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1. Summary 

As the number of discovered deafness genes and our knowledge about their role in 

hearing continuously increases, the need to accurately manage this genetic 

information is becoming more apparent. Gene Ontology (GO) is a golden standard 

for gene annotation and the GO database is central to bioinformatics. This thesis 

demonstrates how GO terms can be used to annotate auditory genes and their gene 

products in a systematic and sustainable manner. The GO-based framework 

proposed in this study facilitates the comprehensive annotation of single genes as 

well as the integrated analysis of high-throughput data related to hearing in 

multiple species. This practical framework approaches hearing on various levels 

of molecular complexity comprising genes, transcripts and gene networks: 

Combining emerging data about deafness genes with the adequate bioinformatics 

infrastructure helps to leverage the value of gene annotations and can thus 

contribute to a better understanding of hearing and hearing disorders. In addition 

to utilizing existing bioinformatics tools, a novel web-based application for 

mining the GO database with complex queries is presented and applied to extract 

information about auditory relevant genes. Future perspectives include further 

extension of this flexible framework to other data sources, such as expression 

databases and phenotype ontologies, to build powerful platforms for integrative 

data analysis. This study is a step forward towards systems biology approaches 

that are expected to broaden hearing research horizons and ultimately translate 

into novel strategies for fighting deafness. 
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2. Introduction 

How can we conquer deafness? Comprehensive understanding of the auditory 

system and its mechanisms is a prerequisite for successfully fighting this disease. 

Structural integrity and proper function of the auditory system underlies hearing 

processes: Maintenance of the intricate structures, such as stereocilia, on one side, 

and coordinated activity of molecular players, such as the mechanotransduction 

machinery components, on the other [Steel & Kros, 2001]. Most of our 

knowledge about the genetic aspects of this complex system comes from studying 

deafness mutations and associated phenotypes [Resendes et al., 2001]. The 

discovery of deafness genes and the characterization of their products have 

provided insights how hearing is accomplished on molecular level [Dror & 

Avraham, 2010]. Sequencing of genomes and high-throughput screens have 

significantly contributed to the progress in the genomics of hearing. One of the 

challenges in the so-called “post-genomic” or “omics” era is to handle the 

massively produced genetic data. Being one of the many “omics” sciences, 

auditory genomics also faces this problem. 

Computation, databases and the internet are central concepts in bioinformatics 

[Brusic, 2007]. As more time is spent by biologists for analyzing their data, online 

access to and analysis of biological information becomes a crucial step in 

biological research. Especially the analysis of data from “omics” experiments rely 

on the computational power provided by bioinformatics tools. In this thesis, the 

focus will be on the feasibility of using the Gene Ontology (GO) database 

[Ashburner et al., 2000] to catalogue known deafness genes to facilitate 

discoveries. After introducing the existing GO-based tools, the rationale behind 

the novel application for mining GO data (AGENDA) is discussed. After 

illustrating possible applications of GO in hearing research, broader 

bioinformatics strategies including multiple databases and ontologies will be 

discussed in context of systems biology. As more efficient genetic techniques 

become available and powerful bioinformatics tools to support them are 

developed, the search for deafness genes is expected to accelerate and augment 

our understanding of hearing on the molecular level. 
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2.1. Gene Ontology 

2.1.1 Genetic databases 

Genetic databases archive genetic information and enable online access to it. 

Archiving includes the annotation, formatting and storage of the target data. 

Enabling access to the database allows the user to assess its contents and, in most 

cases, to mine the data. For example, a user interested in the Drosophila nompC 

gene can use AmiGO [Carbon et al., 2009], the official browser of the Gene 

Ontology (GO) database [Ashburner et al., 2000]. There, information about its 

gene product can be accessed and its protein sequence can be used for BLAST 

[Altschul et al., 1990] queries. In this thesis, archiving and accessing issues 

related to the GO database will be examined in the context of hearing research. 

From a programmatic point of view, biological databases tend to be similar in 

their architecture: They are usually built using three layers of software (Figure 1A) 

[Stein, 2003]. Bottom layer includes the database management system (DBMS) 

that handles database queries and presents it to the middle layer. This middle layer 

consists of the database access software and the web server. These programs act 

as a middleware by exchanging data across bottom and top layers. The middle 

layer can also be considered as the “brain of the database“ because it prepares the 

results of the user’s request. The top layer consists of a web interface that interacts 

with the user’s web browser using HTML web pages and thus mediates data 

transmission between the user and the middle layer. A competent database is 

achieved with the successful interplay between these integral parts for the purpose 

of delivering the requested information to the user. This common architectural 

approach was also employed in designing the Application for Mining Gene 

Ontology Data (AGENDA), developed within the course of this thesis. 

From a programmatic point of view, the models describing the design of web 

applications (Figure 1B) [Aravindhan et al., 2009] can also be applied to the 

common biological databases. In the classical model, the interaction between the 

web browser and the web server is based solely on HTML and CSS. In addition to 

HTML and CSS, the novel web applications employ a technique called AJAX 

(Asynchronous Javascript and XML). The AJAX engine enables more user-
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friendly websites and more powerful data transfer. On the other hand, developing 

AJAX web applications is more challenging and time-consuming when compared 

to the classical web applications. Currently, more and more biological database 

are starting to employ the AJAX web applications model. 

 

2.1.2 Gene annotation 

Gene annotation is the process of screening and recording literature and findings 

about genes. Usually gene annotation is achieved through the manual annotation 

that is based on the work of biocurators or experts in the field. In other cases, gene 

annotation can be achieved through the automatically annotation based on 

computational analysis or predictions. There are also web resources that combine 

both types of gene annotation (for example, the GO database). The term “Gene 

annotation” is used in GO database for simplicity and represents virtually 

 

Figure 1: Design of biological databases and web applications.  

A. 3-layered structure of biological databases. Biological databases usually follow an architectural pattern 

of 3 consequent software layers. These layers are the back-end (where the database management system, 

DBMS, handles data), the middle layer (where the database access software and the web server perform 

performes computations) and the front end (where the web interface interacts with a user) [Stein, 2003]. 

B. Classical vs. AJAX-based architecture of the web applications. While classical web applications are 

based solely on HTML and CSS, AJAX web applications also employ the AJAX (Asynchronous 

Javascript and XML) engine [Aravindhan et al., 2009]. 
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information about gene products. The term “gene products” in the GO database 

mostly stand for proteins and in some cases for non-coding RNAs. As result, the 

terms “gene” and “gene product” will be sometimes used interchangeably in this 

thesis. 

Web sources can be based solely on a web interface (a website based solely on the 

HTML pages) or constitute a fully functional biological database, based on the 

three-layered architecture (Figure 1A). In both cases gene annotations are 

presented to the visitors by the web interfaces. In some cases, gene annotations 

can be also extracted programmatically without web browser by using SQL or 

API (application programming interface) queries (for example, the GO database). 

2.1.3 GO project 

The GO Consortium develops and applies controlled vocabularies with the 

purpose of recording and providing gene annotations in a standard manner [Gene 

Ontology Consortium, 2001]. Standard GO terms that serve as controlled 

vocabularies belong to one of the three main GO categories: Molecular Function, 

Cellular Component, and Biological Process [Ashburner et al., 2000]. For 

example, the human protein Myosin-VIIa is among the gene products annotated to 

the GO term “sensory perception of sound”. This is the name for the GO term that 

belongs to the Biological Process category. This GO term is assigned the ID 

“GO:0007605” and its synonym names are “hearing” and “perception of sound”). 

Every GO term has a name, an accession number and sometimes synonym names. 

In addition to “hearing”, Myosin-VIIa is annotated to many other GO terms. For 

example, this protein is associated with “motor activity” (GO term of the 

Molecular Function category) and “plasma membrane” (GO term of the Cellular 

Component category). Using such GO terms, the GO database summarizes 

findings (molecular functions, cellular components, and biological processes) 

about a certain gene products. These findings constitute gene annotations in the 

GO database. 

Just like a single gene product can be related with multiple GO terms, a GO term 

can be associated with multiple gene products. Thus, the GO database contains 

information describing gene products, GO terms and their relationships (if any) to 
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each other. In the GO database, a record about a gene product includes among 

others its symbol, full name and synonyms (if any). For instance, the human 

protein Myosin-VIIa is known as “MYO7A” (symbol), “Myosin-VIIa” (full 

name), and “USH1B” (one of many synonyms). 

In the seminal paper about the GO project, the GO prototype was described as the 

“tool for the unification of biology” [Ashburner et al., 2000]. This is due to the 

universal nature of the GO database: From the start, it was designed to enable 

describing genes from all possible species by linking them to all areas of biology 

with relevant GO terms. Thus, the great genetic diversity and broad biological 

context of the database is achieved by including numerous genomes and GO 

terms. 

2.1.4 GO annotations 

GO annotations are results of associating gene products with particular GO terms 

in the GO database. This association is based on and described by specific 

evidence. The evidence is specified by its source and type. The source of the 

evidences can be accessed using the evidence reference. There can be many types 

of evidences depending on the nature of the work or analysis that links a gene 

product to a specific GO term. Thus, a suitable evidence codes is selected to 

designate which type of the evidence supports the annotation. Therefore, the basic 

constituents of a gene annotation are a gene product-GO term association, 

evidence reference and an evidence code. If there are more than one evidence 

supporting the association of a gene product with a particular GO term, this will 

result in multiple annotations. For example, fruit fly protein Atonal is associated 

with hearing (GO:0007605) using two annotations (Table 1). Each of these 

annotations is based on distinct evidences that are described by their own 

references and respective evidence types. In this case, a PubMed IDs was used as 

the evidence reference and IMP (Inferred from Mutant Phenotype) was used as 

the evidence code for each annotation.  
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Table 1: Annotations describing association of fruit fly Atonal protein 

with hearing (GO:0007605). 

GO term Gene product GO evidence code Evidence reference 

GO:0007605 ato (Atonal) IMP PMID:10934246 

GO:0007605 ato (Atonal) IMP PMID:12203727 
Source: GO database as of June 2012. 

2.1.5 GO evidence codes 

GO evidence codes in the GO database can be assigned both manually and 

automatically. Only “Inferred from Electronic Annotation” (IEA) is assigned 

automatically. All other evidence codes are assigned manually by a biocurator and 

belong to one of the four groups: experimental, computational analysis, author 

statement, and curator statement. “Not Recorded” (NR) is an obsolete evidence 

code. The full list of evidence codes is shown in the table 2. Detailed user guide 

about GO evidence codes is available in the related web page at Gene Ontology 

website [Gene Ontology website, “Guide to GO Evidence Codes” web page]. 

Table 2: GO evidence codes. 

No. GO evidence code GO evidence code group 

1 Inferred from Experiment (EXP) Experimental 

2 Inferred from Direct Assay (IDA) Experimental 

3 Inferred from Physical Interaction (IPI) Experimental 

4 Inferred from Mutant Phenotype (IMP) Experimental 

5 Inferred from Genetic Interaction (IGI) Experimental 

6 Inferred from Expression Pattern (IEP) Experimental 

7 Inferred from Sequence or Structural 

Similarity (ISS) 

Computational analysis 

8 Inferred from Sequence Orthology (ISO) Computational analysis 

9 Inferred from Sequence Alignment 

(ISA) 

Computational analysis 

10 Inferred from Sequence Model (ISM) Computational analysis 

11 Inferred from Genomic Context (IGC) Computational analysis 

12 Inferred from Biological aspect of 

Ancestor (IBA) 

Computational analysis 
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13 Inferred from Biological aspect of 

Descendant (IBD) 

Computational analysis 

14 Inferred from Key Residues (IKR) Computational analysis 

15 Inferred from Rapid Divergence (IRD) Computational analysis 

16 Inferred from Reviewed Computational 

Analysis (RCA) 

Computational analysis 

17 Traceable Author Statement (TAS) Author statement 

18 Non-traceable Author Statement (NAS) Author statement 

19 Inferred by Curator (IC) Curator statement 

20 No biological Data available (ND) Curator statement 

21 Inferred from Electronic Annotation 

(IEA) 

Automatically-assigned 

22 Not Recorded (NR) Obsolete 
Source: Gene Ontology website, “Guide to GO Evidence Codes” web page. URL: 

http://www.geneontology.org/GO.evidence.shtml. Accessed on 02 September 2012. 

