Glucocorticoid receptor function:

New insights from genetic and chemical biology approaches

A thesis submitted to the University of Manchester for the degree of Doctor of
Philosophy in the Faculty of Medical and Human Sciences

2013

Peter Trebble

School of Medicine
Faculty of Medical and Human Sciences
University of Manchester
Oxford Road
Manchester
M13 9PT



Table of Contents

LISt OF FIQUIES ..t e e 6
LISt Of TADIES ..o e e e 8
List of publications arising from this theSiS....c...cccovviiiieiiiii e, 9
List of presentations arising from this theSiS.cee.....cvvvviviiiiiiiie e, 9
(IS 01 = 1] o] £=A /=1 1o PP 10
[ TSTod = = o ISP 14
(@] o) V710 ] 41 80S] =1 (=] 1 1 1=7 0 | S PPRRR 14
Alternative format theSiS..........iiiii i e e e e e 15
ACKNOWIEAGEMENTS ...ttt 16
Y 011 1 = (o SRR 17
Chapter 1: INtrOUCTION .........ueeiis s e e e e e e e e e e e e e e e e eeeeesrennnneeesnnennnnns 18
1.1 Glucocorticoid FUNCLION ..........uviiiiieeee e e e e e e e e e e eee e e e e eees 19
1.1.1 Glucocorticoid metaboliC aCtioN .......cccceeuveeiniiiiieeeeee e 19
1.1.2 Glucocorticoid iImmMUNE ACHION.........ccerrmruriiiiiiiiaeee e e e eeeeeeeeeiieeiaanes 20
1.1.3 Glucocorticoid production and bioavailability................ccccceeeeiiiiveeennnnns 21
1.1.4 Therapeutic use of gluCOCOIICOIAS ....ceeeeerrrrrrrriiiiiiieeeeeeeeeeee e 23.
1.1.5 Glucocorticoid side effects .........oovevveeriiiiiie e 24
1.2 The glucoCOortiCOId rECEPLON ......uui et e e e e ee e 25
1.2.1 Glucocorticoid receptor domain organiSation...........ccoeeeeeeeeeeeeeeeeeeeennns 25
1.2.2 The N terminal domain ...........coevvvieiiieiiiiiee e 26
1.2.3 The DNA binding dOMAIN ...........oo e eeeee e e e e e e e e e eeeeeeeeeeneeennnnnn 26
1.2.4 The ligand binding dOmMain ...........ooooeiiiiiiiiiiii e 27
1.2.5 Alternative promoter and splice variants esagGR expression............. 28



126 GRB .. 28

1.2.7 GR translational variation ............cccceeeviiieeiiiiiieeee e 29
1.2.8 Alternative GR ISOfOIMS ........cooiiii et 29
1.3 Glucocorticoid receptor fUNCHION ... eeeeeeeeiieeeeeei e 29
I 5 I €1 = 3 o] o [ o 30
1.3.2 NoN-genomiC GR ACHIVILY. .........ceevs e e eeeeeeeeeeeeeniinnnss e e e e e eeeeeeeeees 31
1.3.3 Ligand induced GR nuclear translocation.................cccccceieieiieiiiinnennn. 33

1.3.4 GR regulation of gene exXpreSSION ... ceeerereraaeeeeeeeeeseeeeeeeeeeneen 34

1.3.5 GR transactivation ............coooieeemeereeee e 34
1.3.6 GR tranSrePIrESSION ....uvueeiiiie i e e eeeeeerese e e e e e e e e e e e e e e e eeeeeara e e e e eeaaaaeeas 35
1.3.7 GR transactivation of anti inflammatory genes...........cccceeeeeveeeeeeinnnenne. 38
1.3.8 MAPK phosphatasel (MKP-1)/Dual specificitptgin phosphatase 1
(DUSP L) .ttt s ettt et e e e e e e e e e e e e e e s nnnnne e e e e e e e e as 38
1.3.9 Gc induced leucine zipper (GILZ) ......ueeeeeeeeiiiieeeeeiiciee e 39.
1.3 10 ANNEXIN Lot ettt e e e e e e e e e e e aaaaeeaaaas 39
1.3.11 NegatiVe GRE .......cooiiiiiiee e 40
i €1 oo (= To U] =1 0] =PRSS 40
1.4.1 Modifiers of transcriptional Machinery .eeeee...cccoeeeiiiieiiiieiiiieeeeis 41
1.4.2 Modifiers of DNA OrganiSation ...........cceeeeeeuueeremiiiinneeeeeeeeeeeeeeeeennnnns 41.
1.5 Regulation of GR by post translational modii@a...............cccceevvvivviiiiinnnnnn. 2.4
IR ST I o To 1Y o] Lo T F= U1 o o S 42
1.5.2 Regulators of phosphorylation.........e.cceeeeeeeeeeeiiiiiiiiiieee e 43
1.5.3 Functional consequences of phosphorylation..............ccccoeovviiiiiinnee. 44
1.5.4 UDIQUITINALION ..ot eee e et e e e et mmmanenenees 45
ST RS W 140 )Y, = 14 o] o U 46
RS Ao =] Y = Lo o P a7
1.5.7 NITOSYIALION ... 48
1.6 GlucOCOrtiCOIA SENSITIVILY. ...ccciiiiiiii e e e e 48
1.6.1 GR POlYMOIPNISMS ...vviiiiiiieee e e 50



1.7 Modulating GR function by ligand StruCtUI€.eee...ccooeeeeeeeeeiiiieeeeeee 52

1.8 SUMMAIY oo et e ettt e et e e e et e s e e e ea e e e eana e eees 54
1.9 Hypothesis and aims Of PRD ..........uuiiiiiiiiieeeeiii e 55
Chapter 2: Familial Glucocorticoid ReSIStaNCe e .cccoevvviiiiiiiiiiiiie e 56
2.0 ADSITACT ...ttt et e e e e 57
2.2 INEFOTUCTION ...ttt ettt e e r e e e e e e e e e e e a e 58
2.3 Subjects and MEthOAS...........cooii i et ra e 60
2.3.1 Clinical diagnosis of familial glucocorticaidsistance ..................ccccce.... 60
2.3.2 RESEArCh deSign .......cccooieiiiie et e e e e e e e e e e e aeeenne e 62
2.3.3 Amplification of genomic DNA bY PCR...ceevieeeiciieie e 62
2.3.4 Sequencing and ClONING ..........eiiiieaee e 63
2.3.5 Site-directed MULAGENESIS ........... oottt 63
2.3.6 Cell culture and MainteNaNCe.........cccceeeeeiiiiiiieee e 63
2.3.7 IMmuUNODbIOt ANAIYSIS.....ccccee e e e e ————- 64
2.3.8 REPOITEr JENE GSSAY ..evvuuiiiiieiiiaaeeeeeeii e e e e eetie e e e e eeata e e e e e eaeaaeaeeas 65
2.3.9 IMMUNOFIUOIESCENCE .......vviiiiii e e 65
24 RESUITS ..o 66
2.4.1 Identification of a GR truncation mutafN§12GR..............ccccccvvvivirinnnnee. 66
2.4.2 Screening for thl@612GR MULALION..........uvuueiiiiiieiee e 68
2.4.3 Steady state expression of GR and liganglamn................ccoevvvvvennnnnnn. 68
2.4.4 Glucocorticoid-induced gene regulatiomABA2GR...............cccevvveveenennns 68
2.4.5 Subcellular localisation ABL2GR .........cccoeeevieiiiiiiiiiiiii e 73
2.5 DISCUSSION ...ttt e e ettt a e e e e e e ee e e e e e e e e e aaeaeeeeeeens 75
2.6 ACKNOWIEAGMENTS.... .o 78
Chapter 3: Novel Non-steroidal Glucocorticoids..............ccceeeevvvvvvieeeiviinnnnennnn 49
I N o 11 = T TP 80



IV (411010 [0 {1 1To] o AT ORPRRRTR 81

3.3 Materials and Methods ... 83
3.3.1 Cell culture and MaINtENANCE .........ceemmmmeirieiriiiiiaaa e e e e e eeeeeeeiiieees 83
3.3.2 IMMmuUNODbIOt ANAIYSIS.....coiiiiii e 83
3.3.3 REPOITEr gENE GSSAYS ...ceuuiiirrnieermmmmreeerineeretiaeeeetseeeetnreeeesn e eennnes 84
3.3.4 IMMUNOTIUOIESCENCE ...ttt sttt e ee e e 84
.34 L FIXEA CEIIS e 84
3342 LIVE CelIS . 85
3.3.5 Fluorescent recovery after photobleachingdFR..........covvvvviviiiiiiinneennn. 85
3.3.6 IMTS ASSAY .evuuiiiiiiiieiiii ettt eer e et e e e aaas 85
3.3.7 Q-RTPCR. ...ttt et ettt ettt ee e, 85
3.3.8 Bioluminescence real-time reCording ...cccccceooeeeeeeeeiiiiieeeiiiiie e 86
3.3.9 Measurement of ligand uptake using mass IKIBECPY .........ccevvvveverrnnnnns 86
3.3.10 Measurement of cytokine production ...............euvveeeeiiiiiiiiieieeeeeeeeeee, 86
3.3.11 Computational modelling of GR crystal staet................ccooeeeeieennneeee. 87
3.3.12 Modelling of GR mutant with impaired Hsp®@@eraction....................... 87

A RESUITS ... 88
3.4.1 GSK47867A and GSK47869A, are highly potentagBnists.................. 88
3.4.2 GR crystal structure reveals ligand-speaeifiered surface charge............ 92

3.4.3 NSG induce different kinetics of endogenouddsget gene regulation...99

3.4.4 NSG treatment results in delayed kinetic&Rf211 phosphorylation .....99
3.4.5 NSG treatment results in slow rate of GR @arctranslocation.............. 102
3.4.6 NSG treatment results in slower onset of @Rsactivation .................. 104

3.4.7 Delayed action of NSG cannot be explaineahipaired cellular uptake104

3.4.8 NSG bound GR shows prolonged nuclear retentio..............c.cccceeunn.. 107
3.4.9 Structural modelling suggests that NSGs mydtié Hsp90 interaction
10 | 2= Lo = PP UPTUPRUUPRRPPR 107
3.4.10 Microtubule disruption improves nuclear slacation rate .................. 109
3.4.11 NSGs mediate prolonged duration of aCtioN.........ccceevvieeeieeeerrrnnnn. 109
3.5 DISCUSSION ...ttt ettt et e e e e e e e e e e e e s s s e mnnnne e e e e e e e e eeeeeas 113



3.6 ACKNOWIEAQEMENTS ..o e s 116

Chapter 4: General diSCUSSION ............vummmmmmmieeeeeeeeeeeeereeeeeeeeeiien e eneeeesees 117
A1 OVEIVIEW ...ttt ammmmma ettt ettt e e e e e e e e e e e e e e s e ammmmne e e e e e e e aeeeeas 118
4.2 GR mutations and PGGR..........uuiiiiiiiiiieeeiiiii et 118
4.3 Using mutation analysis to direct targeted di@gign ............cceeeiieeiieeeeeeenneeee, 126
Chapter 5: FULUIE WOIK .........vviiiiici e e e e e ee e e 140
5.1 INEFOTUCTION ...ttt e e e e e e e e e e 141
5.2 Preliminary re@SUILS ........ooooiiiiiiiiceeeee e 142
5.2.1 Potency of GSK1247150A as a GR agonist.............cccvvvvevvvvrvennnnnnnnn. 142
5.2.2 Treatment with GSK1247150A delays GR nudlearslocation. ........... 143
5.2.3 Treatment with GSK1247150A prolongs GR ajtiVi..............eeeeeennn.. 143
5.2.4 Potency of truncated GSK1740136A as a GRisgon............cccc.uueeee. 144
5.3 Discussion and future WOrK. ............oeeeeeeeiieeiiiiiiiiece e 146
5.4 Concluding reMArKS ........ccooiiiiiiiieeeeeeee et e e e e e e e e eaeeaeeaees 147
REIEIENCES ... ettt e e e e e e e e e s sese e e e e e e e aeeas 148



Figure 1.1:
Figure 1.2:
Figure 1.3:
Figure 1.4:
Figure 1.5:
Figure 1.6:
Figure 1.7:
Figure 1.8:
Figure 1.9:

Figure 1.10:
Figure 1.11:
Figure 1.12:
Figure 1.13:
Figure 1.14:

Figure 2.1:

Figure 2.2:
Figure 2.3:
Figure 2.4:
Figure 2.5:
Figure 2.6:

Figure 3.1:
Figure 3.2:
Figure 3.3:
Figure 3.4:
Figure 3.5:
Figure 3.6:
Figure 3.7:

List of Figures

Metabolic action of glucocortiCoIdS m.....coeeeeviiiiiiiieiiiiee, 19.
Immune action of glucocorticoids ............cceeiiiiiiieeiiiiiiiiiiieies 21.
Schematic of the HPA ... e 22
Chemical structure of natural and lsgtit glucocorticoids................ 24
Organisation of the GR gene ....cccceeeiiiiiiiiiiiiiiee e 26
GR gene protein ProduCES .......ceeeeeeeeeeiiuiiniiiineee e eeeeeeeeeeeeeiieeees 28
GR FOIAING et 30
GR non genomic Signalling .......ceeeeeeeeeeiiiieeeeeiiicese e 32
GR nuclear translocation ..o 33
Mechanisms of GR transactivation..................uuuveciiiinineeeeeeennn. 35.
NKB and APL activation .............uuuueuuins s et 36
GR anti-inflammatory action ....ece.ccooeoeeeeeeeeeiieeeeee e 37
Phosphorylation of GR ... e, 44
Post translational modifications of GR.............cccccciiiiiiiienennnn. 46.

Sequencing of GR Exon 6 with subseguemtification of

deletion MUtatiONABL2GR ........cvvviiiiiiiiiee e e 67
FamIily Tree. ..o 69
Glucocorticoid sensitivity is templ&@ecifiC...........cccceeeeiiieeeieeeeeennn. 70

A612GR does not mediate transactivation ......ccccceeeeeeeeiiiieeeeeeeennn. 71

A612GR does not mediate transSrepreSSioN ...cccccceevveeeeeeeeieveeeennnns 72

A612GR-GFP does not translocate to the nucleusporee

€0 1 1o = o 1SS 74
GSK47867A and GSK47869A are highlyepoGR agonists............ 89
NSGs are highly GR SPEeCIfiC....cceeemrciiiiiiiiieieiiiiiieeeeee e 90
The NSGs are highly potent .....ccceceeeveiiiiiiiiiiieeeeeceeeeeeviiies 91
Dex and GSK47867A binding inducesalléght GR LBD structures..93
Docking NSG into GR LBD crystal Stru@u.................cuvvveieiinnnnnn. 94
Movement of residues at tail of ligdBdring) .............cceeevevvvvvrvinnnnnns 95
GR LBD surface charge is altered by @&67A binding................ 96



Figure 3.8: Comparison GR LBD surface with sterbatad non-steroidal

ligands at the head end of the ligand (A NNQ) ee.oevvveeeeiveieiiinnenn. 97
Figure 3.9: Comparison GR LBD surface with sterbatad non-steroidal

ligands at the tail end of the ligand (D riNg).c-..oooooeeeeiiiiiiiiiiiiiiiins 98
Figure 3.10: GSK47867A and GSK47869A induce slomekts of GR activation100
Figure 3.11: Regulation of endogenous genes ldBIBAB................cccevvrerviviiinnnnes 101
Figure 3.12: Kinetics of GR phosphorylation ...............ccccceeiiiiiiiiiiiiiiiins 101
Figure 3.13: GR nuclear mobility ... 102
Figure 3.14: GR translocation with 211 phospho mista.................ccoevvvvvivncennnn. 103
Figure 3.15: GSK47867A and GSK47869A rapidly acclateuin cells................. 105
Figure 3.16: Endogenous gene regulation in theepsof an MR inhibitor......... 106
Figure 3.17: Nuclear export of the GR......caaaaaiiiiii s 106
Figure 3.18: Disruption of the microtubule netwarkreases the rate of GR

translocation in a ligand specific manner .. ..ccccvvvccieeienennnnn..... 108
Figure 3.19: Antagonism of Hsp90 has less impadhe activity

Of NSG lIQaNdS .....cooviiiiiiiiiiiee e 110
Figure 4.1: Nonsense mediate mMRNA decay (NMD) ceo.....coovviiiiiiiiiiniiinnneennn. 125
Figure 4.2: GR LBD crystal structure conformation.............ccccceoveeeneneeiinnnnnnnee. 128
Figure 4.3: Comparison of Dex and RU486 in thel@&nd binding pocket....... 130
Figure 4.4: Comparison of steroid hormone ligands............ccccvvvvvvviiiiiinccnnnnn. 132
Figure 4.5: Crystal structure of Deacetylcortivdzound to GR LBD ................. 133
Figure 4.6: Investigation of GR @Dinding SIte...........uuiiiiiiiiiiiieiiiiiieeeeeeee e, 135
Figure 4.7: GR and HSP90 INtEraction .......cccceceuuerrueeiiiiiiiieeeeeeeeeeeeeeeeenninnnns 137
Figure 4.8: The five regions of the GR ligand lamgdpocket ..............coeeeeeeen. 138
Figure 5.1: GR meta channel ligands.......ccccccceeeeiiiieieeeiiiiccie e 141
Figure 5.2: Potency of GSK1247150A as a GR aganist............ccccvvveeieennnnnn. 142
Figure 5.3: GSK1247150A delays GR translocatian...................cccccvvvvvinennnnen. 143
Figure 5.4: GSK1247150A prolongs GR aCtiVity .........ccevveeviiiiniiiiiiineeeeeeeeeeee 144
Figure 5.5: Potency of GSK1740136A as a GR aganist............cccccvvvceieeennnnn. 145



Table 1.1:
Table 1.2:

Table 2.1:
Table 2.2:
Table 2.3:

Table 3.1:

Table 4.1:
Table 4.2:
Table 4.3:

List of Tables

Mutations conferring Gc resistance/hypersensitivity..................... 49
Dissociative GR ligaNnds ........ccccoiiieiiiiiiiiiiiiiieeee e eeeeeeeeeiieees 53
Biochemical iINnvestigationsS.........ccooooeeeiiiiiiiiiieiiii e 61
Primers to amplify GR from genomic DNA...........ooooiiiiiiiiiiiiiiiinnes 62
Primers to verify constructiona$12GR-GFP

(O] (=151 0] Y7o (o] U 64.
Saturating concentration of ligandsuaked from EG................... 88
GR MUEALIONS ...t eeeeeeas 119
Natural GR MULAtIONS ...........o i 130
Experimental GR MULALIONS .......cmmmeeereiiiiiieeiiiiiiireee e e e eeee 13

Word count: 49991



List of publicationsarising from thisthesis

1. P. Trebble, L. Matthews, J. Blaikley, A. W. O. WayG. C. M. Black, A.
Wilton, and D. W. Ray (2010). Familial glucocortidaesistance caused by a
novel frameshift glucocorticoid receptor mutatidnClin Endocrinol Metap
95(12):E490-E499.

2. Peter J Trebble, James M Woolven, Ken A SaundesserK D Simpson,
Stuart N Farrow, Laura C Matthews, David W Ray @0A ligand-specific
kinetic switch regulates glucocorticoid receptaifficking and functionJ Cell
SciPublished online May 2013

List of presentations arising from thisthesis
September 2011
- Poster at the EMBO Nuclear Receptors, From Moleci@chanism to
Health and Disease conference in Barcelona, Sgainovel non-steroidal
glucocorticoid with specific dissociative action.
April 2011
- Oral presentation at the Soceity for Endocrinol&gs 2011 in Birmingham,
UK. Novel non-steroidal glucocorticoids that dissociai@pid signalling
effects from gene transcription.
March 2010
- Oral presentation at the Society for Endocrinol&BS 2010 in Manchester,
UK. Familial GC resistance: a novel, naturally occumgimutation which has

dominant negative effects on ligand-dependent amdiependent GR action.



List of abbreviations

ACTH. ., Agthocorticotrophic Hormone

AFL Activation Function-1

AF2 i Activation Function-2

APL .. Activator protein-1

AR Androgen receptor
AVP..i rgnine Vasopressin

BMI ..o, Body mass index

BSA ..o Bavine serum albumin

CBG o ar@costeroid Binding Globulin

CBP ., Creb Binding Protein

CDK e, y@in-Dependant Kinases

CF e Cystic fibrosis

CRH .. ar@cotrophin Releasing Hormone
ChIP-Seq....cccoovviiiiiiiiiiiiiii, Qhatin immune-precipitation sequencing
CVZ..ooiiiiii e of@vazol

(O{@ ] =] B r@hic obstructive pulmonary disease
DBD ..o NB. Binding Domain

DeX e Dexamethasone

DHEAS ... Dehlgepiandrosterone sulfate
DMEM ... Delbco’s modified Eagle’s medium
DTH e el@yed type hypersensitivity

DUSPL ..., Dspecificity protein phosphatase-1
O Exon junction complex

ENOS....ccooii i, ndethelial Nitric Oxide Synthase

ER Estrogen receptor

FAL o Eree androgen index

FBS .o heat inactivated fetal bovine serum
FRAP. ... ubtescence recovery after photobleaching
FP e Fluticasone propionate

GA Geldanamycin

GC ot Glucocorticoids

] | lLBocorticoid induced leucine zipper

10



GFP e Green fluorescent protein

GR o, Glucocorticoid Receptor

GRE .o luGocorticoid Response Element
GREL/2 ..o, HaREs

GRIPL i @®Reracting Protein 1

GRUS oo Besponsive Units
GPCRS....ci (etpin coupled receptors
HATS oo iskbne Acetyl Transferases

HC o, Hydrocortisone

HDACS ..o kttine Deacetylases

HEK 293 ..o, Humambryonic kidney 293 cell
NhGR ..o, Human glucocorticoid receptor

[ [0 o Hsp70-Hsp90 organising protein
o ypodthalmic-Pituitary-Adrenal
HSD oo 1-f-Hydroxysteroid Dehydrogenase
HSP o Heat shock protein

N = TP nhibitor of kB
I Interleukin

INOS ..o nducible nitric oxide synthase
INK Jun N-Terminal Kinase

02 5 igand Binding Domain

MAPK .o Mien-Activated Kinase

MHC ..., Mahistocompatibility complex
MKP-1... e MAKMPhosphatase-1

MMTV s Moaidlammary Tumour Virus
MR . Mineralocorticoid receptor

NCOR ..o ¢lear receptor corepressor
NEAA ... Nessential amino acid

NFL oo, Nuclear Factor 1

NFKB ...ttt Neal FactonB

NGRE ... gddve GREs

NLS i Nuclear Localisation Signal

NMD oo Neense mediated messenger RNA decay

NO oo Nitric Oxide



NOS .o itid¢ Oxide Synthase

NRES ..o EdB Response Elements

NSGS ..o, orNsteroidal glucocorticoids

NTD e Terminal Domain

OPCR i uaptitative polymerase chain reaction
Pred ... Rrednisolone

PBMCS .o ipaeral Blood Mononuclear Cells

PBS . Phosphate buffered saline
PGGH.....ooviiiiiieeeeeeeeve, inRary generalised glucocorticoid hypersensitivity
PGGR....cooiiiiie e infary generalised glucocorticoid resistance
P-GR .o haBphorylated glucocorticoid receptor
PKB ... Protein kinase B

o hdomultiplier tube

POMC ..o, Riary Proopiomelanocortin

PP5 Protein Phosphatase 5
PPl Peptidylprolyl isomerase

PTC e Premature translation-termination codon
PTM i ode-translational Modifications
PR Progesterone receptor

PPARY ... Peratise proliferator-activated receptpr
RLU. .o, eltive light unit

SEGRAS ... Sélee glucocorticoid receptor agonists
SFCS . charcoal dextran stripped fetal calf serum
SHBG....coo xS®rmone binding globulin
SUMO-1...cooiiiiceee e Simabiquitin-related Modifier-1

SRC . Steroid receptor coactivator

SP o Spironolactone

TAT3-LUC oo Tyins aminotransferase 3 luciferase
TNl Tumawacrosis factorr

TBP i, TATA Binding Protein

TFID o, ranscription factor 11 D

TGFPB i, Tramshing growth factof

TPR oo Tetratricopeptide repeat

TRIPG ..ot hyfoid receptor-interacting protein 6

12



U I nitanslated region
UPF o, Up-frameshift proteins

13



Declaration

| declare that no portion of the work in this tlselsas been submitted in an application

for another degree or qualification of this or atlger university or other institute of

learning.

Copyright Statement

i. The author of this thesis (including any appendered/or schedules to this

thesis) owns certain copyright or related rights i(the “Copyright”) and
s/he has given The University of Manchester certajhts to use such
Copyright, including for administrative purposes.

ii. Copies of this thesis, either in full or in exts@nd whether in hard or

electronic copy, may be madmly in accordance with the Copyright,
Designs and Patents Act 1988 (as amended) ancdhtegd issued under it
or, where appropriate, in accordance with licensiggeements which the
University has from time to time. This page mustrfgpart of any such
copies made.

The ownership of certain Copyright, patents, desigrade marks and
other intellectual property (the “Intellectual Peofy”) and any

reproductions of copyright works in the thesis, érample graphs and
tables (“Reproductions”), which may be describedhiis thesis, may not
be owned by the author and may be owned by thirdiegga Such

Intellectual Property and Reproductions cannot emdgt not be made
available for use without the prior written pernmssof the owner(s) of
the relevant Intellectual Property and/or Reproidnst

iv. Further information on the conditions under whigsctbsure, publication

and commercialisation of this thesis, the Copyrightl any Intellectual
Property and/or Reproductions described in it nake tplace is available
in the University IP Policy (see
http://www.campus.manchester.ac.uk/medialibrarytpes/intellectual-
property.pdf, in any relevant Thesis restriction declaratioleposited in
the University Library, The University Library’s galations (see
http://www.manchester.ac.uk/library/aboutus/redated and in The
University’'s policy on presentation of Theses

14



Alternativeformat thesis

This thesis is presented in the alternative formatccordance with the University of
Manchester guidelines. Chapters two and three presg work from two published
manuscripts formatted in a style suitable for tthiesis. My contributions to the

manuscripts are as follows.

Chapter 2: Familial glucocorticoid resistance cdudgy a novel frameshift

glucocorticoid receptor mutation
Published December 2010 in The Journal of Clirigadocrinology and Metabolism.

| performed all experiments for this paper. My swsors Dr. Laura Matthews and
Professor David Ray provided advice and guidancelbmexperimental work. Dr.

John Blaikley carried out statistical analysis twe tesults. As first author on this
paper, | was also fully responsible for writing ttext of the manuscript. The first
draft was produced by me; which my co-authors thewiewed and provided
comments, specifically Dr. Laura Matthews and Pssfe David Ray. These

comments were then compiled by me into the finasioa in print.

Chapter 3: A ligand-specific kinetic switch regelat glucocorticoid receptor
trafficking and function.

Published online May 2013 in The Journal of CeleSce.

| carried out the vast majority of experiments tbrs paper. Dr. Laura Matthews
carried out the MTS proliferation assay in A549 &fela cells. Bill Leavens carried
out mass spec analysis on samples | prepared amelsJM/oolven advised with the
crystal structure work during my 3 month placemant GlaxoSmithKline. My

supervisors Dr. Laura Matthews, Professor Stuantolkaand Professor David Ray
provided advice and guidance on all experimentakwAs first author on this paper,
| was fully responsible for writing the text of thmanuscript. The first draft was
produced by me; which my co-authors then reviewad provided comments,
specifically Dr. Laura Matthews, Professor Stuaatréw and Professor David Ray.

These comments were then compiled by me into tia ¥iersion submitted.

15



Acknowledgements

| would like to thank my supervisors Professor DiaRiay and Dr Laura Matthews for
the help and support they have given me over tis¢ foarr years. Thank you for
giving me a good kick when it was needed! Also Ksato my industrial supervisor
Professor Stuart Farrow and advisor Dr Nicolettabda for their guidance
throughout my PhD and to Ken Saunders for his kdeliing my placement at GSK
and beyond. | would like to thank all the membefrshe Ray group both past and
present who have given me much help and adviceighiut my PhD. | am grateful
to GlaxoSmithKline and the Biotechnology and Biatad Sciences Research Council
for providing the funding to complete this PhD. Age thanks goes to my friends and
family for the encouragement and prayers they hmweeided throughout my PhD. |
would like to dedicate this thesis to my wife Chlfw¥ being ridiculously good
looking and an amazing source of inspiration, kelgour face. And finally thanks to
God for providing me with this amazing opporturtitygrow through the challenges |
have faced during my PhD, and for surrounding nta wmazing people who without

| would never have finished this!!

16



Abstract

Glucocorticoids (Gc) are vital for development, mianance of glucose homeostasis
and the resolution of inflammation. As potent madoits of the immune response Gc
are routinely prescribed in the management of @&tyaiof inflammatory diseases
including asthma and rheumatoid arthritis. Howedslarical use of Gc is limited by
variation in patient sensitivity to Gc treatmendasevelopment of a wide range of
side effects. In this thesis | present two stutles have advanced our understanding
of Gc actionin vivo. The first defines and characterises the caustanflial Gc
resistance, and the second describes the actiwvogiotent non-steroidal Gc in a cell
line model.

