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Abstract

Steroidogenic Factor-1 (SF-1, NR5AI) is a nuclear receptor transcription factor that
plays a central role in adrenal and reproductive biology. In humans, SF-1 regulates
adrenal development and disruption of SF-1 or its known targets is associated with
impaired adrenal function. Therefore, the identification of novel SF-1 targets could
reveal important new mechanisms in adrenal development and disease. This thesis
describes three approaches to identifying SF-1 targets in NCI-H295R human

adrenocortical cells.

SF-1-dependent regulation of CITED2 and PBXI was investigated since these
factors regulate adrenal development in mice through pathways shared with Sf-1.
Expression of CITED2 and PBXI was confirmed in the developing human adrenal,
and SF-1 was found to bind to and activate the CITED2 promoter and to cooperate

with DAX1 to activate the PBXI promoter.

SF-1 binding was investigated using chromatin immunoprecipitation microarrays
(ChIP-on-chip). These studies revealed that SF-1 binds to the extended promoter of
445 genes, including factors involved in angiogenesis. Angiopoietin 2 (ANGPT2)
emerged as a key novel SF-1 target, confirmed by transactivational studies,
suggesting that regulation of angiogenesis might be an important additional action of

SF-1 during adrenal development and tumorigenesis.

Global gene expression analysis following SF-1 overexpression revealed differential
expression of 1058 genes, many of which are involved in steroidogenesis, lipid
metabolism and cell proliferation. Bidirectional manipulation of SF-1 revealed a
subset of positively regulated genes, including the known targets STAR and

CYPIIAl and novel target SOATI, a regulator of cholesterol esterification.



Considering that defects in several SF-1 targets have been associated with adrenal
disorders, mutational analysis of SOATI was performed in forty-three subjects with
unexplained adrenal insufficiency but failed to reveal potentially disease-causing

variants.

Taken together, manipulation of SF-1 in human adrenal cells has expanded our

knowledge of the many potential actions of SF-1 in the human adrenal gland.



Acknowledgements

I would like to thank:

John Achermann, for his continuous support ever since the first e-mail exchanged in
March 2004. I am truly inspired by his scientific insight, and, more than a
mentor and a friend, I consider John a professional and personal role model. I
am very grateful for his presence and solicitude. I am also very grateful to

Mehul Dattani for dedicating time to guide and support me;

Lin Lin, for teaching me countless technical and practical aspects of research, and
for her kindness and friendliness in doing so. I extend my gratitude to all past
and present members of the Achermann lab, for maintaining such a stimulating

and friendly atmosphere;

All collaborators that made this research project possible, especially: Rebecca
Hudson-Davies; Rahul Parnaik; Mike Hubank, Nipurna Jina, and team at UCL
Genomics; Jacky Pallas and Sonia Shah; Dianne Gerrelli and Patricia Cogram
at the Human Developmental Biology Resource; and Ayad Eddaoudi and team
at the Flow Cytometry Core Facility. I am also grateful to several colleagues
throughout the Institute of Child Health who allowed use of equipment and

shared their expertise;

Gudrun Moore and all members of the Clinical and Molecular Genetics Unit, for

their encouragement, particularly during the past year;

Berenice Mendonca, for stimulating me to pursue a career as a clinician scientist and

for opening the doors to the world for me and so many others from Brazil;

Coordenacdo de Aperfeicoamento de Pessoal de Nivel Superior (Capes/Brazil), for
funding my studies at UCL, and my parents, Francisco Eno Viana de Souza
and Ana Maria Ferraz de Souza, for supplementing the stipends, allowing me
to focus on the research. I also thank The Wellcome Trust, for funding the

exciting research conducted at the Achermann lab.

Rarely one is given the opportunity to acknowledge in print people who have

contributed, in a variety of ways, towards the achievement of a milestone. Therefore,



I intend to exercise my latinidad and dedicate this final paragraph to much more
personal notes. I am extremely grateful to my parents, who have given me every
possible opportunity — many of which they did not have themselves — and paved the
way for me to pursue my own interests in life. I am also thankful to my sister, her
family, and our nuclear and extended family, for so much love and support. I
consider myself exceptionally lucky to have many true friends, who, near or far,
have constantly encouraged me. My gratitude goes to them altogether, in a slightly
impersonal but very sincere blanket ‘thank you’. During these wonderful years in
London, Simon has filled my life with meaning, with love and with joy. I am very
grateful for his daily doses of positivity and encouragement throughout this PhD.

Without him, I would not have come this far.



For my parents

Aos meus pais, meus herois



Table of Contents

ABSTRACT 3
ACKNOWLEDGEMENTS 5
TABLE OF CONTENTS 8
LIST OF FIGURES 12
LIST OF TABLES 14
ABBREVIATIONS 15
1. INTRODUCTION 17
1.1. THE HUMAN ADRENAL GLAND .....ccuiiuiiiiiiiiiiiiiiiitiiciei ettt s 18
1.1.1. AdrenocortiCal ZONATIOMN ..........cccovcueieiuiiiiiiieieeeite ettt ettt sttt e s bee e 18

1.1.2. Adrenocortical SterOidOgeNEsSis .............ccocueveerieruiecuiaiieieeiieeieecie et 19

1.2. ADRENAL DEVELOPMENT IN HUMANS ......oooiiiiiiiiiiiiiiiiiiiieieie st st 23
1.2.1. Embryonic adrenal develoOpment .................c.cccceevuievuiriiiniinieniieiieeiieneeneeseese e 26

1.2.2. Fetal adrenal development ..................cccccocueveevieiiieiiniinienieeiieieecieee st 27

1.2.3. Postnatal adrenal deVelOPIENT .............cccuveeeeeecveeiieeiiieeieeecieeeieesieeesieessieessaeesbaesnseennne 28
1.2.4. Fetal adrenal SterOidOZENeSiS............ccuuecueeiuerieeeiiieeiiieeseeecieesieesieessseesseesssessseesssessnne 29

1.3. REGULATION OF ADRENAL DEVELOPMENT .......ccuiiiiiiiiiiiiiiiiiiiiiniiiic i 33
.31 OVEIVIEW .ttt et sttt ettt et sttt ae et et st eae 34
1.3.2. Hedgehog Signalling/GLI3 ............coooueeiuieeieeeiieeiiieeiieeesieeeitesieesteesseesseesseesnseessesnnns 38
1.3.3. Regulation of SF-1 dOSAGe.............ccccoouviriiniinieiiiiiieiieieeieeitete ettt 39
130300 WLttt e ettt st b e ettt et et 40

1303020 CHEAZ .ttt et sttt ettt e 41

1.3.3.30 FAAE: POX 1.ttt sttt 41

1.3.3.4. Model of Sf-1 dosage regulation.............ccceoierieriieiiieiiiniienieneeeee e 42

1.3.4. DAXI (NROBI) c...oouiiiiiiieiiiiiiiiesteet ettt sttt sttt sttt st 43
1.3.5. ACTH SIQRAILING ..ot etee ettt e et e et e et e st esabeessseesntaessbeesabeesnseesnsaesnseennne 46

1.4. STEROIDOGENIC FACTOR-1 ..ottt 48
1.4.1. Identification of a putative “steroid0genic fACIOT” ..........cocuuevuervveereueeiieeiieeseeeiveeneennne 48
1.4.2. SF-1 1S @ NUCLEAT TECEPIOT c...veeeeeiieeieeeieeeieeeieeeieeeieessieesteesveesnteesseesnbeesseesssaesnseennne 50
1.4.2.1. DNA-binding domain: SF-1 binds as @ MONOMET ..........c...coceerienernernenienieneeneenn 50

1.4.2.2. Ligand-binding domain: co-factors and phospholipid ligands..........cccccecuervencenncnne 54

1.4.2.3. Hinge region: post-translational modifications ............c.ccceeveevieniineniinicnieeneennenn 55

1.4.3. SF-1 is a developmental regulator: lessons from animal models....................cccccccoe.. 57
1.4.4. SF-1 expression and tArget GEMES............cocueuueerueeruieeuirienieeiieeieeneeeresneseesieesaeeseenesnene 60
1.4.5. SF-1 and RUman diSEASE ..............ccceeeveiiiuiiaiiiniiiieteeite ettt sttt ettt e st esree e 63
1.4.5.1. MUutations Of SF-1 ....cccuoiiiiiiiie ettt e 63

1.4.5.2. Overactivity Of SF-1 .....ccooiiiiiiiiii e e e 69

1.4.5.2.1. Adrenal tUMOTIIZEIIESIS ....c..eveveureuieiiriintinteteteiteie ettt ettt ete e s et s eneeteeuestessesaeneneene 69

