
 

 

 

 

ABSTRACT 

A Novel Computational Method for Predicting Tissue-specific Disease-associated 
Signaling Pathways in Human Utilizing Caenorhabditis elegans Reference Data 

 
Xuan Peng, M.S. 

Mentors: Myeongwoo Lee, Ph.D. and Young-Rae Cho, Ph.D. 

 
Signal transduction is a hot topic as molecular biology grows because it directly 

relates to cellular processes, supporting function of the organism as a whole. A 

dysfunctional signal transduction will cause uncoordinated cellular behaviors. For 

humans, these uncoordinated cellular behaviors will cause diseases. To study mechanism 

of signal transduction, diverse approaches have been applied, including traditional 

experimental and computational methods. Compared to traditional experimental 

approaches, computational methods are better in analyzing large amounts of data and 

predicting results from limited data. In this research, a novel computational method is 

built to predict tissue-specific disease-associated signaling pathways in human by 

referring to C. elegans data. Tissue-specificity and disease association data are utilized to 

perform this prediction, with a support of a novel pathway finding algorithm. Lists of 

candidate pathways associated with certain selected diseases are successfully generated 

from the results. 
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CHAPTER ONE 

Introduction 

 
1.1 Literature Review: Why We Are Interested in Meta-analysis of Signaling Pathways? 

Signal transduction is a cell communication that extracellular ligands usually bind to cell 

surface receptors and cause a relay of reactions such as changes in cellular metabolism, 

function, or development triggered by the receptor-signal complex (1). It contributes 

extensively to developmental programs and adaptation responses of different tissues in 

metazoans. Therefore, proper signal transduction network is essential for the maintenance of 

tissue functions in different organisms. On the other hand, anomalies in signaling 

transduction may lead to defective functions of the tissues. In humans, defects in cell 

signaling can cause various diseases, for example, various types of cancers (2, 3), diabetes (4) 

or Parkinson's disease (5). Many human diseases are caused by defective cell signaling 

throughout all tissues, while some are caused by defects in specific tissues. For example, 

tissue-specific insulin signaling is related to cardiovascular disease (6). Therefore, it's 

important to profile disease-associated signaling pathways in both genome-wide and 

tissue-specific levels, to provide the information for the selection of drug targeted to each 

disease.  

One of the challenges in profiling human disease-associated signaling pathways is the 

incompleteness of biological information in human gene function and protein-protein 

interaction networks. An alternative approach is to use information of simpler but with more 

complete data in model organisms as reference to give an insight to disease-associated 

signaling pathway profiling in human. The nematode Caenorhabditis elegans is a suitable 
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model organism, as its gene functions and signaling pathways are relatively well studied (7). 

Compared to simpler organisms that widely used in bioinformatics study such as 

Saccharomyces cerevisiae, the nematode C. elegans has also a highly differentiated structure 

comparable to human. Thus, it’s more probable to find tissue-specific disease-associated 

pathway similar to human in C. elegans than from yeast (8). By utilizing the genome 

information, including gene expression profiles, protein-protein interactions and functional 

information, like gene ontology data, from related databases, we may predict signaling 

pathways tissue-specifically, especially for those consist of genes that are similar to 

disease-associated genes in human.  

For tissue-specificity, Xiao SJ et al. (9) stated that "the tissue-specific genes are a group 

of genes whose function and expression are preferred in one or several tissues/cell 

types". But in order to obtain clearer results, a narrow and explicit definition for 

tissue-specificity is required. Two simple ideas of tissue-specificity can be applied. The first 

is to define genes only expressed in a certain tissue as tissue-specific; the second is to define 

two interacting gene pairs only coexpressed in a certain tissue as tissue-specific. The second 

approach is a broader concept that includes the first approach of tissue-specificity. For the 

first approach, candidate pathways should only include tissue-specific genes; for the other, it 

only covers tissue-specific gene interactions. Using these two criteria, tissue-specific 

pathways can be predicted. 

In order to predict signaling pathways, bioinformatics researchers have developed 

different methods, mostly based on the statement that the strongest path between source and 

sink nodes, the first gene and the last gene in a linear pathway, in an interaction network has 

been often expected to be a functional pathway (10). In recent years, as the knowledge in the 
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area of pathway prediction increased and pathway prediction demands more details. Pathway 

prediction has already been expanded from genome-wide to both genome-wide and 

tissue-specific pathway prediction.  

For example, Livnat Jerby and Tomer Shlomi (11) used a computational approach to 

reconstruct a tissue-specific metabolic model and applied in the study of human liver 

metabolism. They derived the model from a generic model based on network integration with 

various molecular data sources by machine learning process. Similarly, Tomer Shlomi (12, 13) 

also studied prediction of human tissue-specific metabolic pathways and successfully 

proposed a computational method that describes the tissue specificity of human metabolism. 

For signaling pathway prediction, Tamás Korcsmáros (14) and his co-workers developed an 

algorithm revealing tissue-specific signal pathway networks and cross-talk patterns between 

different tissues using human, yeast, and C. elegans interaction data.  They built up a 

database contained 8 major signaling pathways, and derived from published information and 

compiled pathways with semi-automatic searches and uniform curation rules. As long as 

algorithms were developed, database (for example, TiSGeD, tissue-specific database built by 

Sheng-jian Xiao (9) etc.) of tissue-specific genes was also built for the study of gene 

functions in a tissue-specific level. Also tissue-specific functional elements in a certain 

category were studied in a computational method. For example, Len A. Pennacchio helped 

predicting tissue-specific enhancers in human genome (15). These studies supported that it is 

needed to study pathway prediction in a tissue-specific level along with a genome-wide level. 

Although many researchers have focused on the tissue-specific gene interactions in metabolic 

pathways, the studies about cell signaling pathways were rarely performed. Therefore, we 
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undertook a bioinformatics approach to define tissue-specific gene interaction network of cell 

signaling pathways in this research.  

 
1.2. Aims of the Project: What is Planned to Accomplish in This Project? 

The aim of this study is to find a bioinformatics method effective for predicting 

disease-associated tissue-specific pathways in human. As suggested, C. elegans was used as a 

reference model organism to serve this purpose. After finding pathways in C. elegans system, 

data could be matched to human pathways by using homology analysis. 

Before the pathway prediction, reference pathway and tissue-specificity data were 

selected. The reference pathways were obtained from KEGG (Kyoto Encyclopedia of Genes 

and Genomes) cell signaling database (16). Tissue-specificity data were obtained from the 

expression profile database in Wormbase (17). To define tissue-specificity, two ideas were 

tested for this study. The one regarded genes only expressed in a certain tissue as 

tissue-specific. Therefore, pathways members should come out only from these genes. The 

other selected gene interactions only existing in a certain tissue as tissue-specific. Therefore, 

candidate pathways should exclusively include the interactions localized to the same tissue. 

Upon these conditions, we can propose these two specific aims listed below.  

• Specific Aim 1. Implement the Proposed Pathway Prediction Scoring Model for C. 
elegans Interaction and Expression Data and Validate the Effectiveness of the Model 

 
As suggested in the introduction, source and sink node functions were restricted to 

certain functional categories (membrane receptor for source nodes or transcription factor for 

sink nodes) and a scoring model was considered for functional similarities both ‘between 

adjacent genes’ and ‘among all the genes’ in a pathway. In order to test the effectiveness of 

this approach, this model was compared to reference pathways from KEGG database or 
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randomly selected pathways from C. elegans interaction map. By comparing mean and 

variance between reference and random selected pathways, t-test, it was tested whether the 

pathway scoring model is effective or not. If the result showed a great difference in the p 

value of t-test between reference and randomly selected pathways, it was concluded that the 

algorithm is appropriate for pathway prediction. 

• Specific Aim 2. Find Candidate Disease-associated Pathways in Human by Mapping 
the Predicted C. elegans Pathways Result in Human Network 

 
By integrating tissue-specificity, homology, and disease-association information, 

candidate pathways was selected based on the tested pathway prediction algorithm. First, 

candidate pathways were identified from C. elegans gene interaction database by applying 

the scoring model to different sets of genes such as neuron or gonad specific genes.  

