Contents

ZUSAMMENTASSUNG c..cevveiiiinriissrresssnnesssncsssncssssncssssesssssesssssessssesssssesssssessssssssssasssssssssssssssssssssses 3
ADSEIFACE acccuueiiiiniiiisninisitencsneessnteesssnnesssneessseecsssnecssansssssssssssesssssssssasesssssessssssssssasssssessssanssssasssssns 7
COMLEINLS...cuueiiriiieiitensnensnensneisteesessssesssesssessssssssessssssssessssssssasssssssssssssssssassssssssssssassssassssesssass 11
ADDYEVIATIONS c.uueeieiriiiinrininrisinnissniessniesssnesssssessssnesssssesssssessssssssssssssssesssssesssssessssssssssssssssssses 17
1. Introduction to the biological scope of the thesis.........ccceeverervuricsrnicsvurcsssnrcssercssercssnnces 21
1.1 The ubiquitin/proteasome SYStEIM........ccueeuerteerierieriieieeienieeeesiee e eeeseeeneeeeeseeene 21
1.1.1 The process of UDIQUItINALION ......ocuvieuieriieiieeiieiieeie et ns 22
1.1.2  Ubiquitin-dependent proteolysis by the proteasome..........c..cccceeveeruveneenee. 24
1.1.3  Functions of ubiquitin in addition to protein degradation.......................... 25
1.2 The Wnt/B-catenin signalling pathway...........cccoecereeniniienieieiiereeeeeeee e 25
1.3 The canonical NF-kB signalling pathway ...........cccoceeviriininiiniieneiineeeieene 28
1.4 The B-transducin repeat-containing protein family .........ccccceccevieriiiiniinennenenn. 30
1.4.1 B-TrCP is a subunit of the Skp-Cullin-F-box ubiquitin ligase complex.... 30
1.4.2 The paralogues B-TrCP1/FWD1 and B-TrCP2/HOS..........ccceverveerrinee. 31
1.5 ReSEarch ODJECHIVES ....cc.uiiiiiiiiiiieeieee et 33
1.5.1 What effects may transcriptional regulation of B-TrCP abundance
have on NF-kB dynamics? .........cccccceeriiiiiiiniieieieeiece e 35
1.5.2 Are the two paralogues of B-TrCP functionally redundant in the
Wnt/B-catenin signalling pathway? ...........cccceevieriieiieniiienieeie e 35
1.5.3 Under what conditions would crosstalk via competitive B-TrCP
sequestration yield observable effects on B-catenin and/or NF-xB
AYNAMICS? ...viiiiiieeciie ettt et e s tee e ae e e aaeeesaeeesaeeesaeesnneeenns 36
2. Mathematical modelling apProaches.........cceeiccveicscerinisnninsssnesssnnessssnesssnessssressssssssssoses 39
2.1 The detailed kinetic model of canonical NF-xB signalling...........c.cccccceevuieneenne. 40
2.2 The detailed model of Wnt/B-catenin signalling ............c.cccceevevievieniieneenieeneenne. 42
2.3 Simulation of Wnt/B-catenin signalling in cancer cells...........c.cccceeviienienirennenne. 44
2.4 Definition of signalling time, signal duration, and signal amplitude..................... 44
2.5 Definition of a measure to quantify crosstalk impact in transient dynamics ........ 46
2.6 Calculation of sensitivity COSTIICIENTS ........ccvieriieriieiieeiieieeie e 47
2.7 Bifurcation analysis.........cccierieriiiniieiiieiie ettt e 48
2.8 Kendall rank correlation...........c.ceoiiiiiiiiiiiiiiieneeee e 49
3. Investigation of the impact of transcriptional regulation of B-TrCP abundance on
canonical NF-KB Signalling.........ccoeiiiiiiiiiiriniiicssnicssnicssnnncssnnicsssnessssessssnessssnessssscssssees 51
3.1 Modification of the detailed model of canonical NF-«B signalling...................... 51
3.2 Analysis of the model of canonical NF-«kB signalling ............cccccoeevveeeiieneennnennn. 53

