
This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

The study of Drosophila melanogaster blue
cheese (bchs) function in the involvement of
autophagy in neurodegenerative disorders

Sim, Joan Poh Ling

2014

Sim, J. P. L. (2014). The study of Drosophila melanogaster blue cheese (bchs) function in the
involvement of autophagy in neurodegenerative disorders. Doctoral thesis, Nanyang
Technological University, Singapore.

https://hdl.handle.net/10356/64797

https://doi.org/10.32657/10356/64797

Downloaded on 20 Mar 2024 17:04:39 SGT



The Study of Drosophila melanogaster blue cheese (bchs) Function in 

the Involvement of Autophagy in Neurodegenerative Disorders 

Sim Poh Ling Joan 

SCHOOL OF BIOLOGICAL SCIENCES 

A thesis submitted to the Nanyang Technological University in partial 

fulfillment of the requirement for the degree of Doctor of Philosophy 

2014 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Acknowledgements 

I will like to express my sincere gratitude to my supervisor, Associate Professor Rachel Susan 

Kraut, for her patient guidance and support. I am also grateful to the post-Doc, Dr. Kathleen 

Amy Osborne, for the bchs mutant fly lines provided in this study. I will like to thank Xu Weixin, 

George Boo, Yip Kai Lup Bruno, Lim Hong Hwee and Nur Liyanah Zaffre who were 

undergraduate students for their diligent assistance in this project and joy spread. Last but not 

least, I am grateful to my parents for their emotional support and forbearance . 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Table of Contents 

Acknowledgements 

List of Figures 

List of Tables 

Abbreviations 

Abstract 

1. Introduction 

1.1 Aggregate formation in neurodegenerative disorders 

1.2 Two intracellular proteolytic systems for protein turnover 

1.3 Three main categories of autophagy 

1.4 Autophagosome biogenesis and maturation 

1.4.11nitiation 

1.4.2 Nucleation 

1.4.3 Elongation 

1.4.4 Maturation and degradation 

1.5 Selective autophagy 

1.6 TOR-dependent regulation of autophagy 

1.7 TOR-independent regulation of autophagy 

1.8 Drosophila melanogaster as a model organism for neurodegenerative 

disorders 

1.9 Mutations in bchs lead to ubiquitinated aggregates in CNS 

1.9.1 Characterization of Bchs protein 

1.9.2 Functional studies of Bchs 

ii 

vi 

ix 

X 

xii 

1 

1 

1 

3 

6 

7 

8 

9 

10 

13 

16 

18 

21 

21 

22 

24 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



1.9.3 Functional studies of ALFY 

1.10 Objectives of study 

2. Materials and Methods 

2.1 Fly culture 

2.2 Genetic crossing scheme for homologous recombination 

2.3 Fly genomic DNA extraction and PCR 

2.4 Reverse-transcription PCR of atg7 alleles 

2.5 Co-immunoprecipitation assay 

2.6 SDS-PAGE and Western blotting 

2.7 Three-dimensional (3D) larval brain volume measurements 

2.8 Feeding of autophagy-modulating drugs by first to third instar larvae 

2.9 RP2 motor neuron viability assay 

2.10 Quantitative size analysis of ubiquitinated aggregates in larval NMJs 

2.11 Primary neuron culture from third instar larval brains 

2.12 Quantitative colocalization analysis of Bchs with different compartmental 

markers 

2.13 Immunocytochemistry for endogenous Atg5 or Atg8 compartments in 

primary neurons 

2.14 Time-lapse imaging of GFP-Bchs with RFP-Atg5 or mCherry-Atg8a in 

primary neurons 

3. Results 

A. Pathological effects in the absence of Bchs 

3.1 Optimization and validation of threshold for image stack segmentation 

iii 

27 

29 

30 

30 

31 

32 

33 

33 

34 

35 

37 

39 

40 

41 

43 

44 

45 

46 

46 

46 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



3.2 bchs LOF has reduced brain volume while bchs GOF has enlarged brain 

volume 49 

3.3 Motor neuron viability as an alternative assay to measure degeneration 51 

3.4 bchs mutants have lower RP2 motor neuron survival than wild-type controls 53 

3.5 Cha racterization of Bchs expression level in wild-type controls and bchs 

mutants 55 

3.6 Pharmacological induction of autophagy ameliorates bchs RP2 

motoneuronal death 58 

3. 7 Pharmacological inhibition of autophagy causes RP2 motoneuronal death 61 

3.8 Homologous recombination between different bchs and atg alleles 64 

3.9 atg7 mRNA expression increases in atg7{EY] 68 

3.10 atg7 over-expression rescues the bchs degenerative phenotype 69 

3.11 Ubiquitinated aggregates accumulate in neuronal termini of bchs NMJs 73 

3.12 Rapamycin promotes the clearance of ubiquitinated aggregates in 

bchs NMJs 77 

3.13 Autophagic vacuoles accumulate in bchs primary neurons and do not 

over-lap with ubiquitinated aggregates 81 

B. Physiological roles in the presence of Bchs 85 

3.14 Bchs associates more with Atg5 during selective autophagy and with 

Atg8 during non-selective autophagy 

3.15 Bchs dissociates from Rabll during selective autophagy and is not 

dependent on autophagy stimulus for association with Spinster 

3.16 Live imaging of GFP-Bchs with RFP-Atg5 or mCherry-Atg8a during 

autophagy induction reveals similar behavior as colocalization study 

3.17 Bchs does not form a complex with kinesin or dynein 

iv 

85 

91 

97 

105 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



4. Discussion 106 

A. Pathological effects in the absence of Bchs 107 

B. Physiological roles in the presence of Bchs 115 

5. Future Work 121 

6. Conclusion 122 

7. References 123 

8. Appendix 137 

9. Author's Publications 142 

10. Posters 142 

v 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



List of Figures 

Introduction 

Figure 1. Proteolytic systems in mammalian cells . 5 

Figure 2. The process of autophagy. 12 

Figure 3. The mechanism of selective autophagy. 15 

Figure 4. Evolutionary conservation of Drosophila bchs gene across divergent phyla. 23 

Figure 5. Conservation of amino acid sequences between Drosophila Bchs and 

human ALFY. 28 

Materials and Methods 

Figure 6. A genetic crossing scheme for homologous recombination using bchs58{M) 

and atgl{EY] alleles as an example. 32 

Figure 7. The user interface of Gebiss (lmageJ plugin) for 3D image segmentation 

of late third larvae brains. 

Figure 8. Caging of flies for embryos collection. 

Figure 9. Differentiating the CyKrGFP balancer chromosome marker in first instar 

larvae. 

Figure 10. Sequential order of open-book dissection to obtain the larval peripheral 

nervous and muscular systems. 

Figure 11. Work-flow of the primary culture of neurons from third instar larval 

brains. 

Results 

Figure 12. Image stack segmentations and 3D rendered volume of a third instar 

larval brain. 

Figure 13. Comparison of late third instar larval brain volumes between different 

genotypes. 

vi 

36 

38 

38 

41 

42 

48 

50 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Figure 14. Expression of a GFP reporter in aCC and RP2 motor neurons of dissected 

open-book preparations of third instar larval specimens. 

Figure 15. Comparison of the percentage of RP2 motor neuron survival between 

52 

bchs mutants and wild-type controls. 54 

Figure 16. Characterization of Bchs expression level in controls and bchs mutants. 56 

Figure 17. There are three alternatively spliced isoforms of the large adaptor Bchs 

protein. 57 

Figure 18. Rapamycin feeding ameliorates neuronal death in bchs mutant larvae. 60 

Figure 19. Rapamytin feeding enhances autophagosome formation in wild-type 

larvae while wortmannin feeding suppresses it. 

Figure 20. Wortmannin feeding causes neuronal death in wild-type control and 

bchs mutant larvae. 

Figure 21. 3-Methyladenine feeding causes neuronal death in wild-type control 

and bchs mutant larvae. 

Figure 22 . DNA gel electrophoresis of PCR products for specific detection of the 

61 

63 

64 

different alleles used in recombination. 66 

Figure 23. Verification of sequences from bchs17{M} and bchs58{M} alleles. 67 

Figure 24. Reverse-transcription PCR on total RNA isolated from adult heads of 

wild-type and atg7 mutants. 68 

Figure 25 . Over-expression of atgl specifically in aCC and RP2 motor neurons 

via the RRa-eve driver leads to their atrophy. 70 

Figure 26. The over-expression of atg7 rescues RP2 death in bchs mutants. 71 

Figure 27. The over-expression of Atg7 enhances autophagosome formation in 

wild-type larvae while a single copy deletion of Atg7 suppresses it. 72 

Figure 28. Ubiquitinated aggregates were not observed in cell bodies of aCC and 

RP2 labeled with GFP in third instar bchs larval brain. 74 

vii 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Figure 29. Ubiquitinated aggregates were observed in neuronal termini of 

bchs NMJs. 75 

Figure 30. The size of ubiquitinated aggregates increases in neuronal termini 

of bchs N MJs. 76 

Figure 31. Rapamycin feeding suppresses the accumulation of ubiquitinated 

aggregates in bchs NMJs. 78 

Figure 32. Wortmannin feeding did not alter the distribution pattern of 

ubiquitinated aggregates in wild-type and bchs NMJs. 79 

Figure 33 . 3-MA feeding leads to a greater deposition of ubiquitinated aggregates 

in wild-type N MJs. 80 

Figure 34. There is no detectable observation of Atg5-positive or Atg8-positive 

compartments in either wild-type or bchs NMJs. 82 

Figure 35. Atg5-positive compartments and ubiquitinated aggregates do not 

over-lap in bchs primary neurons, unlike in control expressing Htt Q93. 83 

Figure 36. Atg8-positive compartments and ubiquitinated aggregates do not 

over-lap in bchs primary neurons, unlike in control expressing Htt Q93 . 84 

Figure 37. Bchs associates with Atg5 during aggrephagy and dissociates from Atg5 

during starvation-induced autophagy. 

Figure 38. Bchs associates more with Atg8 during the induction of non-selective 

autophagic response. 

Figure 39 . Bchs dissociates more from Rabll during selective autophagy than 

non-selective autophagy. 

Figure 40. The association of Bchs with Spinster does not depend on autophagy 

87 

89 

93 

stimulation. 95 

Figure 41. Live imaging shows GFP-Bchs associating with RFP-Atg5 during 

aggrephagy. 99 

Figure 42. Live imaging does not show a difference in the association of GFP-Bchs 

with mCherry-Atg8a under any condition of autophagy induction. 102 

viii 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Figure 43. Bchs does not interact with the motor proteins kinesin or dynein . 

Discussion 

Figure 44. A schematic diagram showing the relationship of Bchs and autophagy 

pathway in the clearance of aggregate-prone proteins. 

Figure 45 . A proposed model of the physiological function of Bchs for protein 

quality control in neurons. 

Appendix 

Figure 1. Negative control to validate the specificity of Bchs and fluorophore-

105 

114 

120 

tagged compartmental markers immunostaining. 140 

Figure 2. Bchs protein localizes occasionally onto nuclear membrane and nuclei 

under basal autophagy. 141 

List of Tables 

Table 1. A description of the molecular lesions, genetic classification and observed 

phenotypes of various bchs mutations. 

Table 2. A compendium of Drosophila melanogaster stocks categorized into allele 

functions that are used in this study. 

Table 3. PCR primers and applications to verify positive recombinants . 

Table 4. A complete list of final Drosophila melanogaster genotypes used in each 

of the different experiments in this study. 

ix 

26 

30 

137 

138 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Abbreviations 

ace 

ALFY 

AMBRA1 

Atg 

Bchs 

BEACH 

CMA 

CyO 

Elav 

ESCRT 

FKBP12 

FYVE 

HDAC6 

HRP 

Htt 

LAMP 

LC3 

LIR 

LRBA 

LYST 

NBEA 

NBR1 

PAS 

anterior Corner Cell 

Autophagy-linked FYVE 

Activating molecule in Beclin1-regulated autophagy 

Autophagy-related 

Blue cheese 

Beige and Chediak Higashi 

Chaperone-mediated autophagy 

Curly of Oster 

Embryonic lethal abnormal vision 

Endosomal sorting complex required for transport 

FK506-binding protein 12 

Fab1p, YOTB, Vac1p and EEA1 

Histone deacetylase 6 

Horseradish peroxidase 

Huntingtin 

Lysosome-associated membrane protein 

Microtubule-associated light chain 3 

LC3-interacting region 

LPS-responsive and beige-like anchor 

Lysosomal trafficking regulator 

Neurobeachin 

Neighbor of BRCA1 gene 1 

Phagophore assembly site 

X 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



PB1 

PH 

PI3K 

PI3P 

Rab 

Raptor 

Ref{2)P 

Rheb 

Rictor 

RP2 

Sco 

SNARE 

SQSTM1 

TOR 

TSC1/2 

UAS 

UBA 

ULK1 

Unc 

UPS 

UVRAG 

Vps 

yw 

Phox and Bem1 

Pleckstrin homology 

Phosphatidylinositol 3-kinase 

Phosphatidylinositol 3-phosphate 

Ras-related in brain 

Regulatory associated protein of TOR 

Refractory to sigma P 

Ras homologue enriched in brain 

Rapamycin-insensitive companion of TOR 

Raw prawn 2 

Scutoid 

Soluble N-ethylmaleimide-sensitive factor attachment protein receptor 

Sequestosome 1 

Target of rapamycin 

Tuberous sclerosis complex 1/2 

Upstream activation sequence 

U biq uitin-associated 

Unc51-like kinase 1 

Uncoordinated 

Ubiquitin-proteasome system 

UV irradiation resistance-associated gene 

Vacuolar protein sorting 

yellow white 

xi 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Abstract 

Neurodegenerative disorders are becoming an increasing concern in today's aging society 

whereby cognitive, postural and memory abilities are impaired in sporadic and familial forms of 

the disorders. Extensive research over the years has generated insights into the patho

physiological mechanisms of proteins implicated in the etiology of these diseases. A common 

pathological hallmark is the accumulation of cytotoxic protein aggregates in the brain that 

accompanies neuronal dysfunction and atrophy. The intracellular protein quality control system 

consists of three main components: chaperone-mediated folding, the ubiquitin-proteasome 

system, and autophagy. In this study, it is shown that autophagy function is impaired in 

Drosophila melanogaster neurodegenerative mutants in the gene blue cheese (bchs), and 

conversely that augmenting autophagy is sufficient to rescue the degeneration. We show this 

by rescuing neuronal atrophy through rapamycin feeding and atg7 over-expression . Rapamycin 

feeding also alleviates the accumulation of ubiquitinated aggregates in neuronal termini of bchs 

motor neurons. Autophagy inhibitors wortmannin and 3-methyladenine in contrast exacerbate 

neuronal death in bchs mutants. In the absence of Bchs protein, AtgS-positive and Atg8-positive 

autophagic vacuoles are not able to be recruited to ubiquitinated aggregates. Colocalization 

analysis and live imaging on primary neurons show that Bchs dissociates from Rabll and 

associates with AtgS during Huntingtin Q93 expression. However, there is no effect on the 

association of Bchs with Atg8 or Spinster, a late endolysosomal marker, in response to the 

induction of aggrephagy. These findings suggest that Bchs is involved in the early steps of 

autophagosome formation and recognition of target substrates, in a similar manner as the 

human homologue Autophagy Linked FYVE (ALFY) protein. Bchs is unlikely to be a motor 

protein adaptor mediating cargo assembly due to the absence of interaction with dynein or 

kinesin compared to APP-Iike interacting protein 1 (Aplipl). Therefore, this study demonstrates 

that Bchs functions as an adaptor bridging the autophagy machinery to aggregate-prone 

proteins using a neurodegenerative disease model in Drosophila melanogaster. 
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1. Introduction 

1.1 Aggregate formation in neurodegenerative disorders 

The accumulation of cytotoxic protein aggregates intraneuronally is a pathological hallmark 

observed in many familial early-onset, as well as sporadic age-related neurodegenerative 

diseases. These include Lewy bodies, which are comprised predominantly of a-synuclein 

protein, in Parkinson's disease (Spillantini et al., 1998), the observation of neurofibrillary 

tangles (NFTs) and extracellular amyloid plaques in post-mortem brains of patients with 

Alzheimer's disease (Price et al., 1991), ubiquitinated inclusion bodies in amyotrophic lateral 

sclerosis (Bruijn et al., 1998), and expanded poly-glutamine huntingtin aggregates in 

Huntington's disease (Scherzinger et al., 1997). There are also other examples of the 

pathological settings in which the development of intracellular aggregates lead to neuronal 

dysfunction, possibly due to the impairment of normal intracellular trafficking, sequestering of 

essential metabolites and oxidative damage (Martinez-Vicente and Cuervo, 2007; Wong and 

Cuervo, 2010). The importance of which protein turnover plays in maintaining the cellular 

homeostasis cannot be emphasized more in the context of the nervous system, where post

mitotic neurons by virtue of their terminally differentiated state cannot reduce protein load by 

cell division. Therefore, disorders of protein degradation and misfolding are more frequently 

seen in the nervous system than anywhere else in the organism. With the increasingly aging 

population, more people will be susceptible to the debilitating effects of neurodegenerative 

disorders which inflict one in fifty people over the age of 65 years (Brockmeyer et al., 1998). 

1.2 Two intracellular proteolytic systems for protein turnover 

There are two major proteolytic systems within the cell that are responsible for eliminating 

damaged or misfolded proteins and organelles, thereby maintaining cellular homeostasis and a 

dynamic equilibrium of protein levels through degradation (Figure 1) (Nedelsky et al., 2008) . 

These are the ubiquitin-proteasome system (UPS) and autophagy, both of which are 

intracellular catabolic processes with different substrate selectivity and mechanisms of 

degradation . However, they play an important complementary relationship in coordinating the 
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cellular response towards stress caused by aberrant protein accumulation (Iwata et al., 2005; 

Pandey et al. , 2007). The UPS is primarily responsible for the degradation of soluble, short-lived 

proteins and thus provides for the fine-tuning of the steady-state levels of many regulatory 

proteins (Ciechanover et al., 2000) . The UPS also contributes significantly to the degradation of 

defective misfolded proteins (Glickman and Ciechanover, 2002). 

On the other hand, autophagy has been previously considered as an in-bulk catabolic process 

where cytoplasmic constituents, including insoluble, long-lived proteins and organelles, are 

delivered to the lysosomes for degradation by hydrolases and cathepsins (Kundu and 

Thompson, 2008; Levine and Klionsky, 2004). However, this view has since been challenged by 

evidences which support selectivity in the recognition of autophagic cargo. The first evidence is 

given by the observation that lysine63-linked polyubiquitinated proteins may serve as the signal 

to be routed to autophagy for degradation, instead of the conventional lysine48-linked 

polyubiquitinated proteins for degradation by the UPS (Kirkin et al. , 2009b; Tan et al., 2008). 

The second evidence is provided by the presence of cargo receptors which are able to bind to 

specific motifs or modifications on substrates and recruit the autophagy machinery in a 

spatially controlled manner, thus acting as a mechanistic link for selective degradation. 

An example is p62, also known as SQSTM1 (sequestosome 1) which binds to polyubiquitinated 

proteins through the UBA (ubiquitin-associated) domain (Vadlamudi et al., 1996) and promotes 

their aggregation into p62-positive inclusion bodies through homo-polymerization of the PB1 

(Phox and Bem1) domain of p62 (Clausen et al., 2010; Lamark et al., 2003) . In addition, p62 is 

able to recruit LC3 (microtubule-associated light chain 3; mammalian homologue of Atg8), a 

component of the autophagy machinery, through the LIR (LC3-interacting region) (Pankiv et al., 

2007). Another example is NBR1 (neighbor of BRCA1 gene 1) that functions similarly to p62 in 

facilitating the autophagic degradation of ubiquitinated substrates (Kirkin et al., 2009a; Lamark 

et al., 2009). 

Autophagy plays essential physiological functions in various tissues in the organism and during 

differentiation and development (Mizushima and Komatsu, 2011; Mizushima et al., 2008) . 

Autophagy can be viewed as an analogy to the remodeling or renewal of cells and it has evolved 

from a simple adaptive mechanism in response to amino acids deprivation in unicellular yeast 

2 
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(Noda and Ohsumi, 1998) to a medley of sophisticated roles in higher eukaryotes, including the 

removal of cytotoxic constituents and invasive pathogens (Birmingham et al., 2006; Bukau et 

al., 2006), regulation of cell growth and proliferation (Sarbassov et al., 2005), maintenance of 

genomic stability (Mathew et al., 2007b; Zhao et al., 2012), programmed cell death (Maiuri et 

al., 2007; Yu et al., 2004), adaptation to metabolic (nutrients and energy) stress (Lum et al., 

2005) and lymphocyte development and self-tolerance (Levine et al. , 2011). To put it simply, 

these functions are related to the general health and longevity of the organism and some 

researchers in the field have touted it to be the elixir against aging (Eisenberg et al., 2009; 

Rubinsztein et al., 2011) . An example can be given by studies of calorie restriction conducted on 

nematodes, fruit-flies and mice models which extended life-span, and one of the proposed 

mechanisms is through autophagy (Jia and Levine, 2007; Kapahi et al., 2010) . Indeed, other 

studies have shown that dysregulation of autophagy function contributes to the progression of 

neurodegenerative disorders, tumorigenesis and resistance to chemotherapy, infectious 

diseases and other organ-specific proteinopathies (Levine and Kraemer, 2008; Massey et al., 

2006; Mizushima and Komatsu, 2011). 

1.3 Three main categories of autophagy 

There are three main categories of autophagy, distinguished by the mode of cargo delivery to 

the lysosomes. They are macroautophagy, microautophagy and chaperone-mediated 

autophagy (CMA) (Figure 1). Macroautophagy is characterized by the initial formation of an 

isolation membrane (also known as phagophore) which surrounds the target cargo, and 

subsequently seals to form a double membrane vesicle called the autophagosome, thereby 

sequestering the cytosolic cargo (Dunn, 1990; Mizushima et al., 2001). The autophagosomes 

later fuse with lysosomes for cargo degradation and this process is important for the recycling 

of essential metabolites and generation of energy, especially during nutrient deprivation. In 

addition, macroautophagy helps to eliminate misfolded, aggregated proteins and damaged 

organelles. Microautophagy also sequesters a portion of the cytosolic region, albeit in a more 

spatially restricted manner by direct invaginations of the lysosomal membrane which "pinch 

off" the surrounding cytoplasmic components into the lysosomal lumen. Studies have shown 

3 
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that microautophagy is responsible for the degradation of peroxisomes (Farre and Subramani, 

2004) and like macroautophagy, also participates in constitutive basal levels of autophagy that 

is important for the maintenance of cellular homeostasis under physiological conditions 

(Mortimore et al., 1988). 

In the case of chaperone-mediated autophagy (CMA), cargos with specific lysosomal targeting 

motif of the penta-peptide sequence KFERQ (Dice, 1990) are recognized by a complex of 

cytosolic chaperones, including hsc70 (heat shock cognate 70) (Agarraberes and Dice, 2001), 

which unfolds and mediates the delivery of these autophagic substrates to the lysosomal 

membrane receptor, such as LAMP-2A (lysosome-associated membrane protein 2A) (Cuervo 

and Dice, 1996). The substrate gains access to the lysosomal lumen through a translocation 

complex formed by several LAMP-2A, thus limiting CMA to soluble proteins which can undergo 

complete unfolding (Bandyopadhyay et al., 2008). Pathogenic a-synuclein mutations implicated 

in Parkinson's disease have been linked to the impairment of CMA function (Cuervo et al., 

2004), while defective macroautophagy has been linked to several neurodegenerative diseases 

whereby one of the distinguished morphologies is the accumulation of autophagosomes in the 

brains of these patients (Rajawat and Bossis, 2008). Interestingly, both of the activities of CMA 

and macroautophagy decrease with age and when macroautophagy is lacking, CMA activity 

gets up-regulated as a compensatory mechanism (Cuervo et al., 2005; Kaushik et al., 2008) . 
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Reprinted from The Lancet Neurology, 2007, Volume 6, Issue 4, Marta Martinez-Vicente and 
Ana Maria Cuervo, Autophagy and neurodegeneration: when the cleaning crew goes on strike, 
Pages 352 - 361, Copyright 2013, with permission from Elsevier. 

Figure 1. Proteolytic systems in mammalian cells. Proteins to be delivered to the lysosomes for 

degradation can originate from within the cell (autophagy) or from the extracellular 

environment (heterophagy) . An example of heterophagy is the process of endocytosis. In the 

case of autophagy, there are three different modes of cargo delivery to the lysosomes. These 

are macroautophagy, m icroautophagy and chaperone-mediated autophagy (CMA). 

Macroautophagy sequesters the cytosolic cargo through the formation of an isolation 

membrane that subsequently seals to form the autophagosome and fuses with the lysosome. In 

m icroautophagy, substrates are directly internalized through invaginations of the lysosomal 

membrane. CMA selectively delivers its substrate proteins by binding to the lysosomal 

membrane receptor (LAMP-2A) and t hen translocation into the lysosomal lumen. In addition to 

autophagy, there is another major intracellular proteolytic system : the ubiquitin-proteasome 

system (UPS) . In th is pathway, proteins are tagged with lysine48-linked polyubiqu itin chains as 

a signal to be delivered to the proteasome for degradation by this protease. 
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1.4 Autophagosome biogenesis and maturation 

The family of serine/threonine protein kinase target of rapamycin {TOR) is an important central 

effector of an evolutionarily conserved nutrient sensing pathway (Hay and Sonenberg, 2004; 

Schmelzle and Hall, 2000). The TOR pathway controls cellular growth through diverse metabolic 

outputs, including protein translation and is the main pathway which negatively regulates 

autophagy, although there also exists other pathways that modulate autophagy, such as the 

phospho-inositide signaling pathway {Sarkar et al., 2009). 

The different steps in the process of macroautophagy, from induction to the fusion of 

autophagosome or amphisome (hybrid vesicle of autophagosome and late endosome) with 

lysosome, have been extensively studied. In particular, the initial organization of the core 

autophagy machinery at phagophore assembly site {PAS) where the components of this 

evolutionarily conserved system from yeast, flies, nematodes to mammals (Levine and Klionsky, 

2004) have been first characterized from genetic analyses in yeast. Even within 

macroautophagy, there appears to be selectivity for different substrates, such as mitochondria 

(mitophagy), portions of the nucleus (nucleophagy), endoplasmic reticulum (reticulophagy), 

peroxisomes (pexophagy), ribosomes (ribophagy) and microorganisms (xenophagy) (Kundu and 

Thompson, 2008). 

