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Abstract

The A, adenosine receptor {fAR) functions as a key non-redundant suppressor of
inflammatory responsen vivo. However, whether it regulates activation of tiAJ
STAT pathway utilised by many pro-inflammatory dyittes is unknown. Using a
vascular endothelial cell model system, | have destrated that adenovirus-mediated
expression of the human, /AR conferred an ability of IF, leptin and a soluble IL-
6 receptora/IL-6 (SIL-6Ro/IL-6) trans-signalling complex to promote a time-
dependent reduction in the levels of STAT protethat was entirely due to
proteasomal degradation. In terms of functional segmences, degradation was
sufficient to attenuate sIL-GRIL-6-stimulated STAT3-dependent up-regulation of
vascular endothelial growth factor receptor-2 (VERSE) and enhance eNOS
expression. Degradation required JAK activity sind¢ it was blocked by
preincubation with JAK inhibitor. B) STAT1 but n&@TAT3 was resistant to both
tyrosine phosphorylation and down-regulation inpmse to leptinand C) a
Tyr705—-Phe mutated STAT3 was also resistant to cytokilggered degradation,
suggesting that JAK-mediated phosphorylation of tieisidue is required to produce
the effect. Consistent with this hypothesis, sIleR-6 treatment of AsAR-
expressing cells resulted in the accumulation dyyimquitylated endogenous and
epitope-tagged recombinant wild-type but not TyrOFhe-mutated STAT3. In
addition the results show that inhibition of praeme function was sufficient to
block the inhibitory effect of the AAR on STAT3 phosphorylation, demonstrating
that priming of STATs for degradation is the onlychanism responsible for the
reduced cytokine-stimulated STAT phosphorylatiorsesed in AsAR-expressing
cells. To date there is only one E3 ligase knownniediating STAT degradation
which is SLIM protein. However, our results suggis involvement of another E3
ubiquitin ligase in HUVECs, since we have been lmab detect SLIM message or
protein in HUVECs under conditions in which STATgdadation occurs. In addition,
while Tyr- phosphorylation is clearly the criticatep in targeting STATs for
degradation in AWAR-expressing cells, it is unclear as to whethéarictions simply
as a classical phosphodegron, or whether the nutteaslocation that occurs as a
result of phosphorylation is also important fordbsing the phosphorylated STAT

dimer with the relevant E3 ubiquitin ligase.

Xiv



Together, these observations suggest a model whergiression of the AAR in

endothelial cells primes JAK-phosphorylated STAT® fpolyubiquitylation and
subsequent degradation by the proteasome followggtpkine treatment, and
represents a previously unappreciated mechanismwhigh G-protein-coupled
receptors can negatively regulate responsivenespdoific JAK-STAT-mobilising

adipocytokines acting on the vascular endothelium.
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Chapterl

Introduction



1.1 JAKSs in cytokine signalling

JAKs are intracellular tyrosine kinases with molacumasses of 120-140 KDa. It
was demonstrated that signalling of IL-6 cruciaBpends on the presence of JAK1.
The interaction between gp130 and JAKL is veryttagid long lasting. JAKs bind to
the membrane-proximal region of IL-6 receptors aonhg box1 and box2 motifs.
The general structure of JAKs is shown in (Figute {Murakamiet al; 1993; Haan
et al; 2006).

Comparison of JAKs sequences reveals seven regfdmgh homology from JH1 to
JH7. The C-terminal JH1 tyrosine kinase domainrece@ded by a JH2 pseudokinase
domain, which is devoided of catalytic activity tlhagulates the activity of the kinase
domain (Yamaokat al; 2004). Moreover, JAKs contain an SH2 domain. Nie
terminal region of JAKs comprises a FERM domainjclwhs important for receptor
association (Haaat al; 2006; Haaret al; 2008) (Figure 1.1).

JAKs are constitutively associated with the prolimdh membrane proximal
box1/box2 region. Upon ligand stimulation, receptarndergo conformational
changes that bring JAKs into close proximity toreather, enabling activation by
trans-phosphorylation (Haaat al; 2006). There are four members of the JAK family
in mammals; JAK1 plays a critical role in mediatioh biological responses to
several major cytokine receptor families, while JAKlays a critical role in
transducting signals for Epo, IL-3, GM-SF, IL-5,d'pnd IFNy. JAK3 plays a vital
role in lymphoid development (Giliam@t al; 2005) while Tyk2 appears to be most
important in mediating the biological responseltdl? and LPS. JAK1, JAK2 and
Tyk2 are expressed ubiquitously, whereas the egjmmesof JAK3 is restricted to
cells of the myeloid and lymphoid lineages (Cetke@vrlje and Uckun; 2004).

The importance of JAKs in mediating signals fronvaaiety of cytokines factors
underscores their importance in signal transductiongeneral. However, the

complexity associated with processing signals fsaroh diverse sources suggests a



complicated mechanism of action for the JAK kinagdK activation is determined
by an in vitro kinase assay that measures an isergatyrosine phosphorylation of
substrates. JAKs, when expressed in the baculosystem are enzymatically active
and are phosphorylated on tyrosine residues (Dezand Stark; 2007). Their
overexpression in mammalian cells also leads tostdotive activation, most
probably due to dimerisation (Staexkal; 2007). On the other hand, a JAK kinase in
complex with a native un-liganded receptor is ioagalytically inactive latent state.
Receptor dimerisation/oligomerisation due to ligatahding results in the
juxtapositioning of the JAKs, which are in the wity either through homo- or
hetero-dimeric interactions. This recruitment o thAK kinases appears to result in
either via autophosphorylation and/or cross phosgéiton by other JAK kinases or
other tyrosine kinase family members. This actoratis presumed to result in an
increased JAK kinase activity. The phosphotyrosites on the receptors can then
serve as docking sites that allow the binding dieotSH2-domain containing
signalling molecules such as STATs, Src-kinasestepr phosphatases and other

adaptor signalling proteins such as Grb2 (Heineichl; 2003).
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Figure 1.1 Structure organisations of JAKs, STAT fators, Tyrosine
Phosphatase (SHP2) and SOCS proteins.

The JAK kinases are divided into seven JAK homolQily) domains starting from
the tyrosine kinase domain located at the C-termofuJAKs and designated as JH1.
The tandem kinase domain structure is composelgedfytosine kinase domain, JH1,
and a pseudokinase or kinase-like domain, JH2herNtterminal side of JH1. Only
the JH1 domain is catalytically active (Heinriehal; 2003).

1.2 The Signal transducer and activator of transcripton (STAT) family of
transcription factors

The mammalian STAT factors are designated as STAT13, 4, 5a, 5b and 6.
STATs are proteins with a conserved structural miggdion (Figurel.1l). They

consist of 750-850 amino acids and comprise vargmsains as follows: a tetra-



merisation domain and a leucine-zipper-like donaithe N-terminus, DNA-binding
domain in the middle, a Src homology 3 (SH3)-likendin, a SH2/tyrosine
activation domain, linker domain, and a transatiovadomain at the C-terminus.
The C-terminal transcriptional activation domaingisite divergent between STAT

members and contributes to signalling specifiditiyn(and Cao; 2006).

The N-terminal domain comprising approximately 1&@ino acids is conserved
among the STATs. Several studies suggest thad-ieeminal dimerisation promotes
cooperativity of binding to tandem GAS elementgheD studies have suggested that
the terminal STAT domain promotes interaction whke transcriptional coactivator
CBP and p300, PIAS family members, receptor domjaas well as regulating
nuclear translocation (Horvath; 2000; Lim and C2)6).

The coiled-coil domain consists of fourhelices. The crystal structures of STAT1
and STAT3 reveal that this domain forms a largelpn@nantly hydrophilic surface
that is available for specific interaction with ethhelical proteins. Proteins
interacting with the coiled-coil domain include IFNgulatory factor-9 (IRF-9), the
transcription factor c-jun, N-myc interactor (Nmaphd STATS3 interacting protein
(StIP1). In addition the coiled-coil domain is alsoplicated in receptor binding,
tyrosine phosphorylation and nuclear export (Kisgzlet al; 2002; Lim and Cao;
2006).

Most investigators have found an increase in trgoison of target genes after
cytokine-induced serine phosphorylation of STATTA$3 and STATS. Earlier

studies had already shown seffii@hosphorylation of STAT3 to occur slower than
the phosphorylation of T¥° (Beuvink et al; 2000). SH2 domains play an important
role in signalling through their ability to bind tgpecific phosphotyrosine motifs.
Activation of STATs requires phosphorylation of thenserved tyrosine residue
located directly on the C-terminal side of the St#nain (Tyf°®in STAT3). During

this process, the STATs are recruited to tyrosinesphorylated cytokine receptors



through their SH2 domains, and following phosphatigh of the conserved tyrosine,
the STATs undergo dimerisation through a recipro&H2-phosphotyrosine
interaction (Greenlunét al; 1994; Mayya and Loew; 2005). Only the STAT dimer
is transcriptionally active, and STAT monomers amgable to bind DNA, and
importantly, only the dimer translocates to nucléwsn the cytoplasm, where the
STATSs are activated. Furthermore, during activatd STATSs, the SH2 domain has
been found to be required for interaction with audbsequent phosphorylation by
JAKs (Gupteet al; 1996). Mutation of either the conserved phosptosine-binding
Arg of the SH2 domain or the conserved tyrosindofaihg the SH2 domain
abrogates STAT activity (Kirmet al; 1998). Differences in the SH2 domains of
STATs determine, at least partially, the speciiottf STAT binding to various
cytokine receptors (Heirat al; 1995; Zhukovskayat al; 2004)

Although the sequence of the STAT SH2 domain iseqdivergent from other SH2
domains, its tertiary-structure is well conserv&ag et al; 2004). It consists of an
anti parallelp-sheet flanked by twa-helices, which form a pocket. An absolutely
conserved arginine, which mediates the interactith phosphate, lies at the base of
this pocket (Arg-602 for STAT1 and Arg-609 for ST The ability of the SH2
domain to recognise specific phosphotyrosine mqtié&s/ an essential role in three
STAT signalling events; recruitment to the cytokneeeptor through recognition of
specific phosphotyrosine motifs, association withe tactivating JAK STAT
homodimerisation or heterodimerisation, STAT dirsation depends on the
interaction between the SH2 domain of one STAT mueo and the tyrosine
phosphorylated tail segment of the other monomerk@wata; 1997; Mayya and
Loew; 2005).

STAT dimerisation is a pre-requisite for DNA bindinThe DNA-binding domain of
STAT proteins is located in the middle of the malec(amino acid 300-480).
STATs are activated in the cytoplasm; however theytion within the nucleus
(Matsukawa; 2007). In general, serine phosphdopadf STAT1, STAT2, STAT3



and STAT4 increase their signal potential (Chugal; 1997b; Schuringaet al;
2000).

STAT dimers need to cross the nuclear envelopeutetionally link the cell
membrane with the promoters of cytokine-respongemes. Movement of STATS in
either compartment is diffusion controlled and dioécted along permeant structures.
Passage through nuclear gateways (nuclear porelexaspNPCs) (Rabuet al;
2004). NPCs form channels in the nuclear envelogh & diameter of ~ 40 nm
(Laskey; 1998; Vasu and Forbes; 2001). Vertebr&€#Nhave a mass of ~125 MDa
and contain 30-50 different proteins, which aréecahucleoporins. Small molecules
of 40 kDa can passively diffuse through the NPC @aaet al; 2006). In contrast,
the translocation of larger macromolecules into theleus occurs via an active
mechanism involving nuclear transport receptorse Thajority of the nuclear
transport pathways are mediated by receptors dhtpertin family. Proteins or other
cargo molecules that carry a classical nuclear likatgon sequence (NLS) are
recognised by importin; which subsequently forms a complex through itgartin-
B-binding domain with importirg- (Gorlich et al; 1996; Caesart al, 2006).
Analysis of their nucleo-cytoplasmic translocatibas to consider that the STAT
proteins exist in two different states in termsignalling: Before the stimulation of
cells with cytokines the STAT molecule exists inantyrosine phosphorylated state,
the oligomerisation status of which is still delohtéHurt; 1997; Meyer and
Vinkemeier; 2004).

Reporter gene studies have determined that seshmesphorylation enhances
transcriptional activity of STAT1 and STAT3 (Koviriet al; 2001). More
physiological studies in STAT1-deficient cells rasttuted with STAT1 and
STAT1%"?" demonstrated that serine phosphorylation only ecgsrthe ability of
STAT1 to drive expression of some, but not all ¢ghrgenes (Kovarilet al; 2001; Shi
and Kehrl; 2004). Many studies also indicate thexine phosphorylation enhance
STAT4 transcriptional activity. Although both STAERd STAT6 can become serine



phosphorylated, enhanced transcriptional activitgs hnot been convincingly
demonstrated (Kovarikt al; 2001).

1.3 Regulation of cytokine signalling by suppressor ofcytokine signalling
(SOCS) family molecules
Cytokine signalling is negatively regulated in pdoy suppressor of cytokine
signalling (SOCS), which bind to tyrosine phospltgd residues of target proteins
via their SH2 domains (Krebs and Hilton; 2001; Jibn; 2004). They inhibit JAK
activity through their N-terminal domains and aneught to induce degradation of
bound molecules through a conserved SOCS box hatifinteracts form part of an
E3 ubiquitin (Ub) ligase complex (Zhamg al; 2001).

SOCS proteins are characterised by a relativelgrdgent N-terminal region followed
by a SH2 domain and a C-terminal SOCS box regi®CS proteins inhibit IL-6
signalling either by suppressing the kinase agtioit JAKs or by direct interaction
with the receptors or by both mechanisms (Yasukeina; 1999; Kurdi and Booz;
2007).

It is becaming increasingly appreciated that SO@ffems also act by promoting the
degradation of specific signalling proteins. Rdceonrk suggests that SOCS box-
containing proteins act as adapter molecules #@tit activated signalling proteins
to the proteasome. SOCS proteins interact withgahsnB and C through their SOCS
box. In turn, elongin BC complexes associate withlic 2 and a ring finger-

containing protein Rbx1 (Rocl) to form part of dgtive E3 Ub ligase (Figurel.2).
The SH2 domains of SOCS bind to tyrosine phosphtedl signalling proteins. They
can therefore act as adapters to facilitate theyubaduitination and subsequent

degradation of associated signalling proteins (ghetral; 1999a; Johnston; 2004).
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Figure 1.2 SOCS family members might target signdlg proteins for
degradation by the proteasome.

All SOCS proteins bind the elongin BC complex thlglodheir SOCS box. In turn, the
elongin BC complexes associate with cullin 2 andng finger-containing protein
Rbx1 (Rocl) to form part of a putative E3 Ub ligaSenalling proteins associated
with the N-terminal or SH2 domains of SOCS protetosild be ubiquitinated by
cullin-2 targeting them for degradation by the pestome.

1.3.1 SOCS1

SOCSL1 was initially reported as a molecule inducgd&STATs. However, SOCS1
expression is now known to be induced by insuliegt.al; 2002; Uekiet al; 2004),
LPS (Crespcet al; 2000; Mostecket al; 2005), CpG DNA and other molecules that
do not use STATSs in signal transduction. The SHaa@a of SOCS1 recognises the
phosphorylated tyrosine residue located in thevattin loop of the JAK kinase
domain (Brysheet al; 2001; Greenhalgh and Hilton; 2001). Howeverjbitlon of
JAK activation requires not only the SH2 domain blg#o a 30 amino acid kinase
inhibitory region located upstream of the SH2 don{&Vaibociet al; 2007).



Many studies suggest that SOCS1 inhibits cytokigeadling by associating with
JAK1, JAK2, JAK3 and TYK2 to inhibit their catalgtiactivity. Structure-function
studies using truncated or chimeric version of SOG&ve revealed the mechanism
by which SOCS proteins bind to and inhibit JAKdehestingly, although the SOCS1
SH2 domain is sufficient to mediate the associati@ween SOCS1 and JAKSs
(Yasukawaet al; 2000), both the SH2 domain and 24 residues imatelgi N-
terminal to the SH2 domain is necessary for inlahitof JAK2 activity. Thus, the
region immediately N-terminal to the SOCS1 SH2 donzgpears to have a kinase
inhibitory function (Waibociet al; 2007). Within this N-terminal region SOCS1
contains a sequence of 12 residues that resenfi@delAK activation loop (Yasukawa
et al; 1999). In vivo study of SOCS function has beeniltated by SOCS1
knockout mice (Alexandeet al; 1999). Phenotypically, SOC%1mice are stunted
and die at three weeks of age. These mice haveathelogy characterised by severe
lymphopenia, fatty degeneration of the liver andcrophage infiltration of major
organs (Staret al; 1998). The complex disease in SOCStice was prevented by
administration of anti-IFN- antibodies and did not occur in SOCSHice also
lacking the IFNy gene (Fenneet al; 2006). Subsequent studies have established that
mice lacking SOCS1 show both increased producti@nd heightened sensitivity to
IFN-y which contribute to the perinatal lethality of S®Cdeletion (Bryshat al;
2001).

