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Abstract 

Autophagy is an evolutionary conserved process whereby intracellular 

components are sequestered and delivered to lysosomes for degradation. Autophagy 

acts as a cell survival mechanism in response to stress, such as starvation, and also 

engages in a complex relationship with apoptosis. Understanding the crosstalk between 

autophagy and apoptosis is important, as it plays a critical role in the balance between 

survival and death, and has important implications in both normal development and 

human diseases.  

To better understand the crosstalk between autophagy and apoptosis, I 

examined the role of the Drosophila melanogaster effector caspase Dcp-1 in starvation-

induced autophagy during mid-oogenesis.  I confirmed that Dcp-1 positively regulates 

starvation-induced autophagic flux in degenerating mid-stage egg chambers, and does 

so in a catalytically dependent manner.  Dcp-1 candidate interactors/substrates, 

identified previously, were analyzed using in vitro autophagy assays to elucidate 

potential mechanisms related to Dcp-1-mediated autophagy. I identified 13 novel Dcp-1-

associated regulators of starvation-induced autophagy, including the chloride 

intracellular channel protein Clic, the heat shock protein Hsp83, and the mitochondrial 

protein SesB.  In vivo analyses revealed that Clic and Hsp83 act as negative regulators 

of autophagic flux following starvation during Drosophila oogenesis. Further investigation 

into the possible mitochondrial-related role of Dcp-1 in autophagy revealed that Dcp-1 

partially localizes within the mitochondria where it functions to regulate mitochondrial 

network morphology and ATP levels, demonstrated both in vitro and in vivo during mid-

oogenesis.  Moreover, I found that the pro-form of Dcp-1 interacts with the adenine 

nucleotide translocase SesB, and as such, Dcp-1 does not cleave SesB but rather 
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affects its stability.  In addition, I identified SesB as a novel negative regulator of 

autophagic flux during mid-oogenesis. Depletion of ATP or reduction of SesB levels 

rescued the autophagic defect in Dcp-1 loss-of-function flies, and genetic interaction 

studies revealed that SesB acts downstream of Dcp-1 in the regulation of autophagy.  

In conclusion, I found that non-apoptotic caspase activity is an important 

molecular mechanism underlying autophagy regulation and mitochondrial physiology in 

vivo, and have provided a foundation for further analyses involving Dcp-1-associated 

regulators of starvation-induced autophagy. 
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1. Introduction 

1.1. Autophagy 

Autophagy, a Greek term that literally means “self-eating”, is a cellular self-

digestion process whereby long-lived proteins and organelles are degraded within 

lysosomes.  Autophagy was first described more than 40 years ago (De Duve, 1963) 

and, to date, three forms of autophagy including microautophagy, chaperone-mediated 

autophagy (CMA) and macroautophagy have been described.  Microautophagy involves 

the uptake of cytoplasmic material by direct invagination of the lysosome, or by the 

formation of arm-like extensions stemming from the lysosome (Ahlberg and Glaumann, 

1985; Marzella et al., 1980). Little is known about the mechanism and regulation of 

microautophagy due to the current lack of approaches to detect the process aside from 

electron microscopy (Mijaljica et al., 2011).  In CMA, all proteins to be degraded by the 

lysosome contain a pentapeptide KFERQ motif (Fred Dice, 1990) that is selectively 

recognized by the cytosolic chaperone Heat-shock cognate 70 (Hsc70) (Chiang et al., 

1989). Hsc70 targets cytosolic proteins to the lysosome where lysosome-associated 

membrane protein type 2a (Lamp-2a) acts as a receptor for the substrate (Cuervo and 

Dice, 1996).  Lysosomal Heat-shock cognate 73 (Hsc73) is required to translocate the 

substrate across the lysosomal membrane into the lysosomal matrix where the substrate 

is then degraded by lysosomal hydrolases (Cuervo et al., 1997).  Macroautophagy, 

hereafter referred to as autophagy, is the most studied and well understood form of  
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Figure 1.1 Macroautophagy  

The induction of macroautophagy (autophagy) involves the formation of a phagophore 

that sequesters cytoplasmic contents and organelles.  Expansion and completion of the 

phagophore results in the formation of a double membrane structure called an 

autophagosome.  Autophagosomes fuse with lysosomes, forming autolysosomes, where 

the cellular contents are degraded by acidic hydrolases and the resulting breakdown 

products are released back into the cell.  The complete process of autophagy is referred 

to as autophagic flux.  
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autophagy and will be the focus of this thesis.  Using electron microscopy, the first 

morphological description of autophagy was performed by Clark (Clark, 1957) who 

observed cytoplasmic bodies and vacuoles in proximal tubules containing canalicular 

structures, altered mitochondria and dense lamellar inclusions.  Subsequently, studies 

by Ashford and Porter revealed that sequestration of mitochondria by membrane 

structures led to their degradation in lysosomes in glucagon-treated hepatocytes 

(Ashford and Porter, 1962).  The term “autophagy” was coined by Christian de Duve and 

colleagues (De Duve, 1963; de Duve and Wattiaux, 1966) who described the process of 

autophagy in rat liver hepatocytes following starvation. These studies, together with 

several others (Arstila and Trump, 1968; Dunn, 1990; Schworer and Mortimore, 1979), 

described the morphological aspects of autophagy, including the autophagosome and 

autolysosome (de Duve and Wattiaux, 1966).  The process of autophagy involves the 

formation of double membrane structures called autophagosomes (Figure 1.1).  

Following fusion of autophagosomes with lysosomes to form autolysosomes, the cellular 

contents are degraded and the resulting breakdown products including amino acids, 

metabolites and metabolic precursors, are recycled back into the cell by lysosomal 

permeases (Rabinowitz and White, 2010; Yang and Klionsky, 2010).  Autophagic flux, 

which refers to the complete process of autophagy, occurs at basal levels and is also 

upregulated in response to various cellular stresses, including nutrient deprivation 

(Filkins, 1970; Scott et al., 2004), chemotherapies (Bursch et al., 1996; Høyer-Hansen 

and Jäättelä, 2008; Kanzawa et al., 2003) and reactive oxygen species (ROS) (Chen et 

al., 2009; Scherz-Shouval et al., 2007). Autophagy provides constituents for energy 

production and protein synthesis during periods of stress to promote cell survival, and it 

removes toxic metabolites, harmful protein aggregates, and damaged organelles to 

maintain cellular integrity (Mizushima et al., 2011).  
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1.2. Molecular machinery of autophagy 

Ohsumi and colleagues pioneered the molecular era of autophagy (Tsukada and 

Ohsumi, 1993).  Proteinase deficient yeast accumulate autophagic bodies in vacuoles 

when transferred from nutrient rich media to nitrogen deficient media, and this 

accumulation can be monitored by light microscopy. Following EMS mutagenization, 

Ohsumi and colleagues screened for mutants unable to accumulate autophagic bodies 

following nitrogen starvation and identified 15 yeast mutants required for autophagy  

(Tsukada and Ohsumi, 1993).  Further ultrastructural analysis revealed that the 

autophagic process is highly similar to that observed earlier in mammalian cells (Baba et 

al., 1994).  Various screens were carried out to identify additional genes required for 

autophagy (Harding et al., 1995, 1996; Klionsky et al., 2003) and to date, more than 30 

autophagy-related (Atg) genes have been identified (Klionsky et al., 2011), many of 

which are evolutionary conserved among higher eukaryotes.  Atg genes encode proteins 

that are required for autophagy induction, autophagosome nucleation, vesicle expansion 

and completion (Mizushima, 2007) (Table 1.1, Figure 1.2). Although not completely 

understood, several models have now been proposed for the origin of the phagophore, 

the isolation membrane required to sequester cytoplasmic contents during autophagy. 

Following amino acid starvation, phosphatidylinositol 3-phosphate (PI(3)P)-rich 

membrane structures called omegasomes are in dynamic equilibrium with the 

endoplasmic reticulum (ER) and serve as a platform for autophagosome expansion and 

completion (Axe et al., 2008).  In addition, the outer leaflet of the mitochondrial 

membrane (Hailey et al., 2010) and the plasma membrane (Ravikumar et al., 2010) 

were also proposed to be membrane sources for autophagosomes. The molecular 
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machinery of autophagy is well conserved from yeast to mammals and will be discussed 

in greater detail below.  

1.2.1. Autophagy induction 

Autophagy induction is a tightly regulated process involving an input of diverse signals 

including nutrients, growth factors and adenosine triphosphate (ATP).  These signals 

often converge on the Target Of Rapamycin (TOR) kinase, a negative regulator of 

autophagy and positive regulator of cellular processes including ribosome biogenesis, 

protein synthesis and cell growth (Díaz-Troya et al., 2008).  Autophagy induction is 

mediated by the conserved serine/threonine kinase Atg1 (Kamada et al., 2000).  In 

yeast, under nutrient rich conditions TOR hyperphosphorylates Atg13 (which is bound to 

Atg17, Atg31 and Atg29), preventing its association with Atg1 and thereby inhibiting 

autophagy (Figure 1.2 A) (Chang and Neufeld, 2010; Kamada et al., 2010).  TOR is 

inhibited following starvation leading to Atg13 dephosphorylation, Atg1 

autophosphorylation and association of Atg1 with Atg13 (Kamada et al., 2010).  Atg1 is 

required to recruit downstream Atg proteins to the pre-autophagosomal structure (PAS) 

to promote autophagosome formation (Kawamata et al., 2008).  In Drosophila, a TOR-

Atg1-Atg13 complex forms irrespective of nutrient status (Figure 1.2 A) (Chang and 

Neufeld, 2010).  TOR phosphorylates Atg13 and hyperphosphorylates Atg1 under 

nutrient rich conditions to inhibit autophagy.  Starvation inhibits TOR, leading to 

dephosphorylation of Atg1 and Atg13. In turn, Atg1 autophosphorylates itself and 

hyperphosphorylates Atg13 (Chang and Neufeld, 2010).  Atg1 signaling in turn regulates 

the recruitment of PI(3)P to nascent autophagosomes (Juhász et al., 2008).  In 

mammals, TOR is part of a complex referred to as mammalian TOR complex1 

(mTORC1).  mTORC1 is made up of regulatory-associated protein of mTOR (Raptor), 
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Table 1.1 Conservation of Atg genes involved in autophagosome induction, 

nucleation and expansion (Klionsky et al., 2011) 

 
Yeast 
Gene 

Drosophila  
Gene 

Mammalian  
Gene 

Function Step in 
autophagy 

Atg1 DmAtg1 Ulk1, Ulk2 Conserved serine/threonine kinase Induction 
Atg3 DmAtg3 Atg3 E2-like enzyme involved in Atg8 

conjugation to PE 
Expansion 

Atg4 DmAtg4 Atg4A, B, C, D Conserved cysteine protease that 
cleaves the C-terminal residue of Atg8 

to expose a glycine residue.  Also 
involved in deconjugation and recycling 

of Atg8 from the autophagosomal 
membrane 

Expansion 

Atg5 DmAtg5 Atg5 Undergoes conjugation with Atg12, 
forming a multi-protein complex 

together with Atg16 and required for 
autophagosome formation 

Expansion 

Atg6 DmAtg6 Becn1 Component of the Class III PI3K 
complex required for autophagosome 

formation 

Nucleation 

Atg7 DmAtg7 Atg7 E1-like enzyme that mediates the 
conjugation of Atg5 to Atg12 and Atg8 

to PE 

Expansion 

Atg8 DmAtg8a, 
DmAtg8b 

LC3, 
GABARAP, 

GABARAPL2 

A ubiquitin like protein that is 
conjugated to PE and inserted into the 

autophagosomal membrane 

Expansion 

Atg10 CG12821 Atg10 E2-like enzyme involved in Atg5 
conjugation to Atg12 

Expansion 

Atg12 DmAtg12 Atg12 Undergoes conjugation with Atg5, 
forming a multi-protein complex 
consisting of Atg12-Atg5-Atg16 

Expansion 

Atg13 Atg13 HARBI1 Component of the Atg1 kinase complex 
and is required for Atg1 kinase activity 

Induction 

Atg16 CG31033 Atg16L1, 
Atg16L2 

Interacts with Atg5-Atg12 to form a 
Atg16-Atg5-Atg12 multiprotein complex 
required for autophagosome formation 

Expansion 

Atg17 - - Yeast component of the Atg1 kinase 
complex 

Induction 

Atg29 - - Yeast component of the Atg1 kinase 
complex required for autophagy 

Induction 

Atg31 - - Yeast component of the Atg1 kinase 
complex and is required for protein 

recruitment 

Induction 
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mammalian LST8/G-protein β-subunit like protein (mLST8/GβL), Proline-rich Akt/PKB 

substrate 40 kDa (PRAS40) and DEP domain containing mTOR-interacting protein 

(DEPTOR).  Under nutrient rich conditions, mTORC1 phosphorylates Atg13 and the 

mammalian homologues of yeast Atg1, Unc-51-like kinase 1/2 (Ulk1/2), leading to 

inhibition of Ulk kinase activity and a block in autophagy (Figure 1.2 A) (Jung et al., 

2009). Several components make up the Ulk complex irrespective of nutrient status or 

mTOR activation, and include Ulk1 or Ulk2, Atg13, FIP200 and Atg101 (Ganley et al., 

2009; Hosokawa et al., 2009). Atg13 binds Ulk1/2 to promote the interaction between 

Ulk proteins and FIP200 (Jung et al., 2009). Following induction of autophagy, mTOR is 

inhibited and dissociates from the Ulk complex, leading to Ulk1/2 and Atg13 

dephosphorylation and phosphorylation of FIP200 by Ulk1 (Jung et al., 2009). It is 

speculated that FIP200 is the functional mammalian counterpart of yeast Atg17 (Ganley 

et al., 2009; Hara and Mizushima, 2009) however further studies are required to confirm 

this. Upon autophagy induction, the Ulk1 complex translocates from the cytoplasm to the 

ER to form a putative mammalian PAS (Itakura and Mizushima, 2010; Mizushima et al., 

2011).  The exact mechanism of how the Atg1 complex controls the PI3K complex 

required for vesicle nucleation remains to be elucidated (Mizushima et al., 2011). 

1.2.2. Vesicle nucleation 

Vesicle nucleation requires the Class III phosphatidylinositol 3-kinase (PI3K) Vps34 to 

generate PI(3)P in yeast, Drosophila and mammals (Juhász et al., 2008; Kihara et al., 

2001; Petiot et al., 2000). In yeast and Drosophila, activation of Vps34 requires the 

formation of a multi-protein complex that includes Atg6, Vps15, Atg14 and Vsp34 (Figure 

1.2 B) (Kihara et al., 2001; Vanhaesebroeck et al., 2010).  In mammals, the multi-protein 

Class III PI3K complex composed of Beclin 1 (the mammalian homolog of yeast Atg 6),  
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Figure 1.2 Molecular machinery of autophagy.   

Autophagy induction, vesicle nucleation and vesicle elongation are required for 

autophagosome formation, and the molecular machinery involved is evolutionarily 

conserved. (A) Autophagy induction is regulated by TOR kinase.  TOR regulates the 

phosphorylation status of Atg13 and Atg1 to induce autophagy.  Inhibition of TOR, for 

example by nutrient deprivation, leads to dephosphorylation of Atg13 in yeast, and to 

dephosphorylation of Atg13 and Atg1/Ulk1/Ulk2 in Drosophila and mammals, resulting in 

autophosphorylation of Atg1 and induction of autophagy. (B) Vps34, the Class III 

phosphatidylinositol 3 kinase (PI3K), generates phosphatidylinositol 3-phosphate (PI3P) 

and is required for vesicle nucleation. Activation of this complex is dependent on 

Atg6/Beclin 1 in yeast and mammals, as well as Ambra1 and UVRAG in mammals.  (C) 

Two well conserved ubiquitin-like conjugation systems are required for autophagosome 

elongation. Atg12 is conjugated to Atg5, which in turn interacts with Atg16 to form an 

Atg12-Atg5-Atg16 complex that localizes to growing autophagosomes.  In the second 

conjugation pathway, LC3, or the yeast homolog Atg8, is cleaved by the cysteine 

protease Atg4 to reveal a C-terminal glycine residue.  This is followed by LC3 

conjugation to phosphatidylethanolamine (PE), and localization of LC3 to 

autophagosomal membranes. Adapted from (Chen and Klionsky, 2011; Maiuri et al., 

2007a; Meléndez and Neufeld, 2008). 
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Vps34 and Vps15 functions at different steps in membrane formation (Funderburk et al., 

2010).  When Atg14L is bound to the Class III PI3K complex it promotes the formation of 

nascent autophagosomes (Matsunaga et al., 2009), whereas binding of UVRAG to 

Beclin 1 promotes autophagosome formation, autophagosome fusion with lysosomes 

and endocytic trafficking (Liang et al., 2008).  Ambra1 is a Beclin 1 interacting protein, 

and upon autophagy induction, Ulk1 phosphorylates Ambra1 allowing translocation of 

the Beclin 1 complex to the ER  to promote autophagosome formation (Bartolomeo et 

al., 2010), thereby linking autophagy induction to vesicle nucleation. 

1.2.3. Vesicle expansion and completion 

Two ubiquitin-like pathways exist to promote autophagosome elongation and 

completion (Figure 1.2 C).  In one pathway, Atg12 is activated by the E1-like enzyme 

Atg7 and is transferred to the E2-like enzyme Atg10.  Atg12 is then conjugated to Atg5, 

which in turn interacts with Atg16 forming an Atg12-Atg5-Atg16 multimeric complex that 

localizes to autophagosome assembly sites (Romanov et al., 2012; Shintani et al., 

1999).  In the second pathway, the cysteine protease Atg4 cleaves pro-Atg8/LC3 to 

expose a C-terminal glycine residue, forming Atg8/LC3-I (Kabeya et al., 2000; Tanida et 

al., 2004a).  Atg8/LC3-I is activated by Atg7 and is transferred to the E2-like enzyme 

Atg3.  Subsequently, Atg8/LC3-I is conjugated to phosphatidylethanolamine (PE), 

forming Atg8/LC3-II, and is inserted into the autophagosomal membrane (Ichimura et al., 

2000; Kabeya et al., 2000). The Atg12-Atg5-Atg16 complex is required for Atg8/LC3 

conjugation to PE and is involved in targeting Atg8/LC3 to the autophagosome 

membrane (Fujita et al., 2008; Hanada et al., 2007). Following vesicle completion, 

autophagosomes fuse with lysosomes, forming autolysosomes, and the sequestered 

components are degraded by lysosomal hydrolases.  The digested components, 
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including building blocks for macromolecular synthesis and metabolites for energy 

production, are released into the cytosol by lysosomal efflux transporters (Mizushima, 

2007).  Atg8/LC3-II located within the autolysosome is also degraded in the hydrolytic 

compartment, whereas Atg8/LC3-II on the cytoplasmic side of the autolysosome is 

recycled in an Atg4 dependent manner (Tanida et al., 2004b). 

1.3. Methods to detect autophagy in Drosophila 

Drosophila melanogaster is a powerful model system to study the dynamic 

process of autophagy.  Several advances in genetic and molecular tools in Drosophila 

have made this system amenable to the detection and manipulation of autophagy in 

vivo.  Studies in Drosophila have also helped to elucidate the roles of autophagy in cell 

survival, cell death, development, immunity, aging and cellular homeostasis, aiding our 

understanding of the links between autophagy and human diseases (for review see 

(McPhee and Baehrecke, 2009). There are several techniques and assays now 

available in yeast, Drosophila, mammals and other organisms to monitor the induction of 

autophagy and flux through the autophagy process (Klionsky et al., 2012).  Many tools 

used to monitor autophagy in Drosophila were derived from yeast and mammalian 

systems, and include LysoTracker/monodansylcadaverine staining, p62 analyses, GFP-

Atg8/LC3, and GFP-RFP-Atg8/LC3 analyses, all of which are described in greater detail 

below. 

 LysoTracker and monodansylcadaverine (MDC) are acidotropic dyes that label 

both autolysosomes and lysosomes (Klionsky et al., 2012), and although LysoTracker 

has been beneficial for examining autophagic activity in Drosophila cell culture (Hou et 

al., 2008), as well as in several tissues including the fat body (Scott et al., 2004), midgut 
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(Ren et al., 2009), salivary gland (Berry and Baehrecke, 2007) and ovary (Barth et al., 

2011; Hou et al., 2008), it is not specific for autophagy. Therefore, LysoTracker or MDC 

are useful as initial indicators of potential autophagy-associated lysosomal activity but 

must be used in combination with other autophagic flux markers.  

Mammalian p62 is a multifunctional scaffold protein involved in various cellular 

signalling pathways including stress responses and autophagy (Moscat and Diaz-Meco, 

2009).  p62 contains a ubiquitin-binding domain (UBD) and an LC3-interacting region 

(LIR) that functions to target ubiquitinated proteins for degradation by autophagy 

(Geetha and Wooten, 2002; Pankiv et al., 2007).  In the process, p62 is selectively 

degraded by autophagy and therefore serves as a marker of autophagic flux (Pankiv et 

al., 2007).   The single Drosophila ortholog of p62, Refractory to sigma P (Ref(2)P), was 

first characterized for its ability to inhibit sigma rhabdovirus multiplication (Dezelee et al., 

1989; Nezis et al., 2008; Wyers et al., 1993).  Inhibition of autophagy leads to an 

accumulation of Ref(2)P positive protein aggregates (Bartlett et al., 2011; Cumming et 

al., 2008; Nezis et al., 2008), indicating that, like mammalian p62, it is a substrate of 

autophagy and can be used as a marker of autophagic activity.  Caution must be used 

when examining Ref(2)P because Ref(2)P was shown to accumulate following genetic 

inhibition of the proteasome (Nezis et al., 2008), suggesting that Ref(2)P has a dual role 

in degrading ubiquitinated proteins by autophagy and the proteasome. In addition,  

Ref(2)P was transcriptionally upregulated in the larval fat body following starvation (Pircs 

et al., 2012), indicating that Ref(2)P should be used in conjunction with other autophagy 

assays to confirm autophagic flux. 

Several Drosophila transgenic lines have been created that express Atg8a 

(DrAtg8a) or mammalian LC3 fused to GFP (Rusten et al., 2007), mCherry (Nezis et al., 
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2009) or dual-tagged GFP-mCherry (Nezis et al., 2010). GFP fused to Atg8/LC3 has 

proven useful as a marker of autophagy in Drosophila. Under non-autophagy inducing 

conditions, GFP-LC3/Atg8 is dispersed throughout the cytoplasm (Hou et al., 2008).  

When autophagy is induced, for example by starvation, Atg8/LC3 becomes lipidated and 

inserted into the autophagosome, thus appearing as green puncta (Hou et al., 2008; 

Juhász et al., 2008).  Although GFP-Atg8 is an indicator of autophagic activity, an 

increase in GFP-Atg8 puncta may represent an increase in flux through the system or a 

block in the fusion step between autophagosomes and lysosomes, thus leading to an 

accumulation of autophagosomes (Klionsky et al., 2012).  To distinguish between these 

possibilities, a dual-tagged GFP-mCherry-Atg8a/LC3 can be used.  GFP fluorescence is 

sensitive to acidic conditions and its fluorescence is quenched in the autolysosome, 

whereas mCherry (or RFP) fluorescence is more stable (Kimura et al., 2007).  Therefore 

autophagosomes will fluoresce as yellow puncta (overlap of green and red 

fluorescence), whereas autolysosomes will fluoresce as red puncta (Nezis et al., 2010). 

The dual tagged GFP-mCherry-Atg8a reporter is advantageous because it enables both 

the detection of autophagy induction and flux through the system.  In addition to the dual 

tagged reporter, the use of GFP-Atg8 in combination with LTR has been used to help 

assess the delivery of autophagosomes to autolysosomes (Rusten et al., 2004).   