Two different levels of tissue-specificity were tested in the study. One selected the gene 

pairs that only co-expressed in a certain tissue, the other selected the genes only expressed in 

a certain tissue. For example, if gene A is expressed in neurons and gonad, gene B is 

expressed only in neurons, the interaction between A and B should exist in the map with the 

selective criteria of the first level of tissue-specificity, meaning that this interaction was 

considered as neuron-specific. But for the second level of tissue-specificity, only gene B was 

selected as neuron-specific. Top scored pathways were selected from the results. Second, by 

utilizing sequence similarity information between C. elegans and human genes, selected 

pathways were projected to human network. If the members of the pathways did not have 

human homologs, the pathway was no longer considered. Third, disease-association 

information was applied to pathways selected from the second step. By queuing to GeneCard 

disease gene database, pathways with at least one disease-associated gene were selected. 

After the selection, candidate tissue-specific and disease-associated pathways were collected. 
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CHAPTER TWO 

Preliminary Analysis and Methodology 

2.1 Tissue-specific Interaction Map of C. elegans 

Genome-wide interaction information was obtained from BioGrid (http://thebiogrid.org/) 

(18). Repetitive interaction entries were removed from the initial collection. After the 

selection of gene sets we are interested, we generated interaction maps of these selected 

genes from the data. In order to show the tissue-specific interaction patterns in C. elegans, 

genes were categorized according to their tissue expression specificity; genes annotated with 

expression profile are categorized into 10 types of tissues such as coelomocytes, excretory 

cells, germ cells, gonad, hypodermis, intestine, muscle, neurons, pharynx and seam cells 

(19). 

Interactomes (20) were generated for each of the tissues in three different approaches: 
  
• Approach 1: Isolate an interactome of all genes expressed in a certain tissue and show 

all gene interactions of the selected genes; 
 

• Approach 2: Isolate an interactome of gene pairs that coexpressed in a certain tissue 
and show interactions among the selected gene pairs; 

 
• Approach 3: Isolate an interactome of the genes specifically expressed in a certain 

tissue and show their interactions.
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The first approach was considered as a reference not tissue-specific because it includes 

all the genes that expressed in certain tissues, may not be exclusive. The second and third 

approaches were considered as two different levels of tissue-specificity. It is apparent that the 

interactome from the third approach is a sub-map of the second interactome, meaning that the 

second approach is a broader concept of tissue-specificity (the first level of tissue-specificity) 

compared to the third approach (the second level of tissue-specificity). Initial maps from 

neurons and gonad were drawn in Figures 2.1 to 2.6.  

Subsequent Analyses were Focused on these Two Tissues because; 

1. Neurons and gonad are the two important tissues in C. elegans that have comparable 

tissue/organs in human.  

2. These comparable tissues/organs are associated with various important diseases. For 

example, many mental diseases including Parkinson’s and Alzheimer's diseases are 

related to neurons and various diseases of reproductive system (21). 

Using the Cytoscape 2.8.3 program (22), an interactome was drawn based on C. elegans 

gene interactions present in neurons. The map was displayed in a recommended cluster 

format. In this approach, total 384 of nodes/genes constitutes 1284 of edges/pairs of gene 

interactions. 
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Figure 2.1. Interaction map showing gene interactions between all genes expressed  
in neurons, Approach 1. 
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Figure 2.2. Interaction map showing the gene pairs co-expressed in neurons, Approach 2. 

To improve the result from Figure 2.1., selection conditions were changed to isolate gene 

pairs only co-expressed in the neurons, both genes are co-expressed in neuron but may not be 

exclusive. This approached resulted in 319 of nodes/gene, 686 edges/interactions. Comparing 

to the result from Approach 1 in Fig 2.1., the number of interaction was decreased by 47%.  
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Figure 2.3. Interaction map showing interactions between genes expressed exclusively in 
neurons, Approach 3. 

In this approach, selection conditions were further narrowed down to show interactions 

between genes that only expressed in neurons exclusively. This approached resulted in 83 of 

nodes/genes, 92 edges/gene interactions. Comparing to the result from Approach 1 in Fig 2.1., 

the number of interaction was decreased by 93%.  
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Figure 2.4. Interaction map of genes expressed in gonad showing interactions between all the 
genes expressed in gonad, Approach 1. 
 

Using the Cytoscape 2.8.3 program (22), interaction map was drawn based on C. elegans 

interactions between genes present in gonad. The map was displayed in a recommended 

cluster format. In this approach, total 453 of nodes/genes constitutes 2029 of edges/pairs of 

gene interactions. 
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Figure 2.5. Interaction map showing interactions of the gene pairs only co-expressed in 
gonad, Approach 2. 
 

To improve the result from Figure 2.4., section conditions were changed to isolate gene 

pairs co-expressed in the gonad. Both genes are co-expressed in neuron but may not be 

exclusive. This approached resulted in 397 of nodes/gene, 1227 edges/interactions. 

Comparing to the result from Approach 1 in Fig 2.4., the number of interaction was decreased 

40%.  
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Figure 2.6. Interaction maps of genes expressed in gonad showing interactions between genes 
only expressed in gonad, Approach 3. 
 

In this approach, selection conditions were further narrowed down to show interactions 

between genes that only expressed in gonad exclusively. This approached resulted in 94 of 

nodes/genes, 288 edges/gene interactions. Comparing to the result from Approach 1 in Fig 

2.4., the number of interaction was decreased 86%. 

Figures 2.3 and 2.6 demonstrated that genes may function together, for approach 3 of 

tissue-specificity. Compared among three different maps, we can clearly see that the gene 

interactions are narrowed down when more rigorous standard of tissue-specificity was 

applied, but still they are connected to each other when Approach 3 applied, which means 

there may be some pathways in the map. Because of that, it's meaningful to approach 
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pathway prediction method tissue-specifically so that the inner relationship of tissue-specific 

genes can be revealed.  

 

2. 2. Reference Pathways from KEGG Signaling Database 

In order to test pathways prediction method is proper or not, the reference pathways are 

needed to provide information as a positive control. Reference pathways are selected from 

KEGG (Kyoto Encyclopedia of Genes and Genomes) signaling pathways database 

(http://www.genome.jp/kegg/pathway.html), evaluated with information in published articles. 

Signaling pathways are listed in five different categories, including: 

 

MAP Kinase Pathways 

The MAP kinase pathway includes many proteins, including MAPK (Mitogen-activated 

protein kinases), which communicate by adding phosphate groups to a neighbor protein, 

which acts as an on/off switch. 

 

Calcium Pathways 

Calcium signaling is a common signaling mechanism that mainly involves calcium ion 

in signaling transduction, related to various basic cellular activities. Calcium can act in signal 

transduction after influx resulting from activation of ion-channels or as a second messenger.  

 

 

 

http://en.wikipedia.org/wiki/Signal_transduction
http://en.wikipedia.org/wiki/Signal_transduction
http://en.wikipedia.org/wiki/Ion_channels


 

15 
 

ErbB Pathways 

The ErbB pathways mainly include EGFR (epidermal growth factor), regulating diverse 

biologic responses, including proliferation, differentiation, cell motility, and survival.  

 

Wnt Pathways 

The Wnt signaling pathway is a network of proteins, mainly include Wnt etc, that passes 

signals from receptors on the surface of the cell to the cell's nucleus where the signaling 

cascade leads to the expression of target genes. It controls various cellular activities such as 

growth and proliferation. 

 

mTOR Pathways 

The mTOR pathways mainly include mTOR (mammalian target of rapamycin), 

a serine/threonine protein kinase. mTOR pathways regulate cellular activity including 

growth, proliferation, motility, and survival. Full lists of the reference pathways are shown in 

Appendix. 

2.3. Homology Information to Map the Predicted Pathways of C. elegans to Humasn 

After generating the tissue-specific pathways in C. elegans system, we went further to 

map these predicted pathways to human. Upon usage of homology relationship database of C. 

elegans and human, pathways predicted in C. elegans could be mapped to human. Homology 

information can be generated by homologene from NCBI 

(http://www.ncbi.nlm.nih.gov/homologene) (23). An example of pkc homology information 

http://en.wikipedia.org/wiki/Signal_transduction
http://en.wikipedia.org/wiki/Protein
http://en.wikipedia.org/wiki/Serine/threonine_protein_kinase
http://en.wikipedia.org/wiki/Cell_proliferation
http://en.wikipedia.org/wiki/Motility
http://www.ncbi.nlm.nih.gov/homologene
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is shown below. PKC (protein kinase C) plays important roles in different cascades of 

signaling transduction. 

