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INTRODUCTION 

 

 Two pathways are responsible for the majority of regulated protein catabolism in 

eukaryotic cells: the ubiquitin-proteasome system (UPS) and lysosomal self-degradation 

through autophagy. Both processes are necessary for cellular homeodynamics by ensuring 

continuous turnover and quality control of most intracellular proteins. 

 Macroautophagy (hereafter autophagy) is an evolutionary conserved cell biological 

process, in which cells degrade self-material in lysosomes. Basal autophagy is involved in the 

degradation of damaged, unused and superfluous organelles and long-lived or unfolded 

proteins and aggregates. Autophagy is generally a pro-survival pathway and contributes to 

constant cellular renewal, and certain external (e.g. starvation) and internal stimuli (e.g. 

hormonal changes) often provoke a very strong autophagic response. Basically, autophagy has 

a cytoprotective role, but both too high or too low levels are deleterious and may lead to 

programmed cell death. 

The process of autophagy can be divided into several distinct steps (Figure 1). An initially 

appearing membrane cisterns called phagophore (or isolation membrane) captures portions of 

the cytoplasm in double-membrane autophagosomes. The outer membrane fuses with that of 

the lysosome to give rise to a degrading autolysosome. The released monomers maintain the 

amino acid pool and energy production necessary for biosynthetic processes. 

The molecular mechanism of autophagy is well-conserved. Atg genes required for this 

process can be divided into functional groups/complexes according to the step in which they 

participate (Figure 1). The most upstream Atg1 kinase complex participates in the initiation, 

while the autophagy-specific Vps34 lipid kinase complex and Atg9, a transmembrane protein 

are involved in the membrane nucleation step. The two ubiquitin-like conjugation systems and 

Atg18/Atg2, a phospholipid effector complex are responsible for growth of the isolation 

membrane and autophagosome formation. Its docking and fusion with lysosomes occurs with 

the help of the HOPS complex and specific SNAREs. Vha proteins form the proton pumps 

that acidify lysosomes, so the hydrolases can degrade the contents of autolysosomes. 

 UPS is considered to be the other main route for regulated protein degradation, besides 

the lysosomal system in eukaryotic cells. Proteasomal activity is essential for eliminating 

excess or unfolded proteins and thus contributes to quality control. The selective and often 

well-timed degradation of short-lived regulatory proteins by the proteasome regulates 
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multiple physiological and pathological processes. UPS has a key role in DNA repair, cell 

cycle, transcription, certain signaling pathways, immune responses, and apoptosis regulation. 

UPS substrates are polyubiquitinated by an enzyme system: E1 ubiquitin-activating enzyme, 

E2 ubiquitin-conjugating enzyme, E3 ubiquitin-ligase enzyme. The role of the proteasome 

regulatory particle is to recognize, bind and disassemble the polyubiquitin chain, than 

denature and move the protein into the inner chamber of the core particle, where 2x3 

catalytically active β subunits cleave the substrate. 

 UPS and autophagy were long considered as independent, parallel pathways. Recent 

observations challenged this view, suggesting interactions between these degradative routes. 

It is known that there are common substrates and regulatory proteins. For instance, loss of 

autophagy leads to accumulation of ubiquitinated proteins even in case of normal proteasome 

function, as ubiquitinated proteins are also degraded by autophagy, which is mediated by the 

p62/SQSTM-1 type selective autophagy receptors. 

 Regulated protein degradation is a crucial process in the cell, and its impairment is 

observed during several pathological processes. Autophagic degradation of protein aggregates 

can slow down or even inhibit progression of certain neurodegeneration diseases. However, 

excessive autophagy can lead to programmed cell death. During tumorignesis, autophagy can 

help the growth and survival of nutrient-depleted cancer cells. On the other hand, autophagy 

is also a tumor supressor process: autophagy impairment can lead to cancer through increased 

oxidative damage and genome instability. 

 We performed our experiments in Drosophila melanogaster (the common fruit fly), a 

well-known model organism. It has several beneficial features, which make it suitable for 

basic research: small size, rapid development, short lifecycle, cheap maintenance, and a wide 

array of genetic tool and research methods. It is an excellent model for autophagy research as 

well, because autophagy can be induced by starvation, and massive amounts of autophagy are 

observed during developmental elimination of larval organs during metamorphosis. 

 

Figure 1. The main steps and regulation of autophagy (Image courtesy of Péter Nagy).  
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AIMS 

 

The aim of our study was to: 

1. identify new autophagy genes by an in vivo whole conserved genome RNAi screen in 

mosaic fat bodies of Drosophila larvae.  

2. After the completion of this large-scale project, we decided to investigate the link 

between UPS impairment and autophagy. We planned to analyze the effect of 

proteasome silencing on proteasome activity and autophagic induction and 

degradation. We sought to explore the influence of proteasome impairment on 

abnormal protein accumulation, autophagy flux and cell death.  

3. We also planned to examine the link between the hypoxia signaling and autophagy.  

4. Finally, we wanted to study the dependence of proteasome impairment-induced 

autophagy on Hif1α (hypoxia) signaling, p62 and Atg genes with double RNAi 

experiments. 
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METHODS 

 

 An in vivo whole-genome RNAi screen: 

To identify genes involved in autophagy, we carried out an in vivo whole-genome 

RNAi screen. We tested the RNAi effects in mosaic fat bodies of Drosophila larvae. 

 Proteasome activity assay: 

To investigate proteasomal, we used the GFP-CL1 transgenic strain expressing a 

fluorescent reporter of UPS function. This protein is rapidly degraded by the UPS, and 

its steady state levels reflect the functional status of this pathway. 

