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Abstract

Modern technological advances have been producing a huge amount of high-

throughput genome-/proteome-wide data which are to be analyzed for inferring

biological knowledge. Computational and statistical analyses are an appropriate

and efficient way for such large-scale data analysis. In this thesis we investigate

genome-wide transcriptional systems by data integration, which is also a pre-

requisite for systems biology. Computational and statistical methodologies are

developed and applied to heterogeneous genome-wide data sources in a model

organism, Saccharomyces cerevisiae. We aim to discover strong functional sig-

nals and related mechanisms from noise-prone genome-scale transcriptional data.

First, our analysis starts with groups of genes bound by common transcription

factors, called transcriptional modules. They are derived from protein-DNA in-

teraction data and coupled to gene expression and functional annotation data in

order to identify functional signals. Standard methods applied to various large-

scale gene expression data show that those identified functional modules can be

condition-invariant or condition-specific. Second, we extend our module analysis

to prioritization of gene regulatory interactions in functional modules identified

on a large scale. Our simple integrative approach to such prioritization yields

a statistically significant increase of prediction accuracy for two types of refer-

ence datasets compared with an original analysis of genome-wide protein-DNA

interactions data alone. In addition, our predictions include those regulatory in-

teractions that were not predicted by other algorithms with as good prediction

accuracy. Finally, in view of ubiquitous combinatorial regulation by multiple

transcription factors, we turn our attention to different sets of target genes in

different conditions regulated by pairs of regulators. We develop a method to

identify condition-specific co-factors of those regulators that significantly change

their target genes in different conditions. We apply the method to genome-wide



protein-DNA interactions data generated in diverse cellular conditions. Our pre-

dictions include novel cooperative regulator pairs as well as known ones with ev-

idences from gene expression, protein-protein interactions, and conserved motifs

data. Further analysis shows that such condition-specific combinatorial regula-

tion occurs more abundantly than expected by chance.

In conclusion, our analyses successfully reveal meaningful biological findings

and generate concrete hypotheses from heterogeneous genome-wide yeast data.

Therefore, this work is expected to contribute as a first step to guiding experimen-

talists and studying more detailed biological mechanisms.



Contents

1 Introduction 1

1.1 Gene regulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.1 General aspects . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.2 Modular organization of biological systems . . . . . . . . . . 4

1.1.3 Combinatorial regulation . . . . . . . . . . . . . . . . . . . . 5

1.2 Large-scale experimental approaches . . . . . . . . . . . . . . . . . . 6

1.2.1 Protein-DNA interactions . . . . . . . . . . . . . . . . . . . 6

1.2.2 Transcript expression profiling . . . . . . . . . . . . . . . . . 8

1.2.3 Functional annotations . . . . . . . . . . . . . . . . . . . . . 11

1.3 Computational approaches to data integration . . . . . . . . . . . . . 12

1.4 Contributions of the thesis . . . . . . . . . . . . . . . . . . . . . . . 13

2 Functional analysis of transcriptional modules 15

2.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2 Transcriptional modules from binding data . . . . . . . . . . . . . . . 16

2.3 Characterization of functional modules . . . . . . . . . . . . . . . . . 17

2.4 Condition-invariance and condition-specificity . . . . . . . . . . . . . 29

2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3 Prioritization of gene regulatory interactions 32

iv



CONTENTS

3.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.2 Overview of our approach . . . . . . . . . . . . . . . . . . . . . . . 33

3.3 Coherent modules . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.3.1 Putative transcriptional modules from binding data . . . . . . 36

3.3.2 Defining coherent modules . . . . . . . . . . . . . . . . . . . 38

3.4 Prioritization of gene regulatory links . . . . . . . . . . . . . . . . . 39

3.5 Evaluation of the method . . . . . . . . . . . . . . . . . . . . . . . . 41

3.5.1 Reference datasets . . . . . . . . . . . . . . . . . . . . . . . 43

3.5.2 Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.5.3 Comparison with other methods . . . . . . . . . . . . . . . . 45

3.5.4 Difficulty of comparisons . . . . . . . . . . . . . . . . . . . 48

3.6 Biological examples . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.6.1 Functionally interacting proteins . . . . . . . . . . . . . . . . 50

3.6.2 Conserved binding sites for three regulators of CIS3 . . . . . 51

3.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4 Condition-specific combinatorial regulation 55

4.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.2 Identification of condition-altered TFs by a hypergeometric test . . . . 57

4.3 Systematic study of condition-specific co-factors . . . . . . . . . . . 58

4.4 Condition-specific combinatorial regulation is statistically significant . 64

4.5 Support for condition-specific combinatorial regulation . . . . . . . . 66

4.5.1 Expression analysis . . . . . . . . . . . . . . . . . . . . . . . 66

4.5.2 Conserved motif . . . . . . . . . . . . . . . . . . . . . . . . 71

4.5.3 Protein-protein interaction . . . . . . . . . . . . . . . . . . . 71

4.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5 Conclusions 73

v



CONTENTS

Bibliography 79

Zusammenfassung 91

vi



List of Tables

2.1 Summary of module analysis results . . . . . . . . . . . . . . . . . . 18

2.2 Significant modules identified . . . . . . . . . . . . . . . . . . . . . 22

2.3 Significant functions identified . . . . . . . . . . . . . . . . . . . . . 23

3.1 Positive predictive values and parameters . . . . . . . . . . . . . . . 41

3.2 Comparison of performance measures . . . . . . . . . . . . . . . . . 46

4.1 ChIP-chip conditions and the numbers of TFs assayed . . . . . . . . . 57

4.2 Predicted combinatorial TF pairs and supports . . . . . . . . . . . . . 62

4.3 Expression data sources . . . . . . . . . . . . . . . . . . . . . . . . . 67

vii



List of Figures

1.1 ChIP-chip data matrix . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.2 Gene expression data matrix . . . . . . . . . . . . . . . . . . . . . . 11

2.1 Expression coherence test . . . . . . . . . . . . . . . . . . . . . . . . 20

2.2 Statistically significant modules . . . . . . . . . . . . . . . . . . . . 21

3.1 Overview of our method . . . . . . . . . . . . . . . . . . . . . . . . 35

3.2 Summary of our final predictions . . . . . . . . . . . . . . . . . . . . 42

3.3 Conservation of TF binding sites . . . . . . . . . . . . . . . . . . . . 52

4.1 Condition-altered TFs and condition-specific co-factors . . . . . . . . 59

4.2 An alternative way of identifying condition-specific co-factors . . . . 61

4.3 Significance test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.4 Synergistic expression analysis . . . . . . . . . . . . . . . . . . . . . 70

viii




