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Introduction 

Autophagy research is a rapidly developing area of biology. This is due 
to the key role of autophagy in essential life processes, e.g. in stress-
responses (starvation, oxidative stress, etc), cell homeostasis, immune 
system, a number of serious human diseases (neurodegenerative diseases, 
cancer, diabetes, etc.) as well as the lifespan regulation. It would therefore 
be of great importance if we were able to influence autophagy in a 
controlled manner. However, for this more detailed knowledge of the 
operation and especially the regulation of autopghagy is needed. Although 
enormous knowledge accumulated so far, the regulation of autophagy and 
its location in the signal transduction network are insufficiently explored 
areas. 

During my PhD work I studied the regulation of autophagy and worked 
on the promotion of autophagy research. I investigated autophagy 
regulation by comparing the autophagy regulation of evolutionarily distant 
species to reveal the similarities and differences. In addition I took part in 
the development of a comprehensive, presently most complete autophagy 
regulation network, covering the majority of currently available 
information, as a member of the NetBiol Network Biology Group at the 
Department of Genetics of the Eötvös Loránd University. The created 
database allows the development and verification of autophagy-related 
theories, and promotes the design of experiments and the interpretation of 
their results. 

 
Autophagy in protozoa 

In recent decades, a huge amount of information has been accumulated 
about autophagy in case of yeast and multicellular eukaryotes. However, in 
recent years a growing number of results have been published on 
researches carried out on protozoa. A number of yeast autophagy protein 
orthologs have been identified in different species. Most of the work 
focused on parasites. Autophagy has proved to be crucial to the life cycle 
of these unicellulars. 

Autophagy induction is closely linked to metabolic stress (starvation) in 
case of Unikonts (Amoebozoa, Fungi, Metazoa). Starvation, in all 
Unikonta species studied to date activates autophagy. The activation is 
mediated by the TOR kinase throught the (not)inhibition of Atg1/ULK1 
autophagy induction complex. The induction process of Unikonta is 
known in detail. In contrast, only very limited and contradictory results are 
available on the connection between starvation and autophagy and the role 
of TOR in the induction in non-Unikont protozoa. 
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Potential autophagosomes were detected, but the Atg8 protein labeling 
was not always succesful. In many cases TOR or starvation failed to 
induce autophagy. All of this shows that not only fairly little information is 
available on the starvation induced autophagy in the Unikont unicellular 
organisms, but they are also very controversial. 

Some comprehensive work have recently taken place, within which 
authors tried to identify homologs of yeast Atg proteins in protozoan 
genomes using bioinformatics methods.  None of the previous studies used 
two different algorithms simultaneously, focused on the issue of induction 
of autophagy and examined the complex differences between the Unikont 
and non-Unikont unicellulars. 

 
Regulation of autophagy 

Since the discovery of autophagy our knowledge about its regulation 
greatly expanded. The most important post-translational regulators of 
autophagy are well known compared to the transcriptional and post-
transcriptional regulators, about which there are currently, only limited 
information is available. Both the insufficient and the overactive 
autophagy could jeopardise survival. For these reasons, autophagy is of 
particular importance and great medical significance. Autophagy is a 
complex process with over 30 executive and inducing protein complexes, 
which should be under strict and precise control of different regulatory 
levels. 

The need for the identification of the regulators is supported by the fact 
that autophagy seems to be a promising therapeutic target in many 
diseases, especially cancer and neurodegenerative diseases. Whereas 
autophagy has a dual role in cancer, therapies must be specific and 
environment-dependent. The first step in the study of autophagy regulation 
as a system, to collect all available information on the regulatory levels. 
Some elements of this huge amount of knowledge are currently available 
in a large number of scientific articles and a variety of bioinformatics – 
protein-protein interactions, transcriptional and post-transcriptional 
regulation – databases. An integrated, properly compiled interaction 
network allows 1) the mapping of all feedback control loops involving 
several regulatory levels; 2) the exploration of tissue, physiological 
condition, illness, drug or even gender-related differences; 3) experimental 
testing of different models set up using mathematical tools. 

There was not any autophagy related bioinformatic database thet have 
fully collected all available data from the literature and protein-protein 
interaction databases and included predicted data covering different levels 
of autophagy regulation. This lack of information led us to develop an 
integrated autophagy regulation database, the Autophagy Regulation 
Networ (ARN; http://autophagy-regulation.org). 
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Goals 

Our primary aim was to study the regulation of autophagy at systems 
level. We wanted to achieve this goal in two ways. On the one hand we 
planned to examine the differences and similarities of autophagy of the 
well-studied model organisms (and man) and the evolutionarily distant 
single-celled organisms and use of analogies and homologies to examine 
the wider context of autophagy regulation. On the other hand, we decided 
to collect as fully as possible the available data related to the functioning 
and regulation of autophagy, and develope a comprehensive database 
covering all regulatory level that, enables systems-level analysis of 
autophagy. This database would allow the detailed mapping of autophagy 
regulation and exploration of new control points. The database also allows 
the more accurate and efficient planning of experiments and facilitates the 
interpretation of the results obtained. 

