary for this function.  

 

A second group, Hu an colleagues, published a report in 2005 indicating that 

nuclear Akt blocks apoptosis through phosphorylating Acinus and inhibiting Acinus’ role 

in chromatin condensation (Hu et al., 2005). Using in vitro methods, they showed that 

Akt phosphorylates Acinus S at serines 422 and 573, both of which are within typical 

Akt consensus sequences. They then purified various GST-Acinus protein fragments, 

incubated them with active Akt, and then used them into a cell free assay consisting of 
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active caspase-3 supplemented HEK293 cytosol. Wild-type GST-Acinus fragments 

largely remained in tact, where GST-Acinus with S422 and/or S573 to A mutations were 

cleaved. They showed RFP-Akt and GST-Acinus-S co-immunoprecipitated from 

transfected HEK293 cells, and this interaction was diminished with the S to A mutations 

at 422 and 573. In PC12 cells, transfected Akt with a nuclear localization sequence was 

able to block Acinus cleavage and chromatin cleavage. Additionally, transfection of 

S422A or S422,573A Acinus-S mutants were more likely to show increased Acinus 

cleavage products and chromatin condensation, where S422D or S422,753D Acinus-S 

mutants showed the opposite phenotype. Finally, knock-down of Acinus using RNAi in 

PC12 cells led to reduced chromatin condensation in caspase-activated cells. In a 

similar finding, a second group also identified Acinus as an Akt1 target during high-dose 

radiation induced apoptosis (Park et al., 2009). Park and colleagues found that high-

dose radiation induced caspase activation and cleavage of Acinus, which was inhibited 

by Akt phosphorylation. Over-expression of Akt resulted in an up-regulation of Acinus 

protein. Further, depletion of Akt resulted in reduced levels of Acinus and enhanced 

radiation-induced apoptosis.  

 

A different function for Acinus was suggested by Joselin and colleagues. They 

published that Acinus reduces DNA fragmentation, not chromatin condensation as the 

previous two papers suggested (Joselin et al., 2006). Their conclusion was based on a 

HeLa T-REx cell line that stably expressed RNAi against all Acinus isoforms in a 

tetracycline-inducible manner. Using this system, they determined that Acinus is not 
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required for nuclear localization or association of the other members of the ASAP 

complex, Sap18 and RNPS1 (discussed further in the ASAP section below). They did, 

however, notice a slow growth phenotype in cells where Acinus was knocked-down. 

Using staurosporine to induce apoptosis in Acinus knock-down cells, they verified that 

apoptotic PARP and ICAD cleavage products were present, but did not see any 

decrease in chromatin condensation as had been previously reported. They also 

replicated the cell free system used in the original report with cell lysates from Acinus 

knock-down cells, and saw no evidence of inhibited chromatin condensation. However, 

in staurosporine-treated Acinus knock-down cells, they observed impaired DNA 

fragmentation (Joselin et al., 2006).  

 

In 2009, a fourth group weighed in on this controversy, finding that Acinus 

mediates DNA fragmentation, and this activity is regulated by the interaction with 

AAC11 (Rigou et al., 2009). Anti-apoptosis clone 11, or AAC11, had been shown 

previously to inhibit cell death when over-expressed and levels of AAC11 in cancer 

tissues were found to have an inverse relationship with response to chemotherapy 

(Faye and Poyet, 2010). To identify the mechanism behind these findings, Rigou and 

colleagues stably transfected U2OS cells with inducible AAC11 shRNA and exposed 

these cells to a variety of pro-apoptotic chemotherapeutic anti-cancer drugs. Knock-

down of AAC11 led to increased apoptosis in cells treated with etoposide or 

camptothecin, but not cells treated with cisplatin, paclitaxel, or 5-fluorouracil. They 

observed a significant increase in Caspase-3/7 activity in apoptotic AAC11 knock-down 



15 

 

cells treated with etoposide and camptothecin, and they observed no growth or cell 

cycle phenotypes in AAC11 knock-down cells without chemotherapy treatment. Using 

Drosophila AAC11 as bait in a yeast two-hybrid screen, they identified CG10473 

Drosophila Acinus as an AAC11 binding partner, with the interaction mapping to amino 

acids 298-390 of Acinus and the leucine-zipper domain of AAC11. Importantly, 

expression of wild-type AAC11, but not a leucine zipper mutant, in U2OS cells treated 

with etoposide led to a decrease in Acinus cleavage and p17 generation, but PARP 

cleavage proceeded unimpeded. This suggests that AAC11 protects Acinus from 

caspase cleavage, while apoptotic caspase cleavage of other proteins is unchanged. 

Finally, U20S cells were transfected with Acinus siRNA and treated with etoposide and 

staurosporine. Like Joselin et al, Rigou and colleagues report an increase in effector 

caspase activation and decreased DNA fragmentation under these conditions. Finally, 

they showed in U2OS cells that AAC11 expression did not affect chromatin 

condensation upon staurosporine treatment, but it did substantially reduced DNA 

fragmentation.  

 

Acinus as a member of the ASAP complex 

The first hint that Acinus was involved in RNA splicing came in 2002 from two 

papers that did large scale profiling of the human spliceosome and identified hundreds 

of previously unknown spicing factors and spliceosome components (Rappsilber et al., 

2002; Zhou et al., 2002). The following year, Schwerk and colleagues isolated the 

apoptosis- and splicing-associated protein (ASAP) complex from HeLa cells (Schwerk et 
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al., 2003). The nuclear ASAP complex contains SAP18, RNPS1, and either Acinus S or 

Acinus L, whereby two distinct ASAP complexes are possible. In vitro, the ASAP 

complex suppressed RNA processing mediated by RNPS1, the ASF/SF2 complex, or 

SC35. Finally, injection of the ASAP complex into cells drove the cells towards 

apoptosis, and the splicing complex disassembled once apoptosis was initiated 

(Schwerk et al., 2003). The members of the ASAP complex were subsequently found to 

be associated with the exon junction complex (EJC), a critical moderator of mRNA 

metabolism. Interestingly, Sap18 shuttles in and out of the nucleus, while Acinus 

remains primarily nuclear (Tange et al., 2005). In addition, Joselin and colleagues found 

that Acinus is not required for the nuclear localization of either Sap18 or RNPS1 (Joselin 

et al., 2006). Further understanding of these proteins came in 2010, when Singh and 

colleagues found that both RNPS1 and Sap18, but not Acinus S’, had robust splicing 

activity in vitro (Singh et al., 2010). Shortly thereafter, structural insights of the ASAP 

complex were published, indicating that RNPS1 binds Acinus in the same manner as 

U2AF splicing proteins associate. Interestingly, they used fragments from Drosophila 

Acinus, human RNPS1, and mouse SAP18 to form a partial, but stable ASAP structure. 

The ability to generate a complex with proteins from three species speaks to the high 

conservation between homologues of this complex. Additionally, this Acinus-RNPS1 

complex then recruits Sap18 to form the full ASAP complex. Finally, they identified a 

second protein with an Acinus-like motif, Pinin, which was able to interact with Sap18 

and RNPS1 to form an alternative complex, named PSAP (Murachelli et al., 2012).    
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Up to this point, targets of the ASAP complex were poorly defined, and in 2014 two 

papers were published identifying the Drosophila piwi transcript as a target of RNPS1 

and Acinus splicing activity. Knock-down of Acinus or RNPS1 resulted in the retention of 

piwi intron 4, resulting in inactive PIWI and a general instability of transposons in the 

Drosophila ovary (Hayashi et al., 2014; Malone et al., 2014).  

 

Although regulation of chromatin destruction does not appear to be a conserved 

function of Acinus in Drosophila, it is clear that Acinus is a key player in the ASAP 

complex. The Kramer lab is actively trying to understand if regulation of splicing through 

the ASAP complex is affecting autophagy, or if the regulation of autophagy is a 

completely separate function of Acinus. Our work suggests the latter, and I expand 

more on this in the discussion.  

 

Hippo Signaling 

The Hippo signaling field is named after a kinase, originally discovered in 

Drosophila, named Hippo in true fly fashion. Among the Drosophila research 

community, it is customary to name new mutants for the phenotype they display, using a 

simple noun or adjective that describes the condition of the mutant fly (Lindsley et al., 

1992). This often results in rather cheeky genetic nomenclature, but typically confers 

useful information as to the function of the gene. Thus, many of the members of the 

Hippo signaling family have names describing overgrowth (Hippo, Warts, Expanded) or 

undergrowth (Yorkie) phenotypes. In the 1990s, multiple Drosophila labs conducted 
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genetic screens to identify new tumor suppressor genes or genes with growth 

phenotypes. Their pioneering work, published between 1995 and 2005, led to an 

explosion in the field in Drosophila and mammals, where homologues of the Hippo 

signaling pathway components began to be published in the early 2000s. To date, more 

than 40 proteins, proximally or distally involved in this pathway, have been linked to 

Drosophila or mammalian Hippo signaling (Irvine and Harvey, 2015).  

 

As with autophagy, several excellent reviews cover the key findings in Hippo 

signaling, both Drosophila and mammals (Irvine and Harvey, 2015; Meng et al., 2016; 

Pan, 2010). I will briefly describe the core pathway in flies and mammals, and then 

focus on Yorkie regulation and function.  

 

Hippo Signaling Basics 

The nexus of the Hippo signaling pathway in Drosophila is referred to as the core 

kinase cassette and consists of 4 proteins: two kinases, Hippo (Harvey et al., 2003; Jia 

et al., 2003; Pantalacci et al., 2003; Udan et al., 2003; Wu et al., 2003) and Warts 

(Justice et al., 1995; Xu et al., 1995), as well as two adaptor proteins, Mats (Lai et al., 

2005) and Salvador (Kango-Singh et al., 2002; Tapon et al., 2002). Mutant loss-of-

function clones of any one of these proteins result in increased tissue proliferation and 

decreased cell death, causing the tissue-overgrowth phenotypes that the pathway is 

known for. The core cassette is organized into two functional units, the first of which is 

the Salvador-Hippo complex. This complex phosphorylates and activates the second 
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unit, the Warts-Mats complex (Wei et al., 2007; Wu et al., 2003). The phosphorylation 

and activation of the Warts-Mats complex stimulates Warts phosphorylation of a 

transcriptional coactivator, Yorkie (Huang et al., 2005). As suggested by its name, 

Yorkie has the opposite phenotype of Hippo and Warts, and over-expression of Yorkie 

phenocopies loss of its upstream negative regulators. The core kinase cassette 

integrates upstream regulatory input from multiple branches, including the apical protein 

complex of Merlin, Expanded (Hamaratoglu et al., 2006), and Kibra (Baumgartner et al., 

2010; Genevet et al., 2010; Yu et al., 2010), and two distinct branches of 

transmembrane proteins mediating signaling, Fat (Bennett and Harvey, 2006; Cho et al., 

2006; Silva et al., 2006; Tyler and Baker, 2007; Willecke et al., 2006) and Crumbs 

(Chen et al., 2010; Ling et al., 2010; Robinson et al., 2010; Tepass et al., 1990). These 

upstream regulatory units serve to link processes like intracellular signaling and 

cytoskeletal tension with cellular growth and survival, and ultimately determination of 

organ size. 

In mammals, the pathway has the same general structure, but often contains two 

homologues for every one Drosophila protein. For example, Mst1 and Mst2 are the two 

homologues of Hippo, Lats 1 and Lats 2 are the two homologues of Warts, and Yap and 

Taz are the two homologues of Yorkie (Callus et al., 2006) (Praskova et al., 2008) 

(Chan et al., 2005). Mammalian homologues of several upstream regulators of the core 

kinase cassette have been identified, and their functional conservation is the subject of 

ongoing research. This expansion of pathway homologues in mammals makes 

Drosophila an ideal system to study Hippo signaling without the confounding issue of 
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multiple proteins with redundant functions (Irvine and Harvey, 2015; Pan, 2010). 

 

Yorkie 

As introduced above, the integrated actions of the Hippo signaling cascade 

converge on the transcriptional co-activator Yorkie (Huang et al., 2005). The kinase 

Warts phosphorylates Yorkie at 3 sites, serine 111, serine 168, and serine 250 (Oh and 

Irvine, 2009; Ren et al., 2010). The first site discovered, and most critical for Hippo’s 

constraint of Yorkie, is serine 168 (Dong et al., 2007; Oh and Irvine, 2008; Zhao et al., 

2007).  Phosphorylation at this site generates a binding site for 14-3-3 proteins, which 

sequesters Yorkie in the cytoplasm where it is not transcriptionally active. Accordingly, 

Yorkie nuclear accumulation is seen upon loss of negative regulation through Hippo 

signaling (Dong et al., 2007; Zhao et al., 2007), loss of 14-3-3 proteins (Ren et al., 

2010), or mutation of 14-3-3 protein binding sites (Zhao et al., 2007). Warts 

phosphorylation at the two remaining sites, serine 111 and serine 250, also affects 

Yorkie localization, although their effect appears to be minor compared to serine 168 

phosphorylation (Oh and Irvine, 2009; Ren et al., 2010).  

 

Yorkie is unable to bind DNA itself; however, it interacts with DNA through the 

transcription factor Scalloped to mediate transcription of target genes (Goulev et al., 

2008; Wu et al., 2008; Zhang et al., 2008). Scalloped was originally discovered in the 

early 1990s (Campbell et al., 1992); however the interaction with Yorkie was the first 

hint that Scalloped was involved in the control of organ size. Indeed, Scalloped was 
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shown to bind to a Hippo-Responsive Element (HRE) in the diap1 locus (also known as 

thread in Drosophila), a well-known Hippo-Yorkie target gene. Surprisingly, in most 

Drosophila tissues, Scalloped is not required for normal growth and this remained a 

puzzle until it was uncovered that Scalloped represses transcription, and Yorkie 

promotes transcription by antagonizing this default repression (Koontz et al., 2013). It 

was previously shown that Scalloped was required for all growth phenotypes resulting 

from Yorkie activity, and Koontz and colleagues clearly showed that the rescue of yorkie 

loss-of-function clones by scalloped loss-of-function was the result of a derepression of 

transcription in the absence of Scalloped.  Further, Koontz and colleagues found that 

Scalloped’s default repression is at least partially mediated through Tgi binding to 

Scalloped. In addition to Scalloped, Yorkie has been reported to bind Homothorax (Peng 

et al., 2009) and Mad (Oh and Irvine, 2011), but neither transcription factor has been 

shown to be essential for yorkie mutant phenotypes. Finally, Yorkie antagonizes 

Scalloped default repression and promotes transcription through recruiting the Trithorax-

related histone methyltransferase complex. Yorkie achieves this recruitment by binding 

to Ncoa6, a member of the Trr complex, and Yorkie, Ncoa6, and the Trr complex are all 

required for transcription-enhancing H3K4 methylation of target genes (Qing et al., 

2014) ((Oh et al., 2014).  

 

Several genes have been shown to be Yorkie targets, and thus responsive to 

upstream perturbations in Hippo signaling in the context of growth control. In addition to 

the anti-apoptotic diap1, there are several other known target genes that broadly fit into 
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three categories, including (i) cell autonomous anti-apoptosis and pro-proliferation cell 

growth genes, (ii) negative feedback regulation, and (iii) cell-cell communication 

pathway crosstalk genes. First, the cell growth category includes the growth promoting 

microRNA bantam, Myc, as well as several cell cycle genes including CyclinB, CyclinD, 

CyclinE, and E2F1. The second category of genes that undergo negative feedback 

includes upstream negative regulators of Yorkie, including expanded, four-jointed, and 

kibra. Finally, several target genes confer significant crosstalk with other signaling 

pathways, including wingless, vein a homolog of EGF, and a third ligand, the Notch-

binding protein Serrate. Reviewed by: (Badouel and McNeill, 2011; Oh and Irvine, 2010; 

Pan, 2010). 

 

Finally, Liu and colleagues recently identified the first transcriptional target and 

function for Yorkie outside of the context of growth and organ size. The Drosophila 

larval fatbody is a critical organ for immune response, and Hippo-Yorkie signaling is 

critical for mediating this response. In a Hippo-dependent manner, Yorkie and Scalloped 

direct the transcription of the gene cactus, an important protein that sequesters the 

Drosophila NF-KB homologues Dorsal (Dl) and Dorsal related immune factor (Dif), and 

releases these proteins in response to active Toll signaling. Dl and Dif then translocate 

to the nucleus and induce transcription of antimicrobial peptides to help the fly or larvae 

combat microbial infection. Importantly, the Hippo-Yorkie activation in this context is 

also Toll dependent, setting up a reciprocal relationship between Toll and Hippo 

signaling (Liu et al., 2016).   



23 

 

 

In mammals, Yorkie has two homologues, YAP (Yes Associated Protein) and 

WWTR1 (WW domain-containing transcription regulator protein 1), more commonly 

called Taz. While the discovery of Yap and Taz predate the discovery of Yorkie (Kanai 

et al., 2000; Sudol, 1994), their functions did not become clear until after they were 

understood as Yorkie’s mammalian homologues (Zanconato et al., 2016). Like Yorkie, 

Yap and Taz are transcriptional co-activators that shuttle between the cytoplasm and 

nucleus, where they interact with the TEAD family of transcription factors (Piccolo et al., 

2014). Importantly, TEAD1-4 are the mammalian homologues of Scalloped (Wu et al., 

2008; Zhang et al., 2008). Additionally, the mammalian homologues of Warts, Lats1/2 

phosphorylate Yap and Taz to generate a 14-3-3 binding site for cytoplasmic 

sequestration similar to Yorkie regulation.  

 

There is a large body of research on the role of Hippo Signaling, and more 

specifically Yap and Taz, in human cancer that is reviewed in Zanconato’s 2016 Cancer 

Cell review. For this introduction, I will focus on recent findings that suggest AMPK 

regulates Yap through phosphorylation in a stress-dependent manner (Hariharan, 

2015).  

 

Three publications in 2014-2015 all reported that glucose deprivation inhibited 

Yap’s activity in cells (DeRan et al., 2014; Mo et al., 2015; Wang et al., 2015). There are 

differences in the methodologies and findings in these papers, but they all identify 
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AMPK as the stress-induced kinase responsible for mediating this inhibition of Yap in 

mammalian cell culture systems. Wang and colleagues, as well as Mo and colleagues, 

both report that AMPK phosphorylates Yap at serine 94, and Mo also characterized an 

AMPK phosphorylation site at serine 60, as identified by in vitro kinase assays followed 

by mass spec analysis. The third group, DeRan and colleagues identified AMOTL1, a 

sequestration protein that tethers Yap at cellular junctions, as the target for AMPK 

phosphorylation. These findings suggest a link between the energy state of the cell and 

Yap transcriptional activity.  

 

Autophagy and Growth 

Perhaps the best-studied coordinated control of growth and autophagy is Tor-

dependent regulation. The kinase, mTor, integrates a myriad of upstream inputs and 

phosphorylates multiple targets to play a critical role in controlling both autophagy and 

cell growth. Similar to autophagy and Hippo signaling, this is a very large field and many 

high-quality reviews summarize key findings (Chang et al., 2009; Neufeld, 2012; Russell 

et al., 2014). I will briefly summarize general findings here as they apply to the 

Atg1/ULK1 complex.  

 

In yeast, TORC1 directly phosphorylates Atg13 to suppress autophagy under 

growing conditions, and rapamycin-mediated inhibition of TORC1 leads to rapid Atg13 

de-phosphorylation (Mizushima et al., 2011). Atg13 carrying mutations for these TORC1 

phosphorylation sites induces autophagy through the activation of Atg1 (Kamada et al., 
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2000; Kamada et al., 2010). This regulation is unique to yeast, as phosphorylation of 

Atg13 is inhibitory for autophagy, where in mammals and Drosophila it activates 

autophagy. Additionally, TORC1 phosphorylates Atg1, leading to a suppression of Atg1 

kinase activity, at threonine 266 and other sites (Kijanska et al., 2010; Yeh et al., 2010). 

Thus, under nutrient-rich conditions in mammals, the ULK1 complex is inactivated by 

mTORC1 and is primarily cytosolic (Hosokawa et al., 2009; Jung et al., 2011). The 

mTORC1 subunit raptor directly binds ULK1, and mTORC1 directly phosphorylates 

ULK1 at serine 757 (Kim et al., 2011). mTORC1 also phosphorylates Atg13 under 

nutrient-rich conditions (Ganley et al., 2009).  

 

In Drosophila, like yeast and mammals, Atg1 and Atg13 are both direct targets of 

dTor phosphorylation in a nutrient-dependent manner. Over-expression of Atg1 is 

sufficient to induce autophagy in well-fed animals, suggesting high levels of Atg1 can 

bypass dTor’s inhibitory regulation. Co-overexpression of Rheb, a dTor activator, 

suppresses this autophagy induction, and over-expression of Atg1 is also sufficient to 

inhibit Tor (Chang et al., 2009; Scott et al., 2004). These findings indicate that the 

reciprocal inhibitory effects Tor and Atg1 exhibited in other systems are conserved in 

Drosophila (Dunlop et al., 2011; Jung et al., 2011).  

 

In Drosophila, some attempts have been made to understand the interplay 

between Hippo-mediated growth and autophagy, independent of Tor signaling. Not 

surprisingly, the exchange between these processes is quite complex and often 
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dependent on the specific mechanism driving growth. For example, Perez and 

colleagues found that knock-down of 12 separate Atg genes strongly enhanced the 

Notch-dependent eyefull overgrowth model. Additionally, knock-down of these 12 genes 

(including the Atg genes 1, 6, 12, 5, 7, 4a, 4b, 8a, 3, 9, and 18) had no effect on the 

development of normal eyes (Perez et al., 2015). Over-expression of Atg1, in a manner 

dependent on Atg8 and Atg12, was sufficient to reduce over-growth in the eyefull 

mutant. Perez and colleagues also tested autophagy’s effect on Hippo mediated growth. 

They found that Atg1 over-expression was capable of suppressing over-growth 

generated by either hippo-/- null clones or over-expression of Yorkie using GMR-Gal4. 

Importantly, knock-down of Atg8 had no effect on hippo-/- clone size. Finally, they found 

that in glia cells, induction of autophagy enhances Yorkie-mediated overgrowth. These 

data taken together led authors to conclude that the regulation of growth via autophagy 

is complex and context-dependent. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



27 

 

 
 

 
 
 
 
 
Figure 1-1. The Atg1 Complex 
Models of the Atg1 complex in yeast, flies, and humans.  
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Figure 1-1. The Hippo Signaling Pathway 
Model of the highly conserved Hippo signaling core kinase cassette and Yorkie-Scalloped 
complex.  
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CHAPTER TWO 
 

UNCOVERING THE ACINUS REGULATORY NETWORK 

 
Introduction 

The Kramer lab’s interest in Drosophila Acinus has been divided into two main 

avenues of research. The first avenue is exploring how Acinus is regulated and what 

effect its well conserved regulatory elements have on Acinus’ function in autophagy. 

The second avenue is uncovering how Acinus is functioning on a mechanistic level. 

While the first avenue was the main focus of my colleague in the lab, Dr. Nilay Nandi, 

and the second avenue was my main focus, we worked quite collaboratively over the 

years to make progress on both avenues of research. This chapter details the 

collaborative efforts Nilay and I made to uncover how Acinus is regulated and the focus 

of my thesis, understanding how Acinus is functioning, is detailed in Chapters 3 and 4.  

 

Acinus is dynamically regulated at the protein level 

Drosophila Acinus is a conserved protein of 83.7kDA with several highly 

conserved regulatory elements that influence the protein’s ability to induce autophagy. 

Early experiments showed that Acinus was highly regulated at the protein level 

(Haberman et al., 2010; Nandi et al., 2014). Antibody staining for Acinus protein shows 

a highly dynamic pattern when compared to DNA or a GFP expressed using regulatory 

elements from the endogenous acinus locus in the developing eye disc of Drosophila 

larvae (Fig 1). Furthermore, dynamic regulation Acinus proteins levels were also evident 
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by comparison to GFP-KDEL when both were expressed under GMR-Gal4 control (Fig. 

1E). Therefore we began to test how protein levels are regulated through several 

regulatory elements. These elements include three serine phosphorylation sites at 

S437, S641, and S731, as well as one protease cleavage site at D527.  

 

We took multiple approaches to characterize these regulatory elements, including 

using a series of myc-tagged acinus transgenes under control of the endogenous 

promoter and enhancer regions carrying targeted mutations. These transgenes were all 

inserted into the 96F3 landing site and put in the acinus mutant background, leaving 

these flies with only specifically mutated Acinus protein. I will refer to these flies, whose 

genotype for example is acn1/acn27; gen-acnWT as acnWT. Additionally, I generated a 

series of UAS-Acinus constructs and flies carrying the same targeted-mutations to allow 

for over-expression in a tissue-specific manner of these mutated Acinus proteins using 

the Gal4-UAS system.  

