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Abstract 

Autophagy is an evolutionarily conserved cellular process that recycles proteins and 
organelles to maintain cellular homeostasis or provide an alternative source of energy in 
times of stress. While autophagy promotes cell survival, it can also be regulated by 
proteins associated traditionally with apoptosis. In an effort to better understand the 
complex intersections of these disparate cell fates, previous studies in Drosophila 
identified an apoptotic effector caspase, Dcp-1, as a positive regulator of starvation-
induced autophagy. Further, the Drosophila heat-shock protein, Hsp83, was identified as 
a Dcp-1 interacting protein and a putative negative regulator of autophagy. The aims of 
my thesis were to investigate the relationship between Dcp-1 and Hsp83 in the context of 
autophagy, and to determine if caspase-regulated autophagy was functionally conserved 
in humans. In vivo analyses of Hsp83 loss-of-function mutants in fed conditions showed 
increases in both autophagic flux and cell death. Hsp83 mutants also had elevated levels 
of pro-Dcp-1, which was attributed to reduced proteasomal activity. Analyses of an 
Hsp83/Dcp-1 double mutant revealed that the caspase was not required for cell death in 
this context but was essential for the ensuing compensatory autophagy, female fertility, 
and organism viability. These studies not only demonstrated unappreciated roles for 
Hsp83 in proteasomal activity and new forms of Dcp-1 regulation, but also identified an 
effector caspase as a key regulatory factor for sustaining adaptation to cell stress in vivo 
by inducing compensatory autophagy. To address whether effector caspases also 
regulate starvation-induced autophagy in human cells, caspase-3 (CASP3), a human 
homolog of Dcp-1, was examined in several human cell lines.  These studies showed that 
CASP3 was required for the upregulation of starvation-induced autophagy in most cell 
lines examined, but was not required for maintaining basal levels of autophagy. In human 
cells, another heat-shock family member, HSP60, was identified as a CASP3-interacting 
protein. HSP60 was shown to negatively regulate autophagy by controlling the subcellular 
localization of CASP3 in response to nutritional status. Epistasis analyses suggest that 
the increase in autophagy observed from loss of HSP60 was dependent on the 
accumulation of cleaved CASP3 in the cytosol. This work highlights a novel function for 
CASP3 in starvation-induced autophagy in human cells and illustrates how its response 
is regulated by HSP60-controlled subcellular localization. Altogether, my studies provide 
novel insights into stress adaptive relationships between heat-shock proteins and 
caspases in Drosophila and human cells. 
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Chapter 1. General Introduction 

1.1. Autophagy 

1.1.1. Types of autophagy 

Autophagy is a conserved eukaryotic cellular recycling process that relies on the 

lysosome. There are three main forms of autophagy: macroautophagy, microautophagy, 

and chaperone-mediated autophagy (Figure 1-1). Microautophagy is a non-selective 

degradative process where the lysosome, or vacuole in plants and fungi, directly engulfs 

cytosolic components by using autophagic tubes and invagination (Figure 1-1B) (Ahlberg 

and Glaumann, 1985; Marzella et al., 1980). Comparatively, less is known about this 

process than the other forms of autophagy but it appears to function in the maintenance 

of organellar size, cell survival under nitrogen deprivation and membrane homeostasis (Li 

et al., 2012). Chaperone-mediated autophagy (CMA) is another discovered form of 

autophagy that functions to target only single proteins (Figure 1-1C) (Neff et al., 1981). 

Targeting occurs through the recognition of a five amino acid KFERQ or KFERQ-like motif 

by heat-shock cognate 70 (Hsc70) (Dice et al., 1990). This complex then binds to 

lysosome-associated membrane protein type 2a, LAMP-2A, which mediates its transfer 

inside the lysosome for lysosomal degradation (Cuervo and Dice, 1996; Cuervo et al., 

1997). Macroautophagy, hereafter referred to as autophagy, is the best studied 

mechanism of autophagy and is the pathway that is the focus in this thesis (Figure 1-1A). 

The process begins by the formation of a double-membraned autophagophore or isolation 

membrane that expands and sequesters bulk cytoplasm containing organelles and 

proteins. This double-membrane structure containing selective and non-selective cytosolic 

components eventually closes to form the autophagosome. The autophagosome then 

fuses with lysosomes to form a single-membraned structure known as the autolysosome. 

The process is completed when the lysosomal hydrolases degrade the inner membrane 

and contents of the autolysosome back to basic building blocks, such as amino acids and 
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metabolites, which are then returned to the cell via lysosomal permeases (Yang and 

Klionsky, 2010). Macroautophagy is dynamic and often completion of the entire process 

is distinguished as autophagic flux. There are several specific forms of macroautophagy 

that are studied which focus on the nature of the targeted degradative product such as 

mitophagy (mitochondria), xenophagy (foreign microbes), and pexophagy (peroxisomes) 

to name a few (Klionsky et al., 2007).  

 
Figure 1-1 Types of autophagy 

All forms of autophagy are dependent on the lysosomes/vacuole. (A) Macroautophagy begins by 
the formation of the double-membraned phagophore which expands and sequesters cytosolic 
components. This encloses to form the autophagosome which then directly fuses with the 
lysosomes. (B) Microautophagy occurs when the lysosome invaginates and degrades small 
proteins or protein complexes directly into the lysosomes where the substrates are degraded. (C) 
Chaperone-mediated autophagy involves first the Hsp70 recognition of a single protein by its 
KFERQ motif. This complex then binds to lysosomes receptor, LAMP2A, to translocate the 
protein and Hsp70 complex inside of the lysosomes for it to be degraded. Adapted from Boya et 
al., 2013. 
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1.1.2. Functions of autophagy 

Autophagy occurs at basal levels in most cell types to play a housekeeping role by 

recycling unnecessary and potentially harmful cellular components such as damaged 

organelles or aggregated proteins (Hara et al., 2006; Komatsu et al., 2005). Additionally, 

autophagy was shown to play roles in development, differentiation and immunology 

(Mintern and Harris, 2015; Mizushima and Levine, 2010). However, autophagy arguably 

is best known for its ability to function as an adaptation process that is upregulated in 

response to several kinds of cellular stresses to aid in cell survival. One of the most 

common and well-characterized stresses that induces autophagy is nutrient deprivation 

from the depletion of amino acids, glucose or oxygen (Yorimitsu and Klionsky, 2005). The 

primary function of autophagy under this condition is to recycle macromolecules into basic 

metabolites and building blocks to assist in providing an alternative source of energy (Kaur 

and Debnath, 2015). To maintain genomic and cellular integrity, autophagy also responds 

to cellular assaults from reactive oxygen species, chemicals or radiation by clearing 

proteins or organelles which have been damaged (Zhang, 2013). The selective autophagy 

process, xenophagy, can be upregulated in response to the recognition of foreign 

properties from extracellular microbes and serves to promote clearance of these foreign 

entities (Bauckman et al., 2015). These examples of key roles that autophagy plays in 

cellular homeostasis help explain why dysfunction or dysregulation of autophagy has been 

associated with a plethora of diseases such as neurodegeneration and cancer (Levine 

and Kroemer, 2008). 

1.1.3. Brief history of autophagy discoveries 

The origins of the discovery of autophagy began first with Christian de Duve’s 

identification of the lysosome in the 1950’s (de Duve et al., 1955). Christian de Duve later 

went on to coin the term “autophagy” from the Greek “auto” meaning “self” and “phagy” 

meaning “eating” from his observations of cellular structures in mammalian tissues in 1966 

(De Duve and Wattiaux, 1966). The cellular structures he observed, using electron 

microscopy, were the signature double-membraned or single-membraned structures, 

known as autophagosomes and autolysosomes respectively, containing cytosolic proteins 

and organelles at various stages of disintegration (De Duve and Wattiaux, 1966). 
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Autophagic structures were then demonstrated to also occur in yeast and fuse with the 

vacuole, a lysosome-like organelle in yeast cells, several decades later by Yoshinori 

Ohsumi’s laboratory in 1992 (Takeshige et al., 1992). This discovery was key as further 

studies in yeast identified many of the core conserved autophagy-related (Atg) genes 

through mutagenesis experiments identifying autophagy-defective yeast strains (Thumm 

et al., 1994; Tsukada and Ohsumi, 1993). Yoshinori Ohsumi’s pioneering work in the 

autophagy field through discovery of key proteins and mechanisms was recently 

recognized when the Nobel Prize for Physiology and Medicine was awarded to him in 

2016. The first human autophagy genes showing conservation between yeast and 

mammals were then identified as ATG5 and ATG12 in 1998 (Mizushima et al., 1998). Two 

years later, the most commonly used marker for autophagy and the basis of several 

autophagy-related assays was identified as the mammalian protein light-chain 3 (LC3) 

(Kabeya et al., 2000). The field of autophagy has since then exploded with research being 

performed in diverse organisms such as fungi, Drosophila, mice, and humans, leading to 

elucidation of the autophagy molecular machinery and many of its regulators as well as 

the roles of autophagy in development, aging and disease (Feng et al., 2014). Although 

there have been great lengths accomplished in the autophagy field, there are still many 

remaining questions such as the origin of the double-membrane, the importance and role 

of autophagy in diverse tissues and development states, substrate selection and 

recognition and the complex regulatory pathways that can activate or inhibit autophagy. 

1.2. Molecular machinery of autophagy 

To date there are more than 35 autophagy-related (atg) genes identified in yeast; 

many of which are conserved among higher eukaryotes (Klionsky, 2014). Atg genes have 

specific roles in the dynamic stages of autophagy that can be mechanistically divided into 

autophagy induction, autophagosome nucleation, autophagosome expansion and 

completion. The proteins involved in the mammalian autophagic machinery are 

summarized in Figure 1-2.   
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Figure 1-2 Molecular machinery of autophagy in mammals 

Autophagy induction, autophagosome nucleation and vesicle elongation are required for 
autophagosome formation. Autophagy induction is initiated by inhibition of the TOR kinase, 
mTORC1, which can be performed by the energy sensor AMPK. Once mTORC1 is inhibited, the 
formation of the ULK1/2 complex with ATG12 and FIP200 localizes to the phagphore to induce 
autophagosome formation. Nucleation is dependent on the formation of the PI3K complex which 
consists of PI3KC3, BECN1, p150 and ATG14 in order to produce PI3K and attract the ATG 
proteins needed for elongation. Two well conserved ubiquitin-like conjugation systems are 
required for autophagosome elongation. The ATG12-ATG5-ATG16 complex forms to act like an 
E3 protein at the autophagosome. ATG4 cleaves LC3 where it is then transferred amongst E1 
and E2-like enzymes ATG7 and ATG3, respectively. The two pathways come together when the 
ATG12-ATG5-ATG16 complex inserts LC3 into the autophagosomal membrane for elongation.  
Lastly, ATG4 recycles LC3 off of the outer membrane to assist with maturation and eventual 
fusion with the lysosomes. Adapted from  Lebovitz et al., 2012. 

1.2.1. Autophagy induction 

While autophagy occurs at low levels in basal conditions, the cell has specific 

signaling pathways to induce autophagy in response to stress. One recognized control 

point is through the serine/threonine kinase target-of-rapamycin, TOR (dTOR in 

Drosophila, mTOR in mammals) which is a metabolic sensor that negatively regulates 

autophagy but positively regulates several other processes including protein synthesis, 

transcription and ribosome biogenesis (Díaz-Troya et al., 2008). TOR suppresses 

autophagy in nutrient-rich conditions by preventing the association of the key autophagy 

inducer serine/threonine kinase Atg1 with other autophagy substrates (Chang and 

Neufeld, 2009). TOR can phosphorylate and interact with Atg1 and Atg13 to prevent the 
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interaction and formation of the autophagy-inducing complex Atg1-Atg13-Atg17 (Kamada 

et al., 2000, 2010). Signals from energy sensor AMP-activated protein kinase (AMPK) and  

amino acid signaling can inactivate TOR in low nutrient conditions (Jewell et al., 2013). 

When TOR is inactivated, Atg13 becomes dephosphorylated and the Atg1 complex can 

be assembled and activated by phosphorylation to induce autophagy (Kijanska et al., 

2010; Yeh et al., 2010). In mammals, there are two homologs of Atg1, Unc-51-like kinase-

1 (ULK1) and -2 (ULK2) as well as a homolog of Atg17 called focal adhesion kinase family-

interacting protein of 200kDa (FIP200) (Hara et al., 2008; Jung et al., 2009). Once the Atg-

1/ULK complex is assembled and activated it localizes to the phagophore to initiate 

autophagosome formation (Cheong et al., 2008). 

1.2.2. Autophagosome nucleation 

There are still several theories of the origin of the phagophore membrane with 

groups postulating it originates from various organelles such as the endoplasmic reticulum 

(ER), mitochondria, the plasma membrane and the golgi apparatus (Axe et al., 2008; 

Hamasaki et al., 2013; Hayashi-Nishino et al., 2009; Ravikumar et al., 2010). Induction of 

autophagy causes the phagophore to be expanded into the double-membraned structure, 

the autophagosome, through an Atg-specific pathway. In order to recruit the Atg proteins 

to the phagophore, the class III phosphatidylinositol-3-kinase (PI3K) complex must 

produce phosphatidyl-inositol 3-phospate (PI3P) (Nice et al., 2002; Obara et al., 2008). 

The PI3K complex is composed of Vps34 (PI3KC3 in mammals), Vps15 (p150 in 

mammalian cells), Atg14 and  Atg6/Vps30 (BECLIN1 in mammalian cells) (Itakura et al., 

2008; Kihara et al., 2001; Sun et al., 2008). Dissociation of Beclin1 from the anti-apoptotic 

protein Bcl-2 is required and triggered under nutrient poor conditions to induce autophagy 

(Liang et al., 1999). AMBRA1 interacts with BECLIN1 and is phosphorylated by the ULK1 

protein upon autophagy induction which allows translocation of the BECLIN1 complex to 

the ER to promote autophagosome formation (Di Bartolomeo et al., 2010). The PI3K 

complex then recruits several Atg proteins and ubiquitin-like (Ubl) conjugation systems to 

the phagophore to enable expansion (Suzuki et al., 2001a). 
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1.2.3. Autophagosome expansion and completion 

There are two main Ubl conjugation systems for autophagosome expansion: the 

Atg12-Atg5-Atg-16 system and the Atg8-Atg4-Atg3 system. The systems are described 

as ubiquitin-like because Atg12 and Atg8 undergo a similar E1/E2/E3 conjugation process. 

Atg12 is first activated by the E1-like activating enzyme Atg7, transferred to the E2 

conjugating enzyme Atg10 and finally attached to a lysine on Atg5 (Geng and Klionsky, 

2008). This Atg12-Atg5 conjugate interacts with E3-like enzyme Atg16  forming the  Atg12-

Atg-5-Atg16 complex which is tetramerized and attached to the phagophore (Mizushima 

et al., 1999, 2003). In the other system, Atg8/LC3 is first cleaved by the cysteine protease 

Atg4 to create Atg8/LC3-I which allows a now exposed C-terminal glycine to be lipidated. 

Atg8/LC3-I is then further activated by the same E1-like enzyme Atg7 before being 

transferred to the E2 enzyme Atg3 (Taherbhoy et al., 2011). These two Ubl systems then 

meet when the Atg12-Atg5-Atg16 acts like an E3 enzyme by conjugating Atg8/LC3-I to 

the target lipid phosphatidylethanolamine (PE),becoming LC3-II, and assisting with its 

insertion into the autophagosomal membrane (Fujita et al., 2008b; Hanada et al., 2007; 

Thukral et al., 2015). The lipid-conjugated LC3-II form is present on the inner and outer 

membrane of the autophagosome and is involved in controlling the size of the 

autophagosome, and the curvature and closure of the membrane (Knorr et al., 2014; Xie 

et al., 2008).  The Atg8/LC3-II on the outside of the completed autophagosome is then 

recycled back to the unlipidated form through cleavage by Atg4 (Kirisako et al., 2000), a 

step that has been shown necessary for maturation and eventual lysosomal fusion in yeast 

(Yu et al., 2012). Once lysosomes fuse with the autophagosome, the acidic hydrolases 

degrade its contents (including the inner lipidated Atg8/LC3) into small molecules, such 

as amino acids, lipids and carbohydrates, which are returned to the cytoplasm by 

lysosomal permeases completing autophagic flux (Mizushima, 2007; Yang et al., 2006). 

1.3. Autophagy assays 

Autophagic flux is dynamic and therefore can be a challenging process to evaluate. 

The recommended way to determine if autophagic flux is affected in a particular model 

system is to utilize several different assays to come to a consensus, especially since many 

of the assays have their own caveats or limitations. The autophagy community has a 
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frequently updated manual called “Guidelines for the use and interpretation of assays for 

monitoring autophagy” where specific assays for organisms from yeast to humans have 

been extensively evaluated for their utility and practicality (Klionsky et al., 2016). 

Described below are the three autophagy assays that are used in this thesis. 

1.3.1. RFP/mCherry-GFP-LC3B (Atg8a) 

Atg8 (Atg8a in Drosophila) and its mammalian homologue LC3 are central to 

several autophagy assays. There are three human LC3 isoforms, LC3A, LC3B and LC3C, 

that are all modified in a ubiquitin-like manner (He et al., 2003). LC3B has been the most 

commonly studied LC3 family member to date and thus most assays have been designed 

to focus autophagic flux analysis on this isoform (Figure 1-3). As described above, 

Atg8a/LC3B is lipidated and then inserted into the autophagosomal membrane and thus 

essentially can act as a marker for autophagosomes or autolysosomes (Kabeya et al., 

2000; Thukral et al., 2015). A common method to monitor autophagy is through 

visualization of Atg8a/LC3B, as the lipidated form lines the autophagosomes and 

consequently appears in punctate structures (Kabeya et al., 2000). Atg8a/LC3B can be 

monitored directly by immunofluorescence (Tanida et al., 2005) but more commonly it is 

fused to a fluorescent protein, such as GFP, using an overexpression reporter construct. 

One of the best ways to accurately monitor autophagic flux is by tagging Atg8a/LC3B with 

two different fluorescent markers, RFP/mCherry and GFP, which takes advantage of 

GFP’s sensitivity to acidity and makes it possible to differentiate the autophagosomal 

stage from the autolysosomal stage (Kimura et al., 2007). Both fluorescent markers are 

detected at autophagosomes using microscopy where overlap of the RFP and GFP 

signals can be displayed as yellow puncta in the cell (Figure 1-3A). However, if lysosomal 

fusion has occurred and the pH has been lowered in the autolysosome, the GFP signal 

becomes quenched, resulting in the appearance of red puncta. The RFP/mCherry-GFP-

Atg8a/LC3B (also referred to as tandem-Atg8a/LC3B) is a construct that can be expressed 

in vivo in fly stocks or can be stably transfected in Drosophila or human cell lines making 

it a very useful tool to monitor induction and completion of autophagic flux (DeVorkin and 

Gorski, 2014a; Kimura et al., 2007). 
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Figure 1-3 Autophagy LC3B assays 

 (A) Exogenous expression of the tandem reporter, RFP-GFP-Atg8a/LC3B, lines the inner and 
outer membranes of the autophagosome when autophagic flux is initiated. Using microscopy, the 
signals from GFP and RFP overlap giving the appearance of yellow puncta. When autophagic 
flux is completed by lysosomal fusion, the autolysosome only expresses signal from the RFP 
because the acidity from the lysosomes quenches the GFP signal giving the appearance of red 
puncta.  Adapted from Hannigan and Gorski, 2009. (B) The membrane bound LC3-II with its 
covalently attached PE has a different mobility on immunoblots than LC3-I. Cells treated with 
Bafilomycin A1, to block the lysosomal fusion step of autophagy, leads to an accumulation of 
LC3-II when autophagic induction is upregulated.   

1.3.2. Bafilomycin LC3B-I/LC3B-II immunoblot 

Another method that relies on LC3B monitors the conversion of LC3B from the 

delipidated form (LC3B-I) to the lipidated form (LC3B-II) (Kadowaki and Karim, 2009). If 

there is an increase in autophagy induction, LC3B-I is rapidly converted to LC3B-II to 

enable the formation of autophagosomes (Tanida et al., 2005). However, autophagy is a 

dynamic process and the LC3B-II can be recycled back through completion of autophagic 

flux. Thus, to compare levels of pools of both LC3B-I and LC3B-II proteins, it is important 

to block the final steps of autophagy (Tanida et al., 2005). There are several late stage 

autophagy inhibitors that affect the acidity of the lysosomes or the lysosomal fusion step; 

one commonly used inhibitor is Bafilomycin A1 that works to inhibit vacuolar H-ATPases 
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of the lysosomes, causing an increase in the intralysosomal pH (Ashoor et al., 2013; 

Klionsky et al., 2008). Treatment with Bafilomycin A1 prevents lysosomal fusion leading 

to a distinct accumulation of LC3B-II-decorated autophagosomes if autophagy has been 

induced (Figure 1-3B). LC3B-I and LC3B-II have distinct mobilities on SDS-PAGE gels 

which makes it possible to compare the relative amounts of autophagy induction between 

controls and treatments by immunoblot densitometry analysis. 

1.3.3. Acidotropic dyes 

A supportive autophagy assay is quantitation of the cellular level of lysosomal 

activity, represented by lysosomes and autolysosomes, which typically correlates with the 

level of autophagic activity (Zhou et al., 2013). The lysosomes can be marked by specific 

antibodies, for example LAMP1, or lysosomes/autolysosomes can be visualized  using 

acidotropic dyes such as LysoTracker® Red or LysoTracker® Green (Chikte et al., 2014; 

DeVorkin and Gorski, 2014b). These live cell dyes are weak bases linked to a fluorophore 

that accumulate in acidic organelles where they become protonated and trapped. The 

intensity of the staining can be assessed using flow cytometry or quantitative fluorescent 

microscopy to compare levels of lysosomal activity in cells following different treatments 

(Chikte et al., 2014; DeVorkin and Gorski, 2014b). These assays are useful as supporting 

evidence to determine whether autophagic flux is increased or decreased, but always 

require complementation by an autophagy-specific assay. 

1.4. Drosophila as a model organism for studying 
autophagy 

Drosophila melanogaster has become a powerful organism in which to monitor 

autophagy because of the development of in vivo tools to analyze differences in autophagy 

regulation and flux between tissues and developmental stages (Nagy et al., 2015). 

Autophagy contributes to developmental processes in several tissues through the steroid 

hormone ecdysone or various signaling pathways (Calamita and Fanto, 2011; Lee and 

Baehrecke, 2001; Lee et al., 2002; Rusten et al., 2004). During Drosophila development, 

the availability of nutrients critical for growth signaling needs to be sustained so tissues 

such as the larval fat body, the midgut, and the ovary are sensitive to nutrient deprivation 
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and readily induce autophagy (Barth et al., 2011; DeVorkin et al., 2014; Hou et al., 2008; 

Scott et al., 2004; Wu et al., 2009). In my thesis I analyzed autophagy in the mid-stage 

egg chambers of the ovary as well as larval fat bodies since they are established models 

of autophagy (Figure 1-4). 

