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Introduction 

Lysosomes have a central role in the degradation processes of eukaryotic cells. Material 

destined for degradation can either be derived from the own cytoplasm of the cell (autophagy) 

or outside of the cell (heterophagy or endocytosis), and components are decomposed by 

hydrolytic enzymes in the acidic lumen of the lysosome (Appelqvist et al. 2013). Autophagy 

and endocytosis are essential, evolutionarily conserved vesicular transport processes of 

eukaryotic cells, and defects in either of these processes can cause severe human disorders 

(Choi, Ryter and Levine 2013, Maxfield 2014). 

Autophagy is induced in response to starvation or other cellular stress factors and it 

plays a crucial, pro-survival role on the cellular and organismal level as well. However, basal 

autophagy has an essential, house-keeping function through maintaining continuous turnover 

of dysfunctional or obsolete organelles (Klionsky and Codogno 2013). Amongst the described 

autophagy-types macroautophagy (hereafter referred to as autophagy) is the most important in 

terms of the complexity and capacity of the process. As the first step of autophagy, a double 

membrane cistern (called isolation membrane or phagophore) sequesters cytoplasmic material 

(even whole organelles such as mitochondria), giving rise to autophagosomes. 

Autophagosomes ultimately fuse with lysosomes to generate digesting autolysosomes. 

In the case of endocytosis primary endocytic vesicles containing extracellular material 

and integral membrane proteins bud off from the plasmamembrane and migrate towards the 

perinuclear region of the cell.  During endosome maturation these vesicles go through 

characteristic changes regarding their size, pH, membrane composition and internal content 

(Huotari and Helenius 2011). Early (sorting) endosomes mature into late (multivesicular) 

endosomes that ultimately fuse with lysosomes to generate digesting endolysosomes. 

Interconnection between autophagy and endocytosis is also notable as late endosomes can fuse 

with autophagosomes as well to form hybrid organelles called amphisomes (Gordon and 

Seglen 1988, Fader and Colombo 2009). Crosstalk between these two main degradative 

pathways defines a complex auto-endolysomal system in eukaryotic cells.  

The auto-endolysosomal system is connected to the secretion pathway through 

bidirectional trafficking routes that create a complex, dynamic vesicular network between the 

organelles of these systems (Saftig and Klumperman 2009). Coordinated function of these 

pathways is the prerequisite of proper lysosome biogenesis, a process through which lysosomes 

acquire hydrolytic enzymes and essential integral membrane proteins. A subset of vesicles 
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derived from the Golgi apparatus carry lysosomal enzyme-enzyme receptor complexes towards 

endosomes. Following the fusion of lysosomes with endosomes, receptor-enzyme complexes 

dissociate and receptors are collected for recycling back to the trans-Golgi network, where they 

can be loaded with newly synthesized enzymes. This retrograde pathway requires retromer, an 

evolutionarily conserved, multiprotein coat complex (Seaman 2005). In higher eukaryotes 

retromer is composed of two, functionally distinct subcomplexes. The central, cargo-selective 

subcomplex is a trimer of Vps (Vacuolar protein sorting) proteins, while the membrane 

deforming subcomplex is composed of Snx (Sorting nexin) proteins. The Vps trimer is required 

for the recognition of cargo proteins, while Snx proteins are involved in the membrane 

recruitment of retromer followed by the generation of membrane curvature to create endosomal 

tubules enriched in cargo proteins (Attar and Cullen 2010).  

The cargo selective subcomplex appears to be extremely well conserved, while Snx 

proteins display a remarkable diversity in higher eukaryotes (Koumandou et al. 2011). Most 

sorting nexins have retromer-independent functions, however, retromer-associated Snx 

proteins can define functionally distinct retromer complexes. Alternative retromer complexes 

with different sorting nexins are involved in distinct sorting events and play various roles in 

normal cell function (Gallon and Cullen 2015, Klinger, Siupka and Nielsen 2015). These 

involve Wingless secretion, maintainance of cell polarity and endosome-to-plasma membrane 

recycling of over a hundred, functionally distinct transmembrane proteins (Franch-Marro et al. 

2008, Pocha et al. 2011, Steinberg et al. 2013). Interestingly, recent studies have implicated 

retromer in the formation of autophagosomes and in the mechanism of receptor-mediated 

endocytosis (Zavodszky et al. 2014, Korolchuk et al. 2007). Thus, an increasing body of 

evidence points to retromer as a central hub that redirects various transmembrane proteins from 

the lysosomal degradation route to the recycling pathway, suggesting a complex role of 

retromer in intracellular trafficking events.  