 

 

Figure 2.7. Homology information for PKC (Protein Kinase C) in homologene database 

2.4. Disease Association Information 

Disease-associated gene database is available at GeneCard (http://www.genecards.org) 

(24): 6237 diseases genes in GeneCard database as the date of March 29th. An example list is 

displayed below. We can see disease/disorder information and also the gene names and locus 

of A2M, A3GALT, A4GNT, AA1 and AA2.  

 

http://www.genecards.org/
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Figure 2.8. Example list of disease-associated gene in GeneCard database 

By identifying a pathway member in the disease-associated genes database, 

tissue-specific pathway can be analyzed in disease-associatedness. If one candidate pathway 

contains one of these disease-associated genes, this pathway could be considered as a 

tissue-specific disease-associated pathway.  

2.5. Pathway Prediction Algorithm 

2.5.1. Basic Idea of Algorithm 

For the prediction of signaling pathways, most previous measures just chose randomly 

from the whole genome of studied organism as candidate members, which give many false 

positives because only certain genes have high possibility serving as a source/sink node, or 

function in a signaling pathway. So setting up two nodes per pathway would be useful to 

make an appropriate algorithm with higher accuracy, also this approach reduced the runtime 
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of the algorithm to make this algorithm viable for large set of data, because the number of 

tested pathways was reduced. Previous studies (10) and pathway reference pathways listed in 

Appendix suggested that source and sink nodes should have the molecular function of 

receptor ligand and transcription factor, respectively. By filtering genes based on their 

molecular function, the candidate pathways would be narrowed down for both running speed 

and accuracy.  

Next is to score candidate pathways. Previous studies stated that all members in a 

candidate pathway should have similar attributes, which varied using different scoring 

methods, like utilizing expression level or gene ontology (25). But this might be incomplete 

because a pathway could have multiple functions and each node could have different 

functions. Better way is to score the pathway chain pair by pair to look for the function of 

these gene pairs and then combine together to obtain the functional score of the whole 

pathways.  

For pathway selection algorithm, in addition, simple exhausted search (test every 

possible combination of pathway members) could be sufficient if the data size is small. A 

heuristic search, which means strategies using readily accessible, though loosely applicable, 

information to control problem solving in human beings and machines (26), should be 

applied if needed. At last, we needed to map these results from C. elegans to human disease 

related genes, so disease-associated and homology data is required to be utilized to map C. 

elegans result to human result.  

http://en.wikipedia.org/wiki/Problem_solving
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2.5.2. Software, Program Language and Database Resources 

Python 3.2.3 is used throughout the research for data output and analysis as main 

programming language. Cytoscape 2.8.3 (22) is used for generating interaction maps from 

interaction data. As stated in previous sections, interaction data of C. elegans genes is 

obtained from BioGrid; homology information is obtained from NCBI homologenes database; 

disease association information is obtained from GeneCard disease gene database. (18, 23, 

24) 

2.5.3. Source and Sink Nodes Restriction Based on Gene Ontology Terms 

As it is suggested, sink nodes can be restricted according to gene ontology terms. In this 

case, we can filter genes with molecular function of transmembrane signaling receptor 

activity (GO: 0004888) for source nodes candidates and genes with molecular function of 

nucleic acid binding transcription factor activity (GO: 0001071) for sink nodes candidates. 

From the C. elegans gene ontology, using these criteria, candidate genes were filtered out.  

 

2.5.4. Pathway Scoring Method 

Scoring was relied on ontology data. Genes without ontology information were ruled out. 

Basic idea of this scoring model is to test the relationship between each pair of adjacent genes, 

instead of only considering the overall relationship of all members in a pathway. For example, 

if every pairs of adjacent genes in a candidate pathway were functionally close to each other, 

the score of this candidate pathway would be high, in other word, it was considered as a 

highly reliable candidate pathway. 
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Scoring for a length of 4 candidate pathway (consist of 5 genes) of A-B-C-D-E = 

  (Pa∩Pb)∪ (Pb∩Pc)∪(Pc∩Pd)∪(Pd∩Pe)
Pa∪Pb∪Pc∪Pd∪Pe

  P means the set of ontology terms assigned to a certain 

gene. Both numerator and denominator took the sum of annotated times for all genes within 

the set. Because the numerator set is always a subset of denominator set, the range of the 

score will be from 0 to 1. 

2.5.5. Evaluation of Pathway Scoring Method 

In order to test the feasibility of the pathway scoring model, it was compared to both 

reference and randomly selected pathways. By comparing scoring distribution of reference 

and randomly selected pathways, it was tested that whether pathway scoring model is 

feasible or not. If the result showed a significant difference between reference and randomly 

selected pathways, it can be concluded that this algorithm is appropriate for pathway 

prediction. If the result showed that difference between them is insignificant, this algorithm is 

proved to be not good for pathway prediction.   

Randomly selected pathways are selected based on the criterion that source and sink 

node gene should be assigned to molecular function of receptor and transcription factors, 

respectively. Pathway length is limited to a range of 2 to 8 according to ground truth 

pathways listed in Appendix. For each different pathway length, 5 randomly selected 

pathways were chosen with the criterion mentioned above. Scoring model mentioned above 

was compared to reference pathways (total 24) and randomly selected pathways (total 35). 
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Results are shown in the Figure 2.9. From the results, further statistical analysis is shown in 

Table 2.1. 

 

Figure 2.9. Example list of disease-associated gene in GeneCard database. 

 

Table 2.1. Statistical analysis of difference between score of reference  
pathways and randomly selected pathways. 

 
Pathway Average Score Standard Deviation 

Reference Pathway 0.526086957 0.526086957 
Randomly selected 

pathways 
0.127429 0.127429 

P-value of T-test <0.0001 
 

Using the proposed algorithm, the above results showed that the score of reference 

pathways and randomly selected pathways showed a great difference between each other. 

This supported that the proposed algorithm is appropriate for pathway prediction using C. 

elegans gene interaction data. 
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2.6. Tissue-specific Disease Associated Pathways Prediction 

Candidate pathways were selected based on the tested pathway prediction algorithm, by 

utilizing tissue-specificity, homology, gene ontology and disease-association information. 

Specific steps are laid out in the list below. 

1. Neuron and gonad tissue-specific genes are selected based on the two criteria 

mentioned in the previous sections.  

2. In order to locate C. elegans pathways in human, genes with human homologs were 

identified in the tissue-specific genes generated from #1.  

3. In order to apply the scoring model to these genes, genes correlated to biological 

process of signaling are selected to meet the criteria that all the genes should involve in a 

signaling process in a candidate signaling pathway.  

4. The scoring model and a certain heuristic manner, which means applying certain 

searching strategy to reduce the amounts to be calculated, to speed up the process are applied, 

the top 20 scored tissue-specific pathways are generated. Also all the pathways meet the 

minimum criteria of the heuristic manner are considered as tissue-specific pathways, the 

reliability is reflected in the score of the pathways. 

5. By queuing to important disease gene list, pathway contains the selected gene 

associated with certain important diseases will be selected from the tissue-specific pathways 

generated in step 4, and afterwards candidate tissue-specific pathways associated with that 

certain disease can be selected.
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CHAPTER THREE 

Results 

3.1. Tissue-specific Pathway Detection 

3.1.1. Statistical analysis of C. elegans neuron and gonad specific genes 

In order to directly show the percentage of genes we can test in this research, 

tissue-specific genes in gonad are referred to NCBI and GeneCard as suggested in previous 

sections, to see which genes have human homologs. Also the percentage of these genes 

compared to the total number of C. elegans genes with known expression pattern is also 

listed. The total number of C. elegans genes with known expression is 11465, obtained from 

Wormbase, Statistical analysis results are shown below in Table 3.1. 