Familial Gc Resistance: Cases of primary geneidlide resistance are very rare and
typically present as mineralocorticoid and androgegoess leading to hypertension,
hypokalemia and hirsutism. Gc resistance is atiedhuo loss of function mutations
within the glucocorticoid receptor (GR). Here | mi¢y a family with a novel
mutation in GR exon 6 that gives rise to a verydmihenotype. Analysis of
transformed patient peripheral blood lymphocytesatéed a 50% reduction in full
length GR but no expression of a mutant form. As ¢thd not rule out expression
vivo, the mutant receptorA612GR) was characterised in a cell line. Invesigat
using reporter genes revealed th12GR lacked any activity, but had dominant
negative action when co-expressed with full lenGR. In response to G&612GR
was not phosphorylated or targeted for degradakturoarophore tagged612GR was
unable to translocate to the nucleus in respon&eidut delayed the translocation of
full length GR when co-expressed. Together thiscates that\612GR is unable to
bind ligand but has dominant negative action updhléngth GR most likely due to
heterodimerisation. Therefore | describe a novel @Ration that results in Gc
resistance but presents with a mild very phenotype.

Novel Non-steroidal Gc: Non-steroidal Gc can beduas tools to determine how
ligand structure directs GR function. Here | ddseriwo highly potent non steroidal
Gc ligands, GSK47867A and GSK47869A which alter #ieetics of receptor
activity. Treatment with either ligand induces slo@R nuclear translocation,
promotes GR nuclear retention and prolongs trapisenial activity following ligand
withdrawal. Crystal structure analysis revealed 1B&K47867A and GSK47869A
specifically alter the surface charge of the GR: aite important for Hsp90 binding.
GR bound to GSK47867A and GSK47869A shows prolorageidity in the presence
of Hsp90 inhibitor geldanamycin. Therefore this kvadentifies a new chemical
series that could prolong GR activity due to alfepharmacodynamics rather than
altered pharmacokinetics.

In summary this work uses a combination of geraatid chemical biology approaches
to broaden our understanding of GR function. Chtaraation of naturally occurring
GR mutations gives insight into the complex funetad the GR, and non-steroidal Gc
act as useful tools that will aid in the designneproved therapeutics.
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Chapter 1: Introduction
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1.1 Glucocorticoid function

Glucocorticoids (Gc) are required for developmend are essential for life. They act
upon a wide range of cells and tissues includingailey adipose tissue, liver, bone
and cells of the immune system. Gc perform a dakd acting to control glucose
homeostasis and regulating the immune responseefbine the action of these steroid
hormones is tightly regulated on multiple level$iefapeutically Gc are the most
potent anti-inflammatory agents known and are ralyi prescribed to treat a wide

variety of autoimmune and inflammatory diseases.

1.1.1 Glucocorticoid metabolic action

Gc were identified through studies in adrenalecsaahi animals that developed
hypoglycaemia. This observation led to the discpvirat Gc maintain glucose
homeostasis and for this role they were named (C@HA, 1952). Gc are produced
in response to low blood glucose to prevent gluegsake in peripheral muscle and
adipose tissue and promote catabolism of proteoh lgnd reserves (Figure 1.1)
(Vinson, 2009). Gc also drive gluconeogenesis ipablmcytes, thereby providing a
dual mechanism to elevate blood glucose (Figur¢ (Hanson and Reshef, 1997).
Initial studies in knockout mice demonstrated thiae receptor for Gc, the
glucocorticoid receptor (GR), is critical for litss mice die at birth due to failure of
lung maturation. Other complications of GR losdude high levels of endogenous
Gc in the blood and enlarged adrenals (Galal, 1995). Subsequent gene targeting
studies using the Cre/LoxP system allowed for ggtier of mice that survive to
adulthood (Reichardet al, 1998). These studies revealed the importanceRfirG
inflammation, nervous system control and stressiied erythropoiesis (Reichareit
al., 2000).

Glucocorticoid

}

Muscle Adipose Liver
J Glucose uptake J Glucose uptake N Gluconeogenesis

M Lipid metabolism

N Protein metabolism

Figure 1.1: Metabolic action of glucocorticoids. In response to low blood glucose Gc is produced
and acts upon muscle, adipose and liver tissudgdting restoration of normal blood glucose level
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1.1.2 Glucocorticoid immune action

Gc are released in response to stress. This enafabgisation of energy reserves
required to combat potential immune threats, whdehcomitantly limiting the
immune reaction itself, preventing damage to hastue (Munck, 2005). Gc are
therefore potent modulators of the immune respdhg®ermanet al, 2009). The
importance of Gc directed immunosuppression isextidrom the poor survival rate
of adrenalectomised rodents challenged with the tebat coat protein,
lipopolysaccharide (Yeagest al, 2004). Gc activate a broad range of inhibitory
mechanisms in both primary and secondary immunis ¢Elgure 1.2). Gc act on
primary immune cell number by decreasing myelopsjeshibiting proliferation and
activating apoptosis of monocytes, macrophagesynmiplocytes (Amsterdam and
Sasson, 2002;Buttgerest al, 2005;Abeet al, 2011). Additionally, Gc reduces the
proliferation of endothelial cells and fibroblagiskkoyun et al, 2007;Nehme and
Edelman, 2008;Het al, 2011). Gc also down-regulate expression of MH&S <l
proteins and Fc receptors in macrophages, effdgtidecreasing sensitivity to
inflammatory stimuli (Buttgereiét al, 2005). Gc potently inhibit the production and
activity of rapidly synthesised pro-inflammatory lexules. Gc inhibit production of
arachidonic acid, an important inflammatory mediatwy preventing expression of
the enzymes required for its synthesis (Newsbral, 1997). Gc also restrain the
activity of cytokine secreting T cells and inhibitacrophage activity by preventing
synthesis of interleukin-6 (IL-6), tumour necrosifactora (TNF-n) and
prostaglandins (Abet al, 2011). Gc also prevent fibroblast productionibfdnectin
and prostaglandins and inhibit endothelial celldarciion of IL-1, and prostaglandins
(Nehmeet al, 2008;Heet al, 2011). Inflammation triggers production of inculei
nitric oxide synthase (iNOS) which drives vasodiiat increasing blood vessel
permeability and promoting accumulation of leukesytat sites of inflammation
(Farskyet al, 1995). Gc decrease INOS gene transcription thranigibiting the pro-
inflammatory transcription factor nuclear facid- (NF-«B), and also upregulating
the production ofdB, an NF«B inhibitor (De Veraet al, 1997;Matsumurat al,
2001). Targeting of immune cells to sites of inffaation is disrupted by Gc.
Chemotaxis is inhibited by decreasing chemokinedpecton and down-regulating
adhesion molecule synthesis. In addition to thébitdry action, Gc also upregulates
production of anti-inflammatory molecules. Gc induexpression of cytokine

receptor variants, that are unable to transmititflemmatory signal, sequestering
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cytokine molecules. In addition to quenching théokine signal, Gc also increases
production of anti-inflammatory cytokines includirigansforming growth factos-
(TGFP) and IL-10 along with their corresponding receptdiGFR and IL-10R
(Almawi et al, 1996).

‘/‘/Glucocorticoid \\}

2 @ () =

Macrophage T lymphocyte Endothelial Fibroblast

J Cell number J Cell number J Proliferation J Proliferation
J MHC and Fc receptor { cytokine secretion { IL1 and prostaglandin { Prostaglandin
{ 1L2, IL6, TNFa production { vessel permeability J Fibronectin

J adhesion molecule

Figure 1.2: Immune action of glucocorticoids. In response to inflammatory challenge Gc is produce
and acts upon cells of the immune system to resthe immune response to prevent damage to host
cells and tissues.

1.1.3 Glucocorticoid production and bioavailability

Given the functional importance of Gc for glucosemeostasis and control of the
immune response, the synthesis and bioavailabdftyendogenous Gc is tightly
regulated. Gc production is governed by the hydathe-pituitary-adrenal (HPA)
axis, an interlinked feedback mechanism that otchtes synthesis from the
molecular precursor cholesterol (Payne and Halee4R Cortisol, the main Gc in
humans (corticosterone in rodents), is synthesisaxtlls ofzona fasciculatan the
adrenal cortex and released in a highly regulateshnar (Enyeart, 2005). If the
glucose homeostatic balance is perturbed, chenandl neurological signals are
interpreted by the hypothalamus, which triggers pmeduction of corticotrophin
releasing hormone (CRH) and arginine vasopressirVP)A (Figure 1.3)
(Papadimitriou and Priftis, 2009). These chemicabmtors act synergistically upon
cells in the pituitary driving transcription of pitary proopiomelanocortin (POMC)
which in turn is processed to adrenocorticotrogtoomone (ACTH) (Raffin-Sanson
et al, 2003). ACTH stimulates synthesis of cortisol e tadrenal cortex which is
released into the bloodstream enabling transpooughout the body (Papadimitriou
et al, 2009). Rapid feedback occurs when cells of theitpry sense elevated
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circulating Gc and consequently down-regulate pctido of ACTH. Long term
feedback occurs through Gc interaction with thedtlyplamus that blocks production
of CRH and AVP (Buckingham, 2006;Papadimitriet al, 2009). This limits
prolonged exposure of the body to elevated Gewatip smooth release of nutrients
whilst permitting rapid release of glucose in rasgto stress. The HPA axis drives
circadian rhythms allowing for energy availabiltty coordinate with activity, thereby
pre-empting metabolic demand (Dickmeis, 2009). Goltrelease is pulsatile and
diurnal in pattern, with a peak in the morning daled by a steady decrease until a
second lesser peak in the afternoon, with levdlisdeto their lowest around midnight
(Linkowski et al, 1993;Younget al, 2004).

1 E
HSD2

Hypothalamus PltU|tar Adrenal Gland
yp Y ; Enzyme\
. Inactive
@5 @ Cortisone
Q/' HSD1 /
Enzyme
Circadian Stress

Figure 1.3: Schematic of the HPA axis. Environmental signals such as stress or time ¢f ate
interpreted by the hypothalamus that results idpetion of CRH, which subsequently acts upon the
pituitary. ACTH is produced from the pituitary iesponse to CRH and acts upon the adrenal glands
triggering synthesis of cortisol. Tissue specifipession of HSD enzymes adds further layer of Gc
control. CRH: corticotrophin releasing hormone; ACadrenocorticotrophic hormone; HSD1/2: 3-1-
Hydroxysteroid Dehydrogenase 1/2.

Upon entry into the circulatory system the vast angj of Gc is bound by
corticosteroid binding globulin (CBG) or serum aitin which acts a reservoir to
limit bioavailability. Only 4-5% of circulating Gis unbound and able to act on target
cells and tissues directly (Liet al, 2009). At the cellular level, tissue-specific
expression of 1PB-Hydroxysteroid Dehydrogenase (HSD) enzymes inttedua
further level of cortisol regulation. HSD1 is a wethse and converts inactive
cortisone into active cortisol, whereas HSD2 catady the opposite reaction,
producing inactive cortisone. Tissue specific egpi@n of both enzymes in different
ratios therefore permits fine-tuning of cortisabévailability (Figure 1.3) (Draper and
Stewart, 2005). HSD1 expression is highest in a#igssue, brain, gonads and liver
which are classic targets for Gc action (Moisah al, 1990;Tanninet al,
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1991;Bujalskeet al, 1997;Rickettst al, 1998). HSD2 is predominantly expressed in
the tissues of the kidney and colon which are prymargets for the action of
mineralocorticoids, a class of steroid hormone twoaitrol salt and water homeostasis
(Agarwal et al, 1994;Whorwoocet al, 1994). The mineralocorticoid receptor has a
high affinity for Gc, and so the expression of HSD2hese mineralocorticoid target

tissues protects it from non-specific Gc activaijgnozowski, 1999).

1.1.4 Therapeutic use of glucocorticoids

The potent immunomodulatory activity of Gc was ¢lycrecognised to be of
potential therapeutic benefit, which led to devetenmt of synthetic Gc such as
dexamethasone (Dex) and prednisolone (Pred). Ak &g are amongst the most
frequently prescribed drugs in the treatment andagament of chronic inflammatory
diseases such as rheumatoid arthritis and asthamett®t al, 2008;Krishnaret al,
2009). Additionally, Gc are also used as an adjtneeitment in chemotherapy as they
prevent chemotherapy induced nausea and reduceutusmeelling (Sionovet al,
2008). The synthetic steroidal Gc are adaptatiohshe molecular structure of
cortisol, differing through the addition or removaf various functional groups
(Figure 1.4) (Bledsoest al, 2004). Fluticasone propionate (FP), a highly pbte
synthetic Gc, is used in inhalers for the treatm@nasthma (Cerasoli, Jr., 2006).
More recently, non-steroidal Gc (NSG) have provided alternate route for drug
design, yet much is still to be understood abowt beese drugs work. Non-steroidal
arylpyrazole compounds have been tested in difterelts lines (A549 and 3T3-L1
cells) and activate distinct Gc target gene prsf(/anget al, 2006). For example,
the NSG 2,5-dihydro-9-hydroxy-10-methoxy-2,2,4-tetmyl-5-(1-methylcyclohexen-
3-y1)-1H-[1]benzopyrano[3,4-flquinoline (A276575nhdhits four enantiomers each
regulate Gc target genes differently, revealing tha structure of the Gc directly
influences function (Figure 1.4) (Let al, 2002).
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Cortisol Dexamethasone

A276575

Figure 1.4: Chemical structure of natural and synthetic glucocorticoids. Cortisol is the endogenous
glucorticiod in humans. Dexamethasone is a clasgithetic agonist. Fluticasone Propionate used in
asthma treatment. A276575 is a non steroidal Gc.

1.1.5 Glucocorticoid side effects

Design of synthetic Gc initially focused on ideyitifg compounds that had greater
potency than the naturally occurring Gc cortisdlisTsearch yielded numerous highly
potent Gc. Unfortunately, prolonged treatment witlese highly potent synthetic

compounds, that cannot be inactivated by HSD2,ltsesu a number of unwanted

effects. This is a reflection of the complex maltiéted role of Gc, and so the side
effect profile of Gc treatment is large, includiogteoporosis, metabolic syndrome
and cardiovascular disease (Canatisl, 2002;McMaster and Ray, 2007;McMaster
and Ray, 2008b). For instance in humans Gc tredtrimemeases the action of

osteoclasts, responsible for bone resorption, alsd decreases the action of
osteoblasts which are responsible for bone formatis such this results in dose
dependant bone loss, compounded by decreasedmalpiake from the intestine and
kidneys leading to osteoporosis (Compston, 201bnglLterm Gc treatment also

results in dyslipidemia, insulin resistance, glecodolerance and hypertension which
are all risk factors for cardiovascular diseaseaddition, Gc¢ act directly on cells and
tissues of the cardiovascular system promotingragf@mesis and influencing the
remodelling of vasculature following insult (Walk&X007). The immunosuppressive

action of Gc also makes patients receiving treatmeore susceptible to secondary
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bacterial or viral infections (Cutolet al, 2008). There is also a greater incident of
skin, bladder and prostate cancer in patients ng term Gc therapy (Karagas al,
2001;Dietrichet al, 2009;Severet al, 2010;Seguret al, 2012).

1.2 Theglucocorticoid receptor

Gc actions are mediated by the ubiquitously exgeggucocorticoid receptor (GR) a
member of the nuclear hormone receptor superfar@B.is the product of a single
gene locus 80 kb in length found on chromosome 5qgf38 (Hollenberget al,
1985;Encio and Detera-Wadleigh, 1991). UpstrearthefGR coding sequence is a
promoter region that contains binding sites foriuas transcription factors such as
AP1 and NFR<B (Nobukuniet al, 1995). GR is a ligand activated transcriptiortdac

It is controlled by a variety of other transcriptidactors and is able to regulate its

own production (Bresliet al, 2001).

1.2.1 Glucocorticoid receptor domain organisation

The GR gene comprises 9 exons, with alternativaiterl exons 8 and $. Only
exons 2 to 9 contribute to the translated prof€irere are several isoforms of the GR
that will be discussed later but Gk the most well characterised isoform. In humans
GRua is a single chain polypeptide consisting of 774remacids (aa) (Hollenberet
al., 1985). As a member of the nuclear hormone supeésfathe GR shares an
arrangement of domains homologous to other nudeeeptors (Giguereet al,
1986;Thornton, 2001). At the amino end of the GRhes N terminal domain (NTD)
that flanks a central DNA binding domain (DBD)(Luigt al, 1991;Lu and
Cidlowski, 2005). The ligand binding domain (LBD)ed at the C-terminus
(Weinbergeret al, 1985;Mittelstadt and Ashwell, 2003;Bledseteal, 2004). Exon 2
encodes the majority of the NTD whilst exons 3 dnbntribute to the DBD and the
final exons 5 through tod®or B encode the LBD (Figure 1.5). Although crystal
structures of the LBD and DBD have been resolved @ the fluid nature of the
NTD the entire crystal structure for the GR is tgebe solved (Bledsaoet al, 2004).
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Figure 1.5: Organisation of the human GR gene. The GR is located on chromosome 5 and consists
of 9 exons.

1.2.2 The N terminal domain

Residues 1 to 417 form the NTD of the GR, and coritee transcriptional activation
function-1 (AF1) domain responsible for transadiwa and interaction with other
transcription factors (Hittelmaet al, 1999). Also known as the immunogenic region
of the GR, this is a major site of post-translatiomodification as it contains several
serine residues that can be phosphorylated inlmzthd-dependent and -independent
mechanisms (Ismaili and Garabedian, 2004). The ikkeracts with key proteins of
the transcriptional machinery such as the TATA Ibaxding protein (TBP) and is
therefore required for effective transactivationu(ar et al, 2004b). Upon
interaction with DNA a conformational change withihe AF1 selectively promotes
the recruitment of additional proteins. The setectof binding partners for the AF1
subsequently determines the level of transcriptiactivity (Kumar and Thompson,
2005). The removal of the AF1 in transgenic mice ha affect on their viability
however, suggesting a modulatory role of the NTBe Tnajority of the functional
activity of the receptor is mediated by the DBD a®D region of the GR (Miesfeld
et al, 1987;Mittelstadet al, 2003).

1.2.3 The DNA binding domain

Residues 418 to 487 form the central DBD. This &alsigh degree of sequence
homology across species and contains two conseainedinger motifs (Luisiet al,
1991). The conformation of this domain allows faghhy specific interaction with Gc
response elements (GREs) located upstream of tgegets (La and Yamamoto,
1994). Variation within the copy number and seqeeatthe response elements is
thought to confer allosteric alteration to the GRiah enables differential recruitment
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of cofactors generating further specificity (Mengiet al, 2009). Recent genome
wide chromatin immune-precipitation sequencing EBkq) has revealed that GR
predominantly binds to its consensus GRE (Veisal, 2011). The first zinc finger
motif in the DBD contains a ‘P-Box’ that containssidues responsible for direct
interaction with the GRE in the major groove of bNA. The distal zinc finger of
the DBD recognises bases within the minor groovéhefDNA through its: helices
(Hard et al, 1990b). The DBD also contains a ‘D-box’ requifed dimerisation of
the GR upon interaction with a GRE. The GRE bindsnomeric GR with a
subsequent alteration in the receptor conformatien favours binding of a second
GR to the adjacent major groove in the correctroaigon (Luisiet al, 1991). The
hinge region of GR (residues 505 to 550) is regliog receptor dimerisation prior to
translocation to the nucleus (Savetyal, 2001).

1.2.4 The ligand binding domain

The ligand binding domain spans residues 527 toand/adopts a complex globular
tertiary structure composed of elewehelices and four shoptsheets (Bledsoet al,
2002). The helices and sheets pack together foranimgdrophobic pocket of residues
that serves to bind lipophilic ligand with high iafty (Bledsoeet al, 2004). In
addition to this, a side pocket enables the GRird bhgands with a large side group
at C1% allowing binding to both conventional steroidajdnds, alternative non-
steroidal ligands and non classical ligands suchrosgglitazone (a full PPAR
antagonist and partial GR agonist) or RU486 (apubigesterone receptor and partial
GR agonist) (Kauppet al, 2003;Matthewst al, 2009). The ligand binding domain
also contains a transcriptional activation functib(AF2) spanning residues 526-556
(Giguere et al, 1986). The AF2 has been implicated with recrurimef
transcriptional machinery and cofactors followinmpding to Gc (Bledsoeet al,
2002).
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Figure 1.6: GR gene protein products. Alternate splicing & @R mRNA gives rises to a variety of

protein products. GiRA is most the abundant.

1.2.5 Alternative promoter and splice variants usagGR expression

Exon one contains several transcription initiatssies that allow for generation of a
variety of mRNA transcripts. The alternative 5’ tamslated exon 1 transcripts (1A,
1B, 1C, 1D, 1E, 1F, 1H, 1l and 1J) all join to ex@nand are known to be
differentially expressed in different cell typesjggesting that there could be a
functional difference for each of these mRNA traipds (Zhanget al, 2004;Turner
and Muller, 2005). Additional variation has beersetved through splice variants of
the GR with exons ® and $ forming GRx and GRB respectively (Figurel.6)
(Hollenberget al, 1985).

1.2.6 GRp

GRp is 742 aa, as exorp®ncodes for a distinct set of 15 aa at the carlesginal
of the GR (Oaklewt al, 1996). Due to the truncation conferred by in@asof exon
9B, initially GRB was mistaken as a cloning artefact as it lacksyeatonal LBD and
is unable bind ligand (Yudt and Cidlowski, 2002;Yed al, 2003). However it has
since been recognised to be present at low lematsost cells and tissues (Oaklety
al., 1996). Due to conflicting reports in the litenstuhere is a degree of uncertainty
surrounding the role of GR It constitutively resides in the nucleus andhigught to
play an inhibitory role by forming heterodimers WiGRo and thus has dominant
negative activity (Oaklegt al, 1999). It appears to be preferentially upregulate
response to IL8 and TNFsupporting a role for GRin inflammation (Websteet al,

2001;Stricklancet al, 2001). However, since GRappears to have no negative effect
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upon the ability of GR to transrepress target genes, the function op Gfnains
controversial (Hechet al, 1997).

1.2.7 GR translational variation

As well as the diverse number of mMRNA transcriptsGR, leaky ribosomal scanning
adds an additional level of translational variat{tn et al, 2005). The predominant
GR product is formed from the first AUG start codamd is known as GiRA. An
additional methionine (met-27) in exon two leadsat@5laa GR product (GR-B)
and a 716aa QR product (GR-B). This allows an increase in physiological
flexibility since GRu-B has twice the transactivation activity of the &R in-vitro
(Yudt and Cidlowski, 2001). The ratio of these @muofis therefore potentially dictates

the sensitivity of a cell to Gc.

1.2.8 Alternative GR isoforms

GRy is similar to full length GR but includes three nucleotides from the intronic
region between exons 3 and 4 which results inrieertion of an additional arginine
residue R453 (Riverst al, 1999). GR therefore comprises 778aa. The additional
arginine residue is importantly located between avw fingers that form the DBD.
This single residue addition profoundly reduces #uivity of GRy on some
templates but microarray analysis suggests that 1G&/ preferentially target a subset
of genes (Meijsinget al, 2009). Other splice variants, GR-P (also knowrG&ss)
and GR-A are elevated in disease conditions suahyedoma and leukaemia. Both
these isoforms have large truncations, GR-A laskse 5 to 7 and GR-P lacks exons
8 and 9 which result in non functional forms theg Bnked to Gc resistance (Moadi

al., 1993;Krettet al, 1995;De Langet al, 2001).

1.3 Glucocorticoid receptor function

In the absence of ligand GR is predominantly cyeplic sequestered as part of a
heteromeric multiprotein complex. Derived from agikrol, Gc are lipophilic and are
therefore able to passively diffuse across the npasnembrane of target cells
(Siddiqui et al, 1989). Upon encountering and binding to Gc, GBrts effect via
two pathways. As a transcription factor the cladsioute for activation requires

translocation to the nucleus with subsequent diteran gene expression, termed
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‘genomic signals’. More recently it has also bebserved that there are rapid ‘non-

genomic’ actions mediated through the activationyddplasmic kinase cascades.

1.3.1 GR folding

To enable rapid binding to Gc the newly transla@ protein undergoes a highly
regulated folding process. Heat shock protein (H€paids folding of the GR through
a dynamic ATP-dependant cyclic process of associadnd dissociation, following
presentation of the nascent GR polypeptide by HYp4@ure 1.7) (Lauferet al,
1999). Subsequent binding of Hop (Hsp70-Hsp90 oasya;m protein) via its
tetratricopeptide repeat (TPR) domains enables agassof the low affinity
conformation GR from the Hsp70 to the Hsp90 (Hwgchiet al, 1994;Chen and
Smith, 1998). Binding of dimerised Hsp90 inducesoaformational change in the
GR LBD that exposes the hydrophilic steroid bindipgcket (Nemotoet al,
1990;Greneret al, 1999). Association of Hsp90 not only facilitalegand binding
but also acts to anchor GR in the cytoplasm thraugkking of a nuclear localisation
signal 1 (NLS1). Removal of the LBD abolishes Hsp@@raction resulting in a GR
that is constitutively nuclear and transcriptiopalactive (Godowskiet al,
1987;Savoryet al, 1999). The use of geldanamycin to inhibit ATPdiny to the
Hsp90 active site reveals a further role in mamtay GR protein stability (Whitesell
and Cook, 1996). Addition of P23 results in a disdtion of the GR complex in an
active state facilitating ligand binding (Gratal, 2006). Regulation of this system is
exerted through interaction with co-chaperone pmstsuch as Bag-1 that serve to
inhibit the folding of GR and can target it for dadation by the proteasome
(Figure 1.7) (Kanelakigt al, 2000). As such the components of the mature GR
heteromeric multiprotein complex include Hsp90, HypHsp40, immunophilins, and
P23 (Grad and Picard, 2007).

Low affinity GR High affinity GR

Nascent GR Ban_-l H§p70
T @Y = Gl
B B) = 9

ATP  ADP

P23 & FKBP51
associate
—

HSP40, HSP70 &
HOP Dissociate

FKBP51

Figure 1.7: GR folding. Nascent GR associates with Hsp40 and Hsp70 add folo a low affinity
conformation in an ATP dependant manner. RecruitroéiOP facilitates passage of GR to Hsp90
which enables a high affinity conformation readytod free steroid.
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Cytoplasmic GR heterocomplexes contain one immuitiapguch as the structurally
related FK506-binding proteins (FKBP) 51 or 52, lopbilin-40 (Cyp40) or protein
phosphate 5 (PP5) a immunophilin homologue (Sitegret al, 1997;Silversteiret
al., 1999;Galignianaet al, 2001;Galignianaet al, 2002;Hinds, Jr. and Sanchez,
2008). Each immunophilin possesses peptidyl-prslyinerase (PPlase) activity and
they all share a common tetratricopeptide (TPR) alomAs mentioned previously
Hop binds to the Hsp90 dimer through its TPR aamepite which consists of a
MEEVD pentapeptide motif located at the end of Hgp90 C-terminal (Scheuflet
al., 2000;Brinkeret al, 2002). Dissociation of Hop allows the immunoptslito bind
the unoccupied TPR site in a mutually exclusive meanhowever the immunophilins
can also interact directly with GR influencing Ingh binding (Silversteiret al,
1999;Riggset al, 2003). The GR heterocomplex undergoes constadlesyof
assembly and disassembly and the composition of GiRtRNg partners is directed by

ligand binding.

1.3.2 Non-genomic GR activity.

After Gc binding, GR mediates non genomic effe€igirel.8). By definition, these
cellular effects occur rapidly, and do not requmew transcription. In cell lines
treated with Gc short term (5-30 minutes) obseovestirevealed that phosphorylation
of kinases occurs (Croxtadit al, 2000;Croxtallet al, 2002;Liuet al, 2005). In the
same way high doses of Gc used to treat myocartifdrction activate
phosphatidylinositol 3-kinase and protein kinasd Aignalling. This results in the
rapid activation of endothelial nitric oxide synsleawhich facilitates vasorelaxation
(Hafezi-Moghadanet al, 2002). It has also been found that Gc treatmeppresses
stimulated insulin release frof-cells in the pancreas via a rapid non-genomic
mechanism (Sutter-Dub, 2002). Gc promote adipopgdeuction by acting to inhibit
histone deacetylase complex in preadipocytes wtrighgers differentiation (Wiper-
Bergeronet al, 2003). Furthermore the rapid regulation of br&imction and
regulation of the HPA occurring within minutes ofc @xposure is due to non-
genomic GR activity (Taskeet al, 2006). The non genomic action of Gc is
hypothesised to function through membrane bound &ssbciated with G-protein
coupled receptors (GPCRS). In support of this,ddpc mediated suppression of
ACTH is reversed by the classic GPCR inhibitor pests toxin (Taskeet al, 2006).
GR is targeted to the membrane through processirtge Golgi which most likely
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results in post-translational modifications thaalele association with the membrane
(Strehlet al, 2011). Membrane GR is found as part of lipid raitrodomains, which
are small rigid regions of the plasma membrane tiaae a high concentration of
sphingolipids and cholesterol, disruption of whighibits GR transcriptional activity.
Additionally Dex treatment has been demonstrateiticcease the recruitment of GR
to these lipid raft microdomains (Jahal, 2005). More recently GR has been shown
in complex with caveolin coated lipid rafts calledveolae. Studies using a mice
knock model out for caveolin-1 demonstrated a lais&c anti-proliferative action,
with no effect on GR transactivation (Matthegtsal, 2008). The non genomic action
of membrane GR can be selected for by using BSAugated Dex which is unable
to cross the plasma membrane. Proteomic studids B&A-Dex confirmed the
association of GR and caveolin-1 via the AF-1 dom&nock down of caveolin-1
using siRNA resulted in a 70% loss in GR-caveolmeats with a subsequent loss in
total membrane associated GR (Vernoathal, 2013).
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Figure 1.8: GR non genomic signalling. Cytoplasmic high affinity GR binds Gc rapidly acttes
cytoplasmic kinase signalling cascades, G proteipted receptors (GPCRs) and histone deacetylases
(HDACS).
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1.3.3 Ligand induced GR nuclear translocation

After Gc binding, GR translocates to the nucleughwhe majority of cellular GR
being nuclear 30 minutes following treatment wiighty potent synthetic Gc Dex
(100nM). The conformational change of GR inducedrupinding ligand results in
exposure of NLS1 and NLS2 enabling nuclear impSavpryet al, 1999). FKBP51
is predominantly associated with the inactive Hs@® complex and is replaced by
FKBP52 following Gc binding (Davie®t al, 2002). FKBP52 docks with the
molecular machine dynein via dynamitin through RBlase domain, facilitating
retrograde transport along the microtubules (Figug® (Czaret al, 1994;Silverstein
et al, 1999;Galignianat al, 2002;Harrellet al, 2004). In order for GR to cross the
nuclear membrane it must pass through the nuclese, pvhich is a large protein
complex (125MDa). Importire binds to NLS1 and importif which facilitate the
passage of GR through the nuclear pore (FreedmdnyYamamoto, 2004). Other
components of the GR heterocomplex also interattt wmportin § and the nuclear
pore glycoprotein Nup62, indicating that the entieterocomplex could translocate
across the nuclear pore (Echevedtal, 2009). Remarkably, prior to translocation of
the GR heterocomplex, Gc treatment results in rapg&tructuring of the nuclear
envelope resulting in clustering and dilation oe thuclear pores (Shahiet al,
2005a;Shahiet al, 2005b).
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Figure 1.9: GR nuclear translocation. Cytoplasmic high affinity GR binds Gc¢ and transkesato the
nucleus via the microtubule network to modulateegexpression.
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1.3.4 GR regulation of gene expression

Ligand-bound nuclear GR modulates expression ofa@yet genes. This is achieved
through two mechanisms, monomeric GR can interaith wther DNA-bound
transcription factors (tethering) or dimeric GR cdimectly bind specific DNA
sequences. In general (although with exceptiongression of target genes
(transrepression) occurs through tethering of mar@nGR, whereas activation of
target genes (transactivation) occurs through ti2dA binding of GR dimers
(Uhlenhautet al, 2013).

