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ABSTRACT

High throughput technologies such as microarrays generate an enormous amount of
genomic data at the cellular level. The computational reconstruction of gene regulatory
networks (GRN) from this abundance of data has become a major area of research in systems
and computational biology. However, the reconstruction task suffers from two major
challenges: the excessive computational complexity and the low accuracy of the estimated
networks. Literature of related works suggests the utilization of domain knowledge in
addressing these challenges. The main interest of this thesis is to study the effectiveness of
incorporating biological knowledge and other sources of biological data in the computational
reconstruction of GRN.

The thesis starts with the identification of several key features of gene regulation that
are used by the transcriptional regulators and employs that knowledge to restrict the number
of possible regulators for each gene. We choose Dynamic Bayesian Network for the
computational reconstruction of the GRN. The thesis then explores the co-regulation of genes
and the potency of integrating multiple sources of biological data in the reconstruction task.
Through the analysis of both real and synthetic data, this thesis also quantifies to what extent
the computation time and reconstruction accuracy of the model has been improved.

The comprehensive performance and scalability analysis of various GRN models
demonstrate that the employment of biological features can convincingly reduce the
computational complexity of the model. Moreover, the integration of other sources of
biological data makes the model computationally efficient and estimates networks with
improved accuracy. Most importantly, such integration results in a scalable model; that is, the

model estimates networks including thousand genes while preserving its level of performance.






TABLE OF CONTENTS

Page

ACKNOWLEDGMENTS ...ttt st sbesneenean v
LIST OF PUBLICATIONS ..ottt sttt vii
ABSTRACT ...ttt bbb bbbt b et b b iX
LIST OF TABLES. ... .ottt bbbt XVii
LIST OF FIGURES ..ottt ettt ettt nne e ens Xix
CHAPTER 1. INTRODUCTION 1
1.1 Issues in Reconstructing GRN from Experimental Data...............cccccccovevnenen 3

1.2 THeSIS IMOTIVALION .....ocueeieieiicie et 7

1.3 TheSIS STAIEMENT.......oiieiieiicie e 8

1.4 CONEFIDULIONS ... bbbt 9

1.5 TheSIS OULIING ...t 12
CHAPTER 2. EUKARYOTIC GENE TRANSCRIPTION 15
220 R 1 0o L1 od £ o o 1SS 16

2.2 Biological Aspect of Transcriptional Regulation .............ccccooveviiicieccecee. 17

2.2.1 GENE BXPIESSION ....vvivieiieeiie e sie e e st e te e st e ste e st e s te e e sraesreesesraesreeneens 17

2.2.2 Genomic regulation SYSTEIM .........ccccueiiiiririreie e 19

2.2.2.1 Transcription regulation...........c.ccocvveienencnene e 20

2.2.2.2 Gene regulatory Network ..........ccccoeeveeiieiiic i 22

2.3 Quantification of Gene EXPreSSiON........ccccivviiieiie i 24

2.3.1 CDNA MICIOGITAYS ...vevveveieieitististieieesie ettt sbe b eneas 24

2.4 Our Model Organism and the Cellular Process ..........c.ccoovvevvieieninescncninns 26

2.4.1 Cell Division in yeast Cell CYCle .........ccoviiiiiiiii e 27

2.5 Experimental Micorarray Data ...........cccoccveiieiiieiie e 28

LG T o] o Tod (1151 o] o OSSR 34

Xi



CHAPTER 3. CURRENT APPROACHES TO MODELING GENE

REGULATORY NETWROKS 35

S L INTrOAUCTION. ...ttt et bbbt 36
3.2. Challenges of Analyzing Microarray Data............ccocueveiieneieniiineieeen 37
3.3. Current Approaches for Modeling GRN from Gene Expression Data .......... 39
3.3.1 Models for discrete variables............ccoooviiiiiiinieiene e, 40
3.3.1.1 B0Oolean NEtWOIKS ........cccoveriririninieieniesie e 41

3.3.1.2 Probabilistic Boolean Networks (PBN)..........c.ccocvvvevennen. 43

3.3.1.3 Bayesian Networks (BN) ........cccoouriririenencnenescseeee, 44

3.3.1.4 Dynamic Bayesian Networks (DBN) ........c.cccccocveiveiieennenn, 46

3.3.2 Models for continuous variables...........c.ccooviiiiene i, 48
3.3.2.1 Ordinary Differential equations (ODES) ..........ccccceevrurennnn. 49