1.4.5.2.2. ENOMELIIOSTS .....eviiiiiiiiiiiiiieiccet et s 70

1.5. DISORDERS OF ADRENAL DEVELOPMENT .....c.coouiiiiiiiiiiiiiiiiiiiiitiinc e 72
1.5.1. Secondary Adrenal HypOPIASIQ ...............cccccoeevuieviiecuiaiiniiiieiiecieeiteeeseeseese e 75
1.5.1.1. Combined pituitary hormone deficiencies (CPHD) ...........cccccooeniinenncnicncncenenn 75

1.5.1.2. Isolated ACTH defiCIENCY .......coeerierriiriiiiiiiinieeieeieeeeest et 76

1.5.1.3. Disorders in POMC synthesis and release .........cc.cceeeeverienienieneenennenienceneeneeenne 77

1.5.2. ACTH FeSiSIANCE SYRATOMES ......vveevveerieecieeaiieeecieeeeieeeieessseesseesseessseessseesssessssessssessssessnns 78
1.5.2.1. Triple-A SYNAIOME ...c.ueeutiriiiniieiieieeieete ettt ettt st e e 78

1.5.2.2. Familial glucocorticoid defiCiency..........cocceveereeniiniiniiniinieniecceee e 79

1.5.3. Primary adrenal RypOPIASIQ..............ccccceveiniinieiiiiiiiieeieieeeeeee et 80
1.5.3.1. X-linked adrenal hypoplasia ........c..cccceeviriirieniiniiiieeeeeeeeee e 81

1.5.3.2. Autosomal adrenal hypoplasia............coceeciirieniiriiiiiiniiieeeeeee e 85

1.5.4. Syndromic forms of adrenal hypoOPIASIQ...............c..cccooceevieviecieiieiiniienieneereeeeeee e 86

1.6. HYPOTHESIS AND AIMS ......oouiiiiiiiiiiiiiiiiiiiieieie sttt st sa s s 89
2. MATERIALS AND METHODS 90




2.1 IMATERIALS .ottt eeee e e ettt e e e e et e e e e e e eeaaaaeeeeesseeaaaaeeeeeeseesaataeseeeeeeenaasssseeseeenssreres 91

2.1.1. Laboratory equipment QNA TEAGENLS ...........cueecuveereeeseeesreesieeesseeesieessressseessssessseessssesnsnes 91
2.1.2. LADOTALOTY WATET «.c...vveeeeeaeiieeieeeieeeieeeieeeieesteesaeeeteesssessteessseesnseessseesnseesssesnssesssesnseas 91
2.1.3. BiologICAl SAMPIES..........c..cccvecuieiiiiiniiiiiiiieie ettt 91
2.1.3.1. Human embryonic tiSSU€ SAMPIES .......cceeereruieriienrieiiiienieeniteie et eanes 91
2.1.3.2. DNA SAMPIES .....eeuiiiniiiiiiiiiieieet ettt sttt e 92
2014, PlASTIA VECTOTS.c..eoueiieiiiiiieteet ettt ettt ettt ettt sttt b e e b e s bae e 92
2.1.4.1. pCMX XPIESSION VECTOT ....cuviemiieurieuiieiieniienieeieereere e seeeseeeseesneeanesane s e esneeneenneeanes 92
2.1.4.2. pGLA.10[{uc2] luciferase repOrter VECIOT .......c..cecueevrireereeniieiieriereeeeneesieesneene e 93
2.1.4.3. pRL-SV40 Renilla luciferase reporter VECIOT........cccueruereereenieenieeienieneenieenieeneennnes 93
2.1.4.4. pIRES2-AcGFP1-Nuc bicistronic eXpression VECIOT .......ccvueerveeierienreneeneeneenuennnes 94
2.2 METHODS ...ttt bbb 94
22010 COll CUITUTE ..ttt sttt et sttt 94
2211 CeILINES ..ttt st s et s 95
2.2.1.1.1. tsA201 transformed human embryonic kidney cells...........cccocevirineneireinininienencieene 95
2.2.1.1.2. NCI-H295R human adrenocortical carcinoma Cells............cccecererinienuereinenineneneennenne 95
2.2.1.2. Media, supplements and rEaZENLS ..........cocuereereererriirienieneenieeteere e sieesbeesieeae e 96
2.2.1.3. Cell MAINENANCE .......ceiieiiiiiiiie ittt sttt ettt st st ne e besaean 97
2.2.1.4. Estimating Cell NUMDET .......c.ccoociiriiiiiiiiiiiiriteiteee ettt 97
2.2.2. Quantitation Of MUCLEIC ACIAS ..........cccueeeeeeeeeeeiieeieecieeesiteeeteeeiteesieessaeesteesseaesseeesnsseenenas 98
2.2.3. Amplification of whole genomic DNA.............c..cccoceviiieieciiienienieneee e 98
2.2.4. Polymerase Chain Reaction (PCR) .........coucuuiieeouieeeeiieeeectee e eeieeeesteeeseeveessssveeeansraeesnnnes 99
2.2.5. Agarose gel electrophoresis Of DINA..........c..cccccooieciiiiiniirieiecieeieeee e 100
2.2.6. Purification Of DINA ............cccccoiieiiiiiiniiiieieenit ettt s 100
2.2.6.1. DNA immobilised 1N QZATOSe......c..ccoieuieiieiinienieeieeie e e e seesee e eereeneeanesaeens 100
2.2.6.2. DNA 1IN SOIULION ....eviiiiiiiiiiiiiiie sttt s e 100
2.2.7. DINA SEGUENCITLE ...cc..vveeeveeeieeeiieeieeeiteesieesseesteesseessaessseessseesseessseessessssesssessssesasseesnne 101
2.2.7.1. SEQUENCING FEACTION ....eeveiueiiiiiititeeteeteeite ettt ettt e et sttt e sbe et esbesatesanenieens 102
2.2.77.2. Purification for capillary electrophoresis ..........ccoceeveererrerneniiinieneeceiceieeeeene 102
2.2.7.3. Operating the MegaBACE 1000 Sequencing SyStem...........coceeveereenieeienuenuennen. 102
2.2.8. Extraction of total RNA from tissues and CellS ..........cccooeueecueeieeeiiueaieeeiieeseeeiieessaeennns 103
2.2.9. Reverse Transcription PCR (RT-PCR) .....cccccoocuiiiiiiiiiieiiieiiieeee ettt 103
2.2.10. Quantitative Reverse Transcription PCR (qQRT-PCR) .........c.ccccccoevvenvenienvieniecienenne 104
2.2.10.1. First-strand cDNA synthesis (reverse transcription) ...........c.ccceceeveevueecueecuennennnens 104
2.2.10.2. Quantitative PCR ........coooiiiiiiiiie ettt 105
2.2.10.2.1. SYBR @reen ChemMUSIIY ...c..cccueruieieriiiiiniieieniteienieetesie ettt ettt s ae e eneens 105
2.2.10.2.2. TagMan Gene EXPression ASSAYS.....c..ceeeriereeriereerienieerienreenteneesenseessesseessesseensesecnsens 106
2.2.10.2.3. Gene eXpression ANALYSIS c..ccueceerierieerierieiienieienieeteeieetestee ettt st et eens 107
2.2.11. In Situ BYDFIAISATION ..ottt 107
2.2.12. Extraction of protein froOm CEILS ..............coccuevvuirieiiiiieiiiiiteeieeeiee ettt 108
2.2.13. QUANTITATION Of PFOTEIM ..ottt ettt sttt ettt e st e s aee s 108
2.2.14. SDS-polyacrylamide gel electrophoresis (SDS-PAGE)..........cccccoovoevvenvenvienicesinncnne 109
2.2.15. IIMIMURODIOTIING ..ottt ettt ettt ettt et e s e 110
2.2.16. IMIMUNORISIOCHEIISITY ..ottt ettt ettt ettt e st e st e s e 111
2.2.17. Plasmid DNA DrOPAGATION. ...........cecueeecueeecieeeiieeeeieeeiieeeiseesteessseesseessseessseesssesssseesssessnns 112
2.2.17.1. Preparation of medium, antibiotic stock solutions and plates ............cccccecuervenneen. 112
2.2.17.2. Transformation of competent Cells...........oocuiriiniiniininniiiiiieneeeeceeeeeeeene 113
2.2.17.3. Mini- and maxi-preparation of plasmid DNA.........cccccooiriiniiiniiniiniiiieeieee 113
2.2.17.4. Long-term storage of plasmids/bacterial Strains .........c.cceeceeverveeneenceneenenniennens 114
2.2.18. Cloning extended promoter regions into rePorter CONSITUCES .....c.ueerueererverseersreenseennns 114
2.2.18.1. In silico analysis Of PrOMOLET TEZIONS .......cceeeeeruierieeriieiieiereeneenreere et 115
2.2.18.2. PCR-amplification from genomic DNA: Long range PCR protocol .................... 115
2.2.18.3. Cloning PCR products into T vectors (TA cloning)........c.cccocceeveenienieciiecieniennnen. 116
2.2.18.4. Subcloning inserts from pCR-XL-TOPO into pGL4.10[luc2] vectors ................. 117
2.2.19. Site-directed MUIAGENESIS .........cc.cccueecuiruireeniieieieiieeeeeeeteeete ettt ne e 119
2.2.20. REPOTTET GENE ASSAYS c.evveeveeaeveeaireenireeeieesseesseesiseesseessseessaessseesseesssesssseesssessssesssseesnne 120
2.2.20.1. Transient transfection in 96-well format (lipofection) ........c..cceceeveeveevierciennennnen. 120
2.2.20.1.1. PlAting CRILS.....cueeuiiitiieieieiet sttt sttt 121
2.2.20.1.2. Preparing DNA aliQUOLS......c.coceririirierieieieiiniietententeieeeie ettt sttt nenes 121
2.2.20.1.3. Delivering DNA to cells: ipOfeCtion ........c.coeeuereeierienieniiienecieneeienieeiesieeie e 121
2.2.20.2. LUCITEIASE ASSAYS ..eeuveeurerririiirieeniientieteeteete et sie et e enesne s e st e et eseesneeaneeanesanens 122