1.3.2 SOCS3

The structure of SOCS3 is similar to SOCS1, inclgdihe position of a kinase
inhibitory region (KIR). However, these two moleesl differ greatly in their
mechanism of action; SOCS1 can inhibit activatibrnJAK by directly binding to
JAK, while SOCS3 inhibit the action of JAK only the presence of receptors, such
as gpl30. SOCS3 is induced by IL-6 and SHP2 arail&ineously activated
(Terstegeret al; 2000; Kisselevat al; 2002; Lehmanet al; 2003) .
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It has also been observed that an inhibition ofP3Hhctivation can lead to an
enhanced induction of SOCS3 mRNA. On the othedhidwe expression of the
SOCS3 protein decreased the level of tyrosine-ghwgtated SHP2 after IL-6
stimulation. Furthermore, SOCS3 inhibits IL-6 siljng by inhibiting the
phosphorylation of gp130. SOCS3 has been foundirtd to the phosphotyrosine
motif 759 of gp130 which is also the binding site SHP2 (Kisselevat al; 2002).
The affinity of SOCS3 to a phosphotyrosine peptideesponding to the T{ motif

of gp130 is much higher than to a phospho-peptalaperising the JAK activation
loop. Moreover, the affinity of SOCS3 to bind gp18 slightly higher than that of
SHP2. Thus the involvement of SHP2 and SOCS3 i*Yiyediated attenuation has
been re-examined to determine the individual cbation of both proteins
(Yasukawaet al; 1999). Although both SOCS3 and SHP2 are recruiethe same
site within gp130, there are two largely distinabdaes of negative regulation of gp
130 activity: through the feedback inhibition by G8B or the dephosphorylation of
phosphorylated JAKSs, receptors and STATs by SHEehrfannet al; 2003). The
proposed mechanisntg action of SOCS 1 and SOCS3 have indicated tiatN-
terminal domains of each protein (but not the Nrieal domain of any other SOCS
protein) are interchangeable. This suggests tRAESL and SOCS3 may inhibit
JAKs through interaction with their N-terminal doms (Yasukawaet al; 2000;
Krebs and Hilton; 2001). It has been shown by ssvarestigators that SOCS1 and
SOCS3 bind to the kinase domain of activated JAKd $AK2 (Marineet al; 1999;
Sasakiet al; 1999; Parket al; 2003). A model for JAK inhibition by SOCS1
suggests that the kinase activation loop of JAKRracts with the SH2 domain of
SOCS1. This allows SOCS to present its KIR, whglguite homologous to the
kinase activation loop, to the pocket in the adiorasite, which in turn might prevent
the access of substrates or ATP (Alexander andn{iR004).

The physiological function of SOCS3 has been ingagtd. In vivo expression

pattern of SOCS38evealed that although SOC&3expressed at low levels in adult

tissues, it is highly expressed in fetal liver brgid progenitors (Marinet al; 1999).
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Furthermore, SOCS3 expression is specifically ieducduring a stage of
erythropoiesis characterised by an explosive Egeadent expansion of cells of the
erythroid lineage, leading to the hypothesisedt tB®CS3 plays a role in
erythropoiesis (Sasakit al; 2000). It is interesting to note that neither 8®CS3
mice nor the transgenic mice that overexpress SQ888ived to birth. Strikingly,
transgenic embryos that constitutively overexpr@ss®CS3exhibited no detectable
fetal liver erythropoiesis, whereas a proportiorS&CS3” embryos died, exhibiting
pathology characterised by massive erythrocytdsmsughout the embryo (Mariret
al.; 1999) and defects in the placenta (Robettsl; 2001). lethality in SOCS?3
mice results from placental insufficiency (Matsumet al; 2003). Taken together,
these experiments suggest that SOCS3 may play@ortamt role in the regulation of
fetal liver erythropoiesis (Robertt al; 2001; Wormald and Hilton; 2007). Given
that Epo signalling is required for erythropoiegstiss possible that SOCS3 modulates
this process by attenuating Epo signalling (Sastki; 2000).

1.4 Cytokines

Cytokines are soluble glycoproteins, which mediatercellular communication by
binding to their specific receptors on the surfatdarget cells and transducing a
signal to the nucleus to induce transcription @pacific set of genes. One way to
classify cytokines is based on their structural dndctional properties and the
receptor molecules they bind to. Growth factorghsas epidermal growth factor
(EGF) and platelet-derived growth factor (PDGF)lisg receptors with intrinsic
tyrosine kinase activity, termed receptor tyroskieases (RTKs) (Hubert; 2007).
Conversely, members of the transforming growth diaft (TGF{) superfamily
utilise receptors with serine/threonine kinasevégt{Shimanukiet al; 2007). Other
subsets of cytokines include the TNF family. Sames the term “cytokine” is used
only for factors whose main targets are the henwadtis cells, and are thus called
the hematopoietic cytokines. The hematopoietiolages, together with structurally
related cytokines acting for example in the neayatem, are collectively called class
| cytokines. This class includes interleukins (iR) -3, -4, -5, -6, -7, -9, -11,-12, -13,
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15, -21, -23, erythropoietin (EPO), thrombopoigfliPO), prolactin (PRL), growth
hormone (GH), thymic stromal lymphopoietin (TSLE)liary neurotrophic factor
(CNTF), oncostatin M (OSM), leukemia inhibitory tac (LIF), cardiotrophin-1 (CT-
1), neurotrophin-1 (NNT-1)/B-cell-stimulating fact® (BSF-3), and colony-
stimulating factors for granulocytes (G-CSF) anangiocyte-macrophages (GM-
CSF) (Johret al; 2006). Interferons (IFN) and IL-10 constitute adfditional family
termed the class Il cytokine family. 1L-19, -20,2;2and -24 have been recently
identified as IL-10-related classytokines (Sabagt al; 2007). The class | and class
Il cytokines share aa-helical three-dimensional structure. Class | ciytek typically
consist of foura-helices, designated from A to D and connected Hgrtsloops
(Huyton et al; 2007). The class Il cytokines, IFNand IL-10, contain @-helices
instead of 4. The helical cytokines function uspa$é monomers, IFN-and IL-10
are dimers (Oliveira Netet al; 2008). The receptors utilised by type | and Il
cytokines are structurally related and form the &poietic receptor superfamily.
Importantly, receptors of the hematopoietic recemoperfamily share common

mechanisms for signal transduction (Nishimoto amshknoto; 2008).

141 IL-6

IL-6 plays an active role in immunity, bone metaswl, reproduction, arthritis, and
in the development of neoplasia. Dysregulation lof6dtype cytokine signalling
contributes to the onset and maintenance of sewdismases such as multiple
myeloma, inflammatory bowel disease and rheumasuitiritis (Nishimoto and
Kishimoto; 2006). Moreover, IL-6 plays a signifitarole in the acute phase
inflammatory response. IL-6 stimulates the acutasg reaction that enhances the
innate immune system and protects against tissmagk It results in the release of
certain proteins, called "acute phase proteingy the plasma by liver cells and
induces a decrease in the rate of synthesis ofr qgifeeins. Specifically, I1L-6
increases the synthesis of the two major acuteeppasteins, C-reactive protein
(CRP), which increase the rate of phagocytosisactdyia, and serum amyloid (SAA)

by regulating the rate of gene transcription (Dzied2008).
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IL-6 also increases the synthesis of fibrinogenjmportant clotting agent albumin
and transferrin levels are also decreased in tasepce of IL-6 (Oht&t al; 2004;
Marquardtet al; 2005). Not surprisingly, knockout of the IL-6 rge has severe
effects on the immune system, including a majoretese in the acute phase immune
reaction and production of IgA antibodies (Benihaetdal; 2000). On the other
hand, overexpression of the IL-6 gene can lead h® dubstantial polyclonal
proliferation of plasma cells. Lack of gene regola can lead to autoimmune
disease and many lymphoid malignancies, includingltiple myeloma. An
uncontrolled or defective production of this pratenost often leads to disease and is
involved in the pathogenesis of many disease atmlmmune disorder such as liver
autoimmune disease. Furthermore, IL-6 is importanthe development of specific
immunological responses and also plays an impontalg in bone metabolism
through the initiation of osteoclastogenesis amleasing osteoclast activity (Liet
al.; 2006).

1.4.1.1 IL-6 structure

The average molecular weight of human IL-6 rangesvéen 21 to 28 KDa,
depending on the post-translational processind) agaylycosylation. The full length
IL-6 peptide comprises 212 amino acids (aa) fronctvla 28 aa hydrophobic signal
peptide is cleaved off from the N-terminus resgjtin a mature protein of 184 aa.
IL-6 contains four conserved cysteine residues iwith highly conserved central
region. Additionally, the C-terminus appears todogical for IL-6 activity, since
deletion of four aa from the C-terminus abolishes lactivity. In contrast, deletion
of 28 aa from the N-terminus does not affect ILc6\aty (Maggio et al; 2006).

1.4.1.2 IL-6 Receptors

IL-6 receptors can be subdivided into non-signglinchain and signal transducing
subunits such as gpl130. IL-6 first binds spediffcto its respectivea-receptor
subunits. The ectodomain of the receptors invoivetl-6 signalling comprise an
array of FNII-like and 1g-like domains (Heinriat al; 2003) ( Figure 1.3).
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Mutagenesis studies have identified distinct ar@asthe surface of the cytokine,
which specifically interact with the respectiveeptors. Common to all IL-6-family
members is the site Il that interacts with the kite binding module (CBM) of
gp130 (Nishimoto and Kishimoto; 2008).
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Figure 1.3 Receptor complexes of IL-6-type cytokireor gp130 the box1 and box2
regions, as well as the dileucine motif (LL, Leu7186.787), are highlighted

(Heinrichet al; 2003).

Cytokine receptors are single trans-membrane ghptems that have a conserved
extracellular domain and three short conserved feati the intracellular regions.
The intracellular region of cytokine receptors dd have intrinsic catalytic activity,
but are linked via ligand binding to activation sifnal transduction by associating
with a number of signalling proteins (Heinrieh al; 2003). The cytokine receptors
have box1 and box2 motifs (Ha&h al; 2006). Box1 is located within the first 20
amino acids of the cytoplasmic domain. Box2 maticharacterised by a stretch of
hydrophobic amino acids, which are followed by salveharged amino acids (Haan
et al; 2002; Heinrichet al; 2003).
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The membrane-distal region of cytokine receptos® ahediate essential signalling
functions of receptors and contain tyrosine resdbhat become phosphorylated upon
cytokine stimulation. These serve as docking saesrc homology2 (SH2) domain-
containing signalling proteins. IL-6 receptors arembrane proteins that belong to
the cytokine receptor class | family. This recegtonily is defined by the presence
of at least one cytokine binding module (CBM) castiag of two fibronectin-type-
lll-like domains of which the N-terminal domain d¢ams a set of four conserved
cysteine residues (Aaslamd al; 2003) and the C-terminal domain a WSXWS motif
(Heinrichet al; 2003) (Figure 1.3).

Moreover, IL-6R has an IgG-like domain located ke tN-terminus and three
additional membranes proximal fibronectin typeikel domain. In addition to the
membrane-bound receptor, a soluble form of the RL{6IL-6R) has been purified
from human serum and urine. This soluble receptods IL-6 with an affinity
similar to that of the cognate receptor and proonigs plasma half-life
(Michalopoulouet al; 2004). More importantly the sIL-6R/IL-6 complex ¢apable
of activating cells via interaction with membranedbhd gp130. This is in contrast to
the function of most soluble cytokine receptors thiad their ligand to antagonise
cellular signalling by preventing the interactiohtlbe cytokine with their respective
plasma membrane-bound receptor (Jates,; 2005). Soluble IL-6 receptors present
on hematopoietic progenitor cells, Kaposi’'s sarcood lines and synovial
fibroblasts can form a ligand receptor complex witk6 which stimulates a variety
of cellular responses including proliferation, dréntiation and activation of
inflammatory processes (Pea&eal; 2006; Johret al; 2007). Moreover, gpl30 is
used not only by the IL-6 receptor but also byréweptors for other members of IL-6
family LIF and OSM (Nishimoto and Kishimoto; 2008).

SIL-6R performs an important role in the regulatioh IL-6 responses and

consequently disease progression. Although chaimgeH_-6R concentration have
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been determined in numerous clinical disordersh higé concentrations hve been
documented in the serum and synovial fluid of rhatmad arthritis and juvenile
rheumhatoid arthritis patients (Pignagti al; 2003; Peakest al; 2006). Through a
series ofin vitro approaches, sIL-6R has been implicated in a waoétcellular
conditions typically associated with arthritis, Buas the severe destruction of

cartilage and bone (Pignaét al; 2003).

Examination of both IL-6 and sIL-6R concentrationssynovial fluid from arthritic
patients showed that the extent of joint destructiorrelated with the increased
concentration of these mediators. Furthermorepwgh fluids from rheumatoid
arthritic patients containing high levels of IL-&dasIL-6R promoted osteoclast like
cell formation when added to cocultures of ostestiitecells and bone marrow cells
(Peakeet al; 2006).

1.4.1.3 Signalling of IL-6-type cytokines

IL-6 utilises tyrosine kinases of the JAK familydatranscription factors of the STAT
family as mediators of signal transduction. gpi8@onstitutively associated with
Tyr kinases JAK1, JAK2 and TYK2. Several phosphmdine residues of gpl130 are
docking sites for STATs with matching SH2 domaiparticularly, STAT1 which
bind to phospho TyP* in gp130 and STAT3 binds to phospho F¥(Klein et al:
2005). STATs then become Tyr-phosphorylated, formetds and translocate to the
nucleus, where they regulate transcription of tamgenes (Lim and Cao; 2006)
(Figure 1.4).

Moreover, the tyrosine phosphatase SHP2 also angdeosphotyrosine 759 motif of
activated gpl130 and counteracts receptor and ST&ivaéion (Lehmannet al;
2003). Also, Suppressor of cytokine signalling (38) 3 is a potent IL-6-induced
feedback inhibitor terminating IL-6 signal transtlao is bind to the same site in
gp130 and inhibits JAK activity (Fischet al; 2004).
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gene expression

Figure 1.4 Schematic presentation of gpl30 mediaeti/ation of JAK/STAT
pathway and MAPK / ERK cascade by IL-6 signalliktginrichet al; 2003).

1.4.2 IFN alpha

The interferons (IFNs) represent proteins with-aimal activity that is secreted from
cells in response to avariety of stimuli. There ardeast five classes of IFN alpha,
beta, gamma, tau and omega. The interferons aidedivnto two groups designated
type | and type Il interferons. IRNs the only type Il interferon, whereas the type |
interferons consist of four major classes: IENHN-3, IFN-W, IFN-I, and IFNK
(Caragliaet al; 2005).

Type | IFNs have pleiotropic effects in both thenate and the adaptive immune

responses. Recently, it has become clear that bribeokey cells in the IFN:

physiological response is the natural IFN-produaeg (NIPC), also known as the
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immature plasmacytoid dendritic cell PDC or preowsf type 2 DC (pDC2). PDCs
differentiate into mature antigen-presenting DChiclv have a crucial role in T and
B cell activation. NIPCs/PDCs were shown to be thajor IFN-o producer in
response to a wide range of agents, including bactend immune stimuli
(Fitzgerald-Bocarsly and Feng; 2007). The pivotdé rof IFN-« and NIPC/pDC in
autoimmune disorders has also been demonstratdéte(Berg and Chiocchia; 2007).
Although IFN« production was thought to be restricted to T arkl dells, recent
findings demonstrate that other cell populationstloé DC lineage involved in
antitumour defense produce IRNwhich mediates cancer cell apoptosis via tumor
necrosis factor (TNF)-related apoptosis-inducigguid (TRAIL) induction (Taielet
al.; 2006) Type | and type Il IFNs play a central rivldost defenses not only against
viruses but also against intracellular bacteria padasites (Casanova and Abel,
2004). It has been clearly demonstrated that tble & IFN receptors or defects in
signalling pathways are responsible for inheritedmunodeficiencies against
mycobacteria (Jouangugt al; 1996; Newportet al; 1996). Human primary
immunodeficiencies of type | IFNs have been regediscovered (Casrouget al;
2006). They appear to be due to defects in eitye t IFN production or in type |

IFN responses.