 
In order to understand more accurately autophagy and its regulation we 

set the following objectives: 
1. In connection with the comparative analysis of eukaryotic unicellular 

organisms we aimed to perform the followings: 
- Study of the presence of autophagy proteins: Can the orthologs of 

yeast autophagy proteins be found in non-Unikont protists? 
Chosen methods: Sequence similarity analysis (BLAST, 
HMMER). 

- Investigation of induction, the key step of autophagy. Chosen of 
method: literature mining. 

- Study the possible deviations from the common TOR–Atg1/ULK1-
complex induction well known in Unikont species. Chosen 
methods: Sequence similarity analysis (BLAST, HMMER). 

- The investigation of Atg1-indepenten autophagy induction 
possibilities in non-Unikont protists. Chosen methods: Sequence 
similarity analysis (BLAST, HMMER), and analysis of 
phosphorylation target sequences and expression patterns. 

 
2. In connection with the construction of autophagy regulatory database we 

aimed to perform the followings: 
- Collection of the experimentally verified interractions of autophagy 

proteins with each other and other – mainly regulatory – proteins 
by manual curation following a predefined protocol. 

- Compilation of the database of the regulators of autophagy proteins 
and their regulatory proteins, transcription factors and miRNAs. 
The sources of information are other interraction databases and 
predictions. 
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- Linking the entire database of the previously developed SignaLink 2 
signalling pathway database, which is a database of manually 
collected protein-protein interractions covering seven major 
signalling pathways (RTK, TGFB / TGF-ß, WNT, Hedgehog, JAK 
/ STAT, Notch, NHR). 

- Creation of a data-source web-site. Researchers can search or 
download the needed information through a user-friendly 
interface. 

 
 
Methods 

Comparative studies of Unikont and non-Unikont species 

We studied the genome of 40 non-Unikont unicellular species. We 
selected exclusively non-Unikonta species having fully sequenced genome 
according to the NCBI Genome database based on its December 2013 
status. 

The search for protein sequence similarities was carried out using the 
BLAST (heuristic algorithms, local sequence alignments) and HMMER 
(probabilistic methods, hidden Markov models) applications. 

The general query sequences were the yeast protein sequences 
(Saccharomyces Genome Database). The sources of other query sequences 
were the following databases: Dictyostelium discoideum: dictyBASE; 
Caenorhabditis elegans: Wormbase; Drosophila melanogaster: Flybase; 
human protein sequences: Ensembl. 

The source of expression data was EuPathDB database, which is a 
collection of pathogenic protozoa genomics and functional genomics 
databases. According to the generally accepted method, we considered an 
expression to be differential when we found at least two-times difference 
between different life stages (we considered an expression to be constant 
bellow this threshold). 

 
Autophagy regulation database (ARN) 

We developed a multi-layered database structure to effectively integrate 
the different regulatory levels of autophagy from external databases. The 
central part of the network is made up of manually curated protein-protein 
interactions of autophagy proteins. 

 
Manual curation of protein-protein interaction data 

The manual curation primarily based on review articles. First, I 
collected all autophagy related protein-protein interactions from the review 
articles. Next, I searched for the original paper experimentally verifying 
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the respective protein-protein interaction. In addition to review articles I 
used the iHOP and Chilibot web applications as well. I searched for 
interactions between autophagy core proteins and between autophagy core 
proteins and their regulators. I checked very strictly every interactions and 
I collected exclusively experimentally verified and human-human 
interactions. 

 
The structure of Autophagy Regulatory Network 

In addition to manually curated data the ARN contains imported and 
predicted information on autophagy proteins and their regulators (proteins, 
transcription factors, miRNAs) as well. The different regulatory levels in 
ARN build on each other in an onion-like structure. 

The direct regulators of autophagy proteins are in the first layer. The 
second layer contains putative regulatory proteins predicted by in silico 
methods. The third layer contains the transcription factors and the protein-
protein interactions among them (manual curation and imported data). We 
integrated the miRNA-mRNA interactions into the fourth layer. The 
transcriptional regulators of miRNAs are in the fifth layer (imported data). 
Then we connected the existing layers with signal transduction pathways 
(SignaLink 2). Finally, we added further protein-protein interactions of all 
existing proteins in the inner layers (experimentally verified and predicted 
data; data imported from interaction databases). 

We integrated from every database all the available confidence scores. 
However, we cvalculated semantic similarity score in case of every 
interacting protein pairs based on their Gene Ontology Biological 
Processes properties. 

We included in ARN for each proteins information about related 
diseases and cancer (data imported from GAD, OMIM and COSMIC 
databases). 
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Results (theses) 

Results related to the study of autophagy induction in non-Unikont 
protists 

I studied the regulation of autophagy using bioinformatics methods. 
In the first part of my thesis I studied the presence of 33 autophagy 

proteins and three regulating kinase in the genome of 40 non-Unikont 
protists. During my work I used sequence-similarity searches.   I found 
that all the examined species has autophagy proteins, but none of them 
containes all orthologs of yeast proteins. 