11



3.2.1 A reduction of the value of kg.r:cp changes sensitivity coefficients of
nuclear NF-KB ... 53
3.2.2 The value of kg.trcp influences the steady state of nuclear NF-kB upon
TNF StMUIAtION. ......ccoiiiiiiiiiiiiee e et 55
3.2.3 The value of kp.trcp influences signal amplitude and signalling time of
nuclear NF-kB dynamics in response to TNF stimulation ........................ 56
3.3 DISCUSSION ..uveiiieiiiiieeeiiieeeeeie e e e ettt e e e ettt e e e eetaaeeeeetaeeeeeeaseeeeeessseeeeaassseeeessseaeaanns 58

4. Dissection of the differential impact of FWD1 and HOS feedback on

12

Wnt/B-catenin SiNALIINE .....ccceierveiciviinirnisssencsssenssssnnsssssssssssssssssssssasssssssssssssssssssssssssssssss
4.1 Derivation of a Wnt/B-catenin pathway model including the FWD1 and HOS
FEEADACKS ...t 65
4.1.1 Structure of the two-feedback model............ccccooviiiiiiiiiniiie 66
4.1.2 Rate kinetics of the two-feedback model ............cccceeviiiininiiniiiiiee 68
4.1.3 Definition of feedback strength .............cccoviieiiiiiiiiiiniiieeee, 68
4.1.4  ParameteriSAtION ....cc.ceeuieruieeiieriieeieesiee et eite et et e ete et e st e ebeeenee e seesaeeens 70
4.1.5 Pathway stimulation by Wnt........c.ccccoiieiiiiniiieieece e 72
4.2 Analysis of the impact of the modifications and extensions in the
two-feedback MOdel .........ccooiiiiiiiii e 73
4.2.1 Comparison of dynamical features of the two-feedback model and the
original detailed model of Wnt/B-catenin signalling ............ccceceveevennnee 73
4.2.2 Comparison of the unstimulated steady state concentrations of FWDI1
and HOS under wild type and APC mutant conditions............ccccceceevuennene 74
4.2.3 Variation of feedback strength allows for feedback-specific
modulation of HOS or FWD1 eXpression ........c.cceccveeeeveeecveescieeesneeennennn 75
4.3 Analysis of the two-feedback model ............ccceviviiiiiiiiiiieceee e, 77
4.3.1 HOS feedback strength modulates the steady state concentration of
the B-catenin/TCF comMPIeX ......cccveviiiiiiiiieiieeiieie e 77
4.3.2 HOS feedback strength influences the dynamics of the B-catenin/TCF
complex in response to transient Wnt stimulation.............ccceceeveveeriennnnns 78
4.3.3 FWDI feedback strength does not affect the dynamics of the
B-catenin/TCF complex for the reported HOS expression level ............... 79
4.3.4 FWDI feedback strength influences the steady state concentration of
the B-catenin/TCF complex in the absence of HOS ..........cccooiiiiniinenne. 81
4.3.5 Changes in the FWDI or HOS expression level modulate the
influence of the HOS feedback on the B-catenin/TCF dynamics.............. 82
4.3.6 The FWDI feedback mechanism does not protect against mutations
OF APC ettt et st 83
4.4 DISCUSSION ....uuvviieieieiieeeeetteeeeeeiteeeeeeiateeeeeeaeeeeeeetaeeeeeeaseeeeeaaeeeeeeesseeeseesaeeeeeaseeeeas 85



5. Exploration of the potentials of crosstalk between the Wnt/B-catenin and

canonical NF-kB signalling via competitive B-TrCP sequestration..........cccceeeeuercrennees

5.1 Development of a minimal model of competitive B-TrCP sequestration.............. 90
5.1.1 Structure of the model ..........cccuveviiiiiiiiiiiii e 90
5.1.2  Kinetics used in the minimal model ............cccoevviiiiiiiiiiienieiiceeee 91