Thirty-five autophagy-related (Atg) genes in yeast have been discovered (Nakatogawa et al., 

2009) and most of them are conserved in higher eukaryotes. The various steps in 

macroautophagy (hereafter referred to as autophagy) consist of initiation by signaling kinases, 

nucleation of the isolation membrane, elongation, closure of the autophagosome, maturation 

by acidification, fusion with lysosome to form the autolysosome and lastly, cargo degradation 

(Figure 2} {Kawamata et al., 2008; Mizushima et al., 2011; Xie and Klionsky, 2007). 
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1.4.11nitiation 

When insulin signaling is active, the phosphatidylinositol 3-kinase {PI3K) class I phosphorylates 

phosphatidylinositol 4, 5-bisphosphate {PI{4, S)P2) to Pl{3, 4, 5)P3 which in turn recruits Akt 

kinase (also known as protein kinase B). Akt phosphorylates and inhibits the tuberous sclerosis 

complex 1/2 {TSC 1/2). This leads to the removal of inhibition on Ras homologue enriched in 

brain (Rheb) GTPases, thus enabling it to activate the mammalian TOR complex 1 (mTORC1) 

(lnoki et al., 2003) . mTORC1 is a serine/threonine protein kinase that directly phosphorylates 

Unc51-like kinase 1 (ULK1; mammalian homologue of yeast Atg1) and another complex 

member Atg13, thus preventing their stable interaction and consequently causes an inhibition 

on autophagy (Jung et al., 2009; Kamada et al., 2010; Scott et al ., 2007). The ULK1 complex in 

mammals consists of the serine/threonine protein kinase ULK1, Atg13, FAK family interacting 

protein of 200 kDa (FIP200) and Atg101 which is formed constitutively regardless of nutrient 

conditions (Mizushima, 2010). However, when autophagy is induced via the inhibition of 

mTORC1 during nutrient scarcity or metabolic stress, the ULK1 complex is stabilized through 

dephosphorylation and subsequently activates downstream effectors, although substrates of 

ULK1 are not yet conclusive (Cheong et al., 2008). 

According to a hierarchical analysis of Atg proteins in the sequence order of autophagosome 

biogenesis, Atg1/ULK1 is at the most upstream step, indicating its importance in autophagy 

initiation and regulation of magnitude (ltakura and Mizushima, 2010). One evidence shows that 

ULK1 phosphorylates AMBRA1 which forms the PI3K class Ill complex together with vacuolar 

protein sorting 34 (Vps34), Vps15, Barkor (also known as Atg14L) and Beclin1 (also known as 

Atg6) (Di Bartolomeo et al., 2010). AMBRA1 interacts with Beclin1 and is required for the 

translocation of PI3K class Ill complex to the endoplasmic reticulum (ER) following autophagy 

induction. This proposed a model whereby ULK1 is involved in the activation of PI3K class Ill 

complex for the downstream organization of core autophagy machinery proteins at the 

phagophore assembly site (PAS) which is closely associated to the ER (Yia-Anttila et al., 2009) . 

Another study shows the myosin light chain kinase (MLCK)-Iike protein as a substrate of ULK1 

and it was hypothesized that this regulates the activation of myosin II which retrieves Atg9 from 

the PAS to trans-Golgi network (TGN) and endosomes where it binds and brings membrane 
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back to PAS via Atg9 transport factors (Reggiori et al., 2004; Tang et al., 2011}. Both sets of 

evidences lend support that ULK1 is upstream of and activates PI3K class Ill complex, which 

produces PI3P, for membrane "flagging" and mediates Atg9 recycling, which is the only 

transmembrane protein in the autophagy machinery, for membrane recruitment at the PAS. A 

yeast proteomic microarray study also identifies Atg13, Atg18 (which aids Atg9 recycling) and 

other factors involved with vesicular transport and function as in vitro substrates of Atg1 

(Ptacek et al., 2005}. 

The regulation of ULK1 complex is coordinated by mTORC1 and AMP-activated protein kinase 

(AMPK) . mTORC1 inhibits ULK1 through phosphorylation of serine 757 while AMPK activates 

ULK1 through phosphorylation of serine 317 and serine 777 (Kim et al., 2011}. In addition, 

AMPK induces autophagy by activating TSC1/2 and directly inhibiting mTORC1 through Raptor 

phosphorylation, thus leading to ULK1-mediated autophagy initiation (lnoki et al., 2006; Lee et 

al., 2010a}. 

1.4.2 Nucleation 

Nucleation of the isolation membrane requires phosphatidylinositol phosphorylation and this is 

accomplished by the PI3K class Ill Vps34 which gives rise to phosphatidylinositol 3-phosphate 

(PI3P}-enriched sub-domains on ER called omegasomes due to the 0-like shape and are 

postulated sites of nucleation (Hayashi-Nishino et al., 2009; Juhasz et al., 2008}. Some studies 

have also shown that the source of autophagic membrane may originate from the ER based on 

the localization of ER proteins in autophagosomal membrane (Axe et al., 2008; Dunn, 1990}. 

The local production of PI3P at PAS serves as an essential signal for the recruitment of 

downstream effectors of the autophagy machinery which includes the Atg9 recycling system for 

membrane supply and the two ubiquitin-like conjugation systems for membrane elongation 

(Noda et al., 2010b} . 

There are two distinct PI3K class Ill complexes present both in yeast and mammalian cells that 

may perform different functions in autophagy and vacuolar protein sorting (VPS) in yeast or 

endocytic trafficking in mammals (ltakura et al., 2008; Kihara et al., 2001; Zhong et al., 2009}. In 
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yeast, the components of complex I include Vps34, Vps15, Atg6 and Atg14 and is responsible 

for autophagy while the complex II consisting of Vps34, Vps15, Atg6 and Vps38 is responsible 

for the sorting of carboxypeptidases and aminopeptidases to lytic vacuoles (Kihara et al., 2001}. 

Similarly, the core complex in mammals that consists of Vps34, Vps15, Beclin 1 (homologue of 

Atg6} is able to associate with different binding partners, such as the Atg14 homologue Barkor, 

to induce autophagosome formation and the Vps38 homologue UVRAG (UV irradiation 

resistance-associated gene}, for endolysosomal transport and autophagosome maturation 

(ltakura and Mizushima, 2009; Kang et al., 2011} . Barkor (or Atg14L} localizes to ER and is 

required for the targeting of PI3K class Ill complex to ER (Matsunaga et al., 2010}. 

1.4.3 Elongation 

Elongation of the phagophore occurs through two ubiquitin-like conjugation systems (Geng and 

Klionsky, 2008; Ohsumi, 2001}. The E1-like activating enzyme Atg7 and E2-like conjugating 

enzyme Atg10 brings Atg12 to AtgS (E3-Iike ligase) which then binds to Atg16L to form the 

Atg12-Atg5-Atg16L multimeric complex (Kuma et al., 2002}. This E3-like ligase complex 

facilitates membrane dynamics through the homo-polymerization of Atg16L and the covalent 

modification of microtubule-associated protein light chain 3 (LC3; mammalian homologue of 

Atg8} with phosphatidyl-ethanolamine (PE) (Hanada et al., 2007}. The Atg12-Atg5-Atg16L 

complex dissociates from the membrane upon formation of the autophagosome (Mizushima et 

al., 2003}. 

At the same time, unprocessed LC3-I is cleaved at its (-terminus by the cysteine protease Atg4 

(Tanida et al., 2004}, which then undergoes a second conjugation system by Atg7 and another 

E2-like conjugating enzyme Atg3 to prime LC3-I for lipidation by AtgS, thereby forming LC3-II 

(LC3-PE} (lchimura et al., 2000; Kabeya et al., 2000}. Subsequently, LC3-II is recruited to the 

autophagic membrane and contributes to its expansion (Nakatogawa et al., 2007}. LC3-II 

remains associated with autophagosomes on both inner and outer membranes just before their 

fusion with lysosomes when Atg4 may cleave and release LC3 into the cytosol from PE on the 
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outer membrane (Kirisako et al., 2000) . Therefore, Atg8/LC3 is being widely used as an 

autophagosomal marker (Mizushima et al., 2004) . 

1.4.4 Maturation and degradation 

The maturation of autophagosomes requires acidification and their fusion with lysosomes to 

form autolysosomes or via an intermediate compartment amphisome (Berget al., 1998) which 

arises from the fusion of autophagosome and endosome. The endosomal sorting complexes 

required for transport (ESCRTs) are involved in the formation of multi-vesicular bodies (MVBs) 

and it was found that ESCRTs are needed for the maturation of the endocytic and autophagy 

pathways (Siagsvold et al., 2006; Williams and Urbe, 2007). Mutation studies in ESCRTs 

implicate both of these pathways in the proper removal of ubiquitinated protein aggregates in 

neurodegenerative diseases (Fader and Colombo, 2009; Filimonenko et al., 2007; Lee et al., 

2007a), suggesting that the process of autophagosome maturation and fusion with lysosomes is 

regulated by endocytic trafficking-dependent factors. Indeed, recent studies have shown that 

SNARE proteins, which mediate specific membrane fusion between different vesicles, also 

participate in the fusion of endosomes or lysosomes to autophagosomes (Nair et al., 2011). In 

particular, the SNARE protein syntaxin 17 (Stx17) was identified to localize onto the outer 

membrane of completed autophagosomes for the targeting to the endocytic-lysosomal 

pathway (ltakura et al., 2012). 

In addition, for selective autophagic clearance of ubiquitinated substrates under conditions of 

basal (also known as quality-control) autophagy, the microtubule-associated ubiquitin-binding 

histone deacetylase 6 (HDAC6) is required for the recruitment of cortactin which participates in 

F-actin polymerization, thereby facilitating autophagosome-lysosome fusion (Lee et al., 2010b). 

It is interesting to note that the up-regulation of autophagy in response to proteasomal 

inhibition is HDAC6-dependent (Pandey et al., 2007), while HDAC6 is not required for 

starvation-induced autophagy (Lee et al., 2010b), further supporting the role of HDAC6 as a 

mediator of quality-control autophagy. After the successful delivery and fusion to lysosome, the 

inner membrane of autophagosome together with sequestered cargoes are degraded by 
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hydrolases and cathepsins present within the lysosomal lumen (Tanida et al., 2005). Essential 

metabolites are recycled back into the cytosol through permeases present on lysosomal 

membrane and the restoration of lysosome homeostasis is achieved by autophagic lysosome 

reformation (ALR) following starvation-induced autophagy that requires re-activation of mTOR 

kinase localized on lysosomes (Korolchuk et al., 2011; Rong et al., 2011). 
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Figure 2. The process of autophagy. The steps involved in autophagy include initiation, 

nucleation, elongation, maturation and degradation. Autophagy is induced during conditions of 

cellular stress like starvation, oxidative stress, presence of intracellular pathogens, misfolded 

proteins and damaged organelles (Ginet et al., 2009). Inhibition of TOR, the main negative 

regulator of the rate-limiting Atgl complex, leads to the initiation of autophagosome 

formation. Activation of the Vps34 complex, a PI3K class Ill lipid kinase, results in the 

production of phosphatidylinositol 3-phosphate (PI3P) which then enables nucleation of the 

isolation membrane. Elongation of the phagophore requires two ubiquitin-like conjugation 

systems. The two ubiquitin-like molecules Atg12 and Atg8 are processed by a common El-like 

activating enzyme Atg7 and two E2-like conjugating enzymes AtglO and Atg3 respectively to 

form the Atg12-Atg5-Atg16 E3-like ligase which can covalently attach phosphatidyl

ethanolamine (PE) to Atg8. The Atg12-Atg5-Atg16 multimeric complex and Atg8-PE contributes 

to membrane dynamics and elongation through Atg16 oligomerization and lipid anchor of Atg8-

PE (shown by pink dots in membrane). Subsequently, the enclosed double-membrane 
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autophagosome carrying cytosolic cargoes matures through acidification and fusion with the 

lysosome, thereby leading to enzymatic lysis and metabolites turnover. 

1.5 Selective autophagy 

Once viewed as an in-bulk cellular digestion during starvation-induced autophagy to cope with 

metabolic stress, this conception has since changed and more studies have demonstrated that 

the autophagy mechanism acquires various adaptations to accommodate specialized functions 

in cells. Although autophagy remains as an autonomous function, it participates in the removal 

of cytotoxic constituents and invasive microbes (Birmingham et al., 2006; Bukau et al., 2006), 

regulation of cell growth and proliferation {Sa rbassov et al., 2005}, maintenance of genomic 

stabil ity {Mathew et al., 2007b; Zhao et al., 2012), programmed cell death (Maiuri et al., 2007; 

Yu et al., 2004), adaptation to metabol ic (nutrients and energy) stress (Lum et al., 2005} and 

lymphocyte development and self-tolerance (Levine et al., 2011}. In order to perform all these 

roles, the core autophagy machinery needs to be equipped with receptors and adaptors that 

selectively recognize and interact with different target substrates (Figure 3). 

The most well -characterized example of selective autophagy is the cytoplasm-to-vacuole 

targeting (Cvt) pathway in Saccharomyces cerevisiae (Lynch-Day and Klionsky, 2010}. The yeast 

vacuole is the equivalent of metazoan lysosome. Atg19 is the autophagy receptor for precursor 

aminopeptidase 1 (prApe1} that is delivered to the vacuole to be converted into the mature 

form {Scott et al., 2001} . Besides binding to the target substrate, Atg19 also interacts with Atg8 

on autophagic membrane to bring the phagophore in close proximity to the substrate {Noda et 

al., 2010a; Shintani et al., 2002} . In add ition, Atg19 interacts with the adaptor, Atgll, which 

associates with and recruits components of the core autophagy machinery proteins such as 

Atg1 and Atg9 so as to act in concert with Atg8 for the formation of autophagosomes around 

sequestered cargoes (He et al., 2006; Yorimitsu and Klionsky, 2005}. Therefore, the autophagy 

receptor and adaptor function cooperatively to link the autophagy machinery to target 

substrates for sorting or degradation. 
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In yeasts, the turnover of peroxisomes and mitochondria is mediated by pexophagy and 

mitophagy respectively (Nakatogawa et al., 2009). The autophagy receptor responsible for 

binding to peroxisomes is Atg36 while that for mitochondria is Atg32 (Kanki et al., 2009; Motley 

et al., 2012). Both receptors also interact with Atg8 and Atg11, of which Atgll recruits Atg1 and 

Atg9 that are involved in the nucleation of isolation membrane while Atg8 facilitates membrane 

elongation (Motley et al., 2012; Okamoto et al., 2009). As illustrated in this model system, the 

selectivity of organelle autophagic degradation is accomplished via different specific receptors 

for target ligands. Likewise, in mammalian cells, for aggregate-prone proteins such as expanded 

poly-glutamine Huntingtin (polyQ Htt) and hyper-phosphorylated tau in Alzheimer's disease 

that are modified by ubiquitination, the receptor for these cargoes is p62 (also known as 

SQSTM1; sequestosome 1) which is itself a target substrate for autophagy (Geetha and 

Wooten, 2002) . In addition, p62, NDP52 (nuclear dot protein 52 kDa) and OPTN (optineurin) 

also bind to ubiquitinated bacteria and LC3 for the sequestration of invading microbes 

(Mostowy et al., 2011; von Muhlinen et al., 2012; Wild et al., 2011). Autophagy-linked FYVE 

(ALFY) protein has been identified as the adaptor for p62 and recruits Atg5 and PI3P to the site 

of autophagosome formation around ubiquitinated aggregates (Clausen et al., 2010; 

Filimonenko et al., 2010). 
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Autophagic cargo receptor: 
Atg19 (for prApe1) 
Atg32 (for mitochondria) 
Atg36 (for peroxisomes) 
p62 (for ubiquitinated proteins) 

Adaptor -- Core autophagy 

components 

Autophagic adaptor: 
Atg11 (in yeast) 
ALFY (in mammals) 

Machinery: 
Atg1 Atg9 
AtgS PI3P 

Figure 3. The mechanism of selective autophagy. The autophagic receptor recogn izes and binds 

to specific motifs or modifications on cargo destined for delivery to the lysosome. In addition, 

the receptor interacts with Atg8/LC3 on autophagic membrane through the Atg8-family 

interacting motif (AIM) or LC3-interacting region (LIR) to bring the phagophore in close 

proximity to the sequestered cargo. In order to recruit other components of the core 

autophagy machinery to the site of autophagosome formation, the receptor also needs to 

associate with the adaptor which acts as a scaffolding protein for the organization of 

autophagy-related proteins and lipids. Therefore, the interactions mediated by autophagic 

cargo receptor and adaptor enable the autophagy machinery to function cooperatively in a 

targeted manner at the site of autophagosome biogenesis. 
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1.6 TOR-dependent regulation of autophagy 

As described previously, the activation of TOR pathway inhibits autophagy induction and this 

regulation is evolutionarily conserved throughout the eukaryotic system in yeasts, nematodes, 

fruit flies and mammals that serves as a central positive regulator of cell growth and 

proliferation (Sarbassov et al., 2005} . On the other hand, autophagy functions in an antagonistic 

role in that it suppresses cel l growth (analogous to tumor-suppressing activity) and promotes 

cell survival (analogous to pro-tumor survival during resistance to chemotherapeutic treatment) 

in response to various insults (Levine and Klionsky, 2004; Mizushima et al., 2008}. Thus, 

especially in the context of tumor initiation and progression, autophagy plays a complex dual 

role (Degenhardt et al., 2006; Kondo et al., 2005; Mathew et al., 2007a}. The presence of 

extracellular growth factors, such as insulin-like growth factor {IGF), binds to their respective 

membrane receptors and triggers the activation of class I PI3K/Akt pathway. Akt (also known as 

protein kinase B) phosphorylates TSC2, thereby destabilizing the TSC1/2 heterodimer and 

leading to its inactivation {lnoki et al., 2002}. This relieves the inhibition on Rheb which is a 

small GTPase, enabling the phosphorylation and activation of TORC1 (Garami et al., 2003}. As a 

result, autophagy induction is suppressed due to the phosphorylation of Atg1-Atg13 complex 

which destabilizes the interaction (Chang and Neufeld, 2009}. 

TORC1 consists of TOR, Raptor (regulatory-associated protein of TOR} and G~L (G-protein ~ 

subunit like protein) while TORC2 comprises TOR, Rictor (rapamycin-insensitive companion of 

TOR}, G~L, Sin1 (SAPK-interacting protein 1} and PRR5 (proline-rich protein 5} (Wullschleger et 

al., 2006}. In contrast to TORC1 which responds towards growth factors and nutrients, TORC2 

responds towards growth factors but seems to be nutrient-insensitive (Kim and Guan, 2011). 

When amino acids are plentiful, this signals to the small GTPases Rag A and Rag C which in turn 

activate TORC1 (Kim et al., 2008; Sancak et al., 2008}. Both types of TOR complexes have 

different downstream cellular targets. The main effects of TORC1 activation are an increase in 

protein synthesis through targets on the mRNA translational machinery and ribosome 

biogenesis, coupled with an inhibition on the autophagy pathway. On the other hand, TORC2 

regulates the actin cytoskeleton through the activation of PKC (protein kinase C) and also 

impinges on cell growth mediated by TORC1 through the activation of Akt {lkenoue et al., 2008; 
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Jacinto et al., 2004). However, it is still unclear whether TORC2 inhibits autophagy. Based on the 

activation of a group of AGC kinases (a family of kinases including protein kinases A, G and C), it 

is likely that TORC2 inhibits autophagy because PKA (cAMP-dependent protein kinase A) was 

found to phosphorylate and inhibit the stable assembly of Atg1-Atg13 complex, thus disrupting 

the localization to PAS (Budovskaya et al., 2004; Jacinto and Lorberg, 2008; Stephan et al., 

2009). 

In addition to the inhibitory phosphorylations on Atg1 by TORC1, it was found in Drosophila 

genetic studies that the over-expression of Atg1 inhibits TORC1 signaling while the disruption of 

Atg1 leads to increased TORC1 activity (Lee et al., 2007b; Scott et al., 2007). This serves as a 

self-reinforcing feedback loop between TORC1 and Atg1 so that the initially small changes in 

signaling of nutrient status can be stabilized and amplified. Interestingly, the downstream 

substrate of TORC1, S6K (p70 ribosomal 56 kinase) was shown to promote autophagy possibly 

via a positive regulation on the translation machinery for autophagy-related proteins and can 

provide negative feedback to the insulin signaling pathway through phosphorylation of IRS1 

(insulin receptor substrate 1) (Lawrence and Brown, 1993; Shah et al., 2004) . Therefore, the 

requirement of S6K for autophagy balance ensures that the induction of autophagy level is not 

excessive under conditions of prolonged TORC1 inhibition or starvation which may otherwise 

cause cell death and that during physiological conditions when TORC1 is activated, a basal level 

of autophagy is maintained. 
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1.7 TOR-independent regulation of autophagy 

Despite that the TOR signaling regulatory arm of autophagy has been well -studied, other 

mechanisms and pathways have emerged which regulate the various steps of the autophagy 

process in a TOR-independent manner. The calcium-dependent cysteine protease calpain is a 

negative regulator of autophagy by its cleaving and activation of the G-protein G5 which leads to 

a greater adenylyl cyclase activity and cAMP production (Williams et al., 2008) . As a result, the 

cAMP-dependent protein kinase A (PKA) phosphorylates and inactivates the Atg1-Atg13 

complex, thereby preventing its localization to the PAS (Budovskaya et al., 2004; Stephan et al., 

2009). Calpain also cleaves Atg5 directly to promote apoptosis in response to cytotoxic agents 

(Yousefi et al., 2006). Therefore, pathways which increase inositol 1,4,5-triphosphate (I P3) levels 

and thus elevate cytosolic calcium levels released from ER stores by binding to IP3 receptors can 

promote calpain activity and block autophagy (Sarkar et al., 2009) . 

When the intracellular AMP:ATP ratio is high, AMP-activated protein kinase (AMPK) is triggered 

and acts as the central energy sensor in order to modulate several metabolic outputs which 

serve to cope with the energy demand (Hardie, 2007). One of the targets of AMPK is the 

autophagy pathway that can recycle essential metabolites from macromolecules for ATP 

production (Singh and Cuervo, 2011). This corresponds with previous reports which show that 

low cAMP levels and thus high AMP levels promote autophagy (Meley et al., 2006; Sarkar et al., 

2009). In addition to activating TSC2 which consequently suppresses TORC1 activity, AMPK 

directly phosphorylates Raptor on serine 792 that will lead to TORC1 inactivation (Lee et al., 

2010a). It was also found that both AMPK and TORC1 coordinately phosphorylates ULK1 

(Unc51-like kinase 1; mammalian homologue of yeast Atg1) on different sites depending on 

nutrient conditions, resulting in varying ULK1 activity (Kim et al., 2011) . Under low glucose 

levels, AMPK phosphorylates ULK1 on serine 317 and serine 777 which leads to ULK1 activation 

while during nutrient sufficiency, TORC1 phosphorylates ULK1 on serine 757 which disrupts the 

interaction between AMPK and ULKl. 

At the 6th International Symposium on Autophagy (ISA, Okinawa) 2012, Dr. Beth Levine 

reported that the haplo-insufficient tumor suppressor and autophagy-related protein Beclin 1 

(mammalian homologue of yeast Atg6) can undergo inhibitory phosphorylations by mitogenic 
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signals in an mTOR-independent manner. This causes alterations in the associations of Beclin 1 

with positive or negative regulators of autophagy, such that oncogene-driven transformation is 

promoted (decreased autophagy) and resistance towards chemotherapy against these 

oncogenes is induced (increased autophagy). An example is given by Akt, which is upstream of 

mTOR and phosphorylates Beclin 1 on serine 234 and serine 295, thereby contributing to Akt

mediated tumorigenesis via autophagy suppression (unpublished data from Dr. Beth Levine). In 

addition, it was proposed that the interaction of Beclin 1 with the multi-partner scaffolding 

protein 14-3-3 renders autophagy inactive. 

Autophagy not only results in protein turnover but is also involved in the regulation of lipid 

metabolism through macrolipophagy (Singh et al ., 2009) . Besides leading to the accumulation 

of protein aggregates, defective autophagy leads to the accumulation of lipofuscin granules and 

lipid droplets in hepatic cells, mainly because the liver is the major organ responsible for 

intracellular lipid storage (Mizushima and Komatsu, 2011; Xiong et al., 2012). Conversely, lipids 

in the five main classes - glycerolipids, phospholipids, fatty acids, sphingolipids and sterols -

have been directly implicated in the control of autophagy at various steps in the pathway 

(Daii'Armi et al., 2013; Knaevelsrud and Simonsen, 2012) . Predominant importance has been 

focused on PI3P which is required at PAS for the nucleation of isolation membrane; however 

studies in recent years have shed light on the role of other lipid species in signal transduction, 

effector recruitment, covalent modification of protein and imparting physico-chemical 

properties to lipid bilayers. Upon stimulation by growth factors, phosphatidylinositol 4,5-

bisphosphate (PI(4,5)P2) in the plasma membrane is phosphorylated into phosphatidylinositol 

3,4,5-triphosphate (PI(3,4,5)P3) by the class I PI3K and activates phosphoinositide-dependent 

kinase 1 (PDK1) which in turn suppresses autophagy through TORC1 signaling (Yang and 

Klionsky, 2010). On the other hand, the generation of PI3P by class Ill PI3K acts as a localized 

signal at PAS for the recruitment of downstream effectors of the autophagy machinery which 

organizes at these PI3P-enriched regions (Simonsen and Tooze, 2009). 

The elongation of phagophore membrane requires Atg8-PE and phosphatidylethanolamine (PE) 

is covalently conjugated onto Atg8 by the Atg12-Atg5-Atg16 E3-like ligase complex (Hanada et 

al., 2007; Xie et al., 2008) . In addition, PE is produced in mitochondria from phosphatidylserine 

19 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



(PS) and it was proposed that one of the sources for autophagic membrane originates from the 

mitochondria (Hailey et al., 2010}. The different shapes of lipids, such as phosphatidic acid, 

ceramide and lysophosphatidylcholine, facilitate membrane curvature of different dynamics so 

as to promote membrane fusion or budding (Haucke and Di Paolo, 2007} . In the sphingolipids 

class, both sphingosine !-phosphate and ceramide activates autophagy (Bedia et al., 2011}. 

Ceramide induces autophagy by inhibiting Akt, down-regulation of nutrient transporters and 

promoting jun N-terminal kinase 1 (JNKl} -mediated dissociation of the Bel 2-Beclin 1 complex, 

while sphingosine !-phosphate can inhibit TORCl directly (Guenther et al., 2008; Lavieu et al., 

2006; Pattingre et al., 2009; Scarlatti et al., 2004}. Cholesterol is required for the organization of 

microdomains within lysosomal membranes that enables the efficacy of chaperone-mediated 

autophagy (CMA) and autophagosome-lysosome fusion (Kaushik et al., 2006; Koga et al., 2010}. 

However, an excessive level of cholesterol or other lipids can impair CMA function as 

demonstrated in hepatocytes of mice fed with a high-fat diet in a similar manner to aging, 

possibly due to the disruption of LAMP-2A localization on lysosomal membranes (Navarro and 

Cuervo, 2012; Rodriguez-Navarro et al., 2012}. 
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1.8 Drosophila melanogaster as a model organism for neurodegenerative disorders 

Drosophila melanogaster has helped to accelerate our understanding of human 

neurodegenerative diseases, although as an invertebrate organism, the complexity of its 

nervous system is much lower than that of other vertebrate counterparts such as the mouse 

model (Marsh and Thompson, 2006}. The major advantages of using the fly model, in addition 

to its inexpensive maintenance, short life-cycle and life-span, are the small, fully-characterized, 

generally non-redundant genome (165 Mb, 4 chromosomes, 13890 genes} and the abundance 

of available genetic modification tools to investigate in vivo functions at both the cellular and 

tissue levels. The life-cycle duration lasts for 12 days at 25oC and the developmental stages 

comprise of embryo (1 day}, first instar larva {1.5 day}, second instar larva (2 days}, th ird instar 

larva (2 days}, early to late pupa (4.5 days} and pharate adult (1 day, prior to eclosion from 

pupal exoskeleton} (Ash burner et al., 2005}. The life-span of adult fruit flies is approximately 40 

days at 25oC. This greatly facilitates genetic screens and target validation, which in equivalent 

mammalian models would be prohibitively time-consuming. 