2.2.20.2.1. CILLYSIS vttt sttt ettt et eb e s sttt ettt ens
2.2.20.2.2. Luciferase assays

2.2.20.2.3. Data @nalySiS.....ceceruiruereieureiieienienienient ettt ettt sttt ettt st eas

2.2.21. AMAXA NUCICOFECHION. ....cc..eeeeeiiiieiieeteeteeee ettt sttt sttt st e st e s
2.2.22. Fluorescence-activated cell SOFting (FACS).....ccccouviiviiiniiiiiiiiiiiieiieseeeeesiee e 125
2.2.22.1. SamPIe PrePATALION ...cc..evuviriiiriiiriiinieeiieieeiteetterit ettt ettt et et eatesanenieens 125
2.2.22.2. Flow cytometry and Cell SOItiNg.......ccceevuiriirienieniienieiiciienteseenieeieete et 126
2.2.23. Global gene expression MiCrOATTAY ANALYSIS..........ccoueeeeeecuveeseeeieeeieeseieessseessseessseennns 127
2.2.23.1. Sample processing and array hibridiSation...........c.cccoceeverrervennenienieneenceienne 127
2.2.23.2. Microarray data analySis .......c.ccceveereerieeiiiniinienieenieenieeie ettt et sere s 129
2.2.24. Chromatin immunoOPreCiPIlATION. ..........c..eeeveeeeueeeireeeireeeiseessieessseessseessseessseesssessssesssseesnne 129
2.2.24.1. Crosslinking and preparation of nuclei eXtract...........ccccceverveerveeneenieieieieeneeneens 129
2.2.24.2. Chromatin fragmentation by enzymatic digestion ..........cccccoceereereeniecuieceennennnens 130
2.2.24.3. Chromatin fragmentation by SONICAtION ...........ccceerueeriieiiiriiiriieneeeeie e 131
2.2.24.4. Purification of DNA for quantitation and analysis of fragmentation range .......... 131
2.2.24.5. IMmmMUNOPIECIPItation ASSAY ......cceveeruierieuieierienieeieereereereseeseesseesreesneeneeanesseens 132
2.2.24.6. Crosslink reversal and DNA purifiCation.........c..ccoceeveeneenenncnnieniieneeneenieeieenens 132
2.2.24.7. Confirmation of enrichment by PCR analysis (ChIP-PCR)..........cccccecervieniennne. 133
2.2.25. Chromatin immunoprecipitation microarray analysis (CRIP-0n-Chip)...........ccccccuueuu.. 133
2.2.25.1. Amplification by Ligation-Mediated PCR (LM-PCR) .........c.cccceviriiviiiinininnn 134
2.2.25.2. Fragmentation, end-labelling and hybridisation to tiled microarrays.................... 134
2.2.25.3. Microarray data analysis ........ccccoceeerieieieniininiieceeereeeeeie e 135
2.2.26. BIOTFOFIQLICS. c...coueeeeeeieiieieiteeieeet ettt ettt sttt ettt e st e s be e st e saeesane 136
2.2.26.1. Functional annotation and network analysis using MetaCore..........ccccceevuveeueennne. 137
3. ANALYSIS OF CITED2 AND PBX1 AS TARGETS OF SF-1 139
3.1 INTRODUCTION ...ttt sttt s s e a b s saene e 140
3.2. MATERIALS AND METHODS .....cccooiiuiiiiiiiiiiiiniiitiiii ettt s 144
3.2.1. Reverse Transcription Polymerase Chain Reaction (RT-PCR)...........ccccoccevveevievinancnn. 144
3.2.2. IN SItU BYDTIATSALION ..ottt ettt et e st e e veesbeesaeesabeessbeessseesnseessbaesnseennes 145
3.2.3. In vitro studies of CITED2 and PBX1 regulation by SF-1.............cccooevueveiueeneenceenneennns 145
3.2.3.1. CITED?2 promoter activation by SF-1 ........ccccceviiiiiiiiniiiiiiiieeeceiceeeeeene 146
3.2.3.2. PBX] promoter activation by SF-1 ........ccccoiiiiiiniiiiiiiieecececeeeeen 147
3.2.3.3. Effects of DAX1 on SF-1-dependent activation of the CITED2 promoter ............. 147
3.2.3.4. Effects of DAX1 on SF-1-dependent activation of the PBX] promoter ................. 148
BBURESULTS Lttt 149
3.3.1. CITED2 and PBXI are expressed in the human fetal adrenal gland. ............................. 149
3.3.2. The CITED?2 promoter is activated by SF-1 ...........c.cccccccevueviiiinienienieneeneeseeieeenene 150
3.3.3. The PBX1 promoter is synergistically activated by SF-1 and DAX]...................cc........ 154
3.4 DISCUSSION. ...ttt s st a b s s et ne e 157
4. GENOME-WIDE ANALYSIS OF SF-1-BINDING TARGETS 160
4.1 INTRODUCTION. ......coviiiiiiiniitiiiniiti ittt bbb 161
4.2. MATERIALS AND METHODS ......couiiiiiiiiiiiniiiiiiiiiiteisiesss e s 164
4.2.1. Overview of experimental AeSIGN...........cueeeueeecuveeieeeiieeireeeiieeeieesiseessseesseessseessseessseesnns 164
4.2.2. Chromatin immunoprecipitQtion (CRIP)..........cccoccueeciueeeieeiieeieeeiieeiieeseieessieessiaessseesans 167
4.2.2.1. Optimisation of chromatin Shearing............ccccceeervierieneenenniniinieneeneeeeeee e 167
4.2.2.2. ChIP @SSAYS ...cuveiieiieiieiiete ettt et sttt ettt e s e 169
4.2.3. Chromatin immunoprecipitation microarray analysis (ChIP-on-chip).......................... 170
4.2.3.1. Microarray data analysis ........cccecueruerieniieniienieiieneeeeenie ettt 171
4.2.4. Confirmation of chromatin enrichment by PCR (ChIP-PCR) .......c.cccccocevveenvienievinncnne 171
4.2.5. In vitro studies of promoter activation by SF-1 ..............cccccccccuevvievinienienienieeneeiienene 172
4.2.5.1. ANGPT2 PrOMOLET CONSIIUCES .....eerureuienriereeieererieesieenneeteereesnesanessnesseesseenneenesnnes 172
4.2.5.2. Luciferase reporter ZENe aSSAYS .......eoeerreerrerruerruereereereerueenueeuensesseeseenseessesssesees 173
4.2.6. Assessment of gene function and network ANALYSIS.........cccccveeveeeiieeeieeeiieeiieeiieeseenans 174
4.2.7. Immunohistochemistry of SF-1 And ANG2...........cccueecueeeeeeiiieeieeeiieeiieesiieesieessieessaeenans 174
A3 RESULTS Lottt bbb bbb s 175
4.3.1. Validation of Chromatin @nriCAIENE ...........c..cccueeeeeeiieeiieeeciieeieeecieessieesieessseesseessseennns 175
4.3.2. Characterisation of SF-1-dependent regulation of CITED? ...............ccccocevievievcnncnn. 177
4.3.3. Identification of novel SF-1-binding sites by ChIP-0n-chip ............c.ccccccoveevievieninnncnn. 179