Type | and IlIFNs are secreted cytokines that regulate numesmlsgical activities
associated with host defence and homeostasis. AKeSTAT pathway is the
primary signalling pathway for the transcriptiomagulation of many IFN-stimulated
genes (ISGs). Following high-affinity binding tbeir specific cognate receptor
complexes, type | and type Il IFNs transduce sgtiatough activation of receptor-
associated JAKs. Binding of the type | IFNs (IkNH-N-, IFN-W, IFN-I, and IFN-
K) to their cognate receptor complex induces asgoniaf the two receptor chains,
IFNAR-1 and IFNAR2-c (Domansket al; 1997; Brierley and Fish; 2002), which
leads to the phosphorylation of tyrosine residoeated in the intracellular domain of

each receptor chain. These tyrosine phosphorylavemts are thought to be carried
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out by TYK2 and JAK1, which are themselves acadaby tyrosine phosphorylation
(Uzeet al; 2007) .

Similarly, the type Il receptor complex comprise® treceptor chains, IFNGR-1 and
IFNGR-2. Binding of the type Il IFN for examplerN-y to its receptor complex
leads to the phosphorylation and activation of JAKE JAK2. Upon activation, the
JAKs phosphorylate specific tyrosine residues withie intracellular domains of the
receptor subunits (Caragliet al; 2005). These phosphorylated residues serve as
docking sites for STATs (Uzet al; 2007). Once recruited to the receptor complex,
the activated JAKs phosphorylate a single tyrosestdue within the C-terminus of
the STAT proteins as described previously. The phosy/lated and activated STATs
form both homodimeric and heterodimeric complexes translocate to the nucleus
and bind specific DNA sequences within the promaeggions of ISGs to initiate

transcription (Wesolet al; 2007).

1.4.2.1 IFN-inducible STAT complexes

Type | IFN binding to its receptor induces the diisation of IFNAR-1 and IFNAR-
2c receptor chains and the subsequent activatiotheofreceptor-associated JAKs
(Figure 1.5). The IFNAR-1 chain associates wittkZlyand the IFNAR-2c chain
associates with JAK1. Once activated, Tyk2 phosphats tyf°® on IFNAR-1,
generating a docking site for STAT2 by means ofSit#2 domain (Yaret al; 1996;
Campbell; 2005). Tyk2 then phosphorylates STAT2Tgr™*®, which serves as a
docking site for STAT1 (Wesolyet al; 2007). Subsequently, STAT1 itself is
phosphorylated on T{. This activated STAT1 and STAT2 heterodimer disses
from the receptor complex and localises to theeugl Only the intracellular domain
of the IFNAR-2c chain is necessary for mediating dlocking and phosphorylation of
STAT protein as well as the formation of STAT coexals (Colamonicet al; 1995;
Kotenkoet al; 1999).
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Figure 1. 5 Primary JAK/STAT pathways involved in ellular signalling by type
| and type Il IFNs.

Binding of either class of IFN to its receptor lsdd activation of receptor-associated
JAK proteins that phosphorylate tyrosine residugeshe intracellular domains of the
receptor. This is followed by the docking of STADlecules to the receptor that are
in turn phosphorylated at tyrosine residues by JAKs. The activated STATSs
dissociate from the receptor chain and form dintleas translocate to the nucleus and
bind to specific DNA recognition elements to modelgene transcriptional activity.
For the type | IFNs, both STAT1 and STAT2 are atid to form a heterodimer that
associates in the nucleus with a third moleculds-8R This trimolecularcomplex
(also called ISGF3) binds to the interferon-stintedia response element (ISRE)
(Campbell; 2005).
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Within the IFNAR-2c intracellular domain, only angie tyrosine residue at either
position 337 or 512 is required for a full IFN resge (Velichkoet al; 2002).
STAT2 associates with the IFNAR-2c subunit, wher&SAT1 binds only the
IFNAR-2c-STAT2 complex, suggesting that STAT2 pa®s a recruitment site for
the SH2 domain of STAT1, linking it to the receptmmplex (Nadeaet al; 1999;
Campbell; 2005). This IFNAR-2c-STAT2 associationed not depend on the
tyrosine phosphorylation of the receptor or the $Tpkotein. Type I IFN induces the
activation of all members of the STAT family, nammeSTAT1, STAT2, STAT3,
STAT4, STAT5a, STAT5b, and STAT6 (Wesady al; 2007). Although numerous
different types of STAT-containing complexes arenfed, STAT2 is an essential
component of type | IFN signalling (Paulsehal; 1999). Notably, IFNsg+f induce
the formation of the ISGF3 complex, comprising STATSTAT2, and a DNA-
binding adapter protein of the IFN regulatory fac(tiRF) family, IRF-9 (p48 or
ISGF3) (Geninet al; 2003).

Upon nuclear import, STAT1 and IRF-9 of this ISGEB@mplex bind the IFN-
stimulated response element (ISRE), AGTETNTIC, to initiate gene transcription.
Within this complex, STAT2 does not contribute t&NMA binding but provides a
potenttransactivation domainf@AD) (Paulsoret al; 1999). Type | IFNs also induce
the formation of other STAT-containing complexedAS1, STAT3, and STAT5
homodimers as well as STAT1 and STAT3 hetrodim@feqolyet al; 2007). These
homodimers and heterodimers bind palindromic stedalGAS” sequences,
TTCN3GAA, designated GAS, located in the promoters different subset of ISGs.
Type Il IFN signalling primarily activates the STATranscription factor (Figurel.5).
The two chains of the type Il IFN receptor, IFNGR#id IFNGR-2, associate prior to
ligand binding. The biologically active form of IFNis a noncovalent homodimer
that binds its receptor complex in a 2:2 ratio (et al; 1995; Campbell; 2005).

In the case of IFN-binding, the intracellular domains of the receptomplex

undergo a conformational change upon KNbinds that induces the
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autophosphorylation and activation of JAK2 and sgoent JAK1L
transphosphorylation by JAK2 (Changt al; 2004). Activation of JAK1
phosphorylates tyrosine residue 440 within theac#tular domain of the two
IFNGR-1 chains. STAT1 proteins associate with B8@GR-1 chains by means of
SH2-phosphotyrosyl interactions and are subsequestibsphorylated on T
(Hashemiteet al; 2004). The activated STAT1 proteins dissociabenfthe receptor
complex and form STAT1 homodimers. Once in the ews| these STAT1 dimers
bind GAS elements and induce gene transcriptiores&hlFN-inducible STAT
proteins thus permit direct transmission of signfatsm the cell surface to the
nucleus, resulting in the generation of IFN-medidt®logical responses (Campbell;
2005; Wesolyet al; 2007).

1.4.3 Leptin Biology

Leptin is a multifunctional cytokine that plays aykrole in the regulation of food
intake and energy expenditure. The discovery diregt the end of 1994 (Zharey

al.; 1994) opened up a whole new perspective to stiuelyole of adipocyte-derived
factorsin energy balance and homoeostasis (Fruheéeek; 2001). The 16 kDa non-
glycosylated polypeptide product of the gene is mainly produced and secreted by
fat cells in proportion to fat mass to signal teeletion of body energy stores to the
hypothalamus (Banks; 2004). Leptin exhibits stkistructural similarities to
members of the class | cytokine family, includinFLCNTF, OSM and CT-1, as
well as IL-6, IL-11 and IL-12 (Fruhbeckt al; 1998; Johret al; 2006). Both the
crystal structure and NMR studies of leptin haveeaded that the protein adopts a
cytokine fold similar to that exhibited by the stibelix subfamily of cytokine folds
(Zhanget al; 1997). The three-dimensional structure of th&-a@ino-acid leptin
molecule is based on four antiparalehelices, connected by two long crossover
links and one short loop arranged in a left-handddal bundle, which forms a two-
layer packing. A disulphide bond between two cysteiesidues (Cys96 and Cys146)

of the C-terminus of leptin and the beginning oéai the loops has been shown to
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be important for folding and receptor binding, agtation of either of the cysteine

residues renders the protein biologically inac{®eoloet al; 1998).

Circulating leptin concentrations have been rembrte correlate closely with
indvidual BMI (body mass index) and the total amooibody fat (Fruhbeclet al;
1998; Strocchieet al; 2007). Although leptin is mainly produced andrséed into
the bloodstream by white adipocytes, this is net ¢mly source of the hormone.
Placenta (Valunieneet al; 2007), gastric mucosa (Francog al; 2008), bone
marrow (lsaiaet al; 2005), mammary epithelium (Mottat al; 2007), skeletal
muscle, pituitary (Tipsmarlet al; 2008), hypothalamus and bone have also been
shown to be able to produce small amounts of leptircertain circumstances
(Masuzakiet al; 1997; Badcet al; 1998; Morastet al; 1999). Based on an almost
ubiquitous distribution of receptors, leptin hasieaeported to play a role in a
diverse range of physiological functions both ia tentral nervous system and at the
periphery (Fruhbeck; 2001; Fruhbeck; 2002; Bjorbae# Kahn; 2004). Its functions
encompass metabolism, reproduction, immunity, camlcular pathophysiology,
respiratory function, wound healing, as well as growth and development
(Gainsfordet al; 1996; Holnesgt al; 1999).

1.4.3.1 Leptin receptor

The hormone leptin is encoded b gene. Leptin acts through its receptdb (
gene), which has six isoforms (from ObRa to ObRMpalendowiczet al; 2006).
Only one of them the leptin receptor b (ObRb), fudissignalling capabilities and is
able to activatehe JAK/STAT pathway. Like all other class | cytokinesceptors,
ODbRDb lacks any intrinsic kinase activity, and usg®plasmic-associated JAKs to
signal downstream. Leptin binding results in fonmaof a dimmer receptor complex
leading to trans-phosphorylation and activationtted JAKs (Kloeket al; 2002).
These then phosphorylate tyrosine residues’(fyFyr®®®> Tyr'**®and Tyt°"") in the

cytosolic domain of the receptor, which provideding sites for signalling molecules
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including SHP-2 and members of the STAT family, evhare also subject to JAK-
mediated phosphorylation activation (Baumagtnal, 1996; Bjorbaek and Kahn;
2004).

The full-length ObRb receptor contains severabplsmic sequence elements that
are required for subsequent signalling events. OlbRids JAK2 constitutively
(Ghilardi and Skoda; 1997; Bjorbaek and Kahn; 2084y, like other cytokine
receptors, it contains a highly conserved, protiob-box1 between intracellular
a.a.’s 6-17 and two putative less conserved boaffsnbetween intracellular a.a.’s
49-60 and 202-213 (Ghilardi and Skoda; 199%%hile Box1 and box2 motifs are
thought to recruit and bind JAKs (Haan al; 2006), it has been demonstrated that
only boxl and the immediate surrounding amino aads essential for JAK
activation. Although an intact box2 motif is n&quired to activate JAK activity
(Bahrenberget al; 2002), the pivotal STAT signalling pathway cantet induced
without box2. Forming homodimers and showing siimglcapabilities with mutated
box2 motfs, ObR can be classiflied as a membehefdgrowth hormone receptor
(GHR) subfamily (Fruhbeck; 2006). For downstreargnalling events, tyrosine
residues at positions 985 and 1138 are neededwdprdocking sites for subsequent
signalling molecules with SH2 domains such as STAMd SHP2 (Banket al,
2000; Heshka and Jones; 2001).

1.5 Adenosine receptors

Adenosine receptors belong to the G protein-couplednsmembrarsuperfamily of

cell surface receptors and include Az, Azs, and As subtypes. The interest in The
realisation that the psychostimulatory effects diffeine are largely due to
antagonism of brain-tissue adenosine receptor KiggaFredholm; 1995) further
stimulated interest in adenosine receptors sysi#&nietter understanding of the
purinergic receptors and their intracellular sitjngl pathways lead to the
classification of adenosine receptors accordinght® rank order of potencies of

agonists with respect to the intracellular produttof cCAMP. ARs transduce their
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signal by heterotrimeric G-proteins that can eitsBmulate (Gs) or inhibit (Gi)
adenylyl cyclase, the enzyme that catalyses thadbon of CAMP (Sitkovskyet al;
2004). The cloning of four AR subtypes (A, Azs, A3) (Olah and Stiles; 1995;
Palmer and Stiles; 1997) helped to prove that hifinity Ao, and low-affinity
A2sAR activate adenylyl cyclase, whereas high-affiityand high-affinity AARsS
inhibit it. Accordingly, when immune cells acquitbe expression of multiple
adenosine receptors, they will be recruited in epwise manner with Gi-coupled
A1AR activation initially at very low adenosine lesefollowed by the stimulation of
Gscoupled Aa and AgARS, and finally by Gcoupled AAR (Fredholmet al; 2001;
Sitkovskyet al; 2004).

1.5.1 AzxAR

The A»AR is highly expressed within most cells of the iome system, platelets,
heart, lung and endothelium (Fredhoéthal; 2001). Classically, the AAR signals
via the G family of G proteins leading to an activation ofeaglyl cyclase and the
generation of CAMP. However, it has been shown tiirate may be cell type-specific
patterns of AsAR-activated signalling. AARs have been cloned from several
species, including dog (Libeet al; 1990), rat (Finket al; 1992) and man (Furlong
et al, 1992) and show 84% sequence identity betweesmnhhuman forms.

Adenosine-induced vasodilatation is thought to imeoboth AxAR and AgARS
(Ralevic and Burnstock; 1998; Sitkovsky al; 2004; Fredholm; 2007). The, /AR

is expressed in ECs and its activation may leaalctivation of nitric oxide synthase
(Lin et al; 2007). A direct effect of adenosine on arterimosth muscle cells has
also been proposed to contribute to vasodilata{iGleppisch and Nelson; 1995;
Tamajusukuet al; 2006). In addition to increasing local blood flotlve extracellular
accumulation of adenosine triggers signalling cdssahat enable oxygen-deprived
tissues to cope with both the short-term (Fredhdl897; Picano and Abbracchio;
1998) and the long-term effects of oxygen deproraiiSexlet al; 1995; Sexlet al;
1997). ECs proliferation is a consequence of thwaton of ERK via AxAR. This
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is also evoked by activation db2-adrenergic receptors. It is surprising that
stimulatory receptors linked to cAMP formation sate ERK since cAMP inhibits
proliferation in many cells. Indeed, signalling ®RK in endothelial cells is
independent of cAMP, but through an unidentifiedhpey that involves the small
G-protein Ras (Barthomeet al; 2004). In immortalised cell lines,,AAR activation
leads to ERK phosphorylation (Seided al, 1999; Schulte and Fredholm; 2000).
However, the signal cascade that links thgAR to ERK differs between cell types.
In CHO cells, cAMP formed by stimulating, /AR activates Rap1 through a cAMP-
dependent exchange factor (EPAC). Rapl then assscwith B-raf, but this is
insufficient for ERK activation in CHO cells. Alteative intermediary candidates are
protein kinase A (PKA) and members of the Src ncepeor tyrosine kinase family
because AAR-dependent ERK activation can be blocked by gmpate inhibitors
(Seidelet al; 1999).

The coupling of the AAR to its cognate G proteing@isplays two unusual features.
Firstly, adenylyl cyclase activation rates are mgatible with the collision coupling
model that adequately describes the kinetics oimabrreceptor/G interaction;
nevertheless, in reconstitution experiments, tkep®r can actually be shown to use
Gs as a substrate (Nanoét al; 1994; Fredholm; 2007). Secondly, in membranes,
addition of guanine nucleotides fails to inducesd@ation of the ternary HR
complex of agonist (H), receptor (R) and G pro{&i), such that the agonist remains
trapped in the high-affinity state. Brief incubatiof the membranes with trypsin
results in proteolytic cleavage of the receptor aedtores guanine nucleotide
regulation of agonist binding (Nanoét al; 1991). Proteolysis reduces the apparent
molecular mass of the receptor by some 8 kDa;ishimost likely accounted for by
cleavage of the extended C-terminus because osriedl size of the N-terminus.
Taken together, these data suggest a role for#ieendinus in regulating the coupling
properties of the AAR. Since the majority of the C-terminal tail it dispensable
for a productive interaction with the G proteinistdomain may represent the anchor

for a modulatory component (Grieetal; 2003) .
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The AsAR displays a considerable degree of constituticévidy and this is
independent of the cell line and the receptor esgpom level (Ledenet al; 1992;
Nanoff and Stiles; 1993; Yargt al; 2005). Although both properties seem to reflect
a preference of the receptor to remain in the activ protein-coupled conformation,
constitutive activity and guanine nucleotide refosiness can be dissociated. The
extended C-terminal domain of the receptor is prilpaesponsible for constitutive
activity. This is shown in truncated receptors vhigse constitutive activity and in
chimeric receptor constructs where cytoplasmic 18agmd the C-tail of the AARs
have then introduced into theAR and which become spontaneously active (Tucker
et al; 2000). However, the inability of guanine nucldes to convert the receptor to
the low-affinity conformation is preserved in thet€@minally truncated receptor. It
seems that the guanine nucleotide refractorinefiseomembrane-bound receptor is
solely due to coupling to &the G selectivity being specified by cytoplasmic loop 3
(Olah; 1997; Tuckeet al; 2000).