Tools are available to "humanize" fruit flies through the transgenic expression of human 

disease proteins in specific tissues using the binary system of Gal4 transcriptional activator and 

UAS (upstream activation sequence} site (Rorth, 1996}. Poly-glutamine repeat diseases, 

Alzheimer's disease, Parkinson's disease and tauopathies have been effectively investigated in 

Drosophila melanogaster model (Feany and Bender, 2000; Greeve et al., 2004; Shulman and 

Feany, 2003; Warrick et al., 1998}. In addition, the intracellular pathways are highly conserved 

with vertebrates, whereby 75% of disease-associated human genes have a Drosophila 

orthologue (Reiter et al., 2001} . Thus, loss-of-function mutations can also be utilized to 

characterize the phenotypic effects of specific genes. 

1.9 Mutations in bchs lead to ubiquitinated aggregates in CNS 

Previous studies presented direct evidence of progressive neuronal atrophy and accumulation 

of insoluble, ubiquitinated aggregates in the adult central nervous system (CNS} of Drosophila 

melanogaster blue cheese (bchs} mutants (Finley et al., 2003; Kraut et al., 2001}. In addition, the 
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study performed by Finley and co-workers shows that bchs mutants exhibit a significantly 

reduced adult life-span in comparison to wild-type controls. This age-related phenomenon is 

also seen in human neurodegenerative disorders and therefore, the bchs gene provides a novel, 

important mechanism to study how the accumulation of inclusion bodies is generated in a 

pathological setting which will consequently cause a loss of neuronal homeostasis and result in 

cellular dysfunction using a genetically tractable model organism as a tool. 

1.9.1 Characterization of Bchs protein 

The bchs gene encodes a large protein of 3489 amino acids in length, with an approximate 

molecular weight of 390 kilo Daltons (kDa). The sequence of this gene shows evolutionary 

conservation from nematodes to vertebrates by exhibiting an approximate 41% identity in 

nearly 2500 amino acids of the N-terminus region and 60-85% identity in the last 1000 amino 

acids of the C-terminus region (Figure 4) (Finley et al., 2003; Khodosh et al., 2006). The N

terminus does not contain readily identifiable functional domains. However, this region is 

leucine/isoleucine rich and modeling programs have suggested the presence of leucine zippers 

and coiled-coil domains (Simonsen et al., 2007). The C-terminus encodes four highly conserved 

identifiable domains which are the PH (pleckstrin homology), BEACH (Beige and Chediak 

Higashi), five WD40 repeats and FYVE (Fab1p, YOTB, Vac1p and EEA1) domains. 

The PH domain binds to several phosphoinositides (for example, phosphatidylinositol 4,5-

bisphosphate and phosphatidylinositol 3,4,5-triphosphate) and is present in several regulatory 

proteins involved in the compartmentalization of downstream signaling targets to specific sites 

in membranes (Alberti, 1998; Ma et al., 1997). The BEACH family consists of five classes of 

novel, interesting proteins that play a main function in membrane trafficking, in particular 

lysosomal transport (De Lozanne, 2003; Wang et al., 2002). Members of this family include l YST 

(lysosomal trafficking regulator) (Barbosa et al., 1996; Nagle et al., 1996), LRBA (LPS-responsive 

and beige-like anchor) (Wang et al., 2004) and NBEA (neurobeachin) (Wang et al., 2000) in 

mammals, lvsB in Dictyostelium (Wang et al., 2002), Bchs (blue cheese) in Drosophila (Finley et 

al., 2003; Khodosh et al., 2006), and ALFY (autophagy-linked FYVE protein) in human (Simonsen 
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et al., 2004). The WD40 domain promotes the formation of multi-protein complexes through 

protein-protein interactions (Neer et al., 1994), while the FYVE domain is responsible for 

binding to phosphatidylinositol 3-phosphate (PI3P) implicated in vesicular trafficking (Misra et 

al., 2001). Expression of both Drosophila Bchs and murine ALFY (Wdfy3) are enriched in the 

CNS, but not restricted to this tissue (Khodosh et al., 2006). In addition, the subcellular 

localization of Bchs is found to be mostly cytoplasmic in neurons and concentrated as punctate 

vesicular compartments in synaptic terminals (F inley et al., 2003; Khodosh et al., 2006). 

Leucine 
Drosophila Bchs I 

Leucine Actin 
Zipper Zipper BD 

3489 aa - Coiled 
Coil 

150 
Louclno Amino Leucine Beach WD40 FYVE 
Zipper Acids Zipper PH 

• 3526 aa 

I Human ALFY I Coiled 
Coil 

41" ~23 84"1 61% ~s3 %aa 
Identity 

Conserved Region in ALFV and Bchs (CRAB) PH BEACH WD40 FVVE 

Reproduced and modified with permission from Genetics, 2007, Volume 176, Issue 2, Anne 
Simonsen Robert Cumming, Karine Lindmo, Vanessa Galaviz, Susan Cheng, Tor Erik Rusten and 
Kim Finley, Genetic modifiers of the Drosophila blue cheese gene link defects in lysosomal 
transport with decreased life span and altered ubiquitinated protein profiles, Pages 1283 -
1297. 

Figure 4. Evolutionary conservation of Drosophila bchs gene across divergent phyla . Translated 

amino acid sequences of the inferred bchs gene in Drosophila melanogaster and ALFY in human 

were aligned for comparison of the level of amino acid identity. It is noted that the overall size, 

identifiable protein domains located at the (-terminus and amino acid sequences are conserved 

throughout the region of the protein, although the first nearly 2500 amino acids of the 

conserved region in ALFY and Bchs (CRAB) exhibit a lesser degree of identity. This is in contrast 

to the last 1000 amino acids of the (-terminus where the protein domains (especially BEACH 

domain) show higher percentages of identity. 
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1.9.2 Functional studies of Bchs 

Mutations in the bchs gene resulted in the development of characteristic neurological 

abnormalities similar to that exhibited in other Drosophila and human neurodegenerative 

disease models. This includes the progressive age-dependent accumulation of ubiquitinated 

inclusions throughout the adult CNS of bchs mutants which is not present in age-matched wild

type controls, subsequently leading to elevated neuronal apoptosis and general brain atrophy 

(Finley et al., 2003). 

Two studies have been reported that implicated bchs in the regulation of synaptic 

morphogenesis. The first study showed that over-expression of Bchs in larval motor neurons led 

to morphological changes in the neuromuscular junction (NMJ) synapses (Kraut et al., 2001), 

while the second study established the genetic interactions between bchs and rabll (a known 

regulator of vesicle transport) in the control of synaptic bouton density (Khodosh et al., 2006), 

lending further support that Bchs may participate in the modulation of vesicular and protein 

trafficking pathways. Bchs is antagonistic to Rabll which suppresses synapse development and 

it is possible that Bchs acts as a positive regulator of synaptogenesis via the autophagy pathway 

because the latter was shown to promote synapse development (Shen and Ganetzky, 2009). 

Defects in the lysosomal trafficking pathway have been linked to altered ubiquitinated protein 

profiles, progressive age-related disorders and reduced viability (Cataldo et al., 1996; Cuervo, 

2004; Hofmann and Falquet, 2001), suggesting that Bchs function may intersect with this 

pathway. In a genetic modifier screen conducted by Simonsen and co-workers, it was found 

that the Bchs gain-of-function rough eye phenotype was modified by mutations in selective 

endocytic and autophagic trafficking genes, cytoskeleton and motor proteins, ubiquitin and 

SUMO signaling pathways (Simonsen et al., 2007). The postulation that Bchs may be involved in 

lysosomal trafficking is augmented through another study where it was found that bchs 

mutations led to disruptions in the transport of endolysosomal compartments along motor 

neuron axons, causing a net reverse in direction of lysosomes from anterograde to retrograde 

transport and an overall reduction in endolysosomal vesicle mobility (Lim and Kraut, 2009). 
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bchs mutations also result in the reduced survival of motor neurons which are examined in 

third instar larvae using a GFP reporter expressed specifically in a subset of motor neurons (Lim 

and Kraut, 2009}. It was recently discovered by Dr. Kathleen Osborne in Rachel Kraut's 

laboratory that three splice isoforms of bchs exist (manuscript submitted) . These isoforms may 

be differentially affected by two bchs alleles, bchs17{M) and bchs58{M), which are used in this 

study. bchs17{M) and bchs58{M} are derived from bchs17{0) and bchs58{0} respectively via 

mobilization of an intronic enhancer P (EP) element. A table listing the different types of bchs 

mutations, molecular lesions, genetic classification and phenotypes is shown on the following 

page (Table 1). 
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Allele Name Molecular Lesion Genetic Classification Phenotypes 

- Rough eye due to loss of 
photoreceptor cells (with GMR 
driver) in adult flies (Khodosh et 

EP element inserted into the Over-expression in the presense 
al., 2006; Simonsen et al., 2007) 

EP2299 
first intron of bchs UTR of a driver; Neomorph 

-Accumulation of ubiquitinated 
inclusions in CNS, neuronal 
atrophy and shortened life-span 
in adult flies (Finley et al., 2003) 

- Reduced synaptogenesis at 
larval NMJs (Khodosh et al., 

Hypomorph due to disruption of 2006) 

Derived from EMS screen in the longest and intermediate 
- Reduced larval motor neuron 

bchsll{O) 
EP2299; non-sense mutation of bchs isoforms, leaving the 

survival (observed by Dr. 
G ~ A at nt. 10983 and stop smallest intact (Figure 17); 
codon at Trp2640 presence of a driver may OE 

Kathleen Osborne) 

dominant negative truncant(s) - Endolysosomal trafficking in 
larval motor axons not 
examined 

-Reduced larval motor neuron 
survival (Lim and Kraut, 2009) 

Derived from EMS screen in 
EP2299; 3 bases addition at 

Hypomorph due to disruption of -Accumulation of predominant nt.8552 and subsequent 17 
bchs58{0) bases deletion which causes a 

the longest bchs isoform (Figure ubiquitinated aggregates in 

frame shift; change of 33 amino 
17); presence of a driver may OE larval NMJs (in this study) 

acids from aa.1831-1863 and 
a dominant negative truncant 

stop codon at aa .1864 - Endolysosomal trafficking 
defect in larval motor axons (Lim 
and Kraut, 2009) 

- Reduced larval motor neuron 

Hypomorph due to disruption of survival (in this study) 

bchsll{M) 
Derived from bchsll{O) via the longest and intermediate 
mobilization of EP element bchs isoforms, leaving the -Accumulation of predominant 

smallest intact ubiquitinated aggregates in 
larval NMJs (in this study) 

- Reduced larval motor neuron 
survival (in this study) 

bchs58{M) 
Derived from bchs58{0) via Hypomorph due to disruption of 
mobilization of EP element the longest bchs isoform -Accumulation of predominant 

ubiquitinated aggregates in 
larval NMJs (in this study) 

Table 1. A description of the molecular lesions, genetic classification and observed phenotypes 

(both published in literature and reported in this study) of various bchs mutations which are 

used herein. 
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1.9.3 Functional studies of ALFY 

Useful insights into the possible functions of Bchs can be provided by its human orthologue 

ALFY (autophagy-linked FYVE protein) (Figure 5) . Interestingly, the ALFY (also known as WDFY3; 

NCBI gene ID 23001) locus maps to a genomic region (on chromosome 4) associated with 

several cases of familial neurodegenerative disorders (Finley et al., 2003). ALFY is ubiquitously 

expressed in mouse tissue, with highest levels found in the brain (Simonsen et al., 2004). Upon 

amino acids starvation or treatment with a proteasome inhibitor on Hela cells, ALFY relocalizes 

from the nuclear envelope to cytoplasmic structures containing ubiquitinated aggregates and 

autophagic membranes (Simonsen et al., 2004). This provided the first hint that ALFY may be 

involved in autophagic degradation of proteins. Subsequently, further evidence showed that 

ALFY and p62 interact to promote the clearance of p62-positive ubiquitinated aggresomes, and 

the formation of p62 bodies is dependent on ALFY in Hela cells (but note that in the same 

paper, the authors reported the accumulation of Ref(2)P-positive, ubiquitin-positive structures 

in bchs mutant adult brains which perhaps could be due to residual Bchs function from 

alternatively spliced isoforms or due to different cell types) {Clausen et al., 2010). The turnover 

of p62 alone does not require ALFY, suggesting that the removal of p62 by itself may be via a 

different regulatory mechanism independent of ALFY {Clausen et al., 2010) . In fact, p62 can 

bind to LC3 directly via the LC3 interacting region (LIRL unlike ubiquitinated substrates which 

require an autophagic adaptor. 

Another line of evidence in Drosophila model demonstrated the accumulation of Ref(2)P, 

homologue of p62, which is colocalized with ubiquitinated inclusions in bchs mutant adult 

brains, further supporting the role of Bchs/ALFY in autophagic clearance of ubiquitinated 

aggregates (Clausen et al., 2010; Nezis et al., 2008) . In addition, it was found that ALFY acts as 

an adaptor protein by interacting with Atg5-Atg12-Atg16L E3-like ligase complex through its 

WD40 domain, binds to p62 through its PH-BEACH domain {Clausen et al., 2010L and also 

recruits PI3P-containing autophagic membrane through its FYVE domain, thereby sequestering 

the autophagy machinery around aggregate-prone proteins to form the cargo-bound 

autophagosome (Filimonenko et al., 2010). However, both ALFY and Bchs do not seem to be 

essential for starvation-induced autophagy as knock-down of ALFY or mutations in Bchs do not 
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inhibit the formation of autolysosomal structures in response to nutrient starvation 

(Filimonenko et al., 2010). 

bchs52 bchsSB bchsr7 bchsro 

~ bcr l bct13 ~bcr t;,t:5 
I ,.-! _ _:;_:_ _____ ---""'"--0-fi-OS-Op-ht'-"./a-Bc-h-S ...:.....:....----,:--=,:~ ~··· ~~ 13489 

! 41 % ~62'1~ 84% ! ! 51-71% i~~ 

11 Human Ally i - -IIJ· ·• , 3526 

CRAB PH BEACH WD40 FYVE 

Reproduced with permission from Development, 2006, Volume 133, Issue 23, Rita Khodosh, 
Adela Augsburger, Thomas Schwarz and Paul Garrity, Bchs, a BEACH domain protein, 
antagonizes Rab11 in synapse morphogenesis and other developmental events, Pages 4655 -
4665. 

Figure 5. Conservation of amino acid sequences between Drosophila Bchs and human ALFY. The 

PH, BEACH, five WD40 repeats and FYVE domains at the C-terminus exhibit a high level of 

amino acid identity in both Drosophila Bchs and human ALFY, as illustrated by the percentages 

between the relevant domains. The conserved region in ALFY and Bchs (CRAB) at the N

terminus also displayed a considerable level of amino acid identity, albeit to a lesser degree. 

Both proteins have a similar size of approximately 3500 amino acids. Different bchs mutant 

alle les affecting various domains in Bchs are generated from an EMS (ethyl methanesulfonate) 

screen in the EP2299 line and are ind icated at the top whereby stars represent non-sense 

mutations and triangles represent mis-sense mutations. 
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1.10 Objectives of study 

The objectives of this study are to investigate the relationship between Bchs and autophagy 

pathway in the etiology of neurodegenerative diseases using a genetically tractable model 

organism, Drosophila melanogaster, in which exists a vast array of genetic and in vivo biology 

tools to dissect the molecular machinery or interacting pathways. First of all, a phenotypic assay 

was developed in order to examine the presence of genetic interactions between bchs and atg7 

in the context of neurons and to be able to examine the effects of modulation on bchs 

degenerative phenotype by pharmacological agents that affect the autophagy pathway. 

Secondly, it would be interesting to investigate where these ubiquitinated aggregates are 

localized subcellularly in primary neurons of bchs mutant and their distribution in bchs whole 

larval motor neurons. Thirdly, the relevance of Bchs in the recruitment of different 

compartmental vesicles, namely pre-autophagosome (AtgS marker), autophagosome (Atg8 

marker), recycling endosome (Rabll marker) and late endolysosome (Spinster marker), will be 

investigated under two branches of autophagy stimulation, non-selective versus selective 

autophagy, as there may be a stimulus-dependent regulation to Bchs function. Conditions of 

nutrient starvation and TORCl inhibition by rapamycin are examined under non-selective 

autophagy while expanded polyQ Htt expression is examined under selective autophagy. 

Fourthly, the potential involvement of motor proteins with Bchs in the regulation of cargo 

transport will be studied through co-immunoprecipitation assays and live imaging techniques 

will be employed to investigate the intracellular trafficking of GFP-Bchs with RFP-AtgS or 

mCherry-Atg8 compartments in larval primary neurons. 
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2. Materials and Methods 

2.1 Fly culture 

The fly stocks were maintained on standard cornmeal food (recipe from Temasek Life Sciences 

Laboratory, Singapore) at 20°C, and experiments with flies were performed on semi-defined 

food (recipe from Bloomington Drosophila Stock Center, USA) at 25°C. The stocks used in this 

study are : 

Category Genotype Source 

Canton 5 Bloomington Drosophila Stock Center, Indiana University, USA 
Control 

yw BDSC, Indiana University, USA 

C155-elav BDSC, Indiana University, USA 
Gal4 Drivers 

RRaCDBGFP From Miki Fujioka, Thomas Jefferson University, USA 

yw; EP{2L)2299 From Pernille Rorth, IMCB, Singapore 

yw; bchs58{0) From Rita Khodosh, Harvard Medical School, USA 

bchs Mutants yw; bchs58{M) Isolated in Rachel Kraut's lab, NTU-SBS, Singapore 

yw; bchs17{M) Isolated in Rachel Kraut 's lab, NTU-SBS, Singapore 

yw; Df{2L)clot7 I CyKrGFP BDSC, Indiana University, USA 

yw; EPgy2 Atg7{EY10058} BDSC, Indiana University, USA 

atg Mutants w; Atg7{d77} I CyO-GFP From Thomas Neufeld, University of Minnesota, USA 

yw; UAS-Atg1{6A} From Thomas Neufeld, University of Minnesota, USA 

yw; +; UAS-mCherry-AtgBa From Thomas Neufeld, University of Minnesota, USA 

yw; +; UAS-RFP-Atg5 From Katja Kohler, ETH Zurich, Switzerland 

w; +; UAS-Spinster-GFP From Sean Sweeney, University of York, UK 

w; UAS-Rabll -GFP From Henry Chang, Purdue University, USA 

Upstream w; UAS-Htt exon1-Q20 From Larry Marsh, University of California, USA 
Activation Site 
(UAS) Transgenes w; UAS-Htt exon1-Q93 From Larry Marsh, University of California, USA 

w; UAS-dicer2 Vienna Drosophila RNAi Center, Austria 

w; UAS-bchsRNAi {45028} VDRC, Austria 

w; UAS-bchsRNAi {110785) VDRC, Austria 

w; UAS-GFP-Bchs Isolated in Rachel Kraut's lab, NTU-SBS, Singapore 

Table 2. A compendium of Drosophila melanogaster stocks categorized into allele functions 

that are used in this study and their respective sources are indicated. 
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2.2 Genetic crossing scheme for homologous recombination 

In order to recombine atg7{EY} P-element insertion (yw; EPgy2 Atg7{EY10058}, Bloomington 

Drosophila Stock Center, Indiana University, USA} with bchs58(M) mutation on the second 

chromosome, virgin female flies of both genotypes were mated with the reciprocal males to 

generate trans-heterozygotes. Meiotic recombination events occur in the germline of only 

females and thus, virgin female flies from this progeny were mated to males of a balancer stock 

(w; Sco/CyO; MKRS/TM6B) . Subsequently, potential male progeny candidates that successfully 

carry both atg7{EY} and bchs58(M) on the same chromosome were selected based on their eye 

color which should be the highest in orange-red intensity due to the presence of mini-white 

gene markers on P-element insertion . Every meiotic recombination event is unique and each 

single male fly which carries a potential recombination event was back-crossed individually to 

the balancer stock in order to generate a stable line (Figure 6) . Verification for positive 

recombinants was performed using primers-specific polymerase chain reaction (PCR) to detect 

for the presence of the two alleles in genomic DNA extracted from each single male 

recombinant candidate. The same process was repeated for sets of homologous 

recombinations between bchs58(M) and atg7{d77}, bchs17(M) and atg7[EY}, bchs17(M) and 

atg7{d77}, UAS-bchsRNAi (45028} and UAS-dicer2. Please refer to Appendix (Table 3) for 

specific primer pair sequences to detect each allele. 
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yw bchsSS(M) 
- T .r 

yw ato7 [EY] 
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y I CyO ' TM6B 0 y ' CyO ' TM6B 

Figure 6. A genetic crossing scheme for homologous recombination using bchs58{M) and 

atgl[EY] alleles as an example. Positive recombinants were verified by primers-specific PCR. ~ _ 

females, males. 

2.3 Fly genomic DNA extraction and PCR 

Each single male recombinant candidate was squished separately in 20 Ill of extraction buffer 

(10 mM Tris-HCI pH 8.0, 25 mM NaCI, 1 mM EDTA and 200 llg/ml proteinase K) for about 20 

seconds, followed by incubation at 3rC for 30 minutes to degrade proteins. Proteinase K 

(Promega, USA) was then heat inactivated at 95oC for 5 minutes. PCR was performed using 2 ul 

of the extracted genomic DNA template and the GoTaq® Hot Start Polymerase reaction kit 

(Promega, USA) in a total reaction volume of 20 Ill according to manufacturer's instructions. 

The sets of primers used to verify the alleles in each recombination scheme are shown in Table 

3 of the Appendix. DNA gel electrophoresis or sequencing (1st BASE, Singapore) was 

subsequently applied to detect positive recombinants. 
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2.4 Reverse-transcription PCR of atg7 alleles 

80 adult fly heads were dissected from each genotype and 400 Ill of TRizol® reagent (Life 

Technologies, CA, USA) was added into each sample for homogenization. Phase separation was 

then performed using chloroform : TRizol .. of 1 : 5 ratio to extract total RNA from the aqueous 

phase. The RNA samples were purified using Direct-zolrM RNA MiniPrep (Zymo Research, CA, 

USA) as per the manufacturer's instructions and stored at -80°C until further application . First

strand eDNA synthesis was carried out on 3 J..lg of purified total RNA with the atgl gene-specific 

primer 5' GCGAATCTGTGAGCAGAAAG 3' or poly-dT primer by using GoScript'M Reverse 

Transcription System (Promega, WI, USA) following the manufacturer's instructions. A 25 Ill 

PCR reaction volume was proceeded on each eDNA sample by using the GoTaq® polymerase 

(Promega, WI, USA) and respective primer sets for 35 cycles. For atgl eDNA: 5' 

TCCGCAGACGGATIGATCTC 3' and 5' TGAACATCGATGACAGCCTIG 3'. For rp49 eDNA: 5' 

AGTCGGATCGATATGCTAAG 3' and 5' AGTAAACGCGGTICTGCATG 3'. 

2.5 Co-immunoprecipitation assay 

400 J..lg of fresh (not frozen) protein lysates from adult heads of the respective genotypes were 

incubated in a final volume of 800 Ill IP buffer (50 mM Tris-HCI, 100 mM NaCI, 0.5% Triton X-

100 and 10 mM EDTA, pH 7.5) containing 20 Ill of protein A/G Plus-agarose beads (according to 

manufacturer's instructions) (sc-2003, Santa Cruz Biotechnology, USA) for each sample with the 

following antibody dilutions separately - 1:2000 rabbit anti-Bchs (gift of Kia Zinn and Rachel 

Kraut), 1:1000 mouse anti-Flag (M2 clone, Sigma Aldrich, MO, USA), 1:1000 rabbit totallgG and 

1:1000 mouse total lgG (Sigma Aldrich, MO, USA)- overnight at 4oC with gentle rocking. During 

this step, cOmplete protease inhibitors and PhosSTOP phosphatase inhibitors (Roche 

Diagnostics, Singapore) were added according to manufacturer's instructions. The 

immunoprecipitates were collected by centrifugation at 800x g for 5 minutes at 4oC and 

supernatant was discarded. The pellet was then washed with 1 ml of IP buffer and centrifuged 

as above. This step was repeated for a total of 4 times and the final pellet was resuspended in 
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20 ~-tL of Laemmli buffer (50 mM Tris-HCI, 2% (w/v) SDS, 10% (v/v) glycerol, 5% (v/v) ~

mercaptoethanol and 0.005% (w/v) bromophenol blue, pH 6.8). 

2.6 SDS-PAGE and Western blotting 

Heads from ten days old adult flies and third instar larval brains were lysed in cold buffer (SO 

mM Tris-HCI pH 7.5, 1% (v/v) Triton X-100, 150 mM NaCI, 0.1% (w/v) SDS and 5 mM EDTA) 

containing cOmplete protease inhibitors and PhosSTOP phosphatase inhibitors (Roche 

Diagnostics, Singapore) and then centrifuged at 15,000x g for 10 minutes at 4°C. The 

supernatant was transferred into a new tube and stored at -80°C for not more than three 

months or used subsequently for SDS-PAGE (polyacrylamide gel electrophoresis). Bradford 

assay (Bio-Rad Laboratories, Singapore) was used for protein quantification and 30 11g of 

protein was loaded for each well. The SDS-PAGE was run at 120 Volts, followed by "wet 

transfer" onto 0.2 ~-tm (pore size) polyvinylidene fluoride (PVDF) membrane (Bio-Rad 

Laboratories, Singapore) at 100 Volts for one hour. The membrane was blocked with 5% (w/v) 

non-fat milk for one hour and then incubated with the respective primary antibodies, 1:2000 

rabbit anti-Bchs (gift of Kia Zinn and Rachel Kraut) or 1:500 mouse anti-~-actin (sc-47778, Santa 

Cruz Biotechnology, USA) or 1:5000 mouse anti-dynein (P1H4, gift of Tom Hays) or 1:2000 

rabbit anti-kinesin (AKIN01, Cytoskeleton, USA) overnight at 4oC. The secondary antibodies used 

are horseradish peroxidase (HRP)-conjugated goat anti-rabbit (Jackson lmmunoResearch 

Laboratories, USA) and HRP-conjugated goat anti-mouse (Jackson lmmunoResearch 

Laboratories, USA) antibodies, both in a dilution of 1:10,000 and incubated for one hour at 

room temperature. The membranes were washed with 0.05% (v/v) Tween-20 in Tris-buffered 

saline (TBS) and lmmobilon Western Chemiluminescent HRP Substrate (Millipore, USA) was 

used for detection on Kodak X-ray film development station. 
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2.7 Three-dimensional (30} larval brain volume measurements 

Flies of respective genotypes were grown on semi-defined food with food dyes added in order 

to distinguish late third instar larvae through lightening of their mid-gut color due to a 

discontinuation in feeding and progressive digestion. Brains were dissected from the larvae, 

fixed with 4% (w/v) paraformaldehyde in 100 mM PBS for 20 minutes, stained with 1:2000 

tetramethyl rhodamine iso-thiocyanate (TRITC)-conjugated phalloidin (Sigma Aldrich, MO, USA) 

in PBS containing 0.2% (v/v) Triton X-100 overnight at 4°C, washed and mounted in 90% 

glycerol (containing 100 mM propyl gallate) onto microscopy slides with spacers and cover

slips. Confocal image stacks of the specimens were acquired using the Carl Zeiss LSM710 

microscope with set parameters of pinhole size: 3 AU; PMT gain: 450; laser (561 nm) power: 

15%; z-interval: 12 ~m; EC Plan-Neofluar 10x/0.3 NA objective lens. 