 

One important use of these UAS-Acinus transgenes is the multiple screens we 

have conducted with the GMR-Gal4>UAS-AcnWT model that is highly sensitive to 

genetic interactions. We validated this as a model for Acinus activity in several ways. 

First, knock-down of known autophagy regulators via RNAi, such as Atg1 and Atg7, 

suppress the small, rough eye generated by the GMR-Gal4 driven over-expression of 

UAS-AcnWT (Fig 6). Additionally, the GMR-Gal4>UAS-AcnWT developing eye discs show 

high levels of Atg8 punctae, a marker for autophagosomes, as compared to GMR-Gal4 
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alone (See Chapter 3, Fig 1). Finally, the GMR-Gal4>UAS-AcnWT model genetically 

interacts with a protein known to bind Acinus, AAC11 (See Chapter 3, Fig 1).  

 

 We used these tools to assess phenotypes related to autophagy, longevity, and 

other related processes. I will summarize the findings of these studies (Nandi et al., 

2014) (Nandi et al., in preparation). 

 

Acinus is regulated by Dcp-1 cleavage at D527 

Drosophila Acinus contains an aspartic acid (D) at position 527 that is conserved 

from flies to humans and has been implicated in Caspase-mediated cleavage of Acinus 

(Hu et al., 2005; Sahara et al., 1999). Analysis of a cleavage-resistant mutant, acnD527A, 

revealed that this substitution leads to higher levels of Acinus in larval lysates and the 

developing photoreceptors of the Drosophila eye disc. Over-expression of UAS-

AcinusWT in the eye using GMR-Gal4 yields an eye that is rough with some patterning 

mistakes. Expression of GMR-Gal4>UAS-AcinusD527A yields an eye that is considerably 

rougher, while expression of either cleavage product, UAS-Acinus1-527 or UAS-Acinus528-

739 had no visible phenotype. Importantly, these UAS transgenes were all inserted into 

the same locus to allow for side-by-side comparison (Fig 2). 

 

The elevated acinus levels in AcnD527A flies resulted in increased autophagy. Atg8 

punctae, indicative of autophagosomes, were increased in both eye disc and fat body, 

as shown by antibody staining for Atg8 or visualization of Atg8-GFP. Additionally, TEM 
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revealed that autolysosomes in AcnD527A larval fatbodies were greater in size and 

abundance (Fig 3). 

 

In order to find the caspase responsible for Acinus’ cleavage, we performed a 

genetic screen using a sensitized genetic model Nilay and I developed in the lab. This 

model is based on GMR-Gal4 driven expression of a UAS-AcnWT transgene, where the 

eye-specific over-expression of Acinus generates a smaller, somewhat rough eye, or 

UAS-AcnD527A which yields an even smaller, rougher eye. We theorized that knocking 

down the caspase responsible for cleavage of Acinus at D527 would yield an eye more 

similar to the GMR-Gal4>UAS-AcnD527A eyes, as opposed to less severe GMR-

Gal4>UAS-AcnWT eyes. The knock-down of the caspase Dcp-1 in the GMR-Gal4>UAS-

AcnWT flies yielded a greatly enhanced small, rough eye, similar to the GMR-Gal4>UAS-

AcnD527A eye. Importantly, knock down of Dcp-1 alone using GMR-Gal4 produces no eye 

roughness phenotype, indicating that the enhancement is a synergistic genetic 

interaction rather than the compounding of two rough eyes. Knock-down of other 

caspases, such as Dredd or Dronc, did not enhance the GMR-Gal4>UAS-AcnWT rough 

eye. Importantly, decreasing levels of Dcp-1 led to increases in Acinus protein levels in 

multiple contexts, including dcp-1 mutant and RNAi knock-down eye discs, dcp-1 

mutant clones in the eye and internal discs. Additionally, dcp-1 mutant larvae show 

increased levels of AcnWT protein by western blot (Fig 4).  

 

Because AcnD527A flies show enhanced levels of basal autophagy in the well-fed 
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condition, we asked if dcp-1 mutant flies showed a similar enhancement in autophagy. 

Similar to AcnD527A larvae, both dcp-1 mutant and RNAi knock-down larvae showed an 

increase in Atg8 staining under the well-fed condition, that was further enhanced upon 

starvation. This increase to basal autophagy was not seen when both dcp-1 and acinus 

were knocked-down via RNAi, or in Dredd RNAi knock-down. This suggests that this 

regulation of autophagy is specific to the caspase Dcp-1, and requires Acinus (Fig 5). 

Understanding what physiological signals or stresses activate Dcp-1 in this basal, non-

apoptotic context is an important question for future research.  

  

Acinus is regulated by Akt1 phosphorylation at S641 and S731 

Drosophila Acinus contains two highly conserved serines at positions 641 and 

731 that are contained within AKT1 consensus target sequences (Hu et al., 2005). 

Mutating these serines to a phospho-inert alanine or phospho-mimetic aspartic acid 

yield changes in Acinus protein stability. In larval lysates and developing eye discs, 

AcnS641,731A flies have reduced levels of Acinus, and AcnS641,731D have higher levels of 

Acinus when compared to AcnWT(Fig 1 and Fig 7).  

 

Because AKT1 phosphorylates acinus in mammalian cells (Hu et al., 2005), we 

tested a possible role of AKT1 in regulating acinus levels. Knock-down of Atk1 

suppressed the small, rough eye of the GMR-Gal4>UAS-AcnWT flies, and co-

overexpression of Acinus and Akt1 using GMR-Gal4 greatly enhanced this small, rough 

eye. Importantly, over-expression of Akt1 alone generated no rough eye phenotype, 
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indicating that this genetic interaction is specific to Acinus and Akt1. We raised an 

antibody to phospho-serine 641 Acinus, which was validated for specificity via western 

blot and IHC analysis in the AcnWT and AcnS641,731A flies. This phospho-specific antibody 

showed decreased staining for phospho-S641 Acinus in Akt1 RNAi clones in the 

developing eye disc (Fig 6).  

 

Using the UAS-transgenes I generated, we showed that over-expression of Akt1 

genetically enhances GMR-Gal4>UAS-AcnWT eye roughness, but not the eye roughness 

of GMR-Gal4>UAS-AcnS641,731A or GMR-Gal4>UAS-AcnS641,731D. Importantly, when the 

transgenes are inserted into the same landing site, the Gal4>UAS-AcnS641,731A has a 

slightly more mild rough eye than GMR-Gal4>UAS-AcnWT, while GMR-Gal4>UAS-

AcnS641,731D has a slightly rougher eye. This is consistent with the phospho-inert protein 

displaying somewhat reduced autophagy, while the phospho-mimetic enhances 

autophagy more than wild-type (Fig 7).  

 

AcnS641,731D flies showed the same hallmarks of increased basal autophagy as 

the AcnD527A flies discussed earlier in this chapter. In the fed condition, AcnS641,731D flies 

have increased Atg8 staining in eye discs and fatbodies, as well as increased Atg8-GFP 

levels and increased quantity and size of autolysosomes in fatbodies. AcnS641,731A larvae 

have levels  of Atg8 and Atg8-GFP punctae similar to wild type under basal conditions; 

however all three, WT, phospho-mimetic, and phospho-inert show significant increases 

in Atg8 and Atg8-GFP levels upon starvation. This indicates an increase in basal 
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autophagy in AcnS641,731D flies that is not seen in the AcnS641,731A flies, but this elevation 

for both genotypes does not occlude the normal autophagic response to starvation (Fig 

8).  

 

In order to characterize the physiological relevance of the increased basal 

autophagy in AcnD527A and AcnS641,731A flies, we used a Drosophila Huntington’s disease 

model. These flies express HTT.Q93 under the control of GMR-Gal4 and display rapid 

neurodegeneration (Scherzinger et al., 1997). Knock-down of Acinus in wild-type flies 

leads to age-dependent neurodegeneration, and this trend is also seen when Acinus is 

knocked down in the GMR-Gal4>UAS-HTT.Q93 flies. In the GMR-Gal4>UAS-HTT.Q93 

flies, the addition of the acnD527A transgene slows the neural degeneration, as measured 

by ERG. Additionally, both the acnD527A and acnS641,731D transgenes led to reduced levels 

of PolyQ protein in this model, as measured by a filter retardation assay. Finally, both 

AcnD527A and AcnS641,731D flies show significant resistance to starvation stress and 

increased longevity (Fig 1.9). These data taken together suggest that flies containing 

stabilized AcnD527A and AcnS641,731D proteins have advantages that can be attributed to 

their increased basal autophagy. Going beyond knowing what kinase regulates this 

phosphorylation event, and understanding what physiological triggers induce 

phosphorylation is an important avenue of future research.  

 

Acinus is regulated by Cdk5 through phosphorylation at serine 437 

Another of these important regulatory elements, serine 437, is predicted to be 
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phosphorylated in both Drosophila (Bodenmiller et al., 2007) and mammalian cancer 

cells (Francavilla et al., 2017; Patwa et al., 2008) based on phospho-proteomic analysis. 

This serine is highly conserved from flies to humans, and using a phosphospecific 

antibody, we verified that it is indeed phosphorylated in Drosophila larval eye discs. 

Importantly, in both eye discs and whole larval lysates, the phosphomimetic AcnS437D 

showed higher levels of Acinus protein than either AcnWT or AcnS437A (Fig 9).  

 

Eye discs and larval fat bodies showed different levels of autophagy in the 

AcnWT, AcnS437A, and AcnS437D flies. Under fed conditions, Atg8, a marker for 

autophagosomes and early autolysosomes (Klionsky et al., 2016), was elevated in 

AcnS437D eye discs and fatbodies and decreased in AcnS437A larval tissues as compared 

to AcnWT. Additionally, AcnS437D fatbodies had increased size and abundance of 

autolysosomes as seen by TEM, as well as extended lifespan and resistance to 

starvation stress (Fig 10).  

 

In order to identify the kinase responsible for phosphorylation of serine 437, we 

performed a genetic screen the GMR-Gal4>UAS-AcinusWT system as described before. 

After generating a list of proline-directed kinases using bioinformatic tools, we screened 

those kinases for genetic interaction with the GMR-Gal4>UAS-AcnWT flies with the 

rationale that knocking-down a kinase that activates Acinus would suppress the 

roughness and co-overexpression with an activating kinase would enhance the 

roughness. The two positive hits from this screen were p38b MAPK and Cdk5. Both 
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RNAi and dominant negative, kinase-dead versions of p38b MAPK and Cdk5 

suppressed the small, rough eye generated by over-expression of Acinus. Additionally, 

co-overexpression of either p38b MAPK or Cdk5 with Acinus using GMR-Gal4 greatly 

enhanced the eye roughness (Figure 11).  

 

Next, we used the S437 phospho-specific antibody to assess if either of these 

kinases were directing Acinus-S437 phosphorylation in the eye disc. With the exception 

of mitotic cells, which typically have a very high level of S437 phospho-Acinus, knock-

down of Cdk5 and its co-activator p35 using the ubiquitous driver Daughterless-Gal4 or 

Armadillo-Gal4 led to a dramatic decrease in S437 phospho-Acinus staining in the 

developing eye disc. Flies homozygous mutant for either Cdk5 or p35 also showed a 

striking reduction in S437 phospho-Acinus, and over-expression of p35 led to a dramatic 

increase in S437 phospho-Acinus staining. In contrast, altering the level of p38b MAPK 

had no effect on levels of S437 phospho-Acinus levels in vivo. Additionally, co-

overexpression of either p35 or p38b MAPK were sufficient to enhance the eye-

roughness of GMR-Gal4>UAS-AcinusWT. However, unlike p38b MAPk, p35 co-

overexpression with GMR-Gal4>UAS-AcinusS437A failed to enhance the mild-rough 

phenotype of this eye. Taken together, these data indicate that Cdk5 and its cofactor 

p35 direct Acinus phosphorylation at serine 437 in vivo, but p38b MAPK does not 

(Figure 12).  

 

In order to determine the relevance of Cdk5/p35-directed phosphorylation of 
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Acinus at serine‑437, we assessed the levels of autophagy in p35 mutants. Atg8 

punctae were markedly reduced in p35 mutant eye discs, while levels of p62, an 

autophagic adaptor protein, were greatly enhanced. This indicates a block in autophagy 

in p35 mutants that can be reduced by the acnS437D rescue transgene, but not the acnWT 

or acn S437A transgenes. Additionally, the decreased lifespan of p35 mutants can also be 

rescued by the acnS437D transgene. These experiments indicate that Acinus is a relevant 

target of Cdk5/p35-directed phosphorylation, and that phosphorylation has relevant 

consequences in autophagy and longevity (Fig 13).  

 

The Cdk5/p35 kinase complex has a well-established role in neurodegeneration 

(Shah and Lahiri, 2017; Trunova and Giniger, 2012), therefore we decided to assess if 

the Cdk5/p35 directed phosphorylation of Acinus had physiological consequences in fly 

neurodegenerative models. S437 phospho-Acinus levels are increased in two 

established fly models of Huntington’s disease, the GMR-Gal4>UAS-HTT.Q93 and 

GMR-Gal4>UAS-HTT.Q120 models. This increase in phosphorylation is reduced in p35 

mutants, indicating that Cdk5/p35 responds to protein aggregating by phosphorylating 

Acinus in these models. Additionally, polyQ aggregates in GMR-Gal4>UAS-HTT.Q120 

eye discs were reduced by the addition of the acnS437D rescue transgene (Fig 14).  

 

Conclusion and Future directions 

In this chapter, I have presented the work I have collaborated on with Dr. Nilay 

Nandi. We have made significant progress in understanding how Acinus is regulated 
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through specific regulatory elements and how this regulation affects autophagy.  

 

One interesting observation in this study is that S437 Acinus phosphorylation is 

only elevated in specific models of neurodegeneration. S437 phospho-Acinus levels are 

increased in the GMR-Gal4>UAS-SCA3.Q78 model of Spinocerebellar Ataxia type 3, 

the GMR-Gal4>UAS-Atx1.Q82 model of Spinocerebellar Ataxia, and the GMR-

Gal4>AB42 model of Alzheimers disease. In contrast, S437 phospho-Acinus levels are 

not increased in the GMR-Gal4>UAS-SNCA model of Parkinson’s disease and the 

GMR-Gal4>UAS-hSod1 model of Amyotrophic Lateral Sclerosis (Figure 15). 

Understanding why Acinus S437-phosphorylation is variable among different models of 

neurodegeneration and identifying other cellular stresses that trigger Acinus activation 

will be a goal of future research.  

 

Additionally, we have seen multiple degradation products as a result of Acinus 

cleavage, but we have only identified one caspase responsible for cleavage at D527. 

Identifying other proteases responsible for Acinus cleavage, which may potentially also 

be a key regulatory step, is another goal of future research.  
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Figures 

 

 
 
Figure 2-1. Acinus is regulated on the protein level. 
(A) Schematic of acn locus and genomic transgenes all inserted at 96F3 for this study. 
(B-D) Projections of confocal sections of eye discs showing early stages of photoreceptor 
development just posterior to the furrow as indicated in Fig. 2D. Panels show wild-type discs 
stained for endogenous Acn (B) and DNA (B’); or discs with indicated transgenes stained for 
GFP (C,D) and DNA (C’,D’), or for Myc (E), and GFP (E’). Merged panels are to the right. 
Arrows point to cells expressing GFP-KDEL, but lacking Myc-Acn. Scale bars in B-E: 20 µm. 
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Figure 2-2. Acn is cleaved and inactivated at aspartate D527  
A) Conserved aspartate D527 of Drosophila melanogaster (Dm) Acinus is shown in alignment 
with Drosophila yakuba (Dy), Anopheles gambiae (Ag), Xenopus tropicalis (Xt), mouse (Mm), 
and human (Hs) proteins. B) Western blot of lysates from larvae probed for Acn and Actin. 
C) Quantification of blots for Acn levels relative to Actin (n=3). D) Micrograph of eye disc stained 
for DNA (magenta) and Acn (green). The frame just posterior to the furrow (arrow) indicates the 
region shown in high magnification images (E,F). D’) Micrograph of eye disc expressing nGFP. 
Dotted lines encircle R3,4 and R2,5,8 photoreceptors just posterior to furrow. E, F) Dynamic 
changes in Acn expression in photoreceptors visualized in projections of confocal sections of 
eye discs from acnP-Myc-Acnwt (E) and acnP-Myc-AcnD527A (F) larvae double-labeled for Myc 
(green) and C-terminal Acn (magenta) epitopes of Myc-Acn (Merged images: E”, F”). Arrows 
point to R3/4 photoreceptor pairs just posterior to the furrow. Scale bars: 10 µm. G) Cumulative 
frequency histograms of normalized fluorescence intensities for Myc and Acn immuno-reactivity 
in R3,4 and R2,5,8 cells. At least 180 ommatidia were measured from 4 eye discs each for Acnwt 
and AcnD527A. H) Intensity blots of normalized integrated intensities of Acn and Myc immuno-
reactivity for individual groups of R3,4 and R2,5,8 cells in Myc-Acnwt and Myc-AcnD527A discs and 
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calculated Pearson correlation coefficients r. I-N) SEM images of wild type control (I) and eyes 
expressing under GMR-Gal4 control the indicated UAS transgenes: (J), UAS-Acnwt (K), UAS-
AcnD527A (L), UAS-Acn1-527 (M) and UAS-Acn528-739 (N).  
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Figure 2-3. Stabilized AcnD527A enhances basal autophagy. 
A,B) Micrographs of fed Acnwt or AcnD527A larval eye discs stained for Atg8a. Scale bar in A: 40 µm 
in A-B. C) Quantification of Atg8a punctae. D) Western blot of fat body lysates from 96-h fed 
larvae probed for Acn and Actin. E) Quantification of blots for Acn levels relative to Actin (n = 3). 
(F,G,I,J) Micrographs of Acnwt or AcnD527A fat bodies encompassing 6 to 8 cells from 96-h fed or 
starved size-matched larvae. Scale bar in F: 40 µm in F-J. (F,G) Fat bodies stained with 
antibodies against Atg8a. H) Quantification of Atg8a punctae. I,J) GFP-Atg8a fluorescence 
detected in live fat bodies. K) Quantification of GFP-Atg8a punctae. (L,M) TEMs of fed Acnwt or 
AcnD527A fat bodies. Examples of dense lysosomes (arrowheads) and membrane-enriched 
autolysosomes (arrows) are shown at higher magnification. N) Quantification of percentage of 
autolysosomal area. O) Quantification of average lysosomal and autolysosomal diameters.  
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Figure 2-4. Acn levels and activity is regulated by Dcp-1.A-G) Micrographs of wild type (A) 
and eyes in which GMR-Gal4 drives expression of Acnwt (B), AcnD527A (C), Acnwt + Dcp-1-RNAi 
(D), Dcp-1-RNAi (E), Acnwt + Dredd-RNAi (F), Acnwt + Dronc-RNAi (F). H-K) Micrographs of larval 
eye discs stained for DNA and Acn (green) from OreR (H), dcp-1 (I), GMR-Gal4, UAS-Dcp-1-
RNAi (J), GMR-Gal4, UAS-Dredd-1-RNAi (K). L,M) Micrographs of eye (L) and antennal (M) 
discs with clones of cells expressing Dcp-1-RNAi marked by RFP and stained for Acn (green) 
and DNA. N) Western blots of wild type (+/+) or dcp-1 larvae (-/-) expressing Myc-Acnwt or Myc-
AcnD527A as indicated. Blots were probed for Myc or Actin. O) Quantification of blots as shown in 
(N). Scale bars indicate 10 µm in H-M.  
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Figure 2-5. Dcp-1 regulates basal autophagy. 
A-E) Micrographs show fat bodies from 96-h fed and starved size-matched larvae stained for 
Atg8a. Genotypes are wild type (A), dcp-1 (B), Da-Gal4, UAS-Dcp-1-RNAi (C), Da-Gal4, UAS-
Dcp-1-RNAi + UAS-Acn-RNAi (D), Da-Gal4, UAS-Dredd-RNAi (E). Scale bar in A: 40 µm in A-E. 
F) Quantification of Atg8a punctae. See also Figure S1H for efficiency of Acn knockdown.  
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Figure 2-6. AKT1 phosphorylates Acinus. 
A-I) Micrographs show adult eyes from flies expressing the indicated UAS transgenes under 
control of GMR-Gal4. J) Western blots of anti-Myc immunoprecipitates of Myc-Acnwt and Myc-
AcnS641,731A expressed in S2 cells and detected with antibodies against Acn or Acn-pS641. S2 cell 
lysates were probed for Actin. K) Western blots of lysates from S2 cells expressing Myc-Acnwt 
that were treated without (-) or with calf intestinal phosphatase (CIP) and probed for Acn, Acn-
pS641 or Actin. L-M) Apical most regions of eye discs that include cone cell nuclei (marked CC) 
are depicted in Z-projections of confocal sections. Eye discs were from larvae expressing Myc-
Acnwt (L) or Myc-AcnS641,731A (M) and were stained for Acn-pS641, Myc and DNA. Arrows point to 
unspecific staining in mitotic cells. N) Projection of confocal sections of eye disc expressing 
AKT-RNAi within RFP-marked clones (magenta) and stained for Acn-pS641 (green, N’) and 
DNA (N”). 
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Figure 2-7. AKT1 phosphorylation regulates Acn levels. 
A-F) SEMs of eyes expressing the indicated UAS-Acn transgenes with or without UAS-AKT1 
under control of GMR-Gal4. G) Quantification of degree of eye roughness for A-F. 
H) Western blot of lysates from fed 75-h larvae with indicated Acn transgenes probed for Acn. 
Bands of full-length and cleaved Acn are indicated. I,J) Acn expression in developing 
photoreceptors visualized in projections of confocal sections of eye discs from acnP-Myc-
AcnS641,731D (I), or acnP-Myc-AcnS641,731A (J) larvae stained for Myc (green) and Acn (magenta). Scale 
bars in J: 10 µm in I,J. K) Box and whisker graphs of integrated intensities of Acn and Myc 
immunoreactivity for individual groups of R3,4 and R2,5,8 cells in Myc-AcnS641,731A and Myc-
AcnS641,731D discs. (n =120 ommatidia from 3 eye discs each). 
L) Intensity blots of normalized integrated intensities of Acn and Myc immunoreactivity for 
individual groups of R3,4 and R2,5,8 cells in Myc-AcnS641,731A and AcnS641,731D discs and calculated 
Pearson correlation coefficients r.  
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Figure 2-8. AKT1-mediated phosphorylation of Acn modulates basal autophagy. 
A,B) Micrographs of fed AcnS641,731A or AcnS641,731D eye discs stained for Atg8a. Scale bar in A: 40 µm 
in A,B. C) Quantification of Atg8a punctae. D,E,G,H) Micrographs of AcnS641,731A or AcnS641,731D fat 
bodies encompassing 6-8 cells from 96-h fed or starved size-matched larvae. Scale bar in E’: 40 
µm in D-E’ and G-H’. D,E) GFP-Atg8a fluorescence detected in live fat bodies. F) Quantification 
of GFP-Atg8a punctae. G,H) Fat bodies stained for Atg8a. I) Quantification of Atg8a punctae. J) 
TEM images of fed 96-h fat bodies expressing AcnS641,731D. Examples of dense lysosomes 
(arrowheads) and membrane-enriched autolysosomes (arrows) are shown at higher 
magnification. K) Quantification of average lysosomal and autolysosomal diameters and (L) 
percentage of autolysosomal area. Wild types images are shown in Fig. 2L. 
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Figure 2-9. Acn regulates quality control autophagy and longevity. 
A,B) ERGs of 1 or 2 wk old flies expressing the indicated UAS-transgenes under control of 
GMR-Gal4. (B) Quantification of average depolarization. C,D) ERGs of 2 wk old flies all 
expressing UAS-HttQ93 under control of GMR-Gal4 (GMR>HttQ93) and the indicated genomic 
Acn transgenes. (E) Quantification of average depolarization. E) Quantification of dot blots 
measuring aggregated HttQ93 protein in fly heads expressing UAS-HttQ93 under control of 
GMR-Gal4 (GMR>HttQ93) and the indicated genomic Acn transgenes. Flies expressing neither 
indicate background level of dot blot measurements. F) Starvation-induced mortality of flies 
expressing the indicated Acinus proteins. Number of initial flies in parenthesis. G) Survival 
curves of flies expressing indicated Acn proteins. Number of initial flies in parenthesis.  
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Figure 2-10. Acn protein is stabilized by phosphorylation at Serine 437. 
A) Cartoon shows regulatory elements of Acn. Genomic Acn transgenes are Myc-tagged and 
expressed from the endogenous acnP promoter in the background of acn1 and acn27 null alleles. 
Green boxes indicate the RRM domain and regions that bind to AAC11 (Rigou et al., 2009) or 
SAP18/RNPS1 (Murachelli et al., 2012). Phosphorylation at the AKT1 target sites S641 and 
S731 reduces Dcp-1 mediated cleavage at D527 (Nandi et al., 2014). B) Serine S437 is 
conserved from humans to insects. Sequences shown: Homo sapiens NP_055792.1; Mus 
musculus AAF89661.1; Danio Rerio AAI16537.1; Culex quinquefasciatus XP_001846490.1; 
Aedes aegypti XP_001664312.1; Apis mellifera XP_006570961.1; Drosophila virilis 
XP_015028002.1; Drosophila persimilis XP_002014510.1; Drosophila melanogaster 
NP_609935.1. C-E) Projections of confocal micrographs of eye discs from AcnWT (C,E) or AcnS437A 
(D) larvae stained for pS437-Acn and Myc. Strong staining for pS437-Acn is dominated by cone 
cells (CC) in posterior regions of eye discs, and by photoreceptors cells (PR) closer to the 
furrow (arrowhead). Staining for pS437-Acn, but not Myc, is reduced to background level in 
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AcnS437A eye discs (D) or after calf intestinal phosphatase (CIP) treatment of AcnWT. F-H) 
Micrographs focusing on early photoreceptor clusters in eye disc stained for Acn and DNA. 
Compared to AcnWT (F), Acn levels are reduced for AcnS437A, and increased for the 
phosphomimetic AcnS437D.  I,J) Western blots of larval lysates show elevated levels of AcnS437D 
compared to AcnWT or AcnS437A. An Acn cleavage product removing the N-terminal Myc tag is 
stable in AcnS437D, but not AcnWT or AcnS437A. Acn levels relative to the Actin loading control are 
quantified in (J).  K) RT-qPCR reveals equal expression for transgenes controlled by the 
endogenous acnP promoter relative to ribosomal protein Rp49. Bar graphs show mean ± SD. 
ns, not significant; ****, P<0.0001; each compared to corresponding fed or starved wild type Acn 
control. Scale bar in E is 50 µm in C-E, scale bar in F is 10 µm in F-H. 
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Figure 2-11. Stabilized AcnS437D enhances basal autophagy. 
A-C) Micrographs of fed AcnWT, AcnS437A or AcnS437D larval eye discs stained for Atg8a. Scale bar: 40 
µm in A-K. D) Quantification of Atg8a punctae in eye discs from 5 larvae. E-G, I-K) Micrographs 
of AcnWT, AcnS437A or AcnS437D larval fat bodies encompassing 6 to 8 cells from 96-h fed or starved 
size-matched larvae (as indicated) stained for ATG8a (E-G) or with Lysotracker (I-K). H,L) 
Quantification of Atg8a (H) or Lysotracker (L) punctae in fat bodies averaged from 5 larvae from 
one representative experiment out of 3 repeats. M,N) TEMs of fed AcnWT or AcnS437D fat bodies. 
Smaller panels show higher magnification examples of dense lysosomes (arrowheads), 
membrane-enriched autolysosomes (arrows) and mitochondria (m). Scale bars are 2 µm. O) 
Quantification of diameters of at least 100 lysosomes and autolysosomes per genotype. P) 
Quantification of percentage of autolysosomal area averaged from 25 images per genotype. Q) 
Starvation-induced mortality of flies expressing the indicated Acn proteins. In parenthesis shown 
are numbers of initial flies in a single representative experiment out of three. 
R) Survival curves of flies expressing indicated Acn proteins. In parenthesis shown are numbers 
of initial flies in a single representative experiment out of three. Bar graphs show mean ± SD. **, 
P<0.01; ****, P<0.0001; ns, not significant; each compared to corresponding fed or starved wild 
type Acn control. For each genotype starved and fed were significantly different (P<0.01). 
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Figure 2-12. Acn genetically interacts with p38b MAP kinase and Cdk5/p35. 
SEM images of eye expressing the indicated transgenes under GMR-Gal4 control at 28°C. (A) 
Expression of UAS-AcnWT causes a rough eye. This eye-roughness is suppressed by knockdown 
of p38b MAPK (B) or co-expression of dominant-negative p38b MAPKK53R (C). By contrast, co-
expression of wild-type p38b MAPK enhances the roughness (D). Expression of Gal4 (E) or the 
indicated p38b MAPK transgenes in the absence of UAS-AcnWT (F-H) causes little or no changes 
in eye morphology. Eye-roughness induced by UAS-AcnWT is suppressed by knockdown of Cdk5 
(I) or co-expression of dominant-negative Cdk5K33A (J). By contrast, co-expression of wild-type 
Cdk5 (K) or the required cofactor p35 (L) enhance AcnWT-induced roughness. Expression of the 
indicated Cdk5 and p35 transgene in the absence of UAS-AcnWT (M-P) causes little or no 
changes in eye morphology. Scale bar in P: 50 µm. 
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Figure 2-13. Acn-S437 is the critical target site for Cdk5/p35-mediated phosphorylation. 
Projections (A, D, G-L) or individual optical sections (B,C,D,E) of confocal micrographs of eye 
discs stained for pS437-Acn or DNA from wild-type controls (A-C), or from larvae with 
knockdown for Cdk5 (D-F), mutant for Cdk5 (G) or p35 (H), or with p35 knockdown (I), or Cdk5 
mutant larvae rescued with a genomic Cdk5 transgene (J), from larvae overexpressing p35 (K) 
or mutant for p38b MAP kinase (L). Arrows indicate examples of mitotic cells with high pS437-
Acn levels. These are best seen in individual optical sections of wild-type (B,C) or Cdk5-RNAi 
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eye discs (E,F). (M-T) SEM images of eyes expressing the indicated transgenes under 
UAS/GMR-Gal4 control at 25°. Under these conditions, expression of AcnWT (M) or AcnS437A (Q) 
causes a mildly rough eye, but not expression of p35 (N) or p38b MAP kinase (R). 
Coexpression of p35 with AcnWT (O) causes a severely rough eye, but not p35 coexpression with 
AcnS437A (S). By contrast, p38b MAP kinase coexpression enhances roughness of AcnWT (P) and 
AcnS437A (T). Quantification of these genetic interactions is shown in panel U. Statistical 
significance was calculated by Chi square test (****, P<0.0001; ns, not significant). 
Scale bar in A is 50 µm in A, D,E, G-T, 32 µm in B, 10 µm in C, and 15 µm in F.  
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Figure 2-14. Cdk5/p35-mediated phosphorylation of Acn regulates basal autophagy and 
longevity.  
Projections of confocal micrographs of eye discs stained for Atg8a (A-E) or p62 (F-J) from wild-
type controls (A,F), p35 mutant larvae (B,G) or p35 mutant larvae expressing AcnWT (C,H), 
AcnS437A (D,I) or the phosphomimetic AcnS437D (E,J) under control of the acnP promoter. Scale bar 
in A is 40 µm in A-J. K) Quantification of Atg8a punctae from 3 eye discs each with genotypes 
as shown in A-E. L) Quantification of p62 punctae from 3 eye discs each with genotypes as 
shown in F-J. Bar graphs show mean ± SD. ns, not significant; **, P<0.01; ***, P<0.001; ***, 
P<0.0001; each compared to corresponding fed or starved wild-type Acn control.  
M) Survival curves of WT controls or p35 mutants, or p35 mutants expressing the indicated Acn 
proteins. The initial numbers of flies were 95 (WT), 121 (p35), 116 (p35, AcnWT), 111 (p35, 
AcnS437A), 90 (p35, AcnS437D). Log rank tests compared to WT control: ns, not significant; ****, 
p<0.0001. 