 
Figure 1-4 Drosophila life stages and oogenesis development 

(A) The life cycle of Drosophila consists of four main stages: embryo, larva, pupa and adult. In my 
thesis, I focus on the fat bodies of larva and oogenesis in adult Drosophila. (B) Drosophila ovaries 
consist of 15 to 20 ovarioles that contain 14 well-defined stages of developing egg chambers 
beginning at the germarium. The mid-stage egg chambers consist of somatic follicle cells 
surrounding the germline nurse cells and oocyte, and mark beginning of yolk formation. Adapted 
from He et al., 2011. 

1.4.1. Drosophila oogenesis and autophagy  

Each female Drosophila has two ovaries, each containing 15 to 20 ovarioles 

(Figure 1-4B). Ovarioles are composed of a series of developing egg chambers that arise 

from the germarium and progress posteriorly through 14 well-defined stages (King, 1970). 

Stem cells give rise to two types of cells within the germarium: the somatic cells and the 

germline cells (Kirilly and Xie, 2007). Beginning in stage one, each egg chamber is made 

up of 15 germline nurse cells and one developing oocyte connected by ring canals and 
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surrounded by the somatic-derived follicle cells (Spradling, 1993).  The nurse cells function 

to support growth of the oocyte by providing a source of nutrients through the ring canals. 

At stage eight of development, vitellogenesis begins to produce the yolk, and the oocyte 

nucleus begins to increase in size. By stage eleven, the contents of the nurse cells are 

distributed into the oocyte and the nurse cells begin to shrink. At stage twelve, the nurse 

cells begin apoptosis once depleted of their cytoplasm and the remnants are engulfed by 

surrounding follicle cells (Cavaliere et al., 1998; Nezis et al., 2000). The final stage of 

oogenesis allows the fully developed ooctyte to be encased by the completed chorion 

secreted from the apoptotic follicle cells (Nezis et al., 2002).  Autophagy occurs in both 

the germline and follicle cells under basal conditions and is an important form of 

communication between the follicle cells and the germline cells (Barth et al., 2011). 

Autophagy is notably upregulated in the germarium and mid-stage egg chambers in 

response to nutritional cues (Barth et al., 2011; Hou et al., 2008; Nezis et al., 2009).  For 

my thesis I chose to focus on stage 7-9 egg chambers, or mid-stage egg chambers, as 

they represent a key nutritionally-sensitive checkpoint that is associated with autophagy 

and  determines if the oocyte will undergo the energy-demanding process of vitellogenesis 

(Drummond-Barbosa and Spradling, 2001). 

1.4.2. Drosophila larval fat body and autophagy  

The Drosophila larval fat body is a nutrient storage organ analogous to the 

mammalian liver and adipose tissue, serving as a major storage site for glycogen, lipids 

and proteins (Azeez et al., 2014). Autophagy is enhanced in the larval fat body in the late 

larval stages and during metamorphosis to provide nutrients to developing imaginal 

tissues (Juhász et al., 2003). Larval development is divided into three larval instars that 

are distinguished by larval spiracles and mouthparts, and signify the different stages of 

moulting. During development in the late larval stages, or the third larval instar, there is an 

upregulation of autophagy in response to an increase in the steroidal hormone ecdysone 

which also alters the behavior of the larva to include foraging activities (Rusten et al., 

2004). Autophagy is also readily induced in the larval fat body in response to amino acid 

starvation (Scott et al., 2004). Without autophagy, larva do not survive starvation due to 

defects associated with lipid accumulation (Britton et al., 2002; Hou et al., 2008; Wang et 

al., 2012). For my thesis I included studies of the fat body from first instar larva because 
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they are sensitive to starvation-induced autophagy but do not undergo hormone-related 

autophagy during this stage(Scott et al., 2004). 

1.5. Apoptosis 

Apoptosis, meaning “falling off” in Greek, was coined after Kerr et al. noticed a type 

of cell death characterized by cell shrinkage as opposed to the cell rupture that is 

characteristic of necrosis (Kerr et al., 1972).  Also commonly known as Type I programmed 

cell death, apoptosis is characterized by distinct morphologies including nuclear 

fragmentation, chromatin condensation, and membrane blebbing (Hengartner, 2000). The 

cell shrinks and blebs to form smaller cellular fragments which are engulfed and digested 

by surrounding phagocytic cells to prevent an inflammatory response (Kerr et al., 1972). 

Apoptosis is a common event in development to clear superfluous cells but can also be 

triggered in response to cell death stimuli such as DNA damage, hypoxia, and heat (Rich 

et al., 2000). Apoptosis can be activated through two separate pathways that differentiate 

between internal and external signals: the intrinsic apoptotic pathway and the extrinsic 

apoptotic pathway (Figure 1-5). Mitochondria are central to instrinsic pathway activation. 

Cell death stimuli trigger mitochondrial permeability transition (MPT) pores to form as well 

as the loss of mitochondrial transmembrane potential which results in the release of pro-

apoptotic proteins to the cytosol where they can become activated (Saelens et al., 2004). 

External signals can also stimulate activation of apoptosis through transmembrane 

receptor recognition in the extrinsic pathway. The two best characterized ligand/receptor 

interactions identified in the extrinsic pathway are FasL/FasR and TNF-α/TNFR1 (Bang et 

al., 2000). After ligand recognition, a signal transduction pathway is induced where 

adaptor proteins with death domains (DED) are recruited to the cytoplasmic side of the 

receptors to form the death-inducing signaling complex (DISC) (Ouyang et al., 2012). Both 

pathways eventually converge to the final phase of apoptosis, the execution phase, which 

requires the activation of cysteine-aspartic proteases (caspases) to cleave a variety of 

downstream targets. 
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Figure 1-5 Apoptotic cascades in Drosophila and mammals 

Drosophila and mammalian cascades have similar structured hierarchies of proteins.  In 
Drosophila, a cell signal triggers activation of initiator caspase Dronc through Diap1 inhibition or 
through activation of the apoptosome. Dronc then goes on to activate the effector caspases, 
Drice and Dcp-1, which cleave a variety of substrates to effect apoptosis. In mammals, the 
intrinsic pathway is induced through mitochondrial perturbation which leads to apoptosome 
formation from cytochrome c release or blockage of inhibitor of apoptosis proteins (IAPs). This 
subsequently leads to activation of the initiator caspase, caspase-9. The extrinsic pathway begins 
when a ligand binds a death receptor to start a signal cascade that causes activation of Caspase-
8. Active caspase-8 and active caspase-9 cleave effector caspases, caspase-3, caspase-6, and 
caspase-7, to induce the final cleavage steps of apoptosis.  Adapted from Hay et al., 2004. 

1.5.1. Caspases 

Caspases are cysteine-aspartic proteases that are traditionally associated with 

roles in programmed cell death and inflammation. Their name reflects their mechanism of 

action: cleavage of proteins by nucleophilic attack of a target aspartic acid using a cysteine 

in the active site of the caspase (McIlwain et al., 2013). Caspases exist in the cell as 
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inactive zymogens (pro-caspases) so that they only become active with the proper 

stimulus. Caspases are tightly regulated by subcellular localization and inhibitor of 

apoptosis proteins (IAPs). The inactive pro-caspase consists of a pro-domain of variable 

lengths, a large p20 subunit, a small p10 subunit, and a linker between the p20 and p10 

subunit (Figure 1-6A). Activation leads to proteolytic processing of the linker between the 

subunits which allows the protein to assemble into an active tetramer consisting of two 

p20 and two p10 subunits (Figure 1-6B) (Chang and Yang, 2000). Each tetramer has two 

cavity-shaped active sites formed from both large and small subunits (Chang and Yang, 

2000). A final step involves removal of the pro-domain, allowing the caspase to mature 

and be stabilized but does not affect the catalytic activity (Pop and Salvesen, 2009). The 

catalytic activity of caspases is localized to the p20 subunit which contains the catalytic 

dyad residues Cys and His, while the p10 subunit  contributes to formation of the substrate 

binding groove (Pop and Salvesen, 2009). Caspases recognize the substrate peptide 

sequence P4-P3-P2-P1-P1’ where P1-P1’ is the scissile bond and the P1 peptide is invariably 

an aspartic acid (D) (Talanian et al., 1997). However, in Drosophila, the P1 peptide can be 

another small uncharged residue (Hawkins et al., 2000). The different caspases have 

variable affinities for certain combinations of amino acids to form the catalytic groove. The 

most common peptide recognition sequences in mammals are YVAD, DVDAD, DEVD, 

LEVD, WEHD, VEID, IETD, LEHD and AEVD for caspase-1, caspase-2, caspase-3/ -7, 

caspase-4, caspase-5, caspase-6, caspase-8, caspase-9, and caspase-10 respectively 

(Talanian et al., 1997). However, cross-reactivity is a common occurrence and fidelity is 

low for the specific sequences (McStay et al., 2008).   
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Figure 1-6 Structures of zymogens and active apoptotic caspases 

(A) All apoptotic caspase zymogens can be divided into three sections: the prodomain, the p20 
subunit and the p10 subunit. The initiator caspases have longer pro-domains that contain 
caspase recruitment domains (CARD) or death effector domains (DED). Effector caspases have 
very short pro-domains as their activation only requires cleavage between the p20 and p10 
subunit as opposed to the recruiting domains on the initiator caspases. The main cleavage site 
for caspase activity is indicated by a large arrow, while the smaller arrows represent further 
processing steps that aren’t required for activation. The four loops which compose the catalytic 
groove are shown from L1-L4. The catalytic Cysteine residue is indicated by a red line in L2. (B) 
Cleavage between the p20 and p10 domain allows the formation of active caspase-3 
heterotetramer. The catalytic binding groove is between the p20 and p10 subunit.  Adapted from 
Shi, 2002. 
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1.5.2. Classification of caspases 

Caspases are classified by their role in apoptosis or inflammation with the 

exception of caspase-14 which plays a role in epithelial cell differentiation (Denecker et 

al., 2008). In humans, the group of inflammatory caspases includes caspase-1, caspase-

4, caspase-5, and caspase-12. Caspase-11 is an inflammatory caspase but has been 

shown to only exist in mice (Broz and Monack, 2013) while caspase-13 is an inflammatory 

caspase only found in bovine species (Koenig et al., 2001). The apoptotic pathway in 

humans includes caspases-2,-3,-6, -7, -8, -9 and -10. In Drosophila there are seven 

identified caspases: Dronc, Dredd, Strica, Dcp-1, Drice, Damm, and Decay. The caspases 

can then be further subdivided into initiator or effector caspases based on their hierarchal 

position in the apoptotic cascade. 

1.5.3. Initiator caspases 

Initiator caspases are upstream of effector (executioner) caspases in the apoptotic 

cascade and have longer pro-domains containing protein-protein interaction domains 

such as the caspase recruitment domain (CARD) and the death effector domain (DED) 

(Figure 1-6A) (Degterev et al., 2003). Initiator caspases exist as stable monomers that are 

recruited to activation platforms where the concentration of caspases cause proximity-

induced dimerization (Boatright and Salvesen, 2003). The dimerization facilitates 

autocatalytic activity allowing proteolytic processing of the p20 and p10 subunits. Once 

the initiator caspase is activated, it subsequently targets effector caspases to propagate 

the apoptotic cascade. In humans, initatior caspases are identified as caspase-2, 

caspase-8, caspase-9 and caspase-10. Currently, there is little known about the 

mechanism of action for caspase-10 other than it appears to behave like an initiator 

caspase in the apoptotic pathway (Wachmann et al., 2010). In Drosophila, Dronc, Dredd 

and Strica contain long pro-domains and thus are classified as initatior caspases. Dronc 

is recognized as the main initiator caspase as it is required for all apoptotic cell death 

(Kumar and Doumanis, 2000). 
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1.5.4. Effector caspases 

In comparison to the initiator caspases, effector caspases have a relatively short 

pro-domain and already exist as inactive homodimers (Figure 1-6A) (Parrish et al., 2013). 

Effector caspases become activated due to a conformational change when the linker 

between the p20 and p10 subunits is proteolyzed predominantly by initiator caspases 

(Chai et al., 2001; Riedl et al., 2001). Once activated, the effector caspases cleave a 

variety of targets  such as important structural proteins, kinases, cell cycle proteins and 

other effector caspases, to complete the cascade through dismantling of the cell (Degterev 

et al., 2003). In humans, the effector caspases are identified as caspase-3, caspase-6 and 

caspase-7, with caspase-3 being recognized as the most prolific effector caspase. In 

Drosophila, Dcp-1, Drice, and the lesser studied Damm and Decay are all effector 

caspases. Drice is recognized as the main effector caspase due to its abundance, 

similarity to caspase-3, and more prevalent cell death defects observed in genetic 

experiments (Fraser and Evan, 1997). In this thesis, my focus is on Drosophila Dcp-1 and 

human caspase-3.  

1.5.5. Dcp-1 and caspase-3 in cell death  

Dcp-1 is theorized to fine-tune the apoptotic process as it can induce apoptosis on 

its own but generally has weaker cell death phenotypes than Drice (Florentin and Arama, 

2012; Xu et al., 2006). Dcp-1 null flies (Dcp-1Prev1) are viable (Laundrie et al., 2003), as 

opposed to Drice mutants (Xu et al., 2006), and display several neuronal (Keller et al., 

2011; Schoenmann et al., 2010) and oogenesis defects (Laundrie et al., 2003). Caspase-

3 cleaves the majority of the caspase substrates that are essential to induce apoptosis 

and cause nuclear collapse, such as DNase inhibitors, topoisomerase and signal 

transducers of transcription, whereas caspase-6 and caspase-7 have minimal impacts in 

human cells when they are solely expressed (Abraham and Shaham, 2004; Slee et al., 

2001). Caspase-3 knock-out mice have detrimental phenotypes with variable effects on 

survival throughout development depending on their genetic background with severity 

ranging from perinatal death to fully developed adults with few neuronal  abnormalities 

(Leonard et al., 2002). These mice  are shown to have defects in DNA and nuclear 

fragmentation which ultimately cause neuronal defects (Leonard et al., 2002). The 
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difference between developmental outcomes in different strains of mice was discovered 

to be due to a difference in the levels of compensatory activation from caspase-7, which 

is equally efficient as caspase-3 in mice (Houde et al., 2004).  

1.5.6. Non-apoptotic roles of “apoptotic” caspases 

There is a growing appreciation that the classically defined “apoptotic” caspases 

have many important roles other than the execution of cell death. Apoptotic caspases in 

Drosophila and mammals have been identified as having apoptosis-independent functions 

in proliferation, tissue regeneration, differentiation, neural development, immune 

responses and autophagy. 

Proliferation and tissue regeneration 

Compensatory proliferation in response to cell damage or injury is a phenomenon 

that occurs in Drosophila and highlights Drosophila’s regenerative capacity. When 

apoptosis is blocked by the caspase inhibitor p35 after exposure to cell death stimuli, 

Dronc is still required to induce compensatory proliferation through the Wingless (Wg) and 

Decapentaplegic (Dpp) pathways for the growth of neighbouring cells (Huh et al., 2004; 

Kondo et al., 2006; Wells et al., 2006). In a second mechanism, effector caspases Drice 

and Dcp-1 can also induce compensatory proliferation through the Hedgehog (Hh) 

signaling pathway in differentiating eye tissues (Fan and Bergmann, 2008). Caspase-3 

and caspase-7 support liver regeneration through cleavage and subsequent activation of 

a phospholipase which promotes secretion of factors that interact with the Wnt pathway 

(Goessling et al., 2009; Li et al., 2010a).  Conversely, caspase-8 appears to hinder liver 

regeneration as knockout mice no longer cleave receptor-interacting protein 1 (RIP-1) 

which accelerated the regenerative pathways controlled by NFκB signaling (Freimuth et 

al., 2013). Key bone-forming genes underwent reduced expression in caspase-7 knockout 

mice, resulting in a decrease in bone density and volume indicating that caspase-7 is 

important for osteogenesis (Svandova et al., 2014). Additionally, caspase-8 and caspase-

6 have been implicated in lymphocyte proliferation and homeostasis in mice and humans, 

respectively (Beisner et al., 2005; Olson et al., 2003). Caspase-3 deficient mice show 

hyperproliferation of B-cells which can be mitigated with the deletion of the common 
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apoptotic caspase target, the cell cycle activating cyclin-dependent kinase, Cdnk1a (Woo 

et al., 2003). 

Differentiation 

An important role for a caspase in cell differentiation has been identified in 

Drosophila. The Drosophila initiator caspase Dronc cleaves Shaggy46, a protein that 

negatively regulates Wnt-signalling, to activate it for the formation of neural precursor cells 

(Kanuka et al., 2005). Mammalian apoptotic caspases have been implicated in the 

differentiation of several different types of progenitor cells including erythroid cells (Zermati 

et al., 2001), keratinocytes (Okuyama et al., 2004), lens cells (Ishizaki et al., 1998), muscle 

progenitor cells (Fernando et al., 2002; Murray et al., 2008), bone marrow stromal stem 

cells (Miura et al., 2004), osteoblasts (Mogi and Togari, 2003), odontoblasts (Matalova et 

al., 2013), monocytes (Sordet et al., 2002), neurons (Yan et al., 2001), embryonic stem 

cells (Fujita et al., 2008a) and hematopoietic stem cells (Janzen et al., 2008). Of the above 

listed progenitor cells, caspase-3 is the dominant force in differentiation as it has been 

implicated in all with the exception of odontoblasts which require caspase-7. 

Neural development 

While caspases were shown to be important for apoptosis during Drosophila neural 

development, they can also have apoptosis-independent effects in the nervous system 

(Hyman and Yuan, 2012). Dronc was shown to be required for dendritic pruning during 

larval development. Dendritic pruning requires cleavage of substrates similar to those in 

apoptosis that affect the cytoskeleton and phagocytic clearance, but without the presence 

of cell death (Kuo et al., 2006). Similarly, caspase-3 and-6 were shown to affect dendrite 

pruning in mice . Caspase-9 is needed to cleave the protein Semaphorin 7A for proper 

axonal projection and, without it, mice experience improper axonal guidance and 

synaptogenesis (Ohsawa et al., 2009). The synaptic modification known as long-term 

depression (LTD) through AMPA receptor internalization requires caspase-3 activity as 

loss of caspase-3 or overexpression of caspase-3 inhibitors prevent LTD (Li et al., 2010b).     
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Immune response 

Apoptotic caspases have exhibited a role in the regulation of the immune 

response. In Drosophila, initiator caspase Dredd was shown to be a regulator of the 

immune response by activating the key innate immune response transcription factor, 

Relish, through endoproteolytic cleavage (Stoven et al., 2003; Tanji and Ip, 2005).  

Caspase-8 in humans was shown to regulate inflammasome activation independently of 

apoptosis through priming of a cytokine interleukin (Maelfait et al., 2008). Additionally, 

caspase-8 can suppress inflammation and its loss can lead to inflammation-related skin 

diseases and cancer (Ben Moshe et al., 2007; Kovalenko et al., 2009; Liedtke et al., 2011). 

Autophagy  

In Drosophila, the effector caspase Dcp-1 was identified as a positive regulator of 

autophagy;  Dcp-1 overexpression induces autophagy whereas loss of Dcp-1 results in 

the inhibition of autophagy induction in response to starvation conditions (DeVorkin et al., 

2014; Hou et al., 2008; Kim et al., 2010). In mammals, caspases were found to both 

promote and inhibit autophagic flux. The initiator caspases in the apoptotic cascade, 

caspase-2, caspase-8 and caspase-9, were identified as suppressors of autophagy in 

certain contexts through control of reactive oxygen species (ROS) levels or by cleaving 

substrates involved in the regulation of autophagy or the autophagic process itself (Bell et 

al., 2008; Cho et al., 2009; Oral et al., 2012; Tiwari et al., 2011, 2014; You et al., 2013). 

Conversely, caspase-9 was shown to promote autophagy by enhancing the priming and 

lipidation of LC3B through complexing with autophagy protein Atg7 (Han et al., 2014; 

Jeong et al., 2011). The effector caspases, caspase-3, caspase-6, and caspase-7, were 

linked to suppression of autophagy through promoting extrusion of autophagic vesicles or 

through cleavage of proteins involved in autophagic flux (Cho et al., 2009; Norman et al., 

2010; Pagliarini et al., 2012; Sirois et al., 2012; Wirawan et al., 2010; You et al., 2013). In 

contrast, it was suggested, though not demonstrated directly, that caspase-3 could 

upregulate autophagy by cleavage and subsequent activation of ATG4D (Betin and Lane, 

2009). While in vitro cleavage of autophagy proteins by effector caspases was shown in 

human cells in response to cell death stimuli, there is very little known about caspase 

regulation of autophagy in other cellular contexts. 
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1.6. Ubiquitin-proteasome system (UPS) 

In addition to autophagy, the other main degradative process in eukaryotic cells is 

the ubiquitin-proteasome system (UPS). The UPS functions to control the half-lives of 

regulatory proteins and to eliminate misfolded or damaged proteins. Protein degradation 

was originally solely attributed to lysosomes until the Goldberg group reported in 1977 that 

ATP-dependent proteolysis occurs in lysosome-free reticulocytes (Etlinger and Goldberg, 

1977). This discovery was followed up by the finding that proteins could be conjugated to 

a small protein called ubiquitin and that these conjugated proteins were degraded through 

ATP-dependent proteolysis (Ciehanover et al., 1978; Hershko et al., 1980).  

1.6.1. The ubiquitin-conjugation system  

The ubiquitin-conjugation system was further elucidated to identify the groups of 

E1, E2 and E3 enzymes – proteins with their own sequential role in conjugating ubiquitin 

to target proteins (Hershko et al., 1983, 2000).  E1 enzymes, or ubiquitin-activating 

enzymes, activate ubiquitin through an ATP-dependent process where the ubiquitin 

protein is covalently attached to a cysteine on the E1 enzyme through its C-terminus. 