Gebiss (Ground Truth Editing and Benchmarking for Image Stack Segmentation) was developed 

by Dr. Janos Kriston-Vizi (Bioinformatics Image Core, University College London, UK) as an 

lmageJ plugin (Abramoff et al., 2004) for semi-automated 3D image segmentation which can be 

used either as a ground truth (GT) in performance evaluation of image segmentation algorithms 

or in image analysis. Besides lmageJ installation, Gebiss requires a Java3D installation for spatial 

visualization. An alternative to the standard lmageJ is FIJI (Sch indelin, 2008) which contains 

Java 3D as part of a package. The Gebiss installation itself consists of downloading three .jar files 

(gebiss.jar, ij-plugins_toolkit_bii .jar and lmageJ_3D_ Viewer _bii.jar) into the "plugin" folder of 

lmageJ, after which a "Gebiss" submenu appears automatically in the plugin menu of lmageJ. 

Gebiss is run after an 8-bit grayscale microscopy image stack is opened. The spatial voxel (3D 

pixel) dimensions can be imported automatically from the .LSM file or set manually in lmageJ. 

"Object-based GT Specification" tab is chosen and the whole brain image stack is segmented 

into foreground and background voxels by a seeded 3D region growing algorithm (Adams and 

Bischof, 2002) after the x-, y-, z-coordinates of the seed voxel (which has the brightest intensity) 

and a minimum threshold value of 23 (8-bit image, grayscale values of 0-255) have been 

specified (Figure 7}. The 3D object counter plugin in lmageJ is subsequently used for volume 

measurements of the segmented image stack in units of cubic micron (~m3 ) dimension. For 

validation of the optimal minimum threshold value for segmentation, the lmageJ macro for GT 
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contour visualization is performed on two image stacks, the original RGB and the segmented 

binary stacks. Unpaired Student's t-test was used as the statistical tool to calculate p 

significance value in comparison between bchs (loss-of-function and over-expressing) brains 

and respective age-matched genetic background control brains. 

iJ 1/J _) -rt1 
~-.!f' ijf~i"l 

~·-
~ &j) _) 

.......... ......... 

Figure 7. The user interface of Gebiss (lmageJ plugin) for 3D image segmentation of late third 

instar larvae brains. The tab for "Object-based Ground Truth (GT) Specification" is selected for 

3D object segmentation of the original image stack (left window, larval brain labeled with 

TRITC-conjugated phalloidin in red) into a binary stack (right window) that is composed of 

foreground (white) and background (black) voxels (3D equivalent of pixels) after the x-, y- and z

coordinates of the seed voxel with the highest brightness intensity and the optimal minimum 

threshold value are specified in the options panel shown on the extreme right. The optimal 

minimum threshold is found to be 23 through reiterative validations of different threshold 

values and the default maximum threshold is 255 for an 8-bit image. After performing 3D image 

segmentation, the brain volume measurement can then be analyzed using the 3D object 

counter plugin . 
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2.8 Feeding of autophagy-modulating drugs by first to third instar larvae 

Virgin female flies of the genotypes yw; bchs58{0}; RRaCDBGFP (or yw; bchs58{M); RRaCDBGFP 

or yw; bchs17{M); RRaCDBGFP) and yw; Df(2L}clot7/CyKrGFP; RRaCDBGFP were crossed to the 

reciprocal males and flies from these two sets of crosses were caged separately in transparent 

holders with holes for aeration and acclimatized for two days at 25°C. Apple agar plates spread 

with yeast paste were then used for embryo collections from the caged flies at an interval of 

three hours (Figure 8). The control yw; +; RRaCDBGFP flies were caged for embryo collections 

similarly. First instar larvae were hatched from the embryos after 24 hours at 25oC and larvae 

which do not express green fluorescent protein (GFP) in the tissue pattern (Bolvic's organ in 

first instar larvae) driven by the Kruppel promoter (Casso et al., 1999) were selected for the 

desired genotype yw; bchs58{0)/Df(2L)clot7; RRaCDBGFP (Figure 9). These first instar larvae 

and those from the control were picked gently with forceps and placed onto semi-defined food 

in 2.0 mL eppendorf tubes that have been prepared containing different concentrations of the 

drugs. The concentrations of autophagy-modulating drugs used are 1 11M rapamycin (A.G. 

Scientific, USA), 0.2 11M and 2 11M wortmannin (A.G. Scientific, USA) and 5 mM 3-methyladenine 

(Calbiochem, USA). Semi-defined food containing 0.05% (v/v) ethanol as the vehicle of 

rapamycin and wortmannin was used as control for the drugs. The feeding larvae were grown 

into wandering third instar larvae, followed by dissection and immunohistochemistry of the 

nervous system. 
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mbryo 

Yeast Paste 

Figure 8. Caging of flies for embryos collection . Virgin female flies and males for the respective 

genetic crosses were contained in transparent holders with holes for aeration and acclimatized 

for two days at 25oC before the start of collections for laid embryos at every interval of three 

hours. Apple agar plates spread with yeast paste were used as the bottom vessels for collecting 

embryos oviposited by the female flies. 

Figure 9. Differentiating the CyKrGFP (Curly of Oster, Kr0ppei-Gal4 driver, UAS-GFP) balancer 

chromosome marker in first instar larvae. A) Selection of a bchs null larva from the cross of yw; 

bchs58{0}; RRaCDBGFP x yw; Df(2L}clot7/CyKrGFP; RRaCDBGFP based on the absence of GFP 

expression driven by the Kruppel promoter in Bolvic's organ. B) A yw; bchs58{0}/CyKrGFP; 

RRaCDBGFP larva is negatively selected due to the presence of GFP in Bolvic's organ. 
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2.9 RP2 motor neuron viability assay 

Third instar larvae of desired genotypes (please refer to Table 4 of Append ix) were dissected 

and immunohistochemistry was performed by 30 minutes of f ixation with 4% {w/v) 

paraformaldehyde {Sigma Aldrich, MO, USA} in 100 mM PBS at room temperature, 1 hour of 

blocking with 5% {w/v) bovine serum albumin {BSA} {PAA Laboratories, MA, USA) in 0.1% {v/v) 

Triton X-100 PBS, overnight incubation at 4oC with primary antibodies of 1:500 rabbit anti-GFP 

{Ciontech Laboratories, CA, USA), 1:10 mouse 104 anti-fasciclin II and 1:20 mouse 22C10 anti

futsch {Developmental Studies Hybridoma Bank, The University of Iowa, lA, USA) . On the next 

day, washing was done with 0.1% {v/v) Triton X-100 PBS at an interval of 10 minutes {total 5 

times) . Secondary antibodies incubation was performed with 1:800 Cy2-conjugated goat anti

rabbit and 1:800 Cy3-conjugated goat anti-mouse {Jackson lmmunoResearch Laboratories, PA, 

USA) for 2 hours at room temperature. Wash ing was done with 0.1% Triton X-100 PBS at an 

interval of 10 minutes {total 4 times) and 15 minutes {total 3 times) . The specimens were 

mounted in 90% glycerol {containing 100 mM propyl gallate) onto microscopy sl ides with 0.17 

mm thickness glass cover-slips and viewed under 20x objective lens in a Nikon TE2000-S 

epifluorescence microscope. RP2 viability was scored by the presence of Cy2 fluorescence 

signal at muscle 2 where RP2 motor neuron innervates in each larval hemi-segment and the 

percentage of RP2 survival over total hemi-segments scored was calculated for each 

experimental set which was repeated for triplicates. Chi-square statistical test was performed 

for the p value. 
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2.10 Quantitative size analysis of ubiquitinated aggregates in larval NMJs 

Wild -type control and bchs mutant th ird instar larvae were dissected (Figure 10), fixed with 4% 

(w/v) paraformaldehyde (Sigma Aldrich, MO, USA) in 100 mM PBS for 30 minutes at room 

temperature and blocked with 5% (v/v) norma l goat seru m (Life Technologies, CA, USA) in 0.1% 

(v/v) Triton X-100 PBS for 1 hour. Primary antibody incubation was performed overnight at 4°( 

with 1:1000 mouse anti-ubiquitinated conjugates (clone FK2, Enzo Life Sciences, NY, USA) 

antibody. On the next day, washing was done with 0.1% Triton X-100 PBS at an interval of 10 

minutes (total 5 times). Secondary antibodies incubation was performed with 1:800 Cy5-

conjugated goat anti-mouse and 1:500 Cy2-conjugated goat anti-HRP (Jackson 

lmmunoResearch Laboratories, PA, USA) for 2 hours at room temperature. Washing was done 

with 0.1% Triton X-100 PBS at an interval of 10 minutes (total 4 times) and 15 minutes (total 3 

times) . The specimens were mounted in 90% glycerol (containing 100 mM propyl gallate) onto 

microscopy slides with cover-slips and image stacks of larval NMJ at muscle 2 were acquired 

under 40x objective lens (N.A. = 1.35) using the DeltaVision OMX® microscope (Applied 

Precision, WA, USA) with softWoRx® 5.0 for image deconvolution. To measure the area of 

ubiquitinated aggregates, particle analysis f rom lmageJ was used (Schneider et al., 2012) . The 

measurement scale (in micrometers) was defined for the 8-bit image projection from Cy5 

channel and the image segmentation was adjusted to a threshold of grayscale value 70, 

followed by conversion to a binary image. The region of interest (ROI) was marked using the 

rectangular selection tool and the function of 'Analyze Particles' was performed to measure the 

area of particles within ROI. Particle size was categorized into three groups: 0- 1~-tm 2, 1.1- 10 

~-tm 2 and 10.1- 50 ~-tm 2 . The percentages of NMJs with ubiquitinated aggregates in each of the 

three groups were calculated for each experimental set wh ich was repeated for triplicates. Chi

square statistical test was performed for the p value. 
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Figure 10. Sequential order of open-book dissection to obtain the larval peripheral nervous and 

muscular systems. A) A third instar larva is pinned down on both ends with the ventral side 

facing upwards on a Sylgard® silicone support. B) Incisions are made along the ventral midline 

of the larva and at both ends. C) The cut ends are opened up and corners are pinned down for 

anchorage. D) The larval cuticle wall is stretched out fully. E) The internal organs (mid-gut, fat 

bodies, salivary glands etc.) are discarded, while leaving the muscular and peripheral nervous 

tissues intact. 

2.11 Primary neuron culture from third instar larval brains 

This protocol is modified from the previous study of Kraft and co-workers (Kraft et al., 2006). 22 

mm x 22 mm acid-washed glass cover-slip was coated with 30 IJ.g/ml of mouse laminin (BD 

Biosciences, NJ, USA) and 167 IJ.g/ml of concanavalin A (Sigma Aldrich, MO, USA) dissolved in 

sterile water onto a 35 mm diameter culture dish (Corning, MA, USA). The selected larvae 

(please refer to Table 4 of Appendix for genotypes) were washed with 90% (v/v) ethanol for 

three times and sterile water for two times to remove food debris and microbial contaminants. 

To isolate primary neurons for each culture dish, four third instar larval brains were extracted in 

Shields and Sang, bacto-peptone and yeast extract (Sigma Aldrich, MO, USA) culture medium 

containing penicillin -streptomycin and antibiotics-antimycotics (PAA Laboratories, MA, USA) on 

a dissection plate. The brains were washed and decanted with sterile hemolymph-like 3 (HL3) 

saline (70 mM NaCI, 115 mM sucrose, 5 mM trehalose, 5 mM KCI, 20 mM MgCb, 1 mM CaCI 2, 

10 mM NaHC03, 5 mM HEPES, pH 7.4) for three times and then incubated with 0.5 mg/ml of 
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collagenase type 1 (Sigma Aldrich, MO, USA) in Hl3 for one hour at room temperature. 

Subsequently, the enzymatically digested brain t issues was washed and decanted three times 

with complete culture medium including 10% (v/v) heat-inactivated foetal bovine serum 

(HyCione, Thermo Fisher Scientific, MA, USA), 20 Jlg/ml of bovine pancreas insulin (Sigma 

Aldrich, MO, USA), 2% (v/v) fly extracts, penicillin-streptomycin and antibiotics-antimycotics. 

The brain tissues was dissociated into a final volume of 150 Ill single cells suspension by 

trituration with complete medium for three rounds and then aliquoted onto the coated cover

slip in culture dish. On the next day, 900 Jll of complete medium was added to the culture dish 

and primary neurons were incubated at room temperature (25oC) for 3 - 4 days to allow for 

attachment and the growth of neurite processes (Figure 11). 

Primary neurons 

Third instar larva 

~ 'I - --
- .~ ~ 

- - ·~- --

Figure 11. Work-flow of the primary culture of neurons from third instar larval brains. The third 

instar larvae were washed off food debris and other dirt thoroughly before extracting the brains 

in basal medium containing antibiotics and antimycotics. After digesting the extracellular matrix 

with collagenase, the brain tissue was dissociated into cells and plated onto coated glass cover

slips in culture dish. On the third day of culture, neurites can be seen extending from attached 

cells, most of which are bipolar interneurons. 

42 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



2.12 Quantitative colocalization analysis of Bchs with different compartmental markers 

The primary neurons were induced for autophagy in each of the three different conditions 

separate ly: five hours of nutrient starvation with HL3, five hours of 50 nM rapamycin in 

complete medium or Htt Q93 formation through genotype expression. The control for basal 

autophagy was incubation of primary neurons in complete medium alone or Htt Q20 formation. 

Immunocytochemistry was performed by fixing with 4% (w/v) paraformaldehyde (Sigma 

Aldrich, MO, USA) in 100 mM PBS for 15 minutes at room temperature and blocking with 5% 

(v/v) normal goat serum (Life Technologies, CA, USA) in 0.05% (v/v) Triton X-100 PBS for 1 hour. 

For the study with mCherry-Atg8a or RFP-Atg5, primary antibodies incubation was performed 

overnight at 4°C with 1:500 rabbit anti-Bchs (kindly provided by Kia Zinn and Rachel Kraut) and 

1:100 mouse anti-DsRed (BD PharmingenrM, NJ, USA). For the study with Spinster-GFP or Rab11-

GFP, primary antibodies incubation was performed overnight at 4oC with 1:500 rabbit anti-Bchs 

and 1:1000 mouse anti-GFP (Ciontech Laboratories, CA, USA). Washing was done with 0.05% 

(v/v) Triton X-100 PBS for an interval of 10 minutes (total 3 times). Secondary antibodies 

incubation was performed with 1:400 Cy2- or CyS-conjugated goat anti-rabbit and 1:400 Cy5- or 

Cy2-conjugated goat anti-mouse (Jackson lmmunoResearch Laboratories, PA, USA) for 1 hour at 

room temperature. Washing was done with 0.05% (v/v) Triton X-100 PBS for an interval of 10 

minutes (total 4 times) and then incubated with 1 ~g/mL of 4',6-diamidino-2-phenylindole 

(DAPI), dihydrochloride (Life Technologies, CA, USA) in PBS for 3 minutes. Washing was done 

briefly with PBS for a few times, with the last wash in Milli-Q water and the cover-slip was 

mounted onto microscopy slide to be viewed under 100x magnification using the DeltaVision 

OMX® microscope (Applied Precision, WA, USA) with softWoRx® 5.0 for image deconvolution. 

For the quantitative colocalization analysis of Bchs with the different compartmental markers, 

the plugin of 'Intensity Correlation Analysis' from lmageJ was used after channel splitting and 

background subtraction (Li et al., 2004). The results for Rr (Pearson's correlation coefficient), 

Ch1 : Ch2 ratios, M1 (Mander's colocalization coefficient for Channel 1) and M2 (Mander's 

colocalization coefficient for Channel 2) were tabulated from each image (n:::::15 for each 

experimental set). Unpaired Student's t-test was used as the statistical tool to calculate p 
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significance value in comparison between treated (induced autophagy) and control (basal 

autophagy) groups. 

2.13 Immunocytochemistry for endogenous AtgS or Atg8 compartments in primary neurons 

bchs17{M)/Df{2L)clot7 and wild-type control primary neurons were fixed with 4% (w/v) 

paraformaldehyde (Sigma Aldrich, MO, USA) in 100 mM PBS for 15 minutes at room 

temperature and blocked with 5% (v/v) normal goat serum (Life Technologies, CA, USA) in 

0.05% (v/v) Triton X-100 PBS for 1 hour. Primary antibodies incubation was performed with 

1:1000 mouse anti-ubiquitinated conjugates (clone FK2, Enzo Life Sciences, NY, USA) and 1:500 

rabbit anti-drAtg5 (Novus Biologicals, CO, USA) or 1:500 rabbit anti-drAtg8 (kind gift of Katja 

Kohler) overnight at 4oC. On the next day, washing was done with 0.05% (v/v) Triton X-100 PBS 

for an inte rval of 10 minutes (total 3 times) . Secondary antibodies incubation was performed 

with 1:1000 Cy2-conjugated goat anti-mouse and 1:500 Cy5-conjugated goat anti-rabbit 

(Jackson lmmunoResearch Laboratories, PA, USA) for 1 hour at room temperature. Washing 

was done with 0.05% (v/v) Triton X-100 PBS for an interval of 10 minutes (total 4 times) and 

then incubated with 1 ~J.g/ml of 4',6-diamidino-2-phenylindole (DAPI), dihydrochloride (Life 

Technologies, CA, USA) in PBS for 3 minutes. Washing was done briefly with PBS for a few 

times, with the last wash in Milli-Q water and the cover-slip was mounted onto microscopy 

slide to be viewed under 100x magnification using the DeltaVision OMX® microscope (Applied 

Precision, WA, USA) with softWoRx® 5.0 for image deconvolution. 

44 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



2.14 Time-lapse imaging of GFP-Bchs with RFP-AtgS or mCherry-Atg8a in primary neurons 

Primary neurons isolated from the genotypes expressing one copy of UAS-GFP-Bchs and UAS

RFP-Atg5 or UAS-mCherry-AtgBa transgenes through the C155-elav Gal4 transcriptional 

activator were cultured on 35 mm (diameter) Fluorodish with 0.17 mm (thickness) optical 

quality glass bottom (World Precision Instruments, Fl, USA) that had been coated with 30 

11g/ml of mouse laminin (BD Biosciences, NJ, USA) and 167 11g/ml of concanavalin A (Sigma 

Aldrich, MO, USA) as described previously. For live imaging of primary neurons under basal 

autophagy (control) condition, the cells were incubated in complete culture medium at room 

temperature and single focal-plane images were acquired at 100x magnification using the 

DeltaVision OMX® microscope (Applied Precision, WA, USA) with softWoRx® 5.0 for image 

deconvolution . The respective channels were acquired sequentially at every interval of 10 

minutes for a total duration of 4 hours for each of the tagged proteins (GFP-Bchs: fluorescein 

isothiocyanate (FITC) channel = 50% transmission, 800 ms; RFP-Atg5: tetramethylrhodamine 

isothiocyanate (TRITC) channel = 50% transmission, 800 ms; mCherry-Atg8a : TRITC channel = 
32% transmission, 600 ms). For live imaging of primary neurons under nutrient starvation, the 

cells were incubated in hemolymph-like 3 (Hl3) saline at room temperature and immediately 

imaged as described. For live imaging of primary neurons transfected with Huntingtin N

terminus containing 15Q (normal poly-glutamine) or 128Q (expanded poly-glutamine), 3 Ill of 

FuGEN E® HD transfection reagent (Pro mega, WI, USA) was used to couple 1 11g of 

pCINeoHtt1955.15Q.wt or pCINeoHtt1955.128Q.wt plasmid DNA (kind gift of Anat Yanai and 

Mahmoud Pouladi) respectively in a 3 : 1 ratio in a final volume of 50 Ill complete culture 

medium without penicillin/streptomycin and antibiotics/antimycotics. The mixture was 

incubated for 10 minutes at room temperature to allow the formation of transfection reagent : 

DNA complex. Subsequently, this mixture was added onto the cells with 1 ml of complete 

culture medium (without penicillin/streptomycin and antibiotics/antimycotics) and incubated at 

room temperature for 48 hours (without medium change) to enable protein expression prior to 

time-lapse imaging as described. 
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3. Results 

A. Pathological effects in the absence of Bchs 

Before we proceed to investigate the modulation of bchs neurodegenerative phenotype by 

pharmacological agents and genes which have been generally accepted in scientific literature to 

act upon the autophagy pathway, we first need to have a quantitative phenotypic assay for the 

measurement of degeneration. Dr. Rachel Kraut has developed a novel and intuitive method of 

counting visually the percentages of a specific subset of motor neurons that expresses GFP in 

third instar larvae, thereby enabling a quantitative measurement of viability (Lim and Kraut, 

2009). Third instar larvae provide an anatomically accessible platform for probing in vivo tissue 

functions, particularly the neuromuscular system which innervates the larval body wall . 

Characteristics of neurodegenerative disorders have been recapitulated, such as poly-glutamine 

length-dependent pathology that occurs progressively of a later onset, in third instar larvae and 

pupae stages (Marsh and Thompson, 2004) . As we will like to develop a new assay that can 

represent better the overall neuronal atrophy, we decided initially to measure the brain volume 

of late third instar larvae, which has never been performed previously. 

3.1 Optimization and validation of threshold for image stack segmentation 

Prior to the 3D volumetric measurements of brains from third instar larvae of different 

genotypes in order to quantify the degree of neurodegeneration, it is important to have a 

reliable tool for the post-acquisition processing of image stacks and accurate extraction of data 

values. Gebiss (Ground Truth Editing and Benchmarking for Image Stack Segmentation) was 

developed by Dr. Janos Kriston-Vizi and Dr. Martin Wasser (Bioinformatics Image Core, 

University College London, UK; Bioinformatics Institute, A-Star, Singapore) as a freely available 

plugin in lmageJ for a user-interactive image segmentation and visualization of 3D objects 

(Kriston-Vizi et al., 2011). Segmentation refers to the separation of foreground pixels from 

background pixels through parameters defined by the user. This is an important step to 

distinguish between ureal signal" and {(noise" before the quantitative analysis of images. The 

ground truth (GT) is a reference data set that lies as close as possible to the real scenario 
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achieved through manual image segmentations performed by a human expert. During image 

segmentation, pixels with grayscale values~ defined threshold are classified as the foreground 

while pixels with grayscale values< defined threshold are classified as the background. 

In order to determine the optimal minimum threshold, values between 15 and 35 (an 8-bit 

image has 0-255 grayscale values) were empirically tested. Figures 12A, 12B and 12C illustrate 

three different segmentations, as outlined by the green contour line, using different threshold 

values of 15, 23 and 35 on the same brain image z-stack of a homozygous bchs58{0} mutant. 

bchs58{0} allele (originally from Khodosh et al., 2006} had been sequenced in our laboratory 

and found to have an addition of 3 bases at nucleotide position 8552 followed by a deletion of 

17 bases which results in a frame shift mutation and change of 33 amino acids from position 

1831 to 1863 and a stop codon at 1864 (Dr. Kathleen Osborne, unpublished) . This truncation 

removes the PH, BEACH, WD40 and FYVE domains and has a negligible level of Bchs protein in 

mutants. With increasing minimum threshold values, the segmentation boundary adheres more 

closely to the third instar larval brain surface (Figures 12A, 12B and 12C). The minimum 

threshold value of 23 was subsequently chosen for performing segmentations on every brain 

image z-stack acquired because at higher threshold values, it was observed that some pixels of 

the brain were cut off. Figure 120 shows a 3D volume rendering of a bchs58{0) larval brain with 

the segmented isosurface illustrated as a green mesh overlaying the original voxels (3D 

equivalent of pixels) labeled in red . 
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Figure 12. Image stack segmentations and 3D rendered volume of a third instar larval brain. (A, 

B and C) Confocal images (z-interval = 12 11m) were acquired from a homozygous bchs58{0) 

brain labeled with TRITC-phalloidin. Segmentations were performed by the Gebiss plugin in 

lmageJ using minimum threshold values of 15, 23 and 35. The green contour line illustrates the 

boundary between foreground and background as segmented by the indicated threshold value, 

thereby enabling the validation of image stack segmentation. (D) The image stack can be 

visualized as a 3D rendered volume (original stained voxels shown in red) with an overlaying 

isosurface (shown as a green mesh) outlining the segmented boundary. 
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3.2 bchs LOF has reduced brain volume while bchs GOF has enlarged brain volume 

Within the group of control genotypes consisting of wild-type Canton S, genetic background 

yellow white (yw) and C155-elav Gal4 driver for expression throughout the nervous system via 

the elav (embryonic lethal abnormal vision) promoter, there exist significant differences in late 

third instar larval brain volumes (Figure 13). This is likely attributed to inherent variation in the 

genetic background of these control genotypes. However, comparison between homozygous 

bchs58{0) with the respective control for its genetic background yw revealed a significant 

reduction of 17% brain volume in the loss-of-function (LOF) mutant (Figure 13). bchs58{0) allele 

in combination with a single chromosomal deficiency (deletion) encompassing the entire bchs 

locus and more than 80 genes, Df{2L}c/ot7 (abbreviated as c/7), also showed a similarly 

significant reduction of 15% brain volume when compared to yw (Figure 13), suggesting that 

bchs58{0} allele behaves like a null allele. This quantification of Drosophila melanogaster brain 

volume has not been performed previously, although it was postulated indirectly that there is 

an approximately 40% reduction of adult brain volume in two weeks old bchs mutant due to an 

observation of about one-sixth decrease in linear dimension (Finley et al., 2003). 

In comparison to adult brain, the smaller reduction of larval brain volume in bchs mutant may 

be attributed to a shorter duration of the larval stage (5-6 days), while there is time for 

progressive neurodegeneration to occur in the aged adults. In contrast, when Bchs was over

expressed in the nervous system using C155 and yw; EP2299 (Rorth, 1996) that consists of an 

enhancer P-element (EP; multiple upstream activation sequences) inserted in the first intron of 

bchs gene, there was a significant increase of 15% larval brain volume compared to its genetic 

background control (Figure 13). The enlarged brain volume could be caused by a change in the 

homeostatic balance between cell growth, proliferation and death through a combination of 

factors, including decreased senescence-promoting signals and increased growth stimuli. 

However, as this is not a main focus of our study, further investigation was not pursued. 
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Figure 13. Comparison of late third instar larval brain volumes between different genotypes. 

bchs mutant larvae exhibited a significant reduction in brain volume compared to its genetic 

background control yw. On the contrary, Bchs over-expression resulted in an increased brain 

volume compared to its respective control C155/yw. It was observed that genetic background 

plays a significant contribution towards the brain volume, as shown by Canton 5, C155 and yw. 

Thirty brains were dissected from each genotype for volume measurements and unpaired 

Student's t-test was used for statistical analysis. Error bars represent standard deviation. ** (p < 

0.01), *** (p < 0.001). 
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3.3 Motor neuron viability as an alternative assay to measure degeneration 

Due to the effects of genetic background variation on brain volume, we decided that an 

alternative assay, wherein labeled motor neurons are counted in the degenerative state gives a 

more reliable readout of the modulation on bchs degenerative phenotype by genetic or 

pharmacological interventions. Using a method to score for the percentage of motor neuron 

survival through a GFP reporter specifically expressed in two identified and stereotypic motor 

neurons, ace and RP2, it is possible to quantify the extent of degeneration and effects of any 

modulation, albeit based on the level of detectable GFP in this subset of motor neurons (Figure 

14) (Lim and Kraut, 2009). The GFP reporter is tagged to CD8, which localizes it to the plasma 

membrane, and is under transcriptional control of an upstream activation sequence (UAS), the 

target enhancer of the yeast Gal4 transcriptional activator. A promoter element isolated from 

the even-skipped upstream region (designated RRa) drives expression of Gal4 in ace and RP2 

neurons, thus when genetically combined with UAS-CD8GFP, these two motor neurons can be 

specifically labeled (Fujioka et al., 2003). This driver-reporter chromosome is referred to as 

RRaCD8GFP. The ace and RP2 motor neurons originate from the intersegmental nerve (ISN) 

bundle (shown in yellow in Figure 14) and innervate muscle 1 and 2 respectively (Schmid et al., 

1999). 