Given the apparent link of constitutive activitytivan intact C-terminus, this domain
deserves closer examination. The C-terminus isirickerine/threonine residues (12
of 122 residues) and, in cell experiments, is fgpiphosphorylated following
activation of PKC. However, mutations that remoke tonsensus sites for PKC-
dependent phosphorylation do not affect the abibtythe receptor to serve as a
substrate for phosphorylation. It is therefore lijkilnat PKC isoforms do not directly
phosphorylate the receptor but that they activatengermediary kinases (Palmer and
Stiles; 1999) In addition, it is worth noting that the C-termino$ the AAAR is
enriched with proline residues: 22 prolines ares@né in the human AAR, 11 of
which are interspersed in the first 311 amino acid&e remaining 11 prolines are
found in the last 100 amino acids with a clustefooir occurring in an acidic stretch
at positions —10 to —18 removed from the C-termiand a second cluster of five
prolines between positions 341 and 357. A sequeogarison of the AAR shows

a high degree of conservation in man, dog and gumg However, the C-terminus
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of the rat receptor diverges substantially. Regasllof this discrepancy between
phylogenetic relation and species orthologues & thceptor, the proline-rich
stretches are obviously indicative of a potentknaction with SH3 domains. In
other instances, SH3 domain-containing proteine hiagdeed been found to bind to G
protein-coupled receptors (Oldenhef al; 1998). A recent study has provided a
functional link between the AAR and the actin cytoskeleton. Direct interaction
between a-actinin and A)AR was observed suggesting that agoinst-mediated
clustering and internalisation of the AR regulated by its C-terminus is dependent

on an intacti-actinin/actin network (Burguenet al; 2003).

1.5.1.1 The A2AAR as anti-inflammatory GPCR

Multiple in vivo and invitro studies suggest a potent anti-inflammatory rolehef
A.AAR. Early reports indicated that,AAR activation could inhibit superoxide
release from guinea pig and human eosinophils #ied with opsonised zymosan
(Yukawa et al; 1989). Furthermore, the,RAR agonist NECA inhibits Fg- R-
mediated phagocytosis and superoxide generatigrolymorphonuclear leukocytes
(PMN) which inhibited by the AR antagonistp8sulphenyltheophylline (Salmon and
Cronstein; 1990). It has been reported that adeaosr NECA concentrations
sufficient to inhibit the generation of ROS dece=sasadhesion of fMLP-induced
PMNs to endothelial cells (Cronsteat al;, 1992). This reduction was found to be
due to the inhibition o\ integrin expression (Wollnest al; 1993)

The potent anti-inflammatory effect of the folateigl methotrexate (MTX) is also
adenosine-dependent (Chan and Cronstein; 2002). tomcentrations of MTX

reduce leukocyte accumulation in carrageenan-irdthmair pouches (Cronstein;
1994). This effect was completely reversed by amAR antagonist DMPX,

suggesting that adenosine acting at apgAR subtype mediated the protective effect.
The same study also demonstrated that inhibitionadénosine kinase reduced
leukocyte accumulation, an effect that was completeversed by co-injection of

adenosine deaminase (Cronsteiral; 1994).
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A2rAR gene-deficient mice have proved to be an importaol in studying the anti-
inflammatory effects of the AAR and in establishing the critical role of these
receptors in several models of immune-mediatedéisiamage (Ledemt al; 1997,
Ohta and Sitkovsky; 2001). The absence giAR on immune cells causes the
cessation of cAMP production in activated immundscellowing uninterrupted
tissue damage (Sitkovslat al; 2004). It has been reported that the AR has a
role in wound healing as mice lacking thenxAR form less dense granular tissue and
fewer blood vessels during wound repair and accataufewer leukocytes in
response to inflammatory stimuli (Montesireisal; 2002).

The anti-inflammatory role of AAR has driven the development of selective
agonists to exploit its therapeutic potential (Lapet al; 2005). Most A AR-
selective agonists are 2-substitution of the ndeetise AR agonist NECA, such as
CGS21680, HENECA (Cristalkt al; 1992; Rebolat al; 2003), ATL-146€Chang
et al; 2007) and MRE-0470 (Gloveat al; 2001). Selective activation of the MR
has been shown to have significant protiective otdfein several models of
inflammation, including a decrease in neutroplaihemigration into the cerebrospinal
fluid in patients with endotoxin-stimulated menig)i attenuation of the
inflammation-induced increase in the blood-braimriea permeability (Sullivaret
al.; 1999), inhibition of oxygen radical productionhi&l et al; 2003) and inhibition
of the production of cytokines such as TiNfMajumdar and Aggarwal; 2003). In
addition, ATL-146e reduced joint destruction causgdseptic arthrosis and CGS-
21680 can regulate HIV-1 transactivation regulatimgotein (Tat)-induced
inflammatory responses (Cohenal; 2004; Fotheringharat al; 2004).

In mouse models of ischaemia/resperfusion injunsreperfusion of the AAR-

selective agonist ATL-146e decreased liver injuyyd0%. Co-administration of the
A.sAR-selective antagonist ZM241385 attenuated thiscefindicating the receptor
specificity of the response (Day al; 2004). In addition, the AAR was shown to
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protect from concanavilin A-induced liver injuny vivo (Ohta and Sitkovsky; 2001).

In vitro studies suggests the anti-inflammatory responskeiesto a reduction in the
expression of cytokine and chemokines from celjsressing the AAR (Bsheshet

al.; 2002). THP-1 cells treated with LPS increased ¢kpression of /AR and
adenosine. Further treatment of the cells with arAR-selective agonist CGS21680,
decreased LPS-stimulated Télproduction in a time and dose-dependent manner.
This inhibitory pathway involves AAR-mediated activation of PKA and
phosphorylation of cCAMP response element bindirajedn (Bshestet al; 2002) .

One of the most well-defined protective effectsAdt activation is inhibition of pro-
inflammatory responses. While numerous studies rehv@vn that activation of
A,sARs on neutrophils represents a critical mechantsynwhich adhesion is
blocked, selective activation of , AAR in ECs from multiple origins also inhibits
leukocyte-EC interaction. For example, Bouetaal. (1996) demonstrated that pre-
treatment with either adenosine or the non-selecfiiR agonist 2-chloroadenosine
inhibited the release of IL-6 and IL-8 from I3Jand LPS-activated HUVECs. AR
activation also reduced the potency with which TéNEeuld induce the cell surface
expression of E-selectin and VCAM-1 with no effeat ICAM-1 induction (Bouma
et al; 1996). Analysis of these anti-inflammatory effestiggests the involvement of
one or both of the AAR subtypes. Recent work employing more selectivgsi has
revealed that AWAR activation is sufficient to inhibit E-selectimduction bothin
vivo (McPhersoret al; 2001) andn vitro (Sandset al; 2004). Interestingly, while
A2AAR stimulation is capable of inhibiting inductioh CAM-1 in vitro, this effect
cannot be mimicked simply by elevation of intragkt CAMP levels (Boumat al;
1996), suggesting that the receptor must activaieast one additional signalling
pathway in ECs to mediate this effeckaARs on ECs are potentially useful targets
for drugs aimed at alleviating endothelial dysfumrct Administration of agonists
should enhance the protective effects of recepttivagion and reverse the excessive
inflammation associated with disease progressi@ve@l observations support the

potential utility of the AAAR in this regard. First, administration of the esmive
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agonist ATL-146e reverses the accumulation of VCAMP-selectin and ICAM-1
observed in a carotid ligation model of vasculgumn (McPhersonet al; 2001),
although the ability of AWAR activation to inhibit leukocyte and plateletigation
may also indirectly inhibit EC activation by attextimg leukocyte-EC and platelet-EC
interaction. Second, it has been demonstratedpbi@ntiation of AsAR-activated
signalling pathways in vascular ECs by adenoviresliated human AAR gene
transfer is sufficient to block E-selectin inductiand monocyte adhesion to TiNF
stimulated HUVECs even in the absence of agAR-selective agonist (Sanes al;
2004). This is an important observation as it saggé¢hat increasing flux through
AssAR-activated signalling pathways in ECs can dracadiy suppress the pro-
inflammatory events associated with diseases, sclatherosclerosis and sepsis
(Montesinoset al; 2002) and rheumatoid arthritis (Montesiretsal; 2000).

Blocking the effects of endogenous extracellulagrasine in wild type mice using
selective AaR antagonists addressed possible caveats for iatenp experiments
using genetically engineered mice. These expersnenhfirmed the conclusions
derived from the studies of ,AAR gene-deficient mice. Injection of ,AAR
antagonists exacerbates tissue damage by subdldesloses of inflammatory
stimuli. In addition, control experiments confirmdfat although extracellular
adenosine-triggered cAMP accumulation was sevenglipited in AnAR-deficient
mice, agonists at others@rotein-coupled receptors were still capable afuiring
similar degrees of elevation of cAMP in wild-typeda A.aAR-deficient mice
(Lukashev et al; 2003). Other studies confirmed thabpAadenosine receptor-
deficient mice did not have unanticipated spontasemutations in the cAMP-
signalling, inflammation-inhibiting pathway downsam of the AnAR (Ohta and
Sitkovsky; 2001).
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1.6 Ubiquitination

Ubiquitination/ubiquitylation refers to the pos#iislational modification of a protein
by the covalent attachment (via aramino isopeptide bond) of one or more Ub
mnomers. Ub is a highly conserved small (8 kDa)ulatgry protein that is
ubiquitous in eukaryoyes (Hershko and Ciechano¥688; Hochrainer and Lipp;
2007). The most well characterised function of Ub labeling proteins for
proteasomal degradation (Hochrainer and Lipp; 200Bjquitination also controls
the stability, function and intracellular localigat of a wide variety of proteins. Ubs
covalently attach via an isopeptide bond to ¢kemino group of Lys residues on
target proteins. This occurs through a three-steqrgss involving Ub-activation
(E1), Ub-conjugation (E2) and Ub-ligation (E3) em®s (Hershko and Ciechanover;
1998; Gao and Karin; 2005). The types of Ub modtfans that can form are diverse.
In the simplest form, a single Ub molecule is dig; which is defined as
monoubiquitylation (Hicke and Dunn; 2003). Altetimaly, several Lys residues can
be tagged with single Ub molecules, giving risemaltiple monoubiquitylation, also
referred to as multiubiquitylation (Hagluret al; 2003). Since Ub contains seven
Lys residues (Lys6, Lys11, Lys27, Lys29, Lys33,48sand Lys63), Ub molecules
can form different types of chains in an iteraprecess known as polyubiquitylation
(Pickart and Fushman; 2004). All seven Lys ressdare possibly involved in chain
formation invivo, and Ub chains linkedia Lys48 or 63 are the best characterised so
far (Hicke et al; 2005). It is clear that Lys48-linked poly-Ub al& represent a
signal for proteasomal degradation of modified galbss. This discovery merited
the award of a Nobel Prize in Chemistry 2004 ansl I@en extensively reviewed
(Hershko and Ciechanover; 1998). However, otheedypf Ub conjugates are
involved in the regulation of different cellularqmesses independently of proteolytic
degradation (Haglundet al; 2003; Hicke and Dunn; 2003; Krappmann and
Scheidereit; 2005).
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1.6.1 Ub as an inducible and reversible signal

It is well established that protein ubiquitylatieninduced by a vast variety of stimuli
and upstream signalling events in cells. For examrious cell surface receptors
become ubiquitylated upon stimulation with extradal ligands (Hicke and Dunn;
2003). In addition, many cytoplasmic and nucleastgins become ubiquitylated
following their phosphorylation (Fioret al; 2003; Muratani and Tansey; 2003).
Moreover, the functions of Ub ligases are tightggulated by signal-induced
mechanisms such as compartmentalisation, degragailmomerisation and post-
translational modifications (Hershko and Ciechampu®98; Thien and Langdon;
2001, Dikic and Giordano; 2003). Regulation as tlaivel is particularly important,
since Ub ligases play a central role in substrategnition and specificity. A second
key feature of the ubiquitylation system is that dén be rapidly removed by
deubiquitylating enzymes (DUBSs), which serve totstioff the Ub signal or to shift
between different modifications of the same Lysdes (Hershko and Ciechanover;
1998; Ameriket al; 2006). Notably, ubiquitylation shares the two \@onentioned
similarities with protein phosphorylation. In addit, both modifications are
recognised by specific protein domains, providingechanism for translation of the
Ub or phospho-specific signal to downstream effiesc(Bawsoret al; 2001; Hickeet
al.; 2005). Intriguingly, although it might not be warsally required,
phosphorylation is a signal that often precedeguitylation of proteins either at the
level of the E3 Ub ligase (e.g. Cbl) or the sulistmotein (e.g. Eps15, Hrs andB).
This shows that the two modifications are in tiglbperation in cells. A major
difference between the two systems is that Ub ishamically more complex
molecule than phosphate, since it has a largeasito interact with other proteins.
The fact that Ub can form chains increases the tmitp even further. In fact, the
Lys63 and Lys48 chains have different conformatiaovith Lys63 chains being much
more extended than those linked via Lys48, indicathat they likely have distinct
targets and functions in the cell (Pickart and s, 2004). All these features allow
the ubiquitylation system to integrate and syncle®mrotein networks all the way

from the cellular membrane to the nucleus.
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1.6.2 Proteasomal degradation

Ub-mediated protein degradation provides a majorchmeism for controlled
proteolysis of targeted proteins. Ub conjugatioa substrate involves a cascade of at
least three different enzymatic reactions (FiguB1.First, Ub is activated by E1, the
Ub-activating enzyme, to form a high-energy thieeinkage between its C-terminal
glycine residue and an active cysteine on the EAxtNthe thiol-linked Ub is
transiently transferred to the next enzyme in thecade E2, the Ub conjugating
enzyme. Finally, an E3 ubiquitin ligase eithemsfers the activated Ub molecule
from the E2 to a lysine residue on the substrataalitates the transfer of Ub from
the E2 directly to the substrate (Hershko and Giroker; 1998; Gao and Karin;
2005).

The substrates marked with a Lys48-linked polyultiq chain are selectively
targeted for 26S proteasome-mediated degradatioitkidbn et al; 2001). The
consequences of Ub attachment depend upon how bianyoieties are attached and
the chain-linkage involved. Recognition for degtamta by the proteasome involves
polyubiquitin chains of at least four moleculeslemgth (Throweret al; 2000) in
which each Ub is linked via an isopeptide boundnfrihe carboxy-terminus of one
Ub to K48 on the adjacent Ub (Petroski and Desh&i@85). A proteomics screen of
Ub conjugates irSaccharomyces cerevisid@und Ub modified at all seven lysine
residues (Pengt al; 2003). The 26S proteasome consists of the 20& aamplex,
composed of four stacked rings of seven subun@sdbntain the proteolytic sites in
the central cavity (Grolét al; 1997). and a multisubunit 19S regulatory parttblet
caps both ends of the 20S particle. The 19S partomprising a lid, a linker and a
base, mediates the recognition of polyubiquitinatageted proteins and promotes
their unfolding in an ATP-dependent reaction. Tlasécontains eight subunits (six
ATPases of the AAA family and two large subunit®/fpnl and S1/Rpn2) and is
connected to the lid by the S5a/Rpn10 protein @Heet al; 2000).
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Figure 1. 6 Overview of the Ub Conjugation Pathway

Ub is first activated by a Ub-activating enzyme BRdtivated Ub is then transferred to
a Ub-conjugating enzyme E2; a Ub ligase E3 fatdgdhe transfer of Ub from E2 to
the protein substrate. There are two major clas6&3 Ub ligases: proteins with a
HECT catalytic domain and proteins with a RING Bngdaptor domain. Additional
E3s, such as those containing a U box, were rgceescribed. Substrates marked
with a Lys48-linked polyubiquitin chain are seleely targeted to 26Proteasome-
mediated degradation, whereas -certanbstrates conjugated with mono- or
multiubiquitins or Lys63-linked polyubiquitin charare targeted for endocytosis or
are enabled to engage in new protein-protein iotends. The polyubiquitin chain
can be removed from the substrate by a DUBs (@dd<arin; 2005).