2.1.6 Specialized GO annotation projects 

GO terms and gene annotations may not be always as representative and up-to-

date for some areas of biology as desired. In that case, the GO database may fail 

in fulfilling expectations of biologists interested in that field. A number of GO-

associated annotations projects, initiated by related special interest groups, have 

addressed this caveat and specifically improved the area-specific content of the 

GO database [GO and GO associated projects website]. The exact scope of 

improving the area-specific GO content can be different. While some of these 

projects concentrate on a single organism, others can be dealing with several 

organisms in the course of their work. In some cases these projects are limited to 

updating the list of genes annotated to certain GO terms and supporting literature. 

In other cases, these projects also re-design target structured vocabularies and 

related GO terms themselves. While some of these projects are still active, others 

are apparently finished. Results of the project usually appear in the new GO 

database release and are described in details in a publication (Table 3). 
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Table 3: GO-associated annotation projects. 

GO-associated annotation projects Publications 

Cardiovascular Annotation [Lovering et al., 2008; Lovering et al., 2009; 

Alam-Faruque et al., 2011] 

Immune System [Diehl et al., 2007; Lovering et al., 2008] 

Muscle Biology [Feltrin et al., 2009] 

Renal Annotation [Alam-Faruque et al., 2010; Alam-Faruque et 

al., 2011] 

Reference Genome Annotation Project [Reference Genome Group of the GO 

Consortium, 2009] 
 

2.1.7 GO and Bioinformatics 

The need for powerful bioinformatics tools became more pressing with the advent 

of novel genetic techniques and the exponential increase of genomic data [Kumar 

& Dudley, 2007; Baxevanis, 2009]. Historically, the establishment of the GO 

Consortium coincided with the onset of whole-genome sequencing strategies and 

high-throughput expression profiling approaches, making GO annotations 

especially valuable for processing and interpreting the massively produced 

genomic data [Ashburner et al., 2000]. As bioinformatics research continues to 

relate with new areas of biomedicine [Brusic, 2007], GO becomes part of many 

bioinformatics-driven methods. For example, GO has been implemented in 

studies related with disease gene prioritization [Schlicker et al., 2010], gene 

function prediction [Mitrofanova et al., 2011], genetic network analysis [Costanzo 

et al., 2010], biomedical text mining [Rebholz-Schuhmann et al., 2008], and the 

Semantic Web technology [Chen et al., 2009]. In this thesis, interpreting 

candidate genes obtained from microarray screens using GO data will be one of 

the main themes. Functional annotation using AmiGO GO term enrichment tool 

[Carbon et al., 2009], followed by interactome mapping using Cytoscape 

[Shannon et al., 2003] and GOlorize plugin [Garcia et al., 2007] will be 

performed and proposed as a part of the GO-based annotation framework. 



Gene Ontology  

10 

2.1.8 GO Slims 

GO Slims are charts created using GO annotations to summarize the properties of 

gene lists. GO Slimmers are tools that analyze the user’s input with GO data and 

generate GO Slims as the output. They are usually used for the annotation of 

genomes (see, for example, figure 2) and the functional annotation of microarray 

data. 

 

2.1.9 GO tools 

Many tools have been created by the members of GO Consortium and by third 

parties to enable the searching, browsing and analyzing of the GO database [Gene 

ontology tools website]. However, some of them accept only a single GO term or 

gene product as an input. Since some complex biological questions cannot be 

 

Figure 2: Genome annotation of 4 genetic model organisms using GO 

Slim. 

Columns show how many genes are associated with each GO term in the species-specific manner. All GO 

terms chosen for this GO Slim set belong to the Cellular Component category. Data presented as of 1st 

August 2003 [Harris et al., 2004]. 
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answered by one GO term solely, this requires that two or more GO categories are 

simultaneously taken into account. Similarly, while elucidating a certain 

biological mechanism, a set of genes instead of a unique gene is frequently the 

focus of the study. Thus, using multiple GO terms as the query input shall be an 

important feature for users of the GO database. Most of the tools that enable gene 

set input perform directly the GO term enrichment analysis that produces a short 

list of the most significantly enriched GO terms [Beissbarth, 2006; van den Berg 

et al., 2009; Gene Ontology website, “GO Tools: Term Enrichment” web page] 

and summarize the output in a GO Slim. While this approach proved to be 

powerful in analyzing especially microarray data, it usually does not allow to 

query user-defined GO terms, regardless of their enrichment. In addition, vast 

majority of these tools do not allow performing Boolean queries using GO terms. 

While a previous study acknowledged the usability of Boolean operators in 

mining GO data [Berriz et al., 2003], a more straightforward way is needed for 

constructing the powerful queries and obtaining biologically meaningful results. 

Moreover, all results should be supplemented with related evidences. Finally, 

there is also a shortage in the graphical representation of the query results. Graphs 

and diagrams would significantly complement understanding of the output from 

the program. Thus there is a need for a program that beside the standard query 

modes would allow analysis of multiple GO terms independent of enrichment 

with a GO Slimmer or with a number of Boolean operators, summarize the results 

in the graphical overview, and provide links for the evidences supporting the 

output. 

2.1.10 Bio-ontologies, data integration and Systems Biology 

Managing complex biological data in a computer-readable manner and ensuring 

interoperability across numerous data sources can be achieved using biological 

ontologies [Bard & Rhee, 2004; Mi & Thomas, 2011]. Thus, the availability of 

relevant ontologies is a prerequisite for the biological data integration 

[Bodenreider, 2008]. When it comes to Systems Biology, the integration of omics 

data is a central concept (Figure 3) [Ge et al., 2003]. Relating independent 

datasets to each other is vital for interpreting available results en masse. 

Accordingly, the development of data standards has become essential for enabling 
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integrated data analysis in systems biology [Brooksbank & Quackenbush, 2006]. 

GO has already established itself as the “golden standard” for describing genes 

products [Brazma et al., 2006], serves as a model for other biomedical ontologies 

[Lewis, 2005], and has proved to be extremely useful in the context of Systems 

Biology [Costanzo et al., 2010]. 

 

2.2. Genes for hearing 

2.2.1 Human hereditary hearing impairment 

Hearing impairment is regarded as the most prevalent human sensory disease 

[Dror & Avraham, 2010]. Genetic factors are responsible for about half of the 

cases of congenital deafness [Eisen & Ryugo, 2007]. Progress in identifying and 

 

Figure 3: Integration of various omics data obtained by different 

high-throughput methods. 

Various types of functional genomic and proteomic data from Saccharomyces cerevisiae and 

Caenorhabditis elegans are shown as example [Ge et al., 2003]. 
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characterizing human deafness genes has yielded insights into the wide range of 

functions accomplished by their products in the auditory system [Dror & 

Avraham, 2010; May be a better reference]. Mutations in deafness genes cause 

hereditary hearing loss of syndromic or non-syndromic nature (Figure 4) 

[Resendes et al., 2001]. Terms “deafness gene”, “auditory gene” and “gene for 

hearing” will be used in this thesis interchangeably. 

 

2.2.2 From human to genetic model organisms of deafness 

In parallel with the studies of the human hereditary hearing impairment, the 

genetics of deafness has been also intensively investigated in the mouse [Brown et 

al., 2008], the zebrafish [Nicolson, 2005] and the fruit fly [Lu et al., 2009]. In this 

thesis, these organisms will be collectively referred to as “genetic model 

organisms of deafness”. The model organisms of deafness have played a key role 

in dissecting molecular mechanisms underlying hearing in its normal and disease 

state. This undertaking was particularly accelerated by initial findings obtained 

from the sequencing of the fruit fly [Adams et al., 2000], human [Lander et al., 

2001; Venter et al., 2001], mouse [Mouse Genome Sequencing Consortium et al., 

2002] and partially zebrafish [Ekker et al., 2007] genomes. The genomes provided 

the valuable platform for developing novel experimental methods (eg, high-

throughput techniques) and investigating hearing and other biological processes. 

Each of these genomes has a dedicated genetic database (FlyBase for fruit fly, 

 

Figure 4: Chronological table for the deafness genes discovery. 

Genes are classified according to their involvement in syndromic (blue), non-syndromic (red), or 

mitochondrial (green) deafness. Genes associated with multiple forms of deafness are marked with an 

asterisk (*).  [Resendes et al., 2001] 



Genes for hearing  

14 

UniProt for human, MGI for mouse and ZFIN for zebrafish) that makes its 

genomic contents available and presents gene-specific findings including the 

chromosomal localization, molecular function, and expression pattern. (Table 4). 

Being a member of the GO Consortium, all these databases submit their gene 

annotations (records related with Cellular Component, Molecular Function, and 

Biological Process) to the GO database. Thus, the GO database is the universal 

source combining findings obtained from humans and genetic model organisms of 

deafness. 

The focus of this thesis will be on tracing deafness genes in humans as well as in 

genetic model organisms of deafness using their corresponding databases within a 

novel GO-based annotation framework. Since its very beginning, the GO 

database, among others, was meant to become a much needed link for 

comparative genomic analyses [Ashburner et al., 2000]. As the search for 

deafness genes gains momentum, the need for accessing and comparing findings 

across species becomes more apparent. This thesis will approach this objective in 

the context of hearing research and demonstrate the usability of the GO database 

in transferring knowledge about deafness across target genomes. 

Table 4: Genetic databases for human, mouse, zebrafish and fruitfly . 

Species Related database and the reference URL 

Human Universal Protein Resource (UniProt) 

[UniProt Consortium, 2012] 

http://www.uniprot.org/ 

Mouse Mouse Genome Informatics (MGI) 

[Blake et al., 2011] 

http://www.informatics.jax.org/ 

Zebrafish Zebrafish Information Network 

(ZFIN) [Bradford et al., 2011] 

http://zfin.org/ 

Fruit fly FlyBase [McQuilton et al., 2012] http://flybase.org/ 
URLs as of 3 September 2012. 

2.2.3 Functional categorization of auditory genes 

Following the identification and characterization of novel deafness genes, many 

reviews about progress in this field have been published. These reviews usually 

describe known deafness genes, related forms of human deafness (if any), and 
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other details. Historically, most of the research on genetic deafness has 

concentrated on human and mouse. Currently, most of the findings about genetic 

deafness derive from the studies on these organisms. As a result, when it comes to 

the genetic basis of deafness, their genomes are the most understood. In 

concordance with this, most of the reviews about genetic deafness present 

findings related with these two species. These reviews can either target entire 

forms of deafness (for example, a publication by Resendes et al. [Resendes et al., 

2001]) or focus only on specific forms of deafness such as non-syndromic 

deafness (for example, a publication by Hilgert et al. [Hilgert et al., 2009]). Many 

of these reviews not only present deafness genes but group them into certain 

categories. This classification can be based on various criteria such as discovery 

year (for example, a publication by Resendes et al. [Resendes et al., 2001]), 

chromosomal location (for example, a publication by Dror & Avraham [Dror & 

Avraham, 2010]), expression pattern (for example, a publication by Hilgert et al. 

