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Abbreviations

A2rAR Aa adenosine receptor

ADP Adenosine &iphosphate

AMP Adenosine 5monophosphate

APR Acute phase response

AR Adenosine receptors

ARHI A Ras homologue member |

ATP Adenosine triphosphate

AVs Adenoviruses

BCA Bicinchonic acid salt

BMI Body mass index

BSA Bovine serum albumin

BSF-3 B-cell-stimulating factor-3

CaM Calmodulin

CAMP Cyclic AMP

CBM Cytokine-binding module

C-ERMAD C-terminal ERM-associated domain
cGMP Cyclic GMP

CIS Cytokine-inducible SH2 protein
CNTF Ciliary neurotrophic factor

CRP C-reactive protein

CT-1 Cardiotrophin-1

CUE Coupling of Ub conjugation to ER degradation
Cul4A Cullin 4A

DMAM Dulbeco’s modified Eagle’s medium
DMSO Dimethyl sulphoxide

dNTPs Deoxynucleotide Sriphosphates
DTT Dithiothreitol

DUB Deubiquitylating enzyme

EBM-2 Endothelial Basal Media'?

ECL Enhanced chemiluminescence
ECM Extracellular matrix

ECs Endothelial cells

EDTA Ethylenediaminotetra-acetic acid
EGF Epidermal growth factor

EGTA Ethylene glycol-bis (2-aminoethylether)-N,N,N’,Néttacetic acid
EPAC Exchange protein activated by cAMP
EPO Erythropoietin

ERK Extracellular-signal regulated kinase
ERM Ezrin-radixin-moesin

FERM Four-point-one ezrin radixin moesin



FBS
FBS
GAGs
G-CSFR
GH

GM

Gp 130
HAEC
HEPES
hFGF-B
HRP
IFN
IGF-I

g

IgSF
IKK

IL
IL-6R a
IPTG
IRAK
JAK

JH

KIR
LIF
LIF-R
LPS
MAPK
MD-2
MEF
MHC
Ml
MTT
MTX
NCA
NCAM

NEDDS8
NF-xkB
NK
NLS
NNT-1
NPC

NRTK
OSM

PH

Foetal bovine serum
Phosphate-buffered saline
Glycosaminoglycans

Granulocyte colony-stimulating factor receptor
Growth hormone
Granulocyte-macrophages
Glycoprotein 130

Human aortic endothelial cells
N-(2-Hydroxyethyl)-piperazine-N’-(2-ethanesulforacid)
Human fibroblast growth factor-B
Horseradish peroxidase

Interferon

Insulin-like growth factor-|
Immunoglobulin

Immunoglobulin superfamily

IxB kinase

Interleukin

IL-6 receptora
Isopropylf$-D-thiogalactopyranoside
IL-1 receptor-associated kinase
Janus kinase

JAK homology

kinase inhibitory region

leukaemia inhibitory factor
leukemia inhibitory factor receptor
lipopolysaccharide
Mitogen-activated protein kinase
Myeloid differentiation protein-2
Mouse embryonic fibroblast

Major histocompatibility complex
Myocardial infarction
3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl 2H-tetrdzon bromide
Methotrexate

Neutrophil cytoplasmic antibody
Neural cell adhesion molecule

Neural precursor cell expressed developmentallyrdegulated 8
Nuclear factoB

Natural killer

Nuclear localisation sequence

Neurotrophin-1

Nuclear pore complex

Non-receptor tyrosine kinase
Oncostatin M

Pleckstrin homology





















































































































































































































































































































Figure 3.16 Effect of MG132 on IFNi-induced STAT3 downregulation in
AnAR-expressing HUVECs

1x10° HUVECs / well were seeded into 6 well plates. 2¢ dfiter seeding, cells were
infected with the indicated AVs prior to pre-tre@mh with or without GM MG132

for 30 min and treatment with 500 unit/ml IENip to 3 hrs as indicated. The final
concentration of vehicle (DMSO) in all wells wad®@ (V/V). Soluble cell extracts

equalised for protein content were then fractiohatey SDS-PAGE for
immunoblotting with the indicated antibodieQuantitative analysis of total STAT3

levels in AxAR-expressing cells from three experiments is prese (***p<0.001
versusSTAT3 levels in vehicle-pretreated cells at theegitime point). Basal set at
100.
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Figure 3.17 Blocking degradation abolishes the inhitory effect of the A;aAR on
STAT1 phosphorylation in response to slL-6 /IL-6

1x10° HUVECs / well were seeded into 6 well plates. 2¢ dfiter seeding, cells were
infected with the indicated AVs prior to pre-tre@mh with or without GM MG132

for 30 min and treatment with 25ng/ml siL-@//Bng/ml IL-6 up to 3 hrs as indicated.
The final concentration of vehicle (DMSO) in all Ngavas 0.1% (V/V). Soluble cell
extracts equalised for protein content were thectionated by SDS-PAGE for
immunoblotting with the indicated antibodies. Quiative analysis of phospho-

STATL1 levels from three experiments is presentesaBset at 100.
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Figure 3.18 Blocking degradation abolishes the inhitory effect of the A;aAR on
STAT3 phosphorylation in response to slL-6 /IL-6

1x10° HUVECs / well were seeded into 6 well plates. 2¢ dfiter seeding, cells were
infected with the indicated AVs prior to pre-tre@mh with or without GM MG132
for 30 min and treatment with 25ng/ml sIL-@//Bng/ml IL-6 up to 3 hrs as indicated.
The final concentration of vehicle (DMSO) in all Ngavas 0.1% (V/V). Soluble cell
extracts equalised for protein content were thectionated by SDS-PAGE for
immunoblotting with the indicated antibodies. Quiative analysis of phospho-
STATS3 levels from three experiments is presentesaBset at 100.
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Figure 3.19 Blocking degradation abolishes the inhitory effect of the A;aAR on
STAT1 phosphorylation in response to IFN

1x10° HUVECs / well were seeded into 6 well plates. 2¢ dfiter seeding, cells were
infected with the indicated AVs prior to pre-tre@mh with or without GM MG132
for 30 min and treatment with 500 unit/ml IENip to 3 hrs as indicated. The final
concentration of vehicle (DMSO) in all wells wad®@ (V/V). Soluble cell extracts
equalised for protein content were then fractiothatey SDS-PAGE for
immunoblotting with the indicated antibodies. Quiative analysis of phospho-

STATL1 levels from three experiments is presentesaBset at 100.
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Figure 3.20 Blocking degradation abolishes the inhitory effect of the A;aAR on
STAT3 phosphorylation in response to IFN

1x10° HUVECs / well were seeded into 6 well plates. 2¢ dfiter seeding, cells were
infected with the indicated AVs prior to pre-tre@mh with or without GM MG132
for 30 min and treatment with 500 unit/ml IENip to 3 hrs as indicated. The final
concentration of vehicle (DMSO) in all wells wad®@ (V/V). Soluble cell extracts
equalised for protein content were then fractiothatey SDS-PAGE for
immunoblotting with the indicated antibodies. Quiative analysis of phospho-
STATS3 levels from three experiments is presentedaBset at 100.
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3.3 Discussion

Numerous pharmacological studies have identifiexl AlhAR as a protective anti-
inflammatory G-protein-coupled receptor (Lapmdsal; 2005). Gene dosage studies
have provided evidence to show that, at least Igniphocytes, there is no,AAR
reserve (Armstrongt al; 2001). Consequently, pathophysiological condgidhat
alter A)n)AR expression, such as the onset of hypoxia (Kadlayand Millhorn;
1999) and EC exposure to Thl cytokines (Ngugerl, 2003), are likely to alter
cellular responsiveness to inflammatory stimuli. wéoer, despite unequivocal
evidence of its potent anti-inflammatory propertaesoss different cell types, only
the ability of the receptor to suppress hEF-activation has been offered as an
explanation for its effects to date (Majumdar anggarwal;, 2003; Sandst al;
2004).

This study has extended these observations by dsrating that the AAR
overexperession can prime cytokine-activated STA®s degradation by the
proteasome. Similar to the effect observed on ggon of NF«B in two separate
cell systems (Sandst al; 2004), overexpression of the/MR in the absence of any
added agonist was sufficient to prime STATSs forrddgtion (Figure 3.2-3.9). Thus,
the receptor may be sufficiently active in the aose of agonist to trigger its
associated signalling pathways. This phenomenon been observed for both
endogenous receptors and overexpression studi€&PafRs (Bond and ljzerman;
2006; Vischeret al; 2006). Reversal of the effect of receptor ovarression on
STAT down-regulation by the AAR-selective antagonist ZM241385 (Figure 3.10
and 3.11) is consistent with this hypothesis. Tlwees “constitutive” activation of the
A22AR, whether due to high agonist-independent agtiat elevation in locally
generated adenosine levels, may represent an alypeonportant aspect of its
function. Moreover, the effect is not restricted doerexpressed AARsS, since
exposure of low levels of endogenousaAR in HUVECs with ZM241385 also
potentiates  sIL-6R/IL-6-stimulated phosphorylation of STAT3 (W.Sands
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unpublished data). Endothelial cells are an aboindaurce of adenosina vitro,
partly due to expression of CD39 which convertsnadae triphosphate/adenosine
diphosphate (ATP/ADP) to adenosine monophosphatdP)Aand CD73 which
converts AMP to adenosine (Eltzscheg) al; 2004; Zerneckeet al; 2006). Both
CD39 and CD73 are each strongly induced upon tlsetoof hypoxia, and CD73
expression can also be potentiated by tFMind adenosine itself via receptor-
mediated elevation of cAMP (Narravué al; 2000; Niemelaet al; 2004). Thus,
control of adenosine accumulation and initiation psbtective signalling clearly
represents an importaatlaptive mechanism by which hypoxia-mediated dantage
the endothelium is minimised. The resulting accwatioh of adenosine in large blood
vessels is thought to play an important protectole in vivo by limiting endothelial

cell activation and subsequent monocyte attachii@@mheckeet al; 2006).

To begin identifying potential mechanisms by whishnAR overexpression could
impact on cytokine signalling, we have been exangrihe effects of AAR on sIL-
6Ruo/IL-6 and IFNx signalling in vascular ECs and assessing its fonat
significance. AsAR overexpression led to the more rapid degradaifd®TAT1 and
STAT3 upon sIL-6R/IL-6 and IFNx stimulation. To determine whether STATs are
targeted for degradation by the proteasome, expetsn were performed to
investigate the effect of proteasome inhibitor M@&18n the ability of AAAR
overexpression to prime STATSs for cytokine-mediaded/n-regulation. Figure 3.13-
3.16 show that MG132 was sufficient to abolish ¢fffect of A,AR overexpression
on priming STATSs for down-regulation in responseytokines. Moreover, results in
this Chapter show that blocking of proteasomal aegtion with MG132 abolished
A2AAR inhibition of both sIL-6R/IL-6 and IFNx-stimulated phosphorylation of
STATs. Cross-talk between cAMP-mediated signallipgthways and STAT
activation has been previously reported by Sengaptl. (1996), and suggests that
A2aAR-mediated inhibition of STAT is cAMP-dependent &ddition, studies by
Ivashkiv et al. (1996) have shown that in T cell activation, cAMBncinhibit

accumulation of STATL1 protein. The AR is highly expressed within most cells of
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the immune system, platelets, heart, lung and &etiom (Fredholmet al; 2001) .
Classically, the AWAR signals via the Gamily of G proteins leading to an activation
of adenylyl cyclase and the generation of cAMPisIthought to mediate the vast
majority of its intracellular effects by binding é&ractivating cAMP-dependent
protein kinase (PKA), which controls the phosphatigh status and activity of
multiple intracellular substrates (Tasken and A&hd2004). However, another
family of intracellular cAMP sensors termed Epaewé also been identified (de
Rooij et al; 1998). Epacl and -2 function as cAMP-activatedngoe nucleotide
exchange factors specific for the Rap family of Br@aproteins and, thus promote
the accumulation of active GTP-bound Rapl and @ijRet al; 1998; Bos; 2003).
Interestingly, a role for Epac in EC function wasently revealed by the finding that
the Epac-mediated activation of Rapl and the suwiesggformation of adherens
junctions contribute toward the ability of cAMP tnhance endothelial barrier
function, an important aspect of its anti-inflamorgteffects in vascular ECs (Cullere
et al; 2005; Fukuharat al; 2005). Previous work undertaken in our lab hasash
that inhibition of STAT phosphorylation and inducti of SOCS3 can occur via a
CcAMP/Epac/Rapl pathway to limit IL-6 receptor siljing (Sandset al; 2006). In
addition, new evidence indicates that increased BABVels inhibit angiotensin II-
mediated JAK/STAT3 activation by a variety of meaisans. Interestingly, CAMP-
elevating agents were shown to inhibit IL-6-inddiETAT activation in monocytes
(Sengupteet al; 1996). Together, these data establish a linkcfosstalk between
cAMP and JAK/STATS3, although at present, it is kobwn how cAMP inhibits
STAT activation. In addition, in this study we shemvthat inhibition of proteasome
function was sufficient to block the effect of,#AR overexpression on STAT
degradation. This demonstrates that priming of STAMd STAT3 for degradation is
the only mechanism responsible for the down regulabf STATS upon cytokine
stimulation in our model.
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In summary, many different mechanisms have beerdidatpd in downregulating
STAT1 and STAT3 signalling. However, for many ofesle the molecular
mechanisms have not been well characterised. Sewstaplasmic tyrosine
phosphatases, including tyrosine phosphatasesicmgaa SH2 domain (SHP-1),
CD45, and protein tyrosine phosphatase 1B, arei¢atpd in the dephosphorylation
of STAT1 and STATS3. In addition, SOCS are potefttikey negative regulatory
modulators of STAT1 and STATS3 signalling as thendbito Tyr phosphorylated
cytokine receptors and JAK catalytic sites. Moreptiee protein PIAS3 was found to
be specific for the inhibition of activated STATGHunget al; 1997a). Scaffolding
proteins such as the STAT3-interacting proteinR$B)] a novel protein consisting of
12 WDA4O0 repeats, can also inhibit STAT3 signallmgmodulating the formation of
multiprotein complexes that are central in the tagon of signal transduction,
transcription, and targeted proteolysis. (Collatral, 2000) demonstrated that StIP1
had a high affinity for unphosphorylated JAK andAS 8B, and when overexpressed
blocks STAT3 activation and dimerisation/DNA bingjmuclear translocation, and

reporter gene transcription following stimulatiorttwiL-6.