1.3.5 GR transactivation

Liganded GR binds DNA directly through recognitioh sequences referred to as
glucocorticoid response elements (GRE) (Figure)1.%0nple GREs are defined as
an imperfect palindrome with a consensus sequehe@GT ACA nnn TGT TCT

3’ (Nordeenet al, 1990). Monomeric GR first binds to the more cowned 3’ site
which induces an allosteric alteration to the G& ik favourable for the binding of a
second GR monomer to the 5 site (Dahlman-Wrightal, 1990;Hardet al,
1990a;Dahlman-Wrighet al, 1991;Laet al, 1994). Binding to this type of GRE
typically results in a relatively small inductiorf ¢the target gene transcription
(between 2- and 4-fold) (Schoneveidal, 2004b). The presence of a GRE alone in a
gene promoter region does not necessarily denotsitisty to Gc. When located
amongst a cluster of response elements for othesdription factors this can promote
acute regulation by Gc (23-fold induction for trelzamoyl-phosphate synthase gene)
(Schoneveldet al, 2004a). These clusters are referred to as Gomssge units
(GRUs). Mechanistically this allows for tissue gfiecgene regulation where the
expression and activity of other transcription éast can directly influence Gc
sensitivity (Schonevelet al, 2004b). Due to the interactions between the bound
transcription factors the order of the responsenefdgs within a GRU is paramount
for activation (Stafforcet al, 2001;Schoneveldt al, 2004a). A GRE within a GRU
can be in close proximity to or even overlap ottesponse elements which means
that GR occupancy can block binding of other trapsion factors (Stromstedit al,
1991). In this way GRUs can be both activators mpatessors of transcription. GR
also binds to half GREs (GRE1/2) as a monomer weititive low affinity, but much
like GRUs alteration in gene transcription is oalghieved through interaction with
accessory proteins (Segard-Mawethl, 1996;Schoneveldt al, 2004b). The mouse
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mammary tumour virus (MMTV) enhancer contains a GRE for example, that
requires interaction with nuclear factor-1 (NF-Hebbar and Archer, 2003). In this
case, cooperation with the accessory protein NRabilses the weak affinity
interaction with the GRE1/2. Not all GRE1/2 work tims way. Multiple GRE1/2
repeats do not require additional accessory pretdihe hCYP3A gene contains two
adjacent GRE1/2 sites which drive expression bypunt GR dimer (Schuett al,
1996). It is thought that the ligand binding domeather than the D-box in the DBD
enables GR dimerisation on neighbouring GRE1/23r(#&set al, 1996).

Simple GRE GRU Half GRE

CTREJVAA

Transactivation

Increases expression of Promotes Upregulates
anti inflammatory gluconeogenesis catabolism of lipid
proteinse.g. IkB reserves

Figure 1.10: Mechanisms of GR transactivation. TF: Transcription factor; TRE: Transcription facto
response element; GRE: glucocorticoid responseeziem

1.3.6 GR transrepression

Transrepression of Gc target genes predominantyredhrough GR interaction with
other transcription factors through a process knasrtethering. Many of the anti-
inflammatory effects of Gc are through the inhimitiof NFRB and AP1 which
themselves drive expression of pro-inflammatorytgins (Figure 1.11). Several
pathways triggered by environmental and inflammattimuli converge on NEB
and as such it is a key regulator of the immunpaese (Bonizzi and Karin, 2004).
NF«B acts as a dimer comprising any combination offitieeNF<B family members,
forming either hetero or homodimers (Kuneral, 2004a). Of most importance to
immune function is the heterodimers of p65 and g@tunits (Phelpst al, 2000). In
unstimulated cellskBa and kB sequester the NiB heterodimer in the cytoplasm
preventing its activation (Baeuerle and Baltimoi®88). Upon TNE pathway

activation for example, phosphorylation @Bl occurs leading to ubiquitination and
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degradation by the proteasome, which permits nuttaaslocation of NkB where it
binds to NKkB response elements (NREs) (Henladl al, 1993;Brownet al,
1995;Cheret al, 2002). NREs are located in promoter regions ofegeresponsible
for leukocyte activation, cytokine production andhasion molecule synthesis
(Barneset al, 1998;Tianet al, 2005). As part of a negative feedback mechanism
there is also an NRE upstream of the gene foriBeallowing for replenishment of
degraded inhibitory molecules (de MartindRal, 1993;Tanet al, 2001).
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Figure 1.11: NFkB and AP1 activation. NFxB as a dimer of p50 and p65 is held in the cytaplay

IxB which is degraded in response to proinflammagtiinulus. Free N&B translocates to the nucleus
where it binds NkB response elements (NRE) activating productioproinflammatory genes such as
IL8. Inflammatory stimulus also activates Jun Nsieral kinase (JNK) resulting in phosphorylation

and dimerisation of Fos and Jun forming AP1. Follgadimerisation AP1 translocates to the nucleus
to bind AP1 response elements (ARE) to transadipadinflammatory genes such as IL2.

The transcription factor activator protein-1 (APifluences the expression of
proteins involved in a diverse range of processasst notably, those involved in
inflammation. Target genes include those that drigeliferation and the
differentiation of immune cells (Zeret al, 2008). Analogous to NdB, AP1 acts as a
dimer consisting of proteins from the Fos, Jun, Adrfd MAF families of proteins
(Hesset al, 2004). AP1 transcription factors all dimeriseotgh a leucine-zipper
motif with the most common form of AP1 comprisindneterodimer of members of

the Fos and Jun families. Transcription of Fos dumilis up-regulated by a variety of
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environmental stressors. Activated Jun N-terminabge (JNK) phosphorylates Jun
promoting dimerisation with Fos and binding to AResponse elements (Beekal,
2009). As each dimer has a slightly different fumct the variety of binding partners
that form AP1 allow a complex level of transcript@ regulation (Hes®t al,
2004;Becket al, 2009).
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Figure 1.12: GR anti-inflammatory action. Ligand bound GR represses AP1 action through tetdper
to phosphorylated Jun. GR inhibits RB-by sequestering cofactors required for transatitm and by
upregulating production okB.

As an exception to the rule, activated GR can amisg NKB without binding it
directly (Deet al, 2003). Phosphorylated MB at the IL8 promoter binds to P-TEFDb,
a factor which is required for transcription (Figurl.12). Ligand-bound GR
antagonises this interaction through sequestratiofiee P-TEFb thereby reducing
IL8 expression through competitive inhibition (Mutta et al, 1994;Luecke and
Yamamoto, 2005). As an additional exception, GRsdoet inhibit the NkB

feedback loop at theB site, but instead potentiates dB-to increasedB expression
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and in turn terminate NEB signalling (Auphanet al, 1995;Scheinmaret al,
1995;Deroo and Archer, 200X oncomitant with binding and inhibiting XB, GR
also binds phosphorylated Jun preventing it parigewith Fos. In this way GR
prevents expression of AP1 target genes such & (Raliogianniet al, 1993).
Importantly, binding also prevents GR from intenagtwith GREs and so serves to
modulate GR activity. The GR DBD is crucial for 8ing to AP1 as disruption of it
abolishes GR mediated repression of AP1 targetgg@thecket al, 1994). Repression
of both N«B and APl are mediated through GR interaction vatmepressor
molecules such as GR-interacting protein 1 (GRHE& thyroid receptor-interacting
protein 6 (TRIP6). Knockdown of either of these emessor proteins impairs GR
transrepression (Rogatsky al, 2002;Kasseét al, 2004;Diefenbacheet al, 2008).
Interaction of the GR with corepressors therefareanly facilitates transrepression,

but also fine tunes GR function.

1.3.7 GR transactivation of anti inflammatory genes

Although most anti-inflammatory GR actions are nagell by monomeric receptor
acting through tethering mechanisms, there arerakegramples of anti-inflammatory
genes that are induced by dimeric GR binding to DE#dies using the dimerisation
deficient GR™%™ mouse have shown that Gc treatment is ineffediivenouse
models of allergic contact dermatitis, antigen-icetl arthritis, glucose-6-phosphate
isomerase-induced arthritis, or LPS and tNRduced septic shock (Tuckermaen
al., 2007;Bascharngt al, 2011;Kleimanret al, 2012;Vandevyveet al, 2012). In this
context, Gc induced genes that play a role in mgd inflammation include N&B
inhibitors (kB), MAPK phosphatasel (MKP-1/DUSP1), Gc induceccie® zipper
(GILZ) and Annexin 1.

1.3.8 MAPK phosphatasel (MKP-1)/Dual specificitgtpm phosphatase 1 (DUSP1)
MAPK phosphatasel (MPK-1), also known as Dual dj#g protein phosphatase 1
(DUSP1), is a highly potent anti-inflammatory piotexpressed in a variety of cells
in response to Gc treatment (Abrahathal, 2006;Shippet al, 2010). Mitogen

activated protein kinases (MAPKs) such as ERKSs, sldKd p38 MAPKSs respond to
inflammatory challenge by triggering signalling cades and the production of
proinflammatory proteins (Raingeauet al, 1995). MPK-1 attenuates MAPK

signalling by catalysing the removal of phosphateugs from threonine and tyrosine
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residues conferring deactivation, with preference 38 and JNK (Alesset al,
1993;Franklin and Kraft, 1997). The importance oPKA1l is highlighted through
studies in MPK-1 knockout mice where animals areenallnerable to endotoxic or
induced inflammatory shock (Wanegt al, 2008;Vandevyveret al, 2012). GR
homodimers bind to a GRE in the promoter regioMBK-1 driving the induction of
this anti-inflammatory protein (Abrahaet al, 2006;Frijterset al, 2010;Vandevyver
et al, 2012).

1.3.9 Gc induced leucine zipper (GILZ)

Gc induced leucine zipper (GILZ) is a well estaidid Gc target gene frequently used
to measure response to Gc treatment. Expressio@lioZ is induced following
stimulation with Gc in various cells, however tidost in GR™4™M mice (D'Adamio
et al, 1997;Rauclet al, 2010). GILZ binds to p65 of NdB and both fos and jun of
AP1, interfering with proinflammatory signalling yfoldi et al, 2001;Mittelstadt and
Ashwell, 2001). In addition GILZ also inhibits acttion of Ras and Raf-1 preventing
the initiation of kinase signalling cascades thatvate ERK (Ayroldiet al, 2002).
Furthermore mouse models of inflammatory bowel aise rheumatoid arthritis and
multiple sclerosis clearly demonstrated the immuprotective action of GILZ
confirming its role in Gc mediated regulation offlammation (Cannarileet al,
2009;Beaulielet al, 2010;Srinivasan and Janardhanam, 2011).

1.3.10 Annexin 1

Treatment with Gc leads to production of the 37 kibatein annexin 1, which in turn
binds to phospholipids in a calcium dependent ma(Blackwellet al, 1980;Errasfa
and Russo-Marie, 1989). Annexin 1 directly intesaatith phospholipase A2
preventing the production of proinflammatory mediatsuch as leukotrienes and
prostaglandins by inhibiting production of the presor molecule arachidonic acid
(Kim et al, 1994;Croxtallet al, 1995). Nuclear annexin 1 also sequestersB\IFy
binding to the p65 subunit and preventing intemactivith DNA and COX-2 (Zhang
et al, 2010;Wanget al, 2011). Expression of annexin in leukocytes préven
migration to, and adhesion at sites of inflammatiom et al, 1998;D'Amicoet al,
2000). In animal models of arthritis, knock outasfnexin 1 leads to a heightened

inflammatory response unresponsive to Gc treatm@fdng et al, 2004).
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Collectively, this suggests that Gc induced promcbf annexin 1 is essential for

resolution of inflammation.

1.3.11 Negative GRE

In addition to the transactivation of anti-inflamimy proteins GR also binds
negative GREs (nGRE), resulting in transrepressibriarget genes. A consensus
binding site for nGREs has been derived from comparof known nGREs such as
ATYACNNnTNnTGATCn which is less well conserved thahetGRE consensus
sequence (Dostert and Heinzel, 2004;Schoneatedd, 2004b). An example of a gene
regulated by an nGRE is POMC which allows Gc toulatg their own production
(Drouinet al, 1989). nGREs account for more than 1000 genedlieg finely tuned
repression in response to fluctuating Gc levelgsalt of circadian and stress signals
(Surjitet al, 2011).

1.4 GR coregulators

A range of comodulatory GR partners have been iitkxhtand their tissue specific
expression dictates the cellular response to Gesdtcomodulators fall into two
broad categories: partners that confer increasaglsdctivation (coactivators) and
those that facilitate transrepression (corepreygbicrwitz et al, 1996). GR binds to
comodulatory proteins through its AF1 and AF2 domdocated in the NTD and
LBD respectively (Warnmarlet al, 2000;Kumaret al, 2001;Bledsoest al, 2002).
Most comodulators bind to the GR through interactioth the AF2 domain, located
in the LBD, via L-X-X-L-L motifs (where L=leucineral X=any aa) known as the
nuclear receptor box (Heergt al, 1997). Comodulator recruitment is highly
dependent upon the structure of the ligand thiabishd as this alters the conformation
of the LBD. Investigation of GR crystal structudesund to agonist or antagonist
ligands reveals an alteration in the position ofixhé2 in the LBD, providing a
mechanism to account for differential comodulatmding (Kauppiet al, 2003). GR
interacting proteins alter transcription by eitbeomoting or inhibiting the formation
of the transcriptional machinery, through modifyinge constituents of the
transcriptional machinery themselves or by direeilgring DNA structure (Foret
al., 1997;Johnsost al, 2008).

40



1.4.1 Modifiers of transcriptional machinery

Once in the nucleus, ligand bound GR rapidly asdesiand dissociates from target
DNA, resulting in recruitment of transcriptional am@nery in a ‘hit and run’ manner
(Nagaich et al, 2004). The components of the GR heterocomplexitéde the
dynamic exchange of GR with its DNA template andl#@ reacquisition of the
ligand signal (Stavrevat al, 2004;Conway-Campbedt al, 2011). DNA bound GR
associates with comodulators with rapid nuclear ifitpb enabling dynamic
modulation of GR activity in response to changingvieonmental stimuli. The
interaction of GR with comodulatory proteins is eesary for efficient recruitment of
the transcriptional machinery. The steroid receptactivator (SRC/p160) family of
cofactors are well defined GR coactivators thatdkmligand-bound GR via three L-
X-X-L-L motifs on the surface of the protein (Heeyal, 1997). The three members
of this family, SRC1, SRC2 (GRIP1) and SRC3 aralvibr recruitment of other
coactivators such as CREB binding protein (CBP)cWwhsooperatively bind to GR
through SRC binding at the AF1 and AF2 domains. C8fuits basal transcription
machinery such as TBP and RNA pol Il (Mclnermtal, 1998).

1.4.2 Modifiers of DNA organisation

In addition to promoting effective recruitment ofanscriptional machinery,
comodulatory proteins also promote or restrict asce®® DNA. Nuclear DNA is
tightly packaged around protein histone complekas$ torm nucleosomes, the basis
of chromatin. Organisation of DNA into chromatinepents access to basal
transcription machinery which generates an additidaevel of regulation (Cairns,
2009). Chromatin modification is achieved througivalent addition of chemical
moieties to histone proteins or by nucleosome resitiod complexes (Kornberg and
Lorch, 1999). These modifications result in the DNo&coming less compact
(euchromatin) to permit access by transcription mreery (Sextoret al, 2007). GR
interacts with two types of chromatin remodelensi that remodel nucleosomes in
an ATP dependant manner and those that modify nestahrough addition or
removal of acetyl groups. There are three famibéATP-dependent nucleosome
remodelers, which comprise a large multiprotein plax with an ATPase catalytic
core. The mechanism they utilise involves movenwgrthe nucleosomes along the
DNA. The SWI/SNF complex for example associateshw&R through its AF1

domain to increase transactivation (Owen-Huglketesal, 1996). Acetylation of
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histones is increased in areas of active genedrigtisn. The large family of proteins
that catalyse the addition/removal of acetyl grotgsor from, histones are histone
acetyl transferases (HATs) and histone deacetyla@¢BACS) respectively.
Fundamentally, HATs are coactivators as their @gtiincreases transcriptional
machinery access to the DNA, whereas HDACs arepcessors that compact DNA
repressing gene expression. Both the SRC familgoafctivators and CBP possess
some HAT activity. For example, GR associates wititlear receptor corepressor
(NCoR1) and silencing mediator for retinoic aciddathyroid hormone receptor
(SMRT/NCoR?2) that act as HDACs. Gc treatment alstuces the expression of
HDAC2 which represses NB driven gene expression (Jones and Shi, 2008t &b,
2006).

1.5 Regulation of GR by post translational modification

The interaction of GR with other proteins is regeth by post-translational
modifications (PTM). The type of modification akeprotein stability, localisation or
conformation in the presence and absence of lighhdlerstanding how PTMs
regulate GR function is of great importance andatquovide a potential therapeutic

target.

1.5.1 Phosphorylation

The GR NTD contains several serine residues thatnaajor targets for ligand-
induced phosphorylation. Phosphorylation is rewesicovalent addition of organic
phosphate (P£) to the hydroxyl side group of a serine, threorongyrosine residue.
Addition of phosphate groups is catalysed by protenases, and their removal
catalysed by phosphatases. Like other nuclear r@spGR undergoes hyper-
phosphorylation upon ligand binding. This, in tunduces a conformation change
which directly alters protein stability, localisati, transactivation and transrepression
activity. Interaction of GR with kinases and phosjalses is a critical regulatory step
in the Gc response.

Early characterisation of GR phosphorylation exadimat and mouse GR. These
protein orthologues are similar to human GR withireglent phosphorylation sites,
there are however some differences (Ismati al, 2004). Human GR is
phosphorylated on five serine residues (S113, S$203, S211 and S226) located in
the AF1 domain within the NTD. Additionally Gallihr8eckleyet al have described
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S404 phosphorylation (Galliher-Beckley al, 2008b). Analysis of phosphorylation
events in mitotic cells has also revealed thatdies=s T8, S45, S134, S203, S211,
S234 and S267A are phosphorylated during cell idnigDaubet al, 2008;Dephoure
et al, 2008). Antibodies raised against phosphorylagstiues S203, S211 and S226
have enabled study into the function of these difie modifications on the activity of
the GR (Wanget al, 2002;Ismailiet al, 2004).

When compared to antagonists, GR agonists signtficancrease phosphorylation at
S211 and S226 (Wanegt al, 2002;Chenret al, 2008). Phosphorylation at S203 is
present when GR is unliganded and increases ugandi binding (Ismailiet al,
2004;Wanget al, 2007). These phosphorylation events are intertdgrg since
phosphorylation at one residue favours/inhibits iincation of another (Wangt al,
2007). Phosphorylation on S203 for example inhilptsosphorylation of S226
(Ismaili et al, 2004;Wanget al, 2007). In this way it is thought that modificatiof
these residues represents the output/activity abwsa cellular kinases/phosphatases
and therefore reflects an integrated response.€elphassphorylation events induce
conformational change in the GR producing novetriattion surfaces for cofactors.
Phosphorylated GR sub-populations have preferegeiad targets, supporting the role
of phosphorylation in differential cofactor recrugnt (Figurel.13) (Blind and
Garabedian, 2008).

1.5.2 Regulators of phosphorylation

Protein kinases recognise a consensus amino agiceisee adjacent to the site of
phosphorylation that further determines specificRhosphorylation sites within the
GR have a common proline residue located after sache, a consensus required for
both cyclin-dependant kinase (CDK) and mitogenvattid kinase (MAPK) binding.
Both families add phosphate groups to serine a@ottine residues where the CDK
consensus sequence is S/T-P-X-R/K and the MAPKares i%-X-S/T-P (wheree

= nonpolar aa). Residues S203 and S211 are modifiettie CDK family whereas
S226 is preferentially modified by the MAPK proteir(lsmaili et al, 2004).
CDK2/cyclin A kinase complex is able to phosphotglboth S203 and S211 whereas
the CDK2/cyclin E kinase complex only modifies S208t both lead to increased
GR mediated transactivation (Krstiet al, 1997). JNK, a MAPK enzyme,
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phosphorylates S226 and negatively regulates GRateeldtransactivation through
driving its nuclear export (ltokt al, 2002).

Human GR
NHZH-._COOH
Mouse GR
NH, ) NTD 2 QH) DBD._HJHR K] LBD +COOH

NH2 s  NbD = /DBD /JHR )]  |IBD = COOH

Figure 1.13: Phosphorylation of GR. The NTD of the GR is the site of phosphorylativergs. The
sites of phosphorylation differ between the humamouse and rat GR orthologues. S: Serine; T:
Threonine; P: Phosphorylation.

1.5.3 Functional consequences of phosphorylation

Ligand-induced phosphorylation events influence ghbcellular location of the GR.
Following addition of Gc, phosphorylation at S214 associated with nuclear
localisation of GR, whereas S203 is largely cyteple (Wanget al, 2002;Blindet
al., 2008). When in the nucleus, phosphorylation of @Rresidue S404 by GSK3
triggers nuclear export, thereby prohibiting Gctioed gene regulation (Galliher-
Beckleyet al, 2008b). Work in our lab has recently shown tigarid-independent
phosphorylation of GR in mitosis is linked to adtérsubcellular trafficking and that
modification of GR on residues S203 and S211 tatds distinct subcellular
localisation. In fact, fluorescence microscopy Blaswn that phosphorylation at S203
targets GR to the centromere whereas phosphonylati®211 is associated with the

kinetochore during mitosis (Matthews al, unpublished).

The phosphorylation status of GR also has stromgsliwith GR stability.
Phosphorylation on S203 for example promotes mapadrturnover in GR protein
than phosphorylation on S211. Site directed mutegjsnof either of these sites

confers greater protein stability, and site dirdateutagenesis of S404 to an alanine
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residue results in complete loss of degradatioloiohg treatment with Gc (Webster
et al, 1997;Wanget al, 2002;Galliher-Becklegt al, 2008b).

Additional regulation of GR activity is imposed pfiosphatase enzymes that catalyse
the removal of organic phosphate groups. Protegsjpiatase 5 (PP5) associates with
Hsp90 as part of the chaperone complex via its @BRain and is linked with GR
dephosphorylation (Silversteiat al, 1997). Knockdown of PP5 drives increased
phosphorylation at all three of the major sitethia AF1 domain, but most noticeably
at S226 (Wangt al, 2007). It is suggested that PP5 forms a bridgedrsn GR and
the transport protein dynein. This in turn senegesetycle GR exiting the nucleus, and
returning it to conformation in the cytoplasm whéres free to rapidly bind hormone
(Hinds, Jr.et al, 2008). Treatment of cells with okadaic acid, ahibitor of
phosphatases, prevents GR from re-entering theeusiclollowing Gc treatment
(DeFrancoet al, 1991). Reducing expression of PP5 through treatmaeth ISIS
15534 leads to accumulation of GR in the nucleuthénabsence of ligand (Deah
al., 2001). It has therefore been proposed that PRb nggative regulator of GR
activity as its inhibition results in increased GBNA binding, increased
transcriptional activity of unliganded GR and augiee the response of ligand bound
GR up to ten times of that found in the presendeRb (Zucet al, 1999).

1.5.4 Ubiquitination

Cellular proteins are targeted for degradation iy proteasome through the poly
covalent addition of the 76 aa protein ubiquitimisTis a tightly regulated process,
well conserved throughout eukaryotes consistingtloke steps: activation of
ubiquitin, transfer and ligation, each catalysed BY, E2 and E3 enzymes
respectively. GR is subject to ubiquitination anelgihdation by the proteasome
following binding to Gc (Wallace and Cidlowski, 2D)0 Ubiquitination is targeted to
lysine residues located within the PEST motif (Pel[P], Glutamine [E], Serine [S]
and Threonine [T]), lysine 419 in GR (Rogasal, 1986). Proteasomal mediated
degradation of GR was confirmed througlvitro application of proteasome selective
inhibitor MG-132 which blocked downregulation of G&llowing Gc treatment, with
a concomitant increase in transactivation. Suligituof lysine 419 to alanine
abrogates degradation, supporting a role for ubitation in GR regulation (Wallace
et al, 2001). Interestingly S404 phosphorylation, whishmediated by GSKS is
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located within the PEST degradation motif (GalliBerckley et al, 2008b). The
hyperphosphorylation that follows binding ligand ultb therefore regulate
ubiquitination of the GR, since GR with all phospHation sites mutated to alanine
does not undergo Gc mediated downregulation (Figlisg (Websteet al, 1997).

H uman G R K277 K293 K419 K494 K495 K703

sumo [fsumo @ SV SuMO

NH, COOH

Figure 1.14: Post trandlational modifications of GR. The location of sites of sumoylation,
ubiquitination, and acetylation with the GR are who K: Lysine; SUMO: Small ubiquitin-related
modifier; Ub: Ubiquitination; Ac: Acetylation.

1.5.5 Sumoylation

Sumoylation is similar to ubiquitination but utéis a distinct pathway with a larger
variety of functional outcomes. It comprises theersible covalent addition of an
11 kDa protein called small ubiquitin-related maeifl (SUMO-1) to a lysine
residue. This process is catalysed through theertew effects of three enzymes, E1
activating enzyme, E2 conjugation enzyme (Ubc9) andE3 ligase (Kaukt al,
2002a). Within GR, the most well characterised toldiof SUMO-1 occurs at a
lysine residue within the-K-X-E consensus sequence (where large hydrophobic
aa) (Sternsdorket al, 1999;Johnson and Blobel, 1999). To date, thrées dor
sumoylation have been identified within the GR saqe; K277 and K293 within the
NTD and K703 in the LBD. Addition of SUMO-1 to téTD results in reduced
transactivation from promoter regions suggestingt #xpression is regulated in a
promoter dependent fashion (Tiahal, 2002). In SUMO-1 over expression studies,
Le Dreanet al have reported that in the presence of Gc addibbiSUMO-1 is
capable of enhancing GR transactivation by up tol@-on GREs with multiple GR
binding sites (Le Dreast al, 2002). Over expression of SUMO-1 can also lead t
GR protein instability, indicative of a role forreoylation in GR turnover (Le Drean
et al, 2002). INK mediated phosphorylation of S226, @ssed with transrepression,
increases addition of SUMO-2 to the lysine residngbe NTD (Daviest al, 2008).
This suggests that the phosphorylation status@f3@R could be key for influencing

further post-translational modifications (Figured).1
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1.5.6 Acetylation

Acetylation is the addition of an acetyl groupte &mino group in the side chain of a
lysine residue by a protein with HAT activity. Thigrocess has been well
characterised as a regulatory mechanism imposedeime expression through
modification of histones, but is recognised to espnt on other cellular proteins
(Sadoulet al, 2008). Acetylation following ligand binding hagdn observed on
other steroid receptors such as the estrogen mcaptl the androgen receptor and is
required for effective transactivation of gene &sggenes (Fat al, 2000). Much of
the literature on acetylation relating to GR biglatescribes the indirect acetylation
of cofactors that bind to GR such as Hsp90 (Murehgl, 2005;Aoyagi and Archer,
2005;Kovacset al, 2005). However, more recently it has been repattat the GR
itself can be modified by acetylation causing alten to its function. A putative
acetylation motif was identified as K-X-K-K/R-X-K-ldt aa 492-495 within the hinge
region of the GR (Figure 1.14) (Waeg al, 2004;ltoet al, 2006). GR is acetylated
after binding to Dex and mutation of either K494 18495 results in loss of
acetylation. Deacetylation of the GR by HDAC?2 iguieed for GR interaction with
NF«kB (Ito et al, 2006). The acetylation machinery has been foorassociation with
enzymes of the ubiquitination pathway thereby ptmg a link between acetylation
status and protein turnover (Ft al, 2004;Sadoukt al, 2008). It was found by
Nader et al that the transcription factor CLOCK and its parti&MAL-1, key
constituents of the circadian pathway, repress i@Rsactivation (Nadeat al, 2009).
These transcription factors form a negative feekllb@@p and are able to repress their
own expression and therefore induce a oscillatatyepn of expression (Cermakian
and Sassone-Corsi, 2000;Schibler and Sassone-CZ062). CLOCK/BMAL-1,
which possesses HAT activity, physically interagith the GR and acetylates the
lysine residues in its hinge region, consequemtiucing transactivation from GREs,
and enhancing repression of fB-induced gene expression (Nadsral, 2009).
These findings conflict the earlier results from ét al and together suggest that GR
acetylation could have different outcomes dependgoin cell type or target gene.
Clearly the effects of acetylation are complex eggkarch into this is compounded by
the difficulty of distinguishing acetylation of Girom its cofactors.
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1.5.7 Nitrosylation

Nitric oxide (NO) is produced in large amounts dgrsepsis due to upregulation of
nitric oxide synthase (NOS) enzyme. Gc adminigirattan repress expression of
NOS and thereby helps to prevent the onset of ssptoick syndrome (Rees al,
1990). However Gc treatment is ineffective for tieg septic shock and is thought to
be due to NO reacting with cysteine side chainsiwithe LBD of the GR, altering
the affinity for Gc and binding to CBG (Huangt al, 1987;Pugeatet al,
1989;Simons, Jr. and Pratt, 1995). There are ttysteine residues located in close
proximity to the steroid binding pocket of the GR4gncatcet al, 1996). Galigniana
et al showed that NO reduces binding of Gc to GR thrdagtitrosylation of cysteine
groups (Galignianat al, 1999). In this way this type of PTM is unlike theeviously
described as it is not catalysed by an enzyme ratiois case only occurs in a disease

State.