Although there were more than ten thousand genes with known expression, 

tissue-specific ones in neurons and gonad only included 3%-4% in a broad concept of 

tissue-specificity and less than 1% in a narrow concept of tissue-specificity, meaning that 

tissue-specific genes were not widespread in the whole C. elegans genome. In terms of 

homology, we found more than a half of the C. elegans gonad and neuron specific genes are 

conserved in human. As expected, these two tissues are comparable to human tissues,

neurons appeared to have a more conserved genes compared to that of gonad. 
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Table 3.1. Statistical Analysis of C. elegans neuron and gonad specific  
genes related to homology and disease association information 

 
Gene Total Number 

 of genes 
Percentage out of 
total number of C. 

elegans Genes 
with known 

expression pattern 

Number of genes 
have human 
homologs 

Percentage out of 
total number of C. 

elegans Genes 
with known 

expression pattern 
Neuron 
specific 
genes in 
approach 
2 
 

318 2.77% 207 1.81% 

Neuron 
specific 
genes in 
approach 
3 
 

83 0.72% 51 0.44% 

Gonad 
specific 
genes in 
approach 
2 
 

397 3.46% 203 1.77% 

Gonad 
specific 
genes in 
approach 
3 
 

89 0.78% 23 0.20% 

 
 

3.1.2. Statistical Analysis for Ontology Terms of Tissue-specific Genes in C. elegans 

As stated in the methodology chapter of this thesis, selected pathways should have all the 

members annotated to the ontology of biological process, signaling (GO:0023052), with 

source nodes annotated to ontology of molecular function, transmembrane signaling receptor 
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activity (GO: 0004888) and sink nodes annotated to ontology of molecular function, nucleic 

acid binding transcription factor activity (GO:0001071). Table 3.2 shows the number of the 

tissue-specific genes with human homologs in the two tissues, and how many genes are 

annotated to the ontology terms. Figures 3.1 - 3.4 show the interactions between these 

tissue-specific genes involved in signaling. Membrane receptors and transcription factors, 

candidate source and sink nodes, are also shown in green and yellow colors in the maps, 

respectively.  

 

Table 3.2 Statistical Analysis for ontology terms of tissue-specific genes in C. elegans 

Gene Total number 
of genes with 

human homologs 

Number of 
genes 

annotated to 
signaling 

Number of 
genes 

annotated to 
membrane 
receptors 

Number of 
genes 

annotated to 
transcription 

factors 
Neuron-specific 

genes in 
approach 2 

 

207 95 6 5 

Neuron-specific 
genes in 

approach 3 
 

51 51 2 0 

Gonad-specific 
genes in 

approach 2 
 

203 92 4 6 

Gonad-specific 
genes in 

approach 3 
 

23 17 0 0 
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Figure 3.1. Interaction map showing interactions of the gene pairs with human homologs and 
annotated to signaling that coexpressed only in neurons, it's a sub-network of Figure 2.2. 

 

This interaction map shows interaction of the gene pairs with human homologs and 

annotated to signaling that coexpressed only in neurons, containing 85 nodes/genes and 308 

edges/interactions. Among the 85 genes, 6 can serve as candidate source nodes and 4 can 

serve as candidate sink nodes. 
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Figure 3.2. Interaction map showing interactions between genes with human homologs and 
annotated to signaling that only expressed in neurons, it's a sub-network of Figure 2.3. 

This interaction map shows interactions between genes with human homologs and 

annotated to signaling that only expressed in neurons, containing 43 nodes/genes and 47 

edges/interactions. Among the 43 genes, 2 can serve as candidate source nodes and 0 can 

serve as candidate sink nodes. 

This interaction map shows interactions of the gene pairs with human homologs and 

annotated to signaling that only coexpressed in gonad, containing 43 nodes/genes and 47 
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edges/interactions. Among the 43 genes, 2 can serve as candidate source nodes and 0 can 

serve as candidate sink nodes. 

 

 

 

Figure 3.3. Interaction map showing interactions of the gene pairs with human homologs and 
annotated to signaling that only coexpressed in gonad, it's a sub-network of Figure 2.5. 

 

This interaction map shows interactions of the gene pairs with human homologs and 

annotated to signaling that only coexpressed in gonad, containing 43 nodes/genes and 4 

edges/interactions. Among the 43 genes, 2 can serve as candidate source nodes and 0 can 

serve as candidate sink nodes. 
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Figure 3.4. Interaction map showing interactions between genes with human homologs and 
annotated to signaling that only coexpressed in gonad, it's a sub-network of Figure 2.6. 
 

This interaction map shows interactions between genes with human homologs and 

annotated to signaling that only coexpressed in gonad, containing 17 nodes/genes and 19 

edges/interactions. Among the 17 genes, 0 can serve as candidate source nodes and 0 can 

serve as candidate sink nodes. Shown in approach 3, no candidate sink node exists for both of 

the tissues. The reason is not known, but one possible reason for this is that upon evolution, 

those highly tissue-specific genes have important function lose their tracks in human (have 

human homologs) but those more general expressed genes will keep their tracks in human. 
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Also it may be due to lack of complete information for these genes. Upon this result, later 

analysis will only focus on approach 2 tissue-specificity since the decent numbers of 

candidate source and sink nodes exist. 

3.1.3. Results of Prediction for Tissue-specific Pathways 

 From figure 3.2 and 3.4, we failed to find proper sink or source nodes for the approach 3 

tissue-specificity, so we analyzed the approach 2 tissue-specificity only. As we can see in 

Figure 3.1 and 3.3, the interaction map is still complex, so a heuristic manner is implemented. 

Basic idea is to start from candidate source nodes and search for their neighbor interacting 

genes, and the e. And afterwards, this process was repeated, neighbors' neighbors were 

searched for and the score from candidate source nodes to these nodes was calculated and 

filtered with the same threshold. This process will be repeated until it reaches a candidate 

sink node, and in this case the path was the output as a candidate tissue-specific pathway; or 

if it reached a node that already appeared previously, this path search was terminated; of it 

already contained 10 members (path length of 9), this path search was terminated.  

Threshold score is tested from 0.28 (maximum score of tested randomize pathways in 

section 3.1.4) to 0.4 (minimum score of tested reference pathways in section 3.1.4). As it can 

be seen in Figure 3.5, 3.2 yielded the best balance of runtime and generated result. So here 

we decided to use 3.2 as a threshold score. As stated, all pathway members should be 

annotated to GO: 0023052 (signaling, biological process), source and sink nodes are selected 
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as a previous stated method. Top 20 pathways were selected for both tissues; pathway 

prediction result is shown in Table 3.3 and 3.4. 

 

 

Figure 3.5. The test result of threshold score set in the algorithm. 

 

Among the top-20 tissue-specific pathways in neurons, 13 out of 20 are in length lower 

than or equal to 3, which means they contain 3 or 4 members. Only 3 out of 20 are in length 

longer than or equal to 5. Similarly among top-20 tissue-specific pathways in gonad, 9 out of 

20 are in length lower than 3, and only 2 out of 20 are in length longer than or equal to 5. For 

all the pathways meets the minimum threshold score criteria, 171 out of 262 candidate 

neuron-specific pathways are in length lower than or equal to 3, 284 out of 357 candidate 

gonad-specific pathways are in such length. These results show that candidate pathways 

predicted using proposed scoring model are biased in shorter length. On one hand, this may 

show the actual patterns of the signaling pathways; on the other hand, the scoring model 
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itself may make shorter pathways obtain higher scores in general. In the future work, 

attributes concerning path lengths may be needed to add to scoring model due to this result. 