10



4.3.4. Angiopoietin 2 (ANGPT2) as a target Of SF-1.......coccoueeeeeeiiieiieeiieeieescieeesieescieesnieennns 183

4.3.5. Characterisation oOf ANGPT2 reQUIAtiON............cccueecueeeeueeeiieeiieeeiieeesieeeieesnieesieesnaeennns 187
4.3.6. SF-1 and Ang2 expression during early human fetal adrenal developmenit ................... 190
4.4 DISCUSSION.....ccutieuiiitenieenteete et ere et e st e at e ttees e eteeeaae st e e se e st easesenesaeesaeesstesseenseessesasesneenseenneenneeanes 192
5. GENE EXPRESSION ANALYSIS FOLLOWING SF-1 OVEREXPRESSION.........ccccceeuee. 197
5.1. INTRODUCTION. .....ceoutitieniietieuteeiteeteesteereesreesaesaeeseeesatesteesseeaaesssesseenseesneemnesanesaeesseenseenseennesanensnens 198
5.2. MATERIALS AND METHODS ......cctiitiiiieiieieeteeeesieestt et et eaeesieesteesseeneenesanesaeesseesseenneeanesanesseens 200
5.2.1. Overview of experimental deSign...............c.ccooeevuiecuircuiniiinieiiieiieeiteeiese e 200
5.2.2. Generation of pIRES2-ACGFPI-NUC CONSITUCES...........cocueveeeuieirieiuinieneeneenieenreecaeenene 202
5.2.2.1. pIRES2-AcGFPI-NUC-WTSF1...cocoiiiiiiiiiiiiiinieteeeeee ettt 202
5.2.2.2. pIRES2-AcGFP1-NUC-G35ESF1...ccccoiiiiiiiiiiiiiiieeeteeeeeeeeeee e 202
5.2.3. Transfection into NCI-H295R adrenocortical tumour Cells .............ccouevcueeveeecvenneennns 203
5.2.4. Fluorescence-activated cell SOTHING (FACS)....c.uocouiecueeieeeiiieeieeecieeecieeecieeesieessieesnaee e 204
5.2.5. MiCTOATTAY QIALYSIS....ccvveeieeeiieaiieeiieeecieeeieeeieesveeeteeeseesbeesseessbeessseessseesseesssaesseennne 205
5.2.6. Validation by immunoblotting and quantitative RT-PCR...........ccccoceevvueeciieeveeniieeieennns 207
5.2.6.1. IMMUNODBIOTHING. ....c..eoiuiiiiiiiiiiiiceeett et 207
5.2.6.2. Quantitative reverse transcription PCR..............ccccooiiiiiiiiiiniiiceeee, 207
5.2.7. BIOIRFOTIALICS «ecueveeeeiieiieieiitiete ettt ettt ettt ettt s e st e st esabeesbaesabeesneesane 208
5.2.8. Identification of targets by bidirectional manipulation of SF-1 ..........cccccccovvevievinnncnn. 208
5.2.9. In vitro studies of promoter activation by SF-1 ..............cccccccccuevvievenienienienieniecienene 208
5.2.9.1. Generation of promoter repOrter CONSLIUCES .......ccuverreerreenrerrrerieereerieereereeneenennens 209
5.2.9.2. Luciferase reporter ENE ASSAYS .....ccoeerueeruerrereereerieerierruereeseesseesseenseessesssenseneens 209
5.2.10. Detection of SOATI in human fetal adrenal glands ...................ccoeeeeeecueeveenceennnennns 209
5.2.10.1. Quantitative reverse-transcription PCR .......c...cccccooiiiiiiniiniininiiiencnieee 209
5.2.10.2. ImmMUNOhiStOCREMISIIY ..c...eiuiiriiiriiiniieiieieeteeteeit ettt sttt 210
5.2.11. MUTGTIONAL ARALYSIS «....vvoeveeeeeieeiieeieeecite ettt ete e ie et esteesaeesbaessbeessbaesnsaesnsaesnseennns 210
S.3URESULTS Lottt ettt et st ettt et e e et b et e e e s e sae e st enneenn e eaneeaneeaeens 213
5.3.1. Validation of the experimental StrAtegY .............cccccciecuerieiviecuieiieiienieneeneeneereeeee e 213
5.3.2. Differential gene expression following SF-1 0verexpresSion ..............ccccocevveevceveenncnn. 215
5.3.3. Identification of targets by bidirectional manipulation of SF-1 ..........cccccccocvevievinnninn. 223
5.3.4. Investigation of SOATI as a novel SF-1 target in steroidogenesis.................ccccceuen. 228
5.3.5. A role for SOATI in human SteroidOgenesis...............ccocueeueeeueecuiecueniieneeneenieenneeeeenene 231
5.4 DISCUSSION......cutiiimiiiiitiiiiiititei ittt a e sa et 234
6. GENERAL DISCUSSION 238
6.1. SF-1 and candidate targets CITED2 and PBX1 ..........ccccccooueeeuieioueeiiieiieeiieesieeseeesveeanes 241
6.2. Genome-wide SF-1-binding and transcriptomic effects of SF-1 overexpression............... 243
6.3. SF-1, angiopoietin 2 ANd ANGIOZENESIS........cc.eeeueercueesieesireeireesreeseessreesseeessesssaessssesssees 244
6.4. Bidirectional manipulation of SF-1 as a gene discoOVery Strategy ........c.ceevuevvueeevveencveennnes 246
6.5. SOATI as a candidate gene for adrenal diSOrders.................ccocceevuevceinieviecincenceneenne. 248
0.6, CONCIUSION ......veeeiieeeiiee e e eete e ettt e e e tee e s ae e e ettt e e esssseeessseeesssseeeessssaeessseaeasseeennnsns 250
REFERENCES 251
APPENDICES 272
APPENDIX 1: LIST OF LABORATORY EQUIPMENT USED ......ccccciiiiiuiiiieeeeeeeiirrereeeeeeesitrereeeeeeeeeisnseeeeeeeens 273
APPENDIX 2: VECTOR MAPS ......ocuiiiiiiiiiiiiitiiiiiiei ettt 275
APPENDIX 3: LITERATURE REVIEW OF SONICATION PARAMETERS.........cccoiitieeiiieeeiiieeeeireeeeeereeeeeennes 279
APPENDIX 4: QUALITY CONTROL OF CHIP-ON-CHIP MICROARRAY DATA.......cccouriieirireeeirieeeenrreeeennnes 280
APPENDIX 5: COMPLETE RESULTS OF SF-1 CHIP-ON-CHIP ANALYSIS .....ccoccoviiiiiiiiiniiiiiiiiiieicnnns 281
APPENDIX 6: GENE LOCI WITH MULTIPLE SF-1-BINDING REGIONS (CHIP-ON-CHIP)...........ccccevvennnee.. 288
APPENDIX 7: FLUORESCENCE-ACTIVATED CELL SORTING REPORTS (SF-1 OVEREXPRESSION) ............ 290
APPENDIX 8: COMPLETE RESULTS OF GENE EXPRESSION ANALYSIS FOLLOWING SF-1 OVEREXPRESSION
.................................................................................................................................................. 292
APPENDIX 9: OVERLAP BETWEEN SF-1 CHIP-ON-CHIP AND OVEREXPRESSION DATA SETS ................. 300
APPENDIX 10: PUBLICATIONS ARISING FROM THIS THESIS ......cocuteitiriirieniieiieniereeeesieesieeneeneeneennes 301

11



List of Figures

FIGURE 1.1. MORPHOLOGY OF THE HUMAN ADRENAL CORTEX. ......ccceiititeesirieensreeessenreeessereeessssseesssnnes 21
FIGURE 1.2. MAIN STEROIDOGENIC PATHWAYS IN THE HUMAN ADRENAL CORTEX. ......ceovverveeienerenenenne 22
FIGURE 1.3. EVOLUTION OF ADRENAL WEIGHT THROUGHOUT DEVELOPMENT. .......cc0ccvverveereenrennrenneenne 24
FIGURE 1.4. CARTOON REPRESENTATION OF HUMAN ADRENAL DEVELOPMENT........cccccvviriieeieenrrennnens 25
FIGURE 1.5. EXPRESSION PATTERNS IN THE DEVELOPING HUMAN ADRENAL GLAND. .....c..ccovveveerenneenne 31