Data in this Chapter reveals several important @spef AnAR overexpression on
cytokine and JAK-STAT signalling pathway. Thesdune:

(1) Potentiation of AWAR function by increasing its overexpression reducgokine
receptor activation of the JAK-STAT pathway by pngn Tyr-phosphorylated

STATSs for proteasomal degradation.
(2) Over-expression of the;MAR in HUVECSs suppresses the ability of l&Nnd a

SIL-6Ra/IL-6 trans-signalling complex to promote Tyr-phbspylation of STATs 1
and 3 by targeting cytokine-activated STATSs fortpasomal degradation.
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(3) Pre-incubation with the proteasome inhibitor M3 was sufficient to abolish the
effect of ArAR overexpression on priming both STAT1 and STAD3 fown-

regulation in response to sIL-6RL-6 and IFNb.

(4) The results show that inhibition of proteasdomection was sufficient to block the
inhibitory effect of the AsAR overexpression on STAT3 phosphorylation,
demonstrating that priming of STATs for degradatisn the only mechanism
responsible for the reduced cytokine-stimulated $Tphosphorylation observed in

AzrAR-overexpressing cells.

(5) The effect of AWAR overexpression on STAT1 and STAT3 phosphorytatiad
down regulation could be rescued by co-incubatiosilo6Ro/IL-6 with the A AAR-
selective antagonist ZM241385. Conversely, co-iatiop with the selective agonist
CGS21680 did not further potentiate the effect efeptor expression to down
regulate STAT in AnWAR-overexpressing cells.

(6) GFP- and AnAR-overexpressing HUVECs had similar viabilitiesathwere not
affected by sIL-6B/IL-6 exposure at a 3 hr time point at which STAdGgdadation

was detectable only in AAR-overexpressing cells.

The results in this chapter have demonstrated #o@novirus-mediated human
A22AR gene transfer to vascular EGs vitro was sufficient to prime Tyr-
phosphorylated STATSs for proteasomal degradatianigtimulation of sIL-6®/IL-

6 and IFN. Both this study and others describing agonisefreathdent signalling
from the AAAR have been cell systems in which the recombinaceptor is
overexpressed (Chegt al; 2004). Therefore, the physiological significamte&ivo of
any basal activity of endogenous,AR expressed at low level is unclear. Gene
dosage studies have provided evidence to showahbast in T-lymphocytes, there
is no AAR reserve (Armstronget al; 2001). Consequently, pathophysiological
conditions that alter AAR expression, such as the onset of hypoxia (Kodfayand
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Millhorn; 1999) and EC exposure to Thl cytokinegMenet al; 2003), are likely
to alter cellular responsiveness to inflammatomnsli. The availability of AsAR-
deficient mice can now allow assessment of thegmes and importance of,AAR
expression and function as a potent anti-inflamnyateechanismn vivo. The effect
of A2aAR overexpression on STAT1 and STAT3 in this studgs limited to
HUVECsi in vitro. Differences between endothelial types are well doented such
as different vascular beds displaying distinct bemical and immunological
properties (Sands and Palmer; 2005). Arterial E€®kample are more sensitive to
eicosanoids and less competent than venous andgafitary ECs in their ability to
upregulate adhesion molecule expression such ateEtimn and VCAM-1 (Amberger
et al; 1997).

The effect of mechanotrasduction has also not beeastgated in this study.
Normally ECs are exposed to various degrees offildsand shear stresses that vary
in magnitude in a manner determined by positiomglthe vascular tree and local
vascular tone. Such forces are well known to affeCtgene expression (lat al;
2005). So, the response vivo may be different to those of culture system. Viral
proteins could also change the endothelial functidithough experiments do use
control virus it cannot rule out the possibilityathviral protein somehow contribute to
the observed effect of AAR overexpression. However uninfected cells of Vexy
passage (which still contain endogenous low legEk;,AR) still show inhibition of
IL-6-mediated STAT phosphorylation when treatedwah AAR-selective agonist
CGS21680 (W.Sands unpublished data).
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Chapter 4

Mechanisms Controlling the Effects of AAAR Expression on
Cytokine-Stimulated Degradation of STATs
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4.1 Introduction

Physiological responses to cytokine stimulation trhes regulated appropriately in
order to prevent over active and damaging inflanonyaprocesses. Several different
mechanisms by which cytokine signalling is atteadahave been identified he

details, however, in determining the functions pkdfic inhibitors of cytokine

signalling within particular cytokine signal transdion pathways have often been
difficult to elucidate. SOC%&nockout mice have pointed to the crucial functions

specific SOCS proteins in attenuating signallingspgcific cytokines (Section 1.6).
However, for the vast number of cytokines, the yietis complicated and in many
cases multiple functionally redundant inhibitorse aprobably responsible for
attenuating signal transduction. Identifying thdeso of negative regulators of
cytokine signalling in the plethora of signallingetworks that are activated in

response to cytokine is an interesting challenge.

The potent anti-inflammatory effect of the,#ARs have been demonstrated in a
variety of different cell types (Section 1.5.1.0ne possible reason for this is that
A2AAR activation can activate common mechanisms thed fto the suppression of
inflammation. The results in Chapters 3 and 4 ssiggiat the AWAR overexpression
primes cytokine-activated STATs for degradationthg proteasome. The cytokine
dependence of STAT degradation inzaAR-overexpressing cells raised the
possibility that JAK-mediated STAT phosphorylationay responsible for this
phenomenon. In addition, STATs may be ubiquitylatedA,,AR-overexpressing
HUVECSs following cytokine exposure. Among the kapteins degraded by the Ub-
proteasome system are those involved in the comtrahflammation, cell cycle
regulation and gene expression (Pogaal, 2006). E3 Ub ligases play a key role in
governing the cascade of Ub transfer reactionsdapgnising and catalysing Ub
conjugation to specific protein substrates (Sectlon). The E3s, which can be
generally classified into HECT-type and RING-typamilies, are involved in the

regulation of many aspects of the immune systemluding the development,
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activation, and differentiation of lymphocytes, uation of T cell-tolerance antigen
presentation, immune evasion, and virus buddinge{Mu 2004). In addition to

proteasome-mediated degradation, E3-promoted ulmigtion affects a wide array of
biological processes, such as receptor down-ragualasignal transduction, protein
processing or translocation, protein-protein intBom and gene transcription
(Passmore and Barford; 2004). Deficiency or mutatibsome of E3s, such as Chl,
Cbl-b or Itch, cause abnormal immune responseshwtan result in autoimmunity,

malignancy, and inflammation (Bachmaedral; 2000; Wohlfertet al; 2006).

Interestingly,IFN-y is a key pleiotropic regulatory cytokine (Goldbetgl; 2002). It
controls an inducible proteolytic cascaddich consists of PA28 and other inducible
proteasomesubunits, and the activity of aminopeptidases, WwHead toincrease
peptide production for MHC | presentation.dddition, IFNy also decreases peptide
destruction bydown-regulating the expression of a metalloprot@nahimet
oligopeptidase, that actively destroys many antggeptides (Yorket al; 1999;
Saveantet al; 2005). The UPS plays a significant role in thgutation of both T cell
receptor (TCR) and co-stimulatory CD28 signallihgough the action of ubiquitin
ligases of the Cbl family (Zhanet al, 2002a). CD28 co-stimulation results in the
ubiquitination and degradation of Chl-which eliminates the negative regulators and
allows the expression of pro-inflammatory cytokireesl their receptors. However,
the most important link between the UPS and inflatom is related to NkB. NF-

kB is a master regulator of many inflammatory cytekgenes, and its activation is
mediated through the UPS. NB- is actively inhibited when bound teBo. NF«B
activation follows the degradation otBo, which is dependent on Lys 48-linked
polyubiquination of tBo followed by proteasomal degradation. In additidime
proteasome has been shown to regulate inflammaéspgonses by controlling the
function of macrophages (Quresdtial; 2005). It has also been reported that the de-
ubiquitinating enzyme CYLD posatively regulates>pnoal T cell receptor signalling

in thymocytes by selectively binding to and deuliigating the active form of the

kinase Lck. Due to defects in T cell developmen¥LD-deficient mice had
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substantially fewer mature CD4+ and CD8+ singleatiwe thymocytes and
peripheral T cells (Reilegt al; 2006). Hence, alterations in the UPS have prafoun
effects on immune responses including the regulatiban array of inflammatory

cytokines.

Results in Chapter 3 show that theanAR overexpression primes cytokine-activated
STATs for degradation by the proteasome. In additipre-incubation with
proteasome inhibitor MG132 was sufficient to abolithe effect of the AAR
overexpression on priming STAT3 and STAT1 for dowgulation in response to
cytokines. Because of that, we have investigatedrédsponsibility of JAK for the
tyrosine phosphorylation of STAT upon cytokine silation. In addition, we have
tested the hypothesis that STAT is ubiquitylatedAishAR-overexpressing cells

following cytokine stimulation before degradationthe proteasomal system.

4.2 Results

Phosphorylation is a commonly utilised signal tfegulate substrate recognition by
E3 ubiquitin ligases. For examplaB kinase (IKK)-stimulated phosphorylation of
IkBa on Ser32 and 33 is required for its recognitionthsy F-box component of the
BTrCP/SCF1 E3 ligase complex (Lat al; 2005; Nalepaet al; 2006). The cytokine
dependence of STAT degradation inzaAR-overexpressing cells raised the
possibility that JAK-mediated STAT phosphorylatisras a trigger of this event.
Thus, several experimental approaches were usadstothis hypothesis in more
detail. Firstly, the effect of inhibiting JAK aetty on STAT degradation in AAR-
overexpressing cells was examined. This demondttatg 0.1uM of JAK inhibitor

1 (A potent cell-permeabile and ATP-competitiveilnitor of JAKs. Display spotent
inhibitory activity against JAK1, JAK2, JAK3 and K3) (Pedranziniet al; 2006)
was sufficient to inhibit JAK1 and JAK2 tyr-phosphilation (Figure 4.1A) and
STAT1 Tyr-phosphorylation (Figure 4.1B) upon sIL€@R-6 stimulation. The same

concentration of JAK inhibitor was sufficient to adish the down-regulation of
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STAT1 and STAT3 upon SsIL-6RIL-6 and IFNx stimulation in AsAR-
overexpressing cells (Figure 4.2-4.5). Secondlpeexnents utilised the presence in
HUVECs of endogenous Ob-Rb leptin receptors. Leptinnd Ob-Rb selectively
stimulates JAK-mediated phosphorylation of STAT3 bat STAT1 (Zabeaet al,
2003). Consistent with this observation, exposifrelUVECS to leptin specifically
promoted the Tyr phosphorylation of STAT3 but nbé tTyr phosphorylation of
STAT1 whereas slIL-6&IL-6, which was used as a positive control, prozdothe
Tyr phosphorylation of both STAT1 and STAT3  (Figui4.6). In GFP-
overexpressing cells, treatment with leptin produp&osphorylation of STAT3 on
Tyr705. Overexpression of the, AR significantly reduced STAT3 phosphorylation
at each time point after 15 min (Figure 4.7). Legdteatment also induced a time-
dependent down-regulation of STAT3 but not STATAAR-overexpressing cells
after 1hr (Figure 4.8)Cytokine binding to its receptor leads to activatiof the
receptor-associated tyrosine kinase JAKs. JAKsstmrmosphorylate the intracellular
domain of the receptor, and these phospho-Tyr wesi¢gprovide docking sites for
latent cytoplasmic STATs. STATSs are recruited ® ithceptor via their SH2 domain,
and JAKs phosphorylate STATs on a specific Tyrdasion their cytoplasmic tail.
Homo- or heterodimerisation of STATs are achievadreciprocal binding of this
critical phospho-Tyr of one monomer and SH2 donwdithe binding partner (Haan
et al, 1999). Following on from our results which showatt the AsAR-
overexpression can prime Tyr-phosphorylated STA®s degradation by the
proteasome required JAK activity. There are twospms explanations for this
requirement based on how JAK function. The firsé a& JAK Tyr-phosphorylated
STAT. The second possibility is JAK Tyr-phosphtida of the receptor. To
discriminate between the two possibilities HUVECsr&v co-infected with AVs
encoding the AAR and either Flag epitope-tagged WT or Tyr#Bhe mutated
STATS3, since mutation of Tyr705 renders STAT3 ragis to phosphorylation by
JAKs (Kapteinet al; 1996). Under conditions in which WT STAT3 undenwe
down-regulation in response to IkNexposure similar to the effect observed for
endogenous STATSs, the levels of Tyr7@Bhe mutated STAT3vere not altered

108



(Figure 4.9). Thus, JAK-mediated phosphorylatiorS3ATs appears to be essential
for promoting their cytokine-mediated degradation A;sAR-overexpressing
HUVECs. Recently, SLIM/Mystique, a ubiquitin E3 dige for Tyr-phosphorylated
STATs was identified that promoted the polyubiqation and degradation of
phosphorylated STAT1 and STAT4 (Tanaiaal; 2005). RT-PCR techniques were
used to test for the presence of SLIM/Mystigue mRMAA,,AR-overexpressing
HUVECs (Figure 4.10). GAPDH was used as a contolte reverse transcription
reaction and pcDNAA3/HA-SLIM/Mystique was included a positive control for
the SLIM/Mystique PCR reaction. The results showedt SLIM/Mystique was
undetectable in our system, despite being ableetectl the positive control. To
confirm this lack of SLIM/Mystique mMRNA in HUVEC vwgamanifest at the protein
level, | looked for the presence of SLIM/Mystiqueotein in HUVECs by western
blot analysis. HUVECSs treated as indicated in tgare legend were solubilised and
analysed for expression of SLIM/Mystique protein ipynunoblotting with anti-
SLIM/Mystique antibody (Figure 4.11). Lysates fré#iEK293 cells transfected with
either empty vector or a SLIM/Mystique expressiomsiruct were used as negative
and positive controls respectively for the antibodsctivity (Figure 4.11). Together,
these results suggest SLIM/Mystique is not expiksse detectable level under
conditions in which STAT degradation occurs (Figdr&l).