 
 

Table 3.3. Top 20 predicted neuron-specific pathways 
 

Source node Intermediate nodes Sink node Score 

M03A1.1a(27) F55C7.7a(28) C08C3.3(29) 0.70 

M03A1.1a F55C7.7a;Y60A3A.1(30) C08C3.3 0.66 

C09D8.1a(31) F55C7.7a C08C3.3 0.66 

M03A1.1a F55C7.7a;F16B3.1(32) C08C3.3 0.65 

ZK377.2a(33) F55C7.7a C08C3.3 0.63 

B0457.1a(34) ZK524.2a(35); F55C7.7a C08C3.3 0.63 

C06E1.4(36) ZK632.6(37);Y38A10.A5(38); F54F2.1(39) W10D5.1(40) 0.59 

M03A1.1a C14F5.5a(41);F55C7.7a C08C3.3 0.59 

C09D8.1a C29F9.1(42);F54F2.1 W10D5.1 0.57 

C09D8.1a K03D3.10(43); F55C7.7a C08C3.3 0.56 

B0457.1a ZK524.2a;T10H9.4(44);F31E8.2a(45);K04D7.1(46) F25H2.5(47) 0.54 

C09D8.1a F595F5.6(48); F54F2.1 W10D5.1 0.54 

ZK377.2a K03D3.10; F55C7.7a C08C3.3 0.53 

B0457.1a K03D3.10;K08A8.1a(49);ZC504.4a(50);K04D7.1 F25H2.5 0.52 

ZK377.2a K03D3.10; C14F5.5a;F55C7.7a C08C3.3 0.52 

ZK377.2a Y60A3A.1;C32D5.9(51) Y37E3.9(52) 0.50 

C16B8.1(53) F55C7.7a C08C3.3 0..49 

C09D8.1a K03D3.10; C14F5.5a;F55C7.7a C08C3.3 0.47 

C16B8.1 Y60A3A.1;C32D5.9 Y37E3.9 0.46 

C09D8.1a K03D3.10;K08A8.1a;ZC504.4a;K04D7.1 F25H2.5 0.46 

Average Score   0.56 
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Table 3.4. Top 20 predicted gonad-specific pathways 

Source node Intermediate nodes Sink node Score 
F07A11.6a(54) ZK792.6(55);AC72.a(56);F43C1.2a(57) K10G6.1(58) 0.67 

F07A11.6a ZK792.6 T28F12.2a(59) 0.66 
T23D8.1(60) C03C10.1;ZK792.6 T28F12.2a 0.63 
F07A11.6a ZK792.6 K10G6.1 0.62 
F07A11.6a ZK792.6;AC72.a;F43C1.2a C48D51.a(61) 0.60 
T23D8.1 ZK792.6 T28F12.2a 0.59 
B0457.1a ZK370.3a(62);C09B87.a(63);ZK792.6 T28F12.2a 0.59 

F07A11.6a ZK792.6;AC72.a;F43C1.2a B0547.1(64) 0.57 
F07A11.6a ZK792.6;C26C6.2a F47D12.4a(65) 0.55 
F07A11.6a ZK792.6 B0547.1 0.54 
B0457.1a ZK370.3a;C09B87.a;ZK792.6 K10G6.1 0.54 
B0457.1a ZK370.3a;C07G1.5(66);ZK1010.1(67);C

47E8.5(68) 

T28F12.2a 0.52 

T23D8.1 ZK792.6 K10G6.1 0.50 
B0457.1a ZK370.3a; B0523.5(69); ZK792.6 B0547.1 0.49 
T23D8.1 F31E10.4(70) T21B10.2a 0.48 
B0457.1a ZK370.3a;T10H9.4; ZK792.6 B0547.1 0.46 
B0457.1a ZK370.3a;B0523.5; ZK792.6 K10G6.1 0.46 

T23D8.1 F31E10.4;R08D67.a(67);ZK637.8a(71);C
47E8.5(72) 

T21B10.2a 0.45 

T23D8.1 C03C10.a F47D12.4a 0.44 
B0457.1a ZK370.3a;T10H9.4; ZK792.6 K10G6.1 0.44 

Average Score   0.54 
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3.2. Disease Associated Pathway Detection 

 

3.2.1. Disease association of C. elegans Tissue-specific Genes' Human Homologs 

Disease association information is summarized out of information in GeneCard disease 

genes database (24). The number of these disease associated genes and the percentage out of 

the total number of research genes is listed in Table 3.5. We investigated the relationship 

between these genes and diseases, the diseases were categorized based on The International 

Statistical Classification of Diseases and Related Health Problems 10th Revision (ICD-10). 

Category list is shown in Appendix B. In order to some pathways related to some important 

diseases, five genes associated with important diseases for each tissues was selected and 

shown in Table 4.6 and 4.7, showing information for neuron and gonad specific genes, 

respectively. Full list is shown in Appendix B. Those genes not listed in Appendix but 

counted in Table 4.5 were regarded as disease-associated genes but do not have information 

which disease/disorder is correlated with them. 

Although it is restricted to tissue-specific genes, there are still many genes related to 

certain diseases/disorders, and some of them are really important ones. It's meaningful to find 

out the pathways with these disease associated genes. 
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Table 3.5. Disease association information of C. elegans  
neuron and gonad tissue-specific genes 

Approach Total number 
of genes with human 

homologs 

Number of genes 
associated with 

diseases/disorders 

Number of genes 
associated with 

specific 
diseases/disorders 

Neuron-specific 
genes in approach 

2 
 

207 73 33 

Neuron-specific 
genes in approach 

3 
 

51 19 12 

Gonad-specific 
genes in approach 

2 
 

203 79 48 

Gonad-specific 
genes in approach 

3 
 

23 4 4 

 

3.2.2. Tissue-specific Disease Associated Pathway Detection 

 Upon utilizing the disease-association information in Section 3.2.1, we were able to filter 

out disease-associated pathways from the predicted tissue-specific pathways. Maximum top 5 

scored pathways are selected for each gene. The filtered results were shown in Tables 4.9 and 

4.10. Although we find some links to important diseases such as Parkinson’s disease, there 

are no pathways detected. However, some links to cancers including leukemia or prostate 

cancer associated certain pathways were detected with our algorithm.  
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Table 3.6. Disease association information of C. elegans neuron-specific genes' human 
homologs associated with important diseases 

C. elegans 
gene name 

Human 
homolog's 
gene name 

The most speific 
tissue-specificity 

Disease 
Category 
(ICD-10) 

Diseases/disorders associated 

F54D8.3a(66) ALDH2 

 

Approach 2 II;XXI Alcohol sensitivitye; 
Hangover; 

Esophageal cancer, 
alcohol-related 

T03F6.5(72) PAFAH1B1 Approach 2 XVII Lissencephaly-1;Subcortical 
laminar heterotopia (Brain 

formation disorder) 
K08E3.7(73) PARK2 Approach 3 VI;II;I Parkinson disease, 

juvenile,type 2; 
Adenocarcinoma of lung; 
Adenocarcinoma,ovarian; 

Leprosy 
T04D1.3a(74) SH3GL1 Approach 2 II Leukemia, acute myeloid 
C44B11.3(75) TUBA1A Approach 2 XVII Lissencephaly 3 (Brain 

formation disorder) 
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Table 3.7. Disease association information of C. elegans gonad-specific  
genes' human homologs 

C. elegans 
gene name 

Human 
homolog's 
gene name 

The most speific 
tissue-specificity 

Disease 
Category 
(ICD-10) 

Diseases/disorders 
associated 

C12D8.10a(77) 8AKT1 Approach 2 II Breast cancer, somatic; 
Colorectal cancer, 

somatic; 
Ovarian cancer, somatic; 

Schizophrenia 
 

F28H6.1a(78) AKT1 Approach 2 II Breast cancer, somatic; 
Colorectal cancer, 

somatic; 
Ovarian cancer, somatic; 

Schizophrenia  

ZK370.3a HIP1 Approach 2 II Prostate cancer, 
progression of 

ZK792.6 KRAS Approach 2   II Lung cancer;  
Bladder cancer;  

Breast cancer, somatic; 
 Pancreatic carcinoma, 

somatic; 
Gastric cancer 

;Leukemia, acute 
myelogenous; 

Noonan syndrome 3; 
Cardiofaciocutaneous 

syndrome 
T04D1.3a SH3GL1 Approach 2 II Leukemia, acute myeloid 
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Table 3.8. Neuron-specific important disease associated pathways 

  

Table 3.8.1. T03F6.5 associated pathways 

Source node Intermediate nodes Sink node 
M03A1.1a C25F6.2a(79);T03F6.5;C52E12.6(67);F1

6B3.1 
C08C3.3 

ZK377.2a C25F6.2a;T03F6.5;C52E12.6;F16B3.
1 

C08C3.3 

C06E1.4 C25F6.2a;T03F6.5;C52E12.6;F16B3.
1 

C08C3.3 

Disease Lissencephaly-1;Subcortical laminar heterotopia (Brain 
formation disorder)  

 

Table 3.8.2. T04D1.3a associated pathways 

Source node Intermediate nodes Sink 
node 

B0457.1a ZK524.2a;JC8.10a(80);T04D1.3a;F48E8.5(81);F38H4.9(82

);F55C7.7a) 

C08C3.
3 

Disease Leukemia, acute myeloid 

 

No specific pathways shown as F54D8.3a, K08E3.7 or C44B11.3 associated pathways. 