FIGURE 1.6. RELATIVE LEVELS OF CORTISOL AND DHEAS SECRETION THROUGHOUT DEVELOPMENT. 32

FIGURE 1.7. CARTOON REPRESENTATION OF MURINE NR5AI AND ITS REGULATORY ELEMENTS. .......... 42
FIGURE 1.8. FUNCTIONAL DOMAIN STRUCTURE OF DAX. ....ooiiiiiiiiiiiiieeeiie ettt 44
FIGURE 1.9. TIMELINE OF MAJOR EVENTS IN THE HISTORY OF SF-1/NRSA.....ccccuvviiiiieeeiieeeeiee e 48
FIGURE 1.10. CONSERVATION OF SF-1 FUNCTIONAL DOMAIN STRUCTURE AMONG SPECIES. ................ 51
FIGURE 1.11. FUNCTIONAL DOMAIN STRUCTURE OF HUMAN SF-1. ....ccctiiiiiiiiiiiiieiiieciee e e 52

FIGURE 1.12. INTERACTION OF SF-1 WITH TARGET DNA-BINDING SITES AND SELECTED CO-FACTORS.53

FIGURE 1.13. ADRENAL AND GONADAL PHENOTYPE OF NR5A™ NEWBORN MICE..........cooveveeerreeeeen.. 59
FIGURE 1.14. ADRENAL PHENOTYPE OF NR5A 1" HAPLOINSUFFICIENT MICE. ........oevvveeeereeeeereerenenen. 59
FIGURE 1.15. SF-1 MUTATIONS ASSOCIATED WITH ADRENAL FAILURE AND 46,XY DSD. .................... 64
FIGURE 1.16. OVERVIEW OF REPORTED CHANGES IN SF-1/NR5A 1 IN HUMANS. .....cccccveeeeirieeeerreeeeenns 67

FIGURE 1.17. OVERVIEW OF THE HYPOTHALAMIC-PITUITARY-ADRENAL (HPA) AXIS AND DIFFERENT

TYPES OF ADRENAL HYPOPLASIA. .....cceutitiietietenietenietesestetesessessesessessessssessesessensesessensesessensesessens 73
FIGURE 1.18. POMC SYNTHESIS AND CLEAVAGE IN THE CORTICOTROPE. ......cceeveririeierenieierenieeenennens 77
FIGURE 1.19. OVERVIEW OF HUMAN MUTATIONS IN DAXI/NROBI. .....ccoeoviiiiiniiniinieneeeeienecneene 84
FIGURE 3.1. ADRENAL AGENESIS IN CITED2" MOUSE EMBRYOS. ........covvrvveeeeseoseeseeseeseeseessesesssenenes 141
FIGURE 3.2. ADRENAL ABSENCE IN PBX1”" MOUSE EMBRYOS. ......covvuevevreseeseeseesseseeseesseseseeseessenenes 143
FIGURE 3.3. CITED2 AND PBX1 ARE EXPRESSED IN THE HUMAN FETAL ADRENAL.........ccoceerueennenne 149
FIGURE 3.4. PUTATIVE BINDING SITES IN CITED2 AND PBX1 UPSTREAM SEQUENCES..........cc.uee....... 151
FIGURE 3.5. STUDIES OF CITED2 PROMOTER ACTIVATION BY SF-1. ..coccooviiiiiniiiiiiiniinicieneeeene, 152

FIGURE 3.6. STUDIES OF THE 3.3-KB CITED2 PROMOTER ACTIVATION BY SF-1 AND DAX1 IN NCI-
H2OS5R CELLS. ..ottt ettt e ettt e e e e e e ae e e e e e e et eeeeeeeeeaaaaeeeeeesennsarereeeeeas 153
FIGURE 3.7. STUDIES OF PBX1 PROMOTER ACTIVATION BY SF-1.....ooiiiiiiiiiiiiiiiieeeeeeee e 155

FIGURE 3.8. STUDIES OF PBX1 PROMOTER ACTIVATION BY SF-1 AND DAX1 IN NCI-H295R CELLS. 156

FIGURE 4.1. OVERVIEW OF SF-1 CHIP-ON-CHIP EXPERIMENTAL DESIGN. ......ccccvtieeirieeeirieeeenreeeneenes 166
FIGURE 4.2. VERIFICATION OF CHROMATIN FRAGMENTATION. ......ccceeeuiieeririeeennreeennneeessereeeennsseessnnnes 168
FIGURE 4.3. VALIDATION OF CHROMATIN ENRICHMENT BY CHIP-PCR. ..........ccccooviiiiiiieee e 176
FIGURE 4.4. CHARACTERISATION OF SF-1-DEPENDENT REGULATION OF CITED?. .........ccccoeeevveeeueann. 178

FIGURE 4.5. DISTRIBUTION OF SF-1-BINDING REGIONS NEIGHBOURING TRANSCRIPTIONAL START SITES

(TS ) ettt ettt ettt ettt ettt et e e b e e st e e st e s aeesae e b e esbeesbeess e sb e se e seesbeenbeesaeereasaeebeenreenbeenrans 180
FIGURE 4.6. NETWORK ANALYSIS OF EXPERIMENTALLY IDENTIFIED SF-1 TARGETS. .......c.cceeevveeenneee. 184
FIGURE 4.7. FUNCTIONAL ANNOTATION ENRICHMENT ANALYSIS OF EXPERIMENTAL DATA SET. ........ 185
FIGURE 4.8. SF-1-BINDING ON THE ANGPT2 PROMOTER. .......cccecvieeeerieeeirieeeaireeesssneeesseseeeasssesssnnnes 188

12



FIGURE 4.9. SF-1-DEPENDENT REGULATION OF ANGPT2. ... eeeeiaeeeaae s 189

FIGURE 4.10. SF-1 AND ANG2 EXPRESSION DURING EARLY HUMAN FETAL ADRENAL DEVELOPMENT. 191

FIGURE 5.1. OVERVIEW OF SF-1 OVEREXPRESSION EXPERIMENTAL DESIGN. .......cccvvvvveveveeererererneeennnns 201
FIGURE 5.2. QUALITY CONTROL OF MICROARRAY DATA. .....cuvtieeirieeeierreeererieeeanreeesssseeesseseeeessseesssnes 206
FIGURE 5.3. VALIDATION OF SF-1 OVEREXPRESSION EXPERIMENTS. ......ccuvvvuuereeerereeeeeeeeeeeereresereeeeenens 214

FIGURE 5.4. VALIDATION OF BIDIRECTIONAL MANIPULATION OF SF-1 IN NCI-H295R
ADRENOCORTICAL CELLS. ....uututvetiieeiiiiitreeeeeeeeeiitreeeeeeeeesssssssesseeessssassseesesssemsissesssessemnssreseeesees 225

FIGURE 5.5. TARGET GENES IDENTIFIED BY BIDIRECTIONAL MANIPULATION OF SF-1 IN NCI-H295R

ADRENOCORTICAL CELLS. ...uuutuvvitiieeieeiitrereeeeeeeiitreeeeeeeeessussseseeeesssssssesseessessissesssessemsissreseesses 226
FIGURE 5.6. SOATI AS A NOVEL TARGET OF SF-1 IN THE HUMAN ADRENAL GLAND..........ccccovvverennn... 230
FIGURE 5.7. SOAT1 ACTIVITY IN THE HUMAN ADRENAL CORTEX........cuvuuuuuveeeureeerereeereereserereeesenseeeenees 232

FIGURE 5.8. NOVEL VARIANTS IDENTIFIED BY MUTATIONAL ANALYSIS OF SOAT1 IN 43 PATIENTS WITH
UNEXPLAINED ADRENAL INSUFFICIENCY . .....cotvtttuiieeeeieiettieeeeeeeeeestiaeeeeeeeesssiaeeesesssssnneeeeesesesnes 232
FIGURE 6.1. CHARACTERISTICS AND OVERLAP BETWEEN SF-1 OVEREXPRESSION AND KNOCKDOWN

EXPERIMENTAL DATA SETS. . uuuuttetiieeiieiitteeeeeeeeeiiitteeeeeseeessstsasesseeesassssssessssssemsissesssessemsissseseesses 247

13



List of Tables

TABLE 1.1. FACTORS IMPLICATED IN ADRENAL GLAND DEVELOPMENT THROUGH PHENOTYPIC

ANALYSIS OF HUMANS OR MICE WITH GENE DISRUPTIONS. .......uvvtiiiiirieeinieeeeeeeeeeeireeeeenneeesennneens 35
TABLE 1.2. SF-1 SITES OF ACTION AND SELECTED TARGET GENES ......ccoooutriiiieeiiiiieeeeeeeeeenineeeeeeeeeeenns 62
TABLE 1.3. OVERVIEW OF MORE COMMON GENETIC CAUSES OF ADRENAL HYPOPLASIA .......cccvveeennn.... 74