Cytokine activation of STATSs is also negativelyutded by SOCS proteins, which
can function as E3 ligases. In addition cAMP catugce SOCS3 via activation of
Epac/Rapl (Sandst al; 2006). Thus, AvAR-overexpression may potentialy up-
regulate SOCS3 expression upon cAMP activationimgado accelerated STAT
degradation. To further identify the role of,#AR-overexpression in priming
cytokine-activated STATs for degradation by thet@asome, the levels of SOCS3
protein was determined by immunoblotting and prgbwith an anti-SOCS3
antibody. The results showed that there is a saint difference in SOCS3
expression between GFP anghAR-overexpressing cells upon cytokine stimulation
at 2 and 3 hrs (Figure 4.12). However, this does rate out the physiological
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function of SOCS3 or other SOCS family memberdiendown-regulation of STAT1
and STAT3. Proteins targeted for proteasomal degiau are typically tagged on
one or more Lys residues with Lys48-conjugated ylailyuitin chains (Liuet al;
2005; Nalepeet al; 2006). These chains are recognised as a degnadaginal by
the 26S proteasome, which then breaks down thettgmtein into its constituent
amino acids for use in new protein synthesis amgictes polyubiquitin chains into
monomers for further rounds of conjugation (letial; 2005; Nalepaet al; 2006).
To assess directly whether STATs were ubiquitylaitedA;sAR-overexpressing
HUVECSs following cytokine exposure, STAT3 was immoprecipitated following
denaturing cell lysis to remove any STAT-associafgdteins and inactivate
deubiquitylating enzymes (DUBs). Immunoblotting ®TAT3 immunoprecipitates
with anti-ubiquitin antibody revealed that HUVEQCsatment with sIL-6B/IL-6 only
resulted in the accumulation of a smear of ubidaied STAT3 in AsAR-
overexpressing cells (Figure 4.13). Thus, the acdation of ubiquitin-conjugated

STATs in HUVECSs occurred under conditions that gdszmoted their degradation.

A similar immunoprecipitation approach was atterdptior STAT1 but was

unsuccessful due to its inefficient immunopreciita with commercially available
antibodies. Instead, a strategy employing thditalof the UBA domain from

Saccharomyces cerevisipeotein Dsk2p to specifically isolate ubiquitylatpbteins

from whole cell extractsin vitro was used (Funakoshet al; 2002). Using

recombinant GST-Dsk2pUBA immobilised to glutathiédepharose, Tyr701-
phosphorylated STAT1 could only be captured fromaAR-overexpressing
HUVECs after treatment with sIL-GRL-6, i.e. conditions that promoted STAT
degradation (Figure 4.14). Probing of immunoblofghvan anti-ubiquitin antibody
also confirmed the ability of GST-Dsk2pUBA but nGIST alone to specifically
capture ubiquitylated proteins from soluble HUVE&sract (Figure 4.14).

Ubiquitin is a relatively stable protein in yeassgite its covalent linkage to many

proteins destined for proteasomal or vacuolar digran (Swaminatharet al;
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1999). This is possible because ubiquitin-proteirodification is transient.
Deubiquitylating enzymes release ubiquitin from ypbliquitin conjugates by
cleaving the isopeptide bond between the ubiquiting chain or at the ubiquitin C
terminus linked to substrate. The yeast DUB famdwysists of at least 20 members,
including 16 in the ubiquitin-specific processingtease (UBP) subfamily (Amerik
et al; 2000; Amerik and Hochstrasser; 2004). To furtbenfirm the specificity of
STAT binding to GST-Dsk2pUBAn vitro, immobilised proteins were incubated
with or without recombinant human isopeptidase TAGBwhich selectively removes
ubiquitin monomers from modified proteins (Lacomdwed Gabriel; 2002). Under
these conditions, incubation of GST-DsK2pUBA-imniseid beads with UBP5
promoted the release of Tyr701-phosphorylated ST@Adure 4.15). No significant
release was detectable if the reaction was perfbrate4 °C, suggesting that the
release of STAT1 from GST-Dsk2pUBA required its Ioiguitylation by
enzymatically active UBP5 (Figure 4.15).

To determine the relationship between STAT ubidaitgyn and Tyr phosphorylation

in A2pAR-overexpressing cells, Flag-tagged WT and Tyrs@8he-mutated STAT3
were co-expressed in HUVECs with thgsAR and immunoprecipitated with anti-
Flag antibody-conjugated Sepharose beads followdegaturing cell lysis after
cytokine treatment (Figure 4.16). This demonstrdted under conditions in which
recombinant WT STAT3 is polyubiquitylated similatly the endogenous STAT3 in
response to slL-6&IL-6, no ubiquitylation of the Tyr705Phe-mutated STAT3
could be detected (Figure 4.16)aken together, these data are consistent with a
model where by AAR-overexpression specifically primes JAK-phospiaigd
STATSs for polyubiquitylation and subsequent degtiadaby the proteasome.
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Figure 4.1 Effect of JAK inhibition 1 on sIL-6Ra/IL-6-induced JAK1, JAK2
and STATL1 phosphorylation

Panel A: 1x10° HUVECs / well were seeded into 6 well plates. 24 diter seeding,
cells were pre-incubated with or without i1 JAK inhibitor | for 30 min prior to

treatment with or without sIL-6&IL-6 for 30 min as indicated. The final
concentration of vehicle (DMSO) in all wells wad @ (V/V). Soluble cell extracts
equlised for protein content were then fractionatby SDS-PAGE for

immunoblotting with anti-phospho-JAK1, anti-phosph®K2, anti-JAK1 and anti-
JAK2.

Panel B: 1x10° HUVECs / well were seeded into 6 well plates. 24 &fiter seeding,
cells were pre-incubated with or without 1 JAK inhibitor | for 30 min prior to
treatment with or without sIL-6iIL-6 for 30 min as indicated. The final
concentration of vehicle (DMSO) in all wells wad®@ (V/V). Soluble cell extracts
equlised for protein content were then fractionattg SDS-PAGE for

immunoblotting with anti-phospho-STAT1 antibody.
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Figure 4.2 Effect of JAK inhibition on sIL-6Ra/IL-6-induced STAT1
phosphorylation and downregulation of STAT1 in AAAR expressing HUVECs

1x10° HUVECs / well were seeded into 6 well plates. 2¢ dfiter seeding, cells were
pre-incubated with or without 04M JAK inhibitor | for 30 min prior to treatment
with or without 25ng/ml sIL-6 B/5ng/ml IL-6 up to 3 hrs as indicated. The final
concentration of vehicle (DMSO) in all wells wad®@ (V/V). Soluble cell extracts
equalised for protein content were then fractiothatey SDS-PAGE for
immunoblotting with the indicated antibodies. Quiatitve analysis of total STAT1
levels in AxAR-expressing cells from three experiments is prese (***p<0.001
versusSTAT1 levels in vehicle-pretreated cells at theegitime point). Basal set at
100.
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Figure 4. 3 Effect of JAK inhibition on sIL-6Ra/IL-6-induced STAT3
downregulation in A;pAR expressing HUVECs

1x10° HUVECs / well were seeded into 6 well plates. 2¢ dfiter seeding, cells were
pre-incubated with or without 04M JAK inhibitor | for 30 min prior to treatment
with or without 25ng/ml sIL-6 R/5ng/ml IL-6 up to 3hr as indicated. The final
concentration of vehicle (DMSO) in all wells wad®@ (V/V). Soluble cell extracts
equalised for protein content were then fractiothatey SDS-PAGE for
immunoblotting with the indicated antibodies. Quiatitve analysis of total STAT3
levels in AxAR-expressing cells from three experiments is prese (***p<0.001
versusSTAT3 levels in vehicle-pretreated cells at theegitime point). Basal set at
100.
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Figure 4.4 Effect of JAK inhibition on IFNa-induced STAT1 downregulation in
A2AAR expressing HUVECs

1x10° HUVECs / well were seeded into 6 well plates. 2¢ dfiter seeding, cells were
pre-incubated with or without 04M JAK inhibitor | for 30 min prior to treatment
with or without 500 unit/ml IFN up to 3hr as indicated. The final concentratibn o
vehicle (DMSO) in all wells was 0.1% (V/V). Solebtell extracts equalised for
protein content were then fractionated by SDS-PAGEImmunoblotting with the
indicated antibodies. Quantitative analysis of ItoBIAT1 levels in AsAR-
expressing cells from three experiments is presefite p<0.001 versusSTAT1

levels in vehicle-pretreated cells at the giveretipoint). Basal set at 100.
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Figure 4.5 Effect of JAK inhibition on IFNa-induced STAT3 downregulation in
A2AAR expressing HUVECs

1x10° HUVECs / well were seeded into 6 well plates. 2¢ dfiter seeding, cells were
pre-incubated with or without 0AM JAK inhibitor | for 30 min prior to treatment
with or without 500 unit/ml IFN up to 3hr as indicated. The final concentration of
vehicle (DMSO) in all wells was 0.1% (V/V). Solabcell extracts equalised for
protein content were then fractionated by SDS-PAGEImmunoblotting with the
indicated antibodies. Quantitative analysis of ItoBIAT3 levels in AsAR-
expressing cells from three experiments is presefite p<0.001 versusSTAT3
levels in vehicle-pretreated cells at the giveretipoint). Basal set at 100.
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Figure 4.6 Leptin stimulates the specific phosphgtation of STAT3 but not
STAT1

1x10° HUVECs / well were seeded into 6 well plates. 24 dfiter seeding, cells were
infected with the indicated AVs prior to treatmemith or without 25ng/ml sIL-6
Ra/5ng/ml IL-6 or 100 ng/ml leptin for the indicatdéomes. Soluble cell extracts
equalised for protein content were then fractiotatey SDS-PAGE for
immunoblotting with the indicated antibodies.
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Figure 4.7 Effect of ApAR gene transfer on STAT3 phosphorylation and

expression in response to leptin

1x10° HUVECs / well were seeded into 6 well plates. 24 dfiter seeding, cells were
infected with the indicated AVs prior to treatmevith or without 100 ng/ml leptin

for the indicated times. Soluble cell extracts diged for protein content were then
fractionated by SDS-PAGE for immunoblotting withethindicated antibodies.
Quantitative analysis of phospho-STAT3 and STAT&Ie from three experiments
is presented (*<0.005 and p<0.05versuscorresponding STAT levels in AV.GFP-
infected cells at the given time point). Basalatet00.
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Figure 4.8 Effect of AsAR gene transfer on STAT1 and STAT3 expression in

response to prolonged exposure to leptin

1x10° HUVECs / well were seeded into 6 well plates. 2¢ dfiter seeding, cells were
infected with the indicated AVs prior to treatmevith or without 100 ng/ml leptin

for the indicated times. Soluble cell extracts diged for protein content were then
fractionated by SDS-PAGE for immunoblotting withethindicated antibodies.
Quantitative analysis of total STAT3 levels irsAR-expressing cells from three
experiments is presentedp&0.05 versuscorresponding STAT levels in AV.GFP-

infected cells at the given time point). Basalatet00.
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Figure 4.9 Effect AxAR gene transfer on WT and Tyr705-Phe mutated

STAT3 expression levels.

1x10° HUVECs / well were seeded into 6 well plates. 24 dfiter seeding, cells were
co-infected with AV myc-AxAR and either AV. Flag-WT STAT3 or AV.Flag-
Tyr705—Phe mutated STAT3 prior to treatment with or with800 unit/ml IFNy
for 1 hr as indicated. Soluble cell exracts eqedlisor protein content were then
fractionated by SDS-PAGE for immunoblotting withethindicated antibodies.
Quantitative analysis of WT and Tyr708°he mutated STAT3 down-regulation in
AnAR-expressing cells from three experiments is prese (***P <0.001 versus
WT). Basal set at 100.
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Figure 4.10 Effect of ArAR gene transfer on mRNA levels of the phospho
STAT-specific E3 Ub ligase SLIM/Mystique in vascula endothelial cells under
conditions that promote STAT degradation

1x10° HUVECs / well were seeded into 6 well plates. 24 dfiter seeding, cells were
infected with the indicated AVs prior to treatmemith or without 25ng/ml sIL-6
Ra/5ng/ml IL-6 for 2hr. Cells were harvested into @b of Tri-reagent and RNA
extracted as described in section 2.3 RNA of each sample was then used to
generate cDNA as described in 2.3.7. To assess BMyMique expression fl of
cDNA was used per reaction. As positive control B of pcDNAA3I/HA-
SLIM/Mystique plasmid was used. PCR conditions evgiven in section 2.3.8.
DNA was then fractionated by agarose gel. Resuitsygical of three experiments is

presented.
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Figure 4.11 Effect of AAAR gene transfer on protein expression of the pho$
STAT-specific E3 Ub ligase SLIM/Mystique in vascula endothelial cells under

conditions that promote STAT degradation

1x10° HUVECs / well were seeded into 6 well plates. 2¢ dfiter seeding, cells were
infected with the indicated AVs prior to treatmemith or without 25ng/ml sIL-6
Ra/5ng/ml IL-6 for 2hr. Soluble cell extract of HEK2®ells express pcDNAA3/HA-
SLIM/Mystique plasmid used as positive conti®bluble cell extracts equalised for
protein content were then fractionated by SDS-PAGEImmunoblotting with the

indicated antibodies.
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Figure 4.12 Effect of AsAR gene expression on SOCS3 induction in response t
SIL-6 Ra/IL-6

1x10° HUVECs / well were seeded into 6 well plates. 2¢ dfiter seeding, cells were
infected with the indicated AVs prior to pre-treaimh with MG132 for 30 min and

treatment with 25ng/ml sIL-6 &5ng/ml IL-6 for up to 3 hrs as indicated. Soluble
cell extracts equalised for protein content weentfractionated by SDS-PAGE for
immunoblotting with the indicated antibodies. Qutative analysis of SOCS3 levels

from three experiments is presented. Control 10@ts@ hr of GFP cells.
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Figure 4.13 AxAR expression primes STAT3 for cytokine-triggered

ubiquitylation

1x10° HUVECs / well were seeded into 6 well plates. 24 dfiter seeding, cells were
infected with the indicated AVs prior to pre-tre@mh with or without GM MG132
for 30 min and incubation with 25ng/ml sIL-@Rng/ml IL-6 for 1 hr. Samples were
then denatured by heating in SDS-containing buifer to dilution into excess non-
ionic detergent for preparation of clarified extsa@nd immunoprecipitation of