Table 3.9. Gonad-specific important disease associated pathways 

 

Table 3.9.1. C12D8.10a associated pathways (continues) 

Source node Intermediate nodes Sink node 
F07A11.6a ZK792.6; 

C12D8.10a;F56A8.7a(83);C26C6.2a(

84) 

F47D12.4a 

T23D8.1 ZK792.6; 
C12D8.10a;F56A8.7a;C26C6.2a 

F47D12.4a 
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F07A11.6a ZK792.6; C12D8.10a; F28H6.1a; 
F56A8.7a;C26C6.2a 

F47D12.4a 

T23D8.1 ZK792.6; 
C12D8.10a;F56A8.7a;C26C6.2a 

F47D12.4a 

Disease Breast cancer, somatic; 
Colorectal cancer, somatic; 

Ovarian cancer, somatic 

 

Table 3.9.2. F28H6.1a associated pathways 

 

 
 

Table 3.9.3. ZK370.3a associated pathways 

Source node Intermediate nodes Sink node 
B0457.1a ZK370.3a;C09B87.a;ZK792.6 T28F12.2a 
B0457.1a ZK370.3a;C09B87.a;ZK792.6 K10G6.1 
B0457.1a ZK370.3a;C07G1.5;ZK1010.1;C47E

8.5 
T28F12.2a 

B0457.1a ZK370.3a; B0523.5; ZK792.6 B0547.1 
B0457.1a ZK370.3a;T10H9.4; ZK792.6 B0547.1 
Disease Prostate cancer 

Source node Intermediate nodes Sink node 
F07A11.6a ZK792.6; 

F28H6.1a;F56A8.7a;C26C6.2a 
F47D12.4a 

T23D8.1 ZK792.6; 
F28H6.1a;F56A8.7a;C26C6.2a 

F47D12.4a 

F07A11.6a ZK792.6; C12D8.10a; F28H6.1a; 
F56A8.7a;C26C6.2a 

F47D12.4a 

T23D8.1 ZK792.6; 
C12D8.10a;F56A8.7a;C26C6.2a 

F47D12.4a 

Disease Breast cancer, somatic; 
Colorectal cancer, somatic; 

Ovarian cancer, somatic 
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Table 3.9.4. ZK792.6 associated pathways 

Source node Intermediate nodes Sink node 
F07A11.6a ZK792.6;AC72.a;F43C1.2a K10G6.1 
F07A11.6a ZK792.6 T28F12.2a 
T23D8.1 C03C10.1(85);ZK792.6 T28F12.2a 

F07A11.6a ZK792.6 K10G6.1 
F07A11.6a ZK792.6;AC72.a;F43C1.2a C48D51.a 

Disease Lung cancer; Bladder cancer; Breast cancer, somatic; 
 Pancreatic carcinoma, somatic; Gastric cancer 
;Leukemia, acute myelogenous; Noonan syndrome 3; 
Cardiofaciocutaneous syndrome 

 

No specific pathways shown as T04D1.3a associated pathways.
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CHAPTER FOUR 

Discussion and Conclusion 

 

In this study, a novel computational algorithm is implemented to predict tissue-specific 

disease-associated pathways in human by utilizing C. elegans gene interaction. Information 

including interaction data, tissue-specific expression patterns, homology information and 

disease-association data were gathered from different databases to achieve our goals. First, we 

proposed a new scoring model to evaluate whether a certain pathway is a candidate or not. To 

test the feasibility of the scoring method, scores were calculated for both reference and random 

pathways. Result showed that a great difference was seen in these two categories, proving this 

method is appropriate. Second, we used this scoring model to predict gonad and neuron 

specific pathways in C. elegans. By generating interaction maps of C. elegans genes that have 

human homolog, it was found that the third approach to generate tissue-specific genes (genes 

only express in certain tissue) is not appropriate for further tissue-specific pathways prediction 

because no candidate source and sink nodes in the maps. A heuristic method was applied based 

on the complexity of the interaction maps instead of a simple exhausted search. At last, we 

filtered the obtained results for disease associations. If one of the members in a certain pathway 

is associated with disease, the pathway is considered to associate with that disease. Five 

important disease associated genes were 
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chosen for each tissue, and all the pathways associated with these diseases were shown in the 

result (Figures 3.8 and 3.9). The aims are successfully achieved in the project but there are still 

many aspects to improve. I explained them point by point below. 

From previous researches studying tissue-specific pathways, it can be concluded that 

it’s really important to carry on the work on predicting these tissue-specific pathways, 

especially those associated with diseases. Before an experimental approach is applied, a 

bioinformatics approach is a potential way to have a general insight in this problem and 

serves as a guide for further research. By applying an evaluation method on a candidate 

scoring model, it is proved that this candidate scoring model is appropriate for pathway 

prediction in the C. elegans genetic interactome. To accurately predict these pathways, 

involving parameters like the reliability level of interactions may also be an appropriate idea. 

This parameter was sat according to different experimental methods used to confirm the 

interactions. Other parameters like gene expression level could be applied based on different 

biological systems. Due to the complexity to make an appropriate scoring model involving 

these parameters, in this research these are not included, but these may make the scoring 

model better performance in predicting signaling pathways.  

 By applying the tested scoring model to tissue-specificity data of C. elegans genes, I 

generated tissue-specific signaling pathways in C. elegans. Because there are no generally 

accepted concepts of tissue-specificity, two concepts of tissue-specificity are tested in my 

study, approach 2 and approach 3 tissue-specificity. In later analysis, we found no candidate 

source or sink nodes in the interaction map of approach 3. I focused on analyzing approach 2 
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tissue-specificity. Considering the data size of tissue-specific genes, a heuristic search 

method is applied to the algorithm; top 20 pathways were shown in the result but pathways 

met the minimum criteria is sorted to candidate tissue-specific pathways (around 600 in total 

numbers). For further analysis, better ideas of tissue-specificity should be tested to see which 

one performs better than others. For example, quantifying tissue-specificity by applying gene 

expression level data may be complex but may produce more accurate results. Also the 

results show higher scores for shorter pathways, for future improvement of scoring model, 

taking consideration of path lengths is also a good idea.  

After generating the candidate tissue-specific pathways, we utilized disease 

association information from GeneCard database (24). If specific tissue-specific pathways 

have a member associated with a human disease, the pathway is considered associated with 

the disease. In the result, we selected five important disease-associated genes for both 

neurons and gonad, and filtered the candidate tissue-specific pathways with these genes. In 

this way, I could finally obtain these candidate important disease-associated tissue-specific 

pathways. In the future, other disease-associated genes can be tested in the same way; also 

biological experimental ways can be applied to these ways to validate these computational 

predicted pathways in a biological lab manner. For some important diseases like Parkinson’s 

disease, I was not able to detect its associated tissue-specific pathways. If it is not due to 

algorithm limitations, Parkinson’s disease may not be tissue-specific. In order to detect these 

disease-associated pathways, some broader concept like cross-talks among different tissues 

should be involved in future research. Also for validation of these predicted pathways, a 
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qualified bioinformatics method like watching their members’ predicted structure may also 

help to validate a predicted pathway.  