1.4. Autophagy in Drosophila  

Autophagy contributes to multiple processes in Drosophila, including degradation 

of larval tissues such as the salivary gland (Berry and Baehrecke, 2007) and midgut 

(Denton et al., 2009), and elimination of the amnioserosa during embryogenesis 

(Mohseni et al., 2009). In Drosophila, autophagy also plays critical roles in innate 
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immunity (Shelly et al., 2009), protein aggregate clearance, neuronal homeostasis, and 

longevity (Juhasz and Neufeld, 2008; Simonsen et al., 2008). Autophagy is regulated by 

hormones and various signaling pathways during Drosophila development (Calamita and 

Fanto, 2011; Lee and Baehrecke, 2001; Rusten et al., 2004) and also by exogenous 

factors such as nutrients. During nutrient deprivation autophagy functions, at least in 

part, to remobilize nutrients to promote cell survival, and thus is considered an adaptive 

survival response to cell stress.  Starvation-induced autophagy has been described in 

the larval fat body (Scott et al., 2004), the midgut (Wu et al., 2009) and the ovary (Barth 

et al., 2011; Hou et al., 2008). The focus of my thesis will be starvation induced 

autophagy in the ovary.  

1.4.1. Drosophila oogenesis and autophagy 

The Drosophila ovary is sensitive to nutritional cues and has been a beneficial 

system to examine the role of autophagy and its relationship with cell death. The 

Drosophila ovary is made up of 15-20 ovarioles, each containing a series of developing 

egg chambers that arise from the germarium and progress posteriorly through 14 well- 

defined stages (King, 1970) (Figure 1.3, Figure 1.6A).  Germline stem cells are located 

in region 1 of the germarium and divide asymmetrically to produce one germline stem 

cell that remains in its niche and one daughter cytocyst. Following its posterior 

movement to region 2a of the germarium, the daughter cytoblast undergoes 4 rounds of 

mitosis with incomplete cytokinesis to form a 16-cell cyst that remains interconnected by 

ring canals (Spradling,1993). One cell in each cyst differentiates into an oocyte and the 

remaining 15 cells become polyploid nurse cells required to support the development of 

the oocyte. As the cyst continues to migrate posteriorly in the germarium, it flattens to 

form a lens shaped disc at the 2a/2b region where it is then encapsulated by a  
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Figure 1.3 Drosophila oogenesis 

A schematic of Drosophila oogenesis.  Anterior is to the left, posterior is to the right. Egg 

chambers arise from the germarium and progress through 14 well defined stages.  Each 

egg chamber is made up of 15 germline nurse cells and one developing oocyte that is 

located at the posterior of the egg chamber.  Egg chambers are surrounded by a layer of 

somatically derived follicle cells. Germline stem cells located at the anterior of the 

germarium divide asymmetrically giving rise to one stem cell that remains in its niche 

and one daughter cytocyst.  The cytocyst undergoes 4 rounds of mitosis to form a 16 cell 

cyst that moves posteriorly through the germarium.  At the region 2a/2b boundary, the 

cyst is encapsulated in follicle cells and in region 3, it exits the germarium as a stage 1 

egg chamber.  
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monolayer of somatically derived follicle cells.  Two follicle stem cells (FSCs), one on 

each side of the ovary, divide asymmetrically to produce one FSC and one daughter 

follicle cell that will encase the developing cyst (Margolis and Spradling, 1995). Once 

encapsulated by follicle cells, the cyst enters an endoreplicative and growth phase and 

exits the germarium as a stage 1 egg chamber, consisting of 15 germline nurse cells and 

one oocyte surrounded by a layer of follicle cells (Spradling, 1993) (Figure 1.3).  The 

germline nurse cells support the growth of the oocyte by transferring cytoplasmic 

contents to the oocyte as they progress through oogenesis.  The oocyte begins to 

increase in volume at stage 8 and undergoes vitellogenesis, a process that involves yolk 

protein synthesis and uptake.  During stage 10B, nurse cell cytoplasm is rapidly 

transported into the oocyte and by stage 14 when all of the nurse cell cytoplasm has 

been transferred, nurse cell nuclei condense and fragment, and nurse cell remnants are 

engulfed by the surrounding follicle cells (Foley and Cooley, 1998; Nezis et al., 2000). 

The fully developed oocyte is then encased in a vitelline membrane and chorion 

secreted by the follicle cells, and this is followed by follicle cell death (Nezis et al., 2002). 

Using MDC staining and ultrastructural analyses, autophagy was first described 

to occur in mid-stage egg chambers (stage 7-9) undergoing spontaneous degeneration 

in Drosophila virilis (Velentzas et al., 2007). In Drosophila melanogaster oogenesis, 

autophagy occurs in both the germline and follicle cells under basal conditions and is 

upregulated in response to nutritional cues in the germarium and mid-stage egg 

chambers (Barth et al., 2011; Hou et al., 2008; Nezis et al., 2009).  It has been proposed 

that autophagy is required for communication between follicle cells and the germline, as 

inhibition of autophagy in the follicle cells, but not the germline, leads to the formation of 

defective eggs (Barth et al., 2011). Autophagy also occurs during developmental cell 
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death during late stage oogenesis and is required for the normal maturation of the egg 

chambers. The focus of this thesis will be on starvation induced autophagy during mid-

oogenesis.  

1.5. Apoptosis 

In contrast to the cell survival process of autophagy, apoptosis, a term derived 

from the Greek words “falling off”, refers to the morphological changes that occur during 

cellular self-destruction (Kerr et al., 1972).  Apoptosis, or Type I programmed cell death 

(PCD), is a cellular homeostasis mechanism required to eliminate unnecessary cells 

during development and adulthood, and also occurs in response to a variety of cell death 

stimuli including starvation, ligation of cell surface receptors, growth factor withdrawal 

and DNA damage (Baehrecke, 2002). Apoptosis is morphologically characterized by cell 

shrinkage, nuclear fragmentation, chromatin condensation, membrane blebbing and the 

formation of apoptotic bodies (Kerr et al., 1972). Apoptotic bodies are phagocytosed by 

surrounding macrophages thereby preventing an inflammatory response and 

maintaining cellular integrity (Kerr et al., 1972).   

Analysis of the genetic regulation of apoptosis in Caenorhabditis elegans led to 

the identification of 4 genes that control cell death, CED-3, CED-4, CED-9 and EGL-1 

(Ellis and Horvitz, 1986; Gumienny et al., 1999; Sulston et al., 1983) (Figure 1.4). Cell 

death abnormal-3 (CED-3) is a cysteine-dependent aspartate-specific protease 

(caspase) that becomes activated following a cell death signal and is required for cell 

killing (Xue et al., 1996; Yuan et al., 1993).  The pro-apoptotic protein CED-4 is an 

adaptor protein for CED-3 and is required for its activation (Yuan et al., 1993; Zou et al., 

1997). CED-9, an anti-apoptotic B-cell lymphoma 2 (Bcl-2) family member, blocks cell  
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Figure 1.4 The apoptosis machinery is well conserved in C. elegans, D. 

melanogaster and mammals.  

Functional homologs are indicated by the same colour across species. The inhibitor of 

apoptosis proteins (IAPs) negatively regulate apoptosis by inhibiting caspases.  Caspase 

9 in mammals and Dronc in Drosophila function as initiator caspases, whereas Caspase 

3 and Caspase 7 in mammals, and Drice and Dcp-1 in Drosophila function as effector 

caspases.  The IAP binding proteins Smac/Diablo in mammals and Reaper, Hid, Grim 

and Sickle in Drosophila activate apoptosis by inhibiting IAP proteins, thus allowing 

activation of caspases.  CED-4, ARK and APAF-1 function as adaptor molecules for 

initiator caspases in C. elegans, mammals and Drosophila, respectively. Drosophila 

apoptosis can also be activated through the ligand Eiger and receptor Wengen.   

Apoptosis in mammalian cells is also mediated through the extrinsic, death receptor 

pathway.  Adapted from (Riedl and Shi, 2004). 
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death by sequestering CED-4 and thereby preventing CED-3 activation (Hengartner and 

Horvitz, 1994).   In response to death inducing stimuli, the pro-apoptotic Bcl-2 family 

member Egg Laying Defecting (EGL)-1 disrupts the CED-4-CED-9 interaction, allowing 

the release of CED-4 and activation of CED-3 to induce cell death (Conradt and Horvitz, 

1998).  Subsequent studies in other organisms showed that these molecules are highly 

conserved regulators and effectors of apoptosis.  

In Drosophila, the major initiators of cell death are the pro-apoptotic proteins 

Reaper, Hid, Grim and Sickle (Chen et al., 1996; Grether et al., 1995; Srinivasula et al., 

2002; Wang et al., 1999; White et al., 1996) (Figure 1.4).  Following a cell death signal, 

these proteins bind to the Drosophila inhibitor of apoptosis protein (IAP), DIAP1, via a 

well conserved IAP-binding tetrapeptide motif to induce DIAP1 degradation (Riedl and 

Shi, 2004; Yoo et al., 2002). DIAP1 is an E3-ubiquitin ligase and is required to restrain 

caspase activity in Drosophila cells by promoting the non-degradative ubiquitination of 

the initiator caspase Dronc (Wilson et al., 2002), and by binding and inhibiting the 

effector caspases Drosophila Interleukin-1β-Converting Enzyme (Drice) and Drosophila 

Caspase-1 (Dcp-1) (Tenev et al., 2005). DIAP1 is therefore essential for survival in 

Drosophila cells (Meier et al., 2000).  Reaper, Hid and Grim have been shown to localize 

to mitochondria where they are required for the efficient induction of apoptosis (Krieser 

and White, 2009).  Reaper, Hid, Grim and Sickle-mediated degradation of DIAP1 

disrupts the DIAP1-caspase interaction allowing for caspase activation (Goyal et al., 

2000).  The initiator caspase Dronc interacts with Apaf-1 related killer (Ark), the 

Drosophila homolog of C. elegans CED-4 and mammalian apoptotic protease activating 

factor 1 (Apaf-1) leading to Dronc activation (Muro et al., 2004; Yuan et al., 2011).  This 

activation is followed by Dronc mediated cleavage and activation of downstream effector 
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caspases including Drice and Dcp-1 to induce apoptosis. Two Drosophila Bcl-2 family 

members, Buffy and Debcl, were originally characterized to be anti- and pro-apoptotic 

proteins respectively (Colussi et al., 2000; Quinn et al., 2003), however more recent 

studies indicate that Buffy can act pro-apoptotically during microchaete and mid-stage 

ovarian cell death (Quinn et al., 2003; Tanner et al., 2011). Apoptosis can also be 

activated by the Drosophila TNF family ligand Eiger.  Eiger binds to the receptor 

Wengen, leading to the activation of Misshapen (Msn).  Activated Msn phosphorylates 

and activates Tak1, leading to activation of Hemipterous (Hep), which in turn 

phosphorylates and activates JNK leading to transcriptional upregulation of Hid and 

induction of cell death (Kanda and Miura, 2004).  

In mammals, the process of apoptosis is controlled by an intrinsic or an extrinsic 

pathway both of which converge on the activation of effector Caspases 3 and 7.  In the 

intrinsic pathway, activation of pro-apoptotic Bcl-2 associated X (Bax) or Bcl-2 antagonist 

or killer (Bak) leads to mitochondrial outer membrane permeabilization (MOMP) and 

release of pro-apoptotic proteins such as Cytochrome c and Second Mitochondrial-

Derived Activator of Caspase (Smac)/Diablo from the mitochondrial intermembrane 

space (Degenhardt et al., 2002) (Figure 1.4).  Cytochrome c along with ATP binds Apaf1 

in the cytoplasm leading to the formation of the apoptosome (Jiang and Wang, 2000; 

Zou et al., 1997). Notably, Cytochrome c and mitochondrial outer membrane 

permeabilization do not seem to play a role in Drosophila apoptosis, however conflicting 

reports indicate that Cytochrome C may play an apoptotic role following overexpression 

of Reaper in Drosophila S2 cells (Kanuka et al., 1999; Tait and Green, 2010).  The 

apoptosome recruits and activates initiator Caspase 9 which in turn cleaves downstream 

effector caspases to induce cell death (Saleh et al., 1999).  Smac is an IAP binding 
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protein that binds XIAP1 via its IAP-binding tetrapeptide motif Ala-Val-Pro-Ile to relieve 

XIAP1 inhibition of Caspase 9 (Riedl and Shi, 2004).  In the extrinsic pathway, ligand 

binding to death receptors induces death receptor ligation and recruitment of adaptor 

molecules such as FAS-associated death domain protein (FADD) (Bodmer et al., 2000; 

Kischkel et al., 2000).  FADD then associates with pro-Caspase 8, an initiator caspase, 

via the death effector domain of FADD to form the death inducing signaling complex 

(DISC) (Kischkel et al., 1995).  At the DISC, Caspase 8 undergoes autocatalytic 

activation leading to Caspase 8-mediated cleavage and activation of effector Caspase 3 

and 7 in the absence of MOMP (Bodmer et al., 2000; Kischkel et al., 2000; Muzio et al., 

1997; Stennicke et al., 1998).   Mitochondrial apoptosis also occurs in a Caspase 8 

dependent manner.  Active Caspase 8 cleaves the pro-apoptotic Bcl-2 homology 3 

(BH3)-interacting domain death agonist (Bid), leading to activation of Bid and its 

translocation to the mitochondria to induce MOMP (Li et al., 1998).     

Although morphological features of apoptosis were first described in yeast in 

1997 (Madeo et al., 1997), the validity of this finding has been under debate ever since. 

Nonetheless, it is well established that several components of the apoptotic machinery is 

conserved in yeast and a variety of intrinsic and extrinsic stimuli are capable of inducing 

apoptosis. For example,  the yeast metacaspase Yca1p is required for cell death in 

response to oxygen stress, valproic acid and altered mRNA stability (Carmona-Gutierrez 

et al., 2010; Madeo et al., 2002; Mazzoni et al., 2005). 

1.6. Caspases 

Caspases are synthesized as inactive zymogens, also called pro-caspases, and 

are responsible for executing apoptosis following a cell death signal.  Each caspase 
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consists of an N-terminal pro-domain of variable length followed by a large 20kDa (p20) 

and a small 10kDa (p10) subunit separated by a short linker region.  The p20 subunit 

contains the catalytic active site consisting of the catalytic dyad residues Cys and His, 

whereas the p10 subunit contains several residues that form the substrate-binding 

groove (Pop and Salvesen, 2009). In Drosophila, there are 7 caspases that are divided 

into either initiator or effector caspases.  Three initiator caspases, Death-related ced-

3/Nedd2-like (Dredd), Drosophila Nedd-2-like caspase (Dronc) and Strica, have long N-

terminal pro-domains that contain a caspase-activation recruitment domain (CARD) or a 

death effector domain (DED), whereas the  four effector caspases Dcp-1, Drice, Decay 

and Damm, have short pro-domains (Hay and Guo, 2006).  Initiator caspases are stable 

as monomers, and recruitment of initiator caspases to activation platforms including the 

apoptosome leads to increased caspase concentration and caspase activation by 

proximity-induced dimerization (Boatright and Salvesen, 2003).  Activation of initiator 

caspases requires dimerization and occurs independently of cleavage of their 

interdomain region linking the p20 and p10 subunits (Boatright et al., 2003; Donepudi et 

al., 2003), although this is now a subject of debate as it was recently shown that both 

dimerization and cleavage are required for activation of the initiator Caspase 8 (Oberst 

et al., 2010).  In contrast to initiator caspases, effector caspases are present as inactive 

zymogen dimers and activation requires cleavage of their interdomain linker (Boatright et 

al., 2003) (Figure 1.5 A-B).  Cleavage of this linker region results in the rearrangement of 

essential loops (L1-L4) that function in substrate binding and favours the formation of the 

catalytic groove (Chai et al., 2001; Witkowski and Hardy, 2009) (Figure 1.5 B).  

Cleavage primes caspases for substrate or inhibitor binding, as shown for mammalian 

Caspase 7 (Chai et al., 2003).  A caspase recognizes the substrate peptide sequence 

P4-P3-P2-P1-P1’, where P1-P1’ is the scissile bond.  Several factors determine whether a 
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Figure 1.5 Effector caspase processing.  

(A) Shortly after synthesis, effector caspases dimerize in an inactive state.  Cleavage 

between the p10 and p20 subunits allows for the rearrangement of essential loops and 

favours the formation of the catalytic active site.  Removal of the N-terminal pro-domain 

stabilizes the active caspase. (B) A crystal structure of a Caspase 3 heterodimer bound 

to an inhibitor (shown in pink).  The p20 and p10 subunits are shown in blue and orange 

ribbon representation, respectively. The N and C termni for the p20 and p10 subunits as 

well as the L1 to L4 loops are indicated  Adapted with permission from Elsevier Limited: 

Mechanisms of caspase activation and Inhibition during apoptosis (Shi, 2002), copyright 

2002. (C)   A schematic representation of Dcp-1 and Drice.  The red rectangle indicates 

the catalytic cysteine residue, and the four surface loops, N-terminal pro-domain, p20 

and p10 subunits are indicated. The catalytic cysteine residue is located within the L2 

loop and interdomain cleavage results in a conformational change of L2 promoting the 

formation of the catalytic active site. Interdomain cleavage sites of Dcp-1 and Drice are 

indicated by arrows.  
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protein will be a favourable caspase substrate.  For example, P1 is usually an Asp 

residue, with the exception of Dronc which will cleave equally as well when P1 is a Glu 

(Hawkins et al., 2000; Stennicke et al., 1998). In addition, the P1’ residue is a small, 

uncharged residue (Ser, Ala, Gly, Thr, Ser, Asn), and P4-P3-P2 are residues that will 

interact favourably in the catalytic groove (Stennicke et al., 1998).  For example, based 

on in vitro positional scanning peptide libraries, Caspase 3’s preferred sequence is 

DEVD, however, it is now clear that Caspase 3 also cleaves at non-canonical sites 

(Thornberry et al., 1997; Nicholson, 1999).  This suggests that although computational 

methods are useful for predicting caspase substrate preferences, the actual caspase 

substrate sequence may differ significantly and therefore must be validated. Maturation 

of caspases involves the removal of the N-terminal pro-domain resulting in caspase 

stability (Figure 1.5 A).  Maturation occurs after activation and is a distinct process from 

caspase activation, as removal of the pro-domain without interdomain cleavage does not 

result in caspase activation (Pop and Salvesen, 2009).   

1.6.1. Cell death in the Drosophila ovary     

Cell death in the Drosophila ovary occurs at three developmental stages – the 

germarium, mid-oogenesis and late-oogenesis.  Developmental cell death that occurs 

during late oogenesis is required for proper egg formation and involves the death of both 

the germline nurse cells and somatic follicle cells. The focus of this study will be on cell 

death during mid-oogenesis. The process of vitellogenesis is energy demanding and 

therefore a checkpoint exists during mid-oogenesis to prevent egg production in nutrient 

poor conditions (Drummond-Barbosa and Spradling, 2001).  Mid-stage egg chambers 

undergoing cell death are characterized by nurse cell nuclei condensation and 

fragmentation (Figure 1.6C), engulfment of the nurse cell cytoplasm by the surrounding 
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follicle cells and follicle cell death (Giorgi and Deri, 1976) (Figure 1.6 D-E).  In contrast to 

most other somatic tissues in Drosophila, the IAP binding proteins Reaper, Hid and Grim 

are not required for cell death in the ovary (Peterson et al., 2007), whereas the effector 

caspase Dcp-1 is required for cell death during mid-oogenesis.  Nutrient deprived Dcp-1 

null mutant flies (Dcp-1Prev1) contain mid-stage egg chambers that are defective for cell 

death.  These egg chambers have persisting, uncondensed nurse cell nuclei and follicle 

cells that undergo a pre-mature cell death (Laundrie et al., 2003) (Figure 1.6F). Although 

DIAP1 is downregulated during mid-oogenesis (Baum et al., 2007), it is not sufficient to 

induce cell death in a Dcp-1 wildtype background indicating that another upstream 

activator of Dcp-1, or downregulation of a negative regulator of Dcp-1, is required.  

1.6.2. The Drosophila effector caspase Dcp-1  

The Drosophila effector caspase Dcp-1 was first identified by degenerate PCR 

amplification from embryonic cDNA libraries (Song et al., 1997).  Dcp-1 was found to be 

a 323 amino acid protein that undergoes proteolytic processing at Asp33 and Asp213 to 

form an active heterodimer (Song et al., 1997). Dcp-1 has a substrate specificity 

similarto that of mammalian Caspase 3 and C. elegans CED-3, and in vitro cleavage 

assays showed Dcp-1 can cleave caspase substrates including p35 and PARP (Song et 

al., 1997). Dcp-1 shares high sequence homology with the effector caspase Drice (57% 

amino acid identity (Song et al., 2000), which undergoes processing itself at Asp28 and 

Asp230 to form an active heterodimer (Figure 1.4C). Both Dcp-1 and Dronc have been 

shown to cleave Drice (Hawkins et al., 2000; Song et al., 2000), and unlike most other 

caspases, Dcp-1 can undergo auto-processing and activate itself (Song et al., 2000).  

Dcp-1 has been proposed to finely tune the apoptotic process, whereas Drice acts as 

the main executioner of cell death (Florentin and Arama, 2012).  Overexpression of full-
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Figure 1.6 Cell death occurs in mid-stage egg chambers following starvation. 

Ovaries were stained with anti-Armadillo (green) to visualize membranes, and Draq5 

(blue) to visualize DNA. (A) Developing egg chambers arise from the germarium and 

progress though 14 well defined stages.  Each egg chambers is made up of 15 germline 

nurse cells and one developing oocyte surrounded by a layer of somatic follicle cells. (B) 

Mid-stage egg chamber from a well fed w1118 control fly. (C) Following a cell death signal, 

nurse cell nuclei condense and fragment, and (D) nurse cells are taken up into the 

surrounding follicle cells. (E) Mid-stage egg chambers late in the death process contain 

mostly follicle cells, and this is followed by follicle cell death. (F) Dcp-1 is required for cell 

death in mid-stage egg chambers. Degenerating mid-stage egg chambers from Dcp-1 

loss-of-function (Dcp-1Prev1) flies contain persisting nurse cell nuclei and a premature cell 

death of follicle cells. Scale bars: 25µm. 
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length Dcp-1 in the developing eye showed only weak protease activity and had little 

effect on cell death, whereas expression of a truncated (activated) form of Dcp-1 

resulted in a small and rough eye phenotype due to increased cell death (Song et al., 

2000).  This phenotype was suppressed by overexpression of the caspase inhibitor p35, 

and enhanced by overexpression of rpr and grim (Song et al., 2000) suggesting that 

active Dcp-1 is sensitive to IAP inhibition by p35 and that Dcp-1 acts downstream of rpr 

and grim in the developing eye. Notably, expression of Atg5 in the developing eye 

rescued the small and rough eye phenotype caused by Dcp-1 expression, whereas 

expression of Dcp-1 in eye imaginal discs induced autophagy, indicating that autophagy 

functions to suppress Dcp-1 induced cell death and that Dcp-1 regulates autophagy, 

perhaps by a feedback mechanism (Kim et al., 2010).  

Both Drice and Dcp-1 have partially redundant roles during apoptosis, and 

genetic studies have revealed that some cells require only Drice for apoptosis, while 

other cells require either Drice or Dcp-1 (Xu et al., 2006). Flies carrying mutations in 

Drice are pupal lethal and show reduced developmental cell death during 

embryogenesis (Xu et al., 2006), whereas null mutations of Dcp-1 ( Dcp-1Prev1) are viable 

(Laundrie et al., 2003). Dcp-1Prev1 flies have only weak effects on embryonic cell death 

patterning, however flies mutant for both Dcp-1 and Drice (a hypomorphic allele) show a 

significant reduction in embryonic apoptosis compared to single Drice mutants (Xu et al., 

2006) indicating that Drice and Dcp-1 have partially overlapping functions in the 

apoptosis pathway. However, Dcp-1 can induce apoptosis independently of Drice, as 

loss of Drice function failed to rescue the small and rough eye phenotype following Dcp-

1 overexpression in the developing eye (Xu et al., 2006).   
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Another cell death phenotype that has been characterized for Dcp-1 is the 

defective cell death observed during mid-oogenesis in response to starvation (Laundrie 

et al., 2003). Dcp-1 is required for the proper localization and activation of Drice during 

oogenesis, as degenerating mid-stage egg chambers from Dcp-1Prev1 flies show reduced 

active Drice that localizes around nurse cell nuclei rather than in a cytosolic distribution 

as in wild-type files (Laundrie et al., 2003).  In addition to the role that Dcp-1 plays in cell 

death during mid-oogenesis (Laundrie et al., 2003), Dcp-1 is also required to promote 

starvation induced autophagy in mid-stage egg chambers undergoing degeneration (Hou 

et al., 2008). Dcp-1Prev1 flies contained reduced LTR staining and diffuse GFP-LC3 in 

degenerating mid-stage egg chambers following starvation, and overexpression of Dcp-1 

in the germline resulted in numerous degenerating mid-stage egg chambers that had 

high levels of GFP-LC3 puncta, indicating autophagy occurs in a Dcp-1 dependent 

manner during oogenesis.  An in vitro RNAi screen using LysoTracker Green and GFP-

LC3 puncta quantification revealed that Dcp-1 is also required for starvation-induced 

autophagy in Drosophila l(2)mbn cells (Hou et al., 2008).   