STAT3. Immunoprecipitates were fractionated by SPXSSE for immunoblotting

with anti-ubiquitin and STAT3 antibodies
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Figure 4.14 AxAR expression primes STAT1 for cytokine-triggered
ubiquitylation

1x10° HUVECs / well were seeded into 6 well plates. 24 dfiter seeding, cells were
infected with AV.mycAsAR were pre-treated with 1 MG132 followed by
exposure to 25ng/ml sIL-6d&Bng/ml IL-6.Cells were then harvested for preparat
of protein-equalised soluble fractions and pull-dosxperiment using 5ug/sample of
GST (negative control) or GST-Dsk2pUBA. Capturedtpins were fractionated by
SDS-PAGE for immunoblotting with anti-ubiquitin, @épho-STAT1 and total

STAT1 antibodies. This is one of three experiméimés produced similar results
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Figure 4.15 Effect of UBPS5 on release of STAT1 froST-Dsk2p

1x1C HUVECs / well were seeded into 6 well plates. 24 dfiter seeding, cells were
infected with AV.mycA»sAR were pre-treated with 81 MG132 followed by
exposure to 25ng/ml sIL-G#5ng/ml IL-6. Cells were then harvested for prepara
of protein-equalised soluble fractions and captirebiquitylated proteins with GST-
Dsk2pUBA. Following the final wash, beads were sggnded in reaction buffer and
incubationed with or without UBP5 for 1hr at thedicated temperatures. The
reaction buffer was then analysed for the presaic€yr701-phosphorylated and
total STAT1 by SDS-PAGE and immunoblotting. Thisoise of three experiments

that produced similar results
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Figure 4.16 AxAR expression primes Flag-WT but not Tyr705-Phe mutated
STATS for cytokine-triggered ubiquitylation

1x10° HUVECs / well were seeded into 6 well plates. 24 dfiter seeding, cells were
co-infected with AV.myc-AnAR and either AV.Flag-WT STAT3 or AV.Flag-
Tyr705—Phe mutated STAT3 pritotreatment withM MG132 and 25ng/ml sIL-6
Ra/5ng/ml IL-6 for 1 hr as indicated. Cells were thdgmatured by heating in SDS-
containing buffer prior to dilution into excess ramic detergent for preparation of
clarified extracts and immunoprecipitation of FIBHAT3 proteins using M2
antibody-coupled Sepharose beads. Samples werefrdmtionated by SDS-PAGE

prior to immunoblotting with anti-ubiquitin and STA antibodies.
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4.3 Discussion

JAKs are no longer implicated only in classic cytekreceptor-mediated signalling
pathways, but are now also known to integrate @udliy into other receptor-mediated
signal transduction processes. Therefore, an isgrganumber of therapeutic
applications exist for biological response modgi¢hat can modulate JAK/STAT
activity. Exciting breakthroughs in both physiolcai and pharmacological methods
of selective inhibition of cytokine JAK-STAT pathy&have recently emerged in the
form of suppressors of cytokine signalling. Theidad these and other mechanisms
of negative regulation of JAK activity, includinge suppression of JAK expression
levels caused by tumour- or pathogen-derived agéhés complex interactions of
JAKs with phosphatases. The possibility of modatatiselected JAK/STAT-
mediated cellular signals by inhibiting JAK kinaaetivity to obtain a posative
therapeutic outcome is a tantalising prospect, etsincompletely realised. While
current data suggest no therapeutic use for JAKA ayK2 inhibition, JAK2
inhibition seems a promising but untested stratéyy therapeutic intervention
(Reiterer and Yen; 2006). More promising, howevare the data indicating a
possible therapeutic use of JAK inhibition. Resutisthis Chapter showed that
degradation of STATs required JAK activity since it)was blocked by pre-
incubation with JAK inhibitor 1. 2) STAT1 but nofTBT3 was resistant to both
tyrosine phosphorylation and down-regulation inpmse to leptinand 3) a
Tyr705-Phe mutated STAT3 was also resistant to cytokiggered degradation,
suggesting that JAK-mediated phosphorylation of tesidue is required to produce
the effect. The importance of JAK in mediating éytes signalling has been shown
in many studies includinigp vivo studies, where Tyk2 has been shown to be partiall
necessary for IFNdB-induced tyrosine phosphorylation of STAT3 (Karauguff et
al.; 2000; Shimodeet al, 2000). The SOCS protein family comprises a grofip
cytokine-inducible genes that were discoveredaltjtito suppress STAT signalling
by binding to and inhibiting JAKs (Starr and Hiltoh999; Yasukawaet al; 1999).

Some of these proteins are transcriptionally regdlaby STATs themselves,
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suggesting that STATs can negatively regulate tbwin phosphorylation state. The
kinase activity of the Tel-JAK2 fusion protein issaciated with leukemia and known
to activate STAT5 (Levy and Gilliland; 2000). SOC8as been demonstrated to
block Tel-JAK2-mediated transformation of hematepici cells (Frantsveet al;
2001). Recently, a deletion on chromosome 16pdbiatains SOCS1 has been found
in 48% of primary hepatocellular carcinomas, rajdine possibility that inactivation
of this gene may participate in hepatocarcinogsn@soyamaet al; 1999). It can
therefore be speculated that negative regulatorSTAT signalling might play

important roles in the control of tumour incideras®l/or progression.

Many studies have demonstrated that GPCRs havedhesm to be connected to the
JAK/STAT pathway (Lukashovat al; 2001). However, the mechanisms involved in
regulating the activation of this signalling pattyay GPCRs remain limited. In
addition, little is known about the role of the JAdathway in the physiological or
pathophysiological functions of GPCRs. Despite tiwious importance of the
A2AAR in controlling the expression and function ofrigas transcription factors
such as p53 (Watson and Irwin; 2006), MF-Chen; 2005) and Smads (Izzi and
Attisano; 2006), relatively few reports have examinUb capacity to regulate
STATSs. Our results show that over-expression ofABAR in HUVECS led to the
more rapid degradation of STAT1 and STAT3 inaAR overexpressing cells.
Interestingly, cAMP-elevating agents have been shtmainhibit IL-6-induced STAT
activation in monocytes (Sengup& al; 1996). These data establish a link for
crosstalk between cAMP-mediated signalling pathwagl STAT, and suggest that
A2rAR mediated inhibition of STAT may possibly be cAMEBpendent.

The ability of V proteins encoded by paramyxovigide function as STAT E3
ubiquitin ligases is a well-established mechanisyn vihich they subvert the

interferon response (Horvath; 2004a), native catfluhechanisms controlling STAT
degradation are rather less well defined. The fletcription of STAT degradation

centred around the observation that proteasoméitidn produced a more robust
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accumulation of tyrosine-phosphorylated STAT1 irLBleells following exposure to
IFNy. This suggests that proteasomal degradation igmgortant mechanism by
which STATL1 function is turned off in these cell§iri and Maniatis; 1996). It was
been shown that removal of IL-3 from 32D myeloidlscessults in a time-dependent
proteasomal degradation of STATS but not STAT1,r23o0(Wanget al, 2000),
although nuclear translocation rather than tyrogpm@sphorylation seems to be
required for degradation to occur (Chetnal; 2006). Another study has shown that
the degradation of STAT3 in H4IlIE hepatoma cellsuldobe triggered by
hyperosmotic stress and occurred independently lafsphorylation on Tyr705
(Schaferet al; 2005). Taken together, none of these observatomgonsistent with

a single unifying mechanism. Thus, while the receentification of the protein
“SLIM” as an E3 ubiquitin ligase able to triggeetpolyubiquitylation of STAT1 and
STAT4 is important (Tanakat al; 2005), it is unlikely to account for all STAT
degradation phenomena reported in the literatuhe.relation to this issue it is
important to note that inhibition of proteasomediion was sufficient to block the
inhibitory effect of the AnAR-overexpression on STAT3 phosphorylation (Figures
3.17-3.20). This demonstrates that priming of STAQs degradation is the only
mechanism responsible for the reduced cytokinetséitad STAT phosphorylation
observed in AnAR overexpressing cells (see Chapter RBlentification of Ub-
conjugation states and nature of chain linkage DATS-recognising the states of Ub
attachment and identification of the E3 ligaseésponsible for STAT ubiquitylation
would define new targets on STATs amenable to freartic manipulation. However,
this identification is hampered by the lack of aoynsensus ubiquitylation sequences
displayed by E3s (Nalepat al; 2006) and assuming the ubiquitylation states are
conserved, the presence of more than 20 Lys residoenmon between human
STATs 1 and 3However, the results presented in my thesis sugbasthere is no
detectable SLIM message or protein under conditionehich STAT degradation
occurs (Figure 4.10 and 4.11), suggesting that ha&motE3 is responsible.
Identification of this new E3 would constitute ajoraadvance towards designing

strategies for manipulating STAT function. It ischening increasingly appreciated
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that SOCS proteins also act by promoting the dedi@d of specific signalling
proteins. Recent work suggests that SOCS box-twngaproteins act as adapter
molecules that recruit activated signalling progein the proteasome. The results
showed that there is a siginficant difference inCS3 expression between GFP and
A2xAR overexpressing cells upon cytokines stimulatb2 and 3 hrs (Figure 4.12).
However, this does not rule out the physiologicelction of SOCS3 or other SOCS
family members in the down-regulation of STAT1 &iBAT3. In addition, we used
WT and SOCS3 knockout mouse embryonic fibroblas¢deEHs) to test the
inolvement of SOCS3 in STAT down-regulation. Howg\tbkese experiments proved
to be technically difficult as we could not transdihem with the adenovirues at our
disposal. One study has reported that expressi@O&S1 but not SOCS3 promotes
the degradation of ubiquitylated JAK2 (Shuai and; [2003) leading to a reduction in
STAT activation. In addition, STAT1 is known to begulated by phosphorylation-
dependent polyubiquitination in response to -Kkim and Maniatis; 1996). Given
that SOCS1 can promote the degradation of JAK&,dtso possible that SOCS1 may
target the degradation of associated STAT1.

In addition, to examine the polyubiquitination off ATs, extracts from AAR
overexpressing cells treated or not treated withtgasome inhibitor MG132 were
subjected to immunoprecipitation analysis with &8WTAT3 antibody or pull down
experiments. It is obvious that the amounts of phosylated STAT in AnAR
expressing cells upon sIL-6RL-6 stimulation are controlled by the ubiquitin-
dependent proteolysis of STAT1 and STAT3, constsieth the finding that STAT1
proteins activated by IFM-imay be negatively regulated by the ubiquitin-pastene
pathway (Kim and Maniatis; 1996). These resultergjly suggest that STAT1 and
STAT3 are polyubiquitinated before their degradatlmy the 26S proteasome. In
addition, Tyr phosphorylation is required for cyitwd-triggered degradation of
STATSs following AsAR overexpression. However, it is unclear wherehimitthe

cells ubiquitylation and degradation occur, whioksidues on STATs confer
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sensitivity to polyubiquitylation, and the naturé ihe polyubiquitylation chain

linkage

Finally, in this study we have demonstrated thatAlphAR overexpression can prime
cytokine-activated STATSs for polyubiquitylation asdbsequent degradatiby the
proteasome. It was found that overexpression ofAsAR in the absence of any
agonist was sufficient to prime STATs for degraolatilt is possible that over the
course of the experiments, endogenous adenosieasezl by HUVECSn vitro
reaches extracellular levels sufficient to cauggAR activation. However signalling
from cytokine receptors is subject to strict negatiregulation via several
mechanisms designed to prevent inappropriatelyaguest activation of downstream
responses (Wormald and Hilton; 2004). In most sgsteactivation of STAT is
transient. This suggests that efficient mechani®n$STAT inactivation must exist.
At least two possible mechanisms can be envision€de first one is
dephosphorylation of Tyr-phosphorylated STAT. Thecad mechanism is
degradation of Tyr-phosphorylated STAT. To deteeninvhether the Tyr-
phosphorylation of STAT1 and STAT3 is involved ibiquitination and proteasome-
mediated degradation, Flag-tagged WT STAT3 and 0%*¥Phe mutated STAT3
were used. This demonstrated that under conditionsvhich recombinant WT
STAT3 is polyubiquitylated similarly to the endogeis STAT3 in response to slL-
6Ro/IL-6, no ubiquitylation of the Tyr705Phe-mutated STAT3 could be detected.
This result suggested that Tyr-phosphorylation @A% was crucial for STAT
ubiquitination and degradation in,#AR overexpressing cells, since we could not
observed the same effect in TyrF8Bhe-mutated STAT3 as well in untreated cells

with cytokines.
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Phosphorylation is a commonly utilised signal imaal in controlling substrate
recognition by multiple ubiquitin E3 ligases. Thgtakine dependence of STAT
degradation in AWAR overexpressing cells raised the possibility thakK-mediated

STAT phosphorylation was a trigger for this evemhhus, several experimental

approaches in Chapter 4 were used to test thisthgpis in more detail.

(1) JAK inhibitor 1 inhibits Tyr-phosphorylaticof JAK1, JAK2 and STATL1.

(2) Degradation required JAK activity since;

a) It was blocked by pre-incubation with JAK initdp 1.

b) STAT1 but not STAT3 was resistant to both tymegphosphorylation and
down-regulation in response to leptin

c) A Tyr705-Phe mutated STAT3 was also resistant to cytokiiggdred
degradation, suggesting that JAK-mediated phospdiooy of this residue is

required to produce the effect.

(3) To assess directly whether STATs were ubigaigd in AAAR overexpressing
HUVECSs following cytokine exposure, STAT3 and Flagged WT STAT3 were
immunoprecipitated following denaturing cell ly$es remove any STAT-associated
proteins and inactivate deubiquitylating enzymesimunoblotting of STAT3
immunoprecipitates with anti-ubiquitin antibody eaed that HUVEC treatment
with slL-6Ro/IL-6 only resulted in the accumulation of a smedrubiquitylated
STAT3 in AaAR-overexpressing cells. Thus, the accumulation ubiquitin-
conjugated STATs in HUVECs occurred under condditimat also promoted their

degradation.