58 

 

 
 
Figure 2-15. Protein-aggregate-induced phosphorylation of Acn S437 depends on 
p35/Cdk5.  
Projections of confocal micrographs of eye discs stained for pS437-Acn (A-E) or polyQ proteins 
(F-J) and DNA. Compared to a GMR-Gal4 control (A), GMR-Gal4-driven UAS-Htt.Q93 (B) or 
GMR-Htt.Q120 (D) expression induced elevated S437 phosphorylation, which was suppressed 
in eye discs with p35 knockdown (C) or mutant for p35 (E). GMR-directed expression initiates at 
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the furrow (arrowhead) and is more developed towards to the posterior.  Early polyQ 
accumulation was compared between GMR-Gal4 eye discs as controls (F), and eye discs 
expressing GMR-Htt.Q120 and carrying a copy of the indicated genomic Acn transgene. 
Compared to AcnWT (G) and AcnS437A (H) eye discs, in AcnS437D (N) polyQ accumulation was reduced 
until some 7 to 8 rows of ommatidia posterior to the furrow (arrowhead). Scale bar in A: 40 µm in 
A-N. Posterior is to the left. K) Quantification of dot blots measuring aggregated polyQ protein in 
fly heads expressing GMR-Htt.Q120 and the indicated genomic Acn transgenes or in a p35 
mutant background. Control OreR flies (+/+) indicate background level of dot blot measurements 
(n = 3). The scatter blot shows mean and standard deviation from three separate experiments. 
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Figure 2-16. Increased Acn-S437 phosphorylation is specific for a subset of 
neurodegeneration models.  
Projections of confocal micrographs of eye discs stained for pS473-Acn (A-F) or DNA (A’-F). 
Compared to a GMR-Gal4 controls (A), eye discs with GMR-Gal4-driven UAS-SCA3.Q93 (B) or 
UAS-ATX1.Q82 (C) or Aβ42 (D) display elevated levels of pS473-Acn staining in a subset of 
cells, in contrast to UAS-alpha-Synuclein (E) or UAS-hSOD1 (F) which appear unaltered 
compared to controls. GMR-directed expression of transgenes initiates at the furrow 
(arrowhead) and extends towards the posterior (left). Scale bar in A is 40 µm.
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Material and Methods 

Fly Work 

Flies were maintained using standard conditions. Bloomington Stock Center 

provided Da-Gal4, Arm-Gal4, GMR-Gal4 driver lines, Lsp2-Gal4, UAS-GFP-KDEL, 

UAS-AKT, P[hs-FLP]1, y1 w1118; Dr1/TM3, Sb1, P[hs-FLP]1, w1118; Adv1/CyO, and w1118; 

P[GAL4-Act5C(FRT.CD2).P]S, P[UAS-RFP.W]3/TM3, Sb1. w1118, and the RNAi lines 

and human neurodegenerative disease model lines (BS lines: 33769, 8141, 33818, 

51376, 33606, 8534). Other fly strains used were dcp-1 (contains a 40-bp partial P 

element insertion in the coding region of Dcp-1, resulting in a frame shift in Dcp-1 and 

an in-frame stop codon within the 40-bp insertion; (Laundrie et al., 2003), 2003; gift from 

K. McCall, Boston University, Boston, MA), UAS-GFP-Atg8a (expresses GFP-tagged 

Atg8a protein under Gal4/UAS control; (Juhasz and Neufeld, 2008), gift from T. Neufeld, 

University of Minnesota, Saint Paul, MN).  p38KbΔ45, a null generated by transposon 

excision and removing most of the p38Kb coding region, UAS-p38b, UAS-p38bK53R; 

(Vrailas-Mortimer et al., 2011), p3520C, which deletes ~90% of the p35 coding region, 

including all sequences required for binding to and activating Cdk5; (Connell-Crowley et 

al., 2007), UAS-p35, UAS-Cdk5, UAS-Cdk5K33A; (Connell-Crowley et al., 2000). A Cdk5 

null allele and genomic rescue transgene (Kissler et al., 2009) were gifts from Edward 

Giniger, National Institute of Neurological Disorders and Stroke, Bethesda, Maryland. 

UAS-Htt-exon1-Q93, (Steffan et al., 2001), abbreviated UAS-Htt.Q93, was a gift from 

Robin Hiesinger, Free University Berlin, Berlin, Germany. RNAi clones were generated 
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by heat shocking larvae carrying hs-Flp; Actin>CD2>Gal4, UAS-RNAi and UAS-RFP at 

38°C for 1 h for two consecutive days. Transgenic flies were generated by Best Gene. 

DNA constructs in the context of the genomic acn were generated by standard 

mutagenesis of the 4-kb Acn DNA fragment sufficient for genomic rescue (Haberman et 

al., 2010), confirmed by sequencing, cloned into an AttB vector and inserted into the 

96F3 attP landing site (Venken et al., 2006). Similarly, UAS-controlled wild-type and 

mutant Acn transgenes were generated by standard mutagenesis from full-length Acn 

cDNA, confirmed by sequencing and inserted into pUAS vectors. An initial set of UAS-

Acnwt and UAS-AcnD527A transgenes were generated by P element-mediated 

transformation. Subsequently, transgenes - including new lines of UAS-Acnwt and UAS-

AcnD527A - were generated in a pUAS(t) variant with an added Attb site and inserted into 

the 53B2 or 28E7 landing sites (Venken et al., 2006) as indicated (Appendix D). 

Complete sequences for transgenes are available upon request. 

Starvation resistance was measured in vials with 4-5 day virgins each at 25°C at 6-

hour intervals. To measure life spans, males that emerged within a 2-day period were 

pooled and aged for three additional days, and their survival at 25°C recorded as 

described in (Stenesen et al., 2013). In brief, 70 to 100 flies were placed in demography 

cages (~1l). Every other day food vials were changed and dead flies were counted and 

removed. Initial lifespan measurements were performed with the acn transgenes in an 

acn1/acn27 background with both chromosomes containing background lethals 

(Haberman et al., 2010) and in the absence of the TM6, Hu balancer. Results in multiple 
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experiments in that background were qualitatively the same as for the experiments 

shown (Fig. 8G) for which the chromosome carrying the acn27 null allele was cleaned 

from other mutations before crossing the different acn transgenes into the isogenized 

acn27 stock for the longevity measurements. ERGs were recorded as described 

(Williamson et al., 2010). 

Biochemistry 

Acn-pS641 antibody was raised by Genemed Synthesis (San Antonio) in rabbits 

against the RSRSGS(p)PASKTKKC peptide and Acn-pS437 antibody against the 

HIVRDP‑S(p)‑PARNRAS peptide and both were double-affinity purified. 

For western blots, five 96-h or ten 75-h larvae were crushed in 300 μl of lysis buffer 

(10% SDS, 6M urea, 50mM Tris-HCl pH 6.8) at 95°C, boiled for 2 min, and spun for 10 

min at 20,000×g to remove larval cuticle. 20 μl lysate was separated by SDS-PAGE. 

Proteins were transferred to nitrocellulose membranes, or for detection of Atg8 proteins 

onto 0.2 µm PVDF membranes, and probed with antibodies against Actin (1:2000; JLA 

20, DHSB), Acn (aa 423-599, 1:3000, Haberman et al., 2010), Myc (9E10, 1:2000), Acn-

pS641 (1:1000) or Atg8a (1:5000; Nagy et al., 2014). Bound antibodies were detected 

and quantified by comparison to Actin (Haberman et al., 2010). Pre-stained molecular 

weight markers were from Invitrogen (HiMark) or NEB (ColorPlus). 

For expression in S2 cells, plasmids encoding Myc-tagged versions of Acnwt and 

AcnS641,731A under control of the metallothionein promoter were transfected using the 

TransIT®-2020 reagent (Mirus) followed by induction of expression, cell lysis and 
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immunoprecipitation with anti-Myc-beads (Pulipparacharuvil et al., 2005). For 

phosphatase treatment, Acnwt-transfected S2 cell lysates were treated with 400U of calf 

intestinal phosphatase (New England Biolabs). 

Larval fat bodies were dissected from 10 larvae in ice-cold 50 μl of larval lysis buffer 

(25 mM Tris-HCl, 1 mM EDTA, 0.1 mM EGTA, 5 mM MgCl2, 150 mM NaCl, 2mM 

Na3VO4, 10% glycerol, 1% NP40, 1 mM DTT, 1X Protease inhibitor, 1X Phosphatase 

inhibitor; Roche). Dissected fat bodies were sonicated for 5 minutes on ice and mixed 

with 50 μl of Freon. The mixture was centrifuged at 10,000 g for 10 min and 

supernatants collected for Western blots.  

Transcript levels of Myc-tagged Acn transgenes were measured using quantitative 

RT-PCR as described (Akbar et al., 2011) using a forward primer (5’-

CTGGAGGAGCAGAAGCTGAT-3’) within the Myc and a reverse primer (5’-

GGAGTCTCGACCTCGGTCTT-3’) within the Acn coding regions and compared to 

levels of rp49 transcription (left, 5’-ATCGGTTACGGATC- GAACAA-3’; right, 5’-

GACAATCTCCTTGCGCTTCT-3’). 

Histology: 

Micrographs of eyes were obtained on a SteREO DiscoveryV12 microscope with 

Axio Cam MRc5 camera using Axiovision image acquisition software at 72 × 

magnification. Images of eyes are a composite of pictures taken at multiple z positions 

and compressed using CZFocus software.  

TEMs of fat bodies were obtained from a FEI TecnaiG2 Spirit Biotwin, 120 kV with 
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an 11-megapixel Morada camera (Olympus). From TEMs, measurements of 

autolysosomal diameters and areas were obtained using Macnification software 

(Orbicule). SEM of fly eyes were obtained as described (Wolff, 2011) with a Zeiss 

Sigma Scanning Electron Microscope with the InLens detector and an EHT of 3.0kV.  

Whole-mount tissues were prepared for immunofluorescence staining as described 

(Akbar et al., 2011). Samples were stained with indicated primary antibodies against 

Acn (1:1000, (Haberman et al., 2010)), Myc (9E10; 1:1000), dAtg8a (1:500, (Barth et al., 

2011); and Abcam), Boss (1:1000), activated-Caspase (1:300; Cell Signaling) or GFP 

(1:500, Invitrogen) and secondary antibodies labeled with Alexa Fluor 488, 568 and 647 

and mounted in Vectashield (Vector Laboratories). Fluorescence images were captured 

with 63× (NA 1.4) or 40× (NA1.3) lenses on an inverted confocal microscope (LSM510 

Meta; Carl Zeiss, Inc.). Confocal Z-stacks of eye discs were collected at 1 µm step size. 

To quantify Acn/Myc immunoreactivity in eye discs, confocal stacks were imported 

to ImageJ and apical slices containing nuclei of early photoreceptors were projected into 

a single slice by summation of pixel intensities. Masks for individual groups of R3,4 and 

R2,5,8 cells were generated in ImageJ (see Fig. 2D’) based on the nGFP expression. 

Integrated pixel intensities for Acn and Myc immunoreactivity were determined for at 

least 120 ommatidia from at least 3 eye discs per genotype. To compare different eye 

discs and measure the correlation coefficients for individual R-cell groups, integrated 

densities for each R-cell group were normalized to the mean value of Acn intensities in 

R2,5,8 cells for a given eye disc. For statistical evaluation and computation of Pearson 



66 

 

correlation coefficients data were imported into Prism software. 

LysoTracker (GFP-certified Lyso-ID red lysosomal detection kit; Enzo Biochem, 

Inc.) staining of size-matched 90 to 96-hour fat bodies was performed as described 

(Rusten et al., 2004; Scott et al., 2004). LysoTracker and Atg8a punctae in fat bodies 

were quantified using Imaris software (Bitplane) from Z-projections of three optical 

sections of fat body tissue each 1 μm apart. The number of punctate was quantified 

either per fat body cell or per frame, where one frame represents a volume of (471 μm)2 

x 2 μm (= 44x103 μm3). 

Digital images for display were imported into Photoshop (Adobe) and adjusted for 

gain, contrast, and gamma settings. 

PolyQ Dot Blot Filter Retardation assay  

Polyglutamine aggregates were detected with a modified filter assay (Scherzinger et 

al., 1997). In brief, 25 heads were homogenized in 200 µl of CERI buffer and 

fractionated using NE-PER Nuclear and Cytoplasmic Extraction Reagents following the 

manufacturer's protocol (Pierce). Cytosolic fractions were adjusted to 1% SDS, 

incubated for 15min at room temperature, denatured at 95°C for 5min and filtered 

through a cellulose acetate membrane (0.2 µm, Sterlitech Corporation) pre-equilibrated 

with 1% SDS. Filters were washed twice with 0.2% SDS and blocked in TBS (100 mM 

Tris-HCl, pH 7.4, 150mM NaC1) containing 3% nonfat dried milk before development 

with 1C2 antibody (MAB1574; Millipore, MA, USA, 1:1000) and detection and 

quantification with Odyssey scanner and software (Li-Cor Biosciences). 
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Statistical methods 

Statistical significance was determined in Prism (GraphPad) using log-rank for 

survival assays and one-way ANOVA for multiple comparisons, followed by Tukey's 

test. Pearson correlation coefficients for Acn and Myc double stained eye discs were 

calculated in Prism from normalized integrated intensities measured in ImageJ. All bar 

graphs resulting from these comparisons show mean ± standard deviation. For 

quantifications of fluorescence images and Western blots at least three independent 

experiments were used. Box and whisker graphs show boxes with median, 25 and 75 

percentiles and whiskers extending to minimal and maximal values. P-Values smaller 

than 0.05 are considered significant and values are indicated as * (<0.05), ** (<0.01), or 

*** (<0.001). 
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CHAPTER THREE 
 

DISCOVERING GENETIC INTERACTORS OF DROSOPHILA ACINUS 

 
Introduction 

The overall goal of my thesis project was to further our understanding of how 

Drosophila Acinus induces autophagy. Our data suggested that Acinus was necessary 

for autophagy and endocytic trafficking, but we had no mechanistic understanding of 

how Acinus functions in these processes. We also investigated the possibility that 

Acinus mediates the splicing of the transcripts of critical autophagy proteins, but we 

were surprised to find no effect on Atg gene transcripts in multiple RNA-seq 

experiments. Additionally, we have preliminary data to suggest that mutants deficient for 

splicing are actually more capable of ectopically inducing autophagy (Nandi et al., in 

preparation). In this context, the mystery remained. How is Acinus inducing autophagy 

and mediating endocytic trafficking?  To begin to unravel this long-held mystery, I 

designed a genome-wide screen using the GMR-Gal4>UAS-AcnWT model described in 

chapter 2. 

 

Building a Model 

Over-expression of Acinus in the eye using GMR-Gal4 results in a small eye that 

is rough in appearance (Fig 1A-C). Prior to starting the screen, I did some basic 

characterization of this over-expression phenotype by looking at established molecular 
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markers in the 3rd instar larval eye discs of GMR-Gal4>UAS-AcnWT and GMR-

Gal4>UAS-AcnD527A. The AcinusD527A mutant variant of Acinus is a cleavage resistant 

protein that is hyper-active in inducing autophagy, and accordingly produces greater eye 

roughness when over-expressed (Fig 1D, (Nandi et al., 2014)). I did not see any 

significant changes in the number or distribution of the developing photoreceptors 

neurons (R cells), other than a mild pattern disruption consistent with the roughness 

observed latter in adult eyes. I saw no significant changes in proliferation using pH3 as 

a marker for dividing cells. Similar to the over-expression of the well characterized 

regulators of autophagy Atg1 and Atg6, the third instar larval eye discs display 

increased Atg8 punctae in response to Acinus over-expression, indicating Acinus is 

ectopically driving autophagy in this tissue (Fig 1E-H). 

 

The small, rough eye created by Acinus over-expression can be modified by 

knock-down of other autophagy genes, like Atg1 or Atg7 (Nandi et al., 2014) as 

discussed in Chapter 2. Furthermore, and more importantly for the proposed screen, I 

found that a known interactor, AAC11, (Rigou et al., 2009) dominantly modified this 

phenotype:  taking away one copy of AAC11 is sufficient to suppress the small (Fig 1J), 

rough eye created by Acinus over-expression (Fig 1I), while over-expression of both 

Acinus and AAC11 together causes a severe enhancement of the rough-eye phenotype 

(Fig 1K). Importantly, over-expression of AAC11 alone via GMR-Gal4 has no visible 

phenotype (Fig 1L). 
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An Unbiased Genetic Screen 

Using these data as a proof of principle, I moved forward with an unbiased 

genetic screen to find other interactors of Acinus. To accomplish this, we first used the 

Bloomington Drosophila deficiency kit (http://fly.bio.indiana.edu/Browse/df/dfkit.php). 

This kit contained 467 fly stocks, each missing a large segment of the genome. These 

deficiencies knock out multiple genes, typically around 30-50, making these stocks 

highly useful to screen for genetic interactions on a genome wide scale. By crossing 

each deficiency stock with the GMR-Gal4>UAS-AcinusWT rough-eyed flies, I was able to 

efficiently screen almost the entire Drosophila genome for genetic interactions with 

Acinus. 