1.7. Crosstalk between autophagy and apoptosis and 
its implications for human disease 

Advances in understanding the molecular nature and functions of autophagy 

have provided insight into the relationship between autophagy and apoptosis.  In many 

cases the survival function of autophagy negatively regulates apoptosis, whereas the 

cell death function of apoptosis functions to block autophagy. There are several points of 

intersection between these two pathways, including “dual-function” proteins that regulate 

both autophagy and apoptosis.  Cleavage of Atg proteins by cell death proteases and 

degradation of apoptosis-related proteins by autophagy are additional mechanisms of 
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crosstalk.   For example, interaction of Beclin 1 with Bcl-2 family members via its BH3 

only domain prevents the formation of the Beclin 1/Vsp34 PI3K complex and blocks 

autophagy (Pattingre et al., 2005).  Following autophagy induction, Beclin 1 dissociates 

from Bcl-2 leading to Vps34 activation and autophagy (Pattingre et al., 2005).  In 

addition to its role in autophagy, Atg12 is also a mediator of apoptosis. Atg12 conjugated 

to Atg3, rather than its well known conjugation partner Atg5, mediates mitochondrial 

homeostasis and cell death with no effect on autophagy (Radoshevich et al., 2010).  In 

addition,  non-conjugated Atg12 antagonizes the anti-apoptotic activity of Bcl-2 and Mcl-

1 via its BH3-like domain to induce apoptosis (Rubinstein et al., 2011), and mutation in 

the BH3-like domain inhibited apoptosis rather than autophagy.  Interaction of Atg5 with 

the death domain of FADD following interferon-γ (IFN-γ)  treatment induced cell death 

rather than autophagy (Pyo et al., 2005).  Moreover, Calpain mediated cleavage of Atg5 

generates a novel Atg5 cleavage product that translocates to the mitochondria and 

enhances cell death (Yousefi et al., 2006) further revealing the dual regulatory role that 

Atg5 plays in autophagy and apoptosis.  Autophagy can also lead to the degradation of 

apoptosis-related proteins.  For example,  autophagic degradation of Caspase 8 in 

TRAIL resistant tumour cells  protects cells from apoptosis (Hou et al., 2010), whereas 

caspase inhibition leads to the autophagic degradation of the ROS scavenger Catalase 

to promote cell death (Yu et al., 2006). 

Studies in several tissues in Drosophila have also helped to uncover the complex 

relationship between autophagy and apoptosis. Elimination of tissues including the 

salivary gland and amnioserosa during Drosophila development requires the concerted 

actions of both autophagy and apoptosis for their efficient removal (Berry and 

Baehrecke, 2007; Mohseni et al., 2009), whereas efficient removal of the larval midgut 
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relies solely on autophagy (Denton et al., 2009). Overexpression of Atg1 in the larval fat 

body, a nutrient storage organ responsible for storing lipids and glycogen, induces 

caspase-dependent apoptosis (Scott et al., 2007). Moreover, during late oogenesis, the 

autophagic degradation of the IAP protein Bruce controls nurse cell DNA fragmentation 

and nurse cell death (Nezis et al., 2010) 

The mechanisms underlying the complex relationship between autophagy and 

apoptosis are incompletely understood. It is ultimately the interplay between autophagy 

and apoptosis proteins or pathways that will help determine the fate of the cell in death 

or survival, and this decision is a key determinant in the outcome of many human 

diseases including cancer and neurodegeneration (reviewed in Levine and Kroemer, 

2008).  Specifically in cancer, autophagy can act as a tumour suppressor or tumour 

promoter depending on the cancer type, stage and context (Roy and Debnath, 2010).  

Autophagy can protect from malignant transformation by acting as a quality control 

mechanism to remove sources of metabolic and genotoxic stress. In this regard, 

deregulated autophagy may increase the susceptibility to metabolic stress and lead to 

an accumulation of genomic damage that may ultimately promote tumour formation 

(Degenhardt et al., 2006; Mathew et al., 2007).  For example, Beclin 1 is a 

haploinsufficient tumour suppressor that is monoallelically deleted in 40-75% of ovarian, 

breast and prostate cancers (Qu et al., 2003).  Beclin 1 heterozygosity increased the 

frequency of spontaneous tumours in mice (Qu et al., 2003), and Ras-induced down-

regulation of Beclin 1 promoted the detachment of epithelial cells from the extracellular 

matrix, a hallmark of malignant transformation (Yoo et al., 2010).  Moreover, frameshift 

mutations in Atg genes including Atg2b, Atg5, Atg9b and Atg12 were found in gastric 

and colorectal cancers with microsatellite instability suggesting that deregulated 
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autophagy may contribute to cancer development (Rosenfeldt and Ryan, 2009).  In 

contrast, autophagy can promote cancer cell survival and cancer progression by 

providing nutrients and energy to cancer cells within a hypoxic and nutrient-depleted 

environment (Spowart et al., 2012; White and DiPaola, 2009). In this regard, autophagy 

inhibition is an attractive therapeutic target to promote the death of cancer cells.  Clinical 

trials are now underway to examine the effects of combined autophagy inhibition and 

chemotherapy treatment in several cancers including prostate, pancreatic, breast, and 

lung cancer (reviewed in Amaravadi et al., 2011). However, as some autophagy proteins 

have been shown to have a pro-death function, inhibition of autophagy in some disease 

contexts could potentially be detrimental rather than beneficial. Therefore, it is essential 

to better understand the crosstalk between autophagy and apoptosis in normal 

development to fully appreciate the impact of autophagy and apoptosis modulation for 

treatment in human diseases. 

1.8. Rationale 

It is clear that an intricate relationship between autophagy and apoptosis exists.  

Understanding this crosstalk is important as it plays critical roles in both normal 

development and in human diseases including cancer. Using Drosophila melanogaster 

oogenesis as a model system for the crosstalk between autophagy and apoptosis, it was 

previously determined that the effector caspase Dcp-1 is required for starvation-induced 

autophagy in mid-stage egg chambers.  However, it was undetermined whether 

autophagic flux occurs in response to starvation in non-degenerating and degenerating 

mid-stage egg chambers, and whether this occurred in a Dcp-1 dependent manner. To 

examine the mechanism of Dcp-1 mediated autophagy, an immunoprecipitation and 
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mass spectrometry assay was undertaken previously (Hou YC, Moradian A, Morin GB, 

Gorski SM, unpublished) to identify candidate interactors and substrates of Dcp-1 (Table 

1.2).  The results from that assay identified several candidate substrates/interactors of 

Dcp-1 to be mitochondrial proteins, heat shock proteins, transcriptional and translational 

regulators, and components of the ubiquitin and proteasome systems (Table 1.2).  

These results provided a foundation for some of the experiments formed in this thesis, 

aimed at elucidating the mechanisms underlying Dcp-1-mediated autophagy. 

1.9. Hypothesis and specific aims 

I hypothesize that Dcp-1 is a positive regulator of autophagic flux during mid-oogenesis 

and functions in this capacity via a mechanism involving the mitochondria. To test this 

hypothesis, my thesis addresses 3 specific aims:  

Specific Aim 1: Examine the role of Dcp-1 in starvation-induced autophagic flux. 

Analyses of mCherry-GFP-Atg8 distribution and Ref(2)P levels were performed 

to determine if autophagic flux occurs in response to starvation in wild-type mid-

stage egg chambers of the ovary. In addition, these methods were employed to 

determine if Dcp-1 is required for starvation-induced autophagic flux during mid-

oogenesis (Chapter 3). 

Specific Aim 2: Characterize and validate the role of candidate Dcp-1 

interactors/substrates in autophagic flux. 

An RNAi based screen using LTG was employed to determine if candidate Dcp-1 

interactors/substrates modify autophagy-associated lysosomal activity following  
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Table 1.2 Candidate Dcp-1 interactors and substrates identified by mass 
spectrometry 

Flybase 
Symbol 

 

CG Number Molecular function Predicted 
cleavage 

sitea 

UniProt human 
gene name 

14-3-3ε CG31196 Protein binding; protein 
heterodimerization activity 

- 14-3-3ε 

14-3-3δ CG17870 Protein binding, protein 
heterodimerization activity, 
protein homodimerization 

activity 

- 14-3-3δ 

ATPsyn-β CG11154 Hydrogen exporting ATPase 
activity; phosphorylative 

mechanism 

LEVDN ATP5B 

Blw CG3612 Hydrogen exporting ATPase 
activity; phosphorylative 

mechanism 

- ATP5A1 

CG7033 CG7033 Unfolded protein binding; ATP 
binding 

- Tcp-1 beta 

Clic CG10997 Calcium ion binding; chloride 
channel activity; lipid binding 

- CLIC2 

Ef1α48D CG8280 Translation elongation factor 
activity 

DALDA EEF1A1 

Ef1-γ CG11901 Translation elongation factor 
activity 

EELD EEF1G 

Ef1-β CG6341 Translation elongation factor 
activity 

DDVDL EEF1B2 

EIF-4a CG9075 Translation initiation factor 
activity; RNA helicase activity 

- EIF4A1/EIF4A2 

Hsc70-4 CG4264 Chaperone binding IEIDS HSPA8 
Hsc70Cb CG6603 Chaperon binding - HSPA4L 
Hsp60 CG12101 Unfolded protein binding - HSPD1 
Hsp70Aa CG31366 ATP binding, response to 

hypoxia 
- HSPA1A/1B 

Hsp83 CG1242 ATPase activity, coupled DEADD HSP90AA1 
Jafrac1 CG1633 Thioredoxin peroxidise activity  PRDX1 
Mi-2 CG8103 Protein binding; nucleosome-

dependent ATPase activity; 
chromatin binding 

NDSDA CHD4 

Rack1 CG7111 Protein kinase c binding DLNDG GNB2L1 
REG CG1591 Endopeptidase inhibitor activity; 

endopeptidase activator activity 
- PSME3 

SesB CG16944 ATP:ADP antiporter activity - ANT2 
Sta CG14792 Structural constituent of 

ribosome 
TNTDS RPSA 

Ter94 CG2331 ATPase activity; golgi & ER 
organization 

DEIDA VCP 

Uba1 CG1782 Ubiquitin activating enzyme 
activity 

- UBA1 

Sgl CG10072 UDP-glucose 6-dehydrogenase 
activity 

- UGDH 

aPredicted caspase cleavage sites were determined by CasPredictor (Garay-Malpartida et al., 
2005).  
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starvation.  Validated hits were prioritized and top candidates were then chosen 

for in vivo autophagy analyses (Chapter 3). 

Specific Aim 3: Examine the mechanism by which Dcp-1 promotes autophagic 

flux. 

Several candidate interactors and substrates of Dcp-1 identified previously (Hou 

YC, Moradian A, Morin GB, Gorski SM, unpublished) were mitochondrial-

associated proteins.  I therefore examined if Dcp-1 mediates autophagy via a 

mitochondrial-associated mechanism.  Immunofluorescence studies and cell 

fractionation assays were performed to determine the localization of Dcp-1.  

Moreover, RNAi knockdown of Dcp-1 in vitro, and analysis of Dcp-1 loss-of-

function flies were undertaken to examine the mechanism of Dcp-1-mediated 

autophagy.  Finally, genetic interaction studies were performed to examine the 

mechanism of Dcp-1-mediated autophagic flux (Chapter 4). 

1.10. Co-authorship statement 

DeVorkin L, Go NE, Hou YC, Moradian A, Morin GB and Gorski SM. The Drosophila 

effector caspase Dcp-1 localizes within mitochondria and regulates mitochondrial 

dynamics and autophagic flux via SesB. In review, Journal of Cell Biology 

I performed 80% of the experiments presented in this paper.  NE Go assisted in 

the mitochondrial fractionation, proteinase K treatment, ATP assays and in vitro 

cleavage assays. SesB identification was done by Drs YC. Hou, A. Moradian and 

GB. Morin.  I conducted all other experiments and prepared the manuscript in 

collaboration with Dr. SM. Gorski. 
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DeVorkin L, Go NE, Hou YC, Chung D, Moradian A, Morin GB and Gorski SM.  

Identification of Dcp-1-associated novel regulators of starvation induced autophagy. 

Manuscript in preparation 

The immunoprecipitation and mass spectrometry analysis was performed by Drs 

YC. Hou. A. Moradian and GB. Morin.  Creation of the stable RFP-GFP-Atg8 cell 

line and the in vitro cleavage assay were performed by NE Go. D Chung helped 

to optimize the in vitro autophagic flux assays. I conducted all other experiments 

and prepared the manuscript in collaboration with Dr. SM. Gorski.   

DeVorkin L and Gorski SM. Monitoring autophagy in Drosophila. Submitted, Cold 

Spring Harbor Laboratory Manual 

 I conducted all experiments except for Figure 4A from T. Neufeld. I prepared the 

manuscript in collaboration with Dr. S. Gorski. 

DeVorkin L, Choutka C and Gorski SM.  The interplay between autophagy and 

apoptosis. Submitted, Elsevier Publishing Company 

C. Choutka wrote the section on “Cleavage of Atg proteins by caspases and 

calpain”.  I wrote all other sections and prepared the manuscript in collaboration 

with Dr. SM. Gorski. 
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2. Materials and Methods 

2.1. Fly Strains 

w1118 was used as the control “wild type” Drosophila melanogaster strain. Other 

fly strains used included: NGT;nosGAL4::VP16 and UASp-mitoGFP (Cox and Spradling, 

2003), Dcp-1Prev1 and UASp-FL-Dcp-1(Laundrie et al., 2003), Atg7d77 and Atg7d14 

(Juhász et al., 2007), UASp-GFP-mCherry-DrAtg8a (Nezis et al., 2010) and Hsp83582 

and Hsp8313F3 (Andersen et al., 2012). SesBOrg and UAS-Drc-2;nosGAL4 flies were 

obtained from the Bloomington Stock Center.  Hsc70-4 (transformant ID 101734), eIF-4a 

(transformant ID 42202), Ter94 (transformant ID 24354), Sta (transformant ID 101495), 

Hsp83 (transformant ID 7716) and Clic (transformant ID 105975) RNAi lines were 

obtained from Vienna Drosophila Resource Center.  

2.2. Cell culture conditions 

Drosophila l(2)mbn cells were grown in Schneider’s medium (Invitrogen) 

supplemented with 10% FBS in 25cm2 suspension cell flasks (Sarstedt) at 25°C. All 

experiments were carried out 3-4 days after passage of cells.   

2.3. Immunofluorescence studies 

For immunofluorescence studies of fly tissues, flies were conditioned on wet 

yeast paste for 2 days (well fed) and then transferred to a vial containing 10% sucrose 
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for amino acid starvation for 4 days, unless otherwise noted. Ovaries were dissected in 

PBS and immediately fixed with 4% paraformaldehyde diluted in PBS for 20 minutes at 

room temperature. Ovaries were washed two times with PBS-T (PBS+0.3% Triton X-

100), 5 minutes each, permeabilized with 0.5% Triton X-100, 5 minutes, and blocked 

with 2% BSA in PBS-T for 1 hour at room temperature (Hou et al., 2008). 

For in vitro studies, 200µl of l(2)mbn cells were plated into an 8 well CC2 coated 

chamber slide and incubated for at least 30 minutes to let the cells adhere. For 

starvation treatments, media was replaced with 2mg/ml glucose/PBS. For MitoTracker 

experiments, 500nm of MitoTracker Red CMXRos (Invitrogen) was added to each well 

and incubated for 30 minutes in the dark at 25°C. Media was removed and cells were 

fixed with 4% paraformaldehyde for 20 minutes at room temperature. Cells were washed 

twice with PBS-T, 5 minutes each, permeabilized with 0.5% Triton X-100, 5 minutes, and 

blocked with 2% BSA in PBS-T for 1 hour at room temperature.  

Primary antibodies were diluted in 0.5% BSA+PBS-T and incubated overnight at 

4°C.  Primary antibodies included Ref(2)P (1:5000, Tor Erik Rusten), Armadillo (1:100, 

N2 7A1 Developmental Studies Hybridoma Bank) ATPsynthase-α (1:500, 

MitoSciences), Dcp-1 (1:500,(Tenev et al., 2005)), PDI (1:100, Abcam) and GM130 

(1:100, Abcam).  Following primary antibody incubation, cells were washed 3 times with 

PBS-T, and incubated with the appropriate Alexa-488 and/or Alexa-546 conjugated 

secondary antibodies (2µg/ml, Invitrogen).  Secondary antibodies , diluted 1:1000 in 

0.5% BSA+PBS-T, were incubated for 2 hours at room temperature in the dark followed 

by 3 washes with PBS-T for 5 minutes each.  For Draq5 DNA stain (Biostatus), Draq5 

was diluted in PBS (1:500) with 100µg/mL RNase A for 10 minutes at room temperature. 

Samples were mounted with Slowfade Gold Antifade Reagent (Invitrogen) and viewed 
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with a Nikon Confocal C1 microscope equipped with a Plan APO 60X/1.45 oil immersion 

objective (Nikon). Images were acquired at room temperature using EZ-C1 Ver 3.00 

software (Nikon). All images were scanned using the same pinhole and laser brightness 

settings. Brightness and contrast were adjusted using Photoshop (CS4, Adobe) and 

were applied to the whole image.  

2.4. Primer design and dsRNA synthesis 

 Each dsRNA PCR primer for RT-PCR was designed to contain a 5’ T7 RNA 

polymerase-binding site (5’-TAATACGACTCACTATAGG-3’) followed by sequences 

specific for the target gene. The ampicillin resistance gene from bacteria was used as a 

control dsRNA. The PCR products were generated by RT-PCR using Superscript one-

step RT-PCR with platinum taq (Invitrogen) according the the manufacturer’s 

instructions. RT-PCR products were ethanol precipitated and used as a template for in 

vitro transcription reactions using T7 RiboMax Express RNAi systems (Promega). 

Quality of the RNA was analyzed by gel electrophoresis. dsRNA was quantitated using 

PicoGreen and adjusted to 200ng/µl-400ng/µl with nuclease free water. Sequences of 

primers for dsRNA synthesis can be found in Table 2.1. 
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Table 2.1 Sequences of primers used for dsRNA synthesis 
 

1st set 
Gene 
Name Forward Primer Sequence (5'-3') Reverse Primer Sequence (5'-3') 

14-3-3ε TAATACGACTCACTATAGGGACAGGTGGAGAAGGAGCTG TAATACGACTCACTATAGGTCAGTGTATCCAACTCGGCA 

14-3-3ζ TAATACGACTCACTATAGGGTCACAGAGACTGGCGTTGA TAATACGACTCACTATAGGCGTAGCAGATTTCCCTCAGC 

ATPsyn-β TAATACGACTCACTATAGGCGTCGATGTCCAGTTTGATG TAATACGACTCACTATAGGTGATGCGTCCTAGTGTTTCG 

Blw TAATACGACTCACTATAGGTGTGTTCTACCTGCATTCGC TAATACGACTCACTATAGGCACGTACTGACCCTGCTTGA 

CG7033 TAATACGACTCACTATAGGGTGGACAACATCATCCGTTG TAATACGACTCACTATAGGCAGCACTCATCCTCGAATCA 

Clic TAATACGACTCACTATAGGTTCCGTACCAATTTTGAGGC TAATACGACTCACTATAGGATCAGCTCACAGTCGAAGCA 

Ef1α48D TAATACGACTCACTATAGGGTGACTCCAAGGCTAACCCC TAATACGACTCACTATAGGTTAGAGGGCACCAGGTTGAC 

Ef1-β TAATACGACTCACTATAGGGAAGTCTAAGAAACCCGCCC TAATACGACTCACTATAGGTGCTTAGTTCGCTTTGCTCA 

Ef1-γ TAATACGACTCACTATAGGGGTGTTCATGTCGTGCAATC TAATACGACTCACTATAGGGAAGATCTTGCCCTGGTTGA 

eIF-4a TAATACGACTCACTATAGGTTACGTCAACGTGAAGCAGG TAATACGACTCACTATAGGAATGTAGTTCTCGCGGTTCG 

Hsp60 TAATACGACTCACTATAGGCACCCTCACCGATATGGC TAATACGACTCACTATAGGGGGTGTCGTCCTTGGTGA 

Hsc70-4 TAATACGACTCACTATAGGATCTGACCACCAACAAGCGT TAATACGACTCACTATAGGATGACCGACTTGTCCAGCTT 

Hsp70Aa TAATACGACTCACTATAGGGGGAGGATTTGGAGGCTACT TAATACGACTCACTATAGGTCGATCGAAACATTCTTATCAGTC 

Hsc70Cb TAATACGACTCACTATAGGGAAAAACACAGTTGGCGGAT TAATACGACTCACTATAGGGGTCTTGGCGTTGATCTTGT 

Hsp83 TAATACGACTCACTATAGGGAGCTGAACAAGACCAAGCC TAATACGACTCACTATAGGTTGCGGATCACCTTTAGGAC 

Jafrac1 TAATACGACTCACTATAGGATGGAGTGCTCGATGAGGAG TAATACGACTCACTATAGGTACTCCTTGGACTTGGTGGG 

Mi-2 TAATACGACTCACTATAGGCGCAAGTACGACATGGAAGA TAATACGACTCACTATAGGTCGACCTTGAGCTTGGACTT 

Rack1 TAATACGACTCACTATAGGACCTCAATGACGGCAAGAAC TAATACGACTCACTATAGGATTTGACGCCCGTTACAAAG 

REG TAATACGACTCACTATAGGCCATTCAAGAGGACACGCTT TAATACGACTCACTATAGGACAAGAATTGCTGACCGTCC 

SesB TAATACGACTCACTATAGGCTGATACTGGCAAGGGTGGT TAATACGACTCACTATAGGCCCAGCTGATGTAGATGGGT 

Sgl TAATACGACTCACTATAGGAATCTCCAGCATCAATTCGC TAATACGACTCACTATAGGAACAAACTCATCCCACTCCG 

Sta TAATACGACTCACTATAGGAGTTCGCCAAGTACACCGAC TAATACGACTCACTATAGGGGATCGCGGTAGAAGAACAG 

Ter94 TAATACGACTCACTATAGGCATGGGAGCCAAGAAGAATG TAATACGACTCACTATAGGGTCACCTTGGCGATGTAGGT 

Uba1 TAATACGACTCACTATAGGGATTTCGCAAAGCTGGACTC TAATACGACTCACTATAGGTAGGCTTCTGCACATCATGC 

      

2nd set 

ATPsyn-β TAATACGACTCACTATAGGCTCCTGGCTCCATACGC TAATACGACTCACTATAGGATATGGCCTGAACAGAAGTAAT 

Blw TAATACGACTCACTATAGGGTACTGCATCTACGTCGCCA TAATACGACTCACTATAGG ACGTTGGTTGGAATGTAGGC 

Clic TAATACGACTCACTATAGGATCAGCCTGAAGGTGACGAC TAATACGACTCACTATAGGACAGGTTCTCGATCAGGGTG 

eIF4A TAATACGACTCACTATAGGTCGATTGCTATCCTTCAGCA TAATACGACTCACTATAGGGATCTGATCCTTGAAACCGC 

Hsp60 TAATACGACTCACTATAGGGGGAGGGAGATGTGATGAGA TAATACGACTCACTATAGGGCGAAGCAAAACAAAGTTCC 

Hsc70-4 TAATACGACTCACTATAGGGGCTGACAAGGAGGAGTACG TAATACGACTCACTATAGGTGTCGTTTGACCCGTTTGTA 

Hsp70Aa TAATACGACTCACTATAGGCCCACTTTCATTGGGAATTG TAATACGACTCACTATAGGAATGCATTGTTGTCCTTCGTC 

Hsp83 TAATACGACTCACTATAGGATTGCTCAGCTGATGTCCCT TAATACGACTCACTATAGGGGAGTAGAAACCCACACCGA 

Mi-2 TAATACGACTCACTATAGGATTTGCGTGGTAAATCGGAG TAATACGACTCACTATAGGGTTCTTGCTTCACCTCGCTC 

REG TAATACGACTCACTATAGGGTTGATCCTCAAGGCAGAGC TAATACGACTCACTATAGGTCCTCCACAAGCTTCCTGAT 

SesB TAATACGACTCACTATAGGGCAAGAACCCTTCCTTCCTC TAATACGACTCACTATAGGTTCGGAGGCGAAAGAATCTA 

Sta TAATACGACTCACTATAGGTTTCCACGTTAACATGTCGG TAATACGACTCACTATAGGCCCAGGTTGAGGATGTTGAC 

Ter94 TAATACGACTCACTATAGGGCATGATGATGTTGACCTGG TAATACGACTCACTATAGGCTGCATGCCAAACTTCAAGA 
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2.5. RNAi 

For in vitro RNAi experiments, I used a protocol similar to what was previously 

described (Hou et al., 2008).  Cells were washed two times with ESF921 medium 

(Expression Systems) and cell pellets were resuspended in ESF921 medium to a 

concentration of 2x106 cells/ml.  333ul of adjusted cells were plated in each well of a 24 

well plate. 5-10µg of dsRNA was added per well and incubated at 25°C for 1 hour. 