[Hilgert et al., 2009]) and functional characteristics (for example, a publication by 

Steel & Kros [Steel & Kros, 2001]). In one review, the author commented 

“Grouping the genes discovered to be etiologic in deafness disorders into 

functional categories begins the process of understanding their role in hearing” 

[Morton, 2002]. Accordingly, the focus in this thesis will be primarily on the 

functional classification (Table 5) and secondarily on the chronological 

classification (Figure 4). Reviews that provide functional classification of 

deafness genes employ certain representative categories (Table 6). These 

categories vary in their specificity and encompass diverse molecular aspects 

related with hearing. Although the usage of such functional classification varies 

across the reviews in types and numbers of the chosen categories, their diversified 

usage in general is an established practice of presenting an overview of the genetic 

basis of deafness. 
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Table 6: Functional categories applied to deafness genes.  

Functional category Publications 

Myosins [Parkinson & Brown, 2002] 

Non-myosin cytoskeletal; Cytoskeletal 

protein 

[Steel & Kros, 2001; Parkinson & Brown, 

2002] 

Extracellular matrix [Hilgert et al., 2009; Resendes et al., 2001; 

Steel & Kros, 2001; Parkinson & Brown, 

2002;] 

Table 5: Functional classification of deafness genes.  

 

A. Table focusing mostly on human and mouse genes involved in non-syndromic deafness [from 

Parkinson & Brown, 2002]. B. Table describing human deafness genes and associated details [from Steel 

& Kros, 2001]. 



Introduction 

17 

Gap junctions/tight junctions; Junction 

protein; Cadherin; Gap junction 

proteins: the connexins 

[Steel & Kros, 2001; Morton, 2002; 

Parkinson & Brown, 2002; Eisen & Ryugo, 

2007] 

Ion channels/transporters; Channel 

component; Ion transporter 

[Steel & Kros, 2001; Parkinson & Brown, 

2002] 

Signaling molecules [Parkinson & Brown, 2002] 

Transcription factors [Resendes et al., 2001; Steel & Kros, 2001; 

Parkinson & Brown, 2002; Hilgert et al., 

2009] 

Others; Miscellaneous [Resendes et al., 2001; Parkinson & Brown, 

2002] 

Unknown function [Parkinson & Brown, 2002; Eisen & Ryugo, 

2007] 

Motor molecule [Steel & Kros, 2001] 

Synapse component [Steel & Kros, 2001] 

Novel [Steel & Kros, 2001] 

Serine protease [Steel & Kros, 2001] 

Ion pump [Steel & Kros, 2001] 

Receptor [Steel & Kros, 2001] 

Ligand [Steel & Kros, 2001] 

Trafficking protein [Steel & Kros, 2001] 

PDZ clustering protein [Steel & Kros, 2001] 

Mitochondrial protein [Steel & Kros, 2001; Morton, 2002; Hilgert et 

al., 2009] 

Hair-cell structure; maintenance of hair 

cell function 

[Resendes et al., 2001; Morton, 2002] 

Ion homeostasis; Endolymph ion 

homeostasis; Hair cell ion 

homeostasis 

[Resendes et al., 2001; Hilgert et al., 2009] 

Modifier genes [Morton, 2002] 

Tectorial membrane anchoring [Eisen & Ryugo, 2007] 

Stereocilia [Eisen & Ryugo, 2007] 

Outer hair cell electromotility [Eisen & Ryugo, 2007] 

Hair cell exocytosis [Eisen & Ryugo, 2007] 
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Cell surface proteolytic enzyme [Eisen & Ryugo, 2007] 

Endolymph potassium secretion [Eisen & Ryugo, 2007] 

Melanocyte [Eisen & Ryugo, 2007] 

Hair bundle morphogenesis proteins [Hilgert et al., 2009] 

Proteins with poorly understood 

function 

[Hilgert et al., 2009] 

Similar categories are presented as a single unit. 5 underlined categories (Cytoskeletal protein, Extracellular 

matrix, Gap junctions, Ion channels, Synapse component) were used as an example input for the GO-based 

data mining program (See the Results part, figure 14). 

2.2.4 Annotation of auditory genes 

The most prominent and up-to-date web resources that annotate auditory genes are 

the Hereditary Hearing Loss Homepage (HHH), the Homepage of Hereditary 

Hearing Impairment in Mice (HHHM), Online Mendelian Inheritance in Man 

(OMIM), and the Gene Ontology (GO) database (Table 7). It is possible to come 

across these web sources while reading reviews about the genetics of hearing. 

While the goal and scope of these resources is different, they resemble each other 

in one basic feature: recording and providing a list of deafness genes accompanied 

by links for the supporting literature. While HHH and HHHM are species specific, 

OMIM includes data on humans and mice. All of these web sources provide 

information about the diseases in which the genes are involved. In contrast, the 

GO database encompasses auditory gene annotations from many genomes but 

doesn’t include information about the associated diseases. These properties are 

among the main advantages and disadvantages of using the GO database for the 

auditory gene annotation (See the Results part, table 14). Since this thesis was 

about investigating hearing in humans and genetic model organisms of deafness, 

the GO database was the only suitable web resource. For this reason, despite its 

disadvantages, the GO database was chosen the as the basis of this study. 

 

 

 



Introduction 

19 

Table 7: The most prominent and up-to-date web resources providing 

information about deafness genes.  

Website name URL Species 

The Hereditary Hearing Loss 

Homepage (HHH) 

http://hereditaryhearingloss.org Human 

The Hereditary Hearing 

Impairment in Mice (HHIM) 

http://hearingimpairment.jax.org/index.html Mouse 

Online Mendelian Inheritance 

in Man (OMIM) 

http://www.ncbi.nlm.nih.gov/omim Human, 

mouse 

Gene Ontology (GO) database http://www.geneontology.org Numerous 
URLs as of 3 September 2012. 
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3. Aim of this study 

3.1. Genome-level investigation 

3.1.1 Development of Application for mining Gene Ontology data 

(AGENDA) and its usage in hearing research 

3.1.1.1 Development of AGENDA 

There are numerous bioinformatics programs focusing on the GO database with a 

common purpose of enabling effective usage of this source [Gene ontology tools 

website]. Their difference lies in their specific functional aspects and approaches. 

Still, there is a need for a program that beside the standard query options would 

enable analysis of multiple GO terms with GO Slimmer and Boolean queries 

independent of enrichment, while being able to present the graphical overview of 

results and provide links to the related evidences. To address this issue, a novel 

web-based tool AGENDA (Application for mining Gene Ontology data) was 

developed. While the name “AGENDA” is used here as the abbreviation, it also 

implies the ability to mine GO data in accordance with the user’s agenda using the 

user-specified GO terms. AGENDA simultaneously accesses multiple GO terms 

and executes complex queries to compare lists of associated gene products using 

GO Slimmer and Boolean operators. The goal of this application was not to 

replace the existing GO-based tools, but to complement them with a new interface 

that offers new options for mining the GO database. In this way, AGENDA is 

anticipated to facilitate efficient usage of GO information, including, but not 

limited to, auditory gene annotations. To demonstrate this usage, AGENDA was 

applied to mine GO data associated with hearing. 

3.1.1.2 Functional categorization of auditory genes with AGENDA 

Using AGENDA, human and mouse auditory gene products were functionally 

categorized with GO Slimmer. In addition to the species-specific functional 

categorization of auditory products (gene products annotated to the GO term 

“hearing”, denoted by “GO:0007605”), an interspecies (between humans and 

mice) comparison of categorizations was performed. 
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3.1.2 Manual gene annotation with the Auditory Gene Ontology 

Annotation (AGOA) project 

3.1.2.1 Improving lists of genes annotated to hearing in the GO 

database 

As the number of discovered auditory genes steadily grows, so does the need to 

properly record their accumulating annotations in genetic databases. The stored 

shall be accessible not only by web browsers but also by data mining programs. 

The GO database satisfies these criteria and contains annotations about auditory 

genes in multiple species. Bioinformatics applications enable automated access to 

– and queries of – this database. This thesis added AGENDA (Application for 

Mining Gene Ontology data) to the list of these applications and applied this 

novel tool to access GO annotations related with hearing. While investigating the 

genetics of hearing, this thesis limited its scope to humans and the model 

organisms of hearing (namely, mouse, zebrafish and fruit fly). However, it 

became apparent that the related gene lists annotated to hearing (GO:0007605)  in 

the GO database do not include some of the known auditory genes. This situation 

has a negative effect on the usability of the GO database in hearing research in 

general and on the results obtained with AGENDA in this thesis. Still, there is 

need for increasing the quality of GO annotations related with hearing became 

self-evidence. 

Extraction of findings about genes from the literature and storing it in the GO 

database is an elaborate process. This also applies for auditory genes, it is that 

some of them evade annotation. Each species-specific database participating in the 

GO Consortium is dedicated to a distinct species and responsible for the gene 

annotations in the respective genome. Due to the time constraints, it is difficult for 

biocurators of these databases to capture all information available in the literature 

about genes. In addition, due to the broad scope of the GO database, it is 

impossible for them to be experts in every biological field. Continuous publication 

of new studies and rapid accumulation of genetic data makes annotation of each 

gene in the GO database a constantly active process with many challenges. The 

constraints described above are among numerous obstacles that result in the 
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absence of some annotations in the GO database. This issue is also relevant to the 

part of the GO database related with hearing (GO:0007605). Auditory Gene 

Ontology Annotation (AGOA) project was initiated to address this issue by 

supporting biocurators in annotation of auditory genes and to provide an overview 

about the state of the art in the field using the resulting up-to-data GO data. This 

was expected to be achieved by the joint endeavor of the research community and 

biocurators. 

The starting aim of the AGOA project was to improve the lists of the human, 

mouse, zebrafish and fruit fly auditory genes in the GO database. The work 

included checking the pre-existing lists of auditory genes and adding new ones. 

Since the related data in the GO database originates from the species-specific 

database, the effort directly focused on the involved databases. Updated 

information from these databases was expected to ensure as much as possible the 

accuracy and completeness of gene lists annotated to hearing in the GO database. 

3.1.2.2 Revision of the evidences for genes annotated to hearing in the 

GO database 

Since there can more than one study showing involvement of a certain gene in 

hearing, it is important to accurately record as much as possible the available 

evidence. Otherwise, some genes in the GO database can be correctly annotated to 

hearing but still lack some of the important references. An improved gene list can 

be biologically meaningful only with adequate evidences. For this reason, the 

AGOA was also aimed to revise the related evidences in order to include more 

complete and up-to-date references. This work was done in parallel to improving 

the list of the auditory genes themselves. The revision included checking pre-

existing references for auditory genes and adding new evidences (if any).  

3.1.2.3 Chronological overview of the auditory gene discoveries 

Auditory genes can be classified according to their discovery years (for example, 

see a publication by Resendes et al. [Resendes et al., 2001]). This classification 

results in the chronological overview of the discoveries (Figure 4). Improvement 

of the auditory gene list and revision of the related evidences in the GO database 
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was expected to provide chronological data required for such a classification. As 

result, the final aim of the AGOA project was to use gathered GO annotations to 

obtain a timeline of discoveries in the target species. This perspective was 

expected to provide an up-to-date review of achievements covering all species and 

insights into factors involved, along with the interspecies comparison of the 

progress. 

In summary, the AGOA project included improvement of auditory genes lists, 

revision of relevant evidences and chronological overview of related discoveries. 

The study was conducted separately for each species. While the tasks related with 

fruitfly and zebrafish auditory genes were essentially finished and described in 

this thesis, the parts including human and mouse auditory genes are still in 

progress. 

3.2. Transcriptome-level investigation 

3.2.1 Functional annotation of candidate auditory genes using the 

AMIGO GO Term Enrichment tool 

Recent microarray screen by Senthilan et al. [Senthilan et al., 2012] resulted into 

the identification of 274 candidate Drosophila auditory organ genes. Functional 

annotation of these genes using the AMIGO GO term enrichment tool [Carbon et 

al., 2009] was performed as the last step in the microarray data analysis that 

included normalization, significance testing and clustering. This GO term 

enrichment analysis was expected to support the evaluation of the findings by 

providing a list of the significantly overrepresented GO terms in the candidate 

gene list. 