 

To characterize these interactions, crosses were sorted based on the appropriate 

balancer chromosomes, and flies containing both the GMR-Gal4>UAS-AcinusWT 

chromosome and the deficiency chromosome were assessed for eye roughness and 

assigned to one of four categories: enhanced, suppressed, ambiguous, and no change. 

Each cross was scored according to the phenotype observed in at least 80% of the 

applicable flies. In other words, if 8 out of 10 flies in a given cross showed suppression, 

then the deficiency was called a suppressor. A score of ambiguous was given to any 

deficiency that showed roughly 50% suppression and 50% enhancement or no change. 

All data was compiled into a custom spreadsheet I built for the screen that contains the 

Bloomington stock number and the deleted segment, sorted by deletion location and 

chromosome.  
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A surprising number of deficiencies were scored as either enhancing or 

suppressing the rough-eye phenotype of GMR-Gal4>UAS-AcinusWT. Two deficiency 

stocks served as important controls: (i) the stock (BS9610) uncovering the gene Lili, and 

(ii) the stock (BS3180) uncovering AAC11 (data not shown). Lili is a gene necessary for 

transcription of the Glass Multiple Response element (GMR) and deletion of the Lili 

gene is sufficient to dominantly suppress any GMR-Gal4-driven phenotype (Tang et al., 

2001). The deficiency uncovering AAC11, a known interactor of Acinus, phenocopied 

the results we saw with the AAC11 mutant (Fig 1J). These two controls gave us high 

confidence in the screen working as expected. Any stocks listed in Appendix 2 with no 

phenotype were unable to be scored. 

 

66 deficiency stocks suppressed the rough-eye phenotype and 155 deficiency 

stocks enhanced the phenotype (Suppressors: Appendix A, Full Screen: Appendix B). 

Of these 66 deficiency stocks that suppressed the rough-eye phenotype of GMR-

Gal4>UAS-AcinusWT, notably 9 of them uncovered canonical Hippo signaling genes, 

including Hippo, Expanded, Kibra, Crumbs, and Dachsous (Fig 2B-F and data not 

shown). All of these genes encode negative upstream regulators of Yorkie, a pro-

proliferative transcriptional co-activator (Pan, 2010).  

 

Investigating Hippo 

To investigate this interaction, we considered two possibilities. One possibility is 
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that the Hippo signaling pathway exerts a regulatory effect on Acinus, and the other is 

that Acinus affects the Hippo signaling pathway. I began by performing a few simple 

experiments to assess each of these options. 

 

To test if Hippo signaling was affecting Acinus regulation, I generated ey-FLP 

hippo mutant clones and looked in developing eye discs at Acinus protein level and 

localization. Acinus staining showed no changes in the hippo-/- mutant clones (visualized 

by the absence of GFP) when compared to the sister clones (Fig 3A-A’’). Additionally, I 

assessed phosphorylation at S437 and S641, two phosphorylation sites that we know 

are critical for Acinus regulation. Neither site showed consistent changes in 

phosphorylation in the hippo-/- mutant clones when compared to the sister clones (Fig 

3B-C’’). Phosphorylation of serine 437 showed some differences in eye discs that 

contained hippo clones, but not in a cell-autonomous or clone-autonomous manner. As 

Acinus is critical for proper endocytic trafficking for the Notch ligand Delta, as seen in 

Haberman et al. 2010, I assessed if Delta trafficking was altered in hippo-/- clones. 

There were no changes to Delta localization or levels between hippo-/- mutant clones 

and the sister clone regions in the eye discs (Fig 3D-D’’). Thus, these experiments 

offered no support for a modification of Acinus function by the Hippo pathway. 

Experiments testing the alternate hypothesis that Acinus affects signaling through the 

Hippo pathway, specifically altering Yorkie function, will be discussed in detail in 

Chapter4. 
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Follow Up Screens 

I performed two secondary screens to further study the genetic interaction 

between Acinus and the 66 deficiency stocks that suppressed the GMR-Gal4>UAS-

Acinus rough eye phenotype in the deficiency screen. The first assessed the ability of 

the 66 deficiency stocks to suppress the rough eye created by GMR-Gal4>UAS-

AcnD527A (Fig 1D). Acinus cleavage at D527A is regulated by levels of Caspase-3 

homolog Dcp1 and Akt1-mediated phosphorylation of Acinus (Nandi et al., 2014). This 

UAS-AcinusD527A transgene allows for the over-expression of Acinus protein that is 

cleavage resistant and causes overactive autophagy, as described in chapter 2. Thus I 

hoped the D527A modification would insulate the screen from the many upstream 

modifiers of Akt1 and Caspase activity. Three of the 66 stocks suppressed the rough-

eye phenotype of GMR-Gal4>UAS-AcnD527A, Bloomington stocks 9615, 9637, and 7191 

(data not shown). 

 

To identify the genes in these deficiencies responsible for the interaction with 

Acinus I used single mutant alleles and RNAi lines. These experiments identified 

Med24, CG34367, and SamDC as the key genes uncovered by these deficiency stocks 

(Fig 4 A-C). It is worth noting that two other labs performing similar screens for GMR-

Gal4 driven-eye phenotypes uncovered Med24 as a suppressor ((van Eyk et al., 2011), 

Dean Smith personal communication). These screens were based on over-expression 

of proteins with no known relationship to Acinus, each other, or autophagy suggesting 

that Med24 is a general suppressor of GMR-driven overexpression, entirely consistent 
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with its function in the mediator complex, a highly conserved transcriptional coactivator 

in eukaryotic cells (Casamassimi and Napoli, 2007). As a consequence, I did not follow 

up on Med24.  

 

Investigating CG34367  

CG34367 is the putative Drosophila homologue of the transcription factor Shox2. 

One possibility was that this transcription factor could be altering transcription mediated 

by GMR-Gal4, similar to Med24 or the gene lilli, which is a transcription factor that 

regulates gene expression under GMR-Gal4 control. I tested this theory with western 

blots to assess whether the level of over-expression of Acinus protein was altered with 

or without the RNAi to knock down CG34367. We tested CG34367 along side an un-

related RNAi transgene that showed no genetic interaction with Acinus. The RNAi for 

both, CG34367 and the unrelated gene CG31715, showed no changes in the level of 

Acinus over-expression as characterized by western blot for Myc-tagged Acinus (Fig 

4D). Thus, CG34367 remains an interesting candidate to follow up in future 

experiments.  

 

Investigating SamDC 

The third candidate, SamDC, S-adenosylmethionine decarboxylase, is an 

enzyme in the biosynthetic pathway for the polyamines spermine and spermidine. 

These polyamines, found in all eukaryotic cells, are critical for cellular metabolism. 

SamDC is an interesting target based on reports that polyamines protect against age-
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related memory defects (Gupta et al., 2013), as well as stimulate autophagy, leading to 

increased lifespan (Eisenberg et al., 2009). Additionally, spermidine feeding promoted 

both locomotor activity and survival in flies fed paraquat, a neurotoxin and peroxide 

generator. Further, these effects were shown to require the core autophagy machinery, 

including Atg7 (Minois et al., 2012). SamDC was an exciting hit because as outlined 

here and in the second chapter, various Acinus regulatory mutants have considerably 

different levels of autophagy, longevity, and starvation resistance (Nandi et al., 2014), 

much like data seen with elevation of spermidine in Drosophila.  

 

I conducted some preliminary experiments to investigate possible connections 

between polyamine levels and Acinus. These included feeding wild-type flies (White1118 

and OregonR) varying levels of the polyamine Spermidine (0mM, 1mM, and 5mM) and 

assessing Acinus levels. There were no differences between feeding groups or fly strain 

on Acinus protein levels as assessed by western blot (Fig 4E-F). We also analyzed the 

levels of Spermidine and Spermine in various Acinus mutant flies at 1 and 30 days after 

eclosion. These flies were the same acinus null flies rescued with specific acinus 

transgene constructs described previously in chapter 2. We chose the acinusWT, 

acinusD527A, acinusS437A, acinusS437D because our lab had not only thoroughly 

characterized their phenotypes in autophagy and endocytic trafficking, but the 

acinusS437A, acinusS437D had very different activity and therefore highly divergent 

phenotypes in previous autophagy experiments. Measurement of Spermidine and 

Spermine via LC-MS revealed some minor trends, but no significant changes in 
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polyamine levels in these acinus transgene rescue mutants.  

 

A recent report in the literature concluded that mTORC-1 dependent regulation of 

AMD1, a homologue of SamDC, led to altered production of polyamines in both human 

and mouse tumors (Zabala-Letona et al., 2017). This report provides yet another 

interesting link between autophagy and cellular polyamine levels. Uncovering the 

mechanism behind the genetic interaction between Acinus and SamDC remains of 

interest to our research. 

 

Finally, in an additional follow-up screen, we tested the ability of the 66 

suppressing deficiency stocks to suppress the reduced wing size that results from 

Engrailed-Gal4 mediated over-expression of Acinus (see chapter 4 for a full description 

of Acinus wing phenotypes). Of the 66 suppressing deficiencies tested, 23 also 

suppressed the small wing phenotype produced by En-Gal4>UAS-Acn, with a 

penetrance ranging from 50-100%. These 23 deficiency stocks are listed in Appendix 3, 

and yield interesting hits for further study. Interestingly, among these are two 

deficiencies uncovering Crumbs and one uncovering Fbxl7.  

 

Conclusion and Future Directions 

In this chapter, I have detailed the deficiency screen I conducted to understand 

how Drosophila Acinus is regulating autophagy and endocytic trafficking, as well as 

several follow-up screens I conducted to narrow down hits. This chapter shows the 
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power of using Drosophila as a model system because of the ease of doing screens and 

the tools available to the entire fly community.  

 

We were somewhat surprised by a few results in this chapter. First, I was 

surprised at the wealth of data that this screen produced. I took a leap of faith in fly 

genetics that this screen would yield actionable data. I was expecting to do all of these 

crosses and perhaps get a few clear hits, which is basically the opposite of what 

happened. We had much more genetic interaction than was expected. In hindsight, I 

think this reflects the complex functions of Acinus not only in autophagy and endocytic 

trafficking (Haberman et al., 2010; Nandi et al., 2014), but also in the regulation of 

alternative splicing (Hayashi et al., 2014; Malone et al., 2014). All these processes are 

central to cells in developing tissues and the eye is an especially sensitive tool to detect 

how changes in these processes affect developmental outcomes. Second, I was 

surprised that 66 deficiencies suppressed the GMR-Gal4>UAS-Acn rough-eye 

phenotype. I was perhaps even more surprised and how many deficiency stocks 

enhanced this phenotype. In retrospect, we should have developed a clear scoring 

system to separate mild enhancers from severe enhancers, because eyes ranging from 

moderately more rough to completely smooth were all scored equally as enhancers. 

Finally, I was surprised that loss of the core autophagy genes was not capable of 

dominantly suppressing the GMR-Gal4>UAS-Acn rough eye phenotype. We have 

previously shown that RNAi knockdown of both Atg1 and Atg7 suppress this phenotype, 

but heterozygous mutants for Atg1 and Atg7 do not. I think this is a telling observation 



78 

 

and I speculate about this further in the discussion in Chapter 5.  

 

In addition to these findings, there are two open areas of study from this screen. 

First, there has been no characterization of Drosophila CG34367 and the inference that 

is the fly homologue of Shox2 is based on bioinformatic analysis. Understanding what 

this transcription factor is regulating in Drosophila and how it potentially relates to the 

functions of Drosophila Acinus is an interesting open question. Second, in this chapter, I 

outlined the established connections in the literature between polyamines, more 

specifically Spermidine, and autophagy. Understanding how SamDC and the polyamine 

biosynthesis pathway are interacting with Acinus is a second very interesting open 

question. I think this project in particular has a wealth of potential for future study.  
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Figures  
 
 

 
 
 
Figure 3-1: Acinus eye over-expression induces autophagy and interacts genetically with 
AAC11   
Scanning electron micrographs of adult eyes, w1118 control wild-type (A), GMR-Gal4/+ control (B), 
GMR-Gal4>UAS-AcinusWT (C), and GMR-Gal4>UAS-AcinusD527A (D), scale bar = 50 µm. Confocal 
images of larval eye discs stained for Atg8, GMR-Gal4/+ control (E), GMR-Gal4>UAS-Atg1 (F), 
GMR-Gal4>UAS-Atg6 (G), and GMR-Gal4>UAS-AcinusWT (H). Scale bar: 50 µm. Light 
micrographs of adult eyes, GMR-Gal4>UAS-AcinusWT (I), GMR-Gal4>UAS-Acinus, AAC11-/+ (J), 
GMR-Gal4>UAS-Acinus, UAS-AAC11 (K), and GMR-Gal4>UAS-AAC11 (L). Scale bar:50 µm. 
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Figure 3-2: Acinus rough-eye interacts genetically with deficiency stocks uncovering key 
Hippo signaling genes 
Light micrographs of adult eyes of GMR-Gal4>UAS-AcinusWT (A) with specific deficiency stocks 
uncovering Hippo pathway members, Df(56D10-56E2) uncovering Hippo (B), Df(21C1-21C7) 
uncovering Expanded (C), Df(88D1-88E3) uncovering Kibra (D), Df(95D10-96A7) uncovering 
Crumbs (E), and Df(95E7-96A18) uncovering Crumbs (F). Scale bar: 50 µm.  
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Figure 3-3: Acinus levels, localization, phosphorylation, as well as Delta trafficking all 
unchanged in hippo mutant clones 
Confocal images of hippo-/- ey-FLP clones marked by absence of GFP with antibody staining for 
Acinus (A-A’), Acinus phospho-S641 (B-B’), Acinus phospho-437 (C-C’), and Delta (D-D’). Scale 
bar: 50 µm. 
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Figure 3-4: Deficiency screen hits identified as SamDC, Med24 and CG34367 
Light micrographs of adult eyes of GMR-Gal4>UAS-Acinus with SamDC -/+ (A), Med24 RNAi 
(B), and CG34367 -/+ (C). Western blot showing Myc (Acinus) and Actin in GMR-Gal4>UAS-
Acinus flies with no RNAi, CG34367 RNAi, and CG31715 RNAi (D). Quantification of 
Acinus/Actin ratio from western blots (not shown) from flies fed spermidine after eclosion at 1 
day (E)  and 10 days (F) post eclosion. Scale bar: 50 µm.  
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Materials and Methods 

Fly stocks/crosses 

Fly stocks were maintained at room temperature or 18°C under normal 

conditions. All fly stocks used in this study are listed in Appendix D, including source, 

stock number, genotype, and specific information on generation of stocks for flies made 

in our lab. Transgenic Acinus flies were generated by cloning full-length Acinus cDNA 

pUAS vectors for site-specific insertion. Specific mutations were generated in the UAS-

Acinus vectors through standard mutagenesis or Gibson assembly of G-block pieces 

into the plasmid. UAS plasmids were sequence verified and injected into specific Attb 

landing sites listed in Appendix 4. The deficiency screen and RNAi experiments were 

performed at 28°C, while all other experiments were performed at 25°C. 

 

Deficiency Screen 

The complete deficiency kit was purchased from Bloomington Drosophila Stock 

Center (http://fly.bio.indiana.edu/Browse/df/dfkit.php) and all stocks were maintained 

under standard conditions at room temperature or 18°C. Female virgins from GMR-

Gal4>UAS-Acn were collected and crossed to male flies from the deficiency stocks for 

chromosomes 2 and 3. Female virgins from deficiency stocks on the first chromosome 

were crossed to GMR-Gal4>UAS-AcnWT males. All crosses were performed at 28°C. 

Scoring was performed and recorded in a custom Excel spreadsheet built specifically for 

this screen. For each cross, at least 20 progeny were scored and 80% of progeny had 

to display a suppression, same, or enhancement phenotype to be scored in those 
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categories. Crosses that had no clear trend were ruled as ambiguous and over 85% of 

the deficiency kit was successfully screened. The 66 suppressing deficiencies were then 

crossed to a second GMR-Gal4>UAS-AcinusWT line, as well as two GMR-Gal4>UAS-

AcinusD527A lines to narrow down potential hits. 3 deficiency stocks remained after this 

screening, and several deficiencies in the neighborhood were used to further narrow 

down regions of interest. After regions of interest were isolated, any publicly available 

RNAi or putative mutant line for the genes in each region were collected and crossed to 

the aforementioned GMR-Gal4>UAS-AcinusWT and GMR-Gal4>UAS-AcinusD527A lines.  

 

Discovery Stereoscope Imaging 

Micrographs of eyes were obtained on a SteREO DiscoveryV12 microscope with 

Axio Cam MRc5 camera using Axiovision image acquisition software at 72 × 

magnification. Images of eyes are a composite of pictures taken at multiple z positions 

and compressed using CZFocus software.  

 

SEM 

SEM of fly eyes were obtained as described (Wolff, 2011) with a Zeiss Sigma 

Scanning Electron Microscope with the InLens detector and an EHT of 3.0kV.  

 

IHC  

Whole-mount tissues were prepared for immunofluorescence staining as 
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described (Akbar et al., 2011). Briefly, tissues were fixed in either 4% PFA (wing and 

eye discs) or PLP (fatbodies), and after 3 PBS washes and block, were incubated in 

primary antibody overnight at room temperature in PBSS with 5% NGS. Secondary 

antibodies were incubated for 4 hours at room temperature in PBSS with 10% NGS. 

Fluorescence images were captured with 63× (NA 1.4) or 40× (NA1.3) lenses on an 

inverted confocal microscope (LSM710 or LSM510 Meta; Carl Zeiss, Inc.). Confocal Z-

stacks of tissues were collected at 1 µm step size, and processed using ImageJ and 

Adobe Photoshop. 

  

Antibodies used - Rabbit anti-Atg8 (1:100) from Abcam, mouse anti-Delta (1:50) 

from DSHB, guinea pig anti-Acinus (1:1000) from (Haberman et al., 2010), and chicken 

anti-GFP (1:500) from Aves.  

 

Western 

Whole heads (10 per sample) from adult female flies were crushed in 100 μl of 

lysis buffer (10% SDS, 6M urea, 50mM Tris-HCl pH 6.8) at 95°C, boiled for 2 min, and 

spun for 10 min at 20,000×g to remove larval cuticle. 10μl lysate was separated by 

SDS-PAGE. Proteins were transferred to nitrocellulose membranes. Primary antibodies 

were incubated overnight in 3% milk in wash buffer, and fluorescent secondary 

antibodies (Licor, all used 1:10,000) were incubated for 1 hour in 3% milk in wash 

buffer. Western blots were visualized using a Licor Odyssey fluorescent scanner. Bound 

antibodies were detected and quantified by comparison to Actin (Haberman et al., 
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2010). Pre-stained molecular weight markers were from Invitrogen (HiMark) or NEB 

(ColorPlus). 

 

Antibodies used - Myc (9E10, 1:2000), guinea pig anti-Acinus (1:3000) from 

(Haberman et al., 2010), and Actin (JLA20, 1:2000) from DHSB.  

 

Spermidine Feeding 

Spermidine was prepared as previously described in (Eisenberg et al., 2009) and 

added to Nutri-FlyTM Bloomington Formula food from Flystuff (Genesee Scientific) after 

preparation and partial cooling to prevent degradation of the spermidine. Spermidine 

was added in 0mM, 1mM, and 5mM concentrations and Spectrum FD&C Blue #1 dye 

was also added to the food to insure flies consumed the spermidine laced food. 
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CHAPTER FOUR 
 

ACINUS AND ATG1 SUPPRESS GROWTH THROUGH MODERATING YORKIE 

ACTIVITY 

 

Introduction 

As described in chapter 3, a potential connection between Acinus and the Hippo 

signaling pathway emerged from the genome-wide screen I conducted. I found that 

deficiencies uncovering multiple Hippo signaling pathway members suppressed the 

rough-eye generated by GMR-Gal4>UAS-AcnWT. These deficiencies uncovered 

negative regulators of Yorkie, a transcriptional coactivator that is the linchpin of the 

Hippo signaling pathway. The main mechanism by which the Hippo/Warts kinase 

cassette constrains Yorkie’s transcriptional activity is phosphorylation at 3 sites, the 

most important one being serine 168 (Dong et al., 2007; Oh and Irvine, 2008; Zhao et 

al., 2007). These phosphorylation events function to sequester Yorkie in the cytoplasm 

and inhibit Yorkie‘s growth-promoting function (Oh and Irvine, 2009; Ren et al., 2010).  

 

Acinus and Atg1 interact genetically with gain-of-function Yorkie variants 

To test whether Acinus interacts with upstream elements of the Hippo signaling 

pathway, I tested whether Acinus interacted genetically with different Yorkie phospho-

inert mutants that are no longer as constrained by Hippo signaling. I used an 

established model that produces strong Yorkie-mediated overgrowth in the eye, GMR-
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Gal4>UAS-YorkieS168A (See Appendix D for all fly stocks used in this study). This UAS-

Yorkie transgene has an S to A substitution at amino acid 168, rendering it immune to 

Warts phosphorylation at this site (Oh and Irvine, 2009; Ren et al., 2010). Flies over-

expressing this transgene under the control of GMR-Gal4 have overgrown eyes (Fig 1A, 

E). Co-overexpression of Acinus in these flies yields flies with rough and reduced eyes, 

similar to the phenotype of GMR-Gal4>UAS-AcinusWT alone (Fig 1B, F). This was 

striking because the effect of over-expressing Acinus was greater than over-expressing 

Hippo or Warts in the GMR-Gal4>UAS-YorkieS168A flies (Oh and Irvine, 2009).  

 

To test whether the Acinus-induced inhibition of Yorkie activity reflects its role in 

inducing autophagy, I screened a variety of other UAS-transgenes of known autophagy 

proteins for similar effects. Among them, only Atg1, the kinase master regulator of 

autophagy, had an effect similar to Acinus (Fig 1C, G). Over-expression of active Atg1 

phenocopies over-expression of Acinus in inhibiting YorkieS168A-induced over-growth. By 

contrast, over-expression of kinase-dead Atg1 had no effect (Fig 1D, H). This indicates 

that both Acinus and Atg1 are capable of suppressing YorkieS168A mediated overgrowth, 

but kinase activity is required for Atg1’s to suppress this overgrowth. Importantly, over-

expression of another protein critical for the induction of autophagy, Atg6 (fly homologue 

of Beclin 1) (Fig 1I, K, (Liang et al., 1999)) and the Atg1 complex member Atg13 (Fig 1J, 

L , (Chang and Neufeld, 2009)) were unable to suppress YorkieS168A-induced overgrowth. 

This suggested that the interaction between Acinus, Atg1, and Yorkie could be 

independent of the canonical autophagy process.  
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We further tested this interaction using the YorkieS111,168,250A triple mutant.  

All three of the serines targeted by the Warts kinase are mutated to alanine, and the 

UAS-YorkieS111,168,250A transgene is lethal when driven by GMR-Gal4 (Oh and Irvine, 2009). I 

found that over-expression of Acinus or Atg1 rescued the lethality of GMR-Gal4>UAS-

YorkieS111,168,250A flies (Fig 1M).  

 

Acinus and Atg1 have growth phenotypes in the wing 

In addition to characterizing the genetic interaction of Yorkie with Acinus and 

Atg1 in the eye, I used the wing to further assess both Acinus and Atg1 for growth 

phenotypes. In the context of Hippo-Yorkie signaling the wing is a commonly used 

tissue for this purpose (Bosch et al., 2014; Rauskolb et al., 2011). Using 3 different wing 

Gal4 drivers with different expression domains in the developing wing disc, I over-

expressed Atg1 or Acinus using UAS-transgenes and measured wing size. The three 

Gal4 drivers were Engrailed-Gal4, which expressed Gal4 in the posterior region of 

developing imaginal discs (Fig 2H, (Brower, 1986; Tabata et al., 1995)), Nubbin-Gal4, 

which is restricted to the wing pouch (Fig 2L, (Neumann and Cohen, 1996)), and 

Ms1096, also a driver with wing pouch expression that is more broad that Nubbin-Gal4 

(Fig 2J, (Akiyama and Gibson, 2015)). Over-expression of Acinus led to small, deformed 

wings with each driver (Fig 2 I, K, M). Over-expression of Atg1 was lethal when driven 

by En-Gal4 and Nub-Gal4, but produced a very small, misshapen wing when expression 

was driven with Ms1096 (data not shown). Considering the phenotypes commonly seen 
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with over-expression of Acinus or Atg1 in the eye, this was perhaps not surprising.  