The consistent appearance of a number of apparently unaffected neurons that are labeled with 

anti-futsch and anti-fasciclin II would seem to indicate that not all motor neurons are affected 

by the bchs mutation; however, it is important to note that adventitious or compensatory 

growth of neighboring neurons had been described in other motor neuron degenerative 

phenotypes in mouse (Schaefer et al., 2005) and was suggested to occur in bchs mutants (Lim 

and Kraut, 2009) . 
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Figure 14. Expression of a GFP reporter in aCC and RP2 motor neurons of dissected open-book 

preparations of third instar larval specimens. (A) +/+; RRaCDBGFP is used as the control 

genotype in wh ich both aCC and RP2 motor neurons remain intact in each hemi-segment. aCC 

and RP2 are labeled with anti-GFP antibody (green) while anti-futsch and anti-fascicl in II (fasll) 

antibodies label all neurons (red), as a reference marker to show that the dissection was intact 

and to show the location of nerve bundle. ace and RP2 motor neurons originate from the ISN 

bundle as shown in yellow. (B) The bchs LOF mutant with GFP reporter demonstrates a loss of 

RP2 and aCC appears shrivelled. Wide-field image projections were captured at 20x 

magnification using DeltaVision OMX® microscope and scale bar represents 40 IJ.m. 
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3.4 bchs mutants have lower RP2 motor neuron survival than wild-type controls 

A compa rison of the different bchs non-sense and knock-down mutants revealed that there is a 

significantly reduced percentage of RP2 motor neuron survival than in wild -type controls 

(Figure 15}, supporting the hypothesis that loss of Bchs function leads to progressive 

neurodegeneration . The gradation in penetrance of the motor neuron loss phenotype is an 

indication that the degeneration is progressive, because reduction to a very low (almost 

undetectable) level of Bchs expression (Figure 16} is evidently not sufficient to cause complete 

loss of RP2 motor neurons by the stage at which the animals were examined (late third instar) . 

As shown in Figure 15, bchs17(M}/c17 had a more severe degenerative phenotype than 

bchs58(M)/cl7 with about 32% RP2 death versus 15% RP2 death, consistent with the removal of 

two Bchs isoforms in bchs17(M} versus only one Bchs isoform in bchs58(M} (Figure 17}. 

In light of the molecula r lesions, it was surprising that bchs58{0}/c17 had the most severe 

degenerative phenotype with about 64% RP2 death, and we speculate that this is possibly due 

to the expression of a truncated Bchs that acts as a dominant negative protein . Two other 

deficiency alleles bchslCy and bchs[exe/7024}, in heterozygosity with c/7, only resulted in 

approximately 50% RP2 death (Lim and Kraut, 2009). However, bchslCy is located on the Curly 

of Oster (CyO) balancer chromosome. Sequencing and Western blot analysis of bchs[exe/7024} 

in our laboratory found that this apparent deletion does not encompass the entire bchs locus 

(data not shown). We had attempted to generate a smaller deficiency of bchs via FLP 

recombinase and FRT (FLP recombinase target) site but were unsuccessful, therefore bchs17(M) 

and bchs58(M} alleles were mostly used throughout this study. 

Knock-down of Bchs protein using a single copy of UAS-bchsRNAi, dicer2 (VDRC 45028) leads to 

7% RP2 death compared to UAS-dicer2 alone whose percentage of RP2 survival is close to 100% 

(Figure 15). Bchs knock-down in combination with the deficiency c/7 further increases RP2 

death to 17% similarly to bchs58(M)/c17, providing support that the latter is a hypomorph. 

These results suggest that the over-expression of Dicer 2 on its own has minimal effect on RP2 

survival, and that the amount of Bchs protein reduction approximately correlates with the 

percentage of RP2 death. In addition, the bchs gene is not an essential gene for development 

(or viability per se) as the loss of Bchs does not cause overt phenotypic abnormalities other 
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than neurodegeneration and shortened life-span (Finley et al., 2003), which are typical 

characteristics of human neurodegenerative diseases. 

RP2 survival of different bchs mutants 
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Figure 15. Comparison of the percentage of RP2 motor neuron survival between bchs mutants 

and wild-type controls. The bchs non-sense and knock-down mutants resulted in a decreased 

percentage of RP2 survival than their respective controls (wild-type and a single copy of UAS

dicer2) significantly. bchs17(M)/cl7 has a more severe degenerative phenotype than 

bchs58(M)/cl7 while the latter has a similar penetrance of RP2 death as UAS-bchsRNAi, 

dicer2/cl7 (of VDRC 45028). Error bars represent standard deviation of three independent 

experimental replicates with an average total n of 300 hemi-segments for each genotype. Chi

square test is used for statistical analysis. * p < 0.05, ** p < 0.01 and*** p < 0.001. 

54 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



3.5 Characterization of Bchs expression level in wild-type controls and bchs mutants 

It was discovered in our laboratory by Dr. Kathleen Osborne that there are likely three 

alternatively spliced transcripts of bchs which are affected differentially by the position of 

mutation from bchs58{M) and bchs17{M) (manuscript submitted) (Figure 17). It is hypothesized 

that the molecular lesion caused by bchs58{M) removes one Bchs isoform while bchs17{M} 

removes two Bchs isoforms due to the expression of truncated proteins. Western blot analysis 

with a polyclonal antibody raised against the C-terminal 1008 amino acids of Bchs protein 

confirmed the expression of three Bchs isoforms (approximately 390 kDa, 290 kDa and 250 kDa) 

both in third instar larval brains and 10-day old adult heads in the control genotypes of Canton 

S, yw and C155 (Figure 16). The over-expression (OE} of Bchs using C155/yw; EP2299/+ also 

dramatically increased the levels of all Bchs isoforms, providing support for the notion that 

there are three endogenous isoforms of Bchs protein. On the other hand, the knock-down of 

Bchs using two different Vienna Drosophila RNAi Center (VDRC) lines (id 45028 and id 110785} 

and recombined with UAS-dicer2 led to an almost complete reduction of all Bchs isoforms; this 

loss is even more evident in aged adult heads (based on observation of the Western}, 

presumably due to sufficient time for protein turnover to occur, depending on its half-life and a 

steady-state equilibrium of protein level. When the UAS-bchsRNAi lines are not recombined 

with UAS-dicer2 as a control, the levels of Bchs protein remain the same as wild-type strains 

(data not shown). Both bchs58{M)/c17 and bchs17{M)/cl7 also showed negligible expression 

levels of Bchs; two very faint bands were detectable in bchs58{M)/c17 and similarly, a single 

faint band was seen in bchs17{M)/cl7 (Figure 16). 
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WB: Actin WB:Actin 

Figure 16. Characterization of Bchs expression level in controls and bchs mutants. The control 

genotypes Canton 5, yw and C155 show three isoforms of Bchs protein in both (A) third insta r 

larval brains and (B) 10-days old adult heads. The over-expression (OE) of Bchs using C155/yw; 

EP2299/+ leads to a significant increase in all three Bchs isoforms while the knock-down of Bchs 

using both VDRC id 45028 (bchs RNAi (1}) and VDRC id 110785 (bchs RNAi {2)) recombined with 

UAS-dicer2 results in a significant reduction of all Bchs isoforms especially in aged adult heads. 

bchs58{M}/c17 and bchs17{M)/cl7 also showed negligible levels of Bchs protein. Actin is used as 

a loading control. 
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Figure 17. There are three alternatively spliced isoforms of the large adaptor Bchs protein . 

Based on reverse transcription PCR results (unpublished data by Dr. Kathleen Osborne), the 

bchs gene has three alternatively spliced transcripts as shown by the exons in blocks and the 

introns in lines. The identifiable domains and respective protein sizes for the different isoforms 

are indicated. The bchs58 mutation affects the largest isoform while bchs17 mutation affect s 

the largest and intermediate isoforms. RNAi construct (highlighted in yellow) from VDRC id 

45028 targets against exon 9 of the largest isoform and that from VDRC id 110785 targets 

against exon 5 on all three Bchs isoforms. It is noted that the smallest Bchs isoform, the only 

one remain ing intact in bchs17, lacks the PH-BEACH domain. 
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3.6 Pharmacological induction of autophagy ameliorates bchs RP2 motoneuronal death 

Rapamycin is a well-known inducer of autophagy via inhibition of the target of rapamycin (TOR) 

serine/threonine kinase activity (Noda and Ohsumi, 1998; Sarkar et al., 2009). Its mode of 

action involves binding to the immunophilin FK506-binding protein 12 (FKBP12) which together 

stabilizes the interaction between TOR and regulatory associated protein of TOR (Raptor), 

consequently inhibiting TOR kinase activity and relieving the suppression on autophagy (Chiu et 

al., 1994; Hara et al., 2002; Kim et al., 2002). Based on the homology between Bchs and ALFY, 

the latter of which participates in selective autophagic degradation, and the conserved role of 

BEACH family proteins in the lysosomal trafficking pathway, we proceeded to investigate 

whether rapamycin feeding from first instar to third instar larvae is able to modulate the RP2 

degenerative phenotype in three different allelic mutations of bchs. 

bchs58(M} and bchs17(M) are isolated in our laboratory by Dr. Kathleen Osborne and have the 

EP element mobilized precisely from the first intron of the original strains bchs58(0} and 

bchs17(0} respectively. Excision of the EP element insertion from these alleles was desirable 

because bchs58(0) and bchs17(0} were derived from the UAS-containing EP2299 line using 

ethyl methanesulfonate (EMS) (Khodosh et al., 2006) and the presence of this EP element can 

drive the expression of a truncated Bchs form, which may have an unknown neomorphic effect 

and confound results. bchs17(0) is also a non-sense mutation with a single base change G- A 

at nucleotide position 10983, consequently substituting tryptophan at position 2640 for a stop 

codon. 

As previously reported (Lim and Kraut, 2009), bchs mutants have a significantly reduced RP2 

motor neuron survival compared to wild-type control (Figure 18). The supplementation of 111M 

rapamycin in food resulted in an increased percentage of RP2 motor neuron survival for all bchs 

mutants, the effect of which was most significant for bchs58(0}/cl7 and bchs58(M)/cl7, and 

milder for bchs17(M)/cl7 (Figure 18). This suggests that autophagy is deficient in bchs mutants 

which can be compensated through rapamycin feeding . Unlike bchs58{0}/c17 and 

bchs58(M)/c17, there may be an impairment in a rate-limiting step of the autophagy pathway in 

bchs17(M}/cl7 which interferes with the downstream effects of rapamycin. 
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In order to ascertain the autophagic activity of rapamycin treatment, which has been 

demonstrated to induce autophagosomal formation and autophagic flux in cell lines and 

primary mouse neurons, in our larval system, mCherry-Atg8a autophagosomal marker was 

expressed in muscles using the 248-mef2 Gal4 tissue driver to examine the approximate 

number of autophagosomal punctae. We had thought initially to investigate via Atg8/LC3 

turnover assay using bafilomycin A1, a vacuolar type H+ ATPase inhibitor that prevents 

lysosomal acidification and thus degradation. However, as Filimonenko and co-workers found 

that ALFY siRNA knock-down in Hela cells did not alter the LC3-I/LC3-II ratio compared to 

control siRNA in the presence of bafilomycin A1 (Filimonenko et al., 2010), possibly due to the 

non-detectable small proportion of lysosomal degradation by ALFY-mediated aggrephagy in 

comparison with total basal macroautophagy, this assay was not performed in our study. We 

fed wild-type larvae expressing mCherry-Atg8a in muscles from first instar till third instar with 1 

11M rapamycin and observed in general, an increased formation of punctate autophagosomal 

structures (Figure 19}, providing support for autophagy induction by rapamycin treatment. 
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Feeding of Rapamycin to Larvae 
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Figure 18. Rapamycin feeding ameliorates neuronal death in bchs mutant larvae. Larvae were 

grown in food containing 0.05% ethanol (vehicle) or 1 11M rapamycin from first to third instar 

stage. All the bchs mutants (bchs58(0)/cl7, bchs58{M)/cl7 and bchs17{M)/cl7) showed a 

significant increase in the percentage of RP2 motor neuron survival to varying degrees when 

fed with rapamycin-supplemented food. Error bars represent standard deviation of three 

experimental replicates for each condition which has an average total n of 300 hemi-segments. 

Chi-square test was used for statistical analysis.* p < 0.05, ** p < 0.01 and*** p < 0.001. 
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Figure 19. Rapamycin feeding enhances autophagosome formation in wild-type larvae while 

wortmannin feeding suppresses it. Representative image projections of wild-type larvae over

expressing mCherry-Atg8a in muscles via 248-me/2-Ga/4 and fed from first instar till third instar 

stage in standard food or food containing autophagy-modulating drugs are shown. 40x 

magnification, scale-bar represents 20 ~J.m. 
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3.7 Pharmacological inhibition of autophagy causes RP2 motoneuronal death 

Wortmannin, LY294002 and 3-methyladenine (3-MA} are broad-spectrum phosphatidylinositol 

3-kinase (PI3K} inhibitors that can suppress the activity of three classes of PI3K (Powis et al., 

1994; Vlahos et al., 1994}. The inhibition of different classes of PI3K will have varying effects on 

different steps of the autophagy pathway (Petiot et al. , 2000}; however, these three drugs are 

widely used as autophagy inhibitors at low IC50 (50% inhibitory concentration) via the 

suppress ion of PI3K class Ill which is important for the nucleation of phagophore through PI3P 

production (Biommaart et al., 1997; Seglen and Gordon, 1982}. 

At a lower concentration of 0.2 11M wortmannin, wild-type control, bchs58(0)/cl7 and 

bchs58(M)/cl7 showed a significant reduction of RP2 survival that is further exacerbated with a 

ten-fold increase of wortmannin concentration in bchs mutants but not in wild-type (Figure 20). 

This indicates that autophagy function in wild-type is sufficiently robust to compensate for 

increased perturbations of Vps34 (PI3K class Ill} activity; however, autophagy in bchs mutant 

has evidently been compromised to the extent that it is sensitized to drug-induced decrements 

in autophagic capacity. At 0.2 11M or 211M wortmannin feeding, bchs17(M)/c17 did not exhibit 

an exacerbation of RP2 death (Figure 20) . One possible explanation is that the localized 

recruitment and downstream effects of PI3P-enriched sites which act as a rate-limiting 

initiation step in the autophagy pathway has been disrupted in bchs17(M)/cl7 due to the more 

extensive loss of Bchs isoforms which results in a more severe failure to bind and recruit PI3P 

through the FYVE domain. If this was the case, then further inhibition of PI3P production by 

wortmannin would have no effect . It was shown that wortmannin feeding suppressed the 

formation of mCherry-Atg8a punctae in muscles of wild-type larvae, providing support for 

autophagy inhibition by wortmannin (Figure 19). 

Similarly, the feeding of 5 mM 3-MA caused RP2 death in wild-type, and increased death in 

bchs58(0)/cl7 and bchs58(M)/cl7, but not bchs17(M)/cl7 (Figure 21). This provides support that 

autophagy inhibition by wortmannin and 3-MA at the concentrations used leads to neuronal 

death even in wild-type, and moreover that the localized effects of PI3P may be more impaired 

in bchs17(M)/cl7, thus resulting in its failure to show a response towards wortmannin or 3-MA 

feeding and only a small elevation in RP2 survival when fed with rapamycin. Both wild-type 
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control and bchs mutant larvae were not able to survive beyond the second instar stage at 10 

mM of 3-MA supplemented food, indicating that autophagy function is important for 

maintaining metabolic homeostasis at the whole organism level. 

Feeding of Wortmannin to larvae 
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Figure 20. Wortmannin feeding causes neuronal death in wild-type control and bchs mutant 

larvae. Larvae were grown in food containing 0.05% ethanol (vehicle), 0.2 J..LM and 2.0 11M 

wortmannin from first to third instar stage. The bchs58(0)/cl7 and bchs58{M)/cl7 mutants 

showed a dose-dependent exacerbation of RP2 motor neuron death while the wild-type control 

did not. bchs17{M)/cl7 did not show a response towards wortmannin feeding. Error bars 

represent standard deviation of three experimental replicates for each condition which has an 

average total n of 300 hemi-segments. Chi-square test was used for statistical analysis. ** p < 

0.01 and*** p < 0.001. 
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; Feeding of 3-Methyladenine to Larvae I 
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Figure 21. 3-Methyladenine feeding causes neuronal death in wild-type control and bchs 

mutant larvae. Larvae were grown in standard food or supplemented food with 5 mM 3-MA 

from first to third instar stage. Wild-type, bchs58{0)/cl7 and bchs58{M)/cl7 showed a significant 

decrease in the percentage of RP2 motor neuron survival after 3-MA feeding, except 

bchs17(M)/cl7. Error bars represent standard deviation of three experimental replicates for 

each condition which has an average total n of 300 hemi-segments. Chi-square test was used 

for statistical analysis. ** p < 0.01. 

3.8 Homologous recombination between different bchs and atg alleles 

In order to knock down Bchs expression in the brain using UAS-bchsRNAi, it was necessary to 

recombine this allele with UAS-dicer2 together on the second chromosome. Dicer belongs to 

the class of RNase Ill enzyme that cleaves dsRNA molecules into shorter RNA duplexes which 

then exert a silencing effect on gene expression at the transcriptional level (Bernstein et al., 

2001). Dicer 2, but not Dicer 1, has been demonstrated to enhance the knock-down efficiency 

of transgenic siRNA in Drosophila melanogaster (Dietzl et al., 2007) and Dicer 2 is required to 

cleave siRNA precursors, unlike Dicer 1 which exhibits greater selectivity towards pre-miRNA 

processing (Lee et al., 2004}. In order to verify the presence of the two P element insertions 
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UAS-bchsRNAi and UAS-dicer2 on a single chromosome for each recombination event, primer

specific PCR was performed to detect the insertions. 

As shown in Figure 22, the respective bands for different alleles were detected by gel 

electrophoresis after PCR. Table 3 in the Appendix lists the specific primer pairs and their 

corresponding product size used for detecting each allele. Other sets of homologous 

recombination occur for the pairs of alleles including bchs17(M) and EPgy2 atg7{EY10058} 

(abbreviated as atg7{EY]), bchs17(M} and atg7[d77}, bchs17(M) and UAS-atg1{6A], bchs58(M) 

and atg7{EY], bchs58(M) and atg7{d77}, bchs58(M) and UAS-atg1{6A]. This is required because 

the different atg alleles to be used in the genetic interaction studies are located on the second 

chromosome similarly to bchs17(M) and bchs58(M) which needs to be in heterozygosity with 

the bchs deficiency Df(2L)clot7. Figure 23 shows the sequence verification for bchs17(M) and 

bchs58(M) mutations. As mentioned previously, bchs17(M} has a single base change from TGG 

to TGA (highlighted in yellow box) which results in a stop codon within the BEACH domain of 

Bchs while bchs58(M) has an addition of 3 bases TTA (highlighted in yellow box) and a 

subsequent deletion of 17 bases TCCAGCTCCTGTTTAGC (not shown; wild-type sequence can be 

obtained from FlyBase) which results in amino acids change and a stop codon at mid-length of 

the Bchs protein . 

We wanted to test potential interactions of bchs alleles with gain- and loss-of-function alleles of 

autophagy genes, to examine whether these would modify the phenotype, and thus give 

further support to the idea that neuronal death in bchs mutant is truly due to loss of autophagic 

function. For this purpose, we obtained several mutant or over-expressing alleles in autophagy 

genes. atg7[EY] has an EP element inserted 73 bases upstream of atg7 transcriptional start site; 

atg7{d77} is an atg7 deletion that removes most of exon 4 and whole of exons 5 and 6; UAS

atg1{6A] transgene over-expresses atgl (Juhasz et al., 2007; Scott et al., 2007). atg7{d14} is 

another atg7 deletion that extends longer than atg7[d77} into the first five exons of atg7 and 

the first two exons of neighboring sec6 gene. Unfortunately, attempts to recombine atg7{d14] 

(on right arm of second chromosome) with Df(2L}clot7 (on left arm of second chromosome) in 

order to bring into heterozygosity with atg7[d77} were unsuccessful, in spite of the large 

cytological distance between the two loci (led to lethality; data not shown). The fact that a 
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recombination between the atg7 deficiency and the bchs deficiency was not viable may 

indicate synthetic lethality, and a strong interaction between the two genes. 
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Figure 22. DNA gel electrophoresis of PCR products for specific detection of the different alleles 

used in recombination. Each single putative recombinant male fly was extracted for its genomic 

DNA and primers-specific PCR was performed to verify the presence of the allele. Each lane 

represents individual PCR reaction from the different putative recombinants. "+" indicates 

positive control obtained from the original fly line containing the corresponding allele, while"-" 

indicates negative control obtained from the partnering fly line used in each recombination set. 
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Figure 23. Verification of sequences from bchsll(M) and bchs58{M) alleles. Homozygous 

bchsll{M} and bchs58(M} mutations at different regions of the bchs gene were amplified by 

PCR and the gel-purified DNA products were sequenced. The yellow box highlights the mutation 

caused by a single base change from G ~A in bchsll{M} which results in a stop codon, while 

there is an addition of 3 bases followed by a deletion of 17 bases (not shown) in bchs58{M} 

which results in a frame-shift mutation and subsequent stop codon. 
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3.9 atg7 mRNA expression increases in atgl[EY] 

In order to verify that atgl[EY], when driven with the Gal4 transcriptional activator, over

expresses atg7 mRNA, reverse-transcription PCR was performed using gene-specific primers. 

This was necessary because in published work, it was not demonstrated that the EY insertion in 

fact gives increased expression of Atg7 in this line. There are two alternatively spliced 

transcripts of atg7 as shown in Figure 24. FlyBase has also annotated two atg7 transcripts and 

polypeptides. Adult heads obtained from the genotype C155/yw; atg7[EY]/+ have significantly 

elevated levels of both atg7 transcripts compared to wild-type Canton S. As expected, it was 

observed that heterozygous atg7[d77]/+ adult heads have slightly lower levels of both atg7 

transcripts than CantonS. As for the atg71oss-of-function alleles, it has been shown by Juhasz 

and co-workers (Juhasz et al., 2007) that atg7[d77]/atg7[d14] (trans-heterozygous mutant for 

atg7) has strongly reduced atg7 expression. 

atg7 
~:·· ~-· ·~-. . : -~~~· ....... ~. :. '~ -~-

-~---· 
rp49 

Figure 24. Reverse-transcription PCR on total RNA isolated from adult heads of wild-type and 

atg7 mutants. C155/yw; atg7[EY]/+ has elevated expression levels of two alternatively spliced 

atg7 transcripts than wild-type Canton S significantly, while atg7[d77]/+ is observed to have 

slightly reduced atg7 expression than CantonS. RT-PCR was also performed on rp49 ribosomal 

RNA as a loading control. 
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3.10 atg7 over-expression rescues the bchs degenerative phenotype 

Atg7 is an El-like ubiquitin activating enzyme which is involved in the conjugation process of 

phosphatidyl -ethanolamine (PE) to Atg8 (lchimura et al., 2000}. Atg7 acts at the first step of the 

two conjugation pathways for ubiquitin-like proteins Atg8 and Atg12 that aids in the expansion 

of the phagophore, while Atgl kinase is positioned upstream in a hierarchical functional order 

of core Atg proteins machinery with an important role in the early steps of signaling initiation 

and isolation membrane nucleation (Geng and Klionsky, 2008; Suzuki et al., 2007). Thus, atgl 

and atg7 alleles were chosen to be recombined with bchs17(M} and bchs58(M) alleles. 

However, the over-expression of Atgl using UAS-atg1{6A] resulted in death of all ace and RP2 

motor neurons (Figure 25) which support previous findings that excessive autophagy induction 

through Atgl leads to apoptosis (Scott et al., 2007). On the other hand, a basal level of Atg7 

was demonstrated to promote neuronal health by suppressing the accumulation of 

ubiquitinated inclusions, thereby contributing towards Drosophila adult longevity (Juhasz et al., 

2007). 

In this study, it is shown for the first time that there is a genetic interaction between bchs and 

atg genes, in the strictest sense of the term, where the loss-of-function phenotype is either 

exacerbated or rescued, by a quantifiable assay. The over-expression of Atg7 rescues 

neurodegeneration substantially, increasing the percentage of RP2 survival to almost 100% in 

both bchs17{M)/cl7 and bchs58(M}/cl7 (Figure 26) . Notably, genetic augmentation of 

autophagy function has a greater efficacy than rapamycin feeding, which is only able to partially 

rescue bchs17(M)/cl7 (Figure 18). bchs58{M)/c17 has a similar percentage of RP2 death as 

atg7[d77}/+ and their combination resulted in a further reduction of RP2 survival. This is not 

the case for bchs17(M}/cl7, where combination with a single copy deletion of atg7 does not 

exacerbate RP2 death (Figure 26) similar to what was observed after wortmannin and 3-MA 

feeding (Figures 20 and 21). This provides additional evidence that bchs58(M) behaves like a 

hypomorph and bchs17(M} behaves like an amorph with near or complete loss of gene 

function . The epistatic relationships revealed by these experiments suggest that Bchs is likely to 

play a role in autophagy upstream of Atg7 because over-expression of Atg7 compensates for 
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Bchs deficiency, while a decrease of Atg7 function further exacerbates the neurodegeneration 

mediated by a hypomorphic (partial) loss in Bchs. 

In order to ascertain the autophagic activity of Atg7 over-expression, an increased formation of 

mCherry-Atg8a punctate structures was observed in wild-type muscles after Atg7 over

expression (Figure 27). Conversely, one chromosomal copy deletion of Atg7 appears to lower 

slightly the approximate number of mCherry-Atg8a punctae in general. 

Figure 25. Over-expression of atgl specifically in ace and RP2 motor neurons via the RRa-eve 

driver leads to their atrophy. Dissected third instar larvae were immunostained with phalloidin 

(F-actin in muscles, blue), anti-futsch, anti-fasciclin (marker for neuronal cytoplasm and 

membrane respectively, red) and anti-GFP (reporter for ace and RP2, green). A representative 

deconvolved image projection acquired at 40x magnification is shown whereby the inter

segmental nerve (ISN) bundle is present but both aCC and RP2 motor neurons are absent. 

Scale-bar represents 20 jlm. 
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Figure 26. The over-expression of atg7 rescues RP2 death in bchs mutants. bchs17(M)/cl7 and 

bchs58(M)/c17 in combination with atg7[EY] rescues RP2 motor neuron survival to almost 100% 

while the combination with atg7[d77} only exacerbates RP2 death in bchs58(M)/cl7. Error bars 

represent standard deviation of three independent experimental replicates with an average 

total n of 300 hemi-segments for each genotype. Chi-square test is used for statistical analysis. 

* p < 0.05 and*** p < 0.001. 
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Figure 27. The over-expression of Atg7 enhances autophagosome formation in wild-type larvae 

while a single copy deletion of Atg7 suppresses it. Wild-type third instar larvae expressed 

mCherry-Atg8a in muscles via 248-me/2-Ga/4 and were combined with atgl{EY] or atg7{d77]. 