1.7 E3ligase and STAT degradation

Ubiquitination is implicated in the regulation ofT&Ts. The ubiquitination of
STATL1 has been reported (Kim and Maniatis; 1996}, the underlying molecular
mechanisms remained unknown. Proteasome inhibiters also shown to stabilise
the tyrosine-phosphorylated forms of STAT4, STAHRd STAT6 (Wanget al,
2000). Recent findings have clarified the role bfquitination in the regulation of
STATs and provided insights into the specificity dhis modification.
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Paramyxoviruses efficiently use the Ub pathway amechanism to escape the
antiviral activities of IFNs (Horvath; 2004b). Pargxoviruses are RNA viruses and
include the human pathogens mumps, measles, amahNipuses (Nishicet al;
2002). Their host evasion mechanisms are large¢hbatied to the V proteins. At
least three V proteins function as E3 ligases wigh specificity for STAT1, STAT2,
or STAT3. The V proteins form a multisubunit E3 wme complex that shows
homology to the SOCS-E3 complex. The current mofiehe E3 ligase suggests a
complex that contains the V protein and the cellvtanteraction proteins (VIPs), as
well as additional proteins, including DDB1 (anraitiolet- damaged DNA binding
protein) and members of the Cullin family, espdgi@ullin 4A (Cul4A). The E3
complex is termed VDC (for V/DDB1/CUL4A or V-depesitt degradation complex)
(Figure 1.7). VDC mediates STAT degradation usimgm@bination of virus-encoded
and cell-derived factors, where VIPs are the cagradation complex and the other
cellular cofactors are responsible for the varraion V-protein target specificities
(Ulane and Horvath; 2002)

Recently, SLIM, an Ub E3 ligase for Tyr-phosphotgth STATs, was identified,
promoting the ubiquitination and degradation of SLAand STAT4. This is
supported by the enhanced protein levels of STATd @TAT4 observed in SLIM-
deficient mice (Tanakat al; 2005). SLIM also inhibited the Tyr phosphorylatiof
STATSs, which is independent of its role in proteaabdegradation. There are two
plausible interpretations. First, SLIM coulttt as an adaptor molecule to recruit
phosphatase to dephosphorylate STAT. Second, uinigtion may induce
conformational change that would enable the asBogiavith phosphatase (Figure

1.7). Whether SLIM can also ubiquitinate other SEA&main to be investigated.
A growing body of evidence suggests that ubiqumiediated proteosomal

degradation plays an important role in the regokabf cytokine signalling, such as
JAK-STAT pathway (Figure 1.7).
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Figure 1.7 Schematic model of JAK/STAT regulation hrough the ubiquitin-
proteasome pathway.

Ligand binding induces receptor tyrosine phosplatigh by tyrosine kinases of the
JAK family, producing a docking site for the STA@nfily of transcription factors.
Phosphorylated STAT dimers translocate to the mscle initiate the transcription of
target genes. At the receptor complex, activatesJiteract with SOCS proteins
and become polyubiquitinated and degraded in a SO@&-dependent manner
mediated by the elongin B/C (EloB and EloC)-Cul2xRIE3 ligase complex.
Rubulaviruses can target STATs for ubiquitin-meelilagproteasomal degradation
using a VDC E3 ligase complex that requires theigpation of V protein, VIPs,
DDB1, and Cul4A. In the nucleus, STAT interactionthaSLIM E3 ligase can result
in STAT ubiquitination and degradation or dephospladion (Ungureanu and
Silvennoinen; 2005).

1.8 Aims and objectives of research

Immune cell trafficking between tissues compartreastregulated in part by ECs

surface ARs. Endothelial cells have multiple rolasinflammation and innate
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immunity. Indeed, the first events recognisednfiammation are mediated solely or
largely by endothelial cells. In response to imilaatory mediators, endothelial cells
express adhesion molecules, which are responsbliné recruitment of leukocytes
to inflamed sites Endothelial cells synthesise and release mediadacd) as platelet
activating factor, IL-8 and IL-6, which have a diteole in the inflammatory process
by conducting the movement of leukocytes betwessué compartments. Functional
expression of Ay and AgARS on various types of vascular ECs is well docutee
(Fredholmet al; 2001), whereas there is little evidence for tinectional expression
of A; and AARs (Montesino%t al; 1997).

Moreover, it is becoming increasingly apparentt theo-inflammatory signalling
pathways are subject to regulate by non-cytokimauwdi, providing an alternative
control mechanism. For example, the chemokine Ila8d bacterial-derived
chemoattractant fMetLeuPhe promote the accumulafoBOCS-1 in myeloid cells
and neutrophils, following activation of their caja G-protein-coupled receptors,
resulting in an inhibition of STAT3 phosphorylatian response to granulocyte
colony-stimulating factor (Stevensaat al; 2004). The G-protein-coupled,AAR
has emerged as an important suppressor of inflaorgnegsponsem vivo (Ohta and
Sitkovsky; 2001; Sitkovskyet al; 2004), but the mechanisms responsible for this
effect remain to be fully defined. Studies in gsaldabs and elsewhere have
demonstrated that an important aspect of theAR’s effects is its ability to inhibit
NF-xB activation by multiple cell type-specific mechsmis (Majumdar and
Aggarwal; 2003; Sandst al; 2004). However, given its potent anti-inflammator

effectsin vivo, this is unlikely to be the only cytokine-activateathway affected.

Following on from these findings, | am goind to tisaduring my study on AAR as
a potent inhibitor of inflammatory processes. Itshemerged as an important
suppressor of inflammatory responsewivo (Ohta and Sitkovsky; 2001; Sitkovsky
et al; 2004), but the mechanisms responsible for thiscefremain to be fully
defined. To study the effects of potentiatingaAR signalling on inhibiting

inflammatory responses, we have generated a recamiadenovirus (AV) encoding
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the human AnAR gene for expression in a human umbilical veidahelial cell
(HUVEC). This facilitates highly efficient delivergf A,aAR to endothelial cellsn
vitro to examine the effects of an increase in receptgnalling upon cellular
response to inflammatory stimuli. The consistertt-mflammatory role for AsAR
signalling in a variety of different models of iafhmation indicates a possible
common mechanism of action. A considerable numlbestuies suggest that this
inhibition may occur at the level of transcriptiorhe aim of this project is to study
the effect of AsAR-overexpression on activation of the JAK-STAT ipady in
vascular ECs. Specifically, | aimed to test theetfiof the ArAR-overexpression on
STAT phosphorylation and expression in responsentdtiple cytokines (i.e slL-
6/IL-6, IFNa and leptin). The dissection of the pathways ingdlmay ultimately
lead to designing more specific and potentiallyfuisgérugs for the treatment of pro-

inflammatory diseases.

At the end | would like to summarise the hypothedisny work in two questions,
which are;
Does AAAR gene transfer to HUVECs suppress sIL-6/IL-6, dFldnd leptin
signalling?

Is SOCS3 induction an important mechanism or drerqtrocesses involved?
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Chapter 2

Materials and Methods
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2.1 Chemicals and Suppliers

All reagents were of the highest grade commercaalilable and obtained from the

following suppliers:-

Abcam Ltd., Cambridge
Rabbit polyclonal antibody to STAT4 (cat# ab796Wpuse mADb to anti-
glyceraldehyde-3-phosphate dehydrogenase GAPD# &x245)

Amersham Biosciences AB, Uppsala, Sweden
Glutathione-Sepharose bedd4B,

Affinity Bioreagents, Golden, Co, USA
Anti-A22AR-specific antibody

BioRad Laboratories Ltd, Hemel Hempstead UK
Protein assay dye reagent concentration (Bradf&tdagent)

BDH Laboratories Supplies, Pooles UK
Ammonium persulphate (APS), acetic acid, isopralgghol, methanol, potassium
chloride, potassium hydroxide, sodium chloride.

Cambrex BioScience Wokingham Ltd. Wokingham, Berksire

Endothelial Basal Media'™ (EBM-2) and the following supplements (foetal i
serum (FBS), hydrocortisone, fibroblast growth dad® (hFGF-B), vascular
endothelial growth factor (VEGF), insulin-like grdwfactor-l (IGF-I), ascorbic acid,
epidermal growth factor (hEG-F), gentamicin sulghand amphotericin-B (GA-
I000) and heparin).

Human umbilical vein endothelial cells (HUVECsgaPlague ® agarose, Dulbeco’s
modified Eagle’s medium (DMAM), cell culture gragéosphate-buffered saline
(PBS)
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Calbiochem-Novabiochem (UK) Ltd., Nottingham
MG132, JAK inhibitor |

Cell Signalling Technology Inc., Beverly, MA USA
Anti-phospho STATS3 (Tyr705) (cat# 9138), Anti-phbspSTAT1 (Tyr701) (cat#
9171), Anti-STAT3 (cat# 9132), Anti-STAT1 (cat# ?)7Anti-VEGFR2 (cat# 2479)

Duchefa Biochemie, Haarlem, Netherlands

Yeast extract, tryptone, microagar

Astra-Zeneca Pharmaceuticals Alderley Park
ZM241385

Fisher Scientific, Loughborough, Leicestershire UK
N-(2-Hydroxyethyl)-piperazine-N’-(2-ethanesulforacid) (HEPES), sodium dodecyl
sulphate (SDS) ethylenediaminotetra-acetic acid (EDTA), dimethylphioxide
(DMSO), ethidium bromide solution, glacial aceticica absolute ethanol,
concentrated hydrochloric acid (HCL), glycine, sodihydroxide, Tris(hydromethyl-
amino)ethane (TRIS) base, sodium carbonate, sotliysinogen carbonate, sodium
dihydrogen ortho-phosphate, di-sodium hydrogen cepthosphate, boric acid,
chloroform, sucrose.

GIBCO BRL Life Technologies, Paisley UK
Isopropanol, OptiMEM.

Interactiva- Thermo Hybaid, Thermo Biosciences GmbH UIm, Germany
HPLC-purified custom synthesised oligonucleotides

Inverclyde Biologicals, Strathclyde Business ParkBellshill, UK
Schleicher and Schuell protran nitrocellulose memér(0.2m pore size)
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Melford laboratories, Chelsworth, Ipswich, UK
Dithiothreitol (DTT), isopropylB-D-thiogalactopyranoside (IPTG)

New England Biolabs Inc., Beverley, MA USA
Pre-stained protein molecular weight markers (ragdiom 6.5-175kDa).

Perkin-Elmer Life and Analytical Sciencesa, Monzaltaly
Enhanced chemiluminescence (ECL) reagents

Pierce, Rockford, IL, U.S.A.
Western Blot Stripping Solution, Slider-A-Lyzer@alysis Cassette (0.5-3 ml
capacity)

Promega, Southhampton UK

T4 DNA Ligase, Promedd Wizard plus SV DNA mini-prep kit, restriction
enzymes, deoxynucleotides triphosphates (dNTPs)esah Maloney leukaemia
virus (AMV reverse transcriptase), ribonucleaseilitbr, Tag DNA polymerase,
DNA molecular size markers (ranging from 100bp-Jkbp

Qiagen, Crawley, West Sussex UK
DNA plasmid maxi-prep kit

Reidel-de Haen, Seezle, Germany

Glycerol, calcium chloride

Research Biochemicals International, Natick, MA, U3
CGS 21680

Roche Applied Science USA
FUGENES transfection reagent

Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA
Anti-ubiquitin Antibody (PD41) (cat# D1206), Antd&T3 (cat¥# H3104)
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Sigma-Aldrich Company Ltd., Poole, UK

Triton X-100, soybean trypsin inhibitor, benzammlinlgG-free bovine serum
albumin (BSA), protein A-Sepharose, sodium periedd0% (w/v) acrylamide/0.8%
(w/v) bisacrylamide solution, horseradish peroxel@dRP)-conjugated rabbit anti-
mouse IgG, HRP-conjugated goat anti-rabbit 1gG PHi®njugated rabbit anti-goat
IgG, thimerosal, bromophenol blue, sodium azidgarose, deoxycholic acid sodium
salt, polyethylenimine, ampicillin, paraformaldeley  N,N,N’,N’-
tetramethylethylenediamine (TEMED), phenylmethyi$unyl fluoride (PMSF),
foetal bovine serum (FBS), cell culture grade tnypEDTA, endothelial grade
trypsin EDTA, penicillin, L-glutamine, bicinchoniacid salt ( BCA), 3,355 -
tetramethylbenzidine (TMB), human recombinantriiet®n-o (IFN-o), anti-FLAG®
M2 monoclonal antibody F-3165, sodium fluoride, dison potassium tartrate,
deoxycholic acid (sodium salt), Trizol reagentsdgyme, sodium orthovanadate,
phenol:.chloroform:isoamyl alchol (25:24:1 (v/viv))ethylene glycol-bis (2-
aminoethylether)-N,N,N’,N’-tetracetic acid (EGTAnouse anti-eNOS antibody
(cat# AF400594).

Whatman International Ltd., Maidstone, Kent UK

Filter paper protran 300 mm x 3m (Conv.No# FM0335-

Adenoviruses (AVs) encoding Flag epitope-taggeddsype (WT) and Tyr705-»
Phe-mutated murine STAT3 were generously donatedPiyf. Brian Foxwell
(Kennedy institute of Rheumatology, U.K.) and Prikilko Yamauchi-Takihara
(Osaka University Health Care Centre, Japan) arstritbed in (Kunisadaet al;
1998; Williamset al; 2004)

A pGEX-KG bacterial expression construct encodinglatathione-S-transferase
(GST) fusion protein containing the ubiquitin-adated (UBA) domain from
Saccharomyces cerevisiisk2p (Funakoshet al; 2002) was generously donated
by Prof. Hideki Kobayashi ( Kyushu University, Jajpa
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2.2 Cell Culture & Transfection Methods
2.2.1 Cell maintenance

All cell types were grown at 37°C in a humidifietm@sphere containing 5% (v/v)
C0O,. HUVECs were maintained in endothelial basal medaupplemented with 2%
(v/v) foetal bovine serum, 0.04% (v/v) hydrocortieg 0.4% (v/v) human fibroblast
growth factor-B (hFGF-B), 0.1 % (v/v) vascular etiggial growth factor (VEGF),
0.1% (v/v) insulin-like growth factor-I (IGF-I), @% (v/v) ascorbic acid, 0.1% (v/v)
human epidermal growth factor (hEGF), 0.1% (v/v)ntgenicin sulphate and
amphotericin-B (GA-1000) and 0.1% (v/v) heparimc& HUVECSs rapidly adapt in
culture conditions, they were not used after passagMuller et al., 2002). For
passaging, confluent cells were washed in 5 mIBf Bnd then treated briefly with 3
ml endothelial grade trypsin in order to detach te#ls. The trypsin was then
neutralised with 10 ml of spent medium and the eotst transferred to a 50 ml
centrifuge tube. Cells were centrifuged for 5 mirl@00g and the supernatant was
discarded. The cell pellet was gently resuspendecthedium at a dilution factor
suitable to establish a cell density that couldrédeably counted within a standard
haemocytometer, typically 1:10 dilution. Wells wdhen seeded at an appropriate
level according to the analysis performed as irtditan the figure legends. Typically
a 6-well plate would be seeded with 1 x° h@lls/well, ready for infection the
following day with adenovirus. A minimum of 1x46ells was used to maintain the
cell line in a fresh 150 chiissue culture flask to which 11 ml of fresh mediums
added.

Human embryonic kidney 293 cells (HEK 293) were mteined in DMEM

supplemented with 10% (v/v) FBS, 1 mM L-glutamid®0 units/ml penicillin and
100 pg/ml streptomycin. Confluent monolayers were wastwece in 5 ml of sterile
PBS and then treated with 1 ml trypsin EDTA. Cellsre then returned to the

incubator for a few minutes before the flask wasupted to dislodge the cells. Cells
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were then typically diluted 1:8, 7 ml of which wased in experimental analysis and

1 ml was used to maintain the cells to which 9 fiftesh DMEM was added.