Following incubation, 667µl of Schneider’s + 10% FBS was added back to each well and 

was incubated for an additional 72 hours at 25°C. For LTG (Invitrogen) experiments for 

flow cytometry, 66µl of 2X106 cells/ml were plated in triplicates into a 96 well plate.  10µg 

of dsRNA was added per well and incubated for 1 hour at room temperature.  134µl of 

Schneider’s + 10% FBS was added back to each well and incubated for 72 hours at 

25°C.  

2.6. LysoTracker analysis by flow cytometry 

For LysoTracker and flow cytometry experiemtns, I used a protocol similar to 

what was previously described (Hou et al., 2008). RNAi treated cells were transferred to 

a U–bottom 96 well plate and were centrifuged at 850 rpm for 5 minutes at room 

temperature.  For starvation experiments, cell pellets were resuspended in 2mg/ml 

glucose in 1XPBS with 2ug of dsRNA and incubated for 2 hours at 25°C.  Cells were 

collected by centrifugation and resuspended in 50nm LTG (Invitrogen) to detect acidic 

compartments and 2µg/mL propidium iodide (PI, Invitrogen) to detect dead cells. Cells 

were incubated for 20 minutes in the dark, and following centrifugation, cell pellets were 

washed with ice cold 1XPBS, resuspended in ice cold 1XPBS and aliquoted into flow 

cytometry tubes on ice.    Cells were then analyzed by flow cytometry (FACSCalibur, 
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Becton Dickinson).  A minimum of 10,000 cells per sample was acquired in triplicate for 

each experiment.  Fluorescence intensities were obtained using the FL1 channel to 

measure LTG, and the FL3 channel to measure PI.  PI positive cells were excluded and 

LTG fluorescence was analyzed using FlowJo Software version 5.7.2.    

2.7. Protein extraction and western blot analysis 

For ovary lysates, ovaries were dissected and placed immediately on dry ice. 

Cell and ovary lysates were extracted using lysis buffer (20mM Tris pH 7.5, 150mM 

NaCl, 1mM EDTA, 1% NP-40) supplemented with a complete protease inhibitor  cocktail 

(Roche).  Alternatively,  RIPA lysis buffer (Santa-Cruz) plus complete protease inhibitors 

(Roche) was used. Protein was quantitated using the BCA Protein assay (Thermo 

Scientific). Proteins were separated on a 4-12% NuPAGE bis-tris gel (Invitrogen) and 

transferred to PVDF membranes. Membranes were blocked in milk or odyssey blocking 

buffer and incubated in primary antibodies overnight at 4°C. Primary antibodies included 

Ref(2)P (1:10000), Actin (1:500, JLA20 Developmental Studies Hybridoma Bank), 

Tubulin (1:1000, E7 Developmental Studies Hybridoma Bank) ATPsynthase-α (1:1000, 

MitoSciences), Porin (1:1000, MitoSciences),  ANT (1:500, MitoSciences) and Dcp-1 

(Laundrie et al., 2003) (1:500). Membranes were incubated with HRP conjugated 

secondary antibodies or IR-labelled secondary antibodies and were detected using the 

Amersham ECLTM Enhanced Western Blotting System or the Odyssey System (LI-COR 

Biosciences). Densitometry was performed using Image Quant-5.1 software.  
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2.8. Isolation of crude mitochondrial and cytosolic 
fractions 

Approximately 5x107 cells were collected by centrifugation at 800 rpm for 10 

minutes, resuspended in cold SEM-P (10 mM MOPS pH 7.5, 320 mM sucrose, 1 mM 

EDTA with complete protease inhibitor cocktail (Roche) and ground using a dounce 

homogenizer. Lysates were centrifuged twice at 3000 rpm to remove cell debris and 

supernatants were collected. The membrane fraction (pellet) was separated from the 

cytosolic fraction (supernatant) by centrifugation at 12,000 rpm. The pellets were 

washed once with 500µl SEM-P and finally resuspended in 50µl SEM-P. Protein 

concentrations were determined using the BCA Protein Assay (Thermo Scientific). 

Aliquots of 50µg protein were either spun down (membrane fraction) or TCA precipitated 

(cytosolic fraction) and analyzed by western blot.  

For TCA precipitation, 50µg of protein was adjusted to 500µL with water, to 

which 110µL of 72% trichloroacetic acid (Sigma) was added.  The tubes were incubated 

on ice for 1 hour and centrifuged at 4oC, 15,000 rpm for 30 minutes.  The pellets were 

then washed with 1mL of acetone and spun at 4oC, 15,000 rpm for 15 minutes and 

allowed to dry for 30 minutes in a 37oC incubator.  

2.9. Proteinase K protection assay 

For mitochondrial lysis, mitochondria were resuspended in the appropriate 

amount of swelling buffer (50mM Tris, pH 7.5) for 30 minutes on ice with vigorous 

vortexing. Intact and lysed mitochondria were incubated with 20µg/ml Proteinase K 

(Roche) on ice for 15 minutes. Proteinase K was inactivated by adding PMSF (Fluka) to 
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a final concentration of 1mM. Intact mitochondria were spun down at 4oC, 12,000 rpm for 

20 minutes while lysed samples were TCA precipitated.  

2.10. Mitochondrial mass and mitochondrial membrane 
potential analysis 

RNAi treated cells were transferred from Schneider+10% FBS to 2mg/ml 

glucose/PBS starvation media plus 10µg of dsRNA for 1-24 hours. For mitochondrial 

mass measurements, following starvation cells were incubated with 10µM 10-nonyl 

acridine orange (NAO) for 10 minutes at 25°C in the dark. Cells were spun down at 850 

rpm for 5 minutes at 4°C, and cell pellets were resuspended in ice cold PBS and put on 

ice to be analyzed by flow cytometry (FACSCalibur, Becton Dickinson). Fluorescence 

was detected in the FL1 channel, and a minimum of 30,000 cells were acquired for 

triplicate samples per experiment. Mean fluorescence was analyzed using FlowJo 

Software version 5.7.2.  For mitochondrial membrane potential analysis, following 

starvation treatments, cells were incubated with 1X JC-1 (Invitrogen) for 20 minutes in 

the dark at 25°C according to the manufacturer’s instructions. Cells were spun down at 

850 rpm for 5 minutes at 4°C,washed once with ice cold 1XPBS, and then resuspended 

in ice cold PBS and put on ice to be analyzed by flow cytometry (FACSCalibur, Becton 

Dickinson). A minimum of 30,000 cells were acquired for triplicate samples per 

experiment. Green fluorescence was measured in the FL1 channel, and red 

fluorescence was measured in the FL2 channel, and appropriate compensation was 

applied.  Mean red and green fluorescence was analyzed using FlowJo Software version 

5.7.2.   
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2.11. Determination of ATP levels 

For ATP measurements in fed and nutrient deprived l(2)mbn cells, cells were 

transferred into 15mL tubes and spun at 800 rpm for 10 min. Cell pellets were 

resuspended in fresh Schneiders + 10% FBS (fed) or PBS + 2mg/ml glucose (starved).   

Following treatments, cells were centrifuged at 800 rpm for 10 minutes at 4oC.  Cell 

pellets were resuspended in 400µl of hot ATP Reaction Buffer (ATP Determination Kit, 

Invitrogen) and incubated in a 100oC heating block for 5 minutes.  Cell debris was 

removed by centrifugation at 14,000 rpm for 15 minutes at 4oC. 

For ATP measurements in ovaries, ovaries were collected from 7-10 flies and 

frozen immediately on dry ice. Ovaries were ground in 200µl of ATP Extraction Buffer 

(ATP Reaction Buffer, Invitrogen), Complete protease inhibitor cocktail (Roche), 

Phosphatase Inhibitor Cocktail (Santa Cruz) and 20mM sodium fluoride (NaF).   

Samples were centrifuged twice at 3000 rpm for 5 minutes, 4oC, to remove the tissue 

debris.  The supernatants were aliquoted equally into 2 tubes – one tube was used 

directly for protein quantitation.  The second tube was used for ATP determination and 

was incubated in a 100oC heating block for 5 minutes.  Samples were centrifuged at 

14,000 rpm for 15 minutes at 4oC to remove insoluble materials. 

ATP levels were measured using a bioluminescence ATP Determination Kit 

(Invitrogen). 10µl of standard and test samples were aliquoted in triplicates into 96-well 

plates, and 125µl of ATP Standard Reaction Buffer was added to each well.  The plates 

were incubated at room temperature for 30 minutes and luminescence was measured 

using Wallac1420 Victor plate reader (Perkin Elmer).    
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2.12.  Oligomycin A treatment 

3-5 day old flies were transferred to a vial containing wet yeast paste 

supplemented with 200µl of 25µg/mL Oligomycin A or DMSO added directly to the top of 

the yeast paste. Following two days of treatment, flies were transferred to a vial 

containing a Kimwipe soaked with 10% sucrose supplemented with 25µg/mL Oligomycin 

A (Bahadorani et al., 2010) or DMSO for 4 days. 

2.13.  Generation of constructs for in vitro synthesis 

Drice (Tenev et al., 2005) was PCR amplified using primers containing flanking 

AttB1 and AttB2 sequences. SesB and Hsp83 were amplified from a full length cDNA 

construct (Drosophila Genomics Resource Center) using primers containing flanking 

AttB1 and AttB2 sequences.  Primer sequences are shown in Table 2.2.  PCR products 

were cloned into the pDONR221 Gateway Entry Vector and were sequenced verified. 

The entry clones were then shuttled into pEXP2-DEST or pEXP1-DEST expression 

vectors, respectively, for in vitro translation experiments. SesB, Hsp83 and Drice were 

synthesized using the ExpresswayTM Mini Expression Module (Invitrogen). 1µg of 

template DNA was used for every 100µL reaction according to the manufacturer’s 

instructions and was incubated for 6 hours at 37°C in a shaking incubator.  Proteins 

were precipitated with acetone, centrifuged at room temperature at 12,000 rpm, and 

supernatant removed.  Pellets were resuspended in 1X NuPAGE LDS sample buffer 

(Invitrogen) and loaded onto a 10% NuPAGE bis-tris gel (Invitrogen) and analyzed by 

western blot.  
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Table 2.2  Gene-AttB primer sequences for in vitro synthesis 

Primer Name     Sequence 
Drice AttB1      5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCATGGACGCCACTAACAATGGAGAAT-3’ 
Drice AttB2      5’-GGG GAC CAC TTT GTA CAA GAA AGC TGG GTCTCAAACCCGTCCGGCTGGT-3’ 

SesB AttB1      5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCATGGGCAAGGATTTCGATGCTGTT-3’ 

SesB AttB2     5’- GGGGACCACTTTGTACAAGAAAGCTGGGTCCAAGACCTTCTTGATCTCAT-3’ 

Hsp83 AttB1      5’-  GGGGACAAGTTTGTACAAAAAAGCAGGCTTCCCAGAAGAAGCAGAGACCTTT-3’             
(N-terminal tag)                    

Hsp83 AttB2          5’-GGGGACCACTTTGTACAAGAAAGCTGGGTCTTAATCGACCTCCTCCATGTG-3’              
(N-terminal tag) 
Hsp83 AttB1      5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCATGCCAGAAGAAGCAGAGACCTTT-3’ 
(C-terminal tag) 
Hsp83 AttB2      5’-GGGGACCACTTTGTACAAGAAAGCTGGGTCATCGACCTCCTCCATGTGGGAA-3’             
(C-terminal tag) 
 

2.14. Transfection and purification of Dcp-1 

For transfection experiments, 5µg of His-V5-Dcp-1FL or His-V5-Dcp-1C<A plasmid 

DNA (Tenev et al., 2005) was added to 1ml of Grace medium (Invitrogen) and vortexed 

to mix.  100µl of Cellfectin (Invitrogen) was added to the DNA/Grace mixture and was 

incubated for at least 30 minutes. 3.75 x 106 cells in 4mL of Grace media were incubated 

with DNA/Grace/Cellfectintransfection medium overnight. 10mL of Schneider’s medium 

+ 10% FBS was added back to the cells and the cells were incubated for an additional 3 

days before Ni-NTA purification. Purification of His-V5-Dcp-1FL or His-V5-Dcp-1C<A was 

carried out using HisPurTM Ni-NTA Spin Columns (Thermo Scientific).   Cells were 

resuspended in 400µL of Equilibration Buffer (PBS, 10mM imidazole, pH 7.4) with 1% 

Triton X-100, incubated on a rotary shaker at 4oC for 10 minutes and centrifuged at 

15,0000 rpm at 4oC for 15 minutes to remove insoluble material. Supernatants were 

added to the Ni-NTA beads and mixed at 4oC for 30 minutes.  The column was 

centrifuged at 15,000 rpm at 4oC for 2 minutes to remove the flow-through.  The columns 

were then washed three times with 400µl of wash buffer (PBS, 25mM imidazole), and 
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His-tagged Dcp-1 was eluted three times with 200µl of elution buffer (PBS, 250 mM 

imidazole).   The elutions were assayed for caspase activity using the Caspase-Glo 3/7 

Kit (Promega).  10µl of eluate was added to 100µl of Caspase-Glo 3/7 Reagent and 

incubated at 25oC for 30 minutes.  Luminescence was detected using the Wallac1420 

Victor plate reader (Perkin Elmer). The elutions were immediately used for in vitro 

cleavage assays.  The caspase reaction buffer used in this experiment was as 

previously described (Tenev et al., 2005).  A 100µL reaction consisting of increasing 

volumes of Ni-NTA purified Dcp-1FL or Dcp-1C<A (10, 20, 40µL) and 5µL of in vitro 

translated SesB or Drice incubated in caspase reaction buffer (10mM Tris, pH 7.5, 

150mM NaCl, 2mM DTT, 0.1% Triton X-100 (Tenev et al., 2005)).  The reaction mixture 

was incubated at 25oC overnight and precipitated with 400µL of acetone for western blot 

analysis.  

2.15. LysoTracker Red and TUNEL analysis 

For LTR staining, ovaries from well fed and amino acid starved flies were 

dissected in PBS and incubated in 50µm LTR DND-99 (Invitrogen) for 3 minutes, 

washed 3 times with PBS and fixed with 4% paraformaldehyde for 20 minutes.  Ovaries 

were washed 3 times with PBS-T (PBS+0.1% Triton X-100), incubated in 1:500 Draq5 + 

100µg/mL RNase A for 10 minutes at room temperature and mounted in SlowFade Gold 

Reagent (Hou et al., 2008).  For TUNEL (terminal deoxynucleotidyl transferase dUTP 

nick end labelling, Promega) analysis, ovaries were dissected in PBS and fixed with 4% 

paraformaldehyde.  Ovaries were washed two times with PBS, permeabilized with 0.2% 

Triton X-100 for 5 minutes and washed two additional times with PBS.  Cells were 

incubated with equilibration buffer for 5 minutes at room temperature, followed by 
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incubation in rTdT incubation buffer for 60 minutes at 37°C protected from light.  

Reaction was terminated by the addition of 2X SSC.  Ovaries were washed two times 

with PBS+0.1% Triton X-100 and incubated with 1:500 Draq5 + 100µg/mL RNase A for 

10 minutes at room temperature.  Ovaries were mounted in SlowFade Gold reagent and 

viewed by confocal microscopy (Hou et al., 2008).  

2.16. Generation of UASp-Dcp-1C<A transgenic flies 

Dcp-1C<A  plasmid (Tenev et al., 2005) was PCR amplified with the primers 5’-

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCATGACCGACGAGTGCGTAACCAGAAACT-3’ and 

5’-GGGGACCACTTTGTACAAGAAAGCTGGGTCGCCAGCCTTATTGCCGTTC-3’ and cloned into the 

pDONR221 Gateway Entry vector.  Clones were sequence verified and shuttled into the 

pUASP expression vector (DGRC).  Plasmids generated by HiPure plasmid purification 

kit (Invitrogen) were sent to Genetic Services, (Massachusetts, USA) for injection into fly 

embryos for germline transformation.  Transgenic flies with red eyes were established as 

stocks by crossing with white eyed 

w1118;Dp(1;Y)y+;CyO/nub1b1snaScoIt1stw3;MKRS/TM6B,Tb1 flies (Stock 3703, 

Bloomington). Chromosome insertion was mapped by crossing red eyed transgenic flies 

with white eyed 3703  flies, and resulting red-eyed progeny was crossed with w1118 flies.  

10 strains of UASp-Dcp-1C<A were generated, of which UASp-Dcp-1C<A-1 showed the 

highest protein expression by western blot.  

2.17. Transfection and Immunoprecipitation 

15µg of plasmid DNA was added to 3mL of Grace Medium (Invitrogen) and was 

vortexed to mix.  300µl of Cellfectin (Invitrogen) was added to the Grace/DNA mixture 
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and was incubated for 45 minutes to 1 hour.  Drosophila l(2)mbn cells growing in 

Schneiders + 10% FBS were washed twice with Grace media and resuspended at a 

concentration of 3.75x106 cells/mL.  12mL of these cells were then combined with the 

Grace/DNA/Cellfectin mixture in a T75 flask and incubated overnight at 25°C.  The 

following day, 30mL of Schneiders + 10% FBS were added back to the transfection and 

incubated for an additional 48-72 hours.  For immunoprecipitation experiments, 

transfected cells were spun down at 850 rpm for 10 minutes and the cell pellet was 

resuspended in lysis buffer (20mM Tris pH 7.5, 150mM NaCl, 1mM EDTA, 1% NP-40 

supplemented with a protease inhibitor cocktail (Roche)).  Cells were disrupted by 

passing through a 21G syringe five times and lysate was incubated at 4°C on a nutator 

for 30 minutes.  Lysates were centrifuged at 4°C for 15 minutes at 15,000 rpm and 

supernatants were clarified by passing through a 0.45µm nylon syringe filter.  

Supernatants were then incubated with 50µl of a 50% slurry of Sepharose 4B (Sigma) 

on a nutator for 1 hour at 4°C.   Sepharose was removed by centrifugation and 

supernatants were incubated with anti-FLAG M2 agarose or anti-V5 agarose resin 

(Sigma) overnight at 4°C on a nutator.  Anti-FLAG resin was recovered by centrifugation 

and washed 5 times with ice cold lysis buffer.  Bound proteins were eluted by boiling at 

70°C for 15 minutes in LDS sample buffer, and eluates were separated on a 4-12% 

NuPAGE bis-tris gel (Invitrogen) with 1XMOPS buffer (Invitrogen) and were transferred 

to PVDF membranes.  Membrane was blocked for 1 hour in odyssey blocking buffer and 

was incubated with 1:500 anti-Dcp-1 antibody and 1: 1000 anti-FLAG or 1:1000 anti-V5 

antibodies. Anti-rabbit HRP antibodies (Santa-Cruz) were diluted in 5% non-fat milk in 

0.1% PBST, and anti-mouse IR800 antibody (Rockland Immunochemicals) was diluted 

in Odyssey blocking buffer and detected using the Amersham ECLTM Enhanced Western 

Blotting System or the Odyssey System (LI-COR Biosciences) respectively. 
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2.18. Statistics 

Statistical significance was calculated by ANOVA plus a Dunnett or Bonferroni 

post test, or a two-tailed Student t-test.  P values <0.05 were considered significant.  In 

each graph shown, error bars represent ± s.e.m. or s.d. of (n) independent experiments.   
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3. Identification of Dcp-1-associated, novel 
regulators of starvation induced autophagy 

Portions of this chapter were submitted in DeVorkin L, Go NE, Hou YC, Moradian A, Morin GB 

and Gorski SM “The Drosophila effector caspase Dcp-1 localizes within mitochondria and 

regulates mitochondrial dynamics and autophagic flux via SesB”.  

3.1. Introduction 

The relationship between autophagy and apoptosis is complex, with core 

machinery components and signalling molecules of each pathway interconnected 

(Eisenberg-Lerner et al., 2009). However, the molecular mechanisms governing these 

interactions are largely unknown. Several studies have begun to examine the 

multifunctional signalling molecules that take part in each pathway. For example, anti-

apoptotic Bcl-2 and Bcl-xL bind Beclin1, a core autophagy component of the Class III 

PI3K/Vps34 complex, and inhibit autophagy (Pattingre et al., 2005; Maiuri et al., 2007a). 

Furthermore, the core autophagy protein Atg12 enhances mitochondrial apoptosis by 

binding to and inactivating anti-apoptotic family members including Bcl-2 and Mcl-1 to 

promote apoptosis (Rubinstein et al., 2011). Several investigations have further revealed 

that core autophagy proteins undergo proteolytic processing, and in some cases the 

newly generated fragment gains a novel pro-apoptotic role (Wirawan et al., 2010; 

Yousefi et al., 2006; Cho et al., 2009; Zhu et al., 2010). 
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Studies using Drosophila melanogaster have also examined the complex 

relationship between autophagy and apoptosis. Overexpression of the autophagy gene 

Atg1 in the larval fat body, a nutrient storage organ analogous to the mammalian liver, 

induces apoptosis in a caspase-dependent manner (Scott et al., 2007), whereas 

overexpression of Atg1 in the salivary gland induces premature cell death in a caspase-

independent manner (Berry and Baehrecke, 2007).  Moreover, degradation of larval 

tissues, including the salivary gland (Berry and Baehrecke, 2007) and the midgut 

(Denton et al., 2009), during development requires autophagy, and although Atg7 

mutant flies are homozygous viable, they show reduced DNA fragmentation in the larval 

midgut (Juhász et al., 2007) and the ovary (Hou et al., 2008). Although these studies 

show autophagy can lead to the induction of death as well as contribute to death-related 

processes, autophagy functions primarily as a cell survival mechanism in Drosophila in 

response to cellular stress. JNK signaling in the intestinal epithelium and fat body 

stimulates autophagy gene transcription to promote cell survival during oxidative stress 

(Wu et al., 2009). Furthermore, autophagy is induced to high levels in the larval fat body 

(Scott et al., 2004) and the midgut (Wu et al., 2009) to remobilize nutrients and promote 

cell survival following starvation.   

Nutrient status checkpoints exist in the germarium and mid-stage egg chambers 

of the Drosophila ovary to remove defective egg chambers prior to the energy 

demanding process of vitellogenesis (Drummond-Barbosa and Spradling, 2001).   Cell 

death at these checkpoints occurs spontaneously, although at a low level, and is 

upregulated in response to starvation (Drummond-Barbosa and Spradling, 2001).  This 

cell death is accompanied by increased LysoTracker Red (LTR) staining and GFP-LC3 

puncta indicating that autophagy also occurs at these checkpoints (Barth et al., 2011; 
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Hou et al., 2008).  The effector caspase Dcp-1 functions non-redundantly at these 

checkpoints, as Dcp-1 loss-of-function flies (Dcp-1Prev1) contain degenerating mid-stage 

egg chambers with persisting nurse cell nuclei, reduced TUNEL staining, and follicle 

cells that undergo a premature cell death (Hou et al., 2008; Laundrie et al., 2003).   