Activated ubiquitin is then transferred to a specific cysteine residue on an E2 enzyme, or 

ubiquitin-conjugating enzyme. The E2 enzyme then conjugates the C-terminal glycine 

residue of ubiquitin via an isopeptide bond to an internal lysine residue of a target 

substrate. E3 enzymes, or ubiquitin-ligase enzymes, are required in certain conjugation 

reactions for substration recognition. After a single ubiquitin is attached, ubiquitin can itself 

be targeted for further ubiquitination, differentiating monoubiquitination and 

polyubiquitination which can lead to different cell fates: monoubiquitination generally 

regulates DNA repair, viral budding and gene expression whereas polyubiquitination 

targets proteasomal degradation through lysine48 (K48),  and signaling and endocytosis 

through lysine63 (K63) (Sadowski and Sarcevic, 2010). While the UPS is known to 

traditionally process ubiquitin-tagged proteins, there are examples of ubiquitin-free 

proteasomal degradation (Hoyt and Coffino, 2004). 
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Figure 1-7 The ubiquitin-proteasome system 

The ubiquitin-proteasome system consists of the targeting of a substrate through the ubiquitin-
conjugation system and subsequent degradation through the 26S proteasome. Free ubiquitin is 
activated through an E1 enzyme and then transferred to an E2 enzyme. The ubiquitin from the E2 
enzyme is transferred to the substrate of interest by an E3 enzyme. This can happen in multiple 
rounds in order for a protein to become polyubiquitinated for recognition by the proteasome. The 
26S proteasome consists of one core 20S particle structure with two 19S regulatory particles. The 
20S core particle is a hollow chamber consisting of four stacked heptameric rings that are made 
up of α and β subunits. Seven α subunits compose each outer ring of the 20S core particle and 
function as a docking platform for the regulatory particles and also sterically control the entry of 
subsrates. The 19S particles are composed of 19 individual proteins which can be divided into a 
nine subunit base that binds directly to the 20S particle, and a ten subunit lid.  Adapted from 
Massaly et al., 2015.  

1.6.2. The proteasome 

The machinery to degrade ubiquitinated proteins was discovered as a multimeric 

complex called the 26S proteasome, with “S” referring to the Svedberg sedimentation 

coefficient (S) (Hough et al., 1987). The 26S proteasome consists of one core 20S particle 

structure with two 19S regulatory particles (Figure 1-7). The 20S core particle is a hollow 

chamber consisting of four stacked heptameric rings that are made up of α and β subunits. 

Seven α subunits compose each outer ring of the 20S core particle and function as a 

docking platform for the regulatory particles and also sterically control the entry of 

subsrates. On the inside, the inner β subunits are stacked on top of each other and contain 

the catalytic activity. In mammals, there are three types of β subunits with distinct catalytic 
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recognition and cleavage: caspase-like subunits (β1) which cleave after glutamate, 

trypsin-like subunits (β2) which cleave after the basic amino acids lysine and arginine, and 

chymotrypsin-like subunits (β5) which cleave after hydrophobic amino acids (Heinemeyer 

et al., 1997). The 19S regulatory particles contain multiple ATPase active sites and 

ubiquitin binding sites to recognize and transfer substrates into the catalytic core.  The 

19S particles are composed of 19 individual proteins which can be divided into a nine 

subunit base that binds directly to the 20S particle, and a ten subunit lid. The 19S particle 

contains ATPase subunits which, through ATP hydrolysis, are able to unfold proteins. 

Additionally, ATP binding is required for all of the other steps of proteasomal degradation 

including complex assembly, gate opening, translocation and proteolysis (Liu et al., 2006). 

Once the unfolded target protein is within the 20S particle, it is proteolyzed into 

polypeptides 7-9 amino acids in length. Heat-shock proteins can act as molecular 

chaperones to assist with unfolding targeted proteins and delivery of substrates to the 

proteasome. 

1.7. Heat-shock proteins 

Heat-shock proteins (HSPs) are a family of proteins that were first discovered 

when chromosomal puffs exposed several genes that are transcriptionally upregulated in 

response to heat stress in Drosophila (Ritossa, 1996). Currently, heat-shock protein could 

be considered a misnomer as these proteins can be upregulated in response to a variety 

of stresses and also have crucial roles at basal expression levels in unstressed conditions. 

HSPs act regularly as molecular chaperones and play critical roles in maintaining protein 

homeostasis (proteostasis). Chaperones have a variety of functions such as assisting 

native proteins with folding/unfolding, assembly/disassembly, and transport or sorting of 

proteins within subcellular compartments (Richter et al., 2010). Due to their vast clientele 

and general role in protein folding, HSPs control many essential processes and pathways 

such as cell division, cell signaling, and cytoprotective responses to stress (Li and 

Srivastava, 2004). HSP proteins are typically classified into one of five families according 

to their relative molecular sizes (kilodalton): HSP100, HSP90, HSP70, 

HSP60/chaperonins, and the small HSPs (Richter et al., 2010). Each family has distinct 
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functions, structures, clientele and characteristics. In this thesis I focus on Drosophila 

Hsp83 from the HSP90 family and human HSP60 (Figure 1-8). 

 
Figure 1-8 Structures of HSP90 and HSP60 

(A) The 3D structure of HSP90 in open and closed states with variable ATP-binding. HSP90 
exists and functions as a homodimer. Each HSP90 molecule consists of three domains: the ATP-
binding amino-terminal domain (red), the clientele-recognizing middle domain (cyan) and the 
dimerizing carboxy-terminal domain (blue). (B) 3-D structures of HSP60 from a side view (left), 
top view (middle) and of a single subunit (right). HSP60 consists of one or two stacked 
heptameric rings. The centre of the protein provides a chamber of hydrophobic interactions for 
unfolded proteins. HSP molecules have three domains: the substrate-binding apical domain, the 
ATP-binding equatorial domain and the intermediate domain that hinges the other two domains. 
Adapted from Clare and Saibil, 2013. 

1.7.1. HSP90 

The HSP90 family functions to help stabilize, regulate and activate a growing 

clientele of over 200 recognized interacting proteins (Echeverría et al., 2011). Of the 

clientele, there is an enhanced number of signal transducers such as kinases, 

transcription factors and receptors (Taipale et al., 2010). HSP90 is one of the most 

abundant proteins in the cell constituting 1-2% of the proteins in the cytoplasm during 

basal conditions, and HSP90 expression can be even further increased to manage cellular 
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stress (Borkovich et al., 1989). HSP90 can be found in several compartments of the cell 

and many eukaryotes encode a compartment-specific HSP90. Cytosolic HSP90 is 

essential for life in all eukaryotes as null mutants are lethal (Young et al., 2001). The 

mitochondrial HSP90 (TRAP1) and endoplasmic reticulum HSP90 (GRP94) isoforms are 

found in most higher eukaryotes and they participate in stress adaptation and 

development, respectively (Altieri et al., 2012; Marzec et al., 2012). HSP90 is a large 

dimeric protein that can be divided into three domains: the ATP-binding amino-terminal 

domain, the clientele recognizing middle domain and the dimerizing carboxy-terminal 

domain (Figure 1-8A) (Pearl and Prodromou, 2006). HSP90 uses its ATPase activity to 

hydrolyze ATP to achieve several dynamic structural conformations which vary depending 

on its state in the ATPase cycle. HSP90 interacts with its specific clientele with the 

assistance of several co-chaperones, including CDC37 and HSP70, and generally acts in 

a late stage of protein folding and not nascent protein folding (Jakob et al., 1995; 

Prodromou, 2012). 

1.7.2. HSP60 

HSP60, also referred to as a type I chaperonin, is a highly conserved essential 

mitochondrial chaperone. Type I chaperonins are proteins that require a second oligomer, 

HSP10 or chaperonin10, to function as a lid, and also require ATP hydrolysis to power 

activity. The type I chaperonin in Escherichia coli, the groEL/groES complex, was 

discovered before mammalian HSP60 and gave key insights into HSP60’s structure and 

function (Hemmingsen et al., 1988). HSP60 consists of one or two stacked heptameric 

rings where the centre provides a chamber of hydrophobic interactions for unfolded 

proteins (Figure 1-8B) (Fenton et al., 1994).  Subunits of HSP60 have three domains: the 

substrate-binding apical domain, the ATP-binding equatorial domain and the intermediate 

domain that hinges the other two domains. Binding of ATP allows the intermediate domain 

to undergo a conformational change that results in its hydrophobic residues being exposed 

to promote association with unfolded proteins (Ranford et al., 2000).  While HSP60 has a 

mitochondrial localization signal, it can also be found in the cytoplasm. HSP60 not only 

assists with protein folding in the mitochondria, it assists with a number of other processes 

such as mitochondrial transport, transmission and replication of mitochondrial DNA, and 

control of apoptosis (Henderson et al., 2013; Koll et al., 1992). 
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1.8. Rationale  

The intersections between the cell survival pathway of autophagy and the cell 

death process of apoptosis are complex and our current understanding is limited. It is 

important to clarify how enzymes in these processes can regulate both pathways to better 

appreciate the potential consequences of modulating or targeting components of one or 

the other pathway. Such pathway modulation and its downstream effects could be 

especially important in the context of development or disease. In the model organism 

Drosophila melanogaster, it was discovered that an effector caspase, Dcp-1, was required 

to activate starvation-induced autophagy (DeVorkin et al., 2014; Hou et al., 2008). What 

remained unknown is how Dcp-1 was able to activate autophagy and, additionally, if this 

represented an evolutionarily conserved relationship between caspases and autophagy 

activation. I hypothesized that Dcp-1 is either being suppressed by a negative regulator of 

autophagy under basal conditions to prevent autophagy activation and/or that Dcp-1 

cleaves a negative regulator of autophagy in starvation conditions to induce autophagy. 

In a previous effort to identify Dcp-1 interacting proteins, an immunoprecipitation and mass 

spectrometry experiment was performed that identified 24 candidate interactors (Table 

1.1). These candidate interactors were screened for their potential to regulate autophagy, 

yielding several putative negative regulators of autophagy (Figure 3-1). This screen 

became the foundation for the continued investigation of Dcp-1 and its relationship to one 

of the putative negative regulators, the chaperone Hsp83. Furthermore, I hypothesized 

that the Dcp-1-mediated autophagy regulation observed in Drosophila was a function 

conserved in higher eukaryotes, such as humans. In order to address this hypothesis, I 

utilized previous results from the Dcp-1 interaction screen (Table 1.1), the short list of 

candidate negative regulators of autophagy from the RNAi screen (Figure 3-1) and the 

published literature describing the role of Dcp-1 in autophagy regulation (DeVorkin et al., 

2014; Hou et al., 2008).  
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Table 1.1 Candidate Dcp-1 interactors and substrates identified by mass 
spectrometry 

Symbols, CG numbers and molecular functions are from Flybase. The mean number of unique peptides that 
corresponded to each gene and the mean X!Tandem log (e) score for the peptides identified are listed. The 
human gene names were determined from a BLAST analysis of the Drosophila genes against the human 
UniProt database. The list is ordered by number of observations made from four independent 
immunoprecipitations of the Dcp-1 protein (Expts) (taken from Choutka et. al, “Hsp83 loss suppresses 
proteasomal activity resulting in an upregulation of caspase-dependent compensatory autophagy”, in press, 
Autophagy June 2017). 

Flybase 
Symbol 

CG 
Number 

Gene Ontology  
molecular function 

Mean 
log(e)  

Mean 
unique 
peps 

UniProt 
human 
gene  

# of 
Expts  

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

-9.6 1.75 14-3-3ζ 4 

Ef1α48D CG8280 Translation elongation factor activity -27 3.75 EEF1A1 4 
Hsc70-4  CG4264 Chaperone binding -70 8.50 HSPA8 4 
Hsp83  CG1242 ATPase activity, coupled -32 4.75 HSP90

AA1 
4 

Jafrac1 CG1633 Thioredoxin peroxidase activity -30 4.00 PRDX1 4 
14-3-3ε CG31196 Protein binding; protein 

heterodimerization activity 
-23 3.33 14-3-3ε 3 

blw  CG3612 Hydrogen exporting ATPase activity; 
phosphorylative mechanism 

-16 2.67 ATP5A1 3 

CCT2 CG7033 Unfolded protein binding; ATP binding -6.5 1.67 CCT2 3 
Clic CG10997 Calcium ion binding; chloride channel 

activity; lipid binding 
-7.2 1.67 CLIC2 3 

Ef1-β CG6341 Translation elongation factor activity -10 2.00 EEF1B2 3 
Rack1  CG7111 Protein kinase c binding -3.8 1.33 GNB2L

1 
3 

SesBa  CG16944 ATP:ADP antiporter activity -27 4.00 ANT2 3 
Sgl CG10072 UDP-glucose 6-dehydrogenase activity -8.1 1.67 UGDH 3 
Ter94  CG2331 ATPase activity; golgi & ER 

organization 
-16 2.67 VCP 3 

Uba1 CG1782 Ubiquitin activating enzyme activity -43 5.67 UBA1 3 
ATPsyn-
β 

CG11154 Hydrogen exporting ATPase activity; 
phosphorylative mechanism 

-3.1 1.00 ATP5B 2 

Ef1-β CG11901 Translation elongation factor activity -5.6 1.50 EEF1G 2 
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eIF-4a  CG9075 Translation initiation factor activity; 
RNA helicase activity 

-17 3.00 EIF4A1/
EIF4A2 

2 

Hsc70C
b 

CG6603 Chaperone binding -19 3.00 HSPA4 2 

Hsp60  CG12101 Unfolded protein binding -4.7 1.50 HSPD1 2 
Hsp70A
a  

CG31366 ATP binding, response to hypoxia -19 1.00 HSPA1
A/1B 

2 

Mi-2  CG8103 Protein binding; nucleosome-
dependent ATPase activity; chromatin 
binding 

-6.1 1.50 CHD4 2 

REG  CG1591 Endopeptidase inhibitor activity; 
endopeptidase activator activity 

-3.4 1.00 PSME3 2 

Sta  CG14792 Structural constituent of ribosome -5.8 1.50 RPSA 2 

1.9. Hypotheses and specific aims 

 

The hypotheses and specific aims of this thesis are: 

 

Hypothesis 1: A regulatory relationship exists between effector caspase Dcp-1 and the 

molecular chaperone Hsp83 to modulate autophagy. 

Specifc Aim 1 - To validate the role of Hsp83 and its relationship with Dcp-1 in the 

context of autophagy regulation in Drosophila. 

 

Hypothesis 2:   A human caspase functions to regulate starvation-induced autophagy. 

Specific Aim 2 - To determine if there is a caspase that regulates starvation-induced 

autophagy in human cell lines and characterize its regulation. 
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Chapter 2. Materials and Methods 

2.1. Fly strains 

w1118 was used as the wild-type control strain in this thesis. A complete list of strains 

can be found in Table 2.1. All flies were collected in nutrient-rich conditions at room 

temperature unless otherwise stated.   

2.2. Tissue harvesting and fluorescence microscopy 

Flies were conditioned on wet yeast paste for two days before dissection. Ovaries 

were dissected in PBS and fixed with 4% paraformaldehyde for twenty minutes. Flies 

expressing fluorescent reporters were mounted with Slowfade Gold Antifade Reagent with 

DAPI (ThermoFisher Scientific). Fluorescent intensity for the CL1-GFP reporter (Pandey 

et al., 2007) was measured by outlining the fat body observed in the DAPI channel and 

measuring the mean gray value from the unadjusted images in the GFP channel and 

subtracting the mean background using Image J 1.45s (https://imagej.nih.gov/ij/). 

For immunofluorescence, ovaries were washed with PBS-T (PBS+0.3% TritonX-

100), permeabilized with 0.5% TritonX-100 and blocked with 2% BSA in PBS-T after 

fixation. The cleaved Dcp-1 antibody (Cell signaling) was diluted in 0.5% BSA+ PBS-T 

and incubated overnight at 4°C. Secondary antibodies anti-rabbit Alexa 546 or Alexa 488 

(ThermoFisher Scientific) were incubated at room temperature for two hours and 

subsequently washed with PBS-T. Slides were then mounted as described above. 
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Table 2.1. Drosophila stock list 

Genotype Description Source 

Hsp83e6A/TM6B 
point mutation in Hsp83 gene 
causing amino acid 
replacement: S592F 

Bloomington Stock Centre (Stock 
number 36576)  

Hsp83e6D/TM6B 
point mutation in Hsp83 gene 
causing amino acid 
replacement: E317K 

Bloomington Stock Centre (Stock 
number 5696) 

Hsp836-55/TM6B 
point mutation in Hsp83 gene 
causing amino acid 
replacement: P380S 

B. Edgar (Heidelberg University, 
Heidelberg, Germany).(Bandura 
et al., 2013) 

Dcp-1Prev1 

contains a 40-bp partial P 
element insertion in the coding 
region of Dcp-1, resulting in an 
in-frame stop  

K. McCall (Boston University, 
Boston, MA)(Laundrie et al., 
2003) 

UASp-GFP-
mCherry-
DrAtg8a 

Expression of GFP-mCherry-
DrAtg8a under the UASp 
promoter 

T.E. Rusten (Centre for Cancer 
Biomedicine, Oslo University 
Hospital, Montebello, Oslo, 
Norway)(Nezis et al., 2010) 

UAS-Dcr-2; 
nosGAL4 

female germline driver and 
construct of Dicer-2 driven 
under the UAS promoter 

Bloomington Stock Centre (Stock 
number 25751) 

20ProtS-GD RNAi strain targeted against 
proteasomal subunit Prosα1 

Vienna Drosophila Resource 
Center (transformant ID 49681) 

Rpn2-KK 
RNAi strain targeted against 
regulatory proteasomal subunit 
Rpn2 

Vienna Drosophila Resource 
Center (transformant ID 106457) 

MTD-Gal-4 Maternal triple driver used for 
crosses 

Bloomington Stock Centre (Stock 
number 31777) 

sco/CyO;TM6B/
MKRS 

Balancer stock used for 
crosses 

Bloomington Stock Centre (Stock 
number 3703) 

UASt-CL1-GFP Expression of CL1-GFP under 
the UASt promoter 

U. Pandey (University of 
Pittsburgh Medical Center, 
Pittsburgh, PA)(Pandey et al., 
2007) 

Cg-GAL4 
GAL4 driver in hemocytes, fat 
body and lymph gland used for 
larval fat body experiments 

Bloomington Stock Centre (Stock 
number 7011) 

UASp-Diap1.P Expression of Diap1 under the 
UASp promoter 

Bloomington Stock Centre (Stock 
number 63820) 



 

32 

2.3. LysoTracker® Red and TUNEL analysis 

Ovaries were dissected in PBS three or four days after eclosion. Larval fat bodies 

were dissected in PBS from first instar larva. Both tissues were then incubated with 50μM 

Lysotracker® Red (LTR) DND-99 (ThermoFisher) in PBS for three minutes in the dark.  

Tissues were washed three times with PBS and then fixed for twenty minutes with 4% 

paraformaldehyde in PBS. For TUNEL staining, fixed tissues were washed three times 

with PBS + 0.1% Triton-X-100. TUNEL reaction was carried out by the DeadEnd 

Fluorimetric Tunel System (Promega). Samples were mounted and analyzed as indicated 

above in the microscopy section.   

2.4. Confocal imaging 

All microscopic images were acquired at room temperature using one of three 

confocal apparatuses: Nikon Confocal C1 microscope equipped with a Plan APO 60X/1.45 

oil immersion objective (Nikon) with EZ-C1 Ver 3.00 software (Nikon), Nikon A1R Eclipse 

Ti inverted Laser Scanning Confocal Microscope with a Plan APO 60X/1.40 oil immersion 

objective (Nikon) with acquisition software NIS Elements AR 4.2 (Nikon), and Leica TCS 

SP8 inverted confocal microscope with a Leica HC PL APO 63x/1.40 oil objective and LAS 

AF software (Leica). The pinhole and laser brightness settings were kept constant by 

applying the same properties between comparable experiments. Brightness and contrast 

were adjusted using Photoshop (CC 2014, Adobe) and applied to the whole image. 

2.5. Drosophila cell culture conditions 

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

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

Drosophila S2-RFP-GFP-Atg8a cells were grown in ESF921 medium (Expression 

Systems) in 25cm2 suspension cell flasks (Sarstedt) at 25°C and treated with 50μg/mL of 

selection agent Zeocin. All experiments were carried out three to four days after the last 

passage of cells. 
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2.6. In vitro Drosophila RNAi 

l(2)mbn cells and S2-RFP-GFP-Atg8a were washed and resuspended in ESF921 

medium (Expression Systems) to a concentration of 2x106 cells/mL. Cells were aliquoted 

with volumes of 333μL (24-well plate) or 1mL (6-well plate). dsRNAs were added at 5-

10μg (24-well) or 15-30μg (6-well) per well and incubated at 25°C for one hour. Following 

incubation, 667μL (24-well) or 2mL (6-well)  of Schneider’s + 10% FBS was added back 

to each well and incubated for an additional 72 hours at 25°C. S2-RFP-GFP-Atg8a cells 

were transferred to an 8-well Chamber Slide (EMS) overnight and the next day treated 

with a second dose of dsRNAs in E2F921 for seven hours before fixation. 

2.7. Primer design and dsRNA synthesis 

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

binding site (TAATACGACTCACTATAGG) followed by sequences specific for the target 

gene. The ampicillin resistance gene was used as a control target for dsRNA. The PCR 

products were generated by RT-PCR using Superscript one-step RT-PCR with Platinum 

Taq (ThermoFisher Scientific). 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 

quantified using PicoGreen and adjusted to 200-400ng/μL with nuclease-free water. PCR 

primers for dsRNA synthesis can be found in Table 2.2. 