1.6 Glucocorticoid sensitivity.

Primary generalised glucocorticoid hypersensitifAgGGH) and resistance (PGGR)
are rare conditions linked to mutations in the GRe to the pleiotropic nature of GR
and modular organisation, mutations within the péoeresult in a wide range of
phenotypic alterations. Most documented mutatiensler cells resistant to Gc action
with varying degrees of severity, however some aedGc hypersensitivity (Table
1.1).

Patients with PGGR lack sensitivity to Gc, resgltin overcompensation in the HPA
axis and excess ACTH and cortisol production (Ckoset al, 1982;Chrousost al,
1993;Charmandaret al, 2008b). The increased synthesis of ACTH and salrti
causes adrenocortical hyperplasia and elevatedslese other adrenal steroids.
Overproduction of cortisol overrides the protecttd8D2 mechanism in the kidneys
and colon causing chronic activation of the MR \khresults in hypertensioand
hypokalemia (Charmandari, 2011). Increased prodonctf cortisol also causes
excessive production of androgens as they utillee dame precursor molecules.
Hyperandrogenism can have various phenotypic esaottluding hirsutism, male
pattern hair loss, menstrual irregularities, fem@deudohermaphroditism, precocious
puberty and acne (Chrouses al, 1982;Chrouso®t al, 1993;Charmandaet al,

2008b). The severity of the symptoms varies widegtween cases with some
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incidents of patients that are virtually asymptam#&Bouligandet al, 2010). The
disparity of symptoms in patients with PGGR is ljkdue to the functional impact of
the GR mutation and any compensation through @iffieal expression of enzymes
that control signalling pathways, such as HSD2 gémski, 1999).

Table 1.1: Mutations conferring Gc resistance/hyper sensitivity

Mutation Outcome Reference

GRB 3' UTR Gc resistance; rheumatoid arthritis (Diegt al, 2001)

D401H Gc hypersensitivity; hypertension; type 2 baigs;| (Charmandaret al,
visceral obesity; increased transactivation 2008a)

c421yY Gc resistance; resistance in leukaemiaioell | (Powers et al,

1993)

4-bp deletion at Gc resistance; hypercortisolism; hirsutism; mpl&arl et al, 1993)

exon/intron 6 splicg pattern hair loss; menstrual irregularities

site

R469STOP Gc resistance; sub clinical hypercorssalibilateral | (Bouligand et al,
adrenal hyperplasia 2010)

R477H Gc resistance; hirsutism; decreased transdicin (Ruizet al, 2001)

I559N Gc resistance; hypertension; decreased riwaton, | (Karl et al,
Hyper androgenism, hypercortisolism, infertility, 1996:Kinoet al,
dominant negative; prevents GR nuclear import 2001)

V571A Gc resistance; hypertension; hypokalemiadie (Mendonceet al,
pseudohermaphroditism; decreased ligand affinity;| 2002)
decreased transactivation

D641V Gc resistance; homozygous mutation; hypeidaens | (Chrousost al,
decreased transactivation 1982;Hurleyet al,

1991)

G679S Gc resistance; hirsutism; decreased trauatiofi (Ruizet al, 2001)

R714Q Gc resistance; hypokalemia; hypertension; (Naderet al, 2010)
hypoglycemia; advanced bone age; decreased
transactivation; dominant negative

V729l Gc resistance; homozygous mutation ; preeccio (Malchoff et al,
puberty; hyperandrogenism; decreased affinity for | 1993)
ligand

F737L Gc resistance; hypertension; hypokalemiaresed | (Charmandaréet al,
transactivation; dominant negative 2007)

1747M Gc resistance; hirsutism; cystic acne; oligo (Votteroet al,
amenorrhea; dominant negative; prevents GR nucle@002)
import

L773P Gc resistance; hirsutism; acne; hypertensioriety; | (Charmandarét al,
dominant negative; decreased transactivation 2005)

2-bp deletion at nt | Gc resistance; hypoglycemia; hypertension; dectegsgMcMahonet al,

2318-9 transactivation; no ligand binding 2010)

773
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PGGH causes a hypersensitivity of tissues to Gccantpensation by the HPA axis.
This heightened sensitivity to Gc results in vistepbesity, elevated circulating
cholesterol and triglycerides, type 2 diabetes aygertension (Charmandagt al,
2008a). Mutations that cause PGGH are very ran@ehier the N363S polymorphism
is linked to increaseth vivo Gc sensitivity and correlates with increased Bvd a
male obesity (Huizenget al, 1998a;Linet al, 1999;Dobsoret al, 2001).

1.6.1 GR polymorphisms

In addition to the mutations within the GR othemtoon changes in GR sequence
known as polymorphisms have been identified. #stablished that the sensitivity to
Gc varies widely within the general population,saen by responses to the 0.25mg
dex suppression test (Huizengfaal, 1998b). A number of studies have been carried
out in order to determine whether or not GR polyohisms are linked to Gc
sensitivity (Derijk and de Kloet, 2008). Polymorpims are common variations in
genomic DNA sequence that occur in a populatiom wifrequency greater than 1%.
Many of the polymorphisms described for GR are tbumthe N terminal domain,
probably due to the importance of maintaining tinection of the C terminal ligand
binding domain. Higher frequency polymorphisms banexpressed together, giving

rise to haplotypes, which could potentially haviéedlent action when combined.

In exon 2 codons 22 and 23 have linked polymorphigmere a glutamic acid and
arginine (GAGAGG - ER) are switched for glutamiddaaend lysine (GAAAAG -
EK), known as the ER22/23EK polymorphism (Komtral, 1997). Studies further
demonstrated that expression of ER22/23EK GR dsesedsc sensitivity. This
resulted in improved physique at a young age, reslexcessive weight gain during
pregnancy, lowers insulin and cholesterol levelssreased risk of cardiovascular
disease, decreased risk of dementia and increasetvad rate in the elderly (van
Rossumet al, 2002;van Rossuret al, 2004a;van Rossuet al, 2004b;Russchest
al., 2005a;Bertalaret al, 2009). An alteration in the ratio of GR isoforimas been
proposed as the mechanism for the observed decireaSe sensitivity with the
ER22/23EK GR polymorphism. There was found to bd586 increase in the
expression of the less transcriptionally active &koform with no change in overall
GR levels, most likely due to a stabilisation of -BRmMRNA (Yudt et al,
2001;Russchest al, 2005b).
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In a similar manner to ER22/23EK the A3669G polypiism in the 3'UTR of exon
9B, discovered by Derijk and co-workers, associatétl decreased sensitivity to Gc
(Derijk et al, 2001). ATTTA motifs act to destabilise mMRNA anditation of these
motifs in c-fos and IL3 transcripts lead to an eased mMRNA half life (Shyat al,
1991;Stoeckliret al, 1994). The A3669G polymorphism removes a ATTTAtifria
GRB mRNA resulting in stabilisation of this transcripMuch like the isoform GR-A,
GRp is thought to have a dominant negative effect dtu,Gherefore decreasing
sensitivity to Gc (Oaklewt al, 1999). A study by van den Akker and co-workers
suggests that theg39A3669G specifically decreases transrepression matkeffect on
transactivation (van den Akkeat al, 2006b). Male carriers of this polymorphism
were shown to have improved lipid profile whilsirfale carriers showed reduced
central obesity (Syedt al, 2006). In support of its role in decreasing iy to
Gc, carriers of @ A3669G displayed a 68 % reduced risk of persistasel carriage
of S.aureus (van den Akket al, 2006a). This polymorphism was first described in
association with rheumatoid arthritis (RA) and wasggested to predispose
individuals toward RA in the haplotype of ER22/23BKd $ A3669G (van Oosten
et al, 2010). However further study has shown no assoniaf GR polymorphisms
with development of RA (Donat al, 2007).

As well as polymorphisms that confer reduced setitgitto Gc there are examples
that have been suggested to increase sensitivity. slibstitution polymorphism of
AAT for AGT at codon 363 (Asparagine to serine, RSpin GR exon 2 was first
identified in a Dutch family with hypercortisolismut its function was not
determined until sometime later (K&t al, 1993). The mutation leads to the creation
of a new phosphorylation site (Huizengfaal, 1998a). Carriers of N363S are thought
to have greater sensitivity to Gc and studies lessociated this polymorphism with
increased BMI in normal and type Il diabetes pasiccardiovascular disease and
more recently in uncontrolled bronchial asthma (kinal, 1999;Di Blasioet al,
2003;Linet al, 2003;Roussett al, 2003;Panelet al, 2012). However other studies
did not support a role for N363S in disease (Roshetmal, 2001;Echwaldet al,
2001;Marti et al, 2006). Further work in cell lines and PBMCs frararriers of

N363S demonstrated a small increase in GR trans#icin activity but no effect on
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transrepression however microarray data showedfisgnt regulation of genes by
the N363S GR variant (Russcletral, 2005a;Jewell and Cidlowski, 2007).

The Bcll substitution polymorphism is a TGATGA to ATGA in intron B, 647
basepairs downstream of GR exon 2. This polymonphigas discovered when
enzyme digestion of the DNA region that encodesdaie a 2.3kb fragment and a
longer 4.5kb fragment from carriers, due to thesloaBcll cut site (Fleuret al,
2003). There have been several reports that haggested this polymorphism
increases sensitivity to Gc and contributes togased insulin production, increased
abdominal fat, increased BMI and increased leptiedveret al, 1992;Buemanet
al., 1997;Rosmonet al, 2000;Ukkolaet al, 2001;van Rossurat al, 2003). It is not
understood how thBcll polymorphism alters sensitivity to Gc.

Identification, and characterisation of GR mutasioand polymorphisms have
highlighted the complexity of Gc biology. Mutatiomgthin the GR that lead to a
clinical phenotype are very rare, but several cas&R haploinsufficiency have been
reported that are asymptomatic. This suggestshigatype of mutation could be more
common within the population and could in part explthe variation in Gc
sensitivity. The frequency of GR polymorphisms garconsiderably and much like
GR mutations the genetic background upon whichetlas expressed undoubtedly
alters an individuals’ response. Understanding thasons for development of
symptoms in patient cohorts is obviously very intaot, butin vitro study of GR
mutations is also a valuable tool to dissect GRction, and inform rational drug
design.

1.7 Modulating GR function by ligand structure

Design of synthetic GR ligands with increased poyetid not lead to a diminished
side effect profile. Therefore ligands with the l&pito separate the beneficial GR
actions from the unwanted off target effects, tafreelective glucocorticoid receptor
agonists (SEGRASs) or dissociated steroids, haven smeight. Originally it was
assumed that the anti-inflammatory actions of Geewie to transrepression of pro-
inflammatory genes via interaction of monomeric Gith other transcription factors
such as NkB or AP1. Off target actions of Gc are attributedthe transactivation

activity of dimeric GR binding to target DNA. Indienice with a specific mutation

52



that prevents GR from dimerising (EB“™ lose the ability to transactivate
metabolic genes that contain a GRE, yet the afiirnmatory action of Gc treatment
is retained (Reichardet al, 1998;Frijterset al, 2010). Comparison of gene
expression in the livers of wild type and &%'™ mice treated with Gc revealed the
importance of dimerisation for target gene inducti®his observation prompted the
search for ligands that would favour the transregix@ action of GR. This has
yielded lots of potential candidate therapeuticsaneples of which are detailed in
table 1.2 below.

Table 1.2: Dissociative GR ligands

A-9,11 analog | | TNFo potentiated NkB signalling. (Baudyet al, 2012)
No transactivation of GRE reporters.

Muscular dystrophy mouse modeginflammation.
Reduced side effects.

Ginsenoside Stabilisation of &B. (Lee et al, 1997;Chung
(Rg1) | MAPK activation in response to LPS. et al, 1998;Leunget al,

. . 2006;Duet al, 2011)
| Inflammation in mouse models of acute and chronjic
inflammation with no hyperglycaemia or osteoporosjs

Compound A| Non steroidal. (De et al, 2005;Dewint
(phenyl | GR protein down regulation. et al, 2008;Gossyet al,
aziridine Favours GR monomer formation 2009;Wust et al,
precursor) . N 2009;van et al,
l, |L6, l E'Select|n, ILB and inhibits NkB. 2010;R0bert50n et aL'

| TNFa driven nuclear translocation and DNA binding2010;Rebeet al,, 2012)
of p65 and| MAPK activation.

No transactivation of GRE reporters.
No hyperglycaemia or hyperinsulinemia
Adverse side effects due to decomposition in vivo

AL-438 Non steroidal. (Coghlan et al,
| IL6 and | E-selectin. 2003;0weret al, 2007)
| hyperglycaemig osteoporosis

Differential cofactor recruitment peroxisomal
proliferator-activated receptor gamma coactivator-1

LGD5552 Non steroidal (Miner et al,

1 IL6, | E-selectin,, Monocyte chemoattractant 2007;Lopezt al, 2008)
protein-1,7 IL10

| Inflammation in mouse models of arthritis

No fat disposition, no osteoporosis and no loss of
adrenal weight
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Although some promising dissociative GR ligands ehdeen discovered, recent
research has highlighted that not all the antamiinatory actions of GR are due to
transrepression. Contrary to earlier understandtng, becoming clear that the anti-
inflammatory actions of GR rely on both its trarsation and transrepression
activity. The direct binding of GR to DNA througintéraction with nGREs that
suppress pro-inflammatory genes and GREs upstréamtieinflammatory proteins is
vital for effective resolution of inflammation. Tiefore the design of
SEGRA's/dissociative steroids that solely target @@Rsrepression will only mediate

part of its anti-inflammatory action.

1.8 Summary

Glucocorticoids are the most potent anti-inflammatagent known, yet there is still
much to understand about how they work. Gc actians mediated via the
ubiquitously expressed GR which is a ligand acsgatranscription factor. GR
mediates temporally and spatially distinct effegtthin the cell activating signalling
cascades in the cytoplasm within minutes and togasihg to the nucleus to regulate
gene expression over hours. GR has a dynamic steu@nd adopts a different
conformation depending upon which ligand is bougdnerating ligand specific
protein interaction surfaces. GR is also modified multiple residues by
phosphorylation, acetylation, sumoylation and uligation in response to ligand
binding. The magnitude and combination of thesenevalictates GR stability,
compartmentalisation and activity. The gene tardgetsligand activated GR are
diverse, due to its role in glucose metabolism #ax@dimmune response, meaning the
side effect profile of Gc therapy is large and dbee Sensitivity to Gc therapy also
varies between individuals with the resultant onoteo of treatment being
unpredictable. Ultimately understanding how GR rat its diverse effects, will

allow screening for sensitivity and developmensgécific treatment regimens.
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1.9 Hypothesis and aims of PhD

This work aims to address two major issues thait lihe use of Gc. These are the
genetic factors underlying Gc resistance, and tlestgfor selective drugs with limited
side effects.

i) Genetic factors that underlie Gc resistance
The genetic factors that contribute to Gc resistam@ poorly understood. Familial
Gc resistance is rare and several cases have tigbotad to mutations in the GR. A
case of familial Gc resistance has been identifigthn to obtain DNA samples from
these patients and sequence GR using tiled prirAess mutations identified will be
generated forin-vitro studies. The effects of the mutation on GR adbwvat
trafficking and function will be determined usingnebinations of immunoblotting,
immunofluorescence, synthetic reporters and gPGRyas An immortalised cell line
will also be generated which will enable furtheadst into Gc resistance in these

individuals.

i) The selectivity of Gc actions

The discovery of potent non-steroidal Gc (NSG) fbe GR has provided a
completely new line of research for drug desigrax@bmithKline have designed a
panel of NSGs that bind to GR with high affinity. preliminary studies it was noted
that two ligands failed to induce transcription Bé&rl which is rapidly induced
following Dex treatment. It is possible therefohattthese NSGs may be selective Gc
ligands. This project will determine whether th&®Gs differ mechanistically from
standard synthetic Gc. Given the GR has distineisro the nucleus and cytoplasm
the compartment GR resides in is an important detemt of the cells response to
Gc. As it is unknown whether these NSGs alter tiadficking of the GR upon
binding, this will be investigated using real timsing fluorescent microscopy. The
ability of GR to activate kinases within the cytagin and regulate target genes within
the nucleus in response to these ligands will baswmed by specific phospho-
immunoblot and gPCR respectively. Screening theeh®NSGs in this way will
enable identification of drugs with restricted s#élaty of action. In turn their
structure could then be used as a basis for deveop of a new generation of

synthetic Gc, which offer equal potency with a dirshed side effect profile.
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2.1 Abstract

Context: Familial glucocorticoid resistance is a rare ctindi with a typical

presentation of women with hirsutism and hypermsivith or without hypokalemia.

Objective: The aim was to determine the cause of apparenbgtuticoid resistance

in a young woman.

Patients and Methods: We studied a family with a novel glucocorticoid eptor
(GR) mutation and a surprisingly mild phenotype.eifhdiscovery resulted from
serendipitous measurement of serum cortisol wittte libiochemical or clinical

evidence for either hyperandrogenism or mineralommid excess.

Results: The causative mutation was identified as a fraiftestutation in exon 6.
Transformed peripheral blood lymphocytes were gaedrto analyze GR expression
in vitro. Carriers of the mutation had less full-length ®Rt the predicted mutant GR
protein was not detected. However, this does nolude expressiom vivo, and so
the mutant GR A612GR) was expresseith vitro. Simple reporter gene assays
suggested that612GR has dominant negative activity612GR was not subject to
ligand-dependent Ser211 phosphorylation or to tigdependent degradation. A
fluorophore-tagged construct showed th&t2GR did not translocate to the nucleus
in response to ligand and retarded translocatiothefwild-type GR. These data
suggest than612GR is not capable of binding ligand and exedsiidant negative
activity through heterodimerization with wild-tygR.

Conclusion: Therefore, we describe a novel, naturally occgr@R mutation that
results in familial glucocorticoid resistance. Thrutant GR protein, if expressed
in vivo, is predicted to exert dominant negative actilafyimpairing wild-type GR

nuclear translocation.
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2.2 Introduction

Familial glucocorticoid resistance is a rare enghecrsyndrome characterized by
reduced cortisol activity (van Rossum and LambeR806). This results in a
compensatory increase in the tone of the hypothataituitary-adrenal axis,
increased concentrations of ACTH, and hypertrophdrenal glands. Adrenal
stimulation by ACTH, in a manner analogous to tlt congenital adrenal
hyperplasia, results in elevated circulating cotegions of mineralocorticoids
(including precursors such as deoxycorticosterome @orticosterone) and adrenal
androgens (van Rossum et al., 2006). Due to suohndre excess, patients present
with hypertension and/or hypokalemic alkalosis aimd.females, hirsutism, male
pattern balding, and menstrual irregularities. aitgh in healthy individuals, the type
Il 11-phydroxysteroid dehydrogenase enzyme protects thal nmineralocorticoid
receptor from binding by cortisol, in the syndromé& familial glucocorticoid
resistance, the much higher circulating cortisalcemtrations apparently overwhelm
the enzyme’s barrier function and so illicitly aetie the mineralocorticoid receptor
(van Rossum et al., 2006).

The syndrome of familial glucocorticoid resistanseare and has been ascribed to
mutations in the glucocorticoid receptor (GR) gehmactivating mutations in the
ligand binding domain, DNA binding domain, and dicsp site mutation have been
described (Hurley et al.,, 1991;Karl et al., 1993Idhaff et al., 1993;Karl et al.,
1996;Kino et al., 2001;Ruiz et al., 2001;Mendondaak, 2002;Vottero et al.,
2002;Charmandari et al., 2005;Charmandari et aQ06Zharmandari et al.,
2007;Charmandari et al., 2008a;Charmandari et2808b;McMahon et al., 2010).
Familial glucocorticoid resistance may be inherigsl an autosomal dominant or
recessive trait. Dominant inheritance may be dugotminant negative activity of the
expressed mutant GR or to haploinsufficiency (Katl al., 1993;Kino et al.,
2001;Vottero et al., 2002). However, the heteromggparents of a child presenting
with complete generalized glucocorticoid resistadae to homozygous carriage of a
null GR mutation have no endocrine abnormality,gasting phenotype heterogeneity
(McMahon et al., 2010).
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We describe a family with glucocorticoid resistamitee to a frameshift mutation in
the GR gene, which results in expression of a atett GR protein. The three affected
women have a mild phenotype, because indeed thidyfaras only discovered as a
result of a serendipitous serum cortisol assay. M&ation introduces a premature
stop codon after insertion of 15 novel amino acidszitro studies demonstrated that
the truncated receptor was unresponsive to ligdnd, exerted modest ligand-
independent anti-nuclear facteB (NFkB) activity and template specific dominant
negative action on transactivation by the wild-ty®. The truncated receptor
remained cytoplasmic before and after ligand adiditiand delayed nuclear

translocation of the wild-type receptor, suggestisterodimerization.
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2.3 Subjects and methods

2.3.1 Clinical diagnosis of familial glucocorticordsistance

A 20 year old female presented to her primary pdmesician complaining of fatigue.
A 0900 hours serum cortisol concentration of 168®I was obtained, raising the
possibility of Cushing’s syndrome, hence she wéarmed for an endocrine opinion
(Table 2.1). On examination she had no clinicakuiess of Cushing’s syndrome.
Treatment with a combined oral contraceptive piti the form of Cilest
(ethinylestradiol 35 mcg/norgestimate 250 mcg) wWasight to be responsible but
despite stopping for 6 weeks a repeat 0900 houtssabremain elevated at 1003
nmol/l. After obtaining informed consent the pati@éindex) was investigated, as was
her 18 year old sister and parents (Table 2.1).ifithex’s sister and mother had both
received laser treatment for facial hirsutism. ®hé/ possible relevant family history
was that of facial hirsutism in the deceased mategrandmother. The results of a
dexamethasone suppression test revealed failubertisol suppression in all three
women (Table 2.1), so fulfilling the criteria foragnosis of familial Gc resistance.
Investigations on the father were normal. The @ggarent phenotypical abnormality
was mild facial hirsutism in the index’s sister, @sdenced by a minimally raised
Ferriman and Gallwey score. The mother reportedigus hirsutism, but did not
have a raised Ferriman and Gallwey score, possaiblg result of the combined oral
contraceptive pill which she had taken for overyg@rs only stopping 6 weeks prior
to investigation. All three women had raised antnosdione concentrations, and
minimally elevated calculated free testosteronebld@@.1). One sister, the proband,
had suppressed renin concentration, suggestingrexgpeineralocorticoid excess,
likely due to her raised cortisol, but all threer&v@ormotensive and normokalaemic,
and none were taking any medication (Table 2.1).
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Table 2.1: Biochemical investigations.

Investigations Mother Sister 1 (index) | Sister 2
Weight (Kg) 58.8 55.2 64.2
BMI (Kg/m?) 24 235 24.5
Hirsutism score (Ferriman-Gallwey) 3 (<8) 5 (<8) 11 (<8)
0900h ACTH (ng/l) 91.2 (7-63) 89.1 (7-63) 48 (7-63)

0900h cortisol (nmol/l)

1126 (176-536)

915 (176-536)

780 (176-536)

ACTH/cortisol profile 0900h 33.2/853 43.1/811 24.2/1165
1100h 37.9/672 21.8/412 7.2/594
1400h 28.6/520 31.0/436 17.0/708
1600h 22/350 19.0/393 22.2/711
Testosterone (nmol/l) 1.5 (<2.9) 2.4 (<2.9) 2.7.92

Androstenedione (nmol/l)

14.1 (4.0-10.2)

16.3 (4.0-10.2)

22.5 (4.0-10.2)

cortisol(nmol/l)

DHEAS (umol/l) 6.0 (0.96-6.95) | 5.5 (4.02-11) 9157(7-9.99)

17-hydroxyprogesterone (nmol/l) 3.4 (<20nmol/l <@0nmol/l) 6.3 (<20nmol/l)

Urinary free cortisol (nmol/24hr) 212 (<290) 26200) 460 (<290)

Plasma renin activity (nmol/l/h) 2.2(1.5-3.5) | 0.8(1.5-3.5) 1.8 (1.5-3.5)

Aldosterone (pmol/l) 285 (100-450) | 320 (100-450)| 04800-450)

SHBG (nmol/l) 42 (26.1-110) 83.6 (26.1-110)  33.6.02110)

FAI 3.57 (<7.5) 2.87 (<7.5) 8.04 (<7.5)

Free Testosterone (pmol/l) 23.1(2.82- 22.7 (2.82-21.86)| 47.8 (2.82-21.86)
21.86)

Bio available testosterone (nmol/l) 0.506 0.545 71.1

1mg dexamethasone test 0900h 129 (<50nmol/l) | 272 (<50nmol/L) | 321 (<50nmol/L)

The characteristics and relevant biochemical ingasbns for the index family are shown. Abnormal
results are highlighted in bold, normal range shawrbrackets. DHEAS, dehydroepiandrosterone

sulfate; SHBG, sex hormone binding globulin; FAgd androgen index.
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2.3.2 Research design

Anti-GR (clone 41) was obtained from BD Bioscien¢@xford, UK); anti-phospho-
(Ser211)-GR, from Cell Signaling Technology (DarsyerMA); horseradish
peroxidase conjugated antimouse and antirabbit, m froGE Healthcare
(Buckinghamshire, UK); dexamethasone, from Sigmargbt, UK); and mifepristone
(RU486), from Sigma. AH3-Luciferase and NRE-luciee have been previously
described (Matthewst al, 2008;Matthewt al, 2009).

2.3.3 Amplification of genomic DNA by PCR

PCR of patient DNA was performed in a final volumie25ul containing 500 ng
genomic DNA, 50 pmol of each forward and reversgaolucleotide primer, 0.25 ul
of each 25 uM deoxynucleotide triphosphate (Biglinendon, UK), 2.4 pul x10 NH4
buffer (Bioline), 0.75 ul of 50 mM MgGI(Bioline), and 1.25 U Tag polymerase
(Bioline). The PCR consisted of 30 cycles, withreagcle made up of a denaturation
step of 1 min at 94C, an annealing step of 1-min gradient betweenr®D4C, and a
primer extension step of 1 min at Q. Primer sequences are shown in table 2.2.
Before the initial cycle, the temperature was iasexl to 95C for 4 min; after the
final cycle, an extension step of 8 min was addegch PCR was placed in the
gradient at a temperature that corresponded toatimealing temperature of the
primers (exon 4, 58C; exon 7, 55C; exon 3, 56C; exon 6, 57C; exon 9, 57C;
exon 8, 58°C; and exon 5, 58C). Single products were confirmed by agarose gel

electrophoresis.

Table2.2: Primersto amplify GR from genomic DNA.

Forward primer Reverse primer

Exon 3 tgctagcacttgaagccaga ttagcctttcatgggctttg
Exon 4 accggaaacaaagacagagg tcccatttttattgggcagt
Exon 5 cgcagaccttcccattacag ttcacctgactctccccttc
Exon 6 ttggcaattcccacagagat — gccccaagcactcataactc
Exon 7 cagccaagatgcaggaagtt  ggccttcatatttcatdcttt
Exon 8 tcaagtgcagaatggcagac caccaacatccacadactgg
Exon 9 tgagatgttcccactgacca  caactgcttctgttgccpag
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2.3.4 Sequencing and cloning

A QIAquick Spin PCR Purification Kit (QIAGEN, Craey, UK) was used to purify
PCR product according to the manufacturer’'s insimns. Sequencing was carried
out at the University of Manchester core facilitsing the corresponding forward or
reverse primer with BIG Dye Terminator cycle sedueg chemistry (Applied
Biosystems, Foster City, CA) and an Applied Biosyss 3730 DNA Analyzer. The
obtained sequencing data were analyzed using Clsronmiate 2.01

(www.technelysium.com.ac/chromas_lite.htnThe amplified PCR product of exon

6 was cloned into a pGEM-T—-Easy vector (Promegadisten, WI) as described by
the manufacturer. Purified plasmid was subsequessityjienced using T7 forward or

SP6 reverse sequencing primers.