 

I then wanted to know if the opposite effect could result from Acinus or Atg1 

being knocked-down in the wing. I tested this by crossing the same wing drivers to RNAi 

lines against Acinus and Atg1, and quantifying wing size in ImageJ. I used publicly 

available RNAi lines from two common, but independent sources in the fly community; 

the Vienna Drosophila Resource Center (VDRC) and the Transgenic RNAi Project 

(TRiP) (Dietzl et al., 2007; Housden et al., 2017). Crossing each wing driver with two 

RNAi lines each for Acinus and Atg1 resulted in a highly consistent and reproducible 

increase in wing size. In each combination of Gal4 driver and RNAi line, I saw a 

statistically significant increase in wing size (Fig 2 A-F). I repeated this experiment using 

RNAi lines targeting several other genes necessary for the autophagy process, and 

none showed the same consistent phenotype across multiple drivers or RNAi lines. 

Among them only knock-down of Atg18 with one RNAi line using Nubbin-Gal4 resulted 

in a significant increase in wing size, but this result was not consistent among other 

Atg18 RNAi lines or wing drivers (Fig 2G). These data, together with my experiments in 

the eye, suggested that Acinus and Atg1 control growth is independent of their role in 

the canonical autophagy process.  

 

Acinus and Atg1 activate expression of Yorkie reporters and the target gene 

diap1 

Next I tested if the increase in wing size seen with Acinus or Atg1 knock-down 
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was a result of changes in Yorkie’s transcriptional activity. En-Gal4 is the ideal driver for 

this experiment because I was able to drive RNAi in the posterior half of the wing disc, 

while the anterior half remains a wild-type control. I used En-Gal4>UAS-Acn-RNAi and 

En-Gal4>UAS-Atg1-RNAi to assay Yorkie transcriptional activity in two ways. The first 

experiment assessed the activity of commonly used LacZ reporters for Yorkie target 

genes, including diap-LacZ, four-jointed-LacZ, and expanded-LacZ (Fig 3A-I’, data not 

shown, (Robinson and Moberg, 2011)). The second assay assessed endogenous 

protein levels of the Yorkie target gene Diap using an antibody (Fig 3 J-L’, (Deng et al., 

2015)). This strategy combines the ability to use the reporters to assay multiple target 

genes that may not have good antibodies available, while also looking at endogenous 

Diap staining to overcome any concerns of reporter promiscuity. In all cases, knock-

down of Acinus or Atg1 using En-Gal4 resulted in an increase in reporter LacZ staining, 

as well as an increase in endogenous Diap staining when compared to the control half 

of the wing disc. 

 

Atg1 phosphorylates Yorkie 

After establishing that both Acinus and Atg1 were able to suppress Yorkie-

mediated overgrowth, had basic growth phenotypes consistent with negative regulators 

of Yorkie, and knock-down of each affected Yorkie target genes, I began to investigate 

the mechanism by which these two autophagy proteins could be regulating Yorkie. My 

experiments indicated that this effect was independent of the autophagy process 

because other than Acinus or Atg1, canonical autophagy genes did not consistently 
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display the growth phenotypes I have described in the eye and wing. As the Atg1 kinase 

activity is necessary for its role in growth control, I began to investigate the possibility 

that Atg1 was regulating Yorkie through direct phosphorylation. I aligned the Yorkie, 

Yap, and Taz homologues and used the consensus sequence published for Atg1 target 

sites in the literature (Fig 4A, (Egan et al., 2015; Papinski et al., 2014)), to look for 

potential conserved phosphorylation sites. I identified two such sites, S74 and S97 in 

Yorkie in the highly conserved region that is part of the Yorkie-Scalloped and Yap/Taz-

Tead1-4 binding interface. Importantly S74 is conserved in mammalian Taz proteins, but 

not mammalian Yap proteins. S97 is conserved in both mammalian Yap and Taz 

proteins (Fig 4A). Phosphorylation at one or both of these sites could potentially inhibit 

Yorkie activity by inhibiting Yorkie’s ability bind Scalloped. I began to investigate the 

possibility that Atg1 is phosphorylating Yorkie using several in vitro and in vivo methods.  

 

First, we performed in vitro kinase assays using the human homologues of Atg1 

and Yorkie, ULK1, Yap, and Taz, to test if ULK1 was capable of phosphorylating Yap 

and Taz. In vitro, ULK1 phosphorylated both Yap and Taz, indicating there are one or 

more Atg1 phosphorylation sites on these proteins (Fig 4B).  

 

My second strategy was to develop a series of UAS-Yorkie transgenes with the 

two serines of interest mutated to alanine or glutamic acid, thus creating phospho-inert 

or potentially phospho-mimetic Yorkie over-expression constructs. In each set, all UAS-

Yorkie transgenes were inserted into the same landing site to allow for side-by-side 
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comparison without the possibility of chromosomal location causing variability of 

expression levels among the transgenes.  

 

The first set of UAS-Yorkie transgenes contained mutations only to Serine 74, 97, 

or both, as well as a UAS-YorkieWT control. None of these UAS-Yorkie transgenes 

contained any visible phenotype when over-expressed in the eye with GMR-Gal4. 

Previously published UAS-YorkieWT transgenes typically have little or no overgrowth in 

the eye, so my results are consistent with previous experiments (Oh and Irvine, 2009; 

Ren et al., 2010). Additionally, the lack of overgrowth in the single or double phospho-

inert mutants led me to believe that while Hippo signaling remains in-tact, any over-

expressed Yorkie would likely remain in check. 

 

To investigate this further and attempt to develop a phenotype that I could test for 

genetic interaction with Acinus and Atg1, I made a second set of UAS-Yorkie mutants 

that all had the serine 168 to alanine mutation combined with phospho-mimetic or 

phospho-inert mutations for S74 and S97. In agreement with previously published UAS-

Yorkie transgenes, GMR-Gal4 driven over-expression of UAS-YorkieS168A led to 

substantial eye overgrowth (Fig 5A). Additionally, over-expression of UAS-YorkieS74,168A 

led to substantial eye overgrowth that was not appreciably different than over-

expression of UAS-YorkieS168A alone (Fig 5B). In contrast, over-expression of UAS-

YorkieS74,97,168A driven by GMR-Gal4 had no overgrowth phenotype (Fig 5C). This was 

somewhat confusing at first, but not unprecedented; mutation of this particular serine in 
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the mammalian Yap protein ablates any binding of Yap to the Tead1-4 transcription 

factors (Li et al., 2010). This suggests that mutating this serine creates a Yorkie variant 

incapable of binding to Scalloped, and therefore unable to induce transcription of target 

genes.  

 

Consistent with my previous data, GMR-Gal4 driven over-expression of UAS-

YorkieS168A was suppressed by co-overexpression of either UAS-Acinus or UAS-Atg1 (Fig 

5A, D, G). Over-expression of UAS-Atg1 or UAS-Acinus were both capable of 

suppressing the overgrown eyes produced by GMR-Gal4>UAS-YorkieS74,168A (Fig 5B, E, 

H), suggesting that S74 is not an Atg1 phosphorylation site or that there are multiple 

Atg1 phosphorylation sites and mutating serine 74 to alanine is not sufficient to dampen 

Atg1’s inhibitory effect on Yorkie. It was impossible to test wether mutating serine 97 to 

alanine had any effect on its own or in combination with serine 74 because the mutation 

of serine 97 ablates Yorkie protein function (Fig 5C, F, I).  

 

The third method I used to investigate potential Atg1 phosphorylation sites was 

using CRISPR mutagenesis to generate tagged Yorkie variants in the native Yorkie 

locus. I generated Flag-YorkieWT, Flag-YorkieS74A, and Flag-YorkieS74,97A fly stocks. The 

Flag-YorkieS74,97A fly stock is not homozygous viable, indicating that - similar to the UAS-

Yorkie constructs with the S97A mutation - this CRISPR YorkieS74,97A is a non-functional 

Yorkie protein. Both the Flag-YorkieWT and Flag-YorkieS74A stocks are homozygous viable, 

indicating that these are indeed functional Yorkie proteins. Consistent with the results 
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we observed with UAS-Yorkie transgenes, the S74A mutation was insufficient to 

significantly alter the growth promoting effects of Yorkie.  

 

The last method I used to investigate the potential Atg1 phosphorylation sites on 

Yorkie was to raise a phosphospecific antibody to S74-phosphorylated Yorkie. I 

validated this antibody by doing IHC staining in the fat bodies of starved third instar 

larvae with yorkie-/- clones, and also the CRISPR Flag-YorkieWT, and Flag-YorkieS74A 

stocks. Using the well established yorkieB5 null mutant (Bennett and Harvey, 2006; 

Emoto et al., 2006; Oh and Irvine, 2008), I generated heat-shock flip clones mutant for 

Yorkie and found a lack of phospho-S74 Yorkie staining in these mutant clones, where 

the surrounding wild-type sister-clones had a consistent staining pattern for phospho-

S74 Yorkie (Fig 4C-C’). Additionally, the CRISPR Flag-YorkieWT stock displayed 

consistent phospho-S74 Yorkie staining that was absent in the Flag-YorkieS74A stock (Fig 

4D-E’’).  

 

One compelling early observation we made was that there is a dramatic increase 

in phospho-S74 Yorkie staining upon starvation in the third instar larval fatbodies (Fig 

6A-B’’). This is quite interesting because starvation is a potent activator of Atg1 activity. 

Additionally, in clones where Atg1 is over-expressed, there is a large increase in 

phospho-S74 Yorkie staining (6D-D’’), when compared to control clones (6C-C’’). 

Importantly, I did this experiment in well fed larvae to avoid high levels endogenous 

Atg1 activation. Additionally, under starved conditions, where the larvae show high 



96 

 

levels of phospho-S74 Yorkie, that staining is greatly reduced in acinus-/- clones (Fig 6E-

E’’). Interestingly, this difference was not seen in atg13-/- clones (Fig 6F-F’’). Finally, 

hippo-/- clones showed a minor difference; phospho-S74 Yorkie staining appears less 

cytosolic but enhanced in the nucleus (Fig 6G-G’’). This is to be expected, as a lack of 

Hippo signaling leads to more active, nuclear Yorkie in several tissues, including the 

fatbody (Liu et al., 2016). This is clearly an active area of interest for our future 

research. Together these data suggest the Yorkie phosphorylation occurs by 

unconventional Atg1 activity that is Acn dependent, but independent of Atg13 or Hippo.  

 

Conclusion and Future Directions 

In this chapter, I have reported results of my study focused on understanding 

how Drosophila Acinus is regulating growth. Additionally, I detail how Atg1 is similarly 

regulating growth, and provide some preliminary evidence consistent with a model that 

Acinus is driving activity of Atg1. Both Acinus and Atg1 are capable of regulating growth 

through the well-studied pro-proliferative transcriptional co-activator Yorkie, potentially 

independent of the canonical Hippo signaling pathway and autophagy pathway. I 

present preliminary evidence to this end, but further study is needed to understand to 

the molecular mechanisms by which Acinus is driving the activity of Atg1. I will 

speculate about potential mechanisms in the next chapter.  
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Figures 
 

 
 
 
 
 
 
Figure 4-1: Acinus and Atg1 interact genetically with multiple Yorkie gain-of-function 
mutants 
Scanning electron micrographs of adult heads, GMR-Gal4 control (A), GMR-Gal4>UAS-
YorkieS168A (A’), GMR-Gal4>UAS-Acinus (B), GMR-Gal4>UAS-Acinus, UAS-YorkieS168A (B’), 
GMR-Gal4>UAS-Atg1 (C), GMR-Gal4>UAS-Atg1, UAS-YorkieS168A (C’), GMR-Gal4>UAS-
Atg1k38Q (D), GMR-Gal4>UAS-Atg1K38Q, UAS-YorkieS168A (D’), GMR-Gal4>UAS-Atg6 (E), GMR-
Gal4>UAS-Atg6, UAS-YorkieS168A (E’), GMR-Gal4>UAS-Atg13 (F), GMR-Gal4>UAS-Atg13, 
UAS-YorkieS168A (F’), and quantification of percent survival of GMR-Gal4>UAS-YorkieS111,168,250A 

with UAS-Acinus or UAS-Atg1 compared to the expected mendelian frequency.  (G) scale bar = 
100 µm.  
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Figure 4-2: Loss or over-expression of Acinus and Atg1 alter adult wing size 
Quantification of adult wing size for Atg1 and Acinus knockdown by wing drivers, Engrailed-Gal4 
Acinus knockdown (A), Nubbin-Gal4 Acinus knockdown (B), Ms1096 Acinus knockdown (C), 
Engrailed-Gal4 Atg1 knockdown (D), Nubbin-Gal4 Atg1 knockdown (E), and Ms1096 Atg1 
knockdown (F). Summary table of statistical significance of change in wing size of Acinus and 
Atg1 knockdown with other autophagy genes (G). Light micrographs of adult wings, Engrailed-
Gal4 control (H), Engrailed-Gal4>UAS-Acinus (I), Ms1096 control (J), Ms1096>UAS-Acinus (K), 
Nubbin-Gal4 control (L), and Nubbin-Gal4>UAS-Acinus (M), scale bar = 200 µm.  
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Figure 4-3: Loss of Acinus or Atg1 lead to an induction of Yorkie reporter activity and 
Diap1 
Confocal images of third instar larval wings crossed to ww1118 for Diap staining or Diap-lacZ, or 
Four-jointed LacZ for Beta-gal staining. En-Gal4 control DNA and UAS-RFP (A) with diap-lacZ 
Beta-gal staining (A’), En-Gal4>UAS-Acinus RNAi1 (VDRC) DNA and UAS-RFP (B) with diap-
LacZ Beta-gal staining (B’), En-Gal4>UAS-Atg1 RNAi1 (VDRC) DNA and UAS-RFP (C) with 
diap-LacZ Beta-gal staining (C’), En-Gal4>UAS-Hippo RNAi (TRiP) DNA and UAS-RFP (D) with 
diap-LacZ Beta-gal staining (D’), En-Gal4>UAS-Acn RNAi2 (TRiP) DNA and UAS-RFP (E) with 
diap-LacZ Beta-gal staining (E’), En-Gal4>UAS-Atg1 RNAi2 (TRiP) DNA and UAS-RFP (F) with 
diap-LacZ Beta-gal staining (F’), En-Gal4 control DNA and UAS-RFP (G) with fj-lacZ Beta-gal 
staining (G’), En-Gal4>UAS-Acinus RNAi1 (VDRC) DNA and UAS-RFP (H) with fj-LacZ Beta-gal 
staining (H’), En-Gal4>UAS-Atg1 RNAi1 (VDRC) DNA and UAS-RFP (I) with diap-LacZ Beta-gal 
staining (I’), En-Gal4 control DNA and UAS-RFP (J) with endogenous Diap1 staining (J’), En-
Gal4>UAS-Acinus RNAi1 (VDRC) DNA and UAS-RFP (K) with endogenous Diap1 staining (K’), 
En-Gal4>UAS-Atg1 RNAi1 (VDRC) DNA and UAS-RFP (L) with endogenous Diap1 staining (L’), 
scale bar = 50 µm.  
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Figure 4-4: Yorkie contains potential Atg1 phosphorylation sites  
Diagram of Atg1 consensus sequence (A), compared to serine 74, and serine 97 in Yorkie and 
corresponding sites in human and mouse YAP and TAZ proteins. (B) Auto-radiogram of in vitro 
kinase assay with ULK1, Yap, and Taz. (C-E) Confocal micrographs  of fat body cells. YorkieB5 

clones marked by the absence of GFP lack phospho-S74 Yorkie staining (C) and GFP staining 
(C’).  (D) CRISPR-generated YorkieWT allele exhibits phospho-S74 Yorkie staining (D) which is 
missing in the-CRISPR generated YorkieS74A allele (E). Nuclei are shown in (D’ and E’). Scale 
bar = 50 µm.  
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Figure 4-5: Characterization of two potential Atg1 phosphorylation sites through genetic  
interaction 
Scanning electron micrographs of adult heads, GMR-Gal4>UAS-YorkieS168A (A), GMR-
Gal4>UAS-UAS-YorkieS,74168A (B), GMR-Gal4>UAS-YorkieS74,97168A (C), GMR-Gal4>UAS-Acinus, 
UAS-YorkieS168A (D), MR-Gal4>UAS-Acinus, UAS-YorkieS74,168A (E), MR-Gal4>UAS-Acinus, 
UAS-YorkieS74,97,168A (F), GMR-Gal4>UAS-Atg1, UAS YorkieS168A (G), GMR-Gal4>UAS-Atg1, 
UAS YorkieS74,168A (H), GMR-Gal4>UAS-Atg1, UAS YorkieS74,97168A (I), scale bar = 100 µm. 
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Figure 4-6: Phospho-specific antibody characterization of potential Atg1 phosphorylation 
Confocal micrographs of third instar fat bodies of fed OreR flies stained for Yorkie (A), phospho-
S74 Yorkie (A’), and DNA (A’’), starved OreR flies stained for Yorkie (B), phospho-S74 Yorkie 
(B’), and DNA (B’’). Fed larvae with control wild-type RFP marked clones RFP (C), phospho-S74 
Yorkie (C’), and DNA (C’’), and fed Atg1 over-expression RFP marked clones RFP (D), 
phospho-Yorkie (D’), and DNA (D’’). Starved larvae with acinus-/- negatively marked clones 
stained for LacZ (Wt sister clones) (E), phospho-S74 Yorkie (E’), and DNA (E’’), atg13-/- 
negatively marked clones stained for GFP (Wt sister clones) (F), phospho-S74 Yorkie (F’), and 
DNA (F’’), and hpo-/- negatively marked clones stained for GFP (Wt sister clones) (G), phospho-
S74 Yorkie (G’), and DNA (G’’), scale bar = 50 µm.  
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Figure 4-7: Atg1 acts as a signaling hub 
Atg1 acts as a signaling hub, integrating information from upstream activators like AMPK, TOR, 
and others to promote autophagy through phosphorylation of targets. At the same time, Atg1 
suppresses growth through phosphorylation and negative regulation of Yorkie. Acinus, which 
phenocopies Atg1, is potentially activating Atg1 or required for Atg1 activity.  
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Materials and Methods 

Fly stocks/crosses 

Fly stocks were maintained at room temperature under normal conditions. All fly 

stocks used in this study are listed in Appendix D, including source, stock number, 

genotype, and specific information on generation of stocks for flies made for this study. 

Transgenic Acinus and Yorkie flies were generated by cloning full-length Acinus cDNA 

or synthesis of a gBlock for full-length Yorkie cDNA (Integrated DNA Technologies) into 

pUAS vectors for site-specific insertion. Specific mutations were generated in the UAS-

Acinus and UAS-Yorkie vectors through standard mutagenesis or Gibson assembly of 

gBlocks in to the plasmid. UAS plasmids were sequence verified and inserted into 

specific Attb landing sites listed in Appendix 4. RNAi experiments were performed at 

28°C and all other crosses were performed at 25°C. Over-expression clones were 

generated by heat shocking larvae carrying hs-Flp; Actin>CD2>Gal4, UAS-transgene 

and UAS-RFP at 38°C for 1 the day prior to dissection. Heat shock mutant clones were 

generated as described in (Liu et al., 2016).  

 

CRISPR/Cas9 mutagenesis of Yorkie 

CRISPR-mediated mutagenesis was performed via tools and protocols (Bassett 

et al., 2013; Gratz et al., 2013; Yu et al., 2013) available from the O’Connor-Giles, 

Wildonger, and Harrison laboratories (www.flycrispr.wisc.edu). Two guide RNAs located 

5’ to the Yorkie coding sequences and 3’ to S97 (GTCGGCTGCACCTGCGGAATGCC 

and GTCGGGAGTGATGTATCGCCAGG) were introduced into the pCDF3-dU6 vector 
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and co-injected with the appropriate template plasmid for homolog repair. Template 

plasmids were assembled in a pBS backbone from a 1kB PCR-amplified 5’ homology 

arm, and gBlocks (IDT, Coralville, IA) encoding an N-terminal modified 3xFLAG-tag 

(GDYKDHDGDYKDHDIDYNDHD), and YorkieWT, YorkieS74A or YorkieS74,97A sequences, and 

a 910 bp 3’ homology arm. 

Embryo injections were done by Rainbow Transgenic Flies (Camarillo, CA), and 

the resulting potentially chimeric adult flies were crossed with balancer stocks. Their 

progeny, potential founders, were then crossed again to balancer stocks and then 

genotyped using a single-fly PCR preparation to identify stocks containing germ-line 

flag-yorkie editing as described in (Stenesen et al., 2015) using a forward primer within 

the newly introduced FLAG-tag (GATTACAACGACCACGACGA ) and a reverse primer 

complementary to newly introduced silent mutations 3’ to the serine S97 

(ATGGAGCTGGTGGTGTGAAG). Genomic regions surrounding the Yorkie locus, well 

outside the homology arms of the CRISPR Yorkie homology template plasmids, were 

amplified and sequenced to verify the correct editing of the Yorkie locus. 

  

SEM 

SEM of fly eyes were obtained as described (Wolff, 2011) with a Zeiss Sigma 

Scanning Electron Microscope with the InLens detector and an EHT of 3.0kV.  

 

Wing measurement 

Wings were removed from adult female flies at least 1 day post eclosion, 
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dehydrated in 75% EtOH before being placed on glass slides, mounted with Euparol 

and a 1.5 coverslip, and dried on a slide warmer at 65°C. Wings were imaged using a 

Zeiss Discovery Stereoscope, all at the same magnification, and quantified using area 

measurement in ImageJ as previously described (Rauskolb et al., 2011). Replicates 

were done in sets of 15 wings per set, with 3-4 replicates being done for each genotype. 

Measurements were normalized to driver only controls and statistical significance was 

determined in Prism (GraphPad) using one-way ANOVA for multiple comparisons, 

followed by Tukey's test. P-Values smaller than 0.05 are considered significant and 

values are indicated as * (<0.05), ** (<0.01), *** (<0.001), or **** (<.0001). 

  

IHC - Wings/Fatbodies 

Whole-mount tissues were prepared for immunofluorescence staining as 

described (Akbar et al., 2011). Briefly, tissues were fixed in either 4% PFA (wing and 

eye discs) or PLP (fatbodies), and after 3 PBS washes and block, were incubated in 

primary antibody overnight at room temperature in PBSS with 5% NGS. Secondary 

antibodies were incubated for 4 hours at room temperature in PBSS with 10% NGS. 

Fluorescence images were captured with 63× (NA 1.4) or 40× (NA1.3) lenses on an 

inverted confocal microscope (LSM710 or LSM510 Meta; Carl Zeiss, Inc.). Confocal Z-

stacks of tissues were collected at 1 µm step size, and processed using ImageJ and 

Adobe Photoshop. 

 

Antibodies used: Rabbit anti-Diap1 (1:100 gift from DJ Pan), Rabbit anti-Beta-gal 
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(1:100, gift from Dean Smith), Rabbit anti phospho-S74 Yorkie (1:500) was generated 

against the sequence (DDNLQALFD-(p)S-VLNPGDAKR) by Genemed Synthesis (San 

Antonio) , Chicken anti-GFP (1:500) form Aves, and Chicken anti-Beta-Gal (1:2000) 

Aves. 

 

 In Vitro Kinase assays 

In vitro kinase assays were performed as described (Karra et al., 2017) using a 

kinase to substrate ratio of 1:10 and a 60 minute reaction. Proteins used were human 

GST-ULK1 (Sigma product number: SRP5096 Lot: G1163-1), human TAZ (OriGene 

Technologies product number: TP304082 Lot: 1160CA), and human Yap1 (OriGene 

Technologies product number: TP325864 Lot: 10a73e).  
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CHAPTER FIVE 
 

DISCUSSION, SPECULATION, AND FUTURE DIRECTIONS 

 
Introduction 

Our studies of Drosophila Acinus have yielded valuable information about Acinus’ 

function in basal and starvation-induced autophagy. Additionally, my findings that 

Acinus phenocopies Atg1 with regard to the regulation of autophagy strongly suggest 

that Acinus is activating Atg1. Atg1 is known to induce autophagy through direct 

phosphorylation of targets (Egan et al., 2015; Papinski et al., 2014), and I provide strong 

evidence here that Atg1 is phosphorylating Yorkie to inhibit growth. Additionally, we 

suggest that Acinus is activating Atg1 through an unknown mechanism, and these 

proteins function together in autophagy, as well as autophagy-independent roles like 

growth control.  

 

Importantly, several non-autophagy roles have been proposed for mammalian 

Acinus, like chromatin destruction during apoptosis and splicing as a member of the 

ASAP complex. Studies in our lab have concluded that chromatin destruction proceeds 

normally in acinus-/- null flies, therefore we do not think this function is conserved in flies 

(Haberman et al., 2010). In an effort to understand if Acinus is affecting autophagy 

through the ASAP complex, we did multiple RNA-seq experiments from larval fatbodies 

using wild-type, acinus-/- null, and various acinus transgene rescue mutants described in 
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chapter two. Additionally, we did these experiments under both fed and starved 

conditions, as starvation is a potent inducer of autophagy in the larval fatbody. We were 

unable to show any correlation between Acinus presence, absence, or regulation with 

differentially spliced transcripts in these experiments. Additionally, we have generated 

rescue transgene mutants that are deficient in splicing, as shown by assessment of piwi 

splicing as previously published (Hayashi et al., 2014; Malone et al., 2014); however, 

these mutants are very effective autophagy inducers. These preliminary data taken 

together provide evidence that Acinus induces autophagy independent of its function in 

the ASAP complex. Understanding the interplay between Acinus as a splicing factor and 

Acinus as an autophagy protein is a focus of ongoing research.  