(4) To determine the relationship between STAT ultydption and Tyr
phosphorylation in AsAR-overexpressing cells, Flag-tagged WT and Tyrs6%he
mutated STAT3 were co-expressed in HUVECs with thesAR and

immunoprecipitated with anti-Flag antibody-conjuegghtSepharose beads following
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denaturing cell lysis after cytokine treatment. 3dhexperiments demonstrated that
under conditions in which recombinant WT STAT3 ayobiquitylated similarly to
the endogenous protein in response to slk/8R6, no ubiquitylation of the
Tyr705—Phe mutant could be detected.

(5) To date there is only one mammalian E3 ligasewk for mediating STAT
degradation which is SLIM protein. However, ourules suggest the involvement of
another E3 ubiquitin ligase in HUVECSs, since weédaeen unable to detect SLIM
message or protein in HUVECs under conditions ircwiSTAT degradation occurs.
The PCR technique has determined by serial dilubbb8LIM/Mystique plasmid to
approximately a few thousand (assuming thag @f SLIM plasmid pcDNAA3/HA-
SLIM/Mystique contains 1.5x10 copies of target DNA). For the immunoblotting
experiment the Ab was able to detect the positwetrol (which was lysates from
HEK293 cells transfected with SLIM/Mystiqgue cDNAJjut the endogenous
SLIM/Mystique which may be induced in,FAR overexpressing cells was below the
detection limit of the Ab.

(6) The results showed that there is a siginfiadifference in SOCS3 expression
between GFP and AAR overexpressing cells upon cytokines stimulaab2 and 3
hrs (Figure 4.12). However, this does not rule the physiological function of
SOCS3 or other SOCS family members in potentiakgiating the down-regulation
of STAT1 and STATS3.

The limitations of approaches in Chapter 4 arestiree as in Chapter 3 for the use of
HUVECSs and overexpression 0bMR (pages 102-103).
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Chapter 5

Effect of A,oAR Expression on STAT3 Regulated Genes
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5.1 Introduction

VEGFR-2/FIk-1/KDR is exclusively expressed in erddial cells and appears to
play a pivotal role in endothelial cell differert@ and vasculogenesis (Millauet
al.; 1993; Quinnet al; 1993). Many studies have provided evidence ferrtile of
VEGFR-2/FIk-1/KDR in tumour vascularisation, growtland metastasis. For
example, the manipulation of the cloned receptocreate a “dominant negative”
mutation is one experimental technique that hasdukéstablish the relevance of Flk-
1 to tumour angiogenesis. The biological relevantdhe VEGFR-2/FIk-1/KDR
receptor/ligand system for tumour-associated amgiesgis invivo has been
demonstrated using a retrovirus encoding a dominegative Tyr705>-Phe mutant
of the VEGFR-2 ( inhibit kinases), which preventke growth of a transplanted
glioblastoma(Millauer et al; 1994). Recently, using an anti-sense oligonuisot
directed against Flk-1 and Flt-t has been shown that VEGF stimulates, endothelial
cell proliferation, migration, and platelet-activeg factor synthesis via VEGFR-2.
Inhibition of Flt-1 expression failed to affect VEE& ability to modulate these
activities (Bernatchezt al; 1999). These studies have validated targetinghef

VEGFR-2 signalling pathway for the developmentmiangiogenic agents.

The JAK/STAT and PI-X/Akt are two parallel pathways responsible fordia¢ing
many downstream functions of many receptor and ewaptor tyrosine kinases,
including EGFR, Her-2 and c-Src (Liet al; 1998; Laughneet al; 2001; Yu and
Jove; 2004). gpl30, which is frequently activateda wide range of cancers
(Hideshimaet al; 2004), also signals through both JAK/STAT and3md/Akt
pathways (Falconet al; 1999; Hideshimaet al, 2001). Over-expression and/or
persistent activation of EGFR/Her-2, Src and IL-&8R known to promote tumour
growth/survival and to induce VEGF expression andi@genesis (Laughneat al;
2001; Semenza; 2003; Yu and Jove; 2004). As ILivates PI-3K/Akt via SHP2
activation by gpl130 this leads to activation of dstweam kinases such as Akt
(Hideshima et al., 2001). Interestingly, it hasrbsbown that blocking STAT3, but
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not PI-3K activity, inhibits VEGF expression in tumour kseWith constitutive IL-6
signalling (Weiet al; 2003), suggesting that STAT3 continues to acVWEGF

expression in the absence of PI3K/Akt signalling.

EC dysfunction is characterised by decreased biladnigty of NO, caused in part by
increased oxidant stress and by decreasing NO esisttiCai and Harrison; 2000;
Fultonet al; 2001). In the vasculature, NO is normally synites by the endothelial
isoform of eNOS, where it plays a protective rojeitthibiting leukocyte trafficking
and by decreasing platelet adhesion and aggreg@ftil@ming and Busse; 1999;
Stuehr; 1999; Dudzinslat al; 2006). NO production by endothelial cells is reg¢ed
by changes in eNOS enzyme activity and gene expresthe expression of eNOS
can be regulated by biophysical stimuli (such asaststress or hypoxia), growth
factors (such as TGP%, FGF, VEGF, or PDGF), hormones (such as estrogens
insulin, angiotensin I, or endothelin 1) (et al; 2002), or NO itself (Dudzinsket
al.; 2006) and IL-6 (Sauret al; 2006).

The results in Chapters 3 and 4 suggest thaAR overexpression primes JAK-
phosphorylated STATs for polyubiquitylation and sefuent degradation by the
proteasome. For the down-regulation of STAT praewmbserved in AAR-
overexpressing cells to be considered functiorstyificant, the ability of cytokines
to promote the accumulation of STAT-regulated targene products should be
compromised. In the course of our studies, we ifiledtthe vascular endothelial
growth factor (VEGF) receptor VEGFR-2 and eNOS agins in HUVECs whose
levels are controlled by STAT3. Since multiple séisdhave shown that elevated
levels of STAT3 phosphorylation are associated withreased expression of
potential downstream targets of STAT3, such as VE@krkson; 2004) and down
regulation of eNOS in ECs (Saued al; 2006). Inhibition of constitutively active
STAT3 signalling pathways may inhibit inflammati@nd tumour cell growthn
vitro andin vivo as well as provide a novel means for therapeutiervention in
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human diseases. In this Chapter we investigatesffieet of AxAR overexpression

on the physiologically relevant genes regulate®bHAT3 in HUVECS.

5.2 Results

The STATSs function as downstream effectors of cytekand growth factor receptor
signalling. Compared with normal cells and tisswes)stitutively activated STATs
have been detected in a wide variety of human catelklines and inflamed tissue.
STATSs are activated by tyrosine phosphorylationictvhis normally a transient and
tightly regulated process (Heinrickt al; 2003). The down-regulation of STAT
proteins observed in AAR-overexpressing cells would be predicted to mpttife
ability of cytokines to promote STAT-induced targeine expression. VEGFR-2 is a
protein in ECs whose levels are positively conéallby STAT3. Incubation of
HUVECSs with sIL-6RV/IL-6 for 4 hr increased VEGFR-2 (Figure 5.1). Teygokine
dependence of STAT degradation insAR-overexpressing cells (see Chapter 3)
raised the possibility that JAK-mediated STAT phHosylation was a trigger for this
event. JAK inhibition experiments demonstrated thatuM of JAK inhibitor 1 was
sufficient to inhibit Tyr-phosphorylation of JAKsnd STATs upon sIL-6K/IL-6
stimulation. In this Chapter | wanted to test tffeat of JAK inhibition on VEGFR-2
expression when HUVECs were stimulated with sIlaBR-6. My results show that,
expression of VEGFR-2 upon sIL-GRL-6 stimulation was blocked by JAK
inhibitor 1 pre-treatment (Figure 5.2). Furthermare Chapter 4 we demonstrated
that JAK-mediated phosphorylation of STATs was ¢h&cal step triggering down-
regulation when HUVECSs were co-infected with AVEeding the AAAR and either
Flag epitope-tagged WT or Tyr788he mutated STAT3, since mutation of Tyr705
renders STAT3 resistant to phosphorylation by JAlaptein et al; 1996). In this
Chapter expression of VEGFR-2 was abolished by exymession of a dominant-
negative Tyr705-Phe STAT3 mutant and produced by overexpressionWof
STATS3 (Figure 5.3). The results show thahAR overexpression has two effects on

VEGFR-2 expression. The first effect was incubatd\,pAR-overexpressing cells
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with sIL-6Ra/IL-6 for 4 hr triggered a 91+6% down regulation VEGFR-2
compared to levels in untreated controls (Figu®.5The second effect was that
over-expression of the AAR alone increased VEGFR-2 expression (Figur 5.4),
although this phenomenon appears to be STAT-indBgrersince receptor expression
alone produces no detectable changes in STAT pbogphion (see Chapter 3). The
data are consistent with the hypothesis thatAR overexpression can prime
cytokine-activated STATs for degradation by the tpasome. Also, AsAR-
overexpression was able to down regulate VEGFRg2emssion. This may occur via
inhibition of STAT3 regulation of VEGF expression.

NO produced by endothelial cells plays a crucidk réor regulation of many
biological functions such as vasodilatation, hosfedse, tissue respiration, and
substrate utilisation (Moncada al; 1991; Trochuet al; 2000). Many studies have
show that IL-6 can decrease eNOS expression in E@as been shown that IL-6
treatment of human aortic endothelial cells (HAKEELreases steady-State levels of
human eNOS mRNA and protein and this decrease dSebixpression is caused in
part by IL-6 inhibition of transactivatioof the human eNOS promoter (Sawtaal;
2006). cAMP signal transduction is a novel pivataéchanism for regulation of
endothelial NO production and may play a crucialeron the control of
cardiovascular function. For example, many stutlige shown that heart failure is
associated with a depressed systemic and carddathetial NO production, and
defective endothelial NO formation has been recggphias an important mechanism
contributing to the progressive deterioration o$ tilisease (Katet al; 1993; Mohri

et al; 1997; Zhanget al; 1999b). To investigate if over-expression of thgAR
could regulate eNOS expression, several experihapiroachesvere used. The
data shown in Figure 5.5 shows that levels of eN@$e reduced by transient
overexpression of WT STAT3. In contrast, eNOS Isweére up-regulated by over-
expression of a dominant-negative TyrZ0Bhe mutated STAT3. From Figure 5.6 it
can be seen that there is no significant chan@Ni@S expression when the cells are

incubated with sIL-6R/IL-6. However incubation of AAR-overexpressing cells
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with sIL-6Ra/IL-6 for 2hr marginally up-regulates eNOS expreascompared to
controls (Figure 5.7). These results suggest tH& T3 negatively regulates eNOS

expression upon sIL-GRIL-6 in A,aAR-overexpressing cells.
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Figure 5.1 Effect of sIL-6Ru/IL-6 on VEGFR2 expression
1x1C HUVECs / well were seeded into 6 well plates. 2¢ dfiter seeding, cells were
serum starving for 4 hrs prior to treatment withnothout 25ng/ml sIL-6 R/5ng/ml

IL-6 for the indicated times. Soluble cell extraetgualised for protein content were
then fractionated by SDS-PAGE for immunoblottinghwvthe indicated antibodie.

Quantitative analysis of VEGFR2 levels from thre@eriments is presented (***P

<0.001 versus the response observed in contral)cBlhsal set at 100.
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Figure 5.2 Effect of JAK inhibition 1 on sIL-6Ra/IL-6-induced VEGFR2
expression in HUVECs

1x10° HUVECs / well were seeded into 6 well plates. 24 dfiter seeding, cells were
then serum starving for 4 hrs prior to pre-incutyativith or without 0.1 uM JAK
inhibitor | for 30 min then treatment with or withb25ng/ml sIL-6 R/5ng/ml IL-6
for 30 min as indicated. Soluble cell extractsadged for protein content were then
fractionated by SDS-PAGE for immunoblotting withtisMEGFR2 antibody. (**P
<0.005 and ***P <0.001 versus the response obseirvedntrol cells). Basal set at
100.
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Figure 5.3 Effect of WT and Tyr705—-Phe mutated STAT3 expression on
VEGFR2 expression in HUVECs

1x10° HUVECs / well were seeded into 6 well plates. 24 dfiter seeding, cells were
co-infected with AV. Flag-WT STAT3 or AV.Flag-Tyr50-Phe mutated STAT3
prior to treatment with or without 25ng/ml sIL-6aBng/ml IL-6 for 1 hr as
indicated. Soluble cell exracts equalised for prot®ntent were then fractionated by
SDS-PAGE for immunoblotting with the indicated &otlies (***P <0.001 versus
the response observed in mutant STAT3). Basalt€ita

146



VEGFR2 (% of untreated

220

97

45

30

control)

o
¥ es’\g\
\ad R
+ + + +s|L-6Ra/IL-6, 1hr
e - —
QS et ques ¢ Flag
T D Ty G TR S | mm— GAPDH
600- *k% *%% *%%
EE GFP
5004 @ = ey EE=3Wild type STAT3
400 Ei:k ETyr705Phe STAT3
3004 = [EE :I:E:.E
200+ i

100+

%

....... T
...... e o] =
- + - + - + sIL-6Ra/IL-6, 1hr
GFP WT STAT3  Tyr705Phe STAT3