3.3. Interactome-level investigation 

3.3.1 Reconstruction of the auditory gene network using 

Cytoscape 

Reconstruction of the auditory gene network was aimed to gain insights into the 

interactions between molecular components of the auditory system. Moreover, 

this study was expected to result into the identification candiate auditory genes.  
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3.3.2 Annotation of the auditory gene network using the GOlorize 

plugin 

In addition to reconstruction of the auditory gene network, its subsequent 

annotation using the GOlorize plugin was expected to provide more in-depth 

understanding of the network. 

3.4. Developing Gene Ontology-based framework to annotate genes 

of hearing 

3.4.1 Structure of the GO-based framework to annotate genes of 

hearing 

The aims described above approached hearing on different omics levels and 

shaped the workflow of the thesis (Figure 5). This workflow describes 

information transfer throughout the thesis and reminds the central dogma of 

molecular biology [Crick, 1970]. The GO database played a central role in this 

work and provided useful means for deciphering the auditome. Final step of this 

thesis was to integrate the methods employed in previous steps within the “Gene 

Ontology-based framework to annotate genes of hearing“. The rationale was to 

relate different GO-based annotations methods to each other by demonstrating 

how results of a conducted study (for example, microarray screen) could be used 

effectively as input for a subsequent study (for example, gene network analysis). 

Regarding method as components of a single annotation framework was expected 

to streamline their evaluation in the light of the sequential procedures associated 

with hearing research. 
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Following the terminology used in naming kinome [Manning et al., 2002], 

olfactome [Galizia et al., 2010] and ion channelome [Gabashvili et al., 2007], this 

thesis suggests to call the entire set of auditory genes within a genome an 

“auditome”. Hearing research covering entire auditomes is named accordingly 

“auditomics”. This designation would be consistent with the paradigm shift 

observed in the field with the advent of high-throughput screens relating to 

thousands of genes at once. Aim of this thesis was to use the GO database as 

means of annotating and investigating complete auditomes of several species and 

to apply various GO-based bioinformatics tools to aid auditomics. 

 

Figure 5: The workflow of the thesis. 

This thesis demonstrates and evaluates the role of the GO database in hearing research while dealing with 

auditomics on three different levels (genomics, transcriptomics and interactomics). The workflow 

illustrates the order of the conducted studies, reminiscent of the central dogma of molecular biology 

[Crick, 1970]. In addition to applying established methods for different types of gene annotation, a 

novel web-based tool “AGENDA” was developed and applied as a part of this thesis. Combining various 

GO-based methods used in this work within the “Gene Ontology-based framework to annotate genes of 

hearing” culminates the thesis and opens a door for more powerful bioinformatics approaches to 

investigate hearing. 
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3.4.2 Evaluating usability of the GO database in hearing research 

The strong and weak points of the GO database were expected to directly affect 

the usability of the GO-based framework to annotate genes. That is why another 

aim in this thesis was to define the benefits and complications of using the GO 

database in gene annotation in general and particularly in hearing research.  

3.4.3 Approaching challenges and potential of Systems biology of 

hearing 

The GO-based annotation framework to annotate genes of hearing was also 

planned to be a step towards to the systems biology of hearing. Thus, the final aim 

of this thesis was to discuss the framework in the context of the systems biology 

and discuss related implications for hearing hearing. All tasks in this thesis are 

summarized in the table 8. 

Table 8: Tasks in this thesis. 

1. Genome-level investigation 

1.1. Development of Application for mining Gene Ontology data (AGENDA) and its 

usage in hearing research 

1.2. Manual gene annotation with the Auditory Gene Ontology Annotation (AGOA) 

2. Transcriptome-level investigation 

2.1. Functional annotation of candidate auditory genes using the AMIGO GO Term 

Enrichment tool 

3. Interactome-level investigation 

3.1. Reconstruction of the auditory gene network using Cytoscape 

3.2. Annotation of the auditory gene network using the GOlorize plugin 

4. Developing Gene Ontology-based framework to annotate genes of hearing 

4.1. Structure of the GO-based framework to annotate genes of hearing 

4.2. Evaluating usability of the GO database in hearing research 

4.3. Approaching challenges and potential of Systems biology of hearing 
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4. Material and methods 

4.1. Genome-level investigation  

4.1.1 Development of Application for mining Gene Ontology data 

(AGENDA) and its usage in hearing research 

4.1.1.1 Development of AGENDA 

AGENDA (Application for mining Gene Ontology data) was developed using the 

XAMPP software suite 1.7.1 for Linux [XAMPP software website]. This 

platform-independent software suit that combines the power of Apache, MySQL, 

PHP, and Perl software is widely used for developing web applications. The GO 

database is obtained from the GO database archive [Gene Ontology database 

archive] as a MySQL dump file and deployed in the internal MySQL server of 

AGENDA. While server-side scripting that uses complex SQL queries is 

accomplished using PHP, JavaScript serves for client-side scripting. Web pages 

are created using HTML and CSS. Cross-browser compatibility of the web 

interface was successfully verified on common web browsers. While query results 

can be downloaded as CSV files, Google Chart Tools [Google Chart Tools 

website] are used to dynamically generate the charts. 

Summary of the architecture and system requirements 

Project name: AGENDA (Application for mining Gene Ontology data) 

Project homepage: http://sourceforge.net/projects/bioagenda 

Online version: http://bioagenda.uni-goettingen.de 

Operating systems: platform independent 

Programming languages: PHP and JavaScript 

Compliance with web standards: Valid XHTML 1.0 Strict and CSS level 2.1  

Browser compatibility: all common web browsers supported 

Software requirements: Apache, PHP, and MySQL  
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Other requirements: Google Chart API and the local GO database 

The source code and the documentation of the software: freely available in the 

project homepage 

License: GNU GPL version 3 

Any restriction to use by non-academics: license needed 

4.1.1.2 Functional categorization of auditory genes with AGENDA 

Using the GO Slimmer page of AGENDA, a table describing functional 

categories related with human gene products implicated in hearing (GO:0006915) 

(Table 6) was produced. 5 representative functional classes (Cytoskeletal protein, 

Extracellular matrix, Gap junctions, Ion channels, Synapse component), each 

specified by a distinct GO term (GO:0005856, GO:0031012, GO:0005921, 

GO:0005216,  GO:0045202), were used to categorize gene products annotated to 

hearing. GO Slimmer was used to retrieve data from the GO database and to 

calculate how many of auditory gene products are associated with each functional 

class. The resulting GO Slim summarizes the categorization and can be used for 

follow-up Boolean queries. 

4.1.2 Manual gene annotation with the Auditory Gene Ontology 

Annotation (AGOA) project 

4.1.2.1 Improving lists of genes annotated to hearing in the GO 

database 

Currently, the part of the GO database related to hearing (GO:0006915) is 

incomplete since some auditory genes are missing there. Inspired by previous GO-

associated annotation projects [GO and GO Associated Projects Website] (Table 

3), the Auditory Gene Ontology Annotation (AGOA) project was started to 

increase the quality of the gene annotations in the GO database associated with 

hearing. More precisely, the objective of this project was to annotate auditory 

genes in humans and the model organisms (including Drosophila, zebrafish and 

mouse) of deafness using the Gene Ontology annotation best practices [Gene 

Ontology website, “GO Annotation Policies and Guidelines” web page]. 
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The first step in the plan was first to prepare a comprehensive list of auditory 

genes for each mentioned species. The author of this thesis was in charge of this 

task and conducted extensive literature review to obtain a preliminary gene list. 

The second step was to discuss this preliminary list with the experts in these fields 

and agree on a consensus gene list. Third step was to use this species-specific 

gene list to revise together with the biocurators of the related genetic database 

(Table 4) the preexisting gene list annotated to hearing (GO:0006915) in that 

database (Table 9). This was expected to make each of the revised gene lists 

available in the form of the updated gene list in the species-specific database. 

Since all these databases supply periodically their updated GO annotations to the 

GO database, this synchronization was expected to ultimately improve the overall 

auditory-relevant content of the GO database. 

Table 9: Collaborators in the AGOA project.  

Species Expert in the experimental field Biocurator in the related 

genetic database  

Fruit fly Prof. Martin Göpfert (University of 

Göttingen), Prof. Daniel Eberl (University of 

Iowa) 

Susan Tweedie (FlyBase) 

Mouse Prof. Tobias Moser (University of Göttingen), 

Prof. Ulrich Mueller (Scripps Research 

Institute, La Jolla, California), Prof. Karen 

Steel (Welcome Truss Sanger Institute, 

Hinxton, UK) 

Harold Drabkin (MGI) 

Zebrafish Prof. Teresa Nicholson (OHSU) Doug Howe (ZFIN) 

Human Pending. Emily Dimmer (UniProt) 
 

4.1.2.2 Revision of the evidences for genes annotated to hearing in the 

GO database 

In addition to the auditory gene products themselves, the references used in the 

GO evidences to link them to hearing were subject to revision and update. In case 

of fruit fly auditory gene products, these pre-existing references were always in 

forms of publications. Thus, the corresponding list of auditory gene products was 
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based on the manual annotation. However related GO data in other target species 

also gene annotations that were based on computational analysis and as result 

were automatically assigned a GO evidence code such as Inferred from Sequence 

or Structural Similarity (ISS). Evidences such as ISS can be confusing and 

questionable for some users of the GO database. In addition, tracing and 

evaluating the source of such evidences is proved to be extremely difficult. The 

aim was to check the consistency of the pre-existing evidences, add new 

evidences (if available), and substitute automatically assigned GO evidence codes 

with those assigned manually (if available and applicable). 

4.1.2.3 Chronological overview of the auditory gene discoveries 

The improved auditory lists and the revised evidences were used as input data to 

obtain a chronological overview of the auditory gene discoveries. Auditory genes 

which annotation was based solely on evidences obtained from computational 

analyses were excluded from the input. As result, only genes with at least one 

shown association to hearing (GO:0006915) based on experimental evidence were 

taken into consideration. This evidence was also required to be traceable to the 

related publication. The date of the first publication with experiments showing 

involvement of a gene in hearing was taken as the discovery date. In another 

words, the discovery date was linked to the first study that resulted in the 

identification of a gene as an auditory gene. (This discovery date was related 

specifically to hearing and did not necessarily have to be the date when the gene 

was discovered in the related genome, although both dates could in some cases 

coincide.) As result, these publication dates were used to obtain a chronological 

overview of the auditory gene discoveries. This overview was similar to the one 

shown for human genes by Resendes et al. [Resendes et al., 2001]). While being 

inspired by the figure 4 from their review publication, the novelty of the approach 

employed in the AGOA project comes from including four species and using GO 

data together with actual publications for obtaining the overview.    

In summary, the AGOA project included improvement of auditory genes lists, 

revision of relevant evidences and chronological overview of related discoveries. 

The work was performed separately for each species. While goals related with 
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fruitfly and zebrafish auditory genes are essentially accomplished and presented in 

this thesis, the work concentrating on human and mouse auditory genes is still in 

progress. Achievements so far in the AGOA project are results of the 

collaboration between the author of this thesis, the experts in the related species 

and the biocurators of the dedicated databases. In contrast to the usual review 

publications, this study allowed direct storage of results in the GO database that 

could make them easily accessible online and usable for future bioinformatics 

analyses. In addition, the results were expected to be easily reproducible since the 

GO database saves its releases in the archive [Gene Ontology database archive]. 

4.2. Transcriptome-level investigation 

4.2.1 Functional annotation of candidate auditory genes using the 

AMIGO GO Term Enrichment tool 

The AMIGO GO term enrichment tool version 1.7 [Carbon et al., 2009] was 

applied used for the functional annotation of candidate Drosophila auditory organ 

genes using the GO database release dated 2010.11.20. 