2.2.2 Transfection with Fugene

In a sterile microfuge tube &y of plasmid DNA was incubated with 2Q0of serum
free medium per well of a 6 well dish and vortexweefly. 10 ul of Fugene was
added mixed gently and incubated for 15 min at reemperature. The DNA-Fugene
mix was then added to each well containing 2 nitegh medium and left to incubate
overnight. The next day, the medium was replacdtl fvesh growth medium. For

experiments, cells were analysed 48 hr after testisin.

2.2.3 Infection of HUVECs with AVs

1x10 HUVECs were seeded in a 6 well plate and grownQ% tonfluence. The
cells were then infected for 24 hr at a m.o.i. 6f(#fu/cell with recombinant AVs.
The next day, the medium was replaced with freslwtir medium. The following
day, confluent HUVECs in six-well plates were tezhias described in the figures
prior to washing in ice cold PBS and solubilised By ul/well detergent lysis buffer (
Section 2.5.1).

2.3 Molecular Biology
2.3.1 Preparation of antibiotic agar plates

LB agar (1 % (w/v) bactotryptone, 0.5% (w/v) yeastract, 1 % (w/v) sodium
chloride, 7% (w/v) agar) was prepared, autoclaved allowed to cool before
addition of ampicillin at the final concentratioB® ug/ml. The liquid LB agar was
then poured into 90 mm-diameter Petri dishes, atbw solidify and then allowed to
sweat overnight at room temperature to get ridxakess moisture. Plates were then

stored at 4°c until required for a maximum perié@ aveeks.
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2.3.2 Preparation of competent BL21E.coli

An overnight culture of BL2E. coliwas grown in 3 ml of LB broth containing 50
ug/ml tetracycline. The following day, this was usednoculate 250 ml of LB broth,
which was then grown with aeration in a 37°C shghncubator at 200 rpm, until the
growth rate reached log phase as determined bycukiere reaching an optical
density at 600 nm of 0.35-0.375. Bacteria weresfiemed to two chilled 250 mi
sterile centrifuge tubes and left for one hour@n Bacteria were then sedimented by
centrifugation at 3,500 g for 20 min at 4°C and theernatant discarded. The
bacterial pellet was then washed and resuspendegR.fmn ml of ice-cold 0.1M
magnesium chloride. Following another 20 min cémgiation at 3,500g, the bacteria
were resuspended in 62.5ml of ice-cold 15% (v/wcetol with 0.1M calcium
chloride. 250 ul of bacteria were aliquoted into sterile microfuggbes in a

ice/methanol bath to induce rapid freezing, ancestat -80°C until required.

2.3.3 Transformation of competent BL21 E.coli

Approximately 30-50 ng of plasmid DNA was addedtplastic 13 ml Falcon round-
bottom tube on ice. Once thawed @itube of competenE.coli was immediately
added and the mix incubated on ice for 30 min. flihes were incubated for 2 min at
42°C before tube placed on ice and 1 ml of LB peetwas then added. Tubes were
then shaken at 37°C for 30 min. The transformatm@awas then plated out onto LB
agar plates containing the appropriate selectidibiatic and incubated overnight at
37°C.

2.3.4 Preparation of plasmid DNA

Transformed colonies picked from agar plates ustegle pipette tips, were used to
inoculate 10 ml of LB ( 1% (w/v) bactrotryptone5®o (w/v) yeast extract, 1% (w/v)
sodium chloride broth supplemented with the appabgr selection antibiotic

(50ug/ml ampicillin), and placed in the shaking incuredt 37°C overnight. Plasmid

DNA was then isolated using the Promélfawizard plus SV miniprep purification
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system as per the manufacturer’s instructions.l&ger quantities of plasmid DNA,
the initial 10 ml culture was then used to inocellat500 ml culture containing the
appropriate antibiotic and grown overnight af@#with shaking. Plasmid DNA was
isolated using the Qiagen Maxi Kit system as dedcby the manufacturer’s
instructions. The concentration of double stran@#dA obtained was calculated
based on the assumption that 1 absorbance updt) (A equivalent to 5Qug/ml of

double stranded DNA. An absorbance ratigg(f\2s0) greater than or equal to 1.6

indicated good quality DNA.

2.3.5 Digestion of plasmid DNA

1-2 ug of purified plasmid DNA was digested in a stenierofuge tube containing
the appropriate enzyme buffer and 2-4 units of sreyas per the manufacturer's
instructions. In certain cases it was necessany,tduncompatible buffers, to purify
the linearised plasmid DNA from the first digestitvefore digestion with theecond
enzyme and buffer. This was achieved by phenohetitn and ethanol precipitation.
Briefly 1/10 volume of 3M sodium acetate and 3 woé&s of ice-cold absolute
ethanol were added to the sample. Following 30ingnbation on ice, samples were
centrifuged at 4°C for 30 min at 13,000g and thpesmatant removed. The DNA
pellet was washed 3x in 50 of 70% (v/v) ethanol, centrifuged at 4°C for 5Smat
13,000g and allowed to air-dry. It was then resodpd in 15ul of the second
enzyme buffer before the addition of 2-4 units loé tsecond enzyme as per the
manufacturer instructions. Restriction fragmentsemgpically resolved on a 1 %
(w/v) agarose gel containing 2u8/ml ethidium bromide run at 75 mV for 20-30 min
in TAE buffer (40 mM Tris-acetate, 1 mM EDTA, andL®6 (v/v) glacial acetic
acid).

2.3.6 Preparation of RNA

A 6-well plate was seeded with HUVECs at densitylal®® and was treated as

described in the figure legend. Total RNA from HUSA& was isolated using Tri-
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Reagent (sigma-Aldrich, Irvine, U.K.). Briefly, tewere washed 3 times in ice cold
PBS and solubilised by scraping into 0.5 ml of Teagent. 0.2 ml of chloroform was
added and the samples were thoroughly mixed andbated at room temperature for
5 min. Samples were then centrifuged at 13000ghkarech centrifuge for 5 min. The
upper colourless layer which contains the RNA wasidferred to a new RNASe
tube, to which 1 ml of absolute ethanol was adédidr spinning the samples a’@

for 30 min at full speed. The supernatant wasaddsd and the pellet was washed
once in 1 ml of 70% (v/v) ethanol, then centrifuged5 min and the supernatant was
discarded. The pellet was air-dried by puttingrita heater at 3. Once dry, the
pellet was resuspended in ibof RNAase free water. The concentration of RNA
obtained was calculated based on the assumptidnltlaosorbance unit ¢8g) is

equivalent to 4@ug/ml of RNA.

2.3.7 Reverse transcription-PCR (RT-PCR)

For making cDNA from RNA (Section 2.3.6) 1l RNA was mixed with 90 ng of
Random hexanucletide primers in total volume ofull5Samples were heated at 70
°C for 3 minutes and then immediately placed ortéceool. A mixture of 5x reverse
transcriptase buffer ( supplied with kit) and dNTWas made and added to each
reaction to give final concentrations of 50 mM THE! (pH 8.3 at 25°C), 40 mM
KCl, 8.75 mM MgC} 10 mM DTT, 0.1 mg/ml acetylated BSA and 1mM of each
dNTP. 20U of the Ribonuclease inhibitor and 5U ANB{erse transcriptase were
then added, the samples mixed by pipetting andbiated at 42C for 3 hrs. The

cDNA generated was stored at <20until PCR analysis was performed.

2.3.8 PCR of prepared cDNA

PCR was carried out using GoTaq® Flexi DNA polyaser kit. Prior to this, PCR
conditions were optimised to ensure that primerssed amplification of only one
product of correct size (human SLIM/Mystique ampticsize of 900bp and human
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GAPDH amplicon size of 150 bp). The kit providesGreen or Colorless GoTag®
Flexi Buffer, 25 mM MgCland . GoTag® Flexi DNA polymerase

PCR was performed in a sterile nuclease-free merrifuge tube, by combine, the
following components on ice, 176 Green Flexi Buffer,jul MgCl, solution (1mM
for SLIM and 10pul of 1.5 mM for GAPDH), PCR nucleotide Mix 2.8 mMaeh
dNTP, primers for SLIM are reverse 8TCAGGCCCGAGAG-3") and forward (5”-
GTATGGCGTTGACG-3) while GAPDH are reverse GAPDH(5 -
GAAGATGGTGATGGGATTTC-3) and forward GAPDH2 (5°-
GAAGATGGTGATGGGATTTC-3") for GAPDH. GoTag DNA polyerase 1.24l

and 1l of template DNA were mixed in a final reactionlwme of 25l

The thermal cycling conditions for the SLIM/MystgUPCR amplification were:
initial denaturation at 98C for 2 min, followed by 30 cycles of denaturatarf5°C
for 1 min , and annealing at 58 for 1min followed by an extension at %@ for 1

min/kbp. A final extension at 7Z has perform for 5 min.

The conditions for GAPDH were: initial denaturatiain94 for 2 min, followed by 26
cycles of denaturation at $& for 1 min, and annealing at 52 1min, followed by
extension at 72C for 1 min/kbp. A final extension at ?Z has performed for 5 min.
After that products were then separated by agagekelectrophoresis and visualized

with ethidium bromide staining.

2.3.9 Purification of adenoviral vectors

The generation and purification of plague-purifeenoviruses (AV) encodingyc

epitope-tagged human,AAR and GFP made by (Sandsal; 2004). The presence
of the gene encoding GFP in a separate open re&ding allowed us to monitor
viral expression by fluorescence microscopy. 8 dpgst-infection low passage
HEK?293, cells were scraped and collected in alsteantrifuge tube and pelleted by

a 5 min centrifugation step at 400g at room tentpeea The supernatant was
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discarded and the pellet was washed in 1 ml steBl8. Cells were then disrupted by
four freeze/thaw cycles in a dry ice/methanol ki the pellet resuspended in 10 ml
of sterile PBS. This was then used to infect tw@50D- flasks of 50-60% confluent
HEK 293 cells, grown in medium containing 2% (viBS. Virus particles from
these cells were then prepared 3 days later, agultosnfect a larger scale culture of
20 x T-150 flasks of HEK 293 cells. From this largeale preparation, virus was
isolated as per the method of (Nicklat al; 2001). Briefly, dislodged cells were
pooled and pelleted by a brief centrifugation ad@%or 10 min at room temp. The
supernatant was then discarded and the pelletpesdsd in 10 ml of sterile PBS.
The pellet was then washed four times with 1 m$tefile PBS and the supernatant
discarded. This was then subjected to four frekae/tcycles in order to lyse the cells
and release the virus particles. The preparatios tlvan added to a discontinuous
caesium chloride gradient set up in a 13ml steuwiteacentrifuge tube, and was
subjected to centrifugation at 100,000g for 90 ati8°C with zero deceleration. The
opaque adenovirus band was then isolated by syemgraction and added into a
Slide-A-Lyser that allowed efficient overnight dials at 4°C in IL of dialysis buffer
(15 mM sodium chloride, 51.2M Tris (pH 7.5), 10uM EDTA) which was changed
3 times. Virus samples were removed from the SMdeyser and diluted in a 1:1
(v/v) ratio with sterile virus storage buffer (1Qvnlris-HC1, pH 8, 100 mM sodium
chloride, 0.1 % (w/v) BSA, 10% (v/v) glycerol) astbred at -80°C in 3(l aliquots.

Once isolated, the virus was subject to titratigntlee end-point dilution method
(Nicklin and Baker, 2001) using GFP as a markepfusitive colonies. 1 x fHEK

293 cells/well was subcultured into 8x10 wells o®@&well plate in order to reach
approximately 50-60% confluency after 24 hr grov@H. ml of virus was then used
to infect the wells over a range of serial diluqi0%10"Y). This was incubated for
18 hr before the virus was removed and the mediegplaced. The medium was
replaced every 3 days up to 10 days post-infeciidii the well showed evidence of
viral infection as assessed by GFP expression.r Affedays the number of virus

positive wells was counted for each concentratioviras and the virus titre was.
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2.3.10 Preparation of GST-UBA Sepharose beads

10 ml of LB broth supplemented with 5@/ml ampicillin was inoculated from a
glycerol stock of BL21E.coli transformed with Dsk2pUBA was then grown
overnight, shaking at 37C. This starter culture was then used to inoculd@®mi

LB containing 5Qg/ml ampicillin was grown shaking at 200 rpm fothburs (or
until ODggo= 0.3 or greater) at 3C. Fusion protein expression was then induced by
addition of IPTG to a final concentration of 1mMydathen grown for 4 hours at 37
°C with shaking at 200 rpm. The bacteria were tharvested by centrifugation at
67009 for 15 min, and the supernatant discarded.cElis were resuspended in 20ml|
lysis buffer (50mM sodium HEPES, pH 7.4, 150 mM Na&mM EDTA and 1%
(v/v) Triton-X-100) and incubated at room temperatfor 30 min. The samples
were then probe sonicated on ice 3 times for 30rgkto ensure efficient cell lysis
and then centrifuged at 270009 for 30 mins to p&fieoluble material. The cleared
lysate was then added to 0.6 ml 50 % (v/v) glutateiSepharose bead suspension
and placed on a rotating wheel atGfor 1 hour to allow the fusion protein to bind.
The beads were then washed three times with 10B8 &nd, following the final
wash, resuspended in 50% (v/v) glycerol in PBS kupented with protease
inhibitors (0.1 mM PMSF, 10ug/ul soybean trypsin inhibitor and 1Qg/ul
benzamidine) for storage at -2C@. The same procedure was utilised for the
preparation of GST-immobilised Sepharose beads hwhiere used as a negative

control.

2.3.11 SPAGE assays for quantitation of immobilised GSTusion proteins.

20 ul of prepared bead suspension was centrifuged@dptbr 20 sec at % and the
supernatant was removed with a 1 ml syringe. Théepr was eluted from the beads
by addition of 20ul of 2% (w/v) SDS sample buffer and incubated aG7or 30
min. The sample was briefly centrifuged at room pgemature and the protein

containing supernatant was removed via a Hamiligmge into a fresh microfuge
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tube. Known amounts of BSA ranging from 0.2t and .l and 1Ql of eluted
proteins were analysed by SDS PAGE using a 10%) (w&olving gel. The gel was
then stained for 1 hr at RT with Coomassie BrilliBfue (3mM Coomassie Brilliant
Blue G, 45% (v/v) methanol, 10% (v/v) acetic acithollowing destaining overnight,
the gel was then scanned and the density of the BE8Ws were used to generate a
standard curve from which the concentration of giroimmobilised on the GST-
Sepharose beads could be determined (Figure Z&)sdme method used for GST
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Figure 2.1 SDS-PAGE protein assay for immobilised ST fusion proteins on

beads

Known amounts of BSA ranging from 0.248 and %l and 1Qul of eluted proteins
were analysed by SDS PAGE. The gel was stained for at RT with Coomassie
Brilliant Blue (3mM Coomassie Brilliant Blue G, 45%/v) methanol, 10% (v/v)
acetic acid). The gel was destained overnight,redmand the density of BSA bands
was used to generate a standard curve. The BSAasthrturve was then used to
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estimate the concentration of protein immobilisedtioe beads. The same method
was used for GST.