147



Figure 5.4 Effect of AsAR gene transfer on VEGFR2 expression in response t

SIL-6Ro/IL-6

1x10° HUVECs / well were seeded into 6 well plates. 24 dfiter seeding, cells were

infected with the indicated AVs prior to serumrgiiag for 4hr and treatment with or

without 25ng/ml sIL-6 R/5ng/ml IL-6 for the indicated times. Soluble celtracts

equalised for

protein content were

then fractiotatby SDS-PAGE for

immunoblotting with the indicated antibodies. Quiative analysis of VEGFR2

down-regulation in AsAR-expressing cells from three experiments is presk

(***P <0.001 versus the response observed in AV.G@GHBcted cells) Basal set at 2

hrs.
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Figure 5.5 Effect of WT and Tyr705-Phe mutated STAT3 expression on eNOS

expression

1x10° HUVECs / well were seeded into 6 well plates. 24 dfiter seeding, cells were
co-infected with AV. Flag-WT STAT3 or AV.Flag-Tyr50-Phe mutated STAT3
prior to treatment with or without 25ng/ml sIL-6aBng/ml IL-6 for 1 hr as
indicated. Soluble cell exracts equalised for prot®ntent were then fractionated by
SDS-PAGE for immunoblotting with the indicated #@woitilies (***P <0.001 and *P
<0.05 versus the response observed in WT STAT3alBzet at 100.
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Figure 5.6 Effect of sIL-6Ru/IL-6 on eNOS expression
1x1C HUVECs / well were seeded into 6 well plates. 24 dfiter seeding, cells were

serum starving for 4 hrs prior to treatment withnethout 25ng/ml sIL-6 R/5ng/ml

IL-6 for the indicated times. Soluble cell extraetgualised for protein content were
then fractionated by SDS-PAGE for immunoblottinghnmihe indicated antibodies.
Basal set at 100.
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Figure 5.7 Effect of A,AR gene transfer on eNOS expression in responsesh -
6Ra/IL-6

1x10° HUVECs / well were seeded into 6 well plates. 24 dfiter seeding, cells were
infected with the indicated AVs prior to serumrgiiag for 4hr and treatment with or
without 25ng/ml sIL-6 R/5ng/ml IL-6 for the indicated times. Soluble celtracts
equalised for protein content were then fractiotatey SDS-PAGE for
immunoblotting with the indicated antibodies. (**0.005 versus the response
observed in AV.GFP infected cells). Basal setOft. 1
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5.3 Discussion

VEGEF is up-regulated by multiple stimuli, includidtypoxia (Levyet al; 1995b;
Levy et al; 1995a), growth factors (Nauait al; 1997), and cytokines (Lét al;
1995; Ryutoet al; 1996). Conversely, few agents have been showedice VEGF
expression as described presently fgkAR agonists. Glucocorticoids inhibit the up-
regulation of VEGF induced by stimuli such as serplatelet-derived growth factor,
phorbol esters, and platelet-activating factor iffiecent cell types (Finkenzellest
al.; 1995; Heisst al; 1996; Nauclet al; 1997).

VEGFR2 is one of the major regulators of vascuhages and angiogenesis. The
detailed analysis of the role of VEGFR2-mediatephal transduction suggested that
the inhibition of VEGFR pathway would provide a paful antiangiogenic signal
that could be highly useful in inhibiting pathogerangiogenesis To date, several
small molecule VEGFR2 kinase (KDR) inhibitors hdween tested in animal cancer
models and resultant changes in tumor vasculatave heen described. Strong anti-
angiogenic responses are induced by SU5416 (atpandribitor of VEGFR protein
kinases) (Vajkoczet al; 1999; Lairdet al; 2000). While the mechanism by which
A2AAR activation results in VEGFR2 down-regulation f@gun to be explored, our
results show that AAR overexpression down-regulated VEGFR-2 understimae
conditions that promoted STAT degradation afteokiyte stimulation (see Chapter
3). In AsnAR-overexpressing cells, the ability of thesAR to stimulate down
regulation of VEGFR-2 after 4hr of sIL-6RL-6 stimulation was significant
compared with control cells. The expression of VIR&EF upon sIL-6R/IL-6 was
inhibited by JAK inhibitor 1, abolished by over-egpsion of Tyr705-Phe mutated
STAT3 and induced by overexpression of WT STAT3:e8al studies have reported
that VEGF-induced proliferation is mediated by timeraction of VEGF with
VEGFR2 in both breast cancer cells and in endathedlls (Mercurioet al; 2004;
Liang and Hyder; 2005). However, the role ohAR in VEGFR2 regulation may be

complex. In addition VEGFR2 is exclusively exprassa endothelial cells and
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appears to play a pivotal role in endothelial cifferentiation and vasculogenesis
(Millauer et al; 1993; Quinnet al; 1993). It has also been demonstrated that
VEGFR-2 signals through STAT3 (Bartokt al; 2003). Blocking STAT3 in
endothelial cells inhibit their migration and vdsggmation (Yahataet al; 2003).
Interestingly, a relationship between tumour STAACiIvity and STAT3 signalling
has been recently described (Waety al; 2004). Our results in Chapter 3
demonstrated that the humag,AR overexpression was able to confer an ability of
SIL-6Ra/IL-6 to trigger a time-dependent reduction in teeels of STAT proteins
that was due entirely to proteasomal degradatiam. térms of functional
consequences, the results of this Chapter showthiatiegradation was associated
with an attenuation of slL-GRIL-6-stimulated STAT3-dependent up-regulation of
VEGFR2. Blocking STAT3 signalling in either tumoar dendritic cells abrogates
tumour-induced inhibition of dendritic cell matumat (Wanget al; 2004). Thus,
STATS3 plays a central role in propagating oncogesignals from tumour cells to
effector cells involved in tumour angiogenesis ammnune evasion. It is a well
established fact that blocking STAT3 signallingtiimour cells inhibits tumour cell
proliferation and induces apoptosis (Darnell; 2098; and Jove; 2004). In diverse
human cancers displaying dependence on persistemtivated STAT3 for
survival/proliferation (Darnell; 2002; Yu and Jov&004), targeting STAT3 is
expected to evoke potent anti-tumour effects thinodigect tumour cell death, anti-
tumour immune responses and anti-angiogenesis2 B€lls, which express A and
A2sARs (Arslanet al; 1999), have been employed to study AR signalsttantion
and physiological activity. It has been shown poesly that activation of the AAR

in PC12 cells results in a substantial reductio’VBGF, which is observed at both
the mRNA and protein levels. Furthermore, this doegulation of VEGF mRNA
occurs because of an inhibition of VEGF gene trapscn (Olah and Roudabush;
2000). The nonselective AR agonist, N-€thylcarboxamido) adenosine, was also
reported to down-regulate VEGF expression in PGB ¢Kobayashi and Millhorn;
1999). Other cell types have been shown to resgondR agonists with either

increases or decreases in VEGF expression (Gtaak; 1999; Wakaiet al; 2001;
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Feoktistovet al; 2002). This differential regulation may exist base of the subtype
specificity of various AR ligands, and becausealf-specific variations in the signal
transduction cascade to which a distinct AR subtyas be linked. Stimulation of
the AAR in PC12 cells substantially reduces VEGF mRNAression and VEGF
protein secretion. Regulation of VEGF secretionthy A sAR, or perhaps other G
protein-coupled receptors, on selected targets neyrgsent a means to positively or
negatively regulate angiogenesis for therapeutitefie In this study AWAR was
able to down-regulate the VEGFR-2 under the sammlitons promoted STAT
degradation after cytokines stimulation.

It has been demonstrated that adenosine enhanegsntduced NO production
through activation of AAR (lkedaet al; 1997a; Ikedaet al; 1997b; Dubeyet al,
1998). In addition, activation of the,AAR can increase NO production in porcine
coronary endothelial cells (Olanrewaju and Mustaf#®)0) and in HUVECs (Wyatt

al.; 2002). In this study, we have demonstrated thaAR overexpression increases
eNOS induction in AWAR overexpressing cells. This increase in eNOS ¢tida is
consistent with our results in Chapter 3 which shivat overexpression of the
A2AAR triggers the down-regulation of STAT after treant with sIL-6R/IL-6 for
3hr. In addition our results show that Tyr78Bhe-mutated STAT3 enhances eNOS
expression, while overexpression of WT STAT3 reduelOS expression. Different
studies have found that inflammatory mediators efese eNOS expression (Marsden
et al; 1992; Weisset al; 1994; Taiet al; 2004). Furthermore, TNE-can decrease
eNOS expression by inhibiting eNOS promoter tratngaiton and also by
destabilising eNOS mRNA (Yoshizunet al; 1993; Alonsoet al; 1997; Searles;
2006). CRP, an effector of the acute phase respdesecases eNOS expression by
destabilising its mRNA (Venugopat al; 2002; Vermaet al; 2002). IL-6, a major
trigger of the APR, has been shown to decrease edp&ssion. Recent studies
point to IL-6 as a marker of cardiovascular diseasevell as systemic inflammation
(Tracyet al; 1997; Libby; 2001; Ridkeet al; 2001). IL-6 plasma levels are elevated

in myocardial infarction, unstable angina, and aikelerosis. Chronic inflammation
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may trigger synthesis of IL-6, which activates SBATSTAT3 in turn drives
transcription of acute phase response reactanth, &1 CRP that contribute to the
development and progression of atherosclerosisnfeest al; 2005; Paffen and
DeMaat; 2006) Accumulating evidence demonstrates that theAR increases the
production of NO by human and porcine arterial ¢heial cells, which in turn leads
to vasodilation (Liret al; 2007).

Our results show that incubation ob#AR-overexpressing cells with sIL-GRL-6

for 2 hr up-regulates eNOS expression compared wotiitrol cells. This result is
consistent with finding that adenosine-induced N@dpction is blocked by the
potent eNOS inhibitor I-NIO (Jianet al; 2002; Benamaet al; 2003) but not by the
selective INOS inhibitor I-NIL (Connoet al; 1995), suggesting eNOS but not INOS
is responsible for the effect of adenosine on N@lipction. The importance of eNOS
in NO production by adenosine is further suppoltgdhe observation that adenosine
enhances phosphorylation of eNOS at its activasite (Ser 1177) (Albreclet al;
2003; Zhang and Hintze; 2006). Moreover, adenosigeificantly increased eNOS,
but not INOS, activity (Albrechet al; 2003). It has been suggested that a large
amount of NO produced by iNOS is toxic, whereas 8N® a protective enzyme
(Albrecht et al; 2003). Therefore, it is highly likely that ademesinduced NO
generation through eNOS can result in cardioprmtectwhich may explain the
cardioprotective effect of adenosine. Multiple 8nef evidence have suggested that
the AAR is critical for adenosine-mediated protectionaiagt ischaemia-
reperfusion injury. AWAR-mediated inhibition of tissue ischaemia-repaduosnjury
has been documented in various organ systems,dingldiver, lung, kidney, and
heart (Okuseet al; 1999; Haradeet al; 2000). However, the precise mechanisms
responsible for AvAR-mediated tissue protection remain unknown. TheAR is
widely distributed and mediates a variety of phiggical responses in mammals.
A2xARs couple to Gs proteins and activate adenylylasg; leading to an increase in
cellular cAMP levels (Dobson and Fenton; 1997; i8at et al; 2001). The

mechanisms of protection mediated by,AR activation may include inhibition of
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leukocyte-mediated inflammatory response, chemogioeluction and vasodilation
(Shryock et al; 1998; Lew and Kao; 1999). A recent study has alsown that
CAMP induces eNOS activation and increases endathBIO production from
isolated canine and porcine coronary microvesséalsléj et al; 2000; Zhanget al;
2002b). In cultured endothelial cells, both PKA &MdB have been reported to have
effects on eNOS phosphorylation and activation (Deteret al; 1999; Fultoret al;
1999; Michellet al; 2001; Booet al; 2002). These observations may suggest that
expression of AAARs elevate cAMP which induce eNOS expression asresults
would suggest AAR-expressing cells up-regulates eNOS expressiayul& 5.4).
Thus the data suggest there are two possible misohginthe first one is CAMP via
ERK directly up-regulate eNOS. The second mechamsstAMP up-regulates eNOS
expression via down-regulation of STAT3. In summadng results suggest that
STATS3 regulates eNOS expression upon sllaBR6, since ArAR overexpression
which primes cytokine-activated STATs for degradiatby the proteasome, was

sufficient to up-regulate eNOS expression.

Data in Chapter 5 reveals several important asp&btse include:

(1) Incubation of HUVECs with sIL-6&1L-6 for 4 hr increased VEGFR-2 protein

levels.

(2) Expression of VEGFR-2 upon sIL-6RL-6 stimulation was blocked by JAK

inhibitor 1 pre-treatment.

(3) Expression of VEGFR-2 was abolished by overesgsion of a dominant-
negative Tyr705-Phe STAT3 mutant andduced by overexpression of WT STAT3.

(4) The results show that ,RAR overexpression has two effects on VEGFR-2

expression. The first effect was incubation ghAR overexpressing cells with sIL-
6Ro/IL-6 for 4 hr triggered a 91+6% down regulation VEGFR-2 compared to
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levels in untreated controls. The second effecttasover-expression of the /AR

alone increased VEGFR-2 expression.

(5) The result shows that levels of eNOS were cedlby transient overexpression
of WT STAT3. In contrast, eNOS levels were up-reted by overexpression of a
dominant-negative Tyr765Phe mutated STAT3.

(6) There is no significant change in eNOS expoess/hen the cells are incubated
with sIL-6Ra/IL-6.

(7) Incubation of AwAR-overexpressing cells with sIL-6RL-6 for 2 hr marginally

up-regulates eNOS expression compared to controls.

In the course of my studies, | have identified Wiascular endothelial growth factor
(VEGF) receptor VEGFR2 and eNOS as proteins in &lgse levels are controlled
by STAT3. The interaction between the eNOS promated STAT3 has been
studied by Marta Sauret al. (2006). They first studied the effects of IL-6 apihe
human eNOS "Hlanking region extending 1600 bp upstream from titanscriptional
start site. Then, they transfected HAEC with an &\fomoter luciferase construct
(eNOS-Luc). While Control cells were also co-tratséd with plasmid constitutively
expressingRenilla luciferase. Then, human eNOS promoter transactinatvas
measured as firefly luciferase activity normalisedRenillaluciferase activity. Their
data show that STAT3 upon IL-6 activation inhib&slOS promoter activity in
endothelial cells in a dose-dependent manner. \mieinteraction between STAT3
and the VEGFR2 promoter has yet to be identifiegdtesal experiments could be used
to address this issue. One approach is chromatmuimoprecipitation (ChIP) analysis
which could be applied to assess cytokine-induc®IEAT3 recruitment to the
VEGFR2 promoter. To perform this experiment, celise to be stimulated with and
without IL-6 and then fixed. Then DNA has to be a&fleel to fragment sizes of
roughly 500 bp. STATS3 is then immunoprecipitated &NA fragments analysed by
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PCR. Primers would be designed to amplify a tasgguence of no greater then 200
bp that incorporates any putative STAT3 binding@ssiin the VEGFR2 promoter.
Secondly, reporter gene assays could be employedntfirm IL-6-inducibleSTAT3
activation of VEGFR2 promoter. This could be done dloning the VEGFR2
promoter upstream of a luciferase ORF in a mammadigoression vector such as
pLuc (Chiouet al; 2000). If cytokine activation of luciferase exgse®n is observed,
the STAT sites in the promoter could be mutated et to compare their ability to
induce luciferase following IL-6 stimulation. Addinally, the effect of the dominant-
negative Tyr705-Phe STAT3 mutant following IL-6 stimulation couldsa be

assessed as further evidence for a role of STATS3.