4.3. Interactome-level investigation 

4.3.1 Reconstruction of the auditory gene network using 

Cytoscape 

Cytoscape software (version 2.4.1) was used as the network analysis and 

visualization tool [Shannon et al., 2003]. Interaction data was obtained from the 

human gene interaction network, preinstalled inside the Cytoscape software. This 

network was obtained from the BIND (Biomolecular interaction network 

database) database version 10.10.2006 [Gilbert, 2005]. Human auditory genes 

were downloaded from the GO database (version 2012.06) and saved as a gene 

list into a text file. This list was used as an input to map the auditory genes into 

the BIND gene network. This initial gene network was used to produce a sub-

network specific for hearing that constituted the initial auditory gene network. 

First and second neighbors of the auditory genes mapped into the network 

together and their corresponding interactions were used to generate a sub-network 
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of the initial network. This sub-network would be the auditory network and most 

of the mapped auditory genes were expected to be within this new network. All 

unrelated genes within the initial network and auditory genes that did not locate to 

this network (collectively called in this thesis as “outsider genes”) were discarded. 

The resulting polished auditory gene network was used for further analysis. 

4.3.2 Annotation of the auditory gene network using the GOlorize 

plugin 

The Cytoscape GOlorize plugin [Garcia et al., 2007] was used to annotate gene 

products inside the network using GO annotations. Gene products were colored 

according to their GO term associations. The table below summarizes all steps in 

the generation and analysis of auditory gene network. 

Table 10: Steps in the gene network-based analysis of human auditome. 

Step Operation Resulting gene network 

1. Mapping Auditory genes are 

mapped into the BIND gene 

network. 

Initial BIND network 

2. Pre-

processing 

Mapped auditory genes plus 

their first and second 

neighbors are selected. The 

remaining genes (“outsider 

genes”) are included. 

Initial auditory gene network with 

outsider 

3. Polishing Genes that are not connected 

to the main network (“outsider  

genes “) are discarded. Layout 

is applied. 

Polished auditory gene network 

4. Annotation Use the GO database to 

annotate genes within the 

network. 

Annotated auditory gene network 
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4.4. Developing Gene Ontology-based framework to annotate genes 

of hearing 

4.4.1 Structure of the GO-based framework to annotate genes of 

hearing 

Each of the GO-based methods applied in this thesis so far was developed 

originally to meet a specific need related with GO annotations. After showing 

separately application of these methods in hearing research, the idea of combining 

applying them altogether has emerged. In quest of the optimal way of integrating 

these methods into a comprehensive annotation procedure of auditory gene 

products, the “Gene Ontology-framework to annotate genes of hearing” was 

developed. Two properties of the methods provided the conceptual basis for 

incorporating each method as a separate step in the framework: The sequential 

interdependence between the described methods and the constant utilization of the 

GO database. While the former can be linked to the central dogma of molecular 

biology, the latter can be attributed to the versatility of the GO database. The 

structure of the framework and its applicability in hearing research was discussed 

in this thesis. 

4.4.2 Evaluating usability of the GO database in hearing research 

Results obtained in this thesis and literature search was used to define pros and 

contras of using the GO database in gene annotation, with emphasis on hearing. 

4.4.3 Approaching challenges and potential of Systems biology of 

hearing  

The future perspectives of the GO-based framework to annotate genes of hearing 

were approached in the context of systems biology. This included discussing the 

need for - and potential of - hearing systems biology together with the associated 

challenges. Thus, this thesis can also be considered as an effort to fill the gap 

between the areas of hearing research and systems biology by demonstrating 

benefits of approaching the auditome in a broad interdisciplinary context. 
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5. Results 

5.1. Genome-level investigation 

5.1.1 Development of Application for mining Gene Ontology data 

(AGENDA) and its usage in hearing research 

5.1.1.1 Development of AGENDA 

Here, a novel web-based tool called “AGENDA” (Application for mining Gene 

Ontology data) is presented. In addition to Simple queries, based on a single gene 

product or GO term, AGENDA allows comparison of gene lists related with 

multiple GO terms. This comparison is based on GO Slimmer or Boolean query 

and achieved with complex queries that evaluate at once multiple GO terms. In 

contrast to Simple query, GO Slimmer and Boolean query will be collectively 

referred to in this thesis as “batch queries”. AGENDA generates data-driven 

charts supporting the results of batch queries. All three query options, represented 

by distinct pages, are interlinked to each other. Thus, it is possible to elaborately 

interpret data provided in one query page by importing it as input into another 

query page. Furthermore, evidences page provides information about the 

evidences used in GO annotations underlying the results of both simple and batch 

queries. While all query options are described in the User guide page, additional 

information about AGENDA is also provided in the Imprint page (Table 11). 

Table 11: Pages in AGENDA. 

Page Feature 

Simple query Provides detailed data about one gene product or GO term at a time. 

GO Slimmer Allows generating GO Slims using multiple GO terms as input. 

Boolean query Allows Boolean queries using multiple GO terms as input. 

Evidences Provides evidence(s) for gene product – GO term association(s). 

User guide Contains documentation about query options of AGENDA. 

Imprint Contains contact details, copyright information, references, etc.  

 

Genomes of 12 species are accessible with AGENDA: Arabidopsis thaliana, 

Caenorhabditis elegans, Danio rerio, Dictyostelium discoideum, Drosophila 
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melanogaster, Escherichia coli, Gallus gallus, Homo sapiens, Mus musculus, 

Rattus norvegicus, Saccharomyces cerevisiae and Schizosaccharomyces pombe. 

These genomes are target of the ongoing Gene Ontology’s Reference Genome 

Project. This project’s goal is to provide comprehensive GO annotation of these 

genomes together with the homology information about the involved genes 

[Reference Genome Group of the Gene Ontology Consortium, 2009]. This 

homology information can also be accessed with AGENDA by querying a specific 

gene product. 

The interface of AGENDA includes many user-friendly features and was designed 

to enable convenient navigation along with the intuitive use of query options. A 

query page in AGENDA consists of an input field and an output field 

(accompanied in batch queries by a chart). Symbol or full name as well as 

synonyms (if any) are all valid as input for querying gene products. Likewise, it is 

possible to query GO terms using their GO term accession numbers, names or 

synonyms (if any). This is achieved with a query expansion that supports all input 

types listed above. Stepwise refinement of searches is possible by using results of 

the initial query as the input for new queries. User can perform even more specific 

queries by applying GO evidence filters (Table: GO evidence codes). In addition, 

the drop-down menu for selecting the species enables resubmitting the query to 

view the corresponding findings in other species. Internal as well as external links 

for retrieving the target data are provided.  It is also possible to bookmark 

AGENDA pages (together with results of queries) for revisiting and to export 

obtained gene lists as CSV files. 

Due to the biological universality of the GO database in terms of considered 

species and topics [Ashburner et al., 2000], AGENDA can be used as a generic 

bioinformatics tool to answer various questions. For example, AGENDA can be 

used while dealing with heart contraction (GO:0060047) in mouse, fruit 

development (GO:0010154) in plants or response to drug (GO:0042493) in 

bacteria. Examples related with hearing (GO:0006915) will be presented here to 

demonstrate different scenarios of AGENDA usage. 
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The simple query page in AGENDA allows querying a single gene product or a 

GO term. For example, it is possible to retrieve information about the human 

protein Myosin-VIIa (Figure 6 and 7) or about hearing (GO:0006915) (Figure 8). 

In both cases, the output is also specified by the selected species and the GO 

evidence code. The output for gene product query includes the protein’s 

description and the list of the associated GO terms. Vice versa, the output for gene 

product query includes the GO term’s description and the list of the associated 

gene products. 

 

The list of auditory gene products obtained by a simple query with the GO term 

“hearing” can be exported as a CSV file or used directly as the input for batch 

queries by clicking the related links. Consequently, the “GO term 1” input field in 

 

Figure 6: Simple query page in AGENDA, gene product query, results 

for the human MYO7A protein, screenshot 1.  

Query result for the human MYO7A gene product includes the description of the gene, its homologues 

and list of associated GO terms. The upper part of the web page displaying the gene description 

homologues is shown. 
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the batch query page corresponds to the GO term (in this case “hearing”) 

associated with the queried gene list. Batch queries facilitate a further annotation 

of this dataset using other user-defined GO terms. Thus, it is for example possible 

to delineate auditory-relevant genes that are associated with a second GO term 

such as the plasma membrane (GO:0005886). Using “hearing” as input for the 

“GO term 1” in batch queries allows mining of the GO data associated with the 

human auditory gene products. Batch queries are performed in the GO Slimmer 

page and the Boolean query page of AGENDA. 

 

 

Figure 7: Simple query page in AGENDA, gene product query, results 

for the human MYO7A protein, screenshot 2.  

Query result for the human MYO7A gene product includes the description of the gene, its homologues 

and list of associated GO terms. The middle part of the web page displaying GO term annotations under 

GO Biological Process and Molecular Function categories is shown. 
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With GO Slimmer, it is also possible to get an idea about the distribution of 

human auditory gene products in various cellular components. This assay will be 

referred in this thesis as “cellular components analysis”. The user can customize 

this data mining analysis by specifying the GO term of interest in this batch query.  

In addition to the GO term 1 (in this case “hearing”), further GO terms belonging 

to the GO Cellular Component category (for example, the GO term “plasma 

membrane”) can be used as the input (Figure 9). GO Slimmer calculates how 

many auditory genes (GO:0007605) are associated with each functional category. 

The resulting GO Slim includes numerical data in the “OF GO TERM 1” column 

and a chart summarizing the findings. Numerical results consist of the numbers 

 

Figure 8: Simple query page in AGENDA, GO term query, results for 

human hearing. 

Query result for the GO term “hearing” in human includes the description of the GO term, further 

options, and the list of associated gene products. The upper part of the web page is shown. It displays the 

GO term description, further query options and the first 2 gene products from the total list of 110 human 

auditory gene products. While the “Export” button downloads this gene list as CSV file, the “GO 

Slimmer” and “Boolean Query” buttons allow using this list as input for batch queries. 
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and percentages of auditory gene products annotated to each cellular component. 

In order to obtain the names of the actual gene products, the user can click on the 

corresponding number in the “OF GO TERM 1” column. This will open the 

Boolean query page that allows using related gene products for follow-up Boolean 

queries (for example, see figure 10). 

  

  
The Boolean query page of AGENDA allows retrieving human gene products that 

are associated with both hearing (GO:0007605) and the plasma membrane 

(GO:0005886). This is achieved with the Boolean operator “AND”. It is also 

 

Figure 9: GO Slimmer query page, cellular components analysis of 

human auditory gene products.  

Human gene products that are implicated in hearing and their relation with a number of cellular 

components are shown. 110 human gene products are identified that are annotated to hearing 

(GO:0007605). 11 of the respective gene products are associated, for example, with the mitochondrion 

(GO:0005739), 27 with the nucleus (GO:0005634), and 48 with the plasma membrane (GO:0005886). 
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possible to include further GO terms and Boolean operators in the query. For 

example, the human gene products that are implicated in hearing (GO:0007605), 

associated with the plasma membrane (GO:0005886), and annotated with motor 

activity (GO:0003774) can be obtained. In this case, the Boolean query is 

performed by using three GO terms and two “AND” Boolean operators. (Figure 

10). Another example for a Boolean query is a search for gene products annotated 

to hearing (GO:0007605), vision (GO:0007601) and the cilium (GO:0005929) 

using two “AND” Boolean operators (Figure 11). 
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The result of a typical Boolean query includes a list of retrieved gene products and 

a Venn diagram. Clicking on a gene product’s name in this list will direct user’s 

web browser to the Simple query page dedicated to this gene product. For each 

gene product there is a link to the evidences page that provides information 

supporting association of the gene product with the GO terms at issue. In addition 

to a list of gene products, it is possible to generate a Venn diagram depicting the 

relationship between two or three GO terms based on their common gene 

products. Each GO term is represented by a circle with a different color. Size of 

 

Figure 10: Boolean query page in AGENDA, human gene products 

annotated simultaneously to hearing, the plasma membrane and the 

motor activity.  