 Light microscopy: 

The fat bodies of well fed or starved Drosophila larvae were studied with fluorescent 

microscopy. Autophagic structures were labeled with transgenic riporters or 

Lysotracker Red dye for lysosomes. 

 Chloroquine treatment: 

Chloroquine is a non-autophagy specific lysosome inhibitor. To investigate autophagic 

flux, larvae were transferred to fresh medium containing chloroquine for a 24-hour 

treatment. 

 Immunohistochemistry: 

We labeled proteins of interest with immunohistochemical technique in larval fat cells. 

We studied p62, ubiquitin, Atg8a and active caspase 3 accumulation using fluorescent 

microscopy. 

 Transmission electron microscopy: 

Larvae were dissected and fixed in aldehyde and embedded in Araldyte resin. 

Ultrathin sections were cut, stained and viewed on a transmission electron microscope. 

 Reverse transcription PCR: 

Total RNA was isolated from well fed L3 stage larvae, followed by cDNA synthesis 

and PCR amplification. We analyzed the transcription level of p62 and BNIP3. 

 Western blot: 

We prepared protein samples from whole L3 stage larvae and detected proteins of 

interest with western blot technique. We examined the level of p62 and Atg8a protein 

level compared to Tubulin loading control. 
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RESULTS AND CONCLUSIONS 

 

 We carried out an in vivo whole conserved genome RNAi screen to identify new 

autophagy genes. We tested the effect of 7397 transgenic RNAi lines and selected 

213 hits in the primary and secondary screens. We established three different categories: 

AP (autophagosome), AL (autolysosome) and ATG (ATG gene-like) groups. Among the 

hits there are core Atg genes and well known autophagy regulators (e.g. Atg7, Vps34, 

TSC2, FOXO). Besides these genes, half of the hits were not yet described in 

autophagy regulation yet (e.g. Syx17) and there were several genes involved in human 

diseases such as cancer (e.g. Myc). With these experiments we can not only 

understand the mechanisms of autophagy in more detail, but also the autophagic 

function of certain human disease-related genes is revealed. 

 

 Depletion of genes encoding various proteasome subunits leads to impaired 

proteasomal degradation in vivo, as shown by CL1-GFP, p62 and ubiquitin 

accumulation. The inhibition of degradation causes the formation of huge protein 

aggregates. 

 

 Proteasome impairment enhances starvation-induced and basal autophagy. 

Inactivation of proteasome function activates compensatory autophagy in a cell-

autonomous manner, based on fluorescent microscopy, transmission electron 

microscopy and western blots. 

 

 Proteasome subunit RNAi leads to accumulation of cytoplasmic aggregates which 

capture overexpressed riporters. Overexpressed tagged Atg8 is not ideal for 

analyzing autophagy in proteasome RNAi cells, as excess p62-containing aggregates 

incorporate these reporter molecules, due to the physical interaction of p62 and Atg8. 

This artefact may then lead to false conclusions regarding autophagic activity. 

 

 Proteasome impairment enhances autophagic flux. Autophagosomes and 

autolysosomes accumulate not because of the inhibition of autophagic degradation, but 

due to induction of compensatory autophagy. 
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 Activation of hypoxia signaling induces autophagy in Drosophila, potentially 

through BNIP3. Low oxygen level or genetic activation leads to stabilization of the 

sima/Hif1α transcription factor which enhances the expression of several genes in 

cultured mammalian cells. Among them, the transcription level of BNIP3 also 

increases, and may contribute to autophagy induction.  

 

 Proteasome impairment and hypoxia signaling activation does not induce 

apoptosis, although it causes small cell size and rounded cell shape. We found that 

upon proteasome RNAi, the smaller the cells were, the more GFP-CL1, p62 and 

autophagy they had. 

 

 Proteasome inactivation-induced autophagy requires Atg genes and sima/HIF-1α, 

but not p62.  

Compensatory autophagy was dependent on canonical autophagy genes Atg1, Vps34, 

Atg9, Atg4 and Atg12. 

The selective autophagy substrate p62 was found to be dispensable for autophagy 

induction by proteasome RNAi. Therefore, autophagy induction is likely not due to 

accumulation of ubiquitinated proteins, which are delivered to lysosomes by p62. 

Hif1α/sima is a well-known proteasome substrate. Thus, when proteasomal 

degradation is inhibited, sima/Hif1α is stabilized and moves to the nucleus, where it 

activates the expression of several genes. Our RT-PCR experiments revealed that the 

transcription of Drosophila BNIP3 is enhanced upon proteasome subunit RNAi. 

Proteasome inactivation-induced autophagy was decreased upon sima/Hif1α and 

BNIP3 silencing. Our data suggest that proteasome impairment activates autophagy at 

least in part by hypoxia signaling (sima, BNIP3). 

In mammalian cancer cells, hypoxia induces autophagy through the HIF transcription 

factor and its target genes BNIP3 and BNIP3L. A recent genome-wide association 

study identified mutations affecting the UPS pathway in renal cell carcinoma, which 

were associated with increased levels of HIF-1α. Interestingly, cells derived from 

many established cancers show elevated levels of autophagy, and multiple oncogenes 

and tumor suppressors encode enzymes of the UPS involved in ubiquitin conjugation 

or deconjugation. Thus, based on these and our results, activation of hypoxia signaling 

by UPS impairment may be responsible for increased autophagy in the absence of 

hypoxic conditions in a subset of established cancers. 
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