TABLE 4.1. SUMMARY OF PREVIOUS REPORTS OF SF-1 CHROMATIN IMMUNOPRECIPITATION (CHIP)
ASSAYS ..ttt et ettt ettt et e e ete e te e te et e e e e ate e beeteebeebeeateeteeateebeeteebeetaeereeareeteereennas 163
TABLE 4.2. CHARACTERISTICS OF THE FIVE SF-1 CHROMATIN IMMUNOPRECIPITATION EXPERIMENTS
PERFORMED ....cciiiiiiiiiittteeeeeeiitttteeeeseeiatteeeeeesasaatteeeeeesasanssaaeaeesasannssaaeaeesssansssseaeesesannssseaeesenns 169
TABLE 4.3. AMOUNTS OF DNA OBTAINED AFTER EACH OF TWO COMPLETE ROUNDS OF AMPLIFICATION
BY LIM-PCR ...ttt ettt ettt ettt e et e esaeesaesaeesaeesaesbeesbaessesssanssesaesseensas 171
TABLE 4.4. TOP-RANKING SF-1-BINDING REGIONS LOCATED FROM 10 KILOBASES (KB) UPSTREAM TO 3
KB DOWNSTREAM OF A TRANSCRIPTIONAL START SITE.......c.cccveriereerreerreeveenesseesseesseessesssensens 181
TABLE 4.5. COMPARISON OF EXPERIMENTAL SF-1 TARGETS TO PUBLISHED ADRENOCORTICAL TUMOUR
GENE EXPRESSION DATA SETS ..ceiitiiuiittttteeeieeiiitteeeeesaanreteeeeesasansseseeesssssansseseesssessasssseeessessnnses 186
TABLE 5.1. RETRIEVAL OF GFP-EXPRESSING CELLS FOLLOWING TRANSFECTION WITH DIFFERENT
PIRES2-ACGFP1-NUC CONSTRUCTS IN PILOT STUDIES ......cccesetiteeririeeerereeessnreeesereeesssseessnnnnes 203
TABLE 5.2. CHARACTERISTICS OF THE FOUR SF-1 OVEREXPRESSION EXPERIMENTS PERFORMED IN NCI-
H295R CELLS FOR MICROARRAY ANALYSIS ....eeiuvteeieeniiienieensreenreenseesseessseensseessseesssessssesnnenns 204
TABLE 5.3. ASSOCIATED FEATURES OF THE 43 STUDIED PATIENTS WITH ADRENAL INSUFFICIENCY OF
UNKNOWN ETIOLOGY ...uvieuvieiieiiesseesseesseesseesseessesssesssesssesseessesssesssessssssssssesssesssessssssssssssssesssesses 211

TABLE 5.4. FORWARD AND REVERSE PRIMERS USED TO PCR-AMPLIFY THE CODING SEQUENCE OF

TABLE 5.5. GENES UP-REGULATED BY TRANSIENT SF-1 OVEREXPRESSION IN NCI-H295R CELLS (TOP
QO RESULTS) .uuttteeeerteeesereeeasseeesssseeeassseeessssesesssssssesssseesssssssesssssessssssssssssssesssssssssssssessesssseesssses 216
TABLE 5.6. GENES DOWN-REGULATED BY TRANSIENT SF-1 OVEREXPRESSION IN NCI-H295R CELLS
(TOP A0 RESULTS) «.vteteuvteeeeiieeeeeiteeeeeteeeeeitseeeeetueeeeestsesaesssseeessssaesassesseassseeesssseeasseseenssseeessseens 219
TABLE 5.7. FUNCTIONAL ANNOTATION ENRICHMENT ANALYSIS OF GENES UP-REGULATED BY SF-1
OVEREXPRESSION (FOLD CHANGE > 1.5)....uiiiiiiiiiiiiiiie et ettt e 221
TABLE 5.8. FUNCTIONAL ANNOTATION ENRICHMENT ANALYSIS OF GENES DOWN-REGULATED BY SF-1
OVEREXPRESSION (FOLD CHANGE < =1.5) ..uttiiiiiiieiiiiieeciieeeeiteeesieeeeeiveeeeireeeesnsaeesennsaeesnseeens 222
TABLE 5.9. GENES DIFFERENTIALLY EXPRESSED FOLLOWING BOTH SF-1 OVEREXPRESSION AND
KNOCKDOWN IN NCI-H295R ADRENOCORTICAL CELLS ......ccuvtteeririeesireeeeereeeeseseeessneeesssseeens 227

TABLE 5.10. CHARACTERISTICS OF GENES POSITIVELY REGULATED BY SF-1 ....ccovviiiiiiiiiiiiiiieeeeen. 229

14



ACTH

Ang2

bp

BSA

cAMP
cDNA
ChIP-on-chip
CITED2

cRNA
CYP11A1

DAX1

DMSO
DNA
dNTPs
dUTP
EDTA

8

GAPDH
HE
HGNC
HPA axis
IMAGe

IPA
IUGR

kb

LB
LM-PCR
LRH-1

MIM

min

Abbreviations

adrenocorticotropic hormone

angiopoietin 2, encoded by ANGPT2

base pair

bovine serum albumin

cyclic adenosine monophosphate

complementary deoxyribonucleic acid

chromatin immunoprecipitation followed by microarray analysis

Cbp/p300-interacting transactivator, with Glu/Asp-rich carboxy-terminal
domain, 2

complementary ribonucleic acid

cytochrome P450, family 11, subfamily A, polypeptide 1; also known as
cholesterol side chain cleavage enzyme (P450scc)

dosage-sensitive sex reversal/adrenal hypoplasia congenita critical region
on the X chromosome 1, encoded by NROB!

dimethyl sulfoxide
deoxyribonucleic acid
deoxyribonucleoside triphosphates
2’-deoxyuridine-5’-triphosphate
ethylenediaminetetraacetic acid

Earth’s gravitational acceleration, used as a measure of relative
centrifugal force (RCF)

glyceraldehyde-3-phosphate dehydrogenase

haematoxylin and eosin

Human Genome Organisation (HUGO) Gene Nomenclature Committee
hypothalamic-pituitary-adrenal axis

Intrauterine growth restriction, Metaphyseal dysplasia, Adrenal
hypoplasia congenita and Genital anomalies

propan-2-ol, commonly referred to as isopropyl alcohol or isopropanol
Intrauterine Growth Restriction

kilobase

lysogeny broth, also referred to as Luria-Bertani medium
ligation-mediated PCR

liver receptor homologue-1, encoded by NR5A2

molar

Mendelian Inheritance in Man

minute

15



ml

mM
NCBI
NCBIv36

ng
NGFI-B
PBS
PBX1
PCR
PMSF
POMC
qPCR
qRT-PCR
RNA
RNase
rpm
RT-PCR
s

SDS
SEM
SERKAL
SF-1
SOATI1
SOC medium
STAR
TSS

\"

wpc

WT

ul

M

millilitre
millimolar
National Center for Biotechnology Information

National Center for Biotechnology Information human genome assembly
version 36

nanogram
nerve growth factor IB, also known as Nur77, encoded by NR4A 1
phosphate-buffered saline

pre-B-cell leukemia homeobox 1

polymerase chain reaction

phenylmethylsulphonyl fluoride

proopiomelanocortin

quantitative PCR

quantitative reverse transcription PCR

ribonucleic acid

ribonuclease

revolutions per minute

reverse transcription PCR

second

sodium dodecyl sulfate

standard error of the mean

46,XX Sex reversal and dysgenesis of Kidneys, Adrenals and Lungs
steroidogenic factor-1, also termed Ad4BP, encoded by NR5A 1
sterol O-acyltransferase 1

super optimal broth with catabolite repression

steroidogenic acute regulatory protein

transcriptional start site

volt

weeks post-conception

wild type

microlitre

micromolar

16



CHAPTER 1

INTRODUCTION

17



1.1. The human adrenal gland

The left and right adrenal glands are pyramidal structures that lie immediately above
the kidneys on their posteromedial surfaces. Each adult adrenal weighs
approximately 4 g and is 2 cm wide, 5 cm long and 1 cm thick (Stewart, 2008). The
adrenal gland is a major hormone-secreting organ composed of two functionally
distinct compartments: the medulla, which occupies the central portion of the gland
and accounts for 10% of its volume, and the cortex. Adrenomedullary chromaffin
cells are derived from the neuroectoderm and synthesise catecholamines that are
acutely secreted in response to stress through sympathetic stimulation (autonomous
nervous system). Adrenocortical cells, on the other hand, are of mesodermal origin
and synthesise steroid hormones that regulate body homeostasis and mediate chronic
stress responses, as part of the endocrine hypothalamic-pituitary-adrenal (HPA) axis
and renin-angiotensin system. Even though the adrenal cortex and medulla are
engaged in a dynamic cross-talk throughout development and in relation to their
function, these two compartments are largely studied separately. The present study

focuses primarily on the human adrenal cortex.