Result of a Boolean query delineating human gene products annotated to hearing (GO:0007605), the 

plasma membrane (GO:0005886) and the motor activity (GO:0003774). The three GO terms are 

combined using two Boolean operators “AND”. 3 gene products are identified that are associated 

simultaneously with all three GO terms. A Venn diagram illustrates relationship between the GO terms 

based on their common gene products. 
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circles and their overlapping areas are proportional to the number of 

corresponding gene products. 

 

The evidences page of AGENDA helps to pursue evidence underlying distinct GO 

annotations. This page can be also accessed directly from the query pages 

described above to obtain information about evidences substantiating each of the 

 

Figure 11: Boolean query page in AGENDA, human gene products 

annotated simultaneously to hearing, vision and the cilium.  

Result of a Boolean query delineating human gene products annotated to hearing (GO:0007605), vision 

(GO:0007601) and the cilium (GO:0005929). The three GO terms are combined using two Boolean 

operators “AND”. 5 gene products are identified that are associated simultaneously with all three GO 

terms. Venn diagram illustrates relationship between the GO terms based on their common gene products. 
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used GO annotations. The evidences page assesses association of a gene product 

with up to five different GO terms and displays separately data for each 

association. If there is more than one evidence record, all of them are shown and 

ordered according to the association date. Information linking a gene product to a 

certain GO term includes the association date, the evidence code and the name of 

evidence source. Additional evidence can be obtained by clicking on the links in 

the Source column (Figure 12). 

 

 

Figure 12: Evidences page of AGENDA, evidences linking the human 

MYO7A protein with hearing, vision and the cilium.  

Result of querying the evidences page of AGENDA for information supporting the association of  the 

human MYO7A protein with hearing (GO:0007605), vision (GO:0007601) and the cilium (GO:0005929). 

The results show that MYO7A is associated with all of these GO terms. To support this finding, the web 

page also provides evidences for each gene product – GO term association. Here, all of the evidences are 

based on the PubMed publications as their source.  
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Results obtained from GO Slimmer can be used for an interspecies comparison. It 

was already demonstrated above how AGENDA’s GO Slimmer page can be used 

for the species-specific cellular components analysis of auditory gene products 

(Figure 9). In addition, it is possible to manually compare the results of different 

GO Slimmer queries in different species (This feature is not supported in 

AGENDA). For example, it is possible to compare the numbers of the human and 

the mouse auditory gene products that are annotated to a specific cellular 

component. For this purpose, 5 demonstrative GO terms (same as in the figure 9) 

were selected. Furthermore, results of the cellular components analyses of the 

whole human and mice genomes were also included as references (Figure 13). 

The comparison between humans and mice showed that the percentages of gene 

products associated with the plasma membrane were higher in the auditome 

(41.74% and 39.84%, respectively) when compared to the genome (25.52% and 

14.81%, respectively). This suggests that there could be an enrichment of the 

plasma membrane proteins among auditory gene products and that this pattern 

could be conserved in both human and mice auditomes. As a further step, the GO 

term enrichment test needs to be applied to evaluate the significance of these 

findings. 
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5.1.1.2 Functional categorization of auditory genes with AGENDA 

GO Slimmer was successfully applied to partially reconstruct the table describing 

functional categories related with human auditory gene products (Table 5) (Figure 

14). It is also possible to manually compare (not with AGENDA) the results of the 

functional categorization of auditory gene products between human and mice. 

Thus, GO Slims can be useful in the comparative genomics analysis of the 

different auditomes. 

 

Figure 13: Comparing results of the cellular components analyses of 

human and mouse auditory gene products.  

Comparisons of GO Slims representating results of the cellular components analyses in the genomes (left) 

and auditomes (right) of humans (top) and mice (bottom). While the GO term “sensory perception of 

sound” stands for all auditory gene products, the GO term “cellular component” is used as the reference 

set representing the whole genome.  Percentage of gene products associated with the plasma membrane is 

higher in the auditome when compared to the genome in both in humans and mice.  
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5.1.2 Manual gene annotation with the Auditory Gene Ontology 

Annotation (AGOA) project 

5.1.2.1 Improving lists of genes annotated to hearing in the GO 

database 

The Auditory Gene Ontology Annotation (AGOA) project is the first 

comprehensive annotation effort to catalogue genes human, mouse, zebrafish and 

fruitfly genes involved in hearing. While the improving of the annotations related 

with fruit fly and zebrafish auditory genes are finished (this work was achieved 

 

Figure 14: GO Slimmer query page, functional classification of 

human auditory gene products.  

Human gene products that are implicated in hearing and their relation with a number of GO terms (each 

representing a specific functional category) are shown. 110 gene products are identified that are annotated 

to hearing (GO:0007605). 4 of the respective gene products are associated, for example, with the gap 

junction (GO:0005921), 12 with ion channel activity (GO:0005216), and 23 with the cytoskeleton 

(GO:0005856). 
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together with the collaborators in the AGOA project.), the mammalian part 

(mouse and human) of work is still in progress. 

5.1.2.2 Revision of the evidences for genes annotated to hearing in the 

GO database 

While the revision of evidence for fruit fly and zebrafish auditory genes is 

finished (this work was accomplished together with the collaborators in the 

AGOA project), the work related with the mouse and human is still ongoing. 

Since FlyBase already updated its database using the improved auditory gene list 

and the revised evidences, the results for fruit fly were made available online in 

the GO database (See Appendix, table 15, 16). Although annotation of the 

zebrafish auditory genes and revision of the related evidences are finished, the 

update of the ZFIN using the data obtained from the AGOA project did not occur 

yet. The status of the AGOA project is summarized in the table below. 

Table 12: Progress in the AGOA project. 

Species Annotation Before Deleted Added Now 

Zebrafish Genes 4 0 8 12 

Zebrafish Publications 5 1 16 20 

Fruit fly Genes 20 1 11 30 

Fruit fly Publications 30 5 23 48 

Mouse Genes 113 In progress In progress In progress 

Mouse Publications In progress In progress In progress In progress 

Human Genes 94 In progress In progress In progress 

Human Publications In progress In progress In progress In progress 
Source: GO database as of September 2012. 

5.1.2.3 Chronological overview of the auditory gene discoveries 

The approach employed in the AGOA project also resulted in a chronological 

overview of the auditory gene discoveries in the past decade (Figure 15). Results 

of the forward screens published in 2000 and 1998 accounted for the discoveries 

of many auditory genes in the fruit fly and in zebrafish, respectively (Figure 15 A, 

C). Once the AGOA project is finishing the ongoing AGOA project is expected to 

complete this figure by including human and mouse data. 
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In summary, the AGOA project included improvement of auditory genes lists, 

revision of relevant evidences and chronological overview of related discoveries. 

The study was conducted separately for each species. While the tasks related with 

fruitfly and zebrafish auditory genes were essentially finished and described in 

this thesis, the parts including human and mouse auditory genes are still in 

progress. Experts in the related species and biocurators of thed dedicated atabases 

contributed a lot to the achievements of the AGOA. 

5.2. Transcriptome-level investigation 

5.2.1 Functional annotation of candidate auditory genes using the 

AMIGO GO Term Enrichment tool 

Functional annotation using the AMIGO GO term enrichment tool version 

revealed significantly enriched GO terms in the analyzed list of candidate 

 

Figure 15: Chronological overview of the auditory gene discoveries  

in fruit fly and zebrafish. 

This figure was produced as result of the AGOA project and summarizes the progress in identification of 

auditory genes in fruit fly and zebrafish. 
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Drosophila auditory organ genes (Table 13). These GO terms were significantly 

overrepresented among the candidate JO genes when compared to the whole 

genome. 

Table 13: Significantly enriched GO terms in the list of candidate 

Drosophila auditory organ genes identified by the microarray analysis. 

 

5.3. Interactome-level investigation 

5.3.1 Reconstruction of the auditory gene network using 

Cytoscape 

Reconstruction of the auditory gene network generated an auditory gene network 

that included both auditory genes and their neighbors (Figure 16). The 

neighboring genes were regarded as candidate auditory gene that could be used 

for further investigation. 

 

Table shows percentages of the array genes (genome) and the candidate genes annotated to a certain GO 

term is shown. In addition, statistics of the GO term enrichment analysis (P values and adjusted P values) 

is shown. 
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5.3.2 Annotation of the auditory gene network using the GOlorize 

plugin 

GO annotations were applied to gain more information about the auditory gene 

network. Some of the GO terms significantly enriched were highlighted. This 

annotation provided a better picture about the specific roles of the network 

components (Figure 17). 

 

Figure 16: Auditory Gene Network.  

Yellow genes represent auditory genes. Blue genes are non-auditory genes that represent first and second 

neighbors of the auditory genes. 
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Figure 17: Auditory Gene Network with GO annotations.  

GO term enrichment analysis was applied to the list of genes within the auditory network. Only GO terms 

related with the Molecular Function were used in the enrichment analysis. 8 representative GO terms 

were chosen manually among significantly enriched GO terms. Genes are colored according to their 

associations with these GO terms. Circular layout was applied. 
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5.4. Developing Gene Ontology-based framework to annotate genes 

of hearing 

5.4.1 Structure of the GO-based framework to annotate genes of 

hearing 

The usage of the GO database is the common aspect of methods applied in this 

thesis. Another important point is that the steps in the analysis of omics data were 

parallel to the central dogma of molecular biology. The AGOA project is expected 

to add novel auditory genes obtained from these analyses into the GO database. 

Improved content of the GO database, in turn, can be used as the basis for new 

hypotheses and as a better data source for future analysis of high-throughput data. 

This functional link between different types of studies makes it possible to 

combine them into a logical sequence. Therefore, the rationale in this thesis was to 

relate all this investigations to each other within a single framework that was 

named the “GO-based framework to annotate genes of hearing” (Figure 18). With 

such a framework it is also possible to complete the research loop consisting of 

the experimental and computational studies that starts from the experiment and 

spans through multiple steps to the new hypothesis. It is widely acknowledged 

that the GO database is especially useful when applied to studies involving high-

throughput screens. Because of this, the GO-based framework to annotate genes 

of hearing fits ideally especially into the context of microarray screens. 
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5.4.2 Evaluating usability of the GO database in hearing research 

The GO-based framework to annotate genes of hearing showed how the GO 

database can be used in hearing research. Although the GO database provides a 

powerful infrastructure for the gene annotation described above, it also has certain 

limitations. These limitations are also directly inherited by the Gene Ontology-

based framework to annotate genes of hearing. Thus, defining and discussing pros 

and contras of using the GO database in annotating auditory genes was one of the 

aims of this thesis. It was that the GO database has four strong and four weak 

points (Table 14). Results of the evaluation GO database are summarized below. 

For some features, specific comments for hearing research are also provided. 

 

 

Figure 18: Gene-Ontology based framework to annotate genes of 

hearing. 

GO-based methods (underlined) for annotating auditory genes applied in this thesis were integrated into 

the Gene Ontology-based framework to annotate genes of hearing. This aim of this novel framework was 

to provide a functional link between various methods to facilitate consequent usage of related findings. 
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Table 14: Pros and cons of using the GO database in gene annotation.  