Table 2.2. DNA sequences of PCR primers designed for dsRNA synthesis 

Gene  Forward Primer Sequence (5'-3') Reverse Primer Sequence (5'-3') 

Amp TAATACGACTCACTATAGGATTGGACTA
CGATACGGGAGGGCTT 

TAATACGACTCACTATAGGATTGGGCTA
TGTGGCGCGGTATTAT 

Atg1 TAATACGACTCACTATAGGTGCGGCTC
TCCCATGTATATG 

TAATACGACTCACTATAGGTGATTTTGTT
GCTGCTGTGGAC 

ATPsyn-β TAATACGACTCACTATAGGCTCCTGGC
TCCATACGC 

TAATACGACTCACTATAGGATATGGCCT
GAACAGAAGTAAT 

Blw TAATACGACTCACTATAGGGTACTGCAT
CTACGTCGCCA 

TAATACGACTCACTATAGG 
ACGTTGGTTGGAATGTAGGC 

Clic TAATACGACTCACTATAGGATCAGCCT
GAAGGTGACGAC 

TAATACGACTCACTATAGGACAGGTTCT
CGATCAGGGTG 
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Dcp-1 TAATACGACTCACTATAGGACAAAAGCT
GGCTGAGAAGC 

TAATACGACTCACTATAGGCAGCCATTA
TAAAGCTGCCC- 

eIF4A TAATACGACTCACTATAGGTCGATTGCT
ATCCTTCAGCA 

TAATACGACTCACTATAGGGATCTGATC
CTTGAAACCGC 

Hsc70-4 TAATACGACTCACTATAGGGGCTGACA
AGGAGGAGTACG 

TAATACGACTCACTATAGGTGTCGTTTG
ACCCGTTTGTA 

Hsp60 TAATACGACTCACTATAGGGGGAGGGA
GATGTGATGAGA 

TAATACGACTCACTATAGGGCGAAGCAA
AACAAAGTTCC 

Hsp70Aa TAATACGACTCACTATAGGCCCACTTTC
ATTGGGAATTG 

TAATACGACTCACTATAGGAATGCATTG
TTGTCCTTCGTC 

Hsp83(2) TAATACGACTCACTATAGGATTGCTCAG
CTGATGTCCCT 

TAATACGACTCACTATAGGGGAGTAGAA
ACCCACACCGA 

Hsp83A TAATACGACTCACTATAGGAAATCCCTG
ACCAACGACTG 

TAATACGACTCACTATAGGTTGCGGATC
ACCTTTAGGAC 

Hsp83B TAATACGACTCACTATAGGGAGCTGAA
CAAGACCAAGCC 

TAATACGACTCACTATAGGGAGTCGACC
ACACCCTTCAT 

Mi-2 TAATACGACTCACTATAGGATTTGCGTG
GTAAATCGGAG 

TAATACGACTCACTATAGGGTTCTTGCT
TCACCTCGCTC 

REG TAATACGACTCACTATAGGGTTGATCCT
CAAGGCAGAGC 

TAATACGACTCACTATAGGTCCTCCACA
AGCTTCCTGAT 

Rheb TAATACGACTCACTATAGGTGACCCCA
CCATTGAGAACA 

TAATACGACTCACTATAGGTATTTCCAA
CAGTTCGGC 

Rpn11 TAATACGACTCACTATAGGCTGCTACGT
CTTGGAGGTGCTATGCCACAGG 

TAATACGACTCACTATAGGACAGTGCTC
ATTGTAGTCGGACAACGTGAGGC 

SesB TAATACGACTCACTATAGGGCAAGAAC
CCTTCCTTCCTC 

TAATACGACTCACTATAGGTTCGGAGGC
GAAAGAATCTA 

Sta TAATACGACTCACTATAGGTTTCCACGT
TAACATGTCGG 

TAATACGACTCACTATAGGCCCAGGTTG
AGGATGTTGAC 

Ter94 TAATACGACTCACTATAGGGCATGATG
ATGTTGACCTGG 

TAATACGACTCACTATAGGCTGCATGCC
AAACTTCAAGA 

2.8. LysoTracker® analysis by flow cytometry 

For flow cytometry experiments with LysoTracker® Green (LTG) (ThermoFisher 

Scientific), 66μL of2 x 106 cells/mL were plated in triplicate in a 96 well plate. After plating, 

10μg of dsRNA was added per well and incubated for one hour at room temperature. Wells 

were subsequently supplemented with 134μL of Schneider’s + 10% FBS and incubated 

for 72 hours at 25°C. Cells were treated with a second dose of dsRNAs in ESF921 for 

seven hours before analysis. RNAi-treated cells were centrifuged at 850 rpm for five 
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minutes at room temperature and resuspended in 50nM LTG (ThermoFisher Scientific) to 

detect acidic compartments, and 2μg/mL propidium iodide (PI) (ThermoFisher Scientific) 

to detect dead cells for twenty minutes in the dark. 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, 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. 

2.9. Proteasomal activity assay 

Flies were collected three to four days after eclosion and flash frozen on dry ice. 

Microcentrifuge tubes were weighed before and after 5-8 flies were collected on an 

analytical balance to determine the mass per sample. Whole bodies were ground and 

incubated for thirty minutes on ice in 0.5mL of lysis buffer (50mM HEPES (pH 7.5), 5 mM 

EDTA, 150 mM NaCl, 1% Triton X-100). Lysates were then separated by centrifugation at 

15,000rpm for fifteen minutes at 4°C. In a 96-well black plate, 50μL of lysate was added 

to 50μL of a combination of chymotrypsin-like, caspase-like, trypsin-like peptide 

substrates from the Proteasome-Glo kit (Promega). The substrates were incubated with 

the lysates for ten minutes before luminescence was measured on a Synergy H4 Hybrid 

(BioTek). Relative luminescence was then determined proportionally to total mass per 

sample.  

2.10. MG132 Treatment 

Flies were fed a mixture of 50μM of MG132 (ApexBio) resuspended in 0.2% DMSO 

with 5% sucrose and green food coloring. This solution was aliquoted on top of wet yeast 

paste and fed to flies for four days. The control solution had the same percentages of 

DMSO, sucrose and food coloring but was without MG132. Ingestion of the drug was 

indicated by green food coloring visible in the abdomen.  
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2.11. Protein extraction  

All cell pellets were resuspended and lysed mechanically via pipette and by using 

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

cells were incubated in RIPA for one hour at 4°C before being spun down at 12,000rpm 

for ten minutes at 4°C to obtain a lysate free of cell debris. Protein levels were quantified 

using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) and then adjusted using 

dH2O and 4x SDS Loading buffer.  

Drosophila cells were centrifuged at 3000rpm for five minutes at 4°C and the 

pellets were washed with PBS. Mammalian cells were washed in PBS and then trypsinized 

for 5-10 minutes in the CO2 incubator. Pellets were collected by adding Pink media and 

then centrifugation at 3000rpm for five minutes followed by a PBS rinse. Ovary and whole 

body lysates were mechanically ground using a pestle in RIPA. After the incubation they 

were spun down twice at 3000rpm at 4°C for five minutes and transferred to new tubes to 

get rid of tissue debris before isolating lysates.  

2.12. Western blot analysis  

Proteins were separated on 4-12% or 10% NuPAGE Bis-Tris gels (ThermoFisher 

Scientific) and transferred to PVDF membranes (with the exception of blots analyzing 

cleaved caspase-3 whose specific details are mentioned below). Membranes were 

blocked in milk or Odyssey blocking buffer and incubated in primary antibodies overnight 

at 4°C. Primary antibodies included anti-β-ACTIN (1:500, Abcam), mouse anti-actin 

(1:500, JLA20 Developmental Studies Hybridoma Bank), mouse anti-tubulin (1:1000, E7 

Developmental Studies Hybridoma Bank), rabbit anti-Dcp-1 (1:1000, a gift from K. McCall; 

Boston University, Boston, MA), rabbit anti-HSP90 (1:1000, Cell Signalling), rabbit anti-

CASP3 (1:1000, Cell Signalling), mouse anti-HSP60 (1:1000, Abcam), rabbit anti-cleaved 

CASP3 (1:1000, Cell Signalling), rabbit anti-PINK1 (1:1000, Abcam), mouse anti-

TOMM20 (1:1000, Abcam), rabbit anti-SLC25A5 (ANT2) (1:1000, Abnova) and rabbit anti-

LC3B (1:500, Abcam). Membranes were incubated with HRP-conjugated secondary 

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

ECLTM Enhanced Western Blotting System (GE Healthcare) or the Odyssey System (LI-
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COR Biosciences). Densitometry was performed using Image Quant 5.1 software (GE 

Healthcare) or Image Lab 5.1 software (BioRad).   

2.12.1. Cleaved caspase-3 blots 

For blots analyzing cleaved CASP3, 50μg samples were resolved on a 15% Tris-

Tricine SDS-PAGE resolving gel on a BioRad apparatus using separate anode and 

cathode buffers.  Proteins were then transferred to 0.2μm nitrocellulose membranes (Bio-

Rad) for one hour at 50V. Membranes were blocked and probed as above.   

2.13. Human tissue cell culture conditions   

HER2+ breast adenocarcinoma line SKBR3, human embryonic kidney HEK293, 

pancreatic ductal epithelioid carcinoma PANC-1 and HER2- human breast 

adenocarcinoma line MDA-MB-231 (American Type Culture Collection) were maintained 

in Gibco DMEM (Life Technologies) supplemented with 10% fetal bovine serum (FBS), 

20mM HEPES and 1X non-essential amino acids (Pink). Lung adenocarcinoma line NCI-

H2170 (American Type Culture Collection) was maintained in RPMI-1640 medium (Life 

Technologies) supplemented with 10% FBS. All five cell lines were stably transfected with 

a plasmid expressing mRFP-eGFP-LC3B and selection was maintained using Geneticin 

at 1μg/mL (G418). All cells were maintained at 37°C with 5% CO2 and 95% humidity. For 

starvation experiments, SKBR3 cells were exposed to complete starvation for two hours 

by incubation in PBS while more starvation-sensitive cell lines were starved for four hours 

in Earle’s Balanced Salt Solution. Well-fed cells were given fresh Pink or RPMI media. For 

Bafilomycin A (Baf) treatment cells were incubated in 50nM of Baf for two hours in 

starvation (starved) or nutrient rich conditions (fed).  

2.14. Endogenous immunoprecipitation  

Cells were trypsinized and collected from four T75 flasks before being pooled and 

lysed by incubation in 1mL of whole cell lysate buffer (10mM Tris-HCl pH 7.2, 10mM NaCl, 

1mM EDTA, 1% NP-40). Cells were sheared using a 22-gauge syringe and then nutated 
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for thirty minutes at 4°C. The quantified lysate containing 6mg of protein (3mg/reaction) 

was then added to 62.5μL of Sepharose 4B beads (Sigma-Aldrich) that were previously 

washed and spun twice before being resuspended in 50μL of IP Wash Buffer (1X Tris-

buffered Saline pH7.5, 1mM EDTA, 1% NP-40). The lysate and Sepharose 4B Beads were 

nutated for one hour at 4°C before the resin was spun down at 2000rpm for one minute at 

4°C and then the pre-cleared lysate was transferred to a new tube. The pre-cleared lysate 

was then divided and incubated in either Caspase3 Rabbit antibody (1:50, Cell Signalling) 

or IgG Rabbit antibody (1:50, Millipore) overnight nutating at 4°C. The reverse IP used 

Hsp60 Mouse Antibody (1:50, Abcam) and IgG Mouse Antibody (1:50, Millipore). 

Protein G Sepharose beads (GE Healthcare) were aliquoted to 70μL per reaction, 

washed and centrifuged twice with 500μL of PBS before being blocked with 500μL of 2% 

BSA overnight. Protein G Sepharose beads were then washed in IP Wash Buffer without 

NP-40 and added to the pre-cleared lysate-antibody mixture and nutated for four hours at 

4°C. The mixture was then spun down at 2000rpm for two minutes at 4°C and resin 

washed and spun twice with IP Wash Buffer. Samples were eluted with 30μL of 2X SDS 

sample loading buffer and boiled at 98°C for ten minutes. The eluted product was isolated 

by centrifugation at 15000rpm for one minute at 4°C and then directly loaded onto an SDS-

PAGE gel for western analysis.  

2.15. Mitochondrial enrichment and Proteinase K protection 
assay 

Cell pellets harvested from two T75 flasks were ground using a douncer 50-60 

times in 1mL of cold SEM-P (320mM sucrose, 1mM EDTA, 10mM MOPS, 5X complete 

protease inhibitor cocktail (Roche), pH7.5) and then incubated on ice for thirty minutes. 

Lysates were centrifuged twice at 3000 rpm at 4°C for five minutes to remove cell debris. 

Cells were then fractionated into membrane (pellet) and cytosolic (supernatant) fractions 

by centrifugation at 12,000 rpm, 4°C for ten minutes. The supernatant was removed and 

the pellet was washed, spun and resuspended in 50μL of SEM-P. The mitochondrial 

fraction was then quantitated to allow for 50μg of protein per reaction. The sample was 

concentrated by adding 4X its volume of acetone and centrifuging at 15,000rpm for thirty 

minutes at 4°C to obtain a protein pellet. The pellet was resuspended in SEM without the 
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protease inhibitor cocktail and divided into three aliquots containing 50μg of proteins. 

Mitochondria were incubated with 0, 1, and 5 or 10 μg of Proteinase K for fifteen minutes 

and then 500μL of SEM-P and 1μL of PMSF were added. Samples were spun down at 

12,000 rpm for twelve minutes. The pellet was directly resuspended in 4X SDS sample 

loading buffer to be analyzed directly by western blot.   

2.16. siRNA transfections 

For western blots, cells were plated at 2×105 cells per well in a 6-well plate in Pink 

media. They were then transfected at twenty-four and forty-eight hours after plating with 

150pmol of Caspase3 siRNA constructs, Hsp60 siRNA contructs or a medium GC 

scramble control siRNA construct (Thermofisher Stealth siRNAs) using Lipofectamine 

RNAiMAXTM (ThermoFisher Scientific) as per manufacturer’s recommendations. Media 

was replenished every day after initial plating with Pink media. Cells were collected on the 

fourth day after plating following well-fed or starved treatment with or without Baf for 

protein analysis.  

For microscopic analysis, cells stably transfected with mRFP-eGFP-LC3B were 

plated at a density of 1,600 cells per well in 200uL of DMEM with G418 in 8-well chamber 

slides. Similar to above, cells were treated at twenty-four and seventy-two hour intervals 

with 15pmol of the same siRNA constructs. Cells were fixed and prepared for microscopy 

on the fourth day after plating following well-fed or starved treatment with or without Baf 

for protein analysis. 

2.17. RFP-GFP-LC3B microscopy assay 

After treatment, in vitro cell lines expressing the autophagy reporter were washed 

with PBS and then fixed with 4% paraformaldehyde for twenty minutes in their incubator 

in the dark. Chambers were removed and cells mounted with Slowfade Gold Antifade 

Reagent with DAPI (ThermoFisher Scientific). Puncta were either counted manually from 

stored digital images or automatically by using the OpenCV Python package; a contours 

discovery algorithm (Suzuki and be, 1985) was applied to images pre-processed by 
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filtering colors and applying a Gaussian filter and adaptive threshold as performed in 

Bortnik et al., 2016. 

2.18. Statistics 

In each graph, error bars represent SEM of n independent experiments. As 

indicated in the legends, statistical significance was calculated by analysis of variance 

(ANOVA) plus a Dunnett or Bonferroni post test, or a two-tailed Student’s t test between 

the indicated samples was used. p-values are shown in the legends and anything less 

than 0.05% was determined as significant. 
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Chapter 3. Hsp83 loss suppresses proteasomal 
activity resulting in an upregulation of caspase-
dependent compensatory autophagy. 

Adapted and expanded from: Courtney Choutka, Lindsay DeVorkin, Nancy Erro 

Go, Ying-Chen Claire Hou, Annie Moradian, Gregg B. Morin and Sharon M. Gorski. 

“Hsp83 loss suppresses proteasomal activity resulting in an upregulation of caspase-

dependent compensatory autophagy” (Manuscript in press, Autophagy June 2017). 

In the original manuscript, the immunoprecipitation and mass spectrometry 

analysis was performed by YCH, AM and GBM. Creation of the stable cell line, qRT-PCR 

and the in vitro cleavage assay were conducted by NEG. The Dcp-1/Hsp83 IP western 

blots and the majority of the flow cytometry LTG and initial in vitro RFP-GFP-Atg8 RNAi 

screening were performed by L. DeVorkin. I conceived, designed, and conducted all other 

experiments as well as prepared the manuscript in collaboration with SMG.  

3.1. Abstract 

The two main degradative pathways that contribute to proteostasis are the 

ubiquitin-proteasome system and autophagy but how they are molecularly coordinated is 

not well understood. Here, I demonstrate an essential role for an effector caspase in the 

activation of compensatory autophagy when proteasomal activity is compromised. 

Functional loss of Hsp83, the Drosophila homolog of human HSP90/Heat-shock protein 

90, resulted in reduced proteasomal activity and elevated levels of the effector caspase 

Dcp-1. Surprisingly, genetic analyses showed that the caspase was not required for cell 

death in this context, but instead was essential for the ensuing compensatory autophagy, 

female fertility, and organism viability. The zymogen pro-Dcp-1 was found to interact with 

Hsp83 and undergo proteasomal regulation in an Hsp83-dependent manner. Our work not 

only reveals unappreciated roles for Hsp83 in proteasomal activity and regulation of Dcp-

1, but identifies an effector caspase as a key regulatory factor for sustaining adaptation to 

cell stress in vivo.   
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3.2. Introduction 

Proteostasis, or protein homeostasis, is a term that describes how the proteome is 

regulated and maintained in order to protect cellular integrity. Loss of proteostasis is a 

common feature of aging and diseases such as cancer and neurogenerative disorders as 

it causes inappropriate protein aggregate formation in various tissues (Labbadia and 

Morimoto, 2015). This aggregation is routinely managed by the proteostasis network, a 

network defined by macromolecular machines that contribute to maintenance of proteome 

integrity by coordinating protein synthesis, folding, disaggregation, and degradation 

(Labbadia and Morimoto, 2015). The two main degradative pathways that contribute to 

proteostasis are the ubiquitin-proteasome system (UPS) and autophagy. In instances 

when the UPS is dysfunctional it was shown in multiple systems that compensatory 

autophagy contributes to protein degradation in an effort to maintain healthy cellular 

proteostasis (Ding et al., 2007; Iwata et al., 2005; Lőw et al., 2013; Pandey et al., 2007). 

However, the molecular mechanisms that regulate compensatory autophagy are not well 

understood. 

Heat-shock proteins play a central role in proteostasis by controlling protein 

expression, acting as chaperones, and assisting with protein disaggregation and 

degradation (Hartl et al., 2011). One of the most conserved, ubiquitous and highly-

expressed heat-shock proteins is HSP90. The wide associations of HSP90 play a pivotal 

role in cell signaling and regulation of diverse cellular processes in normal biology and its 

dysregulation can have a marked effect on disease.  HSP90 has emerged as a molecule 

of interest for cancer therapeutics as its upregulation, mislocalization and stabilization of 

proteins involved in metastasis, evasion of apoptosis and proliferation make it a prime 

target (Kang et al., 2007; Pick et al., 2007; Whitesell and Lindquist, 2005). While HSP90 

is known to be an important hub for signaling and proteostasis, there are many HSP90 

relationships and related pathways yet to be discovered.  

Investigations into the regulation of autophagy led to the discovery of a Drosophila 

effector caspase, Dcp-1, that promotes starvation-induced autophagy in Drosophila 

oogenesis (DeVorkin et al., 2014; Hou et al., 2008). In an effort to elucidate the molecular 

mechanisms underlying Dcp-1-mediated autophagy regulation, an immune-affinity 
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purification (IP) and tandem mass spectrometry (MS/MS) assay was performed that 

identified SesB, an adenine nucleotide translocase, as a downstream regulator of 

autophagy (DeVorkin et al., 2014). SesB was discovered to negatively suppress 

autophagic flux through maintenance of ATP levels and its levels were negatively affected 

by a direct interaction with Dcp-1 (DeVorkin et al., 2014). Upstream factors and other 

downstream pathway components and their relationship to Dcp-1-mediated autophagy 

still remain largely unknown. 

Here I report the in vitro screening of 24 candidate Dcp-1-interacting proteins 

identified in the IP-MS/MS screen, 13 of which were found to negatively regulate 

autophagic flux in vitro. I focused further on one of the identified interactors, Hsp83, since 

its human homolog HSP90 has links to disease, proteostasis and a current ambiguous 

role in autophagy (Bandyopadhyay et al., 2008; Mori et al., 2015; Xu et al., 2011). In vivo 

analyses revealed that loss-of-function Hsp83 mutants induced autophagy and cell death 

during Drosophila mid-oogenesis. Biochemical analyses showed that Hsp83 binds to the 

zymogen pro-Dcp-1 and that the loss of Hsp83 led to elevated levels of cleaved and pro-

Dcp-1 that were not due to transcriptional regulation. As an explanation for elevated levels 

of Dcp-1, I investigated the functionality of the UPS, and found that Hsp83 mutants had 

decreased proteasomal activity. The levels of Dcp-1 were increased in flies with 

suppressed proteasomal activity supporting that Dcp-1 itself is affected by the 

proteasome. Analysis of Dcp-1;Hsp83 double mutants indicated that Dcp-1 was 

responsible for autophagy induced in mid-stage egg chambers (MSECs) and larval fat 

bodies, female fertility and organism viability when Hsp83 function is compromised. 

Additionally, in vitro double RNAi experiments revealed that Dcp-1 is needed to induce 

autophagy when Hsp83 or the proteasomal subunit Rpn11 is knocked down. These 

findings indicate that Hsp83 is important for basal proteasomal activity and that loss of it 

causes an induction of Dcp-1-mediated compensatory autophagy.   

3.3. An RNAi screen identified candidate Dcp-1-interacting 
proteins that modulate autophagy 

All 24 candidates identified in the Dcp-1 IP/MS screen (Table 1.1) were further 

investigated by autophagy analyses, initially employing a RNAi and LysoTracker® Green 
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(LTG) flow cytometry strategy conducted by L. DeVorkin. Of the 24 candidates, 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 3-1A). The 24 candidates were compared to control RNAi treated cells: 

RheB, a negative regulator of autophagy that significantly increased LTG fluorescence 

following starvation, and S6K, a positive regulator of autophagy that significantly reduced 

LTG fluorescence (Figure 3-1A). These findings were validated with a second set of non-

overlapping dsRNAs. The 13 validated hits 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.  