3.3.2.2 S-System mMOodel .........ooeiiiiiiie 50

3.3.2.3 Neural network models..........cccoovvivieieneniieseeee, 51

3.4. Reconstruction of GRN by Incorporating Biological Information................. 53
3.5 DISCUSSION ...ttt st et etee st e tease et et e s e sseeteaseesseeteaneesseesaeeneesseeneeaneennean 56
3.6 CONCIUSION ...ttt re e aneenne s 59

CHAPTER 4. PHASE-SPECIFIC REGULATION IN THE YEAST CELL CYCLE 63

o I Y oo [0 Tox o] PSSR S USSR 64
4.2 Related WOTK ......c.ooiiie e 65
4.3 BACKGIOUNG.......cuiiiiiiiiiieiieeee et 67
4.3.1 Regulation of transcription factors in yeast cell cycle............ccoevveennnn. 67
4.3.2 Learning dynamic Bayesian network from data.............ccceoeviiiieennnnn, 68
A4 MEENOGS ...ttt et na e re e e nne s 72
4.4.1 Data diSCretiZation .........cccveveiieiieie e e se e ee et 73
4.4.2 Peak time calculator Of geNES ........covvveiiiiiiciie e 73
4.4.3 Assigning genes in phase Specific CIUSIErS ........cccccvevvvevie i, 74
4.4.4 Inference of GRN with DBN algorithm ..., 75
4.5 EXperiments and RESUILS.........covei i 76

Xii


../RevisedThesis/Chapter4.docx#_Toc327347292
../RevisedThesis/Chapter4.docx#_Toc327347294
../RevisedThesis/Chapter4.docx#_Toc327347295
../RevisedThesis/Chapter4.docx#_Toc327347296
../RevisedThesis/Chapter4.docx#_Toc327347297
../RevisedThesis/Chapter4.docx#_Toc327347298
../RevisedThesis/Chapter4.docx#_Toc327347299
../RevisedThesis/Chapter4.docx#_Toc327347300
../RevisedThesis/Chapter4.docx#_Toc327347301
../RevisedThesis/Chapter4.docx#_Toc327347302
../RevisedThesis/Chapter4.docx#_Toc327347303
../RevisedThesis/Chapter4.docx#_Toc327347304

4.5.1 EXPerimental datal..........cccooeiiriiiiicieeeee e 76

4.5.2 EXPErimental SELUP .....ccveivieieiie i 77
4.5.3 EXperimental reSUILS ........ccocvviieiiee e 77
O] Tod [ 1] o] [P STS 82
CHAPTER 5. CO-REGULATION OF CO-EXPRESSED GENES 85
5.1 INTrOAUCTION ....ovviticieieee ettt bbb 86
5.2 REIAIEA WOTK ... bbb 87
5.3 BACKGIOUNG ..ottt 89
5.3.1 Co-expression of Co-regulated Genes in yeast cell cycle................. 89

5.4 IMELNOAS ...t bbb 91
5.4.1 Partitioning Around the Mediods (PAM) ........ccceveiveieivieiicie e 91
5.4.2 Identification of co-expressed genes With PAM..........cccccceviniiiiininnns 93
5.4.3 Inference of regulation among groups of co-expressed genes................ 94
5.4.4 Merge networks learned by the models............cccoeoevveiiiieiccccieee 95
5.5 Experiments and RESUILS..........c.coviieiiiiicc e 95
5.5.1 Experimental data ..........ccoocoiiiiiiiiiieiee e 96
5.5.2 EXPErimental SETUPD .......cccooiiiiiiiiiiieie e 96
5.5.3 EXperimental reSUILS ........ccocoveiieiiieieece e 96
5.6 CONCIUSIONS. ..ot 100

CHAPTER 6. TRANSCRIPTIONAL REGULATION FROM

MULTI-SOURCE DATA 103

6.1 INTrOTUCTION ... et nbe e 104
6.2. REIAEA WOTK ... e 105
6.3 BACKGIOUNG ......oviiieiieiieieie ettt bbb 107
6.3.1 Protein-protein interaction (PPI) data............ccoocovviinininienenc e 107
6.3.2 Transcription factor binding site (TFBS) data...........ccccevveiveiiiciinnnn, 109
6.4 IMETNOUS ... e 110
6.4.1 Impute MiSSING VAIUES ........cccoiiiiiiiieieie e 111
6.4.2 Extraction of potential regulators of genes.........ccccoccvvveveiieivcce s, 112