However, these results are derived from various model systems and no experimental 

data is available concerning the effect of retromer deficiency on the whole auto-endolysosomal 

sytem of the cells of a living organism. Thus, the main aim of my PhD work was the 

investigation of the role of retromer complex in the auto- and heterophagic processes that take 

place in the larval fat body cells of Drosophila melanogaster. 
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Methods 

Model system. Larval fatbody of the fruitfly (Drosophila melanogaster) is the ultimate 

choice to investigate vesicular transport processes such as autophagy and endocytosis. During 

the development of Drosophila larvae, cells of this tissue display high endocytic activity and 

have a central role in the metabolism of macromolecules. In addition, fast, massive autophagic 

response can be induced in the fatbody by amino-acid starvation of feeding larvae.   

Genetics. As a model system Drosophila offers a wide spectrum of genetic tools that 

can be adapted to the fatbody as well. Our work is mainly based on mosaic analysis that allows 

us to investigate the effect of mutations or gene knockdowns by generating cells with different 

genotypes in the same tissue, thus minimizing the effect of enviromental variability. In our 

experiments, we created retromer-deficient cells by generating nullmutant fat cell clones for 

the core protein of the retromer complex. Additionally, we expressed RNA interference (RNAi) 

constructs for retromer components and other proteins that are potentially involved in 

lysosomal enzyme transport.  

 Reverse Transcriptase (RT) PCR. To analyze the efficiency of the used RNAi 

constructs we isolated total RNA from larvae and we used them as templates for RT PCR 

experiments. 

Fluorescent microscopy: immunolabeling and other stainings. To investigate the 

localization of retromer and the distribution of the components of the auto-endolysosomal 

system, we used fluorescent microscopy techniques. We mainly used organellar markers in the 

form of fluorescent fusion proteins. We performed immunostaining to visualize lysosomal 

enzymes and vital staining to label acidic organelles.    

Electronmicroscopy. To analyze the ultrastructure of retromer-deficient fatbody cells 

and to strenghten our results based on fluorescent microscopy, we applied standard sample 

preparation and imaging techniques developed for electronmicroscopic studies.  

Statistical analysis. We quantified and analyzed our data obtained with microscopic 

imaging by using appropriate statistical methods. 
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Results, theses 

1. Using fluorescent reporters of Vps29 and components of the auto-endolysosomal 

system we showed that retromer colocalizes mainly with endosomes, but it is absent 

from autophagic structures in larval fat body cells.    

 

2. By generating nullmutant vps35 fat cell clones we demonstrated that no detectable 

retromer complex can be formed in the absence of Vps35. 

 

3. By investigating vps35 nullmutant and Vps26 or Vps35 knockdown fatbody cells, we 

detected abnormal, enlarged autophagic vesicles. Detailed analysis of these structures 

showed that they represent acidic, dysfunctional autolysosomes. 

 

4. By investigating Vps35 knockdown cells we demonstrated that a subset of abnormal 

autophagic structures of retromer-deficient cells are hybrid amphisomes. 

 

5. Using electronmicroscopy we analyzed the ultrastructure of vps35 nullmutant fatbody 

cells and demonstrated the accumulation of dysfunctional amphisomes and 

autolysosomes that are predominantly filled with intact, undegraded cytoplasmic 

components. Retromer is required for the degradation of auto- and heterophagic cargo, 

but it is not required for the early steps of autophagy and endocytosis as we could detect 

normal autophagosomes and late endosomes in vps35 mutant cells. 

 

6. By immunostaining of the cathepsin L lysosomal enzyme we proved that retromer is 

required for the transport of lysosomal enzymes, as lysosomes of vps35 nullmutant and 

knockdown cells do not contain cathepsin L. 

 

7. By visualizing the distribution of a fluorescent Lerp-reporter and by investigating the 

effect of RNAi-mediated knockdown of Lerp, we showed that retromer functions 

mainly independent of Lerp in larval fat body cells.  