To investigate the role of candidate Dcp-1 substrates and interacting partners in 

autophagic flux in vitro, autolysosome formation was monitored using a Drosophila S2 cell 

line stably expressing RFP-GFP-Atg8a. Together L. DeVorkin and I found that RNAi-

mediated knockdown of all 13 candidates significantly increased the number of 

autolysosomes per cell following starvation (Figure 3-1B,C), indicating that these proteins 

negatively regulate starvation-induced autophagic flux in vitro. For an experimental control 

the formation of autolysosomes was monitored following RNAi-mediated knockdown of 

Rheb and S6K and found a significant increase and decrease, respectively, in the number 

of autolysosomes per cell (Figure 3-1D). As an additional control to test the efficacy of the 

RFP-GFP-Atg8a assay, cells were starved and treated with the late stage autophagy 

inhibitor Bafilomycin A1 where a significant increase in the number of autolysosomes 

became blocked (Figure 3-1E).  Knockdown of all 13 candidates in fed conditions also led 

to a statistically significant, although modest, increase in autolysosomes, with the greatest 

effects observed among the four heat-shock proteins identified (Figure 3-1F,G).  
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Figure 3-1 Thirteen candidate Dcp-1 interactors modify LysoTracker® Green 

and autolysosomes in vitro  
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Figure 3-1 (cont’d)  
(A) RNAi treated l(2)mbn cells stained with LysoTracker® Green (LTG) and starved to 
measure autophagy-associated activity via flow cytometry.  Error bars represent ± 
S.E.M.(n=3). Statistical significance was determined using one-way ANOVA with a 
Dunnet post-test.  Knockdown of targets that significantly increased LTG levels are 
indicated in red (p<0.05), and knockdown of targets that significantly decreased LTG 
levels are indicated in blue (p<0.05).  All samples were compared to the negative control 
dsRNA (Ampicillin resistance gene) that is shown in black. (B-G) Analysis of RFP-GFP-
Atg8a puncta in RNAi-treated Drosophila S2 cells.  At least 50 cells were counted per 
treatment (n=3), and graphs represent the average number of autolysosomes per cell 
relative to the control.  Error bars represent the average ± S.E.M, and statistical 
significance was determined using one-way ANOVA with a Dunnet post-test. (B) Cells 
were treated with indicated dsRNAs and subjected to starvation conditions for seven 
hours.  *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001. (C) Representative images of S2-
RFP-GFP-Atg8a cells treated with indicated dsRNAs. Scale bars =10μm. (D) Cells were 
treated with control, Rheb, or S6K dsRNA and subjected to seven hours of 
starvation,*p<0.05, ***p<0.001. (E) Cells were subjected to nutrient rich or deprived 
conditions for seven hours in the presence or absence of 0.1μM Bafilomycin A1 (BafA1). 
****p<0.0001. (F) Cells were treated with indicated dsRNAs in nutrient-rich conditions.  
dsRNAs Rheb and Atg1 served as controls for an increase or a decrease in autophagy, 
respectively, and Amp served as a non-targeting control,  *p<0.05,**p<0.01. (G) 
Representative image of the S2 RFP-GFP-Atg8a-expressing cells demonstrating a 
modest increase in puncta between Hsp60 and the Amp control, scale bars =10 μm.  
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3.4. Loss of Hsp83 increases TUNEL staining, the 
percentage of mid-stage degenerating egg chambers 
(MSDECs) and autophagic flux.  

In vitro autophagy assays revealed that Dcp-1 may regulate, or may be regulated 

by, one or more of the 13 identified negative regulators of starvation-induced autophagy.  

Of the interacting partners identified, I chose to focus on Hsp83. To further confirm the in 

vitro findings that Hsp83 acts as a negative regulator of autophagy, I designed additional 

Hsp83 dsRNAs and analyzed LTG levels by flow cytometry (Figure 3-2A-C). Successful 

knockdown of a 65 - 80% reduction of Hsp83 confirmed that Hsp83 levels were lowered 

and that this resulted in a decrease in lysosomal staining. 

For in vivo analyses, I chose to analyze Drosophila ovaries as it was shown that  

nutrient deprivation leads to both Dcp-1 dependent cell death and autophagy (DeVorkin 

et al., 2014; Laundrie et al., 2003). Loss-of-function studies were performed using 

transheterozygous (transhet) combinations of Hsp83 mutant alleles since Hsp83 

homozygous mutant flies are lethal (Bandura et al., 2013; Yue et al., 1999). I examined 

the role of two transhet combinations with loss of function Hsp83 alleles, Hsp83e6A with 

Hsp836-55 (Hsp83e6A/6-55) and Hsp83e6D with Hsp836-55 (Hsp83e6D/6-55), for their role in 

autophagy during Drosophila oogenesis by analyzing mid-stage egg chambers (MSECS). 

These alleles carry missense point mutations and the combinations were previously 

functionally screened by genetic complementation tests (Bandura et al., 2013). Ovaries 

from Hsp83e6A/6-55 and Hsp83e6D/6-55 flies contained an increase in the percentage of 

degenerating MSECs (MSDECS) that stained positively for LysoTracker® Red (LTR) and 

TUNEL relative to control flies and balanced monoallelic Hsp83 mutants (Figure 3-2D-F). 

MSECs undergoing cell death are characterized by nurse cell nuclear condensation and 

fragmentation, uptake of the germline by follicle cells and follicle cell death (Giorgi and 

Deri, 1976). These findings suggest that there is an increase in lysosomal activity, a key 

feature of autophagy, in addition to cell death.  
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Figure 3-2 Loss of Hsp83 function leads to an increase in lysosomal staining 

and cell death features in nutrient-rich conditions 
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Figure 3-2 (figure legend continued from previous page) 
(A) Quantification of levels of Hsp83 relative to actin and compared to the Amp control from 
western blots in l(2)mbn cells after being treated with indicated dsRNA. Error bars represent ± 
S.E.M. of n=4 and statistical significance was determined using a two-way Student’s t test, 
****p<0.0001. (B) Representative western blot showing the level of Hsp83 in comparison to 
tubulin following treatment with the indicated Hsp83 dsRNA constructs. (C) l(2)mbn cells were 
treated with two additional non-overlapping Hsp83 dsRNAs and then stained with LTG. 
Fluorescence was measured by flow cytometry and their mean LTG fluorescence was normalized 
to Amp with Rheb being a positive control for a negative regulator *p<0.01, **p<0.001 (n=3). 
(D,E) Representative MSDECs and non-degenerating MSECs stained with LTR, TUNEL and 
DAPI, scale bars =25μm. (D) MSDEC from an Hsp83e6A/6-55 ovariole that scored positive for LTR 
and TUNEL staining. (E) Non degenerating MSEC from Hsp836-55/TM6B scored as negative for 
LTR and TUNEL (F) Mid-stage egg chambers (MSECS) scored as being TUNEL positive, 
LysoTracker® Red (LTR) positive or as having condensed degenerating nurse cell nuclei by DAPI 
(MSDEC) with percentages reported according to their genotype. At least 50 MSECs were 
counted per genotype (n=3). Error bars represent ± S.E.M. and statistical significance was 
determined using one-way ANOVA with a Bonferroni post-test and compared to w1118, 
***p<0.001, ****p<0.0001. 
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As an additional measure to examine autophagic flux specifically, I utilized the 

tandem-tagged Atg8a reporter system expressing GFP-mCherry-Atg8a in the germline of 

Hsp83 transhets in nutrient-rich conditions. Due to the nature of the cross, Hsp836-

55/MKRS and either Hsp83e6A/MKRS or Hsp83e6D/MKRS were indistinguishable and thus 

analyzed together.  First, I confirmed that expression of the Atg8a reporter construct did 

not affect the frequency of MSDECs (Figure 3-3A). Hsp83e6A/6-55 and Hsp83e6D/6-55 had very 

distinct MSDECs that had high levels of autolysosomes in comparison to the control 

Hsp83 heterozygotes (Figure 3-3B-D). Quantification showed that 75-90% of MSDECs 

had greater than five autolysosomes compared to only 15-20% when carrying one 

mutated Hsp83 allele (Figure 3-3B). The non-degenerating MSECs in the mutant 

transhets and the controls looked morphologically normal and didn’t appear to have high 

levels of autophagic flux (Figure 3-3E,F).  From these studies I concluded that loss of 

Hsp83 enhances the percentage of MSDECs undergoing autophagic flux. To determine if 

the phenotype is affected by the stress of nutrient deprivation, the flies were fed a sucrose-

only diet for four to five days. Both the control Hsp83 heterozygotes and the mutant 

Hsp83e6A/6-55 transhets showed an increase in autolysosomal activity in the early stage egg 

chambers. However, in the mutant Hsp83 transhets, I observed an exacerbated 

phenotype of nearly obliterated mCherry-positive mid-stage egg chambers in contrast to 

the degenerating mid-stage egg chambers observed in fed conditions (Figure 3-4). 
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Figure 3-3 Loss of Hsp83 function leads to an increase in autophagy in vivo in 
nutrient rich conditions 

MSECs were scored from flies expressing GFP-mCherry-Atg8a in the germline (UAsp-GFP-
mCherry-DrAtg8a with single copies of the drivers otu-GAL4 and NGT-GAL4). Hsp83e6D/MKRS 
and Hsp836-55/MKRS, Hsp83e6A/MKRS and Hsp836-55/MKRS from the same cross were analyzed 
together. (A) Percentage of MSDECs for the indicated genotypes is represented on the graph 
and reflects the mean of at least 100 MSECs scored per genotype(n=3).   Error bars represent ± 
S.E.M. and statistical significance was determined using a two-tailed Student’s t test, * p<0.05. 
(B) Flies expressing GFP-mCherry-Atg8a in the germline were scored as either having more than 
five autolysosomes or less than or equal to five autolysosomes. The percentages shown reflect 
the mean of at least 100 MSECs scored per genotype (n=3).   Error bars represent ± S.E.M. and 
statistical significance was determined using a two-tailed Student’s t test, **p<0.01. (C-F) 
Representative images of MSECs expressing the construct GFP-mCherry-Atg8a, scale bar = 
25μm. MSDECS found in (C) Hsp83e6D/6-55 flies and (D) Hsp83e6D or 6-55/MKRS. (E,F) Examples of 
non-degenerating MSECs from (E) Hsp83e6D/6-55 flies and (F) Hsp83e6D or 6-55/MKRS.  
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Figure 3-4 Loss of Hsp83 function increases impairment of oogenesis in 

starvation conditions 

(A)Representative images of MSECs from flies expressing UAsp-GFP-mCherry-Atg8a with one 
copy of the maternal drivers otu-GAL4 and NGT-GAL in the background of monoallelic Hsp83e6a 
or Hsp83e6a/6-55 transhets. Flies were incubated in tubes with yeast paste for two days then put in 
a vial with only 10% sucrose for  4-5 days after eclosion to be exposed to low nutrient or starved 
conditions. Arrows indicate strong aggregates of the mCherry channel in place of a MSEC. Scale 
bars = 25 μm (n=3). (B) MSECs were scored as being healthy, degenerating or ablated and 
compared in fed and starved conditions. Error bars represent the average ± S.E.M, and statistical 
significance was determined using one-way ANOVA with a Dunnet post-test, *p<0.05,***p<0.001 
(n=3). 
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3.5. Hsp83 interacts with pro-Dcp-1 and regulates its levels  

Previous analyses performed by L. DeVorkin and N. Go found that Hsp83 is not 

cleaved by Dcp-1 and that Hsp83 only associates with the zymogen form of Dcp-1, pro-

Dcp-1.  Since Dcp-1 does not cleave Hsp83 and they interact, I reasoned that Hsp83 might 

be affecting Dcp-1 since chaperones are known to stabilize proteins or facilitate their 

turnover. To better understand their interaction, I quantified levels of the zymogen pro-

Dcp-1 in Hsp83 flies by western blot analysis. Hsp83e6A/6-55 and Hsp83e6D/6-55 flies showed 

a significant increase in the levels of pro-Dcp-1 in comparison to wild-type and the single 

mutant alleles of Hsp83 (Figure 3-5A,B). To determine if Hsp83 loss also led to elevated 

levels of catalytically active Dcp-1, I analyzed levels of cleaved Dcp-1 by scoring 

immunofluorescence with an antibody targeted against cleaved-Dcp-1 (IF). I found a 

statistically significant increase in the percentage of MSECS that stained positively for 

cleaved Dcp-1 in Hsp83 mutants compared to controls (Figure 3-5C,D). The elevated 

levels of both pro-Dcp-1 and processed Dcp-1 indicate that loss of Hsp83 does not impair 

pro-Dcp-1 processing into its active form. 

In order to test the possibility of transcriptional regulation as an explanation for the 

elevated Dcp-1, N. Go performed qRT-PCR on RNA extracts from Hsp83 flies and found 

that there was no significant difference in Dcp-1 transcript levels between Hsp83 

transhets, Hsp83 heterozygote controls and wild-type (Figure 3-6A). These data suggest 

that loss of functional Hsp83 leads to increased Dcp-1 that is independent of 

transcriptional regulation. Next, I explored the potential role of the Death-associated 

inhibitor of apoptosis 1 (Diap1) protein. Diap1 was shown previously to ubiquitylate and 

inhibit the activity of cleaved Dcp-1 without affecting its levels (Ditzel et al., 2008), but the 

consequences on pro-Dcp-1 levels are unknown. I overexpressed Diap1 in vivo and found 

that Diap1 overexpression did not have a significant effect on the protein levels of pro-

Dcp-1 (Figure 3-6B,C). I also overexpressed Diap1 in the Hsp83 transhet background and 

found no statistically significant difference in levels compared to the Hsp83 transhets 

(Figure 3-6D,E).  These results taken together with the knowledge that Hsp83 only 

associates with the pro-form of Dcp-1, indicate that the regulation of pro-Dcp-1 levels in 

this context is largely independent of Diap1.  
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Figure 3-5 Loss of Hsp83 mutants have increased levels of pro-Dcp-1 and 

cleaved Dcp-1 

(A) Representative western blot of whole body lysates from females of the specified genotypes; 
pro-Dcp-1 = 35kDa, actin = 42kDa. (B) Quantification of levels of pro-Dcp1 was determined by 
densitometry and normalized to levels of actin. The average relative levels of pro-Dcp-1 were 
determined with eight females per lysate (n=3). Error bars represent ± S.E.M. and statistical 
significance was determined by comparison to the w1118 control using one-way ANOVA with a 
Dunnet post-test, *p<0.05, **p<0.01. (C) MSECs were scored as being positive or negative for 
cleaved Dcp-1 (clDcp-1). The average percentage was determined by analyzing over 50 MSECs 
per genotype (n=3).  Error bars represent ± S.E.M. and statistical significance was determined by 
comparison to w1118 using one-way ANOVA with a Dunnet post-test, **p<0.01,***p<0.001.   (D) 
Representative images of Drosophila ovarioles that were stained with cleaved Dcp-1 antibody 
and DAPI for w1118 control and Hsp83e6a/6-55, scale bars = 50 μm.  
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Figure 3-6 The elevated levels of Dcp-1 in Hsp83 mutants are independent of 

regulation by transcription and inhibitor of apoptosis protein Diap1  

(A) QRT-PCR was performed on mRNA extracts from eight animals each to determine levels of 
Dcp-1 mRNA relative to the RP49 control mRNA (n=3). The relative fold change was normalized 
to wild-type w1118 with error bars representing ± S.E.M. There was no significant difference in Dcp-
1 mRNA expression between genotypes. (B,C) Flies containing a single copy of the maternal 
driver nosGal4 in the background of the UASp-Diap1 construct or w1118 control were incubated at 
25°C for 4 days before collection. (B) A representative blot probed with pro-Dcp-1 (35kDa) and 
actin (42kDa) (C) A quantitative graph analyzing densitometry showed no significant difference in 
the levels of pro-Dcp-1 relative to actin. Error bars represent ± S.E.M and statistical significance 
was determined using a two-way Student’s t test (n=6). (D, E) Flies expressing one copy each of 
the drivers otu-GAL4 and NGT-GAL in either a Hsp83 transhet mutant background, UASp-Diap1 
background or a combination of both were collected after incubation at 25°C for 4 days . (D) A 
representative western blot probed with pro-Dcp-1 (35kDa) and actin (42kDa). (E) A quantitative 
graph analyzing densitometry of the western blots. Error bars represent ± S.E.M of n=4 with 
significance determined by a one-way ANOVA with a Bonferroni post-test and compared to 
Hsp83 transhet, ***p<0.001. 
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3.6. Reduced proteasomal activity in Hsp83 mutants, 
proteasomal knockdown and inhibition led to an 
increase in Dcp-1 

Homologs of Hsp83, yeast Hsp90 and human HSP90, were shown to be needed 

for 26S proteasomal assembly and for antigen processing, respectively (Imai et al., 2003; 

Yamano et al., 2008). To test whether altered proteasomal activity could be a possible 

explanation for the elevated levels of Dcp-1 observed in Hsp83 mutants, I used a 

luminescence assay with proteasome-targeted substrates that react when cleaved. 

Luminescence was significantly decreased in flies harboring RNAi targeted against 

Prosα1, a subunit of the 20S proteasome, and in Hsp83 transhets when compared to 

Hsp83 heterozygote controls and wild-type flies (Figure 3-7A). To confirm the decreased 

proteasome activity in Hsp83 transhets, I expressed the proteasome activity reporter CL1-

GFP, a fusion protein with a degradation signal introduced into the otherwise stable GFP 

molecule (Bence et al., 2001), in the larval fat body using the larval midgut specific driver 

cg-GAL4. The Hsp83 transhets had a marked increase in GFP expression relative to 

controls, indicating inefficient turnover of CL1-GFP (Figure 3-7B,C). The observed 

reduction in proteasomal activity could explain why Dcp-1 levels are elevated in the Hsp83 

transhet mutants. 
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Figure 3-7 Functional loss of Hsp83 decreases proteasomal activity in vivo 

(A) Proteasomal activity was measured in females from the indicated genotypes using 
luminescent output (RLU) produced from cleavage of proteasomal substrates (ProteasomeGlo 
kit) and made relative to mass. Error bars represent ± S.E.M. and statistical significance was 
determined using one-way ANOVA with a Bonferroni post-test and compared to w1118, *p<0.05, 
**p<0.01.(n=5) (B,C) UAS-CL1-GFP expressed in the larval fat body using the driver cg-GAL4 in 
transhet and monoallelic Hsp83 mutants and visualized with non-adjusted GFP channel images 
taken in the same experiment with identical confocal microscope settings (n=3). (B) 
Quantification of fluorescent intensity. Error bars represent ± S.E.M. and statistical significance 
was determined using a two-tailed Student’s t test, **** p<0.0001. (C) Representatives images 
showing DAPI staining and CL1-GFP expression, scale bars = 50 μm. 
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To determine if Dcp-1 levels are affected by the proteasome, I quantified levels of 

Dcp-1 in an RNAi line targeted against Rpn2, a regulatory subunit of the 26S proteasome. 

RNAi knockdown was enhanced by expressing one copy of Dicer2 using the oogenesis 

specific driver nosGAL4. An increase in temperature enhances expression of Gal4-driven 

Dicer2 under the UAsp promoter and thus the knockdown is more efficacious. Rpn2 RNAi 

flies (Rpn2/Dcr) or control flies (Dcr), were incubated at 18°C or 25°C for two days before 

collection. The enhanced knockdown of Rpn2 at 25°C correlated with a greater increase 

in pro-Dcp-1 levels in comparison to the Dcr flies (Figure 3-8A,B). In addition to genetic 

suppression of the proteasome, I tested pharmacological inhibition by feeding flies the 

proteasome inhibitor MG132. A significant decrease in proteasomal activity was observed 

in both wild-type and Hsp83 transhets following MG132 treatment (Figure 3-8C).  The 

levels of pro-Dcp-1 increased in wild-type with the addition of MG132, consistent with the 

decrease in proteasomal activity (Figure 3-8D,E). There was no further increase in the 

levels of pro-Dcp-1 in Hsp83 transhets treated with MG132 compared to the DMSO control 

despite reduced proteasomal activity. Together, these results show that Dcp-1 levels are 

affected by the proteasome and that the reduction of Dcp-1 is dependent on functional 

Hsp83.  
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Figure 3-8 A decrease in proteasomal activity leads to an increase in levels of 
pro-Dcp-1 that is Hsp83 dependent 

(A,B) Females with the maternal driver nosGAL4 were collected after two days of exposure to 
18°C or 25°C with the genotypes +/UAspDcr2; nosGAL4/+ (Dcr) and Rpn2-
RNAI/UAspDcr2;nosGAL4/+ (Rpn2/Dcr). (A) Representative western blot of pro-Dcp-1 and Actin 
levels in Dcr and Rpn2/Dcr pro-Dcp-1 = 35kDa, Actin = 42kDa, * represents a non-specific band 
detected by the Dcp-1 antibody. (B) Quantification of pro-Dcp-1 levels was performed by 
densitometry and normalized to levels of Actin. The average relative levels of pro-Dcp-1 were 
determined with eight females per lysate (n=3). Error bars represent ± S.E.M. and statistical 
significance was determined using a two-way Student’s t test, **p<0.01. (C-E) Hsp83e6A/6-55 and 
w1118 flies were fed proteasomal inhibitor MG132 or the control DMSO for 4 days. (C) 
Proteasomal activity was measured and normalized to w1118 flies fed with DMSO (n=3). Error bars 
represent ± S.E.M. and statistical significance was determined using a Student’s t test, *p<0.05, 
**p<0.01, ***p<0.001. (D) Representative image of a western blot probed for pro-Dcp-1(35kDa) 
and Tubulin (55kDa). (E) Quantification of pro-Dcp-1 levels was performed by densitometry and 
normalized to levels of tubulin. The average relative levels of pro-Dcp-1 were determined with 
eight females per lysate(n=3). Error bars represent ± S.E.M. and statistical significance was 
determined using a two-way Student’s t test, *p<0.05, **p<0.01, ***p<0.001.  
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3.7. Hsp83 loss induces Dcp-1-dependent compensatory 
autophagy that is required to maintain female fertility 
and larval viability 

It was previously found that Dcp-1 levels are increased and induce autophagic flux 

in response to starvation (DeVorkin et al., 2014; Hou et al., 2008). To understand if the 

increased levels of autophagy in Hsp83 mutants are dependent on Dcp-1, I performed an 

epistasis experiment. I created double mutants consisting of Hsp83 transhets and the Dcp-

1Prev1 loss-of-function alleles through multiple genetic crosses. Ovaries from Dcp-1Prev1 flies 

contain persisting nurse cell nuclei and premature loss of follicle cells (Laundrie et al., 

2003). I found that the MSECs of double mutants Dcp-1Prev1; Hsp83e6A/6-55 and Dcp-1Prev1; 

Hsp83e6D/6-55 flies have a phenotype similar to Dcp-1Prev1 but with several differences 

(Figure 3-9A,B). The MSECs appear to have a premature loss of follicle cells, similar to 

Dcp-1Prev1 flies, but the nurse cell nuclei are only partially condensed relative to those 

observed in MSDECs from Hsp83 transhet mutants. The nurse cell nuclei in Hsp83; Dcp-

1Prev1 double mutant MSECs also stain positively for TUNEL similar to Hsp83 but fail to 

stain for LTR. 

To determine if the relationship between Hsp83 and Dcp-1 occurs in other tissues 

I analyzed the larval fat body. Fat bodies from Hsp83 transhets had increased TUNEL and 

LTR staining, similar to the ovaries. In addition, fat bodies from Dcp-1;Hsp83 double 

mutants had only TUNEL staining whereas control Hsp83 alleles, Dcp-1Prev1 and wild-type 

flies had no significant LTR or TUNEL (Figure 3-9C,D). 