 

Using Drosophila as a model system, we are able to use the abundant genetic 

tools and well-established assays in the fields of autophagy and Hippo signaling to 

study the function of Acinus, as well as Atg1. These assays allow us to study protein 

function in a normal physiological condition in the whole organism. 

 

Acinus Regulatory Work  

Our findings that Akt1 phosphorylates and stabilizes Acinus, and Dcp-1 (a 

Drosophila caspase-3 homologue) cleaves Acinus to regulate autophagy correlate with 

the corresponding findings in the mammalian systems in regard to the regulation of 

Acinus, but not its function (Hu et al., 2005; Joselin et al., 2006; Rigou et al., 2009; 

Sahara et al., 1999). What could explain these differences? 
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Sahara and colleagues artificially activated apoptosis by treating cell lysates with 

activated caspase-3 and both Joselin et al. and Rigou et al. studied Acinus in the 

context of increased caspase activation after staurosporine treatment (Hu et al., 2005; 

Joselin et al., 2006; Rigou et al., 2009; Sahara et al., 1999). These conditions led to the 

study of Acinus in conditions that are primed for apoptosis because of the effector 

caspase activation, as opposed to our study of this protein under physiological 

conditions in the fly. Further, the studies conducted on Acinus in mammalian cells all 

rely on RNAi or antibody interference techniques. Although we also use RNAi in several 

contexts, our studies are backed up by the use of larvae and clones with null mutants 

for the respective genes and we used specifically modified rescue transgenes 

expressed from the endogenous promoter in the mutant background. Using these 

techniques, we provide strong evidence for Acinus having a physiological role in basal 

and starvation-induced autophagy, and that this role is regulated under basal, 

physiological conditions by the actions of Akt1 and Dcp-1 (Nandi et al., 2014). 

 

We have also identified a new regulatory mechanism for Acinus involving 

phosphorylation by Cdk5 (Nandi et al, in preparation). This Cdk5-mediated 

phosphorylation has significant implications for Acinus’ ability to induce autophagy 

under basal and stress-mediated conditions. Further, this finding bridges a gap in the 

Cdk5 field by identifying Acinus as a functional protein target that links Cdk5 to basal 

autophagy to mediate some of Cdk5’s neuroprotective effects (Cheung and Ip, 2012; 

McLinden et al., 2012).  
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Finally, both of these studies also show that Acinus has a newly identified role to 

play in the clearance of protein aggregation through autophagy. We show that Acinus 

phosphorylation changes in response to protein aggregation in Drosophila models of 

neurodegenerative disorders, and that the resulting stabilization of Acinus elevates the 

level of basal autophagy to to provide some relief of protein aggregation.  

 

Acinus-Atg1 Regulation of Yorkie  

My finding that Atg1 is capable of suppressing Yorkie-mediated overgrowth 

corroborates complementary findings by Perez and colleagues (Perez et al., 2015). 

They found that mis-expression of Atg1 suppressed overgrowth in hippo-/- mutant clones 

in the larval eye disc and adult eyes. In contrast, knock-down of Atg8 had no effect on 

hippo-/- clone size in either eye discs or adult heads. Additionally, they discovered that 

over-expression of Atg1 using GMR-Gal4 was sufficient to suppress overgrowth of 

Yorkie over-expression with the same driver. The authors suggest that strong induction 

of autophagy, via over-expression of Atg1, induces autophagy, which in turn suppresses 

hippo-/- or GMR-Gal4>UASYorkie mediated overgrowth (Perez et al., 2015).  

 

While these basic observations are consistent with my own, my additional data 

point to a model whereby Atg1 directly suppresses overgrowth driven by Yorkie via its 

phosphorylation, as opposed to an indirect regulation through activation of autophagy. 

In order to understand if induction of autophagy as a result of Acinus or Atg1 over-
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expression in the eye is responsible for the inhibition of Yorkie-mediated overgrowth, we 

attempted to suppress this overgrowth using other regulators of autophagy. Importantly, 

over-expression of Atg6 (fly homologue of Beclin 1) was sufficient to induce autophagy, 

as visualized by increased Atg8 punctae in the eye (Chapter 3 Figure 1; (Furuya et al., 

2005)), but not sufficient to reduce Yorkie-mediated overgrowth. This was our first hint 

that the interaction between Acinus-Atg1 and Yorkie could be largely independent of the 

canonical autophagy pathway.  

 

Additionally, Perez and colleague’s observation that knock-down of Atg8 had little 

effect on hippo- clone size also supports an autophagy independent, Atg1-directed 

regulation. Finally, the authors report that knock-down of 12 different autophagy genes 

in the eye using ey-Gal4 had no effect on normal eye development  (Perez et al., 2015). 

This seems to contrast my findings that Atg1 knock-down leads to an increase in tissue 

size; however, there are two main differences in the data. First, they provide no 

quantification of eye size, as they only make a value judgement as to the appearance of 

the eye. Importantly, the Hippo signaling pathway engages multiple feedback loops 

(Shin and Nguyen, 2016), and manipulations of some upstream regulators individually, 

like Merlin and Expanded, tend to provide only modest effects on the final tissue size 

(Hamaratoglu et al., 2006). To sidestep the difficulty of directly quantifying subtile growth 

phenotypes in the fly eye, I opted to use the wing for growth quantification. 

 

The wing is a well-established system in which to quantify growth phenotypes 
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using mutants, RNAi, or over-expression, and is commonly used for this purpose (Bosch 

et al., 2014; Rauskolb et al., 2011). Thus, I decided to carefully quantify possible effects 

on wing size in response to knock-down of Acinus, Atg1, and other autophagy genes 

using multiple wing drivers. Importantly, Scott and colleagues showed expression of 

such RNAi transgenes targeting Atg5, 7, and 12 in the fatbody or in clones resulted in 

reduced autophagy and substantial decrease in autolysosomes (Scott et al., 2004). 

Despite this established effect on autophagy, my data show that knocking-down these 

proteins was insufficient to alter wing size in contrast to the consistent and significant 

effects observed from knocking-down or over-expressing Acinus or Atg1. This further 

supports the notion that the Acinus-Atg1 mediated regulation of Yorkie is autophagy 

independent.  

 

Additionally, Scott and colleagues noted that in dTor inhibiting conditions, like 

rapamycin treatment or prolonged starvation, Atg1-/- mutant clones had a significant size 

advantage over their sister clones (Scott et al., 2007). They also showed, as I have 

here, that over-expression of Atg1 leads to a decrease in organ size. In further analysis 

from multiple experiments they assessed whether different growth phenotypes for Atg1 

were mediated entirely through Atg1-mediated inhibition of Tor. Their observations 

suggest this is not the case. First, the growth reduction of Atg1 over-expression cells is 

more severe than the growth reduction seen in Tor-/- mutant cells. Additionally, by over-

expressing Atg1 in Tor mutant animals, they showed that the growth inhibitory effects of 

Atg1 over-expression are largely independent of Tor because the cell size was further 
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reduced in Tor-/- null mutants (Scott et al., 2007). These data are consistent with the 

idea that Atg1 is inhibiting growth through mechanisms other than only inhibiting Tor.  

 

I gained further insight when I tested transcriptional readouts of Yorkie in the 

wing disc, either using reporter transgenes or the level of endogenous Diap protein 

(Deng et al., 2015; Robinson and Moberg, 2011). These experiments suggested that 

Acinus and Atg1 are responsible for inhibiting growth through inhibiting Yorkie directly, 

because knock-down of both Acinus and Atg1 increased levels of not only the LacZ 

transcriptional reporters for diap, expanded, and four-jointed, but also increased levels 

of Diap protein.  

 

Taken together, these observations led us to consider alternative explanations to 

account for the strong inhibitory effects Acinus and Atg1 have on growth, and 

specifically address how they are suppressing Yorkie-mediated growth. 

 

Our analysis of potential consensus Atg1 phosphorylation sites in Yorkie, Yap, 

and Taz used the Atg1 consensus sequences from Papinski and colleagues, as well as 

work by Egan and colleagues on the ULK1 consensus sequence (Egan et al., 2015; 

Papinski et al., 2014). The Atg1 consensus sequence Papinski et al. present was 

validated using yeast proteins, but also reflects the properties of a known ULK1 

phosphorylation site on Beclin 1 in mammals (Russell et al., 2013). This suggests that 

this consensus sequence is conserved from yeast to mammals, consistent with the 
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striking similarity in core properties of the consensus sequence Egan and colleagues 

uncovered for ULK1. The consensus sequences detailed by both groups called for a 

serine residue surrounded by hydrophobic residues at specific sites. Importantly, the 

preferences outlined in the consensus sequence - strong preference for a core serine, 

an aliphatic reside at -3, and aromatic and aliphatic residues at +1 and +2 - are all 

maintained in the two potential sites we have identified on Yorkie, Yap, and Taz. The 

notable exception is that Yorkie serine 74 is maintained in Taz, but is an alanine in Yap. 

For the first site, Yorkie serine 74, the -3 position in all three proteins is the aliphatic 

residue leucine. At the +1 site, the aliphatic amino acid valine is conserved in all three 

homologues. At the +2 position, Yorkie has the aliphatic amino acid leucine, while Yap 

and Taz both contain methionine residues. The second potential phosphorylation site, 

Yorkie serine 97, contains the core serine in all three homologues. Additionally, the -3 

position contains an aliphatic leucine residue, similar to the serine 74 site. The +1 and 

+2 positions for this serine are completely conserved among all three homologues and 

contain an aromatic phenylalanine residue. Finally, both both groups remark that this 

consensus sequence is highly unusual and specific compared to other classes of 

kinases, like proline-directed kinases or casein kinases. My analysis suggests these two 

serine residues closely match Atg1/ULK1 consensus sequences and these, like other 

Atg1/ULK1 phosphorylation events, are likely to be conserved among species. 

 

Multiple reports published recently (DeRan et al., 2014; Mo et al., 2015; Wang et 

al., 2015) suggested that AMPK phosphorylates Yap at the serine analogous to Yorkie 
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serine 97. AMPK is important to consider in this context as nutrient deprivation 

upregulates its activity, similar to Atg1, and AMPK directly regulates Atg1 (Kim et al., 

2011). A recent analysis of AMPK target phosphorylation sites revealed a consensus 

sequence of βϕβXXXS/TXXXϕ with β representing arginine, histidine, or lysine, ϕ 

representing the hydrophobic amino acids isolecine, leucine, methionine, and 

phenylalanine, S/T representing either a serine or threonine phosphorylation site, and X 

representing any other amino acid (Marin et al., 2015). Some of these preferred amino 

acids are represented in the phosphorylation sites corresponding to Yorkie serine 97, 

and others are not. For example, at the +4 position, Yorkie serine 97 site has a 

conserved proline in Yorkie and Yap, and a glutamic acid in Taz. Additionally, at the βϕβ 

stretch from -6 thru -4, several amino acids in Yorkie, Yap, and Taz do not fit this 

consensus sequence. Yorkie and Yap have a methionine and leucine at -6 that do not 

match the β amino acid designation. At -5, Yorkie, Yap, and Taz contain either a lysine 

or arinine, neither of which fall into the ϕ category. Finally, Taz contains an isoleucine at 

the -4 position, which again, does not match the β amino acids. This raises some doubt 

whether AMPK is directly phosphorylating Yorkie at serine 97. 

 

Additionally, Kim and colleagues showed that AMPK and Tor are both capable of 

phosphorylating ULK1, but at different serines and under opposite conditions (Kim et al., 

2011). Under glucose deprivation, AMPK phosphorylates ULK1 at serines 317 and 777 

to activate autophagy. Under nutrient-rich conditions, mTor suppresses ULK1 activation 

of autophagy through phosphorylation at serine 757. In this context, the requirement for 



118 

 

AMPK for Yap phosphorylation in cultured cells could be dependent on AMPK activation 

of Atg1/ULK1. Further, a recent study suggests that AMPK phosphorylation of Yap is 

likely conserved to Yorkie in Drosophila (Gailite et al., 2015). This study investigates 

Yorkie regulation in the larval central nervous system, where they find a Hippo-Warts-

independent Yorkie regulatory cascade involving the tumor suppressor kinase LKB1 

and its downstream target AMPK. Importantly, unlike Atg1 in my study, loss of AMPK 

via RNAi showed no effect on Diap protein levels in the larval brain. Additionally, they 

show no evidence of AMPK phosphorylation of Yorkie, other than an in vitro kinase 

assay using human AMPK and flag-tagged Yorkie isolated from Sf9 cells.  

 

Taken together, these data suggest that the two serine residues identified here, 

Yorkie serine 74 and 97, are potentially better Atg1 substrates than AMPK substrates. 

Additionally, structural studies of the Yap/TEAD complex place these two serine 

residues on the potential binding interface between Yorkie and it’s transcription factor 

partner, Scalloped.  

 

My study shows ULK1 is capable of phosphorylating Yap and Taz in vitro, and 

presents evidence for in-vivo phosphorylation and regulation of Yorkie by Acinus and 

Atg1. Of these two phosphorylation sites, I think serine 97 is more critical and serine 74 

is likely an accessory phosphorylation site. Mutation of serine 74 to an alanine is not 

sufficient alone to inhibit Yorkie-mediated overgrowth, as flies containing GMR-

Gal4>UAS-YorkieS74,168A still have enlarged eyes. Conversely, mutation of serine 97 
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renders the protein non-functional, as GMR-Gal4 driven expression of a UAS-

YorkieS74,97,168A transgene yields no overgrowth phenotype in the fly eye, likely through 

disrupting the binding of Yorkie to Scalloped. This prevented me from using over-

expression of Atg1 and Acinus with various UAS-Yorkie mutant transgenes to test these 

phosphorylation sites in combination. In mammalian Yap, mutation of the corresponding 

serine, serine 94, led to a complete ablation of binding with the TEAD1 transcription 

factor, regardless of the mutation (Li et al., 2010). Finally, the CRISPR flies I generated 

through modifying Yorkie in its endogenous locus support the notion that mutations to 

serine 97 render the protein non-functional. CRISPR YorkieWT and YorkieS74A flies are 

both homozygous viable; however, YorkieS74,97A mutants are not. These data taken 

together suggests that both serine residues could be phosphorylated by Atg1, but serine 

97 is probably the more effective regulatory element. Based on structural homology with 

mammalian Yap and TEAD1, we can infer that these two Yorkie serine residues are in 

the binding interface between Yorkie and Scalloped. The homologous serine in Yap, 

serine 94, is critical for binding TEAD1, as it forms key hydrogen bonds with Y406 and 

E250 of TEAD1 (Li et al., 2010). Their study and this study suggest that any 

perturbation of this serine is detrimental to the Yorkie-Scalloped interaction, including 

phosphorylation at serine 97.  

 

Conclusion, Speculations, and Future Directions 

My thesis work has identified Acinus and Atg1 as new regulators of the pro-

growth transcriptional co-activator Yorkie, and provides insight into why Acinus and Atg1 
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have strong growth-inhibitory effects. In addition to showing Atg1 suppresses growth 

through Yorkie regulation, Atg1 provides a critical link for communication between the 

Hippo signaling and Tor signaling pathways. This study is far from over, as key 

questions remain.  

 

There are several interesting experiments yet to be done, including verifying that 

phosphorylation of Yorkie at serine 74 and 97 are Atg1 dependent in vivo. Additionally, 

understanding what physiological effects this regulation has on Yorkie activity is one of 

the most interesting open questions. Also, what factors could be driving Atg1 to 

phosphorylate Yorkie? Are there developmental signals, as well as stress signals 

activating Atg1 in this context? Also important is understanding where phosphorylation 

of Yorkie by Atg1 is occurring and what immediate effects it has on Yorkie.  

 

My original goal was to discover how Acinus was inducing autophagy. In that 

aspect of this story, I have some room to speculate. Because Atg1 and Acinus 

phenocopy in so many assays, I think it is reasonable to hypothesize that Acinus is 

activating Atg1; however, I think it is a mistake to consider this a linear pathway. Atg1 is 

known to interact with Atg13, and then other core autophagy proteins that act as a 

scaffold at the phagophore assembly site (PAS). The exact nature of where the PAS 

assembly begins is still a subject of some debate; however, I think it is safe to say it is 

not in the nucleus. Acinus, however, is a protein that is heavily enriched in the nucleus 

and contains multiple protein binding domains, including the highly conserved RRM 
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domain. Importantly, a recent report in the literature has identified a critical role for 

nuclear ULK1 in regulating PARP1 in response to oxidative stress (Joshi et al., 2016). 

This is an indication that Atg1 is potentially active in the nucleus, and I think it is 

possible that Acinus is incorporated into an Atg1 kinase complex in the nucleus, proving 

a scaffold for Atg1 to phosphorylate multiple targets. These targets could potentially 

include nuclear localized Yorkie or other nuclear localized autophagy factors. This is still 

an open question, and an area of active research for the future.  
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APPENDIX A 
Deficiency Screen Suppressing Deficiencies by Stock Number 

 
 

 Bloomington Stock 
Number 

Cytolocation Bloomington Stock 
Number 

Cytolocation 

2596 h53-h58 9615 26F1-27A2 
3180 36A8-36F1 9637 31D1-31E1 
3196 6E2-7A6 9683 42A2-42A14 
3548 21C1-21C7 23170 50A7-50B4 
6219 9F13-10A5 23663 35E1-35F1 
6367 95E7-96A18 23677 23F6-24A2 
6609 56F12-57A4 23690 50B6-50C18 
6755 62E8-63B6 24113 35F12-36A10 
6962 91A5-91F1 24118 21C2-22A1 
6963 35B2-35D1 24137 88D1-88E3 
7591 66B5-66C8 24376 16F7-17A8 
7633 85E9-85F1 24379 54B16-54C3 
7692 99D5-99E2 24516 100E1-100E3 
7723 20A1-20C1 24929 48F1-49A1 
7739 93A4-

93B13 
24953 77F2-78C2 

7744 23A2-23B1 24955 79B2-79F5 
8673 21C2-21E2 24989 49B10-49E6 
8836 28F5-29B1 25008 99F4-100A2 
8912 48A3-48D5 25011 85D6-85D15 
8915 52D11-

52E7 
25078 53C1-53C6 

8946 35B8-35D4 25114 5A4-5A10 
8954 15A1-15E3 25416 15A1-15E2 
9067 56D10-

56E2 
26524 63A7-63B12 

9077 85A5-85D1 26529 93D1-93F14 
9176 22F4-23A3 26568 17A3-17D6 
9276 44B8-44E3 26569 2F2-3A4 
9278 53D11-53F8 26580 89A8-89B2 
9347 95D10-

96A7 
26869 14B9-14C4 

9352 12E5-12F2 27356 59B4-59B6 
9353 21B1-21B3 27369 77C3-78A1 
9497 94F1-95A4 27372 62A9 
9594 34B4-34C4 27585 20C1-20F3 
9610 23B7-23C3 29733 16F6-16F7 
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APPENDIX B 
Deficiency Screen Results by Stock Number 

 
 

Bloomington Stock 
Number: 

Phenotype 
Observed: Cytolocation: 

90 enhancer 22F4-23C3 
282  h1-1B2 
442 enhancer 49C1-50D5 
741 enhancer h38R-h46 
744 same 24E1-25A2 
901  1A1-1B13 
930   
944 enhancer 4C11-5A4 
949  7D1-7D5 
977 enhancer 19F1-h26 
997 ambiguous 67A2-67D13 

1158  15A1-15A5 
1164 same 25A4-25D5 
1467   
1469 enhancer 31C-32E5 
1491 same 35D1-36A7 
1546  1Lt-3A3 
1702 same 46C2-47A1 
1842 enhancer 84A5-84D9 
1990 enhancer 83C1-84B2 
2155 enhancer 100A-100F 
2234 enhancer 99E1-3Rt 
2352 enhancer 99D1-99E1 
2471 enhancer 60E6-60E11 
2596 suppressor h53-h58 
2597 enhancer 81F 
3084 ambiguous 21D1-22B3 
3096 enhancer 64C-65C 
3180 suppressor 36A8-36F1 
3196 suppressor 6E2-7A6 
3486 ambiguous 89E1-89E2 
3547 same 99B5-99F1 
3548 suppressor 21C1-21C7 
3650 ambiguous 62F-63B10 
4055   
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4959 enhancer h35-40A1 
4961 enhancer 60E10-60F5 
5281  5C3-6C12 
5330 enhancer 24A2-24D4 
5411 enhancer 62B1-62E3 
5707  9E3-10A8 
6219 suppressor 9F13-10A5 
6338 enhancer 26D3-26F7 
6367 suppressor 95E7-96A18 
6457 enhancer 69F6-70A2 
6478 ambiguous 30C3-30F1 
6507 enhancer 23F3-24A2 
6609 suppressor 56F12-57A4 
6646 enhancer 76A7-76B5 
6698  7B7-7E2 
6755 suppressor 62E8-63B6 
6780 enhancer 54E5-55B7 
6867 same 65D4-65E6 
6962 suppressor 91A5-91F1 
6963 suppressor 35B2-35D1 
6964  65E10-65F6 
7002 enhancer 80F 
7413 ambiguous 92F7-93B6 
7443  83B7-83D1 
7492 same 23A3-22B1 
7495 same 24C3-24C8 
7497 ambiguous 25C8-25D 
7498 enhancer 25D5-25E6 
7521 same 35D6-35E2 
7543 same 48F1-49A6 
7544 ambiguous 49E6-49F1 
7546 enhancer 53C11-53D11 
7548 same 53F8-54B6 
7551 same 56B5-56C11 
7571 ambiguous 62F5-63A3 
7588 ambiguous 65C3-65D3 
7591 suppressor 66B5-66C8 
7633 suppressor 85E9-85F1 
7634 ambiguous 85F1-85F10 
7675 enhancer 95C12-95D8 
7676 enhancer 95D8-95E1 
7680 same 96C2-96C4 
7681 same 96D1-96E2 
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7682 same 96E2-96E6 
7692 suppressor 99D5-99E2 
7708  4F10-5A2 
7709 same 5A2-5A6 
7713 enhancer 5F2-6B2 
7714  6B2-6C4 
7723 suppressor 20A1-20C1 
7731 enhancer 85D24-85E5 
7737 same 89B18-89D8 
7739 suppressor 93A4-93B13 
7744 suppressor 23A2-23B1 
7749 enhancer 51B1-51C2 
7768 enhancer 18B7-18C8 
7783 ambiguous 22E1-22F3 
7807 same 28E1-28F1 
7839 same 36E2-36E6 
7840 enhancer 36E5-36F5 
7871 ambiguous 49F1-49F10 
7875 enhancer 50D4-50E4 
7876 same 50E4-50F6 
7888 same 53C8-53D2 
7890 same 54C10-54D5 
7896 same 56F11-56F16 
7929 enhancer 65F7-66A4 
7983 enhancer 89A12-89B6 
7997 enhancer 99F8-100A5 
8029  86F9-87B13 
8031 enhancer 3A3-3A8 
8033 ambiguous 8B6-8C13 
8035 ambiguous 13B1-13C3 
8045 enhancer 42A13-42E6 
8047 ambiguous 61B1-61C1 
8049 enhancer 61C3-62A2 
8058 ambiguous 63C1 
8059 ambiguous 63C1-63F5 
8060 ambiguous 63F6-64B9 
8061 ambiguous 64B9-64C13 
8066 ambiguous 66D12-67B3 
8068 enhancer 68A6-68E1 
8069 enhancer 68C13-69B4 
8072 ambiguous 69C4-69F6 
8073 ambiguous 70C6-70F4 
8074 enhancer 70F4-71E1 
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8078 enhancer 72D4-73C4 
8087  76A1-76E1 
8088 enhancer 76D3-77C1 
8089 enhancer 79C2-80A4 
8096 ambiguous 62B4-62E5 
8097 enhancer 70A3-70C10 
8098  73B5-73E5 
8099 ambiguous 73D5-74E2 
8100  74D1-75B11 
8101 ambiguous 78D5-79A2 
8102 ambiguous 80A4-80C2 
8103 enhancer 83B4-83B6 
8104  89E11-90C1 
8105 ambiguous 96F10-97D2 
8208   
8469 enhancer 30F5-31B1 
8672  21B7-21C2 
8673 suppressor 21C2-21E2 
8674 same 25C4-25C8 
8679 same 37E5-38C6 
8684 enhancer 94B5-94E7 
8685 ambiguous 84B4-84E11 
8835 enhancer 25C1-25C4 
8836 suppressor 28F5-29B1 
8898 enhancer 11B15-11E8 
8901 ambiguous 21B3-21B7 
8904  23B8-23F3 
8906 enhancer 29F5-30B12 
8907 same 33B8-34A3 
8908 enhancer 21E2-21E3 
8910 enhancer 47D6-48B6 
8912 suppressor 48A3-48D5 
8913  50E5-51B1 
8914 ambiguous 51F11-52D11 
8915 suppressor 52D11-52E7 
8918 enhancer 55C2-56C4 
8923 enhancer 93F14-94B5 
8931 ambiguous 43A4-43F1 
8935  36F7-37C5 
8941 ambiguous 43E4-44B5 
8946 suppressor 35B8-35D4 
8947 enhancer 5C7-5F3 
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8948 enhancer 3B1-3C5 
8949  5A12-5D1 
8950  2C7-2F5 
8954 suppressor 15A1-15E3 
8955 ambiguous 7A3-7B2 
8956 ambiguous 4B6-4D5 
8957  86C7-86E11 
8964  92A11-92E2 
8965 ambiguous 82F8-83A4 
8967 ambiguous 82E7-83A1 
8970 enhancer 67B1-67B5 
8974 enhancer 65E9-65F5 
8975 same 67B11-67C5 
8976 enhancer 62E7-62F5 
9053 enhancer 1B14-1E1 
9060  24E4-28B1 
9061 enhancer 34E4-35B4 
9062 enhancer 42E1-43D3 
9063 enhancer 44F7-45F1 
9064 ambiguous 51E2-52B1 
9066 ambiguous 54F1-55C8 
9067 suppressor 56D10-56E2 
9077 suppressor 85A5-85D1 
9082 ambiguous 85F11-86B1 
9090 ambiguous 88A4-88C9 
9152 same 88E12-89A5 
9153   
9157 enhancer 44D5-45B4 
9169   
9171 enhancer 10D6-11A1 
9176 suppressor 22F4-23A3 
9204 ambiguous 85D1-85D11 
9208 same 90F4-91B8 
9210 ambiguous 97D2-97F1 
9211 enhancer 96A7-96C3 
9215  85F16-86C7 
9217   
9218 ambiguous 12F2-12F5 
9219   
9226 enhancer 81F6-82E7 
9227 ambiguous 85E1-85F8 
9266 enhancer 39B4-40A5 
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9269 ambiguous 38B4-38F5 
9270 ambiguous 24F4-25A7 
9276 suppressor 44B8-44E3 
9278 suppressor 53D11-53F8 
9299   
9341 enhancer 26B1-26D7 
9343 ambiguous 25F2-26B2 
9347 suppressor 95D10-96A7 
9348 enhancer 3A8-3B1 
9350 enhancer 17D1-18C1 
9352 suppressor 12E5-12F2 
9353 suppressor 21B1-21B3 
9355 ambiguous 67E2-68A7 
9410 enhancer 46F6-46B4 
9423 enhancer 56C11-56D5 
9424 same 59F5-60B6 
9481 enhancer 89B7-89B18 
9482 enhancer 89B17-89D5 
9487  93B9-93D4 
9497 suppressor 94F1-95A4 
9500 same 96F1-96F10 
9501  92F2-93A1 
9502 enhancer 28C3-28D3 
9503 same 31B1-31D9 
9505 same 32C1-32C1 
9507 ambiguous 36C8-36E3 
9508 same 36F5-36F10 
9510 ambiguous 40A5-40E5 
9539 enhancer 46C1-46D6 
9560 enhancer 25E5-25F3 
9594 suppressor 34B4-34C4 
9596 enhancer 54B2-54B17 
9600 same 24D4-24D8 
9605 same 25B10-25C1 
9610 suppressor 23B7-23C3 
9615 suppressor 26F1-27A2 
9626 enhancer 48C5-48E4 
9631 same 29D5-29F8 
9635 ambiguous 31D7-31D11 
9637 suppressor 31D1-31E1 
9641 same 32B1-32C1 
9642 ambiguous 31F5-32B4 
9682 enhancer 38F1-39D2 
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9683 suppressor 42A2-42A14 
9693 ambiguous 62A11-62B7 
9697 enhancer 75F1-76A1 
9700 same 79A3-9B3 
9701 same 65D5-65E6 
9704 same 28E8-29B1 
9708 enhancer 27F3-28D2 
9715 same 30C7-30F2 
9716 same 32C1-32F2 
9718 enhancer 32F2-33B6 