1.1.1. Adrenocortical zonation

The adrenal cortex consists of three histologically recognisable concentric zones
(Figure 1.1): the outer zona glomerulosa, lying immediately below the capsule and
corresponding to approximately 15% of cortical volume, depending upon sodium
intake; the middle zona fasciculata, corresponding to up to 75% of cortical volume;
and the inner zona reticularis that lies next to the medulla (Miller et al., 2008).
Glomerulosa cells are organised in rounded clusters around capillary coils or

glomeruli; fasciculata cells are arranged in radial rows separated by trabeculae and
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blood vessels; and reticularis cells are located within a uniform reticular net of

connective tissue and blood vessels.

These three zones are not only histologically but also functionally distinct, secreting
different classes of steroid hormones in response to individual regulatory
mechanisms. Secretion of mineralocorticoids (aldosterone, deoxycorticosterone
[DOC]) by glomerulosa cells is mainly regulated by the renin-angiotensin system
and serum levels of potassium. Fasciculata cells secrete glucocorticoids (cortisol,
corticosterone) in response to adrenocorticotropin hormone (ACTH), within the
tightly regulated feedback system of the HPA axis. Reticularis cells synthesise the
sex steroid precursors dihydroepiandrosterone (DHEA), dihydroepiandrosterone
sulfate (DHEAS) and androstenedione, termed adrenal androgens because they have
weak androgenic activity and can be peripherally converted to testosterone. Molar
secretion of DHEAS exceeds that of cortisol throughout much of adult life, but the
exact mechanisms driving reticularis steroidogenic output remain elusive (Miller,
2009). Remarkably, this functional zonation of the adrenal cortex is largely
dependent on the zonal pattern of expression of specific enzymatic machinery

required to produce these different classes of steroids.

1.1.2. Adrenocortical steroidogenesis

Steroid hormones are synthesised from cholesterol through a biosynthetic enzymatic
pathway termed steroidogenesis, involving cytochrome P450 steroid hydroxylases
and hydroxysteroid dehydrogenases. Steroidogenesis occurs mainly in the adrenal
cortex, in theca and luteal cells in the ovary, and in Leydig cells in the testis. The
variability in the relative expression of steroidogenic enzymes determines the types

of steroids preferentially produced in each of these steroidogenic tissues. Besides
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this tissue-specific expression of steroid hydroxylases, steroidogenesis is also
regulated by cyclic AMP-dependent induction of such enzymes by tropic hormones,

mainly ACTH for the adrenal cortex (Waterman, 1994).

Adrenocortical cells can synthesise cholesterol de novo, but most of their cholesterol
supply comes from the uptake of plasma lipoproteins, largely low-density
lipoproteins (LDL) in humans (Miller et al., 2008). Free cholesterol resulting from
LDL metabolism can be readily used or esterified and stored in lipid droplets. For
steroidogenesis, free cholesterol transport across mitochondrial membranes into the
mitochondria is facilitated by the steroidogenic acute regulatory protein (STAR)
(Figure 1.2). The initial and rate-limiting step in the pathway leading from
cholesterol to steroid hormones is the cleavage of the side chain of cholesterol to
yield pregnenolone. This step is catalysed by the inner mitochondrial membrane-
bound cholesterol side chain cleavage enzyme (P450scc, CYP11Al), and involves
three distinct chemical reactions: 20a-hydroxylation, 22-hydroxylation, and scission
of the cholesterol side-chain to yield pregnenolone and isocaproic acid. In the
adrenal, a series of conversions involving 3B-hydroxysteroid dehydrogenase 2
(HSD3B2), 17a-hydroxylase/17,20 lyase (CYP17), 21-hydroxylase (CYP21A2),
11B-hydroxylase (CYP11B1), and aldosterone synthase (CYP11B2) ensues to
generate mineralocorticoids, glucocorticoids or androgenic precursors as shown in

Figure 1.2.
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Glomerulosa Fasciculata Reticularis

Ry 1"\ N e
A PRSI

Figure 1.1. Morphology of the human adrenal cortex.

Upper panel, The three concentric zones of adult adrenal cortex are shown. The
outer zona glomerulosa lies immediately below the capsule, followed by the middle
zona fasciculata and the inner zona reticularis, which lies next to the medulla.
Lower panel, Definitive (DZ), transitional (TZ) and fetal zones of mid-gestation
fetal adrenal gland are shown. At this stage the fetal zone predominates,
corresponding to approximately 90% of cortical volume. From Mesiano and Jaffe,
1997. Copyright 1997, The Endocrine Society.
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Figure 1.2. Main steroidogenic pathways in the human adrenal cortex.
Schematic representation with substrates and products printed in black,

steroidogenic enzymes in red and STAR, which facilitates cholesterol transport

through mitochondrial membranes, in orange.
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1.2. Adrenal development in humans

Human adrenal development is a continuous process that initiates around the fourth
week of gestation and extends into adult life. As early as 1968, seminal work by
Sucheston and Cannon identified five landmarks in the development and zonal
patterning of human adrenal glands from 3 to 4 weeks of gestation until 10 to 20
years of age (Sucheston and Cannon, 1968). Events unfolding during late embryonic
and fetal stages of adrenal development are crucial for the formation of the organ
and result in rapid growth of the gland, to a relative size many fold higher than that
of the adult adrenal (Figure 1.3) (Mesiano and Jaffe, 1997). A brief outline of this
complex process will be offered below, based on the comprehensive reviews by
Mesiano and Jaffe in 1997 and Hammer, Parker and Schimmer in 2005. A timeline
of major events is presented in Figure 1.4. In keeping with historical data,
developmental stages will be mostly discussed in terms of weeks of gestation, i.e.
counting from the first day of the last menstrual period. More recently, published
reports on this field have embraced the concept of weeks post-conception (wpc),
which roughly correspond to gestational age minus 2 weeks. This will be used where

appropriate, in accordance with the data being quoted.
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Figure 1.3. Evolution of adrenal weight throughout development.

Mean weight of the human adrenal glands (absolute; closed circles) and the ratio
of adrenal weight to body weight (relative; open circles) during fetal and postnatal
life are shown. After the second month of gestation, the fetal adrenals begin to
grow rapidly due to hypertrophy of the fetal zone. Soon after birth, the fetal zone
involutes and the weight of the glands rapidly decreases. The relative weight of the
adrenals after birth markedly decreases and remains constant for the remainder

of life. From Mesiano and Jaffe, 1997. Copyright 1997, The Endocrine Society.
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Figure 1.4. Cartoon representation of human adrenal development.
Major developmental events are shown, from the thickening of the celomic epithelium at approximately 4 weeks of gestation until
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the fully formed adult adrenal gland. The three concentric adult cortical zones are depicted in yellow (glomerulosa), orange

(fasciculata) and red (reticularis), while adrenomedullary tissue is in brown. Based on Hammer et al., 2005 and Ferraz-de-Souza

and Achermann, 2008.
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1.2.1. Embryonic adrenal development

The adrenal cortex derives from a thickening of the celomic epithelium (and/or
intermediate mesoderm) that appears between the urogenital ridge and the dorsal
mesentery at around 4 weeks gestation in humans. This region contains
adrenogonadal progenitor cells that give rise to the steroidogenic cells of the adrenal

gland as well as those of the gonad (Mesiano and Jaffe, 1997; Hammer et al., 2005).

Cells destined to become adrenal tissue migrate dorsally towards the upper pole of
the mesonephros from 5 to 7 weeks of gestation. At around eight weeks gestation the
adrenal primordium is formed, consisting of an inner zone of large polyhedral
eosinophilic cells, termed fetal zone, surrounded by a densely packed outer zone of
basophilic cells, termed definitive zone. As will be discussed in detail later, cells of
the adrenal primordium are capable of secreting cortisol and DHEAS from 8 weeks

gestation (Goto et al., 2006; White, 2006).

At nine weeks gestation, the adrenal primordium is infiltrated by neural crest-derived
cells that give rise to the adrenal medulla. These cells are thought to remain scattered
in islands throughout the adrenal until birth, and differentiate into catecholamine-
producing chromaffin cells under the influence of glucocorticoids. Encapsulation of
the adrenal gland by specialised mesenchymal cells that migrate from the Bowman’s
capsule area occurs around nine weeks gestation, resulting in the formation of a
distinct organ just above the developing kidney. Concomitantly, an extensive
network of sinusoidal capillaries is formed, making the adrenal one of the most

highly vascularised organs in the human fetus.
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1.2.2. Fetal adrenal development

From 10-12 weeks gestation onwards, the morphology of the developing adrenal
cortex does not change much. At mid-gestation (16 to 20 weeks), the fetal zone
predominates and occupies 80 to 90% of cortical volume (Figure 1.1). Fetal zone
cells are at that point large (20-50 pwm), with typical steroid-secreting ultrastructural
characteristics: large amounts of tubular smooth endoplasmic reticulum,
mitochondria with tubulovesicular cristae, large Golgi complexes, and abundant lipid

content.