 

8. Using RNAi constructs targeting Snx1, Snx3 and Snx6 we demonstrated the 

accumulation of abnormal lysosomal structures in Snx3 or Snx6 knockdown fatbody 

cells. 
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Discussion 

Based on our results, we propose the following model to summarize our data concerning 

retromer function in Drosophila larval fat body cells. Under normal circumstances (in cells 

with normal retromer function) amphisomes are the main organelles for the degradation of 

lysosomal content derived from inside and outside of fat body cells in both feeding and starved 

larvae. Lysosomal enzymes are transported from the trans-Golgi network to the endosomal 

system presumably by a yet uncharazterized lysosomal enzyme receptor that is different from 

Lerp (Lysosomal enzyme receptor protein). After the dissociation of receptor-enzyme 

complexes, receptors are collected by the retromer complex located mainly on the surface of 

early endosomes for recycling towards the trans-Golgi network, where they can be loaded with 

newly synthesized enzymes. In the absence of retromer, newly synthesized lysosomal enzymes 

fail to reach lysosomes as their receptors are likely to be trapped in endosomes, and the amount 

of the de novo synthesized receptors is likely not sufficient to deliver a satisfactory amount of 

hydrolases to lysosomal structures. Continuously forming autophagosomes and endosomes can 

move towards the perinuclear region of the cells where they form clusters and fuse with each 

other and with lysosomes, giving rise to hybrid organelles. These abnormal amphisomes cannot 

degrade their internal content (despite the fact that their lumen appears to be acidic). Multiple 

fusion events of newly formed autophagosomes and endosomes result in the progressive 

accumulation of enlarged, dysfunctional lysosomal structures in retromer depleted cells. 
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As we could detect normal autophagosomes and late (multivesicular) endosomes in 

retromer depleted fat body cells, we conclude that retromer is not required for the formation of 

auto- and heterophagic vesicles. Thus, our results are in contrast with previous studies that 

describe the function of retromer in autophagosome and endosome formation and suggest that 

retromer has an essential function only in the degradation of auto- and heterophagic cargo in 

larval fat body cells. 

Interestingly, our results suggest that in larval fat body cells retromer functions mainly 

independent of Lerp, the sole lysosomal enzyme receptor identified so far is Drosophila 

(Dennes et al. 2005, Eissenberg et al. 2011, Burgess et al. 2012). Thus, in line with a recent 

study concerning Lerp function (Hasanagic et al. 2015), our results support the possibility that 

Lerp is not the ultimate and universal lysosomal enzyme receptor of the fruitfly. We 

hypothesize that alternative lysosomal enzyme receptors may exist in Drosophila and that these 

receptors may act in a tissue-specific manner.  

As knockdown of Snx3 and Snx6 (a non-BAR and a BAR sorting nexin, respectively) 

both resulted in a phenotype that is similar to that observed in the case of retromer loss-of-

function, we conclude that these sorting nexins are involved in lysosomal enzyme trafficking 

mediated by retromer in larval fat body cells. However, no experimental data is available about 

a membrane deforming subcomplex that contains these two types of Snx proteins (Rojas et al. 

2007, Wassmer et al. 2007, Wassmer et al. 2009). Thus, we hypothesize that two different 

retromer complexes mediate lysosomal enzyme receptor trafficking in larval fat body cells and 

that these complexes may have a slightly different endosomal localization (van Weering, 

Verkade and Cullen 2012, Xu et al. 2001). 

Our work is the first in vivo demonstration of impaired autophagic degradation in 

retromer deficient cells, and highlights an indirect, yet essential role of the retromer-mediated 

endosomal sorting mechanism in autophagy. Importantly, our results support the idea that a 

fully functional endosomal system and the interconnection of auto- and heterophagic pathways 

on the level of amphisomes are the prerequisites of efficient autophagic flux (Filimonenko et 

al. 2007, Rusten and Simonsen 2008). 
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The PhD thesis is based on the following publications 

 

Maruzs, T., P. Lőrincz, Z. Szatmári, S. Széplaki, Z. Sándor, Z. Lakatos, G. Puska, G. Juhász 

and  M. Sass. 2015. Retromer Ensures the Degradation of Autophagic Cargo by 

Maintaining Lysosome Function in Drosophila. Traffic. 16:1088-1107. 

 

Lőrincz, P., Z. Lakatos, T. Maruzs, Z. Szatmári, V. Kis and  M. Sass. 2014. 

Atg6/UVRAG/Vps34-containing lipid kinase complex is required for receptor 

downregulation through endolysosomal degradation and epithelial polarity during 

Drosophila wing development. BioMed research international. 2014. 
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