2.4 Laboratory techniques
2.4.1 Celllysis

Confluent HUVECSs in six-well plates were treateddascribed in the figures prior to
washing in ice cold PBS and solubilised by &vell detergent lysis buffer (50mM
sodium HEPES, pH 7.5, 150 mM sodium chloride, 5 EBBITA, 10 mM sodium
fluoride, 10 mM sodium phosphate , 1% (v/v) Trit¥n100, 0.5% (w/v) sodium
deoxycholate, 0.1% (w/v) SDS, 0.1 mM phenylmethigsanyl fluoride, 10ug/mi
soybean trypsin inhibitor, 1@g/ml benzamidine and EDTA-free complete protease
inhibitor mix). Samples were then scraped pipetmgnicrofuge tube and followed
by brief vortexing, insoluble material was remou®dmicrocentrifugation at 5000g
for 5 min at 4°C and the supernatant assayed for protein cormti@mrusing a

bicinchonnic acid assay described in (Section 2.5.2

2.4.2 Discontinuous SDS-PAGE and Immunoblotting

Samples were equalised for protein amounts (tyyicaD-20 pg/sample) and
following the addition of an equal of samples brdfewvere fractionated by
discontinuous SDS-PAGE using a 6 cm 10% (w/v) palylamide resolving gel
(10% (w/v) acrylamide, 0.3% (w/v) bisacrylamide4 ® Tris (pH 8.8), 0.1 % (w/v)
SDS, 3% (v/v) glycerol, 0.01% (w/v) ammonium pephate and 0.001% (v/v)
TEMED) and a 2 cm 3% (w/v) stacking gel (3% (v/AQrydamide, 0.1% (v/v)
bisacrylamide, 0.1M Tris (pH 6.8), 0.1% (w/v) SD8,01% (w/v) ammonium
persulphate and 0.001 % (v/v) TEMED). Pre-staineatgin markers (Invitrogen
Rainbow Markers, range 6.5-175kDa) in sample buf& mM Tris (pH 6.8), 10%
(v/v) glycerol, 12% (w/v) SDS, 0.0001 % (w/v) ofdonophenol blue, 1 mM DTT)
were also used in order to determine protein mddecmass. Electrophoresis was
carried out using Biorad Mini-Protean Il or Il gellectrophoresis systems in running
buffer (27.4 mM Tris, 0.19M glycine, 0.1 % (w/v) S at 150 V until the
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bromophenol blue dye front reached the bottom &f ¢el. Proteins were then
transferred electrophoretically onto a nitroceldganembrane at 400 mA for 45 min
in transfer buffer (24.7 mM Tris, 0.19 M glycine 20% (v/v) methanol). Following
transfer to nitrocellulose, membranes were blodkedne hour at room temperature
in blocking solution (5% (w/v) skimmed milk in Trlsuffered saline (TBS)
containing 0.1 % (v/v) Tween-20 (TBST) or 5% (wARimmed milk in phosphate-
buffered saline (PBS), 0.2% (v/v) Triton X-100 iB®. Antibody, diluted in Blotto
as indicated in the Figure Legends. This was inadben the cold room overnight on
a rotating platform. The membranes were rinsedlprie PBS before being washed
three times in Blotto for 10 min. Membranes werentlvashed again briefly in PBS
before being transferred to a bag containing 2 mthe appropriate secondary
antibody conjugated to HRP in High-Detergent Blofi®% (v/v) Blotto in PBS
supplemented with 1.02% (v/v) Triton X-100 and @0l(w/v) SDS). This was then
placed on a rotating platform at room temperaturd acubated for 1 hr. The
membrane was then washed three times for 10 miBlotto and then washed a
further twice for 10 minutes in PBS. Membranes witen exposed to an enhanced
chemiluminescent procedure in which HRP-specifiadative degeneration of
luminal causes emission of light at 428 nm whicldétected by Kodak XOMAT
Blue X-ray film (see Table 2.1).

2.4.3 Protein concentration determination using the bianchonic acid (BCA)
protein assay

Duplicate 1@l samples of known BSA standards in the range O0¢/nmh and
unknown protein samples were added to a 96-welep@2 ml BCA solution (1 %
(wiv) 4,4 dicarboxy-2,2 biquinoline disodium saf% (w/v) sodium carbonate,
0.16% (w/v) sodium potassium tartrate, 0.4% (wiklism hydroxide, 0.95% (w/v)
sodium bicarbonate pH 11.25, 0.08% (w/v) coppeér lilphate) was then added to
each well. Protein concentration-specific reductioh Cuf* to Cu* allows the
bicinchoninic acid sodium salt to bind the'Cion forming an intense purple colour

allowing measurement of the absorbance at 492 rimg asplate reader. Colour was
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There fore allowed to develop at room temperatare80 min and the absorbance of
the standards was used to determine a straightfiam which unknown protein
concentrations could be calculated (Smith et &885)9

Table 2.1 Antibody Incubation Conditions

INCUBATION
CONDITIONS BLOTTO
PROTEIN
1°AB 2°AB 1°AB 2°AB
Anti-Rabbit
Pf’lTo%gl 1'_*1%30 506 (W/V) 5% (WIV)
P-STAT1 Ovérni ht 1h} room BSA BSA
gnt, ! TBST TBST
cold room temp
Anti-Rabbit
HRP
ol 1:1000 5% (WIV) | 5% (WIV)
STAT1 Ovérni ht 1hr, room skimmed milk | skimmed milk
gnt, temp PBS TWEEN | PBS TWEEN
cold room
Anti-mouse
P-STAT3 PflTO%? HRP 5% (W) | 5% (WIV)
Ovérni ht 1:1000 BSA BSA
gnt, 1hr, room TBST TBST
cold room
temp
Anti-Rabbit
STAT3 HRP 506 (WIV) 5% (WIV)
1:1000 1:1000 . . X )
STAT3 Overniaht 1hr. room skimmed milk | skimmed milk
gnt, ’ PBS TWEEN | PBS TWEEN
cold room temp
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Anti-mouse

HRP
P'TQ’TAT“ 1:1000 5% (W/V) 5% (W/V)
1:1000
P-STATA | Overnight, | 11" room BSA BSA
' temp TBST TBST
cold room
Anti-mouse
Ub HRP
Ub 1:1000 1:1000 5% (W/IV) 5% (W/V)
Ovérni ht 1hr, room skimmed milk | skimmed milk
ght, temp PBS TWEEN | PBS TWEEN
cold room
Anti-mouse
GAPDH HRP 5% (W) | 5% (W)
1:20000 1:5000 . : : .
GAPDH 1hr. room tem 1hr. room skimmed milk | skimmed milk
' H ' PBS TWEEN | PBS TWEEN
temp
Anti-Rabbit
VEGFR?2 HRP 5% (W) | 5% (W)
1:1000 1:1000
VEGFR2 Overnight 1hr, room BSA BSA
' ' TBST TBST
cold room temp
eNOS Anti-Rabbit 5% (W/IV) 5% (W/V)
eNOS 1:1000 HRP BSA BSA
Overnight, 1:2000 TBST TBST
cold room 1hr, room
temp
Anti-Rabbit
SLIM HRP 5% (W/IV) 5% (WI/V)
SLIM 1:1000 1:1000 BSA BSA
Overnight, 1hr, room TBST TBST
cold room temp
Anti-mouse 5%(W/V) 5%(W/V)
Flag HRP skimmed skimmed
Flag 1:1000 1:1000 milkPBS milkPBS
Overnight, 1hr, room TWEEN TWEEN
cold room temp
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P-JAK1 Anti-Rabbit 5% (W/V) 5% (W/V)
1:1000 HRP BSA BSA
P-JAK1 Overnight, 1:1000 TBST TBST
cold room 1hr, room
temp
P-JAK2 Anti-Rabbit 5% (W/V) 5% (W/V)
1:1000 HRP BSA BSA
P-JAK2 Overnight, 1:1000 TBST TBST
cold room 1hr, room
temp
JAK1 Anti-Rabbit 5% (W/V) 5% (W/V)
1:1000 HRP skimmed milk | skimmed milk
JAK1 Overnight, 1:1000 PBS TWEEN | PBS TWEEN
cold room 1hr, room
temp
JAK2 Anti-Rabbit 5% (W/V) 5% (W/V)
1:1000 HRP skimmed milk | skimmed milk
JAK2 Overnight, 1:1000 PBS TWEEN | PBS TWEEN
cold room 1hr, room
temp
GFP Anti-Goat or 5% (W/V) 5% (W/V)
1:10000 Anti-Sheep | skimmed milk | skimmed milk
GFP Overnight, 1:30000 TBS TWEEN | TBS TWEEN
cold room 1hr, room
temp

2.4.4 GST-Dsk2pUBA pull-down assays

Recombinant GST and GST-Dsk2pUBA were purified froransformedE. coli

BL21 (DE3) cultures using glutathione-Sepharosedbefollowing induction of
fusion protein expression with IPTG as describe{Section 2.3.10). For pull-down
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assay, confluent HUVECSs in six-well dishes wereatied as described in the results
prior to termination of the reactions by additiohice cold PBS. All subsequent
procedures were performed &C4unless indicated otherwise. Cells were solultlise
by scraping into 0.25 ml/well pull-down lysis buffGOmm sodium HEPES, pH 7.5,
150 mM sodium chloride, 5mM EDTA, 1mM sodium vanad&uM MG132, 1 mM
N-ethylmaleimide, 1% (v/v) Triton X-100, 0.1 mM PMS10ug/ml soybean trypsin
inhibitor, 10ug/ml benzamidine and EDTA-free complete proteak#itor mix) and
incubated on ice for 30 min. Following centrifugatiat 5000g for 5 min at Z&C to
pellet insoluble material, samples were equalisedvblume and protein content
(typically 50pug in 0.2 ml) prior to the addition of either GST oGST-Dsk2pUBA
(5ug/sample) immobilised to glutathione-Sepharose $eadd incubated with
rotation for 1 hr. Beads were recovered by brigfticigation and washed five times
with 1 ml lysis buffer prior to the elution of bodirprotein by the addition of [0
electrophoresis sample buffer containing 12% (WR)S and incubation at 6C for

15 min. Sample were then fractionated by SDS-PAQH dransferred to

nitrocellulose for immunoblotting.

To remove polyubiquitin chains from captured pnageprior to SDS-PAGE, beads
were washed twice with 1ml deconjugation buffer (6™ sodium HEPES, pH7.5,
1mM dithiothretol) after the lysis buffer wash stegnd then resuspended inub0
deconjugation buffer supplemented with @)2 recombinant human isopeptidease
T/UBP5 and incubated at 37 for 1 hr. Reactions were terminated by brief
centrifugation and the supernatant containing degated proteins was removed for
analysis by SDS-PAGE and immunoblotting followihg &ddition of electrophoresis

sample buffer.

2.4.5 Immunoprecipitation

Confluent HUVECSs in six well dishes were pre-incigohwith 6uM MG132 for 30

min prior to treatment with or without sIL-@RIL-6 as described in the figure
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legends prior to termination of the incubation bgcmg dishes on ice and washing
cell monolayers three times with ice-cold PBS. €elere solubilised by scraping
into 0.1 ml denaturing lysis buffer (50 mM sodiurEPES, pH 7.5, 100 mM sodium
chloride, 1 mM N-ethylmaleimide, 2% (w/v) SDS, GiM phenylmethylsulphonyl
fluoride, 10pg/ml soybean trypsin inhibitor, 10y /ml benzamidine and EDTA-free
complete protease inhibitor mix). The samples wieea incubated at & for 5 min
followed by probe sonication on ice 3 times forsg@ond. After the addition of 0.9
ml lysis buffer containing sufficient Triton X-108nhd sodium deoxycholate to give
final concentrations of 1% (w/v) and 0.5% (w/v)pestively, insoluble material was
removed by centrifugation at 5000g for 5 min &C4and soluble fractions equalised
for protein content volume prior to incubation fiohr at 4°C with rotation with 25l
packed volume of protein A-Sepharose beads in tbgepce of 0.2% (w/v) IgG-free
BSA. Anti-STAT3 antibody (gg/sample) was then added and the incubation
continued for a further 1 hr. Immune complexesensolated by brief centrifugation
at 50009 for 5 min at 4C and washed three times with 1 ml detergent lysifer
prior to elution of precipitated proteins by thedawn of 40 ul electrophoresis
sample buffer containing 12% (w/v) SDS and incudatat 60°C for 15 min.
Samples were then fractionated by SDS-PAGE usibgo7(w/v) polyacrylamide

resolving gels and transferred to nitrocellulogeifamunoblotting.

Confluent HUVECSs in six well dishes were pre-inciggbwith 6uM MG132 for 30
min prior to treatment with or without sIL-@RIL-6 as described in the figure
legends prior to termination of the incubation bgcmg dishes on ice and washing
cell monolayers three times with ice-cold PBS. €&lere solubilised by scraping
into 0.1 ml denaturing lysis buffer (50 mM sodiurEPES, pH 7.5, 100 mM sodium
chloride, 1 mM N-ethylmaleimide, 2% (w/v) SDS, GiM phenylmethylsulphonyl
fluoride, 10pug/ml soybean trypsin inhibitor, 10y /ml benzamidine and EDTA-free
complete protease inhibitor mix). The samples wieea incubated at & for 5 min
followed by probe sonication on ice 3 times forsg@ond. After the addition of 0.9

ml lysis buffer containing sufficient Triton X-108nhd sodium deoxycholate to give
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final concentrations of 1% (w/v) and 0.5% (w/v)pestively, insoluble material was
removed by centrifugation at 5000g for 5 min &C4and soluble fractions equalised
for protein content volume prior to incubation fbrhr at 4°C with rotation with
Recombinant Flag-tagged STAT3 was immunoprecigitéte the addition of 2@
packed volume of anti-Flag M2-Sepharose beadsranbation with rotation for 1 hr
at 4°C. Immune complexes were isolated by brief cengefion at 5000 xg for 5 min
at 4°C and washed three times with 1 ml detergent lgsi$er prior to elution of
precipitated proteins by the addition of diCelectrophoresis sample buffer containing
12% (w/v) SDS and incubation at 60 for 15 min. Samples were then fractionated
by SDS-PAGE using 7.5% (w/v) polyacrylamide reswodvigels and transferred to

nitrocellulose for immunoblotting.

2.4.6 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl 2H-tetrazdium bromide (MTT)
assay of cell viability
HUVECs were seeded in a 24 well plate and growii(% confluence. The cells
were then infected for 48 hr with recombinant A@s the next day, the medium was
replaced with fresh growth medium. The followingydeells were treated with slL-
6Ra/IL-6 for 3hr or 0.1 (w/v) sodium azide for 16 hThen 20ul of 12 uM MTT (3-
[4,5-dimethylthioazol-2-yl] was added to each well 2 hrs. After that the medium
in use was discarded and 2@0 of dimethyl sulfoxide (DMSO) was used to
solubilize samples. 150 from each well was then added to 96 well plated the

formazan product was determined byeasuring the absorbance at 550 nm.

2.4.7 Statistical Analysis

Statistical analysis was carried out using the &ttd-test using GraphPad Instat 3 as

indicated in the Figure Legends. Significance weseased g§3<0.05.
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Chapter3

Effect of A,AAR Expression on Cytokine Activation of the
JAK-STAT pathway in vascular ECs
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3.1 Introduction

Endothelial cells were once viewed as relativelgrircells lining the vasculature.
They are now recognized as active and responsgudairs of coagulation, platelet
adhesion, fluid homeostasis, wound healing, leute@xtravasation and vascular
tone. Endothelial cells play a key role in the hestponse to infectious agents by
regulating leukocyte trafficking, producing inflamatory cytokines and presenting
antigen in association with major histocompatipittass Il (MHC II) molecules (Cid
et al; 1998) . A number of infectious induce pathology Imteracting with
endothelial cells. Infection of endothelial cellancpromote thrombosis, vascular
leakage, and increased adherence and emigratioteutfocytes. Furthermore,
activation of a systemic inflammatory responseth@ absence of direct endothelial
cell infection, can also lead to endothelial celsfdinction. The endothelial
dysfunction occurs under activation conditions,hwilhe acquisation of many new
functional, inflammatory and immune properties. @gasequence of this is to display
many different transcription profiles. In additicgndothelial cells selectively control
vascular permeability, which is important in mangthmphysiological processes
(Mader; 1996).

Endogenous adenosine is a potent regulator ofnmmfiation. It has been reported that
adenosine accumulation underlines the anti-inflatongaaction of anti-rheumatic
drugs such as methotrexate (Montesiebsl; 2000). Monocytes and macrophages
synthesise and release into their environment iatyasf cytokines and other proteins
that play a central role in the development of @aartd chronic inflammation. There
is evidence suggesting a regulatory connection é&twadenosine and its receptors
and inflammatory cytokines. In human and murine ooytes/macrophages, the
activation of adenosine receptors, particularpgMR, by adenosine or it analogues,
modulates the production of inflammatory cytokimeduding TNF«, IL-10, and IL-

12 (Haskoet al; 2000). IL-12, a pro-inflammatory cytokine andentral inducer of
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Thl responses and cell-mediated immunity, is sggee by adenosine and its
analogues (Hasket al; 2000; Linket al; 2000) .

In human peripheral blood mononuclear cells, treatmvith cAMP-elevating agents,
such as the PDEA4 inhibitor rolipram, causes corapfétibition of TNFe production
and an increase in IL-10 synthesis (Eisergtual; 1993). In the same way, CAMP
agonists inhibit endotoxin-induced IL-6 expressionmonocytes or macrophages
differentiated in cell culture (Eiglezt al; 1998). Identification of AWAR as natural
brakes of inflammation has provided a useful framdwfor understanding how
tissues regulate inflammation. Thus, targeting tedogenous inflammatory
pathways such as JAK-STAT signalling pathway by A3gAR might be a useful
strategy in the clinical management of inflammati®he aim of this chapter was to
determine what effect adenoviral gene transfeheihtycHis-tagged human AAR
would have on the inflammatory response in HUVE&s] what AsAR-stimulated

molecular mechanism were involved.