The Hsp83;Dcp-1Prev1 double mutants also affected fecundity as both females and 

males were sterile whereas only male Hsp83 transhets are sterile and Dcp-1Prev1 flies are 

fertile. In addition, the double mutants showed a reduction in viability with a significant 

increase in the fraction of animals dying in the pharate adult stage and not being able to 

eclose, as quantified by the ratio of dead pharate adults to eclosed pupae (p<0.01) (Figure 

3-9E). These results suggest that loss of Hsp83 can lead to activation of cell death through 

a pathway independent of Dcp-1, but that loss of Hsp83 induces compensatory autophagy 

through a pathway that requires Dcp-1.  
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Figure 3-9 Dcp-1 is required for autophagic flux and contributes to 

developmental viability but not cell death resulting from loss of 
Hsp83  
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Figure 3-9 (figure legend continued from previous page) 
 (A,B) Representative images of MSECs for the genotypes w1118, Hsp83e6D/6-55, Dcp-1Prev1 and 
Dcp-1Prev1; Hsp83e6D/6-55, stained with (A) LTR and DAPI or (B)LTR and TUNEL; experiments 
were performed on at least eight females per genotype (n=3), scale bars = 50 μm. 
(C)Representative images of first instar larval fat bodies stained with LTR, DAPI and TUNEL; 
scale bars =10 μm. (D) Quantification of the total number of cells, determined by DAPI staining, 
that stained positively for LTR and/or TUNEL in larval fat bodies from indicated genotypes. 
Experiments were performed in triplicate with the total number of cells assessed listed in the 
table. (E) The ratio of dead pharate adult pupae to eclosed pupae was counted in vials containing 
different combinations of mutant Hsp83 and Dcp-1 alleles. Vials were incubated at room 
temperature for 14 days past first fly eclosion and then ratios were counted for at least 80 animals 
(n=3). Error bars represent ± S.E.M. and statistical significance was determined using one-way 
ANOVA with a Dunnet post-test (**p<0.01) 
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To further validate the relationship between Hsp83 and Dcp-1, I conducted RNAi 

studies in the S2-RFP-GFP-Atg8a cell line as a more specific autophagy assay. As 

expected, Atg1 and Rheb showed a relative decrease and increase in the numbers of 

autolysosomes, respectively, compared to the control (Figure 3-10). The decrease in 

autolysosomes seen in the Dcp-1 RNAi-treated cells was reiterated in the combination 

knockdown of Hsp83 and Dcp-1 and was in stark contrast to the increase observed in 

Hsp83 RNAi treated cells. 

 

 
Figure 3-10 Dcp-1 is required for autophagic flux caused by loss of Hsp83 in 

vitro 

 The number of autolysosomes per cell was quantified in S2 cells stably expressing RFP-GFP-
Atg8a and treated with the indicated dsRNAs. (A) All counts were normalized to the Amp dsRNA 
control. Atg1 and Rheb dsRNA’s served as controls for decreasing and increasing the number of 
autolysosomes, respectively (n=3). Error bars represent ± S.E.M. and statistical significance was 
determined using one-way ANOVA with a Dunnet post-test, *p<0.05, **p<0.01,***p<0.001. Over 
100 cells were analyzed per treatment. (B) Representative images of RFP-GFP-Atg8a S2 cells 
following treatment with the indicated dsRNAs; scale bars =10 μm. 



 

64 

3.8. Proteasome disruption induces Dcp-1-dependent 
compensatory autophagy  

To determine if Dcp-1 is required for compensatory autophagy following 

proteasome disruption specifically we used RNAi targeted against Rpn11, a Drosophila 

proteasome regulatory subunit, that was shown to compromise proteasomal activity 

(Lundgren et al., 2003). Similar to Hsp83-RNAi, the Rpn11-RNAi resulted in enhanced 

levels of autolysosomes that were significantly reduced in combination with Dcp-1 RNAi 

(Figure 3-10). Since mutant Hsp83 transhets showed an increase in pro-Dcp-1, cleaved 

Dcp-1, and LTR staining, we investigated whether there was also an increase in cleaved 

Dcp-1 and LTR staining in proteasome-compromised flies in addition to the elevated pro-

Dcp1 levels already observed (Figure 3-8,B). Rpn2/Dcr flies kept at 25°C showed a 

significant increase in the number of MSDECs expressing cleaved Dcp-1 that were LTR-

positive (Figure 3-12A,B). To determine if LTR levels correlated with Dcp-1 levels, we 

quantified staining at both 18°C and 25°C, and found a significant increase (p<0.05) in 

LTR staining, along with increased Dcp-1 levels, at the higher temperature (Figure 3-12C). 

Together, these findings support that the increase in autophagy detected in vitro and in 

vivo in response to reduced proteasome function is regulated by Dcp-1.  
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Figure 3-11 Proteasomal subunit loss results in Dcp-1-dependent compensatory 

autophagy in vitro 

(A,B) The number of autolysosomes per cell was quantified in S2 cells stably expressing RFP-
GFP-Atg8a and treated with the indicated dsRNAs. (A) Representative images of RFP-GFP-
Atg8a S2 cells following treatment with the indicated dsRNAs; scale bars =10 μm. (B) All counts 
were normalized to the Amp dsRNA control. Atg1 and Rheb dsRNA’s served as controls for 
decreasing and increasing the number of autolysosomes, respectively. Error bars represent ± 
S.E.M. and statistical significance was determined using one-way ANOVA with a Dunnet post-
test, *p<0.05, **p<0.01,***p<0.001 
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Figure 3-12 Proteasomal subunit loss results in Dcp-1-dependent compensatory 

autophagy 

(A,B) Females were collected from flies with the UAS maternal driver kept at 25°C with the 
genotypes UAspDcr2/+; nosGAL4/+ (Dcr) and Rpn2-RNAI/UAspDcr2;nosGAL4/+ (Rpn2/Dcr). (A) 
Representative images of MSECs from Rpn2/Dcr and Dcr kept at 25°C. Ovaries were imaged 
with clDcp-1 antibody, LTR and DAPI; scale bars = 50μm.  (B) MSECS from Dcr and Rpn2/Dcr 
flies were scored for cleaved Dcp-1 (clDcp-1), LTR and DAPI. The graph represents the average 
percentage of MSECs that scored positive for LTR, MSDEC or clDcp-1. Experiments were 
performed with at least eight females per genotype (n=3). Error bars represent ± S.E.M. and 
statistical significance was determined using two-way Student’s t test, *p<0.05, **p<0.01 (C) 
MSECS in Rpn2/Dcr flies were scored for LTR positivity at 18°C and 25°C. At least 50 MSECS 
were analyzed per temperature (n=4). Error bars represent ± S.E.M. and statistical significance 
was determined using two-way Student’s t test, *p<0.05. 
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3.9. Discussion 

I assisted with the identification of 13 putative negative autophagy regulators that 

could be involved in Dcp-1-mediated autophagy via a RNAi flow cytometry screen and 

RFP-GFP-Atg8a microscopy assay. Of those interactors, I further characterized the role 

of Hsp83 and found that it negatively regulates autophagy and cell death in Drosophila in 

vivo and in vitro. Loss of Hsp83 function led to a decrease in proteasomal activity and an 

increase in Dcp-1 that was not transcriptionally regulated. Analysis of proteasome-

compromised flies also showed an increase in levels of Dcp-1 and LTR staining supporting 

that Dcp-1 is regulated by the proteasome. The Dcp-1 observed in Hsp83 mutants was 

found to be required for the ensuing compensatory autophagy, and contributed to both 

female fertility and development to adulthood. These findings highlight a novel role for 

Hsp83 in the proteasome-dependent regulation of pro-Dcp-1 that functions normally to 

prevent accumulation of Dcp-1 and the subsequent activation of autohpagy (Figure 3-13). 

 
Figure 3-13 Proposed model in wild-type and loss-of-function Hsp83 

backgrounds 

In a wild-type cell, we propose that Hsp83 promotes proteasomal activity. With an active 
proteasome, Dcp-1 and other proteins are regulated properly and proteostasis is maintained. 
Alternatively, in a cell with dysfunctional Hsp83 or a lack of Hsp83, the proteasome is less active 
which allows an accumulation of Dcp-1. The elevated levels of Dcp-1 induce compensatory 
autophagy as an alternative pathway to degrade proteins in an attempt to maintain proteostasis.   
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3.9.1. Putative Dcp-1 interactors identified 

It is possible that the eleven additional proteins identified in the IP-MS study may 

also positively or negatively regulate autophagy, but due to potential incomplete 

knockdown by RNAi or functional redundancy, they did not show an effect on autophagy. 

It would be valuable to complete in vivo studies to validate the remaining genes identified 

in the RNAi screen for their autophagy-regulatory role during Drosophila oogenesis or in 

other tissues. Additionally, identification of potential Dcp-1 cleavage substrates specifically 

could be worthwhile as it was found that Dcp-1 catalytic activity is required to activate 

autophagy (DeVorkin et al., 2014). 

3.9.2. pro-Dcp-1 levels are regulated by the proteasome 

Caspases require constitutive regulation to prevent unwanted activation and cell 

death. Inhibitor of apoptosis proteins (IAPs) are one way caspases can be regulated, 

acting either through baculovirus inhibitor of apoptosis protein repeat (BIR) domain binding 

or E2/E3 ubiquitin ligase activity which can be degradative or non-degradative (Vaux and 

Silke, 2005). While the active (cleaved) form of Dcp-1 was shown previously to be 

regulated by Diap1 through non-degradative ubiquitylation (Ditzel et al., 2008), it was 

unknown how or if the zymogen form of Dcp-1 is regulated. We found that the elevated 

levels of pro-Dcp-1 in Hsp83 mutants neither correspond to Diap1 levels nor to transcript 

levels. Instead, we found that pro-Dcp-1 levels were elevated following the loss of function 

of Hsp83, two different proteasomal subunits or pharmacological inhibition of the 

proteasome. While other Drosophila caspases Drice and Dronc were found not to be 

stabilized by proteasome inhibition (Ditzel et al., 2008; Lee et al., 2011, 2016), there is 

precedence for proteasome regulation of the cleaved form, but not the pro-form, of 

caspases 8 and 3 in human cell lines (Fiandalo et al., 2013; Suzuki et al., 2001b). Based 

on previous protein interaction studies that showed Hsp83 only interacts with the pro-form 

of Dcp1, I propose a model where Hsp83 acts at a relatively early stage, prior to Diap1, to 

regulate levels of pro-Dcp-1 via the proteasome in basal conditions. Functional loss of 

Hsp83 results in elevated pro-Dcp-1 that is available for the subsequent cleavage into 

active Dcp-1 and the induction of autophagy. Further studies are required to determine if 

pro-Dcp-1 itself is being directly processed by the proteasome or is instead indirectly 
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regulated by the proteasome through as of yet unknown molecular components. Another 

outstanding question is the threshold of Dcp-1 required for autophagy induction.  

3.9.3. Hsp83 mediates proteasomal degradation. 

It was shown previously that Hsp83 plays a role in promoting protein degradation 

involving a degradative complex function. Loss of Hsp83 led to a build-up of proteins 

targeted for degradation in the cell cycle due to inhibition of the anaphase-promoting 

complex/cyclosome (Bandura et al., 2013). In a Drosophila neurodegenerative disease 

model, Hsp83 was required for targeting the mutant protein TPIsugarkill  for proteasomal 

degradation (Hrizo and Palladino, 2010), and, similarly, the human homolog HSP90 was 

required for the delivery of substrates to the proteasome (Oura et al., 2011). While 

proteasomal activity was further decreased in Hsp83 transhets treated with MG132, the 

level of pro-Dcp-1 was not further increased, suggesting that Hsp83 specifically is a rate 

limiting step in the proteasomal processing that regulates pro-Dcp-1. Since Hsp83 and 

pro-Dcp-1 could have been immunoprecipitated in a complex involving the proteasome, 

further work is required to understand if pro-Dcp-1 requires Hsp83 for delivery or targeting 

to the proteasome or if Hsp83 might play a more direct role at the proteasome to facilitate 

degradation of pro-Dcp-1.   

3.9.4. Dcp-1 regulates compensatory autophagy. 

Proteostasis requires a balance between the two major degradative UPS and 

autophagy pathways. When proteasome activity is inhibited, as is the case in Hsp83 

mutants, there is increased autophagic flux known as compensatory autophagy 

(Lilienbaum, 2013). Previous to this study, Dcp-1 was reported to be a positive regulator 

of autophagy only in the context of starvation although overexpression was also shown to 

induce autophagy (DeVorkin et al., 2014; Hou et al., 2008; Kim et al., 2010).Here, we 

observed a Dcp-1 dependent increase in the number of autolysosomes or lysosomal 

staining with loss of Hsp83 or Rpn11, and thus reduced proteasomal activity, even in 

nutrient-rich conditions. In fly models compensatory autophagy was shown to occur when 

the UPS is inhibited (Hartl et al., 2011; Pandey et al., 2007), but this is the first time an 

effector caspase has been reported to be involved. The discovery that Dcp-1 is required 
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for compensatory autophagy when proteasomal activity is compromised begs further 

exploration into whether there are other forms of stresses or contexts, such as hypoxia, 

that also rely on Dcp-1 for autophagy induction. 

3.9.5. Hsp83;Dcp-1 double mutants have effects on cell death, cell 
division, autophagy, fertility and development. 

Loss of Dcp-1 prevents the autophagy that is otherwise induced in loss-of-function 

Hsp83 mutants, indicating a Dcp-1-dependent role in the regulation of autophagy in this 

context. In addition to autophagy dysregulation, double Dcp-1;Hsp83 mutants had other 

surprising phenotypes involving cell death and division. Dcp-1;Hsp83 flies had an 

abnormal number of persisting nurse cell nuclei that showed partial condensation and 

stained positively for TUNEL. This suggests that the cell death associated with Hsp83 loss 

is Dcp-1-independent and that Dcp-1 contributes at least partially to the pyknosis 

observed. The double mutants also rendered females sterile and did not rescue the male 

sterility observed in Hsp83 mutants, indicating an increasingly impaired phenotype. 

Furthermore, there was an increase in animals with developmental defects as more 

Hsp83/Dcp-1 flies died in the pharate adult stage. This divergence between control of cell 

death and autophagy with Dcp-1 and Hsp83 is a unique and surprising finding. Discovery 

of this relationship provides a potential avenue for further understanding the complex 

cross-talk between autophagy and apoptosis, as well as for exploitation of promoting cell 

death without autophagy by counterintuitively targeting an effector caspase in the 

presence of Hsp83/HSP90 genetic or pharmacologic inhibition.  
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Chapter 4. Hsp60 controls autophagic response to 
nutrient deprivation by altering subcellular 
localization of caspase-3. 

Adapted and expanded from: Courtney Choutka, Nancy Erro Go, and Sharon M. 

Gorski. “Hsp60 controls autophagic response to nutrient deprivation by altering subcellular 

localization of caspase-3.” Manuscript in preparation. 

I conceived, designed, and conducted all experiments as well as prepared the 

manuscript in collaboration with SG. NG constructed the RFP-GFP-LC3 stable cell lines.  

4.1. Abstract 

The cell survival process of autophagy and cell death program of apoptosis have 

a complex relationship with several points of intersection. For example, caspases were 

found in many different contexts to either inhibit or promote autophagic flux.  One area not 

yet explored is the role of effector caspases in starvation-induced autophagy in the context 

of human cells. Based on previous findings in Drosophila, here I identify a functionally 

conserved role for caspase-3 in the activation of starvation-induced autophagy in human 

cells. I also show that caspase-3 translocation between the mitochondria and the cytosol 

is controlled by Heat-shock protein 60 in response to nutritional status. My results highlight 

a novel function for caspase-3 in starvation-induced autophagy in humans and illustrate 

how this response is regulated by subcellular localization. 

4.2. Introduction 

It is becoming increasingly clear that while cellular caspases are traditionally 

associated with apoptosis, they have important roles in many other cellular processes 

such as immunity, cell proliferation, differentiation, tumour suppression, development and 

aging (Kuranaga and Miura, 2007; Launay et al., 2005; Shalini et al., 2015). One of the 

complex relationships emerging is a role for caspases in the cross-talk between autophagy 

and apoptosis. 
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Caspases were found to both promote and inhibit autophagic flux. The initiator 

caspases, caspase-2, caspase-8, caspase-9, and caspase-10 have been largely identified 

as suppressors of autophagy (Bell et al., 2008; Cho et al., 2009; Oral et al., 2012; Tiwari 

et al., 2011, 2014; You et al., 2013) although caspase-9 was shown to increase autophagy 

by enhancing the priming and lipidation of the key autophagy protein light-chain 3B/LC3B 

through formation of a complex with autophagy protein ATG7 (Han et al., 2014; Jeong et 

al., 2011). Similarily, the effector caspases, caspase-3, caspase-6, and caspase-7, have 

been linked to suppression of autophagy (Cho et al., 2009; Norman et al., 2010; Pagliarini 

et al., 2012; Sirois et al., 2012; Wirawan et al., 2010; You et al., 2013). In contrast, it was 

suggested that caspase-3 could upregulate autophagy by cleavage and subsequent 

activation of ATG4D (Betin and Lane, 2009). While in vitro cleavage of autophagy proteins 

by effector caspases was shown in human cells in response to cell death stimuli, there is 

very little known about caspase regulation of autophagy in other cellular contexts. Our 

previous discovery in Drosophila of an effector caspase Dcp-1 responsible for 

upregulation of autophagy under nutrient deprivation (DeVorkin et al., 2014; Hou et al., 

2008) led us to investigate whether this functional relationship is conserved amongst 

higher eukaryotes.  

Here I investigate the potential evolutionary conservation of a caspase-activated 

autophagic response in human cells. I report that caspase-3 (CASP3) is required for the 

upregulation of autophagic flux in response to nutrient deprivation in several human tissue 

culture cell lines. I further characterize how CASP3 is regulated in response to starvation, 

and show that its subcellular localization and activation state are affected by the molecular 

chaperone heat-shock protein 60 (HSP60).   

4.3. CASP3 partially localizes to the mitochondria and is 
required for starvation-induced autophagy 

The mitochondrial localization and autophagy-activating role of Drosophila effector 

caspase Dcp-1 (DeVorkin et al., 2014; Hou et al., 2008) were used as the basis to screen 

for functional conservation of caspases in human cells. I initially screened the initiator 

caspases, CASP8 and CASP9, and the effector caspases, CASP3, CASP6 and CASP7, 

to determine if they partially localized to the mitochondria using the human breast cancer 
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line SKBR3. Both CASP8 and CASP9 had undetectable levels in mitochondrial fractions 

(data not shown) but CASP3, CASP6 and CASP7 appeared to at least partially localize to 

mitochondria.  A mitochondrial fractionation and Proteinase K assay was performed to 

determine if the zymogen form of any of these effector caspases localized inside of 

mitochondria, similar to previous observations of the zymogen pro-Dcp-1. The Proteinase 

K assay revealed that only the CASP3 zymogen partially localized inside of mitochondria 

(Figure 4-1A) whereas the degradation of CASP6 and CASP7 indicated that they primarily 

associated with the outer mitochondrial membrane in these conditions (Figure 4-1B,C).  

 
 

Figure 4-1 CASP3 partially localizes inside of mitochondria in SKBR3 cells 
while CASP6 and CASP7 do not 

(A-C) Representative western blot images of mitochondrial-enriched fractions treated with 
increasing concentrations of Proteinase K showing immunodetection of (A) CASP3 (32kDa), (B) 
CASP7 (35kDa) or (C) CASP6 (35kDa). ATP5A (53 kDa) is an inner mitochondrial protein control 
while PINK1 (63kDa) and TOMM20 (16kDa) are outer mitochondrial protein controls.  (n=3). 

Next, to determine if CASP3 was involved in the induction of starvation-induced 

autophagy, I utilized the common autophagy protein marker LC3B for two flux assays. 

First, I depleted CASP3 levels using siRNA knockdown and subjected mRFP-eGFP-LC3B 

expressing SKBR3 cells to total starvation for two hours. I analyzed the average number 

of autolysosomes per cell following treatment with the siRNA control or the three distinct 

CASP3 siRNAs and found that cells with reduced CASP3 were significantly impaired in 

their autophagic response to starvation (p<0.001) (Figure 4-2A,B). As an additional 

autophagy assay, SKBR3 cells were subjected to complete starvation or nutritient-rich 

condtions and treated with Bafilomycin A, a compound that blocks autophagic flux by 

preventing acidification of the lysosomes, to analyze levels of autophagy induction by 
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comparing LC3B lipidation states. Under starvation conditions, cells treated with CASP3 

siRNAs failed to accumulate the lipidated form of LC3B, LC3BII, when compared to the 

scramble control (Figure 4-2,D). These observations together support that CASP3 loss 

results in a block in autophagy at an early step in the pathway.  