In conclusion, it's meaningful to build an algorithm to predict disease-associated 

pathway tissue-specifically using bioinformatics approaches. By study of tissue-specificity 

and developing appropriate methods to detect these disease related pathways, we could have 

a general insight on how these signaling pathways are related to the diseases. In the future, 

the pathway prediction algorithm as well as combining with experimental approaches should 

be addressed. First we can provide a guide to study new possible signaling pathways by 

computational prediction, and second if it’s succeeded to combine with experimental 

approaches to prove some of the predicted pathways, it can not only support our pathway 

algorithm as an appropriate one, but also show a way of how to utilize these bioinformatics 

predicted results to help bench work experiments. 
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APPENDIX A 

Reference pathways in C. elegans 

 
A.1. Reference MAPK pathways in C. elegans 

 
Source node 

(membrane receptor) 
Intermediate nodes Sink node 

(transcription factor) 

W03H9.4 (CACN) 

T01E8.3 (PLC-3) 
F33D4.2 (ITR-1) 
F09E5.1 (PKC) 
Y73B6A.5 (RAF1/LIN-45) 
Y54E10BL.6 (MEK) 
F43C1.2 (mpk-1/ERK) 
C37F5.1 (lin-1/ELK) 

 
 
 

F29G9.4 (FOS) 

ZK1067.1 (let-23/EGFR) 

 
C14F5.5 (sem-5/GRB2) 
T28F12.3 (SOS) 
ZK792.6 (let-60/RAS) 
Y73B6A.5 (RAF1/LIN-45) 
Y54E10BL.6 (MEK) 
F43C1.2 (mpk-1/ERK) 

 
 
 

C37F5.1 (lin-1/ELK) 

ZK1067.1 (let-23/EGFR) 

F18G5.3 (gpa-12/G12) 
ZK792.6 (let-60/RAS) 
Y73B6A.5 (RAF1/LIN-45) 
Y54E10BL.6 (MEK) 
F43C1.2 (mpk-1/ERK) 

 
 

F29G9.4 (FOS) 

ZK1067.1 (let-23/EGFR) 

T01E8.3 (PLC-3) 
F33D4.2 (ITR-1) 
C09D1.1 (MLCK) 

 
F11C3.3 (unc-54/myob) 
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A.2. Reference calcium pathways in C. elegans 
 

Source node 
(membrance receptor) 

Intermediate nodes Sink node 
(transcription factor) 

Y40H4A.1 (gar-3/GPCR) 

R06A10.2 (gsa-1/GS 
F17C8.1 (ADC-G) 
ZK909.2 (PKA) 
C18E9.1 (cal-2/CALM) 

 
 

ZC373.4 (MLCK) 

Y40H4A.1 (gar-3/GPCR) 

R06A10.2 (gsa-1/GSA) 
F17C8.1 (ADC-G) 
ZK909.2 (PKA) 
C18E9.1 (cal-2/CALM) 

 
 

C14B9.8 (PHK) 

Y40H4A.1 (gar-3/GPCR) 

R06A10.2 (gsa-1/GS) 
F17C8.1 (ADC-G) 
ZK909.2 (PKA) 
C18E9.1 (cal-2/CALM) 

 
 

K07A9.2 (cmk-1/CAMK) 

ZK1067.1 (PTK) 

 
 

T01E8.3 (PLC-3) 
 

 
 

E01H11.1 (PKC) 
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A.3. Reference ErbB pathways in C. elegans 
 

Source node 
(membrance receptor) 

Intermediate nodes Sink node 
(transcription factor) 

ZK1067.1 (let-23/ERBB-1) 

 
T01E8.3 (PLC-3) 

 
F09E5.1 (PKC) 

ZK1067.1 (let-23/ERBB-1) 

 
Y41D4B.13 (ced-2/CRK) 

 
M79.1 (abl-1/ABL) 

ZK1067.1 (let-23/ERBB-1) 

ZK470.5(nck-1/NCK) 
C09B8.7 (pak-1/PAK) 
F42G10.2 (mkk-4/JNKK) 
B0478.1 (jnk-1/JNK) 
C37F5.1 (lin-1/ELK) 

 
 

T24H10.7(jun-1/JUN) 

ZK1067.1 (let-23/ERBB-1) 

ZK470.5(nck-1/NCK) 
C09B8.7 (pak-1/PAK) 
K08A8.1 (mek-1/JNKK) 
B0478.1 (jnk-1/JNK) 
C37F5.1 (lin-1/ELK) 

 
 

T24H10.7(jun-1/JUN) 

ZK1067.1 (let-23/ERB-1) 

 

T01E8.3 (PLC-3) 

 

Y51H4A.17 (sta-1/STAT) 

ZK1067.1 (let-23/ERB-1) 

Y51H4A.17 (sta-1/STAT) 
T28F12.3(LET-341/SOS) 
ZK792.6 (let-60/RAS) 
Y73B6A.5 (RAF1/LIN-45) 
Y54E10BL.6 (MEK) 
F43C1.2 (mpk-1/ERK) 

 
 

C37F5.1 (lin-1/ELK) 

ZK1067.1 (let-23/ERB-1) 

Y110A7A.10 (aap-1/PI3K) 
C12D8.10 (akt-1/PKB) 
B0261.2 (let-363/mTOR) 

 
Y47D3A.16 (rsks-1/S6K) 

ZK1067.1 (let-23/ERBB-1) 

 
Y110A7A.10 (aap-1/PI3K) 
C12D8.10 (akt-1/PKB) 

 
Y18D10A.5(GSK-3) 
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A. 4. Reference Wnt Pathways in C. elegans 
 

Source node 
(membrance receptor) 

Intermediate nodes Sink node 
(transcription factor) 

T23D8.1(mom-5/Frizzled) 

 
Y18D10A.5(GSK-3) 
R13H4.4 (HMP-1) 

 
W10C8.2 (POP-1) 

Y71F9B.5 (lin-17/Frizzled) 

 
Y18D10A.5(GSK-3) 
R13H4.4 (HMP-1) 

 
W10C8.2 (POP-1) 



 

 50 

 A. 5. Reference mTOR siganling pathways in C. elegans 
 

Source node 
(membrance receptor) 

Intermediate nodes Sink node 
(transcription factor) 

T28B8.2 (IGF-1/ INS/IGF) 

C54D1.3 (ist-1/IRS1) 
Y110A7A.10 (PI3K) 
H42K12.1 (PDK) 
C12D8.10 (akt-1/AKT) 
B0261.2 (let-363/mtor) 

 
 

F38A6.3 (HIF-1) 

T28B8.2 (IGF-1/ INS/IGF) 

C54D1.3 (ist-1/IRS1) 
Y110A7A.10 (PI3K) 
H42K12.1 (PDK) 
F28H6.1 (akt-2/AKT) 
B0261.2 (let-363/mtor) 

 
 

F38A6.3 (HIF-1) 

Y59A8B1.4 (par-4/LKB1) 

 
T01C8.1 (aak-2/AMP) 
B0261.2 (let-363/mtor) 

 
B0348.6 (ife-3/eif4e) 

Y59A8B1.4 (par-4/LKB1) 

 
T01C8.1 (aak-2/AMP) 
B0261.2 (let-363/mtor) 

 
F38A6.3 (HIF-1) 

Y59A8B1.4 (par-4/LKB1) 

 
T01C8.1 (aak-2/AMP) 
B0261.2 (let-363/mtor) 

 
Y71A12B.1 (rps-6/S6) 
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APPENDIX B 

Disease association information of C. elegans tissue-specific genes 

 
B.1. List of disease categories based on ICD-10 

 
Chapter (Category 

serial number) 
Title (Category name) 

I Certain infectious and parasitic diseases 
II Neoplasms 
III Diseases of the blood and blood-forming organs and certain 

disorders involving the immune mechanism 
IV Endocrine, nutritional and metabolic diseases 
V Mental and behavioural disorders 
VI Diseases of the nervous system 
VII Diseases of the eye and adnexa 
VIII Diseases of the ear and mastoid process 
IX Diseases of the circulatory system 
X Diseases of the respiratory system 
XI Diseases of the digestive system 
XII Diseases of the skin and subcutaneous tissue 
XIII Diseases of the musculoskeletal system and connective tissue 
XIV Diseases of the genitourinary system 
XV Pregnancy, childbirth and the puerperium 
XVI Certain conditions originating in the perinatal period 
XVII Congenital malformations, deformations and chromosomal 

abnormalities 
XVIII Symptoms, signs and abnormal clinical and laboratory 

findings, not elsewhere classified 
XIX Injury, poisoning and certain other consequences of external 

causes 
XX External causes of morbidity and mortality 
XXI Factors influencing health status and contact with health 

services 
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B.2. Disease association information of C. elegans neuron-specific genes' human homologs 

C. elegans 

gene name 

Human 

homolog's 

gene name 

The most specific 

tissue-specificity 

Disease 

Category 

(ICD-10) 

Diseases/disorders associated 

F54D8.3a ALDH2 

 

Approach 2 II;XXI Alcohol sensitivitye; 
Hangover; 