Degenerating mid-stage egg chambers from Dcp-1Prev1 flies also contain diffuse GFP-

LC3 staining even in the presence of starvation indicating that Dcp-1 is required for cell 

death and autophagy at these checkpoints (Hou et al., 2008).  Moreover, overexpression 

of Dcp-1 in the germline resulted in numerous degenerating mid-stage egg chambers 

that contained GFP-LC3 puncta suggesting that Dcp-1 is necessary and sufficient for 

starvation-induced autophagy during mid-oogenesis (Hou et al., 2008). However, the 

role of Dcp-1 in autophagic flux in mid-stage egg chambers and the mechanism by 

which Dcp-1 regulates autophagy remains to be determined.    

In this chapter, we confirm that Dcp-1 functions as a positive regulator of 

starvation-induced autophagic flux in degenerating mid-stage egg chambers, and does 

so in a catalytically dependent manner.  An immunoprecipitation (IP) and mass 

spectrometry (MS) assay previously undertaken in the laboratory (Hou YC, Moradian A, 

Morin G and Gorski SM, unpublished) identified several candidate substrates and 

interactors of Dcp-1 (Table 1.2).  We utilized the IP-MS data to identify candidate Dcp-1-

associated novel regulators of starvation-induced autophagy in vitro using LysoTracker 

Green analyses coupled with flow cytometry.  Thirteen candidate interactors and/or 

substrates of Dcp-1 were identified as novel regulators of starvation-induced autophagy 

and included heat shock proteins, proteins involved in the ubiquitin-proteasome 

pathway, proteins involved in transcription and translation, and mitochondrial proteins.  

We further examined the in vivo function of two candidates, Clic and Hsp83, in 
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starvation-induced autophagy in the ovary.  Loss of Clic or Hsp83 function in the 

germline increased the percentage of degenerating mid-stage egg chambers undergoing 

autophagic flux following starvation compared to starved control flies. Further 

characterization of Hsp83 revealed that although Dcp-1 interacts with Hsp83, it does not 

cleave Hsp83 as assessed by in vitro cleavage assays, suggesting that Hsp83 is a 

binding partner of Dcp-1 rather than a substrate.  This study identifies novel regulators of 

starvation-induced autophagy in vitro and in vivo during Drosophila oogenesis, and 

provides a foundation for further studies to better understand the mechanism of Dcp-1-

mediated autophagic flux.  

3.2. Autophagic flux occurs during Drosophila 
oogenesis in a Dcp-1 dependent manner 

To investigate autophagic flux during Drosophila mid-oogenesis, we examined 

transgenic flies expressing a UASp-GFP-mCherry-Atg8a transgene specifically in the 

germline using the nosGAL4 driver. Under non-autophagy inducing conditions, the dual 

tagged Atg8a protein is diffuse throughout the cytoplasm and appears yellow (overlap of 

green and red). When autophagy is induced, Atg8a becomes lipidated and associates 

with the autophagosomal membrane where it fluoresces as yellow puncta. Once 

autophagosomes fuse with lysosomes, GFP fluorescence is quenched by acidic 

hydrolases and the resulting autolysosomes will fluoresce red (Nezis et al., 2010). 

Healthy egg chambers from flies conditioned on yeast paste (well fed) showed diffuse 

yellow GFP-mCherry-Atg8a staining throughout the nurse cells (Figure 3.1 A).  Following 

amino acid deprivation (starvation conditions), an increase in yellow autophagosomes 

and red autolysosomes in healthy non-degenerating mid-stage egg chambers was 

observed (Figure 3.1 B), indicating that autophagic flux occurs in otherwise healthy egg 
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Figure 3.1 Dcp-1 is necessary for autophagic flux during mid-oogenesis 

GFP-mCherry-DrAtg8a was expressed in the germline using the nosGAL4 driver. 

Staining shows DNA (blue), GFP (green) and mCherry (red). (A) UASp-GFP-mCherry-

DrAtg8a/+; nosGAL4/+ flies conditioned on yeast paste had diffuse GFP-mCherry-

DrAtg8a staining in mid-stage egg chambers. (B) Non-degenerating mid-stage egg 

chambers from nutrient deprived flies contained autophagosomes (yellow) and 

autolysosomes (red). (C) Egg chambers early in the degeneration process showed 

follicle cells that take up portions of the nurse cell cytoplasm, followed by (D) 

condensation of the nurse cell nuclei and further uptake of the nurse cell cytoplasm into 

follicle cells. (E) Late stage degenerating egg chambers lose all GFP staining and 

fluoresce red. (F) Well fed Dcp-1Prev1/Dcp-1Prev1; UASp-GFP-mCherry-DrAtg8a/nosGAL4 

flies showed diffuse GFP-mCherry-DrAtg8a staining in the germline. (G) Starved Dcp-

1Prev1/Dcp-1Prev1; UASp-GFP-mCherry-DrAtg8a/nosGAL4 flies showed an accumulation 

of autophagosomes in degenerating mid-stage egg chambers. (H) Well fed flies over-

expressing an activated form of Dcp-1 (tDcp-1) in the germline showed an increase in 

autophagosomes and autolysosomes in non-degenerating mid-stage egg chambers. (I) 

Well fed flies overexpressing tDcp-1 in the germline also contained degenerating mid-

stage egg chambers that lose all GFP fluorescence and fluoresce red. Scale bars, 

25µm. 
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chambers. In response to a cell death signal, nurse cell nuclei condense and fragment, 

follicle cells take up portions of the nurse cell cytoplasm, and this is followed by follicle 

cell death (Giorgi and Deri, 1976). In addition to the cell death phenotype, degenerating 

mid-stage egg chambers taking up nurse cell cytoplasm (Figure 3.1 C) and those later in 

the degeneration process (Figure 3.1 D) contained both autophagosomes and 

autolysosomes.  Follicle cells phagocytose the degenerating germline in a process 

referred to as macropinocytosis (Etchegaray et al., 2012).  Single membrane 

phagosomes can also fuse with lysosomes, forming phagolysosomes, and therefore it 

may be hard to distinguish between phagosomes and phagolysosomes in follicle cells 

using fluorescence base methods.  In late degenerating mid-stage egg chambers the 

GFP signal was lost and the remaining follicle cells fluoresced red (Figure 3.1 E) 

indicating that there may be a late stage acidification of the dying follicle cells. All 

together, these data show that autophagic flux occurs in the germline in response to 

starvation.  

We next examined if Dcp-1 regulates autophagic flux in the germline. Well-fed 

Dcp-1 loss-of-function flies (Dcp-1Prev) expressing GFP-mCherry-Atg8a in the germline 

had diffuse yellow staining (Figure 3.1 F). Following starvation, degenerating mid-stage 

egg chambers from Dcp-1Prev1 flies, which are characterized by a premature loss of 

follicle cells and persisting nurse cell nuclei (Laundrie et al., 2003), contained an 

accumulation of autophagosomes (Figure 3.1 G, compare to Figure 3.1 D) suggesting 

that Dcp-1 is required for autophagic flux in degenerating mid-stage egg chambers. To 

determine if Dcp-1 is sufficient to induce autophagic flux, we over-expressed an active 

form of Dcp-1 lacking its pro-domain (tDcp-1) and GFP-mCherry-Atg8a in the germline. 

We observed an increase in autophagosomes and autolysosomes in both non-
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degenerating (Figure 3.1 H, compare to Figure 3.1 A) and degenerating (Figure 3.1 I) 

mid-stage egg chambers even in the absence of starvation. These results show that 

Dcp-1 is a positive regulator of autophagic flux during mid-oogenesis in both healthy and 

degenerating mid-stage egg chambers. 

3.3. Dcp-1 is required for the degradation of Ref(2)P 
following starvation 

Ref(2)P, the Drosophila homolog of p62 (Nezis et al., 2008), is a substrate of 

autophagy and was shown to be a marker of autophagic activity (Bartlett et al., 2011; 

Nezis et al., 2010), and therefore we used Ref(2)P analyses to confirm that Dcp-1 is a 

positive regulator of autophagic flux. Compared to well fed wild-type flies (Figure 3.2 A), 

nutrient deprived flies had reduced Ref(2)P in follicle cells and nurse cells (Figure 3.2 B), 

and western blot analysis of wild-type ovaries revealed that the level of Ref(2)P was 

reduced following starvation (Figure 3.2 C). In addition, ovaries from nutrient deprived 

flies carrying a mutation in the autophagy gene Atg7 showed an accumulation of Ref(2)P 

in follicle cells and nurse cells (Figure 3.2 D), and this accumulation was also confirmed  

by western blot (Figure 3.2 C) demonstrating that both an increase and block in 

autophagic flux can be detected. Degenerating mid-stage egg chambers from nutrient 

deprived Dcp-1Prev1 flies contained increased levels of Ref(2)P (Figure 3.2 E), and 

western blot analyses on whole ovaries confirmed that Ref(2)P failed to be completely 

degraded following starvation compared to ovaries from nutrient deprived wild-type flies 

(Figure 3.2 F).  As autophagic flux appeared to be blocked only in degenerating mid-

stage egg chambers of nutrient deprived Dcp-1Prev1 flies, the slight decrease in Ref(2)P 

levels observed by western blot following starvation is due to autophagic flux occuring in  
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Figure 3.2 Ref(2)P analyses confirm that Dcp-1 is required for autophagic flux 

during mid-oogenesis.  

Staining shows DNA (blue), Ref(2)P (red) and Armadillo (green). Zoomed insets show 

Ref(2)P staining. (A) Non-degenerating mid-stage egg chambers from well fed w1118 flies 

showed Ref(2)P staining in somatic follicle cells and germline nurse cells. (B) Starved 

w1118 flies contained degenerating mid-stage egg chambers with reduced Ref(2)P 

staining in nurse cells and follicle cells. (C) A representative western blot of ovaries from 

w1118 and Atg7d77/d14 flies subjected to well fed or starvation conditions for four days. 

Samples were subjected to immunoblotting using Ref(2)P. Actin served as a loading 

control. Densitometry was performed to quantitate Ref(2)P protein levels relative to 

actin. Graph represents ± SD from five independent experiments (n=5). Statistical 

significance was determined using a two-tailed Student’s t-test. p=0.004 for fed samples, 

and p=0.008 for starved samples. (D) Starved Atg7 flies showed an accumulation of 

Ref(2)P in the follicle cells and nurse cells of degenerating mid-stage egg chambers. (E) 

Starved Dcp-1Prev1 flies contained increased levels of Ref(2)P in degenerating mid-stage 

egg chambers. (F) A representative western blot of ovaries from w1118 and Dcp-1Prev1 flies 

that were subjected to well fed or starvation conditions for four days. Samples were 

subjected to immunoblotting using Ref(2)P. Actin served as a loading control. 

Densitometry was performed to quantitate Ref(2)P protein levels relative to actin. Graph 

represents ± SD from five independent experiments (n=5). Statistical significance was 

determined using a two-tailed Student’s t-test. p=0.04. Scale bars, 25µm, zoomed 

images, 10µm.  
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all other egg chambers. These data demonstrate that autophagic flux occurs in response 

to starvation during Drosophila mid-oogenesis in a Dcp-1 dependent manner. 

3.4. The catalytic activity of Dcp-1 is required for 
starvation induced autophagy in the germline 

We next investigated whether the catalytic activity of Dcp-1 is required for 

autophagic flux in the germline.  To examine this, a  catalytically inactive construct of 

Dcp-1 harbouring a cysteine to alanine mutation in the catalytic active site (Dcp-1C<A) 

(Tenev et al., 2005), or a catalytically active construct of Dcp-1 (Dcp-1FL) (Hou et al., 

2008) was overexpressed in the germline of Dcp-1Prev1 flies. Degenerating mid-stage egg 

chambers from Dcp-1Prev1 flies contained persisting nurse cell nuclei and increased 

levels of Ref(2)P compared to nutrient deprived w1118 flies (Figure 3.3 A-B). 

Overexpression of catalytically inactive Dcp-1 in the germline of Dcp-1Prev1 flies using the 

nosGAL4 driver failed to rescue the persisting nurse cell nuclei phenotype (Table 3.1), 

nor did it result in a reduction of Ref(2)P levels following starvation in degenerating mid-

stage egg chambers (Figure 3.3 C).  In contrast, overexpression of catalytically active 

Dcp-1 in the germline of Dcp-1Prev1 flies resulted in nurse cell nuclei condensation and 

fragmentation, and a reduction in Ref(2)P levels even under fed conditions (Figure 3.3 

D, Table 3.1), confirming that the catalytic activity of Dcp-1 is required for cell death and 

autophagic flux in degenerating midstage egg chambers. 
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Figure 3.3 The catalytic activity of Dcp-1 is required for starvation induced 

autophagy.   

Staining shows DNA (blue), Ref(2)P (red), and Armadillo (green).  Zoomed insets show 

Ref(2)P.  (A) Degenerating mid-stage egg chambers from nutrient deprived w1118 files 

have reduced Ref(2)P, whereas (B) nutrient deprived Dcp-1Prev1 flies show increased 

Ref(2)P levels in degenerating mid-stage egg chambers. (C) Overexpression of 

catalytically inactive Dcp-1 (Dcp-1C<A) in the germline of Dcp-1Prev1 flies does not rescue 

the apoptotic or autophagic defect in Dcp-1Prev1 flies following starvation. (D) 

Overexpression of catalytically active Dcp-1 (Dcp-1FL) in the germline of Dcp-1Prev1 flies 

results in normally condensed and fragmented nurse cell nuclei and reduced Ref(2)P 

levels even without a starvation signal. Scale bars, 25µm, zoomed images, 10µm. 
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Table 3.1 Quantification of normally degenerating and persisting mid-stage 

egg chambers in Dcp-1Prev1 rescue experiments 

 

Genotype Treatment # of 
ovarioles 

% normal 
degenerating 

% 
persisting 

w1118 Starved 184 66 0 

Dcp-1Prev1 Starved 173 0 97 

Dcp-1Prev1/Dcp-1Prev1;   
UASp-Dcp-1C<A/nosGAL4 Starved 95 0 94 

Dcp-1Prev1/Dcp-1Prev1;   
UASp-Dcp-1FL/nosGAL4 Starved 122 60 12 
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3.1. Candidate Dcp-1 interacting partners modify LTG 
levels following starvation 

To better understand the mechanism of Dcp-1 mediated autophagic flux, results 

from an immuno-affinity purification (IP) and tandem mass spectrometry (MS/MS) assay 

(IP-MS) undertaken previously in the laboratory (Hou YC, Moradian A, Morin GB, Gorski 

SM, unpublished) were used to identify candidate substrates and interactors of Dcp-1 

that regulate starvation-induced autophagy.  To prevent the proteolytic cleavage of Dcp-

1’s candidate substrates  and allow for their identification (Kamada et al., 1998), a 

catalytically inactive, V5-tagged construct of Dcp-1 (Dcp-1C<A) was overexpressed in the 

Drosophila tumourous larval hemocyte cell line l(2)mbn.   A subset of high confidence 

candidate proteins were identified by removing proteins that were identified in the vector-

only negative control and by removing abundant proteins including actin and tubulin 

(Gingras et al., 2007).  In addition, proteins that were found in only one experimental 

sample and those without an X! Tandem average log(E) score of ≤ -3 were also 

removed (Lisacek, 2006).  A set of 24 candidate interacting partners and/or substrates of 

Dcp-1 were identified that met our selection threshold (Table 1.2).  CasPredictor, a web-

based tool for caspase substrate predictions, was used to assess which candidates 

contain a predicted caspase cleavage site (Garay-Malpartida et al., 2005). It was found 

that 10 of the 24 candidates have predicted caspase cleavage sites (Table 1.2). As 

several caspase substrates have non-canonical cleavage sites (Crawford and Wells, 

2011), and Dcp-1 may also regulate autophagy in a non-direct manner through one or 

more of the identified interacting partners, we selected all candidates for further 

autophagy analyses to enrich the list of autophagy modulators involved in Dcp-1 

mediated autophagic flux. 
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Drosophila l(2)mbn cells were previously shown to undergo autophagy (Hou et al., 2008) 

and therefore we utilized this cell line in all subsequent assays.  In addition, we used 

LysoTracker Green coupled with flow cytometry to identify positive and negative 

regulators of autophagy.  Lysotracker accumulates in both lysosomes and 

autolysosomes (Klionsky et al., 2012; Scott et al., 2004), and therefore is not specific for 

autophagy but is a good indicator of autophagy-associated lysosomal activity.  LTG 

coupled with flow cytometry was previously used in the laboratory to identify known as 

well as novel regulators of starvation induced autophagy (Hou et al., 2008).  Double-

stranded RNAs (dsRNAs) were designed for each candidate interactor of Dcp-1, and 

following RNAi, l(2)mbn cells were transferred from nutrient full (fed) media to amino 

acid and serum deprived (starvation) media for 2 hours, and LTG was analyzed by flow 

cytometry.  Compared to control RNAi treated cells, RNAi of RheB, a negative regulator 

of autophagy, significantly increased LTG fluorescence following starvation whereas 

RNAi of S6K, a positive regulator of autophagy, significantly reduced LTG fluorescence 

(Figure 3.4 A-B).  This confirms that the LTG assay is sensitive enough to identify both 

positive and negative regulators of starvation induced autophagy. dsRNAs were 

designed against all 24 candidate substrates and interactors of Dcp-1, and of these, 13 

showed a statistically significant increase in LTG fluorescence following RNAi and 

starvation treatment, indicating that these candidates act as potential negative regulators 

of autophagy (Figure 3.4 A).  These candidates included the heat shock proteins Hsc70-

4, Hsp70Aa, Hsp60 and Hsp83, translation initiation factor eIF-4a, the chromatin 

remodeler Mi-2, the ribosomal constituent Sta, the AAA+ ATPase Ter94, the chloride 

intracellular channel protein Clic, the proteasome activator REG, and the mitochondrial 

proteins ATPsynthase-β, Blw and SesB. A second set of non-overlapping dsRNAs were 

designed and used to validate these LTG findings (Figure 3.4 B).     
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Figure 3.4 Candidate Dcp-1 interactors/substrates modify LTG following 

starvation in vitro. 

(A) RNAi treated cells were subjected to starvation conditions and stained with 

LysoTracker Green (LTG) to measure autophagy-associated activity.  Fluorescence was 

measured by flow cytometry.  Error bars represent the SEM of at least 3 independent 

experiments (n=3). Statistical significance was determined using one-way ANOVA with a 

Dunnet post-test.  Knockdown of genes that significantly increased LTG levels are 

indicated in red (p<0.05), and knockdown of genes that significantly decreased LTG 

levels are indicated in blue (p<0.05).  dsRNA designed against the Ampicillin resistance 

gene from bacteria was used as a negative control dsRNA and is shown in black. (B) A 

second set of non-overlapping dsRNAs were designed to confirm the findings in Figure 

3.4 A. 
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3.2. Loss of Clic or Hsp83 enhances the percentage of 
degenerating mid-stage egg chambers 
undergoing autophagic flux 

To determine whether candidate substrates/interactors of Dcp-1 also regulate 

starvation-induced autophagy in vivo during Drosophila oogenesis, we utilized an in vivo 

RNAi approach.  Since Dcp-1 plays a non-redundant role in cell death and autophagy in 

the ovary, we wanted to determine if its candidate interactors/substrates also function in 

this tissue.  We began by overexpressing Dicer in the germline, in combination with long 

double-stranded hairpin constructs using the nos-GAL4 driver, to induce efficient target 

gene knockdown in the ovary (Handler et al., 2011; Wang and Elgin, 2011).  6 available 

RNAi lines targeting candidate Dcp-1 interactors and substrates, including Hsc70-4, 

Ter94, Sta, eIF-4a, Hsp83 and Clic, were obtained for in vivo autophagy analyses. We 

found that RNAi-mediated knockdown of 5 candidates, Hsc70-4, Ter94, Sta, eIF-4a and 

Hsp83 in the germline resulted in agametic, rudimentary ovaries characterized by a lack 

of germ cells (Figure 3.5 A-E).  Loss of germ cells during development, or the failure to 

form germ cells, can lead to agametic ovaries (Rongo and Lehmann, 1996; Staab and 

Steinmann-Zwicky, 1996; Tavosanis and Gonzalez, 2003).  These observations indicate 

that Ter94, Sta, Hsc70-4, eIF-4a and Hsp83 are required for germ cells to form, or are 

required for germ cell survival during development, and therefore, their effects on 

autophagic flux in the germline could not be assessed using this method.  

Clic proteins were first identified based on their intracellular chloride channel 

activity (Landry et al., 1993, 1989), but the functional roles of Clic proteins are poorly 

understood.  As the Drosophila genome encodes only one Clic gene, it makes 

Drosophila an attractive model to study the function of Clic and its possible role in 

autophagy.  Clic was knocked down in the germline using Dcr-2;nosGAL4 and flies were  
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Figure 3.5 Candidate Dcp-1 interactors/substrates are required for germ cell 

development and/or survival.   

RNAi mediated knockdown of (A) Ter94, (B) Sta, (C) eIF-4a, (D) Hsc70-4 and (E) Hsp83 

in the germline using Dicer-2;nosGAL4 led to agametic ovaries.  Ovaries were stained 

with anti-Armadillo (green) to visualize cell-cell junctions and Draq5 (blue) to visualize 

nuclei.   The posterior (P) and anterior (A) of the ovary is indicated in (A). n=15 pairs of 

ovaries were examined for each genotype.  Scale bars, 50µm. 
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conditioned on yeast paste for 3 days followed by starvation conditions for 4 days.  

Although we observed no significant differences in LTR staining between well fed Clic-

RNAi and control flies (Figure 3.6 A-C), starved Clic-RNAi flies contained an increase in 

the percentage of degenerating mid-stage egg chambers that stained positively for LTR 

compared to starved control flies (Figure 3.6 C). To examine if the increased LTR was 

associated with increased autophagic flux, we performed Ref(2)P analyses on ovaries 

from nutrient deprived control and Clic-RNAi flies (Figure 3.6 E-F).  As expected, nutrient 

deprived control flies contained reduced Ref(2)P in degenerating mid-stage egg 

chambers compared to well fed control flies (Figure 3.6 D-E).  Similarly, nutrient 

deprived Clic-RNAi flies contained low levels of Ref(2)P in degenerating mid-stage egg 

chambers (Figure 3.6 F).  This data indicates that loss of Clic enhances the percentage 

of degenerating mid-stage egg chambers undergoing autophagic flux.   

RNAi mediated knockdown of Hsp83 in the germline resulted in agametic ovaries 

(Figure 3.5 E), and although Hsp83 homozygous mutant flies are lethal (Yue et al., 

1999), some trans-heterozygous combinations of Hsp83 are viable (Andersen et al., 

2012; van der Straten et al., 1997).   Therefore, we examined the role of a trans-

heterozygous hypomorphic combination of Hsp83 alleles, Hsp83582/Hsp8313F3, for its role 

in starvation induced autophagy during Drosophila oogenesis. Ovaries from nutrient-

deprived Hsp83582/Hsp8313F3 flies contained an increase in the percentage of 

degenerating mid-stage egg chambers that stained positive for LTR relative to nutrient 

deprived control flies (Figure 3.6 G-I).  Moreover, these degenerating mid-stage egg 

chambers had reduced levels of Ref(2)P, similar to nutrient deprived wild-type flies 

(Figure 3.6 J-L).  These observations indicate that, like Clic, Hsp83 acts as a negative  
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Figure 3.6 Loss of Clic or Hsp83 in the germline increases degenerating mid-

stage egg chambers undergoing autophagic flux. 