 
Figure 4-2 CASP3 is required for starvation-induced autophagy in SKBR3 cells 

(A,B) mRFP-eGFP-LC3B expressing SKBR3 cells were subjected to control scramble or CASP3 
siRNA in fed and starved conditions. (A) Representative images, scale bars = 20μM (B) 
Quantification of average number of autolysosomes per cell for control scramble siRNA and three 
CASP3 siRNA constructs. At least 50 cells were counted per treatment and error bars represent 
the mean ± S.E.M; statistical significance was determined using one-way ANOVA with a 
Bonferroni post-test, ****p<0.0001 (n=4). (C,D) SKBR3 cells were treated with scramble or 
CASP3 siRNA, cultured in fed or starved conditions and incubated with Baf for 2 hours. (C) A 
representative blot with CASP3 (32kDa), LC3BI/LC3BII (19kDa, 17kDa), ACTIN (42kDa). (D) 
Levels of LC3B-II normalized to ACTIN and shown relative to the scramble Fed control. Error 
bars represent the mean ± S.E.M; statistical significance was determined using one-way ANOVA 
with a Bonferroni post-test, **p<0.01, ***p<0.001 (n=3). 
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4.4. CASP3-mediated autophagy response to nutrient 
deprivation is context dependent 

Four human cell lines in addition to SKBR-3 were screened for their ability to 

induce CASP3-regulated autophagy in response to nutrient deprivation: human embryonic 

kidney line HEK293, human triple-negative breast adenocarcinoma line MDA-MB-231, 

pancreatic ductal epitheliod carcinoma line PANC1, and lung squamous cell carcinoma 

line NCI-H2170. All of these lines were transfected to stably express mRFP-eGFP-LC3B 

and treated with control and CASP3 siRNAs in fed and nutrient-deprived conditions to 

determine autophagic flux. MDA-MB-231 cells had a higher level of basal autophagic flux 

compared to SKBR3 cells, yet MDA-MB-231 cells treated with CASP3 siRNA similarily 

failed to induce increased autolysosomes in response to starvation as observed in control 

siRNA-treated MDA-MB-231 cells (Figure 4-3). PANC1 cells had the highest levels of 

basal autophagy in nutrient-rich conditions, but similar to MDA-MB-231, failed to further 

upregulate autophagic flux in response to nutrient deprived conditions when CASP3 was 

depleted (Figure 4-4). NCI-H2170 also failed to induce a signficant increase in 

autolysosomes, compared to the siRNA control, when CASP3 was depleted in starvation 

conditions, although the CASP3-depleted starved cells still appeared to show a modest 

but not statistically significant increase in autolysosome number compared to the CASP3-

depleted fed cells (Figure 4-5). HEK293 displayed a contrasting response in comparison 

to the other four lines. There was no decrease of autophagic flux in response to starvation 

in the context of CASP3 knockdown and one CASP siRNA construct intensified the 

autophagic response (Figure 4-6). These results together indicate that CASP3 is required 

for the upregulation of autophagy in response to nutrient deprivation in some contexts, but 

does not have a significant effect on the levels of basal autophagy in fed conditions. These 

findings also indicate that CASP3 regulation of autophagy in response to starvation does 

not occur in every tissue or context.  
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Figure 4-3 CASP3 knockdown effects on starvation induced autophagy in MDA-

MB-231 cells 

MDA-MB-231 cells stably expessing mRFP-eGFP-LC3B were treated with scramble or CASP3 
siRNAs in fed and starved conditions. (A) Quantification of average number of autolysosomes per 
cell for control scramble siRNA and two CASP3 siRNA constructs. At least 50 cells were counted 
per treatment and error bars represent the mean ± S.E.M; statistical significance was determined 
using one-way ANOVA with a Bonferroni post-test, ***p<0.001.(B) Representative images, scale 
bars = 10μM. (C) Representative blot of CASP3 siRNA efficacy with CASP3 (32kDa) and ACTIN 
(42kDa).  
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Figure 4-4 CASP3 knockdown effects on starvation induced autophagy in 

PANC1 cells 

PANC1 cells stably expessing mRFP-eGFP-LC3B were treated with scramble or CASP3 siRNAs 
in fed and starved conditions. (A) Quantification of average number of autolysosomes per cell for 
control scramble siRNA and three CASP3 siRNA constructs. At least 50 cells were counted per 
treatment and error bars represent the mean ± S.E.M; statistical significance was determined 
using one-way ANOVA with a Bonferroni post-test, n.s. p≥0.05, *p<0.05, **p<0.01 (B) 
Representative images, scale bars = 10μM. (C) Representative blot of CASP3 siRNA efficacy 
with CASP3 (32kDa) and ACTIN (42kDa).  
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Figure 4-5 CASP3 knockdown effects on starvation induced autophagy in NCI-

H2170 cells 

NCI-H2170 cells stably expessing mRFP-eGFP-LC3B were treated with scramble or CASP3 
siRNAs in fed and starved conditions. (A) Quantification of average number of autolysosomes per 
cell for control scramble siRNA and three CASP3 siRNA constructs. At least 50 cells were 
counted per treatment and error bars represent the mean ± S.E.M; statistical significance was 
determined using one-way ANOVA with a Bonferroni post-test, *p<0.05 (B) Representative 
images, scale bars = 10μM. (C) Representative blot of CASP3 siRNA efficacy with CASP3 
(32kDa) and ACTIN (42kDa). 
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Figure 4-6 CASP3 knockdown effects on starvation induced autophagy in 
HEK293 cells 

HEK293 cells stably expessing mRFP-eGFP-LC3B were treated with scramble or CASP3 siRNAs 
in fed and starved conditions. (A) Quantification of average number of autolysosomes per cell for 
control scramble siRNA and two CASP3 siRNA constructs. At least 50 cells were counted per 
treatment and error bars represent the mean ± S.E.M; statistical significance was determined 
using one-way ANOVA with a Bonferroni post-test, n.s. p≥0.05, *p<0.05, ***p<0.001, 
****p<0.0001  (B) Representative images, scale bars = 10μM. (C) Representative blot of CASP3 
siRNA efficacy with CASP3 (32kDa) and ACTIN (42kDa). 
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4.5. HSP60 associates with CASP3 in starvation conditions  

I used the Drosophila Dcp-1 IP-MS experiment data that identified interacting 

proteins (Table 1.1) to choose three human homologs to characterize as candidate 

CASP3 interactors. All three proteins are classically associated with the mitochondria and 

were identified as putative negative regulators of autophagy (Figure 3-1). The first was 

adenine nucleotide translocase 2/ANT2, which is the closest human isoform, based on 

protein sequence identity (83%) to the Drosophila adenine nucleotide translocase SesB, 

and is located in the inner mitochondrial membrane. This translocase was found to 

function downstream of Dcp-1 in autophagy regulation (DeVorkin et al., 2014). Heat-shock 

protein Hsp83, which partially localizes to mitochondria, was described in the previous 

chapter to be a negative regulator of autophagy and involved in the regulation of pro-Dcp-

1, so I investigated its human homolog heat-shock protein 90 alpha/HSP90AA1 (protein 

sequence identity 78%).  Lastly, I examined HSP60/heat-shock protein 60, the human 

homolog to Drosophila Hsp60. Hsp60 is a predominantly mitochondrial chaperone that 

was also identified as a putative negative regulator of autophagy in Drosophila (Figure 

3-1). To determine if any of these three proteins interacted with CASP3, I performed an 

immunoprecipitation (IP) experiment to isolate CASP3 and its interactors from SKBR3 

cells exposed to two hours of complete starvation. HSP90AA1 was detectable in the whole 

cell lysates but not in the CASP3 immunoprecipitate. ANT2 was faintly detectable in the 

whole cell lysates but not in the CASP3 immunoprecipitate, while HSP60 was clearly 

detectable in both the whole cell lysates and the CASP3 immunoprecipitate. This result 

suggests that there is an interaction between the CASP3 and HSP60 proteins under these 

conditions (Figure 4-7A). To confirm the interaction, I performed a reciprocal IP using an 

HSP60 antibody in starvation conditions. CASP3 was identified in both the whole cell 

lysates and in the HSP60 pull-down, confirming the interaction between HSP60 and 

CASP3 (Figure 4-7B).  
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Figure 4-7 HSP60 interacts with CASP3 in starvation conditions in SKBR3 cells 

(A) Representative blot from SKBR3 cells subjected to starvation conditions and then incubated 
with either αRb-CASP3 antibody or control αRb-IgG antibody. Pre-cleared lysate (right) is the 
original lysate (left) after incubation with Sepharose 4B Beads and before being incubated with 
antibodies. Proteins probed include CASP3 (32kDa), ANT2 (37kDa) HSP60 (60kDa), and 
HSP90AA (90kDa) (n=2). (B) Representative blot from SKBR3 cells subjected to starvation 
conditions and then incubated with either αMsHSP60 antibody or control αMsIgG antibody. Pre-
cleared lysate (right) is the original lysate (left) after incubation with Sepharose 4B Beads and 
before being incubated with antibodies. Proteins probed include CASP3 (32kDa) and HSP60 
(60kDa) *heavy chain of the antibody detected (n=2). 
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4.6. HSP60 is a negative regulator of autophagy and 
maintains levels of pro-CASP3 

HSP60 was knocked down in mRFP-eGFP-LC3B expressing SKBR3 cells to 

determine its effects on autophagic flux. HSP60 knockdown resulted in an increase in 

autolysosomes in cells under fed conditions in comparison to the siRNA control which had 

typical low levels of autophagic flux (Figure 4-8A,B). There was no further increase in the 

number of autolysosomes per cell in starved HSP60 knockdown compared to starved 

scramble siRNA control cells, indicating autophagic flux levels could be saturated. To 

confirm this finding, a western blot based flux assay in the presense of Bafilomycin A1 

was performed. LC3B-II accumulated in HSP60 knockdown cells even in fed conditions in 

comparison to the scramble control siRNA cells (Figure 4-8C,D). Both LC3B assays 

indicate an increase in autophagy upon HSP60 knockdown in SKBR3 cells under fed 

conditions. Next, we tested whether HSP60 acts to control the levels of pro-CASP3. 

Knockdown of HSP60 resulted in decreased levels of pro-CASP3 (Figure 4-8E,F), 

supporting that HSP60 is needed to sustain the levels of pro-CASP3 in the cell. 
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Figure 4-8 HSP60 negatively regulates autophagy and maintains pro-CASP3 
levels in SKBR3 cells 
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Figure 4-8 (figure legend continued from previous page) 
 (A,B) HSP60 was knocked down in mRFP-eGFP-LC3B expressing SKBR3 cells in fed and 
starved conditions. (A) Autolysosomes were quantified per cell with at least 50 cells counted per 
treatment and error bars represent the mean ± S.E.M; statistical significance was determined 
using a using a two-tailed Student’s t test, **p<0.01 (n=3) (B) Respresentative images, scale bar 
= 20μm. (C,D) SKBR3 cells were treated with two HSP60 siRNA constructs and one scramble 
siRNA in fed and starved conditions and all treated with Baf (C) A representative blot of LC3B-II 
(17kDa), ACTIN (42kDa), CASP3 (32kDa) and HSP60 (60kDa) (D) Levels of LC3B-II normalized 
to ACTIN and shown relative to the scramble Fed control. Error bars represent the mean ± S.E.M; 
statistical significance was determined using one-way ANOVA with a Bonferroni post-test, n.s. 
p≥0.05,  *p<0.05, **p<0.01, ***p<0.001 (n=3).  (E,F) SKBR3 cells were treated with two HSP60 
siRNA constructs and then assessed for levels of HSP60 and CASP3 relative to ACTIN. (E) 
Levels of HSP60 and CASP3 quantified and normalized to ACTIN. Error bars represent the mean 
± S.E.M; statistical significance was determined using a using a two-tailed Student’s t test, 
****p<0.0001 (n=4). (F) A representative blot with ACTIN (42kDa), CASP3 (32kDa) and HSP60 
(60kDa).  

4.7. HSP60 depletion requires CASP3 for the increase in 
autophagy observed and results in an increase in 
cleaved CASP3. 

To determine if HSP60 acts downstream or upstream of CASP3 in autophagy 

regulation I performed an epistasis analysis by knocking down both HSP60 and CASP3 

to observe the effects on autophagic flux in mRFP-eGFP-LC3B expressing SKBR3 cells. 

The cells treated with both CASP3 and HSP60 siRNAs had similar levels of autophagy to 

the CASP3 knockdown alone in both fed and starved conditions, indicating that CASP3 

acts downstream of HSP60 to increase autophagy (Figure 4-9A,B). Since pro-CASP3 

levels were reduced when CASP3-dependent autophagy was increased in response to 

HSP60 knockdown (Figure 4-8C,E,F), I suspected that there was a concomitant increase 

in the cleaved form of CASP3 (cl-CASP3). To test this, I ran a high percentage gel with 

three times the amount of protein to enable detection of the cleaved fragment.  Following 

HSP60 knockdown, I observed an increase in cl-CASP3 that coincided with the decrease 

in pro-CASP3 and HSP60 (Figure 4-9C,D). 
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Figure 4-9 HSP60 knockdown causes a CASP3-dependent increase in 

autophagy and increased levels of cl-CASP3 in SKBR3 cells 

(A,B) SKBR3 cells expressing mRFP-eGFP-LC3B treated with scramble, CASP3, HSP60 or 
HSP60 and CASP3 siRNAs in fed and starved conditions. (A) Representatives images, scale 
bars = 10μm  (B) Autolysosome quantification per cell for each treatment. At least 50 cells were 
counted per treatment and error bars represent the mean ± S.E.M; statistical significance was 
determined using one-way ANOVA with a Bonferroni post-test, n.s. p≥0.05, *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001  (n=3). (C,D) SKBR3 cells were treated with one of two different HSP60 
siRNA constructs or a scramble siRNA control. (C) A representative blot probed for ACTIN 
(42kDa), proCASP3 (32kDa), cl-CASP3 (20kDa) and HSP60 (60kDa) (n=3). (D) Levels of cl-
CASP3 normalized to ACTIN. Error bars represent the mean ± S.E.M; statistical significance was 
determined using a two-tailed Student’s t test, *p<0.05, **p<0.01 (n=3).    
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4.8. HSP60 and nutrient levels control subcellular 
localization of CASP3 

Mitochondrial fractionation following HSP60 knockdown revealed that pro-CASP3 

levels were reduced in the cytosol and the mitochondria upon HSP60 siRNA treatment 

(Figure 4-10A). Additionally, cleaved CASP3 was enhanced in the cytosol (Figure 4-10A), 

indicating that HSP60 might control CASP3 activation through subcellular localization. 

Since HSP60 was previously implicated in mitochondrial transport and subcellular 

localization of CASP3 during cell death (Samali et al., 1999; Xanthoudakis et al., 1999), I 

hypothesized that HSP60 was responsible for the subcellular localization and subsequent 

activation of CASP3 during starvation. Cells were fractionated into mitochondrial and 

cytosolic fractions following exposure to nutrient deprivation at different time intervals to 

analyse levels of HSP60, pro-CASP3 and cleaved CASP3. Levels of HSP60, pro-CASP3 

and cleaved CASP3 all increased in the cytosol with increasing timed exposures to 

starvation conditions (Figure 4-10B).   

 
Figure 4-10 Loss of HSP60 or starvation cause an increase of cl-CASP3 in the 

cytoplasm 

(A) A representative blot of mitochondrial and cytosolic enriched fractions from well-fed SKBR3 
cells treated with either of two HSP60 siRNA constructs or one scramble siRNA. Blots were 
probed for ACTIN (42kDa), proCASP3 (32kDa), cl-CASP3 (20kDa), HSP60 (60kDa) and 
mitochondrial marker TOMM20 (16kDa) (n=2). Quant represents the levels of above protein 
normalized to ACTIN or TOMM20 for cyto and mito, respectively and relative to scramble control.  
*note: vertical line distinguishes different exposure times for the same blot (B) A representative 
blot of mitochondrial and cytosolic enriched fractions from SKBR3 cells exposed to well-fed, one 
hour complete starvation or two hours of complete starvation and probed for pro-CASP3 (32kDa), 
cl-CASP3 (20kDa), HSP60 (60kDa) and mitochondrial marker TOMM20 (16kDa) (n=3).  
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4.9. Discussion 

Here I demonstrated that CASP3 has a context-dependent role in the upregulation 

of starvation-induced autophagy in human cell lines. Furthermore, I showed that a 

decrease in the levels of HSP60 can lead to an increase in autophagic flux and decrease 

in the pro-form of CASP3. In fed conditions, the increase in autophagic flux following 

HSP60 knockdown is reliant on CASP3 and correlates with an increase in cl-CASP3. The 

increase in cl-CASP3 suggests that pro-CASP3 is being more readily processed or the 

turnover of cl-CASP3 is decreased and is preventing pro-CASP3 production. Additionally, 

an increase in the cl-CASP3, pro-CASP3 and HSP60 levels specifically in the cytosol 

during starvation demonstrate how subcellular localization of these proteins in response 

to nutrient deprivation controls the autophagic response. This information taken together 

supports a model where HSP60 maintains levels of pro-CASP3 in the mitochondria 

through retention or reception of pro-CASP3 inside the mitochondria under nutritionally 

stable conditions (Figure 4-11). However, upon the cellular stress of nutrient deprivation, 

HSP60 and pro-CASP3 translocate to the cytosol where pro-CASP3 can be processed to 

cl-CASP3 and act to upregulate autophagy.  
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Figure 4-11 Proposed model of subcellular localization of HSP60 and CASP3 in 

nutrient-rich and nutrient-deprived conditions 

When cells are well fed, a pool of HSP60 and proCASP3 is maintained in mitochondria either by 
HSP60 retaining proCASP3 in the mitochondria or through assisted mitochondrial delivery. 
However, once a cell experiences the cellular stress of starvation, it allows a release of HSP60 
and proCASP3 into the cytosol. Accumulation of proCASP3 triggers activation where clCASP3 
cleaves a substrate to induce autophagy. 

These findings could help provide an explanation of how cells can gradually 

increase the levels of active caspases until an apoptotic threshold is achieved (Florentin 

and Arama, 2012).  Previously HSP60 and CASP3 were associated in the context of cell 

death (Samali et al., 1999; Xanthoudakis et al., 1999), but our study identifies a new 

context where mitochondria act as a CASP3 reservoir in which HSP60 is the gatekeeper 

and controls the response to nutrient stress. The cytosolic increase in HSP60 in response 

to starvation mimics other findings in previous reports that suggest HSP60 exits the 

mitochondria in response to cell death stimuli before the mitochondrial membrane 

potential changes (Samali et al., 1999). Another report indicated that in response to cell 

death stimuli, an increase in HSP60 can result from mitochondrial export but that this effect 

was cell line dependent (Chandra et al., 2007). Clarification of the subcellular origin of 
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HSP60 in starvation conditions as well as the potential role of HSP60 in the retention 

and/or reception of pro-CASP3 in the mitochondria requires further study.  

Many studies have demonstrated previously that upon exposure to cell death 

stimuli effector caspases can cleave autophagy proteins to inhibit autophagy (Cho et al., 

2009; Norman et al., 2010; Pagliarini et al., 2012; Sirois et al., 2012; Wirawan et al., 2010; 

You et al., 2013). What is poorly understood is the role that effector caspases play in 

response to other cellular stresses such as starvation. Based on previousy studies in 

Drosophila (DeVorkin et al., 2014; Hou et al., 2008), here I identified human CASP3 as a 

regulator of starvation induced autophagy in several different cellular contexts. 

Outstanding questions include whether there is functional redundancy among human 

caspases, and specifically whether the other effector caspases, CASP6 and CASP7, also 

play a role in the regulation of autophagy. Additionally, the Drosophila effector caspase 

Dcp-1 was shown to upregulate autophagy in response to proteasome inhibition (Chapter 

3), so it would be of interest to determine if CASP3 or other effector caspases are also 

able to regulate this mode of compensatory autophagy. 

The IP western experiment did not identify ANT-2 or HSP90 as CASP3-interacting 

proteins, although their Drosophila homologs SesB and Hsp83, respectively, were shown 

to interact with Dcp-1 (DeVorkin et al., 2014). There are several potential explanations for 

this: i) I performed an IP in starvation conditions and perhaps they only interact in fed 

conditions, ii) other isoforms of the homologs could play a role instead, iii) there were 

insufficient levels of the proteins to be detected, iv) there was poor antibody recognition, 

and v) CASP3 could have varied upstream and downstream pathways of regulation in 

comparison to Dcp-1. One downstream pathway or proteins of particular interest are the 

cleavage substrates of CASP3 that function to regulate autophagy. Candidate cleavage 

targets of Dcp-1 in autophagy regulation currently remain unknown. One potential 

mammalian candidate of CASP3 cleavage during starvation is autophagy protein ATG4D.  

It was reported that CASP3 could cleave ATG4D to enhance the lipidation of GABARAP 

and increase autophagy in this manner (Betin and Lane, 2009), but it has yet to been 

shown if this happens in a cellular context or in any of the cell lines used in this study. 
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While this work investigated five human tissue cell lines, the only line that seemed 

to have a significant contrasting effect was embryonic HEK293. HEK293 is unlike the other 

lines as it was not derived from a human cancer but rather from a healthy, developing 

fetus. The HEK293 specific cell type is unknown as it could be endothelial, epithelial or 

fibroblasts but mRNA profiling also indicates it could be neuronal – a cell type that is 

recognized as having unique pathways of autophagy regulation (Tsvetkov et al., 2009). 

Further studies are required to ascertain whether CASP3 regulation of autophagy could 

be a cancer adaptation, whether it occurs during development, or if it occurs in vivo.  

This research contributes several new connections between HSP60 and CASP3 

in the context of autophagy and importantly sheds light on how certain cellular stress 

proteins react or adapt to nutritional stress.  
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Chapter 5. General Discussion 

5.1. Summary and significance 

In this thesis, my aims were (1) to characterize the regulatory relationship between 

Dcp-1 and Hsp83 in the context of autophagy and (2) to discover if there was an effector 

caspase in humans that could also positively regulate starvation-induced autophagy. The 

purpose of these aims was to better understand the factors and mechanisms involved in 

autophagy regulation in Drosophila and to understand if this novel regulatory role for an 

effector caspase is an important evolutionarily conserved mechanism present in higher 

eukaryotes and more specifically humans.      

5.1.1. Specific Aim 1 – Characterization of Hsp83 and Dcp-1 in 
autophagy 

In order to better understand the role of Dcp-1 in autophagy regulation, I utilized 

previous IP-MS results from a catalytically inactive Dcp-1 pull-down experiment that 

identified candidate Dcp-1 interacting proteins. I furthered the initial RNAi/LysoTracker® 

Green/Flow cytometry screen of these interactors by designing additional dsRNAs to 

validate the effects of protein knockdown. I then added to the initial RNAi/RFP-GFP-

Atg8a/starvation assay by performing the experiment in fed conditions to observe whether 

the identified regulators of starvation-induced autophagy were also negative regulators of 

autophagy under basal conditions.  Following these studies, Hsp83 remained a protein of 

interest since it was shown to be a negative regulator of autophagy in both fed and starved 

conditions using the tandem-fluorescent Atg8a assay as well as the LTG assay. The 

results from the assays in fed conditions also suggested a new relationship between heat-

shock proteins and the maintenance of low levels of basal autophagy (Figure 3-1).  

To further elucidate the role of Hsp83, I looked to in vivo models to determine if 

there was an effect on autophagy. Utilizing already available and well-characterized 

transheterozygous loss-of-function mutant combinations of Hsp8 (Bandura et al., 2013), I 

was able to further evaluate the contribution of Hsp83 to autophagy during mid-oogenesis 

and in the larval fat body.  Interestingly, the two transheterozygous mutant combinations 
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showed similar phenotypes of an increase in autolyosomes and cell death (Figure 3-2, 

Figure 3-3)  which became increasingly degenerative in starvation conditions (Figure 3-4). 

To understand the relationship between Dcp-1 and Hsp83, I examined whether Dcp-1 

levels were affected by loss of Hsp83 in vivo, since previous experiments conducted in 

our laboratory showed that Hsp83 was not cleaved by Dcp-1 (L. Devorkin, N. Go). Overall 

levels of Dcp-1, both the zymogen and the cleaved form, were increased in the Hsp83 

transhets showing that Hsp83 normally functions to suppress levels of Dcp-1 (Figure 3-5). 

These experiments ascribed Hsp83 as a negative regulator of autophagy in Drosophila 

for the first time and showed that Hsp83 controlled stability of Dcp-1. 

To explain the increased levels of Dcp-1 in the Hsp83 mutant background, I 

experimentally ruled out transcriptional control or regulation through the known inhibitor of 

cleaved Dcp-1, Diap1 (Figure 3-6). Based on literature describing roles for Hsp83 

homologs in proteasomal degradation in humans and yeast, I discovered that proteasomal 

activity was similarly compromised in Hsp83 transhet flies using two separate assays 

(Figure 3-7). Supporting experiments targeting the proteasome using RNAi or a small 

molecule inhibitor then demonstrated that Dcp-1 zymogen levels were increased upon 

proteasome inhibition in a manner that was Hsp83-dependent (Figure 3-8).  The regulation 

of the cleaved form of Dcp-1 has been well-characterized by non-degradative 

ubiquitylation by Diap1 (Ditzel et al., 2008), but my discovery that the Dcp-1 zymogen form 

is negatively affected by the proteasome is a novel finding. My research also further 

supports the association between Hsp83 and proteasomal processing of specific 

substrates in Drosophila that was introduced by Hrizo and Palladino, 2010. 