5.2 Parameterisation of the minimal model of competitive B-TrCP sequestration ..... 91

5.2.1 Generation of data sets describing the dynamics of selected pathway

[670) 101010) 1153 01 USROS 92
5.2.2 Modelling the transient Wnt and transient TNF stimulus of the
minimal MOdel........ccooiiiiiiiiii e 93
5.2.3 Estimation of parameters of the Wnt/B-catenin signalling module............ 96
5.2.4 Estimation of parameters in the canonical NF-kB signalling module....... 98
5.2.5 Description of the 400 selected parameter Sets ..........ccceeveeecviereverieeneenne. 98
5.3 Analysis of the minimal model of competitive B-TrCP sequestration ................ 103
5.3.1 Steady states of B-catenin and NF-kB do not influence each other......... 103
5.3.2  Modulation of B-TrCP abundance regulates the stimulated steady state
concentrations of B-catenin and NF-«B in opposite directions ............... 104
5.3.3 Impact of parameter values on the stimulated steady state
concentration ranges of NF-kB and B-catenin..........c.cccceevvevviiiennneennnn. 106
5.3.4 TNF stimulation can influence Wnt/B-catenin signal transduction......... 112
5.3.5 Influence of parameter choice on crosstalk of TNF to Wnt/B-catenin
SIZNAITING L..eviiiieiiecieece ettt 116
5.3.6 Effects of the reduction of production and degradation rates of B-TrCP
on the impact of TNF stimulation on Wnt/B-catenin signalling.............. 118
5.4 DISCUSSION ...veieieitiiieeeeieiee e ettt e e eeete e e e eeiteeeeeeeaeeeeeeeaaeeeeeesaeeeeeeaseeeeeesseeeeeesseeeeeanns 123
5.5 Preliminary results: conditions that influence the direction of crosstalk
between canonical NF-kB and Wnt/B-catenin signalling..............cccoevveeveennennne. 127
5.5.1  INrOAUCLION ..eeiuiiiiiiiiiieiieicee ettt 127
5.5.2 Effects of variations in signalling time on the direction of crosstalk...... 128
5.5.3 Effects of scaling the relative concentrations of the pathway
components on the direction of crosstalk ............ccceeeveeiiieniiiniiiniiinieenen. 130
5.5:4  DISCUSSION. ...euiiiiriiiiieiieiieste ettt ettt sttt et ettt et ebe e e enee 132
6. Conclusions and OULIOOK .........ueeeueiinuiiiniiiininiinsniensneesseeecsnenssseessseessssecsssssessssesssssees 135
6.1 SUMMATY ..eiiiiiiiiiieecee e et e et e et e et eestbeessaaeeenseeesnneeesnseeenns 135
6.1.1 Abundance of HOS and FWDI1 influence the impact of regulatory
feedbacks in Wnt/B-catenin signalling ...........ccooccoeviniiininniiinienieeen. 138
6.1.2 Abundance of HOS and FWD1 influence the impact of transcriptional
crosstalk from Wnt/B-catenin to canonical NF-«xB signalling................. 139

6.1.3 Regulation of protein abundance in the canonical NF-kB and
Wnt/B-catenin signalling pathway may influence their crosstalk............ 139