Pros Contras 

Universality Absence of temporal information 

Compatibility  Absence of spatial information 

Versatility Experimental vs. electronic annotations 

Broad biological scope Missing annotations 

Sustainability Genes vs. phenotypes 

 

Pros of using the GO database in gene annotation: 

1. Universality: Concerns numerous species including human and genetic model 

organisms. This property is ideal for hearing research as many of the auditory 

genes are investigated in the model organisms of deafness. 

2. Compatibility: The database can be programmatically accessed and 

conveniently implemented in data mining and genomic data analysis. This 

facilitates summarizing current findings (for example, cellular component 

analysis of auditory gene products with AGENDA) and evaluating results 

from high-throughput experiments (for example, microarrays). 

3. Versatility: In addition to the existing bioinformatics tools implementing the 

GO database, many new applications are being continuously developed. Parts 

of this huge toolkit can be useful while investigating genetics of deafness. 

4. Broad biological scope: The GO database contains data about different areas 

of biology. Thus, this source does not only list of auditory genes (primary 

information), but also secondary information about these genes, such as, their 

associated Cellular Compartments, Molecular Functions and Biological 

Processes. This feature can be easily used to functionally annotate and 

categorize auditory genes. 

5. Sustainability: The GO project is the long term project backed by many 

bioinformatics databases and communities. In addition, since all releases of 

the GO database are maintained in the repository, GO data is always traceable.  

Contras of using the GO database in gene annotation: 
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1. Absence of temporal information: GO annotations do not contain tissue-

specific information. Thus, it is not possible to define where (in which tissue or 

cell type) the annotated properties (Cellular Compartments, Molecular Functions 

and Biological Processes) of a gene product were observed. This fact and the 

absence of spatial information (see below), were reported earlier by Hildebrand et 

al. [Hildebrand et al., 2007] as the limitations of the GO database with regard to 

hearing research. 

2. Absence of spatial information: GO annotations do not contain time-specific 

information. Thus, it is not possible to define when (at which developmental 

stage) the annotated properties (Cellular Compartments, Molecular Functions and 

Biological Processes) of a gene product were observed. 

3. Experimental vs. electronic annotations: Users should be aware and cautious 

about the evidences codes while dealing with GO annotations. Especially handling 

electronic annotations can be sometimes problematic or confusing for biologists. 

For example, many human auditory genes are inferred from mouse and as result 

have the ISS (Inferred from Sequence Similarity) GO evidence code. 

5. Missing annotations: Some findings about genes (including genes for hearing) 

have not been yet recorded by the GO database curators. As result, this knowledge 

cannot be found in the GO database. Since GO annotations don’t capture all 

auditory genes there are many auditory genes that are not associated with hearing 

in the GO database. As result, the user will not see these genes while retrieving 

the list of auditory genes. The AGOA project was aimed to address this issue and 

improve the list of auditory genes in human and model organisms of deafness. 

Still, this project is still not completed and there are many other species not 

covered.  

4. Genes vs. phenotypes: In the GO database, there are annotations for gene 

products which gene sequence is still unknown. In this case, the name of the gene 

and its annotations can be based on the mutant phenotype. The corresponding 

gene was not identified yet. This is the case, for example, in the fly auditory gene 

list. User should be aware and cautious while dealing with such data. 
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5.4.3 Approaching challenges and potential of Systems biology of 

hearing 

Due to the limited scope of the GO database (Table 14), it has been impossible 

until now to answer many questions related with hearing using solely GO data. 

Extending the GO-based methodology described in this thesis to a broader 

bioinformatics toolkit and applying it to a wider range of biological data is 

expected to yield to more comprehensive results. The full power of GO data will 

be probably revealed by using it in combination with other databases and 

ontologies. Such an integrative approach is a challenging issue in computational 

systems biology. Similarly, because of the enormous complexity of the auditory 

system, it has been impossible until now to answer many questions in this field 

with a single experimental technique. Thus, experimental systems biology 

advocates combined usage of multiple experimental techniques and concentrates 

on finding optimal solutions for this task. Ultimately, unifying power of different 

computational and experimental methods is the major challenge facing systems 

biology of hearing. System biology strategies that combine advanced 

experimental and computational methods have a breakthrough potential for solve 

these questions (Figure 19). 
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Systems biology can be divided into computational and experimental systems 

biology. In some case, experiments precede computation and provide data for 

statistical analysis (for example, high-throughput screens). In other cases, 

computation is followed by experiments that test validity of computation results 

(in the form of predictions, models, simulations, prioritized candidate genes, etc.). 

Systems biology of hearing is expected to improve our understanding of the 

auditory system by unraveling how its components cooperate functionally and its 

constituents interact structurally on molecular level to accomplish hearing.  

(Figure 20). 

 

Figure 19: From the GO-based annotation framework towards 

systems biology of hearing. 

Data types from the top left circle were implemented in the “GO-based framework to annotate genes of 

hearing” and examples of their usage were demonstrated in this thesis. Future perspectives include 

integration of other data types (examples are shown in the top right circle) to complement the mentioned 

framework in building the comprehensive data analysis infrastructure. This ultimate bioinformatics 

infrastructure, together with advanced experimental methods, is expected to enable systems biology 

approaches in hearing research. 
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Figure 20: Systems biology of hearing and in-silico analysis. 

Systems biology of hearing can be linked to many types of in-silico analysis such as prediction of gene 

function, gene perturbation analysis, candidate gene prioritization, system modeling and simulation. 

System biology approaches are expected to facilitate auditomics studies by merging different kind of 

computational and experimental procedures. In this way, new insights into the auditory systems can be 

gained. 
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6. Discussion 

6.1. Genome-level investigation 

6.1.1 Development of Application for mining Gene Ontology data 

(AGENDA) and its usage in hearing research 

6.1.1.1 Development of AGENDA 

The Gene Ontology (GO) database is a widely used source in bioinformatics. 

Availability of robust, powerful tools is crucial for the efficient usage of the GO 

database. Developing AGENDA (Application for Mining Gene Ontology Data) in 

order to make the access to - and usage of - target GO data easier was one of the 

main goals in this thesis. This goal was realized through a new interface that 

provides diverse query options and enables visualization, download and 

bookmarking of the obtained results. AGENDA resembles the official GO 

browser AmiGO [Carbon et al., 2009] in the simple queries aimed at single GO 

terms and gene products. What makes AGENDA novel is how it combines the 

power of batch queries (GO Slimmer and Boolean query) in data mining and 

supports the results with data-driven charts and traceable evidences. Batch queries 

are used to simultaneously access multiple, user-specified GO terms and to 

compare lists of the associated gene products. Mining GO data with AGENDA 

can be used while investigating genetic basis of various biological processes such 

as hearing. 

GO Slimmer of AGENDA currently can generate only one GO Slim at a time. 

Could it beneficial for users to query the GO database simultaneously using 

multiple GO Slims? From the data mining perspective, comparison of the GO 

Slims obtained from various species can be of particular interest. The example 

given in this thesis showed that in both humans and mice the percentages of gene 

products associated with the plasma membrane were higher in the auditome 

(41.74% and 39.84%, respectively) than in the genome (25.52% and 14.81%, 

respectively) (Figure 13). These results hint at the possible enrichment of the 

plasma membrane proteins in the respective auditomes. The GO term enrichment 

test still needs to be applied to assess these results. If the enrichment proves to be 
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significant in both species, this could be indicative of a conserved pattern of this 

enrichment. In this case, extending the comparison to other species (for example, 

zebrafish and fruit fly) can offer deeper insight into this subject. While the 

anticipated figure showing the results of the comparison is expected to bear 

similarities with the GO Slimmer generated by Harris et al. [Harris et al., 2004] 

(Figure 2), it is also expected to provide additional features such as viewing the 

statistical data and clicking on columns for further information. The methodology 

of the interspecies comparisons described here can also be used for assessing the 

consistency of results obtained from other GO Slimmer queries (for example, 

figure 14). Currently, the GO term enrichment test and comparison of different 

GO Slims (for example, figure 13) are not supported in AGENDA. Therefore, 

these operations require usage of a third-party tool (the former), such as Excel, 

and manual processing of the results (the latter). These tasks frequently turn out to 

be challenging and time-consuming. Enabling statistical testing and handling of 

multiple GO Slims by GO Slimmer is a prerequisite of the statistically verified 

and automated GO Slim comparison across species. This, for example, can allow 

automated generation of the figure 13 including additionally the statistical results. 

Given the promising outlook of this described approach, empowering GO 

Slimmer with the needed properties is one of the possible directions of the future 

development of AGENDA. This enhancement can facilitate comparative genomic 

studies by taking AGENDA to the next level. 

Apart from the GO Slimmer-related issues, future perspectives in the AGENDA 

development include increasing the functionality of searches: On one side, 

expanding queries, currently limited to twelve species, to all species covered by 

the GO database.  On another side, adding the upload option that makes it possible 

for users to provide their own lists of gene products as input for batch queries. 

These steps may result in the acceptance of AGENDA by a broader user 

community and can facilitate functional annotation of candidate genes obtained 

from high-throughput experiments. In addition to the measures concentrating on 

query refinement, there is also a room for improvement in the interface design. 

The future prospect includes adding new user-friendly features (such as an 
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autocomplete function in searches) by implementing AJAX technology. All these 

improvements are expected to increase usability of AGENDA. 

Keeping pace with advancement in internet technologies, novel techniques for 

making fast and powerful web-based applications become available. This progress 

is also successfully reflected in bioinformatics. For example, implementing the 

Google Application Program Interfaces (APIs) proved to be useful in several 

bioinformatics applications [Klekota et al., 2006; Obayashi et al., 2008; Arakawa 

et al., 2009; Kono et al., 2009]. In this thesis, so far as its author is aware, Google 

Chart API was used for the first time in bioinformatics for the dynamic 

visualization of GO data. From this perspective, this work and similar studies can 

inspire proliferation of the “Google-powered bioinformatics” in future. 

The rapidly accumulating knowledge about diverse cellular mechanisms 

continuously increases the size of the GO database and the relevance of the 

associated bioinformatics tools. Examples shown in this thesis demonstrate the 

applicability of AGENDA in the context of the hearing research. While AGENDA 

is expected to contribute to the existing toolkit of GO-based bioinformatics tools 

[Gene ontology tools website], it is also essential for the GO-based framework to 

annotated genes of hearing, discussed later in this thesis. AGENDA is available as 

open source software and can be used freely for non-commercial purposes. 

AGENDA can be accessed online (URL: http://bioagenda.uni-goettingen.de/) or 

downloaded, along with the source code and documentation, from the project 

homepage (URL: http://sourceforge.net/projects/bioagenda). 

6.1.1.2 Functional categorization of auditory genes with AGENDA 

In this thesis, mining the GO database with AGENDA was used to gain novel 

insights into the genetics of hearing by analyzing GO annotations related with 

auditory gene products. For example, it was shown that GO Slimmer of 

AGENDA provides powerful means for the functional categorization of human 

auditory gene products. As a next step, respective results from the model 

organisms of hearing can be obtained and compared. The methodology of the 

comparison would be similar to the one used while comparing results of the 

cellular compartments analyses in humans and mice (Figure 13). Such a cross-
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species comparison would clarify whether there is a common recognizable 

signature for the distribution of functions in the auditomes of these organisms. 

6.1.2 Manual gene annotation with the Auditory Gene Ontology 

Annotation (AGOA) project 

6.1.2.1 Improving lists of genes annotated to hearing in the GO 

database 

Improving lists of auditory genes is expected to result into a comprehensive 

annotation of auditory genes in the GO database and provide a general overview 

of the field. This work is especially valuable while it bridges the findings in 

different species and facilitates exchange of information between the experts 

working on them. Preliminary results demonstrated that the GO database is a 

valuable data source for hearing research. 

6.1.2.2 Revision of the evidences for genes annotated to hearing in the 

GO database 

Completing the revision of the evidences for auditory genes is expected to make 

the GO database even more attractive data source. In addition, this can also lead to 

better results in future bioinformatics analyses. 