My epistasis experiments further elucidated the nature of the Dcp-1/Hsp83 

relationship and the respective roles of Dcp-1 and Hsp83 in autophagy regulation and cell 

death. Ovaries in mutants lacking Dcp-1 and with reduced Hsp83 function had very unique 

characteristics in that they had abnormal cell division, partially condensed and persisting 

nurse cell nuclei, premature loss of follicle cells, and positive staining for TUNEL but not 

for LysoTracker® Red (Figure 3-9). The double mutants rendered an increasingly impaired 

phenotype with female infertility and decrease in developmental viability. The 

LysoTracker® and TUNEL phenotypes were reiterated in the larval fat body, indicating 

that Hsp83 loss results in activation of a cell death pathway that is independent of Dcp-1 
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but activation of an autophagy pathway that is dependent on Dcp-1. Decreased autophagy 

was also observed following reduction of both Dcp-1 and Hsp83 in cultured cells (Figure 

3-10). The double mutant analyses really highlighted the complex relationship between 

these two proteins, with the plethora of interesting phenotypes and in particular the 

unexpected divergence between cell death and autophagy. Lastly, when I inhibited the 

proteasome I observed an increase in autophagy and cleaved Dcp-1 that was mitigated 

when I additionally knocked down Dcp-1 (Figure 3-11, Figure 3-12); this demonstrates 

that proteasomal inhibition upregulates compensatory autophagy that is dependent on 

Dcp-1. While compensatory autophagy in this context was previously described, it was 

never before connected to Dcp-1 nor shown to be dependent on Dcp-1. 

Altogether, these studies illustrate a novel proteostatic relationship where Dcp-1 

levels are basally suppressed through Hsp83-mediated proteasomal activity and when 

Hsp83 or the proteasome is inhibited, Dcp-1 is responsible for the ensuing autophagy 

(Figure 3-13).   

5.1.2. Specific Aim 2 – Conservation of an autophagy-inducing 
effector caspase in human cells 

To address my second aim, I began by screening human effector caspases for 

potential localization to the inner mitochondrial matrix since Dcp-1 was shown to localize 

predominantly to that subcellular localization as well as have a distinct effect on 

mitochondrial morphology and ATP levels (DeVorkin et al., 2014). In doing so, I found that 

only CASP3, but not the effector caspases 6 or 7, was partially localized inside of 

mitochondria in the human breast cancer line SKBR3 (Figure 4-1).  Knockdown of CASP3 

then revealed that it was required for starvation-induced autophagy through analysis of 

two separate assays (Figure 4-2). To determine if this role was unique to SKBR3, I 

screened four other cell lines, three of distinct cancer tissue origins and one from 

embryonic development. I found that the cancer cell lines required CASP3 for upregulation 

of autophagy in response to nutrient-deprivation (Figure 4-3 - Figure 4-6). These are the 

first reported findings, to our knowledge, that reveal CASP3 as a context-dependent 

positive regulator of starvation-induced autophagy in human cells.  
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To better understand CASP3 regulation of autophagy, I performed an IP 

experiment to test whether CASP3 interacted with the human homlogs of three 

mitochondrial-related Dcp-1 interacting proteins. One of the three homologs, HSP60, was 

clearly identified as an interactor via pull down and reciprocal pulldown assays with 

CASP3 (Figure 4-7). Hsp60 was identified as a putative negative regulator of autophagy 

in Drosophila (Figure 3-1) so I ventured to characterize the potential role of HSP60 in 

autophagy regulation in SKBR3 cells. I discovered by two separate assays that HSP60 is 

a negative regulator of autophagy and that its loss in fed conditions can cause an induction 

of autophagy (Figure 4-8). Through an epistasis experiment I discovered that the induction 

of autophagy from HSP60 knockdown requires CASP3 (Figure 4-9). Interestingly, when 

HSP60 was knocked down, there was a decrease in levels of pro-CASP3, but there was 

also an increase in the cleaved form of CASP3 signifying an increase in CASP3 activation 

(Figure 4-8, Figure 4-9). Fractionation studies under starvation conditions or HSP60 

knockdown revealed an increase in cleaved CASP3 within the cytosolic fraction (Figure 

4-10). Additionally, in starvation conditions there was an increase in cytosolic HSP60 and 

pro-CASP3 supporting the model that HSP60 relocates to the cytosol with CASP3 (Figure 

4-10). These findings support a new role for HSP60 where it acts to control and maintain 

the subcellular reservoir of pro-CASP3 in the mitochondria to manage stress responses.  

The findings from my second aim support a model (Figure 4-11) whereby a modest 

increase in cytosolic active CASP3 is mediated by HSP60 and pro-CASP3 relocation to 

the cytosol. This cytosolically active CASP3 induces an upregulation of autophagy by 

targeting a currently unknown substrate and can be induced in response to starvation or 

HSP60 loss.    

5.2. Strengths, limitations and future avenues 

The basis of this thesis was largely dependent on the outcomes of the Dcp-1 IP-

MS data (Table 1.1) and additional screening of interactors for autophagy regulation 

(Figure 3-1). The assays were subject to stringent conditions for selection of candidates 

and secondary screening was thorough with two distinct dsRNAs targeting each candidate 

for LTR staining that was followed up with a specific autophagy assay. While this approach 

was thorough and systematic, there are notable limitations to these experiments which 
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are important to consider. Firstly, the candidate interactors of Dcp-1 were not stratified for 

association in nutrient-rich versus nutrient-deprived conditions which increased the 

difficulty of distinguishing which could be important regulators of starvation-induced 

autophagy versus general interactors with Dcp-1 under basal conditions. Additionally, the 

construct used for IP expressed the pro-domain of Dcp-1 as well as the mutated active 

site to render it catalytically inactive; these features could provide limited pull-down of 

potential cleavage targets due to weaker interactions from the mutated amino acid as well 

as enrich for interactors that stabilize specifically the pro-form through interaction with the 

pro-domain. The initial LTR screening was limited in that there could have been 

incomplete knockdown, functional redundancy, or a long half-life of the proteins which 

could cause no discernible change in autophagy regulation and might have prematurely 

identified some interactors as false negatives. The screen was successful in narrowing 

the scope as it accurately identified at least two negative regulators of autophagy involved 

in Dcp-1-mediated autophagy, SesB and Hsp83, but it is important to note it is likely to be 

an incomplete list of putative regulators.  

The original screen was strengthened with the addition of RNAi treatments under 

fed conditions in the S2 RFP-GFP-Atg8a expressing cell line as an extra step to identify 

which of the candidates function in basal conditions to negatively modulate autophagy 

(Figure 3-1). This experiment helped distinguish genes that function to downregulate basal 

autophagy and those that displayed an effect due to already being sensitized to starvation 

conditions. In fed conditions, the difference in autophagic flux between control-siRNA and 

experimental-siRNA cells was significant but minor and exposed a linkage between 

chaperones from the heat-shock family and their effect of normally suppressing autophagy 

by mitigating general cellular stress and not specifically starvation-induced autophagy. 

The weak autophagy induction response in fed conditions when negative regulators of 

autophagy were targeted also supports that Dcp-1 cleavage targets or regulators of 

starvation-induced autophagy might have gone unrepresented in the original screen as a 

stronger autophagic response might be expected.      

The focus on Hsp83 allowed extensive and comprehensive studies in vivo and in 

vitro of its regulation of autophagy. The in vivo experiments were performed using two 

different transheterozygote combinations with three corresponding monoallelic controls 
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and one wild-type control. Additionally, assays were performed in two different 

developmental tissue types, the ovaries and the larval fat body. The transheterozygotes 

still expressed Hsp83 but with different loss-of-function point mutations and both 

combinations relying on one copy of the Hsp836-55 allele (Bandura et al., 2013). The two 

mutant transhet combinations had similar phenotypes in my studies which could 

emphasize the importance of the Hsp836-55 point mutation site for its functions related to 

autophagy and cell survival but raises the question about what different effects the 

Hsp83e6A and Hsp83e6D alleles contribute to the phenotypes. Regardless, the use of LTR 

and RFP-GFP-Atg8a analyzed in several contexts convincingly illustrated the role of 

Hsp83 as a suppressor of autophagy under basal conditions. 

The Hsp83;Dcp-1 double mutants provided many important phenotypic 

observations highlighting how Dcp-1 and Hsp83 can congruently affect several different 

pathways. It would be of particular interest to further investigate the observed phenotypes 

to understand how cell division is specifically affected, to identify how Dcp-1 contributes 

to pyknosis, and lastly to characterize the Dcp-1-independent cell death. 

The role of the proteasome in Hsp83 mutants and its effects on Dcp-1 were clearly 

demonstrated through in vitro and in vivo means in this project. Using two separate 

proteasomal activity assays, I was able to show that proteasomal processing was 

diminished in both Hsp83 transhet combinations. Further support of proteasome control 

of Dcp-1 levels and proteasome dependency on Hsp83 was shown genetically and 

chemically with a proteasomal RNAi knockdown strain, Rpn2-RNAi, and with drug 

treatment by feeding flies the proteasomal inhibitor MG132. While I made strong links 

between Hsp83, Dcp-1 and the proteasome, there are several more potential avenues of 

investigation. Dcp-1 was shown to be affected by levels of proteasomal activity, but further 

studies are required to understand if Dcp-1 is regulated directly or indirectly through the 

proteasome. The role of Hsp83 in proteasomal activity requires further elucidation as it 

could be involved at several different levels, such as substrate delivery and proteasomal 

assembly in Drosophila. Additionally, it remains unknown if the physical interaction shown 

between the pro-form of Dcp-1 and Hsp83 is necessary for the regulation of Dcp-1 or if 

Hsp83 independently supports proteasomal activity. 
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For my second aim, the mitochondrial localization experiment assisted with 

prioritization of potential human effector caspases to analyze further, and confirmed that 

the SKBR3 cell line has detectable levels of CASP3. By focusing on CASP3, I was able 

to confirm its autophagic regulatory role with two separate autophagy assays as well as 

test for similar effects in four other human cell lines. One issue with concentrating solely 

on CASP3 is that it excluded further analysis of the other effector caspases, CASP6 and 

CASP7, which could also play roles in autophagy regulation. It would be important in future 

experiments to determine if there is functional redundancy among the human effector 

caspases in their autophagy regulation as there is known functional redundancy among 

caspases in other contexts (Zheng et al., 2000). The investigation of the other cell lines 

was limited as it was restricted to only one autophagy assay so it would be ideal to 

complete additional autophagic flux assays in the different cell lines. Additionally, variable 

responses between the pathogenic lines and the fetal-derived line support the need for 

screening more cell lines to understand the general impact and ubiquity of CASP3 in this 

role.  It would also be ideal to test if HSP60 is a negative regulator of autophagy in other 

lines, and if it functions similarly with respect to its subcellular localization roles in response 

to starvation. Ultimately, the goal of these studies would be to test the CASP3 findings in 

primary human samples or xenograft models to determine whether my findings have a 

biologically relevant application or if they are a phenomenon of cell culture.  Another 

related avenue of interest would be to examine autophagy responses in CASP3 knockout 

mice or tissues (Le et al., 2002). 

One outstanding question is if Dcp-1 and CASP3-regulated autophagy is induced 

through cleavage of a substrate. Previous experiments in Drosophila demonstrated that 

in order to rescue autophagy in Dcp-1Prev mutants, catalytic activity of Dcp-1 was required; 

this supports the concept that cleavage of a substrate mediates the autophagy function 

(DeVorkin et al., 2014). Furthermore, my findings in the SKBR3 cell line showed that 

autophagy levels correlate with cleaved cytosolic CASP3 levels, indicating that its 

activation could be important for autophagy regulation. Currently, I am pursuing 

experiments to answer this question by identifying potential cleavage targets that 

negatively regulate autophagy. I plan to investigate two previously identified negative 

regulators of autophagy in human cells that are also potential CASP3 cleavage targets. 

One of the proteins I am investigating is RUBCN (Rubicon/Run domain Beclin-1-
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interacting and cysteine-rich domain-containing protein) which was identified as a PI3K 

complex protein that interacts with UVRAG and Vps34 to block PI3K complex kinase 

activity under basal conditions and thus inhibit autophagy (Matsunaga et al., 2009; Sun et 

al., 2010, 2011).  RUBCN became a target of interest after a caspase cleavage prediction 

database (Kumar et al., 2014) identified it as a high likelihood substrate of CASP3 due to 

its sequence containing a canonical DEVD CASP3 peptide recognition sequence. The 

other protein of potential interest, 14-3-3ζ, has a Drosophila homolog of the same name 

that was one of the 24 proteins identified in the Dcp-1 IP/MS (Table 1.1). Although it wasn’t 

recognized as a negative regulator in the RNAi/LTR/Flow screen, this could be potentially 

due to incomplete knockdown. Mammalian 14-3-3ζ is a part of the 14-3-3 family of 

regulatory proteins that inhibits the PI3K complex by association with Vps34 under basal 

conditions to prevent its kinase activity (Pozuelo-Rubio, 2011). 14-3-3ζ does not contain 

the canonical DEVD sequence but its paralog, 14-3-3ε, was shown to be cleaved at a 

noncanonical sequence of MQGD by CASP3 (Won et al., 2003). 14-3-3ζ shares high 

sequence identity with 14-3-3ε and has a similar sequence of TQGD flanked by conserved 

residues making it possible that it is also cleaved at the aspartic acid. If neither 14-3-3ζ 

nor RUBCN prove to be viable cleavage targets of CASP3 in the context of autophagy 

regulation, I plan to conduct an IP/MS experiment in starvation conditions with a 

catalytically inactive CASP3 that lacks the pro-domain to identify other putatitve 

associations with the autophagy pathway. Additionally, to confirm that CASP3 is required 

to cleave a target in this context, it would be ideal to create a CASP3 knockout in SKBR3 

and then conduct a rescue experiment with wild-type or catalytically inactive CASP3 to 

determine if the increase in starvation-induced autophagy can be restored. 

Dcp-1 and CASP3 have both been identified as positive regulators of autophagy 

but their respective mechanisms of regulation have not been evaluated for conservation. 

There is currently more known about the regulation of Dcp-1 as Hsp83 has now been 

identified as an upstream regulator, and SesB was previously recognized as a 

downstream regulator (DeVorkin et al., 2014). I first attempted to examine potential 

functional conservation with these proteins but due to complications such as the many 

isoforms of HSP90, the human homolog to Hsp83, and the several members from the 

ANT family, homologs of SesB, I didn’t manage to successfully design and execute 

experiments before further pursuing my investigation with HSP60. It would be pertinent to 
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study if these pathways are conserved and, if so, at what levels. For example: Is CASP3 

regulated by the proteasome? Can CASP3 induce compensatory autophagy? Is there a 

similar mitochondrial morphology/ATP effect with human CASP3 or do these organisms 

have evolutionarily diversified pathways? Conversely, it would be interesting to test if 

Drosophila Hsp60 plays a role similar to human HSP60 regarding the subcellular 

localization of Dcp-1 in response to nutrient starvation. In addition, it would be interesting 

to determine if autophagy-related cleavage substrates of CASP3 are conserved as 

autophagy-related substrates of Dcp-1 in Drosophila.  

5.3. Potential applications  

My thesis elucidated novel relationships between caspases and heat-shock 

proteins in response to cellular stresses in two eukaryotic organisms. In addition to a better 

understanding of how cells manage stress, this data provides insights into how cells 

function under basal conditions or how they could function in developmental processes. 

The use of two organisms with similar nonapoptotic caspase-mediated responses also 

sheds light into possible evolutionary conservation of stress adaptation mechanisms. The 

acquired knowledge from my project pertaining to basic biological stress responses could 

be extrapolated to disease contexts. For example, it could help explain what might be 

going wrong in a diseased cell or could even further be applied to improve drug design 

with better comprehension of cellular and molecular consequences. To help illustrate the 

potential applications of my project I highlight below how my findings can be translated 

into two disease types commonly associated with autophagy and its dysregulation: cancer 

and neurodegenerative diseases. 

5.3.1. Cancer 

Autophagy is beneficial in healthy cells to mitigate damage and prevent maladies 

such as cancer. However, autophagy can also aid an established tumour by helping it 

survive stressful conditions such as hypoxia and limited nutrient availability that can be 

caused by poor vascularisation (Degenhardt et al., 2006). Targeting autophagy as a 

chemotherapeutic adjuvant has been a fairly recent endeavour with limited success mostly 

due to nonspecific and low potency drugs that target lysosomes (such as 
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hydroxychloroquine), systemic side effects and limited understanding regarding optimal 

patients and treatment schedules (Rebecca and Amaravadi, 2016).  My study reveals a 

previously unforeseen opportunity of targeting a cell death protein, CASP3, to enhance 

chemotherapeutic outcomes by preventing cancer cells from upregulating autophagy to 

enable survival in response to stressful tumour conditions. There is already precedent that 

high levels of active CASP3 could be a cancer-related phenotype as several studies have 

shown that cancers -such as gastric, ovarian, cervical, colorectal, skin, and breast - with 

higher levels of active CASP3 are associated with a poorer patient prognosis (Jäger and 

Zwacka, 2010; Liu et al., 2015, 2013; O’Donovan et al., 2003; Woenckhaus et al., 2003). 

My findings contribute a possible explanation: the active levels of CASP3 may induce 

autophagy in the cancer cells or the protective stroma around the cancer that can aid 

survival and proliferation of cancers. The approach of targeting CASP3 in cancer was 

previously proposed as it was shown to increase cell death in tumours in a mouse lung 

xenograft model (Kim et al., 2008), although the connection to autophagy has not been 

made. CASP3 could be particularly beneficial as a target since it doesn’t appear to have 

an effect on basal levels of autophagy. This is important because it could then affect poorly 

vascularized tumours with limited access to nutrients that are addicted to autophagy, while 

leaving the basal levels of autophagy intact in healthy cells. Such a strategy would avoid 

the potential negative effects associated with systemic autophagy inhibition such as 

neurodegeneration (Amaravadi and Debnath, 2014). 

HSP90 is currently a popular drug target for cancers because it stabilizes many 

oncogenic proteins such as transcription factors and signalling kinases that can contribute 

to aberrant proliferation (Whitesell and Lindquist, 2005). More specifically, it was found 

that mitochondrial-localized HSP90 could be an ideal target as it plays a pivotal role in 

mitochondrial proteostasis specifically in tumour cells (Altieri, 2013; Siegelin et al., 2011). 

One issue with targeting HSP90 has been that it can induce autophagy in addition to 

apoptosis (Mori et al., 2015). Translation of findings from my Hsp83 studies supports 

targeting the putative functional homolog of Dcp-1, CASP3, in conjunction with targeting 

HSP90. I demonstrated that loss of the effector caspase Dcp-1 in the context of Hsp83 

loss-of-function mutants still showed evidence of cell death phenotypes but not autophagy.  

The translation of this finding to humans supports a new counterintuitive combination 

treatment approach. By targeting HSP90 and CASP3, it may be possible to inhibit 

autophagy but still induce a cell death pathway independent of CASP3. Furthermore, the 
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knowledge that inhibition of HSP90 function could affect proteasomal activity and induce 

caspase-dependent compensatory autophagy is particularly pertinent. Treatment with the 

small molecule bortezomib, a proteasomal inhibitor, was shown to induce autophagy in 

melanomas (Selimovic et al., 2013). Using bortezomib with the adjuvant 

hydroxychloroquine to suppress autophagy has shown some promising effectd in Phase I 

trials in melanoma (Vogl et al., 2014) and could be improved upon potentially by 

specifically targeting autophagy through CASP3.  

HSP60 was considered as a potential target for chemotherapeutic adjuvants as it 

was found to be highly expressed in some cancer cells where it acts to maintain 

mitochondrial proteostasis (Ghosh et al., 2008). Notably, HSP60 was found to accumulate 

predominantly in the cytosol in some cancer types (Cappello et al., 2008) indicating its 

potential adaptational response to stress. This change in subcellular localization could 

lead to an activation of CASP3-induced autophagy according to my model and thus the 

subcellular localization of HSP60 might be useful as a marker for identifying which cancers 

are susceptible to treatments that inhibit CASP3 or autophagy.   

5.3.2. Neurodegeneration 

Neurons are highly reliant on autophagy because of their limited capacity to 

manage damage resulting from protracted axonal cytoplasm and low amounts of cell 

division. Loss of autophagy is associated with several neurodegenerative disorders due 

to defective clearance of aggregated or dysfunctional proteins and organelles (Nixon, 

2013). Mutations in ATG proteins at different stages in the autophagy pathway have been 

associated with Alzheimer’s disease (AD), amyotrophic lateral sclerosis (ALS) and familial 

Parkinson’s disease (PD) (Nixon, 2013). While I did not study neuronal cells, if my findings 

are applicable in that context, then they would suggest potential new disease-related 

factors. During the process of aging and in many neurodegenerative diseases there is an 

observable increase of heat-shock proteins (Lu et al., 2004) which may be what is limiting 

autophagy induction. High levels of HSP90 maintain the correct folding and solubilisation 

of proteins to help mitigate damage that would contribute to neurodegenerative diseases 

(Daturpalli et al., 2013; Dou et al., 2003) but, similar to cancer, could play a negative role 

once the onset of neurodegeneration has begun. HSP60, on the other hand, has important 

roles in mitochondrial homeostasis and there is generally a correlation of loss or mutated 
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HSP60 with neuronal impairment (Bross et al., 2012). For these reasons, HSP60 is 

perhaps not an ideal target. Furthermore, since many neurodegenerative diseases have 

degeneration that is mediated by apoptosis, CASP3 was seen as a potential target to limit 

neuronal loss (Vila and Przedborski, 2003). With enhanced knowledge, there is a growing 

awareness that CASP3 has several nonapoptotic roles and thus might not be a suitable 

target (D’Amelio et al., 2012). If CASP3 does contribute to stress induced autophagy in 

neurons, then targeting CASP3 might actually cause more harm than good if autophagy 

regulation is impaired. 

Altogether, my research uncovers novel molecular relationships that shed light on 

cellular stress adaptation and its evolutionary conservation. Additionally, there are 

potential applications from my work that could provide solutions or explain limitations to 

current therapies in diseases affected by autophagy regulation such as 

neurodegeneration and cancer. 
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