 
New scientific evidences presented in the first part of my  

dissertation are as follows: 
1. I pointed out that the Atg1 protein and the other members of the Atg1-

complex (Atg13, Atg17, Atg29, Atg31) can not be found in the studied 
non-Unikont protists. 

2. I have shown that the Atg1 orthologs generally verified by other 
publications can not be considered to be correctly identified Atg1 
orthologs, since they lack any sequence-similarities apart from the 
kinase-domaine. It means that these proteins may not have the required 
"Atg1 function" due to complete lack of necessary protein regions. 

3. I demonstrated that there are possible Atg1/ULK1 induction-complex 
independent ways of autophagy induction in non-Unikont protists. 
We managed to identify Atg6/Beclin1 orthologs in half of the 40 
species. In these species post-translational regulation of autophagy is 
possible. 
I showed that the induction of autophagy is possible even in the lack of 
Atg1-complex in non-Unikont parasites: in Trypanosoma brucei 
autophagy can be regulated through the differential expression of key 
proteins. 
 
Our results point to the possible appearance of autophagy close to the 

emergence of eukaryotes. Furthermore, the regulation of autophagy 
induction by metabolic stress in non-Unikont protists may differ from the 
well known conventional way. It is particularly important in case of 
protozoan pathogens, since autophagy is essential in the life cycle of 
parasites. If we can specifically influence the autophagy in these pathogens 
- without the interference with human autophagy regulatory processes - it 
would be a new tool in the defense against unicellular pathogens. 
 
The results related to autophagy regulatory database are as follows: 

The major post-translational regulators of autophagy are well known, 
though without a comprehensive summary. For the precise control of 
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autophagy further transcriptional and post-transcriptional regulators are 
also needed, but these are only available in different databases. In response 
to the lack of systems-level information on autophagy regulation, we 
compiled a comprehensive autophagy database integrating manually 
curated data and external datasources. We developed an on-line data-
source, the Autophagy Regulatory Network (ARN, http://autophagy-
regulation.org/), which is a comprehensive, systems-level database to 
support autophagy related researches. 

 
New scientific results presented in the second half of the 

dissertation are as follows: 
1. We compiled an autophagy regulatory database, the Autophagy 

Regulatory Network (ARN), which contains autophagy core proteins, 
their post-translational, transcriptional and post-transcriptional 
regulators and the interactions among all these proteins and miRNAs, 
respectively. ARN contains the interactions to signalling pathways. 
(ARN contains data from manual curation, predictions and integrated 
external sources; a total of 6262 proteins, 325 miRNAs and 132,159 
interactions.) 

2 I demonstrated that ARN contains more autophagy proteins, autophagy 
regulators and interactions among them, than any other general or 
autophagy-specific protein-protein interaction databases. Currently 
ARN is the most comprehensive and most detailed autophagy-specific 
protein-protein (and protein-miRNA) interaction database. 
 

The ARN provides an opportunity for autophagy related researches, 

especially autophagy regulation, to design more specific experiments and 

more effective interpretation of experimental results. ARN opens the 

opportunity to identify new autophagy regulating transcription factors, 

miRNAs and signalling pathways. New autophagy regulators may be 

important in pharmacological researches on cancer and neurodegenerative 

diseases. 
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Conclusions 

Based on the intensive analysis of the genome of 40 non-Unikont 
species, we can assume that autophagy induction by metabolic stress, is 
not working in the conventional way well known in Unikonts. Further 
studies are needed to clarify the role of TOR in autophagy induction in 
non-Unikont protists. Similarly a possible Atg1/ULK1-independent 
autophagy regulation pathway has to be revealed.  In the absence of 
metabolic stress induction, a characteristic feature of Unikonts, other 
transcriptional and post-translational regulatory methods may participate in 
autophagy regulation. I pointed out that differential expression of certain 
autophagy genes is a possible way of autophagy regulation. In addition, 
through the Atg6/Beclin1 signaling pathway other proteins may also play a 
role in the regulation of autophagy. 

The mapping of non-conventional autophagy induction routes - 
especially in the case of parasitic protozoa – would be an opportunity to 
develop parasite-specific drugs. There are already several drugs against 
pathogenic organisms and parasites that effectiveness was based on their 
different impact on the host and parasites. Without affecting Atg1-
dependent autophagy regulation in humans, modification of the parasite-
specific autophagy induction may have important medical significance. 

 
The Autophagy Regulatory Network (ARN) is a new and 

comprehensive bioinformatics application that focuses on the regulation of 
autophagy. The ARN opens up new possibilities in the study of autophagy 
both in silico and experimental researches in both small-scale and systems-
level testing. At the ARN website (http://autophagy-regulation.org/) 
possible post-translational, transcriptional and post-transcriptional 
autophagy regulators can be easily studied. Because of the medical 
relevance, cancer and disease related information is included.  To help the 
work of the researchers involved in autophagy research the whole ARN 
database or a user filtered part can be download in several different 
formats. ARN is a nich application, filling the blank, which - we hope - 
will allow for autophagy research an easier and more efficient analysis of 
currently available data, may show new directions for future research 
projects and promote medical research related to autophagy. 
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