Representative image projections acquired at 40x magnification are shown and the scale-bar 

represents 20 11m. 

72 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



3.11 Ubiquitinated aggregates accumulate in neuronal termini of bchs NMJs 

The abnormal accumulation of ubiquitinated aggregates in the adult brains of aged bchs 

mutants (Finley et al., 2003) is the main pathological hallmark for mutation in this gene and was 

the inspiration for its name, blue cheese, because of a similarity in the morphological 

appearance of the afflicted brains to this variety of cheese. This is accompanied by neuronal 

death and overall brain atrophy (Finley et al., 2003), similar to what we have observed with a 

reduction in larval brain volume (Figure 13} and the loss of RP2 motor neurons in bchs mutants 

(Figure 15}. Therefore, we decided to investigate the subcellular distribution of ubiquitinated 

aggregates present within remaining intact neurons of bchs mutants through 

immunohistochemistry at the third instar larval stage which allows more amenable visualization 

of peripheral neurons. Observations of the motor neuron axons and cell bodies in bchs mutants 

did not reveal a noticeable accumulation of ubiquitinated conjugates (Figure 28}. However, it 

was observed that deposition of ubiquitinated conjugates were localized in neuronal termini of 

bchs NMJs (Figure 29}. It seems that the size of ubiquitinated aggregates correlates with the 

severity of RP2 degeneration in different bchs mutants (Figure 15}. In order to analyze the 

accumulation of ubiquitinated aggregates quantitatively, their area sizes are categorized into 

three groups: 0- 1 11m2 (small), 1.1 - 10 11m2 (medium) and 10.1- 50 11m2 (large). The third 

instar larval NMJ of muscle 2, which is innervated by the RP2 motor neuron, was chosen for 

investigation (Schmid et al., 1999). 

bchs58{M)/cl7 and bchs17{M)/cl7 exhibit a significant decrease in the deposition of small 

ubiquitinated aggregates and a concomitant increase in the accumulation of medium and large 

ubiquitinated aggregates compared to the wild-type control (Figure 30}. There is also a shift 

towards the formation of larger ubiquitinated aggregates in bchs58{0)/cl7, albeit to a lesser 

extent than the other two allelic combinations. Although bchs58{0}/c17 has a more severe RP2 

degenerative phenotype than bchs58{M)/cl7 and bchs17{M)/cl7, the percentage of NMJs with 

medium or large ubiquitinated aggregates is comparatively smaller. This could be due to the 

detectable level in bchs58{0)/cl7 whereby most of the RP2 motor neurons with large 

ubiquitinated aggregates may have undergone atrophy. It is interesting to note that these large 

73 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



ubiquitinated aggregates were never observed along motor neuron axons of wild-type and bchs 

mutants, but only at termini. 

Figure 28. Ubiquitinated aggregates were not observed in cell bodies of aCC and RP2 labeled 

with GFP in third instar bchs larval brain. lmmunostaining was performed with anti-GFP (green) 

and anti-ubiquitinated conjugates (mono- and poly-ubiquitin modifications) (red). A 

deconvolved image projection acquired at 40x magnification is shown and the scale-bar 

represents 20 J..lm. 
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Figure 29. Ubiquitinated aggregates were observed in neuronal termini of bchs NMJs. Anti-HRP, 

which has immuno-reactivity against specific carbohydrate moieties present on Drosophila 

neuronal membrane, and anti-ubiquitinated conjugates (mono- and poly-ubiquitin 

modifications) were used for immuno-histochemistry on dissected third instar larval specimens. 

Ubiquitinated aggregates of a similar magnitude as that illustrated in the bchs mutants, which 

also demonstrate atrophying RP2 motor neuron at muscle 2, were never observed in the 

synaptic termini of wild-type NMJs. Wide-field deconvolved image projections were acquired at 

40x magnification and scale-bar represents 20 ~m. 
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Figure 30. The size of ubiquitinated aggregates increases in neuronal termini of bchs NMJs. 

Ubiquitinated aggregates are categorized according to area size into three groups: 0 - 1 11m2 

(small), 1.1 - 10 11m2 (medium) and 10.1- SO 11m2 (large). The NMJ at muscle 2 is chosen for 

investigation. There is a shift towards the accumulation of medium and large ubiquitinated 

aggregates in bchs mutants, with a concomitant reduction in the deposition of small 

ubiquitinated conjugates. Error bars represent standard error of the mean (SEM) for two 

independent experimental replicates with an average total n of 30 hemi-segments for each 

genotype. Chi-square test is used for statistical comparison between the bchs mutants and 

wild-type control. * p < 0.05, ** p < 0.01 and *** p < 0.001. 
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3.12 Rapamycin promotes the clearance of ubiquitinated aggregates in bchs NMJs 

As bchs58{M}/c17 and bchs17{M)/cl7 have a greater observable accumulation of medium and 

large ubiquitinated aggregates than bchs58{0}/cl7, investigation was carried out on the former 

bchs mutants to examine whether the feeding of autophagy-modulating drugs to larval stage 

has an effect on the distribution pattern of ubiquitinated aggregates in RP2 NMJs and whether 

this correlates with motor neuron viability. After bchs58{M)/cl7 and bchs17{M)/cl71arvae were 

fed with 1 11M rapamycin from first instar to third instar stage as described previously, the 

percentages of NMJs containing medium and large ubiquitinated aggregates decreased 

significantly, while the percentage of NMJs containing small ubiquitinated aggregates increased 

significantly {Figure 31A} compared to corresponding bchs larvae that were fed on standard 

food in the absence of rapamycin {Figure 318}. This provides supporting evidence that the 

administration of rapamycin, which has been found to enhance autophagosomal formation and 

autophagy flux in different cellular systems and animal models {Bove et al., 2011; Rubinsztein 

and Nixon, 2010), promotes the degradative removal of ubiquitinated aggregates and prevents 

its accumulation in synaptic termini, thereby contributing towards increased RP2 motor neuron 

survival in bchs mutants (Figure 18}. 

On the other hand, the feeding of 2 11M wortmannin or 5 mM 3-MA did not have an effect on 

the distribution pattern of ubiquitinated aggregates in bchs58{M)/cl7 and bchs17{M)/cl7 

(Figures 32A and 33A} . However, 3-MA feeding caused a significant shift towards the formation 

of medium (but absence of large) ubiquitinated aggregates in wild-type larvae compared to 

corresponding controls that were not fed with 3-MA (Figure 338}. This suggests that there is an 

upper detection limit for the accumulation of ubiquitinated aggregates in NMJs depending on 

the severity of degeneration, as wortmannin and 3-MA led to RP2 death in both wild-type and 

bchs58{M)/cl7 (Figures 20 and 21}. 3-MA may be a more potent autophagy inhibitor than 

wortmannin, because it results in the observable accumulation of ubiquitinated aggregates in 

wild-type larvae (Figure 33A}. Taken together, this indicates that the accrual of ubiquitinated 

aggregates in the synaptic termini of bchs NMJs impedes neuronal homeostasis and can lead to 

atrophy, since rescue of the degenerative phenotype is also accompanied by reduction of 

aggregates. 
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Figure 31. Rapamycin feeding suppresses the accumulation of ubiquitinated aggregates in bchs 

NMJs. There is an increased percentage of NMJs with small ubiquitinated conjugates and a 

concomitant reduction in the deposition of medium and large ubiquitinated aggregates in bchs 

mutants after (A) 1 11M rapamycin feeding compared to corresponding bchs mutants that were 

fed in (B) standard food. Error bars represent standard error of the mean (SEM) for two 

independent experimental replicates with an average total n of 30 hemi-segments for each 

genotype. Chi-square test is used for statistical analysis between feeding in the presence and 

absence of rapamycin . * p < 0.05. 
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Figure 32. Wortmannin feeding did not alter the distribution pattern of ubiquitinated 

aggregates in wild -type and bchs NMJs. There is no significant difference in the deposit ion of 

small, medium and large ubiquitinated aggregates after (A) 2 11M wortmannin feeding 

compared to the corresponding genotypes that were fed in (B) standard food . Error bars 

represent standard error of the mean (SEM) for two independent experimental replicates with 

an average total n of 30 hemi-segments for each genotype. Chi-square test is used for statistical 

analysis between feeding in the presence and absence of wortmannin . 
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Figure 33. 3-MA feeding leads t o a greater deposition of ubiquitinated aggregates in w ild-type 

NMJs. There is a decreased percentage of NMJs with small ubiquitinated conjugates and a 

concom itant increase in the accumulation of medium ubiquitinated aggregates in wild-type 

after (A) 5 mM 3-MA feeding compared to the corresponding control that was fed in (B) 

standard food . Error bars represent standard error of the mean (SEM) for two independent 

experimental replicates with an average total n of 30 hemi-segments for each genotype. Ch i

square test is used for statistical analysis between feeding in the presence and absence of 3-

MA. * p < 0.05. 
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3.13 Autophagic vacuoles accumulate in bchs primary neurons and do not over-lap with 

ubiquitinated aggregates 

As there is an accumulation of ubiquitinated aggregates in neuronal termini of bchs NMJs 

{Figure 29), it is of interest to investigate whether there is an aberrant blockage in any steps of 

the autophagy pathway. Therefore, the subcellular localization of AtgS which marks the pre

autophagosome (but not completed autophagosome) and Atg8 which marks the 

autophagosome and autolysosome were chosen for study in the neuromuscular system of bchs 

third instar larvae. However, there was no detectable difference in the deposition of AtgS or 

Atg8 punctae along motor neuron axons and synaptic termini between wild-type control and 

bchs mutant that could be caused by a problem in immuno-histochemistry (Figure 34} . Due to 

the difficulty of observing sufficient numbers of autophagic vacuoles in motor neurons to reach 

significance (as these represent a small subset of the neuronal populationL primary neurons 

cultured from third instar larval brains was utilized as a tool to study the intracellular 

distribution of AtgS- and Atg8-positive compartments together with ubiquitinated conjugates. 

AtgS-positive compartments accumulate throughout the cell while Atg8-positive compartments 

accumulate preferentially in the neurites of bchs17{M}/cl7 but not in wild-type {Figures 35 and 

36}. In addition, ubiquitinated aggregates are observed in the perikarya and axons of bchs 

mutant but not in wild-type which correlates with the earlier finding that ubiquitinated 

aggregates accumulate in synaptic termini of bchs larval NMJs {Figure 29) . These ubiquitinated 

aggregates found in bchs mutant do not over-lap with either the neighboring AtgS or Atg8 

autophagic vacuoles compared to the control induced to form aggregates by Htt exon one Q93 

expression (as shown by the enlarged image insets in Figures 35 and 36L suggesting that the 

loss of Bchs protein prevents the recruitment of autophagy machinery components around 

target substrates. Therefore, non-degraded substrates accumulate in various parts of bchs 

neuron due to impairment in the early recognition step of the selective autophagy process. 
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Figure 34. There is no detectable observation of AtgS-positive or Atg8-positive compartments in 

either wild-type or bchs NMJs. Dissected third instar larvae were immunostained with anti-HRP 

(Drosophila pan-neuronal membrane marker, green), monoclonal anti-ubiquitinated conjugates 

(red) and polyclonal anti-AtgS or anti-Atg8 (blue). Although there is a notable deposition of 

ubiquitinated aggregates (arrows) in the synaptic termini of bchs17{M}/cl7, neit her AtgS nor 

Atg8 punctae are detected. Image projections were acquired at 40x magnification and the 

scale-bar represents 20 11m. 
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Figure 35. AtgS-positive compartments and ubiquitinated aggregates do not over-lap in bchs 

primary neurons, unlike in the control expressing Htt 093. Primary neurons cultured from third 

instar larval brains of the indicated genotypes were immunostained for endogenous 

ubiquitinated conjugates and AtgS-positive autophagic vacuoles. These structures were also 

observed to accumulate in bchs mutant and in control expressing Htt 093, but not in wild-type 

primary neurons. The scale-bar represents 10 IJ.m. The top-right inset is a Sx digital zoom for the 

indicated region of interest by an arrow showing the deposition of ubiquitinated aggregate. 

Single-plane images were acquired at 100x magnification. 
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Figure 36. Atg8-positive compartments and ubiquitinated aggregates do not over-lap in bchs 

primary neurons, unlike in the control expressing Htt Q93. Primary neurons cultured from third 

inst ar larval brains of t he indicated genotypes were immunostained for endogenous 

ubiquitinated conjugates and Atg8-positive autophagic vacuoles. These structures were also 

observed to accumulate in bchs mutant and in cont rol expressing Htt Q93, but not in w ild-type 

primary neurons. The scale-bar represents 10 11m. The top-right inset is a Sx digital zoom for the 

ind icated region of interest by an arrow showing the deposit ion of ubiquitinated aggregate. 

Single-plane images were acquired at lOOx magnification. 
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B. Physiological roles in the presence of Bchs 

3.14 Bchs associates more with AtgS during selective autophagy and with Atg8 during non

selective autophagy 

Bchs is a BEACH family protein with postulated functions in membrane vesicle transport. In 

order to study the physiological role of endogenous Bchs with different linked compartments of 

the autophagy process under comparison between selective and non-selective autophagy 

conditions, nutrient starvation, rapamycin treatment and Htt exon one polyQ expression were 

used for induction, and Bchs colocalization was assessed with each of the expressed markers 

labeling AtgS, Atg8, Rabll and Spinster. Previous reports have found that Bchs homologue 

ALFY colocalizes with AtgS and LC3 in Hela cells under basal and starved conditions {Simonsen 

et al., 2004). Bchs was shown to partially colocalize with Rabll and Spinster in Drosophila 

embryonic motor neurons under basal conditions {Lim and Kraut, 2009) . However, no 

quantitative study has been conducted to investigate the spatia-temporal relationship of Bchs 

with different trafficking vesicles as a result of different types of autophagy. 

After autophagy induction by different stimuli {starvation, rapamycin or Htt polyQL it was 

observed generally that the size and number of individual Bchs, AtgS and Atg8 punctae 

increased compared to non-treated primary neurons with basal level of autophagy (Figures 37 

and 38) . Bchs was homogeneously distributed throughout the cell and, surprisingly in light of 

published reports, did not colocalize substantially with any single compartmental marker, 

including AtgS {pre-autophagosome) and Atg8 {autophagosomeL under either basal or induced 

autophagy (Figures 37 and 38). Another notable observation was that in cases of over-lap 

between Bchs and the respective markers, the punctae do not completely colocalize with each 

other. An explanation for this observation could be that Bchs is a cytosolic adaptor protein 

which mediates the transient association with different vesicles in a manner reminiscent of 

vesicle recruitment and maturation. 

In order to analyze quantitatively the colocalization of endogenous Bchs with exogenously 

expressed compartmental markers in response to different stimuli, Intensity Correlation 

Analysis from lmageJ was utilized {Li et al., 2004; Schneider et al., 2012). The colocalization 
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parameters produced from this analysis are Rr (Pearson's correlation coefficient), Ch1: Ch2 (the 

ratio of red pixels in Channel 1 to green pixels in Channel 2), M1 (the proportion of Channel 1 

pixels that are also positive in Channel 2) and M2 (the proportion of Channel 2 pixels that are 

also positive in Channel 1). The M2-coloc of Bchs over-lapping with AtgS decreased during 

nutrient starvation compared to non-treated control (Figure 37A and 370). Rapamycin 

treatment, another form of non-selective autophagy, did not show any difference in the 

colocalization between Bchs and AtgS, indicating that the dissociation is specific for starvation 

condition (Figure 378 and 370) . The formation of expanded Htt Q93 led to a significant 

increase in M1-coloc of AtgS over-lapping with Bchs and conversely, a significant increase in 

M2-coloc compared to Htt Q20 (Figure 37C and 370). Thus, the Rr value between Bchs and AtgS 

also increased when Htt Q93 was expressed. This suggests that Bchs associates preferentially 

with AtgS during aggrephagy, however Bchs may dissociate from AtgS during starvation

induced autophagy. The M1-coloc values for AtgS are in general much higher than M2-coloc 

values for Bchs because the ratio of Ch1 (red pixels) : Ch2 (green pixels) is low (Figure 370). The 

increased association of Bchs with AtgS may be due to the higher ratio of AtgS : Bchs {Ch1 : 

Ch2) from the recruitment of cytosolic AtgS into sites of autophagosome formation around 

aggregate-prone proteins. 

The M2-coloc values of Bchs with Atg8 increased significantly after nutrient starvation and 

rapamycin treatment compared to non-treated control, possibly due to the corresponding 

increased Atg8 : Bchs {Ch1 : Ch2) ratios (Figure 38A, 388 and 380). The elevated levels of 

processed Atg8 during nutrient starvation and rapamycin treatment reflect the strength of 

autophagy induction by the type of stimulus, whereby both of the conditions represent non

selective autophagy. On the other hand, there was no significant increase in the proportion of 

Bchs {M2-coloc) over-lapping with Atg8 after Htt Q93 expression which represents a form of 

selective autophagy (Figure 38C and 380). A negative control to validate the specificity of Bchs 

and OsRed immunostaining was performed on bchs17{M)/c17 primary neurons not expressing 

the fluorophore-tagged compartmental markers (Appendix Figure lA). 
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Figure 37. Continued on next page. 
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Figure 37. Bchs associates with AtgS during aggrephagy and dissociates from AtgS during 

starvation-induced autophagy. Third instar larval primary neurons were immunostained for 

endogenous Bchs and transgenic RFP-AtgS using anti-Bchs and anti-DsRed antibodies after 

different conditions of autophagy induction: (A) five hours of nutrient starvation by incubation 

with serum-free hemolymph-like 3 (HL-3) buffer, (B) five hours of incubation with 50 nM 

rapamycin in complete medium and (C) Htt normal (Q20) and expanded (Q93) polyQ 

expression. lOOx magnification, scale-bar represents 10 j..lm. Arrowheads indicate regions of 

close association between Bchs and AtgS. The top-right inset shows a lOx zoom of one of the 

indicated regions. (D) Colocalization analysis was performed using lmageJ to obtain Rr 

(Pearson's correlation coefficient), Chl : Ch2 ratio (red : green pixels ratio), Ml (Mander's 

colocalization coefficient for Channel 1) and M2 (Mander's colocalization coefficient for 

Channel 2). Error bars represent standard error of the mean for n = number of single-plane 

images. Unpaired Student's t-test is used for the statistical comparison between treatment and 

non-treatment groups. * p < 0.05, ** p < 0.01 and *** p < 0.001. 
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Figure 38. Continued on next page. 
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Figure 38. Bchs associates more with Atg8 during the induction of non-selective autophagic 

response. Third instar larval primary neurons were immunostained for endogenous Bchs and 

transgenic mCherry-Atg8a using anti-Bchs and anti-DsRed antibodies after different conditions 

of autophagy induction: (A} five hours of nutrient starvation by incubation with serum-free HL-3 

buffer, (B) five hours of incubation with 50 nM rapamycin in complete medium and (C) Htt 

normal (Q20) and expanded (Q93) polyQ expression. lOOx magnification, scale-bar represents 

10 ~m. Arrowheads indicate regions of close association between Bchs and Atg8. The top-right 

inset shows a lOx zoom of one of the indicated regions. (D) Colocalization analysis was 

performed using lmageJ to obtain Rr (Pearson's correlation coefficient), Chl : Ch2 ratio (red : 

green pixels ratio), Ml (Mander's colocalization coefficient for Channel 1) and M2 (Mander's 

colocalization coefficient for Channel 2). Error bars represent standard error of the mean for n = 

number of single-plane images. Unpaired Student's t-test is used for the statistical comparison 

between treatment and non-treatment groups.* p < 0.05, ** p < 0.01 and*** p < 0.001. 
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3.15 Bchs dissociates from Rabll during selective autophagy and is not dependent on 

autophagy stimulus for association with Spinster 

Rab11 localizes onto recycling endosomes and is required for early endocytic membrane 

trafficking and the recycling pathway (Ullrich et al., 1996; Wilcke et al., 2000). It was found that 

Bchs colocalizes partially w ith Rabll in Drosophila embryonic motor neurons and Rabll 

antagonizes Bchs function in synaptogenesis (Khodosh et al., 2006; Lim and Kraut, 2009) . 

Therefore, the spatial relationship of Bchs with Rabll was investigated in primary neurons in 

response to autophagy induction by different conditions. Bchs is generally distributed 

throughout the cell while Rab11 is concentrated at the perinuclear region as shown in Figure 

39 . After autophagy induction by nutrient starvation, rapamycin treatment and Htt polyQ 

expression, it was observed that there is a reduced colocalization between Bchs and Rabll 

compared to non-treated control (Figure 39A, 39B and 39C). Colocalization analysis also 

revealed decreased Rr values after all conditions of autophagy induction (Figure 390). 

Interestingly, Htt Q20 expression resulted in a reduced Rr value despite being the purportedly 

non-aggregating form, similar to the aggregating form Htt Q93. The M1-coloc values of the 

proportion of Bchs over-lapping with Rab11 decreased significantly for both Htt Q20 and Htt 

Q93 expression in agreement with the reduced Rr values. In addition, the Bchs : Rabll (Ch1 : 

Ch2) ratios increased, implying that elevated Bchs levels during Htt protein expression may 

contribute to the dissociation of Bchs from Rab11. These also suggest that Bchs preferentially 

dissociates from Rab11 during selective rather than non-selective autophagy, judging by the 

comparatively much lower Rr values. 

Spinster encodes a twelve-pass transmembrane sphingosine 1-phosphate (S1P) transporter 

localized on late endosomes and lysosomes (Fukuhara et al., 2012; Osborne et al ., 2008; 

Sweeney and Davis, 2002). Spinster is required for the reactivation of TOR complex, a central 

nutrient sensor, following prolonged starvation and has been found to colocalize partially with 

Bchs in Drosophila embryonic motor neurons (Lim and Kraut, 2009; Rang et al., 2011) . Both 

Bchs and Spinster are distributed throughout the cell as shown in Figure 40 under basal and 

induced autophagy conditions; however Spinster levels seem to decrease and cluster at the cell 

periphery after Htt Q20 and Htt Q93 expression (Figure 40C) . One possible explanation is the 
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re-distribution of Spinster-positive amphisomes and autolysosomes around xenogeneic Htt 

protein, but not during starvation-induced autophagy or TOR inhibition . However, 

colocalization analysis did not demonstrate any significant differences in the levels and 

association between Bchs and Spinster under the various stimuli examined (Figure 400), 

indicating that the type of autophagy stimulus does not affect the association of Bchs with 

Spinster. Bchs may act as an adaptor for Spinster during sphingolipid signaling in a manner 

similar to FAN (factor activating neutral-sphingomyelinase) which is also a protein member of 

the BEACH family (Segui et al., 1999). As noted previously, Spinster is a S1P transporter and S1P 

can activate autophagy by inhibiting TORC1 directly (Bedia et al., 2011; Lavieu et al., 2006) . In 

this way, the association between Bchs and Spinster may still participate in the regulation of 

autophagy function, albeit independent of the stimulation. A negative control to validate the 

specificity of Bchs and GFP immunostaining was performed on bchs17{M)/cl7 primary neurons 

not expressing the fluorophore-tagged compartmental markers (Appendix Figure lB). 
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Figure 39. Continued on next page. 
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Figure 39. Bchs dissociates more from Rabll during selective autophagy than non-selective 

autophagy. Third instar larval primary neurons were immunostained for endogenous Bchs and 

transgenic Rabll-GFP using anti-Bchs and anti-GFP antibodies after different conditions of 

autophagy induction: (A) five hours of nutrient starvation by incubation with serum-free HL-3 

buffer, (B) five hours of incubation with 50 nM rapamycin in complete medium and (C) Htt 

normal (Q20) and expanded (Q93) polyQ expression. lOOx magnification, scale-bar represents 

10 11m. The top-right inset shows a lOx zoom of the region of interest indicated by an 

arrowhead. (D) Colocalization analysis was performed using lmageJ to obtain Rr (Pearson's 

correlation coefficient), Chl : Ch2 ratio (red : green pixels ratio), Ml (Mander's colocalization 

coefficient for Channel 1) and M2 (Mander's colocalization coefficient for Channel 2). Error bars 

represent standard error of the mean for n = number of single-plane images. Unpaired 

Student's t-test is used for the statistical comparison between treatment and non-treatment 

groups.* p < 0.05, ** p < 0.01 and*** p < 0.001. 

94 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



A 

B 

c 

Control 
(5 Hours) 

Nutrient 
Starvation 
(5 Hours) 

Control 
(5 Hours) 

50nM 
Rapamycin 
(5 Hours) 

HttQ20 

HttQ93 

Figure 40. Continued on next page. 
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Figure 40. The association of Bchs with Spinster does not depend on autophagy stimulation. 

Third instar larval primary neurons were immunostained for endogenous Bchs and transgenic 

Spinster-GFP using anti-Bchs and anti-GFP antibodies after different conditions of autophagy 

induction: (A) five hours of nutrient starvation by incubation with serum-free HL-3 buffer, (B) 

five hours of incubation with 50 nM rapamycin in complete medium and (C) Htt normal (020) 

and expanded (Q93) polyQ expression. lOOx magnification, scale-bar represents 10 11m. The 

top-right inset shows a lOx zoom of the region of interest indicated by an arrowhead. (D) 

Colocalization analysis was performed using lmageJ to obtain Rr (Pearson's correlation 

coefficient}, Chl: Ch2 ratio (red: green pixels ratio}, Ml (Mander's colocalization coefficient for 

Channel 1} and M2 (Mander's colocalization coefficient for Channel 2}. Error bars represent 

standard error of the mean for n = number of single-plane images. Unpaired Student's t-test is 

used for the statistical comparison between treatment and non-treatment groups. 
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3.16 Live imaging of GFP-Bchs with RFP-AtgS or mCherry-AtgSa during autophagy induction 

reveals similar behavior as colocalization study 

In order to study the live trafficking of Bchs with autophagic vesicles under patho-physiological 

conditions, primary neurons cultured from third instar larval brains expressing transgenic GFP

Bchs and RFP-AtgS or mCherry-Atg8a are utilized for live imaging. The GFP-Bchs construct 

consists of GFP fused to the N-terminal of the largest Bchs isoform and was cloned by Dr. 

Kathleen Osborne in the Kraut lab (Figure 17}. As shown in Figure 41A, GFP-Bchs punctae are 

localized adjacent to RFP-AtgS punctae occasionally under basal autophagy. After induction by 

nutrient starvation, it was observed that there is a reduced association between GFP-Bchs and 

RFP-AtgS (Figure 41B}. It is also interesting to note that RFP-AtgS re-organizes itself to 

structures juxtaposed with the nuclear membrane which are reminiscent of the endoplasmic 

reticulum (ER) at 40 minutes of starvation. These structures are likely to be the phagophore 

assembly sites (PAS), consistent with earlier evidence that omegasomes on the ER contribute 

membrane source for the forming phagophore (Hayashi-Nishino et al., 2009; Yla-Anttila et al., 

2009). 

The expression of transfected Htt exon one Q15 resulted in the occasional localization of GFP

Bchs punctae adjacent to RFP-AtgS punctae (Figure 41C} similar to basal (non-induced) 

autophagy conditions after incubation in complete medium. In contrast, the expression of 

transfected Htt exon one Q128 led to an increased association of GFP-Bchs and RFP-AtgS in 

primary neurons (Figure 410} which corresponds with the colocalization analysis performed on 

immunostained specimens (Figure 370}. This provides support that Bchs associates 

preferentially with AtgS during selective autophagy while Bchs may dissociate from AtgS during 

non-selective autophagy. It is observed generally that cytosolic GFP-Bchs punctae are 

distributed throughout the cell which is in agreement with the immunostaining of endogenous 

Bchs. 