6.1.4 Modulation of B-TrCP abundance to regulate SCFP ™" complex
Y010 4% 1 2RSSR 141
6.2 B-TrCP — a promising pharmaceutical target?...........ccoeevevvievieeniieenienieeneeeiens 142
6.3 Outlook on future INVEStIZAtIONS ......cccveeruireriierieeiieeieeiee e eiee e ereesreeaeeeeneens 144
6.3.1 Additional aspects connected to B-TrCP in Wnt/B-catenin and NF-«kB
SIENAIIING ..o 145
6.3.2 Additional potential mechanisms of crosstalk between Wnt/B-catenin
and NF-kB s1@nalling..........cccccveeiiiiiiiieiieeciecee e 146
APPEIAIX ccerrriirinriissnricssnnessssnesssnessssnessssssssssssssssessssssssssssssssssssssssssssssssssssssssssssssesssssssssssessssses
7. Mathematical MOMEIS ......ccueeeueineiisneiisiiisiiieintennnicseistesseessicssesssesseesseessesssssssesssss
7.1 The detailed kinetic model of canonical NF-«kB signalling............cccccceeeuiennnn. 149
7.1.1 Differential @quations ..........ccceecuieriieriiieniienieerie et see e 149
7.1.2  Conservation relation...........cceeueeiieiiieniienie e 150
7.1.3  Rate @QUALIONS. ....evieeiiieeiieeeiieeeiteeetee et e e reeeereeeareeeaaeesbaeesnaeeesaneeenns 150
7.1.4  Stimulation by TINF .......ccciiiiiiiiiieieeeeee e 151
7.1.5 MoOdel PAraAmMELETS .....cccveeeuiieiieeieeiie et etee et ettt et et e s eneeas 152
7.2 The detailed model of Wnt/B-catenin signalling .............cccceevieviieniiniieinieninnn. 154
7.2.1 Differential @quations .........cccceveueeriiiiiieiiieiie et 154
7.2.2  Conservation relations ...........ceceeeerieiienienieieeieseee e 155
7.2.3 Binding equilibria.........ccccoeriiiiiiiiiiiiieie e 155
7.2.4  RaAte €QUALIONS. .....eeiieieiieiiietie ettt ettt ee ettt et e et e seeeebeesaaeebeesaeeeneeas 155
7.2.5 Stimulation by Wt........ccciiiiiiiieiiciiceceeee e 156
7.2.6 MOl PATAMELETS .....ecveeeiieiieeiieeiie et eiee e eieeere e e seaeeaeeseaeesbeessseenseas 157
7.3 The two-feedback model of Wnt/B-catenin signalling including the FWD1
and HOS feedback ........ccooiiriiiiiiiiiieicee e 159
7.3.1 Differential @quations .........cccceeveeeriieiiienienie et 159
7.3.2  Conservation relations ...........ceceeeereeiienienieieeie e 160
7.3.3  RaAte €QUALIONS. ..c.uieiiiieiieeiiietie ettt et et et e et e seaeetaesaaeenbeesnneeneeas 161
7.3.4  Stimulation by Wnt.........coouiiiiiiiiiieceee e 162
7.3.5 MoOdel PATAMELETS ......vveeeeeieeeiieeciieeeieeerieeerreeeseve e e e e e eeaeeebaeeenreeesareeenns 163
7.4 The minimal model of competitive B-TrCP sequestration ............cccceeeevveernnennns 167
7.4.1 Differential @qUAtIONS ........ccecuveeiiiieeiiiieeriee et eee e 167
7.4.2  Conservation relation..........cceeruirieriinienieniieieeieseee et 168
7.4.3  Rate €QUALIONS. .....eeiiiieiieiiieiieeie ettt ettt sttt esaeeeeeas 168
7.4.4 MOl PATAMELETS .....ecveeeeiieiieeiieeiie et eieeere et e ebe e e e seaeeseeseaeesbeessseenneas 169
7.4.5 Equations and parameters regarding Wnt and TNF stimulation ............. 170
8. Additional analyses of the two-feedback model...........ccceeveeiineiiiierinsercssencssnencsnnnes
8.1 Number and stability of steady StateS........ccceerierriierieriieiieeie et 173
8.2 Analysis of the limit cycle 0SCIllations...........ccceecvveriieriienieniieiecie e 176

14



9. Additional analyses of the minimal model of competitive B-TrCP sequestration..... 179

9.1 Steady state analysis of the minimal model of competitive B-TrCP

SCQUESTTALION ...teeutieiieetieeiie et eeiteeteesteeeteesaeeeabeeseeenbeenseesnseenseesnseenseessseensaesnsaens 179

9.2 Derivation of parameter sets rescaled in time ...........ccoeceereeeiieniieenienieeieeene 183

9.3 Derivation of the parameter set rescaled in concentration ...........c.ccceeeeuveerueennns 183

9.4 Tables listing Kendall rank correlation coefficients analysed in Chapter 5........ 185

9.5 Dynamics of B-catenin considering a long time range. ...........cceeceeeveeerveenieennnenns 191
LSt Of FIGUIES c.cuuuerrieiirnriinsisnricssssnnrecsssssecsssssssssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssse 193
LISt Of TADIES..cccoueiineiniinniniinnninntennenseecssesssnisssessssesssessssesssnssssesssnssssesssssssassssassssessssssssssss 195
BiDLIOGIrapRy ..uecciciiiiiiiiniiiiniiiinsniensniensnnicnssnicssssecssssssssssesssssesssssssssssessssssssssssssssssssssssssssses 197
LiSt Of PUbliCationS......uccoeeiiiieiisiiiiiiseintenneinneinenssnessnisssessssesssessssssssessssssssessssssssassssssss 212
ACKNOWICAZEIMENLS ....cuuerirrrrisinricssnicsssricsssnecsssnessssnessssssssssssssssssssssssssssssssssesssssessssssssnsssssnssss 213

15