Ovaries from nutrient deprived (A) control flies (genotype Dcr-2/+;nosGAL4/+) or (B)  

Clic RNAi flies (genotype Clic-RNAi/Dcr-2;nosGAL4/+) had increased LTR (Red) in 

degenerating midstage egg chambers (arrow).  (C) Knockdown of Clic in the germline 

resulted in an increase in the percentage of degenerating mid-stage egg chambers that 

stained positively for LTR following starvation compared to the control. At least 100 

ovarioles from 8 animals of each genotype were scored. (D) Well fed control RNAi flies 

contained Ref(2)P distributed throughout the follicle cells and nurse cells. (E) Following 

starvation, degenerating midstage egg chambers from control RNAi flies contained 

reduced Ref(2)P (red) levels. (F) Degenerating mid-stage egg chambers from Clic-RNAi 

flies have reduced levels of Ref(2)P (red), similar to nutrient deprived control flies. (G) 

Nutrient deprived w1118 or (H) Hsp83582/Hsp8313F3 flies had high levels of LTR staining 

(red) in degenerating midstage egg chambers (arrow). (I) Hsp83582/Hsp8313F3 flies had 

an increase in the percentage of degenerating mid-stage egg chambers that stained 

positively for LTR. At least 100 ovaries from 8 different flies of each genotype were 

quantified. (J) Well fed w1118 flies contained Ref(2)P distributed throughout the germline 

and follicle cells, whereas (K) nutrient deprived w1118 flies contained degenerating mid-

stage egg chambers with reduced Ref(2)P staining. (L) Nutrient deprived 

Hsp83582/Hsp8313F3 flies contained reduced levels of Ref(2)P staining in degenerating 

mid-stage egg chambers, similar to what was observed in nutrient deprived w1118 flies. 

Scale bars 25µm. 
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regulator of starvation-induced mid-stage egg chamber degeneration and autophagic 

flux during Drosophila oogenesis. 

3.3. Dcp-1 and Hsp83 interact but Hsp83 is not a target 
of Dcp-1’s proteolytic activity 

As Hsp83 acts as a negative regulator of autophagic flux following starvation 

during mid-oogenesis, and has a predicted caspase cleavage site, we next examined 

whether Hsp83 is a proteolytic target of Dcp-1 by performing in vitro cleavage assays. 

Purified catalytically active Dcp-1 (Dcp-1FL) and catalytically inactive Dcp-1 (Dcp-1C<A) 

were expressed in l(2)mbn cells and Dcp-1 was purified by Ni2+-NTA columns.  Whereas 

Dcp-1FL was able to cleave in vitro translated Drice, a known target of Dcp-1’s proteolytic 

activity (Song et al., 2000b), there were no detectable Hsp83 cleavage products 

suggesting that Hsp83 is not a Dcp-1 substrate (Figure 3.7 A). To confirm the interaction 

between Dcp-1 and Hsp83, we performed immunoprecipitation experiments. V5-tagged 

Dcp-1C<A was expressed in l(2)mbn cells and cell lysates were immunoprecipitated with 

anti-V5 antibody (Figure 3.7 B).  V5-Dcp-1C<A immunoprecipitated endogenous Hsp83 

confirming previous IP-MS results (Hou YC, Moradian A, Morin GB and Gorski SM, 

unpublished).  In addition, when N- and C-terminal FLAG-tagged Hsp83 constructs were 

overexpressed in l(2)mbn cells, both FLAG-Hsp83 constructs immunoprecipitated 

endogenous pro-Dcp-1 further confirming that Hsp83 and Dcp-1 interact (Figure 3.7 C).  

Notably, only pro-Dcp-1 and not processed Dcp-1 was pulled down by FLAG-Hsp83 

constructs further suggesting that Hsp83 is not a substrate of Dcp-1 but rather a binding 

partner.  All together, this data shows that Dcp-1 binds Hsp83 in a non-proteolytic 

manner, however future studies are required to determine the precise relationship 

between Dcp-1 and Hsp83. 
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Figure 3.7 Dcp-1 interacts with Hsp83 but Hsp83 is not a target of Dcp-1’s 

proteolytic activity.  

(A) Purified catalytically active Dcp-1 (Dcp-1FL) and catalytically inactive Dcp-1 (Dcp-

1C<A) were incubated with in vitro translated Drice or Hsp83.  Dcp-1FL cleaved Drice but 

not Hsp83.  (B) V5-Dcp-1C<A was expressed in l(2)mbn cells and immunoprecipitated 

with V5 agarose.  A representative western blot shows that V5-Dcp-1C<A 

immunoprecipitated endogenous Hsp83. (C) N and C terminal FLAG tagged constructs 

of Hsp83 were expressed in l(2)mbn cells and immunoprecipitated with FLAG agarose.  

A representative western blot shows that both N and C FLAG tagged constructs 

immunoprecipitated endogenous pro-Dcp-1.  No processed Dcp-1 was detected 

following immunoprecipitation.   
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3.4. Discussion 

The data presented in this chapter demonstrate that autophagic flux occurs 

during Drosophila mid-oogenesis in response to starvation.  Mid-stage egg chambers 

undergoing degeneration require Dcp-1 for both autophagy and cell death in a 

catalytically dependent manner. It has been previously shown that low activity levels of 

Dcp-1 induce autophagy, whereas high activity levels of Dcp-1 induce apoptosis (Kim et 

al., 2010).  Perhaps low levels of Dcp-1 mediate autophagy in a catalytically-dependent 

manner as a first response to starvation in mid-stage egg chambers, and once cellular 

stress reaches a certain apoptotic threshold, Dcp-1 becomes fully activated to induce 

apoptosis.  

  Using an in vitro RNAi approach, we identified 13 novel Dcp-1-associated 

regulators of starvation-induced autophagy including the heat shock proteins Hsc70-4, 

Hsp70Aa, Hsp60 and Hsp83, translation initiation factor eIF-4a, the chromatin remodeler 

Mi-2, the ribosomal constituent Sta, the AAA+ ATPase Ter94, the chloride intracellular 

protein Clic, the proteasome activator REG, and the mitochondrial proteins 

ATPsynthase-β, Blw and SesB.  It is possible that additional genes identified in the IP-

MS study may positively or negatively regulate autophagy, but due to incomplete RNAi 

knockdown or functional redundancy, they were not detected.   Consistent with our in 

vitro data, Hsc70-4 was previously identified as a potential regulator of autophagy in 

Drosophila. Hsc70-4, a clathrin-uncoating ATPase, was shown to regulate the TOR 

signalling pathway, and loss of Hsc70-4 function in larvae showed decreased TOR 

activity (Hennig et al., 2006). As Hsc70-4 has a predicted caspase cleavage site (Table 

1.2), perhaps Dcp-1 mediated cleavage of Hsc70-4 leads to decreased TOR activity and 

induction of autophagy, however, further studies are required to determine if Hsc70-4 is 



 

84 

a proteolytic target of Dcp-1.  In addition, regulators identified in the RNAi screen 

including Hsp83 and Ter94 have mammalian homologues that have been implicated in 

autophagy.  For example, the mammalian homolog of Ter94, Valosin Containing Protein 

(VCP), is required for autophagic degradation of ubiquitinated proteins (Tresse et al., 

2010).  RNAi mediated knockdown of VCP led to an accumulation of partially acidified 

autophagosomes containing ubiquitin positive contents (Tresse et al., 2010).  

Consistently, RNAi of Ter94 in Drosophila S2 cells led to an accumulation of 

polyubiquitinated proteins (Wójcik et al., 2004).  This finding is consistent with our data, 

and although knockdown of Ter94 by RNAi led to increased LTG levels, further in vitro 

autophagic flux assays are required to confirm the role of Ter94 in autophagy.  

Validating the remaining genes identified in the RNAi screen for their autophagy-

regulatory role in vivo during Drosophila oogenesis or in other tissues will be valuable.  

In summary, our in vitro RNAi screen used in this study identified several novel 

regulators of starvation-induced autophagy and provides a foundation for further in vivo 

analyses to identify the role of these genes in starvation induced autophagy.  

Clic proteins represent a unique class of channel proteins as they exist as both a 

membrane bound channel and as a soluble protein within the cytoplasm. It has been 

hypothesized that the transition of Clic proteins between a membrane bound and soluble 

form is influenced by redox status (Littler et al., 2005, Singh et al., 2006). Mammalian 

Clic proteins contain a conserved C-terminal Clic module that has weak sequence 

homology to the glutathione S-transferase (GST) superfamily (Harrop et al., 2001; Littler 

et al., 2008).  In addition, Clic proteins are highly conserved among vertebrates and non-

vertebrates (Littler et al., 2008). Drosophila Clic contains a glutathione S-transferase 

(GST) fold and is more closely related to human Clic1 and Clic4 than to other GST-fold 
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family members (Littler et al., 2008). Purified recombinant Drosophila Clic can bind 

artificial lipid bilayers and can form ion channels in artificial bilayers at low pH (Littler et 

al., 2008).  However, little is known about the function of Drosophila Clic.  We have 

shown that loss of Clic in the germline by RNAi enhanced the percentage of 

degenerating mid-stage egg chambers undergoing autophagic flux. Our data is 

consistent with the recent finding that knockdown of mammalian Clic4 by RNAi 

enhanced autophagy and cell death following starvation in U251 glioma cancer cells 

(Zhong et al., 2012).  Following starvation, Clic4 is upregulated and translocates from 

the cytoplasm to the nucleus where it functions to mediate autophagy (Zhong et al., 

2012). Clic4 RNAi blocked the interaction of Clic4 with 14-3-3ε, leading to Beclin 1 over 

activation and a further increase in autophagy and cell death following starvation (Zhong 

et al., 2012). Our results reveal a novel role for Drosophila Clic in starvation-induced 

autophagy during Drosophila oogenesis, providing the first in vivo evidence that Clic 

proteins modulate autophagy. Although Clic does not have a favourable cleavage site, 

Dcp-1 may still regulate Clic in a proteolytic dependent manner, or alternatively, in a 

non-proteolytic manner, perhaps by altering its localization or function. Further studies 

including in vitro cleavage assays and immunoprecipitation assays are required to 

confirm the interaction between Clic and Dcp-1. 

Drosophila Hsp83 is part of the evolutionary conserved heat shock protein-90 

family and is involved in cellular homeostasis. Inhibition of Hsp90, the mammalian 

homolog of Drosophila Hsp83, specifically in the mitochondria activates AMPK leading to 

inhibition of mTOR complex 1 and induction of autophagy in several different cancer cell 

lines (Chae et al., 2012a).  Moreover, the Hsp90-Cdc37 chaperone complex is required 

for Ulk1 and Atg13 mediated mitophagy (selective removal of mitochondria by 
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autophagy) (Joo et al., 2011).  Hsp83 was a promising candidate for Dcp-1 mediated 

cleavage as it negatively regulates LTG levels following starvation in vitro, contains a 

potential caspase cleavage site, and its mammalian homolog, Hsp90, was shown to be 

cleaved following ionizing radiation in breast cancer cells (Prasad et al., 1998).  Although 

Dcp-1 interacts with Hsp83, in vitro cleavage assays revealed that Hsp83 is not cleaved 

by Dcp-1.  This does not rule out the possibility that Drice may cleave Hsp83. Given the 

fact that only pro-Dcp-1 and not processed Dcp-1 interacts with Hsp83 suggests that 

Hsp83 is a binding partner of Dcp-1 rather than its substrate.  Perhaps Hsp83 acts as an 

upstream regulator of Dcp-1, as it was shown that specific inhibition of mammalian 

Hsp90 by 17-AAG led to increased caspase activation and induction of cell death 

(Karkoulis et al., 2010; Nimmanapalli et al., 2003).  We postulate that endogenous Dcp-1 

requires a starvation signal to induce autophagy.  Therefore, following starvation Dcp-1 

activity is enhanced in the absence of Hsp83, leading to increased degenerating mid-

stage egg chambers undergoing autophagic flux. Further studies are required to 

determine the exact relationship between Hsp83 and Dcp-1. 

In summary, we have identified Dcp-1 as a positive regulator of starvation 

induced autophagic flux in degenerating mid-stage egg chambers.  Our in vitro LTG 

assay coupled with flow cytometry identified 13 novel negative regulators of starvation 

induced autophagy, indicating that Dcp-1 may act through a wide range of substrates or 

interactors to execute autophagy. Further in vivo analysis of two candidates, Clic and 

Hsp83, revealed that they are normally required to suppress degeneration of mid-stage 

egg chambers undergoing autophagic flux following starvation. This is the first report to 

our knowledge identifying Drosophila Clic and Hsp83 in the regulation of autophagy.  

Further in vivo examination into the role of additional regulators of starvation induced 
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autophagy will be valuable to not only understand how they contribute to the autophagy 

process, but to also better understand the mechanism of Dcp-1 mediated autophagy.  



 

88 

4. The Drosophila effector caspase Dcp-1 
localizes within mitochondria and regulates 
mitochondrial dynamics and autophagic flux 
via SesB 

Portions of this chapter were submitted for publication as DeVorkin L, Go NE, Hou YC, Moradian 

A, Morin GB and Gorski SM “The Drosophila effector caspase Dcp-1 localizes within 

mitochondria and regulates mitochondrial dynamics and autophagic flux via SesB”.  

4.1. Introduction 

Caspases are a group of cysteine proteases that function to execute the 

apoptotic cell death pathway.  Caspases are synthesized as inactive zymogens (also 

called pro-caspases) and become proteolytically activated by dimerization or a cleavage 

event.  In general, initiator caspases are activated by dimerization that is facilitated by a 

multiprotein complex such as the apoptosome, and once activated they cleave and 

activate downstream effector caspases (Boatright et al., 2003).  Effector caspases are 

present as inactive zymogen dimers and require a cleavage event between their 

interdomain linker for activation (Chai et al., 2001; Boatright et al., 2003; Riedl and Shi, 

2004).  Once activated, they cleave a variety of cellular substrates to induce cell death.  

In Drosophila, there are 3 initiator caspases including Dronc, Dredd and Strica, and 4 

effector caspases including Dcp-1, Drice, Decay and Damm (Hay and Guo, 2006).  

Although caspases are well known for their role in apoptosis, it is becoming increasingly 

evident that caspases have non-apoptotic functions in diverse processes such as  

immunity, differentiation, compensatory proliferation and autophagy (Wirawan et al., 
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2010; Kuranaga and Miura, 2007; Hou et al., 2008).  For example, Soti, an E3 ubiquitin 

ligase complex inhibitor required for caspase activation, and the Inhibitor of Apoptosis 

Protein (IAP) Bruce, are expressed in a gradient in developing spermatids.  This results 

in an inverse gradient of caspase activity thereby promoting caspase-dependent 

differentiation while preventing apoptosis (Kaplan et al., 2010).  In Drosophila neural 

stem cells (neuroblasts), Numb protein asymmetrically localizes to the differentiating 

daughter cell to restrict self-renewal and differentiation, and phosphomimetic numb leads 

to ectopic neuroblast formation (Ouyang et al., 2011).  Dronc was shown to bind Numb 

in a non-apoptotic, and possibly non-catalytic manner to attenuate ectopic neuroblast 

formation (Ouyang et al., 2011) implicating Dronc in a novel role of neural stem cell 

homeostasis.  Dronc is also involved in compensatory proliferation in the wing imaginal 

disc in response to cell death (Huh et al., 2004), and Dronc and several other cell death 

regulators including Ark, Hid, Drice and Bruce are involved in spermatid individualization, 

a non-apoptotic process (Arama et al., 2003; Huh et al., 2003; Muro et al., 2004)  In 

addition, border cell migration in the Drosophila ovary is inhibited by dominant-negative 

Rac, and overexpression of DIAP1 suppressed the migration defect, whereas loss-of-

function mutations in DIAP1 lead to migration defects in the absence of apoptosis 

implicating DIAP1 as a mediator of apoptosis-independent cell migration (Geisbrecht 

and Montell, 2004).  Moreover, overexpression of Dcp-1 in motor neurons induced motor 

neuron degeneration in the absence of TUNEL staining (Keller et al., 2011), and Dcp-1 

was also shown to be required for starvation induced autophagic flux in degenerating 

mid-stage egg chambers in response to starvation (Hou et al., 2008) (Figure 3.1 G). 

A caspase activity threshold  must be met in order for apoptosis to occur, and the 

levels of pro-caspases are proportional to the sensitivity of the cell to apoptosis  
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(Florentin and Arama, 2012).  Drice was proposed to act as the major effector caspase 

in Drosophila while Dcp-1 was proposed to finely tune the rate of apoptosis (Florentin 

and Arama, 2012).   To prevent excess caspase activation, caspase activity may be low 

or caspases may be temporally or subcellularly restricted (Florentin and Arama, 2012).  

In mammalian cells, effector Caspase 3 and initiator Caspase 9 localize to the 

mitochondria during apoptosis (Chandra and Tang, 2003), and S-nitrosylation of 

mitochondrial pro-Caspase 3 and pro-Caspase 9 in their catalytic active site prevents 

their activation (Mannick et al., 2001). In Drosophila, both Dronc and Drice have been 

shown to localize to mitochondria (Dorstyn et al., 2002), however their role at the 

mitochondria remains unknown. 

Mitochondria are highly dynamic, double membrane organelles that take part in a 

number of cellular processes including oxidative phosphorylation, calcium signaling and 

apoptosis.  In Drosophila, the role of mitochondria in apoptosis is still not completely 

understood, however in addition to Dronc and Drice localizing to mitochondria (Dorstyn 

et al., 2002), other cell death regulators including Reaper (Olson et al., 2003), Hid 

(Haining et al., 1999), Grim (Clavería et al., 2002) and the Bcl-2 family members Buffy 

and Debcl (Doumanis et al., 2007; Quinn et al., 2003) also localize to the mitochondria.  

It was recently shown that both Buffy and Debcl regulate mitochondrial morphology in 

degenerating mid-stage egg chambers (Tanner et al., 2011), and overexpression of 

Reaper resulted in mitochondrial fragmentation and inhibition of mitochondrial fusion 

(Thomenius et al., 2011), thus implicating the cell death machinery in mitochondrial 

dynamics.  The dynamic nature and morphology of mitochondria vary among cell types 

and may be a function of different energetic demands of the cell or different motility 

requirements (Youle and van der Bliek, 2012).  For example, fibroblasts contain 
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mitochondria that are usually long  filaments, whereas hepatocytes contain mitochondria 

that are ovoids or spheres (Youle and van der Bliek, 2012).  In addition to the 

upregulation of nuclear encoded mitochondrial chaperones and proteases that ensure 

the efficient removal of mis-folded or aggregated proteins (Baker et al., 2011; Nargund et 

al., 2012; Youle and van der Bliek, 2012), mitochondria also undergo fusion and fission 

as a quality control mechanism (Sheng and Cai, 2012).  Mitochondrial fission is 

mediated by the Dynamin-like GTPase Drp-1, whereas mitochondrial fusion is mediated 

by Opa-1 and the mitofusins, Drosophila Marf and Fuzzy Onions, or mammalian Mfn1 

and Mfn2.  Mitochondria undergo fusion to exchange proteins and lipids to reduce 

damage (Chen and Chan, 2009; Legros et al., 2002), and fusion is thought to also 

maximize oxidative phosphorylation in response to cellular stress (Gomes et al., 2011).  

Moreover, mitochondria with mutant DNA may fuse with other mitochondria to allow wild-

type DNA to compensate for mutant DNA (Yoneda et al., 1994; Youle and van der Bliek, 

2012).  Mitochondrial dynamics are thought to play a role in cell death, as inhibition of 

Drp-1 blocks caspase activation and cell death (Goyal et al., 2000), and both Drp-1 and 

Opa1-like were shown to be required for cell death in mid-stage egg chambers during 

oogenesis (Tanner et al., 2011).  Mitochondria that are damaged beyond repair are 

sequestered and degraded by autophagy, also known as mitophagy.  Mitochondrial 

fission is required for mitophagy as its been shown that overexpression of dominant 

negative Drp1 or Fis1 RNAi inhibited mitophagy (Twig et al., 2008). 

We previously showed that Dcp-1 is required for autophagic flux in degenerating 

mid-stage egg chambers during oogenesis (Chapter 3; Figure 3 E-G).  One potential 

mechanism of Dcp-1 mediated autophagy is through cleavage of its downstream 

substrates; however, it is possible that Dcp-1 acts in a non-apoptotic, non-proteolytic 
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manner to regulate autophagy by affecting the stability or activity of its interacting 

partners.  Previous immunoprecipitation and mass spectrometry assays revealed that 

candidate interacting partners/substrates of Dcp-1  are mitochondrial proteins, including 

ATPsynthase-β and Blw, the catalytic components of the mitochondrial ATP synthase, 

as well as SesB, the mitochondrial adenine nucleotide translocase (Table 1.2).  

Therefore, we investigated the possible mitochondrial-related role of Dcp-1 in the 

regulation of autophagy.  In this chapter, we show that Dcp-1 localizes to the 

mitochondria where it functions to regulate the mitochondrial network morphology and 

ATP levels. Dcp-1 controls the levels of the adenine nucleotide translocase SesB, a 

mitochondrial protein that functions to regulate ATP levels, in a non-catalytic manner. 

SesB mutant analysis reveals a new role for SesB as a negative regulator of autophagic 

flux in Drosophila mid-stage egg chambers. Depletion of ATP or SesB loss-of-function 

flies can rescue the autophagy defect in Dcp-1 loss-of-function flies, demonstrating that 

SesB acts downstream of Dcp-1 in the regulation of autophagy.  This data uncovers a 

novel mechanism of caspase mediated regulation of autophagy in vivo.   

4.2. Dcp-1 localizes to mitochondria and its levels 
increase following starvation 

To elucidate the mechanism by which Dcp-1 mediates autophagic flux, we first 

determined the subcellular location of Dcp-1 in Drosophila l(2)mbn cells by 

immunostaining with an antibody to Dcp-1 (Tenev et al., 2005). We observed co- 

localization between Dcp-1 and the mitochondrial markers ATPsynthase-α (Figure 4.1 A) 

and MitoTracker Red (MTR; Figure 4.1 B), but did not observe co-localization between 

Dcp-1 and markers for the endoplasmic reticulum or cis-golgi (Figure 4.1 C-D). To 
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Figure 4.1 Dcp-1 partially localizes to the mitochondria.  

Drosophila l(2)mbn cells were labelled with antibodies to Dcp-1 (green) and (A) 

ATPsynthase-α (red), (B) MitoTracker Red (MTR, red), (C) endoplasmic reticulum (red), 

and (D) cis-golgi (red). Merged images show co-localization between Dcp-1 and the 

mitochondria. Scale bars, 5µm. 
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further confirm that Dcp-1 is located at the mitochondria, a subcellular fractionation 

assay was performed on l(2)mbn cells subjected to nutrient rich medium or 6 hours of 

starvation (Figure 4.2 A). Purity of the fractions was determined using tubulin as a 

cytosolic (C) marker and ATPsynthase-α, VDAC and Cytochrome-c as mitochondrial (M) 

markers. The pro-form (zymogen) of Dcp-1 was located only in the mitochondrial fraction 

in nutrient rich and starvation conditions, whereas the processed p10 subunit of Dcp-1 

was found in both the membrane and cytosolic fractions (Figure 4.2 A). To determine if 

Dcp-1 is located inside the mitochondria or is associated with the surface of the outer 

mitochondrial membrane, a proteinase K protection assay was performed with or without 

hypotonic disruption of the mitochondria (Figure 4.2 B).  Mitochondrial proteins within the 

mitochondria are resistant to proteinase K treatment, whereas proteins located on the 

surface of the outer mitochondrial membrane, but not embedded within the lipid bi-layer 

of mitochondria, are sensitive to proteinase K.  VDAC, an embedded outer mitochondrial 

membrane protein, and ATPsynthase-α, an inner mitochondrial membrane protein, 

remained intact upon proteinase K treatment, as expected,  but were digested by 

proteinase K following hypotonic disruption of the mitochondria. Similarly, Dcp-1 was 

digested only following hypotonic disruption of the mitochondria, indicating that Dcp-1 is 

internalized within the mitochondria (Figure 4.2 B). These observations suggest that the 

pro-form of Dcp-1 translocates into the mitochondria where a fraction of it is processed 

into its active form, and this active form either remains in the mitochondria or 

translocates back into the cytosol.  

The fractionation results revealed that Dcp-1 is in its processed form even under 

nutrient rich conditions (Figure 4.2 C), and starvation up to 6 hours resulted in increased  
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Figure 4.2 Dcp-1 localizes within mitochondria and its levels are increased 

following starvation.   