The limitations of approaches in this Chapter Aeedame as in Chapter 3 and 4 for

the use of HUVECs and overexpression gfAR (pages 102-103).
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Chapter 6

Final Discussion
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The pro and anti-inflammatory mediators are bothambeo be beneficial to the
organism. During the initial appearancepob- and anti-inflammatory mediators in
the circulation, théeneficial effects usually outweigh their harngtfects. However,

when the balance between these two opposing fosckest,the mediators become
harmful. Sequelae of inappropriate or prolongedamfnation contribute to the

pathogenesis of many diseases including atherastse(D'Cruz; 1998; Sands and
Palmer; 2005), rheumatoid arthritis (Karouzaéisal, 2006) sepsis, (D'Cruz; 1998;
Kinlay et al; 2001; Greaves and Channon; 2002; Gueteal; 2004), heart disease
(Kinlay et al; 2001), and cancer (Howe; 2007). Fundamental éoitflammatory

response is the interaction between ECs and leté®cyrhis interaction triggers
further downstream signalling events leading tookyte, chemokine and growth
factor release, surface expression of adhesionaulele and expression of other pro-

inflammatory proteins.

In this investigation, | have demonstrated that AagAR overexpression can prime
cytokine-activated STATs for polyubiquitylation asdbsequent degradation by the
proteasome (Figure 3.2-3.9). Similar to the eftdaterved on suppression of NB-

in two separate cell systems (Saradsal, 2004), expression of the,fAR in the
absence of any agonist was sufficient to prime S3 T degradation. Pre-incubation
with the proteasome inhibitor MG132 was suffici¢at abolish the effect of the
A2xAR overexpression on priming both STAT1 and STA®8 down-regulation in
response to both cytokines sIL-&R-6 and IFNx. Our data reveals several
important aspects of AAR overexpression on JAK-STAT upon cytokine
stimulation. These include: (1) Potentiation ofpAR function by increasing its
expression reduces cytokine receptor activationthef JAK-STAT pathway by
priming Tyr-phosphorylated STAT for proteasomal @delgtion. (2) Over-expression
of the ApAR in HUVECSs suppressed the ability of IkMind a sIL-6R/IL-6 trans-
signalling complex to promote Tyr-phosphorylationSTATs 1 and 3 by targeting
cytokine-activated STATSs for proteasomal degradat{8) Immunoprecipitation and

pull-down experiments revealed that endogenousrecmimbinant WT STAT3 were
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ubiquitylated following cytokine treatment of, /AR overexpressing cells while no
detectable ubiquitylation of Tyr765Phe-mutated STAT3 was observed.
Degradation required JAK-mediatgthosphorylation of STATs as deduced from
three lines of evidence. First, the effect was isheld by a concentration of JAK
inhibitor 1 that abolished Tyr-phosphorylation of A1 and STAT3. Second,
STAT3 but not STAT1 was targeted for degradatidiovang exposure of AWAR-
overexpressing cells to leptin, reflecting the ipibf leptin to specifically promote
the Tyr-phosphorylation of STAT3. Third, a Tyr7/8%he mutated STAT3 was
resistant to both JAK-mediated phosphorylation awidkine-triggered degradation
in A2aAR overexpressing cells.

The multiple signalling employed by the,/AR to inhibit STAT activity raise an
important question. How does thesAR affect STAT activity by different
mechanism? One possibility is thatsAR overexpression leads to the activation of
multiple distinct signalling molecules, which theffect the STAT pathway by
independentmechanism. One key feature of theaAR is the long C-terminal tail,
which plays a role in regulating the high levelcohstitutive activity of the receptor
(Klinger et al; 2002). In addition it is shown to be involved time formation of
heterodimers with the dopamine E:ceptors within the rat striatum (Canalsal;
2003), although it is not required for the formatmf A, AR homodimers (Canalst
al.; 2004). Therefore its precise role in the formatad oligomers is still unclear. In
order to understand the molecular events by whi€ATSdegradation occurs, it
would an important step to identify which,#AR-activated signalling pathways are
responsible. /AR activation has been reported to activate attléae primary
signalling cascades in vascular ECs. The first mnéhe cAMP-adenylyl cyclase
(Linden; 2001), causing an elevated levels of oelalar cAMP. cAMP causes the
activation of CAMP-dependent protein kinase (PKAJ dexchange protein activated
by cAMP” (Epac). Epac functions as a guanine nualeoexchange factor for the
Rap family of small G-proteins (Bos; 2003; Tasked &andahl; 2004). The second

pathway is extracellular signal-regulated kinaseRKE cAMP-independent
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activation of ERK through the activation obMR (Sexlet al; 1997) is thought to
be required for receptor-mediated generation aficnibxide, which subsequently
activates soluble guanylyl cyclase (Wyaeattal, 2002). The resulting accumulation of
cyclic GMP (cGMP) activates cGMP-dependent protemase. A range of selective
inhibitors and activators of relevant intracellulsignalling pathways would be
needed to be tested for their ability to eitheicklor mimic AsAR-mediated priming
of STAT degradation. For example, a contribution Egac could be tested by
determining the extent to which Epac-selective vattir 8-pCPT-20-me-cAMP
(Kooistra et al; 2005) can prime STATs for cytokine-triggered deation, and
whether its depletion by siRNA abolished thesAR'’s effect.

To date, only one mammalian E3 Ub ligase (termddMS or “Mystique”) has been
demonstrated to target Tyr-phosphorylated STATspfdyubiquitylation (Tanakat
al.; 2005).However, the results presented here suggest e th no involvement of
SLIM under conditions in which STAT degradation oxs; suggesting that another
E3 is responsible. Identification of this new E3ulb constitute a major advance
towards designing strategies for manipulating STéfction, and is therefore a key
objective. There are several technically distinchtegies that could be used to
identify the E3 ligase. First strategy is the STAgi®teomics. The most straight
forward method for identifying the protein respdisiwould be to purify STAT-
associated proteins in cytokine-stimulateglAR-overexpressing cellda a two-step
tandem affinitypurification (TAP) procedure (see Chapter 3)milar approaches
have already been used to demonstrate that KLHLiftibn as the substrate
recognition component of the E3 complex responsiiole degradation of Dsh
proteins (Angerset al; 2006). The second strategy is using E3 Ub ligaR&NA
library screening (see Chapter 7). This approacpasiculary suited to HUVECs
since our lab and others have been able to acldkwest complete target gene
knockdown following siRNA transfection into thesells (Huanget al; 2005;
Kooistraet al; 2005).
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The AAR displays two desirable features that would miksuitable to act as a
brake of the inflammatory response. One importaature is the level of constitutive
activity displayed by the receptor, an activity athis associated with the C-terminal
of the receptor, since its removal can inhibit leaeel of constitutive activity (Klinger

et al; 2002). The constitutive activity of the recepteould allow the receptor to
mediate its anti-inflammatory effects even in tsence of agonist as described in
this thesis. The constitutive activity of the relmgsuggests that regulation of4AR
expression would be critical in the inhibition offlammatory responses. Studies in
A.,AR” cells showed that there was no significant comaiemyg increase in the
expression of any of the other ARs, suggesting thatanti-inflammatory events
triggered by AsAR expression are specific for this receptor (Liteaset al; 2003).

In addition, demonstration of thabsence of receptor reserve in murine T-cells
suggests that AAR expression needs to be tightly regulated (Arorgiret al;
2001). The regulation of AAR expression is supported by the reported altanatin
expression in response to Thl cytokines in Ecs ikglyl to alter cellular
responsiveness to inflammatory stimuli (Nguyatnal; 2003). Moreover, in mature
plasmacytoid dendritic cells, the, /AR becomes up-regulated in response to CpG
oligodeoxynucleotide activation of TLR-9, leadirgd decrease in IL-6, IL-12 and
IFNa production (Schnurret al; 2005). Therefore, there are precedents for the
regulation of AsAR expression by different inflammatory stimuli udeg in the

inhibition of inflammatory responses.

A2pAR overexpression leads to the accelerated degoadaf Tyr-phpsphorylated
STATs. The JAK-STAT signalling cascade plays anangnt role in the activation
of several different inflammatory genes includingGs and VEGF. Targeting STAT
proteins for therapeutic intervention in cancer a@m to be fully explored. In
addition to the development of tyrosine kinase bitbrs, antisense STAT
oligonucleotides, it will be important to considdternative strategies for targeting of
constitutive STAT signalling (Seidedt al; 2000; Turkson and Jove; 2000). Such

strategies could potentially include: (1) developinef receptor-ligand interaction
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antagonists, such as cytokine antagonists and tageeutralising antibodies; (2)
inhibition of STAT activating tyrosine kinases; (&ctivation of STAT-specific
phosphatases; (4) targeting of STAT-regulated geme®lved in malignant
progression; and (5) development of small molecgalebitors that interfere with
STAT dimerisation and/or DNA binding. With regaral the latter, recent progress
has been made in design of short peptides thatte#éy block STAT3 dimerisation
and DNA-binding activity bothin vitro and in vivo (Turkson et al; 2001).
Importantly, these peptides inhibit cell transfotima mediated by activated STAT3
and provide the basis for development of peptidostics with drug-like features.
For drug development, molecular assays that aregrs to specifically measure
activated STAT3 DNA-binding or gene-regulatory witiés can be applied for drug
refinement through structure-activity relationstspudies. In the clinical setting,
immunohistochemical assays for detection of adatdaphosphotyrosine-forms of
STAT3 and STAT5 can provide convenient moleculark®aes for monitoring the
efficacy of inhibitors of STAT signalling in biopss from cancer patients. Gene
expression profiling by microarray technology ispested to reveal a molecular
signature of STAT-regulated genes that may havgndistic as well as prognostic
applications (Turkson and Jove; 2000; Nikita&isal; 2004).

STAT activation is negatively regulated by SOCS8t@ins. Our results do not rule
out the physiological involvement of SOCS3 in doregulation of STAT in AWAR-
overexpressing cells. Thus,,#AR overexpression may up-regulate other SOCS
expression such as SOCS1 leading to accelerated 58Ad STAT3 degradation.
SOCS proteins were originally identified as cyt@kinducible SH2-domains-
containing proteins (CIS). They are known to inh®TAT activation by at least two
distinct mechanisms that differ between family memsb SOCS1 inhibits activation
of JAK by directly binding to JAK, while SOCS3 irtiis the action of JAK only
when bind to receptors such as gpl30 (Section Exression of SOCS1 but not
SOCSS3 promotes the degradation of ubiquitinylat&d2]leading to the reduction of
STAT activation (Shuai and Liu; 2003). Moreover, 1L is known to be regulated
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by phosphorylation-dependent ubiquitination in mse to IFN (Kim and Maniatis;
1996). SOCS proteins typically consist of a phosyiegine-binding SH2 domain, a
C-terminal SOCS-box involved in proteasome recraiitrand a pre-SH2 domain that
only in the case of SOCS1 and SOCS3 contains a hla&king KIR domain.
Association of SOCS proteins with their target $xgtes is believed to occur solely
via their SH2 domain. Given that SOCS can promb&degradation of JAK, it is
also possible that SOCS can target the degradafiassociated STAT proteins.
Therefore AsAR overexpression may negatively regulate STAT1 &SWAT3
protein levels by increasing the levels of SOCSresgion. However, results in
Chapter 4 suggest there is a significant differanc®OCS3 expression between GFP
and AxAR overexpressing cells upon cytokines stimula@r? and 3 hrs (Figure
4.12). However, this does not rule out the phygjmial function of SOCS3 or other
SOCS family members in the down-regulation of STATse further identify the
precise role for AWAR-mediated anti-inflammatory effects, immuoblogtiusing
anti-SOCS antibodies or employing SOCS8ells could be used to determine the
effect of the AnAR on SOCS expression. In addition, it would beeiiesting to
determine if this represents a common mechanismctbn. For example, STAT
activation is also stimulated by other cytokiné® lIL-11, which utilises a common
gp130 receptor component. Similar analysis of STAR STAT3 activation and
SOCS expression could be used to determine iAR is important in this way.
Another important topic for future studies is tdide the mechanisms of crosstalk
between JAKs and other pathways. For instance, rédoceptor Notch has been
reported to promote STAT3 activation, and the Nattfectors Hes1l and Hes5 have
been found to associate directly with JAK2 and SBAKamakuraet al; 2004).
Evidence for cooperation between the JAK/STAT amdcN pathways has also been
provided by work inDrosophila (Jostenet al; 2004) and genetic screens in
Drosophilahave identified additional potential modifierstbe JAK/STAT pathway
(Bach et al; 2003). JAKs have also been reported to be aetivaly a variety of
structurally diverse receptors beyond the cytokieeeptors. Examples include

receptor tyrosine kinases, and G-protein-couplecep®rs (such as chemokine
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receptors). Hyperactivation of STAT1 and STAT3 teither inactivation of SOCS
promoters by methylation (Niwat al; 2005) or mutationally activated JAK/other
STAT-phosphorylating tyrosine kinases has beenrgbden breast cancer cell lines
as well as prostate, ovarian, pancreatic and heplaitar carcinomas (Vermet al;
2003). Importantly, in many of these cases, bldekaf STAT activation triggers
apoptosis of the affected cells (Verneh al; 2003; Yu and Jove; 2004). Thus,
manipulation of the AAR signalling system might provide one strategyhwithich
to arrest tumour growth resulting from inappromiadctivation of STATs. In
addition, VEGF is up-regulated by multiple stimuhgcluding hypoxia (Levyet al;
1995b), growth factors (Nauait al; 1997), and cytokines (Lat al; 1995; Ryutoet
al.; 1996).