2.3.5 Site-directed mutagenesis

pcDNA3 A612GR was created by a single base deletion (C188%) the pcDNA3
GR plasmid using a Quick Change Site-Directed Memagis Kit from Stratagene
(La Jolla, CA) according to the manufacturer’'s finstions (primers: forward,
ttgctctggggtggagatatatagacaatcaagtgc; reverse ftgmtigtctatatatctccaccccagagcaa).
A fragment spanning the region containing the aahefC1835)A612GR was excised
from pcDNA3 A 612GR using EcoRI (Roche Diagnostics, Burgess, HiK) and
subcloned into pcDNA3-green fluorescent protein RBEsing a rapid ligation kit
(Roche Diagnostics). Correct orientation was coméid by DNA sequencing using
tiled primers to cover the entire 2.5-kb sequerprémer sequences shown in table
2.3).

2.3.6 Cell culture and maintenance

Human embryonic kidney (HEK) 293 cells (Americanp&yCulture Collection,
Teddington, UK) were cultured in low glucose (litgfll DMEM from PAA
Laboratories (Yeovil, UK) with stable glutamine 2M; PAA) supplemented with
10% heat inactivated fetal bovine serum (Invitrqgeaisley, UK) or 10% charcoal
dextran stripped fetal calf serum (SFCS; Invitrggera humidified atmosphere of 5%
carbon dioxide at 37C. The human osteosarcoma cell line (U20S; Ameritgme
Culture Collection) was cultured in DMEM with stablglutamine 2 mM
supplemented with 10% fetal bovine serum or 10%SkCa humidified atmosphere
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of 5% carbon dioxide at 37C (Matthewset al, 2008;Matthewset al, 2009).
Lymphocyte cultures were immortalized using Epsi#mr virus infection in the

regional clinical genetics laboratory after fulkipat consent.

Table2.3: Primersto verify construction of A612GR-GFP expression vector

Forward primer Reverse primer
AB12GR caccaaaatcaacgggacitt cacactgctgggattttctt

A612GR GFP cgacaaccactacctgagca tccatcacatctcccctctc
Tiling primer set 1 tgaaggtttctgcgtcttca ttgcttaggcttttgga
Tiling primer set 2 catccactgctgtgtctgct gggacceagaaactc(
Tiling primer set 3 gggtccccaggtaaagagagd gttttgggycagtgt
Tiling primer set 4 cccctggggtaattaagca gcttctggtigttga
Tiling primer set 5 aggaccacctcccaaactct tgtttycttacaggt
Tiling primer set 6 ccctaccctggtgtcactgt agggtaoatitatccag
Tiling primer set 7 ggcaataccaggtttcagga tggtcdtmeamggtag
Tiling primer set 8 acggtctgaagagccaagag ccacttatdgaatccaa
Tiling primer set 9 attccccgagatgttagetg gatggcaggtagaagd

2.3.7 Immunoblot analysis

Cell lysates (20 pg protein) in RIPA buffer [SOmMSICI (pH 7.4), 1% Nonidet P-40
(Igepal), 0.25% sodium deoxycholate, 150 mM NaCIlmM EDTA] containing
protease and phosphatase inhibitors were electrepéd on Tris/Glycine 4-12% gels
(Invitrogen) and transferred to 0.2 pum nitrocelado membranes (Bio-Rad
Laboratories, Hertfordshire, UK) overnight af@. Membranes were blocked for 1 h
(0.15 M NaCl, 2% dried milk, 0.1% Tween 20) andubated with primary antibodies
(diluted in blocking buffer) overnight at°C. After three 10-min washes [88 mM Tris
(pH 7.8), 0.25% dried milk, 0.1% Tween 20], memiasurwere incubated with a
species-specific horseradish peroxidase-conjugatammbndary antibody (diluted in
wash buffer) for 1h at room temperature, and washege more times for 10 min
each. Immunoreactive proteins were visualized uginganced chemiluminescence
(ECL Advance; GE Healthcare) (Mattheefsal, 2008;Matthew=t al, 2009).
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2.3.8 Reporter gene assay

Cells were cotransfected with 3 ug AH3-luciferaseN&kBluciferase reporter gene
construct together with 0.1pg cytomegalovirus- R&nuciferase (to correct for
transfection efficiency) and either 3 pg full lem@&R or 3 pgA612GR using Fugene
6 (Roche Diagnostics), as described before (Mathetwval, 2009). Twenty-four
hours after transfection, cells in DMEM containigg§CS were treated as specified
before lysis, then assayed for luciferase activgiyng a dual-luciferase reporter assay
system, following the manufacturer’s instructioRsgqmega, Southampton, UK) as we
have previously described (Matthewetal, 2008;Kayahar&t al, 2008;Matthewset

al., 2009).

2.3.9 Immunofluorescence

After 24 h in DMEM containing sFCS, U20S cells s#acted (Fugene 6) with GR-
GFP, GR-ASRed, on612GR-GFP were treated as specified. Cells weedfixith

4 % paraformaldehyde for 30 min at’@, and subsequently the cells were stained
with Hoeschst (Sigma) in PBS (2 pg/ml) for 20 mtrd&C. After three washes in
PBS, coverslips were mounted using Vectamount AQec{dt Laboratories,
Peterborough, UK). Images were acquired on a Dékaon RT (Applied Precision
Inc., Issaquah, WA) restoration microscope usirg0x/0.85 Uplan Apo objective
and the Sedat Quad filter set (Chroma 86000v2). iifitages were collected using a
Coolsnap HQ (PhotoMetrics Inc., Huntington Beaclh) €Camera with a Z optical
spacing of 0.5 um. Raw images were then deconvalgety the Softworx software,
and average intensity projections of these decoedoimages were processed using
Image J. Images for Hoeschst and GFP were excitédtihae 405 and 488 nm laser

lines, respectively, as previously described (Ma#tbet al, 2009).
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2.4 Results

2.4.1 Identification of a GR truncation mutan§12GR

Blood samples were taken from the index, her sisted both parents and the
genomic DNA was extracted. Exons 2 through to $hef GR gene were amplified,
and sequenced. Analysis revealed that exon 6 diccomelate with the wild type
sequence (Figure 2.1 A), which was confounded dureterozygous peaks within the
sequence trace indicative of a heterozygous geadtygure 2.1 B). Subcloning of
the PCR products into a pGEM-T — Easy Vector foldwby a second round of
sequencing revealed deletion of a single base 85)18ausing a frameshift at amino
acid 612 and introducing a stop codon at positi@? §Figure 2.1 C, D). The
predicted GR truncation lacks a significant portafrthe ligand binding domain, with
an additional, novel 15 amino acid sequence (FiguteD). Site directed mutagenesis
removed C1835 from pcDNA3 hGR forming pcDNA3 82. U20S cells, which
are deficient in endogenous GR expression, werssfieated withA612GR to
determine if the mutant GR is produced. In U20SIscétansfected with GR, an
intense band with the same migration as the enadage@R was seen, and those cells
transfected withA612GR had a new protein species, with lower apparerdecular
mass (Figure 2.1 E). After 1 hour treatment wifld htM Dexamethasone, there was
a significant reduction in steady state proteinregpion, an expected consequence of
ligand-dependant protein degradation. There wadigamd-dependent reduction in
A612GR expression (Figure 2.1 E). The wild-type GRdergoes rapid ligand-
dependent phosphorylation on multiple residues,thatbest defined is serine 211.
Following Dexamethasone treatment, untransfecte@®2r those expressing GR
showed enhanced phosphorylation of the GR at s&ide In contrasin612GR
showed no change (Figure 2.1 E). This suggestsA®a2GR is not activated by
ligand.
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A Full length hGR Exon 6 sequence B A612 GR Exon 6 heterozygous sequence
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Figure 2.1: Sequencing of GR Exon 6 with subsequent identification of deletion mutation;
AB12GR. (A-C) GR exon 6 was amplified from DNA isolated fingpatient blood samples using PCR.
The PCR product was subsequently sequenced. Therseg|trace is shown for GR (A) and the initial
heterozygous\612GR exon 6 (B). Following cloning into the pGEM-TEasy vector, the sequence
trace of theA612GR is shown (C) with the deletion mutation highied in red. (D) Schematic
demonstrating that a receptor truncation is caligeshtroduction of a stop codon at residue 627. (E)
U20S cells were transfected with GRAB12GR. After treatment with 100 nM Dexamethasonelfo
hour, cells were lysed in RIPA buffer containingoppphatase and protease inhibitors and analysed by
immunoblotting for GR abundance and phosphorylatinrSer211 (as indicatedactin was used as a
loading control. Wildtype and truncated GR is iraded with arrows. Representative images are
shown.
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2.4.2 Screening for thé612GR mutation

Screening of other family members including theeixid sister, mother, father,
maternal uncle and aunt identified the same mutatio two other subjects, the
index’s sister and mother (Figure 2.2 A). Consisteith the clinical data outlined in
Table 2.1, the father was not affected. Blood sasiplere subsequently taken from
the index case, her sister, and both parents, mnibitalised lymphocyte cell lines
were generated. Cells were lysed and immunobldtedsR (Figure 2.2 B). There
was no detectable expression AB12GR in any of the three affected individuals.
Quantification of GR expression did reveal thatitidex, sister and mother expressed

only approximately half the amount of GR compaxethe father (Figure 2.2 C).

2.4.3 Steady state expression of GR and ligandatein

Expression of GR was down-regulated by ligand tneat in all family members
tested (Figure 2.3 A), and GR was serine 211 phloyiated by ligand (Figure 2.3
B). Basal phosphorylation was higher in the urcdéd father, and the lower
molecular weight bands seen are alternatively kadex isoforms.

2.4.4 Glucocorticoid-induced gene regulationA812GR

Although we were unable to detect expression otriinecated GR protein isoform in

transformed lymphocytes, the protein may be expeeg®low the limit of detection,

or in other tissues, and so its function was detezth In GR-deficient HEK293 cells

co-transfected with GR and the glucocorticoid attd mouse mammary tumor virus
reporter plasmid (AH3-luc), treatment with dexanasibne induced a significant and
robust response, wherea812GR transfected cells were unresponsive (Figuré\p

In cells co-transfected with GR a®12GR, there was significant inhibition of GR
transactivation (Figure 2.4 B). Similar effectsrev@bserved using the partial GR
agonist RU486 (Figure 2.4 C and D).
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Figure 2.2: Family Tree. (A) A family tree was constructed. The mother aigter of the index case
carried theA612GR mutation, but not her father. Two of her meoth three siblings agreed to be
screened; however they did not have the mutatiBh.Ifhmortalised cell lines were generated from
blood taken from the index, her sister, mother fatlkder. Cells were lysed and immunoblotted for GR
and actin, alongside lysates shown in figure 2.Hepresentative immunoblots shown. (C)
Immunoreactive bands were quantified using ImaGedph depicts GR/actin ratio and is expressed as
a percentage of the father's GR expression.
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Figure 2.3: Glucocorticoid sensitivity is template specific. (A, B) Immortalised lymphocytes were
treated with 100 nM Dexamethasone for 1 hour tlgsad in RIPA buffer containing phosphatase and
protease inhibitors and analysed by immunoblotforgGR abundance (A) and phosphorylation on
Ser211 (B).p-actin was used as a loading control. Immunoreactands were quantified using
ImageJ. GR/actin and PGR/GR ratios were calculatetishown as percentage vehicle treated and fold
increase over vehicle treated respectively.
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Figure 2.4: A612GR does not mediate transactivation. (A-D) HEK cells were cotransfected with a
positive GR reporter gene (pAH3-luc) and either BMBR orA612GR expression vectors alone or in
combination. Twenty-four hours after transfectiooells were treated with 0.01-100 nM
Dexamethasone (A and B) or 0.01-100 nM RUA486 (Cfdp)18 hours. Cells were then lysed and
subjected to analysis by luciferase assay. Grémpiesin + SEM) show the fold change in luciferase
readings compared to baseline from one of threeeseptative experiments performed in triplicate. *
IndicatesP < 0.01

Modulation of target gene expression by non-DNAdg or tethering mechanisms
is important in physiology. Therefored612GR effects on NFkB driven gene
expression were measured. In cells expressing GR NIRE-luc, treatment with
dexamethasone significantly inhibited TNF inductimf the NFKB reporter
(Figure 2.5 A). In comparison to GRA612GR had no effect (Figure 2.5 A). Co-
transfection oA612GR with GR had no significant effect when coregaio GR only
transfected cells (Figure 2.5 B). Treatment of GRressing cells with RU486
induced significant repression of NFkB (Figure £5 whereas RU486 was without
effect in A612GR expressing cells (Figure 2.5 D). Interegying@xpression of
A612GR consistently potentiated the TadNEansactivation of an NFkB reporter gene
(Figure 2.5 E).
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Figure 2.5: A612GR does not mediate transrepression. (A-E) HEK cells were cotransfected with a
glucocorticoid repressed NFkB reporter gene (NRE-and either empty, GR @&t612GR expression
vectors alone or in combination. Twenty-four hoafter transfection, cells were pretreated with TiNF
(0.5ng/ml) for 30 minutes then treated with 0.0D-3M Dexamethasone (A and B) or 0.01-100 nM
RU486 (C and D) for 18 hours. Cells were then lyaad subjected to analysis by luciferase assay.
Graphs (mean + SEM) show % inhibition. (E) TNF iotlon in the absence of Gc is also shown. One
of three representative experiments performedplidate are shown. ** Indicated? < 0.01.
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2.4.5 Subcellular localisation of612GR

GFP-tagged GR and612GR were also expressed in U20S cells and majnaitn
molecular weights of 30 kDa higher than their ugt counterparts. To determine
whetherA612GR was constitutively cytoplasmic, U20S cellgeviansfected with
A612GR-GFP. In untreated cells, the GR-GFP localipesdominantly to the
cytoplasm (Figure 2.6 A). Dexamethasone inducecr neomplete nuclear
translocation of GR-GFP by 30 min, which was susdiover the 120 min assay
period (Figure 2.6 A). In contrast, transfect&gil2GR-GFP was only ever observed

in the cytoplasm of transfected cells (Figure 2)6 B

To determine whetheN612GR influenced wild-type GR trafficking when co-
expressed, U20S cells were cotransfected with GRRéAsogether with either GR-
GFP orA612GR-GFP. When coexpressed with GR-GFP, GR-Asr&sl nuclear in
50% of the cells after 10 minutes treatment with bt dexamethasone (Figure 2.6
C). Near complete nuclear translocation of GR-Asneas evident by 20 minutes
(Figure 2.6 C). In contrast, in cells co-expressdd 2-GFP, dexamethasone induced
nuclear translocation of GR-Asred in 50% of thdscafter 30 minutes, where near

complete nuclear translocation was not evident 60tminutes (Figure 2.6 D).
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Figure 2.6: A612GR-GFP does not translocate to the nucleus in response to ligand. After
transfection with GR-GFP (AJA612GR-GFP (B), GR-Asred with GR-GFP (C) or GR-Askeith
A612GR-GFP (D), serum starved U20S cells were inedbaith 100 nM Dexamethasone (10, 20, 30,
60 or 120 minutes, as indicated), fixed with pamafaldehyde and analysed for subcellular
localisation of the ASRed (red) or GFP tag (gred&h)clei were counterstained using Hoescht (blue).
Images are representative of four independent enpats.
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2.5 Discussion

Familial Gc resistance due to mutations in the @Regis thought to be rare, and to
present with a distinct clinical phenotype (Chardemet al, 2004;van Rossurat
al., 2006). Therefore it is important that the ran§elmical manifestation, as in the
kindred reported here, is broadened to include ramplg normal women with normal
reproductive potential. In the kindred describetehee were unable to document the
presence of the mutation in the grandparents oinhex because they were deceased,
and her surviving mothers siblings were mutatiogatee. However, there was no
menstrual irregularity, nor were problems with cgpion reported by the mother of
the index case. There was clear biochemical evel@fidGc resistance, with raised
serum cortisol concentrations following dexamethassuppression. In addition,
androstenedione and testosterone levels were loghab or high. However, these
biochemical changes were not accompanied by sogmifihirsutism, as measured by
Ferriman-Gallwey score, supporting the importanéeother genetic background
effects in determining the phenotype of mild an@mgxcess in women, which is a

frequent clinical observation in women with polytgovarian syndrome.

The clinical diagnosis prompted sequencing of tiedene, which identified a novel
mutation in exon 6. This led to a frame shift matat This would be predicted to
induce nonsense mediated RNA decay, and so rasuBR haploinsufficiency.
However, haploinsufficiency has previously beenorggd to be without endocrine
phenotype in the parents of the first reported detep Gc resistance patient
(McMahon et al, 2010), or with hirsutism and hypertension in deced young
woman (Karl et al, 1993), indicating phenotypic heterogeneity. Indiadn,
alternative splicing in the GR 3’ region has presly been reported to result in
expression of truncated GR proteins capable ofctiffig Gc sensitivity (GR-P, or
GR)) (De Langeet al, 2001), and so further analysis was undertakepsteith-Barr
transformed B lymphoblasts were established from fdmily members to allow
measurement of GR protein expression. These ststimsed reduced GR protein in
the carriers of the mutation, with impaired basalire 211 phosphorylation.
However, in these studies no truncated GR proteis wbserved. The process of
nonsense mediated RNA decay is complex, and refiesellular expression of key

proteins, which may vary between cell types; reedvn (Silva and Romao, 2009).
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Indeed, previous studies have shown significantresgion of proteins even in the
presence of premature stop codons (Dashal, 2009). Therefore, the predicted

protein product of the mutant allele was expresard,its function analysed.

The predicted GR has 15 novel amino acids andragitee stop codon, giving rise to
a 75kD protein, that did not undergo ligand-depengdosphorylation on serine 211,
nuclear translocation, or acute ligand-dependeatepr degradation, in contrast to
wild-type GR (Sommeet al, 2007;Kayaharat al, 2008;Matthewset al, 2009).
However, the lack of evidence of a ligand-dependaction does not exclude
biologically relevant activity. Therefore reportgene studies were undertaken
initially using a transactivation reporter (Mattreet al, 2008;Matthewt al, 2009).
The A612GR did not show any ligand-dependent transaativaof AH3-luc, as
would be predicted based on the disrupted liganmdlibg domain, and lack of
evidence of ligand activation of GR. Howev&612GR consistently inhibited the
transactivation seen with wild-type GR. This was warexpected finding, possibly
reflecting a cytoplasmic effect on wild-type GR A812GR was constitutively
cytoplasmic. Previous reports suggest that cytopia GR can exert an anti-NB
effect, possibly through protein kinase A (Bledsaeal, 2004;Gradet al, 2006).
Therefore, the effect oA612GR on TNk driven NKB transactivation was
measured. There was no ligand- independent inbibitf NFB activity, and no
evidence of ligand-dependent repression. The smiailbition seen at higher ligand
concentrations was similar to that seen in vectamsfected cells, and is attributable

to the low level endogenous expression of GR isdlells.

In contrast to the dominant negative action on ayjge GR seen with the
transactivation assay there was no impacN®12GR expression on repression of
NFxB by the wild-type GR. Therefore, the effects M12GR are mechanism
specific. A612GR expression resulted in consistent, signifigartentiation of TNE
transactivation of an N&B reporter gene, suggesting opposition to endogenou
limiting factors, but the mechanism and implicaigemain uncertain. The dominant
negative effects dA612GR on wild-type GR transactivation were intdregbecause
previous reports have suggested that thef GRlice isoform of GR, similarly

incapable of binding glucocorticoid agonists, caeredominant negative effects on

76



GR transactivation (Bamberger al, 1995;Hamicet al, 1999;Hauket al, 2002;Yudt
et al, 2003;Pujolset al, 2004;Lu and Cidlowski, 2004;Lewis-Tuffiat al, 2007),
although this is controversial (Ote&t al, 1997;Brogaret al, 1999). A further GR
splice variant, GR-P, which is similar #8612GR, although including exon 7 in
addition to exons 2-6, has been analysed and fdonéxert a wild-type GR
potentiating effect, again in the absence of ligamtling (De Langeet al, 2001).
This suggests the presence of modulating activityexons 5 and 6, possibly by
competing with wild-type GR for binding to heat skoprotein complexes in the
cytoplasm, required for ligand binding competen®raft and Toft, 1997;Pratt,
1998;Prattet al, 1999;Galignianat al, 2001;Kayaharat al, 2008). A further point
mutation in the GR C terminal has been reportechtese dominant negative activity
by interference with co-activator recruitment ie thucleus, not a feasible mechanism
for the A612GR as it is retained in the cytoplasm (Votteral, 2002), and another
potential mechanism is regulation of wild-type GRuclear translocation
(Charmandaret al, 2004). Indeed, co-transfection studies showetttietruncated
GR significantly slows the rate of nuclear accurtiata in response to ligand,

potentially a mechanism for dominant negative actio

In conclusion, we report a family with Gc resistaritie to a novel mutation in exon
6. The phenotype is mild and is intermediate betwearriers of ligand binding
domain missense mutations, who present with featafeandrogen excess, and
hypertension, and carriers of some null, or hypofi@ming mutations who are
apparently without any endocrine phenotype (Mendatal, 2002;Charmandagt

al., 2008b;McMahonret al, 2010). The expressed mutant GR exhibited dominant
negative activity on wild-type GR, which may explahe difference between the
family reported here, and that recently describeanf Australia (McMahoret al,
2010). It is clear that the spectrum of clinicalmf@station in heterozygous carriers of
deleterious mutations in the GR gene is broad, ibus possible that dominant

negative activity of the mutant GR plays a rolelinical manifestation.
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3.1 Abstract

The ubiquitously expressed glucocorticoid receff®R) is a major drug target for
inflammatory disease, but issues of specificity trdet tissue sensitivity remain. We
now identify high potency, non-steroidal GR ligan@SK47867A and GSK47869A,
which induce a novel conformation of the GR ligdndding domain (LBD) and

augment the efficacy of cellular action. Despiteittnigh potency, GSK47867A and
GSK47869A both induce surprisingly slow GR nuclé@anslocation, followed by

prolonged nuclear GR retention, and transcripti@aivity following washout. We

reveal that GSK47867A and GSK47869A specificallgrathe GR LBD structure at
the Hsp90-binding site. The alteration in the Hsp8tling site was accompanied by
resistance to Hsp90 antagonism, with persistingnsaetivation seen after
geldanamycin treatment. Taken together, our studesgal a new mechanism
governing GR intracellular trafficking regulated bgand binding that relies on a
specific surface charge patch within the LBD. Toeformational change permits
extended GR action, probably because of altered HSR90 interaction. This

chemical series may offer anti-inflammatory drugthvprolonged duration of action

due to altered pharmacodynamics rather than alfgradmacokinetics.
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3.2 Introduction

Synthetic glucocorticoids are potent anti-inflamamgtdrugs used to treat multiple
conditions including asthma and rheumatoid arthi(iichetiet al, 2008;Krishnaret
al., 2009). Unfortunately glucocorticoid treatmentoatsirries a wide range of serious
side effects including hyperglycaemia and osteagiergCanaliset al, 2002). In
recent years a significant effort has been madkesign dissociative ligands with the
anti-inflammatory potency of conventional glucocawsid, but with a reduced
spectrum of side-effects (Liret al, 2002;Bledsoeet al, 2004;Cerasoli, Jr.,
2006;Wanget al, 2006;McMasteet al, 2007;McMasteet al, 2008b;van Lieropet
al., 2012).

Glucocorticoid actions are mediated by the ubiqustp expressed glucocorticoid
receptor (GR; NR3C1) a member of the nuclear hoamreseptor superfamily with a
conserved modular structure consisting of an N-t@ahregulatory domain, a DNA
binding domain (DBD) and a C-terminal ligand birglthomain (LBD) (Hollenbergt
al., 1985;Encioet al, 1991). The unliganded GR resides in the cytoplasna
complex with heat-shock proteins and immunophili@sad et al, 2007). Ligand
binding triggers rapid activation of cytosolic ke®a signalling cascades and
concomitantly results in exposure of two nucleatalsation signals (NLS1, and
NLS2) enabling nuclear import (Picard and Yamama&®&87). This is accompanied
by replacement of the immunophilin FKBP51 with FKEP(Davieset al, 2002)
which associates with dynein to drive GR along rotidoules (Czaret al,
1994;Harrellet al, 2004). The process of translocation to the niclgost ligand
binding occurs rapidly, with the majority of cebml GR being nuclear 30 minutes
after treatment with 100nM Dex (Nisbi al, 1999). In addition cell cycle phase is
able to regulate the subcellular localisation ofigamded GR, but with far slower
kinetics of nuclear accumulation (Mattheetsal, 2011). In the nucleus GR binds to
cis-elements to activate or repress target geneession, recruiting co-modulator
proteins from distinct classes to effect chromatimodelling, and recruitment of the
basal transcriptional machinery (Foet al, 1997;Joneset al, 2003;lto et al,
2006;Johnsoet al, 2008).
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GR recruits co-modulator proteins via its transaoipal activation function domains
(AF1, and AF2) (Warnmarkt al, 2000;Kumatret al, 2001;Bledsoet al, 2002). The
GR AFl is the site of various post translational difications including
phosphorylation, both in the presence and absericdigand. (Wanget al,
2002;Ismailiet al, 2004;Galliher-Becklewt al, 2008a). Phosphorylation directs GR
function by impacting protein stability and recrn@nt of specific co-modulator
proteins such as MED14 (Chet al, 2006;Chenret al, 2008). In addition, co-
modulators bind to the GR AF2 domain, within the D.LBHeery et al, 1997).
Structural information about bound ligand is trarited through differential folding
of the LBD, which directs GR function by offeringfférentially attractive signals for
co-modulator recruitment. Both GR agonists and goniests provoke similar rapid
kinetics of nuclear translocation, but differ iretlprofile of co-modulator proteins
recruitment, providing a mechanism for their diéier modes of action (Bledsat
al., 2002;Kauppet al, 2003;Stevenst al, 2003).

Here we identify a novel switch mechanism that latgs GR trafficking in response
to ligand binding, distinct from an effect attribbte to ligand potency. We identify
two novel, non-steroidal GR ligands that reguldte GR surface to greatly reduce
rates of nuclear translocation and reduce relimmcleeat-shock protein for continuing
activity. The difference in GR conformation inddday the novel GR ligands reveals
a patch of positive charge on the surface of th® LBVe propose that this prevents
efficient engagement with the active nuclear tracetion mechanism, subsequent
export, and protein degradation mechanisms foiGRe The result is generation of
ligands with greatly prolonged duration of actios a consequence of altered

pharmacodynamics rather than pharmacokinetics.
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3.3 Materialsand methods

Anti-hGR (clone 41, BD Biosciences, Oxford, UK); thphospho-(Ser211)-GR, anti
oTubulin  (Cell Signalling Technology, MA, USA); Hamdish peroxidase
conjugated anti-mouse and anti-rabbit (GE Healthcduckinghamshire, UK);
Dexamethasone, Hydrocortisone and Fluticasone &mape (Sigma, Dorset, UK).
TAT3-Luciferase, and NRE-luciferase have been esly described (Matthewet
al., 2008;Matthew=t al, 2009).

3.3.1 Cell culture and maintenance

HeLa cells and A549 cells (ATCC, Teddington, UK)reveultured in low glucose
(1 g/l) Dulbecco’'s modified Eagle’s medium (DMEM;AR, Yeovil, UK)
supplemented with stable 2 mM glutamine (PAA) afi%d heat inactivated fetal
bovine serum (FBS; Invitrogen, Paisley, UK) or 1Gch@arcoal dextran stripped fetal
calf serum (sFCS; Invitrogen). A549’s stably traxséd with GRE-Luc and NRE-
Luc were also supplemented with 1% Non essenti@h@rmacid (NEAA; Invitrogen)
and 1% Geneticin (Invitrogen). All cells were growna humidified atmosphere of
5 % carbon dioxide at 3.

3.3.2 Immunoblot analysis

Following treatment cells were lysed in RIPA buff&0 mM TrisCl pH7.4, 1 %
NP40 (Igepal), 0.25 % Na-deoxycholate 150 mM NaCinM EDTA) containing
protease and phosphatase inhibitors (Sigma), andy @otein was electrophoresed
on Tris/Glycine 4-12 % gels (Invitrogen) and tramséd to 0.2 micron nitrocellulose
membranes (BioRad Laboratories, Hertfordshire, 0¥@rnight at 4 °C. Membranes
were blocked for 2 hours (NaCl 0.15 M, 2 % driedkmD.1 % Tween 20) and
incubated with primary antibodies (diluted in blowk buffer) overnight at 4 °C. After
three 10 minute washes (88 mM Tris pH 7.8, 0.25r#éddmilk, 0.1 % Tween 20),
membranes were incubated with a species-specifsehadish peroxidase-conjugated
secondary antibody (diluted in wash buffer) for duh at room temperature, and
washed a further three times, each for 10 mindtesaunoreactive proteins were

visualised using enhanced chemiluminescence (EGlaAck, GE Healthcare).
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3.3.3 Reporter gene assays

Hela cells seeded in DMEM containing SFCS wereransfected with 21g reporter
gene and 0.5ig CMV-renilla luciferase (to correct for transfexsti efficiency) using
Fugene 6 (Roche Diagnostics, West Sussex, UK)yati@of 3:1 (v/w). 24 hours post
transfection, cells were treated as specified sulte prior to lysis, then assayed for
luciferase activity using a dual-luciferase reportessay system following the
manufacturer’s instructions (Promega, Southampidq),

Stable A549 GRE-Luc or NRE-Luc cells were seededMEM containing sFCS
into 96 well plates and incubated overnight. Celise treated as specified in results
and 18 hours later each well washed twice with PBSt without M¢f*, C&*, then
with Mg?*, C&™). Renilla Glo (Promega, E2720) or Bright Glo (Peaya E2620) lysis
buffer was added the GRE cells or the NRE cellpeetvely according to the
manufacturer’s instructions. Cell lysates were nesidg a luminometer (Wallac 1450
MicroBeta Trilux Liquid Scintillation counter andurhinometer). Ten one second
reads were taken per well and the average RLU m&ted.