Under basal autophagy conditions, some of the mCherry-Atg8a punctae had adjacent GFP-Bchs 

punctae (Figure 42A}. After two hours of nutrient starvation, there was a distinct formation of 

enlarged autophagosomes or autolysosomes as indicated by the growing mCherry-Atg8a 

punctae (Figure 42B}. These punctae had a "doughnut-like" structure and progressed to a 
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"bean-like" structure resembling the cross-section of vesicular compartments. The significantly 

larger punctae also correlate with the elevated level of processed Atg8 (or mammalian LC3-II) 

which is dependent on the strength of autophagy induction as reported previously (Wong and 

Cuervo, 2010; Xie et al., 2008). Starvation-induced autophagy, being an adaptive bulk 

degradation response to physiological insults, has the highest strength of autophagy 

stimulation . However, GFP-Bchs punctae were not observed in the vicinity of mCherry-Atg8a 

punctae during nutrient starvation (Figure 428) although there was an increased M2-coloc 

value of Bchs over-lapping with Atg8a in immunostained specimens with corresponding 

treatment (Figure 380). This could be attributed to the engulfment of Bchs by autophagosomes 

which is non-detectable during live imaging. 

When Htt QlS was expressed, there is no observable over-lap between mCherry-Atg8a and 

GFP-Bchs similar to the basal conditions (Figure 42C). The expression of Htt Q128 also did not 

lead to any changes in the association of mCherry-Atg8a and GFP-Bchs which corroborates the 

colocalization analysis (Figure 420). mCherry-Atg8a accumulated in a focal swelling along the 

axon (left arrow in Figure 420) which is likely to be dysfunctional autophagic vesicles entrapped 

in the meshwork of expanded polyQ Htt aggregates. In addition, there was a mCherry-Atg8a 

streak which appeared to be moving in a retrograde direction towards the focal swelling but did 

not exit from it to transport to the cell soma. Therefore, the live imaging study shows the lack 

of interaction between Bchs and Atg8 under the various conditions of autophagy induction, 

suggesting that Bchs does not play a role with Atg8 during the autophagy process. 
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Figure 41. Continued on next page. 
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Figure 41. Live imaging shows GFP-Bchs associating with RFP-AtgS during aggrephagy. Primary 

neurons cultured from third instar larval brains expressing GFP-Bchs and RFP-AtgS were imaged 

live at time intervals of 10 minutes in the following conditions at room temperature: (A} 

incubation with complete medium, (B) incubation with HL-3 buffer, (C) 48 hours after 

transfection with Htt QlS and (D) 48 hours after transfection with Htt Q128. The representative 

dimension for the scale-bar is as shown. The top-right inset shows a Sx digital zoom of the 

region of interest indicated by an arrow. Each single-plane image was acquired at lOOx 

magnification. 

101 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



A 

B 

Figure 42. Continued on next page. 

102 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



c 

D 

Figure 42. Continued on next page. 
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Figure 42. Live imaging does not show a difference in the association of GFP-Bchs with 

mCherry-Atg8 under any condition of autophagy induction. Primary neurons cultured from 

third instar larval brains expressing GFP-Bchs and mCherry-Atg8a were imaged live at time 

intervals of 10 minutes in the following conditions at room temperatu re: (A) incubation with 

complete medium, (B) incubation with HL-3 buffer, (C) 48 hours after transfection with Htt QlS 

and (D) 48 hours after transfection with Htt Q128. The representative dimension for the scale

bar is as shown. The top-right inset shows a Sx digital zoom of the region of interest indicated 

by an arrow. Each single-plane image was acquired at lOOx magnification . 
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3.17 Bchs does not form a complex with kinesin or dynein 

We have shown in thi s work that Bchs associates and dissociates with different membrane 

vesicles, notably AtgS-positive phagophores and Rabll-positive recycling endosomes 

respectively, under induced selective autophagy conditions. It is al so known that the 

anterograde transport of late endolysosomes is disrupted along motor neuron axons in bchs 

larvae (Lim and Kraut, 2009). Based on these observations, we were interested in investigating 

whether Bchs forms an adaptor for the motor protein assembly on microtubules with their 

designated cargo vesicles. Co-immunoprecipitation assay revealed that Bchs does not interact 

with kinesin heavy chain (KHC) and dynein heavy chain (DHC) either directly or indirectly (Figure 

43). However the APP-Iike interacting protein 1 (Aplip1), which is the Drosophila homologue of 

mammalian JNK interacting protein 1 (JIP1) and reported to bind to kinesin light chain (KLC) 

(Horiuchi et al., 2005), was shown as a positive control to interact with kinesin using Flag-Aplip1 

for pull -down (Figure 43). 

CantonS WB: Dynein heavy chain (550 kDa) 

CantonS WB: Kine sin heavy chain (1 20 kDa) 

Flag-Aplip1 OE WB: Kinesin heavy chain (1 20 kDa) 

Figure 43. Bchs does not interact with the motor proteins kinesin or dynein. Rabbit anti-Bchs 

lgG was used for immunoprecipitation (IP) of endogenous Bchs in Canton S adult heads (top 

and middle panels) and subsequently probed for DHC or KHC in Western blots (WB). Over

expression (OE) of Flag-Aplip1 and using mouse anti-Flag lgG for IP (bottom panel) was shown 

as the positive control for interaction with kinesin . Total heads lysate and the negative control 

for IP using total rabbit or mouse lgG were also probed for the indicated proteins. 
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4. Discussion 

The pathological manifestations of many neurodegenerative disorders are usually accompan ied 

by the accumulation of cytotoxic aggregates such as amyloid plaques in Alzheimer's disease, 

Lewy bodies in Parkinson's disease, poly-glutamine tracts in Huntington's disease and 

ubiqu itinated inclusions in amyotrophic late ral sclerosis (ALS). Many studies have established a 

lin k in the disruption of autophagy with these disorders (Boland et al., 2008; Levine and 

Kraemer, 2008; Ravikumar et al., 2002) . Both the UPS and autophagy pathway play 

complementary important roles for mainta ining metabolites turnover and intracellular 

homeostasis via different specificities for target substrates. When the UPS is defective, 

autophagy acts as a compensatory mechanism to eliminate ubiquitinated proteins that will 

otherwise aggregate. Autophagy function was also found to decline with age (Cuervo and Dice, 

2000) . Therefore, the accumulation of ubiquitinated inclusions in aged bchs bra ins compared to 

age-matched control (Finley et al., 2003) is likely due to a compromised autophagy function in 

bchs mutant. 

The human ALFY protein, which is the orthologue of Drosophila melanogaster Bchs, was found 

to be required for the degradation of aggregate-prone proteins via the binding and recruitment 

of p62 through PH-BEACH domain and interaction with AtgS through WD40 repeats in a cellular 

system (Clausen et al., 2010; Filimonenko et al., 2010) . However, studies have not been 

reported to demonstrate impaired autophagy function in bchs animals. Although a genetic 

modifier screen for Bchs over-expressing rough eye phenotype showed several atg genes as 

genetic modifiers (Simonsen et al. , 2007) and late endolysosomal transport was disrupted along 

motor neuron axons in bchs mutants (Lim and Kraut, 2009), the role of Bchs protein during the 

autophagy process has not been examined in neuronal tissues in vivo . In order to characterize 

the step at which Bchs is involved in the autophagy pathway, two main approaches under the 

absence (pathological effects) and presence (physiological roles) of functional Bchs are 

investigated. 
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A. Pathological effects in the absence of Bchs 

We initially measure the brain volume from third instar larvae to be utilized as a tool for the 

study of the modulation of bchs neurodegenerative phenotype from pharmacological 

interventions and genetic interactions. However, it was found that the genetic background of 

varying genotypes can have a significant contribution towards brain volume measurement 

{Figure 13). One method of overcoming this is by performing isogenization to homogenize the 

genetic background of the chromosomes and remove any undesirable recessive lethal alleles 

which may interfere with the gene of interest {Ashburner et al., 2005). lsogenization involves 

the back-crossing of a relevant line to a balancer stock, which has balancer chromosome{s) on 

the first, second or third, for several generations. The balancer chromosome is a unique tool of 

Drosophila genetics that has multiple regional inversions in order to suppress random 

homologous recombination. 

Unfortunately, this was not practically feasible in our study for the genetic interactions 

between different bchs and atg alleles due to the involvement of multiple genotypes that will 

need to be back-crossed to a common stock. It is nevertheless possible to infer based on 

appropriate comparison with the respective background controls, that the loss of Bchs led to 

15% - 17% reduction in larval brain volume {Figure 13), a similar trend observed in aged bchs 

adult brains which had an estimated 40% reduction in brain volume based on linear dimensions 

{Finley et al., 2003). Conversely, the over-expression of Bchs resulted in a 15% increase of larval 

brain volume compared to the respective background control. This is possibly due to one of the 

downstream effects of autophagy function to inhibit apoptosis, although the debate is 

controversial as excessive autophagy could also promote apoptosis {Boya et al., 2005; Pattingre 

et al., 2005; Scott et al., 2007). 

Therefore, we went back to the previous assay to measure the neurodegenerative penetrance 

through a GFP reporter expressed in only a subset of the~ 30 motor neurons in the larval CNS, 

the identified neurons aCC and RP2 {Lim and Kraut, 2009). These motor neurons are two of a 

number of embryonic neurons that express relatively higher endogenous level of Bchs {Lim and 

Kraut, 2009). When there is a bchs mutation, RP2 motor neurons exhibit a significantly reduced 
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viability, but this is not in the case for ace motor neurons which are often present. However, 

ace motor neurons are completely absent after Atg1 over-expression. The discrepancy 

between the viability of RP2 and aCC motor neurons may be due to their innate characteristics 

- RP2 being a fast-twitch neuron and aCC being a slow-twitch neuron. Fast-twitch neurons have 

more mitochondria than slow-twitch neurons, to provide sufficient ATP production; oxidative 

phosphorylation in mitochondria produces ATP faster and more efficiently than cytosolic 

glycolysis (Kuznetsov et al., 1996; Wallace and Fan, 2010). It is hypothesized that selective 

autophagy (i.e. in the case of mitophagy) may play a more prominent role in RP2 rather than 

aCC motor neuron and thus in the absence of Bchs function which promotes autophagy, RP2 is 

susceptible to neuronal atrophy. Although the assay based on RP2 motor neuron death may not 

be representative of neurodegenerative severity as a whole, since this has never been 

rigorously proven by other assays done in parallel (e.g. whole brain ubiquitin content, climbing 

assay etc.), it provides a useful tool for studying the effects of pharmacological modulations and 

genetic interactions on the bchs phenotype. 

Using this assay of scoring for the percentage of RP2 motor neuron survival, it was found that 

the penetrance of bchs degenerative phenotype was influenced by autophagy-modulating 

drugs. After feeding with 1 11M rapamycin, bchs58{0}/c17 showed the highest rescue of RP2 

motor neuron death, followed by bchs58{M)/c17 {Figure 18). bchs17{M}/cl7 showed only a 

small elevation in the rescue of RP2 death when fed with rapamycin, suggesting that a rate

limiting step of autophagy initiation downstream of TORC1 in bchs17{M) may be inhibited. The 

differential responses of these bchs mutants may reflect the presence of alternatively spliced 

Bchs isoforms. Both bchs58{0) and bchs58{M} alleles are hypomorphic mutations that remove 

the largest Bchs isoform while bchs17{M) affects the largest and intermediate Bchs isoforms 

{Figure 17). As a result, bchs17{M}/cl7 is observed to have the least response towards 

autophagy-modulating drugs. bchs58{0}/cl7 has a more severe RP2 degeneration than 

bchs58{M}/cl7 due to the insertion of an EP element in bchs58{0) that can drive the expression 

of a truncated dominant negative Bchs protein. The in vivo rescue of RP2 degenerative 

phenotype in bchs mutants by rapamycin suggests that autophagy function is deficient in bchs 

mutants. In addition to promoting autophagy, rapamycin may also suppress protein synthesis 
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through TORC1 inhibition, thereby alleviating the protein load imposed upon the cellular quality 

control system and preventing the formation of cytotoxic aggregates (Huo et al., 2011). 

On the other hand, inhibition of autophagy through the PI3K inhibitors wortmannin and 3-MA 

led to RP2 loss in wild-type which did not worsen with increasing drug concentration . In 

contrast, an exacerbation of RP2 death in bchs58{0)/cl7 and bchs58{M)/cl7 in a dose

dependent manner was seen (Figures 19 and 20). This indicates that autophagy function is 

sufficiently robust in wild-type to cope with increased pharmacological inhibition while the bchs 

hypomorphs are sensitive towards autophagy inhibition. bchs17{M)/cl7 did not worsen after 

wortmannin and 3-MA feeding, suggesting that the loss of two Bchs isoforms abolished not the 

PI3K activity per se but its downstream effect of PI3P. This may be due to the inability to recruit 

and organize PI3P at sites of phagophore assembly through the FYVE domain in Bchs. Although 

the third and smallest Bchs isoform has FYVE domain but lacks the PH-BEACH domain which 

binds to Ref(2)P (Drosophila homologue of mammalian p62) (Figure 17), we postulate that this 

Bchs isoform does not play a role in autophagy. These experiments indicate that Bchs is likely to 

function downstream of the targets for the drugs, namely TORC1 and class Ill PI3K. It is also 

important to note that wortmannin and 3-MA may affect endocytic trafficking through PI3-P 

levels, subsequently impeding the maturation and fusion of autophagosomes with late 

endosomes. 

To further demonstrate that autophagy is deficient in bchs mutants, the over-expression of 

Atg7 strikingly rescued RP2 survival to almost 100% in bchs17{M)/cl7 and bchs58{M)/cl7 (Figure 

26). Atg7 is an E1-like ubiquitin activating enzyme that participates in the two parallel ubiquitin

like conjugation systems of Atg8 and Atg12 during autophagosome biogenesis (Geng and 

Klionsky, 2008; lchimura et al., 2000). This finding shows for the first time that augmenting 

autophagy through Atg7 over-expression can promote neuronal survival and ameliorate death 

in a neurodegenerative disease model, and that there is a positive genetic interaction between 

Atg proteins and Bchs demonstrated by rescue in a loss-of-function bchs background. Previous 

work from other groups has reported that Drosophila atg7-/- adults also accumulate 

ubiquitinated aggregates in neurons and mouse brain-specific ablation of atg5 or atg71eads to 
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a massive loss of pyramidal neurons in cerebral cortex and Purkinje cells in cerebellar cortex 

(Hara et al., 2006; Juhasz et al., 2007; Komatsu et al., 2006). 

Likewise, in this study, a single copy deletion of atg7 resulted in a similar percentage of RP2 

death as the hypomorphic bchs58{M)/cl7. The recombination of atg7{d77} with bchs58{M) 

slightly exacerbated RP2 death in a non-additive manner while the recombination of atg7{d77} 

with bchs17{M) did not exacerbate RP2 death. This is consistent with the observation that 

autophagy suppression by wortmannin and 3-MA feeding also did not exacerbate the 

bchs17{M)/cl7 phenotype. The above results provide support for the notion that bchs17{M)/cl7 

behaves as a null with respect to autophagy function and that Bchs may act upstream of Atg7 in 

the same pathway due to the rescue by Atg7 over-expression. Unfortunately, another atg7 

deletion atg7[d14} was not able to be recombined with c/7 in order to examine the effect of 

homozygous atg7 deletion on bchs mutants. Both atg7[d14} and c/7 are regional deletions on 

opposite arms of chromosome two, suggesting that the inability to recombine these two alleles 

is not because of cytological proximity, but instead may be due to synthetic lethality, further 

supportive of an agonistic interaction between the atg gene and bchs. Therefore, the 

neurodegenerative phenotype caused by bchs mutation is mediated through a loss of function 

in autophagy that is required for its neuro-protective effects under basal homeostasis and in 

response to cellular stress. 

As the nervous system consists of a major population of post-mitotic neurons and glial cells, it is 

important that protein quality control occurs in a constitutive manner to cope with the high 

protein translational and turnover activity. Ubiquitinated aggregates were found along 

photoreceptor axons in bchs over-expressing late pupae and bchs loss-of-function adult brains 

(Finley et al., 2003; Simonsen et al., 2007). In this study, further evidence is provided for the 

accumulation of ubiquitinated aggregates in different parts of the neuron, specifically the 

synaptic termini of bchs motor neurons in third instar larvae, cytoplasmic processes, and 

perikarya of bchs primary larval brain neurons (Figures 29, 35 and 36) . This indicates that Bchs 

is required for the degradation of target substrates throughout the cell, and indeed low levels 

of Bchs are found throughout the ventral ganglion and brain of third instar larvae in fully 
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differentiated neurons (Dr. Kathleen Osborne, personal communication), although Bchs had 

been reported to be enriched in synaptic boutons of axon terminals (Khodosh et al., 2006) . 

To demonstrate that the ubiquitinated aggregates in synaptic termini of bchs larval NMJs can 

be removed via autophagy, rapamycin feeding suppresses the number and size of ubiquitinated 

aggregates in NMJs, corresponding with an improved RP2 motor neuron survival (Figure 31}. 

Although 3-MA resulted in the deposition of ubiquitinated aggregates in wild-type NMJs, both 

wortmannin and 3-MA did not cause a growth in the number of ubiquitinated aggregates in 

bchs mutant, despite exacerbating RP2 death {Figures 32 and 33}. This underscores the fact 

that the percentage of RP2 survival is not necessarily correlated with the detectable level of 

ubiquitinated aggregates in NMJs, and thereby also suggests that mechanisms of death may be 

multi-factorial (i.e. aggregate-related and -unrelated). Thus, even though the degree of RP2 

degeneration in the order of increasing severity is bchs58(M)/cl7, bchs17(M)/cl7 and 

bchs58{0)/cl7, the distribution of the size of ubiquitinated aggregates is in the reverse order. 

Nonetheless, bchs mutants in general accumulate more and larger ubiquitinated aggregates in 

neuronal termini than wild-type control animals due to an impairment of autophagy function . 

The conditional knockout of atg7 in mouse brain led to the pre-synaptic accumulation of a

synuclein and leucine-rich repeat kinase 2 (LRRK2), both of which are PD-related proteins 

(Friedman et al., 2012). Thus, Bchs and Atg7 may cooperate in the same pathway to eliminate 

unwanted proteins that potentially accumulate in synaptic termini. Interestingly, a recent study 

showed that the early initiation steps of autophagosome formation occur distally and 

constitutively in the neurite tips of mouse primary neurons which mature as the 

autophagosomes are transported retrogradely towards the cell soma in a dynein-dependent 

manner (Maday et al., 2012). Therefore, the enrichment of Bchs protein in vesicular structures 

at synaptic boutons of axon endings as reported by Khodosh and co-workers suggests that Bchs 

may play a more prominent role during the initiation of autophagosome biogenesis at neuronal 

termini. However, this does not imply that autophagic substrates are only degraded at neuronal 

termini, because the internalization of organelles and soluble cargoes by autophagosomes can 

occur along axons (Maday et al., 2012). Our observation of ubiquitinated aggregates in cell 

soma, neurites and synaptic termini of bchs mutant also suggests that the autophagy defect is 
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not limited to a failure of clearance at termini, but may arise from deficits occurring throughout 

the cell. 

In this study, AtgS-positive compartments were also elevated throughout the cell bodies and 

axons of primary neurons while Atg8-positive compartments were elevated predominantly 

along axons of primary neurons in bchs mutant (Figures 35 and 36}. This correlates with the 

earlier report that autophagic vacuoles transport retrogradely along axons and they had been 

found to accumulate in dystrophic neurites of AD brain (Lee et al., 2011; Maday et al., 2012; 

Nixon et al., 2005). In addition, the accumulation of AtgS-marked pre-autophagosomes 

throughout the cell suggests that there is a blockage in the biogenesis and thus downstream 

maturation of autophagosomes because AtgS leaves the latter once the double-membrane 

compartment is sealed and formed completely (Mizushima et al., 2001; Suzuki et al., 2001). 

AtgS accumulation is unlikely to be due to an increase of autophagy induction but rather an 

inhibition of autophagy flux, based on the complementary role between Bchs and Atg7 in the 

genetic interaction study, and the accumulation of ubiquitinated aggregates in bchs mutants. 

Stronger evidence could have been provided through the use of Ref(2)P (or p62), which is an 

autophagy receptor, to measure the turnover activity; unfortunately, this was not possible as 

we were unable to obtain Ref(2)P antibody (Nezis et al., 2008) . The inhibition of autophagy flux 

in bchs mutants may lead to a compensatory mechanism by the cell to up-regulate the 

expression level of AtgS, thus resulting in its accumulation throughout the cell and causing a 

greater load on the autophagy pathway in a manner similar to lysosoma l storage disorders 

(LSDs), in which the abundance of compartments along the autophagic-endocytic-lysosomal 

system is increased, depending on the LSDs sub-type (Platt et al ., 2012) . 

Why is there an inhibition of autophagy flux in bchs mutants caused by the upstream blockage 

at the biogenesis of complete autophagosome and not just attributed to a disruption in 

autophagosomal maturation steps with endosomes and subsequent fusion with lysosomes? In 

addition to the observable accumulation of autophagic vacuoles, these compartments do not 

colocalize with ubiquitinated aggregates in bchs mutant unlike those in wild-type primary 

neurons expressing expanded polyQ Htt protein . This suggests that there is a failure in the 

recognition of ubiquitinated substrates by components of the autophagy machinery and points 
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to a disruption in the involvement of autophagy receptors and adaptors that function as 

molecular bridges (Figure 44) . As a result, autophagic vacuoles are not able to be recruited to 

target substrates for the sequestration of double membrane-bound cargoes. It was reported 

that ALFY protein functions as an autophagy adaptor by binding to p62-positive inclusion bodies 

and Atg5-Atg12-Atg16L multimeric complex directly to promote the clearance of aggresomes 

(Clausen et al., 2010; Filimonenko et al., 2010). In the absence of Bchs, Ref(2)P is still able to aid 

in the polymerization of ubiquitinated substrates through the PB1 (Phox and Bem1) domain 

(Bjorkoy et al., 2005; Nezis et al., 2008) but they cannot be degraded via macroautophagy in a 

similar way as that mediated by ALFY. 
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Figure 44. A schematic diagram showing the relationship of Bchs and autophagy pathway in the 

clearance of aggregate-prone proteins. Bchs associates with AtgS during the induction of 

aggrephagy and plays a role in recruiting components of the autophagy machinery to sites of 

autophagosome formation around ubiquitinated aggregates. Future studies could be aimed at 

investigating whether Bchs interacts with a selective autophagy receptor, such as Ref(2)P, in 

order to recognize target substrates for degradation. Based on pharmacological modulations 

which partially rescues bchs degenerative phenotype with autophagy inducers and exacerbates 

correspondingly with autophagy inhibitors, it is proposed that Bchs acts downstream of the TOR 

complex and PI3K class Ill. Genetic interaction revealed that the over-expression of Atg7 

rescues bchs degenerative phenotype, thus Atg7 is likely to function downstream of or in a 

parallel pathway as Bchs. Although AtgS is required to undergo conjugation reaction by Atg7 

and Bchs associates with AtgS, Bchs adaptor protein can still act upstream of Atg7 by "priming" 

target substrates for the autophagy machinery. 
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B. Physiological roles in the presence of Bchs 

Bchs protein contains both BEACH and FYVE domains with regulatory roles in vesicle trafficking 

and membrane dynamics {Kutateladze, 2010; Shiflett et al., 2002). A structural crystallography 

study revealed strong interaction between the PH domain, which binds to phosphoinositides, 

and the BEACH domain via a groove at the interface that is likely to be involved in the 

interaction with their partner proteins {Jogl et al., 2002). There is also a concanavalin A-like 

lectin domain in the N-terminus of Bchs that binds to oligosaccharide moieties possibly on the 

membrane periphery in order to promote vesicle fusion {Burgess et al., 2009). Only the WD40 

repeats in Bchs do not have a role in binding to membrane sites. With such a strong 

biochemical linkage to membrane vesicles, the idea of dissecting the spatial-temporal 

relationship of Bchs to different processive compartments in vesicle trafficking of the 

autophagy pathway, in the background of various patho-physiological environments is enticing. 

In this study, quantitative colocalization analysis was performed on the subcellular distribution 

of endogenous Bchs and expressed compartmental markers, namely AtgS, Atg8, Rabll and 

Spinster, in response to non-selective and selective forms of autophagy. There is a greater 

association between Bchs and AtgS after the expression of Htt Q93 based on the increased 

colocalization values of Rr, Ml and M2 parameters (Figure 37), indicating that Bchs may 

interact with AtgS to promote the clearance of aggregate-prone proteins during selective 

autophagy similarly to ALFY. Live imaging study using GFP-Bchs and RFP-AtgS expressed in 

primary neurons transfected with Htt Q128 also revealed their increased association (Figure 

410), thus supporting the hypothesis. Interestingly, the M2 value which annotates the 

proportion of green channel pixels over-lapping with red channel pixels showed a reduction in 

the association between Bchs and AtgS during starvation-induced autophagy that was also 

corroborated by the live imaging study. This suggests that Bchs dissociates from AtgS under 

nutrient starvation and is likely to be not required for non-selective autophagy. Therefore, a 

possible scenario arises whereby Bchs can compete for the binding of AtgS for autophagosome 

biogenesis around specific targets and results in a reduced efficiency of bulk cytoplasmic 

degradation to recycle macromolecules during nutrient starvation. 
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In the case for ALFY, this protein is localized specifically on nuclear membrane in Hela cells and 

only translocates out to cytoplasmic structures in the presence of aggregate-prone proteins, 

proposing a mechanism for the spatial restriction of ALFY activity (Filimonenko et al., 2010) . 

However, immunostaining of endogenous Bchs revealed homogeneous distribution throughout 

primary neurons, including their nuclei . Bchs was observed to be more concentrated on the 

nuclear membranes and nuclei in primary neurons occasionally under basal autophagy 

condition (Appendix Figure 2) . The expression pattern of Bchs and ALFY is also highest in 

neuronal tissues compared to other tissue types (Finley et al., 2003; Khodosh et al., 2006; 

Simonsen et al., 2004). This implies that the activity for both proteins is greatest in neuronal 

tissues wherein a constitutively high level of quality control (or selective) autophagy is crucial to 

eliminate unwanted proteins in post-mitotic cells. Starvation-induced autophagy may not play a 

prominent physiological role in the brain being the primary organ for a constant supply of 

glucose and based on a study using GFP-LC3 autophagosomal marker expressed in transgenic 

mice which showed that in vivo autophagy level was elevated in various tissues except the brain 

after starving (Mizushima et al., 2004). 

The M2-coloc value of Bchs over-lapping with Atg8 increased during nutrient starvation and 

rapamycin treatment, both of which are non-selective forms of autophagy induction (Figure 

38). This coincides with higher Chl : Ch2 ratios respectively and it is postulated that the 

increased association between Bchs and Atg8 during non-selective autophagy could be due to a 

higher protein turnover rate in general, including Bchs . It is important to note that the reverse 

scenario with respect to the proportion of Atg8 over-lapping with Bchs (Ml-coloc) and the Rr 

values did not increase correspondingly, supporting the earlier hypothesis. The elevated level of 

autophagy induction as measured by Atg8-positive compartments reflects the strength of 

autophagy stimuli in the increasing order - aggregate-prone protein expression, TOR complex 

inhibition and nutrient starvation - which helps to explain why there is no increase of the 

association between Bchs and Atg8 during aggrephagy compared to non-selective autophagy. 