(A) Western blot from l(2)mbn cells subjected to nutrient rich or starvation conditions for 

6 hours. Cells were separated into cytosolic “C” and mitochondrial “M” fractions. An 

antibody to the C-terminus of Dcp-1 was used to assess the localization of Dcp-1 

(Laundrie et al., 2003) (B) Intact and lysed mitochondria isolated from l(2)mbn cells were 

treated with proteinase K. The effects of proteinase K treatment were assessed by 

antibodies to VDAC, ATPsyn-α and Dcp-1. (C) A representative western blot from 

l(2)mbn cells subjected to nutrient rich or starvation conditions as indicated. Dcp-1 was 

detected by immunoblot and actin served as a loading control. (D) Cell viability was 

assessed by trypan blue exclusion assay on l(2)mbn cells subjected to nutrient rich or 

starvation conditions. Graph represents ± SD of 4 independent experiments (n=4). 

Statistical significance was determined using one-way ANOVA with a Dunnett post test 

(***p<0.001 ). (E) Control and Dcp-1 RNAi treated cells were subjected to nutrient rich or 

starvation conditions and stained with the mitochondrial mass marker 10-nonyl acridine 

orange (NAO). Mean fluorescence was measured by flow cytometry. Graph represents ± 

SEM of 3 independent experiments (n=3). (F) Control and Dcp-1 RNAi treated cells were 

subjected to nutrient rich or starvation conditions and stained with the mitochondrial 

membrane potential marker JC-1. Mean fluorescence was measured by flow cytometry. 

Graph represents ± SEM of 3 independent experiments (n=3). 
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levels of full length and processed Dcp-1 (Figure 4.2 C) with no significant change in cell 

viability (Figure 4.2 D). Following 16 hours of starvation however, a decrease in cell 

viability was observed (Figure 4.2 D), and counterintuitively, Dcp-1 levels were also 

decreased (Figure 4.2 C) suggesting that high levels of Dcp-1 are not required for cell 

death following prolonged starvation. To determine if the observed increase in Dcp-1 

was due to an increase in overall mitochondrial biomass or block in mitophagy (the 

selective removal of mitochondria by autophagy) following starvation, we measured 

mitochondrial mass using 10-nonyl acridine orange (NAO) (Figure 4.2 E).  NAO binds to 

mitochondrial cardiolipin independently of mitochondrial membrane potential and is 

therefore a useful indicator of mitochondrial mass.  Dcp-1 RNAi did not significantly alter 

mitochondrial mass following 0-24 hours of starvation compared to the control RNAi 

treated cells (Figure 4.2 E). Additionally, we tested whether Dcp-1 altered mitochondrial 

membrane potential as a mechanism to induce autophagy or apoptosis (Figure 4.2 F).  

Mitochondrial membrane potential was measured using JC-1 (5,5’,6,6’-tetrachloro-

1,1’,3,3’- tetraethylbenzimidazolylcarbocyanine iodide).  In healthy cells, JC-1 

accumulates in the mitochondrial matrix when the mitochondrial membrane potential is 

intact.  When a critical concentration is exceeded, JC-1 forms J-aggregates and 

fluoresces bright red.  When the mitochondrial membrane potential collapses, JC-1 no 

longer accumulates in the mitochondrial matrix and remains in the cytoplasm where it 

fluoresces green. Treatment of l(2)mbn cells with Dcp-1 RNAi did not alter mitochondrial 

membrane potential compared to control treated cells under any of the starvation 

conditions tested (Figure 4.2 F). Together, these data demonstrate that Dcp-1 localizes 

to the mitochondria but does not regulate mitophagy or mitochondrial membrane 

potential.  Instead, Dcp-1 is present in its pro-form and processed form even under 

nutrient rich conditions and its levels are increased following starvation with no 
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associated changes in cell viability.  This indicates that Dcp-1 is required for the initial 

stages of autophagy and does not induce cell death at the time points tested. 

4.3. Loss of Dcp-1 alters the morphology of the 
mitochondrial network 

To examine a potential role of Dcp-1 at the mitochondria, we analyzed whether 

loss of Dcp-1 alters mitochondrial morphology. Mitochondria were labelled with the 

mitochondrial antibody ATPsynthase-α and were scored as having a fragmented, a 

normal (containing both short and elongated mitochondria), or an elongated 

morphology(Figure 4.3 A). The majority of control RNAi treated cells in nutrient rich 

media contained mitochondria with a normal morphology, and following starvation, there 

was an increase in the percentage of cells with elongated mitochondria (Figure 4.3 B).  

Treatment with Dcp-1 RNAi resulted in a significant increase in cells that contained 

elongated mitochondria in both nutrient rich and starvation media (Figure 4.3 B) 

suggesting that Dcp-1 may play a role in maintaining the mitochondrial network under 

well fed and starvation conditions.  

To determine if Dcp-1 alters mitochondrial morphology in vivo, we expressed a 

mitochondrial-targeted-GFP (mito-GFP) specifically in the germline using the nosGAL4 

driver. All well fed control flies contained short, tubular mitochondria that were dispersed 

throughout the entire nurse cell (Figure 4.3 C) and were scored as “healthy (“H”, Figure 

4.3 D). Starvation induces a series of mitochondrial events in degenerating mid-stage 

egg chambers including mitochondrial re-modeling and clustering, uptake by the follicle 

cells and finally degradation within the follicle cells (Tanner et al., 2011). Well fed Dcp-

1Prev1 flies expressing mito-GFP in the germline contained mitochondria with an altered 
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Figure 4.3 Loss of Dcp-1 promotes mitochondrial elongation.  

(A) Drosophila l(2)mbn cells were labelled with the mitochondrial marker ATPsynthase-

α. Mitochondrial morphology was scored as fragmented, normal or elongated. Scale 

bars, 5µm. (B) Cells were treated with control or Dcp-1 dsRNA and subjected to nutrient 

rich media or 1 hour of starvation. Quantifications represent the percentage of cells with 

elongated mitochondria divided by the total number of cells examined. At least 100 cells 

were examined in 3 independent experiments (n=3).  Error bars represent the average ± 

SD. Statistical significance was determined using one-way ANOVA with a Bonferroni 

post test (*p<0.05, **p<0.01). (C) Mitochondrial targeted GFP (mito-GFP) was expressed 

in the germline using the nosGAL4 driver. Staining shows mito-GFP (green), Armadillo 

(red) and DNA (blue). (D) Mitochondria were scored as healthy “H”, clustered “C”, or 

elongated and overly connected “E”. All of mitochondria from well fed 

UASpmitoGFP/+;;nosGAL4/+ flies were scored as healthy. n=15 egg chambers 

examined. (E) mito-GFP was expressed in well fed Dcp-1Prev1 flies using the nosGAL4 

driver. (F) 54% of egg chambers from UASpmitoGFP/+;Dcp-1Prev1/Dcp-1Prev1;nosGAL4/+ 

flies contained mitochondria that were elongated and overly connected, 39% contained 

mitochondria that were scored as healthy, and 7% contained fragmented mitochondria. 

n=28 egg chambers examined. Scale bars, 25µm, zoomed images, 10µm. 
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morphology even in the absence of starvation. 54% of mid-stage egg chambers from 

Dcp-1Prev1 flies contained mitochondria that were elongated and overly connected (“E”, 

Figure 4.3 E-F), whereas only 39% of mid-stage egg chambers contained mitochondria 

that were healthy (“H”, Figure 4.3 F). These data demonstrate that Dcp-1 plays a role in 

the regulation of mitochondrial network morphology even in the absence of a starvation 

signal, underscoring a novel non-apoptotic role of an effector caspase in regulating 

mitochondrial dynamics under both well fed and starvation conditions.  

4.4. High ATP levels in Dcp-1Prev1 flies suppress 
autophagic flux 

Loss of Dcp-1 promotes elongation of the mitochondrial network, and 

mitochondrial elongation has been shown to sustain ATP levels following starvation to 

promote cell survival (Gomes et al., 2011). In addition, the cellular energy sensor AMP 

activated protein kinase (AMPK) is activated when the ratio of ATP/AMP falls, for 

example during periods of starvation (Gleason et al., 2007; Salt et al., 1998), thus 

stimulating energy producing pathways such as autophagy (Hubbard et al., 2010; Kim et 

al., 2011).  Therefore, we wanted to determine if Dcp-1 also alters ATP levels as a 

mechanism to induce autophagic flux. Cells treated with Dcp-1 RNAi showed a 

significant increase in ATP levels within 4 hours of starvation (Figure 4.4 A) suggesting 

that at least under starvation in vitro, the elongated mitochondrial phenotype in Dcp-1 

RNAi treated cells is associated with increased ATP levels.  In vivo analyses of ovaries 

from wild-type and Dcp-1Prev1 flies subjected to well fed or starvation conditions showed 

ATP levels to be significantly increased in  Dcp-1Prev1 flies under both conditions tested 

(Figure 4.4 B). We reasoned that the increased ATP levels in Dcp-1Prev1 flies may inhibit 

autophagic flux following starvation. Reduction of ATP with oligomycin A, an inhibitor of  
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Figure 4.4 Dcp-1 alters ATP levels that in turn regulate autophagy.  

(A) Total cellular ATP levels were measured in l(2)mbn cells treated with control or Dcp-

1 dsRNA. Data represents ± SEM of 3 independent experiments (n=3). Statistical 

significance was determined using a two-tailed Students t-test (*p=0.02). (B) Total 

cellular ATP levels were measured in ovaries extracted from well fed or nutrient deprived 

w1118 and Dcp-1Prev1 flies. Data represents ± SEM of 5 independent experiments (n=5). 

Statistical significance was determined using a two-tailed students t-test (*p=0.014, 

***p<0.001). (C) Well fed or nutrient deprived w1118 and Dcp-1Prev1 flies were treated with 

DMSO or 25ug/mL oligomycin A and Ref(2)P levels were assessed by immunoblot 

analysis. Actin served as a loading control. Densitometry was performed to quantitate 

protein levels relative to actin. Graph represents ± SD from three independent 

experiments (n=3). Statistical significance was determined using a two-tailed Student’s t-

test (*p=0.02). (D) Control UASp-GFPmCherry-DrAtg8a/+;nosGAL4/+ flies and (E) Dcp-

1Prev1/Dcp-1Prev1; UASp-GFPmCherry-DrAtg8a/nosGAL4 flies were subjected to 

starvation conditions supplemented with DMSO or 25ug/mL oligomycin A. Arrows 

denote degenerating mid-stage egg chambers. Scale bars, 25µm. 
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the mitochondrial ATP synthase, induces autophagy in the IPLB-LdFB insect cell line 

(Tettamanti et al., 2006), and so we tested whether oligomycin A would induce 

autophagy in Drosophila ovaries. Although oligomycin A did not alter Ref(2)P levels 

under well fed conditions, ovaries from starved Dcp-1Prev1 flies treated with oligomycin A 

showed a significant reduction in Ref(2)P protein compared to those treated with DMSO 

(Figure 4.4 C).  In addition, starved oligomycin A treated Dcp-1Prev1 flies expressing GFP-

mCherry-DrAtg8a in the germline showed an increase in autolysosomes compared to 

those treated with DMSO (red puncta; Figure 4.4 E), whereas we observed no additional 

increase in autolysosomes in starved control flies treated with oligomycin A (Figure 4.4 

D).  This suggests that high ATP levels are sufficient to block autophagic flux in Dcp-

1Prev1 flies following starvation. Collectively, these data demonstrate that Dcp-1 controls 

autophagic flux by a mechanism involving the regulation of the mitochondrial network 

and maintenance of ATP levels. 

4.1. Dcp-1 negatively regulates the levels of the 
adenine nucleotide translocase SesB 

We next determined the molecular mechanism by which Dcp-1 could regulate 

ATP levels to induce autophagy. Drosophila SesB (stress-sensitiveB) encodes an 

adenine nucleotide translocase that localizes to the inner mitochondrial membrane and 

function’s to exchange ATP for ADP across the mitochondrial inner membrane (Terhzaz 

et al., 2010). RNAi of SesB in malpighian (renal) tubules significantly decreased ATP 

levels and altered mitochondrial morphology from a threadlike appearance to a short and 

globular morphology (Terhzaz et al., 2010). Moreover, SesB was identified in the IP-MS 

study as a candidate substrate or interactor of Dcp-1 (Hou et al., unpublished, Table 

1.2).  We began by examining whether Dcp-1 altered the levels of SesB following  
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Figure 4.5 Dcp-1 regulates levels of SesB but SesB is not a direct target of 

Dcp-1’s proteolytic activity.  

(A) Well fed or nutrient deprived l(2)mbn cells were treated with control or Dcp-1 RNAi. 

SesB and ATPsyn-α levels were assessed by immunoblot analysis. Actin served as a 

loading control. Results are representative of three independent experiments (n=3). (B) 

A representative western blot of ovaries dissected from well fed or nutrient deprived 

w1118 or Dcp-1Prev1 flies. SesB and ATPsyn-α were detected by immunoblot. Actin served 

as a loading control.  Densitometry was performed to quantitate SesB protein levels 

relative to actin. Graph represents ± SD from three independent experiments (n=3). 

Statistical significance was determined using a two-tailed Student’s t-test (*p<0.05). (C) 

Purified catalytically active Dcp-1FL, but not catalytically inactive Dcp-1C<A, cleaved in 

vitro translated Drice into its p20 and p10 subunits, whereas cleavage of in vitro 

translated SesB was not detected.  (D) Flag-SesB or a vector only control were 

expressed in Drosophila l(2)mbn cells and were immunoprecipitated with FLAG-agarose.  

Immunoblots show association of FLAG-SesB with endogenous pro-Dcp-1.   
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starvation.  Treatment of l(2)mbn cells with Dcp-1 RNAi resulted in increased levels of 

SesB whereas ATPsyn-α levels remained unaltered (Figure 4.5 A). To test this in vivo, 

we examined ovaries from well fed and nutrient deprived wild-type and Dcp-1Prev1 flies. 

We observed decreased SesB levels following starvation in wild-type flies (Figure 4.5 B), 

whereas ovaries from well fed or nutrient deprived Dcp-1Prev1 flies contained increased 

SesB levels indicating that Dcp-1 may be required to negatively regulate the levels of 

SesB, and thus ATP.  To determine if SesB is a direct target of Dcp-1’s proteolytic 

activity, in vitro cleavage assays were performed.  Catalytically active Dcp-1 (Dcp-1FL) 

and inactive Dcp-1 (Dcp-1C<A) were expressed in l(2)mbn cells and purified by Ni2+-NTA 

columns.  Only Dcp-1FL was able to cleave in vitro translated Drice (Figure 4.5 C), 

another Drosophila effector caspase and known substrate of Dcp-1 (Song et al., 2000b).  

Treatment of in vitro translated SesB with Dcp-1FL or Dcp-1C<A failed to induce cleavage 

of SesB (Figure 4.5 C) suggesting that Dcp-1 does not directly cleave SesB but rather 

affects its stability.  We next tested if Dcp-1 interacts with SesB as a mechanism to 

regulate its stability. Previous immunoprecipitation and mass spectrometry assays 

revealed that V5-Dcp-1C<A interacts with SesB (Hou YC, Moradian A, Morin GB, Gorski 

SM, unpublished and Table 1.2).  To confirm this, we expressed FLAG-SesB in 

Drosophila l(2)mbn cells and found that FLAG-SesB immunoprecipitated endogenous 

pro-Dcp-1 (Figure 4.5 D).  Notably, no processed Dcp-1 was detected (Figure 4.5 D) 

further suggesting that the interaction between Dcp-1 and SesB occurs in a non-

proteolytic manner.  All together, these data show that pro-Dcp-1 interacts with SesB 

and affects its stability in a non-proteolytic manner.  
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4.2. SesB is a negative regulator of autophagic flux 
and interacts genetically with Dcp-1 

The reduction in SesB levels following starvation suggests that SesB may 

negatively regulate autophagy.  Moreover, RNAi of SesB in vitro increased LTG levels 

(Figure 3.5 A-B) following starvation indicating that SesB acts as a potential negative 

regulator of autophagy in vitro.  We next examined the role of SesB in autophagy in vivo. 

Null alleles of SesB are lethal, whereas hypomorphic alleles of SesB are viable and 

display a range of phenotypes including reduced flight ability and hypoactivity (Zhang et 

al., 1999).  Therefore, we examined ovaries from SesB hypomorphic flies (SesBOrg) that 

were shown to have reduced adenine nucleotide translocase activity (Rikhy et al., 2003).  

Whereas well fed wild-type flies rarely contain degenerating mid-stage egg chambers 

(Table 4.1), well fed SesBOrg flies contained an increase in degenerating mid-stage egg 

chambers (Table 4.1) that stained positively for LTR (Figure 4.6 C) compared to egg 

chambers from well fed control flies (Figure 4.6 A-C).  LTR staining in degenerating mid- 

stage egg chambers from well fed SesBOrg flies was similar to LTR staining from 

degenerating mid-stage egg chambers from nutrient deprived wild-type flies (Figure 4.6 

B-C).  In addition, degenerating mid-stage egg chambers from SesBOrg flies had reduced 

Ref(2)P levels, and this reduction was confirmed by western blot analysis indicating that 

SesB negatively regulates autophagic flux during Drosophila oogenesis (Figure 4.6 D). 

To confirm that SesB is a negative regulator of autophagic flux, GFP-mCherry-DrAtg8a 

was overexpressed in the germline of SesBOrg flies using the nosGAL4 driver.  Whereas 

well fed control flies contain diffuse mCherry-GFP-Atg8a staining throughout the 

germline (Figure 4.6 E, left), SesBOrg flies contained an increase in autolysosomes in 

both non-degenerating (Figure 4.6 E, middle) and degenerating (Figure 4.6 E, right) mid-

stage egg chambers, confirming that there is increased autophagic flux in SesBOrg flies. 
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Figure 4.6 SesB hypomorphic flies have increased autophagic flux in midstage 

egg chambers.  

(A) Well fed w1118 flies contain low levels of LTR staining in mid-stage egg chambers. (B) 

Nutrient deprived w1118 flies contain increased degenerating mid-stage egg chambers 

that stain positively for LTR. (C) Well fed SesBOrg flies contain increased degenerating 

mid-stage egg chambers that stain positively for LTR. (D) Ovaries from well fed SesBOrg 

flies showed reduced Ref(2)P staining in degenerating mid-stage egg chamber (arrow), 

and Ref(2)P levels of ovaries from well fed w1118 and SesBOrg were analyzed by western 

blot.  Actin served as a loading control. Results are representative of three independent 

experiments. (E) Well fed control flies expressing GFP-mCherry-DrAtg8a in the germline 

(genotype: GFP-mCherry-Atg8a/+;nosGAL4/+) contain diffuse GFP-mCherry-Atg8a 

staining, whereas overexpression of GFP-mCherry-Atg8a in the germline of SesBOrg flies 

(genotype: SesBOrg/SesBOrg;GFP-mCherry-Atg8a/+;nosGAL4/+) showed an increase in 

autophagosomes and autolysosomes in non-degenerating (middle) and degenerating 

(right) mid-stage egg chambers. (F) Degenerating mid-stage egg chambers from 

SesBOrg flies are TUNEL positive. Scale bars, 25µm. 
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Table 4.1 Quantification of TUNEL positive germaria and mid-stage egg 

chambers. 

 # of ovarioles 
examined 

% degenerating mid-
stage egg chambers 

% TUNEL (+) mid-
stage egg 
chambers 

% TUNEL (+) 
germaria 

w1118 71 4 3 6 
SesBOrg 156 30 24 33 
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Degenerating mid-stage egg chambers from SesBOrg flies also stained positively for 

TUNEL (Figure 4.6 F) suggesting that SesB is normally required to suppress autophagic 

flux and cell death during Drosophila oogenesis.  All together, this data suggests that the 

Dcp-1 dependent downregulation of SesB is required for the induction of autophagic flux.    

 To confirm the epistatic relationship between Dcp-1 and SesB, we examined 

SesBOrg;Dcp-1Prev1 double mutant flies.  Due to the increased levels of SesB in Dcp-

1Prev1flies, we reasoned that by reducing SesB in the Dcp-1Prev1 background a SesBOrg 

phenotype will result.  Degenerating mid-stage egg chambers from nutrient deprived 

control SesBOrg/FM7a;Dcp-1Prev1/Dcp-1Prev1 flies contained persisting nurse cell nuclei 

and an accumulation of Ref(2)P (Figure 4.7 A).  In contrast, ovarioles from well fed 

SesBOrg/SesBOrg;Dcp-1Prev1/Dcp-1Prev1 flies arrested during mid-oogenesis and these mid-

stage egg chambers contained condensed and fragmented nurse cell nuclei and 

reduced Ref(2)P levels (Figure 4.7 B), similar to the SesBOrg phenotype.   These data 

place Dcp-1 upstream of SesB, suggesting that Dcp-1 may promote autophagy by 

inhibiting SesB activity.  All together, these data demonstrate that SesB is a novel 

negative regulator of autophagic flux during Drosophila mid-oogenesis and its levels are 

reduced following starvation in a Dcp-1 dependent manner. 

4.1. Discussion 

The Drosophila genome encodes 7 caspases, and to date only the initiator 

caspase Dronc and the effector caspase Drice have been shown to localize to the 

mitochondria (Dorstyn et al., 2002). In mammalian cells, caspases have been detected 

at the mitochondria during apoptosis (Chandra and Tang, 2003; Krajewski et al., 1999; 

Susin et al., 1999), however the role of caspases at the mitochondria, especially under  
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Figure 4.7 Dcp-1 and SesB interact genetically.  

(A) Ovaries from nutrient deprived control SesBOrg/FM7a;Dcp-1Prev1/Dcp-1Prev1 flies 

contained degenerating mid-stage egg chambers with persisting nurse cell nuclei and an 

increase in Ref(2)P.  n=117 ovarioles examined. (B) Degenerating mid-stage egg 

chambers from well fed SesBOrg;Dcp-1Prev1 flies contained condensed and fragmented 

nurse cell nuclei and no accumulation of Ref(2)P.  n=156 ovarioles examined. Scale 

bars, 25µm, zoomed images, 10µm. 
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non-apoptotic conditions, is poorly understood. Our results demonstrate that Dcp-1 

localizes to the mitochondria and functions to maintain the mitochondrial network 

morphology. Under nutrient rich conditions, non-degenerating mid-stage egg chambers 

from Dcp-1Prev1 flies contained mitochondria that appeared elongated and overly 

connected, uncovering a novel role of an effector caspase in the maintenance of the 

mitochondrial network. Consistent with these findings, overexpression of the caspase 

inhibitor p35 in the amnioserosa suppressed the transition of mitochondria from a tubular 

to a fragmented state during delamination (Muliyil et al., 2011) further suggesting that 

inhibition of caspases hinders normal mitochondrial dynamics.   

Dcp-1 acts to finely tune the apoptotic process and cell death only occurs when 

caspase activity reaches a certain apoptotic threshold (Florentin and Arama, 2012).  Our 

data shows that Dcp-1 is present in both its pro-form and processed form under well fed 

conditions with no associated increase in cell death suggesting that Dcp-1 primarily 

functions non-apoptotically under these baseline conditions. Furthermore, the 

expression of Dcp-1 inversely correlates with cell viability following starvation further 

indicating that Dcp-1 is not the main executor of starvation-induced cell death.  Effector 

caspases may be restricted in time or space to regulate caspase activity (Florentin and 

Arama, 2012; Kaplan et al., 2010).  As Dcp-1 has auto-catalytic activity (Song et al., 

2000b), Dcp-1 may be sequestered in mitochondria to prevent its full activation and 

thereby limiting the induction of apoptosis. S-nitrosylation of caspases, including 

mitochondrial localized mammalian pro-Caspase 3 and 9, in their catalytic active site 

leads to the inhibition of their activity (Jiang et al., 2009; Mannick et al., 2001).  S-

nitrosylation of mitochondrial Dcp-1 could be an additional regulatory mechanism to limit 

Dcp-1’s pro-apoptotic and pro-autophagic activity. 
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Dcp-1 is a positive regulator of autophagic flux in degenerating mid-stage egg 

chambers, and one mechanism of Dcp-1 induced autophagic flux is mediated through 

SesB.  SesB, an adenine nucleotide translocase (ANT), catalyzes the electrogenic 

exchange of ATP4- and ADP3- across the inner mitochondrial membrane.  ATP is 

exported from the mitochondrial matrix to the intermembrane space, whereas ADP is 

imported from the intermembrane space to the matrix (Pfaff and Klingenberg, 1968; Pfaff 

et al., 1969).  SesB was originally characterized as a stress-sensitive mutant that is 

reversibly paralytic following mechanical stress (Homyk and Sheppard, 1977; Zhang et 

al., 1999) and SesB stress-sensitivity has been attributed to defects in energy 

metabolism (Zhang et al., 1999).  Females carrying homozygous germline clones of 

SesB are sterile and show defects in late oogenesis, including late nurse cell 

degeneration (Perrimon et al., 1984).  Mutations of SesB lead to reduced cytoplasmic 

ATP and it was shown that SesB is required to provide a continuous supply  of 

mitochondrial  ATP for Dynamin-mediated synaptic transmission (Rikhy et al., 2003).  