3.3.4 Immunofluorescence

3.3.4.1 Fixed cells

Following 24 hours in DMEM containing sFCS, HelLdix&vere transfected (Fugene
6) with hGR-GFP and treated as specified in res@&lls were fixed with 4 %
paraformaldehyde for 30 minutes at 4 °C, and submssty stained with Hoeschst
(Sigma) in PBS (21g/ml) for 20 minutes at 4 °C. Following three 5 ot washes in
PBS, coverslips were mounted using Vectamount AQec{dt Laboratories,
Peterborough, UK). Images were acquired on a D&ken RT (Applied Precision,
GE Healthcare) restoration microscope using a 4@%&/Qplan Apo objective and the
Sedat Quad filter set (Chroma 86000v2, VT, USA)e Tinages were collected using
a Coolsnap HQ (Photometrics, AZ, USA) camera with @ptical spacing of On.
Raw images were then deconvolved using the Softwofixvare (GE Healthcare) and
average intensity projections of these deconvoiweaes processed using Image J
(Rasband, 1997).
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3.3.4.2 Live cells

Following 24 hours in DMEM containing sFCS, HelLdix&vere transfected (Fugene
6) with 5ug GR-GFP and transferred to a glass bottomed 2Wpledes. Alternatively
HelLa cells were plated into a glass bottomed 24 pleke in DMEM containing
sFCS. Each well was transfected (Fugene 6) withud).BlaloTag-GR (Catalog
number FHC10483, Promega) and incubated for 16shaith 0.2%I Halo ligand
(HaloTag TMRDirect, Catalog number G2991, Prometga)enable visualisation.
Subcellular GR trafficking was tracked in real time37C with 5% CQ. Images
were acquired on a Nikon TE2000 PFS microscopeguai®0x/ 1.40 Plan Apo or
40x/1.25 Plan Apl objective and the Sedat filter @hroma 89000). The images
were collected using a Cascade Il EMCCD camerat@igtrics). Raw images were

then processed using Image J.

3.3.5 Fluorescent recovery after photobleachingAPR

HeLa cells were transfected (Fugene 6) wiihgbhGR-GFP then seeded into a glass
bottomed 24 well plate. Cells were maintained atC3@nd 5% C® and images
collected on a Leica TCS SP5 AOBS inverted conf@ceica, Milton Keynes, UK)
using a 63x/ 0.50 Plan Fluotar objective and 7xf@cad zoom. The confocal settings
were as follows, pinhole 1 airy unit, scan speed0H¥ unidirectional, format 1024 x
1024. Images were collected using the followingedegbn mirror settings; FITC 494-
530nm using the 488nm (13%).

3.3.6 MTS Assay
Cells were seeded into a 96 well plate were treatedescribed in the results. Upon
completion of the treatment 10 of MTS reagent (Promega) was added to each well.

Cells were incubated for 4 hours, reading at 49@meary hour.

3.3.7 Q-RTPCR

Cells were treated as required, then lysed and R)tacted using an RNeasy kit
(Qiagen). 10 ng RNA was reverse transcribed, argjested to qPCR using Sybr
Green detection in an ABI g-PCR machine (Appliedsigstems, CA, USA) and data
analysed byoCT method (Livak and Schmittgen, 2001).
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3.3.8 Bioluminescence real-time recording

HelLa cells transfected (Fugene 6) withg2ZTAT3-luc plasmid were grown to 80%
confluency in 35-mm tissue culture dishes in pheedlfree DMEM with 10% FCS
and 1% glutamine. Prior to the experiment, cellsensupplemented with 0.1 mM
Luciferin substrate (Izumet al, 2003;Yamazaki and Takahashi, 2005). Each dish lid
was replaced with a glass cover then sealed withwa grease before being placed
in a light-tight and temperature-controlled (37°€pvironment. Light emission
(bioluminescence) was measured continuously usifith@omultiplier tube (PMT,
H6240 MOD1, Hamamatsu Photonics, Hertfordshire, .UBgseline measurements
(photon counts per minute) were taken for each RWi®r to treatment and then

deducted from the experimental values attained.

3.3.9 Measurement of ligand uptake using mass igjsectpy

A549 cells were grown to 90% confluency in 6 wedltps. Following treatment the
media was removed from the cells and retained riatysis. The cells were washed
three times with PBS and lysed in 30®f M-Per mammalian protein extraction
reagent (#78503, Thermoscientific, Essex, UK) oa shaker at 750rpm at room
temperature for 5 minutes. The whole cell lysates wallected, then centrifuged at
10000rpm for 10 minutes, then the supernatant d@ede and analysed by mass

spectrometry.

3.3.10 Measurement of cytokine production

A549 cells were seeded into a 96 well plate intaBEM with 10% FCS and
incubated overnight. In order to slow cell prol#gon and prevent any interference
from steroid present in FCS the media was chang@&MEM with 1% sFCS prior to
ligand treatment. Following treatment supernatemtse collected and assayed for
IL6 and IL8 concentration using a Luminex 100 (MeMillipore, MA, USA) with

StarStation software according to the manufactarestructions.
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3.3.11 Computational modelling of GR crystal stauet

Crystal structures of GR bound to Dex (1M2Z) ancK@B66A (3E7C) (Madausst
al., 2008) were downloaded from the RCSB Protein Batak (PDB) (Bermaret al,
2007). The structures were imported into Maes&ch(odinger, 2012) and prepared
using the Protein Preparation module. Each Ligaad extracted and scrambled
conformationally before docking back into the natactive site models to verify that
the docking program (GLIDE) (Schrodinger, 2009) wampetent at reproducing the
X-ray pose for each complex.

Models of compounds GSK47866A, GSK47867A and GSIE®A8(S-isomers) were
prepared using the Ligprep module and a set ofc@rormers generated using the
confgen module of Maestro. This set of conformeas docked in the 3E7C active
site model yielding 62 successful poses. Again,fasd in the bootstrapping
exercise, GSK47866A best scoring pose was extrewlese in conformation and
position within the active site pocket (RMSD ~O0.R)dicative of a robust model.
Crystal structures 1M2Z and 3E7C were superposédcanformations of residues
within 6 Angstrom of the Dex ligand in 1M2Z werengpared visually. Any differing
substantially were coloured differently (Figure 34 B), and these atom colours
projected onto a molecular surface to reveal regiointhe protein surface impacted
by the residue movements induced by binding of G&68A (Figure 3.7 A,C). The
regions of surface modification thus highlighteddgal where to look for differences

in electrostatic potential, projected onto the samadecular surface (Figure 3.7 B,D)

3.3.12 Modelling of GR mutant with impaired HspBtraction

The original 1M2Z x-ray coordinates, already opsied for use with the OPLS
forcefield in Maestro, were used to mutate M604 tweonine. The built-in residue
mutation building tool was employed for this. Timeitated structure was optimised
using the Protein Preparation Wizard option to quenf a restrained, all-atom
minimisation. Surface and electrostatic poterti@buring was calculated as for all
other examples, ensuring a consistent range ofretgatic potential values of -0.2 to

0.2 for the blue-white-red colour ramp.
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3.4 Results

3.4.1 GSK47867A and GSK47869A, are highly potena@Rists

There is wide interest in understanding how vasmatiin ligand structure
(Figure 3.1 A) affects the function of GR. Heree wise novel, non-steroidal
glucocorticoid receptor ligands (NSG) with very lmigotency, and specificity for GR
to determine how ligand structure impacts recegtorction (Figure 3.1 B-C,
Figure 3.2). Transient GR transactivation and tgm®ssion models in HelLa cells
were used initially to compare the NSGs to conwerai synthetic glucocorticoid
ligands. We find that both GSK47867A and GSK47868&re approximately 30
times more potent that Dexamethasone (Dex, FiguteB3C, Table 3.1). Similar
results were also obtained using A549 cells widlblstintegrated GRE-Luc or NiB-
Luc templates (Figure 3.3 A-B). The steroidal glemrticoid Fluticasone Propionate
(FP) had similar potency to GSK47867A and GSK47869HAydrocortisone was
significantly less potent than all the synthetgalhds tested (Figure 3.1).

To rationalise subsequent matched analyses, satu@ncentrations of the ligands
were selected, calculated as 10 times the measuie@50 for
transactivation (Table 3.1). At these concentraticall ligands showed similar
repression of IL6 and IL8 secretion (Figure 3.3 ¥-[@nd inhibition of cell
proliferation (Figure 3.3 E-F).

Table 3.1: Saturating concentration of ligands calculated from ECsg

Dex 67A 69A

Average EG 6.26 0.29 0.28

StDev +3.8 +0.13 +0.06

10X (EGt+StDev) 100nM| 3 nM 3nM
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Figure 3.1: GSK47867A and GSK47869A are highly potent GR agonists. Structure of steroidal and
non steroidal glucocorticoids (A). HelLa cells wdransfected with a positive GR reporter gene
(TAT3-luc) (B) or with a glucocorticoid repressed-dB reporter gene (NRE-luc) (C). At 24 hours
post-transfection, NRE-Luc transfected cells wareetpeated with TNFx (0.5 ng/ml) for 30 minutes.
Subsequently all transfected cells were treatech viit01-1000 nM Dex, hydrocortisone (HC),
GSK47867A (67A) or GSK47869A (69A) for 18 hoursdamere then lysed and subjected to analysis
by luciferase assay. The graphs (mean = SD) shewdlative light units (RLU) (B) or percentage
inhibition (C) from one of three representative exments performed in triplicate.
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3 nM 69A for 72 hours. Subsequently MTS reagerd added to the treated cells and the formazan
production was measured after 2 hours at a waviarfgd90 nm. Graphs show formazan production
for each treatment which directly correlates tonenber of viable cells (E,F). Statistical sigréfice
was evaluated by one way ANOVA followed by Tukeysptest. Asterisks indicate:p*< 0.001
significantly different from vehicle treated coritro
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3.4.2 GR crystal structure reveals ligand-speailiered surface charge

To identify conformational differences in the GRadnd binding domain (LBD), we

first compared the structures of GR-Dex (1M2Z) &R-GSK47866A (3E7C) a non-

steroidal GR ligand similar in structure to GSK478gFigure 3.1 A and Figure 3.4).

An active site model derived from the coordinatésleposited structure 3E7C was
used to dock GSK47867A and GSK47869A. Both GSKZ288nd GSK47869A are

similar to GSK47866A and gave very high scoring fit the binding pocket formed

by GSK47866A bound to the GR LBD (Figure 3.5). pkastion of the poses showed
sensible, well fitting conformers, indicating thatructure 3E7C was a suitable

surrogate to compare with 1M2Z.

Observation of the ligand binding pocket in eagfstal structure revealed that amino
acids in closest proximity to each ligand demonsttasignificant movement
compared to Dex at the head (A ring, Figure 3.4)Gd tail (D ring, Figure 3.6 C-
D). The greatest displacement was seen in amindsa@in570 and Arg611
(Figure 3.4 C-D). Less displacement was seeneabpiposite end of the ligand; most
noticeable here was the movement of GIn642 (FiguseC-D).

The effect of residue movements in the GR LBD upording of GSK47866A was
examined by visualisation of the molecular surféegure 3.7, 3.8 and 3.9). This
revealed a distinct surface electrostatic poterditierence, highlighting a patch of
positive charge in the GR-GSK47866A structure iasylfrom displacement of
Arg611 (Figure 3.7 B,D). This demonstrates that skructural difference between
Dex and the NSGs results in a different GR surfeloarge upon binding, with

potential for altered for protein-protein interacts.
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Figure 3.4: Dex and GSK47867A binding induces different GR LBD structures. Comparison of
the crystal structures of the GR LBD bound to D&xfurple) and GSK47867A (67A) (B, blue). The
residues in the binding pocket that show significaovement upon 67A binding are highlighted in
yellow. When 67A binds to the GR LBD the head osgtauses movement of residues GIn570,

Met604 and Arg611 (D) when compared with Dex bigdiG).
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Figure 3.5: Docking NSG into GR LBD crystal structure. Comparison of the crystal structures of
the GR LBD bound to Dex (A, purple), FP (B, orange)d GSK47866A (66A) (C, green).
GSK47867A (67A) (D, blue) and GSK47869A (69A) (B were docked into the binding pocket of
66A and gave a very high scoring fit. The residireghe binding pocket that show significant
movement with NSG binding are highlighted in yellow
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Figure 3.6;: Movement of residues at tail of ligand (D ring). Comparison of the crystal structures of
the GR LBD bound to Dex (A, purple) and GSK4786B%A) (B, Blue). The residues in the binding
pocket that show significant movement upon 67A Irigdare highlighted in yellow. When 67A binds
to the GR LBD the tail region of the ligand causesvement of residues Met560, Met601, GIn642,

Met 646 and Tyr 735 (D) when compared with Dex (C).
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Figure 3.7: GR LBD surface charge is altered by GSK47867A binding. (A, C) The region of the
GR LBD surface where residues GIn570, Met604 argbAt are exposed is highlighted [A, with Dex
in purple and C, GSK47867A (67A) in blue]. (B, B)close up of this region is shown with an
electrostatic charge map that reveals the creaifoa patch of positive surface charge due to the
movement of Arg611 upon 67A binding.
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Figure 3.8: Comparison of GR LBD surface with steroidal and non-steroidal ligands at the head

end of the ligand (A ring). Comparison of the crystal structures of the GR LiBdund to Dex (A,
purple), FP (B, orange), GSK47866A (66A) (C, gre@3K47867A (67A) (D, blue) and GSK47869A
(69A) (E, pink). The region of the GR LBD surfacéeave residues GIn570, Met604 and Arg611 are
exposed is highlighted.
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Figure 3.9: Comparison of GR LBD surface with steroidal and non-steroidal ligands at the tail

end of the ligand (D ring). Comparison of the crystal structures of the GR LiBdund to Dex (A,
purple), FP (B, orange), GSK47866A (66A) (C, gre@3K47867A (67A) (D, blue) and GSK47869A
(69A) (E, pink). When the NSGs bind to the GR LB tail region of the ligands cause movement of
residues Met560, Met601, GIn642, Met 646 and Ty8.73he region of the GR LBD surface where
residues Met560, GIn642 and Tyr735 and are expisdaighlighted.
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3.4.3 NSG induce different kinetics of endogencuta@et gene regulation

To determine whether the alteration in GR surfdw@rge upon binding NSG had any
functional consequence, transcript levels of endoge glucocorticoid induced
(GILZ and FKBP5) and glucocorticoid repressed (kued IL8) target genes were
guantified at multiple time points (Figure 3.10 A-Bigure 3.11 A-B). Both the
steroidal and NSG ligands displayed equivalent tidtee of FKBP5 induction
(Figure 3.10 A). Although NSG treatment did notund GILZ transcript at 1 hour,
similar induction was observed at later time poifigure 3.10 B). Similarly NSG
treatment did not repress IL6 or IL8 transcriptsldtour but comparable repression

was observed at later time points (Figure 3.11 A-B)

3.4.4 NSG treatment results in delayed kineticS®Rf211 phosphorylation
Transactivation of IGFBP1 is reliant on Ser211 phasylation of the GR, a signal to
recruit the co-activator protein MED14. Dex treatmeesulted in significant
induction of IGFBP1 transcript by 1 hour (Figurd3A), but the NSG ligands failed
to induce transcript at this early time point. Thask of transcript regulation at an
early time point was similarly seen with GILZ, llaéd IL8. Ligand induction of GR
Ser211 phosphorylation was compared. Treatmenth Riéx resulted in rapid
phosphorylation of GR at both serine residues 2@B241 (Figure 3.12 B). The NSG
ligands induced slower onset of phosphorylatiolath serine residues 203 and 211
(Figure 3.12 B).
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Figure 3.10: GSK47867A and GSK47869A induce slow kinetics of GR activation. HelLa cells were
treated with DMSO vehicle, 100 nM Dex, 3 nM GSK478667A) or 3 nM GSK47869A (69A) for 1,

4 or 24 hours. Cells were then lysed and RNA wdseted using an RNeasy kit. RNA was reverse
transcribed and subjected to qPCR for FKBP5 (A) @HdZ (B) using Sybr Green detection in an ABI
g-PCR machine with data analysed by 88eCT method. Graphs (mean + SEM) combine data from
three separate experiments and display fold chamgethat in vehicle-treated control. (C) Following
transfection with HaloTag-GR, Hela cells were inatgd with 100 nM Dex, 3 nM FP, 3 nM 67A or
69A. Cells were imaged in real time at’@7o determine the subcellular localisation of @R (white)

at the times indicated. Scale barp®b Images are representative of three independg@rienents.
(D) Hela cells transfected with a TAT3-Luc reponpasmid were treated with 100 nM Dex, 3 nM FP,
3 nM 67A or 69A for up to 24 hours. The productiohluciferase was tracked by measuring the
relative light units (RLU) emitted from each sampyeaph D tracks RLU production over the first 5
hours following addition of treatment and is rejr@stive of three separate experiments. The time
taken to reach half the maximal light output wasasweed for all treatments (E). Statistical
significance was evaluated by one way ANOVA follaWey Tukey post-test. Asterisks indicatg: ¢
0.005 compared with control, p* < 0.001 compared with Dex.
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Figure 3.11: Regulation of endogenous genes IL6 and IL8. HelLa cells were treated with TNé&

5 ng/ml, DMSO vehicle, 100 nM Dex, 3 nM GSK478678VA) or 3 nM GSK47869A (69A) for 1, 4
or 24 hours then lysed and RNA extracted using AledRy kit. RNA was reverse transcribed and
subjected to gPCR for IL6 (A) or IL8 (B) using SyBreen detection in an ABI g-PCR machine and
data analysed by th& CT method. Graphs (mean = SEM) combine data frbmeet separate
experiments and display fold change over vehidatéd control. Statistical significance was evaldat
by one way ANOVA followed by Tukey post-test. Assiis indicate: *p < 0.005 significantly different
from control.
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Figure 3.12: Kinetics of GR phosphorylation. HeLa cells were treated with DMSO vehicle, 100 nM
Dex, 3 nM GSK47867A (67A) or 3 nM GSK47869A (69A)rfl or 4 hours then lysed and RNA
extracted using an RNeasy kit. RNA was reversestniabed and subjected to qPCR for IGFBP1 (A)
using Sybr Green detection in an ABI g-PCR machiné data analysed by t6& CT method. Graph
(mean £ SEM) combines data from two separate exymats and displays fold change over vehicle
treated control. Hela cells were treated eitheéh w00 nM Dex or 3 nM 67A or 69A for up to 60
minutes then lysed in RIPA buffer containing phagplke and protease inhibitors and analysed by
immunoblotting for GR abundance, GR ser 203 andséR211 phosphorylation (By-Tubulin was
used as a loading control. Statistical significamaes evaluated by one way ANOVA followed by
Tukey post-test. Asterisks indicate: *p < 0.005éigantly different from control.
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Figure 3.13. GR nuclear mobility. HeLa cells were transfected with GR-GFP and intadavith
100 nM Dex, 3 nM GSK47867A (67A) or 3 nM GSK4786@39A) for 1 (A,B) or 4 hours (C,D). The
nuclei of the treated cells were subjected to pbleeching and the level of bleach (A, C) and time t
recovery (B, D) was measured for each treatmemtis8tal significance was evaluated by one way
ANOVA followed by Tukey post-test. Asterisks indiea *p < 0.001 significantly different from
control.

3.4.5 NSG treatment results in slow rate of GRemrctranslocation

The delay in endogenous gene transactivation arepter phosphorylation seen with
NSG treatment suggested that nuclear translocatiay also be delayed. Use of a
halo tagged GR clearly demonstrated a slower fateicear translocation with both
GSK47867A and GSK47869A (Figure 3.10 C). Ligand#mbwnuclear GR has a
signature FRAP signal, with reduced intranuclearbifity resulting in delayed
recovery from photobleaching. FRAP studies reve#iad at 1 hour following NSG
treatment nuclear GR displayed characteristics of w@nliganded receptor
(Figure 3.13 A-B). However with 4 hour NSG treatmenclear GR displayed the
typical signature of liganded receptor, indicatioE a delay in adoption of the

activated GR conformation (Figure 3.13 C-D).
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Altered kinetics of GR phosphorylation may expldite observed differences in
nuclear translocation rate and transactivation mdogenous glucocorticoid target
genes. Therefore, we made GR mutants Ser211Alasgblodeficient) and Ser211Asp
(phosphomimetic) to assess the importance of thisosphorylation site

(Figure 3.14 A). However, the phosphomimetic GR mlid significantly increase the
rate of GR translocation with either GSK47867A 0ISK37869A treatment

(Figure 3.14 C-D). Likewise the phosphodeficient G& no significant impact on
the rate of translocation seen with Dex treatmEigure 3.14 B, D).
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Figure 3.14: GR translocation with 211 phospho mutants. Schematic of plasmids for GR-GFP, GR-
GFP 211Ala and GR-GFP 211Asp (A). HelLa cells weamdfected with plasmids containing either
GR-GFP, GR-GFP 211Ala (B) or GR-GFP 211Asp. (C)nsfacted cells were incubated with 100 nM
Dex, 3 nM GSK47867A (67A) or 3 nM GSK47869A (69&)ells were fixed with PFA and analysed
for subcellular localisation of the GR-GFP (whitg)the times indicated. Images are representafive o
three independent experiments. Time (mean +/- StakBn for the GR to become exclusively nuclear
was measured across both the fixed and live celhing experiments (D). Statistical significance was
evaluated by one way ANOVA followed by Tukey posttt Asterisks indicate: *p < 0.001
significantly different from GR-GFP.
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3.4.6 NSG treatment results in slower onset of I@Rsactivation

Treatment with NSG results in slowed GR nucleandiacation and delayed
transactivation of endogenous glucocorticoid taggetes. To measure the kinetics of
GR transactivation more precisely, real-time luafe analysis was used (Meeg
al., 2008;McMasteret al, 2008a) (Figure 3.10 D). This revealed that th&GN
ligands consistently took longer to reach half-maadi transactivation compared to
either Dex, or the higher potency FP (Figure 3.10IRterestingly all three high
potency ligands resulted in greater maximal traimsatoon (Figure 3.10 D).

3.4.7 Delayed action of NSG cannot be explainednipaired cellular uptake

One possible explanation for these observationgltsred ligand access to the
intracellular GR. Initially mass spectroscopy asal of cell lysates was performed
after 10 minutes ligand exposure (Figure 3.15 A).10uM concentration of each

ligand was compared, to permit detection of thardyby mass spectrometry in cell
lysates. Strikingly, the NSG ligands showed greatiean 10 fold increased

concentrations within the cells compared to Defeatively ruling out delayed ligand

penetration.

To further evaluate cell pharmacokinetics, cellseMacubated with 100 nM Dex or
3 nM FP, GSK47867A or GSK47869A for 10 minutes, negkand then incubated in
ligand-free medium for 4 hours. These samples werspared to cells treated with
ligand continuously for 4 hours (Figure 3.15 B-DShort exposure to both NSG
ligands resulted in greater induction of GILZ anBP5 although not IGFBP1
compared to Dex, again demonstrating rapid celldacumulation of ligand.
Furthermore cells incubated with NSG on ice forolihto permit ligand access in the
absence of GR activation still showed delayed rarcteanslocation (Figure 3.15 E-
F), implicating a post receptor mechanism of actidie observed differences could
not be attributed to Dex activation of mineralommid receptor, as the
mineralocorticoid receptor antagonist Spironolaetdid not affect the Dex induction
(Figure 3.16 A-B).
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Figure 3.15: GSK47867A and GSK47869A rapidly accumulate in cells. A549 cells were treated
with 10uM Dex, FP, GSK47867A (67A) or GSK47869A (69A) fod Minutes and subsequently
washed and lysed. The cell samples were analysddydmd uptake by mass spectrometry (A). HeLa
cells were treated with DMSO vehicle (not showrQ0 hM Dex, 3 nM FP, 3 nM 67A or 3 nM 69A
either for 4 hours or for 10 minutes followed byshaut (WQO) and cultured in ligand-free medium for
4 hours. Subsequently cells were lysed and RNAaeteéd using an RNeasy kit. RNA was reverse
transcribed and subjected to gPCR for GILZ (B), H&B(C) and IGFBP1 (D) using Sybr Green
detection in an ABI g-PCR machine and data werdyaed by thess CT method. Graphs (mean %
SEM) combine data from three separate experimerddasplay percentage induction compared with
the equivalent 4 hours of constant treatment. kafg transfection with HaloTag-GR Hela cells were
placed on ice for 10 minutes and subsequently mt@ebwith 100 nM Dex, 3 nM FP, 3 nM 67A or
69A for 1 hour on ice. Following treatment, celmaiges were captured in real time af@7o
determine the subcellular localisation of the GRi{e; E). Scale bar, 28n. Graph F displays average
time to exclusively nuclear GR following 1 hour kvitigand on ice, calculated from three separate
experiments. Statistical significance was evaluétgdne way ANOVA followed by Tukey post-test.
Asterisks indicate: ff < 0.001 compared with Dex.
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Figure 3.16: Endogenous gene regulation in the presence of an MR inhibitor. HelLa cells were
pretreated for 30 minutes with 1 uM spironolact@me subsequently treated with DMSO vehicle,
100 nM Dex, 3 nM GSK47867A (67A) or 3 nM GSK4786989A) for 1 hour then lysed and RNA
extracted using an RNeasy kit. RNA was reversestidiped and subjected to qPCR for IGFBP1 (A)
and GILZ (B) using Sybr Green detection in an ABPGR machine and data analysed by&he&T
method. Graphs (mean + SEM) combine data from theparate experiments and display fold change
over vehicle treated control. Statistical significa was evaluated by one way ANOVA followed by
Tukey post-test. NS = not significantly differembrn treatment without spironolactone.

67A

Figure 3.17: Nuclear export of the GR. HelLa cells were transfected with GR-GFP and intada
with 100 nM Dex, 3 nM GSK47867A (67A) or 3 nM GSKZBRA (69A) for 2 hours then subsequently
washed and imaged for the following 24 hours tgeas subcellular GR localisation (white).
Magnification of the 6 hour time point demonstraties difference in subcellular GR localisation (B).
Scale bar, 25um. Images are representative of thdependent experiments.
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3.4.8 NSG bound GR shows prolonged nuclear retentio

As treatment with both NSG ligands results in dethyhuclear translocation, we

investigated whether nuclear export of GR may bksslower. To measure GR export
Hela cells were treated with 100 nM Dex or 3 nM NMSGr 1 hour then washed and
placed in serum free media and imaged over 24 H&igare 3.17 A). In cells treated

with NSG the GR-GFP was not exported from the rugclduring the 24 hour wash-

out period, but Dex treated cells exported GR frbra nucleus within 6 hours

(Figure 3.17 B).

3.4.9 Structural modelling suggests that NSGs malkdé Hsp90 interaction surface
Our data clearly demonstrates that when bound t@ M@re is altered interaction of
GR with the translocation machinery resulting idagled nuclear import, delayed
transcriptional activity and receptor export. ThHeagerone heat shock protein 90
(Hsp90) is known to play key roles in this aspeft @GR biology, including
maintaining GR structure, ligand binding activignd trafficking of GR between
nucleus and cytoplasm (Segnitz and Gehring, 19906, Eh al, 2004;Kakaret al,
2006;Gradet al, 2007;Echeverri@t al, 2009). GR residues identified by Ricketson
and co-workers (Ricketsoat al, 2007) as important for Hsp90 interaction were
mapped onto the crystal structure of GR bound te (Begure 3.18 A). Surface map
analysis of GR following replacement of Met604 withr604, which has been shown
to inhibit Hsp90 recruitment, was in the same mdrthe GR structure that was
differentially affected by NSG binding (Figure 3.B8C).
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Figure 3.18: Legend on next page.
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Figure 3.18: Disruption of the microtubule network increases the rate of GR translocation in a
ligand specific manner. (A) The ribbon structure of the GR LBD bound toxD&he residues
highlighted in yellow were identified by Ricketsen al as important for interaction between GR and
Hsp90. The region of the GR LBD surface where ti®%GN cause an alteration in surface charge is
shown in panel B. The region of the GR LBD surfateere Met604 is exposed is highlighted in panel
C in yellow. This area overlaps the region ideatfias having altered surface charge upon binding
NSG, supporting the lack of Hsp90 engagement wiiGNreatment. (D) Untreated HelLa cells with
GFP-labelled microtubules. Incubation for 1 houthwR uM colcemid disrupts the microtubule
network (E). Following transfection with a halo ¢mgl GR, HelLa cells were incubated withu®
Colcemid for 1 hour then subsequently co treateth WDO nM Dexamethasone, 3 nM FP, 3 nM
GSK47867A (67A) or 3 nM GSK47869A (69A) (F). Cellere imaged in real time and analysed for
subcellular localisation of the GR (white). Scabe,l25um. The average time taken (mean + s.e.m) for
the GR to be exclusively nuclear. Statistical digance was evaluated by one way ANOVA followed
by Tukey post-test. Asterisks indicatep ¥0.005 compared with treatment without colcemid

3.4.10 Microtubule disruption improves nuclear tséocation rate

Hsp90 anchors the GR to the microtubule networkpeonitting rapid, energy-
dependent nuclear translocation. Hsp90 antagonikwssthe rate of nuclear
translocation (Galignianat al, 1998). However, in addition, GR can translocate
using a diffusion mechanism (Niskt al, 1999). Disruption of the microtubule
network using colcemid restores rapid GR translonagven in the presence Hsp90
inhibitor geldanamycin (Segnitt al, 1997;Galignianat al, 1998). Therefore, we
used colcemid to determine if the microtubule aedture was slowing NSG
mediated nuclear translocation. Colcemid signifisamcreased the rate of NSG-
driven nuclear translocation, but had no effect that promoted by Dex

(Figure 3.18 D-G), suggesting a diffusion mechanientranslocation

3.4.11 NSGs mediate prolonged duration of action

The duration of ligand-dependent activity dependscontinuing presence of ligand,
and maintaining GR in a ligand-binding compatibnformation. To investigate

these phenomena we initially undertook washoutiegdising real time reporter gene
luciferase analysis. These revealed a strikingopigdition of transactivation following

NSG ligand withdrawal compared to either Dex or #Rich was not explained by

increased ligand potency (Figure 3.19 A).
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Figure 3.19: Antagonism of Hsp90 has less impact on the activity of NSG ligands. HeLa cells
transfected with a TAT3-Luc reporter plasmid wereated with 100 nM Dex, 3 nM GSK47867A
(67A) or 3 nM GSK47869A (69A) for 24 hours. Subseujly cells were either co-treated with 10 mM
geldanamycin (GA) (D) or washed (WO) and placeddrum-free recording medium (A) for a further
24 hours. The production of luciferase was tradkgdneasuring the relative light units (RLU) emitted
from each sample. Graphs tracks RLU production Zérhours following GA addition or ligand
removal. Graphs are representative of three sepaxmeriments. HelLa cells were treated with DMSO
vehicle (not shown), 100 nM Dex, 3 nM FP, 3nM 67/A3mM 69A for 24 hours or 1 hour followed by
washes (WO) and then cultured in ligand-free mediomn®4 hours. Subsequently cells were lysed and
RNA was extracted using an RNeasy kit. RNA was mevé¢ranscribed and subjected to gPCR of GILZ
(B) and FKBP5 (C) using Sybr Green detection irA&h q-PCR machine and data analysed byd#e
CT method. Graphs (mean * s.e.m) combine data ftloree separate experiments and display
percentage induction compared to equivalent 24 honstant treatment. HeLa cells were treated with
100 nM Dex, 3 nM 67A or 69A for 2 hours and thentiegated with 10 mM GA for a further 2 hours
(E) or 22 hours (F), and a constant 4 hour or 24r li@atment was used as a comparison. Following
treatment, cells were lysed in RIPA buffer containphosphatase and protease inhibitors and analysed
by immunoblotting for GR abundance and GR ser 2fidsphorylation.a-Tubulin was used as a
loading control. Statistical significance was eeddd by one way ANOVA followed by Tukey post-
test. » < 0.01 compared with both Dex and FP. MechanismG& action (G). Upon binding
glucocorticoid (Gc) (1) the GR interacts with tharislocation machinery enabling nuclear import (2).
In the nucleus GR binds to cis-elements to activateepress target gene expression (3). The GR
undergoes dynamic cycles of dissociation, and meibg of ligand, which occurs in a Hsp90
dependent manner (4). Interaction with PP5 fatdganuclear export of the GR (5) enabling it to be
recycled or targeted for degradation by the prateas(6).