23152 enhancer 34D1-34F1 
23156 enhancer 36E3-36F2 
23169 enhancer 49F4-50A13 
23170 suppressor 50A7-50B4 
23171   
23295   
23662 same 34A1-34B2 
23663 suppressor 35E1-35F1 
23665 enhancer 45C4-45F4 
23666 ambiguous 46F1-47A9 
23672   
23674 same 61F6-62A9 
23676 ambiguous 27D6-27F2 
23677 suppressor 23F6-24A2 
23680 enhancer 24D4-24F3 
23682 ambiguous 46B2-46C7 
23686 ambiguous 46E1-46F3 
23688 enhancer 49A4-49A10 
23690 suppressor 50B6-50C18 
23714 enhancer 88C9-88D8 
24109 enhancer 33A2-33E5 
24113 suppressor 35F12-36A10 
24114 ambiguous 36A10-36C9 
24116 ambiguous 37C5-38A2 
24118 suppressor 21C2-22A1 
24123 ambiguous 24A2-24C3 
24124 enhancer 25A3-25B10 
24126 same 27A1-27E1 
24132 ambiguous 29B4-29E4 
24133 ambiguous 30B3-30E4 
24135 ambiguous 31E1-32A4 
24137 suppressor 88D1-88E3 
24139 same 91D4-92A11 
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24142 same 100A5-100B1 
24143 same 100C7-100E3 
24145   
24146 ambiguous  
24335 enhancer 44A4-44F1 
24336 enhancer 12F5-13A10 
24356 enhancer 53D14-54A1 
24371 enhancer 54D2-54E9 
24375 same 6C11-6D7 
24376 suppressor 16F7-17A8 
24378 enhancer 26D7-26E3 
24379 suppressor 54B16-54C3 
24380 enhancer 60B8-60C4 
24385 ambiguous 59C3-50F1 
24386 same 61C1-61C7 
24392 enhancer 63F1-64A4 
24395 same 64C1-64E1 
24399 same 66A3-66A19 
24407 same 50C6-50D2 
24412 same 66A8-66B11 
24413 same 66C12-66D8 
24415 enhancer 67B7-67C5 
24416 same 67C4-67D1 
24429 ambiguous  
24516 suppressor 100E1-100E3 
24626 enhancer 21A1-21B1 
24627 enhancer 61A1-61B1 
24758 ambiguous 60F5-60F5 
24909 enhancer 96E6-96E9 
24914 enhancer 64E7-65B3 
24915 enhancer 65A2-65C1 
24923 ambiguous 78C2-78D8 
24929 suppressor 48F1-49A1 
24933 ambiguous 51C1-51D1 
24953 suppressor 77F2-78C2 
24955 suppressor 79B2-79F5 
24958 same 21B7-21B8 
24959 enhancer 22D5-22E1 
24965 same 96B15-96D1 
24968 enhancer 83B7-83E1 
24970  84E1-85A10 
24971 enhancer 83F1-84B2 
24973 enhancer 86D8-87A2 
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24980 ambiguous 85D16-85D24 
24989 suppressor 49B10-49E6 
24990 enhancer 87B10-87E9 
24993 ambiguous 94F3-95D1 
25001 same 97E6-98B5 
25005 enhancer 98F10-99B9 
25006 enhancer 99D3-99D8 
25007 ambiguous 99E3-99F6 
25008 suppressor 99F4-100A2 
25011 suppressor 85D6-85D15 
25019 enhancer 88F6-89A8 
25021  92C1-92F13 
25058 enhancer  
25059 enhancer 3C3-3E2 
25061 enhancer  
25062   
25063   
25064   
25065   
25068   
25075 ambiguous 99B5-99C2 
25077 same 83A6-83B6 
25078 suppressor 53C1-53C6 
25114 suppressor  
25116 enhancer 78A2-78C2 
25126 enhancer 86C7-86D7 
25390 enhancer 98B6-98E5 
25391   
25414 same  
25416 suppressor 15A1-15E2 
25417   
25420 ambiguous 18F2-19D1 
25428 ambiguous 47A3-47F1 
25430 enhancer 58A2-58F1 
25431 ambiguous 58F3-59A1 
25432 ambiguous 59B1-60F5 
25437 enhancer 60D4-60E11 
25441 ambiguous 60E11-60F2 
25694 enhancer 94D10-94E13 
25695 same 99C5-99D3 
25696 same 85F5-85F14 
25697   
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25705 enhancer 41D3-41F11 
25724 enhancer 84B2-84C3 
25733   
25734 enhancer 19C1-19E7 
25740 enhancer 90C6-91A2 
25741 same 51C5-51E2 
26513 enhancer 59D8-59F5 
26514   
26516 enhancer 57D12-58A3 
26523 ambiguous 63A2-63B11 
26524 suppressor 63A7-63B12 
26525 same 67C7-67D10 
26529 suppressor 93D1-93F14 
26533 ambiguous 83E2-83E5 
26540 enhancer 22B1-22D6 
26541 enhancer 30F5-30B1 
26542 ambiguous 35D4-35D4 
26544 enhancer 23B3-23B7 
26551 enhancer 48D7-48E6 
26553 ambiguous 56F15-57A9 
26554 enhancer 57A2-57B3 
26560 same  
26564   
26566   
26568 suppressor  
26569 suppressor 2F2-3A4 
26571   
26574   
26580 suppressor 89A8-89B2 
26782  no data in FB 
26828 ambiguous 68F7-69E6 
26836 same 83E5-84A1 
26839 ambiguous 88E8-88F1 
26846 enhancer 89E5-89E11 
26847 ambiguous 100B1-100C1 
26848 same 88E2-88E5 
26853   
26855   
26857 ambiguous  
26858   
26864 same  
26866 enhancer 59B7-59D9 



133 

 

26869 suppressor  
27346 ambiguous 71F1-72D10 
27347 same 75A2-75E4 
27352  60C2-60D14 
27353 enhancer 35F1-36A1 
27354 ambiguous 56D8-56D14 
27356 suppressor 59B4-59B6 
27359 enhancer 58F4-59B1 
27362 same 90B6-90E2 
27365 same 100B5-100C4 
27369 suppressor 77C3-78A1 
27372 suppressor 62A9 
27383 enhancer 34B11-34E1 
27404 same 96C8-96D1 
27405   
27576 same 66C3-66D4 
27577 ambiguous 66D9-66D12 
27580 ambiguous 93A2-93B8 
27582 enhancer 57D10-57E6 
27585 suppressor 20C1-20F3 
27586   
27886   
27887 enhancer  
27888 same 71D3-72A1 
27917 ambiguous 77B4-77C6 
29661 ambiguous 52E6-53C4 
29667 same 98B6 
29732   
29733 suppressor 16F6-16F7 
29988  59A4-59B7 
29989 enhancer  
29990 enhancer 6E4-6F1 
29994 ambiguous  
29997 enhancer 98E1-99A1 
30585 enhancer 49A9-49E1 
30587 enhancer  
30588 enhancer 56E1-56F11 
30589 same 64D6-64E7 
30590 ambiguous 57D2-57D10 
30592 enhancer 89B6-89B16 
32253 enhancer 41F11-42A13 
32256 enhancer 35A5-34B9 
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 33829 enhancer  
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APPENDIX C 
Deficiencies Interacting with Acinus in the Wing by Stock Number 

 
 

 Bloomington Stock Number Cytolocation 
6367 95E7-96A18 
6755 62E8-63B6 
6962 91A5-91F1 
7591 66B5-66C8 
7739 93A4-93B13 
7744 23A2-23B1 
9176 22F4-23A3 
9276 44B8-44E3 
9347 95D10-96A7 
9352 12E5-12F2 
9353 21B1-21B3 
9497 94F1-95A4 

24113 35F12-36A10 
24118 21C2-22A1 
24137 88D1-88E3 
24379 54B16-54C3 
24516 100E1-100E3 
24953 77F2-78C2 
24955 79B2-79F5 
24989 49B10-49E6 
25078 53C1-53C6 
25114 5A4-5A10 
26580 89A8-89B2 
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APPENDIX D 
Complete List of Fly Stocks 

 
Acinus Growth Control Study 
 
Publicly Available Fly Stocks 
Source Stock 

Number 
Genotype 

  w1118 
  OreR 
BDSC 1104 GMR-Gal4 
BDSC 30557 w[1118]; P{w[+mW.hs]=en2.4-GAL4}e16E, P{w[+mC]=UAS-

RFP.W}2/CyO 
BDSC 25754 P{w[+mC]=UAS-Dcr-2.D}1, w[1118]; P{w[+mW.hs]=GawB}nubbin-

AC-62  
*note: Dcr-2 removed from this line before use 

BDSC 8860 w[1118] P{w[+mW.hs]=GawB}Bx[MS1096]; P{w[+mC]=UAS-
3xFLAG.dCas9.VPR}attP40/CyO 

BDSC 30558 w[1118]; P{w[+mC]=GAL4-Act5C(FRT.CD2).P}S, P{w[+mC]=UAS-
RFP.W}3/TM3, Sb[1] 

BDSC 53676 y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMC03673}attP40 (Acn 
TRiP) 

BDSC 44034 y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMS02750}attP40 (Atg1 TRiP) 
BDSC 26731 y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02273}attP2 (Atg1 TRiP) 
VDRC 102407 P{KK111555}VIE-260B (Acinus RNAi) 
VDRC 16133 w[1118]; P{GD7149}v16133 (Atg1 RNAi) 
BDSC 6 P{ry[+t7.2]=hsFLP}1, w[1118]; Adv[1]/CyO 
BDSC 7 P{ry[+t7.2]=hsFLP}1, y[1] w[1118]; Dr[Mio]/TM3, ry[*] Sb[1] 
BDSC  5826 w[1118]; P{w[+mW.hs]=FRT(w[hs])}G13 P{w[+mC]=Ubi-

GFP.nls}2R1 P{Ubi-GFP.nls}2R2 
BDSC 60737 P{w[+mC]=UAS-unc-51.K38A}1, w[*] 
BDSC 60735 w[*]; P{w[+mC]=UAS-unc-51.K38A}2 
BDSC 60734 w[*]; P{w[+mC]=UAS-unc-51.WT}3 
BDSC 60733 w[*]; P{w[+mC]=UAS-unc-51.WT}8 
BDSC 51655 y[1] w[*]; P{w[+mC]=UAS-Atg1.S}6B 
BDSC 60732 w[*]; Atg1[3] P{ry[+t7.2]=neoFRT}82B/TM3, Sb[1] Ser[1] 
BDSC 25085 P{ry[+t7.2]=hsFLP}12, y[1] w[*]; P{ry[+t7.2]=neoFRT}42D 

hpo[KS240]/CyO 
BDSC 55187 y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMC03881}attP40 (AAC11 

TRiP) 
VDRC 104461 P{KK108904}VIE-260B (Atg5 RNAi) 
BDSC 27551 y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02703}attP2 (Atg5 TRiP) 
BDSC 34340 y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMS01328}attP2 (Atg8a 

TRiP) 
BDSC 28989 (y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02895}attP2 e[*]/TM3, Sb[1]) 

(Atg8a TRiP) 



137 

 

BDSC 34369 y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMS01358}attP2/TM3, Sb[1] 
(Atg7 TRiP) 

BDSC 27707 y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02787}attP2 (Atg7 TRiP) 
VDRC 45558 w[1118]; P{GD11671}v45558 (Atg7 RNAi) 
BDSC 28061 y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02898}attP2 (Atg18 TRiP) 
BDSC 34714 y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMS01193}attP2 (Atg18 

TRiP) 
BDSC 27661 y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02740}attP2 (Hippo TRiP)  
BDSC 44248 w[*]; P{w[+mC]=lacW}ex[697]/CyO; TM2/TM6B, Tb[1] 
BDSC 44253 y[1] w[*]; P{w[+mC]=lacW}fj[p1] 
BDSC  28836 y[1] w[*]; P{w[+mC]=UAS-yki.S168A.GFP.HA}10-12-1 
BDSC 28817 w[*]; P{y[+t7.7] w[+mC]=UAS-yki.S111A.S168A.S250A.V5}attP2 
FlyORF F003089 M{UAS-Atg6.ORF.3xHA.GW}ZH-86Fb 
 
Fly Stocks Generated in the Kramer Lab 
Genotype Insertion Site Parent Fly 

Strain 
Injection Source 

w-; P[w+, UAS-AcinusWT]  Random Integration w1118 BestGene 
w-; P[w+, UAS-AcinusD527A ] Random Integration w1118 BestGene 
w-; P[w+, UAS-AcinusWT] 28E7 9723 BestGene 
w-; P[w+, UAS-AcinusD527A ] 28E7 9723 BestGene 
w-; P[w+, UAS-AAC11] 76A2 9732 BestGene 
w-; P[w+, UAS-YorkieWT] 75A10 9725 BestGene 
w-; P[w+, UAS-YorkieS74A] 75A10 9725 BestGene 
w-; P[w+, UAS-YorkieS74E] 75A10 9725 BestGene 
w-; P[w+, UAS-YorkieS168A] 75A10 9725 BestGene 
w-; P[w+, UAS-YorkieS74,168A] 75A10 9725 BestGene 
w-; P[w+, UAS-YorkieS74E,168A] 75A10 9725 BestGene 
w-; P[w+, UAS-YorkieWT] 43A1 9733 BestGene 
w-; P[w+, UAS-YorkieS74A] 43A1 9733 BestGene 
w-; P[w+, UAS-YorkieS74E] 43A1 9733 BestGene 
w-; P[w+, UAS-YorkieS168A] 43A1 9733 BestGene 
w-; P[w+, UAS-YorkieS74,168A] 43A1 9733 BestGene 
w-; P[w+, UAS-YorkieS74E,168A] 43A1 9733 BestGene 
w-; P[w+, UAS-YorkieS74,97,168A] 43A1 9733 BestGene 
w-; P[w+, UAS-YorkieS74,97A] 43A1 9733 BestGene 
w-; P[w+, UAS-YorkieS97A] 43A1 9733 BestGene 
w-; P[w+, UAS-YorkieS97,168A] 43A1 9733 BestGene 
w-; P[w+, UAS-YorkieWT] 43A1 9733 BestGene 
w-; P[w+, UAS-YorkieWT] 43A1 9733 BestGene 
 
 
Fly Stocks Obtained from Other Investigators  
Genotype Generous Gift From Reference 
FRT42D ykiB5/cyo Jin Jiang 

*note: also publicly available 
as BDSC 36290 

Bennett and Harvey 2006, 
Emoto et al. 2006, Oh and 
Irvine 2008 
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UAS-Myc-Atg1 (X) Tom Neufeld Chang and Neufeld 2009 
hsflp, FRT40A LacZ DJ Pan Liu et al 2016 
hsflp; r4-gal4 FRT82B UAS-
GFPnls 

Andreas Jenny  Mukherjee et al 2016 

FRT42D Atg7d4,35 Andreas Jenny  Mukherjee et al 2016 
FRT82B atg1381/TM6B Andreas Jenny  Mukherjee et al 2016 
diapLacZ Jin Jiang Wu et al., 2008  
UAS-Atg-13 Tom Neufeld Chang and Neufeld 2009 
 
Deficiency Screen and Follow Up Screens  
*note: Bloomington Drosophila deficiency kit not listed as individual fly stocks here, but the 
current list is available online (http://flystocks.bio.indiana.edu/Browse/df/df_main.htm) and in 
Appendix B: Deficiency Screen Phenotypes by Stock Number. Some changes in stocks have 
been made to this kit since our original screen.  
 
Sourc
e 

Stock 
Number 

Genotype  

BDSC 3180 Df(2L)H20, b[1] pr[1] cn[1] sca[1]/CyO 
BDSC 3548 Df(2L)al, ds[al]/In(2L)Cy, Duox[Cy] 
BDSC 8673 w[1118]; Df(2L)BSC107/SM6a 
BDSC 8836 w[1118]; Df(2L)BSC111/CyO 
BDSC 8946 *stock no longer available 
BDSC 9176 *stock no longer available  
BDSC 23663 w[1118]; Df(2L)BSC278/SM6a 
BDSC 6609 Df(2R)BSC19, cn[1] bw[1]/SM6a, bw[k1] 
BDSC 7591 w[1118]; Df(3L)Exel6112, P{w[+mC]=XP-U}Exel6112/TM6B, Tb[1] 
BDSC 24953 w[1118]; Df(3L)BSC449/TM6C, Sb[1] cu[1] 
BDSC 27372 w[1118]; Df(3L)BSC800, P+PBac{w[+mC]=XP3.WH3}BSC800/TM6C, 

Sb[1] cu[1] 
BDSC 7633 w[1118]; Df(3R)Exel6154, P{w[+mC]=XP-U}Exel6154/TM6B, Tb[1] 
BDSC 7692 w[1118]; Df(3R)Exel6214, P{w[+mC]=XP-U}Exel6214/TM6B, Tb[1] 
BDSC 9347 w[1118]; Df(3R)ED6187, 

P{w[+mW.Scer\FRT.hs3]=3'.RS5+3.3'}ED6187/TM2 
VDRC 101381 P{KK109335}VIE-260B (CG31715 RNAi) 
VDRC 21504 w[1118]; P{GD10504}v21504 (CG31715 RNAi) 
BDSC 15226 y[1]; P{y[+mDint2] w[BR.E.BR]=SUPor-P}CG31715[KG10021]; ry[506] 
VDRC 26686 w[1118]; P{GD11508}v26686 (Sps2 RNAi) 
VDRC 105268 P{KK106069}VIE-260B (Sps2 RNAi) 
BDSC 15286 y[1] w[67c23]; P{w[+mC] y[+mDint2]=EPgy2}Sps2[EY00228] 
BDSC 13684 y[1] w[67c23]; P{y[+mDint2] w[BR.E.BR]=SUPor-P}Sps2[KG00618] 
BDSC 35580 y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.GL00161}attP2/TM3, Sb[1] (Sps2 

TRiP) 
VDRC 8262 w[1118]; P{GD1063}v8262/TM3 (CG5022 RNAi) 
BDSC 33359 y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMS00231}attP2/TM3, Sb[1] 

(CG5022 TRiP) 
VDRC 101975 P{KK110385}VIE-260B (CG34367 RNAi) 
VDRC 107920 P{KK106959}VIE-260B (CG34367 RNAi) 
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VDRC 29737 w[1118]; P{GD15153}v29737 (CG34367 RNAi) 
VDRC 29739 w[1118]; P{GD15153}v29739 (CG34367 RNAi) 
BDSC 18294 w[1118]; PBac{w[+mC]=WH}CG34367[f00117] 
BDSC 43069 y[1] w[*]; Mi{y[+mDint2]=MIC}CG34367[MI06479] 
VDRC 101753 P{KK109424}VIE-260B (SamDC RNAi) 
VDRC 29734 w[1118]; P{GD15152}v29734 (SamDC RNAi) 
VDRC 33803 w[1118]; P{GD15361}v33803 (SamDC RNAi) 
VDRC 39419 w[1118]; P{GD15697}v39419 (Sam DC RNAi) 
BDSC 14576 w[1118]; P{w[+mGT]=GT1}SamDC[BG01318]  
VDRC 107837 P{KK109034}VIE-260B (CG11050 RNAi) 
VDRC 12371 w[1118]; P{GD5342}v12371 (CG11050 RNAi) 
BDSC 14815 y[1] w[67c23]; P{w[+mC] y[+mDint2]=EPgy2}CG11050[EY00203] 
BDSC 43214 y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.GL01559}attP40 (CG11050 TRiP) 
VDRC 18054 w[1118]; P{GD7268}v18054 (CG11320 RNAi) 
BDSC 23405 w[1118]; Mi{ET1}DIP-iota[MB01978] 
VDRC 38231 y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMS01675}attP40 (CG11320 

RNAi) 
VDRC 110487 P{KK103798}VIE-260B (CG34345 RNAi) 
VDRC 18682 w[1118]; P{GD7179}v18682/TM3 (CG34345 RNAi) 
BDSC 40941 y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMS02189}attP2 (CG34345 