Esophageal cancer, 
alcohol-related 

R01H10.6 BBS5 Approach 2 
 

XVIII 
Bardet-Biedl syndrome 

(Chromosomal disease related 
to anosmia and diabetes) 

M03A1.1a EPHB2 Approach 3 II Prostate cancer 
B0035.5 G6PD Approach 2 III Favism; 

Hemolytic anemia (related to 
deafness) 

C47B2.6a GALE 

 

Approach 2 XVII Galactose epimerase 
deficiency(related to deafness 

and impaired growth) 
M01D7.7a GNAQ Approach 3 III Bleeding diathesis due to 

GNAQ deficiency 
C06E1.4 GRIA3 Approach 3 XXI Mental retardation, X-linked 

94 ( related to intellectual 
disability)  

C44E12.3a KCNK18 Approach 3 VI Migraine (Neurological 
disorder) 

Y51A2D.19a KCNMA1 Approach 3 VI Generalized epilepsy and 
paroxysmal 

dyskinesia (Neurological 
disorder) 

T12C9.3 KCNK18 Approach 2 VI Migraine(Neurological 
disorder) 

T03F6.5 PAFAH1B1 Approach 2 XVII Lissencephaly-1;Subcortical 
laminar heterotopia (Brain 

formation disorder) 
K08E3.7 PARK2 Approach 3 VI;II;I Parkinson disease, 

juvenile,type 2; 
Adenocarcinoma of lung; 
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Adenocarcinoma,ovarian; 
Leprosy 

F27D9.5 PCCA Approach 2 IV Propionicacidemia (Organic 
acid disorder) 

Y37E3.9 PHB Approach 2 II Breast cancer, susceptibility to 
Y73F8A.1 PKD2 Approach 3 XVII Polycystic kidney disease 2 
F31B12.1a PLCE1 Approach 2 XIV Nephrotic syndrome, type 3 

(Kidney damage) 
C30A5.7a POU4F3 Approach 3 VIII Deafness, autosomal dominant 

15 
Y87G2A.4 RAB27A Approach 3 IV Griscelli syndrome, type 2 

(Immunodeficiency, lead to 
early death in childhood) 

ZK377.2a ROBO2 Approach 2 XIV Vesicoureteral reflux 2 
(Abnormal movement of 

urine) 
R13A1.4 SCNN1B Approach 3 IX Liddle syndrome (Abnormal 

kidney function) 
 

T04D1.3a SH3GL1 Approach 2 II Leukemia, acute myeloid 
M01G5.5 SLC6A14 Approach 3 IV Obesity, susceptibility to, 

BMIQ11  
F57B10.9 SPG20 Approach 2 VI Troyer syndrome (Dysfunction 

of nerves) 
F38E9.2 TLL1 Approach 2 XVII Atrial septal defect 6 

(Dysfunction of atrial blood 
supply) 

C44B11.3 TUBA1A Approach 2 XVII Lissencephaly 3 (Brain 
formation disorder) 

C36E8.5 TUBB Approach 2 III Macrothrombocytopenia, 
autosomal dominant, 

TUBB1-related (Genetic 
disorder of blood platelets) 

F46B6.3a UPF3B Approach 3 XXI Mental retardation, X-linked, 
syndromic 14 (Related to 

intellectual disability)  
F28B12.3 VRK1 Approach 2 VI Pontocerebellar hypoplasia 

type 1 (Neurological disorder) 
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B.2. Disease association information of C. elegans gonad-specific genes' human homologs 

C. elegans gene 

name 

Human 

homolog's 

gene name 

The most specific 

tissue-specificity 

Disease 

Category 

(ICD-10) 

Diseases/disorders associated 

T02G5.8 ACAT1 Approach 2 IV Alpha-methylacetoacetic 
aciduria (Defect in urine) 

M03F4.2a ACTA2 Approach 3 
 

IX 
Aortic aneurysm, familial 

thoracic 6 (Abnormal aorta 
formation, cause hemorrhage) 

T04C12.4 ACTA2 Approach 2 IX Aortic aneurysm, familial 
thoracic 6 (Abnormal aorta 

formation, cause hemorrhage) 
T04C12.5 ACTA2 Approach 2 IX Aortic aneurysm, familial 

thoracic 6 (Abnormal aorta 
formation, cause hemorrhage) 

T04C12.6 ACTA2 Approach 3 IX A Aortic aneurysm, familial 
thoracic 6 (Abnormal aorta 

formation, cause hemorrhage) 
C12D8.10a AKT1 Approach 2 II Breast cancer, somatic; 

Colorectal cancer, somatic; 
Ovarian cancer, somatic; 

Schizophrenia 
 

F28H6.1a AKT1 Approach 2 II Breast cancer, somatic; 
Colorectal cancer, somatic; 
Ovarian cancer, somatic; 

Schizophrenia  

K11D9.2a ATP2A1 Approach 2 VI Brody myopathy (Affect 
skeletal muscle) 

ZK256.1a ATP2C1 Approach 2 XVII Hailey-Hailey 
disease (Genetic disorder of 

skin) 
D2045.1a ATXN2 Approach 3 VI Spinocerebellar ataxia-2 

(Cause poor coordination of 
movement) 

F28F8.6 ATXN3 Approach 2 VI Machado-Joseph disease 
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(Affect muscle control) 
K02A4.1 BCAT2 Approach 2 IV Hypervalinemia or 

hyperleucine-isoleucinemia 
(metabolic disorder related to 

urine) 
F58G6.1 BIN1 Approach 2 VI Myopathy, centronuclear, 

autosomal recessive (muscular 
weakness)  

C56C10.3 CHMP4B Approach 2 VII Cataract, posterior polar, 3 
C43E11.11 COG5 Approach 2 IV Congenital disorder of 

glycosylation, type II 
F01G12.5a COL4A5 Approach 2 XVII Alport syndrome (related to 

hear loss) 
K04H4.1a COL4A5 Approach 2 XVII Alport syndrome(related to 

hear loss) 
F41C3.5 CTSA Approach 2 IV Galactosialidosis (lysosomal 

storage disease) 
C33D9.1a FGD3 Approach 2 IV Glucocorticoid deficiency 3 
T06H11.4 GPHN Approach 2 IV Molybdenum cofactor 

deficiency, type 
C;Hyperekplexia 

ZK370.3a HIP1 Approach 2 II Prostate cancer, progression of 
ZK792.6 KRAS Approach 2   II Lung cancer;  

Bladder cancer;  
Breast cancer, somatic; 
 Pancreatic carcinoma, 

somatic; 
Gastric cancer 

;Leukemia, acute 
myelogenous; 

Noonan syndrome 3; 
Cardiofaciocutaneous 

syndrome 
T22A3.8 LAMA2 Approach 2 VI Muscular dystrophy, 

congenital merosin-deficient 
(weak muscular system) 

T10E9.7a NDUFS3 Approach 2 VI Leigh syndrome 
T03F6.5 PAFAH1B1 Approach 2 XVII Lissencephaly-1;Subcortical 

laminar heterotopia (Brain 
formation disorder) 

F31B12.1a PLCE1 Approach 2 XIV Nephrotic syndrome, type 3 
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(Kidney damage) 
F59G1.5 PTPN1 Approach 2 IV Insulin resistance, 

susceptibility to  
Y43C5A.6a RAD51 Approach 3 II Breast cancer, susceptibility to 
R05H10.2 RBM28 Approach 2 IV;VI Alopecia, neurologic defects, 

and endocrinopathy syndrome 
T04D1.3a SH3GL1 Approach 2 II Leukemia, acute myeloid 
AC7.2a SHOC2 Approach 2 XVII Noonan-like syndrome with 

loose anagen hair 
K11G12.4a SLC11A2 Approach 2 III Anemia, hypochromic 

microcytic (Paler red blood 
cells) 

Y46G5A.4 SNRNP200 Approach 2 VII Retinitis pigmentosa 33 
(related to blindness) 

C24B5.2a SPAST Approach 2 VI Spastic paraplegia-4 
(dysfunction of nerves) 

K12C11.2 SUMO1 Approach 2 XVII Orofacial cleft 10 
C09G12.9 TSG101 Approach 2 II Breast cancer 
C06A1.1 VCP Approach 2 IV Inclusion body myopathy with 

early-onset Paget disease and 
frontotemporal dementia  
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