The tightly packed cells of the mid-gestation definitive zone, on the other hand, have
ultrastructural characteristics of cells in a proliferative state: small cytoplasmic
volume containing free ribosomes, small dense mitochondria and scant lipid.
Notably, definitive zone cells accumulate lipid and begin to resemble steroidogenic
cells with increasing fetal age. Recent data has shown that they express steroidogenic
enzymatic machinery from early embryonic stages (9 weeks), albeit to a much lower

extent than fetal zone cells (Goto et al., 2006).

A putative transitional zone has been described between the definitive and fetal
zones during later fetal development, containing cells with intermediate
ultrastructural characteristics (Mesiano and Jaffe, 1997). This region was once
proposed to contain stem cells that could differentiate into either definitive- or fetal-
type tissue, although another hypothesis proposes that the main population of adrenal
stem cells is located in the subcapsular region of the gland, and that cells mature
through different stages of development as they migrate centripetally. The latter

hypothesis seems to have been favoured recently (Kim et al., 2009).
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1.2.3. Postnatal adrenal development

After birth, the fetal zone rapidly regresses by apoptosis so that it disappears
completely by 3 months of life (Figure 1.3). Islands of chromaffin cells coalesce to
form a rudimentary adrenal medulla by 4 weeks of age, which becomes fully

encapsulated by 12-18 months postnatally (Figure 1.4).

The formation of definitive zone compartments starts around 30 weeks of gestation
and lasts until puberty. The zonae glomerulosa and fasciculata are not fully
differentiated until 3 years of age, and the reticularis may not be fully differentiated
until about 15 years of age (Miller et al., 2008). The currently accepted model for
zonal proliferation involves the existence of subcapsular progenitor cells that
undergo centripetal migration and differentiation to form the three zones (Kim and
Hammer, 2007; Kim et al., 2009). Glomerulosa-type cells, expressing CYP11B2,
start producing aldosterone from the third trimester onwards. Fasciculata-type cells,
expressing CYP11B1, produce cortisol steadily from mid-gestation but, recently, a
brief 7 to 9 wpc (9 to 11 weeks gestation) window of cortisol production has been
unveiled (Goto et al., 2006). It is tempting to believe that cells located at the
interface of fetal and definitive zones, found to be responsible for this early cortisol
surge, will give rise to the transitional zone and, eventually, to the zona fasciculata,
but this has not been shown unequivocally. The timing of zona reticularis
development is likewise obscure. Production of androgenic precursors DHEA and
DHEAS decreases with fetal zone regression and rises again in the adrenarche,
around 7 to 8 years of age. The mechanisms triggering adrenarche, a phenomenon

unique to higher primates, are not completely understood.
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1.2.4. Fetal adrenal steroidogenesis

Steroidogenesis in the fetal adrenal is essential for the maintenance of human
pregnancy, and, at later stages, for fetal maturation. From 8 weeks gestation
onwards, production of oestradiol by the maternal corpus luteum is taken over by the
fetoplacental unit through a pathway that relies on the synthesis of DHEAS by the
fetal adrenal cortex and its aromatisation to oestradiol in the placenta (White, 2006).
The capacity of the fetal zone of the adrenal gland to produce large amounts of
androgenic precursors (DHEA, DHEAS) is largely the result of a relative deficiency
of HSD3B2 coupled with a relative abundance of the 17,20-lyase activity of CYP17
(Mesiano and Jaffe, 1997). The fetal adrenal also has significant expression of
SULT?2A1 sulfotransferase, which drives the conversion of DHEA to DHEAS and

provides a substrate for conversion to circulating oestrogens by the placenta.

The understanding of steroidogenesis in the developing human adrenal gland has
been greatly expanded by the robust immunohistochemical study of 121 fetal tissue
samples by Goto and colleagues reported in 2006 (Figure 1.5) (Goto et al., 2000).
Besides documenting the expression of the enzymatic machinery necessary for the
generation of DHEAS as described above from as early as 7 wpc, the authors have
shown expression of HSD3B2 and its potential regulator the orphan nuclear receptor
NGFI-B (NR4A1), at 50-52 days post-conception (dpc). Expression of HSD3B2,
stronger in a subpopulation of cells located in the transition of fetal to definitive
zones, fades by 9.5 wpc and completely disappears by 14 wpc. This transient
expression of HSD3B2 leads to detectable ACTH-responsive cortisol production at
8-9 wpc in male and female fetuses (Figure 1.6). It has been proposed that this early
cortisol surge safeguards female sexual differentiation by down-regulating ACTH

and consequently DHEA/DHEAS production at a time that placental aromatase
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activity is not maximal and excess of DHEA/DHEAS could potentially virilise the

female fetus (Goto et al., 2006; White, 2006).

Following this period of transient intact HPA axis activity, fetal adrenal
glucocorticoid production is reduced as HSD3B2 activity declines. However,
glucocorticoid production resumes in the third trimester so that the fetus is primed
for postnatal existence, and development of the zona glomerulosa means that the
adrenal is capable of responding to angiotensin II by producing mineralocorticoids

after birth.
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This figure has been removed from the electronic version of this thesis

since copyright permission could not be obtained.

Figure 1.5. Expression patterns in the developing human adrenal gland.

From Goto et al., 2006.
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This figure has been removed from the electronic version of this thesis

since copyright permission could not be obtained.

Figure 1.6. Relative levels of cortisol and DHEAS secretion throughout
development.

From White, 2006.

32



1.3. Regulation of adrenal development

Several factors have been identified that play potentially important roles in
regulating adrenal development, zonation and growth (Table 1.1). Not surprisingly,
most of these factors have been identified through studies in animal models, chiefly
in transgenic mice (Hammer et al., 2005; Else and Hammer, 2005; Val and Swain,
2010). Marked differences exist between mouse and human adrenal development,
especially with regard to the dynamics of the establishment and involution of the
adrenocortical fetal zone (Hammer et al., 2005). The existence of a fetal zone in the
mouse adrenal cortex has only recently been demonstrated (Zubair et al., 2006) and
its function is still the subject of debate. The murine fetal zone is not as prominent as
the human counterpart, and does not produce androgen precursors for placental
conversion, a phenomenon restricted to higher primates (Zubair et al., 2008; Mesiano
and Jaffe, 1997). Mice also have an “X zone”, which corresponds to the
accumulation of fetal zone cells at the juxtamedullary region. This X zone becomes
distinguishable postnatally from 10-21 days and regresses at puberty in males or
following the first pregnancy in females. There is no known parallel structure to the
X zone in humans (Hammer et al., 2005). Therefore, the relative significance and
interaction of developmental transcriptional regulators identified in mice remains

largely to be determined in humans.

Despite this, in some cases molecular defects identified in patients with disorders of
adrenal development have confirmed observations in mice. This is true for
steroidogenic factor-1 (SF-1), proopiomelanocortin (POMC)-derived peptides and,

possibly, Gli-Kruppel family member 3 (GLI3). However, for the majority of factors
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implicated in mouse adrenal development, evidence of their direct role in human

adrenal development is still lacking.

Key emerging concepts in adrenal development will be discussed in the following
sections with a focus on several of the factors and mechanisms relevant to the work
of this thesis, namely: hedgehog signalling/GLI3; regulation of steroidogenic factor-
1 dosage; and DAX1 and ACTH signalling. A more comprehensive list of factors
and mediators implicated in adrenal development through phenotypic analysis of

human or mouse mutants is presented in Table 1.1.

1.3.1. Overview

Early stages of adrenal development appear to be regulated by a number of
transcription factors (e.g. Osrl, Wtl, Salll, Foxd2, Pbxl, SF-1, DAXI), co-
regulators  (e.g.  Cited2), signalling  factors (e.g., hedgehog/GLI3,
Wnt3/WNT4/Wntl 1, Mdk), matrix proteins (e.g. Sparc) and regulators of telomerase
activity (e.g. Acd) (Else and Hammer, 2005; Hammer et al., 2005; Val and Swain,
2010). Subsequently, fetal adrenal growth depends upon the tropic effects of POMC-
derived peptides, primarily ACTH, released from the anterior pituitary. The
mechanisms by which ACTH stimulates adrenal growth and maturation may involve
signalling pathways such as basic fibroblast growth factor (bFGF), epidermal growth

factor (EGF) and insulin-like growth factor II (IGFII).
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Table 1.1. Factors implicated in adrenal gland development thr