A2pARs have a non-redundant role in the attenuatiomnfdmmation and tissue
damage invivo. Sub-threshold doses of an inflammatory stimulsig(&iegs; 1997,
Kanekoet al; 2000) showed cause minimal tissue damage in typd- mice were
found to cause extensive tissue damage, more getband higher levels of pro-
inflammatory cytokines, and death of male animaBcient in the AAAR. Similar
observations were made in studies of three diftaredels of inflammation and liver
damage as well as during bacterial endotoxin-indwaptic shock. Previous studies
suggest that AAR plays a critical role in the physiological negat feedback
mechanism for limiting and terminating both tisgpecific and systemic
inflammatory responses. Accumulation of extradatlladenosine in inflamed and
damaged tissues (Rudolpét al; 1992) and the immunosuppressive properties of
cAMP-elevating adenosine receptors (Cronstein; 188snget al; 1997; Sullivan

et al; 2000) indicate that AAR signalling in immune cells is a possible natural
mechanism of inhibition and/or termination of imfenation.
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3.2 Results

HUVECS are a commonly used endothelial cell irdigs of inflammation (Ahret

al.; 2003; Carmaret al; 2003), as they grow more easily in cell cultuoenpared to
other human endothelial cell type. It is widely eygted that a heterogeneity of
endothelial function (Yanget al; 1991) and phenotype exists depending on the
vascular bed of origin (Pags al; 1992). One of the major documented differences
between endothelial cells, as far as inflammatooc@sses are concerned, relates to
responses to cytokines. HUVEC respond to cytoksues as sIL-6B/1L-6 and IFNx

by changinly their targe gene expression as wellal&®ving mononuclear cell
transmigration. However, a disadvantage of usingary endothelial cells is the
difficulty with which new cDNAs can be introduce@his was important as any
inhibitory effect of the AWAR activation in transfected cells would be undetdaf
transfection efficiencies were poor. Generally d&ad transfection methods vyield
poor transfection efficiencies (2-10%) in endothkelcells (Teifel et al; 1997).
Therefore, in order to bypass this problem, a cepibn-deficient recombinant
adenovirus encoding mycHis-tagged human AAR, was used to obtain higher
level of A:sAR infection.This facilitates highly efficient dekry of AcsAR to
endothelial cells irvitro to examine the effects of an increase in recegtpralling
upon cellular responses to class | cytokirfgsveral experiments have been designed
to investigate the effect of overexpression gfAR in HUVECSs to the same level as
endogenous AAR level during the inflammation such as in hypoaral its ligands

on the function of IL-6, IFN and Leptin in HUVECSs. Specifically, experiments
tested the effects of IL-6 and lleMn the activity of downstream signal transduction
proteins (JAK-STAT pathway). Previous work undke@in our lab has shown that
A2xAR-mediated inhibition of nuclear facteB (NFxB) activation is a critical aspect
of its anti-inflammatory signalling properities amldat the molecular basis of this
inhibition is cell type-specific (Sands al; 2004). Thus, experiments initially tested
the effect of simply overexpressing theasAR (Figure 3.1A) on cytokine stimulation

of the JAK-STAT pathway in these cells. It was rssegy to ensure adequate.AR
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overexpression levels were achieved via adenogeat transfer before utilising this
binding to examine the effect of the AR on JAK-STAT pathway. Adenoviral gene
transfer was necessary due to the passage-depelodandf endogenous AAR
expression observed in HUVECs. Confluent monolagérslUVECSs were infected
with 25pfu/cell of either AdAnAR or control virus AAdGFP, which was required to
achive consistent AAR-expression. Infected cells were identified under
fluorescence by the presence of green fluoresaeteip GFP). (Figure 3.1B) shows
A2sAR gene transfer in HUVECs under phase and fluemese light with the
infected efficiency was determined to be -75%. @ERe transfer was found to have
an infection efficiency of -75% (Figure 3.1B). Mokeer, immunoblot probe with
anti-GFP antibody shows there is no different inPG#pression between GFP-

overexpressing cells andMAR-overexpressing cells (Figure 3.1C).

In control GFP-overexpressing cells, treatmenhwitsIL-6Ry/IL-6 trans-signalling
complex produced a transient increase in the plogfattion of STAT1 on Tyr701
and STAT3 on Tyr705. Overexpression of thesAR significantly reduced STAT
phosphorylation at each time point after 15 mirg@ifé 3.2 and 3.3). Interestingly,
while total levels of STAT1 and STAT3 were unaltélyy sIL-6RVIL-6 treatment of
GFP-overexpressing cells, a marked decreased irarttmnt of total STAT1 and
STAT3 in AcsAR-overexpressing HUVECs was detectable from aby esr 30 min
(Figure 3.2 and 3.3). To determine whether thieatfivas restricted to sIL-6RL-6,
the effect of AAAR overexpression on IFiNmediated activation of the JAK-STAT
pathway was also tested. In GFP-overexpressing, déiNo treatment produced a
more transient increase in the Tyr-phosphorylabdrSTAT1 and STAT3 as sIL-
6Ro/IL-6. Nevertheless, AAR overexpression inhibited phosphorylation at each
time point (Figure 3.4 and 3.5). In addition, levef total STAT1 and STAT3 were
markedly reduced as early as 15 min following dF&kposure (Figure 3.4 and 3.5).
More extensive characterisation of the effect af-6Ro/IL-6 and IFNn on STAT
levels over time revealed that for sIL-6R.-6, STAT1 and STAT3 were reduced to
almost undetectable levels after 3hrs mAR-overexpressing HUVECs (Figure 3.6
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and 3.7) whereas, for IFl\ STAT1 and STAT3 were reduced to almost undetdeta
levels after 2hrs (Figure 3.8 and 3.9). In confrasttokine exposure of GFP-
overexpressing HUVECs under the same conditiondymed no detectable change
in total levels of STAT1 or STAT3 in response tther cytokine, demonstrating that
the down-regulation effect is specific for overexgsion of the AAAR (Figure 3.2-
3.9). Finally, the effect of the GAAR-selective agonist) CGS21680 and the R
antagonist) ZM241385 on cytokine stimulation of h&K-STAT pathway in these
cells was investigated. Thus, to assess the furati@onsequences of cAMP
elevation on slIL-6R/IL-6. The effect of AsAR overexpression on STAT1 and
STAT3 phosphorylation and down regulation couldréscued by co-incubation of
SIL-6Ra/IL-6 with the AppAR-selective antagonist ZM241385 (3.10, 3.11).
Conversely, co-incubation with the selective ago@@$S21680 did not further
potentiate the effect of receptor expression to rdoegulate STAT in AAR-
overexpressing cells (Figure 3.10, 3.11).

Importantly, the cytokine-stimulated decrease inABTphosphorylation did not

simply reflect reduced HUVECSs viability following,AAR overexpression. For that
the 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl 2H#t@zolium bromide (MTT assay)

used to demonstrate that GFP- anghAR-overexpressing HUVECs had similar
viabilities that were not affected by sIL-GR.-6 exposure at a 3 hr time point at
which STAT degradation was detectable only inAR-overexpressing cells (Figure
3.12).

The ubiquitin-proteasome pathway plays a central iro the targeted destruction of
cellular proteins, including cell cycle regulatqgmoteins. Because these pathways are
critical for the inflammation, proliferation and rswval of all cells, proteasome
inhibition is a potentially attractive therapeutizget in eukaryotic cells (Section 1.6).
Regulated degradation is a commonly utilised meshamy which cellular levels of
transcription factors, such as p53 (Watson andntrvid006), are controlled. To

determine whether STATs are targeted for degradatiy the proteasome,
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experiments were performed to investigate the efieproteasome inhibition on the
ability of the A»AR overexpression to prime STATs for cytokine-méeliadown-
regulation. Pre-incubation with the proteasomelitbir MG132 was sufficient to
abolish the effect of the AAR overexpression on priming both STAT1 and STAT3
for down-regulation in response to sIL-@R-6 (Figure 3.13 and 3.14). In addition,
Mg132 was sufficient to abolish the effect of then AR overexpression on priming
both STAT1 and STAT3 for down-regulation in respdoelFNo. (Figure 3.15 and
3.16). Blocking of proteasomal degradation with M@ Jbolished AAR inhibition

of both sIL-6RY/IL-6 and IFNk-mediated phosphorylation of STAT1 and STATS3,
suggesting that STAT degradation is the only meishamesponsible for this effect
(Figure 3.17-3.20).
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Figure 3.1 AAAR gene transfer to HUVECs

Panel A: HUVECs were infected with the indicated AVs atM®I of 25 pfu /cellas
indicated in the Materials and Methods prior togamration of soluble cell extracts for
SDS-PAGE and immunoblotting with anti-myc Ab 9EI® itlentify recombinant
A2rARS.

Panel B: 48hrs post-infection, HUVECS were examined for GH® fluorescent

microscopy.

Panel C: HUVECs were infected with the indicated AVs atM®I of 25 pfu /cellas
indicated in the Materials and Methods prior topam@ation of soluble cell extracts for
SDS-PAGE and immunoblotting with anti-GFP Ab tontfy the GFP-expression

between GFP-overexpressing cells andAR-overexpressing cells.
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Figure 3.2 Effect of AsAR gene transfer on STAT1 phosphorylation and

expression in response to SIL6&/IL-6

1x10° HUVECs / well were seeded into 6 well plates. 2¢ dfter seeding, cells were
infected with the indicated AVs prior to treatmemith or without 25ng/ml sIL-6

Ra/5ng/ml IL-6 for the indicated times. Soluble celttracts equalised for protein
content were then fractionated by SDS-PAGE for imahlotting with the indicated
antibodies. Quantitative analysis of phospho-STAR total STAT1 levels from
three experiments is presented**(*<0.001 and P<0.05 versus the response
observed in AV.GFP-infected cells). Basal set & 10
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Figure 3.3 Effect of AsAR gene transfer on STAT3 phosphorylation and

expression in response to SIL6&/IL-6

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 the indicated times. Soluble celttracts equalised for protein
content were then fractionated by SDS-PAGE for imahlotting with the indicated
antibodies. Quantitative analysis of phospho-STAiR8 total STAT3 levels from
three experiments is presented**(*<0.001 and P<0.05 versus the response
observed in AV.GFP-infected cells). Basal set & 10
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Figure 3.4 Effect of ApAR gene transfer on STAT1 phosphorylation and

expression in response to IFi

1x10° HUVECs / well were seeded into 6 well plates. 2¢ dfiter seeding, cells were
infected with the indicated AVs prior to treatmevith or without 500 unit/ml IFN
for the indicated times. Soluble cell extracts diged for protein content were then
fractionated by SDS-PAGE for immunoblotting withethndicated antibodies.
Quantitative analysis of phospho-STAT1 and totalABT levels from three
experiments is presented*tp <0.001 and*p<0.05versusthe response observed in

AV.GFP-infected cells). Basal set at 100.
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Figure 3.5 Effect of AxAR gene transfer on STAT3 phosphorylation and

expression in response to IFi

1x10° HUVECs / well were seeded into 6 well plates. 2¢ dfiter seeding, cells were
infected with the indicated AVs prior to treatmevith or without 500 unit/ml IFN
for the indicated times. Soluble cell extracts diged for protein content were then
fractionated by SDS-PAGE for immunoblotting withethndicated antibodies.
Quantitative analysis of phospho-STAT3 and totalAB3 levels from three
experiments is presented*tp <0.001 and*p<0.05versusthe response observed in

AV.GFP-infected cells). Basal set at 100.
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Figure 3.6 Effect of ApAR gene transfer on STAT1 expression in response to

prolonged exposures to IL-6R/IL-6

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 the indicated times. Soluble celttracts equalised for protein
content were then fractionated by SDS-PAGE for imahlotting with the indicated
antibodies. Quantitative analysis of total STAT¢els from three experiments with
each cytokine is presented (17%0.001versusthe levels in AV.GFP-infected cells at

the given time point). Basal set at 100.
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Figure 3.7 Effect of ApAR gene transfer on STAT3 expression in response to

prolonged exposure to sIL-6R/IL-6

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 the indicated times. Soluble celttracts equalised for protein
content were then fractionated by SDS-PAGE for imahlotting with the indicated
antibodies. Quantitative analysis of total STAT8els from three experiments with
each cytokine is presented (17%0.001versusthe levels in AV.GFP-infected cells at

the given time point). Basal set at 100.
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Figure 3.8 Effect of AsAR gene transfer on STATL1 expression in response to

prolonged exposure to IFN

1x10° HUVECs / well were seeded into 6 well plates. 2¢ dfiter seeding, cells were
infected with the indicated AVs prior to treatmevith or without 500 unit/ml IFN
for the indicated times. Soluble cell extracts diged for protein content were then
fractionated by SDS-PAGE for immunoblotting withethndicated antibodies.
Quantitative analysis of total STAT1 levels fromreth experiments with each
cytokine is presented (*13<0.001versusthe levels in AV.GFP-infected cells at the

given time point). Basal set at 100.
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Figure 3.9 Effect of AxAR gene transfer on STAT3 expression in response to

prolonged exposure to IFN

1x10° HUVECs / well were seeded into 6 well plates. 2¢ dfiter seeding, cells were
infected with the indicated AVs prior to treatmevith or without 500 unit/ml IFN
for the indicated times. Soluble cell extracts diged for protein content were then
fractionated by SDS-PAGE for immunoblotting withethndicated antibodies.
Quantitative analysis of total STAT3 levels fromreth experiments with each
cytokine is presented (*13<0.001versusthe levels in AV.GFP-infected cells at the

given time point). Basal set at 100.
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Figure 3.10 Effect of ApAR on STAT1 phosphorylation and expression in
response to sIL-6 R/ IL-6

1x10 HUVECs / well were seeded into 6 well plates. 24 &fiter seeding cells were
infected with the indicated AVs prior to pre-tream with or without GM
CGS21680 or IM ZM241485 for 1hr and treatment with 25ng/ml sILRG6/5ng/ml
IL-6 for 1hr as indicated. The final concentratmiivehicle (DMSO) in all wells was
0.1% (V/V). Soluble cell extracts equalised forteio content were then fractionated
by SDS-PAGE for immunoblotting with the indicateahtibodies. Quantitative
analysis of phospho-STAT1 and total STATL1 levelenfr four experiments is
presented (**<0.001 and *p<0.01versusthe levels in untreated AV.myeAAR-

infected cells). Basal set at 100.
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Figure 3.11 Effect of ArAR on STAT3 phosphorylation and expression in
response to sIL-6 R/ IL-6

1x10 HUVECs / well were seeded into 6 well plates. 24 &fiter seeding cells were
infected with the indicated AVs prior to pre-tream with or without GM
CGS21680 or IM ZM241485 for 1hr and treatment with 25ng/ml sILRG6/5ng/ml
IL-6 for 1hr as indicated. The final concentratmivehicle (DMSO) in all wells was
0.1% (V/V). Soluble cell extracts equalised forteio content were then fractionated
by SDS-PAGE for immunoblotting with the indicateahtibodies. Quantitative
analysis of phospho-STAT3 and total STAT3 levelenfr four experiments is
presented (*p<0.01 versusthe levels in untreated AV.myeAAR-infected cells).
Basal set at 100.
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Figure 3.12 Effect of AsAR expression and sIL-6Ry/IL-6 expression on
HUVECSs viability

HUVECs were infected with the indicated AVs priar treatment with or without
25ng/ml sIL-6 R/5ng/ml IL-6 for 3 hrs or 0.1% (w/v) sodium azida fL6 hrs. Cell
viability was then determined by measurement of M&duction. This is one of three

experiments that produced similar data.
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Figure 3.13 Effect of MG132 on sIL-6R/IL-6-induced STAT1 downregulation
in A,aAR-expressing HUVECsS

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 3hrs as indicated.
The final concentration of vehicle (DMSO) in all Ngewas 0.1% (V/V). Soluble cell
extracts equalised for protein content were thectionated by 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 3.14 Effect of MG132 on sIL-6R/IL-6-induced STAT3 downregulation
in A,aAR-expressing HUVECsS

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. 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 3.15 Effect of MG132 on IFNi-induced STAT1 downregulation in
AaAR-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 fractiothatey SDS-PAGE for
immunoblotting with the indicated antibodieQuantitative 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 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
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(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

2 < < <
R Q Q Q
T EITS TS S
- = * + - - 4+ + :4sll-6Ra/IL-6,1hr
IB: STAT1 ¢ '
IB: Phospho-STAT1 -

IB: Ubiquitin

GST GST-Dsk2UBA @ Pull Down

128



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

133



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

141



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
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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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