There are two adenine nucleotide translocases in Drosophila, SesB (ANT1), and ANT2, 

that are transcribed from a common promoter and show high sequence identity (78% 

amino acid identity) (Zhang et al., 1999).  SesB is ubiquitously expressed but is virtually 

absent from testis, whereas ANT2 is testis-specific (Terhzaz et al., 2010).  In humans, 

there are four mitochondrial adenine nucleotide translocase (ANT) isoforms, each with a 

tissue specific distribution and different roles in apoptosis. ANT1 and ANT3 were 

proposed to be pro-apoptotic, whereas ANT2 and ANT4 were shown to be anti-apoptotic 

(Brenner et al., 2010).  Mitochondrial ANTs have been shown to interact with Bcl-2 

family members including Bcl-2 and Bax.  Bcl-2 was shown to enhance the exchange of 

ADP/ATP, whereas during apoptosis, Bax was shown to displace Bcl-2 from ANT and 

block the exchange of ADP/ATP (Belzacq et al., 2003).  In addition, ANTs have also 
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been proposed as components of the mitochondrial permeability transition pore complex 

(PTPC) (Zoratti and Szabò, 1995), a large conductance channel that increases the 

permeability of mitochondria ultimately leading to cell death (Brenner et al., 2010).  

However, more recent studies using ANT1/ANT2 knockout mice revealed little 

involvement of ANTs in PTPC (Kokoszka et al., 2004). 

Although many studies have examined the role of ANTs in apoptosis, the role of 

mammalian or Drosophila ANT proteins in autophagy has yet to be characterized. The 

data presented in this chapter indicate that SesB is required to suppress autophagic flux 

during mid-oogenesis even under nutrient rich conditions, and the levels of SesB are 

reduced following starvation in a Dcp-1 dependent manner to promote autophagic flux.  

This is the first report suggesting an adenine nucleotide translocase functions as a 

negative regulator of autophagic flux. Examination of the interaction between SesB and 

Dcp-1 revealed that only the pro-form of Dcp-1, and not the processed active form of 

Dcp-1, interacts with SesB.  Moreover, loss of SesB in Dcp-1Prev1 flies rescued the 

apoptotic and autophagic defect during mid-oogenesis indicating that Dcp-1 and SesB 

interact genetically. Like SesBOrg degenerating mid-stage egg chambers, I suspect that 

the degenerating mid-stage egg chambers from SesBOrg;Dcp-1Prev1 double mutant flies 

are TUNEL positive, but that will need to be verified.  These findings indicate that pro-

Dcp-1 may affect SesB stability and uncover a novel role for a pro-caspase.  However, 

we cannot rule out the possibility that very low levels of active Dcp-1 interact with SesB 

and are undetectable by western blot.   

Effector caspases are the main executioners of apoptotic cell death; however it is 

becoming increasingly evident that caspases have non-apoptotic functions in 

differentiation, proliferation, cytokine production and cell survival (Galluzzi et al., 2012; 
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Kuranaga and Miura, 2007). For example, Caspase 3 was shown to regulate tumour cell 

repopulation in vitro and in vivo (Huang et al., 2011), and it was also shown to be 

required for skeletal muscle (Fernando et al., 2002) and macrophage differentiation 

(Sordet et al., 2002). Our results show that Dcp-1 also has a non-apoptotic role during 

oogenesis, where it is required to maintain mitochondrial physiology under basal 

conditions. Loss of Dcp-1 alters this physiology, leading to increased SesB and ATP 

levels that in part prevent the induction of autophagic flux following starvation. This data 

supports the notion that caspases play a much more diverse role than previously known, 

and that the underlying mechanisms should be better understood to appreciate the full 

impact of apoptosis pathway modulation for treatment in human pathologies. 
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5. Conclusions 

5.1. Summary and significance of the study 

In this thesis, I set out to (1) investigate the role of Dcp-1 in starvation-induced 

autophagic flux during mid-oogenesis, (2) characterize and validate the role of candidate 

Dcp-1 interacting partners and substrates in autophagy, and (3) examine the mechanism 

by which Dcp-1 promotes autophagic flux. I anticipated that the results from this study 

would provide insights into how an effector of cell death positively regulates a cell 

survival pathway.  

Drosophila mid-oogenesis has been a powerful model system to study the 

crosstalk between autophagy and apoptosis. Using GFP-mCherry-Atg8a and Ref(2)P 

distribution analyses to examine autophagic flux during Drosophila oogenesis, I 

confirmed that autophagic flux occurs in both non-degenerating and degenerating mid-

stage egg chambers in response to starvation.  Importantly, the catalytic activity of Dcp-1 

is required for autophagic flux specifically in degenerating mid-stage egg chambers.  

Moreover, well fed flies overexpressing Dcp-1 in the germline resulted in increased 

autophagic flux in both non-degenerating and degenerating mid-stage egg chambers 

indicating that Dcp-1 is both necessary and sufficient for autophagic flux during 

Drosophila mid-oogenesis.  

Data obtained from a previous Dcp-1 immunoprecipitation and mass 

spectrometry (IP-MS) assay was utilized to not only screen and identify novel regulators 
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of starvation-induced autophagy, but also to better understand the mechanism of Dcp-1 

mediated autophagy. Thirteen novel negative regulators of starvation-induced 

autophagy, as measured by LTG, were identified including the heat shock proteins 

Hsc70-4, Hsp70Aa, Hsp60 and Hsp83, translation initiation factor eIF-4a, the chromatin 

remodeler Mi-2, the ribosomal constituent Sta, the AAA+ ATPase Ter94, the chloride 

intracellular protein Clic, the proteasome activator REG, and the mitochondrial proteins 

ATPsynthase-β, Blw and SesB. Since interpretations of LTG-based assays are limited, 

further in vitro assays confirming the role of these candidates in autophagic flux, 

including in vitro GFP-mCherry-Atg8a analyses, are required.  However, this RNAi 

screen has provided a foundation for future studies to examine the role of these 

candidates in starvation-induced autophagy in vivo. Moreover, these data, incorporated 

with further biochemical and genetic analyses including in vitro cleavage assays and 

epistasis analyses, will contribute to a better understanding of the mechanism of Dcp-1 

mediated autophagy.  

 The identification of four mitochondrial proteins, ATPsyn-β, Blw, SesB and 

Hsp60, in the IP-MS study led us to uncover a novel mitochondrial-associated role for 

Dcp-1 in the regulation of autophagy. Dcp-1 localizes to the mitochondria where it 

functions to regulate the mitochondrial network morphology, ATP levels, and the levels 

of the adenine nucleotide translocase (ANT) SesB.  Moreover, I found that SesB 

negatively regulates autophagic flux in mid-stage egg chambers, identifying a novel role 

of a mitochondrial ANT in the regulation of autophagy.  I found that the pro-form of Dcp-

1, but not the processed active form of Dcp-1, interacts with SesB in a non-proteolytic 

manner.  Perhaps the pro-form of Dcp-1 has low activity that promotes autophagy rather 

than apoptosis.  Emerging evidence now indicates that pro-caspases are not latent 
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enzymes.  It was shown that following phosphorylation, mammalian pro-caspase-8 

promotes cell migration in a non-apoptotic, non-catalytic manner (Barbero et al., 2008; 

Senft et al., 2007), and Drosophila Dronc was shown to bind Numb independently of its 

caspase activation recruitment domain (CARD) to attenuate ectopic neuroblast formation 

in a non-apoptotic, non-catalytic manner. It is possible, however, that SesB is a 

proteolytic target of Drice, and that low levels of processed Dcp-1 interact with SesB but 

is undetectable by western blot.  However, using genetics and epistasis analyses, I have 

determined that Dcp-1 acts upstream of SesB in the regulation of autophagy. I propose a 

model where in response to starvation, Dcp-1 negatively regulates the levels of SesB in 

a non-proteolytic manner resulting in the reduction of ATP levels and an increase in 

autophagic flux (Figure 5.1). Further studies are required to determine the exact 

mechanism of Dcp-1-mediated regulation of SesB levels. 

Further in vivo analyses of two candidate Dcp-1 interacting proteins, Clic and 

Hsp83, identified as negative regulators of LTG following starvation, revealed that they 

negatively regulate starvation-induced autophagic flux during mid-oogenesis.  Nutrient 

deprived Clic-RNAi flies and Hsp83 trans-heterozygous flies contained an increase in 

the percentage of degenerating mid-stage egg chambers that stained positively for LTR 

and had reduced Ref(2)P, indicating that Clic and Hsp83 function to restrain autophagy 

in mid-stage egg chambers following starvation.  Analyzing the role of Clic and Hsp83 in 

additional tissues would be beneficial to better distinguish the role of these proteins in 

autophagy and apoptosis.  The interaction between Dcp-1 and Hsp83 was further 

characterized, and although we confirmed that pro-Dcp-1 interacts with Hsp83, it does 

so in a non-proteolytic manner.  Given that pro-Dcp-1 localizes to the mitochondria, I 

suspect that the Dcp-1-Hsp83 interaction occurs within the mitochondria. In a large scale 
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co-affinity purification assay coupled with mass spectrometry, Hsp83 was found to 

interact with the mitochondrial proteins Blw, Porin and ATPsyn-β (Guruharsha et al., 

2011), further indicating that a fraction of Hsp83 may reside in the mitochondria. In 

mammalian cells, mitochondrial Hsp60 and Hsp10 were shown to interact with 

mitochondrial pro-Caspase 3 where they function to accelerate pro-Caspase 3 activation 

following the induction of apoptosis (Samali et al., 1999). Activation of Caspase 3 led to 

its dissociation from Hsp60 and Hsp10, followed by its translocation from the 

mitochondria into the cytosol (Samali et al., 1999).  Perhaps Dcp-1’s association with 

Drosophila Hsp60, identified in the IP-MS study, accelerates the activation of Dcp-1 in 

response to stress.  Conversely, Dcp-1’s interaction with Hsp83 may prevent its ability to 

become fully activated in the mitochondria. Thus, these Hsps may act as upstream 

regulators of Dcp-1.  Although Hsp83 trans-heterozygous flies did not have an 

autophagy phenotype under fed conditions, I hypothesize that starvation signals leads to 

enhanced activation of Dcp-1 in the absence of Hsp83, resulting in an increase in the 

percentage of degenerating mid-stage egg chambers undergoing autophagic flux (Figure 

5.1).  This is consistent with our data, as overexpression of Dcp-1 resulted in increased 

degenerating mid-stage egg chambers undergoing autophagic flux (Figure 3.1 H-I and 

Hou et al., 2008). 

In summary, we have confirmed that Dcp-1 is a positive regulator of starvation 

induced autophagic flux in degenerating mid-stage egg chambers.  We have 

successfully identified three novel regulators of starvation-induced autophagy in vivo 

during Drosophila oogenesis, SesB, Clic and Hsp83.  Moreover, we have uncovered a 

novel mitochondrial-associated role of Dcp-1 in the regulation of autophagy.  

Significantly, we have found that Dcp-1 localizes to the mitochondria where it regulates 
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mitochondrial dynamics and the levels of ATP and SesB in a non-apoptotic, non-

proteolytic manner.  I propose a model where in response to starvation, Dcp-1 negatively 

regulates the levels of SesB in a non-proteolytic manner, resulting in a reduction in ATP 

levels and an increase in autophagic flux (Figure 5.1). 

5.2. Strengths and limitations of the study, and future 
research avenues 

To identify candidate substrates and interaction partners of Dcp-1 by IP-MS, a 

catalytically inactive construct of Dcp-1 (Dcp-1C<A) was utilized to stabilize the caspase-

substrate complex (Hou et al., unpublished).  A similar study was previously described 

using modified mammalian Caspase 3 as bait in a yeast two-hybrid screen (Kamada et 

al., 1998). This method has been beneficial as it has identified novel regulators of 

starvation induced autophagy.  Moreover, our list of candidate interacting partners and 

substrates of Dcp-1 identified both potential substrates of Dcp-1 (ie. Stubarista), and 

interacting partners of Dcp-1 (ie. Hsp83 and SesB).  Subsequently, we have also been 

able to demonstrate that SesB functions as a downstream mediator of Dcp-1-induced 

autophagy. 

To better understand the role of Dcp-1 candidate substrates and interactors in 

starvation-induced autophagy, an RNAi based approach was used in combination with 

LTG analyses.  However, due to incomplete knockdown, functional redundancy, or a 

long half life of the protein, our RNAi screen may not have identified all regulators of 

starvation-induced autophagy. To confirm that the observed increase in LTG levels 

following RNAi treatment and starvation is representative of an increase in autophagic  
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Figure 5.1 A model of Dcp-1 mediated autophagy 

A schematic representation depicting the role of Dcp-1 in autophagy.  We propose that 

in response to starvation, Dcp-1 negatively regulates the levels of SesB.  This in turn 

reduces the levels of ATP and increases autophagic flux.  Of note, Dcp-1 regulates the 

levels of SesB even under well fed conditions. Potential upstream regulators of Dcp-1, 

including Hsp60 and Hsp83, need to be validated and are shown by hatched lines.  
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flux, in vitro autophagic flux assays, including analysis of GFP-RFP-Atg8a, must be 

performed.  It is possible that substrates of Dcp-1 require an activating cleavage event, 

rather than a degradative cleavage event, to carry out their roles in autophagy. Our RNAi 

approach did not take possible activating cleavage events into consideration due to the 

fact that RNAi depletes target mRNA and protein, thereby removing the possibility of 

Dcp-1 mediated cleavage and activation of its substrate.  Therefore, it is possible that 

those candidates identified in the LTG assay as not significant may actually regulate 

starvation induced autophagy.  To identify substrates of Dcp-1 that require an activating 

cleavage event, two-dimensional PAGE (2D-PAGE), coupling orthogonal isoelectric 

focusing and SDS-PAGE, can be used (Bredemeyer et al., 2004; Demon et al., 2009).  

The resulting 2D-PAGE protein spots of Dcp-1 overexpressing cells can be compared to 

that of control cells, and any new spots that may represent stable cleavage fragments 

can be identified by mass spectrometry (Demon et al., 2009).   

An in vivo RNAi approach was also used to confirm the role of candidate Dcp-1 

interactors and substrates in starvation-induced autophagy.  However, this approach 

was unsuccessful at determining the role of Ter94, Hsc70-4, Sta, eIF-4a and Hsp83 in 

starvation-induced autophagy in the germline as RNAi-mediated knockdown of these 

candidates led to rudimentary, agametic ovaries.  Ananlysis of hypomorphic alleles, 

analysis of RNAi lines using GAL80, or RNAi-mediated knockdown of these candidates 

in alternate tissues may help to unveil the role of these candidates in starvation-induced 

autophagy in vivo. In addition, validation of the remaining candidates in starvation-

induced autophagy in vivo during Drosophila oogenesis or in other tissues will be 

valuable.  Finally, epistasis analyses of candidate genes with Dcp-1 will provide 

additional information on the mechanism of Dcp-1 mediated autophagy in Drosophila.   
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One interesting area of research will be to identify the functional homolog of Dcp-

1. Although Dcp-1 has similar substrate specificity as mammalian Caspase 3 (Song et 

al., 1997), and both pro-Caspase 3 and active Caspase 3 have been shown previously 

to reside in the mitochondria (Chandra and Tang, 2003; Mancini et al., 1998), there have 

been no studies to date, to the best of my knowledge, examining a non-apoptotic role of 

pro-Caspase 3 and active Caspase 3 in the mitochondria.  Like Dcp-1, mammalian 

Caspase 6 also has auto-catalytic activity (Klaiman et al., 2008; Song et al., 2000; Wang 

et al., 2010), indicating that Caspase 6 may also function like Dcp-1.  Activation of 

Caspase 6 does not necessarily lead to cell death in HEK293T cells (Klaiman et al., 

2008), and Caspase 6 was shown to immunoprecipitate Hsp60, a mitochondrial protein, 

in an in vitro system (Xanthoudakis et al., 1999) suggesting Caspase 6 may be an 

interesting candidate to test as well. 

Dcp-1Prev1 flies are homozygous viable, and Dcp-1 was shown to regulate 

mitochondrial network morphology, SesB and ATP levels independently of a starvation 

signal suggesting that Dcp-1 may function similarly in other tissues.  Like Dcp-1Prev1 flies, 

Caspase 6-/- mice are homozygous viable and fertile.  Until recently, it was thought that 

Caspase 6-/- mice develop normally, however it was shown that Caspase 6-/- mice 

undergo age-dependent behavioral and neuroanatomical changes (Uribe et al., 2012).  

Neuronal degeneration of axons, dendrites and synaptic connections occurs during 

normal development and in response to injury, stress and disease (Keller et al., 2011).  

Recently, Dcp-1 was shown to be necessary and sufficient for motor neuron 

degeneration.  Overexpression of Dcp-1 in motor neurons induced axonal and nerve 

terminal degeneration (Keller et al., 2011).  Similarily, Caspase 6 has been shown to be 

required for developmental and stress-induced axonal degeneration (Nikolaev et al., 
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2009).  Sympathetic neurons from Caspase 6-/- mice show protection against axonal 

degeneration following nerve growth factor (NGF) deprivation, and Caspase 6-/- medium 

spiny neurons (MSNs) were protected from NMDA receptor-mediated excitotoxicity 

(induces cell death due to excess activation) (Uribe et al., 2012).  Importantly, Caspase 

6-/- MSNs had a significant increase in ATP levels and a significant reduction in TUNEL 

staining post NMDA-treatment (Uribe et al., 2012).  Perhaps overexpression of Dcp-1 in 

motor neurons leads to reduced ATP levels in a SesB dependent manner, resulting in 

motor neuron degeneration.  The role of Dcp-1 in motor neurons and its implications in 

neuronal degeneration may be an exciting new avenue of research.   

5.3. Potential applications of research 

Recent data has implicated both mammalian Hsp90, the homologue of 

Drosophila Hsp83, and mammalian Clic4 in autophagy regulation; however, the role of 

ANT family members in autophagy has yet to be tested. Hsp90 is an abundantly 

expressed molecular chaperone that promotes the correct folding and functionality of its 

client proteins including several protein kinases, steroid hormone receptors, anti-

apoptotic proteins, and oncogenes (Wu et al., 2012).  As inhibition of Hsp90 leads to 

degradation of its client proteins, targeting Hsp90 with small molecular inhibitors has 

emerged as an anti-cancer therapy (Whitesell and Lindquist, 2005).  However, to date 

only few studies have shown a clear clinical response (Hong et al., 2012) indicating that 

perhaps a better understanding of Hsp90 at the molecular level is required.  Specifically 

in cancer cells, and unlike most normal counterparts, Hsp90 is localized to the 

mitochondria where it functions to antagonize mitochondrial permeability transition, 

characterized by permeability of the inner mitochondrial membrane resulting in release 
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of apoptotic factors and cell death (Kang et al., 2007), and maintain organelle 

proteostasis (Siegelin et al., 2011). Inhibition of Hsp90 specifically in the mitochondria 

leads to phosphorylation and activation of AMPK, inhibition of mTOR complex 1, and 

induction of autophagy (Chae et al., 2012b). As induction of autophagy following 

chemotherapy treatment is thought to promote tumour cell survival (Amaravadi et al., 

2007; Degenhardt et al., 2006), perhaps Hsp90 inhibitors in combination with autophagy 

inhibition will better sensitize cancer cells to cell death.  Consistent with this, treatment 

with the Hsp90 inhibitor 17DMAG in combination with the autophagy inhibitor 3-

methyladenine (3-MA) facilitated Cytochrome c release and caspase activation in 

multiple myeloma cells (Palacios et al., 2010).  Our data is consistent with the notion that 

inhibition of Hsp90 enhances autophagy.  Further studies are required to understand the 

function of Hsp90 at the molecular level to develop better therapeutic strategies.     

The Clic family of proteins were first identified based on their chloride intracellular 

channel activity; however it is now clear that they function in signal transduction, 

differentiation and stress induced apoptosis (Fernández-Salas et al., 2002; Shukla et al., 

2009; Suh et al., 2007).  Specifically, Clic4, the most extensively studied Clic family 

member, has been shown to translocate from the cytoplasm to the nucleus in response 

to various cellular stresses, including etoposide and cyclohexamide, to accelerate 

apoptosis in keratinocytes (Suh et al., 2004). Clic4 expression is reduced in renal, 

ovarian, and breast cancers and Clic4 protein is excluded from the nucleus in cancer 

cells (Suh et al., 2004).  Moreover, the extent to which Clic4 expression level is reduced 

is associated with progression of squamous tumours from benign to malignant, 

implicating Clic4 as a suppressor of squamous tumour development (Suh et al., 2012).  

Not only does starvation induce autophagy in glioma cancer cells, but it also increases 
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the expression of Clic4 and induces its nuclear translocation, suggesting that Clic4 acts 

as a responder of starvation-induced autophagy (Zhong et al., 2012).  However, RNAi-

mediated knockdown of Clic4 enhanced autophagy and apoptosis following starvation in 

a glioma cancer cell line (Zhong et al., 2012) suggesting that the levels of Clic4, in 

addition to its localization, may play a critical role in the outcome of the cell.  We showed 

that RNAi mediated knockdown of Clic in the germline in Drosophila enhanced the 

percentage of degenerating mid-stage egg chambers undergoing autophagic flux 

following starvation.  Based on this data and the data from Zhong et al., perhaps low 

levels of Clic4 in the tumour promote cytoprotective autophagy, leading to increased 

survival and progression of tumour cells. However, further studies are required to 

determine the autophagy status in cancers with low levels of Clic4.  

There are 4 human ANT isoforms (ANT1-4), each with a specific expression 

depending on the tissue, cell type and proliferation status (Chevrollier et al., 2011).  

ANT1 and ANT3 are pro-apoptotic (Jang et al., 2008; Zamora et al., 2004), whereas 

ANT2 and ANT4 are anti-apoptotic (Gallerne et al., 2010; Jang et al., 2010).  Specifically 

in cancer patients, ANT2 and ANT3 have been shown to be up-regulated, whereas 

ANT1 has been shown to be down-regulated (Sharaf el dein et al., 2011). ANT2 shRNA 

in breast cancer cells restored their susceptibility to TRAIL-induced apoptosis by 

activating the JNK signaling pathway (Jang et al., 2010), and ANT2 shRNA significantly 

reduced tumour growth in an in vivo breast cancer xenograft model (Jang et al., 2008) 

further suggesting that ANT2 acts anti-apoptotically in cancer. Our results show that loss 

of SesB function enhances autophagic flux and cell death in degenerating mid-stage egg 

chambers, indicating that SesB may function more like ANT2 or ANT4 than ANT1 or 

ANT3.  Currently, there are several small molecule inhibitors of ANT function under 
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current investigation as anti-cancer therapies (reviewed in Sharaf el dein et al., 2011). 

As the induction of autophagy has been shown to play a cytoprotective role in 

established tumours (Amaravadi et al., 2007; Degenhardt et al., 2006), it may be 

worthwhile investigating the role of ANT proteins in autophagy.   Perhaps combining 

ANT and autophagy inhibition may be a more effective treatment than ANT inhibition 

alone.   

In summary, our study has identified candidate genes involved in starvation 

induced autophagy in vitro, and has confirmed the role of three candidates, Clic, Hsp83 

and SesB, in starvation induced autophagy during mid-oogenesis.  Moreover, I have 

uncovered a novel connection between an effector caspase and the regulation of 

mitochondrial dynamics and function.  This study has provided insights into the 

connection between autophagy and apoptosis in Drosophila, and provides a foundation 

for future studies examining the role of Dcp-1 and its interactors in starvation-induced 

autophagy.     
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