Since Tyr-phosphorylation is clearly the criticelep in targeting STATs for
degradation in AWAR overexpressing cells, it is extremely importdat clarify

whether it functions simply as a classical phosgigoon, or whether the nuclear
translocation that occurs as a result of phosphtioyl is also important for localising
the phosphorylated STAT dimer with the relevantubgquitin ligase. This may be
tested by comparing the extent to which theAR overexpression primes STATS
for cytokine-triggered polyubiquitylation and dedation in cytosolic and nuclear

fraction (see Chapter 7).

In conclusion the identification in this study of a previouslynappreciated
mechanism by which a GPCR can negatively controATlSTunction by targeting
tyrosine-phosphorylated STATs for degradation hagiificant implications for
diseases associated with altered regulation ofJkie-STAT pathway in vascular
endothelium. It also suggests that potentiatioPAg{AR overexpression function
might prove a particularly useful strategy with waito down-regulate pro-
inflammatory responses in vascular endothelium ibye of its capacity to inhibit
both the JAK-STAT and NKkB signalling pathways utilised by distinct pro-

inflammatory stimuli.
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Chapter 7

Future Experimental Approaches
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The centeral hypothesis of the future work is that over-expression of the;AAR
primes STATSs for cytokine-triggered polyubiquitytat and protesomal degradation,
and that this is achieved by increasing the agtiaitd/or expression of an E3 Ub
ligase that specifically targets Tyr-phosphorylaB3tATs. | also hypothesise that this
previously unappreciated process is an importanchar@sm by which the
inflammatory response could be suppressed by #usptor. Processes regulating
protein turnover by the UPS are attractive tarf@mtsherapeutic intervention but are
currently underexploited (Nalep al; 2006). Thus, while the machinery controlling
STAT degradation in ECs has tremendous potentraihi® generation of novel anti-
inflammatory therapeutics for treatment of CVDd|yftexploiting this opportunity
would require a detailed understanding of the mdégcmechanisms responsible. To
achieve this, future work would be aimed at :

1) Characterising in detail and defining the subcaHlbcalisation of the STATs
ubiquitylation and degradation events.

2) ldentification the ApAR-regulated E3 Ub ligase responsible.

3) Identification of Ub-conjugation sites and the matof any chain linkage on
STATS.

4) lIdentification of the AsAR-activated signalling pathway(s) responsible for
priming STATSs for degradation.

Proposal experimental procedures:

1) Characterisation and localisation of STAT polyubiqutylation and

degradation
Having demonstrating that Tyr-phosphorylation égjuired for cytokine-triggered

degradation of STATs following AAR overexpression, it is unclear where
ubiquitylation and degradation occur. These quastamuld be answered as follows:-
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1.1) Are STATs degraded in the nucleus?

Tyr-phosphorylation is followed by the-importin-mediated translocation of STAT
dimer into the nucleus (Norman and Shiekhattar;620This would be tested by
comparing the extent to which the,#AR overexpression primes STATs for
cytokine-triggered polyubiquitylation and degradatiin cytosolic and nuclear
fractions. Based on these findings, several exparial approaches such as siRNA-
mediated knockdown of importia-(Which play important role in translocation of
STATs from cytosol to the nucleus) could be usdet the important of nucleus
loclisation in STAT degradation. Moreover, nucléarport of STAT1 has been
shown to be mediated by import&n5/NPI-1, one of the importin: family members.
Here, we attempt to determine whether the stimaaithiduced nuclear import of
STAT3 is mediated by importia-similar to the import of STAT1. The domain
structure of importink could be divided into an N-terminal region (theportin{3
binding domain), a central region (classical NL&dig domain), and a short C-
terminal region. It is well known that the N-terralrdomain of importinz is essential
for importiny binding, and that the deletion of this domain esua loss of import
activity. In the case of STAT1, N-terminal deletiorutants of importine 5/NPI-1
lack the importing binding domain and cannot bind to imporfininhibiting the
nuclear import of STAT1 (Sekimotet al; 1997; McBrideet al; 2002). Therefore,
we could examine the issue of whether the N-terhdeetion mutant of importine
5/NPI-1 inhibits the nuclear import of STAT3 and itegradation in AAR-

overexpressingells.

During the process of IL-6-mediated transcriptionativation of STAT3, STAT3
proteins translocate into the nucleus and are suigsly exported from the nucleus
in a chromosomal region maintenance 1 (CRM1)-depeinchanner (Bhattacharya
and Schindler; 2003). Use of nuclear export inbibieptomycin B (to inhibit STAT
nuclear export) and expression of STAT3 mutantsvitich nuclear localisation or

export sequences are disrupted) could be used terntiee whether Tyr-
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phosphorylation alone is sufficient for STAT ubitwation and degradation, or if
nuclear localisation is also critical. If degradatioccurs in the nucleus, it would be

expected that blocking export will cause nucleamuatulation of Ub STAT.

2) ldentification of the E3 ligase for STAT ubiquitylation

To date only one E3 ligase termed “SLIM or Mystigirmas been demonstrated to
target Tyr-phosphorylated STATs for polyubiquityet (Tanakaet al; 2005).
However | have been unable to detect SLIM messagaraiein under conditions
resulting in STAT degradation suggesting that amotlE3 is responsible.
Identification of this new E3 would constitue a orapdvance towards designing
strategies for manipulating STAT function. Two difnt strategies are proposed:-

A) Tandem affinity purification (TAP) of STAT-assated E3 ligase

The most straightforward strategy for identifyiring tprotein responsible would be to
purify STAT-associated protein in cytokine-stimeldtA.,AR-overexpressing cells
via two-step tandem affinity purification (TAP) proeed. Similar approaches have
already been used to demonstrate that KLHL12 fancéis the substrate recognition
component of the E3 complex responsible for dedgi@daf Dsh proteins (Angerst
al.; 2006). To identify the AWAR-regulated STAT E3, a TAP construct would be
generated comprising streptavidin-(Streptag) arfd Nhelate-(Hig) binding affinity
tags placed in tandem at the C-terminus of STAT&y{erkeret al; 2006). The C-
terminus is being chosen as others have demordstitze even the addition of large
fluorescent protein tags at this terminus does gwhpromise STAT3 function
(Pranadeet al; 2004). The rationale for using these tags is thay allow two-step
purification under denaturing conditions, which isssential to inactivate
deubiquitylating enzymes that would otherwise reen@olyUb chains and the
associated E3 during purification (Tagwerkéegrl; 2006). A recombinant AV would
be generated to ensure efficient expression of &fe-tagged STAT3 in HUVECs to

the same level as endogenous STAT3. After confignfumctional expression, it
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would be co-expressed with the AR and purified by sequential Nichelate- and
streptavidin-affinity chromatography steps follogirtreatment with cytokine and
MG132 to promote accumulation of ubiquitylated STATo0 prevent dissociation
recruited E3s following denaturing cell lysis, cédir protein would be cross-linked
by treatment with formaldehyde prior to lysis. ST-A3sociated proteins from the
final streptavidin-affinity step would be eluteddadigested with trypsin for analysis
of the resulting peptides by tryptic peptide masgdrprinting using matrix-assisted
laser desorption/ionisation-time of flight (MALDIOF) (Bito et al; 2003) and/or
peptide separation by nano-liquid chromatographg analysis by tandem mass
spectrometry (LC-MS/MS) (Xu and Peng; 2006). Reswaltild be used to interrogate
EBI and NCBI human databases using publicly avelaMASCOT search
algorithms. GFP-expressing HUVECs would be usedl r@esgative control.

B) E3 Ub ligase siRNA library screening
Libraries of validated siRNAs specific for more tha00 human E3 Ub ligases are
now available commercially from Dharmacon and Ambidhese provide a rapid
means with which to screen a range of structurdiyerse E3s based on whether
knockdown blocks sIL-6IL-6-mediated degradation of STATs in MR
overexpressing HUVECs compared with non-targetifRiNg-treated control cells.
This approach is particularly suited to HUVECS siotr lab (Sandst al; 2006) and
others (Huanget al; 2005; Kooistraet al; 2005) have been able to achieve almost
complete target gene knockdown following siRNA sf@ction into these cells. We
would initially start by screening large numbersgobup by dividing the library into
manageable groups of 50 then screen them to igahsf effective group. After that
we could further subdivided any putative group oseveral rounds of screening to
isolate the E3 ligase activity which responsible$3 ATs ubiquitination. To confirm
that it functions as a bona fide Ub E3 ligase oogpho-STAT3, those that are
identified from our screen will be expressed, pedfand usedh vitro Ub E3 ligase
assays using phospho-STAT3 as a substrate.
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3) ldentification of Ub-conjugation sites and natureof chain linkage on STAT3

Identifying the sites of Ub attachment would defmewv targets on STAT amenable
to therapeutic manipulation. However identificatisnhampered by the lack of any
consensus ubiquitylation sequences displayed by (B@depaet al, 2006) and
(assuming the ubiquitylation sites are conservéw) presence of more than 20
common Lys between STATs 1 and 3. Thus, Ub attaohsiees should ideally be
determined directly. To achieve this, adenoviryges) would be used to co-express
Flag-Tagged-WT STAT3 with the AAR prior to treatment with cytokine and
proteasome inhibitor MG132 to promote accumulatbrubiquitylated STAT3 (as
described in Chapter 2). Flag-STAT3 could then thaity purified using anti-flag
antibody M2-Sepharose columns and eluted with Fegtide. Following SDS-
PAGE and Colloidal Blue staining, bands correspogdio ubiquitylated Flag-
STAT3 would be excised and destained prior to ihdigestion with trypsin and
peptide extraction. Conjugated ubiquitins are diggdby trypsin to either a Gly-Gly
remnant that adds a mass of 114.043 Da to theteffdgys residue on the tagged
protein or a longer Leu-Arg-Gly-Gly remnant due rtoscleavage (Xu and Peng;
2006). Moreover, the ubiquitinated Lys residue di$3 will be resistant to trypsin
cleavage. Following peptide separation by nanoiiqunromatography and analysis
by tandem mass spectrometry (LC-MS/MS), these nuadibns are detectable as
distinctive mass spectrometry (MS/MS) spectra tfzat be matched to specific Lys
residues on STAT3 using search algorithms (Xu amgP2006). A similar approach
has been successfully employed to isolate and ifgleptoteins conjugated to
NEDDS8, a molecule related to Ub (Norman and Shidgkiha2006). Its success
depends largely on the ability to sufficient puréigough of ubiquitylated STAT3 for

mass spectrometry.
To determine the nature of Ub chain linkage, HAged) Ub molecules in which all

Lys residues (Ub contains seven Lys residues Lig611, Lys27, Lys29, Lys33,
Lys48 and Lys63) could be individually mutated t@gA co-expressed with the
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A2pAR and tested for their ability to form Ub chaing probing anti-STAT3
immunoprecipitates with anti-HA antibody. Attenudt@corporation of mutated Ub
where different Lys residues are mutated to ArggueWT would identify the Lys
residues involved in chain formation. A similar egpgch, using a mutated Ub in
which all seven Lys residues are mutated to Arguldidhelp determine whether
STAT3 is polyubiquitylated or multimonoubiquitylateThis is because the mutated

Ub cannot support chain elongation.

4) lIdentification of the AspAR-activated signalling pathway(s) responsible for

priming STAT degradation

Having identified the molecular events by which STdegradation occurs, it would
be important to identify which AAR-activated signalling pathways are responsible.
AAAR activation has been reported to activate attléas primary signalling
cascades in vascular endothelial cells. One leadsiénylyl cyclase activation which
results in the elevation of intracellular cyclic AM(CAMP) levels, leading to the
activation of cAMP-dependent protein kinase (PKA} &xchange protein activated
by cAMP (Epac), which functions as a guanine nuakeoexchange factor for the
Rap family of small G-proteins (Tasken and Aandafi4). Another pathway is the
Extracellular signal-regulated kinase (ERK). cAMfeleépendent activation of ERK
by the A,AR (Sexl et al; 1997) is thought to be required for receptor-raast
generation of nitric oxide, which subsequently \aits soluble guanylyl cyclase
(Wyatt et al; 2002).The resulting accumulation of cyclic GMFG@P) activates

cGMP-dependent protein kinase.

A range of selective inhibitors and activitors @levant interacellular signalling
pathways will need to be tested for their ability dither block or mimic AAR-

overexpression-mediated priming of STAT degradatire example, a contribution
of Epac can be tested by determining the extemthich Epac-selective activitior 8-
pCPT-2-O-Me-cAMP (Kooistra et al; 2005) can prime STATs for cytokine-
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triggered degradation, and whether its depletiorsiBNA abolishes the AAR’s
effect. Our Lab has successful applied such appesado identify a previously
unkown Epacl-regulated anti-inflammatory signallipgthway in vascular Ecs
(Sandset al; 2006). To determine whether cAMP or ERK pathwasy stimulate
by the A,AR involve in STATs degradation in ,AAR-overexpression cells, a
broader range of inhibitors and activators for cAMRd ERK will initially be
screened for their ability to block STAT degradatiprior to performing more
discriminating siRNA-mediated knockdown experimetatsassess any potential role
of candidate intermediate proteins downstream efAfnAR. Such as the effect of
PKA could be inhibited by PKA inhibitors Rp-8-CPRMIPS (Parket al; 2007) or
H-89 (Kanetoet al; 2007). In addition, we could activate PKA by Plspecific
activator N(6)-benzoyladenosine 3',5-cyclic mongggimte (N(6)Bz-cAMP) (Kwan
et al; 2007) or by the adenylyl cyclase activator fotsk@FSK) (Kelleret al; 2007).
On the other hand, the involvement of ERK in STA&gkhdation in AAR-
overexpressing HUVECs could be test by using MEHKibitor (U0126) (Ciccarelli
et al; 2005). The effect of Raf /MEK/ERK pathway actiea could be investigated
by expressing a Raf-ER fusion protein ipasAR-overexpressing cells and activating
the ER by selective ER activator 4-hydroxytamoxif€his will specifically activate
the ERK pathway and will provide some insight itdler as a possible STAT

degradation signal in AAR overexpressing cells.
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