To corroborate these observations with endogenenssa two hour ligand exposure
was chased with a 24 hour washout before measuteofe®ILZ and FKBP5
transcripts (Figure 3.19 B-C). There was signifttarenhanced preservation of
transactivation seen with both the NSGs comparethéopotency matched control
steroid FP.

To determine the role of Hsp90 in mediating prokshgGR transactivation,
geldanamycin was used. As Hsp90 activity is resglfor initial GR ligand binding,
these studies were performed sequentially, addietflagamycin after ligand
activation. The geldanamycin was added to cellstra time of maximal
transactivation, in the presence of continuingry@xposure (Figure 3.19 D). Both
FP and Dex showed exponential decay of transaidivads predicted. However, the
NSG ligands showed a striking biphasic responstq imitial potentiation, followed
by decay (Figure 3.19 D).
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As Hsp90 is also essential for maintaining GR prot&tability investigation of
receptor abundance and phosphorylation was undertaknhibition of Hsp90
preserves GR protein levels following Dex treatmfent4 hours (Figure 3.19 E), but
not at a later time point (Figure 3.19 F). Stritin the NSG ligands did not show
such a ligand-dependent loss of GR protein (Figut® E,F), again identifying
differences in Hsp90 interaction with the novel NS@&dditionally treatment of cells
with Dex in the presence of geldanamycin resultkethdephosphorylation of GR at
serine 211 (Figure 3.19 E). However treatment withNSG was protective for serine
211 phosphorylation (Figure 3.19 E). Collectivetiiese studies suggest that GR-
Hsp90 interactions can be modulated by ligand siracto influence the properties

of the glucocorticoid response.
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3.5 Discussion

Understanding how the GR interprets its ligandspymit appropriate cellular
responses is of vital interest in both physiology @aharmacology, as the GR remains
an important drug target in inflammation and madigoy (Barnes, 2011;Det al,
2011). The advent of drug design based on the arystructure predicted
pharmacophore has permitted new generations ofdgéo be synthesised, including
those studied here (Kauppt al, 2003;Bledsoect al, 2004). Our initial findings
identified that although highly potent, the NSGalgls surprisingly result in slowed
kinetics of GR phosphorylation, nuclear import atedlayed onset of GR-dependent
gene transactivation. Our data suggests that the Nfands fundamentally alter the

mechanism of GR activation.

A possible explanation for the delayed kineticscellular response to GSK47867A
and GSK47869A is reduced efficiency of cellularakat of ligand. Although the
NSGs retain the highly lipophilic characteristidsteroidal ligands, they may interact
differentially with membrane components. However mass spec studies in fact
showed an accelerated ligand accumulation withNB&s compared to Dex. We
also undertook a functional assay, washing offrlthafter a short incubation, and
tracking response of glucocorticoid target genemif the NSGs produced enhanced
target gene transactivation compared with Dex cattiig rapid ligand accumulation.
Furthermore treatment of cells with ligand for uhon ice allowed for saturation of
the receptor without translocation. When the celexe returned to 3T the GR
rapidly translocated with both Dex and FP but tl@cegtion was slower for both the
NSG ligands, supporting defective interaction withe nuclear translocation

machinery post ligand binding.

To explain these observations we interrogated ty&ta structure of GR LBD bound
to GSK47867A and GSK47869A. This revealed a venyilar conformation to that
seen with Dex, but there was a single differeneenely the addition of a patch of
positive charge on the external surface of the LBizketson and co-workers were
able to demonstrate, through amino acid substiutioat this surface is required for
Hsp90 interaction (Ricketsoet al, 2007). Hsp90 recognises the GR LBD through
two, defined hydrophobic sites and binds to a sulvaccessible major groove

maintaining GR stability and permitting high-affipiligand binding (Fanget al,
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2006), as depicted in Figure 3.19 G. Followingd binding Hsp90, undergoes a
conformation change to bind to the same regiomefGR LBD, but with a different
motif. This is required to couple the GR to theneiyp active transport mechanism
through the bridging effect of immunophilins (Hdkret al, 2004)(Figure 3.19 G).
Hsp90 remains associated with the GR in the nuchetiere binding to the major
groove of the GR LBD competes with recruitment ofactivators (Caamanet al,
1998;Kanget al, 1999;Fanget al, 2006), and also promotes nuclear retention (Tago
et al, 2004;Kakaret al, 2006). Binding of NSGs to the GR LBD forces the
movement of Arg61l, leading to the creation of aehanteraction surface which
could be the mechanism by which interaction wittp®& is altered. Therefore, we
measured the impact of Hsp90 manipulation on GRtfon with both the steroidal
ligands, and NSGs.

GR is anchored to the microtubule network througteraction with Hsp90 to
facilitate nuclear translocation. Antagonism of B8pgherefore reduces the rate of GR
nuclear translocation and can be overcome by disigighe microtubule network
(Galignianaet al, 1998;Nishiet al, 1999). Here we show that the absence of an intact
microtubule network significantly increases theeratf GR translocation in response
to the NSGs but not Dex, which suggests an impairegtaction of GR-NSG with
Hsp90. Evidence has emerged that persisting glutocm action requires cycles of
dissociation, and re-binding of ligand to the GRiaekh occurs in a Hsp90 dependent
manner (Stavrevat al, 2004;Conway-Campbedt al, 2011)(Figure 3.19 G). To test
the role of Hsp90 we used the inhibitor geldanamy@egnitzet al, 1997). As
predicted, geldanamycin curtailed the glucocortddoanscriptional response rapidly,
irrespective of ligand potency, for the two steragbnists. However, in keeping with
the hypothesis that Hsp90 binding was disruptethbyfinal conformation adopted by
the NSG bound GR there was greatly prolonged tcdvséion observed, with a
gradual decay likely due to degradation of GR protdt was, however, striking that
the pattern of response for both NSGs includednérali augmentation of response,
which is compatible with displacement of Hsp90 frdhe major groove, and
subsequent promotion of co-activator recruitmernt &lso possible that disruption of
the Hsp90 interaction surface also affects intevadbetween GR, and co-modulator
protein partners (Caamaebal, 1998;Kanget al, 1999;Fanget al, 2006).
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Altered NSG-driven nuclear translocation, and iatgon with Hsp90 may also affect
GR nuclear export, and the duration of cellulapogse. Indeed, our washout studies
showed a dramatic difference between the ster@ddl NSG ligands, with marked
reduction in GR export rate and prolongation ofaacseen with the NSGs, observed
with both transfected reporter genes, and endogegeune transcripts. A similar
prolongation of action was seen in cells treateith \yeldanamycin which may result
from stabilised GR-ligand interaction, due to ateengagement with Hsp90, and its
associated protein complex, including enzymes siscprotein phosphatase 5 (PP5).
PP5 is responsible for removing phosphate modi@nafrom GR Ser21l, and
promoting GR nuclear export (DeFrancet al, 1991;Silverstein et al,
1997;Galignian&t al, 2002;Hinds, Jret al, 2008)(Figure 3.19G).

Geldanamycin treatment resulted in loss of the Dgand-dependent GR Ser211
phosphorylation. However NSG-liganded GR was reggthedsphorylated under the
same conditions, implying altered recruitment of5SPPPP5 also associates with
Hsp90 as part of the chaperone complex (Silversteial, 1997;Hinds, Jret al,
2008) (Figure 3.19 G), and contains a peptidylgrsiymerase domain that is capable
of dynein interaction and therefore forming a bedetween the GR and the nuclear
export machinery (DeFrancet al, 1991;Galignianaet al, 2002)(Figure 3.19 G).
Therefore, as PP5 has been implicated in the nuebgaort of the GR, the lack of
dephosphorylation seen with NSG treatment is coilgaivith a broader change in
protein recruitment with the NSG ligands. Interggly, it was also observed that
NSG treatment preserved GR protein expression cadpaith Dex treatment. This
would further suggest that the conformation adofted>R following NSG binding
decouples protein recruitment required for termingathe GR transcriptional signal
(Nawaz and O'Malley, 2004)(Figure 3.19 G).

In conclusion we have identified two NSGs that biod5R with high specificity but
paradoxically result in profoundly slowed kinetiok cellular response. Analysis of
the structural effects of these NSGs bound to GRRyessts a change to the GR surface,
through the movement of Arg611 in the ligand bigdpocket of the GR, resulting in
an alteration in the GR surface charge. The chamgéectrostatic charge is close to
the known binding site for Hsp90, and co-modulatteins. This alteration carries

with it the consequence of delayed GR phosphooniatind nuclear translocation,
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which in turn results in delayed early glucocoriicdarget gene regulation. The
ability to manipulate the kinetics of GR activatitwy designing novel NSGs has

implications for therapy, by targeting cellular pim@acodynamics rather than
organismal pharmacokinetics.
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4.1 Overview

Glucocorticoids (Gc) are potent anti-inflammatorgeats, offering significant
therapeutic benefit in the treatment of a rangmitdmmatory diseases. Although Gc
are effective medicines in the majority of patienkeir clinical efficacy is limited by
variation in response and the development of sergide effects over time. The
structure of the glucocorticoid receptor (GR) isnamwic, where the final receptor
conformation is directed by the ligand to whichsitbound. Insight into how ligand
structure influences GR conformation can be infatmesing chemical biology
approaches, through experimental mutation of the @Rl also through the
characterisation of naturally occurring GR mutasiorMuch like the changes
coordinated by ligand structure, genetic mutatialter the receptor conformation to
develop unique activity profiles. Understanding h@weeptor mutations and receptor-
ligand interactions direct specific cellular effecis an essential step towards

improving current therapies.

4.2 GR mutations and PGGR

Primary generalised glucocorticoid resistance (PBiSRssumed to be rare, because
of the crucial role GR signalling plays in develaggm metabolism and resolution of
inflammation. The spectrum of PGGR symptoms is ssingly broad with wide
variation in severity, ranging between patientst @ relatively asymptomatic to
those that present with serious biochemical andngiypic abnormalities.
Biochemically, patients with PGGR present with eased plasma ACTH, raised
serum cortisol and elevated urinary free cortistheut the characteristic symptoms
of hypercortisolism. Although a normal circadianytihm of cortisol release is
maintained (albeit at higher levels), the HPA aogs not respond normally to a Dex
suppression test (Chrouses al, 1993). The classic clinical phenotype of PGGR
manifests as apparent mineralocorticoid excess;enwpsion and hypokalemia.
Androgen excess is also often reported, causingaleerpseudohermaphroditism,
premature onset of puberty in children, acne, kissy hypofertility, male pattern
balding, menstrual irregularities, oligo-anovulatiom women and oligospermia in
men (Charmandaet al, 2008b). Inhibition of gonadotropin release thiowexcess
production of androgens most likely accounts foe impaired fertility seen in
patients. In some cases severe anxiety is alsagtegpwhich is linked to the elevated
production of ACTH (Charmandaet al, 2005). Treatment of PGGR constitutes high
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doses (1-3mg once daily) of synthetic Gc such asx ehich has low

mineralocorticoid activity), to suppress excessdpation of ACTH (Chrousost al,

1982). The reduction in ACTH in turn decreases mareroduction of steroids

alleviating symptoms (Charmandari and Kino, 2010).

PGGR is caused by a mutation within the GR gene ithpairs receptor function.

Many GR mutations have been tested experimentalytro to define the impact on

Gc binding affinity, GR trafficking and transcriptial activity. They are summarised

in table 4.1 below.

Table4.1: GR mutations.

M utation Gc |Trandocation|Transactivation| Severity | Index Genotype |Dominant
Binding Gender negative
R469STOP | None None None Mild Male| Heterozygops N.D.
R477H Normal 20 min Minimal Moderatd Femalge Heterozyggus Yes
559N None 180 min Minimal Severe Malg Heterozygous Yes
\VV571A 6 xles§ 25 min 10-50 x less Very | Female| Homozygous No
Severe
4-bp N/A N/A N/A Severe Femalgd Heterozygops N.D.
deletion at
exon 6 splice
Site
S612Y N.D. None None Mild Femal¢ Heterozygdus Yes
D641V 3xlesy 22 min Minimal Moderatg Male| Homozygodis N.D.
G679S 2xles§ 30 min Minimal Moderatdg Femalge Heterozyggus Yes
R714Q 2xles§ 80 min 2 x less Severe Femdle HeterozydousYes
\/ 729 2xles§ 120 min 4 x less Severeg Mald Homozyggus No
F737L 2xles§ 180 min 2 X less Severg Malg  Heterozygpies (time
dependent
| 747M 2xles§ 25 min 4 x less Severe Femdle HeterozydousYes
L773P 2.6 X 30 min 2 x less Severe Femdle HeterozydousYes
less

2-bp None N.D. None Very Male | Homozygou§ N.D.
deletion at severe
nt 2318-9
aa 773

N.D. not determined.
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No single correlate can predict the severity of IRG&% the combination of several
factors (including type and location of the mutajicdetermines the symptoms
observed. To date, all documented GR mutations heee found within the LBD of
the receptor, with the exception of R469STOP and/RUwhich are both located in
the GR DBD (Ruizet al, 2001;Bouligancet al, 2010;Ruizet al, 2013). No natural
mutations within the first 400 amino acids of th® Gave ever been documented.
This suggests that mutations in this region afgeeiincompatible with life or do not
impact receptor function. Mice that lack the AFiirdd in the first 400 amino acids of
the GR are viable, although their response to Gdlismited (Miesfeldet al,
1987;Mittelstadtet al, 2003). This suggests that mutations within theDNAIre not

detrimental to receptor function.

GR substitution mutations are the most common gpiddlly reduce GR affinity for
Gc, where a more pronounced reduction in Gc affiodrrelates with a more severe
phenotype as seen in carriers of I559N and V571Arl(kt al, 1996;Kinoet al,
2001;Mendonceaet al, 2002). The only reported mutation that does rf#ct Gc
affinity is the R477H which lies within the DBD (et al, 2001). Another common
feature of GR mutations are varied rates of nudearslocation, much slower than
the wild type GR, where the slowest mutants I558Y291 and F737L are all
associated with severe phenotypes (Malcko#l, 1993;Karlet al, 1996;Kinoet al,
2001;Charmandast al, 2007). Transiently transfected GRE reporter pldsmermit
guantification of the transactivation ability ofetlreceptor mutants. All reported
mutant receptors display a reduced ability to atéiva GRE reporter. Interestingly the
D641V mutation results in a receptor with decreasedsactivation activity but
increased transrepression compared to wildtype @&RLa&nge Pet al, 1997). The
GR DBD facilitates dimerisation which is requirear feffective DNA binding. As
such the R477H mutation located in the DBD imp&IMA binding and is unable to
activate a GRE reporter, yet is able to effectivegruit coactivator GRIP1 through
both its AF1 and AF2 domains. Also R477H GR retdhres ability to repress TNF
induced NKkB reporter genes, indicating that the monomerianfasf the GR is
sufficient for this task (Ruiet al, 2001;Ruizet al, 2013).
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Although the majority of reported GR mutations agbstitutions, three deletion
mutations have now been described. | have idedtdi@ovel deletion in GR exon 6
(A612 — bp C1835 — S612Y) which produces minor biotubal alterations without
significant phenotypic presentation (Trebbkleal, 2010). The C1835 deletion results
in a frame shift that introduces 15 novel aminala@nd an early stop codon at amino
acid 627, resulting in a truncated GR protein irata@ of ligand binding or regulating
gene expression. The rate of translocation andréimsactivation ability of full length
GR are both reduced when co expresseditro with A612GR. This is most likely
due to dimerisation oA612 with wildtype GR as the transrepression agtigit the
full length GR (which acts as a monomer) was ngtdoted by co expression with
AB12.

A 2 bp deletion at nt 2318 (amino acid 773) in eXrhas also been reported
(McMahonet al, 2010). This deletion also results in a frametshifich removes the
stop codon at amino acid 778 and adds an additidhamino acids to the C-terminal
of the GR. The resultant receptor has a greatlyedsed affinity for Gc, slowed rate
of nuclear translocation and reduced transactinaidivity. LikeA612, heterozygous
carriers for this mutation lack any phenotypic @aochemical alterations. A 4 bp
deletion at the 3’ boundary of GR exon 6 has alsenbdocumented. This deletion
results in the loss of a donor splice site at tkene6 boundary, preventing correct
MRNA processing. This results in a 50% loss in Genhdering carriers
haploinsufficient, however the remaining proteirs lithe functionality of wild type
GR. The loss of this splice site was identifiedéhese female patients presented with
manifestations of hyperandrogenism (Ketrkl, 1993).

The presence of homozygous GR mutations is highlgicative of a severe
phenotype, with deletion mutations conferring thesmnegative clinical outcome.
Four cases of individuals with homozygous GR matetihave been documented,
V571A, D641V, V729l and 2-bp deletion at nucleotRi&18. A female homozygous
for the V571A mutation had a severe phenotype ptesg with
pseudohermaphroditism (Mendoneal, 2002). The V571A mutation decreases Gc¢
binding by 6 fold and reduces GR transcriptionaivég by up to 50 fold resulting in

a severe phenotype. A male homozygous for the DédiNation presented with a

moderate phenotype, with 7 times the normal citowalevel of cortisol and
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hypertension and hypokalemia; both due to mineaataoid activation (Chrousost
al., 1982;Hurleyet al, 1991). The D641V mutation decreases Gc bindifgi@and
reduces GR transcriptional activity. A male homamyg for the V7291 mutation
presented with precocious puberty as a result gfetandrogenism. The V729I
mutation also dramatically reduces the rate of earcltranslocation which may
explain why this phenotype is more extreme thanntiade homozygous for D641V
(Malchoff et al, 1993). It is possible that a female homozygousefther D641V or
V7291 would have a more extreme phenotype as amperapdrogenism would be
more apparent. A male homozygous for a 2-bp deledtonucleotide 2318 had the
most severe PGGR phenotype documented to date, ndénaing complete
generalised Gc resistance. The homozygous mutatemaered the individual
completely resistant to Gc, suggesting that some a@Bfity was retained in the
V571A, D641V and V7291 homozygote mutations (McMahet al, 2010).
Interestingly in all cases one or more family mershweere heterozygous for the same
mutation but presented with very mild or no phepatyalterations. This is
presumably due to negligible dominant negativeoaatin the wildtype receptor.

Bouligand and co-workers published the first repdid GR substitution mutation that
results in the insertion of a stop codon (CGA toAJGit amino acid residue 469
(Bouligand et al, 2010). The truncated R469STOP GR lacks the lighimding
domain and is therefore unable to bind ligand. Wmssingly the R469STOP GR
completely lacks any transactivation activity inGRE?2 luciferase reporter gene
assay. However, the group did not investigate wadreBR169STOP GR displays any
dominant negative action upon wildtype GR. Althoughe mutation was
demonstrated to be present in skin fibroblast DN& mMRNA transcript bearing the
early stop codon was found. Both the GR transeiut protein levels were reduced
by 50% and there was a 50% reduction in Dex bindaygacity. In accordance with
this there was also lower induction of the endogen@c target gene FKBP5, when
compared to cells from healthy controls. This matatvas found to activate a quality
control mechanism called nonsense mediated messdtigd decay (NMD) in
lymphocytes and fibroblasts, resulting in GR hapdaificiency. Restoration of
R469STOP GR transcript level was evident followiregatment with NMD inhibitors
cycloheximide and emetine. Much like the family nfroour own study A612

mutation), the R469STOP mutation produces only &l milinical phenotype. This
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mutation was discovered following the incidentabadivery of bilateral adrenal
hyperplasia during a computerized tomography (GBnsperformed to identify the
cause of lumbago. Further investigation of closaiffarevealed eight carriers from
three generations. Each individual presented with-cdinical hypercortisolism, yet
had normal fertility and no virilisation was seenthe affected females. There was a
progression up the generations in bilateral adreyaé¢rplasia, most likely due to long
term chronic exposure to elevated ACTH. The hyps#issaism in each patient
resulted in illicit activation of the MR causing gsrtension and hypokalemia which
increased in severity with age. Interestingly tikjoup highlighted that similar

observations have been made in GR haploinsufficreoé.

Michailidou et al reported the design of a GR with fagalactosidase-neomycin
reporter cassette (Gpyeo) integrated between exons 3 and 4, which lethéo
generation of a truncated receptor lacking parthef DBD and the entire LBD
(Michailidou et al, 2008). The truncated Gpgeo displayed no activity in an vitro
reporter gene assay and had no dominant negative achen co-expressed with the
full length GR. Heterozygous GRyeo mice (GEE*™") produced 50% less GR
compared to wildtype litter mates, although they plioduce the larger non functional
GR-geo, shown by western blot assay. Thé’&R mice had elevated basal plasma
corticosterone (the rodent equivalent of cortisoiy significantly increased adrenal
weight, due to hyperplasia (increased cell numlveingn compared to wildtype litter
mates. The GB®* mice displayed no differences in body compositiwnglucose
homeostasis but had significantly higher blood gues. The elevated corticosterone
levels likely contributed to hypertension by ovemg the HSD2 protective barrier

and in turn activating MR.

As mentioned earlier, in some cases a GR mutatiesults in receptor
haploinsufficiency due to quality control mechanistalled nonsense mediated
messenger RNA decay (NMD). The mutations R469STEBR2Y (A612) and the 2-
bp deletion at nucleotide 2318 all introduce a @tme translation-termination codon
(PTC) which acts as a substrate for NMD. This pnév¢he production of C-terminal
truncated aberrant proteins that would potentiadlydominant negative in action. The
inclusion of a PTC could arise from either a matatin the DNA or by faulty splicing

of mMRNA transcript (Stalder and Muhlemann, 2008dison and Muhlemann,
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2010). In addition to quality control, NMD is resmible for homeostasis of
approximately 1-10% of mammalian genes that cordatop codon within a context
that causes the transcript to be recognised as ® Nihbstrate (Mendelét al,
2004;Charet al, 2007;Staldeet al, 2008). The up-frameshift (UPF) proteins 1, 2
and 3 form the basis of the NMD machinery. Durimgmal splicing of the nascent
MRNA, an exon junction complex containing UPF3 epakited on the mRNA in
close proximity to the 5’ site of the exon-exon hdary (Leet al, 2000). Upon entry
to the cytoplasm the exon junction complex playsla in localisation, initiation of
translation and targeting of mRNA for NMD (leg¢ al, 2001;Lykke-Anderseet al,
2001). During the first round of translation thé&asome displaces exon junction
complexes as it moves along the mRNA until it rescla translation-termination
codon (Figure 4.1). Any transcripts that retainrexanction complexes after the first
round of translation are targeted for NMD. UPF1 araksociate with UPF3 as part of
the exon junction complex and signal recruitmenpratein machinery that facilitates
decay of the transcript, enabling recycling of ttenslational machinery (Kervestin
and Jacobson, 2012).

NMD tightly regulates expression of transcripts ancell specific manner. For
example T cell receptd¥ transcript containing a PTC is efficiently targefer NMD

in T cells but not in HelLa cells (Cartet al, 1996). Likewise collagen X transcript
containing a PTC is rapidly degraded in cartilagiscout the same efficiency is not
seen when expressed in non-cartilage cells (Bateahah 2003). The efficiency of
NMD also varies between cell types and even betwk#arent sub-lines of HelLa
cells (Lindeet al, 2007a). This variation in NMD efficiency has besrserved at the
tissue level in mice (Zetouret al, 2008). Furthermore patients with cystic fibrosis
(CF) show variation in NMD of transcripts for CFaismembrane conductance
regulator (CFTR) that contain the same PTC (Lirdeal, 2007b). The patients
displayed different levels of NMD substrate, whimbuld be the result of genetic or
epigenetic differences, and this suggests that Néffiriency varies in humans
(Huang and Wilkinson, 2012). Therefore patient®ietygous for GR mutations that
act as substrates NMD may express mutant GR in sefttseor tissues where NMD is
less efficient.
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Figure 4.1: Nonsense mediate mMRNA decay (NMD). Following splicing of pre mRNA the exon
junction complex (EJC) is deposited at the exomebmundary. During initial translation the ribosome
displaces the EJC enabling repeated cycles of l#t@ms. Transcripts containing a premature
translation-termination codon (PTC) retain EJC dstweam of the PTC. This results in binding of
UPF1 and UPF2 to the EJC targeting the transasipdégradation.

A 50% loss of GR protein results in mild phenotypbéserved in patients with the
A612 and R469X GR mutations and also from the asymatic heterozygous
carriers of V571A, D641V and 2-bp deletion at notldge 2318 mutations. In these
instances it is probable that activation of NMDpi®tective against any dominant
negative activity observed experimentally. Thep2eleletion mutation at nucleotide
2318 results in an additional 15 amino acids atGhterminal of GR followed by a
stop codon, making this transcript a target for NMD this case, NMD is not
protective as a homozygous carrier of this 2-bgtomd mutation would not express
any GR leading to complete generalised Gc resistaBome of the mild symptoms
seen in the R469X ai612 GR heterozygous individuals could still beilatired to

the dominant negative activity of receptor. As NMBiciency varies between cell
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types, cells and tissues that are targets of GRrantay have high NMD efficiency
for any aberrant GR transcript. This may explainywio R469STOP 0612
truncated GR was detected in lymphocytes, a majwet cell for Gec actions. It is
possible however that cells with lower GR exprassiould produce the aberrant GR

with functional consequences.

Reviewing known GR mutations therefore providesigims into why PGGR
symptoms are so varied. Individuals homozygousG& mutations display more
severe phenotypes, whereas heterozygous mutatimes rige to varied PGGR
severity dependent on whether the mutation actvi®D or exerts dominant
negative activity. Typically, NMD acts as a proteetmechanism resulting in very
mild phenotype or asymptomatic presentation. Hetgyous mutations that are not
targets of NMD produce moderate to severe phenstygech can be explained by
dominant negative activity of expressed mutant Glere is one reported exception
to these observations, the 4 bp deletion that léademoval of a splice site. This
mutation should effectively lead to GR haploinstifincy which has a very mild
clinical phenotype, yet the female proband in tistudy presented with
hyperandrogenism. In this instance any potentiahidant negative action of a
receptor produced from the mutant allele was nt¢rdened. Given the severity of
the symptoms this would suggest a dominant negatieehanism that prevents
normal functioning of the wildtype GR. In additibm the functional consequences of
a GR mutation some of the variation between PGGRmta could also be ascribed to
differential expression levels and efficiency okzgmes that metabolise G¢ such as
113 HSD. In this way an individual’s genetic backgrdumould influence the disease
severity through variation in tissue sensitivityercess Gc, mineralocorticoids and

androgens.