6.1.2.3 Chronological overview of the auditory gene discoveries 

The chronological overview of the auditory gene discoveries demonstrates the 

role of successful screens as the major driving forces in the discovery of auditory 

genes that despite the difficulty of the subsequent positional cloning and 

characterization. This notion is supported by a recent study by Senthilan et al. 

[Senthilan et al., 2012] that used microarrays for screening and doubled the 

number of fly auditory genes (These novel auditory genes are still to be included 

into the GO database and into the chronological overview). This finding 

emphasizes the potential of high-throughput analyses such as the gene expression 

microarrays in auditory research. 

In conclusion, the AGOA project included improvement of auditory genes lists, 

revision of relevant evidences and chronological overview of related discoveries. 
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The work was performed separately for each species. While goals related with 

fruitfly and zebrafish auditory genes are essentially accomplished and presented in 

this thesis, the work concentrating on human and mouse auditory genes is still in 

progress. Preliminary results presented in this thesis showed the feasibility of the 

employed approach. 

6.2. Transcriptome-level investigation 

6.2.1 Functional annotation of candidate auditory genes using the 

AMIGO GO Term Enrichment tool 

Functional annotation using the AMIGO GO term enrichment tool revealed 

significantly enriched GO terms in the list of candidate gene obtained from the 

screen. The GO term enrichment analysis provided a better understanding of the 

gene list. This analysis also showed that the AmiGO GO term enrichment tool is a 

suitable tool and the GO database is a valuable data source for the functional 

annotation of microarray data. Future perspective includes gene network-based 

analysis of the candidate genes using the standard protocol [Cline MS et al., 

2007]. 

6.3. Interactome-level investigation 

6.3.1 Reconstruction of the auditory gene network using 

Cytoscape 

The explorative study and resulted in the generation of the auditory gene. Current 

findings suggests the applicability of the approach but more investigation is 

needed to evaluate this preliminary data in order to obtain significant biological 

insights. 

6.3.2 Annotation of the auditory gene network using the GOlorize 

plugin 

The annotation of the auditory gene network helped in interpreting the interactions 

and demonstrates the usability of the GO database together with Cytoscape for 

this purpose. Future perspective includes cellular component analysis and 

functional categorization of genes within the auditory gene network using the 
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Cytoscape Cerebral plugin [Barsky et al., 2007]. GO data can be manually used as 

input for this plugin to obtain more information about the auditory gene network. 

6.4. Developing Gene Ontology-based framework to annotate genes 

of hearing 

6.4.1 Structure of the GO-based framework to annotate genes of 

hearing 

Over the last decade, deafness research has witnessed a considerable progress in 

the discovery and characterization of genes involved in hearing. This 

breakthrough in the field is accompanied by novel opportunities and 

unprecedented challenges. Archiving current findings about auditory genes and 

using this data in the analysis of new experimental tasks are main issues in this 

thesis. Results described above demonstrate that the GO database is a valuable 

data source for the gene annotation (with the AGOA project), functional 

categorization (with AGENDA), functional annotation (with AmiGO GO term 

enrichment tool) and network analysis (with Cytoscape and GO-based plugins) of 

auditory genes. Thus, the GO database can be used in hearing research both as a 

repository of auditory genes (with the AGOA project) and as a data source for the 

analysis of genomics, transcriptomics and interactomics data. 

“GO-based framework to annotate genes of hearing” was developed by combining 

different GO-based methods used so far in this thesis. This framework describes 

gene annotation on three “omics” levels (genomics, transcriptomics and 

interactomics) and offers practical links between these annotation types. This 

results into the functional integrity of the consecutive annotation steps and 

facilitates interpretation of available data. As result, it is possible to a obtain 

research workflow spanning from an experiment to a new hypothesis through the 

parts of this framework. This can be especially evidence in microarray screens 

(Figure 21). Results in this thesis suggests that the GO database can be used 

successfully within this practical framework for annotating the auditome in a 

systematic and sustainable manner. 
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6.4.2 Evaluating usability of the GO database in hearing research 

Despite its usability, possible limitations of the GO database also constrain the 

power of the Gene Ontology-based framework to annotate genes of hearing. In 

 

Figure 21: GO-based framework to annotate genes of hearing, 

adapted for microarray screens.  

The GO-based framework to annotate genes of hearing can be useful in microarray studies. The loop 

consisting of the experimental, theoretical and computational studies leads from the microarray 

experiment to the new hypothesis. Examples described in this thesis demonstrate how the effective usage 

of the GO database within the proposed framework facilitates auditomics by accelerating the loop and 

leveraging the results. In auditomics, the GO database can be used to interpret microarray results and 

helps to review auditory genes. Interpreting candidate gene lists obtained from screens is achieved by 

functional annotation (using, for instance, AmiGO GO term enrichment tool) and gene network-based 

analysis (using, for example, Cytoscape and GO-based plugins). Reviewing auditory genes includes 

update (for example, with the AGOA project) and characterization (using, for example AGENDA tool) of 

the auditory gene list in the GO database. Steps represented by the green circle are parts of the “GO-based 

framework to annotate genes of hearing” and examples for each of these steps were demonstrated in this 

thesis. Blue circles show steps that include the experimental design, the microarray experiment and 

follow-up procedures such validation of candidate auditory genes and their subsequent characterization.  
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this thesis, pros and contras of using the GO database in gene annotation were 

defined. Four main strong and four weak points summarized the current situation 

(Table 14). Specific comments for hearing research were provided for some 

features. 

6.4.3 Approaching challenges and potential of Systems biology of 

hearing 

Since both bioinformatics and auditomics develop very rapidly, scientists 

continuously face new challenges. The GO-based framework to annotate genes of 

hearing has a potential of inspiring novel solutions for some of the complex 

problems scientist working on auditomics will face in future. Therefore, this thesis 

can be regarded as a bridge towards more powerful frameworks that will probably 

be on demand in future. 

6.4.4 Outlook 

The framework presented in this thesis describes various applications of the GO 

database in auditomics and shows how they can be utilized together in order to 

interpret more efficiently relevant experimental findings. While the framework 

itself can be optimized and developed further to meet the specific and growing 

needs of scientist, there is still room for improvement in the projects and tools 

described within the framework. All studies conducted in this these, except the 

transciptome-level investigation, were designed and initiated with this thesis. 

From the genome-level studies presented in this thesis, the AGENDA project is 

completed [Ovezmyradov et al., 2012] and the resulting web-based application 

has taken its place among other GO-based tools. The AGOA project is still in 

progress and expected to provide much needed annotations of auditory genes. The 

improved auditory content can make the GO database more attractive for the 

auditomics community and increase the relevance of AGENDA and the GO-based 

annotation framework. In addition to these two projects, the transcriptome-level 

investigation of auditory genes in Drosophila is finished [Senthilan et al., 2012] 

and the interactomics-level study of auditory gene networks is still ongoing. 
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Although this thesis concentrated solely on the GO-based solutions, the author is 

aware that there are many technologies in bioinformatics that can be very useful in 

auditomics. The ultimate goal is to combine these technologies and corresponding 

data sources in order to lay down the computational infrastructure for the systems 

biology of hearing. The latter is expected to enable better understanding of 

hearing and novel approaches to combat deafness. Given all this, this work can be 

regard as a step further towards systems biology of hearing. 

Finally, the structure of the GO-based annotation framework here can be modified 

to suit the needs of the scientists working on other “omics” fields. While the scope 

of the AGOA project was to improve auditory content of the GO database, a 

scientific community interest in another subject can develop its specific GO 

annotation project for their own needs. Due to the variety of biological areas 

within the GO database and the versatility of the implemented GO-based tools, the 

framework described in this thesis can serve as model for other annotation studies.   
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7. Abbreviations 

AGOA :  Auditory Gene Ontology Annotation 
 
AGENDA:  Application for Mining Gene Ontology Data 

BIND:   Biomolecular interaction network database 
 
DBMS:  Database management system 
 
GO:   Gene Ontology
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9. Appendix 

9.1. Fruitfly auditory genes 

Table 15: Fruit fly auditory genes 

Gene no. Gene symbol Gene full name 

1 ato  Atonal 

2 btv  Beethoven 

3 ck  Crinkled 

4 cp309 cp309 

5 ct  Cut 

6 DCX-EMAP  Doublecortin-domain-containing echinoderm-

microtubule-associated protein ortholog 

7 dia  Diaphanous 

8 Eb1 Eb1 

9 f  Forked 

10 iav  Inactive 

11 Kap3  Kinesin associated protein 3 

12 Klp64D  Kinesin-like protein at 64D 

13 nan  Nanchung 

14 nompA  no mechanoreceptor potential A 

15 nompB  no mechanoreceptor potential B 

16 nompC  no mechanoreceptor potential C 

17 nompE  no mechanoreceptor potential E 

18 nompF  no mechanoreceptor potential F 

19 nompI  no mechanoreceptor potential I 

20 nompJ  no mechanoreceptor potential J 

21 rempA  reduced mechanoreceptor potential A 

22 rempD  reduced mechanoreceptor potentials D 

23 Rfx Rfx 

24 salm  spalt major 

25 salr  spalt-related 

26 tilB  touch insensitive larva B 

27 tko  technical knockout 
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28 Tmhs  Tetraspan membrane protein in hair cell stereocilia 

ortholog 

29 unc  Uncoordinated 

30 uncl  uncoordinated-like 
Source: GO database as of June 2012. 

9.2. References for fruit fly auditory genes 

Table 16: References for fruit fly auditory genes. 

Gene no. Gene symbol GO evidence code Reference 

1 ato  IMP PMID:10934246 

1 ato  IMP PMID:12203727 

2 Btv IMP PMID:10934246 

2 Btv IMP PMID:12642657 

3 ck  IMP PMID:15886106 

4 cp309 IMP PMID:15184400 

5 ct  IMP PMID:18820445 

6 DCX-EMAP  IMP PMID:20975667 

7 dia  IMP PMID:19102128 

7 dia  IMP PMID:20624953 

8 Eb1 IMP PMID:15591130 

9 f  IMP PMID:19102128 

10 iav  IMP PMID:15483124 

10 iav  IMP PMID:16819519 

10 iav  IMP PMID:19666538 

11 Kap3  IMP PMID:14521834 

12 Klp64D  IMP PMID:14521834 

13 nan  IMP PMID:12819662 

13 nan  IMP PMID:16819519 

13 nan  IMP PMID:19666538 

14 nompA  IMP PMID:10934246 

14 nompA  IMP PMID:11239432 

14 nompA  IMP PMID:12642657 

15 nompB  IMP PMID:10934246 

15 nompB  IMP PMID:14521833 
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16 nompC  IMP PMID:10934246 

16 nompC  IMP PMID:12642657 

16 nompC  IMP PMID:16819519 

16 nompC  IMP PMID:19666538 

17 nompE  IMP PMID:10934246 

18 nompF  IMP PMID:10934246 

19 nompI  IMP PMID:10934246 

20 nompJ  IMP PMID:10934246 

21 rempA  IMP PMID:10934246 

21 rempA  IMP PMID:19097904 

22 rempD  IMP PMID:10934246 

23 Rfx IMP PMID:12403718 

24 salm  IGI PMID:11934862 

24 salm  IMP PMID:12925729 

25 salr  IGI PMID:11934862 

25 salr  IMP PMID:12925729 

26 tilB  IMP PMID:10934246 

26 tilB  IMP PMID:12642657 

26 tilB  IMP PMID:20215474 

27 tko  IMP PMID:11560901 

28 Tmhs  IMP PMID:19102128 

29 unc  IMP PMID:10934246 

29 unc  IMP PMID:15226257 

30 uncl  IMP PMID:10934246 
Source: GO database as of June 2012.  
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