Xiii


../RevisedThesis/Chapter4.docx#_Toc327347305
../RevisedThesis/Chapter4.docx#_Toc327347306
../RevisedThesis/Chapter4.docx#_Toc327347307
../RevisedThesis/Chapter4.docx#_Toc327347308

6.4.3 Learning the structure of GRN ..........cccooiiiiiiiice e 113

6.5 EXperiments and RESUILS...........cooveiiiie i 114
6.5.1 EXperimental data...........ccccveieiieiiiieseece e 114
6.5.2 EXPErimental SETUPD ........cooviiiieiiieeesee s 115
6.5.3 EXPerimental reSUItS ...........ccoieiiiieeee s 115

6.5.3.1 EXPEriment L.......ccovoiiiieiiec e 115

6.5.3.1 EXPErMENT 2...c.viiiiiiicie e 117

6.6 CONCIUSIONS. ... e e 119
CHAPTER 7. PERFORMANCE ANALYSIS OF THE GRN MODELS 121

% g1 (oo [0 od £ o] o FO PSPPSR 122

7.2 Existing DBN-based Models for Comparison...........cccccvevevieieeieseesieeinene 123

7.3 Model Evaluation CrItEIIa .........evvereiieiieie e 124

7.4 EXPErimental SELUP......cccooiiiiiiiiecee s 126

7.5 Analysis of Simulated Data ............cccocvveiieiiiiccece e 126

7.6 Analysis of Experimental Data............ccccceeeiiieiieie i 134
7.6.1 Inference of small-scale NEtWOIKS ..........cccoeveiieiiiie e 135
7.6.2 Comparison with synthetically generated random networks................ 139
7.6.3 Inference of large-scale NetWOrKS...........cccocveieeieiiic i, 144

7.7 CONCIUSION ...ttt sttt 148

CHAPTER 8. SCALABILITY ANALYSIS 151

ST A 1 0o 104 o o USSR 152

8.2 Some Existing Scalable Approaches .........ccccoceevveiii i 153

8.3 EXperimental SEUP........ccviiii e 154

8.4 Scalability Analysis of the Proposed GRN Models.........ccccocevvveivnieinenenne. 155

8.4.1 ComMPUEALION TIME ... 156
8.4.2 PrECISION ..ottt ettt bbb 158
BA.3RECAI ... 160
85 EXtended Scalablllty AnalySiS Of GRNMuIti—sources .......................................... 164
8.6 CONCIUSION ...ttt 166

Xiv



CHAPTER 9. CONCLUSION AND FUTURE WORK 167

9.1 Summary of CoNtribDULIONS...........ccoviiieicc e 168
9.2 FULUIE WOTK ...t re e 170
9.3 FINAl REMATKS .....c.veiiiiiiie e 172
BIBLIOGRAPHY ..ottt ettt e et e e e nee e e 173

XV



XVi



LIST OF TABLES

Table

4.1:

4.2:

4.3:

4.4:

5.1:

5.2:

6.1:

7.1:

7.2:

7.3:

7.4:

Page
Pseudo code of DBN structure 1€arning .........ccccoovveeeiinieneenese e 71
Number of nodes vs. number of possible network structures...............ccccvene.... 71
Dataset alpha38, includes transcription levels of 150 genes with a sampling
interval of 5 minutes and a total of 22 time points. ..........ccccccvveveeie e 80
Dataset alpha30, includes transcription levels of 150 genes with a sampling
interval of 5 minutes and a total of 22 time points. .........cccceoeienniniiiciee 81
Dataset alpha30, includes transcription levels of 200 genes with a sampling
interval of 5 minutes and a total of 22 time points. ..........ccccccevveveeve e 99
Dataset alpha38, includes transcription level of 200 genes with a sampling
interval of 5 minutes and a total of 22 time points. .........cccccooeienniniiieie 99
The Dataset includes transcription levels of 250 genes with a sampling
interval of 7 minutes and a total of 18 time poiNnts. .........ccccooceveniiininiieien, 118
Comparison of performance among the four different DBN-based GRN
models. The models have been applied on 5 different simulated datasets
of 20 genes over 21 tiMe POINTS..........oiiriieiiieii e 128
Comparison of performance among the four different DBN-based GRN
models. The models have been applied on 5 different simulated datasets
of 50 genes over 21 time POINTS........ccoveiieiiie i 130
Comparison of performance among the four different DBN-based GRN
models. The models have been applied on 5 different simulated datasets
0f 100 genes over 21 tiMe POINTS.. ......cvcierirrerererieseseeee e 132
Comparison of performance among the five different DBN-based GRN
MOUBIS . ettt neenre s 145