This is corroborated by the live imaging study on primary neurons whereby there is no 

observation of GFP-Bchs and mCherry-Atg8a over-lapping with each other during Htt Q128 

expression and the significant growth of mCherry-Atg8a vesicular structures after nutrient 
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starvation (Figure 42) . Therefore, Bchs associates with AtgS during aggrephagy and may be 

released together once the autophagosomes are completely formed (Figure 45) . 

Bchs and Rabll colocalize partially in synaptic boutons of larval NMJs and embryonic motor 

neurons; however they perform antagonistic roles towards each other (Khodosh et al., 2006; 

Lim and Kraut, 2009). Bchs promotes synaptogenesis while Rabll inhibits it and another study 

reported that autophagy function is required for synaptic development, suggesting that the 

involvement of Bchs in synaptogenesis is mediated by its function in selective autophagy 

(Khodosh et al., 2006; Shen and Ganetzky, 2009). Indeed, it was shown that the Highwire (Hiw) 

protein, an E3 ubiquitin ligase which suppresses synaptic growth, is degraded by autophagy in 

synaptic termini. It is possible that Rabll antagonizes Bchs through competitive routing of 

recycling endosomal membrane to different target sites, for example, Rabll-positive recycling 

endosomes are mainly trafficked to the plasma membrane under fed condition and only 

extensively contribute membrane to nascent phagophores under amino acid starvation 

(Longatti et al., 2012). Coincidentally, this is when Bchs dissociates from AtgS-positive 

phagophores during starvation-induced autophagy. 

In this study, quantitative colocalization analysis showed decreased Rr values between Bchs and 

Rabll for all the various conditions of autophagy induction; this was even more significant 

when normal and expanded polyQ Htt protein was expressed (Figure 39). Firstly, this provides 

support that Rabll antagonizes the autophagy function of Bchs and secondly, that Bchs is 

selectively employed for the degradation of xenogenic proteins as opposed to non-selective 

autophagy. The higher Chl : Ch2 ratios after the expression of Htt protein also demonstrated 

an increased level of Bchs expression relative to Rabll and was more significant for Htt Q93. 

Although Htt Q20 itself is the non-aggregating form, however this may still be selectively 

removed via autophagy induced on a smaller scale than the aggregating form of Htt Q93. In 

addition, the reduced Ml-coloc values of the proportion of Bchs over-lapping with Rabll 

indicate that Bchs dissociates from Rabll during selective autophagy. Therefore, Rabll 

associates with and Bchs dissociates from phagophores during starvation-induced autophagy 

while on the other hand, Rabll likely dissociates from and Bchs associates with phagophores 

during aggrephagy. This implies that there is a specific stimulus-dependent regulation at the 
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step of phagophore assembly and elongation mediated by both Bchs and Rab11 which are 

antagonistic (Figure 45). It will be interesting to elucidate the exact mechanism of how the two 

proteins antagonize the function of each other at this particular step and how they may serve 

as a checkpoint for switching between non-selective and selective autophagy. 

Spinster is a late endolysosomal protein that encodes a twelve-pass transmembrane nutrient 

efflux transporter and helps in the process of autophagic lysosome reformation (ALR) by re

activating the TOR complex after prolonged starvation (Rang et al., 2011; Sweeney and Davis, 

2002). In the absence of Spinster, enlarged autolysosomes and increased oxidative stress 

resulted due to the inability to regulate the size of lysosomes containing degradative cathepsins 

and hydrolases (Dermaut et al., 2005; Milton et al., 2011). The quantitative colocalization 

analysis of Spinster with Bchs did not reveal any difference in the colocalization parameters of 

Rr, Ch1 : Ch2, M1-coloc and M2-coloc values between basal and induced autophagy, suggesting 

that the association of Bchs with Spinster does not depend on autophagy stimulation (Figure 

40). This is similar to the colocalization analysis with Atg8 whereby there is no increase in the 

overall association between Bchs and Atg8 even under nutrient starvation and rapamycin 

treatment. Therefore, Bchs does not play a role with vesicular compartments belonging to the 

late autophagy process but instead plays a more important role during the early steps of 

autophagy initiation when Bchs dissociates from Rab11-positive recycling endosomes and 

associates with AtgS-positive phagophores under selective autophagy conditions. 

However, Spinster-positive lysosomal vesicles fail to be transported in an anterograde direction 

towards motor neuron termini in bchs larvae (Lim and Kraut, 2009). Thus, subsequent 

investigation was performed to determine whether Bchs may act as a motor protein adaptor 

that binds to both vesicle cargo and motor protein, particularly kinesin, thereby enabling the 

regulation of Bchs by kinases or other signaling proteins to mediate cargo-motor complex 

assembly on microtubules and axonal transport. For example, Aplip1 (Drosophila homologue of 

JIP1) interacts with APPL (APP like)-bound vesicles, KLC (kinesin light chain) and Hemipterous 

(Drosophila homologue of MKK7} whose phosphorylated active form leads to conformational 

change and dissociation of the cargo-motor complex (Horiuchi et al., 2007). Unc76 is another 

adaptor protein that interacts with synaptic vesicles and KHC (kinesin heavy chain) and 
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phosphorylation by ULK1 (Unc51-like kinase 1) results in a greater affinity to membrane 

proteins on synaptic vesicle, such as synaptotagmin 1 (Toda et al., 2008). The co

immunoprecipitation assay showed that Bchs does not form a complex with kinesin or dynein 

(Figure 43} . This suggests that Bchs is not a motor protein adaptor and the defect in 

anterograde transport of Spinster-positive late endolysosomes in bchs mutant could be due to a 

secondary effect from blockage in the maturation process by fusion of late endolysosomes with 

completed autophagosomes. 

The exocytic Q-SNAREs, Sso1 and Sec9, endosomal Q-SNARE Tlg2, and R-SNAREs, Sec22 and 

Ykt6, have been found to be required at the step of autophagosome biogenesis by promoting 

Atg9 recycling through tubulo-vesicular clustering and membrane fusion at PAS (Nair et al., 

2011). In addition, the Q-SNARE Syntaxin 17 (Stx17) localizes onto the outer membrane of 

completed autophagosomes and mediates the fusion with both late endosomes and lysosomes 

in mammalian cells and Drosophila melanogaster (ltakura et al., 2012; Takats et al., 2013). 

Interestingly, the BEACH protein LYST was reported to bind to SNARE proteins (Tchernev et al., 

2002) and this raises the possibility of Bchs interacting with SNARE proteins to promote vesicle 

fusion. Alternatively, the absence of Bchs leads to incompletely formed autophagosomes which 

fail to envelop target substrates, thus causing a subsequent defect in the maturation process 

and inability to fuse with late endolysosomes. It is important to note that the de novo formation 

of autophagosomes per se does not depend on Bchs, for example during starvation-induced 

autophagy, but the selective recognition of ubiquitinated substrates and sequestration by 

sealed autophagosomes for clearance requires the Bchs adaptor protein. 
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Figure 45. A proposed model of the physiological function of Bchs for protein quality control in 

neurons. As both Bchs vesicular compartments and Rabll-positive recycling endosomes are 

found to be enriched in synaptic boutons and partially colocalize with each other, we 

hypothesize that they play regulatory roles which are antagonistic during the initiation of 

autophagosome biogenesis in neuronal termini. Autophagy enhances synapse development 

and Bchs is required for maintaining synaptic morphology while Rabll inhibits synaptic growth. 

Aggregate-prone proteins which are modified by ubiquitination and marked for autophagic 

removal send a signal promoting the dissociation of Bchs and Rabll, thus enabling Bchs to bind 

to AtgS-positive phagophores in neuronal termini. Alternatively, Bchs adaptor protein which 

has dissociated from Rabll subsequently interacts with an autophagy receptor localized onto 

target substrates distributed throughout the cell in order to recruit AtgS-positive phagophores. 

The association of Bchs and Rabll may interfere with the interaction between Bchs and AtgS 

competitively, especially during selective autophagy. These phagophores, with the aid of Bchs, 

sequester ubiquitinated aggregates to form cargo-bound autophagosomes which transport 

along the axon retrogradely to mature into amphisomes and fuse with lysosomes in perikarya 

for degradation. 
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5. Future Work 

The identity of accumulated AtgS-positive and Atg8-positive autophagic vacuoles can be further 

elucidated through transmission electron microscopy (TEM) coupled with immuno-labeling on 

bchs whole-brain slices and motor neuron synaptic termini in order to determine specifically 

which stage of the autophagy process has been disrupted. Motility of bchs third instar larvae 

and climbing assay for bchs adult flies can be performed to provide behavioral assays and 

supplement the degenerative assay measured by motor neuron survival. The potential 

interaction of Bchs with Ref(2)P can be investigated via colocalization analysis or co

immunoprecipitation assay under basal and induced autophagy conditions. In addition, the 

dissociation between Bchs and Rabll during selective autophagy remains to be studied for its 

function and regulatory mechanism. The potential interaction of Bchs with SNARE complex 

proteins should also be examined by using a yeast two-hybrid screening library. It will be a 

challenge to study whether there is an inter-relationship between Bchs, Rabll (or other Rab 

GTPases) and Q-SNARE (or R-SNARE) that mediates directionality in vesicle trafficking and 

downstream target membrane docking with fusion events which have an effect on the 

autophagy pathway because Rab proteins aid in the assembly of the SNARE complex between 

specific membrane vesicles (Grosshans et al., 2006; Sogaard et al., 1994). 
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6. Conclusion 

In this study, it is shown that the neurodegenerative phenotype caused by bchs mutation is 

mediated through a loss of autophagy function based on pharmacological modulations and 

genetic interactions. Bchs participates in the early steps of autophagy initiation by acting as an 

adaptor protein that recruits components of the autophagy machinery and target substrates. In 

particular, this study provides evidence that Bchs is involved in selective autophagy and not 

during starvation-induced autophagy. Bchs associates with AtgS and dissociates from Rabll 

significantly upon the expression of aggregate-prone proteins. AtgS and Rabll have been 

reported to participate in autophagosome biogenesis, but Rabll is found to be involved during 

starvation-induced autophagy, which supports the antagonistic roles between Bchs and Rabll. 

In addition, this study shows that Bchs is required for the association of AtgS and Atg8 with 

ubiquitinated substrates, supporting selective cargo recognition. A loss of function in Bchs 

results in the accumulation of ubiquitinated aggregates in various parts of the neuron. 

Therefore, we propose a hypothesis whereby Bchs mainly resides on Rabll-positive recycling 

endosomes in synaptic termini of neurons under physiological conditions, possibly participating 

in exocytic or membrane recycling pathway. Upon the induction of selective autophagy by 

aggregate-prone proteins, Bchs leaves recycling endosomes and recruits Atg5-Atg12-Atg16 E3-

like ligase complex for the initiation of autophagosome biogenesis in neurite tips. These pre

autophagosomes can transport retrogradely along axons to sequester target substrates and 

seal to form autophagosomes which then mature and fuse with lysosomes concentrated in the 

perikarya (Figure 45). 
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8. Appendix 

Allele Primers PCR product (bp) Application 

5' CAGTGCTCCAAGTTTGCGTA 3 ' 
bchs17{M} 526 Sequencing 

5' AGAGTGGGACGATCCGCACG 3' 

5' CTGGACGTICCGGAGTIGTAC 3' 
bchs58{M} 429 Sequencing 

5' ACAGACGATACGGGAAGCAGC 3' 

5' CCTGCAGCCAAGCTIATGAG 3' 
atgl[EY] 922 Gel Electrophoresis 

5 ' TICTGTGACTCAGTGGGTAAG 3' 

5' TGAACATCGATGACAGCCTIG 3' 
atg7{d77] 752 Gel Electrophoresis 

5' GTIGCACAGCATICCACGGA 3' 

5' TCAAACAAGCAAAGTGAACACG 3' 
UAS-atg1{6A] 715 Gel Electrophoresis 

5' AGAGCCACCACATICTCATG 3' 

UAS-bchsRNAi 5' TCAAACAAGCAAAGTGAACACG 3' 

(VDRC 45028) 
595 Gel Electrophoresis 

5' CAGACGATACGGGAAGCAGC 3' 

UAS-bchsRNAi 5' TCAAACAAGCAAAGTGAACACG 3' 

(VDRC 110785) 
492 Gel Electrophoresis 

5 ' CGACGACATGCTGCACATACT 3 ' 

5' TICGTGAATTTCCAGGAGAGC 3' 
UAS-dicer2 597 Gel Electrophoresis 

5'CACAGAAGTAAGGTICCTICACAAAGATCC3' 

Table 3. PCR primers and applications to verify positive recombinants . The alleles for different 

genes used during homologous recombination and their specific primer pairs to perform PCR 

are shown. The respective PCR product sizes and downstream applications for detection are 

indicated. 
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Third instar larval brain volume measurement 

1. CantonS 
2. C155 
3. yw 
4. yw; bchs58{0} 

5. yw; bchs58{0}/Df{2L}clot7 

6. C155/yw 

7. C155/yw; EP2299/+ 

RP2 motor neuron viability assay 

A} Drug feedings 

1. yw; +; RRaCD8GFP 

2. yw; bchs58{0}/Df{2L}clot7; RRaCD8GFP 

3. yw; bchs58{M}/Df{2L}clot7; RRaCD8GFP 

4. yw; bchs17{M}/Df{2L}clot7; RRaCD8GFP 

B) Genetic interactions 

1. yw;+; RRaCD8GFP 

2. yw; bchs58{M}/Df{2L}clot7; RRaCD8GFP 

3. yw; bchs17{M}/Df{2L}clot7; RRaCD8GFP 

4. yw; atg7[EY]/+; RRaCD8GFP 

5. yw; atg7[d77]/+; RRaCD8GFP 

6. yw; bchs58{M}, atg7[EY]/Df{2L}clot7; RRaCD8GFP 

7. yw; bchs58{M}, atg7[d77]/Df{2L}clot7; RRaCD8GFP 

8. yw; bchs17{M}, atg7[EY]/Df{2L}clot7; RRaCD8GFP 

9. yw; bchs17{M}, atg7[d77]/Df{2L}clot7; RRaCD8GFP 

10. yw; UAS-bchsRNAi {45028}, UAS-dicer2/Df{2L}clot7; RRaCD8GFP 

Ubiquitinated aggregates size measurement in larval NMJs 

A} Fed on standard food 

1. yw 
2. yw; bchs58{0}/Df{2L}clot7 

3. yw; bchs58{M}/Df{2L}clot7 

4. yw; bchs17{M}/Df{2L}clot7 
B) Fed on standard food containing autophagy-modulating drugs 

1. yw 
2. yw; bchs58{M}/Df{2L}clot7 

3. yw; bchs17{M}/Df{2L}clot7 
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Colocalization analysis of endogenous Bchs with expressed compartmental markers 

A) Nutrient starvation 
1. C155/+; +; UAS-RFP-AtgS/+ 
2. C155/+; +; UAS-mCherry-Atg8a/+ 
3. C155/+; UAS-Rab11-GFP/+ 
4. C155/+; +; UAS-Spinster-GFP/+ 

B) Rapamycin treatment 
1. C155/+; +; UAS-RFP-AtgS/+ 
2. C155/+; +; UAS-mCherry-Atg8a/+ 
3. C155/+; UAS-Rabll-GFP/+ 
4. C155/+; +; UAS-Spinster-GFP/+ 

C) Huntingtin exon one poly-glutamine Q20 expression 
1. C155/+; UAS-Htt exon1-Q20/+; UAS-RFP-AtgS/+ 
2. C155/+; UAS-Htt exon1-Q20/+; UAS-mCherry-Atg8a/+ 
3. C155/+; UAS-Htt exon1-Q20/UAS-Rab11-GFP 
4. C155/+; UAS-Htt exon1-Q20/+; UAS-Spinster-GFP/+ 

D) Huntingtin exon one poly-glutamine Q93 expression 
1. C155/+; UAS-Htt exon1-Q93/+; UAS-RFP-AtgS/+ 
2. C155/+; UAS-Htt exon1-Q93/+; UAS-mCherryAtg8a/+ 
3. C155/+; UAS-Htt exon1-Q93/UAS-Rab11-GFP 
4. C155/+; UAS-Htt exon1-Q93/+; UAS-Spinster-GFP/+ 

Immunocytochemistry for autophagic structures and ubiquitinated conjugates 

1. yw 
2. yw; bchs17(M)/Df(2L}clot7 
3. C155/+; UAS-Htt exon1-Q93/+ 

Live trafficking studies of GFP-Bchs with RFP-AtgS or mCherry-Atg8a 

1. C155/+; UAS-GFP-Bchs/+; UAS-RFP-AtgS/+ 
2. C155/+; UAS-GFP-Bchs/+; UAS-mCherry-Atg8a/+ 

Table 4. A complete list of final Drosophila melanogaster genotypes used in each of the 

different experiments in this study. 
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A 

B 

Appendix Figure 1. Negative control to validate the specificity of Bchs and fluorophore-tagged 

compartmental markers immunostaining. Third instar larval primary neurons from 

bchs17{M}/cl7 (putative bchs null) genotype were (A) incubated with anti-Bchs and anti-DsRed 

antibodies or (B) incubated with anti-GFP and anti-Bchs antibodies in the absence of RFP-AtgS, 

mCherry-Atg8a, Rabll-GFP and Spinster-GFP expression. Images were acquired at lOOx 

magnification and the scale-bar represents 10 J..lm. 
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Appendix Figure 2. Bchs protein localizes occasionally onto nuclear membrane and nuclei 

under basal autophagy. Wild-type primary neurons from third instar larval brains were cultured 

in complete medium and immunostained for endogenous Bchs. Out of an estimated 150 single

plane images acquired, one image shows the distinct localization of Bchs (A) on nuclear 

membrane and another image (B) in nucleus other than the general observation of a 

homogeneous Bchs punctate distribution throughout the cell. 

141 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



9. Author's Publications 

Kriston-Vizi, J., N.W. Thong, C.L. Poh, K.C. Vee, J.Sim, R. Kraut, and M. Wasser. 2011. Gebiss: an lmageJ 

plugin for the specification of ground truth and the performance evaluation of 3D segmentation 

algorithms. BMC Bioinformatics. 12:232. 

Mok, S., M. lmwong, M .J. Mackinnon, J. Sim, R. Ramadoss, P. Vi, M. Mayxay, K. Chotivanich, K.V. Liang, B. 

Russell, D. Socheat, P.N. Newton, N.P. Day, N.J . White, P.R. Preiser, F. Nosten, A.M. Dondorp, and Z. 

Bozdech. 2011. Artemisinin resistance in Plasmodium falciparum is associated with an altered temporal 

pattern of transcription. BMC Genomics. 12:391. 

Sim, P.L., and K. Heese. 2010. Ligand-dependent activation of the chimeric tumor necrosis factor 

receptor-amyloid precursor protein (APP) reveals increased APP processing and suppressed neuronal 

differentiation. Neurosignals. 18:9-23. 

10. Posters 

Poster Presenter at the 6 th International Symposium on Autophagy (ISA) 2012, Okinawa, Japan 

Poster Presenter at the 6 th Forum of European Neuroscience (FENS) 2008, Geneva, Switzerland 

142 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library


	SIM_POH_LING_JOAN_2014_0001
	SIM_POH_LING_JOAN_2014_0002
	SIM_POH_LING_JOAN_2014_0003
	SIM_POH_LING_JOAN_2014_0004
	SIM_POH_LING_JOAN_2014_0005
	SIM_POH_LING_JOAN_2014_0006
	SIM_POH_LING_JOAN_2014_0007
	SIM_POH_LING_JOAN_2014_0008
	SIM_POH_LING_JOAN_2014_0009
	SIM_POH_LING_JOAN_2014_0010
	SIM_POH_LING_JOAN_2014_0011
	SIM_POH_LING_JOAN_2014_0012
	SIM_POH_LING_JOAN_2014_0013
	SIM_POH_LING_JOAN_2014_0014
	SIM_POH_LING_JOAN_2014_0015
	SIM_POH_LING_JOAN_2014_0016
	SIM_POH_LING_JOAN_2014_0017
	SIM_POH_LING_JOAN_2014_0018
	SIM_POH_LING_JOAN_2014_0019
	SIM_POH_LING_JOAN_2014_0020
	SIM_POH_LING_JOAN_2014_0021
	SIM_POH_LING_JOAN_2014_0022
	SIM_POH_LING_JOAN_2014_0023
	SIM_POH_LING_JOAN_2014_0024
	SIM_POH_LING_JOAN_2014_0025
	SIM_POH_LING_JOAN_2014_0026
	SIM_POH_LING_JOAN_2014_0027
	SIM_POH_LING_JOAN_2014_0028
	SIM_POH_LING_JOAN_2014_0029
	SIM_POH_LING_JOAN_2014_0030
	SIM_POH_LING_JOAN_2014_0031
	SIM_POH_LING_JOAN_2014_0032
	SIM_POH_LING_JOAN_2014_0033
	SIM_POH_LING_JOAN_2014_0034
	SIM_POH_LING_JOAN_2014_0035
	SIM_POH_LING_JOAN_2014_0036
	SIM_POH_LING_JOAN_2014_0037
	SIM_POH_LING_JOAN_2014_0038
	SIM_POH_LING_JOAN_2014_0039
	SIM_POH_LING_JOAN_2014_0040
	SIM_POH_LING_JOAN_2014_0041
	SIM_POH_LING_JOAN_2014_0042
	SIM_POH_LING_JOAN_2014_0043
	SIM_POH_LING_JOAN_2014_0044
	SIM_POH_LING_JOAN_2014_0045
	SIM_POH_LING_JOAN_2014_0046
	SIM_POH_LING_JOAN_2014_0047
	SIM_POH_LING_JOAN_2014_0048
	SIM_POH_LING_JOAN_2014_0049
	SIM_POH_LING_JOAN_2014_0050
	SIM_POH_LING_JOAN_2014_0051
	SIM_POH_LING_JOAN_2014_0052
	SIM_POH_LING_JOAN_2014_0053
	SIM_POH_LING_JOAN_2014_0054
	SIM_POH_LING_JOAN_2014_0055
	SIM_POH_LING_JOAN_2014_0056
	SIM_POH_LING_JOAN_2014_0057
	SIM_POH_LING_JOAN_2014_0058
	SIM_POH_LING_JOAN_2014_0059
	SIM_POH_LING_JOAN_2014_0060
	SIM_POH_LING_JOAN_2014_0061
	SIM_POH_LING_JOAN_2014_0062
	SIM_POH_LING_JOAN_2014_0063
	SIM_POH_LING_JOAN_2014_0064
	SIM_POH_LING_JOAN_2014_0065
	SIM_POH_LING_JOAN_2014_0066
	SIM_POH_LING_JOAN_2014_0067
	SIM_POH_LING_JOAN_2014_0068
	SIM_POH_LING_JOAN_2014_0069
	SIM_POH_LING_JOAN_2014_0070
	SIM_POH_LING_JOAN_2014_0071
	SIM_POH_LING_JOAN_2014_0072
	SIM_POH_LING_JOAN_2014_0073
	SIM_POH_LING_JOAN_2014_0074
	SIM_POH_LING_JOAN_2014_0075
	SIM_POH_LING_JOAN_2014_0076
	SIM_POH_LING_JOAN_2014_0077
	SIM_POH_LING_JOAN_2014_0078
	SIM_POH_LING_JOAN_2014_0079
	SIM_POH_LING_JOAN_2014_0080
	SIM_POH_LING_JOAN_2014_0081
	SIM_POH_LING_JOAN_2014_0082
	SIM_POH_LING_JOAN_2014_0083
	SIM_POH_LING_JOAN_2014_0084
	SIM_POH_LING_JOAN_2014_0085
	SIM_POH_LING_JOAN_2014_0086
	SIM_POH_LING_JOAN_2014_0087
	SIM_POH_LING_JOAN_2014_0088
	SIM_POH_LING_JOAN_2014_0089
	SIM_POH_LING_JOAN_2014_0090
	SIM_POH_LING_JOAN_2014_0091
	SIM_POH_LING_JOAN_2014_0092
	SIM_POH_LING_JOAN_2014_0093
	SIM_POH_LING_JOAN_2014_0094
	SIM_POH_LING_JOAN_2014_0095
	SIM_POH_LING_JOAN_2014_0096
	SIM_POH_LING_JOAN_2014_0097
	SIM_POH_LING_JOAN_2014_0098
	SIM_POH_LING_JOAN_2014_0099
	SIM_POH_LING_JOAN_2014_0100
	SIM_POH_LING_JOAN_2014_0101
	SIM_POH_LING_JOAN_2014_0102
	SIM_POH_LING_JOAN_2014_0103
	SIM_POH_LING_JOAN_2014_0104
	SIM_POH_LING_JOAN_2014_0105
	SIM_POH_LING_JOAN_2014_0106
	SIM_POH_LING_JOAN_2014_0107
	SIM_POH_LING_JOAN_2014_0108
	SIM_POH_LING_JOAN_2014_0109
	SIM_POH_LING_JOAN_2014_0110
	SIM_POH_LING_JOAN_2014_0111
	SIM_POH_LING_JOAN_2014_0112
	SIM_POH_LING_JOAN_2014_0113
	SIM_POH_LING_JOAN_2014_0114
	SIM_POH_LING_JOAN_2014_0115
	SIM_POH_LING_JOAN_2014_0116
	SIM_POH_LING_JOAN_2014_0117
	SIM_POH_LING_JOAN_2014_0118
	SIM_POH_LING_JOAN_2014_0119
	SIM_POH_LING_JOAN_2014_0120
	SIM_POH_LING_JOAN_2014_0121
	SIM_POH_LING_JOAN_2014_0122
	SIM_POH_LING_JOAN_2014_0123
	SIM_POH_LING_JOAN_2014_0124
	SIM_POH_LING_JOAN_2014_0125
	SIM_POH_LING_JOAN_2014_0126
	SIM_POH_LING_JOAN_2014_0127
	SIM_POH_LING_JOAN_2014_0128
	SIM_POH_LING_JOAN_2014_0129
	SIM_POH_LING_JOAN_2014_0130
	SIM_POH_LING_JOAN_2014_0131
	SIM_POH_LING_JOAN_2014_0132
	SIM_POH_LING_JOAN_2014_0133
	SIM_POH_LING_JOAN_2014_0134
	SIM_POH_LING_JOAN_2014_0135
	SIM_POH_LING_JOAN_2014_0136
	SIM_POH_LING_JOAN_2014_0137
	SIM_POH_LING_JOAN_2014_0138
	SIM_POH_LING_JOAN_2014_0139
	SIM_POH_LING_JOAN_2014_0140
	SIM_POH_LING_JOAN_2014_0141
	SIM_POH_LING_JOAN_2014_0142
	SIM_POH_LING_JOAN_2014_0143
	SIM_POH_LING_JOAN_2014_0144
	SIM_POH_LING_JOAN_2014_0145
	SIM_POH_LING_JOAN_2014_0146
	SIM_POH_LING_JOAN_2014_0147
	SIM_POH_LING_JOAN_2014_0148
	SIM_POH_LING_JOAN_2014_0149
	SIM_POH_LING_JOAN_2014_0150
	SIM_POH_LING_JOAN_2014_0151
	SIM_POH_LING_JOAN_2014_0152
	SIM_POH_LING_JOAN_2014_0153
	SIM_POH_LING_JOAN_2014_0154
	SIM_POH_LING_JOAN_2014_0155