TRiP) 
VDRC 2650 w[1118]; P{GD955}v2650 (Oatp26F RNAi) 
BDSC 30712 y[1] w[*]; Mi{y[+mDint2]=MIC}Oatp26F[MI00338] 
BDSC 30993 y[1] w[*]; Mi{y[+mDint2]=MIC}Oatp26F[MI00414]/CyO 
VDRC 33979 w[1118]; P{GD10313}v33979 (CG31635 RNAi) 
VDRC 33980 w[1118]; P{GD10313}v33980 (CG31635 RNAi) 
BDSC 14308 y[1] w[67c23]; P{y[+mDint2] w[BR.E.BR]=SUPor-P}CG31635[KG06636] 
BDSC 15878 w[1118]; P{GD4083}v15878 (Med24 TRiP) 
BDSC 12847 w[1118]; P{w[+mGT]=GT1}MED24[BG01670]/TM3, Sb[1] Ser[1] 
BDSC 33755 y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMS01097}attP2 (Med24 TRiP) 
VDRC 100761 P{KK108493}VIE-260B (Ubc12 RNAi) 
VDRC 35219 w[1118]; P{GD12219}v35219 (Ubc12 RNAi) 
VDRC 35220 w[1118]; P{GD12219}v35220 (Ubc12 RNAi) 
BDSC 30602 y[1] w[*]; Mi{y[+mDint2]=MIC}UbcE2M[MI00049]/TM6B, Tb[1] 
BDSC 22589 y[1] w[67c23]; P{w[+mC] y[+mDint2]=EPgy2}UbcE2M[EY22840]/TM3, 

Sb[1] Ser[1] 
BDSC 16178 y[1] w[1118]; PBac{w[+mC]=5HPw[+]}UbcE2M[B238]/TM3, Sb[1] Ser[1] 
VDRC 103593 P{KK101539}VIE-260B (CG8005 RNAi) 
VDRC 22664 w[1118]; P{GD12353}v22664 (CG8005 RNAi) 
BDSC 39733 y[1] w[*]; P{w[+mC]=UAS-CG8005.P}8 
BDSC 21067 y[1] w[67c23]; P{y[+t7.7] w[+mC]=wHy}CG8005[DG05802]/TM3, Sb[1] 

Ser[1] 
BDSC 40921 y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMS02169}attP2 (CG8005 TRiP) 
VDRC 27977 w[1118] P{GD12214}v27977 (CG7366 RNAi) 
VDRC 47714 w[1118]; P{GD12214}v47714 (CG7366 RNAi) 
BDSC 19623 w[1118]; PBac{GAL4D,EYFP}CG7366[PL00213] 

P{w[+mW.hs]=FRT(w[hs])}2A P{ry[+t7.2]=neoFRT}82B 
VDRC 101141 P{KK103982}VIE-260B (CG7387 RNAi) 



140 

 

VDRC 27993 P{GD12223}v27993 (CG7387 RNAi) 
VDRC 105366 P{KK100064}VIE-260B (Atg18 RNAi) 
VDRC 22643 w[1118]; P{GD12342}v22643 (Atg18 RNAi) 
VDRC 22646 w[1118]; P{GD12342}v22646/TM3 (Atg18 RNAi) 
VDRC 49149 w[1118]; P{GD17353}v49149 (CG13679 RNAi) 
VDRC 49151 w[1118] P{GD17353}v49151 (CG13679 RNAi) 
 
Acinus Regulation Study 
*note: Detailed genotypes listed by figure. For source of specific  fly stocks, see materials and 
methods in Chapter 2.  
Figure 1 Genotype 
1 B w1118 
1 C w* ; Sp / CyO; P[w+, pAttb-acnP-GFP-Acn]96F3 / TM6b 
1 D w* ; Sp / CyO; P[w+, pAttb-acnP-GFP-Stop-Acn]96F3 / TM6b 
1 E w* ; GMR-Gal4, UAS-dAcn-wt / UAS-GFP-KDEL; Sb or TM6b / + 
Figure 2 Genotype 
2 B,C w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-Acnwt]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnD527A]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS641,731A]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS641,731D]96F3 
2 D w1118 
2 E w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-Acnwt]96F3 
2 F w* ; acn1/ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnD527A]96F3 
2 G,H w* ; acn1/ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-Acnwt]96F3 

w* ; acn1/ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnD527A]96F3 
2 I w1118 
2 J w* ; GMR-Gal4 / +; TM6b/+ 
2 K w* ; GMR-Gal4 / P[w+, pAttb-UAS-Myc-Acnwt]53B2; Sb / TM6b 
2 L w* ; GMR-Gal4 / P[w+, pAttb-UAS-Myc-AcnD527A]53B2; Sb / TM6b 
2 M w* ; GMR-Gal4 / P[w+, pAttb-UAS-Myc-Acn1-527]53B2; Sb / TM6b 
2 N w* ; GMR-Gal4 / P[w+, pAttb-UAS-Myc-Acn528-739]28E7; Sb / TM6b 
Figure 3 Genotype 
3 A w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-Acnwt]96F3 
3 B w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnD527A]96F3 
3 C w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-Acnwt]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnD527A]96F3 
3 D,E w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-Acnwt]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnD527A]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS641,731A]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS641,731D]96F3 
3 F w* ; acn1/ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-Acnwt]96F3 
3 G w* ; acn1/ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnD527A]96F3 
3 H w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-Acnwt]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnD527A]96F3 
3 I w* ; Sp/CyO; P[w+, acnP-Myc-dAcnwt]96F3 / Lsp2-Gal4, UAS-GFP-ATG8a 
3 J w* ; Sp/CyO; P[w+, acnP-Myc-dAcnD527A]96F3 / Lsp2-Gal4, UAS-GFP-ATG8a 
3 K w* ; Sp/CyO; P[w+, acnP-Myc-dAcnwt]96F3 / Lsp2-Gal4, UAS-GFP-ATG8a 

w* ; Sp/CyO; P[w+, acnP-Myc-dAcnD527A]96F3 / Lsp2-Gal4, UAS-GFP-ATG8a 
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3 L w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-Acnwt]96F3 
3 M w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnD527A]96F3 
3 N,O w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-Acnwt]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnD527A]96F3 
Figure 4 Genotype 
4 A OreR 
4 B w* ; GMR-Gal4, P[w+, UAS-Acnwt] / CyO; Sb/TM6b 
4 C w* ; GMR-Gal4, P[w+, UAS-dAcnD527A] / CyO; Sb/TM6b 
4 D w* ; GMR-Gal4, P[w+, UAS-Acnwt] / +; Sb / UAS-Dcp-1 RNAi (GD10729)v34328 

equivalent results, data not shown: 
 Dcp-1 RNAi line: (GD10729)v34330 

4 E w* ; GMR-Gal4 / +; Sb / UAS-Dcp-1 RNAi (GD10729)v34328 
4 F w* ; GMR-Gal4 / UAS-Dredd RNAi (KK110428)v104726; Sb /+ 
4 G w* ; GMR-Gal4 / UAS-Dronc RNAi (GD12376)v23033; Sb /+ 

equivalent results, data not shown: 
Dronc RNAi: (GD12376)v23035 
Strica RNAi:	(GD12308)v22594   and  (GD12308)v22593 
Drice RNAi: (GD12284)v28065  and  (GD12284)v28064 

Decay RNAi: (KK105137)v100168  and  (GD8484)v43028 

Damm RNAi: (KK111539)v109520 
4 H OreR 
4 I w* ; dcp-1Prev1 
4 J w* ; Sp or CyO /+; Da-Gal4/ UAS-Dcp-1 RNAi (GD10729)v34328 
4 K w* ; Sp or CyO / UAS-Dredd RNAi (KK110428)v104726; Da-Gal4/+ 
4 L, M w*  hsflp; P[Gal4-Act5C (FRT.CD2).P]S, UAS-RFP / UAS-Dcp-1 RNAi 

(GD10729)v34328 
4 N,O w* ; Dcp-1Prev1; P[w+, acnP-Myc-Acnwt] 96F3 / TM6b 

w* ; Dcp-1Prev1; P[w+, acnP-Myc-AcnD527A] 96F3 / TM6b 
w* ; Sp / CyO; P[w+, acnP-Myc-Acnwt] 96F3 / TM6b 
w* ; Sp / CyO; P[w+, acnP-Myc-AcnD527A] 96F3 / TM6b 

Figure 5 Genotype 
5 A,F OreR 
5 B,F w* ; dcp-1Prev1 
5 C,F w* ; Sp or CyO /+; Da-Gal4/ UAS-Dcp-1 RNAi (GD10729)v34328 
5 D,F w* ; Sp or CyO / UAS-Acn-RNAi (KK111555)v102407; Da-Gal4 / UAS-Dcp-1 RNAi 

(GD10729)v34328 
5 E,F w* ; Sp or CyO / UAS-Dredd RNAi (KK110428)v104726; Da-Gal4/+ 
 
 
 

 

Figure 6 Genotype 
6 A w* ; GMR-Gal4, P[w+, UAS-Acnwt] / CyO; Sb / TM6b 
6 B w* ; GMR-Gal4, P[w+, UAS-Acnwt] / UAS-ATG1 RNAi (GD7149)v16133; Sb or TM6b / 

+ 
6 C w* ; GMR-Gal4 / UAS-Atg1-RNAi (GD7149)v16133; Sb or TM6b /+ 
6 D w* ; GMR-Gal4, P[w+, UAS-Acnwt] /+; Sb or TM6b / UAS-Atg7-RNAi 

(GD11671)v455558 
6 E w* ; GMR-Gal4 / +; Sb or TM6b / UAS-Atg7-RNAi (GD11671)v455558 
6 F w* ; GMR-Gal4, P[w+, UAS-Acnwt] / UAS-AKT1-RNAi (KK100495)v103703; Sb or 
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TM6b / + 
6 G w* ; GMR-Gal4/ w+, UAS-AKT1-RNAi(KK100495)v103703; Sb or TM6b / + 
6 H w* ; GMR-Gal4/ w+, UAS-AKT1; Sb or TM6b / + 
6 I w* ; GMR-Gal4, P[w+, UAS-Acnwt] / UAS-AKT1; Sb or TM6b / + 
6 L w* ; acn27; P[w+, acnP-Myc-Acnwt]96F3 / TM6b 
6 M w* ; acn27; P[w+, acnP-Myc-AcnS641,731A]96F3 / TM6b 
6 N w*  hs-Flp; UAS-AKT1-RNAi(KK100495) v103703 / +; P[w+, Gal4-Act5C 

(FRT.CD2).P]S, UAS-RFP / + 
Figure 7 Genotype 
7 A,G w* ; GMR-Gal4, P[w+, UAS-Acnwt]28E7 / CyO; Sb / TM6b 
7 B,G w* ; GMR-Gal4, P[w+, UAS-Acnwt]28E7 / UAS-AKT1; Sb or TM6b / + 
7 C,G w* ; GMR-Gal4, P[w+, UAS-AcnS641,731A]28E7 / CyO; Sb / TM6b 
7 D,G w* ; GMR-Gal4, P[w+, UAS-AcnS641,731A]28E7  / UAS-AKT1; Sb or TM6b / + 
7 E,G w* ; GMR-Gal4, P[w+, UAS-AcnS641,731D]28E7  / CyO; Sb / TM6b 
7 F,G w* ; GMR-Gal4, P[w+, UAS-AcnS641,731D]28E7  / UAS-AKT1; Sb or TM6b / + 
7 H w* ; GMR-Gal4/ P[w+, UAS-AKT1-RNAi(KK100495)v103703]; Sb or TM6b / + 
7 H w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-Acnwt]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnD527A]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS641,731A]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS641,731D]96F3 
7 J w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS641,731D]96F3 
7 K,L w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS641,731A]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS641,731D]96F3 
  
Figure 8 Genotype 
8 A w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS641,731A]96F3 
8 B w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS641,731D]96F3 
8 C w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-Acnwt]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS641,731A]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS641,731D]96F3 
8 D w* ; Sp/CyO; P[w+, acnP-Myc-dAcnS641,731A]96F3 / Lsp2-Gal4, UAS-GFP-ATG8a 
8 E w* ; Sp/CyO; P[w+, acnP-Myc-dAcnS641,731D]96F3 / Lsp2-Gal4, UAS-GFP-ATG8a 
8 F w* ; Sp/CyO; P[w+, acnP-Myc-dAcnwt]96F3 / Lsp2-Gal4, UAS-GFP-ATG8a 

w* ; Sp/CyO; P[w+, acnP-Myc-dAcnS641,731A]96F3 / Lsp2-Gal4, UAS-GFP-ATG8a 
w* ; Sp/CyO; P[w+, acnP-Myc-dAcnS641,731D]96F3 / Lsp2-Gal4, UAS-GFP-ATG8a 

8 G w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS641,731A]96F3 
8 H w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS641,731D]96F3 
8 I w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-Acnwt]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS641,731A]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS641,731D]96F3 
8 J w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS641,731D]96F3 
8 K,L w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-Acnwt]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS641,731D]96F3 
  
Figure 9 Genotype 
9 A,B w* ; GMR-Gal4 / + 

w* , GMR-Gal4 / UAS-Acn-RNAi( KK111555)v102407 
w* , GMR-Gal4 / + ; UAS-HttQ93 / + 
w* , GMR-Gal4 / UAS-Acn-RNAi (KK111555); UAS-HttQ93 / + 



143 

 

9 C,D w* , GMR-Gal4 / +; UAS-HttQ93 / + 
w* , GMR-Gal4 / acn 27; UAS-HttQ93 / P[w+, acnP-Myc-Acnwt]96F3 
w* , GMR-Gal4 / acn 27; UAS-HttQ93 / P[w+, acnP-Myc-AcnD527A]96F3 

w* , GMR-Gal4 / acn 27; UAS-HttQ93 / P[w+, acnP-Myc-AcnS641,731A]96F3 

w* , GMR-Gal4 / acn 27; UAS-HttQ93/ P[w+, acnP-Myc-AcnS641,731D]96F3 
9 E w1118 

w* , GMR-Gal4 / acn 27; UAS-HttQ93 / P[w+, acnP-Myc-Acnwt]96F3 
w* , GMR-Gal4 / acn 27; UAS-HttQ93 / P[w+, acnP-Myc-AcnD527A]96F3 

w* , GMR-Gal4 / acn 27; UAS-HttQ93 / P[w+, acnP-Myc-AcnS641,731A]96F3 

w* , GMR-Gal4 / acn 27; UAS-HttQ93 / P[w+, acnP-Myc-AcnS641,731D]96F3 
9 F w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-Acnwt]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnD527A]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS641,731A]96F3 

w* ; acn 1/ ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS641,731D]96F3 
9 G w* ; acn27; P[w+, acnP-Myc-Acnwt]96F3 / TM6b 

w* ; acn27; P[w+, acnP-Myc-AcnD527A]96F3 / TM6b 
w* ; acn27; P[w+, acnP-Myc-AcnS641,731A]96F3 / TM6b 
w* ; acn27; P[w+, acnP-Myc-AcnS641,731D]96F3 / TM6b 

Figure 10 Genotype 
10C w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnWT]96F3 
10D w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS437A]96F3 
10E w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnWT]96F3 
10F w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnWT]96F3 
10G w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS437A]96F3 
10H w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS437D]96F3 
10I w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnWT]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS437A]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS437D]96F3 
10J w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnWT]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS437A]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS437D]96F3 
10K w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnWT]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS437A]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS437D]96F3 
Figure 11 Genotype 
11A w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnWT]96F3 
11B w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS437A]96F3 
11C w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS437D]96F3 
11D w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnWT]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS437A]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS437D]96F3 
11E w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnWT]96F3 
11F w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS437A]96F3 
11G w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS437D]96F3 
11H w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnWT]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS437A]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS437D]96F3 
11I w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnWT]96F3 
11J w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS437A]96F3 
11K w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS437D]96F3 
11L w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnWT]96F3 
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w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS437A]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS437D]96F3 
11M w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnWT]96F3 
11N w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS437D]96F3 
11O w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnWT]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS437D]96F3 
11P w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnWT]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS437D]96F3 
11Q w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnWT]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS437A]96F3 

w* ; acn1 / ubi-GFP acn27 ubi-GFP; P[w+, acnP-Myc-AcnS437D] 
11R w* ; acn27; P[w+, acnP-Myc-AcnWT]96F3 / + 

w* ; acn27; P[w+, acnP-Myc-AcnS437A]96F3 / + 
w* ; acn27 ; P[w+, acnP-Myc-AcnS437D]96F3 / + 

Figure 12 Genotype 
12A w* ; GMR-Gal4, P[w+, UAS-AcnWT] / CyO; Sb/TM6b 
12B w* ; GMR-Gal4, P[w+, UAS-AcnWT] / +; Sb / UAS-p38b RNAi (BS29405) 

equivalent results, data not shown: 
 p38b RNAi line: BS35252 

12C w* ; GMR-Gal4, P[w+, UAS-AcnWT] / UAS-p38b K53R; Sb / + 
12D w* / UAS-p38b ; GMR-Gal4, P[w+, UAS-AcnWT] / +; Sb / + 
12E w* ; GMR-Gal4 / +; Sb / + 
12F w* ; GMR-Gal4 / +; Sb / UAS-p38b RNAi (BS29405) 
12G w* ; GMR-Gal4 / UAS-p38bK53R; Sb / + 
12H w* / UAS-p38b ; GMR-Gal4 / +; Sb / + 
12I w* ; GMR-Gal4, P[w+, UAS-AcnWT] / +; Sb / UAS-Cdk5 RNAi (BS27517) 
12J w* ; GMR-Gal4, P[w+, UAS-AcnWT] / UAS-Cdk5K33A; Sb / + 
12K w* ; GMR-Gal4, P[w+, UAS-AcnWT] / UAS-Cdk5; Sb / + 
12L w* ; GMR-Gal4, P[w+, UAS-AcnWT] / +; Sb / UAS-p35 
12M w* ; GMR-Gal4 / +; Sb / UAS-Cdk5 RNAi (BS27517) 
12N w* ; GMR-Gal4 / UAS-Cdk5K33A; Sb / + 
12O w* ; GMR-Gal4 / UAS-Cdk5; Sb / + 
12P w* ; GMR-Gal4 / +; Sb / UAS-p35 
Figure 13 Genotype 
13A OreR 
13B OreR 
13C OreR 
13D w* ; Sp or CyO /+; da-Gal4/ UAS-Cdk5 RNAi (BS27517) 
13E w* ; +/+; arm-Gal4/ UAS-Cdk5 RNAi (BS27517) 
13F w* ; +/+; arm-Gal4/ UAS-Cdk5 RNAi (BS27517) 
13G w* ; cdk5 null#12 / Df(2R)ED2426 
13H w* ; p3520c 
13I w* ; + / +; arm-Gal4 / UAS-p35 RNAi (BS27048) 
13J w* ; cdk5 null#12 / Df(2R)ED2426; Cdk5wt#71 
13K w* ; + / +; arm-Gal4 / UAS-p35 
13L w* ; p38KbΔ45 
13M w* ; GMR-Gal4,  P[w+, pAttb-UAS-Myc-AcnWT]43A1 / +; Sb / + 
13N w* ; GMR-Gal4 / +; Sb / UAS-p35 
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13O w* ; GMR-Gal4,  P[w+, pAttb-UAS-Myc-AcnWT]43A1 / +; Sb / UAS-p35 
13P w* / UAS-p38b ; GMR-Gal4,  P[w+, pAttb-UAS-Myc-AcnWT]43A1 / +; Sb / + 
13Q w* ; GMR-Gal4,  P[w+, pAttb-UAS-Myc-AcnS437A]43A1 / +; Sb / + 
13R w* / UAS-p38b ; GMR-Gal4 / +; Sb / + 
13S w* ; GMR-Gal4,  P[w+, pAttb-UAS-Myc-AcnS437A]43A1 / +; Sb / UAS-p35 
13T w* / UAS-p38b ; GMR-Gal4,  P[w+, pAttb-UAS-Myc-AcnS437A]43A1 / +; Sb / + 
13U w* ; GMR-Gal4,  P[w+, pAttb-UAS-Myc-AcnWT]43A1 / +; Sb / + 

w* ; GMR-Gal4,  P[w+, pAttb-UAS-Myc-AcnS437A]43A1 / +; Sb / + 
w* / UAS-p38b ; GMR-Gal4 / +; Sb / + 
w* / UAS-p38b ; GMR-Gal4,  P[w+, pAttb-UAS-Myc-AcnWT]43A1 / +; Sb / + 
w* / UAS-p38b ; GMR-Gal4,  P[w+, pAttb-UAS-Myc-AcnS437A]43A1 / +; Sb / + 
w* ; GMR-Gal4 / +; Sb / UAS-p35 
w* ; GMR-Gal4,  P[w+, pAttb-UAS-Myc-AcnWT]43A1 / +; Sb / UAS-p35 
w* ; GMR-Gal4,  P[w+, pAttb-UAS-Myc-AcnS437A]43A1 / +; Sb / UAS-p35 

Figure 14 Genotype 
14A OreR 
14B w* ; p3520c 
14C w* ; p3520c ;  P[w+, acnP-Myc-AcnWT]96F3 / + 
14D w* ; p3520c ;  P[w+, acnP-Myc-AcnS437A]96F3 / + 
14E w* ; p3520c ;  P[w+, acnP-Myc-AcnS437D]96F3 / + 
14F OreR 
14G w* ; p3520c 
14H w* ; p3520c ;  P[w+, acnP-Myc-AcnWT]96F3 / + 
14I w* ; p3520c ;  P[w+, acnP-Myc-AcnS437A]96F3 / + 
14J w* ; p3520c ;  P[w+, acnP-Myc-AcnS437D]96F3 / + 
14K OreR 

w* ; p3520c 
w* ; p3520c ;  P[w+, acnP-Myc-AcnWT]96F3 / + 
w* ; p3520c ;  P[w+, acnP-Myc-AcnS437A]96F3 / + 
w* ; p3520c ;  P[w+, acnP-Myc-AcnS437D]96F3 / + 

14L OreR 
w* ; p3520c 
w* ; p3520c ;  P[w+, acnP-Myc-AcnWT]96F3 / + 
w* ; p3520c ;  P[w+, acnP-Myc-AcnS437A]96F3 / + 
w* ; p3520c ;  P[w+, acnP-Myc-AcnS437D]96F3 / + 

14M OreR 
w* ; p3520c 
w* ; p3520c ;  P[w+, acnP-Myc-AcnWT]96F3 / + 
w* ; p3520c ;  P[w+, acnP-Myc-AcnS437A]96F3 / + 
w* ; p3520c ;  P[w+, acnP-Myc-AcnS437D]96F3 / + 

Figure 15 Genotype 
15A w* ; GMR-Gal4 / +;  Sb / + 
15B w* , GMR-Gal4 / +; UAS-Htt.Q93 / Sb 
15C w* , GMR-Gal4 / +; UAS-Htt.Q93 /  UAS-p35 RNAi (BS27048) 
15D w1118 , wgsp-1 /  CyO; GMR-Gal4-Htt.Q120 /  TM6b, Tb1 
15E w1118 ,  p3520c; GMR-Gal4-Htt.Q120 /  TM6b, Tb1 
15F w* ; GMR-Gal4 / +;  Sb / + 
15G w1118, wgsp-1 /  CyO; GMR-Gal4-Htt.Q120 /  P[w+, acnP-Myc-AcnWT] 
15H w1118, wgsp-1 /  CyO; GMR-Gal4-Htt.Q120 /  P[w+, acnP-Myc-AcnS437A] 
15I w1118, wgsp-1 /  CyO; GMR-Gal4-Htt.Q120 /  P[w+, acnP-Myc-AcnS437D] 
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15J w1118 ,  p3520c; GMR-Gal4-Htt.Q120 /  TM6b, Tb1 
15K w* ; GMR-Gal4 / +;  Sb / + 

w1118, wgsp-1 /  CyO; GMR-Gal4-Htt.Q120 /  P[w+, acnP-Myc-AcnWT] 
w1118, wgsp-1 /  CyO; GMR-Gal4-Htt.Q120 /  P[w+, acnP-Myc-AcnS437A] 
w1118, wgsp-1 /  CyO; GMR-Gal4-Htt.Q120 /  P[w+, acnP-Myc-AcnS437D] 
w1118 ,  p3520c; GMR-Gal4-Htt.Q120 /  TM6b, Tb1 

Fig 16 Genotype 
16A w* ; GMR-Gal4 / +;  Sb / + 
16B w* , GMR-Gal4 / UAS-hSap\MJD.tr-Q78; Sb / + 
16C w* , GMR-Gal4 / +; Sb /  UAS-hSap\ATX1.Q82 
16D w* , GMR-Gal4 / UAS-APP. Aβ 1-42; Sb / + 
16E w* , GMR-Gal4 / UAS-SNCA.J; Sb / + 
16F w* , GMR-Gal4 / +; Sb /  UAS-hSOD1 
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