Xvii


../RevisedThesis/Chapter4.docx#_Toc327352270
../RevisedThesis/Chapter4.docx#_Toc327352271
../RevisedThesis/Chapter4.docx#_Toc327352272
../RevisedThesis/Chapter4.docx#_Toc327352272
../RevisedThesis/Chapter4.docx#_Toc327352273
../RevisedThesis/Chapter4.docx#_Toc327352273

8.1: Dataset alpha30. Comparison of performance among the five different DBN-
based GRN MOGEIS.. ......ccouiiiiiiece e 162

8.2: Dataset alpha38. Comparison of performance among the five different DBN-
based GRN MOMEIS.. ......c.ooiiiiiii e 163

8.3: Comparison of the performance of GRNMulti-sources in analyzing medium

to large-scale networks including 100, 500 and 1000 genes respectively....... 164

XViil



LIST OF FIGURES

Figure

1.1:

2.1:

2.2:

2.3:

2.4:

2.5:

2.6:

2.7:

2.8:

2.9:

Page

IHustration of the process of reconstructing GRN from experimental data......... 3
The flow of biological information from DNA to RNA to protein. .................. 19
Regulatory elements on a protein-encoding DNA module...........ccccocvevieivenene. 21
[ustration of a SIMpPle GRIN.. ..., 23
Principles and steps of a simple microarray experiment. .............ccceevevvereennenn. 25
Distinct Phases of Cell Division CyCle.........ccccceiviiiieiciiccecce e, 28
Dynamics of gene expression of the 13 known cell-cycle regulated TFS over

the tWO CEIl CYCIES........oiiee s 29
GRN 0f the 13 KNOWN TEFS. ..ot 30

A simple GRN among three TFs during the first two phases of the cell cycle. 31

Fluctuation in the level of gene expression of the three TFs (SWI4, HCM1,
and WHI5) as measured by microarray eXperiments. .........ccccoceveerervnnninennennns 32

2.10: Order of expression among the three TFs (SWI4, HCM1, and WHI5)

3.1:

3.2

3.3:

3.4:

4.1:

4.2:

4.3:

4.4:

WIthiN @ CEH CYCIB.. .o 33
A SIMPIE GRINL L. e 41
The logic circuit diagram representing the GRN.........cccccooiiiiiniiiiiiceee, 42
A Bayesian network representation of the GRN including 6 genes. ................. 46
A Dynamic Bayesian Network representation of the GRN...............cccccveennn, 47
Framework of the proposed GRN model...........ccccoiiiiiiiiiiiee, 72
Mapping of cell cycle phases to the timeline of the microarray experiment..... 75
Target network of Yeast cell cycle TFS......cocoiiiiiiiie e 78
Estimated network structure of yeast cell cycle TFS. ..., 79

XiX


../Revised%20Thesis/Chapter1.docx#_Toc327349679
../Revised%20Thesis/Chapter2.docx#_Toc327350874
../Revised%20Thesis/Chapter2.docx#_Toc327350875
../Revised%20Thesis/Chapter2.docx#_Toc327350876
../Revised%20Thesis/Chapter2.docx#_Toc327350879
../Revised%20Thesis/Chapter3.docx#_Toc327351794
../Revised%20Thesis/Chapter3.docx#_Toc327351795
../Revised%20Thesis/Chapter3.docx#_Toc327351796
../Revised%20Thesis/Chapter3.docx#_Toc327351797
../RevisedThesis/Chapter4.docx#_Toc327352328
../RevisedThesis/Chapter4.docx#_Toc327352329
../RevisedThesis/Chapter4.docx#_Toc327352330
../RevisedThesis/Chapter4.docx#_Toc327352331