4.3 Using mutation analysisto direct targeted drug design

As well as the naturally occurring GR mutationspe@xmental mutations have been
utilised to explore receptor function. This techugghas been used to remove large
sections of the GR but also to alter individual @mniacids. These studies have
revealed that clustering of hydrophobic amino aadge NTD is important for GR
transcriptional activity through recruitment of negription factor 1l D (TFIID) and

histone acetyl transferases (Fat al, 1997;Almlof et al, 1997;Wallberget al,
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1999). The essential role of monomeric GR in trepisgssion of NkB and AP1 was
also identified through mutation of specific resgdun the GR DBD to block receptor
dimerisation (Heclet al, 1994;Liuet al, 1995;Hecket al, 1997;Weiet al, 1998;Tao
et al, 2001). Studies in leukaemia cell lines identiftacb mutations within the GR
LBD that reduce receptor activity (Hillmamt al, 2000;Naganet al, 2002). Several
targeted mutations of the GR LBD helped identifyirmmacids crucial for function.
Using GR LBD fragments in a yeast phenotypic sdregrsystem C736, M560,
M639, Q642, N564 and T739 were all identified ay kenino acids for effective
ligand binding (Lindet al, 1996;Lind et al, 2000). Further studies found that
mutations G567A and Q642V decreased GR affinityGar whilst M565R, A573Q
GR mutants show enhanced transcriptional actiwWtartiar et al, 1994;Schaaf and
Cidlowski, 2003). Mutation of residue E755 markedgcreases GR transcriptional
activity by abolishing recruitment of coactivatodsie to its role with residue D590 in
the formation of a primary charge clamp requiredrézruitment (Wt al, 2004). In
addition residue Y735 in the ligand binding pockat been identified as important
for transactivation as it interacts with the D riofysteroid ligands. This interaction
acts as a switch for the replacement of the cosspreNCoR with SRC1 upon
binding of GR agonist (Ragt al, 1999;Steven®t al, 2003). The use of protein
crystallisation techniques gives further insighibihow mutations in the LBD directly
alter binding to Gc.

Although the highly dynamic nature of the GR NTDstmevented crystallisation of
the full length GR, the crystal structure of the GBD complexed with Dex and TIF2
fragment (GRIP1 homologue) was first described l3dBoe and colleagues in 2002
(Bledsoe et al, 2002). Crystallisation of the GR LBD required miign of
phenylalanine 602 to a serine residue in helix s Greatly improved the solubility
of the resultant 521-777 GR fragment in the preseot 10uM Dex permitting
formation of a crystal. The crystal was formed frpatking together of symmetrical
LBD dimers held together by hydrogen bonds formetiveen opposing beta sheets.
This was confirmed through creation of an 1628A @&ktant which much like the
GR™™ mutant lacks transactivation activity but retatrensrepression activity. The
GR LBD consists of 121 helices and 4 smap sheets that form a complex 3D
structure that encapsulates a hydrophobic ligandibg pocket. Although similar to

other steroid receptors the conformation of helisigsand seven form a side pocket
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that accommodates the Gilgroups found on Gc. Formation of the ligand bigdin
pocket and the AF2 interaction surface are relignan the positions of helices eleven
(H11) and twelve (H12). Differential binding of GRgonists or antagonists
determines the location of these helices in turmeating interaction with
comodulatory proteins. Agonist binding induces afoonation whereby H12 closes
the ligand binding pocket, creating a surface oharig@mp that enables binding of
coactivators to the surface hydrophobic cleft Yiait LXXLL motifs (Figure 4.2). In
this way the TIF2 coactivator fragment containingLAXLL motif binds the
hydrophobic cleft on the GR LBD surface. The criystmucture of the GR LBD
bound to the classic GR antagonist RU486 (mifepmis) revealed the mechanism for
corepressor recruitment. In the opposite mannetaganist binding leads to
disruption of H11 and repositioning of H12 in thgdlophobic cleft blocking
coactivator interaction and instead promoting riédarent of corepressors (Bledsee
al., 2002;Kauppet al, 2003).

Dex: Agonist RU486: Antagonist
Conformation Conformation

Figure 4.2: GR LBD crystal structure conformation. Comparison of GR LBD bound to Dex and
RU486 reveals ligand directed movement of helix ({2) The position of H12 in Dex bound GR
promotes recruitment of coactivator peptide (TIB2fragment from GRIP1. The position of H12 in
RU486 prevents coactivator recruitment and promoteEsaction with corepressors. Crystal structure
images taken from (Kaupgt al, 2003).
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GR has a larger ligand binding pocket than AR, R& BR with a volume of roughly
590A? (Brzozowskiet al, 1997:Williams and Sigler, 1998;Saekal, 2001;Bledsoe
et al, 2004). The binding of the classic steroidal GRRragt Dex only fills two thirds
of the available space, meaning that GR can biwwela range of molecules (Bledsoe
et al, 2004). In order to accommodate hydrophobic ligatite binding pocket is
predominantly lined with residues that have hydaipb side chains, however there
are specific polar interactions that direct ligdnmadding. Indeed all of the polar atoms
in Dex are electrostatically bonded with the bacldsand side chains of residues
within the ligand binding pocket (Figure 4.3). Theystal structures of Dex and
RU486 both demonstrated hydrogen bonding with teeosl A ring via residues
M604, Q570 and R611. M604 in this region is abladapt its conformation relative
to the structure of the bound ligand demonstratimg flexibility of the GR LBD
(Bledsoeet al, 2004). The positioning of H12 is influenced b ttonformation of
N564 which forms a hydrogen bond with GR agonistshsas cortisol and Dex but is
displaced by the antagonist RU486 (Kaupmpial, 2003). Dex has a large 7
substituent whereas RU486 has a much smaller gandpas such lacks hydrogen
bonding with T739, acting to further destabilisestregion resulting in movement of
the H12. The 1« hydroxyl group of Dex forms a hydrogen bond witB4Q, but the
flexible methionines M560, M639 and M646 in thigjimn also allow binding of
larger Gc such as FP (Bledseteal, 2002;Biggadikeet al, 2008). By modelling Gc-
GR LBD crystal structures, the functional conseaesnof natural (Table 4.2) and

experimental mutations (Table 4.3) can be predicted
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Figure 4.3: Comparison of Dex and RU486 in the GR ligand binding pocket. Hydrogen bonding to
polar residues in both Dex and RU486 are shownhleyréd dashed lines. Crystal structure images
taken from (Kauppeét al, 2003).

Table4.2: Natural GR mutations.

Mutation | Helix Reason

559N H3 Influences the action of M560 in the 17alphadtd@nding region
V571A H3 Alters binding of coactivators through alteratiof LXXLL docking cleft
D641V H7 Exposed surface residue close to 17alpha biraticget

G679S H8/9 Loop Exposed surface residue interferes ligdnd and coactivator binding

V729l H10 Structural residue in the core of the LBD

| 747M H11/12 Loop| Could alter H12 position and interfere with 17bietaraction
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Table 4.3: Experimental GR mutations.

Mutation | Helix | Effect Cause
M560T H3 Reduced affinity Loss of Van der Waals
N564A H3 Reduced affinity Loss of H-bonding

M 565 H3 Increased Dex affinity Surface residue packing for loop before H12

G567A H3 Reduced affinity Van der Waals interference withing position
A573Q H3 Increased Dex affinity Partial surface residue

Q642A H7 Reduced affinity Loss of H-bonding

T739 H10 | Reduced affinity Loss of H-bonding and Van Wé&als

The formation of electrostatic bonds between thand and the binding pocket of the
steroid hormone receptor enables specific recaynitin this way the very closely
related ER, PR, AR, MR and GR each selectively lsipecific ligands (Figure 4.4).
For example, GR does not effectively bind estrad®lt does not have the correct A
ring orientation and lacks interaction with N564dam739. AR ligands such as
testosterone lack GR binding as they display stendrance through improper D ring
orientation and have small d Bubstituents. PR and GR are 61% identical and@s s
GR is able to weakly bind to progesterone. Thenayfiis lower due to lack of T/
hydrogen bond formation, decreased3 liviteractions and loss of N564 binding
(Bledsoeet al, 2002;Bledsoet al, 2004). The greatest overlap in ligand recognition
is seen between GR and MR which both bind to Gc mntkeralocorticoids. MR
ligands lack a 1a hydroxyl group generating some preference foribigdo the MR,
however as previously discussed tissue specificesspn of conversion enzyme

118HSD provides the primary mechanism for selectifi@gledsoeet al, 2004).
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Cortisol Aldosterone Progesterone Testosterone Estradiol

Figure 4.4: Comparison of steroid hormone ligands. Although highly similar the steroid hormone
receptors are able to discriminate between ligands.

There are examples of synthetic Gc that lack agyifstant MR activity. The classic
GR antagonist RU486 binds to GR with a Kdl0°M but has no binding to MR
(Cadeponcet al, 1997). Highly potent GR agonist cortivazol (C\&¥o binds to GR
but lacks any affinity for the MR (Figure 4.5) (Mokawaet al, 2002). Interestingly
the L753F GR mutant can bind TIF2 when bound to @JEZnot when bound to Dex,
confirming differential conformation of the ligatdhding pocket directs comodulator
recruitment. CVZ is a much larger steroid with duvoe of 514A compared to Dex
386A (Yoshikawaet al, 2005). Initially computer modelling was used itadVZ into
the GR ligand binding pocket which revealed theumegnent for displacement of
R611 and Q570 side chains and an alteration ircoiméormation of residues N564,
M604, L608, M646, and F749. A crystal structuretit GR LBD bound to the
related steroid deacetylcortivazol demonstratet ttteecombined movement of these
side chains creates a ‘meta channel'(Suino-Poetedll, 2008). The creation of the
‘meta channel’ helped to explain the high potencyl aelectivity of CVZ and
deacetylcortivazol. These steroidal compounds augupy 50% of the GR ‘meta
channel’ and as such this sparked the drive forctkation of non-steroidal ligands

that could exploit this region of the GR.
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Deacetylcortivazol
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Asn564 /

Deacetylcortivazol

Figure 4.5: Crystal structure of Deacetylcortivazol bound to GR LBD. Binding of
Deacetylcortivazol to the GR LBD allows access e GR ligand pocket ‘meta channel’. Crystal
structure taken from (Biggadilat al, 2009).

The first crystal structure of the GR bound to a-steroidal Gc was demonstrated by
Madauss et al in 2008 (Madausset al, 2008). Studies with non steroidal
aminopyrazole compounds led to the discovery ofessdvpotent GR agonists
(Clackerset al, 2007;Barnetet al, 2009). Further refinement of these compounds
led to the identification of aminoindazole deriva8 which are highly potent GR
agonists. Computational modelling has directed dlesign of highly potent and
selective GR ligands on the indazole and pyrazefeptates that can explore the
properties this meta channel (Biggadiké al, 2009). Following computational
modelling, a small series of compounds were iytigg¢sted for GR selectivity and
potency. GR binding was measured in a competitissay against fluorescently
labelled Dex with purified full length GR. The tmactivation and transrepression
activity were measured in a reporter gene assagMMTV-Luc and NFKB reporter
plasmids respectively. Selectivity was also denratestl in reporter gene assays and
fluorescent competition assays (Biggadiéteal, 2009). From this initial screening
process GSK47867A and GSK47869A were identifiethighly potent and specific
GR agonists. Further study with these compoundgaled a greater degree of

complexity in action than previously thought.
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With the information gained from crystal structuasdsthe GR LBD complexed with
various steroidal and non steroidal Gc ligands, dbal of designing ligands that
target specific aspects of GR function seems mtegnable than ever. To this end
synthetic Gc with attributes that enable topicaplaation have been sought to
circumvent the side effects seen with prolongedesy& Gc treatment. This approach
yielded the highly potent GR agonists Budesonid®,afd Mometasone furoate that
have been successfully used in the treatment birestCOPD, rhinitis and dermatitis
(Uings et al, 2013). Although these compounds provided somarzkment in Gc
therapy, further improvement was found through stigation of the 1d binding site

in the crystal structure of GR bound to Dex (Figdt6). Enhanced Gc potency is
found through alteration in the d &ubstituent, seen with FP which carries a ethyl
substituent at the t7position and the highly potent fluticasone furoatsch carries

a 2-furoate in this position (Biggadilet al, 2008). Further exploration of thed gite
led to the identification of the recently describsdroidal agonist GW870086. This
compound has potent anti-inflammatory action buy @ctivates a subset of genes
that are associated with the deleterious actionshef GR. GW870086 carries a
tetramethyl cyclopropyl ester at thedlgosition as well as cyanomethyl carboxylate
derivative in the 1ff position (Uingset al, 2013). This compound has high affinity
for the GR yet displays weak partial agonist agtian an MMTV reporter. This
work further demonstrates that GR interactionslmamanipulated by the structure of
the bound ligand. As our understanding of GR bigldtas grown, a greater
complexity in its action has been revealed. It @vnknown that for effective
resolution of inflammation both the transrespresswnd transactivation activities of
GR are required. Therefore screening compoundsibassimple GR reporters such
as TAT3-Luc or inhibition of NkB driven reporters are no longer sufficient to
predict ligand-GR interactions. In the case of GW@36, multiple endogenous

targets of Gc action were measured to confirm dissive effects.
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Figure 4.6: Investigation of GR 17a binding site: Crystal structure images taken from (Biggadéte
al., 2008). Structure of GW870086 shows large dibstituent.

It is well established that association with Hsp®0equired for GR to bind to Gc.
Mutation studies have demonstrated that thereaage lareas of interaction between
Hsp90 and the GR LBD and DBD. Work with Hsp90 idfeed three regions located
in the middle and C-terminal domains that interagth the GR (Bohen and
Yamamoto, 1993;Nathan and Lindquist, 1995;Jibatdal, 1999). Early studies
demonstrated that amino acids 574 to 659 within €Rtain two sites that are
essential for Hsp90 binding. This data suggested tie primary site for Hsp90
association spans residues 632 to 659 whilst anslacy site lies between amino acids
574 to 632, both regions being highly conservedvbeh nuclear hormone receptors
(Dalmanet al, 1991). Further mutation studies have identifieg@gion of seven GR
amino acids (547-553) also vital for Hsp90 assamiatA single point mutation in this
region was not sufficient to alter interaction lautriple mutation of P548A, T549A
and V551A resulted in a 100-fold decrease in Gdibm (Kaulet al, 2002b). Fangt

al used a yeast functional screening assay to igefafir mutations in rat GR
(Y616N, F620S, M622T, and M770I) that reduce depeg upon Hsp90 interaction
for Gc binding. Combining this mutation data witietcrystal structures of the GR

and Hsp90 led to the identification of an allosteretwork within the GR LBD (Fang
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et al, 2006). This network enables transmission of stinat changes within the
ligand binding pocket to the hydrophobic cleft thainds LXXLL motifs in
comodulator proteins. The helix 2 in the HSPIOTD binds to the GR LBD forcing
H12 of GR to dock with the GR surface hydrophobeftcthat binds to LXXLL
motifs (Figure 4.7) (Fangt al, 2006;Ali et al, 2006). This conformation is very
similar to that seen from the GR LBD complexed w486 and explains why the
GR heterocomplex is stabilised by RU486 treatmdbistélhorst and Howard,
1990;Kauppiet al, 2003). Furthermore Steveasal found in GST pull down assays
unliganded GR readily associates with the fragmeaitdhe corepressor NCoR,
supporting a Hsp90 directed GR antagonist confaongBtevenst al, 2003). When
GR binds agonist ligand H12 moves from the hydréygh@XXLL binding cleft and
closes the ligand binding pocket, facilitating retnent of coactivators. This
movement of GR H12 displaces interaction with Hsphélix 2 but allows association
of Hsp90 helix 1 with the GR surface hydrophobftclin this manner the Hsp90 is
able to compete with the coactivators for bindifighe GR LXXLL site, thereby fine
tuning GR action (Kangt al, 1999). Helices 1 and 2 of Hsp90 are in close ipnay
suggesting that the GR heterocomplex could renmraicomplex during this switch.
GR ligand binding promotes a change in heterocoxmgieund immunophilin,
exchanging FKBP51 for FKBP52. The helix 1 of Hsp@0very close to the
immunophilin binding site and therefore a conforimr@dl change in this region could
trigger FKBP5 switching (Fangt al, 2006;Ali et al, 2006). This alteration in the
components of the GR heterocomplex facilitatesogetrde transport to the nucleus

where GR can modulate target gene activity.
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Figure 4.7: GR and Hsp90 interaction: In the absence of ligand Hsp90 helix (H) 2 forcd2lef GR

to bind with the LxxLL binding cleft at the surfacd the GR LBD. Following ligand binding the
allosteric network within GR transmits structurdlaoges in the ligand binding pocket that result in
displacement of Hsp90 H2. The resultant movementG& H12 allows for binding of either
coactivators or Hsp90 H1 acting to fine tune GRcfiom.

Ricketsonet al identified mutations to rat GR that reduce theestgl@ncy on Hsp90
for receptor function. Of particular interest, tN&622T mutation stabilises the GR
agonist conformation and significantly increasespomsiveness to Dex (Ricketsen
al., 2007). The M622T mutation required 10 times tlmmoentration of the GR
antagonist RU486 to competitively inhibit the resge to Dex. Comparisons between
Dex-GR and RU486-GR crystal structures revealed tihe@ equivalent residue in
human GR (M604) is directly involved in ligand bing. The crystal structure of
deacetylcortivazol-GR also showed that M604 aliesrs£onformation and as such it
acts as a ligand dependent structural switch (SBowell et al, 2008).
Superimposing the M604T mutation onto the crystalcture of the GR bound to
GSK47866A revealed that this residue is in closipmity to the Arg611. The head
region of the NSGs interacts with the GR meta cbkhAmasulting in significant
movement of M604, R611 and Q570. Therefore the coation of the GR agonist
conformation that results from movement of M604 dhd positive charge patch
created through R611 movement could provide thehard@sm for dissociation of the
Hsp90.
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Early understanding of ligand-receptor interactiwas based upon a lock and key
mechanism, where ligand interacts with a rigid ptoe binding site. More recently
this mechanism has been superseded by an inducetbdiel which proposes that
conformational changes in the receptor LBD stabilisteraction with ligand. The
resultant conformation generates novel surfaces rémeptor-protein interaction
thereby dictating receptor function. Combined matal analysis and chemical
biology approaches have significantly advanced wderstanding of how ligand-
receptor interactions drive receptor-protein intéoas and the consequences for the
overall Gc response. This work has led to the ifleation of five distinct regions of
the GR ligand binding pocket that can be modulégdigand to direct GR function
(Figure 4.8).

/ AF2 Helix

Figure 4.8: Thefiveregionsof the GR ligand binding pocket: Five distinct regions of the GR ligand
binding pocket can be modulated by ligand structorelirect receptor function. (A) The GR LBD
bound to a steroidal ligand indicates the locatibthe AF2 helix region, the trigger region, theriAg
region and the X/ pocket. (B) The GR LBD bound to a non steroidghtid with a meta channel
extension demonstrates the opening of this redidheoGR ligand binding pocket.

Modulation of the AF-2 helix region influences cctiar recruitment by directing the
position of H12, determining access to the hydrdgph@roove at the GR surface
responsible for binding LXXLL motifs (Figures 4.8c&4.8). Using crystal structure
guided design a non steroidal indazole that expldite AF2 helix region
demonstrated excellent antagonist properties sinmeRU486 (Yatest al, 2010).
Occupation of the Jvpocket of the GR yields very potent Gc such askdFF and
the dissociative Gc GW870086 (Biggadike al, 2008;Uingset al, 2013). The
trigger region of the GR ligand binding pocket istiaated by bulky groups
facilitating effective agonist activity, howevetlfutilisation of this region is not vital

for receptor activity (Barkeet al, 2006). Design of ligands with physiochemical
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properties suitable for oral application led to ttkentification of potent non steroidal
compounds with a smaller ethyl group occupying tiigger region (Barnetét al,
2009). These compounds display some favourableactarstics but also contain a
benzoxazinone which is metabolised by the liverdftge limiting therapeutic use.
The benzoxazinone acts as a steroid A ring mimeatid replacement with an aryl
pyrazole provides a much fuller agonist, highligtithe importance of the A ring
region of the GR ligand binding pocket (Clacketsal, 2007). Development of A
ring mimetics provided a platform for the interrtga of the GR meta channel.
Through my work with GSK47867A and GSK47869A | hademonstrated that
manipulation of meta channel results in a proloogabdf receptor activity likely due
to impaired interaction with Hsp90 (Trebl#¢ al, 2013). In addition my study has
highlighted the importance of using a variety opy@aches to interrogate receptor
activity when bound to different ligands. With timsight gained from mutational and
crystal structure analysis the challenge now iartderstand how the five regions of

the GR ligand binding pocket work together to ostrede receptor function.
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Chapter 5: Futurework
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5.1 Introduction

The crystal structure of the GR LBD complexed wddmcetylcortivazol revealed a
new region of the ligand binding pocket termedrtieta channel (Suino-Powet al,
2008). | have shown that GSK47867A and GSK47869pla@k this new region
resulting in a prolongation of GR activation wheampared to steroidal compounds
Dex and FP. This is due to a reduced reliance apatone interaction for GR activity
(Trebbleet al, 2013). This data suggests that GR ligands wittaroleannel extension
have longer activity profiles. Biggadilet al described the design of an additional non
steroidal compound that will allow further studytbe GR meta channel (Biggadike
et al, 2009).

A Fluticasone
Furoate
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Figure 5.1: GR meta channel ligands. (A, C) Comparison between steroidal ligand Flutices
Furoate and GR meta channel ligand GSK1247150Aa rwieannel region highlighted by dashed red
circle. (B, D). Crystal structure of the GR LBD bwlto Fluticasone Furoate and GSK1247150A
demonstrates full occupation of the GR meta charfP9l Crystal structure image taken from
(Biggadikeet al, 2009).
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GSK1247150A is similar in structure to GSK47867At Imas a much larger meta
channel extension in order to fully occupy thisioeg(Figure 5.1 D). The greater
occupation of the meta channel is predicted to sgowater functional effects than
GSK47867A. Therefore this compound will be chanasgel in a cell line model in

order to further understand the role of the GR nshtmnel.

5.2 Preliminary results

5.2.1 Potency of GSK1247150A as a GR agonist.

Transient GR transactivation models in HeLa ceksenutilised in order to determine
the potency of GSK1247150A compared to the stefo@la FP. In this assay
GSK1247150A shows equivalent activity when compadeethe highly potent Gc FP
(Figure 5.2 A). A transient GR transrepression yasgso demonstrated equal potency
(Figure 5.2 B). For subsequent experiments an exgiatating concentration of 3 nM

was used for comparison of the ligands.
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Figure 5.2: Potency of GSK1247150A as a GR agonist. Hela cells were transfected with a positive
GR reporter gene (TAT3-luc) (A) or with a glucodooid repressed NEB reporter gene (NRE-luc)
(B). 24 hours post-transfection, NRE-Luc transfdatells were pre-treated with TNF(0.5 ng/ml) for

30 minutes. Subsequently all transfected cells weated with 0.001-100 nM FP or GSK1247150A
(150A) for 18 hours then lysed and subjected tdyaisby luciferase assay. Graph (mean + SD) show
the percentage of the maximum relative light u(lRsU) (A) or percentage inhibition (B) from one of
three representative experiments performed indefs.
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5.2.2 Treatment with GSK1247150A delays GR nuttaaslocation.

From the previous study with GSK47867A and GSK478d8nding of GR to
ligands that exploit the meta channel resultsamwst nuclear translocation. Hela cells
transfected with Halo tagged GR clearly demonstaatielay in the rate of nuclear
translocation following treatment with GSK1247150Acompared with FP
(Figure 5.3).

Figure 5.3: GSK1247150A delays GR trandocation. Following transfection with HaloTag-GR Hela
cells were incubated with 3 nM FP or 3 nM GSK124¥A%150A). Cells were imaged in real time at
37 °C to determine the subcellular localisation of BR (white) at the times (minutes) indicated.
Images are representative of three independentiegrs.

5.2.3 Treatment with GSK1247150A prolongs GR agtivi

Previous work with GR meta channel ligands also atestrated prolonged receptor
activity following washout of ligand. To determimgnether GSK1247150A displayed
similar properties washout studies were carriedioutieLa cells. Cells transiently
expressing a positive GR luciferase reporter (TAT8) revealed that

GSK1247150A also prolongs GR activity when comparedthe equally potent

steroid ligand FP (Figure 5.4 A). To confirm thedeservations with endogenous
genes a two hour ligand exposure was chased wigd dour washout before
measurement of GILZ and FKBP5 transcripts (Figude B-C). There was

significantly enhanced preservation of transacitwvatseen with GSK1247150A
compared to the potency matched control steroid FP.
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Figure 5.4: GSK1247150A prolongs GR activity. (A) HelLa cells transfected with a TAT3-Luc
reporter plasmid were treated with 3 nM FP or 3 @8K1247150A (150A) for 24 hours.
Subsequently cells were washed and placed in srrenrecording media for a further 24 hours. The
production of luciferase was tracked by measurhmeg relative light units (RLU) emitted from each
sample. Graphs tracks RLU production for 24 hoal®Wing ligand removal. Graph is representative
of three separate experiments. HelLa cells weréetleaith 3 nM FP or 3 nM 150A for 48 hours or 24
hours followed by washes and then cultured in ligfiee media for a further 24 hours. Subsequently
cells werelysed and RNA extracted using an RNeasy kit. RNA weverse transcribed and subjected
to gPCR of GILZ (B) and FKBP5 (C) using Sybr Grekatection in an ABI g-PCR machine and data
analysed byd CT method. Graphs (mean + SEM) combine data fitaneet separate experiments and
display percentage induction compared to equival8ritour constant treatment.

5.2.4 Potency of truncated GSK1740136A as a GRisigon

In addition to GSK1247150A Biggadilet al also described a truncated non steroidal
called GSK1740136A. This ligand resides fully ire tBR meta channel but does not
occupy a significant portion of the traditional reie pocket due to its truncation
(Figure 5.5 A-B). This compound will act as a uséfwl in the study of the GR meta
channel. As a preliminary step the potency of GSKIIB6A was determined in a cell
line model. The truncated GSK1740136A demonrstrat much lower potency than
GSK1247150A, which is comparable to Pred (Figuke B). The ability of
GSK1740136A to prolong GR activation through impdiHsp90 interaction is yet to

be determined.
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Figure 5.5: Potency of GSK1740136A as a GR agonist. (A, C) Structure of GSK1740136A and
equipotent steroidal glucocorticoid Prednisolonetarchannel region highlighted by dashed red circle
(B) Crystal structure of the GR LBD bound to GSKQT36A demonstrates full occupation of the GR
meta channel without filling the traditional stetdiinding pocket. (D) Hela cells were transfectethw

a positive GR reporter gene (TAT3-luc). 24 hourstgoansfection cells were treated with 0.01-1000
nM Prednisolone (Pred) or GSK1740136A (36A) forht&irs then lysed and subjected to analysis by
luciferase assay. Graph (mean + SD) show the ptgerof the maximum relative light units (RLU)
(D) from one of three representative experimentfopeed in triplicate.
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5.3 Discussion and future work.

Meta channel compounds prolong GR actiuityvitro. Determining whether these
compounds are able to promote longer GR actiwityivo would form an excellent
next step. A mouse model of delayed type hyperseitygi(DTH) would act as an
ideal system to investigate whether GR meta chatigahds prolong receptor
activity. In this model ear thickness is used toasuge the response to topical
application of an inflammatory agent. This modelvexy responsive to systemic
steroid treatment. GSK1247150A already been thrabghearly phases of a clinical
trial and therefore has a full pharmacokinetic peofComparison of GSK1247150A
with a potency and pharmacokinetic matched steioithe mouse model of DTH

would reveal any prolonged activity.

The alteration in the temporal profile of GR activa with meta channel ligands
could influence target gene induction. To invesgghis genome wide sequencing of
RNA transcript (RNA-SEQ) would be used to compaeedction of GR meta channel
ligands with classic steroidal compounds such asidgntification of any transcripts
that differ would be useful for screening meta e¢te@rcompounds. In addition GR
ChIP SEQ could also be used to determine whethauitment of transcription
factors differs with the GR meta channel ligandmaly quantitative proteomic
analysis such as stable isotope labelling by araaid in cell culture (SILAC), would
enable determination of any differences in proteteraction upon GR binding meta
channel ligands. The impaired Hsp90 interaction Ictoalso result in altered

recruitment of comodulatory proteins which woultealGR function.
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5.4 Concluding remarks

Glucocorticoid (Gc) action is complex and subjectregulation on many levels. Gc
play critical roles in development, metabolic coht@nd the stress response, and as
such they modulate gene targets through a varietyexhanisms. Although potent
anti-inflammatory agents in the majority of patgntlinical use of Gc is hindered by
development of diverse side effect profiles. Additlly, administration of Gc is not
always effective and the response can vary widetwéen individuals and also over
time. In the preceding chapters | have presentedt that defines a mutation causing
generalised Gc resistance, and characterised tloeelpeutics with the potential to

open new avenues for more targeted Gc treatment.

| identified a novel GR mutatiom\g12) that generates a truncated GR protein, unable
to bind Gc. This truncated protein is non-functipnand remains cytoplasmic.
Importantly, it can dimerise with wildtype GR, agjias a dominant negative. Despite
this effect, the three patients present with a rssingly mild phenotype. It is likely
therefore that similar mutations may be more pevathan previously thought and

may, in part explain the wide variation in Gc sémgy commonly observed.

| also characterised two highly potent novel naretlal GR ligands, which have
unique pharmacodynamic properties. This is progbrafcipal that compounds with
different core structures can modify GR surface faonation to direct specific
aspects of Gc biology. Importantly, this suggelséd it is possible to design synthetic
ligands that effectively favour the anti-inflammat@ction of GR over the undesired
metabolic actions. This is likely to be one of theajor areas for potential

advancement of Gc therapies.
Further study in these two important areas wildoabt broaden understanding of the

complex nature of Gc biology and help define thechmamisms that lead to Gc

resistance to allow better drug design.
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