5.1:

5.2:

5.3:

5.4:

5.5:

6.1:

6.2:

6.3:

6.4:

6.5:

6.6:

7.1:

7.2:

7.3:

7.4:

7.5:

7.6:

Expression profiles of co-regulated genes. ..........cccovviiiiiiiiiiieicnc e 90
Expression profiles of co-regulated genes groups. ........ccocvevveveereseeseeriesnnenns 91
Framework of the proposed GRN mModel. .........ccccoovviiiiviii i 92
The known network structure of 13 cell cycle TFS. .......ccoovviiiiiiiiicicie 97
The estimated network structure of 13 known cell cycle TFS........ccccevvviiennnne 98
Genetic interaction network among the 13 TF of yeast cell cycle. ................. 109
Potential regulatory association among the 13 known TFs of yeast cell cycle
extracted from the YEASTRACT database. ........ccccoovririninieiiic e 110
Framework of the proposed GRN model.. ... 112
Known network of the 13 known TFs in the yeast cell cycle............ccc......... 116
Derived network among the 13 known TFs in the yeast cell cycle.................. 116
Estimated network among the 13 known TFs in the yeast cell cycle.............. 117
Comparison of performance in terms of precision (P), recall (R) and F-

measure among the four DBN-based GRN models through the analysis of 5

different simulated datasets including 20 genes.. ......cccccevveveevieieececce e, 129

Comparison of performance in terms of precision (P) , recall (R) and F-
measure among the four DBN-based GRN models through the analysis of 5

different simulated datasets including 50 genes. ........ccccccevveveevieiiececce s, 131
Comparison of performance in terms of precision (P), recall (R) and F-

measure among the four DBN-based GRN models through the analysis of 5
different simulated datasets including 100 geNes. .........ccccevvvierenenenenenenn. 133
Target network among the 19 CCR genes extracted from the KEGG pathway
AtADASE. . .o 136
Network estimated by the PMDL-based GRN model proposed in Chaitankar

EL AL (2010). ...ttt e 136
Network estimated by GRNmutti-sources @S discussed in chapter 6. .................... 137

XX


../RevisedThesis/prelimxpnumeric.doc#_Toc327387753
../RevisedThesis/prelimxpnumeric.doc#_Toc327387754
../Revised%20Thesis/Chapter5.docx#_Toc327387755
../Revised%20Thesis/Chapter5.docx#_Toc327387756
../Revised%20Thesis/Chapter5.docx#_Toc327387757
../Revised%20Thesis/Chapter6.docx#_Toc327461573
../Revised%20Thesis/Chapter6.docx#_Toc327461574
../Revised%20Thesis/Chapter6.docx#_Toc327461574
../Revised%20Thesis/Chapter6.docx#_Toc327461575
../Revised%20Thesis/Chapter6.docx#_Toc327461576
../Revised%20Thesis/Chapter6.docx#_Toc327461577
../Revised%20Thesis/Chapter6.docx#_Toc327461578

7.7: Comparison of the performance of 7 GRN models in terms of precision (P),

recall (R) and F-MEASUIE.. ........ccoevveieiieie ettt 138

7.8: Performance evaluation of GRNphase against synthetically generated random

NEEWOTKS. e e, 141

7.8: Performance evaluation of GRNco.expressed @gainst synthetically generated

FANAOIMN MBI OTKS. ettt e e e e e e e e e eneeas 142

7.10: Performance evaluation of GRNwmuri-sources 2gainst synthetically generated
FANAOM NELWOTKS.. ..o 143

7.11: Comparison of the performance of 5 GRN models in terms of precision (P),

recall (R) and F-MEASUIE.. .......cccouriiieiiierie s 146
8.1: Comparison of the computation time of five DBN-based GRN models........ 157
8.2: Comparison of the precision of five DBN-based GRN models. ..................... 159
8.3: Comparison of the recall of five DBN-based GRN models.. .......c.c.ccccvrurnenn 161

8.4: Computation time of GRNmuiti-sources With varying network sizes including 100,
500 and 1000 QENES. ......veiveeieiieiteeie et ettt re e 165

8.5: Comparison of the precision and recall of GRNmuti-sources With varying network
dimensions including 100, 500 and 1000 gENES. ........cccevvrrrerverierienieniineeeenean, 166

XXi






